TTP96-08 FERMILAB-PUB-96/080-T hep-ph/9605221 May 1996

CP violation and the CKM angle γ from angular distributions of untagged B_s decays governed by b̄ ! c̄us̄

Robert Fleischer^1

Institut für Theoretische Teilchenphysik Universität Karlsruhe D–76128 Karlsruhe, Germany

Isard Dunietz^2

Theoretical Physics Division Fermi National Accelerator Laboratory Batavia, IL 60510, USA

Abstract

We demonstrate that time-dependent studies of angular distributions for B_s decays caused by b̄ → c̄us̄ quark-level transitions extract cleanly and model-independently the CKM angle γ. This CKM angle could be cleanly determined from untagged B_s decays alone, if the lifetime difference between the B_s mass eigenstates B^L_s and B^H_s is sizable. The timedependences for the relevant tagged and untagged observables are given both in a general notation and in terms of linear polarization states and should exhibit large CP-violating effects. These observables may furthermore provide insights into the hadronization dynamics of the corresponding exclusive B_s decays thereby allowing tests of the factorization hypothesis.

1Internet: rf@ttpux1.physik.uni-karlsruhe.de 2Internet: dunietz@fnth15.fnal.gov

1 Introduction

Some time ago it was pointed out in [1] that a clean measurement of the angle γ of the usual “non-squashed” unitarity triangle [2] of the Cabibbo–Kobayashi–Maskawa matrix (CKM matrix) [3] is possible by studying the time dependence of the color-allowed decays (—) B_s→ D^±_s K^∓. A similar analysis of the color-suppressed modes^{(—)}B_s→ (—) D^0 ϕ provides in principle also clean information about γ [4]. Because current detectors have difficulties in observing the soft photon in D^∗_s → D_sγ decays, Aleksan, Le Yaouanc, Oliver, Pene and Raynal employed several plausible assumptions to show that the CKM angle γ can still be extracted from partially reconstructed B_s modes where that soft photon could be missed [5].

Unfortunately in all these strategies tagging, i.e. the distinction between initially present B_s and B_s mesons, is essential. Moreover one has to resolve the rapid B_s − B_s oscillations, which may arise from the expected large mass difference Δm ≡ m_H − m_L > 0 between the mass eigenstates B^H_s (“heavy”) and B^L_s (“light”) [6]. This is a formidable experimental task. In a recent paper [7] these methods have been re-considered in light of the expected perceptible lifetime difference [8] between B^H_s and B^L_s . There it has been shown that the rapid Δmt–oscillations cancel in untagged data samples. Whereas the extraction of γ from untagged^{(−)}B_s→ D^±_s K^∓ requires some mild additional theoretical input, it does not require any theory beyond the validity of the CKM model from untagged (−) B_s→ (−) D^0 ϕ decays [7].

In a recent publication [9] we have investigated quasi two body modes B_s → X_1 X_2 into admixtures of different CP eigenstates where both X_1 and X_2 carry spin and continue to decay through CP-conserving interactions. The time-dependent angular distributions for the untagged decays B_s → D^{∗+}_s D^{∗−}_s and B_s → J/ψ ϕ determine the Wolfenstein parameter η [10]. If one uses |V_{ub}|/|V_{cb}| as an additional input, the CKM angle γ can be fixed. That input allows, however, also the determination of η (or γ) from the mixinginduced CP asymmetry of B_d → J/ψ K_S measuring sin 2β (β is another angle of the unitarity triangle [2]). Comparing these two results for η (or γ) obtained from B_s and B_d modes, respectively, an interesting test whether the B_s −B_s and B_d −B_d mixing phases are described by the Standard Model or receive additional contributions from “New Physics” can be preformed. Another application of the formalism developed in [9] is the point that a determination of γ is possible by using the SU(2) isospin symmetry of strong interactions to relate untagged data samples of B_s → K^{∗+} K^{∗−} and B_s → K^{∗0} K^{∗0}.

Having all these results in mind it is quite natural to ask what can be learned from time-dependent untagged measurements of the angular distributions for^{(—)}B_s→ D^{∗±}_s K^{∗∓},

D_{s1}(2536)^± K^{∗∓}, D^{∗∗±}_s K^{∗∓} and^{(—)}B_s→ (—) D^{∗0} ϕ,^{(—)}D_1 (2420)^0ϕ, (—) D^{∗∗0} ϕ or – more generally – from B_s modes governed by b̄ → c̄us̄ quark-level transitions. Since the photon(s) in the strong or electromagnetic decays of D^∗_s and D^{∗0} are more difficult to detect than charged particles for generic detectors, we listed also higher resonances because of their significant all-charged final states, such as D_{s1}(2536)^+ → D^{∗+}K^0, D^{∗+} → π^+D^0 or D_1(2420)^0 → D^{∗+}π^−, D^{∗+} → π^+D^0. The K^{∗∓} in the above B_s-decays can be substituted by either a strange resonance or a collection of strange resonances with common spin and parity quantum numbers.

