arXiv:hep-ph/0011125 9 Nov 2000

”^′=” in the Standard Model

I. Scimemi^{a ∗}

aDepartament de Física Teòrica, IFIC, Universitat de València – CSIC E-46100 Burjassot (València), Spain

In order to provide an estimate of ε^′/ε several effective theories and physical effects have to be disentangled. In this talk I discuss how it is possible to predict ε^′/ε taking into account all sources of large logs. The numerical result one obtains, ε^′/ε ∼ (1.7 ± 0.6) · 10^{−4}, is in good agreement with present measurements.

1. Introduction

ε^′/ε is a fundamental test for our understanding of flavor–changing phenomena. It represents a great source of inspiration for physics research and has motivated in recent years a very interesting scientific controversy, both on the experimental and theoretical sides. The present world average is [1]

Re (ε^′/ε) = (1.93 ± 0.24) · 10^{−3} , (1)

providing clear evidence for a non-zero ε^′/ε value. The theoretical status is instead more debated (see ref. [2] for a brief review). One of the problems that had to be faced during the past years has been that, while CP violation is born at a scale say O(M_W ), the observables that enter in the game have to be estimated at a scale of O(M_K ) (see fig. 1). Changing the order of magnitude of the scales one considers, different physical effects appear and have to be disentangled. In this picture, the physics is described by a chain of different effective field theories, with different particle content, which match each other at the corresponding boundary (heavy threshold). This procedure permits to perform an explicit summation of large logarithms t ≡ ln (M/m), where M and m refer to any scale appearing in the evolution.

∗Talk presented at QCD2000, Montpellier july 2000. I warmly thank the collaboration of E. Pallante and A. Pich and the discussions with J. Portoles. This work has been supported in part by the European Union TMR Network “EURODAPHNE” (Contract No. ERBFMX-CT98- 0169). Report: IFIC/00-65.

Energy Scale Fields Effective Theory M_W W, Z, γ, g τ, μ, e, ν_i t, b, c, . . . Standard Model

< ∼ mc γ, g; μ, e, ν_i; s, d, u L (nf =3)

QCD , L^{ΔS=1,2}_{eff}

M_K γ; μ, e, ν_i π, K, η ChPT ? ?^{OPE} N_C → ∞

Figure 1. Evolution from M_W to the kaon mass scale.

One gets finally an effective ΔS = 1 Lagrangian, defined in the three–flavor theory [3,4],

L^{ΔS=1} eff = − G_F √ 2 V_{ud} V^∗_{us} ∑ i C_i(μ) Q_i(μ) , (2)

which is a sum of local four–fermion operators Q_i, constructed with the light degrees of freedom, modulated by Wilson coefficients C_i(μ) which are functions of the heavy masses. We have explicitly factorized the Fermi coupling G_F and the Cabibbo–Kobayashi–Maskawa (CKM) matrix elements V_{ij} containing the usual Cabibbo suppression of K decays.

The overall renormalization scale μ separates the short– (M > μ) and long– (m < μ) distance contributions, which are contained in C_i(μ) and Q_i, respectively. The physical amplitudes are of course independent of μ; thus, the explicit scale/scheme dependence of the Wilson coefficients should cancel exactly with the corresponding dependence of the Q_i matrix elements between on-shell states. Usually one refers to this as the “matching” between Wilson coefficients and hadronic matrix elements. Thanks to the completion of the next-to-leading logarithmic order calculation of the Wilson coefficients [5,6], all gluonic corrections of O(α^n_s t^n) and O(α^{n+1}_s t^n) are already known. Moreover, the complete m_t/M_W dependence (at lowest order in α_s) has been taken into account. We will fully use this information up to scales μ ∼ O(1 GeV), without making any unnecessary expansion in powers of 1/N_c. The most debated part of the calculation regards the estimate of hadronic matrix elements. In the following it is presented a brief summary of the main ingredients of this part of the computation.

