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Heavy flavor properties of jets produced in pﬁinteractions at s=1.8 TeV
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We present a detailed examination of the heavy flavor properties of jets produced at the Fermilab Tevatron
collider. The data set, collected with the Collider Detector at Fermilab, consists of events with two or more jets
with transverse energii+=15 GeV and pseudorapidifyy|<1.5. The heavy flavor content of the data set is
enriched by requiring that at least one of the jéépton-je} contains a lepton with a transverse momentum
larger than 8 Ge\W. Jets containing hadrons with heavy flavor are selected via the identification of secondary
vertices. The parton-level cross sections predicted byH#mvic Monte Carlo generator program are tuned
within theoretical and experimental uncertainties to reproduce the secondary-vertex rates in the data. The tuned
simulation provides new information on the origin of the discrepancy betweebttfoeoss section measure-
ments at the Tevatron and the next-to-leading order QCD prediction. We also compare the rate of away-jets
(jets recoiling against the lepton-jatontaining a soft leptonpg;=2 GeV/c) in the data to that in the tuned
simulation. We find that this rate is larger than what is expected for the conventional production and semilep-
tonic decay of pairs of hadrons with heavy flavor.

DOI: 10.1103/PhysRevD.69.072004 PACS nunf§erl13.85.Qk, 13.20.Fc, 13.20.He

I. INTRODUCTION age semileptonic branching ratio bfhadrons produced at
the Tevatron andry, is the NLO prediction of the cross

This paper presents a study of semileptonic decays in jetsection for producing pairs df andb quarks. A further dis-
containing heavy flavor and is motivated by several anomagrepancy is found by both CDF and/Dé&xperimentg6,7]
lies that have been previously reported. The Collider Detecyhen comparing the cross section for producing dimuons
tor at Fel’mllab(CDF) has found the rate of jets with both a from b-hadron Sem”eptonic decays IQJEX BR2 The value
secondary vertex and a soft lept@superjets to be larger  of ¢,;x BR? is found to be approximately 2.2 times larger
than expected in th&V+2,3 jet sample. The kinematical than the NLO predictioh. There are possible conventional
properties of the events with a superjet are difficult to reconexplanations presented in the literature for these anomalies
cile with the standard modéEM) expectatior1]. [9,10].

The discrepancy between the single bottom quark cross However, all these discrepancies could also be mitigated
section measurements at the Fermilab Tevatron and the nexty postulating the existence of a light strong-interacting ob-
to-leading ordefNLO) QCD prediction 2] can be explained ject with a 100% semileptonic branching ratio. Since there
either in terms of new physid8] or by the lack of robust-
ness of the NLO predictiof4]. However, at the Tevatron
there are two additional discrepancies between the measuredin both measurements,p is the cross section for producing two

and predicted value of thbb cross section that are more central bottom quarks, both with transverse momentum approxi-

oo - . ) mately larger than 10 Ge¥!/ In this case, the LO and NLO pre-
difficult to accommodate within the theoretical uncertainty. . oo e equal within a few percent, and the NLO prediction

In Ref.[5], the correlategl+b jet cross section is measured changes by no more than 15% when changing the renormalization
to be 1.5 times larger tham,,X BR, where BR is the aver- and factorization scales by a factor of tj&).
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are no limits to the existence of a charge-1/3 scalar quarsM prediction, which includes single and pair production of
with mass smaller than 7.4 GedA [11-15, the supersym- top quarks.
metric partner of the bottom quark is a potential candidate. We also identify heavy flavors by searching jets for lep-
This paper presents an analysis of multijet data intended ttons € or u) produced in the decay df and c hadrons
search for evidence either supporting or disfavoring this hy{1,16]; we refer to these as soft lepton ta@sT). As shown
pothesis. in Refs.[1,16], rates ofsLT tags in generic-jet data and in
The strategy of this search is outlined in Sec. Il. Sectionw+ jet events are generally well modeled by the simulation.
[l describes the detector systems relevant to this analysig\n exception is the rate G(fECvTX+SLT tags in the same jet
while the sample selection and the tagging algorithmgcalled supertags in Refl]) that, in W+2,3 jet events, is
(secvTx andJrB) used to select heavy flavors are discussedarger than in the simulation, whereas in generic-jet samples
in Sec. IV. Section V describes the data sample compositiois slightly overpredicted by the same simulation.
and the heavy flavor simulation. The data set consists of This analysis uses two data samples, referred to as the
events with two or more jets with transverse enefly  signal or inclusive lepton sample and the control or generic-
=15 GeV and contained in the silicon microvertex detectoijet sample. The signal sample consists of events with two or
(SVX) acceptance. The sample is enriched in heavy flavor bynore jets that have been acquired with the trigger request
requiring that at least one of the jets contains a lepton witlthat events contain a lepton wiit=8 GeV/c. The request
pr=8 GeVic. We use measured rates sECvTx and JPB  of a jet containing a leptoitlepton-jel enriches the heavy
tags to determine the bottom and charmed content of th#lavor content of the sample with respect to generic jets. The
data; we then tune the simulation to match the heavy-flavocontrol or generic-jet sample is the same sample studied in
content of the data. The evaluation of the numbesmfvTx  Refs.[1,16], and consists of events with one or more jets
andJprBtags due to heavy flavor in the data and the simulaacquired with three trigger thresholds of 20, 50 and
tion is described in Secs. VI and VII, respectively. The tun-100 GeV, respectively.
ing of the heavy flavor production cross sections in the simu- In the signal sample, we study jets recoiling against the
lation is described in Sec. VIII. In Sec. IX we measure thelepton-jet (away-jet$ and we perform three measurements:
yields of jets containing soft leptongp{=2 GeVic), and we count the number of away-jets that contain a leggm
compare them to the prediction of the tuned simulation. Sectag); that contain arsLT tag and asECcvTX tag; that contain
tion X contains cross-checks and a discussion of the systenan sLT tag and aiPB tag. The latter two are referred to as
atic uncertainties. Our conclusions are presented in Sec. Xbupertags. We compare the three measurements to a Monte
Carlo simulation which is tuned and normalized to the data

Il. PROBING THE PRODUCTION OF LIGHT SCALAR by equalizing numbers afecvTx andJpstags. The normal-
QUARKS WITH A LARGE SEMILEPTONIC ization and tuning procedure serves two purposes: it removes
BRANCHING RATIO the dependence on the efficiency for finding the trigger lep-

ton and ensures that the simulation reproduces the heavy-

In previous publication$1,16] we have compared the:  flayor content of the data, respectively. To calibrate the effi-
andc-quark content of several samples of generic-jet data t@jency for findingsLT tags or supertags in the simulation, we
the QCD prediction of the standard model using #8&wWIG  yse rates obLT tags and supertags in generic-jet datan-
generator prograrfil7]. We identify (tag) jets produced by trol sample. In Ref.[1], we have compared these measure-
heavy quarks using the CDF silicon microvertex detectoiments to a Monte Carlo simulation that was also tuned and
(SVX) to locate secondary vertices produced by the decay dformalized to generic-jet data by equalizing numbers of
b andc hadrons inside a jet. These verti¢escvTxtags are  secytx and JPB tags. These three comparisons are used to
separated from the primary event vertex as a result of thgerify the simulated efficiency for findingLT tags, and to
long b andc lifetime. We also use track impact parameters toempirically calibrate the efficiency for finding supertags in
select jets with a small probability of originating from the the simulation.
primary vertex of the everfopstags [18]. This analysis strategy is motivated by the following argu-

In Ref.[16] we have compared rates sECVTx andJPB  ment. If low-mass bottom squarks existed, they would be
tags in generic-jet data and their simulation first to calibratesroduced copiously at the Tevatron. The NLO calculation of
the efficiency of the tagging algorithms in the simulation,t e proces$)3—>55* implemented in th@rosPINOMonte
ar_1d then to tune the heavy flavor cross sections evaluat arlo generatof19], ’predicts a cross section that4s15%
W'th theHER\.N'G pa_rton-shower Monte Carlo program. In the of the NLO prediction for the production cross section of
S|mulat|_on, Jets .W'th heavy flavor are produced by he"’“’yquarks with the same mag8]. In Ref.[16], we have tuned,
qua_rks.m the |n|t|_aI or final state of the har.d scatterfigvor within the theoretical and experimental uncertainties, the
excitation and direct production, respectively from glu- oo\ flavor production cross sections calculatedhbgwic
ons branching intdb or cc pairs(gluon splitting. The frac- o reproduce the rates sfEcvTx and JpB tags observed in
tion of generic-jet data containintgb or cc pairs calculated generic-jet data. If the squark lifetime is similar to that of
by HERWIG models correctly the observed rate of tags afterconventional heavy flavors, we have unfortunately tuned the
minor adjustments within the theoretical and experimentaparton-level cross section evaluatedH®srRwIG (or the num-
uncertainties. In Refd.1,16], we have extended this com- ber of simulatedsecvTx andJrBtags predicted by the simu-
parison toW+ jet events. We find again good agreementlation) to explain in terms of conventional processes the
between the observed ratessHcvTx and JPBtags and the squark production. However, if bottom squarks have a
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TABLE |. Comparison betweerr=BR, X 0,5+ BR. X oo+ BRy X 05+, the total heavy-flavor production cross sectidm ¢, andb)

norm

contributing to different hypothetical samples, antf"™=BR, X o\~ +BR:X o, the total heavy-flavor cross section determined with a

norm

conventional-QCD simulation under the hypothesis that scalar quarks have the same lifetipgaoks @~ = opp+ opp«) . In samples
containing leptons, each cross section is also multiplied by the appropriate semileptonic branching ratio BR.

