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AbstratAording to extensive theoretial studies of the high energy limit of QCD, inelasti interationsare dominated by the multi-Regge �nal states. The appropriate gauge-invariant objets, whihsimultaneously inorporate the transverse momentum degrees of freedom, are Reggeized gluons,quarks and antiquarks. In the present ommuniation we extend parton Reggeization approahto Drell-Yan prodution of massive lepton pairs. The basi ingredient is a proess of Reggeizedquark-antiquark annihilation, Q �Q ! ? ! l+l�, whih is desribed by the Reggeon-Reggeon-photon e�etive vertex �Q �Q. We alulate transverse-momentum and invariant-mass distributionsof Drell-Yan lepton pairs measured at the CERN SPS, FNAL Tevatron and CERN LHC in thedi�erent ranges of energy and rapidity. We fous on angular distributions of Drell-Yan leptons indi�erent kinematial ranges. The obtained results are ompared with the existing data and a goodagreement is found. The preditions for future experiments for Drell-Yan lepton pair produtionat the CERN LHC have been made.PACS numbers: 12.39.St, 12.40.Nn, 13.85.Qk
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I. INTRODUCTIONThe Drell-Yan prodution of lepton pairs, the prinipal QCD subproess for whih isan annihilation of quarks and antiquarks from olliding hadrons into lepton pairs [1℄, is notonly a supplement to the standard deep inelasti (DIS) studies. Drell-Yan prodution standsout as an important soure of the experimental data on the avor ontent of the nuleonsea (see [2℄ and referenes therein). More reently there has been muh disussion of theDrell-Yan prodution as a unique soure of the diret information on �ne spin propertiesof the proton, inluding transversity and a new family of transverse-momentum dependent(TMD) struture funtions [3, 4℄.On the disovery frontier, Drell-Yan proess emerges as a bakground to heavy vetor-meson prodution in the Standard Model (SM) and beyond, as Drell-Yan lepton pairs withmass above the Z�bosom mass are a major bakground in searhes for new heavy vetormesons. Finally, Drell-Yan prodution at the LHC would probe parton distribution funtions(PDFs) at very small x, down to x ' 10�6. The experimental studies of Drell-Yan lepton pairprodution inlude measurements of rapidity (y), invariant mass (Q), transverse momentum(qT = j~qT j) of lepton pairs, and angular distributions of leptons in the virtual photon restframe.Theoretial study of Drell-Yan lepton pair prodution in the perturbative Quantum Chro-modynamis (pQCD) framework is in a very advaned state and extends from the leading-order (LO) to next-to-leading-order (NLO) approximations in the strong oupling onstant�s [5{7℄ to the soft initial-state gluon resummation proedure to all orders in �s (see [8, 9℄and referenes therein).Ever sine the pioneering works by Dokshitser et al. [10℄ and Altarelli et al. [11℄ therehas been muh work of the qT�distribution of lepton pairs in the framework of standardollinear fatorization with on-mass shell partons (see [5{9℄ and referenes therein). Morereent ativity on qT�distributions, whih goes beyond the ollinear approximation, fousedon TMD's [12℄. The often disussed kT�fatorization with o�-shell mass partons is a part ofsuh approah. At small-x of our interest the prinipal ingredients are o�-shell properties oft�hannel exhanges and unpolarized unintegrated parton distribution funtions (PDF)[13,14℄. Indeed, at a deeper level of high energy pQCD, quarks, antiquarks and gluons areknown to reggeize [15{18℄. Furthermore, as has been shown by Lipatov and ollaborators,3



