arXiv:hep-ph/0609037 v3 17 Oct 2006

IPPP/06/61 DCPT/06/122

Time-dependent CP Asymmetry in B → K^∗γ as a (Quasi) Null Test of the Standard Model

Patricia Ball^∗ and Roman Zwicky^†

IPPP, Department of Physics, University of Durham, Durham DH1 3LE, UK

Abstract:

We calculate the dominant Standard Model contributions to the time-dependent CP asymmetry in B^0 → K^{∗0}γ, which is O(1/m_b) in QCD factorisation. We find that, including all relevant hadronic effects, in particular from soft gluons, the asymmetry S is very small, S = −0.022 ± 0.015^{+0}_{−0.01}, and smaller than suggested recently from dimensional arguments in a 1/m_b expansion. Our result implies that any significant deviation of the asymmetry from zero, and in particular a confirmation of the current experimental central value, S_{HFAG} = −0.28 ± 0.26, would constitute a clean signal for new physics.

∗Patricia.Ball@durham.ac.uk †Roman.Zwicky@durham.ac.uk

1 Introduction

The radiative decay b → sγ has been extensively studied as a probe of both the flavour structure of the Standard Model (SM) and new physics beyond the SM (see Ref. [1] for a review). While the vast majority of studies has focused on the prediction of the decay rate for exclusive and both spectra and decay rate for inclusive b → sγ decays, there is one rather peculiar feature of this process which has attracted far less attention, namely that, in the SM, the emitted photon is predominantly left-handed in b, and right-handed in b̄ decays. This is due to the fact that, in the language of effective field theories, the dominant contribution is from the chiral-odd dipole operator s̄_{L(R)}σ_{μν} b_{R(L)}. As only left-handed quarks participate in the weak interaction, an effective operator of this type necessitates, in the SM, a helicity flip on one of the external quark lines, which results in a factor m_b (and a left-handed photon) for b_R → s_Lγ_L and a factor m_s (and a right-handed photon) for b_L → s_Rγ_R. Hence, the emission of right-handed photons is suppressed by roughly a factor m_s/m_b. This suppression can easily be alleviated in a large number of new physics scenarios where the helicity flip occurs on an internal line, resulting in a factor m_i/m_b instead of m_s/m_b. A prime example are left-right symmetric models [2], whose impact on the photon polarisation was discussed in Ref. [3]. These models also come in a supersymmetric version whose effect on b → sγ was investigated in Ref. [4]. Supersymmetry with no leftright symmetry can also provide large contributions to b → sγ_R, see Ref. [5] for recent studies. Other potential sources of large effects which have been studied are warped extra dimensions [6] or anomalous right-handed top couplings [7]. Unless the amplitude for b → sγ_R is of the same order as the SM prediction for b → sγ_L, or the enhancement of b → sγ_R goes along with a suppression of b → sγ_L, the impact on the branching ratio is small, as the two helicity amplitudes add incoherently. This implies there can be a substantial contribution of new physics to b → sγ escaping detection when only branching ratios are measured.

Although the photon helicity is, in principle, an observable, it is very difficult to measure directly. It can, however, be accessed indirectly, for instance in the time-dependent CP asymmetry in B^0 → K^{∗0}γ, which relies on the interference of both left and right helicity amplitudes and vanishes if one of them is absent. This method was first suggested in Ref. [3] and later discussed in more detail in Refs. [8, 9]. It is rather special in the sense that usually new physics modifies the SM predictions for time-dependent CP asymmetries by affecting the mixing phase (as in B_s → J/ψϕ, see for instance Ref. [10]), introducing new weak phases or moderately changing the size of the decay amplitudes which, in the absence of precise calculational tools, makes it very hard to trace its impact. In contrast, the time-dependent CP asymmetry in B^0 → K^{∗0}γ is very small in the SM, irrespectively of hadronic uncertainties, by virtue of the helicity suppression of one decay amplitude, and new physics enters by relieving that suppression. The smallness of the asymmetry in the SM, and the possibility of large effects from new physics, makes it one of the prime candidates for a so-called “null test” of the SM, as recently advertised in Ref. [11].

Other channels and methods to probe the photon helicity have been discussed in

Figure 1: Dominant contribution to b → sγg. A second diagram with photon and gluon vertices exchanged is implied.

Refs. [12, 13]. In this letter, however, we focus on the time-dependent CP asymmetry in B^0 → K^{∗0}γ. It is given by A_{CP} = Γ(B̄^0(t) → K̄^{∗0}γ) − Γ(B^0(t) → K^{∗0}γ) Γ(B̄^0(t) → K̄^{∗0}γ) + Γ(B^0(t) → K^{∗0}γ)

= S sin(Δm_Bt) − C cos(Δm_Bt) , (1)

where K^{∗0} and K̄^{∗0} are observed via their decay into the CP eigenstate K_S π^0. The term involving an interference of photons with different polarisation is S, for which the following experimental results are available from the B factories:

S_{BaBar} = −0.21 ± 0.40 (stat) ± 0.05 (syst) BaBar [14] (232 · 10^6 BB̄ pairs), S_{Belle} = −0.32^{+0.36}_{−0.33} (stat) ± 0.05 (syst) Belle [15] (535 · 10^6 BB̄ pairs), (2)

with the HFAG average S_{HFAG} = −0.28 ± 0.26 [16]. While these results are compatible with zero at the 1σ level, the central values of both BaBar and Belle are in agreement and interestingly large. A drastic reduction of the experimental uncertainty will probably be difficult at the LHC, but can be achieved at a Super B factory, with an anticipated statistical uncertainty of S of 0.07 with 10 ab^{−1} of data [17] and 0.04 with 50 ab^{−1} [18].

