arXiv:hep-ph/0609251 v1 25 Sep 2006

Frascati Physics Series Lectures given at:

Workshop on Neutral Kaon Interferometry at the Φ–factory, Frascati, March 24th, 2006

Strangeness measurements of kaon pairs, CP violation and Bell inequalities

Reinhold A. Bertlmann and Beatrix C. Hiesmayr Institute for Theoretical Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria

Abstract

The nonlocal property of quantum mechanics can be nicely tested in high energy physics; in particular, the neutral kaon pairs as produced at DAΦNE,

Frascati, are very well suited. The analogies of kaons as compared to polarized photons or spin–^1_2 particles —the kaonic qubit feature— are reviewed. However, there are also fundamental differences which occur due to the kaon time evolution and due to internal symmetries; in particular, the violation of CP symmetry is related to the violation of Bell inequalities. Two type of Bell inequalities for kaons are presented, one for the variation of the “quasi–spin” and the other for different detection times of the kaon.

1 Introduction

The nonlocality feature of quantum mechanics (QM), as discovered by John Bell in his work “On the Einstein–Podolsky–Rosen Paradox” (EPR) 1), does not conflict with Einstein’s relativity, thus it cannot be used for superluminal communication. Nevertheless, Bell’s celebrated work 1, 2) initiated new physics, like quantum cryptography 3, 4, 5, 6) and quantum teleportation 7, 8), and it triggered a new technology: quantum information and quantum communication 9, 10). More about “from Bell to quantum information” can be found in the book 11).

Of course, it is of great interest to investigate the EPR–Bell correlations of measurements also for massive systems in particle physics (for a review see, e.g., Ref. 12)). One of the most exciting systems is the “strange” K^0K̄^0 system in a J^{P C} = 1^{−−} state 13, 14, 15, 16), where the quantum number strangeness S = +, − plays the role of spin ⇑ and ⇓ of spin–^1_2 particles or of polarization V and H of photons. In fact, in comparison to quantum information the kaon can be considered as a “kaonic qubit” 17) but due to its specific internal particle properties (particle–antiparticle oscillation and decay characteristics, symmetry violation) additional fundamental quantum features —not occurring in photon systems— are seen.

Several authors 18, 19, 20, 21, 22, 23, 24, 25, 26) suggested already to investigate the K^0K̄^0 pairs which are produced at the Φ resonance, for instance in the e^+e^−–machine DAΦNE at Frascati. There is the great chance to test many different aspects of QM, for instance, Bell inequalities and decoherence models (see, e.g., Ref. 12)), the quantum eraser phenomenon 27, 28, 29) and symmetry violation 30). In particular, local realistic theories (LRT) have been constructed, which describe the K^0K̄^0 pairs, as tests versus quantum mechanics 31, 32, 33, 34). However, a general test of LRT versus QM is usually performed via Bell inequalities, where —as we shall see— we have more options. We may choose either different “quasi–spins” of the kaon or different kaon detection times (or both); they play the role of the different angles in the photon or spin–^1_2 case. Due to the kaon decay we have in addition to the active measurement procedure the passive measurement. Furthermore, an interesting feature of kaons is CP violation in the mixing of particle–antiparticle and indeed it is related to the violation of Bell inequalities.

Besides the kaon system which is an ideal tool to test the amazing features of QM, there is the B^0B̄^0 system which is produced to an enormous amount at the asymmetric B–factories at KEK-B 35) and at PEP-II 36). A Bell inequality (BI) for this system 37) faces, however, with difficulties so that it cannot be considered as a Bell test refuting local realism. The two main drawbacks are: Firstly, “active” measurements —a necessary requirement for the validity of a BI— are missing, therefore one can construct a local realistic model; and secondly, the unitary time evolution of the unstable quantum state —the decay property of the meson, which is part of its nature— has been ignored (for more detailed criticism, see Refs. 38, 39, 40)). Nevertheless, the B^0B̄^0 events, the asymmetry of like– and unlike–flavor events for several different times, at KEK- B 41) are ideal to test the validity of the quantum mechanical wavefunction or to confirm the corresponding time dependence of possible decoherence effects, see Refs. 12, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51).

Finally, we want to mention quite different attempts to test QM versus LRT, these are the positron annihilation experiments 52, 53, 54, 55, 56, 57), the proton–proton scattering experiments 58) and the ΛΛ̄ 59, 60) and τ^+τ^− pair productions 61, 62). Unfortunately, all these reactions suffer by loopholes and are not conclusive as Bell tests (for a detailed discussion, see Ref. 32)).

2 Kaons as qubits

Kaons are fantastic quantum systems, we could even say they are selected by Nature to demonstrate fundamental quantum principles such as:

• superposition principle

• oscillation and decay property

• quasi-spin property.

Let us focus on the quantum features which we need in our discussion.

