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Measurement of 
harm and beautyprodu
tion in deep inelasti
 ep s
atteringfrom de
ays into muons at HERA
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Abstra
tThe produ
tion of 
harm and beauty quarks in ep intera
tions has been mea-sured with the ZEUS dete
tor at HERA for squared four-momentum ex
hangeQ2 > 20 GeV2, using an integrated luminosity of 126 pb�1. Charm and beautyquarks were identi�ed through their de
ays into muons. Di�erential 
ross se
tionswere measured for muon transverse momenta p�T > 1:5 GeV and pseudorapidities�1:6 < �� < 2:3, as a fun
tion of p�T , ��, Q2 and Bjorken x. The 
harm andbeauty 
ontributions to the proton stru
ture fun
tion F2 were also extra
ted.The results agree with previous measurements based on independent te
hniquesand are well des
ribed by QCD predi
tions.
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1 Introdu
tionThe measurement of 
harm and beauty produ
tion in deep inelasti
 s
attering (DIS)provides a stringent test of quantum 
hromodynami
s (QCD) sin
e the large quark massesprovide hard s
ales that make perturbative 
al
ulations appli
able. At leading order,heavy quarks (HQs) are produ
ed in DIS via boson{gluon fusion (BGF) (
�g ! q�q). Apre
ise measurement of HQ produ
tion in DIS therefore provides a dire
t 
onstraint onthe gluon parton density fun
tion (PDF) of the proton.Charm produ
tion in DIS at HERA has been measured previously using re
onstru
ted
harmed mesons [1, 2℄ or in
lusively by exploiting the long lifetime of 
harmed hadrons [3℄.Beauty produ
tion in DIS has been studied in events with muons and jets [4, 5℄ and fromlifetime information [3℄. The existing data are generally in good agreement with next-to-leading-order (NLO) QCD predi
tions. The largest di�eren
es were observed in themuon analyses [4, 5℄ where the measured beauty 
ross se
tion was about two standarddeviations above the theoreti
al expe
tation.In this paper, a simultaneous measurement of beauty and 
harm produ
tion using semi-leptoni
 (SL) de
ays into muons is presented. The fra
tions of muons originating from
harm, beauty and light 
avours (LF) were extra
ted by exploiting three dis
riminatingvariables: the muon impa
t parameter, the muon momentum 
omponent transverse tothe asso
iated jet axis and the missing transverse momentum, whi
h is sensitive to theneutrino from SL de
ays.The analysis fo
used on data with large squared four-momentum ex
hange at the ele
tronvertex, Q2, where 
harm measurements based on muons are 
ompetitive with those basedon identi�ed 
harmed mesons.The 
ross se
tions for muons from 
harm and beauty de
ays were measured for Q2 >20 GeV2, muon transverse momenta p�T > 1:5 GeV and pseudorapidities1 �1:6 < �� < 2:3as a fun
tion of p�T , ��, Q2, and of the Bjorken s
aling variable x [6℄ and 
ompared toQCD predi
tions. The muon 
ross se
tions, measured in bins of x and Q2, were usedto extra
t the heavy quark 
ontributions to the proton stru
ture fun
tion F2 whi
h were
ompared to previous results and to QCD predi
tions.The data used in this analysis were 
olle
ted with the ZEUS dete
tor in the 2005 runningperiod during whi
h HERA 
ollided ele
trons with energy Ee = 27:5 GeV with protonswith Ep = 920 GeV 
orresponding to a 
entre-of-mass energy ps = 318 GeV. The 
orre-sponding integrated luminosity was L = 126:0� 3:3 pb�1.1 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing towards the
entre of HERA. The pseudorapidity is de�ned as � = � ln �tan �2�, where � is the polar angle.1



2 Theoreti
al predi
tionsHeavy quark produ
tion in DIS has been 
al
ulated at next-to-leading order (O(�2s))in the so-
alled �xed 
avour number s
heme (FFNS) in whi
h only light 
avours arepresent in the proton and heavy quarks are produ
ed in the intera
tion [7℄. The resultsof this analysis have been 
ompared to NLO 
al
ulations performed with the Hvqdisprogram [8, 9℄. The renormalisation and fa
torisation s
ales were set to �2R = �2F =Q2 + 4m2q and the quark masses to m
 = 1:5 GeV and mb = 4:75 GeV. The PDFs wereobtained by repeating the ZEUS-S [10℄ PDF �t in the FFNS with quark masses set tothe same values as in the Hvqdis 
al
ulation.To 
al
ulate muon observables, the partoni
 results were interfa
ed to a model of HQfragmentation into weakly de
aying heavy hadrons and of the de
ay of heavy hadrons intomuons. The hadron momentum was obtained by s
aling the quark momentum a

ordingto the fragmentation fun
tion of Peterson et al. [11℄ with the parameter �
 = 0:055 for
harm and �b = 0:0035 for beauty. This 
hoi
e of �
 
orresponds to �
 = 0:035 for D�mesons [12℄ sin
e kinemati
 
onsiderations [13℄ and dire
t measurements [14℄ show that,on average, the momentum of the weakly de
aying hadrons is � 5% lower than that ofD� mesons.The semileptoni
 de
ay spe
trum for 
harm was taken from a re
ent CLEO measure-ment [15℄. The de
ay spe
trum for beauty hadrons was taken from the Pythia [16℄Monte Carlo (MC), mixing dire
t SL de
ays and 
as
ade de
ays through 
harm a

