1INFLUENCE OF PARTON kT ON HIGH-pT PARTICLE PRODUCTION AND DETERMINATION OF THE GLUONDISTRIBUTION FUNCTIONC. Brombergfor the E706 CollaborationMichigan State University, East Lansing, MI 48824E-mail: bromberg@pa.msu.eduFixed-order perturbative QCD calculations of inclusive direct photon and meson production at high pT, with usual choices of scales and distributionfunctions, fail to describe the data of Fermilab experiment E706. Effects of additional soft gluon radiation are investigated using a model that addstransverse momentum, kT, to initial state partons. Corrected for kT effects, the agreement of theory with E706 data is improved. A gluon distribution,obtained using deep inelastic scattering, Drell-Yan, and E706 direct photon data, is compared to recent global fits using other direct photonmeasurements.1IntroductionNot long after the partonic structure of hadrons wasdiscovered in deep inelastic scattering (DIS), hadronicscattering experiments were proposed to search for evidenceof direct photon production. Interest increased whencalculations in perturbative Quantum Chromodynamics(pQCD) showed that measurements of direct photon (g)cross sections could constrain the gluon distribution functionof a nucleon [1]. In leading order (LO) pQCD, direct photonsreflect the gluon distribution in pp scattering via theCompton process, qg

fi

qg, shown in Fig. 1.

s=˚31.6 and38.8˚GeV. In a recent publication [6] the collaborationshowed that NLO pQCD calculations, using conventionalchoices of scale and parton distribution functions, fail topredict the shape and magnitude of the direct photon and p0cross sections. In Figure˚2, the E706 data at s=˚38.8˚GeVis compared to LO and NLO pQCD calculations. Thetypical uncertainties of about 30% from the choice of scaleare too small to account for the large deviations (factors of2˚to˚3) of theory from the data. Also shown are NLOcalculations corrected for smearing effects of an assumedgaussian distributed transverse momentum, kT, oftheincident partons. These corrections, using <kT>/parton= ˚1.3˚GeV/c and 1.4˚GeV/c, in direct photon and p0

10 -6 10 -5 10 -4 10 -3 10 -2 10 -111010 210 310 43 4 5 6 7 8 9 10 11 12pT (GeV/c)

E d

3

σ/dp

3

p Be at 800 GeV/c

-1.00 Ω ycm Ω 0.50 γ Μpb/(GeV/c)2 per nucleonΝ π0 Μnb/(GeV/c)2 per nucleonΝ

stat and sys uncertainties combinedγ

π0Q = pT / 2LO Theory

NLO Theory 1.3 GeV/c (γ)

1.4 GeV/c (π0) NLO Theory 〈kT〉 =

CTEQ4 parton distributions Figure 2: E706 data at

s

˚=˚38.8 GeV compared to pQCD calculations atLO, NLO (kT˚=˚0), and NLO with kT˚-˚corrections. The p0 calculationsuse the BKK fragmentation functions [17] (ff).

2production respectively, increase the calculated cross sectionsinto close agreement with the data.3Multiple soft gluon radiationIn high—pT hadronic scattering a resummation of high-orderperturbative processes is required to incorporate thetransverse effects of soft gluon radiation [8]. This has beenachieved for some hadronic reactions, such as W/Z, DY anddouble direct photon production, where the large-q2 partonscattering results in a colorless final state [9]. It is moredifficult to extend these calculations to reactions, such asdirect photon production, that involve a parton jet in thefinal state. Also, at the energies of the E706 experiment,non-perturbative components may be significant and must,therefore, be added to a resummed calculation.In lieu of a formal calculation, we simulate the effects ofsoft gluon radiation in a model implemented in a leadingorder pQCD Monte Carlo [10], adding to each collidingparton an effective initial state transverse momentum, kT,with a gaussian variance. A parameter serving a similarfunction can be found in most MC event generators [11].The resulting growth of the LO cross section is characterizedby a kT˚-˚enhancement factor, K(pT). Multiplying NLOcalculations by K(pT) corrects for soft gluon radiation effects.This procedure ignores the double counting of single gluonemission. However, at the energies of the E706 experimentthe single gluon process generates a minimal kT(<kT>˚~˚0.4˚GeV/c) in NLO calculations.The values for <kT> per parton used in the calculationsof direct photon production at

s=˚31.6 and 38.8˚GeV, weresuggested by a number of related features of multiparticleproduction observed in the E706 experiment [6]. Data fromother experiments on pair production reactions, shown inFig.˚3, also exhibit large <kT>/parton (<pT>pair/