2.1 Quantum states of kaons

Quantum–mechanically we can describe the kaons in the following way. Kaons are characterized by their strangeness quantum number +1, −1

S|K^0⟩ = +|K^0⟩ , S|K̄^0⟩ = −|K̄^0⟩ , (1)

and the combined operation CP gives CP |K^0⟩ = −|K̄^0⟩ , CP |K̄^0⟩ = −|K^0⟩ . (2) It is straightforward to construct the CP eigenstates

|K^0_1 ⟩ = 1 √ 2 { |K^0⟩ − |K̄^0⟩ } , |K^0_2 ⟩ = 1 √ 2 { |K^0⟩ + |K̄^0⟩ } , (3)

a quantum number conserved in strong interactions

CP |K^0_1⟩ = +|K^0_1 ⟩ , CP |K^0_2 ⟩ = −|K^0_2 ⟩ . (4)

However, due to weak interactions CP symmetry is violated and the kaons decay in physical states, the short– and long–lived states, |K_S ⟩, |K_L⟩, which differ slightly in mass, Δm = m_L − m_S = 3.49 × 10^{−6} eV, but immensely in their lifetimes and decay modes |K_S ⟩ = 1 N { p|K^0⟩ − q|K̄^0⟩ } , |K_L⟩ = 1 N { p|K^0⟩ + q|K̄^0⟩ } . (5)

The weights p = 1+ε, q = 1−ε, with N^2 = |p|^2 +|q|^2 contain the complex CP violating parameter ε with |ε| ≈ 10^{−3}. CP T invariance is assumed. The short– lived K–meson decays dominantly into K_S −→ 2π with a width or lifetime Γ^{−1}_S ∼ τ_S = 0.89 × 10^{−10} s and the long–lived K–meson decays dominantly into K_L −→ 3π with Γ^{−1}_L ∼ τ_L = 5.17 × 10^{−8} s. However, due to CP violation we observe a small amount K_L −→ 2π .

In this description the superpositions (3) and (5) —or quite generally any vector in the 2–dimensional complex Hilbert space of kaons— represent kaonic qubit states in analogy to the qubit states in quantum information.

2.2 Strangeness oscillation

K_S , K_L are eigenstates of a non–Hermitian “effective mass” Hamiltonian H = M − i 2 Γ (6)

satisfying H |K_{S,L}⟩ = λ_{S,L} |K_{S,L}⟩ with λ_{S,L} = m_{S,L} − i 2 Γ_{S,L} . (7)

Both mesons K^0 and K̄^0 have transitions to common states (due to CP violation) therefore they mix, that means they oscillate between K^0 and K̄^0 before decaying. Since the decaying states evolve —according to the Wigner– Weisskopf approximation— exponentially in time |K_{S,L}(t)⟩ = e^{−iλS,Lt}|K_{S,L}⟩ , (8) the subsequent time evolution for K^0 and K̄^0 is given by

|K^0(t)⟩ = g_+(t)|K^0⟩ + q p g_−(t)|K̄^0⟩ , |K̄^0(t)⟩ = p q g_−(t)|K^0⟩ + g_+(t)|K̄^0⟩ (9)

with g_±(t) = 1 2 [ ±e^{−iλS t} + e^{−iλLt} ] . (10)

Supposing that a K^0 beam is produced at t = 0, e.g. by strong interactions, then the probability for finding a K^0 or K̄^0 in the beam is calculated to be | |⟨K^0|K^0(t)⟩ | |^2 = 1 4 { e^{−ΓSt} + e^{−ΓLt} + 2 e^{−Γt} cos(Δmt) } , | |⟨K̄^0|K^0(t)⟩ | |^2 = 1 4 |q|^2 |p|^2 { e^{−ΓS t} + e^{−ΓLt} − 2 e^{−Γt} cos(Δmt) } , (11)

with Δm = m_L − m_S and Γ =^1_2 (Γ_L + Γ_S ) .

The K^0 beam oscillates with frequency Δm/2π, where Δm τ_S = 0.47. The oscillation is clearly visible at times of the order of a few τ_S , before all K_S ’s have died out leaving only the K_L’s in the beam. So in a beam which contains only K^0 mesons at the beginning t = 0 there will occur K̄^0 far from the production source through its presence in the K_L meson.

2.3 Quasi–spin of kaons and analogy to photons In comparison with spin–^1_2 particles, or with photons having the polarization directions V (vertical) and H (horizontal), it is very instructive to characterize the kaons by a quasi–spin (for details see Ref. 63)). We can regard the two states |K^0⟩ and |K̄^0⟩ as the quasi–spin states up |↑⟩ and down |↓⟩ and can express the operators acting in this quasi–spin space by Pauli matrices. So we identify the strangeness operator S with the Pauli matrix σ_3, the CP operator with (−σ_1) and for describing CP violation we also need σ_2. In fact, the Hamiltonian (6) then has the form H = a · 1 + ⃗b · ⃗σ , (12) with b_1 = b cos α, b_2 = b sin α, b_3 = 0 , a = 1 2 (λ_L + λ_S ), b = 1 2 (λ_L − λ_S ) , (13) and the angle α is related to the CP violating parameter ε by e^{iα} = 1 − ε 1 + ε

. (14)

Summarizing, we have the following kaonic–photonic analogy:

neutral kaon quasi–spin photon |K^0⟩ | ↑⟩_z |V ⟩ |K̄^0⟩ | ↓⟩_z |H⟩ |K^0_1 ⟩ | ↖⟩ | − 45^0⟩ =^{1√}_2 (|V ⟩ − |H⟩) |K^0_2 ⟩ | ↗⟩ | + 45^0⟩ =^{1√}_2 (|V ⟩ + |H⟩) |K_S⟩ | →⟩_y |L⟩ =^{1√}_2 (|V ⟩ − i|H⟩) |K_L⟩ | ←⟩_y |R⟩ =^{1√}_2 (|V ⟩ + i|H⟩) A good optical analogy to the phenomenon of strangeness oscillation can be achieved by using the physical effect of birefringence in optical fibers which leads to the rotation of polarization directions. Thus H (horizontal) polarized light is rotated after some distance into V (vertical) polarized light, and so on. On the other hand, the decay of kaons can be simulated by polarization dependent losses in optical fibres, where one state has lower losses than its orthogonal state 64).

