arXiv:hep-ph/0009084 7 Sep 2000

DESY 00-129 SPhTŰT00/124

Parity-violating 3-jet observables for massive quarks to order α^2_s in e+e� annihilation

W. Bernreuther^{a∗}, A. Brandenburg^{bĘ} and P. Uwer^{cĞ}

aInstitut fĺur Theoretische Physik, RWTH Aachen, D-52056 Aachen, Germany

bDESY Theory Group, D-22603 Hamburg, Germany

cService de Physique Thťeorique, Centre d’Etudes de Saclay, F-91191 Gif-sur-Yvette cedex, France

In this talk we discuss the calculation of the QCD corrections to parity-violating 3-jet observables in e+e� collisions, keeping the full quark mass dependence [1].

1. Introduction

The measurement of the forward-backward asymmetry A^b_{FB} for b-quark production in e+e^− collisions at the Z peak provides one of the most precise determinations of the weak mixing angle. It can be determined with an error at the per mille level if the computations of A^b_{FB} are at least as accurate as the present experimental precision of about two percent [2]. To achieve this precision one has to go beyond leading order in perturbation theory. Furthermore given the size of mass effects due to the non-zero b-quark mass, it is also necessary to extend existing analyses to account for non-vanishing quark masses. This is mandatory if one studies top-quarks instead of b-quarks. Restricting ourselves to perturbative QCD the present knowledge is as follows. The order α_s contributions had been computed ^rst for massless [3] and then for massive quarks [4,5]. These calculations, which used the quark direction for de^ning the asymmetry were later modi^ed [6Ű8] to allow the use of the thrust axis to de^ne the asymmetry. The next-to-next-to-leading order (NNLO) coef^cient was computed ^rst in ref. [9], for massless quarks using the quark axis de^nition. This result was recently corrected by a completely analytical [10] and by a numerical calculation [11]. In ref. [11] the NNLO corrections were also

�breuther@physik.rwth-aachen.de, research supported by BMBF, contract 05 HT9PAA 1 Ęarnd.brandenburg@desy.de, research supported by Heisenberg Fellowship of D.F.G.

Ğuwer@spht.saclay.cea.fr, speaker at the conference

determined for the thrust axis de^nition. To complete the analyses of A_{FB} at NNLO the corrections for massive quarks are needed. To obtain these corrections it is convenient to compute the individual contributions of the parton jets [9], in particular to calculate separately the contributions from 2-, 3-, and 4-jet ^nal states involving a heavy quark Q. For the 4-jet contribution to A_{FB} one needs only the known Born matrix elements for e+e^− → 4 partons involving at least one ŕQQ pair (see, e.g. ref. [12]). The phase-space integration of these matrix elements in order to get (A_{FB})_{4-jet} for a given jet algorithm can be done numerically.

Compared to (A_{FB})_{4-jet} the computation of (A_{FB})_{3-jet} is much more dif^cult. Here the NLO corrections to the partonic subprocess e+e^− → Q ŕQg are needed. This contribution must be combined with the 3-jet contribution from subprocesses with four partons in the ^nal state. Only by combining the two contributions a result which is free of soft- and mass singularities is obtained. In this talk we will present recent results [1] on the missing ingredients that are needed to calculate (A_{FB})_{3-jet}.

The computation of (A_{FB})_{2-jet} for heavy quarks is beyond the scope of this work and remains to be done in the future.

To ^x our notation we discuss brie~y in section 2 the kinematics and the leading order results. In section 3 we comment on the calculation of the one-loop corrections. In the following section 4 some checks are described. We close with a conclusion in section 5.

