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Summary. — A review is presented of the most recent measurements of top
quark strong and electroweak production performed by using data collected with
the ATLAS detector in proton-proton collisions at /s = 7 and 8 TeV at the Large
Hadron Collider corresponding to integrated luminosities of up to about 4.7fb~!
and 20fb™', respectively.

PACS 14.65.ha — Top quarks.

1. — Why top quark?

The top quark (t) is the most massive known elementary particle. Its large expected
Yukawa coupling with the newly discovered Higgs boson gives it a prominent role in
the electroweak symmetry-breaking mechanism. The measurement of its production and
decay at colliders is then a crucial test of the standard model (SM) and a probe for
new physics. On the one hand understanding top quark production allows to control a
crucial background both to Higgs boson production and to possible new physics like su-
persymmetry. On the other hand, many new physics scenarios, from the presence of extra
dimensions to the existence of new strong forces, require direct or indirect couplings of
new particles to top quarks that could modify the SM top quark production cross section.

2. — Top producer and observer

Abundant production of top quarks is desirable for a detailed study of their properties.
The Large Hadron Collider (LHC) [1] is a prolific top quark producer. During its first run
period (Run 1), the LHC collided protons at the unprecedented center-of-mass energies
(v/s) of 7 and 8TeV, respectively, in 2010-2011 and in 2012. Run 1 was characterized
by smooth running conditions and a vertiginous increase in peak luminosity from 2.1 -
1032 ecm =257 ! in 2010 to the peak value of 7.7 - 1033 ecm=2s~! in 2012. The integrated
luminosity (| Ldt) delivered per collision point was about 5 fb~! in 2011 and 22fb~! in
2012, respectively, 100 and 440 times larger than the one delivered in 2010 (50 pb~1).
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The ATLAS detector [2] is an excellent top observer. A multi-purpose composite de-
tector with cylindrical symmetry around the line of collision of the proton beams, it covers
nearly the entire solid angle surrounding the collision point. From the innermost layer
outwards, it features an inner tracking detector, surrounded by a thin superconducting
solenoid magnet producing a 2T axial magnetic field, followed by electromagnetic and
hadronic calorimeters and by an external muon spectrometer incorporating three large
toroid magnet assemblies. The full detector is at play in reconstructing events with top
quarks, efficiently selected by a three-level trigger system which reduces the overall event
rate to about 400 Hz into storage.

3. — Top quark production and decay at LHC: predictions

In LHC proton-proton collisions, top quarks are predominantly strongly produced
in top-antitop (tf) pairs. At /s = 7 (8) TeV the largely enhanced gluon-gluon fusion
process dominates over the quark-quark annihilation process (85% wvs. 15% of the total
tt cross section at leading order) and it boosts the ¢ production cross section, 0,7, to a
value that is 25 (35) times larger than that foreseen and observed in proton-antiproton
collisions at /s = 1.96 TeV at the Tevatron. The predicted value of o7 is now known at
the level of about 4% thanks to recent breakthrough calculations including all Quantum
Chromodynamics (QCD) effects at NNLO, complemented with NNLL resummation [3].
At a rate of about half the ¢t production [4-6], the top quark is also produced singly;
such production is described (at leading order) by three electroweak processes. The W
boson mediated ¢- and s-channel account respectively for 75% and 5% of the total single
top quark production cross section, oy toq1, While the remaining 20% is accounted for by
the associated production of a single top quark and a W boson, mediated by a b-quark.
Thanks to the large top quark production cross sections, the LHC produced about 5.4
(0.96) million ¢t events and 2.5 (0.47) million single top quark events at /s = 8 (7) TeV.

