arXiv:hep-ph/0308030 v3 18 Aug 2003

W -boson unitarity effects and oscillations in the neutral Kaon system

Eef van Beveren

Centro de Física Teórica Departamento de Física, Universidade de Coimbra P-3000 Coimbra, Portugal email: eef@teor.fis.uc.pt URL: http://cft.fis.uc.pt/eef

George Rupp

Centro de Física das Interacções Fundamentais Instituto Superior Técnico, Edifício Ciência P-1049-001 Lisboa Codex, Portugal email: george@ajax.ist.utl.pt

PACS number(s): 11.30.Er, 13.25.Es, 13.38.Be, 11.10.St

hep-ph/0308030

August 18, 2003

Abstract We study the effects on oscillations in the neutral-Kaon system from lepton and hadron self-energy loops in the W -boson propagators. The corresponding W box diagrams are evaluated by attaching the external quark lines to covariant vertex functions for the composite Kaons, integrating over all off-shell momenta. We find that the ratio of the imaginary and real parts of the amplitude is of the same size as the experimental value of the modulus of the CP -violating parameter ε.

The theory of weak decays, initially formulated by Fermi [1, 2] in terms of a four-fermion vertex for the description of neutron β decay, is nowadays understood by a renormalizable [3, 4] non-abelian gauge theory [5,6,7], in which the weak interactions are mediated by the heavy gauge bosons. Here we shall concentrate on K^0-K̄^0 oscillations via double W exchanges.

The phenomenon of a long-lived component in the two-pion decay mode of the neutral Kaon system, discovered by Christenson, Cronin, Fitch, and Turlay [8], is in the Standard Model (SM) parametrized by the complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) [9, 10] matrix, which is related to the complex ε parameter. This ε measures the fraction of pion pairs observed in the decay products of the long-lived neutral Kaons [11, 12]. Many authors have studied this phenomenon, see e.g. Refs. [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29], just to mention a few. But its dynamics remains to be discovered.

The masses of the heavy gauge bosons, which can be estimated from Fermi’s weak coupling constant, are experimentally determined with great precision [30], ever since their first discovery in 1983 by the UA2 collaboration [31]. Furthermore, the branching ratios of the W s and Z are well known [30] for most of the decay modes that could play a role at Kaon energies.

In scattering theory, unstable particles are described by Breit-Wigner amplitudes [32], associated with complex-energy poles in the S matrix for the decay products [33]. Consequently, the physical, on-shell W boson, which besides being massive (mass M_W ), is also unstable (width Γ_W ), should be characterized by the complex quantity M_W −^1_2 iΓ_W .

In this paper, instead of describing the oscillations in the neutral Kaon system by a complex CKM phase and the exchange of massive W bosons with purely real mass M_W , we study whether a comparable result may be obtained by considering only real CKM matrix elements [34], but allowing the exchanged off-shell W bosons to develop a complex self-energy whenever this is kinematically demanded by four-momentum conservation and the known decay thresholds of the W . The crucial point here is that “decay is a profoundly irreversible process” [35], which should also be taken into account in virtual exchanges, especially when hunting after a tiny effect. In order to have a reliable off-shell calculation, we shall sandwich the standard box diagrams between covariant composite-Kaon vertex functions that are parameter-free, after being tuned to the experimental Kaon size. Note that the Kaon’s compositeness has recently been suggested to even give rise to CP violation [36].

In principle, one could calculate the desired amplitude by directly determining the two-pion branching ratio of the long-lived neutral Kaon [37]. However, such a calculation would involve the unknows of QCD at low energies, which causes the result to depend on the specific modeling of strong interactions. Here, we determine the lowest-order processes that transform neutral Kaons into neutral anti-Kaons, schematically represented by the diagrams T and S of Figs. 1 and 3, respectively, and compare our result with the modulus of ε. From experiment [38] one derives |ε| = 0.0023 ± 0.0002.

The strategy to obtain the modulus of ε from a microscopic description stems from Gaillard and Lee [39]. It is based on a conjecture of Wolfenstein [40] that all CP -violating processes stem from double-strangeness-changing (ΔS = 2) superweak interactions. The transition matrix elements for neutral-Kaon oscillations are related to the modulus of ε by |ε| = 1 2 ⟨ K^0 | | |K̄ 0 ⟩ − ⟨ K̄ 0 |K 0 ⟩ ⟨ K^0 | | |K̄^0 ⟩ + ⟨ K̄^0 |K^0

⟩ , (1)

which equals half the ratio of the imaginary and real parts of the amplitude.

