
*H
EP
-P
H/
06
0∣
24
0*

ar
X

iv
:h

ep
-p

h/
06

01
24

0 
v1

   
28

 J
an

 2
00

6

Beauty photoprodution at HERA: kT -fatorizationversus experimental dataA.V. Lipatov, N.P. ZotovJanuary 28, 2006D.V. Skobeltsyn Institute of Nulear Physis,M.V. Lomonosov Mosow State University,119992 Mosow, RussiaAbstratWe present alulations of the beauty photoprodution at HERA ollider in the frame-work of the kT -fatorization approah. Both diret and resolved photon ontributions aretaken into aount. The unintegrated gluon densities in a proton and in a photon are ob-tained from the full CCFM, from uni�ed BFKL-DGLAP evolution equations as well as fromthe Kimber-Martin-Ryskin presription. We investigate di�erent prodution rates (both in-lusive and assoiated with hadroni jets) and ompare our theoretial preditions with thereent experimental data taken by the H1 and ZEUS ollaborations. Speial attention is puton the xobs variable whih is sensitive to the relative ontributions to the beauty produtionross setion.1 IntrodutionThe beauty prodution at high energies is a subjet of intensive study from both theo-retial and experimental points of view. First measurements [1℄ of the b-quark ross setionsat HERA were signi�antly higher than QCD preditions alulated at next-to-leading or-der (NLO). Similar observations were made in hadron-hadron ollisions at Tevatron [2℄ andalso in photon-photon interations at LEP2 [3℄. In last ase, the theoretial NLO QCDpreditions are more than three standard deviations below the experimental data. At Teva-tron, reent analisys indiates that the overall desription of the data an be improved [4℄by adopting the non-perturbative fragmentation funtion of the b-quark into the B-meson:an appropriate treatment of the b-quark fragmentation properties onsiderably redues the1



disagreement between measured beauty ross setion and the orresponding NLO QCD al-ulations. Reently H1 and ZEUS ollaborations have reported important data [5{7℄ onthe beauty photoprodution (both inlusive and assoiated with hadroni jets) in eletron-proton ollisions at HERA whih refer to small values of the Bjorken saling variable x.These data are in a reasonable agreement with NLO QCD preditions or somewhat higher.Some disagreement is observed [7℄ mainly at small deay muon and/or assoiated jet trans-verse momenta. But the large exess of the �rst measurements over NLO QCD, reported [1℄by the H1 ollaboration, is not on�rmed. In the present paper to analyze the H1 and ZEUSdata we will apply the so-alled kT -fatorization [8, 9℄ (or semi-hard [10, 11℄) approah ofQCD sine the beauty prodution at HERA is dominated by the photon-gluon or gluon-gluon fusion (diret and resolved photon ontributions, respetively) and therefore sensitiveto the gluon densities in a proton and in a photon at small values of x.The kT -fatorization approah is based on the Balitsky-Fadin-Kuraev-Lipatov(BFKL) [12℄ or Ciafaloni-Catani-Fiorani-Marhesini (CCFM) [13℄ gluon evolution whih arevalid at small x sine here large logarithmi terms proportional to ln 1=x are summed up toall orders of perturbation theory (in the leading logarithmi approximation). It is in ontrastwith the popular Dokshitzer-Gribov-Lipatov-Altarelli-Parizi (DGLAP) [14℄ strategy whereonly large logarithmi terms proportional to ln�2 are taken into aount. The basi dynam-ial quantity of the kT -fatorization approah is the so-alled unintegrated (kT -dependent)gluon distribution A(x;k2T ; �2) whih determines the probability to �nd a gluon arrying thelongitudinal momentum fration x and the transverse momentum kT at the probing sale�2. The unintegrated gluon distribution an be obtained from the analytial or numerialsolution of the BFKL or CCFM evolution equations. Similar to DGLAP, to alulate theross setions of any physial proess the unintegrated gluon density A(x;k2T ; �2) has to beonvoluted [8{11℄ with the relevant partoni ross setion �̂. But as the virtualities of thepropagating gluons are no longer ordered, the partoni ross setion has to be taken o� massshell (kT -dependent). It is in lear ontrast with the DGLAP sheme (so-alled ollinearfatorization). Sine gluons in initial state are not on-shell and are haraterized by vir-tual masses (proportional to their transverse momentum), it also assumes a modi�ation oftheir polarization density matrix [10, 11℄. In partiular, the polarization vetor of a gluon isno longer purely transversal, but aquires an admixture of longitudinal and time-like om-ponents. Other important properties of the kT -fatorization formalism are the additionalontribution to the ross setions due to the integration over the k2T region above �2 and thebroadening of the transverse momentum distributions due to extra transverse momentum ofthe olliding partons.Some appliations of the kT -fatorization approah supplemented with the BFKL andCCFM evolution to the b-quark prodution at high energies were disussed in [15{26℄. Itwas shown [17{21℄ that the beauty ross setion at Tevatron an be onsistently desribedin the framework of this approah. However, a substantial disrepany between theory andexperiment is still found [22{25℄ for the b-quark prodution in  ollisions at LEP2, notbeing ured by the kT -fatorization1. At HERA, the inlusive beauty photoprodution hasbeen investigated [18, 22, 26℄ and omparisons with the �rst H1 measurements [1℄ have beendone. It was onluded that the kT -fatorization approah provide a reasonable desription1Some disussions of this problem may be found in [22, 24℄.2