As the top quark decays to a W boson and a b-quark about 100% of the times, the
final state of a tt event is characterized by the number of W bosons decaying to a lepton-
neutrino pair(!). The case when both W bosons decay hadronically represents 45.7% of
the events (fully hadronic channel), while 44.1% of the events feature only one W boson
decaying to a lepton (¢) and the corresponding neutrino () (34.3% of the times ¢ is an
electron (e) or a muon (u), or a tau (7) decaying to an e or u) (single lepton channels).
The leptonic decay of both W bosons to e, u or 7 — e/ takes place 6.5% of the time
while the remaining 3.7% corresponds to hadronic 7 decays associated with a lepton.
The tt final state consists of b-jets from b-quark production, high pr jets from hadronic
W boson decays, at least one or two high p, leptons and large missing transverse energy
(E7¥5%) due to the neutrino in W boson leptonic decays. The ¢ and single top quark final
states have similar backgrounds (single bosons (W, Z) plus jets, dibosons and multi-jet
events) and they are background to each other.

4. — Top quark pair production

4'1. Inclusive o,; at /s = 8 TeV. — The latest ATLAS measurement of o,; [7] uses
dilepton events selected from the full dataset collected at /s = 8 TeV ([ Ldt = 20.3fb™ 1)

(*) The W—Lv (qq’) decay takes place 32.4% (67.6%) of the times, where ¢ is a light quark, £
is a lepton, v is the corresponding lepton neutrino.
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Fig. 1. — Distribution of the number of b-tagged jets in preselected opposite-sign e-p events from
ref. [7]. Data is compared to predictions from different MC generator codes for t¢ events.

by requiring a pair of central, high-momentum, opposite-sign e and p. The dominant
single top quark background in the Wt-channel is derived from simulation. The estimates
of the smaller fake lepton and Z+jets backgrounds are data-driven by extrapolating the
content of background-enriched control regions in same sign lepton pair events and in
Z — puTp~ events respectively. The contents of the two highly tf-pure samples obtained
by requiring exactly one and two b-tagged jets (shown in fig. 1) are expressed as functions
of 0,7 and the efficiency to select, reconstruct and b-tag a jet, €praq. A simultaneous fit to
the content of the two samples is performed to extract o,; and €y, and to use the data
information to constrain jet-related and b-tagging systematic uncertainties. The resulting
tt cross section is o,z = 237.7+ 1.7 (stat.) £ 7.4 (syst.) £ 7.4 (lumi) +4.0 (beam energy) pb
in agreement with the SM prediction. The relative total uncertainty of 4.8% is dominated
by systematic effects originating mostly from the limited knowledge of the total integrated
luminosity and of the beam energy, with the other two major contributions coming from
tt modelling and electron isolation efficiency.

4°2. Summary of inclusive o, at \/s = 7 and 8 TeV. — The very precise dilepton
measurement of o,; outlined in sect. 4’1 is one of the many results obtained using a
variety of final state samples at /s = 7 and 8 TeV [8,9] and illustrated in fig. 2. The
measurements are dominated by systematic uncertainties and they are well consistent
with the latest NNLO+NNLL QCD predictions [3]. The relative uncertainty, do,;/0,7,
of the most precise results, the ATLAS combination at /s = 7TeV (do,;/0,; = 6.2%)
and the dilepton measurement at /s = 8 TeV (d0,;/0,;7 = 4.8%) is comparable with the
theoretical relative uncertainty of about 4%. ATLAS also contributes to the first LHC
o,; combination [10] at /s = 7TeV which gives o,; = 173.3 + 2.3 (stat.) £ 7.6 (syst.) £
6.3 (lumi) pb with a relative total uncertainty of 5.8%.

4'3. 034 heavy flavour @t /s = TTeV. — Going to a more exclusive final state, the cross
section for the production of a top quark pair in association with at least one b- or c-
quark is extracted using the full dataset collected at /s = 7TeV ([ Ldt = 4.7fb~1) [11].
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Fig. 2. — Summary of ATLAS measurements of o,; for /s = 7TTeV (left) and /s = 8TeV
(right) compared to the NNLO+NNLL QCD calculation [8,9]. On the left, the upper part of
the figure shows measurements that contribute to the combined value [10] while the lower part
shows additional newer measurements which are not included in the combination.

