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We present a measurement of the mass differenmog for the B® meson and the statistical power of the
flavor tagging methods used. The measurement uses 96 gfbdata frompp collisions at\s=1.8 TeV
collected with the CDF detector. An inclusive lepton trigger is used to collect a large sampléadron
semileptonic decays. The mass differedam, is determined from the proper time dependence of the fraction
of B hadrons that undergo flavor oscillations. The flavor at decay is inferred from the charge of the lepton from
semileptonid decay. The initial flavor is inferred by determining the flavor of the ofbadron produced in
the collision, either from its semileptonic dec@pft-lepton tagor from its jet charge. The measurement yields
Amy=(0.500+0.052+ 0.043): ps !, where the first uncertainty is statistical and the second uncertainty is
systematic. The statistical powers(?) of the soft-lepton and jet-charge flavor taggers are (8010
+0.11)% and (0.780.12+0.08) %, respectively.S0556-282(199)05417-X

PACS numbgs): 12.15.Ff, 13.20.He, 14.40.Nd

*Visitor.
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I. INTRODUCTION tempts to measurdmg have only led to lower limits. The

In the standard model of electroweak interactiphk the determ_maﬂ\c;n /O\;A mzs(ljs a key futur:e meast_Jredmel}t thac:c- h
quark mass eigenstates are related to the weak eigenstates 4" sincgVig : t5|, etermines the magnitude of one of the
the unitary 3<3 Cabibbo-Kobayashi-Maskaw&KM) ma- sides of the unitarity triangle, as exprgssed in ELoZ)
trix Vg [2]. The nine elements in this matrix;; , where ~ Measurements oAmy and Am, require determining the
i=u,c,t andj=d,s,b, are completely determined from three initial flavor of the B meson, that is, whether tH& meson

angles and a phase. A nonzero phase givesviolation in  contained & quark or ab antiquark. Flavor determination is
the weak interaction. Measurements of decays of hadronglso crucial in the measurement 6P violation in the de-
containingb quarks @8 hadrong are of great interest because cays of neutraB mesons taC P eigenstates.

they determine the magnitudes of five of the nine elements of This paper describes a measurement\afiy using data

Vekm as well as the phase. collected by the Collider Detector at FermildBDF) experi-
ment frompp collisions with a center-of-mass energy of 1.8
A. Unitarity triangle TeV produced by the Fermilab Tevatron. In addition, the
The unitarity ofVky leads to nine unitarity relationships, measurement akmj is used to demonstrate the performance
one of which is of particular interest: of two methodddescribed beloyof identifying the flavor of
N N N B hadrons in the environment tpfﬁcollisions. These meth-
VudVup+ VedVep+ ViaVip=0. (1.1 ods of flavor identification will be important in the measure-

. . . ment of CP violation in the decays of neutr® mesons and
This sum of three complex numbers forms a triangle in thein the study ofAm, [3]
s [3].

complex plane. This triangle is commonly referred tatlaes
unitarity triangle. Measurements of the weak decayBof
hadrons and the already known CKM matrix elements deter-
mine the magnitudes of the three sides of the unitarity tri- The CDF Collaboration has exploited the larigejuark
angle, andC P asymmetries ifB meson decays determine the production cross section at the Fermilab Tevatron to make
three angles. The primary goal Bfphysics in the next de- several precision measurements of the propertieB bad-
cade is to measure precisely both the sides and angles of thigns, including lifetimes and mass¢4]. Although theb
triangle and test consistency within the standard model.  quark production cross section at the Tevatron is large, the

We can use s_everal approximations to expressEd) in pp inelastic cross section is three orders of magnitude larger,
a more (;onvenlent fO”T‘- The elgmenlgdzl and Veq= S0 specialized triggers are required to collect large samples
—A=—sinfc, wheredc is the Cabibbo angle, are well mea- ¢ g1 4rons. To date, the triggers that have been utilized are
sured. Although the elementé, andV,s are not well mea- 504 on leptonéelectrons and muohsr dileptons. Some
sured; the .theoreucal expectgtlons are tgl=1 andVis analyses use the semileptonic decays Bbfhadrons, B
=—Vep- With these assumptions, E..1) becomes —lvX, some use the semileptonic decays of charmed par-
ticles from B hadron decaye.g. B—DX, followed by D
—1lvY), and some use leptonitd 4 decays B— J/ X, fol-
lowed byJd/y—u" un”).

Previous measurements &fmy from CDF were based on
data samples collected with a dimuon trig§®} and single-
lepton triggers (=e, ) [6]. The single-lepton triggers were
used to partially reconstruct approximately 69 mesons
via their semileptonic decayB®—|"vD*)~X (in this pa-

B. Determining V4 and Vs from neutral B meson flavor per, reference to a particular decay sequence implies the

oscillations charge-conjugate sequence as wdlhe analysis reported in

Second-order weak processes transform a neBtrae-  this paper uses the same data sample collected with this trig-
son into its antiparticleBO—>§O giving a probability for a ger, but increases the numbertdimesons by over an order

L ' of magnitude by inclusively reconstructirg) hadrons that
BY to decay as &8° that oscillates with time. The frequency decay semileptonically. The inclusive reconstruction is made
of these oscillations is the mass differentm, between the possible by the relatively long lifetime o8 hadrons: the
B mass eigenstates, wﬂch are linear combinations of th@ecay point of theB hadron is typically separated from the
flavor eigenstateB® andB°. The mass difference is propor- production point(the primary vertex by a couple of milli-
tional to |V, Vigl?, so in principle, a measurement aimg meters. The inclusive reconstruction is based on identifying
determines this product of CKM matrix elements. In prac-this decay point by associating the trigger lepton with other
tice, however, large theoretical uncertainties limit the preci-charged decay products to reconstruct a secondary vertex.
sion of V4. The same problem exists in determinilgg

from Am, the frequency oB2— B oscillations. These the-

oretical uncertainties are reduced in determining the ratio The oscillation frequencymy can be found from either a
[Vig/Vis|? from Amy/Amg. Unfortunately, at this time, at- time independent measuremétitat is, from the total num-

C. Previous measurements oAmy from CDF

*
u . Vi

=0. (1.2)
AVE, AVis

Measurement oAmy, the subject of this paper, directly im-
pacts the determination &f,y/V,s.

D. Method of measuring Amyg
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ber of B”s that decay ago,s) or from a time dependent coordinate system has tlzeaxis pointing along the proton

measurementthat is, from the rates that a state that is puremhomentum, with thec axis located in the hli)rizontal plane ?]f
BO att=0 decays as either@® o B® as a function of proper 1€ Tevatron storage ring, pointing radially outward, so that

. . R the y axis points up. The coordinates ¢, and 6 are the
decay timet). The latter technique has better sensitivity andstandard cylindrical coordinates.

allows a simultaneous study of the tagging methods since the 1o cpF spectrometer consists of three separate detectors
amplitude of the oscillation depends on the effectiveness ofyr tracking charged particles: the silicon vertex detector
the tagging method. (SVX), the vertex detectof/TX), and the central tracking
The expected rate is chamber(CTC), which are immersed in a magnetic field of
1 1.4 T pointed along the-z axis. The SVX[13] consists of
0 RO\__— —tirg four concentric cylinders of single-sided silicon strip detec-
PE—B) ZTBe [1+cogAmgt)], @3 tors positioned at radii between 3 cm and 8 cm from the
beam line. The strips are oriented parallel to the beam axis
_ 1 and have a pitch of 6Qum in the inner three layers and
P(B%— B°)=2—e‘“TB[1—cos(Amdt)], (1.4 55 um on the outermost layer. The SVX is surrounded by
B the VTX, which is used to determine tlzecoordinate of the

. i . p interaction (the primary vertex Surrounding the SVX
whererg is the mean lifetime of the two mass eigenstates Ognd VTX is the CTC. The CTC is a drift chamber that is 3.2

the B? (the difference in lifetime of these two eigenstates ism lona with 84 lavers of sense wires located between a ra-
very S”_‘a”m and Oh_as_been neglecteandt is the Proper — qius o?‘ 31 cm anﬁ 133 cm. The sense wires are organized
decay time of thé3 in its rest frame, TO_ measure this rate, into five axial superlayers and four stereo superlayers with a
we need to make three measuremelitsthe proper decay stereo angle of 3°. The momentum resolution of the spec-
time, (2) the B flavor at decay, an@) the produced flavor. trometer is 50 /pr=[(0.0009 (GeVic)~p )2

We determine the proper time by measuring the distancgr(o 0066%] 2 wherep {s t;\e corﬁponent of momeTntum
from the pro_ductior_1 point to Fhe decay pointin the Iaboratorytrans'verse to ,the axis (TPT= psiné). Charged particle tra-
frame combined with an estimate of tB momentum. The njectories reconstructed in the CTC that are matched to strip
flavor at decay is determined from the charge of the lepto tlusters in the SVX have an impact parameter resolution of
assuming it comes from semileptoriicdecay. In our mea- 5dg=[13+ (40 GeVk)/py] um, where the impact param-

suremenf6] of Amg usingB®— 1" »D*)~X decays, the fla- , : )
vor at production was identified using a same-side talggineterdo is the distance of closest approach of the trajectory to

technique based on the electric charge of particles produc«?ﬁf3 beam axis in the plane perpendlpular to the beam axis.
) - . 0 . e outer 54 layers of the CTC are instrumented to record
in association with theB”. This flavor tag has also been