of the data within the large theoretial and experimental unertainties. In [18, 26℄ the Monte-Carlo generator Casade [27℄ has been used to predit the ross setion of the b-quark anddijet assoiated photoprodution. However, all alulations [18, 22, 26℄ deal with the totalross setions only. A number of important di�erential ross setions (suh as transversemomentum and pseudo-rapidity distributions) has not been onsidered and omparisonswith the reent H1 and ZEUS measurements [5{7℄ have not been made.In the present paper we will study the beauty prodution at HERA in more detail. Weinvestigate a number of di�erent photoprodution rates (in partiular, the transverse mo-mentum and pseudo-rapidity distributions of muons whih originate from the semi-leptonideays of b-quarks) and make omparisons with the reent H1 and ZEUS data [5{7℄. Bothdiret (g ! b�b) and resolved photon ontributions (gg ! b�b) will be taken into aount2.Our analysis overs also both inlusive and dijet assoiated b-quark prodution. In last asespeial attention will be put on the xobs variable sine this quantity is sensitive to the relativeontributions to the ross setion from di�erent prodution mehanisms. One of the purposesof this paper is to investigate the spei� kT -fatorization e�ets in the b-quark produtionat HERA. In the numerial analysis we test the unintegrated gluon distributions whih areobtained from the full CCFM, uni�ed BFKL-DGLAP [31℄ evolution equations and from theonventional parton densities (using the Kimber-Martin-Ryskin presription [32℄). We wouldlike to note that this study is the ontinuation of our previous investigations [24, 30℄ wherewe have disussed, in partiular, the harm prodution at LEP2 [24℄ and HERA [30℄.The outline of our paper is following. In Setion 2 we reall the basi formulas of thekT -fatorization approah with a brief review of alulation steps. In Setion 3 we presentthe numerial results of our alulations and a diussion. Finally, in Setion 4, we give someonlusions.2 Basi formulas2.1 KinematisWe start from the gluon-gluon fusion subproess. Let pe and pp be the four-momenta ofthe initial eletron and proton, k1 and k2 the four-momenta of the inoming o�-shell gluons,and pb and p�b the four-momenta of the produed beauty quarks. In our analysis below wewill use the Sudakov deomposition, whih has the following form:pb = �1pe + �1pp + pb T ; p�b = �2pe + �2pp + p�b T ;k1 = x1pe + k1T ; k2 = x2pp + k2T ; (1)where k1T , k2T , pb T and p�b T are the transverse four-momenta of the orresponding partiles.It is important that k21T = �k21T 6= 0 and k22T = �k22T 6= 0. If we make replaement k1 ! peand set x1 = 1 and k1T = 0, then we easily obtain more simpler formulas orresponding tophoton-gluon fusion subproess. In the ep enter-of-mass frame we an writepe = ps=2(1; 0; 0; 1); pp = ps=2(1; 0; 0;�1); (2)2The b-quark exitation proesses bg ! bg are automatially inluded in the kT -fatorization approah,as it was demonstrated in [28{30℄. 3



where s = (pe + pp)2 is the total energy of the proess under onsideration and we negletthe masses of the inoming partiles. The Sudakov variables are expressed as follows:�1 = mb Tps exp(yb); �2 = m�b Tps exp(y�b);�1 = mbTps exp(�yb); �2 = m�bTps exp(�y�b); (3)where mbT and m�b T are the transverse masses of the produed quarks, and yb and y�b aretheir rapidities (in the ep enter-of-mass frame). From the onservation laws we an easilyobtain the following onditions:x1 = �1 + �2; x2 = �1 + �2; k1T + k2T = pb T + p�b T : (4)The variable xobs is often used in the analysis of the data whih ontain the dijet samples.This variable, whih is the fration of the photon momentum ontributing to the produtionof two hadroni jets with transverse energies Ejet1T and Ejet2T , experimentally is de�ned [6, 7℄as xobs = Ejet1T e��jet1 + Ejet2T e��jet22yEe ; (5)where yEe is the initial photon energy and �jeti are the pseudo-rapidities of these jets. Thepseudo-rapidities �jeti are de�ned as �jeti = � ln tan(�jeti=2), where �jeti are the polar anglesof the jets with respet to the proton beam. Note that the seletion of xobs > 0:75 andxobs < 0:75 yields samples enrihed in diret and resolved photon proesses, respetively.2.2 Cross setion for beauty photoprodutionThe main formulas for the total and di�erential beauty prodution ross setions wereobtained in our previous papers [19, 24℄. Here we reall some of them. In general ase, theross setion � aording to kT -fatorization theorem an be written as a onvolution� = �0 Z dzz dk2T C(x=z;k2T ; �2)A(x;k2T ; �2); (6)where C(x;k2T ; �2) is the oeÆient funtion orresponding to relevant partoni subproessunder onsideration. So, the diret photon ontribution to the di�erential ross setion ofp! b�b+X proess is given byd�(dir)(p! b�b+X)dyb dp2b T = Z j �Mj2(g� ! b�b)16�(x2s)2(1 � �1)A(x2;k22T ; �2)dk22T d�22� d�b2� ; (7)where j �Mj2(g� ! b�b) is the squared o�-shell matrix element whih depends on the trans-verse momentum k22T , �2 and �b are the azimuthal angles of the initial virtual gluon andthe produed quark, respetively. The formula for the resolved photon ontribution an beobtained by the similar way. But one should keep in mind that onvolution in (6) should4