2. Kinematics and leading order results

The leading order differential cross section for

e+(p+)e−(p_−) → Q(k_Q) ŕQ(k_{ŕQ})g(k_g) (1)

can be written in the following form^4: dσ dϕdcosϑdxd ŕx = 3 4 1 (4π)^3 σ_{pt} { (1 + cos^2 ϑ) F_1

+ (1 − 3cos^2 ϑ) F_2 + cosϑF_3 + sin2ϑcosϕF_4

+ sin^2 ϑcos2ϕF_5 + sinϑcosϕF_6 } ; (2)

with

σ_{pt} = σ(e+e^− → γ^∗ → ţ+ţ^−) = 4πα^2 3s^: (3) In Eq. (2), ϑ denotes the angle between the direction p_− of the incoming electron e^− and the direction k_Q of the heavy quark Q. The angle ϕ is the oriented angle between the plane de^ned by e^− and Q and the plane de^ned by the quark anti-quark pair. The functions F_i depend only on the scaled c.m. energies x = 2k · k_Q s and ŕx =

2k · k ŕ_Q s^; (4) and on the scaled mass square z = m^2 s (5) of the heavy quark and anti-quark, where k = p+ + p_− and s = k^2. Note that the leading order differential cross section for a ^nal state with n ≥ 4 partons can be written in an analogous way in terms of the two angles ϑ, ϕ and 3n − 7 variables that involve only the ^nal state momenta. In higher orders absorptive parts give rise to three additional functions F_{7;8;9} (cf. ref. [13]). The four functions F_{1;2;4;5} are parity even. In particular, the 3-jet production rate is determined by F_1. In the case of massive quarks next-to-leading order results for F_1 were given in references [14Ű21]. The two functions F_3 and F_6 are induced by the interference of a vector and an axial-vector current. In particular, using the quark-axis, the 3-jet forward-backward asymmetry is related to F_3 in leading order in the following

4 We neglect the lepton masses and do not consider transversely polarized beams.

way:

(A_{FB})_{3-jet} = R dσ θ_{cut}(y_{cut}) sgn(cos(ϑ)) R dσ θ_{cut}(y_{cut}) = 3 8 R dxd ŕx θ_{cut}(y_{cut}) F_3(x; ŕx) R dxd ŕx θ_{cut}(y_{cut}) F_1(x; ŕx)^; (6) where θ_{cut}(y_{cut}) de^nes, for a given jet ^nding algorithm and jet resolution parameter y_{cut}, a region in the (x; ŕx) plane. The electroweak couplings appearing in F_{3;6} can be factored out as follows:

F_{3;6} = −g^Q_a (1 − λ+λ_−) [ Q_QReχ(g^e_a − f (λ+; λ_−)g^e_v)

+g^Q_v |χ|^2( f (λ+; λ_−)(g^{e2}_v + g^{e2}_a ) − 2g^e_vg^e_a) ] Ÿ F_{3;6}:(7)

In Eq. (7),

g^f_v = T^f_3 − 2Q_f sin^2 θ_W ;

g^f_a = T^f_3 ; χ = 1 4sin^2 θ_W cos^2 θ_W s s − m^2_Z + im_Z Γ_Z^;

f (λ+; λ_−) = λ_− − λ+ 1 − λ_−λ+^; (8) where T^f_3 is the third component of the weak isospin of the fermion f , θ_W is the weak mixing angle, and λ_∓ denotes the longitudinal polarization of the electron (positron). In next-to-leading order in α_s, additional contributions to F_{3;6} with electroweak couplings different from those in Eq. (7) are induced which we will not consider here. They are either proportional to Imχ and thus suppressed formally in the electroweak coupling or generated by the triangle fermion loop diagrams. The contribution of the triangle fermion loop is gauge independent and UV and IR ^nite. It was calculated some time ago in ref. [22].

The functions ŸF_{3;6}(x; ŕx) may be expressed in terms of functions h_6, h_7 which appear in the decomposition of the so-called hadronic tensor as performed for example in references [23Ű25].

