Received: August 12, 2000, Accepted: August 24, 2000 Revised: August 23, 2000

HYPER VERSION

Standard Model correlations between K → πνν̄ decays and observables in B physics

Sven Bergmann and Gilad Perez

Department of Particle Physics, Weizmann Institute of Science Rehovot 76100, Israel E-mail: ftsven@wicc.weizmann.ac.il, perez@wicc.weizmann.ac.il

Abstract: Including the recent preliminary results of BaBar and BELLE experiments, we update the currently allowed intervals for various CKM parameters: ρ̄, η̄, sin 2β, sin 2α, sin^2 γ. We also update the SM prediction for the rates of the K_L → π^0νν̄ and K^+ → π^+νν̄ decays, their ratio a_{πνν̄} , as well as for certain observables related to B Physics like the CP asymmetries a_{ψKS} in B^0_d → J/ψ K_S and a_{ψϕ} in B^0_s → J/ψ ϕ or the mass differences Δm_q (q = d, s) in the B^0_q − B̄^0_q systems. We investigate the correlations between them. The strongest correlations are between (i) a_{πνν̄} and a_{ψKS} , (ii) BR(K^+ → π^+νν̄) and Δm_d/Δm_s and (iii) BR(K_L → π^0νν̄) and a_{ψϕ}. These correlations are likely to be violated in the presence of New Physics and therefore provide stringent tests of the Standard Model.

Keywords: Standard Model, Quark Masses and SM Parameters, Kaon Physics, B Physics.

Contents

1. Introduction 1

2. Observables: definitions and experimental status 2 2.1 K → πνν̄ decays 2 2.2 Neutral B system 3

3. Standard Model picture 6 3.1 K → πνν̄ decays 6 3.2 Neutral B system 8

4. Numerical analysis 9 4.1 CKM parameters 9 4.2 Individual observables 10 4.3 Correlations 10

5. Conclusions 13

1. Introduction

The CKM mixing matrix of the Standard Model (SM) provides a consistent explanation of all experimental data on quark flavor mixing and CP violation. Yet, some of its parameters have not been measured very accurately. It could well be that future experiments reveal inconsistencies and require contributions to flavor physics from New Physics. In particular, among the four Wolfenstein parameters (λ, A, ρ, η) [1] that describe the CKM matrix [2] only two have been determined with a good accuracy [3]:

λ = 0.2205 ± 0.0018 and A = 0.826 ± 0.041 , (1.1)

while the uncertainty for (ρ, η), which describe the apex of the unitarity triangle from

V_{ud}V^∗_{ub} + V_{cd}V^∗_{cb} + V_{td}V^∗_{tb} = 0 , (1.2)

is rather large. As a consequence the single CP violating phase of the SM is relatively weakly determined to be:

δ = arctan ( η ρ ) ≃ π 4 − π 2 . (1.3)

At present the only unambiguous indication for CP violation (CPV) stems from the neutral kaon system. In particular for a long time there has been evidence for CPV in mixing from the measurement of the parameter [4]:

ϵ_K = (2.280 ± 0.013) × 10^{−3} exp(iϕ_ϵ) , ϕ_ϵ ≃ π 4 . (1.4)

CPV is still to be seen for other mesons, the best candidate being the observation of a CP asymmetry in B^0_d → J/ψ K_S decays. At present the combined result [5] of the three most recent experiments, CDF [6], BaBar [7] and BELLE [8] indicates CPV at 1.75σ. Another interesting signal for CPV is the K_L → π^0νν̄ decay.

The Standard Model makes definite predictions for the rates of the K → πνν̄ decays and for the observables related to B physics like the mass differences Δm_q (q = d, s) in the B^0_q − B̄^0_q systems and the CP asymmetries in their decays. Combinations of some of these observables, i.e. the ratios Γ(K_L → π^0νν̄)/Γ(K^+ → π^+νν̄) and Δm_d/Δm_s have rather small uncertainties and therefore present excellent probes to test the SM. If future measurements determine any of these variables to lie outside the intervals predicted by the SM, this will be a clear evidence for New Physics. Moreover, since the SM predictions essentially depend only on the values of η and ρ there exist strong correlations between some of the observables. Then, even if each single observable is measured to be within its SM range, inconsistencies could still arise if correlations between various observables are violated.

This work is organized as follows: in section 2 we define the relevant set of observables and discuss their experimental status. In section 3 we present the SM predictions for these quantities in terms of ρ and η. Our discussion contains a careful translation of the relevant CKM matrix elements into the Wolfenstein parameters including corrections of order λ^2 with respect to the leading order. In section 4 we update the allowed region for (ρ, η) in order to determine the present intervals for each observable within the SM. Then we consider the correlations between the various observables or their combinations. We find particularly strong correlations between (i) the ratio a_{πνν̄} between the K_L → π^0νν̄ and K^+ → π^+νν̄ decay rates and the CP asymmetry a_{ψKS} , (ii) BR(K^+ → π^+νν̄) and Δm_d/Δm_s and (iii) BR(K_L → π^0νν̄) and a_{ψϕ}. We conclude in section 5.

2. Observables: definitions and experimental status

2.1 K → πνν̄ decays

The rare semi-leptonic decays K^+ → π^+νν̄ and K_L → π^0νν̄ contain valuable information about the underlying physics relevant to these processes. Since these decays are expected to be dominated by short distance contributions they are subject to a rather clean theoretical interpretation.

