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NEW GENERATION OF PARTON DISTRIBUTIONSWITH UNCERTAINTIESFROM GLOBAL QCD ANALYSIS� ��Wu-Ki TungMihigan State University, East Lansing, MI 48824 USA(Reeived July 1, 2002)A new generation of parton distribution funtions with inreased pre-ision and quantitative estimates of unertainties is presented. This workinludes a full treatment of available experimental orrelated systematierrors for both new and old data sets and a systemati and pragmatitreatment of unertainties of the parton distributions and their physialpreditions. The new gluon distribution is onsiderably harder than thatof previous standard �ts. Extensive results on the unertainties of partondistributions at various sales, and on parton luminosity funtions at theTevatron RunII and the LHC, are obtained. The latter provide the meansto quikly estimate the unertainties of a wide range of physial proessesat these high-energy hadron olliders, suh as the prodution ross setionsof the W;Z at the Tevatron and the LHC, and that of a light Higgs.PACS numbers: 12.38.Bx, 12.38.Cy, 13.60.Hb1. IntrodutionProgress on the determination of the parton distribution funtions(PDF's) of the nuleon, from global quantum hromodynamis (QCD) analy-sis of hard sattering proesses, is entral to preision standard model (SM)phenomenology, as well as to new physis searhes, at lepton-hadron andhadron-hadron olliders. There have been many new developments in re-ent years beyond the onventional analyses that underlie the widely usedPDF's. These developments have been driven by the need to quantify theunertainties of the PDF's and their physial preditions. This report de-sribes a omprehensive new global QCD analysis based on the most urrentdata, and on reently developed tehniques of analysis [1℄ that:� Presented at the X International Workshop on Deep Inelasti Sattering (DIS2002)Craow, Poland, 30 April�4 May, 2002.�� The work reported in this talk has been done in ollaboration with J. Pumplin,D.R. Stump, J. Huston, H.L. Lai, and P. Nadolsky.(2933)



2934 Wu-Ki Tung� Allow the preise treatment of fully orrelated experimental systematierrors in the �2 minimization proess, thereby greatly reduing thedegree of di�ulty of the problem (to the same as the simple aseof no orrelated systemati errors). This is important beause, inthe global analysis ontext, typially involving � 2000 data pointsand � 100 di�erent soures of systemati errors, the onventionallyused numerial methods inevitably beome pratially untenable andnumerially unreliable. (Se. 2.)� Signi�antly expand the traditional paradigm (in whih spei� sub-jetively hosen �best �ts� are produed) to a systemati proedure toharaterize the parton parameter spae in the neighborhood of theglobal minimum, thereby enabling the systemati exploration of theunertainties of parton distributions and their physial preditions dueto known experimental errors. This is made possible by an iterativeproedure to reliably alulate the Hessian matrix for error propaga-tion in the global analysis ontext. (Se. 3.)Results of this analysis onsist of:� A new generation of parton distributions (CTEQ6), whih inlude thestandard sets CTEQ6M (MS sheme), CTEQ6D (DIS sheme), andCTEQ6L (leading order).� Unertainties on parton distributions (embodied in 40 sets of eigen-vetor parton distribution sets) and their physial preditions, e.g.unertainty ranges of various quark-quark, quark�gluon, and gluon�gluon luminosity funtions at the Tevatron and LHC energies � fromwhih the unertainties of a variety of standard model and new physisproesses an be inferred.Details of this work, as well as extensive referenes (whih do not �t inthis short write-up) an be found in [2℄.2. Experimental input, new method of �2 minimizationand new CTEQ parton distributionsAmong the new data sets used in this analysis, the most notable ones arefrom H1, ZEUS, and DØ. The greater preision and expanded (x;Q) rangesompared to previous data in both proesses provide improved onstraintson the parton distributions. For the �rst time in a full global analysis, theorrelated systemati errors for all DIS experiments are taken into aount.Sine � 2000 data points from 15�20 diverse experimental data sets are



New Generation of Parton Distributions with. . . 2935used in this global analysis, traditional methods of �2 minimization anderror propagation are inadequate. In the ovariane matrix approah, nu-merial instability arises from the inversion of large dimensional matries forsome data sets. An alternative approah is to add experimental �tting pa-rameters, one for eah soure of systemati error, to the theory model (PDF)parameters. In this ase, the total number of �tting parameters beomes solarge (of the order of 100) that general programs of �2 minimization (suhas MINUIT) do not onsistently yield reliable results, espeially on uner-tainties.We overome this problem by performing the minimization with respetto the experimental parameters analytially, before the numerial minimiza-tion. This redues the latter to the same (manageable) level as the ase withonly theory parameters. (Cf. Setion 2.2 of [2℄.) A signi�ant additionaladvantage in this approah is that the analyti results on the optimal devi-ations assoiated with soures of systemati error provide important insighton the quality of the �ts. It also provides a way to ompare data and theorywith the e�ets of systemati errors expliitly taken into aount. Thesefeatures are explained in [2℄ (f. Appendix B in partiular).

