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Deep inelasti
 beauty produ
tion at HERAin the kT -fa
torization approa
hA.V. Lipatov, N.P. ZotovMar
h 2, 2006D.V. Skobeltsyn Institute of Nu
lear Physi
s,M.V. Lomonosov Mos
ow State University,119992 Mos
ow, RussiaAbstra
tWe 
al
ulate the 
ross se
tion of beauty produ
tion in ep deep inelasti
 s
attering atHERA 
ollider in the framework of the kT -fa
torization approa
h. The unintegrated gluondistributions in a proton are obtained from the full CCFM, from uni�ed BFKL-DGLAPevolution equations as well as from the Kimber-Martin-Ryskin pres
ription. We investigatedi�erent produ
tion rates and study the b-quark 
ontribution to the in
lusive proton stru
-ture fun
tion F2(x;Q2) at small x and at moderate and high values of Q2. Our theoreti
alresults are 
ompared with the re
ent experimental data taken by the H1 and ZEUS 
ollab-orations. We demonstrate the importan
e of leading ln 1=x 
ontributions in des
ription ofthe HERA data.1 Introdu
tionThe beauty produ
tion at high energies is a subje
t of intensive study from both theo-reti
al and experimental points of view [1{9℄. First measurements [1℄ of the b-quark 
rossse
tions at HERA were signi�
antly higher than the QCD predi
tions 
al
ulated at next-to-leading order (NLO) approximation. Similar observations were made in hadron-hadron
ollisions at Tevatron [2℄ and also in photon-photon intera
tions at LEP2 [3℄. In last 
ase,the theoreti
al NLO QCD predi
tions are more than three standard deviations below theexperimental data. At Tevatron, re
ent analisys indi
ates that the overall des
ription of thedata 
an be improved [10℄ by adopting the non-perturbative fragmentation fun
tion of theb-quark into the B-meson: an appropriate treatment of the b-quark fragmentation properties
onsiderably redu
es the disagreement between measured beauty 
ross se
tion and the results1



of 
orresponding NLO QCD 
al
ulations. Also latest measurements [4, 5, 9℄ of the beautyphotoprodu
tion at HERA are in a reasonable agreement with the NLO QCD predi
tionsor somewhat higher. Some disagreement is observed mainly at small de
ay muon and/orasso
iated jet transverse momenta [4, 5, 9℄. But the large ex
ess of the �rst measurementsover NLO QCD, reported by the H1 
ollaboration [1℄, is not 
on�rmed.Re
ently there have been be
ome available experimental data [6{9℄ on the b-quark produ
-tion in deep inelasti
 s
attering at HERA whi
h taken by the H1 and ZEUS 
ollaborations.The �rst measurements [6, 7℄ of the beauty 
ontribution to the in
lusive proton stru
turefun
tion F2(x;Q2) have been presented for small values of the Bjorken s
aling variable x,namely 2 � 10�4 < x < 5 � 10�3, and for moderate and high values of the photon virtualityQ2, namely 12 < Q2 < 700 GeV2. Also pro
ess e+ p ! e0 + b+ �b+X ! e0 + jet + �+X 0has been measured [8, 9℄ in the small x region with at least one jet and a de
ay muon in the�nal state and still was not des
ribed in the framework of QCD theory. Su
h pro
esses aredominated by the photon-gluon fusion subpro
ess 
� + g ! b+�b and therefore sensitive tothe gluon density in a proton xg(x; �2). It was 
laimed [8, 9℄ that the NLO QCD 
al
ulationshave some diÆ
ulties in des
ription of the re
ent HERA data. The predi
tions at low valuesof Q2, Bjorken x, muon transverse momentum and high values of jet transverse energy andmuon pseudo-rapidity is about two standard deviation below the data.In the present paper to analyze the re
ent H1 and ZEUS data [6{9℄ we use the so-
alledkT -fa
torization [11, 12℄ (or semi-hard [13, 14℄) approa
h of QCD whi
h has been appliedearlier, in parti
ular, in des
ription of the 
harm and beauty produ
tion at HERA [15{21℄,Tevatron [22{28℄ and LEP2 [19, 29, 30℄ 
olliders. The kT -fa
torization approa
h is basedon the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [31℄ or Ciafaloni-Catani-Fiorani-Mar
hesini(CCFM) [32℄ gluon evolution whi
h are valid at small x sin
e here large logarithmi
 termsproportional to ln 1=x are summed up to all orders of perturbation theory (in the leadinglogarithmi
 approximation). It is in 
ontrast with the popular Dokshitzer-Gribov-Lipatov-Altarelli-Parizi (DGLAP) [33℄ strategy where only large logarithmi
 terms proportional toln�2 are taken into a

ount. The basi
 dynami
al quantity of the kT -fa
torization approa
his the so-
alled unintegrated (kT -dependent) gluon distribution A(x;k2T ; �2) whi
h deter-mines the probability to �nd a gluon 
arrying the longitudinal momentum fra
tion x andthe transverse momentum kT at the probing s
ale �2. The unintegrated gluon distribution
an be obtained from the analyti
al or numeri
al solution of the BFKL or CCFM evolutionequations. Similar to DGLAP, to 
al
ulate the 
ross se
tions of any physi
al pro
ess the un-integrated gluon densityA(x;k2T ; �2) has to be 
onvoluted [11{14℄ with the relevant partoni

ross se
tion �̂. But as the virtualities of the propagating gluons are no longer ordered, thepartoni
 
