ATL-PHYS-PROC-2016-158

02 October 2016

@)

Available online at www.sciencedirect.com

ScienceDirect

Nuclear and

Particle Physics
T 1) Proceedings
ELSEVIER Nuclear and Particle Physics Proceedings 00 (2016) 1-6
Measurements of t7+X using the ATLAS detector
Barbara Alvarez Gonzalez (CERN)
On behalf of the ATLAS Collaboration
Abstract

The large centre-of-mass energy available at the LHC proton-proton collider allows for copious production of top-
quark pairs in association with other final state particles at high transverse momentum. Results on the top-quark pair
production in association with W and Z bosons at both 8 and 13 TeV are presented as well as the measurement of the
cross section for production with an associated isolated photon at 7 TeV. The ATLAS experiment has measured several
final state observables that are sensitive to additional radiation in top anti-top quark final states. Analyses probing
the top-quark pair production with additional QCD radiation include the multiplicity of jets for various transverse
momentum thresholds in the 13 TeV data. These measurements are compared to some of the most recent Monte Carlo
event generators based on NLO QCD or LO multi-leg matrix element calculations.
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1. Introduction

This paper presents a collection of recent results rang-
ing from the tfV (V = W or Z) production at /s = 13
and 8 TeV, to measurements of jets produced in associ-
ation with ¢7 pairs at 4/s = 13 and 8 TeV, and of b-jets
as well as the measurement of the #f production cross
section associated with an isolated photon at 7 TeV.

2. Measurements in pp collisions at s = 13 TeV

The results presented in this section use a data sam-
ple corresponding to a total integrated luminosity of
3.2 tb~! collected by the ATLAS experiment [1]in 2015
at the LHC.

2.1. Measurement of ti+W/Z production cross sections

The production rate of a top-quark pair with a mas-
sive vector boson could be altered in the presence of
physics beyond the Standard Model (SM)[2, 3], and
therefore the measurements of the associated produc-
tion of 7 with a Z boson (#7Z) and a W boson (1fW) are
important checks for the validity of the SM.
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A preliminary measurement of the ##Z and #W pro-
duction cross sections in final states with either two
same-charge muons, or three or four leptons (electrons
or muons) [4] is presented. Examples of Feynman di-
agrams for these processes are shown in Fig. 1. Each
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Figure 1: Examples of Feynman diagrams for the production of 7 in
association with W and Z bosons [5].

channel is divided in multiple analysis regions depend-
ing on the number of jets, b-jets and Z-boson mass win-
dows in order to enhance the sensitivity to the signal.
In order to extract the t#Z (tfW) cross section, eight
(two) signal regions and two (two) background con-
trol regions are fitted simultaneously. The production
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cross sections are determined using binned maximum-
likelihood fits to the numbers of events in the signal re-
gions, assuming the SM cross section and its predicted
uncertainty at next-to-leading order (NLO) in QCD for
the other signal process. The fits are based on the profile
likelihood technique, where systematic uncertainties are
allowed to vary in the fits as nuisance parameters. None
of the uncertainties are found to be significantly con-
strained or pulled from their initial values.

The measured cross sections are: oz = 0.9 =+
0.3 pb and o = 1.4 = 0.8 pb in agreement with
the SM predictions at NLO QCD, tf + Z = 0.76 +
0.08 pb and #f + W = 0.57 = 0.06 pb, computed us-
ing MadGraph5_aMC@NLO [6]. Both results are dom-
inated by statistical uncertainties. Fig. 2 and 3 show the
expected yields after the fits compared to data for the
t1Z and 1tW fit, respectively, in the relevant signal re-
gions and the two control regions used to constrain the
WZ and ZZ backgrounds.
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Figure 2: Expected yields after the fit compared to data for the t7+Z
fit. The lower part of the figure shows the ratio of data to prediction.
The hatched area corresponds to the total uncertainty on the predicted
yields [4].

2.2. Measurement of jets produced in top quark events

This section presents the measurement of jets asso-
ciated to #f events, using the dilepton final state with
two b-tagged jets [7]. These measurements represent
the normalized differential cross sections of top-quark
pair production as a function of the multiplicity of addi-
tional jets unfolded at particle level.

The production of additional jets in #f events arises
from higher-order perturbative QCD effects. The uncer-
tainties associated with these processes are significant
both for precision measurements and for many searches
for new physics phenomena where #f production with
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Figure 3: Expected yields after the fit compared to data for the 17+ W
fit. The lower part of the figure shows the ratio of data to prediction.
The hatched area corresponds to the total uncertainty on the predicted
yields [4].

additional jets is a dominant background. The aim of
this analysis is to test several theoretical approaches that
model the production of #f events with additional jets,
including NLO QCD calculations, parton-shower mod-
els and methods matching fixed-order QCD calculations
with the parton shower.

