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Elementary particle physics attempts to answer very fundamental questioos of how 

the Universe was created and how il works. One approach to unlocking these mysteries 

is by «»Hiding very fasl moving protQftS and antiprorons and studying the outcome. Most 

of the time these particles ooze through each other, but occasionally we get a collision 

thllll is characterized by a large amount of transverse momentum. This signals a special 

kind of collision that can be calculated by the theorisl. The problem lies in the fac:t that 

only a portion of the collisioo can he calculated, The majarity of the collision is mes..~y 

and must be modeled. The data presented here helps to improve the cunem models and 

allows for a better understanding of the dynamics of nuclear forces. 
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We study the behavior of the charged particle (Pr> 0.5 GeV/c, frll < I) and esaergy 

<Ml < J) oomponenu. of the .. underlying event" in hard scattering proton·anliproton 

collisions at 1.96 TeV. We use the direction of the leading calorimeter jet in each e~t to 

define two "ll1Uls.vene" regions or 11-t l!lp!llCC that are very seni.iti\ie lo the "underlying 

event". Defming a variety of MAX and MIN ''Uansversc .. regions helps separaie the 

"fwd component" (initial and final·state radiation) from the "beam-beam remnant" and 

twltiple parfOll interaction component.'l. In addition. selecting events with 11t least two 

jets that are nearly back-to-back (A.+1z > ISO") wilh Prljet#l) < JS GeVlc su~ the 

fwd initial and final-sla1e radiation, thus inaeasing the sensitivity of the "lransverse" 

region to the "beam-beam remnant" and the multiple panon scaaering components of the 

.. underlying event.·· In this analysis we use the MidPoint algori.thm CR = 0. 7. r......, = 0. 75) 

and C()mlCt lhe observables to the panicle level. The ~led observables are then 

compared with PYTHIA Tune A and HERWlO at the particle level (i.e .. generator level). 
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CHAP'l'BR I 
INTRODUCTION 

Elementary particle physics is concerned with the uodel'$1&nding of the 

fundameatal constituents or malt«. Our current undemanding of nature mveals only a 

small number or fundamental particles. Funhermore, lhe taxonomy is ~>' simplified 

because these particles are perfectly replic:aled in indistinguishable copies. It should then 

be sufficient to simply list these particles and describe their inmractioos. Unfonun.ately. 

due to their size. we are left co discover how they interact via indirect meuuremenrs. 

Classically this requires the study of decay rate.'I,. bound llWCS, and scattering 

experimems. To fix the laws of physics in a formulated phrase, the traditional approach 

is to guesa a form of the interaction and compare the resulting theoretical calculations to 

ex.perimentaJ measuremenls. 

One important quantity metiUred by the experimentalist and calculated by the 

theorist is the differential scattering cross section. Suppose panicles I and 2 collide, 

producing particles 3,4 ..... n, the cros& section is given by formula I. I. 

(I.I) 

where M is the invariant amplitude (mauix element) for the process. p, m (£,. p1) is the 

four-momeruum of panicle i (mass mt!, E, = Jm; +pf , and S is a s.tati$dcal factor 

The inclusive jct cross section at the Tevatron, doifdEr averqed over a small range 

of pseudorapidity, fl = -ln(tan 812). is an imponant object for study because it tes'5 
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This D'lt8$Utemel'll continues to subslantiate QCD and cootributes IO its 1lobal data fltliog 

used to meuure panoo distribution functions (31. It is impmnive !hat we coosider all 

systematic effects that influence our interpretation of lhe O'lli'J8SUtement. 

One of the contributing effeets results from the "underlying event" that is present in 

all prolOQ-aOtiprocon wlli$ions. Figwe 1-1 iUuS1rate5 a "hard .. 2-2 parton scattering with 

transverse momentum. P,_. The "hard" scanering component is comprised of lhe two 

outgoing jets plus initial and fmal·stak radiation. Removal of the two outgoing jets 

leaves only the "underlying event." 

Figure 1-l: Illustration of the way QCD Monte-Carlo models simulate a proton­
antipro<o11 collisioll in which a "barer 2-to-2 parton scattering wilh nasverse 
momentum. ~. bas QCCUrred. The resulting eYeDt cootaiRS panicles that origiiwe from 
the two outgoing panoos (plus inirial and final-sblle radiatloo) llAd particles that oome 
from the breakup of the proton and antiproton (i.e. "beam-beam remnants"). The 
"underlying event" is everything except the two out&oiq hard llCauaed "jels" and 
consists of lhe "beam.beam remnants" plus initial and final-stale radiation.. The "'hard 
scatUlring" componiinl consists of the outgoiq two jets plus mkial and final.·slate 
radiation. 

Theoretical analysis of such a process uses simulations based on QCD Monbt Carlo 

models. The justification lies il1 the factorization theorem (4-6). which. roughly. states 
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fuocUons. The shon distance lbnctions are calculable in pertufbalion theory. where the 

usual pertmbative expansion in tenos of Feynman diagrams is used to calculate matm 

clements. The long distance functions BR! flt ac a scale. but their evolution IO any ocher 

scale is also calculable in penurbation theory. or coune. due to the natwe of QullllUm 

medlanics it is impossible to distinguish mitial stale radiation from final state nidiation. 

HoweW!r, in the Leading Log Approximation FlgUJ'e 1.1 can be factorized into the 

following subprocesses: (I) final state emission; (2) initial state emission; (3) the 

elemenwy hard subprocess, which can be compufed exactly to fulire onlel' in 

penurbalion aheory; and (4) The hadronization process. 

Refinement of each of these subprocesses extends the comparative scale of high 

energy physics. The work presel'lled here extends lO higher energies the previous 

characterization of the .. underlying event" (7·13]. Unlike the previ00& analysis we 

examine lhe energy in the transverse rqions and comx:t the data bad: to the particle 

level. 

I. I Forces and Panicles 

Four known forces serve as the impecus of our physical theories: strong. 

electromqnetic. weak, and gravitational. Intimately related to these fosces a1e the 

relatively few .. elementary" panic:le& on which they act: leptons. qwub, and bosons. 

Ollr current undenlanding of gravity slarted wilh Sir Isaac Newton'_:i law of 

universal gravitation. This classical theory of gravity saw its relati11istie ~on to 

lhe general theory of relativily by Alben Einstein. However, gravitational forces am lhe 

weakest. and they are important for massive bodies but negligible for nuclear and 

subnuclear particles.. 
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fonnulation to lhe Soonish physicist James Clerk Mu.well. It was not umil the 1940·, 

that Tomonaga. Feyn1.11BD, and Schwinger would perfecl the quantum tlleory of 

electtodyna.mies. The lheory of weak inleractions or ftavon:lyna.mies was oriJinally 

formulated by Fermi in 1933, but in the 1960's Glashow. Wienberg, and Salam (OWS) 

pu1 it inao its prelienl fonn ln the GWS model lhe weak and electromapetic i~ons 

IRI tn:aled as diffcnnt manifesllltiona of a single electroweak force. This eleclroweak 

decay of nuclei. 

Chromodynamk:s emerged in the mid-seventies IO support the pioneering work of 

Yukawa on the strong force. The W<ll'k or Gross, Politzer, and Wilciek on a strong force 

eam.ed them recent recognition ia the form of the 2004 Nobel Prize in physics.. Slmng 

foKCS act only at very small distances: they bind quarks into nucleons and nucleons 

IOgedter to make nuclei. 

AU of these apparently different forces are each media.led by the exchange of an 

inicger-spin particle, called a boson. Table 1-1 summarit.e$ tbe propalie$ of the gauge 

bosons of the Standald Model 

Table 1-i: Gauge bosons and foo:es of the Standard Model. There an:: eight different 
species of gluons ea.di conesponding to a particular color charge. 

80llOD rene Spm CutraeleJ Mus (GeV/c"l Range(fm] 

a strong l 0 () <-J 

"t elcctroma,snetic 1 0 0 00 

W* weak l ~1 80A2S:t0.038 -10·3 

'C weak I v • lffJ 
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The Standard Model [14, IS) classifies elemenwy particles es stnaclUreless at all 

scales presendy acomible. Punhermore, h statea that all visible malfel' consists of 

elementary particles of two kinds: leptons and quarts. These particles are interpreted as 

quantum e:u:itatkms. of a field and are chanieterized by having spin ~ intrinsic angular 

momentum in units of h • They obey the Pauli Exclusion Principle and am called 

fermions. There are six types of leptons and six types of quarts which are caeh grouped 

in10 lhn:e generations aa:odng 10 their mass, the properties of wh.icll are surrmarized in 

Tables 1·2 and 1-3. Each has an associahld antiparticle whh the same mag and spin but 

opposite charge. 

Table I ·2: Properties of leplons. 

Lepton Spin Charp(e) Mass [MeV/e) 

1•guna11on e· 112 ·I 0.5 J()IJl)892:1.0.ooll00004 

v. l/2 0 < 3*10"" 

z-plfmdiort j.f ·! lOS.658369:tO.OOOOO!J 

Vp 112 0 <0.19 

rpnmltioN 1· 112 ·l 1176.99:!: 

Vt 112 0 < 18.2 
..........___ 

Table l ·3: Properties of qwuts. 

Quark Spin Qarp[e] M8il 

l"g~ u 112 +213 LS-4 MeVJc' 

d .112 ·113 4-8MeVlc2 

Z-pllmllimr c 112 +213 I.15-1.lS OeVfc• 

s 112 ·113 80-130 MeVlc2 

I r P•,,.,, I l/2 +213 178.0M.3 OeV/c"' 

b i l/2 -113 4.1-4.4 OeVlc2 

·-
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1.2 The Sumdard Model 

The Standard Modiel of strong. weak. and eleclromagnetic imenclions is baaed on 

the symmeuy group SU(3)cXSU(2)1)<U(l)y [16] whece 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. E.acb quark has three rolor components and SU(l)c tnlnllfonns them 

into one anodlet. SU(3)c, the ba..~is of quantum cbromodyu.mics <QCD), is an exact 

symmeuy of nature. There are eighl massless gluons which conespond to the eight 

gauge fields of SU(J)c. This description requires a new quantum number: color charge. 

By coovention. the three colors are red, green, and blue and each quark is supposed to 

carry one of these colors. The gluoos, the quanta of color fields, also carry color.. Quark& 

are bound together in hadrons by lite strong color force via the exchange of colored 

gloom. All observed hadrons are described in the panon model as color singlet states 

(~to u "ooJorku") composed of lhree quarks (baryons: qqq) or of a quark· 

amiquark pair (mesons: qq ). The quarks of these configurations are called valence 

quarks beealll!C they iR responsible for the c:huge and ocher quantum numbers of 

hadrons. 

The L on SU(l)L, the weak illO&pin group. denotes the fact that only Jet\-banded 

(
I- 'L ~ 'flt. of spinor fields, ¥" i ~ + r ' transform as dOllblet:s under that 

SU(2)L; i.e .• they are unchanged under SU(2)L transformations and therefon: do not 

w1+w2 

couple to its three gauge fields which we denote by w: !Iii ,Ji e and W:. Tile fiict 
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that only left-handed quarks and leptons couple to !hose gauge rields makes their (weak) 

inlenldions maximally parity violating ( 17). 

The Y on U( I )y IWlds for weak hypercharge, the charge associated wilh thar 

Abelian group. That 1auge group bu one gauge rldd B Jf that couples to quarks and 

lep&ons via their h)'pCldwge f. k couples to left and right binded componencs of these 

panicles differently and therefore also mares parity, but aot maximally. The 

SUa)i.><U(l)y part 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 oot the case. To accommodate 

eJectroweek phenomenology. a scalitr (spin 0) field is Introduced wbidl lnak$ the 

symmetry SU(2)t)<U(l)y down to the U(t) symmetry of QED. That bleak:ing gives mass 

to the w;. and 1he combination of fldds Z11 = w; cos8,. -B" sins .. which is called the 

Z boson. The onhogonal combination A" = 811 C018., + W: sin 8,. remains musless and 

is idemifled as the photon. The angle IJ.,, called the weak mixing angle, is 

experimentally found to be sini ll .. = 0.23. That leads to standard model prediclions 

Mass,."' 800eV/c2 and Ma511z .. 91GeV/c2• The discoveries of the W {18, 19} and Z (20. 

21) bosom by the UAJ and UA2 collaborations at Com subsiantiate the Yalidit:y of the 

Slandlud Model. The search for die spin O Hiqs Boson continues to be one of the most 

important problems lo be addressed during Run 2 at the Teva1ron and fUWte LHC 

experimcnli. 

1.3 QCD and the SttuctllJe of Hadrons 
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QCD is a noo-Abeliao1 gauge lheory that is based on the SU(3)c group of 

transformations wbich relate quarks of differem colors. The gauge bosons associated 

wilh the eight group generators, known as gluons, C4ll be emitted or absorbed by quarks 

in tnaition in which the color (but not flavor) can cbaDge. Sinoc the gluoos themselves 

carry color they can intenu:l wilh each other 11S well. 

In quantum fldd lheories like QED and QCD any clwp (color or~) 

is shielded by a cloud of polariud charges: a quark can emil a gluon which can convert 

iloo qq or 118 pairs which in tum can radiate ghaons and we baYC a branching tree of 

quarks and. gluons (this effect is called vacuum polariudon). Because of the effi:tt of 

charge screening the charge one measures depend& on the di!ltaitce (or wavelength, or 

transferred momentum Q1) wi1h which one is probing the charge itself. We thus have a 

"running" coopling oonstant which chqes with the transfem::d momenwm: 

a=a{Q2
) with Q2 =-q2 >0 

where q is the four-momentum of the virtual boson eIChanged becween charges. 

For both QED and QCD the effective coupling constanl ex depends on the 

momentum (or distance) s.eale at which it is evalualed, and lakes the general form of 

equation 1-3. 

(l-3) 

Where a(O) for QED is lhe fine structure constant and is approx.imacely equal to 11137. 

For QED it can be shown thal. X(Q1) lakes the form of equation 1-4. 
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(1-4) 

Here Nr is lhe number of fundamental fermions widi mutes below ~ and p it the 

mass of lhe beaviea fermion in the energy region being considettld. Clearly, X(Qi for 

QED is > 0, and the coupling constant grows with energy. At some energy scale lhe 

coupling of QED becomes sirong and penurbalioo 1heory oo long applies. Due to this 

behavior, the bare charge in QED is said 10 be "ultraviolet diwrgent.'' 

The coupling constant in QCD exhibits I.he opposite behavior. It can be shown lhat 

X((f) for QCD lakes lhe fonn of eqwuion l ·S. 

