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quark pair production in association with jets in pp
collisions at /s = 13 TeV using the ATLAS detector
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ABSTRACT: Measurements of differential cross sections of top quark pair production in
association with jets by the ATLAS experiment at the LHC are presented. The measure-
ments are performed as functions of the top quark transverse momentum, the transverse
momentum of the top quark-antitop quark system and the out-of-plane transverse momen-
tum using data from pp collisions at /s = 13 TeV collected by the ATLAS detector at the
LHC in 2015 and corresponding to an integrated luminosity of 3.2 fb~!. The top quark pair
events are selected in the lepton (electron or muon) + jets channel. The measured cross
sections, which are compared to several predictions, allow a detailed study of top quark

production.
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1 Introduction

The large number of top quark pair (¢) events produced at the Large Hadron Collider

(LHC) allows detailed studies of the characteristics of t£ production as a function of different

kinematic variables. In this paper, the data collected by the ATLAS experiment in 2015

are used to measure differential cross sections for t¢ production in association with jets.



The measurement of differential cross sections in different bins of jet multiplicity provides
a better understanding of the effect of gluon radiation on ¢t kinematic variables than
differential cross sections inclusive in the number of jets previously published by the ATLAS
Collaboration at /s = 13 TeV [1].

Since the top quark decays almost always to a W boson and a b-quark, the decay of
a top quark pair produces six particles in the final state, whose identity depends on the
decays of the intermediate W bosons. The channel considered in this analysis is charac-
terised by the leptonic decay of one W boson and the hadronic decay of the other W boson;
this is commonly referred to as semileptonic decay mode or ¢+jets channel. The final-state
configuration contains one electron or muon, one neutrino giving rise to missing transverse
momentum (Ep iss) and four jets, two of which originate from b-quarks. Events may include
additional jets from gluon radiation off initial- or final-state quarks. To study the depen-
dence of this emission on the observables, three configurations are defined depending on the
number of additional jets produced within the detector acceptance in association with the
top quark pair: the “4-jet exclusive configuration” (no additional jets); the “5-jet exclusive
configuration” (only one additional jet); and the “6-jet inclusive configuration” (two or
more additional jets). The latter configuration is of particular interest since it provides a
similar phase space to the one used by measurements such as Higgs boson production in
association with two top quarks and searches with high jet multiplicity.

The three configurations with increasing number of additional jets are expected to
provide a better understanding of the effect of gluon radiation on the kinematic variables
of top quark pair production. ATLAS already published differential cross section mea-
surements as a function of the number of additional jets [2-4] and of several kinematic
variables [1, 5-8]. The results presented in this paper combine the two types of measure-
ments to provide additional information about top quark production and explore the effect
of the gluon radiation on ¢t kinematic variables. The CMS Collaboration published similar
measurements [9-12].

The observables studied here are the transverse momentum (pT) of the top quark-
antitop quark system (pT) and the absolute value of the out-of-plane momentum (|p’|),
defined as the projection of the top quark three-momentum onto the direction perpendicular
to a plane defined by the other top quark and the beam axis (2) in the laboratory frame [13]:
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5 PP and 7 "% are the momenta of the semileptonically and hadromcally decaying

where p’
top quarks, respectively. This observable is complementary to pT since pout is expected to

be more sensitive to the direction of gluon radiation; for example the emission of a low pp

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,¢) are used in the transverse plane,
¢ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle

0 as n = —Intan(f/2) and the angular separation between particles is defined as AR = 1/(A¢)* + (An)°.
The transverse momentum is the projection of the momentum on the transverse plane.



jet at a large angle with respect to the plane defined by the two top quarks is expected to be
better measured with pffut than pff. In addition, the differential cross section as a function
of the transverse momentum of the hadronic top quark (pffhad) is measured. In previous
publications [1, 8|, differences between the data and the predictions by several Standard
Model Monte Carlo (MC) event generators were observed. By measuring the differential
cross section of this observable in different jet multiplicities it is possible to identify the
regions of phase space in which the discrepancy is largest. The measured differential
cross sections as functions of these three observables are compared to predictions from
several MC event generators, namely POWHEG-Box [14], MADGRAPH5_aMC@QNLO [15]
and SHERPA [16].

2 ATLAS detector

ATLAS is a multipurpose detector [17] that provides nearly full solid angle coverage around
the interaction point. Charged-particle trajectories with pseudorapidity |n| < 2.5 are recon-
structed in the inner detector, which comprises a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker. The innermost pixel layer, the insertable B-
layer [18], was added before the start of 13 TeV LHC operation at an average radius of
33mm around a new, thinner beam pipe. The inner detector is embedded in a supercon-
ducting solenoid generating a 2T axial magnetic field, allowing precise measurements of
charged-particle momenta. Sampling calorimeters with several different designs span the
pseudorapidity range up to |n| = 4.9. High-granularity liquid argon (LAr) electromagnetic
(EM) calorimeters are used up to |n| = 3.2. Hadronic calorimeters based on scintillator-tile
active material cover |n| < 1.7 while LAr technology is used for hadronic calorimetry in the
region 1.5 < |n| < 4.9. The calorimeters are surrounded by a muon spectrometer within
a magnetic field provided by air-core toroid magnets with a bending integral of about
2.5Tm in the barrel and up to 6 Tm in the end-caps. Three stations of precision drift
tubes and cathode-strip chambers provide an accurate measurement of the muon track
curvature in the region |n| < 2.7. Resistive-plate and thin-gap chambers provide muon
triggering capability up to |n| = 2.4.

Data are selected from inclusive pp interactions using a two-level trigger system [19].
A hardware-based trigger uses custom-made hardware and coarser-granularity detector
data to initially reduce the trigger rate to approximately 75 kHz from the original 40 MHz
LHC bunch crossing rate. Next, a software-based high-level trigger, which has access to
full detector granularity, is applied to further reduce the event rate to 1 kHz.

3 Data and simulation

The differential cross sections are measured using a data set collected during the 2015
LHC pp run at /s = 13TeV and with 25ns bunch spacing. The average number of pp
interactions per bunch crossing ranged from approximately 5 to 25, with a mean of 14.
After applying data-quality assessment criteria based on beam, detector and data-taking
quality, the available data correspond to a total integrated luminosity of 3.2 bt



Physics process Generator PDF set for Parton shower Tune Cross section
hard process normalisation
tt signal PowHEG-Box v2 CT10 PyTHIA 6.428 | Perugia2012 | NNLO+NNLL
tt PS syst. POWHEG-BOX v2 CTEQG6L1 HErRWIG++2.7.1 | UE-EE-5 | NNLO+NNLL
tt ME syst. MadGraphb_ CT10 HERWIG++2.7.1 UE-EE-5 NLO
aMC@NLO
tt rad. syst. PowHEG-Box v2 CT10 PyTHIA 6.428 ‘radHi/Lo’ | NNLO+NNLL
Single top: t-channel PowHEG-Box vl CT10f4 PyTHIA 6.428 | Perugia2012 NLO
Single top: s-channel PowHEG-BoX v2 CT10 PyTHIA 6.428 | Perugia2012 NLO
Single top: Wt-channel | POWHEG-BOX v2 CT10 PyTHIA 6.428 | Perugia2012 | NLO+NNLL
H+W/Z/WW MadGraph5_ NNPDF2.3LO | PyTHIA 8.186 Al4 NLO
aMCQ@QNLO
W (— Lv)+ jets SHERPA 2.1.1 CT10 SHERPA SHERPA NNLO
Z(— Lh)+ jets SHERPA 2.1.1 CT10 SHERPA SHERPA NNLO
WWWZ,ZZ SHERPA 2.1.1 CT10 SHERPA SHERPA NLO

Table 1. Summary of MC samples, showing the event generator for the hard-scattering process,
cross section normalisation precision, PDF choice, as well as the parton shower generator and the
corresponding tune used in the analysis.

The data were collected using a combination of multiple single-muon and single-
electron triggers. For each lepton type, multiple trigger conditions are combined to main-
tain good efficiency in the full momentum range, while controlling the trigger rate. For
electrons, the pp thresholds are 24 GeV, 60 GeV and 120 GeV, while for muons the thresh-
olds are 20 GeV and 50 GeV. Isolation requirements are applied to the triggers with the
lowest pr thresholds.

The signal and background processes are modelled with various MC event generators
described below and summarised in table 1. Multiple overlaid pp collisions were sim-
ulated with the soft QCD processes of PYTHIA8.186 [20] using parameter values from
tune A2 [21] and the MSTW2008LO [22] set of parton distribution functions (PDFs).
The EvtGen v1.2.0 program [23] was used to simulate the decay of bottom and charm
hadrons, except for the SHERPA event generator. The detector response was simulated [24]
in GEANT4 [25].