The description of kaons as qubits reveals close analogies to photons but also deep physical differences. Kaons oscillate, they are massive, they decay and can be characterized by symmetries like CP . Even though some kaon features, like oscillation and decay, can be mimicked by photon experiments (see Ref. 64)), they are inherently different since they are intrinsic properties of the kaon given by Nature.

2.4 Measurement procedures

For neutral kaons there exist two physical alternative bases, accordingly we have two observables for the kaons, namely the projectors to the two bases. The first basis is the strangeness eigenstate basis {|K^0⟩, |K̄^0⟩}, it can be measured by inserting along the kaon trajectory a piece of ordinary matter, which corresponds to an active measurement of strangeness. Due to strangeness conservation of the strong interactions the incoming state is projected either onto K^0 by K^0p → K^+n or onto K̄^0 by K̄^0p → Λπ^+, K̄^0n → Λπ^0 or K̄^0n → K^−p. Here nucleonic matter plays the same role as a two channel analyzer for polarized photon beams.

Alternatively, the strangeness content of neutral kaons can be determined by observing their semileptonic decay modes, eq.(23).

Obviously, the experimenter has no control of the kaon decay, neither of the mode nor of the time. The experimenter can only sort at the end of the day all observed events in proper decay modes and time intervals. We call this procedure opposite to the active measurement described above a passive measurement procedure of strangeness.

The second basis {K_S , K_L} consists of the short– and long–lived states having well defined masses m_{S(L)} and decay widths Γ_{S(L)}. We have seen that it is the appropriate basis to discuss the kaon propagation in free space, because these states preserve their own identity in time, eq.(8). Due to the huge difference in the decay widths the K_S ’s decay much faster than the K_L’s. Thus in order to observe if a propagating kaon is a K_S or K_L at an instant time t, one has to detect at which time it subsequently decays. Kaons which are observed to decay before ≃ t + 4.8 τ_S have to be identified as K_S ’s, while those surviving after this time are assumed to be K_L’s. Misidentifications reduce only to a few parts in 10^{−3} (see Refs. 27, 28)). Note that the experimenter doesn’t care about the specific decay mode, she/he records only a decay event at a certain time. We call this procedure an active measurement of lifetime.

Since the neutral kaon system violates the CP symmetry (recall Section 2.1) the mass eigenstates are not strictly orthogonal, ⟨K_S |K_L⟩ ≠ 0. However, neglecting CP violation —remember it is of the order of 10^{−3}— the K_S ’s are identified by a 2π final state and K_L’s by a 3π final state. We call this procedure a passive measurement of lifetime, since the kaon decay times and decay channels used in the measurement are entirely determined by the quantum nature of kaons and cannot be in any way influenced by the experimenter. It is assumed that active and passive measurements have the same amount of misidentifications.

The important message for testing Bell inequalities which we are going to discuss in the next section is:

• The active measurement procedures are a necessary requirement for the validity of a BI.

3 Entangled kaons, Bell inequalities, CP violation

Having discussed kaons as qubit states and their analogy to photons we consider next two qubit states. A two qubit system of kaons is a general superposition of the 4 states {|K^0⟩ ⊗ |K^0⟩, |K^0⟩ ⊗ |K̄^0⟩, |K̄^0⟩ ⊗ |K^0⟩, |K̄^0⟩ ⊗ |K̄^0⟩} .

3.1 Entanglement

Interestingly, also for strange mesons entangled states can be obtained, in analogy to the entangled spin up and down pairs, or H and V polarized photon pairs. Such states are produced by e^+e^−–colliders through the reaction e^+e^− → Φ → K^0K̄^0, in particular at DAΦNE in Frascati, or they are produced in pp̄–collisions, like, e.g., at LEAR at CERN 65). There, a K^0K̄^0 pair is created in a J^{P C} = 1^{−−} quantum state and thus antisymmetric under C and P , and is described at the time t = 0 by the entangled state |ψ(t = 0)⟩ = 1 √ 2 { |K^0⟩_l ⊗ |K̄^0⟩_r − |K̄^0⟩_l ⊗ |K^0⟩_r } , = N_{SL} √ 2 {|K_S ⟩_l ⊗ |K_L⟩_r − |K_L⟩_l ⊗ |K_S ⟩_r} , (15) with N_{SL} =^{N 2}_{2pq} , in complete analogy to the entangled photon case |ψ⟩ = 1 √ 2 {|V ⟩_l ⊗ |H⟩_r − |H⟩_l ⊗ |V ⟩_r } , = 1 √ 2 {|L⟩_l ⊗ |R⟩_r − |R⟩_l ⊗ |L⟩_r} . (16) The neutral kaons fly apart and are detected on the left (l) and right (r) hand side of the source. Of course, during their propagation the K^0K̄^0 pairs oscillate and the K_S , K_L states decay. This is an important difference to the case of photons which are stable.

