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Measurement of beauty produ
tion fromdimuon events at HERA

ZEUS Collaboration
Abstra
tBeauty produ
tion in events 
ontaining two muons in the �nal state has beenmeasured with the ZEUS dete
tor at HERA using an integrated luminosity of114 pb�1. A low transverse-momentum threshold for muon identi�
ation, in 
om-bination with the large rapidity 
overage of the ZEUS muon system, gives a

essto almost the full phase spa
e for beauty produ
tion. The total 
ross se
tion forbeauty produ
tion in ep 
ollisions at ps = 318 GeV has been measured to be�tot(ep! b�bX) = 13:9� 1:5(stat:)+4:0�4:3(syst:) nb: Di�erential 
ross se
tions and ameasurement of b�b 
orrelations are also obtained, and 
ompared to other beauty
ross-se
tion measurements, Monte Carlo models and next-to-leading-order QCDpredi
tions.
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1 Introdu
tionThe produ
tion of beauty quarks in ep 
ollisions at HERA provides a stringent test ofperturbative Quantum Chromodynami
s (QCD), sin
e the large b-quark mass (mb �5 GeV) gives a hard s
ale that should ensure reliable predi
tions in all regions of phasespa
e, in
luding the kinemati
 threshold. Espe
ially in this region, with b-quark transversemomenta 
omparable to or less than the b-quark mass, next-to-leading-order (NLO) QCD
al
ulations in whi
h the (massive) b quarks are generated dynami
ally are expe
ted toprovide a

urate predi
tions [1, 2℄.The 
ross se
tion for beauty produ
tion has been measured in pp 
ollisions at the SppS [3℄and Tevatron 
olliders [4℄, in 

 intera
tions at LEP [5, 6℄, and in �xed-target �N [7℄and pN [8℄ experiments. Most results, in
luding re
ent results from the Tevatron, are ingood agreement with QCD predi
tions. Large dis
repan
ies are observed in some [5℄ ofthe results from 

 intera
tions at LEP.In most of the previous measurements of beauty produ
tion at HERA, beauty eventswere sele
ted by requiring the presen
e of one or more jets, tagged by a muon or ele
tronfrom the semi-leptoni
 de
ay of one of the b quarks [9{13℄, or by tra
ks originating fromthe se
ondary de
ay vertex of beauty hadrons [14℄. This restri
ts the measurements to bquarks with high transverse momentum (pT ).This paper reports measurements of beauty produ
tion via the rea
tion ep ! b�bX !��X 0 using the ZEUS dete
tor at HERA. The dimuon �nal state yields a data sampleenri
hed in b�b pairs, and with strongly suppressed ba
kgrounds from other pro
esses. Thisallows low muon-pT (p�T ) thresholds to be applied without any jet requirements, and givesa

ess to a larger region of phase spa
e, espe
ially towards lower transverse momenta ofthe b quarks.Con
eptually, the analysis is similar to the H1 and ZEUS analyses of beauty in D�� �nalstates [15, 16℄, with three signi�
ant di�eren
es. The larger bran
hing ratio yields higherstatisti
s, so that di�erential 
ross se
tions 
an be measured. The wider rapidity 
overageand very low pT threshold allow the extra
tion of the total beauty 
ross se
tion with littleextrapolation. The low 
harm ba
kground in the dimuon �nal state, partially due to theharder b fragmentation, allows measurements of b�b 
orrelations, testing the in
uen
e ofhigher-order 
ontributions on the perturbative 
al
ulations.2 Experimental set-upThe data sample used in this analysis 
orresponds to an integrated luminosity L =114:1 � 2:3 pb�1, 
olle
ted with the ZEUS dete
tor from 1996 to 2000. In 1996{97,1



HERA provided 
ollisions between an ele
tron1 beam of Ee = 27:5 GeV and a pro-ton beam of Ep = 820 GeV, 
orresponding to a 
entre-of-mass energy ps = 300 GeV(L300 = 38:0 � 0:6 pb�1). In 1998{2000, the proton-beam energy was Ep = 920 GeV,
orresponding to ps = 318 GeV (L318 = 76:1� 1:7 pb�1).A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [17℄. A brief outlineof the 
omponents most relevant for this analysis is given below.Charged parti
les were tra
ked in the 
entral tra
king dete
tor (CTD) [18℄, whi
h operatedin a magneti
 �eld of 1:43 T provided by a thin super
ondu
ting 
oil. The CTD 
onsistedof 72 
ylindri
al drift 
hamber layers, organised in 9 superlayers 
overing the polar-angle2region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length tra
ks was�(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium-s
intillator 
alorimeter (CAL) [19℄ 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h part wassubdivided transversely into towers and longitudinally into one ele
tromagneti
 se
tion(EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions (HAC).The smallest subdivision of the 
alorimeter is 
alled a 
ell. The CAL energy resolutions,as measured under test-beam 
onditions, were �(E)=E = 0:18=pE for ele
trons and�(E)=E = 0:35=pE for hadrons, with E in GeV.The muon system 
onsisted of rear, barrel (R/BMUON) [20℄ and forward (FMUON) [17℄tra
king dete
tors. The B/RMUON 
onsisted of limited-streamer (LS) tube 
hamberspla
ed behind the BCAL (RCAL), inside and outside the magnetised iron yoke surround-ing the CAL. The barrel and rear muon 
hambers 
overed polar angles from 34Æ to 135Æand from 135Æ to 171Æ, respe
tively. The FMUON 
onsisted of six planes of LS tubesand four planes of drift 
hambers 
overing the angular region from 5Æ to 32Æ. 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.Muons were also dete
ted by the sampling Ba
king Calorimeter (BAC) [21℄. This dete
tor
onsisted of 5200 proportional drift 
hambers whi
h were typi
ally 5 m long and had a wirespa
ing of 1 
m. The 
hambers were inserted into the iron yoke of the ZEUS dete
tor(barrel and two end 
aps) 
overing the CAL. The BAC was equipped with analogue1 Ele
trons and positrons are both referred to as ele
trons in this paper.2 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 left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point. The pseudorapidityis de�ned as � = � ln �tan �2�, where the polar angle, �, is measured with respe
t to the proton beamdire
tion. 2



readout for energy measurement and digital readout for muon tra
king. The former wasbased on 2000 towers (50� 50 
m2), providing an energy resolution of � 100%=pE. Thedigital information from the wires allowed the re
onstru
tion of muon traje
tories in twodimensions (XY in barrel and Y Z in end 
aps) with an a