The original calculus [39] was carried out by taking the external quarks free and the external momenta zero. However, we know that free quarks do not exist. Moreover, the neutral Kaons have long lifetimes — on a hadronic scale — thus justifying a bound-state approach with respect to their wave functions from strong interactions. Finally, the intermediate state (e.g. uū) may have a Kaon-like distribution w.r.t. strong interactions, but the involved u (or c, t) and ū (or c̄, t̄) quarks can have all possible momenta, only governed by total four-momentum conservation. This picture is to be contrasted with the on-shell ΔI = 1/2 K_S → π^+π^− decay via an intermediate σ resonance [41]. Hence, also for the intermediate state one must expect rearrangement effects in the quark-antiquark strong-interaction distributions. Therefore, we shall take the external quark momenta of the box diagram in agreement with the bound-state picture for neutral Kaons. As a consequence, our quarks will be dressed, and so massive. We take for the constituent quark masses the reasonable values m_n = m_u = m_d = 340 MeV and m_s = 490 MeV [42]. In any case, we shall see later that the results hardly depend on these specific values. The initial and final

d u, c, t s p_1 p_1^′ p_1^{′′}

s̄ ū, c̄, t̄ d̄ p_2 p_2^′ p_2^{′′}

K^0 K̄^0 W W q_1 q_2

Γ Γ̄

Figure 1: Diagram T : The t-channel box diagram for K^0 - K̄^0 oscillations.

quark-antiquark bound states couple, through the vertex functions, to the quark and antiquark participating in the W -boson exchanges. The precise details of the vertex functions must be deduced from a microscopic model. We assume here that the vertex functions Γ and Γ̄ depend on the relative quark-antiquark four-momenta p and p^{′′}, respectively, and on the total center-of-mass (CM) momenta P = p_1 + p_2 resp. P^{′′} = p_1^{′′} + p_2^{′′}, i.e., Γ = Γ(p, P ) and Γ̄ = Γ̄(p^{′′}, P^{′′} ) . (2) Total four-momentum conservation is expressed by P = P^′ = p_1^′ + p_2^′ = P^{′′} . (3)

For the K^0 and K̄^0 vertex functions Γ resp. Γ̄ we assume a Euclidean Gaussian distribution (exp [ −^1_2 αp^2 ] ), with α = 5.37 GeV^{−2}, which in the nonrelativistic limit corresponds to the experimental Kaon charge radius of 2.84 GeV^{−1} [30], and is, moreover, in good agreement with the predictions of the quark-level linear σ model [43] and also with the wave functions obtained in a unitarized meson model [44].

The relations between the particle momenta p_1 and p_2 and the relative particle momenta p are given by the standard expressions

p_{1,2} = ±p + m_{n,s} m_n + m_s

P , (4)

and similar relations for p_1^′, p_2^′ and p^′, and p_1^{′′}, p_2^{′′} and p^{′′}. The definitions (4) have a nonrelativistic origin, but, as our calculation is fully covariant, the final result does not depend on this particular choice, which is nonetheless very convenient for numerical reasons.

For the W -propagators we write S^{(i)}_W (q_i, M_W ), where the exchange momenta q_1 and q_2 are defined in Fig. 1, according to q_1 = p_1^′ − p_1 and q_2 = p_1^{′′} − p_1^′. The two-particle propagators G_{qq̄} (p, P ) have the usual form G_{ds̄}(p, P ) = 1 (p^2_1 − m^2_n + iϵ) (p^2 − m^2_s + iϵ)

, (5)

and similarly for the other two. Now, we are dealing here with the propagators of quarks, which are fermions. Hence the two-particle propagators should be of the form

G (p_1, p_2) = 1 ( ̸p_1 − m_1 + iϵ) ( ̸p_2 − m_2 + iϵ)

. (6)

This can be arranged by multiplying the two-particle propagators of Eq. (5) by

( ̸p_1 + m_1) ( ̸p_2 + m_2) . (7)

However, for the crucial off-shell kinematical effects only the pole structure is of importance, which is the same for the fermion progators (6) and the boson propagators (5). Then, all the factors resulting from the Dirac algebra involving expressions like in Eq. (7), and also the different SM vertices, will cancel out when evaluating the ratio of the imaginary and real parts of the amplitude. Note that working with only scalar propagators allows us to use scalar vertex functions for the Kaons, and thus to model the diagrams in an essentially parameter-free way.

