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Abstract

Modern particle accelerators enable researchers to study new high energy frontiers
which have never been explored before. This realm opens possibilities to further
examine known fields such as Quantum Chromodynamics. In addition, it allows
searching for new physics and setting new limits on the existence of such.

This study examined the substructure of highly boosted massive jets measured by
the CDF II detector. Events from 1.96 TeV proton-antiproton collisions at the
Fermilab Tevatron Collider were collected out of a total integrated luminosity of
5.95 fb~!. They were selected to have at least one jet with transverse momentum
above 400 GeV /c. The jet mass, angularity, and planar flow were measured and
compared with predictions of perturbative Quantum Chromodynamics, and were
found to be consistent with the theory. A search for boosted top quarks was con-
ducted and resulted in an upper limit on the production cross section of such top

quarks.
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1 Introduction

The study of substructure of jets with high Transverse Momentum (p7) and a high
mass, produced by Quantum Chromodynamics (QCD) processes (see e.g. [1, 2, 3]
for recent reviews) sheds light on the QCD showering mechanism and provides
excellent environment for perturbative QCD (pQCD) studies. Moreover, events
containing such jets constitute a dominant background in searches for boosted top
quarks, for some of the Higgs boson search channels (e.g. Wh, Zh) [4], as well as
searches for possible new physics signatures that may give rise to massive boosted
jets [5, 6, 7, 8]. At the Large Hadron Collider (LHC), and even at the Tevatron,
the decay product of a highly boosted heavy object are strongly collimated and,
at high enough pr, are clustered into a single jet and cannot be resolved by stan-
dard jet algorithms. One then has to study the jet’s substructure, i.e. the energy
flow within the jet, in order to identify such jets and separate them from genuine
boosted massive QCD jets. This collimation effect is schematically illustrated in
Fig. 1 for a semileptonic ¢7 event.

Prior to the study presented here, Tevatron results were available for jets with
pr lower than 400 GeV /c [9, 10]. The present Collider Detector at Fermilab
(CDF) study [11, 12] is the first to investigate the substructure of massive jets with
pr in excess of 400 GeV /c. It is already followed by recent publications on the
substructure of highly boosted massive jets produced at the LHC [13, 14, 15, 16].
The present study makes use of several jet algorithms: Midpoint [17], Midpoint
with Search Cones [18], and anti-k; [19], with typical jet sizes of R = 0.4, 0.7,
and 1.0. A data-driven technique was developed and used to correct the various
measured observables for the effect of pileup. This term is used for non-coherent
energy deposits caused by multiple hadron collisions, which are a major imped-
iment in jet’s substructure studies. Three substructure observables are presently

studied and measured; the measured distribution of jet mass is compared with
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Figure 1: Schematic illustration of the reconstruction of a semileptonic #7 event
as a function of the characteristic pr. At low pr the top’s decay product are well

separated, while at high pr they are contained in a single boosted heavy jet

theoretical Next-to-Leading Order (NLO) prediction of the jet function [20]. The
measured distributions of angularity and planar flow [21] corroborate the hypoth-
esis of two-prong nature of QCD jets. Finally, a dedicated search for boosted top
quarks [22] based mostly on the jet mass is conducted.

The following sections give a brief theoretical background for this study.

1.1 The Standard Model

Decades of work of thousands of theoreticians and experimentalists uncovered the
fundamental structure of matter; the twelve elementary matter particles, leptons
and quarks, and the three fundamental forces that determine their mutual interac-
tions through three types of gauge bosons. The gamut of these efforts is neatly
wrapped up in a theory called the Standard Model (SM) [23, 24, 25, 26]. It suc-

cessfully explains a variety of experimental results without (up to date) a failure.



The Lagrangian of the SM is required to be invariant under transformation of
the gauge group SU(3). x SU(2)r x U(1)y. The half-integer-spin fermion parti-
cles transform under representations of this gauge group and carry corresponding
charges. They interact via vector bosons which transform under the adjoint repre-
sentation. The renormalizable invariant terms in the Lagrangian result in massless
matter particles and gauge bosons. The Higgs mechanism [27, 28, 29, 30, 31, 32]
was proposed as the way to break the symmetry and endow the elementary par-
ticles with mass. It introduces an SU(2) doublet of complex scalar fields with a

“Mexican Hat’’ shaped potential of the form

V(0) = —110* +Alo[* (1)

which for positive y* and A has a minimum at |¢|*> = % Spontaneous Symme-
try Breaking (SSB) occurs when the field acquires a Vacuum Expectation Value
(VEV) by choosing an arbitrary vacuum state. This introduces mass terms into
the Lagrangian through Yukawa and gauge interactions. The charged leptons and
all the quarks acquire mass. The W= and Z° bosons become massive as the Gold-
stone modes give them their longitudinal component. The final degree of freedom
left from the original doublet is the Higgs boson. The long hunt for the Higgs
boson has recently reached an historic stage as experiments at the LHC reported
the finding of a new Higgs-like particle [33, 34]. The matter content of the SM is
summarized in Table 1.

An important part the SM is the theory that sets the rules in the realm of quarks
and gluons, namely Quantum Chromodynamics. The essence of QCD is presented

in the next section.



SUB3).xSU22)L xU(1)y Particles Spin

Left Handed Leptons L(1,2)_ ! (Ve") I (\Z’)L, (VT‘) L %
Right Handed Leptons er(1,1)_; eRr, UR, TR %
Left Handed Quarks 01(3,2) 1 (%) T ©) T (;) L %
Right Handed Quarks ur(3,1)2, dr(3,1)_1 UR, CR, IR, dr, SRs PR %
Gauge Bosons G(8,1)9, W(1,3)0, B(1,1)9g  8xg, W+, Z0 v 1
Higgs H(1,2) H° 0

Table 1: The Standard Model particle content

1.2 Quantum Chromodynamics

The introduction of quarks as an explanation to the observed particle spectrum, led
to the emergence of a paradox related to the AT baryon, which was discovered in
1951 [35]. The flavor and spin content of this particle are given by the symmetric
configuration;

| AT > = up up up > (2)
Since the AT is a fermion it must however be described by an asymmetric wave
function. The introduction of color as a new quantum number [36, 37] solved this
puzzle by enabling the asymmetric arrangement of the three quarks using the new

“color’” degree of freedom:
| AT > =K ujp ugy > 3)
QCD is based on the gauge group SU(3). Gluons in color space are repre-
sented by the adjoint representation. Since there are 8 independent directions in
this representation, gluons are octets.
The QCD Lagrangian is:
i, ; i 1
L=, (") (Du)ijWg = mqWgWai — g Ea b “)

9



where W, are the quark fields with color index i, W, = (Wyr, V.0, Wgn)", ¥ are
Dirac matrices expressing the vector nature of the interaction. m, represents the
possible non-zero mass, and Fyy, is the gluon field strength tensor for a gluon with

color index a in the adjoint representation. D,, is the covariant QCD derivative:

(D,u)ij = Sl-ja,, — l'gslfleZ (&)

here g, is the strong coupling (g2 = 47a), Aj, is the gluon field with color index
a, and 1; is proportional to a Gell-Mann matrix, a generator of SU (3).

The QCD coupling o runs logarithmically with energy:

200 Q0L

Q50 T g

B(as) (6)

where B(as) can be expanded in a power series of o, whose coefficients contain
contributions from gluon loops, quark loops, and mixed loops. At higher order
they depend explicitly on the renormalization scheme used. As a side remark,
additional colored Beyond the Standard Model (BSM) particles will contribute to
this function and modify the running of the coupling at high scales. The value of
0Ol is usually derived from its value at Q2 = M%:
@ (Q%) = as(3) —
1+ boots(MZ)In 2> + O(a?)

(7)

where by is the first coefficient in the expansion of B(0o) mentioned above. The
QCD coupling effectively decreases with energy, as shown in Fig. 2. This phe-
nomenon is called asymptotic freedom and its discoverers D. Gross, H Politzer,
and F. Wilczeck received the Noble prize in physics in 2004 [38]. As a conse-
quence of this asymptotic freedom, pQCD calculations converge faster at higher
energies. On the low end of the energy scale, the perturbative coupling becomes

infinite as

(8)



where A ~ 200 MeV is called the Landau pole. In this energy region purely

perturbative results are not reliable.

i | Tuly 2009
o (Q) [\ , ,
il & a Deep Inelastic Scattering
0.4 R\ oe e¢ Annihilation |
o8 Heavy Quarkonia
0.3 -
0.2
0.1
=QCD 0.(Mz)=0.1184 = 0.0007
1 1 100

* Q[GeV]

Figure 2: Summary of measurements of o as a function of the energy scale Q.
The curves are QCD predictions for the combined world average value of o, (Mz),
in 4-loop approximation and using 3-loop threshold matching at the heavy quark
pole masses M, = 1.5 GeV /c? and M;, = 4.7 GeV /c*>. Full symbols are re-
sults based on N3LO QCD, open circles are based on NNLO, open triangles and
squares on NLO QCD. The crossfilled square is based on lattice QCD. The filled
triangle at Q = 20 GeV (from DIS structure functions) is calculated from the orig-

inal result which includes data in the energy range from Q = 2 to 170 GeV [39].

