arXiv:hep-ph/0111266 v1 21 Nov 2001

UdeM-GPP-TH-01-92 YUMS 01-xxx

Using B^0_s (t) → ϕK_S to measure sin 2β

Alakabha Datta^1 and David London^2

Laboratoire René J.-A. Lévesque, Université de Montréal, C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 3J7

C.S. Kim^3

Department of Physics, Yonsei University, Seoul 120-749, Korea

(November 21, 2001)

Abstract

In this talk based on Ref[1] we show that, unlike other pure b → d penguin processes, the decay B^0_s (t) → ϕK_S is dominated by a single amplitude, that of the internal t-quark. Thus, the indirect CP asymmetry in this decay probes sin 2β. This cancellation holds for most part of the parameter space and error on sin 2β is less than 10%. By measuring the direct CP asymmetry, one can get a better idea of the probable error on sin 2β.

It has been known for many years that the B system is a particularly good place to test the standard model (SM) explanation of CP violation. By measuring CPviolating rate asymmetries in the decays of neutral B mesons to a variety of final states, one can cleanly extract the CP phases α, β and γ [2]. These CP phases are usually obtained from B decays with mostly tree contributions. However penguin contributions are important in many B decays and so given the importance of such penguin contributions in B decays, one is immediately led to consider CP violation in pure penguin decays. In the (approximate) Wolfenstein parametrization [3] of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, there are only two matrix elements which have a nonzero weak phase: V_{td} ∝ exp(−iβ) and V_{ub} ∝ exp(−iγ). Thus, assuming that the penguin amplitudes are dominated by an internal t-quark, one expects that the b → s penguin amplitude, which involves the product of CKM matrix elements V_{tb}V^∗_{ts}, is real, to a good approximation. Similarly, the weak phase of the b → d penguin amplitude (V_{tb}V^∗_{td}) is +β. Knowing that the weak phases of B^0_d -B^0_d and B^0_s -B^0_s mixing are, respectively, −β and 0, this allows us to compute the

1email: datta@lps.umontreal.ca 2email: london@lps.umontreal.ca 3email: kim@cskim.yonsei.ac.kr

weak phase probed in various pure-penguin decay asymmetries [4]:

b → d : Asym(B^0_d (t) → K^0K^0) ∼ 0 , (1) Asym(B^0_s (t) → ϕK_S ) ∼ − sin 2β , (2) b → s : Asym(B^0_d (t) → ϕK_S ) ∼ + sin 2β , (3) Asym(B^0_s (t) → ϕϕ) ∼ 0 . (4)

The problem with the above analysis is that the b → d penguin amplitude is not dominated by an internal t-quark. In the quark-level decays b → uūd and b → cc̄d, the uū and cc̄ quark pairs can rescatter strongly into an ss̄ quark pair, giving effective V_{ub}V^∗_{ud} and V_{cb}V^∗_{cd} contributions to the b → d penguin decays above. Buras and Fleischer have estimated that these contributions can be between 20% and 50% of the leading t-quark contribution [5]. And since the u- and c-quark contributions have a different weak phase than that of the t-quark contribution, this implies that the weak phase of the b → d penguin amplitude is not +β, so that the predictions of Eqs. (1) and (2) are not valid. On the contrary, due to the presence of these several decay amplitudes, one expects that a weak phase cannot be cleanly extracted from the measurement of CP asymmetries in pure b → d penguin decays. One also expects to observe direct CP violation in such decays.

Here, we re-examine the question of the weak phase of the b → d penguin for the exclusive decay B^0_s (t) → ϕK_S [Eq. (2)]. As we will show, although the quark-level contributions from u- and c-quarks are non-negligible, at the meson level the matrix elements involving the corresponding u- and c-quark operators each vanish, to a good approximation, over a large region of parameter space. Thus, to the extent that this cancellation is complete, the CP-violating rate asymmetry in B^0_s (t) → ϕK_S still cleanly probes the weak phase β.