Sample o (nb) o™ (nb) olg"°™m
A=generic jets 869 298+ 487+ 84 869=382+487 1.0
B= A with one lepton 296-0.37X298+0.21x 487+ 1.0 84 244=0.37X 382+ 0.21X 487 1.2
C=A with two leptons 146-0.37 X 298+ 0.212 X 487+ 1.0 84 74=0.37x382+0.21°x 487 2.0
D=B renormalized 296110+ 102+84 296=194+102 1.0
E= D with one lepton 146 0.37x 110+ 0.21x 102+ 1.0x 84 93=0.37xX194+0.21x102 1.5
100% semileptonic branching ratio, it is still possible to Ill. THE CDF DETECTOR

identify their presence by comparing the observed number of The events used for this analysis have been collected with

Jets contalnlng a lepton to that expec'_[ed ffbm”dc de(_:ays. the CDF detector during the 1993-1995 run of the Tevatron
We illustrate the procedure used in this paper with a nu-__ . : ; . : )
. o . . collider at Fermilab. The CDF detector is described in detalil
meric example detailed in Table I. The first column is what; .
) ) ~ ) in Ref. [22]. We review the detector components most rel-
there would be in the data in the presencéajuarks with  gyant to this analysis. Inside the 1.4 T solenoid the silicon
100% semileptonic BR.The cross sections in the first col- microvertex detectoSVX) [23], a vertex drift chamber
umn of row A represent approximately the different heavy VTX) and the central tracking chamb@TC) provide the
flavor contributions to the generic-jet sample. The Secon‘%racking and momentum information for charged particles.
column is what one would predict after having tuned a simurhe cTC is a cylindrical drift chamber containing 84 mea-
lation, in which onlyb andc quarks are present, to reproduce g ,;ement layers. It covers the pseudorapidity intefvgl
the number ofseEcvTx and JpB tags observed in the sample <1.1, wheren=—In[tan(4/2)]. In the CDF, 4 is the polar
corresponding to the first column of row A, in the assump-angle measured from the proton directighis the azimuthal
tion thatb andb quarks have the same lifetime. In row B, we angle, and is the radius from the beam axig éxis). The
model the request that a jet contains a lepton by multiplyingSVX consists of four layers of silicon microstrip detectors,
the heavy flavor cross sections by the respective semilegocated at radii between 2.9 and 7.9 cm from the beam line,
tonic branching ratios BR. A 20% excess is observed. In rovand provides spatial measurements in tth¢ plane with a
C, we mimic the case in which two jets contain a lepton, andesolution of 13um.
the same analysis leads to an excess of a factor of two. Since Electromagneti¢CEM) and hadroni¢CHA) calorimeters
a discrepancy that depends on the number of leptons couMith projective tower geometry are located outside the sole-
be due to a wrong simulation of the lepton-identification ef-noid and cover the pseudorapidity regipp|<1.1, with a
ficiency, row D presents the stratagem of tuning again théegmentation oA ¢=15 andA »=0.11. A layer of propor-
conventional heavy flavor cross sections for producingional chambersCES is embedded near shower maximum
events with one leptofsecond column in row Bto model in the CEM an_d provides a more precise measurement of the
the cross section contributing to events with one legfset ~ €/€Ctromagnetic shower position. Coverage at larger pseudo-
column in row B.% Next, row E shows the result of requiring rapities is provided by the calorimeters PEM and PHA, and
an additional lepton in sample D: the excess is a factor of the far forward region by the FEM and FHA. Two muon
1.5. If one chooses, as we did in previous studies, to usgubsystems in the central rapidity regidm((<0.6) are used

sample B to empirically correct the simulated efficiency for for muon identification: the central muon chamb&zMu),
identifying a lepton, sample E will show a 30% excess. located behind the CHA calorimeter, and the central upgrade

muon chamber$CMP), located behind an additional 60 cm
of steel. The central muon extensi@@MX) covers approxi-
mately 71% of the solid angle for 0s§ »|<1.0 and, in this
analysis, is used only to increase the soft muon acceptance.
CDF uses a three-level trigger system. At the first two
levels, decisions are made with dedicated hardware. The in-
—3.6 GeVE2. The cross section are integrated over final-state parformation available at this stage includes energy deposited in
tons with p;=18 GeVk; this threshold is used to mimic the the CEM and CHA calorimeters, highy tracks found in the
generic-jet data. Bottom quarks have a 37% semileptonic branchinfy 1C by @ fast track process¢CFT), and track segments
ratio, BR, due td—| andb—c—| decays, whereas BR21% for ound in the muon subsystems. The data used in this study
¢ quarks[21]. were collected using the electron and muon lpwtriggers.
3This technique also allows us to use the inclusive lepton sampld he first two levels of these triggers require a track with
that corresponds to a much larger integrated luminosity than that gpt=7.5 GeVk found by the CFT. In the case of the electron
generic-jet data. trigger, the CFT track must be matched to a CEM cluster

2The cross sections are predicted usingnhe [8] and PROSPINO
[19] Monte Carlo generators, the MRS set of structure functions
[20], and the renormalization and factorization sca}e§= p%
+me. We use m,=4.75 GeVt?, m.=15 GeVk? and my
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with transverse energii;=8 GeV. In the case of the muon  Further selection of the data sample is based upon jet
trigger, the CFT track must be matched to a reconstructeteconstruction. Jets are reconstructed from the energy depos-
track segment in both sets of central muon detectGidU ited in the calorimeter using a clustering algorithm with a
and CMB. fixed cone of radiuR=0.4. A detailed description of the

At the third level of the trigger, the event selection is algorithm can be found in Ref25]. Jet energies can be
based on a version of the off-line reconstruction programghismeasured for a variety of reasdealorimeter nonlinear-
optimized for speed. The lepton selection criteria used by th&y; 10ss of low momentum particles because of the magnetic

third level trigger are similar to those described in the nextield, contributions from the underlying event, out-of-cone
section. losses, undetected energy carried by muons and neutrinos

Corrections, which depend on the jgt and », are applied

to jet energies; they compensate for these mismeasurements
on average but do not improve the jet energy resolution. In
this analysis we select central jeftaggable by requiring

that they include at least two SVX track26].

Central electrons and muons that passed the trigger pre- We require the trigger lepton to be contained in a cone of
requisite are identified with the same criteria used to seledi@diusR=0.4 around the axis of a taggable jet with uncor-
the W+ jet sample described in Refil,16]. Electron can- 'ected transverse enerdy =15 GeV. This jet will be re-
didates are identified using information from both calorim-férréd to as a lepton-jek;jet, e-jet, or w.-jet. We also require
eter and tracking detectors. We require the followifig:the ~ the Presence of at least one additional taggablérgserred
ratio of hadronic to electromagnetic energy of the clusterl® @S away-jet o-jet) with E;=15 GeV. The request that
Ep.q/E=0.05: (2) the ratio of cluster energy to track mo- both lepton- and away-jets are taggable restricts their pseu-

mentum,E/p<1.5; (3) a comparison of the lateral shower dorapidity range to approximatelyy| <1.5. The requirement

profile in the calorimeter cluster with that of test-beam elec-Of a nonisolated lepton inside a jet rejects most of the lep-

wons, Ly, =0.2; () the distance between the extrapolatedyy " ectel® ot W8 RS 2 8 oy K PR
track position and the CES measurement in tthé andg tics of the data sampfeThis E- threshold is chosen because
views, Ax<1.5 cm andAz=3.0 cm, respectively(5) a x°  gficiencies and backgrounds of tlsEcvTx, JPg and SLT
comparison of the CES shower profile with those of testy1gorithms have been evaluated only for jets with transverse
beam electronsyZ,,i,=<20; (6) the distance between the in- energy above this valugL6]. We select 68 544 events with
teraction vertex and the reconstructed track inzb@ection,  ane-jet and 14 966 events with a-jet.
z-vertex match<5 cm. Fiducial cuts on the electromagnetic  In order to determine the bottom and charmed content of
shower position, as measured in the CES, are applied to eithe data we use two algorithniSEcvTx and JpB) that have
sure that the electron candidate is away from the calorimetdseen studied in detalil in Refgl,16]. SECvTXis based on the
boundaries and the energy is well measured. Electrons froletermination of the primary event vertex and the recon-
photon conversions are removed using an algorithm based @iruction of additional secondary vertices using displaced
track information[16]. SVX tracks contained inside jets?B compares track impact
Muons are identified by requiring a match between a CTCParameters to measured resolution functions in order to cal-
track and track segments in both the CMU and CMP muorfulate for each jet a probability that there are no long-lived
chambers. The following variables are used to separat@@rticles in the jet conglg]. .
muons from hadrons interacting in the calorimeter and cos- 1he Simulation of these tagging algorithms makes use of

mic rays:(1) an energy deposition in the electromagnetic anooar_ametrization_s of the detector response for singlg tracks,
hadronic calorimeters characteristic of minimum ionizingWhICh were derived from the data. Because of the naivety of

. : the method, these algorithms have required several empirical
particles,E. =2 GeV andE; <6 GeV, respectively(2) . :
E..+ En.=0.1 GeV: (3) the distance of closest approach adjustments.SecvTx tags not produced by hadrons with

of the reconstructed track to the beam line in the transversg.eavy flavor(mlstags are underesumgted by the detector
. ) Simulation. ThereforsecvTx andJPB mistags are evaluated
plane(impact parameterd<0.3 cm; (4) the zvertex match

i . sing a parametrized probability derived from generic-jet
<5 cm; (5) the dlst_ance between the extr_apolated track an%ata[lG], and are subtracted from the data in order to com-
the track segment in the muon chamh&k=rA$=<2 cm.

We select events containing at least one electron witpare to the heavy flavor simulation. We estimate that the
. . . mistag removal has a 10% uncertai .
E+=8 GeV or one muon witlp;=8 GeV/c. This selection 9 ° o]

) - The tagging efficiency of these algorithms is not well
produces a data sample quite similar to that used for th?hodeled gg tﬁe parame)t/rized simulat?on. In Ri6], we

0_R0 Hati ; pe ; :
measurement of thB"-B" flavor oscillation[24]. Since we  have used generic jets and a subset of the inclusive electron
are interested in semileptonic decays of heavy quarks, triggefample to determine the data-to-simulation scale factors for

leptons are also required to be nonisolated; we reqlire the tagging efficiency of these algorithms. The data-to-
=0.1, where the isolatioh is defined as the ratio of the

additional transverse energy deposited in the calorimeter ina———

cone of radiuR= \ §¢?+ §7°=0.4 around the lepton direc-  “A jet with uncorrected transverse ener§y=15 GeV corre-
tion to the lepton transverse energy. sponds to a parton with average transverse engfgy=20 GeV.