3.1 Signal simulation samples

In this section the MC samples used for the generation of ¢t events are described for the
nominal sample, the alternative samples used to estimate systematic uncertainties and the
other samples used in the post-unfolding comparison. The top quark mass (m;) was set to
172.5 GeV in all MC event generators.

For the generation of tf events, the POWHEG-BOX v2 event generator [14, 26, 27],
from now on called POWHEG, with the CT10 PDF set [28] was used for the matrix element
calculations. The factorisation and hadronisation scales are set to \/mg + p2T7t where m;
and pr ¢ are the top quark mass and the transverse momentum of the top quark, respec-

tively, evaluated for the underlying Born configuration. Events in which both W bosons



decay hadronically were not included. For this process, the top quarks were decayed using
MadSpin [29] to preserve all spin correlations, while parton shower, hadronisation, and the
underlying event were simulated using PYTHIA6.428 [30] with the CTEQ6L1 PDF set [31]
and the Perugia2012 tune [32]. The Ay, parameter, which controls the pp of the first
gluon or quark emission beyond the Born configuration in POWHEG, was set to the mass
of the top quark [33]. The main effect of this parameter is to regulate the high-pp emis-
sion against which the ¢f system recoils. Signal ¢f events generated with those settings are
referred to as the nominal signal sample.

To estimate the effect of the parton shower algorithm, a POWHEG+HERWIG++ sample
was generated with the same POWHEG settings as for the nominal sample. The parton
shower, hadronisation and underlying event simulation were produced with HERWIG++ [34]
(version 2.7.1) using the UE-EE-5 tune [35] and the CTEQG6L1 PDF set.

The impact of the matrix element (ME) event generator choice is evaluated using
events generated with MADGRAPH5 aMCQNLO-+HERWIG++ with the UE-EE-5 tune.
The events were generated with version 2.1.1 of MADGRAPH5_aMC@NLQO. NLO matrix
elements and the CT10 PDF set were used for the tf hard-scattering process. These events
were passed through a fast simulation using a parametrisation of the performance of the
ATLAS electromagnetic and hadronic calorimeters [36] and full simulation of the response
in the inner detector and muon spectrometer.

The effects of different levels of gluon radiation are evaluated using two samples with
different factorisation and hadronisation scales relative to the nominal sample, as well
as a different hg,p, parameter value. Specifically, in one sample the factorisation and
hadronisation scales were reduced by a factor of 0.5, the hg,y,, parameter was increased to
2m; and the ‘radHi’ tune variation from the Perugia2012 tune set is used. In the second
sample, the factorisation and hadronisation scales were increased by a factor of two, the
hqamp Parameter was unchanged and the ‘radLo’ tune variation from the Perugia2012 tune
set was used.

The measured differential cross sections are compared to several additional tt MC
samples [33, 37, 38].

e Two MADGRAPH5_aMCQ@QNLO-+PYTHIA8 samples having two different hard-scat-
tering scales, HT/2,2 and \/mf + p%t and using the same A14 tune.

e Two POWHEG+PYTHIA8 samples simulated with different values of the hg,yp, pa-
rameter (Rqamp = My and hgam, = 1.5m;) also using the A14 tune.

e Two additional POWHEG+PYTHIAS samples with alternative radiation settings: the
factorisation and renormalisation scales are coherently varied by a factor of 2.0 (0.5)
and the Al4 tune ‘Var3c Down’ (‘Var3c Up’) variation is used.

e A POWHEG+HERWIG7 sample generated with the hq,y,, parameter set to 1.5m, and
using the H7-UE-MMHT tune which use the NNPDF3.0 PDF [39] for the ME.

2HT is defined as the scalar sum of the transverse momenta of the two top quarks.



e A SHERPA 2.2.1 sample in which events were generated with a ¢t matrix element
and up to one additional parton simulated at NLO and two, three and four partons
at LO. The CT10 PDF set was used.

The ¢ samples are normalised using 0,7 = 832750 (scale) + 35 (PDF) pb as calcu-
lated with the Top++2.0 program to next-to-next-to-leading order (NNLO) in perturbative
QCD, including soft-gluon resummation to next-to-next-to-leading-log order (NNLL) (see
ref. [40] and references therein), and assuming a top quark mass m; = 172.5 GeV. The first
uncertainty comes from the independent variation of the factorisation and renormalisation
scales, up and pg, while the second one is associated with variations in the PDF and ag,
following the PDF4LHC prescription with the MSTW2008 68% CL NNLO, CT10 NNLO
and NNPDF2.3 5f FFN PDF sets see refs. [28, 41-43].

3.2 Background simulation samples

Several processes can produce the same final state as the ¢ semileptonic channel. The
events produced by these backgrounds need to be estimated and subtracted from data
to calculate the top quark pair cross sections. They are fully estimated using MC sim-
ulation with the exception of the W+jets background, for which data-driven techniques
complement the MC simulation prediction. The processes considered are single-top quark
production, W+jets and Z+jets production, diboson final states and top quark pairs pro-
duced in association with weak bosons (tt + W/Z/W W, denoted by ttV).

The simulation of single-top quark events from Wt and s-channel production was per-
formed using the configuration described above for the nominal tf sample. The overlap
between the Wt and ¢t samples was handled using the diagram-removal scheme [44]. Elec-
troweak t-channel single-top quark events were generated using the POWHEG-BOX v1 event
generator. The single-top quark cross sections for the ¢- and s-channels are normalised us-
ing their NLO predictions, while for the Wt channel it is normalised using its NLO+NNLL
prediction [45-47].

Inclusive samples containing single W or Z bosons in association with jets were sim-
ulated using the SHERPA 2.1.1 event generator [16]. Matrix elements were calculated with
up to two partons at NLO and four partons at leading-order (LO) using the Comix [48]
and OpenLoop [49] matrix element event generators and merged with the SHERPA parton
shower [50] using the ME4+PS@NLO prescription [51]. The CT10 PDF sets were used in
conjunction with dedicated parton shower tuning developed by the authors of SHERPA. The
Z+jets events are normalised using the NNLO cross sections [52] while the normalisation
for the W+jets events is obtained with a data-driven method described in section 5.

Diboson processes, with one of the bosons decaying hadronically and the other lepton-
ically, were simulated using the SHERPA 2.1.1 event generator [16, 53]. They are calculated
for up to one (ZZ) or zero (WW, WZ) additional partons at NLO and up to three ad-
ditional partons at LO using the Comix and OpenLoops matrix element event generators
and merged with the SHERPA parton shower using the ME+PSQNLO prescription. The
CT10 PDF sets were used in conjunction with dedicated parton shower tuning developed



by the authors of SHERPA. The event generator cross sections, which are already at the
NLO accuracy, are used in this case.

The ttV events were simulated using the MADGRAPH5_ aMC@QNLO event generator
at LO interfaced to the PYTHIA 8.186 parton shower model [54]. The matrix elements were
simulated with up to two (tt + W), one (¢t + Z) or no (tt + WW) extra partons. The
ATLAS underlying-event tune A14 was used together with the NNPDF2.3LO PDF sets.
The events are normalised using their respective NLO cross sections [15].

4 Object reconstruction and event selection

The following sections describe the reconstruction- and particle-level objects used to char-
acterise the final-state event topology and to define the fiducial phase space regions for the
measurements. The reconstruction level is applied to data and MC samples.

4.1 Detector-level object reconstruction

Primary vertices are formed from reconstructed tracks which are spatially compatible with
the interaction region. The hard-scatter primary vertex is chosen to be the one with at
least two associated tracks and the highest zp%, where the sum extends over all tracks
with pp > 0.4 GeV matched to the vertex.

Electron candidates are reconstructed by matching tracks in the inner detector to
energy deposits in the EM calorimeter. They must satisfy a “tight” likelihood-based iden-
tification criterion based on shower shapes in the EM calorimeter, track quality and de-
tection of transition radiation produced in the transition radiation tracker detector [55].
The reconstructed EM clusters are required to have a transverse energy Er > 25 GeV and
a pseudorapidity |n| < 2.47, excluding the transition region between the barrel and the
end-cap calorimeters (1.37 < |n| < 1.52). The associated track must have a longitudi-
nal impact parameter |zgsinf| < 0.5mm and a transverse impact parameter significance
|dg|/o(dy) < 5, where dj is measured with respect to the beam line. Isolation requirements
based on calorimeter and tracking quantities are used to reduce the background from non-
prompt and fake electrons [56]. The isolation criteria are pp- and n-dependent, and ensure
an efficiency of 90% for electrons with pr of 25 GeV and 99% efficiency for electrons with pp
of 60 GeV. The identification, isolation and trigger efficiencies are measured using electrons
from Z boson decays [57].