While our note focusses on quasi two body modes where each body has a well-defined spin and parity, a complementary report discusses the effects when several resonances contribute to the final state [11]. In the former case the final states cannot be classified by their CP eigenvalues as in [9]. However, they can instead be classified by their parities. To this end linear polarization states [12] are particularly useful. As we will demonstrate in the present paper, the untagged angular distributions for such B_s decays may inform us in a clean way about γ, if the lifetime difference between B^H_s and B^L_s is in fact sizable. In particular we do not need any theoretical input to extract this quantity from the untagged data samples which exhibit in addition interesting CP-violating effects. Furthermore essentially the whole hadronization dynamics can be extracted from these angular correlations. Since, for example, the^{(—)}B_s→ D^{∗±}_s K^{∗∓}, D_{s1}(2536)^± K^{∗∓}, D^{∗∗±}_s K^{∗∓} modes are color-allowed whereas the^{(—)}B_s→ (—) D^{∗0} ϕ,^{(—)}D_1 (2420)^0ϕ, (—) D^{∗∗0} ϕ channels are colorsuppressed, the factorization hypothesis [13, 14], which has some justification within the 1/N_C–expansion [15], should work quite well in the former case and should be very questionable in the latter case [16]. Therefore we expect significant non-factorizable contributions to the angular distributions for the^{(—)}B_s→ (—) D^{∗0} ϕ,^{(—)}D_1 (2420)^0ϕ, (—) D^{∗∗0} ϕ decays. The explicit angular distributions for some of these decays will be given in a separate publication [17]. There also appropriate weighting functions are given allowing an efficient extraction of the corresponding observables from experimental data with the help of a moment analysis (see [18, 19]).

Our paper is organized as follows: The time-dependences of the observables of the angular distributions are calculated in Section 2 in terms of a general notation that allows an easy comparison with the results presented in [9]. In Section 3 these time-dependences are given in terms of linear polarization states which provide a useful tool to calculate the explicit angular distributions for final state configurations having definite parities. There we demonstrate explicitly that the observables of the untagged angular distributions for the b̄ → c̄us̄ (and b̄ → ūcs̄) decays suffice to extract the CKM angle γ. The issue of CP violation in untagged data samples is discussed in Section 4 and the main results of our paper are summarized briefly in Section 5.

2 Calculation of the general time-evolutions

In the case of the decays considered in this paper, the transition amplitudes for the quasi two body modes B_s → X_1 X_2 and B_s → X_1 X_2 can be expressed as hadronic matrix elements of low energy effective Hamiltonians having the following structures:

H_{eff} (B_s → X_1 X_2) =

G_F √ 2 v [ C_1(μ)O_1 + C_2(μ)O_2 ] (1) H_{eff} (B_s → X_1 X_2) =

G_F √ 2 v^∗ [ C_1(μ)O^†_1 + C_2(μ)O^†_2 ] , (2)

where v and v denote appropriate CKM factors, O_k and O_k (k ∈ {1, 2}) are four-quark operators (“current-current” operators in our case) and C_1(μ) and C_2(μ) are the Wilson coefficient functions of these operators. They can be calculated perturbatively and contain the whole short distance dynamics. As usual μ = O(m_b) is a renormalization scale. To be definite, for X_1 X_2 ∈ {D^{∗+}_s K^{∗−}, D_{s1}(2536)^+K^{∗−}, D^{∗∗+}_s K^{∗−}, D^{∗0} ϕ, D_1(2420)^0ϕ, D^{∗∗0}ϕ} we have O_1 = (s̄_αu_β)_{V–A} (c̄_βb_α)_{V–A} O_2 = (s̄_αu_α)_{V–A} (c̄_βb_β)_{V–A} (3) O_1 = (s̄_αc_β)_{V–A} (ū_βb_α)_{V–A} O_2 = (s̄_αc_α)_{V–A} (ū_βb_β)_{V–A} , (4) where the greek indices denote SU(3)_C color indices, and the CKM factors are given by v = V^∗_{us}V_{cb} v = V^∗_{cs}V_{ub}. (5) Nowadays the Wilson coefficients C_1(μ) and C_2(μ) are available beyond the leading logarithmic approximation [20, 21]. A nice review of such next-to-leading order calculations has been given recently in [22], and we refer the reader to that publication for the details of such calculations.

