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We describe a measurement of the production cross section of top quark-antitop quark pairs in
the lepton+tau channel in approximately 1 fb~! of data, collected using the D@ detector at the
Fermilab Tevatron pp collider during April 2002 through February 2006. We select events with one
isolated high pr electron or muon, one isolated hadronic tau candidate, missing transverse energy,
and two or more high pr jets. Signal to background is improved by applying a neural network
b—tagging algorithm. We find 29 candidate events in the u + 7 channel, and 18 candidate events
in the e + 7 channel. We measure both the top pair production cross section (assuming standard
model decay ratios) and the cross section times branching ratio (assuming standard model cross
section for top events other than those with a real lepton and real tau in the final state) as:

o(tt) = 83713 (stat)T1'3 (syst) & 0.5 (lumi) pb,

o(tt) x BR(tt — £+ 7 +2v +2b) = 0.1970 05 (stat) 7057 (syst) £ 0.01 (lumi) pb.
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FIG. 1: Feynman diagrams for (a) standard model top pair production with decay to £ 4+ 7 + 2v 4 2b and (b) with top decay
to a charged Higgs boson + b quark.

I. INTRODUCTION

The cross section for pair production of top quarks has been measured in numerous channels at the Tevatron
including dileptons [1, 2], lepton + jets [3, 4], and all jets [5, 6]. Final states involving taus are the last remaining
standard model decay modes to be studied. Recently DO performed a measurement in the 7 + jets channel [7]. This
note describes a measurement using the ¢ + 7 + 2b 4 2v final states where ¢ = e or pu and the 7 decays hadronically
(1) (see Fig. 1(a)). We study events with one reconstructed lepton, one 7 candidate, two or more jets with at least
one tagged as a heavy flavor jet and missing transverse energy (Hr).

There are several reasons to study the £+ 7 4 b-jets + Hr channel. The first is to measure the top pair production
cross section with additional data. This analysis provides one of the larger dilepton samples of top pair events. The
second is to probe for new physics by measuring the cross section times branching ratio and comparing it to other
decay modes. For example, if there exists a charged Higgs boson with mg+ < m; — myp, an enhancement in the tau
channel might be observed through ¢t — HTb — 7vb (see Fig. 1(b)). This would lead to an excess of events in this
channel given BR(H — 7v) > BR(W — 1v).

The final event sample is dominated by top quark events which include decays to £ + 7 + 2v + 2b, other dilepton
states and {+jet states. In this note, we present a two stage analysis:

1. First, we measure the top production cross-section using all available top events assuming standard model
branching ratios. This result can be combined with other measurements by accounting for any overlap between
samples.

2. Second, we measure the cross-section X branching ratio for the specific final states t¢ — u/e + 7, + 2v + 2b.

The p7 and et samples are studied independently and combined in the final stage of the analysis. The integrated
luminosities for the u7 and er analyses are 994 & 61 pb~! and 1036 + 63 pb™!, respectively [8].

II. EVENT RECONSTRUCTION

The DO detector consists of a central tracking system, calorimeter, and outer muon system. The central tracking
system surrounds the interaction region with a silicon microstrip detector (SMT) and a fiber tracker (CFT) within
a 2T solenoidal magnet. A preshower detector lies between the solenoidal magnet and the calorimeter for improved
identification of electrons, photons, and taus. The calorimeter is composed of liquid argon calorimeter and inter-
cryostat detector (ICD). The calorimeter is divided into a central region (|| < 1.1) and a forward region (1.4 < |n| <
2.5). The ICD covers the intermediate region. The outer muon system contains 3 layers of scintillators and drift tubes
with a toroid magnet between the first two layers. Additional details of the detector are available [9].

Electrons are reconstructed in the electromagnetic (EM) and hadronic layers (HAD) of the calorimeter by clustering

energy in cells within a cone of AR = /A¢? + An? < 0.4. They are required to be in the central region of the



calorimeter (|n| < 1.1) and more than 90% of the energy must lie in the EM layers. A central track must be spatially
matched to the cluster, and it must be isolated from significant energy in the hadronic calorimeter. A likelihood
discriminant identifies electrons using information on the shower shape and central track [10].

