arXiv:hep-ph/0404009 v2 12 Jun 2004

UdeM-GPP-TH-04-120, McGill 07/04, UAB-FT-558

Testing the Standard Model with B^0_s → K^+K^− Decays

David London Physics Department, McGill University, 3600 University St., Montréal QC, Canada H3A 2T8; Laboratoire René J.-A. Lévesque, Université de Montréal, C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 3J7

Joaquim Matias IFAE, Universitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona, Spain (Dated: June 12, 2004)

In the limit of flavor SU(3) symmetry, the amplitudes for B^0_d → π^+π^− and B^0_s → K^+K^− are related to one another. Taking the values of the weak phases β and γ from independent measurements, the ratio R^s_d ≡ BR(B^0_s → K^+K^−)/BR(B^0_d → π^+π^− ) and the two B^0_d → π^+ π^− CP asymmetries Adir and Amix depend on only two quantities. By measuring these three observables, one can test for the presence of physics beyond the standard model. In this paper, using present data, and including theoretical uncertainties due to SU(3) breaking, we perform such an analysis. The experimental errors are still very large, but with improved measurements from Babar, Belle and CDF this will be a useful method to search for new physics.

PACS numbers: 13.20.He, 12.60.-i, 11.30.Cp, 12.15.Ff

At present, we do not have reliable theoretical computations of individual B decay rates. For example, calculations within QCD factorization [1] predict BR(B^0 → π^+π^−) to be larger, and BR(B^0 → π^0π^0) smaller, than what is found experimentally [2]. This may imply the presence of physics beyond the standard model (SM), or there might be a problem with QCD factorization. Indeed, in Ref. [3], it is argued that new physics is unnecessary. Rather, large nonfactorizable effects can account for the experimental branching ratios. On the other hand, calculations within soft-collinear effective theory yield B → ππ branching ratios which are consistent with the data [4] without invoking nonfactorizable effects of the type discussed in Ref. [3].

This brief discussion underscores the fact that the calculation of rates for individual B decays is very difficult. If one wishes to search for new physics, it is better to look at ratios of decay rates. If, due to some symmetry, the ratio of two rates is exactly predicted in the SM, then any deviation from this prediction would be a clear signal of physics beyond the SM.

It is therefore natural to try to relate B^0 → π^+π^− to another decay using flavor SU(3) symmetry. The obvious partner decay is B^0 → K^+π^− [5]. In terms of diagrams, the amplitudes for these two processes are [6] A(B^0_d → π^+π^−) = −T − P − E − P A − 2 3 P^C_{EW} , A(B^0_d → K^+π^−) = −T^′ − P^′ − 2 3 P^{′C}_{EW} . (1) In the above, the amplitudes are written in terms of a color-favored tree amplitude T , a gluonic penguin amplitude P , an exchange amplitude E, a penguin annihilation amplitude P A, and a color-suppressed electroweak penguin amplitude P^C_{EW} . For b̄ → d̄uū (B^0 → π^+π^−) and b̄ → s̄uū (B0 → K+π−), we write the diagrams with no primes and primes, respectively. If one assumes that the spectator quark plays no role in the decay, then the nonfactorizable contributions E and P A are negligible. In this case, the various contributions to the two amplitudes are equal, apart from elements of the Cabibbo- Kobayashi-Maskawa (CKM) matrix. However, the neglect of E and P A is problematic. If nonfactorizable effects do indeed play an important role in B^0 → π^+π^− [3], then the SU(3) relations between the B^0 → π^+π^− and B^0 → K^+π^− amplitudes are invalidated.

Naive estimates of P and P A put them at <∼ 5% of the dominant contributions [6]. However, their size is really an experimental question. Some decays (e.g. B^0_d → D^+_s D^−_s , B^0_d → K^+K^−, B^0_s → π^+π^−, etc.) proceed mainly through exchange-type interactions involving the spectator quark. The measurement of these rates will provide an estimate of the size of exchange-type contributions.

