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Abstract

A measurement of jet shapes in top-quark pair events using 1.8 fo=! of /s =7 TeV pp collision
data recorded by the ATLAS detector at the LHC is presented. Samples of top-quark pair events are
selected in both the single-lepton and dilepton final states. The differential and integrated shapes of
the jets initiated by bottom-quarks from the top-quark decays are compared with those of the jets
originated by light-quarks from the hadronic W-boson decays W — g¢’ in the single-lepton channel.
The light-quark jets are found to have a narrower distribution of the momentum flow inside the jet area
than b-quark jets.
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Abstract A measurement of jet shapes in top-quark pair
events using 1.8 fb~! of /s =7 TeV pp collision data recor-
ded by the ATLAS detector at the LHC is presented. Sam-
ples of top-quark pair events are selected in both the single-
lepton and dilepton final states. The differential and inte-
grated shapes of the jets initiated by bottom-quarks from the
top-quark decays are compared with those of the jets orig-
inated by light-quarks from the hadronic W-boson decays
W — ¢4’ in the single-lepton channel. The light-quark jets
are found to have a narrower distribution of the momentum
flow inside the jet area than b-quark jets.

1 Introduction

Hadronic jets are observed in large momentum-transfer in-
teractions. They are theoretically interpreted to arise when
partons — quarks (¢) and gluons (g) — are emitted in colli-
sion events of subatomic particles. Partons then evolve into
hadronic jets in a two-step process. The first can be de-
scribed by perturbation theory and gives rise to a parton
shower, the second is non-perturbative and is responsible
for the hadronisation. The internal structure of a jet is ex-
pected to depend primarily on the type of parton it originated
from, with some residual dependence on the quark produc-
tion and fragmentation process. For instance, due to the di-
fferent colour factors in ggg and gqg vertices, gluons lead to
more parton radiation and therefore gluon-initiated jets are
expected to be broader than quark-initiated jets.

For jets defined using cone or k; algorithms [[1, 2], jet shapes,
i.e. the normalised transverse momentum flow as a function
of the distance to the jet axis [3]], have been traditionally
used as a means of understanding the evolution of partons
into hadrons in eTe™, ep and hadron colliders [4HTT]. It is
experimentally observed that jets in ete™ and ep are nar-
rower than those observed in pp and pp collisions and this

is interpreted as a result of the different admixtures of quark
and gluon jets present in these different types of interac-
tions [12]. Furthermore, at high momentum transfer, where
fragmentation effects are less relevant, jet shapes have been
found to be in qualitative agreement with next-to-leading-
order (NLO) QCD predictions and in quantitative agreement
with those including leading logarithm corrections [13]]. Jet
shapes have also been proposed as a tool for studies of sub-
structure or in searches for new phenomena in final states
with highly boosted particles [[14-17].

Due to the mass of the b-quark, jets originating from a b-
quark (hereafter called b-jets) are expected to be broader
than light-quark jets, including charm jets, hereafter called
light jets. This expectation is supported by observations by
the CDF collaboration in Ref. [18]], where a comparison is
presented between jet shapes in a b-jet enriched sample with
a purity of roughly 25% and an inclusive sample where no
distinction is made between the flavours.

This paper presents the first measurement of b-jet shapes in
top pair events. The ¢7 final states are a source of b-jets, as
the top quark decays almost exclusively via t — Wb. While
the dilepton channel, where both W bosons decay to leptons,
is a very pure source of b-jets, the single-lepton channel
contains b-jets and light jets, the latter originating from the
dominant W+ — ud, c§ decays and their charge conjugates.
A comparison of the light- and b-jet shapes measured in the
tt decays improves the CDF measurement discussed above,
as the jet purity achieved using 7 events is much higher. In
addition, these measurements could be used to improve the
modelling of jets in #f production Monte Carlo (MC) models
in a new kinematic regime.

This paper is organised as follows. In Sect. ] the ATLAS
detector is described, while Sect. 3] is dedicated to the MC
samples used in the analysis. In Sects. ] and [5] the physics
object and event selection for both the dilepton and single-
lepton #7 samples is presented. Section [6]is devoted to the
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description of both the b-jet and light-jet samples obtained
in the single-lepton final state. The differential and the inte-
grated shape distributions of these jets are derived in Sect.
In Sect. [§] the results on the average values of the jet shape
variables at the detector level are presented, including those
for the b-jets in the dilepton channel. Results corrected for
detector effects are presented in Sect. [0} In Sect. [10]the sys-
tematic uncertainties are discussed, and Sect. [IT] contains a
discussion of the results. Finally, Sect. @]includes the sum-
mary and conclusions.

2 The ATLAS detector

The ATLAS detector [[19] is a multi-purpose particle physics
detector with a forward-backward symmetric cylindrical ge-
ometryp_-]and a solid angle coverage of almost 47.

The inner tracking system covers the pseudorapidity range
[n] < 2.5, and consists of a silicon pixel detector, a sili-
con microstrip detector, and, for || < 2.0, a transition ra-
diation tracker. The inner detector (ID) is surrounded by
a thin superconducting solenoid providing a 2 T magnetic
field along the beam direction. A high-granularity liquid-
argon sampling electromagnetic calorimeter covers the re-
gion |n| < 3.2. An iron/scintillator tile hadronic calorime-
ter provides coverage in the range |n| < 1.7. The endcap
and forward regions, spanning 1.5 < |n| < 4.9, are instru-
mented with liquid-argon calorimeters for electromagnetic
and hadronic measurements. The muon spectrometer sur-
rounds the calorimeters. It consists of three large air-core su-
perconducting toroid systems and separate trigger and high-
precision tracking chambers providing accurate muon track-
ing for |n| < 2.7.

The trigger system [20] has three consecutive levels: level
1 (L1), level 2 (L2) and the event filter (EF). The L1 trig-
gers are hardware-based and use coarse detector informa-
tion to identify regions of interest, whereas the L2 triggers
are based on fast software-based online data reconstruction
algorithms. Finally, the EF triggers use offline data recon-
struction algorithms. For this analysis, the relevant triggers
select events with at least one electron or muon.

