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Study of the heavy flavor content of jets produced in association wittW bosons
in pp collisions at \s=1.8TeV
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We present a detailed examination of the heavy flavor content dMtiget data sample collected with the
Collider Detector at Fermilab during the 1992-1995 collider run at the Fermilab Tevatron. Jets containing
heavy flavor quarks are selected via the identification of secondary vertices or semileptonic ddrays of
quarks. There is generally good agreement between the rates of secondary vertices and soft leptons in the data
and in the standard model simulation including single and pair production of top quarks. An exception is the
number of events in which a single jet has both a soft lepton and a secondary vertex\ag2l8 jet data,
we find 13 such events where we expected4% events. The kinematic properties of this small sample of
events are statistically difficult to reconcile with the simulation of standard model processes.
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. INTRODUCTION tag findso;=8.2+3.5pb. In the present study, we adopt a

The production ofV bosons in association with jets pp’ different ap_proach_ to the Stfdy of tWﬂEt sample _an_d use
the theoretical estimate ef;; to test if the SM prediction is

collisions at the Fermilab Tevatron Collider provides the op- : ) ; !
. o compatible with the observed vyield of different tags as a
portunity to test many standard mod&M) [1] predictions. f X fthe i ltiolicitv. This is of i p
Previous Collider Detector at FermilaBDF) measurements unction o .t e Jet multiplicity. This Is o mtgrest for top
quark studies and searches for new physics, since some

[2], of the inclusiveW Cross section and O_f t,h? yield oV mechanisms proposed to explain the electroweak symmetry
+jet events as a function of the jet multiplicity and trans- breaking, such as the Higgs mechanigr@] or the dynamics
verse momentum show_agreement between data and the e_Ie(ﬁ-a new interactioff11], predict the existence of new par-
troweak and QCD predictions of the standard model. In thig;cjes which can be produced in association wit@oson
study we extend the analysis of the jets associated With nd decay intdb.

.boso'n prqc;iuction to inglude the properties of hea\_/y flavgra Follow?;]g a déscription of the CDF detector in Sec. Il
jets identified by the displaced vertex or the SemllePtOhICSec. Il describes the triggers and the reconstruction of. Ie’p—

decay of charmed and beauty quarks. tons, jets, and the missing transverse energy. The selection of
The present data set consists of 116v6:1v (I=e or ) e W+ jet sample is described in Sec. 1V, which also con-

candidates produced in association with one or more jets . . . .
selected from 1054.0 b5 of data collected by the CDF ‘@ins a discussion of the algorithms used for the heavy flavor
2P y identification followed by a description of the Monte Carlo

experiment at the Fermilab Tevatrgl. Theb- andc-quark nerators and the detector simulation used to model these
content of this data set has been evaluated several times g\g/)ents In Sec. V we summarize the method used in [Réf

i i f ic eff 7]. " ’ . . )
we improved our understanding of systematic eff¢¢ts7] to predict the number oV + jet events with heavy flavor and

We use two different methods for identifyirgagging jets : .
: en compare the observed yield of different tags as a func-
produced by these heavy quarks. The first method uses t@%n of the jet multiplicity to the SM prediction, including

CDF silicon microvertex detectd6SVX) to locate secondary . | d pai ducii f i ks. Following thi
vertices produced by the decay lofand c hadrons in a jet. i?r%pear?gon piilrszzzo \ylcvxl/?anst% dyot%eq;iaerl dSW+?e?\g\l/Ta?1ts IS
These verticesSECVTX tag$ are separated from the pri- with a SECVTX and a SLT tag in the same jeupertad):

mary event vertex as a result of the lobgand chadron ts with a supertag will be referred to as superjets in the

lifetimes. The second technique is to search a jet for lepto lowing. Sin P h g mileptonic branching tipsbjodnd

(e or u) produced by the semileptonic decay lofand ¢ ho é)wmg. ce e?le eptonic tﬁ ching ratio t f(;h

hadrons. We refer to these as “soft lepton tagSLT's) be- fa tr_ons afre_ Vtent' we Sqiasgrgglﬁxe mh‘?aﬁ“femte_” 0 eﬂ

cause these leptons typically have low momentum compareltﬁaC ion ot je s.dagge d?j/' onal V\f' IC c%n am ad.so ¢

to leptons fromW decays. Heavy flavors v+ jet events epton tag provides an additional test of our understanding o
the heavy flavor composition of this data sample. The num-

are mainly contributed by the production and decay of topb : : o
; ; d er of these events in th&+2 andW+ 3 jet topologies is
quarks, by directc production, and by the production of rger than theVSM plrediction In Sec VIIJwe c%mp%{re Iiine-

W(g states in which the gluon branches into a heavy-quar T : . )
g 9 ¥y matic distributions of the events with a superjet to the simu-

pair (gluon splitting. . " . :
A recent comparison between measured and predictelfi‘t'on prediction. As a check, we also compare the simulation

rates ofW+jet events with heavy flavor as a function of the t(_)ma I;??nplrirg;;taryeﬁ?&p:fng;gia' :fvﬁ]élggr;h?érﬂi tilvl
jet multiplicity is presented in Ref[7]. The focus of that simuiati s W : s P y

paper, as well as previous CDF publicatidis-6], is the sample, but dpes not degcnbe properly thg characterls_tlcs of
— ) _ _ the events with a superjet. Some properties of the primary
measurement of thiee production cross section. By attribut-

. . . and soft leptons are discussed in Sec. VIII, while Sec. IX
ing all the excess diV+=3 jet events with a SECVTX tag  contains a study of other properties of the superiets. In Sec.

over the SM background td¢t production, we findo; X we investigate the dependence of this study on the criteria
=5.08+1.54 pb in good agreement with the average theoretysed to select the data. Section XI summarizes our conclu-
ical prediction, which is 5.1 pb with a 15% uncertaii8j. sions.
We derive a numerically larger but not inconsistent value of

the cross sectiong=9.18t4.26 pb, when using events

with one or more SLT tags. The DOQollaboration has also

measured thét production cross section using various tech-  CDF is a general purpose detector designed to spyaly

niques[9]. DO has no measurement based upon displacethteractions. A complete description of the CDF detector can

secondary vertices, but usiWg+ =3 jet events with a muon be found in Refs[4,13]. The detector components most rel-
evant to this analysis are summarized below. The CDF de-

Il. THE CDF DETECTOR

*Present address: Northwestern University, Evanston, llli-

nois 60208. The prefix “super” is used as a generalized term of high quality
"Present address: University of California, Santa Barbarafor historical reasons and is not meant as a reference to supersym-
CA 93106. metry.
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tector has azimuthal and forward-backward symmetry. A suhadronic to electromagnetic energy in the cluster
perconducting solenoid of length 4.8 m and radius 1.5 ME,,,4/Eeyy) is required to be less than 0.125. Plug electrons,
generates a 1.4 T magnetic field. Inside the solenoid there atgsed for checks, have a higher transverse energy threshold
three types of tracking chambers for detecting charged paf£;=20 GeV). The inclusive muon trigger requires a match
ticles and measuring their momenta. A four-layer silicon mi-gf petter than 10 cm imA ¢ between a reconstructed track
crostrip vertex detector surrounds the beryllium beam pipe ofyith p,>18 GeVk, extrapolated to the radius of the muon
radius 1.9 cm. The SVX has an active length of 51 cm; thejetector, and a track segment in the muon chambers. Calo-
four layers of the SVX are at distances of 2.9, 4.2, 5.5, andimeter towers are combined into electromagnetic and jetlike
7.9 cm from the beamline. Axial microstrips with 60m  ¢ysters by the trigger system, which also provides an esti-

pitch provide accurate track reconstruction in the plane transyate of 5. Trigger efficiencies have been measured using
verse to the bearfil4]. Outside the SVX there is a vertex the data and are included in the detector simulation.
drift chamber(VTX) which provides track information up to

a radius of 22 cm and for pseudorapidity| <3.5. The VTX
measures the position (along the beamlineof the primary
vertex. Both the SVX and VTX are mounted inside the CTC, We use electrons in the central pseudorapidity region
a 3.2-m-long drift chamber with an outer radius of 132 cm,(| 7/=<1.0). Stricter selection cuts are applied to central elec-
containing 84 concentric, cylindrical layers of sense wiresfrons which passed the trigger prerequisites. The following
which are grouped into alternating axial and stereo supenawariables are used to discriminate against charged hadrons:
ers. The solenoid is surrounded by sampling calorimeter§l) the ratio of hadronic to electromagnetic energy of the
used to measure the electromagnetic and hadronic energy eluster, Ey,4/Eem; (2) the ratio of cluster energy to track
jets and electrons. The calorimeters cover the pseudorapidifomentum,E/P; (3) a comparison of the lateral shower
range | 7|<4.2. The calorimeters are segmented inggp  profile in the calorimeter cluster with that of test-beam elec-
towers that point to the nominal interaction point. There ardrons,Lgy,; (4) the distance between the extrapolated track
three separate regions of calorimeters. Each region has anposition and the CES measurement in the¢ andz views,
electromagnetic calorimetdicentral (CEM), plug (PEM),  Ax and Az, respectively;(5) a x? comparison of the CES
and forward(FEM)] and behind it a hadron calorimefeen-  shower profile with that of test-beam electromgsl,rip; (6) the
tral (CHA), plug (PHA), and forward(FHA), respectively. distance between the interaction vertex and the reconstructed
Located six radiation lengths inside the CEM calorimeter,track in thez-direction,z-vertex match; and7) the isolation
proportional wire chamber6CES provide shower-position | defined as the ratio of additional transverse energy in a
measurements in theandr — ¢ view. Proportional cham- cone of radiusR= (A ¢)?+ (A 75)?=0.4 around the elec-
bers(CPR located between the solenoid and the CEM detectron direction to the electron transverse energy. Fiducial cuts
early development of electromagnetic showers in the solesn the shower position measured by the CES are applied to
noid coil. These chambers provide- ¢ information only. ensure that the electron candidate is away from calorimeter
The calorimeters act as a first hadron absorber for thé&oundaries and therefore provide a reliable energy measure-
central muon detection system which covers the pseudoranent. Electrons from photon conversions are removed with
pidity range| »|=<1.0. The calorimeters act as a first hadronhigh efficiency using the tracking information in the event. A
absorber for the muon detectors which surround them. Thenore detailed description of the primary electron selection
central muon systentiCMU), consisting of four layers of can be found in Refd4,7].
drift chambers coveringjy|<0.6, can baeached by muons The 7 coverage for electron detection is extended by us-
with pr=1.4 GeVE. The CMU detector is followed by 0.6 ing the plug calorimeter. When selecting plug electrons we
m of steel and four additional layers of drift chambersreplace the variablels,,,, Xgmp, Ax, andAz used for cen-
(CMP). The central muon extensidi€MX) covers approxi- tral electrons with the;> comparison of the longitudinal and

mately 71% of the solid angle for 0s§7|<1.0 with @  ansverse shower profilegZepm and xfrans, respectively.
system of drift chambers sandwiched between scintillators. ., 5
We require xgepi=15 and xgrans, <3 We do not use the

E/P cut, as the momentum measurement is not accurate at
Ill. DATA COLLECTION AND IDENTIFICATION OF JETS large rapidities. However, we require that a track pointing to
AND LEPTONS the electromagnetic cluster has hits in at least three CTC
axial layers. We also require that the ratio of the number of
VTX hits found along the electron path to the predicted num-
Yher be larger than 50%. Because of the CTC geometrical
acceptance and of fiducial cuts to ensure a reliable energy
measurement, the effective coverage for plug electrons is
A. Triggers 1.2<|7|<15.