Muons must be reconstructed in all three layers of the muon system. We consider muons which are reconstructed
with |n| < 2.0. They must be matched to a track in the central tracking system with x?/n.d.o.f < 4. Cosmic ray
muons are rejected by requiring the muons to pass timing cuts. The distance of closest approach of the central track
to the event’s primary vertex on the x — y plane must be < 0.02(0.2) cm for tracks with(without) hits in the SMT.
Two criteria were used for muon isolation: (1) the sum of the energy deposited in the calorimeter within a hollow
cone of 0.1 < AR < 0.4 must be less than 15% of the muon energy, and (2) the sum of the pr of tracks surrounding
the muon within AR < 0.5 must be less than 15% of the muon pr [10].

Jets are reconstructed from energy in the calorimeter using a fixed cone algorithm with cone size AR < 0.5 [11]. They
must be reconstructed within |n| < 2.5. A minimum transverse momentum of 6 GeV is required at reconstruction.
We include requirements on Level 1 calorimeter trigger match, calorimeter electromagnetic fraction, and calorimeter
coarse hadronic fraction. The missing transverse energy (Hr) is calculated by performing a vectorial sum of the
transverse energies deposited in the calorimeter. This sum is then corrected with the momenta of well-reconstructed
muons, and corrected energies of well-reconstructed electrons and jets in the events.

Taus are reconstructed from energy in the calorimeter and one or more tracks. The tau cone reconstruction
algorithm uses a cone size of AR < 0.5. An inner cone of size AR < 0.3 is used to calculate tau isolation variables.
We required that they are inside the central region of the calorimeter (|n| < 1.0). An electromagnetic sub cluster
may also be associated with the tau candidate. Tracks (ordered in decreasing pr) within a cone of AR < 0.5 may be
matched to the tau candidate as long as their z—position is within 2 cm of the first track at closest approach, the
mass calculated using the tracks is less than the tau mass, and no more than three tracks are already matched. The
reconstructed tau candidates are classified into three categories:

1. Type 1: One track without any associated electromagnetic sub clusters. This type of tau candidate is expected
to come from the decay

T~ — 7T + U

2. Type 2: One track with associated electromagnetic sub cluster. This type of tau candidate is expected to come
from the decay

77 =1 +nr + Vs,

where there are n > 1 neutral pions.

3. Type 3: Two or three tracks. This type of tau candidate is expected to come from the decay
7 =t + v 4+ naf,
where there can be n > 0 neutral pions.

A neural network (IVN,) has been trained to separate real taus from jets which fake taus. The NN, uses variables
which emphasize the difference of taus from jets: low track multiplicity, narrow calorimeter clusters, isolation in the
central tracking system and the calorimeter, and correlation between the track(s) and calorimeter cluster(s). The
variables are derived from tau tracks, hadronic and electromagnetic calorimeter cluster energies, shower shape, and
the detector geometry. Additional description of some of the variables can be found in Ref. [12]. Figure 2 shows the
distributions of NN, for two ranges of NN, value. We require taus to have NN, > 0.8. Using W (— ev)+jets events,
we determine a data/MC correction factor on the rate for fake taus from jets of 1.07 £ 0.12.

A second neural network (N N.j.) is used to separate tau type 2 and electrons. For NN, the neural net uses
a subset of the input variables of NN, and variables based on the electromagnetic cluster and correlation between
electromagnetic cluster and the leading tau track. Figure 3 illustrates the rejection of fake taus from the NN, and
N N variables. The er analysis requires taus to pass NNge. > 0.8. In addition the er analysis removes tau
candidates with track ¢ less than 0.02 radian from the nearest calorimeter module wall, which are likely mis-measured
electrons.

The presence of one or more jets coming from a b—quark is a powerful discriminator between signal top quark
events and background events. In this analysis we use a neural network (N Np) algorithm to identify if a jet originated
from a b-quark. We require data events to have at least one jet with NN, > 0.65 which results in an average efficiency
of 54% for b-jets and an average fake rate of 1%. In Monte Carlo (MC) events, we assign a probability to each jet in
the event to have originated from a b—quark. This probability is measured from data and is often referred to as the
“tag rate function”. To increase the statistical power in Monte Carlo events, we consider all possible permutations of
applying the tagging algorithm. This follows a similar procedure to the single top analysis [13].
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FIG. 2: Distributions of tau neural network output (NN.) in the u7 channel. Shown are the distributions in the [0.0,1.0]
interval (left figure), and in the zoomed [0.5,1.0] interval (right figure). These are made prior to NN;, Hr, jet-tau matching,
and b-tagging criteria.

