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Abstract

The production of single top quarks via the electroweak interaction promises
to provide new opportunities to both test the Standard Model and search for new
physics. In particular, electroweak top production provides the only means to di-
rectly measure the CKM matrix element Vi, and provides the only source of highly
polarized top quarks at ATLAS. These processes also allow measurements related to
the decay properties of the top quark which are independent from those performed
via tt production.

Boson gluon fusion is the highest rate mechanism of electroweak top production
leading to electroweak top measurements with the highest statistical precision. In
addition this channel benefits from a good signal to background ratio. With these
features, boson gluon fusion provides an optimal environment to measure Vi, top
quark polarizations and properties of the W-t-b vertex.

A measurement of V;p, in this channel is presented. It is found that V4, can be
measured via boson gluon fusion with a statistical precision of 0.27% after 3 years
of low luminosity data taking (3x10*pb~!) at the LHC. The potential of ATLAS to
measure the top quark polarization and the helicity of the W boson in this channel



is also presented. A precision of a few percent is expected in these measurements.
The precision which can be reached sets the limit of sensitivity to non Standard
Model effects.



1 Introduction

To date the only observed mechanism for top quark production is tt pair-production via
the strong interaction. The production of single top quarks via electroweak interactions
has yet to be observed, but promises new opportunities to both test the Standard Model
and search for new physics. Single top quark processes provide a unique opportunity to
perform a direct measurement of the CKM matrix element V;;,, and to test the Standard
Model prediction for the polarization of the top quark and its decay products.

There are three major diagrams for single top quark production at the LHC. These dia-
grams are shown in Figure 1 along with their major backgrounds. The dominant single
top quark mechanism is boson gluon fusion (Wg), followed according to rate by Wt, and
then by s-channel (W*) production. With respect to other single top quark channels,
the primary advantage of boson gluon fusion is the high rate, leading to a high statisti-
cal precision in this channel. This process contributes about 70% of the total single top
quark cross-section at LHC. A detailed discussion of cross-sections will be presented in
Section 2.

The value of the CKM matrix element V;, has never been directly measured. Despite
this fact it is, as a fraction of its value, the most highly constrained element of the
matrix [1,2]. This deduction relies on a unitarity constraint which assumes three quark
generations (ie. |Viq|? + [Vis|?+|Vip|? = 1). If this assumption is invalid the value of Vj, is
virtually unconstrained. A measurement of V;; different from the predicted value would
imply the existence of physics beyond the Standard Model. For example, the existence of
flavour-changing neutral currents could modify the rate of Wg events and hence change
the measured value of V;;, in this channel.

There are several ways to obtain indirect information on V;,. The dominant mechanism
for producing top quarks at the LHC is tt production. Although this source of top quarks
contains two W-t-b vertices in its decay, it cannot be used to make a direct measure-
ment of Vi,. Measurements from tt production have been used to constrain V;;, only in
a 3-generation model (see the CDF measurement [3]). V4, can also be constrained by
comparing precision electroweak measurements to loop corrections containing the W-t-b
vertex. Electroweak top quark production is the only way to produce a direct measure-
ment of Vi, at a hadron collider. Each single top quark process has a cross-section which
is directly proportional to |V;,|?. By measuring the rate of single top quark processes and
combining this information with the value of the t—Wb branching ratio and top quark
mass measurements from the tt channel, the absolute value of V;;, can be extracted.

Top quark polarization is also precisely predicted in the Standard Model. Top quarks
produced via the dominant tt process are, to first order, unpolarized. Higher order dia-
grams will induce some polarization in the tt sample at the LHC but the effects are
predicted to be small [4]. Event-by-event spin correlations of top quarks in tt production
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Figure 1: Single top quark signals and backgrounds at LHC. Reading from left to right, top to
bottom the diagrams are W-g fusion, Wt, W*, and backgrounds tt and W++jets.



could be observable by ATLAS, as suggested in references [4,5]. Fortunately, electroweak
top quark processes are a source of highly polarized top quarks and since the top quark
decays before it can hadronize, the polarization present in its production is transmitted
to its decay products. From the study of the angular distribution of the charged lepton
emitted in W boson decay it will be possible to separately characterize the polarization
of the top quark and the W boson involved in the process. Deviations from the predicted
behaviour, such as right handed couplings, or an unexpected mixture of the left handed
and longitudinal components for the W boson, could be a sign of new physics.

This note explores the possibilities offered by the boson gluon fusion single top quark
production channel to test the predictions of the Standard Model about the value of V;,
and the polarizations of the top quark and W boson.

Section 2 presents the cross-sections of the Wg signal and main backgrounds expected at
the LHC. Section 3 discusses the Monte Carlo generators used for each process and the
overall cross-section normalization applied to each signal. Section 4 focuses on kinematic
distributions of signal and background and describes the event selection strategy. Section 5
treats the results expected in a Vi, measurement obtained via Wg fusion. Section 6
discusses the possibilities of measuring top quark and W boson polarization via boson
gluon fusion. Finally, Section 7 presents the conclusions.