The jet multiplicity for the additional jets is obtained
for various jet transverse momentum thresholds: 25, 40,
60 and 80 GeV, and Fig. 4 shows the reconstructed mul-
tiplicity distribution for the 25 GeV threshold.
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Figure 4: Distributions of the reconstructed multiplicity of jets asso-
ciated to #7 pairs with py >25 GeV. Data are compared to the baseline
tf and background simulations. The lower part of the figure shows the
ratio of data to prediction. Uncertainties are statistical only [7].
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The unfolded results are compared to predictions
of different NLO Monte Carlo models as shown in
Fig. 5 and to variations of initial- and final-state ra-
diation within PowHeEG+PyTHIA6. In general, there is
agreement between the data and the predictions within
the current experimental uncertainties. However, the
PowneG+PyTHIAG predictions are systematically below
the data at high multiplicity. In addition, among the dif-
ferent shower variations the settings leading to more ra-
diation describe the data best, as described in Ref. [7].
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Figure 5: Unfolded jet multiplicity distribution for additional jets with
pr > 25 GeV and different #f decay channels with statistical uncer-
tainty (dark blue band) and total uncertainty (light blue band). Data
are compared to predictions of different shower generators interfaced
with Powheg and aMC@NLO as an alternative NLO MC model. The
lower part of the figure shows the ratio of simulation to data [7].

3. Measurements in pp collisions at Vs = 8 TeV

The analyses described in this section are per-
formed using a dataset with an integrated luminosity of
20.3 fb~! collected by the ATLAS experiment in 2012
at /s =8 TeV.

3.1. Measurement of ti+W/Z production cross sections

A measurement of the t#Z and #fW production cross
sections in final states with either two same-sign (2LSS)
and opposite-sign (2LOS) leptons, three (3L) or four
leptons (4L) [5] is presented. Control regions are also
defined to constrain the main backgrounds: ¢ for 2LOS,
Z+jets for 2LOS, WZ for 3L and ZZ for the 4L signal
region.
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The o+w and oz, are simultaneously extracted us-
ing a maximum likelihood fit over five control regions
and fifteen signal regions: three signal regions in the
opposite-sign dilepton channel, three signal regions in
the same-sign dilepton channel, four signal regions in
the three-lepton channel and five signal regions in the
four-lepton channel. Fig. 6 shows the expected yields
after the fit compared to data in the signal and the con-
trol regions.
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Figure 6: Expected yields after the fit compared to data in the five
control regions (CR) and the fifteen signal regions [5].

The measured cross sections are:

oirw = 369 *55 (stat) + 44 (syst) fb = 369 *)%° fb and

Tz = 176 72 (stat) + 24 (syst) fb = 176 55 fb,

All measurements are consistent with the NLO QCD
theoretical calculations for #W and #fZ processes,
omw = 232 £ 32 fb and o7z = 215 £+ 30 fb [6], as
shown in Fig. 7.

The ##Z and ttW processes have been observed by AT-
LAS using the Run-1 dataset at 8 TeV, with measured
cross sections compatible with the SM predictions and
uncertainties of 30%.

3.2. Fiducial cross sections for ttf with additional b-jets

The measurement of #7 in association with one or
more b-jets is important in providing a more detailed
understanding of QCD, initial state radiation. This pro-
cess represents the largest background to the search for
t7H production in H — bb.

The fiducial cross sections for 77 with one or two ad-
ditional b-jets are presented in Ref. [8]. For the t7+b,
the lepton plus jets and dilepton (eu) channels are used
and the analysis strategy follows a fit to a multivariate
b-tagging discriminant defined to identify b-jets

For ti+bb, only the dilepton channel is used (ee, uu,
ep) and two strategies are followed: a cut-based analysis
requiring four b-jets and a fit to a multivariate b-tagging
discriminant with looser requirements. The b-tagging
discriminant distribution is shown in Fig. 8 after the fit
is performed.
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Figure 7: The result of a simultaneous fit to the ##W and #Z cross
sections along with the 68% and 95% CL uncertainty contours. Also
shown are the theory predictions at NLO in QCD where the shaded
bands represent the theoretical uncertainties, which cover the renor-
malization and factorization scale uncertainties as well as PDF uncer-
tainties including «; variations [5].

The measured fiducial cross sections for ##+b in the
lepton-plus-jets and dilepton channels, and for t7+bb
in the dilepton channel using the cut-based or the fit-
based method are shown in Table 1 together with the
predicted cross-sections from PowHEGBox+PyTHIA6 [9]
for the QCD component, from Herac [10] for #zH and
from MADGRAPHS [11] for ##V. The result for the ratio
measurement of /7 production with two additional b-jets
to #f production with any two additional jets, Ry, us-
ing the fit-based method is also shown. The uncertain-
ties quoted are from the statistical and total systematic
uncertainties. The measurements are presented after

Table 1: Measured fiducial cross section for 77+b in the lepton-plus-
jets and dilepton channels, and #7+bb in the dilepton channel. The
result for the ratio measurement Ry, is also shown [8].

