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Elementary particle physics attempts to answer very fundamental questions of how
the Universe was created and how it works. One approach 1o unlocking these mysteries
is by colliding very fast moviag protons and antiprotons and studying the outcome. Most
of the time these particles ooze through each other, but occasionally we get a collision
that is characterized by a large amount of transverse momentum. This signals a special
kind of collision that can be calculated by the theorist. The problem lics in the fact that
only a portion of the collision can be calculated. The majority of the collision is messy
and must be modeled. The data presented here helps o improve the cument models and

allows for a better understanding of the dynamics of nuclear forces,
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Data at 1.96 TeV corrected to the particle level using method | and method 2
compared with PYTHIA Tune A and HERWIG at the particle level. Shows the
density of charged particles, dNchg/dndd (fop). the PTsum density of charged
particles, dPTsunvdrydg (middle), (pr > 0.5 GeVic and In| < 1), and the ETsum
density. dEr/dnd$ (bottom), Yor particles with ] < 1 in the “ransverse”™ region
{average of “ransMAX"™ and “uansMIN™) for “leading jer” events defined in
Fig. 6-3 as a function of the leading jet Pr. 72

Hiustration of correlations in azimuthal angle Ad relative 1o the direction of the
leading jet (MidPoint, R = 0.7) in the event, jet#1. The angle A = ¢ - djet##l is
the relative azimuthal angle between charged particles and the direction of jet#l.
The “toward™ region is defined by [A¢} < 60" and | < 1. while the “away”
region is [A¢] > 120° and Inf < 1. The “transverse™ region is defined by 60° <
1A¢] < 120" and Iy} « 1. Each of the three regions “toward”, “transverse”, and
“away” and has an overall area in 1-$ space of AnAd = 4x/3. We examine
charged particles in the range pr > 0.5 GeVic and In[ < 1, but allow the leading
jet to be in the region n(jew#l) < 2. -

Hiustration of correlations in azimuthal angle Ad relative 1o the direction of the
ieading jet (highest Ey jet) in the event, jet#l. The angle Ad = ¢ ~ gjet#] is the
refative azimuthal anple between charged particles and the direction of jethl.
The “toward” region is defined by JA¢| < 60° and | < 1, while the “away™
region is JA®) > 120° and Jy| < 1. The two “transverse” regions 60F < A9 < 120°
and 60 < -Ad < 1207 are referred 1o as “transverse 1™ and “wransverse 2. Each
of the two “transverse” regions have ar area in 1-§ space of AnAd = 40/6. The
overail “transverse” region defined in Fig. 3 corresponds to combining the
“transverse 1”7 and “wansverse 2" regions. Events in which there are no
restrictions placed on the on the second highest Ey jet, jet#2, are referred to as
“leading jet” events (lgft). Events with at least two jets where the leading two
jets are nearly “back-to-back™ (Adsz > 150°) with Ex(jet#2)VEr(jet#1) > 0.8 are
refenred 0 as “back-1o-back™ events (right).

THustration of correlations in azimuthal angle A$ relative to the direction of the
leading jet (highest Py jet) in the event, jer#l for “leading jet” events (leff) and
“back-to-back” events (righr) as defined in Fig. 4. The angle Ad = ¢ ~ ¢jet#l is
the relative azimuthal angle between charged particles (or calorimeter lowers)
and the direction of jet#1. On an event by event hasis, we define “transMAX”
("transMIN™) to be the maximum (minimum)} of the two “mransverse”™ regions,
60° < Ag < 120° and 60° < -Ad < (20°. “TransMAX™ and “transMIN" each have
an area in 11-¢ space of AnAd = 41/6. The overall “transverse™ region defined in
Fig. 3 includes both the “ransMA X" and the “transMIN" region .......occrrervrerceerns

Rlustration of the topology of a proton-antiproton collision in which a “hard”

parton-parton collision has occurred. The “toward™ region as defined in Fig. 6-1
contains the leading “jet”, while the “away” region, on the average, contains the
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“away-side” “jet”. The “transverse™ region is perpendicular to the plane of the
hard 2-to-2 scattering and is very sensitive to the “underlying event™. For events
with large inilial or final-state radiation the “ransMAX" region defined in Fig.6-
3 would contain the third jet while both the “rransMAX™ and “transMIN™
regions receive contributions from the beam-beam remnams (see Fig. 1-1).
Thus the “transMIN™ region is very sensitive ic the beam-beam remnants, while
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CHAPTER 1
INTRODUCTION

Elementary particle physics is concerned with the understanding of the
fundamental constituents of matiter. Our current understanding of natore reveals only a
small pumber of fundamental panicles. Furthermore, the taxonomy is greatly simplified
because these particles are perfectly replicated in indistinguishable copies. It should then
be sufficient to simply list these particles and describe their interactions. Unfoniunatety,
due to their size. we are left 1o discover how they interact via indirect measurements.
Classically this requires the study of decay rates, bound staies, and scattering
experiments. To fix the laws of physics in a formulated phrase, the traditional approsch
is to guess a form of the interaction and compare the resulting theoretical caleulations to
experimental measurements,

Ooe imponant quantity measured by the experimentalist and calculated by the
theorist is the differential scattering cross section. Suppose particles | and 2 oollide,

producing particles 3,4.....n, the cross section is given by formula 1.1,

s [ ap Y &% ) { L5, } ] (L1
dor = M|’ Fre | ol ez T o Py Py oY
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where M is the invariant amplitude (matrix element) for the process. p, = (£, p,) is the
four-momentum of particle i (mass my), £, = ,}mf +p} ,and 8 is a statistical factor

The inclusive jet cross section at the Tevatron, doVdEy averaged over a small ranpe

of pseudorapidity, n = -In(tan §/2), is an important object for study because it tesis



perturbative QCD at the highest Q° (QF = q° =(pi-py)°) scale currently possible [1.2].
This measurement continues to substantiate QCD and contributes 10 its global data fiting
used to measure parton distribution functions [3], K is imperative that we consider all
systematic effects that influence cur interpretation of the measurement.

One of the contributing effects results from the “undeclying event” that is present in
all proton-antiproton collisions. Figure 1-1 illustrates a “hard”™ 2-2 parton scaitering with
transverse momentum, Py, The “hard” scatiering component is comprised of the two
outgoing jets plus initial and final-state radiation. Removal of the two outgoing jets

leaves only the “underlying event.”

“Hard"” Scattering Faron

Figure 1-1: Hlustration of the way QCD Monte-Carlo models simuiate a proton-
sntiproton  collision in which a “hard” 2-t0-2 parton scattering with transverse
momentum, g, has occurred. The resulting event contains panicles that originate from
the two oulgoing partons (plas initial and final-state radiation) and particles that come
from the breakup of the proton and antiproton {i.e. “beam-beam remnants”). The
“underlying event” is everything except the two outgoing hard scawered “jets” and
consists of the “beam-beam rernants™ plus initial and final-state radiation. The “hard
scattering” component consists of the outgoing two jets plus initisl and final-state
radigtion.

Theoretical analysis of such a process uses simulations based on QCD Monte Carlo
models. The justification lies in the factorization theorem [4-6]. which, roughly, siates

that physical observables are the product of short distance functions and long distance



functions. The short distance functions are caleulable in perturbation theory, where the
usual pertarbative expansion in terms of Feynman diagrams is used to calenlate matrix
clements. The long distance functions are fit at ammmﬂkcvohﬁmm@om
scale is also caleulable in perturbation theory. Of course, due to the nature of Quantum
mechanics it is impossible to distinguish initial state radiation from final state radiation,
However, in the Leading Log Approximation Figure [-1 can be factorized into the
following subprocesses: (1) final state emission; (2) initial state emission; (3) the
clementary hard subprocess, which can be compuied exactly to finite order in
perwrbation theory; and (4) The hadronization process.

Refinement of each of these subprocesses extends the comparative scale of high
energy physics. The work presented hers extends io higher energies the previous
characterization of the “wnderlying evert” [7-13]. Unlike the previous analysis we
examine the energy in the ansverse regions and cormect the data back to the particle
jevel,

1.1 Forces and Particles

Four known forces serve as the impetus of our physical theories: strong,
clectromagnetic, weak, and gravitational. Intimately related to these forces are the
relatively few “elementary” particles on which they act: leptons, quarks, and bosons.

Our current understanding of gravity siarted with Sir Isasc Newton’s law of
universal gravitation. This classical theory of gravity saw its relativistic generalization to
the general theory of relativity by Albent Einstein. However, gravitational forces are the
weakest, and they are imponant for massive bodies but nepligible for nuclear and
subnuclear particles.



Electrodynamics, the theory describing eleciromagnetic forces, owes its classical
formulation 10 the Scottish physicist James Clerk Maxwell. I was not until the [40°s
that Tomonaga, Feynman, and Schwinger would pedect the quamtum theory of
elecrodynamics. The theory of weak interactions or flavordynamics was originally
formulatsd by Fermi in 1933, but in the 1960's Glashow, Wienberg, and Salam (GWS)
put it into its present form. In the GWS model the weak and electromagnetic inleractions
are treated as different manifestations of a single electrowesk force. This electroweak
force provides for the attraction between charged particles and is responsible for the
decay of nuclei.

Chromodynamics emerged in the mid-seventies 1o suppont the pioneering work of
Yukawa on the strong force. The wark of Gross, Politzer, and Wilczek on a strong force
earmned them recent recognition in the form of the 2004 Nobel Prize in physics. Strong
forces act only at very small distances: they bind quarks into nucleons and nucleons
together to make nuclei.

All of these apparently different forces are each mediated by the exchange of an
integer-spin particle, called a boson. Table 1-1 summarizes the properties of the pauge
bosons of the Standard Model.

Table i-1: Gauge bosons and forces of the Standard Model. There are eight different
species of gluons each corresponding to a particular color charge.

Boson Force Spin | Charge[e] | Mass[GeVic'] | Range [fm]
g strong 1 0 0 <~
Y eleciromagnetic 1 4] 0 oo
w* weak 1 xi 80.42520.038 = 107
4 weak 1 0 91.187620.0021 - 107




The Standard Model [14, 15] classifies elementary particles as struciureless at all
scales presently accessible. Furthermore, it states that all visible matter consists of
elementary particies of two kinds: leptons and quarks. These particles are interpreted as
quantum excitations of a field and are characterized by having spin V% intrinsic angular
momentum in units of h. They chey the Pauli Exclusion Principle and are called
fermions. There are six types of leptons and six types of guarks which are each grouped
into three generations according to their mass, the properties of which arc sunumarized in
Tables 1-2 and 1-3. Each has an associated antiparticle with the same mass and spin but

opposite charge.

Table 1-2: Properties of leptons.

Lepton Spin | Charge [¢] Miass [MeV/ic']
" I” generation e 77 - 0.51099892::0.00000004
Ve 172 0 < 3*10°
2™ generation w in i 105.658369+0.000009
Vg 172 [ <0.19
37 generation T 12 - 177699142
Vi 172 (8 <182

Table 1-3; Properties of quarks.

Quark Spin | Charge [e] Mass
I generation " 12 +213 1.5-4 MeVic*
d 12 -3 4-8 MeVic?
2™ generation ¢ V7 +21 1.15-1.35 GeVic?
s 12 -3 80-130 MeV/c®
37 generation 7 7 33 178.024.3 GeVic?
b 12 -113 4.1-4.4 GeV/e?




1.2 The Standard Model

The Standard Model of strong, weak, and electromagnetic interactions is based on
the symmetry group SUQ)exSU(2)xU(1)y [16] where the subscripts denote special
features of a given symmetry which act on the quark and lepton fields. The C in SU(3)c
stands for color. Each guark has three color components and SU(3)c transforms them
into one another. SU(3)c, the basis of quantum chromodynamics (QCD), is an exact
symmetry of nature. There are cight massless gluons which correspond to the eight
gauge fields of SU(3)c. This description requires a new guantum number: color charge.
By convention, the three colors are red, green, and blue and each quark is supposed to
carry one of these colors. The pluons, the quanta of color fields, also carry color. Quarks
are bound together in hadrons by the strong color force via the exchange of colored
gluons. All observed hadrons are described in the parton model as color singlet states
(referred to as “colorless”) composed of (hree quarks (baryons: gqq) or of a quark-
antiquark pair (mesons: ¢4 ). The quarks of these configurations are called valence
quarks because they are responsible for the charge and other quantum pumbers of
hadrons,

The L on 3U(2). the weak isospin group, denoles the fact that only left-handed

components, Y. of spinor fields, , 5(3-35-’-1} transform as dooblets under that

group. The right-handed spinor components '[14‘27’ }v are isosingiets under

SU(2); ie.. they are unchanged under SU(2). transformations and therefore do not

wiew?
couple 1o its three gauge fields which we denote by W;u—eyz.ﬁw and W,. The fact



that only left-handed quarks and leptons couple 1o those gauge fields makes their (weak)
interactions maximally parity violating [17).

The Y on U(lly stands for weak hypercharge, the charge associated with that
Abelian group. That gauge group has one gauge field B, that couples to quarks and
leptons via their hypercharge Y. It couples 1o left and right handed components of these
particles differently and therefore also violates parity, but not maximally. The
SUQ)xU(1)y pan of the standard model is not an exact symmetry. If it were, the W',
w;;‘ «and B, would all be massless gauge bosons. That is not the case. To accommodate
electroweak phenomenoclogy, a scalar (spin () field is introduced which breaks the
symmetry SU(2)xU(1 )y down to the U(1) symmetry of QED. That breaking gives mass
to the W, and the combination of fields Z, =W, cosd, - B, 5in8, which is called the
Z boson. The orthogonal combination A, = B, cos8, + W, sin#, remains massless and
is identified as the photon. The angle &, called the weak mixing angle, is
experimentally found to be sin® @, =0.23. That leads to standard model predictions
Mass,, = 80GeV/c® and Mass; = 91GeVic®. The discoveries of the W {18, 19] and Z [20,
21] bosons by the UA1 and UAZ2 collaborations at Cern subsiantiate the validity of the
Standard Model. The search for the spin O Higgs Bason continues to be one of the most
important problems to be addressed during Run 2 at the Tevatron and future LHC
experiments,

1.3 QCD and the Strueture of Hadrons



QCD is a non-Abelian’ gavge theory that is based on the SU(3)c group of
transformations which relate quarks of different colors. The gauge bosons associated
with the eight group generators, known as gluons, can be emitted or absorbed by quarks
in transition in which the color (but not flavor) can change. Since the gluons themselves
carry color they can interact with each other as weil.

