Frascati Physics Series Vol. XXXVI (2004), pp.

DAΦNE 2004: Physics at meson factories – Frascati, June 7-11, 2004 Invited Review Talk in Plenary Session

DETERMINATION OF |V_{cb}|

E. Barberio (University of Melbourne)

Abstract The present status of our knowledge of the magnitude of the quark mixing parameter V_{cb} is reviewed, with particular emphasis on the factors affecting experimental and theoretical errors and on prospects for a more precise determination.

1 Introduction

In the framework of the Standard Model, the quark sector is characterised by a rich pattern of flavour-changing transitions, described by the Cabibbo- Kobayashi-Maskawa (CKM) matrix. This report focuses on the quark mixing parameter |V_{cb}|.

Two different methods are used to extract this parameter from data: the exclusive measurement, where |V_{cb}| is extracted by studying exclusive B →

D^⋆ℓν and B → Dℓν decay processes; and the inclusive measurement, which uses the semileptonic width of b-hadron decays. Theoretical estimates play a crucial role in extracting |V_{cb}|, and an understanding of their uncertainties is very important.

2 Exclusive |V_{cb}| determination

The exclusive |V_{cb}| determination is obtained studying the B → D^⋆ℓν and B → Dℓν decays, using Heavy Quark Effective Theory (HQET). HQET predicts that the differential partial decay width for B → D^⋆ℓν process, dΓ/dw, is related to |V_{cb}| through: dΓ dw (B → D^⋆ℓν) =

G^2_F |V_{cb}|^2 48π^3

K(w)F(w)^2 ,

where w is the inner product of the B and D^⋆ meson 4-velocities, K(w) is a known phase-space factor, and the form factor F(w) is generally expressed as the product of a normalisation constant, F(1), and a function, g(w), constrained by dispersion relations 1).

The analytical expression of F(w) is not known a-priori. All recent published results use a non-linear shape for F(w), approximated with an expansion near w = 1 2). F(w) is parameterised in terms of the variable ρ^2, which is the slope of the form factor at zero recoil given in 2).

The decay B → D^⋆ℓν has been studied in experiments performed at center-of-mass energies equal to the Υ(4S) mass and the Z^0 mass. At the Υ(4S), experiments have the advantage that the w resolution is quite good. However, they have more limited statistics near w = 1 in the decay B^o → D^{⋆+}ℓν, because of the lower reconstruction efficiency of the slow pion, from the D^{⋆+} → π^+D^0 decay. The decay B^− → D^{⋆0}ℓν is not affected by this problem. In addition, kinematic constraints enable Υ(4S) experiments to identify the final state, including the D^⋆, without a large contamination from the poorly known semileptonic decays including a hadronic system heavier than D^⋆, commonly identified as D^{⋆⋆}. At LEP, B’s are produced with a large momentum (about 30 GeV on average). This give a relatively poor w resolution and limited physics background rejection capabilities. By contrast, LEP experiments benefit from an efficiency that is only mildly dependent upon w.

Experiments determine the product (F(1)·|V_{cb}|)^2 by fitting the measured

Figure 1: The error ellipses for the corrected measurements and world average for F(1)|V_{cb}| vs ρ^2. The ellipses are the product between the 1 σ error of F(1)|V_{cb}|, ρ^2, and the correlation between the two.

dΓ/dw distribution. Averaging 3) all published results 4) we get:

F(1)|V_{cb}| = (37.8 ± 0.9) × 10^{−3} and ρ^2 = 1.54 ± 0.14

with a χ^2 per degree of freedom of 23.5/14. The error ellipses for the corrected measurements and for the world average are shown in Fig.1.

There are several different corrections to the infinite mass value F(1) = 1 5). Estimates of these corrections have been performed with OPE sum rules 6), and with an HQET based lattice gauge calculation 7). The central values obtained with both methods are similar. Consequently, we use F(1) = 0.91±0.04 8), from which we get |V_{cb}| = (41.5±1.0_{exp} ±1.8_{theo})×10^{−3}, where the dominant error is theoretical.

The study of the decay B → Dℓν is challenging both from the theoretical and experimental point of view. The differential decay rate for B → Dℓν can be expressed as:

dΓ_D dw (B → Dℓν) =

G^2_F |V_{cb}|^2 48π^3

K_D(w)G(w)^2 ,

where w is the inner product of the B and D meson 4-velocities, K_D(w) is the phase space, and the form factor G(w) is generally expressed as the product of a normalisation factor, G(1), and a function, g_D(w), constrained by dispersion relations 1).

