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Abstract 

\Ve present a. measurement of pp-+ Z "/ + X-+ c+C-'";i + X production using proton

a.ntiproton collision data. collected at the Collider Detect.or at Ftrmilab at a cent.er 

of mass energy of 1.96 Tt:V. z,·y production provides a. direct test of the triple neu

tral gange couplings. A measnremcnt of Z··y production cross section and search for 

anomalous ZZ··y and Z"()' couplings arc presented. 

The data presented are from 1.1 fb- 1 of pj5 integrated luminosity collected at the 

CDF Detector. Electrons from Z decays are selected with Et > 20 GeV. Photons 

(Et > 7 GeV) are required to be "\Vell-separated from the electrons. There are 390 

ee:y candidate events found 'vith 1.1 fb- 1 of data, compared to the s::VI prediction 

of 37,1.:i ± 25.2 events. The Standard l\fodcl prediction for the cross section for 

pp-+ c+e-1· + X production at JS= 1.96 TcV is 11.S ± OA pb. The me<1."lurcd cross 

section is ,1. 7 ± 0.6 pb. The cross section and kinematic distributions of the cey 

events arc in good agreement with theoretical predictions. 

Limits on the Z Z~/ and Z"n couplings are extracted using the photon Et distri

bution of eq events with ilfeci > 100 CeV/ c2 
. These are the first limits measured 

using CDF Tlun II data. These limits provide important test of the interaction of the 

photon and the Z bo::;on. 
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Chapter 1 

Introduction 

1.1 The Standard Model of Particle Physics 

The Standard l\fodel (SlVI) of particle physics is a theory that describes fundamental 

particles and their interactions. The Standard Model was developed in the 1970s 

and has been tested and verified by experiment::; over the pa.st three decade::;. A brief 

review of the Standard Model is given in this chapter. 

1.1.1 The Fundamental Particles - Fermions 

Ordinary matter is made up of atoms: \vhich are formed from electrons and atomic 

nuclei composed of protons and neutrons. As illustrated in Figure 1.1, two up quarks 

and one down quark bind together t.o form protons: while one up and two dmvn 

quarks form neutrons. The electron (c), the up quark (u) and the dmvn quark (d) 

are exa1nples of fundamental 1natter particles in the Sl\/I. The fundamental particle::; 

are di vicled into leptons and quarks, and are further grouped into three generations 

ba.c;cxl upon their mass. The leptons and quarks arc spin 1/2 particles (fermions). 

There are three leptons with electric charge -1 ( "-f' = - 1.6 x 10-19 C), the electron 

( e), muon (µ) and tau lepton ( T) and three electrically neutral leptons, the neutrinos 

l/e : 1/1, and l/r For each lepton, there i::; an antilepton ·with an oppo::;ite charge. There 

a.re six leptons and six antileptons. There are three quarks with electric charge 2/3, 

up (n), charm (c) and top (t), and three ·with electric charge -1/3, clown (cl), strange 

(s) and bottom (b). For each quark, there is an antiquark with an opposite charge. 
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Each quark and antiquark comes in three colors, so there arc a total of 36 strongly 

interacting fermions. The electron, the electron neutrino, the up quark and the dovm 

quark, together form the first generation. The second and third generations, shmvn 

in Figure 1.2, are heavier duplicates of the first generation. The mass of the top 

quark is a factor of 103 larger than that of the electron. 

Atom 

Nucleus 

Electron 

Up quark Down quark 

Figure 1.1: The fundamental particles of ordinary matter [1]. 

1.1.2 Force Carriers - Bosons 

There arc four known forces: the strong force ( ';i.rhich binds protons and neutrons 

together inside atomic nuclei), the weak force (which allmvs neutrons to decay to 

protons), the electromagnetic force and the gravitational force. The first three forces 

are described by the Standard J\/Iodel. The Standard ).fodel successfully unifies the 

electromagnetic force a.ncl the \Veak force into an electroweak force. Photons are 

particles that mediate the electromagnetic interaction. The mediators of the weak 

internet.ion are \\T and Z bosons. The Standard l\fodel quantum chromodynamics 
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Figure 1.2: The three generations of the fundamental particles [1]. 
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(QCD) theory describes the strong interaction. Gluons (g) mediate this interaction. 

These force carriers arc spin 1 particles (bosons). The S::\.1 has been very successful 

in descrihiug the stroug, \Yea.k and electromagnetic iuterad.io11s. 

These elementary pa.rticles of matter and force carriers are surnrn0::1.rized in Figure 

1.3. 

Th~~ 

·generalions' 

Force 

[ ectromagn~tic: 

Weak 

Strong 

Leptons 

Flectric charge -1 Electr' c charge 

Electron c- Electron ncutr'no 

ML1on ,,- Muon neutrino 

Tau r - Tau neulrino 

0 

I' c 

v. 

J.': 

Carrier 

Photon I 
w-.z I 
GI con I 

Quarks 

Flectric charge +'.!~ Electric charge -'/J 

Up u· Down d 

Charm ( Str.;nge $ 

Top l Bollom b 

I 

I 

'~ 
.........._ 

I m:rcc.isirg 
mass 

Figure 1.3: The elemenLary ma.Ct.er pa.rt.ides and force carrier part.ides int.he SI\I :2J. 

1.1.3 The Hadrons 

Each ma.Lt.er pa.rLicle has an anLimaHer equivalent., which has Lhe same mass buL 

opposite charge. The antiparticle of an dcctron e- is a positron e-. The antiparticle: 

of a quark is represented b.Y a bar over the letter, for example, the antiparticle of then 

quark i:::; Li. Quarks and antiquarks form composite particles called hadron:::;. Hadrons 
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arc subdivided into mesons and baryons, v.rherc mesons arc quark-antiqnark states, 

such as pions, and baryons are three quark states, such as protons and neutrons. 

All hadrons arc color singlets formed from either color - anticolor states (mesons) or 

three color states (baryons). Figure 1.4 gives a fev.r examples of mesons and baryons. 

1.1.4 The Higgs Boson 

The S~l is a quantum field theory, where fields, such as the electric and magnetic 

fields, arc ba...:;;ic ingredients. The energy quanta of the fields arc measured a..c;; ele

mentary particles in the laboratory. For example, the photon ir:i the quantum of the 

electromagnetic field. In the Slf, particles interact with a scalar Higgs field , where 

the strength of the interact.ions determines the mass of the particles. The scalar Higgs 

bosons are spin zero particles. There wil1 be at least one nev,, particle associated "\Vith 

the Higgs field, the Higgs boson. 

1.2 The SM Electroweak Theory 

One of the primary goals of physics is to understand nature in a simple and unified 

1vay, in terms of a fevl simple principles. To a remarkable degree, the theory of 

elementary particle interactions can be understood as consequences of symmetry 

principles of nature. For example, taking a local gauge symmetry a..s a fnndanwntal 

princ1ple leads to the determination of the interaction of the electromagnetic field. 

"Local" means the symmetry transformation may vary from point to point in spacc

timc. A local gauge symmetry requires the existence of a massless vector field. 

Jn a field theory with a global synnnetry, "\vhen the symmetry is spontaneously 

broken, the field acquires a vacuum expectation value and the symmetry of the theory 
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Baryons qqq and Antibaryons 
Baryons are fermionic hadrons. 
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There are about 120 type of baryons. 
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Figure 1.4: Baryons and mesons. [3]. 
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is no longer apparent. "Global' means the symmetry transformations do not depend 

on position in space-time. It can be shmvn that the theory must contain a massless 

particle for every spontaneously broken continuous symmetry [11]. This is known as 

C oldstone )s theorem, and the ma:-;sless particles are called C oldstone bosons [ 4]. 

If both local gauge symmetry and spontaneous symmetry breaking are included 

in the same theory, the spontaneous symmetry breaking generates a mass for the 

gauge boson. This mechanism is called the H·iggs mechan:isrn. The scalar field that 

causes spontaneous breaking of the gauge symmetr:y is knmvn as the Higgs .field) and 

the field boson is called the Higgs boson. 

A U(l) gauge symmetry, which performs a simple phase change, can be viewed as 

a multiplication of a 1 x 1 unitarity matrix. SU(2) means the transformations arc 2 x 

2 unitary matrices, \Vhich are "special" matrices vvith determinant unity. In a theory 

with SU(2) x U(l) symmetry, there arc four gauge boson fields. The Higgs mechanism 

generates one massless and three massive gauge bosons. These vector bosons are the 

1, z0 and \V±, the mediators of the electroweak interaction. This t.heor.Y is known as 

the Glashow- Weinberg-Sa.lam Eleetroweak theory. S. Glashow~ S. \Veinberg, and A. 

Salam shared the 1979 Nobel Prize in physics for their contributions to the theory 

of the unified \veak and electromagnetic interaction betv.'een elementary particles. 

The theory makes precise predictions for the couplings of vector bosons to fermions 

and the self-couplings between the gauge bosons .. A more detailed discussion of the 

Glashow-vVeinberg-Salam Electroweak theory is given in Appendix A. 

1.3 The SM Quantum Chromodynamics Theory 

The strong interaction is described by a gauge theory, known as quantum chromo

dynamics (QCD). It is a gauge theory of the symmetry group S'U(3). Each of the 
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quarks comes in three different color charges (as opposed to the electric charge in the 

electnJ\Veak interaction). The gauge bosons of the color interactions, carry the strong 

color quantum number and form an octet of bi-colored gluons (the gluon carries a 

unit of color and a unit of anti-color). Therefore the gluon, unlike the photon, in-

teracts with itself. I\o free quarks or free gluons have been observed experimentally. 

Quarks and gluons arc confined \vithin composite part.ides (hadrons). The strength of 

the strong interactions decreases with increasing momentum transfer (or decreasing 

distance), and vanishes a.symptotically. Quarks behave as free particles at extremely 

high energies. This is referred to as a8yrnptotic freedom., Yvhich \Vas discovered in 1973 

by David Gross, Frank \Vilczek and David Politzer. They shared the l\~obel Prize in 

Physics for 2004 for the discovery of a.symptotic freedom in the theory of the strong 

inter action. 

1.4 Terminology in Particle Physics 

Table 1.1: Units in high energy physics [5]. 

Quantity 
length 
time 
energy 
mass 

High Energy Unit 
1 fm 
1 ns 
1GeV=109 cV 
1 GeV / c2 

Value in SI units 
10-15 Ill 

10-9 s 
1.602 x 10-10 J 
1.78 x 10-27 kg 

In particle physics, high energy accelerators are built to probe the structure of 

particles \Vith typical sizes of 10-15 meter and masses of 10-27 kilogram. The ba.sic 

units, such a.s meters, kilogram::; and ::;ecomb, are not very convenient in particle 

physics. The units commonly used are summarized in Table 1.1. The unit of length 

is the frn (ferntornetre; which equals 10-i.5 in). The unit of energy is the GeV, which 
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equals lOH e V (electron volt). One electron volt is the energ"}r an electron gains 

1vhen passing through an electrostatic potential difference of one volt. The mass of a 

particle is commonly quoted in units of GeV / c2
. In calculations, the speed of light c 

i:; commonly set. to 1, and the unit of mass becomes the GeV. Using this convention, 

the mass of proton is 0.9~-rn GeV. The relations between the following energy units 

1 :.\foV = 106 eV. 1 GeV = 103 YieV, 1 TeV = 103 GeV. (1.1) 

For example, the center-of-mass energy of the Tevat.ron proton-antiproton (pp) col

lider a.t Fcrmilab is vrp, = 1.96 T()V = 1960 GcV. 

The reaction rate in a collidcr is given by 

R = CTL (1.2) 

\vhere a is the interaction cross section, £ is the luminosity and R is the number of 

events produced per second. The unit. of cross section is the barn, where 1 b = 10-24 

cm2 . The cross sectional area of a uranium nucleus is roughly equal to 1 barn. The 

term "barn" originally developed during \Vorld \Var II, 1vhen nuclear physicists were 

bouncing neutrons off uranium nuclei, \Vhich they described as being "big a.s a barn". 

The relations between the following cross section units are: 

1 b = 10-24 cni2, 1 pb = 10-12 b, 1 fh = 10-3 pb. (1.3) 

The unit of luminosity£ is cm-2s-1 . A typical luminosity value for the Tevatron pp 

collider is 1032 cm-2s-1 . Integrated luminosity is the integral of luminosity over time 

(in cm-2
). The commonly rn-Jed unit of integrated lumino:sity is fb- 1

, >vhere 1 fb- 1 

1039 cm-2
. This analysis uses an integrated luminosity of 1.1 fb- 1 of data. 
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1. 5 Thesis Overview 

In the follmving chapters, a measurement of pp -----+ e+ e-;,+ X production is described. 

An experimental overview of gauge boson rneasurenients is given in Chapter 2. The 

Fermilab Tevatron and the Collider Detector at Fennilab are described in Chapter 3 

and 4 respectively. J\ theord.ical ovcrvic\v of diboson physics is given in Chapter 5. 

Chapter 6 gives a. description of the selection of an inclusive Z boson sample. The cross 

section measurement of the inclusive Z production is presented in Chapter 7. The 

photon selection and background study are described in Chapter 8. The selection 

of ee11 events and the measured cross section of pp -----+ e+e-; + X production a.re 

presented in Chapter 9. Finally, limits on anomalous neutral gauge couplings arc 

given in Chapter 10. 
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Chapter 2 

Experimental Overview of Gauge Boson 
Measurements 

An experimental overview of gauge bo::;on mea::;urements is given in this chapter. 

Experimental verifications of the Sl\I electroweak theory are presented in Section 

2.1. In Section 2.2 we discuss the motivation for the studies of gauge boson pair 

production. In Section 2.3, we summari7:e gauge boson measurements at the Large 

Electron-Positron Collidcr at CERN and the Tevatron Proton-Antiproton collidcr at 

F crmila b. 

2.1 Experimental Verifications of the SM 
Electroweak Theory 

2.1.1 Observations of Charged and Neutral Currents 

The S:\'1 clectrmveak theory describes the coupling of vV and Z vector bosons to 

fermion::;: and predict::; observable effects in proces::ies mediated by weak bo::ions. At 

energies lower than the vector boson masses, these couplings have effects through 

virtual weak boson exchange processes. Fignre 2.1 shmvs an example of a charged 

current involving a virtual \V boson decay. Figure 2.2 is an example of a neutral 

current involving a virtual Z boson exchange. In 19n, the CERN Gargamellc [6] 

bubble chamber at CERN photographed the tracks of a few electrons suddenly start-

ing to move, seemingly of their own accord. This was interpreted as a neutrino 

interacting \Vith the electron by the exchange of an unseen Z boson. The di::;covery 

of neutral-current events in 1973 \vas important in providing evidence in favor of the 
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Clashow-\Veinberg-Salam electroweak theory. 

µ 

Figure 2.1: An example of a charged cmTcnr, . 

• 

Figure 2.2: An example of a. neutral current. 

2.1.2 The Discovery of the Wand Z Bosons at CERN 

Further tests of t11c Cla.shmv-\Vcinbcrg-Sala.rn "Rlcctrcnvcak theory arc available at 

higher energies. ln January 1983, the Li\ 1 and L J\2 colla.bora.tiom; at the CEHN 

Super Proton Synchrotrou (SPS) pp collickr discovered t.lw \V bosou [7, 8]. A fc\v 

months later, The UAl collaboration published the paper, '~Experimental Observa-

tion of Lepton Pa.irs of Invariant I'viass Around 95 Ce V / c2 at the CEil~- SPS Collicler" 

[9], vd1ich provided the fin;t evidence for the neutral intermediate Z boson. T he ;..Jo-
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bcl Pri~e in Physics 19811 \vas avmrded to Carlo Rubbia and Simon van der ),leer, 

"for their decisive contributions to the large project., which led to the discovery of 

the field particles \V and Z, communicators of weak interaction" [10]. 

2.1.3 The Search for the Higgs Boson 

The S),1 has been very successful in describing the strong, weak and electromagnetic 

interactions. Hmvever, the final building block in the SJ\1, thr Higgs boson, has 

not yet been discovered experimentally. The mass of the Higgs boson, \Vhich is not 

theoretically predicted, remains unknmvn. One of the primary goals of current and 

future collider experiments is to discover the Higgs boson and study its properties. 

The coupling of the Higgs to ferrniom; is rn 1 /v and Atg /v to weak gauge bosons. 

Here m1 and J.119 are fermion mass and \V or Z masses, respectively, and v is the vac-

mun expectation value of the Higgs field. The Higgs field has a vacuum expectation 

value of 246 GeV. If the mass of the Higgs boson Yvere known, its decay pattern is 

then fixed by s:rvr electroweak theory. 

At the Large Electron-Positron Collider (LEP), the Higgs search is performed in 

the process: 

(2.1) 

For Higgs boson accessible at LEP energies, they decay primarily into pairs of b 

quarks. ~o Higgs is seen with a mass below 114 Ge V/ c2 
. 

If m 11 > 2miv, the Higgs boson can decay to iv+iv-; if m 11 > 2mz, it can 
also decay to ZZ. Once the decay channel into boson pairs opens, most of the Higgs 
·will decay to boson pairs. There a.re searches for the Higgs boson in the \VH and 
ZH associated production channels with H ---+ bb, and gluon fusion single Higgs 
production ·with H ---+ l-'VHT at the Collider Detector at Fermilab (CDF) and DO 
experiments at the Tevatron [11]. The two experiments will soon be excluding Higgs 
bosons with mass around 160 GeV/c2 (assuming it is not. there). 
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2.2 Motivation for the Studies of Gauge Boson 
Pairs 

Electrmveak theory makes precise predictions for the couplings het\veen gauge bosons. 

Vector boson pair production provides clircct tests of the triple gauge boson couplings. 

The possible trilinear couplings involving the electroweak gauge bosons "\V, Z and "'i 

arc the \NvY-y, \VvVZ, ZZZ, ZZ"'r and z,,.,n couplings. Only the \VV1/"'i and \V\VZ 

coupling:; are al1owed in the Standard .\fodel, whereas the neutral trilinear couplings 

ZZZ, ZZ11 , and Z/")1 are all zero at tree level (the lowest-order Feynman diagrams). 

The measurement of gauge boson pair production and the anomalous self-couplings 

provide an important test of the electroweak gauge theory in the Standard Model. 

Any deviation 'Nill provide important information about new physics beyond the 

Standard Iviodel. 

In the search for the Higgs boson with mH > 2mw at the Tevatron, the largest 

background is boson pair production. Thus good measurement of boson pair produc-

tion is crucial :;tep to discover and precisely measure the Higgs boson. 

2.3 Gauge Boson Measurements 

In this section we summari?;e the measurement of gauge bosons at the Large Electron-

Positron Collider at CER.\J and at the Tevatron p/} collider at Fermilab. 

2.3.1 At the e+e- Collider at CERN 

In this ::;ection we ::;ummarize the result::; of gauge boson measurement::; at the Large 

Electron-Positron Collidcr (LEP) [12]. 



Z Boson Properties , the Number of Neutrino Species 

The Large Electron Positron Collider was nm at the Z mass energy from 1990 to 1995. 

Z boson properties, such as mass, width and decay branching ratios were measured. 

The measured mass and \vidt.h of the Z boson arc: 

mz = 91.1876 ± 0.0021 CeV /c2 (2.2) 

fz = 2.11952 ± 0.0023 GcV/c2
. (2.3) 

The measured leptonic decay branching ratio is 

IJr(Z ---+ ll) = 0.033658 ± 0.000023, where l = e, IL or 1. (2.4) 

The measurements of Z decays into "invisible channels" gives important informa

tion about the number of neutrino species. The partial decay 'Widths of the Z boson 

arc determined as 

rinv/ru = 5.942 ± 0.016, 

where rinv is the z decay width into invisible particles and r ll is the leptonic z decay 

v,ridth. In the case of lepton universality (universality of the couplings of leptons to 

the photon, \iV and Z bosons), the Standard IVIodel value for the partial widths to 

neutrinos and charged leptons is 

fvv / fzz = 1.9912. 

From the ratio of the two expressions above, t.he number of light neutrino species is 

measured to be 

Nu= rinv / f 1111 = 2.9841. ± 0.0083. 

15 



e• 

e · 

I , " "-f I . r <11 ('' \ ' " •'· - ;... .. ;J IJ. J. .o'.: '/I;-. 

v 

e 

'f·h<: \\" l>a:r J>roci11cricn: J>rc~c<·~;~; :::.:c~:: ~-i~11rc• ~.3), i1:'.'(>>•«:~; t.ril>lr: g;1.1~~<: h''"'Oll \."<'T 

ric".~:; l\.'l\:z n.nd \.\:\.\:.~,. I )11ri11~· I ,l·:P I 1 (i)C':il.ti(,n, : .hont ·1 fJ,r.1llC· \\.: l)<l:r ~"·~1:t:- v.1•;:; 

10 



collected by each experiment. \V-pair production cross-sections arc measured for 

center-of-mass energies from 161 to 189 GeV. Z-pair production cross-sect.ions are 

measured for center-of-mass energies from 183 to 207 GeV(see Figure 2A). There 

i:; no significant deviation from the Standard l\ifodel prediction for any of the elec

trmveak gauge boson couplings studied. The LEP data experimentally verified the 

existence of triple gauge boson couplings among the clcctro-vvcak gauge bosons. 

Figure 2.4: Z-pair production. 

2.3.2 At the Tevatron pj5 Collider at JS = 1.96 Te V 

In this section we summarize the results of gauge boson measurements at the Tevatron 

pp Collidcr at .JS= 1.96 TcV. 

Inclusive W and Z cross sections, W mass and width 

Inclusive \V and Z cross sections arc mcasnrcd from pf5 collisions at .JS= 1.96 T~V 

at the Collider Detector at Fermilab( CDF) [13]. The resulting cross section times 

the branching ratio is: 

cr(pp---+ VV + X) x Br(Hl ---+ lv) = 2.749 ± 0.174 nb; (2.7) 

cr(pf5---+ Zh' * +X) x Br(Zf''f*---+ ll) = 254.9 ± 16.2 pb. (2.8) 
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The ratio of \V and Z boson cross section can be written as: 

R = _CJ_(P_fi_-+_l_{1_· +_x_·)_x_B_r_(_H_l _-+_l?_.1) 

a(pp--+ Z + X) x Br(Z-+ ll) 
CJ(PP--+ nr + X) x r(Hl-+ lv) x r(Z) 
a(pp-+ Z + X) x l'(Z--+ 11) x l'(lV) . 

(2.9) 

The \V branching ratio to lepton neutrino can be extracted from Equation 2.9 using 

the measured cross section ratio R, the predicted ratio of \\l and Z production cross 

. · · · ·l h · l · 1 f' B· ·(Z ll) - q;;s~u) · sect1011s anc t e measure( va, uc o r · --+ . . - r(L) . 

l'(fV--+ lv) 
Br(VV -+ lv) = ( .) = 0.1082 ± 0.0022, r Hi · 

(2.10) 

which can be compared to the S:\1 prediction of 0.1082 ± 0.0002. 

An indirect measurement of the total width of the \V boson can be obtained from 

the measured value of Br(Hl--+ l'u) using the SJvf value for the leptonic partial \vidth 

rnv-+ lv): 

l ' iv = 2092 ± 42 1-foV. (2.11) 

The Sl\f prediction for this parameter is 2092 ± ;3 :\foV. 

A direct measurement of the width of the \V boson has been performed based on 

350 pb-1 of data. The \vidt.h is determined by fitting the vV boson transverse ma.ss 

distribution tail. The width is measured to be [HJ: 

fnr = 2032 ± 71 rvie v. (2.12) 

This CDF measurement is the world's most precise single direct measurement. 