— the ionization ¢(IE/dx) of charged tracks.
applied[8] to a sample 0B%B%— J/ /K¢ decays to measure  syrrounding the CTC are the central electromagnetic
the CP asymmetry. To identify the flavor at production in calorimeter (CEM) and the central hadronic calorimeter
this analysis, we rely on the fact that the dominant produc{CHA). The CEM has strip chambe(€ES positioned at
tion mechanisms ob quarks inpp collisions producebb ~ shower maximum and a preshower dete¢@PR) located at
pairs. The flavors of th® hadrons are assumed to be oppo-a depth of one radiation length. Beyond the central calorim-
site at the time of production. In this paper, we identify theeters lie two sets of muon detectors. To reach these two
flavor of the otherB hadron using two techniques: the soft- detectors, particles produced at the primary vertex with a
lepton flavor tag(SLT) and the jet-charge flavor tagCT). polar angle of 90° must traverse material totaling 5.4 and 8.4
Several precise measurements Ay have been pub- pion interaction lengths, respectively. The trigger system
lished [9] by experiments operating on thé(4S) andz®  consists of three levels: the first two levels are implemented
resonances. The measuremenhafy presented here is com- in hardware. The third level consists of software reconstruc-
petitive in precision and in addition quantifies the perfor-tion algorithms that reconstruct the data, including three-
mance of the flavor tags, which are crucial for future mea-dimensional track reconstruction in the CTC using a fast
surements o€ P violation in the decays d8 mesons and the algorithm that is efficient only fopr>1.4 GeVk.
measurement oAmg at a hadron collider. The jet-charge
flavor tag is a powerful technique in studies of neutgal Il. DATA SAMPLE SELECTION
meson flavor oscillations by experiments operating orthe  The sample selection begins with data from the inclusive
resonancg 10]. This analysis is the first application of the ¢ and, triggers. At level 2, both of these triggers require a
jet-charge flavor tag in the environment of a hadron collideryack with pr>7.5 GeVk found by the central fast tracker
(CFT) [14], a hardware track processor that uses fast timing
Il. CDF DETECTOR information from the CTC as input. The resolution of the
CFT is 8p1/py=0.035 (GeVt) !pr. In the case of the
The data sample used in this analysis was collected frong|ectron trigger, the CFT track must be matched to a cluster
90 pb ! of pp collisions recorded with the CDF detector at in the electromagnetic calorimeter, with transverse energy
the Fermilab Tevatron. The CDF detector is described irE+>8.0 GeV, whereE+=E sin6, andE is the energy of the
detail elsewhergl1,12. We summarize here the features of calorimeter cluster. In the case of the muon trigger, the CFT
the detector that are important for this analysis. The CDHrack must be matched to a reconstructed track segment in

072003-4
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both sets of muon detectors. In the third level of the triggerand the primary vertex is done only in they plane. We
more stringent electron and muon selection criteria, whichefer to this separation as the decay lengtly. Only the
are similar to the selection criteria described in Sec. I A,Component of thd8 momentum transverse to the beam axis

are applied. The inclusive electron data set contains approx'(-p_Br) is needed to calculate the proper time at decay, since
mately 5.6< 10° events and the inclusive muon data set con+pe decay length is measured in the plane.

tains approximately 2:010° events. These data are domi-
nated by leptons from the decay of heavy flavdrss+ and
c—1) and hadrons that mimic the lepton signal.

The positions of thepp interactions or “primary verti-
ces” are distributed along the beam direction according to a
Gaussian with a width of30 cm. In the plane transverse to
the beam axis, these interactions follow a distribution that is
A. Electron and muon identification a Gaussian with a width of~25 um in both thex andy

Electron candidates are identified using information fromQ|men3|ons. To reconstruct the primary event vertex, we first

both the calorimeters and the tracking detectors. The electr ' _?Qt'(%t'éscéfc\)ls\’/'ﬂgg ufol'negctt:de t:;ac(I:(kfo rﬁiogzgl;q(:taezsmt;:e
calorimeter cluster in the CEM must halzg>6 GeV. The ' pro] '

longitudinal shower profile of this cluster is required to betraCkS determine the longitudinal location of the primary in-

consistent with an electron shower with a leakage energinﬁeraction with a precision of about 0.2 ¢cm along the beam
from the CEM into the CHA of less than 4%. The lateral irection. If there is more than one reconstructed primary

shower profile of the CEM cluster has to be consistent Withve_rtex in an event, the trigger Iepjton is associated \.N'th the
rimary vertex closest irz to the intercept of the trigger

the profile determined from test beam electrons. A track wit . )
: epton with the beam line.
p;>6 GeV/c must match the electron calorimeter cluster. e : .
This match is based on a comparison of the track position The transverse position of the primary vertex is deter-
. . P . ack p mined for each event by a weighted fit of all tracks witk a
with the calorimeter cluster position determined in the CES: . L S .
oordinate within 5 cm of the-vertex position of the pri-

the difference between the extrapolated position of the tracgnar vertex associated with the triaaer lepton. The tracks
and the position of the cluster centroid must satisf ¢| Y 99 pton.

<1.5 cm andAzsingl<3 cm. used in this fit are required to have been reconstructed in the

To identify muons, we require a match between the ex-SVX detector. First all tracks are forced to originate from a
trapolated CTC track and the track segment in the muo common vertex. The position of this vertex is constrained by

chamber in both the-o andr-z views. The uncertaintv in he transverse beam envelope described above. Tracks that
¢ ' YN have large impact parameters with respect to this vertex are
er_emoved, and the fit is repeated. This procedure is iterated

mentum must Sat'SfVJT>.6 GeVie. . quirement. At least five tracks must be used in the determi-

Fma]ly, tr? enlsure opurgal reSOIUt'O(;]. dOf trBahaliirohn de- nation of the transverse position of the primary vertex or we
f:é’oﬂz't?b’ciez (ianetcht(raog\';l)rg d?tggtnorcan Idate tracks have to bt?se the nominal beam-line position. The primary vertex co-

: ordinates transverse to the beam direction have an uncer-
_ tainty in the range 10—3%m, depending on the number of
B. Jet reconstruction tracks and the event topology.

Further analysis of the data sample is based on the The reconstruction of thB decay poin{referred to below
charged-particle jets in the event. Charged partiGiestead ~ as the secondary vertein the trigger-lepton jet is based on
of the more commonly used calorimeter clustene used to  the technique developed to identify jets formedtbguarks
form jets in order to keep the electron and muon samples agoming fromt quark decay 12]. Some modifications to this
similar as possible. These jets are found using a cone clugechnique were necessary to maintain good efficiency for re-
tering algorithm. Tracks witlpr>1.0 GeVk are used as jet constructing theB hadron decay point in our data sample,
seeds. If two seeds are withirfR<0.7[15], the momenta of ~since theB hadrons in this sample have substantially lower
the seeds are added together to form a new seed. After g than theB hadrons from top quark decay. The search for
possible seed merging, lower momentum tracks <qo4 @ secondary vertex in the trigger-lepton jet is a two-stage
<1.0 GeVk) that are withinAR<0.7 of a seed are added Process. In both stages, tracks in the jet are selected for re-
in to form the final jets. The trigger lepton is always associ-construction of a secondary vertex based on the significance
ated to a jet, and below we refer to this jet as the triggerof their impact parameter with respect to the primary vertex,
lepton jet. A jet can consist of a single track wify ~ do/oq,, Whereoy is the estimate of the uncertainty oi.

>1 GeVlc. The uncertaintyrd0 includes contributions from both the pri-
mary vertex and the track parameters. The first stage requires
C. Secondary vertex reconstruction at least three candidate tracks for the reconstruction of the
In order to reconstruct the time of decay in tBerest seco_ndary vertex. The trig_ger I_ep_ton is always in_cluded as a
frame (the proper timg we must measure the point of decay candidate, whether or not it satisfies tﬂua’ado requirement.
with respect to the primary interaction in the laboratory andTracks consistent with coming from the deddy— 7" 7~
estimate the momentum of ti& Since the SVX provides or A°—ps~ are not used as candidate tracks. Two candi-
only coordinates in the plane transverse to the beam axis, ttdate tracks are constrained to pass through the same space
measurement of the separation between the point of decgoint to form a seed vertex. If at least one additional candi-
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date track is consistent with intersecting this seed vertex, © @ [ J

. 2% 0 ——mmeee- et Pt>5 GeV/c
then the seed vertex is used as the secondary vertex. If the ¢-=,, L [ g
first stage is not successful in finding a secondary vertex, the & © | ¢ Tr'.gger
second stage is attempted. More stringent track requirements 3 g os L | | T Hmager
(ondg/oq, andpr, for examplg are imposed on the candi- % c i Average multiplicity
date tracks. All candidate tracks satisfying these stricter cri- €202 | e Trigger 1.72
teria are constrained to pass through the same space pointto & 5 - w Trigger 1.77
form a seed vertex. This vertex has an associgfedCandi- o Soq - | by
date tracks that contribute too much to t@are removed, * -
and a new seed vertex is formed. This procedure is iterated O I '"1"“ —

until a seed vertex remains that has at least two associated
tracks and an acceptable value yf. The trigger lepton is
one of the tracks used to determine the trigger-lepton jet
secondary vertex in 96% of the events.

The decay length of the secondary vertgy is the pro-
jection of the two-dimensional vector pointing from the pri-
mary vertex to the secondary vertex on the jet dslisfined
by the sum of all the momenta of the tracks included in the
jet); if the cosine of the angle between these two vectors is
positive (negative, thenL,, is positive (negative. Second-
ary vertices from the decay @ hadrons are expected to
have positivel.,,, while negativel,, vertices usually result 0
from random combinations of mismeasured tracks. To re- 0
duce the background from these false vertices, we require Agp trigger, next leading

|ny/0ny|>2'_0’ Whereany Is the estimated unc.ertalnt)./ n FIG. 1. Jet distributions from the inclusive lepton data samples
L,y We require a secondary vertex to be associated with thgtier the trigger lepton has been associated with a secondary vertex.
trigger-lepton jet. This requirement leaves us with 243 800rhe upper figure shows the number of jets with transverse momen-
events: 114 665 from the electron data Sample and 129 138Bm p.>5 GeVic per event. Approximately 60% of the events
from the muon data sample. The fraction of events withhave more than one jet. The lower figure shows the separation in
Lxy<0 is 4.5% in the electron data sample and 5.7% in theazimuth of the trigger-lepton jet and the jet with the largestn
muon data sample. For reasons we discuss later, only eventsse events.

with L,,>0 are used in the determination aimy and the

study of the performance of the flavor tags. The distributiondecay of this oppositB. Because th@ of this lepton is not

of the number of jets with total transverse momentpm  hiased by the trigger, it is typically much smaller than fhe

>5 GeVic is shown in the upper plot of Fig. 1. Approxi- of the trigger lepton, so we call this method of flavor identi-
mately 60% of the events contain a second jet in addition tdgication the “soft-lepton tag” or SLT. The soft lepton can be
the trigger-lepton jet. The lower plot in Fig. 1 shows the either an electron or a muon. The lepton selection criteria are
difference in azimuth between the trigger-lepton jet and thesimilar to the selection criteria described in Sec. Ill A and
jet with the highesipy in these events. A large fraction of Ref.[12], with additional selection criteria that uskE/dx,
these jets are back-to-back with the trigger-lepton jet as exand pulse height in the CPR and CES. The soft lepton must

pected from the lowest-order processes that prodabe have a track withpr>2 GeVic, and the invariant mass of
pairs. We search for secondary vertices in the other jets ithe soft lepton and the trigger lepton must be greater than
the events as well. If an additional secondary vertex is foun® GeVic?. This requirement removes soft leptons coming
in one of these other jets, we classify this event as drom sequential semileptonic decays of charm particles pro-
“double-vertex” event. If only the single secondary vertex duced in the decay of thB hadron producing the trigger
associated with the trigger-lepton jet is found, this event idepton. The lepton identification criteria restrict the accep-
classified as a “single-vertex” event. The distinction be-tance of the soft leptons to a pseudorapidity|gf<1.0,
tween single-vertex and double-vertex events is important invhere 7= —In[tan(6/2)]. Approximately 5.2% of the

Jet multiplicity

0.06 | Next leading jet Pt>5 GeV/c
e Trigger
........ w Trigger

0.04

Renormalized events
per 0.0314 radian

S

T

applying the jet-charge flavor tag as described below. 243800 events contain a soft lepton candidate. If a soft lep-
ton is not found, we try to identify the jet produced by the
D. Determination of the B hadron flavor oppositeB. We calculate a quantity called the jet cha@g;
of this jet:

The next step in the analysis is to identify the flavor at
production of theB hadron that produced the trigger lepton.

