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ATLAS has collected a large number of hadronically 
decaying boosted top quarks and W bosons.   

 

The orientations of their constituents, measured in 
the calorimeter or the inner detector, provide 

powerful tools for understanding their properties and 
discriminating them from background processes. 

1 Introduction

Due to the confining nature of the strong force, probing the chromodynamic connections between partons
produced in pp collisions at the Large Hadron Collider (LHC) directly is not possible. However, some
information from the colour connections of partons is retained by the observable objects - collimated
streams of particles known as jets. First defined in Ref. [1], the jet pull is a kinematic variable built from
momentum-weighted radial moments of jet constituents (jet substructure) combined with information
from the relative orientations of jets in the event (jet superstructure) that was designed to be sensitive
to the colour flow between the initiating partons of jets. Probing colour flow with the ATLAS detector
is interesting in its own right as a direct probe of quantum chromodynamics, and can also be used as a
discriminating variable to isolate colour singlets such as Higgs bosons from colour octets (e.g. gluons)
as suggested in Ref. [2] and used experimentally in Ref. [3–5]. The first experimental study of colour
connection using jet pull was performed on another colour singlet, the W boson, at D0 [6]. The purpose
of this note is to establish the detector performance aspects of jet pull, so that it can be used in future
physics measurements with ATLAS. Section 2 formally defines the jet pull angle and sets the notation
and nomenclature. Section 3 describes the object and event selection. Section 4 contains the main results
of the note, describing the impact of the detector response on the jet pull angle distribution. There are
separate subsections describing the reconstructed jet pull angle distribution (4.1), the inclusive detector
response (4.2) as well as the dependence of the response on kinematics (4.3), the dependence of the
response on the distribution of constituents (4.4), and relationships between the jet pull angle (response)
and other event properties (4.5). Finally, Section 5 shows the distribution of the jet pull angle in the data
and compares with the simulation as a validation of the features observed in the reconstructed simulation
in Section 4.

2 Jet Pull

The pull vector for a jet J is vP(J) =
P

i2J
pi

T |~ri |
pJ

T
~ri, where the sum runs over constituents of the jet J and

~ri = (�yi,��i) with respect to the position of the jet axis in rapidity (y) - azimuthal angle (�) space1.
Given the pull vector for jet J1, a variable sensitive to the underlying colour connections to another jet J2
is the angle the pull vector for J1 makes with respect to the vector connecting J1 and J2 in (�y,��) [1].
This jet pull angle is shown graphically in Fig. 1 and will be denoted ✓P(J1, J2). For physics processes that
preserve Lorentz symmetry, only the magnitude of ✓P (for �⇡ < ✓P  ⇡) is relevant and so henceforth,
✓P(J1, J2) refers to modulus of the angle in (�y,��) space. Since the pull vector is weighted by pT and
�R =

p
�⌘2 + ��2 to the jet axis, large angle soft radiation can be important. The magnitude of the pull

vector, |vP(J)|, will be discussed in the context of the pull angle resolution in Sec. 4.4.

1ATLAS 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 ✓ as ⌘ = �ln tan(✓/2). Transverse momentum and energy are defined in the
x � y-plane as pT = p · sin(✓) and ET = E · sin(✓).
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Since the inner detector and calorimeter measurements 
are independent, one can be used as a handle on the 

response (reco jet / truth jet) of the other. 
 

For jet mass, this is the only handle on the inclusive 
response in situ.  For pT, we now also have γ+jet; for a 
few topologies, can use hadronic (W/top) resonances.   

Determining the Jet Mass Performance In Situ 

The jet pull vector is a weighted radial 
(2nd) moment over jet constituents.  Its 

magnitude describes the spread of 
energy in the jet and its direction with 

respect to other jets contains 
information about inter-jet radiation. 

 
The angle is insensitive to the overall jet 

energy (uncertainty), but depends on 
cluster/track energy/angle resolutions.

Jet Sub/Superstructure Performance 

In addition to developing pileup jet 
taggers (crucial for jet vetoes in e.g. 
VBF Higgs), we have used tracks to 
commission pileup subjet taggers. 

 
Similar performance to trimming, 

even though orthogonal information 
(tracks vs calo) is used in the 

selection of subjets to remove.

Subjet Pileup Jet Discrimination 

 

In the near future, ATLAS will face 10 x more collisions per bunch crossing – an 
unprecedented level of noise in the calorimeter, detrimental to jet substructure.  

 

Techniques developed at low µ can still work at high µ, e.g. trimmed jet mass.  
Studies ongoing for the preservation of soft-radiation sensitive observables.