The mass of the \V boson is measured in the lV -+ e1.J and Hi --+ ~w channels. 
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Based on 200 pb-1 of data, the mass of the \V boson is measured to be [15]: 

rnn' = 80413 ± 48 :vrev (2.13) 

This CDF measurement is the most precise single measurement of the \V boson mass 

to date. 

Boson Pair Measurements 

Boson pair production cross sections lrnvc been measured at both the CDF and DO 

experiments. Table 2.1 give a summary of these measurements at CDF. The ZZ 

measurement [16] is the first evidence for ZZ production at a hadron collider, and 

the \VZ measurement [17] is the first observation of the associated production of 

a \V boson and a Z boson. These measurements use the electron or muon decay 

channels of \V and Z bosons. All mea..surcments agree well with the Standard :\Iodcl 

predictions. 

Table 2.1: :.\1easurements of di boson pair production at CDF. 
Channel Luminosity Cross section 

(fb-1) (pb) 
pp--+ Tv+gr- + X [18] 0.8 13.6 ± 3.0 
PP__. w+z + x [17] 1.9 ·1.3 + 1.·1 - 1.1 
pj5 --t zz + x [16] 1.5 0.75 + 0.71 - 0.54 

pp ----+ l:V ~i + X ----+ l zry + X ( l = e, µ) [ 19] 
( E( > 7 GeV, 6.R > 0.7) 1.1 18.0 ± 2.8 

Charged Triple Anomalous Gauge Couplings 

The Standard l\fodel electroweak gauge theory makes precise predictions for couplings 

between the / , vv± and Z gauge bosons. Limits on charged anomalous gauge boson 
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couplings arc extracted from the pp _, \VZ + X measurement: Table 2.2 shmvs the 

limits on the \V\VZ anoma.lous couplings. Details on these coupling parameters are 

given in Chapter 5. 

Table 2.2: \V\i\rz anomalous couplings limits at 953 C.L from pp _, \VZ + X 
measurement based on 1.9 fl)- 1 of data at CDF [17]. 

Couplings A= 2.0 T()V 
). -0.1:3. 0.14 

6.g -0.15, 0.24 
6.r~ -0.82, 1.27 

Neutral Triple Anomalous Gauge Couplings 

There a.re no neutral triple gauge couplings in the Standard l'vfode1 at tree 1eve1 (see 

Section ,1.1). Any observed anomalous couplings 'Will provide important information 

about new physics beyond the Standard 1fodd. 

This thesis presents measurements of the Z; production cross section and a search 

for anomalous couplings at the ZZ11 and z~i~/ vertices. The current published limits 

on these couplings arc summarized in Table 2.3. Details on these coupling parameters 

are given in Chapter 5. 

Table 2.3: 9Ei% C.L. lin1its on Z~( anomalous couplings. 
Experiment CDF Run I [20] LEP II [12] DO [21] 

Luminosity(fb-1) 0.02 0.7 1.1 
hf -3.0, 2.9 -0.20, 0.07 -0.083. 0.082 
hf -0.7, 0.7 -0.05, 0.12 -0.005. 0.005 
hj -3.1. 3.1 -0.049, 0.008 -0.085, 0.084 
hl -0.8, 0.8 -0.02, 0.034 -0.005, 0.005 
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Chapter 3 

The Tevatron Collider at Fermilab 

The Tevatron Collider at Fermi1ab produces pj5 collisions at a center of mass energy 

of 1. UG Te V. It consists of a number of different accelerator systems including the 

Proton Source, the Ant.iprot.on Source; the ·~\fain Injector and the Tevatron. Figure 

3.1 gives an overview of the accelerator complex. A brief description of ea.ch of the 

systems is given in section 3.2. The Tcvatron operation status is discussed in section 

3.3. 
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Figure 3.1: Accelerator Complex Overvie\v [22]. 
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3.1 Introduction 

Electric fields are used to accelerate charged particles. A charged particle gains an 

energy of i:iE = ql:i V ';vhen passing through a static electric field ·where q is the 

particle charge and fl F is the potential difference of the field. To obtain high energy: 

a high potential gradient is needed. I3ut if the electric field is too large, an electrical 

break dmvn will occur ·which vvill muse an electric spark (and possibly an electric arc) 

and lead to the dropping of the potential gradient. Tb avoid the electrical breakdown: 

it is necessary to use moderate electric fields many times in a rmv and build up the 

particle's kinematic energy increment.ally. A Radio Frequency(HF) cavity: shown in 

figure 3.2, is a structure for such a purpose. A RF cavity is essentially a gap cut into 

a beam pipe where an electrical field is created. \Vhen the charged particle traveb 

through the gap, it is accelerated by the electrical field and gains energy. I3y placing 

a number of these gaps in a row, the charged particle can be accelerated to a desired 

energy. 

+ power 
supply 

----+--- --- -, .. ______..., 
I I : j Electric 

~---+-' ~' - _____ 1} ~ 

I 
I 

I 
J 

1or·- - - ---l- -r: 
1l ' 1l 

~ J t ~ J 
'"'------ ---r .i.L 

I 
I 

' \ 

Figure 3.2: A Radio Frequency(RF) cavity [23]. 

A RF cavity uses electromagnetic waves. Figure 3.3 shows a simplified example of 

the cavity fields vectors in the Drift Tube Linac (see section 3.2.1). The electron field 

is along the beam pipe and is perpendicular to the magnetic field. A positive charged 

beam will be accelerated when the electric field is para.llel to the beam direction. 
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(synchrotron). T n lina.<.'i:>, particles MC a.<.·cclcrated in a. single pass. Tn synchrotrons, 

part,ides arc accdentLed over many revulmiom>. The Fermilab 1evatnm acccleraLor 

system eonsist.s of one linac· and six synchrot.rons 

3.1.1 Synchrotron 

ln r,;yrn:hrotronr,;, rnagner.;; <1.re nr,;ed to keep the partider,; in a circnlar orbit. l•'or a 

prown of momentum P (in CcV /c), t.hc m~~g;nctic field must have a v~i.luc of n (in 

'Jcr:;la), where 

p 
B=-

0.:1p 

and p (in meters) is the radius of the cirde. The magnelic field must be normal to Lhe 

plane of the orhit (:,;cc figure :3.fi). RF cavir.ic:,; a.c~cdcrnte the particle:,;. The• ma?;nctic 

field changes wit.h Lime while lhe radius of the circle remains c:onsLant.. DoLh Lhe 

rnagner.ic fic~ld and the 11.F frcqurnicy rnnst he ;;ynchroni7.cd to r.lw hcarn rnomcntmn. 
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Figure 3.5: The magnetic force [26]. 



3.2 The Fermilab Tevatron Accelerator System 

The individual components in the Tcvatron accelerator system arc discussed in this 

section. 

3.2.1 The Proton Source 

The Proton Source consists of the following accelerator systems: the Pre-accelerator: 

Linac and Bom:;ter. 

1. The Pre-accelerator: 

In the proton source, hydrogen gas is converted to H- ions. The Pre-accelerator, 

a Cockcroft-\Valton generator, creates a large static electric field. The prc

accelerator dome is charged to a potential of -750 kV and the wall of the pre

accelerator pit is kept at ground potential. The n- ions are accelerated from 

the charged dome to the ground wall obtaining a kinetic energy of 750 KcV. 

2. The Linac (linear accelerator) : 

The Linac, oflengt.h 145 meter long, accelerates the ions to 400 l\foV. RF power 

generates an electric field (sec figure 3.6). Particles arc accelerated in the gaps: 

and shielded in the interior of the tubes when the electric field reverses. Gaps 

arc spaced further apart as particle speed increases. The beam emerging from 

the Linm: will be accelerated and bunched. 

3. The Booster 

The Booster is 7S meters in radius , and the first synchrotron (sec section 3.1.1) 

in the accelerator complex. The electrons arc stripped off the H- ions: and the 

bare protons are accelerated to 8 GeV. 
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Figure 3.6: The Linac drift. tube :27]. 

3.2.2 The Main Injector 

The :.\fain Injector is a synchrotron with a circumference about seven times tha,t of 

the Boostf~r. It has 18 HF a.ccelerating cavities. It accelera.tes 8 GeVprot.ons from 

the Roost.er to 150 GeVbefore injecting them into the Teva.tron. A second function of 

the !\fain Injector is to accelerate 8 GeVantiprotons (from either the Accumulator or 

t.hc Hccyclcr, sec sccl-ion 3.2.3) Lo 150 GcVbcforc injccLing them inl-o the Tcvalron. 

A third function of the :\Iain Injector is to accelerate 8 GeVprotons from the Dooster 

to 120 GeV, ::-;ending them to the anti-proton source target station. 

3.2.3 The Anti-Proton Source 

The Fermilab Tevatron is a proton-antiproton collider. Since the proton and antipro-

ton ·will travel in the opposite directions through the magnets, a proton-antiproton 

collider can be built \Vith one ring of magnets insh~a.<l of t1vo. 

T~nlike protons, there is no bottled anti-proton source available. The a,nti-proton 

production system consistH of the follmving t,hree major components: the Target 

Station, the Debuncher and the Accumulator. 

• The Target Station (sec Figure 3. 7): 

A beam of 120 GeVproton from the ~\Iain Injector strikeH a Kickel target and 

produce8 a. Hhmver of secondary particle8. A Lithium lens is nHed to focm; the 
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3.2.5 The Tevatron 

The Tevatron is the world's highest energy collicler (before the Large Hadron Collicler 

at CERN turns on). It is a superconducting synchrotron, ·with a rndius of 1 km, about 

4 miles in circumference. Using liquid helium, all the magnets are cooled to 4.6 K, 

where they become superconducting. The 150 GeVprotons and anti-protons beams 

from the rviain Injector are accelerated to 980 Ge Vand focused to collide at the CDF 

and DO detectors. At 980 GeV, the superconducting magnetic field is 4.2 Tesla. 

There arc 36 bunches of protons and 36 bunches of anti-protons circulating in the 

Tevatron. The pp co1lisions occur every 396 ns. 

Table ~1.1 summarizes the accelerator systems at Fermilab. 

Table 3.1: A summary of the Tevatron a.ccclcrntor systems. 

:\fachine I Type I Particle I Energy 

Proton Source H- 25 KeV 
Pr ca.cc Cockcroft-\Valton H- 750 KcV 
Linac linear accelerator H- 400 :\foV 

Booster synchrotron Proton 8 GeV 
Debuncher synchrotron Anti-Proton 8 GeV 

Accumulator synchrotron Anti-Proton 8 GeV 
nccyckr synchrotron Anti-Proton 8 GcV 

Main Injector synchrotron Proton, Anti-Proton 150 GeV 
Tevatron synchrotron Proton, Anti-Proton 980 GeV 

3.3 Tevatron Luminosity 

The collision rate is calculated as the product of the interaction cross-section and the 

luminosity (sec Equation 1.2). The formula for luminosity is 

N1N2 
.C =Jn-

A 
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where f is the collision frequency, n is the number of bunches in either beam, N 1 and 

N2 are the nmnber of particles in each bunch and A is the cross-sectional area. of 

the beams. The unit of luminosity is cm-2 s-1 . At the Tcvatron, each beam has 36 

bunches. For a typical store, the number of protons per bunch is 2. 7 x 1011 and the 

number of anti protons is 7.0 x 1010
, which gives a luminosity of 2 x 1032 cm-2 s- 1 [29]. 

For an intcrnd.ion cross section of 1 pb (1pb=10-12 barn= 10-35 cm2), the collision 

rate is 0. 7 events per hour. The Tevatron record (as of Feb 2007) for initial luminosity 

is 2.8x10:32 cm,-2 s-1 . The weekly integrated luminosity record is 15 pb-1 . Figure 3.9 

summari7:es Run II Tevatron integrated luminosity. The total CDF data on tape is 

~ 3 fb- 1
. Figure 3.10 is the 2006 Tevatron integrated luminosity projection. vVith 

an anti-proton product.ion rate of 30 mi\/hr, Tcvatron ';i.rill deliver a total luminosity 

of 8 fb- 1 by the end of 2009. 
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Figure 3.9: Run II Tcvatron luminosity summary [30]. 
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Figure 3.10: 2006 Tevatron lumino1'Jity projection curves [30]. 

3.4 Discoveries at Fermilab 

In thil'.l section. we briefly review the di::Jcoveries of tvm fundamental particles at 

Fermilab. 

3.4.1 The discovery of the bottom quark (1977) 

In June 1977: the E288 experiment at Fermilab dil'.lcoverecl the "upsilon" particle, 

which is a composite of a bottom quark with an anti-bottom quark. This discovery 

revealed the third generation of quarks. 

The T0,vatron is a factory for production of bottom quarks. Studies of particles 

containing the bottom quark are performed at the CDF and DO experiments. These 

measurements provide information about the property of hadrons containing the 

bottom quarks, such a::; the ma.ss. lifetinie and particle - antiparticle mixing. 
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3.4.2 The discovery of the top quark (1995) 

After the bottom quark was discovered in 1977, a decades-long search for its partner, 

the top quark, 'vas carried out in experiments vmrldwide. The top quark mass v/aE; 

first estimated to be in the range of 5 - 65 Ge V [31]. But experiments in the 1980's 

found nothing in this mass range. In 1990, a lower limit of top quark mass was set at 

A11 > 91 GeV/ c2 since top quarks vvere not seen in the decays of the \V and Z bosons. 

The CD F and the DO experiments at the Tevatron announced the discovery of the 

top quark in Tvfarch 1995. The top quark turns out to be very heavy with a mass of 

175 Ge V / c'2, as heavy as a gold atom. 

3.5 Chapter Summary 

The Fermi1ab Tevatron provides proton-antiproton co11isions at a center of mass en

ergy of 1.9() TeV, the world's highest energy before the LIIC turns on in 2008. As of 

.January 2008, it ha.s delivered an integrated luminosity of~ 3.4 fb- 1 of data to the 

CDF and DO experiments. In the next chapter, the Collider Detector at Fermilab 

(CDF), located at one of the collision points, is described. 
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Chapter 4 

The CDF Experiment 

In this chapter: we describe the detection of particles in high energy collisions. Section 

4.1 gives a brief introduction to particle detection, Section 4.2 and 4.~1 describe the 

CDF detector and the data acquisition systems. 

4.1 Introduction: Particle Detection 

To measure particles produced in high energy collision::>, a typical modern detector 

has the follmving components: 

• Charged particle tracking chamber 

• Electromagnetic (E..VI) calorimeter 

• Hadron calorimeter 

• :d non tracking chamber 

The ::iignatures of various part.ides in the detector are listed below· (see Figure 4.1): 

• Electrons leave a charged track and energy deposit in the ElvI calorimeter. 

• Photons pass through the tracking chamber, and arc detected in the ETvI calorime

ter. 

• Quark and gluon jets (a collimated spray of high energy hadrons) are detected 

in the tracking chamber, E:\l and hadron calorimeters. 
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Figure 4.2: Sense wire in drift chamber [33]. 
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Figure 4.3: Tracking [33]. 

to an energy high enough to ionize more gas atoms. The secondary electrons, will 

form further electron-ion pairs and cause electron avalanche multiplication. A large 

electrical signal is induced when the primary and secondary electrons hit a sense wire. 

The signal is proportional to the energy loss per unit length, dE / dx, of the transvers-
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ing charged particle. The spatial location of the primary electrons is determined by 

measuring the ';drift time'', the time of the electrons arrival at the sense i,,vire relative 

to a time t 0 (e.g. collision time). 

The drift chamber have axial wires and stereo wires. The axial \Vires, parallel to 

the beam line: provide position mea:-;urements in the r - q) plane. The stereo wires, 

tilted 2° to the beam line, provides position measurements in the r - z plane. The 

position resolution of the CDF COT drift chamber is ::::::: 140 pm. 

For hits on three consecutive wires. there arc 8 combinations of possible hits, since 

each wire has left-right ambiguity (see Figure 4.3). Only one of these combinations 

is correct, the ambiguity is solved by staggering the position of the drift tubes. Dy 

applying a magnetic field to the chamber: the momentum of the dmrged particles 

can be determined from the curvature C (in m-1
) of the track: 

I'= 0.3RB = 0.3B/ C (11.1) 

where, P (in Ge V/ c ) is the momentum of the charged particles, B (in Tesla) is the 

magnetic field and R is the radius of the track. The momentum resolution of CDF 

COT drift chamber is rT(PT )/p} = 0.0015(GcV/ c )-1 [:34]. 

Silicon microstrip tracking detector is used at the detector inner radius to provide 

high preci::;ion tracking and vertex measurement. The vertex zO re::;olution of the 

CDF inner silicon tracker is ::::::: 70 µm [:35]. 

4.1.2 Calorimeters 

The calorimeters measure the energy of electrons, photons and hadrons. A general

purpose calorimeter has an initial electromagnetic section followed by a dense hadron 

calorimeter. The calorimeter is segmented in r7 and 6 to form a projective tower geom-
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etry. l~<i.ch t.ower poinrn h<i.c:k to t.he int.cm.et.ion region ( scr Figure 4.4). The rn.lorimr

rnr Hf.cs a sa.mplin,g technique for energy measurement.. Individual calorimeter ecll~ 

consist of hwcrs of ah:,;orhcr and f.cintillator detector (:,;cc Figure 4.;>). Particle:-; crcat.c 

electromagnetic and hadron particle showers in the absorber and the energy deposit 

in the scintillator detector is read out by wavelength :shifter fibers that direct the 

I igl 1t to pl 10L.01nu1 t.i plier lube!:!. 

) r INTERACTION REGION 

Figure 4.4: CDF <":l'!lorirnel.er cnvemge (;;ideview) [:-36]. 
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l~lertronrn.gnrr.ic: rn.lorimrter:'l me<i.sure the energy of clcrr.rons and phor.on~. !Glcr

tronr-; and photon:-; interact via hremr-;stmhlung and electron pa.ir production in the 

calorimeter. The secondary particle::; a.re a cascade of electrons and photons. By 

repeating the:,;e prnce:;:,;e:;, an electromagnetic :,;hower is developed. The amount of 



detectors absorbers 

l\ 

Figure 4.5: Sampling calorimeters [37]. 

ionization charge deposited in the calorimeter is proportional to the energy of the 

particle that initiates the shower. The CDF central electromagnetic calorimeter con-

sist s of 31 layers of 0.125 in lead absorber interleaved with 5 mm scintillator detector 

which give a total radiation length of 18 X 0 . The radiation length X 0 is defined as 

the length of the material which reduces electron energy by a factor of c. 

Hadron Calorimeter 

Hadrons undergo inelastic nuclear interactions in t he hadron calorimeter and produce 

secondary hadrons, which again produce hadrons through inelastic nuclear interac-

tions. By repeating t hese processes, a hadron particle shower is developed . Hadron 

showers penetrate much deeper and are broader than electromagnet ic showers, so 

hadron calorimeters are larger compared to electromagnetic calorimeters. The CDF 

central hadron calorimeter consists of 32 layers of 2.5 cm steel absorber interleaved 
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with 1.0 cm scintillator detector giving a total hadronic absorption length of ,1. 7 A0 . 

The hadronic absorption length Au is defined as the length of the material ·which 

reduces pion energy by a factor of e. 

4.1.3 Muon Detectors 

A muon detector is a charge particle detector located outside the dense C:VI and 

hadronic calorimeter. The enerb(j'v loss dl.E for particles in the calorimeter material is 
< l x 

proportional to ~, \Vhere Eis the energy and m it) the mass of the particles [37]. The 

mass of the electron me is 0.5 ~foV, while the mass of the muon m1, is 105.7 MeV. 

The energy Joss of electrons in the material is a factor of 4 x 104 larger than that 

of muons. The calorimeter material absorbs electrons, photons and hadrons. :Vfoons 

deposit very little energy in the calorimeter and reach the muon chamber. The more 

material in the absorber, the better muon purity achieved. A typical muon detector 

system, shown in Figure /1.6, consists of a steel absorber, four layers of drift chambers 

and a scintillation counter. The adjacent drift chambers are ganged together (see 

Figure 4.7). The position of the track in the r - dJ plane is determined as in the drift 

chamber (see Section 4.1.1). The z po::;ition of the track can be determined based on 

charge division [38]: 
q.4 - lJJJ 

z(fJ-) = L--
qA + CJ11 

(4.2) 

v,rherc L is the length of the chamber, QA and QB arc charges accumulated on wire 

A and B respectively. A simple model of charge division is illustrated in Figure 4.8, 

where a particle deposits charge on the \Vires a distance z from the "ganged'' end of 

the chamber. The resistance of wire A and wire B is R. and the currents on \Vire A 

and wire D are IA. and JJJ respectively. Let the length of the vvire be L. Dy Ohm's 
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Law, we have: 

which gives: 

IA -IH 
z(t.1.) - LI I 

A+ R 

{;1.3) 

By replacing the currents with charges 11cc1mrnlated from each wires, we obtain the 

charge division Equation 4.2. 

µ 

• • 

• 

/ A scintillation 
/" counter 

~-..__--t-• A "stack" of four 
single-cell drift 
chambers 

A steel absorber 

Figure 4.6: i\ muon detector 8ystcm :;~8]. 

4.2 The Collider Detector at Fermilab 

The Collidcr Detector at Fcrmilab (CDF) is a g;cncrnl purpose detector system for 

studying pp collisions at the Tcvatron collidcr. It contains trncking, calorimeter and 

muon systenrn. The tracking syst.ems asc inside a superconducting solenoid, which 
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Figure 4. 7: Drift Cha.rnbcrr,; (in blue) with rcr:>istancc readout wires (in red) [:~8]. 
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Figure 4.8: i\ 8implc modnlP of charge divi8ion [;19]. 

is ·1.,5 m in 1"£1.dius and ,1.8 rn in le.ngt.h genera Ling £1. rn£1.gneLic Ile.Id of ·1 A T. The 

calorimeter a.nd nrnou r,;y;,;tcm::oJ arc out::oJide the solenoid. Figure;!.!) shows an overview 

of the CDF detector. Figure 4.10 i:,; an overview of r.hc CDF i1111cr detector. 

4.2.1 The CDF Coordinate Syste111 

The followiug eoonlinatc::i a.re u::ied at CDF: 

• z: distance along the bea.mliue. The po:,;itive z-axis i:,; defined as the direction 

4·1 



Figure 4.9: CDF dewn.or cutaway view [:36]. 

of the prot.on bca.m (cast.). ;; = 0 is the interaction point. 

• The: x-y plane i8 the plane tran8vc:rne the beam direction. The prn;it.ivc x-axiH 

iH pointing towards the ontHide of the Tevatrnn ring (north). And the prn;itive 

y-axb iH pointing upwards. 

• The polar a.nglc (): measured from the bram line a.long the prot.on direct.ion. 

• The pseudo-rapidity rr defined <18 'f/ - -ln(tan(0/2)) 

• The a7imutlul.l angle ¢ a.round the beam line: measured from t.hc 'lbva.tron 

pla.nc. North is (!) = 0) up is r/) = 90°. 

• ·r: radial di8t:mce from the beamline. 
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TOF 

Figure 4.10: CDD' inner detector cutaway view )6]. 

4.2.2 CDF Center Outer Tracking (COT) 

----------------------------------------------------------------------------------------------------------------

The r.racking sysr.cm ronsi:,;t.s of a drift. chamber and a silicon rnicrosr.rip sy:-;t.em 

( i;ee .Figure 1. ll). 

COT Drift Chamber 

The CDf' COT i~ a ;~.l meter cylindrical drift. chamber. It has 9fi layer;,; of sense 

wires, covering a 1£1.dial range from 40 to ·137 c:m. These layers .:t.re grouped inl.o 8 
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Figure 4.11: Longitudinal view of the CDF tracking system [40]. 