In order to clearly distinguish any new physics signal from the SM background, one needs to know the latter as precisely as possible. As discussed above, one contribution comes from b_L → s_Rγ_R, with a helicity flip on the s quark line; it generates the contribution

S^{SM,sR} = − sin(2β) m_s m_b (2 + O(α_s)) (3)

to the CP asymmetry, with β being one of the angles of the CKM unitarity triangle. At leading order in α_s, S^{SM,sR} is free from hadronic uncertainties. As pointed out in Ref. [8], another mechanism to remove the helicity suppression of b → sγ_R is to emit an additional gluon. The dominant contribution to this mechanism is via a c-quark loop and is shown in Fig. 1. In inclusive decays this is a bremsstrahlung correction and can be calculated in perturbation theory [8]. In exclusive decays, on the other hand, the gluon can be either hard or soft. If it is hard, it attaches to the spectator quark, which induces O(α_s) corrections to (3). If it is soft, it has to be interpreted as a parton in one of the external hadrons. Stated differently, if the gluon is soft, the amplitude involves higher Fock states of the B and K^∗. A data-driven method to distinguish this contribution from that of the dipole operator s̄_{L(R)}σ_{μν} b_{R(L)} was discussed in Ref. [13] and relies on the Dalitz-plot analysis of decays of type B^0 → γK_S + neutrals, where neutrals stands for π^0, η^{(′)}, K_S , light vector mesons or any combination of these particles. In Ref. [8] it was shown, in the framework of softcollinear effective theory (SCET), that contributions from b → sγg are suppressed by one power of m_b with respect to the left-handed photon emission, which confirms the results obtained in QCD factorisation [19, 20], where an explicit O(α_s) calculation demonstrated, to leading order in 1/m_b, the absence of right-handed photons in B̄^0 → K̄^{∗0}γ. A SCET analysis of the CP asymmetry in Ref. [9] estimated the size of the 1/m_b corrections to S^{SM} induced by b → sγg as ∼ ±0.1, but is based on dimensional counting of the operators involved rather than a calculation of the relevant matrix elements. Another calculation, in perturbative QCD, gives S^{SM}_{pQCD} = −(3.5 ± 1.7)% [21], including effects mainly from hard gluons; the contribution of soft gluons is treated in a model-dependent way.

The purpose of this letter is to provide a calculation of the soft-gluon contribution to the time-dependent CP asymmetry in B → K^∗γ induced by the c-quark loop shown in Fig. 1. The method we use are QCD sum rules on the light-cone. It turns out that the relevant hadronic parameters were calculated already previously, in 1997, in Ref. [22], using the method of local QCD sum rules. The motivation at the time was to estimate long-distance corrections to the branching ratio of B → K^∗γ. In fact those corrections were first discovered for the inclusive process [23]. In this letter, we show that the same parameters also enter the time-dependent CP asymmetry in B → K^∗γ and present a new calculation of their values.

2 The CP Asymmetry

Let us define the amplitudes of the decay of B mesons into K^∗ and left- or right-handed photons in the following way:

Ā_{L(R)} = A(B̄^0 → K̄^{∗0}γ_{L(R)}) , A_{L(R)} = A(B^0 → K^{∗0}γ_{L(R)}) . (4)

Neglecting, as usual, the small width difference between B^0 and B̄^0, the time-dependent CP asymmetry is then given by (1) with

S = 2 Im (_q p (A^∗_LĀ_L + A^∗_RĀ_R) ) |A_L|^2 + |A_R|^2 + |Ā_L|^2 + |Ā_R|^2 , C = |A_L|^2 + |A_R|^2 − |Ā_L|^2 − |Ā_R|^2 |A_L|^2 + |A_R|^2 + |Ā_L|^2 + |Ā_R|^2

. (5)

Here q/p is given in terms of the B^0-B̄^0 mixing matrix M_{12}, in the standard convention for the parametrisation of the CKM matrix, by q p = √ M^∗_{12} M_{12} = e^{−2iβ} . Extending in an obvious way the notations introduced in Ref. [20] in the context of QCD factorisation, the decay amplitudes can be written as

Ā_{L(R)} = G^F√ 2 ( λ_ua^u_7 (K̄^∗γ_{L(R)}) + λ_ca^c_7(K̄^∗γ_{L(R)}) ) ⟨K̄^∗γ_{L(R)}|Q^{L(R)}_7 |B̄⟩

≡ G_F √ 2 ( λ_ua^u_{7L(R)} + λ_ca^c_{7L(R)} ) ⟨K̄^∗γ_{L(R)}|Q^{L(R)}_7 |B̄⟩ . (6) In QCD factorisation, a^{c,u}_{7L} are of order 1 in a 1/m_b expansion [20],^1

a^{c,u}_{7L} = C_7 + O(α_s, 1/m_b) , (7)

with C_7 being the Wilson coefficient of the operator Q_7. The complete set of operators and formulas for the Wilson coefficients can be found in Ref. [24]. a^{c,u}_{7R}, on the other hand, are of order 1/m_b [8, 9]. λ_p = V^∗_{ps}V_{pb} and the operators Q^{L(R)}_7 are given by

Q^{L(R)}_7 = e 8π^2 m_bs̄σ_{μν} (1 ± γ_5) bF^{μν} ;