2 Cross-sections

The cross-sections assumed for the main signals and backgrounds are presented in Table 1
for 175 GeV//c? top quarks. This table illustrates the size of the backgrounds relative to the
Wyg signal. The Wg fusion, W* and tt cross-sections come from analytic, next-to-leading
order calculations. The cross-sections for Wt, W+jets and Wbb come from Monte Carlo
calculations with leading-order matrix elements.The column of o xBR includes only top
quark decays to electrons and muons as these are the final states considered in this study.

The Wg process is the largest source of top quarks via electroweak production at the LHC,
with a rate which is almost 1/3 of the rate of tt production. Due to the high cross-section
predicted, this process is expected to be a good source of physics information. However,
it must also be noted that the Wg cross-section calculation relies on gluon parton density
functions (pdf) and the errors due to pdf uncertainties are potentially significant. Table 2
shows the sources and levels of theoretical error in Wg-fusion and s-channel single top
quark production. The s-channel process, which suffers from a low rate in comparison with
Wg, is less affected by the theoretical errors. These processes provide two independent
measurements of V;;, subject to different sources of error. The total uncertainty on both
measurements will be comparable. A mesurement of V;;, via s-channel events at the LHC
has been presented in reference [13]. However, polarization studies using the s-channel
process, will suffer from a lack of statistics.



process generator total cross-section | o x BR
(pb) (pb)
Wg-fusion ONETOP 244 (6] 54.2
Wt ONETOP 60 17.8
W ONETOP 10 [7] 2.22
tt ONETOP 830 (8] 246
Whbb M.E + HERWIG 300 [9] 66.7
Wjets HERWIG 18000 4000

Table 1: Cross-sections for the processes considered in this study and the cross-section X
branching ratio relevant to the study of only electron and muon final states. The cross-section
for the W+jets process is obtained by normalizing the cross-section obtained from HERWIG [10]
with cuts requiring at least 2 jets above 15 GeV with |n| < 3.2 to the cross-section from VEC-
BOS [11] for these cuts. HERWIG is then used to estimate the cross-section when the jet region
is extended to |n| < 5 in order to obtain 18000 pb. The generator for the Whb process is the
combination of a matrix element from [12] and HERWIG.

Source | W* | Wg
pdf 4% | 10%

w (scale) | 4% | 4%
AMi 5% | 2%

Table 2: Sources and levels of theoretical error in the cross-sections of Wg and W*. The error
due to imprecision in the mass of the top quark is calculated assuming the mass is known to
2 GeV (expected from LHC measurements). In this table pdf refers to the error calculated by
choosing different parton density function sets. The p (scale) refers to the error obtained by
varying the renormalization scale at which the calculation is performed [14]. The error in the
gluon pdf is from [15], all other numbers are taken from [16].



3 (Generators

In this study all of the processes containing top quarks were generated using the ONE-
TOP [17] generator. This is a parton-level leading-order generator which keeps all helicity
information and hence produces the correct angular distributions of top quark decay prod-
ucts. The particles from ONETOP were then passed to PYTHIA [18] which fragmented
the final state particles, added initial and final state radiation and simulated the under-
lying event. Finally events were passed into ATLFAST [19] version 1.61 in order to apply
ATLAS-like detector smearing effects.

The non-top quark backgrounds considered in this study were generated using HER-
WIG [10] and were also passed through ATLFAST version 1.61. The Wbb background
was generated using non-standard HERWIG code which interfaces the Wbb matrix ele-
ment from [12] to HERWIG. The W+jets process is a standard HERWIG process. Since
the quark jets in the W+jets process are assumed to be massless, the cross-section for
this process becomes infinite at low jet transverse momentum (collinear divergence). To
avoid this problem the cross-section for this process was defined only when 2 jets above
15 GeV Pr were found within |n| < 5 using the standard ATLFAST cone-based jet find-
ing algorithm (R=0.4). The cross-section has been normalized using the value from the
VECBOS [11] Monte Carlo generator.

4 FEvent selection

In order to understand the differences between the Wg signal and its major backgrounds
it is necessary to compare a variety of kinematic variables. Distributions of several useful
variables are presented in this section. Each distribution has been normalized to unit
area in order to emphasize kinematic rather than rate differences. All of the plots dis-
played herein are created after ATLFAST and ATLFAST-B! have been used to smear
the distributions. So, all observables must meet their default definitions in ATLFAST. In
ATLFAST-1.61 these defaults for electrons, jets and b-jets are:

e isolated electrons: |n| < 2.5, Py > 5 GeV, separation of R > 0.4 from other clusters
and Er< 10 GeV in an R =0.2 cone, where R = \/(An)2 + (Ag)?

e jet: |n| < 5,Pr > 15 GeV;,

e b-jet: jet and |n| < 2.5, 60% tagging efficiency, 10% charm-mistag rate and 1%
light-quark mistag rate. b-jets were tagged without p;r dependence.
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Figure 2: The number of jets (left) and b-jets (right) found in signal and background after
ATLFAST and ATLFAST-B. Refer to text for a description of the event selection.