3 Monte Carlo Samples

Monte Carlo generators are used in which ¢f production is
implemented with matrix elements calculated up to NLO ac-

TATLAS 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 x-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 6 as 1 = —Intan(6/2).

curacy. The generated events are then passed through a de-
tailed GEANT4 simulation [21) 22] of the ATLAS detector.
The baseline MC samples used here are produced with the
MC@NLO [23] or POWHEG [_24] generators for the ma-
trix element calculation; the parton shower and hadronisa-
tion processes are implemented with HERWIG [25]] using the
cluster hadronisation model [26] and CTEQ6.6 [27]] parton
distribution functions (PDFs). Multi-parton interactions are
simulated using JIMMY [28]] with the AUET1 tune [29]]. This
MC generator package has been used for the description of
the ¢ final states for ATLAS measurements of the cross sec-
tion [30, [31]] and studies of the kinematics [32].

Additional MC samples are used to check the hadronisa-
tion model dependence of the jet shapes. They are based
on POWHEG+PYTHIA [24} 33]], with the MRST2007LO*
PDFs [34]. The ACERMC generator [35] interfaced to PY-
THIA with the PERUGIA 2010 tune [36] for parton shower-
ing and hadronisation is also used for comparison. Here the
parton showers are ordered by transverse momentum and the
hadronisation proceeds through the Lund string fragmenta-
tion scheme [37]]. The underlying event and other soft effects
are simulated by PYTHIA with the AMBT]1 tune [38]. Com-
parisons of different event generators show that jet shapes in
top-quark decays show little sensitivity to initial-state radi-
ation effects, different PDF choices or underlying-event ef-
fects. They are more sensitive to details of the parton shower
and the fragmentation scheme.

Samples of events including W and Z bosons produced in
association with light- and heavy-flavour jets are generated
using the ALPGEN [39]] generator with the CTEQ6L PDFs
[40], and interfaced with HERWIG and JIMMY. The same
generator is used for the diboson backgrounds, WW, WZ
and ZZ, while MC @NLO is used for the simulation of the
single-top backgrounds, including the t- and s-channels as
well as the Wt-channel.

The MC-simulated samples are normalised to the correspon-
ding cross sections. The ¢ signal is normalised to the cross
section calculated at approximate next-to-next-to-leading or-
der (NNLO) using the HATHOR package [41]], while for the
single-top production cross section, the calculations in Refs.
[4244] are used. The W+jets and Z+jets cross sections are
taken from ALPGEN [39]] with additional NNLO K-factors
as given in Ref. [45]].

The simulated events are weighted such that the distribution
of the number of interactions per bunch crossing in the sim-
ulated samples matches that of the data. Finally, additional
correction factors are applied to take into account the di-
fferent object efficiencies in data and simulation. The scale
factors used for these corrections tipically differ from unity
by 1% for electrons and muons, and by a few percent for
b-tagging.
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4 Physics object selection

Electron candidates are reconstructed from energy deposits
in the calorimeter that are associated with tracks reconstruc-
ted in the ID. The candidates must pass a tight selection
[46], which uses calorimeter and tracking variables as well
as transition radiation for || < 2.0, and are required to have
transverse momentum pr > 25 GeV and |1| < 2.47. Elec-
trons in the transition region between the barrel and endcap
calorimeters, 1.37 < |n| < 1.52, are not considered.

Muon candidates are reconstructed by searching for track
segments in different layers of the muon spectrometer. These
segments are combined and matched with tracks found in
the ID. The candidates are refitted using the complete track
information from both detector systems and are required to
have a good fit and to satisfy pr > 20 GeV and |n| < 2.5.
Electron and muon candidates are required to be isolated to
reduce backgrounds arising from jets and to suppress the se-
lection of leptons from heavy-flavour semileptonic decays.
For electron candidates, the transverse energy deposited in
the calorimeter and which is not associated with the elec-
tron itself (EiTSO) is summed in a cone in 1] — ¢ space of ra-
dius EI AR = 0.2 around the electron. The EiTSO value is re-
quired to be less than 3.5 GeV. For muon candidates, both
the corresponding calorimeter isolation EiTSO and the anal-
ogous track isolation transverse momentum (pifo) must be
less than 4 GeV in a cone of AR = 0.3. The track isolation
is calculated from the scalar sum of the transverse momenta
of tracks with pt > 1 GeV, excluding the muon.

Muon candidates arising from cosmic rays are rejected by
removing candidate pairs that are back-to-back in the trans-
verse plane and that have transverse impact parameter rela-
tive to the beam axis |dp| > 0.5 mm.

Jets are reconstructed with the anti-k; algorithm [47 48]
with radius parameter R = 0.4. This choice for the radius has
been used in measurements of the top-quark mass [49] and
also in multi-jet cross-section measurements [S0]. The in-
puts to the jet algorithm are topological clusters of calorime-
ter cells. These clusters are seeded by calorimeter cells with
energy |Ecen| > 40 , where o is the cell-by-cell RMS of the
noise (electronics plus pileup). Neighbouring cells are added
if |Ecenn| > 20 and clusters are formed through an iterative
procedure [S1]. In a final step, all remaining neighbouring
cells are added to the cluster.

The baseline calibration for these clusters calculates their
energy using the electromagnetic energy scale [54]. This
is established using test-beam measurements for electrons
and muons in the electromagnetic and hadronic calorime-
ters [S1H53]. Effects due to the differing response to electro-
magnetic and hadronic showers, energy losses in the dead
material, shower leakage, as well as inefficiencies in energy
clustering and jet reconstruction are also taken into account.

The radius in the 17 — ¢ space is defined as AR = 1/(AN)2 + (A )2

This is done by matching calorimeter jets with MC particle
jets in bins of 1 and E, and supplemented by in situ calibra-
tion methods such as jet momentum imbalance in Z/y* + 1
jet events. This is called the Jet Energy Scale (JES) calibra-
tion, thoroughly discussed in Ref. [54]. The JES uncertainty
contains an extra term for b-quark jets, as the jet response is
different for b-jets and light jets because they have different
particle composition. References [S0] and [S5]] contain more
details on the JES and a discussion of its uncertainties.

Jets that overlap with a selected electron are removed if they
are closer than AR = 0.2, while if a jet is closer than AR =
0.4 to a muon, the muon is removed.

The primary vertex is defined as the pp interaction vertex
with the largest }; p%i, where the sum runs over the tracks
with pt > 150 MeV associated with the vertex.

Jets are identified as candidates for having originated from
a b-quark (b-tagged) by an algorithm based on a neural-
network approach, as discussed in Sect. [(]

The reconstruction of the direction and magnitude (E%‘iss) of
the missing transverse momentum is described in Ref. [56]
and begins with the vector sum of the transverse momenta of
all jets with pt > 20 GeV and |n| < 4.5. The transverse mo-
menta of electron candidates are added. The contributions
from all muon candidates and from all calorimeter clusters
not belonging to a reconstructed object are also included.

