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Abstract. Stringent tests on top quark production and decay mechanisms are provided by the measurement of
the top quark and W boson polarization. This paper presents a detailed study of these two measurements with
the ATLAS detector, in the semileptonic (£ — WWbb — lvj;152bb) and dileptonic (¢ — WWbb — lvlvbb)
tt channels. It is based on leading-order Monte Carlo generators and on a fast simulation of the detector.
A particular attention is paid to the systematic uncertainties, which dominate the statistical errors after
one LHC year at low luminosity (10fb™!), and to the background estimate. Combining results from both
channel studies, the longitudinal component of the W polarization (Fp) can be measured with a 2% accuracy
and the right-handed component (Fr, which is zero in the Standard Model) with a 1% precision with
10fb~!. Even though the top quarks in tf pairs are not polarized, a large asymmetry is expected within
the Standard Model in the like-spin versus unlike-spin pair production. A 4% precision on this asymmetry
measurement is possible with 10fb™!, after combining results from both channel studies. These promising
results are converted in a sensitivity to new physics, such as tWb anomalous couplings, top decay to charged

Higgs boson, or new s-channels (heavy resonance, gravitons) in ¢¢ production.
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1 Introduction

Because of its high mass, intriguingly close to the elec-
troweak symmetry breaking scale, the top quark raises
interesting questions and its sector is an ideal place to
look for new physics [1,2]. Consequently, the search for
non Standard Model interactions both in top quark pro-
duction and decay is one of the main motivations for top
quark physics. A consequence of the very high top mass is
that this quark decays before it can form hadronic bound
states [3]. This unique feature among quarks allows direct
top spin studies, since spin properties are not washed out
by hadronization and since the typical top spin-flip time is

much larger than the top lifetime. Therefore, top spin polar-
ization [4] and correlation [5] are precisely predicted by the
Standard Model (SM) and reflect fundamental interactions
involved in the top quark production and decay. By testing
only the top decay, the W boson polarization measurement
complements top spin studies, helping to disentangle the
origin of new physics, if observed. Namely, the t — Wb
decay mode is responsible for 99.9% of top quark decays in
the SM. Therefore, the W polarization in the top decay is
unambiguously predicted by the SM and its measurement
provides a direct test of the tWb vertex understanding and
more particularly of its V-A structure [6,7].

As a consequence, W polarization in top decay and
top spin observables are sensitive probes of new physics in
top production and decay. At the production level, a non-
exhaustive list involves either anomalous gtt couplings [8,9],
which naturally arise in dynamical electroweak symmetry
breaking models [2] such as technicolor [10] or topcolor [11],
or new interactions, as for example a strong coupling of
the top quark with a heavy spin 0 resonance, such as a
heavy (pseudo)scalar Higgs boson [12] as predicted e.g. by
SUSY models ( gg — H — tt ), or the presence of extra
dimensions [13]. At the decay level, deviations from the
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Standard Model can for example arise from Wb anoma-
lous couplings, such as a V+A contribution in the vertex
structure [14], or from a decay to charged Higgs boson [15].
Precise measurements of W and top polarization require
a higher statistics than currently available from Tevatron
data. The Large Hadron Collider (LHC) will be a top fac-
tory, producing more than 8 millions of t¢ events per year
during its low luminosity running phase (1033 cm~2s71),
corresponding to an integrated luminosity of 10 fb~!. The
production will occur through the gg — & (90%) and
qq — tt (10%) hard processes. Depending on the W decay
modes, the t¢ events can be classified into three channels:
the semileptonic channel (tt — WWbb — lvj;j2bb), the
dileptonic channel (tf — WWbb — lvlvbb) and the all
hadronic channel (tf — WWbb — j1j25354bb). The latter
will be difficult to extract from the huge QCD background
and has not been considered in this work. The electroweak
single top production processes, which amount to approx-
imately one third of the ¢t cross-section, can also be used
to measure the polarization effects, but with a lower pre-
cision [16]. They are not investigated in the following.
The goal of this paper is to evaluate the precision to
which W boson and top quark polarization can be mea-
sured with the ATLAS detector, by combining results from
dileptonic and semileptonic #¢ channels. It is organized as
follows. Section 2 discusses the W boson and top quark
polarization in tf events, and gives the related physics ob-
servables. Section 3 presents the event simulation, recon-
struction and selection, as well as a detailed background
estimate. Section 4 gives the expected ATLAS sensitivity
to the W polarization, including a complete study of the
systematic uncertainties. From these results, the sensitiv-
ity to the magnitude of tWb anomalous couplings that
parametrize new physics is also extracted. Using the same
selected events, Sect. 5 presents the expected ATLAS sen-
sitivity to the top polarization, and to the related physics
beyond the SM. Section 6 is dedicated to conclusions.

2 W boson and top quark polarization
in tt events

This section presents the observables used to measure the
polarization of the W boson (Sect. 2.1) and of the top quark
(Sect. 2.2).

2.1 W polarization observables

There are three possible helicities for a spin-one W boson,
-1, 0 and +1, that will be called left-handed, longitudinal
and right-handed in the following. A real W™ in the ¢ —
WTb decay can be produced in any of those helicity states,
as sketched in Fig. 1. The corresponding probabilities are
Fy, Fr and FR, respectively, whose SM expectations at

Left—-Handed W Longitudinal W Right-Handed W

Fig. 1. Sketches of angular momentum conservation in ¢t —
Wb decay in the top rest frame. Simple (open) arrows denote
particle direction of motion (spin). As a massless b-quark must
be left-handed, the rightmost plot is forbidden in the SM at
tree level

tree level in the zero b-mass approximation are:

M2
Fo=-——1t _— =0. 002 x (M, — 1
R Ve ES 0.703 4 0.002 x (M, — 175)
2M?3 (1)
Fr=——" _ —0.297—0.002 x (M; — 175
L= NE ¥ oM, x (M )
Fr = 0.000

where M; and My, are the top and W masses in GeV. Left
and right components are inverted for W~ bosons. By def-
inition, we have the restriction Fy + Fr, + Fr = 1. Since
massless particles must be left-handed in the SM, right-
handed W™ bosons do not exist in the zero b-mass approx-
imation, due to angular momentum conservation sketched
in Fig. 1. Including QCD and electroweak radiative correc-
tions, finite width corrections and non-zero b-quark mass
induces small variations: Fy = 0.695, F;, = 0.304 and
Fr =0.001 for M; = 175 GeV [17]. Because the top quark
is very heavy, Fy is large and the top decay is the only
significant source of longitudinal W bosons'. Deviations
of Fy from its SM value would bring into question the
validity of the Higgs mechanism of the spontaneous sym-
metry breaking, responsible for the longitudinal degree of
freedom of the massive gauge bosons. Any deviation of
Fr from zero could point to a non-SM V+A admixture
to the standard left-handed weak current, as for example
predicted by SU(2);, x SU(2)g x U(1) extensions of the
SM [18].

The best way to access particle spin information is
to measure the angular distribution of its decay products,
thereby called spin analyzers. As an example, illustrated in
Fig. 2, the charged lepton from the decay of longitudinally
polarized W7 tends to be emitted transversally to the W+
direction, due to angular momentum conservation. Simi-
larly, the charged lepton from a left-handed (right-handed)
W is preferentially emitted in the opposite (same) W+

1 QCD production, the only other source of real W bosons,
produces nearly all W transversely polarized.
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W direction
of flight

Left-Handed W Longitudinal W

direction, leading to a softer (harder) pr spectrum with
respect to the leptons from longitudinal W . The resulting
angular lepton distributions are therefore very distinct for
each W helicity state.

As it is necessary to know the weak isospin of the W
spin analyzer, the charged lepton is the best choice since
u-like jets can not be distinguished experimentally from
d-like jets. Consequently, the W polarization is better mea-
sured in dileptonic and semileptonic ¢t channels through
the distribution of the ¥ angle between the charged lepton
direction in the W rest frame and the W direction in the
top quark rest frame. The ¥ angular distribution is given
by the following expression [6]:

L _dN__ 3| (sin¥ 2+F 1—cos¥ >
Ndcos¥ 2| °\ 2 g 2
1 AN
 Fr (*;OS ) (2)

Its SM expectation is shown in Fig.3. It reflects the su-
perposition of the three terms of (2), corresponding to the
longitudinal (sin ¥)?, the left-handed (1 — cos¥)? and the
right-handed (1 + cos%)? W helicity states. Each term is
weighted by the fraction Fy, F, or F given in (1).

