arXiv:1112.2828v2 [hep-ph] 27 Mar 2012

Euro. Phys. J. C 72, 1907 (2012)

Exact Theorems Concerning CP and CPT Violations in C = −1 Entangled State of Pseudoscalar Neutral Mesons

Yu Shi^∗ Department of Physics, Fudan University, Shanghai 200433, China

Neutral pseudoscalar mesons in an entangled or Einstein-Podolsky-Rosen state are routinely produced in ϕ and B factories. Based on the peculiar properties of an entangled state, we present some general exact theorems about parameters characterizing CP and CPT violations, by using various asymmetries defined for the correlated decays of the two entangled mesons, which are rigorously calculated.

PACS numbers: 14.40.-n, 03.65.Ud

∗ yushi@fudan.edu.cn

I. INTRODUCTION

The pair of neutral pseudoscalar mesons produced from a source with total C = −1 is in an entangled or Einstein- Podolsky-Rosen correlated state [1], which cannot be factorized as a direct product of the states of the two mesons [2– 6]. This fact has been experimentally confirmed in K^0K̄^0 pairs produced in proton-antiproton annihilation in the CPLEAR detector in CERN [7, 8], in K^0K̄^0 pairs produced at ϕ decay in the KLOE detector in DAΦNE [9–12], and in B^0_dB̄^0_d pairs produced at Υ(4s) in the BELLE detector in the KEKB [13]. In addition to their values in the perspective of quantum foundations and quantum information [14, 15], they have been in practical use in ϕ and B factories such as KLOE, BABAR, BELLE and CLEO, where neutral pseudoscalar mesons are mostly produced in pairs, and one member of an EPR pair is actually tagged by identifying the other through the product of its decay or interaction with another particle [10–12, 16, 17]. A very interesting and important application of the entanglement of meson pairs is the measurement or constraint on the CP and CPT violating parameters [4–6, 10–12, 18–24].

In this paper, we present some exact theorems concerning the use of the C = −1 entangled state of pseudoscalar mesons to examine CP and CPT symmetries and extracting parameters characterizing CP and CPT. The paper is organized as follows. In Sec. II, we review various basis states and the quantum mechanical description of the timedependent states with various initial states of a single neutral pseudoscalar meson. We describe the time evolution of an entangled state in Sec. III. We consider the decays or projections of both mesons into flavor eigenstates in Sec. IV, and give in Sec. V the method of studying CP and possible CPT violations by using these events. Then we consider decays or projections of both mesons into CP eigenstates in Sec. VI, and discuss in Sec VII the method of studying CP and possible CPT violations by using these events. A summary is made in Sec. VIII.

II. REVIEW OF BASIS STATES AND TIME EVOLUTION OF SINGLE NEUTRAL PSEUDOSCALAR MESONS

First we give a review of single neutral pseudoscalar mesons in the usual Wigner-Weisskopf approximation, partly to set up definitions and notations, which we find convenient. Some of them follow those in Chou et al. [25]. The relation with some more commonly used definitions and notations will be given explicitly.

A neutral pseudoscalar meson M^0 and its antiparticle M̄^0 can be described as eigenstates of parity P both with eigenvalue −1, and of a characteristic flavor with eigenvalues ±1, the characteristic flavor being strangeness for K^0 and K̄^0, beauty for B^0_d and B̄^0_d, charm for D^0 and D̄^0, and strangeness or beauty (with a minus sign) for B^0_s and B̄^0_s . As C|M^0⟩ = −|M̄^0⟩ and C|M̄^0⟩ = −|M^0⟩, the eigenstates of CP are |M_±⟩ = 1 √ 2 (|M^0⟩ ± |M̄^0⟩), (1)

with eigenvalues ±1.

Under the Wigner-Weisskopf approximation, the evolution of an arbitrary state of a pseudoscalar meson |M(t)⟩, as a superposition of |M^0⟩ and M̄^0⟩, can be described by a Schrödinger equation i ∂ ∂t |M(t)⟩ = H|M(t)⟩, (2) where H is the mass matrix with complex elements H_{00} ≡ ⟨M^0|H|M^0⟩, H_0¯_0 ≡ ⟨M^0|H|M̄^0⟩, H¯_{00} ≡ ⟨M̄^0|H|M^0⟩ and H¯_0¯_0 ≡ ⟨M̄^0|H|M̄^0⟩. CP violation is characterized by a nonzero parameter ϵ_M defined through q p ≡ √ H¯_{00} H_0¯_0 ≡ 1 − ϵ_M 1 + ϵ_M

. (3)

On the other hand, an indirect CPT violation would be characterized by a nonzero parameter δ_M defined as δ_M ≡ H¯_0¯_0 − H_{00} √ H_0¯_0H¯_{00}

≠ 0. (4)

The kind of T violation which is independent of CPT is characterized by whether |q|/|p| = 1.