ordingto the measured bran
hing ratios [17℄. It was 
he
ked that the MC des
ribed BELLE andBABAR data [18℄ well. The bran
hing ratios were set to B(
 ! �) = 0:096� 0:004 andB(b! �) = 0:209� 0:004 [17℄.The un
ertainty on the theoreti
al predi
tions was evaluated by independently varying�R and �F by a fa
tor two; by varying the HQ masses simultaneously to (m
; mb) =(1:3; 4:5); (1:7; 5:0) GeV in the 
al
ulation and in the PDF �t; by varying the protonPDFs by their experimental un
ertainty and by varying the fragmentation parameterswithin 0:04 < �
 < 0:12 (
orresponding to 0:025 < �
 < 0:085 for D� mesons [19℄) and0:0015<�b<0:0055. As a further 
he
k, the fragmentation was performed by s
aling thesum of the energy and the momentum parallel to the HQ dire
tion, E+pjj, rather than theHQ momentum. The total theoreti
al un
ertainty was obtained by adding in quadraturethe e�e
ts of ea
h variation. In the beauty 
ase, the total un
ertainty is dominated bythe variation of �R and of the mass while for 
harm the variation of �
 also gives a large
ontribution.The 
al
ulations of F 
�
2 and F b�b2 in the FFNS were performed using Hvqdis and 
ross
he
ked with the QCD evolution 
ode [20℄ used in the ZEUS PDF �t.2



3 Monte Carlo samplesCharm and beauty MC samples were generated using Rapgap 3.00 [21℄ to simulatethe leading order BGF pro
ess. Parton shower te
hniques were used to simulate higherorder QCD e�e
ts. Higher order QED e�e
ts were in
luded through Hera
les 4.6 [22℄.The CTEQ5L [23℄ PDFs were used and the HQ masses were set to m
 = 1:5 GeV andmb = 4:75 GeV.Light 
avour MC events were extra
ted from an in
lusive DIS sample generated withDjangoH 1.3 [24℄ whi
h is interfa
ed to Lepto 6.5 [25℄ to simulate the hadroni
 �nalstate with the matrix element plus parton shower (meps) model and to Hera
les 4.6to in
lude ele
troweak radiative 
orre
tions. The CTEQ5D [23℄ parton density was used.Inelasti
 J= produ
tion was simulated with Cas
ade [26℄ sin
e that model generallydes
ribes the DIS data of a previous publi
ation [27℄.The above samples 
orresponded to at least �ve times the luminosity of the data. Asmaller light quark sample was generated with Rapgap and mixed with the heavy quarkRapgap samples for the study of the in
lusive DIS 
ontrol sample (Se
tion 6).Fragmentation and parti
le de
ays were simulated using the Jetset/Pythia model [28,16℄. The lepton energy spe
trum from 
harm de
ays was reweighted to agree with CLEOdata [15℄. The MC events were passed through a full simulation of the ZEUS dete
torbased on Geant 3.21 [29℄. They were then subje
ted to the same trigger 
riteria andre
onstru
ted with the same programs as used for the data.4 Experimental set-upA detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [30℄. A brief outlineof the 
omponents that were most relevant for this analysis is given below.Charged parti
les were tra
ked in the sili
on mi
rovertex dete
tor (MVD) [31℄ and in the
entral tra
king dete
tor (CTD) [32℄, whi
h operated in a magneti
 �eld of 1:43 T providedby a thin super
ondu
ting solenoid. The MVD 
onsisted of a barrel (BMVD) and aforward (FMVD) se
tion with three 
ylindri
al layers and four verti
al planes of single-sided sili
on dete
tors, respe
tively. The CTD 
onsisted of 72 
ylindri
al drift 
hamberlayers, organised in 9 superlayers 
overing the polar-angle region 15Æ < � < 164Æ. Afteralignment, the single-hit resolution of the BMVD was 25 �m and the impa
t parameterresolution of the CTD{BMVD system for high-momentum tra
ks was � 100 �m.The high-resolution uranium{s
intillator 
alorimeter (CAL) [33℄ 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h part was3



subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
tionand either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions. Under test-beam 
onditions, the CAL single-parti
le relative energy resolutions were �(E)=E =0:18=pE for leptons and �(E)=E = 0:35=pE for hadrons, with E in GeV. The energy ofele
trons hitting the RCAL was 
orre
ted for the presen
e of dead material using the rearpresampler dete
tor (PRES) [34℄ and the small angle rear tra
king dete
tor (SRTD) [35℄.The muon system 
onsisted of rear/barrel (R/BMUON) [36℄ and forward (FMUON) [30℄tra
king dete
tors. The B/RMUON 
onsisted of limited-streamer (LS) tube 
hamberspla
ed behind the BCAL (RCAL), inside and outside a magnetised iron yoke surroundingthe CAL. The barrel and rear muon 
hambers 
over polar angles from 34o to 135o andfrom 135o to 171o, respe
tively. The FMUON 
onsisted of six trigger planes of LS tubesand four planes of drift 
hambers 
overing the angular region from 5o to 32o. The muonsystem exploited the magneti
 �eld of the iron yoke and, in the forward dire
tion, of twoiron toroids magnetised to � 1:6 T to provide an independent measurement of the muonmomentum.The luminosity was measured using the Bethe-Heitler rea
tion ep ! e
p with the lumi-nosity dete
tor whi
h 
onsisted of two independent systems, a photon 
alorimeter [37℄and a magneti
 spe
trometer [38℄.5 Event re
onstru
tion and sele
tionA three-level trigger was used to sele
t events online [30, 39℄. DIS events were sele
tedby requiring a s
attered ele
tron in the CAL.A s
attered ele
tron with energy E 0e > 8 GeV was required o�ine. The primary vertexhad to be within �30 
m in Z from the nominal intera
tion point.Muons were re
onstru
ted by mat
hing a CTD+MVD tra
k to a tra
k segment in theinner or outer B/RMUON 
hambers or to an FMUON tra
k 
rossing at least four FMUONplanes. This B/RMUON sele
tion was looser than in some previous analyses, whi
hrequired the muons to rea
h the external 
hambers [4, 40℄, allowing a lower threshold forthe muon transverse momentum.The 
entral tra
k asso
iated to a B/RMUON 
andidate was required to pass at leastthree CTD superlayers and to have at least four hits in the MVD to allow a good impa
tparameter measurement. The tra
ks asso
iated to FMUON 
andidates were required topass at least one CTD superlayer, 
orresponding to at least four degrees of freedom inthe tra
k �t. 4