IV. DATA SAMPLE SELECTION AND HEAVY FLAVOR
TAGGING
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simulation scale factor of theecvTx tagging efficiency fob  in the same generic-jet samples used to derivePtiparam-
jets is measured to be 1.29.08. The number of tags in the etrization, we have estimated th@t=(0.740:0.074)P. It
simulation is multiplied by this scale factor, and we add a 6%dollows that, in generic-jet data, the probability that a track
uncertainty to the prediction of tags. The data-to-simulatiorcorresponds to a lepton arising from heavy-flavor decays is
scale factor forc jets has been measured to be @28  Pur=(0.260£0.074)P. Since we search a jet f@LT can-
[16]; because of its large uncertainty, this scale factor is noflidates in a cone of radius of 0.4 around its axis, the prob-
implemented into the simulation, but we add a 28% uncerabilities of finding a fakesLT tag in a jet is P{*'(N)
tainty to the prediction of tags due mjets. The data-to- =3{L;[1—P}®(i—1)]P}, whereN is the number of tracks
simulation scale factor for the jet-probability algorithm hascontained in the jet cone. In generic jets, the probability of
been measured to be 0:96.05. The number of tags in the finding ansLT tag due to heavy flavor iBlft(N)=2L,[1
simulation is multiplied by this scale factor, and we add a 6% Plie(i —1)]Pye . In Ref.[16], the uncertainty of thé/®!
uncertainty to the prediction of tags. =P$t+ Pl®! parametrization has been estimated to be no
In this study, we also probe the heavy-quark contributionlarger than 10% by comparing its prediction to the number of
by searching a jet for soft leptons @nd ) produced by the SLT tags observed in 7 additional generic-jet samples.
decay of hadrons with heavy flavor. The soft lepton tagging The efficiency for finding supertagsLT tags in jets with
algorithm is applied to sets of CTC tracks associated witFSECVTX OF JPB tag9 in the simulation is additionally cor-
jets with E;=15 GeV and |<2.0. CTC tracks are associ- rgcteq with a d_ata-to—smulatlon spal_e factor, G-&b05, de-
ated with a jet if they are inside a cone of radius 0.4 centereffVed in a previous study of generic-jet ddtg. The number
around the jet axis. In order to maintain high efficiency, the®f Simulated supertags is multiplied by this factor, and we

leptonp; threshold is set low at 2 Gew/ To search for soft add a 6% uncertainty to the prediction of supertags. As men-

elecions he gt extapoates each ack o the cafS0S1 S2EE, e Smuatorof sl vses b
rimeter and attempts to match it to a CES cluster. Th 9 P

. . : . rom photon conversions and muons framy *u” and
matched CES cluster is required to be consistent in sha —nue,tf decays. Since these leptons ar:gerfLeraIIy more
and position with the expectation for electron showers. lnisolated than leptons from heavy flavor decays, we have
addition, it is required that OE/p<1.5 andEy,q/Ecn

e ' some evidence that the efficiency of the algorithm in the
<0.1. TheT track .specmc |0n|zat|_ordE/d>.<), measured in  gimylation is overestimated. However, since a reduced effi-
the CTC, is required to be consistent with the electron hy'ciency for finding supertags could also be generated by a

pothesis. The efficiency of the selection criteria has beepeduced efficiency of theecvTx (3PB) algorithm in jets con-
determined using a sample of electrons produced by photofaining a soft lepton, we have chosen to correct the simulated
conversiong27]. efficiency for finding supertags, but not the efficiency of the
To identify soft muons, track segments reconstructed irsimulatedsLT algorithm[1].

the CMU, CMP, and CMX systems are matched to CTC
tracks. The CMU and CMX systems are used to identify
muons with 2<p;=<3 GeV/c and pr=2 GeV/c, respec-
tively. Muon candidate tracks witht=3 GeV/c within the
CMU and CMP fiducial volume are required to match to  The lepton-jets in our sample come from three sources:

track Segments in both SyStemS. The reconstruction efﬁbHproduction,cgproduction, and ||ght quark or g|uon pro_
ciency has been measured using samples of muons froguction in which a hadron mimics the experimental signature
Jp—p pn” andZ—pu*u” decayq27]. of a lepton(fake lepton. The yield of fake leptons in light

In the simulationsLT tags are defined as tracks matchingjets returned by our detector simulation cannot be trusted,

at generator level electrons or muons originating fienor  and thebb andcc production cross sections have large ex-
c-hadron decaysincluding those coming fronr or ¢ cas-  perimental and theoretical uncertainties. Therefore, we use
cade decays The sLT tagging efficiency is implemented in  measured rates of lepton-jets wisicvTx and JpB tags due

the simulation by weighting these tracks with the efficiencyto heavy flavoi(i.e. after mistag removiin order to separate

of eachsLT selection criteria measured using the data. Thene fractions of lepton-jets due tlfproduction and:?pro-
uncertainty of thesLT efficiency is estimated to be 10% and duction. The simultaneous use of the two tagging algorithms
includes the uncertainty of the semileptonic branching ratiogvas pioneered in Ref16]; it allows us to separate the and
[27,28. c-quark contributions because both algorithms have the same
Rates of fakesLT tags are evaluated using a parametrizedagging efficiency fob jets, while forc jets the efficiency of
probability, P;, derived in special samples of generic-jet the JpBalgorithm is approximately 2.5 times larger than that
data, and are subtracted from the data. This parametrizatiasf the SECvTX algorithm. Theb andc content of away-jets is
has been derived from the probabil®ythat a track satisfy- also determined with this method.
ing the fiducial requirements producessu tag. This prob- The heavy flavor content of away-jets recoiling against a
ability is computed separately for each lepton flavor and delepton-jet with heavy flavor depends on the production
tector type and is parametrized as a function of the transversaechanismsLO terms yield higher fractions of heavy flavor
momentum and isolation of the tra¢R7,28. In Ref.[16], than NLO terms Therefore, we tune the cross sections of
by fitting the impact parameter distributions of thg tracks  the various production mechanisms predicted by the simula-

V. DATA SAMPLE COMPOSITION
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TABLE II. Number of tags due to heavy flavors in the inclusive lepton det@ counts/removed mistags

are indicated in parenthese®sqcp is the probability of tagging away-jets recoiling against lepton-jets
without heavy flavor.

Electron data Muon data

Tag type Pcoco Pcoco
Ni_jet 68544 14966
Najet 73335 16460

Plat 10115.3-101.7  (10221/105.Y 3657.3-60.8  (3689/31.7
T e 11165.4-115.8  (11591/425.% 4068.6-66.2  (4204/135.4
Toiet 4353.3-68.5 (4494/140.7  1.56%  1054.6:33.3  (1094/39.4  1.67%
Toliot 5018.9+98.9 (5661/642.1  2.45%  1265.241.1 (1427/161.8 2.63%
DTSEC 1375.2+37.6 (1405/29.8 452.6-21.6 (465/12.4
DTIPB 1627.8-43.7 (1754/126.2 546.4+25.1 (600/53.6

tion to reproduce the observed number of lepton- and awayef finding SEcvTXx (or JPB) tags due to heavy flavor in
jets with secvTx andJpBtags due to heavy flavor. generic-jet datd16]. The numbemN,.je((1—Fyg)Pgocp iS

The fractionFyg of lepton-jets due to heavy flavor, be- subtracted from the number of tagged away-jets with heavy
fore tagging, is estimated using the tuned simulation. Thedlavor that are used to tune the simulation. In R&B], this
remaining fraction, (+Fyg), of lepton-jets is attributed to method has been verified by using it also in a sample of data
fake leptons in light jets. The number of tags in away-jets,in which electrons are identified as coming from photon con-
which recoil against a lepton-jet without heavy flavor, is pre-versions. The heavy-flavor purity efjets due to photon con-
dicted asNg jei(1—Fne)Pcocp, WhereNg.je; is the total  versions &8%) is depleted with respect to that®fets not
number of away-jets, anBgqcp is the average probability due to conversions=50%). The study in Ref.16] shows
of tagging away-jets that recoil against lepton-jets withoutthat the usage of the probabili§sqcp allows us to model
heavy flavor. The average probabilsqcp is estimated by  the observed rate of tagged away-jets in both the electron and
weighting all the away-jets with a parametrized probabilityconversion samples within a 10% statistical uncertainty.

TABLE IIl. Number of jets before and after tagging in the inclusive lepton simulatitin f.exc and GSP indicate the direct production,
flavor excitation and gluon splitting contributiond he row indicated as “HF light” lists separately the rates of away-jets with and without

heavy flavors and highlights the properties of different production mechanisms. Data-to-simulation scale factors for the various tagging
algorithms are not yet applied.

Tag type b dir c dir b f.exc c f.exc b GSP c GSP
Electron simulation
HFjer 5671 947 10779 2786 5263 1690
HF et 5848 977 11280 2913 6025 1877
HF light 5407/441 899/78 1605/9675 367/2546 707/5318 145/1732
HFTP 1867 52 3624 194 1732 147
HFT S 2392 163 4531 602 2106 356
HFTS o 2093 91 480 68 222 15
HFT o 2622 203 584 136 276 58
HFDTSEC 678 5 157 4 78 1
HFDT’PB 1083 43 303 25 168 18
Muon simulation
HF et 1285 298 2539 942 1455 747
HFy et 1358 313 2705 994 1708 816
HF light 1206/152 278135 422/2283 124/870 171/1537 48/768
HFT S 569 34 1131 83 652 92
HFT" 5 707 77 1386 229 830 202
HFTS 5ot 498 29 132 13 54 11
HFTF S, 627 62 173 34 60 21
HFDTSEC 218 3 59 2 20 1
HFDT’PE 347 12 105 7 50 6
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Therefore we attribute a 10% uncertainty to the average TABLE IV. Result of the fit of theHERwIG simulation to the
probability Psaoco- data. The fit is described in the text and vyields
x?/(degree of freedomy 4.6/9. The rescaling factors for the gluon
splitting contributions predicted by thelErwiG parton-shower
Monte Carlo program are of the same size as those measured by the
We use theHERWIG Monte Carlo generatorto describe  sic andLep experiment$31], and are consistent with the estimated
the fraction of data in which the lepton-jets contain hadronsheoretical uncertaintj32].
with heavy flavor. We use the MRG) set of parton distri-

Simulation of heavy flavor production and decay

bution functions[20], and setm.=1.5 GeVk? and m,  secvTx scale factor Sk 0.97+0.03
=4.75 GeVEt?. In the generic hard parton scatterifdy and ~ SECVTX scale factor SE 0.94+0.22
cc pairs are generated BERWIG through processes of order P8 scale factor Skre 1.01£0.02
a? such asgg—bb (direct production Processes of order e norm. Ke 1.0220.05

3 . ) _ u norm. K, 1.08+0.06
ag are implemented in the generator through flavor excitas, ;. prod. c 1.01=0.10
tion processes, such gb—gb, or gluon splitting, in which o 4. oyc. bf 1.02£0.12
the procesggg—gg is followed by g—bb. The HERWIG ¢ flav. exc. cf 1.10+0.29
generator neglects virtual emission graphs, but, as all parto&ﬁbg bg 1.40+-0.18

shower Monte Carlo generators, also includes higher tha
NLO diagrams.
The bottom and charmed hadrons produced in the final

state are decayed using the CLEO Monte Carlo generator Events in which the lepton-jet does not contain heavy
(QQ) [29]. At this generation level, we retain only final states flavor are not described by the heavy flavor simulation. In

that contain hadrons with heavy flavor and at least one Iepto%ese events, the number of away-jets with tags due to heavy

with pr=8 GeV/c. The accepted events are passed througI?| : . . . o
. : . ““flavor is predicted using the average tagging probabilities
a simulation of the CDF detectderL) that is based on pa Pcaocp listed in Table I1l. These probabilities are used to

rametrizations of the detector response derived from the dat%‘orrect the numbers of tagaed awav-iets that will be used to
After the simulation of the CDF detector, the Monte Carlo 99 ¥

events are treated as real data. The simulated inclusive eletcu-ne the heavy flavor simulation.

tron sample has 27 136 events, corresponding to a luminosity
of 98.9 pb!. The simulated inclusive muon sample has VII. TAGGING RATES IN THE SIMULATION
7266 events, corresponding to a luminosity of 55.1 b

The simulated samples have approximately the same Iumi:- Numbers of tags in simulated events which contain heavy
nosity as the data. lavor, characterized by the prefix HF, are listed in Table III.