ura
y of a few mm.3 Prin
iple of the measurementEvents with at least two muons in the �nal state were sele
ted. Two prin
ipal event 
lasses
ontribute to the beauty signal to be measured. The �rst 
onsists of events in whi
h thetwo muons originate from the same parent b quark3, e.g. through the sequential de
ay
hain b ! 
�X ! s��X 0. These yield unlike-sign muon pairs produ
ed in the sameevent hemisphere and with dimuon invariant masses of m��inv < 4 GeV (i.e. a partiallyre
onstru
ted B-meson mass). The se
ond 
lass 
onsists of events in whi
h the two muonsoriginate from di�erent beauty quarks of a b�b pair. These 
an yield both like- and unlike-sign dimuon 
ombinations, depending on whether the muon originates from the de
ay ofthe primary beauty quark, or from a se
ondary 
harm quark. In addition, B0 �B0 mixing
an dilute these 
harge 
orrelations. Muons from di�erent b quarks will predominantlybe produ
ed in di�erent hemispheres, and tend to have a large dimuon mass.An important ba
kground 
ontribution arises from primary 
harm-quark pair produ
tionwhere both 
harm quarks de
ay into a muon. This yields unlike-sign muon pairs only, withthe two muons produ
ed predominantly in opposite hemispheres. Sin
e this ba
kgroundis too small to be measured dire
tly from the dimuon data, it was normalised to the 
harm
ontribution as determined from the ZEUS D� + � sample [16℄ whi
h has a similar eventtopology and 
overs a similar though somewhat more restri
ted kinemati
 range.Other ba
kgrounds yielding unlike-sign muon pairs in
lude heavy quarkonium de
ays andBethe-Heitler (BH) pro
esses. In 
ontrast to muons from semileptoni
 de
ays, muons fromthese sour
es are not dire
tly a

ompanied by hadroni
 a
tivity, thus giving an isolatedmuon signature.Beauty produ
tion is the only sour
e of genuine like-sign muon pairs. Ba
kground 
ontri-butions to both like- and unlike-sign 
ombinations in
lude events in whi
h either one orboth muons are false, i.e. originate from K ! � or � ! � de
ays in 
ight or are misidenti-�ed hadrons. Studies [22℄ have shown that the 
harges of su
h false-muon pairs are almostun
orrelated, i.e. the 
ontributions to the like- and unlike-sign dimuon distributions arealmost equal. The di�eren
e between the unlike- (Nudata) and like-sign (N ldata) distribu-tions is thus essentially free from false-muon ba
kground, without the need to simulate3 Unless stated otherwise, throughout this paper, the term b quark in
ludes �b.3



this ba
kground using Monte Carlo (MC) methods. On
e the ba
kground 
ontributionsfrom open 
harm (N
harm), J= and other heavy ve
tor mesons (NVM) and Bethe-Heitler(NBH) are known, this di�eren
e 
an be used to measure the beauty 
ontribution Nb�b!��a

ording to the formulaNb�b!�� = �Nudata �N ldata � (N
harm +NVM +NBH)�� �Nub�b +N lb�bNub�b �N lb�b�MC (1)where the last term refers to the unlike-sign (Nub�b) and like-sign (N lb�b) beauty 
ontributionspredi
ted by the MC. Small 
orre
tions to this pro
edure will be explained in Se
tion 7.The beauty signal is hen
e extra
ted from the di�eren
e between the unlike- and like-signsamples.The like-sign false-muon ba
kground 
an then be obtained from the data by subtra
tingthe MC like-sign beauty 
ontribution, properly s
aled to the measurement, from the totallike-sign sample, while the unlike-sign ba
kground is a simple re
e
tion of the like-signba
kground. This method to obtain the false-muon ba
kground 
ontributions will bereferred to as the subtra
tion method.Sin
e one of the goals is the determination of the total beauty produ
tion 
ross se
tion inep 
ollisions, events from deep inelasti
 s
attering (DIS), where the photon virtuality, Q2,is larger than 1 GeV2, and photoprodu
tion (Q2 < 1 GeV2) were not expli
itly separated.The average 
ross se
tions obtained from the two di�erent running periods (ps = 300and 318 GeV) are all expressed in terms of a single 
ross se
tion at ps = 318 GeV. Thisinvolves a typi
al 
orre
tion of +2%.4 Event sele
tion and re
onstru
tion4.1 Trigger sele
tionThe data were sele
ted online by means of a three-level trigger system [17,23℄ through anin
lusive \or" of four di�erent trigger 
hannels:� a muon rea
hing the inner B/RMUON 
hambers and mat
hed to a minimum ionis-ing energy deposit (MIP) in the CAL or any muon rea
hing the outer B/RMUON
hambers (muon 
hannel);� a re
onstru
ted D meson 
andidate (D� 
hannel [24℄, plus similar 
hains for other
harm mesons [25℄);� two jets (dijet 
hannel [11℄); 4



� a s
attered-ele
tron 
andidate in the CAL (DIS 
hannel [12℄).For part of the data taking, the requirements on the DIS and dijet 
hannels were loosenedin the presen
e of any muon in the inner B/RMUON 
hambers. The non-muon trig-gers were used to gain geometri
 a

eptan
e for regions not 
overed by the B/RMUON
hambers, and to evaluate the eÆ
ien
y of the muon triggers. Owing to this redundan
y,the trigger eÆ
ien
y for dimuon events with re
onstru
ted muons from beauty was high,80� 4%.4.2 Event sele
tionThe large mass of a b�b pair, at least � 10 GeV, usually leads to a signi�
ant amount ofenergy deposited in the more 
entral parts of the dete
tor. To suppress ba
kgrounds fromfalse-muon events and 
harm, a hadroni
 transverse energy 
utET � 8 GeVwas applied, where ET = (E�>10ÆT no s
attered ele
tronE�>10ÆT � EeT with s
attered ele
tron:The transverse energy was 
al
ulated as E�>10ÆT = �i;�i>10Æ(Ei sin �i), where the sum runsover all energy deposits in the CAL with the polar angle above 10Æ. The latter restri
tionis imposed to remove proton-remnant e�e
ts. If dete
ted, the energy of the s
atteredele
tron (EeT ) was subtra
ted. The dete
tion 
riteria for the s
attered ele
tron were thesame as in a previous publi
ation [16℄.Various tra
king requirements were imposed [22℄, the most important of whi
h was thatthe re
onstru
ted longitudinal vertex position should be 
onsistent with an ep intera
tion,jZvtxj < 50 
m.4.3 Muon sele
tionMuons were re
onstru
ted o�ine using an in
lusive \or" of the following pro
edures:� a muon tra
k was found in the inner B/RMUON 
hambers. A mat
h in position andangle to a CTD tra
k was required. In the bottom region, where no inner 
hambersare present, the outer 
hambers were used instead. If a mat
h was found to both innerand outer 
hambers, a momentum-mat
hing 
riterion was added;5