B. Electron selection

The selection ofV+jet events is based upon the identi-
fication of electrons, muons, missing energy, and jets. Belo
we discuss the criteria used to select these objects.

The data acquisition is triggered by a three-level system
designed to select events that can contain electrons, muons,
jets, and missing transverse energly.ECentral electrons Muons are identified in the pseudorapidity regipnl
are defined as CEM clusters wily=18 GeV and a recon- =<1.0 by requiring a match between a CTC track and a track
structed track witlpr=13 GeVLk pointing to it. The ratio of segment measured by the CMU, CMP, or CMX muon cham-

C. Muon selection
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bers. The following variables are used to separate muongquire /=20 GeV to reduce the background from misiden-
from hadrons interacting in the calorimeter and cosmic raystified leptons and semileptoniehadron decays. Events con-
(1) an energy deposition in the electromagnetic and hadronitaining additional loose lepton candidates with isolation
calorimeters characteristic of minimum ionizing particles,<0.15 andp+=10 GeVk are removed from the sample. We
E.m and Ep.q, respectively;(2) the distance of closest ap- bin the W candidate events according to the observed jet
proach of the reconstructed track to the beam lingpact  multiplicity (a jet is aR=0.4 cluster with uncorrecteli;
parameter, d; (3) the z-vertex match;(4) the distance be- =15GeV and 5|<2.0).

tween the extrapolated track and the track segment in the The heavy flavor content of th&/+jet sample is en-
muon chamberAx=rA¢; and (5) the isolationl. A more  hanced by selecting events with jets containing a displaced
detailed description of the primary muon selection can besecondary vertex or a soft lepton.

found in Refs[4,7]. Selection efficiencies for electrons and

muons in the simulation are adjusted to thoseZof: | A. Description of the tagging algorithms

events in the data. The secondary vertex tagging algorittBECVTX) is de-

scribed in detail in Refs[4,7]. SECVTX is based on the
D. Loose leptons determination of the primary event vertex and the recon-

In order to be more efficient in rejecting events containingstruction of additional secondary vertices using displaced
two leptons fromZ decays,tt_decays, and other sources we tracks C‘?”‘%‘”ed inside jets. The search for a secondary ver-
use looser selection criteria to search for additional isolate$X in a jet is a two-stage process. In both stages, tracks in

leptons. These selection criteria are described in detail ifi'€ /€t are selected for the reconstruction of a secondary ver-
Ref. [7] tex based on the significance of their impact paramdter

with respect to the primary vertexi/oy, whereoy is the
estimated uncertainty od. The first stage requires at least
three candidate tracks for the reconstruction of the secondary
Jets are reconstructed from the energy deposited in theertex. Tracks consistent with coming from the deday
calorimeter using a clustering algorithm with a fixed cone of - 7* 7~ or A— 7~ p are not used as candidate tracks. Two
radiusR=0.4 in the »— ¢ space. A detailed description of candidate tracks are constrained to pass through the same
the algorithm can be found in RdfL5]. Jet energies can be space point to form a seed vertex. If at least one additional
mismeasured for a variety of reasaealorimeter nonlinear- candidate track is consistent with intersecting this seed ver-
ity, loss of low momentum particles because of bending intex, then the seed vertex is used as the secondary vertex. If
the magnetic field, contributions from the underlying event,the first stage is not successful in finding a secondary vertex,
out-of-cone losses, undetected energy carried by muons ardsecond pass is attempted. More stringent track require-
neutrinog. Corrections, which depend on the et and»,  ments(such asd/o4 andp;) are imposed on the candidate
are applied to jet energies; they compensate for these misracks. All candidate tracks satisfying these stricter criteria
measurements on average but do not improve the jet energyre constrained to pass through the same space point to form
resolution. We estimate a 10% uncertainty on the corrected seed vertex. This vertex has an associgtedCandidate
jet energy[4,16]. Where appropriate, we apply additional tracks that contribute too much to thé are removed and a
corrections to jet energies in order to extrapolate on averaggew seed vertex is formed. This procedure is iterated until a

E. Jet identification and corrections

to the energy of the parton producing the[j4f17,18. seed vertex remains that has at least two associated tracks
and an acceptable value gf.
F. E1+ measurement The decay length of the secondary vertgy is the pro-

The missing transverse energf) is defined as the jection in the plane transverse to the beam line of the vector

negative of the vector sum of the ransverse energy in a2 G BT KERRL S L PRCAN SET
calorimeter towers with»|<3.5. For events with muon can- J ' 9

didates the vector sum of the calorimeter transverse energy)E{Ctors is positivénegative, thenL,y is positive(negative.

corrected by vectorially subtracting the energy deposited b ost of the secondary vertices frqm the decaybodind ¢
adrons are expected to have positivg ; conversely, sec-

the muon and then adding tipg of the muon as measured . A

by the tracking detectors. This is done for all muon candi-or?dary vertices const.ructed from a random_combl_natl_on of

dates withpr=5 GeV/c andl <0.1. When jet energy correc- mismeasured trackgnistag3 have a symmetric Q|str|bu_t|on

tions are used, thé Ecalculation accounts for them as de- aroundL,=0. To redL.’C.e the bgckground, ajetis con5|dered

tailed in Ref.[17] tagged by SECVTX if it contains a secondary vertex with
T ny/Unyzs.O, wherecrLXy is the estimated uncertainty on

IV. THE W+ JET SAMPLE ny_(_typically about 13Q,um). The mist_ag contribution to
positive SECVTX tags is evaluated using a parametrization
The W selection requires an isolatetl=<0.1, electron derived from negative tags in generic-jet dgfa
(muon to pass the trigger and offline requisites outlined in A second b-tagging method is represented by the jet-
Sec. lll, and also to havE+=20GeV (p;=20GeVL). We  probability (JPB algorithm described in detail in Ref7].
require thez position of the event vertexz(,,) to be within  This tagging method compares track impact parameters to
60 cm of the center of the CDF detector. We additionallymeasured resolution functions in order to calculate for each
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jet a probability that there are no long-lived particles in the The fraction ofW+jet direct production with heavy fla-
jet cone. The sign of the impact parameter is defined to bor, namelypp— Wg with g—bb,cc (gluon splitting and
positive if the point of closest approach to the primary vertexyp Wy, is calculated using version 5.6 of tHERWIG gen-

lies in the same hemisphere as the jet direction, and negativ&ator[20]. The part of the phase space region of these hard

tive impact parameter; we also define a negative jet probabily, , 1o\ \vbb andw ceevents in which the two heavy flavor
ity where we select only tracks with negative impact param-partons produce two well separated Jeits evaluated using

eter in the calculation. Jet probability is uniformly distributed the VECBOS generatof21]. VECBOS is a parton-level Monte

for light quark or gluon jets, but is very small for jets con-
taining displaced vertices from heavy flavor decays. A jet hasC arlo generator and we transform the partons produced by

a positive (negative JPB tag if a jet-probability value VECBOS into hadrons and jets usingeRwIG adapted to per-

smaller than 0.05 is derived using at least two tracks with (,Iorm the coherent shower evolution of both initial and final
positive(negati've impact parameter. state partons from an arbitrary hard-scattering subprocess

An alternative way to tad quarks is to search a jet for [22]. In summary, we USEERWIG tq predict the fraction of
soft leptons produced by— | vc or b—c— I vs decays. The W+=1 jet events where only one jet contatms_r c.hadrons
soft lepton tagging algorithm is applied to sets of CTC trackgVhile we rely onVECBOS to extend the prediction to the
associated with jets witlE;=15 GeV and|y|<2.0. The Cases where t\_/vo different Jgt; contain heavy-flavored had-
CTC tracks are associated with a jet if they are inside a contons. The Martin-Roberts-StirlingRS) D, set of structure
of radius 0.4 centered around the jet axis. In order to mainfunctions [23] is used with these generators. We set the
tain high efficiency, the leptopy threshold is set low at 2 b-mass value to 4.75 Gev] and the c-mass value to
GeVk. 1.5 GeVE?.

To search for soft electrons the algorithm extrapolates The fraction of jets containing heavy flavor hadrons from
each track to the calorimeter and attempts to match it to &luon splitting predicted by the Monte Carlo generators has
CES cluster. The matched CES cluster is required to be coreen tuned using generic-jet data. As a result, the fraction of
sistent in shape and position with the expectation for electroig— bb calculated by the generators is increased by the factor
showers. In addition, it is required that &E/P<1.5 and 1.40+0.19 and the fraction ofj—cc by the factor 1.35
Ehad/Eem=0.1. The track specific ionizatiomE/dx), mea- +0.36. These factors are of the same size as those measured
sured in the CTC, is required to be consistent with the elecby the SLAC Linear Collide(SLC) and CERNe*e™ col-
tron hypothesis. Electron candidates must also have an efger (LEP) experiments for the rate of— bEandgecfin
ergy deposition in the CPR corresponding to that left by atz decays[24], and are within the estimated theoretical un-
least four minimume-ionizing particles. The efficiency of the certaintieg 25).
selection criteria has been determined using a sample of elec- Wwe use the CLEO Monte Carlo generaton, to model
trons produced by photon conversidwa. the decay ob andc hadrong26]. All particles produced in

To identify soft muons, track segments reconstructed ihe final state by thedERWIG (OrPYTHIA) +QQ generator
the CMU, CMP, or CMX systems are matched to the CTCpackage are decayed and interacted with the CDF-detector
tracks. Only the CMU or CMX systems are used to identify simulation (called QFL. The detector response is based
muons with 2<p;=<3 GeV/c. Muon candidate tracks with ypon parametrizations and simple models which depend on
pr=3 GeVic within the CMU and CMP fiducial volume are the particle kinematics. After the simulation of the CDF de-
required to match to track segments in both systems. Thector, the Monte Carlo events are treated as if they were real
reconstruction efficiency has been measured using samplegta. Referencg7] describes the calibration of the detector
of muons fromJ/y—pu" u™ andZ—pu" u” decayq4]. simulation, including tagging efficiencies, using several in-

In the data the rate of fake soft lepton tags which are notependent data samples.
due to heavy flavor semileptonic decays is evaluated using a

parametrization of the SLT fake probability per track as a \; coOMPARISON OF MEASURED AND PREDICTED

function of the track isolation andr. This parametrization RATES OF W+=1 JET EVENTS WITH HEAVY

has been derived in a large sample of generic-jet ffa FLAVOR TAGS

after removing the fraction of soft lepton tags contributed by

heavy flavor(about 26% [7]. In the simulation, a SLT track  In this study we compare the observed numbers of tagged

is required to match at generator level a lepton coming fromWW+ jet events as a function of the jet multiplicity to the SM

a b or c-hadron decay7]. prediction which uses the next-to-leading orditO) cal-

culation of thett cross section. The various contributions to

B. Monte Carlo generators and detector simulation W+ jet events are discussed in Sec. VA, and the results of

We use three different Monte Carlo generators to estimatg1e comparisons are summarized in Sec. VB.

the contribution of SM processes to tkiié+ jet sample. The
settings and the calibration of these Monte Carlo generators -
are described in Ref7]. A detailed study of the noht contributions to thew

A few processes, includingt production, are evaluated +jet events was made in Ref7]. These studies are re-
using version 5.7 oPYTHIA [19]. These processes are de- viewed here, along with thet contribution derived using the
tailed in the next section. theoretical prediction.

A. Predicted contributions to the W+jet event sample
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TABLE |. Estimated composition of th&/+=1 jet sample before tagging.