Reggeized gluons and quarks are the appropriate gauge-invariant degrees of freedom of high-energy pQCD. In the pratial appliations, the use of Reggeized t�hannel exhanges isjusti�ed by the dominane of the so-alled multi-Regge �nal states in inelasti ollisions ofhigh energy hadrons.Earlier, the quark Reggeization hypothesis has been used suessfully for a desriptionof di�erent spetra of prompt photons at the Fermilab Tevatron and CERN LHC [19{21℄,eletron deep inelasti sattering and prompt photon prodution ross setions at the DESYHERA [19, 22℄, and forward Z�boson prodution ross setion at the CERN LHC [23℄. Inthe present ommuniation we disuss the experimental data for proton-proton and proton-antiproton ollisions inluding the Fermilab Tevatron experiments [2, 24, 25℄ and the CERNSPS experiments [26, 27℄, and new data from the CERN LHC [28, 29℄.This paper is organized as follows: In Se. II, the general formalism for desription ofDrell-Yan lepton pair prodution is presented. In Se. III, we alulate heliity struturefuntions in the LO of Parton Reggeization Approah (PRA) and obtain master formulas forlepton pair spetra and angular oeÆients. In Se. IV, we present results of our alulationsfor invariant-mass and transverse-momentum spetra of Drell-Yan lepton pairs and reporta omparison with relevant experimental data from the Fermilab Tevatron, CERN SPS andCERN LHC. We also ompare our preditions with the data for angular oeÆients andpredit transverse-momentum dependene of the angular oeÆients in the energy range ofthe CERN LHC, pS = 7� 14 TeV. Setion V ontains our onlusions.II. DRELL-YAN PAIR PRODUCTION IN QCD AND PRAAording to the perturbative QCD Parton Model the LO subproess of Drell-Yan leptonpair prodution is an annihilation of quark and antiquark from the olliding hadrons intothe virtual photon whih deays onto lepton pair:q + �q ! ? ! l+ + l�: (1)In this formalism the quark and antiquark in an initial state have zero transverse momentumwith respet to the hadron ollision axis and massive lepton pair (or virtual photon) isprodued with zero transverse momentum. The angular distribution of leptons in the virtual4



photon rest frame should be dNd os � � 1 + os2 �; (2)where � is the polar angle of the lepton relative to the ollision axis. Experimentally, massivelepton pairs are produed with substantial transverse momentum qT . To desribe Drell-Yanlepton pairs with nonzero transverse momentum, within the ollinear Parton Model oneinvokes the NLO partoni subproesses 2! 2, whih are of the �rst order in �s:q + �q ! g + ? ! g + l+ + l�; (3)q + g ! q + ? ! q + l+ + l�; (4)where g is the Yang-Mills gluon. It is obvious, that in these subproesses the lepton angulardistribution will di�er from the trivial form (2). If the olliding hadrons were polarized, theirpolarization transfer to the initial partons and angular distributions of the �nal leptons willhange respetively. In framework of the NLO QCD and the ollinear Parton Model, theDrell-Yan lepton pair prodution in ollisions of polarized and unpolarized hadrons havebeen studied arefully, with exeption of only the regions of small qT and Q [5{7℄.In the kT�fatorization approah [13, 14℄, the o�-shell initial partons (q�; g�) of nonzerotransverse momenta are onsidered from the beginning. Instead of proesses (3) and (4),the relevant LO and NLO ontributions areq� + �q� ! ? ! l+ + l�; (5)q� + �q� ! g + ? ! g + l+ + l�; (6)q� + g� ! q + ? ! q + l+ + l�: (7)However, one must be areful with o�-shell quarks and antiquarks as one may break thegauge invariane of relevant amplitudes and break the eletromagneti urrent onservation.The additional problem of the kT�fatorization alulations is a double ounting, whensubproesses (5), (6) and (7) are taken into aount together. These diÆulties an besolved in PRA, where the initial o�-shell gluons and quarks are onsidered as Reggeons orReggeized gluons and quarks, whih interat with usual quarks and Yang-Mills gluons ina speial way, via gauge invariant e�etive verties whih inorporate the initial and �nalstate radiation e�ets on equal footing [17, 18, 31, 32℄. Our previous studies of inlusive jet[21℄, and inlusive prompt photon prodution [19, 22℄ have shown that in PRA it is suÆient5