Let us measure actively at time t_l a K^0 meson on the left hand side and at time t_r a K^0 or a K̄^0 on the right hand side then we find an EPR–Bell correlation analogously to the entangled photon case with polarization V–V or V–H. Assuming for simplicity stable kaons (Γ_S = Γ_L = 0) then we get the following result for the quantum probabilities

P (K^0, t_l; K^0, t_r) = P (K̄^0, t_l; K̄^0, t_r) = 1 4 { 1 − cos(Δm(t_l − t_r)) } , P (K^0, t_l; K̄^0, t_r) = P (K̄^0, t_l; K^0, t_r) = 1 4 { 1 + cos(Δm(t_l − t_r)) } , (17)

which is the analogy to the probabilities of finding simultaneously two entangled photons along two chosen directions ⃗α and ⃗β P (⃗α, V ; ⃗β, V ) = P (⃗α, H; ⃗β, H) = 1 4 { 1 − cos 2(α − β) } , P (⃗α, V ; ⃗β, H) = P (⃗α, H; ⃗β, V ) = 1 4 { 1 + cos 2(α − β) } . (18)

Thus we observe a perfect analogy between times Δm(t_l − t_r ) and angles 2(α − β). Alternatively, we also can fix the time and vary the quasi–spin of the kaon, which corresponds to a rotation in quasi–spin space analogously to the rotation of polarization of the photon | k⟩ = a | K^0⟩ + b | K̄^0⟩ ←→ | α, ϕ; V ⟩ = cos α | V ⟩ + sin α e^{iϕ} | H⟩ . (19) Note that the weights a, b are not independent and not all kaonic superpositions are realized in Nature in contrast to photons.

Depicting the kaonic–photonic analogy we have:

kaon propagation photon propagation K^0/K_S K̄^0/K_L V/L H/R Bell state left right Alice Bob Bell state

• K^0K̄^0 oscillation • stable • K_S , K_L decay

3.2 Bell inequality for quasi–spin variation

Consequently, for establishing a BI for kaons we have the option:

• varying the quasi–spin — fixing time

• fixing the quasi–spin — varying time.

Let us begin with a BI for certain quasi–spins (first option) and demonstrate that its violation is related to a symmetry violation in particle physics. In Ref. 66, 67) it was shown that symmetries quite generally may constrain local realistic theories.

For a BI we need 3 different “quasi–spins” – the “Bell angles” – and we may choose the H, S and CP eigenstates: |K_S ⟩ , |K̄^0⟩ and |K^0_1 ⟩ .

Denoting the probability of measuring the short–lived state K_S on the left hand side and the anti–kaon K̄^0 on the right hand side, both at the time t = 0, by P (K_S, K̄^0), and analogously the probabilities P (K_S , K^0_1 ) and P (K^0_1 , K̄^0) we can easily derive under the usual hypothesis of Bell’s locality the following Wigner–like Bell inequality 68, 69)

P (K_S , K̄^0) ≤ P (K_S , K^0_1 ) + P (K^0_1 , K̄^0) . (20)

Figure 1: Strange quark decays weakly.

BI (20) is rather formal because it involves the unphysical CP –even state |K^0_1 ⟩, but – and this is now important – it implies an inequality on a physical quantity, the CP violation parameter. Inserting the quantum amplitudes

⟨K̄^0 | K_S ⟩ = − q N , ⟨K̄^0 | K^0_1 ⟩ = − 1 √ 2 , ⟨K_S | K^0_1 ⟩ = 1 √ 2N (p^∗ + q^∗) , (21) and optimizing the inequality we can convert (20) into an inequality for the complex kaon transition coefficients p, q | p | ≤ | q | . (22) It’s amazing, inequality (22) is experimentally testable! How does it work?

3.3 Semileptonic decays

Let us consider the semileptonic decays of the kaons. The strange quark s decays weakly as constituent of K̄^0 (see Fig.1):

Due to the quark content K^0(s̄d) and K̄^0(sd̄) have the following decays:

K^0(ds̄) −→ π^−(dū) l^+ ν_l where s̄ −→ ū l^+ ν_l K̄^0(d̄s) −→ π^+(d̄u) l^− ν̄_l where s −→ u l^− ν̄_l , (23)

with l = μ, e . When studying the leptonic charge asymmetry δ = Γ(K_L → π^−l^+ν_l) − Γ(K_L → π^+l^−ν̄_l) Γ(K_L → π^−l^+ν_l) + Γ(K_L → π^+l^−ν̄_l)

, (24)

we notice that l^+ and l^− tag K^0 and K̄^0, respectively, in the K_L state, and the leptonic asymmetry (24) is expressed by the probabilities |p|^2 and |q|^2 of finding a K^0 and a K̄^0, respectively, in the K_L state δ = |p|^2 − |q|^2 |p|^2 + |q|^2 . (25)

Returning to inequality (22) we find consequently the bound

δ ≤ 0 (26)

for the leptonic charge asymmetry which measures CP violation.

Experimentally, however, the asymmetry is nonvanishing 70)

δ = (3.27 ± 0.12) · 10^{−3} . (27)

What we find is that bound (26), dictated by BI (20), is in contradiction to the experimental value (27) which is definitely positive.

