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Cavendish-HEP-04/13DESY-04-071W Boson Prodution at Large Transverse Momentum1Nikolaos Kidonakisa and Agust��n Sabio Veraba Cavendish Laboratory, University of CambridgeMadingley Road, Cambridge CB3 0HE, UKE-mail: kidonaki�hep.phy.am.a.ukb II. Institut f�ur Theoretishe Physik, Universit�at HamburgLuruper Chaussee 149, 22761 Hamburg, GermanyE-mail: sabio�hep.phy.am.a.ukAbstratThe prodution of W bosons at large transverse momentum in p�p ollisions is studied.The next-to-leading order ross setion in this region is dominated by threshold soft-gluonorretions. The transverse momentum distribution of the W at the Tevatron is modestlyenhaned when next-to-next-to-leading-order soft-gluon orretions are added, and thedependene on the fatorization and renormalization sales is signi�antly redued.
1Presented at the DIS 2004 Workshop, Strbske Pleso, Slovakia, 14-18 April, 2004.



1 IntrodutionW boson hadroprodution is a proess of importane in testing the Standard Model and in es-timates of bakgrounds to new physis, suh as assoiated Higgs boson prodution at the Teva-tron. In Refs. [1, 2℄ the omplete next-to-leading-order (NLO) ross setion for W hadropro-dution at large transverse momentum was �rst alulated. The NLO orretions ontributean enhanement of the di�erential distributions in transverse momentum QT of the W bo-son and onsiderably stabilize the dependene of the ross setion on the fatorization andrenormalization sales.W boson prodution at the Tevatron reeives important ontributions from the near-thresholdkinematial region. The alulation of hard-sattering ross setions near partoni thresholdinvolves orretions from the emission of soft gluons from the partons in the proess. At eahorder in perturbation theory there are large logarithms arising from inomplete anellationsnear partoni threshold between graphs with real emission and virtual graphs due to the limitedphase spae available for real gluon emission. These threshold orretions exponentiate as aresult of the fatorization properties [3, 4, 5, 6℄ of the ross setion and have been suessfullyresummed for a large number of proesses [7℄.In Ref. [8℄ the resummation of threshold logarithms for W boson hadroprodution at largetransverse momentum was �rst studied, and the expansion of the resummed ross setion atnext-to-next-to-leading order (NNLO) and next-to-next-to-leading logarithmi (NNLL) au-ray was presented. Following Ref. [9℄, the auray of the theoretial predition was inreasedin Ref. [10℄ to inlude next-to-next-to-next-to-leading logarithms (NNNLL) and phenomenolog-ial studies for W prodution at the Tevatron were also presented. We note that the theoretialand numerial results are similar to those found for diret photon prodution [11℄.2 Theoretial resultsFor the proess hA(PA) + hB(PB) �!W (Q) +X; we an write:EQ d�hAhB!W (Q)+Xd3Q = Xf Z dx1 dx2 �fa=hA(x1; �2F ) �fb=hB(x2; �2F )�EQ d�̂fafb!W (Q)+Xd3Q (s; t; u;Q; �F ; �s(�2R)) ;where EQ = Q0, �f=h are the parton distributions, �̂ is the parton-level ross setion, �F isthe fatorization sale, �R is the renormalization sale, and s; t; u are parton-level kinematialinvariants. The lowest-order parton level subproesses are q(pa) + g(pb) �! W (Q) + q(p) andq(pa) + �q(pb) �! W (Q) + g(p). The variable s2 = (pa + pb � Q)2 is de�ned as the invariantmass of the system reoiling against the W at the parton level. It parametrizes the inelastiityof the parton sattering, being zero for one{parton prodution.For the n-th order orretions in the strong oupling �s, the partoni ross setion �̂ inludesdistributions with respet to s2 of the type [lnm(s2=Q2T )=s2℄+, with m � 2n � 1. Leadinglogarithms (LL) are those withm = 2n�1, next{to{leading logarithms (NLL) withm = 2n�2,2