Looking Ahead: Prospects for Jet mass with High Pileup 

7+8 TeV and Beyond: the Era of Jet Substructure 

ATLAS Standard:  
Trimmed with Rsub = 0.3 

generation as well as for the modeling of the parton shower and hadronization of Z(! µµ)+jets events.
Additionally, an alternative sample of Z(! µµ)+jets events is generated with PowHegV1.0 and showered
with Pythia8 [20]. W +jets production is based on Alpgen V2.14 [21], with the parton shower modelled
with PYTHIA 6.4 and the Perugia2011C tune. QCD dijet events are produced with the Pythia8 generator
(version 8.160) using the CT10 PDF set and the AU2 CT10 underlying-event tune [22]. The e↵ect of
pileup jet suppression is studied in an example physics case using a sample of qq0 ! Hqq0, H ! ZZ.
These events are produced using PowHeg interfaced with Pythia8, using the CT10 PDF set and the AU2
CT10 underlying-event tune. The use of tracking information to suppress pileup jets in large-R jets is
studied using a simulated sample of W0 !WZ! qqqq events with a W0 mass of 1 TeV, generated with
Pythia8 and the MSTW 2008 PDF set [23].

For all samples of simulated events, the e↵ect of in-time as well as out-of-time pileup is simulated
using minimum-bias events generated with Pythia8 to reflect the pileup conditions during the 2012 data-
taking period. All generated events were processed with a detailed simulation of the ATLAS detector
response [24] based on geant4 [25] and subsequently reconstructed and analyzed in the same way as the
data.

3 New variables

Two new variables to separate hard-scatter (HS) from pileup (PU) jets are introduced: corrJVF, which is
a pileup-corrected JVF variable, and RpT, which combines both calorimeter and tracking information.

3.1 corrJVF

The quantity corrJVF is a variable similar to JVF, but corrected for the NVtx dependent average scalar
sum pT from pileup tracks associated with a jet (hpPU

T i). It is defined as

corrJVF =
P

k ptrkk
T (PV0)

P
l ptrkl

T (PV0) +
P

n�1
P

l ptrkl
T (PVn)

(k·nPU
trk )

. (2)

where
P

k ptrkk
T (PV0) is the scalar pT sum of the tracks that are associated with the jet and originate from

the hard-scatter vertex. The term pPU
T =

P
n�1
P

l ptrkl
T (PVn) denotes the scalar pT sum of the associated

tracks that originate from any of the pileup interactions. To correct for the linear increase of hpPU
T i with

the total number of pileup tracks per event (nPU
trk ), we divide pPU

T in the corrJVF definition by (k · nPU
trk )

with k = 0.01. The total number of pileup tracks per event is computed from all tracks associated with
vertices other than the hard-scatter vertex. The scaling factor k is roughly taken as the slope of hpPU

T i
with nPU

trk , but the resulting discrimination between hard-scatter and pileup jets is insensitive to the choice
of k5.

Figure 2(a) shows the corrJVF distribution for pileup and hard-scatter jets in simulated dijet events.
A value corrJVF = �1 is assigned to jets with no associated tracks. About 1% of hard-scatter jets with
20 < pT < 30 GeV have no associated hard-scatter tracks and thus corrJVF = 0.

Figure 2(b) shows the hard-scatter jet e�ciency as a function of the number of reconstructed primary
vertices in the event when imposing a minimal corrJVF or JVF requirement such that the NVtx inclusive
e�ciency is 90%. For the full range of NVtx considered, the hard-scatter jet e�ciency after a selection
based on corrJVF is stable at 90% ± 1%, whereas for JVF the e�ciency degrades by about 20%, from
97% to 75%. The choice of the scaling factor k in the corrJVF distribution does not a↵ect the stability of
the hard-scatter jet e�ciency with NVtx.

5With this particular choice of k, the resulting corrJVF shapes for hard-scatter and pileup jets are similar to the correspond-
ing ones of JVF.
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and the calorimeter have largely uncorrelated instrumental systematic e↵ects, and so a

comparison of variables such as jet mass and energy between the two systems allows a

separation of physics (correlated) and detector (uncorrelated) e↵ects. It is therefore possible

to validate the JES and JMS, and also to estimate directly the pile-up energy contribution

to jets. This approach was used extensively in the measurement of the jet mass and

substructure properties of jets in the 2010 data [20] where pile-up was significantly less

important and the statistical reach of the measurement was smaller than with the full

integrated luminosity of 4.7 fb�1 for the 2011 dataset.