In order to calculate any related perturbative amplitude, the partonic structure
of the colliding hadrons must be addressed.
The factorization theorem [40] shows how the soft processes within the hadron
are independent of the hard processes. Thus the cross section for hadron-hadron

scattering can be factorized as a convolution of a non-perturbative but process

11



independent Parton Distribution Function (PDF) and a perturbatively calculable

partonic scattering cross section:
do :Z/la’x-/ldx-Z/dCID Fim i k2 fim (x5 Z)M 9)
hy,hy = 0 4 0 ] - f l/hl iMF J/h2 j?llJF dx,dx]dcbf

where x; is the fraction of hadron momentum carried by parton i and f enumer-
ating all possible (partonic) final states, with Lorentz-invariant phase space, ®.
The partonic cross section d6 is calculable in perturbation theory. The PDF f;/,
parametrize the distribution of partons inside the hadron while the factorization
scale ur is the arbitrary boundary between the perturbative and non-perturbative
regions. The PDF are non-perturbative functions and therefore must be measured.
In practice they are the outcome of physics-driven fit to data. They can however
evolve using a Renormalization Group Equation (RGE) with ur. In the example
given in Fig. 3 one can clearly see that at low Q = ur =2 GeV the proton is domi-
nated by a few hard (valence) quarks that produce the bump around x ~ 0.2, while
at higher scales Q = ur = 100 GeV it is dominated by a large number of gluons
and sea-quarks, all with distributions with rather small x values, while the number
of valence quarks play a smaller role.

The observation of jets is an evidence for the phenomenon called color con-
finement, which relates to the fact that the potential of the strong force grows
linearly with the distance between colored objects. Thus free colored objects are
bound to form color neutral objects. Jets of particles are formed in roughly three
steps that are depicted in Fig. 4. First, partons are scattered away from the mother
hadron by hard collisions. Next the prolific parton showers are formed. Lastly,

color charge is neutralized by the formation of new hadrons.

12



[ [
[
g <]
Z18 | Q2= 4 Gevir2 = Q4#2= 10000 GeV*+2
= __up MSTW2008LO Sl —up MSTIW2008L0
16 | - upbar MSTW2008L0 -~ upbar  MSTW2008L0
charm MSTW2008L0 6 [ charm  MSTW2008L0
1.4 L .. gluon  MSTW2008LO x 0.1 - gluon  MSTW2008L0  x 0.1

Figure 3: The change of the u (black), i (red, dashed), ¢ (green, dotted), and g
(blue, dot-dashed) distributions, from Q = ur =2 GeV (left) to Q = ur = 100 GeV
(right) [38, 41].

 antiproton

proton

two partons
(quarks or gluons)
collide

ona

i~

N

/ W\ \T/
¢

final partons pick up color-matching
Figure 4: Illustration of the three conceptual steps of jet formation.
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1.3 The Tevatron

The Tevatron is a 4-mile-long proton-antiproton collider located at the Fermi Na-
tional Accelerator Laboratory in Batavia, Illinois, USA. First collisions were ob-
served by CDF in 1985. The Run I physics program ran from 1992 to 1996. Run
IT with collisions at the center of mass energy of 1.96 TeV started in March 2001,
and collected close to 12 fb~! of data until its shutdown in 2011. The collected

integrated luminosity by fiscal year is shown in Fig. 5.

11,000

10,000

9,000

8,000

7,000

6,000 /
5,000

4,000

3,000

2,000 /

1,000 /

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Integrated Luminosity (1/pb)

= Fiscal Year 11 e Fiscal Year 10 a Fiscal Year 09 Fiscal Year 08 = Fiscal Year 07
v Fiscal Year 06 = Fiscal Year 05 » Fiscal Year 04 s Fiscal Year 03 Fiscal Year 02

Figure 5: Run II integrated luminosity by fiscal year [42].

The acceleration chain of the Tevatron begins with negatively charged hy-
drogen ions H~ which are accelerated in a Cockcroft-Walton accelerator up to
750 keV and then further accelerated up to 400 MeV in a linear accelerator. They
are injected into the Booster through a carbon foil which strips the electrons and
leaves the bare protons. The Booster, a 470 meter synchrotron, brings up the pro-
tons energy to 8 GeV and they are passed on to the Main Injector, a synchrotron
7 times larger than the Booster. The Main Injector serves several purposes; it ac-
celerates the protons up to 150 GeV and passes them to the Tevatron. Some of the
protons are accelerated to 120 GeV and are sent upon a fixed nickel alloy target
for anti-proton production.

An 8 GeV beam of anti-protons is collected in a spectrometric method and passed

14



to the Debuncher. This is a triangular synchrotron with a mean radius of 90 m. Its
purpose is to stochastically cool down the anti-protons and lower their transverse
momentum spread. They are then stored in the Accumulator which is 75 m mean
radius synchrotron housed in the same tunnel as the Debuncher. There the anti-
protons are further cooled and stored. The rate of anti-proton production decreases
as the Accumulator becomes saturated, therefore when enough anti-protons fill
the Accumulator, they are passed on the the Recycler, another 8 GeV synchrotron
housed along the ceiling of the Main Injector tunnel. There the anti-protons are
further focused. Before collisions begin, they are accelerated up to 150 GeV in
the Main Injector.

Collisions start by injecting bunches of protons and anti-protons into the Tevatron.
Due to their properties, the same electro-magnetic fields are used to accelerate and
turn both beams. A 4.2 T magnetic field keeps the 36 bunches of protons and anti-
protons in each beam circling while they are accelerated up to 980 GeV and collide

with /s = 1.96 TeV in a rate of 2.5 MHz [43].

1.4 The CDF Detector

The CDF detector consists of a calorimeter extending up to [n| < 3.6 . The cen-
tral calorimeter, covering the range of |n| < 1.1, is segmented into towers of
size AN x Ap = 0.11 x 0.26 !. This calorimeter consists of lead and steel ab-
sorbers interleaved with scintillator tiles that measure the deposited energy. The
inner calorimeter compartment consists of lead absorbers providing an Electro
Magnetic (EM) measurement, while the outer compartment consists of steel ab-
sorbers to measure Hadronic (HAD) energy. Transverse energy deposited in the

EM calorimeter is measured with a resolution of approximately 0.15\/E7 GeV

'In the coordinate system being used, ¢ and © are the azimuthal and polar angles around the

proton beam axis. The pseudorapidity is = —Intan(0/2) and R = +/(81n)2 + (3¢)?2

15



where E7 is expressed in units of GeV, while the resolution of the HAD calorime-
ter is approximately 1.1y/Er GeV. Two plug calorimeters in the forward and
background regions provide energy measurement in the interval 1.1 < |n| < 3.6
using lead and steel absorbers interleaved with scintillator tiles that measure the
deposited energy. The calorimeter system is used to measure the jet’s energy
and the event’s Missing Transverse Energy (£). Measurement of £ is made
by vectorially summing, for towers with |n| < 3.5, the energy deposition in each
calorimeter tower. This has a resolution of approximately 1.1/} Er GeV, where
the sum is over the transverse energy observed in all calorimeter towers. This
resolution has been determined by detector studies of events with and without
significant missing transverse energy [44]. A measure of how large the observed
F in an event is relative to its uncertainty is, therefore, provided by the Missing

Transverse Energy Significance (Sygr), defined as:

Er
S = 10
VET =SBy (10)

where the numerator is the missing energy, and the summation in the denominator
is over the transverse energy of all calorimeter towers.

A superconducting 1.416 Tesla solenoidal charged particle spectrometer re-
sides inside the calorimeter volume and provides charge particle momentum mea-
surement over |1| < 1.5. Tracks are reconstructed with the help of a set of silicon
microstrip detectors arranged in a barrel geometry around the collision point. This
is followed by a cylindrical drift chamber, known as the Central Outer Tracker
(COT) that provides charged particle tracking from a radius of 40 to 137 cm. The
detector also includes systems for electron and muon identification, but these are
not used in the present study.

Further details on the CDF detector can be found in [45].