Since the W and top rest frames are used in the ¥
angle measurement, it requires a complete event topology
reconstruction. This is rather easy in the semileptonic tt
channel, with only one neutrino in the final state and a high
signal over background ratio (see Sect. 3.4.1). In the dilep-
tonic channel?, the event reconstruction is more challenging
(see Sect. 3.4.2). Therefore, the ¥ angle is reconstructed in
terms of the invariant mass of the lepton and the b-quark,
Mlb [6]
2M?,

g
M7 — Mg,

cos¥ ~ (3)
which is valid in the zero b-mass limit, and where M; and
My are set to 175 GeV and 80.41 GeV, respectively. In this

approach, the dependence on the b-jet energy scale and on

2 This is also the case at the Tevatron [19-22] and for single
top analysis at LHC [16].
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Fig. 2. Sketches of the different W polariza-
tion modes in t — WTh decay and resulting
lepton directions. Simple (open) arrows denote
particle direction of motion (spin). For W,
left and right-handed components are inverted
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Fig. 3. Angular distribution of (2) in the SM. The predicted
contributions from longitudinal (0) and left-handed (L) helicity
states are shown separately with dashed lines. The right-handed
contribution is null in the SM. The sum (0+L+R) is depicted
with a full line

the top mass uncertainty is high. On the contrary, these two
dependences cancel at first order when measuring directly
cosW. A study performed in the semileptonic channel shows
a two times lower systematics on Fy, F, and Fr using the
cos ¥ observable compared to that obtained with MlQb.

2.2 Top polarization observables

Similarly as for the W, the top polarization can be analyzed
trough the angular distribution of its daughters. In this
case, the spin analyzer, denoted by ¢, can be either a direct
daughter (W, b) or a W decay product (I, v, j1 or ja). The
relevant angular distribution is [14]:

1 dN 1

Nm = 2(1—|—Sa¢COS9i)

(4)
where S is the modulus of the top polarization and 6; is the
angle between the direction of particle ¢ in the top quark
rest frame and the direction of the top polarization. «; is
the spin analyzing power of this particle. It is the degree to
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Table 1. SM spin analyzing power at LO and NLO of top quark daughters:
b-jet, W, and W decay products : lepton (I*), j1, j2 or the least energetic
non b-jet in the top rest frame, called lej [24]. The top quark is spin up.
Signs are reversed for a spin down or for an anti-quark

Particle b-jet Wt It

j1=d-jet, 5-jet

je=u-jet, c-jet  lej

-0.41
-0.39

041 1 1
0.39  0.998

0.93

-0.31
-0.31

0.51
0.47

which its direction is correlated to the spin of the parent
top quark. It has been computed at the next-to-leading
order (NLO) since long for the lepton (I) [23] and more
recently for the b quark, the W boson and the quarks from
the W decay [24]. The theoretical values are given both
at LO and NLO in Table 1 for a spin up top quark (signs
are reversed for a spin down or for an anti-quark). Even if
W and b are direct daughters of the top, their analyzing
power is low due to the intrinsic polarization of the W which
interferes destructively with the top one. Consequently, at
LO, the difference Fy — Fy, provides a measurement of

w [25]. Charged leptons and down-type quarks, which
are almost 100% correlated with the top spin direction,
are optimal spin analyzers. But on the contrary to leptons,
d and s-jets cannot be distinguished experimentally from
u and c-jets. Therefore, the analyzing power of light jets
is the average value ajey ~ (1 —0.31)/2 = 0.35. This can
be improved by choosing the least energetic jet (lej) in
the top rest frame, which is of d type in 61% of the case,
resulting to a; ~ 0.5 [24].

Equation (4) can be directly used for top quarks pro-
duced lonely via the weak interaction, which are polarized
(S ~ 1). This is not the case of the top quarks produced
in t¢ pairs, which are not polarized [26]. However, the top
and the anti-top spins are correlated, which can be easily
understood. Close to the ¢t production threshold, the tt
system produced by ¢ annihilation (gg fusion) is in a 35;
(1Sp) state [5]. Therefore, in the first case, the top quarks
tend to have their spins aligned while in the second case
their spins tend to be opposite to each other. Away from
threshold, this simple picture is modified due to the pres-
ence of angular momentum. In the absence of polarization,
a direct measurement of the correlation at the level of the
top quarks is obtained from observables of the form:

()

where S;, Sy are the spin operators of the top and anti-top,
and &, b are arbitrary directions (|a] = |b| = 1). A more
familiar representation of the observables shown in (5) can
be obtained from the relation:

A=4{(a-8,)(b-Sp)
t) +o(tyty) — a(tyty) — o(tyty)

5 (6)

o(trtr) +o(tyty) +oltrty) + o(tyty)

Q
—

~~
—

~~

where o (t4/,t1,,) denotes the cross section for the produc-
tion of a top quark pair with spins up or down with respect
to a quantization axis defined by & in case of the top quark

tt

]
w
..

1/N dN/dM

-
o
I

.
.
»:

4 : : e : : J -
10 :._.a.: ....... . ....... ..... ....... : ....... : ....... : ......

10 F -4 : : B : P

10 F

IS A S S
1200 1400 1600
M,, (GeV/c)

A S SRS B B
400 600 800 1000

Fig. 4. Invariant mass distribution of the ¢ system with like
(LL+RR) and unlike (LR+RL) helicities for the two possible
production mechanisms (gg and ¢q) [28]

and b in case of the anti-top quark. Note that rewriting
the observable (S; - S7) using

3 (é(w . St) (éu) . SE)
’ (7)

where ég) = d;, the observable (S; - Sg) can also be cast
into the form shown in (6). Computation in the Standard
Model gives favorably like-spin pairs (A > 0) when us-
ing the ‘helicity’ basis for the spin basis at LHC [15]. In
this basis®, the top (anti-top) spin quantization axis cor-
responds to the top (anti-top) direction of flight in the t¢
center of mass system, and the notation 7, | is replaced by
L (Left) and R (Right). Figure 4 shows the invariant mass
distribution of the f system with like and unlike helicities
for the two possible production mechanisms. As already
explained, gg and qq processes contribute to the asymme-
try with opposite signs (4 > 0 for gg and A < 0 for ¢q).
The theoretical Standard Model value integrated over the
whole LHC spectrum at LO is A = 0.319 and Ap=-0.217.

Ap =(Si-Sp) =) SuSh =

3 Another basis was recently found to be more optimal, but
more complicated to reconstruct [27].
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At NLO these values become [29]:
A = 0.32675005 (1) L9001 (PDF),
Ap = =0.237157567 (1) 5 606 (PDF)

Systematic uncertainties come from factorization and
renormalization scales (u = pup = pg) and from Parton
Distribution Function (PDF). As A and Ap are defined
as ratios between two cross sections, PDF, p and ag de-
pendences cancel to a large extent. Moreover, NLO QCD
corrections are small and thus theoretical uncertainties are
well under control.

At LHC, it is possible to increase the asymmetry by ap-
plying an upper cut on the ¢f invariant mass M,z. As shown
in Fig. 4, the asymmetry is maximal at low invariant masses
for the gg contribution, which is by far dominant at the
LHC, and is equal to 0 around Mz = 900 GeV. Therefore,
selecting low energetic top quarks with M,;; < 550 GeV re-
jects only 30% of the events while A and Ap are enhanced
by about 30% at LO:

{ A =0.422,

9
Ap =—0.290 ©)

Similarly to (4) for top polarization, angular distribu-
tions can be used to probe the tt spin correlation, as:

— the double differential angular distribution of top and
anti-top quark decay products [30]:

1 d*N
N dcosfidcos by

1
= E(l + Bj cosfy + Bscosfy — C cos by cosby) (10)

where 0; (62) is the angle between the direction of the
t (t) spin analyzer in the ¢ (t) rest frame and the ¢ (%)
direction in the ## center of mass system. These com-
plicated angles are the direct consequence of the choice
of the ’helicity’ basis for measuring the asymmetry. As
top and anti-top quarks are not polarized in this basis,
B; = By = 0. Figure 5 (top panel) illustrates this dou-
ble angular distribution for the SM in the semileptonic

channel.
— the opening angle distribution [29]:
1 dN 1
———=—-(1-D ® 11
N dcos® 2( cos 2) (11)

where @ is the angle between the direction of flight of
the two spin analyzers, defined in the ¢ and # rest frames
respectively. Figure 5 (down panel) shows this opening
angle distribution for the SM in the semileptonic chan-
nel.

