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A new measurement of the bb prodution ross setion in 920 GeV proton-nuleus ollisions is

presented by the HERA B ollaboration. The bb prodution is tagged via inlusive bottom quark

deays into J= mesons, by exploiting the longitudinal separation of J= ! l

+

l

�

deay verties from

the primary proton-nuleus interation point. Both e

+

e

�

and �

+

�

�

hannels are reonstruted, for

a total of 83 � 12 inlusive b ! J= X events found. The ombined analysis yields a bb to prompt

J= ross setion ratio of

��(bb)

��

J= 

= 0:032 � 0:005

stat

� 0:004

sys

measured in the x

F

aeptane

(�0:35 < x

F

< 0:15), extrapolated to �(bb) = 14:9 � 2:2

stat

� 2:4

sys

nb/nuleon in the total phase

spae.

PACS numbers:

13.85.Ni Inlusive prodution with identi�ed hadrons

13.85.Qk Inlusive prodution with identi�ed leptons, photons, or other non-hadroni partiles

13.20.He Deays of bottom mesons

24.85.+p Quarks, gluons, and QCD in nulei and nulear proesses
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I. INTRODUCTION

Reent improvements in the theoretial desription of heavy avor (�, bb) hadroprodution, inspired by

the availability of inreasing amount of data in various kinemati regimes, have provided new insight into the

physis of hadron-hadron ollisions [1, 2℄. Investigations in this �eld are further stimulated by the urrent

and the next generation of heavy ion olliders (RHIC, LHC) where signatures of Quark Gluon Plasma (QGP)

an be identi�ed only after hadron-hadron ollisions in a non-QGP regime are understood with suÆient

auray.

In the �eld of �xed target bottom prodution, several experiments have been performed over the past

years at Fermilab, CERN and DESY with both pion and proton beams (see [3, 4, 5℄ for reent reviews).

Several theoretial alulations have beome available [6, 7℄, although the auray of the preditions is

usually quite poor. The large experimental and theoretial unertainties provide a strong motivation for a

more preise and aurate measurement of near-threshold bb prodution, where the sensitivity to theoretial

models is large and the kinemati region is omplementary to that of  or bb prodution at very high

energies at ollider experiments. In fat, in the near-threshold region, perturbative QCD an be applied

and full next-to-leading-order alulations are available, although higher order terms are important and not

yet fully evaluated. In this regime, measurements have been published by only three experiments: E789 [8℄,

E771 [9℄ and HERA B [10℄.

The HERA B experiment an measure the bb ross setion via the inlusive b ! J= X deay mode.

Interations are produed by 920 GeV protons in the halo of the HERA beam impinging on target wires of

di�erent materials at

p

s = 41:6GeV proton-nuleon enter-of-mass energy. The bb prodution ross setion

(�

A

bb

) on a nuleus of atomi number A is obtained via the inlusive reation

pA! bb X with bb! J= Y ! (e

+

e

�

=�

+

�

�

)Y:

The b hadrons deaying into J= (\b! J= " in the following) are distinguished from the large bakground

of J= mesons produed diretly on the target (\prompt J= " in the following) by exploiting the b lifetime

in a detahed vertex analysis. HERA B is apable of deteting both dilepton deay hannels of the J= ,

providing an inrease of the statistial signi�ane of the measurement and internal onsisteny heks.

A �rst measurement based on limited statistis was published in [10℄. This work presents an improved

measurement based on larger statistis olleted during the 2002-2003 data taking. The larger sample of

bb events allows us to perform further ross heks, suh as a lifetime measurement, a searh for spei�

deay hannels of B mesons with a J= in the �nal state and a searh for inlusive deays of the form

b! J= + h

�

+X.

The present paper is strutured as follows. In Set. II the basi onepts of the �(bb) measurement

are disussed. An overview of the detetor, the trigger performane and the data samples is given in

Set. III, followed by a desription of the Monte Carlo simulation (Set. IV). The methods used for the

J= reonstrution and seletion are presented in Set. V and disussed separately for the muon (J= !

�

+

�

�

) and the eletron (J= ! e

+

e

�

) hannel. Set. VI desribes the proedure for the identi�ation of

seondary verties from b! J= deays and their separation from the prompt J= bakground. In Set. VII,

independent on�rmations of the b ontent of the seleted events are provided. In Set. VIII, the muon and

eletron data are ombined into the �nal result, whih is then ompared with the existing experimental

data on �(bb) and reent theoretial preditions. The main systemati unertainties of the measurement are

disussed. Set. IX provides a brief summary of the analysis.

II. MEASUREMENT METHOD

The total bb prodution ross setion in proton-nuleon (pN) interations, integrated over the omplete

phase spae, is the quantity of interest for haraterizing the b prodution rate sine it is most readily

ompared to theoretial alulations and other experimental results. However, in �xed-target experiments,

the proton-nuleus (pA) ross setion is measured for the atual detetor aeptane (��

A

bb

) and then 1) saled

to the proton-nuleon ross setion taking into aount the known (or assumed) nulear dependene and 2)

extrapolated to the full phase spae by using theoretial models or information from other experiments.
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In the present analysis, systemati unertainties related to detetor and trigger eÆienies are minimized

by measuring the bb ross setion relative to the J= ross setion in the kinemati region in our aeptane.

The analysis onsists essentially of two steps: 1) the J= seletion to determine the number (n

P

) of prompt

J= mesons (Set. V) whih are opiously produed on the target; 2) the seletion and ounting of J= 

mesons detahed from the primary interation vertex (Set. VI), originating from b ! J= deays (n

bb

).

Following this strategy, the ratio of bb to prompt J= prodution ross setions in our aeptane (��

A

bb

/��

A

P

)

an be written as

��

A

bb

��

A

P

=

n

bb

n

P

�

1

"

R

� "

�z

bb

� Br(bb! J= X)

; (1)

with "

R

= "

J= 

bb

="

J= 

P

, where "

J= 

bb

and "

J= 

P

are the detetion eÆienies (inluding trigger, reonstrution

and seletion) for J= from b deays and prompt J= , respetively. "

�z

bb

is the detahed vertex seletion

eÆieny. Br(bb! J= X) = 2 � (1:16� 0:10)% [11℄ is the inlusive b

�

b! J= X branhing ratio, assumed to

be the same in hadroprodution as that measured in Z deays.

All the quantities entering into Eq. (1) (exept the branhing ratio) are evaluated for J= mesons produed

in the kinemati range overed by HERA B. In terms of Feynman-x (x

F

) and transverse momentum (p

T

),

the kinemati range overs the intervals �0:35 < x

F

< 0:15 and 0 < p

T

< 6 GeV=. This will be indiated

in the following as the HERA B aeptane range.

The prompt J= ross setion (�

A

P

) has been measured at various energies (

p

s 2 [10; 200℄GeV) and using

various target materials (A 2 [1; 197℄) both in �xed target and ollider experiments. �

A

P

is usually expressed

by parameterizing the atomi weight (A) dependene of the ross setion as �

A

P

= �

J= 

� A

�

, where �

J= 

is the J= prodution ross setion for proton-nuleon interations and � has been measured with high

statistial preision as a funtion of x

F

and p

T

by the E866 ollaboration [12℄ providing an average value of

� = 0:96� 0:01 in our x

F

range.

The atual value of �

J= 

is needed to obtain the absolute �(bb) ross setion and it is known [1℄ that the

values at energies around

p

s = 20�50 GeV satter strongly. To determine the value of �

J= 

at the HERA B

energy, a global analysis [13℄ has been performed on all published J= ross setion measurements

1

. The

best value, obtained from a �t on �

J= 

(

p

s) data with the help of a NRQCD model evaluated at the next-to-

leading order is �

J= 

(41:6GeV) = (502� 44) nb=nuleon. The main unertainty is systemati and has been

evaluated by hanging the seletion of data submitted to the �t and by hanging the free parameters in the

model. Taking into aount that the fration of prompt J= mesons produed in the HERA B aeptane

range is f

P

= (83�1)% (see Set. IV), we will assume a referene prompt J= ross setion in our aeptane

whih is given by: ��

J= 

= f

P

� �

J= 

= (417� 37) nb=nuleon.

