arXiv:hep-ph/0609224v2 15 Jun 2007

Enhanced Non-local Power Corrections to the B̄ → X_sγ Decay Rate

Seung J. Lee^a, Matthias Neubert^{a,b} and Gil Paz^c a Institute for High-Energy Phenomenology, Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, U.S.A.

b Institut für Physik (ThEP), Johannes Gutenberg-Universität, D–55099 Mainz, Germany c School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540, U.S.A.

A new class of enhanced non-perturbative corrections to the inclusive B̄ → Xsγ decay rate is identified, which contribute first at order Λ/m_b in the heavy-quark expansion and cannot be described using a local operator product expansion. Instead, these effects are described in terms of hadronic matrix elements of non-local operators with component fields separated by light-like distances. They contribute to the high-energy part of the photon-energy spectrum but do not reduce to local operators when an integral over energy is taken to obtain the total inclusive decay rate. The dominant corrections depend on the flavor of the B-meson spectator quark and are described by tri-local fourquark operators. Their contribution is estimated using the vacuum insertion approximation. The corresponding uncertainty in the total decay rate is found to be at the few percent level. This new effect accounts for the leading contribution to the rate difference between B^− and B̄^0 mesons.

Preprint: CLNS 06/1978, MZ-TH/06-17

I. INTRODUCTION

Precision studies of inclusive B-meson decays are a cornerstone of quark flavor physics. Detailed measurements of various kinematical distributions in the semileptonic decays B̄ → X l ν̄, when combined with elaborate theoretical calculations, provide the currently most precise measurements of the elements |V_{cb}| and |V_{ub}| of the quark mixing matrix (see [1] for a comprehensive recent analysis of charmless inclusive decays). Studies of the rare decays B̄ → X_sγ and B̄ → X_s l^+l^− allow sensitive tests of the flavor sector and provide constraints on extensions of the Standard Model.

The theoretical description of inclusive B-meson decay rates is based on the operator product expansion (OPE) [2,3], by which total decay rates can be expressed in terms of forward B-meson matrix elements of local operators. Only two non-trivial matrix elements appear up to order (Λ/m_b)^2 in the expansion, one of which can be extracted from spectroscopy. The OPE breaks down when one tries to calculate differential inclusive decay distributions near phase-space boundaries. A twist expansion involving forward matrix elements of non-local light-cone operators (so-called shape functions) is then required to properly account for non-perturbative effects [4,5]. Recently, these non-local structures have been analyzed systematically beyond the leading order in Λ/m_b [6–8]. It is generally believed that the non-local operators reduce to local ones when the differential decay distributions are integrated over all of phase-space. Here we show that this is not always the case.

A precise control of hadronic power corrections is particularly important in the case of the inclusive radiative decay B̄ → X_sγ, which is the prototype of all flavorchanging neutral current processes. A significant effort is currently underway to complete the calculation of the leading-power (in Λ/m_b) contribution to the decay rate at next-to-next-to-leading order in renormalizationgroup improved perturbation theory. This leaves nonperturbative power corrections as the potentially largest source of theoretical uncertainty.

It is well-known that in B̄ → X_sγ decay the OPE faces some limitations, which result from the fact that the photon has a partonic substructure. For instance, there exists a contribution to the total decay rate involving the interference of the b → sγ transition amplitude mediated by the electro-magnetic dipole operator Q_{7γ} with the charm-penguin amplitude (b → cc̄s followed by cc̄ → γg) mediated by the current-current operator Q_1 (see [9] for the definition of the operators in the effective weak Hamiltonian). When the charm-quark is treated as a heavy quark (m_c ∼ m_b), this contribution can be expanded in local operators [10–13], and it is believed to be a good approximation to keep only the first term in this expansion. Its contribution to the total B̄ → X_sγ decay rate can be written as ΔΓ Γ_{77} = − C_1 C_{7γ} λ_2 9m^2_c ≈ 0.03 , where λ_2 =^1_4 (m^2_B∗ − m^2_B ), and

Γ_{77} =

G^2_F α 32π^4

|V_{tb}V^∗_{ts}|^2m^5_b |C_{7γ} |^2

is the leading-order contribution to the decay rate from the electro-magnetic dipole operator. The ratio ΔΓ/Γ_{77} therefore provides an estimate of the relative magnitude of the non-perturbative effect. We stress that when the scaling m^2_c ∼ Λm_b is adopted instead of m_c ∼ m_b, then the charm-loop contribution must be described by the matrix element of a non-local operator [11–14].