Different production mechanisms are separated by inspecting
at generator level the flavor of the initial and final state par-
tons involved in the hard scattering. We attribute to flavor
excitation the events in which at least one of the incoming

The heavy flavor content of the data is estimated from th@@rtons has heavy flavor and to direct production the events
number of jets tagged with theecvTx and JpB algorithms. 1N Whl_ch the incoming partons have no heavy fl_avor and the
The numbers of lepton-jets and away-jets in the diiige, ~ ©Utgoing partons both have heavy flavor. Pairs of heavy
andN.,, j;, are listed in Table IIN,_j; is equal to the num- quarks that appear at the end of the evolution process are
ber of events andN,_jc is about 10% larger, which means attributed to gluon splitting. The flavor type of each simu-
that about 10% of the events have two away-jets. This tabléted jet is determined by inspecting its hadron composition
lists the following numbers of tags due to the presence oft generator level.
hadrons with heavy flavor:

g—cc cg 1.40+0.34

VI. DETERMINATION OF THE RATES OF SECVTX AND
JPB TAGS DUE TO HEAVY FLAVOR IN THE DATA

(1) TIS-jEe$ and TI]_TS, the number of lepton-jets with a VIIl. TUNING OF THE SM SIMULATION USING SECVTX

SECVTX andJPBtag, respectively. AND JPB TAGS

(2 T35& and TR5,, the number of away-jets with a  Following the procedure outlined in Sec. V, we fit the data
SECVTX andJPBtag, respectively. with the heavy flavor simulation using rates of jets before

(3) DTSE€ and DT?PE, the number of events in which the and after tagging with theecvTx andJpB algorithms. In the
lepton-jet and one away-jet are both taggedsegvrtx  fit, we tune the cross sections of the different flavor produc-
andJpPs, respectively. tion mechanisms. Starting from Table Ill the simulated rate

of jets before tagging can be written as:
The uncertainty on the number of tags due to heavy flavor in
Table Il includes the 10% error of the mistag removal. HF =K, - (HFp giri +bf-HFpt exc1i+bg- HRygspr i)

+ K- (c-HF¢ gir1i ¢ f-HFf excii €9 HFcgspi i)

SWe use option 1500 of version 5.6, generie-2 hard scattering
with pr=13 GeVk (see Appendix A in Ref[1] for more details The rates of tagged jets are
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TABLE V. Parameter correlation coefficients.

Sk, SFpg Ke c bf cf bg cg K.
Sk, -0.073 0.718 -—0.747 0.054 0.346 0.297 —0.062 0.066 —0.715
Sk, 0.358 —0.238 —0.002 0.038 0.147 -0.071 0.086 —0.306
SFipg -0.810 0.010 0.363 0.127 —-0.009 -0.049 -0.802
Ke -0.092 -0.641 -0.302 0.071 0.077 0.933
c 0.053 0.020 0.008 0.002 —0.098
bf 0.245 —-0.680 —0.199 -0.526
cf -0.321 -0.164 -0.274
bg —-0.029 -0.019
cg —0.018

As mentioned at the end of Sec. V, the fraction of the data,
which contains heavy flavor and is described by the simula-
tion, is F'HF= HF i_jet/N|.jet - Therefore we fit the simulated
rates to the quantities

HFTf,i =K, SH(HFT}, giri Tbf- HFT{)f.exm,i
+bg- HFTLGSP,U) +K;-SH(c-HFT, dir,,i

+Cf-HF T, o1+ CO-HF TLgspy 1) . A
HFT] | e (Data =T} | je,
and the rates of events with a double tag are ) : | .
HFTf,a-jet( Data):TI],a-jet_ Nj a-jet(1— FHF)PJGQCD,I ,
HFDT| =K, SR, 2(HFDT}, 4+ bf-HFDT; oy, HFDT|(Data) = DT .
. i .SH2(¢. i ,
+bg-HFDTygsp) + Ky SRZ(c- HFDTE i wherePgqcp, is the probability of finding a typg-tag due
to heavy flavor ina-jets recoiling against d-jet without
heavy flavor(see Table ). The errorse} | ; of the rates
HFT] ;(Data) include also the 10% uncertaintyR¥ o cp ; -
Following the same procedure pioneered in R&8], in
which theHERWIG simulation was tuned to generic-jet data,
we constrain the following fit parametel§ to their mea-

sured or expected valug using the term

+cf-HFDTL; o, +¢g-HFDTLggp)),

where the indeX indicates electron or muon datandicates
the lepton- or the away-jet, arjdindicates the type of tag
(secvTx or JrPp). The fit parameterK; account for the
slightly different luminosity between data and simulation;
they also include the normalization of the dirégbroduction
cross section. The factors cf, cg, bf, andbg are fit param- =05
eters used to adjust the remaining cross sections calculated G_:(Xi_xi)

by HERWIG with respect to the direcbb production. The ' oy '

number of tags predicted by the simulation is obtained by '

multiplying the numbers in Table Ill by the appropriate scale(1) The ratio of theb andc direct production cross sections;
factor. The fit parameters §&nd SE are used to account for it is constrained to thelERWIG default value with a 14%
the uncertainties of the corresponding scale factors. The Gaussian error to account for the uncertainty of the par-
simulated rates HHT and HFDT have statistical errors ton fragmentation and for the fact that all quarks are
&%, and 8pr . treated as massless by the generator.

Y

TABLE VI. Rates of tags due to heavy flavor in the data and in the fierlviG simulation. The heavy
flavor purity of the lepton-jets in the data returned by the best ffig=(45.3+1.9)% in the electron
sample andrF,=(59.7+3.6)% in the muon sample. The contribution &fets recoiling against-jets
without heavy flavor has been subtracted; the 10% uncertainty of this contribution is included in the errors.

Electrons Muons
Tag type Data Simulation Data Simulation
HFT RS 10115.3-101.7 10156.8 159.3 3657.360.8 3636.795.8
HFT' 5 11165.4-115.8 11139.8 159.7 4068.6-66.2 4059.795.8
HFTS 5ot 3729.0-92.8 3691.53109.7 943.8:35.2 967.4-43.2
HFTF S, 4035.8+139.7 3984.60111.0 1090.8 44.9 1059.3 42.8
HFDTSEC 1375.2-37.6 1380.859.4 452.6-21.6 4743 31.1
HFDT’PB 1627.8-43.7 1644.6:57.1 546.4-25.1 556.6-28.7
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FIG. 1. Distributions of transverse enerdsy;, or momentum,
pr, for lepton-jets tagged bgecvTx. (a) electrons;(b) electron-

jets; (c) muons;(d) muon-jets. Jet energies are corrected for detec-

tor effects and out-of-cone losses.
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FIG. 3. Away-jet distributions in events where the electron-jet
Is tagged bysecvTx. (a) a-jet transverse energyb) a-jet pseudo-
rapidity; (c) transverse energy od-jets tagged bysecvtx; (d)
pseudo-rapidity ofa-jets tagged bysecvTx. Jet energies are cor-

(2) The ratio of theb to c flavor excitation cross sections; it rected for detector effects and out-of-cone losses.

is constrained to thelErRwIG default value with a 28%

error to account for the uncertainty of the parton struc-In summary the fit minimizes the function

ture functions.

(3) The correctiorbg to the rate of gluon splittinggebgis
constrained to the value 1+.19 returned by the fit to
generic-jet dat§16].

(4) The correctiorcgto g— cc; it is constrained to the value
1.35+0.36 returned by the fit to generic-jet dafkb].

(5) We constrain Sf-for SecvTtx to unity with a 6% error.

(6) We constrain SFto unity with a 28% error.

(7) We constrain S§® and SE”® to unity with a 6% error.

500 T T T T 300 T
(a) (b

electron-jet muon-jet

400

e data

200

Jets/(0.05)
Jets/(0.05)

100

FIG. 2. Pseudorapidity distributions d&) electron- and(b)
muon-jets tagged bgecvTx.
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In total we fit 12 rates with 10 free parameters and 7 con-
straints. The best fit returns)& value of 4.6 for 9 degrees of
freedom. The values of the parameters returned by the fit and
their correlation coefficients are shown in Tables IV and V.
Tagging rates in the data and in the fitted simulation are
listed in Table VI.