5 Event selection

Two samples of events are selected: a dilepton sample, where
both W bosons decay to leptons (e, u, including leptonic 7
decays), and a single-lepton sample, where one W boson
decays to leptons and the other to a gq’ pair, giving rise
to two more jets (see Fig. [T). The selection criteria follow
those in Ref. [30] for the single-lepton sample and Ref. [31]
for the dilepton sample. Events are triggered by inclusive
high-pr electron or muon EF triggers. The trigger thresh-
olds are 18 GeV for muons and 20 GeV for electrons. The
dataset used for the analysis corresponds to the first half
of the data collected in 2011, with a centre-of-mass energy
/s =7 TeV and an integrated luminosity of 1.8 fb~!. This
data-taking period is characterised by an instantaneous lumi-
nosity smaller than 1.5 x 103 cm2g7! , for which the mean
number of interactions per bunch crossing is less than six. To
reject the non-collision background, the primary vertex is re-
quired to have at least four tracks, each with pt > 150 MeV,
associated with it. Pile-up effects are therefore small and
have been taken into account as a systematic uncertainty.

5.1 Dilepton sample

In the dilepton sample, events are required to have two char-
ged leptons and ET"** from the leptonic W-boson decays
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Fig. 1 Example LO Feynman diagrams for gg — ¢7 in the dilepton (left) and single-lepton (right) decay modes.

to a neutrino and an electron or muon. The offline lepton
selection requires two isolated leptons (e or ) with oppo-
site charge and with transverse momenta pr(e) > 25 GeV,
where pr(e) = Ecjuster Sin(Orack ) Ecluster being the clus-
ter energy and O ,c the track polar angle, and pr(u) >
20 GeV. At least one of the selected leptons has to match
the corresponding trigger object.

Events are further filtered by requiring at least two jets with
pr > 25 GeV and || < 2.5 in the event. In addition, at least
one of the selected jets has to be tagged as a b-jet, as dis-
cussed in the next section. The whole event is rejected if a
jet is identified as an out-of-time signal or as noise in the
calorimeter.

The missing transverse momentum requirement is E‘TTliSS >
60 GeV for the ee and pupu channels. For the ey channel,
Hr is required to be greater than 130 GeV, where Hr is the
scalar sum of the pr of all muons, electrons and jets. To
reject the Drell-Yan lepton pair background in the ee and
uu channels, the lepton pair is required to have an invari-
ant mass myy greater than 15 GeV and to lie outside of a
Z-boson mass window, rejecting all events where the two-
lepton invariant mass satisfies |my —mz| < 10 GeV.

The selected sample consists of 95% tf events, but also back-
grounds from the final states W + jets and Z + jets, where the
gauge bosons decay to leptons. All backgrounds, with the
exception of multi-jet production, have been estimated using
MC samples. The multi-jet background has been estimated
using the jet—electron method [60]. This method relies on
the identification of jets which, due to their high electro-
magnetic energy fraction, can fake electron candidates. The
jet—electron method is applied with some modifications to
the muon channel as well. The normalisation is estimated
using a binned likelihood fit to the E%niss distribution. The
results are summarised in Table [T}

5.2 Single-Lepton sample

In this case, the event is required to have exactly one isolated
lepton with pt > 25 GeV for electrons and pr > 20 GeV
for muons. To account for the neutrino in the leptonic W

Table 1 The expected composition of the dilepton sample. Fractions
are relative to the total number of expected events. ‘Other EW’ corre-
sponds to the W + jets and diboson (WW, WZ and ZZ) contributions.

Process Expected events ~ Fraction

tf 2100 £ 110 94.9%
Z+jets (Z—LT07) 14+1 0.6%
Other EW (W, diboson) 442 0.2%
Single top 95 +£2 4.3%
Multi-jet 0+2 0.0%

Total Expected 2210 £ 110

Total Observed 2067

decay, EM* is required to be greater than 35 GeV in the
electron channel and greater than 20 GeV in the muon chan-
nel. The E‘TniSS resolution is below 10 GeV [56]. Further-
more, the transverse mass E] (mT) is required to be greater
than 25 GeV in the e-channel and to satisfy the condition
EMiSS 4 mp > 60 GeV in the pi-channel.

The jet selection requires at least four jets (pt > 25 GeV
and |n| < 2.5) in the final state, and at least one of them
has to be tagged as a b-jet. The fraction of ¢7 events in the
sample is 77%; the main background contributions for the
single-lepton channel have been studied as in the previous
case, and are summarised in Table E} As in the dileptonic
case, the multi-jet background has been estimated using the
jet—electron method.

6 Jet sample definition

Jets reconstructed in the single-lepton and dilepton samples
are now subdivided into b-jet and light-jet samples. In order
to avoid contributions from non-primary collisions, it is re-
quired that the jet vertex fraction (JVF) be greater than 0.75.
After summing the scalar pt of all tracks in a jet, the JVF is
defined as the fraction of the total scalar pr that belongs to

3The transverse mass is defined as mr = \/Zp[fE}“iss(l —cosAdyy),

where A¢yy is the angle in the transverse plane between the selected
lepton and the ET"** direction.



Table 2 The expected composition of the single-lepton sample. Frac-
tions are relative to the total number of expected events. In this case
‘Other EW’ includes Z + jets and diboson processes.

Process Expected events  Fraction

tr 14000 £ 700 77.4%
W +jets (W — £v) 2310 £ 280 12.8%
Other EW (Z, diboson) 198 £+ 18 1.1%
Single top 668 + 14 3.7%
Multi-jet 900 £ 450 5.0%

Total Expected 18000 =+ 900

Total Observed 17019

tracks originating from the primary vertex. This makes the
average jet multiplicity independent of the number of pp in-
teraction vertices. This selection is not applied to jets with
no associated tracks. Also, to reduce the impact of pileup on
the jets, the pt threshold has been raised to 30 GeV.

Jets whose axes are closer than AR = 0.8, which is twice
the jet radius, to some other jet in the event are not consid-
ered. This is done to avoid possible overlaps between the jet
cones, which would bias the shape measurement. These con-
figurations are typical in boosted W bosons, leading to light
jets which are not well separated. The resulting AR distri-
butions for any pair of b-jets or light jets are approximately
constant between 0.8 and 7 and exhibit an exponential fall-
off between 7 and the endpoint of the distribution.