IIT. SIGNAL AND BACKGROUND MODELS

Signal and most backgrounds are generated using ALPGEN v2.05 [14] interfaced with PyTHIA v6.323 [15]. Standard
model backgrounds considered include W+jets, Z/v*+jets (in the ee, pu, and 77 decay modes), dibosons, estimated
using MC, and multijet events, estimated from data. ¢t acts as both a background and signal under different parts of
the analyses. We have generated both ¢ — dileptons and ¢ — lepton + jets with a top mass of 175 GeV. The W MC
is normalized to data by fitting the transverse mass distribution after only requiring an isolated muon or electron, one
or more jets, and missing transverse energy. The template for multijet events at this selection stage is obtained from
events which have a non-isolated muon or electron, one or more jets, and missing transverse energy. We subtract the
estimated contributions of Z~y+jets, ¢f, and dibosons events before performing the fit. The Z/v* MC is normalized to
the next-to-leading order (NLO) cross section [16]. In both cases an additional factor (1.17 for W and 1.1 for Z/v*)
scales the heavy quark component to match the heavy/light ratio in NLO calculations.

The multijet background is modeled from data using events with the lepton and 7 having the same-sign (SS)
charge. We subtract from this sample contributions from MC W and tt same-sign events to predict the number of
multijet events in the final samples. tt contributions to the same-sign sample result from either a random jet being
reconstructed as a tau or from charge mis-id of a real tau. Contributions of Z/~4* and diboson to the SS sample are
small.

NOS NSS

multijet — 4Vmultijet

_ 7SS SS ss
= Npara — Nitkjets — Nz~ - (1)

IV. SELECTION CRITERIA

We use data collected during April, 2002 to February, 2006. The p7 analysis uses a trigger that requires a muon and
a jet with py > 20,25,35 GeV depending on the running period, while the er analysis uses a trigger with an electron
and two jets (one of which has pr > 20, 25,30 GeV). Standard criteria are applied for data quality and primary vertex
requirements. Events are required to have either an isolated muon (pr > 20 GeV) or an isolated electron (pr > 15
GeV) as described in Sec. II. Events containing either a second lepton of the same type or an isolated lepton of the
opposite type (u/e) are rejected to reduce Z — pp/ee background and ensure orthogonality with existing dilepton
analyses. At least one jet with pr > 30 GeV is required. Any other jet must have pr > 20 GeV. Because of the
presence of several neutrinos, we require 15 < Hr < 200 GeV. Each event must have at least one tau candidate. If
more than one tau is found, the one with the highest NN, is used and other tau candidates are ignored. The list of
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FIG. 3: Distributions of output from tau neural network to reject jet (NN;, left figure) and tau neural network anti electron
(N Ngjec, right figure) in the pu7 channel. In this sample, the major components which contain fake taus from electrons are tt —
other dilepton and Z — 77 — TeThad. Left figure shows that NN, can’t distinguish electrons which fake taus from real taus,
while the right figure shows that N Neje. can. These are made with muon, tau, 7, and jet requirements but no b—tagging.

TABLE I: Data and predicted numbers of events before and after b-tagging is applied. Standard model cross section and
branching ratios are assumed for ¢t production. Uncertainties are statistical only.

before b-tagging after b-tagging

T er 1% er
w 38.0 £ 1.7 34.1 + 3.5 2.31 £0.22 213 + 0.27
Z/~v* — ee or up 20.7 £ 1.1 5.8 + 0.6 1.09 + 0.11  0.38 £+ 0.05
Z/y" — 71T 19.6 £ 1.2 7.5 £ 0.6 1.02 £ 0.10 0.54 £ 0.06
Diboson 2.8 +£0.1 5.1 £ 0.6 0.21 + 0.01 0.34 £ 0.07
Multijet 10.6 £+ 6.3 12.7 +£ 6.6| 4.52 +£3.01 -1.27 + 1.77

tt— L+ 7+ 2b+ 2w 7.8 £ 0.1 6.67 £ 0.1 5.64 £0.04 4.70 £ 0.05
tt — other dileptons 4.3 £0.1 0.73 + 0.1 3.14 £ 0.03 0.47 £ 0.07

tt — £ + jets 12.7 £ 0.1 1241 £ 0.2 8.40 £ 0.11 7.88 & 0.12
Total Expected 116.6 + 6.8 85.0 &£ 7.7| 26.33 & 3.02 15.17 £ 1.97
Data 104 69 29 18

jets is redone, removing any jet that falls within AR < 0.5 of this tau candidate. At this point, at least two jets are
required. All of the above criteria are applied to both analyses.