Muons were a

epted in the kinemati
 region de�ned byp�T > 1:5 GeV;�1:6 < �� < 2:3:The hadroni
 system (in
luding the muon) was re
onstru
ted from energy 
ow obje
ts(EFOs) [41℄ that 
ombine the information from 
alorimetry and tra
king, 
orre
ted forenergy loss in the dead material. The EFOs were 
orre
ted using the measured momentaof identi�ed muons [40, 42℄. A re
onstru
ted four-momentum (piX ; piY ; piZ; Ei) was assignedto ea
h EFO i.To sele
t a 
lean DIS sample, the following 
uts on global variables were applied:(E�PZ)tot = (E�PZ)h + E 0e(1�
os �e) � [40; 80℄ GeVye = 1� E 0e(1�
os �e)=(2Ee) < 0:7yJB = (E�PZ)h=(2Ee) > 0:01Q2� = (E 0e sin �e)2=(1� y�) > 20 GeV2;where (E�PZ)h = Pi�EFOsEi�piZ , y� = (E�PZ)h=(E�PZ)tot [43℄, and �e is the ele
tronpolar angle. These 
uts restri
ted the a

essible inelasti
ity y = Q2=(xs) and Q2 to0:01 < y < 0:7 and Q2 > 20 GeV2. The DIS variables x and Q2 were re
onstru
ted usingthe � estimators Q2� and x� = Q2�=(sy�) [43℄.To remove ba
kground events with isolated muons (

 ! �+��, J= and � de
ays) andresidual 
osmi
 muons, an anti-isolation 
ut was applied by requiring that the hadroni
energy in a 
one of radius 1 in the ��� plane around the muon 
andidate, ex
luding themuon itself, was E iso > 0:5 GeV. From MC studies this 
ut was 98% (90%) eÆ
ient for
harm (beauty).Jets were re
onstru
ted from EFOs using the kT algorithm [44℄ in the longitudinallyinvariant mode [45℄. About 96% of the muon 
andidates were asso
iated to a jet withtransverse momentum (in
luding the muon) pjetT > 2:5 GeV and kept for further analysis.After the above sele
tion, the �nal sample 
ontained 11126 muons. A subsample of 35events with more than one muon was found, 28 of whi
h 
onsisted of �+�� pairs. AJ= signal of 9 events was observed in the �+�� invariant mass distribution. The total
ontamination from J= produ
tion was estimated with the Cas
ade MC, normalisedto the observed J= signal. It was found to be (0:9 � 0:3)% and was negle
ted in theanalysis.6 Extra
tion of the 
harm and beauty fra
tionsThe sample of sele
ted muon 
andidates 
ontained signal muons from 
harm and beautyde
ays and ba
kground from in-
ight �� and K� de
ays and from the pun
h through of5



hadroni
 jets in the muon 
hambers. Candidates from in-
ight de
ays and pun
h through,whi
h are subsequently denoted as \false muons", were present both in the LF events andin events 
ontaining HQs.The fra
tions of muons originating from 
harm, beauty or LF events were determinedfrom a simultaneous �t of three dis
riminating variables sensitive to di�erent aspe
ts ofHQ de
ays:� prelT , the muon momentum 
omponent transverse to the axis of the asso
iated jet,prelT = jp � � p jetj=jp jetj. Due to the large b mass, muons from beauty hadron de
ayshave a harder prelT spe
trum than those from 
harm or light quarks;� Æ, the distan
e of 
losest approa
h of the muon tra
k to the 
entre of the intera
tionregion (beam spot) in the X; Y plane. A positive sign was assigned to Æ if the muontra
k 
rosses the axis of the asso
iated jet in the jet hemisphere, negative otherwise.The beam spot position was obtained by �tting the re
onstru
ted primary vertexdistribution for every 2000 ep events. The size of the intera
tion region was 80�20 �m2in X�Y . Muons from de
ays of long-lived heavy quarks tend to have positive Æ whiletra
ks originating from the primary intera
tion have a symmetri
 Æ distribution aroundzero, 
orresponding to the experimental resolution.� pmissjj�T , the missing transverse momentum parallel to the muon dire
tion. The missingtransverse momentum ve
tor was 
al
ulated using the ele
tron and the EFOs. Thepmissjj�T distribution has a positive tail of events 
ontaining semileptoni
 HQ de
ays dueto the presen
e of the neutrino.A 
ontrol sample of in
lusive DIS data, sele
ted similarly to the muon sample but withoutany muon requirement, was used to test the quality of the simulation of these variables.The 
ontrol sample is dominated by LF events, 
ontaining, a

ording to MC, about18% (1%) of 
 (b) events. The prelT distribution of in
lusive tra
ks in the 
ontrol samplewas reasonably well reprodu
ed by both the DjangoH and the Rapgap in
lusive DISsamples. The small di�eren
es (at most 10% at prelT > 2 GeV) were 
orre
ted for byapplying a bin-by-bin 
orre
tion to the prelT distribution of the LF and 
harm MC samplessimilarly to a previous publi
ation [40℄. The quality of the MC des
ription of pmissjj�T wasalso evaluated in the 
ontrol sample by studying a similar pT -balan
e variable: the missingtransverse momentum parallel to the ele
tron pmissjjeT . The best des
ription of the pmissjjeTdistribution of the in
lusive DIS sample was obtained by shifting the hadroni
 transversemomentum by (0:1 � 0:1) GeV in the MC and by in
reasing the hadroni
 transversemomentum resolution by (5 � 5)% in the 
ase of Rapgap and by (0 � 5)% in the 
aseof DjangoH. The resolution on Æ was studied using tra
ks in the in
lusive DIS sample.Sin
e it was underestimated in the MC by � 15%, a pT -dependent smearing [46℄ wasapplied to the MC, similarly to what was done in a previous publi
ation [47℄.6