The A dependene of the �

A

bb

ross setion has not been measured. In this paper, we assume the form

�

A

bb

= �(bb) � A

�

b

, with �

b

= 1 sine no nulear suppression is expeted in open bottom or open harm

hadroprodution [15℄. This expetation is on�rmed in D-meson prodution data [16℄. The same assumption

is made in all published �xed-target �(bb) measurements.

The di�erent A dependenes of prompt J= and bb ross setions ompliate the evaluation of the ross

setion ratio when ombining data sets from di�erent target materials and several approahes are possible.

Sine in the present ase n

bb

su�ers from low statistis in some sub-samples, we express the bb to J= ross

setion ratio per nuleon in our aeptane range (R

��

) as:

R

��

=

��(bb)

��

J= 

=

=

n

bb

Br(bb! J= X) ��

i

n

i

P

� "

R;i

� "

�z

bb;i

�A

�

b

��

i

; (2)

where n

bb

is the total number of detahed J= events found in the aeptane, n

i

P

, "

R;i

and "

�z

bb;i

are

respetively the numbers of prompt J= , the J= seletion eÆieny ratios and the detahed vertex seletion

1

The global �t inludes our own measurement of the J= ross setion (663�74�46 nb/nuleon [14℄). We prefer to normalize

the present measurement to the value given by the global �t sine the �t provides a omplete summary of all available

measurements.
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FIG. 1: Plan view of the HERA B detetor.

eÆienies measured on the sub-sample i taken with a target of atomi weight A

i

. The quantity de�ned by

Eq. (2) has the advantage of minimizing the dependene on theoretial models and on extrapolations. We

also quote the bb ross setion for full phase spae, evaluated as �(bb) = R

��

���

J= 

=f

bb

, where f

bb

is the

fration of J= mesons from b deays in the HERA B aeptane range. The quantity f

bb

is determined

through theoretial models as disussed in Set. IV.

III. DETECTOR, TRIGGER AND DATA SAMPLE

HERA B [17, 18℄ is a �xed target experiment at the HERA storage ring at DESY. The spetrometer and

the trigger system were designed for eÆient real-time �ltering of b hadrons based on an online reonstrution

of J= mesons.

A. Detetor

The spetrometer (Fig. 1) has a forward geometry, overing from 15 to 220 mrad in the bending plane, and

from 15 to 160 mrad vertially. The detetor features high resolution traking and vertex reonstrution,

good partile identi�ation over a large momentum range, and a multilevel dilepton trigger.

The wire target [19℄ onsists of two independent stations ontaining 4 wires eah and separated by 40 mm

along the beam diretion. The wires are made of various materials (C, Al, Ti, Pd, W) with dimensions of

50{100 �m perpendiular to the beam and 50{500 �m along the beam. Up to eight target wires an be

operated simultaneously and eah wire an be moved independently into the proton beam halo to adjust the

interation rate. During the data taking, the target operated at rates of about 7 MHz, both in single and

double wire on�gurations.

The Vertex Detetor System (VDS) [20℄, loated downstream of the target, onsists of 8 planar stations

with a total of 64 silion mirostrip detetors (� 50�m readout pith). It provides high spatial resolution for

the reonstrution of primary and seondary verties. A resolution of about 450 �m on J= deay verties

along the diretion of ight was ahieved, ful�lling design spei�ations.

The main traking system is loated behind a 2.13 T�m bending magnet and extends to 13 m downstream

of the interation region. The granularity of the traking system was adapted to the inreasing partile

density with dereasing distane to the beam. The Inner TRaker (ITR) [21℄ overs the range up to 20 mrad

with Miro Strip Gas Chambers (MSGC) equipped with GEM foils. The Outer TRaker (OTR) [22℄, made of

honeyomb drift hambers, reahed a hit resolution of about 350 �m. The overall traking system, onsisting

of VDS, OTR and ITR, reahed a muonmomentumresolution of �p=p(%) = (1:61�0:02)�(0:0051�0:0006)p

where the momentum p is in GeV= and in the range 5 < p < 80 GeV=.
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Partile identi�ation is performed by a Ring Imaging Cherenkov detetor (RICH), an Eletromagneti

CALorimeter (ECAL) and a MUON system.

The RICH detetor [23℄ provides pion{kaon{proton separation. It uses a 2:5 m long C

4

F

10

radiator volume

for Cherenkov light emission by harged partiles, whih after reetion in spherial and planar mirrors, is

direted to one of two planes of photomultiplier tubes.

The ECAL [24℄ is optimized for good eletron/gamma energy resolution and eletron-hadron disrimi-

nation. It is omposed of 5956 independent alorimeter modules built with shashlik tehnology. The ell

size inreases with the distane from the beam. The detetor is instrumented with a fast digital read-

out and a pretrigger system whih provides reonstruted lusters with large transverse energy (pretrig-

ger seeds). The energy resolutions for the three ECAL regions (Inner, Middle, Outer) are, respetively,

�

E

=E = 20:5%=

p

E � 1:2%, �

E

=E = 11:8%=

p

E � 1:4% and �

E

=E = 10:8%=

p

E � 1:0% [25℄. Spatial

resolutions, determined with �

0

deays, are ranging from 1 to 8 mm depending on the ECAL region and the

partile energy.

The MUON system [26℄ onsists of four traking stations loated in the most downstream part of the

detetor at various depths in an iron and onrete muon{absorber. The ative elements are mainly on-

ventional tube hambers arranged in double layers. Pad athodes oupled to the tubes of the two most

downstream traking stations are used for pre-triggering purposes.

B. Trigger Con�guration

The dilepton trigger is initiated by pretrigger (PT) signals from either the MUON system [27℄ or the

ECAL [28℄. Dual pad oinidenes in the MUON system or omplete ECAL lusters with a transverse

energy above 1 GeV onstitute the basi trigger seeds. These are used by the First Level Trigger (FLT)

[29℄ to de�ne a sequene of regions of interest inside the OTR, whih are used to initiate a searh for trak

andidates originating from J= deays. Trak parameters as well as the PT seeds are then sent to the

Seond Level Trigger (SLT) [30℄, whih is a highly on�gurable software �lter that extrapolates found traks

through the magnet and VDS, �nally applying a mild vertex onstraint.

More spei�ally, for the data presented here, the FLT required the presene of at least two PT seeds

and at least one reonstruted trak originating from one of the PT seeds. The SLT searhed for traks

starting from the PT seeds, requiring that at least two omplete traks, with segments in the OTR and the

VDS, be found and that the two traks be onsistent with a ommon vertex hypothesis. Moreover, the SLT

trak-seeding algorithm imposed a target onstraint by inluding in the initial trak parameters a point near

the enter of the ative target wires with unertainties large enough to aommodate traks from all targets

and also to allow for the �nite B lifetime. Aepted events were read out and sent to an online reonstrution

farm [31℄.

The J= trigger worked onstantly at rejetion fators around 4�10

4

, mathing the typial data reording

rate of 120 Hz (to tape). The experiment routinely ahieved an event yield of about 1200 J= mesons per

hour at an interation rate of about 7 MHz.

C. Data Sample

The data sample used in this analysis was olleted between Otober 2002 and Marh 2003. During this

period, 164 million dilepton-triggered events were reorded ontaining about 300,000 J= mesons. These

are distributed almost equally between the dimuon and dieletron hannels.

