arXiv:hep-ph/0610192 v2 8 Nov 2006

RECENT DEVELOPMENTS IN SOFT-COLLINEAR EFFECTIVE THEORY

TH. FELDMANN Fachbereich Physik, Universität Siegen, D-57068 Siegen, Germany

Soft-collinear effective theory provides a systematic theoretical framework to describe the factorization of short- and long-distance QCD dynamics in hard-scattering processes that contain both, soft and energetic particles/jets. I present a short guide to recent theoretical achievements and to phenomenological applications in heavy B-meson decays.

Keywords: QCD; Factorization; B-meson decays. Siegen Preprint SI-HEP-2006-11.

1. Introduction

The idea of factorization in high-energy processes is to isolate (perturbative) shortdistance QCD dynamics from long-distance (non-perturbative) hadronic effects. A wellknown example is the weak effective Hamiltonian which describes quark and lepton flavour transitions in terms of local operators O_i(x), multiplied by Wilson coefficients C_i(μ), containing the short-distance dynamics above a scale μ ≤ M_W . In B-meson decays the theoretical task remains to calculate hadronic matrix elements ⟨X|O_i(x)|B⟩_{μ∼mb} , with |X⟩ an exclusive or inclusive final state. As the mass of the decaying b-quark is large compared to the QCD scale, m_b ≫ Λ, QCD dynamics which involves virtualities of the order m^2_b (“hard modes”) can still be treated perturbatively.

In the following, we will concentrate on B-meson decays where the final state consist of hadronic systems with large energy but small invariant mass. Three typical examples are shown in Fig. 1. In these cases a second perturbative scale μ_{hc} ∼ √ Λm_b ≫ Λ appears. In inclusive decays, it is related to the invariant mass of the hadronic jet. In exclusive decays, these (“hard-collinear”) modes arise from the interaction of soft spectators in the B-meson and energetic (“collinear”) degrees of freedom in the final state. The remaining non-perturbative dynamics is encoded in hadronic matrix elements of nonlocal operators. For inclusive B-decays, these define so-called shape functions (SFs) which describe the momentum distribution of the bquark in the B-meson due to soft gluon interactions. In exclusive decays, light-cone distribution amplitudes (DAs) for the B-meson and its decay products appear.

In the effective-theory approach, the factorization theorems can be obtained from a 2-step matching procedure, based on a simultaneous expansion in α_s and Λ/m_b.1^,2^,3^,4 In the first step, one integrates out hard modes from QCD to derive a soft-collinear effective theory (SCET_I) where soft and hard-collinear degrees of freedom interact. The renormalization group for operators in SCET_I is used to evolve the coefficient functions down to the hard-collinear scale, resumming logarithms ln[m_b/μ_{hc}]. Then, in inclusive decays, one integrates out the hardcollinear (jet) modes applying quark-hadron duality, ending up with the usual heavyquark effective theory (HQET). In exclusive decays, one is left with collinear degrees of freedom, whose interactions with soft modes is described by a so-called SCET_{II}.

2. Inclusive Decays (SF region)

Experimental studies of inclusive B decays often require certain kinematic cuts which imply sensitivity to the shape-function region as described above5^,6. A prominent ex- 1

(a) (b) (c)

Fig. 1. Examples for momentum configurations in B-decays: (a) inclusive decay B → X_uℓν in the shape function region, (b) semi-leptonic decay B → πℓν at large recoil, (c) charm-less non-leptonic decay B → ππ.

ample is B → X_uℓν, where the spectrum in the variable P_+ = E_X − | ⃗P_X | has to be restricted to values of P_+ < Δ ≤ M^2_D/M_B in order to suppress the charm background. The effective-theory treatment of the partial rate leads to the factorization theorem,7^,8

dΓ_u dP_+ ∝ 1∫ 0 dy y^{−a} H_u(y, m_b) U(m_b, μ_{hc})

× P_+∫

0 dω̂ J(y(P_+ − ω̂), μ_{hc}) ^S(ω̂, μ_{hc}) , (1)

valid to leading power in Λ/m_b. Here the hard function H_u(y) can be calculated perturbatively in QCD (y = (E_X + |P_X |)/m_b). The jet function J(u) is calculated in SCET_I, and ^S(ω̂) is the leading shape function in HQET. The renormalization group functions U(m_b, μ_{hc}) and a = a(m_b, μ_{hc}) resum logarithms between the hard and hard-collinear factorization scale. An analogous factorization theorem holds for photon-energy spectra in B → X_sγ. Shape-function effects also have to be considered in inclusive B → X_sℓ^+ℓ^− decays in the region of small invariant lepton-pair mass. Here the experimental studies require an additional cut on the hadronic invariant mass to eliminate combinatorial background like b → cℓν → sℓℓνν. The description within SCET has recently been discussed in Ref. 9.