For the pur analysis, events with a second non-isolated muon are rejected if the invariant mass of the two muons lies
in the range 70 < my, < 100 GeV. In the et analysis the electron-tau fake rejection is applied and we reject events
where the electron and K7 line up in ¢ by requiring cos(A¢(e, Hr)) < 0.9. The remaining events are referred to as
the pre-tag sample. The final selection criteria is that at least one of the jets be tagged as coming from a b-quark
(tagged sample). This dramatically improves the signal-to-background and this sample is used for the cross section
measurements. Table I lists the observed and expected numbers of events at the pre-tag and tagged stages. Figures 4
and 5 show distributions from the p7 and er samples (combined), before and after b-tagging.
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FIG. 4: Distributions comparing ur + er data to expectations before b-tagging is applied. This is done assuming a standard
model cross section for top pair production. Overflows are placed in the rightmost bin. “lepton” = p or e. The distributions are:
lepton pr (top left); 7 pr (top right); leading jet pr (middle left); missing transverse energy (Hr) (middle right); lepton-Hrp

(Bt +p5)? — (BHo +05)? — (Hy + pf)? (bottom left); Hr is the magnitude of the vector sum of the

lepton’s, the tau’s, all jets’s, and Hr$ transverse momentum (bottom right).

transverse mass, mr = \/
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FIG. 5: Distributions comparing pum + et data to expectations after b-tagging is applied. This is done assuming a standard
model cross section for top pair production. Overflows are placed in the rightmost bin. “lepton” = p or e. The distributions are:
lepton pr (top left); 7 pr (top right); leading jet pr (middle left); missing transverse energy (Hr) (middle right); lepton-Hrp
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lepton’s, the tau’s, all jets’, and Hr$ transverse momentum (bottom right).




TABLE II: Acceptances (in unit of %) of the lepton+tau+b-jet(s)+HEr selection for t¢ — dilepton, t¢ — lepton-+jets, tt —
inclusive and ¢t — £+7+2b+2v samples. The top section shows the acceptance for opposite-sign events taking into account the
SM BR, the middle section is for same-sign events using the SM BR, and the bottom section is for opposite-sign £+ 7 + 2b+ 2v
signal without BR. Uncertainties are statistical only.

Process LT acceptance eT acceptance
Opposite-signed tt
tt — dilepton 0.1304 4+ 0.0015 0.0761 4+ 0.0012
tt — lepton-jets 0.1247 4+ 0.0027 0.1117 4+ 0.0025
tt — inclusive 0.2551 + 0.0031 0.1878 £ 0.0028
Same-signed ¢t
tt — dilepton 0.0025 4 0.0002 0.0026 4 0.0002
tt — lepton-+jets 0.0459 4+ 0.0020 0.0421 4+ 0.0015
tt — inclusive 0.0484 4+ 0.0020 0.0447 £ 0.0015
tt — £+ 7+ 2b+ 2v (no BR) 4.59 +0.03 3.85 £ 0.06

V. CROSS SECTION EXTRACTION

First, we measure the top pair production cross section assuming standard model branching ratios. Here we use
all top pair events which reconstruct in our final state as signal, including those with fake taus from jets or leptons.
Backgrounds include W, Z/v* — up or ee, Z/v* — 77, dibosons and multijet events (Table I). The number of data
events in the opposite-sign (OS) sample is given by

08 08 08
NDATA = Ntf + N + N + N zboson + N]\/Iultijet7 (2)
where N gs is the signal sample. Because we subtract same-sign ## events from same-sign data in calculating the

multijet background (Eq. 1), top production contributes twice to the expected numbers of events. Therefore we
measure the cross-section by

o N ATA NE)%TA _ (NOS — NSS) — NZO Nleoson 3
O = 0S _ ( )
(7” —ei’) x L

where N is the observed/expected number of events, ¢ is the efficiency for any top quark pair events to enter our
sample (t¢ — inclusive in Table IT), £ is the luminosity and OS(SS) refers to opposite-sign(same-sign) samples.

