arXiv:hep-ph/0107033 4 Jul 2001

Theoretical status of the lifetime predictions:

(ΔΓ/Γ)_{Bs} , τ_B+ /τ_{Bd} and τ_{Λb} /τ_{Bd}

Alexander Lenz Fakultät für Physik, Universität Regensburg, D-93040 Regensburg, Germany email: alexander.lenz@physik.uni-regensburg.de

We give a review of the theoretical status of the lifetime predictions in the standard model. In case of (ΔΓ/Γ)B_s we are already in a rather advanced stage. We obtain (ΔΓ/Γ)B_s = (9.3+3.4�4.6)%. It seems to be difficult to improve these errors substantially. In addition now some experimental results are available. For τB+/τB_d and τΛ_b /τB_d the theoretical status is much less advanced and the discrepancy between experiment and theory still remains. We conclude with a what-to-do-list for theorists.

1 Phenomenology

Inclusive decays of B hadrons are expected to be theoretically very clean. Thefore they probe an ideal testing ground for our understanding of QCD in weak decays. Unfortunately there are some discrepancies between experiment and theory, not dramatic, which still have to be resolved. The determination of the semileptonic branching ratio still does not agree perfectly with the experimental number. Closely related to that problem is the so-called missing charm puzzle^{1,2}. If one tunes the input parameter to get a better agreement for n_c one obtains with the same parameters worse values for B_{sl}. The present status of the missing charm puzzle can be found in^3. Here clearly more work has to be done. The biggest problem in inclusive decays is still the lifetime of the Λ_b baryon. In the following we discuss the theoretical status of lifetime predictions of B hadrons in the standard model, in particular the decay rate difference (ΔΓ/Γ)_{Bs} and the lifetime ratios τ_B+ /τ_{Bd} and τ_{Λb} /τ_{Bd}^a.

1.1 The decay rate difference (ΔΓ/Γ)_{Bs}

Now first experimental numbers for the width difference in the B_s system are available from LEP and CDF^5: ( ΔΓ Γ ) B_s = 0.24^{+0.15}�_{0.13} or ( ΔΓ Γ ) B_s < 0.52 at 95%C.L. If one uses in the experimental analysis the theoretical motivated constraint 1/Γ_s = τ_{Bd} , one gets a central value of 16% with an error of ±9%. This limits

aA more detailed discussion can be found in 4 and references therein.

are already very close to the theoretical expectation^6. ΔΓ_{Bs} will be measured quite precisely in the near future at TeVatron^7. Several factors contribute to the big interest in ΔΓ_{Bs} : a large value of the width difference opens up the possibility for novel studies of CP violation without the need for tagging 8. Moreover, an experimental value of ΔΓ_{Bs} would give information about the still unknown mass difference in the B_s system^{9 b}. Another interesting point is that new physics can only lead to a decrease of the width difference compared to the standard model value^{11}. An experimental number which is considerably smaller than the theoretical lower bound, would thus be a hint for new physics that affects B_s-B̄_s mixing^c. Besides the need for a reliable theoretical prediction of ΔΓ_{Bs} in order to fulfill the above physics program it is of conceptual interest to compare experiment and theory in order to test local quark-hadron duality, which is the underlying assumption in calculating heavy quark decay rates. One can show that duality holds exactly in the limit Λ_{QCD} ≪ m_b − 2m_c ≪ m_b and N_c → ∞^{13}. So far no deviation from duality has been conclusively demonstrated experimentally and theoretical models of duality violation in B decays tend to predict rather small effects^{14}.

1.2 The lifetime ratios: τ_B+ /τ_{Bd} and τ_{Λb} /τ_{Bd}

The lifetime ratios of the B-hadrons are quite well known experimentally^{15}.

τ_B+ τ_{Bd} = 1.074 ± 0.028 , τ_{Bs} τ_{Bd} = 0.951 ± 0.037 , τ_{Λb} τ_{Bd} = 0.784 ± 0.033 .

BaBar and Belle expect to pin down the error of the first ratio to ±1%^{16}, BaBar has already a new result: 1.082 ± 0.028^{17}. The lifetimes of the heavier B_s meson and the Λ_b hadron will be measured at CDF^7. Theoretically one expects all these ratios to be very close to unity, which is clearly not the case.

2 Theoretical status

In the framework of the Heavy Quark Expansion (HQE)^d one can expand the decay rate in inverse powers of the heavy quark mass

Γ = Γ_0 + ( Λ m_b )_2 Γ_2 + ( Λ m_b )_3 Γ_3 + ( Λ m_b )_4 Γ_4 + · · · .