"superlaycrs''. Each superlayer is divided in ¢ into ~'supercells". A supcrcelL shovn1 

in figure 4.12 for superlaycr 2, has 12 sense vvircs. A magnetic field B of 1.4 Tesla 

is applied to the drift chamber. The charged particles drifting in the electric field 

arc dcficctcd by the magnetic field. The COT has a coverage of lnl ~ 1. The hit 

position resolution of COT it; ~ 140 ftm and its moment.um resolution is O"(Pr) /p~ = 

0.0015(GeV/ c )-1 [~HJ. 

COT Readout Electronics 

Figure 4.13 shows an overview of the COT readout electronics. The Amplifier-Shaper-

Discriminator (ASDQ) board, the readout chip \vhich amplifies, shapes, discriminates 
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Figure 4.12: Super cell layout [41]. 

64 
R (ctR~ 

and measures charge, generates an output pulse with a. pulse v,ridth logarithmically 

proportional to the input charge. The pulse is fod to a Time-to-Digital Converter 

(TDC) chip 1vhich records the arriva.1 time of its leading edge and trailing edge in 1 

ns bins. A TDC daughter board generates a. fast signal which is sent to an eXtremely 

Fast Tracker (XFT) boa.rd. The XFT finds charged tracks and generates information 

used in Level-1 trigger decision (see Section 4.3 for more information about the CDF 

trigger system). The TDC has a. 5.6 µ.s time windmv. A Levcl-1 trigger accept directs 
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Figure 4.13: An ov.:>rview of the COT rnadont eled.ronics :,11]. 

the oldest data l.o a Lcvd-2 8Lorn.gc buffer. There arc four buffers in each TDC chip, 

each of these buffers holdo 2.0 W3 of tirnin!!; data. A Level-2 trigger accept causes the 

TDC chip to digiti'.l:c 1.his data and send the digitized signal to the remaining readout 

chain for full event procebsirw;. 

4.2.3 Inner Tracker 

The inner tracker is a silicon microstrip system, which con~:·d8ts of cight-la.ycr ~dlicon 

<h~tectors bet.wP.en radii of I .5 cm aud 28 cm from the beam liue. The layer dm;eHt to 

the beam pipe, ca.Iled layer 00, is located at a. radius of 1.0 cm and provides coverage 

for I'll < 11.0. The n.:>xt five lay.:>rs are th.:> Silicon Ver\.ex Detector (SVX) syAl.em 

covering 1111 < 2.0. The outer two layers (three layers in the forward region) a.re the 



Intermediate Silicon Layer (ISL) system (sec Figure 11.ll). The vertex zO resolution 

of SVX and ISL is ~ 70 1nr1 [35]. 

4. 2 .4 Calorimeter 

The calorimeter systems provide energy measurement of electrons, photons and ha.dronic 

jets. The central calorimeter has 24 wedges in 0& and 10 towers in r7 on both ea..c.;t 

and west sides. Each tower is 15 degrees in azimuth and ~ 0.11 in ry. Each "\vedge 

consists of a lead-scintillator sampling electromagnetic calorimeter, followed by a. 

steel-scintillator sampling hadron calorimeter. 

Central Electromagnetic Calorimeter ( CEM) 

The CK\1 is a lead-scintillator sampling calorimeter. It provides coverage for [17[ < 

1.1, its energy resolution is 13.5%/ ~with a 2% constant term [34]. 

Central E-M ShowerMax chamber (CES) 

The CES detector is embedded 'vithin CE~J wedges (sec Figure '1.10), approximately 

6 radiation lengths X 0 deep. The CES detector is a strip and "\Vire chamber, where 

the wire measures the position in ¢ and the strip measures the position in 17. It 

provides high-precision measurements of the (x, y) position at the expected shower 

maximum of electrons and photons in the El\I calorimeter. The position resolution 

is about 2mm [112]. The mca'mrcd transverse shmvcr profile is used to distinguish 

photons from 7r0 's. 
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Central Pre-Radiator chamber (CPR) 

The CPR chamber is mounted on the inner surface of the CE.M wedges (see Figure 

1.10). For each "\vedge, there arc 32 "\Vires running along the beam direction in each 

CPR chamber. The solenoid and the Central Outer Tracking (COT) detector serve 

as radiators for the CPR detector. The conversion rate of photons in the solenoid 

is measured by the charge deposited in the CPR detector. The difference in the 

conversion rate for single photons and t"\vo photons from 7fo ---+ "n decay can be used 

to extract the pion background fraction in a photon sample. 

Central Hadronic Calorimeter (CHA) 

The CIIA is a steel-scintillator sampling calorimeter. It provides coverage for 1771 < 

0.9. Its energy re~;olution is T5%/VE; 1vith a 3% constant term [34]. 

Plug Calorimeter 

The plug calorimeter is located outside the barrel end of the COT, providing cov

erage of 1.1 < lr1I < 3.6. There is an electromagnetic r:;ection follmved by a hadron 

section. The Plug Electromagnetic Calorimeter (PEl'vI) is a lead-scintillator sampling 

calorimeter vvith layers of 4.5 mm lead and 4 mm scintillator. Its energy resolution 

i:; 16%/ ~ with a 2% conr:;tant term [34]. The Plug Hadronic Calorimeter (FHA) 

is located beyond the PE:\L which is an iron-scintillator sampling device with layers 

of 2 inch iron and 6 mm scintilla.tor. Its energy resolution is 74%/ vfJI; with a 4% 

constant term [31]. 
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4.2.5 Muon Systems 

The .Muon detector (see Figure 4.9) consists of four systems of scintilla.tors and pro-

portional chambers for muon detection in the range lr1I < 1.5. Table 1.1 summarizes 

the If coverage of the four muon systems. 

Table 4.1: The T/ coverage of the CDF muon detectors. 

Chambers lr]minl lnmax I 
Cent.ml lVIuon Chambers (ClVIC) () 0.6 
Central l\foon Upgrade (CMP) 0 0.6 
Central Muon Extension(CMX) 0.6 1.0 
Barrel J'vinon Chambers (RVIU) 1.0 1.5 

The Central ~l/Iuon Chambers (C:'vIU) located outside the CHA ·wedges, detects 

muons ·with Pr > 1.4 GeVin the central detector region in the range lr1I < 0.6. The 

calorimeter steel is the absorber for the C:tvIU system. The Central l\foon Upgrade 

(Cl\!IP) consists of a second set of muon chambers behind an additional 60 cm of 

steel outside the magnet return yoke. Four layers of planar drift chambers detect 

muons \vith Pr > 2.2 GeVin the central detector region of lrJI < 0.6. The Central 

l\foon Extension ( CMX) consists of conical sections of drift tubes) located at each 

end of the central detector. It extends the central muon coverage to 1111 < 1.0. The 

calorimeter, magnet yoke and steel of the detector end support structure are the 

absorber materials for the C:\1X detector. It detects muons with Pr > 1.4 GeVin 

the central detector region in the range 0.6 < lr1I < 1.0. The Barrel }.lnon Chambers 

(BJvIU) provides muon detection in the forward region of 1.0 < 1111 < 1.5. It is located 

on the outside of the toroids, which provide absorbing steel for the BMU. 
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4.3 Trigger and Data Acquisition Systems 

The CDF trigger and data acquisition systems arc designed to accommodate the high 

data rate and large data volume from the detector. Figure 4.14 shcnvs the functional 

block of the CDF data flow, which is a 3-tier trigger system. The first level trigger 

is a hanhvare based trigger and can process one event every 132 ns. Data from 

the tracking, the calorimeter and the muon detectors are sent to the Level-! trigger 

system. Upon a Lcvcl-1 trigger accept, the data arc transferred to one of the four 

Level-2 buffers. The Level-2 trigger is a combination of hardware and softl:vare trigger , 

\vhich ha.s an average decision time of 20 !LS. l:pon a Level-2 trigger accept, the data 

from all detectors arc collected in DAQ buffers and transferred to a Lcvcl-3 computer 

fa.rm where the final level of event filtering is performed. Upon a Level-3 accept, the 

event is vvrittcn to storage for offiinc analysis. 

Figure 4.15 sh(nvs the block diagram for the CDF Run Ila trigger system. Vari

ous trigger 1:mbsystems generate variables for trigger decisions. At Level-1, available 

variables arc: 

• P1 of a charged track from the XFT 

• BKM: BttAn and HAD/Eivf from calorimeters 

• Imbalance in the total transverse momentum !ft 

At Lcvcl-2, available variables arc: 

• Pt and impact parameter of a charged track from the Silicon Vertex Tracker 

• Energy of a jct cluster 

• The (x,y) position from the EJvI Shmvcr:\fax chamber 
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Trigger and DAQ 
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Figure 4.14: .Fu11clio11al block diagnim of lhe CDF ll1.111 ll dal<i. flow [B] . 
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To accommodate increasing instantaneous luminosity, several DAQ subsystems 

(including Level-2 trigger, Level-:3 fann / Event Builder: TDC and XFT) have been 

upgraded since 20011. Table /1.2 compares DAQ specification before and after the 

upgrade. The upgraded DAQ system is able to accommodate a 30 kH7: Level-1 

accept rate, a 1000 IIz Level-2 accept rate and a 100 IIz rate at Level<). 

Table 4.2: DAQ and trigger 8pec:ification, Ihm Ila vs IIb [44]. 

Run Ila Run Ila ~ Run llb 

b minosity 
Specification Achieved Specification 

~ 

8.6x1031 9.0x1031 30x1031 
---t 

L 1 Accept 45 kHz 25 kHz 30 kHz 
--I 

L2 Accept 300 Hz 350 Hz 1000 Hz 
-t 

Event Builder 75 MB/s 75 MB/s 500 MB/s 
-t 

L3 Accept 75 Hz 80 Hz 100 Hz 
--I 

Rate to Storage 20 MB/s 20 MB/s 40 MB/s 
-t 

Deadtime Trigger 5% 10% 5% + 5% t 

4.4 Chapter Summary 

The CDF detector collects proton-antiproton collision data at a center of mass energy 

of 1.96 TcV. The pJ) collisions produce particles such as c+, P+ : v, '( , pions and B 

hadrons, which are identified and measured using various components of the CDF 

detector. The pj5 collision rate is 2.5 1v1Hz and the CDF trigger system selects 100 

events per 8econd for further offiine analy8is. In the next chapter , a theory revie\V of 

1', \;\l± and zo boson pair production a.t the Teva.tron is presented. This is followed by 

a detailed de:;cription of the measurement of electrons, photons and Z bosons using 

the CDF detector. 



Chapter 5 

Gauge Boson Pair Production and 
Trilinear Couplings 

Electrmveak theory make::; precise predictions for the couplings bet\veen the''/~ z0 and 

lV± gauge bosons. Pair production of the bosons provides direct tests of the pre-

dieted triple gauge boson couplings. Any non Standard l\fodd (anomalous) couplings 

enhance boson pair production cross-sections and vmu1d indicate contributions from 

ne\v physics processes. In this chapter, a theoretical overvie1v of di boson physics and 

triple gauge boson couplings is presented. The Standard :'vlodcl prediction for Z1· 

production from pp at Js = 1.96 TeV is presented in Section 5.3. 

5.1 Triple Gauge Boson Couplings 

Figure 5.1 shows the Feynman diagrams for gauge boson pair production from qq 

co1lision. Figure 5.1 (a) and (b) are diagrams for quark - boson interactions and 

represent initial state radiation (ISR) from the incoming quarks. Figure 5.1 (c) 

shmvs dihoson product.ion from a trilirwar gauge boson vertex. 

The triple gauge boson vertices arise from the cubic terms m the gauge field 

Lagrangian. This can be obtained from [4]: 

(5.1) 

\Vhen \Ve re\vrite the cubic term in the basis of ma::;s eigenstate fields (see Eqs. A.31 



q q 

(a) 

q 

(c) 

Figure 5.1: Fc~y11n1an (liagran1s for ga11gc hoson 1)air prod11ctio11. \/0,L2 arc tl1c 

photon, W or Z gauge booon [45]. 

in Appendix A), we get 

(a A" a 4." )A"' 4."2 - g fl· v - u~ ff ~ (5.2) 

= -iq[(D iv+ - D 1r+)111µ-A"" - (D H'- - D 1v-)H/1'+ 4."" . t1v vµ Jlv uµ. ~ 

+ ~(3 A3 - 3 4.3 )(TV'1+1vv- - vV1'-\V"+)] 2 /I /.I IJ- /l • 



Inserting A;, = cos BwZ1, + sin BwAµ and g = ( / sin Bw, the couplings at the \V\VV 

vertex (V = I or Z boson) can be obtained. 

The possible trilinear couplings involving the \V boson, the Z boson and the 

photon arc \VvV1', \V\VZ, ZZZ, zz:, and Zyy. As shown in Equation 5.2, only the 

first two coupbngs have non-;;r,ero values in the Standard l\:Iodel: all the neutral triple 

couplings vanish at. tree level. 

5.1.1 Charge Triple Gauge Boson Couplings 

l~nder the assumption of electroweak gauge and Lorentz invariance: and including 

only CP conserving terms, the lVT:V"'y vertex is described by the effective Lagrangian 

[46]: 

Lw1v~1 

\vhere F1w is the photon tensor, and H~u' = aµ H!v - Dv TVµ, In the S},J at. tree level, 

,\,I = Q. 

The W\1VZ vertex is described by the effective Lagrangian [47]: 

-i e cot(Ow)gf [(w~:;, lP1Z 1
/ - iv: Z11 TPW) 

+ r vv+iv ziw + ,,\z iv+ H11' zv>.] -,,z Jt I/ ~-1' 2 >.1t 11 • 

• 1 IV 
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In the S:\J at tree level, 

A7 = 0. 

The production of \V11 pairs and \VZ pairs depends on the \V\\1~/ and \V\VZ triple 

couplings respectively, while \V\V production is sensitive to both \V\V1/ and \V\VZ 

couplings. The status of rncasnrcmcnts of \V1, \NZ and W\V production from pp 

co1lision at ..jS = 1.96 TeV are summarized in Section 2.:3. 

5.1.2 Neutral Triple Gauge Boson Couplings 

l-nder the m;sumption of electrmveak gauge and Lorentz invariance, the neutral tri-

linear boson vertex is described by [118]: 

where V = Z or ''/ · The notation of the vertex is given in Figure 5.2 ·with P = q1 

+ q2 . The z~rV vertex (sec Figure 5.3 (a)), 'vhcre Zand~/ arc on-shell gauge bosons 

and V = Z or 11 is off-shell, is described by 8 parameters hY (i = 1- 4, V = Z or~,,). 

The ZZV vertex (sec Figure 5.3 (b)), 'vith hvo on-shell Z bosons and an off-shell V 

= Z or ~r, is described by 4 parameters f j" (i = 5: 6, V = Z or 1'l The couplings hL 

hY and f¥ are CF-violating, while the couplings hr, h¥ and fY, are CF-conserving. 
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V3µ(P) 

Figure 5. 2: The general neutral gauge boson vertex Vi V2 V1 [ 49]. 

q z q 

(a ) z 
(b) 

Figure 5.3: The neutral gauge boson vertex. (a) Z1V vertex and (b) ZZV vertex 
(V = Z or 1). 

The effective Lagrangian for vertices ZZV and Z1V is [48] 

L e
2 

[-[f2(8µFµ 8 ) + Jf(8i:tz1tl3)]Za(8°'Z,e) + [JJ(8crFa1t) + Jf(8aZaµ)]zµ ,azf3 
rnz 

[hi( er Faµ)+ hf (cY Zaµ)]Z13Fµ ,a - [hj (oaFap) +hf (Dazap)]Z°' Fpa 

{ hJ [~ ~ ~p ] h~ [~ ~ ( 2 ) ] } a p,(3 
-2 UaU/JU Fpµ + -2 UaUj'J D + rnz Z11 z F 
rnz mz 

+ { hJ [oaa FP°'J + hf [(D + rn2 )aa ZP°']}ZaF aL 
2m~ 2m~ z P 
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The relations of the couplings to physical quantities arc as follcJ\vs [119]: 

.t;2 
-e ·A' ( z z) 

Px = ;n . 2 h1 - hz 
v Lmzmz 

-e p;; z z 
Fi 2 (h;~ - h1) 

v L.Tn,z rn:;-s 

Q
e _ 2·/10e

1 
:& 

z - 2 l1 
mz 

qm = 2~eh~ z >>2 .. ) 
711. :& 

'vhere fl and d are the magnetic and electric dipole momentr:; of the Z boson respec-

tively. qm and (./ are t.he quadrupole moments oft.he Z boson. 

The contributions from the anomalous couplings rise as the center-of-mass energy 

(.s) increases and eventually the cross section violates tree-level unitarity (conserva-

tion of probability). This can be avoided b.Y introducing form factors that decrease 

withs: 
v 

'

v(A) _ h.;o ) .. 8 - , 
i. (l+~)n 

A 

(5.:3) 

'vhere A is the energy scale of new physics contributing to the anomalous couplings 

and sis the center-of-mass energy of the process. A = 1.2 TcV, n = 3 for hL and n 

= 4 for 1{4 are chosen for our measurement [50]. 

5.2 pp~ Z "'/ + X Production 

The ZZ1 and Z",ry couplings; involving the interaction of the neutra.1 Z boson and 

the photon; arc studied using Z1· production, ';vhere the Z boson decays to electron 

or muon pairs. The final state of Z; production contains tvw leptons ( c or µ) and 

one photon. Figure 5.4 shmvs the Standard Model Leading Order (LO) processes 

contributing to pp--+ z+1-1· production. Drell-Yan production (sec Figure 5A c and 

d), ·where a. photon radiates off one lepton, also contributes to this final state. Fig 5.5 

shows t.he anomalous gauge coupling contributions to Zr production. These vanish 
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in the SM at Leading Order. 

I 
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q / q 
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Figure 5.4: The leading order Feynman diagrams for pp ---+ llr production in the 
SM. [50] 

5.3 pp----+ z+z-, Production Calculation 

An event generator ZGAMMA, written by Baur and Berger [50], is used to produce 

pp ---+ z+z-, events. The ZGAMMA generator is interfaced to PYTHIA [51] to 

provide initial state gluon radiation, hadronization and underlying event simulation. 
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Figure 5.5: Anomalous ZZ/ and Z// contributions to pp-----+ ll1 production. [50] 

After that, the generated events are passed through a full realistic CDF detector 

simulation. The result of the simulation provides the expected detector response to 

the generated events. 

5.3.1 Leading Order (LO) Cross Section 

The cross section for pp-----+ z+z-, production at Leading Order, predicted from the 

ZGAMMA program, is 3.4 ± 0.2 pb. This is calculated for the following phase space: 

• Photon E( El > 7Ge V 

• Lepton-photon separation: ~Rz, = J(~</>z,) 2 + (~77z,)2 > 0.7 

• Invariant mass of the lepton pair: Mzz > 40 Ge V/ c2 

The CTEQ 51 LO parton distribution function (PDF) is used in the calculation. 

To evaluate the variation in the LO cross section prediction from changing the parton 

distribution function, the initial CTEQ 5L PDF is changed to CTEQ 61 LHAPDF 

[52], which has 41 PDF sets. Figure 5.6 plots out cross sections calculated using 

CTEQ 61 LHAPDF. The green line is the cross section calculated from the CTEQ 
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Figure 5.6: LHAPDF CTEQ 6L PDF sets and cross section. Green line is the cross 
section from the PDF central value. pink and light green lines arc the uncertainties 
calculated from the 40 sets. 

61 LIIAPDF central value. The data points are calculated using the 40 PDF error 

sets. The PDF uncertainty on the cross section is estimated to be 4%. 

The factori;rntion scale, Q2 , is set to .5 in the ZGA1vLVIA program. The cross 

section is ca1culated using t:wo other values~ 2.§ and .5 / 2. The Q2 uncertainty on the 

cross section is found to be 1 %. The error on the predicted LO S11 cross section for 

pp --+ z+z-,,..r production is calculated as the quadrature sum of the estimated PDF 

and Q2 uncertainties. 

Figure 5. 7 shmvs the ll-y three-body mass distribution from the three contributions 

to z,...1 production [50]. The da. .. shcd line is the contribution from the final state radi

ation (FSR) process: the dotted line is the initial state radiation (ISl1,) contribution 

and the solid curve is the total S:~vI (FSR. + ISR.) contribution. The contribution from 

anomalous couplings for one illustration example is plotted as the da.sh-dot.t.ed curve. 

It shovvs that the high mass region is most sensitive to anomalous couplings. The 
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Figure 5. 7: llry Mass distribution in Z/ production [50]. High mass region is most 
sensitive to anomalous couplings. Solid curve: SM; dash-dotted curve: anomalous 
couplings. 

llry sample is divided into two regions: FSR dominant region ( Mzz'"Y :::; 100 Ge V/ c2 
) 

and ISR dominant region ( Mzh > 100 Ge V/ c2 
) . The high mass region is used to 

probe anomalous couplings. The LO SM cross section for the ISR dominant region 

is 0.91 ± 0.05 pb. 

5.3.2 Next-to-Leading Order (NLO) Corrections 

Anomalous couplings at the triple gauge boson vertex will enhance the cross section 

at large invariant mass. Higher-order ( 0 ( a 8 )) QCD corrections will also enhance the 

cross section, these corrections must be taken into account in the calculation. Figure 

5.8 shows the higher-order contributions to the Zr production. 
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Figure 5.8: Higher order QCD corrections (virtual and real gluon emissions) to 
pp -----+ Z / + X production [53]. The diagrams obtained by interchanging the Z and 
the/ are not shown. 

K Factor 

To take into account the higher-order QCD correctioni a k-factor is defined as the 

ratio of the NLO cross section to the LO cross section: 

k = JNLO 

JLO 
(5.4) 

For events generated with LO Z1 program, each event is weighted by this k-factor. 
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l:nlike the LO z~r program, which includes both the ISR and FSR contributions, the 

I\LO z~r program does not include the FSR diagranis. For FSR events (Alu, :::; 100 

GeV/ c2 ) , the I\LO correction of 1.36 for the inclusive Z production is applied [5-1]. 

For ISR events, a E? dependent k-factor is applied. To match the CTEQ5L [55] 

PDF used in the LO event generation, the k-factor is calculated as follmving: 

k = _O",_r-.r L_o_(_C_T_E_Q_5_~_I_) 
O"Lo(CTEQ 51) 

(5.5) 

v,rhere the I\10 cross sect.ion is calculated using the CTEQ5M [•35] NLO PDF, and 

the LO cross section is the Born cross section calculated by the I\'LO program using 

CTEQ5L LO PDF. 

Figure 5.9 shows the LO and KLO differential cross section distributions as a 

function of photon E 1 .• The solid curve is LO prediction with a LO PDF, and the 

dashed curve is the LO prediction \Vith a ~LO PDF. 

0 100 200 300 400 500 600 700 800 900 1000 
1~ 1~ 
103 .. 103 

10 
LO with CTEQ5L LO PDF 

LO with CTE05M NLO PDF 

NLO with CTEQ5M NLO PDF 

10 

10·1 

10-3 

10·11 

10·
15 

0 100 200 300 400 509 600 700 800 900 100010·
15 

pt 

Figure 5.9: Photon Et distribution. The solid curve is calculated with LO PDF, 
the dashed curve is with KLO PDF. 

Figure 5.10 shows the k-factor as a function of photon E 1. The solid curve is 
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calculated as defined in Equation 5.5. For comparison, the dashed line shows a k-

factor calculated as following: 

k = _cr_N_Lo_(_C_T_E_Q_5_1_if )_ 
CT LO ( CTEQ5:VI ) 

(5.G) 

,;1,rhich is dramatically different. It is of critical importance that the PDF used in the 

k-factor calculation mat.ch that used in the LO generation of the simulation samples. 

CTEQ SL is used in generating all the simulation samples, and thus the k-factor 

should be calculated as in Equation 5.5. 
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Figure 5.10: The k-factor curves calculated with LO PDF for LO cross section ( 
solid curve) vs KLO PDF for LO cross section (dashed curve). 

