arXiv:hep-ph/0106104 10 Jun 2001

TUM-HEP-420/01 UCL-IPT-01-08 June 2001

What is the (”^0=”)_{exp} Telling Us?

Andrzej J. Burasa and Jean-Marc Gérardb

a Technische Universität München Physik Department D-85748 Garching, Germany

b Université catholique de Louvain Physics Department B-1348 Louvain-la-Neuve, Belgium

Abstract Nature might be kinder than previously thought as far as ε^′/ε is concerned. We show that the recently obtained experimental value for ε^′/ε does not require sizeable 1/N and isospin-breaking corrections. We propose to display the theoretical results for ε^′/ε in a (P^{1/2}, P^{3/2}) plane in which the experimental result is represented by a (ε^′/ε)_{exp}–path. This should allow to exhibit transparently the role of 1/N and isospin-breaking corrections in different calculations of ε^′/ε. From now on theorists are allowed to walk only along this (ε^′/ε)_{exp}–path.

1 Introduction

The totally unexpected observation [1] of a sizeable CP-violation in the K^0 − K̄^0 oscillations immediately triggered theoretical speculations about a new superweak interaction [2] obeying the strict |ΔS| = 2 selection rule. The large value of the associated ε-parameter was then justified by the huge amplification due to the tiny K_L − K_S mass difference. Following this rather simple picture, it was absolutely unlikely that CP-violation would show up somewhere else in weak processes.

Almost exactly 37 years later, we know that superweak models have been definitely ruled out by the new generation of high-precision experiments on the |ΔS| = 1 neutral K-decays. Indeed, the most recent measurements of the associated ε^′- parameter that allows us to distinguish between π^+π^− and π^0π^0 final states in K_L decays give Re(ε^′/ε) =

(15.3 ± 2.6) · 10^{−4} (NA48) [3] , (20.7 ± 2.8) · 10^{−4} (KTeV) [4] . (1) Combining these results with earlier measurements by NA31 collaboration at CERN ((23.0 ± 6.5) · 10^{−4}) [5] and by the E731 experiment at Fermilab ((7.4 ± 5.9) · 10^{−4}) [6] gives the grand average Re(ε^′/ε) = (17.2 ± 1.8) · 10^{−4} . (2) The Standard Model for electroweak and strong gauge interactions accomodates, in principle, both ε and ε^′-parameters in terms of a single CP-violating phase. Rather early theoretical attempts [7] have predicted ε^′/ε between 10^{−2} and 10^{−4}. During the last decade a considerable progress in calculating ε^′/ε has been done by several groups. These papers are reviewed in [8] where all relevant references can be found. The short distance contributions to ε^′/ε are fully under control [9] but the presence of considerable long distance hadronic uncertainties precludes a precise value of ε^′/ε in the Standard Model at present. Consequently, while theorists were able to predict the sign and the order of magnitude of ε^′/ε, the range (ε^′/ε)_{th} = (5 to 30) · 10^{−4} (3) shows that the present status of (ε^′/ε)_{th} cannot match the experimental one.

Though really expected this time, the non-vanishing value of a second CPviolating parameter has once again been determined by our experimental colleagues. However, one should not forget the tremendous efforts made by theorists to calculate ε^′/ε in the Cabibbo-Kobayashi-Maskawa paradigm [10] of the Standard Model. Simultaneously, one should not give up the hope that one day theorists will be able to calculate ε^′/ε precisely. It is therefore important to have a transparent presentation of different theoretical estimates of ε^′/ε in order to be able to identify the patterns of various contributions. On the other hand, having for the first time the definite precise number for (ε^′/ε)_{exp} it is crucial to learn what Nature is trying to tell us about theory. In this note, we intend to make first steps in both directions.

2 Basic Formulae

The standard parametrization for the hadronic K-decays into two pions :

A(K^0 → π^+π^−) = A_0e^{iδ} + 1 √ 2 A_2 A(K^0 → π^0π^0) = A_0e^{iδ} − √ 2A_2 (4) A(K^+ → π^+π^0) = 3 2 A_2

contains the necessary ingredients to produce non-vanishing asymmetries. For illustration consider a_{CP} ≡ Γ(K^0 → π^+π^−) − Γ(K̄^0 → π^+π^−) Γ(K^0 → π^+π^−) + Γ(K̄^0 → π^+π^−) = √ 2 sin δ (1 + √ 2ω cos δ + ω^2/2) Im ( A_2 A_0 ) (5) where ω ≡ Re A_2 Re A_0