Q^{L(R)}_7 generates left- (right-) handed photons in the decay b → sγ. The matrix element in (6) can be expressed in terms of the form factor T^{B→K∗}_1 as ⟨K̄^∗(p, η)γ_{L(R)}(q, e)|Q^{L(R)}_7 |B̄⟩ = = − e 2π^2 m_bT^{B→K∗} 1 (0) [ ϵ^{μνρσ} e^∗_μη^∗_ν p_ρq_σ ± i{(e^∗η^∗)(pq) − (e^∗p)(η^∗q)} ]

≡ − e 2π^2 m_bT^{B→K∗} 1 (0)S_{L(R)} , (8)

where S_{L,R} are the helicity amplitudes corresponding to left- and right-handed photons, respectively, and e_μ(η_μ) is the polarisation four-vector of the photon (K^∗). The definition of T^{B→K∗} 1 can be found in Ref. [25], and an updated value in Ref. [26]. In the Wolfenstein parametrisation of the CKM matrix, λ_u ∼ λ^4 and is doubly Cabibbo suppressed with respect to λ_c ∼ λ^2, so we drop this contribution from now on. With λ_u set to zero, the direct CP asymmetry C in (5) vanishes.

3 Calculation of a^c_{7R} in the SM

One contribution to Ā_R is very well known and comes from the m_s dependent part of the full electromagnetic dipole operator Q_7,

Q_7 = e 8π^2

[m_bs̄σ_{μν} (1 + γ_5)b + m_ss̄σ_{μν} (1 − γ_5)b] F^{μν} ≡ Q^L_7 + m_s m_b Q^R_7 . (9)

Hence, a^c_{7R} is given by a^c_{7R} = m_s m_b C_7 + O ( 1 m_b , α_s m_b ) . (10)

As discussed above, all contributions to Ā_R must include a helicity flip of the s quark, which in the above is done by including the effects from a non-vanishing s quark mass.

1The a^{c,u}_7 calculated in Ref. [20], to leading order in 1/m_b, coincide with our a^{c,u}_{7L} , whereas a^{c,u}_{7R} are set zero in [20]. Our expression (6) is purely formal and does not imply that a^{c,u}_{7R(L)} factorise at order 1/m_b. As a matter of fact, they don’t.

Another possibility to relieve the helicity suppression of right-handed photons is by considering, at parton level, a three-particle final state with an additional gluon. The dominant contribution (with the largest Wilson coefficient) to this process comes from the operator

Q^c_2 = [s̄γ_μ(1 − γ_5)c][c̄γ^μ(1 − γ_5)b]

and is shown in Fig. 1. As the c quark has sufficiently large virtuality in the loop (the photon is on-shell and the gluon nearly so), the diagram is dominated by short distances and can be expanded in inverse powers of m_c. To do so, we follow Ref. [22] and rewrite Q^c_2 as Q^c_2 = 1 3 [c̄γ_μ(1 − γ_5)c][s̄γ^μ(1 − γ_5)b] + 2[s̄γ_μ(1 − γ_5) λ^a 2 c][c̄γ^μ(1 − γ_5) λ^a 2 b] . (11)

Confirming the result of Ref. [22], we find that the short-distance expansion of the diagram in Fig. 1 yields Q_F = ie^{∗μ} ∫ d^4xe^{iqx} T {[c̄(x)γ_μc(x)] Q^c_2(0)}

= − 1 48π^2m^2_c (D^ρF^{αβ})[s̄γ_ρ(1 − γ_5)g ~G^a_{αβ} λ^a 2 b] + . . . (12)

where F^{αβ} = i(q^αe^{∗β} −q^βe^{∗α}) corresponds to an outgoing photon and the dots denote terms of higher order in 1/m_c. Note that the contribution of the first term in (11) vanishes for an on-shell photon. The contribution of Q_F to the decay amplitude is A_{QF} (B̄ → K̄^∗γ) = − 2e 3 ⟨K̄^∗γ|Q_F |B̄⟩ , where 2/3 is the electric charge of the c quark and the minus sign comes from the EM interaction operator. At this point we would also like to make explicit our conventions for the strong and electromagnetic couplings. We use the covariant derivative D_μ = ∂_μ + ieQ_f B_μ − igA^a_μ λ^a 2 for a fermion with electric charge Q_f . Here e = + √ 4πα which is consistent with the sign-convention for Q_7, Eq. (9).^2 The contribution of Q^c_2 to a^c_{7R} is hence governed by the matrix element ⟨K^∗γ|(D^ρF^{αβ})[s̄γ_ρ(1 − γ_5)g ~G^a_{αβ}^{λa}_2 b]|B⟩, which, again following Ref. [22], can be parametrised as ⟨K̄^∗(p, η)γ(q, e)|(D^ρF^{αβ})[s̄γ_ρ(1 − γ_5)g ~G^a_{αβ} λ^a 2 b]|B̄(p + q)⟩ = = 2⟨K̄^∗(p, η)|s̄γ_μq^μ(1 − γ_5)g ~G_{αβ} b|B̄(p + q)⟩e^{∗α}q^β = 2 { Lϵ_{μνρσ} e^{∗μ}η^{∗ν} p^ρq^σ + i~L[(e^∗η^∗)(pq) − (e^∗p)(η^∗q)] }

= (L + ~L)S_L + (L − ~L)S_R , (13)

2The sign of the strong coupling g differs with respect to Ref. [20], which however does not matter as all final expressions contain only factors g^2.

where S_{L,R} are the photon helicity structures defined in (8). The operator Q^c_2 thus induces power corrections of type (L ± ~L)/(m^2_c m_b) to a^c_{7L} and a^c_{7R}, respectively. As already mentioned before, these power corrections have previously been considered in Ref. [22]. Before we present a new calculation of L and ~L, let us finally give their contribution to a^c_{7R}:

a^c_{7R} = C_7 m_s m_b − C_2 L − ~L 36m^2_c m_bT^{B→K∗}_1 (0)