16



1.5 The Large Hadron Collider

In 2010, at the European Center for Nuclear Research (CERN) in Geneva, Switzer-
land, the Large Hadron Collider (LHC) provided its first proton-proton collisions
at a beam energy of 3.5 TeV. The acceleration process begins with the linear ac-
celerator LINAC?2 which delivers 50 MeV protons. Next, they go through a series
of circular synchrotrons; the Proton Synchrotron Booster brings their energy up
to 1.4 GeV, the Proton Synchrotron accelerates them further up to 26 GeV, and
after the Super Proton Synchrotron they reach an energy of 450 GeV [46]. Finally
they go into the LHC tunnel inside which is a 27 km long synchrotron. Currently
the protons collide at 8 TeV while the goal energy of the LHC is 14 TeV with
a luminosity of 10°* cm=2s~! [47]. The proton bunches are spaced 25 ns apart.
Superconducting bending magnets operating at 1.9 K produce a magnetic field of
8.3 T to achieve such a high beam energy with reasonable power consumption.

Figure 6 shows the integrated luminosity at the LHC delivered in 2011

LHC 2011 RUN (3.5 TeV/beam)

—o— ATLAS 5.626 fb™
61— cMs6.136
—o— LHCb 1.217 fb~!
—o— ALICE 4.877 pb~!
|| PRELIMINARY

Delivered integrated luminosity (fb™")

Mar Apr May Jun Jul Aug Sep Oct
Month in 2011

[genera’ ted 2012-06-21 00:3% including fill 2267}

Figure 6: Integrated luminosity at the LHC delivered in 2011 [48].
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1.6 The ATLAS Detector

A Toroidal Lhc ApparatuS (ATLAS) is one of the two general purpose detectors
at the LHC. It consists of an inner detector immersed in a 2 T solenoidal field.
A combination of high resolution silicon made pixel and strip detectors, together
with straw tube tracking detectors, achieve the pattern recognition, momentum
and vertex measurements, as well as electron identification up to |n| < 2.5 [49].
The ATLAS calorimeter in the barrel is composed of high granularity Liquid Ar-
gon (LAr) electromagnetic sampling calorimeters that cover the pseudorapidity
range up to || < 3.2. The hadronic calorimeter in the barrel is made of scintil-
lating tiles and covers the range || < 1.7. In the range |n| > 1.5, namely the end
caps, the hadronic calorimeter uses LAr technology. At higher 1|, up to |n| < 4.9,
LAr is used for both EM and HAD energy measurements.

The ATLAS muon system is based on an air core toroid system which gives
ATLAS its name and typical look, and also minimizes multiple scattering, thus
achieving excellent muon momentum resolution. The muon system includes four
different technologies; the Monitored Drift Tubes (MDT) cover the range |n| <
2.7, the Cathode Strip Chambers (CSC) cover the range 2.0 < |n| < 2.7, the Re-
sistive Plate Chambers (RPC) cover the range |1| < 1.05, and the Thin Gap Cham-
bers (TGC) cover the range 1.05 < n| < 2.7 (2.4 for triggering). The muon sys-
tem trigger capabilities have a timing resolution of the order of 1.5 —4 ns. Table 2

summarizes the performance of the ATLAS detector.

18



Component Required Resolution N Coverage

Measurement Trigger
Tracking 6,y /pr =0.05%pr & 1% +2.5
EM Calorimetry or = 10%/VE ©0.7% +3.2 +2.5
Hadronic Calorimetry (jets)
barrel and end cap or/E =50%/VE ©3% +3.2 +3.2
forward or/E =100%/vE ©10% 31<|n| <49 3.1<n| <49
Muon Spectrometer 6y /pr =10% at pr =1 TeV +2.7 +2.4

Table 2: General performance of the ATLAS detector. The units for E and pr are
in GeV [49].
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2 Methods

2.1 Jet Algorithms

The observation of hadronic jets in e™e™ annihilation provided one of the most
striking confirmations of the parton picture. In the 70 jets from QCD started
to have more rigorous theoretical descriptions (see e.g. [50]) which led to the
emergence of jet algorithms. Jet algorithms are aimed at associating clusters of
particles? of a common origin into jets. This facilitates making the correspon-
dence between the energetic partons produced in the hard scattering process, and
the reconstructed jets. Thus jets are the observed traces of those partons. Once
the particles that constitute a jet are chosen by the algorithm, a scheme is used to
calculate the four-momentum of the jet as a combination of its constituents which
are usually taken to be massless. This is called the recombination scheme. In
this study, a simple four-vector summation of the massless constituents is used to
deduce the jet’s four-momentum.

Modern jet algorithms are required to retain the following two important prop-

erties:

1. Infrared safety: the algorithm should not have Infra Red (IR) singularities,
and should therefore be insensitive to soft radiation of particles in the event.
Seeded algorithms, namely those which depend on the presence of a particle
with energy above a certain threshold (known as seed, or initiator), are an

example of IR-unsafe algorithms. This is illustrated in Fig. 7.

2. Collinear safety: the algorithm should not have collinear singularities, and
should therefore be insensitive to collinear radiation of particles in the event.

Example of such a sensitivity is illustrated in Fig. 8.

ZParticles in this context can be partons, hadrons, detector objects (e.g. calorimeter towers or

clusters), or any list of four-momenta.
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The following subsections describe the jet algorithm variants used in this

study.

Figure 7: An illustration of infrared sensitivity in cone jet clustering. In this
example, jet clustering begins around seed particles, shown here as arrows with
length proportional to their energy. The jet algorithm ends up with two distinctive
jets (on the left). The presence of an additional soft radiation between these two

jets (right) may lead to a merger between the two jets [17].

2.1.1 Midpoint

The Midpoint jet algorithm [17] is a cone algorithm. Due to computational lim-
itations, cone algorithms usually start by looking for seeds, namely particles that
pass some energetic threshold. Once found, a seed serves as a temporary jet axis,
and all particles lying within a circle of a given radius R in the | X ¢ plane around
that seed are clustered into a jet candidate. This circle defines a cone-like shape
in 3-D space, hence the name cone algorithms. The sum of momenta of all parti-
cles in this cone is computed and serves as the jet axis in the next iteration. This
process is repeated until the jet axis in a given iteration is identical to that in the
previous iteration. The cone is then named stable.

Often two stable cones share some constituents. Particles should not be fully as-
signed to more than one jet. A split and merge stage usually attempts to rectify
such a situation. In this stage, overlapping cones are either merged when there

is a large overlap, or the shared particles are split between the cones. If the least

21



_____

(a) seed effect (b) energetic ordering effect

Figure 8: Illustrations of collinear sensitivity in jet reconstruction: (a) the config-
uration on the left fails to produce a seed because its energy is split among several
particles. The configuration on the right produces a seed because its energy is
more narrowly distributed; (b) The clustering proceeds from the most energetic
to the low energy initiator. On the left one cluster that is centered on the highest
energy constituent encompass all and one jet is formed. Once this particle under-
goes collinear radiation the first jet is formed around a different initiator and the

outcome of the jet algorithm is different [17].
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energetic of a pair of cones contains a fraction of shared energy which is above
a predefined cutoff value - the pair of cones is merged into a large cone. If the
fraction of shared energy is below that threshold, particles belonging to more than
one cone are assigned to the cone that is closest in the 1 x ¢ plane.

The process described so far creates jets whose IR sensitivity is ranked as IR». ;3.
The Midpoint algorithm got its name since it is introducing and additional stage.
In this new stage, a virtual seed is added between every two seeds whose relative
distance is less than twice the required cone size. This reduces the sensitivity to
soft radiation that is illustrated in Fig. 7 and promotes the ranking of the algorithm

to IR3+1.

2.1.2 Midpoint with Search Cones

During the stable cone search, while the cone slightly wobbles, some energy can
drop out of the cone, sometimes leaving a substantial part of the energy in the
event unassigned to any of the jets, as illustrated by the literally dark towers in
Fig. 9. This poses the risk that the energy of the dark towers will be lost and the
interpretation becomes erroneous. Search cone is a technique which reduces this
effect by first using a smaller radius, half the size of the final cone, to find stable
cones and then expanding the cones to their full radius, without further adjustment.
Midpoint seeds are then defined between pairs of stable cones as usual. Finally
the jet candidates are passed through the split and merge procedure [18]. The use
of smaller search cone reduces the phase space for configurations that lead to dark
towers.

A disturbing feature of the search cone variant of the Midpoint jet algorithm

arises when its outcome is compared to higher orders in perturbation theory. The

3IR,; 1 means that given n hard particles in a common neighborhood, the addition of 1 extra

soft particle can modify the number of final hard jets [2]
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Figure 9: An example of an event where the Midpoint algorithm has left substan-
tial energy unclustered. The colored columns represent energy deposits which

belong to a jet. The dark columns are unclustered energy deposits [51].

search cone may identify a small, stable, and soft cone right between two energetic
cones, exactly as shown in the example illustrated in Fig. 7 thus reintroducing IR-
unsafety issues which demote the ranking of this variant back to IR, .

As will be exhibited later, the issue of IR safety is not a theoretical one. It
manifests itself very strongly when one studies the substructure of highly boosted

massive jets.

