Received: December 13, 2000, Accepted: February 26, 2001

HYPER VERSION

Testing CPT invariance by using C-even neutral-meson-antimeson correlated states

Guru V. Dass

Physics Department, Indian Institute of Technology Powai, Bombay 400076, India E-mail: guruv@phy.iitb.ernet.in

Walter Grimus

Institut für Theoretische Physik, Universität Wien Boltzmanngasse 5, A–1090 Wien, Austria E-mail: grimus@doppler.thp.univie.ac.at

Luís Lavoura

Universidade Técnica de Lisboa, Centro de Física das Interacções Fundamentais Instituto Superior Técnico P–1049-001 Lisboa, Portugal E-mail: balio@cfif.ist.utl.pt

Abstract: We consider the decays of a correlated neutral-meson-antimeson state with C-parity +1. We show that there is CPT noninvariance in the mixing of the neutral mesons if, for any two decay modes f and g, the decay rate has a component R_A which is antisymmetric under the interchange of the decay times t_1 and t_2. In particular, one may cleanly extract the CPT-noninvariance parameter with the help of R_A by using opposite-sign dilepton events.

Keywords: Discrete and Finite Symmetries, Beyond Standard Model, Kaon Physics, B-Physics.

The system formed by a spin-0 flavoured neutral meson M^0 and its antimeson M̄^0 (where M may be either K, D, B_d, or B_s) is experimentally interesting for testing the symmetries CP, T, and CPT [1]. We may recall that CP violation was first observed in the K^0–K̄^0 system [2], and is now being actively searched for in the B^0_d –B̄^0_d system [3]; there are also observations of T violation [4] and tests of CPT invariance [5] in the K^0–K̄^0 system, although their interpretation remains controversial [6].

We introduce the usual propagation eigenstates

|M_H ⟩ = p_H |M^0⟩ + q_H |M̄^0⟩ and |M_L⟩ = p_L|M^0⟩ − q_L|M̄^0⟩ . (1)

These states get multiplied by probability amplitudes exp(−iλ_H t) and exp(−iλ_Lt), respectively, for non-zero proper time t. Here,

λ_H = m_H − i 2 Γ_H and λ_L = m_L − i 2 Γ_L , (2)

where m_H , m_L, Γ_H , and Γ_L are real.

Defining [7] θ = q_H /p_H − q_L/p_L q_H /p_H + q_L/p_L and q p = √ q_H q_L p_H p_L , (3)

one finds that both the real and the imaginary parts of θ are in principle measurable and violate both CP and CPT;^1 while the phase of q/p is conventiondependent and, therefore, unphysical. On the other hand, the magnitude of q/p is measurable and signals T and CP violation in the mixing when it differs from 1.

It is convenient to define the functions

g_±(t) = 1 2 ( e^{−iλH t} ± e^{−iλLt} ) . (4)

Then, the probability amplitudes a(t), b(t), ā(t), and b̄(t) for, respectively, the transitions M → M, M → M̄, M̄ → M̄, and M̄ → M are [7, 9]

a(t) = g_+(t) − θg_−(t) , b(t) = q p √ 1 − θ^2g_−(t) ,

ā(t) = g_+(t) + θg_−(t) , b̄(t) = p q √ 1 − θ^2g_−(t) . (5)

1For discussions of other CPT-noninvariant observables, see for instance the recent reviews in ref. [8], and the references cited therein.

In the experimental study of the neutral-meson-antimeson systems it is interesting to use correlated meson-antimeson states of the form |M_±⟩ = 1 √ 2 [ |M^0(⃗k)⟩ ⊗ |M̄^0(−⃗k)⟩ ± |M̄^0(⃗k)⟩ ⊗ |M^0(−⃗k)⟩ ] , (6)

in which one of the mesons flies in one direction (denoted by the momentum ⃗k) and the other one flies in the opposite direction. Indeed, the DAΦNE experiment at Frascati will use correlated states of the form |K_−⟩, while the Belle and BaBar Collaborations are working with states |B_{d−}⟩. The correlated states |M_±⟩ have Cparity ±1 and are produced from the decay of certain spin-1 resonances like the Φ and Υ(4S). At e^+e^− colliders, states of the type |M_−⟩ are preferred since the produced resonances almost always have quantum numbers J^{P C} = 1^{−−}. Possible ways of experimentally producing states of the type |M_+⟩ have nevertheless been discussed in the literature, see for instance ref. [10].