. (14)

Corrections to this expression are of order α_s/m_b, come with smaller (penguin) Wilson coefficients or are of higher order in 1/m_{b,c}. What about the convergence of the 1/m_c expansion? For the inclusive decay b → sγ this question was studied in Ref. [27]. Higher terms in the short-distance expansion of (12) generate operators with higher order derivatives acting on F^{αβ}, generating powers of the photon momentum q, and on ~G_{αβ} , generating new hadronic matrix elements. A complete calculation of these additional contributions to (14) is not possible with the presently available methods, but we can try to give an estimate. As found in Ref. [27], the expansion parameter of the 1/m_c expansion is t = (q · D)/(2m^2_c ) with D acting on the gluon field strength tensor. The hadronic matrix elements with additional powers of D can be estimated as ⟨K^∗|s̄ D^n ~G b|B⟩ ∼ (Λ_{QCD})^n⟨K^∗|s̄ ~G b|B⟩ , (15) and hence t ∼ (m_B/2)Λ_{QCD}/(2m^2_c ) ≈ 0.2. Using (15), the 1/m_c series can be resummed and enhances the term in (12) by a factor 1.1 for t = 0.2, and 1.3 for t = 0.4.^3 Although (15) is only a crude estimate of the true value of these matrix elements, this result suggests that the 1/m_c expansion converges well. We also would like to mention, as noted in [27], that besides the derivative expansion in the gluon field there are further higher-twist contributions from e.g. two gluon fields. These contributions, however, are suppressed by additional powers of Λ^2_{QCD}/(m^2_c ) [27]. We shall include the effect of truncating the 1/m_c expansion by doubling the theoretical error of our final result for the CP asymmetry.

4 Non-factorisable Soft Gluon Effects: L and ~L

The following results for L and ~L were obtained in 1997, in Ref. [22], using the method of local QCD sum rules and neglecting the effects of SU(3) breaking:

L = (0.55 ± 0.1) GeV^3, ~L = (0.70 ± 0.1) GeV^3 . (16)

Since then, a number of studies [28] have demonstrated that the appropriate method to calculate B decay form factors from QCD sum rules is to use QCD sum rules on the light-cone [29, 30]. In this paper, we cannot give any account of the method itself, but refer to the relevant literature. Suffice it to say that one of the main ingredients in the method are light-cone distribution amplitudes (DAs) of two- and three-particle Fock states of the final-state meson. These have been known for some time for ρ mesons [31, 32], but

3The enhancement factor is given by the function F (t, t) defined in the last reference of [27].

complete expressions for K^∗ mesons will become available only later in 2006 [33] (see also [34, 35]). In this paper, we include the first (preliminary) results of this ongoing study in our calculation of L and ~L. The light-cone sum rules read: f_B m^2_B m_b Le^{−m2B /M 2} = m^4_b ∫_{1−m}2_{b /s0} 0 dα_2e^{−m2b /(ᾱ2M 2)}

× { 1 2ᾱ^2 ∫_{1−α2} 0 dα_1 [( m_K∗ m_b ) f^‖_K∗ Φ^‖_{3;K}∗ (α) + ( m_K∗ m_b )_2

f^⊥_K∗ᾱ_2 ( Ψ^⊥_{4;K}∗ (α) + Φ^{⊥(1)}_{4;K}∗ (α) ) ]

− ( m_K∗ m_b )_2 f^⊥_K∗ [ 1 4ᾱ^2

I [Φ^⊥_{3;K}∗ + 2(Φ^{⊥(3)}_{4;K}∗ + Φ^{⊥(4)}_{4;K}∗ )] + d dα_2 ( 1 2ᾱ_2

I [Φ^{⊥(1)}_{4;K}∗ + Φ^{⊥(4)}_{4;K}∗ ] )]} , (17)

f_B m^2_B m_b ~Le^{−m2}B^{/M 2} = m^4_b ∫_{1−m}2_{b /s0} 0 dα_2e^{−m2b /(ᾱ2M 2)}

× { 1 2ᾱ^2 ∫_{1−α2} 0 dα_1 [( m_K∗ m_b ) f^‖_K∗ ~Φ^‖_{3;K}∗ (α) − ( m_K∗ m_b )_2

f^⊥_K∗ᾱ_2 ( ~Ψ^⊥_{4;K∗} (α) + Φ^{⊥(2)}_{4;K∗} (α) ) ]

+ ( m_K∗ m_b )_2 f^⊥_K∗ 1 4ᾱ^2

I [Φ^⊥_{3;K}∗ − 2(Φ^{⊥(1)}_{4;K}∗ + 2Φ^{⊥(2)}_{4;K}∗ + Φ^{⊥(3)}_{4;K}∗ )] } . (18)

The above expressions are accurate up to terms of order (m_K∗ /m_b)^3, which are of higher twist, and O(α_s) corrections. Here Φ(α) = Φ(α_1, α_2) are three-particle DAs of the K^∗ of twist 3 or 4 (as indicated by the index). The (rather lengthy) definition of these DAs is given in Ref. [33]. The variable α_1 can be interpreted as the longitudinal momentum fraction carried by the quark in the meson, whereas α_2 is the momentum fraction carried by the antiquark. I [Φ] is a functional acting on the DA Φ(α), which is defined as

I [Φ] = ∫_{α2} 0 dx ∫_{1−x} 0 dα_1Φ(α_1, x).