Trigger-level cuts have also been applied before the distributions in this section were
created. These cuts should mimic the effect of a single top quark trigger selection. The
cuts used are:

e at least 1 lepton above 20 GeV Pr;
e at least 1 b-jet above 50 GeV Pr;

e at least 1 other jet above 30 GeV Pr.

The trigger efficiency associated with these cuts is presented in Table 3. This pre-selection
reduces the total non-top quark background by about a factor of 102. Note that the trigger
is efficient for both, single top quark production and top quark pair production. Therefore,
the presence of two top quark decays results in half of the percentage reduction of top
quark events for pair production as for the signal single top quark events.

The first variable of interest is the number of jets in the event. Figure 2 shows the number
of reconstructed jets in an event for the Wg signal and each of its backgrounds. These
distributions illustrate that, on average tt, as well as Wt events, produce more jets than
Wg events. In fact, a cut requiring the presence of exactly 2 jets in each event is a major

LATLFAST-B is a set of routines to simulate efficiencies for tagging b-jets, tau-jets and c-jets. These
routines also provide jet-energy calibration.
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Figure 3: Left: Eta distribution of non b-tagged jets. Right: Invariant mass of the I-b-v
combination that gives the best top quark mass. Refer to text for description of event selection.

source of rejection of the tt background. The W+jets background will also be reduced by
about one third when this cut is applied.

The second kinematic variable considered here is the number of b-jets tagged in an event,
presented in Figure 2. As mentioned previously, in this sample of events there is already
a requirement that there be at least one tagged b-jet (hence the absence of events in the
zero-jet bin). Although, in principle, Wg fusion events contain two b-jets, in practice
one of the jets will quite often be missed (ie. not tagged) because it has low transverse
momentum and will not meet the minimum b-tag requirements. It can be seen from this
figure that requiring only one b-tagged jet will further enhance the Wg signal with respect
to tt.

An interesting feature of Wg fusion events, is the presence of a spectator quark jet in the
forward direction. As illustrated in Figure 3, requiring a forward jet with |n| > 2.5 and
Pr>50 GeV is an important cut to improve the signal over background ratio.

Another variable used to separate signal from background is the reconstructed top quark
mass (since there is no top quark in the W+jets background). Figure 3 shows the top
quark mass reconstructed by choosing the neutrino z-momentum which gives the best
top quark mass. Since the only measure of the neutrino momentum is via the missing
Pr, a W boson mass constraint is used to reconstruct the neutrino z-momentum within a
2-fold ambiguity. A choice of z-momentum must therefore be made in order to obtain the
neutrino 4-vector. The solution corresponding to the best top quark mass has been found



cut Wg fusion | W* Wt tt Wbb W-tjets
eff(%) | eff(%) | eff(%) | eff(%) eff(%) eff (%)

trigger 18.3 27.0 25.5 43.4 2.53 0.663
njets=2 12.0 18.4 4.03 0.851 1.55 0.291
fwd jet 4.15 1.56 0.14 0.035 0.064 0.043
In| > 2.5
Miup 3.00 0.72 0.064 0.017 0.023 0.016
150-200 GeV
events/

3 x 10%pb~! | 1.63 x 10° | 66600 | 534000 | 7.2 x 105 | 2.0 x 10® | 12.0x107
(before cuts)

events/ 48795 482 339 1253 464 19018
3 x 10*pb~! +40 +148 | +£21 +228 +63 +113
(after cuts)

Table 3: Cumulative effect of cuts on Wg signal and backgrounds. The upper part of this table
refers to cumulative efficiencies of various cuts. The lower part refers to the number of events
for 3 x 10*pb~!. The branching ratio for W— ev or uv (2/9) has been applied in order to
estimate the number of events corresponding to 3 x 10*pb~!. Errors quoted in this table are
purely statistical.

to be right aproximately 70% of the time. An alternative choice was also considered, in
which the solution selected the smallest value of the neutrino z-momentum. However, in
this case the correct choice is made only 50% of the time.

Summarizing, in addition to the trigger selection described previously, the following set

of cuts have been applied in order to separate signal and background:

e The total number of jets is equal to 2. Note than one jet is already tagged as a b-jet
with Pr> 50 GeV

e The second jet is not tagged, and is required to be in the forward region |n| > 2.5
with Pr> 50 GeV

e The reconstructed top quark mass is in the window 150-200 GeV.