The k-factor for the SM Z"/ production is shmvn in Figure 5.11 and the functional 

fit to the k-factor is shown below: 

• Fitting function: k =Po + P1 * f;l + P2 * F;'f 

• Po = 1.33195; 

• P1 = 7.1025e-05; 
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Figure 5.11: K-factor. S~l/I: hf =0 and hf =0. 

• P2 = -7.46387e-07; 

The average k factor is 1.33 for ISR events compured to 1.36 for FSR events. The 

predicted ~LO cross section for the ISR region (A1u"· > 100 GeV/c2
) is 1.2 ±CU pb. 

For the FSR region ( A111": :=:;; 100 GcV/ c2 
) , the predicted NLO cross section is 3.3 ± 

0.3 ph. The total NLO cross section (FSrl + ISR) is 4.5 ± 0.4 ph. 

Figure 5.12 shmvs k factor curves from different anomalous gauge coup1ings. The 

difference is assigned as a systematic uncertainty on the k factor (see Chapter 10). 

5.4 Chapter Summary 

The triple gange boson couplings arc discussed in this chapter. The cross section for 

pp ---+ l+ l- ~: + X is calculated using a LO Sl\I prediction with NLO corrections. The 

resulting S:\'1 cross section for pp ---+ z+z-1 + X at JS = 1.96 TcV is 11.5 ± O.;f pb. 

Our measured cross section of Z11 production is compared to this S:\J prediction in 

Chapter 9. 
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Figure 5.12: K factor curves from different anomalous gauge couplings. Sl\!I: hf =0 
and hf =0. Assign the difference as systematic uncertainty. 
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Chapter 6 

Z Boson Event Selection 

Z bosons with leptonic decays (with a branch ratio of 3.36% for Z--+ ee decay) can be 

selected with very lmv backgrounds if tight lepton selection cuts are used. Ilmvever 

for stndics that arc limited hy statistics, the analyses arc better optimized vvith looser 

lepton selection cuts: allowing increased backgrounds, but. significantly increasing the 

number of accepted Z bosons. In this chapter, we describe loose electron selection 

criteria that significantly increa;:;e the sample of Z--t ee with modest increases in 

backgrounds. Section 6.1 presents the strategy used for the Z cross section measure

ment. The datasets selected for this analysis arc specified in Section 6.2. Section 6.3 

describes electron identification select.ion cuts. Section 6.4 presents the Z--t ee accep

tance in the detector. The electron selection efficiency measnrement is discussed in 

Section 6.5. The trigger efficiency measurement is described in Section 6.6. Finally 

the determination for the QCD background is discussed in Section 6. 7. The inclusive 

Z cross section is measured to va.lidate the Z selection criteria (see Chapter 7). This 

will be used for the study of pp --t e+c + ~! + X production. 

6.1 Overview of the Measurement of Z--+ ee Cross 
Section 

The signature of high E1, electrons from Z boson decay is very distinctive in the 

collider environment. \Ve measure the inclusive Z cross section as a validation of our 

loose Z selection criteria and various efficiency measurements. The inclusive Z cross 

section is caknhted as dcscribcxl in equation 6.1. 



where: 

• Nfbs is the number of observed Z ---+ ce candidates in the data. 

• N~ck is the number of expected QCD background events where a jct IS nus-

identified aB an electron. 

• AL is the Z acceptance of the Z---+ ee decays: defined as the fraction of Z---+ ee 

events that satis(y the fiducial and geometric requirements of our detector. This 

is measured from the S~1 generation of Z---+ ee production followed by the CDF 

detector simulation. 

• fL is the total Z selection efficiency, defined as the total efficiency to select two 

electrons to form a Z boson. This is measured from the data. 

• Errig is the total trigger efficiency. This is measured from the data. 

• Evl:< • J .Cdt is the effective integrated luminosity. 

Jn this chapter, measurements of the quantities in the above equation are de-

scribed. 

6.2 Selection of Datasets 

6.2.1 High Pt Electron Datasets and Good Run List 

The Z boson smnp1es are co11ected -.,vith triggers requiring at least one high Pr electron 

candidate in the event. The total integrated luminosity of the data used in this 
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analysis is 1.07 fb- 1, collected from February 2002 to February 2006. The datasets 

and lmninosity are li:sted in table 6.1. Data is proce:ssed and analyzed with offiine 

sofhvarc in a Ntuplc data format developed at Duke. 

Table 6.1: High Pt electron datasets and the integrated luminosities. 

I dataset I run range date I Offiine Version I Lurninosity(pb-1
) 

bhelOd 138425 - 186598 Feb 2002 - Aug 2004 5.3.l 373 +/- 21 
bhelOh 190697 - 203799 Dec 2004 - Sep 2005 6.1.2 428 +/- 24 
hhelOi 2m~s19 - 21213~1 Sep 2005 - Feb 200{) (i.1.4 274 +/- Hi 

Events arc required to be marked "good" in the Data Quality Ivionitor good run 

list (version 13 for Top/E\VK/Exotics electron no silicon) [56]. Data collected during 

the COT compromised period (from Feb 2001 to ::\fay 20011) is not included in this 

analysis. 

All selected events are required to fire either the ELEGTI10N_CEKT11AL_l8 

trigger or the Z_NOTRACK trigger. The definition of the triggers and measurements 

of the trigger efficiencies arc discussed in section 6.6. 

6.2.2 Detector Simulation Samples 

Inclusive Z __, ee detector simulation samples ( listed in Table 6.2) arc used in the 

measurements of the Z acceptance, the electron identification efficiencies and scale 

factors. 

Table 6.2: Pythia Z __, ee IvfC samples. 

I dataset I run range I Offiine Version I l\Iee I Kumber of Events 

ZC\vk6d 141544 - 186598 Pythia 5.3.3 > 20 GcV :3.2 :tvI 
zewkad 190753 - 212133 Pythia 6.1.4c > 30 GeV 6. 7 l'vf 
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6.3 Electron Selection 

In this section, the electron selection for the inclusive Z - ee sample is discussed. 

The requirements for the central (lr1I < 1.1) and plug (lr1I > 1.1) electron identification 

(ID) are given in l':iection 6.3.1 and 6.3.2, respectively. The energy correct.ions for the 

electrons arc discussed in section 6.3.:3. The measurement of the electron ID efficiency 

is described in Section 6.5. 

6.3.1 Central Electron Identification 

Charged Track Selection 

Beam-constrained COT tracks are used in the analysis, where the beam line position 

is included as an additional constraint in the track fitting. A set of minimum hit 

criteria is applied to ensure that only high quality tracks are assigned to the electron 

candidates. Table 6.3 lists the track selection criteria.. The COT tracks arc required 

to have at least three axial superlayers and t\vo stereo superlayers, each must have 

at least five out of twelve possible point measurements. In addition, the interception 

of the track with the beam axis, called zO, must lie within 60 cm of the center of 

the detector. Figure 6.1 showt> the z() distribution of the second electron leg in the 

Z-+ ee candidate events, where the Z mass is within the ·window of (66, 116) GcV, 

and the first electron is required to pass all the loose central electron identification 

cuts (see Table 6.4). 

Central Electron Selection 

Table 6.4 lists the selection criteria for a loose central electron (LCE). \Ve apply the 

loose central electron standard baseline cuts [57] , \vi th some modifications. In Table 

6.4, the text in bold shows the cut that is different to the standard baseline cut. A 
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Table 6.3: Central electron selection: track quality requirements 

Variables Cut variable in Duke Ntuple 

All COT Ttacks: 
#Axial SLs 
# Stereo SLs 
DC izol 

2 ~j with 2 5 hits per SL TRACK_t.rk_nonbc_11umilitSL 
2 2 with 2 5 hits per SL 
::; 60. cm TRACK_trk_cotbc_zO 

TRACK trk cotbc zO 

UI -c: 
(1) 

> 
L1J 

102 

10 

1 

-200 

- - -

-150 -100 -50 0 

TRACK_trk_cotbc_zo 
Entries 1.144279e+D7 

Mean D.8728 

RMS 26.44 

Underflow 0 

Overflow 0 

Integral 3.284e+04 

50 100 150 200 
TRACK trk cotbc zO - - -

Figure 6.1: Track zO of the second electron legs in the Z---+ ee candidate events, 
1vith 66 Ge V/ c2 < A[z < 116 Ge V / c2

, and the first electron legs satisfy all the loose 
central electron identification cuts (see Table 6.4).The arrmvs shmv the cuts applied 
to the z () variable. 

Lshr cut and a ~z cut arc added to the identification cuts so that the loose central 

electron is a trigger-able object in our Z selection(see section 6.6.1 for more details.). 

The isolation cut is loosened from 0.1 to 0.3. 

The candidate electron clusters are required to lie \vithin the \vell instrumented 

central calorinieter regions, corresponding to detector lr1i < 1.1. The candidate 

electrons must have Et 2 20 Ge Vand the COT beam-constrained track Pt 2 10 



GeV/ c ( ,,,,,ith track curvature corrections [58]). 

Details on the electron variables arc given below: 

• Electron Object: 

An electron object is formed from energy clusters in the calorimeter. An elec

tron cluster is made from a seed to'iver in the electromagnetic calorimeter and 

a neighboring tower (in 17) in the same calorimeter </J wedge. 

• E (in GeV): 

The total amount of energy is the sum of the electromagnetic and hadronic 

energy components. 

• Et (in GeV): 

E 1 is the energy component transverse to the beam line. 

The electrons deposit most of their energy in the electromagnetic calorimeter, 

~vvhilc hadronic particles spread energies into the lmdronic calorimeter. To se

lect electron candidates, \Ve require the ratio of the hadronic energies to the 

electromagnetic energies, Ehad/ Eem < 0.055 + 0.00015 · E, \vhere E (in GcV) 

is the total energy in the cluster. 

• CES fiducial: 

The electrons arc required to be reconstructed within the \vell-instrumented 

region of the calorimeter. The position of the energy cluster is determined by 

the CES shower location. The electrons must lie within 9 cm < IZc.esl < 230 

cm and IXcEsl < 21 cm for the shower to be folly contained in the active 

region, where XcEs and Zc:Es are the shmver's x and z positions measured by 

the CES detector in the CES local coordinate system. 
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• Calorimeter Isolation Energy (Iso(R=0.1)): 

The calorimeter isolation energy is the E1, sum in a cone of D. R = J D.q>2 + D.rJ2 < 

0.1 around the electron's seed position of the cnerg;y cluster. The energy cluster 

of the electron is excluded in the calculation of the isolation energy. 

• Calorimeter Isolation Energy Ratio (IsoR = Iso/ E 1,): 

A cut is applied to the ratio of the isolation energy to the electron Et to suppress 

jct background. For the loose cent.ml dectron sdection, we require IsoR :S; 0.3. 

For the tight central electron select.ion, lsoR :S; 0 .1 is required. 

• Track Pt: 

The highest beam-constrained P1 of the COT tracks associated with the cluster 

is required to he larger than 10 Ge V / c. 

• L .shr, the lateral shmver profile: 

This variable compares the energy profile of adjacent CEl\iI tmvers in the duster 

to that measured from electron test beam. Lshr < 0.4 is required. 

• D.z : 

This is a track-shower matching variable, defined a...::; the distance bct,~.reen the 

z position of the CES cluster to the .z position of the extrapolated beam

constrained COT track. D.z < 8 cm is required. 

To maximize the Z acceptance, the loose central electron identification cuts arc 

used to select Z ---+ ee candidate events in this analysis. For comparison, Table 6.5 

lists the selection criteria for tight central electrons(TCE). 

6.3.2 Plug Electron Identification 

In this section, the electron selection in the forward region is discussed. 
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Table 6.4: Event selection: loose central electron(LCE) identification cuts. The text 
in bold shows the cut that is different to the standard central electron identification 
cut. 

Variables 

Region 
COT track 
E, 
Track Pt 
E1rnd / Eem 
Conversion 
CES fiducial 

Iso(R=0.4) / EL 

Ls hr 

lllzl 

Cut 

CE.\I (ir1i < 1.1) 
Table 6.3 
2 20 GeV 
2 10 GeV/c 
~ 0.055 + 0.00045 · E 
not equal 1 
=1 

~ 0.1 (standard cut ) 
~ 0.3 (Loose Isolation cut ) 

~ 0.4 
~ 8 cm 

variable in Duke !\tuple 

EivICLST_cle_det==O 

ElVlCLST _ele~c;tcLEt 

EIVICLST _ele....std_JrndEm 
CE:\I CLS T_cem_convfiag 
EIVI CLST _clc_fidElcShr 1fax 
ElVI CLST _ele....std_calisoRatio 

CE:VICLST _cem_stcUshr 
CE:VICLST _cem_stcLdeltaZ 

Table 6.5: Electron selection: tight central electron (TCE) identification cuts 

Variables Cut variable in Duke K tuple 

All COT Ttacks: 
# Axi11l SLs 
# Stereo SLs 

BC izol 
Region 

Et 
Track Pt 
},~hrut/ },~em 

Conversion 
CES fiducial 

Iso(ll=0.4) / Et 
Ls hr 
E /p (for Pt < 50) 

lllzl 
CJ. Ll:r 

.2 
Xstri )S 

2 3 \vith 2 5 hits per SL 
2 2 with 2 5 hits per SL 
~ 60. 

CK\! (lnl < 1.1) 
2 20 GeV 
2 10 GeV/ c 
~ 0.055 
+ 0.00045 · E· 
not equal 1 
=1 

~ 0.1 
~ 0.2 
~ 2.0 
~ 3cm 
2 -3.0 cm, ~ 1.5 cm 
~ 10.0 cm 
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TRACICtrkJ10nbc_n11mHitSL 

T RA CK_trlccot bcy;O 

KVICLST _ele_det==O 
ElvICLST _ele~<Jtd__Et 

E1vICLST_elc~"lt<1JrndEm 

CEIVICIST _cern_convflag 
ElVf CLST _ele_fidEleShr.\fa.x 

ElVf CLST _ele~c;td_callsollatio 
CEIVI CI.JST_cem~c;tdJshr 
CEIVICI.JST_cem~c;td_EOverP 

CEl'vI CLST_cem...stcLdeltaZ 
CEl'vI CLST_cem...std_qDeltaX 
CEM CLST_ccnL"it(LccsStripChi 



Plug Electron identification Variables 

The standard loose plug electron identification cuts a.re list.ed in Table 6.6. 

In the loose plug electron selection(LPE) used in this analysis: the PEIVI 3x3 chi2 

cut is loosed from 10 to 2S (sec [59] for more details). And TJ coverage is extended 

from 2.0 to 2.8. The selection criteria is listed in Table 6. 7. 

Table 6.6: The standard loose plug electron identification cuts. 

Variables Cut variable in Duke Ntuple 

Region PE:.\1 (1.1 ::=:; 1111 < 3.6) El'vfCLST_ele_det==l 
PES 2D Eta 1.2 ::=:; 1111 ::=:; 2.0 PK\1CLST _peni_pes2dGlobalEta 
Corr Et ~ 20 GeV 
£had/ £em ::=:; 0.05 
P E:\1 3x3 chi2 ::=:; 10. 
Iso( R=0.4) / F:71, ::=:; 0 .1 

E:\I CLST_clc~std_hadErn 
P E:\'1 CLST_penu;tcLpcm3x3Chi 
E:VICLST _ele...Htd_callsoRatio 

Table 6. 7: The loose plug electron (LPE) identification cuts in this ana.lysis , the 
text in bold shmvs the cut that is different to the standard electron identification cut. 

Variables Cut variable in Duke Ntuplc 

Region PEivI (1.1 ::=:; lr1I < 3.6) K\ICLST _ele_det==l 
PES 2D Eta 1.2 ::=:; lnl ::=:; 2.8 PEivICLST _pern_pes2dGloba1Eta. 
CorrE1. ~ 20 GeV 

E1iad / Eem 
PEIVI 3x3 chi2 
Iso(R=0.4) / Et 

::=:; 0.05 
::=:; 25. 

ErvICLST _ele...st.dJmdEm 
PEl\f CLST _pem_std_pem3x3Chi 

::=:; 0.1 (Standard cut ) ErvfCLST _clc~shLcallsoRatio 
::=:; 0.3 ( loose isolation cut ) 

Details on the plug electron variables arc given bclmv: 

• E: Plug Electron Energy (in Ge V) 

The energy is calculated with 2x2 clustering algorithm. 
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• CorrE: Corrected Plug Electron Energy (in GcV) 

The position dependent. face correction, the energ;y deposited in the Plug Pre

Radiate detector (PPR) and the leakage energy into the neighboring tmvcrs arc 

added to the 2x2 energy to get the total energy. .\fore details on reconstructing 

plug electron energy are given in [GO]. 

• PES 2D T/ 

The detector r7 of the electron shcl\ver mc&snred by the Plug Electromagnetic 

Shower:\fax detector (PES). 

• PE:~Vl 3x3 x2 

This is a x2 comparison of the energy distribution of the electron cluster in the 

3x3 blocks of towers around the seed tmver to the distribution measured from 

test beam data. 

• PES 5x9 U/ V 

The two layers ( ca11ed U and V) of the PES detector provide two-dimensional 

position measurement. A 5x9 ratio is used to describe the shape of the energy 

cluster. The ratio is measured a.s the energy deposited in a 5 wire \Vindmv to 

that in a 9 wire \vindow ( the ;) wire plus two additional wires in each side). 

The PES ;)x9 ratio is required to be more than 0.65 for both the C and V \Vires. 

• !J.R 

This is the distance between the 2d position measured by the PES detector to 

that mea .. c;ured by the PK\'I calorimeter. This is calculated as: 
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Table 6.8: Tight plug electron(TPE) identification cuts used in this analysis , the 
text in bold shows the cut that is different to the standard electron identification cut. 

Variables Cut variable in Duke Ntuple 

Region PE).'1 (1.1 :::; lr;I < 3.6) ETvICLST_clc_dct.==1 
PES 2D Eta 1.2::; lr1I :::; 2.8 PE::VICLST_pcm_pcs2dGlobalEta 
CorrEr 2 20 GeV 
E1uui/ Eem :::; 0.05 
PE).!J 3x3 x2 

:::; 25. 
PES 5x9 U 2 0.65 
PES 5x9 V 2 0.65 
D. fl :::; 3.0 cm 
Iso(R=0.4) / Et :::; 0.1 

E:VICLST_ele_std_hadEni 
PKVICLST _pem....std_pem3x3Chi 
PExICLST _pem_pesU5x9ProfRat 
PExICLST _pcni_pcsV5x9ProfRat 
J(pe8:c - pem.,i:)2 + (pe.sy - pe1ny)2 

E :\/I CLS T_ele_std_callsollatio 

Table 6.9: Standard tight plug electron identification cuts. 

Variables Cut variable in Duke Ntuplc 

Region PExI (1.1 :::; 1111 < ~3.6) EivICLST _clc_dct==l 
PES 2D Eta 1.2::; 1111 :::; 2.0 PE).ICLST_pcni_pcs2dGlobalEta 
Corr £'1 2 20 
}:,' /£' had em 

PExI 3x3 x2 

PES 5x9 U 
PES 5x9 V 
D. n 
Iso(R=0.4) / E1 

:::; 0.05 
:::; 10. 

2 0.65 
2 0.65 
:::; 3.0 
:::; 0.1 

E :VICLST_ck_stdJrndEm 
PKVICLST _pem~"ltcLpem3x3Chi 
PKVICLST _peni_pesU5x9Profl1at 
PExICLST _peni_pesV5x9ProfRat 
J(pr:s,1, - pr:m,r. )2 + (pcsy - pcrny)2 

E.\ICLST_ele_std_callsoRatio 

The tight plug electron (TPE) identification cuts used in this analysis are listed 

in table 6.8. For comparison, the standard Tight Plug Electron identification cuts 

are listed in Table 6.9. 

6.3.3 Electron energy correction 

In this section, the electron energy corrections are discussed. 

The invariant di-lepton mass plots for data and event simulation arc shmvn in 

Figure 6.2. The events are normalized, such that there are the same number of 
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6.4.1 Detector Simulation Samples 

The Z---+ee detector simulation samples are used to study the signal acceptance. The 

datasets and nm ranges arc listed in table 6.2. 

6.4.2 Acceptance in the CC Region 

\Ve measure the fraction of Z events that pass the geometry and kinematic require

nwnts in the CC channel, \vherc both electron legs from the Z boson decay arc in the 

central region(l17I :::;; 1.1). Events ·with the primary event vertex outside 60.0 cm of 

the detector origin along the beam line, arc removed from both the numerator and 

denominator. The selection efficiency of the event vertex requirement is mea::;ured 

separately (see Section 7. 2). 

\\Te measure the inclusive 1* / Z ---+ ee cross-section in the invariant mass range 66 

GeV /c2 :=:;; Alee :=:;; 116 GcV /c2
. The simulated Z---+ ee samples used to mca..surc the 

acceptance are generated with a minimum invariant mass of 20 CeV /c2 (30 CeV /c2 

for hC\vkad data.set). The invariant ma..ss of the di-lepton at the generator level is 

required to lie within the mass range 66 CeV/c1
:::;; 1\1""(Gen):::;; 116 GeV/c2

. Events 

generated outside our allowed range do not contribute to the denominator) but can 

contribute to the numerator due to the effects of radiative and detector resolution. 

Therefore) the invariant mass requirement at the generator level is only applied to 

the denominator, not the numerator. 

Table 6.12 gives the acceptance of Z---+ec events in the CC region for Od dataset. 

Event::; are required to have at lea:-;t two E~VI clusters in the central region that :-;at

isfies the corresponding selection criteria listed in the table 6.12. The reconstructed 

invariant ma.ss is reqnircd to lie \vi thin the mass \vindow 66 GeV / c2 :=:;; ;vice(Rcc) < 

116 GeV / c2 . 
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In addition, the reconstructed electrons arc required to match the electrons at the 

generator level. The matching requirement is: D..R(eGcn' er<cc) < 0.05. 

Table 6.12: Z--+ cc CC channel Selection Acceptance. L:Cvvk6d ::VIC 

Selection Criteria 
Total Events 
Good Run 
I Zi,t x I <:::: 60 cm 
66 GeV/ c2 <:::: :rvlee(Gen) <:::: 116 GeV/ c2 

(Gen }lass cut on denominator only) 
Central E::d Cluster ( dct = 0) 
Calorimeter Fiducia] Cuts 
Electron Track Pt:;::: 10 GeV/ c 
El\I Cluster E t :;::: 20 Ge V 
Second Central E.:vI Cluster ( clet = 0) 
Second Calorimeter Fiducial Cuts 
Second Electron Track I'l ~ 10 GcV / c 
Second EM Cluster E1. ~ 20 Ge V 
T\vo ETvI Cluster 
66 Ge V / c'2 ::; Mee( Rec) ::; 116 Ge V / c'2 

OS 
IVertexZI _::; 60 cm 
Matching IIEPG(D..R <:::: 0.05 ) 
Trigger Efficiency \Veighted (c = 100%) 

Number of Events Ket Acceptance 
:J. 22568e+06 
:J.11168e+06 
3.0Hi84e+06 
1.54163e+06 

1.85913c+06 
1.62556e+06 
1.16091e+06 

873291 
592372 
412936 
229857 
189263 
189263 
176386 
173441 
173310 
172~1~19 

172~1~12 

1.206 
1.054 
0.753 

0.5665 
0.3843 
0.2679 
0. 1'191 
0.1228 
0.1228 
0.1144 
0.1125 
0.1124 
0.1118 
0.1118 

The dataset zewkad is used to calculate acceptance for Oh and Oi dataset. The 

acceptance for selecting Z--+ ee events with two central electrons is ().1118 ± 0.0002. 

