arXiv:0908.1338v1 [hep-ph] 10 Aug 2009

Transverse-momentum resummation at hadron colliders^∗

Massimiliano Grazzini

INFN, Sezione di Firenze and Dipartimento di Fisica, Università di Firenze, I-50019 Sesto Fiorentino, Florence, Italy

We consider the transverse-momentum distribution of colourless high-mass systems (lepton pairs, vector bosons, Higgs particles...) produced in hadronic collisions. We briefly review a formalism for the all-order resummation of the logarithmically-enhanced contributions at small transverse momenta, and we present an illustrative selection of numerical results obtained by using our method.

The inclusive production of colourless high-mass systems in hadron collisions is important for physics studies within and beyond the standard model. Well know examples of these processes are the production of lepton pairs, vector boson pairs, Higgs particles and so forth. These processes are either benchmark processes, whose expected rates should be precisely known, or irreducible backgrounds for new physics searches. As such, it is important to have a good theoretical control for the corresponding cross sections and associated distributions.

Among the various distributions, an important role is played by the transverse-momentum spectrum of the high-mass system.

Let us consider the inclusive hard-scattering reaction

h_1 + h_2 → F (M, q_T ) + X, (1)

where the collision of the two hadrons h_1 and h_2 produces the triggered final state F . The final state F consists of one or more colourless particles (leptons, photons, vector bosons, Higgs bosons, . . . ) with total invariant mass M and transverse momentum q_T . Note that, since F is colourless, the LO partonic subprocess is either qq̄ annihilation, as in the case of the Drell–Yan process, or gg fusion, as in the case of Higgs boson production.

When considering the transverse-momentum spectrum, it is important to distinguish two regions of transverse momenta.

In the large-q_T region (q_T ∼ M), the perturbative series is controlled by a small expansion parameter, α_S(M), and calculations based on the truncation of the series at a fixed order in α_S are theoretically justified. In the small q_T region (q_T ≪ M), large logarithmic contributions appear that spoil the convergence of the ordinary fixed-order expansion and need be resummed to all orders.

The method to systematically perform all-order resummation of classes of logarithmicallyenhanced terms at small q_T is known [1]–[9]. The resummed and fixed-order procedures at small and large values of q_T can then be matched at intermediate values of q_T , to obtain QCD predictions for the entire range of transverse momenta.

In Refs. [9, 10] we have proposed a method to perform transverse-momentum resummation that introduces some novel features, and we briefly recall it below.

The resummation is performed at the level of the partonic cross section, which is decomposed as: dσ̂_{F ab} dq^2_T = dσ̂^{(res.)}_{F ab} dq^2_T + dσ̂^{(fin.)}_{F ab} dq^2_T . (2)

∗Invited talk given at the XVII International Workshop on Deep-Inelastic Scattering and Related Subjects DIS 2009, 26-30 April 2009, Madrid

DIS 2009

The first term on the right hand side, dσ̂^{(res.)}_{F ab} , contains all the logarithmically-enhanced contributions at small q_T , and has to be evaluated by resumming them to all orders in α_S. The second term, dσ̂^{(fin.)}_{F ab} , is free of such contributions, and can thus be evaluated at fixed order in perturbation theory.

The resummed component dσ̂^{(res.)}_{F ab} can be expressed as dσ̂^{(res.)}_{F ab} dq^2_T (q_T , M, ŝ; α_S(μ^2_R), μ^2_R, μ^2_F ) =

M^2 ŝ ∫_∞ 0 db b 2 J_0(bq_T ) W^F_{ab}(b, M, ŝ; α_S(μ^2_R), μ^2_R, μ^2_F ) , (3) where J_0(x) is the 0-order Bessel function, μ_R (μ_F ) is the renormalization (factorization) scale and ŝ is the partonic centre-of-mass energy. By taking the N-moments of W with respect to the variable z = M^2/ŝ at fixed M the resummation structure of W^F_{ab, N} can indeed be organized in exponential form.