As shown by Table IV, the correction factors to the
parton-level cross sections predictedHBRWIG are close to
unity. As also noted in Ref30], the HERWIG generator pre-
dicts a singleb cross section at the Tevatron that is approxi-
mately a factor of two larger than the NLO prediction of the
MNR Monte Carlo generatof8] and is in fair agreement
with the CDF and DQmeasurements. As shown in Table I,
LO (labeled as direct productiprand higher-ordeflabeled
as flavor excitation and gluon splittinterms produce events
with quite different kinematics. The LO contribution mostly
consists of events which contain two jets wiitlior c) flavor
in the detector acceptance. In contrast, only a small fraction
of the events due to higher-order terms contains two jets with
heavy flavor in the detector acceptance. Therefore, the ob-
served ratio of tagged-jets to tagged-jets constrains the
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jets tagged byecvTx and for tagged away-jets in events where the

FIG. 4. Away-jet distributions in events where the muon-jet is (c) electron-jet or thed) muon-jet is also tagged.

tagged bysecvTtx. (a) a-jet transverse energyb) a-jet pseudora-
pidity; (c) transverse energy @kjets tagged bysecvTx; (d) pseu-
dorapidity ofa-jets tagged bygecvTx. Jet energies are corrected for containing two jets with heavy flavor, correspondingigy,
detector effects and out-of-cone losses. is well modeled by thelERWIG generator in which, as shown

in Table lll, approximately 30% of the production is due to
relative weight of LO and higher-order contributions. In the higher-than-LO terms. In this case, the NLO predictiorgyf
HERWIG Simulation tuned to reproduce the data, the contribuunderestimates the data by 20%, whereas, as mentioned in
tion of higher-order terms to the single cross section is the introduction, the NLO predictions @f,,Xx BR and oy,
approximately four times larger than the LO contribution. X BR? underestimate the data by a much larger factor.
For the same kinematics, the MNR generator, which uses
normalization and factorization scalgsy=(pr p>+ mg)*? . .
and the same parton distribution functions, predicts a ratio of Kinematics

NLO to LO contributions that is approximately two. Because of the large flavor excitation contribution, the
As shown by the comparison between data and tunegross section evaluated witlERWIG depends strongly on the
simulation in Table VI(rows 3 to 6, the number of events pseudorapidity and transverse momentum of the heavy

quarks in the final state. The-—22 hard scattering with
400 —mm———————— 17— pT"=13 GeVk used to generate simulated events does not
] cover some of the available phase space, such as the produc-
tion of massive gluons with small transverse momentum,
® data 1 which then branch into pairs of heavy quarks. In addition,
_ ] the detector simulatioiQrL), which is based upon param-
[] sim ] etrizations of single particle kinematics, may not accurately
1 model the jete; and trigger thresholds used in the analysis.
2000 | ] It is therefore important to show that the simulation, which
reproduces correctly the tagging rates and the away-jet mul-
tiplicity distribution, also models the event kinematics. Fig-
] ures 1-4 compare transverse energy and pseudorapidity dis-
1000 - 4 tributions in the data and in the simulation, normalized
1 according to the fit listed in Table I¥.

away-jets/(0.1)
g

K

0 et te a0t ; The systematic discrepancy in the first bin of eBsdistribution
0 0.8 L6 2.4 32 is the reflection of the slightly inaccurate modeling of the efficiency
8(1) of the lepton trigger near the threshold. A few local discrepancies in
some pseudorapidity distributions |afj=0 and|7|=1 are due to
FIG. 5. Distribution of the azimuthal angl®&p) between lepton- an inaccurate modeling of the calorimetry cracks. These small dis-
jets tagged bysecvTx and away-jets in the same event. crepancies are not relevant in this analysis.
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FIG. 7. Distributions of thela) transverse momentum arnt) FIG. 8. Distributions of thg(a) transverse momentum arit)

invariant mass o$ecvTx tags in electron-jetgc) and(d) are analo-  invariant mass ofEcvTX tags in muon-jets{c) and(d) are analo-
gous distributions for away-jets in events in which tt is also  gous distributions for away-jets in events in which the muon-jet is
tagged. also tagged.

Figure 5 compares distributions of the azimuthal angleSECVTX tags in lepton-jets are above the data near fihe
8¢ between the lepton-jet and the away-jets. The region athreshold. This discrepancy follows from the fact that the
8¢ smaller than 1.2, which is well modeled by the tunedtagging efficiency in the simulation is smaller than in the
simulation, is mostly populated by the gluon splitting contri- data and we take care of it with an overall multiplicative
bution. The good agreement between data and predictiofactor. This procedure does not account for the fact that the
supports the 40% increase of the gluon splitting cross segrobability that a 8 GeW lepton is part of a tag is also

tions (see Table 1V. higher in the data than in the simulation. In away-jets, where
Figure 6 compares pseudolifetime distributionse€vtx  high-pt tracks are not a selection prerequisite, there is better
tags. The pseudolifetime is defined as agreement between data and simulation. In conclusion, our
simulation calibrated within the theoretical and experimental
Ly, M3VX uncertainties models correctly the heavy flavor production at
pseudor= Tgx the Tevatron.

whereL,, is the projection of the two-dimensional vector IX. RATES OF SLT TAGS

pointing from the primary vertex to the secondary vertex on  Following the strategy outlined in Sec. Il, we search

the jet direction, andvSV* and p?"* are the invariant mass away-jets for soft leptonse(or ) with p;=2 GeV/c and

and the transverse momentum of all tracks forming thecontained in a cone of radius 0.4 around the jet axis. We then

SECVTX tag. compare rates of away-jets containing soft lepton tags due to
Distributions ofMSY*andp3¥*, which is sensitive to the heavy flavor in the data and in the simulation tuned as in

heavy-quark fragmentation, are shown in Figs. 7 and 8. Imable IV. Table VIl lists the following rates of away-jets

Figs. M@ and 8a), the simulatedp3"* distributions of  with sLT tags:

TABLE VII. Number of away-jets withsLT tags due to heavy flavors in the inclusive lepton sample. Raw
counts and removed mistags are listed in parentheses. When appropriate, mistags inclsdeviakeirp
contributions.Pgqcp is the probability of finding a tag due to heavy flavor in away-jets recoiling against a
lepton-jet without heavy flavor.

Electron data Muon data
Tag type Pcacp Pcaoco
Tolet 1063.8-113.0  (2097/1033.2)  0.49%  30&@4.7  (562/253.4)  0.54%
Tose ¢ 356.3-22.8 (444/87.7) 0.08% 69#39.9 (92/22.7) 0.09%
Tole P8 401.3+25.3 (513/111.7) 0.13%  1124312.3  (143/30.7) 0.14%
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TABLE VIII. Rates of away-jets withsLT tag due to heavy
flavors in the inclusive lepton simulation. The data-to-simulation
scale factor for the supertag efficiency is not yet applied.

Tag type bdr cdir bfexc cfexc b GSP c GSP
Electron simulation
HFTS50 362 26 93 30 41 9
HFTS50°FC 159 1 47 2 18 0
HFTSSL’P® 200 7 53 6 21 2
Muon simulation
HFTS50 82 10 21 5 9 5
HFTSLTSEC 33 2 9 0 4 0
HFTSEP® 44 3 13 3 5 2

(1) TELJ; the number of away-jets with a soft lepton tag.

(2 T5eSFC(TR5877P), the number of away-jets with an

SLT tag and asecvTX (JPp) tag (called supertag in Ref.
[1]).
The uncertainty on the number of tags due to heavy flavo
in Table VIl includes the 10% error of the mistag removal. In

events in which the lepton-jet does not contain heavy flavor,

the number of away-jets with LT tag due to heavy flavor
is predicted using the average probabilRyqcp. This av-

erage probability is estimated by weighting all the away-jets

jet

with the parametrized probabilify;,; , derived in generic-jet

data and described in Sec. IV. In these events, the uncertain

of the average probability of finding a real or a fala tags

is estimated to be no larger than 10%. We cross-check th

estimate of these uncertainties in Sec. X.

Rates ofsLT tags in the simulation before tuning are
shown in Table VIII. The uncertainty of th&. T efficiency is
estimated to be 10% and includes the uncertainty of th
semileptonic branching ratid®7,28. The numbers of su-

pertags predicted by the simulation are obtained by multiply-

ing the numbers in Table VIII by the scale factor 0.85
+0.05.

Following the notations of Sec. VIII, rates of tagged
away-jets with heavy flavor in the fitted simulation are de-
fined as

HFTSLT K|~(HFT§biTr’|’a_jet+bf~HFTSLT

l,a-jet™ bf.excl,a-jet
SLT
+bg-HFTyGspl ajet)
SLT
+Ki- (- HFT Gir 1 ajet

SLT SLT
+cf- HFTCf excl,a-jett €9-HFTeGspl ajet

),

where HFP T
tagged by thesLT algorithm, and HF Y
jets containing heavy flavor with a supertpgsecvTx or

JPB). The errors on the simulated rates include the statistical
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HFTSLT-j —

l,a-jet™ KI ' SP&)(HFTSIHE,]I,a-jet
+Dbf. HFTSfL.ijQI,a-jet

)

SLT-j
Tc dir,l,a-jet

+bg-HFTEGSh o jer
+K,-SP,(c-HF
+cf- HFT?fL.;jQI,a—jet

),

is the rate ofa-jets containing heavy flavor
Tt is the rate ofa-

SLT-j
+cg- HFTcGSP,I,a—jet
LT

error, the systematic uncertainty for findisgr tags and su-
pertags, and the uncertainties of the parametiérs bf, bg,

¢, cf, cg, and SF listed in Tables IV and VI. In the data the
analogous rates are

HF TP oi(Datd) = TP o= Nj ajed( 1= Flyg) P

l,a-jet
SLTj _
l,a-jet

SLT
GQCD,I
r SLTj

SLTj
HFT? . 3ocD,l -

I,a—jet(Data):T Nl,a—jet(l_FlHF)P
Rates of soft leptons due to heavy flavor in the data

and in the tuned simulation

The comparison of the yields of away-jets wihr tags
due to heavy flavor in the data and in the tuned simulation is
hown in Table 1X. Table X lists the numbers of tags in the
ned simulation split by flavor type and production mecha-
nism, and Table XI summarizes the different contributions to

fhe observed number of tags. In the data there arg {HF
=1138+ 140 a-jets with a soft lepton tag due to heavy fla-
vor. The £140 error is dominated by the 10% systematic
uncertainty of the fake and generic QCD contributionsito

(?ags; the statistical error is 51 jets. The simulation predicts

747+ 75 a-jets with soft lepton tags due tob andcc pro-
duction (most of the error is systematic and due to the 10%
uncertainty on theLT tagging efficiency. The discrepancy is

a 2.5 systematic effect.