In (10) and (11), C and D are the spin correlation
observables. Before any phase-space cut, they can be easily
measured using the following unbiased estimators [31]:

C = -9 < cos by cosfy >,
(12)

D=-3<cos® >

0.003 ¢

& 0.12
(7]
[
(3}
3
4
Dol
<
<
0.08 | | | |
-1 -0.6 -0.2 0.2 0.6 1
cos @

Fig. 5. Up, double differential angular distribution of (10).
Down, opening angle distribution of (11). Both are shown at
parton level with M,;; < 550 GeV

The production asymmetries A and A p are then directly de-
duced by simply unfolding the decay contribution through
the spin analyzing power of the daugther particles aq
and ao:

A= Tyl
[65Ke%
. (13)
Ap =
laras|

Since leptons are the most powerful spin analyzers (o = 1),
the dileptonic case is a priori the most promising. On the
contrary, the all hadronic case is the most unfavorable,
with a low spin analyzing power and a huge background.
Several choices exist in the semileptonic channel for the
spin analyzers on the hadronic side (W, b and lej) and
experimentally the lej is the best choice [32]. In any case the
semileptonic channel is more challenging compared to the
dileptonic one because its spin analyzers are less powerful
than the leptons. But on the contrary to the dileptonic
channel, the number of events is 6 times larger and the
event reconstruction is much easier (only one neutrino in
the final state).

3 Event simulation, selection
and reconstruction

This section describes the software tools used to gener-
ate and simulate signal and background events using a
modeling of the ATLAS detector. Then the event selection
and reconstruction is explained in both ¢ semileptonic and
dileptonic channels.
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3.1 Signal and background definition

General figures of tt pairs decay are: Br(t — Wb) ~ 1,
Br(W — ly) ~ 1/3 with | = e, i, 7 in equal probabilities
and Br(W — qi1q2) ~ 2/3 with q1(¢2) = u(d), ¢(s) in equal
probabilities. With a NLO cross-section around 850 pb [33],
3.8 (0.9) millions of ¢ semileptonic (dileptonic) events will
be produced with an integrated luminosity of 10fb~!, cor-
responding to one LHC year at low luminosity. Among
them, 2.5 (0.4) millions are signal events, defined as:

tt — WoWb — lVbjleB,

tt — WbWb — lvblvb
with [ = e, . The 1.3 (0.4) million events with at least
one | = 7 in the semileptonic (dileptonic) channel are
considered as background. Non-tt background is composed
of QCD background, from which mainly bb production is
relevant for our study, and of electroweak backgrounds,

which are Wjets, Z(— [l)+jets, Wbb, 2 vector bosons
(ZZ, ZW, WW) and single top production.

3.2 Event generation

The Monte Carlo leading-order generator TopReX 4.05 [34]
is used for the tf event generation. It includes the Standard
Model LO tf spin correlation*. A top mass of 175 GeV is
assumed and the structure function CTEQ5L [36] is used.
The Q?-scale (pr(t)?+M?) used for g is the same as for the
structure function. The proportion of gg and ¢ processes,
which directly impacts the spin correlation (see Fig.4), is
86%/14%. Partons are fragmented and hadronized using
PYTHIA 6.2 [37], including initial and final state radia-
tions, as well as multiple interactions, in agreement with
CDF data extrapolated to LHC [38]. The b-fragmentation
is performed using the Peterson parametrization with
e, = —0.006. TAUOLA and PHOTOS [39] are used to
process the 7-decay and radiative corrections. All results
correspond to one LHC year at low luminosity. For the
systematics study, samples corresponding to three times
(ten times) more statistics are generated for each source
of uncertainties in the semileptonic (dileptonic) channel.
For what concerns the non-tt background generation
in the semileptonic channel, PYTHIA is used, except for
W+4 jets and Wbb which are treated with AlpGen [40]
and AcerMC [41] generators, respectively. About 3 - 101°
W (— lv)+4 jets weighted events are generated with cuts
on the four extra light jets: pr >10GeV, |n| < 2.5 and
AR(jet-jet) >0.4°. Despite this huge effort, it only repre-
sents 1/63™ of the statistics for one LHC year (380000
events). For bb background, given the very high cross-
section (~500 pb) of the process, the cut v/ >120 GeV is
applied at the parton level. 750 million of events have been
generated, corresponding to 1/8" of the statistics for one

4 NLO spin correlation simulations are expected to be in-
cluded in the future in MCatNLO [35] generator.

5 AR = /A + A

year. Anyway, as this QCD background is very difficult to
estimate, it should be extracted from the data. Except for
W +4 jets and bb, the statistics corresponding to one LHC
year at low luminosity is simulated for each background
without any cut at the parton level. In the dileptonic case,
all backgrounds are simulated using PYTHIA 6.2, except
for Z/*bb that is generated with AcerMC.

3.3 Detector modeling

A simplified modeling of the ATLAS detector, ATLFAST
2.6.0 [42], is used. This essentially accounts for resolution
smearing of objects accepted within the detector geometry,
according to the expected performances [43]. Only settings
of particular importance are recalled here:

— Isolation criteria only for lepton (electron and muon)
consists in: ) asking Er < 10 GeV in a pointing cone
of 0.2 around the lepton and i) requiring the nearest
calorimeter cluster at AR > 0.4.

— Jets are reconstructed with a cone algorithm, with a
size AR = 0.4. They are calibrated to obtain a correct
jet energy scale [43].

— A 60% b-tagging efficiency is assumed, as well as a c-jet
rejection of 10. For the other jets, the rejection is 100.
This is a rather pessimistic assumption compared to
the latest simulation results [44].

No trigger inefficiencies and no detailed acceptance (as
crack between barrel and endcap) are included in this anal-
ysis. A 90% lepton and a 95% jet reconstruction efficiency
are assumed.

3.4 Event selection and reconstruction

The heavy top mass makes the event topology at LHC
outstanding: ¢ and # are preferentially produced in the
central region (|n| < 2.5), back to back in the transverse
plane and are therefore naturally well separated.

3.4.1 Semileptonic tt events

Semileptonic signal events are characterized by one (and
only one) isolated lepton, at least 4 jets of which 2 are b-jets,
and missing energy. They are selected by requiring an iso-
lated lepton from first and second level trigger. The offline
kinematic cut on the lepton is directly given by the trigger
threshold which is set to pr > 20GeV at 1033 cm=2s71.
Moreover, at least four jets with pr > 30 GeV are required,
among which at least two are b-tagged. This pr cut isa good
compromise between a low combinatorial background and
a good statistics. The 20 GeV cut on the missing transverse
energy (p2is*) is standard for events with one neutrino and
rejects almost no signal events. All these kinematic cuts
are summarized in Table 2. Their resulting efficiency on
signal events is 6.5%. The average pr of the lepton and least
energetic jet in the top rest frame (lej) are around 50 GeV.
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Fig. 6. a—c Reconstructed masses of W from hadronic side, top
from hadronic and leptonic sides in the semileptonic channel.
Lines correspond to Gaussian+third order polynomial fits, from
which Mean and o are extracted. d Normalized reconstructed
mass distributions of the tf system are shown both in the
semileptonic (full) and dileptonic (dashed) channels

After kinematic cuts, the full event topology is recon-
structed. On the top hadronic decay side, the two non b-jets
with M;; closest to the known Myy [45] are selected. The
di-jet invariant mass is shown in Fig. 6a, and the event is
kept if the mass difference is lower than 20 GeV. Then, the
b-jet with M, ;; closest to the known M, [45] is chosen to
reconstruct the hadronic top. The remaining b-jet is used
for the leptonic top reconstruction, and for the 5% of events
with more than two b-jets, the one closest to the lepton in
AR is chosen. The missing transverse momentum is used
to evaluate the neutrino pp. Its longitudinal component,
Pz, is determined by constraining M;,, to My, keeping the
solution with M;,; closest to My:

2
[El ot <pz>2]
— (L4007 = 0, +ph) — (L +p0)? =My, (14)

Table 2. Selection cuts in the semileptonic ¢t channel

Selection type  Variables Cuts
=1 isolated lepton pr > 20GeV, |n| < 2.5
Kinematic and > 4 jets pr > 30GeV, |n| < 2.5
acceptance b-tagged jets > 2
Missing energy (v) pe** > 20GeV
MMy | < 20GeV
Reconstruction | MPa4-M,| < 35GeV
quality |MP-My| < 35GeV

Table 3. Number of events in the semileptonic t¢ channel (signal
and background) for one LHC year at low luminosity, 10fb~*,
before and after selection cuts

Initial number Number of

of events (x10°)  selected events

Signal (¢f semileptonic) 2.5 85000
tt background

tt—7+X 1.3 6200
tt — all had 3.7 70
Non-tt background

W (= lv)+4 jets 24 400,1000]
bb (V3 >120GeV) 6000 200
Z(— l)+jets 49 12
727, WW, ZW 1.1 5

W (— lv)bb 0.7 3
single top 1.0 350

miss

For 25% of the events, there is no solution since pT
overestimates pr. In these cases, pr is decreased step by
step by 1% until a solution is reached [46].