The fra
tions of b, 
 and LF events were obtained by �tting a 
ombination of MC dis-tributions to the measured three-dimensional distribution of the dis
riminating variables[48℄. The �t range was jÆj < 0:1 
m, prelT < 2:5 GeV and jpmissjj�T j < 10 GeV. A pre
isemeasurement of Æ was only possible inside the region 
overed by the BMVD. Hen
e forevents with muons re
onstru
ted in the FMUON (4% of the total) only prelT and pmissjj�Twere used in the �t. A Poisson likelihood �t was used, taking into a

ount the limitedMC statisti
s.The global 
harm and beauty fra
tions resulting from the �t weref
 = 0:456� 0:029(stat:); fb = 0:122� 0:013(stat:)with a 
orrelation 
oeÆ
ient �
b = �0:43. Figure 1(a-
) shows the distributions of thethree dis
riminating variables 
ompared to the MC distributions with the normalisation
orresponding to the �t. While Æ and pmissjj�T provide dis
rimination between LF andHQs, prelT dis
riminates between beauty and the other 
omponents. Figure 1(d) showsthe distribution of prelT for a signal-enri
hed subsample. The distributions of p�T , ��, pjetT ,E � PZ , Q2� and x� for the data and for the MC samples normalised a

ording to the �tare shown in Fig. 2. The overall agreement is satisfa
tory.7 A

eptan
e and QED 
orre
tionsThe visible 
ross se
tions for muons from 
harm and beauty de
ays, in
luding beauty
as
ade de
ays via 
; �
; � and  , were measured in the kinemati
 rangeQ2 > 20 GeV2; 0:01 < y < 0:7; p�T > 1:5 GeV; �1:6 < �� < 2:3: (1)The 
ross se
tions were 
al
ulated using�q = fqNAq L Cr;where fq is the HQ fra
tion from the �t, N is the number of re
onstru
ted muons, Aqis the a

eptan
e, Cr is the QED radiative 
orre
tion, and q = 
; b. Di�erential 
rossse
tions were measured by repeating the �t in bins of the re
onstru
ted variable V asd�=dV = �qi =�Vi, where �qi is the 
ross se
tion in the bin and �Vi is the bin width.The a

eptan
e Aq was evaluated from the MC simulation as the number of re
onstru
tedmuons divided by the number of true muons from de
ays of the quark q. This de�nitiontakes into a

ount the 
harm and beauty events in whi
h a \false muon" is re
onstru
tedrather than a signal muon from a HQ de
ay. The a

eptan
e in
luded the eÆ
ien
y ofmuon re
onstru
tion (whi
h in turn in
ludes the eÆ
ien
y of the muon 
hambers and of7



the mat
hing with 
entral tra
king) that was evaluated from an independent ex
lusivedimuon sample as explained in previous publi
ations [40, 42℄. The muon re
onstru
tioneÆ
ien
y was around 50% for 
entral muons with p�T > 2 GeV. The a

eptan
e for 
 (b)ranged from 23% (16%) at 1:5 < p�T < 2:5 GeV to � 35% (25%) at p�T > 2:5 GeV. Thedi�eren
e in a

eptan
e between 
 and b was mainly due to the di�erent 
ontributionfrom \false muons" whi
h was � 25% for 
 and � 3% for b.A

ording to the MC simulation, the probability to �nd a \false muon" in a DIS event(before any muon sele
tion) is Pfalse � 0:1%, almost independently from the event being 
,b or LF. The ability of the MC to reprodu
e Pfalse was studied by 
omparing the number ofLF events in the data, as obtained from the �t, to the absolute predi
tion by DjangoH.The data/MC ratio, Pdatafalse=PMCfalse, was estimated as 0:80�0:20 in the RMUON, 1:10�0:20in the BMUON, and 1:05� 0:40 in the FMUON, in agreement with previous studies [49℄.The 
ross se
tions were 
orre
ted to the QED Born level, 
al
ulated using a running
oupling 
ostant �em, su
h that they 
an be 
ompared dire
tly to the QCD predi
tionsfrom the Hvqdis program (Se
tion 2). The radiative 
orre
tions were obtained as Cr =�Born=�rad, where �Born is the Rapgap 
ross se
tion with the QED 
orre
tions turnedo� but keeping �em running and �rad is the Rapgap 
ross se
tion with the full QED
orre
tions, as in the standard MC samples. The 
orre
tions were typi
ally Cr � 1:05and at maximum 1:10 in the highest Q2 bin.8 Systemati
 un
ertaintiesThe following systemati
 un
ertainties were 
onsidered (the e�e
ts on the total visible
ross se
tion for 
 and for b is given in parentheses):1. B/RMUON eÆ
ien
y: it was varied by its un
ertainty of on average �5% (�5;�5)%;2. FMUON eÆ
ien
y: it was varied by �20% (�2;�5)%;3. \false muon" probability: it was varied within the 
orresponding un
ertainty for ea
hmuon dete
tor (�3+4;�1)%;4. global energy s
ale: it was varied by �2% (�4+5;�3+2 )%;5. 
alibration of pmissjj�T : it was evaluated by varying the hadroni
 transverse momentumin the MC by �0:1 GeV, as allowed by the transverse momentum balan
e in the
ontrol sample (�12;�2+1 )%;6. hadroni
 energy resolution: it was varied in the MC by �5% as allowed by the trans-verse momentum balan
e in the 
ontrol sample (+1+2;�7)%;8