2.1.3 anti-k;

The anti-k; jet algorithm [19] is a member of a group of jet reconstruction algo-
rithms known as sequential recombination algorithms [2]. This class of algorithms
is seedless and combines pairs of particles together repeatedly, according to some
matching criteria, until some stopping criterion is reached. Such algorithms are
usually fully IR-safe and fully collinear safe algorithms. The anti-k; algorithm is
in wide use by a large variety of analysis. It works as follows:

For each pair of particles, the variable d;; = min(p}f, p}%)ARi;’ is calculated,
where AR;; is the distance between the two particles. In addition, for each particle

the value of d; = p}% is calculated. These d; s and d;s are put into a common list
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which is then sorted. The minimal item in the list is selected. If this item is of a
d;; type, then the i'" particle and the ;" particle are removed from the list and re-
placed by a new quasi-particle which is their combination. The procedure is then
repeated. If the minimal item is of a d; type, the i'" particle is taken out of the list
and is promoted to a jet. The procedure is repeated as long as the list is populated.
In addition to the IR and collinear safety properties of this algorithm, hard par-
ticles are clustered before soft ones, due to the selection of the minimum of the
pr with a negative power. This reconstructs jets which are not sensitive to soft

particles and have a well defined circular edges.

2.2 Event Selection
2.2.1 Data and Monte Carlo Samples

The data used for this study comprise of an integrated luminosity of 5.95 fb~!
collected by CDF in Run II. The detector was triggered by requiring the presence
of a jet with Transverse Energy (E7) in excess of 100 GeV. Such a trigger had
practically 100% efficiency for events which are the subject of this study. A total
of 76 million events pass this trigger.

The PYTHIA 6.216 [52] Monte Carlo (MC) generator was used to produce
a sample of QCD events. Partons were described, in this run, by the CTEQSL
PDF [53] parameterization and was limited to partons with pr > 300 GeV /c.
The simulated sample represented an equivalent integrated luminosity of about
800 fb~!. The partonic pr cut on 300 GeV /c was shown to have negligible effect
once events with at least one jet with py > 350 GeV /c were selected. An aver-
age of 0.4 additional collisions per beam crossing were included in the simulation
in order to model the effect of Multiple Interactions (MI) in this MC sample. In

practice, the number of MI (as measured by the number of primary vertices) in the
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data is significantly higher. This issue will be addressed below. The MC events
were passed through a full CDF detector simulation.

A similar PYTHIA MC sample was used to study the 77 event kinematics. This
sample had an equivalent integrated luminosity of about 600 fb~ .

Both data and MC events were reconstructed using the standard CDF event re-
construction software, and were further subjected to the selected procedure that is

described in the next section.

2.2.2 Selection Criteria and Jet Calibration

The selected events had to be included in a standard Good Runs List (GRL) which
ensure that all the relevant parts of the detector were properly functioning. Fur-
thermore, selected events had to contain a high quality reconstructed interaction

vertex, which is within 60 ¢m from the nominal interaction point.
1. |Zyx| < 60 cm.

The Midpoint jet [17] algorithm with cone sizes R = 0.4, 0.7 and 1.0 was applied

and the presence of at least one jet having

2. pr >400 GeV /c

3. m| <0.7

was required. The tight |1| requirement ensured that the leading jet is in the well-
understood CDF central calorimeter.

The jets were reconstructed using Fastjet [54], from calorimeter towers. The tow-
ers, of size An x A¢ = 0.11 x 0.26, were assumed to be massless, and their four-
momenta vector sum constituted the jet four-momentum. The jet level selection
was done after a standard CDF n-dependent p7 correction was performed. These
correction accounts for inhomogeneities in the detector response, calorimeter re-

sponse non-linearities, and jet energy corrections due to MI. These corrections are
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described in [55].

Since the anti-k; jet algorithm [19] is not a native algorithm in the CDF software,
a private calibration method for it was used. The correction factors used for Mid-
point jets were binned in detector M, and the mean correction for each bin was
used to correct the relevant anti-k; jets. This method was validated to reproduce
the jet energy of corresponding jets without calorimeter effects up to a few per-
cent.

The Syer (Missing Energy Significance) distribution for data events with a good
vertex and a boosted jet is shown in Fig. 10. Cosmic ray backgrounds and poorly

measured events were rejected by requiring:

4. Syer < 10 GeV1/2
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Figure 10: The Sy/gr distribution for data events with a good vertex and a boosted

jet

As jets transverse through the detector they leave energy deposits along their
track. Comparing energy deposits from various parts of the detector allows addi-

tional quality assurance for jets. This is exploited by the two variables:

N .
Z. ch pl
fir="m (11)

Pr
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where Ny, is the number of charged tracks associated with the jet, and p¥. is the
pr of the i’ track, and

E
fEm = ( EM (12)

Egm +EnAD)
where fgy 1s the EM energy fraction of the jet candidate. The distributions

of these quantities for events satisfying the first three requirements is shown is

Fig. 11. Each jet candidate had to satisfy:

5. either f;, > 0.05 or fgpy > 0.05

Fraction of Events

e b b b b b b Loy T 0T
0 01 02 03 04 05 06 07 08 09 1
Fraction

Figure 11: The f;, and fgj distributions for events with a good vertex, a boosted

jet, and good SyeT

This cut rejects 1.4% of the data events, and a negligible fraction in the MC
sample.

2699 events passed these selection criteria for a cone size of R =0.7. In 22%
of these events (591) the sub-leading jet also satisfied these conditions, resulting
in a total of 3290 good jets with pr > 400 GeV /c. The pr distributions of these

jets are shown in Fig. 12 for data, as well as for the QCD and ¢ MC samples.
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Figure 12: The pr distribution for all the jets with pr > 400 GeV /c in events
passing the requirements described in the text. Overlaid are the distributions from

the PYTHIA MC for QCD jets and #7 production. All samples are area normalized.

2.2.3 Expected Sources of Events

Fig. 13 depicts the MC-based estimation of the relative importance of various
possible processes in pp collisions as a function of the p’;’i" cut imposed on the
leading jet (cuts 2 and 3). The dominant QCD source is suppressed by a factor of
250 for presentational purposes.

Tevatron studies have shown, as expected, that the production of light quarks
and gluons, followed by their fragmentation and hadronization, is the main source
of high pr jets [44, 56]. The nice agreement in shape shown in Fig. 12 sup-
ports this assertion. Results from an NLO QCD calculation using POWHEG [57,
58, 59, 60] and CTEQ6m PDF [61] show that about 80% of the jets with p7 >
400 GeV /c originate from the production of high pr quarks, and the rest from the

production of gluons. This is in agreement with previous measurements at lower

jet energies [10].

29



0.6 -
—tf
£ — W+ jets
ol 05 g/Z +jets
(O]
2 —— QCD/ 250
o
o 04—
<
c
2 o3
Q
s
LL
o 02—
=
I
T 01
4
0 | | | |
100 200 40 500

300
pg““ (GeVl/c)

Figure 13: The fractional contribution of the various SM sources as a function of
the minimum p7 of the leading jet for pp collisions at 2 TeV. Note that the rate of
jets from light quarks and bottom quarks (QCD) is suppressed by 250. The Z+jet
cross section is separated from the Drell-Yan process by applying a mass cut on

the out-coming daughters.

30



The computed production cross-section for W + Jets and Z + Jets with pr
above 400 GeV /c is 4.5 fb and 3 fb respectively. Hence, after inclusion of the
hadronic branching fractions and jet reconstruction acceptance and efficiencies,
these processes are expected to contribute about 20 jets, with jet masses in the
range of 50 to 100 GeV / ¢? to the sample. In this mass range, 296 events were
observed. Due to the small cross section and since the present study is focused on
higher jet masses, no attempts to remove the W /Z events has been done.

Fig. 13 shows the p7 behavior of ¢ jets which constitute an irreducible back-
ground for the present study. One deduced from this figure that about 1% of the
events is indeed due to the SM boosted ¢ production process. However, QCD jets
are very unlikely to be massive while fully collimated t-quark jets are heavy by
definition, as shown in Fig. 14.

Since search for boosted ¢ is part of this thesis, a better level of understand-
ing has to be sought. Hence, two calculations for the boosted top cross section
were considered. Using the MSTW 2008 PDF with a top quark mass of n,, =
173 GeV /%, an approximate Next-to-Next-to-Leading Order (NNLO) calculation
predicts the cross section of 17 with py > 400 GeV /c to be 4.55‘:8:2(1) fb[62].

A PYTHIA MC resultis 5.67+£0.37 fb, which is based the measured total 77 cross
section of 7.5 4+0.48 pb [63]. This is in reasonable agreement with the theoretical
NNLO prediction.

The former calculation was deemed more reliable and was used in relevant parts

of this study.