Fig. 1. Comparison of CTEQ6M to CTEQ5M1 PDFs at Q = 2 GeV.A primary result of the analysis is a standard set of parton distributions(the nominal �best �t�) in the MS sheme, referred to as CTEQ6M. It pro-vides an exellent global �t to the data sets used. The overall �2 for this �tis 1954 for 1811 data points. Figure 1 shows an overview of the omparisonbetween the new PDF's and the previous generation of CTEQ PDF's, theCTEQ5M1 set, at Q = 2 GeV.



2936 Wu-Ki TungIn order to exhibit the behavior of the PDF's learly for both large andsmall x in one single plot, we hoose the absissa to be saled aording tox1=3. Correspondingly, we multiply the ordinate by the fator x5=3, so thatthe area under eah urve is proportional to the momentum fration arriedby that �avor in the relevant x range. We see that the most notieable hangeours in the gluon distribution. It has beome signi�antly harder than inCTEQ5M1 and all MRST PDF sets at all Q sales. This behavior is mainlyditated by the DØ inlusive jet data, whih lie in the range 50 < Q <500GeV and 0:01 < x < 0:5. (The higher � bins of this measurement allowa higher x reah than the entral jet data from previous measurements.)The hard gluon distribution beomes ampli�ed at lower Q sales, due to thenature of QCD evolution and the fat that there is no diret experimentalhandle on the gluon at large x and low Q. The enhaned gluon at large x issimilar to the CTEQ4HJ and CTEQ5HJ distributions. Detailed omparisonsbetween the new �ts, the data sets used, and other existing �ts an be foundin [2℄.3. New method of error propagation and unertainties of partondistributions and their physial preditionsThere are formidable ompliations when standard statistial methodsare applied to global QCD analysis to make error estimates based on quanti-tative analysis of the behavior of the �2 (or, more generally, likelihood) fun-tion in the PDF parameter spae. The basi problem is that a large body ofdata from many diverse experiments, whih are not neessarily ompatible ina strit statistial sense, is being ompared to a theoretial model with manyparameters, whih has its own inherent theoretial unertainties as well asnumerial instabilities assoiated with multi-dimensional integrations. Inreent papers [1℄, we have proposed and applied a powerful iterative proe-dure to reliably alulate the behavior of the �2 funtion in the neighborhoodof the global minimum, overoming the long-standing di�ulties known toplague standard general programs (suh as MINUIT) when applied to thistype of problems. This method generates eigenvalues and eigenvetors of theHessian matrix iteratively, as it seeks the right (i.e. physial) step sizes for�nite-di�erene alulations in the multi-dimensional PDF parameter spae.In the end, the behavior of the global �2 funtion in the neighborhood of theminimum is enapsulated in 2Np+1 sets of orthonormal eigenvetor PDF's,where Np � 20 is the number of free PDF parameters. Details are givenin [1, 2℄.From these PDF sets we an alulate the best estimate, and the rangeof unertainty, for the PDF's themselves and for any physial quantity thatdepends on them. The unertainty an be omputed from the simple master
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Luminosity function at LHC
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^Fig. 2. Unertainties of the luminosity funtions at the Tevatron and at the LHC.formula �X = 12 �PNpi=1 �X(S+i )�X(S�i )�2�1=2 ; where X is the observableand X(S�i ) are the preditions for X based on the PDF sets S�i from theeigenvetor basis. As an illustration, Fig. 2 shows the frational error bandsof the quark�anti-quark and gluon�gluon luminosity funtions at the Teva-tron and the LHC as funtions of the parton subproess CM energy. Theunertainties of the quark and gluon distributions themselves, as well as thequark�gluon luminosity funtions, are given in [2℄.



2938 Wu-Ki Tung4. Conluding remarksThere are many omplex issues involved in a omprehensive global partondistribution analysis. Foremost among these on the experimental side is the�imperfetion� of real experimental data ompared to textbook behavior.For instane, some experimental measurements appear to be statistiallyimprobable beause �2 = N deviates from 1 substantially more than theexpeted �p2=N ; or di�erent preision experimental measurements of thesame physial quantities appear to be statistially inompatible in all regionsof the model parameter spae. The methods of [1, 2℄ annot resolve theseproblems ompletely � no global analysis method an � but the toolsdeveloped in this formalism have brought signi�ant progress to the globalanalysis endeavor, and have made possible a deeper look into some of theseproblems. They allow us to assess the aeptability and ompatibility of thea�eted data sets in more pratial terms, and to suggest pragmati ways todeal with the apparent di�ulties. These detailed studies were not possiblein the onventional approah. On the theoretial side, the unertainties onthe perturbative QCD alulations of the various physial proesses inludedin the global analysis are not easily quanti�ed in a uniform way. Obviously,muh work lies ahead for ontinued progress in our e�ort to pin down theparton struture of the nuleon, and to test the limits of perturbative QCD.REFERENCES[1℄ J. Pumplin, D.R. Stump, W.K. Tung, Phys. Rev. D65, 014011 (2002);J. Pumplin et al., Phys. Rev. D65, 014013 (2002); D.R. Stump et al., Phys.Rev. D65, 014012 (2002).[2℄ J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P. Nadolsky, W.K. Tung,arXiv:hep-ph/0201195 (to be published in JHEP). This paper ontains de-tailed results, desribed in the talk but annot be inluded in this brief writeup,as well as a omplete list of referenes.