The DAs can be described in a systematic way using conformal expansion [31]; here, we restrict ourselves to the leading terms in that expansion and use the expressions [33] (α_3 = 1 − α_1 − α_2)

Φ^‖_{3;K}∗ (α) = 360α_1α_2α^2_3 { κ^‖_{3K} + ω^‖_{3K} (α_1 − α_2) + λ^‖_{3K} 1 2 (7α_3 − 3) } ,

~Φ^‖_{3;K∗} (α) = 360α_1α_2α^2_3 { ζ^‖_{3K} + ~λ^‖_{3K} (α_1 − α_2) + ~ω^‖_{3K} 1 2 (7α_3 − 3) } ,

Φ^⊥_{3;K}∗ (α) = 360α_1α_2α^2_3 { κ^⊥_{3K} + ω^⊥_{3K} (α_1 − α_2) + λ^⊥_{3K} 1 2 (7α_3 − 3) } ,

Φ^{⊥(1)}_{4;K}∗ (α) = 120α_1α_2α_3 ( 1 4 κ^⊥_{3K} + 1 2 κ^⊥_{4K} ) , μ = 1 GeV Remarks ζ^‖_{3K} 0.033 ± 0.007 new; ζ^‖_{3ρ} determined in [37] ~λ^‖_{3K} 0.06 ± 0.03 G-odd, new

~ω^‖_{3K} −0.06 ± 0.02 new; ~ω^‖_{3ρ} determined in [37] κ^‖_{3K} 0.001 ± 0.001 G-odd; previously determined in [38] ω^‖_{3K} 0.14 ± 0.03 new; ω^‖_{3ρ} determined in [37] λ^‖_{3K} −0.02 ± 0.01 G-odd, new κ^⊥_{3K} 0.006 ± 0.003 G-odd, new ω^⊥_{3K} 0.4 ± 0.1 new; ω^⊥_{3ρ} determined in [31] λ^⊥_{3K} −0.05 ± 0.02 G-odd, new ζ^⊥_{4K} 0.10 ± 0.05 quoted from [29]; no SU(3) breaking; to be updated in [33] ~ζ ⊥_{4K} = −ζ ⊥_{4K} quoted from [29]; no SU(3) breaking; to be updated in [33]

κ^⊥_{4K} 0.012 ± 0.004 G-odd; quoted from [35]

Table 1: Three-particle twist-3 and 4 hadronic parameters. All results labelled “new” are preliminary and will be finalised in Ref. [33]. Note that the absolute sign of all these parameters depends on the sign convention chosen for the strong coupling g. The above results correspond to the choice D_μ = ∂_μ − igA^a_μ(λ^a/2) of the covariant derivative.

Φ^{⊥(2)}_{4;K}∗ (α) = −30α^2_3 { (1 − α_3) ( − 1 4 κ^⊥_{3K} + 1 2 κ^⊥_{4K} ) − (α_1 − α_2)~ζ^⊥_{4K} } ,

Φ^{⊥(3)}_{4;K}∗ (α) = −120α_1α_2α_3 ( 1 4 κ^⊥_{3K} − 1 2 κ^⊥_{4K} ) ,

Φ^{⊥(4)}_{4;K}∗ (α) = 30α^2_3 { (1 − α_3) ( − 1 4 κ^⊥_{3K} − 1 2 κ^⊥_{4K} ) − (α_1 − α_2)ζ^⊥_{4K} } ,

Ψ^⊥_{4;K}∗ (α) = 30α^2_3 { (1 − α_3)ζ^⊥_{4K} + (α_1 − α_2) ( 1 4 κ^⊥_{3K} + 1 2 κ^⊥_{4K} )} ,

~Ψ^⊥_{4;K∗} (α) = 30α^2_3 { (1 − α_3)~ζ^⊥_{4K} − (α_1 − α_2) ( − 1 4 κ^⊥_{3K} + 1 2 κ^⊥_{4K} )} . (19)

Preliminary numerical results for the various hadronic parameters ζ, κ, ω and λ are collected in Tab. 1; they will be discussed in more detail in Ref. [33]. The DAs defined above are related to those introduced in Ref. [31, 32] as

Φ^‖_{3;K}∗ = V , ~Φ^‖_{3;K}∗ = A , Φ^⊥_{3;K}∗ = T , Φ^{⊥(i)}_{4;K}∗ = T^{(i)} , Ψ^⊥_{4;K}∗ = S , ~Ψ^⊥_{4;K}∗ = ~S . (20)

Although the introduction of new notations may, at first, look unmotivated, it actually extends the labelling scheme introduced, in Ref. [36], for pseudoscalar mesons, to vector mesons and aims to provide a systematic way to label the multitude of two- and three-particle pseudoscalar and vector meson DAs, replacing the slightly ad-hoc notations introduced in our previous papers on the subject [31, 32]. As for the other hadronic parameters entering (17) and (18), we use m_b = (4.7 ± 0.1) GeV, f_B = (200 ± 30) MeV, f^‖_K∗ = (217 ± 5) MeV [39] and f^⊥_K∗ (1 GeV) = (185 ± 10) MeV [34]. All scale-dependent parameters are evaluated at the scale μ^2 = m^2_B − m^2_b ± 1 GeV^2, see Ref. [25]. s_0 and M^2 are sum rule specific parameters which do not acquire sharp values, but have to be varied in a certain range. Based on our experience with B decay form factors [25] we choose s_0 = (35 ± 2) GeV^2 and M^2 = (10 ± 3) GeV^2. We then obtain

L = (0.2 ± 0.1) GeV^3 , ~L = (0.3 ± 0.2) GeV^3 , L − ~L = −(0.1 ± 0.1) GeV^3 . (21)

It turns out that the contribution of the (m_K∗ /m_b)^2 terms to the sum rules is tiny, so that the result and its uncertainty is entirely dominated by m_b, f_B and the twist-3 DAs Φ^‖_{3;K}∗ and ~Φ^‖_{3;K}∗ . We repeat that the parameters describing these DAs, collected in Tab. 1, are preliminary.