6.1 b-jet samples

To select b-jets, a neural-network algorithm, which relies on
the reconstruction of secondary vertices and impact parame-
ter information in the three spatial dimensions, is used. The
reconstruction of the secondary decay vertices makes use of
an iterative Kalman-filter algorithm [61] which relies on the
hypothesis that the b — ¢ — X decay chains lie in a straight
line originally taken to be parallel to the jet axis. The work-
ing point of the algorithm is chosen to maximise the pu-
rity of the sample. It corresponds to a b-tagging efficiency
of 57% for jets originating from b-quarks in simulated ¢7
events, and a u,d, s-quark jet rejection factor of about 400,
as well as a c-jet rejection factor of about 10 [62} |63]. The
resulting number of b-jets selected in the dilepton (single-
lepton) sample is 2279 (16735). A second working point
with a b-tagging efficiency of 70% is also used in order to
evaluate the dependence of the measured jet shapes on b-
tagging.

Figure[2]shows the b-tagged jet transverse momentum distri-
butions for the single-lepton and dilepton channels. The pt
distributions for the b-jets in both the dilepton and single-
lepton samples show a similar behaviour, since they come
mainly from top-quark decays. This is well described by the
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Fig. 2 The pr distributions for b-tagged jets in the single-lepton (top)
and dilepton (bottom) samples along with the sample composition ex-
pectations.

MC expectations from the MC @ NLO generator coupled to
HERWIG. In the dilepton sample the signal-to-background
ratio is found to be greater than in the single-lepton sample,
as it is quantitatively shown in Tables[T]and [2]

6.2 Light-quark jet sample

The hadronic decays W — gq’ are a clean source of light-
quark jets, as gluons and b-jets are highly suppressed; the
former because gluons would originate in radiative correc-
tions of order &'(a), and the latter because of the smallness
of the CKM matrix elements |V,;| and |V,|. To select the
light-jet sample, the jet pair in the event which has the in-
variant mass closest to the W-boson mass is selected. Both
jets are also required to be non-tagged by the b-tagging al-
gorithm. The number of jets satisfying these criteria is 7158.
Figure [3] shows the transverse momentum distribution of
these jets together with the invariant mass of the dijet sys-
tem. As expected, the pr distribution of the light jets from
W-boson decays exhibits a stronger fall-off than that for the
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Fig. 3 The distribution of light-jet pt (top) and of the invariant mass
of light-jet pairs (bottom) along with the sample composition expec-
tations. The latter shows a peak at the W mass, whose width is deter-
mined by the dijet mass resolution.

b-jets. This dependence is again well described by the MC
simulations in the jet pt region used in this analysis. Agree-
ment between the invariant mass distributions for observed
and simulated events is good, in particular in the region close
to the W-boson mass.

6.3 Jet purities

To estimate the actual number of b-jets and light jets in each
of the samples, the MC simulation is used by analysing the
information at generator level. For b-jets, a matching to a b-
hadron is performed within a radius AR = 0.3. For light jets,
the jet is required not to have a b-hadron within AR = 0.3
of the jet axis. Additionally, to distinguish light quarks and
c-quarks from gluons, the MC parton with highest pt within
the cone of the reconstructed jet is required to be a (u,d, ¢ or
s)-quark. The purity p is then defined as
.
p=;akpk, pk:l_@ (1

Table 3 Purity estimation for b-jets and light jets in the single-lepton
channel. The uncertainty on the purity arises from the uncertainties in
the signal and background fractions.

Process o pr(b) pr (light)
1t 0.774 0.961 0.725
W —lv 0.128 0.430 0.360
Multi-jet 0.050 0.887 0.485
Other EW (Z, diboson)  0.011 0.611 0.342
Single top 0.037 0.958 0.716
Weighted total - (88.5+£5.7)% (66.2+4.1)%

Table 4 Purity estimation for b-jets in the dilepton channel. The un-
certainty on the purity arises from the uncertainties in the signal and
background fractions.

Process oy pr(b)
tf 0.949 0.997
Z =0t 0.006 0.515
Other EW (W, diboson)  0.002 0.375
Single top 0.043 0.987
Multi-jet - -
Weighted total - (99.3701Y%

where o is the fraction of events in the k-th MC sample
(signal or background), given in Tables |l| and [2 and Nf(k),

N-(rk> are the number of fakes (jets not assigned to the correct
flavour, e.g. charm jets in the b-jet sample), and the total
number of jets in a given sample, respectively. The purity in
the multi-jet background is determined using PYTHIA MC
samples.

In the single-lepton channel, the resulting purity of the b-jet
sample is p\*) = (88.5+5.7)%, while the purity of the light-
jet sample is found to be pl(s) = (66.2+4.1)%, as shown in
Table [3] The uncertainty on the purity arises from the un-
certainties on the signal and background fractions in each
sample. The charm content in the light-jet sample is found
to be 16%, with the remaining 50% ascribed to u,d and s.
MC studies indicate that the contamination of the b-jet sam-
ple is dominated by charm-jet fakes and that the gluon con-
tamination is about 0.7%. For the light-jet sample, the frac-
tion of gluon fakes amounts to 19%, while the b-jet fakes
correspond to 15%.

In the dilepton channel, a similar calculation yields the pu-
rity of the b-jet sample to be pl(,d) = (99.31”2:;)% as shown
in Table[d] Thus, the b-jet sample purity achieved using 77 fi-
nal states is much higher than that obtained in inclusive b-jet
measurements at the Tevatron [[18] or the LHC [55]].
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7 Jet shapes in the single-lepton channel

For the jet shape calculation, locally calibrated topological
clusters are used [54, 157, 58]]. In this procedure, effects due
to calorimeter response, leakage, and losses in the dead ma-
terial upstream of the calorimeter are taken into account sep-
arately for electromagnetic and hadronic clusters [59]].

The differential jet shape p(r) in an annulus of inner radius
r— Ar/2 and outer radius r+ Ar/2 from the axis of a given
jetis defined as

ipT(r—Ar/Z,r—&—Ar/Z)
pr(0,R)

Here, Ar = 0.04 is the width of the annulus; r, such that
Ar/2 <r < R—Ar/2, is the distance to the jet axis in the
N-¢ plane, and pr(r;,r2) is the scalar sum of the py of the
jet constituents with radii between r| and r;.