6.4.3 Acceptance in the CP Region 

\Ve mcasnre the fraction of Z events that pass the geometry and kinematic re-

quirements in the CP channel, where the first electron leg from the Z boson de

cay is in the central region(lnl <:::: 1.1) and the second electron leg is in the plug 

region(l .2 _::; lr!I ::; 2.8). 

Table 6.13 gives the acceptance of Z--+ee events in CP region for Od dataset. 



Events arc required to have at least one EM cluster in central region and one EIVI 

cluster in plug region that satisfies the corresponding selection criteria listed in the 

table 6.13. 

Table 6.13: Z---+ ee CP channel Selection Acceptance. Statistical uncertainties are 
shmvn. Using L:C\vk6d MC sample, Od dataset run range. 

Selection Criteria :.J' umber of Events I\ ct Acceptance 
Total Events 
Good Run 
IZvb:I :S: 60 cm 
66 GeV/ c2 ~ 1foe(Gen) ~ 116 GeV/ c2 

(Gen Mass cut on denominator only) 
Central KVI Cluster ( det = 0) 
Calorimeter Fiducial Cuts 
Electron Track P1, 2 10 GeV/ c 
E._\!I Cluster E 1. 2 20 GeV 
Plug E.\iI Cluster ( det = 1) 
PES2dGlobalEta ( 1.20 :S: 1771 :S: 2.80) 
Plug E.\'1 Cluster Et 2 20 Ge V 
Plug :C.\'1 Cluster II ad/ EA1 ~ 0.125 
T\vo :C.:vI Cluster 
66 GrV/ r2

::;: Mcc(Rcc) ::;: 116 GrV /r2 

IV crte:rZI ::;: 60 cm 
'\fatching HEPG (~R :S: 0.05 ) 
Trigger Efficiency \Veighted (f = 99.6%) 

3225677 
:3111683 
:3016836 
1541630 

1859126 1.2059 ± nan 
1625563 1.0M•1 ± nan 
1160908 0.7530 ± 0.0003 
873291 0.5665 ± 0.0004 
534530 0.3467 ± 0.0004 
431764 0.2801 ± 0.0004 
378551 0.2456 ± 0.0003 
~n1~199 0.2448 ± 0.000~1 
377;399 o.2448 ± o.oom 
362040 0.2348 ± 0.0003 
361707 0.2346 ± 0.0003 
354255 0.2298 ± 0.0003 
352802 0.2288 ± 0.0003 

The acceptance for selecting Z---+ ee events with one central and one plug electron 

is 0.2288 ± 0.0003. 

6.4.4 Correction for slow trigger efficiency turning on at low 
Pt 

There is a slmv turn-on of the trigger efficiency at the lmv Pl region. To correct 

for the effect of this slow turn-on, a trigger efficiency weight is applied to detector 

simulation event by event 1.vhen calculating the signal acceptance. See section 6.6 for 

details of the correction. 



6.5 Electron identification Efficiency Measurement 

6.5.1 Central Electron Identification Efficiencies 

The central electron identification efficiency is measured from data following the 

method described in in CDF note 7950. "Electron Identification in Offiine Release 

6.1.2" [61]. 

\\le mea..sure the central electron identification efficiency a..s the fraction of electrons 

passing the central electron identification 8election cut!-3 (table 6.4). All electrons are 

required to satisfy the acceptance requirements listed in table 6.12. The electron 

identification efficiency is defined as: 

electrons passing detection selrction cats 
t= ~~~~~~~~~~~~~~~~~~~~~~~ 

electrons within detector fiduc1al and geometr1c region 

To reduce background in onr sample, vvc require at least one central electron in the 

event passing the tight selection cuts listed in table 6.5. Event:; with more than two 

central electrons arc vetoed. To further reduce background, a tight invariant mass 

cut of 75 GcV / c2 
::::; lVkc ::::; 105 Ge V / c2 is applied. The two dectrorn; in the event:; 

must have opposite sign charges. 

The electron counting method [61] is used t.o select an unbiased electron sample. 

This method looks for probe electrons 'vhich makes a Z with an electron that passes 

the identification and trigger requirements. If both electron8 of the Z event pa:;8 

the trigger and loose central electron(LCE) requirements, both are counted as probe 

electrons. If only one pass the trigger and LCE requirements, only the probe electron 

it makes a Z with is counted. Let Nprobe be the number of probe electrons, and Nlid 

the number of electrons passing the loose central electron identification requirements: 

the efficiency for the loose central electron select.ion is given as: 
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J.V1id 
flid=~ 

1 V probe; 

\Ve measure the efficiency in the follovving order: loose identification efficiency Eh'd'; 

loose isolation (IsoR< 0.3) efficiency Eli~~~; tig-l1t isolation(IsoR< 0.1) efficiency E~i::~; 

and tight identification efficiency f~[J1 . The electron candidates used to measure each 

group of f:lelection efficiency are required to pass all the selection requirement.:; ordered 

prior the one being mea.snred. For example, to measnre the efficiency of the tight 

central electron(TCE) identification requirement, the probe electrons must pass the 

loose central electron identification requirements and the tight isolation requirement. 

Assuming the signs of background electrons arc uncorrelated, the number of hack-

ground events can be determined from the number of same sign events. However, the 

same sign events include contribution from the trident events where a hard photon 

is radiated off an electron and then converts into an electron-positron pair, thus the 

events appear to have two same sign electrons. The f:\ame-sign Z events with trident 

correction are used to determine the background. The background is given as: 

Mbkg 1\TSS i\rOS X i\rSS / 1\rOS 
iV = HData - 1 'Data 1 '.uc HMC; 

v,rhere N,~i~:' (.lV,~}~~,) is number of same-sign (opposite-sign) events in the Z---+ ee sim

ulation sample. The ratio N.~J~-jNfj~ is the fraction of trident events in the Z--+ ee 

sample. 

The efficiency with background subtraction is then: 
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Table 6. H lists the input parameters to central electron identification and isolation 

efficiency measurenients using CC Z ____, ee candidate events for one dataset (bhelOd). 

The scale factor, defined as the ratio of the efficiency measured in the data to that in 

the simulation sample, is presented. All scale factors are very close to 1.00, indicating 

the high quality of the CDF detector simulation. 

Table 6.14: Input parameters to central electron identification and isolation effi-
ciency measurements using number of electrons in central-central Z --+ cc candidates. 
bhelOd dataset 

Data 
Efficiency Symbol #of #passing Probe Ele Passing Ele Eff 
::VIeasurement Probe Selection Bkg Bkg Data 
Loose ID Eccn 

·lid 18516 1770'1 M3.9 110.3 0.961 
Loose Iso Eccn 

liso 17651 17598 37.9 35.4 0.997 
Tight Iso CCll 

Etiso 17249 16900 34.7 33.9 0.980 
Tight ID ECCfl 

Lid 15007 13114 23.6 13.1 0.874 

::VIC 
Effic1ency Symbol #of #passing Efficiency SF(Da.ta./ IvIC) 
::VI eas uremen t Probe Selection :VIC 
Loose ID E~~ln ~)05~)08 2£12748 0.959 i.om 
Loose Iso Eu~~ 291989 291230 0.997 1.000 
Tight lso f~f:~, 285757 280284 0.981 0.999 
Tight ID Fccn 

·Lid 250807 2213:30 0.882 0.991 

The total isolation cut efficiency for a central electron with lsoR < 0.1 is: 

E.Cen * E.qen (D->t·o) () ()"77 
hso t.iso u '"' = .::JI 

ECen * ECen (:VIC) = 0.978 
hso t.iso 

The total selection efficiency for a tight central electron is : 

Eqen * Eqen * ECen * {;en (Data) = (J 8'Jl 
hr! hso tiso tid . · -

Eqen * Eqen * ECen * /;en (:.VIC) = O 828 lid hso tiso tid · · 

And total scale factor for a tight central electron is : 

S F,C.·n * S F,Ccn * S' pCcn * S FCc•11 = 0 992 
lid hso ' tlso lid · 
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The electron identification uncertainties and effects on cross section measurements 

are discussed in Chapter 9. 

Central Electron identification Efficiency, 1 fb- 1 

The efficiencies and scale factors for the full lfb- 1 dataset are summarized in table 

6.5.1. The full dataset is further divided into three periods (bhelOd/ Oh/Oi datasets) 

to look at the time variation of the scale factors. The efficiencies measured from 

data and simulation samples are listed. As can be seen in the table, the efficiencies 

predicted from the detector simulation agree well with the efficiencies measured from 

data. The efficiency correction factors arc close to 1.00. 

Table 6.15: The efficiencies and scale factors for central electron. bhclOd/ Oh/ Oi 
dataset. 

I dataset I Efficiency I Data I :\'1 C I Scale Factor I 
Loose ID 0.961 0.959 1.003 

bhelOd Loose Iso 0.997 0.997 1.000 
Tight fao 0.980 0.981 0.999 
Tight ID 0.874 0.882 0.991 

Loose ID 0.957 0.958 0.999 
bhelOh Loose Iso 0.997 0.997 1.000 

Tight fao 0.977 0.979 0.998 
Tight ID 0.871 0.884 0.985 

Loose ID 0.953 0.957 0.996 
bhelOi Loose Isa 0.997 0.997 1. 000 

Tight lso 0.978 0.977 1.001 
Tight ID 0.868 0.883 0.983 

6.5.2 Plug Electron identification Efficiency 

\Ve measure the plug electron identification efficiency as the fraction of electrons 

passing the plug electron identification selection cuts (Table 6.7). All electrons are 
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required to satisfy the acceptance requirements listed in Table 6.13. To reduce back-

ground in our sample, \Ve require the central electron in the event passing the tight 

selection cuts listed in Table 6.5. Events with more than one central and one plug 

electron are vetoed. To further reduce background, a tight invariant mass cut of 

75 Ge V / c2 S: :rviee S: 105 Ge V / c2 is applied. As in the central identification e:ffi-

ciency measurement: we measure the plug identification efficiency in the follmving 

order: loose identification, loose iso, tight iso and tight identification. The efficiency 

is determined as: 

f; 
\ . ' 

1 ;TCE!\'LP 

where: 

• NTCBJ\L~ is the number of events that satisfy the requirements mentioned above, 

\vhcrc there is a tight central electron in the event, and the plug electron passes 

the acceptance requirement, and the invariant mass lies within the \Vincknv of 

7i5 GcV / c2 S: Ivicc S: 105 GeV / r2 
. 

• NTCEJ\Li is a subset of events from NTCEM_A· In addition, the plug electron 

satisfies the ith selection criteria. 

i=O: plug loose ID (table 6.7) 

i=l: loose isolation cut (IsoR < 0.~1) 

i=2: tight isolation cut (IsoR < 0.1) 

i=:): plug tight ID (table 6.8) 

• NTcEMY is a subset of events from NTcEl'vL-\, 
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i=O: ]\TTCE!vLP = JVTCCtvLA; 

• 1 2 3 1\T 1\T l= : , : iVTCE!vLP = iVTCE_\-L(i-1 ) · 

Total Plug identification Efficiency for one dataset (bhelOd) 

Table 6.16 lists the input parameters to plug electron ID and isolation efficiency 

measurements using CP Z ----t ee candidate events for one dataset (bhelOd). The 

scale factor of data to detector simulation, SF(Data/l\!IC) is also presented in T~1ble 

6.16. 

Table 6.16: Input parameters to plug electron identification and isolation efficiency 
measurements using central-plug Z ----t ee candidates for one dataset (hhelOd) . 

Data 
Efficiency Symbol #of # pa..ssing Probe Ele Pa..ssing Ele E.ff 
:VIea.snrement Probe Selection Bkg Bkg 

Loose ID pug 
Elid 17554 15829 468.1 93.9 0.921 

Loose lso plug 
Eliso 15829 15797 93.9 94.2 0.998 

Tight Iso plug 
Etiso 15797 15438 94.2 81.8 0.978 

Tight ID ping 
f.tid - 151138 H898 81.8 73.'1 0.965 

~VIC 

Efficiency Symbol #of # pa..ssing Efficiency SF (Data/l\!IC) 
:\foa.snrement Probe Select.ion 

Loose ID plug 
Elid 287108 269665 0.939 0.981 

Loose Iso plug 
Eliso 269665 269355 0.999 0.999 

Tight lso _plug 
Etiso 269355 265652 0.986 0.992 

Tight ID plug 
1\id- 2()5652 260565 0.981 0.984 

The total isolation cut efficiency for a plug electron vvith lsoR < 0.1 is: 

plug * plug (D· t· ) - 0 976 f1· f.t1·~- a.11 - ... ' 
1!;0 · ..:U · 

plug; * plug (l\ ·IC) - 0 985 
fliso f.Liso lV 1 - • ' 

The total selection efficiency for a tight plug electron is : 

ph.1g * plug * plug * plug (D· t· ) _ O 8-68 Elid Eliso Etiso Etid a .a - · 

plug * plug * p.lug * ]~lug (l\IC) = (} 908 Ehcl Ehso EL1so End · 
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And the total scale factor for a tight plug electron is : 0.956 

Side-band subtraction method is used to determine the background in the CP 

event selection. Detail of the method is discm;i:;ed in 6. 7.2. 

Total Plug identification Efficiency, lfb-1 

The efficiencies and scale facton; for the full lfb- 1 dataset arc surnnrnrizcd in table 

6.5.2. As in the central electron measurement, the full dataset is further divided 

into three periods (bhclOd/Oh/ Oi data.sets) to look at the time variation of the scale 

factors. The efficiencies predicted from the detector simulation agree \Vell with the 

efficiencies measured from data. The efficiency scale factors are dose to 1.00. 

Table 6.17: The efficiencies and scale factors for plug electron, bhelOd/ Oh/ Oi dataset. 
dataset Efficiency Data ~\IC Scale Factor 

Loose ID 0.921 0.939 0.981 
bhelOd Loose Iso 0.998 0.999 0.999 

Tight Iso 0.978 0.986 0.992 
Tight ID 0.965 0.981 0.984 

Loose ID 0.912 0.930 0.981 
bhclOh Loose lso 0.999 0.999 1.000 

Tight lso 0.970 0.983 0.987 
Tight ID 0.970 0.978 0.992 

Loose ID 0.905 0.927 0.977 
bhelOi Loose Iso 0.998 0.999 1. 000 

Tight lso 0.969 0. 980 0.988 
Tight ID 0.968 0.978 0.990 

6.6 Trigger Efficiency 

Two triggers, ELECTROK_CE>JTRAL_l8 trigger and Z_NOTRACK trigger, arc 

used in the analysis. In the inclusive Z and Z/ event selection, either ELEC-
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TROI\_CENTRAL_l8 trigger or Z_NOTRACK trigger is required to be fired. 

Details on the ELECTROI\ _CE:>JTRAL_18 trigger efficiency measurement arc 

given in section 6.6.1. The Z_I\OTRACK trigger efficiency measurement is given in 

section 6.6.2. In section 6.6.3, the total trigger efficiencies in the Z and z,, event 

selection are calculated. The total trigger efficiencies from the data. a.re found to be 

very close to 100%,. 

6.6.1 ELECTRON_CENTRAL_l8 Trigger Efficiency 

\Ve assume that the calorimeter requirements of the ELECTRON _CEI\TRAL_l8 

trigger arc 100% efficiency. The efficiency of the tracking requirements of the ELEC

TROK _CENT RAL_l8 trigger is measured using the \V _I\QTRACK trigger, which iti 

based solely on the calorimeter quantities. The trigger efficiency can then be deter

mined from the fri-1ction of \V events that satisfies the tracking requirements. 

ELECTRON _CENTRAL_l8 and W _NOTRACK Trigger Path 

Table 6.18 lists the requirements of E.LECTROI\_CE}·JTRAL_l8 trigger and 

\V _I\OTRACK trigger. Details are given beluw: 

• Level-1: cuts on Et of a single CEJvI tower and Pt of the XFT track extrapolated 

to it. E1, > 8 GcVand P1 > 8.34 GcV/ c arc required. 

• Level-2: require a CE:-1r cluster. The XFT track should extrapolate to the seed 

tower. Had/ Em cut of 0.125 is applied. Et > 1fi GeVand Pt > 8 GeV /c are 

reqninxl. 

• Level-3: require a. central EIVI offline cluster \Vith "£1 2:: 18 GeVand a COT track 

with Pt 2:: 9 Ge V / c extrapolated to the K\1 cluster. 
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Table 6.18: ELECTflOK_CENTRAL_18 trigger path, PHYSICS_3_00[3] 
Trigger Level Calorimeter Tracking 

Ll _t_:t_CENTRAL ?_ 8 GcV XFT_Pt?. 8.34 GcV/ c 
HAD_E1LCEKTRAL:s; 0.125 

L2 Ir! I ::=;1.:317 
ELECTnO>r_ E, > 16 GeV XFT _Pl?_ 8 GeV/ c 
CEKTR.AL_l8 HAD_EM-<; 0.125 

1:3 CalorR.cgion = 0 ( CEKTRAL) 
ccnEt ?_ 18 GeV ccnTrackI't?. 9 GcV/c 

ccnHadE:'vls; 0.125 

From nm 159603 
LShr :::; 0.4 

cenDeltaz :::; 8 
ZVert = 22 

nTcJ\versHa.dEm = 32 

Ll Rt ?_ 8 Ge\! none 
ft?_ 15 GeV 

\V _>f OTRACK L2 Et > 20 GeV none 
Itt ?_ 15 GcV 

13 E1, > 25 GeV none 
Jtl ?_ 25 GeV 

• Lshr, cenDclta.z;, ZVert = 2 and nTmvcrsHadem = 3 requirements a.re added 

after .Jan. 2005 Shutdown, after run number 159603. 

\Ve a .. c;sumc 100% efficiency of the calorimeter cluster requirements at each level. 

To measure the efficiencies of the tracking requirements of the electron trigger path, 

v,re select events from the Vv _KOTRACK trigger path, that satisfies the selection 

2If ZVert = 2, the t.ra.nsver:;e energy will be calculated u:;ing the angle of the track, in:;tead of m;ing 
the zO of the track and the calorimeter clnster centroid. If nTmversHa.dEm = 3, the cenHa.dEm 
will be calculated using lhree hadronic Lowers. 



criteria of HI ----+ eu Events (table 6.19). The fraction of events that satisfies the 

tracking requirements of the electron trigger path at each level; gives the efficiency 

for the corresponding tracking requirement at that level. The efficiencies of the 

tracking requirements at each level and the total efficiency are calculated as: 

• E(LLPi8) = #-of Candidates Passing LL1-'t8 
number of \-V Candidates 

• t(L2_Pt8) = 
#or· Ca.r1didat.cs Pt~%ir1g L1J't8 & L2J't8 

-ft of \V Candidates Passing Ll.J't8 

• E(L3_Pi9) = ./+of Can didates Passing LLJ-'18 & L2_J-'18 & L:LJ-'19 
#of \V Candidates Passing LlJ't8 & L2J't8 

e <:(ELECT RON _CENT RAL_l8) = #of Ctrndid;i.l,es Pns_sir~g ~, l_~t8 & L2J't8 & LaJ'tU 
it ol \\· Cand1dal.c~ 

W Event Selection 

Electron cundidates arc required to satisfy the selection criteria listed in table 6.3 

(track selection) and table 6.4 (electron ID). The \V event selection criteria is listed 

in Table 6.19. The Jj)1 is calculated using the electron beam-constrained ZVcrtex as 

the event vertex. 

Table 6.19: \\!----+ ell Event selection 

Variables Cut 

Loose Central Electron table 6.3 (track selection) 
table 6.4 (electron ID) 

Electron Et 
!ft 

~ 25 
~ 25 

Trigger Efficiency for Loose Central Electron 

variable in Duke Ktuple 

E:VlCLST _ele...std_Et 
TRKD ET_trkcleLcot bc_rnet 

A Lshr and a ~z requirement are added to L3 trigger of the ELECTRON_CEKTl1AL_l8 

trigger path after run 159603 (see section 6.6.1). Table 6.20 and 6.21 show the trigger 



efficiencies for data collected before and after run 159603, respectively. In both ta-

bles; no Lshr and llz are applied to the loose central electron selection. As shown in 

these tables, the mea..sured trigger efficiency drops from 96% to 91 % for data collected 

after run 15960:3 because the trigger requirements are tighter than the loose electron 

ID requirements. This suggests that a. Lshr and a llz requirements should be added 

to the loose central electron (LCE) ID cuts (sec table 6.4). The efficiency is mca..snrcd 

again with these two cuts added to the LCE ID. The result is listed in table 6.22, the 

total trigger efficiency is now 96% for the full run range in the dataset (bhclOd). 

Table 6.20: ELEGTRON_CEKTRAL_l8 trigger Efficiency, data col1ected before run 
159603. Ko Lshr and llz cuts in the loose central electron selection. 

Trigger Events Efficiency 
0: total 26282449 
1: Good Run 652951:3 
2: \V-KOTRACK 575218 
3: \VE vent 61089 
4: LlCEl\18Pt8 59583 0.9753 
5: L2CEM16I'1,8 59301 0.9953 
6: L3CEM18I'1,9 58601 0.9882 
7: Total trigger efficiency 58601 0.9593 

Table 6.21: ELECTRON_CEKTRAL_l8 trigger efficiency, data collected after run 
159603. Ko Lshr and llz cuts in the loose central electron selection. 

Trigger 
0: total 
1: GoodRun 
2: \V-KOTRACK 
3· .. \VE vent 
1: LlCEM8I'1,8 
5: L2CE1vI16P18 
6: L3CE1vI18P19 
7: Total trigger efficiency 

Events 
26282449 
13203061 
1505206 
196509 
190656 
189663 
178516 
178516 

Efficiency 

0.9702 
0.9948 
0.9412 
0.9084 

Figure 6.4 shows the trigger efficiency distribution as a function of the electron 
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Trigger Events 
(): total 2629425~) 

1: Good Rim 19714810 
2: \:V-NOTRACK 2078383 
3: \VEvent 239944 
4: L1CKVI8P18 232986 
5: L2CK\!Il6P18 232255 
6: L3CKVI18Pt9 230416 
7: Total trigger efficiency 230416 

Central_Electron_18 Trigger Efficiency 
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Figure 6.4: Elcctron_Ccnt.raL18 trigger efficiency as a fnnc:tion of electron Pt (GcV/ c). 

Slow turn on at lmv Pt, apply trigger Efficiency \Veight to rvrc event by event for one dataset 
(bhe!Od) . 

Pt. There is a slow turn-on of the efficiency at the low Pt region. To correct for 

the effect of this sknv turn-on, a trigger efficiency weight is applied to simulation 

samples event by event when ca1culating the signal acceptance. For bhelOd dataset, 
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a polynomial fitting function is used , the fitting range is 10 :=:: I'1, :=:: 20 GeV / c. For 

events ·with 20 < P1. :=:: 80 GeV/c, the average efficiency 0.9603 ( see Table 6.22) 

is used. For events 'vi th I't > 80 GeV / c, an efficiency of 1.00 is assigned to the 

events. There are small variations for the three datasets(Od~ Oh and Oi). Details 

on the trigger efficiencies for the other two datasets (bhelOh and bhelOi datasets) are 

given in reference [60]. The trigger efficiency uncertainties and effects on cross section 

measurements are discussed in Chapter 9. 

Total Trigger Efficiency in Z and Z7 Event Selection 

The total ELECTROK _CE.'JTRAL_l8 trigger efficiency in Z or Z;' event selection 

can be determined as follmving: 

• CC Z events: either electron can fire the trigger. The total trigger efficiency 

equals ( 1 - efficiency that neither electron fires the trigger). 