(l·S) 

Here N, is the number of quark flavors wilh masses below Y.i1Q1 and µ is the ll'll$$ of lhe 

heaviest quark m I.be energy regioo being considered, and Ne is lhe number of oolors. In 

coolrallt to the form of lhe QED term, for 6 flavors and 3 colOB 2N,.. I I Ne < 0 and 

therefore a(Q1) decl'ea5e$ with increasing momentum (or shoner distances). Only in a 

world with more 1han 16 quark flavors (we • safely below this aumber al present 

energies) is the sip of X(Q1) the same as in QED. This results in an a11tiscreenins of the 

color charge: by moving closer to the oripnal quart. the amount of the measured ooior 

charge~. 

The QCD "mnning ooupUl\8 constant" (F.q. 1-6) is usually expressed in terms of a 

parameter. AQco. that indicales the magnitude of the scale at which «s(Q2
) becomes 

(1-6) 
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strong; it is defmnined experimmtally to he about 0.2 GeV. 

FaguRI 1·2 compan:s lhe relative strenglh of lhe strong and e~ic fon:cs 

Ill different energy scales. Widl lhree colors and six flavors we can see that «.(cf) in eq. 

1-6 goes to 7.ero as <:f goes to infinity. This results in quarks and gluoos appearing 

almost like free particles when probed at very high energies or short distanees. This 

behavior is called asymptotic freedom and allows pertu.rbatioo theory to be applied to 

theoretical QCD calculations to prodU<:e experimentally verifiable predictions for bani 

scattering processes. 

AsymptOlic freedom is quickly oven:.omc by the strong forte as color charges 

sepante. In contrast, as two electrically charged particles separate. lhe electric fields 

between them quickly diminish. allowing eleclfons to becORIB unbound from nuclei. 

However, lhe gluon faeld lines associated with color charp.1i do not radially fan out but 

remain confined to a narrow cylindrical region. This leads ro an interaction energy that is 

proportional to the separation distance of lhe souroes of the field lines. Wbell quarks 

become separated, as happens in high energy hadron collisions. at some point it is 

energetically favorable for a new quart/antiquark pair to "pop" out of lhe vacuum than ro 

allow me quarks to separate funher. As a resul1 of mis. when quarks are produced in 

collisions, inn:ad of seeing the individual quarks, we see an avalanche of «ilorless 

panicles clustered qether moving in roughly the wne direction bown a& jets. This 

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

1.4 Hadron Hadron Interactions 

I) 

From a phenomenologicaJ point or view, we can consider two hadrons coll.iding at 

high energies, such as we have at the Tevatron Collider, to be colliding broad-band 

beams of quarts, antiquarts. and 1l1.1ons. An average hud !§Cauering event consists of a 

collection (or burst) of hadrons traveling roughly in die dJn:ction of each of the initial 

beam particles and 1wo colleetioos of hadrons with large transverse momentum. The two 

large h'llnsvene momentum jets are roughly back to bact in azimuthal angle. One can 

use Che topological suucture of hadron-hadron oollisloos to study the "Underlying event" 

113. 22·24). Of coune, from a certain point of view there is no such ting as u 

"underlying event" in a protoo-antiproton collision. There is only an "ewint" and one 

cann~t say where a given particle in lhe event originated. On the other hand. hard 

scaaering collider "jet" events have a distinct topology. On the average, the outgoing 

hadrons "'remember" the underlying 2-to-2 hard scattering subprocess. 
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1.4. l Parton Model and Large Py Processes 

Hadronic collisioos whk:h inwol.,.e 11 short distance scauerin& can be described. in 

first approximation. by the Parton Model. Since Ille lnlnsferced momennnn is the 

conjug111e variable of the (quark-quark) impact parameter, larger Qz implie11 that partons 

haw: scattered at small dista.1Kle$ where Gt is small. In Ql'l'ler to be able to apply 

perturbation 1heoty one needs a momentum lnimf« of about 10 OeV: from the 

uncertainty pri~iple we eakulare I.bat the associaled distance is in the order of 10·11m. 

From the experimental point of view lbere is no certain way 10 separate such rare events 

but intuition s11ggestg that large p. final scale particle5 should be a good indicalioo and 

e:ii:perinmnts fully suppon I.bis. 

We can picture this scattering process as a sequence of three different phate$ 

occurring a1 different time scales. Partons approach each Olher cmying a ffaction, x. of 

lhe momentum of !heir parent hadrons. The transverse momenta of ibe partons am 

n.ealected. "Panon Distribution Functions" (PDF) J.(x,µ,) are so introduced giving the 

probability for parton i to have fnu:tional momentum between x and x + dx (Jl is a 

factorization scale). Figum 1-3 is an ex.ample of such pmton dlslributioo functions.. 

These functions are exlraeted from experimental data in deep inelastic &Clttering (DIS) of 

lepwns on nuc:leoos (25]. These panon distribution functions of the proton ~ a mult of 

lbe work done by the HI [26-28) and ZEUS (29) collaborations 81 HERA. and of the 

inclusive jet dislributioo by DO (30) and CDF (311 collaboration1 al the Tevatroo. As the 

daia only cover a finite range of Q2
• the evolution of such functioos with fi hJ, CQmpuaed. 

using perturbation theory, with the Alhnlli-Parisi equation (32). 
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Fi.gure l ·3: The pl!tOll structure functions extracted from an analysis of deep inelastic 
scanering data at <i=IOGeV2

• 

A basd collision then takes plaoe between a pair of putons regarded as ftee 

particles. Predictions fQr jet production are given by folding the parton distribution 

furu.."f:ions with perwrbatively calculated "two·body" Kanering Cl'O$$ sectioM ct,_,. Any 

cross seetion of interest is calculated usin& equation ( 1·7). 

(1-7) 

Figure 1-4 shows the rep~tation of an elementary "two-body" in~ioa 

between two partons in a p'jJ coDision producing a di·jet event. 
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fipre 1-4: Hard "lwo-body" parton in1eractioo producing a di-jet event in a protOO· 
antiproroo coflisioo. 

The factorization $:ale µ discriminates wbedter a panon, inside the inwming 

hadron, takes pan or not in the hard scauering: if the momentum of a parton is greater 

than the scale fl, it contrib1.1tes to the short·di!ibU'lee cross $tlCl.ion (1$ the panons i and j in 

fig. i-4): if ics momcnaum is kn than !he scaleµ, it is considered pan of the hadRm 

$b'UCIUre not invol\led in the hard interaction (spectator parton). 

1.4.2 The "Underlying Event" in Proton-AntiprotOO Collisions: Pythia and Herwig 

Fig. I· I illustrates the way QCD Monte-Carlo models simulale a proton-antiproton 

collision in which a "Jlan:I~ 2-to-2 parton scattering with transverse 1J11Dmentum. p,.(hard), 

bas occurred. The resulting evmt oonlains particles that originate from the two outgoing 

lhe procon and antiproton (i.e., ''beam-beam remnants"). The "underlying event" is 

evecything except lite two outgoing bard scattered ''je'IS" and m:'eives conlributions from 

the "'beam.beam nemnants" plus initial and final-slate radiation. The "hard scauering" 

component consists. of the outgoing two jets plus initial and final-stare radiation. Any 

measured observable of the underlying even1 necessarily receives contributions from 
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initial and final state radiation. It is possible to reduee these contriboti(>llS by placinjg 

c;onstta.iots on event topology and jet energy. 

The "bealn-bcam 11.'111lrlan'5" are what is lefl over after a panon is knocked out of 

each of the initial two beam hadrons. It is the reason hadron-hadron collisions m: more 

''messy" than eleclroo-positton annihilations and no one 11.'1811y knows bow it should be 

modeled. For the QCD Moote-Carlo models the "beam-beam remnants" are an important 

component of lhe "underlying event." Abo. it is possible that multiple panon scatterin& 

contributes to the "underlying ovent." Figure l·.S $hows the way PYTHIA (33) models 

the "underlying event" in pmlOO--antiproton coUision by including multiple parton 

interactions. In addition to the hard 2-to-2 panoo-panon scattering and the "beanJ...beam 

remnants," sometimes there is a second "semi-hard" 2-to.2 panon-panoo scauering that 

contributes panicles to the "underlying event tt 

For the hadronization process we have lhtee type$ of non-penwbative conrributiom 

to consider: (I) represen1ation of the incoming partons as constituents of the incident 

hadrons via panoo distribution functions: (2) the oonvcnion of the emitted panons into 

ouagoing hadrons using quark and 1Juon fragmentation fuoclions: and (3) lhe *soft .. 

component to the "underlying event" generated by spectator )l8110US. The "underlying 

evenl'' n:ic:eives contributions from the original pp system (Mbeam-beam remnants"), 

initial and final-state radiation, and possibly hadrons resulting from multiple panon 

interaclions, as in Figure 1-5. 
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Fig. 1-5. Rlustration of the way PYIHJA models the .. underlying cwm" in proton­
antiproton collision by including multiple parton inlenletions. In addition IO the hard 2-to-
2 parton-parton scattering with transverse momentum, Pr(hard), there is a second "semi­
hard .. 2-to-2 parton-parton scattering that contributes paniclcs to the "underlying event". 

Both of the QCD Monte Carlo l'llCldels, HERWlG [34) and PY1lllA, include a 

"soft" underlying event structure that is modeled by a p..,_meterization of minimum bias 

data, and creaies jets from the beam remnanu;. This is an imperfect model of lhe 

"underlying event," since ii always contains particles, yet the soft underlying event can 

be absent. as shown by the finite survival probabilities for inela.~c events wilh large 

rapidity gaps [35-38). PYHTIA has added multiple panon interactions IO enhanoe the 

activity of the "underlying event," and Tune A [22-231 was specifically tuned to fit the 

"underlying event" in the Run I data. 

The QCD perturoative 2-to-2 panon-parton differential cross section diwrges as the 

transverse momentum of the scattering, Pr, goes to zero (see figure 1-1 ). PYllllA uses a 

tunable parameter to prevent divergences al low Pr. Tune A was tuned to fit the Run I 

data, and the low Py region was an area of focus. HERWIG does not allow for this, and a 

suitable PT cutoff most be chosen. We use PT> 5 GeV/c for all 2-to2 hard scattering 

e\lents in HERWIG. 
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ACCEl.BRA10R AND DBTBCTOR 

The Tevabon (39) pp Collider is currently d>e worJd•s highest eruqy particle 

acceleralOr in operation. ll is the lar1est in a chain of five accelerators at the Fermi 

National Accelerator Laboratory (FNAL, Fermilab) and is capable of producing proton· 

aotiprotoo collisions at a cenla' or mass energy Ji= J .96 TcV. The Collider Detector at 

Fermilab (CDF) (40) and 00 (41 J are the multipurpose detectors built id. collision poinu 

to exploit physic$ ac the Tevatron. The analysis presented in this dissertalion is based on 

the data sample collected by CDF during the 2001 ·2004 (Run 11) running period or lhe 

Tevatron. 

2. I The Accelerator Complex 

The Ac1."Clendor Complex at FNAL (see Figure 2-l) uses 11111ltiple 5t11ges of 

~ration to achieve proton-antiproton collisions at a cencer of mass eruqy .[i = 1.96 

TeV. The protons used in lhe collisions originate from ionized Hydrogen gas moleeules. 

These ff ions are first accelerated to 750 KeV in the Cocltcroft· Walton accelerator. They 

are Ulen fed inro the Linac. a ISOm long series of nine radio-frequency (RF) cavities 

which produce an electric field that rapidly changes direction. Jn this linear accelerator 

the ff ions are brought to 400 MeV. Subsa.iuent lo this stage. the beam i& focused and 

made to collide with a thin fixed carbon target which affects the loss of two etec1roas per 

ion. The denuded If ions am now 1he pro1ons that will ultimately be collided or used to 

make lhc aoti·protoos at lhc Target Station. 

17 
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The 75.5 m radius Booster is a fast C)'Cling proron synchrocron of conventional 

magnets (used to sieer and focus the beam) and an RF cavity (used to ~ the 

beam). The accelerared proions leave with kinetic energy of 8 GeV and aN then injected 

FUMILAB'S ACCELERATOR CHAIN 

Figure 2-1: Overview ()f lhe accelerator complell ar Fennilab. H- ions are injected in10 
lhe linac fromlhe Cockcroft-Walton, to travel to the Booster. then to the Main Ring, and 
finally to the Tevatron. Some protons are extracted from lhe Main Ring and are used to 
make anti-protoos. Tbe anti-protons are re-injected imo the Main Ring and then into the 
TevaJron. The final pp centerofmassenergy is..{; =l.96 TeV. 

iJl10 the Main Ring. These protons are then further accelerated to 150 GeV in the Main 

Injector, and finally broughr 10 980 GeV by the Tevatron. The Tevatron was the world's 

first superconducting synchrotron. The beam is guided around the closed palh by dipole 

magnets. As the beam energy is ramped up by RF cavities from ISO GeV lO 980 GeV, 

the bending magnetic fields and the RF frequency must be carefully synchroniud to 

ensure beam stability. The transverse motion of the beam is stabilized by quadrupole 

magnets that take advanblge of magnetic field gradient technology. 
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And-protons in produced by sending 120 GeV proklos from the Main Injector to a 

nickel lalgct. From the ...,ltin.g shower or particJes, aotiprolons of around 80eV are 

selec::ted and sent 10 die Debuncller and Accumulator Rings wbele RF and stocbastic 

cooling systems are used in the momentum stacking process. ~a 'stack' has been 

collecied the antiprocons are sent back to the Main lnjeclor. accelerated to ISO GeV and 

put into the Tevatron. cimllaling counter IO the prolOl'I bunches. For every million 

protons that hit the target. only about twenty 8 GeV aoli•protons will be s1aCked into lhe 

Accumulator. 

The Recycler is placed directly above the Main lnjector beamline. 11tis dual 

function system serves as a post Accumulator storage ring and as a recycler for the 

antiprorons left over at the end of a store1
• These recycled anti-protons can be mixed 

with those from the Accumlllator and then ac:celcral:o:I to 150 GeV in the Main Injeclor 

and then injected into the Tevatron+ 

Once both beams are al the OWlimum energy they are focused and brought to 

coUision at the two interaction points, one of which is at the center of the CDF ddector. 

The luminous region has a Gaussian dispersion of around 30J,un. mmsvcrse to the beam 

direction, and a length along the beam direction of IU'OUdd 30cm. 