Figures 6b,c show reconstructed top masses. Results are
comparable with those of the top mass study [47]. Quality
cuts are then applied on top and anti-top reconstructed
masses (|MP2—M,| < 35GeV and [MP—M;| < 35 GeV)
to reject badly reconstructed events. At this stage, 3.3% of
the signal events are kept, corresponding to 85000 signal
events for one LHC year at low luminosity. Table 2 lists all
the selection cuts.

After selection criteria are applied, the background is
composed for more than 80% of tt — 7 + X events, as
shown in Table 3. The amplitude and shape of this ¢t
background should be easily under control. The remaining
non-tt background is dominated by W (— {v)+4 jets, bb and
single top events. In the first two cases, since only a few tens
of events subsist after all cuts, Poisson statistics is used to
give an estimate of the expected number of events. Given its
very low contribution to the overall background, the non-t£
background will be neglected in the rest of the analysis. In
total, about 7000 background events are expected for one
LHC year at low luminosity, giving a signal over background
ratio of 12.

For the top spin study, to enhance the correlation, a
further cut, M;; < 550 GeV, is applied on the t¢ recon-
structed mass (Sect. 2.2), whose distribution is shown in
Fig. 6d. The total efficiency becomes 2.3%, corresponding
to 60000 signal events for one LHC year at low luminosity.

3.4.2 Dileptonic tt events

Dileptonic events are characterized by two (and only two)
opposite charged isolated leptons, at least two jets of which
two are b-jets, and missing energy. They are selected by
requiring two leptons from first and second level trigger.
The offline py cut on opposite sign leptons is conservatively
set to 20 GeV, well above the trigger thresholds which are
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Table 4. Selection cuts in the dileptonic t¢ channel

Selection type Variables

Cuts

=2 isolated leptons

Kinematic and > 2 jets

acceptance

Missing energy (v)

Reconstruction quality Mz

b-tagged jets

pr > 20GeV, |n| < 2.5
pr > 20GeV, |n| < 2.5
=2

PR > 40 GeV

< 550 GeV

lower or equal to 15 GeV for two leptons. Moreover, two
b-tagged jets with pr > 20 GeV are required. The 40 GeV
cut on pP*s is standard for events with two neutrinos.
Table 4 shows the selection cuts in the dileptonic channel.
Their total efficiency on signal events is 6.5%.

After kinematic cuts, the event topology is recon-
structed using the algorithm developed in [48]. The aim
of the reconstruction is to obtain the unknown momenta
of neutrino and anti-neutrino and the association between
the two b-jets and the b and b quarks. To solve the set
of six non-linear equations coming from the momenta and
energy conservation, the known M; and My, are assumed.
The set of equations can have up to four solutions for each
combination of the association b-jets to b and b quarks.
The choice of the solution is based on the computation of
weights from known distribution of transversal momenta
of t, t and v, v. The reconstruction efficiency of this al-
gorithm® is 80% with the correct solution found in 65%
of the cases. Most of the dilution comes from the wrong b
assignation. After cuts and reconstruction, 5.3% of the sig-
nal events are kept, corresponding to 21000 signal events
for one LHC year at low luminosity. The background is
then composed for 90% of t# — 7 + X events, as shown
in Table 5. In total, 4000 background events are expected
for one LHC year at low luminosity, giving a signal over
background ratio of 5, more than two times lower than in
the semileptonic channel.

Table 5. Number of events in the dileptonic ¢t channel (signal
and background) for one LHC year at low luminosity, 10fb~!,
before and after selection cuts

Number of Number of

events (x10°) selected events

Signal (¢t dileptonic) 0.4 21000
tt background

tt—T1+1 0.5 3700
tt — 1+ jet 3.8 40
Non-tt background

bb (pPr >20GeV) 30000 <200
Z+jets, Wtjets, ZZ, WW, ZW 4500 <100
Z/7* (= U)bb 1.7 250
single top 1.0 7

6 Fraction of selected events for which a solution of the kine-
matical equations exists.

As in the semileptonic case, a cut on the ## recon-
structed mass, M,z < 550 GeV, whose distribution is shown
in Fig. 6d, dashed lines, is applied to enhance the spin cor-
relation. In this case, the total efficiency becomes 3.5%,
corresponding to 15000 signal events for one LHC year at
low luminosity.

4 Sensitivity to W boson polarization
in tt events

In this section the method to extract the W polarization
observables is explained (Sect.4.1), the complete system-
atics study is presented (Sect.4.2) and results combining
dileptonic and semileptonic channels are given (Sect.4.3).
Finally, using these results, the sensitivity to tWb anoma-
lous couplings is discussed (Sect.4.4).

4.1 Measurement method

As charged leptons from longitudinal W have a harder pr
spectrum than those from left-handed W, they are more
likely to pass the trigger threshold and offline selection
requirements. More generally, the reconstructed cos¥ an-
gular distribution is distorted by all the acceptance and
reconstruction effects compared to the parton level one, as
shown in Fig. 7. This leads to a bias in the measurement,
which is more pronounced as the cut on the lepton pr in-
creases. To correct for it, a weight is applied on an event
by event basis, allowing to recover, as much as possible,
the original shape. The weighting function is obtained from
the ratio between the two normalized distributions of Fig. 7
(i.e. after selection cuts and at parton level) for semilep-
tonic and dileptonic events. In both channels, this ratio,
shown in Fig. 8, is fitted by a third order polynomial func-
tion to extract a smooth correction. The fit is restricted to
the region —0.9 < cos¥ < 0.9, which is the most extended
region where the correction is varying slowly. The correc-
tion functions, computed on an independent data sample,
are then applied event by event on the analysis samples.
The final distribution after event selection and cor-
rection is shown in Fig.9 for semileptonic and dileptonic
events, corresponding to one year at low luminosity, 10 fb~*.
The W polarization is extracted from a fit in the re-
stricted region with the (2) function and the constraint
Fo+ Fr, + Fr = 1. The results for Fy, F, and Fr are com-
patible with their SM expectations. The statistical errors
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are 0.005 for Fy and 0.003 for F;, and Fg in the semilep-
tonic case and increase to 0.010, 0.007 and 0.005 in the
dileptonic case. The correlation between the parameters
for the couples (Fy,Fr), (Fo,F'r) and (Fr,Fgr) are -0.9,
-0.8 and 0.4.

The systematic uncertainty induced by the weighting
method has been estimated by varying the number of bins
(from 40 to 25), the fit limits (from [-0.9;0.9] to [-0.8;0.8])

Fig. 7. Normalized cos¥
distribution  after selec-
tion cuts (histogram) for
semileptonic ~ (left) and
dileptonic (right) ¢f events.
For comparison, the SM
parton level distribution
(Fig.3) is superimposed
(full line)

Fig. 8. Ratio between
the two normalized dis-
tributions of cos¥ shown
in Fig.7, i.e. after selec-
tion cuts and at parton
level, for semileptonic (left)
and dileptonic (right) ¢t
events. The full line is
the result of a third or-
der polynomial fit in the
range —0.9 < cos¥ < 0.9

Fig. 9. Normalized cos¥
distribution after selection
cuts and correction for
semileptonic  (left) and
dileptonic (right) ¢t events
after one year at low lumi-
nosity, 10 fb~*. The full line
is the result of a fit with
function of (2) in the range
—0.9 < cos¥ < 0.9, with
F0+FL+FR = 1. The
dashed line represents the
continuation of the function
outside the fit region

and the polynomial order (from P3 to P5 and P7). All
variations are below the statistical error. Therefore, the
total uncertainty of the method is estimated to be smaller
than the statistical error.

The corrections functions of Fig. 8 are extracted with a
Standard Model scenario, assuming a pure V-A top decay
vertex. In case of deviation from the SM, the kinematic
distributions, such as lepton pr or angles can be affected.
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Fig. 10. Correction functions for different Fr input values in
the semileptonic channel. The case Fr = 0 corresponds to the
SM, and the case Fr = 0.297 corresponds to a pure V+A
model. The SM function (pure V-A) is the one of Fig.8

This is for example the case if a V+A component is present.
In such a scenario, the fraction of longitudinal W bosons
will be unchanged, but a right component Fr, whose lep-
ton spectrum is harder (see Sect.2.1) will appear. As a
consequence, the correction function will be changed. This
is illustrated in Fig. 10 for different Fr input values. In
each case, the statistics of one LHC year of semileptonic
events has been generated with AlpGen. Applying the SM
correction function to these samples will therefore not cor-
rect completely for the bias induced by the selection cuts.
Figure 11 shows the fraction Fg extracted from the fit” as
a function of the Fg input value after applying the SM cor-
rection function (open circles). The measurement is clearly
biased. To overcome this problem we proceed iteratively.
The SM correction function is first used. Then, in case of
deviation of Fr from zero, a new correction function is
calculated with this new Fr component, and applied. The
process converges after a few iterations, as shown in Fig. 11.

