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Inlusive D�-meson produtionin ep sattering at low Q2in the GM-VFN sheme at NLOG. Kramer1 and H. Spiesberger21 II. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, D-22761 Hamburg, Germany2 Institut f�ur Physik, Johannes-Gutenberg-Universit�at,Staudinger Weg 7, D-55099 Mainz, GermanyAbstratWe have alulated the next-to-leading order ross setions for the inlusive produ-tion of D�-mesons in ep ollisions at HERA for �nite, although very small Q2. Inthis Q2-range, the same approximations as for photoprodution an be used. Ouralulation is performed in the general-mass variable-avour-number sheme. Inthis approah, large logarithms of the harm transverse momentum are resummedand �nite terms depending on m2=p2T are kept in the hard sattering ross setions.The theoretial results are ompared with reent data from the ZEUS ollaborationat HERA. On average, we �nd good agreement.
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1 IntrodutionThe understanding of the dynamis of harm quark prodution at HERA has been im-proved onsiderably over the last ten years by the H1 and ZEUS ollaborations, who haveperformed many measurements of inlusive D�-meson prodution in the photoprodutionmode of ep ollisions with almost vanishing virtuality (Q2 ' 0) of the exhanged pho-ton, as well as in the deep-inelasti (DIS) mode (with photon virtuality Q2 > 0). Thetheoretial desription of heavy quark prodution in the framework of perturbative QCDis ompliated due to the presene of several large sales appearing in this proess. InDIS, Q2 is large, but also the transverse momentum pT of the produed D�-meson maybe large. In addition, depending on the kinemati range onsidered, also the mass mof the harm quark may have to be taken into aount. Di�erent alulational shemeshave been developed whih an be applied for an interpretation of experimental data,depending on the spei� kinematial region and the relative importane of these threesales.In the ase of relatively small transverse momentum, pT <� m, the �xed-avour numbersheme (FFNS) is usually applied. Here one assumes that the light quarks (u, d, s) andthe gluon are the only ative avours within the proton and the photon. In this shemeross setions for e + p ! e0 + D� +X have been alulated for DIS in Ref. [1℄ and forphotoprodution in Ref. [2℄. In photoprodution, where Q2 ' 0, the diret proess has tobe supplemented with the resolved proess, where the photon ats as a soure of partonswhih interat with partons in the proton. These two interation modes are needed todesribe the singular region at Q2 = 0 for massless quarks appropriately. In the FFNsheme [1, 2℄ the harm quark appears only in the �nal state of the diret and resolvedproesses, via the hard sattering of light partons, inluding the photon. The harm quarkmass m is expliitly taken into aount together with the transverse momentum of theprodued D�-meson; this approah is therefore expeted to be reliable when pT and mare of the same order of magnitude. In the FFNS, the harm quark mass ats as a uto�for the initial- and �nal-state ollinear singularities and sets the sale for the perturbativealulation. The mass m is fully retained in the alulation of the hard-sattering rosssetions.In the omplementary kinematial region where pT � m, alulations are usually basedon the zero-mass variable-avour-number sheme (ZM-VFNS). This is the onventionalparton model approah where the zero-mass parton approximation is applied also to theharm quark, although its mass is not small and large ompared with �QCD. In the ZM-VFNS, the harm quark ats also as an inoming parton with its own parton distributionfuntion (PDF) in the proton and in the photon leading to additional diret and resolvedontributions. Usually, harm quark PDFs and also the fragmentation funtions (FFs),desribing the transition  ! D�, are de�ned at an initial sale �0 hosen equal to theharm mass m. Then this is the only plae, where the harm mass enters in this sheme.The D�-meson is produed by fragmentation from the harm quark produed in the hardsattering proess; but also fragmentation from the light quarks and the gluon has to be2