7. simulation of the tails of pmissjj�T : the �ts were redone in the restri
ted range jpmissjj�T j <5 GeV (0;�6)%;8. resolution on Æ: the smearing applied to the MC was varied by �25% as allowed bythe 
ontrol sample (�3+2;+11�9 )%;9. prelT shape of LF and 
harm: it was evaluated by varying the prelT 
orre
tion by �50%(�1:5;+8�5 )%;10. hadroni
 energy 
ow near the muon: it was evaluated by varying the 
ut on E iso by+0:50�0:25 GeV (0;�10 )%;11. jet des
ription: the 
ut on pjetT was varied by �0:5 GeV (�2:5;�3:5+2:5 )%;12. 
harm SL de
ay spe
trum: the reweighting to the CLEO model was varied by �50%,(�4+3;+3�2 )%;13. MC model dependen
e: the Rapgap 
 and b samples were reweighted to reprodu
ethe 
orresponding measured di�erential 
ross se
tions in Q2 or in p�T and the largestdeviation from the nominal 
ross se
tion was taken (+6;+20)%;14. higher order e�e
ts: this un
ertainty was evaluated by varying the HQ distributionbefore parton showering in Rapgap by the di�eren
e between NLO and leading order,as evaluated with Hvqdis (+6�10;+2�3 )%;15. MVD eÆ
ien
y: the eÆ
ien
y of the 
ut on the number of MVD hits of (90 � 3)%was varied by its un
ertainty (�3;�3)%;16. CTD simulation: tra
ks were required to pass � 4 superlayers in the B/RMUONregion and to have � 7 degress of freedom in the FMUON region (+1; 0)%;17. integrated luminosity: measurement un
ertainty (�2:6;�2:6)%.The above un
ertainties were summed in quadrature to obtain the total systemati
 un-
ertainty (+18�19;+28�17 )%.9 Cross se
tionsThe visible 
ross se
tions for muons from 
harm and beauty de
ays in the kinemati
 regionof Eq. (1) are �
 = 164� 10(stat:) +30�31(syst:) pb�b = 63� 7(stat:) +18�11(syst:) pbto be 
ompared with the NLO QCD 
ross se
tions obtained with Hvqdis of �
 =184+26�40 pb and �b = 33� 5 pb. The agreement is good for 
harm while the beauty 
ross9



se
tion is 2:3 (1:9) standard deviations above the 
entral (upper) Hvqdis result. Thevisible 
ross se
tions are a fa
tor 1:04 and 2:27 higher than the Rapgap MC predi
tionsfor 
 and b, respe
tively.The di�erential 
ross se
tions as a fun
tion of p�T , ��, Q2, and x are presented in Table 1and 
ompared in Fig. 3 to the NLO QCD predi
tions based on Hvqdis. The RapgapMC predi
tions are also shown, normalised a

ording to the result of the global �t. Charmand beauty 
ross se
tions are similar for p�T > 3:5 GeV.The 
harm 
ross se
tions are in good agreement with the Hvqdis 
al
ulations. The ten-den
y of the beauty 
ross se
tion to lie above the 
entral NLO predi
tion is 
on
entratedat low p�T and low Q2. The statisti
al signi�
an
e of the di�eren
e between the data andthe NLO predi
itons is similar to that obtained for the total visible 
ross se
tion sin
e theun
ertainties are dominated by 
orrelated systemati
s.Both NLO 
al
ulations and the Rapgap MC give in general a good des
ription of theshape of the di�erential 
ross se
tions. The Q2 distributions for beauty is somewhatsteeper than predi
ited by Rapgap and Hvqdis.10 Extra
tion of F q�q2The heavy quark 
ontribution to the proton stru
ture fun
tions, F q�q2 , F q�qL and the redu
ed
ross se
tion ~�q�q are de�ned in analogy with the in
lusive 
ase from the double di�erential
ross se
tion in x and Q2 for the produ
tion of the quark q:d2�q�qdx dQ2 = K �F q�q2 (x;Q2)� y2Y+F q�qL (x;Q2)� = K ~�q�q(x;Q2; s);where K = Y+(2��2em)=(xQ4) and Y+ = 1 + (1� y)2.The muon 
ross se
tions, �q, measured in bins of x and Q2, were used to extra
t F q�q2 ata referen
e points in the x;Q2 plane by:F q�q2 (x;Q2) = �qF q�q;th2 (x;Q2)�q;th ;where F q�q;th2 (x;Q2) and �q;th were 
al
ulated at NLO in the FFNS using the Hvqdisprogram. The referen
e points were 
hosen 
lose to the average x and Q2 of the eventswithin ea
h bin. Charm produ
ed in b de
ays was not in
luded in the de�nition of �
.This pro
edure 
ontains several 
orre
tions: the extrapolation from the restri
ted muonkinemati
 range (p�T > 1:5 GeV;�1:6 < �� < 2:3) to the full muon phase spa
e; theq ! � bran
hing ratio; the 
orre
tion for the longitudinal stru
ture fun
tion F q�qL and the
orre
tion from a bin-averaged 
ross se
tion to a point value (bin 
entring).10