In quantum fiek theories like QED and QCD any charge {color or electromagnetic)
is shielded by a cloud of polarized charpes: a quark can emit & gluon which can convent
into ¢g or gg pairs which in turn can radiate gluons and we have a branching tree of
quarks and gluons (this effect is called vacuum polarization). Because of the effect of
charge screening the charge one measures depends on the distance (or wavelength, or
transferred momentum Q) with which one is probing the charge itself. We thus have a
“running” coupling constant which changes with the transferved momentum:

a=alQ?) with @*=-¢'>0 (1-2)
where ¢ is the four-momentum of the virtual boson exchanged between charges.

For both QED and QCD the effective coupling constant ¢ depends on the
momentum (or distance) scale at which it is evaluated. and takes the general form of

equation 1-3,

o?)= LU (1-3)

1= X(Q%)
Where «(0) for QED is the fine structure constant and is approximately equal to 1/137.

For QED it can be shown that X(Q’} takes the form of squation 1-4.

! A group or other algehmic object is called non-Abelion if the law of commutativity does not always hold.



» 1 2 2 (1-4)
x(Q’)=[2(%) )m—-“‘s’; )m(-“??)

i H

Here Ny is the number of fundamental fermions with masses below Y4JQ] and jt is the
mass of the heaviest fermiosi in the energy region being considered. Clearly, X(Q%) for
QED is > 0, and the coupling constant grows with energy. At some energy scale the
coupling of QED becomes strong and perturbation theory no long applies. Due 1o this
behavior, the bare charge in QED is said to be “ultraviclet divergent.”

The coupling constant in QCD exhibits the opposite behavior. It can be shown that
X(Q?) for QCD takes the form of equation 1-5.

o &) (QF _ (1-5)
X(@)="m 5 v, ],

Here N is the number of quark flavors with masses below WQ)] and {1 is the mass of the
heaviest quark in the energy region being considered, and N is the number of colors. In
contrast to the form of the QED term, for & flavors and 3 colors 2NeLIN, < O and
therefore a(Q’) decreases with increasing momentum (or shorter distances). Only in a
world with more than 16 quark flavors {we are safely below this number al present
energies) is the sign of X(Q®) the same as in QED. This results in an antiscreening of the
color charge: by moving closer to the original quark the amount of the measured color
charge decreases.

The QCD “running coupling constant™ (Eq. 1-6) is usually expressed in terms of a

parameter, Agco, that indicates the magnitude of the scale at which as(Q?) becomes

n
¥4
xle')= n, 2 o (1-6)
N N flns
? ¥
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strong; it is determined experimestally to be gbout 0.2 GeV.

Figure 1-2 compares the relative strength of the strong and electromagnetic forces
al different energy scales. With three colors and six flavors we can see that 0u(Q?) in eq.
1-6 goes to zero as @ goes to infinity. This results in quarks and gluons appearing
almost like free particles when probed ai very high energies or short distances. This
behavior is called asympiotic freedom and allows perturbation theory to be applied to
thearetical QUD calculations to produce experimentally verifiable predictions for hard
scattering processes.

Asymptotic freedom is quickly overcome by the strong force as color charges

* separate. In contrast, as two clectrically charged particles separate, the electric fields
between ther quickly diminish, allowing elecirons to become unbound from nuclei.
However, the gluon field lines associated with color charges do not radially fan out but
remain confined to a narrow cylindrical region. This leads to an interaction energy that is
proportional o the separation distance of the sources of the field lines. When quarks
become separated, as happens in high energy badron collisions, at some point it is
energetically favorable for a new quark/antiquark pair to “pop”™ out of the vacuum than to
allow the quarks to separale further. As a result of this, when guarks are produced in
collisions, instead of seeing the individual quarks, we see an avalanche of coloress
particles clustered together moving in roughly the same direction known ag jets. This

process is called hadronization, fragmentation or string-breaking.
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Figure 1-2: Relative strength of the sirong and electromagnetic forces

1.4 Hadron Hadron Interactions

From a phenomenological point of view, we can consider two hadrons colliding at
high energies, such as we have at the Tevatron Collider, to be colliding broad-band
beams of quarks, antiquarks, and glucns. An average hard scaltering event consists of a
collection {or burst} of hadrons traveling roughly in the direction of each of the initia}
beam particles and two collections of hadrons with large transverse momentum. The two
large transverse momentum jets are roughly back to back in azimuthal angle. One can
use the wopological structure of hadron-hadron collisions to study the “underlying event™
{13, 22-24]. Of course, from a cerain peint of view there is no such thing as an
“underlying event” in a proton-antiproton collision. There is only an “event” and one
cannot say where a given particle in the event originated. On the other hand, hard
scattering collider “jer™ events have a distinct topology. On the average, the outgoing
hadrons “remember” the underlying 2-t0-2 hard scattering subprocess.
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1.4.1 Parton Model and Large Py Processes

Hadronic collisions which involve a short distance scattering can be deseribed, in
first approximation, by the Panton Model. Since the wansferred momentum is the
conjugate variable of the (quark-quark) impact parameter, larger Q° implies that partons
have scattered at srmall distances where ¢ is small. In onder to be able to apply
perturbation theory one needs a momentum transfer of about 10 GeV: from the
uncentainty principle we calculate that the associaled distance is in the order of 107 'm.
From the experimental point of view there is no certain way 1o separate such rare events
but intuition suggests that large py final state particles should be a good indication and
experiments fully support this.

We can picture this scattering process as a sequence of three differemt phases
occurring at different time scales. Partons approach each other carrying a fraction, x, of
the momenium of their parent hadrons. The transverse momenta of the panons are
neglected. “Parton Distribution Functions” (PDF) £, (x4 } are so introduced giving the
probability for parton / to have fractional momentum between x and x + dx (L is a
factorization scale). Figure 1-3 is an example of such parton distribution functions.
These functions are exiracted from experimenial data in deep inelastic scattering {D1S) of
leptons on nucleons [25]). These parton distribution functions of the proton are a result of
the work done by the H1 [26-28] and ZEUS [29] collaborations at HERA, and of the
inclusive jet distribution by DO {30} and CDF {31] collaborations at the Tevatron. As the
data only cover a Finite range of Q7, the evolution of such functions with QF is compuled,

using periurbation theory, with the Altarelli-Parisi equation [32].
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Figure 1-3: The parton structure functions extracied from an analysis of deep inclastic
scattering data at Q*=10GeV?,

A hard collision then takes place between a pair of partons regarded as free
particles. Predictions for jet production are given by folding the parton distribution
functions with perturbatively calculated “two-body” scattering cross sections &, ;. Any

cross section of interest is calculated using equation (1-7).

Ep
o= Z Iﬁ(“'vﬂz }fg{xavﬂz hq(*‘tl’"‘ﬁp‘ﬂx(ﬂ: 1%’%}4‘:‘&:
3uf 4

Figure 1-4 shows the representation of an elementary “two-bady™ interaction

a-7

between two partons inz pj collision producing a di-jet event.
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Figure 1-4: Hard “two-body” parton interaction producing a di-jet event in a proton-
antiproton collision,

The factorization scale p disciminates whether a panton, inside the incoming
hadron, takes part or not in the hard scattering: if the momentum of a parton is greater
than the scale y. it contributes to the shod-distance cross section (as the parons § and j in
fig. 1-4); if its momentum is less than the scale p, it is considered part of the hadron
structure not involved in the hard interaction (spectator parion).

1.4.2 The “Undertying Event” in Proton-Antiproton Collisions: Pythia and Herwig

Fig. 1] illustrates the way QCD Monte-Cario models simulate 3 proton-antiproton
collision in which a “hard™ 2-10-2 panton scattering with transverse momentum, Pr(hard),
has occurred. The resulting event contains particles that originate from the 1wo culgoing
partons. (plus initial and final-state radiation) and particles that come from the breakup of
the proton and anliproton (i.e., "beam-beam remnanis”). The “underlying event” is
everything except the two outgoing hard scattered “jets” and receives contributions from
the “beam-beam remnants™ plus initial and final-state radiation. The “hard scauering™
component consists of the otgoing two jets plus initial and final-state radiation. Any

measured observable of the underlying event necessarily receives contributions from
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initial and final state radiation. It is possible 10 reduce these contributions by placing
constraints on eveat topology and jet energy.

The “beam-beam remnants™ are what is left over after a parton is knocked out of
each of the initial two beam hadrons. It is the reason hadron-hadron coflisions are more
“messy” than electron-positron annihilations and no one really knows how it should be
modeled. For the QCD Monte-Carlo models the “beam-beam remmants™ are an important
component of the “underlying event.”  Also, it is possible that multiple panton scatiering
contributes to the “underlying event.” Figure 1-5 shows the way PYTHIA [33] models
the “underlying event” in proton-antiprolon collision by including muhiple parton
imeractions. In addition to the hard 2-to-2 parton-parton scatiering and the “beam-beam
remnants,” sometimes there is a second “semi-hard™ 2-10-2 parton-parton scattering that

contributes particles to the “underlying event.”

For the hadronization process we have three types of non-perturbative coatributions
o consider: (1} representation of the incoming partons us constituents of the incident
hadrons via parton distribution functions: (2) the conversion of the emitted partons into
outgoing hadrons using quark and gluon fragmentation functions; and (3) the “soft”
component (o the “underlying event” generated by spectator partons. The “underlying
event” receives contributions from the original pp systemn (“beam-beam remmnants”),
initial and final.state radiation, and possibly hadrons resulting from multiple parton

interactions, as in Figure 1-5,
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Multiple Purton Interactions /ougsieg Partes

Fig. 1-5. Rlustration of the way PYTHIA models the “underlying event” in proton-
antiproton coflision by including multiple parton interactions. In addition to the hard 2-10-
2 parton-parton scattering with transverse momentum, Pr(hard), there is a second “semi-
hard™ 2-t0-2 parton-parton scattering that contributes particles to the “underlying event”.
Both of the QCD Monte Carlo models, HERWIG [34] and PYTHIA, include a
“soft” underlying event structure that is modeled by a parameterization of minimum bias
data, and creates jets from the beam remmants. This is an imperfect model of the
“underlying event.” since il always conlains particles, yet the soft underlying event can
be absent, as shown by the finite survival probabilities for inelastic events with large
rapidity gaps [35-38]. PYHTIA has added multiple parton interactions to enhance the
activity of the “underlying event,” and Tune A [22-23] was specifically tuned to fit the

“underlying event” in the Run I data.

The QCD perturbative 2-to-2 parton-parton differential cross section diverges as the
transverse momentum of the scanering, Pr, goes to zero (see figure 1-1). PYTHIA uscs a
tunable parameter to prevent divergences al low Pr. Tune A was tuned to fit the Run [
data, and the low Py region was an area of focus. HERWIG does not allow for this, and a
suitable Py cutoff most be chosen. We use Pr > 5 GeV/e for all 2-102 hard scattering

events in HERWIG,



CHAPTER 2
ACCELERATOR AND DETECTOR

The Tevatron {39] pp Collider is currently the world's highest energy particle
sccelerator in operation. I is the largest in a chain of five accelerators at the Fermi
National Accelerator Laboratory (FNAL. Fermilab) and is capable of producing proton-
antiproton collisions at a center of mass energy s =1.96 TeV. The Collider Detector at
Fermilab (CDF) [40] and DO [41] are the multipurpose detectors built at collision poimts
to exploit physics at the Tevatron. The analysis presented in this dissenation is bused on
the data sample collected by CDF during the 2001-2004 {Run I} running period of the
Tevatron,

2.1 The Acceleralor Complex

The Accelerator Complex at FNAL (see Figure 2-1) uses multiple stages of
acceleration 1o achieve proton-antiproton collisions at a center of mass energy s =1.96
TeV. The protons used in the collisions originate from jonized Hydrogen gas moiecuks
These H' jons are first accelerated 10 750 KeV in the Cockeroft-Walton accelerator. They
are then fed into the Linac. a 150m long series of nine radio-frequency (RF) cavities
which produce an electric field that rapidly changes direction. In this linear accelerator
the H ions are brought to 400 MeV. Subscquent to this stage, the beam is focused and
made to collide with a thin fixed carbon target which affects the loss of two electrons per
ion. The denuded H jons are now the protons that will ultimately be collided or used o

make the anti-protons at the Target Station.

17
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The 75.5 m radius Booster is a fast cycling proton synchrotron of conventional
magnets (used to sieer and focus the heam) and an RF cavity (used to accelerate the
beam). The accelerated protons leave with kinetic energy of 8 GeV and are then injected

FERMILAP'S ACCELERATOR CHAIN

Figure 2-1: Overview of the accelerator complex at Fermilab. H- ions are injected into
the linac from the Cockeroft-Walton, to travel to the Booster, then to the Main Ring, and
finally to the Tevatron. Some protons are extracted from the Main Ring and are used to
make anti-protons. The anti-protons are re-injected into the Main Ring and then into the
Tevatron. The final pp center of mass energy is s =1.96 TeV.

imo the Main Ring. These protons are then further accelerated to 150 GeV in the Main
Injector, and finally brought 10 980 GeV by the Tevatron. The Tevatron was the world's
first superconducting synchrotron. The beam is guided around the closed path by dipole
magnets. As the beam energy is ramped up by RF cavities from 150 GeV 10 980 GeV,
the bending magnetic fields and the RF frequency must be carefully synchronized to
ensure beam stability. The ransverse motion of the beam is stabilized by quadrupole

magnets that take advantage of magnetic field gradient technology.
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Anti-protons are produeced by seading 120 GeV protons from the Main Injecior to a
nickel target. From the resulting shower of particles, antiprotons of around 8GeV are
selected and sent o the Debuncher and Accumulator Rings where RF and stochastic
cooling systems are used in the mﬁmmm stacking process. Once a “stack” has been
collected the ardiprotons are sent back to the Main Injector, accelerated 1o 150 GeV and
put into the Tevatron, circulating counter 1o the proton bunches. For every million
protons that hit the target, only about twenty 8 GeV anti-protons will be stacked into the
Accumulator.