next{to{next{to{leading logarithms (NNLL) with m = 2n � 3, and next{to{next{to{next{to{leading logarithms (NNNLL) with m = 2n � 4.The NLO soft and virtual, and the NNLO soft{gluon orretions are presented in the MSsheme as given in Ref. [10℄. Here we show the formulae for the qg �! Wq subproess. Theq�q �!Wg subproess is alulated in a similar way [10℄.The NLO soft and virtual orretions for qg! Wq areEQd�̂(1)qg!Wqd3Q = FBqg!Wq�s(�2R)� (qg3 " ln(s2=Q2T )s2 #+ + qg2 � 1s2�+ + qg1 Æ(s2)) ;where FBqg!Wq is the Born term. The LL [ln(s2=Q2T )=s2℄+ term and the NLL [1=s2℄+ term arethe soft gluon orretions. The Æ(s2) term gives the virtual orretions. In the disussion below\NLO-NLL" denotes when, at NLO, all the LL and NLL soft{gluon terms, and also the sale-dependent terms in Æ(s2), are inluded. The NLO oeÆients, qg1 ; qg2 and qg3 , an be found inRef. [10℄.Using the onventions in Ref. [10℄, the NNLO soft and virtual orretions areEQd�̂(2)qg!Wqd3Q = FBqg!Wq�2s(�2R)�2 �̂0(2)qg!Wqwith �̂0(2)qg!Wq = 12(qg3 )2 " ln3(s2=Q2T )s2 #+ + "32qg3 qg2 � �04 qg3 + CF �08 # " ln2(s2=Q2T )s2 #++ (qg3 qg1 + (qg2 )2 � �2 (qg3 )2 � �02 T qg2 + �04 qg3 ln �2Rs !+ (CF + CA)K+ CF "�K2 + �04 ln Q2Ts !#� 316�0CF) " ln(s2=Q2T )s2 #++ (qg2 qg1 � �2 qg2 qg3 + �3 (qg3 )2 � �02 T qg1 + �04 qg2 ln �2Rs !+ G(2)qg+ (CF + CA) "�08 ln2  �2Fs !� K2 ln �2Fs !# �CF K ln �uQ2T !� CAK ln �tQ2T !+ CF "�08 ln2  Q2Ts !� K2 ln Q2Ts !#� 316�0CF ln Q2Ts !) � 1s2 �++ nR�; (2)qg +R(2)qg o Æ(s2) ;where the de�nitions of the funtions entering this expression an be found in Ref. [10℄. Thesoft orretions are the LL [ln3(s2=Q2T )=s2℄+ term, the NLL [ln2(s2=Q2T )=s2℄+ term, the NNLL[ln(s2=Q2T )=s2℄+ term, and the NNNLL [1=s2℄+ term. In G(2)qg , in the NNNLL term, two-loopproess-dependent ontributions are not inluded, but, from related studies (diret photonprodution [11℄, top hadroprodution [12℄) they are expeted to give a small ontribution.\NNLO-NNLL" will indiate inlusion of the LL, NLL, and NNLL terms at NNLO. \NNLO-NNNLL" inludes the NNNLL terms as well. The termR�; (2)qg Æ(s2) denotes the sale-dependentvirtual orretions whih are given expliitly in Ref. [10℄. R(2)qg Æ(s2) are the sale-independentvirtual orretions whih are urrently unknown.3



3 Numerial resultsThe MRST2002 approximate NNLO parton densities [13℄ are used in the evaluation of thenumerial results. At the left hand side of Fig. 1 we plot the transverse momentumdistribution,d�=dQ2T , for W hadroprodution at the Tevatron Run I with pS = 1:8 TeV in the high-QTregion setting � = QT , where � � �F = �R. We plot Born, exat NLO [1, 2℄, NNLO{NNLL, andNNLO{NNNLL results. The NLO orretions provide a signi�ant enhanement of the Bornross setion. The NNLO{NNLL orretions provide a further modest enhanement of the QTdistribution. The more aurate NNNLL ontributions are negative foring the NNLO{NNNLLross setion to lie between the NLO and NNLO{NNLL results.At the right hand side of Fig. 1 the sale dependene of the di�erential ross setion forQT = 80 GeV is shown. We plot the di�erential ross setion versus �=QT over two ordersof magnitude: 0:1 < �=QT < 10. We note the good stabilization of the ross setion whenthe NLO orretions are inluded, and the further improvement when the NNLO-NNNLLorretions (whih inlude all the soft and virtual NNLO sale terms) are added. The NNLO-NNNLL result approahes the sale independene expeted of a truly physial ross setion.In Fig. 2 we show results at the Tevatron Run II with pS = 1:96 TeV. On the left weplot the Born, NLO, and NNLO-NNNLL ross setions for two hoies of sale, � = QT=2 and2QT . We see that while the Born result varies a lot between the two sales, the NLO resultis more stable, and the NNLO-NNNLL is so stable that the two urves are indistinguishable.Note that all � = QT=2 urves lie on top of eah other. This is all as expeted from the rightplot in Fig. 1. On the right-hand side of Fig. 2 are shown the K-fators, i.e. the ratios ofross setions at various orders and auraies to the Born ross setion, all with � = QT .The NLO/NLO-NLL urve also shows that the NLO-NLL result is a very good approximationto the full NLO result, i.e. the soft{gluon orretions dominate the NLO ross setion. Thedi�erene between NLO and NLO-NLL is only 2% for QT > 90 GeV and less than 10% forlower QT down to 30 GeV. The fat that the soft{gluon orretions dominate the NLO rosssetion is a major justi�ation for studying the NNLO soft gluon orretions to this proess.4 ConlusionsThe NNLO soft{gluon orretions for W hadroprodution at large transverse momentum in p�pollisions at the Tevatron Run I and II have been presented. The NLO soft{gluon orretionsdominate the NLO di�erential ross setion in this region, while the NNLO soft{gluon orre-tions provide modest enhanements and further derease the fatorization and renormalizationsale dependene of the transverse momentum distributions.AknowledgementsWe thank Rihard Gonsalves for help with the NLO orretions. The researh of N.K. has beensupported by a Marie Curie Fellowship of the European Community programme \ImprovingHuman Researh Potential" under ontrat no. HPMF-CT-2001-01221. The work of A.S.V.was supported by an Alexander von Humboldt Postdotoral Fellowship.4
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Figure 1: d�=dQ2T for W prodution at the Tevatron with pS = 1:8 TeV as a funtion of (left)QT with � = QT , and (right) �=QT with QT = 80 GeV.
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