Applying a similar notation as in [9], we obtain the following transition amplitudes for decays of B_s and B_s mesons into a configuration f of the quasi two body state X_1 X_2, where f is a label that defines the relative polarizations of the two hadrons X_1 and X_2:

A_f ≡ ⟨(X_1 X_2)_f |H_{eff} (B_s → X_1 X_2)|B_s⟩ =

G_F √ 2 v M_f (6)

A_f ≡ ⟨(X_1 X_2)_f |H_{eff} (B_s → X_1 X_2)|B_s⟩ = η^f_P e^{iϕCP(Bs)}

G_F √ 2 v^∗ M_f (7)

with

M_f ≡ ⟨(X_1 X_2)_f |C_1(μ)O_1 + C_2(μ)O_2|B_s⟩ (8) M_f ≡ ⟨(X_1 X_2)^C_f |C_1(μ)O_1 + C_2(μ)O_2|B_s⟩. (9)

In order to evaluate (7) we have performed the CP transformations

⟨(X_1 X_2)_f |C_1(μ)O^†_1 + C_2(μ)O^†_2|B_s⟩

= ⟨(X_1 X_2)_f |(CP)^†(CP) [ C_1(μ)O^†_1 + C_2(μ)O^†_2 ] (CP)^†(CP)|B_s⟩ (10) = η^f_P e^{iϕCP(Bs)} ⟨(X_1 X_2)^C_f |C_1(μ)O_1 + C_2(μ)O_2|B_s⟩

by taking into account the relations

(CP)O^†_k(CP)^† = O_k (11) and (CP)|B_s⟩ = e^{iϕCP(Bs)} |B_s⟩ (12) (CP)|(X_1 X_2)_f ⟩ = η^f_P |(X_1 X_2)^C_f ⟩. (13) Here ϕ_{CP}(B_s) parametrizes the applied CP phase convention and η^f_P ∈ {−1, +1} denotes the parity eigenvalues of the configurations f of X_1 X_2. In terms of linear polarization amplitudes [12] (see also [23]) we have η^0_P = η^‖_P = +1 and η^⊥_P = −1 for X_1 X_2 ∈ {D^{∗+}_s K^{∗−}, D^{∗0}ϕ}. In contrast, for X_1 X_2 ∈ {D_{s1}(2536)^+K^{∗−}, D_1(2420)^0ϕ} we have η^0_P = η^‖_P = −1 and η^⊥_P = +1.

Let us now consider the B_s and B_s decays into the charge-conjugate quasi two body states (X_1 X_2)^C. In the case relevant for the present paper corresponding to X_1 X_2 ∈ {D^{∗+}_s K^{∗−}, D_{s1}(2536)^+K^{∗−}, D^{∗∗+}_s K^{∗−}, D^{∗0} ϕ, D_1(2420)^0ϕ, D^{∗∗0}ϕ} we have (X_1 X_2)^C ∈ {D^{∗−}_s K^{∗+}, D_{s1}(2536)^− K^{∗+}, D^{∗∗−}_s K^{∗+}, D^{∗0} ϕ, D_1(2420)^0ϕ, D^{∗∗0}ϕ}, respectively. If the charge-conjugate states are present in a configuration f with parity eigenvalue η^f_P , a similar calculation as sketched above yields

A^C_f ≡ ⟨(X_1 X_2)^C_f |H_{eff} (B_s → (X_1 X_2)^C)|B_s⟩ =

G_F √ 2 v M_f (14)

A^C_f ≡ ⟨(X_1 X_2)^C_f |H_{eff} (B_s → (X_1 X_2)^C)|B_s⟩ = η^f_P e^{iϕCP(Bs)}

G_F √ 2 v^∗ M_f . (15)

Using these results and the well-known formalism describing B_s − B_s mixing [7, 24], we obtain the following expressions for initially, i.e. at t = 0, present B_s and B_s mesons:

A^∗_{f̃} (t) A_f (t) =

G^2_F 2 |v|^2 η^{f̃}_P η^f_P M^∗_{f̃} M_f (16) × [ |g_+(t)|^2 + η^{f̃}_P λ^∗_{f̃} g_+(t) g^∗_−(t) + η^f_P λ_f g^∗_+(t) g_−(t) + η^{f̃}_P η^f_P λ^∗_{f̃} λ_f |g_−(t)|^2 ]

A^∗~_f (t) A_f (t) =

G^2_F 2 |v|^2 η^{f̃}_P η^f_P M^∗_{f̃} M_f (17) × [ |g_−(t)|^2 + η^{f̃}_P λ^∗_{f̃} g^∗_+(t) g_−(t) + η^f_P λ_f g_+(t) g^∗_−(t) + η^{f̃}_P η^f_P λ^∗_{f̃} λ_f |g_+(t)|^2 ]