However, due to the neutrinos in the final state the K → πνν̄ decays present an experimental challenge and so far only the branching ratio (BR) of the semi-leptonic decay K^+ → π^+νν̄ has been measured with rather large uncertainty [9]

BR(K^+ → π^+νν̄) = ( 1.5^{+3.4}_{−1.2} ) × 10^{−10} . (2.1)

The detection of the K_L → π^0νν̄ decay is even more challenging: the final state has a very difficult signature since it contains no charged particles. At present we only have an upper bound on the BR [10]: BR ( K_L → π^0νν̄ ) < 5.9 × 10^{−7} (95% CL) , (2.2)

which lies about four order of magnitudes above the SM prediction. However, using isospin symmetry a model independent bound has been derived in ref. [11]: BR ( K_L → π^0νν̄ ) < 4.4 BR ( K^+_L → π^+νν̄ ) . (2.3)

Then the measurement in eq. (2.1) implies a more restrictive upper bound: BR ( K_L → π^0νν̄ ) ≲ 6.6 × 10^{−10} . (2.4)

Several experiments with the sensitivity to measure this BR at the SM level have been proposed: BNL-E926 at Brookhaven [12], KAMI collaboration at Fermilab [13] and KEK in Japan [14].

The knowledge of the above decay rates would also allow to determine their ratio a_{πνν̄} ≡ Γ(K_L → π^0νν̄) Γ(K^+ → π^+νν̄)

, (2.5)

which is relatively clean from the theoretical point of view.

2.2 Neutral B system The neutral B system has already began to be studied with improved precision by the BaBar and BELLE experiments [7, 8] and will be further studied with unprecedented precision by the BaBar, BELLE, HERA-B, CLEO-III, CDF and D0 experiments [15]. So far the mass difference Δm_q ≡ m(B^H_q ) − m(B^L_q ) between the heavy (B^H_q ) and light (B^L_q ) mass eigenstates has only been measured for the B^0_d system [16]:

Δm_d = (0.472 ± 0.017) ps^{−1} . (2.6)

For the B^0_s system, there exists only a lower bound for the mass difference [17]:

Δm_s > 14.6 ps^{−1} (95% CL) . (2.7)

It is useful to consider the ratio between the above mass differences R_{ΔmB} ≡ Δm_d Δm_s ≤ 0.035 , (2.8)

since its theoretical prediction has rather small hadronic uncertainties.

The ratio between the width difference ΔΓ_q ≡ Γ(B^H_q ) − Γ(B^L_q ) and the total

width Γ_q is known to be small for the B^0_d − B̄^0_d system [18], while it is sizeable in the

B^0_s − B̄^0_s system. A recent measurements [17] gives

ΔΓ_s

Γ_s

= 0.17^{+0.09}_{−0.10} , (2.9)

which is consistent with the SM prediction [19].

A lot of information can be gained from the time-dependent CP asymmetry of

decaying B^0_q mesons (q = d, s):

A(t)^{(q)}_{CP} ≡ Γ (¯ B^0_q (t) → f̄ ) − Γ ( B^0_q (t) → f ) Γ (¯ B^0_q (t) → f̄ ) + Γ ( B^0_q (t) → f

) , (2.10)

where B^0_q (t) and B̄^0_q (t) refer to meson eigenstates that have evolved from the inter-

action eigenstates

B^0_q = p_{Bq} B^L_q + q_{Bq} B^H_q , (2.11)

B̄^0_q = p_{Bq} B^L_q − q_{Bq} B^H_q , (2.12)

after a time t. Let us assume that there is no CPV in mixing, i.e. (q/p)_{Bq} = e^{iϕ(q)M} .

Then for decays into final CP eigenstates [CP |f⟩ = ±|f⟩] the asymmetry in eq. (2.10)

is given by

A(t)^{(q)}_{CP} = a^{dir}_{CP}(B^0_q → f) cos(Δm_qt) + a^{ind}_{CP}(B^0_q → f) sin(Δm_qt)

cosh(ΔΓ_qt/2) + a_{ΔΓ}(B^0_q → f) sinh(ΔΓ_qt/2)

. (2.13)

In eq. (2.13), we have separated the “direct” from the “mixing-induced” (due to in-

terference between mixing and decay amplitudes) CP-violating contributions, which

are described by

a^{dir}_{CP} ( B^0_q → f ) ≡ 1 − | | |λ^{(q)}_f | | |^2 1 + | |λ(q)_f | |^2 and a^{ind}_{CP} ( B^0_q → f ) ≡ 2 Im λ^{(q)}_f 1 + | |λ(q)_f | |^2 , (2.14)

where λ^{(q)}_f ≡ (q/p)_{Bq} · A(B̄^0_q (0) → f)/A(B^0_q (0) → f). Note that the observable

a_{ΔΓ} ( B^0_q → f ) ≡ 2 Re λ^{(q)}_f 1 + | |λ(q)_f | |^2 , (2.15)

is not independent of a^{dir}_{CP} and a^{ind}_{CP} due to [ a^{dir}_{CP} ( B^0_q → f )]_2 + [ a^{ind}_{CP} ( B^0_q → f )]_2 + [ a_Δ ( B^0_q → f )]_2 = 1 . (2.16)

A particularly promising decay mode is B^0_d → J/ψ K_S decay. There exist already results suggesting non-vanishing CP asymmetry in this decay [6, 7, 8, 20, 21]. Fitting the recent experimental data [6, 7, 8] to the function in eq. (2.13) in the limit where the width difference ΔΓ_d ≪ Γ_d and the asymmetry a^{dir}_{CP}(B^0_d → J/ψ K_S) ≪ 1 yields [5]

a_{ψKS} ≡ a^{ind}_{CP} ( B^0_d → J/ψ K_S ) = 0.42 ± 0.24 . (2.17)

The error of the above measurement is expected be reduced significantly in the near future.