These cuts lead to the results presented in Table 3. This table lists the cumulative
efficiency after applying each cut and the number of events expected after three years
of LHC running at low luminosity (3 x10%pb~!). The errors quoted in the table are
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estimated using the square root of the number of Monte Carlo events remaining after
cuts. The results presented in this table correspond to a minimal set of cuts defined from
a compromise between the necessity of a good signal to background ratio, and a good
signal efficiency beneficial for increasing signal statistics in polarization measurements.
Under this condition, the selections applied lead to a prediction for S/B of 2.3 and
S/V/B of 332 (where S=signal and B=background). Introducing other event selection
variables [4,20,21], it is possible to improve the signal to background ratio to nearly 5, but
this does not improve the cross-section measurement due to the small remaining signal
efficiency.

5 Measurement of V};

Given existing measurements, the Standard Model provides precise predictions for the
CKM matrix element V;;,. Measuring the rate of electroweak top production provides the
only way to do a direct measurement of Vi, at a hadron collider. The cross-section of Wg
fusion is proportional to |Viy,|?, therefore, the precision in the production rate determines
the precision in the measurement of |Vj|.

The precision with which a cross-section can be measured is given by the fluctuation of
the total number of events in the signal region, S + B. Hence, it would appear that the
best strategy for the measurement of the cross-section is one which minimizes the ratio
VS + B/S, the fractional uncertainty in the cross-section. However, because the error
on the number of background will feed into the error on the cross-section, if the level of
background is comparable to the level of signal (or greater) this strategy relies on good
knowledge of the background cross-sections. In the case of W+jets and Wbb production
the cross-section at the LHC is not well known. For this reason, a different strategy has
been adopted. This is to design event selection criteria as a compromise between the
optimization of v/S + B/S and the optimization of the ratio S/B, allowing a reduction
of the influence of the error on the W+jets and Wbb cross-sections.

After applying the event selection presented in Section 4, which leads to the results pre-
sented in Table 3, the signal-to-background ratio expected for boson gluon fusion is 2.3.
The statistical precision on the Wg fusion cross-section after three years (assuming an
integrated luminosity of 3 x 10*pb 1) is /S + B/S = 0.54%. Since the cross-section
is proportional to |V;,|?, the statistical error expected on Vi, is 0.27%. The theoretical
error affecting the Wg fusion cross-section is estimated to be 11% (see Table 2) The com-
bination in quadrature of theoretical errors with the statistical error estimated above,
yields a precision of AV;,/V;,=5.5%. Clearly, the uncertainty of this measurement will
be dominated by the theoretical and systematic errors, not statistics.

It is possible to perform a measurement of V4, using other single top channels. The results
for the W* channel are presented in reference [13]. This channel suffers from a lower rate
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but the theoretical errors are smaller, resulting in a precision of AV}, /Vip,=4.6%. Wg
fusion and W* provide two independent measurements of V;,, affected by different sources
of error, leading to a similar precision. The two independent measurements serve as a
cross-check, but they are also interesting individually as they are influenced differently by
new physics [14].

6 Polarization

6.1 Introduction

The W-g fusion channel provides a sample of highly polarized top quarks. In addition this
channel benefits from high statistics and a good signal-to-background ratio. With these
advantages, Wg provides optimal conditions for the measurement of the polarization of
the top quark.

In addition to being able to study the polarization induced by the electroweak top quark
production vertex, it is possible to study the helicity of the W boson produced by the top
quark decay. A top quark is expected to decay through a W-t-b vertex nearly 100% of
the time. If the top quark is a spin 1/2 particle the ratio of right-handed to left-handed
to longitudinal W’s is precisely predicted by the Standard Model. Measuring this ratio
probes the top quark decay vertex and is not sensitive to the polarization of the top quark
itself. Hence this measurement can be cross-checked with the same measurement from
the ¢¢ channel.

The sensitivity of the ATLAS experiment to both the polarization of the top quark and
to the helicity of the W boson produced from its decay is presented in this section.

6.2 Angles and Frames

The measurements presented in this section involve angular distributions of top quark
decay products. In order to make the measurements it is necessary to reconstruct three
different reference frames and two different angles. Figure 4 illustrates the angles 6, and
1 needed to make these measurements.