Data were taken in nine di�erent wire on�gurations of single or double wire runs, for a total of 14

equivalent single-wire samples. The wire materials used were arbon (A=12, �64% of the J= sample),

tungsten (A=184, �27%), and titanium (A=48, �9%).

During the data taking period, the detetor was operated under onstant monitoring. The data quality

was assessed both online and o�ine. Only runs with good performane of all the main detetor omponents

and stable trigger onditions are used. Five periods with onstant experimental onditions were de�ned and

the data were grouped aordingly.
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IV. MONTE CARLO SIMULATION

Monte Carlo (MC) simulations are used to determine the eÆieny terms entering into the ross setion

equation (Eq. 2), to determine the riteria to selet the b! J= andidates, and to understand the nature

of the bakground. The simulation inludes our best knowledge of the physis of the proesses under

investigation, of the detetor, of the trigger and of the event reonstrution.

To best desribe interations in the HERA B environment, the Monte Carlo generator exploits a ombi-

nation of features of di�erent standard tools. The simulation of heavy quark (Q) prodution is obtained by

generating the basi proess pN ! Q

�

QX with Pythia 5.7 [32℄ and hadronizing the heavy quarks using the

Jetset 7.4 [32℄ pakage. In the seond step, the remaining energy and momentum of the ollision is used

by Fritiof 7.02 [33℄ to provide the underlying inelasti event and to generate further interations inside

the target nuleus. After these steps, the generated partiles are passed through the Geant 3.21 pakage

[34℄ for detetor simulation.

For an aurate desription of the kinemati harateristis of prompt J= prodution, experimental data

on prompt J= di�erential ross setions d�=d(p

2

T

) and d�=dx

F

[35℄ are used to tune the standard generator:

all the produed events are weighted to math the available proton-silion measurements on di�erential J= 

ross setions. Sine these are available in the positive x

F

region only, we assume a symmetri x

F

distribution

of prompt J= prodution: d�=dx

F

= � �(1�jx

F

j)



where  = 6:38�0:24 [35℄. This extension onforms both

to all the basi harmonium prodution models and to our own data on the J= di�erential ross setions

[36℄. The model dependene of the generated p

T

spetrum is of minor importane sine the aeptane

for the J= p

T

is essentially at. The inuene of a possible J= polarization within the limits given by

experimental results [35, 37℄ is taken into aount in the systemati unertainties of the prompt J= MC.

With this model, the fration f

p

of prompt J= mesons produed in the HERA B aeptane range is

f

p

= (83 � 1)%, where the error is due to the unertainty in the exponent  of the proton-silion data �t

[35℄.

Sine, for open b prodution, there are no measured di�erential ross setions, we use a bb prodution

model whih is mostly based on NRQCD theory [38℄. As in the ase of harmonium prodution, the Pythia

generated bb events are weighted with a model ontaining several ontributions: 1) the generated b quark

kinematis (x

F

and p

T

), as given by the omputation of Mangano et al., using the most reent next-to-

leading-order MRST parton distribution funtion [39℄ with a b quark mass of m

b

= 4:75 GeV=

2

and a QCD

renormalization sale � =

p

m

2

b

+ p

2

T

; 2) the intrinsi transverse momenta of the olliding quarks, smeared

with a Gaussian distribution resulting in hk

2

T

i = 0:5 GeV

2

=

2

[40℄; and 3) the b fragmentation funtion,

desribed by a Peterson shape [41℄ with a parameter � = 0:006 [42℄. The subsequent b hadron formation and

deay are desribed by the Pythia default parameters. Possible b hadron polarization and J= polarization

in b deays are assumed to be null. With these assumptions, the fration of detahed J= mesons produed

in the HERA B aeptane range (see Set. II) is f

bb

= (90:6� 0:5)%, where the error is determined in the

systemati studies desribed below.

The sensitivity of the measured ross setion ratio R

��

to the bb MC model parameters has been deter-

mined by varying: the parton distribution funtions (from MRST to CTEQ5 [43℄), the b quark mass (in the

range m

b

2 [4:5; 5:0℄ GeV=

2

), the QCD renormalization sale (from 0:5

p

m

2

b

+ p

2

T

to 2

p

m

2

b

+ p

2

T

), the frag-

mentation funtion (from the Peterson form [8, 42, 44℄ with parameter � 2 [0:002; 0:008℄, to the Kartvelishvili

form [45℄ with parameter �

�

= 13:7� 1:3 [44℄), the intrinsi transverse momentum distribution (with hk

2

T

i

in the range [0:125; 2:0℄ GeV

2

=

2

) and the fration of b baryons produed in the b hadronization proess in

the range [0; 12℄%. The observed variations in the detetion eÆienies have been inluded in the systemati

unertainty. No signi�ant dependene (< 1:5%) of the ross setion ratio has been found on the momentum

of the J= mesons in the b hadron rest frame nor on the polarization of J= mesons oming from b deays.

TheGeant traking step is performed with the help of a detailed desription of the detetor whih inludes

both the ative (instrumented) and inative (support struture) elements. The detetor response is simulated

by reproduing the digitization of eletroni signals and of the read-out hain. A status (masked/dead/alive)

and an eÆieny is assoiated to eah hannel to take into aount the measured eÆieny in data as well

as the faulty/noisy/masked hannels. This information was produed for eah data-taking sub-period (see

Set. III C). The MC events are subjeted to a full trigger simulation and reonstruted with the same ode

as the data. For eah data sub-sample, MC samples were produed for the signal hannels and bakground

soures to evaluate the eÆieny terms in Eq. (2) for the spei� running onditions.
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V. J= EVENT SELECTION

The �rst stage of the analysis is devoted to the determination of the number of J= mesons produed

at the target, whih is dominated by the prompt prodution. This is done in several steps: seletion of

well-measured traks, lepton identi�ation, lepton pair seletion and J= andidate ounting. Most of the

seletion riteria are ommon for the muon and the eletron �nal states and are desribed �rst. Other details

spei� to the di�erent lepton types (for example, partile identi�ation and ounting of prompt andidates)

are disussed separately.

The uts applied for prompt J= signal seletion mostly reet the detetor aeptane and requirements

already expliitly or impliitly imposed by the trigger algorithms. Therefore the lepton trak searh initially

uses information provided by the trigger. The parameters of the SLT trak andidates that resulted in a

trigger deision are given as seeds to the o�ine reonstrution program. If a seed suessfully results in

a reonstruted trak, it is agged as a `trigger trak'. Only these are onsidered in the searh for J= 

andidates.

Further seletion is performed on the o�ine reonstruted traks, whih pro�t from improved reonstru-

tion due to more aurate alibration and alignment onstants ompared to those used online. Basi uts

on the number of hits in the VDS and in the main traker (OTR+ITR), and on the �

2

probability of the

trak �t are used to selet only well-reonstruted traks and to rejet mismeasured and ghost traks. Weak

uts on momentum (6:0 < p < 200 GeV=) and transverse momentum (0:7 < p

T

< 5:0 GeV=) are applied.

The lower uts mostly reet the detetor aeptane and the trigger requirements. In the muon ase, they

also improve the rejetion of hadrons traversing the absorber and of muons from �=K deays in ight. The

upper uts disard traks with momenta above the expeted range for J= deay produts.

To omplete the single lepton seletion, requirements on the relevant partile identi�ation spei� to

muon or eletron hannels are imposed and are disussed separately in Set. VA and VB.

When two lepton andidates with opposite harge are seleted, a vertex �t is performed. Only dilepton

andidates with a �

2

probability greater than 1% are onsidered further. This requirement ensures that the

traks originate from the same vertex and helps to rejet ombinatorial bakground and bakground from 

and bb double semileptoni deays in the subsequent detahed vertex analysis. Moreover, the dilepton x

F

is

required to be between �0:35 and 0.15 to math the detetor aeptane. Only one dilepton andidate per

event is aepted. When more than one dilepton andidate survives all uts, the one with the best partile

identi�ation for both leptons is hosen.