The comparison of the yields of supertags in the data and
in the tuned simulation is also listed in Table XI. The subset
of data, in whicha-jets have bottsLT and JPB tags due to
heavy flavor, contains 45329 supertaggin this case the
+ 25 statistical error is larger than thel5 systematic error
due to the fake-tag subtractipnThe simulation predicts
317+ 25 a-jets with a supertag due tob andcc production.
The *= 25 systematic error is obtained combining in quadra-
ture the uncertainty of theLT efficiency (+16) with the
uncertainty ¢ 20) due to the fit in Table IV and to the simu-
lation statistical error. This discrepancy is a @.®ffect

TABLE IX. Number of a-jets with ansLT tag due to heavy flavor decay. The contributionasjets
recoiling against-jets without heavy flavor has been subtracteee texk

Electrons Muons
Tag type Data Simulation Data Simulation
HFTS50 865.1+114.8 597.6-69.3 272.7-34.9 149.3-21.0
HFTS, 2 >5¢ 322.6-23.3 2424225 63.3:9.9 53.8-8.7
HFTS5 "8 350.2+26.3 251.521.7 103.2:12.4 65.0-8.9
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TABLE X. Tagging rates in the normalized simulation listed by production mechanisms.

PHYSICAL REVIEW D 69, 072004 (2004

Tag type b dir c dir b f.exc c f.exc b GSP c GSP
Electron simulation
HFjer 5781.0-320.8 973.2-109.8 11247.81073.9 3115.7790.1 7504.6:1081.6 2411.6:593.8
HF et 5961.4+330.6 1004.6:113.2 11770.6:1123.6 3257.7826.0 8591.+1237.4 2677.8659.2
HFTP RS 2267.5-101.6 49.119.4 4505.5-451.7 199.53-81.7 2942.4 408.7 192.887.8
HFT' 5 2358.3-99.0 162.6:20.7 4572.8454.2 651.1-167.3 2904.3:404.4 491.2122.2
HFTS o 2542.0-112.3 86.0:-33.1 596.865.0 69.9-29.4 377.157.5 19.7210.2
HFT,F S, 2585.1+107.3 201.8-24.8 589.4-62.8 147.%+39.4 380.6:57.1 80.0-22.1
HFDTSEC 981.1+52.5 4.3-3.6 232.5:31.4 3.8:3.3 157.9-27.8 1.2+15
HFDT’PB 1032.7:45.8 41.375 295.7-36.0 26.2-8.5 224.135.0 24.0-8.1
HFTS 369.0+46.2 26.7-6.6 97.0:16.7 33.6-11.0 58.5-13.7 12.8-5.5
HFTS555F¢ 164.1+17.4 0.8-0.9 49.7-9.2 1.71.4 26.0:7.2 0
HFTS, 2 P8 167.6+16.6 5.9-2.3 455-8.1 5.5:2.7 24.6-6.5 2.3+1.8
Muon simulation
HFjer 1383.7:84.4 323.5:39.6 2798.6:292.4 1112.8:285.4 2191.5:310.5 1125.%284.9
HF et 1462.3-88.7 339.8-41.4 2981.5:311.2 1174.2-301.0 2572.5:363.5 1229.%310.9
HFTP 730.0+42.3 33.9:14.0 1485.2-164.3 90.1+38.0 1170.0-161.8 127.5359.3
HFT' 5 736.3-39.0 80.8-12.3 1477.5160.9 261.6:69.0 1209.1 166.3 294.476.0
HFTS et 638.9-38.4 28.9-12.1 173.323.8 14.3-7.0 96.9-18.4 15.2-8.3
HFTF 2, 653.0+35.6 65.1+10.5 184.4-24.0 38.8-11.9 87.4-16.2 30.6-10.1
HFDTSEC 333.2-26.2 2.8-25 92.3-16.1 2.0-2.0 42.8-11.1 1.3+1.6
HFDT’PB 349.5-22.0 12.2-3.7 108.3-16.3 7.735 70.4-13.6 8.5:4.0
HFTS 5 88.3+14.0 10.9-3.8 23.1-6.0 5.9-3.1 13.6:5.1 7.5:3.9
HFTS5 5 SE¢ 36.0+6.8 1.71.4 10.0-3.6 0 6.1-3.2 0
HFTS55"8 38.9+6.5 2.701.6 11.8-3.6 2.9-1.8 6.2£2.9 25519

dominated by systematic uncertainties. In the even smallevbserved and expected numbeisof tags is of the same size

subset of events, in which-jets contain bothsecvTx and

before and after tagging with tleecvTx andipBalgorithms.

SLT tags due to heavy flavor, the discrepancy between dat@his disfavors the possibility that the disagreement between
and simulation is a 24t effect, also dominated by the same data and simulation arises from jets containing hadrons with

systematic errors.
There is no gain in combining the three results becausgor.

the uncertainties on the numberasfets with SLT tags due to
heavy flavor, before and after tagging with thecvTtx and

a lifetime much shorter than that of conventional heavy fla-

We have considered the impact on the number of expected
supertags due to the 0.8%.05 scale factor derived in

JpPB algorithms, are highly correlated. Away-jets with su- generic-jet data. If we had evaluated the number of simulated
pertags are a subset of thgets with SLT tags, and there is supertags using the product of simulated efficiencies of the

overlap between the subsets wittB and SECVTX supertags.

SECVTX (JPB) algorithm and of thesLT algorithm, which has

However, it is important to note that the discrepancy betweem 10% uncertainty, the discrepancy between data and simu-

TABLE XI. Summary of the observed and predicted numbera-fits with LT tags or supertags in the

inclusive lepton sample. Mistags are the expected fake-tag contributi@gis recoiling againdtjets with
heavy flavor(HF). QCD are the predicted numbers of tags, which include mistagsjats recoiling against
I-jets without heavy flavor. HEJje; (data and HF simulatignare the numbers of taggesdjets with heavy
flavor recoiling against-jets with heavy flavor; in the data, this contribution is obtained by subtracting the
second plus third rows of this table from the first one.

Tag type SLT SLT+SECVTX SLT+JPB
Observed 2659 536 656
Mistag 619+ 62 53+5 69+7

QCD 902+ 91 97+ 10 134+-13
HFT,.je (datg 1138+140 386+-26 453+29
HF T, jet (HF simulation 74775 296+ 26 31725
Excess 391159 90+ 37 136+ 38
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the JpB and sLT algorithms’ the expected number of away-
jets with sLT tags is

R (jet data) -
i HFTS = €5 X (Np+eg-ep X Ng)
et sim =
_ SLT/ JPB>< JPB>< N+ JPB/ ‘JPBXN
—€, 1€ €p (Npte ey c)

R/ (jet data) -
=€, /€y X HFT, 5 (data

g ) a-jet
R’ (et sim) = — SLT6lPBx (5126.6- 146.7)
R (a-jet data) —— =763+80
R (a-jet sim) = )
and does not depend on the sizeNgfandN,.., the numbers
R’ (a-jet data) - of away-jets attributed by the fit to bottom and charmed fla-
vor, respectively. As an example of this, without constraining
R’ (a-jet sim) s the ratio of thec to b direct productions to the nominal value
within a 14% error, we have misled the fit to return a very
N IR B different, and not correct, local minimunc€2.8£1.6 in-
0.06 0.08 0.1 stead ofc=1.01+0.10 in Table I\J. The number ofa-jets

with SLT tags remains approximately consténtthe electron
sample, 598 69 becomes 60866; in the muon sample,
and sLT tag to that with asecvTx tag in the datgsquarg and the P P

corresponding simulation®pen squane R’ is the analogous ratio 149+21 becomes 15621).
for apBtags. The error in the simulation comes from the uncertainty

FIG. 9. Yield ofR, the ratio of the number of jets withsEcvTx

of the relative ratio of bottom and charmed hadron in the data; this X. SYSTEMATICS
uncertainty results from the tuning of the heavy flavor cross sec- . ) ) -~ .
tions predicted byierwIG to model the rates afecvTx andipstags This section reviews and verifies systematic effects that

observed in the data. The simulation is not corrected for the scalgould reduce the discrepancy between observed and pre-

factor 0.85-0.05, which is used to equalize data and prediction indicted numbers of away-jets with a soft lepton tag due to

generic jets. heavy flavor. The discrepancy depends on the estimate of the
mistag rate in the data and on the simulated efficiency of the

SLT algorithm, and also on the size of thé contribution in

he simulation. We verify these estimates in Secs. X A and
B, respectively. In Sec. X C, we verify the discrepancy

between data and simulation found in this study with a

lation would be smaller: 16 and 1.@r for a-jets with JPB
and SECVTX tags, respectively. However, analogous rates o
tags in generic-jet data would be approximatelyollbwer
thqn in the simulation. Figure 9 shows the yield Rf the sample of jets that recoil againdty mesons arising frorns

ratio of the number of supertagSeCcvTx+sLT) to that of decays.

SECVTX tags produced by heavy flavor, in generic jets and in

the away-jets recoiling against a lepton-jet. The r&iois _ o

derived in analogy replacinggecvTx with JPBtags. The com- A. Fake SLT tags and the simulated SLT efficiency

parison of these ratios in the generic-jet data and their Table XI shows an excess of 391 away-jets vétiT tags
simulation has been used in R¢f] to calibrate the effi- due to heavy flavor with respect to the number, 4B,
ciency for finding supertags in the simulation. In Fig. 9, thepredicted by the heavy flavor simulation. In the data, we
efficiency for finding supertags in the simulation has nothave removed a fake contribution of 682 sLT tags® If
been corrected with the 0.89.05 scale factor. For the the estimate of the fake rate could be increased by 68%
simulation, the plotted errors d&(R’) account for the un- times the estimated uncertaintythis excess would disap-
certainty of the relative contribution df andc quarks, but ~Ppear. The simulated efficiency of tiset algorithm has been
not for the uncertainty of the supertag efficiency, which is notuned using the data and we estimate its uncertainty to be
smaller than 10%. One notes that the simulation predicts thé0%; however, if the simulated efficiency could be increased
same value oR(R’) for generic jets and away-jets in lepton- by 50%, the_ disagreement between data and simulation
triggered events, whereas, in the data, the valug(&¥') for would also disappear.

away-jets is approximately 20% higher than for generic

jets.
: Finally, we have investigated the dependence of the pre_7The average tagging efficiencies in this data setegf&=0.43,