W^F_N (b, M; α_S(μ^2_R), μ^2_R, μ^2_F ) = H^F_N ( M, α_S(μ^2_R); M^2/μ^2_R, M^2/μ^2_F , M^2/Q^2 ) × exp{G_N (α_S(μ^2_R), L; M^2/μ^2_R, M^2/Q^2)} , (4)

were we have defined the logarithmic expansion parameter L as L ≡ ln Q^2b^2 b^2_0 (5) and the coefficient b_0 = 2e^{−γE} (γ_E = 0.5772... is the Euler number) has a kinematical origin. The scale Q appearing in Eqs. (4, 5), named resummation scale in Ref. [10], parametrizes the arbitrariness in the truncation of the resummation formula, and it has to be chosen of the order of the hard scale M. Variations of Q around M can give an idea of the size of yet uncalculated (or neglected) higher-order logarithmic contributions. The function H^F_N does not depend on the impact parameter b and it includes all the perturbative terms that behave as constants as b → ∞. It can thus be expanded in powers of α_S = α_S(μ^2_R). The exponent G_N includes the complete dependence on b and, in particular, it contains all the terms that order-by-order in α_S are logarithmically divergent as b → ∞.

In the implementation of Eq. (4) the resummation of the large logarithmic contributions affects not only the small-q_T region (q_T ≪ M), but also the region of large q_T (q_T ∼ M). This can be easily understood by observing that the logarithmic expansion parameter L is divergent as b → 0. To reduce the impact of unjustified higher-order contributions in the large-q_T region, the logarithmic variable L in Eq. (5) is replaced as L → L̃ L̃ ≡ ln ( Q^2b^2 b^2_0 + 1 ) . (6)

The variables L and L̃ are equivalent when Qb ≫ 1, but they lead to a different behaviour of the form factor at small values of b (i.e. large values of q_T ). In fact, when Qb ≪ 1, L̃ → 0 and exp{G_N } → 1. The replacement in Eq. (6) has thus a twofold consequence: it reduces the impact of resummation at large values of q_T , and it allows us to recover the corresponding fixed-order cross section upon integration over q_T .

Another important property of the formalism of Ref. [10] is that the process dependence (as well as the factorization scale and scheme dependence) is fully encoded in the hard

DIS 2009 function H^F . In other words, the form factor exp{G_N } is universal: it depends only on the channel in which the process occurs at Born level (qq̄ annihilation in the case of vector-boson production, gg fusion in the case of Higgs boson production). The explicit form of the universal form factor is known up to next-to-leading logarithmic (NLL) [6, 11] and next-to-next-to-leading logarithmic (NNLL) [12, 13, 14] level. The general form of the process dependent hard function is known up to the first relative order in α_S [14]. The hard function has been computed up to the second relative order in α_S in the cases of SM Higgs boson production [15] and DY lepton pair production [16].

Figure 1: Z production at the Tevatron

The formalism that we have briefly recalled defines a systematic ‘order-by-order’ (in extended sense) expansion [10] of Eq. (2): it can be used to obtain predictions that contain the full information of the perturbative calculation up to a given fixed order plus resummation of logarithmicallyenhanced contributions from higher orders. The various orders of this expansion are denoted as LL, NLL+LO, NNLL+NLO, etc., where the first label (LL, NLL, NNLL, . . . ) refers to the logarithmic accuracy at small q_T and the second label (LO, NLO, . . . ) refers to the customary perturbative order at large q_T . It is worthwhile noticing that the NLL+LO (NNLL+NLO) result includes the full NLO (NNLO) perturbative contribution in the small-q_T region. In particular, the NLO (NNLO) result for total cross section is exactly recovered upon integration over q_T of the differential cross section dσ/dq_T at NLL+LO (NNLL+NLO) accuracy.

