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FUTURE AND PERSPECTIVES OF QCD�R.G. RobertsCERN, 1211 Geneva 23, Switzerland(Reeived July 18, 2002)I disuss various areas of perturbative QCD where there is muh urrentativity and whih are likely to lead to signi�ant developments over thenext few years.PACS numbers: 12.38.�t, 12.38.Bx, 12.38.Qk1. IntrodutionIt is hard to believe now that a few years ago we would still disuss QCDin terms of a �andidate theory� of strong interations. More reently wehave been passing from the era of �testing QCD� to that of how to extratthe most preise information possible from this universally aepted theory.We have just witnessed the end of LEP, we are passing from HERA 1 tothe upgraded HERA 2, likewise from Run 1 to Run 2 at the Tevatron andnot too far away (I hope) is the LHC. At eah of these olliders, muh ofthe physis is desribed by perturbative QCD. In this talk I would like tofous on a few areas of intense ativity by QCD theorists whih have a diretimpat on ollider physis. In eah ase there is still more work to be doneand so these areas are likely to ontinue as hot-spots for some time.2. Next-to-Next-to-Leading Order (NNLO)Leading Order (LO) QCD results were followed in a matter of a few yearsby Next-to-Leading Order (NLO) results. The quest for NNLO results hastaken a good deal longer and this is an indiation of the huge e�ort requiredto arry out the vast programme of alulations � so we should �rst remindourselves why suh a programme is neessary.� Plenary presentation at the X International Workshop on Deep Inelasti Sattering(DIS2002) Craow, Poland, 30 April�4 May, 2002.(3397)



3398 R.G. RobertsFirst and foremost it is matter of preision. In several instanes, thetheoretial unertainty on a measured quantity is as large or more than anyother unertainty. For example, in extrating �S from inlusive jet produ-tion at the Tevatron, the theoretial unertainty is typially the same asthe pdf unertainty [1℄, former being indiated by the result of varying therenormalisation sale by a fator 2 either way. We also know that sometimesthe NLO result an be as muh as a 50% orretion to the LO result. Com-puting the NNLO result predits preisely the result of varying the sale atNLO (as indeed does the NLO for the sale at LO) and the hope is that ingoing LO! NLO! NNLO there is a �onvergene� to a stable result. Thishope has been justi�ed by reent NNLO results, Drell�Yan and Higgs pro-dution. The NNLO oe�ient funtions were alulated some time ago [2℄for the Drell�Yan and DIS proesses and the NNLO orretions to the Higgsross-setion at the hadron olliders very reently [3℄. The NNLO pdf'sneed to be estimated in order to use these results and that implies knowl-edge of the 3-loop O(�3S) splitting funtions. Up to the N = 14 anomalousdimensions have now been omputed [4℄ and a range of expetations for therelevant splitting funtions extrated [5℄. In this way a NNLO analysis [6℄of DIS data generates a set of NNLO pdf's. From Fig. 1 there appears tobe a on- vergene as the order is inreased giving on�dene in the �nalresult. At the LHC, the W ross setion will be measured to great prei-sion, the ratio �(W�)=�(W+) having an unertainty of perhaps 1 per mil.and the integrated ross setion providing a preise monitor of the mahineluminosity.Impressive progress has been made over the last 2�3 years in omputingthe NNLO orretions to the hadroni 2 jet ross setion. The same graphsenter in omputing the NNLO orretions to e+e� ! 3 jets with a di�erentkinemati limit where one leg is o�-shell. With suh knowledge, the uner-tainty in determining �S at LEP ould ome down to 1%. In omputing theNNLO virtual orretions, one needs to alulate: (a) the 2-loop, 2-parton�nal state (f.s.), (b) the j1-loopj2, 2-parton f.s., () the 1-loop, 3-parton f.s.(or 2+1 parton f.s), (d) the tree, 4-parton f.s. (or 3+1, or even 2+2 f.s).Here i + j parton f.s. means the j partons are unresolved soft or ollinearpartons. Of ourse the problems involved in ensuring the anellation be-tween n and n + 1 or n + 2 partons in the soft or ollinear limit is thedi�ult task. The �nite answer is the required goal but the poles whihappear in the minimal subtration analysis (i.e. 1="k with k = 1; 2; 3; 4)have oe�ients whose values an be ross-heked with those predited inthe elegant work of Catani in 1998 [7℄. A large number of dediated peoplehave put a great deal of e�ort into this programme, reduing a huge num-ber of graphs to manageable number of master integrals en route, whih�nally produed the omplete struture of all the singularities involved to-