to onsider only LO 2! 1 subproess for a good quantitative desription the experimentaldata.In PRA, the LO subproess, whih desribes �nite qT Drell-Yan lepton pairs, is an anni-hilation of Reggeized quark and Reggeized antiquark via virtual photon:Q(q1) + �Q(q2)! ? ! l+(k1) + l�(k2): (8)The amplitude of the subproess (8) reads as followsM(Qi �Qi ! l+l�) = 4��ei �V (x2P2)�;�Q �Q(q1; q2)U(x1P1)
 �U(k1)�V (k2); (9)where ei is the eletri harge of quark i (in units of eletron harge), � is the eletromagnetionstant, and �;�Q �Q(q1; q2) is the Fadin-Sherman e�etive vertex [17, 32℄,�;�Q �Q(q1; q2) = � � 2q̂1P �1x2S � 2q̂2P �2x1S : (10)It is easy to show that the amplitude (9) is gauge invariant and �;�Q �Q(q1; q2)(q1 + q2)� � 0.Four-momenta of Reggeized quarks (antiquarks) have transverse omponents and they readq�i = xiP �i + q�iT , q�iT = (0; ~qiT ; 0), q2i = q2iT = �~q 2iT = �ti 6= 0.The Drell-Yan pair prodution in the proton-proton and proton-antiproton high-energyollisions orresponds to the following proessesp(P1) + �p(P2)! l+(k1) + l�(k2) +X; (11)p(P1) + p(P2)! l+(k1) + l�(k2) +X; (12)where four-momenta of partiles are shown in brakets, l = e; � (eletron or muon), q = q1+q2 = k1+k2 is the four-momentum of virtual photon, Q =pq2 and Q2T = Q2+~q 2T = x1x2S.Di�erential ross setion for proesses (11) and (12) have the standard form:d�d4qd
 = �232�4SQ4L��W �� (13)or d�dQ2dq2Tdyd
 = �264�3SQ4L��W ��; (14)where y is the rapidity of virtual photon (or l+l� lepton pair), d
 = d�d os � is the spatialangle of produing positive lepton in the rest frame of virtual photon, P1 = pS2 (1; 0; 0; 1),P2 = pS2 (1; 0; 0;�1), pS is the total energy of olliding partiles. HereL�� = 2(k�1k�2 + k�1k�2 )�Q2g�� (15)6



is the leptoni tensor, whereasW�� = Z d4xeiqxhP1P2jj�(x)j�(0)jP1P2i (16)is the hadroni tensor.The onvolution of hadroni and leptoni tensors reads as a sum of ontributions of theso-alled heliity struture funtions WT;L;�;�� [9, 33℄:d�dQ2dq2Tdyd
 = �264�3SQ2hWT (1 + os2 �) +WL(1� os2 �) ++ W� sin 2� os�+W�� sin2 � os 2�i: (17)After integration over the angles � and � in (17), we obtaind�dQ2dq2Tdy = �264�3SQ2 �16�3 �WTL; (18)where WTL = WT +WL=2. In the analysis of experimental data, the angular distribution ofleptons is represented in terms of two sets of the angular oeÆients:dNd
 = (1 + os2 �) + A0�12 � 32 os2 ��+ A1 sin 2� os�+ A22 sin2 � os 2� (19)and dNd
 = 4�+ 3 �1 + � os2 � + � sin 2� os �+ �2 sin2 � os 2�� ; (20)with the normalization Z �dNd
� d
 = 16�3 : (21)One set onsists of the oeÆientsA0 = WLWTL ; A1 = W�WTL ; A2 = 2W��WTL ; (22)and the other one is de�ned by� = 2� 3A02 + A0 ; � = 2A12 + A0 ; � = 2A22 + A0 : (23)Heliity struture funtions are obtained by the projetion of hadroni tensor on the photonstates with the di�erent polarizations ���(q), � = �1; 0:WT = W����?+1��+1; (24)WL = W����?0 ��0 ; (25)W� = W�� ���?+1��0 + ��?0 ��+1� =p2; (26)W�� = W����?+1���1: (27)7



In the referene frame of the virtual photon its polarization 4-vetor an be written inovariant form: ���1 = 1p2(�X� � iY �); ��0 = Z�; (28)where 4-vetors X; Y; Z satisfy following onditions: X2 = Y 2 = Z2 = �1, q�X� = q�Y � =q�Z� = 0. In the Collins-Soper frame [34℄, in whih we are working, these unit vetors arede�ned as: Z� = 2QTpS h(qP2) ~P �1 � (qP1) ~P �2 i ; (29)X� = � 2QqTQTpS h(qP2) ~P �1 + (qP1) ~P �2 i ; (30)Y � = "����T�Z�X�; (31)where T � = q�Q ; ~P �i = 1pS �P �i � (qPi)Q2 q��:III. HELICITY STRUCTURE FUNCTIONS IN PRATo alulate omponents of the hadroni tensor W �� and heliity struture funtionsWT;L;�;�� we need to know squared modula of partoni amplitudes and relevant PDFs fromolliding hadrons. In the proesses of massive lepton pair prodution with large transversemomenta, where