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We present a study of the substructure of jets with transverse momentum greater than 400 GeV /c
produced in proton-antiproton collisions at a center-of-mass energy of 1.96 TeV at the Fermilab
Tevatron Collider and recorded by the CDF II detector. We measure for the first time the distributions of the jet mass, angularity, and planar flow in a 5.95 fb−1 data sample. The observed
substructure for high mass jets are found to be consistent with predictions from perturbative quantum chromodynamics. A search for boosted top quarks based on jet mass is presented as well.
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1. Introduction

2. Pileup Correction
Energy deposits from additional collisions in the same bunch crossing may hinder substructure studies. This problem becomes more severe at the large luminosities present at the LHC. A
data driven technique was used to measure the shift in several observables caused by additional
incoherent energy in the jet and correct for it [12, 17]. A complementary cone, one with the same
size parameter R, is set at 90o in azimuth away from the leading jet. The energy deposits inside
this cone are rotated back and added to the jet. Then the shift in any observable can be measured
as a function of the observable value. Underlying event contribution was separated from that of
the multiple interactions by exploiting single and multiple vertex events. This technique was implemented on the jet mass, reducing the systematic shift in the jet mass distribution due to pileup.
Finally, an approximate analytic calculation to these shifts in the observables is presented in [17],
and the relation with the concept of jet area is discussed.

3. Jet Mass
The jet function [14] predicts both the shape of the jet mass distribution, as well as its absolute
normalization. In the study presented here, an NLO approximation was used, valid for jet masses
above the low mass peak and below R· pT . Higher-order corrections were estimated to be ∼ 30%. A
comparison between data, Monte Carlo (MC), and the theoretical jet function is shown in Fig. 1(a).
The analytical prediction for quark jets approximately described the shape of the distribution and
the fraction of jets. A pQCD calculation shows that indeed ∼ 80% of these jets are expected to
arise from quarks [18]. The PYTHIA distribution was in reasonable agreement with the data. The
data also showed good agreement between the Midpoint and the anti-kt algorithms. This is to
be juxtaposed with the fact that the jet mass is an NLO effect since additional gluon emission is
needed, while in terms of IR safety, Midpoint is shown to be IR3+1 [2] whereas anti-kt is IR-safe.
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The study of substructure of high transverse momentum (pT ) QCD jets (see e.g. [1, 2, 3] for
recent reviews) provides tests for perturbative QCD (pQCD) predictions and sheds light on the
QCD showering mechanism. Moreover, these jets constitute dominant backgrounds in searches for
boosted top quarks, higgs bosons [4], as well as searches for new physics signatures that give rise
to massive jets [5, 6, 7, 8]. Available experimental studies at the Tevatron were limited to jets with
pT < 400 GeV /c [9, 10]. Results on jets with higher pT produced at the LHC have been published
recently [11]. The CDF study presented here [12, 13] was the first to look at substructure of massive
jets with pT > 400 GeV /c. Both Midpoint and anti-kt jet algorithms were used, with typical jet
sizes of R = 0.4, 0.7, and 1.0. A pileup correction technique was used to remove non-coherent
energy deposits, critical in substructure studies. Three observables were measured. The jet mass
was compared to the theoretical next-to-leading order (NLO) prediction of the jet function [14].
Angularity and planar flow [15] served as further support to the hypothesis of the two-prongness
of QCD jets. Finally, a boosted top search [16] based mostly on the jet mass is presented in this
proceedings.
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4. Angularity
Angularity was shown to qualitatively distinguish between QCD jets and other two-body decays [15]. As shown in Fig. 1(b) the angularity distribution agrees with the two-prong description
of high pT massive QCD jets, an assumption that the jet function is also based upon. This agreemin which is obtained from
ment is manifested by adhering to the two kinematical limits, namely τ−2
max
symmetric two-body decays, and τ−2 which is obtained when one decay daughter is hard and almost collinear with the mother particle, whereas the second decay daughter is soft and emitted at a
large angle. A good agreement was observed between the data and the PYTHIA sample. Furthermore, as in the jet mass case, the angularity distributions obtained when applying Midpoint and
anti-kt were in good agreement with each other [12].

5. Planar Flow
Planar flow [14, 15] describes the way energy is deposited on the plane perpendicular to the jet
axis. Two-prong boosted massive QCD jets are expected to leave two centers of energy deposits.
The soft contribution inside the jet shifts the most probable value of planer flow to a value somewhat
higher than the ideal value of zero. On the other hand, three-prong jets coming e.g. from hadronic
decays of boosted tops, are expected to have a rather uniform planar flow distribution. The mass
window of 130 to 210 GeV /c2 is relevant for searches of boosted tops. The planar flow distribution
of data for jets in this mass window exhibited the expected QCD like behavior and peaked at a
low planar flow value as shown in Fig. 1(c). The t t¯ MC distribution was flatter as expected. Thus
planar flow can be used to separate massive boosted QCD jets from top jets. Once again the two
jet algorithms showed good agreement.

6. Search for Boosted Tops
The knowledge gained from this study on jet substructure and jet mass in particular can be
3
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Figure 1: The jet mass (a), angularity (b), and planar flow (c) distributions for central Midpoint jets
with pT > 400 GeV /c. The uncertainties shown are statistical (black lines) and systematic (yellow
bars). The theory predictions for the jet function for quarks and gluons are shown as solid curves
(purple and blue), as well as the kinematical limits of angularity. Also shown is the PYTHIA MC
prediction (red dashed line). The insets compare Midpoint (full black circles) and anti-kt (open
green squares) jets [12, 13]
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7. Conclusion
The substructure of high pT massive jets was studied in real data for the first time. A datadriven pileup correction procedure was developed, tested, and studied analytically. Good agreement between data, MC, and theoretical predictions was observed for all studied jet substructure
observables. An interesting agreement between Midpoint and anti-kT jet algorithms was shown.
A boosted top search yielded an upper limit on the production cross section of SM high pT tops.
These results can serve as a stepping stone for current and futures studies involving high pT jets
and searches for boosted objects at the LHC.
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