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Introduction Overview

Today’s Talk

• ATLAS is continuing to refine our understanding of jet substructure
observables

• As the analysis of the Run I dataset finishes, we are able to make some
of the most complex and interesting studies yet

• Showing results on two new ATLAS performance measurements
today:

1 Quark/Gluon Discrimination
Introduction
Templates and Validation
Tagger and Performance

2 Jet Pull
Overview
Resolution Effects
Data/MC
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Quark/Gluon Discrimination Introduction

History and Motivation

• Quark-initiated and gluon initiated jets have long been
known to have different properties

• Well measured at PETRA, SLAC, LEP, others

• Two papers from Schwartz and Gallicchio in 2011, along
with previous efforts in ATLAS, led to a push for creating
and commissioning a quark-gluon tagger

• Theory paper (1106.3076) investigated the best variables
to use to train a tagger, in parallel to our own efforts

• Many potential applications in searches for new physics
and standard model measurements

• Separate (resolved) hadronically decaying bosons from
gluon dominated backgrounds (diboson searches, Higgs,
etc.), improve discrimination in dijet searches, monojet
characterization, many more
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FIG. 3: Gluon rejection curves for several observables as a
function of Quark Jet Acceptance. The results for 200 GeV
Jets are shown, but other samples give similar results. The
best pair of observables is charged track multiplicity and lin-
ear radial moment (girth). The best group of five also includes
jet mass for the hardest subjet of size R=0.2, the average kT

of all Rsub=0.1 subjets, and the 3rd such small subjet’s pT

fraction.

achieves optimal gluon rejection for a fixed quark effi-
ciency is a simple cut on the appropriate likelihood con-
tour. Cutting out the top-right corner, for example, elim-
inates the most egregiously gluey jets. In practice, this
can be pre-computed or measured in each jet pT window.
As part of jet energy scale calibrations, Atlas [21] has
measured these two variables in di-jet, γ-jet, and multi-
jet samples and used them individually to determine the
flavor composition to 10% precision.

The same method can be applied for more than 2 ob-
servables, but then the exact likelihood becomes impos-
sible to map efficiently with limited training samples. A
multivariate technique like Boosted Decision Trees can
be employed to approximate this multidimensional like-
lihood distribution, as explained in [17].

In summary, quite a number of single variables do com-
parably well, while some (like pull or planar flow) do quite
poorly at gluon tagging. We examined many combina-
tions of observables, and found significant improvement
by looking at pairs, but only marginal gains beyond that.
The results for the gluon rejection as a function of quark
efficiency are shown for a number of the more interesting
observables and combinations in Figure 3 for 200GeV
jets. The relative performance of variables changed little
with pT even though the optimal cuts do. Definitions and
distributions of these variables, and thousands of others,
can be found on www.jets.physics.harvard.edu/qvg.
Good pairs of variables included one from the discrete
category described above, such as particle count, and one

more continuous shape variable, like the linear radial mo-
ment (girth).

As an example using these curves to estimate the im-
provement in a search’s reach, consider X → WW →
qq̄qq̄ whose background is mostly 4-jets from QCD, each
of which is a gluon 80% of the time [9]. By operating at
60% quark efficiency, only 1/10th of gluons pass the tag-
ger, which means (20%)4 of the total QCD background
passes. One measure of statistical significance in a count-
ing experiment is S/

√
B, perhaps within a particular in-

variant mass window. Any starting significance can be
improved by a factor of 3.2 using these cuts. The 60%
operating point was chosen to maximize this significance
improvement for this particular background composition,
which highlights the need to characterize background re-
jection for all signal efficiencies.

Measurements of these variables are underway, but it
would be very interesting to see distributions of and cor-
relations between as many of the variables in Figure 3
as possible. To this end, it has recently been observed
that 99% pure samples of quark jets can be obtained in
γ+2jet events, and 95% pure samples of gluon jets can be
obtained in 3-jet events [9]. These samples could provide
a direct evaluation of the tagging technique at all jet pT s,
verify and help improve the Monte Carlo generators, and
provide a test of perturbative QCD.