The beams 1ypically circulate for 12-18 hours duri11g which time the luminosity 

falls approximMely an order of ft'Ul8Ditude. During this lime antiproton are continuously 

stacked. When the stack is sufficiently large and the luminosiry has sigoifu:antly 

•ayed, the beam in the Tevarron is dumped and new bunches are injecled. 

1 A tl!Q ~ w Ille period or lime wbm ~ oollitioas me taking place. S!orn caa be 
ldecUvdy lefrlriDalecl when l11miaoslty hadl reacMd a minimum or a new sud: of llllriprotOl'IS is ready. 
Altmlal:ivdy. a ti~ cu aid wilb 111 IUIJld qu~ or odler problem. 
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11le insaanraneous luminosity L is given by equatkm 2-1 

JNl'Nr L=--, 
A 

(2·1) 

wbete /is tbe frequency of buueh crossinp. N, and N., • are the number of protons and 

antipmtons, respectively, per bunch, and A is the effective area of the crossing beams,. 

The anmtt status of the luminosity is shown in figure 2-2, and the integrated luminosity 

detiveted to cape is shown in Fig. 2-3. 

Pans or the Fermilab acceJerat()f complex are 20 yean. old and !here have been 

some setbacb since the upgrades to take the Tevatron from U TeV to 1.96 TeV. 

However, the initial. instantaneous luminosity of stores has been sleadily inaeasing. 11le 

y_. 2002 2003 
MDlldal 4 7 10 l 4 110fM4 , ~ -~ 140 -
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Figure 2-3: Run II integrated luminosity 
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projected goal for all of Run II is 4-8 fb'1 by the lime LHC is ready to begin taking data 

(circa 2009). 

1be total number of ewnu n in a &cattering process is proponiooal to the 

luminosity and the cross section a of the procC$S, 

2.2 

We can get a rough sense or the reacll for new physics and the ehallenge of enhancing 

signal and suppressing background by considering the following examples. Al a center­

of-eoergy of 1.96 TeV, we ha\le: 

D(pp -ii' anything)"' 15mb 

a{pp -+ ti+ anything)• 6pb 

2·3 
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With about I fb· 1 of delivem:l luminosity we should have seen 6000 top events. However, 

OOI. every second of delivem:i luminosity is observed. Moreover, due to finire capabilities 
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in data starage not every observed event can be ll'JCOCded. The tut of observing tbe 

events fall on the Detector and the job of selecdng events to be hllCorded is Jivcn to die 

trigger sySICm. 

2.2 The Collider Detector at Fermi.lab 

The Coll.ider Detector at Fennilab (CDF) is a large, multilayered genenl purpose 

detector desiped to SUldy a wide range of processes occurring in protoa·antipro&on 

collisions. Figure 2-4 is a schematic drawing of the approximaWJly 5000 ton, 10 m high, 

and 27 m Jong detector. The CDI"' is cylindrically symmetric about the beam axis and 

has a forward-backward symmetry in its trai::k:ing. calorimetric, and muon syems. 

Figure 2-S shows an elevated view in which the tracking system is see11 to be contained in 

a solenoid coil. The calorimetry and muon systems are outside the wlenoid.. These sub­

sySlems are desaibed in more detail below. 

Figure 2-4: Solid cutaway view of the CDP U deteclOI'. 



Fipre 2-S: Elevalion view of lhe CDF II detector. 

2.2.1 The CDP Coordinate System 
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The gt!C)Jl'ldric center of the deteclor serves as the nominal interaction point (0.0.0). 

Figure 2-6 shows the overall CDF coordinate flame. in both cylindrical and Recumgular 

systemS. The positive z-axis corresponds to lhe pror.oo beam diteelion. the pos.itive y-

axis point.~ venically upward. aad the positive x-uis points radially outward from the 

center of the Tevatron ring. In the cylindrical syarem the azimuthal angle + is measured 

about the beam axb from the positive x-axis. The polar angle 8 ia defined as the angle 



~y . 
• . • . 

Figure 2-6! 1be CDF coordinate system. 
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1be incident proton .and anti-proton have no transverse momentum and they have 

equal and opposite longi1udinal momentum. therefore the IOlal momentum of the 

products of the collision would sum lo zero in a full 4llt solid angle experiment. 

However. some space musl be left for tbe beam pipe. Those particles from the collision 

that travel at very small angles. two degees or less (such as hadrons from spectator quart 

hadroni:r:ation). will fly down the beam pipe completely missing the detectors. Such 

unmeasured particles will 11-0!. carry much transverse momentum. but Ibey may carry 

significant amounts of longitudinal momentum. For this rca!IOO, longitudinal roornenmm 

wiU oot balance in the detector. but the transverse momentum will. to the delcctoni 

acc:uracy. 

For these reuc.ms. rather than using the total energy E. and lotal momentum p. we 

momentump, "'pxs.in(B). In tbe large energy collisions found at CDP. tbe E, and Pt of 

particles in the event are nearly equally. However, by convention we use E, when 

refen:ncing energy deposited in the calorimeters. so !hat it is understood that the ao,ie 8 

refers to the gecmetric center of the detector. Alternatively, p. usuaUy refers to &be 

transvene momentum of a pal'tk:le determined in a &racking chamber so that the angle 8 
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mflecls the true interaction wnex. It is common to use the pseudorapidity in place of lhe 

polar angle 8. 

Tiie *llawlal" kinematic variables for hadron collisions are pseudorapidity, 

rnmsvene momentum. and uimuthal an1Je sim:e lhe shapes of their dislributions ;e. 

invariant under a Loqnu. ~. Transverse momemum and azimuthal angle are 

invarianl to Loretnz rnmsfotmations along lhe z ax.is and lhe pseudorapidity is simply 

additive. 

The major components of lhe CDP delector are an"anged cylindrically around die 

inlenlCtioa point. Closel ro the beamline are the layers of silicon, providing high· 

precision lneking and vertexing in the r ... plane. NQl is a wire drift chamber tbat 

provides rMUu.rements of momentum and spatial panuneten of a parti<:les tJajeelory 

(track). The tmclcing subsysrem is embedded inside a supetCOndl.ICli.og solenoidal magnet 

that produces a 1.41 Tesla magnetic field. Bntqy ~ments of jets. el«trons. 

photons. and hadrons are made by the combined caloril'lll!lry systems: centlal, plug and 

forward electromagnetic (EM) and hadronk: calorimeten (HAD). Muons are identifu:d 

by the preset'll.X'l of a track in the muon chambers ma1ebed to a tmck 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 absol'bet to 

eliminare any electromagnelic and hadl'oak: showers. ln front of &he backward and 

forward calorimeterg is a plaoe of scintillation counters called "BeenJ,.Beam Counten" 

(BBC). They provide a minimum bias trigger for the detector and arc also used as the 

primary luminosity monitor. The layout of these detectors is shown in figure 2~7. which 

dtpicb one quadtut of the cross~ through lhe delector. 
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Figure 2-7: A quarter of the CDF detecior. Only the ~t and end-plug subsystems are 
shown. 

2.2.2 Tracking 

The CDF uses silicon strip delecton (LOO + SVXD + ISL) and a drift chamber 

<COn for charged-particle crack reconmuction and vertex findin1. The tracking systems 

att: inside a supeiconducting solenoid of' radius Um that provides a l.4J T'™a magnetic 

fteld parallel to the beam ms. nc magnetic nux is telWtled through a steel yoke. 1be 

tracking volume and the endplug calorimeters are shown in figure 2-8. 1be yoke also 

fun¢tions as a suppon to the calorimeters &ocated radially oulllide die 1iOlenoid. The 

silicon system and drift chambers WfR redesigned and completely rebuilt belwecn Run I 

and Run D of the Tevauon. 
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Figure 2-8: The CDF ll ttacking volume. 
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ln lhe silicon uacker, a1> charged particles move through lhe 'depletion layer' 

created in a biased p-n semiconductor junctioo, lhey create electron-hole pairs that drift to 

be collected at lhe swfaces. lbis induces a sipl on metal stripes Chat have been 

clepmited on lhe surface and connected to readout amplifiers. Figum 2-9 shows a 

schematic layout of lhe silicon cracking system. 

Layer 00 (LOO) is mounted on the beam pipe. 1.6 cm from the beam axis, and 

consists of 8 single sided mkrosuip silicon detectors. 'lbese detectors cover 1he beam 

pipe for about 40 cm in e3ch direction about i = 0 f 42]. OU1side die LOO, die 'Silicon 

Vertex Detector' (SVXU) O<.'C'upia lhe volume between 2.4 and I0.6 cm from the beam 

axis and covers a total length of 96 cm alol'lg 1be i ooordinale. The SVXII system 

consists. of five double sided microstrip silicon layers {40). Three of these layers provide 

crack position in the r-+ pleae from the readout of one side Cmicrosttips parallel to lhe 



beam a.is) while the i coordinate is ~ned by Ille other side (mk:rostrip 

perpendicular to the beam axis). The other two other layeni have their micro&Dips tilted in 

such a way as to provide a .J..D IJ'aCk ~ with au approidmately uniform 

eftlciency. The loiennediate Silicon Layers (ISL) Detector is placed in the region 

between svxn and the cenual meting system (401. Figun'l 2-9 shows the position of 

Ille ISL dececlor. The layen are in the radial range 20 < r < 30 cm and extend to tzl = 65 

cm for the inner layer and lzf = 87.S cm for the outer layer. The ISL coven the range of 

pseudorapklil)' for 11'11 S 2. F'f.8Ure 2- IO shows an end view of the three COll'l()Ol*lts of the 

silicon microslrip deteaor sys1em. 

• I 

~ ii ;/ 
R•29cm i I 

• @ . I• 
\ISL I}/ 

. . r 
Port Cards ....__ . .J.1 . ~, -......_ .... 1 If('. 

I / . ·7 

{ 

__ _i. / 
-f.+ . . 

(SVX 11) llt// .-~ -- .,...,.... 
~ .• ". Q_La_yer_OO_O 

90an 

Figure 2-9: Schematic layout or the silicon tracking sy5tem. The mnennost layer. 
La,..00 consisu of 6 sensors in z. 
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The Central Outer Trac;:ker (COi') is a Jarge cylindrical drift cbambet used to 

determine pieeise position mcasuremenlS (40). The tracking at large radii in the ceutral 

mpidity sqion Cl'll<l) is done with a large open cell. cylindrical drift chamber using a 

"*1ouC that can record multiple hili from each sense wire. The active volume of the 

cor spans 310 em in the beam (axial) direetion, z:; between 43.4 em and 132.3 cm in 

radius. r; and the entire azimuth, +. The COT provides 96 measurement layers, oqpnized 

imo altemathlg axial and ~0 stereo superlayeB. Sense wiR!5 and poMmtial wires an: 

alternated and arranged in 8 ·superlayers' a.~ shown in figure 2-11. each consilltins of 12 

layers of sense wires. Within each superiayer are ·ceus•, bonded by field-shaping 

sheets. The cells are angled at 3.5° 10 the radial direction to compensate for the Lorentz 

-----64 cm-----
Figure 2· I 0: End view of the three componenis of the siticoo mierostrip dcmctor system. 



Fipire 2· 11: The COT sense wires and potential wires are altemared and arranged in 8 
'superlayers'. 
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angle of the drifting charged panicles. There is a 'spacer' at z = 0 that results in a lower 

tracking trigger efficiency at 11 = 0. The chamber is filled wilh a SO:SO mi"ture of 

Argon/Echane and a small amount of alcohol. The hit position rC$0lution is 

appmxima.lely 140p.m and the momentum resolution a( pr)/ p; = O.OOIS(GeV 1cr1
• A 

b'allSYerte momentum. PT· and substantially less accurate information in the r-z. view for 

2.2.3 CaJorimet«s 

As charged panicles progress through the calorimeters they interact and develop 

the energy measun::menl of pholons and electtons) and the hadrooic calorimeters 



31 

(measuring hadron energies). The primary particle produces a shower of secondary 

particles inside the absorber. The shower partides deposJt a ftution of their energy in 

the sampling material producing a light signal read by photonmltiplicrs (PMTs) through 

wavelength shifting (WLS) light guides or opdcal fiber&. 

As can he seen in figure 2-7, the COF calorimeters are physically separated into two 

sections: the central ~ cylindrical about tbe beam line and eo\'ering frll < 1: and tbe 

forward or 'end plug' regions, covering 1.1 < I'll < 3.6. 'Ille principal eompooems of lhe 

central calorimeter are rile ~nm.I electr<>magnerie (CEM) [43] and the central hadronic 

(CHA) [44) rompartments. Both the CEM and CHA ~ ma.ined from Run I. They an1 

segmented in tt and• with a projective "tower" geometry, shown in action in Fig. 2-12. 

In each tower the electromagnetic compartment is backed by the hadronic one. both 

readout by diffcrem PMTs. 

The centml calorimeter is azim.athally arranged in 48 physically separated 15° wide 

wedges each segmented in l\ into tell towers. shown in figure 2-13. Each tower subtends 

0.11 x Is• in 41 x 11. The central electromagnetic calorimeter (CEM) is OV«lappcd by a 

hadronic section split into two pans, the oentral hadronic calorimeter (CHA) and tbe wall 

badronic calorimeter (WHA). The CEM coven 0 < fl'll < I.I and wies lead sheets 

interspersed with polysten:ne scintillator a.+; the active medium and employs photowbe 

readout. The CHA C-OVen> 0 < trll < O. 9 and the WHA covers 0 < trll < 1.3. Both hadronic 

calorimeters use i11eel absorbers interspersed with acrylic scintillator as the active 

medium. 

Loc:ated six radiation lengths deep in the CEM calorimeters, oorrespooding to the 

deplh I'll which showers typically reach their maxinwm transwne extent is the Central 
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Electromape1ic SUip Detector (CBS). The CES uses proponional strip and wire 

counters in a fine-grained may. as shown in Figure 2-14, to provide precise position 

(about 2 mm resolution) and shape infonnation forelectmmagnelic cuca.des. 

Figure 2· 12: Calorimeter tower segmentalion in,. ... space. 

A funher component of the central calorimeters is the central pre-radiaror (CPR}. a 

set of proportional dlambers between the CEM and the magnet designed to help separate 

electrons and pions. 

The plug ealorimeter& consist of the plug eleciromagoetic calorimcttt (PEM) (45], 

newly built for the CDF Run II, and the plug hadronic calorimeter (PHA). Uke the 

CE.M, the PEM consists of a stack of lead and scintiHator shccu read out by pbototubes.. 