JPB SLT SLT.
: ) : ) ) €."P=0.30, e5-'=0.064, andeS""=0.046.
dicted yield of away-jets witlsLT tags on the ratio of thec %In the data, we have also subtracted the generic-jet contribution

to bb productions predicted by the simulation. To a goodof sit tags due ta-jets recoiling againdtjets without heavy flavor
approximation, the predicted yield does not depend on thésee Table X). This contribution is slightly overestimated because
tuning of the simulation. Since the ratio of the tagging effi- the tagging probability?’®! has been constructed using also events
ciency forc jets to that forb jets is approximately equal for in which both jets contain heavy flavor.
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TABLE XII. Number of tags due to heavy flavors in three samples of generi¢3&fsand in their tuned
simulation. The amount of mistags removed from the data is indicated in parentheses; errors include a 10%
uncertainty in the mistag evaluation. The yields of tags in the simulation have been corrected with the
appropriate scale factoisee Sec. IY. The error of the number of simulatesiT tags includes the 10%
uncertainty of thesLT tagging efficiency in the simulation; the simulation efficiency for finding supertags
(sLT+secvTx andsLT+JPB) has been empirically reduced by 15% to reproduce generic-jet data with a 6%

accuracy.
Tag type Dataremoved fakes Simulation
JET 20(194,009 evenis
SECVTX 4058+ 92 (616.0 4052+ 143
JPB 5542+ 295(2801.0 5573+ 173
SLT 1032+ 402(3962.0 826+122
SLT+SECVTX 219.8-20(94.2 223+16
SLT+JPB 287.3+28(166.7 280+ 19
JET 50(151,270 evenis
SECVTX 5176+ 158(1360.0 5314+ 142
JPB 6833+482(4700.0 6740171
SLT 1167+530(5241.0 1116+-111
SLT+SECVTX 347+29(169.0 343+23
SLT+JPB 427.5+42(288.5 416+ 27
JET 100(129,434 evenis
SECVTX 5455+ 239(2227.0 5889+ 176
JPB 6871+ 659(6494.0 7263+202
SLT 1116+642(6367.0 1160+168
SLT+SECVTX 377.6+36(243.9 432+ 29
SLT+JPB 451.8+55(401.2 478+ 32

Table Xl also shows an excess of 1&fets withsLT+JPB  together with the fake contributions evaluated with the same
supertags due to heavy flavor with respect to the numbefiake parametrizations used in the present study, are listed in
316x 25 predicted by the simulation. In the data, we haveTable XlI, which is derived from the study presented in Ref.
removed 142 14 fake tags; in this case, one would need to[1]. A summary of Table Xll is presented in Table XllII. The
increase the fake-rate estimate bys1id order to cancel the observed number ofLT tags in generic jetgsample A in
excess in the data. The simulated supertag efficiency hagable Xlll) is dominated by the fake contribution, and we
been calibrated with generic-jet data to a 6% accuracy; iruse the difference between the observed numberptags
order to cancel the discrepancy, the supertag efficiency in thend the number ofLT tags due to heavy flavor predicted by
simulation should be increased by 8.7 the simulation to reduce the uncertainty of the fake rate.

We verify the uncertainty of the fake rate and heavy flavorGeneric-jet data contain 1888%T tags. The parametrized
contributions by comparing rates sfT tags in three generic- probability predicts 155761557 fake tags. The simulation
jet samples to their corresponding simulations fitted to thepredicts 3102LT tags due to heavy flavor with a 13% un-
data using rates G§ECVTX andJPBtags. These rates of tags, certainty(dominated by the 10% uncertainty of tBer tag-

TABLE XIlII. Number of sLT tags in all generic jets listed in Table X{sample A and in away-jets
recoiling a lepton-jet with heavy flavgsample D. Samples B and C are generic jets tagged withs#m/Tx
and JpB algorithms, respectively. Before tagging with ther algorithm, the heavy flavor purity is 13% for
sample A, 78% for sample B, 58% for sample C, and 26% for the sample D used in this study. The prediction
of the fakesLT rate is calculated with the same parametrized probability for all samples; the heavy(H&)yor
contributions are predicted with the same simulation.

Sample Number ofLT tags Predicted fakes Predicted HF
A: JET 20+JET 50+JET 100 18885 155791557 3102-403

B: generic jets withsecvTx tags 1451 50751 998+ 60

C: generic jets withipe tags 2023 856 86 117471

D: away-jets 1757 61962 74775
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ging efficiency. By removing from the data the heavy flavor ons have a shorter lifetime than pions, in-flight decays of
contribution predicted by the simulation, one derives an inkaons could increase ttsT fake rate in the inclusive lepton
dependent and consistent estimate for the fake contributiosample with respect to generic-jet data. We verify the contri-
of 15783+ 403 sLT tags. The latter determination of the fake bution of kaon in-flight decays by using a combination of
contribution has a 2.6% uncertainty. data and simulation. First we extend the simulation of the
Before tagging with thesLT algorithm, away-jets in the SLT algorithm to match tracks not only to leptons originating
inclusive lepton sample have a larger heavy flavor contenfrom heavy quark decays at generation level but also to
(=26%) than that of sample Ain Table XIIK13%). How-  muons originating from kaon decays at detector simulation
ever, generic jets tagged byecvTx and JPB algorithms  |evel. With this implementation, the rate efT tags in the
(samples B and C, respectiveljave a heavy-flavor purity simulation increases by only 1%rom 746.9 to 754.4 tags
of 78% and 58%, respectively. Because these latter samples \we check the simulation result within a factor of two by
have a larger heavy flavor content, the discrepancy betweegy|ectingD?— K« decays in the data and in the tuned simu-
the observed and predicted yields of away-jets withtags  |5i0n. As done in previous analysg®4], we search the in-

observed in the present study cannot arise from deficiencieausive lepton sample fob®—K~ 7+ decays near the trig-

of the h_e_av_y fI_avor s_|mulat|on or from an increase of the fakeger leptons. To increase the sample statistics we do not
probability in jets with heavy favor.

In addition, the total number LT tags observed in ge- require that leptons are contained in a jet with transverse

-+

neric jets can be used to achieve a better determination of the < 97 larger than 15 GeV. THa’—K ™" decays are re-
sum of the predicted numbers of faker tags plussLT tags con_structed as follows. We se!ect _events |n_wh|ch a cone of
due to heavy flavofHF) with respect to that presented in radius O..6 around.the lepton direction contains only BVE
Sec. IX A. To obtain this, we fit the observed ratesaf tags ~ tracks with opposite charggr=1.0 GeVk, and an impact
in both samples A and C with the predicted number of fakeoarameter'S|gn_|f|cance Iarger'tha'n thVe reconstruct the
and HF tags weighted with unknown parametérs and two-track invariant mass attributing the kaon mass to the
Pur. respectively. The data constrain the parameter valuegack with the same charge as the lepton as is the case in
to beP;=1.017+0.013 andP,,-=0.981+0.045 with a cor-  SemileptonicB decays. The resulting ~ 7" invariant mass
relation coefficientp= —0.77. spectrum is shown in Fig. 10 together with a polynomial fit

After having removed the contribution of events in which to the background which ignores the mass region between
the lepton-jet does not contain heavy flavor, away-jets conl-7 and 2.0 GeW?. According to the fit, in the mass range
tain 1757+ 104SLT tags; in Sec. IX A, this number was com- 1.82-1.92 GeM¢? the simulation contains 56B° mesons
pared to a prediction of 61962 fake and 74Z 75 HF tags.  ©On top of a background of 95 everitse corresponding 563
When using the weights, errors, and parameter correlatiok@ons are also identified at generator levéle find that one
derived using generic jets, the prediction of the total numbekaon in 563D° decays produces a soft muon tag, which
of SLT tags becomes 136228. The systematic uncertainty corresponds to 0.0018.T tags per kaon.
of the prediction is reduced by a factor of 2.8 with respect to The data contain 111K~ #" pairs in the mass range
that presented in Sec. IX A, while the disagreement remaind-82—1.92 GeW? (891 are attributed by the fit tB° me-
the same. In conclusion, the discrepancy observed in thi§ons and 226 to the background@ihe 1117 kaon tracks pro-
study cannot arise from obvious deficiencies of the predicduce 6sLT tags. The contribution of the background is esti-
tion. mated from the sideband$.64—1.74 and 2.0-2.1 Ged)

We have investigated the possibility that the rate of fakef® be 3.8-1.0 events. It follows that 891 kaons from’
SLT tags might be higher in jets with heavy flavor than in jetsdecays produce 2:22.6 sLT tags. The fraction oBLT tags
due to light partons. The correlation between the fake andger kaon, 0.002#0.0029, includes the fake-tag contribu-
HF predictions, established by the previous comparison betion, and is consistent with the small fraction predicted by
tween the total number of observed and predicted tags ithe simulation. We conclude that in-flight decayskoime-
generic jets, would require that an increase of the fake rate igons are a negligible background contribution.
compensated by a smaller efficiency of thea algorithm in
the simulation, and it would not reduce the disagreement B. b purity of the data sample
between data and prediction observed in the inclusive lepton

sample. However, it is of interest to show this study in an-o¢ a-jets with sLT tags due to heavy flavor would be reduced

ticipation of the next subsection. . — I . . .
The parametrization of theLT fake rate has been derived if the bb contribution was undergstlmated by the simulation.

in generic-jet data without distinguishing between muongn this section, we verify that thieb contribution is predicted
faked by hadrons not contained by the calorimeter andgorrectly. As shown in Table X, the inclusive electron simu-
muons produced by in-flight decays sfandK mesons. The lation predicts that 79% of the away-jets with heavy flavor
second contribution is believed to be small because the reare due tobb production. This table also shows that the
construction algorithms reject tracks that exhibit large kinks fraction of away-jets with aisLT tag is higher in events due
but this has never been carefully checked. Away-jets in the

inclusive lepton sample have a larger heavy flavor content———

(=26%) than the generic jets used to determinesttiefake The impact parameter is the distance of closest approach to the
rate (=13%), and possibly a larger kaon content. Since kaprimary vertex in the transverse plane.