Analysis Measured Predicted
Cross-section [fb] Cross-section [fb]

Cutblepron—plus—jers | 950 £70  (stat.) 240 (syst.) 720

ey 50+£10 (stat) *15  (syst) 38

T 11bb cut—based 193 +3.5 (stat.) £5.7 (syst.) 12.3

O 11bb fit—based 13.5+3.3 (stat.) £3.6 (syst.) 12.3

Rups 1.30 + 0.33 (stat.) + 0.28 (syst.) % 127 %

subtracting the EWK contribution, to compare to NLO
pQCD theory predictions. The main uncertainties are
due to the impact of the b-tagging scale factor uncer-
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Figure 8: The MV Ic distribution of jets with the third and fourth high-
est MV 1c¢ weight in the dilepton channel for all signal and background
components. The lower part of the figure shows the ratio of data to
prediction [8].

tainties and the choice of MC generator which is derived
by comparing #f samples generated with MADGRAPH in-
terfaced with PyTHIAG to the baseline sample generated
with PowneG+PyTHIA6. These results are also shown in
Fig. 9 compared to theoretical predictions obtained with
several generators.
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Figure 9: Comparison of the measured cross sections in the three fidu-
cial phase-space regions with theoretical predictions obtained from a
variety of different generators [8].

3.3. Measurement of jets produced in top-quark events

The measurements of the jet activity in #7 events are
presented in Ref. [12]. The events were selected in the
dilepton (ey) channel with two b-jets.

The normalized differential cross sections for top-
quark pair production as a function of the multiplicity
of additional jets unfolded at particle level are obtained



160

161

162

163

164

165

166

167

168

169

170

171

172

173
174

175

/ Nuclear and Particle Physics Proceedings 00 (2016) 1-6 5

as described in Sec. 2.2. The gap fraction, the fraction
of events which do not contain an additional jet in the
central rapidity region ([y| <2.1), was also measured for
several rapidity and m,,,; intervals.

The measured gap fraction as a function of Qy in the
veto-region rapidity interval |y| <0.8 is shown in Fig. 10.
The data are shown as the points with error bars indi-
cating the total uncertainty, and compared to the pre-
dictions from various #f simulation samples shown as
smooth curves. The lower plots show the ratio of predic-
tions to data, with the data uncertainty being indicated
by the shaded band, and the Qg thresholds correspond-
ing to the left edges of the histogram bins, except for the
first bin. All measurements are in good agreement with
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Figure 10: The measured gap fraction f(Qp) in 77 events, as a function
of Qo in the veto-region rapidity interval [y| <0.8. The lower part of
the figure shows the ratios of simulation to data [12].

NLO and LO predictions. These results can be used to
optimize the choice of QCD scale and parton shower
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parameters in #7 generators.

4. Measurements in pp collisions at Vs =7 TeV

4.1. Observation of tf in association with a photon

The measurement of top-quark pair production in
association with a photon can constrain models of
new physics, for example those with composite top
quarks [13] or with excited top-quark production. The
observation of ffy in proton-proton collisions at a
centre-of-mass energy of +/s= 7 TeV with 4.59 fb~!
is presented in Ref. [14]. The analysis is performed
on tf candidate events in the lepton plus jets final state
with one additional photon of Ep > 20 GeV. The cross-
section measurement is made within a fiducial kine-
matic region corresponding to the ATLAS acceptance,
as described in Ref. [14].

The measurement of the ¢f + y production cross sec-
tion is done using a template profile likelihood fit, where
the photon track-isolation is the discriminating variable.
This variable, shown in Fig. 11, is defined as the scalar
sum of the transverse momenta of selected tracks in a
cone of AR = 0.2 around the photon candidate. The

O L AR RS RS IS RS RS Rsa
8 10 N ATLAS Electron channel E
g E 4  —+Data B
§%) [ ['s=7TeV, |Ldt=4.59 b \:|S|gna| ]

% 3 background

u>J 0 [ Hadron fakes ) T
10E & S Total uncertainty from fit .
ENN E
F ]
- k‘}‘}\“ g
- SO NN 1
8 \b\\“\“\w&\\\\\“\\“\\\:
E N \\\\\\\\\\\\\\\\Q\\\\W@
10" ..|H.|.H1...|..‘
10 12 14 16 18 20
P [GeV]

Figure 11: Results of the combined likelihood fit using the track-

isolation (p‘s°) distributions as the discriminating variable. The con-
tribution from ¢7 events is labeled as ‘Signal’, prompt-photon back-
ground is labeled 'y backgrounds’, the contribution from hadrons
misidentified as photons (as estimated by the template fit) is labeled
as ‘Hadron fakes’ [14].

measured tfy fiducial cross section is:

a_j;i d

+y

X BR(tf — 1j) = 63 + 8 (stat) *!7 (syst) + 1 (lumi) fb.

-13

The dominant source of systematic uncertainties is due
to jet modeling, the largest uncertainty arising from the
jet energy scale of about 15%. The result is in good
agreement with the NLO predicted cross section. The
process is observed with a significance of 5.3
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5. Summary

Various measurements related to top-quark pair pro-
duction have been carried out with the ATLAS exper-
iment at the LHC at different centre-of-mass energies.
All measurements are consistent with the SM predic-
tions at NLO in QCD and the preliminary Run-2 mea-
surements are currently statistically limited. These re-
sults are used to optimise the 7 MC generator predic-
tions and their parameters.
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