Because of the uncertainty about nonfactorizable effects, a better partner decay is B^0_s → K^+K^−. Its amplitude is

A(B^0_s → K^+K^−) = −T^′ − P^′ − E^′ − P A^′ − 2 3 P^{′C}_{EW} . (2) Thus, even including nonfactorizable effects, the amplitude for this decay is related by SU(3) (U-spin) to that for B^0_d → π^+π^− [7]. It is therefore possible to relate observables measured in one decay to those in the other decay. The only theoretical uncertainty is the breaking of SU(3) [7, 8].

The idea of relating the amplitudes of B^0_d → π^+π^− and B^0_s → K^+K^− via SU(3) is not new. It has been used in Refs. [3, 7, 9, 10, 11] to relate observables in the two decays. In particular, the CP asymmetries in B^0_s (t) → K^+K^− can be written in terms of the same parameters that appear in the CP asymmetries for

B^0_d (t) → π^+π^− (up to SU(3)-breaking effects [7, 8]). In the present paper we note that the branching ratio (BR) for B^0_s → K^+K^− can be written in terms of the observables found in B^0_d (t) → π^+π^−. Thus, the measurements of the BR and CP asymmetries in B^0_d (t) → π^+π^− and the BR for B^0_s → K^+K^− provide a straightforward consistency check of the SM. Furthermore, all four of these quantities have already been measured so that it is possible to apply this test now. (Unfortunately, as we will see, because of the large experimental errors, no firm conclusions can be drawn at present.)

Within the SM, the decay B^0_d → π^+π^− receives charged-current contributions, proportional to V^∗_{ub}V_{ud}, and penguin contributions V^∗_{ub}V_{ud}P_u + V^∗_{cb}V_{cd}P_c + V^∗_{tb}V_{td}P_t. (The charged-current term includes the T and E diagrams of Eq. (1). Similarly, the penguin term includes P , P A and P^C_{EW} .) Using CKM unitarity to eliminate P_t, the penguin contributions become V^∗_{ub}V_{ud}(P_u − P_t) + V^∗_{cb}V_{cd}(P_c − P_t). The amplitude for B^0_d → π^+π^− can then be written [7]

A(B^0_d → π^+π^−) = V^∗_{ub}V_{ud}(A^u_{CC} + A^{ut}_{pen}) + V^∗_{cb}V_{cd}A^{ct}_{pen} = C ( e^{iγ} − de^{iθ} ) , (3)

where A^{it}_{pen} ≡ P_i − P_t (i = u, c), γ is a CP phase [12], and C ≡ |V^∗_{ub}V_{ud}| ( A^u_{CC} + A^{ut}_{pen} ) , de^{iθ} ≡ 1 R_b ( A^{ct}_{pen} A^u_{CC} + A^{ut}_{pen} ) , (4)

with R_b = |(V^∗_{ub}V_{ud})/(V^∗_{cb}V_{cd})|. In the above, θ is the relative strong phase between A^{ct}_{pen} and (A^u_{CC} + A^{ut}_{pen}), and C contains a strong phase. The amplitude for B^0_d → π^+π^− can be obtained from Eq. (3) by changing the sign of γ:

A(B^0_d → π^+π^−) = C ( e^{−iγ} − de^{iθ} ) . (5)

There are both direct and mixing-induced CP asymmetries in B^0_d (t) → π^+π^−. Defining

A^{+−}(t) =

Γ(B^0_d (t) → π^+π^−) − Γ(B^0_d (t) → π^+π^−) Γ(B^0_d (t) → π^+π^−) + Γ(B^0_d (t) → π^+π^−) = A_{dir} cos ΔM t + A_{mix} sin ΔM t , (6)

we have A_{dir} = − 2d sin θ sin γ 1 − 2d cos θ cos γ + d^2

, (7) A_{mix} = sin(ϕ_d + 2γ) − 2d cos θ sin(ϕ_d + γ) + d^2 sin ϕ_d 1 − 2d cos θ cos γ + d^2 , where ϕ_d is the phase of B^0_d –B^0_d mixing.