We can write the amplitude for B^0_s → ϕK_S as[1] A^{ϕKS}_s = G_F √ 2 (V_{ub}V^∗_{ud}P_u + V_{cb}V^∗_{cd}P_c + V_{tb}V^∗_{td}P_t) . (5)

where P_{u,c} = c̄^{u,c}_6 (1 − 1 N^2_c ) [⟨O_{LL}⟩ − 2 ⟨O_{SP} ⟩] , (6) where ⟨O_{LL}⟩ = ⟨ϕ| s̄γ_μ(1 − γ_5)b |B_s⟩ ⟨K_S | d̄γ^μ(1 − γ_5)s |0⟩ , ⟨O_{SP} ⟩ = ⟨ϕ| s̄(1 − γ_5)b |B_s⟩ ⟨K_S | d̄(1 + γ_5)s |0⟩ . (7) (The operator O_{SP} appears due to a Fierz transformation: (V − A) ⊗ (V + A) = −2(S − P ) ⊗ (S + P ).) On the other hand, the contribution from the top penguin is more complicated:

P_t = [ (c^t_4 + c^t_3 N_c ) ⟨O_{LL}⟩ + (c^t_3 + c^t_4 N_c ) ⟨O_{LL1}⟩ ]

+ [ −2(c^t_6 + c^t_5 N_c ) ⟨O_{SP} ⟩ + (c^t_5 + c^t_6 N_c ) ⟨O_{LR1}⟩ ]

− 1 2 [ (c^t_9 + c^t_{10} N_c ) ⟨O_{LL1}⟩ + (c^t_{10} + c^t_9 N_c ) ⟨O_{LL}⟩ ] , (8) where ⟨O_{LL1}⟩ = ⟨ϕ| s̄γ_μ(1 − γ_5)s |0⟩ ⟨K_S | d̄γ^μ(1 − γ_5)b |B_s⟩ , ⟨O_{LR1}⟩ = ⟨ϕ| s̄γ_μ(1 + γ_5)s |0⟩ ⟨K_S | d̄γ^μ(1 − γ_5)b |B_s⟩ . (9) The Wilson’s coefficients c_i of the effective Hamiltonian for B decays can be found in Ref[6].

It is convienient to rewrite P_{u,c} and P_t as P_{u,c} = c̄^{u,c}_6 (1 − 1 N^2_c )X ⟨O_{LL}⟩ , P_t = a_6X ⟨O_{LL}⟩ + (a_4 − a_6 − 1 2 a_{10}) ⟨O_{LL}⟩ + (a_3 + a_5 − 1 2 a_9) ⟨O_{LL1}⟩ , (10) where ⟨O_{LL1}⟩ = ⟨O_{LR1}⟩, a_i = { c_i +^{ci−1}_{Nc} , i = 4, 6, 10 , c_i +^{ci+1}_{Nc} , i = 3, 5, 9 , (11) and X ≡ [ 1 − 2 ⟨O_{SP} ⟩ ⟨O_{LL}⟩ ] . (12)

It is this latter quantity X which is the focus of our attention in this paper.

Using the fact that

⟨K_S (q)|d̄γ_μ(1 − γ_5)s| 0⟩ = if_{KS} q_μ , (13)

along with the equations of motion for the quarks (we assume that q = p_d + p_{s̄}), it is straightforward to show that X = [ 1 − 2 1 m_b + m_s m^2_K m_s + m_d ] . (14)

However, the key point is the following: taking m_K = 500 MeV, m_b = 4.9 GeV, m_s = 100 MeV (all at b-quark mass scale), and m_d ≃ 0, one finds that X = 0! Thus, the matrix elements vanish for u and c but do not vanish for t. The decay B^0_s (t) → ϕK_S is therefore dominated by a single decay amplitude — the t-quark penguin contribution — and a measurement of the CP-violating rate asymmetry probes the angle β [Eq. (2)]. Note that one can check that, B^0_s (t) → ϕK_S is the only decay involving a b → d penguin amplitude for which the O_u and O_c matrix elements vanish.

The measurement of the time-dependent rate B_s(t) → ϕK_S allows one to extract both direct and indirect CP-violating asymmetries. These are defined as follows: a^{CP}_{dir} = |A^{ϕKS}_s |^2 − |Ā^{ϕKS}_s |^2 |A^{ϕKS}s |^2 + |Ā^{ϕKS}s |^2 ,