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Fig. 1. The LO, NLO and NNLO Drell�Yan ross setions for W and Z produ-tion [6℄ at the Tevatron and LHC (left hand side). The LO, NLO, and NNLO Higgsross setions at the LHC [3℄ (right hand side).gether with an understanding of the subtle anellations involved. The ul-mination is a remarkable paper [8℄ where the 2-loop matrix elements fore+e� ! 3 jets are evaluated.Great though this ahievement is, there is the problem of implementingthe results into a numerial evaluation of these NNLO alulations. Thestumbling blok here is that, as yet, the parton-level Monte Carlo programsto handle anellation of singularities with the ontributions from the realgraphs do not exist at NNLO. At NLO, there are various well-tried ap-proahes using phase-spae sliing proedures or variations on subtrationmethods. So far these have not been extended to handle the 1="3 and 1="4divergenes arising in this ase. An interesting proposal [9℄ is to use purelynumeri alulations (in the Coulomb gauge) to do the neessary integra-tions. The laim is that by e�etively reversing the order of summing graphsinvolved and doing the momentum integrals, the singularities anel betweendi�erent uts. It has been tested in the O(�2S) 3-jet like variables and it islaimed to be simple, �exible and, most importantly, apable of being ap-plied to the NNLO ase.



3400 R.G. Roberts3. Next-to-Leading Order (NLO)Progress is being made on two fronts here. Again there is the quest forinreased preision on matrix elements for important proesses previouslyalulated only at LO. Not only should the signals for important physis atthe olliders be alulated to higher order, the bakgrounds should also bedetermined as aurately as possible. For example, for a Higgs mass aboveabout 2MW the ruial bakground is p�p! W + 2 jets. Reently this hasbeen omputed to NLO [10℄ and again we see the expeted improved stabilitywith respet to variation of the renormalisation sale (the fatorisation sale,as usual, being set equal in value). Thus we �nd that�(W + 2 jets;� = 12MW )�(W + 2 jets;� = 2MW ) = 1:7 (LO) �! 1:1 (NLO): (1)In the ourse of omputing this proess at NLO, one has to evaluate thereal and virtual orretions whih involves the anellation of divergenesleaving the �nite answer as aurately as possible. As disussed above onedoes this with an NLO parton-level Monte Carlo proedure.To go further what one really wants in order to study detailed �nalstate on�gurations with the experimental aeptane folded in, is a parton-showering Monte Carlo program at NLO � i.e. one ontaining the informa-tion of the NLO matrix elements diretly. In onsidering a multi-jet �nalstate, we ould interpret a on�guration either as a higher order matrix ele-ment or as a q�q state plus parton showering. In trying to ombine the virtuesof both one must avoid double-ounting. This is reognised as a high priorityand several groups are attempting pratial solutions [11℄. The most reentand ambitious is MC�NLO of Frixione and Webber [12℄ whih althoughso far applied only to a toy model senario is very enouraging. While hardemissions are treated as in NLO omputations, soft/ollinear emissions arehandled by Monte Carlo simulation. Only a small fration of events end upwith a negative weight and even these an be redued by e�ient hoie ofparameters for a given proess. 4. Large xThere have been interesting developments in understanding the summa-tions of potentially large logarithms at large x whih we know phenomeno-logially is a region where Higher-Twist (HT) e�ets appear to be important.The large logs arise from phase spae for the real emission of soft gluons be-ing �squeezed� and we understand how these ontributions an be resummedthrough exponentiation of the large (Sudakov) logs. This is a onsequene offatorisation in pQCD [13℄. The soft gluons in this ase are emitted on-shell.