ŸF_3 = 1 2 [√ x^2 − 4zh_6(x; ŕx) + √ ŕx^2 − 4zcosϑ_Q ŕ_Qh_7(x; ŕx)

]_;

ŸF_6 = − 1 2 √ ŕx^2 − 4zsinϑ_Q ŕ_Qh_7(x; ŕx); (9) where ϑ_Q ŕ_Q is the angle between Q and ŕQ in the c.m. frame and we have

cosϑ_Q ŕ_Q =

2(1 − x − ŕx + 2z) + x ŕx √ x^2 − 4z √ ŕx^2 − 4z^:

(10)

It would seem pointless to trade F_{3;6} for h_{6;7} if it were not for the relation (which follows from CP invariance):

h_7(x; ŕx) = −h_6( ŕx; x): (11)

To calculate the functions F_{3;6} it is thus suf^cient to determine the function h_6(x; ŕx). In the one-loop corrections to h_6 one encounters both ultraviolet (UV) and infrared (IR) singularities. Regulating the UV as well as the IR singularities by continuation to d = 4 − 2ε space-time dimensions, we need the Born result in d dimensions:

h^{LO}_6 (x; ŕx) = 16πα_s(N^2 − 1)B × ( 2x − (x ŕx + ŕx^2 + 2 − 4ŕx)ε − 4 x_g 1 − x z ) (12)

with B = 1 (1 − x)(1 − ŕx)^;

(13)

and the scaled gluon energy

x_g =

2k · k_g s = 2 − x − ŕx: (14)

Note that the terms proportional to ε in Eq. (12) depend on the prescription used to treat γ_5 in d dimensions. To derive the above equation we have used the prescription

γ_ţγ_5 → (1 − α_s π C_F ) i 3! ε_{ţβγδ} γ^βγ^γγ^δ [26; 27]: (15)

3. Virtual corrections

Given the vast knowledge on how to perform oneloop calculations the derivation of the one-loop corrections to h_6 is in principle straightforward. So we restrict our discussion of the virtual corrections to some technical remarks and the ^nal results.

We used the background ^eld gauge [28,29] with the gauge parameter set to one. In this gauge the three-gluon vertex is simpli^ed which leads to a reduction of the number of terms encountered in intermediate steps of the calculation. Furthermore we used the Passarino-Veltman reduction procedure [30] to reduce the one-loop tensor integrals to scalar oneloop integrals. As mentioned earlier we regularized both UV and IR singularities by continuation to d = 4 − 2ε space-time dimensions. Note that the ‘t Hooft-Veltman prescription to treat γ_5 in d dimensions give rise to an additional ‘^nite renormalization’ (see Eq. (15)) to restore the chiral Ward identities.

The ^nite contributions of the loop-diagrams are too long to be reproduced here. They are given explicitly in ref. [1]. Here we give only the results for the UV and IR divergences and the contribution from the renormalization procedure. In the following we denote with m always the mass parameter renormalized in the on-shell scheme and with α_s the strong coupling in the usual MS scheme evaluated at the renormalization scale ţ.

Keeping only the pole-part of the integrals we obtain the following result for the UV singularities:

h^{virt., UV div.}

6 = r_Γ 1 ε ( m^2 4πţ^2 )_{−ε}{ α_s 2π C_F h^{LO}_6

+ 24α^2_s (N^2 − 1)C_F δh_6 + 8α^2_s (N^2 − 1)C_F Bε ( 1 + x

− 2ŕx + (1 − ŕx) ŕx x + z [ 2B(( ŕx^2 − 2x)(1 − x)

+ (2 − 3x)(1 − ŕx)) + g_1 x^2 − 4z x(1 − x)

+ 4zB(2

(1 − ŕx)^2 1 − x

+ x_g) ])

+16α^2_sC_F Bε( 1 x_g

(x ŕx − 4ŕx + 2 + ŕx^2)

− 2zx_gB(x − ŕx)) + O(ε^2) } (16)

with

δh_6 = B^2 ([ − 2(x^2 − 3x − ŕx^2x + 3x ŕx + 2ŕx^2

− 4ŕx + 2) − x_g( ŕx^2 + x ŕx − 4ŕx + 2)ε ] z − 4 1 1 − x

(−5ŕx − 3x + 2ŕx^2 + 4 + x^2 + x ŕx)z^2 ) ; (17) and g_1 = −

(1 − x)(x − 2ŕx)