The authors would like to thank Gavin Salam for early
consultation, the participants of the Boston Jet Physics
Workshop for useful feedback, the FAS Research Com-
puting Group at Harvard University and the DOE under
Grant DE-AC02-76CH03000, for support.
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Quark/Gluon Discrimination Introduction

Variable Selection

• Important to choose pileup
robust variables: use only
tracking

• Need strong performance across
wide range of pT : ntrk has best
performance at highest, track
width better at low

• EEC variables have good
separation as well– but have
systematic issues (more in

backup )

• We use a likelihood combining
ntrk and track width
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Quark/Gluon Discrimination Templates and Validation

Template Methods

• Significant data/MC disagreement for the input variables required the
use of a data-driven template technique

quarks gluons

60% 40%+ =

+jet�

quarksgluons

40%+60%
=

dijet

• Take percentages from MC, measure γ+jet and dijet in data: solve
for quark and gluon distributions in data

• More information on method in backup
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Quark/Gluon Discrimination Templates and Validation

Templates with Data
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• Pythia disagrees with data in ntrk , leading to worse separation than
expected

• Track Width has better agreement, though not good at high pT
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Quark/Gluon Discrimination Templates and Validation

Purified Samples

• Are the data templates correct? How can we test these derived
shapes?

• Define topological/kinematic regions where jets are more likely to
be quark-initiated or gluon-initiated

• Trijet sample, with ζ = |η3| − |η1| − |η2| < 0 is gluon-like
• γ+2jet sample, with ξ = ηjet1 × ηγ + ∆R(jet2, γ) < 1 is quark-like
• See arXiv:1104.1175 for more details

• These regions have purity of ∼ 90%– good regions for validation of
templates!

• Not enough statistics to derive 2D templates, but enough to be useful
for validation
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Quark/Gluon Discrimination Templates and Validation

Pure Shapes: ntrk
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• Shapes from topologically purified samples generally agree with
extracted templates to 1 σ

• Shapes also agree for Track Width

• Independent sample confirms difference between data and MC
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Quark/Gluon Discrimination Tagger and Performance

Likelihood

• Define L = q/(q + g) separately in data and MC
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• Immediately can see that while shapes are similar, performance is
much worse in data

• Still enough to be useful! Define a tagger at 4 operating points: 0.3,
0.5, 0.7, and 0.9 quark efficiency
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Quark/Gluon Discrimination Tagger and Performance

Systematic Uncertainties

• Many different sources of error considered for the tagger:

1 PDF variations– affect q/g fractions
2 γ purity– affects data input
3 Heavy flavor shapes/fraction– affects MC inputs
4 Madgraph/Pythia fraction differences– affect q/g fractions
5 Non-closure/ sample dependence– affects data inputs
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Quark/Gluon Discrimination Tagger and Performance

Systematics Summary
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• Here, show breakdown of systematics for 50% quark-like o.p.

• Sample dependence is by far the largest effect
• Quarks/gluons from γ+jet do not look exactly like quarks/gluons from

dijets (in both Pythia and Herwig)
• Need to understand this effect to apply this tagger to other topologies
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Quark/Gluon Discrimination Tagger and Performance

Overview of Performance

• For measuring performance, we will show several different tests
together:

• Red points indicate performance of data tagger, tested on data
templates

• Red lines on those points indicate statistical uncertainties

• Teal band indicates systematic uncertainties
• Blue points indicate performance of pythia tagger, tested on pythia

templates
• Magenta points indicate performance of data tagger, tested on

purified data samples
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Quark/Gluon Discrimination Tagger and Performance

Gluon Efficiency vs. Quark Efficiency
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• Purified samples show slightly worse gluon efficiency than data, but
agreement within 1σ

• Data shows worse performance than Pythia– generally greater than
1σ disagreement

• Data lies between discrimination of Pythia and Herwig++
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Jet Pull
ATLAS-CONF-2014-048
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Jet Pull Overview

Overview

• Jet pull is designed to be sensitive to
the superstructure of the event: the
color connection between jets

• Combines substructure information
of one jet, with the full topology of
the event

• Can we measure the orientation of the
energy in one jet relative to another?