It has recently been shown [7] that it is difficult or even impossible to extract θ from experiments with states of the experimentally preferred form |M_−⟩ alone. This happens because, in the semileptonic decays of |M_−⟩, the effects of CPT noninvariance are entangled with those of violations of the ΔF = ΔQ rule — where F means flavour, i.e. F may be either S, C, or B. Thus, it is difficult to know whether one is really measuring violations of CPT invariance or one is measuring violations of that rule. For instance, in ref. [11] CPT invariance has been used for checking the rule ΔB = ΔQ, whereas in ref. [12] θ has been constrained by assuming the validity of this rule.

The purpose of this note is to show that θ can neatly be determined by using the opposite-sign dilepton decays of the symmetrical correlated state |M_+⟩, which has C-parity +1. As a matter of fact, tests of CPT invariance using states |M_+⟩ do not necessarily require the use of any specific final states — like the semileptonic decays — and the signal for CPT noninvariance is independent of assumptions about the decay amplitudes to the particular final states that one may wish to use. However, if one wants to extract the actual value of the CPT-violating parameter θ, then it is better to use opposite-sign semileptonic decays.

Let us consider the event in which the meson of |M_+⟩ with momentum ⃗k decays into f at time t_1, while the meson with momentum −⃗k decays into g at time t_2. The rate of such an event is

R (f, t_1; g, t_2) = 1 2 |A (f, t_1; g, t_2)|^2 , (7)

where

A (f, t_1; g, t_2) = [ a (t_1) A_f + b (t_1) Ā_f ] [¯ b (t_2) A_g + ā (t_2) Ā_g) ] + + [¯ b (t_1) A_f + ā (t_1) Ā_f ] [ a (t_2) A_g + b (t_2) Ā_g ] , (8) where A_f is the amplitude for the decay |M^0⟩ → |f⟩, Ā_f is the amplitude for |M̄^0⟩ → |f⟩, and similarly for the decays into g. One may use eqs. (5), together with

g_+ (t_1) g_+ (t_2) + g_− (t_1) g_− (t_2) = g_+ (t_1 + t_2) , g_+ (t_1) g_− (t_2) + g_− (t_1) g_+ (t_2) = g_− (t_1 + t_2) , (9)

to show that the amplitude A given in eq. (8) can be written as

A (f, t_1; g, t_2) = p q √ 1 − θ^2 [ g_− (t_1 + t_2) − 2θg_− (t_1) g_− (t_2) ] A_f A_g + + q p √ 1 − θ^2 [ g_− (t_1 + t_2) + 2θg_− (t_1) g_− (t_2) ] Ā_fĀ_g + + [ g_+ (t_1 + t_2) − 2θ^2g_− (t_1) g_− (t_2) ] ( A_fĀ_g + Ā_f A_g ) + + θ [ g_+ (t_1) g_− (t_2) − g_− (t_1) g_+ (t_2) ] ( A_f Ā_g − Ā_f A_g ) . (10)

Notice that, when θ = 0, the amplitude A is not only symmetric under the interchange t_1 ↔ t_2 but, as a matter of fact, it is a function only of the sum t_1 + t_2 [9, 13]. If, however, the CPT-noninvariance parameter θ is non zero, then A is not any more a function only of t_1 + t_2 and, indeed, it acquires a term — the one in the last line of eq. (10) — antisymmetric under t_1 ↔ t_2. Then, the decay rate can be written as the sum of a symmetric component R_S (f, t_1; g, t_2) and an antisymmetric component R_A(f, t_1; g, t_2),

R_S (f, t_1; g, t_2) = 1 2 [ R (f, t_1; g, t_2) + R (f, t_2; g, t_1) ] , R_A (f, t_1; g, t_2) = 1 2 [ R (f, t_1; g, t_2) − R (f, t_2; g, t_1) ] , (11)

and a non-zero R_A arises only if CPT invariance does not hold for neutral-meson mixing treated in the usual fashion. We conclude that, if experimentally one finds R_A ≠ 0, then this signals the presence of CPT violation. If, on the other hand, R_A is not significantly different from zero, then this may allow to put a bound on θ.

We want to stress that a measurable CPT-violating asymmetry exists for any two different final states f ≠ g provided A_f Ā_g − Ā_f A_g ≠ 0; no other assumptions about the amplitudes A_f , A_g, Ā_f , and Ā_g are needed — in particular, about their behaviour under the transformations CP, CPT, and T.