4.2 Systematic uncertainties

This section presents a detailed study of the systematic
uncertainties related to the W polarization measurement.

4.2.1 Systematic uncertainties at generation level

In this subsection, five main sources of systematic uncer-
tainties are considered:

— @-scale: The uncertainty related to the @Q-scale at par-
ton generation is estimated by comparing samples gen-
erated with TopReX and AlpGen using default Q-
scale: pr(t)? + M7 and M?. In both cases, the same
hadronization scheme (PYTHIA) is used.

7 In this case, Fy is fixed to its SM value and the only fitted
parameter is Fg.

o« - .
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- F O SM correction .
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Input F

Fig. 11. Fr extracted from the fit as a function of Fr input
values. The open circles correspond to the measurement using
the SM correction. Full triangles, stars and squares correspond
to the first, second and third iteration, respectively (see text).
The dotted line is y = «

— Structure function: The impact of the structure func-
tion is estimated by the maximum difference between
the measurements obtained with the standard par-
ton density function (CTEQ5L) and three other ones,
CTEQS6L [49], MRST2002 [50] and GRV98 [51]. Tt is
conservatively estimated to be independent of the above
(Q-scale uncertainty.

— ISR, FSR: The presence of initial state radiations (ISR)
from incoming partons and especially final state radia-
tions (FSR) can affect the ¥ angle reconstruction since
it impacts the top quark reconstruction. To estimate
the effect due to ISR, the difference between the mea-
surements obtained with ISR switched on (usual data
set) and off is computed. The same approach is used
for FSR. The level of knowledge of ISR and FSR is
around 10%, reflecting the uncertainty on a,. There-
fore, as a more conservative estimate, the systematics
uncertainties have been taken to be 20% of the corre-
sponding differences. It should be noted that more so-
phisticated methods exist to make this evaluation [52].

— b-fragmentation: The b-quark fragmentation is per-
formed according to the Peterson parametrization®,
with one free parameter ¢,. The default value is set
to €, = —0.006. It has been changed to a more recent
LEP value (e, = —0.0035 [54]), and the differences on
the results are taken as systematic uncertainties, which
are conservative estimates.

— Hadronization scheme: The angular distributions of jets
and leptons may be influenced by the hadronization
scheme. Generating partons with AcerMC then process-
ing the hadronization with PYTHIA or HERWIG [55]
leads to different W polarization measurements. For
this study the default settings of PYTHIA and HER-

8 Tt has to be noticed that recent measurements can not be
well fitted with the Peterson parametrization [53].
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tt channels as a function of different parameters, see text for
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WIG, tuned on various experiments data, were used,
leading to a conservative systematic estimate.

4.2.2 Systematic uncertainties at reconstruction level

In this subsection, three main sources of systematic uncer-
tainties are considered:

— b-tagging: The impact of the b-tagging efficiency is stud-
ied by increasing it from 50% to 70% by steps of 5%,
according to a parametrization coming from full simu-
lation [44]. Increasing the b-tagging efficiency degrades
the c-jets and light jets rejection factors. As an example,
going from 55% to 60% decreases them respectively by
30% and 80%. Figure 12a shows F, Fy and Fr mea-
surements as a function of the b-tagging efficiency. Small
and smooth dependences are observed. The related er-
ror is computed with a realistic £5% uncertainty on
the b-tagging efficiency.

— Jet miscalibration: The impact of the knowledge of the
absolute b-jet energy scale is estimated by miscalibrat-
ing the reconstructed b-jet energy. Results are shown in

Fig. 12b, for a miscalibration between 5% by steps of
2%. The behaviors can be easily understood: a positive
miscalibration overestimates the invariant mass of the
lepton and the b-quark, My, and therefore cos ¥, (3).
This bias the polarization toward higher values (Fp,
decreases and Fg increases). The corresponding sys-
tematic is computed with a realistic 3% uncertainty
on the b-jet energy scale. Similarly, the effect of £1%
light jet energy miscalibration has been studied and has
no impact on the results.

— Input top mass: The SM W polarization has a small de-
pendence on the top mass, with an increase (decrease) of
Fy (Fr) by 0.002 per GeV, (1). Moreover, a 175 GeV top
mass value is assumed in the event reconstruction, which
can impact the cos ¥ measurement if the real top mass
is different. Therefore, different samples of events were
generated with a top mass between 170 and 180 GeV
by steps of 2.5 GeV. Results are shown in Fig. 12c. As
for the case of a positive b-jet miscalibration, a high
top mass increases My, and therefore bias the polar-
ization toward higher values. The related systematics
are -0.008 (-0.010) per GeV on Ff,, 0.006 (0.003) on Fy
and 0.002 (0.007) on Fr in the semileptonic (dileptonic)
channel. The final uncertainty is computed assuming
AM;op=2 GeV, which should be reached at Tevatron
run IT [56].

4.2.3 Other sources of systematic uncertainties

— Background: As shown in Sect. 3.4, the only sizable
background comes from tt — 7+ X events, and is well
under control. A large variation of this background level
by +£10% has a negligeable impact on the results when
considering the semileptonic channel because of the high
signal over background ratio. In the dileptonic channel,
this results in an uncertainty of 0.004 on Fr, 0.003 on
Fy and 0.001 on Fi.

— Pile-up: Extra jet activity may influence the recon-
struction and therefore impact on W polarization mea-
surement. Different samples were generated (with the
PYTHIA settings MSTP(131)=1 and MSTP(132)=4),
adding 2.3 or 4.6 pile-up events according to the Poisson
law. These numbers are expected for a luminosity of
1033 em~2s71 and 2x10%3 em 257!, respectively. Fig-
ure 12d shows that the impact is small, even if no jet
recalibration is applied. Other jet activity uncertainties
due to the underlying event modelization are therefore
expected to be negligible.

4.2.4 Systematics summary

All systematic uncertainties are listed in Table 6 and illus-
trated in Figs. 13 and 14 for the semileptonic and dilep-
tonic channels, respectively. Generation and reconstruc-
tion sources contribute roughly in the same proportion
to the total error. The dominant generation contributions
come from the FSR knowledge, the hadronization scheme
and the @)-scale. while the reconstruction systematics are
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Fig. 13. Systematic uncertainties on Fr,
Fy and Fr in the semileptonic ¢t channel
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Fig. 14. Systematic uncertainties on Fp,,
Fo and Fr in the dileptonic ¢t channel
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Table 6. Summary of systematics on Fr, Fy and Fgr in the semileptonic
and dileptonic t¢ channels

Source of uncertainty Semileptonic channel Dileptonic channel

FL Fo FR FL FO FR

Generation

Q-scale 0.000 0.001 0.001 0.011 0.010 0.002
Structure function 0.003 0.003 0.004 0.002 0.004 0.003
ISR 0.001 0.002 0.001 0.000 0.001 0.001
FSR 0.009 0.007 0.002 0.016 0.008 0.008
b-fragmentation 0.001  0.002 0.001 0.002 0.003 0.002
Hadronization scheme 0.010 0.016 0.006 0.002 0.003 0.002
Reconstruction

b-tagging (5%) 0.006 0.006 0.000 0.003 0.003 0.001

b-jet miscalibration (3%) 0.011 0.005 0.005 0.017 0.001 0.017
Input top mass (2 GeV) 0.015 0.011 0.004 0.021 0.007 0.014
Others

S/B scale (10%) 0.000 0.000 0.000 0.004 0.003 0.001
Pile-up (2.3 events) 0.005 0.002 0.006 0.001 0.002 0.003
TOTAL 0.024 0.023 0.012 0.034 0.016 0.024
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Table 7. Standard Model results for W polarization components after one LHC year
of data taking (1033 em~ 2571 10 fb_l) in semileptonic and dileptonic t¢ channels. A
combination of both results is presented in the last column

Semileptonic (+stattsyst) Dileptonic (+stattsyst) Semilep+Dilep

Fr 0.299 £ 0.003 £ 0.024
Fo  0.699 £ 0.005 £ 0.023
Fr  0.002 £0.003 +£0.012

0.314 £ 0.007 £ 0.034
0.696 £ 0.010 £ 0.016
—0.010 £ 0.005 + 0.024

0.303 £ 0.003 £ 0.024
0.697 £ 0.004 £ 0.015
0.000 £ 0.003 £ 0.012

dominated by the b-jet miscalibration and the top mass
uncertainty.