The results in (21) refer to the renormalisation scale μ^2 = m^2_B − m^2_b ≈ (2.2 GeV)^2. Unfortunately, the dependence of L and ~L on μ is unknown. We can, however, estimate the potential impact of a change of scale by evaluating the light-cone sum rules at the higher scale μ = m_b, although this is, strictly speaking, incorrect in that framework. Nonetheless, L and L̃ itself decrease by about 20% by this procedure, whereas L − ~L decreases by 10%, which is well within the quoted errors.

Comparing with the results obtained in Ref. [22], Eq. (16), we find that our central values are considerably smaller. As mentioned before, the authors of [22] used local sum rules, which are of only limited value for determining B decay form factors at maximum recoil, i.e. for maximum energy of the final state meson, see the discussion in the first two references in [28]. On the other hand, in 1997 not much was known about three-particle twist-3 DAs of vector mesons, so local QCD sum rules were the best tool at hand at the time. We also find that our errors are larger than those in (16), which is due to the fact that the uncertainties quoted in (16) are obtained by varying only the sum rule parameters s_0 and M^2, but not the hadronic input parameters.

5 Results and Conclusions

We are now finally ready to present results for the CP asymmetry S in (1). The m_sdependent terms in (3) yield

S^{SM,sR} = −0.027 ± 0.006(m_{s,b}) ± 0.001(sin(2β)) , (22)

where we use m_s(2 GeV) = (100 ± 20) MeV [40], m_b(m_b) = (4.20 ± 0.04) GeV [41] and sin(2β) = 0.685 ± 0.032 [16]. One can estimate the impact of radiative corrections on that result by comparing it with the perturbative QCD calculation of Ref. [21]. The authors of [21] obtain the same central value for S^{SM,sR} and also quote, very helpfully, results obtained for neglecting various sources of corrections, in particular −0.034±0.013 if all long-distance contributions are neglected. From this we conclude that the impact of radiative corrections on (22) is likely to slightly increase the asymmetry, but not by more than 0.01. As for the contribution of L − L̃, it is given, to leading order in α_s, by

S^{SM,soft gluons} = −2 sin(2β) ( − C_2 C_7 L − L̃ 36m_bm^2_c T^{B→K∗}_1 (0) ) = 0.005 ± 0.01 . (23)

Here we use C_2(m_b) = 1.02, C_7(m_b) = −0.31, which are the leading-order values, m_c = 1.3 GeV and T^{B→K∗}_1 (0) = 0.31 ± 0.04 [26], and have doubled the error to account for neglected higher-order terms in the 1/m_c expansion. That is: the contribution of soft gluons to S is much smaller numerically than that in m_s/m_b, Eq. (22). This result has to be compared with the dimensional estimate presented in Ref. [9], from a SCET-based analysis, |S^{SM,soft gluons}

[9] | = 2 sin(2β) | | | C^2 3C_7 | | | Λ^{QCD} m_b ≈ 0.06 . (24)

Our result (23) suggests that the true value of the soft gluon contributions is much smaller. Comparing (23) and (24), it becomes obvious that this is mainly due to the factor 1/36 in (23) resulting from the short-distance expansion of the charm loop in Fig. 1.

While the aim of our letter was to calculate the soft gluon contributions to S^{SM} induced by the operator Q_2 and to check the estimate of Ref. [9] that it could induce a 10% effect, our result for S^{SM,soft gluons} has now become, due to the suppression factor 1/36, that small that one may start to wonder about the size of other corrections. One source of such corrections, and actually probably the dominant one, are radiative corrections to the term in m_s/m_b which we estimate using the results of Ref. [21] in the way discussed above. Another class of (soft gluon) corrections are diagrams with the same topology as Fig. 1, but a different operator. As long as there is a charm quark in the loop, these contributions are controlled by the matrix element L−L̃, but suppressed by small penguin Wilson-coefficients C_{peng} < 0.1 and hence can be neglected. For light quarks in the loop, one cannot apply the short-distance expansion as done in this letter, but has to follow a different approach. We will discuss this approach in a forthcoming paper on power-corrections to B → ργ [42]; the result is that the contribution of light quark loops is of approximately the same size as that of charm loops, so again these contributions are suppressed by small Wilson coefficients. A second, different topology is given by annihilation diagrams induced by the penguin operators (s̄b)_{V −A}(d̄d)_{V ±A}. This contribution is enhanced by the fact that it is a tree diagram; it can be calculated using the results obtained in Ref. [43] for B → γeν transitions. For the contribution with the largest Wilson-coefficient from the penguin operator Q_4, one has

a^c_{7R} → a^c_{7R} + C_4 Q_d Q_u 2π^2f_K∗ m_K∗ m^2_BT^{B→K∗} 1 (0)