Al 6 limes the radiation length in Ille PBM is the plu1 shower maximum detector 

~){46). 
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Figure 2-13: CEMJCESICHA wedge. 

figum 2·14: CES strip and Win!. 
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Finally, die fim layer of the PEM is read ou1 separately and refened IO as the plug 

pre-radiator (PPR). The PPR can help 10 distinguish betwecm elo::UonlphOIOOS and 

hadrons by indicating the extent to which the particle shower aw already developed at the 

face of the calorimeter. 

2.3 The CDF Trigger S:yscem 

The inelastic proaoo-antiproton cl'OSS lieelion a& ./i = J .96 TeV is about 60 mb 

(-00Xl0'27cm2
). For a typical instaruaneous luminosity of about 1.lxlcY2 cm·21s we get 

~1.6 million inelastic collisions per second at CDF. 1be CDF readout electronics and 

event storage s)'$tem is not capable of ~ing events at such a high rate. Moreover, 

most of these events do not present a signif"tcant inten:st for the CDP physics program. 

The trigger system is used lo select an event rate of 75 Hz from the 7.6 MHz (132 ns 

crossing) beam Cro5$iog rate (40). The event rate is such that it is necessary 10 filter 

physically interesting eYelltli ro be written to tape. and this achieved through a tbn»-le\'d 

trigger system. deliigned to be 'deadlimcles.s'. 

The Level-I trigger is achieved with hardware, Based on preliminary information 

from tracking, calorimetry. and muon systems, the ouq>ut of 1he 7.6 MHz Synclu:onous 

pipeline with a 5544ns larency at the first level of the trigger is used 10 limir the rate of 

accepted evencs to <SO kHz.. Each nexl trigger level ~amines fewer events but io greater 

delait At the next trigger. with mme refined infonnation and additional tracking 

iafonnation from the silicon defector. the ~20 µs latency, asynchronous 2 stage pipeline. 

reduces the aceeptanc:e further to - 300 Hz. The Level 2 algorithm uses the infonnation 

about hjgh n:omeolUm tracks and eluslered calorimeter energy. If the accepl decision is 

made by the uigge:r, then the information form all subsystems ill read out and passed on 
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to Level 3. At Jmd-2 many triggers a prescaled co educe the total acc:eptance mes ro 

a maximum or about 20 Hz that i5 the ma.itimum that Level·3 can handle. This means 

that a predefined fraction of events lhat passed the trigger are considered to tail it 

Prescaling is someOl'l'llll$ preferable over making tighter trigger euts.. This method allows 

us to R'.COl'd as many l'llJ'e events as possible while mil ~g other &Wt at a 

reasonable rate. Some lrigers can be dynamically pmcaled. A dynamical (IRl$Cale can 

be changed during the course of the run depending o.n the inlbnlancous luminosity: it 

will be large when the luminosity is high and small whoa the luminosity is low. 

Levd~3 c0Mi3tl of the event builder (EVB) and the Level-3 farm. The EVB 

assembles e'l1Cl1t fragments from level· I and lcvel-2 into c:omplm evenrs, and then the 

Level-3 fann runs a ver.sion of the full offlioe reconsb'Uction code. This means that for 

example lhat fully reconstructed 3-.dimeosional tracks llnl! available to the trigger 

decision. The Level.:3 output rate is - 75 Hz and accepaed events iw wrinen to tape in 

eight ~ 'stn:ams'. soned by the OmslJllliel'·Server Loger (CSL). 



CHAPTER 3 
JETSATCOF 

We have $1Udied the ''underlyina event" in the Run 2 jet triger data samples using 

the direction of ·u.e leading calorimeter jet (Midpoint. R = 0.7, f__, == 0.75) so isolate 

regions of 11 .. space that are. sensidve to the "'underlying event". 

Hadroniz:ation of the ou1going partons forms the jets we~ uperimeatally. Jet 

algoriduns arc employed to map data onto jets with the idea thlll theses jets are surrotates 

for the underlying energetic panoas. In our theoretical picture, the partons produced by 

the hard scattering process evolve approximately within a narrow cone based on the 

panoo showering and hadnmization models. We use the Midpoint [47-49) jet algorithm 

iJ1 which the propenies of the consliNents of the jet(J) of cone radius R are defmed by the 

following equations 

3-1 

3-2 

3.3 

The MidPoim cone algorithm is based on the so-called *'Snowmal$ Algorithm" which 

defines both the stability conditions and the properties of the j.m [50). 

The basic jet cone idea is that the constituents are nearby each oilier in simple 

geometric fashion. That is., the J~momenla or lhe hadrons or pa.nom lie within a cooe 

deftned by a circle in the angular variables (y,qt), where y ""~ln[(E + p, )l(E .. p~ )] is 

36 
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tbe true ntpidity and cp is the az.imudlal angle. A slable jet cone has tbe property that die 

geometric cenrer of me cone coincides with tbe Er weighted ceritriod of tbe particles in 

tbe cone. Jet aJgorimms involve two distinci 5teps. The first is to identify tbe 

"consriltlenlli .. dw comprise Ille stable cone that is tbe jet The second involves 

consncting tbe kinematic properties that characterize lhe je«. However, in practice tbe 

experimental implementation of the cone algorithm is more complicated. 

Jt was imagined that tbe entire particlctltower list of each event would be searcbed 

for !ICIS of final state particle/towers which satisfy the stability condition&. In praetke this 

is not possible because of limited computing resources so a number of compromises have 

bad to be made. 

The Midpoint algorithm starts with an Er ordered list of seed towers (Eu.f > 

~ld}. and forms "protojets" from every stable cone iterated around a seed tower. 

Seed Towen are simply calorimeter towers in which the energy deposition exceeds a 

certain predefined limit (usually set to I GeV) which is larger than the limit defined to 

include a tower in a jet (typically 0.3 GeV). A search for ~w prot<>jels is carried out 

about the Midpoints l.n (y.q1) between all pairs of protojets with .6R < 2xR..... The 

Midpoint algorithm includes an iteratiw sptittinp/merging prooess applied to the PT 

ordered list of jets to assign each particle IO only one jet. Two jets are merged if the 

lower Pt jet shares yeater than f,,,... of its total PT with the higher Pr jet. Othetwise the 

two je1S are split and the individual particles are assigned to the closest jet ceotriod. 



CHAPTER4 
MONTE-CARLO OENERATION AND CORRBCTION FACTORS 

4.1 Monie-Carlo Generatioo 

In this analysis the data rue com:cted back to the particle level using PYlHJA Tune 

A (22, 23}. The conected data an: then eompared with the panicle level predictions of 

PYTHlA Tune A and HERWIG (I.II!. generator level) al 1.96 TeV. PY11DA Tune A 

(5.3.3nt) was generaled with the minimum Pt(banl) values shown in Table 4-1 and 

HERWIG (5.3.3nl) was generated widl the minimum Pw(hard) values shown in Table 4-2. 

Sintuples (S.3.lnt dev242) were created for the QCD group by Anwar Bhatti, Ken 

Hatakeyama, and Craig Group. 

Table 4-1: PY1llIA Tune A (5.3.3nt) at l. 96 TeV. 

Pt(hanl) mininlum Events 

OGeV/c 3.093,106 

10 GeV/c l,039,()93 

18CieV/c 

40CieV/c 

60GeV/c 

90GeV/c 

1500eV/c 

200GeV/c 

lOOGeV/c 

400GeVlc 

Total 
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4,285.687 

4.228,873 

1.497,108 

2.068.3n 

21.824,345 



39 

Table 4-2: HERWIG ($.3.3rJt) at J.96 TeV. 

Pt(hard) nalnfmum BffOtl 

3GeVJc 1,014.070 

IOGeVlc l,OJS,974 

180eVk S,Wl.261 

40GeV/c 5,Q7t,20S 

60GeV/c 1,044,202 

90GeV/c 2,057,661 

120GeV/c 2..035,473 

ISOGeV/c 1.922.568 

200GeV/c 968,906 

300GeV/c ' 885,867 

400Qe.Vlc 858,936 

Total 21.879.123 

Smooth curves haw been drawn lhro11gh the QCD Monte..carlo predictions to aid 

in comparing the theory with the data. Fig. 4-1 shows an example of the fits to the 

Monte-Carlo resulb. 

4.2 Correcting the Data lo the Panic1e Level 

We consider two methods for correcting lbe . data fiom the delecror level to the 

panicle level. Method 1 is a "one-step" method in which PYTHIA Tune A and 

HERWIG are used to calculate the observables in Table 4-3 at the panicle level (in bim 

of panicle jcr#I Pt ''GEN') and at 1he detcc10r level (in bins of cal.orimet.er jct#I Pt 

(uncorrected) "CDFSIM"). The derector level data, in bins of calorimeler jct#l Pr 
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(uncorrected), are comcted by multiplying by a QCD Monie-Carlo conection factor, 

GEN/CDFSIM. &'I described in Table 4-4. 

Table 4-3: Obfilervabtes examined in the ''transverse" region (see Fig. 6-2) u they are 
defined at lhe panicle level and the detector level. Charged ttacb are considered "goocf' 
if they pass the selection criterion given in Table S-2. The mean charged particle <J>r> 
and the charged fraaion PrsulWETsum are constructed on and event-by-event basis and 
then averaged over the events. There is one PTmax per eYCnt with PTmax = 0 if there are 
oo "cles. 

dPTsumldlld+ 

PT max 

PrsumlETsum 

Maximum Pr "good" charpd tracks 
{Pr>O.SGeVlc, "11< I) 

PTmax = 0 for no "good" chuged lrack 

Scalar Er sum of all calorimeter 1owm1 
perunill) .. 

Er>O.l OeV, <I 
Scalar Pr sum of "good" charpd tracks 

(Pr> O.S Ge Vic, "11 < I) 
divided by lhe scalar Er sum of 

calorime«er towers 
( >0.1 GeV, < 1 

Method 2 is a "two-step" method. First PYTHIA Tune A is used ro correct the Pt 

of lhe leading calorimeter jet. This is done by comparing the matching leading particle 

jet with the leading calorimeter jet. Then PY1HIA Tune A is used to calculale the 

observables in Table 4-3 at the panicle level in bins or particle jel#I Pr (GEN) and at the 

detector level in bins of calorimeter jet#I PT (conected) (CDFSIMcor). The detector 

level data in bins of calorimeter jel#l Pt (corrected) are corrected by multiplying by the 

QCD Monte-Carlo com:ction factor, GBN/CDFS/Mcor. If lhe QCD Monte-Carlo 
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methad 2 would yield lhe same result. Di~ between the two mcdlods can be used 

u a measure of the systemalic uncertainty in conectina the data to the particle tevel. 

Table 44: Correction factoB for Mettiod I. PYTIUA Tune A and HERWIG are used to 
calculate the ~bles in Table 4-3 at the panicle level in bins of pmdcle jel#I Pr 
(OEN) and a1 the detector level in bins of calorimeter jel#l Pr (ullCOOeclCd). The 
detector level daia in bins of calorimeter jct#l PT (uncom:eted) arc corrected by 
mullipJyin1 by QCD Monte~Carlo factor, GENICDFSIM. 

Pllrtide Level o.ta:tor Level 
.... Fad« ~ Obsen8ble Obsenable Factor 

GEN = Particle CDFSIM =Calorimeter CDFSIMIGEN GENICDFSIM Jet#I Pr Bin Jd#I PT Bin (ul'IC'Ormetod) 

Fig. 4-2 and Fig. 4-3 show the particle level predictions from PYTHIA Tune A and 

HBRWIG for average density of particles, dNllllc.hldf, for all particle$ with ltll < I in the 

"transverse'' region as a function or the leading panicle jet Pr for "leading jet., and 

"Back-to-back" evenis. respectively (see figure 6-3). It is inimesting to note dlat 

HERWIG pmd~s more panicJes in the "'transverse" region lhan PYTiilA Tune A. Pig. 

4-2 and Fig. 4-3 also shows the average charged particle PT-density, dPT.Jdf1~ and 

"leading jet" events u a function of the leading panicle jet PT. It is clear from lhese 

comparisons that HERWIG produces more "soft" particle& than PYTHIA Tune A which 

will result in different "'response" fa.cton (see Table 4-4) at low leading jet J>,.. 
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Figure 4-1: EumpJe of firs IO lhe QCD Monte-Carlo t'al.llls. Shows the particle level 
predictions at 1.96 TeV for: die densily of charged particles, dNchgldq~ with pr > O.S 
GeV/c and till < I in the "trllnsMAX"' and "llanSMlN"' regions for ''leading jet" evenrs 
defined in Fig. 6-3 u a function of the leading partkle jet Pr for PYlHIA Tune A {top) 

. and HERWIG (bonom). 
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Figure 4-2: Panicle level predictions from PYTHIA Tune A and HER.WIG for average 
density of particles dNalVd'lldt (top), the average charged particle PTsum density. 
dPTsuml'd'lld' (middle), and the average charged particle <pr> (bolumt) for panicta with 
11'1 < l in the "transverse" region for "leading jet .. events defined in Fig. 6-3 u a function 
of the leading particle jet Py. 
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Fiaure 4-3: Particle level predictions from PY11flA Tune A and HER.WIO for aveiqe 
density of particles dNalUdridt (top), lhe average charged particle PTwm demity 
dPTsumld'ldt (middle). and the average cbatged particle <pr:> (bottom) for panicles with 
"11 < I in the "uansverse" n::gion for ''back-10-back" events defined in Fig. 6-3 as a 
function of the leading jet PT. 
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F1gs. 4-4 thru 4-22 show the "Jesponse'' factors (see Table 4-4) from PYTHIA Tune 

A and HERWIG for lbe: observableg in Table 4-3 for .. leading jct" and *'back-co.back" 

evenu as a function of lbe: leading jet Pr. HERWIG and PY11UA Tune A produc~ 

similar ••response- factor5 for leading jet Pr areater than SO Ge Vic. but for lower leading 

jet PT Ibey are quice different. This will result in large systematic emm on the corrected 

observables in Table 4-3 al low leading jet Pr. 

Fig. 4-23 shows the leading jet Pr com!Ction used in method l for .. leading jet" 

evencs. F'igs. 4-24 shows the method 2 "response" factor$ tmm PYnllA Tune A for 

some of the observables in Table 4-3 for "leading jet" events as a function or the leading 

jet Pt. The observable in Table 4-3 do not depend Slrongly on Che leading jet P.r and 

hence the method 1 and rnetbod 2 correction factors ~ similar. This can be seen in Fig. 

4-25 which compan:s the mechod l response factors versus the leading jet Pt 

(uncorrected) with the rnetbod 2 response factor! versus the leading jet Pr (corrected} 

from PYnlIA Tune A. 111e method 2 correction faccors (lhesponse factor) are applied 

data after correcting the leading jet Pr. while the med1od 1 cccreclion factors 111re applied 

to the data without com:cting the leading jet Pr. 