2.2.4 Characteristics of 17 Events and Top Rejection

Since tf is a major background for the QCD study, in this section, the characteris-
tics of 77 events and their associated jets are compared to that of QCD events.

The mass distribution of leading jets with pr > 400 GeV /c is shown in Fig. 14.
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It demonstrates a large peak around a mass of 40 GeV /c* with a long tail towards
high jet mass, very similar to the shape measured in data as shown in Fig. 18.
The #f distribution, on the other hand, has a broad peak around the mass of the
top quark, coming from hadronicly decaying boosted tops fully collected into a
single jet. It also has a secondary peak around the mass of the W boson, coming
from events in which the light quarks from the W boson are contained in a single
jet, while b flavored quark is reconstructed into a jet of its own. It is also worth
mentioning that there are very few 7 events with jet masses below 70 GeV /c* and

above 200 GeV /c?.
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Figure 14: The jet mass distribution for leading Midpoint jets with R = 0.7, satis-
fying pr > 400 GeV /c and n| € (0.1, 0.7) in QCD (solid black) and #7 (dashed
red) MC events.

Approximately 40% of the tf events are expected to have a semileptonic de-
cay in which the leading jet is a highly boosted massive jet, while the second jet
is softer and less massive. These events are also characterized by having large

missing energy due to the escaping neutrino. The Sygr distribution, namely the
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significance of the missing energy, is shown in Fig. 15 in which the #7 tail at large

SmeT 1s higher than that of QCD.
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Figure 15: The Sygr distributions for QCD (solid black) and ¢ (dashed red) MC
events, requiring that the leading jet satisfy pr > 400 GeV /c and || € (0.1, 0.7).

Since the main goal of the first part of this study is the systematic investigation
of the properties of highly boosted, massive QCD jets, it is important to remove
the ¢f contribution which falls exactly in this region of phase space. The above
observations were quantized and utilized for rejecting the two #f configurations.
Rejecting events in which the second jet has a mass above 100 GeV /c? strongly
suppresses fully hadronic events. Requiring additionally that Sypr < 4 GeV'1/?
strongly suppresses semileptonic events. A requirement on the second jet pr >
100 GeV /¢ was also imposed in order to have a sufficiently energetic recoil jet,
and further improve the selection of typical QCD dijet events. These top rejec-
tion cuts have an efficiency of 78% for the simulated QCD sample, while in the
simulated ¢7 sample only 26% of the events survive these cuts, leaving 4 expected
events in the data sample. The number of remaining events in the data after these

top rejection cuts were applied for each cone size are summarized in Table 3.
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pr Interval Cone Size
(GeV /c) R=04 |[R=0.7 | R=1.0
400 < pr < 500 1729 1988 2737
pr > 500 107 120 175

Table 3: The number of observed data events with at least one jet in the high
pr intervals studied and for three different cone sizes. All events were required
to have at least one Midpoint jet of the given cone size with pr > 400 GeV /c
and [n| € (0.1, 0.7). The selection used to reject top quark candidates has been

applied.

2.3 Pileup Correction

More than one interaction may occur during a single bunch crossing in a pp or pp
collider. The number of reconstructed primary vertices, N,;y, is a good estimate
for the number of actual multiple interactions. In the present CDF data sample
an average of ~ 3 interactions per bunch crossing was measured, while at the
LHC this number is much higher. The additional collisions add a cloud of par-
ticles that, upon impinging on the calorimeter, give rise to incoherent additional
recorded energy. Such incoherent energy deposits partially mask the jet substruc-
ture. Moreover, the pileup in the MC samples used is not necessarily modeled
perfectly. Therefore, a data-driven technique was developed and used to measure
the shift in various observables due to the inclusion of this additional incoherent
energy in the jet and correct for it [11, 64].

In order to estimate the amount of the incoherent energy deposits, a comple-
mentary cone, one with the same size parameter R as used for the jet, is set at 90°
in azimuth away from the leading jet axis. The energy deposits contained by this

cone are rotated back and added to the leading jet. Then the shifts in the relevant
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observables are measured as a function of the raw values of these observables.
It is assumed that the shifts are small an within the linear regime. Indeed this is
verified and reported in Sec. 3.1. These positive shifts can be subtracted from any
measured observable to remove the pileup contribution. The MI contribution ex-
hibits large event-by-event fluctuations and therefore the mean shifts are used as
the corrections. Furthermore, some additional coherent energy deposits are com-
ing from the Underlying Event (UE) and should also be taken into account. This
is done by the following method: events with a single reconstructed vertex are
selected. These are assumed to have underlying activity with no multiple interac-
tions. The average shifts to the relevant quantities in these events are computed
using the complementary cone technique and later subtracted from the shifts in-
curred to these quantities in events with more than one vertex. The latter events are
assumed to contain both underlying event and multiple interaction contributions.
The resulting shifts are due to multiple interactions only. This is demonstrated

schematically in Eq. 13.

N,y > 1 (pileup and underlying event) — N, = 1 (underlying event) = pileup only
(13)
The mass shift due to MI is expected to scale as R* [2]. This scaling was used
to derive the expected shifts for the R = 1.0 case since in this case the comple-
mentary cone overlaps with the primary jet and therefore the technique cannot be
applied without modifications. In the case of R = 0.4 jets, there were too few
events with sufficiently massive jets to reliably derive the shifts, and scaling down
from R = 0.7 was performed.
The functional form of the observable shift due to multiple interactions is es-

timated for several observables [64]. For example, denote the mass after a small
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pileup contribution is added to it by m’ = m + dm. Thus

m'? —m? = (m' —m) (m' +m) (14)
N ~——
6}’712 8m N2m

1

and therefore dm ~ -

namely, the shift in jet mass due to pileup is expected to
behave as one over the jet mass, namely the higher the jet mass is the smaller is

the correction.

2.4 Unfolding

The data presented in this study was unfolded back to particle level, thus reducing
detector effects and allowing a better comparison with the theoretical predictions.
The PYTHIA QCD event generator was used to simulate and reconstruct jets with
various cone sizes at both particle level and after full CDF detector simulations.
All interesting distributions are then calculated from both kinds of jets. The bin-
to-bin ratio of these normalized distributions is calculated, namely the ratio of
the particle level distribution over that of the fully simulated reconstructed jets.
This ratio is fit with a polynomial, which is later used to correct the measured
data. An example for the jet mass unfolding factors for R = 0.7 is shown in
Fig. 16. The unfolding corrections for planar flow and angularity were found to
be negligible, except for the case of planar flow for jets with R = 1.0, in which

case the distributions were corrected by about 10%.

2.5 Jet Substructure Observables
2.5.1 Jet Mass

The typical QCD jet mass distribution has a peak at a value comparable to a small
fraction of the jet momentum and a long tail reaching masses which are a signit-

icant fraction of the jet’s pr. This is demonstrated in Fig. 12. Based on QCD
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Figure 16: The bin to bin ratio of the jet mass distributions for particle-level jets
and detector-level jets with R = 0.7 in PYTHIA MC events. The dashed red curve
is the result of a polynomial fit to the MC points that is used to make the bin-by-bin

correction. The uncertainties shown are from the statistics of the MC sample

factorization (see e.g. [65]), a semi-analytic calculation of the QCD jet mass dis-
tribution was derived for this high-mass tail where the jet mass is assumed to be
dominated by a single gluon emission [20], giving the jet, at leading order, a dis-
tinctive two-prong geometry. The probability for such gluon emission is given
by the “jet functions,” J4 and J8 for quarks and gluons, respectively. These are
defined via the total differential rate

do(R)

d695(R)
dprdmiet

, 15
dpr (15)

= Z‘]%g(mjef?pT?R)
9.8

where R is the radius of the jet cone used to define the jets and 698 is the factorized
Born cross section. Corrections of O(Rz) are neglected and the analysis is applied

to the high mass tail, mP*®* < m/® < prR. The jet functions are approximated by

: 4C7 RpT
J(m!", pr,R) == a(pr) -2l log (mT) : (16)

where 0,;(pr) is the strong coupling at the appropriate scale and C; , = 4/3 and 3

for quark and gluon jets, respectively.
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The jet function predicts both the shape of the jet mass distribution, as well as
its absolute normalization. The above result is the leading-log approximation to
the full expression where the NLO corrections are yet unknown [2, 66, 67]. These
corrections are of order of 1/log (R? p3./(m/')?), i.e. at the level of ~ 30% of the
expression in Eq. 16. Thus, Eq. 16 provides a simple yet powerful description for

the qualitative behavior of the high m/¢ tail.