Source W-+1 jet W+ 2 jet W+ 3 jet W+ =4 jet
Data 9454 1370 198 54
Non-W 560.1+14.9 71.2:2.7 12.4-2.0 5.1+x1.7
ww 31.2+54 31.154 5.2£1.0 0.8£0.2
wz 4.4+0.9 4.8:1.0 0.90.2 0.1+0.0
zZ 0.3+0.1 0.4£0.1 0.1+0.0 0.0:£0.0
UnidentifiedZ + jets 234.8-14.5 38.5-5.9 7.9-2.4 0.7+0.7
Single top 14.1%2.1 7.9-1.7 1.7+0.4 0.3:0.1
tt 1.8+0.5 10.x-2.8 20.3:5.7 21.3:5.9
W+ jets without h.f. 7952.6:133.6 1027.%#31.1 121.%7.7 19.9:6.1
Wc 413.1+123.9 86.8-26.1 11.2:3.4 1.9-0.7
Wcc 173.1+46.2 61.9-13.6 11.4-2.6 2.3:0.9
Wbb 69.0+9.5 29.7+5.1 571.1 1.5-0.5

The small number of events contributed by ndh- certainty[29], we first evaluate in each jet bin the number of

sources, includindb production, is estimated using the data. events due taV+ jet direct production as the difference be-
The number of noW events in the signal regiofiepton | tween the data and the sum of all processes listed above,
<0.1 and/g=20Ge) is predicted by multiplying the num- including tt production, before tagging. We then use the
ber of events with <0.1 and/&=<10 GeV by the ratidRof  HerwiG and VECBOS generators, calibrated with generic-jet
events with|=0.2 and /=20 GeV to events with=0.2  data as discussed in Sec. IVB, to estimate the fraction of
anddETt$d10b GeVit_Tlhg nlirr;nber ofbtaggfetd nwd-eventf IS 'thW+jet events which contaircc or bb pairs and their tag
Frjo '; Zn d/éinrolgzl\r/]gb tehgl;?mzrrgt'aagge EVents Wi contribution. The fraction oWc events and their tag contri-
T N y . bution is determined usingERWIG.

The number oZ +jet events in which one lepton from the The number of events in which a jet without heavy flavor

Z decay is not identifiedunidentified?) is calculated using . . . .
thePYTHIA generator. The simulated sample is normalized to(h'f') is tagged because of detector effegtastags is esti-

the number oZ— Il decays observed in the data for each jetmated using a parametrization of the mistag probabiiéya

bin. UnidentifiedZ + jet events can be tagged either becausdUnction of the jet transverse energy and track multiplicity
a jet is produced by a originating fromZ— 77 decays or Which has been derived from generic-jet data.

because a jet contains heavy flavor. The number of tagged

Z— 77 events is estimated using tReTHIA simulation. The B. Comparison with a SM prediction using the theoretical
number of tags contributed by unidentifigd-jet events estimate of oy

with heavy flavor is estimated with a combination of the ¢ composition of thaV+jet event candidates before

PYTHIA, HERWIG, and VECBOS generators. h - : ) i
' Lo ) : eavy flavor tagging is summarized in Table I. As previously
The contribution of diboson production before and afterdiscussed in Sec. IVA, the heavy flavor content of Wi

tagging is calculated using therTHIA generator. The values +jet sample is enriched by searching jets for a displaced

of the diboson production cross sectiogryy=9.5 . o
+0.7 pb, oyys=2.60+0.34 pb, ando,,=1.0+0.2 ph are f;g)condary verte(SECVTX tag or an identified leptofSLT
taken from Ref[27]. i . . .
The contribution from single top production before and. The cqmposmon Of th&V+ jet _events with _SECVTX tags
after tagging is estimated usimyTHIA to model the process is shown in Table Il and those with SLT tags in Table Ill. The
p—tb via a virtuals-channelW and HERWIG to model the numbers of observed events with ofsingle tag(ST)] or
PP — two [double tag(DT)] jets tagged by the SECVTX or SLT

processpp—tb via a virtual t-channelW. The production 5 0qrithms are compared to predictions for each value of the
cross sectionf0.74+0.05 pb and 1.5 0.4 pb for thes andt jet multiplicity.

channel, respective]yare derived using the NLO calculation There is good agreement between the observed and pre-

of Ref. [_28]' dicted numbers of tagged events for the four jet multiplicity
Thett contribution is calculated using terTHIA genera-  pins. The probability[30] that the observed numbers of

tor. We user;=5.1 pb with a 15% uncertainty. This number eyents with at least one SECVTX tag are consistent with the

is the average of several NLO calculations of theoroduc-  predictions in all four jet bins is 80%. The probabil{tg0]

tion cross sectiof8]. that the observed number of events with at least one SLT tag
The direct production oW+ jets with heavy flavor is es- are consistent with the predictions in all four jet bins is 56%.

timated using a combination of data and simulation. Since In the next section we perform a more detailed study of

the leading-order matrix element calculation has a 40% unthe heavy flavor content of thé/+jet sample by selecting
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TABLE 1l. Summary of observed and predicted numberWfevents with one(ST) and two (DT)
SECVTX tags.

Source W+1 jet W+2 jet W+ 3 jet W+ =4 jet
Mistags 10.82:1.08 3.80:0.38 0.99:0.10 0.35:0.04
Non-W 8.18+0.78 1.49-0.47 0.76£0.38 0.310.16
WW,Wz,2Z2 0.52+0.14 1.38-0.28 0.40:0.13 0.06:0.00
Single top 1.36:0.35 2.38£0.54 0.63:0.14 0.140.03
Wc 16.89+5.38 3.94£1.30 0.510.17 0.09£0.04
Wcc (ST) 7.89£2.17 3.54£0.88 0.770.25 0.16£0.07
Wcc (DT) 0.06+0.04 0.06:0.00 0.06:0.00
Whbb (ST) 17.00+2.41 8.35:1.74 1.62:0.40 0.410.14
Whbb (DT) 1.51+0.52 0.310.13 0.070.03
Z—7T 0.96+0.30 0.70:0.25 0.170.12 0.06:0.00
Zc 0.14+0.04 0.03£0.01 0.010.00 0.06:0.00
Zcc (ST 0.22+0.06 0.16:0.03 0.04£0.02 0.06:0.00
Zcc (DT) 0.00x0.00 0.06:0.00 0.06:0.00
Zbb (ST 0.93+0.14 0.46:£0.12 0.170.06 0.02£0.02
Zbb (DT) 0.08+0.03 0.03:0.02 0.06:0.00
tt (ST 0.54+0.14 3.34£0.87 6.76-1.76 7.42-1.93
tt (DT) 0.76+0.20 2.88£0.75 3.96:1.03
SM prediction(ST) 65.44+6.45 29.612.66 12.871.89 8.92£1.95
SM prediction(DT) 2.41+0.56 3.23£0.76 4.03-1.03
Data(ST) 66 35 10 11
Data(DT) 5 6 2

events with jets containing both a displaced vertex and a sofnuons and 50% efficient in identifying electrons. Altogether,

lepton. we then expect that about 7% of the jets tagged by SECVTX
will contain an additional SLT tag if the heavy flavor com-
VI. COMPARISON OF MEASURED AND PREDICTED position of W+ jet events is correctly understood.
RATES OF W+JET EVENTS WITH BOTH A SECVTX The observed numbers of events with a superjet are com-
AND SLT HEAVY FLAVOR TAG pared to the SM prediction in Table V. The information in

Table V is similar to that presented in Table IV, except that

We begin this study by selecting+jet events with both two events listed in Table IV have the SLT and SECVTX

SECVTX and SLT tags. In Table IV the predicted and ob- T . o
servedW+ jet events %vith a SLT tag are Eplit into samples tags in different jets. _The probabili§0] that _the observe_d
without (top part of Table IV and with(bottom part of Table ~NUMbers of events with at least one superjet are consistent
IV) SECVTX tags. There is good agreement between datWith thg' predlctlop in all four' jet bins is 0.4%. Th|s low
and predictions for th&V+ jet events with a SLT tag and no Probability value is mostly driven by an excess in e
SECVTX tag, where a large fraction of the events have faket 2.3 jet bins where 13 events are obseAut] 4.4+ 0.6 are
SLT tags in jets without heavy flavor. In contrast, the num-expected from SM sources. Ttaeposteriori probability of
bers of events with both SECVTX and SLT tags, which areobserving no less than 13 events is 0.1%. The probability for
mostly contributed by real heavy flavor, are not well pre-observing this excess aV+2,3 jet events with a superjet
dicted by the simulation. Therefore, we check if the rate ofdoes not take into account the number of comparisons made
SLT tags in jets tagged by SECVT{superjetsis consistent in our studies in various jet-multiplicity bins and using dif-
with the expected production and decay of hadrons witHferent tagging algorithms. It is not possible to quantify pre-
heavy flavor. cisely the effect of this “trial factor.” We have carried out
After tagging with SECVTX, we estimate that approxi- several statistical tests using different combinations of the
mately 70% of theW+ jet sample containb jets and 20% observed and predicted numbers of single and double tags
containsc jets (see Table ). On average, 20% of the- and  reported in Tables Il through V. These combinations always
c-hadron decays produce a lept@or u). Only 50% of the
leptons resulting from &-hadron satisfy the 2 GeWirans-
verse momentum requirement of the soft lepton ttgs 2The 13 events includet candidates and four of these events are
fraction is slightly smaller foc-hadron decays In addition, included in the sample used to measure the top quark fh8k&see
the SLT tagger is approximately 90% efficient in identifying also Appendix B.
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TABLE Ill. Summary of observed and predicted numbeMéevents with ongST) and two(DT) SLT

tags.

Source W+1 jet W+ 2 jet W+ 3 jet W+ =4 jet
Mistags 101.9210.19 30.96:3.09 7.34-0.73 3.0x0.30
Non-W 8.96+0.84 2.09-0.56 0.38:0.27 0.16:0.11
WW,Wz,2Z 0.50+0.16 0.88£0.22 0.16:£0.05 0.06:0.00
Single top 0.380.10 0.670.15 0.18:0.05 0.05-0.01
Wc 13.12+4.27 4.29-1.46 0.73:0.32 0.13:0.06
Wcc (ST) 6.41+1.89 2.70:0.67 0.69£0.22 0.14£0.06
Wcc (DT) 0.02£0.02 0.06:0.00 0.06:0.00
WbB(ST) 5.31+0.96 2.86:0.67 0.470.14 0.12:0.05
Wbb (DT) 0.09+0.05 0.01-0.01 0.06-0.00
Z—71T 0.43+0.20 0.09:0.09 0.09:£0.09 0.06:0.00
Zc 0.11+0.04 0.04£0.01 0.0x0.01 0.06:0.00
Zcc (ST) 0.17£0.05 0.08-0.02 0.03:0.01 0.06:0.00
Zcc (DT) 0.00+0.00 0.06:0.00 0.0G6:0.00
ZbE(ST) 0.29+0.06 0.16-0.04 0.05-0.02 0.0x0.01
Zbb (DT) 0.00+0.00 0.0G-0.00 0.06-0.00
tt 0.14+0.06 1.35:0.61 2.85-1.30 3.36:1.53
tt (DT) 0.04+0.02 0.13-0.06 0.18-0.08
SM prediction(ST) 137.75£11.29 46.08 3.65 12.9%1.57 6.98-1.57
SM prediction(DT) 0.14+0.06 0.14£0.06 0.18-0.08
Data(ST) 146 56 17 8
Data(DT) 0 0 0

include the observed numbers of supertags. We have used A. Complementary data sample

both a likelihood method30] and other statistical tech- We check our simulation by studying a larger data sample
nigues, which combine the probabilities of observing a n”m'consisting ofW+2,3 jet events with a SECVTX tag, but no
per O,f tagged ev_grjts "flt least as large as the data. These Stlégl'pertags. The number of observed and predicted events are
ies yield probabilities in the range of one to severql percemcompared in Table Vi43 W+ 2,3 jet events are observed, in
The cause of the_ EXcess W_+2,3 et ever_1ts with su- agreement with the SM prediction of 4%8.3). We have

pertags could be a dlsgr_epancy In the correlation b_etwee_n Mhosen this sample because, as shown by the comparison of
SLT and SECVTX efficiencies in the data and simulation.tapje v with Table V, its composition is quite similar to
These simulated efficiencies have been tuned separately Uf-+ jet events with a supertaigin order to have a comple-