It has been noted in [11] that the OPE for B̄ → X_sγ decay breaks down when one includes diagrams from operators other than Q_{7γ} , in which the photon couples to light quarks. An example of such a contribution, resulting from the decay b → sg mediated by the chromomagnetic dipole operator Q_{8g} followed by photon emission from the light partons, was studied in [15]. It was argued that the corresponding effect can be estimated in terms of the parton fragmentation functions of a quark or gluon into a photon. Since this contribution is numerically very small, it has not received much further attention in the literature. A more careful analysis reveals that the correct interpretation of this effect is in terms of a subleading shape function [14].

In this Letter, we identify and analyze a novel class of non-local power corrections to the B̄ → X_sγ decay rate, which were not considered before. We argue that they can affect the total decay rate at the few percent level, and that they give the dominant flavor-specific contribution to the rate difference between charged and neutral B mesons. The presence of this effect leads to a dominant and irreducible source of theoretical uncertainty in the prediction for the total B̄ → X_sγ branching fraction.

II. NON-LOCAL POWER CORRECTIONS

Power corrections to the high-energy part of the B̄ → X_sγ photon spectrum can be systematically parameterized in terms of subleading shape functions defined in terms of forward B-meson matrix elements of non-local light-cone string operators [6–8]. Some of these operators – the ones considered so far in the literature – reduce to local operators when one considers the total decay rate (i.e., the integral over the photon spectrum); however, a detailed analysis shows that several of them do not [14]. Representative diagrams giving rise to such operators are depicted in Figure 1. The graphs show different contributions to the discontinuity of the hadronic tensor W^{μν} , which determines the B̄ → X_sγ photon-energy spectrum via the optical theorem. The total decay rate is obtained by an integration over the photon energy. In this Letter we focus on the two graphs shown in the first row (and two mirror graphs, in which the order of the weak vertices is interchanged). They describe the interference of the b → sγ transition amplitude mediated by the electromagnetic dipole operator Q_{7γ} with the b → sg amplitude mediated by the chromo-magnetic dipole operator Q_{8g} followed by the fragmentation of the gluon into an energetic photon and a soft quark-antiquark pair. While other diagrams, such as the first graph in the second row in the figure, give rise to four-quark operators containing strange quarks, the graphs in the first row produce all light-quark flavors. We expect that the resulting fourquark operators will have a larger overlap with the Bmeson states and thus give rise to the dominant power corrections. For simplicity, we also do not consider loopsuppressed effects such as the second graph in the second row of the figure. This diagram would match onto a nonlocal operator containing a soft gluon field, which mixes with the operators we consider under renormalization.

The top two diagrams in Figure 1 affect the B̄ → X_sγ

FIG. 1. Diagrams representing enhanced non-local power corrections to the B̄ → Xsγ photon spectrum, which do not reduce to local power corrections to the total decay rate. The double lines represent heavy-quark fields hv . The vertical dashed lines indicate cuts of the relevant propagators.

photon spectrum in the high-energy region, E_γ ≈ m_b/2, where it is most accessible to experiment. This is enforced by the fact that the amplitude mediated by the insertion of Q_{8g} interferes with the two-body decay amplitude mediated by the insertion of Q_{7γ} . The effect can therefore not be eliminated using kinematical cuts. We find that the corresponding contribution to the total decay rate can be parameterized in terms of forward Bmeson matrix elements of tri-local light-cone operators (with C_F = 4/3 for N_c = 3 colors):

ΔΓ = −Γ_{77} C_{8g} C_{7γ} 4πα_s N_cm_b ∫_0 −∞ ds ∫_0 −∞ dt × ⟨B̄| C_F (O_1 + O_2) − (T_1 + T_2) |B̄⟩ , (1)

where we have used that the Wilson coefficients C_i are real in the Standard Model. The relevant factorization scale to use in this result is of order μ^2 ∼ m_bΛ. We use a mass-independent normalization of meson states, such that ⟨B̄| h̄_vh_v|B̄⟩ = 2. The four-quark operators are defined as