The Recycler is placed directly above the Main Injector beamline., This dual
function system serves as a post Accumulalor storage ring and as a recycler for the
antiprotons left over st the end of a store', These recycled anti-proions can be mixed
with those from the Accumulator and then accelerated 1o 150 GeV in the Main Injector
and then injected into the Tevauon.

Once both beams are at the maximum energy they are focused and brought to
collision st the two interaction points, one of which is at the center of the CDF detector.
The luminous region has a Gaussian dispersion of around 30um transverse 1o the beam
direction, and a length along the beam direction of around 30cm.

The beams typically circulate for 12-18 hours during which time the luminosity
falls approximately an order of magnitude. During this time antiproton are continuously
stacked. When the stack is sufficiently large and the luminosity has significantly

decayed, the beam in the Tevawron is dumped and new buaches are injected.

! A store refers to the period of 1ime when proton-antipeoton collisions are taking place. Stores can be
selectively terminated when lusiinosity has reached a minisoum ot 4 new stnck of antiprolons is ready,
Abernatively, a store can end with a magnet quench or other problem.



The instantaneous luminosity L is given by equation 2-1

!Nrﬂi
A L

2-1
L= @1

where f is the frequency of bunch crossings. N, and N, are the number of protons and
antiprotons, respectively. per bunch, and A is the effective area of the crossing beams.
The current status of the luminosity is shown in figure 2-2, and the integrated luminosity
delivered 1o tape is shown in Fig. 2-3.

Parts of the Fermilab accelerator complex are 20 years old and there have been
sorne setbacks since the upgrades o take the Tevatron from 1.8 TeV o 1.96 TeV.

However, the initial instantaneous luminosity of stores has been steadily increasing. The
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Figure 2-2: Run II instantanecus initial luminosity



21

2002 2003 2004 2005
Month i 4 7 101 4 7101 4 7 14

i

b

p
g

Total Luminosity (
¥ 8 8 8

-]

1000 1500 2000 2500 3000 3500 4000
Store Number
Figure 2-3: Run Il integrated luminosity

projected goal for all of Run II is 4-8 fb™' by the time LHC is ready to begin taking data
{circa 2009),
The total number of events n in a scattering process is proportional to the
luminosity and the cross section o of the process,
n=Lo 22
We can get a rough sense of the reach for new physics and the challenge of enhancing
signal and suppressing background by considering the following examples. At a center-
of-energy of 1.96 TeV, we have:
ol pp = anything = T5mb 23
o{pp — 1 + anything) = 6 pb 24
With about 11" of delivered luminosity we should have seen 6000 top events. However,

not every second of delivered luminosity is abserved. Moreover, due to finite capabilities
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in data storage not every observed event can be recorded. The task of cbserving the
events fall on the Detector and the job of selecting events to be recorded is given (o the
trigger system.
2.2 The Coflider Detector at Fermilab

© The Collider Detector at Fermilab (CDF) is a large, multilayered general purpose
detector designed to study a wide range of processes occurring in proton-antiproton
collisions. Figure 2-4 is a schematic drawing of the approximately 5000 ton, 10 m high,
and 27 m long detector.  The CDF is cylindrically symmetric about the beam axis and
has a forward-backward symmetry in its tracking, calorimetric, and nmwon systems.
Figure 2-5 shows an elevated view in which the tracking system is seen to be contained in
2 solenoid coil. The calorimetry and muon systems are outside the solencid, These sub-

systems are described in more detail below.

Figure 2-4: Solid cutaway view of the CDF I detector.
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Figure 2-5: Elevation view of the CDF [l detector.

2.2.1 The CDF Coordinate System
The geometric center of the detector serves as the nominal interaction point (0.0,0).
Figure 2-6 shows the overall CDF coordinate frame, in both cylindrical and Rectangular
systems. The positive z-axis comesponds 1o the proton beamn direction, the positive y-
axis points vertically upward, and the positive x-axis points radially outward from the
center of the Tevatron ring. In the cylindrical system the azimuthal angle § is measured
about the beam axis from the positive x-axis. The polar angle 8 is defined as the angle

measured from the positive z-axis.
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Figure 2-6: The CDF coondinate system.

The incident proton and anti-proton have no transverse momentum and they have
cqual and opposite longitudinal momentum, therefore the total momentum of the
products of the collision would sum to zero in a full 4x solid angle experiment.
However, some space must be left for the beam pipe. Those particles from the collision
that travel at very small angles, two degrees or less {(such as hadrons from spectator quark
hadronization}, will fly down the beam pipe completely missing the detectors. Such
unmeasured particles will sot carry much transverse momentum, but they may carry
significant amounts of longitudinal momentum. For this reason, longitudinal momentum
will not balance in the detector, but the transverse momentum will, to the detectors
accuracy.

For these reasons, rather than using the total energy E and total momentum p, we
generally  use the transverse  energy £, = EXsi{@) and the iransverse
momentum p, = pxsin{#). In the large encrgy collisions found at CDF, the E, and p, of
panticles in the event are pearly equally. However, by convention we use E, when
referencing energy deposited in the calorimeters, so that it is understood that the angle @
refers to the geometric center of the detector.  Alternatively, p usually refers to the

transverse momentum of a particle determined in a tracking chamber <o that the angle ©
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reflects the true interaction vertex. It is common to use the pseadorapidity in place of the
polar angle 6.

The “nawral” kinematic variables for hadron collisions are pseudorapidity,
transverse momentum, and azimuthal angle since the shapes of their distributions are
invariant onder a Lovéntz boost.  Transverse momentum and azimuthal angle are
invariant to Loremz transformations along the z axis and the psendorapidity iz simply
additive.

The major components of the CDF detector are arranged cylindrically around the
interaction point.  Closet to the beamline are the layers of silicon, providing high-
precision Iracking and vertexing in the r-¢ plane. Next is a winé drift chamber that
provides measurements of momentum and spatial parameters of a particles trajectory
(irack). The tracking subsystem is embedded inside a superconducting solencidal magnet
that produces a 1.41 Tesla magnetic field. Energy measurements of jets, electrons,
photons, and hadrons are made by the combined calorimetry systems: central, plug and
forward electromagnetic (EM) and hadronic calorimeters (HAD). Muons are identified
by the presence of a track iﬁ the muon chambers maiched to a track in the central tracking
chamber. Because of the long lifetime and high penetration of muons, the muon
chambers are placed outside of the hadronic calorimeters, after a steel absorber to
climinate any electromagnetic and hadronic showers. in front of the backward and
forward calorimeters is a plane of scintillation counters called “Beam-Beam Counters”
(BBC). They provide a minimum bias trigger for the detector and are also used as the
primary luminosity monitor. The layout of these detectors is shown in figure 2-7, which

depicts one quadrant of the cross-section through the detector.
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Figure 2-7: A quarter of the CDF detector. Only the ceatral and end-plug subsystems are
shown,

2.2.2 Tracking

The CDF uses silicon strip detectors {100 + SVXil + ISL) and a drift chamber
{COT) for charged-particle track reconstruction and ventex finding. The tracking systems
are inside a superconducting solenoid of radius 1.5m that provides a 1.41 Tesla magnetic
field parallel to the beam axis. The magnetic flux is returnied through a steel yoke. The
tracking volume and the endplug calorimetess are shown in figure 2-.8. The yoke also
functions as a support 1o the calorimeters located radially outside the solenoid. The
silicon system and drift chambers were redesigned and completely rebuilt between Run |

and Run I of the Tevatron,
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Figure 2-8: The CDF Il tracking volume.

In the silicon tracker, as charged particles move through the ‘depletion layer
created in a biased p-n semiconductor junction, they create electron-hole pairs that drift 1o
be collected at the surfsces. This induces a signal on metal stripes that have been
deposited on the surface and connected to readout amplifiers. Figure 2.9 shows a
schematic layout of the silicon tracking i;yswm

Layer 00 (1.00) s mounted on the beam pipe. 1.6 cm from the beam axis, and
consists of 8 single sided microstrip silicon detectors.  These detectors cover the beam
pipe for abont 40 cm in each direction about 2 = O [42]. Outside the LOO, the *Silicon
Ventex Detector’ (SYXI) occupics the volume between 2.4 and 10.6 cm from the beam
axis and covers a wtal lenpth of 96 cm along the 2z coordinate. The SVXI system
consists of five double sided microstrip silicon layers [40]. Three of these layers provide

track position in the r-¢ plane from the readout of cne side (microstrips parallel o the
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beam axis) while the z coordinate is delermined by the other side {microstrip
perpendicular 1o the beam axis). The other two other layers have their microstrips tilted in
such a way as 1o provide a 3-D track reconstruction with an approximately uniform
efficiency. The Intermediate Silicon Layers (ISL} Detector is placed in the region
between SVXIH and the central tracking system {40]. Figure 2.9 shows the position of
the ISL detecior. The layers are in the radial range 20 < r < 30 cm and extend fo j2} = 65
em for the inner layer and Jz| = 87.5 cm for the outer layer. The ISL covers the range of
pseudorapidity for [y} = 2. Figure 2-10 shows an end view of the three components of the

silicon microstrip detector system.

90 cm

Figure 2-9: Schematic layout of the silicon tracking system. The innermost layer,
Layer00 consists of 6 sensors in z.
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neCcum&mem(CUﬂisalargecyﬁndrim drift chamber used to
determine precise position measurements [40]. The tracking at large radii in the central
mpidity region (nj<!) is done with a large open cell, cylindrical drift chamber using a
readout that can record multiple hits from each sense wire. The active volume of the
COT spans 310 cm in the beam (axial) direction, z; between 43.4 cm and 1323 em in
radiug, r; and the entire azimuth, ¢. The COT provides 96 measurement layers, crganized
into alternating axial and 32° stereo superlayers. Sense wires and potential wires are
alternated and arvanged in 8 “superiayers’ as shown in Figure 2-11, each consisting of 12
layers of sense wires, Within each superlayer are ‘cells’, bounded by field-shaping

sheets. The cells are angled at 35° to the radial direction to compensate for the Lorentz

Figure 2-10: End view of the three components of the silicon microstrip detector system.



Figure 2-11: The COT sense wires and potential wires are alternated and arranged in 8
‘superiayers’.

angle of the drifting charged particles. There is a “spacer” at z = () that results in a lower
tracking trigger efficiency at 1} = 0. The chamber is filled with a 50:50 mixture of
Argon/Ethanc and a small amount of alcohol. The hit position resolution is
approximately 140um snd the momentum resolition o(p; ) pi = 0.00GeV /c)'. A
reconstructed track provides accurate information in the r-¢ view for measurement of
transverse momentum, pr, and substantially less accurate information in the r-2 view for
the measurement of 1.
2.2.3 Calorimeters

As charged particles progress through the calorimeters they interact and develop
characteristic ‘showers”. Different size and thickness plastic scintillator and absorber
layers are altematively stacked forming the eleciromagnetic calorimeters (allowing for

the energy measurement of photens and electrons) and the hadromic calorimeters
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{measuring hadron energies). The primary particle produces a shower of secondary
particles inside the absorber. The shower particles deposit a fraction of their energy in
the sampling material producing a light signal read by photomubtipliers (PMTs) throuﬁh
wavelength shifting (WLS) light guides or optical fibers.

As can be seen in figure 2-7, the CDF calorimeters are physically separated into two
sections: the central region, cylindrical about the bam line and covering | < 1: and the
forward or ‘end plug’ regions, covering 1.1 < | < 3.6. The principal components of the
central calorimeter are the central electromagnetic (CEM) [43] and the central hadronic
(CHA) [44] compartments. Both the CEM and CHA are retained from Roo 1. They are
segmented in ) and ¢ with a projective “tower™ geometry, shown in action in Fig. 2-12.
In esch tower the electromagnetic compartment is backed by the hadronic one, both
readout by different PMTs.

The central calorimeter is azimuthally arvanged in 48 physically separated 15° wide
wedges cach segmented in 1 into ten towers, shown in figure 2-13. Each tower subtends
0.11 X 15% in ¢ x 1. The central electromagnetic calorimeter (CEM) is overlapped by a
hadronic section split into two pans, the central hadronic calorimeter (CHA) and the wall
hadronic calorimeter (WHA). The CEM covers 0 < | < 1.1 and uses lead sheeis
interspersed with polysterene scintillator as the active medium and employs phototube
readout. The CHA covers O < Inf < 0.9 and the WHA covers 0 < ] < 1.3. Bath hadronic
calorimeters use sieel absorbers interspersed with acrylic scintillator as the active
medium.

Located six radiation lengths deep in the CEM calorimeters, comresponding to the

depth ot which showers typically reach their maximum transverse extent is the Central
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Electromagnetic Strip Detector (CES). The CES uses proportional strip and wire
counters in a fine-grained amray, as shown in Figure 2-14, to provide precise position

{aboul 2 mm resolution} and shape information for electromagnetic cascades,

Figure 2-12: Calorimeter tower segmentation in M- space.

A further component of the central calorimeters is the central pre-radiator (CPR), 2
set of proportional chambers between the CEM and the magnet designed to help separate
electrons and pions.