In order to measure the helicity of the W boson produced by the top quark decay the
angle between the W boson direction in the top quark rest frame and the charged lepton
direction in the W boson rest frame (1);) is the only angle which needs to be reconstructed.
For the measurement of top quark polarization the angle between the direction of the top
quark in the center of mass frame of the incoming partons and the direction of the charged
lepton in the top quark rest frame (6;) is the only angle which needs to be measured.
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Figure 4: Diagram of three frames used to measure top quark polarization and W boson helicity.
(a) The center-of-mass of the incoming partons (q and b). The top quark and ¢ are produced
back-to-back in this frame. (b) The rest frame of the top quark. The W boson and the b
quark are back to back in this frame. The dashed line represents the top quark direction in the
center-of-mass of the incoming partons. 0 is the angle between the top quark direction in the
center-of-mass frame and the lepton direction in the top quark rest frame. (c) The rest frame of
the W boson produced by top quark decay. The charged lepton and neutrino are back-to-back
in this frame. The dashed line represents the W boson direction in the top quark rest frame.
is the angle between the W boson direction in the top quark rest frame and the lepton direction
in the W boson rest frame.

6.3 Top Quark Polarization

The goal of this analysis is to estimate the sensitivity of ATLAS to the measurement of
the polarization of the top quarks produced by the Wg single top quark process.

Since the top quark is massive, it is not obvious that using the top quark direction of
motion in the rest frame of the incoming partons as the polarization axis (the helicity
basis) is the optimum basis in which to perform the polarization measurement. Recent
theoretical work [23] has shown that the top quark spin direction is 100% correlated with
the direction of the d-type quark for single top quark events in Wg events. In the vast
majority of boson-gluon fusion events the d-type quark is the spectator quark responsible
for producing a forward jet in these events. At the Tevatron [23] and LHC [24] this
“spectator” basis has been shown to be the optimum basis in which to measure the top
quark polarization. Since the sample used in this measurement contains only events with
two jets, it is possible to assume that the spectator quark and the top quark are back-to-
back in the center-of-mass frame of the incoming partons. Therefore, the spectator and
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helicity bases are equivalent for this event sample. The measurement is treated here as if
it were performed in the helicity basis.

Method of Measurement

The experimental measurement of the polarization of the top quark will essentially be
a measurement of the angular distribution of its decay products in the top quark rest
frame. The most sensitive angle is the one between the top quark direction in the zero
momentum frame (center-of-mass frame of the incoming partons) and the direction of the
charged lepton from the top quark decay in the top quark rest frame. This angle (6;)
is illustrated in Figure 4. In the absence of background or detector effects the angular
distribution of the charged lepton is given by

f(cos b)) = %(1 — Pcos ;) (1)

where P is the polarization of the sample and can range from -1 to 1. The convention
chosen in this analysis is that 100% left-polarized top quarks have P=+1. The top quark
polarization predicted by the Standard Model depends on the flavor of the light quark
appearing in the initial state. The value associated with the parton density functions
used in this study (CTEQ2L [25]) is P=+494.6%, which corresponds to a fraction of left
handed top quarks of approximately 97% [26].

Experimentally, in order to measure the angular distribution of the charged lepton it is
necessary to first reconstruct the momentum of the top quark in the rest frame of the initial
state partons. In the case of Wg events this means adding the reconstructed 4-momenta
of the top quark and the spectator quark jet in order to reconstruct the initial frame.
However, the reconstruction of the top quark 4-momentum suffers from the ambiguity in
the reconstruction of the z-momentum of the neutrino produced in the top quark decay
(as described in Section 4). Once the top quark 4-vector in the rest frame of the initial
state partons has been obtained, it can be used in the top quark rest frame since it is
not rotated by a boost along its 3-vector direction. This allows it to be compared to the
direction of the lepton in the top quark rest frame in order to measure the angle 6.

In order to illustrate the extraction of the value of the top quark polarization from the
angular distribution, reference event samples were created with 100% left-polarized top
quarks and 100% right-polarized top quarks. These reference distributions were compared
to a statistically independent data set with the predicted Standard Model top quark
polarization. This comparison was done by minimizing

_ (fip(cos6;)i — fq(cosb;);)?
=2 U’ih- + oé (2)

X

cos 8;
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Figure 5: Angular distribution of charged lepton in top quark rest frame for various data
samples. The histograms progress from left-to-right, top-to-bottom. The first histogram shows

the parton-level distribution.

The second histogram is after the simulation of detector and

reconstruction effects. The final 4 histograms illustrate the influence of event selection criteria
on the angular distribution. The effects of the cuts are cumulative and are the result of adding

pre-selection cuts, a jet multiplicity requirement, a forward jet tag and a top quark mass window
respectively.

13



where the subscript d represents quantities calculated for the data distribution and the
subscript th refers to the generated reference distribution.The theoretical value fi}, (cos ;)
is calculated via

fin(cost) = %((1 + P)fr(cos8) + (1 — P) fr(cos@;)) (3)

where f; and fg refer to the value of the generated theoretical distribution for the 100%
left-polarized and the 100% right-polarized top quarks respectively and P is the polar-
ization of the top quark sample. The procedure returns an estimate of the top quark
polarization and an error on that estimate. In this way the sensitivity to changes in top
quark polarization can be quantified.