The leading term is described by the decay of a free quark and the first nonperturbative corrections arise at the second order in the expansion. Γ_0 and

bThe experimental status of ΔMs is reviewed in 10.

cA detailed discussion about new physics effects in the Bs system can be found in 12. dFor a review see e.g. 18.

Γ_2 cancel out in the decay rate difference and in the lifetime ratios (except for Λ_b) and will therefore not be discussed in more detail. In the third order we get the so-called weak annihilation and pauli interference diagrams. Here the spectator quark is included for the first time. These diagrams give rise to different lifetimes for different B hadrons. Schematically one can write the Γ_i’s as products of perturbatively calculable functions (Wilson coefficients) and matrix elements, which have to be determined by some non-perturbative methods like lattice QCD or sum rules.

2.1 The decay rate difference (ΔΓ/Γ)_{Bs}

The decay rate difference can be written in the following way

ΔΓ =

Λ^3 m^3_b [( Γ^{(0)}_3 + α_s 4π Γ^{(1)}_3 + . . . ) + Λ m_b ( Γ^{(0)}_4 + . . . + ) + . . . ] . Γ^{(0)}_3 was calculated in^{19} long time ago, the 1/m_b corrections were done in Γ^{(0)}_4^{20} and the NLO QCD calculation was presented in Γ^{(1)}_3^{21}. Both corrections gave a large reduction of the theoretical result. Meanwhile many unquenchend (N_f = 2) lattice calculations of the non-perturbative constants (f_{Bs} , B and B_S ) which appear in Γ_3 were done in^{22,23,24}.^e The non-perturbative parameters which enter Γ_4 are still unknown. In^{20} the effect of these parameters was estimated in vacuum insertion approximation.

The improvement in theory input motivated the update^6 of the result for ΔΓ_{Bs} presented in^{21}. We also clarified the origin of seemingly disagreeing recent evaluations of ΔΓ_{Bs} : The authors of^{23,24} were introducing a different normalization of ΔΓ/Γ in order to get rid of the dependence on f^2_{Bs} with the price of getting a strong dependence on the relatively unknown CKMparameter |V_{ts}/V_{td}|. With that method one gets a central value for (ΔΓ/Γ)_{Bs} of about 5%. We^{21,6} were normalizing the relative decay width difference to the semileptonic branching ratio, which should be theoretically very well understood^f . As lattice calculations are improving the dependence on f^2_{Bs} should be less important in future. With the values f_{Bs} = (230 ± 30) MeV, B(m_b) = 0.9 ± 0.1 and B̄_S = 1.25 ± 0.1 we get as a final number ( ΔΓ Γ ) B_s = ( 9.3^{+3.4}�_{4.6} ) % eThe advanced stage of lattice calculations can be read off from a comparison of lattice

results for f 2B_d BB_d with fits of these parameters from the unitarity triangle 25.

f In principle there could be a similar problem as in the missing charm puzzle 3, therefore

we need precise experimental determinations of Bsl and nc!

which coincides with the most recent determination in^{22}.

2.2 The lifetime ratios: τ_B+ /τ_{Bd} and τ_{Λb} /τ_{Bd}

The lifetime ratio of two B mesons can be written in the following way^g

τ_1 τ_2

= 1 +

Λ^3 m^3_b [( Γ^{(0)}_3 + α_s 4π Γ^{(1)}_3 + . . . ) + Λ m_b ( Γ^{(0)}_4 + . . . + ) + . . . ] . Here the situation is very different. Only Γ^{(0)}_3^{26,2} is known. NLO corrections, both in 1/m_b and α_s still are missing. The non-perturbative matrix elements in Γ_3 for the meson lifetime ratio were calculated with QCD sum rules^{27,28} and in quenched lattice QCD^{29}. For the Λ_b hadron only preliminary lattice studies are available^{30}. In a recent review^{31} the following theoretical numbers were given τ_B+ τ_{Bd} = 1.03 ± 0.04 , τ_{Λb} τ_{Bd} = 0.92 ± 0.02 .

This result shows that the leading 1/m^3_b corrections to τ_{Λb} are sizeable. From ΔΓ_{Bs} we have learnt, that O(α_s) and O(1/m_b) corrections to Γ^{(0)}_3 are important. So we still have to wait, till we can claim the discovery of new physics in the lifetime of the Λ_b baryon.

3 Prospects for improvement

For the lifetime ratios τ_B+ /τ_{Bd} and τ_{Λb} /τ_{Bd} the next steps are clear: the calculation of the NLO QCD corrections (Γ^{(1)}_3 ) and the 1/m_b corrections (Γ^{(0)}_4 ) has to be finished. In the case of ΔΓ_{Bs} all these corrections were quite sizeable (about 50% of the LO result!). For the Λ_b baryon a lattice determination of the non-perturbative matrix elements in Γ_3 is still missing and for mesons one would like to have unquenched results, too.

