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We report a measurement of single top quark production in proton-antiproton collisions at a center-
of-mass energy of v/s = 1.96 TeV using a data set corresponding to 7.5 fb™! of integrated luminosity
collected by the Collider Detector at Fermilab. We select events consistent with the single top quark
decay process t — Wb — fvb by requiring the presence of an electron or muon, a large imbalance
of transverse momentum indicating the presence of a neutrino, and two or three jets including at
least one originating from a bottom quark. An artificial neural network is used to discriminate the
signal from backgrounds. We measure a single top quark production cross section of 3.04t8;§§ pb
and set a lower limit on the magnitude of the coupling between the top quark and bottom quark
[Vis| > 0.78 at the 95% credibility level.

PACS numbers: 14.65.Ha, 12.15.Ji, 13.85.Qk, 12.15.Hh

In the standard model (SM) of fundamental interac-
tions, top quarks are produced in hadron collisions pri-
marily as top-antitop (#f) pairs via the strong interac-
tion. The top quark was first observed in this production
mode in 1995 [1]. The top quark is also produced singly
via weak charged-current interactions. At the Fermi-
lab Tevatron proton-antiproton (pp) collider, single top
quark production proceeds via the exchange of a virtual
W boson in the ¢t channel, via the decay of an interme-
diate W boson in the s channel, or in association with a
W boson (Wt) [2]. The respective SM production cross
sections at the Tevatron, calculated at approximate next-
to-next-to-leading-order (NNLO) accuracy in the strong
coupling «y, are oy ~ 2.10 pb [3], o5 ~ 1.06 pb [1], and
ow: ~ 0.25 pb [5] for a top quark mass of 172.5 GeV /c?.

The measurement of the single top quark production
cross section provides a test of the SM via a direct deter-
mination of the magnitude of the Cabibbo-Kobayashi-
Maskawa (CKM) [6] matrix element [Vi|, as the cross
section is proportional to |th\2. The strength of the
coupling |Vi| governs the decay rate of the top quark
and its decay width into Wb. As this measurement as-
sumes only that |Viy|* > [Vie|> + |Via|> and does not
rely on an assumption about the unitarity of the CKM
matrix, it can constrain various extensions of the SM,
namely models with fourth-generation quarks, models
with flavor-changing neutral currents, and other phenom-
ena not predicted by the SM [7].

Single top quark production in the combined s + t
channels was first observed independently by the CDF
and DO experiments in 2009 [3, 9]. The DO collabora-
tion updated its measurement in 2011 [10] and reported

the observation of single top quark production in the ¢
channel [11]. The ATLAS and CMS experiments at the
Large Hadron Collider (LHC) reported measurements of
single top quark production in the ¢ channel in 2012 [12].
More recently, these experiments presented evidence of
single top quark production via the Wt process [13], and
CMS very recently reported the observation of single top
quark production via this process [14]. In addition, the
CDF and DO experiments separately reported evidence
for s-channel production [15] and jointly reported the
observation of s-channel single top quark production in
2014 [16]. The s-channel process is difficult to observe at
the LHC due to the small signal-to-background ratio.

In this Letter we report precise measurements of the
single top quark production cross section for (i) the sum
of the s-channel, t-channel, and Wt processes, (ii) the s-
channel process alone, and (iii) the sum of the ¢-channel
and Wt processes, using more than twice the data of the
previous CDF measurement [3, 17]. Using the measured
single top quark cross section for the sum of s-channel,
t-channel, and Wt processes, we also set a lower limit on
the coupling |Vy|. The data sample was collected at the
Tevatron at a center-of-mass energy of /s = 1.96 TeV.
The data sample corresponds to an integrated luminosity
of 7.5 fb~1 collected with the CDF II detector, which
includes a solenoidal magnetic spectrometer surrounded
by projective-geometry sampling calorimeters and muon
detectors [18].

Since the magnitude of the top-bottom quark coupling
is much larger than that of the top-down and top-strange
quark couplings, we assume that every top quark decays
into a W boson and a bottom (b) quark. We identify sin-



gle top quark candidates by searching for the decay of a
W boson to a neutrino and either an electron (e) or muon
(1). Candidate events are required to have an e or y with
large transverse momentum pr [19], a large imbalance in
the event’s total transverse momentum (missing energy)
Fr [20] indicating a neutrino, and two or three hadronic
jets.