be made also with the unintegrated gluon distribution A(x;k2T ; �2) in a photon. The �nalexpression for the di�erential ross setion has the formd�(res)(p ! b�b+X)dyb dp2b T = Z j �Mj2(g�g� ! b�b)16�(x1x2s)2 ��A(x1;k21T ; �2)A(x2;k22T ; �2)dk21Tdk22Tdy�bd�12� d�22� d�b2� ; (8)where �1 is the azimuthal angle of the initial virtual gluon having fration x1 of a ini-tial photon longitudinal momentum. It is important that squared o�-shell matrix elementj �Mj2(g�g� ! b�b) depends on the both transverse momenta k21T and k22T . The analyti ex-pressions for the j �Mj2(g� ! b�b) and j �Mj2(g�g� ! b�b) have been evaluated in our previouspapers [19, 24℄. Note that if we average (7) and (8) over k1T and k2T and take the limitk21T ! 0 and k22T ! 0, then we obtain well-known formulas orresponding to the leading-order (LO) QCD alulations.The reent experimental data [5{7℄ taken by the H1 and ZEUS ollaborations refer tothe b-quark photoprodution in ep ollisions, where eletron is sattered at small angle andthe mediating photon is almost real (Q2 � 0). Therefore p ross setions (7) and (8) needsto be weighted with the photon ux in the eletron:d�(ep! b�b+X) = Z f=e(y)dy d�(p! b�b+X); (9)where y is a fration of the initial eletron energy taken by the photon in the laboratoryframe, and we use the Weizaker-Williams approximation for the bremsstrahlung photondistribution from an eletron:f=e(y) = �em2�  1 + (1 � y)2y ln Q2maxQ2min + 2m2ey  1Q2max � 1Q2min!! : (10)Here �em is Sommerfeld's �ne struture onstant, me is the eletron mass, Q2min = m2ey2=(1�y)2 and Q2max = 1GeV2, whih is a typial value for the reent photoprodution measure-ments at HERA.The multidimensional integration in (7), (8) and (9) has been performed by means ofthe Monte Carlo tehnique, using the routine Vegas [33℄. The full C++ ode is availablefrom the authors on request3. This ode is pratially idential to that used in [30℄, withexeption that now we apply it to alulate beauty prodution instead harm.3 Numerial resultsWe now are in a position to present our numerial results. First we desribe our theoret-ial input and the kinematial onditions.3lipatov�theory.sinp.msu.ru 5



3.1 Theoretial unertaintiesThere are several parameters whih determined the normalization fator of the rosssetions (7) and (8): the beauty mass mb, the fatorization and normalisation sales �Fand �R and the unintegrated gluon distributions in a proton A(x;k2T ; �2) and in a photonA(x;k2T ; �2).Conerning the unintegrated gluon densities in a proton, in the numerial alulationswe used �ve di�erent sets of them, namely the J2003 (set 1 | 3) [21℄, KMS [31℄ andKMR [32℄. All these distributions are widely disussed in the literature (see, for example,review [34, 35℄ for more information). Here we only shortly disuss their harateristiproperties. First, three sets of the J2003 gluon density have been obtained [21℄ from thenumerial solution of the full CCFM equation. The input parameters were �tted to desribethe proton struture funtion F2(x;Q2). Note that the J2003 set 1 and J2003 set 3 densitiesontain only singular terms in the CCFM splitting funtion Pgg(z). The J2003 set 2 gluondensity takes into aount the additional non-singlular terms4. These distributions havebeen applied in the analysis of the forward jet prodution at HERA and harm and bottomprodution at Tevatron [21℄ (in the framework of Monte-Carlo generator Casade) andhave been used also in our alulations [30℄.Another set (the KMS) [31℄ was obtained from a uni�ed BFKL-DGLAP desriptionof F2(x;Q2) data and inludes the so-alled onsisteny onstraint [36℄. The onsistenyonstraint introdues a large orretion to the LO BFKL equation. It was argued [37℄ thatabout 70% of the full NLO orretions to the BFKL exponent � are e�etively inluded inthis onstraint. The KMS gluon density is suessful in desription of the beauty produtionat Tevatron [17, 19℄ and J= meson photo- and leptoprodution at HERA [38, 39℄.The last, �fth unintegrated gluon distribution A(x;k2T ; �2) used here (the so-alled KMRdistribution) is the one whih was originally proposed in [32℄. The KMR approah is theformalism to onstrut unintegrated gluon distribution from the known onventional parton(quark and gluon) densities. It aounts for the angular-ordering (whih omes from theoherene e�ets in gluon emission) as well as the main part of the ollinear higher-orderQCD orretions. The key observation here is that the � dependene of the unintegratedparton distribution enters at the last step of the evolution, and therefore single sale evolutionequations (DGLAP or uni�ed BFKL-DGLAP) an be used up to this step. Also it wasshown [32℄ that the unintegrated distributions obtained via uni�ed BFKL-DGLAP evolutionare rather similar to those based on the pure DGLAP equations. It is beause the impositionof the angular ordering onstraint is more important [32℄ than inluding the BFKL e�ets.Based on this point, in our further alulations we use muh more simpler DGLAP equationup to the last evolution step5. Note that the KMR parton densities in a proton were used,in partiular, to desribe the prompt photon photo- and hadroprodution at HERA [41℄ andTevatron [42, 43℄.In the ase of a real photon, we have tested two di�erent sets of the unintegrated gluondensities A(x;k2T ; �2). First of them was obtained [23℄ from the numerial solution of thefull CCFM equation (whih has been also formulated for the photon). Here we will use thisgluon density together with the three sets of the J2003 distribution when alulating the4See Ref. [21℄ for more details.5We have used the standard GRV (LO) parametrizations [40℄ of the ollinear quark and gluon densities.6



