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1DESY, Hamburg, Germany2 CERN, Geneva, SwitzerlandUniversity of Antwerp, Antwerp, Belgium3D.V. Skobeltsyn Institute of Nulear Physis,M.V. Lomonosov Mosow State University, RussiaAbstratWe present hadron-level preditions from the Monte Carlo generator Casade and nu-merial level alulations of beauty quark and inlusive b-jet prodution in the frameworkof the kT -fatorization QCD approah for CERN LHC energies. The unintegrated gluondensities in a proton are determined using the CCFM evolution equation and the Kimber-Martin-Ryskin (KMR) presription. We study the theoretial unertainties of our alula-tions and investigate the e�ets oming from parton showers in initial and �nal states. Ourpreditions are ompared with the reent data taken by the CMS ollaboration.PACS number(s): 12.38.-t, 13.85.-t1 IntrodutionBeauty prodution at high energies is subjet of intense studies from both theoretialand experimental points of view sine events ontaining b quarks present an importantbakground to many of the searhes at the LHC. From the theoretial point, the dominantprodution mehanism is believed to be quark pair prodution through the gluon-gluonfusion subproess and therefore these proesses provide an opportunity to test the di�erentpreditions based on Quantum Chromodynamis (QCD). The present note is motivated bythe reent measurements [1, 2℄ b prodution performed by the CMS ollaboration. The b-quark ross setions have been presented [1℄ as a funtion of the muon transverse momentumand pseudorapidity at ps = 7 TeV. It was observed that the data tend to be higher thanthe MC�NLO [3, 4℄ preditions. On the other hand the measurements of inlusive b-jet1
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prodution ross setions [2℄ are reasonably well desribed by MC�NLO. In addition to theomparison of CASCADE with data in [1℄ we present here futher studies.In the framework of the kT -fatorization approah of QCD [5℄, whih is of primary on-sideration in this note, a study of the heavy quark prodution has been done (for previousresults see [6{12℄). In our previous study [12℄ we show a good agreement between the Teva-tron data on the b quarks, b�b di-jets, B+ and several D mesons (or rather muons from theirsemileptoni deays) prodution with the preditions oming from kT -fatorization and weinvestigated the role of initial and �nal state parton showers. Based on these results, wegive here a systemati analysis of the reent CMS measurements [1, 2℄ in the framework ofkT -fatorization. As done in [12℄, we produe the alulations in two ways: we will per-form numerial parton-level alulations (labeled as LZ) as well as alulations with the fullhadron level Monte Carlo event generator Casade [13℄ and ompare both with the mea-sured ross setions of heavy quark prodution. In this way we will investigate the inueneof parton showers in initial and �nal states for the desription of the data. Additionallywe study di�erent soures of theoretial unertainties, i.e. unertainties onneted with thegluon evolution sheme, heavy quark mass, hard sale of partoni subproess and the heavyquark fragmentation funtions.The outline of our paper is the following. In Setion 2 we reall very shortly the basiformulas of the kT -fatorization approah with a brief review of alulation steps. In Setion 3we present the numerial results of our alulations and a disussion. Setion 4 ontains ouronlusions.2 Theoretial frameworkIn the present analysis we follow the approah desribed in the earlier publiation [12℄.For the reader's onveniene, we only briey reall here main points of the theoretial sheme.The ross setion of heavy quark hadroprodution at high energies in the kT -fatorizationapproah is alulated as a onvolution of the o�-shell (i.e. kT -dependent) partoni rosssetion �̂ and the unintegrated gluon distributions in a proton. It an be presented in thefollowing form:�(p�p! Q �QX) = Z 116�(x1x2s)2A(x1;k21T ; �2)A(x2;k22T ; �2)j �M(g�g� ! Q �Q)j2��dp21Tdk21Tdk22Tdy1dy2d�12� d�22� ; (1)where A(x;k2T ; �2) is the unintegrated gluon distribution in a proton, j �M(g�g� ! Q �Q)j2 isthe o�-shell (i.e. depending on the initial gluon virtualities k21T and k22T ) matrix elementsquared and averaged over initial gluon polarizations and olors, and s is the total enter-of-mass energy. The produed heavy quark Q and anti-quark �Q have the transverse momentap1T and p2T and the enter-of-mass rapidities y1 and y2. The initial o�-shell gluons have afration x1 and x2 of the parent protons longitudinal momenta, non-zero transverse momentak1T and k2T (k21T = �k21T 6= 0, k22T = �k22T 6= 0) and azimuthal angles �1 and �2. Theanalyti expression for the j �M(g�g� ! Q �Q)j2 an be found, for example, in [5, 9℄.The unintegrated gluon distribution in a proton A(x;k2T ; �2) in (1) an be obtained fromthe analytial or numerial solution of the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [14℄ or2