Q; qT >> �QCD ' 0:1 � 0:2 GeV, one has a fatorization of hard satter-ing subproesses at the sale � � QT and the perturbative QCD evolution of the partondistributions from some initial sale �0 ' 1 GeV to the hard sattering sale �. In theollinear Parton Model hadroni and partoni ross setions are onneted by the textbookfatorization formula:d�(pp! l+l�X) =Xq Z dx1 Z dx2f pq (x1; �2)f p�q (x2; �2)d�̂(q�q ! l+l�); (32)where f pq (x1;2; �2) is quark (antiquark) ollinear PDFs. The PRA generalization of the samefatorization formula, di�erential in the Reggeized partons virtualities, isd�(pp! l+l�X) = Xq Z d�12� Z dt1 Z dx1x1 Z d�22� Z dt2 Z dx2x2�pq(x1; t1; �2)�p�q(x2; t2; �2)d�̂(Q �Q ! l+l�): (33)8



The unintegrated PDFs �pq(x; t; �2) are related to their ollinear ounterparts f pq (x; �2) bythe normalization ondition xf pq (x; �2) = Z �2 dt�pq(x; t; �2); (34)whih furnishes a orret transition from formulas in PRA to those in the ollinear PartonModel. In our numerial analysis, we adopt the presription proposed by Kimber, Martin,and Ryskin (KMR) [35℄ to obtain the unintegrated quark PDFs of the proton from theonventional integrated one. Fatorization sale is hosen to be � = �QT , and varying� between 1=2 and 2 serves as an estimate of the sale unertainty. It was found, thatmagnitudes of angular observables (A0; A2; �; �) are muh more stable under the salevariations than di�erential ross setions. In the kinematial regions under onsideration,their variations under sale hange are found to be below 20 %, and indiated as shadedbands in the �gures with theoretial preditions.Partoni ross setions are onneted with squared amplitudes of subproesses in boththe ollinear Parton Model and PRA the standard way:d�(q(Q)�q( �Q)! l+l�) = (2�)4Æ(4)(q1 + q2 � k1 � k2) jM(q(Q)�q( �Q)! l+l�)j22x1x2S �� d3k1(2�)32k10 d3k2(2�)32k20 : (35)Taking into aount that Z d3k1k10 Z d3k2k20 = 12 Z d4q Z d
; (36)we obtaind�(q(Q)�q( �Q)! l+l�) = Æ(4)(q1 + q2 � q) jM(q(Q)�q( �Q)! l+l�)j2x1x2S d4qd
64�2 : (37)In the ollinear Parton Model the well-known answer isjM(qi�qi ! l+l�)j2 = 16�23Q4 �2e2iL��wPM�� ; (38)where wPM�� = x1x2(2P �1 P �2 + 2P �1 P �2 � Sg��) (39)is the quark tensor, in whih it is supposed that q�i = xiP �i .9



On the other hand, in PRA we obtain for the squared amplitude of the subproess (8):jM(Qi �Qi ! l+l�)j2 = 16�23Q4 �2e2iL��wPRA�� ; (40)where the tensor of Reggeized quarks reads:wPRA�� = x1x2��Sg�� + 2(P �1 P �2 + P �2 P �1 )(2x1x2S �Q2 � t1 � t2)x1x2S ++ 2x2 (q�1P �1 + q�1P �1 ) + 2x1 (q�2P �2 + q�2P �2 ) + (41)+ 4(t1 � x1x2S)Sx22 P �1 P �1 + 4(t2 � x1x2S)Sx21 P �2 P �2 �:Note, the both tensors (39) and (41) satisfy gauge-invariane ondition q�wPRA�� = q�wPM�� =0. It is obvious that wPRA�� ! wPM�� , if we put ti ! 0 and q�i ! xiP �i .It is interesting to de�ne the quark heliity struture funtions wT;L;�;�� respetively tothe hadron heliity struture funtions WT;L;�;��. Upon diret alulations we obtainwPMT = Q2; wPML = wPM� = wPM�� = 0; (42)whereas wPRAT = Q2 + (~q1T + ~q2T )22 ; wPRAL = (~q1T � ~q2T )2 (43)wPRA� = 0; wPRA�� = (~q1T + ~q2T )22 : (44)We an also alulate the partoni angular oeÆients, whih are de�ned like the hadroniangular oeÆients (22):a0 = wPRALwPRATL = (~q1T � ~q2T )2Q2 + t1 + t2 ; a1 = wPRA�wPRATL = 0; a2 = 2wPRA��wPRATL = (~q1T + ~q2T )2Q2 + t1 + t2 : (45)Upon averaging over the angle, � = �1 � �2, between transverse momenta of the Reggeizedquarks, we obtain well-known Lam-Tung [36℄ relation for the partoni angular oeÆients< a0 >�=< a2 >� : (46)This relation, as it will be shown below, breaks strongly for the hadroni angular oeÆientsA0 and A2, when Q and qT beome smaller at the �xed ollision energy.The heliity struture funtions W PRAT;::: at the �xed values of variables S;Q; qT ; y an bepresented via orresponding quark heliity funtions wPRAT;::: :W PRAT;::: (S;Q; qT ; y) = 8�2S3Q4T Z dt1 Z d�1Xq �pq(x1; t1; �2)�p�q(x2; t2; �2)wPRAT;::: : (47)10