A. J= ! �

+

�

�

The identi�ation of muon traks is simpli�ed by the fat that only muons have a signi�ant probability

of penetrating through the absorbers of the MUON detetor. Therefore a minimal set of uts on signals

from this detetor (hit multipliity and muon likelihood L

�

) is suÆient for robust muon identi�ation. In

ase more than one muon pair is seleted, the pair with the highest produt of muon likelihoods is hosen.

The dimuon mass spetrum obtained with this seletion is shown in Fig. 2a. The number of prompt J= 

andidates is determined by �tting the mass distribution to a funtion derived mainly from Monte Carlo

studies [46℄. This funtion inludes: 1) a desription of the non-Gaussian shape of the J= signal

2

, 2) a

radiative tail due to the J= ! �

+

�

�

 deay, 3) a Gaussian shape for the  (2S) signal and 4) an exponential

funtion for the bakground.

The mean value of the J= mass is 3093:5�0:2

stat

MeV/

2

, and the full width at half maximum (FWHM)

of the bakground subtrated J= peak is 90 MeV/

2

. The shift observed in the J= mass with respet

to the PDG value [11℄ is due to small systemati e�ets in the traking and in the internal alignment of

the detetor. The total number of reonstruted J= mesons is n

P

(�

+

�

�

) = 148200� 500. This number

depends slightly on the �tting funtion and mass interval onsidered. These unertainties are inluded in

the systemati error (Set. VIII).

2

A symmetri funtion omposed of three Gaussians is used, to take properly into aount the details of the momentum

resolution in a omplex apparatus suh as HERA B.
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B. J= ! e

+

e

�

The eletron and positron seletion is a�eted by larger bakground ontributions than the muon ase,

mostly due to pions interating in the ECAL and hadrons overlapping with energeti neutral showers.

Requirements on the lepton identi�ation are therefore more demanding than in the muon ase. Additional

orretions are used to improve the auray of the eletron momentum estimate.

The eletron trak andidates are seleted by requiring an ECAL luster with a transverse energy greater

than 1:0 GeV, mathed to the trak, both at the trigger and the o�ine analysis levels. In the non-bending

diretion (y), the distane �y between the trak position extrapolated to the ECAL and the reonstruted

ECAL luster must satisfy the requirement j�y=�

�y

j < 3:0, where �

�y

is the resolution on �y for lusters and

traks from e

�

. The typial resolutions are in the range 3�10 mm depending on the ECAL region. Cluster-

trak mathes from random ombinations and from hadron interations in the alorimeter are substantially

suppressed by this ut sine their �y distributions are wider by more than a fator two ompared to e

�

traks.

For a preise measurement of the eletron momentum, some orretions to the value provided by the

traking system are needed. During their passage through the material in front of the ECAL, eletrons an

emit bremsstrahlung (BR) photons and lose energy due to ionization proesses. ECAL lusters due to BR

photons emitted before the magnet are searhed for in the ECAL at a loation given by the extrapolation of

the initial trak diretion to the ECAL position. If a BR luster with a measured energy E

BR

> 1 GeV is

found, the energy of the luster is added to the eletron momentum at the prodution point. The orretion

(� 1� 2%) for further energy losses is evaluated stohastially via Monte Carlo simulations.

Eletron identi�ation in the ECAL is mainly based on the ratio of the luster energy (E) to the momentum

obtained from the traking (p). Typial E=p distributions for e

�

signals have a Gaussian shape with mean

0:99 and width � � 6%. Sine the requirement on E=p is also ruial in the seletion of the detahed

signal, it was inluded in the optimization proedure desribed in Set. VI. The obtained ut values are

�2:0 � < E=p�0:99 < 3:5 �. If more than one eletron-positron pair is found in one event, the ombination

with the best E=p ratio is taken.

Requiring that at least one of the eletrons from a J= andidate has an assoiated bremsstrahlung

photon (BR tag) or that both leptons have BR tags inreases the signal-to-bakground ratio from 0.6 to

3 and 9, respetively, providing a powerful method to isolate lean samples. These are used for studies of

resolutions (for example, of �y and E=p) and for ross heks. As explained in [10℄, the probability that a

BR photon is emitted and deteted in a separated ECAL luster (bremsstrahlung tag probability) an be

measured redundantly by ounting J= mesons for di�erent tag riteria. For the urrent setup, the average

tag eÆieny ("

BR

) is "

BR

= 0:30�0:01

stat

�0:01

sys

per trak. The same analysis, performed on MC events,

yields a MC tag probability of "

MC

BR

= 0:29� 0:01

stat

� 0:01

sys

, in agreement with data. This gives further

on�dene in the quality of our detetor desription and MC simulation, in partiular in the ruial region

in front of the magnet, where the triggered eletrons ross about 0.07 radiation lengths of material.

The BR tag played a entral role in the previous analysis [10℄, sine it was used for ounting the number of

prompt J= andidates. Subsequent improvements in ECAL stability and removal of material in the magnet

region resulted in redued ombinatori bakground and better mass resolution. Consequently the BR tag

is now only used for alibration and ross-heks and not for signal ounting.

The invariant mass spetrum obtained for the �nal J= ! e

+

e

�

sample is shown in Fig. 2b. As for

the muon ase, the number of prompt J= andidates is determined by �tting the mass distribution with

a funtion determined from MC studies. It inludes 1) Gaussian funtions for the J= and for the  (2S)

signal, 2) a funtion to take into aount the radiative tail of the harmonium deays and 3) an exponential-

like funtion for the bakground. The radiative tail ontains both the partially reonstruted J= ! e

+

e

�



deays as well as the tail due to inomplete eletron energy measurement or BR reovery. The mean value

of the J= mass is 3109 � 1

stat

MeV/

2

, and the FWHM of the bakground subtrated J= peak is 140

MeV/

2

. The total number of J= ! e

+

e

�

andidates is n

P

(e

+

e

�

) = 103800� 1000.

VI. DETACHED VERTEX ANALYSIS

In the seond stage of the analysis, J= mesons produed in the deay of a b hadron are searhed for.

The mean deay length of a b hadron in the HERA B aeptane is about 8 mm. Aordingly, the J= 

mesons produed in b deays are typially well-detahed from the primary interation at the target wires.

The b ! J= andidate seletion is performed in two tightly orrelated steps: �rst, a J= andidate (as

desribed in the previous setion) is assigned to one target wire and to one primary interation vertex. Then,
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FIG. 2: Invariant mass plots for both J= {deay hannels: a) muon sample, b) eletron sample.

if the assoiation is unambiguous, uts designed to distinguish J= mesons oming from b deays from those

produed promptly at the target are applied. Almost all uts are applied on the signi�ane of the relevant

quantity (ratio of a quantity to its unertainty) rather than on its unnormalized value, to take advantage of

the error information. The variables used to isolate detahed J= mesons are desribed in the following.

The deay length is de�ned as the distane between the primary interation point and the J= vertex along

the proton beam diretion (whih de�nes the HERA B z axis). The positions of target wires, averaged over

many onseutive events, de�ne better the primary interation point than the �tted positions of individual

primary verties; therefore the deay length is alulated with respet to the target wire. With a dilepton

vertex resolution of about 450 �m in z, the deays of b hadrons an be separated from primary verties with

high eÆieny.

For J= mesons produed at a detahed vertex, eah of the deay leptons is likely to be inonsistent with

being produed at the target. Therefore a ut on their impat parameters to the wire, de�ned as the lepton

distane from the wire at the z-oordinate of the wire, is applied. This requirement is very e�etive for

reduing bakground, as the wire position is known in two dimensions with high preision.

On the other hand, sine the diretion of the produed J= meson is nearly ollinear with that of the b

hadron, the impat parameter of the J= to the wire is typially small (mostly below 20�m). An upper

ut is applied to remove ombinatorial bakground, as well as bakground from semileptoni bb and double

semileptoni  deays.