We accomplish this by identifying the flavor of the otHgr Z i (p;-a)
hadron produced in the collision. We refer to this otlier Qie= , (3.1
hadron as the “opposit®8” in the text below. We first > p-a

i

search for an additional lepton coming from the semileptonic
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whereq; and p; are the charge and momentum of it ~ >6 GeV/c were accepted based on an efficiency parametri-
track in the jet and is a unit vector defining the jet axis. For zation[19] of the CFT trigger that depends on the 'ep'.‘*”
b-quark jets, the sign of the jet charge is on average the sam e accepted events were passed throug.h a.3|mu|at|on_of the
as the sign of thé quark that produced the jet, so the sign of DF detector that is based on parametrizations and simple

the jet charge may be used to identify the flavor at produc-mOd.els of the detector response that are functions of the
tion of theB hadron producing the trigger lepton. If a second particle kinematics. After the simulation of the CDF detec-

jetin the event other than the trigger-lepton jet has a second?" the Monte Carlo events were treated as if they were real

ary vertex, then we use this jet to calculate the jet charge(.jata'

Double-vertex events with a jet-charge flavor tag are referred _

to as JCDV events. If only the trigger-lepton jet contains a B. Sources of trigger electrons

secondary vertex, we search for a jet withp>m/2 with The trigger electrons in the sample can come from three
respect to the trigger lepton anpt>5 GeV/c. If there is  sources: heavy flavor decap-e, b—c—e, andc—e),
more than one jet satisfying the above criteria, we choose thghoton conversion¥—e*e™ or 7°— ye*e™), or hadrons

jet with the highestpr. Single-vertex events with a jet- that fake the electron signature in the detector. The contribu-
charge flavor tag are referred to as JCSV events. Approxition from heavy flavor decay is discussed in Sec. IV D. We
mately 7.5% of the 243800 events above are JCDV eventsttempt to identify and reject photon conversions by search-

and approximately 42% are JCSV events. ing for the partner of the trigger electron. We search for an
oppositely charged track that forms a good, zero opening
IV. DATA SAMPLE COMPOSITION angle vertex with the trigger electron. ThiE/dx of this

track, as measured in the CTC, must be consistent with the

The events in our selected data sample come from threglectron hypothesis. We removed 2% of the electron trigger
sources:bb production,cc production, and light quark or Sample that was identified as photon conversions. We esti-
gluon production. In each event, the trigger lepton may be &nate that about 1% of the remaining events contain a trigger
true lepton or it may be a hadron that mimics the experimengelectron from a photon conversion that was not identified. To
tal signature of a leptofa fake leptoin The secondary ver- determine the fraction of events that contain a hadron that
tex in the trigger-lepton jet may be a true vertex due to thdfakes an electron, we fit the trigger-electrdB/dx spectrum
decay of heavy flavorl{ or ¢) or a random combination of for its e, 7, K, andp content. We found the non-electron
erroneously reconstructed tracks that appear to form a vertékaction of the sample to be (0:8.5)%, where the uncer-
that is displaced from the primary interactitmfake vertex ~ tainty is statistical only. Since this background is small, we
Light quark or gluon jets produce false vertices with,  neglect it in the remainder of the analysis.
>0 with equal probability as false vertices with,<0. The
small fraction <6%) of events withL,, <0 indicates that C. Sources of trigger muons

this background is small. In the analysis, we assume that all The trigger muons in the sample can come from heavy

events come from heavy flavoblp andcc) production. The  flavor decay b— u, b—c— u, andc— u), 7 andK decay,
probability of a light quark or gluon event producing a fake and from hadrons that penetrate the absorbing material in
vertex and a fake lepton is negligible, although in the evalufront of the muon chambers. The contribution from heavy
ation of the systematic uncertainties, we take into accounflavor decay is discussed in Sec. IV D. To study the proper-
the possible effects of a small amount of non-heavy flavoties of fake muon events, we used a control sample of events
background. Below, we describe hc&v we determine the fracthat only required a higlpy CFT track in the trigger. The
tion of our samples that are due bd production,cc pro-  trigger track was treated like a trigger lepton, and the jet
duction, and fake leptons. containing the trigger track was required to contain a second-
ary vertex. Thel,, distribution of the control sample was
very similar to the heavy flavor Monte Carlg,, distribu-
tions and thel, of the signal data samples. We conclude
To understand the composition of our data, we use Montérom this comparison that due to the secondary vertex re-
Carlo samples obb andcc production. Version 5.6 of the duirement most of the fake muon events in the data are

PYTHIA [16] Monte Carlo generator was used to generategvents from heavy flavor production. As described in Appen-
— — dix B, we estimate the fraction of events with a fake trigger

muon whose dilution is zero by comparing the flavor tagging
= = performance of the and w trigger data. The estimated frac-
—qq andqqg—qg, whereq= b or c. Processes of orderS,  tion of events with fake muons that have zero dilution is
such_as gluon splitting, whergg—gg is followed by g (12+6)%.

—qq, are not included, but initial and final state gluon ra-

diation is included. Thé andc quarks are hadronized using  D. Fraction of data sample due to heavy flavor production

the fragmentation function of Petersat al. [17] with the and decay

parameters,=0.006 ande.=0.06. The bottom and charm _
hadrons were decayed using version 9.1 of the CLEO Monte We determine the fraction of events in the data duklio
Carlo programQQ [18]. Events with a lepton withp;  andcc production using two kinematic quantities: the trigger

A. Simulation of heavy flavor production and decay

high-statisticshb and c?samples. Théb and c?pairs are
generated through processes of order umiosuch asgg
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L 400 500 plots are for the electron data and
) the right hand plots are for the
O L0 250 muon data. The fit values for the
_,@ fraction of events frombb pro-
- 0 0 duction are given in Table I.
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L
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400
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lepton p¥' and the invariant mass’® of the cluster of sec-

8
pTreI(GeV/c)

6 8
pTrel(GeV/c)

Fpp for the e and w trigger data. The data are mostly

ondary vertex tracks. The quantipf is defined as the mag- (>90%) frombb production.
nitude of the component of the trigger-lepton momentum

that is perpendjcular to the axis of thg trigger-leptgn jet..The V. METHOD OF MEASURING THE FLAVOR TAG  eD?2
trigger lepton is removed from the jet, and the jet axis is

recalculated to determing:

. To calculatem®, we assign

AND Amy

the pion mass to all of the tracks used to form the secondary As outlined in the Introduction, to measuteny we com-

vertex (except the trigger lepton We include the trigger

pare the flavor of th&° meson when it was produced to the

lepton even if it is not attached to the secondary vertexflavor of theB® meson when it decays as a function of the
These kinematic quantities are effective in discriminating beproper decay time of the meson.

tweenbb andcc events because of the significant mass dif-
ference between the hadrons containimgnd c quarks

(=3 GeV/lc?).

A. Reconstruction of the B proper decay timet

To reconstruct the time of decay in tiBerest frame ),

TemplateprTeI and m® distributions were obtained from ; i :
- i o o we must combine the two-dimensional Qecay length, X
thebb andcc Monte Carlo samples. Thef andm® distri-  with the component of th& momentum in thex-y plane

butions for the data were fit to the sum of thé andcc  (PT). The proper time is

Monte Carlo templates, where the normalization for each

template was a free parameter. Tehend . trigger data were = LxyMs 5.1)

fit separately, and the data for each trigger were divided ac- cp-‘? '

cording to flavor tag. The three categories were soft lepton

(SLT), jet-charge single vertexJCSV), an jet-cpqrge wheremg is the mass of th&° andc is the speed of light.
double vertex(JCDV). The results of then® and p7™ fits e proper decay length is the proper time multiplied by the
were averaged to obtain the nominal values for the fract|0r§peed of light €t). We do not observe all of the decay prod-

of events frombb production €y),). The fits are shown in ucts of theB: the neutrino from the semileptonic decay is not
Fig. 2 and Fig. 3, and Table | gives the nominal values ofdetected, as well as other neutral decay products and charged
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e Trigger w Trigger

6000
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Jet Charge + Data | Jet Charge + Data .

1000 ~pouble Vertex — Fit | 50 |Double Vertex _Fit FIG. 3. The sample composi-

tion fits usingmg,. The left hand

plots are for the electron data and
the right hand plots are for the
muon data. The fit values for the

fraction of events frombb pro-
duction are given in Table I.

500 500

Events per 0.2 GeV/c?

750
600

500

400

250 200

decay products that may not have been associated with théuded in the calculation opg‘ and m®, even if it is not
secondary vertex. This means tipgtis not known and must  attached to the secondary vertex, since we assume that it is a
be estimated based on observed quantities andlthidonte B decay product. The estimate of tfehadron transverse
Carlo samples. momentump-‘?' for an event is

The momentum in the transverse plane of the cluster of
secondary vertex trackss andm® are the observed quanti-

|
o PT
ties used in the estimation @ . The trigger lepton is in-

P —m (5.2

— - trib it _ B
TABLE I. The fraction of events fronbb productionFyg for ~ Where(K) is the mean of the distribution df=pz/ps de-

the e and w trigger data. The first two columns give the result for termined with thebb Monte Carlo samples. Figure 4 shows
Fyp from fitting the p'® andm® spectra to a linear combination of K distributions form®<1.5 GeVt? andm®>3.0 GeVt?

bb andcc templates. The error in the first two columns is statisticalas well as forp9|-'< 11 GeVk and p-cl-'> 17 GeVk. For
only. The last column gives the average of i€ andm® results.  higher m® and p¢ values, theK distribution has a higher
The error in the average takes into account the difference ipﬁﬁ'}e mean and a narrower width: a larger fraction of #eno-
andm® fit results as a systematic error. The fraction of events frommentum is observed so the obser\@sgj is a more precise
cc production is given byFc=1—Fpy. estimate of theB momentum. To take into account tine
and p%' dependence of thi distribution, we bin the data in

| . | .