The experimental data for sets of angular oeÆients A0; A1; A2 or �; �; � are presentedas averages over ertain kinematial region of variables Q; qT ; y at the �xed value of ollisionenergy pS. We de�ne the relevant averages as followsW reggeT;::: (S) = J�1 Z QmaxQmin dQ Z qTmaxqTmin dqT Z ymaxymin dyW reggeT;::: (S;Q; qT ; y); (48)where J = (Qmax � Qmin)(qTmax � qTmin)(ymax � ymin). Sometimes instead of a variable yone uses the Feynman variable xF , whih is de�ned in the enter of mass frame of ollidinghadrons as follows xF = 2qzpS = QTpS �ey � e�y� ; (49)and dy = dxFxFq1 + 4Q2TSx2F : (50)In other ases one uses the pseudorapidity� = 12 ln j~qj+ qzj~qj � qz = 12 ln�1 + os �1� os �� ; dy = j~qjq0 d�; (51)where os � = e2� � 1e2� + 1 ; j~qj = qTj sin �j ; q0 =pQ2 + j~qj2: (52)Our LO PRA results for the ross-setions should be orreted by the so-alled K-fator,whih inludes high order (HO) QCD orretions to the LO diagrams. The main part of HOorretions arising from real gluon emission is already aounted in LO PRA. Still anotherpart omes from the non-logarithmi loop orretions arising from gluon vertex orretions.Aordingly to Ref. [39℄, this K-fator is written as followsK(Q �Q ! �) = exp(CF �s(�2)2� �2); (53)where a partiular sale hoie �2 = Q4=3T Q2=3 for evaluation �s(�2) in (53) has been advo-ated in [39℄. This phenomenologial Anzatz an be used for large Q2 Drell-Yan lepton pairprodution only. In ase of quasi-real photon prodution, when qT � Q � �QCD, we putK(Q �Q) = 1 in aordane with alulations for the real photon prodution [21℄. The typi-al numerial value of K-fator at the kinematial onditions under onsideration is about1:3 � 1:8. 11



IV. RESULTSWe start our omparison of theoretial preditions with the experimental data for theinvariant-mass distributions of the Drell-Yan lepton pairs. In Fig. 1, the preditions of theLO PRA are ompared with the data from the R209 Collaboration at the two values ofollision energy pS = 44 GeV and pS = 62 GeV. The resulting invariant-mass spetrumhas been obtained by integration over the relevant virtual photon transverse momentumrange and rapidity range jyj < 4. In Fig. 2, the doubly di�erential ross setion d�=dQdyis presented as funtion of Q at the pS = 1:8 TeV, jyj < 1 and qT < 200 GeV as it hasbeen measured by CDF Collaboration [24℄. In Fig. 3, the data from CMS Collaboration [29℄are presented as Q�spetrum normalized to the ross setion in the Z�boson peak. Thesolid line represents our predition, normalized on the value of ross setion in the Z-bosonregion (�(60 < Q < 120 GeV) = 973 pb), obtained theoretially in the Ref. [29℄, see Table10 therein.As one would expet, the inrease in energy improves an agreement between the theoryand experiment. Of ourse, the Z�boson region, 60 � Q � 120 GeV, is beyond ouronsideration. An extension of PRA to the region of the Z�boson prodution demands ause of the unknown up today e�etive vertex �ZQ �Q whih desribes the Reggeized quark-antiquark annihilation in Z�boson.To demonstrate an agreement between PRA and Drell-Yan pair spetra over the lon-gitudinal variables, we show in the Fig. 4 the di�erential ross setion Q3d�=dxFdQ as afuntion of the Feynman variable xF after integration over all qT . Curves 1� 8 orrespondto Q from 4:75 GeV till Q = 8:25 GeV with the step of 0:5 GeV. The data are from FNAL�xed target experiment [30℄ at the pS = 38:8 GeV.The transverse-momentum dependene of Drell-Yan lepton pair prodution ross setionis demonstrated in Figs. 5 and 6. The R209 Collaboration [26℄ has measured qT�spetrumat pS = 62 GeV, jyj < 4, and 5 < Q < 8 GeV. We desribe this data quite well, espeiallyat small transverse momenta qT < 2 GeV, where the pure NLO ollinear Parton Modelalulations break down and where one usually invokes unknown (ad'ho) nonperturbativeintrinsi parton transverse momentum. The sale dependent unertainties of our alulationsare about 20 % and they beome larger at qT < 2 GeV, up to 70 % at the qT ' 0. However,the average value is still in agreement with experimental data.12