• D0 had a measurement in 2011, but
ATLAS (and CMS) have many more
events, and potentially more
sensitive detectors

• Today: a detailed study of the
performance of pull
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back
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FIG. 3: Event-by-event density plot of the pull vector of the b
jet in polar coordinates. The signal (connected to b̄ jet) is on
the left, the background (connected to the left-going, y = −∞
beam) is on the right. 105 events are shown.

in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.

To begin, we isolate the effect of the color connec-
tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y, φ) = (−0.5, −1) for one b and
(y, φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.

The superstructure feature of the jets in Figure 2 that
we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.

In constructing a jet moment, there are a number of
ways to weight the momentum, such as by energy or pT ,
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FIG. 2: (Color online) The average of the two jet θpull
rel dis-

tributions for jets in pairing (a) w and (b) b, in events with
exactly four jets, at least two b-tags, and the MW requirement
on the w-pair jets. The χ2/ndf compares the data to the total
MC distribution.
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FIG. 3: (Color online) (a) Leading-pT and (b) second-leading-

pT jet θpull
rel distributions for w-pair jets, in events with two

jets and no b-tagged jets. The χ2/ndf compares the data to
the total MC distribution.

tor. The jet pull is !t =
∑

cells,i
!ti/Ejet

T . The polar angle of

the jet pull, θpull, is defined to be zero when pointing in
the positive η direction along the beamline. A small cor-
rection to the jet pull is made to account for the energy
response and noise in the calorimeters as a function of ηd,
particularly in regions between the central and forward
cryostats. The angle of the jet pull direction relative to
the line defined by the centers of the jet pair (θpull

rel ) is
also of interest, as we expect color-connected jets to have
pulls pointing towards each other. The θpull

rel quantity is
calculated for each jet in the pair of highest-pT b-tagged
jets (b pair) and the pair with highest pT which are not
amongst the two highest pT b-tagged jets (w pair).

To select events with a higher purity of properly identi-
fied jet pairs from hadronic W boson decays, we split the
sample into events where the invariant mass of the w-pair
jets is consistent with the W boson mass, |mjj − MW | <
30 GeV, and events where it is not. For the former, these
two jets are found to match the partons from the W bo-
son decay within ∆R < 0.5 in 66% of tt̄ MC events with
four jets and 46% of events with 5 or more jets. In the
latter case, additional gluon radiation in the initial or fi-
nal state leads to possible additional color configurations,
diluting the measurement.

Since the w-pair jets in tt̄ events are often from the
W boson decay, we expect them to be color-connected,
thus the jet pulls should generally point towards each
other. We expect b-pair jets to have one of the b-jets
color-connected to the proton beam and the other to the

anti-proton beam, thus the jet pulls should be generally
pointing away from each other. This tendency is seen in
data as shown in Fig. 2, with smaller θpull

rel in the w pair
than in the b pair. However, the jets in w and b pairs have
different kinematics, separation in the detector, and fla-
vor. A direct interpretation of the effects from color-flow
is therefore not possible from this comparison. Further-
more, there are detector and reconstruction effects on jet
pulls from overlapping jet pull cones, calorimeter noise
and pileup, and calorimeter response inhomogeneity. For
instance, there would be fewer cone overlaps if the jet pull
was defined using only calorimeter cells within ∆R < 0.5,
producing on average smaller values for θpull

rel . With this
alternative definition the shape in Fig. 2(a) would peak
more towards zero and that in Fig. 2(b) would be flatter.
These effects are found to be well-modeled by the simu-
lation, and the jet pull definition based on the ∆R < 0.7
cone gives a slightly improved singlet-octet separation.
The relative jet pulls θpull

rel in data are also found to be
well-modeled by simulation for other jet pairings, such as
a random w-pair jet and a random b-pair jet. In control
samples consisting of events with a leptonic W boson de-
cay, and two, three, or four jets, none identified as b-jets,
various jet pairings also have jet pulls that agree with
simulations. Figure 3 shows the θpull

rel distributions for
jets in a control sample with a leptonic W boson decay
and two not-b-tagged jets.