A^{C∗}_{f̃} (t) A^C_f (t) =

G^2_F 2 |v|^2 M^∗_{f̃} M_f (18) × [ |g_−(t)|^2 + η^{f̃}_P λ^{C∗}_{f̃} g^∗_+(t) g_−(t) + η^f_P λ^C_f g_+(t) g^∗_−(t) + η^{f̃}_P η^f_P λ^{C∗}_{f̃} λ^C_f |g_+(t)|^2 ]

A^{C∗}~_f (t) A^C_f (t) =

G^2_F 2 |v|^2 M^∗_{f̃} M_f (19) × [ |g_+(t)|^2 + η^{f̃}_P λ^{C∗}_{f̃} g_+(t) g^∗_−(t) + η^f_P λ^C_f g^∗_+(t) g_−(t) + η^{f̃}_P η^f_P λ^{C∗}_{f̃} λ^C_f |g_−(t)|^2 ] , where |g_±(t)|^2 = 1 4 [ e^{−ΓLt} + e^{−ΓH t} ± 2e^{−Γt} cos(Δmt) ] (20)

g_+(t)g^∗_−(t) = 1 4 [ e^{−ΓLt} − e^{−ΓH t} − 2ie^{−Γt} sin(Δmt) ] (21)

with Γ ≡ (Γ_L + Γ_H )/2. The observable λ_f is defined through λ_f ≡ − η^f_P e^{−iΘ(s)M12} A_f A_f (22)

with Θ^{(s)}_{M12} = π + 2 arg(V^∗_{ts}V_{tb}) − ϕ_{CP}(B_s) (23) denoting the phase of the off-diagonal element of the B_s − B_s mass matrix. Combining (22) with (23) and (6) and (7), we observe explicitly that the convention dependent phases ϕ_{CP}(B_s) cancel (as they have to!) and arrive at

λ_f = exp (−2 i arg{V^∗_{ts}V_{tb}}) v v^∗ M_f M_f . (24)

Correspondingly we have introduced

λ^C_f ≡ − 1 η^f_P e^{−iΘ(s)M12}

A^C_f A^C_f = [ exp (−2 i arg{V^∗_{ts}V_{tb}}) v v^∗ ]_∗ M f M_f . (25)

Note that λ~_f and λ^C_{f̃} can be obtained easily from (24) and (25) by replacing f with f̃.

Real or imaginary parts of bilinear combinations of decay amplitudes like those given in (16)-(19) govern the angular distributions for the decay products of X_1 and X_2. In this paper we are focussing on untagged angular distributions, where one does not distinguish between initially present B_s and B_s mesons. The corresponding observables for^{(—)}B_s→ X_1 X_2 and^{(—)}B_s→ (X_1 X_2)^C are related to real or imaginary parts of [ A^∗_{f̃} (t) A_f (t) ] ≡ A^∗~_f (t) A_f (t) + A^∗_{f̃} (t) A_f (t) =

G^2_F 4 |v|^2 η^{f̃}_P η^f_P M^∗_{f̃} M_f (26) × [( 1 + η^{f̃}_P η^f_P λ^∗_{f̃} λ_f ) ( e^{−ΓLt} + e^{−ΓH t} ) + ( η^{f̃}_P λ^∗_{f̃} + η^f_P λ_f ) ( e^{−ΓLt} − e^{−ΓH t} )]

and [ A^{C∗}_{f̃} (t) A^C_f (t) ] ≡ A^{C∗}~_f (t) A^C_f (t) + A^{C∗}_{f̃} (t) A^C_f (t) =

G^2_F 4 |v|^2 M^∗_{f̃} M_f (27) × [( 1 + η^{f̃}_P η^f_P λ^{C∗}_{f̃} λ^C_f ) ( e^{−ΓLt} + e^{−ΓH t} ) + ( η^{f̃}_P λ^{C∗}_{f̃} + η^f_P λ^C_f ) ( e^{−ΓL t} − e^{−ΓH t} )] , respectively. In order to evaluate these equations we have combined (16)-(19) with the explicit time-dependences of (20) and (21). At present such untagged studies are obviously much more efficient from an experimental point of view than tagged analyses. In the distant future it will be feasible to collect also tagged data samples of B_s decays and to resolve the rapid oscillatory Δmt–terms. The corresponding tagged observables are given in (16)-(19).

Let us after these general considerations become more specific in the following section. There we give the time-evolutions in terms of linear polarization states and demonstrate that the untagged observables evolving as real or imaginary parts of (26) and (27) suffice to extract the CKM angle γ.