resolved photon ontribution (8). Also in order to obtain the unintegrated gluon density ina photon we will apply the KMR method to the standard GRV parton distributions [40℄. Inthe numerial alulations we will use it together with the KMR distributions in a proton.Note that both gluon densities A(x;k2T ; �2) disussed here have been already applied in theanalysis of the heavy (harm and beauty) quark [22{25℄ and J= meson [24, 25℄ produtionin  ollisions at LEP2.We would like to point out that at present there is not the unintegrated gluon distributionorresponding to the uni�ed BFKL-DGLAP evolution in a photon. Therefore we will nottake into aount the resolved photon ontribution (8) in the ase of KMS gluon.Also the signi�ant theoretial unertainties in our results onnet with the hoie of thefatorization and renormalization sales. First of them is related to the evolution of the gluondistributions, the other is responsible for the strong oupling onstant �s(�2R). The optimalvalues of these sales are suh that the ontribution of higher orders in the perturbativeexpansion is minimal. As it often done [11, 15{26, 44℄ for beauty prodution, we hoosethe renormalization and fatorization sales to be equal: �R = �F = � = qm2b + hp2T i,where hp2T i is set to the average p2T of the beauty quark and antiquark6. Note that in thepresent paper we onentrate mostly on the non-ollinear gluon evolution in the proton anddo not study the sale dependene of our results. To ompleteness, we take the b-quark massmb = 4:75 GeV and use LO formula for the oupling onstant �s(�2) with nf = 4 ativequark avours at �QCD = 200 MeV, suh that �s(M2Z) = 0:1232.3.2 Inlusive beauty photoprodutionThe reent experimental data [5{7℄ for the inlusive beauty photoprodution at HERAomes from both the H1 and ZEUS ollaborations. The b-quark total ross setion forpT > pminT as well as the beauty transverse momentum distribution have been determined.The ZEUS data [5, 6℄ refer to the kinematial region7 de�ned by j�bj < 2 and Q2 < 1 GeV2,where �b is the beauty pseudo-rapidity. The fration y of the eletron energy transferred tothe photon is restrited to the range 0:2 < y < 0:8.In Figs. 1 and 2 we show our preditions in omparison to the ZEUS data [5, 6℄. Thesolid, dashed, dash-dotted, dotted and short dash-dotted urves orrespond to the resultsobtained with the J2003 set 1 | 3, KMR and KMS unintegrated gluon densities, respe-tively. One an see that overall agreement between our preditions and experimental data isa very good. All three sets of the J2003 distribution as well as the KMS gluon density giveresults whih are rather lose to eah other (exept large pbT region where the KMS densitypredits more hard behaviour). We �nd also a some enhanement of the estimated rosssetions as ompared with the ollinear NLO QCD alulations whih lie somewhat belowthe measurements but still agree with the data within the sale unertainties. This enhane-ment omes, in partiular, from the non-zero transverse momentum of the inoming o�-shellgluons. Note that the KMR gluon distribution gives results whih lie below the ZEUS dataand whih are very similar to the NLO QCD preditions. This observation oinides with6We use speial hoie �2 = k2T in the ase of KMS gluon, as it was originally proposed in [31℄.7Here and in the following all kinemati quantities are given in the laboratory frame where positive OZaxis diretion is given by the proton beam. 7