The eigenvalues of H are

λ_S ≡ m_S − iΓ_S/2 = H_{00} + √ H_0¯_0H¯_{00}( √ 1 + δ^2_M 4 + δ_M 2 ) (5)

λ_L ≡ m_L − iΓ_L/2 = H¯_0¯_0 − √ H_0¯_0H¯_{00}( √ 1 + δ^2_M 4 + δ_M 2 ), (6) corresponding, respectively, to its eigenstates |M_S ⟩ = 1 √ |p_S |^2 + |q_S |^2

(p_S |M^0⟩ + q_S |M̄^0⟩) = 1 √ 1 + |ϵ_S |^2

(|M_+⟩ + ϵ_S |M_−⟩), (7) |M_L⟩ = 1 √ |p_L|^2 + |q_L|^2

(p_L|M^0⟩ − q_L|M̄^0⟩) = 1 √ 1 + |ϵ_L|^2

(ϵ_L|M_+⟩ + |M_−⟩), (8)

with x_S ≡ q_S p_S ≡ 1 − ϵ_S 1 + ϵ_S = q p ( √ 1 + δ^2_M 4 + δ_M 2 ), (9) x_L ≡ q_L p_L ≡ 1 − ϵ_L 1 + ϵ_L = q p ( √ 1 + δ^2_M 4 − δ_M 2 ), (10)

If ϵ_S = 0, |M_S⟩ would reduce to |M_+⟩ and |M_−⟩. If ϵ_L = 0, |M_L⟩ would reduce to |M_−⟩.

Many authors use the definitions ϵ ≡ 1 2 (ϵ_S + ϵ_L), (11)

δ ≡ 1 2 (ϵ_S − ϵ_L). (12)

It is straightforward to find ϵ = ϵ_M 1 + ϵ^2_M + (1 − ϵ^2_M ) √ 1 +^{δ2M}_4

≈ ϵ_M , (13)

δ = − (1 − ϵ^2_M )δ_M

1 + ϵ^2_M + (1 − ϵ^2_M ) √ 1 +^{δ2M}_4 ≈ − δ_M 4 . (14)

We now consider time evolution of a single pseudoscalar neutral meson under the mass Hamiltonian H. We summarize the situation by giving the time-dependent state starting with each flavor or CP eigenstate.

Starting as a mass eigenstate |M_S ⟩, the state of a single meson evolves as |M_S(t)⟩ = e^{−iλS t}|M_S ⟩. (15) Starting as a mass eigenstate |M_L⟩, the state evolves as |M_L(t)⟩ = e^{−iλLt}|M_L⟩. (16) Starting as a flavor eigenstate |M^0⟩, the state evolves as

|M^0(t)⟩ = G_{00}(t)|M^0⟩ + G_0¯_0(t)|M̄^0⟩. (17)

Starting as a flavor eigenstate |M̄_0⟩, the state evolves as

|M̄^0(t)⟩ = G¯_{00}(t)|M^0⟩ + G¯_0¯_0(t)|M̄^0⟩. (18)

In (17) and (18),

G_{00}(t) ≡ e^{−iλS t} + Ωe^{−iλLt} 1 + Ω

, (19)

G_0¯_0(t) ≡ x_S (e^{−iλS t} − e^{−iλLt}) 1 + Ω

, (20)

G¯_{00}(t) ≡ x^{−1}_S (e^{−iλS t} − e^{−iλLt}) 1 + Ω^{−1}

, (21)

G¯_0¯_0(t) ≡ e^{−iλS t} + Ω^{−1}e^{−iλL t} 1 + Ω^{−1}

. (22) where Ω ≡ x_S x_L = q_S p_L p_Sq_L , (23)

Starting as a CP eigenstate |M_+⟩, the state evolves as |M_+(t)⟩ = F_{++}(t)|M_+⟩ + F_{+−}(t)|M_−⟩. (24) Starting as a CP eigenstate |M_−⟩, the state evolves as |M_−(t)⟩ = F_{−+}(t)|M_+⟩ + F_{−−}(t)|M_−⟩. (25) In (24) and (25),

F_{++}(t) = 1 2(1 + Ω)

[(1 + x^{−1}_L + x_S + Ω)e^{−iλS t} + (1 − x^{−1}_L − x_S + Ω)e^{−iλL t}], (26)

F_{+−}(t) =

1 + x^{−1}_L − x_S − Ω 2(1 + Ω) (e^{−iλS t} − e^{−iλLt}), (27) F_{−+}(t) =

1 − x^{−1}_L + x_S − Ω 2(1 + Ω) (e^{−iλS t} − e^{−iλLt}), (28) F_{−−}(t) = 1 2(1 + Ω)

[(1 − x^{−1}_L − x_S + Ω)e^{−iλS t} + (1 + x^{−1}_L + x_S + Ω)e^{−iλL t}]. (29)

III. EVOLUTION OF AN ENTANGLED STATE The entangled state of a pair of pseudoscalar mesons produced from a source of J^{P C} = 1^{−−} is |Ψ_−⟩ = 1 √ 2 (|M^0⟩_a|M̄^0⟩_b − |M̄^0⟩_a|M^0⟩_b) (30) = 1 √ 2 (|M_−⟩_a|M_+⟩_b − |M_+⟩_a|M_−⟩_b). (31)

Note that not only in the flavor basis, but also in the CP basis, |Ψ_−⟩ is an exact singlet, no matter whether CP or CPT is violated.

