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I. INTRODUCTIONThe study of open harm prodution in high-energy lepton-hadron and hadron-hadronollisions is onsidered as a test of the general appliability of perturbative quantum hromo-dynamis (QCD) and also provides information on the parton distribution funtions (PDFs)of protons and photons. The present analysis is to explore our potential to aess a newdynamial regime, namely the high-energy Regge limit, whih is haraterized by the on-dition pS � �� �QCD, where pS is the total ollision energy in the enter-of-mass (CM)referene frame, �QCD is the asymptoti sale parameter of QCD, and � is the typial energysale of the hard interation. In the proesses of heavy-quark prodution, one has � � m,wherem is the heavy-quark mass. In this high-energy regime, the ontribution from partonisubproesses involving t-hannel parton (quark or gluon) exhanges to the prodution rosssetion an beome dominant. Thus, the transverse momenta of the inoming partons andtheir o�-shell properties an no longer be negleted, and we deal with Reggeized t-hannelpartons.The quasi-multi-Regge-kinematis (QMRK) approah [1, 2℄ is partiularly appropriatefor this kind of high-energy phenomenology. It is based on an e�etive quantum �eld theoryimplemented with the non-Abelian gauge-invariant ation, as suggested a few years ago[3℄. Our previous analyses of harmonium and bottomonium prodution at the FermilabTevatron [4℄ demonstrated the advantages of the high-energy fatorization sheme over theollinear parton model as far as the desription of experimental data is onerned. Theseobservations were substantiated for B-meson prodution at the Tevatron in Ref. [5℄, wherethe experimental data were again well desribed using the Fadin-Lipatov e�etive Reggeon-Reggeon-gluon vertex [2℄. In Ref. [6℄, where the e�etive photon-Reggeon-quark vertex wasobtained and for the �rst time, the hypothesis of quark Reggeization was suessfully used todesribe experimental data on single prompt-photon prodution and on the proton struturefuntions F2 and FL.The CDF Collaboration measured the di�erential ross setions d�=dpT for the inlusiveprodution of D0, D�, D?�, and D�s mesons in pp ollisions in run II at the Tevatron asfuntions of transverse momentum (pT = j~pT j) in the entral rapidity (y) region [7℄. Thesemeasurements were ompared with theoretial preditions obtained at next-to-leading order(NLO) in the ollinear parton model of QCD [8, 9℄ taking into aount quark and hadron2



mass e�ets, and it was found that the latter improve the desription of the data.The di�erential ross setions d�=dpT and d�=dy for inlusive D�� and D�s photoprodu-tion measured by the H1 [10℄ and ZEUS [11, 12℄ ollaborations at the DESY HERA Colliderwere ompared with NLO preditions in the ollinear parton model. For D�� mesons, thiswas done in three approahes: the zero-mass variable-avor-number sheme (ZM-VFNS)[13, 14℄, the �xed-avor-number sheme (FFNS) [15℄, and the general-mass variable-avor-number sheme (GM-VFNS) [16℄. The experimental results were found to generally lie abovethe NLO expetations. For D�s mesons, the alulations were performed in the FFNS [15℄and in the model suggested by Berezhnoy, Kiselev, and Likhoded [17℄.In this paper, we study D-meson prodution under HERA and Tevatron experimentalonditions as well as the harm struture funtion F2; of the proton for the �rst time inthe framework of the QMRK approah [1, 2℄ omplemented with the quark-Reggeizationhypothesis. This paper is organized as follows. In Se. II, we present the basi formalismof our alulations and briey reall the QMRK approah in onnetion with the quark-Reggeization hypothesis. In Se. III, we onsider the harm