. (6) In order that a_{CP} is non-vanishing the two partial isospin amplitudes A_0 and A_2 must have a relative CP-conserving phase (extracted from ππ scattering) which turns out to be roughly equal to the phase of the ε-parameter : δ ≈ ϕ_ε ≈ π/4 (7) and a relative CP-violating phase Im (A_2 A_0 ) ≠ 0. (8)

These phases are nicely factorized in the physical parameter measuring direct CPviolation in hadronic K-decays

ε^′ = i √ 2 e^{−iδ} Im ( A_2 A_0 ) (9) if one defines η_{+−} ≡ A(K_L → π^+π^−) A(K_S → π^+π^−) ≡ ε + ε^′ 1 +^{ω√}_2 e^{−iδ} (10)

η_{00} ≡

A(K_L → π^0π^0) A(K_S → π^0π^0) ≡ ε − 2ε^′ 1 − √ 2ωe^{−iδ} . This allows to measure Re(ε^′/ε) through

Re(ε^′/ε) = 1 6 (1 − ω √ 2 cos δ) 1 − | | | | | η_{00} η_{+−} | | | | | 2 (11)

where we have kept the small O(ω) correction usually dropped by experimentalists but kept by theorists in the evaluation of ε^′ using (9). Notice that the coincidence displayed in (7) implies an almost real ε^′/ε so that, already at this level, Nature is kind to us.

In the Standard Model, CP-violation only arises from the arbitrary quark mass matrices. A straightforward diagonalization shifts then the unique physical phase into the Cabibbo-Kobayashi-Maskawa (CKM) unitary mixing matrix V associated with the V − A hadronic charged current

J^{ab}_μ = q̄^aγ_μ(1 − γ_5)q^b ≡ (q̄^aq^b). (12)

In this physical basis, we therefore have to start with the classical current-current ΔS = 1 Hamiltonian

H^{ΔS=1} ÷ ∑ q=u,c,t λ_qJ^{sq}_μ J^μ_{qd} (λ_q ≡ V^∗_{qs}V_{qd}) = λ_u[(s̄u)(ūd) − (s̄c)(c̄d)]_{ΔI=1/2,3/2} + λ_t[(s̄t)(t̄d) − (s̄c)(c̄d)]_{ΔI=1/2} (13)

to estimate the A_0 and A_2 partial decay amplitudes.

The ΔI = 1/2, 3/2 current-current operator involving only the light u, d and s quarks is just proportional to λ_u. A tree-level hadronization into K and π mesons fields would therefore imply A_0 = √ 2A_2, i.e. a vanishing ε^′-parameter (see (9)). In other words, a non-zero ε^′-parameter is a pure quantum-loop effect in the Standard Model. Notice that these loop effects are also welcome to explain the empirical ΔI = 1/2 rule : ω_{exp} ≈ 1 22 ≪ 1 √ 2 . (14) The quantum transmutation of the heavy tt̄ and cc̄ quark paires into light uū and dd̄ ones which, eventually, hadronize into final pion states allows now the pure ΔI = 1/2 current-current operator proportional to λ_t to contribute to the ΔS = 1 K-decays. In the most convenient CKM phase convention, we have

Imλ_u = 0 (15)

such that CP-violation only appears in the A_0 partial amplitude as long as isospin is strictly respected in the “heavy-to-light” transmutation process. But in the Standard Model, neutral transmutations are possible through heavy quark annihilations into gluons, Z^0 or photon that are represented by the so–called penguin diagrams. While the latter electroweak contributions obviously break isospin symmetry, the former may also do so by producing first an off-shell iso-singlet mesonic state (mainly η or η^′) which then turns into an iso-triplet pion. These isospin-breaking (IB) effects respectively induced by the electric charge difference Δe = e_u − e_d and the mass splitting Δm = m_u − m_d between the up and the down quarks are usually expected to show up at the percent level in weak decays. However, a CP-violating ΔI = 3/2 amplitude turns out to be enhanced by the famous ΔI = 1/2 rule factor ω^{−1} since Im ( A_2 A_0 ) = − ω ReA_0

(ImA_0 − 1 ω ImA_2). (16)

From these quite general considerations, one concludes that

(ε^′/ε)_{th} = Imλ_t [P^{1/2} − 1 ω P^{3/2}] (17)

with P^{1/2} and P^{3/2}, two separately measurable quantities defined with respect to the CKM phase convention defined in (15). Formally, P^{1/2} and P^{3/2} are given in terms of short distance Wilson coefficients y_i and the corresponding hadronic matrix elements as follows