Now we consider the following situation. Starting as |Ψ_−⟩, the state of the entangled pair evolves and then decay to or produce certain products at t_a and t_b, respectively, which may or may not be equal. To account for this situation, one first consider |Ψ_−(t_a, t_b)⟩ = U_a(t_a)U_b(t_b)|Ψ_−⟩ (32) = 1 √ 2 (|M^0(t_a)⟩_a|M̄^0(t_b)⟩_b − |M̄^0(t_a)⟩_a|M^0(t_b)⟩_b) (33) = 1 √ 2 (|M_+(t_a)⟩_a|M_−(t_b)⟩_b − |M_−(t_a)⟩_a|M_+(t_b)⟩_b). (34)

Let us refer to these two mesons as Alice and Bob. The joint probability that Alice decays to |ψ_a⟩ at t_a while Bob decays to |ψ_b⟩ at t_b was calculated as I(ψ_a, t_a; ψ_b, t_b) = |⟨ψ_a, ψ_b|Ψ(t_a, t_b)⟩|^2, (35) where |⟨ψ_a, ψ_b|Ψ_−(t_a, t_b)⟩ = 1 √ 2 (⟨ψ_a|M_+(t_a)⟩_a⟨ψ_b|M_−(t_b)⟩_b − ⟨ψ_a|M_−(t_a)⟩_a⟨ψ_b|M_+(t_b)⟩_b). (36)

Various situations are discussed in the following.

IV. JOINT PROBABILITIES OF THE DECAYS INTO FLAVOR EIGENSTATES

Suppose from the entangled state, Alice and Bob each decays or transits to a two-valued flavor eigenstate, as in CPLEAR experiment, where the strangeness values of the two kaons were measured through their interactions with bound nucleons [7, 8], and in BELLE experiment, where the beauties of the two B_d mesons were measured by their semileptonic decays [13]. We generally denote the flavor eigenstates as |l^+⟩ of eigenvalue +1 and |l^−⟩ of eigenvalue −1. Examples for |l^+⟩ include the semileptonic decay product M^−l̄ν, as well as D^−D^+_S , D^−K^+, π^−D^+_S , π^−K^+ from M^0 = B^0, and D^−_S π^+, D^−_S D^+, K^−π^+, K^−D^+ from M^0 = B^0_S . Examples for |l^−⟩ include the semileptonic decay product M^+lν̄, as well as D^+D^−_S , D^+K^−, π^+D^−_S , π^+K^− from M̄^0 = B^0, and D^+_S π^−, D^+_S D^−, K^+π^−, K^+D^− from M^0 = B^0_S [25]. In the CPLEAR experiment on kaons [7], |l^+⟩ and |l^−⟩ are products produced via interaction with bound nucleons.

For |l^+⟩, the amplitude from |M^0⟩ is ⟨l^+|M^0⟩ ≡ R^+ ≠ 0 (37) while the amplitude from M̄^0 is ⟨l^+|M̄^0⟩ = 0. (38) For a flavor eigenstate |l^−⟩, the amplitude from M̄^0 is ⟨l^−|M̄^0⟩ ≡ R^− ≠ 0 (39) while the amplitude from M^0⟩ is ⟨l^−|M^0⟩ = 0. (40) One can calculate the joint amplitude of such a pair of decays in which Alice and Bob decays |l^x_a ⟩ at t_a while Bob decays to |l^y_b ⟩ at t_b, where x and y each represents ±1,

⟨l^x_a , l^y_b |Ψ_−(t_a, t_b)⟩ = 1 √ 2 (⟨l^x_a |M^0(t_a)⟩_a⟨l^y_b |M̄^0(t_b)⟩_b − ⟨l^x_a |M̄^0(t_a)⟩_a⟨l^y_b |M^0(t_b)⟩_b). (41)

From (17) and (18), one can obtain ⟨l^+_α |M^0(t_α)⟩_α = G_{00}(t_α)R^+_α , (42) ⟨l^−_α |M^0(t_α)⟩_α = G_0¯_0(t_α)R^−_α , (43) ⟨l^+_α |M̄^0(t_α)⟩_α = G¯_{00}(t_α)R^+_α , (44) ⟨l^−_α |M̄^0(t_α)⟩_α = G¯_0¯_0(t_α)R^−_α , (45) where α = a, b.