The plug calorimeters consist of the plug electromagnetic calorimeter (PEM) (45),
newly built for the CDF Run I, and the plug hadronic calorimeter (PHA). Like the
CE.M. the PEM consists of a stack of lead and scintillator sheets read out by phototubes.
Al 6 times the radiation length in the PEM is the plug shower maximum detector

{PES){46).
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Figure 2-13: CEM/CES/CHA wedge.

/_:..’x i

Arade Wires

{gangwd i poire}
gure 2-14: CES strip and wire,

Fi



34

Finally, the first layer of the PEM is read out separately and referred to s the plug
pre-radiator (PPR). The PPR can help 10 distinguish between eclectron/photons and
hadrons by indicating the extent to which the particle shower has already developed at the
face of the calorimeter.

2.3 The CDF Trigger System

The inelastic proton-antiproton cross section at s = 1.96 TeV is about 60 mb
(~60x10%cm®). For a typical instantaneous luminosity of about 1.2x10° cm¥/s we get
~7.6 million inelastic collisions per second at CDF. The CDF readout electronics and
event storage system is not capable of recording events at such a high rate. Moreover,
most of these events do not present a significant interest for the CDF physics program.
The trigger system is used to select an event rate of 75 Hz from the 7.6 MHz (132 ns
crossing) beam crossing rate {40]. The event rale is such that it is necessary 10 filter
physically interesting events 1o be written to tape. and this achieved through a three-level
trigger system, designed to be "deadtimeless’.

The Level-1 trigger is achieved with hardware. Based on preliminary information
from tracking, calorimetry, and muon systems, the output of the 7.6 MHz Synchronous
pipeline with a 5544ns latency at the first Jevel of the trigger is used to limit the rate of
accepted events 1o <50 kHz. Each next trigger level examines fewer events but in greaer
detail. At the next trigger, with more refined information and additional tracking
information from the silicon detector, the ~20 ps latency, asynchronous 2 stage pipeline,
reduces the acceptance further to ~ 300 Hz. The Level 2 algorithm uses the information
about high momentum tracks and clustered calorimeter energy. If the accept decision is
made by the trigger, then the information form all subsystems is read out and passed on
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to Level 3. Al level-2 many triggers are prescaled to reduce the total acceptance rates to
a maximum of abowt 20 Hz that is the maximum that Level-3 can handle. This means
that a predefined fraction of events that passed the trigger are considered to fail it.
Prescaling is sometimes preferable over making tighter trigger cuts. This method allows
us to record as many rare events as possible while sl sccepting other datz at a
reasonable rate. Some friggers can be dynamically prescaled. A dynamical prescale can
be changed during the course of the run depending on the instantaneous lominosity: it
will be large when the luminosity is high and small when the luminosity is low.

Level-3 consists of the event builder (EVB) and the Level-3 farm. The EVB
assembles event fragments from level-1 and level-2 into complete events, and then the
Level-3 farm runs a version of the full offline reconstruction code. This means that for
example that fully reconstructed 3-dimensional tracks are available to the trigger
decision. The Level-3 output rate is ~ 75 Hz and sccepted events are writien to tape in

eight separate ‘streams’, sorted by the Consumer-Server Logger (CSL).



CHAPTER 3
JETS AT CDF

We have studied the “undertying event” in the Run 2 jet trigger data samples using
the direction of the leading catorimeter jet (Midpoint, R = 0.7, fuge = 0.75) 1o isolate
regions of 11-0 space that are sensitive 10 the “underlying evemt™.

Hadronization of the outgoing partons forms the jets we see experimentally. Jet
algorithms are employed to map data onto jets with the idea that theses jets are surrogates
for the underlying energetic partons. In our theoretical picture, the partons produced by
the hard scattering process evolve approxinately within a narvow cone based on the
parton showering and hadronization models. We use the Midpoint [47-49] jet algorithm
in which the properties of the constituents of the jet(I of cone radius R are defined by the
following equations

ke J:{g -4, ¥ +({y, ¥, SR 3
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kot
The MidPoimt cone algorithm is based on the so-called “Snowmass Algorithm™ which
defines both the stebility conditions and the properties of the jets [50].
The basic jet cone idea is thel the constituents are nearby each other in simple

peometric fashion. That is, the 3-momenta of the hadrons or partons lie within a cone

defined by a circle in the angular variables (y.g). where ¥ w%ln[(ﬁ‘ +p E-p)is
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the true wapidity and @ is the azimuthal angle. A stable jet cone has the property that the
geometric center of the cone coincides with the Fr weighted centriod of the particles in
the cone.  Jet algorithms involve two distinet steps. The first is to identify the
“constituents” that comprise the siable cone that is the jet. The second involves
constracting the kinematic properties thal characierize the jet. However, in practice the
experimental implementation of the cone algorithm is more complicated.

It was imagined that the entire particle/fiower list of each event would be searched
for sets of final state panticletowers which satisfy the stability conditions. In practice this
is not pussible because of limited computing resources so a sumber of compromises have
had 1o be made.

The Midpoint algorithm starts with an Er ordered list of sced towers (g >
threshold), and forms “protojets” from every stable cone iterated arcund a seed tower.
Seed Towers are simply calorimeter towers in which the energy deposition exceeds a
certain predefined limit (usually set 1o | GeV) which is Jarger than the limit defined to
include a tower in a jet (typically 0.3 GeV). A search for new protojets is carried out
about the Midpoints in (y,@) between all pairs of protojets with AR < 2xReoee. The
Midpoint algorithm includes an iterative splitting/merging process applied 10 the Py
ordered list of jets to assign each particle o only one jet. Two jets are merged if the
lower Py jet shares greater than fayeg. of its total Py with the higher Py jet. Otherwise the

two jets are split and the individual particles are assigned to the closest jet centriod.



CHAPTER 4
MONTE-CARLO GENERATION AND CORRECTION FACTORS

4.1 Monte-Carlo Generation

In this analysis the data are corrected back to the particle level using PYTHIA Tune
A [22, 23], The corrected data are then compared with the particle level predictions of
PYTHIA Tune A and HERWIG {ie. generator level) at 1.96 TeV. PYTHIA Tune A
(5.3.3nt) was generated with the minimum Py(bard) values shown in Table 4-1 and
HERWIG (5.3.3nt) was generated with the minimum Py(hard) values shown in Table 4-2.
Stntoples (5.3.3nt dev242) were created for the QCD group by Anwar Bhatti, Ken
Hatakeyama, and Craig Group.

Table 4-1: PYTHIA Tune A (5.3.3n1) at 1.96 TeV.

Pr(hard) minimum Events
0GeVie 3,093,108
10 GeVic 1,039,093
18 GeVic 4,285687
40 GeVic 4,228,873
60 GeVic 992,087
90 GeV/c £497,108

120 GeVic 2,068,377
150 GeVie 1,488,786
200 GeVic 1.042,280
300 Gevic 1045314
400 GeVic 1,043,634

Total 21,824,345

38
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Table 4-2: HERWIG {5.3.3n1) at 1.96 TeV,

Pr(hard) minimum Events
3GeVi 1,014,070
10 GeVic 1,018974
18 GeVic 5,001,261
40 GeVic 5,071,205
60 GeVic 1,044,202
90 GeVic 2,057.661
120 GeVic ' 2035473
150 GeVic 1.922.568
200 GeVic 968,906
300 GeVic 885,867

400 GeVic 858,936
Total 21.879.123

Smooth curves have been drawn through the QCD Monte-Carlo predictions to aid
in comparing the theory with the data, Fig. 4-1 shows an example of the fits o the
Monte-Carlo results.

4.2 Correcting the Data to the Particle Level

We consider two metheds for comecting the data from the detector level 1o the
particle level. Method | is a “one-step” method in which PYTHIA Tune A and
HERWIG are used to calculate the observables in Table 4-3 at the panticle level (in bins
of particle jet¥l Py “GEN™) and at the detector level (in bins of calorimeter jet#! Py
(uncorrected) “CDFSIM™). The detector level data, in bins of calorimeter jet#l Pr
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(uncorrected), are comected by multiplying by a QCD Monte-Carlo comrection factor,
GEN/CDFSIM, as described in Tabile 4-4.

Table 4-3: Observables examined in the “transverse” region (see Fig. 6-2) as they are
defined at the particle level and the detector level. Charged tracks are considered “good™
if they pass the selection criterion given in Table 5-2. The mean charged particle <pr>
and the charged fraction PTsumVETsum are constructed on and event-by-event basis and
then averaged over the events. There is one PTmax per event with PTmax = ( if there are

o0 charged particles.
Observable Particle Level Detector level
Number of charged particles Number of “good” charged tracks
dNchg/dndd per unit 1-¢ per unit n-¢
ipr> 0.5 GeVie. ml< 1) {py =05 GeVic, | < 1}
Scalar pr sum of charged Scalar pr sum of “pood” charged tracks
dPTsum/dnd¢ particles per unit n-$ per unit 1-¢
(pr>0.5 GeVic, nl< 1) P> 0.5 GeVie, Inj < 1)
<pr> Average pr of charged particles Average py of “good™ charged tracks
(pr> 0.5 GeVie. lnl< 1) (py> 0.5 GeVic, Ini< 1}
Maximum pr charged particle Maximum py “good” ¢ iracks
PTmax {pr>0.5 GeVic. lnj< 1) (p.>OSGeWc.|ntg<l}
PTmax -;?aﬁ.:c;:) charged PTmax = Q for no “good™ charged track
Scalar Er sum of all particles Scalar Er sum of all calorimeter towers
dEg/dndd per unit -0 per unit N-¢
@llpr.ini< ) (Er>0.lGeV,|lu<l)
Scalar py sum of charged Scalar py sum of “good™ churged tracks
particles {pr>05GeVie, < D
PTsum/ETsum (pr>05GeVic.Inj< ) divided by the scalar Er sum of
divided by the scalar Ey sam of calosimeter towers
all particles (alipy. il < 1) (Ey>0.1GeV. Inl< )

Method 2 is a “two-step” method. First PYTHIA Tune A is used 1o correct the Py
of the leading calorimeter jet. This is done by comparing the matching leading particle
jet with the leading calorimeter jet. Then PYTHIA Tune A is used to calculate the
observables in Table 4-3 at the particle level in bins of particle jew#l Py (GEN) and at the
detector level in bins of calorimeter jet#l Py (comected) (CDFSIMcor). The detector
level data in bins of calorimeter jew#! Py (corrected) are corrected by multiplying by the

QCD Monte-Carlo comection factor, GEN/CDFSIMcor. If the QCD Monte-Carlo
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described the data perfectly and the detector simulation was exact then method | and
method 2 would yield the same resull. Differences between the two methods can be used
as 2 measure of the systematic uncertainty in correcting the data to the particle level,

Table 4-4: Correction factors for Method 1. PYTHIA Tune A and HERWIG are used 1o
caleulate the observables in Table 4-3 at the particle level in bins of particle jet#! Py
(GEN) and at the detector level in bins of calorimeter jet#] Py (uncomecied). The
detector level data in bins of calorimeter jet#l PT {uncorrected) are comected by
multiplying by QCD Monte-Carlo factor, GEN/CDFSIM.

Particle Level Detector Level Caorrection
Observable Observable Responae Facter Factor

GEN = Panticle | CDFSIM = Calorimeter

Jet#1 Pr Bin | Jet#1 Py Bin (uncomected) | CUTSIM/GEN | GEN/CDESIM

Fig. 4-2 and Fig. 4-3 show the particle level predictions from PYTHIA Tune A and
HERWIG for average density of particles, dNavdndd, for all particles with Inj < | in the
“transverse™ region as a funciion of the leading particle jet Py for “leading jer” and
“Back-to-back™ events, respectively (see figure 6-3). It is inleresting io note that
HERWIG produces more particles in the “transverse” region than PYTHIA Tune A. Fig.
4-2 and Fig. 4-3 also shows the average charged panticle PTue density, dPTan/dndd, and
the average charged panicle <py> for particles with [n] < 1 in the “transverse”™ region for
“leading jet” events as a function of the leading particle jet Py. It is clear from these
comparisons that HERWIG produces more “sofi” particles than PYTHIA Tune A which

will result in different “response™ factors (see Table 4-4) at low leading jet Py.
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Example of fits 10 the QCD Mome-Carlo results. Shows the particle level
predictions at 1.96 TeV for the density of charged particles, dNchg/dndg, with pr > 0.5
GeVic and ] < 1 in the “mransMAX™ and “wransMIN" regions for “leading jet” events
defined in Fig. 6-3 as a function of the leading particle jet Pr for PYTHIA Tune A {top)

_and HERWIG (bortom).
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Figure 4-2: Particle level predictions from PYTHIA Tune A and HERWIG for average
density of particles dNall/dnd$ (rop), the average charged particle PTsum density,
dPTsumédnd¢ (middle), and the average charged particle <py> (botrom) for panticles with
nl < 1 in the “transverse™ region for “leading jer” events defined in Fig. 6-3 as a function
of the feading particle jet Py.
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Figure 4-3: Particle level predictions from PYTHIA Tune A and HERWIG for average
density of panticles dNaliZdnd¢ (lop), the average charged particle PTsum density
dPTsum/dndé (middle), and the average charged particle <pr> (botrom) for pasticles with
ml < 1 in the “wansverse” region for “back-to-back” events defined in Fig. 6-3 as a
function of the leading jet Pr.
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Figs. 4-4 thru 4-22 show the “respense” factors (see Table 4-4) from PYTHIA Tune
A and HERWIG for the observables in Table 4-3 for “leading jetr” and “back-to-back™
events as a function of the leading jet Pr. HERWIG and PYTHIA Tune A produce
simalar “response” factors for leading jer Py greater than 50 GeV/e, but for lower leading
jet Py they are quite different. This will result in large systematic errors on the corrected
observables in Table 4-3 at low leading jet Py.