2.1. Theoretical status

Besides the hard matching coefficients (known to NLO for b → uℓν and b → sγ), there has been recent progress in the evaluation of the jet function which is now known to NNLO accuracy10 for massless quarks. The two-loop evolution kernel for the leadingpower B-meson shape function has been derived in Ref.11. Sub-leading shape functions, which enter at order Λ/m_b in SCET, have been classified in Refs.12^,13^,14^,15 for the massless case, and in Ref.16 for the massive case.

2.2. SF-independent relations

From the factorization formulas for B → X_sγ and B → X_uℓν one can derive a SFindependent relation between partially integrated spectra,17 (see also Refs.18^,19^,20)

Γ_u(Δ) ≡ Δ∫ 0 dP_+ dΓ_u dP_+ =

|V_{ub}|^2 Δ∫ 0 dP_+ W (Δ, P_+) 1 Γ_s dΓ_s dP_+ , (2)

where, to leading power in Λ/m_b, the weight function W (Δ, P_+) is perturbatively calculable. Choosing Δ ∼ 650 MeV, and considering the two experimental spectra, one can determine the CKM element |V_{ub}| in the SM with rather good accuracy. The analysis in Ref.17 based on the two-loop result for W (Δ, P_+) predicts Γ_u(0.65 GeV) = (46.5 ±

4.1) |V_{ub}|^2 ps^{−1}, where the quoted number also includes an estimate of power corrections. Situations with more complicated cuts have been studied in Ref.21.

Similar relations can be derived from the B → X_cℓν decay22, if one treats the charm-quark as a massive quark in SCET_I (assuming the power counting m^2_c ∼ m_bΛ). Here one considers the spectral variable U = P_+ − m^2_c /ym^2_b in the region of phase space where U ∼ Λ. The comparison of dΓ_c/dU and dΓ_u/dP_+ gives an estimate of |V_{ub}/V_{cb}|. The one-loop weight function for this case has been calculated in Ref.23. Power corrections are potentially large. The experimental analysis of the U-spectrum in B → X_cℓν is still to be performed.

3. Exclusive Decays (large recoil)

Factorization theorems also exist for exclusive B-meson decays with large energy transfer to the final-state hadrons. For instance, the amplitudes for charmless non-leptonic two-body B decays can be written as24

A_i(B → MM^′) = ξ_M · C^I_i ⊗ ϕ_M ′ + T^{II}_i ⊗ ϕ_B ⊗ ϕ_M ⊗ ϕ_M ′ , (3)

up to power corrections of order Λ/m_b. Here the distribution amplitudes ϕ_{B,M,M} ′ parameterize the non-perturbative dynamics of the two-quark Fock state in the respective hadron. The short-distance coefficient C^I_i stems from the perturbative matching between QCD and SCET_I. The spectator term T^{II}_i further factorizes into a hard function C^{II}_i and a jet function in SCET_I. A peculiarity of exclusive B decays is the appearance of “non-factorizable” input functions, in the above case the universal form factor ξ_M for B → M transitions. In these objects the soft and collinear degrees of freedom in SCET_{II} cannot be completely separated (at least not with standard perturbative methods). Leading-power factorization proofs exist for the somewhat simpler cases of

B → γℓν25^,26, B → π(ρ)ℓν27^,28, and B → K^∗(ρ)γ29. Applications of QCD factorization for B → K^∗(ρ)ℓ^+ℓ^− decay observables can be found in Refs.30^,31^,32. For the status of perturbative calculations of the shortdistance coefficient functions33^,34^,35^,36 see Ref.37 in these proceedings.

Factorization theorems have also been formulated38 for the exclusive semi-leptonic radiative decay B → πγℓν. In the phasespace region where the pion is soft and the photon is energetic, the leading contribution to the decay amplitude factorizes as A = H · J ⊗ S(B → π). Here, the soft function S is the generalized parton distribution for B → π transitions39. Factorizationbased numerical predictions for photon spectra and angular distributions differ from popular Monte Carlo models for real-photon corrections to B → πℓν.

3.1. BBNS vs. BPRS approach

The prescription of non-factorizable power corrections to (3) requires additional hadronic parameters which, at present, cannot be estimated in a systematic way. An important example are strong phases from finalstate rescattering. The factorization formula predicts these phases to be either perturbative (and calculable) or (formally) power-suppressed. Different assumptions about non-factorizable effects thus lead to different theoretical predictions for exclusive B-decays. Two popular examples are the “BBNS approach”40 and the “BPRS approach”41. A qualitative comparison is given in Table 1. A (controversial) discussion can be found in Refs.42^,43.