The next class of improvements (both for ΔΓ and the lifetime ratios) could consist of the determination of the non-perturbative matrix elements of the dimension 7 operators, which appear in Γ_4. Morover one could do NLO QCD corrections to the 1/m_b corrections (Γ^{(1)}_4 ). As Γ^{(0)}_4 with vacuum insertion approximation for the bag parameters is very sizeable in the case of ΔΓ_{Bs} 20, this effort could be really worth doing it. Of course, the errors for the decay constants and the bag parameter will become smaller in future lattice simulations. To clarify definitly the problem of getting different results for

g For the ratio τ Λ_b /τB_d we have an additional 1/m 2 b term, which is only known in leading order QCD.

ΔΓ/Γ from different normalizations it would be very helpful to have precise numbers for B_{sl} from experiment.

Finally, there are some more possibilities which seem to be quite unprobable, to be done in the near future: the NLO QCD corrections to Γ_2 for Λ_b and the NNLO QCD corrections to Γ_3, which would reduce the sizeable μ-dependence of Γ^{(1)}_3 .

Acknowledgments I would like to thank the organizers of the workshop for their successful work, DFG for financial support and M. Beneke, G. Buchalla, C. Greub and U. Nierste for collaboration.

References

1. I. Bigi, B. Blok, M. Shifman and A. Vainshtein, Phys. Lett. B323, (1994), 408; E. Bagan, P. Ball, V.M. Braun and P. Gosdzinsky Phys. Lett. B342,(1995), 362; E-ibid. B374, (1996), 363; A. Lenz, U. Nierste and G. Ostermaier, Phys. Rev. D56, (1997), 7228; Phys. Rev. D59, (1999), 034008; C. Greub and P. Liniger, Phys. Rev. D63 (2001) 054025; W. Wang, these proceedings.

2. M. Neubert and C.T. Sachrajda, Nucl. Phys. B 483, (1997), 339. 3. A. Lenz, hep-ph/0011258.

4. A. Lenz and S. Willocq, J. Phys. G27,(2001), 1207. 5. P. Coyle, D. Lucchesi, S. Mele, F. Parodi and P. Spagnolo, http://lepbosc.web.cern.ch/LEPBOSC/deltagamma s/ .

6. M. Beneke and A. Lenz, hep-ph/0012222, J. Phys. G27,(2001), 1219. 7. R. Kutschke, these proceedings.

8. I. Dunietz, Phys. Rev. D52, (1995), 3048; R. Fleischer and I. Dunietz, Phys. Rev. D55, (1997), 259.

9. T. Browder and S. Pakvasa, Phys. Rev. D52, (1995), 3123. 10. P. Kluit, these proceedings.

11. Y. Grossman, Phys. Lett. B380, (1996), 99.

12. I. Dunietz, R. Fleischer and U. Nierste, Phys. Rev. D63, (2001), 114015. 13. R. Aleksan, Phys. Lett. B316, (1993), 567. 14. N. Uraltsev, hep-ph/0010328. 15. B Lifetime Group, Alcaraz et al., 2001,

http://claires.home.cern.ch/claires/lepblife.html . 16. L. Roos, these proceedings.

17. J. Beringer, for the BABAR Collaboration, hep-ex/0105073. 18. N. Uraltsev, hep-ph/0010328.

19. J.S. Hagelin, Nucl. Phys. B193, (1981), 123.

20. M. Beneke, G. Buchalla and I. Dunietz, Phys. Rev. D54, (1996), 4419.

21. M. Beneke, G. Buchalla, C. Greub, A. Lenz and U. Nierste, Phys. Lett.

B 459, (1999), 631; A. Lenz, hep-ph/9906317. 22. S. Hashimoto and N. Yamada, hep-ph/0104080. 23. D. Becirevic et al., Eur. Phys. J. C18, (2000). 24. V. Gimenez and J. Reyes, hep-lat/0010048. 25. M. Ciuchini et al., hep-ph/0012308.

26. B. Guberina, S. Nussinov, R. Peccei and R. Rückl, Phys. Lett. B89, (1979), 111.

27. C. Huang, C. Liu and S. Zhu, Phys. Rev. D61, (2000), 054004, C. Liu, these proceedings.

28. F. de Fazio, hep-ph/0010007.

29. M. Di Pierro and C. Sachrajda, Nucl. Phys. B534, (1998), 373. 30. M. Di Pierro, C. Michel and C. Sachrajda, hep-lat/9906031. 31. J. Flynn and C. Lin, hep-ph/0012154 , J. Phys. G27, (2001), 1245.