Soure �(ep! e0b�b+X) [nb℄H1 measurement [1℄ 14:8 � 1:3 (stat.) +3:3�2:8 (sys.)Casade [26℄ 5:2+1:1�0:9J2003 set 1 6.78J2003 set 2 6.62J2003 set 3 7.16KMR 3.91KMS 7.57Table 1: The total ross setion of the inlusive beauty photoprodution in eletron-protonollisions at Q2 < 1 GeV2.the ones [41℄. Suh underestimation an be explained by the fat that leading logarithmiterms proprtional to ln 1=x are not inluded into the KMR formalism.Also the total inlusive beauty ross setion �(ep! eb�b+X) has been measured [1℄ bythe H1 ollaboration and it was found to be equal to 14:8 � 1:3 (stat.) +3:3�2:8 (sys.) nb forQ2 < 1 GeV2. The ollinear NLO QCD alulations predit a ross setion whih is about afator of 4 below the H1 measurements [1℄. The results of our alulations supplemented withthe di�erent unintegrated gluon densities are olleted in Table 1. Also the preditions of theMonte-Carlo generator Casade [26℄ are shown for omparison. One an see that earlierH1 data [1℄ exeed our theoretial estimations by a fator about 2. However, reent analysiswhih has been performed in [6, 7℄ does not on�rm the results of the �rst measurements [1℄.So, the ross setion for muon oming from b deays in dijet photoprodution events wasfound [7℄ to be signi�antly lower than one reported in [1℄. Therefore we an expet that theinlusive b-quark ross setion (whih an be obtained after extrapolation of dijet and muonross setion to the full phase spae) will be redued and agreement with our preditionswill be signi�antly improved.In general, we an onlude that the ross setions of inlusive beauty photoprodu-tion alulated in the kT -fatorization formalism (supplemented with the CCFM or uni�edBFKL-DGLAP evolution) are larger by 30 � 40% than ones alulated at NLO level ofollinear QCD. Our results for the total and di�erential ross setions are in a better agree-ment with the H1 and ZEUS data than the NLO QCD preditions. We �nd also that theindividual ontributions from the photon-gluon and gluon-gluon fusion to the inlusive b-quark ross setion in the kT -fatorization approah is about 85 and 15%, respetively. Thisis in agreement with the results presented in [22℄ where the KMR and GBW unintegratedgluon densities has been used.3.3 Dijet assoiated beauty photoprodutionNow we demonstrate how the kT -fatorization approah an be used to alulate thesemi-inlusive beauty photoprodution rates. The basi photon-gluon or gluon-gluon fusionsubproesses give rise to two high-energy b-quarks, whih an further evolve into hadronjets. In our alulations the produed quarks (with their known kinematial parameters)were taken to play the role of the �nal jets. These two quarks are aompanied by a number8



of gluons radiated in the ourse of the gluon evolution. As it has been noted in [28℄, on theaverage the gluon transverse momentum dereases from the hard interation blok towardsthe proton. We assume that the gluon emitted in the last evolution step and having thefour-momenta k0 ompensates the whole transverse momentum of the gluon partiipating inthe hard subproess, i.e. k0T ' �kT . All the other emitted gluons are olleted togetherin the proton remnant, whih is assumed8 to arry only a negligible transverse momentumompared to k0T . This gluon gives rise to a �nal hadron jet with EjetT = jk0T j in addition tothe jet produed in the hard subproess. From these three hadron jets we hoose the twoones arrying the largest transverse energies, and then ompute the beauty and assoiateddijet photoprodution rates.The reent experimental data [6, 7℄ on the beauty and assoiated dijet prodution atHERA ome from both H1 and ZEUS ollaborations. The ZEUS data [6℄ refer to thekinematial region de�ned by 0:2 < y < 0:8, Q2 < 1 GeV2 and given for jets with pjet1T >7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. The measured ross setions have been presented formuons oming from semileptoni b deays in dijet events with p�T > 2:5 GeV and �1:6 <�� < 2:3. The more reent H1 data [7℄ refer to the same kinematial region exept anothermuon pseudo-rapidity requirement: �0:55 < �� < 1:1. To produe muons from b-quarksin our theoretial alulations, we �rst onvert b-quarks into B-hadrons using the Petersonfragmentation funtion [45℄ and then simulate their semileptoni deay aording to thestandard eletroweak theory9. Our default set of the fragmentation parameter is �b = 0:0035.So, the transverse momentum and pseudo-rapidity distributions of the b-quark deaymuon for di�erent kinematial region are shown in Figs. 3 | 6 in omparison to the HERAdata. One an see that alulated ross setions (using the J2003 and KMS unintegratedgluon densities) agree very well with the experimental data exept the low p�T region (p�T <3 GeV) in Fig. 4. Note, however, that the behaviour of measured ross setions in thisregion is very di�erent from eah other in the H1 and ZEUS data. The p�T distributionmeasured [7℄ by the H1 ollaboration falls steeply with inreasing transverse momentump�T . The similar situation is observed also for the ross setion measured as a funtion ofthe transverse momentum of leading jet pjetT (see Fig. 7). Our alulations give a less steepbehaviour and are lower than the H1 data in the lowest momentum bin by a fator of 2.5.But at higher transverse momenta p�T better agreement is obtained. Note that in the ase ofpjetT distribution the disrepany at low pjetT is smaller, is about 1.5 times only. In ontrast,a good desription of the ZEUS data [6℄ (both in normalization and shape) for all values ofp�T is observed (see Fig. 3). Therefore there is some inonsisteny between the data.Also the ZEUS ollaboration have presented the data on the transverse momentum andpseudo-rapidity distributions of the jets assoiated with the muon (so-alled �-jet) or B-hadron (b-jet). These jets reprodue the kinemati of the b (or �b) quark in a good ap-proximation. The �-jet is de�ned as the jet ontaining the B-hadron that deays into themuon. Similarly, the b-jet is de�ned as the jet ontaining the B (or �B) hadron. In Figs. 8| 11 we show our preditions for the transverse momentum and pseudo-rapidity distribu-tions of the �-jet and b-jet in omparison to the ZEUS measurements [6℄. One an see that8Note that suh assumption is also used in the KMR formalism.9Of ourse, the muon transverse momenta spetra are sensitive to the fragmentation funtions. However,this dependene is expeted to be small as ompared with the unertainties oming from the unintegratedgluon densities in a proton and in a photon. 9