Events are collected by three sequential levels of online
selection requirements (triggers). We include events col-
lected by high-pr lepton triggers, where the candidate e
(1) has Er (pr) > 20 GeV (18 GeV/c) and pseudorapid-
ity |n| < 1.0 [19]. We also utilize novel triggers that re-
quire either £ > 35 GeV plus two jets or £ > 45 GeV,
which increase the acceptance by adding new types of
identified muon candidates [17]. Based on the type of
lepton identified, events are grouped into two mutually
exclusive categories called the tight lepton category and
the extended muon category.

The final event selection requires a single isolated
charged lepton with |n| < 1.6 and pr > 20 GeV /¢, consis-
tent with the leptonic decay of a W boson. After correct-
ing Er for the presence of jets and muons in the event,
we require K > 25 GeV to reduce the background from
multijet events that do not contain a W boson, referred
to as the non-W background. Jets are reconstructed us-
ing a fixed-cone algorithm [21] with radius AR = 0.4 in
1—¢ space [22]. We select events with either two or three
jets having Ep > 20 GeV and || < 2.8. In order to im-
prove the separation of signal from background, at least
one of the jets must be identified as originating from a b
quark (“b-tagged”) using the SECVTX algorithm [23].

Backgrounds that mimic the single top quark signal
originate from events in which a W boson is produced
in association with one or more heavy-flavor jets (W +
HF), events with light-flavor jets that are mistakenly b-
tagged (W + LF), multijet (non-W) events, tf events,
diboson (WW, WZ, ZZ) events, and events with a Z
boson and jets. In addition to the Fp requirement, we
further reduce the non-W background by using a dedi-
cated selection that exploits the W boson transverse mass
M} [24] and the missing transverse energy significance
[17]. Events with a reconstructed muon in the tight lep-
ton category are required to have M} > 10 GeV/c?,
while the remaining muon events and events triggered
by an electron must have M7" > 20 GeV /2.

Backgrounds are estimated using both data-driven al-
gorithms and simulated data from Monte Carlo (MC)
samples [17]. The diboson and ¢ processes are mod-
eled using PYTHIA [25], and the production of a W
or Z boson associated with jets is modeled using ALP-
GEN [26]. The single top quark signal is modeled us-
ing POWHEG [27] at next-to-leading-order (NLO) accu-
racy in as. This measurement uses a NLO generator
for the first time to model s- and t-channel single top
quark production with the proper inclusion of the Wt
contribution [28]. A top quark mass of 172.5 GeV/c?

is assumed, which is fully consistent with recent mea-
surements [29]. Each of the event generators uses the
CTEQSL parton distribution functions [30] as input except
for POWHEG, which uses the CTEQ6.1 parton distribution
functions [31]. Parton showering and hadronization is
simulated using PYTHIA tuned to underlying event data
from the Tevatron [32]. The CDF II detector response is
modeled using GEANT3 [33].

The probability for a light-flavor jet to be mistakenly
b-tagged is estimated using a mistag matrix extracted
from data control samples and parametrized as a func-
tion of the jet and event properties [17]. The kinematic
properties of non-W events are determined using data
samples obtained with less stringent requirements ap-
plied to lepton identification and isolation. The sample of
events prior to b-tagging, referred to as the pretag sam-
ple, is dominated by non-W and W + jets events. As
non-W events typically have smaller £r than W boson
events, the normalization for both non-W and W + jets
events is determined by fitting the Fr distribution with
the Fr > 25 GeV requirement removed.

Table I shows the expected sample composition for
events with either two or three jets and either one or
two b tags, corresponding to a total of four statistically
independent signal regions. Events originating from s-
channel single top quark production frequently populate
the two-tag signal region, while t-channel and Wt events
predominantly populate the one-tag signal region.