The UA1 Collaboration [27℄ data for the qT�spetrum of Drell-Yan lepton pairs at pS =630 GeV are presented as a di�erential invariant ross setion, averaged over the virtualphoton mass in the range of 2m� < Q < 2:5 GeV, and in the rapidity range jyj < 1:7.Beause the ross setion grows steeply when Q ! 0 and the lower boundary in Q is �xedat the minimal kinematial value Qmin = 2m� , we need to take into aount muon mass m�in our alulations. Formally, it boils down to an additional threshold fator (1�4m2�=Q2)3=2in a formula for the qT�spetrum. Taking into aount the large experimental error bars,we an onlude that our alulations agree with the data too.In Fig. 7, we plot our preditions for the transverse-momentum spetra of Drell-Yanlepton pairs at the CERN LHC for energies pS = 7 and pS = 14 NeV in two regions ofvirtual photon masses: 5 < Q < 50 GeV, and 120 < Q < 200 GeV. The invariant-massspetra have been obtained after integration over rapidity in the range of jyj < 3.In the next setion we ompare our theoretial results obtained in the LO PRA with theexperimental data for the angular oeÆients in Drell-Yan pair prodution. We onsider datafrom the NuSea Collaboration [2℄ at the Tevatron Collider, whih orrespond to pS = 39GeV . We also make predition for angular oeÆients A0; A2 for CERN LHC at energiespS = 7 and pS = 14 TeV.NuSea Collaboration from Fermilab Tevatron reently has published data [2℄ for Drell-Yan lepton pair prodution in �xed-target experiment with hydrogen and deuterium targetsand Ep = 800 GeV proton beam (pS = 39 GeV). The measurements have been done in thefollowing kinemati domain: 4:5 < Q < 15 GeV, 0 < qT < 4 GeV, 0 < xF < 0:8. The resultsof measurements of angular distributions are presented in terms of angular oeÆients �; �; �as funtions of virtual photon transverse momentum. We �nd good agreement of our LOPRA alulations with data for � and � at all values of qT , as it is shown in Figs. 8 and9. Additionally, we predit � = 0 whih is also in agreement with the data within theexperimental error bars.It is known sine the works of Lam and Tung [37℄, that with allowane for parton sub-proesses (3) and (4) in the NLO ollinear parton model, one an obtain the relation forthe angular oeÆients, A0 ' A2. This relation is known to be valid at large qT , and it hasbeen veri�ed experimentally in the Z-boson resonane mass region in [38℄. For the regionof small dilepton masses it has not been veri�ed yet. As it an be seen from the Figures 10and 11, in our approah, this relation is approximately valid for energies below 1 TeV and13



for the large-mass region. For large energies, and espeially for the small-mass region (seeFig. 10), this relation is broken at the small values of qT . Using the formulas (43), (44),(47)and de�nitions of angular oeÆients (22), one an show that:A0(S;Q2; y; qT = 0) = Pq R dt�pq(x1; t)�p�q(x2; t)� 4tPq R dt�pq(x1; t)�p�q(x2; t)� (Q2 + 2t) ; (54)A2(S;Q2; y; qT = 0) = 0; (55)where t = t1 = t2, beause of ~q1T = �~q2T if ~qT = 0. So, the value of the oeÆient A0 atthe qT = 0 haraterizes the smearing of unintegrated PDF in transverse momentum and itis inreasing in the small x � QT=pS region as it shown at the Fig. 10.V. CONCLUSIONSWe reported a study of the Drell-Yan lepton pair prodution at LO in the PartonReggeization Approah, inluding subproess (8) with Reggeized quarks in the initial state.The Reggeization allows to aount in a simple and ompat form the initial and �nal stateradiation e�ets with full allowane for �nite transverse momenta of partons. Our theoretialpreditions provide an adequate numerial desription