P^{1/2} = r ∑ y_i⟨Q_i⟩_0 , (18) P^{3/2} = r ∑ y_i [ ⟨Q_i⟩^{Δe}_2 + ω^{Δm}⟨Q_i⟩_0 ] (19)

where r is a numerical constant and

ω^{Δm} =

(ImA_2)^{Δm}

ImA_0

. (20)

3 The (”^0=”)_{exp}-Path

Having all these formulae at hand, we can ask ourselves what the result in (2) is telling us. The answer is simple. It allows us to walk only along a straight path in the (P^{1/2}, P^{3/2}) plane, as illustrated in Fig.1. The standard unitarity triangle analyses [11] give typically

Imλ_t = (1.2 ± 0.2)10^{−4} (21)

and, combined with (2), already allow us to draw a rather thin (ε^′/ε)_{exp}-path in the (P^{1/2}, P^{3/2}) plane (see Fig.1). This path crosses the P^{1/2}–axis at (P^{1/2})_0 = 14.3 ± 2.8.

We are of course still far away from such a precise calculation of P^{1/2} and P^{3/2}. These two factors are dominated by the so-called strong Q_6 and electroweak Q_8 penguin operators. The short-distance Wilson coefficients y_6 and y_8 of these wellknown density-density operators are under excellent control [9]. In particular, the ΔI = 3/2 Z^0-exchange contribution to ε^′/ε exhibits a quadratic dependence on the top quark mass which makes it to compete with the ΔI = 1/2 gluon-exchange one. Unfortunately, the resulting destructive interference between P^{1/2} and P^{3/2} strongly depends on the various hadronic matrix elements. Long-distance effects are therefore at the source of the large theoretical uncertainties illustrated by (3). Consequently, we advocate to adopt (temporarily) a different strategy to learn something from the new precise measurements of ε^′/ε. The proposed exposition of ε^′/ε in the (P^{1/2}, P^{3/2}) plane turns out to be useful in this context.

Figure 1: (ε^′/ε)_{exp}–path in the (P^{1/2}, P^{3/2}) plane.

4 A simple observation

It is well-known that isospin-symmetry and large-N limit represent two powerful approximations to study long-distance hadronic physics. Here, these well-defined approximations would allow us to neglect P^{3/2} and to express the hadronic matrix elements of the surviving strong penguin operators responsible for P^{1/2} in terms of measured form factors. Earlier attempts [12] to go beyond such a zero-order approximation provided us already with some insight about the sign of the 1/N and IB corrections to ε^′/ε. Recent works including further 1/N [13] and IB [14] corrections confirm their tendancy to increase P^{1/2} and P^{3/2} respectively. We illustrate these generic trends (ε^′/ε)_{th} = (ε^′/ε)_0{1 + O(1/N) − 1 ω O(IB)}. (22) as (1/N) and (IB) arrows in Fig. 1. A systematic calculation of all 1/N and IB corrections is not yet available, but a direct comparison between the measured value (ε^′/ε)_{exp} and the zero-order approximation (ε^′/ε)_0 should already tell us something about their magnitudes within the Standard Model. Indeed, if the experimental value quoted in (2) is larger than the zero-order theoretical approximation, one needs 1/N corrections along the P^{1/2} axis :

(ε^′/ε)_{exp} > (ε^′/ε)_0 ⇒ 1/N corrections. (23)

On the other hand, an experimental value smaller than the zero-order approximation would be an indication for sizeable IB corrections along the P^{3/2} axis :

(ε^′/ε)_{exp} < (ε^′/ε)_0 ⇒ IB corrections. (24)

And here comes the surprise ! It turns out that (ε^′/ε)_0 lies on the (ε^′/ε)_{exp}-path in Fig. 1. It is the crossing of this path with the P^{1/2} axis.