The strategy to extract G(1)|V_{cb}| is identical to that used for the B → D^⋆ℓν decay. However, G(1) is calculated with less accuracy than F(1) 9) 10), and dΓ_D/dw is more heavily suppressed near w = 1 than dΓ_D∗ /dw, due to the helicity mismatch between initial and final states. This channel is also hard to isolate from the dominant background B → D^⋆ℓν, as well as from fake D–ℓ combinations. Thus, the extraction of |V_{cb}| from this channel is less precise than the one from the B → D^⋆ℓν decay. Nevertheless, the B → Dℓν channel provides a consistency check.

Belle 11) and ALEPH 4) studied the B^0 → D^+ℓ^−ν channel. CLEO 12) studied both B^+ → D^0ℓ^+ν and B^0 → D^+ℓ^−ν decays. Averaging all data 3), we get G(1)|V_{cb}| = (42.0 ± 3.7) × 10^{−3} and ρ^2_D = 1.15 ± 0.16, where ρ^2_D is the slope of the form factor at zero recoil given in 2). Using G(1) = 1.04± 0.06, we get |V_{cb}| = (40.4 ± 3.6_{exp} ± 2.3_{theo}) × 10^{−3}, consistent with the value extracted from B → D^⋆ℓν decay, but with a larger uncertainty.

3 |V_{cb}| determination from inclusive B semileptonic decays

Alternatively, |V_{cb}| can be extracted from the inclusive branching fraction for semileptonic b hadron decays B(B → X_cℓν) 13) 14). Several studies have shown that the spectator model decay rate is the leading term in a well-defined expansion controlled by the parameter Λ_{QCD}/m_b. Non-perturbative corrections to this leading approximation arise only to order 1/m^2_b .

The coefficients of the 1/m_b power terms are expectations values of operators that include non-perturbative physics. There are two ways 15) 16) 13) 14) to handle the energy scale μ used to separate long-distance from short-distance physics. HQET is most commonly renormalised in a mass-independent scheme, thus making the quark masses the pole masses of the underlying theory (QCD). The second group of authors prefer the definition of the non-perturbative operators using a mass scale μ ≈ 1 GeV.

The corresponding equations for the semileptonic width can be found in 13) 17) and 25).

4 HQE and moments in semileptonic decays

Experimental determinations of the HQE parameters are important in several respects. Non-calculable quantities are parametrised in terms of expectation values of hadronic matrix elements, which can be related to the shape (moments) of inclusive decay spectra. Furthermore, redundant determinations of these parameters may uncover inconsistencies.

CLEO 18) determines the parameter Λ̄ from the first moment of the γ energy in the decay b → sγ, which gives the average energy of the γ emitted in this transition, using the formalism of 17).

Babar, CLEO and DELPHI performed moments measurements the hadronic mass M^2_X spectrum. Babar measures up to the fourth moment of this distribution, DELPHI up to the third moment.

Babar 21) and CLEO 26) explored the moments of the hadronic mass M^2_X as a function of the lepton momentum cuts. CLEO performs a fit for the contributions of signal and backgrounds to the full three-dimensional differential decay rate distribution as a function of the reconstructed quantities q^2, M^2_X , cos θ_{W ℓ}. BaBar uses a sample where the hadronic decay of one B is fully reconstructed and the charged lepton from the other B is identified. In this case the main sources of systematic errors are the uncertainties related to the detector modelling and reconstruction. Moments of the M_X distribution without an explicit lepton momentum cut have been extracted from DELPHI data 24) and give consistent results.

The shape of the lepton spectrum provides further constraints on OPE. Moments of the lepton momentum with a cut p^{CM}_ℓ ≥ 1.5 GeV/c have been measured by the CLEO collaboration 28). Babar 22) extract up to the third moment of this distribution, using a low momentum cut of p^{CM}_ℓ ≥ 0.6 GeV/c. Moments of the lepton momentum without an explicit lepton momentum cut have been extracted from DELPHI data 24) and give consistent results.

The results are compared with theory and they are consistent. Babar 23) determine the non-perturbative parameters and |V_{cb}| simultaneously from a fit to the moments of the hadronic-mass and electron-energy distributions from B(B → X_cℓν) using the calculation in Ref. 25). This fit yields significantly improved measurements of the inclusive branching fraction B(B → X_cℓν) and |V_{cb}|. Using Babar only data, we get 23):

|V_{cb}|_{incl} = (41.4 ± 0.4_{exp} ± 0.4_{HQE} ± 0.6_{theo}) × 10^{−3}

where the first error is experimental, and the second is from the measured value of the moments assumed to be universal up to higher orders. The third error is from 1/m^4_b corrections and from the ambiguity in the α_s scale definition. The error on the average b-hadron lifetime is assumed to be uncorrelated with the error on the semileptonic branching ratio.