(x^2 − 4z)^2

(x( ŕx + x) − 2(1 − x_g)): (18)

The usual one-loop factor r_Γ is given by:

r_Γ =

Γ(1 + ε)Γ^2(1 − ε) Γ(1 − 2ε)^:

(19)

The IR divergent contributions from the loopintegrals are given by

h^{virt., IR div.} 6 = α_s 2π ( 4πţ^2 m^2 )_ε r_Γh^{LO}_6 {

− N [ 1 ε^2 − 1 ε ln( t_{Qg} m^2 ) − 1 ε ln( t ŕ_{Qg} m^2 ) ]

+ 1 N 1 ε 1 + ω^2 1 − ω^2 ln(ω) } ; (20)

with t_{i j} = 2k_i · k_j and

ω = 1 − √ 1 −^{4z}_x+_{ŕx−1} 1 + √ 1 −^{4z}_x+_{ŕx−1}

: (21)

Finally, the entire contribution from renormalization (including the LehmannŰSymanzikŰZimmermann residue and the ‘γ_5-counterterm’) is given by:

h^{virt., ren.}

6 = − α_s 2π r_ΓC_F ( m^2 4πţ^2 )_{−ε} 1 ε h^{LO}_6

−24α^2_s (N^2 − 1)C_Fr_Γ ( m^2 4πţ^2 )_{−ε} 1 ε δh_6 − α_s 4π r_Γ ( m^2 4πţ^2 )_{−ε} 1 ε { 4C_F − ( 2 3 n^l_f − 11 3 N )} h^{LO}_6 + α_s 4π { ( 2 3 n_f − 11 3 N) ln( m^2 ţ^2 ) + 2 3 ∑_i^{ln m2i}_m2^{− 8C}F } h^{LO}_6

−32α^2_s (N^2 − 1)C_Fδh_6 − α_s π C_F h^{LO}_6 (22)

Note that the singularity in the third line of Eq. (22) is a collinear singularity and not a UV singularity.

4. Checks

In this section we discuss some checks to assure the correctness of our results. Given the fact that the ^- nite results are given in the form (coef^cients)×(oneloop integrals) and that the loop integrals are known, it is suf^cient to check the coef^cients. As one can see from the comparison of Eq. (16) and Eq. (22) the UV divergences from the loop diagrams are cancelled exactly by the UV singularities from the renormalization procedure. This cancellation is thus an excellent check of the coef^cients of the UV divergent integrals, namely the one- and two-point integrals. We checked also that the ^nite renormalization due to the ‘t Hooft-Veltman prescription restores the chiral Ward identities.

According to the Kinoshita-Lee-Nauenberg theorem [31,32] the remaining IR divergences must be cancelled by the real corrections. To check this cancellation we have calculated the singular contributions from real emission by using a modi^ed version [15,33] of the phase space slicing method [34,35]. By this cancellation the coef^cients of the IR divergent triangle integrals and the box integrals are checked. The explicit results for the singular contributions of the real corrections are given in ref. [1].

Furthermore we have veri^ed that we are able to reproduce the coef^cients of the loop-integrals in the massless result [23Ű25]. We found agreement with Eq. (4.10) of ref. [24]. In the case of Eq. (4.9) of ref. [24] we found agreement only up to an overall factor (−1). This is most probably caused by a typographical error which is also present in ref. [23], but not in ref. [25] with which we fully agree.

5. Conclusions

In this talk we have presented the necessary ingredients for calculating virtual corrections to parityviolating three jet observables. Together with the existing results on the real contribution [12], in particular the singular contributions [1], these results allow for the calculation of parity-violatingthree-jet observables to next-to-leading order accuracy.

REFERENCES

1. W. Bernreuther, A. Brandenburg and P. Uwer, Next-to-leading order QCD corrections to parityviolating 3-jet observables for massive quarks in

e+e− annihilation, 2000, hep-ph/0008291.

2. D. Abbaneo et al., A combination of preliminary electroweak measurements and constraints on the standard model, 1999, CERN-EP-99-015.