To quantify the method’s sensitivity to the color-
flow structure (color-singlet versus color-octet) for the
hadronic W boson decay, we fit the data to two hypothe-
ses: (i) standard model tt̄ with a color-singlet hadroni-
cally decaying W boson (singlet MC) and (ii) tt̄ with a
hypothetical color-octet “W” boson (octet MC). We de-
termine the fraction of events coming from color-singlet
W boson decay (fSinglet) using the fitting procedure from
the D0 combined tt̄ cross section analysis [6]. We simul-
taneously measure the tt̄ cross section to avoid any possi-
ble influence of the tt̄ signal normalization on the fSinglet

measurement. The discriminating variable used for the
fit is derived from the θpull

rel angles of the w-pair jets and
depends on the ∆R between the two jets and their ηd. For
events failing the W mass requirement, we do not split
the regions further; for other events we split the data
sample according to the ηd of the jets and ∆R between
the jets. For events where the two jets are highly sepa-
rated (∆R > 2), we use the θpull

rel of the leading-pT jet.
Little discrimination is possible for these events, since the
additional color radiation is distributed over a large area
of the calorimeter. When the two jets are close (∆R < 2)

and |ηd| < 1.0 for both jets, we use the minimum θpull
rel of

the two jets. This is the most sensitive region, and the jet
pull is accurately reconstructed in the central calorime-
ter due to less pileup energy and uniformity of response.
Otherwise, if |ηd| of the leading-pT jet is < 1.0 (> 1.0),

the θpull
rel of the leading-pT (second-leading pT ) jet is used.

1101.0648
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Jet Pull Overview

Our System: tt̄
Introduction ! Jet Charge ! Jet Pull! Conclusion

t

t̄

W

W

b

b̄

q

µ

q0

⌫µ

B1 J1

B2

J2

|mJ1J2
� mW |

< 30 GeV

B. Nachman (SLAC) Charge and Pull Performance in ATLAS June 1, 2014 2 / 1

• Use semi-leptonic (µ only) selection
• Jets and µ have > 25 GeV, 2 b-tags, Emiss

T > 20 GeV,
Emiss
T + MT > 60 GeV

• Pull measures relationships between jets
• Top provides many pairs of jets to use– W daughters, which should be

connected, and b-jets, which should not
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Jet Pull Overview

Our Measurement

Jets: Calculate pull of
J1 with respect to J2

Jet constituents:
calorimeter clusters,
(ghost associated)
tracks, or stable

particles (truth jets)

~ri = (∆yi ,∆φi ) with
respect to the jet

position.

Pull (Vector)

vP(J) =
∑

i∈J
piT |ri |
pJ
T

~ri

�y = y � yJ1

�
�
=
�
��

J 1

J2

Legend
Pull Vector vP(J1)

✓P jet pull angle
Constituent of J1 (size weighted by pT)

J1

✓P

Figure 1: A schematic diagram depicting the construction of the jet pull angle between jets J1 and J2.

3 Object and Event Selection

ATLAS is a multipurpose particle detector at the LHC comprising four main subsystems: an inner track-
ing detector (ID), electromagnetic and hadronic calorimeters, and a muon spectrometer. It has an ap-
proximately cylindrical geometry with close to 4⇡ solid angle coverage, and tracking in the ID extending
to pseudorapidity |⌘| < 2.5. For an in-depth description of the detector, see Ref. [7].

In order to investigate detector performance aspects of the jet pull angle, several jet definitions are
employed. Reconstructed jets are clustered with the anti-kt algorithm [8] with radius parameter 0.4 from
topological calorimeter clusters [9], treated as massless. Clusters are calibrated using the local cluster
weighting (LCW) algorithm [10], and jets are calibrated to account for a reconstruction bias as well as to
mitigate the contribution from pileup [11]. To investigate jet pull angle properties in simulation without
the distortions arising from detector resolution, truth jets are formed from the four-vectors of Monte
Carlo (MC) stable particles2 (excluding µ and ⌫) as inputs to the anti-kt R = 0.4 clustering algorithm.