Sample pr fit m* fit Average value o1 ranges ofm® and p¢ for a total of 16K distributions.

JCSV(e) (89.6+0.6)%  (92.2:0.5)%  (90.9-1.3)% Different sets ofK distributions are used for the and u

JCDV(e) (945-15)%  (96.71.0)%  (95.6-1.5)% trigger data.

SLT(e) (91.3+1.7)%  (94.4:15)%  (92.9:1.7)% Figure 5 shows the reconstructed proper decay lergith (
distributions for thee and w trigger data. The plots of the

JCSVi) (90.1:0.5%  (89.0-0.5%  (89.6-1.3)% data are compared to the expected shape fodimand cc

JCDV() (98.7+1.3)%  (97.6:1.2)%  (98.2:1.3)% , — T

SLT(w) (92.8-1.6)%  (91.5:1.4)%  (92.2-1.6)% production, where théb and cc distributions were com-

bined usingF,, in Table | and setting the fraction afc
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events td-=1—F,,. The lack of events neat=0 is due
to the transverse decay length significance requirement
|ny/oLXy|>2. The exponential fall-off of the data int

agrees with the Monte Carlo prediction. There is, however,
an excess of events wittt<<0 in the data. This excess is due

in part to backgrounds and higher-order processes not in-
cluded in the Monte Carlo simulation. These backgrounds
include electrons from photon conversions and fake muons.

The higher-order processes include gluon splittingbto
pairs, which can produce a pair Bfhadrons that are close in
AR. In these events, the decay products of bBthadrons
may be included in the same jet. This leads to secondary
vertices that include tracks from boBhhadrons, resulting in

a specious measurementlgf, that may be positive or nega-

tive. To verify this, we generated a sample lolb events
using thelsAJET [20] event generator, which includes gluon
splitting. This sample showed an increased fraction of recon-
structed vertices with negatils,, .

B. Determination of the B flavor at decay

The flavor of theB hadron associated with the trigger

FIG. 4. The observed momentum fraction, which is defined adepton at the time of decay is identified by the trigger-lepton

p-cr'/p$. The top plot shows two ranges of cluster mass’
<1.5 GeVk? (dashed linpandm®>3.0 GeVk? (solid line). The
bottom plot shows two ranges of cluster transverse momentu
p.cr'< 11 GeVCk (dashed lingand p$'> 17 GeVCk (solid line). The

plots were obtained from thettrigger bb Monte Carlo sample.

Electron Trigger Muon Trigger

® Data * Data

— bband cc -
Monte Carld [

— bbandcc
Monte Carlo|

® Data

* Data
E — bb and cc E
E Monte Carld

— bb and cc
Mente Carld

Renormalized Events per 0.02 cm

FIG. 5. The reconstructed proper decay lergtfor thee andu

m

charge, assuming the lepton is from a senlileptchdEcay.

A B hadron that contains an artiquark (b) will give a
positively charged lepton in a semileptonic decay. The trig-
ger lepton can also originate from the decay of a charmed
hadron produced in the decay of thi# hadron, e.g.B
—DX, D—I1"X, which produces “wrong-sign” trigger lep-
tons, orB— J/ X, J/y—171~, which produces both wrong-
sign and right-sign trigger leptons. We refer to trigger lep-
tons from these sources as sequential leptons. The Monte

Carlobb sample is used to determine the fraction of trigger
leptons, fse,, from these sequential decays. We fihg, is
9.4% in the electron sample and 13.6% in the muon sample.
Approximately 75% of these sequential decays, i.e., 7.0%
and 10.2%, produce wrong-sign leptons with the charge op-
posite to the charge from direct semileptonic decay. We as-
sign a systematic uncertainty of 25% of its value to the frac-
tion of sequential leptons, based on uncertainties on the
branching fractions included in the CLEO Monte Carlo pro-
gramQQ and on measurements of these branching fractions
at the'Y (4S) and theZ® resonance.

C. Determination of the B flavor at production

To determine the flavor of the trigger lept&nat the time
of production, we attempt to identify the flavor of the otliger
in the event, and assume that the original flavor of the trigger
leptonB is opposite that of the othd8. As described previ-
ously, we use two methods to obtain the flavor of the oBher
in the event: soft-lepton taggin@LT) and jet-charge tag-
ging (JCT). The jet-charge tag has two subclasses: jet-charge
double vertexJCDV) and jet-charge single verte€dCS\).

trigger data. The points are the data. The solid histogram is a conifhe soft-lepton method is the most effectiliee., has the

bination ofbb andcc Monte Carlo sample with the relative frac-

highest probability of producing a correct jagput least ef-

tions given in Table I. All distributions are normalized to unit area. ficient method. The jet-charge methods are less effective, but
The upper plots show the data on a linear scale while the lowemore efficient. The presence of a secondary vertex in the jet

plots show it on a logarithmic scale.

used for the jet charge greatly enhances its effectiveness.
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1. Quantifying the statistical power of the flavor tags

We quantify the statistical power of the flavor tagging
methods with the produatD?, wheree is the efficiency for
applying the flavor tag, an is the dilution, which is related
to the probability that the tag is corred® ) by

D=2P4—1. (5.3
An equivalent expression fd is given by
Nt—N
_ Nl (5.4
N1+ Ny

where Nt (Ny) is the number of correctlyincorrectly
tagged events. We measw®? in our data. To illustrate the
statistical significance of the produeD?, we discuss an
asymmetry measurement with two types of eveatandb,

PHYSICAL REVIEW D 60 072003

where Ngg and Ngg are the number of opposite-sign and
same-sign events, respectively. The sign comparison is be-
tween the charge of the trigger lepton and either the charge
of the soft lepton or the sign of the jet charge. If the charge
of the trigger lepton unambiguously identified the flavor at
production of theB hadron, therD,,, would be equal to the
true dilutionD of the flavor tag. All same-sign events would
result from the flavor tag being incorrect. However, since
some same-sign events result from events with a trigger lep-
ton from aB meson that mixed, events with a trigger lepton
from sequential decay, events with a fake trigger lepton, or
events fromcc production,D,,,, is an underestimate of the
true dilution of the flavor tag. Nevertheless, the true dilution
is approximately related tb,,, by a scale factoNy :

D=NpD au- (5.11)

where the flavor tagging method identifies whether the eventhe form of Eq.(5.11) is derived in Appendix A. We use

is of typea or typeb. Typea and typeb could be “mixed”
and “unmixed” decays of a neutrd meson, for example.
The measured asymmetAy, q,siS

A _Na_ Np
meas )
Na+ Ny

(5.9

this estimation of the true dilution to estimate the probability
that the flavor tag is correct on an event-by-event basis:

1
Ptag:§(1+NDDraW)- (5.12

This probability is used in the measurementfohy as de-

whereN, andN,, are the number of events that are tagged ascribed in Sec. V D. The dilution normalizatidiy, is deter-

type a and typeb, respectively. The true asymmetdyis
NN
N2+ Np

(5.6

whereN? andN} are the true number of events of typand
type b, respectively, in the sample. The efficiency is

Na+ Np
€= .
N2+ N

(5.7

mined simultaneously withmy .

3. Dilution for the soft-lepton tag

To maximize the effectiveness of the soft-lepton flavor
tag, the data are binned in thé' of the soft lepton. The'®'
of the soft lepton is defined in the same way aspfﬁéof the
trigger lepton. The same-sign and opposite-sign soft-lepton
p'® distributions are shown in Fig. 6, where the sign com-
parison is between the trigger-lepton charge and soft-lepton
charge. The'®'<0 bin is for the case where the soft lepton

is the only track in the jet, so thafTe'=0. If neitherB de-

The true asymmetry is related to the measured asymmetry §aYed in @ mixed state and if both leptons are from semilep-

1
A= = Aneas

D (5.9

and the statistical uncertainty on the true asymmetry is
[1-D?A2
Op— - .
A DT
whereT is the total number of events in the sample: N

+ Ng. The statistical power of different flavor tagging meth-
ods varies agD?.

(5.9

2. Measuring the dilution of the flavor tags

We measure the dilution of the flavor tags from our datasnction Ofprel

sample. We start by defining a raw dilutidD,,,:

_Nos—Nss
" NostNss’

(5.10

tonic decay, the charge of the trigger lepton would be oppo-
site the charge of the soft lepton. Figure 7 shows the raw
dilution D, for the soft-lepton tagged events. The raw di-
lution is derived from the number of same-sign and opposite-
sign events in each bin gff®'. The dilution is lower for low

p?' because fake leptons and leptons from sequential semi-
leptonic decay tend to have relatively Iopx?re' values. The

p?' dependence dD,,, was parametrized using the form

Dl PIF) = A(1—e P7*8), (5.13
whereA andB are parameters determined from the data. The
average raw dilution is used for isolated soft leptons that
have no measurement pfre'. The form of Eq.(5.13 is em-
pirical and was found to describe the shapeDgf,, as a
+ well in the Monte Carlo samples. Parameters

A andB are measured separately for #hand u trigger data
because the fraction of trigger leptons from sequential decay
and the trigger lepton purity are different for tleeand
data, which affects the raw dilution. ParametadrandB are
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FIG. 7. Softe and softu tag raw dilution as a function of

soft-leptonprTe' for the e and u trigger data. The solid curve is the

u-trigger events. The solitlashed lingdistributions are for events ~Parametrization used for calculating the expected raw dilution on an

where the charge of the soft and trigger leptons have oppdikiés ~ €vent-by-event basis based on the soft-leppil. The dashed
sign. The bin below 0 is for events where the soft lepton was iso£urves show the variation used in the evaluation of the systematic
lated. uncertainty in the raw dilution parameterization.

