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Abstract

We present a detailed study of the heavy avor content in the W + jet
data sample collected with the CDF detector during the 1992-1995 collider run at
Fermilab. Rates of heavy avor jets, identi�ed via the observation of secondary
vertices or semileptonic decays of b and c quarks, are in good agreement with a
standard model simulation including production of the top quark. An exception
is the number of events in which a single jet has both a secondary vertex and a
semileptonic decay tag. In the W+ 2,3 jet data, we expect 4.4 � 0.6 and we �nd 13
such events. The kinematic properties of this small sample of events are statistically
di�cult to reconcile with the simulation of standard model processes.



1 Introduction

W bosons produced in association with jets in p�p collisions at the Fermilab

Tevatron Collider provide the opportunity to test many Standard Model (SM) 1)

predictions. CDF has measured the b and c-quark content of a data set containing

11,076 W ! `� (` = e or �) candidates produced in association with one or more

jets. Since a contribution to heavy avors in W+ jet sample is coming from the

production and decay of top quarks, these events have been used in the past to

measure �t�t by attributing to t�t production all the excesses over expectations of

W+ � 3 jet events with an identi�ed heavy avor jet.

In this paper we adopt a di�erent approach by studying the W+ jet sam-

ple assuming the theoretical estimate of �t�t to test if the complete SM prediction is

compatible with the observed yield of di�erent tags as a function of the jet multi-

plicity. This is of interest for top quark studies and searches for new physics, since

some mechanisms proposed to explain electroweak symmetry breaking, such as the

Higgs mechanism 2) or the dynamics of a new interaction 3), predict the existence

of new particles which can be produced in association with a W boson and decay

into b�b.

2 Data Analysis

The CDF detector as well as the data sample and the physics objects used in

theW+ jet analysis have been described in detail elsewhere 4; 5). TheW selection

requires an isolated electron (muon) with ET (PT ) � 20 GeV and 6E
T
� 20 GeV to

reduce the background from misidenti�ed leptons and semileptonic b-hadron decays.

Events containing additional lepton candidates are removed from the sample. W

candidate events are binned according to the observed jet multiplicity (a jet is a

calorimeter energy cluster with uncorrected ET � 15 GeV and j�j � 2.0).

The heavy avor content of the W+ jet sample is enhanced by selecting

events with jets containing a displaced secondary vertex or a soft lepton.

The secondary vertex tagging algorithm (SECVTX) 6; 5) is based on

the determination of the primary event vertex and the reconstruction of additional

secondary vertices using displaced tracks contained inside the jets1.

1A jet is considered tagged by SECVTX if some of the jet tracks form a secondary vertex with
Lxy

�Lxy
� 3:0, where �Lxy is the estimated uncertainty on Lxy (typically about 130 �m) and Lxy is

the projection in the plane transverse to the beam line of the vector pointing from the primary
vertex to the secondary vertex onto the jet axis.



An alternative way to tag b quarks is to search a jet for soft leptons pro-

duced by b ! l�c or b ! c ! l�s decays. The soft lepton tagging algorithm is

applied to the tracks associated with a jet and contained in a cone of radius 0.4

in � � � space centered around the jet axis. In order to maintain high e�ciency,

the pT threshold for the lepton candidate is set low at 2 GeV=c. Soft electrons and

muons candidates are identi�ed by their matching signatures in the electromagnetic

calorimeter and muon chambers respectively. A jet is considered tagged by SLT if

it contains a soft lepton candidate.

3 Supertag Events

We call multitag event an event containing both an SLT and a SECVTX

tag, not necessarily on the same jet. A supertag event is an event with an SLT and

a SECVTX tag in the same jet. The corresponding jet is called superjet 2.

The study presented here starts with the comparison between observation

and SM expectations for events with at least a single tag. The expectations are

based on Monte Carlo calculations with the settings and the calibration described

in Ref. 5). The non-t�t SM contributions, together with the t�t contribution (derived

using the theoretical prediction �t�t = 5:1 pb 7)) and the data are shown in �gure 1

(right) for W+ jet events with at least one SECVTX tag. We observe good agree-

ment between data and expectations. The probability 8) that the observed numbers

of events with at least one SECVTX tag are consistent with the SM predictions in

all four jet bins is 80%. The similar analysis for events with at least one SLT tag

gives a probability of 56%.

We continue the study by selectingW+ jet events with both SECVTX and

SLT tags, where we expect the events to be mostly contributed by real heavy avor.

As shown in �gure 1 (left) the numbers of multitag events are not well predicted

by the simulation. In particular �gure 2 shows the comparison between the rate of

observed supertag events and the expected production and decay of hadrons with

heavy avor. It is interesting to notice that 16 of the 18 multitag events shown in

�gure 1 are due to superjets.