The tt + b or ¢ + X final state is the main background to the associate production of a
top quark pair with a Higgs boson decaying to a bb quark pair. Events are selected in the
dilepton channel by requiring two opposite-sign leptons (e, ) and at least two central
high pr jets. Appropriate requirements on large W boson transverse mass (m!), dilepton
mass and Hrp, the sum of the pp of all jets and leptons in the event, are used to select
same flavour (eTe™, pTp~) and opposite flavour (e* ) leptons. The backgrounds are
estimated and subtracted in a similar way as those for the dilepton measurement outlined
in sect. 4'1. Two main ingredients are then determined. In the subset of events with at
least three b-tagged jets the cross section for the production of a tf pair in association

with heavy flavours (at least one b- or c-quark) is calculated as oy;q(tt+ HF') = #
€EHF

in fiducial form i.e. such that the acceptance correction €y g is calculated with respect to
a phase space volume close to the experimentally selected one. The number of b-tagged
jets arising from additional heavy flavours with respect to the ¢t system, Ny 5, is obtained
by a maximum likelihood fit of templates of jets with different origin (¢t additional heavy
flavour, non-tt and mis-tagged jets) to the two dimensional distribution of b-tagged jet
pr and displaced vertex mass. The distribution of the latter variable, displayed in fig. 3,
is shown to be sensitive to b-, c-jet and light jet content. The fit is carried out using
three samples with increasing b-tagging purity to enhance the separation between light
and heavy flavour jets (as shown in fig. 3 on the right). The selected 106 events feature
about 325 jets whose large uncertainty on the b- and c-jet separation content only allows
to measure the combined heavy flavour content. The Ny value is then converted into
opia(tt + HF) by scaling it with [ Ldt and the simulation-derived efficiency ey p for
selecting tt events with at least three b- or c-matched jets (two of which come from
the tt pair). The second ingredient is the fiducial cross section for the production of

a top quark pair associated with at least one additional jet, osq(tt + j) = IL%
iy

The value of of,q(tt 4+ j) is determined by counting N;, the number of events with at
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Fig. 3. — Left: vertex mass distribution for high-purity b-tagged jets [11] for dilepton selected
events with no requirement on b-tagged jet multiplicity. Data is compared to predictions. Jets
with no reconstructed secondary decay vertex are assigned to the “—1GeV” bin. Right: result
of the template fit (solid line) to the vertex mass distribution in data (points) [11]. Data is
divided into three groups depending on the purity of b-jets passing each selection, as described
in ref. [11]. The best fit is shown as the sum (labeled as “Combined fit”, which includes the
b-jets from top quark decay) of separate contributions from additional b- and c-jets (labeled as
“Heavy flavor”), and LF (labeled as “Light flavor”). Within each purity category, the first bin
contains jets with no secondary vertex; the middle (third) bin contains jets with “low” (“high”)
mass i.e. smaller (larger) than 2 GeV.

least three jets, at least two of which are b-tagged, and by scaling it with [ Ld¢ and
the simulation-derived efficiency €; for selecting ¢t events with at least three jets (two of
which come from the ¢t pair). The two ingredients are then combined to produce the

cross section ratio Ryp = M = 6.2+1.1 (stat.) = 1.8 (syst.)% which is consistent
oria(tt+j)

with SM predictions ranging from 3.4% (ALPGEN) to 5.2% (POWHEG). The relative
uncertainty is dominated by systematic uncertainties on c-tagging efficiency (= 21%),
hadronization (=~ 10%) and flavour composition(= 6%).