ross se
tion has to be taken o� mass shell (kT -dependent). It is in 
lear 
ontrastwith the DGLAP s
heme (so-
alled 
ollinear fa
torization). Sin
e gluons in initial state arenot on-shell and are 
hara
terized by virtual masses (proportional to their transverse mo-mentum), it also assumes a modi�
ation of their polarization density matrix [13, 14℄. Inparti
ular, the polarization ve
tor of a gluon is no longer purely transversal, but a
quiresan admixture of longitudinal and time-like 
omponents. Other important properties of thekT -fa
torization formalism are the additional 
ontribution to the 
ross se
tions due to theintegration over the k2T region above �2 and the broadening of the transverse momentumdistributions due to extra transverse momentum of the 
olliding partons.As it was noted already, some appli
ations of the kT -fa
torization approa
h supplemented2



with the BFKL and CCFM evolution to the heavy (
harm and beauty) quark produ
tionat high energies are widely dis
ussed in the literature [15{30℄ (see also review [34, 35℄). Itwas shown [24{28℄ that the beauty 
ross se
tion at Tevatron 
an be 
onsistently des
ribedin the framework of this approa
h. However, a substantial dis
repan
y between theory andexperiment is still found [19, 29, 30℄ for the b-quark produ
tion in 

 
ollisions at LEP2,not being 
ured by the kT -fa
torization1. At HERA, the in
lusive beauty photoprodu
tionhas been investigated [16, 17, 19, 21, 25℄. In [17, 19, 25℄ 
omparisons with the �rst H1measurements [1℄ have been done. In [17, 25℄ the Monte-Carlo generator Cas
ade [36℄ hasbeen used to predi
t the 
ross se
tion of the b-quark and dijet asso
iated photoprodu
tion.However, 
al
ulations [17, 19, 25℄ deal with the total 
ross se
tions only. In our previouspaper [21℄ the total and di�erential 
ross se
tions of beauty photoprodu
tion (both in
lusiveand asso
iated with hadroni
 jets) have been 
onsidered and 
omparisons with the re
entH1 and ZEUS measurements [1, 4, 5, 9℄ have been made. It was demonstrated [21℄ thatthe kT -fa
torization approa
h supplemented with the CCFM or BFKL-DGLAP evolved un-integrated gluon distributions [28, 37℄ reprodu
es well the numerous HERA data [1, 4, 5,9℄. In the present paper we will study the beauty produ
tion in ep deep inelasti
 s
atter-ing at HERA. We investigate a number of di�erent produ
tion rates (in parti
ular, thetransverse momentum and pseudo-rapidity distributions of muons whi
h originate from thesemi-leptoni
 de
ays of b-quarks). Our study is based on leading-order (LO) o�-mass shellmatrix elements for the photon-gluon fusion subpro
ess e + g� ! e0 + b + �b. Parti
ularlywe dis
uss the photoprodu
tion limit (Q2 ! 0) of our derivation. Also we investigate thebeauty 
ontribution to the in
lusive proton stru
ture fun
tion F2(x;Q2). In the numeri
alanalysis we test the unintegrated gluon distributions whi
h were obtained [28, 37℄ from thefull CCFM, uni�ed BFKL-DGLAP evolution equations and from the 
onventional partondensities (using the Kimber-Martin-Ryskin pres
ription [38℄). We attempted a systemati

omparison of model predi
tions with the re
ent experimental data [6{9℄ taken by the H1and ZEUS 
ollaborations. One of purposes of this paper is to investigate the spe
i�
 kT -fa
torization e�e
ts in the b-quark leptoprodu
tion at HERA.The outline of our paper is following. In Se
tion 2 we re
all the basi
 formulas of thekT -fa
torization approa
h with a brief review of 
al
ulation steps. In Se
tion 3 we presentthe numeri
al results of our 
al
ulations and a dis
ussion. Finally, in Se
tion 4, we give some
on
lusions. The 
ompa
t analyti
 expressions for the o�-mass shell matrix elements of thephoton-gluon fusion subpro
ess e+ g� ! e0 + b + �b are given in Appendix. These formulasmay be useful for the subsequent appli
ations.2 Cal
ulation detailsIn this se
tion we present our analyti
 results for the 
ross se
tion of e+p! e0+b+�b+Xin DIS. We work at leading-order kT -fa
torization approa
h of QCD. We start by de�ningthe kinemati
s.1Some dis
ussions of this problem may be found in [19, 30℄.3



2.1 Kinemati
sWe denote the four-momenta of the in
oming ele
tron and proton and the outgoingele
tron, beauty quark and anti-quark by pe, pp, p0e, pb and p�b, respe
tively. The o�-shellgluon and virtual photon have four-momenta k and q, and it is 
ustomary to de�nek2 = k2T = �k2T < 0; q2 = (pe � p0e)2 = q2T = �Q2 < 0; (1)where kT and qT are the transverse four-momenta of the 
orresponding parti
les. Choosinga suitable 
oordinate system in the ep 
enter-of-mass frame, we havepe = ps=2 (1; 0; 0;�1); pp = ps=2 (1; 0; 0; 1); (2)where ps is the total energy of the pro
ess under 
onsideration and we negle
t the masses ofthe in
oming ele
tron and proton. The standard deep inelasti
 variables x and y are de�nedas usual: x = Q22(pp � q); y = (pp � q)(pe � pp) ' Q2xs : (3)The variable y measures the relative ele
tron energy loss in the proton rest frame. From the
onservation law we 
an easily obtain the following 
ondition:kT + qT = pb T + p�b T : (4)2.2 Cross se
tion for deep inelasti
 beauty produ
tionA