The decay B^0_d → π^+π^− is related to B^0_s → K^+K^− by flavor SU(3). That is, we can write [7]

A(B^0_s → K^+K^−) = | | | V_{us} V_{ud} | | | C^′ ( e^{iγ} + | | | V_{cs}V_{ud} V_{us}V_{cd} | | | d^′e^{iθ} ′ ) , (8) where C^′ ≡ |V^∗_{ub}V_{ud}| ( A^{′u}_{CC} + A^{′ut}_{pen} ) , d^′e^{iθ′} ≡ 1 R_b ( A^{′ct}_{pen} A^{′u}_{CC} + A^{′ut}_{pen} ) . (9)

In the SU(3) limit, we have C = C^′ , de^{iθ} = d^′e^{iθ′} . (10) Thus, observables in the decay B^0_s → K^+K^− are related to observables in B^0 → π^+π^−. (Of course, SU(3)- breaking effects must also be taken into account. We do this below.)

We now define the ratio of BR’s for B^0_s → K^+K^− and B^0_d → π^+π^−: R^s_d ≡ ⟨BR(B_s → K^+K^−)⟩ ⟨BR(B_d → π^+π^−)⟩ , (11)

where the symbol ⟨...⟩ indicates an average over B^0 and B̄0 decays. In terms of theoretical parameters, this ratio is given by

R^s_d = 1 ϵ | | | | C^′ C | | | | 2 ϵ^2 + 2ϵd^′ cos θ^′ cos γ + d^{′2} 1 − 2d cos θ cos γ + d^2 f_{P S} . (12)

where ϵ = λ^2/(1−λ^2) and λ = 0.22 is the Cabibbo angle. The quantity

f_{P S} = M_{Bd} M_{Bs} × τ_{Bs} τ_{Bd} × ϕ(M_K /M_{Bs}, M_K/M_{Bs}) ϕ(M_π /M_{Bd}, M_π/M_{Bd}) (13)

is a (known) phase-space factor (see [7, 10]), which takes value f_{P S} = 0.92. (The experimental quantity R^s_d is related to the theoretical quantity H of Ref. [7].)

In the SU(3) limit, the three observables A_{dir}, A_{mix} and R^s_d all depend on the four theoretical parameters d, θ, ϕ_d and γ. However, ϕ_d has been measured through CP violation in B^0_d (t) → J/ψK_S and, assuming the SM, we can take the value of γ from independent measurements. Then knowledge of two measurements allows us to predict the third. We can then compare this prediction with the experimental measurement to see if it is consistent. (Equivalently, we can solve for d, θ and γ using the three observables. We can then check for consistency by comparing the value of γ with that obtained elsewhere.)

Note that, if an inconsistency is found, this analysis does not pinpoint the origin of the physics beyond the SM. There are several places in which this new physics could enter: the extractions of ϕ_d or γ, or the amplitudes for B^0 → ππ or B^0_s → K^+K^−. If a discrepancy is found, further experimental tests will be necessary to identify the new physics.

It is possible to explicitly write R^s_d in terms of A_{dir} and A_{mix} [10], but the analytic expression is not terribly illuminating. It is better to use figures to give the reader a sense of what the relation between A_{dir} , A_{mix} and R^s_d looks like.

We first assume perfect SU(3) symmetry, with one exception. The ratio |C^′/C| has recently been calculated using QCD sum rules [13]: | | | C^′ C | | | = 1.76^{+0.15}_{−0.17} . (14)

We take |C^′/C| = 1.76 (with no error). The measurement of CP violation in B^0_d (t) → J/ψK_S gives sin ϕ_d = 0.73 ± 0.05 [12]. We take ϕ_d = 2β = 47^∘. (If ϕ_d = 133^∘ is taken, this would already be evidence for physics beyond the SM [14].) We also assume γ = 65^∘, which is the value preferred by independent measurements (ϵ_K , V_{cb}, |V_{ub}/V_{cb}|, etc.) [15].

In Fig. 1a we present the (correlated) allowed values of R^s_d and A_{dir} , for various values of A_{mix}. Fig. 1b is similar, but with A_{dir} ↔ A_{mix}. In both cases, the values of the CP asymmetries respect [16]

A^2_{dir} + A^2_{mix} ≤ 1 . (15)

From these figures, one sees that the equation relating A_{dir} , A_{mix} and R^s_d is independent of the sign of A_{dir} , but not of A_{mix}. Note also that this is a bi-value relation: for given values of A_{dir} and A_{mix}, there are two possibilities for R^s_d. This will be important when we add errors below. Finally, in Fig. 1c, we show the (correlated) allowed values of A_{dir} and A_{mix}, for various values of R^s_d.