3 The extraction of the CKM angle γ

Since it is convenient to give the angular distributions in terms of the linear polarization states f ∈ { 0 , ‖ , ⊥ } (see [12, 23]), let us summarize the corresponding time-dependences in this section. The linear polarization states are characterized by the parity eigenvalues η^f_P . If we introduce the quantity R_f ≡ |R_f |e^{iρf} ≡ |v| |v| M_f M_f , (28)

where ρ_f is a CP-conserving strong phase originating from strong final state interaction processes, we have in our specific case X_1 X_2 ∈ {D^{∗+}_s K^{∗−}, D_{s1}(2536)^+K^{∗−}, D^{∗∗+}_s K^{∗−}, D^{∗0}ϕ, D_1(2420)^0ϕ, D^{∗∗0}ϕ}

λ_f = e^{−iγ}R_f (29) λ^C_f = e^{+iγ}R_f , (30)

where γ is the notoriously difficult to measure CKM angle of the unitarity triangle [2]. Using (5) and the Wolfenstein expansion [10] of the CKM matrix by neglecting terms of O(λ^2), where λ = sin θ_C = 0.22 is related to the Cabibbo angle, we obtain

R_f = 1 R_b M_f M_f (31) with R_b ≡ 1 λ |V_{ub}| |V_{cb}| . (32)

The CKM factor R_b is constrained by present experimental data to lie within the range R_b = 0.36 ± 0.08 [25, 26, 27].

If we express the hadronic matrix elements M_f defined by (9) in the form M_f = |M_f |e^{iϑf} , (33) where ϑ_f denotes a CP-conserving strong phase shift, the time-dependent untagged observables corresponding to the linear polarization states [12] are in the case of^{(—)}B_s→ X_1 X_2 given by [ |A_0(t)|^2 ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_0|^2 (34) × [( 1 + |R_0|^2 ) ( e^{−ΓLt} + e^{−ΓH t} ) + 2|R_0| cos(ρ_0 − γ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ |A_‖(t)|^2 ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_‖|^2 (35) × [( 1 + |R_‖|^2 ) ( e^{−ΓLt} + e^{−ΓH t} ) + 2|R_‖| cos(ρ_‖ − γ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ |A_⊥(t)|^2 ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_⊥|^2 (36) × [( 1 + |R_⊥|^2 ) ( e^{−ΓLt} + e^{−ΓH t} ) − 2|R_⊥| cos(ρ_⊥ − γ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ A^∗_0(t)A_‖(t) ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_0||M_‖|e^{i(ϑ}k^{−ϑ0)} [( 1 + |R_0||R_‖|e^{i(ρ}k^{−ρ0)} ) (37) × ( e^{−ΓLt} + e^{−ΓH t} ) + ( |R_0|e^{i(γ−ρ0)} + |R_‖|e^{−i(γ−ρ}k^) ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ A^∗_‖(t)A_⊥(t) ] = − G^2_F 4 |V_{ub}V_{cs}|^2|M_‖||M_⊥|e^{i(ϑ}?^{−ϑ}k^) [( 1 − |R_‖||R_⊥|e^{i(ρ}?^{−ρ}k^) ) (38) × ( e^{−ΓLt} + e^{−ΓH t} ) + ( |R_‖|e^{i(γ−ρ}k^) − |R_⊥|e^{−i(γ−ρ}?^) ) ( e^{−ΓL t} − e^{−ΓH t} )]

[A^∗_0(t)A_⊥(t)] = −

G^2_F 4 |V_{ub}V_{cs}|^2|M_0||M_⊥|e^{i(ϑ}?^{−ϑ0)} [( 1 − |R_0||R_⊥|e^{i(ρ}?^{−ρ0)} ) (39) × ( e^{−ΓLt} + e^{−ΓH t} ) + ( |R_0|e^{i(γ−ρ0)} − |R_⊥|e^{−i(γ−ρ}?^) ) ( e^{−ΓLt} − e^{−ΓH t} )] .