Method 1 can be easily applied to both the "leadingjet".and ''back·to-back" cvem.<1. 

In "back-co-back~ events, method l corrects for calorimeter response for jet# I, jel#2, and 

jet#3 in one step. Figures 4-4 through 4-22 show dial the response facl01'S for "back-to­

bact" events are diffenmt from those or the "leading jet" events. The primary source of 

the difference i$ due to the p:quirement that Pr(jet#3) < IS GeVlc for "back-to-back" 

events and the "back-to-back" correction foctors are, oorrec::ting for the calorimeter 

response for jet#3. ln order to apply method 2 to the "back-to-back" cvems we would 
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Figure 4-4: Method I response factors for the density of charged particles.. dNdlf/dl'!d+. 
with Pr> 0.5 OeVlc and "11 < I in the "transMAX" region for '"'leading jet" eYents 
defined in Fig. 6-3 u a funclion of the leading jet PJ-, Shows the particle level prediction 
(OEN) versus the leadin1 particle jet PT and the detector level result (CDFSIM) \lctsus 
the leading calorimeter jet Pr {uncom:cted) with lr!Oedn )I< 2 for PYTHIA Tune A (top) 
and HERWIG (middle). Also shows the ratio of the detector level to the particle level, 
CDFSEM/GEN, versus the leading jet PT (i.f'. response factor). 
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have to fust comet the Pr of jet#l. jet#l, and jct#3. SlllC'e die ob!ervables in Table 4-3 

do nol depeod Slrongly OD the Pr of jet# I, jet#2, and jel#J. it is mu.ch easier to use 

medlod 1 for both .. leading jet" and "bllclt·to-bac:k" events. We wiU use lbe differences 

berween method t and medlod 2 in "leading jet'' events as a measure of the s~c 

uncertainty in correcting to lhe particle level. 



-...-......... ---. 
+ ·"'· ~-· ........ -~·-·""· ........ _ ... '""'~+-·· IO 91IO-tlll0111t ___ _ 

P'IQllll1-1Uledt or..,....,..1111111) fQe'Wll) 

... !' 

~;;;;~1 
- ! _ ..... ,.,.... ... 

- ·~ II·-··------­P'IQllll1-lllildJ• ......... ....,, (lilaWle) 

COfl!lvA2~ 

1.11 --·--1MT.V 

... ~ 

. -- ---- - - -P"fllll*t -mu 119 IGIY• 

Figure 4-!5: Method l response factors for the den&ity of chatpd particles, dNchgfdrtdt. 
with Pr > O.S GcV k: and "11 < I in the ''tran!MIN ... region for "leading jet"' events defined 
in Pig. 6-3 at a function of the leading jet Pr. Shows the particle level predic:tion (OEN} 
versus the leading particle jet Pr and the detector level te$1.llt (CDFSIM) venus the 
}d:ading calorimeter jet Pr (11ncorrecled) with trl(jel#I ~ < 2 for PYnflA Tune A (top) and 
HERWIG (lffiddk). Also shows die ratio of the detector level to the particle level, 
CDFSIMIOEN. versus the leading jet PT (i.e. RJSponse f&CIOr). 
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Fiaure 4-6: Method I response factOI'$ for tbe PT'lom deasity of charged particles. 
dPTswnldT)<J+, widl Pr > O.S GeV/c and "11 < I in die •'ttansM.Ar sqion for "leading 
jet" evenls dermed i.n Fig. 6-3 as a function of tbe leadina jet Pr. Sllows die particle level 
prediction (GEN) versus the leading panicle jet Pr and lhe deleccor level result 
(CDFSIM) Yer&us tbe leading calorimeter jet Pt (uncorrected) wkh f'l(jet#l)I < 2 for 
PYnllA Tune A (lop) and HERWIG (11tiddle). Also shows tbe ndio of die dcCl:ictor level 
lo lhe parlicle level, CDFSIM/OEN, versus the leading jel Pr (i.e. iesponse fador). 
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Figure 4-7; Method l response fac:rors for tbe PTsum density of charged puticle5, 
dPTsumldttdt. with Pr> 0.5 GeV/c and lrll < I in tbe ''transMlN" region for "leading jet" 
evears defined in Fig. 6-3 u a function or the leading jet Py, Shows lhe particle level 
ptedictioo (OEN> versus the leading panicle jet Pr and tbe detector level mi.sit 
(CDFSIM) vcnus the leading calorimctcr jet Pr (ull!COl'RlCled) wilh !rl(jettl~ < 2 for 
PY1HJA TuneA (top) and HERWIG (middle). Also shows tbe ratio oflhe dclecrorlevel 
to tbe panicJe level, CDFSIMIOEN, versus the leading jet Pr(i.t. response factor). 
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Figure 4-8: Medtod I response factors for lhe average <pr> of cbarged particles with pr > 
0.5 GeV /c and J-ll < 1 in the "tnrnivenie" region for .. leading jet" eve.ts def med in Fig. 6.. 
3 as a fuaction of the leadingjet fi'. Shows the particle level prediction (GEN) vmu lhe 
lcadin1 particle jet PT and the detector level R&Ull (CDFSJM) venius. die leading 
calorimeter jet Pt (uncorrected) with P\(iet#l)I < 2 for PYnlIA Tune A (top) and 
HBRWIO (middk). Also shows the r.Wo of the detector level to the paniclo level. 
CDFSIM/GEN, verms the leading jet f'T(Le. response factor). 
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Figure 4-9: Medwd 1 response fllCIOl.'S for the average maximum Pf, PTmax., for charged 
particles with Pf > 05 GeV/c and lrll < I in the "transverse" rep for .. teadmg jet" 
events defined in Fig. 6-3 u a function of the leading jel Pr. Shows the particle level 
prediction (GBN) versus the leading particle jet Pr and the detector level n:suk 
(CDFSIM) \ICl'SUI! die leading calorimeter jel PT (uncom:cted) with jq(jedI)f < 2 for 
PYllllA Tune A (top) and HERWIG (midt/k). Also shows the ratio of the detector level 
lo the particle level. CDFSIMIGEN, versus the leading jet PT (i.e. response factor). 
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Figure 4-IO: Method t response factors for the ETsum density of aU puticles, dEr/'d11dt. 
with "11 < l in the "'transMAX .. regions for "leading jet'" cwnrs defined bl Fig. 6-3 as a 
function of the leading jel Pr. Shows the particle level predictioo (GEN) versua the 
leading panic!e jet Pr and the detector level rcsuJt (CDPSIM) versus the leading 
calorimeter jet Pr (uncorrected) with ltl(icl#l)f < 2 for PYTHIA Tune A (•op) and 
HERWIO (middh). Also sllows the ratio of the detector level to the particle level. 
CDFSIMIGEN. venus the leading jet )\(i.e. response factor). 
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Figure 4-J I: Method l response factors for lhe ETsum density of all particles. dE,/c:h'!d+. 
with till < l in the "'transMIN" regions for "leading jet" events defined in Fig. 6-3 as a 
function of the leading jet Pr. ShOWll the particle level~ (OEN) versus the 
leading particle jet Pr and lhe detector level result (CDFSIM) versus the leading 
caloti.nleW jet Pr (uncorrecred) with lrt(,)et#J~ < 2 for PYTBIA Tune A (top) and 
HERWIG (middle). Also shows the ratio of the delec!or level to lhe particle level. 
CDPSIM/OBN, versus the leading jet PT (i.e. response factor). 
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Fil'Jre 4-12: Method I mponse fadors for the charged fraction, PTsumlETsum. in the 
"transverse" region for "leading jet" events defined in Fig. 6·3 as a function of the 
leading jel Pr. when PTsum includes charged particles with Pr> O.S OeVlc and lrll < I 
and the ETsum includes all particles with flll < I. Shows the particle level prediction 
(GEN) versus the leading particle jet Pr and the detector level RSUlt (CDFSIM) versus 
the leading calorimeter jet Pr (a~) Vti1b jq(jel#I~ < 2 for PY1HIA Tune A (top) 
and HERWIO (middle). Also shows the ratio of the detector level to dle particle level, 
CDFSIMIGEN, versus the leading jel Pt (i~e. response factor). 
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Figure 4-13: Shows the ratio of the detector level lO the particle leve). CDFSIMIOEN. 
versus the leading jet Pr (method l response factooi) for PY1lllA Tune A for the 
''husMAX", "lransMIN", and ''tram.verse" regions f(ll' "leading jet" events defined in 
F'"' 6-3 as a function of the leading jet Pr. Shows the density of charged pardcles 
dNcbs/d'lldt with Pr > O.S OeV/e and ltll < J (top), the PTsum density of charged 
particles dPT5Ulllfd'r1d41 with pr > 0.5 OeVlc and I'll < I (middk). 811.d ETtum density of 
all particles dBrld'l\dt with till< I (bottom}. 
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Figure 4-14: Method I respon11e faccon for the den$ity of charged p;vticles. dNcbgld:rtd•, 
with Pr> O.S GeV/c and frll < l in cbe "lnlnsMAX" qion for "blck..w-back" e-vents 
defined in fig. 6-3 ft a function of cbe leading jel P,.. Shows the pllticle lcmel predielion 
(GEN) versus the leading particle jet P,. and the delector level iesuJt (CDfi'SJM) versus 
the leading caJorimetet jer PT (uncorrected) with frl(jedfl)j < 2 for PY1lllA Tune A (top) 
and HERWIO (middle). Also 5howi> the ratio of the detector level to the panicle level. 
COFSIMIOEN, versus the leading jet P,. (i.e. n:sponse factor). 
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Figure 4-lS: Method I response factors for tbe density of charSCd panicles. dNCha/dl\d+. 
with Pr > O.S GeV/c and I'll < I in the "transMIN" region for "back-to-back" events 
defined in Fig. 6-3 as. a funcdon of the leading jet P,.. Shows the panicle level pnxlic:tion 
(OEN) versus lhe leadmg particle jet P,. and the detector level result (CDFSIM) venus 
die leading calorimeter jet Py(uncorm:ted) widt fr1(jet#I~ < 2 forPYnllA Tune A (top) 
and HERWIG (mltldle). Also shows the ratio of the detector level to die particle level, 
CDFSIM/GEN, versus die leading jet Pr (i.e. response faa:or). 
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Figure 4-16: Method 1 response factors for lhe PTsum density of charged puticles, 
dPTsumldqd., with Pr> 0.5 GeV/c and 1111 < I in the "tnm&MAX" region for "back-to­
baek" event& defined in Fig. (>..3 as a function of the leading jet Pr. Shows the panicle 
level piedic:tion {GEN) versus the leading particle jet P,. and the detector levd msult 
(CDFSIM) YefSUi the leading calorimeler jet Pr (unco!TOCted) with ll'l(iet#I ~ < 2 for 
PYTHlA Tune A (top) and HH.RWJO (Middle). Also shows the ratio of the detector lcYd 
to the particle level, CDFStMIOEN, versus the leading jet PT(i.e. respcmse factor). 
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Figure 4-17: Method I response factor$ for the PTsum density of charged pamcles, 
dPTsumld1'df, with Pt > O.S OeV/c and l'r\I < I in the "tnmsMIN"' region for "back-to- , 
beck" events defined in Fig. 6-3 as a function of the leading jet Py. Shows die particle 
level prediction (0~) versus 1he leading: pamcle jet PT and the detector ~l result 
{CDPSIM) Yel'SUS the leading calorimeccr jet Pr (uncorrected) with lq(jdt ~ < 2 for 
PY1HJA Tune A (top) and HERWIG (middle). Abo shows the ratio of the detect« level 
to the particle level, CDFSIM/GHN, versus the leading jet Pr(i.e. mpom;e fac10r). 
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Figurc 4-18: Method l response faclllrS for the average <pr> of charged particles with PT 
> 0.S GeVk and "11 < l in the "U'ansvene" iegion for '11ack·to-back" events defined in 
Fig. 6-3 as a function of the leading jet Pr. Shows the particle JeYel prediction (OEN) 
versus the leading particle jet Pr and the delector level ..ult (CDFSIM) venrus the 
Jeading calorimeter jet Pr (uricorm:ted) with ltl(Jedl ~ < 2 for PY1lllA Tune A (top} and 
HERWIG (middle). Also shows the ratio of the detector leYel to the particle level, 
CDPSIMJGEN. veraus the leading jet Pr (i.e. ~ponse facwor). 
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Figure 4-19: Method I respoNie factors for the averaae maximum Pr· PTrnu. for c:hlqed 
perdcles with Pr > O.S GeV/c and "11 < I in the "transverse" region for ''back-co-back" 
ewmts defined in Fig. 6-3 as a function of the leading jet Pr. Shows the particle lewl 
pmlietion (GEN) verw11 the leading plll'tM:le jet Pr and the detector level result 
(CDFSIM) versus the leading caJorimerer jet Pr (uncorrected) with lrt(iet#l~ < 2 for 
PY1HIA Tune A (top) and HERWIG (middk). Also sbOWI the ratio of the detector level 
to the particle level, CDFSIM/OEN. versus lhe leading jet Pr(i.e. ~-factor). 
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Figure 4-20: Mechod 1 response factors for the ETsum density of all particles, ~ 
with lrll < 1 in the "iransMAX,. regions for "back-to-hack" events defmed in Fig. 6--3 as a 
fmicdoo of the leadina jet Py. Shows the particle level pndction (OBN) versus lhe 
leading particle jet PT tmd the ~ level result (CDFSIM) versus lhe leadioA 
c:alorimeter jet Pr (ullCOm!Cted) with !rl(iec#I ~ < 2 for PY1HIA Tune A (top) and 
HERWIO (middle). Also shows the ratio of the detector level to the particle level, 
CDFSIMIGEN, venus ti. leading jet Pr(i.e. response faaor). 
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Figure 4-21: Medlod I response factors for the ETsum density of all particles, dBr/dqdt, 
with lrtl < I in the "transMIN" regions for "back-to-back" events defined in FiJ. 6-3 as a 
function of the leading jet Py. Shows the particle level prediction (GEN) versus 1he 
leading panicle jet Pr and the deleetor level result (CDFSIM) venus die leading 
calorimeier jet p,. (uncomcted) with l»lijet#l)I < 2 for PY1HIA Tue A (top) and 
HERWIG (middk). Also shows die nllio of the deledOr level to the particle level, 
CDPSIM/OEN, versus the leading jet Pr(b. response factor). 
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Figwe 4-22: Method I response factors for the c~ mction. PTsumlETsum, in the 
"transverse" n:gion for "back-to-back" events defined in Fig. 6-3 as a function of die 
leading jet Pr. where PTsum includlil111 charged particles with Pr > O.S OeV/c and lfll < I 
and the ETsum includes all pankles widt 1111 < L Shows the particle level predictioo 
(GEN) venus the kiadiog particle jet Pr and the detector level msult (CDPSIM) versus 
the leading calorimeter jet PT (uneorrected) with lq(jet#J >I < 2 for PYlHIA Tune A (top) 
and HERWJO (middle). Also shows the ratio of the deteelar level to the panicle level, 
CDFSlMIGEN. wersus the leading jet Pr(i.e. RlSp(llllle factor). 
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compared with the tme Pr (i.e .. corrected) or matched leadiug pank:Je jels using PYTHIA 
Tune A and HERWIG. 
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Figure 4-24: Memod 2 Te$pomie factors from PYllllA Tune A for "leading jet" evenu 
defined in Fig. 6-3 as a function of the leadiogjel Pr. Shows the partk:le level prediction 
(GEN) venus the leading particle jet I\ and the ~tor level result (CDFSlMoor) versus 
the leading calori:mclef jet P1 (corrected) with lr!(iet#I ll < 2. Abo shows lhe ratio of lhe 
detector level to lhe panicle level, CDFSIMcorlGEN. versus the leading jel Pr (Le. 
resp:mse factor). 
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CHAPTERS 
DATA SELEC110N AND SYSTEMATIC ERRORS 

5.1 Data Selection 

The data used in this malysis arise from the set of Smtuples created for the QC0 

group by Anwar Bhatti, Ken Hatakeyama, and Craig Groap (see Table 5· I). Events are 

required lO be on the "goodrun" list (version 7). They are mo required to have a missing 

Er significance less than S GeV112 and to have a sumET < I .S TeV. Except for the Min­

Bias data we require evenu to have one and only one qua.lity 12 vertex with lzl < 60 cm. 