Of course, there are errors on the input value of γ. We take γ = (65 ± 7)^∘ [15]. (However, we still assume that 2β = 47^∘, with no error.) We also include the error on the SU(3)-breaking quantity |C^′/C| [Eq. (14)]. There is also SU(3) breaking in comparing d and d^′, and θ and θ^′. We assume d^′/d = 1.0 ± 0.2, and θ^′ − θ = 0^∘ ± 40^∘ [17]. Normally, theoretical errors imply that the true value lies somewhere in the “1σ” range. Thus, in our numerical analysis, we allow the various quantities to take any values in the following ranges: 58^∘ ≤ γ ≤ 72^∘, 1.49 ≤ C^′/C ≤ 1.91, 0.8 ≤ d^′/d ≤ 1.2, −40^∘ ≤ θ^′ − θ ≤ 40^∘.

When these uncertainties are included, the A_{dir}– A_{mix}–R^s_d relation shown in Figs. 1a-1c gets smeared out. In Fig. 2, we present the allowed R^s_d–A_{dir} region for three values of A_{mix}: 0.1 (area inside the dashed line), 0.5 (dotted line) and 0.9 (solid line). For simplicity we consider only A_{dir} < 0, so this plot can be thought of as the left half of Fig. 1a for the case where uncertainties are included in the analysis. From this plot, we see that, due to the theoretical error, the curves of Fig. 1a become wide regions. (For A_{mix} = 0.1 and 0.5, there is still an area of R^s_d–A_{dir} parameter space in the center of the region which is not allowed; for A_{mix} = 0.9, there is no such area.)

Up to now, the discussion has been purely theoretical. However, experimental data is presently available

FIG. 1: The (correlated) allowed values of a) R^s_d and Adir , b) R^s_d and Amix, c) Adir and Amix in the SU(3) limit (except for |C^′/C|). The values assumed for the third observable, a) Amix, b) Adir and c) R^s_d, are shown on the figures.

for A_{dir}, A_{mix} and R^s_d. For the B^0_d → π^+π^− CP asymmetries, we have A_{dir} = { −0.19 ± 0.19 ± 0.05 BaBar [18], −0.58 ± 0.15 ± 0.07 Belle [19]. A_{mix} = { +0.40 ± 0.22 ± 0.03 BaBar [18], +1.00 ± 0.21 ± 0.07 Belle [19].

(16)

For the branching ratios, CDF recently reported [20] ( f_d f_s ) BR(B^0 → π^+π^−) BR(B^0_s → K^+K^−)

= 0.35 ± 0.18 . (17)

Taking f_s/f_d = 0.27 ± 0.04 [12], we find

R^s_d = 10.6 ± 5.7 . (18)

FIG. 2: The (correlated) allowed values of R^s_d and Adir for three values of Amix . We take the experimental and theoretical uncertainties into account: 58^∘ ≤ γ ≤ 72^∘, 1.49 ≤ C^′ /C ≤ 1.91, 0.8 ≤ d^′/d ≤ 1.2, −40^∘ ≤ θ^′ − θ ≤ 40^∘ . For Amix = 0.1, 0.5 and 0.9, the allowed R^s_d–Adir regions are, respectively, inside the dashed, dotted and solid lines.

FIG. 3: The allowed values of R^s_d, including all theoretical uncertainties, as derived from measurements of Adir and Amix [Eq.(16)]. The Belle and BaBar data are treated separately, and the CP asymmetries are allowed to vary within their ±1σ ranges. The CDF measurement of R^s_d [Eq.(18)] is superimposed (straight lines). The internal dashed line corresponds to the case where one has smaller SU(3) breaking, 0.9 ≤ d^′/d ≤ 1.1.

We can now compare the value of R^s_d implied by the measurements of the CP asymmetries [Eq. (16)] with that measured directly [Eq. (18)]. A discrepancy would signal the presence of new physics.