- f.EldS = 1 - (1 - f(I'n)) X (1 - f(I'12)) 

• CP Z events: f.EldS = f(Pi,) 

• Pt is the central electron track Pt 

• E( Pt) is the ELECTR.OK _CE.'JTRAL_l8 trigger efficiency as a function of the 

central electron I'1• 

6.6.2 Z_NOTRACK Trigger Efficiency 

A second trigger, the ZJ\OTilACK trigger, is also used in selecting Z---+ ee event 

sample. This trigger requires two electromagnetic clusters with Et > 18 GeVin either 
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the central or fonvard detector regions. z__, (:e events 'vith two central electrons (CC), 

or t\vo plug electrons (PP), or one central and one plug electron (CP) can be selected 

through this trigger. Table 6.23 lists the requirements of the ZJ\OTRACK trigger 

path at each level. 

Table 6.23: Z_NOTRACK trigger path. from Physics Table: PHYSICS--2_05[17] 

Trigger 

Z_I\OTRACK 

Level 

L LT\VO _K\!18 

L2_TWO_EM16 

Calorinwter 
E 1_CENTRAL 2 8 Ge V 

HAD_E:tvLCEl\TRALS:: 0.125 
Et_FLUC 2 8 CeV 

HAD__E:.VLPL UC S:: 0.125 

1771 -S:~i.6 
n'1. 2 16 GcV 

HAD_E~'/I-<;: 0.125 
KUivfBEl1=2 

Calor Region = 2 
(both CENTRAL and PLUG) 

L3_TvVO_ELECTR0~18 cenEt 2 18 GeV 
plugEt 2 18 Ge V 

ZVert = 2 
nTowersHadEm = 3 

nEmObj = 2 

To measure the z_~OTRACK trigger efficiency, \Ve select events using the ELEC-

TROI\_CENTRAL_l8 trigger. For each selected event, there must be two electrons, 

passing central or plug electron identification cuts. T<) reduce backgrounds, the elec-

trons must pass the tight ID cuts (Table 6.5 and 6.8), and the di-lepton invariance 

mass must be V\Tithin the mass 'vinclcnv: 75-105 Ce V / c2 . The Bt of the first central 

electron's is required to be greater than 28 GcV, ·where the ZKOTRACK trigger 

is fully efficient. The Z_~OTRACK trigger efficiency is measured as a function of 

the second electron Et. For CC events, the tvvo electrons must have opposite-sign 
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charges. 

The Z_I\OTRJ\CK trigger efficiencies for central and plug electrons, arc li::;ted in 

table 6.2'1 and 6.25, respectively. 

Table 6.24: Z_NOTRACK Efficiency from CC Z events for one dataset (bhdOd). 

Cuts Events Efficiency 
1')128 GcV 6547 

Ll-CC 6547 1 
L2-CC 6546 0.9998 
13-CC 6488 0.9911 

Total L 1-L~i 6488 0.991 

Table 6.25: Z_l\~OTRACK Efficiencv from CP Z events, bhelOd dataset 
" 

Cuts Events Efficiency 
£~128 GcV 11200 

Ll-CP 11200 1 
L2-CP 10779 0.9624 
L3-CP 10651 0.9881 

Total L 1-L~i 10651 0.951 

Figure 6.5 shows the trigger efficiency as a function of the second electron Et from 

CP Z events. A slmv turn-on is observed at the low Et region. To correct for the effect 

of this slow turn-on, a trigger efficiency weight i::; applied to detector simulation event 

by event when calculating the signal acceptance. :.\fore details on trigger efficiency 

are given in [ 60] . 

Total Trigger Efficiency in Z and Z";i Event Selection 

The total Z_I\OTRACK trigger efficiency in Z event selection can be determined as 

follmving: 

• cc z events: Ez_NOTRACI< = Ecen(En) . Ecen(Et2) 
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Figure 6.5: ZNOTRACK trigger efficiency in the plug region (for one dataset bhelOd), 
as a function of the second Electron Et (Ge V), 28 Ge V Et cut on the first electron. Slow 

turn on at lmv Et, a trigp;cr efficiency weight is applied to l\1C event by event. 

C , ,. Z-1YO'l'HACK _ ( ) ( ) • P Z e\ents. E - Ecen En - EFlu.g Et2 

• En and Et2 are the Et of the two electrons. 

For z .. y events, the Z~OTRACK trigger could be fired by either ee or e~r' · The pho-

ton must be included in the trigger efficiency calculation. The total trigger efficiency 

for Z~/ events \Vith Ct central photon: is determined Clli following: 

where Eti is the Et of the electrons or photon. 
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6.6.3 Total Trigger Efficiency 

The total trigger efficiency in the inclusive Z or Z1 event selection is then given as: 

tlr i g = 1 _ (1 _ EEld8) X (1 _ €Z_NOTRACK) 

For CC Z events, the total trigger efficiency is 100%. (see table 6.12). For CP Z 

events, the total trigger efficiency is 99.63 (sec table 6.B). 

The trigger efficiency uncertainties and effects on cross section meaE;urements are 

discussed in Chapter 9. 

6. 7 Background Estimation 

Hadronic jets can sometimes be r:ielected a8 electronr:i in the detector. \Ve refer to this 

as QCD background to the Z signal events. In this section, side-band subtraction 

method for QCD background prediction is discussed. The shape of the background 

is determined using electron+jets data. 

6. 7.1 QCD background shape 

The main background source in the Z selection is QCD events, 'vhcrc a jct is misiden

tified as an electron. To get a shape of the QCD background, we use the high Pt elec

tron data.setr:i, requiring that there is one and only one electron in the events. The 

central electron must satisfy the loose electron selection criteria listed in table 6.4. 

The plug electron must satis(y the loose plug electron selection criteria listed in ta

ble 6.7. To identi~y a jet; we use cuts in the loose electron 8e1ec:tion, but veto the 

IIadEm and Isolation cuts (sec table 6.26 and 6.27). The mass spectra of Aie.i pro

vide a measure of the shape of the QCD background events in our selected Z boson 

sample. 

101 



Table 6.26: Central loose electron ID Cuts and central jet selection cuts 

Variables I Central Loose Electron ID I Central .Jet Selection 

All COT Tracks: 
#Axial SLs 
#Stereo SLs 
DC lzol 
Region 
E, 
TrackP1 

Conversion 
CES fiducial 

Ehad/ Ee-rn 

lso(R=0.4) In', 
Ls hr 

l~zl 

Table 6.27: 
Variables 

Region 
PES 2D Eta 
CorrE1 

.:;> :> with .:;> 5 hits per SL .:;> :) with .:;> 5 hits per SL 

.:;> 2 with .:;> 5 hits per SL .:;> 2 with .:;> 5 hits per SL 
~ 60. ~ 60. 
CE:\I (lr1I < 1.1) CEM (lr1I < 1.1) 
.:;> 20 GeV .:;> 20 GcV 
.:;> 10 GeV/c .:;> 10 GeV 
not equal 1 not equal 1 
=1 = 1 
~ 0.055 0. 0Zi5 
+ 0.00045 · E + 0.00045 · E 
~ 0.3 ( loose isolation cut ) .... 0.3 

~ 0.4 -

~ 8 cm -

Ping loose electron ID cuts and plug jct select.ion cuts 

Ping Electron ID Cuts Plug .Jct Selection Cuts 

PEM (1.1 ~ 1111 < :i.6) PEM (1.1 ~ II/I < :i.6) 
1.2 ~ lr1I ~ 2.8 1.2 ~ lr1I ~ 2.8 
.:;>20G~ .:;>20G~ 

Eharl/ EC'ln :s; U.OJ 0.05 
PK\! 3x3 chi2 ~ 25. 
Iso(R=0.4)/ E1 

~ o.:> ( loose isolation cut ) o.:) 

6.7.2 QCD Background Estimation - Side-band Subtraction 
Method 

The QCD background is determined using the side-band subtraction method. The 

mass spectra of the Z boson simulation sample (Ah1c) provide a measure of the 

shape of the Z signal events. The mass spectra in the selected Z boson data sample 

( Aldata) is fitted to the signal prediction ( 1\!h.fc) and background prediction !Vfej. 

The z_, cc signal is snbtrncted from the data. The fraction of background in the 
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data is determined by comparing the residual side-band (outside Z mass windmv) 

distribution to the background distribution. The background is detennined with the 

follmving procedure: 

• Step 1: normalize the simulation spectrum from z___,, ee (blue curve in Figure 

6.6 (a)) to the data spectrum (red curve in Figure 6.6 (a) ) in a tight Z mass 

~vvindow 86-98 Ge V / c'2. 

• Step 2: get the difference: Diff(lVIcc) =Data (red) - ~/IC (blue) over the full ee 

mass range. The difference is shown as the pink curve in Figure 6.6 (b ). 

• Step 3: normaliz;c the background shape spectrum I\,fe.i (green curve in Figure 

6.6 (b)) in the upper sideband (116::::; Alce::::; 220 GeV/c2 ) to the spectrum 

Diff(Mee) from step 2. 

• Step 1: get background prediction using integral of bin 66-116 GeV / c2 in the 

background t->hape spectrum ~I,,:i (green region in Figure 6.6 ( c) ) . 

• Step 5: subtract the background in the normalization described in step 1: 

normali/\e simulation spectrum to (Data- QCD Bkg) in the rrrnss windo\v 

86-98 GeV/c2 

- repeat step 2-;1. Figures 6.6 ( d) - (f) show the distributions in the second 

iteration. 

Figure 6.6 shows the background prediction in the CP channel for one dataset 

(bhelOh). The QCD background in the CC Z sample is 0.89% ± 0.34% (see Table 

6.28). The QCD background in the CP Z sample is 7.7% ± 1.0% (sec Table 6.29). 
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Figure 6.6: Di-lepton rumis distribution (GcV /c2) iu Zee CP backgnmnd subtraction 
for one dataset (bhdOh). 

6.7.3 Syste1natic Uncertainties 

Systematic U nccrtaintics CC Channel 

For the central region, by as~uming that the signs of the electrons for QCD back-

ground arc uneorrelaled, lli<~ n1.11nber or QCD baC'kground ewnt.s ca.n be dct.crmined 

usinp; same-sign method. The QCD background equab the number of same-sign 

r~v0n\.s ohs<'rv<'d in dn.l.n. ('Orrec1.<Yl for lridenl cv<~ll\.s: 

Table 6.28 comp .. :1.res the backµ;round prediction ui:;ing the Hide-band Hnbtraction 

nw1.hnd and Lhc Rn.nw-sign nwlhod. The rcstLh. from U10 sidf1-band 811bLrac1.inn 

method is taken mi the prediction of the QCD background. The syst.cnrntic error 
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on the QCD background prediction is taken to be the difference bet:\vecn the two 

methods. 

Table 6.28: CC Z QCD background prediction for one dataset (bhelOcl). 

Dataset I Z region I Signal I Side-band method I Same-sign method I Difference 

bhe10d I cc I 9403 I o.893 o.553 o.343 

Systematic Uncertainties - CP Channel 

In the side-band subtraction method, either the upper side-band (116 :S Aler; :S 

220) or the lower side-band ( 40 :<:::; Alee :<:::; 66) can be used for normalization. The 

result from the upper side-band subtract.ion is taken as the prediction of the QCD 

background. The difference in the results is assigned as the systematic uncertainty 

for the QCD background prediction in the CP channel (sec table 6.29). 

Table 6.29: CP Z QCD background prediction for one dataset (bhelOd). 

Dataset Z region Signal upper side-band lmver side-band Difference 
normalization normalization 

bhclOd CP 202:36 7.7% 8.7% 1.0 % 

6.8 Chapter Summary 

The z- cc signal acceptance is measured from the generation of events "\vith a 

detector simulation. The Z acceptance with two central electrons is 0.1118 ± 0.0002 

and the Z acceptance with one central and one forward electron is 0.2288 ± 0.0003. 

The electron identification efficiencie:-; and scale factors are summari?;ed in Table 6.5.1 

and 6.5.2. The predictions from the simulation agree very well to the data. The scale 
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factors arc close to 1.00. The trigger efficiencies arc mca.sured from data. These 

triggers a.re highly efficient, with efficiencies close to 100%. The QCD background to 

the selected Z boson sample is determined from data. The QCD background is 0.89% 

± 0.34%. in the CC Z sample and 7.7% ± 1.0% in the CP Z sample. The measured 

acceptance, efficienc.y scale factors, trigger efficiencies and QCD background will be 

used in calculating the inclnsive Z cross section in the next chapter. 
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Chapter 7 

Inclusive Z Cross Section Measurement 

The cross section for Z boson production from pp collision at JS = 1.96 TeV is 

calculated for the loose Z selection described in Chapter 6. This is compared to both 

the S~J prediction and previous inclusive Z cross section measurements. This serves 

a.s a cross check of the Z selection for our pp ----+ Z "'i + X measurement.. 

7.1 Previous measurements 

The previous published result [62] for the inclusive Z cross section in t.he invariant 

di-lepton ma..qs range bchveen 66 GcV/ c2 and 116 GcV/ c2 is 

a(pp----+ Z f'y* + X ) · Br(Zj -/'----+ ll) = 

254.9 ± :3.3(stat.) ± 4.6(syst.) ± 15.2( lurn.) pb 

This \Vllil measured \vith 7'2 pb-1 of pp integrated luminosity. 

Since then, a nevv measurement. [63] using 337 pb-1 of data for the Z----+ µµ channel 

ha.<; been made. The cross section is measured to be: 

a(pp----+ Z f'y* + X) · Br(ZF/----+ µp) = 

261.2 ± 2.7(stat.) ±~~:ri (.syst.) ± 15.l(l'wm.) pb 

The S:LvI prediction for the inclusive Z b oson cross section in the invariant di-lepton 
mass range between 66 GeV/ c2 and 116 GeV/ c2 is 25U~ ± 5.0 pb [62]. 
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7.2 The Inclusive Z Cross Section in the Channel 
with Two Central Electrons 

In this section, \Ve describe the measurement of the Z cross section \Vhere both dee-

trons are in the central region (CC). 

The Z selection in the CC Channel are listed below: 

• For each event, there must be at least two high Et (Et > 20 GeV) electrons: 

- Both electrons must pass the central loose electron ID cuts (table 6.4) 

• Both electrons must satisfy the loose isolation cut( IsoR < 0.3 ) 

• At least one electron must satisfy the tight isolation cut( IsoR < 0.1 ) 

• The invariant mass of the di-lepton must be in the range of 66 < Alee < 116 

GeV/ c2 

• The hvo electrons must have opposite-signed charges. 

The inclusive Z -+ ee cross section is calculated as follmving: 

, _ . , j\robs _ J\Tbck 
CT(pp-+ Zj-( + X) · Br(Zj~( -+ ll) = z z 

Az · Ez · J £dt 
(7.1) 

·where: 

• J £dt is the integrated luminosity 

• Az is the Z acceptance 

• f z is the total Z selection efficiency 

• JV~bs is the number of opposite-signed CC Z -+ ee events 
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• N2ck is the number of the QCD background events 'vhere a jct fakes an electron 

The follmving efficiencies arc included in the total Z selection efficiency calculation: 

1. Vertex efficiency fvtx [64], which measures the fraction of events that occur 

"\Vi thin 60 cm of the center of the detector. The vertex requirement ( Zulx ::; 60 

cm) limits the selected events to a. fraction of the full luminous region. The 

efficiencies arc: 

• 0.951 ± 0.003 ( bhc!Ocl dataset) 

• 0.9fi0 ± 0.003 ( bhelOh dataset) 

• 0.966 ± 0.003 ( bhclOi dataset) 

2. The tracking efficiency Etrk: which is the efficiency for reconstructing the high 

I'r track in the COT tracking chamber. The tracking efficiency Etrk(Data) is 

0.996 ± 0.004 [62]. The efficiency measured from the detector simulation sample 

Etrk(l\'IC) is 0.997 ± 0.002. Since this in-efficiency is already accounted for in 

the Z acceptance calculation using the simulated sample (sec Section 6.4), to 

avoid doubling counting, the ratio of the tracking efficiency measured in data 

to that mrasured in the simulation sample is applird as a final net tracking 

efficiency. Et rk = 1.000 ± 0.004 is used in the total Z efficiency calculation. 

:3. The reconstructing efficiency Ere,., 'vhich is the efficiency of reconstructing real 

electrons by offiine algorithms. This efficiency is measured to be 0.998 ± 0.004 

[62]. 

11. The electron identification efficiency: 

• The loose electron identification efficiency t 1;.i 

Table 6.14). 

109 

0.961 (bhelOd dataset; 



• The loose isolation efficiency ELiso = 0.997 (bhclOd data.set, Table 6.1'1 ) 

• The tight isolation efficiency ETiso = 0.980 (bhdOd dutai:;ct : Table 6.14) 

• The tight electron identification efficiency Etid = 0.87 4 (bhelOd data.set) 

Table 6.1/1 ) 

• The total efficiency for identifying tight electrons can then be calculated 

a.s: 

E =Etid · ELiso · ETiso · flid = 0.961 · 0.997 · 0.980 · 0.8(;1 = 0.821 

5. The total efficiency for Z selection: 

• The total efficiency for i:;electing LCE-LCE Z events ii:;: 

.LL · X ·2 X ·2 X 2 () 876 Etot = tvtx t ~rk t rec tlid = · . 

• total event selection efficiency for TCE-TCE Z events: 

TT LL 2 2 2 • 
Etot = Etot X ELiso X ETiso X Et.id = 0.6.)9 

The efficienc_y to select a Z boson drops from 0.87() to 0.6~19 when the tight electron 

identification requirements arc applied. The Z selection efficiencies for requiring two 

isolated loose central electrons (IsoR < 0.1 for at least one electron) arc listed in 

Table 7.1. This Z boson sample \vill be used for the study of pp --+ cc+ "r + X 

production. 

7.2.1 Measure Inclusive Z Cross Section in CP Channel 

In this section, we describe the measurement of the Z cross section where one electron 

is in the central region and the other one is in the forward (plug) detector region (CP). 

The Z selection in the CP channel arc listed below: 

• For each event, there must be at least hvo high Et (Et > 20 GcV) electrons: 
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- One is a central loose electron (table 6A) 

- The other is a loose plug dcct.ron (LPE) (table 6. 7) 

• Both electrons must satisfy the loose isolation cut( Isol1 < 0.3 ) 

• At least one electron must satisfy the tight isolation cut( Iso:R < 0.1 ) 

• The invariant di-lepton mass must be in the range of 66 < Alec < 116 Ge V / c2 

7.3 Measurement of the Inclusive Z Cross Section 
- 1 fb- 1 

In this section, we summari?:e the inclusive Z cross section measured with 1.fb-1 of 

data. The results (sec Table 7.1) arc in good agreement with the S1vI prediction and 

previou::; measurements at CDP. This inclusive Z sample will be used for the Z1 study. 

Table 7.1: Cross-section calculation for CJ(pp---+ z/,..,1* + X) · Br(Zf ,..,r*---+ ee). 

dataset z Signal Bkg I3kg/Signal EL Az- CJ(pp ---+ Z h'* + X) · 
Br(Zf''y'*---+ ll) (pb) 

bhelOd cc 9403 83.9 0.009 0.870 0.112 257.0 ± 2.7 (stat) ± 
11.6 (lurn) 

373pb- 1 CP 20236 1563.·1 0.077 0.836 0.229 262.0 ± 2.0 (stat) ± 
14.9 (lurn) 

bhelOh cc 10696 135.6 0.013 0.870 0.112 25:3.5 ± 2.5 (stat) ± 
14.4 (lum) 

428pb- 1 CP 23187 1735.0 0.075 0.833 0.231 261.1 ± 1.9 (sta.t) ± 
14.9 (lum) 

bhclOi cc 68110 111.2 0.016 0.868 0.112 253.9 ± 3.1 (stat) ± 
11.5 (lurn) 

274pb- 1 CP 14467 1084.2 0.075 0.827 0.230 257.7 ± 2.3 (stat) ± 
14.7 (lum) 
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Chapter 8 

Photon Selection, Identification and 
Background Study 

In this chapter, photon selection and identification are discussed. The precision of 

the measurement of Z11 production is limited by the understanding of the selected 

photon candidates. The photon detection efficiency must be measured from data 

using either "pure') electron or photon sources. A nev,r method using a photon source 

from the final state radiation in Z-----+ t+z-+ i events is described in Section 8.2. The 

background due to jets pa.ssing the photon selection criteria must be evaluated. To 

estimate the background, the jet -----+ /' fake rate is measured from a sample of jets 

passing the photon selection criteria. This fake rate is applied to jets in Z+jct events 

to determine the background to z+";/ events. 

8.1 Photon Selection Criteria 

Photons are selected vvith Et ~ 7 Ge Vand I r7 I < 1.1 using the central detector. The 

photon is required to separate from any primary electron or muon by 0.R(l-,..y) > 0.4. 

The central photon selection cuts are summarized in Table 8.1. 

The variables used in selecting central photon are the folknving [65]: 

• Event vertex in z along colliding beam: 

For our z~l analysis, there 'Nill be two electrons in the events from the Z boson 

cleca.y. The vertex information from the central electrons is used to determine 

the vertex 7' for the central photons. If there is an ' ~ event vertex" within 5cn1 

of the centra.l electrons in the events, that vertex is used as the photon vertex. 
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Table 8.1: Central photon identification cuts. 

Variables 

Et Corr 

I lad/ Em 
IsoEtCorr 

Chi2(Strips + \Vires) / 2 
~ track(~3D) 

Track Pt 
Cone 0.4 Track Iso 
2nd CES cluster 
E*sin(O) 

Cut 

< 21 cm 
9 < lcesZI < 230 cm 

< 0.125 11 < 0.000 + 0.00045 * ECorr 
EtCorr < 20: < 0.1 * Et.Corr 
Et.Corr 2::: 20: < 2.0 + 0.02 * (EtCorr - 20.0) 
< 20 
::; 1 
< 1.0 + 0.005 * EtCorr 
< 2.0 + 0.005 * EtCorr 
(both st rip and wire E individually) 
EtCorr < 18: < 0.14 * EtCorr 
EtCorr 2::: 18: < 2.4 + 0.01 * EtCorr 

Otherwise the vertex 7' of the highest B1. central electron is used. 

• ces x and ces z: 

The photon posit.ion inside ::i,n electromagnetic calorimeter tower. This is mea-

sured by the CES detector. 

• raw energy: 

The total amount of energy for a photon is obtained directly from the El\{ 

cluster (using 2-tmver sum). 

• Corrected E: 

The energy is then corrected for the CES x and z positions (face corrections). 

The transverse component of E ( = E Sine), from the event vertex z. 

• Had/ Em: 

Ratio of the haclronic/ elect.romagnetic energy. 



• IsoEtCorr: 

The calorimeter isolation energy is the E1, sum in a cone of D. R = J D.q>2 + D.rJ2 < 

0.1 around the photon's seed position of the energy cluster. The isolation en

ergy is corrected to the event vertex 7'. It is then corrected for leakage energy 

and number of additional pp interact.ion vertices. 

• Chi2: 

A x2 fit of the CES shower profile (strip or \Vire) to the profile from test beam 

electrons. 

• Track Pt'. 

The highest transverse momentum track pointing to the photon energy cluster. 

• N track (T\-JD): 

The number of tracks, pointing to the photon energy cluster. A maximum of 

one track is allmved: and the track Pi. must be less than 1.0 + 0.005 * E1, (GeV). 

• Cone 0.4 track Tso 

Track isolation energy is sum of the transverse momentum over all tracks within 

5 cm of the photon vertex in a 0.4 cone. 

• Second CES cluster E*sin( H): 

Energy of any second strip (\Vire) cluster. 

Sec Table 8.1 for the selection cuts on these variables. 