For double wire runs and for multiple primary vertex events, the quantities desribed above an only be

de�ned after assoiation of the dilepton andidate to the orret target wire and to the orret primary

interation vertex. For this purpose, we de�ne two �

2

-like quantities based on the lepton and the dilepton

impat parameters to a wire and on their distanes of losest approah to a primary vertex. The wire and

the vertex for whih the orresponding �

2

is minimum are assoiated to the dilepton andidate. Events in

whih the wire of the dilepton and the wire of the assoiated primary vertex do not math are disarded. In

this way, the probability for wrong wire assignment, estimated from bb MC events, is less than 1%.

Moreover, in the ase of double wire runs, it is possible that a lepton andidate from an interation on one
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wire is ombined with a lepton andidate originating from the other wire. Sine the reonstruted vertex of

these two leptons tends to lie between the two wires, these events are a dangerous soure of bakground for

the detahed signal. To redue this type of bakground, events in whih one or both leptons are pointing to

a reonstruted primary vertex on a di�erent wire than the assigned one are disarded.

Events having unambiguous wire-vertex assoiation are analyzed further. We exlude events with the

absolute value of the deay length j�zj < 2 mm (�duial volume ut), in order to ensure that the J= vertex

is well outside of the target wire. This removes more than 99% of prompt J= bakground while keeping

more than 75% of the signal. Afterwards, on the total sample a ut optimization proedure is applied, on

the following quantities: the �z signi�ane, the lepton and the dilepton impat parameters to the wire and

the lepton and dilepton distanes of losest approah to the primary vertex and E=p for eletrons.

A. Cut Optimization Proedure

To avoid biasing our signal yield and resulting ross setion ratio, we hoose our seletion riteria 'blindly',

i.e. without looking at events in the signal region until all seletion riteria are �nalized. The quantity to be

maximized as a funtion of the uts is the signal signi�ane S=

p

S + BG in a �xed dilepton invariant mass

window, where the signal (S) is taken from b ! J= MC events, and the bakground (BG) is obtained by

ombining MC and real data. The main bakground soures are listed below. The �rst three ontributions

are estimated from MC, the fourth from data:

� A possible prompt J= bakground surviving detahment uts is one of our main onerns, sine

there is no way to distinguish it from J= mesons oming from b deays. Its yield is proportional to

the prompt J= ross setion. A large MC sample (� 10

7

events) is used to estimate the surviving

bakground ontribution.

� A large fration of the bakground is oming from bb events where both b quarks produe a high-p

T

lepton. The yield of this bakground is proportional to the bb ross setion.

� Double semileptoni  deays an ontribute in a similar way. The intrinsi p

T

ut at the trigger level

removes most of this bakground. Nevertheless this ontribution annot be negleted, sine the ross

setion for  events is larger than the b

�

b ross setion by three orders of magnitude.

� Another ontribution is due to ombinatorial bakground, i.e. dileptons made of inorretly reon-

struted or fake traks, or traks oming from kaon or pion deays in ight. Its size an be estimated

from the number of events in whih the dilepton vertex is reonstruted in the unphysial region up-

stream of the target. Also, like-sign lepton pairs (available only for the muon hannel) or dileptons

arti�ially formed by traks from di�erent events an give an estimate of this bakground.

The bakground used for the ut optimization is an appropriately saled ombination of prompt J= 

MC, bb and  double semileptoni MC events and either like-sign data events (in the muon hannel) or

upstream data events for the ombinatorial bakground. The relative ontribution of the di�erent samples is

estimated on the basis of the relative ross setions (for the MC samples) and from the upstream spetrum

for the ombinatorial bakground. Sine the bb ross setion is not known (being the goal of the urrent

measurement), its value is left to vary in a range between a quarter and double of our previous measurement

[10℄. The optimization is repeated for several intermediate values. A stability hek is also performed by

varying the initial values of the uts in order to verify the independene of the minimization results on the

initial onditions.

This approah an work e�etively only if the data distributions are well reprodued by MC. This is

veri�ed for all the quantities used for the seletions. As an example, in Fig. 3, the distributions of the lepton

impat parameter to the wire are shown for a sample of bakground subtrated J= ! �

+

�

�

(a) and a

sample of bakground subtrated double bremsstrahlung tagged J= ! e

+

e

�

(b). Agreement between data

and MC is obtained for all variables used in the optimization proedure for both hannels.

Of the six parameters entering in the optimization proedure, the uts on the lepton's and dilepton's

losest distane of approah to the primary vertex are �xed by the optimization proedure to a value where

all events surviving the other uts are seleted. Therefore these uts have been removed from the optimization

proedure and will not be mentioned further.
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FIG. 3: Comparison between the distribution of the lepton impat parameter to the wire for real data (points

with error bars) and for the prompt J= MC (histogram). a) J= ! �

+

�

�

andidates seleted in the region

2:95 < m

�

+

�

�
< 3:25 GeV=

2

after sideband subtration for real data, b) double BR tagged J= ! e

+

e

�

andidates

seleted in the region 2:9 < m

e

+

e

�
< 3:2 GeV=

2

after sideband subtration for real data. The ontinuous solid line

shows the b ! J= MC sample (arbitrary normalization) while the arrows mark the ut position determined by the

optimization proedure.

B. b! J= X ! �

+

�

�

X

The ut values obtained with the optimization proedure for the muon hannel are listed in the seond

olumn of Table I. One the uts are applied, only 268 events with seondary verties downstream of the

primary interations and having a dilepton invariant mass above 2:2 GeV=

2

survive, while upstream of the

target (unphysial region for b! J= deays), 33 events are found in the same mass region. The invariant

mass distribution of these detahed andidates is shown in Fig. 4, where a lear peak orresponding to the

J= mass is present only in the downstream sample.

Cut �

+

�

�

value e

+

e

�

value Optimized

Absolute �z > 2 mm > 2 mm no

�z signi�ane > 9:0 � > 10:0 � yes

Lepton impat to wire > 2:6 � > 3:0 � yes

J= impat to wire < 9:0 � < 12:0 � yes

Lepton identi�ation L

�

> 0:05 �2:0 � < E=p � 0:99 < 3:5 � E=p only

TABLE I: Cut values used to selet the detahed J= andidates in the muon and in the eletron hannels. Quantities

submitted to the blind optimization proedure are expliitly indiated in the last olumn.

To ount the detahed J= andidates, an unbinned maximum likelihood �t is performed using the reon-

struted invariant mass values. In the �t, the funtion used for the prompt J= analysis models the peak

and an exponential funtion models the bakground. As free �t parameters, we use the J= and bakground

yields and the slope of the exponential. When the mass position and width of the peak are left as free

parameters, the obtained values are onsistent with those of the prompt J= spetrum. Thus, the �nal

results are given with the mass and width �xed to the values of the prompt signal. In Fig. 4b, the solid

line shows the result of the likelihood �t. For the �t to the total data sample, we �nd n

bb

= 46:2

+8:6

�7:9

and

n

bkg

= 222� 15 events for the signal and the bakground, respetively, and a bakground slope parameter

of � = �1:9� 0:1 (GeV=

2

)

�1

.

As a ross hek, a �t to the upstream events is performed with the same free parameters. In the full

sample, the �t �nds n

bb

= �0:1�1:4 J= events, ompatible with absene of signal, n

bkg

= 33�6 bakground

events and � = �1:9� 0:3 (GeV=

2

)

�1

.