4°4. Differential o, in lepton plus jets events at /s = 7TeV. — The large number of
tt events allows to measure differential ¢ cross sections in the lepton plus jets sample
using the full dataset collected at /s = 7TeV [12]. Events are selected by requiring at
least one isolated high pr lepton (e or p), large m'Y and E%%  consistent with only
one leptonically decaying W boson, plus at least four high pr central jets and at least
one b-tagged jet, due to the full hadronic decay of one top quark and the one b-jet in
the decay of the other top quark. After estimating the dominant W +jets background
with data-driven techniques (using the charge-asymmetric W boson production at LHC)
and the remaining small background with a mix of simulation (for single top quark and
dibosons) and data-driven techniques (for events with fake leptons), the full ¢ topology
is reconstructed with a kinematic likelihood fit incorporating the knowledge of the W
boson mass and the constraint of same mass for top and antitop quarks. After back-
ground subtraction the distribution of the number of events is determined as a function
of kinematic variables: the pp of the individual top quark, pr i0p, the mass (myz), the
rapidity (y;;) and transverse momentum (pr ;7) of the tt system. The distributions are
corrected for detector and acceptance effects (unfolded) to the full parton phase space,
normalized to their integral (the total measured cross section) and the corresponding
normalized differential cross section are extracted. An example for pr .y, is shown in
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Fig. 4. — Left: distribution for reconstructed pr top (from the hadronically decaying top quark)
in the e+jets channel [12]. Data is compared to predictions. The hashed area represents the
combined statistical and systematic uncertainties on the prediction, excluding systematic uncer-
tainties related to ¢t modeling. “Other” includes small backgrounds from diboson and Z+jets
events. Events beyond the axis range are included in the last bin. Right: normalized differen-
tial tt cross section as a function of Pr,top [12] compared to NLO+NNLL prediction. The blue
band corresponds to the fixed scale uncertainties on the theoretical prediction. The gray band
indicates the total uncertainty on the data in each bin.

fig. 4 illustrating the data-prediction comparison for the reconstructed distribution and
the comparison of the unfolded result to the approximate NNLO prediction. The final
normalized differential cross sections are obtained by combining the results in the e+ jets
and in the p+ jets samples using a minimum covariance estimator including correlations.
Systematic uncertainties are propagated through the unfolding corrections by modifying
the migration matrix and acceptances while keeping the data fixed in the measurement.
The results are dominated by systematic uncertainties varying from 2% to 20% depend-
ing on the bin and the observable. The highlights of a large number of comparisons with
predictions produced with NLO and LO generators matched to parton showers and NLO
and approximate NNLO calculations are shown in fig. 5. The analyses show potential
sensitivity to differences in predictions and in choices of parton distribution functions
(PDFs): the figure on the left indicates a qualitative tendency to measure smaller t¢
cross sections at higher pr .., values compared to most predictions, while the figure on
the right shows a qualitative preference of the data for the HERA-based PDF.

5. — Single top quark production cross section

51. Inclusive single top t-channel cross section at /s = 7 and 8 TeV. — Single top
quark production was initially observed in the ¢-channel with an integrated luminosity
of 1.04fb~! collected at /s = 7TeV [13] by requiring events with one isolated high-pr
central lepton (e or u), exactly two or three jets within a large pseudorapidity range
(In] < 4.5) resulting from the b-quark, and the accompanying jet(s) and large EJ*** and
ml¥ from the leptonic W boson decay. The dominant tf and W+jets backgrounds are ob-
tained from simulation while the fake lepton contribution is derived by data-driven tech-
niques. The value of the ¢-channel single top quark production cross section, ot jnc, is ob-
tained using a binned maximum likelihood fit to the distributions of the output of a neural
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Fig. 5. — Left: normalized differential cross sections as a function of pr 0, compared to pre-
dictions from several generators. Right: ratio of NLO QCD predictions with varying PDFs to
normalized differential cross sections as a function of m,z. The error bars denote the uncertain-
ties on the PDFs. In each bin of both figures [12] the points are slightly offset to allow for better
visibility and the gray band indicates the total uncertainty on the data.

network (NN) encapsulating the properties of 12 and 18 kinematic variables in two- and
three-jet event samples, respectively. The resulting oy ;. = 83 + 4 (stat.) ™75 (syst.) pb is
consistent with the SM prediction and its uncertainty (24% relative precision) is domi-
nated by systematic effects, particularly by initial and final state radiation (~ 9%) and jet
energy scale (~ 7%). The value of the CKM matrix element |Vy,| relating the measured
and the predicted SM ¢-channel cross sections is found to be Vi, = 1.137013.