O_1 = ∑ q e_q h̄_v(0) Γ_R q(tn̄) q̄(sn̄) Γ_R h_v(0) ,

O_2 = ∑ q e_q 2 h̄_v(0) Γ_Rγ_{⊥α} q(tn̄) q̄(sn̄) γ^α_⊥Γ_R h_v(0) ,

T_1 = ∑ q e_q h̄_v(0) Γ_R t_aq(tn̄) q̄(sn̄) Γ_R t_ah_v(0) ,

T_2 = ∑ q e_q 2 h̄_v(0) Γ_Rγ_{⊥α} t_aq(tn̄) q̄(sn̄) γ^α_⊥Γ_R t_ah_v(0) ,

where e_q is the electric charge of the soft light quark in units of e, Γ_R = /n̄ (1 + γ_5)/2 is a right-handed Dirac structure, and t_a are the generators of color SU(3). Here

FIG. 2. Diagram representing an enhanced non-local power correction to the total B̄ → Xsγ decay rate.

h_v are the two-component heavy-quark fields defined in heavy-quark effective theory, while q are soft light-quark fields (q = u, d, s). The light-quark fields are located on the light-cone defined by the direction of the emitted photon with momentum q^μ = E_γn̄^μ (with n̄^2 = 0). The non-local operators are made gauge invariant by the insertion of soft Wilson lines S_{n̄} in the n̄-direction. The Wilson lines are absent in light-cone gauge n̄ · A = 0, which we adopt implicitly to simplify the notation.

Evaluating the hadronic matrix elements in (1) using a systematic non-perturbative approach is a very challenging task. In particular, lattice QCD is unable to handle operators with component fields separated by light-like distances. Naive dimensional analysis suggests that ΔΓ/Γ_{77} ∼ (C_{8g} /C_{7γ} ) πα_s(Λ/m_b), which could easily amount to a 5% correction to the decay rate. In more traditional applications of the OPE to inclusive B-meson decays, four-quark operators contribute at order (Λ/m_b)^3 in the heavy-quark expansion. The non-local operators in (1) lead to enhanced power corrections of order Λ/m_b, because the two “vertical” propagators in Figure 1 have virtualities of order m_bΛ and so introduce two powers of soft scales in the denominator. This mechanism was first studied in [16]. The existence of such enhanced power corrections in the total decay rate may seem puzzling at first sight. Consider the diagram in Figure 2, which represents the contribution to the total rate derived from the first graph in Figure 1. Before taking the cut indicated by the vertical dashed line the diagram only receives contributions from hard loop momenta p^μ ∼ m_b, and it would thus seem appropriate to shrink all propagators to a point. In this case the diagram would contribute at order (Λ/m_b)^3 in the heavy-quark expansion, and this scaling would appear to be preserved when one takes the discontinuity of the diagram, apparently contradicting our conclusion. The loophole is that the contribution to the total B̄ → X_sγ decay rate is not given by the discontinuity of the loop graph, which would correspond to the sum of all three possible cuts, but instead it is given by the single cut shown in the figure.

In order to obtain at least some model estimate of the magnitude of the effect in (1) we adopt the vacuum insertion approximation (VIA), in which the vacuum state |0⟩⟨0| is inserted between the two light-quark fields inside the four-quark operators. This is a crude approximation, which however appears to work well in the analysis of b-hadron lifetimes [17,18]. The approximation has thus been checked for local four-quark operator evaluated between B-meson states. Also, it can be justified using large-N_c counting rules. Applications of the VIA to nonlocal operators can be found in [8,19]

In the present case, the matrix elements of the operators O_2 and T_{1,2} vanish in the VIA, either due to the color-octet structure of the quark bilinears (T_{1,2}) or due to the fact that there is no external perpendicular Lorentz vector available (O_2 and T_2). The matrix element of O_1 can be expressed in terms of the leading light-cone distribution amplitude of the B-meson in position space [20,21]. We obtain