4.3 Results

Table 7 presents the expected Standard Model results for
the W polarization measurement in ¢t semileptonic and
dileptonic channels after one LHC year at low luminos-
ity (1033 cm=2s71, 10fb~1). The sensitivity is driven by
the systematic uncertainties, which largely dominates the
statistical ones. Fy, and Fr parameters are more precisely
measured in the semileptonic channel, while the accuracy
on Fy is slightly better in the dileptonic one. Combining
the results of both channel studies, assuming a pessimistic
100% correlation of systematic errors, lead to the results
shown in Table 7, rightmost column. The only improve-
ment of the combination concerns Fy on which the absolute
error is estimated to be 0.016. It is worth to notice that
Fr, which is expected to be zero in the SM, is the most
precisely measured with an accuracy of 0.012.

This result is 3 times better than the statistical er-
ror foreseen with single top events (~ 0.03 on Fr with
10 fb~1) [16]. It is also roughly 3 to 5 times better than the
Tevatron run II statistical expectations with 2 fb~! (~ 0.03
on Fg [57] and ~ 0.09 on Fy [58]). CDF and DO pub-

lished first measurements of the W polarization in t pairs
based on Run I data [19-21]. For example, CDF results are
Fy = 0.91 4+ 0.37(stat)£0.13(syst) and Fr = 0.11 £ 0.15.
They are largely limited by statistical errors®. Preliminary
studies started at Run II [22], but statistical errors will
remain large, even with the total integrated luminosity of
2fb=1 [59)].

The results of Table 7 were obtained assuming realistic
uncertainties of 3% on the b-jet energy scale and 2 GeV
on the top mass. More pessimistic assumptions (5% and
3 GeV) lead to an increase of the total systematic errors on
Fy, Fy and Fg to 0.031, 0.018 and 0.013. On the contrary,
more optimistic assumptions (1% and 1 GeV) lead to 0.018,
0.014 and 0.009. In all cases, the absolute error on Fg
remains in the range 0.009-0.013 and that on Fj in the range
0.015-0.018. The assumptions on systematic uncertainties
have therefore a small impact, assessing the robustness of
the results.

All above results were obtained with a 1033 cm=2s~!
luminosity. The luminosity may be 2-1033 em~2s~! at the
LHC start. In this case, two scenarios are considered in
ATLAS for the single electron trigger: increase of the sin-
gle electron pr cut at the trigger level from 20 to 25 GeV

9 A few tens of both dileptonic and semileptonic ¢t events, with
an integrated luminosity of 109 pb™* (125 pb™*) for CDF (DO0).
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(scenario 1), or even to 30 GeV (scenario 2). The complete
study has been redone in the semileptonic channel for both
scenarios, assuming the same hypothesis for each source
of systematic uncertainty presented in Fig.13. The num-
ber of events will be multiplied by 1.8 (1.6) for scenario 1
(scenario 2), while systematic errors remain almost un-
changed. Consequently, the same precision will be achieved
on the W polarization measurement. At high luminosity,
103* cm~2s~!, a possible improvement can be to consider
leptonic final states with J/¢, in a similar way as what is
performed for the top mass measurement [47].

The forward-backward asymmetry, Arpg, based on the
angle between the charged lepton and the b-jet in the W
rest frame, is often discussed in literature [60]. It can be
expressed in terms of Fy, and Fr [17]:

3
AFB:Z(FL_FR)

(15)
Taking the correlation between Fj, and Fg into account,
the following measurement on Aprpg can be extracted from
the previous results:

App = 0.227 £ 0.003(stat) + 0.016(syst) (16)
Nevertheless, it does not provide any more information
than the separate measurements of the ratios F, and Fg.

4.4 Sensitivity to new physics

Asalready stated in the introduction, the search for anoma-
lous (i.e. non Standard Model) interactions is one of the
main motivations for top quark physics. The measurement
of the W polarization provides a direct test of our under-
standing of the tWb vertex, responsible for practically all
top quark decays in the Standard Model (SM). The devi-
ations from the SM expectations induced by new physics
contributions have been calculated in the framework of a
few models [61-64]. However, because of the great diversity
of models beyond the SM (Supersymmetry, dynamical elec-
troweak symmetry breaking models, extra dimensions,. . . ),
it is also useful to study these possible new interactions
in a model independent approach [7,65-67]. The unknown
dynamics can be parametrized with couplings representing
the strength of effective interactions, through the following
Lagrangian [6]:

9

£=5

W, by*(fi P + [ Pr)t

-9
V24

where Pr/p, = %(1 +5), oM = %[’y“,”y"], g is the elec-
troweak coupling constant and A is the energy scale to
which the new physics becomes apparent (in the following,
A =My is set to keep the notation used in the litera-
ture). f{ and f{* are vector-like couplings, whereas f¥
and fI are tensor-like couplings. This is the most general
CP-conserving Lagrangian keeping only the leading (mass

O, W, bot (f3 Pr+ f5Pr)t + h.c.  (17)

dimension 4, first term) and the next-to-leading (mass di-
mension 5, second term) effective operators in the low en-
ergy expansion. In the SM, the values of the couplings at
tree level are f =Vy =1, fff = fF = ff =0.

It will first be shown how the measurement of the W
polarization in top decay can probe these anomalous cou-
plings (Sect. 4.4.1) and then a review of their existing direct
and indirect experimental limits will be given (Sect. 4.4.2).

4.4.1 Probe of tWb anomalous couplings

The contributions of fZ, f£, f& and f£ anomalous cou-
plings to each fraction of helicity state, F,, Fy and Fr, have
been calculated at LO [6,68] and at NLO [60], NLO effects
being small. A deviation of f{ from 1 has not been con-
sidered in the following, as the W helicity is not sensitive
to it. This can be easily understood, as f{ is proportional
to Vi, which can not be directly measured with ¢t pairs
but only with single top quarks.

In the following, an independent deviation of each
anomalous coupling, f{¥, f& and f£, is assumed. Figure 15
shows the variation of F,, Fy and F'r with these couplings.
Fr, and Fg depend quadratically on f{¥, whereas Fy remains
unchanged (full lines). Similarly, the three fractions of he-
licity states are sensitive to f# in a quadratic way (dashed
lines). In these two cases, the sign of the coupling can not
be determined and the sensitivity will be lowered by the
quadratic behavior. The last case is the most interesting
(dash-dotted lines): Fy and Fy, depend almost linearly on
f4 with a slope=0.7 [69], while Fg is unchanged. Thus the
sign of £ can be determined: Fy > FyM and Fj, < FPM
(Fo < Fg™M and F, > F£M) signs the presence of negative
(positive) anomalous coupling f4*. The sensitivity is also
higher than for f# and f£. The precision to which Fy,, Fy
and Fg can be measured (Table 7) sets the sensitivity to
each anomalous coupling. It is represented by grey bands
in Fig. 15. Fg is the most sensitive observable to probe f{*
and fF , whereas Fy is better for fI*.

Figure 16 (full lines) shows the overall sensitivity (statis-
tics+systematics) to each anomalous coupling that can
be expected from the W polarization measurement with
tt pairs at LHC. Dashed lines represent the statistical
sensitivity only'®. The corresponding 20 limits (statis-
tics+systematics) are given in Table 8. The best sensi-
tivity is obtained on f# due to the presence of the large
linear dependence. It is of the order of the deviations ex-
pected by models like the Minimal Supersymmetric Stan-
dard Model (MSSM) or the Topcolor assisted Technicolor
model (TC2) [68].