For the untagged decays into the charge conjugate two body states we obtain on the other hand the following expressions: [ |A^C_0 (t)|^2 ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_0|^2 (40) × [( 1 + |R_0|^2 ) ( e^{−ΓL t} + e^{−ΓH t} ) + 2|R_0| cos(ρ_0 + γ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ |A^C_‖ (t)|^2 ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_‖|^2 (41) × [( 1 + |R_‖|^2 ) ( e^{−ΓL t} + e^{−ΓH t} ) + 2|R_‖| cos(ρ_‖ + γ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ |A^C_⊥(t)|^2 ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_⊥|^2 (42) × [( 1 + |R_⊥|^2 ) ( e^{−ΓLt} + e^{−ΓH t} ) − 2|R_⊥| cos(ρ_⊥ + γ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ A^{C∗}_0 (t)A^C_‖ (t) ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_0||M_‖|e^{i(ϑ}k^{−ϑ0)} [( 1 + |R_0||R_‖|e^{i(ρ}k^{−ρ0)} ) (43) × ( e^{−ΓLt} + e^{−ΓH t} ) + ( |R_0|e^{−i(γ+ρ0)} + |R_‖|e^{i(γ+ρ}k^) ) ( e^{−ΓLt} − e^{−ΓH t} )]

[ A^{C∗}_‖ (t)A^C_⊥(t) ] = G^2_F 4 |V_{ub}V_{cs}|^2|M_‖||M_⊥|e^{i(ϑ}?^{−ϑ}k^) [( 1 − |R_‖||R_⊥|e^{i(ρ}?^{−ρ}k^) ) (44) × ( e^{−ΓLt} + e^{−ΓH t} ) + ( |R_‖|e^{−i(γ+ρ}k^) − |R_⊥|e^{i(γ+ρ}?^) ) ( e^{−ΓL t} − e^{−ΓH t} )]

[A^{C∗}_0 (t)A^C_⊥(t)] =

G^2_F 4 |V_{ub}V_{cs}|^2|M_0||M_⊥|e^{i(ϑ}?^{−ϑ0)} [( 1 − |R_0||R_⊥|e^{i(ρ}?^{−ρ0)} ) (45) × ( e^{−ΓLt} + e^{−ΓH t} ) + ( |R_0|e^{−i(γ+ρ0)} − |R_⊥|e^{i(γ+ρ}?^) ) ( e^{−ΓLt} − e^{−ΓH t} )] . Combining these equations appropriately – each of them represents a certain measurement – a determination of γ and of the strong phase shifts is possible without using any additional input. This can be seen as follows:

Let us consider the untagged observables corresponding to (34), (35) and to the real part of (37). From these rates the ratios of the coefficients of e^{−ΓLt} − e^{−ΓH t} and of e^{−ΓLt} + e^{−ΓH t} can be determined. The overall normalizations of these rates cancel in the ratios which are given by u_f ≡ 2|R_f | cos(ρ_f − γ)

1 + |R_f |^2

(f ∈ { 0 , ‖ }) (46) and u_{0,‖} ≡ |R_0| cos(ϑ_‖ − ϑ_0 − ρ_0 + γ) + |R_‖| cos(ϑ_‖ − ϑ_0 + ρ_‖ − γ) cos(ϑ_‖ − ϑ_0) + |R_0||R_‖| cos(ϑ_‖ − ϑ_0 + ρ_‖ − ρ_0)

, (47)

respectively, and depend thus only on |R_0|, ρ_0, |R_‖|, ρ_‖, ϑ_‖ − ϑ_0 and on the CKM angle γ. Using in addition the observables of the untagged B_s decays into the charge conjugate final states that are related to (40), (41) and to the real part of (43), we can determine similar ratios of the coefficients of e^{−ΓLt} −e^{−ΓH t} and e^{−ΓLt} +e^{−ΓH t}. These charge conjugate ratios, which are given by

u^C_f ≡

2|R_f | cos(ρ_f + γ) 1 + |R_f |^2

(f ∈ { 0 , ‖ }) (48) and u^C_{0,‖} ≡

|R_0| cos(ϑ_‖ − ϑ_0 − ρ_0 − γ) + |R_‖| cos(ϑ_‖ − ϑ_0 + ρ_‖ + γ) cos(ϑ_‖ − ϑ_0) + |R_0||R_‖| cos(ϑ_‖ − ϑ_0 + ρ_‖ − ρ_0)

, (49)

respectively, depend on the same six “unknowns” as (46) and (47) determined from (34), (35) and (37). We have therefore six observables at our disposal to determine the six “unknowns” |R_0|, ρ_0, |R_‖|, ρ_‖, ϑ_‖ − ϑ_0, γ. In particular we are in a position to extract the CKM angle γ. Using furthermore the observables we have not considered so far, certain discrete ambiguities are resolved and also |R_⊥|, ρ_⊥, ϑ_⊥ − ϑ_0 can be determined. Note that the overall normalizations of the rates corresponding to (34)-(45) inform us about |V_{ub}V_{cs}| · |M_f |, where f ∈ { 0 , ‖ , ⊥ }. Obviously the major goal of this approach is the extraction of the CKM angle γ.

However, also the the quantities |R_f | and the strong phase shifts ρ_f , ϑ_f are of interest, since they allow insights into the hadronization dynamics of the corresponding four-quark operators.