ording to the kT -fa
torization theorem, the 
ross se
tion of deep inelasti
 beautyprodu
tion e+ p! e0 + b+�b+X 
an be written as a 
onvolution�(e+ p ! e0 + b+�b+X) = Z dxx A(x;k2T ; �2)dk2T d�2�d�̂(e+ g� ! e0 + b+�b); (5)where A(x;k2T ; �2) is the unintegrated gluon distribution in a proton, �̂(e+g� ! e0+b+�b) isthe 
ross se
tion of partoni
 subpro
ess and � is the azimuthal angle of initial virtual gluon.De
omposing the 
ross se
tion �̂(e + g� ! e0 + b + �b) into a leptoni
 and a hadroni
 part,we 
an write it asd�(e+ g� ! e0 + b+�b) = 164xs e2Q4L��H�� d�(3)(pe + k; p0e; pb; p�b); (6)where e is the ele
tron 
harge magnitude and L�� and H�� are the leptoni
 and hadroni
tensors. In general 
ase the Lorentz-invariant element d�(n)(p; p1; : : : ; pn) of n-body phasespa
e is given by d�(n)(p; p1; : : : ; pn) = (2�4) Æ(4) p � nXi=1 pi! nYi=1 d3pi(2�)32p0i : (7)Integrating over the azimuthal angle of the outgoing ele
tron, we 
an simplify (6) to be
omed�(e+ g� ! e0 + b+�b) = �2� 164xsL��H�� dyy dQ2Q2 d�(2)(q + k; pb; p�b); (8)4



where � = e2=(4�) is Sommerfeld's �ne stru
ture 
onstant. For the leptoni
 tensor L�� weuse the following expression [39℄:L�� = 1 + (1� y)2y ���T � 4(1� y)y ���L ; (9)where ���T = �g�� + q�k� + q�k�(q � k) � q2(q � k)2k�k�;���L = 1q2  q� � q2(q � k)k�! q� � q2(q � k)k�!: (10)The ���T and ���L refer to transverse and longitudinal virtual photon polarization, as indi
atedby their subs
ripts. It is easily to see that q����T = q����L = 0, ���T = �2 and ���L = �1.Furthermore, ��� = ���T + ���L = �g�� + q�q�q2 ; (11)i.e. ��� is the polarization tensor of an unpolarized spin-one boson having mass q2. From (5)| (10) one 
an obtain the following formula for the 
ross se
tion of deep inelasti
 beautyprodu
tion in the kT -fa
torization approa
h:�(e+ p! e0 + b+�b+X) = Z 1256�3(xys)2A(x;k2T ; �2)�� "(1 + (1� y)2)Q2 T (k2T ; Q2)� 4(1� y)L(k2T ; Q2)# dp2b Tdk2TdQ2dybdy�bd�2� d�b2� d��b2� ; (12)where yb, y�b and �b and ��b are the rapidities and azimuthal angles of the produ
ed beautyquark and anti-quark, respe
tively. The evaluation of fun
tions T (k2T ; Q2) and L(k2T ; Q2)has been done analyti
ally using the Mathemati
a 5 program. The 
ompa
t expressionsfor these fun
tions are listed in Appendix. It is important that the fun
tions T (k2T ; Q2)and L(k2T ; Q2) depend on the virtual gluon non-zero transverse momentum k2T . Note thatif we average (12) over kT and take the limit k2T ! 0, then we obtain well-known formula
orresponding to the usual LO QCD 
al
ulations.It is interesting to study the photoprodu
tion limit of (12) by taking the limit Q2 ! 0.This provides us with a powerful 
he
k for our formulas by relating them to well-knownresults. So, the 
ross se
tion of the partoni
 pro
ess 
 + g� ! b+�b readsd�(
 + g� ! b+�b) = 164ŝ (�g��)H�� ����Q2=0 d�(2)(q + k; pb; p�b); (13)where ŝ = (q + k)2. Comparing (8) and (13), one 
an obtain the well-known relationlimQ2!0Q2d�(e+ g� ! e0 + b+�b)dydQ2 = �2� 1 + (1� y)2y �(
 + g� ! b+�b): (14)The 
ontribution of b-quarks to the deep inelasti
 proton stru
ture fun
tion F2(x;Q2) 
an be
al
ulated a

ording to 
onvolution (5) also. The relevant 
oeÆ
ient fun
tion is des
ribedby the quark box diagram and has been presented in our previous paper [40℄.5



The multidimensional integration in (12) has been performed by means of the MonteCarlo te
hnique, using the routine Vegas [41℄. The full C++ 
ode is available from theauthors on request2.3 Numeri
al resultsWe now are in a position to present our numeri
al results. First we des
ribe our theoret-i
al input and the kinemati
al 
onditions.3.1 Theoreti
al un
ertaintiesThere are several parameters whi
h determined the normalization fa
tor of the 
rossse
tion (12): the beauty mass mb, the fa
torization and normalisation s
ales �F and �R andthe unintegrated gluon distributions in a proton A(x;k2T ; �2).Con
erning the unintegrated gluon densities in a proton, in the numeri
al 
al
ulationswe used �ve di�erent sets of them, namely the J2003 (set 1 | 3) [28℄, KMS [37℄ andKMR [38℄. All these distributions are widely dis
ussed in the literature (see, for example,review [34, 35℄ for more information). Here we only shortly dis
uss their 
hara
teristi
properties. First, three sets of the J2003 gluon density have been obtained [28℄ from thenumeri
al solution of the full CCFM equation. The input parameters were �tted to des
ribethe proton stru
ture fun
tion F2(x;Q2). Note that the J2003 set 1 and J2003 set 3 densities
ontain only singular terms in the CCFM splitting fun
tion Pgg(z). The J2003 set 2 gluondensity takes into a

ount the additional non-singlular terms3. These distributions havebeen applied in the analysis of the forward jet produ
tion at HERA and 
harm and bottomprodu
tion at Tevatron [28℄ (in the framework of Monte-Carlo generator Cas
ade [36℄) andhave been used also in our 
al
ulations [20, 21℄.Another set (the KMS) [37℄ was obtained from a uni�ed BFKL-DGLAP des
ription ofF2(x;Q2) data and in
ludes the so-
alled 
onsisten
y 
onstraint [42℄. The 
onsisten
y 
on-straint introdu
es a large 
orre
tion to the LO BFKL equation. It was argued [43℄ that about70% of the full NLO 
orre
tions to the BFKL exponent � are e�e
tively in
luded in this 
on-straint. The KMS gluon density is su