Fig. 4-23 shows the leading jet Py correction used in method 2 for “leading jer”
events. Figs. 4-24 shows the method 2 “response” factors from PYTHIA Tune A for
some of the observables in Table 4-3 for “leading jet” events as a function of the leading
jet Py The observable in Table 4-3 do not depend strongly on the leading jet Py and
hence the method | and method 2 correction factors are similar.  This can be seen in Fig,
4-25 which compares the method | response factors versus the leading jet Py
{uncorrected) with the method 2 response factors versus the leading jet Py (corrected)
from PYTHIA Tune A, The method 2 correction factors (I/response factor) are applied
data after comvecting the leading jet Py, while the method | correction factors are applied

to the data without correcting the leading jet Pr.

Method | can be easily applied to both the “leading jet” and “back-to-back”™ events.
In “back-to-back™ events, method 1 corrects for calorimeter response for jet#1. jer#2, and
Je#3 in one siep.  Figures 4-4 through 4-22 show that the response factors for “back-to-
back” events are different from those of the “leading jet” events. The primary source of
the difference is due 0 the requirement that Pr(jet#3) < 15 GeVic for “back-to-back™
events and the “back-to-back” correction factors are correcting for the calorimeter

response for jet#3. [n order 1o apply method 2 to the “back-to-back™ events we would
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Figure 4-4: Method | response factors for the density of charged particles, dNuayp/dndé,
with pr > 0.5 GeVic and In| < 1 in the “transMAX™" region for “leading jet” events
defined in Fig. 6-3 as a function of the leading jet Py, Shows the particle level prediction
(GEN}) versus the leading particle jet Py and the detector level result (CDFSIM) versus
the leading calorimeter jet Py (uncorrected) with n(jet#1)] < 2 for PYTHIA Tune A (fop)
and HERWIG (middle). Also shows the ratio of the detector level to the particle Jevel,
CDFSIM/GEN, versus the leading jet Py {i.¢. response factor).
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have to first correct the Pr of jet¥1, jet#2, and jer#3.  Since the observables in Table 4-3
do not depend strongly on the Py of jet#], je#2, and jet#3, it is much easier to use
method 1 for both “leading jet” and “back-to-back™ events. We will use the differences
between method | and method 2 in “leading jet” events as a measure of the systematic

uncenainty in correcting to the particie level.
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Figure 4-5: Method | response factors for the density of charged particles, dNchg/dridé,
with pr > 0.5 GeV/c and In] < 1 in the “ransMIN" region for “leading jet” events defined
in Fig. 6-3 as a function of the leading jet Pr. Shows the particle level prediction (GEN)
versus the leading particle jet Pr and the detector level result (CDFSIM) versus the
leading calorimeter jet Py (uncarrected) with (et )| < 2 for PYTHIA Tune A (top) and
HERWIG (middle}. Also shows the ratic of the detector level w the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-6: Method | response factors for the PTsom density of charged particles,
dPTsum/dndg, with pr > 0.5 GeV/ic and I} < | in the “wransMAX™ region for “leading
jet” events defined in Fig. 6-3 as a function of the leading jet Pr. Shows the particle level
prediction {GEN) versus the lesding particle jet Pr and the detector level result
(CDFSIM) versus the leading calorimeter jet Py (uncorrected) with m(jet#1)] < 2 for
PYTHIA Tune A (fop) and HERWIG (middie). Also shows the ratio of the detector level
1o the particle level, CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-7: Method | response factors for the PTsum density of charged particles,
dPTsumvdndd, with py > 0.5 GeVic and Il < | in the “transMIN” region for “leading jet”
events defined in Fig. 6-3 as a function of the leading jet Py. Shows the particle level
prediction (GEN} versus the leading particle jet Pr and the detector level result
(CDFSIM) versus the leading calorimeter jet Py (uncorrected) with et} < 2 for
PYTHIA Tune A (fop) and HERWIG (middle). Also shows the ratio of the detector level
to the pantick: level, CDFSIM/GEN, versus the leading jet Pr(i.e. response factor).




5

W OT8 7
*Lanting ot~
COF Run 2 Peolimingry IR 0 et < &
1.96 Tav Chuegas Pavticion (aj<1 05, PIE5 Gt}
o :

0 & WE 10 200 20 MO M2 M0 A W
PEJU uncoermcied) o PT(particls jet8t) (Gavic)

["Transverse” Aversgs Charged #7|
w . .- w P - P
im akad B tiidsn
COF un 2 Prefimsnsry © - s PTein e
o

e'nminmrawmmqm
FTnat uncomectd) or PT(partichs et} (Gawk)

15

COF Bun 2 Profiminary
2 e Wavechor ot gunseenes ot

1.06 To¥
A‘_*_...-- . .
“Lang Mt
“ S N Nady U . P
Shagwit Paiclen Qulct A, M08 Doe)

aE i ;

6 s e W 200 2 XM S0 D 48 KO
P unoocrented) (Gavic)

Figure 4-8: Method 1 response factors for the average <pr> of charged pasticles with py >
0.5 GeVic and nf < 1 in the “transverse” region for “leading jet” events defined in Fig. 6-
3 as a function of the leading jet Py. Shows the particle level prediction (GEN) versus the
leading particle jet Py and the detector level result (CDFSIM) versus the leading
calorimeter jet Pr (uncomected} with m(je#!)| < 2 for PYTHIA Tune A (tap) and
HERWIG (middle). Also shows the ratio of the detector level 1o the particle level,
CDFSIM/GEN, versus the leading jet P (i.e. response factor).
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Figure 4-9: Method 1 response factors for the average maximmm pr, PTmax, for charged
particies with pr > 0.5 GeV/c and y| < 1 in the “mraniverse” region for “leading jet”
events defined in Fig. 6-3 as a function of the Jeading jet Py. Shows the particie level
prediction (GEN) versus the leading panicle jet Py and the detector level result
(CDFSIM} versus the leading calorimeter jet Py (uncormecied) with fn(ew#l) < 2 for
PYTHIA Tune A (top) and HERWIG (middie). Also shows the ratio of the detector level
1o the particle level, CDFSIM/GEN, versus the leading jet Pr (i.e. response factor),
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Figure 4-10: Method 1 response factors for the ETsum density of all particles, dEy/Adndg,
with Jn| < 1 in the “ransMAX" regions for “leading jet™ events defined in Fig. 63 as a
function of the leading jer Pr. Shows the particle level prediction (GEN) versus the
leading particle jet Pr and the detector level result (CDFSIM) versus the leading
calorimeter jet Py (uncorrected) with m(jet#1)} < 2 for PYTHIA Tune A (1op) and
HERWIG (middiey. Also shows the ratio of the detector level 10 the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-11: Method 1 response factors for the ETsum density of afl particles. dEw/dndé.
with | < 1 in the “transMIN” regions for “leading jet” events defined in Fig. 6-3 as &
function of the leading jet Pr.  Shows the particle level prediction (GEN) versus the
leading particle jet Py and the detector level result (CDFSIM) versus the leading
calorimeter jet Py (uncomected) with nGet#1) < 2 for PYTHIA Tune A (fop) and
HERWIG (middle). Also shows the ratio of the detector level 1o the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-12: Method | response factors for the charged fraction, PTsunvETsum, in the
“transverse” region for “leading jet” events defined in Fig. 6-3 as a function of the
leading jet Py, where PTsum includes charged particles with py > 0.5 GeVic and Inf < 1
and the ETsum includes all particles with fn| < 1. Shows the particle level prediction
(GEN) versus the leading particle jet Py and the detector level result {CDFSIM) versus
the leading calorimeter jet Py (uncorrected) with mGer#l )] < 2 for PYTHIA Tune A (1op)
and HERWIG (middle). Also shows the ratio of the detector level 1o the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-13: Shows the ratio of the detector level w the particle level, CDFSIM/GEN,
versus the leading jet Py (method 1 response factors) for PYTHIA Tune A for the
“transMAX”, “transMIN”, and “wansverse” regions for “leading jet” events defined in
Fig. 6-3 as a function of the leading jet Pr. Shows the density of charged pasticles
dNchg/dndé with pr > 0.5 GeV/c and [n| < 1 (op), the PTsum density of charged
particles dPTsum/dnidé with pr > 0.5 GeVic and Inf < | (middle), and ETsum deasity of
all particles dEr/dndé with n] < 1 (borrom),
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Figure 4-14: Method | response factors for the density of charged particles, dNchg/dnds,
with pr > 0.5 GeVic and In| < 1 in the “rransMAX"™ region for “back-to-beck” events
defined in Fig. 6-3 8% a function of the leading jet Pr. Shows the particle level prediction
{GEN) versus the leading particle jet Py and the detector level result (CDFSIM) versus
the leading calorimeter jet Py (uncorrected) with n(jeck1)| < 2 for PYTHIA Tune A (top)
and HERWIG (middle). Also shows the ratio of the detecior level to the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-15: Method 1 response factors for the density of charged panticles, dNchg/dndd,
with pr > 0.5 GeV/e and [n} < 1 in the “transMIN™ region for “back-to-back™ events
defined in Fig. 6-3 as a function of the leading jet Py, Shows the particle level prediction
(GEN) versus the leading particle jet Py and the detector level result (CDFSIM) versus
the leading calorimeter jet Pr (uncomected) with In(et# 1)} < 2 for PYTHIA Tune A (top)
and HERWIG (middle). Also shows the ratic of the detector level to the particle level,
CDFSIM/GEN. versus the leading jet Pr (i.e. response factor).
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Figure 4-16: Method | response factors for the PTsum density of charged particles,
dPTsumidndg, with py > 0.5 GeV/c and In] < | in the “transMAX" region for “back-to-
back” events defined in Fig. 6-3 as a function of the leading jet Py. Shows the particle
level prediction {GEN) versus the leading panticle jet Py and the detecior level result
{CDFSIM) versus the leading calorimeter jet Pr (uncomected) with In(ew ) < 2 for
PYTHIA Tune A {fop) and HERWIG {middle}. Also shows the ratio of the detector Jeve!
to the particle level, CDFSIM/GEN, versus the leading jet Py (i.e. response facior).
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Figure 4-17: Method | response factors for the PTsum density of charged particles,

dPTsumvdndg, with pr > 0.5 GeV/c and fn] < 1 in the “transMIN” region for “back-to- |
back™ events defined in Fig. 6-3 as a function of the leading jet Py. Shows the particle

level prediction (GEN) versus the leading particle jet Pr and the detector level resalt

{CDFSIM) versus the leading calorimeter jet Py (uncorrected) with n(e#l)] < 2 for

PYTHIA Tune A {tap) and HERWIG (middle). Also shows the ratio of the detector level

to the particle level, CDFSIM/GEN, versus the leading jet Py (i.. response factor).
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Figure 4-18: Method 1 response factors for the average <pr> of charged particles with py
> 0.5 GeV/ic and Inf < | in the “transverse™ region for “back-to-back”™ events defined in
Fig. 6-3 as a function of the leading jet Py. Shows the particie level prediction (GEN)
versus the leading particle jet Pr and the detector level result (COFSIM) versus the
leading calorimeter jet Py (uncorrected) with [n(jer#1 )} < 2 for PYTHIA Tune A (fop} and
HERWIG (meiddle). Also shows the ratio of the detector level to the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-19: Method 1 response factors for the average maximam py, PTmax, for charged
particles with pr > 0.5 GeVic and In} < 1 in the “ransverse™ region for “back-to-back”
events defined in Fig. 6-3 as a function of the leading jet Py. Shows the particle level
prediction (GEN) versus the leading particle jet Pr and the detector level resalt
{CDFSIM) versuz the leading calorimeter jet Py (uncorrected) with In(je#1) < 2 for
PYTHIA Tune A (top) and HERWIG (middle). Also shows the ratio of the detector level
to the particle level, CDFSIM/GEN, versus the leading jet Py (ie. response factor).
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Figure 4-20: Method | response factors for the ETsum density of all particies, dErfdnd¢,
with il < 1 in the “wransMAX" regions for “back-to-back” events defined in Fig. 6-3 asa
function of the leading jet Py. Shows the particle level prediction (GEN) versus the
leading particle jei Py and the detector level mesult (CDFSIM) versus the leading
calorimeier jet Py (uncorrected) with mtiew!)] < 2 for PYTHIA Tune A (fop) and
HERWIG (middle}. Also shows the ratic of the detector level to the particke level,
CDFSIM/GEN, versus the leading jet Py {i.¢. response factor).
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Figure 4-21: Method 1 response factors for the ETsum density of all particles, dEy/dndé,
with | < 1 in the “uransMIN™ regions for “back-to-back” events defined in Fig. 6-3 as a
function of the leading jet Pr. Shows the particle level prediction (GEN) versus the
leading particle jet Py and the detector level result (CDFSIM) versys the leading
calorimeler jet Pr (uncorrected) with (jet#1)] < 2 for PYTHIA Tume A (top) and
HERWIG (middle). Also shows the ratio of the detector level 1o the particle level,
CDFSIM/GEN, versus the leading jet Py (i.e. response factor).
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Figure 4-22: Method | response factors for the charged fraction, PTsunVETsum, in the
“transverse” region for “back-to-back” events defined in Fig. 6-3 as a function of the
leading jet Py, where PTsum includes charged particles with pr > 05 GeVicand lnj< 1
and the ETsum includes all panicles with nl < 1. Shows the particle level prediction
(GEN) versus the leading particle jet Py and the detector level result (CDFSIM) versus
the leading calorimeter jet Py (uncorrected) with In(jet#1)] < 2 for PYTHIA Tune A (top)
and HERWIG (middle). Also shows the ratio of the detector level to the panticle level,
CDFSIM/GEN, versus the leading jet Py {i.e. response factor).
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Figure 4-23: Leading jet Py corection used in method 2 for “leading jet” events. Shows

the difference in the observed leading jet Py at the detector level (i.e. in the calorimeter)

compared with the true Py (i.e. corrected) of matched leading particle jets using PYTHIA

Tune A and HERWIG.
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Figure 4-24: Method 2 response factors from PYTHIA Tune A for “leading jet” events
defined in Fig. 6-3 as a function of the leading jet Pr. Shows the particle level prediction
(GEN) versus the leading particle jet Py and the detector level resplt {CDFSTMcor) versus
the leading calorimeter jet Py (corrected) with In(jet# 1)} < 2. Also shows the ratio of the
detector level to the particle level, CDFSIMcor/GEN, versus the leading jet Py (Le.
response factar),
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Figure 4-25: Compares the method 1 response factors versus the leading jet Py

{uncorrected) with the method 2 response factors versus the leading jet Pr (correcied)
from PYTHIA Tune A,




CHAPTER 5
DATA SELECTION AND SYSTEMATIC ERRORS

3.1 Daia Selection
The data used in this analysis arise from the set of Stintuples crested for the QCD

group by Anwar Bhatti, Ken Hatakeyama, and Craig Group (see Table 5-1). Events are
required to be on the “goodrun” list (version 7). They are also required 1o have a missing
Er significance less than 5 GeV'? and to have 2 sumET < 1.5 TeV. Except for the Min-
Bias data we require events to have one and only one quality 12 vertex with jz] < 60 cm.
For the Min-Bias data we allow zero or one quality {2 vertices. This only affects the
observables in Table 4-3 for leading jetxP—r below 10 GeVic. Above Pr{jet#l) = 10 GeVic
the fraction of events with no quality 12 vertex is negligible,

Table 5-1: Data sets (5.3.3n1) and event selection criterion nsed in this analysis
(L ~ 380 pb’*).