The relative uncertainty is determined using the ratio of the transverse momentum of

the calorimeter jet, pjet
T

, to that of the track-jet, ptrack jet

T

. The same procedure is repeated

for the jet mass, mjet, by using the track-jet mass, mtrack jet. The ratios are defined as

rpT
track jet

=
pjet
T

ptrack jet

T

, rm
track jet

=
mjet

mtrack jet

, (3.1)

where the matching between calorimeter and track-jets is performed using a matching

criterion of �R < 0.3. The mean values of these ratios are expected to be well described

by the detector simulation if detector e↵ects are well modelled. That is to say, even if some

underlying physics process is unaccounted for in the simulation, as long as this process

a↵ects both the track-jet and calorimeter-jet p
T

or masses in a similar way, then the ratio

of data to simulation should be relatively una↵ected when averaged over many events.

Double ratios of rm
track jet

and rpT
track jet

are constructed in order to evaluate this agree-

ment. These double ratios, RpT
r track jet

and Rm

r track jet

, are defined as:

RpT
r track jet

=
rpT,data
track jet

rpT,MC

track jet

, Rm

r track jet

=
rm,data

track jet

rm,MC

track jet

. (3.2)

The dependence of RpT
r track jet

and Rm

r track jet

on pjet
T

and mjet provides a test of the

deviation of simulation from data, thus allowing an estimate of the uncertainty associated

with the Monte Carlo derived calibration.

Figure 8 shows the distribution of rm
track jet

for two jet algorithms and for jets in the

range 500 GeV  pjet
T

< 600 GeV in the central calorimeter region, |⌘| < 0.8. Compar-

isons between MC simulation and the data are made using PYTHIA, HERWIG++, and

POWHEG+PYTHIA, where the distributions are normalized to the number of events

observed in the data. This pjet
T

range is chosen for illustrative purposes and because of

its relevance to searches for boosted vector bosons and top quarks, as the decay products

of both are expected to be fully merged into a large-R jet in this transverse momentum

range. The peak near rm
track jet

⇡ 2 and the shape of the distribution are both generally well

described by the Monte Carlo simulations. Both the ungroomed and the trimmed anti-k
t

,

R = 1.0 distributions show some discrepancies at very low rm
track jet

, where the description

of very soft radiation and hadronization is important, and at high values of rm
track jet

, above

rm
track jet

& 4. The di↵erences are approximately 20%. However, these spectra are used

primarily to test the overall scale, so that the important comparison is of the mean values

of the distributions, which are quite well described.
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2

The analysis presented in this Letter builds upon the53

pioneering work from D0 to measure the jet pull angle54

in pp collisions at the LHC with the ATLAS detector at55 p
s = 8 TeV. The strategy differs significantly from the56