� a muon tra
k was found in the FMUON 
hambers. Within the CTD a

eptan
e, amat
h in position and angle to a CTD tra
k was required and the momentum wasobtained from a 
ombined �t of the CTD and FMUON information. Outside theCTD a

eptan
e, 
andidates well measured in FMUON only and �tted to the primaryvertex were a

epted;� a muon tra
k or lo
alised energy deposit was found in the BAC, and mat
hed to aCTD tra
k, from whi
h the muon momentum was obtained. In the forward regionof the dete
tor, a MIP in the 
alorimeter was required in addition in order to re-du
e ba
kground related to the proton beam or to the pun
h-through of high energyhadrons.Most muons are within the geometri
 a

eptan
e of more than one of these algorithms.The overall eÆ
ien
y is about 80% for high-momentum muons (more than 2-5 GeV,depending on �).Two di�erent kinemati
 sele
tions were made. In the barrel region, the requirement thatthe muons rea
h at least the inner muon 
hambers implies a muon transverse momentum(p�T ) of about 1.5 GeV or more. In order to have uniform kinemati
 a

eptan
e, a 
utp�T > 1:5 GeVwas therefore applied to all muons (sele
tion A).In the forward and rear regions, lower pT muons 
an be dete
ted, although with somewhathigher ba
kground. To 
over the largest possible phase spa
e for the intended measure-ment of a total beauty-produ
tion 
ross se
tion, the pT 
ut was lowered top�T > 0:75 GeVfor high-quality muons [22℄, i.e. muons seen by more than one muon dete
tor and/or
on�rmed by a MIP in the CAL (sele
tion B). For other muons satisfying all previouslylisted 
riteria, the 
ut p�T > 1:5 GeV was retained to keep the ba
kground low. Sele
tionA is thus a subset of sele
tion B.At least two su
h muon 
andidates were required per event. No expli
it 
ut on the muonangle was applied for either sele
tion. The angular 
overage of the muon 
hambers, BACand CTD gives 
ontinuous useable a

eptan
e in the pseudorapidity region�2:2 . �� . 2:5 :To suppress events with ambiguous mat
hes between CTD tra
ks and muon 
hambersegments as well as genuine dimuons from prompt light-meson de
ays (e.g. � ! ��), adimuon invariant mass (m��) 
ut of m�� > 1:5 GeV6



was applied. This implies a minimum opening angle between the two muons.Events with a very forward and a very ba
kward muon 
andidate, a topology not favouredfor the beauty signal, were removed by a 
ut on the di�eren
e in pseudorapidity of thetwo muon 
andidates of j��1 � ��2 j < 3:0:Muon 
andidates with badly measured momentum (predominantly from false-muon ba
k-grounds) were suppressed using the imbalan
e between the transverse momenta of themuons (jp�1T � p�2T j)=(p�1T + p�2T ) < 0:7:An additional 
ut with a similar s
ope as the initial ET 
ut was applied on the fra
tionof the total transverse energy 
arried by the muon pair0:1 < (p�1T + p�2T )=ET < (0:5 for m�� < 4 GeV0:7 for m�� � 4 GeV:The reason for the distin
tion of the two di�erent dimuon mass regions will be explained inSe
tion 7. This ET -fra
tion 
ut removes events where the hadroni
 a
tivity is, respe
tively,very high (false-muon ba
kground) or low (quarkonia and Bethe-Heitler).Cosmi
-ray muons were removed by dis
arding events with ba
k-to-ba
k muon 
andidatesand events in whi
h the average 
alorimeter timing di�ers by more than 10 ns from thenominal 
ollision time. Large 
osmi
 showers were removed using the BAC total energyand number of BAC muon segments.A sample of 4146 dimuon events was obtained using sele
tion B. Sele
tion A retainedabout two thirds of these events.4.4 Muon isolationMuons from semileptoni
 de
ays are usually not isolated, i.e. they are normally a

ompa-nied by hadrons originating from the fragmentation and de
ay of the parent heavy quarkand from other hadroni
 a
tivity in the event. Hadroni
 a
tivity in the dete
tor was re-
onstru
ted using a 
ombination of both tra
k and 
alorimeter information [26℄ referredto as energy-
ow obje
ts (EFOs). The di�eren
e in azimuth angle and pseudorapity, ��and ��, was 
al
ulated between ea
h EFO and ea
h muon 
andidate in the event. Thetotal transverse energy, I1;2, deposited in a 
one of �R = p��2 + ��2 < 1 around ea
hmuon 
ight dire
tion was 
al
ulated by summing over all relevant EFOs, ex
luding theother muon. Sin
e usually either both (beauty signal and open 
harm) or neither (elas-ti
 J= , Bethe-Heitler, et
.) of the muons arise from semileptoni
 de
ays, the quadrati
7



sum I�� = pI21 + I22 of the two energy sums was found to yield the best sensitivity todistinguish between the two 
ases.5 Ba
kground and event simulationIn order to measure the beauty signal, several ba
kground 
ontributions to the sele
teddata sample were evaluated:� the ba
kground from open 
harm de
ays not originating from beauty;� the ba
kground from quarkonium states not originating from open beauty (J= ,  0,�, ...), produ
ed in elasti
 or inelasti
 
ollisions;� the ba
kground from Bethe-Heitler muon pair produ
tion;� the ba
kground from false muons.Monte Carlo simulations of beauty and 
harm produ
tion were performed using the gen-erators Pythia [27℄ (for events with Q2 < 1 GeV2) and Rapgap [28℄ (for Q2 > 1 GeV2).These simulations in
lude the dire
t photon-gluon fusion pro
ess (
g ! Q �Q, Q = b; 
),
avour ex
itation in the resolved photon and proton (e.g. Qg ! Qg, 
Q ! Qg), andhadron-like resolved photon pro
esses (e.g. gg! Q �Q). Gluon splitting into heavy 
avours(g ! Q �Q) in the initial or �nal states of light-quark events was not in
luded in the sim-ulations; this 
ontribution is, however, expe
ted to be small [29℄.Inelasti
 quarkonium produ
tion was simulated using Herwig [30℄, while elasti
 quarko-nia and Bethe-Heitler pro
esses were produ
ed using several generators in
luding Grape[31℄.The ZEUS dete
tor response, in
luding the transformation of MC truth level quantitiesinto re
onstru
ted quantities, was simulated in detail using a programme based on Geant3.13 [32℄. The dete
tor simulation for beauty and 
harm events in
ludes the simulationof both real and false muons.Fake muons 
an be produ
ed by hadron showers leaking from the ba
k of the 
alorimeteror by 
harged hadrons traversing the entire 
alorimeter without intera
tion. In addition,low-momentum muons 
an originate from in-
ight de
ays of pions and kaons. Tra
ksre
onstru
ted in the 
entral tra
ker may also be erroneously asso
iated to a signal from areal muon in the muon 
hambers. A study [29℄ based on pions from K0 de
ays, protonsfrom � de
ays, and kaons from � and D� de
ays, showed that the dete
tor simulationreprodu
ed these ba
kgrounds reasonably well. They will be 
olle
tively referred to asfalse muons. 8