Event Selection Min-Bias | JET20 | JETS0 | JET70 | JETI00
Total Events 30,586,733 | 0470383 | 9,908,366 | 4,641,247 | 5,366,515
“Good” Events (version 7). 116,180,015 | 19,835,681 | 6,868.114 | 3.432.992 | 4.031.324
MetSig <5 GeV . 19179280 | 19818,879 | 6785357 | 3316514 | 3,602,989
wmET < 1.5 TeV - 818,879 | 6,785, - 1602,

1QI22Vix, < 60cm 15416180 110851963 13.745616 | 1,794,739 | 1939383
“Leading Jet" nje#)) <2] | 3,712,407 | 7,679,594 | 3.200065 | 1,648,764 | 1.884.353

“Back-o-Back™ ,
oty 2470 | 1462547 | 878014 | 491930 | 602256
“Back-to-Back'Pleading { oore | 1900% | 27.44% | 29843 | 31.96%

As in a Ron 1 analysis [13] only charged particles in the region pr> 0.5 GeVic and fnf < 1
where the COT efficiency is high are considered. Qur track selection criterion shown in

Table 5-2 is the same as the Run | analysis.



Table 5-2: Track Selection criterion.
Track Selection
COT measured tracks
lz-z0l < 2 em
kol < 1 em
pr>0.5GeVic, i<

In forming the observables in Table 4-3 the five trigger sets shown in Table 5-1 are
pieced together as shown in Table 5-3. The “looser” trigger set is used until it overlaps
the next trigger set and then that trigger set is used until it overlaps the next trigger set etc.

Table 5-3: Range of Py(jeti#1) used for each data set.
| Trigger Set Calorimeter Jets
Min-Bias Pajet#]) < 30 GeV
JET20 |30 < Py(jet#1) < 70 GeV
JETS0 T0 < Py(jet#1) < 98 GeV
JETIO |95 < Pr(jet#1) < 130 GeV
JET100 Py(jet#1) > 130 GeV

5.2 Systematic Uncertainty

The systematic uncertainty in correcting to the particle level is estimated by
combining the two factors shown in Table 5-4. The first factor, 6, comes from comecting
the observables in Table 4-3 to the particle level using method 1 and examining the bin-
by-bin difference between PYTHIA Tune A and HERWIG for each observable. The
second factor, G5, is set large enough 1o include the differences between method 1 and
method 2 and pile-up (only affects the transverse energy).

Figure 5-1 shows the data at 1.96 TeV corrected to the particle level using method 1
and method 2. The open red squares are the data comecied to the particle level using

method 1 with errors that include both the statistical ervor and the systematic uncertainty
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(see Table 5-4). The black dots are the data correcied 1o the particle level using method 2
(with no errors). The method 2 points lie within the emrors of the method 1 data points.
Table 5-4: The errors on the corrected observables in Table 4-3 include both the statistica)

error and the systematic uncentainty (added in quadrature). The systematic uncertainty
consisis of a; and o1 (added in quadrature).

Uncertainty Origin
Bin by bin difference between the data
') corrected by PYTHIA Tune A and
HERWIG using method 1.
Difference between method 1 and
method 2
and pile-up and miscellaneous
(3% for charged particle, 5% for energy) |

a2
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Figure 5-1: Data at 1.96 TeV correcied to the particle level using method | and method 2
compared with PYTHIA Tune A and HERWIG at the particle level. Shows the density
of charged particles, dNchg/dndd (fop). the PTsum density of charged particles,
dPTsunvdndd (middle). (pr > 0.5 GeVi and i} < 1), and the ETsum density, dEr/dndg
{bottom), for pasticles with [n} < 1 in the “transverse” region (average of “transMAX™ and
“transMIN™"y for “leading jer” events defined in Fig. 6-3 as 2 function of the leading jet
Pr.



CHAPTER 6
DISCUSSION OF RESULTS

We study the behavior of the charged particles (Pr> 0.5 GeV/c. Inl<l) in the
“underlying event” for hard scattering pp collisions at the Tevatron (/s =1.96 TeV).
These results are compared to QCD Monte-Carlo models (PYTHIA Tune A and
HERWIG) that simulate pj collisions. The topology of a hard scattering jet event serves
to define a frame of reference. The direction of the leading calorimeter jet, jet#1, is used
to define cormrelations in the azimuthal angle, Ap. The angle AP = ¢ - i is the relative
angle between a charged particle and the leading jet direction. Figure 6-1 shows how we
partition 1)-¢ space on an evens-hy-event basis.

In figure 6-2 we define “transverse 1" and “transverse 2” so that we may compare
these regions on an event-by-event basis. This allows us the flexibility to redefine how
the regions are characterized for different analyses. Here we will refer to cvents in which
there are no restrictions placed on the second highest Ey jet, jet#2, as “leading jet” events.
Additionally, we define a subset of these as “back-to-back” events in which the leading
two jets are nearly “back-10-back”™ (Ad:>150°) and with Ey (jet#2VEr(jer#l) > 0.8.
Within this subset, the hard component of the “underlying event” should be suppressed,
thus increasing the sensitivity of the “transverse” region to the “beam-beam remnant” and

multiple parton scattering components.

3
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Figure 6-1: Mustration of correlations in azimuthal angle A¢ relative to the direction of
the leading jet (MidPoint, R = 0.7, funge = 0.75) in the evenl, jeti#l. The angle Ap = ¢
diet#] is the relative azimuthal angle between charged panticles (or calorimeter towers)
and the direction of jet#1. The “toward” region is defined by [Ad] < 60° and Inj < |, while
the “away” region is jAd} > 120° and [n < 1. The “transverse” region is defined by 60° <
[A0] < 1207 and In) < 1. Each of the three regions “toward™, “transverse™, and “sway” and
has an overall area in 11-¢ space of AnAd = 4n/3. We examine charged particles in the
range pr > 0.5 GeVic and In} < | and calorimeter towers with Ey > 0.1 GeVand Inj < 1,
but allow the leading jet 10 be in the region mjet# )] < 2.

As in figure 6-3, we use the direction of jet#l to define the two “iransverse”
regions, 60° 5 JAd] € 120°. On an event-by-event basis, we define the “cransMAX™
(“transMIN™} 10 be the maximum (minimum) of these two regions. When looking at
multiplicities MAX and MIN refer w the number of charged particles, but when
considering Prsum then MAX and MIN refer to the scalar Pysum of the charged particles.

Figure 6-4 illustrates the topology of a pp collision in which a “hard” parton-
parton scattering has occurred.  The contribution from the hardest initial or final-state
radiation should be found in the “transMAX" region. Since both regions should receive
“beam-beam remmant” contributions, the difference between “transMAX" and
“gansMIN™ should be wvery semsitive to the “hard scattering”™ component of the

“underlying event”.



75

Jet #1 Direction Jet #1 Direction
Y. A
‘\. ‘
Jet #2 Direction

Figure 6-2: Hlustration of comelations in azimuthal angle Ad relative to the direction of
the leading jet (highest Py jet} in the event, jet#1. The angle Ad = ¢ — djet#] is the relative
azimuthal angle between charged particles and the direction of jet#l. The “toward”
region is defined by |A¢] < 60° and [n] < 1, while the “away” region is [A$] > 120° and |n|
< 1. The two "transverse” regions 60° < A < 120° and 60° < -Ad < 120° are referred to as
“transverse 1™ and “transverse 2”. Each of the two “transverse” regions have an ares in
N-$ space of ANA¢ = 4n/6. The overall “transverse” region defined in Fig. 3 comresponds
1o combining the “wransverse 1™ and “transverse 2" regions. Events in which there are no
restrictions placed on the on the second highest Py jet, jet#2, are referred to as “leading
jet events (lef). Events with at least two jets where the leading two jets are nearly
“back-to-back” (A2 > 150°) with Pr(jet#2)/Pr{jet#1) > 0.8 and Pr(jet3) < 15 GeVk are
referred to as “back-to-back™ events (righr).

Jet #2 Direction

Fig. 6-3: Illustration of comelations in azimuthal angle Ad relative to the direction of the
leading jet (highest Pr jer) in the event, jet#) for “leading jet” events (lefr) and “back-to-
back” events (right) as defined in Fig. 6-2. The angle Ad = ¢ — ¢jer#] is the relative
azimuthal angle between charged particles (or calorimeter towers) and the direction of
jet#l. On an event by event basis, we define “transMAX"™ (“wansMIN™) to be the
maximum (minimum) of the two “transverse” regions, 60° < A$ < 120° and 60° < -A <
120°. “TransMAX” and “transMIN™ each have an area in N-$ space of AnAd = 4n/6.
The overall “transverse” region defined in Fig. 3 includes both the “ransMAX™ and the
“transMIN™ region.
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Figure 6-4: Mlustration of the topology of a proton-antiproton collision in which a “hard”™
pirton-parton collision has occurred. The “toward™ region as defined in Fig. 6-1 contains
the leading “jet”, while the “away” region, on the average, contains the “away-side”
“jet”. The “transverse™ region is perpendicular to the plane of the hard 2-10-2 scattering
and is very sensitive to the “underlying event”. For events with large initial or final-state
radiation the “transMAX” region defined in Fig.6-3 would contain the third jet while both
the “transMAX™ and “wransMIN" regions receive contributions from the beam-beam
rernants (see Fig. 1-1). Thus the “ransMIN™ region is very seasitive to the beam-beam
remmants, while the "ransMAX™ minus the “transMIN” is very sensitive to initial and
final-state radiation.

6.1 The MAX/MIN Transverse Regions
As shown in Figure 6-3 we use the direction of the highest Py jet in the region Inf <
2, jet#l, 10 define the two “transverse™ regions, 60° < jA$] < 120° and 60° < JAd | < 120°.
On an event-by-event basis, we define “ransMAX™ and “transMIN” to be the maximum
and minimum of these two regions. “TransMAX"” and “transMIN” each have an area in
1+¢ space of AnAd = 4n/6. When looking at multiplicities MAX and MIN refer to the

number of charged particles. When we consider Pysum, then MAX and MIN refer to the
scalar pr sum of charged particles and when we consider Eysum, then MAX and MIN
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refer to the scalar Ex sum of panticles (or calorimeter towers). The overall “transverse”
region comresponds 1o the average of the “transMAX™ and “transMIN” densities.

As illustrated in Fig. 6-4, one expects that “ransMAX™ will pick up the hardest
initial or final-state radiation while both “pansMAX™ and “transMIN” should. receive
“bearp-beam remnant” contributions. Hence one expects “transMIN" to be meore
sensitive to the “beam-beam remnant™ component of the “underlying event”. This idea,
was first suggested by Bryan Webber, and implemented by in a paper by Jon Pumplin
[7.51-53]. Also, Valaria Tano [54, 55] studied this in her Run 1 analysis of maximum

and minimum transverse cones (R = 0.7),

6.2 “Leading Jet” Events

Figures 6-5 thru 6-13 show the data on the observables in Table 4-3 at. 1.96 TeV for
“leading jer” events defined in Fig. 6-3 as & function of the leading jet Py compared with
PYTHIA Tune A and HERWIG. The plots show the uncorrected data {with statistical
errors only} compared with the theory after detector siroulation (CDFSIM). The plots
also shows the data correcled to the particle level (with errors that include both the
statistical error and the systematic uncertainty as described in Table 5-4) compared with
the theory at the particle level {i.e. generator level).

Figures 6-5 thru 6-8 reflect a common trend in the data. HERWIG is consistently
below the data and PYTHIA Tune A for leading jet Py less than about 150 GeV. It is
ineresting, however, that HERWIG agrees well for Pr(jer#1) > 150 GeV for the average
density of charged particles and average charged PTsum density. The “transMIN™

densities are more sensitive to the “beam-beam remnant” and multiple parton interaction
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components of the “underlying evenl” and PYHTIA Tune A (with multiple parton

interactions) does a better job describing the data than HERWIG (without multiple parton

interactions).
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Figure 6-3: Data at 1.96 TeV on the density of charged particles, dNchg/dnd¢, with pr >
0.5 GeVie and nf < 1 in the “tansMAX™ and “transMIN™ regions for “leading jet”
events defined in Fig. 6-3 as a function of the leading jet Py compared with PYTHIA
Tune A and HERWIG. (top) Shows the uncorrected data (with statistical errors only)
compared with the theory after detector simulation (CDFSIM). (bortom) Shows the data
corrected to the particle level (with errors that include both the statistical error and the
systematic uncertainty) compared with the theory at the panticle level (Le. generator

level).
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Figure 6-6: Dala at 1.96 TeV on the density of charged particles, dNchg/dndg, with pr >
0.5 GeVic and I < | in the “transverse™ region (average of “wransMAX™ and
“transMIN"} for “leading jet™ events defined in Fig, 6-3 as a function of the leading jet Py
compared with PYTHIA Tune A and HERWIG. (top} Shows the uncorrected data (with
statistical emors only) compared with the theory afier detector simulation (CDFSIM).
{bottom) Shows the data corrected 1o the particle level (with errors that include both the
statistical error and the systernatic uncertainty) compared with the theory a1 the particle
level (i.e. generator level).