?ng the data and, in principle, the SLT tagging efficiency in mentary sample of data with the same kinematical accep-
jets already tagged by SECVTX could be higher in the datefance of the events with a supertag, we also require that at

than in the simulation. We have checked this using genericreast one of the jets tagged by SECVTX contains a soft lep-
ton candidate track. After this additional requirement this

jet data(see Appendix Aand we conclude that the excess of
W+2,3 jet events with a supertag cannot be explained b)éample ofW-+2.3 jet events consists of 42 everitse SM
prediction is 41.2 3.1 events We note that, while closely

this type of simulation deficiency.
related, this event sample has still a few features which are

different from the superjet sample. For instance, most of the
superjets are expected to be produced by heavy flavor semi-

Having observed an excess W+ 2,3 jet events with a leptonic decays, in which the corresponding neutrino escapes
supertag, we next compare the kinematics of these eventtetection, while in the complementary sample SECVTX
with the SM simulation. We check the simulation using atagged jets are predominantly produced by purely hadronic
complementaryW+2,3 jet sample of data. This sample is decays of heavy flavors. However, according to the simula-
described in Sec. VII A. In Sec. VII B we compare the heavy
flavor content of the additional jets in events with a superjet———
and in the complementary sample. In Secs. VIIC and VIID 3w+ 23 jet events with a SLT tag and no supertags are another
we compare several kinematical distributions of these eventarger statistics data set; however, the heavy flavor composition is
to the simulation. quite different from that expected for events with a superijet.

VIl. PROPERTIES OF THE EVENTS WITH A SUPERJET
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TABLE IV. Summary of observed and predicted numbendfevents with a soft lepton tag. The data
sample is split in events with and without SECVTX tags.

Source W+1 jet W+ 2 jet W+ 3 jet W+ =4 jet
Events without SECVTX tags

Data 9388 1330 182 41
SLT mistags in 93.31+9.33 24.812.48 4.74-0.47 1.26-0.13
W+ jet without h.f.
Non-W 8.39+0.67 1.67:0.44 0.310.22 0.13-0.09
WW,WzZ,2Z 0.83+0.15 1.58:0.21 0.310.04 0.05-0.00
Single top 0.2%0.06 0.46-0.09 0.13:0.03 0.03:0.01
Wc 16.97+4.08 5.99-1.40 1.16:0.30 0.22:0.06
Wcc 7.99+1.81 3.78:0.51 1.02:0.39 0.25-0.12
Wbb 4.47+0.68 2.26:0.43 0.31-0.07 0.16:0.03
Z—71T 0.83+0.20 0.46:0.09 0.15-0.09 0.02£0.00
Zc 0.14+0.03 0.05-0.01 0.02:0.01 0.06:0.00
Zcc 0.22+0.05 0.130.03 0.05-0.02 0.01:0.00
Zbb 0.23£0.04 0.110.03 0.03:0.01 0.06:0.00
tt 0.11+0.05 0.85-0.31 1.90-0.65 2.15-0.69
SM prediction 133.7510.38 42.06:2.99 10.06:0.98 4.22£0.72
Data with SLT tags 145 47 12 5

Events with SECVTX tags

Data 66 40 16 13
SECVTX mistags in 0.28+0.03 0.20-0.02 0.16:0.02 0.05-0.01
events with SLT tags
Non-W 0.57+0.05 0.42:0.11 0.08-0.05 0.03:0.02
WW,Wz,2Z 0.02+0.02 0.16-0.03 0.03:0.01 0.06:0.00
Single top 0.120.04 0.32£0.06 0.09:0.02 0.02£0.01
Wc 0.88+0.29 0.38:0.12 0.17-0.02 0.02£0.00
Wwcc 0.41+0.13 0.410.13 0.14-0.05 0.03:0.01
Wbb 1.58+0.33 1.40:0.30 0.40-0.08 0.110.02
Z—T1T 0.00+0.00 0.06:0.00 0.06-0.00 0.06:0.00
Zc 0.01£0.00 0.06:0.00 0.06:0.00 0.06:0.00
Zcc 0.01+0.00 0.010.00 0.010.00 0.06:£0.00
Zbb 0.08+£0.02 0.06-0.02 0.03:0.01 0.010.00
tt 0.04+0.02 0.78:-0.30 1.88:0.65 2.65-0.85
SM prediction 4.06:0.47 4.15-0.50 2.99:0.66 2.93:0.85
Data with SECVTX and SLT tags 1 9 5 3

tion, a large fraction of heavy flavor semileptonic decays isflavor, there are &V+ 2,3 jet events with a double SECVTX
not identified by the SLT algorithm and is also included intag, in agreement with the expectation of 0284 events.
the complementary sample. All such effects are in principle Of the 13W+2,3 jet events with a superjet five contain
described by the simulation. an additional SECVTX tag. If the 13 events are a fluctuation
of SM processes, we expect to find £.8.3 events with a
double tadg® The probability of observing five or more/
+2,3 jet events with double tags is 4.1%. Given the high
The heavy flavor content of the second and third jet in theprobability of finding an additional SECVTX tag, we apply
events can be inferred from the rate of additional SECVTXb-jet specific energy corrections to the additional jets in the
tags. Tables V and VI show the number of observed angvent. These jets are later referred to asjéts.”
predicted events with an additional jet tagged by SECVTX in
superjet events and in the complementary sample. In the lat=——
ter data sample, in which according to the simulation in “The prediction is 0.620.10 events with a double tag in 4.4
Table VI most of the events contain a second jet with events with a superijet.

B. Heavy flavor content of additional jets
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TABLE V. Observed and predicted number \Wf+ jet events with a supertag. The subsample of events
with an additional SECVTX tagDT) is also listed.

Source W+1 jet W+ 2 jet W+ 3 jet W+ =4 jet
SECVTX mistags in 0.28+0.03 0.09-0.01 0.070.01 0.02-0.00
events with SLT tags
Non-W 0.57+0.05 0.13-0.03 0.06:0.00 0.06:0.00
WW,wWz,z27 0.02+0.02 0.13-0.06 0.0x-0.01 0.00-0.00
Single top 0.120.04 0.24r0.05 0.070.02 0.02-0.00
Wc 0.88+0.29 0.24-0.14 0.14r0.10 0.06-0.00
Wcce 0.41+0.13 0.25-0.09 0.13-0.06 0.06:0.00
Wbb 1.58+0.33 1.07-0.26 0.19-0.09 0.0%0.00
Z—717 0.00x0.00 0.0G-0.00 0.06:0.00 0.06:0.00
Zc 0.01+0.00 0.06:0.00 0.06-0.00 0.06:0.00
Zcc 0.01+0.00 0.010.00 0.0%0.00 0.06-0.00
Zbb 0.08+0.02 0.05-0.02 0.02-0.01 0.06-0.00
tt 0.04£0.02 0.48-0.19 1.08-0.40 1.42-0.49
SM prediction(supertags 4.00=0.50 2.69-0.41 1.710.40 1.470.51
SM prediction(DT) 0.26+0.06 0.36-0.08 0.56-0.13
Data (supertags 1 8 5 2
Data(DT) 2 3 0
C. Method for testing if the data are consistent compared, the KS distance is defined as ma}{F(x)
with the SM simulation —H0)]+max{H(x)—F(x)]. This is Kuiper's definition of

In Sec. VIID we study distributions of several simple the KS distanc¢33].
kinematic variables; for the 13 events with a superjet and  For each variable;, the probability distribution of the
the complementary sample of 42 events. Each data distribuiS distance W;(5), is determined with Monte Carlo pseu-
tion is compared with the sum of the 12 SM contributions,doexperiments. In each experiment, we randomly generate
SM;(x;), listed in Tables V and VI using a Kolmogorov- parent distribution§,~1§1(I}/Ij)SMj(xi) for two and three
Smirnov(KS) test[31,32. Using the cumulative distribution jet events independently. The integfak [ S M;(x;)dx; cor-
functions F(x;) and H(x;) of the two distributions to be responds to the average number of events contributed by the

TABLE VI. Observed and predicted number\f+ jet events tagged by SECVTX after removing events
with a supertag. The subsample of events with an additional SECVTXO@gis also listed.

Source W+1 jet W+ 2 jet W+ 3 jet W+ =4 jet
Mistags 10.521.00 3.72£0.34 0.93:0.09 0.34-0.04
Non-W 7.61+0.06 1.36-0.04 0.76-0.03 0.3%0.03
WW,Wz,2Z 0.50+0.14 1.25-0.25 0.46:0.13 0.06:0.00
Single top 1.240.31 2.15-0.49 0.56-0.13 0.12-0.03
Wc 16.02+5.13 3.70:1.29 0.37:0.13 0.09:0.03
Wcce 7.48+2.08 3.35-0.86 0.64-0.22 0.16-0.06
Wbb 15.42+2.21 8.80-1.63 1.74£0.40 0.47-0.13
Z—T1T 0.96+0.30 0.70:0.25 0.17:0.12 0.006-0.00
Zc 0.13£0.04 0.03:0.01 0.01-0.00 0.06:0.00
Zcc 0.21+0.06 0.16:0.03 0.03:0.02 0.06:0.00
Zbb 0.85+0.13 0.48-0.11 0.19-0.06 0.02:0.02
tt 0.50+0.16 3.62:1.00 8.56-2.38 9.96-2.40
SM prediction 61.446.09 29.26-2.58 14.3%2.34 11.482.37
SM prediction(DT) 2.15£0.50 2.870.67 3.53:0.90
Data 65 32 11 11
Data(DT) 3 3 2
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processj and, in each pseudoexperiment, the vaI'L{eac— o ‘ ‘ 008 ‘ ' !