Ba
kgrounds from false muons in events not 
ontaining 
harm or beauty were not sim-ulated. They were estimated from the data using the subtra
tion method des
ribed inSe
tion 3.Sin
e the muon range in dense material (e�e
tive momentum threshold) and the muondete
tor eÆ
ien
ies were imperfe
tly simulated, 
orre
tions to the MC were determined[22℄ using an independent data set 
onsisting of isolated J= and Bethe-Heitler events.Tabulated as a fun
tion of p�T and ��, these 
orre
tions were applied to MC events on anevent-by-event basis.6 Theoreti
al predi
tions and un
ertaintiesThe MC programs des
ribed earlier, based on leading-order (LO) matrix elements withthe addition of parton showers (PS) to obtain higher-order topologies, were used for thea

eptan
e 
orre
tions. These programs are expe
ted to des
ribe the shapes of di�erentialdistributions, but not ne
essarily their normalisation. For quantitative 
omparisons withQCD, next-to-leading-order (NLO) predi
tions are used.QCD 
al
ulations in whi
h b quarks are treated as massless parti
les [33℄ are not appli
ablein the kinemati
 range relevant here. Cal
ulations based on CCFM parton-evolutions
hemes [34℄, also 
alled kT fa
torisation, do not yet exist with full NLO implementation.Fixed-order NLO 
al
ulations with massive b quarks were therefore 
hosen as the referen
epredi
tions.The NLO FMNR program [1℄ evaluates parton-level 
ross se
tions for beauty in 
p 
olli-sions (photoprodu
tion) in the �xed-order massive mode, for both pointlike and hadron-like photon 
ouplings to the heavy quarks. The Weizs�a
ker-Williams (WW) approxi-mation with an e�e
tive Q2max 
uto� of 25 GeV2 (� m2b) [35℄ was used to evaluate andin
lude the DIS 
ontribution to the 
ross se
tions, whi
h is approximately 15%. This isin agreement with the DIS predi
tion from HVQDIS des
ribed below.The parton-density fun
tions used were CTEQ5M [36℄ for the proton, and GRV-G-HO [37℄for the photon. The renormalisation and fa
torisation s
ales � were 
hosen to be equaland parametrised by �0 = pp2T +m2b=2, where pT is the average transverse momentum ofthe two emerging b quarks, and mb = 4:75 GeV is the b-quark mass. Su
h a s
ale 
hoi
e isequivalent to the 
hoi
e �0 = ET=2 or �0 = pE2T +Q2=2 used in many jet measurementsat the Tevatron [38℄ and at HERA [39℄, and is expe
ted to 
ompensate somewhat forun
al
ulated higher-order 
ontributions [40℄. An estimate of the theoreti
al un
ertaintywas obtained by simultaneously varying 4:5 < mb < 5:0 GeV and �0=2 < � < 2�0 su
hthat the un
ertainty was maximised. Typi
al un
ertainties resulting from this pro
edure(e.g. for the b�b total 
ross se
tion) are +60% and �30%. Variations of the parton densities9



and the strong 
oupling parameter, �QCD, led to un
ertainties whi
h were mu
h smallerthan the un
ertainties related to mass and s
ale variations. They were therefore negle
ted.Predi
tions for visible �� �nal states were obtained by linking the FMNR parton-levelpredi
tions to the fragmentation and de
ay 
hain provided by Pythia using the FMNR
-Pythia interfa
e [41℄. Additional parton showering was not applied4. The bran
hingratios were 
orre
ted to 
orrespond to those obtained from the Parti
le Data Group(PDG) [43℄, as listed in Table 1. All other parameters, in
luding those for fragmentation,and the pro
edure to obtain their un
ertainties, were the same as in an earlier analysis [16℄,and des
ribed elsewhere [41℄.The DIS part of the in
lusive 
ross se
tion is also 
al
ulated using the NLO predi
tionsfrom HVQDIS [2℄. Only point-like 
ontributions are in
luded in this predi
tion. Theparton density fun
tion used was CTEQ5F4 [36℄. The renormalisation and fa
torisations
ales � were 
hosen to be equal and parametrised by �0 = pp2T +m2b +Q2=2. Themass and s
ales were varied as for FMNR. A s
heme for the 
al
ulation of visible 
rossse
tions for 
orrelated �nal states, 
orresponding to the FMNR
Pythia interfa
e de-s
ribed above, was not available. Therefore, DIS 
ross-se
tion 
omparisons are limited toparton level, and the DIS 
ontribution to the in
lusive 
ross se
tions is in
luded in theFMNR
Pythia predi
tions via the WW approximation.7 Signal extra
tionDimuon mass and 
harge separationAs motivated in Se
tion 3, events were separated by the muon 
harges into like- and unlike-sign dimuon samples. To di�erentiate between muon pairs from the 
as
ade de
ay of thesame b quark and those from di�erent b quarks, the distributions were further separateddepending on the dimuon invariant mass: low-mass dimuons with m�� < 4 GeV, enri
hedin muons from the same b quark, and high-mass dimuons with m�� > 4 GeV, 
ontainingdimuons originating from the de
ay of di�erent b quarks only. The dominant signal andba
kground 
ontributions to the four subsamples are summarised in Table 2.The resulting dimuon mass distributions for the low- and high-mass, like- and unlike-signsubsamples for sele
tion B are shown in Fig. 1. The MC distributions were in ea
h 
asenormalised to the data a

ording to the pro
edure des
ribed in the following subse
tions.The high-mass region is already strongly beauty enri
hed, while the low-mass region4 The MC�NLO approa
h [42℄, whi
h allows the 
ombination of NLO matrix elements with partonshowers, is not yet available for ep intera
tions. 10



exhibits a signi�
ant 
ontribution from J= produ
tion not originating from B hadron5de
ays. Su
h dimuon pairs tend to be isolated.Dimuon isolation 
utsTo redu
e this J= 
ontribution, as well as 
orresponding 
ontributions from  0, � andBethe-Heitler pro
esses, a non-isolation requirement was applied, based on the fa
t thatmuons from semileptoni
 de
ays are a

ompanied by hadrons from the same de
ay. Thedimuon isolation variable I��, de�ned in Se
tion 4.4, was required to ex
eed 250 MeV,safely above the noise level of the CAL. This redu
es the elasti
 quarkonium and Bethe-Heitler 
ontributions to an almost negligible level.Inelasti
 quarkonium and Bethe-Heitler events might pass the above 
ut be
ause hadronsfrom e.g. the proton remnant 
an a

identally end up in the isolation 
one. For events inthe J= and  0 mass peaks, where this ba
kground is largest, the 
ut was therefore raisedto 2 GeV.In summary, dimuons ful�lling the relationI�� � (2:0 GeV for m�� 2 [2:9; 3:25℄ GeV or m�� 2 [3:6; 3:75℄ GeV0:25 GeV otherwiseare 
alled non-isolated. This additional requirement is satis�ed by 3500 events fromsele
tion B. The other events form a 
omplementary isolated ba
kground sample.Figure 2 shows the muon pT and � distributions for non-isolated unlike-sign dimuon pairs,
ombining the low- and high-mass samples. The remaining 
ontribution from J= , Bethe-Heitler, et
. pro
esses was normalised to the isolated ba
kground sample. The 
harm
ontribution is small and was normalised to the 
harm signal in the D� + � sample [16℄as outlined in Se
tion 3. The di�erent 
ontributions to Fig. 2 are listed in Table 3.Signal evaluationThe beauty signal and false-muon ba
kground were obtained using the pro
edure de-s
ribed in Se
tion 3. However, some further 
orre
tions are needed. Events from unlike-sign ba
kground sour
es, su
h as 
harm, whi
h have been re
onstru
ted as like-signdimuon events due to false muons, are in
luded both in the false-muon ba
kground esti-mation and in the MC samples. To avoid double 
ounting, this (very small) 
ontributionis subtra
ted from the MC samples. False muons in the beauty MC are 
onsidered aspart of the signal.5 The term B hadron in
ludes b baryons. 11