taken into aount. The well-known fatorization theorem provides a unique proedurefor inorporating the FFs into the lowest order (LO) and next-to-leading-order (NLO)perturbative alulations. The preditions obtained in this sheme are expeted to bereliable only in the region of large pT sine all terms of the order m2=p2T are negleted inthe hard sattering ross setion. Calulations for D�-prodution in the ZM-VFNS havebeen performed some time ago for photoprodution in Ref. [3℄ and for DIS in Ref. [4℄.A uni�ed sheme that ombines the virtues of the FFNS and the ZM-VFNS is the so-alled general-mass variable-avour-number sheme (GM-VFNS) [5℄. In this approahthe large logarithms ln(p2T=m2), whih appear due to the ollinear mass singularities inthe initial and �nal state, are fatorized into the PDFs and FFs and summed by thewell known DGLAP evolution equations [6℄ for the PDFs and FFs. The fatorization isperformed following the usual MS presription whih guarantees the universality of bothPDFs and FFs. At the same time, mass-dependent power orretions are retained in thehard-sattering ross setions, as in the FFNS. It is expeted that this sheme is valid notonly in the region p2T � m2, but also in the kinemati region where pT is larger than afew times the harm mass m only. We should emphasize that in the GM-VFN sheme,the inorporation of the fragmentation  ! D� is based on the fatorization theorem;this is a prerequisite for applying the FFs in di�erent proesses. In the usual FFNSalulation, this is not the ase and non-perturbative FFs for the transition ! D� anbe supplemented on purely phenomenologial grounds only.It is the purpose of this work to present theoretial results for the D�-prodution rosssetion in e�p sattering with �nite non-zero photon virtuality in the region 0:05 < Q2 <0:7 GeV2 and disuss a omparison with experimental results obtained with the ZEUSdetetor at HERA [7℄. We shall alulate all ross setions with the same kinematialonstraints as in the ZEUS analysis [7℄ in the GM-VFNS. Sine in the ZEUS experimentthe photon virtuality is small, the appliation of the photoprodution approximation isjusti�ed where the Q2-dependene in the hard sattering ross setions is negleted.Details of our alulation have been desribed reently in Ref. [8℄. In this work, we had alsostudied theoretial unertainties of the photoprodution ross setion in the GM-VFNSdue to various possible hoies for input variables, as for example, the proton and photonPDFs and the D� FFs. In that referene one an also �nd a disussion of the dependeneon the fatorization and renormalization sales and the inuene of the harm quark massm. The appliation of the theoretial framework desribed there to the present ase oflow-Q2 DIS is straightforward and amounts to an adjustment of the parameters enteringthe Weizs�aker-Williams approximation [9℄ for the ux of the virtual photon. Instead ofQ2min = m2ey2=(1 � y) and the value for Q2max given by the anti-tagging ondition of the�nal eletron (positron) as used in the measurement of the photoprodution proess, wehave to �x Q2min and Q2max to the values used in the ZEUS analysis. We will onsider thekinemati range as in Ref. [7℄, i.e. 0:05 < Q2 < 0:7 GeV2.The outline of the paper is as follows. In Setion 2 we give a short desription of thevarious input options used in the alulation. Setion 3 ontains our results and the3