The t cross section in the individual dilepton channels is extracted by minimizing a negative log-likelihood function
based on the Poisson probability of observing a number of events (V. ;bs) given the luminosity (£;), branching fraction
(BR;), efficiency (¢;) and a number of background events (N;-’kg): —log L(aj,{N}’bS,N})kg,BRj,ﬁj,ej}), while the
combined cross section is measured by minimizing the sum of the negative log-likelihood functions for each individual
channel (see [17] for more details on the method). The acceptances for opposite-sign and same-sign ¢t events are listed
in Table II.

Systematic uncertainties are considered from the following sources: trigger, lepton ID, tau reconstruction, tau fake,
jet energy calibration, primary vertex (PV) ID, b-tagging and MC normalization. The breakdown of uncertainties for
the combined cross section is given in Table ITI. Systematic uncertainty on the primary vertex identification contains
the uncertainties on PV selection and vertex z position simulation. Uncertainties on the MC normalization include
normalization and flavor composition uncertainties. All uncertainties are treated as correlated between the p7 and er
channels except for the individual muon or electron uncertainties and the background and MC statistics uncertainty.

We measure the top quark pair production cross section to be

o(th) = 8.0738 (stat) 1 (syst) + 0.5 (tumi) pb (ur) (1)
o(tt) = 8.6731 (stat) ™18 (syst) £ 0.5 (lumi) pb (er) (5)
o(tt) = 83729 (stat)™]5 (syst) & 0.5 (lumi) pb (combined) (6)

VI. CROSS SECTION x BRANCHING RATIO EXTRACTION

For the measured cross section, many of the reconstructed tau candidates arise from jet or lepton fakes, as shown
in Table I. The significant presence of tt events without real taus makes it advantageous to use them in measuring
the tt cross-section.



TABLE III: Systematics for the measurement of o(tt).

UT er combined

Ao Ao Ao
Jet energy calibration +0.30 —0.50 +0.33 —0.36 +0.43 —0.35
PV identification +0.36 —0.34 +0.23 —0.37 4+0.38 —0.21
Muon identification +0.21 —0.20 - +0.12 —0.12
Electron identification - +0.59 —0.53 +0.25 —0.24
Tau identification +0.16 —0.15 +0.15 —0.15 +0.16 —0.16
Trigger +0.00 —0.00 +0.12 —0.07 +0.14 —0.13
Fakes +0.45 —0.42 +0.59 —0.53 4+0.50 —0.49
b-tagging +0.31 —0.34 +0.44 —0.41 +0.45 —0.37
MC normalization +0.18 —0.18 +0.15 —0.15 +0.13 —0.13
Background/MC statistics +1.46 —1.46  +1.19 —1.19 +1.00 —0.91
Other +0.08 —0.08 +0.09 —0.10 +0.19 —0.18
Subtotal +1.76 —1.67 +1.64 —1.59 +1.40 —1.24
Luminosity +0.49 +0.52 +0.51
Total +1.83 —1.95 +1.72 —1.67 +1.49 —1.34

TABLE IV: Systematics for the measurement of o(tt) x BR(tt — ¢+ 7 + 2b + 2v).

uT er combined
Ao x BR Ao x BR Ao x BR
Jet energy calibration +0.030 —0.023 +0.017 —0.019 +0.022 —0.020
PV identification +0.020 —0.011 +0.019 —0.010 +0.019 —0.011
Muon identification +0.004 —0.004 — 4+0.005 —0.005
Electron identification - +0.027 —0.025 +0.015 —0.014
Tau identification +0.006 —0.006 +-0.006 —0.006 +0.007 —0.006
Trigger +0.014 —0.013 +0.005 —0.003 40.006 —0.006
Fakes +0.034 —0.036 +0.030 —0.030 +0.032 —0.033
b-tagging +0.025 —0.019 +0.022 —0.020 +0.023 —0.020
NLO ¢t cross-section +0.027 —0.026 +0.023 —0.022 +0.025 —0.024
MC normalization +0.009 —0.009 +0.006 —0.005 +0.007 —0.007
Background/MC statistics +0.066 —0.066 +0.045 —0.045 +0.041 —0.037
Other +0.004 —0.004 +0.007 —0.007 +0.010 —0.008
Subtotal 40.093 —0.089 +0.074 —0.071 +0.072 —0.066
Luminosity +0.011 +0.012 +0.011
Total +0.094 —0.090 +0.075 —0.072 +0.073 —0.067