The signal extra
tion pro
edure a

ording to Eq. (1) relies on the unlike- and like-signfalse-muon ba
kground 
ontributions being equal. A dedi
ated false-muon ba
kgroundstudy [22℄ revealed a small residual ex
ess of unlike-sign over like-sign ba
kground. Thisex
ess was 
orre
ted for using a multipli
ative 
orre
tion fa
tor, �
orr, of 1.02 for the high-mass and 1.06 for the low-mass dimuon sample. The beauty fra
tion was thus determinedusing a modi�ed version of Eq. (1)Nb�b!�� = �Nudata � �
orr �N ldata � (N
harm +NVM +NBH)�� � Nub�b +N lb�bNub�b � �
orr �N lb�b�MC : (2)A total of 1783 of the 3500 non-isolated events from sele
tion B were found to originatefrom beauty, 
orresponding to a beauty fra
tion of 51%.8 Systemati
 un
ertaintiesThe main sour
es of systemati
 un
ertainty for the measurement of visible 
ross se
tionsare des
ribed in this se
tion, in approximate order of importan
e. The numbers in paren-theses refer to the spe
i�
 
ase of the in
lusive visible 
ross se
tion of Se
tion 9. Bin-by-binun
ertainties were evaluated for the di�erential distributions where possible and appro-priate. They are mostly similar to those derived for the in
lusive visible 
ross se
tion.Additional un
ertainties introdu
ed by the extrapolation to quark-level 
ross se
tions aredis
ussed in Se
tion 9.� Muon eÆ
ien
y 
orre
tion. The muon eÆ
ien
y, in
luding the eÆ
ien
y of themuon 
hambers and of the MUON-CTD mat
hing, is known to about 7% from a studybased on an independent muon sample, and from the varian
e of the 
ross se
tion wheninformation from di�erent muon dete
tors is used independently [22℄. Conservatively,it is assumed to be fully 
orrelated between the two muons (�15%).� Normalisation of 
harm ba
kground. The transfer of the normalisation of the
harm 
ontribution from the D�� analysis [16℄ to this analysis involves the followingun
ertainties: the statisti
al error of the �t of the 
harm 
ontribution, �10%; thein
lusive bran
hing ratio 
 ! �, �10%; the a

eptan
e un
ertainty due to 
harmfragmentation and de
ay spe
tra, �10%; the fragmentation fra
tion 
 ! D��, �6%;the bran
hing ratio D�� ! K��, �3%; and the use of all muon dete
tors (thisanalysis) versus the use of the barrel and rear muon 
hambers only [16℄, �10%. Thein
uen
e of the 
orrelation between the �tted beauty and 
harm fra
tions in the D��analysis [16℄ was found to be negligible. The normalisation of the 
harm 
ontributionwas varied by 21% a

ording to the resulting 
ombined un
ertainty (�12%).12



� Normalisation of the Bethe-Heitler, J= J= J= , et
. ba
kgrounds. The normalisa-tion of the residual non-isolated 
ontributions from Bethe-Heitler, 
harmonium, and� produ
tion was varied by �50% (�10%).� False-muon ba
kground. As a 
ross 
he
k for the determination of the false-muonba
kground by the subtra
tion method, the probability of a re
onstru
ted hadron to bemisidenti�ed as a muon was obtained from an in
lusive dijet MC sample and tabulatedas a fun
tion of pT and �. Starting from a data sample with sele
tion 
uts identi
al tothe present analysis, ex
ept that only one muon 
andidate was required, false-dimuonevents were 
reated by assuming a suitable additional hadron to be identi�ed as amuon a

ording to this tabulated probability. After 
orre
tions for trigger eÆ
ien
y,and for the 
ontribution from one false and one true muon obtained dire
tly from theb and 
 MC, an independent ba
kground predi
tion was obtained [44℄. It agreed verywell in both normalisation and shape with that of the default subtra
tion method, thus
on�rming the method. Sin
e the un
ertainty on this ba
kground is already impli
itly
ontained in the statisti
al error of the subtra
tion method, no expli
it additionalun
ertainty was assigned.� bbb spe
tral shape un
ertainty and b�bb�bb�b 
orrelations. It was 
he
ked that the b-quark spe
tra from Pythia and Rapgap agree well with the 
orresponding spe
trafrom the NLO predi
tions des
ribed below [29℄. To estimate the e�e
t of variations ofthis shape, and of e�e
ts of variations of the b�b 
orrelations for di�erent topologies onthe eÆ
ien
y, the eÆ
ien
y was evaluated using the Pythia dire
t 
ontribution only,or doubling the non-dire
t 
ontributions (+4%/�12%).� B0 �B0B0 �B0B0 �B0 os
illations. The B0 �B0 os
illation parameter was varied by 8%. This in
ludesthe un
ertainties of the mixing implementation in the MC models used (�4%).� Other bbb MC model un
ertainties. This in
ludes the un
ertainty of the pro
edureused to a

ount for di�eren
es of the bran
hing ratios in the signal MC and Table 1,the un
ertainty from b fragmentation, and from the shape of the lepton spe
trum fromb de
ays (� 10%).� 


 spe
tral shape un
ertainty and 
�

�

�
 
orrelations. The dire
t and non-dire
tfra
tions for the 
harm ba
kground MC were varied in the same way as for beauty.The e�e
t on the signal was small (+0%/�4%).� Trigger eÆ
ien
y. The un
ertainty on the trigger eÆ
ien
y was estimated by 
om-paring the eÆ
ien
ies for muon and non-muon triggers in data and MC (�5%).� Other un
ertainties. Other un
ertainties in
lude the variation of the like-/unlike-sign ratio for the false-muon ba
kground by 3% (�3%), the variation of the isolation
uts by up to 500 MeV (�2%), the variation of the ET 
ut (energy s
ale) by 3%(�2%), the variation of the p�T 
uts (magneti
 �eld un
ertainty) by 0.3% (< 1%).13