T T
events with superjets events with superjets

counts for Poisson fluctuations and Gaussian uncertainties i s- ] ]
Z;. We use these parent distributions to randomly generaté uF ¢ dua ECR oo ]
the same number of; values as in the data, but we evaluate £ NS X ]
the KS distance of the; distribution in each pseudoexperi- & *¢ 15 %
ment with respect to the parent distributidlﬁls M;(x). 52* 1 ool B .
Using the so derivellV;( ) distribution, we define the prob- & 1- ) M~ \ 9 [ ]
ability P; that thex; distribution of the data is consistent with 0 gt de e | ol T
the SM simulation a®; = oW, (5)ds, where&® is the KS 0 s ¢ 02 04 0e 08
5 EL (GeV) 8

distance of the data. S 0.1
complementary sample complementary sample |

) ) ) o ) ) ) 4 ® data b 0.08F ]

D. Comparison of kinematical distributions in the data with & sim ]

the SM simulation 0.06[- 1

W()x102

We test if the events with a superjet are consistent with

Primary leptons/(1 GeV)

the SM prediction by comparing the production cross sec- P ]
tions d2a/dpyd 7 of each object in the final state. In all SM = '} 1 %% ]
processes contributing to these events, these differentia | ‘ s 0 s ‘ s s

0 20 40 60 80 100 0 0.2 0.4 0.6 0.8 1

cross sections approximately factorize, addo/dprdz
=f(p71)-9(#n). Therefore we compare data and SM simula-
tion in the following kinematical variables: the transverse FIG. 1. Distributions of the transverse energy of the primary

energy and pseudorapidity distributions of the primary l€pepion for the datde) are compared to the SM predictigshaded
tons, the superjets, the additional jets in the eveeferred to  pistograms The dotted histograms show the SM simulation nor-
asb jets), and the neutral object producing the missing en-majized to the data. The probability distribution of the KS distance
ergy in the event.The kinematics of the neutral object pro- sis calculated with Monte Carlo pseudoexperimests text The
ducing the missing energy cannot be measured directlyertical line indicates the observed distanebetween the cumu-
However, correlated quantities are the transverse energy amgtive distributions of the data and the simulation. The integral of
the rapidity of the recoiling systeiint- b+suj composed of the shaded area represents the probabititpf measuring a KS
the primary leptor(l), the superjetsuj), and each additional distance no smaller thasP.

jet (b) in the event. Since the total transverse momentum of

the events is conserved, W+2 jet events the transverse rejations. The observed and predicted distributions of these
energyE; """ of the system +b+sujis a measure of the  kinematical variables are compared in Figs. 1-9. For each
missing transverse energy. In the rest frame of the initial stateomparison, we show the probabil@that the data are con-
partons producingV+2 jet events, the rapidities of the sys- sjstent with the simulation. Table VIl summarizes the prob-
tem|+b-+suj and of the object producing the missing en- apilities of these comparisons. The SM simulation models
ergy are also correlated. This correlation is, howevercorrectly the complementary sample of data, but has a sys-
smeared by the unknown Lorentz boost of the initial partonematically low probability of being consistent with the ki-
system. For uniformity, ilWW+3 jet events we use the same nematical distributions of the events with a superjet.
variables with two entries per eveftorresponding to the In addition, one notices that the rapidity distributions of
two possible choices for thie jet). the primary lepton and the jets in the 13 evelfigs. 2, 4, 6,

We flnaIIy test the distribution of the azimuthal angle and 8 are not Symmetric arounﬂzo and are more popu-
8¢!"P*sul petween the primary lepton and the systém |ated at positive rapidities. These observations led to addi-
+suj composed by the superjet and each additidng@t tional investigations of the characteristics of the 13 events
with the purpose of checking if the events are consistent withexploring the possibility that some detector effects were not
the simulated production and decay \of bosons. ThéeN  properly modeled by the simulation. These studies have not
transverse mass can be described with the varid@Bleand  revealed any anomaly which could be taken as an indication
£+, which are already used, and the azimuthal angle betweesf detector problems. In particular, asymmetries due to de-
the primary lepton and the/ direction. Since the total trans- tector problems are not visible in the complementary sample
verse momentum of the events is conservedWr 2 jet  nor in the larger statistics sample of generic-jet data. How-
events this azimuthal angle can be inferred from the suppleever, as shown in Fig. 10, we discovered that the primary
mentary angleS¢'®*SU. For uniformity, inW+ 3 jet events  vertex of these events has an asymmetritistribution (z is
we use the same variable with two entries per event. the axis along the beam lineAgain, such an asymmetry is

This minimal set of nine variables is sufficient to describenot observed in any of the large statistics data samples avail-
the kinematics of the final state with relatively modest cor-able. The binomial probability of observing an equal or

larger asymmetry due to a statistical fluctuation in the distri-

bution of the event vertex is 1.1%. Similar probabilities for

SJet energies are corrected using the full set of correction functhe asymmetry in several rapidity distributions are in the
tions developed to measure the top mas47,19. range between 1.5% to 10%. Since we know of no physics

E} (GeV)

052007-12



STUDY OF THE HEAVY FLAVOR CONTENT OF JETS...

PHSICAL REVIEW D 65 052007

§ [ L e 5 . ; ; ; r 0.08 . ; . .
events with superjets events with superjets events with superjets events with superjets
0.06 B 1
~ 4fF - L ] g
= @ data “ @ data 0.06 E
S ) = ; o ]
= ~ sim % 4
g 3 M= 71X 004F R g sf B 1S ]
Iy & = A 004 .
2 E 5 & O i
5 2f ] B of 15 ]
£ 0.021 P B e 1
& - 0.02 E
1 3 1F L1 | N j
0 1 1 1 0 S Tl | il b = 0 1 P [ L 1 ]
-1.5 1.5 0 0.2 0.4 0.6 0.8 -5 -1 05 0 0.5 1 15 0 0.2 04 0.6 0.8 1

7! 3 n -
TH) =i 0.12 H—— 0.12 e
complementary sample complementary sample ] complementary sample complementary sample {
sl ] 0.1+ b L ] 0.1 H
=) ® data ® data 1
S i F ] 008 ]
g [ Osim ] % 0.08 ~ of W 1oy o ]
) < 006F ] S A 006 ]
g y 1% 24 i 0.04 1
§ 0.04- 9 i 9
£ 1 P 1
r + T o002 1 r + 1 o002 ]
1 1 1 I I 0 | | I L L L L L ! 0 | I | | ]
15 -1 05 0 0.5 1 15 0 0.2 0.4 0.6 0.8 1 -5 -1 05 0 0.5 1 1.5 0 0.2 0.4 0.6 0.8 1
nl 8 nsuj S

FIG. 2. Distribution of the pseudorapidity of the primary lepton

in events with a superjet and in the complementary sample.

FIG. 4. Distribution of the pseudorapidity of the superjet in

events with a superjet and in the complementary sample.

process that would produce such asymmetries, it is possiblepton and/g; MP*sul, yP*sui and E2*SY  the invariant

that an obscure detector problem, not seen in other samplesiass, rapidity, and transverse energy of the sysiensuj,

is responsible; or it may be that these asymmetries are due tespectively;M' "2*sUi the invariant mass of the system

a low probability statistical fluctuation. +b+suj, 6°5% and 545", the angle and the azimuthal
The set of nine kinematic variables used to compare datangle between the superjet and thgets, respectively; and

and simulation is not the only possible choice. We alsosg'*sui the angle between the primary lepton and the sys-

looked at nine complementary variables, and Table Vllitemb+ suj. The simulation correctly models these distribu-

shows the result of the KS test for this set of kinematictions for the complementary sample, while the probabilities

distributions: /&, the corrected transverse missing energy;for events with a superjet are systematically lower. However,

MY, the W transverse mass calculated using the primarythe disagreement between events with a superjet and their
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FIG. 3. Distribution of the transverse energy of the superjet in

events with a superjet and in the complementary sample.

FIG. 5. Distribution of the transverse energy of hlljets

in

events with a superjet and in the complementary sample.
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FIG. 6. Distribution of the pseudorapidity of diljets in events FIG. 8. Distribution of the rapidity of the systemt superjet
with a superjet and in the complementary sample. +b-jet in events with a superjet and in the complementary sample.

simulation is much reduced for this second set of variablesscribe the kinematics of events with a superjet. Givenahe
The probability distribution of the KS comparisons for the 18 posterioriselection of the nine kinematic variables, the com-
kinematic distributions is shown in Fig. 11. bined statistical significance of the observed discrepancies
As indicated by the figure, the probabilities of the comple-cannot be unequivocally quantified. A thorough discussion of
mentary sample appear to be flatly distributed, as expecteithis issue is beyond the goal of this paper, which is meant to
for a set of distributions consistent with the simulation. Inpresent the basic measurements. We leave additional studies
contrast, the probabilities of the superjet events cluster at lowf these events and their possible interpretation to other pub-
values. This indicates the difficulty of our simulation to de- lications. The characteristics of these events are listed in Ap-
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FIG. 7. Distribution of the transverse energy of the system FIG. 9. Distribution of the azimuthal angle between the primary
+superjet- b-jet in events with a superjet and in the complemen-lepton and the superjetb-jet system in events with a superjet and
tary sample. in the complementary sample.
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TABLE VII. Results of the KS comparison between data and simulation. For each variable we list the
observed KS distancé” and the probability? of making an observation with a distance no smaller than

Events with a superjet Complementary sample
Variable & P (%) & P (%)
E} 0.47 2.6 0.14 70.9
7 0.54 0.10 0.12 72.7
= 0.38 11.1 0.15 43.0
7Y 0.36 15.2 0.13 73.4
= 0.36 6.7 0.18 8.6
n° 0.38 6.8 0.11 80.0
gLyl 0.39 25 0.17 18.8
y! Thtsuj 0.31 13.8 0.19 7.8
S¢p'-Prsu 0.43 1.0 0.12 77.9
Zonx 0.48 1.7 0.16 50.5
pendix B. 2.10+0.05 nonW events(mostly fromb decays.
Based on the SM expectation, the average transverse mo-
VIIl. CHECK OF THE ISOLATION AND LIFETIME OF menta of primary and soft leptons are expected to differ by
THE PRIMARY AND SOFT LEPTONS an order of magnitudéthey are selected with a 20 and 2

The kinematics of the primary leptons in events with aG€V/C transverse momentum requirement, respectjvely
superiet is poorly described by the SM simulation, in whichHowever, in the data the average transverse momenta are 35
they are mostly contributed frotw decays. Therefore, we and 13 Ge, respectively. Since thé/+=1 jet sample has
cross-check that the excess of events with a superjet is ndeen selected by removing all events containing a second
due to a misestimate of the number of néfevents. Accord- lepton candidate with isolatioh<0.15 and transverse mo-
ing to the SM prediction, the small background of taggedmentump;=10 GeVLk, the superjets could be due to dilep-
nonW events is due to semileptonic decaysbiH andcc  ton events which are not removed because the second lepton

events. In such a case, the primary leptons are not isolatdtRppens to be merged with a jet and is not isolated. We have
and have large impact parameters because of thedanmgi  removed only 16 dilepton candidate events tagged by
c quark lifetime. Figure 12 shows that primary leptons in theSECVTX from theW+ 2,3 jet sample. From the simulation
13 events with a superjet are at least as well isolated ase expect that less than 0.5 events will have the second
primary leptons in the complementary sample. Distributiondepton randomly distributed in a cone of radius 0.4 around
of the signed impact parameter significance of the primaryhe axis of the jet tagged by SECVTX. Figure 13 shows that
lepton track are also shown in Fig. 12. Tracks from long-soft leptons are mostly found close to the superjet axis and
lived decays usually have larde=3) impact parameter sig- are not uniformly distributed over the jet clustering cone of
nificance. The primary leptons in the 13 events are consistemadiusR=0.4. We have also looked at the distribution of the
with being prompt. One also notes that in the complementargigned impact parameter significance of SLT tracks. Figure
sample two events have a primary lepton with large positivel3 shows that, in contrast with primary leptons, soft leptons
impact parameter; this is consistent with our estimate ofnside a superjet are not prompt. As expected from the simu-

TABLE VIII. KS comparison of additional kinematical variables. For each variable we list the observed
KS distances® and the probability® of making an observation with a distance no smaller than

Events with a superjet Complementary sample
Variable &° P (%) &° P (%)
Er 0.31 27.1 0.14 57.1
My 0.36 13.1 0.16 38.2
MPb+sui 0.36 4.0 0.12 58.9
yPHsul 0.35 7.1 0.14 34.9
ER*sul 0.28 24.0 0.10 60.1
M! +bFsuj 0.31 21.0 0.15 33.6
56°sYI 0.26 30.1 0.15 41.1
S5 0.31 15.3 0.10 83.8
56"0Fsui 0.25 37.3 0.16 35.7
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FIG. 12. Distributions of the signed impact parameter
cance @/o4) and of the isolation of primary leptons.