2. Low energy effective theory

In order to define an effective field theory at low scale one can use global symmetry considerations. In this way one arrives at the χPT description of the Standard Model, which describes the dynamics of the QCD Goldstone bosons (π, K, η) as an expansion in powers of momenta and quark masses over the chiral symmetry breaking scale (Λ_χ ∼ 1 GeV).

At lowest order, the relevant most general effective bosonic Lagrangian, with the same SU (3)_L ⊗ SU (3)_R transformation properties and quantum numbers as the short–distance Lagrangian (2), contains four terms:

L^{ΔS=1}

2 = − G_F √ 2 V_{ud}V^∗_{us} { g_8 f^4 ⟨λL_μL^μ⟩

+g_{27} f^4 ( L_{μ23}L^μ_{11} + 2 3 L_{μ21}L^μ_{13} )

+e^2f^6g_{EW} ⟨λU^†QU ⟩ } + h.c. , (3)

where the matrix L_μ = −iU^†D_μU represents the octet of V − A currents, at lowest order in derivatives, f ∼ f_π = 92.4 MeV, Q = diag(^2_3 , −^1_3 , −^1_3 ) is the quark charge matrix, λ ≡ (λ^6 − iλ^7)/2 projects onto the s̄ → d̄ transition [λ_{ij} = δ_{i3}δ_{j2}] and ⟨A⟩ denotes the flavor trace of A. The chiral couplings g_8 and g_{27} measure the strength of the two parts of the effective Hamiltonian (2) transforming as (8_L, 1_R) and (27_L, 1_R), respectively, under chiral rotations. The moduli of g_8 and g_{27} can be extracted from the CP–conserving part of K → 2π decays; at lowest order a phenomenological analysis gives [7]: | |g_8 +^1_9 g_{27} | | ≃ 5.1, |g_{27}/g_8| ≃ 1/18. The huge difference between these two couplings shows the well–known enhancement of the octet |ΔI| = 1/2 transitions.

The theoretical calculation of the couplings g_I is a difficult task. One observes, however, that what really matters in the calculation of ε^′/ε are not the moduli of these couplings g_I but their imaginary parts. In fact as Img_I ≪ Reg_I, one can deduce Reg_I from the experiment, but it is necessary to give a prediction for Img_I . Moreover the matching between the Lagrangians of eq. 2 and eq. 3 must be provided. The large–N_c expansion offers the possibility to solve both these problems in a simple and elegant way. In the limit of a large color number each four–quark operator factorize into currents which have a well known chiral realization. Thus one obtains

g^∞_8 = − 2 5 C_1 + 3 5 C_2 + C_4 −

16B^2_0 f^2

L_5 C_6 ,

g^∞_{27} = 3 5 (C_1 + C_2) , g^∞_{EW} = − 3B^2_0 e^2f^2

C_8 , (4)

where B_0 = −⟨q̄q⟩(μ)/f^2_π . Now the dominant part of the contributions to ε^′/ε (or, which is the same, to Img_{8,EW} ) is provided by the operators Q_{6,8} whose behavior in the large–N_c limit is different from the rest of operators. In fact when N_c → ∞ the only anomalous dimensions which survive are the ones corresponding to these operators [8,9]. Then Q_{6,8} factorize in the product of color–singlet scalar and pseudoscalar currents which generate the factors B_0 of eq. 4. The scale/scheme dependence of the quark condensate B_0 exactly cancels the one of the Wilson coefficient C_{6,8} [9]. The anomalous dimension of all the other operators is zero for N_c → ∞. This means that in order to achieve a reliable estimate of the matrix elements of these operators it is necessary to go to next–to–leading order in the N_c expansion. That is why the ΔI = 1/2 rule is so difficult to demonstrate. Finally one notes that eq. 4 is perfectly equivalent to say B^{(3/2)}_8 ∼ B^{(1/2)}_6 = 1. That is, upto minor inputs, the prediction obtained in both large–N_c and χPT expansions reproduces the results of ref. [5,6].