of a multitude of the experimentalmeasurements of lepton pair distributions on the invariant mass (Q), lepton pair trans-verse momentum (qT ) and longitudinal saling variable (xF ) as well as lepton pair angulardistributions at the SPS, Tevatron and LHC Colliders. This good desription is ahieved,without any ad-ho adjustments of input parameters. By ontrast, in the ollinear PartonModel, suh a degree of agreement alls for NLO and NNLO orretions and omplemen-tary soft-gluon resummations and ad-ho nonperturbative transverse momenta of partons.In onlusion, the Parton Raggeization approah has one again proven to be a powerfultool for the theoretial desription of QCD proesses indued by Reggeized gluons fusion aswell as Reggeized quarks annihilation in the high-energy limit.AknowledgementsWe are grateful to B. A. Kniehl and A. V. Shipilova for useful disussions. The workwas supported in part by the Ministry for Siene and Eduation of the Russian Federation14
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FIG. 1: Di�erential ross setion of Drell-Yan lepton pair prodution as funtion of virtual photonmass Q. The data are from R209 Collaboration [26℄. The urve 1 { pS = 62 GeV, the urve 2 {pS = 44 GeV.
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FIG. 2: Doubly di�erential ross setion of Drell-Yan lepton pair prodution as funtion of virtualphoton mass Q. The data are from CDF Collaboration [24℄ at pS = 1:8 TeV.
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FIG. 3: Di�erential ross setion of Drell-Yan lepton pair prodution as funtion of virtual photonmass Q. The data are from CMS Collaboration [29℄ at pS = 7 TeV. Solid line - our preditionnormalized to the theoretial value of the ross-etion in the Z-boson region.
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FIG. 4: Di�erential ross setion Q3d�=dxFdQ of Drell-Yan lepton pair prodution as funtion ofxF integrated over all qT . Curves 1 � 8 orrespond Q from 4:75 GeV till Q = 8:25 GeV with thestep equal to 0:5 GeV. The data are from FNAL �xed target experiment [30℄ at the pS = 38:8GeV.
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FIG. 5: Di�erential ross setion of Drell-Yan lepton pair prodution as funtion of qT . The dataare from R209 Collaboration [26℄ at the jyj < 4, 5 < Q < 8 GeV, pS = 62 GeV.
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FIG. 6: Di�erential ross setion of Drell-Yan lepton pair prodution as funtion of qT . The dataare from UA1 Collaboration [27℄ at the jyj < 1:7, 0:2 < Q < 2:5 GeV, pS = 630 GeV.
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FIG. 7: Di�erential ross setion of Drell-Yan lepton pair prodution as funtion of qT at theCERN LHC energy pS = 7 TeV, and jyj < 3. Curve 1 - 5 < Q < 50 GeV, urve 2 - 120 < Q < 200GeV.
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FIG. 8: Angular oeÆient � as funtion of qT . The histogram orresponds to LO alulation inPRA with KMR [35℄ unintegrated PDFs. The data are from NuSea Collaboration [2℄.
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FIG. 9: Angular oeÆient � as funtion of qT . The histogram orresponds to LO alulation inPRA with KMR [35℄ unintegrated PDFs. The data are from NuSea Collaboration [2℄.
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FIG. 10: Angular oeÆients A0 (solid urves) and A2 (dashed urves) in the proton-protonollisions as funtions of qT for the mass region 5 < Q < 50 GeV and di�erent enter of massenergies. Curves 1,6 { 14 TeV, 2,5 { 7 TeV, 3,4 { 2 TeV.
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FIG. 11: Angular oeÆients A0(solid urves) and A2(dashed urves) in the proton-proton ol-lisions as funtions of qT for the mass region 120 < Q < 200 GeV and di�erent enter of massenergies. Curves 1,6 { 14 TeV, 2,5 { 7 TeV, 3,4 { 2 TeV.
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