For lhe Min-Bias data we allow zero or one quality 12 vertices. This on.ly affects the 

observables in Table 4-3 for leading jet Pr below IO Ge Vic. Above PT(jet#J) = 10 GeV/c 

the fraction of events with no quality l2 verte" is negligible. 

Table 5· l: Daia sets (5.3.3nt) and e\lellt selection criterion used in lhis analysis 

(L - 380plf1). 

20.586.733 
18,l80.0lS 

18.179.280 

IS,416,180 
3.712,407 

2.474 1.462 

As in a Run I analysis ( 131 only charged particles in the region pr> 0.5 GeV/e and '1\1 < 1 

where the COT efficiency is high are considered. Our track selection crilerion shown in 

Table 5-2 is du: same as the Run I analysis. 
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Table 5-2: Track Selection criterion. 

~· Track Seltcdoa ·· ' 
I COT measured tracks ! 
f I ' lz-7.ol < 2 cm " 

Idol< l cm 

I Pr> 0.5 GeV/c. lrll < t 
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ln forming the observables in Table 4-3 the five trigger sets shown in Table 5-1 are 

pieced together as shown in Table S-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 ete. 

5.2 Systematic Ullftf'tainty 

The systematic uncenainty in correcting to the panicle level is estimated by 

combining the two factors shown in Table 5-4. The first factor, o1• comes from correcting 

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, 02. is set large enough to include the differences between method I and 

melhod 2 and pile-11p (only affects the transverse energy). 

Figure 5-1 shows the data at I. 96 Te V corrected to lhe particle level using method I 

and method 2. The open red squares are the data com:cted to the particle level using 

method I with errors that include both the statistical error and the systematic uncenainty 
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(see Table .S-4). The bt.ck dots ere the da1a conecltd IO lhe particle level using method 2 

(with no errors). The method 2 points lie within the emn of the method .I da1a points. 

Table S-4: The errors on the eorrectcd observables in Table 4-3 include both the sr.atistical 
error and the systematic uncertainty (idded in quadrature). The systematic uncenainty 
comists of C11 and ai (added in qua.drab.Ire). 

Uncettaint Ori . 

Bin by bin differem:e between the daca 
corrected by PYTillA Tune A and 

HERWIG . method I. 
Difference. belWeen mediod 1 and 

method2 
and pile-up and miscellana>us 

3'11 for ed ardcle. s~ for ) 
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Figure S·I: Data at l.96 TeV corrected to the particle level using method I and medlOd 2 
compued with PY1HIA Tune A and HERWIG at the panlc:le level. Shows the density 
of charged panicles. dNchg/d'lld+ (top), the PTsum density of charged panicles. 
dPTsumldT!ct+ (middle}, {pr> 0.5 OeV/c and I'll< l ), and lhe ETsum denshy, dETldfldt 
(bonom'). for particles with 1111 < 1 hi the "transverse" region (average of "transMAX" and 
"tnmsMIN") for "'leading jet'* events def med in Fia. 6-3 as a function of the leading jet 
Pr. 



CHAPTER.6 
DISCUSSION OF RESULTS 

We study the behavior of the charged particles (Pt> O.S GeV/c. trll<O iJI the 

'"underlyillg event"' for hard scattering pp collisions at 1be Tevatron ( .fi =1.96 TeV). 

1bese results are compared to QCD Monte-Carlo models (PYllflA Tune A and 

HERWIG) that simulate pp collisions. The topology of a bard scattering jet event serves 

to define a frame of reference. The direction of the leading calorimeter jct. jet# 1. is used 

to define correlations in the azimuthal angle, Af. The angle At = + -~1 is the relative 

angle between a charged particle and the leading jet direction. Figure 6-1 shows how we 

partition fl.+ space on an event-by-event basis. 

In figure 6-2 we define "transverse I" and "uansvene 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 differenl analyses. Here we will refer to events in which 

lhere are no resnictions placed on the second highesl ET jet. jet#2, u. "leading jet" events. 

Additionally, we define a subset of these as "back-to-back" events in which the leading 

two jets an; nearly "back-to-back" (Afn>l50") and with Et (jett2)1BT(jet#I} > 0.8. 

Within this sub$et. 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. 
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Figure 6-1: Wumation of correlation& in azimulbal angle At· relalive to the direction of 
the leading jet (MidPoi.nt. R .. 0.7, r...,. = 0.7S) in the eveot. jetll. The angle A+= • -
•jc:t#I is the relative azimuthal angle between charged particles (or ellorimet« IOWen) 
and the direction of jet# J. The "toward'" region is defined by IA4ll <(If and lrtl < l. while 
the "away" region is lb.+! > 1211' and l'rll < I. The ''transverse" region is defined by (If < 
16.i < 1211' and "11 < I. Each oflhe tine regions "1owud'\ "transvene"'. and "away" and 
bas an overall area in tt-+ space of Ati6+ = 4K/3. We examine charged particles in the 
range pr > O.S GeV Jc and "11 < I and calorimeter towen with E,. > 0.1 GeV and lrtl < l. 
but allow the leading jet to be in the region lrtCiet# I )f < 2. 

As in figure 6-3, we use the direction of jet#l to define the two ''transvene" 

i:egions. fJY' ::;; lb.+! ~ 12-0°. On an event-by-event basis, we defme. lhe "trtnlMAX" 

("ttaosMIN'') to be the maximum (minimum) of these two regions. When lookins at 

multiplicities MAX and MIN refer ro the number of charged particles. bul when 

couidering P,.sum then MAX and MIN refer to the scalar Prsum of the charsed particles. 

Figure 6-4 illustrates the topology of a pp collision in which a "bard" panon. 

parton scattering. has occurred. The contribution from the hardest initial or 6nat~s1ate 

radiation should be found in the "transMAX" region. Since bolh n:gioos should receive 

"1ransMIN" should be very sensiri\'e to the ... hard scattering" COntporlMt of the 

"underlying evenr. 



75 

Jet II Direction Jet 11 Direction 

Jet 12 Direction 

Figure 6-2: Illustration of correlations in azimuthal angle ~ relative to the direction of 
the leading jct (highest P.r jet) in the event.jet#J. The angle~= +-fjet#l is the relative 
azimuthal angle between charged particles and the direction of jet# I. The "'toward" 
region is defined by IA+!< 6f1' and "11 < I, while the "away" region is !At!> 120" and lrll 
< I. The two "transverse" regiom tH' < At < I 2Cf and tH' < -~ < I 2Cf are referred to as 
'iransverse l" and "transverse 2". Each of the two "transverse" regions have an area in 
1'1_. space of A1'1~ = 41'/6. The overall ''transverse" region defined in Fig. 3 corresponds 
to combining the "transverse l" and "'transverse 2" regions. Events in which thae are no 
restrictions placed on the on the second highesl PT jct, jct#2, are referred IO as "leading 
jet" events (kft). Events with at least two jets where the leading two jers are nearly 
"back-to-back" (~12 >ISO") with Pr(jct#2)/Pr(jet#l)>0.8 and Prtjet#3) < 15 GeVlc are 
referted to as "'back~to-back" events (right). 

Jet n Direction 

Fig. 6-3: Illustration of correlations in azimuthal angle At relative to the direction of the 
leading jet (highest Pr jet) in the event, jet# I for ''leading jet .. events (left) and ''back""°' 
back" events (right) as defined in Fig. 6-2. The angle At = + - 4'jet#J is the relative 
azimuthal angle between charged particles (or calorimeter towers) and the direction of 
jet#I. On an event by event basis. we define "transMAX'" ("transMIN"J to be lhe 
maximum (minimum) of lhe two "transverse" regions. (:/;f' < A+ < 120° and tl:f < -At < 
120". "TransMAX .. and "'transMlN .. each have an area in 11 ... space of .611.:\41=4n/6. 
The overaU ''tntnsverse•• region defined in Fig. 3 includes bOlh the ''transMAX" and the 
''lransMIN~ region. 
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let #1 DiredioB 

Figure 6-4: Illustration of the topology of a protoo·antiproom collision in which a "hard"' 
parton-panon collision. has occurred. The "toward" region as defined in Fig. 6-1 contain1 
the leading "jet", while the "away"' region, on the average. contaias the "away-side .. 
"jet". ne "'transverse" region is perpendicular to the plane of the bard l-to-2 5Cllttering 
and is very sensitive to the "underlying event". For events with large initial Qr final-stare 
radiation the "tnmsMAX" n::gion defined in Fig.6-3 would coolain the third jet while both 
the "'transMAX" and ''transMIN'' regions receive oonuibutions from the beam-beam 
remnants (see Fig. 1-l). 'Thus the "lransMIN'' region is very sensitive to the beam-beam 
remnants, while the "tnmsMAX" minus the ''tra.nsMIN" is very sensitive to initial and 
final-state radiation. 

6.1 The MAX/MIN Transverse Regions 

As shown in Figure 6-3 we ute the direction of the highest Py jet in the n:gioo '111 < 

2, jel#l, IO ddme the two ''Uansverse'' regions, «f' < l6tf < J20" and &f <·IA+ I< 120". 

On an event-by-event basis, we de.fine ''transMAX"' and ''transMIN" to be the maximum 

and minimum of these two regions. "TransMAX" and "lransMIN" each have an ania in 

tl'"41 space of AllA+ "' 4Jr/6. When looking at multipli.clties MAX and MIN refer to the 

number of charged particles. When we consider Prsum. then MAX and MIN refer to the 

scalar pr sum of cll.atgf:d particles and when we consider E,1lum, then MAX and MIN 
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refer to the scalar ET sum or panicles (or calorimeter towers). 'lbe O\lel'llU "transverse" 

region c~ to the average of the 'ilansMAX" and "transMIN" densities. 

As illustralcd in Fig. 6-4, one expects tb•t fllnlll5MAX'' will pick up the hardest 

initial or fioal-state radiation while both ''lransMAX" and "transMIN" should. receive 

"beam-beam nimnant" contributions. Hence one expects "ttansMIN., to be more 

sensitive to the 61!eam-beam mnnam" component of the "underlying ewat". 'Ibis idea. 

was first suggested by Bryan Webber. and implemented by in a. paper by Jon Pumplin 

(7,S l ·53). Also, Valaria Tano (.54, 55} studied d!is in her Run I analysis of maximum 

and minimum tramvene cones (R = 0. 7). 

6.2 "leading Jet" Events 

Figun:s 6-S Utni 6-13 show the data on the observables in Table 4-3 at 1.96 TeV for 

"leading jet" events def med in Fig. 6-3 as a function of the leading jet Pr compornd with 

PYnllA Tune A and HERWIG. The plots show the uncorrected data (with statistical 

errors only) compared with the theory after derector simulation (CDFSIM). The plots 

also shows the data correcled lo the particle level (widl ennrs that include both the 

statisdcal enor and the systematic uncertainty as described in Table 5-4) compared with 

the d1eoty at the panicle level (i.e. generator level). 

Figures 6-5 dmi 6-& reflect a common b\'lnd in the dara.. HERWJO is consistently 

below the data and PYl'HIA Tune A fot leading jet Pr less than about ISO GeV. It is 

inimesting, however, that HERWJO agrees well for Pt(jettl) > 150 GeV for the average 

deDSity of chllflnd particles and average charged PTsum density. The "U'ansMIN" 

densities are more sensitive to the "beam-beam remnant" and mulriple pa.non interactlon 
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components or the "underlying event" and PYHTIA Tune A (with nwltiple parton 

interactions) does a better job describing the data than HERWIG (without multiple pa.non 

interactions). 