3. Chiral loops

The ultraviolet logarithms that have been resummed using the renormalization group equation are not the only source of large logs appearing in the estimate of ε^′/ε. It is well known [10] that infrared logs provide a source of enhancement for I = 0 amplitudes which has to be taken into account. The one loop correction already provides an enhancement of about 40% and still underestimates the observed δ^0 phase shift. A resummation of higher order effect is so necessary and it has been provided in ref. [11,12] and discussed also in this conference [13]. The approach is based on the Omnès solution for K → ππ amplitudes [14]. The Omnès solution for a CP conserving (but the same conclusions hold also for the CP violating) K → ππ amplitude can be written in the generic form

A_I = ( M^2_K − M^2_π ) a_I (M^2_K ) = ( M^2_K − M^2_π ) Ω_I (M^2_K , s_0) a_I (s_0) = ( M^2_K − M^2_π ) ℜ_I (M^2_K , s_0) a_I (s_0) e^{iδI0 (M2K)} ,

where a_I (s) as a function of the total energy squared s has been explicitly computed up to one–loop in ChPT [12]. The Omnès factor Ω_I (M^2_K , s_0) can be interpreted as an evolution operator from the subtraction point s_0 to M^2_K . It can be split into the dispersive contribution ℜ_I (M^2_K , s_0) and the usual phase shift exponential. For each of the amplitudes a_I , with I = 0, 2 the s dependence can be written in a simple form:

a_I (s) = a_I (0) { 1 + g_I (s) + O(p^4) } . (5)

The s dependence of the one–loop correction at low values of s is dominated by the pure SU (2) effect of elastic ππ → ππ scattering. These universal infrared effects enhance the I = 0 amplitudes while suppress the I = 2 amplitude. I underline that the only role of the Omnès factor remains that of providing an efficient resummation of large infrared effects due to FSI. The advantage of the Omnès exponentiation respect to the usual one–loop ChPT computation is to control the uncertainty coming from higher order (≥ two–loops) FSI effects.

Taking a low subtraction point s_0 = 0 where higher–order corrections are expected to be small, we can just multiply the tree–level amplitudes with the experimentally determined Omnès exponentials [12]. The two dispersive correction factors thus obtained are ℜ_0(M^2_K , 0) = 1.55 ± 0.10;

ℜ_2(M^2_K , 0) = 0.92 ± 0.03 , (6) where the errors take into account a) the uncertainties of the fits to the experimental phase shifts data used in the calculation of the Omnès factor and b) the additional inelastic contributions above the first inelastic threshold. Finally since FSI effects are next-to-leading in the 1/N_c expansion but numerically large, this procedure avoids any double counting. Since the Omnès factor can be applied directly to each matrix element ⟨Q_i⟩_I , the final estimate with the inclusion of FSI effects can be expressed via the product ⟨Q_i⟩_I = ⟨Q_i⟩^∞_I · ℜ_I . 4. Numerical results

A full numerical analysis of ε^′/ε taking into account also smaller effects will be presented elsewhere [15]. To a reasonably good approximation however one can take as an estimate the one coming from [5] ε^′ ε ∼ [ B^{(1/2)}_6 (1 − Ω_{IB}) − 0.4B^{(3/2)}_8 ] , (7)

where now the B–parameters and the factor Ω_{IB} have to be corrected taking into account also the contribution of FSI, that is

B^{(1/2)}_6 = B^{(1/2)}_6 |_{Nc→∞} · ℜ_0(M^2_K , 0) = 1.55 ,

B^{(3/2)}_8 = B^{(3/2)}_8 |_{Nc→∞} · ℜ_2(M^2_K , 0) = 0.92 , Ω_{IB} = 0.16 · ℜ_2(M^2_K , 0)/ℜ_0(M^2_K , 0) = 0.09 .

The effect of FSI is numerically evident. The cancellation between the I = 0 and I = 2 amplitudes is strongly removed and also the effect of the isospin breaking term proportional to Ω_{IB} looses its weight. The prediction one obtains for ε^′/ε is so

ε^′/ε ≃ (1.7 ± 0.6) · 10^{−4} (8)

which compares well with the present world average in eq. 1. In this prediction all sources of large logs are finally taken into account. Q_{6,8} are well approximated by the leading terms in 1/N_c. Therefore one expects reasonably that the size of the missing NLO–N_c corrections are of the order of 30%. At present the estimate of these effects can only be done within specific models [2,16–19].