The largest un
ertainty is related to the extrapolation to the full muon phase spa
e. Thekinemati
 a

eptan
e, A, de�ned as the fra
tion of muons from HQ de
ays that wasgenerated in the restri
ted kinemati
 region is, on average, hAi = 13%(27%), for 
harm(beauty). A

ording to Hvqdis, in the 
harm 
ase, A be
omes sizeable (A > 0:25hAi)when one of the two 
harm quarks in the event has pT > 3 GeV and its rapidity is inthe range (�1:5 : 2:5), whi
h 
orresponds to the phase spa
e 
ontaining 88% of the 
rossse
tion. In the beauty 
ase, A is sizeable over the full HQ phase spa
e.The theoreti
al un
ertainty in the extra
tion of F q�q2 was evaluated by varying the Hvqdisparameters as explained in Se
tion 2 and by using a di�erent PDF set (CTEQ5F). It isdominated by the fragmentation un
ertainty. As a further 
he
k, F q�q2 was also evaluatedtaking A from Rapgap and found to be 
onsistent within the quoted un
ertainties.The muon 
ross se
tions in bins of x and Q2 are given in Table 2. The extra
ted F 
�
2and F b�b2 are presented in Tables 3 and 4 and shown in Figs. 4 and 5. Also given inTables 3 and 4 are the fa
tor A and the 
orre
tion for the longitudinal stru
ture fun
tionCL = ~�q�q=F q�q2 as obtained from the NLO theory. The e�e
ts of the individual sour
es ofsystemati
 and theoreti
al un
ertainty are given in Tables 5 and 6 in the Appendix 2.Figure 4 also 
ontains a 
omparison of F 
�
2 with previous results based on the measurementof D� mesons from ZEUS [2℄ and to results from the H1 
ollaboration based on in
lusivelifetime tagging (VTX) [3℄. The previous results were 
orre
ted to the Q2 values of thepresent analysis, using the NLO theory. The agreement of the di�erent data sets, obtainedwith di�erent 
harm tagging te
hniques, is good. At high Q2, the pre
ision of presentdata is similar or better than for the previous results. The NLO QCD 
al
ulations arealso shown.Figure 5 shows the extra
ted F b�b2 from this analysis and also a previous H1 result [3℄,
orre
ted to the referen
e Q2 values used in the present analysis. The two data sets arein good agreement. The pre
ision of the present measurement is similar to that of the H1data at high Q2. The QCD 
al
ulations are also shown.The stru
ture fun
tions F 
�
2 and F b�b2 are also presented in Figs. 6 and 7 as fun
tions ofQ2 for �xed values of x, 
ompared to previous results 
orre
ted to the same referen
e xused in the present analysis.2 The e�e
ts of the individual sour
es of systemati
 and theoreti
al un
ertainty are also available fromhttp://www-zeus.desy.de/publi
 results/fun
tiondb.php?id=ZEUS-pub-09-003.11