The probability 8) that the observed numbers of events with at least one

superjet are consistent with the prediction in all four jet bins is 0.4%. This low

probability value is mostly driven by the excess in the W+ 2,3 jet bins where 13

2The pre�x \super" is used as a generalized term of high quality. No reference to any particular
physics model is implied.
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Figure 1: Summary of observed and predicted number of W events with at least one
SECVTX tag as a function of the jet multiplicity (left) and with a multitag (right).

Table 1: Fractions of SECVTX with a supertag ( SLT+SECVTX
SECVTX ) 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 avor type.

JET 20 JET 50 JET 100

Data 0.054�0.005 0.067�0.006 0.069�0.007
Sim. 0.065�0.007 0.076�0.004 0.086�0.006
Data/Sim. 0.83�0.12 0.88�0.09 0.80�0.10

events are observed3 and 4.4 � 0.6 are expected from SM sources. The a posteriori

probability of observing no less than 13 events is 0.1%.

The cause of the excess of W+ 2,3 jet events with supertags could be a

discrepancy in the correlation between the SLT and SECVTX e�ciencies in the data

and simulation. These simulated e�ciencies have been tuned separately using the

data and, in principle, the SLT tagging e�ciency in jets already tagged by SECVTX

could be higher in the data than in the simulation. We have checked this possible

bias using generic-jet data (table 1) and we conclude that the excess of W+ 2,3 jet

events with a supertag cannot be explained by this type of simulation de�ciency.

3The 13 events include t�t candidates and four of these events are included in the sample used

to measure the top quark mass 5).
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Figure 2: Summary of observed and predicted number of W events with at supertag
as a function of the jet multiplicity.

4 Supertag Events and SM Simulation

The events with a supertag are a subset of all the events with a SECVTX

tag and a track in the jet that is \SLT taggable". In order to de�ne an ortogonal and

complementary sample for comparison studies, we select all the events where the

\SLT taggable" track does not generate an actual SLT tag. By construction these

two samples have similar heavy avor compositions. The complementary sample of

W+ 2,3 jet events consists of 42 events, while 41.2 � 3.1 events are predicted by

the SM simulartion.

We compare the distributions of several simple kinematic variables for the

13 supertag events in the W+ 2,3 jet sample and for the complementary sample of

42 events with the expectations from the SM simulation. The comparison is per-

formed by measuring the Kolmogorov-Smirnov (K-S) distance 9) between the data

and the simulation distributions. The probability of the measured K-S distance is

determined by pseudoexperiments. We examined the transverse energy and pseudo-

rapidity of each physics object in the �nal state as well as the invariant masses or

other kinematical quantities for various combinations of the physics objects. The

probabilities of consistency with the SM for all the kinematical variables we studied

are listed in table 2.

Figure 3 shows the measured probabilities for the superjet sample (left) and

the complementary sample (right). The probabilities of the complementary sample

appear to be atly distributed, as expected for a set of distributions consistent



Table 2: Probabilities of the K-S comparisons between data and simulation for the
superjet sample and the complementary sample.

Superjets Compl. Superjets Compl.
Sample Sample Sample Sample

Variable P (%) P (%) Variable P (%) P (%)

El
T 2.6 70.9 6E

T 27.1 57.1
�l 0.10 72.7 MW

T 13.1 38.2

Esuj
T 11.1 43.0 M suj+b 4.0 58.9

�suj 15.2 73.4 ysuj+b 7.1 34.9

Eb
T 6.7 8.6 Esuj+b

T 24.0 60.1
�b 6.8 80.0 M l+suj+b 21.0 33.6

El+b+suj
T 2.5 18.8 �suj;b 30.1 41.1

yl+b+suj 13.8 83.8 �suj;b 15.3 83.8
��l;b+suj 1.0 77.9 �l;suj+b 37.3 35.7

with the simulation. In contrast, the probabilities of the superjet events cluster

at low values. This indicates the di�culty of our SM simulation to describe the

kinematics of W+ 2,3 jet events with a jet in which we require the two prominent

features of heavy avors: long lifetime (SECVTX) and semileptonic decay (SLT).

The same simulation describes well the characteristics of other data samples, like

the complementary sample or the QCD sample.

5 Properties of the Superjets and Superjet Events

5.1 Primary Lepton Properties

The kinematics of the primary leptons in events with a superjet has a low

probability of being compatible with a W decay as predicted by the SM simulation

(table 2). However both the signed impact parameter signi�cance and the isolation

of the primary lepton (shown in �gure 4 (left) together with the same variables for

the leptons in the complementary sample) indicate that the primary leptons in the

superjet events are indeed primary and cannot be attributed to non-W background

5.2 Soft Lepton Properties

Based on the SM expectation, the average transverse momenta of primary

and soft leptons are expected to di�er by an order of magnitude. However, in the

superjet events the average transverse momenta are 35 and 13 GeV/c, respectively.