Using the full dataset collected by ATLAS at /s = 7TeV, the separate produc-
tion cross sections for single top o, and single antitop o7 are obtained [14] by using
the fit to the same NN output distribution, but for samples containing negative and
positive leptons, respectively. An example of data-prediction comparison for the NN
ouput distribution is shown in fig. 6 (left) for events with positive leptons. The results
are o, = 53.2 & 1.7 (stat.) & 10.6 (syst.) pb and o7 = 29.5 & 1.5 (stat.) & 7.3 (syst.) pb.
They are consistent with the SM predictions and have a relative precision of 20% and
25% respectively, dominated again by jet-related systematic uncertainties. The cross
section ratio Ry = o,/o7 (sensitive to the ratio of the w-quark to d-quark PDFS)
is also fitted by including correlation effects to provide a reduced uncertainty value
Ry = 1.81 £ 0.10 (stat.) )35 (syst.) The uncertainty on Ry is dominated by system-
atic effects (from higher order radiation modelling and experimental jet-related effects)
as one can observe in fig. 6 (right): the measured R value is compared to predictions
using different NLO PDFs and its statistical uncertainty, the spread of the predictions
and their uncertainties are of the same order of magnitude. Finally the same strategy as
was used at /s = 7TeV is exploited to select inclusive t-channel events in a dataset of
J Ldt = 5.8fb~! collected at /s = 8 TeV [15] and to estimate the corresponding back-
grounds. The corresponding oy ;,. value and the background normalizations are derived
with a binned maximum likelihood fit to the distribution of an NN output (shown in
fig. 7) in two- and three-jet samples. The NN exploits 11 kinematic variables to measure
Otine = 53.2 £ 1.7 (stat.) £ 10.6 (syst.) pb. With a relative uncertainty of 19%, the result
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Fig. 6. — Left: neural network output distribution normalized to the result of the binned

maximum-likelihood fit in the 2-jet tagged positive lepton dataset. Right: comparison of mea-
sured Ry value (black line) with predictions for different NLO PDF sets. The error bar represents
the uncertainty on the renormalisation and factorisation scales. The statistical (combined sta-
tistical and systematic) uncertainty of the measurement is shown in yellow (green). Both figures
derive from the ¢-channel measurements at /s = 7TeV from ref. [14].

is still dominated by radiation and jet energy scale (JES) systematic uncertainties. The
value of |Vy| is found to be Vi, = 1.04‘:8&(1) and if |Vy| is required to be smaller than
unity, it is found that |V > 0.80 at 95% confidence level.

52. Inclusive single top quark Wt-channel cross section at /s = 8 TeV. — The full
dataset at /s = 8 TeV is used to recognize Wit-single top quark production [16]. Events
are selected by requiring an opposite sign e-p pair with one or two high pr central jets
and at least one b-tagged jet. The dominant ¢ background is estimated from simulation
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Fig. 7. — Neural network output distribution for the two-jet sample for ¢-channel observation at
/s =8TeV [15]. Data is compared to signal and backgrounds, normalized to the fit result. The
lower panel shows the relative difference between observed data and prediction. The blue-shaded
band reflects the uncertainty from the limited amount of simulated events and the uncertainty
on the QCD multijet normalization.
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background subtraction after Wt selection at /s = 8 TeV [16]. Signal and backgrounds are nor-
malized to the fit results. The hashed area is the quadratic sum of all background uncertainties.

like the small diboson and Z+jets contributions, while fake leptons are derived with a
matrix-method data-driven technique. The Wt cross section, oy and the background
normalizations are derived using a binned maximum likelihood fit to the distributions
of the outputs of Boosted Decision Trees (BDT) trained with 19 and 20 kinematic vari-
ables in samples with one and two-jets, respectively. Figure 8 shows the data-prediction
comparison for the BDT output distribution (left) and the background-subtracted result
(right). The latter shows a clear enhancement due to Wt events standing out above the
overall background uncertainty. The resulting ow; = 27.2 + 2.8 (stat.) + 5.4 (syst.) pb
provides a 4.2 standard deviation evidence for Wt single top quark production. The rel-
ative uncertainty of 22% is dominated by systematic effects relative to the generator and
hadronization models. The uncertainties related to b-tagging and two JES components
are constrained by the data with a profile-likelihood approach. The value of the CKM
matrix element |V3p| is found to be Vi, = 1.10 £ 0.12, clearly consistent with the /s =7
and 8 TeV results reported in sect. 51. If |V} is required to be smaller than unity, it is
found that |V > 0.72 at 95% confidence level.