The current situation is shown in Fig. 3. We treat separately the Belle and BaBar measurements of the CP asymmetries [Eq.(16)]. We allow each of A_{dir} and A_{mix} to take values in their ±1σ ranges. Including all theoretical uncertainties, this yields a range of allowed values for R^s_d. Note that the BaBar region is quite a bit bigger than that of Belle. This is because a large part of the Belle A_{dir} –A_{mix} parameter space is already ruled out, having violated the constraint of Eq. (15). Superimposed on this is the CDF result for R^s_d [Eq.(18)], also given for ±1σ. (We also show the case where the SU(3)-breaking effect is smaller than expected, 0.9 ≤ d^′/d ≤ 1.1, but this does not change things much.)

It is clear from this figure that, at present, there is no discrepancy – the measured value of R^s_d overlaps with the BaBar and Belle regions. That is, the values of R^s_d predicted by measurements of the CP asymmetries include those of Eq. (18). On the other hand, the experimental errors are still very large. As these errors get reduced, this analysis will become increasingly useful as a method of searching for physics beyond the SM.

We thank Giovanni Punzi for helpful discussions. JM thanks C. Burgess for the hospitality of McGill University, where part of this work was done. This work was financially supported by NSERC of Canada (DL) and by FPA2002-00748 and the Ramon y Cajal Program (JM).

[1] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999), Nucl. Phys. B 591, 313 (2000), Nucl. Phys. B 606, 245 (2001).

[2] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003).

[3] A. J. Buras, R. Fleischer, S. Recksiegel and F. Schwab, arXiv:hep-ph/0312259, arXiv:hep-ph/0402112.

[4] C. W. Bauer, D. Pirjol, I. Z. Rothstein and I. W. Stewart, arXiv:hep-ph/0401188. See this paper for references about soft-collinear effective theory.

[5] R. Fleischer, Eur. Phys. J. C 16, 87 (2000). [6] M. Gronau, O. F. Hernández, D. London and J. L. Rosner, Phys. Rev. D 50, 4529 (1994), Phys. Rev. D 52, 6374 (1995).

[7] R. Fleischer, Phys. Lett. B 459, 306 (1999). [8] M. Beneke, eConf C0304052, FO001 (2003). [9] R. Fleischer and J. Matias, Phys. Rev. D 61, 074004 (2000).

[10] R. Fleischer and J. Matias, Phys. Rev. D 66, 054009 (2002).

[11] M. Gronau, Phys. Lett. B 492, 297 (2000); M. Gronau and J. L. Rosner, Phys. Rev. D 65, 113008 (2002).

[12] K. Hagiwara et al. [Particle Data Group Collab.], Phys.

Rev. D 66, 010001 (2002).

[13] A. Khodjamirian, T. Mannel and M. Melcher, Phys. Rev.

D 68, 114007 (2003).

[14] For a discussion of the choice ϕd = 133^∘ , see R. Fleischer, G. Isidori and J. Matias, JHEP 0305, 053 (2003).

[15] M. Battaglia et al., arXiv:hep-ph/0304132. [16] M. Gronau and J. L. Rosner, Phys. Rev. D 65, 093012 (2002).

[17] The assumed size of SU(3) breaking in d^′/d and θ^′ − θ is smaller than that found for |C^′/C| in Eq. (14). This is because all factorizable SU(3)-breaking effects cancel in the ratio d^′/d, leaving only nonfactorizable corrections. SU(3) breaking in |C^′/C| is expected to be larger since both factorizable and nonfactorizable terms are present.

[18] H. Jawahery, talk given at Lepton-Photon 2003, Fermilab, Batavia, Illinois, 11-16 August 2003, http://conferences.fnal.gov/lp2003.

[19] K. Abe et al. [Belle Collab.], arXiv:hep-ex/0401029. [20] J. Fry, talk given at Lepton-Photon 2003,

Fermilab, Batavia, Illinois, 11-16 August 2003, http://conferences.fnal.gov/lp2003; CDF web page http://www-cdf.fnal.gov/physics/new/bottom/ 030529.blessed-bhh/blessed-bhh/blessed-bhh.html