essful in des
ription of the beauty hadroprodu
tionat Tevatron [24, 26℄ and photoprodu
tion at HERA [21℄.The last, �fth unintegrated gluon distribution A(x;k2T ; �2) used here (the so-
alled KMRdistribution) is the one whi
h was originally proposed in [38℄. The KMR approa
h is theformalism to 
onstru
t unintegrated gluon distribution from the known 
onventional parton(quark and gluon) densities. It a

ounts for the angular-ordering (whi
h 
omes from the
oheren
e e�e
ts in gluon emission) as well as the main part of the 
ollinear higher-orderQCD 
orre
tions. The key observation here is that the � dependen
e of the unintegratedparton distribution enters at the last step of the evolution, and therefore single s
ale evolutionequations (DGLAP or uni�ed BFKL-DGLAP) 
an be used up to this step. Also it wasshown [38℄ that the unintegrated distributions obtained via uni�ed BFKL-DGLAP evolutionare rather similar to those based on the pure DGLAP equations. It is be
ause the imposition2lipatov�theory.sinp.msu.ru3See Ref. [28℄ for more details. 6



of the angular ordering 
onstraint is more important [38℄ than in
luding the BFKL e�e
ts.Based on this point, in our further 
al
ulations we use mu
h more simpler DGLAP equationup to the last evolution step4. Note that the KMR parton densities in a proton were used,in parti
ular, to des
ribe the prompt photon photoprodu
tion at HERA [45℄ and promptphoton hadroprodu
tion Tevatron [46, 47℄.Also the signi�
ant theoreti
al un
ertainties in our results 
onne
t with the 
hoi
e ofthe fa
torization and renormalization s
ales. First of them is related to the evolution ofthe gluon distributions, the other is responsible for the strong 
oupling 
onstant �s(�2R).The optimal values of these s
ales are su
h that the 
ontribution of higher orders in theperturbative expansion is minimal. As it often done for beauty produ
tion, we 
hoose therenormalization and fa
torization s
ales to be equal: �R = �F = � = qm2b + hp2T i, wherehp2T i is set to the average p2T of the beauty quark and antiquark. But in the 
ase of theKMS gluon distribution we used spe
ial 
hoi
e �2 = k2T , as it was originally proposed in [37℄.Note that in the present paper we 
on
entrate mostly on the non-
ollinear gluon evolutionin the proton and do not study the s
ale dependen
e of our results. To 
ompleteness, wetake the b-quark mass mb = 4:75 GeV and use LO formula for the 
oupling 
onstant �s(�2)with nf = 4 a
tive quark 
avours at �QCD = 200 MeV, su
h that �s(M2Z) = 0:1232.3.2 Asso
iated beauty and jet produ
tionThe re
ent experimental data [8, 9℄ for the asso
iated beauty and hadroni
 jet lepto-produ
tion at HERA 
omes from both the H1 and ZEUS 
ollaborations. The total anddi�erential 
ross se
tions as a fun
tion of the photon virtuality Q2, Bjorken s
aling variablex, muon transverse momentum p�T and pseudo-rapidity �� and jet transverse momentumpjetT have been determined. The ZEUS data [8℄ refer to the kinemati
al region5 de�ned byQ2 > 2 GeV2 with at least one hadron-level jet (in the Breit frame) with pjet BreitT > 6 GeVand �2 < �jet < 2:5 and with muon whi
h ful�ll the following 
onditions: �0:9 < �� < 1:3and p�T > 2 GeV or �1:6 < �� < �0:9 and p� > 2 GeV. The fra
tion y of the ele
tron energytransferred to the photon is restri
ted to the range 0:05 < y < 0:7. Note that the Breit frameis de�ned by the usual 
ondition q+2xpp = 0. In this frame, a spa
e-like photon and proton
ollide head-on and any �nal-state parti
le with a high transverse momentum is produ
ed bya hard QCD intera
tion. The more re
ent H1 data [9℄ refer to the kinemati
al region de�nedby 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, p�T > 2:5 GeV, �0:75 < �� < 1:15, pjetBreitT > 6 GeVand j�jetj < 2:5. To produ
e muons from b-quarks in our theoreti
al 
al
ulations, we �rst
onvert b-quarks into B-hadrons using the Peterson fragmentation fun
tion [48℄ and thensimulate their semileptoni
 de
ay a

ording to the standard ele
troweak theory. Of 
ourse,the muon transverse momenta spe
tra are sensitive to the fragmentation fun
tions. However,this dependen
e is expe
ted to be small as 
ompared with the un
ertainties 
oming from theunintegrated gluon densities in a proton. Our default set of the fragmentation parameter is�b = 0:0035.The basi
 photon-gluon fusion subpro
ess 
� + g� ! b + �b give rise to two high-energyb-quarks, whi
h 
an further evolve into hadron jets. In our 
al
ulations we assumed that the4We have used the standard GRV (LO) parametrizations [44℄ of the 
ollinear quark and gluon densities.5Here and in the following all kinemati
 quantities are given in the laboratory frame where positive OZaxis dire
tion is given by the proton beam. 7



produ
ed quarks (with their known kinemati
al parameters) are taken to play the role of the�nal jets. These two quarks are a