Thus we obtain I(l^+_a , t_a; l^+_b , t_b) =^{|R+a R+b |2|xL|−2} 2|1+Ω|^2 e

−(Γ_S +Γ_L)t_a [e−Γ_S Δt + e−Γ_LΔt − 2e^{ΓS +ΓL}_2 Δt cos(ΔmΔt)],

I(l^+_a , t_a; l^−_b , t_b) =^{|R+a Rb−|2}_{2|1+Ω|2} e^{−(ΓS +ΓL)ta} [|Ω|^2e^{−ΓS Δt} + e^{−ΓLΔt} + 2|Ω|e^{ΓS +ΓL2 Δt} cos(ΔmΔt + ϕ_Ω)], I(l^−_a , t_a; l^+_b , t_b) =^{|R−a R+b |2}_{2|1+Ω|2} e^{−(ΓS +ΓL)ta} [e^{−ΓS Δt} + |Ω|^2e^{−ΓLΔt} + 2|Ω|e^{ΓS +ΓL2 Δt} cos(ΔmΔt − ϕ_Ω)], I(l^−_a , t_a; l^−_b , t_b) =^{|R−a R−b |2 |xS |2} 2|1+Ω|^2 e

−(Γ_S +Γ_L)t_a [e−Γ_S Δt + e−Γ_LΔt − 2e^{ΓS +ΓL}_2 Δt cos(ΔmΔt)],

(46)

where Δm ≡ m_L − m_S , Δt ≡ t_b − t_a, Ω = |Ω|e^{iϕΩ} .

In experiments, it is more convenient to use the integrated rate

I^′(l^x_a , l^y_b , Δt) = ∫_∞ 0 I(l^x_a , t_a; l^y_b , t_a + Δt)dt_a, (47)

which is simply given by I(l^x_a , t_a; l^y_b , t_a + Δt) as in (46), with e^{−(ΓS +ΓL)ta} replaced as 1/(Γ_S + Γ_L).

V. STUDYING CP AND CPT VIOLATIONS USING THE JOINT PROBABILITIES OF DECAYS IN FLAVOR BASIS

We focus on the case |l^+_a ⟩ = |l^+_b ⟩ and |l^−_a ⟩ = |l^−_b ⟩, hence R^+_a = R^+_b = R^+, R^−_a = R^−_b = R^−. The above four joint probabilities can form some asymmetries between the decays of the entangled mesons. First consider A(++, −−, t_a, t_b) ≡ I[l^+_a , t_a; l^+_b , t_b] − I[l^−_a , t_a; l^−_b , t_b] I[l^+_a , t_a; l^+_b , t_b] + I[l^−_a , t_a; l^−_b , t_b]

, (48)

and the asymmetry of the corresponding integrated rates A^′(++, −−, Δt) ≡ I^′[l^+_a , l^+_b , Δt] − I^′[l^−_a , l^−_b , Δt] I^′[l^+_a , l^+_b , Δt] + I^′[l^−_a , l^−_b , Δt]

, (49)

which are only dependent on Δt ≡ t_b − t_a.

They are evaluated to be A(++, −−, t_a, t_b) = A^′(++, −−, Δt) = |R^+|^4|x_L|^{−1} − |R^−|^4|x_S | |R^+|^4|x_L|^{−1} + |R^−|^4|x_S |

, (50)

which is independent of t_a, t_b or Δt.

If CP is conserved, then R^+ = R^−, p/q = 1, thus x_S = x^{−1}_L , consequently A(++, −−, t_a, t_b) = A^′(++, −−, Δt) = 0. Therefore we have the following theorem.

Theorem 1 If the equal-flavor asymmetry A(++, −−, t_a, t_b) ≠ 0, or if A^′(++, −−, Δt) ≠ 0, then CP is violated, independent of whether CPT is conserved.

On the other hand, if CP T is conserved, then δ_M = 0, thus x_S = x_L = q/p, consequently we have the following result.

Theorem 2 If CPT is conserved, the equal-flavor asymmetry is A(++, −−, t_a, t_b) or A^′(++, −−, Δt) is given by

A(++, −−, t_a, t_b) = A^′(++, −−, Δt) = |R^+|^4|p|^2 − |R^−|^4|q|^2 |R^+|^4||p|^2 + |R^−|^4|q|^2

. (51)

A deviation from (51) indicates CPT violation, which, however, can be tested by the following simpler method.

Now we consider the unequal-flavor asymmetry defined by A(+−, −+, t_a, t_b) ≡ I[l^+_a , t_a; l^−_b , t_b] − I[l^−_a , t_a; l^+_b , t_b] I[l^+_a , t_a; l^−_b , t_b] + I[l^−_a , t_a; l^+_b , t_b]

, (52)

and the asymmetry of the corresponding integrated rates A^′(+−, −+, Δt) ≡ I^′[l^+_a , l^−_b , Δt] − I^′[l^−_a , l^+_b , Δt] I[l^+a , l^−_b , Δt] + I[l^−a , l^+_b , Δt]

, (53)

which are evaluated to be A(+−, −+, t_a, t_b) = A^′(+−, −+, Δt) =^{(1−|Ω|2)(e−ΓLΔt −e−ΓS Δt)+4|Ω|e} ΓS +ΓL 2 Δt sin(ΔmΔt) sin ϕΩ

(1+|Ω|^2)(e^{−ΓL Δt}−e^{−ΓS Δt})+4|Ω|e^{ΓS +ΓL2 Δt} cos(ΔmΔt) cos ϕ_Ω

, (54)

which always vanishes if Δt = 0. For Δt ≠ 0, if CPT is conserved, then Ω = 1, i.e. |Ω| = 1 and sin ϕ_Ω = 0, consequently A(+−, −+, t_a, t_b) = A^′(+−, −+, Δt) = 0. Therefore we have the following theorem.