10 A recent study at NLO on forward-backward asymmetry
App in tt pairs [60] indicates a 3o statistical sensitivity with
100fb~! on ff¥ ~ 0.06, f£ ~ 0.03 and f& ~ 0.003. This is in
good agreement with our 3o statistical sensitivity on f{* ~ 0.17,
f¥ ~0.08 and fI* ~ 0.012 obtained with 10fb~" only.
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Fig. 15. Fy, Fr and Fr dependence on the
anomalous couplings f{* (full lines), f+ (dashed
lines) and f3 (dash-dotted lines). ff = 1 is
assumed. The expected 1o uncertainties on Fp,
- Fy, and Fg measured in tf pairs after one LHC
{1 year at low luminosity (Table 7) are indicated

‘ A with grey bands
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B Fig. 16. Sensitivity in o to the anomalous cou-
plings f{t, f& and f4 extracted from the W po-
larization measurement in ¢t pairs after one
-4 LHC year at low luminosity (10 fb~*). Full lines
indicate the overall (statistics+systematics)
sensitivity, while dashed lines represent the sta-
tistical sensitivity only
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Table 8. 20 limits on anomalous couplings f{¥, f£ and f£.
At LO, in the SM, these couplings are equal to zero. The first
line presents our results extracted from the W polarization
measurement in ¢t pairs after one LHC year at low luminosity
(10fb™1). Expected limits at the Tevatron and with single top
at LHC are shown in the next two lines. Current indirect limits
from B-factories and LEP data are presented in the last two lines

A S
tt, LHC (10 fb™1) 0.30 0.13  0.04
(Stat.4- Syst.)
tt, Tevatron (2 fb™ 1) 0.5 0.3 0.3
(Stat. only)
single top, LHC (100 fb~) 0.06  0.07  0.13
(Stat.+ 5% Syst.)

b— sv,slTl™, B-factories ~ 0.004 0.005 0.4
(indirect)
Z decay, LEP - - 0.1
(indirect)

4.4.2 Comparison with existing limits

The only existing direct limits on the tWb anomalous cou-
plings can be placed from Tevatron W polarization mea-
surements in ¢ pairs, which are limited by the low statistics.
As an example, the run I result Fr < 0.18 at 95% C.L. [19]
translates in f{* < 0.8. From run IT expectations, statistical
sensitivities to f& ~ 0.5 and f2% ~ 0.3 [68] at 95% C.L
can be achieved. The single top, which has not been exper-
imentally observed so far, can provide further constraints
on the tWb anomalous couplings from its production rate
and kinematic distributions. At LHC, the expected 20 lim-
its are —0.052 < fF < 0.097 and —0.12 < & < 0.13 [70]
assuming a 5% systematic uncertainty, and a statistical

OHH\HHHHHH
-0.1 -0.05 0 0.05 0.1
f,R

sensitivity to f{¥ ~ 0.06 [71] with 100fb~!, one LHC year
at high luminosity. However, all these studies do not include
any detector effect and detailed evaluation of systematic
uncertainties. The related limits are summarized in Table 8
for each coupling.

Indirect limits on the tWb anomalous couplings have
already been derived from precision measurements. The
b — sy and b — slTI™ decays proceed via an electroweak
radiative penguin process [72]. As they include a tWb ver-
tex, an anomalous coupling will result in a change of the
branching ratios. The related limits on anomalous cou-
plings are stringent: as an example, f{* has to be less
than 0.004 [73] at 95% C.L. As the tWb coupling appears
also in loop in Z decays, electroweak measurements from
LEP/SLC give other indirect limits, mainly competitive
on ff. All these limits are presented for each coupling
in the last two lines of Table 8. However, they are indi-
rect, SM-dependent, and scenarios can be envisaged where
other contributions lead to cancellations that invalidate
these bounds.

To conclude, it is worth to notice that our expected
sensitivity to the right-handed tensor-like coupling fIt is
a factor 2—-3 better than the best limit. In any case, the
W polarization measurement in t¢ pairs and the single top
studies at LHC will be complementary to determine the
structure of the tWb vertex as precisely as possible.

5 Sensitivity to top quark polarization
in tt events

As demonstrated in the previous section, the W polariza-
tion measurement provides a direct probe of the top decay
mechanism. Using the same events, it is also possible to test
the tf production by measuring the top spin asymmetries,
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) i [ o=l g " o Table 9. Summary of systematics on A and Ap in the semilep-
s is ] gar| 2 Wf Pa 03290 tonic and dileptonic tf channels
< [ oo Source of uncertainty Semileptonic Dileptonic
10 1f channel channel
[ [ A Ap A Ap
0% 1 . oSt . + Generation
r A(semilep) - A(dilep)
ol ol o Q-scale 0.029 0.006 0.011 0.003
" ® coso, coss, " ® coso,coss,  Structure function 0.033 0.012 0.008 0.005
, , ISR 0.002 0.001 0.001 0.001
5 | 2 ommeor | 2 n orane FSR 0.023 0.016 0.005 0.000
Easf Z.st : b-fragmentation 0.031 0.018 0.007 0.004
:n Hadronization scheme 0.006 0.008 0.005 0.003
M ~ ! .
i k //‘_\ Reconstruction
i . i . b-tagging (5%) 0.016 0.011 0.001 0.001
0. 0.
I A,(semilep) I Ap(dilep) o
D D b-jet miscalibration (3%) 0.045 0.012 0.013 0.003
03 o 1 0] 0 1 light-jet miscalibration (1%) 0.009  0.000  0.000  0.000
cosd cos®
Input t 2GeV 0.028 0.013 0.009 0.001
Fig. 17. Ratio between the distributions of cos6; cos 62 (top) nput top mass (2GeV)
and cos @ (bottom) after selection cuts and at parton level for Others
semileptonic (left) and dileptonic (right) ¢t events. The full S/B scale (10%) 0.000 0.000 0.003 0.004
lines are the results of polynomial fits Pile-up (2.3 events) 0.001  0.005 0.004 0.003
TOTAL 0.081 0.036 0.024 0.010

A and Ap. Similarly as for W polarization, we will explain
the method used to extract these asymmetries (Sect. 5.1),
present a complete study of systematic uncertainties in
both semileptonic and dileptonic ¢ channels (Sect.5.2),
give the results combining both channels (Sect.5.3), and
finally discuss the related sensitivity to physics beyond the
Standard Model (Sect.5.4).

5.1 Measurement method

Similarly to the W polarization analysis (Sect.4), selec-
tion cuts distort the parton level angular distributions.
Therefore, expressions given in (12) are no longer unbiased
estimators of the spin correlation observables. To correct
for this bias, a weight is applied on an event by event ba-
sis, allowing to get back, as much as possible, the original
asymmetry. One weight is applied per spin correlation ob-
servable (A and Ap) and per channel (semileptonic and
dileptonic). The weighting functions are computed by fit-
ting the selection efficiency in cos 64 cos 2 (cos @) bins for
A (Ap). This is shown in Fig. 17, with a mean weight set
to 1, which is the equivalent of Fig.8 in the W polariza-
tion analysis. The four ratios are fitted by a polynomial
function to extract smooth corrections. The A corrections
have a wider range with respect to the Ap ones, proving
that Ap is less affected by selection cuts. The correction
functions, computed on an independent data sample, are
then applied event by event on the analysis samples.

The correction functions are extracted with a Stan-
dard Model scenario. In case of deviation from the SM, the
kinematic distributions can be affected, and the correction
functions will be changed. This is illustrated in Fig. 18 (left
plots) for different A (top) and Ap (bottom) input values

in the dileptonic channel'!. For this purpose, different mix-

tures of events with/without spin correlation effects have
been generated. Applying the SM correction function to
these samples will therefore not correct completely for the
bias induced by the selection cuts. Figure 18 (right plots)
shows with open circles the measured asymmetries A (top)
and Ap (bottom) as a function of their input values after
applying the SM correction function. The measurement is
clearly biased. As for Fig. 11 in the W polarization mea-
surement, we proceed iteratively to overcome this problem.
The SM correction function is first used. Then, in case of
deviation from SM expectations a new correction function
is calculated with this new asymmetry, and applied. The
process converges after a few iterations, as seen in Fig. 18.

5.2 Systematic uncertainties

The same sources of systematic uncertainties as for the W
polarization study (Sect.4.2) are considered: five related
to the generation (Q-scale, structure function, ISR-FSR,
b-fragmentation and hadronization scheme), three to the
reconstruction (b-tagging, b-jet miscalibration, input top
mass), the background normalization and the pile-up in-
fluence. In the semileptonic channel, the light jet miscali-
bration is also taken into account as the least energetic jet
in the top rest frame is used as spin analyzer. A particular
attention was paid to the proportion of gg and qg processes
involved in the tf pair production, which directly impacts

1 This channel has been chosen to illustrate the method, as
the bias due to the event reconstruction is more pronounced
than in the semileptonic channel.
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the spin correlation (see Fig.4). To study separately this
effect, samples with different proportions of gg/qg have
been generated from 82%/18% to 90%/10% by steps of
2%. Small and smooth dependences are observed with a
slope of 0.006 (0.004) per % of gg/qq variation for A (Ap).

The results obtained on A and Ap for different b-tagging
efficiencies, b-jet miscalibrations, top masses and pile-up
levels are detailed in Fig. 19. Linear behaviors are observed
in both channels. All systematic uncertainties are listed in
Table 9 and illustrated in Fig.20. Generation and recon-
struction sources contribute roughly in the same proportion
to the total error. The dominant generation contributions
come from the @-scale, the structure function and the b-
fragmentation, while the reconstruction systematics are
dominated by the b-jet miscalibration and the top mass
uncertainty. The total systematic error for A is 2.5 times
higher than for A . This is because the angles are computed
in the ¢t rest frame, more difficult to reconstruct than the

top and anti-top rest frames separately. The lower system-
atics in the dileptonic channel are explained by the choice
of two ideal spin analyzers (charged leptons).