The jet pull vector is a weighted sum over jet constituents. Studies in this note exploit di↵erent sets
of jet constituents: for reconstructed jets, the nominal constituents are the calorimeter clusters used in the
jet construction (calorimeter pull). Truth jets correspondingly use all MC stable particles (all particles
pull). Alternatively, the tracks assigned to a jet can be used as constituents in the pull vector calculation
(track pull). These tracks3 are required to have pT � 500 MeV, |⌘| < 2.5, and a �2 per degree of
freedom (resulting from the track fit) less than 3.0. Additional quality criteria are applied to select tracks
originating from the collision vertex [12]. Tracks are associated to jets using ghost-association [13]: an
assignment of tracks to jets by adding to the jet clustering process ghost versions of tracks that have the
same direction but infinitesimally low pT. The corresponding constituents in truth jets are the charged
stable particles clustered within the jet (charged particles pull), which excludes muons. In the case of
reconstructed jets the jet axis is always determined using the calorimeter, and for truth jets the jet axis is
always determined using all stable particles.

Events with tt̄! WbWb̄ ! µ⌫µbqq0b̄ provide a clean topology for measuring the detector perfor-
mance of the jet pull angle. With a muon, missing momentum (from the neutrino) and two b-quark jets,
this process can be isolated with high purity. Furthermore, the constituent orientations are di↵erent for
W boson daughter jets compared to b-jets and since the pull is a weighted sum over constituent topol-
ogy, the jet pull angle distributions are di↵erent. The di↵erences in these distributions will be useful for
understanding how the shape is distorted by the detector response.

2Particles are considered stable if c⌧ > 10 mm.
3The track momentum 3-vector is measured in the ATLAS tracker and each track is assigned the mass of the pion.

2

θP ∼ 0→ ‘color-connected’
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Jet Pull Resolution Effects

First Look: J1 vs J2 and J1 vs B1
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• Large difference between the two topologies, and very large shift
from truth to reconstructed

• A large caveat: kinematics and topology are very important, and
can sculpt the pull angle dramatically
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Jet Pull Resolution Effects

Dependence on ∆R

• ∆R, for example, has a large
effect on the variable

• Closer-by jets have larger
peak at 0

• W -daughters tend to be close
by, so the previous effect is
partly attributable to just
topology
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Jet Pull Resolution Effects

Resolution

• The Pull Angle Resolution is
also an important part of any
physics measurement

• Unfortunately– RMS is O(1)
rad– detector causes significant
smearing

• Using tracks can improve
resolution significantly

• Tracks have more accurate
position measurement than
calorimeter clusters

• Lose some discrimination
power from ignoring neutrals
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Jet Pull Resolution Effects

Improving Resolution
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• Cutting on jet pT and pull vector magntitude can significantly
improve resolution

• Higher pT , broader jets, have more accurately measured pull angle
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Jet Pull Data/MC

Data/MC Agreement: Pull Vector Magnitude

• Very good agreement in pull
vector magntitude, for both
tracking and calorimeter
measurement

• JES, JER, tt̄ cross-section, and
luminosity uncertainties included

• Other selection uncertainties
are sub-dominant
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Jet Pull Data/MC

Data/MC Agreement: Pull Angle
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• Very good data/MC agreement observed in pull angle (and
magnitude)!

• Agreement consistent over range of pT
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Conclusions
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Conclusions Closing Thoughts

Summary

• ATLAS has a rich program in understanding the performance of
complex jet substructure observables

• A data-driven quark/gluon tagger has been developed, validated,
and calibrated

• Performance generally lower than expected compared to MC

• The performance of jet pull has been assessed in tt̄ events
• Understanding the very broad resolution is critical for future physics

measurements
• Good data/MC agreement is observed

• New physics measurements coming soon!
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Thank You For Your Attention!
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Backup
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Backup Definitions

Defining Quark/Gluon Initiated Jets

• Need to use a consistent definition across generators for defining a
quark/gluon initiated jet

• We use: “a jet is defined by the flavor of the highest energy parton
inside the jet”

• This labelling is studied in Madgraph to determine how often it
matches the Matrix Element: 95− 99% of the time
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Backup Templates

Extracting Templates

• Goal: to better understand quark/gluon shapes in data, extrapolate
data to 100% purity with fractions from MC

