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I. INTRODUCTIONThe investigation of heavy avour (harm or bottom) prodution in proton-proton ol-lisions at the LHC (Large Hadron Collider) are important for testing perturbative QCDalulations in a new energy domain, where very small Bjorken-x momentum frations areexpeted to be probed. The detetion of the heavy hadrons ontaining harm or bottomquarks an be done in several ways, either through their non-leptoni weak deays or throughtheir semileptonial deays, where eletrons or muons are measured inlusively.Already at the RHIC (Relativisti Heavy Ion Collider), the PHENIX and STAR Collabo-ration [1, 2℄ measured the prodution of muons and eletrons from heavy avour deays in ppollisions at pS = 0:2 TeV. These data have been ompared with perturbative QCD alu-lations in the FONLL framework [3, 4℄ and were found in agreement with the measurementswithin the experimental and theoretial unertainties.Experimentally the measurement of the semileptoni ross setions su�ers from a largebakground due to the semileptoni deay of primary light hadrons inluding pions andkaons (the main ontribution) and other meson and baryon deays (suh as J= and lowmass resonanes �; �; ! and �), from seondary leptons produed from seondary lighthadron deays, and from seondary hadrons esaping from material surrounding the trakinghambers. All these bakgrounds must be subtrated based on Monte Carlo simulationsusing the usual event generators to obtain the semileptoni yield due to the deay of heavyhadrons.The measured ross setions for the inlusive prodution of leptons from heavy hadrondeays are of two types. In two experiments the prodution ross setion is measuredseparately for solely b-hadron deays [5, 6℄. In the CMS experiment [5℄ the b-hadron rosssetion was disriminated by measuring the muon transverse momentum with respet tothe losest jet. In the ALICE experiment [6℄ the prodution ross setion of eletrons,(e+ + e�)=2 from semileptoni bottom hadron deays was seleted by using the informationon the distane of the seondary deay vertex with respet to the primary vertex. Due totheir long lifetime bottom hadrons deay at a seondary vertex displaed in spae from theprimary ollision vertex. In all other measurements of the semileptoni prodution whihwere presented by the ATLAS [7℄ and ALICE [8{10℄ ollaborations no attempt was made toseparate leptons from harm and bottom hadrons. Therefore these ross setions onstitute2



the sum of lepton (eletrons or muons) prodution ross setions of all harmed hadrons(D0; D+; Ds and -baryons) and all bottom hadrons (B0; B+; Bs and b-baryons).At LHC energies the ross setions of harm and bottom prodution using speial non-leptoni deays of harm and bottom hadrons have been reported. So, ALICE [11℄, ATLAS[12℄ and LHCb [13℄ presented ross setion data on D0; D+; D�+ and Ds prodution andCMS [14℄ published measurements for B+; B0; Bs and �b prodution ross setions. All theseross setions have been alulated in the framework of the general-mass-variable-avour-number-sheme (GM-VFNS) [15℄, whih has been developed in the last ten years for variousproesses. In this sheme we alulated the inlusive B meson prodution ross setion inp�p ollision [16℄ at pS = 1:96 TeV and in pp ollisions [17℄ and found good agreementwith the respetive data from the CDF run II [18℄ and also with the data from the CMSollaboration [14℄ at the LHC atpS = 7 TeV. Besides the data based on speial non-leptonideays of B mesons mentioned above there exist also several ross setion measurements forp�p ! BX and pp ! BX followed by the inlusive deays B ! J= X and B !  (2S)X.These ross setions have been alulated reently also in the GM-VFNS [19℄ and omparedwith experimental data from CDF [18, 20℄, CMS [21℄, LHCb [22℄, ATLAS [23℄ and ALICE[24℄ ollaborations at the LHC. The agreement between the alulated ross setions andthe data was satisfatory. In the same sheme the inlusive prodution of harmed mesonsD0; D+; D�+; Ds and the harmed baryon � has been alulated and the results for theALICE [11℄, ATLAS [12℄ and LHCb [13℄ kinemati onditions have been presented in ref.[25℄ and ompared to the experimental data in the respetive presentations of the ALICE[11℄, ATLAS [12℄ and LHCb [13℄ ollaborations and for the ALICE data also in [25℄.The GM-VFNS is similar to the zero-mass variable-avour-number sheme (ZM-VFNS),in whih the heavy quark mass m is negleted in the alulation of the hard-sattering rosssetions. The preditions in the ZM-VFNS are expeted to be reliable only in the region ofvery large values of the transverse momentum pT of the produed heavy hadron sine termsof the order of m2=p2T are negleted in the hard-sattering ross setions. In the GM-VFNSthese m2=p2T terms are retained as they appear in the so-alled �xed-avour-number sheme(FFNS) in suh a way that by applying appropriate subtrations to the FFNS the GM-VFNS approahes the ZM-VFNS with the usual MS presription in the limit pT=m !1.Whereas in the FFNS the gluon and the light partons are the only ative partons in the initialstate and the heavy quark appears only in the �nal state, produed in the hard-sattering3



proess of light partons, in the GM-VFNS as in the ZM-VFNS, due to the subtration ofthe mass-singular ontributions in the initial and �nal state, the heavy quark appears alsoin the initial state, and for the �nal state appropriate fragmentation funtions (FFs) for thetransition heavy� quark ! heavy�hadron must be introdued whih absorb the ollinearsingular ontributions in the �nal state. Suh FFs for the transitions b! B, b; ! D0; D+and D�+ and b;  ! Ds and � have been extrated in ref. [16, 26, 27℄ at NLO in theMS fatorization sheme with nf = 5 (for b) and with nF = 4 (for ) avours, onsistentlywithin the GM-VFN framework using data for the saled energy (x) distribution d�=dx ofe+e� ! BX and e+e� ! DX et, respetively, measured by the CERN LEP1, SLAC SLC,CESR CLEO and the KEKB Belle ollaborations.The ontent of this paper is as follows. In Se. 2 we summarize our input hoies ofPDFs and B- and D-meson FFs. In this setion we also explain how the fragmentation ofthese mesons into leptons has been alulated. In Se. 3 we ompare the preditions of theGM-VFN sheme with the existing data from the reent LHC run at pS = 7 TeV [5{10℄and pS = 2:76 TeV [9℄. We end with a summary in Se. 4.II. SETUP, INPUT PDFS AND FFSThe theoretial framework and results of the GM-VFN approah for p�p (pp) ollisionshave been previously represented in detail in refs. [15, 16℄. Here, we desribe our hoieof input for the numerial analysis for inlusive lepton (e or �) prodution from harm andbottom hadrons. We use for the ingoing protons the PDF set CTEQ 6.6 [28℄ as implementedin the LHAPDF [29℄ library. This PDF set was obtained in the framework of a general-masssheme using the input mass values m = 1:3 GeV, and mb = 4:5 GeV, and for the QCDoupling �(5)s (mZ) = 0:118. The -and b-quark PDFs have the starting sales �0 = m and�0 = mb, respetively.The nonperturbative FFs for the transition of b ! B were obtained by a �t to e+e�annihilation data from the ALEPH [30℄, OPAL [31℄ and SLD [32℄ ollaborations and havebeen presented in [16℄. The ombined �t to the three data sets was performed using theNLO sale parameter �(5)MS = 227 MeV orresponding to �(5)s (mZ) = 0:1181 adopted fromref. [28℄. Consistent with the hosen PDFs, the starting sale of the b! B FF was assumedto be �0 = mb, while the q; g ! B FFs, where q denotes the light quarks inluding the harm4