Figure 2: WW production at the LHC

The method has so far been applied to SM Higgs boson production [17, 10, 18], vector boson production [19], W W [20] and ZZ [21] pair production, slepton and gaugino pair production [22, 23]. In the following we review some of these results. Other phenomenological studies of q_T resummation have been performed for vector boson production [24, 25, 26, 27, 28, 29, 30, 31, 32, 33], Higgs boson production [34, 35, 36, 37, 38, 39, 40, 41], diphoton [42] and ZZ [43] production.

We start from the case of vector boson production. In Ref. [19] we have presented NLL+LO results for Z boson production at the Tevatron. In Fig. 1 we show the q_T spectrum for different choices of the resummation scale Q. The theoretical prediction appears to be in reasonably good agreement with the Tevatron data, but the uncertainty from missing higher-order logarithmic contributions is still large. The extension of this calculation to

DIS 2009

NNLL+NLO is in progress and we expect a considerable reduction of theoretical uncertainties.

Figure 3: ZZ production at the LHC

A similar picture emerges from the work of Refs. [20, 21]. Here the calculation includes the decay of the two vector bosons and full spin correlations. In Fig. 2 [20] we report the transverse momentum spectrum of the W W pair at the LHC. The uncertainties from missing higher order logarithmic contributions are large and comparable to those of Fig. 1. In Fig. 3 [21] we show the impact of softgluon resummation on the spectrum of one of the two Z bosons in the case of ZZ production at the LHC. The result from MC@NLO [44] is also shown for comparison. The spectrum of the Z boson is well behaved at NLO, but the impact of the resummation is visible in its shape. This is evident from the lower part of the plot, showing NLO and MC@NLO results normalized to NLL+LO. The resummation effects, which are important for transverse-momentum spectra, are instead less relevant for angular distributions.

Figure 4: Higgs production at the LHC: NLL+LO and NNLL+NLO bands

In the case of the Standard Model Higgs boson, transverse-momentum resummation has been performed at full NNLL+NLO accuracy. The calculation is implemented in the program HqT [10]. In Fig. 4 the production of a Higgs boson of mass m_H = 125 GeV at the LHC is considered, and the NLL+LO and NNLL+NLO bands are compared. The bands are obtained by varying μ_F and μ_R between 0.5m_H and 2m_H with the constraint 0.5 ≤ μ_F /μ_R ≤ 2. The result shows that perturbative uncertainties are under control. The uncertainty from missing higher-order logarithmic contributions, estimated through resummation scale variations, are about ±5% at the peak.

I wish to thank my collaborators, Giuseppe Bozzi, Stefano Catani, Giancarlo Ferrera, Daniel de Florian and Rikkert Frederix, for a fruitful collaboration on the topics discussed in this contribution.

References

[1] Y. L. Dokshitzer, D. Diakonov and S. I. Troian, Phys. Lett. B 79 (1978) 269, Phys. Rep. 58 (1980) 269.

[2] G. Parisi and R. Petronzio, Nucl. Phys. B 154 (1979) 427.

DIS 2009

[3] G. Curci, M. Greco and Y. Srivastava, Nucl. Phys. B 159 (1979) 451.

[4] J. C. Collins and D. E. Soper, Nucl. Phys. B 193 (1981) 381 [Erratum-ibid. B 213 (1983) 545]. [5] J. C. Collins and D. E. Soper, Nucl. Phys. B 197 (1982) 446.

[6] J. Kodaira and L. Trentadue, Phys. Lett. B 112 (1982) 66, report SLAC-PUB-2934 (1982), Phys. Lett.

B 123 (1983) 335.