2) valuesthat rise slowly with increasing collision energy [12,13].The gg and mm reactions are dominated by

q

annihilation.In reactions such as direct photon and (to a lesser extent)di-jet production that involve incident gluons which radiatewith a higher probability than quarks, it is reasonable toexpect that <kT> could be somewhat larger. This is observedin the E706 direct photon data and, perhaps, can be seen inthe pp di-jet data shown in Fig. 3.In contrast to effects from changes in the scale in pQCDcalculations, kT corrections affect both the shape and themagnitude of cross sections. The data at s= 31.6 GeV, areshown in Fig.˚4 overlaid with the NLO calculations(<kT>˚=˚0), and calculations corrected for three values of<kT>. The lower portion of the figure displays the fractionaldeviations of theory from direct photon data.Reasonable agreement is achieved with E706 directphoton cross sections at s=˚31.6˚GeV/c for<kT>˚=˚1.2˚GeV/c. Multiplying the calculations by K(p T) hasnon-lineareffectson the shapeand magnitude ofthe crosssections and theory approachesdataonly forvalues of<kT>˚above˚1.0˚GeV/c. Also, p0 cross sections abovepT˚=˚5˚GeV/c are reproduced well using a <kT>˚=˚1.4˚GeV/c,although for pT˚<˚5˚GeV/c˚, the p0 data fall slightly belowthe calculation.

01234567 10 102 103Ρs- (GeV)

Λp

T

Γ

pair

(GeV/c)

Diphoton

Dimuon

Dijet

Proton Data

012 10 Ρs- (GeV)

Pion Data Figure 3: The energy dependence of the mean transverse momentum ofparticle pairs, <pT>pair observed in other experiments.

10 -5 10 -4 10 -3 10 -2 10 -111010 210 310_4

3 4 5 6 7 8 9 10 11 12

E d

3

σ/dp

3

pBe at 530 GeV/c

-0.75 Ω ycm Ω 0.75 γ Μpb/(GeV/c)2 per nucleonΝ π0 Μnb/(GeV/c)2 per nucleonΝ stat and sys uncertainties combined

NLO Theory (μ = pT/2)

CTEQ4M pdf π0 uses BKK ff

〈kT〉 = 1.4 GeV/c

〈kT〉 = 1.2 GeV/c

〈kT〉 = 1.0 GeV/c

〈kT〉 = 0.0 GeV/c

-1012343 4 5 6 7 8 9 10 11 12pT (GeV/c)

(Data-Theory)/Theory

pBe 5 γX

〈kT〉 = 1.4 GeV/c

〈kT〉 = 1.2 GeV/c 〈kT〉 = 1.0 GeV/c

〈kT〉 = 0.0 GeV/c Figure 4: E706 data at

s

˚=˚31.6 GeV compared to NLO pQCDcalculations with corrections for various <kT> values (p0 uses BKKfragmentation functions), and in the lower portion, the fractionaldeviations of the theory from the data.

34Impact of kT on the gluon distributionThree recent gluon fits (not using E706 data) are comparedin Fig. 5, to the gluon determined using DIS, Drell-Yan,and only E706 direct photon data as input to the CTEQ pdffitting program [14], modified to incorporate the kT˚-corrections discussed in the previous section. Only theCTEQ4M gluon agrees well with our result, while thegluon determined by emphasizing the CDF high—ET jet datapoints, CTEQ4HJ [15], is much larger at high x. Alsoshown is the gluon determined by MRST [4], using directphoton data only from the WA70 experiment [16]. Thisdistribution function is below that of the E706 fit over thefull range of x. Treatment of kT˚ that leads to this behavior ofthe gluon fit using the WA70 data is discussed in the nextsection.5The model applied to the data of WA70The direct photon data of the WA70 experiment havestrongly influenced gluon distribution function fits from thetime of the first NLO pQCD calculations [2,3]. Acceptablefits for the gluon distribution function were obtained usingthe WA70 data without introducing kT corrections of the typediscussed above, i.e., <kT>˚=˚0. This implies a strongenergy dependence of <kT> in direct photon production, notexpected in this hard scattering reaction.The predictions of our model are compared in Fig. 6 todirect photon and p0 production data of WA70 at s=˚23.0˚GeV/c. The WA70 direct photon data were usedin the CTEQ4M pdf fits (with <kT>˚=˚0), and that value isfavored in our model as well. However, a reasonable matchto WA70 p0 data is achieved by our model with a<kT>˚=1.1˚GeV/c, and this value is consistent with a slowrise in <kT> with increasing collision energy. The WA70measurement of <kT>˚=˚0.9 GeV/c for di-photon productionin pion collisions [18] is also consistent with this trend.The discrepancy in the level of <kT> required by thedirect photon data of the two experiments was observedduring a recent update of pdf fits by MRST [4]. Toinvestigate the effects of <kT> on the pT spectrum, MRST usea gaussian smearing of the predictions, with a mean value<kT>MRST˚. Their definition, and the <kT>/parton used in thisreport, we believe [19], are related by <kT>/parton =