The superjets could be due to dilepton events (either from Drell-Yan or poorly
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Figure 3: Distribution of the probabilities P that the 13 events with a superjet (left)
and the complementary sample (right) are consistent with the SM prediction. The
superjet sample distribution has a mean of 0.13 and a RMS of 0.11, the complemen-
tary sample distribution has a mean of 0.50 and a RMS of 0.24.

measured Z decays) which are not removed because the second lepton happens to

be merged with a jet and is not isolated. Figure 4 (right) shows that soft leptons are

mostly found close to the superjet axis and are not uniformly distributed over the

jet clustering cone as would be expected in the random overlap scenario described

above. In addition, the �gure shows that soft leptons inside a superjet are not

prompt. As expected from the simulation of heavy avor decays, the soft lepton

track is part of the SECVTX tag in 8 out of 13 superjets.

5.3 Superjet Lifetime Properties

A measure of the lifetime of an hadron producing a secondary vertex is

pseudo� � =
Lxy

c

MSV X

pSV X
T

(1)

where Lxy is the projection of the transverse displacement of the secondary ver-

tex on the jet-axis, MSVX is the invariant mass and pSVXT is the total transverse

momentum of all tracks associated with the secondary vertex. This approach ap-

proximates the Lorentz boost of the heavy avor hadron with the Lorentz boost

of the tracks contributing to the SECVTX tag. A kinematical correction factor is

typically introduced to account for the undetected neutral particles emitted at the

decay point
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Figure 4: Distribution of the signed impact parameter signi�cance d=�d and the
isolation I of primary lepton for the superjet sample (top left) and the complementary
sample (bottom left). The plots on the right show the distribution of the soft lepton
impact parameter signi�cance and distance �R =

p
��2 + ��2 from the superjet axis

for the soft leptons in the superjet sample.

In the data we observe a pseudo-� distribution for the 13 superjets in qual-

itatively agreement with the one observed in the complementary sample. Assuming

a correction factor similar to the one used for the decay of beauty hadrons, this

observation suggests a superjet lifetime of the order of 1 ps.

Additional discussion of the superjet lifetime is provided in 10). The

same work describes additional studies performed on the superjet samples, includ-

ing a detailed examination of the fragmentation properties of the superjets and a

comparison to generic QCD samples and SM simulation. No anomalous behaviour

has been observed in any of these studies.

6 Acceptance studies

We study the rate of superjet events as a function of the acceptance of our

analysis cuts.

The selection criteria used in this analysis were optimized for �nding the

top quark 6). The high-pT inclusive lepton data set, from which we have selected

the sample used in this study, consists of about 82,000 events. A large fraction of the

events are due to multi-jet production with one jet containing a fake lepton. Small

amounts of b�b and c�c production are also included. The pT � 20 GeV=c, I � 0:1

and 6E
T
� 20 GeV cuts reduce this data set to an almost pure W+ jet sample of



about 11,000 events. By releasing the pT cuts (pT � 18 GeV=c), the Isolation cut

(0:1 � I � 0:2) or the 6E
T
cut ( 6E

T
� 20 GeV), no unexpected superjet event is found.

Additionally, we studied the rate of superjet events by removing the request

that the primary lepton has �red the appropriate second level trigger in CDF, which

is approximately 70% e�cient 5) for muons. Based on the observed 13 events with

a superjet, we should have lost about two such events because the primary muon is

failing the muon trigger. On the other hand, since 85% of the superjet events contain

a soft lepton with transverse momentum comparable or larger than the L2 trigger

threshold (and assuming the hard spectrum of the soft leptons to be a real feature

of the superjets) we should �nd in the original data sample one or two additional

events with a supertag in which the primary muon failed the trigger but the event

was rescued by the soft muon. In the data, after removing the trigger requirement

on the primary muon, we recover three W+ 1 jet events, none of which contains

supertags. We also recover one W+ 2 jet and one W+ 3 jet event, both with a

supertag. No extra W+ 4 jet event is found. Scaling from the SM, we would have

expected to �nd only 0.08 W+ 2,3 jet events with a supertag

A similar study has been performed extending the acceptance of CDF to

electrons detected in the plug region (1 � j�j � 1:5). We select W+ jet events in

the plug requiring an isolated electron with ET � 20 GeV and 6E
T
� 20 GeV. We

observe two additional W+ 2,3 jet events with a supertag, while 0.34 � 0.04 events

are expected from known processes scaling the SM expectations in the central region

of the CDF detector.