Muon candidates are identified by matching tracks in the muon spectrometer to tracks
in the inner detector [58]. The track pp is determined through a global fit of the hits
which takes into account the energy loss in the calorimeters. Muons are required to have
pr > 25GeV and |n| < 2.5. To reduce the background from muons originating from heavy-
flavour decays inside jets, muons are required to be isolated using track quality and isolation
criteria similar to those applied to electrons. If a muon shares a track with an electron, it
is likely to have undergone bremsstrahlung and hence the electron is not selected. Muon
efficiencies are reconstruction and isolation efficiencies and for muon candidates with pp >
25 GeV these efficiencies are of 99% and are obtained using muons from .J /¢ and Z decays.



Jets are reconstructed using the anti-k; algorithm [59] with radius parameter R = 0.4
as implemented in the FastJet package [60]. Jet reconstruction in the calorimeter starts
from topological clustering of individual calorimeter cell signals calibrated to be consistent
with electromagnetic or hadronic cluster shapes using corrections determined in simulation
and inferred from test-beam data [61]. Jet four-momenta are then corrected for pile-up
effects using the jet-area method [62]. To reduce the number of jets originating from pile-
up, an additional selection criterion based on a jet-vertex tagging technique is applied. The
jet-vertex tagging is a likelihood discriminant that combines information from several track-
based variables [63] and the criterion is only applied to jets with pp < 60GeV and |n| < 2.4.
Jets are calibrated using an energy- and 7-dependent simulation-based calibration scheme
with in situ corrections based on data [64, 65], and are accepted if they have pp > 25 GeV
and |n| < 2.5.

For objects satisfying both the jet and lepton selection criteria, a procedure called
“overlap removal” is applied to assign objects to a unique hypothesis. To prevent double-
counting of electron energy deposits as jets, the jet closest to a reconstructed electron is
discarded if they are AR < 0.2 apart. Subsequently, to reduce the impact of non-prompt
electrons, if an electron is AR < 0.4 from a jet, then that electron is removed. If a jet has
fewer than three tracks and is AR < 0.4 from a muon, the jet is removed. Finally, the
muon is removed if it is AR < 0.4 from a jet with at least three tracks.

The purity of the selected tf sample is improved by identifying jets containing b-
hadrons, so called b-tagged jets. This identification exploits the long lifetime of b-hadrons
and the invariant mass of tracks from the corresponding reconstructed secondary vertex,
which is on average several GeV larger than that in jets originating from gluons or light-
flavour quarks. Information from the track impact parameters, secondary-vertex location
and decay topology are combined in a multivariate algorithm (MV2c20) [66]. The operating
point corresponds to an overall 77% b-tagging efficiency in tf events, with a corresponding
rejection of charm-quark jets (light-flavour and gluon jets) by a factor of 4.5 (140) [66].
Jets that pass this selection are identified as b-tagged jets.

The ET 5 vector is computed from the sum of the transverse momenta of the recon-
structed calibrated physics objects (electrons, photons, hadronically decaying 7-leptons,
jets and muons) together with the transverse energy deposited in the calorimeter cells,
calibrated using tracking information, not associated with these objects [67]. To avoid
double-counting of energy, the muon energy loss in the calorimeters is subtracted in the
ES calculation. This variable is not used in the selection but is used in the top quark
reconstruction described below.

4.2 Particle-level object definition

Particle-level objects are defined in simulated events using only stable particles, i.e. particles
with a mean lifetime 7 > 30 ps. The fiducial phase space for the measurements presented
in this paper is defined using a series of requirements applied to particle-level objects
analogous to those used in the selection of the reconstruction-level objects, described above.

Electrons and muons must not originate, either directly or through a 7 decay, from
a hadron in the MC event record. This ensures that the lepton is from the decay of a



real W boson without requiring a direct match to it. The four-momenta of leptons are
modified by adding the four-momenta of all photons within AR = 0.1 and not originating
from hadron decays, to take into account final-state photon radiation. Such leptons are
then required to have pp > 25GeV and |n| < 2.5.

Particle-level jets are reconstructed using the same anti-k; algorithm used at recon-
struction level. The jet-reconstruction procedure takes as input all stable particles, except
for leptons not from hadron decay as described above, inside a radius R = 0.4. Particle
level jets are required to have pp > 25GeV and |n| < 2.5. A jet is identified as a b-jet if
a hadron containing a b-quark is matched to the jet through a ghost-matching technique
described in ref. [62]; the hadron must have pp > 5GeV. No overlap removal criteria are
applied to particle-level objects. Neutrinos and charged leptons from hadron decays are
included in particle-level jets.

4.3 Event selection and fiducial phase space definition

Events at both reconstruction and particle levels are required to contain exactly one electron
or muon and at least four jets, with at least two tagged as b-jets. Each event is then
unequivocally assigned to the 4-jet, 5-jet or 6-jet-inclusive configurations, depending on
the number of reconstructed jets.

Dilepton ¢t events, where only one lepton satisfies the fiducial selection, are included by
definition in the fiducial measurement. In the fiducial phase space definition, semileptonic

tt decays into T-leptons are considered as signal only if the 7-lepton decays leptonically.

5 Background determination and event yields

After the event selection, various backgrounds still contribute to the event yields. The
different background contributions are estimated by using MC simulations or data-driven
techniques as detailed below for each source. The latter are used when the accuracy of the
MC simulation is not adequate, as in the case of W boson production in association with
multiple jets and the background originating from jets mimicking the signature of charged
leptons.

The single-top quark background is the largest background contribution in all consid-
ered regions, amounting to 5% of the total event yield and 30% of the total background
estimate. This background is modelled with a MC simulation, and the event yields are
normalised using calculations of their cross sections, as described in section 3.

Multijet production processes, including ¢t production with all hadronic decay and
tt decays into 7-leptons which then decay hadronically, have a large cross section and
can mimic the lepton+jets signature due to hadrons misidentified as prompt leptons (fake
leptons), conversion of photons for the electron channel or semileptonic decays of heavy-
flavour hadrons (non-prompt real leptons). The multijet background is estimated directly
from data by using a matrix method [68] in which signal and control regions are defined
using lepton identification criteria. The method depends on the probability of a real (fake)
lepton to pass the tight selection criteria, which is referred to as the real (fake) efficiency.
These efficiencies are measured in data control regions dominated by real or fake lepton



events. In the e+jets channel, the fake efficiency is parametrised as a function of pr and 7,
as well as the azimuthal angle difference between the lepton and the EF™° vector, A¢. In
the p+jets channel, the fake efficiency is calculated for low and high lepton pp. The low
pp parametrisation depends on A¢, py and EF°, whereas the high pp parametrisation
only uses pp. The real efficiencies are measured with the Z — £¢ events using the tag-and-
probe method. In the e+jets channel, the efficiency is parametrised as a function of pr,
whereas in the p+jets channel the parametrisation depends on A¢ and pp. The multijet
background contributes to the total event yield at the level of approximately 4% and 30%
of the total background estimate.

The W+jets background represents the third largest background, amounting to 2—
3% of the total event yield and 20% of the total background estimate. The estimation
of this background is performed using a combination of MC simulations and data-driven
techniques; the SHERPA MC event generator is used to estimate the contribution from
the W+jets process. The normalisation and the heavy-flavour fractions of this process,
which are affected by large theoretical uncertainties, are determined from data. The over-
all W+jets normalisation is obtained by exploiting the expected charge asymmetry in the
production of W' and W~ bosons in pp collisions. This asymmetry is predicted by the-
ory [69] and evaluated using MC simulations, assuming other processes are symmetric in
charge except for a small contamination from single-top quark, ¢tV and W Z events, which
is subtracted using MC simulations. The total number of W+jets events with a positively
or negatively charged W boson (NV,,+ + wa) in the sample is thus estimated using the

w
following equation:

Ny + Ny = <WC+1> (D, - D), (5.1)

where 7;c is the ratio of the number of events with positively charged leptons to the number

T’Mc—l

of events with negatively charged leptons in the MC simulations, and D, and D_ are the
numbers of events with positive and negative leptons in the data, respectively, corrected for
the aforementioned non-W+jets charge-asymmetric contributions using simulation. The
corrections due to event generator mis-modelling of W boson production in association
with jets of different flavour (W + bb, W + c¢, W + ¢, W+light flavours) are estimated
using a dedicated control sample in data which uses the same lepton as for the signal
but requiring exactly two jets. In their determination, the overall normalisation scaling
factor obtained using eq. (5.1) is applied first. Then heavy-flavour scaling factors obtained
in the two-jet control region are extrapolated to the signal region using MC simulations,
assuming constant relative rates for the signal and control regions. Taking into account
the heavy-flavour scale factors, the overall normalisation factor is calculated again using
eq. (5.1). This iterative procedure is repeated until the total predicted W+jets yield in
the two-jet control configuration agrees with the data yield. The procedure is explained in
detail in ref. [70].