ompanied by a number of gluons radiated in the 
ourseof the gluon evolution. As it has been noted in [15℄, on the average the gluon transversemomentum de
reases from the hard intera
tion blo
k towards the proton. We assume thatthe gluon emitted in the last evolution step and having the four-momenta k0 
ompensatesthe whole transverse momentum of the gluon parti
ipating in the hard subpro
ess, i.e. k0T '�kT . All the other emitted gluons are 
olle
ted together in the proton remnant, whi
h isassumed6 to 
arry only a negligible transverse momentum 
ompared to k0T . This gluongives rise to a �nal hadron jet with pjetT = jk0T j in addition to the jet produ
ed in the hardsubpro
ess. From these three hadron jets we 
hoose the one 
arrying the largest transversemomentum (in the Breit frame), and then 
ompute the beauty and asso
iated jet produ
tionrates.The results of our 
al
ulations are shown in Figs. 1 | 10 in 
omparison to the H1 andZEUS experimental data [8, 9℄ fo the b-quark and asso
iated jet produ
tion. Solid, dashed,dash-dotted, dotted and short dash-dotted 
urves 
orrespond to the predi
tions obtainedwith the J2003 set 1 | 3, KMR and KMS unintegrated gluon densities, respe
tively. One
an see that the overall agreement between our results (
al
ulated using the J2003 and KMSgluon densities) and experimental data [8, 9℄ is a rather good. However, the measured 
rossse
tion as a fun
tion of the muon transverse momentump�T shows a slightly steeper behaviourthan the theoreti
al predi
tions: the results of our 
al
ulations tends to underestimate thedata at low p�T (see Figs. 1 and 2). But in general these predi
tions still agree with theH1 and ZEUS data within the experimental un
ertainties. Note also that the measureddi�erential 
ross se
tions d�=d�� in Figs. 3 and 4 exhibit a rise towards the forward muonpseudo-rapidity region, whi
h is not reprodu
ed [8, 9℄ by the 
ollinear NLO 
al
ulations.At the same time the shape and the normalization of �� distributions are well des
ribed byour 
al
ulations. The 
ollinear NLO QCD underestimate also the data at low Q2 and lowx values: it was 
laimed that in these kinemati
al regions the data are about two standarddeviation higher [8, 9℄.As it was already mentioned above, the absolute normalization of the predi
ted 
rossse
tions in the framework of kT -fa
torization approa
h is depends on the unintegrated gluondistribution used. From Figs. 1 | 10 one 
an see that all three sets of the J2003 gluondensity as well as the KMS one give rise to results whi
h are rather 
lose to ea
h other. So,the di�eren
e in normalization between the KMS and J2003 predi
tions is rather small, isabout 15% only. The similar e�e
t we have found [21℄ in the 
ase of beauty photoprodu
tion.However, it is in the 
ontrast with theD� meson and dijet asso
iated photoprodu
tion, whi
hhas been investigated in our previous paper [20℄. It was demonstrated [20℄ a relative largeenhan
ement of the 
ross se
tions 
al
ulated using the KMS gluon density. The possibleexplanation of this fa
t is that the large b-quark mass (whi
h provide a hard s
ale) makespredi
tions of the perturbation theory of QCD more appli
able. Note also that the KMSgluon density provides a more hard transverse momentum distribution of the �nal muon (orjet) as 
ompared with other unintegrated densities under 
onsideration. Similar e�e
t wehave observed [21℄ in the 
ase of beauty photoprodu
tion.Con
erning the KMR predi
tions, one 
an see that this unintegrated gluon distribution6Note that su
h assumption is also used in the KMR formalism.8



Sour
e �(e+ p! e0 + jet + �+X) [pb℄ZEUS measurement [8℄ 40:9 � 5:7 (stat:)+6:0�4:4 (syst:)NLO QCD (hvqdis [50℄) 20:6+3:1�2:2Rapgap [48℄ 14.0Cas
ade [36℄ 28.0J2003 set 1 35.27J2003 set 2 33.47J2003 set 3 36.75KMR 22.11KMS 38.52Table 1: The total 
ross se
tion of beauty and asso
iated jet leptoprodu
tion obtained inthe kinemati
 range Q2 > 2 GeV2, 0:05 < y < 0:7, pjetBreitT > 6 GeV, �2 < �jet < 2:5 andp�T > 2 GeV, �0:9 < �� < 1:3 or p� > 2 GeV, �1:6 < �� < �0:9.gives results whi
h lie below the data and whi
h are very similar to the 
ollinear NLO QCD.Su
h observation 
oin
ides with the ones [20, 21℄. This fa
t 
on�rms the assumption whi
hwas made in [45℄ that the KMR formalism results in some underestimation of the predi
ted
ross se
tions. Su
h underestimation 
an be explained by the fa
t that leading logarithmi
terms proportional to ln 1=x are not in
luded into the KMR approa
h.Now we turn to the total 
ross se
tion of b-quark and asso
iated jet leptoprodu
tion. InTable 1 and 2 we 
ompare our theoreti
al results with the H1 and ZEUS data [8, 9℄ obtainedin relevant kinemati
al regions (de�ned above). The predi
tions of Monte-Carlo generatorsRapgap [49℄, Cas
ade [36℄ as well as NLO QCD 
al
ulations (hvqdis program) [50℄ arealso shown for 
omparison. One 
an see that the 
ollinear NLO QCD predi
tions is about 2.5standard deviation lower than the ZEUS data and is about 1.8 standard deviation lower thenthe H1 data. At the same time, our predi
tions obtained using the J2003 and KMS gluondensities are signi�
antly higher and agree well with the both H1 and ZEUS data withinthe experimental un
ertainties. The KMR unintegrated gluon distribution again gives theresults whi
h are below the data and whi
h are very 
lose to NLO QCD ones. Note that theMonte-Carlo generators Rapgap and Cas
ade also predi
t a lower 
ross se
tion than thatmeasured in the data.In general, we 
an 
on
lude that the 
ross se
tions of deep inelasti
 beauty and asso
iatedjet produ
tion 
al
ulated in the kT -fa
torization formalism (supplemented with the CCFMor uni�ed BFKL-DGLAP evolution) are larger by 30 � 40% than ones 
al
ulated at NLOlevel of 
ollinear QCD. This enhan
ement 
omes, in parti
ular, from the non-zero transversemomentum of the in
oming o�-shell gluons and from taken into a

ount the leading ln 1=xterms. Our results for the total and di�erential 
ross se
tions are in a better agreement (bothin normalization and shape) with the H1 and ZEUS data than the NLO QCD predi
tions.3.3 Beauty 
ontribution to the proton SF F2(x;Q2)Now we will 
on
entrate on the b-quark 
ontribution to the in
lusive proton stru
turefun
tion F2(x;Q2). We will use the master formulas whi
h were obtained in our previous9