Finally, we turn to the B^0_s decays. The B^0_s → J/ψ ϕ has a simple signature and a rather large branching fraction [3], BR(B^0_s → J/ψ ϕ) = (9.3±3.3)×10^{−4}. A complete analysis of this decay appears feasible at the LHCb, BTeV, ATLAS and CMS [15] because of the large statistics and good proper time resolution of the experiments. For decays into two vector mesons, such as B^0_s → J/ψ ϕ, it is convenient to introduce linear polarization amplitudes A_0(t), A_‖(t) and A_⊥(t). A_⊥(t) describes a CP-odd final-state configuration, while A_0(t) and A_‖(t) correspond to CP-even final-state configurations. In order to disentangle them, one has to study angular distributions of the decay products of the decay chain B^0_s → J/ψ[→ l^+l^−] ϕ[→ K^+K^−] (see ref. [22] for details). Recently preliminary results for the polarization amplitudes have been reported by the CDF collaboration [23]:

A_0 = 0.778 ± 0.090 ± 0.012 , (2.18) | |A_‖ | | = 0.407 ± 0.232 ± 0.034 , (2.19)

|A_⊥| = 0.478 ± 0.202 ± 0.040 . (2.20)

Within the approximation that ΔΓ_s ≪ Γ_s and that we can neglect a^{dir}_{CP}(B^0_s → J/ψ ϕ), the CP asymmetry in eq. (2.13) reduces to [22]

A(t)^{(s)}_{CP} = D · a_{ψ ϕ} sin(Δm_st) . (2.21)

Here D denotes the “dilution” factor given by D = 1 − D 1 + D with D ≡

|A_⊥(0)|^2 |A_0(0)|^2 + |A_‖(0)|^2

, (2.22)

and we have introduced the abbreviation a_{ψϕ} ≡ a^{ind}_{CP}(B^0_s → J/ψ ϕ). The recent measurement in (2.18) implies that D = 0.3 ± 0.4, consistent with theoretical estimates [24] (D ∼ 0.1 − 0.5), but suffering from rather large uncertainties. We stress that the uncertainty in the dilution factor D is the main obstacle for the extraction of the CP asymmetry a_{ψϕ}.

The B^0_s decays into a final CP eigenstate |f⟩, such as B^0_s → D^+_s D^−_s or J/ψ η^{(′)}, have the advantage that the CP asymmetry is not “diluted” (D = 1), which allows for a cleaner measurement of the relevant parameters. However, due to the small BR these modes have not been observed so far and their full measurement will only become possible with the second generation B physics experiments.

3. Standard Model picture

We shall discuss now the quantities introduced in the previous section within the framework of the SM. We express the various observables in terms of the extended Wolfenstein parameters [25] ρ̄ and η̄ (that contain the most significant uncertainties) and the well-known parameters λ and A [that are determined with good accuracy, see eq. (1.1)]. To this end we use the following expressions for the relevant product of the CKM matrix elements λ_i = V^∗_{is}V_{id} (i = c, t):

Re(λ_c) = −λ + 1 2 λ^3 + O ( λ^5 ) , (3.1)

Re(λ_t) = λ^5A^2(−1 + ρ̄) + 1 2 λ^7A^2 [ 1 − 3ρ̄ + 2 ( ρ̄^2 + η̄^2 )] + O ( λ^9 ) , (3.2)

Im(λ_t) = λ^5A^2η̄ ( 1 + 1 2 λ^2 ) + O ( λ^9 ) , (3.3)

which include the O(λ^2) corrections to the leading result.

3.1 K → πνν̄ decays In the SM the BR of K^+ → π^+νν̄ is predicted to be [4]:

BR(K^+ → π^+νν̄) = κ_+ · B_+(λ_c, λ_t) ,

B_+(λ_c, λ_t) ≡ [ Im λ_t λ^5 X(x_t) ]_2 + [ Re λ_c λ P_0(X) +

Re λ_t λ^5 X(x_t) ]_2

. (3.4)

In the above expression we have factored out the constant

κ_+ ≡

3α^2 r(K^+) BR (K^+ → π^0e^+ν) 2π^2 sin^4 θ_W

· λ^8 = 4.11 × 10^{−11} , (3.5)

including all well-determined parameters, i.e. α = 1 129 , sin^2 θ_W = 0.23 , BR ( K^+ → π^0e^+ν ) = 4.82 × 10^{−2} , (3.6)

and r(K^+) = 0.901 [26], which summarizes the isospin breaking correction when expressing the hadronic matrix element of K^+ → π^+νν̄ in terms of the one for K^+ → π^0e^+ν. The function B_+(λ_c, λ_t) contains the less known parameters of the theory. X(x_t) and P_0(X) represent the NLO electroweak loop contributions associated with intermediate top and charm quarks, respectively. We want to express the BR in eq. (3.4) as a function of ρ̄ and η̄. Using eqs. (3.1)–(3.3) we find that

B_+(ρ̄, η̄) = X^2(x_t)A^4 { η̄^2 + [ρ̄ − (1 + Δ)]^2 + λ^2f(ρ̄, η̄) } + O(λ^4) , (3.7)

where f(ρ̄, η̄) ≡ η̄^2 + (ρ̄ − 1 − Δ) ( 1 − 3ρ̄ + 2ρ̄^2 + 2η̄^2 + Δ ) (3.8) contains the λ^2 corrections and Δ ≡^{P0(X)}_{A2X(xt)} .