As an illustration, let us consider the particular case of opposite-sign dilepton events [14], i.e. inclusive semileptonic decays with f = Xℓ^+ν_ℓ and g = X̄ℓ^−ν̄_ℓ. We shall use the simple notation ℓ^+ for f and ℓ^− for g. We want to show that, in this particular case, it is possible, at least in principle, to explicitly derive the value of θ from the observation of the time dependence of R_A. Allowing for transitions which violate the ΔF = ΔQ rule, we introduce the rephasing-invariant quantities [7]

λ_+ = q p Ā_+ A_+ and λ̄_− = p q A_− Ā_− , (12) where A_+ ≡ A_ℓ+ , Ā_− ≡ Ā_ℓ− , and so on. As usual, we assume that the quantitities θ, λ_+, and λ̄_−, which describe “unexpected” physics, are small, and we confine ourselves to the first order in these quantities. If we do this, then the amplitude A is given by

A = A_+Ā_− { g_+ (t_1 + t_2) + ( λ_+ + λ̄_− ) g_− (t_1 + t_2) + + θ [ g_+ (t_1) g_− (t_2) − g_− (t_1) g_+ (t_2) ]} . (13)

With the usual definitions Δm = m_H − m_L, ΔΓ = Γ_H − Γ_L, and Γ = (Γ_H + Γ_L)/2, we obtain for the decay rate the results R_S ( ℓ^+, t_1; ℓ^−, t_2 ) = 1 8 |A_+|^2 | |Ā_− | |^2 [ e^{−ΓH t+} + e^{−ΓLt+} + 2 e^{−Γt+} cos (Δmt_+) + + 2 ( e^{−ΓH t+} − e^{−ΓLt+} ) Re ( λ_+ + λ̄_− ) + + 4 e^{−Γt+} sin (Δmt_+) Im ( λ_+ + λ̄_− ) ] (14) and R_A ( ℓ^+, t_1; ℓ^−, t_2 ) = 1 2 |A_+|^2 | |Ā_− | |^2 e^{−Γt}+ × × { Re θ [ sinh ( ΔΓt_1 2 ) cos (Δmt_2) −

− cos (Δmt_1) sinh ( ΔΓt_2 2 )] + + Im θ [ cosh ( ΔΓt_1 2 ) sin (Δmt_2) −

− sin (Δmt_1) cosh ( ΔΓt_2 2 )]} , (15)

where t_+ = t_1 + t_2. One may note that violations of the ΔF = ΔQ rule appear only in R_S , while the CPT-noninvariance parameter θ appears only in R_A, when we take into account “small” physics to first order only.

A glance at eq. (15) confirms that both the real and the imaginary part of θ can be determined using this method. However, in practice that determination depends on the values of Δm and ΔΓ. If we use M = B_d, we must set ΔΓ ≈ 0 in eq. (15). Then, only Im θ is measurable and the time dependence is exp[−Γ(t_1 + t_2)][sin(Δmt_1) − sin(Δmt_2)]. On the other hand, for M = K,^2 where Γ_H ≪ Γ_L, we may choose t_1 and t_2 such that t_1 ∼ 1/Γ_L ≪ t_2. Equation (15) then yields R_A ( ℓ^+, t_1; ℓ^−, t_2 ) ≃ 1 4 |A_+|^2 | |Ā_− | |^2 e^{−Γt}1^{−Γ}H^t2 × × [ Re θ cos (Δmt_1) − Im θ sin (Δmt_1) ] , (16)

which is practically independent of t_2 as long as t_2 ≪ 1/Γ_H .

2The usual long-lived neutral kaon K_L is our heavier state M_H , and the usual short-lived neutral kaon K_S corresponds to the lighter state M_L.

In conclusion, in this note we have discussed the possibility of using the states |M_+⟩ for probing CPT invariance in the mixing of neutral mesons. We have shown that this is feasible for A_f Ā_g − Ā_f A_g ≠ 0, because then the decay rate R(f, t_1; g, t_2) has a component which is antisymmetric with respect to the interchange t_1 ↔ t_2 if and only if CPT invariance does not hold. This conclusion is independent of the final states f and g, or any assumptions thereon. We have, in particular, considered the case of opposite-sign dilepton events; then, in the decay rate the effects of CPT violation appear separated from the effects of violation of the ΔF = ΔQ rule. It is then possible to cleanly extract the CPT-noninvariance parameter θ, at least when the values of Δm and ΔΓ are not too unfavourable. We believe that, although experimentally it might be hard to work with states |M_+⟩, the cleanness with which they probe CPT invariance might make the effort worthwhile.

Acknowledgments

L.L. thanks João P. Silva for an enlightening discussion on the production of the states |M_+⟩, and for reading the manuscript.