3.2. Enhanced electroweak

penguins in B → V V

An advantage of the effective-theory framework is the definite power counting assigned to fields and operators appearing in the ef-

Table 1. Comparison of different phenomenological assumptions in BBNS and BPRS approaches.

BBNS BPRS

charm penguins included in hard functions complex fit parameter Δ_P spectator term perturbative factorization fit to data ext. hadronic input form factor and LCDAs (different scenarios)

LCDA for light meson, only

power corrections model-dependent estimate (complex functions X_A and X_H )

→ systematic uncertainties (unspecified)

fective Lagrangian. An interesting application for B decays to two light vector mesons has recently been pointed out in Ref.44 (see also Ref.45 for more examples). From the (V − A) structure of weak interactions one would naively expect the helicity amplitudes to scale as A_0 : A_− : A_+ = 1 : Λ/m_b : Λ^2/m^2_b . The inclusion of the electromagnetic penguin operator O^γ_7 via QED corrections to T^I_i is shown to enhance the transverse helicity amplitudes by a factor m^2_b /m^2_V which can compensate for the electromagnetic suppression factor α_{em}. Among others, this implies a higher sensitivity to (V + A) structures in certain new-physics models than naively anticipated.

3.3. SCET sum rules

The non-factorizable form factor ξ_M can be estimated from sum rules in the effective theory SCET_I. Here, one considers a correlation function where the energetic meson in the final state is replaced by an appropriate current46 (see also Ref.47). The correlation function in the Euclidean region does factorize into a hard-collinear short-distance kernel (known to NLO46) and a soft B-meson DA.

Π(P_+) = ∞∫ 0 dω T (ω, P_+) ϕ^B_−(ω) + . . . (4)

Inserting the result into a dispersion relation, one obtains a sum rule for the form factor ξ_M , which depends on the parameters used to describe the continuum contribution to the spectral function. The dependence on the sum-rule parameters and the (at present) not so well-known B-meson DA dominate the theoretical uncertainty.

4. Summary and Outlook

Factorization of short- and long-distance QCD effects via effective-theory methods in SCET provides a systematic and well-defined framework to describe B-decays into energetic hadrons. For inclusive decays precise theoretical predictions can be obtained on the basis of NNLO calculations. These can be used to determine the CKM element |V_{ub}| and to constrain new-physics contributions to B → X_sγ and B → X_sℓ^+ℓ^− (see also Ref.48 in these proceedings).

Theoretical predictions for exclusive observables are plagued by non-factorizable contributions which are difficult to estimate, in particular concerning the strong rescattering phases in non-leptonic B-decays. Sum rules in SCET provide a promising tool to estimate simple objects, like the soft B → π form factor ξ_π . There are also attempts to reduce non-factorizable matrix elements to more fundamental objects in SCET_{II} by introducing an additional factorization prescription in rapidity space.49 How this procedure can be applied beyond fixed-order perturbation theory is still to be worked out.

SCET techniques have also been used to describe other high-energy observables, like jet distributions, or DIS and Drell- Yan near the end point.50^,51^,52^,53^,54^,55 Finally, SCET has been combined with nonrelativistic QCD to improve the description of quarkonium production and decay spectra.56^,57

References 1. C. W. Bauer et al., Phys. Rev. D 63 (2001) 114020;

2. M. Beneke et al., Nucl. Phys. B 643, 431 (2002); M. Beneke and T. Feldmann, Phys. Lett. B 553, 267 (2003).

3. J. Chay and C. Kim, Phys. Rev. D 65 (2002) 114016.

4. R. J. Hill and M. Neubert, Nucl. Phys. B 657 (2003) 229; T. Becher, R. J. Hill and M. Neubert, Phys. Rev. D 69 (2004) 054017.

5. M. Neubert, Phys. Rev. D 49, 3392 (1994). 6. I. Bigi et al., Int. J. Mod. Phys. A 9, 2467 (1994).

7. C. W. Bauer and A. V. Manohar, Phys. Rev.

D 70, 034024 (2004).

8. S. W. Bosch et al., Nucl. Phys. B 699, 335 (2004).

9. K. S. M. Lee and I. W. Stewart, Phys. Rev. D 74, 014005 (2006). K. S. M. Lee et al., Phys. Rev. D 74, 011501 (2006).

10. T. Becher and M. Neubert, Phys. Lett. B 637, 251 (2006).

11. T. Becher and M. Neubert, Phys. Lett. B 633, 739 (2006).

12. K. S. M. Lee and I. W. Stewart, Nucl. Phys.

B 721, 325 (2005).