Some distributions of p(r) are shown in Fig. [4| for the b-
jet sample selected in the single-lepton channel. There is a
marked peak at zero energy deposit, which indicates that en-
ergy is concentrated around relatively few particles. As r in-
creases, the distributions of p(r) are concentrated at smaller
values because of the relatively low energy density at the pe-
riphery of the jets. Both effects are well reproduced by the

p(r)=

T Ar @)
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Fig. 5 Distribution of R = 0.4 light jets in the single-lepton channel as
a function of the differential jet shapes p(r) for different values of r.

MC generators.

The analogous p(r) distributions for light jets are shown in
Fig.[5] The gross features are similar to those previously dis-
cussed for b-jets, but for small values of r, the p(r) distribu-
tions for light jets are somewhat flatter than those for b-jets.
The integrated jet shape in a cone of radius » < R around the
jet axis is defined as the cumulative distribution for p(r), i.e.
¥(r) = pr(0.r) s

pT(OvR)

which satisfies ¥(r = R) = 1. Figure[6] (7) shows distribu-
tions of the integrated jet shapes for b-jets (light jets) in
the single-lepton sample. These figures show the inclusive
(i.e. not binned in either 1 or pr) p(r) and ¥(r) distribu-
tions for fixed values of r. Jet shapes are only mildly depen-
dent on pseudorapidity, while they strongly depend on the
transverse momentum. This behaviour has been verified in
previous analyses [SHIT]]. This is illustrated in Figs. [§] and
Bl which show the energy fraction in the outer half of the
cone as a function of pr and |n|. For this reason, all the
data presented in the following are binned in five prt regions
with pr < 150 GeV, where the statistical uncertainty is small
enough. In the following, only the average values of these
distributions are presented:
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I pr(r—Ar/2,r+Ar/2)
ArNjets jets pT(OvR)
1 pr(0,r)

(P(r)) = New & pr(0.R) (5)

(p(r)) €y

where the sum is performed over all jets of a given sample,
light jets (/) or b-jets (b) and Nje is the number of jets in the
sample.

8 Results at the detector level

In the following, the detector-level results for the average
values (p(r)) and (¥(r)) as a function of the jet internal ra-
dius r, are presented. A comparison has been made between
b-jet shapes obtained in both the dilepton and single-lepton
samples, and it is found that they are consistent with each
other within the uncertainties. Thus the samples are merged.
In Figure [T0} the distributions for the average values of the
differential jet shapes are shown for each p bin, along with
a comparison with the expectations from the simulated sam-
ples described in Sect. [3] There is a small but clear differ-
ence between light- and b-jet differential shapes, the former
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Fig. 7 Distribution of R = 0.4 light jets in the single-lepton channel as
a function of the integrated jet shapes ¥(r) for different values of r.

lying above (below) the latter for smaller (larger) values of r.
These differences are more visible at low transverse momen-
tum. In Figure |11} the average integrated jet shapes (¥(r))
are shown for both the light jets and b-jets, and compared
to the MC expectations discussed earlier. Similar comments
apply here: The values of (¥(r)) are consistently larger for
light jets than for b-jets for small values of r, while they tend
to merge as r — R since, by definition, ¥(R) = 1.

9 Unfolding to particle level

In order to correct the data for acceptance and detector ef-
fects, thus enabling comparisons with different models and
other experiments, an unfolding procedure is followed. The
method used to correct the measurements based on topo-
logical clusters to the particle level relies on a bin-by-bin
correction. Correction factors F(r) are calculated separately
for differential, (p(r)), and integrated, (¥(r)), jet shapes in
both the light- and b-jet samples. For differential (p) and in-
tegrated jet shapes (), they are defined as the ratio of the
particle-level quantity to the detector-level quantity as de-
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scribed by the MC simulations discussed in Sect. [3] i.e.
(P (r)1,6)MC part

Eh(r)= 6
l,h(r) <p(r)17b>MC,det v
w, \ (P(P)1p)MC part

F(r) = (P (p)mc.det N

While the detector-level MC includes the background sources
described before, the particle-level jets are built using all
particles in the signal sample with an average lifetime above
10~'!s, excluding muons and neutrinos. The results have
only a small sensitivity to the inclusion or not of muons
and neutrinos, as well as to the background estimation. For
particle-level b-jets, a b-hadron with pt > 5 GeV is required
to be closer than AR = 0.3 from the jet axis, while for light
jets, a selection equivalent to that for the detector-level jets
is applied, selecting the non-b-jet pair with invariant mass
closest to myy . The same kinematic selection criteria are ap-
plied to these particle-level jets as for the reconstructed jets,
namely pp > 25 GeV, || < 2.5 and AR > 0.8 to avoid jet—
jet overlaps.
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of the jet cone) as a function of |17| for jets in the single-lepton sample.

A Bayesian iterative unfolding approach [64] is used as a
cross-check. The RooUnfold software [65]] is used by pro-
viding the jet-by-jet information on the jet shapes, in the
pr intervals defined above. This method takes into account
bin-by-bin migrations in the p(r) and ¥(r) distributions for
fixed values of r. The results of the bin-by-bin and the Ba-
yesian unfolding procedures agree at the 2% level.

As an additional check of the stability of the unfolding pro-
cedure, the directly unfolded integrated jet shapes are com-
pared with those obtained from integrating the unfolded dif-
ferential distributions. The results agree to better than 1%.
These results are reassuring since the differential and in-
tegrated jet shapes are subject to migration and resolution
effects in different ways. Both quantities are also subject
to bin-to-bin correlations. For the differential measurement,
the correlations arise from the common normalisation. They
increase with the jet transverse momentum, varying from
25% to 50% at their maximum, which is reached for neigh-
bouring bins at low r. The correlations for the integrated
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measurement are greater and their maximum varies from
60% to 75% as the jet pt increases.

10 Systematic uncertainties

The main sources of systematic uncertainty are described
below.

— The energy of individual clusters inside the jet is varied
according to studies using isolated tracks [67], parame-
terising the uncertainty on the calorimeter energy mea-
surements as a function of the cluster pr. The impact on
the differential jet shape increases from 2% to 10% as
the edge of the jet cone is approached.

— The coordinates 1, ¢ of the clusters are smeared using
a Gaussian distribution with an RMS width of 5 mrad
accounting for small differences in the cluster position

(s=7TeV J-Ldt=1.8fb'1

30 GeV < p; < 40 GeV 40 GeV < p; <50 GeV

70 GeV < p, <100 GeV

P RN U BRI
0.1 0.2 0.3 0.4
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b-jets (R =0.4)

®  Data
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Fig. 11 Average values of the integrated jet shapes (¥(r)) for light
jets (triangles) and b-jets (squares), with Ar = 0.04, as a function
of r at the detector level, compared to MC@NLO+HERWIG and
POWHEG+PYTHIA event generators. The uncertainties shown for data
are only statistical.

between data and Monte Carlo [66]. This smearing has
an effect on the jet shape which is smaller than 2%.