rel

FIG. 6. Distributions of sofe and softu pt for e-trigger and

lepton (). There is an anticorrelation between the sign of the
,jet charge and the trigger-lepton charge on average. The de-
gree of separation between thé and |~ distributions is
related to the raw dilution of the jet-charge flavor tag, shown
in Fig. 9 as a function of the magnitude of the jet charge
|Qjed- For double-vertex events, the presence of the second
The values ofA and B determined from the data are as- secondary vertex Increases thg probability that_ the jet se-
sumed to describe the SLT raw dilution as a functiorpt Iec_:ted for the ca_llculanon of the et charge do_es n fagt con-
- tain the otherB in the event. This translates into a signifi-
for bb events. This is only an approximation since a smallcantly higher raw dilution for double-vertex events.
fraction (less than 10%) of the data ace events. Acc Theleetl dependence db,,,, is used to predict the prob-
event in whichc—| * vs andc— 1~ »s can produce opposite- ability that the jet-charge tag is correct on an event-by-event
sign events in which one of the leptons is associated with &asis, just ap™ is used for soft leptons. Th®| depen-
secondary vertex, and the other lepton produces a soft-leptdience oD, in the data in Fig. 9 was parametrized with the

tag. The soft-lepton tags ic events have a much softple! ~ form

spectrum than soft-lepton tags imb events. The Monte
Carlo simulation demonstrates that events affect the val- tion constants A and B) and the raw dilution for isolated soft
ues ofA andB by an amount less than the statistical uncer-leptons(no-p’)) for soft e and u tags in thee and u trigger data.
tainties in the fitted values oA and B. The effects of the The errors are statistical. The SLT raw dilution is parametrized as a
approximation above are accounted for since the valués of function of the soft leptorpf' with the functional formD ,(p¥"
andB are varied by their statistical uncertainties in the de-=A(1—e 7*8) wherep™ is in GeV/.

termination of the systematic uncertainties &/my and the

also measured separately for the softnd softu tags be-
cause the fractions of fake soft leptons may be different fo
soft electrons and soft muons. The fitted valueaind B
and the average raw dilution for isolatédo p’Te') soft lep-
tons for softe and softu tags in thee and . trigger data are
listed in Table II.

TABLE Il. Fitted values for the SLT raw dilution parametriza-

dilution normalization parameters. e-trigger u-trigger
Softe Soft-u Softe Soft-u
4. Dilution for the jet-charge tag A 0.41+0.05 0.46:0.03 0.42:0.05 0.36-0.03
Figure 8 shows the jet charge distributions for single-B 0.31+0.13 0.43:0.06 0.35:0.11 0.25-0.09
vertex and double-vertex events. The data have been divideghp'®  0.36+0.04 0.250.03 0.18-0.04 0.18-0.03

into events with a positively or negatively charged trigger
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FIG. 8. Jet charge distributions for doulftep) and single(bot- 0 02 04 06 08 1
tom) vertex events for the and u trigger data. The data have been Qe

divided into events with a positively or negatively charged trigger
lepton (* or 17). Note that the separation between theand| ~
distributions is significantly larger for the double vertex events.

FIG. 9. The raw dilutionD,, as a function of absolute jet
charge|Qj{ for double and single vertex events in theand u
trigger data. Note the significantly higher dilution for double vertex
events.

D rawl | Qjet| )= | Qjet| D max (5.149

excluding events withjQ,{=1 (the rightmost data poipt of same-sign events, comparing the sign of the flavors at
For events with| Q| =1, the averagéQi{=1 dilution is decay and production. If the flavor tag is imperfect, Eq.
used. The slop® . is determined separately for the single- (5-19 becomes

vertex and double-vertex events in thand w trigger data,
respectively. These slopes and the average raw dilution for
|Qjed =1 are listed in Table Ill. We use E¢6.12), with D,
estimated for each event using E§.13 for SLT events and

Eq. (5.14 for JCT events, in the determination afmy to
effectively discriminate between high and low quality flavor
tags.

1
Fmix(t) = Ptagz[l_ cogAmgt)]
1
+ Pmistag§[1+C05(Amdt)]y (5-16)

where P, (Pmistag 1S the probability that the flavor tag is
D. Unbinned maximum likelihood fit correct(incorrec). Using the relations

We use an unbinned maximum likelihood fit to simulta-
neously determindmy and the dilution normalizatiolp . P, = 1(1+N D) (5.17)
The effectivenesseD?) of each flavor tag is derived from B2 pTrawn
the measured, D,,,, and the dilution normalizationNp)

from the fit. The fraction oB° mesons that decay in a mixed 1
state as a function of the proper time at decay is given by Pistag= 5 (1~ NpDraw), (5.189
1
Frix(t) = 5[1—codAmgy-1)]. (5.19  Eq.(5.16 reduces to

In a pureBg sample with perfect flavor tagging and proper _ } B

time resolution,F,,(t) would be equivalent to the fraction Fmi(t)= 511~ NoDrawcos Amgt) ]. (.19
TABLE lIl. Constants for the jet-charge tag raw dilution parametrization as a functid@gf. The

parametrization has the for,,,=DnadQied €xcept for events whell®{ =1, in which case the average

D, is used.
e-trigger u-trigger
JCSsV JCDV JCSV JCDV
D max 0.083+0.010 0.34-0.02 0.06@-0.009 0.2%0.02
Draw: |Qjed =1 0.091%-0.014 0.18:0.03 0.074:0.014 0.12-0.03
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TABLE IV. The fixed input parameters used in the fit. The first column lists the parameters, which are
described below. The second column lists the value of the parameter assumed for the fit, with an error in this
parameter, if appropriate. The third column lists the variation of the parameter for the purposes of evaluating
the systematic errors chmy andNp ; =10 means that the parameter was varied by the error listed in the
second column. Finally the fourth column lists the source of the parameter. The fixed input parameters are the
B hadron lifetimes ¢), the Bg mass difference Amg), the relativeB hadron production fractionff (b
—X)]1, the fraction of trigger leptons frob sources other than direBtdecay (.4, the flavor tag dilution

value forcc events D.g), an effective lifetime forcc events fco), and the fraction ofu-trigger events
where the trigger muon is really a hadron and has a dilution of zlé?&e(#).

Parameter Value Variation Source

TRO 1.56+0.06 ps *1lo [21]

Tg+ /TR0 1.02£0.05 *lo [21]

750 1.61°333 ps *lo [21]

A, 1.14+0.08 ps *lo [21]

Amg 7000 ps*t down to 6.7 ps ! assumption

f(EﬂBJr) (37.8:2.2)% +1lo [21]

f(EHBO) (37.8:2.2)% +lo [21]

f(HHBg) (11.ﬂ§: % *lo [21]

f(b—Ay) (13.224.1)% *1lo [21]

fseq e: 9.4% +0.25X fgeq Monte Carlo
w: 13.6% +0.25X fgeq Monte Carlo

JCT D /Dy 0.5 Otol assumption

SLT D 0.5 Oto1l assumption

oo 1.53+0.20 ps *lo fit to cc MC

F e (12+6)% +1o e/ Dy, comparison

Although Ny and Amy are correlated, the basic concept is  Both PggandPgyg are the sum of several terms. First they
that Np is determined from the amplitude of the oscillation have a term for th&° signal:
in the same-sign fraction animy is determined from the
frequency.

We determineAmy andNp by minimizing[21] the nega-
tive logarithmic likelihood:

Pos( BO) = 7Dtagtpnomix'{' 7Dmistagpmix ) (5.2

Psq BO) = Ptagpmix+ Pmistag?nomix’
(5.22

where P,g and Ppisiag are given by Eqgs(5.17 and (5.18),
respectively, an®P,mix and P, are given by Eqs(1.3) and
where Psq is the probability density for events that are (1.4), respectively. Next there are terms for the otBdrad-
tagged as same-sign, afitys is the probability density for rons, including terms for botB* andb baryons, as well as
events that are tagged as opposite-sign. Each event has thregéerm fong. The terms foB* are

inputs into the likelihood:

(2) the assignment as same sign or opposite sign, which is
based on the comparison of the sign of the SLT or JCT flavor
tag with the charge of the trigger lepton,

(2) the estimated probability that the SLT or JCT flavor
tag is correct, using E¢5.12), with D,,,, from Eq.(5.13 for PedBH) =P, ieft/fw
the SLT flavor tag or from Eq5.14) for the JCT flavor tag, s m's“"gTw '

(3) the decay distanck,, . (5.24
In addition to the above three inputs, we yseandm® to
select theK distribution that is used in the determination of where 7g+ is the lifetime of theB™, andt is the proper
the reconstructed proper decay distance. The construction decay-time. The terms fdy baryons are similar, except that
the probability densities requires several parameters. These+ is replaced by the lifetime of thie baryons,r,aryon. The
parameters are listed in Table IV. terms fong are similar to the terms fdB°, except that\my

Nss Nos

—InL=2 In(Ps9+ >, In(Phy), (5.20
i j

1
Pod B+) = Ptag

T+

eft/TBJr’ (523
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is replaced byAmg, which is assumed to be very largee.

beyond our experimental sensitivitgo that these terms ef- g - e Trigger
fectively look like 0|
or
Q.
0 0 1 —1t/7R0 %
Pos(Bs) =Psd Bg) =—e "8, (5.25 2
ZTBO )
S =~ I
§
The values of the lifetimes of th® hadrons and the value of = [ uTrigger
Amg used in the probability densities are listed in Table IV. < |

Each term for the variou8 hadrons is multiplied by the -

expected relative contribution‘,(g—>B°), f(g—>B+), f(g .
HBS), and f(b—baryon), of these various hadrons to the
data sample. The production fractions are renormalized to
take into account the different semileptonic branching frac- A
tions of the variou® hadrons: the semileptonic widths are -0.2 =01 0 0.1 0.2
assumed to be identical, so the semileptonic branching frac- Lyy(measured)—L,y (true), (ecm)
t|0r|1rsl Zrdedi?[i%ar:etd ot(t)hzg:gfm\,\s”tfh o:hgirr(eecl:?tgl:n?i];zggiisc; decay FIG. 10. The transverse decay length resolution functions, de-
there are terms that take into account the contribution fronfined as the difference between the measured and gryim thebb
sequential decays. The fraction of sequential decf@yqsis Monte Carlo, for thee and u trigger data. The distributions were fit
listed in Table IV; 75% of these sequential decays producd® three Gaussians and two exponentials.

leptons with a sign opposite to direct semileptonic decay.