Indeed (ε^′/ε)_0 can easily be estimated. In the large-N limit, the non-perturbative parameter B̂_K relevant for the usual analysis of the unitarity triangle equals 3/4 [15]. This implies Imλ_t = (1.24 ± 0.06) · 10^{−4} (25) to be compared with (21) that uses B̂_K = 0.85 ± 0.15. Moreover, in the large-N limit the hadronic matrix element of the strong penguin density-density operator Q_6 factorizes (B_6 = 1). A simple dependence on the inverse of the strange quark mass squared arises then to cancel the scale dependence of y_6 [16]. Taking the central values of the strange quark mass m_s(2GeV ) = 110 MeV and of the QCD coupling α_s(M_Z ) = 0.119 relevant for y_6, we obtain (ε^′/ε)_0 = (17.4 ± 0.7) 10^{−4} (26) where the error results from the error in Imλ_t. In obtaining (26) we have taken also into account the contribution of the other (Q_4) surviving QCD penguin operator in the large-N limit. Without this contribution we would find 18.4 ± 0.7, still within the (ε^′/ε)_{exp}-path. Clearly, as (ε^′/ε)_0 is roughly proportional to (Λ^{(4)}_{MS})^{0.8}/m^2_s with Λ^{(4)}_{MS} = 340 ± 40 MeV and m_s(2GeV ) = (110 ± 20) MeV, improvements on these input parameters are mandatory.

Although this rather intriguing coincidence between (2) and (26) seems to indicate small 1/N and IB corrections, one cannot rule out a somewhat accidental conspiracy between sizeable corrections canceling each other O(1/N) − 1 ω O(IB) ≈ 0 . (27) The latter equation describes the walking along the (ε^′/ε)_{exp}–path.

At this point, it is also worth noticing that CP-violation in the simplest extensions of the Standard Model, the models with minimal flavour-violation, might behave just like an IB correction along the P^{3/2} axis. The reason is that the Z^0-penguin maximally violates the decoupling theorem. Consequently, it depends quadratically on the top quark mass and is also quite sensitive to new physics [17]. If such is the case, one will have a hard time to disentangle new sources of CP-violation beyond the Standard Model from ordinary IB corrections.

Finally the (ε^′/ε)_{exp}–path can be shifted vertically in the (P^{1/2}, P^{3/2}) plane by new physics contributions to the quantities used for the determination of Imλ_t but this is a different story.

5 Conclusion

Nature might be kinder than previously thought as far as ε^′/ε is concerned. Indeed, present data do not require sizeable 1/N and IB corrections. Improvements on the input parameters α_s(M_Z) and m_s leading to our estimate of (ε^′/ε)_0 are mandatory. We have proposed to display the theoretical results in a (P^{1/2}, P^{3/2}) plane in which the experimental result is represented by a (ε^′/ε)_{exp}–path. This plot should allow to exhibit transparently the role of 1/N and isospin-breaking corrections in different theoretical results for ε^′/ε.

Acknowledgments

J.-M. G. appreciates the kind hospitality of the Max-Planck-Institute for Physics in Munich where this work has been initiated.

This work has been supported in part by the German Bundesministerium für Bildung und Forschung under the contract 05HT1WOA3.

References

[1] J.H. Christenson, J.W. Cronin, V.L. Fitch and R. Turlay, Phys. Rev. Lett. 13 (1964) 138. Paper received on July 10, 1964.

[2] L.Wolfenstein, Phys.Rev.Lett. 13 (1964) 562.

[3] V. Fanti et al., Phys. Lett. B465 (1999) 335; G. Unal, A New Measurement of Direct CP Violation by NA48, CERN Particle Physics Seminar (May 10, 2001), http://www.cern.ch/NA48/Welcome.html.

[4] A. Alavi-Harati et al., Phys. Rev. Lett. 83 (1999) 22; J. Graham, Fermilab Seminar (June 8, 2001), http://kpasa.fnal.gov:8080/public/ktev.html.

[5] H. Burkhardt et al., Phys. Lett. B206 (1988) 169; G.D. Barr et al., Phys.

Lett. B317 (1993) 233.

[6] L.K. Gibbons et al., Phys. Rev. Lett. 70 (1993) 1203.

[7] J. Ellis, M.K. Gaillard and D.V. Nanopoulos, Nucl. Phys. B109 (1976) 213.

F.J. Gilman and M.B. Wise, Phys. Lett. B83 (1979) 83. B. Guberina and R.D. Peccei, Nucl. Phys. B163 (1980) 289. F.J. Gilman and J.S. Hagelin, Phys. Lett. B126 (1983) 111. A.J. Buras, W. Slominski and H. Steger, Nucl. Phys. B238 (1984) 529. A.J. Buras and J.-M. Gérard, Phys. Lett. B203 (1988) 272. J.M. Flynn and L. Randall, Phys. Lett. B224 (1989) 221; erratum ibid. Phys. Lett. B235 (1990) 412.