— An uncertainty arising from the amount of passive ma-
terial in the detector is derived using the algorithm de-
scribed in Ref. [66] as a result of the studies carried out
in Ref. [[67]. Low-energy clusters (E < 2.5 GeV) are re-
moved from the reconstruction according to a probabil-
ity function given by Z2(E = 0) x e 2F, where Z(E =
0) is the measured probability (28%) of a charged parti-
cle track to be associated with a zero energy deposit in
the calorimeter and E is the cluster energy in GeV. As a
result, approximately 6% of the total number of clusters
are discarded. The impact of this cluster-removing algo-
rithm on the measured jet shapes is smaller than 2%.

— As a further cross-check an unfolding of the track-based
jet shapes to the particle level has also been performed.
The differences from those obtained using calorimetric
measurements are of a similar scale to the ones discussed
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for the cluster energy, angular smearing and dead mate-
rial.

— An uncertainty arising from the jet energy calibration
(JES) is taken into account by varying the jet energy
scale in the range 2% to 8% of the measured value, de-
pending on the jet pr and 7. This variation is different
for light jets and b-jets since they have a different parti-
cle composition.

— The jet energy resolution is also taken into account by
smearing the jet pr using a Gaussian centred at unity
and with standard deviation o; [68]. The impact on the
measured jet shapes is about 5%.

— The uncertainty due to the JVF requirement is estimated
by comparing the jet shapes with and without this re-
quirement. The uncertainty is smaller than 1%.

— An uncertainty is also assigned to take pile-up effects
into account. This is done by calculating the differences
between samples where the number of pp interaction
vertices is smaller (larger) than five and the total sam-
ple. The impact on the differential jet shapes varies from
2% to 10% as r increases.

— An additional uncertainty due to the unfolding method is
determined by comparing the correction factors obtained
with three different MC samples, POWHEG + PYTHIA,
POWHEG + JIMMY and ACERMC [35]] with the PERU-
GIA 2010 tune [36], to the nominal correction factors
from the MC @ NLO sample. The uncertainty is defined
as the maximum deviation of these three unfolding re-
sults, and it varies from 1% to 8%.

Additional systematic uncertainties associated with details
of the analysis such as the working point of the b-tagging
algorithm and the AR > 0.8 cut between jets, as well as
those related to physics object reconstruction efficiencies
and variations in the background normalisation are found
to be negligible. All sources of systematic uncertainty are
propagated through the unfolding procedure. The resulting
systematic uncertainties on each differential or integrated
shape are added in quadrature. In the case of differential jet
shapes, the uncertainty varies from 1% to 20% in each pr
bin as r increases, while the uncertainty for the integrated
shapes decreases from 10% to 0% as one approaches the
edge of the jet cone, where r = R.

11 Discussion of the results

The results at the particle level are presented, together with
the total uncertainties arising from statistical and system-
atic effects. The averaged differential jet shapes (p(r)) are
shown in the even-numbered Figs. [T2H20] as a function of
r and in bins of pr, while numerical results are presented
in the odd-numbered Tables [SHI3l The observation made at
the detector level in Sect. [§|that b-jets are broader than light

jets is strengthened after unfolding because it also corrects
the light-jet sample for purity effects. Similarly, the odd-
numbered Figs. show the integrated shapes (¥(r)) as
a function of r and in bins of pr for light jets and b-jets. Nu-
merical results are presented in the even-numbered Tables
As before, the observation is made that b-jets have a
wider energy distribution inside the jet cone than light jets,
as it can be seen that (¥},) < () for low pr and small r.
These observations are in agreement with the MC calcu-
lations, where top-quark pair-production cross sections are
implemented using matrix elements calculated to NLO ac-
curacy, which are then supplemented by angular- or trans-
verse momentum-ordered parton showers. Within this con-
text, both MC@NLO and POWHEG+PYTHIA give a good
description of the data, as illustrated in Fig. [T2H2T]
Comparisons with other MC approaches have been made
(see Fig. [22). The PERUGIA 2011 tune, coupled to ALP-
GEN+PYTHIA, POWHEG+PYTHIA and ACERMC+PYTHIA,
has been compared to the data, and found to be slightly dis-
favoured. The ACERMC generator [35]] coupled to PYTHIA
for the parton shower and with the PERUGIA 2010 tune [36]
gives a somewhat better description of the data, as does the
ALPGEN [39]] generator coupled to HERWIG.

ACERMC coupled to TUNE A PRroO [69,[70] is found to give
the best description of the data within the tunes investigated.
Colour reconnection effects, as implemented in TUNE A CR
Pro [69, [70] have a small impact on this observable, com-
pared to the systematic uncertainties.

Since jet shapes are dependent on the method chosen to
match parton showers to the matrix-element calculations and,
to a lesser extent, on the fragmentation and underlying-event
modelling, the measurements presented here provide valu-
able inputs to constrain present and future MC models of
colour radiation in #7 final states.

MC generators predict jet shapes to depend on the hard scat-
tering processs. MC studies were carried out and it was found
that inclusive b-jet shapes, obtained from the underlying hard
processes gg — bb and gb — gb with gluon splitting g — bb
included in the subsequent parton shower, are wider than
those obtained in the 7 final states. The differences are inter-
preted as due to the different colour flows in the two different
final states i.e. ¢7 and inclusive multi-jet production. Similar
differences are also found for light-jet shapes, with jets gen-
erated in inclusive multi-jet samples being wider than those
from W-boson decays in top-quark pair-production.

12 Summary

The structure of jets in ¢ final states has been studied in both
the dilepton and single-lepton modes using the ATLAS de-
tector at the LHC. The first sample proves to be a very clean
and copious source of b-jets, as the top-quark decays pre-
dominantly via t — Wb. The second is also a clean source
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of light jets produced in the hadronic decays of one of the
W bosons in the final state. The differences between the b-
quark and light-quark jets obtained in this environment have
been studied in terms of the differential jet shapes p(r) and
integrated jet shapes ¥(r). These variables exhibit a marked
(mild) dependence on the jet transverse momentum (pseu-
dorapidity).