The number of expected signal events is much smaller
than the uncertainty on the predicted background, and
further separation of signal and background is required.
We use artificial neural networks (NN) [34] to separate
signal events from background events. Two dedicated
NN are used for each of the four signal regions, one for
each of the two lepton categories. A number of kine-
matic variables are studied, and the most significant for
distinguishing signal from background are used as inputs
to build the NN discriminants. Although the NN inputs
with the greatest discriminating power vary for the four
signal regions, examples of the best inputs include @ x 7,
the product of the charge of the electron or muon and
the pseudorapidity of the light-quark jet, and My, the
reconstructed top quark mass based on the electron or
muon, the reconstructed neutrino, and the b-tagged jet.
Descriptions of the variables and the full optimization
procedure can be found in Ref. [17].

In order to maximize signal sensitivity, the NN dis-
criminant is trained using only s-channel events as signal
in the two-jet, two-tag signal region. In the remaining jet
and tag signal regions, the NN is trained assuming only ¢-
channel events as signal. To further improve the precision
of the cross section measurement, we use training sam-
ples that contain additional events in which the jet energy
scale, renormalization scale, and factorization scale are
varied within their systematic uncertainties. Simulations
predict that this new procedure improves the accuracy



TABLE I. Predicted and observed number of events in four statistically independent signal regions, which consist of W boson
events with either two or three jets, each with either one or two b tags. The uncertainties on the predictions include statistical
and systematic contributions from simulated samples and data-driven algorithms, as described in the text.

Process W + 2 jets, 1 tag W + 3 jets, 1 tag W + 2 jets, 2 tags W + 3 jets, 2 tags
tt 474 £ 49 1067 £+ 109 98 + 14 284 + 42
ww 148 + 21 48 £ 7 1.1 £0.3 1.2 £0.3
Wz 53 £ 6 14 4+ 2 8.8 + 1.3 24+ 04
YA 1.7 £ 0.2 0.7+ 0.1 0.3 £ 0.0 0.1 + 0.0
Z + jets 118 + 15 46 + 6 4.8 £ 0.7 2.7+04
W + bb 1452 + 437 434 £ 131 183 £ 56 65 + 20
W +cc 766 + 233 254 £ 77 10+ 3 ==
W +cj 583 £ 177 128 + 39 7.8 +24 35+ 1.1
W + LF 1459 + 148 433 + 47 74+£15 54+ 1.1
non-W 316 £+ 126 141 + 57 6.8 + 3.5 3.4+ 32
t channel 193 + 25 84 + 11 6+1 15+ 2
s channel 128 + 11 43 £ 4 32+4 12 +£ 2
Wt 16 + 4 26 £ 7 0.7 £ 0.2 2.3 £ 0.6
Total prediction 5707 £ 877 2719 £+ 293 367 + 66 403 + 53
Observed 5533 2432 335 355

800 4 CDF data 100F
Singletop 7 L1
600 w+ HF 80
Nw+LF 1 %/

‘1 -05 0
NN discriminant

FIG. 1. Comparison of the data with the sum of the predic-
tions of the NN output for the combined two-jet and three-jet
signal regions. The inset shows a magnification of the region
for which the NN discriminant ranges from 0.8 to 1.0, where
the single top quark contribution is larger.

of the final cross section measurement by approximately

3% [24].

The measurement of the single top quark cross sec-
tion requires substantial input from theoretical models,
Monte Carlo simulations, and extrapolations from con-
trol samples in data. We assign systematic uncertainties
to the predictions and we investigate the effects of these
uncertainties on the measured cross section. Three dif-
ferent classes of uncertainty are considered: the uncer-

tainty in the predicted rates of signal and background
processes, the uncertainty in the shapes of the distribu-
tions of the discriminant variables, and the uncertainty
arising from the simulated sample size in each bin of each
discriminant distribution. In the W + 2 jet pretag sam-
ple, discrepancies between data and the MC predictions
are visible in certain regions of distributions such as jet
n and AR(j1,j2) = /(An)? + (A¢)?, where ji and j»
are the momentum vectors of the two most energetic
jets [17]. The inaccurate modeling of the distribution
of jet n has a potentially significant impact on the anal-
ysis because the variable @ X 7 is an important input to
the NN. We determine that the mismodeling is mainly
due to W + LF events, and we account for the system-
atic uncertainty of the mismodeling by creating a mod-
ified W + LF background template in which events are
reweighted to match pretag data in the jet Er, jet n,
and A¢(ji1,jz) distributions [28]. The weighting factor
ranges up to 1.4 for events with jets at large |n|. The
modified template from the reweighted W + LF sample
is used to obtain a one-sided systematic uncertainty. All
of the systematic uncertainties considered are thoroughly
discussed in Ref. [17].