Using the like-sign spetrum and the bakground ontributions surviving the optimization proedure, the

�nal omposition of the bakground in the detahed dilepton spetrum has been estimated. Within statistial

unertainty, all the bakground an be aounted for by the four bakground soures desribed above, with
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FIG. 4: Dimuon mass distributions after vertex detahment uts, from the full muon sample. a) Upstream events

(ombinatorial bakground), b) downstream events. The solid line shows the result of the likelihood �t.

the dominant ontributions being ombinatorial (44%) and bb (43%) semileptoni deays. Sine harm

partiles have a relatively short lifetime, their ontribution to the bakground is suppressed (13%) by the

detahment uts. From MC, no prompt J= event (< 0:7 at 90% C.L.) is expeted to survive the detahed

vertex seletion. Finally, in the region upstream of the target the bakground is purely ombinatorial.

To determine R

��

in our x

F

range aording to Eq. (2), the number of prompt J= mesons and the

eÆieny terms must be evaluated for eah of the 14 di�erent sub-samples (one sample for eah wire in eah

wire on�guration, labelled i later). The number of prompt J= ! �

+

�

�

andidates in eah sub-sample is

evaluated with the proedure desribed in Set. VA. To obtain the eÆienies, the MC events of prompt

J= and b ! J= are subjeted to the same analysis hain used for the data. The average �nal value of

the eÆienies is h"

R;i

� "

�z

bb;i

i = 0:400� 0:006, where the unertainty is given by the statistial utuations

and sub-sample variability only. All the results obtained for di�erent target materials are summarized in

Table II. The resulting value for

��(bb)

��

J= 

in our kinemati range, averaged over all sub-samples and target

materials, is:

R

��

(�

+

�

�

) =

��(bb)

��

J= 

= 0:0295� 0:0055

stat

(3)

where the unertainty is statistial only. The systemati unertainties as well as the tests of the stability of

the result are disussed in Set. VIII.

C. b! J= X ! e

+

e

�

X

As disussed in Set. VB, the J= ! e

+

e

�

deays are a�eted by a larger bakground and the seletion

of the detahed vertex signal is therefore more ritial. Sine the eletron partile identi�ation (mainly

based on the E=p ratio of the lepton traks) is ruial for andidate seletion, this quantity is inluded in

the blind optimization proedure. The ut values obtained for the eletron hannel are listed in the third

olumn of Table I. The Table shows that the optimized values for the uts applied in the e

+

e

�

hannel

are lose to those for the muon hannel, albeit generally stronger. Only 229 events with dilepton verties

downstream of the primary interations and with dilepton invariant masses above 2:0 GeV=

2

survive these

uts, while 51 events with upstream dilepton verties are found. The invariant mass distribution of these

detahed andidates is shown in Fig. 5; a peak is visible in the downstream sample at m

e

+

e

�
= m

J= 

.

The same type of unbinned maximum likelihood �t used in the muon hannel is performed also on the

detahed eletron andidates, and the �t result is shown in Fig. 5b. For the total data sample, we �nd

n

bb

= 36:9

+8:5

�7:8

and n

bkg

= 192�15 events for the signal and the bakground, respetively, and a bakground

slope parameter of � = �1:7� 0:1 (GeV=

2

)

�1

.

As a further ross hek, a �t to the upstream events is performed with the same free parameters. The �t

�nds n

bb

= �4:2 � 1:9 signal events (ompatible with absene of signal events), n

bkg

= 55 � 8 bakground

events and � = �1:6� 0:2 (GeV=

2

)

�1

.
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FIG. 5: Dilepton mass distribution after vertex detahment uts, from the full eletron sample. a) Upstream events

(ombinatorial bakground), b) downstream events. The solid line shows the result of the likelihood �t.

From the optimization proedure we an also extrat the omposition of the remaining bakground. As in

the muon hannel, the four soures onsidered an aount for the obtained spetrum. The bb semileptoni

deays are the dominant ontribution (49%), followed by the ombinatorial bakground (35%) and the open

harm events (16%). Also, in this ase no prompt J= event (< 1:1 at 90% C.L.) is expeted to survive the

applied uts for b seletion.

As for the muon measurement, R

��

is evaluated by determining the number of prompt J= mesons

and the eÆieny terms separately for eah sub-sample (Eq. 2). The average value of the eÆienies is

h"

R;i

�"

�z

bb;i

i = 0:40�0:02, whih is lose to that obtained in the muon analysis. The resulting value for

��(bb)

��

J= 

in the eletron hannel in our kinemati range is:

R

��

(e

+

e

�

) =

��(bb)

��

J= 

= 0:0353� 0:0078

stat

; (4)

in good agreement with the muon result (see Table II).

Channel �

+

�

�

e

+

e

�

Target Carbon Titanium Tungsten Carbon Titanium Tungsten

Atomi weight 12.01 47.87 183.84 12.01 47.87 183.84

Prompt J= (n

P

) 93700 � 300 8080� 100 45560 � 200 67100 � 700 4800� 200 32400 � 600

Detahed J= (n

bb

) 27:8� 6:3 3:0� 2:1 15:5� 4:8 17:8

+5:9

�5:2

0:9� 1:0 18:4

+6:2

�5:5

h"

R;i

� "

�z

bb;i

i 0:398� 0:004 0:397� 0:011 0:404� 0:005 0:366� 0:007 0:424� 0:022 0:402� 0:014

� 0:96 � 0:01 0:96 � 0:01

Br(bb! J= X) 2:32 � 0:20 2:32 � 0:20

��

A

bb

=��

A

P

(�10

�2

) 3:22 � 0:73 4:0� 2:8 3:6� 1:1 3:2� 1:0 1:8� 2:2 6:2� 2:0

��(bb)=��

J= 

(�10

�2

) 2:95 � 0:55 3:53 � 0:78

TABLE II: Quantities entering into the ross setion ratio measurements for the two hannels and for the three

target materials. All the numbers are given for the x

F

interval [�0:35;+0:15℄.

VII. FURTHER b FLAVOR CONFIRMATION ANALYSES

To on�rm the b avor ontent of the seleted detahed vertex sample, several independent ross heks

have been performed on it and on a seond sample obtained by relaxing the seletion uts. The heks

inlude an estimation of the mean lifetime of the detahed andidates. Also a searh is made for other deay

produts of the b hadrons in the enlarged seletion, with the aim of a omplete identi�ation of exlusive

deay hannels or the identi�ation of a potentially leaner sample of three-prong detahed verties. These

and other tests are desribed in the following.
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FIG. 6: Satter plot of �

+
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�

(a) and e

+

e

�

(b) invariant mass versus the proper time for the detahed andidates.

The downstream detahed andidates are marked with �lled irles in the J= regions (3:0 < m

�

+

�

�
< 3:2 GeV=

2

and 2:9 < m

e

+

e

�
< 3:2 GeV=

2

) and with open irles elsewhere. Upstream andidates are shown with open triangle

marks. The hathes de�ne the regions exluded from the mean lifetime measurement.

A. Lifetime Fit

The determination of the mean lifetime of the detahed andidates is one of the learest on�rmations of

the b avor of the signal. A diret and preise measurement is however not possible, sine in the inlusive

b ! J= analysis the b hadron is not fully reonstruted and therefore its momentum and � value are

not known. However, MC studies show that a good estimator of the b hadron's � is the orresponding

value of the J= meson produed in the deay. Beause of this strong orrelation, the proper time t

i

of a

b andidate an be approximated as t

i

= �z

i

=(�)

J= 

� k, where �z

i

is the deay length, (�)

J= 

is the

� fator evaluated on the dilepton and k is a numerial fator (� 1:03) whih orrets for the deay and

trigger bias. Within the limits of this approximation, a mean lifetime measurement is therefore possible even

without exlusive identi�ation of b hadrons.