The results show that the mean value (¥(r)) is smaller for
b-jets than for light jets in the region where it is possible to
distinguish them, i.e. for low values of the jet internal ra-
dius r. This means that b-jets are broader than light-quark
jets, and therefore the cores of light jets have a larger energy
density than those of b-jets. The jet shapes are well repro-
duced by current MC generators for both light and b-jets.
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Table 5 Unfolded values for {p(r)), together with statistical and sys-
tematic uncertainties for 30 GeV < pr < 40 GeV.
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30 GeV < pr < 40 GeV. The uncertainties shown include statistical
and systematic sources, added in quadrature.

Table 6 Unfolded values for (¥(r)), together with statistical and sys-
tematic uncertainties for 30 GeV < pr < 40 GeV.

r (py(r)) [b-jets] — (py(r)) [light jets]
002 3.84+0.15102 7644027 0%
0.06 6.06+0.14 031 6.10+0.16 704
0.10 520+0.11 1324 3.75+0.10 *5:32
0.14 3454009 *912 2284007 79M
0.18 221+0.06*13 1504 0.05 514
022 1.58+0.04 1319 1,08 +0.03 59
026 1.15+0.03 013 0.83+0.03 01
0.30 0.80 +0.02 3% 0.64 +0.02 1007
0.34  0.600.01 *3%  0.53 +0.01 *397
0.38 0.32+0.01 3% 0.28+0.01 5%

r (W (r)) [b-jets] (%(r)) [light jets]
0.04 0.154 +0.006 5912 0.306 + 0.011 0937
0.08 0.395+0.007 5922 0.550 + 0.009 *0:93]
0.12  0.602 + 0.006 F3925  0.706 + 0.007 +0:028
0.16  0.739 +0.004 73923 0.802 + 0.005 75923
020 0.825+0.003 t0:920  0.863 + 0.004 +5:920
0.24 0.887 +0.003 5316 0.907 + 0.003 F0:918
0.28  0.934 +0.002 3912 0.942 + 0.002 F5911
032 0.964 4 0.001 Y997 0.967 + 0.001 +3:907
0.36  0.988 +0.001 T390 0.989 + 0.001 *5-993
0.40 1.000 1.000
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Fig. 14 Differential jet shapes (p(r)) as a function of the radius r
for light jets (triangles) and b-jets (squares). The data are compared
to MC @NLO+HERWIG and POWHEG+PYTHIA event generators for
40 GeV < pr < 50 GeV. The uncertainties shown include statistical
and systematic sources, added in quadrature.

Table 7 Unfolded values for {p(r)), together with statistical and sys-
tematic uncertainties for 40 GeV < pr < 50 GeV.
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Fig. 15 Integrated jet shapes (¥(r)) as a function of the radius r
for light jets (triangles) and b-jets (squares). The data are compared
to MC @ NLO+HERWIG and POWHEG+PYTHIA event generators for
40 GeV < pr < 50 GeV. The uncertainties shown include statistical
and systematic sources, added in quadrature.

Table 8 Unfolded values for (¥(r)), together with statistical and sys-
tematic uncertainties for 40 GeV < pr < 50 GeV.

r (Pp(r)) [b-jets]

{p1(r)) [light jets]

0.02
0.06
0.10
0.14
0.18
0.22
0.26
0.30
0.34
0.38

0.58
4.66 + 0.15 +0:38

7.23 £0.14 7533
52240.11 7933
3.12 £ 0.07 7313
1.83 £ 0.05 7013
1.12 £ 0.03 759
0.83 £ 0.02 7519
0.59 £ 0.02 75
0.46 £ 0.01 T
0.26 £+ 0.01 T3

9.39 £0.34 "1
6.14 +0.17 T4
3.27 £0.10 7937
1.85 + 0.07 7518
1.28 £ 0.05 01
0.95 £ 0.04 701
0.69 & 0.03 *0-%8
0.56 & 0.02 799
0.41 +0.01 T3
0.23 £ 0.01 799

r (B (r)) [b-jets]

(H(r)) [light jets]

0.04
0.08
0.12
0.16
0.20
0.24
0.28
0.32
0.36
0.40

0.187 £ 0.006 0053
0.475 £ 0.007 0033
0.683 + 0.005 3057
0.805 £ 0.004 +0-023
0.876 + 0.003 *3017
0.918 £ 0.002 *301
0.950 + 0.002 *0019
0.973 £ 0.001 10007
0.990 + 0.001 0005
1.000

0.376 £ 0.013 70043
0.621 +0.011 0032
0.757 £ 0.008 3053
0.832 + 0.006 3951
0.885 + 0.004 T9017
0.925 +0.003 9012
0.953 +0.002 T0019
0.976 + 0.001 3000
0.992 + 0.001 0003
1.000
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Fig. 16 Differential jet shapes (p(r)) as a function of the radius r
for light jets (triangles) and b-jets (squares). The data are compared
to MC @NLO+HERWIG and POWHEG+PYTHIA event generators for
50 GeV < pr < 70 GeV. The uncertainties shown include statistical
and systematic sources, added in quadrature.

Table 9 Unfolded values for {p(r)), together with statistical and sys-
tematic uncertainties for 50 GeV < pr < 70 GeV.

r (pp(r)) [b-jets] (p1(r)) [light jets]
0.02 6.19+0.13 704 10.82 + 0.31 758
006 8.14+0.1170% 617 +0.14 754
0.10 4.62+0.06 017 2.9240.08 51
0.14 2.5040.04 %929 156+ 0.05 £993
0.18 1.40+0.03 011 1,04 +0.04 T8
022 0.87+0.02%09  0.75+0.03 5%
026 0.60+0.01 *3% 054 +0.02 1307
0.30 0.45+0.01 *9% 044 £0.01 70
034 0364001 *0%  034+001 £
0.38 0.2140.00 3% 023 40.01 0
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Fig. 17 Integrated jet shapes (¥(r)) as a function of the radius r
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for light jets (triangles) and b-jets (squares). The data are compared
to MC @ NLO+HERWIG and POWHEG+PYTHIA event generators for
50 GeV < pr < 70 GeV. The uncertainties shown include statistical
and systematic sources, added in quadrature.