The terms that take into account the contribution froen

The probability densitie®s{t) andPo4t) are functions
events are similar to the terms fBf", except that we use an of the true proper time at decdyWe take into account the

assumed flavor tagging dilution and an effective lifetime€XPerimental resolution of by convoluting Psdt) and
7.z. The true flavor tagging dilution is not knowa priori  Pos(t) with L, andp?" resolution functions. Distributions
for both bottom and charm decays. Just asBatecays, we Of oL, =Ly, (measuredy L,(true) from thee and p trig-

do not consider the Monte Carlo simulation reliable for pre-gerbb Monte Carlo samples are parametrized with the sum
dicting the JCT or SLT dilution for charm decays, So we usepf three Gaussians, aL,,>0 exponential, and @L,,<0
assumed values for the charm dilution and vary them by thexponential. ThesL,, distributions and their parametriza-
maximum possible amount for the systematic uncertaintiesjons are shown in Fig. 10 for theand x trigger data. The

For the JCT, we expect the d|Iut|o.n for charm decays to b distributions, like those shown in Fig. 4, are usedp&’s
worse than for bottom decays; therefore we assume

D<o/Dyp=0.5 for the JCT, and var ;o/Dp from 0 to 1 in resolution functions. The.,, and p? resolution functions
the evaluation of the systematic errors. The r&@tig/Dy, is  describe theé smearing fobb events from direct production

used to rescale the predictbgdilution for the event, based (gg—bb and qq—bb). They do not describe backgrounds
on |Q using Eq.(5.14), to give the predictecc dilution ~ Such as photon conversion eveffts thee trigger or events
for the event. The SLT dilution for charm decays could bewith a fake trigger muon. They also do not describe
anythmg fromOto 1 dependlng on the fraction of fal_<e ?’Oftevents from gluon splittingdg— gg followed by g—bb),
leptons incc events. Unlike bottom orlelcays, the SLT dilution which tend to have worseresolution due to secondary ver-
for charm decays does not fall ne@lf'=0 due to soft lep- tices that include decay products from b&hadrons. While
tons from sequential decays; therefore we assDie=0.5,  the total amounts of these backgrounds are reasonably small,
independent oprTe' for the SLT, and vanp /Dy, from0to  they become more important negir=0 and for very large
1 in the evaluation of the systematic errors. ct values(beyond severdB lifetimes). For these reasons, we

The effective lifetimer;;=1.53 ps is determined from only use events with 0.02 cmct<0.30 cm in the fit for
the cc Monte Carlo samples, where the proper time at decay> My and the dilution normalizatioy, .

was reconstructed using th€ distributions from thebb
Monte Carlo samples and E(p.1). The relative fractions of VI. FIT RESULTS

bb (Fep) andec (Fec), which can be determined from Tible The free parameters in the unbinned maximum likelihood

|, multiply the terms in the likelihood corresponding b fit are the mass differencém, and the dilution normaliza-
andcc production, respectively. Finally, for the case of thetion factorsNy . There are six dilution normalization factors:
u-trigger data, a term for fake muons was included with the (1) Nj ;g andN§ ;cqy: the dilution normalization fac-

BO lifetime and zero dilution. The relative fraction of fake tors for the jet-charge flavor tag in the case that the jet does
muonsF o, .. (discussed in Appendix Bis listed in Table not contain a secondary vertex for the electron-trigger and
IV. In this caseF,, andF;; are scaled by + F?akeﬂ. muon-trigger data samples, respectively.
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TABLE V. Results of the maximum likelihood fit foAmy and the flavor tag dilution normalization
factors for the individual flavor taggers separately ind¢tend u trigger data. The first error is statistical and
the second is systematic. The evaluation of the systematic errors is discussed later in the text. The dilution
normalization factors are given for two casésn, free to float in the fit and\my fixed to the 1996 world

averagd22] (0.474: ps Y).

SLT JCSV JCDV

e-trigger

Np, Amy free 1.66-0.12+0.18 1.84-0.23+0.19 1.7%+0.16+0.11
Np, Amy fixed 1.72:0.08+0.11 1.88:0.20+0.15 1.76:0.13+0.09
Amg (A ps Y 0.45+0.08+0.05 0.42:0.09+0.03

u-trigger

Np, Amy free 2.05-0.19+0.37 2.86-0.40+0.43 2.52£0.28+0.25
Np, Amy fixed 2.01+0.13+0.22 2.410.29+0.39 2.14-0.33+0.25
Amy (A psY) 0.50+0.09+0.05 0.68-0.11+0.04

(2) Np scpy andN§ jcpy: the dilution normalization fac-

results of the simultaneous fit of treeand w trigger data

tors for the jet-charge flavor tag in the case that the jet doessing both flavor tagging methods are listed in Table VI. We
contain a secondary vertex for the electron-trigger and muorfind Amy= (0.500+0.052): ps !, where the uncertainty is

trigger data samples, respectively.

(3) Np g 7 andN§g ¢ 1 the dilution normalization factors
for the soft-lepton flavor tag for the electron-trigger and
muon-trigger data samples, respectively.

statistical only. This is consistent with the world average
value [(0.464+0.018): ps '] [7]. Using the SLT tag in

doubly flavor tagged events removes events with higher-
than-average dilution from the JCT. This results in lower

To determine the dilution normalization factors needed toyalues ofNy for the jet-charge flavor tag than found in the

calculate the flavor tagD? values(see Sec. VI §, the data
are grouped into four subsamples:

(1) e-trigger, soft-lepton flavor tag,

(2) e-trigger, jet-charge flavor tag,

(3) u-trigger, soft-lepton flavor tag,

(4) pn-trigger, jet-charge flavor tag.
There is some overlap of events in these four subsamples

some events have both a SLT and a JCT. About 20% of th

events with soft-lepton tags did not pass the single-lepto

fits of the individual samples listed in Table V.

Figure 11 shows the fraction of same-sign events as a
function of the reconstructed proper decay length The
points with error bars are the data. The curve is a represen-
tation of the results of the fit fakmy andNp . Figure 11 has
been included to illustrate the clear evidencd8fmixing in
e data. However, it does not contain all of the information

rﬁwat goes into the unbinned likelihood fit. In Fig. 11, all

level 2 trigger and came, instead, from a dilepton trigger. In

order for the SLT efficiency to be well defined, we require

TABLE VI. Results of the maximum likelihood fit foA my and

that the SLT events pass the single-lepton trigger in dathe flavor tag dilution normalization parametetéy| for thee and

subsamples 1 and 3, which are used to deterrhifg; r,
Np s 7. and the SLT efficiencies needed for calculating th
SLT eD?.

The fit results for the individual flavor taggers are given in
Table V. The dilution normalization factors are given for two
casesAmy free to float in the fit andhmy fixed to the world
averagd22] (0.474 ps ). The value ofAmy is held fixed
to the world average becaugdan, and theNp factors are
correlated. The correlation coefficients betweeny and the
Np constants range from 0.55 to 0.81. FixiAgn, reduces
the statistical uncertainty in the dilution normalization con-

stants and removes any bias from statistical fluctuations thatMa (% ps )

pull Amy high or low. TheNp factors determined withmy
fixed to the world average are used in the calculation of th
flavor tageD? values. TheNp factors in Table V are con-

e

w trigger data using both soft-lepton and jet-charge flavor tagging.
The first error is the statistical error in the parameter, determined by
the fit, and the second error is the systematic error, which is deter-
mined using the prescription described in the text. The dilution
normalization parameterdNg) for the JCT are lower than those in
Table V because the SLT is used for double flavor tagged events
(SLT and JC7, which lowers the average dilution for the JCT.
Only the statistical errors are given for the dilution normalization
parameters.

Parameter Fit result

0.500+0.052+0.043

sistent with our expectations from the composition of the

data(see Appendix A
To determineAmg, we fit all four data subsamples simul-

taneously. For events with both a SLT and a JCT, we use thg
SLT because it has significantly higher average dilution. The

NS sesv 1.43+0.22
S Jcov 1.53+0.16
S st 1.72+0.10

NE sesv 1.99+0.32

N Jepy 2.00+0.22
“ 2.05+0.16

D,SLT
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The arrows indicate the values d&fmy and Np with which
[——> Fit region: 0.02 t0 0.3 cm <— the samples were generated. The mean of each distribution is
N consistent with the generation value. The middle row of plots
show the distributions of the statistical uncertaintyAmy
+ andNp . The arrows indicate the statistical uncertainty from

o
o

o
&)

T T T— the fit to the SLT flavor taggeda:-trigger data. The statistical
uncertainties imMmy and N for the data are near the most
probable values from the fast Monte Carlo samples. The bot-
tom row of plots show the distributions of the deviation of
the fitted value from the generation value divided by the
0o o1 o2 05 statistical uncertainty foAmy andNp . These distributions
ct (em) have a mean of zero and unit width, which confirms that
Amy andNp are unbiased and that the statistical uncertainty
FIG. 11. The same sign fraction as a function of the properis correct.
decay lengtfitt. A representation of the unbinned maximum likeli-
hood fit for Amy and theNp, factors is superimposed on the data. B. Systematic uncertainties

Raw same—sign fraction
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events are treated equally. In the fit, events are effectivel¥_ To determine the systematic uncertainty Amy, the
weighted based on their estimated dilution. ixed input parameters in Table IV were varied by the
amounts listed in this table. To determine the systematic un-
certainty associated with the dilution parametrizations, the
parameters describing ti¥,,, dependence oiQ]-et| and p-rrel
To check our fitting procedure, we used a fast Monteof the soft lepton were varied by their statistical uncertain-

Carlo method which generated hundreds of data samplefigs. A systematic uncertainty to account for the possible
each with the same statistics, tagging dilution, amdsolu-  presence of fake secondary vertices from non-heavy flavor
tion as the real data. Figure 12 shows the fit results of 40@ackgrounds as well as heavy flavor evefgfsion splitting

fast Monte Carlo samples, representing the SLT flavowas determined using a combination of data and Monte

tagged,e-trigger data. The top row of plots show distribu- Carlo simulations. The observed excess in the data over the
tions of the fitted values akmy andNj, for the 400 samples.  compined contribution obb andcc (see Fig. Swas used to
define the shape of this background. This shape was included
Arrow is in the likelihood function with a dilution that varied from 0
Sgnotee to Dyp.

The systematic uncertainty assigned to the variation of
each input parameter was the shiftAmy from the fit result
with the nominal values of the input parameters. The total

A. Check of fitting procedure
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Arrow is
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value.
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Fits per 0.04 hbar ps™
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o

Fit Am, (hbar ps™) Fit N, systematic uncertainty is the sum in quadrature of these
shifts. The same procedure was applied to the four data sub-
100 Arrowis error | 3 15OF Arrow is error samples ¢ SLT, e JCT, u SLT, u JCT) to determine the
5 sk fomdato it | g b from dota flt systematic uncertainties for the dilution normalization fac-
g sof € tors.
‘g 5k \l/ 505" The procedure described above was checked for the larg-
g ofmmek e b e KR R est individual contributions to the systematic uncertainty us-
Fit oAm, (hbar ps™") Fit oN, ing fast Monte Carlo samples. Samples generated with a
g variation on one of the input paramete(s.g. 7g+/7g0
605_ Mean = ~0.01 + 0.0 E Mean = ~0.06 + 0.05 =1.02+0.05) were fit using the nominal paramet@r.g.