On the other hand, we can replace K̄^0 by K^0 in the BI (20) and obtain the reversed inequality δ ≥ 0 so that respecting all possible BI’s leads to strict equality δ = 0, CP conservation, in contradiction to experiment.

Conclusion: The premises of LRT are only compatible with strict CP conservation in K^0K̄^0 mixing. Conversely, CP violation in K^0K̄^0 mixing, no matter which sign the experimental asymmetry (24) actually has, always leads to a violation of a BI and in consequence rules out a local realistic theory for the description of a K^0K̄^0 system!

Remark: We believe that this connection between symmetry violation and BI violation is not just accidental for the CP symmetry case but is more fundamental and should be observed in case of other symmetries as well.

3.4 Bell inequality for time variation

Bell inequalities by fixing the quasi–spin and varying the time we have studied already in detail in Refs. 63, 38, 71, 72). As we emphasized in a unitary time evolution also the decay states are involved, in fact, in the following way.

The complete time evolution of the kaon states is given by a unitary operator U (t, 0) whose effect can be written as 73, 74) U (t, 0) |K_{S,L}⟩ = e^{−iλS,Lt} |K_{S,L}⟩ + |Ω_{S,L}(t)⟩ , (28) where |Ω_{S,L}(t)⟩ denotes the state of all decay products. The norm decrease of the state |K_{S,L}(t)⟩ must be compensated by the increase of the norm of the final states, i.e., ⟨Ω_{S,L}(t)|Ω_{S,L}(t)⟩ = 1 − e^{−ΓS,L t} and ⟨Ω_L(t)|Ω_S (t)⟩ = ⟨K_L|K_S ⟩(1 − e^{iΔm t}e^{−Γt}), ⟨K_{S,L}|Ω_S(t)⟩ = ⟨K_{S,L}|Ω_L(t)⟩ = 0 . Let us start at time t = 0 with an entangled state of kaon pairs given in the K_S K_L basis choice (recall eq.15) |ψ(t = 0)⟩ = N_{SL} √ 2 {|K_S ⟩_l ⊗ |K_L⟩_r − |K_L⟩_l ⊗ |K_S ⟩_r} . (29) Then we get the state at time t from (29) by applying the unitary operator U (t, 0) = U_l(t, 0) · U_r (t, 0) , (30) where the operators U_l(t, 0) and U_r (t, 0) act on the space of the left and of the right mesons according to the time evolution (28).

For the quantum mechanical probabilities for detecting, or not detecting, a specific quasi–spin state on the left side, say |K̄^0⟩_l, and on the right side |K̄^0⟩_r of the source we need the projection operators

P_{l,r} (K̄^0) = |K̄^0⟩⟨K̄^0|_{l,r} and Q_{l,r} (K̄^0) = 1 − P_{l,r}(K̄^0) . (31) Starting from the initial state (29) the unitary time evolution (30) provides the state at a time t_r

|ψ(t_r)⟩ = U (t_r, 0)|ψ(t = 0)⟩ = U_l(t_r, 0)U_r(t_r , 0)|ψ(t = 0)⟩ . (32) Measuring now K̄^0 at t_r on the right side means that we project onto the state |ψ̃(t_r )⟩ = P_r(K̄^0)|ψ(t_r )⟩ , (33) and state (33) evolves until t_l when we measure next a K̄^0 on the left side |ψ̃(t_l, t_r)⟩ = P_l(K̄^0)U_l(t_l, t_r)P_r(K̄^0)|ψ(t_r )⟩ . (34) The probability of the joint measurement is given by the squared norm of the state (34) and coincides with the norm of the state

|ψ(t_l, t_r)⟩ = P_l(K̄^0)P_r(K̄^0)U_l(t_l, 0)U_r(t_r , 0)|ψ(t = 0)⟩ , (35) which corresponds to a factorization of the eigentimes t_l and t_r .

We calculate the quantum mechanical probability P¯_K0_,¯_K0 (Y, t_l; Y, t_r) for finding a K̄^0 at t_l on the left side and a K̄^0 at t_r on the right side, and the probability P¯_K0_,¯_K0 (N, t_l; N, t_l) for finding no such kaons by the following norms (and similarly the probability P¯_K0_,¯_K0 (Y, t_l; N, t_r))

P¯_K0_,¯_K0 (Y, t_l; Y, t_r) = ||P_l(K̄^0)P_r(K̄^0)U_l (t_l, 0)U_r(t_r , 0)|ψ(t = 0)⟩||^2 (36) P¯_K0_,¯_K0 (N, t_l; N, t_r) = ||Q_l(K̄^0)Q_r (K̄^0)U_l(t_l, 0)U_r(t_r, 0)|ψ(t = 0)⟩||^2(37) P¯_K0_,¯_K0 (Y, t_l; N, t_r) = ||P_l(K̄^0)Q_r(K̄^0)U_l (t_l, 0)U_r(t_r, 0)|ψ(t = 0)⟩||^2.(38)

Then the expectation value for measuring the antikaons is expressed by

E¯_K0_,¯_K0 (t_l, t_r) = −1 + 2 { P¯_K0_,¯_K0 (Y, t_l; Y, t_r) + P¯_K0_,¯_K0 (N, t_l; N, t_r) } , (39)

and with expression (39) Bell inequalities are constructed.