In Fig. 6, the satter plots of the dilepton invariant mass versus the proper time for the muon and the

eletron andidates are shown. As an be seen, the proper time distribution behaves di�erently depending

on the invariant mass region. To quantify these di�erenes, unbinned maximum likelihood �ts in di�erent

regions have been performed, assuming the usual exponential deay distribution for the signal. In these �ts,

bakground events are treated like the signal: only one �t parameter, whih represents the mean lifetime of

the deay, is assumed in the likelihood funtion. The �t range is limited to the region where trigger and

seletion eÆienies are large: 0.9 { 8.5 ps. Sine the eÆieny is not onstant in this range, its variation

is inluded in the �tting model, by weighting eah event by the reiproal of its detahed vertex seletion

eÆieny. The results of the �ts are summarized in Table III.

For detahed andidates in the J= mass range ([3:0; 3:2℄GeV/

2

in the muon hannel and [2:9; 3:2℄GeV/

2

in the eletron hannel), the mean lifetime is 1.61�0.27 ps and 1.21�0.18 ps for dimuons and dieletrons,

respetively, in agreement with the value obtained from generated and reonstruted MC b deays: 1.56�0.01

ps. Bakground regions in data (side bands in the invariant mass spetrum and upstream events) usually

have lower mean lifetime values and larger unertainties due to the poorer statistis.

For referene we also measure the mean lifetime of the main bakground hannels desribed by MC.

As expeted, the open � events generally have a lower lifetime, while the semileptoni bb events behave

di�erently depending on the invariant mass range of the dilepton. The higher mass range is dominated by

ombinations of leptons from two di�erent b deay branhes, while, in the low mass range, dileptons from

the deay hain of a single b quark dominate. The mean lifetime measured in the latter sample is learly

lose to that of the b.

To improve the statistial auray of the lifetimemeasurement, a joint unbinned likelihood �t is performed

on the muon and eletron andidates (104 events in total). This sample is highly enrihed in b ontent,
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Sample Mass Range (GeV=

2

) �

��

(ps) �

ee

(ps)

data downstream J= region 1:61 � 0:27 1:21� 0:18

b! J= MC J= region 1:55 � 0:01 1:57� 0:01

data downstream 2.0{2.5 1:30 � 0:16 0:86� 0:09

data downstream 3.6{12.0 0:55 � 0:13 0:54� 0:21

data upstream 2.0{12.0 1:08 � 0:21 1:16� 0:19

bb semileptoni MC 2.0{2.5 1:47 � 0:12 1:45� 0:04

bb semileptoni MC 3.6{12.0 0:71 � 0:09 0:67� 0:03

� double semileptoni MC 2.0{12.0 0:47 � 0:06 0:30� 0:02

TABLE III: Results of the unbinned maximum likelihood �ts on the detahed �

+

�

�

and e

+

e

�

andidates in real

data and on various MC samples. The J= mass range is de�ned as for Fig. 6.
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FIG. 7: a) Likelihoods for the �

+

�

�

and e
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detahed andidate �ts and joint likelihood as a funtion of the mean

lifetime; b) distribution of proper times for the detahed J= events orreted for seletion eÆieny.

having about 80 b ! J= andidates plus about 10 events oming from semileptoni b deays. A value of

�

L

e+�

= 1:41� 0:16 ps is obtained (see Fig. 7a). Sine the total number of andidates is suÆiently large, a

standard �

2

�t is also performed on the eÆieny-orreted distribution of proper times for the same events

(see Fig. 7b). In this ase, the minimum �

2

(�

2

=ndf = 5:1=8) is obtained for �

�

2

e+�

= 1:39� 0:19 ps. Both

results are in good agreement with the expeted value for b hadrons.

B. J= + h

�

analysis

As desribed in Set. VI, rather strong (and therefore relatively ineÆient) detahment uts are neessary

to do an inlusive seletion of b! J= deays. A partially di�erent sample of b events an be obtained by

relaxing the detahment uts and imposing additional requirements on other quantities whih haraterize

b hadron deays, for example requiring the presene of a third trak h

�

forming a good vertex with the

J= andidate. Sine the J= arries most of the b hadron momentum, the additional trak usually has

low momentum and points far away from the primary interation. This seletion gives aess to b events

with smaller detahment from the target wire, but nevertheless provides high purity beause of the stringent

requirements on the three-prong deay vertex (whih has an intrinsially lower bakground).

For events with dimuon andidates seleted as desribed in Set. V, a searh is made for additional deay

produts among good quality traks nearby the J= vertex. The presene of a third trak, whose losest

distane of approah to the primary vertex is larger than 300 �m is required. Detahment uts are then

applied, and the requirements summarized in Table I are relaxed. In partiular the minimum�z signi�ane

is redued to 5�, and the minimum lepton impat parameter to the target wire is lowered to 2�.

The dilepton invariant mass and mass vs proper time distribution of events seleted in the muon sample

are shown in Fig. 8. A J= peak is learly visible, with an improved signal-to-bakground ratio with respet

to the detahed J= analysis of Set. VI, Fig. 4. From the unbinned maximum likelihood �t, the number of
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FIG. 8: �

+

�

�

invariant mass for the J= + h

�

analysis for upstream (a) and downstream (b) events. The line in

(b) shows the result of the unbinned max likelihood �t. ) �

+

�

�

invariant mass as a funtion of the proper time for

the detahed andidates.

detahed J= events is n

b

�

b

= 22� 5. Only 50% of these events are in ommon with the previous detahed

vertex analysis.

Using these seleted events, another value of the ross setion ratio in our aeptane, R

��

=

��(bb)=��

J= 

= 0:043 � 0:010, was obtained. The measurement is ompatible with both the muon and

the eletron results presented in Set. VI (within 0.6� from the eletron value, obtained with a statistially

independent sample). Sine it is partly orrelated with the muon result of Set. VIB, it is not ombined into

the �nal ross setion results presented in Set. VIII.

C. Other Studies

Further on�rmation of the b avor ontent of the detahed J= sample has been obtained from other

analyses. We studied the kaon population and the distribution of high p

T

traks. For muon events and for

two-BR tag eletron events falling in an invariant mass window around the J= , we observed that the real

data after prompt seletion behave as the prompt J= MC andidates, while after the detahment seletion

larger values of both, the p

T

distribution and the kaon population, are found, ompatible with the b! J= 

MC sample.

A searh for the exlusive deays B

+

! J= K

+

and B

0

! J= K

+

�

�

has been made. A few fully

reonstruted B meson andidates are found, both for the muon and the eletron hannels, but not suÆient

for a full exlusive analysis.

The kinemati harateristis of the detahed J= andidates have been heked against the prodution

model employed to evaluate the eÆienies and were found to be ompatible in our x

F

and p

T

aeptane.

VIII. COMBINED CROSS SECTION MEASUREMENT

The two measurements of ��(bb)=��

J= 

, presented in Eqs. (3) and (4), are statistially independent

and ompatible. To have a more preise measurement of R

��

, a joint unbinned maximum likelihood �t is

performed on the detahed �

+

�

�

and e

+

e

�

andidates, using R

��

and all bakground terms (n

bkg

and �

for the two hannels) as free parameters. In Fig. 9, the likelihoods of the invariant mass �ts are shown for

�

+

�

�

and e

+

e

�

separately and for the ombined �t. The �t provides the �nal value

R

��

=

��(bb)

��

J= 

= 0:0314� 0:0049

stat
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, shown separately for �

+

�

�

data (dotted line),

e

+

e

�

data (dashed line) and for the ombination of the two (ontinuous line). The dot-dashed line shows the likelihood

funtion orresponding to the 2000 data analysis [10℄ whih is used in the �nal average.

where the quoted unertainty (15%) is dominated by the statistial utuations on the detahed J= ounting

and ontains the statistial ontributions from the prompt J= ounting (� 1%), the eÆienies (� 5%) and

the � exponent (� 1%).

The main soures of systemati unertainties

3

, whih are not related to the bb statistis, are due to the

Br(bb! J= X) (8.6%), to the trigger and reonstrution eÆieny ratio "

R

(5%), to the b prodution and

deay model (5%), to the prompt J= prodution model (3.1%) and to the prompt J= ounting (1.5%).