The NN output distribution of the combined two-jet
and three-jet signal regions is shown in Fig. 1. The pre-
dicted output distributions of s-channel, ¢-channel, and
Wt events are combined into one signal distribution, with
proportions based on the SM predictions. The measure-
ment of the single top quark cross section is performed
using a maximum likelihood fit to the binned NN output
distributions of the statistically independent bins. We
assume a uniform prior probability density for all non-
negative values of the cross section and integrate the pos-
terior probability density over the parameters of effects
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FIG. 2. Distribution of the posterior probability density of
the cross section measurement calculated with the NN dis-
criminant histograms as inputs.

associated with all sources of systematic uncertainties,
parametrized using Gaussian prior-density distributions
truncated to avoid negative probabilities.

We measure the total cross section of single top quark
production os4iqwe, assuming the SM ratio among the
s-channel, t-channel, and Wt production rates. The
posterior distribution is shown in Fig. 2. From this
distribution, we extract a cross section of ospiiw: =
3.041'812; pb, assuming a top quark mass of 172.5 GeV /c?.

To extract |Vi|, we use the direct proportional-
ity between the production cross section ogi;1pwy and
[Vis|? [35]. We take the constant of proportionality to
be the ratio between the SM prediction for the cross
section 3.40 + 0.36 pb [3-5] and the nearly unit value
of |Vi|> obtained in the SM assuming the CKM hier-
archy. Under the assumption that the top quark de-
cays to a W boson and b quark 100% of the time
([Vo|> > |Vis|> + |Via|?), we obtain a 95% Bayesian
credibility level lower limit of |Vy| > 0.78 and extract
[Vip| = 0.95 £ 0.09 (stat + syst) £ 0.05 (theory).

To extract the single top quark cross sections for s-
channel production and t-channel + Wt production sep-
arately, we assume a uniform prior-probability density
distribution in the two-dimensional plane (o, oryw:) and
determine the cross sections that maximize the posterior-
probability density distribution. The t-channel and Wt
process are combined as they share the same final-state
topology. We study the sensitivity of the resulting fit
to the relative contribution of the t-channel and Wt pro-
cesses (where the Wt contribution is taken to be approx-
imately 10%) and find it to be negligible. The best-

fit cross sections correspond to o, = 1.8170%% pb and

T 5

g I ® CDF data

s I I 68.3% CL

5 A 95.5% CL

o f 99.7% CL

o o B SM
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FIG. 3. Results of the two-dimensional fit for os and oi1w:.
The black circle shows the best-fit value, and the 68.3%,
95.5%, and 99.7% credibility regions are shown as shaded ar-
eas. The standard model (SM) predictions are also indicated
with their theoretical uncertainties.

orrwe = 1.6617052 pb, with a correlation factor of ~24.3%.

The uncertainties on these measurements are correlated
because signal from both the s-channel and ¢-channel +
Wt processes populate the signal-like bins of each of our
discriminant variables. Regions of 68.3%, 95.5%, and
99.7% credibility are derived by evaluating the small-
est region in area that contains the corresponding frac-
tional integrals of the posterior-probability density distri-
bution. The best-fit values, the credibility regions, and
the SM predictions are shown in Fig. 3. These measure-
ments are fully compatible with the SM predictions of
s = 1.06 + 0.06 pb and o4 1wy = 2.34 £ 0.30 pb [3-5].
In conclusion, we study single top quark production in
the W + jets final state using pp collision data collected
by the CDF experiment, corresponding to 7.5 fb~! of
integrated luminosity. We measure a single top quark
cross section for the combined s-channel + t-channel
+ Wt processes of 3.0470%7 pb and we set a lower
limit |Vi| > 0.78 at the 95% credibility level, assum-
ing my = 172.5 GeV/c?. Using a two-dimensional fit

for o5 and o4y, we obtain oy = 1.81f8:§:§ pb and

Otywt = 1.66418:451?7’ pb. All of the measurements are con-
sistent with SM predictions, and the lower limit on |V
places improved bounds on various extensions of the SM
and new phenomena.
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