For our purpose we use a BI in the familiar expression of Clauser, Horne, Shimony, Holt (CHSH) 75) which in terms of time variation can be formulated in the following way 63, 74). Defining the function

S(t_1, t_2, t_3, t_4) = |E¯_K0_,¯_K0 (t_1, t_2) − E¯_K0_,¯_K0 (t_1, t_3)| +|E¯_K0_,¯_K0 (t_4, t_2) + E¯_K0_,¯_K0 (t_4, t_3)| , (40)

the CHSH–Bell inequality is given by

S(t_1, t_2, t_3, t_4) ≤ 2 , (41)

where the value 2 is the maximum satisfied by any LRT.

The question is now whether inequality (41) can be violated in the kaon case. As we know 63, 71, 74) the four Bell states (ψ^∓ ∼ K_S K_L ±K_LK_S , ϕ^∓ ∼ K_S K_S ∓ K_LK_L) which are maximal entangled do not violate inequality (41). The reason is that the internal physical parameters, the ratio oscillation to decay, Δm/Γ, is experimentally about 1 whereas for a violation a value of 2 is necessary for the ψ^∓ states and a smaller value of about 1.7 for the ϕ^∓ states.

A recent investigation 72) of a quite general initial state

|ψ(0)⟩ = r_1e^{iϕ1} |K_S ⟩_l ⊗ |K_S ⟩_r + r_2e^{iϕ2} |K_S ⟩_l ⊗ |K_L⟩_r + r_3e^{iϕ3} |K_L⟩_l ⊗ |K_S ⟩_r + r_4e^{iϕ4} |K_L⟩_l ⊗ |K_L⟩_r , (42)

(with r^2_1 + r^2 + r^2_3 + r^2_4 = 1) providing the general expectation value

E¯_K0_,¯_K0 (t_l, t_r) = 1 + r^2_1 e^{−ΓS (tl+tr )} + r^2 e^{−ΓS tl−ΓLtr} + r^2_3 e^{−ΓLtl−ΓStr} +r^2_4 e^{−ΓL(tl+tr )} − r^2_1 (e^{−ΓS tl} + e^{−ΓS tr} ) − r^2 (e^{−ΓStl} + e^{−ΓLtr} ) −r^2_3 (e^{−ΓLtl} + e^{−ΓS tr} ) − r^2_4 (e^{−ΓLtl} + e^{−ΓLtr} ) +2 r_1r_2 (1 − e^{−ΓS tl} ) cos(Δmt_r + ϕ_1 − ϕ_2) e^{−Γtr} +2 r_1r_3 cos(Δmt_l + ϕ_1 − ϕ_3) e^{−Γtl} (1 − e^{−ΓS tr} ) +2 r_2r_4 cos(Δmt_l + ϕ_2 − ϕ_4) e^{−Γtl} (1 − e^{−ΓLtr} ) +2 r_3r_4 (1 − e^{−ΓLtl} ) cos(Δmt_r + ϕ_3 − ϕ_4) e^{−Γtr} +2 r_1r_4 cos(Δm(t_l + t_r) + ϕ_1 − ϕ_4) e^{−Γ(tl+tr )} +2 r_2r_3 cos(Δm(t_l − t_r) + ϕ_2 − ϕ_3) e^{−Γ(tl+tr )} , (43)

shows that for a certain parameter choice the CHSH–Bell inequality (41) is indeed violated!

The S–function value turns out to be S = 2.12 for the parameter choice: all phases ϕ_i = 0 and r_1 = −0.834, r_2 = r_3 = 0.245 and times t_1 = t_2 = 0, t_3 = t_4 = 5.6τ_S; and S = 2.16 for the choice: ϕ_1 = −0.275, ϕ_2 = ϕ_3 = −0.678 and r_1 = −0.782, r_2 = r_3 = −0.146 and times t_1 = t_2 = 1.6τ_S, t_3 = t_4 = 0 . (The numerical optimization procedure does not guarantee a global maximum).

Conclusion: There exist initial states for kaons that —by respecting the unitary time evolution, the decay property— violate a Bell inequality and are therefore nonlocal, although not maximal entangled, which agrees with the qutrit results of Refs. 76, 77). It shows that nonlocality and entanglement are not the same features of QM. The question remains, however, how to produce the initial state (42) with the parameter values given above, e.g., at DAΦNE.

4 Conclusions

Kaons are ideal objects to test the fundamental principles of quantum mechanics, in particular the entanglement or nonlocality properties of kaon pairs, which are of great interest in connection with the physics of quantum communication and quantum information. In fact, in analogy to polarized photons the kaons can be considered as qubits as well but —due to their internal symmetries and time evolution— they exhibit further exciting features as compared to photons.

One is that the violation of CP symmetry in the mixing of K^0K̄^0 leads to a violation of a Bell inequality for quasi–spin variation refuting in consequence any local realistic theory.

Another feature is that Bell inequalities for time variations are —due to the unitary time evolution which includes the decay states— much more sophisticated than in the photon case. A CHSH–Bell inequality can be violated for a certain initial state thus ruling out local realistic theories. This nonlocal state is not maximally entangled and shows therefore the difference of the conceptions nonlocality and entanglement. The interesting question is how such a nonlocal state (where the K_S K_S and K_LK_L parts dominate) can be produced at DAΦNE.