The background contributions from Z+jets, ¢tV and diboson events are obtained from
MC simulation, and the event yields are normalised using the theoretical calculations of
their cross sections, as described in section 3. The total contribution from these processes
is 1-2% of the total event yield or 11-14% of the total background.
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4-jet exclusive 5-jet exclusive 6-jet inclusive

Sample Yield Sample Yield Sample Yield
tt 6140073500 | | tf 3690075700 | | tF 254004799
Wtjets 220071500 | | Wjets 890780 | | Wtjets 5407390
Z+jets 8407830 | | Z+jets 3407330 | | Z+jets 1607100
Diboson 1401150 | | Diboson 100%150 | | Diboson 110737
Single top 36001_%28 Single top 1730338 Single top 9803[1)8
Multijet 33001500 | | Multijet 14607750 | | Multijet 9201200
A% 103500 | |V 132748 | | uv 224710
Total prediction 7 1600t§§88 Total prediction 416003388 Total prediction 284003338
Data 75768 Data 46243 Data 33582
Data/prediction 1.06 £ 0.07 Data/prediction 1.11 £0.11 Data/prediction 1.24+0.2

Table 2. Event yields in the 4-jet exclusive (left), 5-jet exclusive (centre) and 6-jet inclusive (right)
configurations. The uncertainties include the combined statistical and systematic uncertainties,
excluding the systematic uncertainties related to the modelling of the tf system.

Dilepton top quark pair events can satisfy the event selection if one lepton does not
satisfy the requirements listed above and at least two additional jets are produced. Events
with at least a top quark decaying to a 7-lepton which subsequently decays leptonically,
can also pass the event selection. These events contribute 3-5% to the total event yield,
and are considered in the analysis at both reconstruction and particle levels. Cases where
both top quarks decay semileptonically into 7-leptons, and where both 7-leptons decay
hadronically, are accounted for in the multijet background.

The event yields in the three configurations are displayed in table 2 for data, simulated
signal, and backgrounds. Figure 1 shows® the comparison between data and predictions for
the 4-jet configuration for different distributions. All of the distributions are shown for the
combined ¢+jets channel (combining electron and muon channels). The background con-
tributions in the other configurations are similar, as shown in figure 2. The event selection
results in a total background contamination of 10-15%, depending on the configuration.
A constant difference between data and prediction is observed in figures 2b and 2c¢, the
same effect is also seen in the distribution of the number of jets, shown in figure 3. This
discrepancy has also been observed in studies of associated production of jets with top
quark pairs [4]. Nevertheless, the predictions obtained using the nominal sample are com-
patible with the data within the uncertainties; this level of agreement allows to carry out
the unfolding described in section 8.

3 All data as well as theory points are plotted at the graphical bin centre on the x-axis throughout this
paper.
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Figure 1. Kinematic distributions in the 4-jet exclusive configuration at reconstruction level:
(a) lepton transverse momentum, (b) missing transverse momentum, transverse momentum of (c)
the selected jets and (d) of the selected b-tagged jets. Data are compared to the sum of signal
and background predictions using the nominal sample as the ¢ signal model. The hatched area
indicates the combined statistical and systematic uncertainties in the total prediction, excluding
systematic uncertainties related to the modelling of the tf production. Events beyond the range of
the horizontal axis are included in the last bin.

6 Reconstruction of top quark kinematic properties

The two top quarks are reconstructed from their decay products so that the differential
cross sections can be measured as functions of observables involving the top quark and the
tt system. In the following, the leptonic (hadronic) top quark refers to the one that decays
into a leptonically (hadronically) decaying W boson.

The pseudo-top algorithm [7] reconstructs the four-momenta of the top quarks and
their complete decay chain from final-state objects, namely the charged lepton (electron
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Figure 2. Distribution of the transverse momentum of selected jets in the (a) 4-jet exclusive, (b) 5-
jet exclusive and (c¢) 6-jet inclusive configurations at reconstruction level. Data are compared to
the sum of signal and background predictions using the nominal sample as the tf signal model. The
hatched area indicates the combined statistical and systematic uncertainties in the total prediction,
excluding systematic uncertainties related to the modelling of the tf production. Events beyond
the range of the horizontal axis are included in the last bin.

or muon), missing transverse momentum, and four jets, two of which are b-tagged. Only
about 14% of the selected events contain more than two b-tagged jets, in which case the
two with the highest transverse momentum are considered as coming from the top quarks,
while the others are considered for the W reconstruction. The same algorithm is used to
reconstruct the kinematic properties of top quarks at reconstruction level and particle level
in the three configurations.

The algorithm starts with the reconstruction of the neutrino four-momentum. While
the z and y components of the neutrino momentum are set to the corresponding components
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Figure 3. Distribution of the jet multiplicity in the 4-jet inclusive configuration. Data are com-
pared to the sum of signal and background predictions using the nominal sample as the t¢ signal
model. The hatched area indicates the combined statistical and systematic uncertainties in the
total prediction, excluding systematic uncertainties related to the modelling of the tf production.
Events beyond the range of the horizontal axis are included in the last bin.

of the missing transverse momentum, the z component is calculated by imposing a W
boson mass constraint on the invariant mass of the charged-lepton-neutrino system. If the
resulting quadratic equation has two real solutions, the one with the smaller value of |p,|
is chosen. If the discriminant of the equation is negative, only the real part is considered.

The leptonically decaying W boson is reconstructed from the charged lepton and the
reconstructed neutrino. The leptonic top quark is reconstructed from the leptonic W
boson and the b-tagged jet closest in AR to the charged lepton. The hadronic W boson
is reconstructed from the two jets whose invariant mass is closest to the mass of the W
boson; only jets that do not pass the b-tagging requirements are considered. Finally, the
hadronic top quark is reconstructed from the hadronic W boson and the other b-jet. This
choice yields the best performance of the algorithm in terms of the correspondence between
the reconstruction level and particle level.

The performance of the algorithm was studied in each of the three configurations. The
algorithm reconstructs the masses of the hadronic W boson and the top quark with similar
performances in all three configurations. Hence, the presence of additional jets in the 5-
and 6-jet configurations, where different combinations in the jet assignment to the W boson
are possible, does not impact the reconstruction significantly.

7 Measured observables

The goal of this analysis is to measure differential cross sections for observables in regions
of phase space sensitive to gluon radiation. Three observables are chosen because they

— 14 —



are shown to be sensitive to radiation or other effects correlated with the number of jets:
thad  tt tt
pT @ , PT and pout”

Figure 4 shows the pfr{ distributions for the three configurations. The pfr{ distribution

is expected to depend strongly on gluon radiation; if no additional jets beyond those of
the tf decay are produced, the ¢ system should have small p%. If an additional jet is
produced, the tf system recoils against it, hence it should take larger pr values. This
effect is more pronounced with more additional jets, as observed in figure 4. The ptT’h3Ld
distributions for the three configurations are shown in figure 5. The predictions tend to
underestimate (overestimate) the data at low (high) pfr’had. This effect is most clearly
observed in the 4-jet configuration; a stress test performed on the unfolding (described in
section 8) demonstrated that the difference between data and prediction does not affect
the results. The ’pffut) distributions are shown in figure 6; the shape of the measured

distribution displays a small dependence on the number of additional jets.

8 Unfolding procedure

The measured differential cross sections are obtained from the reconstruction-level distri-
butions using an unfolding technique which corrects for detector and reconstruction effects.
The iterative Bayesian method [71] as implemented in RooUnfold [72] is used.

The individual electron and muon channels have very similar corrections and give
compatible results at reconstruction level. They are therefore combined by summing the
distributions before the unfolding procedure.