Other ontributions are below the 1% level. To determine the sensitivity of the results to the ut values, we

vary them within reasonable ranges, always requiring a negligible prompt J= bakground. A onservative

estimate of 5% systemati unertainty has been obtained. The unertainties in the bakground shape and

yield give a negligible ontribution to the systemati unertainty (below 1%) in the muon hannel but a

sizeable ontribution in the eletron hannel (7%). The overall systemati unertainty for the two hannel

average measurement is 14%.

The weighted averages of the muon and eletron results for the di�erent target materials and for the total

are presented in Table IV. As an be seen from the �

2

probability, the two hannels are always ompatible.

The three

��

A

bb

��

A

P

measurements are also ompatible with the assumed linear A dependene of the bb ross

setion.

The present result is 1:7�

stat

below the previous HERA B measurement [10℄ (R

��

= 0:107� 0:047

stat

�

0:022

sys

) whih was obtained with a similar tehnique but with a muh smaller data sample (dot-dashed line

in Fig. 9). Sine the two data samples are independent, we ombine the two measurements assuming that

the systemati errors are unorrelated. We obtain:

R

��

=

��(bb)

��

J= 

= 0:032� 0:005

stat

� 0:004

sys

: (5)

Material (A) N

J= 

n

bb

� ratio value Prob(�

2

)

Carbon (12) 161 k 45:6� 8:4 0:0324� 0:0059 94%

Titanium (48) 13 k 3:9� 2:3 ��

A

bb

=��

A

P

0:027� 0:018 54%

Tungsten (184) 78 k 33:9� 7:6 0:044� 0:010 29%

Total 251k 83� 12 ��(bb)=��

J= 

0:0314� 0:0049 54%

3

The quoted systemati unertainties orrespond to a 1� interval and are usually evaluated as the maximal interval width of

the ross setion variation divided by

p

12.
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TABLE IV: Combined �

+

�

�

and e

+

e

�

results: sum of the number of prompt (N

J= 

) and detahed J= (n

bb

) found

for the two hannels together, ��

A

bb

=��

A

P

(rows 1{3 ), ��(bb)=��

J= 

(row 4), and �

2

probability of the average

value.

To ompare our result with other measurements and theoretial preditions, we extrapolate the R

��

ratio

to the full kinemati range and then make use of the value of �

J= 

presented in Set. II, obtaining the �(bb)

value:

�(bb) = 14:9� 2:2

stat

� 2:4

sys

nb/nuleon: (6)

This result an be ompared with the available measurements, whih were obtained in pAu [8℄ and pSi [9℄

ollisions at 800 GeV= proton momentum. Due to the near-threshold onditions in whih all experiments

(inluding HERA B) operated, it is neessary to resale the Fermilab results for the di�erent

p

s value of the

ollision. The latest QCD alulations predit an inrease of the bb ross setion between 800 (Fermilab) and

920 GeV= (HERA B) by (42�9)% [6, 7℄. All the available measurements are presented in Table V, where a

saling of the Fermilab measurements to HERA B energies is performed. As an be seen, the present result

(Eq. 6) is onsistent with both the E789 value (within 1.6�) and with the E771 value (within 1.8�).

Expe- p �(b

�

b) �(b

�

b)

riment Year Target (GeV=) Events (nb/nuleon) at 920 GeV= Ref.

E789 1995 Au 800 19 5:7� 1:5� 1:3 8:1� 2:2� 1:9 [8℄

E771 1999 Si 800 15 43

+27

�17

� 7 61

+38

�24

� 11 [9℄

HERA B 2002 C/Ti 920 10 32

+14 +6

�12 �7

(�)

32

+14 +6

�12 �7

(�)

[10℄

HERA B 2005 C/Ti/W 920 83 14:4� 2:2� 2:3 14:4� 2:2� 2:3 t.w.

HERA B 2002/5 C/Ti/W 920 93 14:9� 2:2� 2:4 14:9� 2:2� 2:4 t.w.

TABLE V: Present experimental situation on the bb ross setion in pN interations with the omparison of all the

measurements resaled at 920 GeV= proton momentum.

(�)

Value as quoted in the paper, whih was obtained using a �

J= 

value di�erent from the urrent paper.

The measurements presented in Table V an also be ompared to the latest QCD preditions [6, 7℄, whih

have been performed by two theory groups. They both employ Next-to-Leading-Order (NLO) alulations

with resummation tehniques to take into aount the large orretions due to emission of soft gluons. The

alulations give �(bb) = 28� 15 nb/nuleon [7℄ and �(bb) = 25

+20

�13

nb/nuleon [47℄: the results are shown

in Fig. 10 as a funtion of

p

s. As an be seen, the present measurement is ompatible with the theoretial

alulations.

IX. CONCLUSIONS

A searh for b! J= X ! l

+

l

�

X deays has been performed on a sample of 164 million dilepton trigger

events, aquired during the HERA B 2002-2003 physis run. The data analysis, based on identi�ation of

detahed verties, resulted in 46:2 � 8:2 b ! J= X ! �

+

�

�

X andidates and 36:9� 8:1 b ! J= X !

e

+

e

�

X andidates.

From these events, we measure the ratio ��(bb)=��

J= 

of the bb prodution ross setion to the prompt

J= ross setion in the HERA B aeptane range (�0:35 < x

F

< 0:15). Within statistial unertain-

ties, the results for the muon and for the eletron hannel are ompatible and yield a ombined value of

��(bb)=��

J= 

= 0:0314� 0:0049

stat

� 0:0044

sys

, where the systemati unertainty (14%) is dominated by

the 8.6% ontribution due to the branhing fration Br(bb! J= X). The present measurement is then

ombined with the HERA B 2000 measurement [10℄, for a �nal result of:

R

��

=

��(bb)

��

J= 

= 0:032� 0:005

stat

� 0:004

sys

: (7)

Further investigations of the detahed vertex sample on�rm the b nature of the andidates. The measured

mean lifetime � = 1:41� 0:16 ps agrees well with previous measurements of the average b lifetime [11℄. A
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FIG. 10: Comparison of the available �(bb) measurements with the theoretial preditions of R. Boniani et al. [6℄

updated with the NNLO parton distribution funtion in [39℄ (solid line: entral value, dashed lines: upper and lower

bounds) and N. Kidonakis et al. [7℄ (dot-dashed line: entral value, dotted lines: upper and lower bounds). The

upper and lower bounds have been de�ned by hanging the renormalization and fatorization sales (by a fator 0.5

and 2.0) and the b quark mass (4:5� 5:0 GeV=

2

).

searh for extra traks oming from the detahed J= vertex in the muon hannel yields 22 � 5 partially

reonstruted b ! J= + h

�

+X events. From this latter sample, 50% of whih onsists of detahed J= 

mesons not found in the inlusive analysis, a R

��

ross setion ratio in good agreement with the main

measurement is obtained. In addition to these heks, we have veri�ed that the detahed andidate events

have a kaon and p

T

distribution that is in good agreement with that expeted for b events.

To ompare our result to previous measurements and to theoretial alulations, we ompute the �(bb)

ross setion by extrapolating the ratio R

��

to the full phase spae and using the value of �

J= 

= (502 �

44) nb=nuleon [13℄. The resulting �(bb) ross setion is 14:9�2:2

stat

�2:4

sys

nb/nuleon. Comparing to the

other available experimental results, the present value is within 1.6� of the E789 value [8℄ (after resaling to

the same

p

s) and 1.8� below the resaled E771 measurement [9℄.

The HERA B value an be ompared with the latest QCD preditions, alulated beyond the NLO order

and onsidering the e�ets of soft-gluon re-summation, performed at 920 GeV= proton momentum. Our

result is within 1� of the urrent alulations [7, 47℄.
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