2<kT > M R S T , although differences in the techniques used tocorrect the theory may also affect this relationship.MRST confirm that a gluon distribution determinedusing only WA70 direct photon data, cannot describe theE706 data if <kT>˚=˚0 is assumed for both experiments.MRST provide three solutions for the gluon taking values of<kT>˚=˚0, 0.6 and 0.9˚GeV/c, and using only the WA70direct photon data in the fit. Predictions, using the gluondetermined with <kT>˚=˚0, must be smeared with a<kT>/parton˚»˚1.3˚GeV/c to match the E706 data at

s=˚31.6 GeV. This large change in <kT>, over a relatively

10 -3

10 -2

10 -1110 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7x

xG(x,Q)

MRST

CTEQ4HJ

CTEQ4M

NLO fit to DIS+DY+E706 proton beam data

31.6 and 38.8 GeV data combined

〈kT〉 = 1.2 and 1.3 GeV/c, respectively

Q = 5.0 GeV/c Figure 5: A comparison of published gluon distribution functions with thegluon determined with DIS, DY, and E706 data in the CTEQ fittingpackage modified to incorporate k^T corrected NLO calculations.

10 -4

10 -3

10 -2

10 -111010_2 4 5 6 7p^T (GeV/c)

Ed

3

σ/dp

3

pp at 280 GeV/c (WA70)

-0.35 Ω xF Ω 0.45 γ Μpb/(GeV/c)2 Ν π0 Μnb/(GeV/c)2 Ν stat and sys uncertainties combined

NLO Theory (μ=pT/2)

CTEQ4M pdf π0 uses BKK ff

〈kT〉 = 1.1 GeV/c

〈kT〉 = 0.9 GeV/c

〈kT〉 = 0.7 GeV/c

〈kT〉 = 0.0 GeV/c Figure 6: WA70 data at

s

˚=˚23.0 GeV compared with NLO pQCDcalculations with corrections for various <kT> values (p0 uses BKK [17]fragmentation. functions).

4smalls interval, is noted by MRST. Nevertheless, thatresult is retained as their upper limit for the gluondistribution function. In spite of the substantial difference inthe <kT> values required to accommodate the data from thetwo experiments, this gluon distribution is very close to theCTEQ4M fit, and the kT smearing required to match theE706 data is consistent with the results of our model shownearlier in Fig.˚4.A second fit, again using only the WA70 direct photondata, but with a more realistic value for <kT>/parton =0.6˚GeV/c, yields the gluon distribution function, shown inFig. 5 with the label MRST [20]; it is lower than theCTEQ4M solution by about a factor of two at large-x (>0.5).Using in the fit a <kT>/parton = 0.9 GeV/c, the maximumvalue MRST consider compatible with the WA70 data,results in a gluon that is lower by another factor of two. It isclear, therefore, that attempts to reconcile the WA70 andE706 results can have substantive effects on the gluondistribution function. Nevertheless, the phenomenologicalnature of the kT corrections employed make it difficult tocategorically exclude some mitigating explanation.6ConclusionsThe values of <kT>/parton used in our model are chosenconsistent with well established trends in large-q2 hadronicreactions that have been interpreted as originating in thetransverse momentum of initial state partons. Thephenomenological procedure used here merges, across anarbitrary dividing line, effects of high-order terms in pQCDand non-perturbative contributions, to obtain useful crosssection calculations.A <kT>/parton in the range 1.2-1.4 GeV/c, as indicatedby other di-muon and di-photon experimental observations,brings NLO pQCD calculations of direct photon and p0 crosssections into reasonable agreement with the E706 data at twocollision energies,