3. J. Jersak, E. Laermann and P.M. Zerwas, Phys.

Rev. D25 (1982) 1218.

4. A. Djouadi, J.H. Kĺuhn and P.M. Zerwas, Z. Phys.

C46 (1990) 411.

5. A.B. Arbuzov, D.Y. Bardin and A. Leike, Mod.

Phys. Lett. A7 (1992) 2029.

6. A. Djouadi, B. Lampe and P.M. Zerwas, Z. Phys.

C67 (1995) 123, hep-ph/9411386.

7. A. Djouadi and P.M. Zerwas, Memorandum:

QCD corrections to A(FB)(b), DESY-T-97-04. 8. B. Lampe, A note on QCD corrections to A(b)(FB) using thrust to determine the b-quark direction, 1996, hep-ph/9812492.

9. G. Altarelli and B. Lampe, Nucl. Phys. B391 (1993) 3, 10. V. Ravindran and W.L. van Neerven, Phys. Lett.

B445 (1998) 214, hep-ph/9809411, 11. S. Catani and M.H. Seymour, JHEP 07 (1999) 023, hep-ph/9905424, 12. A. Ballestrero, E. Maina and S. Moretti, Nucl.

Phys. B415 (1994) 265, hep-ph/9212246. 13. A. Brandenburg, L. Dixon and Y. Shadmi, Phys.

Rev. D53 (1996) 1264, hep-ph/9505355. 14. W. Bernreuther, A. Brandenburg and P.

Uwer, Phys. Rev. Lett. 79 (1997) 189,

hep-ph/9703305.

15. A. Brandenburg and P. Uwer, Nucl. Phys. B515 (1998) 279, hep-ph/9708350.

16. G. Rodrigo, Quark mass effects in QCD jets, PhD thesis, University of Valencia, 1996,

hep-ph/9703359.

17. G. Rodrigo, Nucl. Phys. B (Proc. Suppl.) 54A (1997) 60, hep-ph/9609213.

18. G. Rodrigo, A. Santamaria and M. Bilenky, Phys.

Rev. Lett. 79 (1997) 193, hep-ph/9703358. 19. G. Rodrigo, M. Bilenky and A. Santamaria, Nucl. Phys. B554 (1999) 257, hep-ph/9905276, 20. P. Nason and C. Oleari, Nucl. Phys. B521 (1998) 237, hep-ph/9709360.

21. C. Oleari, Next-to-leading-order corrections to the production of heavy-~avour jets in e+ e- collisions, PhD thesis, Milan U., 1997,

hep-ph/9802431,

22. K. Hagiwara, T. Kuruma and Y. Yamada, Nucl.

Phys. B358 (1991) 80.

23. J.G. Kĺorner and G. Schuler, Z. Phys. 26 (1985) 559.

24. G.A. Schuler and J.G. Kĺorner, Nucl. Phys. B325 (1989) 557, 25. J.G. Kĺorner et al., Z. Phys. 32 (1986) 181.

26. G. ’t Hooft and M. Veltman, Nucl. Phys. B44 (1972) 189.

27. S.A. Larin, Phys. Lett. B303 (1993) 113. 28. L.F. Abbott, Nucl. Phys. B185 (1981) 189. 29. L.F. Abbott, M.T. Grisaru and R.K. Schaefer, Nucl. Phys. B229 (1983) 372.

30. G. Passarino and M. Veltman, Nucl. Phys. B160 (1979) 151.

31. T.D. Lee and M. Nauenberg, Phys. Rev. 133B (1964) 1549.

32. T. Kinoshita, J. Math. Phys. 3 (1965) 650. 33. S. Keller and E. Laenen, Phys. Rev. D59 (1999) 114004, hep-ph/9812415, 34. W.T. Giele and E.W.N. Glover, Phys. Rev. D46 (1992) 1980.

35. W.T. Giele, E.W.N. Glover and D.A. Kosower, Nucl. Phys. B403 (1993) 633, hep-ph/9302225.