Future and Perspetives of QCD 3401At the same time we know that oe�ients of a perturbative QCD series in-variably tend to inrease like n! whih is related to the running of the strongoupling, so-alled renormalon ontribution. In ontrast to above, the gluonshere are o�-shell and �dressed�. The laim by Gardi [14℄ is that if fatori-sation holds beyond the perturbative level, the power orretions assoiatedwith renormalons also exponentiate. This �Dressed Gluon Exponentiation�(DGE) thus resume the entire perturbative series of log-enhaned terms thatdesribe single gluon emission lose to the threshold.In DIS, we make the usual expansion for the n-th moment of the struturefuntion with inreasing twist,MN �Q2� = XCT=2�N; Q2�2 �DOT=2N (�2)E+ 1Q2 XCT=4�N; Q2�2 �DOT=4N (�2)E ; (2)where � is the renormalisation sale. As we vary �2, the operators on therhs mix with eah other, so that the overall expression is independent ofthe value of the sale. More spei�ally, at the level of the ln�2 divergenethe T = 4 operators mix among themselves, while at the level of the �2divergene, the T = 2 operators mix with the T = 4 ones, whih is theway that renormalon ambiguity anels within the OPE. The renormalonambiguity at T = 2 is anelled by the power orretions at T = 4 andassuming that this is the dominant soure of the observed power orretionsis the �renormalon dominane� model for the 1=Q2 behaviour. An inter-esting onjeture by Gardi et al., [15℄ is that it is the most divergent partof eah higher twist that dominates and thus mixes with the leading twist.So we understand �renormalon dominane� in terms rather of a more generalonept � �ultraviolet dominane�.Quite independently, the struture of the HT simpli�es as x ! 1. Thisfollows from the fat that both leading twist and HT are kinematially drivenby the prodution of a �narrow� quark jet. Formally this means that thequark�gluon orrelation funtion is dominated by the region where the mo-mentum arried by the gluon is extremely small thus approximating thequark density funtion whih enters the leading twist expression. The re-sulting expression in moment spae is then appealingly simple:MN �Q2� = qT=2N ��2� H �Q2�2 � J �Q2N ��2� JNP �Q2N ��2� : (3)Taking eah ontribution in turn:



3402 R.G. RobertsqT=2N (�2) � this is the usual (moment of) pdf;H(Q2�2 ) � the hard sattering of quark and photon;J(Q2N =�2) � propagation of the narrow quark jet.These two last terms are alulable at T = 2 and inlude the resummedSudakov L = lnN terms: JNP (Q2N =�2) � this is now the dressed gluonexponentiation of the renormalon ontribution and is writtenJ �Q2N =�2� = exp"�CF�0 (!1�N�2Q2 �+ !2�N�2Q2 �2)# : (4)The impliation is lear; there is a lose relation between the simulta-neous resummation of both the renormalons and the Sudakov logarithmsand the non-perturbative orretions. Thus large x is an area where oneexpets progress in the phenomenologial desription. It would appear thatinluding non-leading Sudakov log terms and/or a T = 4 ontribution anadequately desribe the data on the derivatives of the large N moments [16℄.A similar spirit drives the attempt to simultaneously resume two largelogarithms whih our in studying the transverse momentum distributionsof W;Z prodution at the olliders. Consider the vetor boson of massQ produed with transverse momentum QT by partons with momentumfrations x1, x2 of the initial hadrons. If � = Q2=s and z = �=x1x2 we havepotentially large threshold log terms of the type�NS ln2N�1(1� z)(1� z) as z ! 1 ;and potentially large reoil log terms�NS ln2N�1�Q2Q2T� as QT ! 0 :Resummation of eah of these ontributions separately was demonstratedsome years ago [17, 18℄, but the programme for jointly resumming the largelogs to NLL has been suessfully ahieved only reently [19℄. It involvesinverting impat parameter transforms and reprodues orretly the indi-vidual single resummations. In addition to giving a good desription of theobserved QT distribution, the interesting thing is that it suggests, similarlyto the disussion above, the funtional form of the non-perturbative orre-tion, whih here takes a Gaussian form at small transverse momentum kTof the soft radiation.