For each observable, the unfolding procedure starts from the number of events at
reconstruction level in bin j of the distribution (Nl.,), after subtracting the background
events estimated as described in section 5 (Ngg). Next, the acceptance correction fgcc is
defined as the ratio of the number of events passing both the particle- and reconstruction-
level selections to the number of events passing the reconstruction-level selection. This
factor corrects for events that are generated outside the fiducial phase space region but
pass the reconstruction-level selection.

The reconstruction-level objects used to reconstruct the top quarks are required to be
angularly matched to the corresponding particle-level object as assigned by the pseudo-top
algorithm. The jets assigned to the W boson can be swapped. This requirement leads
to a better correspondence between the particle and reconstruction levels. The matching
requirement for the lepton, using the direction given by its associated track, is AR <
0.02 while jets are required to be within AR < 0.35. The matching correction fé atch 1S
defined as the ratio of events matched among the events passing both the particle-level and
reconstruction-level selections for the same number of jets; it corrects for events in which
a match is not found.

The unfolding step uses a migration matrix (M) derived from simulated t¢ events
which maps the binned particle-level events to the binned reconstruction-level events. The
probability for particle-level events to be reconstructed in the same bin is therefore repre-
sented by the elements on the diagonal, and the off-diagonal elements describe the fraction
of particle-level events that migrate into other bins. Therefore, the elements of each row
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Figure 4. Distributions of p at reconstruction level: (a) 4-jet exclusive, (b) 5-jet exclusive and (c)
6-jet inclusive configurations. Data are compared to the sum of signal and background predictions
using the nominal sample as the #t signal model. The hatched area indicates the combined statistical
and systematic uncertainties in the total prediction, excluding systematic uncertainties related to
the modelling of the t# production. Events beyond the range of the horizontal axis are included in
the last bin.

add up to unity (within rounding). The number of bins is optimised for maximum infor-
mation extraction under stable unfolding conditions. This is achieved by requiring that
closure and stress tests are satisfied without introducing any bias. The unfolding is per-
formed using four iterations to balance the unfolding stability with respect to the previous
iteration (below 0.1%) and the growth of the statistical uncertainty. The effect of varying
the number of iterations by one was found to be negligible. Finally, the efficiency e is
defined as the ratio of the number of matched events to the number of events passing the
particle-level selection. This factor corrects for the inefficiency of the reconstruction.
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Figure 5. Distributions of pt

The unfolding procedure for an observable X at particle level is summarised by the
following expression for the absolute differential cross section:

daﬁd = 1 . l . E M_l J f (NJ Nj >
i I3 I3 17 " Jmatch ~ Jacc ’ reco bg )
dX L -AX" € 7

where the index j labels bins at reconstruction level while the 7 index labels bins at particle
level; AX" is the bin width while £ is the integrated luminosity, and the Bayesian unfolding
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Figure 6. Distributions of ’pffut) at reconstruction level: (a) 4-jet exclusive, (b) 5-jet exclusive
and (c¢) 6-jet inclusive configurations. Data are compared to the sum of signal and background pre-
dictions using the nominal sample as the tt signal model. The hatched area indicates the combined
statistical and systematic uncertainties in the total prediction, excluding systematic uncertainties
related to the modelling of the ## production. Events beyond the range of the horizontal axis are
included in the last bin.

is symbolised by M;l The integrated fiducial cross section is obtained by integrating the
unfolded cross section over the bins, and its value is used to compute the normalised

differential cross section:
fid
1 do

o axt

The unfolding of the observables is carried out independently in each configuration

taking into account the bin-to-bin correlations within the distributions but not across jet
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multiplicity bins or among different observables within one jet multiplicity. Events that
have a different number of jets at particle level and reconstruction level do not enter any
migration matrix but are considered by the acceptance correction.

9 Systematic uncertainties

This section describes the estimation of systematic uncertainties related to object recon-
struction and calibration, MC event generator modelling and background estimation. The
uncertainty in the unfolded distribution is evaluated as follows. The considered distribu-
tion is varied at reconstruction level, unfolded using corrections from the nominal ¢t signal
sample, and the unfolded distribution is compared to the particle-level distribution. All
reconstruction- and background-related systematic uncertainties are evaluated using the
nominal event generator, while alternative event generators are employed to assess uncer-
tainties in the ¢t system modelling as discussed in section 9.2. In these cases, the corrections
derived from the event generator are used to unfold the reconstruction-level spectra of the
alternative event generator.

The covariance matrix incorporating statistical and systematic uncertainties is ob-
tained for each observable by summing two covariance matrices. The first covariance ma-
trix includes statistical and systematic uncertainties from detector effects and background
estimation by using pseudo-experiments to combine the sources. The second covariance
matrix is derived by adding four separate covariance matrices corresponding to the effects
of the signal modelling: event generator, parton shower and hadronisation, initial- and
final-state radiation (ISR/FSR) and PDF uncertainties. The bin-to-bin correlation values
are set to unity for all these matrices.

The covariance matrices due to the statistical and systematic uncertainties are obtained
for each observable by evaluating the covariance between the kinematic bins using pseudo-
experiments. In particular, the correlations due to statistical fluctuations from the size of
both the data sample and the simulated signal samples are evaluated by varying the event
counts independently in every bin before unfolding, and then propagating the resulting
variations through the unfolding. The full description of the method is provided in ref. [73].

9.1 Experimental uncertainties

The jet energy scale (JES) uncertainty is estimated using a combination of simulations,
test-beam data and in situ measurements [64, 74, 75]. Additional contributions from jet-
flavour composition, n-intercalibration, hadrons passing through the calorimeter without
interacting (punch-through), single-particle response, calorimeter response to different jet
flavours, and pile-up are considered, resulting in 19 eigenvector uncertainty components.
The uncertainty in the jet energy resolution (JER) is obtained with an in situ measurement
of the jet response in dijet events [76].

The efficiency to tag jets containing b-hadrons is corrected in simulated events by
applying scale factors, extracted from a tt dilepton sample, to account for the residual
difference between data and simulation. Scale factors are also applied for jets originating
from light or charm quarks that are misidentified as b-jets. The associated flavour-tagging
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uncertainties, split into eigenvector components, are computed by varying the scale factors
within their uncertainties [77-79].

The lepton reconstruction efficiency in simulated events is corrected by scale factors
derived from measurements of these efficiencies in data using a control region enriched in
Z — 70" events. The lepton-trigger and reconstruction-efficiency scale factors, energy
scale and resolution are varied within their uncertainties [58, 67].

miss

The uncertainty associated with E1 " is calculated by propagating the energy scale

and resolution uncertainties to all jets and leptons in the ET 55 calculation. Additional
ET"™ uncertainties arising from energy deposits not associated with any reconstructed

objects are also included [67].

9.2 Signal modelling uncertainties

Uncertainties in the signal modelling affect the kinematic properties of simulated ¢t events
as well as reconstruction- and particle-level efficiencies. To assess the uncertainty related
to the matrix-element model and matching algorithm used in the MC event generator for
the tt signal process, events simulated with MADGRAPH5_aMC@QNLO + HERWIG++ are
unfolded using the migration matrix and correction factors derived from an alternative
POowHEG+HERWIG++ sample. The difference between the unfolded distribution and the
known particle level distribution of the MADGRAPHS aMC@QNLO+HERWIG++ sample is
assigned as the uncertainty, which is then symmetrised.

To assess the impact of different parton-shower models, events simulated with POWHEG
interfaced to HERWIG++ are unfolded using the migration matrix and correction factors
derived with the nominal sample. The difference between the unfolded distribution and
the known particle-level distribution of the POWHEG+HERWIG++ sample is assigned as the
relative uncertainty, which is then symmetrised.

To evaluate the uncertainties related to the modelling of the initial- and final-state
gluon radiation (ISR/FSR), ¢t MC samples with modified ISR/FSR modelling are used.
The MC samples used for the evaluation of this uncertainty are generated using the
POWHEG event generator interfaced to the PYTHIA shower model, where the parame-
ters are varied as described in section 3. The impact of the uncertainty related to the
PDF is assessed using the tf sample generated with a MADGRAPH5 aMC@NLO inter-
faced to HERwWIG++. PDF-varied corrections and response matrix for the unfolding pro-
cedure are obtained by reweighting the central PDFALHC15 PDF set to the full set of
its 30 eigenvectors as described in ref. [42]. Using these corrections, the central MAD-
GRAPH5_aMC@NLO+HERWIGH++ distribution is unfolded, the relative difference is com-
puted with respect to the expected central particle-level spectrum, and the total uncertainty
is obtained by adding these relative differences in quadrature. In addition, the difference
between the central PDF4LHC15 and CT10 is evaluated in a similar way and added in
quadrature to the PDF uncertainty.