s= 31.6 and 38.8˚GeV. Using DIS,Drell-Yan, and the E706 direct photon data in a pdf fittingprogram that incorporates kT effects into the NLOcalculations, results in a gluon distribution similar to theCTEQ4M fit.The model described above does not produce aconsistent picture of kT effects in the WA70 data for incidentprotons; the value <kT>˚=˚0, preferred by the direct photondata does not reproduce the corresponding p0 data. Usinghigher values of <kT>/parton, consistent with results ourmodel and with established trends, MRST find gluondistribution functions much lower than the E706 orCTEQ4M fits at large-x.To assess the impact of E706 direct photon crosssections on global pdf fits, we assign an uncertainty of about–0.2˚GeV/c in the value of <kT>/parton used to correct NLOcalculations at our energies. This estimate, based on thebehavior of pair production reactions, leads to an uncertaintycontribution of about –25%, in the gluon distributionfunction in the range x˚=˚0.4˚to˚0.6. Scale uncertainties inNLO pQCD calculations at these energies are also of thisorder. Of course, knowledge of the gluon distribution issubject to other uncertainties, common to all inputs, such asthose introduced by the large-x parameterization used in thefitting programs.Jet cross section calculations at collider energies arerelatively insensitive to effects of kT and scale. However,normalization uncertainties (~10%) in these experimentshave an effect on global fits for the gluon that is magnified bythe small contribution (~20%) of incident gluons in jetproduction at high-ET. Comparable uncertainties are obtainedfor the gluon at large-x when E706 direct photon data and akT corrected theory are used in global fits. The two data setsare therefore complementary, and using both in global fitsshould reduce the overall uncertainties in the gluondistribution function at large-x.AcknowledgmentsWe thank the CTEQ collaboration for use of their partondistribution fitting package and, in particular, W.-K. Tung,C.-P. Yuan, and C.˚Bal�zs, for helpful suggestions andadvice in modifying the code to incorporate kT effects; MSUstudent, Andre Maul, is largely responsible foraccomplishing that goal. Participation of MSU in E706 wassupported by the National Science Foundation.References1.F. Halzen and D. Scott, Phys. Rev. D˚21, 1320(1980); R. Baier, J. Engels and B. Peterson, Z. Phys.C6, 309 (1980).2.P. Aurenche et al., Phys. Rev. D 39, 3275 (1989);M.˚Gl�ck, E. Reya, A. Vogt, Z. Phys C53, 127(1992), ibid. C67, 433 (1995); J. Botts et al.,Phys.˚Lett. B304, 159 (1993); A. D. Martin,R.˚D.˚Roberts, W. J. Stirling, Phys. Rev. D 50, 6734(1994).3.P. Aurenche et al., Phys. Lett. 140B, 87 (1984);Nucl. Phys. B297, 661 (1988).4.A. D. Martin, R. G. Roberts, W. J. Stirling, andR.˚S. Thorne, Eur. Phys. J., C4 (3), 463 (1998).5.H. L. Lai et. al., Phys. Rev. D 55, 1280 (1997).6.L. Apanasevich, et al., Phys. Rev. Lett., 81, 2642(1998).7.J. Huston et al., Phys. Rev. D 51 6139 (1995).8.J. Collins and D. Soper, Nucl. Phys. B193, 381(1981); ibid. B213, 545(E) (1983); J. Collins,

5D.˚Soper, G. Sterman, Phys. Lett. B109, 388 (1982);ibid. B126, 275 (1983); Nucl. Phys. B223, 381(1983); ibid. B250, 199 (1985); G. Altarelli,R.˚K.˚Ellis, M. Greco, and G. Martinelli, Nucl.Phys. B246, 12 (1984).9.C. Bal�zs, C. P. Yuan, J.—W. Qiu, Phys. Lett. B355,548 (1995); C. Bal�zs and C. P. Yuan, Phys. Rev. D56, 5558, (1997); C. Bal�zs, E. Berger, S. Mrenna,and C.-P. Yuan, Phys. Rev. D 57, 6934 (1998).10.J. Owens, Rev. Mod. Phys. 59, 465 (1987).11.T. Sjostrand, PHYTHIA, hep-ph/9508391; F. Paigeet al., ISAJET, hep-ph/9804321; G. Marchesini etal., HERWIG, hep-ph/9607393.12.

M. Zielinski,«in proceedings of QCD’98, Nucl Phys.(Proc. Suppl) B64 (1998).13.M. Begel, Ph. D. thesis, University of Rochester,1998, and references therein.14.H.—L. Lai, Ph. D. thesis, Michigan State University,1997.15.J. Huston, et al., Phys. Rev. Lett. 77, 444 (1996).16.M. Bonesini et al., Z. Phys. C38, 371 (1988); ibid.C37, 535 (1988); ibid. C37, 39 (1987).17.J. Binnewies, B. A. Kniehl, and G. Kramer, Phys.Rev. D 52, 4947 (1995).18.M. Bonvin et al., Phys. Lett. B 236, 523 (1990)19.The justification for this interpretation of the MRSTanalysis is discussed in L. Apanasevich et al.,hep-ph/9808467.20.Of the three solutions for the gluon presented in Ref.[4], using <kT>/parton˚=˚0, 0.6 and˚ 0.9˚GeV/c, onlythe solution labeled MRST, with <kT>/parton = 0.6GeV/c is shown in Fig. 5.