Effects of Detector and Event Selection

Moving from the parton-level simulation to a simulation which includes radiation, hadro-
nization and detector effects is certain to complicate the measurement of the polarization
of the top quark. In addition, the signal could be biased by an event selection designed
to eliminate background and will be contaminated by residual background events.

The first histogram in Figure 5 shows the parton-level angular distribution for a sample
of Wg fusion events with a SM polarization. The second histogram in Figure 5 shows the
angular distribution of the charged lepton after detector effects have been simulated. In
addition to effects associated with detector energy smearing, jet and cluster definitions,
etc. this distribution includes the effects of ambiguities in reconstructing the top quark
due to the absence of information about the neutrino z-momentum. It does not, however,
contain the effects of any event selection in order to separate signal from background. This
histogram demonstrates that the effect of radiation, hadronization and detector resolution
changes the shape of the angular distribution but still produces a highly asymmetric
distribution.

In addition to the effects introduced by the detector resolution, the effect of applying the
event selection criteria described in Section 4 can be evaluated by applying them one at
a time and observing the change in shape of this distribution. This set of criteria leads
to an overall signal efficiency of 3.0%, resulting in more than 16000 events in one year
of low-luminosity data-taking at ATLAS (1 x 10*pb~'). Figure 5 demonstrates the effect
of applying these cuts in a cumulative manner. Again the asymmetry of the angular
distribution is preserved, though more degradation is clearly evident, in particular near
cosy = —1. The degradation is worse at these values of cos#; because the leptons from
these events are emitted in the direction opposite to the top quark boost. This reduces
the momentum of the leptons causing more of them to fail py-based selection criteria.

Since W-+jets events dominate the background remaining after cuts, it is treated as the
only background in this analysis. Figure 6 shows the cumulative effect of cuts on the
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Figure 6: The effect of event selection cuts on the angular distribution of the charged lepton
in W+jets events. The effects of the cuts are cumulative. The first distribution is the result of
applying the pre-selection (trigger) cuts only and cuts are applied cumulatively from left-to-right,
top-to-bottom.
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Figure 7: The first histogram shows the reference distribution for 100% left-handed top quarks
after detector effects and event selection criteria have been applied and the appropriate level
of background has been mixed in. The second histogram shows the reference distribution for
100% right-handed top quarks. The third histogram represents the expected Standard Model
distribution for a statistically independent sample of signal and background.
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angular distribution of the charged lepton from W+jets events. A peculiar feature of
these events is evident in all of these distributions. This is the tendency for events to be
grouped near cosf; = —1. The events which populate this region tend to be the highest
pr events. This shows that even basic jet and isolated lepton definitions and pre-selection
cuts bias the angular distribution of W+jets events.

Results

When the event selection criteria described in Section 4 are applied, the signal-to-back-
ground ratio (treating W+jets as the only background) is found to be 2.6. Using the
methods described earlier it is possible to estimate the polarization of a mixed sample of
Wyg signal and W+jets background. The reference distributions for 100% left and right-
polarized top quarks mixed with background in a ratio of 2.6:1 are shown in Figure 7.
Also shown is the angular distribution corresponding to a statistically independent data
sample with Standard Model polarization mixed with background in the ratio 2.6:1.

The chi-squared function presented in Equation 2 is minimized in order to obtain an
estimate of the polarization of the top quark. To estimate the precision for one year of
data-taking at ATLAS, the fit was done with 3456 signal events and 1345 background
events corresponding to 0.2 x 10* pb~! of integrated luminosity at ATLAS (~ 1/5 of a
year). For this integrated luminosity the value of the polarization is found to be 95.8%
with an error of 4.0%. The systematic error associated with a +20% variation of the
background level contributes an additional 0.5%. This result is in good agreement with
the parton-level prediction of 94.6%.

Assuming the statistics on the reference distributions, f;(cos#;) and fr(cos#;), will lead
to a negligible source of error at ATLAS, this precision improves to 3.5%. Projecting
these results to one year of data-taking at low luminosity (1 x 10* pb™!), assuming the
errors scale as the square root of the number of events, yields a predicted precision of

1.6% on the measurement of the top quark polarization after one year of data-taking at
ATLAS.

6.4 W Boson Helicity Measurement

W boson polarization depends on the properties of the W-t-b vertex present in top quark
decay. New physics, such as the existence of V4+A couplings at the W-t-b vertex, could
alter the predictions of the SM concerning the polarization of W bosons produced in top
quark decays. This section presents an estimation of the expected sensitivity of ATLAS
to the polarization state of the W boson boson produced in top quark decays via Wg
fusion. The sensitivity to non SM contributions is also explored.
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Figure 8: Parton level distributions of the cosine of the lepton angle in the W boson rest frame
for the SM scenario with fr = 0 (left) and an alternative scenario in which there is a 3% right
handed component included at the expense of the left handed fraction. The curves correspond
to a “SM-like” fit (fiong = 0.703, fr, + fr = 0.297) resulting in fr = 0.002 (left) and fr = 0.031
(right). In each figure, the predicted contributions from longitudinal (0), left-handed (L) and
right-handed (R) polarizations are shown separately, as well as their sum.