(F_V (0) − F_A(0)) , where Q_{u,d} are the electric charges of the corresponding quarks and F_{V,A} are the form factors determining the B → γ transition. Using F_V (0) − F_A(0) ≈ 0.016 [43] and C_4(m_b) = 0.08, the shift of a^c_{7R} turns out to be ≈ 0.3 · 10^{−3} which is to be compared with the (dominant) m_s/m_b term ≈ 6 · 10^{−3} and the term in C_2: ≈ 1 · 10^{−3}. Let us note in passing that F_V (0) − F_A(0) is induced by long-distance photon emission and given in terms of threeparticle Fock states of the photon [44], so also for this contribution the necessary spin-flip in the parton-level process b → sγ is induced by a higher Fock state, this time of the photon. One more possible topology are hard-spectator scattering diagrams involving the chromomagnetic dipole operator Q_8. Although we cannot give a firm estimate of this contribution to a^c_{7R}, we expect it to come mainly from long-distance photon emission governed by the same three-particle Fock state of the photon mentioned before and to contribute at the same level as the other terms discussed above. Although we were not able to identify a further sizable contribution we will add an uncertainty of 0.01 to the asymmetry.

Our final result for the CP asymmetry is the sum of (22) and (23) with uncertainties added in quadrature:

S^{SM} = S^{SM,sR} + S^{SM,soft gluons} = −0.022 ± 0.015^{+0}_{−0.01} , (25)

where the second uncertainty accounts for neglected contributions induced by penguin operators and the chromomagnetic dipole operator, and the third, asymmetric uncertainty is to account for neglected O(α_s) corrections to (22), which, based on the results of Ref. [21], we estimate to be negative and not to exceed 0.01. In principle these corrections can also be calculated in QCD factorisation, but this goes beyond the scope of this letter.

To summarize, we have calculated the dominant contributions to the SM prediction for the time-dependent CP asymmetry S in B^0 → K^{∗0}γ. These come, on the one hand, from terms in m_s/m_b, and on the other hand from short-distance processes involving an additional gluon, see Fig. 1. We find that in contrast to recent suggestions that the latter be large, they are actually substantially smaller than the former. Additional hadronic corrections to our result are expected to be even smaller and due to radiative corrections, small Wilson coefficients and higher order terms in the heavy quark expansion. The most dominant correction is likely to be radiative corrections to (22), which have already been calculated in perturbative QCD and found to be ≈ −0.01. A confirmation of this result in QCD factorisation, if possible, would be welcome. Our result (25) confirms that the CP asymmetry is an excellent quasi null test of the SM in the sense of Ref. [11] and that any significant deviation of the experimental result from zero will provide a clean signal for new physics.

References

[1] T. Hurth Rev. Mod. Phys. 75 (2003) 1159 [arXiv:hep-ph/0212304].

[2] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11 (1975) 566 and Phys. Rev. D 11 (1975) 2558;

G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12 (1975) 1502; G. Senjanovic, Nucl. Phys. B 153 (1979) 334.

[3] D. Atwood, M. Gronau and A. Soni, Phys. Rev. Lett. 79 (1997) 185 [arXiv:hepph/9704272].

[4] M. Frank and S. Nie, Phys. Rev. D 65 (2002) 114006 [arXiv:hep-ph/0202154].

[5] E. J. Chun, K. Hwang and J. S. Lee, Phys. Rev. D 62 (2000) 076006 [arXiv:hepph/0005013];

L. L. Everett et al., JHEP 0201 (2002) 022 [arXiv:hep-ph/0112126]; T. Goto et al., Phys. Rev. D 70 (2004) 035012 [arXiv:hep-ph/0306093]; C. K. Chua, W. S. Hou and M. Nagashima, Phys. Rev. Lett. 92 (2004) 201803 [arXiv:hep-ph/0308298];

W. S. Hou and M. Nagashima, arXiv:hep-ph/0602124.

[6] K. Agashe, G. Perez and A. Soni, Phys. Rev. Lett. 93 (2004) 201804 [arXiv:hepph/0406101] and Phys. Rev. D 71 (2005) 016002 [arXiv:hep-ph/0408134].

[7] J. P. Lee, Phys. Rev. D 69 (2004) 014017 [arXiv:hep-ph/0309018].

[8] B. Grinstein, Y. Grossman, Z. Ligeti and D. Pirjol, Phys. Rev. D 71 (2005) 011504 [arXiv:hep-ph/0412019].

[9] B. Grinstein and D. Pirjol, Phys. Rev. D 73 (2006) 014013 [arXiv:hep-ph/0510104].

[10] P. Ball and R. Fleischer, arXiv:hep-ph/0604249.

[11] T. Gershon and A. Soni, arXiv:hep-ph/0607230.

[12] Y. Grossman and D. Pirjol, JHEP 0006 (2000) 029 [arXiv:hep-ph/0005069];

M. Gronau, Y. Grossman, D. Pirjol and A. Ryd, Phys. Rev. Lett. 88 (2002) 051802 [arXiv:hep-ph/0107254];

G. Hiller and A. Kagan, Phys. Rev. D 65 (2002) 074038 [arXiv:hep-ph/0108074]; M. Gronau and D. Pirjol, Phys. Rev. D 66 (2002) 054008 [arXiv:hep-ph/0205065]; M. Knecht and T. Schietinger, Phys. Lett. B 634 (2006) 403 [arXiv:hep-ph/0509030]; F. Legger and T. Schietinger, arXiv:hep-ph/0605245.

[13] D. Atwood, T. Gershon, M. Hazumi and A. Soni, Phys. Rev. D 71 (2005) 076003 [arXiv:hep-ph/0410036].

[14] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 72 (2005) 051103 [arXiv:hepex/0507038].

[15] K. Abe [Belle Collaboration], arXiv:hep-ex/0608017.