Theorem 3 Consider the two correlated decays at different times. If the unequal-flavor asymmetry A(+−, −+, t_a, t_b) ≠ 0, or if A^′(+−, −+, Δt) ≠ 0, then CPT is violated.

Moreover, using the four instantaneous rates at various times or using the four integrated rates for various time differences, one can determine all the parameters |R^+|, |R^−|, |x_S |, |x_L|, |Ω|, ϕ_Ω, Γ_S , Γ_L, Δm, which are all rephaseinvariant. One can also simply use the integrates rates with various values of Δt. One can also use the instantaneous rates while avoid using the precise value of t_a, by considering the ratio I(l^+_a , t_a; l^+_b , t_b) : I(l^+_a , t_a; l^−_b , t_b) : I(l^−_a , t_a; l^+_b , t_b) : I(l^−_a , t_a; l^−_b , t_b), where the common factor e^{−(ΓS +ΓL)ta} is canceled. Therefore the instantaneous rates with the same Δt but different t_a can be used altogether.

VI. JOINT PROBABILITIES OF DECAYS INTO CP EIGENSTATES

Now we consider the situation that the decay products of Alice and Bob are both CP eigenstates, as in KLOE experiment, where the probability of both kaons decaying to π^+π^− was obtained up to a proportional factor [9, 11]. We generally denote the CP eigenstates as |h^+⟩ of eigenvalue +1 and |h^−⟩ of eigenvalue −1. Examples for |h^+⟩ include π^+π^−, π^0π^0, etc. Examples for |h^−⟩ include π^0π^0π^0, etc.

For |h^+⟩, the amplitude from |M_+⟩ is ⟨h^+|M_+⟩ ≡ Q^+ ≠ 0, (55) while the amplitude from |M_−⟩ is ⟨h^+|M_−⟩ = 0. (56) For |h^−⟩, the amplitude from |M_−⟩ is ⟨h^−|M_−⟩ ≡ Q^− ≠ 0 (57) while the amplitude from |M_+⟩ is ⟨h^−|M_+⟩ = 0. (58) Q^+ and Q^− are not directly measurable quantities, as M_S and M_L, rather than M_+ and M_−, are physical. However, from (7) and (8), we have Q^+ = √ 1 + |ϵ_S|^2⟨h^+|M_S ⟩, (59) Q^− = √ 1 + |ϵ_L|^2⟨h^−|M_L⟩. (60) It is not difficult to see that although Q^± are not rephase-invariant, |Q^±|^2 are.

Suppose Alice and Bob decay to CP eigenstates h^x_a and h^y_b respectively, where x and y each represents ±1. Then ⟨h^x_a, h^y_b |Ψ_−(t_a, t_b)⟩ = 1 √ 2 (⟨h^x_a|M_+(t_a)⟩_a⟨h^y_b |M_−(t_b)⟩_b − ⟨h^x_a|M_−(t_a)⟩_a⟨h^y_b |M_+(t_b)⟩_b). (61)

From (24) and (25), one can obtain ⟨h^+_α |M_+(t_α)⟩_α = F_{++}(t_α)Q^+_α , (62) ⟨h^−_α |M_+(t_α)⟩_α = F_{+−}(t_α)Q^−_α , (63) ⟨h^+_α |M_−(t_α)⟩_α = F_{−+}(t_α)Q^+_α , (64) ⟨h^−_α |M_−(t_α)⟩_α = F_{−−}(t_α)Q^−_α . (65) Therefore, I[h^+_a , t_a; h^+_b , t_b] =^{|Q+a|2|Q+b|2|(1−x−1L )(1+xS )|2} 8|1+Ω|^2 e

−(Γ_S +Γ_L)t_a

×[e^{−ΓS (Δt)} + e^{−ΓL(Δt)} − 2e^{− 12 (ΓS +ΓL)Δt} cos(ΔmΔt)], I[h^+_a , t_a; h^−_b , t_b] =^{|Q+a|2|Q−b|2|(1+x−1L )(1+xS )|2} 8|1+Ω|^2 e

−(Γ_S +Γ_L)t_a

×[|W |^2e^{−ΓS (Δt)} + e^{−ΓL(Δt)} + 2|W |e^{− 12 (ΓS +ΓL)Δt} cos(ΔmΔt + ϕ_W )], I[h^−_a , t_a; h^+_b , t_b] =^{|Q−a|2|Q+b|2|(1+x−1L )(1+xS )|2} 8|1+Ω|^2 e