Furthermore, using the regeneration feature of the kaons other type of Bell inequalities can be established. The analysis of all possible Bell inequalities together with the choice of suitable initial states and experimental set–ups will be of great importance for testing quantum mechanics at DAΦNE. Work in this direction is in progress 78).

5 Acknowledgements

We would like to thank A. Di Domenico for the invitation to the Workshop on Neutral Kaon Interferometry at a Φ–Factory at Frascati, March 2006. We also acknowledge financial support from EURIDICE HPRN-CT-2002-00311.

References

1. J.S. Bell, Physics 1, 195 (1964).

2. J.S. Bell, Speakable and Unspeakable in Quantum Mechanics (Cambridge University Press 1987).

3. A.K. Ekert, Phys. Rev. Lett. 67, 661 (1991).

4. D. Deutsch, A.K. Ekert, Physics World 11, No.3, p.47 (1998).

5. R.J. Hughes, Contemp. Phys. 36, 149 (1995).

6. W. Tittel, G. Ribordy, N. Gisin, Physics World 11, No.3, p.41 (1998); W.

Tittel, J. Brendel, H. Zbinden, N. Gisin, Phys. Rev. Lett. 81, 3563 (1998);

H. Zbinden, J. Brendel, W. Tittel, N. Gisin, Phys. Rev. A 63, 022111 (2001).

7. C.H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, W.K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).

8. J.-W. Pan, D. Bouwmeester, H. Weinfurter, A. Zeilinger, Nature 390, 575 (1997).

9. A. Zeilinger, Physics World 11, No.3, 35 (1998).

10. D. Bouwmeester, A. Ekert, A. Zeilinger, The physics of quantum information: quantum cryptography, quantum teleportation, quantum computations (Springer, Berlin Heidelberg New York 2000).

11. R. A. Bertlmann, A. Zeilinger (eds.), Quantum [Un]speakables, from Bell to Quantum Information (Springer, Berlin Heidelberg New York 2002).

12. R.A. Bertlmann, Entanglement, Bell inequalities and decoherence in particle physics, Lecture Notes in Physics 689, W. Pötz, J. Fabian, U. Hohenester (eds.), p.1, (Springer-Verlag, Berlin 2006), quant-ph/0410028.

13. T.D. Lee, C.N. Yang, reported by T.D. Lee at Argonne National Laboratory, May 28, 1960 (unpublished).

14. D.R. Inglis, Rev. Mod. Phys. 33, 1 (1961). 15. T.B. Day, Phys. Rev. 121, 1204 (1961). 16. H.J. Lipkin, Phys. Rev. 176, 1715 (1968).

17. R. A. Bertlmann, B. C. Hiesmayr, Quantum Information Processing, DOI:

10.1007/s11128-006-0026-1 (2006), quant-ph/0512171.

18. P.H. Eberhard, in The Second DaΦne Physics Handbook, edited by L. Maiani, G. Pancheri, N. Paver (SIS–Pubblicazioni dei Laboratori di Frascati, Italy, 1995) Vol I, p. 99.

19. P.H. Eberhard, Nucl. Phys. B 398, 155 (1992). 20. I.I. Bigi, Nucl. Phys. B (Proc. Suppl.) 24A, 24 (1991).

21. A. Di Domenico, Nucl. Phys. B 450, 293 (1995). 22. A. Bramon, M. Nowakowski, Phys. Rev. Lett. 83, 1 (1999). 23. B. Ancochea, A. Bramon, M. Nowakowski, Phys. Rev. D 60, 094008 (1999). 24. A. Bramon, G. Garbarino, Phys. Rev. Lett. 88, 040403 (2002). 25. M. Genovese, C. Novero, E. Predazzi, Phys. Lett. B 513, 401 (2001). 26. J. Bernabéu, N.E. Mavromatos, J. Papavassiliou, Phys. Rev. Lett. 92, 131601 (2004).

27. A. Bramon, G. Garbarino, B. C. Hiesmayr, Phys. Rev. Lett. 92, 020405 (2004).

28. A. Bramon, G. Garbarino, B. C. Hiesmayr, Phys. Rev. A 68, 062111 (2004). 29. A. Bramon, G. Garbarino, B. C. Hiesmayr, Kaonic quantum erasers at KLOE 2; Erasing the present, changing the past, contribution to the Frascati Physics Series.

30. J. Bernabéu, J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, J. Papavassiliou, CP T and quantum mechanics tests with kaons, contribution to the Frascati Physics Series, quant-ph/0607322.

31. F. Selleri, Lett. Nuovo Cim. 36, 521 (1983); P. Privitera, F. Selleri, Phys.

Lett. B 296, 261 (1992); F. Selleri, Phys. Rev. A 56, 3493 (1997); R. Foadi, F. Selleri, Phys. Rev. A 61, 012106 (1999); R. Foadi, F. Selleri, Phys. Lett. B 461, 123 (1999).

32. A. Afriat, F. Selleri, The Einstein, Podolsky, and Rosen Paradox in Atomic, Nuclear and Particle Physics, (Plenum Press, New York London 1999).