The total amplitude for the process represented by diagram T is given by A ∝ ∫ d^4p d^4p^′ d^4p^{′′} Γ G_{ds̄} S^{(1)}_W G_{uū} S^{(2)}_W G_s¯_d Γ̄. (8)

The integrations are performed numerically, except for some angular integrations.

The pole structure of the two-particle propagators can best be studied in the CM frame ( √ s represents the total invariant mass). If we then define ω_{n,s} = √ ⃗p^2 + m^2_{n,s} , (9)

we obtain for the terms in the denominator of the two-particle propagator (5) the expressions

p^2_1 − m^2_n + iϵ = ( m_n m_n + m_s √ s + p_0

)_2 − ω^2_n + iϵ , (10) p^2 − m^2_s + iϵ = ( m_s m_n + m_s √ s − p_0 )_2 − ω^2_s + iϵ . We have poles in the complex p_0-plane for the two-particle propagator (5) at

(1, 2) : p_0 = − m_n m_n + m_s √ s ± ( ω^2_n − iϵ ) and (3, 4) : p_0 = m_s m_n + m_s √ s ± ( ω^2_s − iϵ ) , (11)

graphically represented in Fig. (2).

ℜe (p_0)

ℑm (p_0) ∗ ∗ ∗ ∗

(2) (4)

(1) (3)

Figure 2: Singularity structure of formula (10). The poles (∗) are numbered according to their appearance in Eq. (11).

Notice that √ s < m_n + m_s in the bound-state regime. Therefore, the Wick rotation p_0 → ip_4, and similarly for p^′ and p^{′′}, can be freely carried out (see e.g. Ref. [45]), resulting in a purely real amplitude, at least when neglecting the W self-energy effects.

For the full determination of ⟨ K^0 | | |K̄^0 ⟩ , we also include the s-channel double-W -exchange diagram depicted in Fig. 3. We obtain contributions for diagram S which in magnitude are comparable to those for diagram T . Moreover, diagram S requires less numerical effort than diagram T , since in the former case all angular integrations can be performed analytically. Consequently, checking details on how our results depend on α and the quark masses we only do for diagram S.

d W s p_1 p_1^′ p_1^{′′}

s̄ W d̄ p_2 p_2^′ p_2^{′′}

K^0 K̄^0 u, c, t q1 u, c, t q_2

Γ Γ̄

Figure 3: Diagram S: The s-channel box diagram for K^0 - K̄^0 oscillations.

Now, let us finally come to the main issue of this paper. In order to treat the exchanged W resonances in a more realistic way than what is normally done, we first include self-energy bubbles [46] corresponding to the well-known [30] leptonic decay modes of the W , i.e., eν_e, μν_μ, and τ ν_τ , as depicted in Fig. 4.

W = + e, μ, τ ν_e, ν_μ, ν_τ + · · ·

Figure 4: The full W propagator dressed with lepton loops and possibly with hadron loops

Hence, we substitute M^2_W in the W propagators by M^2_W + Z_e + Z_μ + Z_τ , according to

Z_ℓ = − i 2 Γ_ℓ |p_ℓ| M^2_W ( 1 − m^2_ℓ p^2 ) Θ ( 1 − m^2_ℓ p^2_{Mink.} ) , (12)

where Γ_ℓ, |p_ℓ|, m_ℓ (ℓ = e, μ, τ ) and M_W are taken from Ref. [30]. Note that in the Θ function one must take the Minkowskian p^2 = p^2_0 − ⃗p^2, with p_0 real, too. For obvious reasons, we have only kept the imaginary parts of the contributions to the mass self-energy (Fig. 4), the real parts being absorbed in the physical W central mass. At this point, we should also stress that adding a negative imaginary part (12) to the W mass does not spoil our straightforward Wick rotations, as it only amounts to substituting an infinitesimal ϵ by a finite |Z(p^2)|. In other words, because of causality the sign of the imaginary part of the mass is always negative, both for stable and unstable (anti)particles [47].