J2003 and KMS gluon densities give results whih agree well with the data, although slightlyoverestimate the data at low p��jetT (see Fig. 8).We would like to note that the KMS gluon provides a more hard transverse momentumdistribution of the �nal muon (or jets) as ompared with other unintegrated densities underonsideration. Similar e�et we have observed in the ase of the inlusive beauty photopro-dution (in a previous setion). Another interesting observation is that the dotted urveswhih obtained using the KMR unintegrated gluon lie below the H1 and ZEUS data every-where. This fat on�rms the assumption whih was made in [41℄ that the KMR formalismresults in some underestimation of the alulated ross setions. Also it is interesting thatthe di�erene in normalization between the KMS and J2003 preditions is rather small, isabout 20% only. However, it is in the ontrast with the D� and dijet assoiated photoprodu-tion at HERA whih has been investigated in our previous paper [30℄, where we have founda relative large enhanement of the ross setions alulated using the KMS gluon density.The possible explanation of this fat is that the large b-quark or J= meson mass (whihprovide a hard sale) make preditions of the perturbation theory of QCD more appliable.Next we onentrate on the very interesting subjet of study whih is onneted withthe individual ontributions from the diret and resolved photon mehanisms to the rosssetion in the kT -fatorization approah. As it was already mentioned above, the xobs variable(whih orresponds at leading order to the fration of the exhanged photon momentum inthe hard sattering proess) provides a tool to investigate the relative importane of di�erentontributions. In LO approximation, diret photon events at parton level have xobs � 1,while the resolved photon events populate the low values of xobs . The same situation isobserved in a NLO alulations, beause in the three parton �nal state any of these partonsare allowed to take any kinematially aessible value. In the kT -fatorization formalism thehardest transverse momentum parton emission an be anywhere in the evolution hain, anddoes not need to be losest to the photon as required by the strong �2 ordering in DGLAP.Thus, if the two hardest jets are produed by the b�b pair, then xobs is lose to unity, but if agluon from the initial asade and one of the �nal b-quarks form the two hardest transversemomentum jets, then xobs < 1. This statement is learly demonstrated in Fig. 12 whereseparately shown the ontributions from the photon-gluon (dashed urve) and gluon-gluonfusion (dash-dotted urve) subproesses. The solid urve represents the sum of both theseontributions. We have used here the KMR unintegrated gluon density for illustration. Asit was expeted, the gluon-gluon fusion events (with a gluon oming from the photon) aredistributed over the whole xobs range. It is lear that these events play important role atsmall values of xobs . Next, in agreement with the expetation for diret photon proesses, thepeak at high values of the xobs is observed. However, one an see that o�-shell photon-gluonfusion results also in substantial tail at small values of xobs . The existene of this plateauin the ollinear approximation of QCD usually is attributted to the heavy quark exitationfrom resolved photon. In the kT -fatorization approah suh plateau indiates the fat thatthe gluon radiated from evolution asade appears to be harder than b-quarks (produed inhard parton interation) in a signi�ant fration of events [28{30℄.In Fig. 13 and 14 we onfront the xobs distributions alulated in di�erent kinematialregions with the HERA data [6, 7℄. One an see that the J2003 and KMR unintegratedgluon densities give a reasonable desription of the data but tend to slightly underestimatethem at middle and low xobs . In the ase of KMS gluon this disrepany is more signi�ant10