FIG. 10. Distribution of the event-vertex position along the signifi-

beam line(z axig) in events with a superjet and in the complemen-

tary sample. L psvX
Xy
_ . pseudosr= — —svx,
lation of heavy flavor decays, the soft lepton track is part of C pt

the SECVTX tag in 8 out of 13 superijets.
whereL,, is the projection of the transverse displacement of
the secondary vertex on the jet axiSV* is the invariant

mass ang3 % is the total transverse momentum of all tracks

In this section we compare other properties of the super@ssociated with the secondary vertex. In this measurement,
jets to theW+ jet simulation to verify if, independent of the th_e Lorentz boost of the heavy flavor hadron is approximated
excess of soft lepton tags and the discrepancies found in Se@ith the Lorentz boost of the SECVTX tag.

VII, they are otherwise compatible with being produced by —Pseudor distributions are compared in Fig. 14 to the
semileptonic decays df andc hadrons. simulation based on the sample compositions for the superjet
and complementary sample. The number of simulated super-
jets is rescaled to 13 events. One notes that data and simu-
A. Lifetime lation have quite similar pseude- distributions. The

A measure of the lifetime of the hadron producing a secPSeudor calculation does not account for the neutral par-
ondary vertex is ticles emitted in the heavy flavor decay. As a result a kine-
matic correction factor is needed to convert it into a lifetime
measurement. In the case of beauty or charmed mesons, this

IX. ADDITIONAL PROPERTIES OF THE SUPERJETS

(a) (b)

factor is approximately 1.1.
) events with superjets complementary sample
T T T T T T
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P (%) P (%)
ol . . . 0 . . .
o L 0 20 40 60 0 01 02 03 04 05
FIG. 11. Distribution of the probabilitie® that the 13 events d/c, R

with a superjefa) and the complementary samgl® are consistent

with the SM prediction. The distributiof@ has a mean of 0.13 and FIG. 13. Distributions of the signed impact parameter signifi-
a RMS of 0.11; the distributiofb) has a mean of 0.50 and a RMS cance of soft lepton tracks and of their distartiR= 54>+ 577

of 0.24. from the superjet axis.

052007-16



STUDY OF THE HEAVY FLAVOR CONTENT OF JETS... PHSICAL REVIEW D 65 052007

6IIIIIIIIIIIIIIIIIIIIIIIIII 1045' IIIIII\_
I (@) ] g @)
/g I superjets 1 I ® S .
& 4+ 5 103 O pseudo-t _|
N I ] 2 ;
S | - 5
) r T S i
e 2K . F 2
= : g 0%
O_||||||||||||| A_IIJ_II—II- :+
O 1 2 3 4 5 6 10 _‘"‘I""I‘“lll|||l|||‘|||‘|_
pseudo-T (psec) ¢ L 2 3 4 5§ &
15 TTTT | LI i | TTTT | TTTT I TTTT I TTTT Llfetlme (pseC)
[ (b) ] A e A AR
g T ] 10 e
% 10k complementary sample- ° T,
N i ] S r O pseudo-t
S i i 2 3
~ [="
P i o 102
¥ 5r ] S |
B L + ] 2
<
1 : &
O coa b Ll 1 10:
0O 1 2 3 4 5 6 ; *
oo b b by byw g 1y lid
pseudo-T (psec) 0 1 2 3 4 5 6
4 TEET I TITT ] TTTT I TTTT I TTTT I TTTT Lifetime (psec)

(©)

FIG. 15. Comparison of lifetime distributions using the
pseudor and 7, method in generic-jet daté@) and in the corre-
sponding simulatiortb).

b-jets

this comparison, the contribution of fake tags in jets without
heavy flavor is removed by subtracting the observed distri-
bution of negative SECVTX tagsee Sec. IV A
Figure 17 presents the, distributions in superjet events
ol b L and in the complementary sample. The result of the usual KS
1 2 3 4 5 6 comparisongsee Sec. VIl Cbetween the data and the simu-
lation are listed in Table IX and indicate overall agreement.
As shown in Fig. 18, the distributions of the invariant mass
FIG. 14. Pseude-distributions for superjet&) and for tagged M°>' are also correctly modeled by the simulation. The
jets in the complementary samplle) are compared to the simula- transverse momentum distribution of SECVTX tags is dis-
tion (shaded histogramsThe distribution for additional SECVTX cussed in Sec. IXB.
tagged jets in superjet even is compared to simulateld jets.

Tags/(0.2 psec)
N
AR LEREE EEARS RER

o]
)

pseudo-T (psec)

L . B. Transverse momentum distribution of SLT tags
A measure of the lifetime independent of the Lorentz v urm dISHbUE g

boost is provided byr, = (4/7)((dg)/c), where(dy) is the Figure 19 compares the distributionp}"", the soft lep-
error-weighted average impact parameter of all tracks thaon transverse momentum, in the 13 superjets to the simula-
form a SECVTX tag and have positive signed impact paramtion based on the sample composition listed in Table V. The
eter. The distribution of the ratiB,= 7;, /pseudos provides p?LT spectrum depends on the jet transverse energy, and the
a check of the kinematic correction factor. superjet transverse energy distribution in the data is stiffer
We first show that our simulation correctly models thethan in the SM expectatiofsee Fig. 3. Therefore, we have
correlation between the lifetime measured with psewdod  corrected the transverse energy distribution of simulated su-
Tip by using the generic-jet samples described in Appendiyperjets to make it look like the data. Figure 19 shows that
A. Figures 15 and 16 show that both methods yield consissoft leptons in superjet events have transverse momenta
tent lifetime measurements in the data and in the simulatiofarger than what is expected for semileptonic decaysanid
in which SECVTX tags are produced lyandc hadrons. In ¢ quarks. By construction the complementary sample does
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FIG. 16. Yield of(R,)=((pseude- 7)/7;,) as a function of the 3 ©) b-jets

jet transverse energy in generic-jet d&tpand in the corresponding
simulation(b).

not contain soft lepton tags. However '*, the total trans-
verse momentum of all tracks forming a SECVTX tag, is a
useful analogue. If the difference between the transverse mo- 1
mentum of the soft lepton tag in the data and the simulation
were due to inadequate modeling of the hadronization pro- T el
cess, thep3¥* distribution in the complementary sample 0 05 1 15 2 25 3
would also disagree with the simulation. However, Figure : : :

20a shows agreement between the complementary sample R

and the simulatiofi. The result of the KS comparison of K

these distributions is also listed in Table IX. The probability  FiG. 17. Distributions of the variablR. (see text for superjets
that the p3"* distribution in the complementary sample is (a) and for tagged jets in the complementary sarripleare com-
produced according to the simulationRs=47%. The prob- pared to the simulatiofshaded histogramsThe distribution forb
ability that the p3"" distribution in superjets is consistent jets in superjet event) is compared to simulateb jets.

with the SM simulation is?P=0.1%.

Tags/(0.1)
N
LR R LN R
L
v v a bea g b

o

tion of soft lepton tags is due to the modeling of semileptonic
decays inQQ or to the modeling of the hadronization in

; SLT SVX fiatrih tiama i o
C. Comparison of pr™" and py™™ distributions in generic-jet HERWIG. The generic-jet data and simulation are described in
data to the simulation Appendix A. The heavy flavor content of this sample is simi-

We compare superjets in generic-jet data and in the corar to that ofW+ 2,3 jet events. We normalize data and simu-
responding simulation to check if the discrepancy betweetation to the same number of events and in both we search
the observed and predicted transverse momentum distribdier jets which contain positive and negative SECVTX tags.

We then search for additional soft lepton tags in jets tagged
by SECVTX. The data and simulation contain approximately
8Since most of the SLT tracks are associated with the secondarjie same number of supertags as a result of the calibration of
vertex, thep3 " distribution for superjets appears stiffer than in the the SLT efficiency in the simulatiofsee Appendix A Fake
complementary sample and in the simulation. SECVTX tags are evaluated and removed using the number
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TABLE IX. Result of KS comparisons between data and simu- 6 T
lation. For each variable we list the observed KS distafftand C
the probability P of making an observation with a distance no 5F e data
smaller thans®. ' O s ]
o sim
L 4r 4
Events with a superjet Complementary sample >
&) r ]
Variable & P (%) & P (%) o
&
R, (superjets  0.44 4.7 0.15 35.1 B2k .
R, (bjety 0.44 39.0 i 1
MSVX 0.20 56.9 0.10 51.4 Lr ]
p3-’ 0.55 0.09 . ]
0 - )l nl nl 1
p"* 0.14 47.4 0 10 20 30 40 50 60
py" (GeV/e)

of observed negative SECVTX tags in the data and the simu- FIG. 19. The distribution of the transverse momentum of soft
lation. We do not remove the contribution of fake SLT tagsleptons in superjet events is compared to the SM expectation nor-
from the data but we add fake SLT tags to the simulation bymalized to the same number of tags and corrected for the superjet
weighting each track in a simulated jet with the same SLTE; distribution. One superjet contains two soft leptons.
fake probability normally used to evaluate the rate of fake
tags in the data. kinematic regions removed in the original selection of the
In 5.5 10° generic-jet events we find 1324 events with aW+=1 jet sample. This checks that events with a superjet
supertag in the data and 1342 in the simulation. Distributiongre not the tail of a large unexpected background. In Sec.
of the transverse momentum of soft lepton tags and of alX B we look at the effect of removing the trigger requirement
tracks forming a SECVTX tag are shown in Fig. 21. Thefor primary muons and in Sec. XC we extend our search to
agreement between data and simulation provides evidence

that we correctly modeb andc jets. 10 P ll()
[ a) |
X. ADDITIONAL CROSS-CHECKS _ 8 N
The selection criteria used in this analysis were optimized S 0 ® d'ata ]
for finding the top quarK4]. The highp inclusive lepton 3 6r Osm 7
data set, from which we have selected the sample used in this = I ]
study, consists of about 82 000 events with one or more jets go 4r 4
before making requirements on the transverse momentum = L i
and isolation of the primary lepton and on the missing trans- 2 [ ]
verse energy. Half of these events have primary leptons i ]
which are not well isolatedl &0.2). They are mostly due to L A A 2 Lo
multijet production with one jet containing a fake lepton, but 0 10 20 30 40 50 60
also include a small amount &fb and cc production. The psvx (GeV/c)
pr=20 GeVk, 1<0.1, and /=20 GeV cuts reduce this L
data set to an almost pui&'+ jet sample of about 11 000 N LS EALEORAEAE LAEES RELEN ERE
events. In Sec. X A we investigate the rate of superjets in the I (b) ]
8 . . 20 . . g 2 B — data |
= superjets = complementary sample (8 : O sim :
O @] %0 r 7]
b 210 ] = 1r B .
i . ] L K |
0 I P 8 O R R ] e = S T ]
— 0 it w 0 10 20 30 40 50 60
0 2 4 6 8 0 2 4 6 8 SVX
MY (Gev/ch) MY (Gev/ch) pr = (GeV/e)

FIG. 18. Distributions oMSYX the invariant mass of the tracks
associated with a secondary vertex, are compared to the simulatidorming a SECVTX tag in the complementary samfé and in
(shaded histogramsormalized to the same number of events.