omparison with the experimental data from ZEUS.2 Input hoies for the alulationThe D�-eletroprodution ross setion �ep(ps) at the ep enter-of-mass energy ps isrelated to the photoprodution ross setion at enter-of-mass energy Wp, �p(Wp), inthe following way: �ep(ps) = Z ymaxymin dyfe(y;Q2min; Q2max)�p(yps) : (1)Here, fe is the energy spetrum of the exhanged virtual photon whih in the Weizs�aker-Williams approximation [9℄ is given byfe(y;Q2min; Q2max) = �2� "1 + (1� y)2y ln Q2maxQ2min + 2mey  1Q2max � 1Q2min!# : (2)The photon ux fe depends on y, Q2min and Q2max. The range of y, ymin � y � ymax,as well as the limits Q2min and Q2max, are determined by the uts and bin limits in theexperimental analysis. In photoprodution, Q2min / m2e is very small, whereas in theZEUS analysis Q2min = 0:05 GeV2 and Q2max = 0:7 GeV2, or within these limits for themeasurement of the Q2 distribution. � is the eletromagneti �ne struture onstant andy = E=Ee, the ratio of the energies of the inoming photon and eletron, is determinedby the inelastiity y = Q2=(2P � q) where P and q are the 4-momenta of the inomingproton and the photon.The ross setion for diret photoprodution in Eq. (1) is a onvolution of the protonPDF, the fragmentation funtion for the transition of parton a to the observed D�-meson(where a = u, �u, d, �d, s, �s, , �, and g) and the ross setion for the hard sattering proessb! aX. For the resolved ontribution, an additional onvolution with the photon PDFshas to be performed. The hard sattering ross setions are alulated inluding next-to-leading order orretions of the order O(�s). The PDFs are evolved at NLO. For thephoton PDF we use the set GRV92 of Ref. [10℄, onverted to the MS fatorization sheme;for the proton PDF we have hosen the most reent parametrization CTEQ6.6M [11℄ ofthe CTEQ group.For the FFs we use the set Belle/CLEO-GM of Ref. [12℄. Note that in our previouswork [8℄ we had used the set Global-GM instead, where also LEP1 data [13℄ at large shad been inluded in the �t, whereas the set Belle/CLEO-GM is based on a �t of theombined Belle [14℄ and CLEO [15℄ data at ps = 10:52 GeV only. For the photoprodu-tion ross setion d�=dpT we found results larger by 25� 30% in average when using theBelle/CLEO-GM parametrization, as ompared to the set Global-GM of Ref. [12℄. Thestrong oupling onstant �(nf )s (�R) is evaluated with the two-loop formula [16℄ with nf = 4ative quark avours and the asymptoti sale parameter �(4)MS = 328 MeV, orresponding4



to �(5)s (mZ) = 0:118. The harm quark mass is �xed to m = 1:5 GeV. We hoose therenormalization sale �R and the fatorization sales �F and �F 0 related to initial- and�nal-state singularities to be �R = �RmT and �F = �F 0 = �FmT , where mT = qm2 + p2Tis the transverse mass and �R and �F are parameters varied about their default values�R = �F = 1 in order to assess theoretial unertainties as desribed below.As already mentioned in the introdution, the photoprodution ross setion is alulatedin the GM-VFN sheme. In this sheme the ross setion has a smooth limit for m ! 0and approahes the result of the ZM-VFN sheme for m ! 0 or pT ! 1. The basifeatures of the GM-VFNS are desribed in Ref. [8℄ and the literature quoted therein.Compared to the ZM-VFNS, the GM-VFNS inorporates mass-dependent terms as in theFFNS, so that the ross setions alulated in the GM-VFNS are supposed to be valid alsofor medium sale pT values, lose to the heavy-quark mass. In order to onform with theMS fatorization of singularities, �nite subtration terms must be supplemented to theresults of the FFNS alulation. These subtration terms had been alulated in Ref. [17℄for the diret photon, and in Ref. [18℄ for the resolved photon ontributions. They inludelogarithmi, sale-dependent ontributions related to gluon emission from harm quarksand to harm-antiharm prodution from inoming gluons. As a onsequene, in the GM-VFNS one has to take into aount also proesses with inoming harm quarks, involvingorresponding harm-quark omponents in the PDFs of the photon and the proton. Inaddition, for the �nal state, apart from the FF desribing the transition  ! D�, alsoFFs for the transition of a light parton to the heavy meson, a ! D�, are needed. Theseontributions are not present in the FFNS alulation. Instead, they are taken intoaount at �xed order of perturbation theory as part of the hard sattering ross setions.Compared with the ZM- and GM-VFNS