In Table 1 we show how much each of the terms Z_ℓ contributes to the ratio in Eq. (1).

mode fraction [30] ℑm (⟨ K^0 | | |K̄^0 ⟩) ℜe (⟨ K^0 | | |K̄ 0 ⟩) eν_e (10.72±0.16)% 0.00096 μν_μ (10.57±0.22)% 0.00094 τ ν_τ (10.74±0.27)% 0.00060 cs̄ (DK̄) (31^{+13}_{−11})% 0.00153 cX (DB̄) (33.6±2.7)% 0.00078

Table 1: Contributions to the ratio of the imaginary part over the real part of the K^0-K̄^0 amplitude from the most important W decay modes (see also text).

For the hadronic modes we make the following considerations. The only known mode containing a light hadron is πγ, having a decay rate of less than 0.1% [30], hence negligible. The next level of known modes contains at least one c quark. The threshold for the DK loops at 2.37 GeV is some 600 MeV higher than for τ ν_τ , whereas the branching ratio is about the triple of the latter, which yields a contribution about two and a half times larger than from τ ν_τ (see Table 1).

The fraction of cX decay modes of the W is a bit larger than three times the fraction of τ ν_τ . However, here we do not have much information on X. If we assume X = b, we get a contribution from DB loops which is smaller than from DK, but still considerable.

It is clear from these considerations that we cannot include the hadronic loops to a great accuracy, because of the experimental uncertainties. Nevertheless, we may conclude from our results that their total contribution will not be very different from the sum of the two individual cases included by us, which is a kind of upper bound. Nevertheless, we shall take a conservative choice for the total final theoretical error in our result. Summing the contributions of Table 1 (we actually put all loops together when determining the total ⟨ K^0 | | |K̄ 0 ⟩ amplitude), we obtain ℑm (⟨ K^0 | |K̄^0 ⟩) 2ℜe (⟨ K^0 | | |K̄ 0 ⟩) = 0.0024^{+0.0002}_{−0.0004} (13)

for the total contribution of W self-energy loops, which is of the same magnitude as |ε| [30]. In the errors quoted in Eq. (13), we have included, besides small numerical errors, the effects of reasonable variations in the parameters α, m_n, and m_s, as well as the uncertainty in the cX mode. Also the contributions for intermediate c and t quarks have been studied, which do not significantly alter the result (13), though adding to the total ⟨ K^0 | | |K̄ 0 ⟩ amplitude. The coincidence of the effect computed by us and |ε| is very striking, the physical significance of which is open to debate.

Acknowledgments

We are indebted to M. K. Gaillard for very pertinent criticism concerning the first version of this paper. We thank M. D. Scadron and F. Kleefeld for useful discussions as well as critical comments. This work is partly supported by the Fundação para a Ciência e a Tecnologia of the Ministério da Ciência e do Ensino Superior of Portugal, under contract numbers POCTI/- 35304/FIS/2000 and POCTI/FNU/49555/2002.

References

[1] E. Fermi, Nuovo Cim. 11, 1 (1934). [2] E. Fermi, Z. Phys. 88, 161 (1934). [3] M. J. Veltman, Nucl. Phys. B 7, 637 (1968). [4] G. ’t Hooft, Nucl. Phys. B 35, 167 (1971). [5] Sheldon L. Glashow, Nucl. Phys. 22, 579 (1961). [6] Steven Weinberg, Phys. Rev. Lett. 19, 1264 (1967). [7] Abdus Salam and J. C. Ward, Phys. Lett. 13, 168 (1964).

[8] J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138 (1964). [9] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).

[10] Makoto Kobayashi and Toshihide Maskawa, Prog. Theor. Phys. 49, 652 (1973). [11] Robert E. Marshak, Riazuddin and Ciaran P. Ryan, Theory of Weak Interactions in Particle Physics, Monographs and texts in Physics and Astronomy, volume 24, Wiley-Interscience (John Wiley and Sons, Inc. (NY), 1968).

[12] G. C. Branco, L. Lavoura and J. P. Silva, International Series of Monographs on Physics, No. 103, Oxford University Press, Oxford, (UK): Clarendon (1999).