It is interesting to notice that in 13 of the 17 events with a superjet the

charges of the primary lepton and the soft lepton are opposite. No correlation

between the charges is expected from the SM simulation. The probability of an

equal or larger uctuation is 2.4 %.

7 Conclusions

We have carried out a detailed study of the heavy avor content of jets

produced in association with W bosons. Comparisons of the observed heavy avor

rates with standard model predictions, including NLO calculations of single and pair

produced top quarks, are generally in good agreement. However, we �nd an excess

of events when we exploit the two basic characteristics of an heavy avor decay by

requiring a jet to be tagged by both a long lifetime (SECVTX) and by a semileptonic

decay (SLT). The standard model expectation for theseW+ 2,3 jet events is 4:4�0:6
events, while 13 are observed. A detailed examination of the kinematic properties of



these events �nds that they are statistically di�cult to reconcile with a simulation

of standard model processes, which well reproduces closely related samples of data.

We are not aware of any model for new physics which incorporates the

production and decay properties necessary to explain all features of these events.

With much larger data samples from the Run II of the Tevatron, we will be able to

explore in greater detail this class of events.
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9 Questions and Answers

Q: What is the e�ect of the supertag events on the measurement of �t�t?

A: CDF has prepared no revision to the measured value of �t�t. However

Ref. 11) has performed a phenomenological analysis to try to quantify the pro-

duction of the anomalous superjet events and their e�ect on the measurement of

�t�t.

An interpretation in terms of new physics of the superjet properties would

require the production of a low-mass, strongly interacting object, decaying semi-

leptonically with a branching ratio close to 1 and with a lifetime of the order of a

picosecond. The low mass is required by the fact that the SECVTX and SLT tags

are contained in a cone of radius 0.4 in the � � � space around the jet axis. The

request that the object is strongly interacting is motivated by the fact that several

tracks in the superjet point directly to the primary vertex, suggesting an emission

of gluons during the evolution prior to the decay. The large semileptonic branching

ratio, �nally, is required to explain the large fraction of soft lepton tags in jets tagged

by SECVTX.

Since there are no experimental limits on the existence of a charge-1/3

scalar quark with mass smaller than 7.4 GeV=c2 12), the supersymmetric partner

of the bottom quark is a potential candidate. As an example, Ref. 11) uses the

ansatz that superjets are due to the decay into lc~� of a scalar quark ~b with a mass

of 3.6 GeV=c2 and a lifetime of 1.0 ps; the scalar neutrino is assumed to be massless

and the presence of a charm quark in the �nal state is not necessary (i.e. the c can be



substituted by any other appropriately charged and kinematically allowed quark).

Furthermore, the event kinematics is modeled with the �ctitious production of a

heavy state N of mass 220 GeV=c2 which decays into ~b�b according to phase space.

In this framework, and assuming the ~b decay to be mediated by the higgsino

coupling to the right handed matter, Ref. 11) �t the rates of W + n jets events

(n = 1; 4) before and after tagging, with the inclusion of the state N in the SM

simulation. The �t is performed using a likelihood technique with the t�t cross

section and the number of events due to N production as unconstrained parameters

of the �t.

The value of the t�t cross section returned by the �t is 4.0 � 1.5 pb, in

agreement with theoretical expectations 7) and the DO result 13). The �t also

returns 52.8 � 22.1 events due to the production of a massive ~b�b pair. Since the

lepton and missing energy kinematics have been ignored, the acceptance cannot be

readily calculated and Ref. 11) quotes the number of events rather than a cross-

section.

Additionally, Ref. 11) describes two approaches used to compute the su-

pertag events acceptance. The �rst approach uses a W+Higgs simulation where the

Higgs is identi�ed with the state N and the primary lepton angular distribution

is arbitrarily weighted to obtain agreement with the data. The second approach

models the supertag events production with a general 2! 4 hard scattering process

described by an e�ective lagrangian �tting the data. Both approaches provide an

acceptance of approximately 10%. Therefore the 52.8 � 22.1 events with a superjet

returned by the previous �t correspond to a production cross section of approxi-

mately 5 � 2 pb.

Q: A low-mass scalar quark should be visible at e+e� colliders.

A: The CLEO Collaboration 14) has reported a negative result for such

a search. The CLEO Collaboration has assumed ~B ! D(�)l~� + X as a possible

decay chain for a dressed ~B meson. Furthermore they have assumed a three body

phase space for the decay matrix element. Decays resulting in leptons with a softer

spectrum, such as the one used in Ref. 11), or without charmed particles in the

�nal state have not been performed yet at e+e� colliders.
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