approahes, the FFNS has the advantage thatit is valid also for 0 < pT <�m, a property whih is not realized in the presently availableimplementation of the GM-VFNS. A reliable predition down to pT = 0 is neessary iftotal ross setions for heavy-meson prodution are to be alulated.In our alulation we implement the experimental onditions of the ZEUS analysis: theenergies of the inoming protons and eletrons (positrons) are Ep = 920 GeV and Ee =27:5 GeV, respetively. The inelastiity y varies in the range 0:02 < y < 0:85. Thetransverse momentum pT and the rapidity � of the D�-meson have been measured in thekinemati ranges 1:5 < pT < 9:0 GeV and j�j < 1:5. The photon virtuality is taken in theinterval 0:05 < Q2 < 0:7 GeV2.3 ResultsIn this setion we present our results for the di�erential ross setions of the proess e+p!e0+D�+X in the GM-VFNS as a funtion ofQ2, y, pT and �. We hoose bins in aordanewith the ZEUS measurement and di�erential ross setions are obtained by averaging overthe bin sizes as are the experimental ones [7℄. The numerial results are shown in Fig. 1.We have estimated theoretial unertainties by varying independently the parameters �R5
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Figure 1: Di�erential ross setions for D�-meson prodution in low-Q2 ep sattering,ompared with experimental results from the ZEUS ollaboration [7℄. The default hoiefor the sale parameters is �R = �F = 1 (full lines) and error bands are obtained by varying�R and �F (see text, dashed lines). The kinemati range is given by 0:05 < Q2 < 0:7 GeV2,0:02 < y < 0:85, 1:5 < pT < 9:0 GeV and j�j < 1:5.and �F in the range 0:5 � �R, �F � 2 about their default values �R = �F = 1 imposing theonstraint 0:5 � �F=�R � 2. The maximal and minimal di�erential ross setions obtained6



this way are shown in Fig. 1 as dashed lines together with the entral values (full lines).Comparing the errors of the ZEUS data points and the theoretial errors due to thesale variation we observe that all data points for d�=dQ2, d�=dy, d�=dpT and d�=d� areompatible with our theoretial preditions. Most of the preditions with the default salehoie �R = �F = 1 are found inside the range given by the data and their experimentalerrors. The disrepanies between theoretial predition and experimental measurementare largest for the smallest values of Q2, pT and y; however, also the theoretial errorband is largest for these bins. Sine small values of these kinemati variables dominateat all values of �, the unertainty due to sale variations is large for all bins of d�=d�.For d�=dpT the relative size of the error band dereases with inreasing pT , as expeted.In the �rst bin of the pT distribution where pT (min) ' 1:5 GeV, the sale variable �Fis small, approximately equal to 1:5 � m, whih explains the large sensitivity to salevariations.Atually we an not expet our theoretial framework to be partiularly aurate at smallpT , lose to pT ' m, sine the ross setion in the GM-VFNS ontains parts whih arealulated in the massless approximation. This prevents us to alulate ross setionsdown to pT = 0 and onsequently also the total D�-prodution ross setion integratedover pT an not be alulated reliably. In the kinemati region pT <� m, the FFNS isthe better hoie. The omparison of the data in the �rst pT bin with the FMNR resultfor photoprodution [2℄, as presented in Ref. [7℄, shows indeed good agreement. Sined�=dpT is over-estimated in our approah for pT ' m, also the ross setion integratedover the full range of pT values onsidered in the ZEUS experimental analysis is toolarge: the measured total ross setion quoted in Ref. [7℄ is1 �(ep ! e0D�X) = 10:1+1:5�1:3nb, whereas the orresponding theoretial predition is 13:9+10:4�5:8 nb. In the restrited pT -range 2:5 � pT � 9 GeV, we �nd instead 4:1+2:0�0:9 nb to be ompared with the experimentalvalue of 3:9�0:4 nb (obtained from the results given in [7℄ by summing over the last threepT bins), i.e. for larger pT the theoretial ross