5.3 Results

Table 10 presents the expected Standard Model results
for A and Ap after one LHC year at low luminosity
(1033 cm=2s71, 10fb™!). In the semileptonic channel, the
sensitivity is driven by the systematic uncertainties, which
largely dominates the statistical ones, while both errors are
comparable in the dileptonic channel. Combining the re-
sults of both channel studies, assuming a pessimistic 100%
correlation of systematic errors, lead to the results shown
in Table 10, rightmost column. They allow to observe and
measure the Standard Model spin correlation with a 4% pre-
cision.
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Table 10. Standard Model results for spin correlation observables after one LHC year
of data taking (10°*cm™?s™', 10fb™') in semileptonic and dileptonic ¢ channels. A
combination of both results is presented in the last column

Semileptonic (Estattsyst)

Dileptonic (+stat+tsyst)

Semilep+Dilep

A 0.422 £+ 0.020 £ 0.081
Ap —0.288 +£0.012 £ 0.036

0.404 £ 0.020 £ 0.024
—0.290 £ 0.011 £ 0.010

0.406 £ 0.014 £ 0.023
—0.290 £ 0.008 £ 0.010
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Fig. 19a—d. Measured A (left) and Ap (right) in the semilep-
tonic (black circles) and dileptonic (open circles) ¢t channels
as a function of different parameters, see text for more details.
Linear fits are superimposed in each case, and the corresponding
slope is indicated

This result can be compared with the 40% precision
expected from Tevatron run II with 2fb~!, neglecting the
systematics. Experimentally, the ¢f spin correlation has
never been observed. The D0 experiment sets a lower limit
on A with 6 dilepton events from run I (110pb~1) [74].
This limit, A > —0.25 at 68% confidence level, can not be
compared to the LHC values because the dominant pro-
duction process at Tevatron is qg — tt, and the Standard
Model prediction is A = 0.88.

The results of Table 10 were obtained assuming realistic
uncertainties of 3% on the b-jet energy scale and 2 GeV
on the top mass. More pessimistic assumptions (5% and
3GeV) lead to an increase of the total systematic errors
on A and Ap to 0.030 and 0.011. On the contrary, more
optimistic assumptions (1% and 1 GeV) lead to 0.015 and
0.009. In all cases, Ap remains in the range 4%-5%. The
assumptions on systematic uncertainties have therefore a
small impact, assessing the robustness of this result.

All above results were obtained with a 1033 cm~=2s7!
luminosity. As already discussed in Sect. 4.3, the luminosity
may be 2-10%% cm~2s~! at the LHC start and modify the
pr electron cut at the trigger level. The complete study has
been redone in the semileptonic channel for the two foreseen
scenarios, assuming the same hypothesis for each source of
systematic uncertainty presented in Fig.20. The number
of events will be multiplied by 1.9 (1.8) for scenario 1
(scenario 2), while systematic errors remain unchanged.
Consequently, the same sensitivity will be achieved for A
and Ap measurements.

5.4 Sensitivity to new physics

As already stated in the introduction, a tf spin correlation
observation would check that the top quark decays indeed
as a quasi-free quark, i.e. in particular before hadronization
can take place which could dilute the spin information. A
measurement of the expected Standard Model spin cor-
relation would test the top properties, with a left-handed
coupling and a 1/2 spin. On one hand, this would allow to set
an upper limit on its lifetime, directly linked to Cabibbo-
Kobayashi-Maskawa matrix elements [75]. On the other
hand, this would offer a unique opportunity to study a
“bare” quark, free from long distance effects of QCD such
as hadronization and confinement.

Therefore, a possible deviation of t# spin correlation
from the SM prediction will be a hint of new physics.
Its measurement can be used to probe the presence of
new interactions. For example, gtt anomalous couplings,
linked to chromoelectric [8] and chromomagnetic [9] dipole
moments which naturally arise in dynamical electroweak
symmetry breaking models such as technicolor or topcolor,
can affect the resultant ¢¢ spin correlation [76]. This is also
the case in the presence of either a new heavy resonance
in the ¢ production, such as a spin 0 neutral Higgs bo-
son [12] ( gg — H — tt ), or spin 2 Kaluza-Klein (KK)
gravitons [13]. As an example, in theories with large extra
dimensions [77], the s-channel mediated by graviton KK
modes gives rise to characteristic spin configurations and
angular distributions for outgoing particles, which reflect
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Fig. 20. Systematic uncertainties on A and Ap in the semileptonic and dileptonic ¢ channels

the spin-2 nature of the intermediate KK gravitons. With
the sensitivity quoted in the previous section, a 5o devi-
ation from the SM ¢t spin correlation can be observed if
the fundamental scale of the extra dimensional theory is
below 1.5 TeV.

New interactions in the decay can also affect the tt
spin correlation. As an example [15], if a sufficiently light
charged Higgs boson exists, such as in supersymmetric
models, the decay ¢ — H™b can compete with the SM
decay mode t — WTh. As the charged Higgs decay to
electrons and muons is largely suppressed, the deviation on
the W-polarization measurement can be small. Contrarily,
for mpy+ <150 GeV and at small tan 8 (< 2), the decay
in two jets is favored, affecting the spin correlation in the
semileptonic channel. As aresult, withmg+ ~80 GeV, a 5o
deviation from the SM ¢ spin correlation can be observed if
the branching ratio for top into charged Higgs plus b-quark
is larger than 25%.

6 Conclusions

Because of its high mass, close to the electroweak symme-
try breaking scale, the top quark is an ideal place to search
for physics beyond the Standard Model. W polarization
in top decay and top spin observables reflect in detail the

interactions involved in top quark production and decay.
Moreover, they can directly be inferred from the angular
distributions of their respective decay products. Therefore,
they give a good opportunity for precise tests of these in-
teractions and are sensitive probes of new physics. Their
precise measurements will be possible at the start of the
LHC data taking, thanks to the very large sample of top
events that will be accumulated. They will be complemen-
tary to Vi and cross section measurements, as NLO QCD
corrections and theoretical errors are much smaller, of the
order of 1%.

The ATLAS capability to measure the W polariza-
tion components Fy, Fr, and Fg (for longitudinal, left-
handed and right-handed helicity fractions) and ¢t spin
asymmetries (A, Ap) has been studied in the complemen-
tary semileptonic and dileptonic t# channels. The results of
both channel studies have been combined. Leading-order
Monte Carlo generators were used as well as a fast simu-
lation of the detector. The clean signature of semileptonic
tt events, a high statistics (around 100000 signal events
after selection and reconstruction in one year at low lumi-
nosity, 10fb=!) and a high signal over background ratio
(more than 10) are the attractive features of this channel.
In the dileptonic channel, the event topology reconstruc-
tion is complicated by the presence of two neutrinos in the
final state, but feasible, the correct solution being found
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in 65% of the events. Even if the statistics and the signal
over background ratio are lower than in the semileptonic
channel, it is an attractive channel for the top spin asym-
metry measurement, because the two charged leptons of
the final state are the most powerful top spin analyzers.

In both channels, selection cuts bias the measurements.
A weighting method was set up to correct for it, and its
robustness assessed. The sensitivity of the measurements is
driven by the systematic uncertainties, which already dom-
inates the statistical ones after one year at low luminosity.
The main contributions to the total uncertainty come from
the @-scale, the hadronization scheme, the FSR knowledge,
the b-jet energy scale and the top mass. After one LHC
year, the Standard Model parameter Fy can be measured
with a 2% accuracy and Fg with a 1% precision, compa-
rable to the expected precision on the top mass. Using the
same selected events, the Standard Model top spin asym-
metry can be measured with a precision around 4% with
10fb~!. These results are robust against other hypothesis
for systematic uncertainties and trigger scenarios.

The sensitivity to physics beyond the Standard Model
can be deduced from the above results. This has been
studied in a model independent approach on the decay side
by introducing three tWb anomalous couplings, f{¥, f& and
fI, which parametrize new physics. The best sensitivity,
a 20 limit of 0.04, is obtained on f£*, which is better than
indirect limits and expectations from other measurements.
Finally, the sensitivity of the top spin measurement to
new interactions such as a top decay to charged Higgs
boson or new s-channels (heavy resonance, gravitons) in t¢
production have also been assessed.
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