Let us turn now to the neutral kaon decay, K_L → π^0νν̄. In the SM its BR is predicted to be [4]: BR ( K_L → π^0νν̄ ) = κ_L · B_L(λ_t) , B_L(λ_t) ≡ [ Im λ_t λ^5 X(x_t) ]_2 . (3.9)

In the above expression we have factored out the constant κ_L ≡ τ(K_L) τ(K^+) · 3α^2 r(K_L) BR (K^+ → π^0e^+ν)

2π^2 sin^4 θ_W λ^8 = 1.80 × 10^{−10} , (3.10)

where r(K_L) = 0.944 [26] contains the isospin breaking correction when expressing the hadronic matrix element of K_L → π^0νν̄ in terms of the one for K^+ → π^0e^+ν. We note that the leading CP violating effect for the K^0 → π^0νν̄ decay arises from interference between mixing and decay, i.e. Im λ_K ≠ 0, where λ_K ≡ (q/p)_K · (Ā/A)_K , while contributions to CPV in mixing (|q/p| ≠ 1) and decay (|Ā/A| ≠ 1) are of order O(10^{−3}) and therefore negligible. Also note that the phase from (q/p)_K is of order O(λ^4) in our parameterization and therefore suppressed in eq. (3.9).

The function B_L(λ_t) contains the less known parameter of the theory, i.e. Im λ_t. Note that to an excellent approximation [27] K_L → π^0νν̄ is a purely CP violating process [28]. As a consequence its rate would vanish in the limit of a real CKM matrix as can be seen from eq. (3.9). This is also manifest when expressing B_L(λ_t) in terms of the Wolfenstein parameters:

B_L(η̄) = X^2(x_t)A^4 · η̄^2(1 + λ^2) + O(λ^4) . (3.11)

From eq. (3.11) it follows that BR(K_L → π^0νν̄) is proportional to the height squared of the unitarity triangle, which is a direct measure of CPV.

The SM expression for the ratio a_{πνν̄} between the two decay rates, defined in eq. (2.5), follows immediately from eq. (3.4) and eq. (3.9): a_{πνν̄} = r(K_L) r(K^+) · (Im λ_t)^2

(Im λ_t)^2 + (_{λ4P0(X)} X(x_t) Re λc + Re λt

)_2 , (3.12)

where we have factored out the isospin correction factor^{r(KL)}_{r(K+)} = 1.048 [26]. In terms of the Wolfenstein parameters ρ̄ and η̄ we have [11] a_{πνν̄} (ρ̄, η̄) = r(K_L) r(K^+)

· sin^2 θ , (3.13)

sin^2 θ ≡

B_L(η̄) B_+(ρ̄, η̄) = η̄^2 η̄^2 + [ρ̄ − (1 + Δ)]^2 [ 1 + λ^2g(ρ̄, η̄) ] + O(λ^4) , (3.14)

where g(ρ̄, η̄) ≡ 1 − f(ρ̄, η̄) η̄^2 + [ρ̄ − (1 + Δ)]^2

(3.15)

contains the λ^2 corrections.

3.2 Neutral B system The ratio R_{ΔmB} between the mass differences Δm_d and Δm_s, defined in eq. (2.8), takes the following value in the SM [29, 30]:

R_{ΔmB} = ξ^{−2} m_{Bd} m_{Bs} | | |V^{td} V_{ts} | | |^2 (3.16)

= ξ^{−2} m_{Bd} m_{Bs} λ^2 [ η̄^2 + (ρ̄ − 1)^2 ] [ 1 + λ^2(1 − 2ρ̄) ] + O(λ^4) , (3.17)

where the ratio of the B^0_d and B^0_s masses is m_{Bd} /m_{Bs} = 0.985 [3] and the hadronic parameter ξ ≡ f_{Bs} /f_{Bd} · √ B_{Bs} /B_{Bd} approaches unity in the limit of SU(3) flavor symmetry. We use ξ = 1.14 ± 0.08 , as estimated from lattice calculations [4, 29, 31].

Within the SM the CP asymmetry A(t)^{(d)}_{CP} in the B^0_d → J/ψ K_S decays, defined in eq. (2.10), is known to provide an accurate measurement of the angle β of the unitarity triangle. This is because ΔΓ_d ≪ Γ_d, such that the denominator in eq. (2.13) is unity to a very good approximation. Moreover, within the SM, B^0_d → J/ψ K_S is dominated by the tree-level diagram while penguin contributions are non significant, such that one can neglect direct CP violation and set a^{dir}_{CP}(B^0_d → J/ψ K_S ) = 0. Then eq. (2.13) reduces to

A(t)^{(d)}_{CP} = a^{ind}_{CP} ( B^0_d → J/ψ K_S ) sin(Δm_d t) , (3.18)

and the measurement quoted in eq. (2.17) determines [32]:

a_{ψKS} = Im ( V^∗_{tb}V_{td}V_{cb}V^∗_{cd} V_{tb}V^∗_{td}V^∗_{cb}V_{cd} ) = sin 2β . (3.19)

In terms of the extended Wolfenstein parameters we have a_{ψKS} = 2η̄(1 − ρ̄) η̄^2 + (ρ̄ − 1)^2

+ O(λ^4) . (3.20)

Note that corrections to the expression in eq. (3.20) only appear at O (λ^4).