quark, were taken to vanish at �0. As input we used the FFs with a simple power ansatzwhih gave the best �t to the experimental data. The data from OPAL and SLD inluded allb-hadron �nal states, i.e. all B mesons, B+, B0 and Bs and b-baryons while in the ALEPHanalysis only �nal states with identi�ed B+ (B�) and B0 ( �B0) were taken into aount. Forthe �t in ref. [16℄ it was assumed that the FFs of all b-hadrons have the same shape. Thiswill also be assumed in this alulation. In addition we assumed that all b-hadrons have thesame branhing frations and deay distributions into leptons as one of the B mesons, B+or B0. The only di�erene results from the di�erent frations b ! b � hadron, whih aretaken from the Partile Data Group [33℄. Based on these values the predition, for examplefor B0, is multiplied by 2.49, orresponding to leptons oming from B0; B+; Bs and �b. Thebottom mass in the hard sattering ross setions is mb = 4:5 GeV as it is used in the PDFCTEQ6.6 and in the FFs for b! B et.For the transitions ! D0; D+ we employ the FFs determined in [26℄. They are based on�ts to the most preise data on D meson prodution from the CLEO Collaboration at CESR[34℄ and from the Belle Collaboration at KEKB [35℄. Atually there are several alternative�ts presented in [26℄. Here we use the so-alled Global-GM �t, whih inludes �tting inaddition to OPAL data [36℄ together with the CLEO and Belle results. The �ts in [26℄ arebased on the harm mass m = 1:5 GeV, whih is slightly larger than the one used in theCTEQ6.6 PDF �ts. The starting sale for ! D is �0 = m as it is for the g; q ! D FFs,whereas for the b! D FF it is �0 = mb.The subtrations related to renormalization and to the fatorization of initial- and �nal-state singularities require the introdution of sale parameters �R, �I and �F . We hoosethe sales to be of order mT , where mT is the transverse mass mT =pp2T +m2 and m = mbfor the ase of bottom quark prodution and m = m for harm quark prodution. Forexploiting the freedom in the hoie of sales we introdue the sale parameters �i (i=R, I,F) by setting �i = �i mT . To desribe the theoretial unertainties we vary the values of �iindependently by fators of two up and down while keeping any ratio of the �i parameterssmaller than or equal to two. The unertainties due to sale variation are the dominatingsoure of theoretial unertainties. Therefore PDF related unertainties and variations ofthe bottom and harm mass are not onsidered.The fragmentation of the �nal state partons i into lepton l (l = e� or ��) is alulated5



from the onvolutionDi!l(x; �F ) = Z 1x dzz Di!B(xz ; �F ) 1�B d�dz (z; PB): (1)In this formula Di!B(x; �F ) is the nonperturbative FF determined in [16℄ for the transitioni! B and in [26℄ for i! D (with subsript B replaed by D in (1)), �B is the total B deaywidth (�B ! �D in ase of i ! D) and d�(z; PB)=dz is the deay spetrum of B ! l orD ! l, respetively. For given lepton transverse momentum pT and rapidity y, PB is givenby PB = jPBj = pTp1 + sinh2y=z. The deay distribution d�=dk0L, where the momentumk0L is parallel to PB, is obtained from the deay distribution in the rest system of the Bmeson using the formula (3.16) in ref. [37℄, where this formula was derived for the deayB ! J= instead of B ! l. This leads to d�(z; PB)=dz used in eq.(1) with z = k0L=PB.The eletron energy spetrum in inlusive B ! e�X deays has been measured by theBABAR Collaboration [38℄ in the range Ee > 0:6 GeV up to its kinematial limit. Thisspetrum has been measured at the �(4S) resonane. The partial branhing fration forEe > 0:6 GeV has been determined as B[B ! e�X;Ee > 0:6 GeV ℄ = [10:36� 0:06(stat)�0:23(syst)℄%Following an ansatz for the momentum spetrum as a funtion of p in GeV as given inref. [39℄ we �tted the BABAR spetrum in the B rest system using the formula (3.9) in[37℄ for the transformation of the spetrum in the B rest system to the BABAR laboratoryframe, where jPBj = 0:341 GeV by the following formulafB(p) = (�24:23 + 14711:2 exp[�1:73 ln2[2:74� 1:10p℄℄) (2)(�41:79 + 42:78 exp[�0:5(p(p� 1:27)2=1:8)8:78℄)This