5 Conclusions

The values of |V_{cb}| obtained both from the inclusive and exclusive method agree within errors. The value of |V_{cb}| obtained from the analysis of the B → D^⋆ℓν decay is:

|V_{cb}|_{exclusive} = (41.5 ± 1.0_{exp} ± 1.8_{theo}) × 10^{−3} ,

where the first error is experimental and the second error is from the 1/m^2_Q corrections to F(1). The value of |V_{cb}|, obtained from inclusive semileptonic branching fractions is:

|V_{cb}|_{incl} = (41.4 ± 0.4_{exp} ± 0.4_{HQE} ± 0.6_{theo}) × 10^{−3},

where the first error is experimental, the second error is from the measured HQE values, and the last is from 1/m^4_b corrections and α_s.

References

1. C. Glenn Boyd, B. Grinstein, and R.F. Lebed,Physics Phys.Lett.

B353,306(1995).

2. I. Caprini, L. Lellouch, and M. Neubert, Nucl. Phys. B530,153(1998), C.G. Boyd, B. Grinstein, R.F. Lebed, Phys.Rev. 56,6895(1997).

3. The Heavy Flavor Averaging Group (HFAG);

http://www.slac.stanford.edu/xorg/hfag/semi/index.html LEP V_{cb} Working Group, Internal Note,

http://lepvcb.web.cern.ch/LEPVCB/.

4. BaBar Collaboration, this conference

Belle Collaboration, Phys.Lett.B526:247-,2002, CLEO Collaboration, Phys.Rev.Lett.89:081803,2002, ALEPH Collaboration, Phys.Lett.B395:373-,1997, DELPHI Collaboration,Phys.Lett.B510:55-,2001, DELPHI Collaboration,Eur.Phys.J.C33:213-,2004, OPAL Collaboration, Phys.Lett.B482:15-,2000.

5. P.F. Harrison and H.R. Quinn, editors The BaBar Physics Book (1998) and references therein.

6. M. Shifman, N.G. Uraltsev, and A. Vainshtein, Phys.Rev. D51,2217(1995).

7. J.N. Simone et al, Nucl. Phys. Proc. Suppl. 83, 334 (2000);

hep-ph/0110253.

8. Working Group 1 Summary, CKM Workshop, CERN, CH (2002);

http://ckm-workshop.web.cern.ch/ckm-workshop/.

9. M. Neubert, Phys. Lett.B264,455(1991)

10. Z. Ligeti, Y. Nir, and M. Neubert, Phys. Rev. D49,1302(1994) Z. Ligeti, hep-ph/9908432.

11. K. Belle Collaboration, Phys.Lett.B526:258-268,2002.

12. CLEO Collaboration, Phys.Rev.Lett.82:3746-,1999.

13. I. Bigi, M. Shifman, and N. Uraltsev, Ann. Rev. Nuc. Part. Sci. 47, 591 (1997).

14. A.V. Manohar and M.B. Wise, Phys.Rev. D49,110(1994).

15. M. Gremm and N. Kapustin, Phys.Rev.D55,6924(1997). 16. A. Falk, M. Luke, and M.J. Savage, Phys.Rev. D33,2491(1996). 17. A. Falk and M. Luke, Phys.Rev.D57,424(1998). 18. S. Chen et al, Phys.Rev.Lett. 87,251807(2001). 19. D. CLEO Collaboration, Phys.Rev.Lett. 87,251808(2001). 20. C. W. Bauer, Z. Ligeti, M. Luke and A. V. Manohar, Phys.Rev. D67, 054012 (2003).

21. BABAR Collaboration, Phys.Rev. D69,111103, 2004. 22. BABAR Collaboration, Phys.Rev. D69,111104, 2004. 23. BABAR Collaboration, Phys.Rev. Lett. 93 ,011803, 2004. 24. DELPHI Collaboration, ICHEP04 contribution. 25. P. Gambino and N.Uraltsev hep-ph/0401063 , hep-ph/0403166 N.Uraltsev, hep-ph/0302262.

26. CLEO Collaboration, arXiv:hep-ex/0307081. 27. C.S. Bauer and M. Trott, Phys.Rev.Lett 67,014021 (2003). 28. CLEO Collaboration, Phys.Rev.Lett D67, 072001, 2003.