Future and Perspetives of QCD 34035. Small xA very nie summary of the present status of phenomenology in thesmall x region was reently published by the �Small x Collaboration� [20℄.Here the relative suesses of the ollinear fatorisation versus the kT fa-torisation approahes are studied. A rough onlusion is that while the riseof the inlusive ross setion an be adequately desribed by the DGLAPevolution, several non-inlusive observables are muh better desribed by theBFKL approah. Among these are forward jet prodution, partile spetraand photoprodution of D�. However, there is a suggestion that even thedesription of the struture funtion F2 at low x bene�ts from adding smallontributions involving ln 1=x. Thorne [21℄ �nds that modifying the gg andqg splitting funtions in the following wayPgg(x) �! Pgg(x) + 2�4S 1x � 13! ln3 1x � 12! ln2 1x� ;Pqg(x) �! Pqg(x) + nf3��5S 1x � 13! ln3 1x � 12! ln2 1x� ;maintains energy-momentum onservation and is enough to give a onsistentdesription of the F2 data both in the small and medium x ranges wherethere are problems for the onventional DGLAP desription. Thus thereis a suggestion that some resummation of large ln 1=x terms is required.A measurement muh more likely to be sensitive to suh resummation termsis, of ourse, that of FL. Some of us have often begged in the past fora diret measurement at HERA of FL but the importane of this seemspassed unreognised by those in harge of the physis programme.The total hadroni ross setion for �� ! hadrons is regarded asa relatively lean probe of BFKL type resummation. For photons of virtu-ality Q21, Q22 we de�ne Q2 = pQ21Q22 and the relevant large logarithm isL = ln(s=Q2). We an write��� � 1Xj=0 a0j�jS + a1�2S 1Xj=0(�SL)j + a2�2S 1Xj=0 �S(�SL)j : (5)The �rst sum is the box graph (with gluoni orretions); the seond andthird sums ollet the ontributions from only gluon exhange, the seond(third) sum resumming the BFKL (N)L log orretions. Comparing withthe LEP data (L3 and OPAL) there was a large disrepany when only thea00, a01 terms together with an asymptoti estimate of the leading BFKLterm a1 [22℄ are inluded. This disrepany is muh redued when an exat



3404 R.G. Robertsalulation of a01 is done [23℄, suggesting that the four-parton �nal state isan important ontribution. Meanwhile the �exibility of varying the sale inthe NLO BFKL high energy ross setion has been exploited by Brodskyet al., [24℄. Using the BLM hoie of sale (resums the �0 terms into therunning oupling in all orders) they �nd (a) good agreement with the LEPmeasurements and (b) a muh redued sensitivity to the Regge sale s0.I do not believe that the BLM sale hoie is partiularly relevant but it islear that this ross setion is still a andidate for the �golden� signature ofBFKL.Finally, in the ontext of the dynamis of small x physis, there is theinteresting issue of saturation and whether one an hope to see the signals fornon-linear e�ets in present and future data. We are still onsidering a weakoupling regime but the non-linear e�ets are enhaned by the energy beingsu�iently high for overlap of the gluon densities due to the transverse sizeof the gluons growing � 1=Q2. The saturation sale Q2S is expeted to ourwhen the interation probalility � �sQ2 1�R2 xg �x;Q2� � 1 :This ampli�ation of interations by high gluon densities suggests some formof �resummation� of these densities is required in this regime. An approahwhih attempts to do preisely this is the so-alled Colour Glass Conden-sate [25℄ (CGC) whih is an e�etive theory derived from QCD where thesoures of lassial olour �elds are the small x saturated gluons. The de-grees of freedom due to the other �fast� partons, whose mutual interationsare desribed by perturbative QCD in the LLA, are just integrated out.The non-linear e�ets of saturation thus appear in a lassial ontext andprovide a framework for arrying out exat alulations. Furthermore, theapproah is not inonsistent with other approahes [26℄. An interesting issueis whether geometri saling [27℄ is a onsequene of saturation � that itappears to persist to relatively large x and Q2 seems to indiate a widerphenomenon. However, the CGC does appear to be a potentially useful ap-proah ombining intuitive ideas with a alulational framework and maybe well suited for studying results from RHIC where nulear gluon densitiesare likely to be signi�antly enhaned.6. ConlusionsI have tried to selet a few areas of perturbative QCD where I detet gen-uine exitement from reent results whih represent signi�ant ahievementover the last few years. That the Tevatron and LHC will provide signalsfor new physis is of ourse everyone's hope but the ability to orretly
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