Soure �(ep! eb�b+X ! ejj�+X 0) [pb℄H1 measurement [7℄ 38:4 � 3:4 (stat.) � 5:4 (sys.)NLO QCD (FMNR) [44℄ 23:8+7:4�5:1Casade (J2003 set 2) 22.6Pythia [46℄ 20.9J2003 set 1 28.37J2003 set 2 27.33J2003 set 3 29.25KMR 17.43KMS 33.87KMS (mb = 4:5 GeV, �QCD = 250 MeV) 38.84Table 2: The total ross setion of the beauty and assoiated dijet photoprodution obtainedin the kinemati range �0:55 < �� < 1:1, p�T > 2:5 GeV, Q2 < 1 GeV2, 0:2 < y < 0:8,pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5.sine the ontribution from the gluon-gluon fusion subproess are not taken into aounthere. The Monte-Carlo generator Casade [27℄ (whih generates low xobs events via initialstate gluon radiation without using a gluon density in a photon) also underestimate [7℄ theross setions at low xobs . Note that the shapes of xobs distributions predited by the J2003and KMR densities di�ers from eah other. This fat is onneted with di�erent propertiesof orresponding unintegrated gluon distributions in a proton and in a photon. In general,from Fig. 12 | 14 we an onlude that the gluon-gluon fusion ontribution is important indesription of the experimental data and that the behaviour of alulated xobs distributionsat low values of xobs is strongly depends on the unintegrated gluon densities used. However,our alulations still reasonable agree with the H1 and ZEUS data within the theoretialand experimental unertainties.Now we turn to the total ross setion of b-quark and assoiated dijet photoprodution.The ZEUS ollaboration has presented [6℄ the results for forward, barrel and rear muon-hambers regions whih de�ned by�1:6 < �� < �0:9, p�T > 2:5 GeV (rear), �0:9 < �� < 1:3,p�T > 2:5 GeV (barrel) and 1:48 < �� < 2:3, p�T > 2:5 GeV, p� > 4 GeV (forward). In Fig. 15we display the results of our alulations in omparison to the reent ZEUS data. One ansee that our preditions (supplemented with the J2003 and KMS gluon densities) agree wellwith the measurements in the barrel region but underestimate the data in rear and forwardones. The main disrepany is found in forward kinematial region where our preditionsare below the data by a fator of 1.5. In Table 2 we ompare the alulated ross setionwith the H1 data [7℄ whih has been obtained in another kinematial region (de�ned above).The preditions of Monte-Carlo programs Pythia [46℄, Casade [27℄ as well as NLO QCDalulations (FMNR) [44℄ are also shown for omparison. Note that these results are in a goodagreement with eah other but are about 1.5 standard deviations below [7℄ the data. Ourpreditions are somewhat higher but still lie below the data, too. However, this disrepanyis not dramati, beause some reasonable variations in beauty mass mb, energy sale �2 or�QCD parameter, namely 4:5 < mb < 5 GeV, �20=2 < �2 < 2�20 (where �0 is the transversemass of produed b-quark) and 150 < �QCD < 250 MeV, an ompletely eliminate the visible11



disagreement. To be preise, we have repeated our alulations using the KMS gluon densitywith the mb = 4:5 GeV and �QCD = 250 MeV. We obtained the value � = 38:84 pb whihis lose to the experimental data point � = 38:4 � 3:4� 5:4 pb.Finally, we would like to note that in aording to the analysis [6, 7℄ whih was done bythe H1 and ZEUS ollaborations, in order to obtain a realisti omparison of the data andNLO QCD alulations the orretions for hadronisation should be taken into aount in thepreditions. The orretion fators are typially 0:8 � 1:1 depending on a bin [6, 7℄. Thesefators are not aounted for in our analysis.4 ConlusionsWe have investigated the beauty prodution in eletron-proton ollisions at HERA in thekT -fatorization QCD approah. The di�erent photoprodution rates (both inlusive andassoiated with hadroni jets) have been studied. We took into aount both the diret andresolved photon ontribution. In numerial analysis we have used the unintegrated gluondensities whih are obtained from the full CCFM, from uni�ed BFKL-DGLAP evolutionequations (KMS) as well as from the Kimber-Martin-Ryskin presription. Our investiga-tions were based on LO o�-mass shell matrix elements for the photon-gluon and gluon-gluonfusion subproesses. Speial attention has been drawn to the xobs variable sine this quantityis sensitive to relative ontributions to the ross setion from the di�erent prodution meh-anisms. We demonstrate the importane of gluon-gluon fusion subproess in desription ofthe experimental data at low values of xobs .We have shown that the kT -fatorization approah supplemented with the CCFM orBFKL-DGLAP evolved unintegrated gluon distributions (the J2003 or KMS densities) re-produes well the numerous HERA data on beauty prodution. At the same time we haveobtained that the Kimber-Martin-Ryskin formalism results in some underestimation of theross setions. This shows the importane of a detail understanding of the non-ollinearparton evolution proess.5 AknowledgementsThe authors are very grateful to S.P. Baranov for enouraging interest and very helpfuldisussions, L.K. Gladilin for reading of the manusript and very useful remarks. Thisresearh was supported in part by the FASI of Russian Federation (grant NS-1685.2003.2).Referenes[1℄ C. Adlo� et al. (H1 Collaboration), Phys. Lett. B 467, 156 (1999); Erratum: ibid B518, 331 (2001).[2℄ F. Abe et al. (CDF Collaboration), Phys. Rev. D 55, 2546 (1997);D. Aosta et al. (CDF Collaboration), Phys. Rev. D 65, 052002 (2002);S. Abahi et al. (D0 Collaboration), Phys. Lett. B 487, 264 (2000).12
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Figure 1: The inlusive beauty ross setion as a funtion of pminT alulated at j�bj < 2, Q2 <1 GeV2 and 0:2 < y < 0:8. The solid, dashed, dash-dotted, dotted and short dash-dottedurves orrespond to the J2003 set 1 | 3, KMR and KMS unintegrated gluon distributions,respetively. The experimental data are from ZEUS [5℄.15