33. J. Six, Phys. Lett. A 150, 243 (1990).

34. A. Bramon, G. Garbarino, Phys. Rev. Lett. 89, 160401 (2002). 35. BELLE-homepage, http://belle.kek.jp 36. BABAR-homepage, http://www.slac.stanford.edu/babar 37. A. Go, J. Mod. Optics 51, 991 (2004).

38. R.A. Bertlmann, A. Bramon, G. Garbarino, B.C. Hiesmayr, Phys. Lett. A 332, 355 (2004).

39. A. Bramon, R. Escribano, G. Garbarino, J. Mod. Phys. 52, 1681 (2005). 40. A. Bramon, R. Escribano, G. Garbarino, Found. Phys. 36, 563 (2006). 41. G. Leder, talk given at the conference SUSY’02, Hamburg June 2002, http://wwwhephy.oeaw.ac.at/p3w/belle/leder susy02.pdf (unpublished).

42. R.A. Bertlmann, W. Grimus, Phys. Lett. B 392, 426 (1997). 43. G.V. Dass, K.V.L. Sarma, Eur. Phys. J. C 5, 283 (1998). 44. R.A. Bertlmann, W. Grimus:, Phys. Rev. D 58, 034014 (1998). 45. A. Datta, D. Home, Phys. Lett. A 119, 3 (1986). 46. A. Pompili, F. Selleri, Eur. Phys. J. C 14, 469 (2000). 47. R.A. Bertlmann, W. Grimus, Phys. Rev. D 64, 056004 (2001). 48. R. A. Bertlmann, K. Durstberger, B. C. Hiesmayr, Phys. Rev. A 68, 012111 (2003).

49. P. Caban, J. Rembieliński, K.A. Smoliński, Z. Walczak, M. Włodarczyk, Phys. Lett. A 357, 6 (2006).

50. KLOE Collaboration, presented by A. Di Domenico, Kaon interferometry at KLOE: present and future, hep-ex/0312032.

51. KLOE Collaboration, First observation of quantum interference in the process ϕ → K_S K_L → π_+π_−π_+π_−: a test of quantum mechanics and CP T symmetry, hep-ex/0607027.

52. L. R. Kasday, J. D. Ullmann, C. S. Wu, Bull. Am. Phys. Soc. 15, 586 (1970).

53. L. R. Kasday, J. D. Ullmann, C. S. Wu, Nuovo Cimento B 25, 633 (1975). 54. G. Faraci, D. Gutkowski, S. Notarrigo, A. R. Pennisi, Nuovo Cimento Lett.

B 9, 607 (1974).

55. A. R. Wilson, J. Lowe, D.K. Butt, J. Phys. G 2, 613 (1976). 56. M. Bruno, M. D’Agostino, C. Maroni, Nuovo Cimento B 40, 143 (1977). 57. G. Bertolini, E. Diana, A. Scotti, Nuovo Cimento B 63, 651 (1981). 58. M. Lamehi-Rachti, W. Mittig, Phys. Rev. D 14, 2543 (1976). 59. N. A. Törnqvist, Phys. Lett. A 117, 1 (1986).

60. N. A. Törnqvist, in: Quantum Mechanics versus Local Realism: The Einstein–Podolsky–Rosen Paradox, F. Selleri (ed.), (Plenum New York 1988), p.115.

61. P. Privitera, Phys. Lett. B 275, 172 (1992).

62. S. A. Abel, M. Dittmar, H. Dreiner, Phys. Lett. B 280, 304 (1992). 63. R. A. Bertlmann, B. C. Hiesmayr, Phys. Rev. A 63, 062112 (2001). 64. N. Gisin and A. Go, Am. J. Phys. 69, 264 (2001). 65. A. Apstolakis et.al., Phys. Lett. B 422, 339 (1998).

66. K. Nagata, W. Laskowski, M. Wieśniak, M. Żukowski, Phys. Rev. Lett.

93, 230403 (2004).

67. C.S. Unnikrishnan, Europhys. Lett. 69, 489 (2005). 68. F. Uchiyama, Phys. Lett. A 231, 295 (1997).

69. R.A. Bertlmann, W. Grimus, B.C. Hiesmayr, Phys. Lett. A 289, 21 (2001). 70. D.E. Groom et al, Review of Particle Physics, Eur. Phys. J. C 3, 1 (1998). 71. B.C. Hiesmayr, PhD-Thesis, University of Vienna, 2002. 72. B. C. Hiesmayr, Nonlocality and entanglement in a strange system, quant-ph/0607210.

73. J.S. Bell, J. Steinberger, Weak Interactions of Kaons, Proceedings of the Oxford International Conference, 10-25 Sept., p. 147, (1965).

74. G.C. Ghirardi, R. Grassi, T. Weber, in Proc. of Workshop on Physics and Detectors for DAΦNE, the Frascati Φ Factory, April 9-12th, 1991, edited by G. Pancheri.

75. J.E. Clauser, M.A. Horne, A. Shimony, R.A. Holt, Phys. Rev. D 10, 880 (1969).

76. A. Acin, R. Gill, N. Gisin, Phys. Rev. Lett. 95, 210402 (2005). 77. A. Acin, T. Durt, N. Gisin, J.I. Latorrre, Phys. Rev. A 65, 052325 (2002). 78. A. Di Domenico, A. Go, B.C. Hiesmayr, Testable Bell inequalities at DAΦNE, in preparation.