setion in the GM-VFNS agrees with themeasured one quite well.In obtaining theoretial preditions for the photoprodution ross setion, one has todistinguish diret and resolved omponents. Eah of the two parts depends on the hoieof a fatorization sheme and an not be ompared separately to experimental data.Only the sum of the diret and resolved ontributions has a physial meaning. From thetheoretial point of view, it is nevertheless interesting to study the deomposition of theross setion into these two omponents, in partiular in view of a omparison with resultsobtained in the FFNS approah for photoprodution [2℄ or for DIS [1℄. In DIS at largeQ2, there is only a diret ontribution to the ross setion sine initial-state singularitiesappearing in the limit Q2 ! 0 have not to be subtrated. The photoprodution rosssetion in the FFN sheme [2℄ has a smaller resolved part than in the GM-VFNS, sineit originates only from initial gluons and light quarks, whereas in the GM-VFNS alsoproesses with harm quarks in the initial state ontribute. Therefore, in our ase the1Statistial and systemati errors, and an error due to the unertainty in the branhing ratios, areadded in quadrature. 7
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Figure 2: Di�erential ross setions for D�-meson prodution in low-Q2 ep sattering inthe kinemati range 0:05 < Q2 < 0:7 GeV2, 0:02 < y < 0:85, 1:5 < pT < 9:0 GeV,j�j < 1:5. The full ross setion (full lines) is separated into its diret (dotted lines) andresolved parts (dashed lines) for �R = �F = 1.diret and resolved ontributions are of omparable magnitude. This is seen in detail inFig. 2 where we have plotted these two omponents and their sum for d�=dQ2, d�=dy,d�=dpT and d�=d�. 8



We onlude that in the general-mass variable-avour-number sheme, the photoprodu-tion approximation, i.e. the approximation where the hard sattering ross setions areevaluated with Q2 = 0, leads to theoretial preditions in very good agreement with re-ent ZEUS data for �nite, but small Q2 6= 0, in partiular for the larger values of pT . Thedesription of the measurement at the smallest values of pT ' 1:5 GeV is less satisfatory,but still in agreement with data within errors.Referenes[1℄ B. W. Harris and J. Smith, Phys. Rev. D57 (1998) 2806; and earlier referenes giventhere.[2℄ S. Frixione, M. Mangano, P. Nason and G. Ridol�, Phys. Lett. B 348 (1995) 633; S.Frixione, P. Nason and G. Ridol�, Nul. Phys. B 545 (1995) 3; and earlier referenesgiven there.[3℄ J. Binnewies, B. A. Kniehl and G. Kramer, Phys. Rev. D58 (1998) 014014; Z. Phys.C76 (1997) 677; B. A. Kniehl, G. Kramer and M. Spira, Z. Phys. C76 (1997) 689;M. Caiari and M. Greo, Z. Phys. C69 (1996) 459; Phys. Rev. D55 (1997) 7134.[4℄ I. Shienbein, Pro. of the Ringberg Workshop \New Trends in HERA Physis2005", eds. G. Grindhammer et al., World Sienti� Publishing, Singapore 2006[hep-ph/0601235℄. A omparison with H1 data is shown in A. Aktas et al., H1 Col-laboration, Eur. Phys. J. C51 (2007) 271.[5℄ G. Kramer and H. Spiesberger, Eur. Phys. J. C38 (2004) 309; B. A. Kniehl, G.Kramer, I. Shienbein and H. Spiesberger, Phys. Rev. D71 (2005) 014018.[6℄ V. N. Gribov and L. N. Lipatov, Sov. J. Nul. Phys. 15 (1972) 438 [Yad. Fiz. 15(1972) 781℄; Yu. L. Dokshitzer, Sov. Phys. JETP 46 (1977) 641 [Zh. Eksp. Theor.Fiz. 73 (1977) 1216℄; G. Altarelli and G. Parisi, Nul. Phys. B126 (1977) 298.[7℄ ZEUS Collaboration, S. Chekanov et al., Phys. Lett. B649 (2007) 111.[8℄ B. A. Kniehl, G. Kramer, I. Shienbein and H. Spiesberger, arXiv:0902.3166 [hep-ph℄,Eur. Phys. J. C (to be published).[9℄ C. F. von Weizs�aker, Z. Phys 88 (1934) 612; E. J. Williams, Phys. Rev. 45 (1934)729; P. Kessler, Ata Phys. Austriaa 41 (1975) 141; S. Frixione, M. L. Mangano, P.Nason and G. Ridol�, Phys. Lett. B319 (1993) 339.[10℄ M. Gl�uk, E. Reya and A. Vogt, Phys. Rev. D46 (1992) 1973.[11℄ CTEQ Collaboration, P. M. Nadolsky et al., Phys. Rev. D78 (2008) 013004.9
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