E 2

g ‘

& WI-Q?M}C?

b hd Charged Farticies (nit.0. P10.5 Gavic
| sl = 3 AL -
- - ‘“ - " £ 2 !T_h
2] ES o ¥
] 6 10 M0 200 0 MWE 0 M8 A5
PT{wint uocormecad) (GeVic)

“Trumres" PToven Duseity (Guic}
in

39
cwnmepmsmm ‘u-nar
-
i 1w e -
E‘J
10 Mo RaOTi T
E oyt Pt 1, P8 oty
Ty’ .- L .
‘ il =y :‘IE"‘
o8 , e g )

8 8 0 10 200 20 30 3 &8 40
PT{ete1} o)

Figure 6-7;: Data at 1.96 TeV on the PTsum density of charged panticles, dPTsum/dndé,
with pr > 0.5 GeV/e and [} < 1 in the “ransMAX" and “transMIN” regions for “leading
jet™ events defined in Fig. 6-3 as & function of the leading jet Pr compared with PYTHIA
Tune A and HERWIG. (1op) Shows the uncorrected data (with statistical errors only)
compared with the theory after detector simulation (CDFSIM). (bostaum)  Shows the data
corrected to the panticle level (with errors that include both the statistical error and the
systematic uncertainty) compared with the theory al the particle level (ie. genevator
level).
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Figure 6-8: Data at 1.96 TeV on the charged PTsum density, dPTsumédndd, with pr> 0.5
GeVic and nl < | in the “transverse” region (average of “transMAX” and “transMIN™)
for “leading jet” events defined in Fig. 6-3 as a function of the leading jet Py compared
with PYTHIA Tune A and HERWIG. {top) Shows the uncorrected data (with stetistical
emors only) compared with the theory after detecior simuolation (CDFSIM). (bottom)
Shows the data corrected to the particle level (with errars that include both the statistical
efror and the systematic uncertainty) compared with the theory at the particie level (i.e.
generator level),

Figure 6-9 compares PYTHIA Tune A and HERWIG with the data on the average
<pr> of charged particles in the “wransverse™ region for “leading jet” events defined in
Fig. 6-3 35 a function of the leading jet Py. The top shows the uncomected data (with
statistical ervors only) compared with the theory after detector simulation (CDFSIM),
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while the bottom shows the data corrected to the particle level (with errors that include
both the statistical error and the systematic uncertainty) compared with the theory at the
particle level (Le. penerator level). HERWIG, even after the data is corrected, predicts a
softer average <py> of charged particles in the “transverse” region for “leading jet”
events defined in Fig. 6-3 as a function of the leading jet Pr.
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Figure 6-9: Data at 1.96 TeV on the average <pr> of charged particles with py > 0.5
GeVic and Inj < 1 in the “transverse™ region for “leading jet” events defined in Fig. 6-3 as
a function of the leading jet Py compared with PYTHIA Tune A and HERWIG. (10p)
Shows the uncorrected data (with statistical errors only) compared with the theory after
“detector simulation (CDFSIM}. (bottom) Shows the data comected fo the particle level
{with emrors that include both the statistical error and the systematic uncertainty)
comparexd with the theory at the particle level (i.e. generator Jevel),
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Figure 6-10 compares PYTHIA Tune A and HERWIG with the data on the average
maximum pr, PTmax, for charged particles in the “transverse™ region for “leading jet”
events defined in Fig. 6-3 as a function of the leading jet Py. The top shows the
uncorrected data (with statistical errors only) compared with the theory after detector
simulation (CDFSIM]), while the bottom shows the data comrected 1o the particle level
{with errors that include both the statistical error and the systematic uncertainty)
compared with the theory at the particle level (ie. generator level). The agreement is
better than for the average <py>, but HERWIG is still too soft for leading jet Py less than
about 130 GeV.

Figures 6-11 and 6-12 compare PYTHIA Tune A and HERWIG with the data on
the the ETsum density, dE¢dnde, for particles with | < 1 in the transverse region for
“leading jet” events defined in Fig. 6-3 as a function of the leading jet Pr. The top shows
the uncorrected data (with statistical ervors only) compared with the theory after detector
stmalation (CDFSIM), while the bottom shows the data correcied to the panticle level
(with errors that include both the statistical error and the sysiematic uncertainty)
compared with the theory at the particle level (i.e. generator level). Both PYTHIA Tune
A and HERWIG fall below the data throughout the energy range.

Figure 6-13 compares PYTHIA Tune A and HERWIG with the data a1 on the
charged fraction, PTsum/ETsum, in the “transverse” region for “leading jet” events
defined in Fig. 6-3 as a function of the leading jet Py, where PTsum includes charged
particles with pr » 0.5 GeVic and Inf < 1 and the ETsum includes all particles with [n| <
1. The top shows the uncorrected data (with statistical errors only) compared with the
theory afier detector simulation (CDFSIM), while the bottom shows the data corrected to
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the particle level (with errors that include both the statistical error and the systemmatic
uncerminty) compared with the theory at the particle level (i.e. generator level). Both
MC generators predict a larger charged fraction in the transverse region than is indicated

by the data.
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Figure 6-10: Data a1 1.96 TeV on the average maximum pr, PTmax, for charged particles
with pr> 0.5 GeVic and || < 1 in the “transverse” region for “leading jet” events defined
in Fig. 6-3 as a function of the leading jet Py compared with PYTHIA Tune A and
HERWIG. (10p} Shows the uncorrected data (with statistical errors only) compared with
the theory after detector simulation (CDFSIM). (bottam) Shows the data corrected 10 the
particle level (with errors that include both the statistical error and the systematic
vncertainty) compared with the theory at the particle level {i.e. generator level).
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Figure 6-11: Data at 1.96 TeV ou the ETsum density, dEy/dndg, for particles with jnj < |
in the “transMAX" and “transMIN" regions for “leading jet” events defined in Fig. 6-3 as
a function of the leading jet Pr compared with PYTHIA Tune A and HERWIG. (1op)
Shows the uncorrected data (with statistical errors only) compared with the theory after
detector simulation (CDFSIM). (borronr) Shows the data corrected to the panticle level
{with errors that include both the statistical error and the systematic uncertainty)
compared with the theory at the panticle level (i.e. generator level).
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Figure 6-12: Data at 1.96 TeV on the ETsom density, dE/dndd, for particles with fnj < 1
in the *transverse” region (average of “transMAX” and “transMIN™) for “leading jet”
events defined in Fig. 6-3 as a function of the leading jet Py compared with PYTHIA
Tune A and HERWIG. (top) Shows the uncorrecied data (with stavistical emrors ouly)
compared with the theory after detector sinmlation (CDFSIM). (battom) Shows the dala
corrected o the particle level {with errors that include both the statistical emor and the
systematic uncertainty) compared with the theory at the paricle level {ie. penerator
level).
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Figure 6-13: Dara at 196 TeV on the charged fraction, PTsunyETsum, in the
“transverse” region for “leading jet” events defined in Fig. 6-3 as a function of the
leading jet Py, where PTsum includes charged particles with py > 0.5 GeV/c and Ipl < 1
and the ETsum includes all particles with fn} < 1. The data are compared with PYTHIA
Tune A and HERWIG. (top) Shows the uncorrected data (with statistical erors only)
compared with the theory after detector simulation (CDFSIM). (bomrom) Shows the data
corrected to the particle level (with errors that include both the statistical error and the
systematic uncertainty) mmpared with the theory at the particle level (ie. generator
level).

6.3 “Beck-10-Back”™ Events
Figure 6-14 thru 6-22 show the data on the observables in Table 4-3 at 1.96 TeV for
“back-to-back™ events defined in Fig. 6-3 as a function of the leading jet Py compared
with PYTHIA Tune A and HERWIG. The plots show the uncorrected data (with
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statistical errors only) compared with the theory after detector simulation (CDFSIM},
The piots also shows the data corrected to the particle level (with errors that include both
the statistical error and the systematic uncertainty as described in Table 5-4) compared
with the theory at the panticle level (i.e. generator level). |

Figures 6-14 thru 6-17 continue to exhibit the frend that HERWIG is consistently
below the data and PYTHIA Tune A for leading jet Pr less than about 150 GeV.
However, the back-to-back data reveal that the densities fall with increasing Pr(jet#l).
Since the hard initial and final-state radiation is suppressed in back-to-back events the
differences between PYHTIA Tune A and HERWIG in the “beam-beam remnant™ and
multiple parton scattering component of the “underlying event” are more evident.
PYHTIA Tune A (with multiple parton interactions) does a better job describing the scale
and slope of the data than HERWIG (without mwmltiple parton interactions).

Figure 6-18 compares PYTHIA Tune A and HERWIG with the data on the average
<pr> of charged particles with pr > 0.5 GeVic and | < 1 in the “transverse” region for
“back-to-back”™ events defined in Fig. 6-3 as a function of the leading jet Pr. The top
shows the uncorrected data (with statistical ervors only) compared with the theory afier
detector simulation (CDFSIM), while the bottom shows the data comected to the panticle
level (with errors that include both the statistical error and the systematic uncertainty)
compared with the theory a1 the particle level {i.e. generator level). Both PYTHIA Tune
A and HERWIG predict 4 softer average <pr> of charged particles than is exhibited by
the data,
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Figure 6-14: Data at 1.96 TeV on the density of charged particles, dNchg/dndd, with pr
> 0.5 GeVic and i} < 1 in the “transMA X" and “transMIN" regions for “back-1o-back™
events defined in Fig. 6-3 as a function of the leading jet Py compared with FYTHIA
Tune A and HERWIG. {iop) Shows the uncormrected data (with statistical errors only)
compared with the theory after detector simulation (CDFSIM). (bottom) Shows the data
corrected to the particle level (with errors that include both the siatistical ervor and the
systematic uncerainty) compared with the theory at the panicle level {ie. generstor
level).
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Figure 6-15: Data at 1.96 TeV on the density of charged particles, dNchg/dndd, with pr
> 0.5 GeVic and |n] < | in the “transverse” region (average of “ransMAX” and
“transMIN™) for “back-to-back” events defined in Fig. 6-3 as a function of the leading jet
Pr compared with PYTHIA Tune A and HERWIG. (fop) Shows the uncorrected data
(with statistical errors only) compared with the theory afier detector simwlation
(CDFSIM). (bortom) Shows the data corrected to the particle level (with errors that
include both the statistical error and the systematic uncertainty) compared with the theory
at the particle level (i.e. generator level).
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Figure 6-16: Data at 1.96 TeV on the PTsum density of charged particles, dPTsum/dndd,
with py > 0.5 GeVic and | < 1 in the “transMAX"™ and “transMIN"" regions for “back-to-
back”™ events defined in Fig. 6-3 as a function of the leading jet Pr compared with
PYTHIA Tune A and HERWIG. (top) Shows the uncorrected data (with statistical errors
only) compared with the theory after detector simulation (CDFSIM). (bottom) Shows the
data corrected to the particle level (with errors that include both the statistical error and
the systematic uncertainty) compared with the theary at the particle level (i.e. generator
level).
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Figure 6-17: Data at 1.96 TeV on the PTsum density, dPTsumidndb, with pr> 0.5 GeV/ic
and Il < I in the “transverse™ region (average of “wansMAX™ and “transMIN™) for
“back-to-back” events defined in Fig, 6-3 as a function of the leading jet Py compared
with PYTHIA Tune A and HERWIG. (top) Shows the ancorrected data (with statistical
errors only) compared with the theory after detector simulation (CDFSIM). (bortom)
Shows the dala corrected to the panticle level (with errors that include both the statistical
error and the systematic uncertainty) compared with the theory a1 the panticie level (ie.
generator level).
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Figure 6-18: Dala at 1.96 TeV on the average <p:> of charged particles with py > 0.5
GeV/c and j < 1 in the “transverse™ region for “back-to-back™ events defined in Fig. 6-3
as a function of the leading jet Py compared with PYTHIA Tune A and HERWIG. (fop)
Shows the uncorrected data (with statistical errors only) compared with the theory after
detector simulation (CDFSIM). (botiom) Shaws the data comrected to the panticle level
{with emors that include both the statistical error and the systematic uncertainly)
compared with the theory at the particle level (i.e. generator level).

Figure 6-19 compares PYTHIA Tone A and HERWIG with the data on the average

maximum pr. PTmax, for charged particles with py > 0.5 GeVic and jn| < | in the
“transverse” region for “back-to-back™ events defined in Fig. 6-3 as a function of the
leading jet Pr. The top shows the uncorrected data (with statistical errors only) compared
with the theery after detector simulation (CDFSIM), while the bottom shows the data
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corrected to the particle level (with ervors that include both the statistical emor and the
systematic unceriainty) compared with the theory at the particle level (i.e. generator
level). Both MC generators predict a too soft average maximum pr, but only PYTHIA
Tune A correctly reproduces the decreasing slope of the observable,
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Figure 6-19: Data at 1.96 TeV on the average maximum pr, PTmax, for charged particles
with pr > 0.5 GeV/c and jn] < 1 in the “transverse™ region for “back-to-back™ events
defined in Fig. 6-3 as a function of the leading jet Py compared with PYTHIA Tune A
and HERWIG. (rop) Shows the uncorrected data (with statistical errors only) compared
with the theory afier detector simulation (CDFSIM). (bowont) Shows the data corrected
to the particle level (with errors that include both the statistical error and the systematic
uncertainty) compared with the theory at the particle level (i.e. generator level).
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Figures 6-20 and 6-21 compare PYTHIA Tune A and HERWIG with the data on
the ETsum density, dEy/dndd, for particles with [y} < 1 in the wransverse region for
“back-to-back™ events defined in Fig. 6-3 as a function of the leading jet Pr. The 1op
shows the uncomected data (with statistical errors only) compared with the theory after
detector simulation (CDFSIM), while the bottom shows the data corrected 1o the particle
Izvel (with errors that include both the statistical emor and the systematic uncenainty)
compared with the theory at the pasticle level {i.e. generator level). Both MC generators
predict too litke ETsum density, but only PYTHIA Tene A correctly reproduces the
decreasing slope of the observable.