Figure 6-5: Data at 1.96 TeV on the density of charged particles, dNchg/df!cf+, with Pr> 
0.5 GcV/c and till < l in the ''transMAX" and ''ltansMlN" regions for .. leading jet" 
events defined in Fig. 6-J as a function of the leading jet Pr compared with PY'DIIA 
Tune A and HERWIG. (top) Shows the unoonected dara (with statistical errors only) 
companld 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 theory at the particle level (i.e. generator 
level). 
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Figure 6-6: Data at l.96 TeV on the density of charged particles, dNcllgldf\dt, with Pr> 
O.S GeV/c and lrll < I 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 P,. 
compared wilh PYTHIA Tune A and HERWIG. (top) Shows the unco!MCled data (with 
statistical emm only) colllptRd with the theory after delector simulation (CDFSIM). 
(bottom) Shows the data com:cted to the panicle level (with errors that include bolb 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· 7: DMa at 1.96 TeV on the PTsum density of cfw1ed perticles. dPTsofllldtldt, 
with Pr> 0.5 GeV/c and "11 < I in the "transMAX" and "ttansMIN" Ngions for "leading 
jet" C\lellt$ def'med in Fig. 6-3 as a function of the leading jel PT compared with PY1HlA 
Tune A and HERWIG. (lop) Shows the un.conecb:ld data (with Slalistical errors only) 
~ with the theory after deleCCor simulation (CDFSIM). (bottom) Shows the data 
oorm:ted to the particle level (with errors that include both the swisrical error and the 
syi;tematic unc:ertainty) compared with the theory at the particle level (i.e. generalor 
level). 
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Flgure 6.8: Data at 1.96 TeV on tbe charged PT11um dert11ily, dPTsumldT'!tt+. wilb Pr> 0.5 
GeV/c and "11 < l in the "tnmswme" region (average of "transMAX" and "tnmsMIN") 
for .. leading jet'. events defined in Fig. 6-3 as a function of the leading j« Pi- compared 
witb PY1HlA Tune A and HERWIG. (rop) Shows lhe UllCOl'Rl'Cled data (with statisticaJ 
errors only) compared. witb the theory after dek:caor simulation (CDFSIM). (bottom) 
Shows the data ~ to the particle level (witb enon that include both the statistical 
error and the systematic uncertainty) compared with the theory at the perticlc level (i.e. 
generator JCYCI). 

Figure 6-9 comparM PYTHIA Tune A and HERWIG witb the data on the average 

<i>r> of charged particles in the "'transverse"' region for ''leading jet" events defined in 

Fig. 6-3 as a function of the leading ~t Py. The t<>p shows the u~ data (with 

statistical eJ1'00I only) compazed with the theory after detector simulation (CDFSIM). 
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while the bottom shows !he data corrected to the particle Jevcl (with errors that include 

both lhe statistical error and the systematic uncertainty) compared with the theory at. the 

panicle level (i.e. generatOr level). HERWIG, even after the data is conec:ted. predic:rs a 

softer average <pr> of dwged particles in the .. transverse" region for '1eading jet"' 

evenll defined in Fig. 6-3 as a funetion of the leading jet Pr. 
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Figure 6-9: Data at 1.96 TeV on the average <pr> oC charged particles with Pr> o.s 
GeV/c and lrll < I in the .. uansven;e" region for "leading jet" events defined in Fig. 6·3 u 
a function of the leading jet PT compared with PYTHIA Tune A and HERWIG. (top) 
Sbo~ the UDCQrrcded data (with statistical errors only) compared with the theory after 
dctectot simulation (CDFSIM). (bottom) Shows the data COrrcded lO the pmtide level 
(with elTOrS that include both the statistical error and the systematic uncertainty) 
compared with the theocy at the particle level (i.e. generator level). 
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Figum 6-10 compaR'lS PYTHIA Tuae A and HERWIG with the data ()I) die •veraae 

maximum. PT· PTmax, for charged particles in the '4traosvene" region for ":leading jet" 

events defined in Fig. 6-3 as a function of the leading jet Pr. The top shows the 

uoconected data (with statistical errors only) companid with the theory after detector 

simulation (CDFSIM). while the bottom shows the data ~ to the particle level 

(with errors that include both the swistical em>r and lhe s)'Slematic uncettaimy) 

compared with lhe lheory at the particle level (le. genentlOr level). The agreement is 

better than for die a~ <pr>. but HERWIG is still too soft for leading jet Pr less than 

about 1500eV. 

Figures 6-11 and 6-12 compare PYTHIA Tune A and HERWIG with the data on 

the the ETsum density. dE1'dtt~ for particles with I'll < I in the trans~ region for 

")ead.ingjet" events defined in Fig. 6-3 as a function of the leading jet Pr. The rop shows 

the uoomrected data (wi«b statililical errors only) compared with the theory after delcctor 

simulation (CDFSIM), while the bottom shows the data correeled to the particle level 

(with em:n that include both the statistical error and the sys&ematic uncenainty) 

compared with the theory at the particle level (i.e. generator level). Both PY'IHIA Tune 

A and HERWIG fall below the data throughout the energy range. 

Figure 6-13 compares PYTHIA Tune A and HERWIG with the dala at on the 

charged fraction, PTsumlETsum, in the '"transverse"' region for "leading jet" events 

defrned in Fig. 6-3 as a function of the leading jet I;-. where PTsum locludes charged 

particles with Pr> 0.5 OeVfc and Ml< I and the ETsum includes alJ particles with "11 < 

L The top shows the uncom:cred data (with statistical errors only) compamd with the 

theory after detector simulation (CDFSJM), wlllle the bottom shows the data corrected to 
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the parti.cle Je\ld {with errors that include bo1b the statislical emir and tbe systemaic 

uncertainty) compared with the theory at the particle )eve) (i.e. generator level). Both 

MC generators. predict a larger chtqed l'raction in the transverse region than is indicared 

by the data. 
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Figure 6-1 O; Data at J .96 Te V on tbe average mu.imum Pr· PTmu, for charged particles 
with Pr:> 0.5 GeV/c and "11 < I in 1he "transverse., region for "leading jet" events defined 
in Pig. 6-3 as a function of lhe leading jet Py compared with PY1HIA Tune A and 
HERWIG. (lop) Shows the wirorrected data {with statistical errors only) compared wi1h 
the theory after detector simulation (CDFSIM). (borrom) Shows the data corrected ro the 
panicle level (with errors that include both the statistical error and the syslematic 
uncettainty) compared with the theory at the particle level (i.e. generator level). 
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Figure 6-1 l: Data at 1.96 TeV on the ETsllDt densily. d&rldlldt, for particles with trll < t 
in the "cransMAX" and "transMJN" regions for "leading jet" events defim!d 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 enors only) ~ with lhe theory after 
detector simulation (CDFSIM). (bottom) Shows the data comcted to the particle level 
(wilh emn I.hat include both the statistical error and I.he systematic uncertainty) 
compared with the theory at the particle level (i.e. genenuor level). 
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Fipre 6-12: Dall.I. at l.96 TeV oo the ETsum density, dE,ldTlcJ+, for particles with lqf < 1 
in die "transverse" region (average of "transMAX" and ''lransMlN"") for "leading jet" 
events defined in Flg. 6·) as a function of the leading jet Pr compared with PY1HIA 
Tune A and HERWIG. (top) Shows I.he uncom.iaed data (with :stl'l!.istical errors only) 
compaNd with the theory after deleelor simulation (CDRiIM). (bouom) Shows the data 
eom:eted to the parlicte level. (with errors that include both the Stalisrical error and the 
systematic uncertainty) complRd wilh the theory at the particle level (i.e. generator 
level). 
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Figure 6-13: Data at J.96 TeV on the chiqed fraction, PTsumlETsum, in the 
"'transverse" re1ion for "leading jet" events defined in Fig. 6-3 as a function of the 
leading jet Pr. whele PT5um includes charged pardcJes with Pr > O..S OeV/c and lrll < l 
and the ETsum includes all p&'ticles with '111 < I. The data are compaml with PYTHIA 
Tune A and HERWIG. (top) Shows the UIJCOTRCled data (with stadstical WOI'$ only) 
cornpmed with the theory after detector simullllion (CDFSIM). (botlom) Shows the data 
C'Ol'leeled 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). 

Figure 6-14 thru 6-22 show the data on the observables in Table 4-3 at 1.96 TeV for 

"back-to-back .. eve111s defined in Fig. 6-3 as a function of the leading jet Pr compared 

wH:h PYTHlA Tune A and HERWIG. The plo&s show the uncorrected data (with 
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stati&tWaJ errors only) compared with the lheory after detectot simulacioo (CDFSIM). 

1be plots also shows the data corru:ted to the partk:le level (with errors tbal include bolh 

tbe statistical error and the s)'Stematic uncertainty as described in Table S-4) compared 

with the theory at the particle level (i.e. geoerator lewl}. 

Figures 6-14 duu 6-17 coolinue to exhibit tbe trend that HERWIG is eonsi•cn:itly 

below tbe data and PY'IHIA Tune A for leading jet PT less I.ban about ISO GeV. 

However, the back-to-back data reveal that the dens.ides fall with increasing Pt(jet#l). 

Since the hard initial and fmal-state radiation is suppressed in back-ro-back events the 

diffete!X:C$ between PYllTIA Tune A and HERWIG in the ''beam-beam 11emnant" and 

multiple porton scattering component of the "underlying event" are more evident. 

PYHTIA Tune A (wkb muhiple patron intaa<ltions) does a bel.1er job describing the scale 

and slope of the data I.ban HERWIG (without multiple partOn interaction&). 

Figure 6-18 companes PYTHIA Tune A and HERWIG wkb the data on tbe average 

<pr> of charged panicles with Pr > 0.5 OeVk and trll < I in the "transverse" region for 

"back..ito-back" events defined in Fig. 6-3 as a function of the leading jet P,-. The top 

shows the uncometed data (wkb statistical errors only) compared wkb the theory after 

deleetor simulation (CDFSIM), while the bottom shows the data corrected to the particle 

level (with errors that include both the statistical error and the systematic unc:enainty) 

compared with the theory at the particle level (i.e. generator level). Both PY'IHIA Tune 

A and HERWIG predicl a softer average <pr> of charged particles than is exhibited by 

the data. 



figure 6-14: Data al 1.96 TeV on lite density of eharged particles. dNchgfd11d+. willt pr 
> O.S GeVlc and lrtl < 1 in rhe "'uansMAX" and "trusMIN* regions for "baek-lO-back" 
evems defined in Fag. 6-3 as a funmon of the leadi111 jet Pt compared willt PY1lflA 
Tune A and HERWIG. (IQP) Shows the uncorrected data (willt scatistical errors only) 
compared wilh the dteory afler deleCU>r simuladoo (CDFSIM). (bottom) Shows the data 
~led to lite particle level {willt erron dtat include both lite sladsticaJ error and the 
systematic uncertainty) compared wilh the lheory at tbt particle level (i.tt. generator 
level). 
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Figure 6-IS: Data at 1.96 TeV on lhe densil)' of charged particles, dNchgldrl~. with pr 
> 0.5 GeV/c and I'll < I in the "transverse" region (average of "transMAX" and 
"transMIN") for "back·1o-back" events defined in Fig. 6-3 as a function of lhe Jead.ing jet 
PT compared wilh PYnllA Tune A and HERWIG. (top) Shows the uncorrected data 
(with statistic.al errors only) compared with the theory after detector simulation 
(CDFSJM). (bonom) Shows the data corrected to the particle level (with errors that 
include bodl the statistic.al error and the systematic uncenainty) compared with lhe theory 
at the particle level (i.e. generator level). 
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Figure 6-16: Data at l.96 TeV on the P'fsum density of charged particles, dPTsumldqd41, 
with Pr> 0.5 OeV/c and 1111 < 1 in the "transMAX" and "transMJN" n:gions for "'bac:k-to­
back" events defmed in Fig. 6-3 as a function of the leading jet Pr compared with 
PYnflA Tune A and HERWIG. (top) Shows the uncorrected data (with statistical errors 
only) compared with the theory after detector simulation (CDFSIM). (bottom) Shows lhe 
data conected to the particle level (with errors that include both the sratistical error and 
the systematic uncertainty) compared with the theory at the particle level (i.e. generator 
level). 
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Figure6-J7: Data at 1.96TeV on the PTsumdensily, dPrsumldrtd~>. with pr>O.S OeV/c 
and lrll < l in the "transverse" n:gion (average of "transMAX" and "ttansMIN") fur 
"'back-to-back" events de'1ned in Fig. 6-3 a a funetion of the leading jet Pr compared 
widJ PY1HIA Tune A and HERWIG. (top} Shows the uncorreeted data (with $talisrical 
errors only) compared· with the theory after deteclOr simulation (CDFSIM). (bottom) 
Shows the dala corrected to the panicle level (with errors !hat include both the $tatistical 
error and the systematic uncenainty) ~ wilh the dleory at the panicle level (i.e. 
generator level). 
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Figon: fi..18: Daia at 1.96 TeV on the average <pp of charged J>llrticles with PT> 0.5 
OeV/c and trll < I in the "transverse" regioa for "back-to-back,. events defmed in Fig. 6-3 
as a function of the leading jet PT compared with PYllllA Tune A and HERWIG. (wp) 
Shows the uncoirected dala (with slalistical errors only) compared with the theory after 
detectot simulation (CDFSJM). (bottom) Shows the data conected ro the puticle level 
(with errors that include both the statistical error and the systematic uncertainty) 
compared with the theory al the pmticle level (i.e. senerator level). 

Figure 6-19 compares PYTHJA Tune A and HERWIG with the data on the average 

maximum py. PTrnax, for charged particles with Pr> 0.5 GcV/c and "11 < I ifl the 

''tnmsvene:" region for "back·lo-ba.ck" events defined in fig. 6-3 as a funclion of the 

leading jet PT. The top shows the uncorTeeted dam (with siatistical etrol'5 only) compan:d 

with the theory after detector simulation (CDFSIM), while the bottom shows the data 
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comcted to die particle level (wilh errors tlw include both die statistical error and the 

sysiemadc uncatain&y) compared with die theory at the particle level (i.e. gcmntor 

lewl). Both MC ~ predict a too soft a\'Ctage maxinw.m Pf, bu1 only PY1HIA 

Tune A ~y reprodooes the decreasing slope of die omewable.. 

-R•o.l'lillllllMfnJ<I j 
O*lllil-ClllktA. l'T..U-a I 

~ ~ 

0 • ~ ~ - - - - - -..,...1) (GllV/e) 

Figure 6-19: Data at L96 TeV on die average maximum Pf, P'fmait, for charged particles 
with pr> O.S GeV/c and trll < I in rhe ''uansvene" regkm for "back-to-back"' events 
defined in Fig. 6-3 as a function of the leading jet Pt compared with PY1HIA Tune A 
and HERWIG. (top) Shows !he uncorreeted data (with statistical elTOfS only) wmpan:d 
with the theory after detector simulation (CDFSIM). (bottom) Shows the data col't'CCUld 
to the particle 1evel (with errors mat include both the Slatistical error and the systematic 
uncertainty) compared with the theory al the particle level (i.e. generator level). 



Figures 6-20 and 6-21 compam PY1HIA Tune A and HERWIG with the data on 

the ETsum density. dBr/dl)dt, for particles with lrll < l in the trllmlvene n11ioa for 

"back-to-back" events defitled in Fig. 6-3 as a function of the leading je1 Pr. The top 

shows the uPCOll'CCted data (with Matislical em:mi only) compared with the lheory alter 

detector simulalion (CDFSIM), while the bottom shows the data OOl'reCled to the particle 

.level (with errors that include both the swmieal error and the s)'Stematie uncertainty) 

compared with the theory at the particle level (i.e. generaror level). Both MC gencratOl'll 

predict too linle ET$1.lll1 density, but only PYllfiA TWle A correctly reproduces the 

decreasing slope of the observable. 