The total systemati
 un
ertainty (+25%/�28%) was obtained by adding the above 
on-tributions in quadrature. The un
ertainties related to the ba
kground normalisation andthe b and 
 spe
tral shape un
ertainties were applied at a bin-by-bin level where relevant,while the others were added globally. A 2% overall normalisation un
ertainty asso
iatedwith the luminosity measurement was not in
luded.9 Total b�bb�bb�b 
ross se
tionAs a �rst step towards the extra
tion of the total 
ross se
tion for b�b produ
tion, a visible
ross se
tion was extra
ted for the maximum possible region in muon phase spa
e allowedby the presele
tion and the dete
tor a

eptan
e (sele
tion B). The 
riterion that the muondete
tion probability should be at least about 30% per muon leads to the following phasespa
e de�nition at truth level:� �2:2 < � < 2:5 for both muons;� pT > 1:5 GeV for one of the two muons;� pT > 0:75 GeV for the other muon, as well as p > 1:8 GeV for � < 0:6, or (p > 2:5GeV or pT > 1:5 GeV) for � > 0:6.This 
ross-se
tion de�nition refers to only one pair of muons per event. If there are morethan two muons, muons dire
tly originating from B hadron de
ays are taken preferentiallyto form the pair. A visible 
ross se
tion for dimuon produ
tion from beauty de
ays inthis phase spa
e �vis(ep! b�bX ! ��X 0) = 55� 7(stat:)+14�15(syst:) pb (3)was obtained. This 
ross se
tion in
ludes muons from dire
tB-hadron de
ays, and indire
tde
ays via intermediate 
harm hadrons or � leptons. The two muons 
an either originatefrom the same b quark, or from di�erent quarks of the b�b pair. Muoni
 de
ays of kaons,pions or other light hadrons were not in
luded.The measured 
ross se
tion is larger than, but 
ompatible with, the FMNR
PythiaNLO predi
tion�vis;NLO(ep! eb�bX ! e��X) = 33+18�8 (NLO)+5�3(frag:� br:) pb; (4)where the �rst error refers to the un
ertainties of the FMNR parton-level 
al
ulation, andthe se
ond error refers to the un
ertainties related to fragmentation and de
ay.The visible 
ross se
tion was then translated into the total 
ross se
tion for beauty produ
-tion. The e�e
tive bran
hing fra
tion of a b�b pair into at least two muons is 6.3% [27,43℄.14



The probability (a

eptan
e) for su
h a muon pair to be in the kinemati
 range of themeasured visible 
ross se
tion, evaluated from the beauty MC sample, is about 6% onaverage. De�ning pmaxT;b as the maximum of the two b-quark transverse momenta afterparton showering, and j�bjmin as the minimum of the modulus of the rapidity (not pseudo-rapidity) of the two quarks, this probability ranges from 3% for pmaxT;b = 0 GeV to 9% at6pmaxT;b = 10 GeV, for j�bjmin < 2. The a

eptan
e is almost independent of rapidity withinthis rapidity range, whi
h 
overs 90% of the total b�b phase spa
e. It drops sharply atlarger rapidities. Thus, only 10% of the total beauty 
ontribution in the region j�bjmin > 2remains unmeasured. The small dependen
e of the a

eptan
e on the transverse momentaof the b quarks is due to the low muon-momentum threshold, in 
ombination with thelarge b-quark mass and the three-body de
ay kinemati
s. Sensitivity down to pbT = 0 GeVis obtained.In summary, the 
ombined probability for a b�b pair to yield a muon pair in the visiblekinemati
 range (6.3%�6%=0.38% on average) is quite small, but varies by less than afa
tor 3 over 90% of the total phase spa
e. Furthermore, it is almost entirely determinedby quantities measured [43℄ with good pre
ision at e+e� 
olliders. These in
lude thebran
hing fra
tions listed in Table 1, the b-fragmentation fun
tions, and the B hadron !�X de
ay spe
tra. It was 
he
ked that all of these are well reprodu
ed by the MC after theappli
ation of bran
hing-ratio 
orre
tions. The b-quark pT and rapidity spe
tra predi
tedby the Pythia and Rapgap generators were found to agree with those from FMNRand HVQDIS to within 15% [29℄. Furthermore, the quasi-uniformity of the a

eptan
eexplained above implies that the dependen
e on details of the simulation of the b�b topologyis rather weak. The MC 
an therefore safely be used for the extra
tion of the total 
rossse
tion for beauty produ
tion.The normalisation of the Pythia + Rapgap MC predi
tion for the beauty 
ontributionhad to be s
aled up by a fa
tor 1.84 to agree with the dimuon data. Applying thismeasured s
ale fa
tor to the total Pythia and Rapgap 
ross se
tions, the total 
rossse
tion for b�b pair produ
tion in ep 
ollisions at HERA for ps = 318 GeV was determinedto be �tot(ep! b�bX) = 13:9� 1:5(stat:)+4:0�4:3(syst:) nb; (5)where the �rst un
ertainty is statisti
al and the se
ond systemati
. In addition to theun
ertainties des
ribed in Se
tion 8, this in
ludes an error of 5% from the un
ertaintiesof the spe
tral shape mentioned above, and an error of 6% from the variation of thebran
hing ratios, added in quadrature.The total 
ross se
tion predi
ted by next-to-leading-order QCD 
al
ulations was obtainedin the massive approa
h by adding the predi
tions from FMNR [1℄ and HVQDIS [2℄ for6 At even larger pbT the a

eptan
e rises further, but the fra
tion of events is small.15



Q2 less than or larger than 1 GeV2, respe
tively. The resulting 
ross se
tion for ps = 318GeV �NLOtot (ep! b�bX) = 7:5+4:5�2:1 nbis a fa
tor 1.8 lower than the measured value, although 
ompatible within the large un
er-tainties. The 
orresponding 
ross se
tion from FMNR only using the Weizs�a
ker-Williamsapproximation to estimate the DIS 
ontribution is�WWtot (ep! b�bX) = 7:8+4:9�2:3 nb; (6)in agreement with the more exa
t FMNR+HVQDIS 
al
ulation.The fa
t that the 
omparisons between data and theory yield the same ratio at the visiblelevel (Eqs. (3)/(4)): Rdata=NLOvis = 1:7+0:7�1:1 ;and at quark level (Eqs. (5)/(6)): Rdata=NLOb = 1:8+0:8�1:3
on�rms the validity of the extrapolation pro
edure used.Figure 3 shows a 
omparison of the measured total 
ross se
tion to 
ross se
tions andtheoreti
al predi
tions from the D� + � �nal state obtained by ZEUS in earlier measure-ments [16℄. Although not fully in
lusive, these measurements are 
losest in phase spa
eto the measurement presented here. Qualitatively, they show the same trend of the 
rossse
tions being higher than, but 
onsistent with, the 
orresponding QCD predi
tions. Thesomewhat larger deviations reported in similar D� + � measurements by H1 [15℄ are notsupported.10 Di�erential 
ross se
tions and b�bb�bb�b 
orrelationsSele
tion A was used for the measurement of visible di�erential 
ross se
tions be
ausea uniform kinemati
 a