a^{CP}_{indir} = Im ( A^{ϕKS}_s^∗Ā^{ϕKS}_s ) |A^{ϕKS}s |^2 + |Ā^{ϕKS}s |^2 , (15) where we have taken the weak phase of B^0_s –B^0_s mixing to be zero. A^{ϕKS}_s is defined in Eq. (5), and Ā^{ϕKS}_s is obtained from A^{ϕKS}_s by changing the signs of the weak phases. Using CKM unitarity to eliminate the V_{ub}V^∗_{ud} term in Eq. (5), A^{ϕKS}_s can be written as A^{ϕKS}_s = G_F √ 2 (P_{cu}e^{iδc} + P_{tu}e^{iδt} e^{−iβ} ) , (16) where we have explicitly separated out the strong phases δ_c and δ_t, as well as the weak phase β. The magnitudes of the CKM matrix elements have been absorbed into the definitions of P_{cu} and P_{tu}. Using this expression for A^{ϕKS}_s , the CP asymmetries take the form a^{CP}_{dir} = 2P_{cu}P_{tu} sin β sin Δ P^2_{tu} + P^2_{cu} + 2P_{tu}P_{cu} cos β cos Δ , a^{CP}_{indir} = P^2_{tu} sin 2β + 2P_{cu}P_{tu} sin β cos Δ P^2_{tu} + P^2_{cu} + 2P_{tu}P_{cu} cos β cos Δ

, (17)

where Δ ≡ δ_t − δ_c. From these expressions, we see that a nonzero value of X corresponds to a nonzero value of P_{cu}. This in turn leads to a nonzero value of the direct CP asymmetry a^{CP}_{dir}, and also affects the clean extraction of sin 2β from the indirect CP asymmetry. In order to compute the error on the measurement of sin 2β, we will need to estimate the size of the ratio P_{cu}/P_{tu}, as well as the strong phase Δ.

In our calculation, we use current quark masses, evaluated at the scale μ ∼ m_b. For the b-quark mass, we take 4.35 ≤ m_b ≤ 4.95 GeV. As for the current strangequark mass, we vary m_s(m_b) in the range 0.08 ≤ m_s ≤ 0.12 GeV.

There are also nonfactorizable effects which might give rise to X ≠ 0. There have have been several attempts to calculate corrections to the naive factorization assumption. One promising approach is QCD-improved factorization [7], in which one systematically calculates corrections to naive factorization in an expansion in α_s(m_b) ∼ 0.2 and Λ_{QCD}/m_b. Naive factorization appears as the leading-order term in this expansion. If we consider QCD corrections to this term, we note that the P^{u,c} arise already at O(α_s), and so they receive no corrections at this order. In fact, the P^{u,c} are part of the O(α_s) corrections to the naive factorization results. There are additional α_s corrections which can be taken into account by the replacement a_i → a_{ief f} = a_i(1 + r_i) in Eq. (10), where r_i ∼ O(α_s) are process-dependent corrections to the naive factorization assumption.

In order to test the robustness of the claim that the indirect CP asymmetry in B^0_d (t) → ϕK_S measures sin 2β, we perform the following analysis. We scan the entire parameter space, calculating the CP asymmetries a^{CP}_{dir} and a^{CP}_{indir} of Eq. (17) at each point in this space. We are especially interested in the quantity δ, which measures the fractional difference between the indirect CP asymmetry and the true value of sin 2β: δ ≡ a^{CP}_{indir} − sin 2β sin 2β

. (18)

In particular, we wish to compute what fraction of the parameter space leads to a given value for δ. This will give us some sense of the extent to which the asymmetry in B^0_d (t) → ϕK_S truly probes β. From our calculations, we see that sin 2β can be obtained with an error less than 30% over virtually the entire parameter space. And this error is reduced to about 10% in 80% of the parameter space. While this should not be interpreted statistically as some sort of confidence level, it does indicate that it is quite likely that β can be extracted from the indirect CP asymmetry in B^0_s (t) → ϕK_S with a rather small error.

Of course, if the time-dependent rate for B^0_s (t) → ϕK_S is measured, we will have more information than just a^{CP}_{indir}: we will also measure the direct CP asymmetry a^{CP}_{dir}. Since a^{CP}_{dir} vanishes if X = 0, its value may help us determine the extent to which a^{CP}_{indir} really measures sin 2β. At first glance, the correlation between a^{CP}_{dir} and a^{CP}_{indir} appears airtight: if a^{CP}_{dir} is found to vanish, then this must imply that X = 0, so that a^{CP}_{indir} yields sin 2β. Unfortunately, things are not quite so straightforward: a^{CP}_{dir} is also proportional to the strong phase difference Δ [Eq. (17)]. Therefore, if Δ ≃ 0, then a^{CP}_{dir} will vanish even if X ≠ 0. Thus, this possibility must be taken into account in evaluating the correlation between the measurements of a^{CP}_{indir} and a^{CP}_{dir}. From our calculations, we see that if a^{CP}_{dir} is measured to be 0.1, one can obtain sin 2β from a^{CP}_{indir} with an error of 5% (20%) in ∼ 55% (∼ 95%) of the parameter space. If a^{CP}_{dir} is found to be tiny, then this is probably due to the fact that X ≃ 0, since δ < 5% over ∼ 90% of the parameter space. However, as discussed above, this does not hold over the entire space since a^{CP}_{dir} can be small if Δ ≃ 0, while X ≠ 0.