Sour
e �(e+ p! e0 + jet + �+X) [pb℄H1 measurement [9℄ 16:3 � 2:0 (stat:)� 2:3 (syst:)NLO QCD (hvqdis [50℄) 9:0+2:6�1:6Rapgap [49℄ 6.3Cas
ade [36℄ 9.8J2003 set 1 19.96J2003 set 2 18.98J2003 set 3 20.80KMR 12.45KMS 22.61Table 2: The total 
ross se
tion of beauty and asso
iated jet leptoprodu
tion obtained inthe kinemati
 range 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, p�T > 2:5 GeV, �0:75 < �� < 1:15,pjetBreitT > 6 GeV and j�jetj < 2:5.paper [40℄. As it was mentioned above, the �rst experimental data [6, 7℄ on the stru
turefun
tion F b2(x;Q2) 
omes from the H1 
ollaboration. These data refer to the kinemati
alregion de�ned by 2 � 10�4 < x < 5 � 10�3 and 12 < Q2 < 650 GeV2.Note that we 
hange now the default set of parameters whi
h we have used in the previousse
tion. So, we set the renormalization and fa
torization s
ales �R and �F to be equal tophoton virtuality Q2, as it was done earlier in analysis [51℄ of the 
harm 
ontribution to thestru
ture fun
tion F2(x;Q2) in the framework of kT -fa
torization QCD approa
h. The similar
hoi
e have been used also in the analysis of longitudinal stru
ture fun
tion FL(x;Q2) [52℄.Of 
ourse, in the 
ase of the KMS gluon distribution we set �2R = �2F = k2T , as it wasoriginally proposed in [37℄. Other parameters have not been 
hanged.In Fig. 11 we show the stru
ture fun
tion F b2(x;Q2) as a fun
tion of x for di�erent valuesof Q2 in 
omparison to the re
ent H1 data [6, 7℄. One 
an see that the J2003 distributionsreprodu
e well the experimental data for all values of Q2. The KMS gluon density demon-strates a perfe
t agreement with the data at moderate Q2 but slightly overestimate them atQ2 = 650 GeV2. It is interesting to note that the KMR density does not 
ontradi
t the ex-perimental data, too. However, this distribution predi
ts a more rapid rise of the 
al
ulatedfun
tion F b2 (x;Q2) with de
reasing of x (in 
omparison to the J2003 and KMS densities).We 
an 
on
lude that in the small x region (x < 10�2) the shape of fun
tion F b2 (x;Q2)predi
ted by the unintegrated gluon distributions under 
onsideration is very di�erent. Inparti
ular, the di�eren
es observed between the 
urves are due to the di�erent behaviour ofthe 
orresponding unintegrated gluon distributions as a fun
tion of x and k2T [45℄. This fa
tshows the importan
e of a detail understanding of the non-
ollinear parton evolution in aproton and the ne
essarity of better experimental 
onstraints as well as further theoreti
alstudies in this �eld.4 Con
lusionsWe have 
al
ulated the deep inelasti
 beauty and asso
iated jet produ
tion in ele
tron-10



proton 
ollisions at HERA in the kT -fa
torization QCD approa
h. The total and severaldi�erential 
ross se
tion (as a fun
tion of the photon virtuality Q2, Bjorken s
aling variablex, de
ay muon transverse momentum p�T and pseudo-rapidity �� and hadroni
 jet transversemomentum pjetT ) have been studied. Additionally we have investigated the b-quark 
ontribu-tion to the in
lusive proton stru
ture fun
tion F2(x;Q2) at small x and at moderate and highQ2. In numeri
al analysis we have used the unintegrated gluon densities whi
h are obtainedfrom the full CCFM (J2003 set 1 | 3), from uni�ed BFKL-DGLAP evolution equations(KMS) as well as from the Kimber-Martin-Ryskin pres
ription. Our investigations werebased on the LO o�-mass shell matrix elements for photon-gluon fusion subpro
esses.We have shown that the kT -fa
torization approa
h supplemented with the CCFM orBFKL-DGLAP evolved unintegrated gluon distributions (the J2003 or KMS densities) re-produ
es well the numerous HERA data on beauty and asso
iated jet produ
tion. At thesame time we have obtained that the Kimber-Martin-Ryskin formalism results in some un-derestimation of the 
ross se
tions. This shows the importan
e of a detail understanding ofthe non-
ollinear parton evolution pro
ess.5 A
knowledgementsThe authors are very grateful to S.P. Baranov and A.V. Kotikov for their en
ouraginginterest and very helpful dis
ussions. This resear
h was supported in part by the FASI ofRussian Federation (grant NS-1685.2003.2).6 AppendixHere we present the 
ompa
t analyti
 expressions for the fun
tions T (k2T ; Q2) andL(k2T ; Q2) whi
h appear in (12). In the following, ŝ, t̂ and û are usual Mandelstam vari-ables for 
orresponding 
� + g� ! b + �b subpro
esses (ŝ + t̂ + û = 2m2 � Q2 � k2T ) and mand eb is the mass and fra
tional ele
tri
 