The discrepancy between observed and predicted number
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N: 100 + 7] FIG. 11. Invariant mass distributions &° candidates in the
= ] data(a) and in the simulatiorib) and of D= candidates in the data
é) 80 * 7 (c) and in the simulatiorid). The solid line is a polynomial fit to the
S 60 + ] mass distributions excluding the region 1.75-2.0 G&V/
- ]
2 0 + + E kaon mass to the track with the same charge as the lepton as
5 4 + 1 is the case in semileptoni® decays.
@ 20 B Figure 11 shows the invariant mass distributionsDo¥
1 andD~ candidates found in the data and in the fitted simu-
g ) S A b N d lation. By comparing with Fig. 10, one notes that the mass
1.6 1.8 2 22 2.4 resolution is degraded when using tracks inside a jet and is
M (GeV/ 2) degraded slightly differently in the data and in the simula-
cvjc tion.

o N . There are 83510 lepton-jets in the data with an estimated
FIG. 10. Distributions of th& 7 invariant massM. The solid - . .
line is a polynomial fit to the distributions excluding the window heavy flavor purity,,r=(47.9+ 2.0)%. The simulation nor-
between 1.7 and 2.0 Get?. malized according to Table IV contains 39989 lepton-jets
with heavy flavor. In the mass range 1.82—1.92 G&Vive
- - find 205D° candidates in the data and 1908 candidates
to bb production(2%) than in events due toc production in the simulation. By fitting the sidebands with a polynomial
(1%). If one had a reason to increase thepurity in the  function(solid line in Fig. 1), we evaluate a background of
simulation from 79% to 100%, one could increase the pre79.6=6.0 events in the data and of 556.5 events in the
dicted number of-jets with asLT tag in Table IX from 598 simulation. After background subtraction, there are 126.0
to 756, which is closer to the 865115 a-jets with astTtag = 15.5D° mesons in the data and 139.95.0D° mesons in
due to heavy flavor in the data. We provide an independerfhe simulation.
check of theb purity of the inclusive lepton sample by com-  In the mass range 1.82-1.92 GeY/ there are 210~
paring the number ob®, D*, andJ/ mesons fronB de- ~ candidates in the data and 159.2 in the simulation. By fitting

cays which are contained in lepton-jets in the data and in théhe sidebands with a polynomial function we estimate a

normalized simulation. background of 142:810.0 events in the data and of 90.7
+6.4 events in the simulation. After background subtraction
1.17D% and 1D~ candidates we find 73.7-17.8D~ mesons in the data and 68:84.1 in

We identify | "D candidates searching f@°—K 7 the simulation. From the ratio of the numbersIbf candi-

decays inside the lepton-jet, as explained in the previous se€lates, we derive that the ratio of thxb production in the
tion. In a similar way, we identify "D~ pairs searching for Simulation to that in the data is 1.89.15.

D~ —K*# 7~ decays inside the lepton-jet. In this case, we

select jets containing one positive and two negative tracks
with pr=0.6 GeVt and impact parameter significance  We look forJ/ ¢ candidates by searching the electron- or
larger than 2.5 in a cone of radius 0.6 around its axis. Whemuon-jet for additional soft lepton tags with the same flavor
reconstructing the three-track invariant mass, we attribute thand opposite sign charg®S). Dileptons with invariant mass

2. J/ ¢ candidates
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FIG. 12. Distributions of the invariant mass of same flavor  FIG. 13. Invariant mass distribution of muon pairs. The shaded
dileptons inside the same jet befof@) and after tagging with area indicates thé/« signal region and the cross-hatched area in-
secvTx (b) andJprs (c). dicates the sideband region, SB, used to estimate the background.

aJpstag listed in Table XIV, we estimate that the ratio of the
. : : T 0P8 bb production in the simulation to that in the data is 1.09
sideredJ/ys candidates (Djj). Dil®=* and Dit"™™ are the 1011, This ratio is consistent with unity, and does not sup-

numbers of)/y candidates in lepton-jets tagged S5CVTX ot the possibility that thée purity in the fitted simulation is
and Jrg, respectively. We use the number of dileptons withynderestimated by 21%.

same sign chargéSS with a 10% error to estimate and
remove the background to OS dileptons due to misidentified C. J/p—pp data
leptons[35]. - ; ;
Figure 12 compares invariant mass distributions of same As shown n Table X awgy_-Jets with 2 superta_g _are
flavor dileptons including/ ¢ mesons in the data and in the MOStly due tabb production as it is the case for generic jets
simulation (in the simulationJ/« mesons are only produced With @ supertag. However, we see a discrepancy between
by B decay$. Rates oflJ/¢/ mesons in the data and in the ob;erved and predicted r)u.mber .Of supertags after haylng
normalized simulation are listed in Table XIV. One notescal'br"?‘te,d the §upertqg gff|C|ency In the simulation by using
that the simulation contains a numberJf/ mesons in jets generic jets. Slnc_e th'_s is suggestive that the excegbf
tagged bysECVTX or Jpg which is slightly higher than, but 2gs in the away-jets is related to the request that a jet con-
consistent with the data. Before tagging, the ratd/af me-  [@inS @ presumed semileptorticlecay(lepton-je, we study
sons in the data is 20% larger than in the simulation, wherea® complementary data sample enrichedhmproduction but
it was expected to be larger by a factor of two according td10t in semileptonicb decays, i.e. events containindfy
the CDF measurement of the fractiondfy’s coming from  —u " u~ decays. The data sample consists=f10 pb * of

B decayd36]. This would happen if theb cross section had PP collisions collected bycbr during the 1992-1995 col-

been overestimated in normalizing the simulation. lider run. This sample has been used for many analyses and
After combining the ratio ofD candidates in the data to is described in detail in Re{.37]. Approximately 18% of

that in the simulation with the ratio 8/ candidates with ~theseJ/¢ mesons come fronB decays[36]. Muon candi-

dates are selected as in Rg¥7]. Since we want to make use

of the B lifetime to remove the contribution of prompf ¢

2.6<Me=3.6 GeVk? and 2.9<m, ,<3.3 GeVL? are con-

TABLE XIV. Number of J/¢ mesons identified in the data and

in the fitted simulation. mesons, we §elect muons \_Nlﬁvx tracks. j’he dimuon in-

variant mass is calculated without constraining the two muon
Electrons MUONS f[racks to a CO?mOQ virtelzx sgg_e_ the mass r(_esolutl_on is Eot

Tag type Data Simulation Data Simulation IMpPortant in this check. In addition we require a jet with
transverse energy larger than 15 GeV lying in the hemi-

Dil,, 176.0:14.4 1552215 83.0:9.4 54.0:10.1 sphere opposite to th# ¢y and contained in thevx accep-

Dil 5=¢ 57.86-8.8  71.8-10.7 31.9-58 28.7:6.2  tance.

Dily,"® 61.2-8.4 68.9r9.4 29.6-5.7 33.0-6.4 The dimuon invariant mass distribution in these events

is shown in Fig. 13. In the mass range between 3 and
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R B e L B XI. CONCLUSIONS
10 3 We have studied the heavy flavor properties of jets pro-
duced at the Tevatron collider. This study is motivated by the
evidence, reported in Rdfl1], for a class of jets that contain
long-lived objects consistent with or c-quark decays, iden-
tified by the presence of secondary verti¢escvTx tag9 or

of tracks with large impact parametgsB tags, but which

also have an anomalously large content of soft leptens

tag9; we refer to these as superjets and supertags. The study
+ 1 in Ref. [1] focused on highpt jets produced in association
+++ with W bosons. The analysis reported here uses a much
10 ++H larger data set collected with lops lepton triggers pr

ﬁ =8 GeV/c). This data set has been previously used to study
1{*..I....I....I....I*...th"

fﬂ * bottom and charmed semileptonic decays, and to provide
-4 -2 0 2 4 6 8

LR
)
Ll

y 4

Events/(0.2 psec)

|II|||| T
S
ey — -
=

calibrations for the measurement of the pair production of
top quarkg16].

In the present analysis, we study events having two or
more central jets wittE;=15 GeV, one of which(lepton-
jet) is consistent with a semileptonic bottom or charmed de-

T (psec) cay to a lepton withpr=8 GeV/c. The measurement is a
- o _ comparison between the data andsrwIG-based simulation
FIG. 14. Lifetime distribution of)/¢ candidates. of the semileptonic decay rate for the additional jetaay-

jets), which have no lepton trigger requirement. We first use
3.2 GeVk? there are 1163/ events over a background of measured rates of lepton- and away-jets wittvTx andJpB
1179 events estimated from the sideband rediee Fig. tags in order to determine the bottom and charmed content of

13).10 the data; we then tune the simulation to match the observed
The J/ ¢ lifetime is defined as heavy-flavor content. Rates eEcvTx andJpBtags and the
o kinematics of these events are well modeled after tuning the
(L-pr)-M parton-level cross sections predicted tgRWIG within the
T c—p$ experimental and theoretical uncertainties. The tuned parton-

level prediction ofHERWIG indicates that, in order to model
the singleb production cross section measured at the Teva-
tron, any theoretical calculation should predict higher-order-
term contributions approximately four times larger than the
LO contribution.
We then measure the yields of sofi&2 GeVic) lep-

e ) - " , tons due to heavy-flavor decays in the away-jets, and com-
distribution peaking ar=0. We cally~ andy "~ the num- pare them to the prediction of the tuned simulation. The lat-

bers of J/4 candidates with positive and negative lifetime; er depends on the bottom and charmed semileptonic decay

N )
SB. and S.B are the analogous numbers for the .S'debamiates and on the soft lepton reconstruction efficiency. To cali-
region, which is used to estimate the background in the in;

variant mass distribution. The numberi mesons frons brate the predictions of the simulation, we perform the same
decays is theiN,, = U — - —(SB" — SB )=561, which is analysis on samples of generic jets with 20, 50, and 100 GeV

48% of the initial sample. In the opposite hemisphere we fincFT thresholds; these samples have also been previously used
0 . pe. i PP P : o calibrate the simulation of heavy flavor background to pair
572 away-jets. In these-jets we measure the following

: ) production of top quarkg16].
numbers of tags after mistag removal: Finally, with these calibrations we find that away-jets

whereM and p; are the dimuon invariant mass and trans-
verse momentum and is the distance between the event
vertex and the origin of the muon tracks. The lifetime distri-
bution of J/¢ candidates is shown in Fig. 14. As studied in
Ref. [37], prompt J/¢ candidates produce a symmetric

(1) 48.0+15.1secvTxtags have a 30—50% excess of soft lepton tags as compared with
(2) 61.7+17.3PBtags the simulation, corresponding to (2.5-3:5)depending on
(3) —9.4+14.4sLT tags the selection of the away-jets; the selections incl(ajeall

For 54.8:11.5 lifetime tags(average of the observed away-jets,(b) a subset withsecvTx tags, and(c) another
number ofsEcvTx andJPBtags the simulation predicts 8.1 subset withips tags (the three results are highly correlated
+1.7 sLT tags. The observed number sfT tags is 1.2 and should not be combingdrhe size of this excess is con-
lower than the prediction rather than 50% larger as in thesistent with the differences between the NLO prediction and
inclusive lepton sample. the bb cross section measurements at the Tevatron that are

based upon the detection of one and two leptons from
b-quark decays. A possible interpretation of this excess, the

The request of a recoiling away-jet reduces the numbel/ ¢f  one that motivated this study, is the pair production of light
mesons in the original data set by a factor=e200. scalar quarks with a 100% semileptonic branching ratio. Due
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