eptan
e is more relevant than maximal phase-spa
e 
overage.Correspondingly, at truth level, the phase spa
e was restri
ted to:� p�T > 1:5 GeV for both muons� �2:2 < �� < 2:5 .The ba
kgrounds were again normalised as des
ribed in Se
tion 7. The signal-extra
tionpro
edure was the same as for the in
lusive visible 
ross se
tion, ex
ept for being appliedbin by bin. Bin-dependent systemati
 un
ertainties were 
al
ulated wherever possible.The resulting 
ross se
tions for the di�erential p�T and �� spe
tra are shown in Figs. 416



and 5. Very good agreement is observed with the Pythia+Rapgap predi
tions s
aledby the same fa
tor 1.84 that was measured for the total 
ross se
tion. Apart from thenormalisation, the leading-order plus parton-shower (LO+PS) approa
h yields a gooddes
ription of the 
orresponding physi
s pro
esses within the entire a

essible phase spa
e.This 
on�rms the appli
ability of these MC models for a

eptan
e 
al
ulations.A 
omparison of the measured 
ross se
tions to the absolute FMNR
Pythia NLO QCDpredi
tions is also shown in Figs. 4 and 5. Again, good agreement in shape is observed,with a tenden
y to underestimate the data normalisation 
onsistent with the observationsfrom the total 
ross se
tion. A potential trend for in
reasing data/theory deviationstowards low pT and/or high �, suggested by some previous measurements [10, 12℄, is notsupported.To provide a more detailed look at the 
orrelations between the two b quarks, the re-
onstru
ted dimuon mass range was restri
ted7 to m�� > 3:25 GeV. This redu
ed the
ontribution of dimuons from the same quark to an almost negligible level. The 
orre-sponding data distribution for �� between the two muons is shown in Fig. 6. Figure 7shows the resulting di�erential 
ross se
tion, where the mass 
ut was repla
ed by the re-quirement that the two muons originate from di�erent b quarks. The distribution is welldes
ribed by the FMNR
Pythia NLO QCD predi
tions within the large un
ertaintiesresulting from the subtra
tion method (Eq. (2)).11 Hadron- and parton-level 
ross-se
tionsIn order to 
ompare to previous ZEUS results using other �nal states [11, 12℄, expressedin terms of parton-level 
ross se
tions8 di�erential in pbT , similar 
ross se
tions were alsoextra
ted.The �rst step was the extra
tion of visible 
ross se
tions for B hadrons in di�erent pTranges. For this purpose, the data sample used for the measurement of the total beauty
ross se
tion (sele
tion B) was split into two subsamples, with m�� > 3:25 GeV and m�� <3:25 GeV. As motivated in the previous se
tion, the m�� > 3:25 sample is dominatedby muons from di�erent b quarks, with 
orrelations between the two quarks whi
h arereasonably understood. Thus, two measured B hadrons are present in ea
h event. Toestimate their transverse momenta, the quantitityEvisT = p�T + I�7 While the mass separation value of 4 GeV des
ribed earlier was optimised su
h that all dimuons fromthe same b quark 
ontribute to the low-mass sample, in
luding dimuons from b!  0 de
ays, the value3.25 GeV was 
hosen to optimise the separation power for dimuons from same and di�erent b quarks.8 H1 results have not been published in this form.17



is evaluated for ea
h muon, where I� is the 
one transverse energy des
ribed in Se
tion4.4. This variable is found to be strongly 
orrelated to the parent B hadron transversemomentum at high pT , where the additional energy from b-quark fragmentation to the Bhadron 
ompensates the loss due to the unre
onstru
ted neutrino from the semileptoni
de
ay. At pT . mb, this 
orrelation is diluted by the e�e
t of the B-hadron mass and the
orresponding de
ay kinemati
s. Figure 8(a) shows the expe
ted B-hadron pT spe
tra forthree bins in EvisT , 0 < EvisT < 5 GeV, 5 < EvisT < 10 GeV, and 10 < EvisT < 40 GeV.Reasonably distin
t B-hadron pT regions are probed. The 
orresponding visible 
rossse
tions are shown in Fig. 9(a).A similar pro
edure was applied to the subsample with m�� < 3:25 GeV. In this sample,the muons originate mainly from the same b quark, therefore only one B hadron has beenmeasured. Due to bran
hing ratios and de
ay kinemati
s, the 
ross se
tion is smaller, butthe absen
e of like-sign muon pairs from the same b quark leads to a smaller un
ertaintyfrom the subtra
tion method. Therefore, the pre
ision of the measurement is 
omparableto that from the high-mass region. Furthermore, the subtra
tion method redu
es thein
uen
e of the residual 
ontribution of muons from di�erent b quarks. Thus, the measured
ross se
tions are almost 
ompletely insensitive to b�b 
orrelations.The EvisT variable is rede�ned to EvisT = p��T + I�highwhere p��T is the transverse momentum of the dimuon system added ve
torially, and I�highis the isolation of the higher pT muon only, to avoid double 
ounting. The 
orrelationsto the B hadron pT are similar to the high-mass 
ase (Fig. 8(b)), enabling them to be
ombined later on. The resulting visible B-hadron 
ross se
tions are shown in Fig. 9(b).For both subsamples, agreement is found with the FMNR
Pythia predi
tions, 
onsistentwith the 
on
lusions obtained earlier.The se
ond step is to extrapolate these 
ross se
tions to b-quark level. For 
omparisonwith previous measurements, the 
ross se
tions were restri
ted to photoprodu
tion. Ea
hof the B-hadron visible 
ross se
tions is translated into a di�erential 
ross se
tion d�dpbT inthe pseudorapidity range j�bj < 2 [11℄ with photon virtuality Q2 < 1 GeV2 and inelasti
ity0:2 < y < 0:8, using the FMNR
Pythia predi
tions. Ea
h 
ross se
tion is quoted at themean pbT value for events satisfying the 
uts for the 
orresponding EvisT bin. The resultsare shown in Fig. 10.The 
ross se
tions derived from the low- and high-mass subsamples (same and di�erentb quarks) are in agreement, and were 
ombined to give a single 
ross se
tion for ea
hpbT value. The maximum possible 
orrelation of the systemati
 errors is assumed for this
ombination. 18



The resulting 
ombined 
ross se
tions are 
ompared to theory and previous measurementsin Fig. 11. They are 
onsistent with these previous measurements, and extend the mea-sured range to lower pbT . Predi
tions at NLO [1℄ and predi
tions from a LO kT -fa
torisationapproa
h [34℄ yield an equally good des
ription of the data.12 Con
lusionsThe total 
ross se
tion for beauty produ
tion in ep 
ollisions at ps = 318 GeV hasbeen measured for the �rst time using an analysis te
hnique based on the dete
tion oftwo muons, mainly from semileptoni
 beauty de
ay. The almost 
omplete phase-spa
e
overage 
ombined with the weak dependen
e on details of the b�b event topology alloweda reliable extra
tion of the total beauty produ
tion 
ross se
tion, with a