−(Γ_S +Γ_L)t_a

×[e^{−ΓS (Δt)} + |W |^2e^{−ΓL(Δt)} + 2|W |e^{− 12 (ΓS +ΓL)Δt} cos(ΔmΔt − ϕ_W )], I[h^−_a , t_a; h^−_b , t_b] =^{|Q−a|2|Q−b|2 |(1+x−1L )(1−xS )|2} 8|1+Ω|^2 e

−(Γ_S +Γ_L)t_a

×[e^{−ΓS (Δt)} + e^{−ΓL(Δt)} − 2e^{− 12 (ΓS +ΓL)Δt} cos(ΔmΔt)],

(66)

where W ≡ (1 − x^{−1}_L )(1 − x_S ) (1 + x^{−1}_L )(1 + x_S )

. (67)

One can also consider the integrated rate

I^′(h^x_a, h^y_b , Δt) = ∫_∞ 0 I(h^x_a, t_a; h^y_b , t_a + Δt)dt_a, (68)

which is simply given by I(h^x_a, t_a; h^y_b , t_a + Δt) as in (66), with e^{−(ΓS +ΓL)ta} replaced as 1/(Γ_S + Γ_L).

VII. STUDYING CP AND CPT VIOLATIONS USING THE JOINT PROBABILITIES OF DECAYS IN CP BASIS

First, if both CP and CPT are conserved, then x_S = x^{−1}_L = 1, consequently I[h^+_a , t_a; h^+_b , t_b] = I[h^−_a , t_a; h^−_b , t_b] = I^′[h^+_a , h^+_b , Δt] = [h^−_a , h^−_b , Δt] = 0 even if Δt ≠ 0. For Δt = 0, we always have I[h^+_a , t_a; h^+_b , t_a] = [h^−_a , t_a; h^−_b , t_a] = I^′[h^+_a , h^+_b , 0] = [h^−_a , h^−_b , 0] = 0 no matter whether CP or CPT is violated. Therefore we have the following theorem.

Theorem 4 Any nonzero value of I[h^+_a , t_a; h^+_b , t_b] or I[h^−_a , t_a; h^−_b , t_b] or I^′[h^+_a , h^+_b , Δt] or I[h^−_a , h^−_b , Δt] for Δt ≠ 0 indicates the violation of CP or CPT or both.

KLOE experimental data [10, 11] indeed fit well

I(h^+_a , t_a; h^+_b , t_b) ∝ e^{−ΓS (Δt)} + e^{−ΓL(Δt)} − 2e^{− 12 (ΓS +ΓL)Δt} cos(ΔmΔt),

which should be regarded as an indication of CP or CPT or both.

Now let us consider the asymmetries, focusing on the case |h^+_a ⟩ = |h^+_b ⟩ and |h^−_a ⟩ = |h^−_b ⟩, hence Q^+_a = Q^+_b = Q^+, Q^−_a = Q^−_b = Q^−.

First consider the asymmetry B(++, −−, t_a, t_b) ≡ I[h^+_a , t_a; h^+_b , t_b] − I[h^−_a , t_a; h^−_b , t_b] I[h^+_a , t_a; h^+_b , t_b] + I[h^−_a , t_a; h^−_b , t_b]

. (69)

and the corresponding one for the integrated rates B^′(++, −−, Δt) ≡ I^′[h^+_a , h^+_b , Δt] − I^′[h^−_a , h^−_b , Δt] I^′[h^+a , h^+_b , Δt] + I^′[h^−a , h^−_b , Δt]

. (70)

which are evaluated to be B(++, −−, t_a, t_b) = B^′(++, −−, Δt) =^{|Q+|4 |(1−x−1L )(1+xS )|2−|Q−|4|(1+x−1L )(1−xS )|2} |Q^+|^4|(1−x^{−1}_L )(1+x_S )|^2+|Q^−|^4 |(1+x^{−1}_L )(1−x_S )|^2 , (71)

which are independent of t_a, t_b or Δt.

If CP is conserved, then p/q = 1, thus x_S = 1/x_L = √ 1 + δ^2_M /4 − δ_M /2, thus B(++, −−, t_a, t_b) = B^′(++, −−, Δt) =^{|Q+|4 −|Q−|4} |Q^+|^4+|Q^−|^4 , (72)

which is independent of t_a, t_b or Δt.

On the other hand, if CPT is conserved, then δ_M = 0, and thus x_L = x_S = q/p, consequently B(++, −−, t_a, t_b) = B^′(++, −−, Δt) =^{|Q+|4+|Q−|4} |Q^+|^4 −|Q^−|^4 , (73)

which is independent of t_a, t_b or Δt, and is in fact the inverse of (72). Note that if both CPT and CP are conserved, then it is not meaningful to construct this asymmetry, as the two relevant joint probabilities are then both zero.