REFERENCES

1. A. Ceccucci, CERN Particle Physics Seminar (February 29, 2000), http://www.cern.ch/NA48/Welcome.html; NA48 collaboration (V. Fanti et al.), hepex/9909022.

2. S. Bertolini, hep-ph/9908268; hepph/0002114; hep-ph/0007137; S. Bertolini et al., Rev. Mod. Phys. 72 (2000) 65; hep-ph/0002234; Nucl. Phys. B449 (1995) 197, B476 (1996) 225, B514 (1998) 63, 93; V. Antonelli et al., Nucl. Phys. B469 (1996) 143, 181; M. Fabbrichesi, hep-ph/0002235. A. Pich, hep-ph/0010181.

3. F.J. Gilman and M.B. Wise, Phys. Rev. D20 (1979) 2392; Phys. Rev. D21 (1980) 3150.

4. A.J. Buras, Weak Hamiltonian, CP Violation and Rare Decays, in “Proving the Standard Model of Particle Interactions”, Proc. 1997 Les Houches Summer School, eds. R. Gupta et al. (Elsevier, Amsterdam, 1999), Vol. I, p. 281.

5. A.J. Buras, M. Jamin and M.E. Lautenbacher, Nucl. Phys. B408 (1993) 209, B400 (1993) 37, 75, B370 (1992) 69 ; Phys. Lett. B389 (1996) 749; A.J. Buras et al. hep– ph/0007313; S. Bosch et al. Nucl. Phys. B565 (2000) 3; G. Buchalla et al. Rev. Mod. Phys. 68 (1996) 1125.

6. M. Ciuchini et al., Phys. Lett. B301 (1993)

263; Z. Phys. C68 (1995) 239; Nucl. Phys. B523 (1998) 501,B415 (1994) 403; hep– ph/9910237; hep–ph/0006056.

7. A. Pich, B. Guberina and E. de Rafael, Nucl. Phys. B277 (1986) 197.

8. A.J. Buras and J.-M. Gérard, Phys. Lett.

B192 (1987) 156 9. W.A. Bardeen, A.J. Buras and J.-M. Gérard, Nucl. Phys. B293 (1987) 787; Phys. Lett. B211 (1988) 343, B192 (1987) 138, B180 (1986) 133; A.J. Buras and J.-M. Gérard, Nucl. Phys. B264 (1986) 371.

10. J. Kambor, J. Missimer and D. Wyler, Nucl.

Phys. B346 (1990) 17; Phys. Lett. B261 (1991) 496; Phys. Rev. Lett. 68 (1992) 1818.

11. E. Pallante and A. Pich, Phys. Rev. Lett. 84 (2000) 2568.

12. E. Pallante and A. Pich, hep-ph/0007208. 13. E. Pallante, proceedings of QCD2000, hep– ph/0010011.

14. R. Omnès, Nuovo Cimento 8, 316 (1958);

N.I. Muskhelishvili, Singular Integral Equations, Noordhoof, Groningen, 1953; F. Guerrero and A. Pich, Phys. Lett. B 412, 382 (1997).

15. E. Pallante, A. Pich and I. Scimemi, IFIC/00– 31. 16. T. Hambye et al., hep-ph/9908232; Nucl.

Phys. B564 (2000) 391; Eur. Phys. J. C10 (1999) 271; Phys. Rev. D58 (1998) 014017.

17. J. Bijnens and J. Prades, JHEP 06 (2000) 035;

hep–ph/0010008.

18. A. Pich and E. de Rafael, Nucl. Phys. B358 (1991) 311; Phys. Lett. B374 (1996) 186.

19. M. Knecht et al., Phys. Lett. B457 (1999) 227, B433 (1998) 255; Nucl. Phys. B (proc. Suppl.) 86 (2000) 279; S. Peris and E. de Rafael, Phys. Lett. B490 (2000) 213.