References

[1] For a general theoretical treatment, see G.C. Branco, L. Lavoura and J.P. Silva, CP violation, Oxford University Press, Oxford 1999.

[2] J.H. Christenson, J.W. Cronin, V.L. Fitch and R. Turlay, Evidence for the 2π decay of the K^0_2 meson, Phys. Rev. Lett. 13 (1964) 138.

[3] For the latest results, see CDF collaboration, A measurement of sin 2β from B → J/ψK^0_S with the CDF detector, Phys. Rev. D 61 (2000) 072005 [hep-ex/9909003]; BaBar collaboration, First CP-violation results from babar, talk presented by D.G. Hitlin at ICHEP 2000, Osaka, Japan, 27 July–2 August 2000, to be published in the proceedings, hep-ex/0011024;

Belle collaboration, A measurement of CP-violation in B^0 meson decays with Belle, talk presented by H. Aihara at ICHEP 2000, Osaka, Japan, 27 July–2 August 2000, to be published in the proceedings, hep-ex/0010008.

[4] CPLEAR collaboration, First direct observation of time-reversal non-invariance in the neutral kaon system, Phys. Lett. B 444 (1998) 43.

[5] NA31 collaboration, A measurement of the phases of the CP-violating amplitudes in K_0 → 2π decays and a test of CPT invariance, Phys. Lett. B 237 (1990) 303; CPLEAR collaboration, A determination of the CPT violation parameter Re(δ) from the semileptonic decay of strangeness-tagged neutral kaons, Phys. Lett. B 444 (1998) 52; CPLEAR collaboration, Determination of the T- and CPT-violation parameters in the neutral kaon system using the Bell-Steinberger relation and data from CPLEAR, Phys. Lett. B 456 (1999) 297.

[6] L. Lavoura, On the phase of epsilon and NA31 bound on CPT violation, Mod. Phys.

Lett. A 7 (1992) 1367;

A. Rougé, On the direct evidence of time-reversal non-invariance in the K^0-K̄^0 system, hep-ph/9909205;

P.K. Kabir, Observed asymmetry in p̄p → π^+K^−K^0/π^−K^+K̄^0 and relation to reciprocity, Phys. Lett. B 459 (1999) 335 [hep-ph/9901340].

[7] L. Lavoura and J.P. Silva, Disentangling violations of CPT from other new-physics effects, Phys. Rev. D 60 (1999) 056003 [hep-ph/9902348].

[8] I.I. Bigi, CP, T and CPT symmetries at the turn of a new millenium, hep-ph/0011231;

R. Bluhm, Lorentz and CPT tests in QED, hep-ph/0011272.

[9] M. Kobayashi and A.I. Sanda, On testing the CPT symmetry, Phys. Rev. Lett. 69 (1992) 3139.

[10] Zhi Zhong Xing and D.-S. Du, Separating two sources of CP-violation in neutral B decays at the Υ(4S), Phys. Lett. B 276 (1992) 511;

J.R. Fry and T. Ruf, Prospects of studying CP-violation and mixing in D decays at a τ-charm factory, preprint CERN-PPE/94-20 (1994);

F.E. Close and G.J. Gounaris, Exotic mesons at DAΦNE, in The second DAΦNE physics handbook, L. Maiani, G. Pancheri and N. Paver eds., SIS–Pubblicazioni dei Laboratori di Frascati, Italy, 1995, vol. II, p. 681;

Zhi Zhong Xing, New time distributions of D^0-D̄^0 or B^0-B̄^0 mixing and CP-violation, Phys. Lett. B 463 (1999) 323 [hep-ph/9907454].

[11] G.V. Dass and K.V.L. Sarma, Effects of possible ΔB = −ΔQ transitions in neutral B meson decay, Phys. Rev. Lett. 72 (1994) 191 [hep-ph/9310310]; erratum ibid. 72 (1994) 1573.

[12] OPAL collaboration, A study of B meson oscillations using hadronic Z_0 decays containing leptons, Z. Physik C 76 (1997) 401 [hep-ex/9707009];

Belle collaboration, Measurement of B^0_d-B^0_d mixing rate from the time evolution of dilepton events at the Υ(4S), hep-ex/0011090.

[13] Zhi Zhong Xing, Time dependence of coherent P^0P̄^0 decays and CP-violation at asymmetric B factories, Phys. Rev. D 53 (1996) 204 [hep-ex/9502001].

[14] Zhi Zhong Xing, Opposite-sign dilepton asymmetry of neutral B decays: a probe of new physics from CPT or ΔB = ΔQ violation, Phys. Lett. B 450 (1999) 202 [hep-ph/9810249].