Therefore, while the violation of CP or CPT or both is indicated by the nonzero value of I[h^+_a , t_a; h^+_b , t_b] or I[h^−_a , t_a; h^−_b , t_b] or I^′[h^+_a , h^+_b , Δt] or I[h^−_a , h^−_b , Δt], we can further examine the equal-CP asymmetry B(++, −−, t_a, t_b) or B^′(+−, −+, Δt), and have the following theorem, which recognize which of CP and CPT is violated.

Theorem 5 Suppose both I[h^+_a , t_a; h^+_b , t_b] and I[h^−_a , t_a; h^−_b , t_b] are nonzero. If the equal-CP asymmetry asymmetry B(++, −−, t_a, t_b) or B^′(++, −−, Δt) is given by^{|Q+|4 −|Q−|4}_{|Q+|4+|Q−|4} , then CP is conserved but CPT is violated. If it is given by^{|Q+|4+|Q−|4} |Q^+|^4 −|Q^−|^4 , then CPT is conserved but CP is violated. If it is not given by neither

|Q^+|^4 −|Q^−|^4 |Q^+|^4+|Q^−|^4 nor

|Q^+|^4+|Q^−|^4 |Q^+|^4 −|Q^−|^4 ,

then both CP and CPT are violated.

Now we consider unequal-CP asymmetry B(+−, −+, t_a, t_b) ≡ I[h^+_a , t_a; h^−_b , t_b] − I[h^−_a , t_a; h^+_b , t_b] I[h^+_a , t_a; h^−_b , t_b] + I[h^−_a , t_a; h^+_b , t_b]

. (74) and the corresponding one for the integrated rates B^′(+−, −+, Δt) ≡ I^′[h^+_a , h^−_b , Δt] − I^′[h^−_a , h^+_b , Δt] I[h^+_a , h^−_b , Δt] + I[h^−_a , h^+_b , Δt]

, (75)

which are evaluated to be B(+−, −+, t_a, t_b) = B^′(+−, −+, Δt) =^{(1−|W |2)(e−ΓL Δt−e−ΓS Δt)+4|W |e} ΓS +ΓL 2 Δt sin(ΔmΔt) sin ϕW

(1+|W |^2)(e^{−Γ}L^{Δt}+e^{−Γ}S^{Δt})+4|W |e^{ΓS +ΓL}2^{Δt} cos(ΔmΔt) cos ϕ_W

. (76)

If both CPT and CP are conserved, then W = 0, B(+−, −+, t_a, t_b) = B^′(+−, −+, Δt) = e^{−ΓLΔt} − e^{−ΓS Δt} e^{−ΓLΔt} + e^{−ΓS Δt} , (77)

In particular, when Δt = 0, the unequal-CP asymmetry is 0. Hence we have the following theorem.

Theorem 6 If the unequal-CP asymmetry B(+−, −+, t_a, t_b) or B^′(+−, −+, Δt) deviates from^{e−ΓL Δt−e−ΓS Δt}_{e−ΓL Δt+e−ΓS Δt} , then CPT or CP or both are violated. In particular, if the equal time unequal-CP asymmetry B(+−, −+, t_a, t_a) or B^′(+−, −+, 0) is nonzero, then CPT or CP or both are violated.

Finally, of course, using the four instantaneous rates or the four integrated rates for various values of Δt, one can determine the parameters |Q^+|, |Q^−|, |1 ± x_S |, |1 ± x_L|, |W |, ϕ_W , Γ_S , Γ_L, Δm.

VIII. SUMMARY

In this paper, we have considered the correlated decays of a C = −1 entangled state of two pseudoscalar mesons, which are now routinely produced in ϕ and B factories. We rigorously calculated the joint probabilities and corresponding integrated rates of the decays both into flavor eigenstates, as well as those of the decays both into CP eigenstates. Measurement of these joint probabilities for various values of time differences of the two decays can lead to the determination of various parameters, including those characterizing CP and CPT violations.

More interesting results are some rigorously formulated simple methods of deciding whether CP and CPT are violated by using the asymmetries of the entangled decays of the two mesons. The asymmetry between instantaneous probabilities (with unprimed notation) is equal to the corresponding one between integrated rates (with primed notation).

If the equal-flavor asymmetry A(++, −−, t_a, t_b) or A^′(++, −−, Δt), which is found to be independent of times, is nonzero, then CP is violated, independent of whether CPT is conserved. If the unequal-flavor asymmetry A(+−, −+, t_a, t_b) or A^′(+−, −+, Δt) is nonzero even if Δt ≠ 0, then CPT is violated.

Any nonzero value of a joint probability of equal-CP decays at different times, i.e. I[h^+_a , t_a; h^+_b , t_b] or I[h^−_a , t_a; h^−_b , t_b] or I^′[h^+_a , h^+_b , Δt] or I[h^−_a , h^−_b , Δt] for Δt ≠ 0, indicates the violation of CP or CPT or both. Hence we emphasize that the nonzero I[h^+_a , t_a; h^+_b , t_b] observed in KLOE only indicates the violation of CP or CPT or both, but cannot decide which of them are actually violated.