⟨B̄| O_1 |B̄⟩_{VIA} = e_q f^2_B m_B 4 ~ϕ^B_+ (s) [~ϕ^B_+ (t)]^∗ ,

where e_q now refers to the charge of the light spectator quark in the B meson. The integral over the positionspace distribution amplitude can be evaluated to yield −i ∫_0 −∞ ds ~ϕ^B_+(s) = ∫_∞ 0 dω ω ϕ^B_+ (ω) = 1 λ_B , where ϕ^B_+(ω) is the light-cone distribution amplitude in momentum space, and λ^{−1}_B is the common notation for the first inverse moment of this quantity [9]. Numerical estimates of λ_B are very uncertain, but typically fall in the range between 0.25 and 0.75 GeV [9,20–24]. In the VIA, our estimate of the spectator-dependent, non-local power corrections then takes the final form

ΔΓ_{VIA} Γ_{77} = − e_qC_{8g} C_{7γ} πα_s 2 ( 1 − 1 N^2_c ) f^2_B m_B λ^2_B m_b

. (2)

Recalling that f_B ∼ 1/ √ m_B in the heavy-quark limit, we indeed recover the scaling behavior anticipated above. Numerically, with μ ∼ 1.5 GeV as a typical factorization scale and f_B ≈ 0.215 GeV for the B-meson decay constant (see [25] for a recent determination using unquenched lattice QCD), we obtain

ΔΓ_{VIA}

Γ_{77} ≈ −0.26e_q ( f_B λ_B )_2 ≈ −0.05e_q ( λ_B 0.5 GeV )_{−2} , where e_q = 2/3 for decays of B^− mesons, while e_q = −1/3 for decays of B̄^0 mesons. For the range of λ_B values quoted above, the effect is between −2% and −19% times e_q. Taking Γ_{77} as an estimate of the total decay rate at leading power, this implies that the enhanced power corrections to the total, flavor-averaged B̄ → X_sγ decay rate are expected (in the VIA) to be between −0.3% and −3%, while these effects induce a flavor-dependent rate asymmetry

Γ(B^− → X_sγ) − Γ(B̄^0 → X_sγ) Γ(B̄ → X_sγ) ≈ −0.05 ( λ_B 0.5 GeV )_{−2} , (3) which could amount to an effect between −2% and −19%.

When considering these estimates one should keep in mind that the VIA can at best provide a very simple model of the effect of the non-local four-quark operators in (1). Conservatively, we can therefore not exclude that the type of enhanced power corrections identified in this Letter could contribute to the total B̄ → X_sγ decay rate at the 5% level. The magnitude of the flavor-specific effects studied above could be probed by a measurement of the flavor asymmetry (3); but there are other four-quark operator contributions with flavor structure b̄s s̄b (see e.g. the bottom left diagram in Figure 1), whose matrix elements vanish in the VIA but could still be significant in real QCD. Their contributions are flavor-blind and hence not tested by (3).

The Babar collaboration has measured the flavordependent rate asymmetry in eq. (3), finding the value (1.2 ± 11.6 ± 1.8 ± 4.8)% , where the errors are statistical, systematic and due to the production ratio B̄^0/B^−, respectively [26]. The dominant error is statistical and therefore likely to decrease when more data is collected.

III. CONCLUSIONS

We have identified a new class of enhanced power corrections to the total inclusive B̄ → X_sγ decay rate, which cannot be parameterized in terms of matrix elements of local operators. These effects are nevertheless “calculable” in the sense that they can be expressed in terms of subleading shape functions. At tree level, the corresponding operators are tri-local four-quark operators. While local four-quark operators contribute at order (Λ/m_b)^3 in the heavy-quark expansion of the total decay rate, the effects we have explored are enhanced by the nonlocal structure of the operators and promoted to the level of Λ/m_b corrections. We have identified and estimated what we believe are the dominant corrections of this type, namely those that match the flavor quantum numbers of the external B-meson states.