Sigma = 1.04 £ 0.04 Sigma = 0.98 £ 0.04

Fits per 0.4
Fits per 0.4
@

o
T

g+ /70=1.02). The average bias on the fitted values for the
fast Monte Carlo samples was consistent with the deviation
on the fitted values observed when the data are fit with a
e N T - TmmTo fixed parameter variation.
Fit 8Am,/cAm; Fit 6Np/ 0N, Table VI lists the individual contributions to the system-
atic uncertainty immy (=0.043: ps ). The largest single
FIG. 12. Fit results for 400 fast Monte Carlo samples, simulat-contribution (+0.032: ps ') is the unknown soft-lepton
ir!g t_hee_trigger, SLT_fIavor tagged _data. The top row of plots ShOWfIavor tag dilution forcc events. The SLTec dilution was
distributions of the fitted values with arrows indicating the gener- . —
ated values for the samples. The middle plots show distributions ofaried over the full possible rang@ to 1). If the assumedc
the statistical uncertainties on the fitted values with arrows indicatdilution in the fit is lower(highep than its true value, the
ing the statistical uncertainty for the fit to the real data. The bottorfraction of same-sign events at smalwill appear lower
plots show distributions of the deviation from the true value, di- (highen, which biasesAmy low (high). The second largest
vided by the statistical uncertaintgull distributiong. The pull dis-  contribution (-0.02% ps ?) is the uncertainty in the life-
tributions have zero mean and unit width, as expected. time ratio of theB™ and theB® mesons. If the value of

~
o
LA RERE R

N
o
T

o
T
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TABLE VII. The individual contributions to the systematic er- TABLE VIII. The individual contributions to the systematic er-
ror in Amy. The value of6Amy is the amount by which the fitted ror in the dilution normalization parameters for teerigger data
value of Amy shifted when a parameter was varied. The size of theNj ; . The value ofSNj ; is the amount by which the fitted value of
variations is given in Table IV and in the text. The parameters thalNg ; shifted when a parameter was varied. The size of the variations
were varied are th® hadron lifetimes ¢;), the assumed value of is given in Table IV and in the text. These systematic errors are for
Am,, the BY and A, production fractiong f(b—B2)] and[f(b  the case wherdm, is allowed to float in the fit. The parameters
— Ap)], the fraction of trigger leptons from sequential decyj, that were varied are, th hadron lifetimes ¢;), the assumed value
the assumed dilution focc events, the effective lifetime focc  of Amg, the B and Ay, production fractiong f(b—B2) and f(b
events (o), the fraction of trigger muons that are fake and have— Ap)], the fraction of trigger leptons from sequential decéyd,
zero dilution a:?akey)’ the normalization for the fake-vertex compo- the assumed dilution focc events, the effective lifetime focc
nent, the assumed dilution for fake-vertex everidg{/Dyyp), the  events ), the normalization for the fake-vertex component, the
fraction of cc eventsF g, and the parametrization d,,,. The  assumed dilution for fake-vertex eveng,/Dyyp), the fraction of
total systematic error is the sum of the individual contributions incc eventsF;, and the parametrization &f,,,. The total system-

quadrature. atic error is the sum of the individual contributions in quadrature.
Parameter SAmy (A pst) Parameter ONG josv  ONBjcov OND o7
TRO 0.004 TRO 0.01 0.01 0.01
g+ Tgo 0.021 g+ [ TR0 0.01 0.01 0.01
782 0.005 78 0.01 0.01 0.01
A, 0.005 A, 0.00 0.00 0.00
Amg 0.004 Amg 0.02 0.01 0.01
f(b—B?) 0.001 f(b—BY) 0.05 0.05 0.05
f(b—Ap) 0.007 f(b—Ap) 0.01 0.01 0.01
fseq 0.004 fseq 0.06 0.06 0.06
JCT DCE/DbE 0.002 Assume(*;?d”ution 0.12 0.05 0.15
SLT D¢e 0.032 Too 0.00 0.00 0.01
Tee 0.006

Fake-vertex component 0.02 0.01 0.02
Flaken 0.001 Dey/Dypy 0.06 0.03 0.04
Fake-vertex component 0.006 —
Dpy /Dy 0.003 Fee 0.00 0.01 0.01
Feo, etrigger 0.006 D, parametrization 0.10 0.05 0.06
Fec, n-trigger 0.003 Total systematic error 0.19 0.11 0.18
JCT D, parametrization 0.003
SLT D4, parametrization 0.009 tial decay both affect the assignment of same-sign events. If
Total systematic error 0.043 these fractions are lovhigh), more (lesg same-sign events

will be attributed to mistags; thus they are strongly coupled

to the dilution normalization. The uncertainty in the raw di-

5+ /g0 in the fit is higher(lowen than its true value, the lution para_metrizations _also has a large effect on the dilution

fraction of same-sign events at sharvalues will appear normalization systematic uncertainty.

larger (smalley, which biasesAmy high (low). The third

largest contribution £0.009: ps 1) is the uncertainty on C. Flavor tag €D?

the SLT raw dilution parametrizatioB,, as a function of The measurement of the statistical pove&? of the fla-

SOft |ept0n prel. The S|Ze Of the Var|at|0n f0r the SLT |S vor tagglng methods is done in two Steps F|rst theeﬁ)ﬁ

shown by the dashed curves in Fig. 7. The raw dilution foris calculated using the raw dilution rather than the true dilu-

events with nopf' measurement was independently VarIEdnon Then, the raweD? is rescaled byN3 , which translates

by the statistical uncertainty on the raw dilution for p§*  the raw dilution to the true dilution. Thi, factor for each

events. flavor tagging method in the and . samples is determined
Tables VIII and IX list the contributions to the systematic in the unbinned maximum likelihood fit withm, fixed to

uncertainty in the dilution normalization factors for ttand  the world averagg22] (0.474: ps '). TheseNp values are

w trigger data respectively. As for the systematic uncertaintyiven in Table V, where the first uncertainty is statistical and

in Amy, the Iargest contribution comes from the unknownthe second systematic.

dilution for cc events. The fraction oBg events, which we The raw or uncorrected value eD? is obtained by sum-

assume are half same-sign and half- opposne sign, and theing theeDranaIues in the bins of elthepre' for the SLT or

fraction of events where the trigger lepton is from a sequen{QJet| for the JCT. The efficiency for each bin is defined as
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TABLE IX. The individual contributions to the systematic error the number of events in the bin divided by the total number
in the dilution normalization parameters for thetrigger dateNp, ;. of events before flavor tagging. Table X lists the total effi-
The value oféNp ; is the amount by which the fitted value B i  ciency, raweD?, dilution normalization, and trueD? for
shifted when a parameter was varied. The size of the variations iéach of the flavor tagging methods. Taking the average of the
given in Table IV and in the text. These systematic errors are for thee and p trigger data, we findeD? to be (0.78-0.12
case where\my is allowed to float in the fit. The parameters that 0 ' o :
were varied are th® hadron lifetimes ¢;), the assumed value of +0.08)% fqr the JCT apd ((.).9:10..10;0.11) % for the SLT
Am,. the BY and A, production fractions (b B°) and (b where the first uncertainty is statistical and the second sys-

S’ S b P S tematic. TheseD? values are about one order of magnitude

—Ay)], the fraction of trigger leptons from sequential decty.d, . . .
= . lower than typical flavor tagging techniques employed on the
the assumed dilution focc events, the effective lifetime focc yp 9ging _q pioy

events ¢2), the fraction of trigger muons that are fake and have aZ° resonancél0]; however, the largeb cross section ipp
dilution of zero @:?ake#), the normalization for the fake-vertex collisions at\/§= 1.8 TeV yieldsbb samples that are about
component, the assumed dilution for fake-vertex eventsone order of magnitude larger at CDF than those collected on
(Dev/Dyp), the fraction ofcc eventsF g, and the parametrization the Z° resonance. The statistical uncertainty for our measure-
of Doy The total systematic error is the sum of the individual ment of Amy is still competitive with similar measurements
contributions in quadrature. on theZ° resonance, since our smalleb? is compensated

by our larger sample size.

Parameter ONG jesv  ONB seov NG st The values o&D? for these flavor tags depend on the data

oo 0.00 0.00 0.01 sample in which they are used. In particular, during next run

g+ 750 0.02 0.02 0.00 of the Tevatron, we will collect large samples Bf/B°

750 0.01 0.01 0.01 —J/ K2 [for the precise measurement of B¢ asymme-

TAT) 0.02 0.02 0.01 try parameter sin(@)] and hadronicBS decays(for the pre-
cise determination ofAmg). The triggers used to collect

ATS 0.02 0.01 0.01 these data samples will be different from the inclusive lepton

f(b—B2) 0.08 0.07 0.06 trigger used to collect the data for this analysis. As a result,

f(b—Ap) 0.02 0.01 0.01 the B hadron production propertig®.g., pr of the B) are

; 0.15 0.14 0.13 differen_t, an.d this affectsD?. Despite these diffgrences, the

seq — ' ' ' results in this paper demonstrate that both the jet-charge and

Assumedcc dilution 0.28 0.03 0.26 the soft-lepton flavor tagging methods are viable in the en-

Tec 0.01 0.00 0.01 vironment ofpﬁcollisions.

F e 0.19 0.17 0.15

Fake vertex component 0.00 0.01 0.01 VII. SUMMARY

Dev/Doo 0.13 0.08 0.06 We have measuredmy using soft-lepton and jet-charge

Foo 0.00 0.01 0.02 flavor tagging methods. This is the first application of jet-
charge flavor tagging in a hadron-collider environment. The

D raw parametrization 0.17 0.03 0.07  flavor at decay was inferred from the charge of the trigger

Total systematic error 0.43 0.25 0.37 lepton, which was assumed to be the product of semileptonic

B decay. The initial flavor was inferred from the otH&iin

the event, either using the charge of a soft lepton or the jet
charge of the otheB. The proper time at decay for each
event was determined from a partial reconstruction of the
decay vertex of th® that produced the trigger lepton and an

TABLE X. The statistical powereD? for the flavor tagging methods used: jet-charge single vertex
(JCSV), jet-charge double vertedCDV), and soft-lepton tagSLT). Results for thes and w trigger data are
shown in separate rows. The sum is over binpﬁ&lffor the soft-lepton data ad@jeJ for the jet-charge data,
as shown in Figs. 7 and 9, respectively. The square of the dilution normalization fgg¢isrused to rescale
the Eieinawi value to giveZisiDiz. The first error is statistical, the second systematic.