di�ers from the �t in [39℄ whih was done in the BABAR �(4S) laboratory frame.fB(p) is related to the partial semileptoni deay spetrum d�=dp by d�=dp = fB(p) with = 4:27151 10�6 aording to [37℄, where d�=dp has units [ps�1GeV �1℄. The quality ofthe �t an be seen in Fig. 1 (left �gure) together with the e�et of the boost into theB rest system, whih indeed is small. This �t yields for the partial branhing frationsB(B ! e�X; p > 0:6 GeV ) = 11:04% and B(B ! e�X; p > 0) = 12:35%. The latterbranhing fration agrees approximately with the more reent PDG value B(B ! e�X; p >0) = [10:74� 0:16℄% [33℄.The inlusive eletron spetra for the deays D+ ! e+�X and D0 ! e+�X have beenmeasured by the CLEO Collaboration [39℄ on the  (3770) resonane (pS = 3:73 GeV)6



FIG. 1: Fit for inlusive lepton spetrum of B deays to BABAR (left frame) data in the BABARlaboratory frame together with spetum boosted to the B rest frame and to inlusive leptonspetrum of D deays to CLEO (right frame) data in the CLEO laboratoty frame together withthe spetrum boosted to the D rest frame.as a funtion of the eletron momentum p. The measured partial branhing frations forp > 0:2 GeV are B(D+ ! e+�X; p > 0:2 GeV ) = [14:97 � 0:19(stat) � 0:27(syst)℄%and B(D0 ! e�X; p > 0:2GeV ) = [5:97 � 0:15(stat) � 0:10(syst)℄% from whih, on thebasis of �ts to both spetra by the CLEO Collaboration, the following branhing frationsB(D+ ! e+�X; p > 0) = [16:13 � 0:20(stat) � 0:33(syst)℄% and B(D0 ! e+�X; p > 0) =[6:46 � 0:17(stat) � 0:13(syst)℄% result. The orresponding PDG values are: B(D+ !e+�X) = [16:07� 0:30℄% and B(D0 ! e+�X) = [6:49� 0:11℄% [33℄, whih agree very wellwith the CLEO values [40℄. The spetra of D+ and D0 as measured by CLEO oinide verywell inside errors in the measured p range 0:2 < p < 1 GeV. In the CLEO laboratory systemthe D+ momentum jPDj is 0:243 GeV and the D0 momentum is 0:277 GeV. These numbersare needed for the �ts in the D+ and D0 rest systems. The result of the �t for the spetrumin the D rest system, for example for the D+ it isfD(p) = 17:91(p+ 0:0034)2:66(0:98� p)2:97 (3)fD(p) in eq.(3) is equal to the lepton spetrum fD(p) = d�=dp in units of [ps�1GeV �1℄. Thequality of the �t to the CLEO data is shown in Fig. 1 in the right frame together with thespetrum in the D rest system. As an be seen there the di�erene between the two spetrais really small. The branhing ratio for this spetrum is: B(D+ ! e++�X) = 15:29%, whihis suÆiently lose to the values from CLEO given above. With these parametrizations of the7



eletron spetra in the B, respetivelyD, rest system, we alulated the lepton spetra d�=dxin the moving system as funtion of k0L = xPB (xPD) where k0L is the lepton momentumthat is parallel to PB(PD) using eq.(3.17) in [37℄.To simplify the alulation we applied for d�=dx the asymptoti formula as given in [37℄,whih is the approximation for PB �MB (PD �MD), where MB ansMD are the masses ofthe B and D meson, respetively. We alulated d�=dx for various PB and found that theexat formula di�ers from the asymptoti formula by less than 5% for PB = 10 GeV. This iseasily ahieved even for the smaller pT values of the leptons in our appliations sine d�=dxis peaked at very small x, so that the average x is below 0:2 in the ase of B deays andsimilarly for D deays. The alulation of the lepton spetra is based on the alulation ofthe ross setion d�=dpT for spei� D meson as reported in Ref.