Finally, we turn to the SM prediction for the B^0_s decays. Let us discuss first the B^0_s decay into a final CP eigenstate |f⟩, such as D^+_s D^−_s or J/ψ η^{(′)}. According to eq. (2.9) the width difference ΔΓ_s is likely to be sizeable such that the a_{ΔΓ}(B^0_s → f) term in eq. (2.13) could be significant. Moreover, neglecting a^{dir}_{CP}(B^0_s → f) is a less safe assumption for B^0_s decays than for the B^0_d decays, since in the SM the subleading penguin contributions could be as large as 10% [33]. For simplicity we assume that the issue of how to extract a^{ind}_{CP}(B^0_s → f) with sufficient accuracy will eventually be resolved. Then it is straightforward to use the SM prediction [33]

a^{ind}_{CP} ( B^0_s → f ) = Im ( V^∗_{tb}V_{ts}V_{cb}V^∗_{cs} V_{tb}V^∗_{ts}V^∗_{cb}V_{cs} ) ≡ sin 2β_s (3.21)

= 2λ^2η̄ [ 1 + 1 2 λ^2(1 − 2ρ̄) ] + O(λ^4) (3.22)

in order to extract the Wolfenstein parameters ρ̄ and η̄.

At present the most promising candidate to measure β_s is the B^0_s → J/ψ ϕ decay. The most significant obstacle in extracting β_s from a_{ψ ϕ} is due to the uncertainty of the “dilution” factor D in eq. (2.22), but eventually it should be possible to measure and/or predict D with sufficient accuracy. Then a calculation of the penguin contributions would be particularly important for a theoretically clean extraction of β_s.

4. Numerical analysis

In this section we present the numerical Parameter Value a_{ψKS} 0.42 ± 0.24 R_u 0.39 ± 0.07 V_{td} [7.0, 9.3] 10^{−3} V_{cb} 0.040 ± 0.002 Δm_d (0.471 ± 0.016) ps^{−1} Δm_{Bs} > 14.6 ps^{−1} η_2 0.57 ± 0.01 η_X 0.994 ξ 1.14 ± 0.08 P_0(ϵ) 0.31 ± 0.05 P_0(X) 0.42 ± 0.06 m_t (165 ± 5) GeV A 0.826 ± 0.041 λ 0.22 Δ 0.31 − 0.54

Table 1: Input values results of our analysis. Having expressed all the relevant quantities in terms of ρ̄ and η̄, we only need to obtain the allowed region for these two parameters in order to predict the SM values for the observables under study. The procedure of how to determine the relevant parameter space for the two Wolfenstein parameters ρ̄ and η̄ is well-known (for details see refs. [34, 4]). Using the updated input parameters in table 1 yields the allowed region shown in figure 1. It is determined by (a) the measurement of |V_{ub}/V_{cb}| (corresponding to the dashed circles), (b) the observed B^0_d − B̄^0_d mixing parameter Δm_d (corresponding to the dotted circles), (c) the upper bound on the B^0_s − B̄^0_s mixing parameter Δm_s (which corresponds to the dasheddotted circle), (d) the measurement of ϵ_K (corresponding to the solid hyperbolae) and (e) the combined result of the CDF, BELLE and BaBar measurements of a_{ψKS} (thick grey lines). Note that for simplicity we naively combined the above mentioned constraints in order to determine the allowed region, which is sufficient for the purposes of this work. (For a more accurate analysis using a χ^2 fit, see ref. [35].)

4.1 CKM parameters

A scan over the presently allowed region in the (ρ̄, η̄) plane (the grey area in figure 1) yields the following intervals for the CKM parameters:

ρ̄ ∈ [0.004, 0.27] , η̄ ∈ [0.26, 0.37] . (4.1)

Equation (4.1) yields an allowed range for δ, the CP violating phase of the SM:

δ = arctan ( η ρ ) ≃ 45^o − 89^o . (4.2)

For completeness we also update the allowed intervals for the angles of the unitary triangle:

sin 2α ∈ [−0.74, 0.57] , (4.3) sin 2β ∈ [0.58, 0.66] , (4.4) sin^2 γ ∈ [0.51, 1.0] , (4.5) with α = − arg(^{VtdV ∗tb}_{VudV} ∗_{ub} ) and γ = π − α − β. 4.2 Individual observables

The scan over the gray region in the (ρ̄, η̄) plane (figure 1) yields the following allowed intervals: BR ( K^+ → π^+νν̄ ) ∈ [5.43, 9.96] × 10^{−11} , (4.6) BR ( K_L → π^0νν̄ ) ∈ [0.98, 3.47] × 10^{−11} , (4.7) a_{πνν̄} ∈ [0.040, 0.087] . (4.8)

Similarly, a scan over allowed region in the (ρ̄, η̄) plane for the observables in the B^0_q − B̄^0_q systems yields

R_{ΔmB} ∈ [0.020, 0.035] , (4.9) a_{ψKS} ∈ [0.58, 0.66] , (4.10) a_{ψϕ} ∈ [0.016, 0.056] . (4.11)

4.3 Correlations

So far we have only determined the allowed intervals for each of the different variables under study. Additional constraints arise when considering the correlations between these variables. Since, within SM, all the observables are essentially functions of two variables, i.e. ρ̄ and η̄, in general they are not independent from each other. Then plotting the allowed region in the parameter space of any pair of observables does not result into the rectangle corresponding to the product of the individual intervals determined above, but only to some subspace of this area.