FIG. 20. Distributions of the transverse momentum of all tracks

superjetgb).

052007-19



D. ACOSTAet al. PHYSICAL REVIEW D 65 052007
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p?‘LT (GeV/e) 0-- ‘j‘.:‘: AT TR
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; Er (GeV)
80 o . . .
5 r FIG. 22. Distribution of primary lepton isolation véHor
% - events containing one or more jets tagged by SECVTX. The pri-
O 601 mary lepton transverse momentum is larger than 20 GeV/
B 40f _ _ _ o
N i =20 GeV is consistent with the prediction of the method
20k used to estimate the ndN-background(we multiply the
i number of SECVTX tags in events withi&20 GeV by the
ol ratio of supertags to SECVTX tags in events with E
0 10 20 30 40 50 60 <20 GeV). o _ ' .
Pivx (GeV/c) As shown in Fig. 1, many primary leptons in superjet

events have transverse momentum close to the threshold

FIG. 21. Distributions of the transverse momentum of soft lep-used to select the sample. We have checked that we are not
tons(a) and of all tracks forming the SECVTX tagb) in superjets ~ Observing the tail of a distribution peaking at small trans-
selected in generic-jet data and in the corresponding SM simulation/erse momenta by first removing the 20 GeMfansverse
Data and simulation are normalized to the same number of even®omentum cut on the primary leptdtine py threshold of the
before tagging. L3 trigger is about 18 Ge\¢). Before tagging the size of the
W+ jet sample increases by 20%. As shown in Table XII, no
additional events with a supertag are found.

We then have searched for events with a superjet in the
low-p+ inclusive lepton sample collected during the 1994—
A. Dependence on/E and on the isolation and transverse 1995 collider run(run 1B) using a L3 trigger threshold of

momentum of the primary lepton 8 GeV/c (8 of the 13 events with a superjet were collected in
run 1B). Because of the lower threshold, the trigger rate was
prescaled by a factor of 1.3. In this sample we find seven

events with a primary electron in the plug calorimeter.

There are 36677 events with a primary lepton wjith

=20GeVL and 1<0.2; 615 events have SECVTX tags havi . | ith. =10 GeVe and |
(their I vs E; distribution is shown in Fig. 22 Using nomi- events having a primary lepton witpy= evic an

nal cuts for selecting the primary lepton, we first study theso'.l.’ E= .20 Ge\_/, and cantalning a superjet and one or two
rate of supertags in events tagged by SECVTX whgn Eadd|t|o'nal jets. Six Qf the.seven events are the same events
<20 GeV. With the exception of now: events, which are found in the. hlghpTllncIuswe lepton §ample; the additional
the largest fraction, the relative contribution of all other SM €VeNnt contains a primary electron wily=17.7 GeV.
processes does not depend bp Bince the ratios of su-

pertags to SECVTX tags in noevents and in the sum of TABLE X. Number of tagged events as function of the jet mul-
the remaining processes are quite similar, in this case weplicity. The events are selected by requiriig<€20 GeV and a
predict the number of supertags in this sample by multiply-primary lepton withp;=20 GeVk andl<0.1. The predicted num-

ing the number of observed SECVTX tags by the predicteder of supertags is based upon the observed number of SECVTX
ratio of supertags to SECVTX tags for events with E tags(see text

=20 GeV. The observed number agrees with the expectation

as shown in Table X. Tag type 1 jet 2 jets 3jets =4 jets
In Table XI we compare rates of supertags in eventsggcyTx 168 21 7 6
tagged by SECVTX when the isolation of the primary IeptonSupertag 2 1 0 0

is large. These events are mostly contributecobyproduc-  prediction 10213 12:02 05:02 05-02
tion. The number of observed supertags in events with E
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TABLE XI. Yield of events with supertags as function of the jet 250 w . . .
multiplicity. We select primary leptons with;=20 GeVk and iso- @ soof
lation 0.1=1=<0.2. The prediction of supertags in events with E % 2007 1 ~
=20 GeV is derived using the ratio of supertags to SECVTX tags in @ € 0
events with/G=<20 GeV. S B0 %
§ 100} § 4001
Tag type 1 jet 2 jets 3jets =4 jets - -
;<20 GeV 50 20
SECVTX 220 33 10 2 . o Y, . , , ‘
Supertag 17 4 2 1 0 20 40 60 80 100 -2 -1 0 1 2
E; (GeV) Ny
E;=20 GeV
SECVTX 8 3 5 0 FIG. 23. Distributions of the transverse momentum and the
Supertag 2 0 1 0 pseudorapidity with respect to the nominal interaction point of plug
Prediction 0601 04:02  1.0:0.7 0 electrons.

oneW+ 3 jet event, both with a supertag. No exthat-4 jet

. . . . . listed in Appendix B.
In selecting the events used in this analysis, we require

that the primary lepton has fired the appropriate second level
(L2) trigger (see Sec. Il A. The second level of the muon
trigger requires a match between a CTC track reconstructed As shown in Fig. 2, the pseudorapidity distribution of
by a fast track processqB4] and a track segment in the primary leptons in events with a superjet appears to rise at
muon chambers, which fired the first level triggdr7]. The  the end of the central detector acceptanicg€1). Moti-

L2 trigger efficiency for primary muons is approximately vated by this observation, we have searched for events with a
70% [7]. Based on the observed 13 events with a superjeisuperjet using primary electrons in the plug calorimeter. The
we should have lost about two such events because the pgpseudorapidity and transverse momentum distributions of
mary muon failed the muon triggdthe detector has about plug electrons are shown in Fig. 23. We seMtt jet events

the same acceptance for electrons and mudtewever, the requiring an isolated plug electron with;=20 GeV and
original highp lepton data set contains also events trig-E+=20 GeV.

gered by other objects in the events. As shown in Fig. 19, Table Xlll lists rates oMW+ jet events with a primary plug
85% of the superjets contain a soft lepton with transverselectron before and after tagging. We observe two additional
momentum comparable or larger than the L2 trigger threshW+ 2,3 jet events with a supertag, when 0:32.04 events

old. If the observed transverse momentum distribution of theare expected from known processes. The characteristics of
soft leptons is not a statistical fluctuation, we could find inthese two additional events with a superjet are listed in Ap-
the original data sample one or two additional events with gpendix B.

supertag in which the primary muon failed the trigger but the

event was rescued by the soft muon. On the other hand, XI. CONCLUSIONS

according to the SM simulation, only 9.6% of thg+ jet .

events with a SLT tag contain a soft muon which passes the Ve have carried out a study of the heavy flavor content of
trigger pr requirement. Using the predicted rates listed injets produced in association Wlw bosons. Comparisons of
Table Ill, we estimate that 3W+1 jet events and 13y the observed rates of SECVTiisplaced vertexand SLT
+2,3 jet events with a primary muon have failed the trigger;(SOft lepton tggs with .standard quel predictions, including
three W+1 jet events and 1.1V+2,3 jet events can be NLO calcgla'uons of single and pair produceq top quarks, are
rescued by a soft muon. Of these events, 0091 jet and generally in good agreement. However, we find an excess of

0.08W-+2,3 jet events are expected to contain a jet with a€Vents which have jets with both SECVTX and SLT heavy
supertag. flavor tags. The standard model expectation for thége

In the data, after removing the trigger requirement on the™ 23 jet events is 440.6 events, while 13 are observed. A
primary muon, we recover thré&/+ 1 jet events, none of detailed examination of the kinematic properties of these

which contains supertags. We also recover whe?2 jet and events finds that they are statistically difficult to reconcile
with a simulation of standard model processes, which well

reproduces closely related samples of data. Although obscure
detector effects can never be ruled out, extensive studies of
these events and investigations of larger statistics samples of
generic-jet data have not revealed any effects which indicate
the existence of detector problems or simulation deficiencies.
SECVTX 2 0 0 1 We are not aware of any model for new physics which in-
Supertag 0 0 0 0 corporates the production and decay properties necessary to
explain all features of these events. Work is continuing on

C. Study of plug electrons

TABLE XIl. Numbers of taggedW-+jet events with /&
=20 GeV and primary leptons with=<0.1 andp;=<20 GeVL.

Tagtype W+1ljet W+2jet W+3jet W+=4jet
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TABLE XIll. Number of events with an isolated plug electron Bundesministerium fu Bildung und Forschung; the Korea
and =20 GeV before and after tagging. Since the relative contri-Science and Engineering Foundati@koSEP; the Korea

butions of different processes are not affected by the difference ilResearch Foundation; and the Comision Interministerial de
the pseudorapidity range covered by central leptons and plug ele@jencia y Tecnologia, Spain.

trons, the prediction of supertags is derived from Table V after
normalizing to the same number of SECVTX tags.

APPENDIX A: COMPARISON OF RATES OF SUPERTAGS

Source  W+1ljet W+2jet W+3jet W+=4jet IN GENERIC-JET DATAAND IN THE CORRESPONDING
Data 1245 243 52 11 SIMULATION
SECVTX tags 15 3 1 1 Table XIV lists rates of tags in generic-jet data and in the

Supertags 3 2 0 0 corresponding simulation. This comparison profits from the
SM prediction 0.40.1 0.24-0.03 0.16:0.02 0.10-0.03 measurement of the heavy flavor composition of generic-jet
data and of the calibration of theeRWIG generator presented
in Ref. [7]. A summary of that study is provided here.
studies of the present data. With much larger data sampleSeneric-jet data are events collected by requiring at least one
from the Run Il of the Tevatron, we will be able to explore in jet with transverse energy above trigger threshalkel, a 20
greater detail this class of events. GeV threshold for JET 20 dataAs usual we consider jets
with E+=15 GeV and pseudorapidityy| <2. We apply the
additional requirement that at least one of the jets in the
event contains two SVX tracks and is therefore taggable by
We thank the Fermilab staff and the technical staff of theSECVTX or JPB. An equal number of-22 hard-scattering
participating Institutions for their contributions. This work events is simulated using option 1500 of HERWIG genera-
was supported by the U.S. Department of Energy and Nator and the MRS(G) parton distribution function$35]. In
tional Science Foundation; the Istituto Nazionale di Fisicathe simulation, jets with heavy flavor come from heavy
Nucleare; the Ministry of Education, Culture, Sports, Sci-quarks in the initial or final state of the hard scatterifigvor
ence and Technology of Japan; the Natural Science and Eexcitation and direct productioror from gluon splitting. A
gineering Research Council of Canada; the National Scienck3.2% fraction of the simulated jets contains heavy flavor
Council of the Republic of China; the Swiss National Sci- (4.7% due tdb hadrons and 8.5% due tohadrong. A 3.5%
ence Foundation; the A. P. Sloan Foundation; thefraction of the simulated jets contains heavy flavor and is

ACKNOWLEDGMENTS

TABLE XIV. Number of tags due to heavy flavors observed in generic-jet data and in the simulation
normalized to the same number of events before tagging. The number of mistags removed from the data is
indicated in parentheses; errors include a 10% uncertainty in the mistag evaluation. The error of the number
of simulated SLT tags includes the 10% uncertainty on the SLT tagging efficiency. This error is not included
for simulated SECVTX SLT and JPB- SLT tags as we intend to calibrate the simulation efficiency with the

data.
Tag type Dataremoved fakes Simulation

JET 20(194 009 evenis

SECVTX 4058+ 92 (616.0 4052+ 143

JPB 5542-295(2801.0 5573173

SLT 1032+ 402 (3962.0 826+122

SLT+SECVTX 219.8-20(94.2 263+29

SLT+JPB 287.328(166.7 330+29
JET 50(151 270 evenis

SECVTX 5176+ 158(1360.0 5314+ 142

JPB 6833482 (4700.0 6740=171

SLT 1167+530(5241.0 1116+111

SLT+SECVTX 34729 (169.0 404+22

SLT+JPB 427.5:42 (288.5 490+ 32
JET 100(129 434 events

SECVTX 5455+ 239 (2227.0 5889+176

JPB 6871659 (6494.0 7263+ 202

SLT 1116+642(6367.0 1160+ 168

SLT+SECVTX 377.6-36 (243.9 508+ 35

SLT+JPB 451.855 (401.2 563+ 34
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TABLE XV. Fractions of SECVTX and JPB tags with a supertag in generic-jet data and in the corresponding simulation. In the
simulation the fraction of supertags is slightly higher than in the data, independent of the jet transverse energy and the heavy flavor type.