Ciafaloni-Catani-Fiorani-Marhesini (CCFM) [15℄ equations. As in [12℄, in the numerial al-ulations we have tested a few di�erent sets, namely CCFM A0 (B0) [16℄ and KMR [17℄ ones.The input parameters in both CCFM-evolved gluon densites have been �tted [16℄ to desribethe proton struture funtion F2(x;Q2). The di�erene between A0 and B0 sets is onnetedwith the di�erent values of soft ut and width of the intrinsi kT distribution. A reasonabledesription of the F2 data an be ahieved [16℄ by both these sets. To evaluate the unin-tegrated gluon densities in a proton A(x;k2T ; �2) we apply also the Kimber-Martin-Ryskin(KMR) approah [17℄. The KMR approah is a formalism to onstrut the unintegratedparton (quark and gluon) distributions from the known onventional parton distributions.For the input, we have used the standard GRV 94 (LO) [18℄ (in LZ alulations) and MRST99 [20℄ (in Casade) sets.3 Numerial resultsThe unintegrated gluon distributions to be used in the ross setion (1) depend on therenormalization and fatorization sales �R and �F . Following [12℄, in the numerial alula-tions we set �2R = m2Q+(p21T +p22T )=2, �2F = ŝ+Q2T , where QT is the transverse momentumof the initial o�-shell gluon pair, m = 1:4 � 0:1 GeV, mb = 4:75 � 0:25 GeV. We use theLO formula for the oupling �s(�2R) with nf = 4 ative quark avors at �QCD = 200 MeV,suh that �s(M2Z) = 0:1232.We begin the disussion by presenting our results for the muons originating from thesemileptoni deays of the b quarks. The CMS ollaboration has measured [1℄ the transversemomentum and pseudorapidity distributions of muons from b-deays. The measurementshave been performed in the kinemati range p�T > 6 GeV and j��j < 2:1 at the total enter-of-mass energy ps = 7 TeV. To produe muons from b-quarks in the LZ alulations, we �rstonvert b-quarks into B mesons using the Peterson fragmentation funtion with default value�b = 0:006 and then simulate their semileptoni deay aording to the standard eletroweaktheory. The branhing of b ! � as well as the asade deay b !  ! � are taken intoaount with the relevant branhing frations taken from [22℄. The preditions of the LZ andCasade alulations are shown in Figs. 1 and 2 in omparison with the CMS data. We�nd a good desription of the data when using the CCFM-evolved (A0) gluon distribution inLZ alulations although the Casade urves tend to lie slightly below the data at entralrapidities. The preditions between the LZ and Casade alulations agree well at partonlevel. The observed di�erene between them in Figs. 1 and 2 is due to missing parton showere�ets in the LZ alulations. The inuene of suh e�ets is demonstrated in Fig. 3, wherewe show separately the results of our Casade alulations without parton shower, withonly initial state, with only �nal state and with both initial and �nal state parton showers.One an see that without initial and �nal state parton showers, the Casade preditionsare very lose to the LZ ones. The similar situation was pointed out in [12℄ at the Tevatronenergies.To investigate the dependene of our preditions on the quark-to-hadron fragmentationfuntion, we repeated our alulations with the shifted value of the Peterson shape parameter�b = 0:003, whih is is often used in the NLO pQCD alulations. Additionally, we haveapplied the non-perturbative fragmentation funtions whih have been proposed in [23{25℄.3



Soure �(pp! b +X ! �+X 0; p�T > 6 GeV, j��j < 2:1)CMS data [�b℄ 1:32� 0:01 (stat) �0:30 (syst) �0:15 (lumi)A0 (LZ/Casade) 1.31/0.96B0 (LZ/Casade) 0.98/0.72KMR (LZ/Casade) 0.91/0.59MC�NLO [1℄ 0.95Pythia [1℄ 1.9Table 1: The inlusive b-quark prodution ross setion in pp ollisions at ps = 7 TeV.The input parameters were determined [24, 25℄ by a �t to LEP data. The results of ouralulations are shown in Fig. 4. For illustration, we used here the CCFM A0 gluon density.We �nd that the predited ross setions in the onsidered kinemati region are larger forsmaller values of the parameter �b or if the fragmentation funtion from [23{25℄ is used.Thus, the CMS data points lie within the band of theoretial unertainties. The resultsobtained here (see Fig. 1) with the CCFM B0 and KMR gluon densities (but also with A0density as shown in the CMS paper) are rather lose to theMC�NLO ones (not shown) andunderestimate the data by a fator of 1.6.The visible ross setions of deay muons from b-deays are listed in Table 1 in omparisonwith the CMS data [1℄. In Table 2 the systemati unertainties of our alulations aresummarized. To estimate the unertainty oming from the renormalization sale �R, weused the CCFM set A0+ and A0� instead of the default density funtion A0. These twosets represent a variation of the sale used in �s in the o�-shell matrix element. The A0+stands for a variation of 2�R, while set A0� reets �R=2. We observe a deviation ofroughly 13% for set A0+. The unertainty oming from set A0� is generally smaller andnegative. The dependene on the b-quark mass is investigated by variation of b-quark massof mb = 4:75 GeV by �0:25 GeV. The alulated b-quark ross setions vary by � �6%.The CMS ollaboration has measured [2℄ the double di�erential ross setions d�=dy dpTof inlusive b-jet prodution at the ps = 7 TeV. The measurements have been determined infour b-jet rapidity regions, namely jyj < 0:5, 0:5 < jyj < 1, 1 < jyj < 1:5 and 1:5 < jyj < 2.Our preditions are shown in Figs. 5 and 6 and ompared to the CMS data. In the Casadealulations the b-jets are reonstruted with the anti-kt one algorithm [26℄ (using theFastjet pakage [27, 28℄) with radius R > 0:5. In ontrast with the deay muon rosssetions, the preditions based on the CCFM and KMR gluons are very similar to eah4