Of course, if X does indeed vanish, this may have some negative practical implications. Specifically, since there are fewer contributions to the amplitude for B^0_s → ϕK_S , one might suspect that the branching ratio will be smaller than that of other pure b → d penguin decays. This is indeed the case and we find [1] BR[B_s → ϕK_s] ∼ 10^{−7}, which is very small. However nonfactorizable QCD corrections can increase this branching ratio. Fortunately, the above analysis for B^0_s (t) → ϕK_S also applies to the decay B^0_s (t) → ϕ(1680)K_s , where ϕ(1680) is a radially excited ϕ. And we can expect the branching ratio B_s → ϕ(1680)K_s to be almost a factor 10 larger than B_s → ϕK_s [8]. This is because the form factor for B_s → ϕ (or, in general, for any B → light meson) probes the high-momentum tail of the ϕ wavefunction. As the radially excited ϕ(1680) has more high-momentum components, the form factor for B_s → ϕ(1680) is enhanced relative to B_s → ϕ. On the other hand, the ϕ(1680) decays to KK^∗, which makes ϕ(1680)K_s more difficult to reconstruct than the ϕK_s final state.

Note that the measurement of CP violation in B^0_d (t) → ϕK_S probes β [Eq. (3)]. If the measurement of β as extracted in this mode disagrees with the measurement of β from B^0_d (t) → ΨK_S^4 , this will indicate the presence of new physics in the b → s penguin amplitude, i.e. in the b → s flavour-changing neutral current (FCNC) [10]. Similarly, the value of β extracted in B^0_s (t) → ϕK_S or B^0_s (t) → ϕ(1680)K_s can be compared with that found in B^0_d (t) → ΨK_S . Assuming that the weak phase of B^0_s -B^0_s mixing is zero — and this can be tested by looking for CP violation in B^0_s (t) → Ψϕ, for example — a discrepancy between these two values points clearly to new physics in the b → d FCNC. This new physics might affect B^0_d -B^0_d mixing and/or the b → d penguin amplitude. Now, it is quite likely that CP violation in B^0_s decays can only be measured at hadron colliders, since one needs an extremely

4B^0_d (t) → ΨK_S only measures sin 2β which allows measurement of β up to discrete ambiguities which can be resolved by measuring cos 2β in B → D^∗D^∗K_s[9].

large boost in order to resolve the rapid B^0_s -B^0_s oscillations. Since hadron colliders produce copious amounts of B^0_d and B^0_s mesons, it should be possible to perform the B^0_d (t) → ϕK_S and B^0_s (t) → ϕK_S analyses simultaneously, since the final state is the same. Thus, by measuring β in these decay modes, at hadron colliders one can test for the presence of new physics in both the b → s and b → d FCNC’s. Acknowledgements: This work was financially supported by NSERC of Canada.

References

[1] A. Datta, C. S. Kim and D. London, Phys. Lett. B 507, 153 (2001) [hepph/0103321].

[2] For a review, see, for example, The BaBar Physics Book, eds. P.F. Harrison and H.R. Quinn, SLAC Report 504, October 1998.

[3] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945. [4] D. London and R. Peccei, Phys. Lett. B223 (1989) 257. [5] A.J. Buras and R. Fleischer, Phys. Lett. B341 (1995) 379. [6] A. Datta, X. G. He and S. Pakvasa, Phys. Lett. B 419, 369 (1998) [hepph/9707259]. T. E. Browder, A. Datta, X. G. He and S. Pakvasa, Phys. Rev. D 57, 6829 (1998) [hep-ph/9705320].

[7] M. Beneke, G. Buchalla, M. Neubert and C.T. Sachrajda, Phys. Rev. Lett. 83 (1999) 1914.

[8] A. Datta, H.J. Lipkin and P.J. O’Donnell, hep-ph/0102070, 2001. [9] T. E. Browder, A. Datta, P. J. O’Donnell and S. Pakvasa, Phys. Rev. D 61, 054009 (2000) [hep-ph/9905425].

[10] D. London and A. Soni, Phys. Lett. B407 (1997) 61.