Furthermore, if the the equal-CP asymmetry asymmetry B(++, −−, t_a, t_b) or B^′(+−, −+, Δt) is given by

|Q^+|^4 −|Q^−|^4 |Q^+|^4+|Q^−|^4 , then CP is conserved but CPT is violated. If it is given by

|Q^+|^4+|Q^−|^4 |Q^+|^4 −|Q^−|^4 , then CPT is conserved

but CP is violated. If it satisfies neither^{|Q+|4−|Q−|4}_{|Q+ |4 +|Q−|4} nor^{|Q+|4+|Q−|4}_{|Q+|4 −|Q−|4} , then both CP and CPT are violated.

If the unequal-CP asymmetry B(+−, −+, t_a, t_b) or B^′(+−, −+, Δt) deviates from^{e−ΓL Δt−e−ΓS Δt}_{e−ΓL Δt+e−ΓS Δt} , then CPT or CP or both are violated. In particular, if the equal time unequal-CP asymmetry B(+−, −+, t_a, t_a) or B^′(+−, −+, 0) is nonzero, then CPT or CP or both are violated.

We believe that some convenient ways of testing CP and CPT symmetries have been presented here for the use of entangled mesons in ϕ and B factories.

I am very grateful to Y. L. Wu for useful discussions. This work was supported by the National Science Foundation of China (Grant No. 10875028).

[1] E. Einstein, B. Podolsky and N. Rosen, Phys. Rev. 47, 777 (1935).

[2] M. Goldhaber, T. D. Lee and C. N. Yang, Phys. Rev. 112, 1796 (1958); D. R. Inglis, Rev. Mod. Phys. 33, 1 (1961); T. B.

Day, Phys. Rev. 121, 1204 (1961); H. J. Lipkin, ibid 176, 1715 (1968). [3] J. Bernabéu, F. J. Botella and J. Roldán, Phys. Lett. B 211, 226 (1980). [4] I. Dunietz, J. Hauser and J. L. Rosner, Phys. Rev. D 35, 2166 (1987). [5] C. D. Buchanan et al., Phys. Rev. D 45, 4088 (1992).

[6] G. D’Ambrosio, G. Isidori and A. Pugliese, arXiv:hep-ph/9411389, in L. Maiani, G. Pancheri and N. Paver. (eds.), The Second DAΦNE Physics Handbook, (SIS-Publicazioni, Frascati, 1995).

[7] A. Apostolakis et al. (CPLEAR collaboration), Phys. Lett. B 422, 339 (1998). [8] A. Angelopoulos et al., Phys. Rep. 374, 165 (2003).

[9] F. Ambrosino et al. KLOE Collaboration (KLOE Collaboration), Phys. Lett. B 642, 315 (2006). [10] A. Di Domenico (KLOE Collaboration), J. Phys. Conf. Ser. 171, 012008 (2009). [11] A. Di Domenico (KLOE Collaboration), Found. Phys. 40, 852 (2010). [12] G. Amelino-Camelia et al., Europhys. J. C 68, 619 (2010). [13] A. Go et al. (BELLE Collaboration), Phys. Rev. Lett. 99, 131802 (2007).

[14] For reviews, see A. Afriat and F. Selleri, The Einstein, Podolsky and Rosen Paradox in Atomic, Nuclear and Particle Physics (Plenum Press, New York, 1998); A. Bramon, R. Escribano, G. Garbarino, Found. Phys. 36, 563 (2006); R. A. Bertlmann, Lecture Notes in Physics 689 (Springer, Berlin, 2006), pp. 1-45.

[15] Y. Shi, Phys. Lett. B 641, 75 (2006); Y. Shi, Phys. Lett. B 641, 492 (2006); Y. Shi and Y. L. Wu, Eur. Phys. J. C 55, 477 (2008).

[16] I. I. Bigi, Rep. Prog. Phys. 70, 1869 (2007).

[17] R. Louvot et al. (CLEO Collaboration), Phys. Rev. Lett. 102, 021801 (2009). [18] K. R. S. Balaji, W. Horn and E. A. Paschos, Phys. Rev. D 68, 076004 (2003).

[19] J. Bernabéu, N. E. Mavromatos, and J. Papavassiliou, Phys. Rev. Lett. 92, 131601 (2004); E. Álvarez and J. Bernabéu, JHEP 11, 087 (2006).

[20] N. E. Mavromatos, Found. Phys. 40, 917 (2010).

[21] A. F. Falk and A. A. Petrov, Phys. Rev. Lett. 85, 252 (2000); D. Atwood and A. A. Petrov, Phys. Rev. Lett. 71, 054032 (2005).

[22] D. Atwood and A. Soni, Phys. Rev. D 82, 036003 (2010). [23] O. Kittle and A. Pilaftsis, arXiv:1108.3314. [24] Z. Huang and Y. Shi, Euro. Phys. J. C 72, 1900 (2012).

[25] K. C. Chou, W. F. Palmer, E. A. Paschos and Y. L. Wu, Eur. Phys. J. C 16, 279 (2000).