4 CP violation

There are many CP-violating observables that can be constructed from tagged timedependent measurements. Some of them survive even when only untagged data samples are used. The most striking untagged CP-violating observable is Im { [A^∗_f (t) A_⊥(t)] } + Im { [A^{C∗}_f (t) A^C_⊥(t)] } = − G^2_F 2 |V_{ub}V_{cs}|^2|M_f ||M_⊥| × {|R_f | cos(ρ_f + ϑ_f − ϑ_⊥) + |R_⊥| cos(ρ_⊥ + ϑ_⊥ − ϑ_f )} ( e^{−ΓLt} − e^{−ΓH t} ) sin γ, (50)

where f ∈ { 0 , ‖ }. Note that the plus sign on the l.h.s. of that equation is due to the fact that the parity eigenvalues of the final state configurations f and ⊥ arising in the “mixed” combinations are different. The CP observable (50) is proportional to sin γ and occurs even when all strong phase shifts vanish. This CP-violating effect can be potentially very large as can be seen by employing the factorization assumption which implies vanishing strong phase shifts.

In contrast, to observe CP violation in the untagged interference term involving final state configurations with equal parity eigenvalues requires non-vanishing strong phase shifts as can be seen from the corresponding CP-violating observable Re { [A^∗_0(t) A_‖(t)] } − Re { [A^{C∗}_0 (t) A^C_‖ (t)] } = G^2_F 2 |V_{ub}V_{cs}|^2|M_0||M_‖| × { |R_0| sin(ρ_0 + ϑ_0 − ϑ_‖) + |R_‖| sin(ρ_‖ + ϑ_‖ − ϑ_0) } ( e^{−ΓLt} − e^{−ΓH t} ) sin γ. (51)

The last category of CP-violating effects in untagged data samples is related to [ |A_f (t)|^2 ] − [ |A^C_f (t)|^2 ] = η^f_P G^2_F|V_{ub}V_{cs}|^2|M_f |^2|R_f | sin ρ_f ( e^{−ΓL t} − e^{−ΓH t} ) sin γ (52)

with f ∈ { 0 , ‖ , ⊥ } and requires also non-vanishing strong phase shifts. This last category is the only one that has been considered so far in the literature [7].

5 Summary

We have calculated the time-dependences of the observables of angular distributions for B_s decays caused by b̄ → c̄us̄ quark-level transitions both in a general notation and in terms of linear polarization states. Examples for exclusive modes belonging to this decay category are the color-allowed and color-suppressed channels^{(—)}B_s→ D^{∗±}_s K^{∗∓}, D_{s1}(2536)^± K^{∗∓}, D^{∗∗±}_s K^{∗∓} and^{(—)}B_s→ (—) D^{∗0} ϕ,^{(—)}D_1 (2420)^0ϕ, (—) D^{∗∗0} ϕ, respectively. Since charged particles are easier to detect for generic detectors than the photon(s) in the strong or electromagnetic decays of D^∗_s and D^{∗0}, we have also listed higher resonances exhibiting significant all-charged final states. The information that is provided by the corresponding angular correlations allows – without any theoretical input – the extraction both of the notoriously difficult to measure CKM angle γ and of the whole hadronization dynamics of these decays thereby allowing e.g. tests of the factorization hypothesis.

If the lifetime difference between the B_s mass eigenstates B^L_s and B^H_s is sizable, as is indicated by certain present theoretical analyses, even untagged B_s data samples suffice to accomplish this ambitious task. Interestingly, some of the many CP-violating observables that can be constructed from tagged measurements survive also in that untagged case and are potentially very large. One class of these untagged CP-violating observables is proportional to sin γ and arises even when all strong phase shifts vanish.

From an experimental point of view, untagged analyses of B_s-meson decays are obviously much more efficient than tagged studies. The feasibility of our untagged strategies for extracting γ in a clean way depends, however, crucially on a sizable lifetime difference of the B_s system. Even if this lifetime splitting should turn out to be too small for untagged analyses, once a non-vanishing lifetime difference has been established experimentally, the formalism presented in our paper must be used in the case of tagged measurements in order to extract γ correctly. Clearly time will tell and an exciting future may lie ahead of us.

Acknowledgments

We are very grateful to Helen Quinn for a critical reading of the manuscript. R.F. would like to thank Helen Quinn for interesting discussions and the Theoretical Physics Groups of Fermilab and SLAC for the warm hospitality during parts of these investigations. This work has been supported in part by the Department of Energy, Contract No. DE-AC02- 76CH03000.

References

[1] R. Aleksan, I. Dunietz and B. Kayser, Z. Phys. C54 (1992) 653.