5'3. Single top production cross section summary. — ATLAS has been measuring sin-
gle top quark production cross sections at both /s = 7TeV and /s = 8TeV. As
summarized in fig. 9, all the results are consistent with SM predictions calculated at ap-
proximate NNLO [9]. The t¢-channel production is observed and oy ;. is measured with
a relative uncertainty ranging between 19% and 25%. There is evidence for Wi-channel
production with oy, measured with 20% to 30% relative uncertainty. An upper limit
at 95% confidence level is placed on s-channel production cross section using 0.7 fb~!
of the full 4.7fb~1 at /s = 7TeV. Using about 5.8fb~! of integrated luminosity col-
lected at /s = 8 TeV ATLAS also contributes to the first LHC combination to derive
Otine = 85 £ 4 (stat.) & 11 (syst.) £ 3 (lumi) pb [17] with an improved relative precision
of 14%.

6. — Conclusions

The study of top quark production in ATLAS is in full swing thanks to the combined
high quality performance of both the detector and the LHC: a very rich programme is
well under way. By exploiting the large dataset delivered by the LHC, ATLAS is testing



STUDIES OF TOP QUARK PRODUCTION WITH THE ATLAS DETECTOR AT THE LHC 203

— T T T T T T T T T T —
EATLAS Preliminary March 2014 7
[ single top-quark production t-channel

1

S
1

10?

T

Lol

NLO+NNLL at m =172.5 GeV

™ MSTW2008 NNLO PDF
T stat. uncertainty

10 s-channel 3
$t-channel 1.04 fb* pLe 717 (2012) 330
Zt-channel 20.3 fb™ AtLas.conF-2014.007
BWt 2.05 fb ! pLe 716 (2012) 142

Lol

T Y\\Y

single top-quark cross-section o [pb]

1 E Wt 20.3 fb™ ATLASCONF-2013-100 é
r v S‘-Chan“lel 95‘%‘) C.L. Ii‘mit 0.7‘fb'1 ATLT\SVCONFV‘ZOMVHB‘ |

5 6 7 8 9 10 11 12 13 14
Vs [TeV]

Fig. 9. — Summary of measurements of single top quark production cross sections [9] in various
channels as a function of /s compared to calculations at the NLO QCD level complemented
with NNLL resummation. For the s-channel only an upper limit is shown.

top quark strong and electroweak inclusive production at an unprecedented precision
level. Consistency with the SM predictions is observed for all measurements of top quark
strong and electroweak production that use data collected by ATLAS in LHC proton-
proton collisions at /s = 7 and 8 TeV corresponding to integrated luminosities of up to
about 4.7fb~! and 20fb~!, respectively. The o,; relative uncertainty is as low as 4.8%
compared to &~ 4% relative uncertainty for the latest NNLO+NNLL predictions. The
relative uncertainties for oy ;. and ow, are 19% and 25% respectively. There is still
room for improvement for the observation of s-channel single top quark events, so far
only searched for by using a fraction of the data available at /s = 7TeV. Differential
cross section measurements provide major SM tests in a completely new phase space
and complement new physics searches with 10%-20% relative uncertainties, presently
only using the full dataset at /s = 7TeV. Updated results are expected for both
inclusive and differential cross sections using the full datasets at /s = 7 and 8 TeV. The
uncharted kinematic phase space to be explored in LHC Run 2, starting in spring 2015,
will allow further improvement of these results by exploiting the nearly tripled top quark
production cross sections to perform higher precision inclusive, exclusive and differential
cross section measurements.
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