[13] J. Prentki and M. J. Veltman, Phys. Lett. 15, 88 (1965). [14] T. D. Lee, Phys. Rept. 9, 143 (1974).

[15] G. Ecker, W. Grimus and H. Neufeld, Nucl. Phys. B 247, 70 (1984). [16] C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985).

[17] Alexander Pais, DOE-ER-40325-65, Opening address at the Conf. on CP Violation in Particle Physics and Astrophysics, Blois, France, May 22-26, 1989, in Proceedings of The 25th Anniversary of CP Violation Discovery, page 3, Editions Frontieres, B.P. 33, 91192 Gif-sur- Yvette Cedex - France, ISBN 2-86332-071-8 (1990).

[18] John Ellis, Nature 344, 197 (1990).

[19] D. Cocolicchio, L. Telesca and M. Viggiano, Found. Phys. Lett. 11, 303 (1998) [arXiv:hep-ph/9709486].

[20] R. D. Peccei, arXiv:hep-ph/9807514. [21] Yong Liu, arXiv:hep-ph/9811508.

[22] F. Benatti and R. Floreanini, Eur. Phys. J. C 13, 267 (2000) [arXiv:hep-ph/9912348]. [23] Jonathan L. Rosner and Scott A. Slezak, Am. J. Phys. 69, 44 (2001) [arXiv:hep-ph/9912506]. [24] Patricia Ball, Invited talk at 35th Rencontres de Moriond: Electroweak Interactions and Unified Theories, Les Arcs, France, 11-18 Mar 2000, arXiv:hep-ph/0004245.

[25] Agnes Roberts, arXiv:hep-ph/0201064. [26] S. S. Bulanov, arXiv:hep-ph/0205164. [27] J. Bijnens, arXiv:hep-ph/0207082.

[28] Y. Takeuchi and S. Y. Tsai, Int. J. Mod. Phys. A 18, 1551 (2003) [arXiv:hep-ph/0208148]. [29] G. C. Branco, P. A. Parada and M. N. Rebelo, arXiv:hep-ph/0307119. [30] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002). [31] M. Banner et al. [UA2 Collaboration], Phys. Lett. B 122, 476 (1983). [32] G. Breit and E. Wigner, Phys. Rev. 49, 519 (1936).

[33] E. van Beveren and G. Rupp, Int. J. Theor. Phys. Group Theor. Nonlin. Opt., in press (2003) [arXiv:hep-ph/0304105].

[34] M. Boz and N. K. Pak, Phys. Rev. D 65, 075014 (2002).

[35] A. Bohm, in closing remarks at Workshop on Time Asymmetric Quantum Theory: the Theory of Resonances”, CFIF/IST, Lisbon, 23–26 July 2003.

[36] J. C. Yoon, arXiv:hep-ph/0211005.

[37] A. Bohm, Int. J. Theor. Phys. 36, 2239 (1997) [arXiv:hep-th/9705042]. [38] A. Angelopoulos et al. [CPLEAR Collaboration], Phys. Lett. B 420, 191 (1998). [39] M. K. Gaillard and Benjamin W. Lee, Phys. Rev. D10, 897 (1974). [40] L. Wolfenstein, Phys. Rev. Lett. 13, 352 (1964).

[41] S. R. Choudhury and M. D. Scadron, Phys. Rev. D 53, 2421 (1996).

M. D. Scadron, Mod. Phys. Lett. A 14, 1273 (1999) [arXiv:hep-ph/9910244]. [42] R. Delbourgo and M. D. Scadron, Int. J. Mod. Phys. A 13, 657 (1998) [arXiv:hep-ph/9807504].

[43] M. D. Scadron, F. Kleefeld, G. Rupp and E. van Beveren, Nucl. Phys. A 724, 391 (2003) [arXiv:hep-ph/0211275].

[44] E. van Beveren, C. Dullemond and T. A. Rijken, Z. Phys. C19, 275 (1983). [45] G. Rupp and J. A. Tjon, Phys. Rev. C 37, 1729 (1988). [46] Jonathan L. Rosner, arXiv:hep-ph/9903219.

[47] F. Kleefeld, AIP Conf. Proc. 660, 325 (2003) [arXiv:hep-ph/0211460].