2.5.2 Angularity

Angularity is a class of jet observables defined as [21, 68]:

1 , _
(R, pr) = v Z E;sin“8; [1 —cos8;]' ™
i€ jet

na—1 )
i) DR LA (17)

i€ jet

where the sum runs over the jet constituents, E; is the energy of a constituent, and
0; is its angle with respect to the jet axis. The second line in Eq. 17 is an approx-
imation for small angles. This expression remains infra-red and collinear safe for
a < 2. In this study a = —2 was used. Angularity was shown to qualitatively
distinguish between QCD jets and jets that originate from the two-body decays
of heavy boosted objects like the W and Z bosons [21]. The two-prong hypoth-
esis leads to the existence of a lower and upper bound on the allowed values of
angularity. The lower bound, T3 ~ (m/* /2pr)?, is obtained from decay configu-
rations in which both daughter particles are emitted at the same angle with respect
to the direction of the mother particle and equally share the available energy. The
upper bound, T"5* ~ 2 3RZ et /pr, is obtained when one of the decay daughters
is hard and almost collinear with the mother particle, whereas the second decay
daughter is soft and emitted at the largest allowed angle. The angle between these

daughters and the direction of flight is limited by the size parameter R.
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2.5.3 Planar Flow

Planar flow [20, 21] describes the way energy is deposited on the plane perpen-

dicular to the jet axis. It is derived from the momentum tensor

1 Pik Dil
L ygbn a9

JK—
e - l El El )

where the sum runs over the jet constituents, E; is the constituent energy, and p;
is the k" component of the constituent transverse momentum relative to the jet

axis. Planar flow is defined by

B det(Ie) B 47\.17\,2
= ) =~ i) (19)

where A1 ; are the eigenvalues of /.. The planar flow of events with a two-prong
nature, including massive and boosted ones, should be very small since the two
out-coming jets are, by definition, contained in a plane and their energy deposits
in the calorimeter will always be on a straight line. This ideal configuration, there-
fore, has a planar flow value of zero. The soft contribution inside the jet shifts the
expected value of the planer flow to higher than zero value.

On the other hand, consider a hadronic decay of a boosted top quark, in which the
b quark and the g4 pair are clustered together in a single jet. The three-pronged
energy deposits are unlikely to be on a straight line, therefore, giving rise to rel-
atively high planar flow values, with a maximum value of 1 when A; = A; in
Eq. 19. This makes planar flow a good handle for separating two-prong decays

from three-prong decays, e.g. in boosted top quark searches.
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3 Results

3.1 Pileup Correction

The mean jet mass shift due to pileup as calculated by the complementary cone
technique, as a function of the raw jet mass in both data and MC is shown in
Fig. 17. The data is shown to roughly follow an expected 1/m/* behavior, as
predicted in Eq. 14. Energy flow from MI creates an average shift in the jet mass
of 3—4 GeV /c?. This first order approximation assumes that the mass shift is
small compared to the mass itself, and therefore not valid at low jet mass.

A comparison between the jet mass distribution for events with a single pri-
mary vertex, and for events with many vertices, both before and after the appli-
cation of the mass correction, is shown in Fig. 18. After applying this correction,
the average jet mass difference between the jets in single and multi-vertex events
is reduced to ~ 2 GeV /c?, and the low mass peaks almost coincide. This resid-
ual difference may be due to the fact that our correction procedure does not take
into account the relatively rare cases where the underlying event and/or multiple
interactions produces a large shift in jet mass.

The small number of events left after imposing the requirement of having a
high pr jet within a certain high mass range did not allow the separation of the
underlying event contribution in the cases of angularity and planar flow. The
corrections for these observables were also found to be relatively small. No MI
corrections were therefore applied to these observables. The results, however, do

fit the predicted approximations reasonably well, as shown in Figs. 19 and 20.
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Figure 17: The average shift in the reconstructed jet mass due to underlying event

(black points) and due to both underlying event and multiple interactions (dashed

red points) for selected jets as a function of the raw jet mass m,;;. Also shown

are the parametrizations of these corrections (solid line for underlying event and

dotted line for underlying event and multiple interactions) used for the correc-

tion. [64]
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3.2 Jet Substructure Observables
3.2.1 Jet Mass

A comparison of the jet mass distribution for a cone size R = 0.7 with the an-
alytic predictions of the jet function (Sec. 2.5.1) is shown in Fig. 21. This is
done in the region in which the approximation is valid, namely, for jet masses
above 70 GeV /c? and up to 280 GeV /c?. The analytical prediction for quark
jets describes approximately the shape of the distribution of jets but tends to
over-estimate the rate for jet masses from 130 to 200 GeV /c?. According to a
pQCD prediction, indeed ~ 80% of these highly boosted Tevatron jets arise from
quarks [69]. PYTHIA describes the data with reasonable accuracy. Furthermore,
as shown in the inset plot, a good agreement is observed between the Midpoint and
the anti-k; algorithms results. Since the jet mass is a higher order in pQCD effect
(the bare quark or gluon carry negligible or zero mass) this is a very interesting
observation considering the fact that Midpoint is shown to be 1IR3 [2] whereas
anti-k; 1s IR-safe. Moreover, one can observe that the Midpoint with Search Cones
algorithm, shown to be “only’” IR, 1, tends to produce more massive jets. This is
another indication to the level of sensitivity the jet mass has to IR effects in highly
boosted massive jets.

For completeness, Fig. 22 shows the jet mass distribution at the high mass region
for R=0.4 and R = 1.0. In general, the same properties were observed for all
cone sizes. As expected, the larger the cone size, the more energy is included
into the jet, particularly at larger distances from the jet axis.Thus average jet mass

increases with cone size. This effect is also shown in Fig. 23.
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Figure 21: The normalized jet mass distribution for Midpoint jets with pr >
400 GeV /c and |n| € (0.1,0.7). 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 and have an estimated uncertainty of
~ 30%. Also shown is the PYTHIA MC prediction (red dashed line). The inset
compares Midpoint (full black circles), Midpoint with Search Cones (open red

circles), and anti-k; (open green squares) jets [12]

44



CDFRunll, L =6fb? CDFRun i, L =6fb*

0.0041 0.0041 0.012 0.01 ;
E F Midpoint idnoi
0.0035F : # o Vidpomn o.oi -e- Midpoint
.0035— 0.003- idpoi E o
- F t -6~ Midpoint’SC oG 001 0.008F ~o- Midpoint/SC
O 0003 Gluon [ Anti-k Q N )
S TTE 0.002f T S E) 0.006f ¥ Anti-k
() C :JL L () 0.0083 4:7 &
(@ 00025 o004 - ] C 0.004 &
5 ot CAI . T T
—  0.002 t - 4;:2::32 w1 0.006[~ [ 'ii.?}g_ip
el — se L 1657150 200 o I
e 100 150 Z e F 100 150 200 250 300 350 4
T | 500015 Midpoint, R = 0.4 T 1O 0.004 Midpoint, R = 1.0
B @
H|Z£ 0.001 ‘_'|z'“
______ 0.002
oooos|- 1 T e )
d kalxxxxlxxx‘.x[xxxx
%680 o0 100 110 120 130 140 150 160 00 10 200 250 300 350 400
jetl 2 jetl GeV/ 2
m [Gevic?] m™=" [GeVic?]
(@R=04 ®R=1.0

Figure 22: The normalized jet mass distribution for Midpoint jets with pr >
400 GeV /c and R = 0.4, [n| € (0.1,0.7) (a) and R = 1.0, |n| < 0.7 (b). The
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Midpoint with Search Cones (open red circles), and anti-k; (open green squares)

jets [12]
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Figure 23: The jet mass distributions with cone sizes R = 0.4, 0.7 and 1.0 (black
points, open red squares and open blue triangles, respectively) in the data sample

for all jets with pr > 400 GeV /c

3.2.2 Angularity

The angularity distribution is shown in Fig. 24 for R = 0.4 and R = 0.7. The
jets were required in this case to have a mass between 90 to 120 GeV /c?. The
upper edge of this window is limited by the number of highly boosted massive jets
available. This mass window was a compromise between having enough statistics
and avoiding contamination from W and Z bosons. This distribution indeed lies
between the two expected limits (Sec. 2.5.2) and hence corroborate the two-prong
hypothesis. PYTHIA prediction agrees nicely with the data. Furthermore, as in
the jet mass case, an agreement is observed between the Midpoint results and
those of anti-k;. Finally, the Search Cone variant tends to create jets wider than
expected by pQCD as seen by the tail of the relevant distribution extending beyond

max
T*Z .
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jets [12]
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3.2.3 Planar Flow

The planar flow distributions for jets of all masses is shown in Fig. 25. This dis-
tribution is dominated by low mass jets, in which soft gluon radiation is spread
across the face of the jet, increasing the value of its planar flow. The MC does not
seem to nicely reproduce the data in this sample. Fig. 26 shows the planar flow
distributions for highly boosted jets in a mass window of 130 to 210 GeV /c?, a
range relevant for pQCD studies as well as search of boosted tops. The data ex-
hibits the expected QCD like behavior and peaks at a low planar flow value. This
should be compared to the t# MC sample that exhibits a flatter distribution. Once
again Midpoint and anti-k; are in good agreement. This is particularly interesting
in the case of planar flow which deals with three-body configurations and consid-
ering the IR34; ranking of Midpoint. The R = 0.7 distribution suffers from low
number of events due to the high mass cut. The picture is perhaps more clear
in the R = 1.0 distribution in which one can also observe that the Search Cone

variant tends to produce more planar jets.