struture funtion F2; of theproton and ompare our results with experimental data. In Ses. IV and V, we desribeD-meson prodution via -quark fragmentation at HERA and the Tevatron, respetively. InSe. VI, we summarize our onlusions.II. BASIC FORMALISMIn the phenomenology of the strong interations at high energies, it is neessary to de-sribe the QCD evolution of the PDFs of the olliding partiles (hadrons or photons) start-ing from some sale �0 whih ontrols a non-perturbative regime up to the typial sale� of the hard-sattering proesses, whih is typially of the order of the transverse massMT = qM2 + p2T of the produed partile (or hadron jet) with (invariant) mass M andtransverse momentum ~pT . In the region of very high energies, whih orresponds to theso-alled Regge limit, the typial ratio x = �=pS beomes very small, x� 1. This leads tolarge logarithmi ontributions of the type [�s ln(1=x)℄n, where �s is the strong-oupling on-stant, whih are onveniently resummed in the Balitsky-Fadin-Kuraev-Lipatov [18℄ formal-ism by the evolution of unintegrated gluon and quark distribution funtions �p;g;q (x; q2T ; �2),where x and ~qT are the longitudinal-momentum fration and transverse momentum of the3



Reggeized parton w.r.t. the parent partile, respetively. Correspondingly, in the QMRKapproah [1, 2℄, the initial-state t-hannel gluons and quarks are onsidered as Reggeons,or Reggeized gluons (R) and quarks (Q). They arry �nite transverse momenta ~qT withrespet to the hadron or photon beam from whih they stem and are o� mass shell.The advantages of the QMRK approah in omparison with the onventional kT -fatorization sheme [19℄ inlude: �rstly, it uses gauge-invariant amplitudes and is basedon a fatorization hypothesis that is proven in the leading logarithmi approximation; se-ondly, it arries over to non-leading orders in the strong-oupling onstant, as reently proven[20℄. The Reggeization of amplitudes provides the opportunity to eÆiently take into a-ount large radiative orretions to proesses in the Regge limit beyond what is inluded inthe ollinear approximation, whih is of great pratial importane.Reently, the Feynman rules for the indued and some important e�etive verties of thee�etive theory based on the non-Abelian gauge-invariant ation [3℄ have been derived inRef. [21℄. However, these rules only refer to proesses with Reggeized gluons in the initialstate. As for t-hannel quark-exhange proesses, suh rules are still unknown, so that it isneessary to onstrut e�etive verties involving Reggeized quarks using QMRK approahpresriptions in eah appliation from �rst priniples. Of ourse, a ertain set of Reggeon-Reggeon-Partile e�etive verties are known, for example for the transitions RR! g [22℄,QQ ! g [23℄, and RQ ! q [24℄. The e�etive �Q ! q vertex, whih desribes theprodution of a quark in the ollision of a virtual photon with a Reggeized quark, has beenreently obtained in Ref. [6℄.In our numerial alulations below, we adopt the presription proposed by Kimber,Martin, Ryskin, and Watt [25℄ to obtain unintegrated gluon and quark distribution funtionsfor the proton from the onventional integrated ones, as implemented in Watt's ode [26℄.To obtain the analogous unintegrated funtions for the photon, we modify Watt's ode [26℄.As input for this proedure, we use the Martin-Roberts-Stirlin-Thorne [27℄ proton and theGl�uk-Reya-Vogt [28℄ photon PDFs.III. CHARM STRUCTURE FUNCTION F2; OF THE PROTONOn the experimental side, the harm struture funtion F2; of the proton was measuredby H1 [29℄ and ZEUS [30℄ in deep inelasti sattering (DIS) of eletrons and positrons on4