[2] L.L. Chau and W.-Y. Keung, Phys. Rev. Lett. 53 (1984) 1802.; J.D. Bjorken, private communication (1987); C. Jarlskog and R. Stora, Phys. Lett. B208 (1988) 268.

[3] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531; M. Kobayashi and K. Maskawa, Prog.

Theor. Phys. 49 (1972) 282.

[4] M. Gronau and D. London, Phys. Lett. B253 (1991) 483; R. Aleksan, B. Kayser and D. London, National Science Foundation preprint NSF-PT-93-4, hep-ph/9312338 (1993).

[5] R. Aleksan, A. Le Yaouanc, L. Oliver, O. Pene, J.C. Raynal, Z. Phys. C67 (1995) 251.

[6] Y. Nir, Phys. Lett. B327 (1994) 85; A. Ali and D. London, Z. Phys. C65 (1995) 431.

[7] I. Dunietz, Phys. Rev. D52 (1995) 3048.

[8] J.S. Hagelin, Nucl. Phys. B193 (1981) 123; E. Franco, M. Lusignoli and A. Pugliese, ibid B194 (1982) 403; L.L Chau, W.-Y. Keung and M. D. Tran, Phys. Rev. D27 (1983) 2145; L.L Chau, Phys. Rep. 95 (1983) 1; A.J. Buras, W. Slominski and H. Steger, Nucl. Phys. B245 (1984) 369; M.B. Voloshin, N.G. Uraltsev, V.A. Khoze and M.A. Shifman, Yad. Fiz. 46 (1987) 181 [Sov. J. Nucl. Phys. 46 (1987) 112]; A. Datta, E.A. Paschos and U. Türke, Phys. Lett. B196 (1987) 382; M. Lusignoli, Z. Phys. C41 (1989) 645; R. Aleksan, A. Le Yaouanc, L. Oliver, O. Pène and Y.-C. Raynal, Phys. Lett. B316 (1993) 567; I. Bigi, B. Blok, M. Shifman, N. Uraltsev and A. Vainshtein, in B Decays, edited by S. Stone, 2nd edition (World Scientific, Singapore, 1994), p. 132 and references therein.

[9] R. Fleischer and I. Dunietz, TTP96-07 (1996).

[10] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945.

[11] D. Atwood, I. Dunietz and A. Soni, FERMILAB-PUB-94/388-T, in preparation.

[12] J.L. Rosner, Phys. Rev. D42 (1990) 3732.

[13] J. Schwinger, Phys. Rev. Lett. 12 (1964) 630; R.P. Feynman, in: Symmetries in Particle Physics, ed. A. Zichichi, Acad. Press 1965, p. 167; O. Haan and B. Stech,

Nucl. Phys. B22 (1970) 448; M. Bauer, B. Stech and M. Wirbel, Z. Phys. C34 (1987) 103.

[14] D. Fakirov and B. Stech, Nucl. Phys. B133 (1978) 315; L.L. Chau, Phys. Rep. B95 (1983) 1.

[15] A.J. Buras, J.-M. Gérard and R. Rückl, Nucl. Phys. B268 (1986) 16. [16] J.D. Bjorken, Nucl. Phys. B (Proc. Suppl.) 11 (1989) 325; SLAC-PUB-5389 (1990), published in Proc. of the SLAC Summer Institute 1990, p. 167.

[17] A.S. Dighe, I. Dunietz and R. Fleischer, in preparation.

[18] I. Dunietz, H. Quinn, A. Snyder, W. Toki and H.J. Lipkin, Phys. Rev. D43 (1991) 2193.

[19] A.S. Dighe, I. Dunietz and R. Fleischer, in preparation.

[20] G. Altarelli, G. Curci, G. Martinelli and S. Petrarca, Nucl. Phys. B187 (1981) 461. [21] A.J. Buras and P.H. Weisz, Nucl. Phys. B333 (1990) 66.

[22] G. Buchalla, A.J. Buras and M.E. Lautenbacher, hep-ph/9512380 (1995), to appear in Reviews of Modern Physics.

[23] A.S. Dighe, I. Dunietz, H.J. Lipkin and J.L. Rosner, Phys. Lett. B369 (1996) 144. [24] I. Dunietz and J.L. Rosner, Phys. Rev. D34 (1986) 1404. [25] J. Bartelt et al., CLEO Collaboration, Phys. Rev. Lett. 71 (1993) 511. [26] A.J. Buras, M.E. Lautenbacher and G. Ostermaier, Phys. Rev. D50 (1994) 3433. [27] A. Ali and D. London, DESY 95-148, hep-ph/9508272 (1995).