11 SummaryThe produ
tion of 
harm and beauty quarks was measured in DIS using their de
ay intomuons. Total and di�erential 
ross se
tions for muons from 
 and b de
ays were measuredin the kinemati
 regionQ2 > 20 GeV2; 0:01 < y < 0:7; p�T > 1:5 GeV; �1:6 < �� < 2:3and 
ompared to NLO QCD 
al
ulations. The agreement is good for 
harm. Beauty isabout a fa
tor two above the 
entral QCD predi
tion although still 
ompatible withinstatisti
al and systemati
 un
ertainties. The heavy quark 
ontribution to the protonstru
ture fun
tion F2 was also measured and found to agree well with other measurementsbased on independent te
hniques. For Q2 � 60 GeV2 the present results are of 
omparableor higher pre
ision than those previously existing.12 A
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p�T d�
=dp�T �stat: �syst: d�b=dp�T �stat: �syst: �
;b(GeV) (pb/GeV) (pb/GeV)1:5 : 2:5 113 �10 +21�23 48 �8 +15�13 �0:482:5 : 3:5 32:8 �3:8 +5:7�5:4 15:4 �2:7 +4:1�2:8 �0:463:5 : 5:0 6:0 �1:4 +1:4�1:6 6:3 �1:1 +0:9�0:7 �0:485:0 : 10:0 0:97 �0:21 +0:13�0:20 0:76 �0:22 +0:10�0:15 �0:45�� d�
=d�� �stat: �syst: d�b=d�� �stat: �syst: �
;b(pb) (pb)�1:60 : �0:90 20:4 �3:3 +4:2�4:1 5:0 �2:0 +1:9�1:6 �0:36�0:90 : �0:40 40:7 �6:0 +7:7�8:0 13:6 �3:5 +4:1�1:9 �0:20�0:40 : +0:00 60:9 �7:8 +11:8�14:2 17:3 �4:8 +4:9�3:5 �0:37+0:00 : +0:50 67:0 �7:1 +10:2�12:3 21:2 �4:4 +6:4�3:6 �0:42+0:50 : +1:48 47:7 �6:4 +8:9�8:8 20:7 �4:3 +6:0�5:5 �0:49+1:48 : +2:30 33:4 �10:0 +15:3�8:9 16:4 �6:9 +5:7�8:4 �0:41Q2 d�
=dQ2 �stat: �syst: d�b=dQ2 �stat: �syst: �
;b(GeV2) (pb/GeV2) (pb/GeV2)20 : 40 3:43 �0:40 +0:72�0:66 1:46 �0:24 +0:30�0:39 �0:4440 : 80 1:22 �0:13 +0:18�0:22 0:546 �0:086 +0:109�0:098 �0:4180 : 200 0:289 �0:031 +0:053�0:054 0:124 �0:023 +0:020�0:019 �0:36200 : 500 0:0447 �0:0071 +0:0050�0:0083 0:0131 �0:0049 +0:0035�0:0024 �0:47500 : 10000 0:00063 �0:00013 +0:00014�0:00010 0:00013 �0:00008 +0:00005�0:00003 �0:38x d�
=dx �stat: �syst: d�b=dx �stat: �syst: �
;b(nb) (nb)0:0003 : 0:0010 35:3 �5:6 +10:2�6:2 17:4 �3:9 +3:5�3:6 �0:160:0010 : 0:0020 35:2 �4:1 +4:6�7:1 12:4 �2:6 +2:7�3:0 �0:390:0020 : 0:0040 16:1 �2:2 +3:8�3:7 8:0 �1:4 +1:6�1:2 �0:510:0040 : 0:0100 7:38 �0:72 +1:22�1:30 2:04 �0:45 +0:52�0:39 �0:450:0100 : 0:1000 0:417 �0:050 +0:068�0:081 0:076 �0:028 +0:030�0:014 �0:53Table 1: Muon di�erential 
ross se
tions for 
harm and beauty as a fun
tionof ��, p�T , Q2 and x. The last 
olumn shows the statisti
al 
orrelation 
oeÆ
ientbetween 
harm and beauty.
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bin Q2 x �
 �stat: �syst: �b �stat: �syst: �
;b(GeV2) (pb) (pb)1 20 : 60 0:0003 : 0:0012 32:9 �4:6 +8:1�5:9 13:9 �2:9 +3:2�2:3 �0:292 20 : 60 0:0012 : 0:0020 17:7 �3:1 +1:9�4:9 5:7 �2:0 +1:4�1:2 �0:423 20 : 60 0:0020 : 0:0035 16:2 �3:3 +3:7�3:0 5:5 �2:0 +1:8�1:6 �0:514 20 : 60 0:0035 : 0:0060 35:1 �5:7 +10:9�7:2 7:9 �3:6 +4:2�4:0 �0:565 60 : 400 0:0009 : 0:0035 17:2 �2:7 +3:8�2:7 8:8 �1:9 +1:6�1:4 �0:386 60 : 400 0:0035 : 0:0070 18:4 �2:3 +3:0�3:4 4:2 �1:5 +1:2�0:9 �0:357 60 : 400 0:0070 : 0:0400 33:6 �3:5 +6:1�6:4 8:6 �2:3 +2:1�2:1 �0:468 400 :10000 0:0050 : 1:0000 7:6 �1:5 +1:2�1:4 1:6 �0:9 +0:4�0:4 �0:45Table 2: Muon 
ross se
tions for 
harm and beauty in bins of Q2 and x. Thelast 
olumn shows the statisti
al 
orrelation 
oeÆ
ient between 
harm and beauty.
bin Q2 (GeV2) x F 
�
2 �stat: �syst: �theo: A CL1 30 0:0008 0:318 �0:044 +0:078�0:057 +0:061�0:042 0:096 0:9802 30 0:0016 0:219 �0:038 +0:024�0:061 +0:043�0:016 0:114 0:9963 30 0:0025 0:176 �0:036 +0:040�0:033 +0:032�0:021 0:113 0:9984 30 0:0055 0:143 �0:023 +0:044�0:029 +0:028�0:009 0:096 1:0005 130 0:0025 0:298 �0:047 +0:066�0:046 +0:044�0:025 0:175 0:9556 130 0:0055 0:228 �0:029 +0:037�0:042 +0:030�0:015 0:220 0:9937 130 0:0130 0:151 �0:016 +0:027�0:029 +0:021�0:011 0:209 0:9998 1000 0:0300 0:114 �0:023 +0:018�0:021 +0:010�0:007 0:371 0:987Table 3: The stru
ture fun
tion F 
�
2 (x;Q2). The last two 
olumns show the muonkinemati
 a

eptan
e, A, and the 
orre
tion for the longitudinal stru
ture fun
tion,CL.
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bin Q2(GeV2) x F b�b2 �stat: �syst: �theo: A CL1 30 0:0008 0:0220 �0:0047 +0:0049�0:0037 +0:0011�0:0010 0:260 0:9922 30 0:0016 0:0131 �0:0047 +0:0032�0:0028 +0:0009�0:0003 0:264 0:9983 30 0:0025 0:0114 �0:0043 +0:0037�0:0034 +0:0005�0:0004 0:251 0:9994 30 0:0055 0:0080 �0:0036 +0:0041�0:0041 +0:0004�0:0003 0:189 1:0005 130 0:0025 0:0489 �0:0105 +0:0088�0:0076 +0:0024�0:0018 0:300 0:9626 130 0:0055 0:0175 �0:0064 +0:0052�0:0039 +0:0007�0:0007 0:319 0:9947 130 0:0130 0:0149 �0:0039 +0:0037�0:0037 +0:0007�0:0006 0:281 0:9998 1000 0:0300 0:0104 �0:0061 +0:0028�0:0025 +0:0004�0:0004 0:420 0:983Table 4: The stru
ture fun
tion F b�b2 (x;Q2). The last two 
olumns show the muonkinemati
 a