Our results imply that a local operator product expansion for the inclusive B̄ → X_sγ decay rate does not exist. Even at first order in Λ/m_b there are hadronic effects that can only be accounted for in terms of non-local operators. The precise impact of these power corrections will be notoriously difficult to estimate using our present command of non-perturbative QCD on the light cone. While a naive estimate using the vacuum insertion approximation suggests that the effects are at the few percent level, we conclude that they are nevertheless a source of significant hadronic uncertainty in the calculation of partial or total B̄ → X_sγ decay rates. After the perturbative analysis of the decay rate will have been completed, the enhanced non-local power corrections will remain as the dominant source of theoretical uncertainty. A measurement of the flavor-dependent asymmetry (3) could help to corroborate our numerical estimates of such corrections.

Acknowledgments: We are grateful to Thomas Becher and Martin Beneke for useful comments. The research of S.J.L. and M.N. is supported by the National Science Foundation under grant PHY-0355005. The research of G.P. is supported by the Department of Energy under grant DE-FG02-90ER40542.

[1] B. O. Lange, M. Neubert and G. Paz, Phys. Rev. D 72, 073006 (2005) [hep-ph/0504071].

[2] B. Blok, L. Koyrakh, M. A. Shifman and A. I. Vainshtein, Phys. Rev. D 49, 3356 (1994) [Erratum-ibid. D 50, 3572 (1994)] [hep-ph/9307247].

[3] A. V. Manohar and M. B. Wise, Phys. Rev. D 49, 1310 (1994) [hep-ph/9308246].

[4] M. Neubert, Phys. Rev. D 49, 3392 (1994) [hepph/9311325]; Phys. Rev. D 49, 4623 (1994) [hepph/9312311].

[5] I. I. Y. Bigi, M. A. Shifman, N. G. Uraltsev and A. I. Vainshtein, Int. J. Mod. Phys. A 9, 2467 (1994) [hep-ph/9312359].

[6] K. S. M. Lee and I. W. Stewart, Nucl. Phys. B 721, 325 (2005) [hep-ph/0409045].

[7] S. W. Bosch, M. Neubert and G. Paz, JHEP 0411, 073 (2004) [hep-ph/0409115].

[8] M. Beneke, F. Campanario, T. Mannel and B. D. Pecjak, JHEP 0506, 071 (2005) [hep-ph/0411395].

[9] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B 606, 245 (2001) [hep-ph/0104110].

[10] M. B. Voloshin, Phys. Lett. B 397, 275 (1997) [hepph/9612483].

[11] Z. Ligeti, L. Randall and M. B. Wise, Phys. Lett. B 402, 178 (1997) [hep-ph/9702322].

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

[13] G. Buchalla, G. Isidori and S. J. Rey, Nucl. Phys. B 511, 594 (1998) [hep-ph/9705253].

[14] S.J. Lee, M. Neubert and G. Paz, in preparation. [15] A. Kapustin, Z. Ligeti and H. D. Politzer, Phys. Lett. B 357, 653 (1995) [hep-ph/9507248].

[16] R. J. Hill and M. Neubert, Nucl. Phys. B 657, 229 (2003) [hep-ph/0211018].

[17] I. I. Y. Bigi, B. Blok, M. A. Shifman, N. Uraltsev and A. I. Vainshtein, hep-ph/9401298.

[18] M. Neubert and C. T. Sachrajda, Nucl. Phys. B 483, 339 (1997) [hep-ph/9603202].

[19] M. Neubert, Eur. Phys. J. C 44, 205 (2005) [hepph/0411027].

[20] A. G. Grozin and M. Neubert, Phys. Rev. D 55, 272 (1997) [hep-ph/9607366].

[21] B. O. Lange and M. Neubert, Phys. Rev. Lett. 91, 102001 (2003) [hep-ph/0303082].

[22] P. Ball and E. Kou, JHEP 0304, 029 (2003) [hepph/0301135].

[23] V. M. Braun, D. Y. Ivanov and G. P. Korchemsky, Phys.

Rev. D 69, 034014 (2004) [hep-ph/0309330].

[24] S. J. Lee and M. Neubert, Phys. Rev. D 72, 094028 (2005) [hep-ph/0509350].

[25] A. Gray et al. [HPQCD Collaboration], Phys. Rev. Lett.

95, 212001 (2005) [hep-lat/0507015].

[26] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 72, 052004 (2005) [hep-ex/0508004].