Method of Measurement

The polarization of the W-boson can be determined by measuring the angular distribution
of the charged lepton in the rest frame of the W, cos;. A diagram of 1); is shown in
Figure 4. Fortunately, it is not necessary to reconstruct the W boson rest frame in order
to obtain this angular distribution. Instead, it is possible to reconstruct cos; in terms
of the invariant mass of the lepton and the b produced in top quark decay [27]:

2‘Ml2b

_o b g 4
ME— M3, 4)

cos Y, =

The distortion introduced by the ambiguity in the reconstruction of the z component of
the neutrino momentum is eliminated when using this method.

The angular distribution in the W boson rest frame is described by:

. 2 2 2
Fy (cosy) :g . [.flong' <&\/§l> +fy <1 —c205¢1> ¥ fa- <1+(;oslbl> ] (5)

where fi,ng, fr and fr are the fractions of longitudinal, left and right-handed polarized
W bosons. In the SM the W boson from top quark decay can only be longitudinally or
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left handed polarized, (fgr=0), and the ratio of longitudinal to left-handed W bosons is

predicted to be:
flong . MtQ
= > (6)
For a top quark with M; = 175 GeV this prediction yields fi,ng = 0.703 and f7, = 0.297.
The contribution to the W boson polarization from each component can be extracted
from a fit to the measured distribution of cos 1y, according to (5).

In order to explore the sensitivity to non-SM contributions, events with right-handed
W boson polarization were introduced in the simulation by treating the neutrino in SM
events as a charged lepton, and vice-versa. In addition to a sample of events simulated
with the SM prediction, a “SM-like” scenario, in which the non-longitudinal fraction
1 — fiong = 0.297 is shared by fr and fgr, was simulated. Figure 8 shows the distribution
of cost; at parton level, for the SM scenario, and for a more general situation with
flong = f[g,% = 0703, fL = 0.90 % fISI'M = 0.267 and fR = E’M — fL = 0.030.

Several functions were used to to fit the cos ¢; distributions, including a pure SM fit which
assumes fr = 0, a “SM-like” fit with fjon, fixed to the SM value and the fraction f;, being
returned (fr =1 — fioht — fo), and a more general fit in which the only constraint was
fiong + fr. + fr = 1. The results obtained with the SM sample yielded values for fi,ng, fr
and fr which differed by less than 1.5% from the generated values. When using the mixed
sample in which fr = 0.10 x ff™ = 0.030, the “SM-like” and the more general fit both
returned non-zero values of 10.3% and 9.7% of fi™ respectively. The “SM-like” fit results
are shown in Figure 8. In the non SM- scenario, a pure SM fit, under the hypothesis of a
zero [ is clearly disfavoured, with a x? per degree of freedom of 40-50 times higher than
obtained with the fits with fz as a free parameter.

Effects of Detector and Event Selection

Several factors could potentially affect the shape of the distribution of cos ;. In addition
to the modifications originated by radiation, the distribution could be biased by the de-
tector acceptance, event selection and residual background contamination. The following
figures illustrate the influence of this factors.

Figure 9 presents the evolution of the angular distribution through the selection process for
a sample of Wg signal. The differences between parton level and detector histograms are
due to radiation, hadronization and detector effects. The second distribution also includes
other effects related with the reconstruction of the top quark kinematics, such as the
reconstruction of the neutrino momentum, or the minimum requirement of having at least
one lepton, one b-jet and an additional jet. The radiation is responsible for a spreading
of the distribution leading to a non-zero value at cost; = 1. The trigger selection (see
Section 4) is responsible for an important distortion on the negative values of cosy, as
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Figure 9: Angular distribution of the charged lepton in the W boson rest frame for a sample
of Wg fusion events. The histograms progress from left-to-right, top-to-bottom. The first
histogram shows the parton-level distribution. The second histogram includes radiation and
hadronization, the simulation of detector and reconstruction effects.
illustrate the influence of event selection criteria on the angular distribution. The effects of the
cuts are cumulative and are the result of adding pre-selection cuts, a jet multiplicity requirement,
a forward jet tag and a top quark mass window respectively. The dotted histogram in the last
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figure corresponds to the contribution of the W+jets background.
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Figure 10: The effect of event selection cuts on the angular distribution of the charged lepton
in W+jets events. The effects of the cuts are cumulative. The first distribution is the result
of applying the pre-selection (trigger) cuts only and cuts are applied cumulatively from left-to-
right,top-to-bottom.

shown in the third histogram. This is mainly due to the minimum p; requirement for
leptons. This part of the distribution is populated by leptons emitted against the direction
of the W boson boost, which consequently have a reduced momentum. The remaining
selection criteria defined in Section 4, don’t introduce further distortion, as shown in
the last distributions of Figure 9. The relative contribution of the W+jets background,
assuming a signal-to-background ratio of 2.6 has been superposed to the last figure.