Figure 2: The di�erential ross setion d�=dpbT for the inlusive beauty prodution alulatedat j�bj < 2, Q2 < 1 GeV2 and 0:2 < y < 0:8. All urves are the same as in Fig. 1. Theexperimental data are from ZEUS [5, 6℄. 16



Figure 3: The di�erential ross setion d�=dp�T for dijets with an assoiated muon omingfrom b deays in the kinemati range �1:6 < �� < 2:3, Q2 < 1 GeV2, 0:2 < y < 0:8,pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as in Fig. 1. Theexperimental data are from ZEUS [6℄. 17



Figure 4: The di�erential ross setion d�=dp�T for dijets with an assoiated muon omingfrom b deays in the kinemati range �0:55 < �� < 1:1, Q2 < 1 GeV2, 0:2 < y < 0:8,pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as in Fig. 1. Theexperimental data are from H1 [7℄. 18



Figure 5: The di�erential ross setion d�=d�� for dijets with an assoiated muon omingfrom b deays in the kinemati range p�T > 2:5 GeV, Q2 < 1 GeV2, 0:2 < y < 0:8, pjet1T >7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as in Fig. 1. The experimentaldata are from ZEUS [6℄. 19



Figure 6: The di�erential ross setion d�=d�� for dijets with an assoiated muon omingfrom b deays in the kinemati range p�T > 2:5 GeV, Q2 < 1 GeV2, 0:2 < y < 0:8, pjet1T >7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as in Fig. 1. The experimentaldata are from H1 [7℄. 20



Figure 7: The leading jet transverse momentum distribution d�=dpjetT for dijets with anassoiated muon oming from b deays in the kinemati range �0:55 < �� < 1:1, Q2 <1 GeV2, 0:2 < y < 0:8, pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves here are thesame as in Fig. 1. The experimental data are from H1 [7℄.21



Figure 8: The transverse momentum distribution of the jet assoiated to the muon omingfrom b deays in the kinemati range �0:55 < �� < 1:1, p�T > 2:5 GeV, Q2 < 1 GeV2,0:2 < y < 0:8 and j���jetj < 2:5. All urves are the same as in Fig. 1. The experimentaldata are from ZEUS [6℄. 22



Figure 9: The pseudo-rapidity distribution of the jet assoiated to the muon oming from bdeays in the kinemati range �0:55 < �� < 1:1, p�T > 2:5 GeV, Q2 < 1 GeV2, 0:2 < y < 0:8and p��jetT > 6 GeV. All urves are the same as in Fig. 1. The experimental data are fromZEUS [6℄. 23



Figure 10: The transverse momentum distribution of the jet ontaining a B-hadron in thekinemati range �0:55 < �� < 1:1, p�T > 2:5 GeV, Q2 < 1 GeV2, 0:2 < y < 0:8 andj�b�jetj < 2:5. All urves are the same as in Fig. 1. The experimental data are fromZEUS [6℄. 24



Figure 11: The pseudo-rapidity distribution of the jet ontaining a B-hadron in the kinematirange �0:55 < �� < 1:1, p�T > 2:5 GeV, Q2 < 1 GeV2, 0:2 < y < 0:8 and j�b�jetj < 2:5. Allurves are the same as in Fig. 1. The experimental data are from ZEUS [6℄.25



Figure 12: The di�erential ross setion d�=dxobs for dijets with an assoiated muon omingfrom b deays in the kinemati range �1:6 < �� < 2:3, p�T > 2:5 GeV, Q2 < 1 GeV2,0:2 < y < 0:8, pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. Separately shown theontributions from the photon-gluon (dashed urve) and gluon-gluon fusion (dash-dottedurve). Solid urve represents the sum of both these ontributions. The KMR unintegratedgluon densities in a proton and in a photon has been used.26



Figure 13: The di�erential ross setion d�=dxobs for dijets with an assoiated muon omingfrom b deays in the kinemati range �1:6 < �� < 2:3, p�T > 2:5 GeV, Q2 < 1 GeV2,0:2 < y < 0:8, pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as inFig. 1. The experimental data are from ZEUS [6℄.27



Figure 14: The di�erential ross setion d�=dxobs for dijets with an assoiated muon omingfrom b deays in the kinemati range �0:55 < �� < 1:1, p�T > 2:5 GeV, Q2 < 1 GeV2,0:2 < y < 0:8, pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as inFig. 1. The experimental data are from H1 [7℄.28



Figure 15: The ross setion for muon oming from b deays in dijet events alulated in therear, barrel and forward kinematial regions (see text). The uts are applied: Q2 < 1 GeV2,0:2 < y < 0:8, pjet1T > 7 GeV, pjet2T > 6 GeV and j�jetj < 2:5. All urves are the same as inFig. 1. The experimental data are from ZEUS [6℄.29
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