G. Buchalla, A.J. Buras, and M.K. Harlander, Nucl. Phys. B337 (1990) 313.

[8] S. Bosch, A.J. Buras, M. Gorbahn, S. Jäger, M. Jamin, M.E. Lautenbacher and L. Silvestrini, Nucl. Phys B565 (2000) 3. A.J. Buras, hep-ph/0101336.

M. Ciuchini, E. Franco, L. Gusti, V. Lubicz and G. Martinelli, hep-ph/9910237.

M. Ciuchini and G. Martinelli, Nucl. Phys. Proc. Suppl. 99 (2001) 27. S. Bertolini, hep-ph/0101212.

T. Hambye and P.H. Soldan, hep-ph/0009073. A. Pich, hep-ph/0010181, hep-ph/0106057.

[9] A.J. Buras, M. Jamin, M.E. Lautenbacher and P.H. Weisz, Nucl. Phys. B370 (1992) 69; Nucl. Phys. B400 (1993) 37.

A.J. Buras, M. Jamin and M.E. Lautenbacher, Nucl. Phys. B400 (1993) 75; Nucl. Phys. B408 (1993) 209.

M. Ciuchini, E. Franco, G. Martinelli and L. Reina, Phys. Lett. B301 (1993) 263; Nucl. Phys. B415 (1994) 403.

A.J. Buras, P. Gambino and U.A. Haisch, Nucl. Phys. B570 (2000) 117.

[10] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.

M. Kobayashi and K. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[11] M. Ciuchini et al., hep-ph/0012308.

A. Höcker, H. Lacker, S. Laplace, F. Le Diberder, hep-ph/0104062. A. Ali and D. London, Eur. Phys. J. C18 (2001) 665.

[12] W.A. Bardeen, A.J. Buras and J.-M. Gérard, Phys. Lett. B180 (1986) 133;

Nucl. Phys. B293 (1987) 787; Phys. Lett. B192 (1987) 138. J. Bijnens and M.B. Wise, Phys. Lett. B137 (1984) 245.

J.F. Donoghue, E. Golowich, B.R. Holstein and J. Trampetic, Phys. Lett. B179 (1986) 361.

A.J. Buras and J.-M. Gérard, Phys. Lett. B192 (1987) 156. H.-Y. Cheng, Phys. Lett. B201 (1988) 155. M. Lusignoli, Nucl. Phys. B325 (1989) 33. J.M. Flynn and L. Randall, in ref. [7].

[13] J. Bijnens and J. Prades, JHEP 06 (2000) 035; hep-ph/0010008.

S. Bertolini, M. Fabbrichesi and J.O. Eeg, Rev. Mod. Phys. 72 (2000) 65;

Phys. Rev. D63 (2001) 056009.

T. Hambye, G.O. Köhler, E.A. Paschos and P.H. Soldan, Nucl. Phys. B564 (2000) 391; hep-ph/0001088; Y.-L. Wu, Phys. Rev. D64 (2000) 016001. E. Pallante and A. Pich, Phys. Rev. Lett. 84 (2000) 2568; Nucl. Phys. B592 (2000) 294; E. Pallante, A. Pich and I. Scimemi, hep-ph/0105011.

[14] G. Ecker, G. Müller, H. Neufeld and A. Pich, Phys. Lett. B477 (2000) 88; G.

Ecker, G. Isidori, G. Müller, H. Neufeld and A. Pich, Nucl. Phys. B591 (2000) 419.

S. Gardner and G. Valencia, Phys. Lett. B466 (1999) 355; Phys. Rev. D62 (2000) 094024.

K. Maltman and C.E. Wolfe, Phys. Lett. B482 (2000) 77; Phys. Rev. D63 (2001) 014008.

V. Cirigliano, J. F. Donoghue and E. Golowich, Phys. Rev. D61 (2000) 093001; ibid 093002; Eur. Phys. J. C18 (2000) 83; Phys. Lett. B450 (1999) 241. M. Suzuki, hep-ph/0102108.

[15] A.J. Buras and J.-M. Gérard, Nucl. Phys. B264 (1986) 371.

[16] A.J. Buras and J.-M. Gérard, in ref.[12].

[17] A.J. Buras and L. Silvestrini, Nucl. Phys. B546 (1999) 299.

G. Colangelo and G. Isidori, JHEP 09 (1998) 009.

A.J. Buras, G. Colangelo, G. Isidori, A. Romanino and L. Silvestrini, Nucl. Phys. B566 (2000) 3.