harge of b-quark. The exa
t expressions for thefun
tions T (k2T ; Q2) and L(k2T ; Q2) 
an be presented asT (k2T ; Q2) = (4�)3�2�s(�2)e2b FT (ŝ; t̂; û;k2T ; Q2)8(t̂�m2)2(û�m2)2(ŝ+Q2 + k2T )4 ; (A:2)L(k2T ; Q2) = (4�)3�2�s(�2)e2b FL(ŝ; t̂; û;k2T ; Q2)8(t̂�m2)2(û�m2)2(ŝ+Q2 + k2T )4 ; (A:3)where FT (ŝ; t̂; û;k2T ; Q2) = �8(4k8TQ4(t̂� û)2 + 2k6TQ2(�8m8 + t̂4 + 4Q4(t̂� û)2�4t̂3û� 2t̂2û2 � 4t̂û3 + û4 + 16m6(t̂+ û) + 4Q2(t̂� û)2(t̂+ û)� 8m4(t̂2+4t̂û+ û2)� 8m2(Q2(t̂� û)2 � 2t̂û(t̂+ û)))+(ŝ+Q2 + k2T )2(24m12 + 8m10(Q2 � 3(t̂+ û))� 2m8(2Q4 + 3t̂2+22t̂û+ 3û2 + 10Q2(t̂+ û))� t̂û(t̂2 + û2)(2Q4 + 2Q2(t̂+ û) + (t̂+ û)2)+11



m2(t̂5 + 13t̂4û+ 26t̂3û2 + 26t̂2û3 + 13t̂û4 + û5 + 2Q4(t̂+ û)3+4Q2t̂û(3t̂2 + 4t̂û+ 3û2)) + 4m6(2Q4(t̂+ û) +Q2(3t̂2 + 14t̂û+ 3û2)+4(t̂3 + 6t̂2û+ 6t̂û2 + û3))�m4(7t̂4 + 56t̂3û+ 90t̂2û2 + 56t̂û3 + 7û4+6Q4(t̂+ û)2 + 2Q2(t̂3 + 19t̂2û+ 19t̂û2 + û3)))� 2k4T (8m12 � 2Q8(t̂� û)2�4Q6(t̂� û)2(t̂+ û) + t̂û(t̂+ û)2(t̂2 + û2)� 4Q4(t̂4 � 2t̂3û� 2t̂2û2 � 2t̂û3 + û4)�Q2(t̂5 � 5t̂4û� 4t̂3û2 � 4t̂2û3 � 5t̂û4 + û5) + 8m10(2Q2 � 3(t̂+ û)) + 2m8(8Q4�12Q2(t̂+ û) + 15(t̂+ û)2)� 4m6(8Q4(t̂+ û) + 5(t̂+ û)3+Q2(�5t̂2 + 2t̂û� 5û2)) +m4(7t̂4 + 32t̂3û+ 42t̂2û2 + 32t̂û3 + 7û4+8Q4(t̂2 + 10t̂û+ û2)� 2Q2(5t̂3 � 13t̂2û� 13t̂û2 + 5û3)) +m2(�t̂5+8Q6(t̂� û)2 � 9t̂4û� 14t̂3û2 � 14t̂2û3 � 9t̂û4 � û5 + 8Q4(t̂3 � 5t̂2û�5t̂û2 + û3) + 4Q2(t̂4 � 5t̂3û� 4t̂2û2 � 5t̂û3 + û4))) + k2T (32m14�112m12(t̂+ û)� 8m10(4Q4 � 17t̂2 � 50t̂û� 17û2)�2t̂û(t̂+ û)3(t̂2 + û2) +Q2(t̂2 � û2)2(t̂2 � 4t̂û+ û2)+2Q6(t̂4 � 4t̂3û� 2t̂2û2 � 4t̂û3 + û4) + 2Q4(t̂5 � 5t̂4û�4t̂3û2 � 4t̂2û3 � 5t̂û4 + û5)� 4m8(4Q6 + 19t̂3�14Q2(t̂� û)2 + 121t̂2û+ 121t̂û2 + 19û3 � 12Q4(t̂+ û)) + 4m6(5t̂4+72t̂3û+ 126t̂2û2 + 72t̂û3 + 5û4 + 8Q6(t̂+ û)� 20Q2(t̂� û)2(t̂+ û)�2Q4(5t̂2 � 2t̂û+ 5û2))� 2m4(t̂5 + 49t̂4û+ 118t̂3û2 + 118t̂2û3 + 49t̂û4+û5 + 8Q6(t̂2 + 4t̂û+ û2)� 3Q2(t̂� û)2(7t̂2 + 10t̂û+ 7û2)�2Q4(5t̂3 � 13t̂2û� 13t̂û2 + 5û3)) + 2m2(16Q6t̂û(t̂+ û)+2t̂û(t̂+ û)2(5t̂2 + 4t̂û+ 5û2)�Q2(t̂� û)2(5t̂3 + 3t̂2û+3t̂û2 + 5û3)� 4Q4(t̂4 � 5t̂3û� 4t̂2û2 � 5t̂û3 + û4)))); (A:4)FL(ŝ; t̂; û;k2T ; Q2) = 16(2k8TQ2(t̂� û)2 + k6T (t̂� û)2(2m4 + 4Q4 + t̂2 + û2+4Q2(t̂+ û)� 2m2(4Q2 + t̂+ û)) + 2(m2 � t̂)(m2 � û)(ŝ+Q2 + k2T )2(2m6+m4(Q2 � t̂� û) + t̂û(Q2 + t̂+ û)�m2(2t̂û+Q2(t̂+ û))) + k4T (�8m8Q2+2Q6(t̂� û)2 + 4Q4(t̂� û)2(t̂+ û) + (t̂� û)4(t̂+ û)+Q2(3t̂4 � 6t̂3û� 2t̂2û2 � 6t̂û3 + 3û4) + 8m6(�(t̂� û)2 + 2Q2(t̂+ û))�2m4(�4(t̂� û)2(t̂+ û) +Q2(t̂2 + 22t̂û+ û2))� 2m2(4Q4(t̂� û)2+2(t̂� û)2(t̂2 + û2) +Q2(3t̂3 � 11t̂2û� 11t̂û2 + 3û3))) + 2k2T (4m12�4m10(2Q2 + 3(t̂ + û)) +m8(�4Q4 + 17t̂2 + 26t̂û+ 17û2 + 12Q2(t̂+ û))+2m6(4Q4(t̂+ û)� 5(t̂+ û)3 �Q2(t̂2 + 6t̂û+ û2))� t̂û(2Q4(t̂2 + û2)+(t̂+ û)2(t̂2 � 3t̂û+ û2) +Q2(3t̂3 + t̂2û+ t̂û2 + 3û3)) + 2m2(Q4(t̂+ û)3+t̂û(t̂3 � 7t̂2û� 7t̂û2 + û3) +Q2(t̂4 + 5t̂3û+ 5t̂û3 + û4))�m4(6Q4(t̂+ û)2+Q2(5t̂3 + 3t̂2û+ 3t̂û2 + 5û3)� 2(t̂4 + 5t̂3û+ 18t̂2û2 + 5t̂û3 + û4)))): (A:5)12
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Figure 1: The muon transverse momentum distribution d�=dp�T of the deep inelasti
 beautyprodu
tion at HERA in the kinemati
 range Q2 > 2 GeV2, 0:05 < y < 0:7, pjet BreitT > 6 GeV,�2 < �jet < 2:5 and p�T > 2 GeV, �0:9 < �� < 1:3 or p� > 2 GeV, �1:6 < �� < �0:9. Thesolid, dashed, dash-dotted, dotted and short dash-dotted 
urves 
orrespond to the predi
tionsobtained with the J2003 set 1 | 3, KMR and KMS unintegrated gluon densities, respe
tively.The experimental data are from ZEUS [8℄. 16