eptan
e, A, and the 
orre
tion for the longitudinal stru
ture fun
tion,CL.
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Figure 1: Distributions of (a) pmissjj�T , (b) Æ, (
) prelT for the sele
ted sample ofmuons in DIS, and of (d) prelT for a signal-enri
hed subsample with pmissjj�T > 2 GeVand either a muon in FMUON or Æ > 0:01 
m. The data (points) are 
omparedto the MC expe
tation (solid line) with the normalisation of the 
 (dotted line), b(shaded histogram) and light 
avours (dashed line), LF, 
omponents obtained fromthe global �t. The error bars 
orrespond to the square root of the number of entries.
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 and b as a fun
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ertaintywhile the outer error bars show the systemati
 and statisti
al un
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al un
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orre
ted to the referen
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Appendix:Tables of systemati
 and theoreti
al un
ertaintiesSyst. F 
�
2 bin F b�b2 bin1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 81a -5 -6 -6 -4 -6 -6 -6 -6 -6 -5 -2 7 -6 -6 -2 -51b 6 7 6 4 6 6 6 7 7 5 1 -7 6 6 1 42a 0 1 -1 -6 1 0 -1 1 -2 -6 -12 -37 -2 -4 -14 -62b 0 -1 1 5 -1 0 1 -1 2 5 11 43 2 3 14 63a -3 -2 -3 -3 -4 -3 -2 -2 0 -2 0 -8 1 1 -2 -33b 3 2 3 4 4 3 2 1 0 3 1 11 -1 -1 4 54a 2 -11 8 -3 -1 -6 -6 -9 2 7 -8 14 -7 10 1 -84b -2 -1 2 5 15 2 5 12 9 -9 -8 13 -7 11 0 -45a 4 4 17 20 9 11 12 3 2 -3 0 5 -2 4 -6 35b -4 -20 -10 -15 -1 -9 -11 -2 5 11 -1 10 -3 -9 3 -56a 19 -5 1 1 0 -2 -10 0 3 5 -13 -28 -2 -9 -3 -76b -9 0 3 19 4 2 8 3 6 -3 22 3 2 11 -1 47 8 -5 -2 1 -5 -4 4 4 1 -8 7 -8 -4 11 -16 -98a 0 -2 -1 1 0 2 -1 -3 11 6 -4 -1 8 6 11 218b 0 4 -3 3 3 0 -3 4 -11 -10 -5 -10 -5 -7 -1 -169a 2 -1 -4 1 0 -1 -2 -1 -5 7 14 2 5 10 8 69b -1 1 3 -1 0 1 1 0 4 -4 -9 -1 -3 -6 -5 -310a -2 4 1 1 -2 -1 0 0 -1 -4 -1 -1 -1 -1 2 110b 1 -5 0 2 -2 -1 2 -1 -4 3 4 -5 6 -6 0 511a 0 -1 3 9 6 -2 1 0 -5 6 11 -8 -3 -2 -1 311b 0 -7 -9 -4 2 2 0 0 1 5 3 6 -2 -3 1 212a -3 0 -2 0 -3 -3 -2 0 2 -2 2 -7 4 6 4 512b 2 0 1 -1 2 2 2 -1 -1 2 -1 9 -3 -5 -3 -313 -1 -1 -2 1 -2 0 -1 0 9 10 5 -2 9 5 6 114a 6 1 3 1 4 6 3 0 4 5 5 3 -2 -8 6 814b -12 -7 -8 -9 -11 -12 -7 -10 -6 -8 -11 4 3 12 -6 215a -3 -3 -3 -2 -3 -3 -3 -3 -3 -2 -1 3 -3 -2 -1 -215b 3 3 3 2 3 3 3 3 3 2 1 -3 3 2 1 216 6 -2 5 -5 4 3 -2 -8 1 6 -12 -5 0 -6 5 217a -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -317b 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3Table 5: Systemati
 un
ertainties of the F 
�
2 and F 
�
2 measurements. The �rst
olumn gives the systemati
 variation number as reported in Se
tion 8, with \a"and \b" 
orresponding to variations in opposite dire
tions. The other 
olumns listthe e�e
t of ea
h variation on the measurements in per
ent.26



Syst. F 
�
2 bin F b�b2 bin1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8�F � 2 4 3 1 2 1 1 0 0 1 2 0 �1 0 0 �1 0=2 �8 �2 �7 0 �4 �2 0 1 �1 0 �1 0 �1 0 1 0�R � 2 1 �1 �3 �2 �2 �2 �3 �2 0 1 0 �2 0 0 �1 �1=2 �1 0 2 6 1 2 5 3 �1 1 1 1 1 0 1 1mq+ �8 �5 �3 �2 �3 �1 �1 �2 �2 �1 �1 0 �1 �1 0 �1� 5 4 3 3 3 2 2 1 2 2 1 0 1 1 2 0PDF + 2 �1 �1 0 1 0 2 0 0 1 �1 �1 0 0 �1 �1� �1 1 �2 �1 �1 0 0 0 0 1 0 1 0 0 1 0CTEQ 4 1 �1 1 1 0 2 2 0 1 �1 3 0 1 2 1�+ 16 17 17 17 13 12 12 7 2 4 2 2 3 3 3 2� �6 �2 �8 �4 �5 �4 �5 �4 �3 �1 �3 �2 �3 �3 �3 �2E + pjj 5 6 4 4 3 3 2 0 3 5 3 2 3 3 2 0B+ �4 �4 �4 �4 �4 �4 �4 �4 �2 �2 �2 �2 �2 �2 �2 �2� 4 4 4 4 4 4 4 4 2 2 2 2 2 2 2 2Table 6: Theoreti
al un
ertainties of the F 
�
2 and F 
�
2 measurements. The �rst
olumn gives the parameter varied in the 
al
ulation as reported in Se
tions 2 and10: the fa
torisation (�F ) and renormalisation (�R) s
ales, the HQ mass (mq),the variation of the ZEUS PDF by its un
ertainty (PDF), the use of the CTEQ5PDF (CTEQ), the Peterson fragmentation parameter (�), the use an alternativefragmentation variable (E+pjj) and the SL bran
hing ratio (B). The other 
olumnslist the e�e
t of ea
h variation on the measurements in per
ent.
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