protons at HERA. In this setion, we onsider this quantity in the framework of the QMRKapproah endowed with the quark-Reggeization hypothesis. We thus need the partoni rosssetion for the prodution of a  quark in the ollision of a virtual photon and a Reggeizedharm quark. The relevant vertex was found in Ref. [6℄ and reads:CqQ = �eeq " q21q21 + q22 � � 2k�q21 + q22 =q2 + 2x2q22P �2(q21 + q22)2=q2# ; (1)where the four-momenta of the virtual photon, the proton, the Reggeized harm quark,and the outgoing harm quark are denoted as q1, P2, q2 = x2P2 + q2T , and k = q1 + q2,respetively. We onentrate on photons with large virtuality Q2 = �q21 � m2 , so that themassless approximation for desribing DIS struture funtions is appropriate [6℄. We thenobtain the following master formula for F2;:F2;(xB; Q2) = 2e2 Z Q20 dt2�p(x2; t2; �2)Q2(Q4 + 6Q2t2 + 2t22)(Q2 + t2)3 ; (2)where e = 2=3 is the frational eletri harge of the  quark and x2 = xB(Q2 + t2)=Q2,with xB being the Bjorken variable. For de�niteness, we hoose the fatorization sale to be�2 = Q2.In Fig. 1, we ompare the xB distributions of F2; for various values of Q2 with the H1[29℄ and ZEUS [30℄ data. We �nd good agreement for all values of Q2, exept for the highestone, Q2 = 500 GeV2, where our predition is about 50% below the data. This disagreementshows the importane of higher-order orretions at large values of Q2, whih are beyondthe sope of our present study.IV. D-MESON PRODUCTION AT HERAOn the experimental side, ZEUS measured the pT distributions of D�� [11℄ and D�s [12℄mesons with rapidity[34℄ jyj � 1:5 inlusively produed in photoprodution at HERA I, withproton energy Ep = 820 GeV and lepton energy Ee = 27:5 GeV in the laboratory frame,in the ranges 2 � pT � 12 GeV and 3 � pT � 12 GeV, respetively. In this setion, weompare this data with our QMRK preditions. At leading order (LO), we need to onsideronly three 2 ! 1 partoni subproesses, namely Cp !  for diret photoprodution andCpR !  and RpC !  for resolved photoprodution, where the subsript indiates themother partile. 5



Exploiting the fatorization theorem, the pT distribution of diret photoprodution takesthe form p3T d�dpT = 2� Z dy Z dz xf=e(x)z2D!D(z; �2)� �p(x1; t1; �2)jM(Cp ! )j2; (3)where x1 = pT ey2zEp ; x = pT e�y2zEe ; t1 = k2T ; ~kT = ~pTz ; (4)with ~kT being the transverse momentum of the produed  quark. We evaluate the quasi-real-photon ux f=e in Weizs�aker-Williams approximation usingf(x) = �2� "1 + (1� x)2x ln Q2maxQ2min + 2m2ex  1Q2min � 1Q2max!# ; (5)where � is Sommerfeld's �ne-struture onstant, me is the eletron mass, Q2min = m2ex2=(1�x), and Q2max is determined by the experimental setup, with Q2max = 1 GeV2 in our ase[11, 12℄. As for the ! D fragmentation funtion (FF)D!D, we adopt the non-perturbativeD�� and D�s sets determined in the ZM-VFNS with initial evolution sale �0 = m [31℄ from�ts to OPAL data from CERN LEP1. We hoose the renormalization and initial- and �nal-state fatorization sales to be � = qm2D + p2T , where mD is the D-meson mass. Usingthe Reggeized-quark{photon e�etive vertex from Ref. [6℄, the square of the hard-satteringamplitude is found to be jM(C ! )j2 = 8��e2k2T : (6)It is understood that also the ontribution from the harge-onjugate partoni subproess isto be inluded in Eq. (3).In the ase of resolved photoprodution via the partoni subproess CpR ! , thefatorization formula reads:p3T d�dpT = Z dy Z dz Z dx Z dt2 Z d�2 f=e(x)z2D!D(z; �2)� �p(x1; t1; �2)�g(x2; t2; �2)jM(CpR ! )j2; (7)wherex1 = pT ey2zEp ; x2 = pT e�y2xzEe ; t1 = t2� 2kTpt2 os�2+ k2T ; t2 = q22T ; ~kT = ~pTz ;(8)6