[16] E. Barberio et al. [HFAG], arXiv:hep-ex/0603003; updated results available at

http://www.slac.stanford.edu/xorg/hfag/.

[17] J. Hewett et al., arXiv:hep-ph/0503261.

[18] A. G. Akeroyd et al. [SuperKEKB Physics Working Group], arXiv:hep-ex/0406071.

[19] A. Ali and A. Y. Parkhomenko, Eur. Phys. J. C 23 (2002) 89 [arXiv:hep-ph/0105302];

M. Beneke, T. Feldmann and D. Seidel, Eur. Phys. J. C 41 (2005) 173 [arXiv:hepph/0412400];

T. Becher, R. J. Hill and M. Neubert, Phys. Rev. D 72 (2005) 094017 [arXiv:hepph/0503263].

[20] S. W. Bosch and G. Buchalla, Nucl. Phys. B 621 (2002) 459 [arXiv:hep-ph/0106081] and JHEP 0501 (2005) 035 [arXiv:hep-ph/0408231].

[21] M. Matsumori and A. I. Sanda, Phys. Rev. D 73 (2006) 114022 [arXiv:hepph/0512175].

[22] A. Khodjamirian, R. Rückl, G. Stoll and D. Wyler, Phys. Lett. B 402 (1997) 167 [arXiv:hep-ph/9702318].

[23] M. B. Voloshin, Phys. Lett. B 397 (1997) 275 [arXiv:hep-ph/9612483].

[24] K. G. Chetyrkin, M. Misiak and M. Münz, Phys. Lett. B 400 (1997) 206 [Erratum:

ibid. B 425 (1998) 414] [arXiv:hep-ph/9612313].

[25] P. Ball and R. Zwicky, Phys. Rev. D 71 (2005) 014029 [arXiv:hep-ph/0412079].

[26] P. Ball and R. Zwicky, arXiv:hep-ph/0608009.

[27] Z. Ligeti, L. Randall and M. B. Wise, Phys. Lett. B 402 (1997) 178 [arXiv:hepph/9702322];

A. K. Grant, A. G. Morgan, S. Nussinov and R. D. Peccei, Phys. Rev. D 56 (1997) 3151 [arXiv:hep-ph/9702380];

G. Buchalla, G. Isidori and S. J. Rey, Nucl. Phys. B 511 (1998) 594 [arXiv:hepph/9705253].

[28] V. M. Belyaev, V. M. Braun, A. Khodjamirian and R. Rückl, Phys. Rev. D 51 (1995) 6177 [arXiv:hep-ph/9410280];

P. Ball and V. M. Braun, Phys. Rev. D 55 (1997) 5561 [arXiv:hep-ph/9701238]; E. Bagan, P. Ball and V. M. Braun, Phys. Lett. B 417 (1998) 154 [arXiv:hepph/9709243];

P. Ball, arXiv:hep-ph/0608116.

[29] I. I. Balitsky, V. M. Braun and A. V. Kolesnichenko, Nucl. Phys. B 312 (1989) 509.

[30] V.L. Chernyak and I.R. Zhitnitsky, Nucl. Phys. B 345 (1990) 137;

P. Ball, V. M. Braun and H. G. Dosch, Phys. Rev. D 44 (1991) 3567.

[31] P. Ball, V. M. Braun, Y. Koike and K. Tanaka, Nucl. Phys. B 529 (1998) 323 [arXiv:hep-ph/9802299].

[32] P. Ball and V. M. Braun, Phys. Rev. D 54 (1996) 2182 [arXiv:hep-ph/9602323] and Nucl. Phys. B 543 (1999) 201 [arXiv:hep-ph/9810475].

[33] P. Ball, V. M. Braun, G. W. Jones and A. Lenz, preprint IPPP/06/62 (in preparation). [34] P. Ball and R. Zwicky, Phys. Lett. B 633 (2006) 289 [arXiv:hep-ph/0510338]. [35] P. Ball and R. Zwicky, JHEP 0602 (2006) 034 [arXiv:hep-ph/0601086]. [36] P. Ball, V. M. Braun and A. Lenz, JHEP 0605 (2006) 004 [arXiv:hep-ph/0603063]. [37] A. R. Zhitnitsky, I. R. Zhitnitsky and V. L. Chernyak, Sov. J. Nucl. Phys. 41 (1985) 127 [Yad. Fiz. 41 (1985) 199].

[38] P. Ball and R. Zwicky, JHEP 0604 (2006) 046 [arXiv:hep-ph/0603232]. [39] W. M. Yao et al. [Particle Data Group], J. Phys. G 33 (2006) 1. [40] E. Gamiz et al., Phys. Rev. Lett. 94 (2005) 011803 [arXiv:hep-ph/0408044];

S. Narison, arXiv:hep-ph/0510108;

F. Knechtli, Acta Phys. Polon. B 36 (2005) 3377 [arXiv:hep-ph/0511033]; K. G. Chetyrkin and A. Khodjamirian, arXiv:hep-ph/0512295;

M. Göckeler et al., Nucl. Phys. Proc. Suppl. 153 (2006) 154 [arXiv:hep-lat/0602028]. [41] O. Buchmüller and H. Flächer, Phys. Rev. D 73 (2006) 073008

[arXiv:hep-ph/0507253].

[42] P. Ball, G. W. Jones and R. Zwicky, preprint in preparation. [43] P. Ball and E. Kou, JHEP 0304 (2003) 029 [arXiv:hep-ph/0301135]. [44] P. Ball, V. M. Braun and N. Kivel, Nucl. Phys. B 649 (2003) 263 [arXiv:hepph/0207307].