9.3 Background modelling uncertainties

Systematic uncertainties affecting the backgrounds evaluated with MC simulation are es-
timated using an alternative background MC sample produced by rescaling the nominal
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background sample. The alternative sample, instead of the nominal one, is subtracted from
data. The uncertainty is evaluated as the difference between the unfolded distribution using
the alternative background MC sample and the nominal one.

A 15% normalisation uncertainty is applied to the single-top quark background. This
includes the uncertainty associated with the emission of additional radiation which is eval-
uated to be smaller than 15%. The 5% theoretical uncertainty in the normalisation is also
included.

In the case of the Z+jets and diboson backgrounds, the uncertainties include a contri-
bution from the overall cross section normalisation as well as an additional 24% uncertainty
per additional jet [80]: 48%, 72% and 96% in the 4-jet, 5-jet and 6-jet configurations, re-
spectively.

The systematic uncertainties due to the overall normalisation and the heavy-flavour
fractions of W+jets events are obtained by varying the data-driven scale factors. The
overall impact of these uncertainties is less than 2%. Each detector systematic uncertainty
includes the impact of those on the W+jets estimate. In addition, a 24% uncertainty per
radiated jet, as described for the Z+jets and diboson samples, is applied to the W+jets
background uncertainty.

The uncertainty in the background from non-prompt and fake leptons is evaluated
by changing the selection used to define the control region and propagating the statistical
uncertainty of the parametrisations of the efficiency to pass the tighter lepton requirements
for real and fake leptons.

In addition, an extra 50% normalisation uncertainty is applied to this background to
account for the remaining mis-modelling observed in various control regions. This sys-
tematic uncertainty also includes the impact of the normalisation on the estimation of the
W +jets background.

9.4 Size of the simulated samples and luminosity uncertainty

Test distributions, created with independent Poisson fluctuations of the event count in each
bin, are unfolded to account for the size of the simulated samples. The uncertainty is the
standard deviation given by all unfolded distributions.

The uncertainty in the integrated luminosity is 2.1% and is derived, following tech-
niques similar to those described in ref. [81], from the luminosity scale calibration using
a pair of x—y beam-separation scans performed in August 2015.

9.5 Summary plots of systematic uncertainties

a

Figure 7 presents the uncertainties as a function of ptT’h 440 the #f fiducial phase space
differential cross sections. The uncertainties are between 8% and 25% for the absolute
cross sections and between 4% and 9% in almost the full range of the normalised cross
sections. In all configurations the uncertainties are larger at the low and high ends of the
spectrum; this shape is due to the combination of different components. The background
and JES uncertainties are bigger at low value in pr and decrease with the pp while the
signal uncertainties have the opposite behaviour. Comparing figures 7b, 7c and 7d shows

that the JES uncertainty increases with the number of jets and is the dominant uncertainty
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Figure 7. Uncertainties in the fiducial phase space differential cross sections as a function of
pffhad: normalised (a) in the 4-jet exclusive configuration; absolute (b) in the 4-jet exclusive, (c) 5-
jet exclusive, and (d) 6-jet inclusive configurations. The yellow bands indicate the total uncertainty

in each bin.

(Oleui R

in the 6-jet configuration. The uncertainties for the other observables have similar values
and behaviour. In the 4-jet configuration, the dominant uncertainty is due to flavour-
tagging. The total uncertainties are reduced for the normalised cross sections because
of the cancelling out of correlated uncertainties, such as the flavour-tagging and the JES

uncertainties as seen by comparing figures 7a and 7b.

10 Results and comparisons with predictions

t,had

The measured differential cross sections as functions of p; ™, Pt and

tt
Pout| are shown

in figures 810 for the three configurations. All absolute differential cross sections are
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4-jet exclusive 5-jet exclusive 6-jet inclusive
2 /NDF  p-value 2 /NDF  p-value 2 /NDF  p-value
POWHEG+PYTHIAG 28.9/18 0.05 13.0/18 0.79 13.0/18 0.79
POWHEG+PYTHIAG (radHi) 29.2/18  0.05 14.7/18  0.68 17.2/18 051
POWHEG+PYTHIAG (radLo) 32.5/18 0.02 14.3/18 0.71 13.9/18 0.74
POWHEG+PYTHIAS (hgamp = 1) 25.2/18  0.12 14.7/18  0.68 15.7/18  0.61
POWHEG+PYTHIAS (Agamp = 1.57) 22.7/18  0.20 13.3/18  0.77 16.3/18  0.57
POWHEG+PYTHIAS (Var3e Up) (hamp = 31;) 20.0/18  0.33 14.5/18  0.70 23.9/18  0.16
PowWHEG+PYTHIA8 (Var3c Down) (hgamp = 1.5m,) | 24.7/18 0.13 14.7/18 0.68 13.1/18 0.79
PowHEG+HERWIGT 20.8/18 0.29 12.0/18 0.85 12.4/18 0.82
POWHEG+HERWIG++ 37.1/18 < 0.01 27.7/18 0.07 38.7/18 < 0.01
MADGRAPH5_aMCQNLO+HERWIGH+ 25.7/18 0.11 11.1/18 0.89 20.3/18 0.32
MADGRAPH5_aMC@QNLO~+PYTHIAS (Hrp/2) 22.9/18 0.19 21.2/18 0.27 17.7/18 0.47
MADGRAPHS_aMC@NLO~+PYTHIAS (1/m? + pF) 25.4/18  0.11 19.3/18  0.37 23.1/18  0.18
SHERPA 2.2.1 24.7/18 0.14 18.3/18 0.43 18.3/18 0.44

Table 3. Comparison of the measured fiducial phase space absolute differential cross sections as

*d and the predictions from several MC generators in different n-jet configura-

a function of ptllh
tions. For each prediction a X2 and a p-value are calculated using the covariance matrix of the
measured spectrum. The number of degrees of freedom (NDF) is equal to the number of bins in

the distribution.

presented while only a selection of the normalised results is presented in which shape

effects are more visible (this includes the ptT’had results in the 4-jet configuration and the ptTt
pffut results in the 6-jet configuration). Several MC predictions are compared to data;

a subset of the most relevant predictions is shown in the figures while the compatibility to

and

data is tested for a comprehensive list of MC predictions and shown in tables 3-8.

The level of agreement between the measured differential cross sections and the pre-
dictions is quantified using X2 values which are evaluated employing the full covariance
matrices of the uncertainties; the uncertainties in the theoretical predictions are not in-
cluded in this evaluation. The p-values (probabilities that the X2 is larger than or equal
to the observed value) are then evaluated from the X2 and the number of degrees of free-
dom (NDF). The detailed procedure for the calculation of the x* and p-values is described
in ref. [1].

The differential cross section as a function of ptT’had is shown in figure 8. All MC pre-
dictions underestimate (overestimate) the data at low (high) values of pfr’had; this tendency
is reduced at higher jet multiplicity. This is consistent with the CMS results for the same
observable and various jet multiplicities [12]. In addition, these results obtained here im-
prove the understanding of similar effects observed in previous ATLAS analyses [1, 8|; the
effect is mainly due to events with exactly four jets. The X2 values for all predictions and
all configurations are shown in tables 3 and 4 for the absolute and normalised differential
cross sections, respectively. In general, all predictions are compatible with the data in the
5- and 6-jet configurations for both the absolute and normalised differential cross sections
while there is tension for the 4-jet configuration, especially for the absolute differential cross
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4-jet exclusive 5-jet exclusive 6-jet inclusive
2 /NDF  p-value ¥2 /NDF  p-value 2 /NDF  p-value

POWHEG+PYTHIAG 234/17  0.14 14.1/17  0.66 14.8/17  0.61
POWHEG+PYTHIAG (radHi) 23.4/17 0.14 14.9/17 0.60 15.9/17 0.53
POWHEG+PYTHIA6 (radLo) 25.6/17  0.08 16.5/17  0.49 16.5/17  0.49
POWHEG+PYTHIA8 (Agamp = M) 22.7/17 0.16 16.9/17 0.46 18.3/17  0.37
POWHEGHPYTHIAS (hgamp = 1.5m) 20.4/17  0.25 15.6/17  0.56 18.8/17  0.34
POWHEG+PYTHIAS (Var3c Up) (hgamp = 3714 17.8/17  0.40 16.3/17  0.50 19.3/17 031
POWHEG+PYTHIAS (Var3e Down) (hgamp = 1.5m;) | 21.1/17  0.22 17.8/17  0.40 17.5/17  0.42
POWHEG+HERWIGT 16.6/17 0.48 12.1/17 0.80 12.8/17 0.75
POWHEG+HERWIG++ 19.1/17 0.33 20.7/17  0.24 28.1/17  0.04
MADGRAPH5_aMC@NLO-+HERWIGH+ 16.3/17  0.50 11.5/17  0.83 23.9/17  0.12
MADGRAPH5_aMC@NLO+PYTHIA8 (Hr/2) 20.3/17  0.26 21.9/17  0.19 22.5/17  0.17
MADGRAPHS aMC@NLO~+PYTHIAS (1/m? + p>) 20.7/17  0.24 18.1/17  0.38 28.5/17  0.04
SHERPA 2.2.1 21.8/17 0.19 20.0/17 0.28 17.5/17 0.42