Table 10 Unfolded values for (¥(r)), together with statistical and sys-
tematic uncertainties for 50 GeV < pr < 70 GeV.

r (W (r)) [b-jets] (%(r)) [light jets]
0.04 0.248 +0.005 70019 0.433 +£0.012 T02
0.08 0.573 4 0.005 *0:924  0.686 + 0.009 +5:920
0.12 0.753 4 0.004 9923 0.807 + 0.006 3917
0.16  0.851 4 0.003 19919 0.868 + 0.004 +0:917
020  0.905 £ 0.002 *9913 0,909 + 0.003 +0-91¢
0.24 0938 +0.001 3912 0.939 + 0.002 F5:912
0.28 0.961 +0.001 5998 0.960 + 0.002 +0:998
0.32 0978 +0.001 523 0.977 + 0.001 +0:99
0.36  0.992 +0.000 T3:99  0.990 + 0.001 *5-93
0.40 1.000 1.000
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Fig. 18 Differential jet shapes (p(r)) as a function of the radius r
for light jets (triangles) and b-jets (squares). The data are compared
to MC @NLO+HERWIG and POWHEG+PYTHIA event generators for
70 GeV < pr < 100 GeV. The uncertainties shown include statistical
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and systematic sources, added in quadrature.

Table 11 Unfolded values for (p(r)), together with statistical and sys-

tematic uncertainties for 70 GeV < pr < 100 GeV.

r (pp(r)) [b-jets] (p1(r)) [light jets]
0.02 898 +0.15703  1237+0.38 709
006 8.14+0.10%017 544 +0.16 1538
0.10 3.80+£0.05 %023 242 +0.08 )18
0.14 1744003019 1.524+0.06 *Q!1
0.18 1.00+0.02 993 0.89 +0.04 £903
022 0.66+0.01 *3% 068 +0.03 130
026 0.47+0.01 1393 045+ 0.02 130
030 0.34+0.01709 0384002 9%
034 026+001*9% 0284001 9%
038 0.17+0.00*9%2  0.18 +0.01 393
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Fig. 19 Integrated jet shapes (¥(r)) as a function of the radius r
for light jets (triangles) and b-jets (squares). The data are compared
to MC @ NLO+HERWIG and POWHEG+PYTHIA event generators for
70 GeV < pr < 100 GeV. The uncertainties shown include statistical
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and systematic sources, added in quadrature.

Table 12 Unfolded values for (¥(r)), together with statistical and sys-

tematic uncertainties for 70 GeV < pr < 100 GeV.

r (W, (r)) [b-jets] (#(r)) [light jets]
0.04 0.359 4 0.006 19922 0.495 + 0.015 *0:037
0.08 0.678 +0.005 t3023 0.718 + 0.010 032
0.12  0.827 +0.003 F917 0.818 + 0.007 3019
0.16  0.891 + 0.002 F912 0.883 + 0.005 *J012
0.20  0.928 +0.002 3311 0.919 + 0.004 F5:919
0.24  0.954 +0.001 F3005  0.947 + 0.003 +3:008
0.28  0.972 +0.001 70006 0.965 & 0.002 597
0.32  0.984 +0.001 7000,  0.981 =£0.001 *900¢
0.36  0.993 +0.000 5902 0.992 + 0.001 +0:592
0.40 1.000 1.000




A Qg T
= of. ATLAS (s=7Tev J'Ldt=1_8fb.1 E
v ]
14 b-jets (R = 0.4) —
//4 SR Data (stat @ sys) ]
2w --m-- MC@NLO+Herwig

R : ]

10— PowHeg+Pythia A

F light jets (R = 0.4) ]

8 e 4454 Data (stat @ sys) ]

oF- s —a&— MC@NLO+Herwig ]

C —a— PowHeg+Pythia B

| —A— ]

41— 3
2k 3

nk —

<¥(r>

0.8—

0.6—

0.4—

ATLAS (s=7TeV

100 GeV < P, < 150 GeV

b-jets (R = 0.4)
B Data (stat ® sys)
————— MC@NLO+Herwig
PowHeg+Pythia

LI B L ) L B O

“.: \‘\HHW

PowHeg/Data MC@NLO/Data

o
@
TTTTTT

Fig. 20 Differential jet shapes (p(r)) as a function of the radius r
for light jets (triangles) and b-jets (squares). The data are compared
to MC @NLO+HERWIG and POWHEG+PYTHIA event generators for
100 GeV < pt < 150 GeV. The uncertainties shown include statistical

and systematic sources, added in quadrature.

Table 13 Unfolded values for (p(r)), together with statistical and sys-

tematic uncertainties for 100 GeV < pr < 150 GeV.

r {pp(r)) [b-jets] (p1(r)) [light jets]
0.02 11.48 +£0.20 7070 13.89 £0.54 7%
0.06 7.08+0.11102% 4,68 +0.20 039
0.10 294+0.05752  231+0.11 703
0.14  1.37+00310% 1274007 0%
0.18 0.85+0.0273%  0.74 +0.05 %
022 0.58+0.02755% 058 +0.05 12
026 0.39+001 303 0.39+0.03 008
030  0.29+0.01 3% 031+ 0.02 3%
034 021+00110%2 024400100
0.38  0.14 £0.00 392 0.15+0.01 7%
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Fig. 21 Integrated jet shapes (¥(r)) as a function of the radius r

for light jets (triangles) and b-jets (squares). The data are compared
to MC @ NLO+HERWIG and POWHEG+PYTHIA event generators for
100 GeV < pt < 150 GeV. The uncertainties shown include statistical
and systematic sources, added in quadrature.

Table 14 Unfolded values for (¥(r)), together with statistical and sys-

tematic uncertainties for 100 GeV < pr < 150 GeV.

r (W, (r)) [b-jets] (#(r)) [light jets]
0.04 0.459 £0.008 T003%  0.556 + 0.022 002
0.08 0.734 +0.005 “991% 0743 + 0.014 +0033
0.12 0.852 4 0.004 0913 0.843 + 0.010 *002!
0.16  0.904 + 0.002 70010 0.898 + 0.007 T99!7
0.20  0.937 +0.002 F39%8  0.928 + 0.005 FJ01
0.24  0.960 + 0.001 T 0,954 + 0.003 .98
0.28 0975 +0.001 593 0.970 + 0.002 +9:99
0.32 0986 +0.001 T390 0.983 + 0.001 +5-93
0.36  0.994 +0.000 591 0.994 + 0.001 50!
0.40 1.000 1.000
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Fig. 22 Comparison of the ¢7 differential jet shape data for 50 GeV < pr < 70 GeV with several MC event generators. As stated in the text,
ACERMC coupled to PYTHIA with the A PRO and A CR PRO tunes give the best description of the data, while the PERUGIA
2011 [36] tunes are found to be slightly disfavoured. ALPGEN + JIMMY [28] [39] provides an intermediate description.
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