[25℄. In the lepton spetra,the leptons originate from all harmed mesons D0; D+; Ds and the harmed baryon �. Tomake the alulation easier we alulated the lepton spetra for just one avour state, theD0, and inluded the other D mesons, D+, Ds and the ontributions of harmed baryons,as for example �, by an appropriate normalization fator. For D0 this normalization fatoris 2:294 and was alulated using a ompilation of harm hadron prodution frations byLohrmann [41℄ (Table 3 of this referene) and the lepton branding frations for D0; D+; Dsand � equal to 0:0646; 0:161; 0:065 and 0:045, respetively [33℄. In ase we would havebased this normalization fator onD+ prodution, the normalization fator would be slightlydi�erent. This di�erene is ompensated by the di�erent normalization of ! D+ and thedi�erent lepton branhing ratio, whih result in almost equal ross setions d�=dpT for theprodution of leptons from harmed hadrons via D0 or D+.III. RESULTS AND COMPARISON WITH LHC DATAIn this setion we ollet our results for the ross setions d�=dpT as a funtion of pT .for the various LHC experiments and ompare them with the published data. We startwith the results on inlusive b-hadron prodution with muons at pS = 7 TeV by the CMSCollaboration [5℄ and the ALICE Collaboration [6℄. The CMS data are for the produtionof the sum of �+ + �� in the range from 6 � pT � 30 GeV, and are integrated overthe rapidity y in the region �2:1 � y � 2:1. The omparison between the GM-VFNSpreditions and the experimental data is shown in Fig. 2. The data lie slightly above8



the full default urve (default sale hoie) and agree better with the predition with themaximal sale hoie. The ALICE ross setion d�=dpT [6℄ for the prodution of eletronsand positrons ((e++e�)=2) from bottom hadron deays at pS = 7 TeV in the rapidity range�0:8 � y � 0:8 is measured for smaller pT � 8 GeV. Our predition in omparison with theALICE data, is shown also in Fig. 2, where we inluded the data only for pT � 1:5 GeV. Theagreement between the data and the predition is quite good. The data with their errors liequite well inside the theoretial unertainty band, although nearer to the upper preditionfrom the respetive sale hoie (dashed line) at the larger pT values. We remark that inthe two preditions in Fig. 2 we inluded also the ontributions from b! D ! lepton. TheFFs needed for this ontribution were taken from [26℄ (global �t). These ontributions arevery small, of the order of 1 to 2 % ompared to  ! D ontribution, depending on pT ,and are not visible in the logarithmi plots in Fig. 2. The b ! D ontributions are alsoinluded in all the following preditions. Note the di�erent form of the ross setion in theright frame of Fig. 2: d2�=(2�dpTdy) is in aordane to the ALICE de�nition, i.e. theross setion d�=dpT is divided by the y bin width �y = 1:6. Finally we note that in generalat low pT , the sale variation of the ross setion is rather large. Some preditions go downup to pT = 1 GeV. In this region the sale variation is partiularly enhaned and, due to theontribution of b quarks in the initial state and the hoie of the default sale pp2T +m2b ,is not suppressed as in other approahes as for example MC�NLO [42℄ in whih the smallpT preditions are obtained in the FFNS as in the FONLL approah [3, 4℄. This is animplementation issue in the limit pT=m ! 0. Further details in the GM-VFNS frameworkare disussed in Ref.[25℄.Next we present our preditions for the ATLAS and ALICE kinematial onditions forthe ombined ross setions d�=dpT for eletron (or muon) prodution resulting from thesum of harmed and bottom hadron prodution for pS = 7 TeV and one results fromALICE for pS = 2:76 TeV. This latter measurement was done by the ALICE ollaborationin order to have the referene pp ross setion for their PbPb measurements at the sameenergy. In general the ontributions from D (B) deays dominate at small (large) pT andare approximately equal at pT ' 4 GeV. The ATLAS data [7℄ onsist of three di�erentmeasurements of d�=dpT :(i) for the prodution of eletrons (e++e�) as a funtion of pT for7 � pT � 26 GeV integrated over the rapidity range �2:0 � y � 2:0 exluding the rapidityinterval 1:37 � jyj � 1:52, (ii) the prodution of muons (�+ + ��) in the same pT and y9
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