W+jets is treated as the only background as done previously in the study of the top
quark polarization. Figure 10 shows the effect of the selection criteria on the angular
distribution of the charged lepton in W+jets events. A bias of the background distribution
is introduced with the reconstruction of a “cos);” from a lepton, b-jet and jet in W+jets
events. The shape of the distribution remains stable through additional event selection.
Two statistically independent distributions in agreement with the shape and amount of
background expected in three years after event selection were produced in order to fake
the effect of background addition and subtraction.

An acceptance/efficiency correction was applied to the distribution after event selection
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in order to recover, at least partially, the original shape. The correction was obtained
from a fit to the distribution of the ratio between the distributions after selection and at
parton level. In order to simulate a strategy for making a precision measurement,a cut was
employed on the measured cos; distribution. This cut restricts attention to the region
in which the correction is slowly varying (acceptance/efficiency > 0.02, so cos 1y, > —0.6)
and which avoids anomalous behaviour related to radiation (cost; < 0.8). The resulting
function is shown in Figure 11.

Results

The final distribution of cos); obtained from a sample of signal and background corres-
ponding to 3 x 10*pb~!combined in a ratio 1:2.6 after event selection, efficiency correction
and background subtraction is shown in Figure 11. The errors include the statistics due
to background subtraction. The polarization was extracted from a fit in the restricted
region under the single constraint fiong + fr + fr = 1 resulting in f,ng = 0.705 £ 0.015,

1 = 0.293 £ 0.010 and fr = 0.002 £ 0.018. This result is compatible with the initial
hypothesis of a SM sample with a zero right handed component. The values obtained for
the longitudinal and right handed components differ by less than 2% from the expected
values.

The influence of a 20% uncertainty in the calculation of the background rate has been
estimated by modifying the amount of background in the sample by +20% while still
assuming the predicted rate (see Table 1). The systematic errors associated with the
sensitivity to the background level are €(fiong)/ fiong = £0.6% and €(f1)/ fr = F1.0%.

7 Conclusions

The analyses presented in this note have been performed with a simple set of selection
criteria leading to a reasonable compromise between signal-to-background ratio and signal
efficiency. The signal to background ratio could benefit from a tighter selection, but at
the cost of signal efficiency which would yield no benefit in the V;, measurement.

The fractional statistical error obtained in the measurement of Vi, is 0.27%. Without
considering systematic errors arising from detector effects, the dominant source of error is
likely to be the uncertainty in the parton distribution functions, which contribute at the
level of 5%. The combination of theoretical and statistical errors yields AV, /Vip=5.5%.

Top quark and W boson polarization measurements have been performed by studying the
angular distributions of the charged lepton in their respective rest frames. A different
method was used in each case in order to simulate the effect of non-Standard-Model
contributions. In the case of the top quark, a weighting procedure was used to generate

22



o
Q
al

_ C —~ C
8 - 3— 0+L+R ©=0.705
.C) B 8
=004 — =
o) - [Z06
003 —
- 0.4
002
C 0.2
001 H
- 7/ \\
0 _||||||||||||||||||| 0 ’\\\\‘J\JR\L\\J\-T‘("h-\.l\
1 05 0 05 1 1 05 0 05 1
cos cos

Figure 11: Left: Ratio between the distribution of cos); at parton level and after selection
criteria have been applied. The function resulting from the fit (solid line) has been used to
correct the distribution of selected events. Right: Distribution of the cosine of the lepton angle
in the W boson rest frame after selection, efficiency correction and background subtraction. The
solid curve corresponds to a fit in agreement with (5) in which the three components are bounded
by fiong + fr. + fr = 1. The resulting contributions from longitudinal (0), left-handed (L) and
right-handed (R) polarizations, extended to the full range of cos;, are shown separately, as
well as their sum.

theoretical distributions for 100% left-handed and 100% right-handed top quark samples.
In order to perform the W boson polarization measurement right-handed bosons were
introduced by exchanging the neutrino and the electron produced in its decay. The
top quark polarization after one year of data-taking at low luminosity (1 x 10*pb™!) is
founded to be 95.8% with an error of 1.6%. The contributions to the W boson polarization
corresponding to a luminosity of 3 x 10*pb™" were founded to be fion, = 70.5 £ 1.5% and
fr = 29.3 + 1.0%, which results in a right component compatible with a zero value, as
expected in the Standard Model.
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