Figure 6-22 compares PYTHIA Tune A and HERWIG with the data on the charged
fraction, PTsum/ETsum, in the “transverse” region for “back-to-back” events defined in
Fig. 6-3 as a function of the leading jet Py, where PTsum includes charged particles with
pr > 0.5 GeVic and [n} < 1 and the ETsum includes all particles with in} < 1. The top
shows the uncomrected data {with statistical errars only) compared with the theory after
detector simulation (CDFSIM), while the botom shows the data corrected to the particle
level (with errors that include both the statistical emor and the systematic uncertainty)
compared with the theory at the particle level (i.e. generator level). Both MC generators
predict a larger charged fraction in the transverse region than is indicated by the data.
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Figure 6-20: Data at 1.96 TeV on the ETsum density, dEp/dndd, for particles with nf < 1
in the “transMAX"™ and “transMIN” regions for “back-to-back™ events defined in Fig, 6-3
as & function of the leading jet Py compared with PYTHIA Tune A and HERWIG. (rop)
Shows the uncorrected data (with statistical errors only) compared with the theory afier
detector simulation {COFSIM). (borom) Shows the data corrected to the particle level
{with errors that include both the statistical error and the systemalic uncertainty)
compared with the theory at the particle level (i.e. generator level).
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Figure 6-21: Data at 1.96 TeV on the ETsum dmsﬂy. dEx/dnd¢, for particles with jn] < 1
in the “wansverse” region (averape of “ransMAX™ and “transMIN™) for “back-to-back™
events defined in Fig. 6-3 as a function of the leading jet Py compared with PYTHIA
Tune A and HERWIG. (1ap) Shows the uncorrected data (with statistical errors only)
compared with the theory after detsctor simuiation (CDFSIM). (bottom) Shows the data
corrected 10 the particle level {with errors that include both the statistical error and the
systemalic uncertainty) compared with the theory at the particle level (ie. generator
level).
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Figure 6-22: Data al 196 TeV on the charged fraction, PTsorvETsum, in the
“transverse” region for “back-to-back™ events defined in Fig. 6-3 as a function of the
leading jet Py, where PTsum includes charged particles with py > 0.5 GeVic and nf < 1
and the ETsum includes all particles with Inj < 1. The data are compared with PYTHIA
Tune A and HERWIG. {iop) Shows the uncorrected data (with statistical ermors only)
compared with the theory after detector simulation (CDFSIMY). (battorn) Shows the data
corrected to the particle level (with errors that include both the statistical error and the
systematic sncertainty) compared with the theory at the particle level (i.e. gencrator
level).

6.4 "Leading Je” versus “Back-to-Back™ Events
Figure 6-23 and Figure 6-24 compare the data on the density of charged particles

and the charged PTsum density in the “ransverse” region carrecied 1o the particle level

for “leading jet” and “back-to-back™ events with PYTHIA Tune A and HERWIG ut the
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particle level.  As expected, the “leading jet” and “back-to-back” events behave quite
differently. For the “leading jet” case the “transMAX” densities rise with increasing
Pr{jet#1}, while for the “back-to-back™ case they fall with increasing Py(jet#1). The rise
in the “leading jer” case is. of course, due to hard initial and final-state radiation, which
has been suppressed in the “back-to-back™ events. The “back-to-back” events allow for
¢loser look at the “beam-beam remnant” and multiple parton scattering component of the
*underlying event” and PYTHIA Tune A {(with multiple panton intéractions) does 1 betler
job describing the data than HERWIG (without multiple parton interactions).

The “transMIN" densities are more sensitive to the “beam-beam remnant” and
multiple parton interaction component of the “underlying event”. The “back-to-back” _
data show a decrease in the “transMIN™ densities with increasing Py(jeth#l) which is
described fairly well by PYTHIA Tune A (with multiple parton interactions) but not by
HERWIG (withoot multiple parton interactions). The decrease of the “transMIN”
densities with increasing Pr(jet#1) for the “back-to-back” events is very interesting and
might be doe to a “saturation” of the multiple parton interactions at small impact
parameter. Such an effect is included in PYTHIA Tune A but not in HERWIG (without

multiple parton interactions).
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Figure 6-23: Data ;t 1.96 TeV on the density of charged particles, dNchg/dnd¢, with py >

0.5 GeVic and [n] < | in the “transMAX" region (fop). “uansMIN" region

“transverse” region (average of “transMAX™ and “transMIN") (bortom) for “leading jet”
and “back-to-back” events defined in Fig. 6-3 as a function of the leading jet Py
compared with PYTHIA Tune A and HERWIG. The data are correcied to the particle
level (with errors that include both the statistical error and the systematic uncertainty) and
compared with the theory at the particle level (i.e. generator level).
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Figure 6-24: Data a1 1.96 TeV on charged PTsam density of charged particles,
dPTsum/dndg, with py > 0.5 GeVic and [ < 1 in the “wansMAX™ region (fop),
“transMIN” region (middle), and “transverse” region (average of “transMAX" and
“transMIN™) (botrom) for “leading jet” and “back-to-back™ avents defined in Fig. 6-3 as a
function of the leading jet Py compared with PYTHIA Tune A and HERWIG. The data
are comected 1o the particle level {with errors that include both the statistical error and the
systematic uncertainty) and compared with the theory at the particle level (i.e. generator

Jevel).
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Fig. 6-25 compares the data on average <pr> of charged particles and the average
maximum charge particle py, PTmax, in the “transverse™ region correcied to the particle
level for “leading jet” and “back-to-back” events with PYTHIA Tune A and HERWIG &t
the particle level.  Again the “leading jet™ and “back-ic-buck™ events behave quite
differendy.

Fig. 626 shows the data comected to the particle level on the ETsum density,
dEr/dndd, in the “transverse” region for “leading jet" and "back-to-back™ events
compared with PYTHIA Tune A and HERWIG al the particle level.  Neither PYTHIA
Tune A or HERWIG produce encugh energy in the “wransverse™ region. HERWIG has
more “soft” particles than PYTHIA Tune A does slightly better in describing the energy
density in the “ransMAX" and “transMIN" region,

Fig. 6-27 shows the data corected on the charged fraction, PTsum/ETsum, in the
“transverse” region for “leading jet” and “back-10-back™ events compared with PYTHIA
Tune A and HERWIG at the panticle level.  Neither PYTHIA Tune A or HERWIG
produce enough energy in the “transverse™ region and therefore predict 100 large of a
charged fraction. Note that both PYTHIA Tune A and HERWIG predict a charged

fraction of about 0.5 if one includes all particles in both Pysum and Eysum,
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Figure 6-25: Data at 1.96 TeV on the average <pr> of charged particles (top) and the
average maximum pr, PTmax. for charged particles (bottom) with pr > 0.5 GeV/c and )
< 1 in the “transverse™ region for “leading jet” and “back-to-back” events defined in Fig,
6-3 as a function of the leading jet Py compared with PYTHIA Tune A and HERWIG.
The data are corrected 1o the paniicle level (with errors that include both the sististical
error and the systematic unceriainty) and compared with the theory at the particle level
{i.e. generator level).
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Figure 6-26: Data at 1.96 TeV on the ETsum density, dEy/dndé, for particles with i} <
in the “wansMAX" region (fop), “transMIN" region (middle). and “transverse” region
(average of "trunsMAX"™ and “transMIN™) {bottom) for “leading jer” and “back-to-back”™
events defined in Fig. 6-3 as 2 function of the leading jet Py compared with PYTHIA
Tune A and HERWIG. The data are correcied to the particle level (with errors that
include both the statistical error and the systematic uncentainty) and compared with the
theory at the particle level (i.e. generator level).
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Figure 6-27: Data at 1.96 TeV on the charged fraction, PTsunVETsum, in the
“trangverse” region defined in Fig. 6-3 for “leading jet™ events (rop) and “back-to-back”
evenis (bortom) as a function of the leading jet Py, where PTsum inciudes charged
particles with pr > 0.5 GeVi and ] < | and the ETsum includes all particles with jnj <
1, compared with PYTHIA Tune A and HERWIG. The data are corrected to the particle
level (with errors that include both the statistical ervor and the systematic uncertainty) and
compared with the theory at the particle level (i.e. generator level).

Figure 6-28 compares the corrected “leading jet” and “back-to-back” data on the
density of charged particles, dN/INd®, the Pram density, dPry/ dnd¢, and the Enum
density, dErun/dndd, for “TransDIF” (i.e. the “transMAX”™ region minus the “transMIN™
region) as a function of the leading jet Pr. Figure 6-28 also shows the predictions of
PYTHIA Tune A and HERWIG. The difference between “ransMAX" and “ransMIN”
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is very sensitive to the “hard scattering”™ component of the “underlying event” (i.e hard
initial and final-state radiation) and therefore we expect 10 see a big difference between
“leading jet” events and the “back-to-back” events which is the case.  Again, PYTHIA
Tune A does a better job describing the data than does HERWIG fro the charged particle
densities and the charged Py, densities. Suorprisingly, both PYTHIA Tune A and
HERWIG agree with the data for the “transDIF* Erm density.
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Figure 6-28: Data at 1.96 TeV on the density of charged particies, dN/dndd and the Pryn
density, dPru/ dndd for charged particles with py > 0.5 GeVic and n| < 1 for the
“ransMAX" minus the “ransMIN™ region defined in figure 6-3 for “leading jet” and
“back-to-back™ events defined in Fig. 6-2 as a funclion of the leading jet Py compared
with PYTHIA Tune A and HERWIG. The “transDIF” Ers density, dErun/dndd for
particles with ] < | is also presented. The data are corrected 1o the particle level (with
errors that include both the statistical error and the systematic uncertainty) and compared
with the theory at the particle level {i.e. generator level).
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CHAPTER 7
SUMMARY AND CONCLUSION

The goal of this analysis is to produce data on the “underlying event” that is
correcied to the particle level so that it can be used 1o ne the QUD Monte-Carlo models
without requiring CDF detector simulation (i.e. CDFSIM). Unlike our previous Run 2
“underlying event™ analysis [6] which used JeiClu 1o define “jets” and compared
uncorrected data with PYTHIA Tune A and HERWIG afier detector simulation
(CDFSIM), in this analysis we use the MidPoint algorithm (R = 0.7, foog = 0.75) and
correct the observables 1o the particle level. The corrected observables are then
compared with PYTHIA Tune A and HERWIG at the particle level {i.e. generator level).
This analysis also provides our first look at the energy in the “underlying event” (ie. the
“transverse” region).

In this analysis we look at both the charged particle and the energy components of
the “underlying event”. We use the direction of the leading calorimeter jet in each eveni
1w define two “transverse™ regions of -¢ space that are very sensilive to the “underlying
evert”. In addition, by selecting events with at least two jets that are nearly back-to-back
{Adz > 150°) with Py(iet#3) < 15 GeVic we are able 10 look closer at the “beam-beam
remnant” and multiple parton interaction components of the “underlying event”.

Comparing the comrected observables with PYTHIA Tune A and HERWIG at the
particle level (i.e. generator level) continue to validate the conclusions we found when
comparing the uncorrected data with the Monte-Carlo models after detector simulation

(i.e. CDFSIM) [8]. PYTHIA Tune A (with multiple parton interactions} does a better job
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in describing the “underlying event™ (i.e. “ransverse” regions) for both “leading jet” and
“back-to-back™ events than does HERWIG (without multiple parton interactions).
Herwig does not have enough activity in the “underlying event” for Pr(jet#1) less than
about 150 GeV, which was also dbserved in a published Run I analysis [13].

Figure 7-1 compares the original Run I published data on the underlying event with
our current resulis. We have extended the range of the leading jet Py from 50 GeV to
over 400 GeV. We now use the MidPoint Jet finding algorithm and most importantly
correct the data back to the particle level,

This analysis gives our first look at the energy in the “underlying event” (ie. the
“transverse” region). Figure 6-28 shows that PYTHIA Tune A and HERWIG agree with
the “UansDIF" Eryy density data. Since both MC generators correctly prediet the “hard
scattering” component of the underlying event, this strongly suggests that the
discrepancies and low jet#] Py reflect a needed tuning of the “beam-beam remnant” and

multiple parton interaction components of the underlying event.
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Figure 7-1: A comparison between the Run I and Run I analysis on the PTsum density in
the “transverse” region. (fop) Data uncorrected (with ermors that include both statistical
and the systematic uncertainty) at 1.8 TeV on the charged PTsum density, dPTsumddnd¢,
with PT > 0.5 GeVic and In| < 1.0 for leading jet events defined in Fig. 6-3 as a function
of leading jet PT compared PYTHIA set A, PYTHIA set B, and HERWIG. {(bortom) Data
corrected (with errors that include both statistical and the systematic uncertainty) at 1.96
TeV on the charged PTsum density, dPTsum/dndé, with PT > 0.5 GeV/c and [nf < 1.0 for
“leading jet events™ defined in Fig. 6-3 as & function of leading jet PT compared PYTHIA

Tune A and HERWIG.
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