8.2 Photon identification efficiency 

In this sect.ion; the efficiency rneasurernent is described for photons \vith E 1 2:: 7 

Ge V and 117 I < 1.1. The photons are selected using the CEl\I detector with the 
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cuts described in Section 8.1. The photon identification efficiency is based upon the 

selection of a very pure photon source from final state radiation in Z ____, z+ z-+ r 
events (sec Figure 8.1) . The electron data has a total luminosity of ""'1 fb- 1 . The 

muon data has a total luminosity of ""'1.6 fb- 1 . The photon efficiency for detector 

simulation samples is measured from the Z(ee)I simulation sample. 

Table 8.2: Central photon denominator cuts for identification efficiency measure
ment. 

Variables Cut 

Et Corr ?_ 7 

lcesXI < 21 cm 
icesZI 9 < icesZI < 230 cm 

Had/Em :::::: 0.125 
IsoEtCorr 
Track Pt < Et.Corr / 2 
Cone 0.4 Track Iso 

q 

q l 

Figure 8.1: Z1 Final State Radiation (FSR.) . 

The identification efficiency of photons is determined using the CDF detector 

simulation with corrections (scale factors) measured from data. Photons can fail the 

selection criteria given in Table 8.1 due to conversions before reaching the calorimeter, 

calorimeter electromagnetic shower fluctuations, or general underlying event activity 
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that causes isolation failures. The latter depends on the environment in which the 

photon is produced. For the study of pp --. t+z- + ''/ + X events it is desirable to 

measure the photon detection using a "pure'' sample of photons isolated in these 

events. Z boson production >vith hard final state radiation off the decay leptons (see 

Figure 8.1) are identified, and the z+ z- + ~y system is required to have an invariant 

mass near the Z boson mass . In this section this method for measuring photon 

detection efficiencies is described : and the determination of the required detector 

simulation scale factors is presented. Events arc required to have two and only two 

leptons \Vith Pl > 20 Ge V / c. The leptons rrmst pass the standard tight-lepton selec

tion cuts. :\1uon pairs and CE:\'1-CE~I electron pairs are required to have opposite 

signs, and CE:\J-PEM and PE:\J-PE::Vl electron pairs arc also included. The PE1!f 

electrons are required to pass the silicon detector tracking requirements. A subset of 

these events is selected by requiring one and only one photon object in the central 

region. The t->pecific criteria for the photon objects are given in Table 8.2. These are 

chosen with very loose cuts on the variables used to identify photons, but require the 

shower position to be in a. central fiducial region. 

Having identified events with two tight leptom> and a "loose:' photon object: 

cleanup cuts arc applied to suppress backgrounds events. The events arc required to 

have: 

• Itt <10 CeVand Pt(Z1) <10 CeV /c to suppress \V\V /'WZ/ZZ events 

• A1u < 80 Ge V / c2 to suppress Z + jet events 

The invariant nia;-;t-; distribution of the three-body system is plotted in Figure 8.2 

for the ee11 data, showing the progressive effect of each of the cleanup cuts on the 

selection of the z--. z+ z-+ 'Y events. Fina.1ly, the photons used for the detection 

efficiency measurement are selected by requiring: 
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Figure 8.2: The invariant mass (GeV/c2
) distribution of the cq' three-body system 

with 1 fb- 1 electron data. 
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Figure 8.3: Three body mass (GeV/c2 
) distribution of the Z/ events used in pho

ton detect.ion efficiency measurement. z~/ lib electron data (left) i Z ( ee )/· detector 
simulation sample rewk33 (right). 

• 86 < l\1111 < 96 GeV /c2 

Figure 8.3 shows the distribution of the three-body mass of the Z/ events used for 

the photon detection efficiency measurement. Table 8.3 summarizes the number of 
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11--y events surviving all selection cuts, ·with the number of photons candidates in the 

central detector. 

The above photon ~:mmple is then subjected to the photon selection cuts shovm 

in Table 8.1. The resulting photon detection efficiencies from the data arc compared 

to those predicted from the detector simulation vvhere identical selection cuts a.re 

used. The data are divided into subsets depending on the lepton pair selection to 

test the consistency of the mea..surernents. The photon detection efficiency is defined 

as follmving: 

• Photon detection efficiency: 

fraction of photon candidates passing the photon selection c:uts 

Denominator: photon candidates passing the detector acceptance cuts 

K umerator: photon candidates passing the photon selection cuts 

• Photon N-1 detection efficiency: 

Efficiency for one selection cut 

Denominator: photon candidates passing all but the Nth selection cut 

K umerator: photon candidates passing the photon selection cuts 

The efficiencies mca..surcd from the z,·y simulation sample arc listed in table 8. ·1. 

Figs. SA - 8.5 show the distributions of photon detection efficiency as a function of 

photon F.;l and detector 'IJ. The efficiencies are slightly dependent on the photon E 1 for 

central photons. Figure 8.6 shows the distribution of photon detection efficiencies a 

function of photon H1, \vhcre the efficiencies for data and simulation arc plotted in 

black and blue respectively. The photon detection efficiencies for data and detector 
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Table 8.3: :VIuon+Electron Channel Central Photon total detection efficiency and 
l\~-1 detection efficiency from data ::::::::::============================== 

Events Efficiency 
ID Photon 196 0.86 + 0.02 - 0.02 
2ndCcsE 200 0.98 + 0.01 - 0.01 
Chi2 197 0.99 + 0.00 - 0.01 
IsoEt 204 0.96 + 0.01 - 0.02 
K3D 198 0.99 + 0.01 - 0.01 
Ttacklso 201 (l.98 + 0.01 - 0.01 
TtackPt 199 0.98 + 0.01 - (l.01 
Candidates 229 

Table 8.4: Electron Channel Central Photon total detection efficiency and K-1 
detection efficiency for detector simulation samples. 

Events Efficiency 
ID Photon 16780 0.88 + 0.00 - 0.00 
2ndCcsE 
Chi2 

16996 0.99 + 0.00 - 0.00 
16841 1.00 + 0.00 - 0.00 

lsoEt 
K3D 

17811 0.94 + 0.00 - 0.00 
10871 0.99 + 0.00 - 0.00 

Ttacklso 17005 0.99 + 0.00 - ().00 
TtackPt 16917 0.99 + 0.00 - 0.00 
Candidates 1898,1 

simulation agree ·well. The efficiency scale factor (SF); defined 

E(Data) 
SF=----

E(Simulation) 

is plotted in red in Figure 8.6. The scale factors in each Et bin arc listed in table 8.5. 

Table 8.5: Central photon efficiency scale factor. 

E/ (GcV) Scale Factor 
7 - 12 0.% ± 0.04 
12 - 20 1.00 ± 0.04 
20 - 40 0.95 ± 0.06 
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Figure 8.4: Central Photon I\-1 detection efficiency a.s a function of photon t;t (Ge V) 
measured from z~y simulation sample. 
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Figure 8.5: Central Photon detection efficiency as a function of T/ measured from 
Z/ simulation sample. 
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Figure 8.6: Central Photon detection efficiencies as a function of photon Et (GeV) : 
da.ta vs simulation. 

For reference , the retmlt [66] measured from electron samples are listed in Table 

8.6. This is measured in a different kinematic range (Et > 15Ge V), and a small clif-

fcrcnce in the efficiencies is observed. The scale factors mcasnred from both methods 

are consistent. 

Table 8.6: Old method. Photon detection efficiencies and scale factors using Zee 
sampks [66]. E'/ > 15 GeV, ir1[ < 1.1. 

Eff(%) Data Simulation Sea.le Factor 
Central 90.85± 0.73 92.61 ± 0.16 0.98 ±0.01 (stat) ± ().(}l (syst) 

In summary, a nevv method ha.s been developed to measure the photon detection 

efficiency directly from a pure FSR z~f photon sample. The result is given in Table 

8. 7. The simulation agrees quite well with the data. This method is currently limited 

b.Y statistics. The statistical uncertainty on the scale factor is 2%: and the systematic 

uncertainty is 1 % . 
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Table 8. 7: Photon detection efficiencies and scale factors using FSR photon samples. 
E? > 7 GeV, [77J < 1.1. 

Eff Data Simulation Scale Factor 
Central 0.86 ± 0.02 0.88 ± 0.00 0.98 ± 0.02 (stat) ± 0.01 (syst) 

8.3 Photon Background 

The precision of an analysis that requires the identification of an isolated high en-

ergy photon is inherently limited by the effectiveness of photon selection algorithms. 

These consist of the identification efficiency of real photons and corrections for the 

background rate at 1.vhich high energy jets arc misidentified as photons. In this sec-

tfon, V\Te describe a measurement of the probability at which jets are mis-identified 

as photons by passing standard photon selection cuts. This jct-to-photon fake rate 

is measured for jets 'vith E 1. > 7 GeVand In! < 1.1 . The general approach is to 

measure the photon fake rate from high statistics jet data and then after necessary 

corrections, apply it to the jets in Z + jct events to obtain a data-driven prediction 

of the fake photon backgrounds in the Z; production. 

8.3.1 Overview of the fake rate measurement 

The jct-to-photon fake rate for isolated jets is measured from a sample of jct-triggered 

events. This fake rate is referred t.o as ~~~1J(Et)· Several corrections are made 

to r,c~SD(E1 ) to obtain the photon fake rate I'/f.ue(E1) that is applied to the jets 

associated with Z events. The corrections are summarized here. 

1. The P[:~~:D(tJ1 ) must be corrected for the fraction of the accepted ''jets'' that arc 

true hadronic quark/ gluon showers and not a contamination from real photons. 
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This correction factor is referred to as FQcD and is a function of jct Ei.: 

N(jcts _, 1) 
FQCD = --------

N (j d8 _, '"y) + iV (J) 

where the number of events refer to those passing the photon selection cuts. 

This correction factor is then applied to obtain: 

2. The Pl~~D(Et) fake rate applies to the mixture of selected QCD jets. There 

arc t'vo corrections to be made in transforming this to the fake rate Pt~ue(E1 ) 

t.o be applied to the jets in Z events t.o obtain the desired photon backgrounds 

in the z~r events. 

(a) The fake rate of quark jets is approximately ten times that of gluon jets 

based upon :\!Jonte Carlo studies [67]. The measured fake rate is sensitive 

to the quark/gluon mixture on the selected jct samples. Under the as-

sumption that the quark jets dominate the fake rate the correction factor 

is simplified to 

v.lhere R(q/g) is the fraction of quark jets in the :;amples. R;;:.;et is the 

fraction of quark jets in the Z +jct sample, and RqcD in the QCD jct 

sample. Therefore: 



(b) The fake rate I'/f.fc~ 1 (E1) is applied to each jct in the Z + jct data sample. 

This predicts the number of fake photons versus the R1 of the jets that 

cause these faked photon. This is not the same as the n? of the photon 

that \Vcmld have been measured if it was detected as a photon and v.muld 

be mostly electromagnetic energy. To predict the photon background in 

the Z1 events versns Er a transfer fnnct.ion is applied to convert jct E 1 

E"' to r' . 

For further discussions of the method sec references [67, 68]. 

8.3.2 Raw Fake Rate Measurement 

Selection of QCD jets 

The measurement uses jets from the Jet20, .Jet50; .Jct70, and JetlOO triggered data 

sets, filtered by the electron/muon no-silicon good run list version 13. These data sets: 

'vhich range from runs 1:38425 to 2121:33, contain ~ 1 fb- 1 of integrated luminosity; 

or roughly five times the data collected in the previous fake rate analysis [68]. The 

ra\\r jct E 1 is calculated using Q_j cone siz;c clustering. 

The QCD events are filtered by requiring that the ~n. separation bet\veen the 

two highest energy jets is at least 0. 7. In this subset of events only those jets that 

arc separated from all other jets by .6.R > 0. 7 arc considered. The jets arc further 

subdivided into three groups from highest to lmvest jet Et: 1st jet, 2nd jet , and 3 

or more jets (referred to as jct category ":H?>th") . The highest energy jct category 

is rejected to avoid trigger bias. Either the 2nd or 345th category could be used for 

the raw fake photon measurement. However, the 34Sth jet energy spectrum most 

c1ose1y matches the jet energy spectra in the Z/ events; and therefore we choose this 

jet mixture for the P:?aSD(Et) measurement. Jets with Et> 7 GeVa.ncl 1111 <1.1 a.re 
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considered for the central photon raw fake rate mea .. surcment. 
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Figure 8. 7: Rmv fake rate with error bands and central fit. 

Using the above QCD jct sample, for each event. the separation between the 

closest matching electromagnetic (E.IVI) object to the selected jet is calculated. If 

the separation has D..R < 0.1, the ErvI object is accepted as a candidate for faking a 

photon. The photon selection cuts (listed in Table 8.1) arc applied to the matched 

El\I objects to determine the number of candidates accepted as central photons. 

I',~f~D is measured as a function of the jct Et. Figure 8.7 shmvs this rm:v fake rate as 

a function jet El using the combined 345th jet sample . An El-dependent shape is 

observed as the photon selection cuts depend on Et. The value of P,~SlJ is ~ 0.4% at 

the 1mvest jet E1 and decrease to~ 0.2% at 35 GeV. At this point the abi1ity of the 

CCS becomes to resolve single and multiple photons is lost and the fake rate slowly 
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rises to~ 0.6% at ~ 100 GcV. 

As a measure of the systematic errors separate analyses arc made using the dif

ferent jet data sets (JEt20, JEt50, JEt70; and JEtlOO). The difference in the fake 

rate measured from these data.sets is a .. ssigncd a.s a systematic error. Combining the 

statistical and systematic errors in quadrature leads to the upper and knver error 

bands (solid curves) shown in Figure 8. 7 with the clashed curve the fit to the fake 

rntc from the combined 345 jd sample. The parameterization of these curves is given 

in reference [69]. 

8.3.3 Real Photon Correction 

The decay of Jro and r1° mesons, originating from final state quark or gluon shmvers 

result in photons not associated with the process of interest. In this analysisi we ca.11 

the photons from these decays :'fake" photons, whereas prompt photons created via 

direct production or radiated off a final state quark or lepton make up the :'rear' 

photon signal. 

The jet samples used to measure the raw fake rate contain "real" photons from 

direct production or bremsstrahlung radiation. The real photons have a high prob

ability to pass the photon selection and thus increase the measured fake rate. A 

correction factor, FQCD· is applied to the ravv fake rate to correct for prompt photon 

contamination. Correcting the rmv fake for prompt photon contamination must be 

accomplished by statistical methods, because particle by particle identification is not 

possible. In this section, -..ve describe three methods that a.re used to measure the 

FqcJJ· 
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Figure 8.8: The signal ( Egarnrna ) and background (Eb) templates for the CES method 
[54]. 

CES Weighting Method 

This method uses the Central Electromagnetic Shmvcr (CES) detector, a strip and 

1vire chamber, that is embedded in the Central Electromagnetic Calorimeter (CEl\ir) 

wedges. The CES detector provides high-precision position measurement of the elec-

tromagrwtic shmvcr inside the calorimeter. i\ single photon shm;i.rer is typically nar-

rmver than showers from 7r -----+ 'YI decays. For a given sample, the fraction of pion 

events can be determined from the fraction of '' 1vide" showers in the sample. 

The transverse shmver profile measured from electron test beam data is used to 

distinguish electrons/ photons from pions. A CES x2 variable is defined to describe 

hovv v,rell the measured shmver profile matches to an electron shmver profile. A x2 

ratio variable is calculated a!:i: 

\vhere NX
2
<4 is the number of events \Vith x2 < 4 and JVX

2
<20 is the number of events 
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Figure 8.9: fao/ Et vs x2. Illm;tra.ted a.re the four regions A, B, C and D used for 
determining the QCD background fraction FqcJJ [54]. 

v.rith x2 < 20. Background events: in general: have larger x2 values and the ratio Eo 

is smaller than f" of photon events (sec Figure 8.8). This ratio in the data is equal 

to: 

t --..N ". + t1>No 
f - -"'---'-'-' ---data - i\T 

" 'data 

where, 
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Figure 8.10: The conversion probabilities for signal prompt photons (Pc'onv ) and 
background mesons (P3~~7J) as a function of Et [Z:i4]. 

and the background fraction can be calculated as: 

Isolation vs CES x2 Method 

In a 2-dirnen::;ional distribution of the calorimeter itlolation variable and the CES x2 

variable, signal events congregate in the low isolation and low x2 region, while back-

ground events have large isolation energy due to lrndronic activity. The 2-dimensional 

plane of isolation vs. x2 can be divided into four regions (see Figure 8.9), where region 

C is the signal region and region D is entirely background. Assuming no correlation 

between the isolation energy and the CES x2 for background events, the background 

in region C can be determined as: 

/\ T JJG 1i\TB He -

NA NJJ 
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and 

The CES x2 and the isolation vtL x2 method break down for events with E 1 > 40 

Ge V, where the t\vo photons from pion decays are too close together and the two-

photon showers become too similar to single prompt photon showers. In the high .6'1. 

region, the CPR method is used to evaluate Fqcn-

CPR Weighting Method 

This method uses the Central Pre-Radiator (CPR) detector that is mounted on the 

inner surface of the CE1'1 wedges. The solenoid and the Central Outer Tracking 

(COT) detector arc served as radiators for the CPR detector. The conversion rate 

of prompt photons and pions in the solenoid is measured by the charge deposited in 

the CPR detector. Let the conversion rate of a single photon be I'~,. the conversion 
~ ' ' 

probability of a pion (11° ---+ /"")'), where both photons can convert, is equal to 1 -

(1 - P~1)2. If the single photon conversion rate is 60%, the conversion rate of a pion 

is then 84 %. Background events; in general, have higher conversion rate than that 

of photon events (see Figure 8.10). I3y measuring the fraction of events that deposit 

significant charge in the CPR detector; the background fraction can be extracted. 

FQcD Measurelllent 

Figure 8.11 shows the Fqcw measurement from the three methods described above. 

The difference between the three methods arc assigned as systematic, the upper and 

lmver error bands are showed in the solid lines. The central fit curve (dashed line) 

in the figure is the average of the hvo extremes. :\fore details on F QCD measurement 
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Figure 8.11: FqcD using three methods: lso vs CBS x2 , CBS weighting and CPR 
weighting. Solid lines arc the upper and lower error bands and the dashed line is 
central fit curve. 

arc given in reference [69]. 

8.3.4 Thue Fake Rate 

The raV·.' fake rnte is corrected by the "real" photon contamination to obtain the true 

fake rate for the QCD jct samples. 

Figure 8.12 shows P1~1~:D as a function of jet Et with error bands (solid lines) . The 

error includes the uncertainties in the raYv fake rate measurement, in the )) rear' photon 

correction FQCLJ and the statistical uncertainty. The dominant error is from the 
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Figure 8.12: True fake rate Pt~~D(E1 ) as a function of jct E 1 (GcV) for QCD jct 
sample vvith error bands(solid), central fit(dashed), and old measurement with 200 
pb-1 of data. [68]. 

FQcD measurement, especially in the high E1 region, vvhere the FQcD measurement 

is sta.tistica.l limited. 

8.3.5 Quark/ gluon Ratio Correction 

Jets originating from quarks have a. different fake rate than those from gluons. The 

fake ra.te depends on the quark-gluon composition in the sample studied. The quark-

gluon composition in the QCD jct sample is different to the Z + jct sample. In 

order to apply the fake rate measured from QCD jet sample to the Z + jet sample, a. 

correction factor Flf /!1' defined ru; the ratio of the quark content in the Z +jet sample 

to that in the QCD jet sample, is applied to the P1~?1~:~v to obtain the true fake rate 

for the Z + jct sample. .Figure 8.13 shows the corrected true fake rate, this is then 
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applied to jets in the Z + jets event to estimate the jct background contribution in 

the Z~r production. The probability to mis-identify a jet with E 1, = 10 Ge Vis about 

0.3%. As the jct £,'t increa .. scs, the mis-identified rate drops to about 0.1% for jets 

·with E1 > 35 CeV. 

N Cl> 3: 2 0.005 entral Jet-~ y True Fake Rate (WIZ+Jets Sample] CDF Run II Preliminary 1 Iii 

a: 
0.004 - Sys. + Stat Error Bands 

• • • • • Central Fit 
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Figure 8.13: True fake rate for the Z +jet sample. 

8.4 Chapter Summary 

A new method to measure the photon detection efficiency from a pure photon sample 

is presented. The efficiency measured from the data agrees well vvith the prediction 

from the detector simulation. The probability for a jct to be misidentified as a photon 

is measured with jet triggered data. In the next chapter: this fake rate is applied to 

jets in Z+jct events to predict the QCD background to z+~r events. 



Chapter 9 

Cross Section Measurement of 
pp----+ e+e-'Y + X Production 

In this chapter, a measurement of the pJ)---+ e+e-,.1' + X production cross section is 

presented. Doth Z1 production and single Z production with Z--+ eey contribute to 

the c+e-,-y final states. In this chapter, "Z/ measnrenwnt" refers to measuring z,-y 

plus Z--+ ee1. 

9 .1 Z; Event Select ion 

The selection of the z,.y candidate events is described in this section. The z,.y samples 

arc collected from pp collision::; 1vith triggers requiring at least one high P1 electron 

candidate. 

9.1.1 Z Selection 

The loose electron selection criteria described in Section 6.3 is used in selecting 

Z/ candidate events. Table 9.1 and 9.2 li::;t the electron selection in the central 

and forward region, respectively. For more details on the electron selection and iden

tification efficiency measurement, sec Chapter 6. 

To select Z candidate events, there must be at least tlvo high Et electrons ·with 

E 1 > 20 Ge V for each event, one of the electron must be in the central detector region. 

If both electrons are in the central region (CC Z event), they must have opposite-sign 

charges. Both electrons are required to pass the loose isolation cut (IsoR < 0.3); and 

at least one of the electron must pass the tight isolation cut (IsoR < ().1). 
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Table 9.1: Loose central electron identification cuts. The text in red shows the cut 
that is different to the standard central electron identification cut. 

Variables Cut 

Region CEM (llJI < 1.1) 
COT track 
JO, 

satisfy loose track quality requirements 
::;,. 20 
::;,. 10 TrackP, 

Eha.d/ Eeni 

Co11vcrsio11 
CES fiducial 

:<: 0.055 + 0.00045 · E:VICLST _ele...stcLE 
!= 1 
= 1 

lso(R=0.4) / £ 1 0.:5 (Loose Isolation cnt ) 
Lshr 

16.ZI 

Table 9.2: Loose plug electron icfontificat.ion cnts. the text in red shows the cnt that 
is different to the standard plug electron identification cut. 

Variables Cut 

Region 
PES 2D Eta 
Corr JO, 

Eh.ad/ Een1 
PEJ\I 3x3 chi2 
Iso(R=0.1) / E, 

PEM (1.1 :<: llJI < 3.6) 
1.2 :<'. 1111 :<'. 
::;,. 20 
:<'. 0.05 
< 

( loose isolation cut. ) 

The electron and Z select.ion criteria is summarized below: 

• For each event. there must he at least. two high E, electrons: 

CC Z: two opposite-sign central loose clcctrons(table 9.1) 

CP Z: one central loose electron (table 9.1) and one plug loose electron 

(table 9.2) 

• Both electrons pass the loose isolation cut (IsoR < 0.3) 

• At least one electron passes the tight isolation mt (IsoR < 0.1) 
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9.1.2 Zr Event Selection in the Central Photon Channel 

\Vith the Z sample selected, we further require there must be a.t least one photon in 

the central detector region \vith El > 7 GeV. The photon is required to pass the 

central photon selection cuts (table 8.1 ) and it must be Yvell separated from the two 

electrons in the events with a separation tlR( e: 1) > 0. 7. The di-lepton invariant 

mass nmst be greater than 40 GcV / c2 . This Z1 sample can be further divided into 

two subsets depending on the three-body invariant ma.ss lHee-y . The low mass region 

( Aleq ~ 100 Ge V / c2
) is dominated by final state radiation (FSR) contribution, and 

the high ma8s region ( Afee~r > 100 Ge V / c2
) is an initial state radiation (ISH) dominant 

region. The ISR region is most sensitive to anomalous couplings (see Chapter 10). 