3.3 Systematic Uncertainties
3.3.1 Internal Jet Energy Scale

The precision of the Jet Energy Scale (JES) at CDF is well established [55]. The
uncertainties on the JES were measured to be less than 3% for jets with pr >
400 GeV /c as shown in Fig. 27. This result significantly constraints any possible
variation in energy response across the face of the jet, one that can have an effect
on jet substructure observables. This section describes the procedure that was used
to asses the uncertainties of the jet mass scale due to possible such variations.
The ratio of charged pr to calorimeter transverse energy was measured in

three concentric rectangular regions in 1 — ¢ space, centered around the jet axis.
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Figure 27: Systematic uncertainties as a function of the corrected jet pr [55]

The definition of these regions is as follows:

e Region 1 is formed of 4 towers in 1| and 2 towers in ¢ with the one of the

four innermost towers closest to the jet centroid.

e Region 2 is formed of 8 towers in 1 and 4 towers in ¢ centered on Region 1

and excluding it.

e Region 3 is formed of 12 towers in 1 and 6 towers in ¢ centered on Region

1 and excluding the interior two regions.

These regions are shown schematically in Fig. 28 overlaid by a jet cone of radius

0.7 for illustration purposes.

For each region i, the following ratio was measured:

Y »pr

_tracks
in region

Y Er
_towers
mn region

ftrack/cal,i = (pT/ET)i = (20)

in which the numerator is the sum of the p7 of all charged tracks reconstructed

in the COT and intercept the given region when projected to the plane of the
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Figure 28: A schematic of the three calorimeter regions used in the verification of
the internal energy calibration within the jet. The dashed circle represents a cone

of radius R =0.7

calorimeter. The reconstruction efficiency of very soft tracks is unknown and may
vary in different regions of the jet. Therefore, the charged tracks were required
to have pr > 1 GeV /c. The denominator is the sum of the transverse energy
deposited in each calorimeter tower in the region. In this study, the number of
reconstructed vertices, N, was required to be equal to one in order to minimize
the effect of multiple interactions. The distributions of this ratio for data and MC
in the three regions are shown in Figs. 29, 30, and 31.

It was already shown in another CDF study [70] that the tracking efficiency
drops as one goes nearer the core of the jet. This effect is also seen here as the
mean ratio becomes smaller when going inwards from region 3 to region 1.

In order to assess the systematic effect of local energy scale variations one can
let the JES become a free parameter (JES;) in the three regions defined above.

Using the 3% uncertainty of the global JES one can then write Eq. 21:

0.97 E;"¢ < JES|1p1A1 + JES2p2A2 + JES3p3A; < 1.03 EZ ¢ (21)

where E7 "“%¢ is the average jet transverse energy, p; is the average energy density
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for each region, and A; is the area in the 1 — ¢ space of each region relative to the

total area. The measured values of these parameters are shown in Table 4. Most

Region 1 Region 2 Region 3
Relative Area (A;) 0.111 0.333 0.555
Mean E7 density (p;[GeV /ANA0)) 1744 33.7 1.5
Mean fi ek /car,i (data) 0.176 £0.008 0.436+0.012 0.815+0.020
Mean fi ek /car,i MC) 0.150£0.005 0.538+0.006 0.790+0.012
Fractional E7 in region i 0.941 0.055 0.004

Table 4: The relative areas of each calorimeter region, the average E7 densities in
the three regions for jets with pr € (400, 500) GeV /c and |n| € (0.1, 0.7), and
the mean ratio of tracking and calorimeter response for the data jets and the MC
jets. The last line shows the average E7 deposited in each region for an average

jetin this sample
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of the jet’s energy is deposited in the Region 1, for which the MC and data are in
reasonable agreement. The overall energy scale uncertainty of 3% therefor places
the strongest single constraint on JES. On average, Region 1 captures 94% of the
total energy of the leading jet in the sample. Thus the uncertainty of JES| from
the jet energy systematic uncertainty is at most 0.03/0.94 = 0.032. Next, the two
following double ratios are defined:

MC / fdata

. ftrack/cal7 1/ Jtrack/cal,1

li = "pc /fdata
track/cali! Y track/cal,i

(22)

where i = 2,3. From Table 4 one can calculate Rj» = 0.69 and R3 = 0.88 with an
estimated uncertainty of +0.1.

The uncertainty on the jet mass was estimated using a model of a jet, namely, using
a uniformly distributed energy over a circular area in | — ¢ taking into account the
calorimeter segmentation, such that the average E7 densities are as shown in the
table, and the total mass is 115 GeV / c2. An iterative search was done to find the
shift in the energy scale of region 1, consistent with a drop in the energy scale of
region 2 and region 3 of as much as one standard deviation. During this search it
was required that the jet energy scale remained within the 3% uncertainty range.
The maximal mass shift found while keeping these constraints was found to be

10 GeV /2.

3.3.2 Energy Flow from Multiple Interactions

As was shown in Sec. 3.1, energy flow from MI creates an average shift in the jet
mass of 3 —4 GeV /c?, for jets with masses above 70 GeV /c? and a cone size of
R = 0.7. The uncertainty on the mass shift was conservatively set to be 2 GeV /c?,

which is half the value of the average correction.
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3.3.3 Uncertainties on the PYTHIA Prediction

Uncertainties arising from the choice of PDF and renormalization scale are esti-
mated using the eigenvector approach [71]. The MC events are re-weighted after
shifting each of the eigenvectors and choices of scale describing the PDF parame-
terization by one standard deviation up and down. One then plots the normalized
distributions of the relevant observables using these weights. There is one dis-
tribution for each PDF parameter shift. In each of these distributions, each bin
is slightly shifted due to the re-weighting of the events. The shifts that arise in
each bin is summed in quadrature to give the PDF uncertainty in that bin. These
uncertainties were approximately 10% for the jet mass distributions and 5% for

angularity and planar flow.

3.3.4 Unfolding Related Uncertainties

The unfolding factors were determined using a fit on a MC sample with finite
statistics. This is manifested by the error bars in Fig. 16. The statistical uncer-
tainty introduces uncertainties on the resulting factors, which can be estimated by
the uncertainties of the fit. Uncertainties introduced by the choice of model for
jet fragmentation and hadronization can be studied by the change in the unfolding
factors when these are calculated before and after fragmentation and hadroniza-
tion, i.e. at the partonic level and the hadronic level. These changes were found to
be on the order of 10%. An uncertainty of an additional 10% is arising from the
uncertainty in the jet energy scale and was estimated by calculating the unfolding

factors after re-selection of jets according to a shifted energy scale.
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The above results are all consistent with pQCD prediction. According to
pQCD the very energetic parton that was produced in the hard scattering pro-
cess gives off a gluon that carries roughly half of the parton’s energy. The mass
and angularity distributions are clearly in good agreement with this hypothesis. In
the next section one inverts the anti-top-quark cuts and looks for the production

of boosted ¢7 events.

4 Search for Boosted Top Quarks

4.1 Methods

The production of ¢7 pairs was a background for the QCD studies and an effort
was made to reject it in Sec. 2.2.4 by a few dedicated cuts. By inverting the top-
quark rejection cuts and utilizing the acquired understanding of jet substructure,
particularly the jet mass, one can get a ¢7 enriched sample and carry out a boosted
tt study. Such a study is very interesting since new physics may be linked to
the top quark and since an anomaly in the forward-backward asymmetry of ¢f
events, in particular boosted ones, has been reported by CDF [76]. The main
background for 7 events is, as expected, QCD processes. In order to cope with
this hard-to-estimate background, a data-driven background estimation technique
was developed.

The typical cone size of a fully hadronic decay of a boosted top is ~ # ~
1. In this part of the study, due to the relatively low available beam energy at
the Tevatron, Midpoint jets with R = 1.0 were used to increase the efficiency for
collecting the full hadronic decay of the boosted top quark inside a single jet.
The pseudorapidity range was changed to |n| < 0.7 to increase the acceptance.
There were 4230 events in the data having such leading jets that also satisfy pr >

400 GeV /c, as well as a reasonable recoil jet with pr > 100 GeV /c.
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In principle, for QCD events, one does not expect to find a positive correlation
between the masses of the two leading jets in a typical dijet event. On the other
hand, in hadronic 7 decays, one expects that the presence of a massive leading
jet is highly correlated with the presence of a secondary massive jet. These cor-
relations are shown for the data and t# MC sample in Fig. 32. An upper cut on
the Sy g7 was applied at this stage to reject semileptonic ¢7 events. The Sy g7 was
defined in Eq. 10.