Figure 6-22 comp~ PYTHIA Tune A and HERWIG with the data on the charged 

fraction, PTsumlETsum, in the "'transverse" "lion for "'baclMo-bac:k" events deftned in 

Fig, 6-3 as a function of the leading jet Pr. where PTsum includes charged particles with 

pr > 0.5 GeVlc and lrtl < I and the ETsum includes al.I particles with lrll < I. The top 

shows the uni..-orrecied data (with S(atistical errors only) compated with the theory after 

detector simulation (CDFSIM), while the bottom shows the data OOl'reCled to the particle 

level (with errors that include bolh the statistical error and the s)'Slematic uncertainty) 

compared with the theory al the particle level (i.e. generator level). Both MC genemors 

predict a larger charged fraction in the transverse region than is indicated by the data. 
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Figure 6-20: Dala at 1.96 TeV on the BTsum density, dBildrid+. for particles with '111 < l 
in the "transMAX" and "transMIN"' regions for "back·to-back" events defined in Fig. 6-3 
as a funcUoo of the leading jet Pr compared with PYTHIA Tune A a.ad HERWIG. (top) 
Shows the 11.ncomcted data (with statistical errors only) compared with the theory after 
ddcclor simulation (CDFSIM). (bottmn) Shows lhe data con'eCted tO the particle level 
(with errors that include both the statistical error a.ad the systematic uncertainty) 
compared wilh the theory at lhe paniele level (i.e. genenrtor level). 
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Figure 6-21: Data at l.96 TeV on the ETs11m deasky, dE1'dll<J+, for particles wilh lrll < I 
in the «tnnsvene .. negion (aveiage of "tnmsMAX" and "tnmsMIN") for "back-co-back" 
events defined in Fis. 6-3 as a funclioo of the leading jet Pr compared with PYTHIA 
Tune A and HBRWIG. (sop) Shows the uncorrected data (with swisl.ical enon only) 
compared wilh the theory after daector simulation (CDFSIM). (bottom} Shows the data 
corrected lO the panicle level (with eaors lhat include both the statistical error and the 
systematic uncertainty) compared with the meory al the particle level (i.e. generator 
Jevel). 
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Figure 6-22: Data al 1.96 TeV on the charged fraction, PTsumlET111m, in the 
"'transverse" region for ''back..ro-back*' events defined in Fig. 6-3 u a function of the 
leading jet PT. where PTsum includes charged panicle& with pr > 0.5 GeVlc and It'll < I 
and the E.Tsu.m includes all particles with flll < I. The data are c~ with PY1111A 
Tu.ne A and HERWIG. (top) Shows the uncorrected data (with statisti.cal errors only) 
oompared with die lheory after detector simulation (CDFSIM). (bottom) Shows the data 
com:cted to the panicle level (with errors that include both the statistical error and the 
systematic uncerlainty) compared with the theory at the panicle level (i.e. generator 
level). 

6.4 "Leading Jet'' versus "Back·to-Back" Events 

Figure 6-23 and Figure 6-24 oompare the data on the density of charged panicle& 

and the charged PTsum densily in the ''lransvenc" region corrected to the panicle level 

for "leading jet" and "back-to-back" events with PY1111A Tune A and HERWIG at the 



particle level. As expected. the "leading jet" and "back-to-back" evenb behave quite 

differently. For the "leading jet" case the "ttansMAX" deosldes rise with increasing 

Pr(jet#I ). wbi.le for 1he "back-to-back" case they fall with increasing Pi(jet#l). The rise 

in the "leading jet" case is. of caurse, due to bani initial and final-state radiation, which 

has been wpp~ in the "back-to-back"' events. ne "back-to-back" e\ICDl.S allow ror 

closer look at the "beam-beam renmant" and multiple putoo scattering component of the 

"underlying event" and PY1HIA Tune A (with multiple panon interactions.) does a betler 

job describing the data than HERWIG (without multiple panon iNeraetioos). 

lbc "transMIN" densities are more sensilivc to the "beam-beam remnant" and 

multiple parton interaction component of the "underlying event". The "back-to-back" 

data show a deCreue in the ''transMIN" densities with increasing Pi(jet# 1) which is 

described fairly well by PYTHIA Tune A (with multiple patton interac&ions) but m by 

HER.WIG (without multiple pan.on interaclioos). The deaease of the "trans.MIN" 

den:sides with increasing PT(jet#l) for the .. back-to-back" events is very inlen:sting and 

might be due to a "saturation" of the multiple parton interactions at small impact 

parameter. Such an effect is included in PYIHIA Tune A but not in HERWIG (without 

multiple parton interactions). 
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Figure 6·23: Data at I. 96 Te V on the density of' charged particlas, dNcbg/~ with Pt> 
0.5 GeV/c and lrll < I in the "1ransMAX" region (top). 'inmsMIN" region (middle). and 
"transverse" region (average of "transMAX .. and '"transMJN") (bottom) f'or "leading jet" 
and "back-to-back" events defined in fig. 6-3 a& a function of the leading jet PT 
compared with PYTHIA Tune A and HERWIG. The data arc comclCd to the particle 
lewl (with errors that include both the statistical error and the systematic uncertainty) and 
complft!!d with the theory at the panicle level (i.e. generator mvel). 
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Figuie 6-24: Data at l.96 TeV on charged PTsum density of charged particles. 
dPTsumldrld+. with Pr > O.S GeVlc and frll < I in the *'transMAX" region (rqp), 
*'transMIN" region (miMI#), ud "transverse" region (awrage of •'traosMAJC' and 
"transMIN} (btmoln) for "leading jet" and "baek·IO-bad::" eventi defined io Ftg. 6-3 as a 
function of the leading jet Pr cornpan:d with PYTHIA Tune A and HERWIG. The data 
are corrected to the particle level (with errors that include boch the statisiical enor and the 
syscematic uncertainty) and compared wilh the theory at the paniele level (i.e. generator 
level). 
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Fig. 6-2' compiues the data on averap <pr> of' charged particles and the average 

muimum c.harge particle PT· PTmax.. in lhe "transverse" region correcled to the particle 

level for "leading jet" and "back..to-back" events wilh PY1HIA Tune A and HERWIG at 

lhe particle level. Agmn I.he .. leading jet .. and "back-to-back" events behave quite 

diffenmtly. 

Fig. 6-26 shows lhe data cmreaed to lhe particle level on lhe ETsurn density. 

dEWd'rld+. in lhe "transverse" region for "leading jet" and "back-to-back" events 

compan:d wilh PYlHJA Tune A and HHRWJG at lhe particle level. Neither PY1HIA 

Tune A or HERWIG produce eoough en.crgy in the ''tnmsve:rse" region. HERWIG ha.~ 

more "soft" particles than PYTHlA Tune A does slightly better in describing the energy 

density in the "tnnsMAX" and ''tram.MIN" region, 

Pig. 6-27 shows lhe data com:cted on the charged fraaion, PTsumlETsum, in the 

"lrans.,.erse" region for ''leading je1" and "back-to-back" events compared with PYTHIA 

Tune A and HERWIG ac the particle level. Neither PYTHIA Tune A ot HERWIG 

produce enough eneqy in the "'transverse,. region and therefore predict roo large of a 

charged fraction. Note lhat both PY1HIA Tune A and HERWIG preclict a charged 

fraction of' about 0.5 if one includes all particles in both Pts0m and E..sum. 
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Figure 6-2S: Data at l.96 TeV on the average <pr> of charged particles (top) and the 
average maximum Pf, PTmax. for charged particles (bottom) with Pf> O.S GeV/c and It'll 
< I in the ''transverse" region for "leading jet" and "back-to-bllek" events defined in Fig. 
6-3 as a function of the leading jet Pr compared with PYTHIA Tune A and HER.WIG. 
1"he data are oorrected to the panicle level (with errors that include both the statistical 
enor and the sy!ilemalic uncedainly) and compared with the lheory at the particle level 
(i.e. generator level). 
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Figure 6-26; Dala at 1.96 TeV on the ETsum density. dEtldrl#, for particles with !f\1 < 1 
in the ''tnnsMAX" region (top). "'tran&MIN" sqion (middle). and "transverse"' region 
(average of "tnmMAX" and "transMlN .. ) (bottom) for "leading jet" and "back-to-back" 
events defined in Pig. 6-3 as a function of the leading jet Pr compared with PYTHIA 
Tune A and HERWIG. The data are cometed to the particle level (with emn that 
include both 1he sialisdcal error and lhe systematic uncertainty) and compared with die 
theory at the particle level (i.e. generator level). 
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Figure 6-27: Data at 1.96 TcV on me charged fraction. PTsum!ETsum. io the 
"transvene" region defined ill Fig. 6-3 for ''leading jet" events (top) and "'back-to-back'" 
events (bottom) as a function or the leading jet PT. where PTsum include41 charged 
particles with Pt> o.5 OeVk and "11 < I aad the ETsum includes all particles wilh "11 < 
l, compared wilh PYnllA Tune A and HERWIG. The data are «ll'R'IC:red to the particle 
level (wim errors that ineJude both tbe statistical error aod the systematic uncenainty) and 
compared with the thecry at the particle level (i.e. generawr levelJ. 

Figure 6-28 compares the corrected "leading jet" and "back·IO-baclt" da1.1 on the 

density, dET.....Jdf1dt, for "TransDIF' (i.e. the "'!mnsMAX''' region minus the .. transMlN .. 

region) u a function of the leading jet P,.. Figure 6-28 also shows the ~ictions of 
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is very sensitive to the "bani sca.ueriog"' componenl of the "underlying event" (i.e lwd 

initial and final-state radiaii.on) and therefore we expect to see a big differe!!Ce between 

".leading jet" events and the ''back-IO-back" events which is the case. Again, PYTHIA 

Tune A ck'le$ a better job describing the data than does HERWIG fro me cbarsed particle 

densities and the charged Pt ...... densities. Surprisingly. both PY1HIA Tune A and 

HERWIG agree with the data for the "'transDIF' Br~ ... density. 
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Figure 6-28: Data at 1.96 TeV on the density of charged particles, dN/dft~ and the Pr­
density, dPT-J dr!d• for chiuJed particles with Pr> 0.5 OeV/e and lrll < I for the 
"'traosMAX"' minus the ''transMIN"' region defined in figure 6-3 for "teadin,g jec'' and 
"back-to-back" events defined in Fig. 6-2 as a funclion of the leading jet P,- compated 
with PY111JA Tune A and HERWIG. The "ttansDIF' ET- density, dET • ...Jdfld+ for 
particles with I'll < I is also presented. The data are cometed to the particle level (with 
errors lhat include both the statistical error and the Jy&tematic um:enah:iry) and compared 
with the theory al the particle level (i.e. generator level). 



CHAP1ER7 
SUMMARY AND CONCLUSION 

1be goal of this analysis is to produce data on the "underlying event,. that is 

comcted to lhe parude level so that it can be used to tune the QCD Monie.Carlo models 

wilhout requiring CDF detector simulation (i.e. CDFSIM). Unlike our previoos Run 2 

"underlying e\lellt" anal)'$is [6] which u!ied JetClu 10 define "jets" and compared 

u11C01TCCted da&a wil.b PYTHIA Tune A and HERWIG after detector simulation 

(CDFSIM), in this analf$is we use the MjdPoiot algorithm (R = 0.7, f....,... = 0.75) and 

com!ICr the observables IO the particle level. The corrected obser\lables. am then 

compared with PY1HIA Tune A and HERWIG at the particle level (i.e. generator level). 

This analysis also provides our first look al the energy in the *'underlying event" (i.e. the 

*'transverse" ~gion). 

Jn this analysis we Jook at both the charged patlicle and the energy components of 

the "underlying event". We use the direction of the leading calorimeter jet in each event 

event". In additi<>n, by selecting event.'i with at least two jets lhat are n•y l:Nlck-ro-back 

(4+12 > ISO") wim P,(jet#3) < 15 GeVlc we ve able to look closer at the "beam-beam 

remnant" and muhiple parton interaction components of the "underlying event". 

Comparing the corrected observables with PY11UA Tune A and HERWIG at the 

particle lewl (i.e. generator level) continue lo validate the cooclusions we found when 

comparing the uncorrected data with the Monte.Carlo models after detector simulation 

(i.e. CDFSIM) [8). PY11UA Tune A (with multiple parton interactions) does a betterjob 
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in describing the "underlying event" (i.e. ''transverse" regions) for both "leading jet .. and 

"'back·to-bacll:" events llultl does HERWIG (wilhoul nmlliple partOn intenletioos). 

Herwig does not have enough activity in the "underlying evenr for PT(jettl) less than 

about ISO GeV. which was also observed in a published Run I analysis [13]. 

Figure 7·1 compiams the original Run I published data on the underlying event with 

our current msults. We have exrended the range of the leading jet Pr from SO GeV to 

over 400 GeV. We now use the MidPoin1 Jet finding algorithm and most imponandy 

<:orrect the data back to the particle level. 

This analysis gives our first look at the energy in the "underlying event" (i.e. the 

"transverse" region). Figure 6-28 shows that PY'THIA Tune A and HERWIG agree with 

the "lransDIF' s,.,. density data. Since both MC generators comedy predkll the "hard 

scattering" component of the underlying event, this s.troogly suggests that the 

discrepancie1 and low jet#I PT reOect a needed tuning of the ~beam remnant" and 

multiple parton interaction components of the underlying event. 
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P13Ure 7-1: A comparison between the Run I and Run U analysis on the PTsum density in 
the 'irans'1Cl'lle" n:gion. (lop) Datt unconecled (with errors dial ioelude both stalisdcal 
and the systematic uncertainty) at 1.8 TeV OD the charged PTsum densily, dPTsumldl\d+. 
with PT> 0 . .5 GeVlc and "11 < 1.0 for leading jet events defined in F'lg. 6-3 as a function 
of leading jet PT compared PY1HIA set A, PY1lllA set B, and HERWIG. (borrom) Data 
conected (with errors thal include both statistical and the systematic unc:eriainty) at 1.96 
TeV on the charged PTsum density, dPTsumlc:hld+. with PT> O.S Ge Vic and "11 < 1.0 for 
"leading jet evems'" defined in F'l11. 6-3 as 1 function of leading jet PT compared PYnllA 
Tune A and HERWIG. 
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