with �2 being the angle enlosed between ~pT and ~q2T . Using the Reggeized-quark{Reggeized-gluon e�etive vertex from Ref. [24℄, we havejM(CR! )j2 = 23��s(�2)k2T : (9)Again, the harge-onjugate partoni subproess is to be inluded in Eq. (7). Resolvedphotoprodution via the partoni subproess RpC !  is treated very similarly.In Figs. 2(a) and (b), our results forD�� andD�s mesons, respetively, are broken down tothe Cp ! , CpR ! , and RpC !  ontributions and are ompared with the ZEUS data[11, 12℄. We �nd that the theoretial preditions are dominated by diret photoprodutionand agree rather well with the experimental data over the whole pT range onsidered.V. D-MESON PRODUCTION AT THE TEVATRONCDF [7℄ measured the pT distributions of D0, D�, D��, and D�s mesons with rapidityjyj � 1 inlusively produed in hadroprodution in run II at the Tevatron, with pS =1:96 TeV. To LO in the QMRK approah, the fatorization formula for the CpRp ! hannel reads: p3T d�dpT = Z dy Z dz Z dt1 Z d�1 z2D!D(z; �2)� �p(x1; t1; �2)�pg(x2; t2; �2)jM(CpRp ! )j2; (10)where jM(CpRp ! )j2 is given by Eq. (9),x1 = pT eyzpS ; x2 = pT e�yzpS ; t2 = t1 � 2pTz pt1 os �2 + p2Tz2 : (11)The result for the RpCp !  hannel is similar and has to be inluded in Eq. (10) togetherwith those from the harge-onjugate partoni subproesses.In Figs. 3(a){(d), our results forD0, D�, D��, andD�s mesons, respetively, are omparedwith the CDF data [7℄. We �nd that the theoretial preditions generally agree rather wellwith the experimental data, exept perhaps for the slope. In fat, the preditions exhibit aslight tendeny to undershoot the data at small values of pT and to overshoot them at largevalues of pT . However, we have to bear in mind that these are just LO preditions, so thatthere is room for improvement by inluding higher orders.7



In the framework of the ollinear parton model, omparisons with the experimental dataof Ref. [7℄ were performed beyond LO, namely in the �xed-order-next-to-leading-logarithm(FONLL) sheme [8℄ and at NLO in the GM-VFNS [9, 32℄. The FONLL preditions sys-tematially undershoot the CDF data [7℄. The GM-VFNS preditions of Ref. [9℄, whihare evaluated with FFs determined in the ZM-VFNS [31℄, desribe these data within theirerrors, but are still somewhat on the low side. The degree of agreement is further improved[32℄ by evaluating the GM-VFNS preditions of Ref. [9℄ using FFs extrated [33℄ from aglobal �t to B- and Z-fatory data of e+e� annihilation in the very same sheme.VI. CONCLUSIONSIn this paper, we explored the usefulness of the quark-Reggeization hypothesis in theframework of the QMRK approah by studying several observables of inlusive harm pro-dution at LO, namely the harm struture funtion F2; of the proton measured at HERA[29, 30℄ as well as the one-partile-inlusive ross setions of D�� and D�s photoprodution inep ollisions at HERA [11, 12℄ and of D0, D�, D��, and D�s hadroprodution in pp ollisionsat the Tevatron [7℄. In all three ases, we found satisfatory agreement between our defaultpreditions and the experimental data, whih is quite enouraging in view of the simpliityof our LO expressions for the partoni ross setions. By ontrast, in the ollinear partonmodel of QCD, the inlusion of NLO orretions is neessary to ahieve suh a degree ofagreement. We thus reover the notion that the QMRK approah is a powerful tool for thetheoretial desription of QCD proesses in the high-energy limit and automatially aom-modates an important lass of orretions that lie beyond the reah of the ollinear partonmodel at LO [4℄.AknowledgmentsWe thank L. N. Lipatov and O. V. Teryaev for useful disussions. A. V. S. is grateful to theInternational Center of Fundamental Physis in Mosow and to the Dynastiya Foundationfor �nanial support. This work was supported in part by the German Federal Ministryfor Eduation and Researh BMBF through Grant No. 05 HT6GUA and by the German
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