Table 4. Comparison of the measured fiducial phase space normalised differential cross sections as
a function of pfr’had and the predictions from several MC generators in different n-jet configurations.
For each prediction a X2 and a p-value are calculated using the covariance matrix of the measured

spectrum. The number of degrees of freedom (NDF) is equal to the number of bins in the distribution

minus one.
4-jet exclusive 5-jet exclusive 6-jet inclusive
e /NDF  p-value e /NDF  p-value N /NDF  p-value
POWHEG+PYTHIAG 7.9/6 0.25 6.0/6 0.43 6.4/6 0.38
POWHEG+PYTHIA6 (radHi) 159/6  0.01 5.8/6  0.45 36.2/6 < 0.01
POWHEG+PYTHIAG (radLo) 4.9/6 0.56 5.8/6 0.45 6.5/6 0.37
POWHEGHPYTHIAS (Rgamp = ) 7.3/6 0.29 5.7/6 0.45 8.0/6 0.24
POWHEGHPYTHIAS (Agamp = 1.5m;) 7.6/6 0.27 3.3/6 0.77 12.3/6 0.06
POWHEG+PYTHIAS (Var3c Up) (Agamp = 371;) 13.9/6  0.03 3.2/6  0.78 54.8/6 < 0.01
POWHEG+PYTHIAS (Var3c Down) (Agump = 1.5m;) | 5.5/6  0.49 5.0/6  0.55 6.6/6  0.36
PowHEG+HERWIGT 102/6  0.12 51/6  0.53 5.0/6  0.54
POWHEG+HERWIGH+ 8.2/6 0.23 25.8/6 < 0.01 20.8/6 < 0.01
MADGRAPH5_aMC@NLO+HERWIG++ 98.3/6 < 0.01 8.6/6 0.20 12.4/6 0.05
MADGRAPH5_aMC@QNLO+PYTHIAS (Hy/2) 41.2/6 < 0.01 34.5/6 < 0.01 22.8/6 < 0.01
MADGRAPH5 aMC@NLO+PYTHIAS (\/m} +pF) | 46.7/6 <001 | 31.4/6 <001 | 18.6/6 <0.01
SHERPA 2.2.1 13.3/6 0.04 1.8/6 0.94 21.7/6 < 0.01

Table 5. Comparison of the measured fiducial phase space absolute differential cross sections as
a function of p4 and the predictions from several MC generators in different n-jet configurations.
For each prediction a X2 and a p-value are calculated using the covariance matrix of the mea-
sured spectrum. The number of degrees of freedom (NDF) is equal to the number of bins in the
distribution.
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4-jet exclusive 5-jet exclusive 6-jet inclusive
x?/NDF  p-value | x?/NDF  p-value | x*/NDF  p-value
POWHEG+PYTHIAG 4.3/5 0.51 3.0/5 0.70 3.9/5 0.56
POWHEG+PYTHIAG (radHi) 5.2/5 0.40 6.3/5 0.28 9.8/5 0.08
POWHEG+PYTHIAG (radLo) 6.2/5 0.29 3.5/5 0.62 5.2/5 0.39
POWHEG+HPYTHIAS (Rgamp = ) 7.6/5 0.18 4.5/5 0.48 4.7/5 0.46
POWHEGHPYTHIAS (Agamp = 1.5m;) 5.5/5 0.36 3.9/5 0.57 6.2/5 0.28
POWHEGHPYTHIAS (Var3c Up) (hgamp = 377;) 6.5/5 0.26 4.0/5 0.55 10.5/5 0.06
POWHEGHPYTHIAS (Var3c Down) (hgamp = 1.57;) 5.2/5 0.39 5.6/5 0.35 7.6/5 0.18
POWHEG+HERWIGT 10.5/5 0.06 5.1/5 0.41 3.1/5 0.68
POWHEG-+HERWIG++ 18.6/5 < 0.01 16.2/5 < 0.01 19.4/5 < 0.01
MADGRAPHS5_aMCQNLO+HERWIG++ 12.8/5 0.03 10.0/5 0.07 9.3/5 0.10
MADGRAPH5_aMCQ@QNLO+PYTHIAS (Hr/2) 26.8/5 < 0.01 10.2/5 0.07 8.2/5 0.14
MADGRAPH5_aMC@NLO+PYTHIA8 (\/m) 17.3/5 < 0.01 10.0/5 0.07 7.8/5 0.17
SHERPA 2.2.1 7.5/5 0.19 1.7/5 0.89 2.2/5 0.82

Table 6. Comparison of the measured fiducial phase space normalised differential cross sections as
a function of p4 and the predictions from several MC generators in different n-jet configurations.
For each prediction a X2 and a p-value are calculated using the covariance matrix of the measured
spectrum. The number of degrees of freedom (NDF) is equal to the number of bins in the distribution
minus one.

4-jet exclusive 5-jet exclusive 6-jet inclusive
x?/NDF  p-value | x>/NDF  p-value | x>/NDF  p-value
POWHEG+PYTHIAG 4.1/6 0.67 10.0/6 0.12 10.2/6 0.12
POWHEG+PYTHIAG (radHi) 7.1/6 0.32 7.4/6 0.28 14.4/6 0.03
POWHEG+PYTHIAG (radLo) 2.5/6 0.87 10.2/6 0.12 14.8/6 0.02
POWHEG+PYTHIAS (hgamp = M) 3.0/6 081 9.7/6  0.14 10.1/6  0.12
POWHEGHPYTHIA8 (Agamp = 1.5m;) 3.1/6 0.80 7.3/6 0.29 10.7/6 0.10
POWHEGHPYTHIA8 (Varde Up) (Agamp = 31;) 5.4/6 0.49 7.4/6 0.29 24.8/6 < 0.01
POWHEGHPYTHIAS (Var3c Down) (Agamp = 1.5m;) 2.4/6 0.88 8.2/6 0.22 9.2/6 0.16
POWHEG+HERWIGT 4.6/6 0.59 6.4/6 0.38 12.3/6 0.06
POWHEG+HERWIG++ 8.0/6 0.24 28.7/6 < 0.01 37.6/6 < 0.01
MADGRAPH5_aMCQ@QNLO+HERWIGH+ 59.9/6 < 0.01 10.0/6 0.12 22.1/6 < 0.01
MADGRAPH5_aMC@NLO+PYTHIAS (H/2) 41.0/6 < 0.01 38.1/6 < 0.01 10.3/6 0.11
MADGRAPH5 aMC@NLO+PYTHIAS (1/m? + p7) 41.0/6 < 0.01 40.9/6 < 0.01 10.5/6 0.10
SHERPA 2.2.1 3.5/6 0.74 5.7/6 0.46 12.8/6 0.05

Table 7. Comparison of the measured fiducial phase space absolute differential cross sections as
tt
Pout
tions. For each prediction a X2 and a p-value are calculated using the covariance matrix of the

measured spectrum. The number of degrees of freedom (NDF) is equal to the number of bins in
the distribution.