Sample Totak S 6D Np S,€D?

JCSV(e) (41.55:0.14)%  (0.07%0.016)%  1.880.20-0.15  (0.27-0.06+0.04)%
JCDV (8) (7.44-0.08)%  (0.158:0.023)%  1.76:0.13-0.09  (0.4% 0.10+0.05)%
SLT (e (438:0.06)%  (0.329:0.033)%  172:0.08:0.11  (0.97-0.13+0.12)%
JCSV (u) (43.81+0.14)% (0.04&0.012)% 2.41%+0.29+-0.39 (0.28-0.06+0.05)%
JCDV (u) (7.66:0.07)%  (0.1130.018)%  2.140.33:0.25  (0.52-0.18+0.12)%
SLT (w) (4.54-0.06)%  (0.216:0.026)%  2.0:0.13+0.22  (0.850.15+0.19)%
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estimate of theB momentum. The value aimy was deter- whereNgs (Nsg is the number of opposite-sigeame-sigh
mined with an unbinned maximum likelihood fit of the same-events in the sample, comparing the trigger-lepton charge
sign and opposite-sign proper-time distributidosmparing ~ with either the sign of the soft-lepton charge or the jet
the sign of the trigger-lepton charge and the flavoj.tdle  charge. If the data were pubéb with no B mixing and all of
statistical power of the flavor tagging methods was measureghg trigger leptons were from dire@ decay, all opposite

in the unbinned maximum likelihood fit by fitting for a scale (sam@ sign events would be correctl§incorrectly flavor
factor Np, for each of the flavor tagging methods, which is tagged. That is, we would hawé;r=Nos, Ny=Nsgs, and

the ratio of the raw dilution and the true d"E’tl'O”- D=D,.,. There are, however, several things in the data that
~ We findAm,=(0.500+0.052£0.043): ps *, where the  preak theN;=Ngs and Ny = Nss assumptions. They are

first uncertainty is statistical and the second systematic. This g mixing: If the trigger lepton is from &8 hadron that

IS CO”S'Ste”El"V'th the world average value of (0.4644ecays in a state opposite its original flavor, the trigger-
+0.018): ps  [7] and competitive in precision with other lepton charge will have the “wrong” sign. In this case,
individual measurements dfmy . We quantify the statistical  eyents with the correct flavor tag are same-sign.

power of the flavor tagging methods wigD?, which is the Sequential decays The charge of trigger leptons from
tagging eff|<2:|ency multiplied by the square of the dilution. sequentiaB decay p— c—I's X) is opposite that of dired

We find D to be (0.780.12+0.08)% for the jet-charge decay. For trigger leptons that are from sequential decay,

flavor tag and (0.910.10-0.11)% for the soft-lepton fla- eyents with the correct flavor tag are same-sign, if the
vor tag, where the first uncertainty is statistical and the secyigger-leptonB did not mix.

ond systematic. TheseD? are much lower than what has
been achieved in experiments on #feresonance; however, . ) o

T . zero dilution that is not the same as the dilution frérb
we have demonstrated that the much highlercross section events

at the Tevatronigp,s=1.8 TeV) can be used to compen-  Fake leptons The e-trigger data has essentially no fake
sate for the disadvantage ¥D“. The jet-charge and soft- trigger electrons. However, about 12% of thetrigger data

lepton flavor tagging techniques will be important tools inhaye a hadron that faked a muon, whose charge is random
the study ofCP violation in the upcoming run of the Teva- (see Appendix B

tron. If there were no fake leptons, the number of opposite-sign
and same-sign events frobob production are given by

cc events Events fromcc production may have a non-
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APPENDIX A: THE DILUTION NORMALIZATION wheref g, is the fraction of trigger leptons inb events that
FACTOR are from sequential decay in which the trigger-lepton charge
The true dilutionD of a flavor tagging method is defined has the “wrong” sign,y’ is the effectivé probability that
as the B hadron that produced the trigger lepton decayed in a

mixed state, andN2% (N2 is the number of same-sign

(opposite-sighbb events. For events fromc production we

whereP,q is the probability that the flavor tag is correct. An have
equivalent expression fd is

D=2Pys 1, (A1)

NNy os=N7° (A6)

D= m, (A2)

. . NgS=NG? (A7)
whereN+(Ny,) is the number of corredincorrecj tags in a SsTM
sample ofNyz=N7+ Ny events. The raw dilution is de-

fined as
LIt is an “effective” probability because our secondary vertexing
:NOS_ Nss (A3) method is inefficient for low values df which causesy’ to be
A Nogt Nss’ larger thany [7].
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where CO?S(Ng?S) is the number of same-sigopposite-sigh 1
. . Draw= 157 Dub (A14)
cc events. Using EqQ9A3), (A4), (A5), (A6), and(A7) the Np

raw dilution can be written as where we have defined the dilution normalization fadtigy

_ as
(1—2x")(1—2fY U)(Nb Nbb)+(N°C ey

. 1 D
NEP- NP+ NS+ NEE S =(1=Fien)| (1—2x")(1-2f q>be+FczD -
(AS) b bb
(A15)
. O .
If a fraction of the eventsRy,, ) have a fake trigger Equation(A15) can be used to calculate the expected values
lepton whose charge-sign is random, these events will havefar the N, parameters. For this calculation, we will assume
raw dilution of zero since the number of same-sign fake- (1) x'~0.20 from the Monte Carlo samples.

lepton events will equal the number of opposite-sign fake- (2) f*%(e trigger)=0.07 andf" c{,U« trigger)=0.10 using

raw—

lepton events. Taking fake leptons into account gives fu5 0. 75>< feqand the values in Table IV,
=(1-F2 ) ?3) The F,, values are given in Table |I. We also use
b - CZ(Z)lF_FbE. JCT e ;/Dp,(JCT)=0.5. Usi
bb bb cc ce or the , We assu cc!/Ppp =0.o5. UsiIng
x(l ZX J(1—2f 5 (N7~ Nip) + (NT*—N ) the average SLT dilution and the assumption that
NBP 4 Nbb+ N°°+ NCC D (SLT)=0.5, we estimat® ../D,,(SLT)~1.3.

Using the numbers above, we find
(A9) 18
D SLT ™

U_sing Eq.(A2), we define the true flavor tagging dilution NE g 7~2.1.

. > e ~NE& ~
in bb andcc events as Np.3csv=Np scpv=1.9.

NbE_ NbE NG scsv=Nb scov=2.4.
_ Ny M
Dbb: N_llj_b+ Nk/lb (AlO) APPENDIX B: FRACTION OF FAKE TRIGGER MUONS

As is stated in Sec. IV C, we believe that most of the fake

and trigger muons in the data are from heavy flavor decay. There
may be some correlation on average between the sign fake
N NCC
o (A11) muon charge and th@ flavor at decay, however we assume
cc™ NCC-+ NEC that this correlation is smaller than that of real trigger muons.

Fake muon events are divided into two groups:

(1) Fake muon events whose dilution is the same as the
dilution for real muons.

(2) Fake muon events whose dilution is zero.
We treat group 1 as if they are real trigger-muon events. We

respectively. The fractions of events frdvh andc?produc—
tion are defined by

bb_, nybb
Fop= Nt +Nw (A12)  treat group 2 as if they areb events with a flavor tagging
NEP+ NBP+ NCC NCC dilution of zero.
We determine the fraction of events with fake muons that
and have zero dilution in thec-trigger data by assuming that the
- _ true flavor tagging dilution is the same in tleeand u trigger
N$“+ Ny data. The raw dilution®,,,), which assumes all opposite-
Fee= b ~bb - ~ice  ~icc (A13)  sign(same-sighevents are tagénistags, is different for the
N7+ Ny + N7+ Ny, e and u trigger data for the following reasons:
; . (1) The fraction of real trigger leptons inb events that
Eii%?g:xgg Combining EqeA8), (A10), (A1), (A12), are not from directb—I| decay (s is 9.4% for the

e-trigger data and 13.6% for the-trigger data.
0 — ws . (2) The fraction of events frontc production F is
Draw= (1= Frake) [(1=2x") (1= 2f g FpoDpp+ Fec Decl slightly different(see Table)l
(3) We estimate that only 1% of the trigger electrons are
fake, while, as shown below, about 10% of thetrigger

(1=F2e)| (1=2x")(1—2f")Fpp events contain a fake muon. _ -
Draw” [ fovel X (7? o We can correcD,,,, for (1) and(2) using the equation

- D raw)
D. o (Draw
_ D /o) = B1)
'H:chbb]Dbb (Draw Fop- (1—2f {5+ F oo Do/Dpp) (
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TABLE XI. Average raw dilution for three flavor taggers in the electron and muon data corrected for
wrong sign sequential decay trigger leptons anditheo cc ratio.

Flavor tag (Draw) Correction (Dyaw) (D an€)){Dal 1))

JCSV(e) (2.7£0.5)% 1.16 (3.10.6)% 1.07-0.28

JCSV () (2.3+0.4)% 1.26 (2.90.5)%

JCDV (e (12.1x1.1)% 1.15 (14.21.3)% 1.18-0.16

JCDV () (9.7:1.0)% 1.24 (12.61.2)%

SLT (e) (22.1+1.3)% 1.15 (25.5:1.5)% 1.13-0.10

SLT (u) (18.2+1.3)% 1.24 (22.5:1.6)%
where (g, is the fraction of norb—| decays that have the . 1
“wrong” sign. The Monte Carlo simulation g|vesfSeq Frakep,=1— - . (B2)
=0.75 ¢eq The values of(Dj,,) for the SLT, JCSV, and (Draw(©))/{Draw( 1))

JCDV flavor tagging methods in thee and u-trigger data

are given in Table XI. The weighted average of Equation(B2) glvestake# (12£6)%. Therelatively large
(Dya€))(D/a 1)) for the SLT, JCSV, and JCDV flavor uncertainty |anake# gives a significant systematic uncer-
tagging methods gives 1.#0.08. The fraction of events tainty in the dilution normalizatioNp for the flavor tags
with fake muons that have zero dilution can be extractedsee Table I)X however, the contribution to the systematic

using

uncertainty inAmy is relatively small.
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