Hadronic #f events are thus expected to populate a region in phase space in which
both leading jets have high mass, the so called signal region. Control regions in
which one or more of the two leading jets have low mass are also defined. Using
these control regions, one can predict the number of expected QCD events in the
signal region. The definitions of the signal region, D, and the control samples,
A, B, and C, are given in Table 5. The predicted number of QCD events in the

signal region shown in the bottom line of the table is given by:

Npred _ NpN¢
b NARmass 7

(23)

where Ny is the number of events in region X and R,,,5s = (NpNc)/(NaNp) is a
correction factor that was introduced in [72] and represents the residual correla-
tions that might exist between the m/*? and m/*’! in QCD events. This ratio was
calculated with several different NLO QCD event generators giving rise to Ry, s
values in the range of 0.76 to 0.89 [73]. A value calculated using POWHEG [57,
58, 59, 60] of R,;,45s = 0.89 was used in this study.

One may attempt applying a similar technique focusing now on semileptonic
tt events. In QCD events, no correlation is expected between the missing energy,
which originates mostly from instrumental effects, and the leading jet mass. In
semileptonic ¢7 events, on the other hand, one expects such a correlation. These

correlations are shown in Fig. 33 for data and simulated #7 events.
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Figure 33: The distribution of Sy versus mi®! for selected events in data (a)

and in a t7 MC (b) with at least one jet with py > 400 GeV /c and |n| < 0.7 using

R = 1.0 Midpoint cones [22]
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4.2 Results

The definitions of the control regions and the number of counted events in each re-
gion are given in Table 5 for the fully hadronic case (including R,,,ss as described
in Sec. 4), and in Table 6 for the semileptonic case. The tables also show the

expected number of #f events in each region.

Region m/ell mie? Data tt MC

(GeV/c*) (GeV/c?)  (Events)  (Events)

A (30,50)  (30,50) 370 0.00

B (130,210)  (30,50) 47 0.08

C (30,50)  (130,210) 102 0.01

D (signal) (130,210) (130,210) 31 3.03
Predicted QCD in D 14.6+2.76

Table 5: The observed number of events in the three control regions (A, B, and
C) used to predict the background rate in the signal region (region D) in the fully

hadronic channel. The ¢ MC event rates in each region are also shown [22]

The acceptances for 7 events in the all-hadronic and in the semileptonic cases
are expected a-priori to be comparable. Thus the two channels were combined
and used to set an upper limit on the rate of ¢ production for top quarks with
pr > 400 GeV /c. A 95% C.L. limit on the ¢7 cross section was calculated, using
the CL; approach that performs a frequentist upper limit calculation, using pseudo
experiments to combine statistical and systematic uncertainties [74, 75]. The re-
sulting 95% C.L. upper limit on the cross section is 38 fb at 95% C.L.. This is
approximately an order of magnitude higher than the estimated SM rate, and is
limited by the size of the expected QCD background rates and the systematic un-

certainty on this number. It is, however, the most stringent limit on boosted top
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Region mietl SMET Data MC
(GeV/c*) (y/GeV/c?) (Events) (Events)

A (30,50) (2,3) 256 0.01

B (130,210) (2,3) 42 1.07

C (30,50) (4,10) 191 0.03

D (signal) (130,210) (4,10) 26 1.90
Predicted QCD in D 31.3£8.1

Table 6: The observed number of events in the three control regions (A, B, and C)
used to predict the background rate in the signal region (region D) in the semilep-

tonic channel. The 1 MC event rates in each region are also shown [22]

quark production to date. The expected limit was calculated by using the back-
ground estimated from the data-driven technique and assuming an observation of
1t events at the expected level of 4.9 events using both channels. The expected
upper limit is 33 fb at 95% C.L., which is somewhat lower than the observed limit
since a small excess of events above the expected signal plus background is ob-
served. It is interesting to set a limit on the fully hadronic channel, as this creates a
selection that is sensitive to pair production of two massive objects near the mass
of the top quark that decay primarily hadronically. As the main interest in this
case is in beyond-SM contributions to this final state, the background estimate the
for the expected #f contribution of 3 £ 0.8 events is included. Taking out the top

quark hadronic branching fraction of 4/9, the upper limit is 20 fb at 95% C.L.

4.3 Uncertainties

The largest source of uncertainty affecting the search for boosted top quarks is the

uncertainty on the jet mass which is +10.2 GeV /c? for massive jets, combining
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both internal JES uncertainties and MI corrections uncertainties. In the ABCD

method described in Sec. 4, the high mass window was shifted up and down by

this mass uncertainty. This yielded an uncertainty of 30% on the combined back-

ground estimation.

The top quark acceptance is affected by the jet energy scale uncertainty. Changing

the jet pr by 3% [55] results in a 24% change in the acceptance.

An additional £6% was added due to integrated luminosity uncertainty, and +£0.3%
for variations in the top quark mass.

All these sources of uncertainties are assumed to be independent of each other

and are added in quadrature, giving a total of +44% systematic uncertainty in the

predicted 7 cross section.
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5 Discussion

The present research project is focused on the first measurements of the substruc-
ture of highly boosted massive jets. It was done using the CDF detector at the
Tevatron. Valuable knowledge was acquired on the substructure of such jets and
its possible sources.

Pileup is a major impediment for many jet studies and in particular jet sub-
structure studies. In order to cope with it, a data-driven pileup correction tech-
nique was developed and used. It was shown to reduce the average mass difference
between jets in single and multi-vertex events to about 2 GeV /c? and therefore re-
move systematic mass shifts due to MI. The analytical prediction for the shifts in
angularity and planar flow seem to match the observed ones, although the relevant
data samples were very small and, therefore, the correction procedure was not
applied to them.

The jet mass, angularity, and planar flow were measured for the first time for
jets with pr > 400 GeV /¢, using Midpoint, Midpoint with Search Cones, and
anti-k; jet algorithms. A good agreement between the data and the predictions of
the PYTHIA event generator was observed for the jet mass distribution. At large
mass, the data was found to be consistent with the two-prong hypothesis of pQCD
and is well represented by the NLO QCD jet function. An agreement between the
Midpoint jet algorithm and the IR-safe anti-k; algorithm was observed, in contrast
to the IR irregularity of the Search Cone variant of the Midpoint jet algorithm
which was manifested in the form of a longer mass distribution tail.

The values of the jet’s angularity fall within the expected kinematic limits 1:’1”'2”
and ™9, corroborating the two-prong hypothesis. This was observed for a cone
size of R = 0.7 in a high mass window, as well as for a lower R = 0.4 cone size,
albeit the smaller number of events available for this cone size at larger jet masses.

This observable also exhibits the importance of the IR-safety issue of the Search
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Cone variant, having a distribution tail that exceeds the predicted t”'5".

A planar flow distribution with no jet mass requirements applied, showed some
disagreement between data and PYTHIA event generator, although the two have
the same general trend of a monotonously increasing planar flow distribution. Per-
haps this hints that the MC fails to model correctly the soft radiation which is
ubiquitous in the sample dominated by low mass jets. At larger masses however,
a better agreement was observed between data and MC. This is better discernible
in the R = 1.0 sample which contains a larger number of events at high jet mass.

All these features are consistent with pQCD expectations emphasizing that at

the LHC high pr jets will be an excellent tool for pQCD studies.

A dedicated search for boosted top quark based mainly on jet mass yielded
an upper limit of 38 fb at 95% C.L. on the cross section of ¢f production at high
pr. This was done combining both the fully hadronic and the semileptonic chan-
nels. The somewhat lower expected limit of 33 fb at 95% C.L. represents the fact
that a small excess of events over the predicted number was observed in the fully
hadronic channel. The latter channel is interesting on its own, being sensitive to
BSM scenarios in which a pair of massive objects are produced and decay primar-
ily hadronically. Assuming a given SM ¢f content and taking out the top quark
hadronic branching fraction, an upper limit of 20 fb at 95% C.L. was set based
on the fully hadronic channel alone. These results come hand in hand with recent
evidence measured by CDF for mass dependent forward-backward asymmetry in
top quark pair production [76]. They have already inspired interpretations of the

two observations [73].

The regime of highly boosted objects becomes exceedingly relevant at the en-

ergies obtainable at the LHC [15, 16]. Understanding high pr massive jets is a
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prerequisite for current and future analyses, and in some cases these complex jets
replace the resolved objects used in classic analyses. This study sets up the stage
for further jet substructure investigations, SM studies and beyond-SM searches
that can benefit from the knowledge obtained here and put the inspected observ-

ables into practical use.
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