In this section we measure the cross section times branching fraction BR(tf — £ + 7 + 2v + 2b) for dilepton events

with a real muon or electron and a real tau decaying hadronically. Assuming a standard model ¢t cross section
of 6.8 £ 0.6 pb [18, 19] and branching ratios for all other top decay modes, we include these contributions in the
background estimate instead of considering them as signal. We use

Nobserved - Nexpected background (7)

o X BR(tt = £+ 7+ 2v + 2b) = <
€

We consider the same set of systematic uncertainties as the cross-section measurement with the addition of theo-
retical uncertainty on the ¢t cross-section. The breakdown of uncertainties for the combined o x BR is given in Table
Iv.

This results in

o(tt) x BR(tt — p+ 7+ 204 2b) = 0.187513 (stat) 359 (syst) £ 0.01 (lumi) pb (p7) (8)
o(tt) x BR(tt — e+ 7+ 2v +2b) = 0.197512 (stat) T5-07 (syst) = 0.01 (lumi) pb (e7) (9)
o(tt) x BR(tt — {47 +2v +2b) = 0.19705% (stat) 007 (syst) + 0.01 (lumi) pb (combined) (10)

We determine a standard model expection using the NLO cross section (6.8 pb) and branching ratios (Table V). The
lepton can come directly from a W boson or from W — 7v — frvvr and the tau is only directly measured in the
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TABLE V: Standard model branching ratios for top quark decays to appropriate muon, electron and tau final states. Values
are taken from the 2006 PDG [20].

Observable final state Branching ratio
BR (t — evb) = BR (W — eve) + BR (W — Tv; — evevrvyr) 0.1276
BR (t — uvb) = BR (W — pv,) + BR (W — 7 — pvuvrvy) 0.1252
BR (t — m,vb) = BR (W — 7v;) X BR (7 — hadrons + v,) 0.0729

hadronic decay mode. Substituting these values into
o X BR(SM) = 04 X 2 x BR(t — fvb) x BR(t — 1,vb) (11)

yields 0.12(0.13) pb in the p7(er) channel.

VII. CONCLUSIONS

We have performed the first D@ Run 2 top pair production cross section analysis dedicated to dilepton states
including a hadronic tau decay. By selecting events with an isolated muon or electron, a hadronic tau, two or
more jets (at least one of which is b-tagged) and missing transverse energy, we find a relatively large number of top

candidates. We measure a top pair production cross section of 8.3 739 (stat) T]3 (syst) + 0.5 (lumi) pb and a cross

section times branching ratio of 0.19 T5-08 (stat) *5-07 (syst) + 0.01 (lumi) pb in the u7 + er combination. These are

in good agreement with the standard model and limits on new physics contributions such as H* are in progress.
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FIG. 6: Distributions comparing p7 data to expectations. This is done assuming a standard model cross section for
top pair production. Overflows are placed in the rightmost bin. The distributions are: muon pr (top left); = pr (top
right); leading jet pr (middle left); missing transverse energy (Hr) (middle right); muon-Hr transverse mass, mr =
VEBr +05)? — (Bx +05)2 — (By +p})? (bottom left); Hr is the magnitude of the vector sum of the muon’s, the tau’s,
all jets’, and Hr$ transverse momentum (bottom right).
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FIG. 7: Distributions comparing er data to expectations. This is done assuming a standard model cross section for
top pair production. Overflows are placed in the rightmost bin. The distributions are: electron pr (top left); 7 pr
(top right); leading jet pr (middle left); missing transverse energy (Hr) (middle right); electron-Hr transverse mass,
mr = \/(Br +p5)? — (He +p3)? — (Hy +p5)? (bottom left); Hy is the magnitude of the vector sum of the electron’s, the
tau’s, all jets’, and Hr$ transverse momentum (bottom right). In general the contribution from ¢ — dilepton non-er sample
can not be seen because it is smaller than the width of the histogram line.