eptan
e down topbT = 0 GeV, and a dire
t 
omparison to NLO QCD predi
tions. The predi
tions are lowerthan the observed 
ross se
tions, but 
ompatible within the un
ertainties. Di�erential
ross se
tions in p�T , ��, and ���� were also measured. Shapes predi
ted by Monte Carlomodels in
orporating leading-order matrix elements followed by parton showers agreewell with the data. NLO QCD predi
tions agree in shape with both the data and theLO+PS predi
tions, but are again somewhat lower than the data, in agreement with theobservation from the total 
ross se
tion. The angular 
orrelations between �nal-statemuons from di�erent b quarks, re
e
ting the 
orrelations between these parent quarks,are des
ribed by the NLO QCD predi
tions. Measurements of 
ross se
tions for muonpairs from the same or from di�erent B hadrons yield similar and 
ompatible results. A
omparison with previous measurements through the extrapolation to di�erential 
rossse
tions at b-quark level shows reasonable agreement, and extends these measurementsdown to lower pbT .A
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hannel e�e
tive bran
hing fra
tion w/o B0 �B0 mixingb! �� dire
t 10:95� 0:27 %b! �+ indire
t 8:27� 0:40 %b! �� indire
t 2:21� 0:50 %all b! �� 21:43� 0:70 %b�b! ���� (di�. bs) 2:42� 0:17 %b�b! ���� (di�. bs) 2:18� 0:14 %b! �+�� all 2:40� 0:16 %Table 1: E�e
tive bran
hing fra
tions used for 
ross-se
tion determinations. Theindire
t 
ontributions in
lude 
as
ade de
ays into muons via 
harm, anti
harm, ��and J= . The additional e�e
t of B0 �B0 mixing (� = 0:1283 � 0:0076) is notin
luded.

unlike-sign �=� like-sign + + =��low inv. mass muons from same b, false-muon ba
kground,m�� < 4 GeV muons from J= ,  0, and small 
ontribution ofand false-muon ba
kground muons from di�erent bhigh inv. mass muons from di�erent b, muons from di�erent bm�� > 4 GeV muons from 
�
, �, BH, and false-muon ba
kgroundand false-muon ba
kgroundTable 2: Classi�
ation of events using dimuon mass and 
harge 
orrelations.The main 
ontributions to ea
h 
lass are listed; the most relevant is indi
ated inbold fa
e. 23



pro
ess muon 
andidatesbeauty 2382
harm 629quarkonia and BH 281false muon 1281data 4574Table 3: Number of muon 
andidates 
ontributing to Fig. 2: unlike-sign non-isolated dimuons. 4574 muons 
orrespond to 2287 events.
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Figure 1: Dimuon mass distributions of unlike-sign dimuon pairs from sele
tionB (see text) in the (a) low-mass and (
) high-mass subsamples, as well as like-signdimuon pairs in the (b) low-mass and (d) high-mass subsamples. The same verti
als
ale has been 
hosen for the like- and unlike-sign subsamples, with di�erent binsizes for the high- and low-mass regions. The expe
ted 
ontributions from di�erentpro
esses are also shown. The false-muon ba
kground was obtained from the datausing the subtra
tion method des
ribed in Se
tion 3. Due to this method, the totalpredi
tion for like-sign pairs agrees with the data by de�nition.
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Figure 2: (a) Muon transverse momentum and (b) muon pseudorapidity distri-bution from both high- and low-mass dimuon pairs in the non-isolated unlike-signsample. Two muons are entered for ea
h event. The expe
ted 
ontributions fromdi�erent pro
esses are also shown. Due to the subtra
tion method, the statisti
alerror of the predi
tion for the false-muon ba
kground is 
omparable in absolute sizeto that of the data.
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Figure 3: Comparison of measured 
ross se
tions to NLO QCD predi
tions. Theb�b 
ross se
tion from this analysis (top) is 
ompared to both measured and predi
tedb or �b 
ross se
tions obtained in the ZEUS D�� analysis [16℄ for the photoprodu
tionregime (middle line) and DIS (lower line). The NLO 
al
ulations in the D��analysis used a slightly di�erent set of parameters. Using the parameters detailedin Se
tion 6, the 
entral value of the photoprodu
tion 
ross-se
tion predi
tion wouldin
rease by about 20%.
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Figure 4: Cross-se
tion d�=dp�T for muons from b de
ays in dimuon events withp�T > 1:5 GeV and �2:2 < �� < 2:5 for both muons. Two muons 
ontribute forea
h event. The data (solid dots) are 
ompared to the s
aled sum of the predi
tionsby the LO+PS generators Pythia and Rapgap (histogram) and to the NLO QCDpredi
tions from FMNR
Pythia (band).

Figure 5: Cross-se
tion d�=d�� for muons from b de
ays in dimuon events withp�T > 1:5 GeV and �2:2 < �� < 2:5 for both muons. Two muons 
ontribute forea
h event. The data (solid dots) are 
ompared to the s
aled sum of the predi
tionsby the LO+PS generators Pythia and Rapgap (histogram) and to the NLO QCDpredi
tions from FMNR
Pythia (band).
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Figure 6: Distribution of the azimuthal distan
e �� between the two muonsin dimuon events with p�T > 1:5 GeV for both muons, and m�� > 3:25 GeV. Theexpe
ted 
ontributions from di�erent pro
esses are also shown. Due to the subtra
-tion method, the statisti
al error of the predi
tion for the false muon ba
kground is
omparable in absolute size to that of the data.

Figure 7: Cross-se
tion d�=d���� for b�b events in whi
h the muons origi-nate from di�erent b quarks, with p�T > 1:5 GeV and �2:2 < �� < 2:5 for bothmuons. The data (solid dots) are 
ompared to the s
aled sum of the predi
tions bythe LO+PS generators Pythia and Rapgap (histogram) and to the NLO QCDpredi
tions from FMNR
Pythia (band).29
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Figure 8: Distribution of the true pT of the parent B hadron for muons from (a)di�erent b quarks or from (b) the same b quark, for the three EvisT bins indi
ated inthe �gures. For the de�nition of EvisT , see Se
tion 11.
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(a)

(b)

Figure 9: Visible 
ross se
tion for parent B hadrons from events 
ontaining twomuons satisfying the 
uts for the total 
ross-se
tion measurement, and in whi
hboth muons originate from a di�erent (a) or from the same b(�b) quark (b), in threebins of pBT . There are two entries per event for (a), and one entry per event for(b). The data (solid dots) are 
ompared to the s
aled sum of the predi
tions bythe LO+PS generators Pythia and Rapgap (histogram) and to the NLO QCDpredi
tions from FMNR
Pythia (band).
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Figure 10: Data/NLO ratio for 
ross se
tions from di�erent b quarks (open
ir
les) 
ompared to measurements from the same b quark (stars) and their average(�lled 
ir
les). The value for ea
h EvisT (or pBT ) interval (0-5,5-10,10-40 GeV) isquoted at the median pT of the parent b quarks in events satisfying all dete
torlevel 
uts (4.7,8.0,14.0 GeV). The three points for ea
h pbT value are shown slightlyshifted in pbT for 
larity.
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Figure 11: Di�erential 
ross se
tion d�=dpbT of this analysis (stars) 
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