As an example consider the correlation between the ratio a_{πνν̄} defined in eq. (2.5) and the parameter a_{ψKS} that describes the CP asymmetry in B^0_d → J/ψ K_S decays [36, 37, 38], c.f. eqs. (2.17) and (3.19). Recall the SM predictions that a_{ψKS} = sin 2β and that a_{πνν̄} = 1.048 sin^2 θ. If the contribution from the c quark in eq. (3.4) were negligible, i.e. Δ = 0, then to the lowest order in λ, the angle θ would coincide with the angle β of the unitarity triangle. However, since Δ ∼ 0.4, this relation is

η̄

ρ̄ Figure 1: Determination of the apex (ρ̄, η̄) of the unitarity triangle: the grey region is the presently allowed region, which is determined by (a) the measurement of |V_{ub}/V_{cb}| (corresponding to the dashed circles), (b) the observed B^0_d − B̄^0_d mixing parameter Δm_d (corresponding to the dotted circles), (c) the upper bound on the B^0_s − B̄^0_s mixing parameter Δm_s (which corresponds to the dashed-dotted circle), (d) the measurement of ϵ_K (corresponding to the solid hyperbolae) and (e) the combined result of the CDF, BELLE and BaBar measurements of a_{ψKS} (thick grey lines).

somewhat distorted. This can be seen in figure 2, where the SM relation between a_{πνν̄} and a_{ψKS} is shown for the input parameters in table 1. The solid curves displays a_{πνν̄} as a function of a_{ψKS} for Δ = λ = 0. Only in this case there is a one-to-one correspondence between sin 2β and sin^2 θ = (1 − √ 1 − sin^2 2β)/2. A scan over the presently allowed region in the (ρ̄, η̄) plane (see figure 1) yields the dark area in the a_{ψKS} − a_{πνν̄} plane, when taking the central value of Δ. This region is “smeared” to the light area when scanning over all possible values for Δ. In figure 3 the correlation region in the a_{ψKS} − a_{πνν̄} plane is magnified.

Similarly any pair of observables that functionally depend on each other to a good approximation, is expected to be strongly correlated. Then it follows, that the best remaining candidates for strong correlations are BR(K_L → π^0νν̄) vs a_{ψϕ} and BR(K^+ → π^+νν̄) vs R_{ΔmB} [30]. To leading order in λ and in the limit where Δ → 0 both BR(K^+ → π^+νν̄) and R_{ΔmB} are proportional to η̄^2 +(ρ̄−1)^2. Therefore it is not surprising that there is a rather strong correlation between these two observables as can be seen from the dark narrow band in figure 4, which corresponds to the central values for the various parameters appearing in the prefactors for both observables. However varying these parameters within their allowed region, significantly enlarges the valid parameter space in the R_{ΔmB} − BR(K^+ → π^+νν̄) plane, yielding the light area in figure 4.

a_{πνν̄}

a_{ψKS} Figure 2: Relation between a_{πνν̄} and a_{ψKS} in the SM: the solid curves displays a_{πνν̄} (a_{ψKS} ) for Δ = 0. Only in this case there is a one-to-one correspondence between a_{πνν̄} and a_{ψKS} . A scan over the presently allowed region in the (ρ̄, η̄) plane (see figure 1) yields the dark area in the a_{ψKS} − a_{πνν̄} plane, when taking the central value Δ = 0.425. The light region corresponds to the interval Δ ∈ [0.31, 0.54]. a_{πνν̄}

a_{ψKS} Figure 3: Relation between a_{πνν̄} and a_{ψKS} in the SM. Taking Δ = 0.425 yields the dark area in the a_{ψKS} −a_{πνν̄} plane. The light region corresponds to the interval Δ ∈ [0.31, 0.54].

BR(K^+ → π^+νν̄) × 10^{11}

R_{ΔmB} Figure 4: Relation between BR(K^+ → π^+νν̄) and R_{ΔmB} in the SM: a scan over the presently allowed region for (ρ̄, η̄) (c.f. figure 1) yields the dark (light) region in the R_{ΔmB} − BR(K^+ → π^+νν̄) plane for the central values (total intervals) of the parameters X^2(x_t), A, Δ and ξ.

To leading order in λ both BR(K_L → π^0νν̄) and sin 2β_s depend just on η̄. Only the NLO correction in λ introduces some η̄ dependence in sin 2β_s. As we have mentioned in section 3 it is non trivial to extract the value of sin 2β_s from the time-dependent asymmetry a^{ind}_{CP}(B^0_s → f). To be explicit, we show in figure 5 the correlation between BR(K_L → π^0νν̄) and a_{ψϕ}, but allow for a large uncertainty in the “dilution” factor D = (1 − D)/(1 + D). Indeed, for the central value D = 0.3 there is a strong correlation between BR(K_L → π^0νν̄) and a_{ψϕ} corresponding to the dark narrow band. However, due to the present ignorance of the precise value of D we need to scan over a rather large interval (D ∈ [0.1, 0.5]) which introduces a significant smearing resulting in the light area in figure 5.