JET 20 JET 50 JET 100

SLT+SECVTX SLT+JPB SLT+SECVTX SLT+JPB SLT+SECVTX SLT+JPB

SECVTX JPB SECVTX JPB SECVTX JPB
Data 0.054£0.005 0.052-0.006 0.06%0.006 0.06%0.008 0.069%0.007 0.066:0.010
Simulation 0.0650.007 0.059-0.005 0.076:0.004 0.07%0.005 0.086:0.006 0.07%0.005
Data/Simulation 0.830.12 0.88-0.13 0.88-0.09 0.86:0.12 0.86:0.10 0.86-0.14

tagged by SECVTX73% of the tagged jets are initiated by HERWIG gives a good description of the data provided that
a b quark and 27% by & quark. Jet probability is more the direct and flavor excitation production cross sections are
efficient than SECVTX in tagging jets. A 4.6% fraction of increased by 1.160.16 and the fraction of gluons branching
the simulated jets contains heavy flavor and is tagged by jagb heavy quarks is increased by 1:36.22. The accuracy of
probability (55% of the tagged jets are initiated byoauark  this calibration is limited by our understanding of the tagging
and 45% by a quark. efficiencies. The factors required to calibrate simulated rates

The heavy flavor production cross sections calculated bpf SECVTX or JPB tags are determined more accurately:
HERWIG have been tuned in Rdf7] to reproduce the pattern 1.1+0.1 for direct and flavor excitation production and
of SECVTX and JPB tags observed in generic-jet datal.38+0.09 for gluon splitting.

TABLE XVI. Characteristics ofW+ 2 jet events with a superjet. Jets tagged by the SECVYSKT) algorithm are labeled SECVTX
(SLT). Jet energies are corrected for calorimeter nonlinearities and out-of-cone Ibsse€VEluated after these corrections are applied.

pr (GeVrc) 7 ¢ (rad) pr (GeVic) 7 ¢ (rad)
Run 46 935 event 266 805 Run 41540 event 127 085
electron(—) 29.7 -0.87 0.15 electror—) 22.2 0.84 0.57
Jet 1 49.6 -0.61 5.46 Jet ISECVTX,SLT) 1445 0.11 6.15
Jet 2(SECVTX,SLT) 41.1 0.43 2.70 Jet 2 61.5 —0.54 3.75
Er 19.8 256 /R 92.1 3.05
SLT (u7) 3.8 0.52 2.63 SLT &™) 8.8 0.18 6.14
Zyy (€M) -20.71 Zyny (CM) —-4.77
Run 41627 event 87 219 Run 61167 event 368 226
electron(—) 78.5 0.90 4.56 electroft-) 22.2 0.76 1.37
Jet 1 68.7 0.11 3.03 Jet(BECVTX,SLT) 99.3 -0.16 1.86
Jet 2(SECVTX,SLT) 58.0 0.50 1.23 Jet ISECVTX) 68.1 0.93 5.48
£ 47.4 023 /& 36.0 3.61
SLT (u) 104 0.47 1.26 SLT4™) 24.7 -0.11 1.92
Zyy (€M) -28.11 Zyy (€M) —14.20
Run 65 384 event 266 051 Run 65 741 event 654 870
electron(—) 21.9 0.68 0.65 muoKg+) 47.2 0.79 6.01
Jet 1 73.9 2.06 0.33 Jet(BECVTX,SLT) 109.4 0.63 4.58
Jet 2(SECVTX,SLT) 59.0 0.61 4.92 Jet ISECVTX) 63.9 0.31 2.87
2 96.2 3.02 /& 95.8 1.31
SLT (u™) 10.9 0.61 4.80 SLT¢") 7.1 0.76 4.61
Zyy (€M) —24.24 Zny (CM) -14.20
Run 46 357 event 511 399 Run 69 520 event 136 405
muon (—) 22.2 -0.82 5.64 electrorfi—) 20.4 1.01 0.25
Jet 1 58.2 -0.20 6.10 Jet 1 44.2 -0.61 5.57
Jet 2(SECVTX,SLT) 41.2 0.27 2.84 Jet ISECVTX,SLT) 32.7 -0.88 2.71
Er 39.8 289 & 275 2.42
SLT (u™) 15.2 0.25 2.96 SLTA™) 11.3 -0.87 2.71
SLT (e7) 7.1 0.38 2.89 Z, (cm) —-12.36
Zyy (€M) -24.13
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TABLE XVII. Characteristics ofW+ 3 jet events with a superjet. Jets tagged by the SECVSIKXT) algorithm are labeled SECVTX
(SLT). Jet energies are corrected for calorimeter nonlinearities and out-of-cone lossse€Valuated after these corrections are applied.

pr (GeVic) 7 ¢ (rad pr (GeVic) ] ¢ (rad
Run 56 911 event 114 159 Run 61 548 event 284 898
electron(—) 58.5 0.92 0.83 muoK+) 20.3 —-0.54 3.00
Jet 1 203.4 -0.13 2.93 Jet 1 72.4 0.55 1.96
Jet 2(SECVTX,SLT) 65.5 0.82 5.80 Jet ISECVTX) 64.9 0.44 3.94
Jet 3 24.1 0.60 0.00 Jet(SECVTX,SLT) 58.7 0.07 5.73
Er 61.5 541 /g 38.8 0.02
SLT (u™) 9.3 0.77 5.75 SLT¢™) 14.6 0.09 5.83
Zyy (€M) -13.89 Zy (€M) 16.38
Run 65581 event 322 592 Run 67 824 event 281 883
muon (—) 21.4 0.57 6.00 electroft) 52.3 -0.16 3.64
Jet 1(SECVTX) 146.3 —-0.56 1.21 Jet ISECVTX) 78.8 -0.49 0.90
Jet 2(SECVTX,SLT) 65.8 0.51 3.38 Jet 2 66.3 0.69 5.83
Jet 3 29.7 1.50 4.68 Jet(SECVTX,SL) 55.8 0.68 2.09
Er 70.2 378 /& 57.6 4.30
SLT (™) 31.3 0.58 3.34 SLTA ) 7.2 0.88 1.97
Zyy (€M) 5.54 Z iy (CM) —10.56
Run 46 818 event 221 912
muon (—) 48.2 1.02 2.36
Jet 1(SECVTX,SLT) 55.4 —-0.02 2.96
Jet 2 41.7 0.27 5.08
Jet 3 35.3 0.82 5.68
Er 22.3 0.30
SLT (u™) 10.5 0.06 2.93
Zy (cm) —-17.28

Table XIV shows agreement also between the number ofhe data have large errors because the ratio of tags due to
jets with heavy flavor tagged by the SLT algorithm in the heavy flavor to mistags is about 1/5. For jets with a supertag
data and simulatiofthe SLT algorithm was not used to cali- (SECVTX+SLT or JPB+SLT) the ratio of tags due to heavy
brate the simulation However the numbers of SLT tags in flavor to mistags is about 2/1, and this allows a good cali-

TABLE XVIII. Characteristics of theW+ 2 jet events with a
superjet rescued by removing the L2 trigger requirement. TABLE XIX. Characteristics of theW+2,3 jet events with a

superjet found in the plug electron sample.

pr (GeVic) 7 ¢ (rad
Run 61525 event 116 807 pr (Gevic) 7 ¢ (rag
muon (+) 50.5 0.48 0.58 Run 69941 event 66 919
Jet 1(SECVTX,SLT) 66.3 0.10 4.45 electron(—) 43.4 —1.33 0.77
Jet 2 36.8 —0.71 1.87 Jet 1(SECVTX,SLT) 845 —-0.12 4.09
2 22.2 4.30 Jet 2 50.7 1.99 1.29
SLT (1) 1.2 011 4.36 Er 11.6 453
Zue (M) 572 SLT (™) 135 —0.09 4.06
Run 68 592 event 250 386 Zur (€M) 16.00
muon (—) 575 -0.07 4.69 Run 58 202 event 109 847
Jet 1 60.6 —1.08 4.09 electron(+) 65.9 1.45 1.43
Jet 2(SECVTX,SLT) 425 -0.17 1.44 Jet 1 32.6 0.28 4.84
Jet 3 325 1.58 0.97 Jet 2(SECVTX,SLT) 30.8 -0.75 4.38
Er 36.1 1.12 Er 12.5 4.73
SLT (1) 79 -0.21 1.42 SLT (e) 35 —0.63 4.49
Zyy (€M) 14.48 Zy (CM) —18.08
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bration of the efficiency for finding supertags in the simula-
tion. We compare ratios of supertags to SECV{ORB) tags

PHSICAL REVIEW D 65 052007

SLT and SECVTX algorithms unaccounted for by the simu-
lation.

in the data and the simulation in order to cancel the contri-

bution of the uncertainty of the simulated SECVTIPB
algorithms. Efficiencies for finding SLT tags in jets already
tagged by SECVTX or JPB are listed in Table XV. We find

APPENDIX B: CHARACTERISTICS OF THE EVENTS
WITH A SUPERJET

Tables XVI and XVII list the characteristics of the 13

that the efficiency for finding supertags in the data is (85events with a superjet. Four of these events are included in

+5)% of the simulated efficiency. The small differences in

the data set used to measure the top quark s

the tagging efficiency between data and simulation in Table Event 41540/127085 in Table XVI is classified in Ref.

XV do not seem to be caused by a particular flavor type
because the relative fractions bfand ¢ quarks are quite

different in jets tagged by SECVTX and jet probability. The
uniformity of the data-to-simulation scale factor for finding
supertags across the three independent generic-jet samp

[18] as a dilepton event. In the present analysis, which uses
tighter lepton selection criteria, the muon candidate appears
to be due to punch-through of a stiff track inside the jet with
E;=144.5GeV. The fit of this event yields a top quark mass
Mop=158.8 GeVt?.

leSThe other three event®5581/322592, 67 824/281 883,

also excludes any large dependence on the jet transverse gfhd 56 911/114 159 in Table X\ilcontain an additional jet
ergy. If we combine these three samples, we find that theyith E;=8 GeV and 7|<2.4. The fit of these events in Ref.

efficiency for finding supertags in the data is (88)% of
the simulated efficiency for SECVTX tags and (88)% for

[18] yields M,,=152.7, 170.1, and 156.7 Ged, respec-
tively.

JPB tags. Since the heavy flavor composition of generic-jet Table XVIII lists the characteristics of the two events

data with a SECVTX ta@73% b quarks and 27% quarks
is very similar to the composition diV+=2,3 jet events
with a SECVTX tag, the excess 9+ 2,3 jet events with a

found by removing the L2 trigger requirement for primary
muons. The characteristics of the two additional events with
a superjet and a primary plug electron are listed in Table

supertag cannot be explained by correlations between thélX.
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