[7] G. Altarelli, R. K. Ellis, M. Greco and G. Martinelli, Nucl. Phys. B 246 (1984) 12. [8] J. C. Collins, D. E. Soper and G. Sterman, Nucl. Phys. B 250 (1985) 199. [9] S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 596 (2001) 299. [10] G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 737 (2006) 73. [11] S. Catani, E. D’Emilio and L. Trentadue, Phys. Lett. B 211 (1988) 335. [12] C. T. H. Davies and W. J. Stirling, Nucl. Phys. B 244 (1984) 337. [13] C. T. H. Davies, B. R. Webber and W. J. Stirling, Nucl. Phys. B 256 (1985) 413. [14] D. de Florian and M. Grazzini, Phys. Rev. Lett. 85 (2000) 4678, Nucl. Phys. B 616 (2001) 247. [15] S. Catani and M. Grazzini, Phys. Rev. Lett. 98 (2007) 222002.

[16] S. Catani, L. Cieri, G. Ferrera, D. de Florian and M. Grazzini, arXiv:0903.2120 [hep-ph]. [17] G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Phys. Lett. B 564 (2003) 65. [18] G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 791 (2008) 1. [19] G. Bozzi, S. Catani, G. Ferrera, D. de Florian and M. Grazzini, Nucl. Phys. B 815 (2009) 174. [20] M. Grazzini, JHEP 0601 (2006) 095.

[21] R. Frederix and M. Grazzini, Phys. Lett. B 662 (2008) 353. [22] G. Bozzi, B. Fuks and M. Klasen, Phys. Rev. D 74 (2006) 015001. [23] J. Debove, B. Fuks and M. Klasen, arXiv:0907.1105 [hep-ph]. [24] P. B. Arnold and R. P. Kauffman, Nucl. Phys. B 349 (1991) 381. [25] C. Balazs, J. w. Qiu and C. P. Yuan, Phys. Lett. B 355 (1995) 548. [26] C. Balazs and C. P. Yuan, Phys. Rev. D 56 (1997) 5558. [27] R. K. Ellis, D. A. Ross and S. Veseli, Nucl. Phys. B 503 (1997) 309. [28] R. K. Ellis and S. Veseli, Nucl. Phys. B 511 (1998) 649.

[29] J. w. Qiu and X. f. Zhang, Phys. Rev. Lett. 86 (2001) 2724, Phys. Rev. D 63 (2001) 114011. [30] A. Kulesza and W. J. Stirling, Eur. Phys. J. C 20 (2001) 349. [31] A. Kulesza, G. Sterman and W. Vogelsang, Phys. Rev. D 66 (2002) 014011. [32] F. Landry, R. Brock, P. M. Nadolsky and C. P. Yuan, Phys. Rev. D 67 (2003) 073016. [33] S. Berge, P. M. Nadolsky and F. I. Olness, Phys. Rev. D 73 (2006) 013002. [34] I. Hinchliffe and S. F. Novaes, Phys. Rev. D 38 (1988) 3475. [35] R. P. Kauffman, Phys. Rev. D 44 (1991) 1415. [36] C. P. Yuan, Phys. Lett. B 283 (1992) 395. [37] C. Balazs and C. P. Yuan, Phys. Lett. B 478 (2000) 192. [38] C. Balazs, J. Huston and I. Puljak, Phys. Rev. D 63 (2001) 014021.

[39] E. L. Berger and J. w. Qiu, Phys. Rev. D 67 (2003) 034026, Phys. Rev. Lett. 91 (2003) 222003. [40] A. Kulesza and W. J. Stirling, JHEP 0312 (2003) 056.

[41] A. Kulesza, G. Sterman and W. Vogelsang, Phys. Rev. D 69 (2004) 014012. [42] C. Balazs, P. M. Nadolsky, C. Schmidt and C. P. Yuan, Phys. Lett. B 489 (2000) 157. [43] C. Balazs and C. P. Yuan, Phys. Rev. D 59, 114007 (1999) [Erratum-ibid. D 63, 059902 (2001)]. [44] S. Frixione and B. R. Webber, JHEP 0206 (2002) 029; S. Frixione, P. Nason and B. R. Webber, JHEP 0308 (2003) 007.

DIS 2009