Examining explicitly all the remaining pairs of the observables we found that they are less correlated than the three pairs discussed above. Nevertheless, combining quantities with rather small uncertainties, i.e. BR(K_L → π^0νν̄) vs a_{ψKS} (figure 6) and BR(K_L → π^0νν̄) vs R_{ΔmB} (figure 7) is still useful, since the forbidden (white) regions in the respective parameter spaces are sizable.

5. Conclusions

We have studied a set of variables related to K → πνν̄ decays and observables of the B^0_d − B̄^0_d and B^0_s − B̄^0_s systems, which have been observed already (with large uncertainties) or will be measured soon. We have focused on the SM predictions

a_{ψϕ}

BR(K_L → π^0νν̄) × 10^{11}

Figure 5: Relation between a_{ψϕ} and BR(K_L → π^0νν̄) in the SM: a scan over the presently allowed region for (ρ̄, η̄) (c.f. figure 1) yields the dark (light) region in the BR(K_L → π^0νν̄) − a_{ψϕ} plane for the central values (total intervals) of the parameters X^2(x_t), A, ξ and D.

BR(K_L → π^0νν̄) × 10^{11} a_{ψKS} Figure 6: Relation between BR(K_L → π^0νν̄) and a_{ψKS} in the SM: a scan over the presently allowed region for (ρ̄, η̄) (c.f. figure 1) yields the dark (light) region in the a_{ψKS} − BR(K_L → π^0νν̄) plane for the central values (total intervals) of the parameters X^2(x_t) and A.

BR(K_L → π^0νν̄) × 10^{11}

R_{ΔmB} Figure 7: Relation between BR(K_L → π^0νν̄) and R_{ΔmB} in the SM: a scan over the presently allowed region for (ρ̄, η̄) (c.f. figure 1) yields the dark (light) region in the R_{ΔmB} − BR(K_L → π^0νν̄) plane for the central values (total intervals) of the parameters ξ, X^2(x_t) and A.

both for the individual intervals as well as the correlations between these variables. The latter significantly improve the ability to test the SM predictions: even if future measurements would be consistent with the individual intervals for the various quantities, combining two (or more measurements) can easily reveal inconsistencies of the CKM picture, which call for New Physics. Particularly strong correlations exist between between (i) a_{πνν̄} and a_{ψKS} , (ii) BR(K^+ → π^+νν̄) and Δm_B /Δm_{Bs} and (iii) BR(K_L → π^0νν̄) and a^{ind}_{CP}(B^0_s → f). These correlations are likely to be violated in the presence of New Physics and therefore provide excellent tests of the Standard Model.

Acknowledgments

We thank Y. Nir for helpful discussions and comments on the manuscript.

References

[1] L. Wolfenstein, Parametrization of the Kobayashi-Maskawa matrix, Phys. Rev. Lett.

51 (1983) 1945.

[2] N. Cabibbo, Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10 (1963) 531.

[3] Particle Data Group, Review of particle physics, Eur. Phys. J. C 3 (1998) 1.

[4] A.J. Buras, CP-violation and rare decays of K and B mesons, hep-ph/9905437.

[5] G. Eyal, Y. Nir and G. Perez, Implications of a small CP asymmetry in B → ψK_S , J. High Energy Phys. 08 (2000) 028 [hep-ph/0008009].

[6] 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].

[7] D. Hitlin, BaBar collaboration, plenary talk in ICHEP 2000, Osaka, Japan, July 31, 2000, SLAC-PUB-8540.

[8] H. Aihara, BELLE collaboration, plenary talk in ICHEP 2000, Osaka, Japan, July 31, 2000.

[9] E787 collaboration, Further search for the decay K^+ → π^+νν̄, Phys. Rev. Lett. 84 (2000) 3768 [hep-ex/0002015].

[10] The E799-II/KTeV collaboration, Search for the decay K_L → π^0νν̄ using π^0 → e^+e^−γ, Phys. Rev. D 61 (2000) 072006 [hep-ex/9907014].

[11] Y. Grossman and Y. Nir, K_L → π^0νν̄ beyond the standard model, Phys. Lett. B 398 (1997) 163 [hep-ph/9701313].

[12] L. Littenberg and J. Sandweiss, eds., AGS-2000, Experiments for the 21st century, BNL 52512;

D. Bryman, K_L → π^0νν̄ at BNL, in Proc. of FCNC97, D.B. Cline ed., World Scientific, Singapore 1997.

[13] KAMI collaboration, An expression of interest to detect and measure the direct CPviolating decay K_L → π^0νν̄ and other rare decays at fermilab using the main injector,

hep-ex/9709026;

T. Nakaya, Search for K_L → π^0νν̄ at FNAL KTEV, in Proc. of FCNC97, D.B. Cline ed., World Scientific, Singapore 1997.

[14] T. Inagaki, A K_L → π^0νν̄ experiment at KEK, in Proc. of FCNC97, D.B. Cline ed., World Scientific, Singapore 1997.