• Ideally, solve for q/g on bin-per-bin basis from:

hγ+j = Pγ+j
Q q + Pγ+j

G g

hdijet = Pdijet
Q q + Pdijet

G g

PQ = percentage quark

h = histogram value

q/g = templates

(γ + jet)/(dijet) = different samples

• But, need to account for b and c fractions (for now, taken from MC):

hγ+jet = Pγ+jet
Q q+Pγ+jet

G g+Pγ+jet
B b+Pγ+jet

C c

hdijet = Pdijet
Q q+Pdijet

G g+Pdijet
B b+Pdijet

C c

From Data

From MC

Solving for This

• Then, compare pure data shapes to pure MC shapes (used for
training tagger)
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Backup Templates

Testing Method in MC
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• MC-labeled distributions in γ+jet and dijets agree very well with
templates derived in MC

• Disagreeement at low pT will be discussed at length soon

• Gives us confidence that the algorithm is doing something sensible

M. Swiatlowski qg and Pull 19 August, 2014 3 / 22



Backup Templates

Pure Shapes: Track Width
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• Shapes from topologically purified samples generally agree with
extracted templates to 1 σ

• Independent sample confirms difference between data and MC
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Backup Likelihood

Likelihood Output

Data

Discriminant
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• Significantly reduced performance in data
• But enough to still make something useful!
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Backup Performance

Gluon Efficiency vs. Quark Efficiency

Quark Efficiency
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• Purified samples show slightly worse gluon efficiency than data, but
agreement within 1σ

• Data shows worse performance than Pythia– generally greater than
1σ disagreement

• Data lies between discrimination of Pythia and Herwig++
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Backup Performance

Performance vs. Jet pT
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• Left shows 30% quark point, right shows 50%

• Results are consistent across pT : purified samples measurement
generally agree with data, but MC significantly overestimates
performance
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Backup Performance

Performance vs. Jet pT
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• Left shows 70% quark point, right shows 90%

• Results are consistent across pT : purified samples measurement
generally agree with data, but MC significantly overestimates
performance
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Backup Angularities

Angularities

• New class of variables, called “Energy Correlation Angularities,”
described in arXiv:1305.0007

• Defined with free parameter β:

Ang =

∑
i

∑
j pT ,ipT ,j(∆R(i , j))β

(
∑

pT ,i )2
(1)

• How does gluon efficiency change with β, and how large are the
systematics?
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Backup Angularities

Angularity Performance
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• NB: 1 - Gluon Efficiency shown

• Significant differences between data and MC performance, and
systematics are larger than for the likelihood

• Sample dependence is very large for angularities, at least with β < 1

• β = 0.2 is slightly optimal in MC, but difficult to tell trend in data
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Backup More on Systematics: Summaries

Systematics Summary: 30% Operating Point
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• Similar effects as at other operating points: largest here at low
efficiency
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Backup More on Systematics: Summaries

Systematics Summary: 70% Operating Point
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• Similar effects as at other operating points
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Backup More on Systematics: Summaries

Systematics Summary: 90% Operating Point
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• Similar effects as at other operating points
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Backup More on Systematics: Nonclosure

Nonclosure: 30% Operating Point
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• Breakdown of Pythia/Herwig++ disagreements with their respective
templates
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Backup More on Systematics: Nonclosure

Nonclosure: 50% Operating Point
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Backup More on Systematics: Nonclosure

Nonclosure: 70% Operating Point
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Backup More on Systematics: Nonclosure

Nonclosure: 90% Operating Point
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Backup Pull Angle Performance

Sensitivity Pileup

• Pull angle resolution is not
strongly affected by pileup, even
with calorimeter only
measurement
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Backup Pull Angle Performance

Data/MC Agreement, Powheg+Pythia
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• Very good data/MC agreement observed in pull angle (and
magnitude)!

• Agreement consistent over range of pT
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Backup Pull Angle Performance

Data/MC Agreement: Pull Vector Magnitude
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• Very good data/MC agreement observed in magnitude
• Agreement consistent over range of pT
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Backup Pull as a Tagger

Correlation of J1 to J2
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• Angle of both jets is useful– not just the leading jet
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Backup Pull as a Tagger

Pull as a Tagger

• Also measured pull angle’s
performance as a tagger– here
using truth to maximize power

• Can we identify the daughters
of the W in a top event using
only pull angle information?

• Tagger performance is
somewhat limited: pull, and
color connection in general, is a
subtle effect
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