Figure 2: The muon transverse momentum distribution d�=dp�T of the deep inelasti
 beautyprodu
tion at HERA in the kinemati
 range 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, pjetBreitT >6 GeV, j�jetj < 2, p�T > 2 GeV and �0:75 < �� < 1:15. Notations of all 
urves are the sameas in Fig. 1. The experimental data are from H1 [9℄.17
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Figure 3: The muon pseudo-rapidity distribution d�=d�� of the deep inelasti
 beauty pro-du
tion at HERA in the kinemati
 range Q2 > 2 GeV2, 0:05 < y < 0:7, pjet BreitT > 6 GeV,�2 < �jet < 2:5 and p�T > 2 GeV, �0:9 < �� < 1:3 or p� > 2 GeV, �1:6 < �� < �0:9.Notations of all 
urves are the same as in Fig. 1. The experimental data are from ZEUS [8℄.18
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Figure 4: The muon pseudo-rapidity distribution d�=d�� of the deep inelasti
 beauty produ
-tion at HERA in the kinemati
 range 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, pjet BreitT > 6 GeV,j�jetj < 2, p�T > 2 GeV and �0:75 < �� < 1:15. Notations of all 
urves are the same as inFig. 1. The experimental data are from H1 [9℄.19



Figure 5: The jet transverse momentumdistribution d�=dpjet BreitT of the deep inelasti
 beautyprodu
tion at HERA in the kinemati
 range Q2 > 2 GeV2, 0:05 < y < 0:7, pjet BreitT > 6 GeV,�2 < �jet < 2:5 and p�T > 2 GeV, �0:9 < �� < 1:3 or p� > 2 GeV, �1:6 < �� < �0:9.Notations of all 
urves are the same as in Fig. 1. The experimental data are from ZEUS [8℄.20



Figure 6: The jet transverse momentumdistribution d�=dpjet BreitT of the deep inelasti
 beautyprodu
tion at HERA in the kinemati
 range 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, pjetBreitT >6 GeV, j�jetj < 2, p�T > 2 GeV and �0:75 < �� < 1:15. Notations of all 
urves are the sameas in Fig. 1. The experimental data are from H1 [9℄.21



Figure 7: The Q2 distribution of the deep inelasti
 beauty produ
tion at HERA in thekinemati
 range Q2 > 2 GeV2, 0:05 < y < 0:7, pjet BreitT > 6 GeV, �2 < �jet < 2:5 andp�T > 2 GeV, �0:9 < �� < 1:3 or p� > 2 GeV, �1:6 < �� < �0:9. Notations of all 
urves arethe same as in Fig. 1. The experimental data are from ZEUS [8℄.22



Figure 8: The Q2 distribution of the deep inelasti
 beauty produ
tion at HERA in thekinemati
 range 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, pjet BreitT > 6 GeV, j�jetj < 2, p�T > 2 GeVand �0:75 < �� < 1:15. Notations of all 
urves are the same as in Fig. 1. The experimentaldata are from H1 [9℄. 23
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Figure 9: The log10 x distribution of the deep inelasti
 beauty produ
tion at HERA in thekinemati
 range Q2 > 2 GeV2, 0:05 < y < 0:7, pjet BreitT > 6 GeV, �2 < �jet < 2:5 andp�T > 2 GeV, �0:9 < �� < 1:3 or p� > 2 GeV, �1:6 < �� < �0:9. Notations of all 
urves arethe same as in Fig. 1. The experimental data are from ZEUS [8℄.24
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Figure 10: The log10 x distribution of the deep inelasti
 beauty produ
tion at HERA in thekinemati
 range 2 < Q2 < 100 GeV2, 0:1 < y < 0:7, pjet BreitT > 6 GeV, j�jetj < 2, p�T > 2 GeVand �0:75 < �� < 1:15. Notations of all 
urves are the same as in Fig. 1. The experimentaldata are from H1 [9℄. 25



Figure 11: The stru
ture fun
tion F b2 (x;Q2) as a fun
tion of x for di�erent values of Q2.Notations of all 
urves are the same as in Fig. 1. The experimental data are from H1 [6, 7℄.
26
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