13. S. W. Bosch, M. Neubert and G. Paz, JHEP 0411, 073 (2004).

14. M. Beneke et al., JHEP 0506, 071 (2005). 15. F. J. Tackmann, Phys. Rev. D 72, 034036 (2005).

16. H. Boos et al., Phys. Rev. D 73, 036003 (2006).

17. B. O. Lange, M. Neubert and G. Paz, JHEP 0510, 084 (2005).

18. A. K. Leibovich, I. Low and I. Z. Rothstein, Phys. Rev. D 61, 053006 (2000).

19. A. H. Hoang, Z. Ligeti and M. Luke, Phys.

Rev. D 71, 093007 (2005). 20. G. Paz, hep-ph/0607217.

21. B. O. Lange, JHEP 0601, 104 (2006). 22. T. Mannel and F. J. Tackmann, Phys. Rev.

D 71, 034017 (2005).

23. H. Boos et al., JHEP 0605, 056 (2006). 24. M. Beneke et al., Phys. Rev. Lett. 83, 1914 (1999).

25. E. Lunghi, D. Pirjol and D. Wyler, Nucl.

Phys. B 649, 349 (2003).

26. S. W. Bosch et al., Phys. Rev. D 67, 094014 (2003).

27. M. Beneke and T. Feldmann, Nucl. Phys. B 685, 249 (2004).

28. B. O. Lange and M. Neubert, Nucl. Phys. B 690, 249 (2004) [Erratum B 723, 201 (2005)].

29. T. Becher, R. J. Hill and M. Neubert, Phys.

Rev. D 72, 094017 (2005).

30. M. Beneke, T. Feldmann and D. Seidel, Nucl. Phys. B 612, 25 (2001), Eur. Phys. J. C 41, 173 (2005) 31. B. Grinstein and D. Pirjol, Phys. Rev. D 73, 094027 (2006).

32. A. Ali, G. Kramer and G. Zhu, hep-ph/0601034. A. Ali in these proceedings.

33. M. Beneke, Y. Kiyo and D. s. Yang, Nucl.

Phys. B 692 (2004) 232.

34. R. J. Hill et al., JHEP 0407 (2004) 081.

T. Becher and R. J. Hill, JHEP 0410 (2004) 055.

35. G. G. Kirilin, hep-ph/0508235.

36. M. Beneke and D. Yang, Nucl. Phys. B 736 (2006) 34. M. Beneke and S. Jäger, Nucl. Phys. B 751, 160 (2006).

37. S. Jäger, in these proceedings.

38. V. Cirigliano and D. Pirjol, Phys. Rev. D 72 (2005) 094021.

39. T. Feldmann and P. Kroll, Eur. Phys. J. C 12, 99 (2000) and refs. therein.

40. M. Beneke et al., Nucl. Phys. B 606, 245 (2001). M. Beneke and M. Neubert, Nucl. Phys. B 651, 225 (2003), Nucl. Phys. B 675, 333 (2003).

41. C. W. Bauer et al., Phys. Rev. D 70, 054015 (2004). A. R. Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006) [Erratum-ibid. D 74, 03901 (2006)].

42. M. Beneke et al., Phys. Rev. D 72, 098501 (2005).

43. C. W. Bauer et al., Phys. Rev. D 72 (2005) 098502.

44. M. Beneke, J. Rohrer and D. Yang, Phys.

Rev. Lett. 96 (2006) 141801.

45. C. D. Lu, Y. L. Shen and W. Wang, hep-ph/0606092.

46. F. De Fazio, T. Feldmann and T. Hurth, Nucl. Phys. B 733 (2006) 1.

47. A. Khodjamirian, T. Mannel and N. Offen, Phys. Lett. B 620, 52 (2005).

48. T. Hurth, in these proceedings.

49. A. V. Manohar and I. W. Stewart, hep-ph/0605001.

50. J. P. Lee, Phys. Rev. D 73, 074012 (2006). 51. C. W. Bauer and M. D. Schwartz, hep-ph/0604065, hep-ph/0607296.

52. B. D. Pecjak, JHEP 0510, 040 (2005).

T. Becher, M. Neubert and B. D. Pecjak, hep-ph/0607228. T. Becher and M. Neubert, hep-ph/0605050.

53. A. V. Manohar, Phys. Rev. D 68 (2003) 114019.

54. A. Idilbi and X. D. Ji, Phys. Rev. D 72, 054016 (2005). P. Y. Chen, A. Idilbi and X. D. Ji, hep-ph/0607003.

55. J. Chay and C. Kim, hep-ph/0511066. 56. S. Fleming, A. K. Leibovich and T. Mehen, Phys. Rev. D 68 (2003) 094011; hep-ph/0607121.

57. X. G. i. Tormo and J. Soto, Phys. Rev.

D 72 (2005) 054014; X. G. i. Tormo, hep-ph/0610145.