a function of and the predictions from several MC generators in different n-jet configura-
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4-jet exclusive 5-jet exclusive 6-jet inclusive
I /NDF  p-value N /NDF  p-value N /NDF  p-value
POWHEG+PYTHIAG 2.1/5 0.84 5.1/5 0.41 8.0/5 0.15
POWHEG+PYTHIAG (radHi) 5.2/5 0.40 5.7/5 0.34 11.6/5 0.04
POWHEG+PYTHIA6 (radLo) 12/5 095 51/5  0.40 8.6/5  0.13
POWHEGHPYTHIAS (Rgamp = M) 1.4/5 0.93 6.7/5 0.25 9.0/5 0.11
POWHEG+PYTHIAS (Agamp = 1.5m;) 1.0/5 096 6.2/5  0.29 11.9/5  0.04
POWHEG+PYTHIAS (Var3c Up) (Agamp = 371;) 2.9/5  0.71 75/5  0.18 14.3/5  0.01
POWHEG+PYTHIAS (Var3c Down) (Agump = 1.5m;) | 0.5/5  0.99 6.6/5  0.26 10.5/5  0.06
POWHEG+HERWIGT 2.3/5 0.80 4.6/5 0.46 5.3/5 0.38
POWHEG+HERWIG++ 7.3/5 0.20 15.0/5 0.01 10.4/5 0.07
MADGRAPH5_aMC@NLO+HERWIG++ 36.3/5 < 0.01 10.2/5 0.07 6.7/5 0.24
MADGRAPH5_aMC@QNLO+PYTHIAS (Ht/2) 47.9/5 < 0.01 28.9/5 < 0.01 16.2/5 < 0.01
MADGRAPH5_aMC@QNLO+PYTHIAS (\/mt2 +p7) 46.5/5 < 0.01 30.7/5 < 0.01 15.7/5 < 0.01
SHERPA 2.2.1 15/5 092 46/5  0.46 82/5  0.15

Table 8. Comparison of the measured fiducial phase space normalised differential cross sections as

a function of

ptot;t’ and the predictions from several MC generators in different n-jet configurations.

For each prediction a X2 and a p-value are calculated using the covariance matrix of the measured
spectrum. The number of degrees of freedom (NDF) is equal to the number of bins in the distribution
minus one.

section. The main exception is the prediction obtained from the POWHEG+HERWIG++ cal-
culation, which is inconsistent with the measured differential cross sections for the 4- and
6-jet configurations.

The differential cross sections as a function of ptfw for different jet multiplicities are
shown in figure 9 and the X2 values are presented in tables 5 and 6. In general, good
agreement is observed in the 4- and 5-jet configurations while there is some tension in the
6-jet configuration. However, the X2 values show that the MADGRAPH5_aMC@NLO event
generator is not compatible with data in the 4- and 5-jet configurations in both the absolute
and normalised differential cross sections. This was not observed in the measurement
inclusive in the number of jets [1] because different configurations are dominant at different
values of pzﬁ. Indeed, the absolute cross section in the first two bins of the 4-jet configuration
is larger than in the other configurations while the cross section in the last two bins is
largest in the 6-jet configuration. Since the mis-modelling is observed in regions of pr
in which the cross section in that configuration is subdominant, it could not be observed
in the previous measurement. The POWHEG+HERWIG++ prediction does not model the
data well in all configurations. Furthermore, both POWHEG+PYTHIA calculations with
additional radiation (‘radHi’ and ‘Var3c Up’) are not compatible with the data for the 4-
and 6-jet configurations for the absolute differential cross sections as shown in table 5.

The differential cross sections as functions of ‘ pf,tut’ are shown in figure 10 and confirm
the mis-modelling of the MADGRAPH5_ aMC@NLO prediction for the 4- and 5-jet config-
urations observed for p%. The p-values shown in tables 7 and 8 drop significantly at higher
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Figure 8. Differential cross sections in the fiducial phase space as a function of p; " : nor-

malised (a) in the 4-jet exclusive configuration, absolute (b) in the 4-jet exclusive, (¢) 5-jet ex-
clusive and (d) 6-jet inclusive configurations. The shaded area represents the total statistical and
systematic uncertainties.

jet multiplicity for all predictions. Several predictions are not compatible with the abso-
lute cross sections in the 6-jet configuration but have better agreement with the normalised
cross sections; nevertheless, some discrimination is still observed with the normalised cross
sections. As before, the POWHEG-+HERWIG++ prediction is not compatible with data in
the 5-jet configuration. ) )

The complementarity of ‘ pffut‘ and ptf is highlighted by the different agreement with
data of the POWHEG+HERWIG7 prediction in the 6-jet configuration; in p?ut the agree-
ment is poor (p-value of 0.06) while it is good in the pf observable (p-value of 0.54). Con-
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Figure 9. Differential cross sections in the fiducial phase space as a function of ptqg: normalised (a)
in the 6-jet inclusive configuration, absolute (b) in the 4-jet exclusive, (c) 5-jet exclusive and (d)
6-jet inclusive configurations. The shaded area represents the total statistical and systematic un-

certainties.

trariwise, in the 4-jet configuration the POWHEG+PYTHIAG.428 ‘radHi’ prediction has a
poor agreement in the p’% variable (p-value 0.01) while it is in good agreement in the ) pgtut‘

observable (p-value 0.32).

An example of the discriminating power of the analysis is given in figure 11; several

predictions with different values of the fragmentation and renormalisation scales and of

the hgamp parameter are compared to the measured differential cross sections for the 6-jet

configuration. From the comparison shown in figure 11a, it can be seen that among the
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Figure 10. Differential cross sections in the fiducial phase space as a function of

(d)

7 |
pout . nor-

malised (a) in the 6-jet inclusive configuration, absolute (b) in the 4-jet exclusive, (c) 5-jet exclusive
and (d) 6-jet inclusive configurations. The shaded area represents the total statistical and system-
atic uncertainties.

three PYTHIAG predictions the best agreement is obtained by the ‘radLo’ calculation which
is tuned to yield a lower amount of gluon radiation. This sample has an hg,y,, = m; and
the factorisation and renormalisation scales increased by a factor of two compared to their
nominal value. Since the hg,m, parameter in the ‘radLo’ calculation is the same as the one
in the nominal sample, it is possible to conclude that the reason for the different behaviour
is due to the scale variation. A similar conclusion can be drawn for the comparison of
the POWHEG+PYTHIAS sample in figure 11c where the ‘Var3c Down’ calculation shows
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Figure 11. Normalised differential cross sections as a function of pfg in the 6-jet inclusive configu-
ration in the fiducial phase space. The dark shaded area is the statistical uncertainty and the light
shaded area represents the total uncertainty.

the best agreement. Changing lg,m, has a small impact as shown in the comparison of
the two POWHEG+PYTHIAS8 predictions with different hg,y,, presented in figure 11b. The
relative levels of agreement between data and the ‘radHi’ and ‘radLo’ predictions in the
6-jet configuration is opposite to what was observed in ref. [4] where the ‘radHi’ prediction
was observed to have a better agreement with data, e.g. for the jet multiplicity spectrum.
This is not the only difference between the results of the two analyses; for example, in
ref. [4] MADGRAPH5_aMC@NLO-+HERWIG++ was compatible with data while it is not
compatible in some of the combinations of variables and jet multiplicity considered in this
paper. It is clear that MC models have difficulty describing the sets of observables listed
in the two papers simultaneously, but it is hoped that the sensitivity of the measurements
shown here with respect to various MC parameters will provide constraints for any future
MC models.

Figure 12 shows the ratio of the data to the nominal prediction for the normalised

ptqlhad and ptTE differential cross sections for the three configurations. It can be seen that the
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Figure 12. Normalised (a) ratio of data to the nominal prediction as a function of pff’had and (b)

as a function of p% in the 4-jet exclusive, 5-jet exclusive and 6-jet inclusive configurations.

differences between the data and the prediction are largest for the 4-jet configuration. The
description of the 5- and 6-jet configurations by the prediction is slightly better. For p%, the
conclusions are less clear, and a reduction of the uncertainties would help to discriminate
between the different predictions.

11 Conclusions

Measurements of differential cross sections for top quark pair production in association
with jets are presented using data from the 13 TeV pp collisions collected by the ATLAS
detector at the LHC in 2015, corresponding to an integrated luminosity of 3.2 fb~'. Both
the absolute and normalised differential cross sections are measured as functions of the top
quark transverse momentum, the transverse momentum of the top quark pair system and
the out-of-plane transverse momentum. The top quark pair events are selected in the lepton
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(electron or muon) + jets channel and three mutually exclusive configurations are defined
according to the number of additional jets reconstructed in each event. Regions of phase
space sensitive to the effects of gluon radiation are identified. The predictions of several
Monte Carlo calculations are compared to the measurements. Differences between the data

and some of the predictions are observed. The measured ‘ pffut and pﬂg distributions in the 6-

jet configuration disfavour several predictions. The measured ptT’had distribution in the 4-jet
configuration is underestimated by the predictions at low values and overestimated at high
values; this tendency of the predictions is reduced at higher jet multiplicity. Overall, the
measurements presented here improve the discriminating power of previous ATLAS results
and the data have the potential to further constrain the MC models used to describe the
top quark pair production.
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