analysis presented by D0. Instead of testing templates in57

the reconstructed data, the jet pull angle distribution is58

corrected for detector resolution and acceptance effects59

in order for direct comparison with particle-level predic-60

tions for models of physics beyond the SM as well as61

various tunes of non-perturbative physics. In addition,62

since the ATLAS detector independently measures the63

charged and inclusive energy distributions in jets, each is64

used as the constituents in Eq. ?? to provide additional65

information. A detailed description of the ATLAS detec-66

tor can be found elsewhere [? ]. This analysis uses the67

20.3 fb�1 dataset collected with the ATLAS detector at68

8 TeV.69

Jets are clustered using the anti-kt algorithm [? ] with70

distance parameter R = 0.4, reconstructed from topo-71

logical calorimeter clusters [? ] using the local cluster72

weighting (LCW) algorithm [? ] and calibrated to ac-73

count for the detector response as well as to mitigate the74

contributions from pileup [? ]. The all-particles pull an-75

gle is built from the calorimeter clusters assigned to a76

given jet. As part of the jet calibration procedure, the77

jet axis is corrected to point toward the reconstructed78

primary vertex. Since the Eq. ?? depends explicitly on79

the choice of jet axis, it is essential to also correct the80

cluster positions to point toward the primary vertex in-81

stead of the geometric center of the detector. This cor-82

rection depends on cluster’s geometric ⌘ as well as its83

radial location and the measured primary vertex longi-84

tudinal position. Jets selected for the pull angle calcu-85

lation are required to have |⌘| < 2.1 so that they are86

within coverage of the inner detector used for tracking.87

Tracks are reconstructed from hits in the inner detector88

and are required to have pT > 500 MeV and pass various89

quality criteria to suppress fakes and remove the depen-90

dence on pileup. The charged-particles pull angle is built91

from tracks that are ghost associated to a given jet [? ?92

]. In order to remove the sensitivity to the jet angular93

resolution, the charged-particles pull angle is constructed94

using the four-vector sum of associated tracks as the axis95

in Eq. ??.96

In order to isolate a pure sample of hadronically de-97

caying W bosons, events are selected targeting a tt̄ !98

bW (! qq0)bW (! l⌫) final state. Events are triggered99

with isolated electron and muon triggers, requiring the100

trigger-matched offline lepton to have pT > 25 GeV101

and |⌘| < 2.5. Basic quality criteria are imposed, in-102

cluding the existence of � 1 primary vertex associated103

with � 5 tracks with pT > 0.4 GeV. Furthermore,104

the missing transverse momentum Emiss
T > 20 GeV and105

Emiss
T + mT > 60 GeV, where mT is the transverse mass106

of the selected lepton and the ~Emiss
T . Events must have107

� 4 jets with pT > 25 GeV. At least two of these jets108

must be identified as b-quark jets using the multivariate109

discriminant ‘MV1’ [? ] which includes impact param-110

eter and secondary vertex information as inputs. The111

chosen MV1 working point corresponds to an average b-112

tagging efficiency of 70% for b-jets in simulated tt̄ events.113

At least two jets must not be b-tagged; the two leading114

such jets are declared the hadronic W daughter candi-115

dates. This procedure selects a sample that is expected116

to contain approximately 90% tt̄ events. Table ?? shows117

the predicted composition.118

h1 � Rm
r track jeti

Simulated samples are produced in order to determine119

the detector response and estimate the non-tt̄ contribu-120

tions in the data. Top quark pair production is simu-121

lated using the next-to-leading order (NLO) generator122

PowHeg-r2129 [? ? ? ] with parton density func-123

tion (PDF) set CT10 [? ? ], and parton showering and124

hadronization modeled by PYTHIA 6. As alternatives to125

the nominal, PowHeg and MC@NLO 4.06 [? ? ] are inter-126

faced with HERWIG [? ] and JIMMY [? ] for the parton127

shower and underlying event model, respectively. The128

sub-leading backgrounds are single top s-, t-, and Wt-129

channels (PowHeg+PYTHIA 6), Dibosons (Sherpa 1.4.1 [?130

]), V +jets (Alpgen 2.1.4 [? ]+PYTHIA 6 with the CTEQ6L1131

PDF set [? ]). For all uses of PYTHIA 6, the version is132

426.2 and the tune is the Perugia2011C tune [? ]. In133

addition, for all uses of HERWIG, the version is 6.520.2134

and the tune is the AUET2 tune [? ]. Simulated events135

are processed with a full ATLAS detector and trigger136

simulation [? ] based on the Geant4 [? ] toolkit137

and reconstructed using the same software as the exper-138

imental data. The effects of additional pp collisions per139

bunch crossing (pileup) were modeled by adding multiple140

minimum-bias events simulated with PYTHIA 8.160 [? ]141

to the generated hard-scatter events. The distribution of142

the number of interactions is then weighed to reflect the143

pileup distribution in the 2012 data.144

To test the sensitivity of the jet pull angle to the sin-145

glet nature of the W boson, a sample was simulated with146

a color octet W boson. The octet W boson is simulated147

using the same setup as the nominal tt̄ setup described148

above. Using the LHE [? ] produced from PowHeg, the149

ICOLUP blocks are inverted such that one of the W daugh-150

ters shares a color line with the b quark and one shares151

a line with the top quark. See Fig. ?? for a schematic152

drawing of this inversion. This sample will be referred to153

as flipped.154

In order to make direct comparisons with various theo-155

retical models, the data are unfolded to particle-level ob-156

jects constructed using fiducial definitions. The first step157

of the measurement is to subtract from the data an esti-158

mate of the non-tt̄ backgrounds. The W+jets and mul-159

tijet backgrounds are estimated from the data using the160

charge asymmetry and matrix methods, respectively [?161

]. The other backgrounds are estimated from simulation.162

After subtraction, the data are unfolded using an iter-163

ative Bayesian (IB) technique [? ] with the RooUnfold164

framework [? ]. The IB method iteratively applies Bayes’165

Uncertainty =  
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Orthogonal  
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from the 
 inner detector 
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calorimeter 

 Independent of cluster uncertainties 
 
 
 Impacted by (calo) jet angular resolution 

Trimming to 
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and UE 

Large radius jets 
can contain 

boosted bosons 
pT ≳ 200 GeV 

Track are 
independent of 
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local cluster 
weighting 
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cluster energy:  
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