[15] A recent experimental review can be found in: P. Eerola, Beauty ’99 conference summary, Nucl. Instrum. Meth. A446 (2000) 384 [hep-ex/9910067].

[16] We use the average value proposed for the PDG 2000 available at

http://lepbosc.web.cern.ch/LEPBOSC/combined results/PDG 2000.

[17] O. Schneider, Heavy flavour physics results from LEP 1, hep-ex/0006006.

[18] I.I. Bigi et al., in CP violation, C. Jarlskog ed., World Scientific, Singapore 1992.

[19] D. Becirevic et al., A theoretical prediction of the B_s meson lifetime difference,

hep-ph/0006135. M. Beneke, G. Buchalla, C. Greub, A. Lenz and U. Nierste, Next-

to-leading order QCD corrections to the lifetime difference of B_s mesons, Phys. Lett.

B 459 (1999) 631 [hep-ph/9808385];

S. Hashimoto et al., Renormalization of the ΔB = 2 four-quark operators in lattice NRQCD, hep-lat/0004022.

[20] OPAL collaboration, K. Ackerstaff et al., Investigation of CP-violation in B^0 → J/ψK^0_S decays at LEP, Eur. Phys. J. C 5 (1998) 379 [hep-ex/9801022].

[21] ALEPH collaboration, Study of the CP asymmetry of B → J/ψK_S decay in ALEPH, preprint ALEPH 99-099.

[22] A.S. Dighe, I. Dunietz and R. Fleischer, Extracting CKM phases and B_s-B̄_s mixing parameters from angular distributions of non-leptonic B decays, Eur. Phys. J. C 6 (1999) 647 [hep-ph/9804253];

A.S. Dighe, I. Dunietz, H.J. Lipkin and J.L. Rosner, Angular distributions and lifetime differences in B_s → J/ψϕ decays, Phys. Lett. B 369 (1996) 144 [hep-ph/9511363].

[23] CDF collaboration, Two recent results on B physics from CDF, hep-ex/9906029.

[24] P. Ball and V.M. Braun, Exclusive semileptonic and rare B meson decays in QCD, Phys. Rev. D 58 (1998) 094016 [hep-ph/9805422].

[25] A.J. Buras, M.E. Lautenbacher and G. Ostermaier, Waiting for the top quark mass, K^+ → π^+νν̄, B^0_s -B̄^0_s mixing and CP asymmetries in B decays, Phys. Rev. D 50 (1994) 3433 [hep-ph/9403384].

[26] W.J. Marciano and Z. Parsa, Rare kaon decays with ‘missing energy’, Phys. Rev. D 53 (1996) 1.

[27] L.S. Littenberg, The CP-violating dacay K^0_L → π^0νν̄, Phys. Rev. D 39 (1989) 3322;

G. Buchalla and A.J. Buras, QCD corrections to rare K and B decays for arbitrary top quark mass, Nucl. Phys. B 400 (1993) 225.

[28] G. Buchalla and G. Isidori, The CP conserving contribution to K_L → π^0νν̄ in the standard model, Phys. Lett. B 440 (1998) 170 [hep-ph/9806501]; G. Perez, Implications of neutrino masses on the K_L → π^0νν̄ decay, J. High Energy Phys. 09 (1999) 019 [hep-ph/9907205]; The K_L → π^0νν̄ decay in models of extended scalar sector, J. High Energy Phys. 02 (2000) 043 [hep-ph/0001037].

[29] A.F. Falk, B decays, the unitarity triangle and the universe, hep-ph/9908520.

[30] G. Buchalla and A.J. Buras, The rare decays K → πνν̄, B → Xνν̄ and B → l^+l^−:

an update, Nucl. Phys. B 548 (1999) 309 [hep-ph/9901288].

[31] For a review of lattice QCD see, e.g.: S.R. Sharpe, Progress in lattice gauge theory,

hep-lat/9811006.

[32] Y. Nir and H.R. Quinn, CP violation in B physics, Ann. Rev. Nucl. Part. Sci. 42 (1992) 211.

[33] R. Fleischer, CP-violation and the role of electroweak penguins in non-leptonic B decays, Int. J. Mod. Phys. A 12 (1997) 2459 [hep-ph/9612446];

P. Ball and R. Fleischer, An analysis of B_s decays in the left-right symmetric model with spontaneous CP-violation, Phys. Lett. B 475 (2000) 111 [hep-ph/9912319].

[34] The BaBar physics book (SLAC–R–504), chapter 14, available at:

http://www.slac.stanford.edu/pubs/slacreports/slac-r-504.html.

[35] S. Plaszczynski and M.-H. Schune, Overall determination of the CKM matrix,

hep-ph/9911280;

Y. Grossman, Y. Nir, S. Plaszczynski and M.-H. Schune, Implications of the Fleischer- Mannel bound, Nucl. Phys. B 511 (1998) 69 [hep-ph/9709288].

[36] G. Buchalla and A.J. Buras, sin 2β from K → π neutrino anti-neutrino, Phys. Lett.

B 333 (1994) 221 [hep-ph/9405259].

[37] G. Buchalla and A.J. Buras, K → πνν̄ and high precision determinations of the CKM matrix, Phys. Rev. D 54 (1996) 6782 [hep-ph/9607447].

[38] Y. Nir and M.P. Worah, Probing the flavor and CP structure of supersymmetric models with K → πνν̄ decays, Phys. Lett. B 423 (1998) 319 [hep-ph/9711215].