Soure �(pp! b +X ! �+X 0; p�T > 6 GeV, j��j < 2:1)CCFM set A0 0.96 �bCCFM set A0+ +13%CCFM set A0� -2%mb = 5:0 GeV -7%mb = 4:5 GeV +6%�b = 0:003 +9%Total �17%7%Table 2: Systemati unertainties for beauty total ross setion in pp ollisions atps = 7 TeVobtained with Casade.other. The reasonable desription of the data is obtained by all unintegrated gluon densitiesunder onsideration.Finally, we would like to point out the role of non-zero gluon transverse momentum kTin the o�-shell matrix elements (see Figs. 7 and 8). In these Figs, the solid histograms or-respond to the results obtained aording to the master formula (1). The dotted histogramsare obtained by using the same formula but without virtualities of the inoming gluons inpartoni amplitude and with the additional requirement k21;2T < �2R. We �nd that the non-zero gluon transverse momentum in the hard matrix element is important for the desriptionof data. The similar situation was pointed out in [12℄ at the Tevatron energies. It means,that the high kT region is important, and only when inluding the highkT tail the resultsare similar to NLO preditions.4 ConlusionsIn this note we analyzed the �rst data on the beauty prodution in pp ollisions at LHCtaken by the CMS ollaboration. Our onsideration is based on the kT -fatorization approahsupplemented with the CCFM-evolved unintegrated gluon densities in a proton. The analysisovers the total and di�erential ross setions of muons originating from the semileptonideays of beauty quarks as well as the double di�erential ross setions of inlusive b-jetprodution. Using the full hadron-level Monte Carlo generator Casade, we investigated5
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Figure 1: The pseudorapidity distributions of muons arising from the semileptoni deaysof beauty quarks. The �rst olumn shows the LZ numerial results while the seond onedepits the Casade preditions. The solid, dashed and dotted histograms orrespond tothe results obtained with the CCFM A0, B0 and KMR unintegrated gluon densities. Thekinemati uts applied are desribed in the text. The experimental data are from CMS [1℄.
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Figure 2: The transverse momentum distributions of muons arising from the semileptonideays of beauty quarks. The �rst olumn shows the LZ numerial results while the seondone depits the Casade preditions. Notation of all histograms is the same as in Fig. 1.The kinemati uts applied are desribed in the text. The experimental data are fromCMS [1℄.
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Figure 6: The double di�erential ross setions d�=dy dpT of inlusive b-jet prodution asa funtion of pT in di�erent y regions alulated at ps = 7 TeV (Casade preditions).Notation of all histograms is the same as in Fig. 1. The experimental data are from CMS [2℄.

11



0

200

400

600

800

-2 -1 0 1 2

d
σ/

d
ηµ   

[n
b

]

ηµ  

LZ

10
0

10
1

10
2

10
3

10 15 20 25 30

d
σ/

d
p

Tµ   
 [

n
b

/G
e
V

]

pT
µ
   [GeV]

LZ

Figure 7: Importane of non-zero transverse momentum of inoming gluons in open b quarkprodution at the LHC. The solid histograms orrespond to the results obtained aordingto the master formula (1). The dotted histograms are obtained by using the same formulabut now we swith o� the virtualities of both inoming gluons in partoni amplitude andapply an additional requirement k21;2T < �2R. We have used here the CCFM A0 gluon forillustration. The experimental data are from CMS [1℄.

12



10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
2

d
σ/

d
y
 d

p
T  
 [

µb
/G

e
V

]

b-jet pT   [GeV]

LZ

|y| < 0.5

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
2

d
σ/

d
y
 d

p
T  
 [

µb
/G

e
V

]

b-jet pT   [GeV]

LZ

0.5 < |y| < 1

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
2

d
σ/

d
y
 d

p
T  
 [

µb
/G

e
V

]

b-jet pT   [GeV]

LZ

1 < |y| < 1.5

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
2

d
σ/

d
y
 d

p
T  
 [

µb
/G

e
V

]

b-jet pT   [GeV]

LZ

1.5 < |y| < 2

Figure 8: Importane of non-zero transverse momentum of inoming gluons in b-jet produ-tion at the LHC. Notation of all histograms is the same as in Fig. 7. The experimental dataare from CMS [2℄.

13


	1 Introduction
	2 Theoretical framework
	3 Numerical results
	4 Conclusions
	5 Acknowledgments