The cross sections for the full Z")1 sample, as well as the ISR and FSR subsets arc 

measured. The ISR sample is used to probe anomalous couplings of the photon to 

the Z boson. 

9.2 Total Z; Event Selection Efficiency 

The Z1 event selection efficiency in data is given by: 

where: 

• EJ:id is the Z selection efficiency. 

• E1 id is the photon selection efficiency. 
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The z,, total selection efficiency predicted by the detector simulation is given by: 

l'vlC l'vlC l'vlC 
ftot = fzid X f'Yid (9.1) 

The efficiency sea.le factor used to correct imperfect.ion in the detector simulation is 

given by: 

SF Data/ JvlC SF X SF = Etot ttot = L id 1id (9.2) 

The predictions from the simulation agree very 'vcll to the data. The scale factors 

are close to 1.00. 

There arc tvvo more efficiencies that must be included for the data sample. but not 

for the simulation sample. The first one is the trigger efficiency, described in Section 

6.6. The second one is the efficiency of the IZol ::::; 60cm vertex requirement. The 

measured luminosity is multiplied by this efficiency to obtain the corrected integrated 

luminosity for the mea..'mrernent of z,..y production. 

9.3 Background Estimation 

The z~r production clrnnnrl is very clean, Viith only two significant background 

sources. The main background is from Z + jet events , where a jet is misidenti-

ficd as a photon. A second background source is from ry + fake Z events, v.rhere a. jct 

is 1nisidentified as an electron. The Z + jet background is 51.6 ± 14.1 events: and 

the 1' + fake Z background 13. 9 ± 7.1 events in the final z1, sample of 390 events. 
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9.3.1 Z + jet QCD Background 

The estimation of the Z + jet QCD background is based on a data-driven measure-

mcnt of the photon fake rate as described in Section 8.3. 

Photon Fake Rate 

The probability to mis-identify a jet as a photon is shmvn in Figure 8.13 in Section 

8.3. The probability to mis-identify a jct \vith J;,'1 = 10 GcVis about 0.3%. As the jct 

Et increases, the mis-identified rate drops to about 0.1% for jets with Et> ;35 GeV. 

Estimate Z + Jet QCD Background 

\\Fe apply the jet ---> photon fake rate to the Z + jet events in the electron-triggered 

data sample, where the jet has 1771 < 1.1 and ~Rei > 0.7. The number of background 

events from jets faking photons is given as [54]: 

1
1Vjet(Z) . . . 

pZ . (E7et) x d v, /dE]et x - (E7et £1' )dEjct 
3et~T l " Z I. /~ l ' l /, 

0 
(9.J) 

1
1Vjet(Z) . . dV /dE1ct . . . 

p! (E3et) x • z . t. d1V / dE1ct x z(E1et E"f )dEyet 
.1el~-1 I. jl'T .. /J 171et ]et I. I. ' 1. l 

0 (,"']cl (f'.,t 

vvhere. 

• Pf et-"~; ( £t'''): probability of a jct faking a photon for jets in the jct sample 

• Pj~,_,~1 (Et't): probability of a jct faking a photon for jets in the Z sample 

• z(Ert: Ei ): probability of a jet of F;fet to be measured as F.;"/ 

d "T I l 17jet 17jetd· ·1 . . . . . d 1 • h'jct c 1:,i : r., istn )Ut10n m a .iet tnggere. sarnp e 
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• d,~7, /dBj;:t term cancels if the Et distributions in the two samples are the same. 
d,\jet/dE1 

• "345th" .iet sample is the sample of jets of the 3rd, 4th, 5th etc. highest Et jets. 

The 345t.h jct in the jct. samples has a very similar n'f"ldistrilmt.ion as that in 

the Z sample. This sample is used to measure Pjct-.1 (H/et). 

The Z +jct QCD background is determined to he 51.6 ± 14.1 events in a sample 

of 390 z,.y candidate events (see Section 9.6.2). 

9.3.2 r + Jet QCD Background 

The second background source for Z; product.ion is the I' + fake Z events, where a 

jet is faking an elect.ran. To est.imat.e this background, we assume that t.he fake Z 

QCD background in the z~i sample scales as in the inclusive Z sample. The fake Z 

QCD background in the Z1· sample can then be estimated as: 

• i'TRkg _ .\ r Rkg * R 
~ ' z, - " z 

r-. rDh:q . tl t· t 1 QCD l k 1 . th . 1 . Z 1 ( n z is le es ,mia. ,ec , / )ac grounc m e me us1ve samp e see 

Section 6.7.2) 

n is the fraction of the fake Z QCD background events that has an ad-

d·t· 1 h t R ;'\TFakcZ) . bt . d f th f k Z 1 l d 1 10na. p o ,on. . = Np,,""z is o a.me rom . c a. ·c )a.C <:groun. 

template ( clectron-anticlectron sample). 

The number of"( + fake Z background is estimated to be 13.9 ± 7.1 events, with 

1.8 ± 1.3 events in the CC Z region and 12.1 ± 5.8 events in the CP Z region. 
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9.4 Z1 Cross Section Calculation 

The Z1 cross section is calculated as: 

vvhere. 

j\Tobs _ 
1
\Tbkg 

a eq = A . E . J £clt 

• JV<>bs is the number of ob::;erved Z~r events 

• JVbkg is the number of background events 

• A is the acceptance of the z~r production, defined as the fraction of Z'"'/ events 

that ::;atisfy the fiducial and geornetric requirements of our detector. This is 

measured from the S::VI generation of pp -----+ e+e- + ''/ + X production followed 

by the CDF detector simulation. 

• E is the total Z1 event selection efficiency for events within the z~i geometric 

acceptance, f = Ez; · f[r·ig · Efzf<tiO· Ez1 is the total z,.y event selection efficiency 

discussed in Section 9.2: Etrig is the trigger efficiency, very close to lOOo/r, (see 

Section G.6.a); Elzf<GO is the efficiency of the lzOI < 60 cm cut (see Section 7.2). 

• J £..dt i::; the integrated luminosity 

The z~l cross section will be quoted in a specific kinematic range, \vith El >7 

GeV, !:::.Re, (e, ! ' ) >0.7, A1ee >40 GeV /c2
• The (acceptance x efficiency) term is 

first measured using the detector simulation: 

(9.4) 

\vhere. 
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• Neei· is the number of events passing the ewy event selection criteria using the 

detector simulation. 

• Ngen is the number of events generated in the above kinematic range. 

This (acceptance x efficiency) term A·EMc is then corrected to account for simulation 

imperfection: 

A· fdala =A· EMC· SF 

·where: SF is the total efficiency scale factor (see Equation 9.2). 

The number of expected ee~r events predicted by the S:YI is: 

\ ,exp A . I ~ it 1 1SM = CJNLO . . tdata. . J .. A ' 

v,rherc a1v LO is the NLO cross-section in the above kinematic range. 

The cross-section for the above kinematic range is then simplified to: 

1\ robs _ 
1
\Tbkg 

A. E. J .Cdt 
--\-,c-,x-p-- . CJN LO 

1 1

S1Af 

(9.5) 

(9.G) 

(9.7) 

Table 9.6.2 lists the input numbers to the cross section calculation using the above 

equation. 

9.5 Systematic Uncertainties 

In this section, the systematic errors and their effects on z~r cross section are dis-

cussed. 

To evaluate the uncertainties on Z·-y cross section measurement: the cross section 
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calculation is written in the folluwing form 

(T = 

\vhere: 

Nd - 'E.J.Vbi 
D 

• Nd = number of t>elected Z11 candidate events (data) 

• Nbi = et>tima.tecl background of type i 

• D = A · EMC · S'F · Etrig · E,z<60 · J £dt 

The uncertainty on the cross sect.ion is obtained by propagating uncertainties in 

The error on the denominator can be furthered expanded as: 

'vhere: 

• 6.i~::,;;~o) is the uncertainty due to the efficiency of the I z0 I ::;; 60 cm cut 

• ~4~:~" is the uncertainty in the Z11 acceptance calculation 

• 6.ci,.,y is the uncertainty in the trigger efficiency measurement 
ttr·i,,q - -
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• ~1
1vD"'F is the uncertainty in the total efficiency scale factor measurement 

SF • 0 

Fina.Hy, the uncertainty on the acceptance term can be expanded to: 

·where: 

• (~A~~~-, )bcD is the uncertainty due to the parton level generation difference from 

the LO program ven;us the NLO program 

• (~)2 , is the uncertaintv from PDF 
A.ff'!' P1J1' ., 

• ( ~~:~,-, ) 2 is uncertainty due to central/plug E::\I energy sea.le 

Table 9.5 summaries all the uncertainties considered for t.he z~: cro:;s section. 

The main source of uncertainties on the cross section is signal statistics, luminosity 

measurement and background estimation. 

9.6 Z; Cross Section Measurement 

9.6.1 Previous measurement 

The previous CDF mea:mrement of Z'°'," cross section was performed vvith 200 pl>-1 of 

dat.a. There are 36 Z(eeh candidate events int.he data sample. The main uncertainty 

on the cross section is due to limited statistics. The current measurement is based 

on the data with a total integrated luminosity of 1.07 fb- 1
. This gives a factor of 5 

improvement in the sample statistics. The loose Z selection (described in Chapter 6) 



Table 9.3: A summary of the uncertainties for the ee/' cToss-section calculation 
and their correlations between CC and CP channels. A 'x' indicates the uncertainty 
is applied to that channel and thus correlated to the other channel with the same 
systematic. 

Channel Zcc~r' Zcr~i 

% ){ · o on % % on 
Source 'C ncertainty a(Zcc~() Uncertainty a(Zcr/') cc CP 

Signal Statistics 7.4 8.0 7.0 8.5 
Luminosity 5.8 5.8 5.8 5.8 

/ energy scale 3 2 3 2 x x 
~1 conversion rate 2 2 2 2 x x 

''/ ID efficiency ~) ~) ~) ~) x x 
c energy scale 1 2.3 1 2.3 x x 
Central e ID 1 2 1 1 2x x 

Plug e ID - - 2 2 x 
Trig efficiency 1 1 1 1 x x 

Acceptance 1 1 1 1 x x 
~r' +.Jet bkg 6~) 0.7 45 ~1.2 x x 
Z + .Jet bkg :18 2.() :19 5.9 x x 

Total Systematic 6.U 8.6 

doubles the final z~r acceptance. The si7.e of the z,y sample used in this analysis is a 

factor of 10 laq:~er than the previous measurement. 

9.6.2 Z1· Cross Section Result 

The Z;: cross section using 1.07 fb- 1 of data is presented in Table 9.G.2. There are :190 

eq events observed in data compared to the SJ\:1 prediction of :375.:3 ± 25.2 events. 

The measured cross section is 4. 7 ± 0.6 pb compared to the theory prediction of 

1.5 ± OA pb. The Z-y event kinematics distribution plots are shown in Figure 9.1. 

The distribubom; shovvn are the photon E 1., the three body invariant mass Afu,1 : the 

di-lepton mass A1cc and the separation between the tw·o electrons and the photon. 

Data ("+" in black) is compared to the SM prediction (blue curve). The Z +jct 
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background, where a jct is mis-identified as photon, is plotted in pink. The ; · + jct 

background, where a jet is mis-identified as an electron, is plotted in green. There is 

good agreement with the SJvI predictions for all kinematic distributions. 

Table 9.4: Inpnt parameters to the ee~r cross-srction calculation, 1074pb-1
. El > 7 

GcV, ~Rey > 0.7 and lvf<'e > 40 GrV / r 2
. 

Zry type ccg 
Photon type Central Photon 
Zee type CC+ CP 
J £dt(pb_,) 1074 
K-Factor 1.35 
(JLo(pb) 3A 
(JNLO(pb) 1L1 ± OA 
CTolJ8 (pb) 4.7 ± 0.3(stat.) ± 0.4(syst.) ± 0.3(lum) 
,yt!/<:g 13.9 ± 7.1 • 1+.lel v kg 51.6 ± 14.1 1 z+Jet 
y exp 

1 ·sA1 309.8 ± 16.6 
ve:qJ + ybkg 

1 SM 1 OClJ 375.3 ± 22.9 

1
yon8 390 

Figure 9.2 shows the two-dimensional mass distribution of the Z1· events. The 

Zr sample is further divided into tvvo subsets depending on the three-body mass 

Afeq of the events. The measurement for the low mass region (J.Vfee"I < 100 GeV /c2
), 

dominated by z- ee~r final state radiation (FSR), is shown in Table 9.6.2. There arc 

236 FSR ee1· events observed in data. com pa.red to the S\T prediction of 224.1 ± 11. 7 

events. The measured cross section is ~L1 ± 0.4 pb compared to the theory prediction 

of :3.:3 ± 0.:3 pb. The FSR event kinrmatics arc shmvn in Figure 9.3. Thbk 9.6.2 is 

the cross section result for events v,rith Afee-y > 100 Ge V/ c2 and is predominately due 

to events with photon emission from initial state radiation (ISR). There arc 15·1 ISR 

ee~y events observed in data compared to the Sl'vI prediction of 151.2 ± 13.5 events. 

The measured cross section is 1.2 ± 0.2 pb compared to the theory prediction of 1.2 
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Figure 9.1: ee~/ event kinematics. E? > 7 GeV, D..Rn > 0.7, J\f,e > 40 GeV/ c2. 
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Figure 9.2: Da.ta J.Uee -iVlee"f Distribution, CC + CP , lfb- 1
, 7 GeVphoton Et cut. 

± 0.1 pb. The ISR event kinenmtic8 are shuwn in Figure 9.4. The ISil 8ample it; 

used to probe anomalous triple gauge b oson couplings (see Chapter 10). 

Table 9.5: Input parameters to the FSR ewy cross-section calculation, 1074pb-1
. 

£? > 7 GcV, liRq > 0. 7 , Af,," > 40 GcV/ c2 and Af,,,,1. < 100 GcV / c2
. 

Z11 type FSR 
Photon type Central Photon 
Zee type CC+ CP 
J .Cdt(pb-1

) 1074 
K-Factor 1.36 
O'Lo(pb) 2.4 
CJ1VLO (pb ) ~L) ± O.~) 

(Jobs (pb) 3J > ± 0.2(stat.) ± 0.2(syst.) ± 0.2(1um) 
V IJK.g 2.4 ± 1.6 

1 i+.Jet v kg 12.5 ± 3.0 " z+Jei 
v e:rp 

1 ·s A1 209.2±11.2 
vexp v bkq 

1 ·sA1 + 1 'ocD 224.1 ± 11.7 
1vob.- 236 

117 



102 

10 

10"' 

40 

70 

60 

50 .., 
c:) 

~ 40 

" > 
w 30 

20 

10 

102 

> 
Ql 10 CJ 
r-.. 
Ui -c: 
Ql 
> w 

1 

60 

0 10 

80 100 

M,..,,t 

L 
I 

20 30 

CDF Run II Preliminary, 1.1fo·1 

+Data 
D SM"Z:t 

• z+Jet 
• y+Jet 

120 140 

COF Run II Preliminary, 1.1fb"1 

+Data 
D SMZ-1 

• z+Jet 
• y+Jet 

-i 

' 

3 

d R(e1, y) 

40 

Ey 
t 

~ 

10' 

" 10 0 

'5j 

~ 
w 

10·1 

CDF Run II Preliminary, 1.11b"1 

50 

+Data 
D SMZy 
• z+Jet 
• y+Jet 

60 70 

CDF Run II Preliminary, 1.1fb·' 

+Data 
O SMZy 

• z+Jet 
• r+Jet 

120 140 

COF Run II Preliminary, 1.1fb"1 

+Data 
O SMZy 

• z+Jet 
• r+Jet 

4 

160 

d R(e2, y) 

Figure 9.3: FSR ee~/ events) E? > 7 GeV, .6.Re-y > 0.7 , A1ee > 40 GeV/ c2 and 
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Table 9.6: Input parameters to the ISR ee~f cross-section calculation, 1074pb-1
. 

E/ > 7 GeV, ~Re, > 0.7, .Alee > 40 GeV/c2 and A1ee1, > 100 GeV / c2
. 

Z1/ type ISR 
Photon type Central Photon 
Zee type CC+ CP 
J .Cdt(pb-1

) 1074 
K-Factor 1.3:) 

crw(pb) 0.9 
CT lv· LO (pb) 1.2 ± 0.1 
(Jobs (pb) 1.2 ± O.l (stat.) ± 0.2(syst.) ± O.l(lum) 
VOK.g 11.5 ± 5.6 

1 i+.Jet v kg 39.0 ± 11.1 " z+Jei 
vexp 100.6 ± 5.4 1 '.S'Af 

N~~~~ + N~~l) 151.2 ± 1:).5 
]yobs 151 
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9.6.3 Zr Event Display 

In thi::; section, a few events with very high Nfee i Afee1' or photon Et are displayed. 

The Highest Photon Et Event 

The kinematic of the highe::;t photon E 1 ( = 135 Ge V) event i::; a::; follovving: 

Table 9. 7: The highest E'/ z1, event 
Run Event Z Type E? AJCC/' Afee pee; 

I. 
Eei 

{ 
Ee2 

l r(' 1tl ·rt'2 
161830 69435 cc 1% 368 92 17 137 27 -0.6 0.8 -0.2 

Figure 9.5 shows the COT view and the calorimeter tower vie'v of this event. 

Figure 9.5: The COT viev.r and the calorimeter tower view of the highest photon 
Et event, event 694~15 in nm 1618~10. 
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The Highest Afeq Event 

The kinematic of the highest 1Weq ( = 381 Ge V/ c2 
) event is as following: 

Table 9.8: The highest Afeq· z,-y event 
Run Event z Type E' t Afte~" A1,,e pCC/ 

t E ''1 t E"2 t r(Y r(, r('l 

161555 619905 CP 8:3 381 93 9 35 56 -0.9 0.4 2.2 

Figure 9.6 shmvs the COT view and the calorimeter tmvcr vic,;v· of this event. 

Figure 9.6: The COT view and the calorimeter tower view of the highest Xl..,e-, event, 
event 619905 in run 161555. 
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The Highest Pt'' Event 

The kinematic of the highest Pt'1 
( = 142 Ge V/ c ) event is as fo1lowing: 

Table 9.9: The highest I';"'' event 
Run Event Ei Aieer Afee $t pee; 

l 
Eel 

t 
Ee2 

t 1i'i r(1 77 e2 

162807 :n:12149 10 88 44 42 142 101 46 0.21 -0.97 -CLi~i 

Figure 9.7 shmvs the COT view and the calorimeter tmver vie,;v· of this event. 

= 

Figure 9. 7: The COT vicvv and the calorimeter tower view of the highest Pt'' event, 
event 3732149 in rnn 162857 . 



A Very High i"1ee Event 

The kinematic of a very high Nfee (= 251 GeV / c2
) event is as following: 

Table 9.10: The very high 1W ec Z1 event 

Run Event Z Type E' t Afec-:~r 1vf,,e 
pccy 

t 
Ee1 

t 
Ec2 

t T/T I(-1 

186048 5975330 CP 19 269 251 60 64 83 0.5 -1.05 

Figure 9.8 shmvs the COT view and the calorimeter tower vie'v of this event. 
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Figure 9.8: The COT vie1v and the calorimeter tower view of a very high Alee event: 
event 5975330 in run 186048. 
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Chapter 10 

Anomalous Triple Gauge Boson Couplings 

The Standard l\fodel Electrmveak theory makes precise predictions for the couplings 

between gauge bosons. Gauge boson pair production provides direct tests of the triple 

gauge boson conplings. Any non Standard ~fodd (anomalous) c:onplings enhance 

gauge boson pair production cross-section and would indicate nevv physics beyond 

the Standard ~Iodel. This chapter describes a search for anomalous gauge couplings 

(AGC) in Z11 production using the Z--+ ee decay channel with 1 fb- 1 of pp integrated 

luminosity. 

10.1 Current Limits on zz, and Zrr Couplings 

The parameters used to describe ZZ··y 11nd Z·-y1 vertices arc h[" (i = 1 - 4: V = Z or 

11, see Section 5.1.2). The current pubfo;hed limit8 on zz~: and Z''('f couplings are 

summarized in Table 10.1. CDF Run I limits arc based on 20 pb-1 of pp integrated 

luminosity. Limits from the Tevatron DO experiment are measured "\vith 1.1 fb- 1 of 

pj5 integrated luminosity. 

Table 10 .. 1: 95% C.L. limits on Z~/ anomalous couplings. 
Experiment CDF Run I [20] LEP II [12] DO [21] 

Luminosity(fb-1) 0.02 0"7 1.1 

hf -:3.0, 2.9 -0.20, 0.07 -0.08:3. 0.082 

hf -0. 7, Cl. 7 -0.05, 0.12 -0.005, 0.005 

hl -3.1 , 3.1 -0.049, 0.008 -0.085, 0.084 
h 'Y 

' 4 -0.8, 0.8 -0.02, 0.0~34 -0.005, 0.005 
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10.2 Anomalous Gauge Couplings (AGC) 
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Figure 10.1: ll-1 Mass distribution in Z/ production [50]. High mass region is most 
sensitive to anomalous couplings. Dashed line: FSR; dotted line: ISR; solid curve: 
SM; dash-dotted curve: anomalous couplings. 

The three-body invariant mass distributions from the SM contribution and from 

an example of a anomalous coupling are plotted in Figure 10.1. The prediction of 

the SM Z1 production is shown with the solid line. This has contributions from 

the initial state radiation process (dotted line) and the final state radiation process 

(dashed line). The Feynman diagrams for the ISR process are shown in Figure 5.4 

(a) and (b). The Feynman diagrams for the FSR process are shown in Figure 5 .4 

( c) and ( d). For comparison, the contribution from a non-zero triple gauge boson 

coupling is plotted in dash dotted line. As shown in the plot, the high mass region 
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is most sensitive to anomalous couplings. \Ve use the subset of z,.y events \vith 

1Wccy > 100 GeV/ c2 to probe anomalous couplings. Table 9.6.2 shows the result 

of the cross section for this region (Aleq > 100 GeV/ c2 ). The data agrees well 

·with the SI\!£ prediction. Figure 10.2 shows the E'/ distribution of the signal and 

background. Data from the experiment ( +) is compared to the prediction of the SJVI 

for Z1 production and backgrounds (in blue). The background from Z +jct events 

\Vhere a jet is mis-identified as a photon is shown in pink and the background from 

~i + jct events is shovn1 in green. The E;,1 distribution is used to extra.ct limits on 

Zr anomalous couplings. The red dashed line shcnvs the photon B1 distribution for a 

non-zero anomalous coupling. It shows that the high E'/ region is most sensitive to 

deviation from the S~J prediction. 

10 

1 

10 

CDF Run II Preliminary, 1.1fb-1 

+oata 
c=J SMZy 
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- y+Jet 
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----------. 
' ' 

102 

Ei(GeV) 

Figure 10.2: Photon E 1 distribution for C C"'f events with I'vlery > 100 GeV / <:2 . Elec
tron lfb-1 . 
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10.3 Anomalous Coupling Monte Carlo Samples 

A pp-----+ Z "Y + X event generator (ZGA~vLVIA [50]) is used to generate Z1· production 

1vith various anomalous couplings. For hr couplings, 400 samples are generated in 

the range [-0.2, 0.2], in steps of 0.001. For hX couplings, 400 samples are generated 

in the range [-0.002, 0.002], in steps of 0.0001. 

10.4 Reconstruction Efficiency 

To avoid full CDF detector simulation for every event sample, an universal efficiency 

curve is applied to generator level samples to take into account the reconstruction 

efficiency of the electrons and photons. 

The universal efficiency is defined as F(Ei) = NRec(Ei) / iV.4.ccµ(Ei), where the 

cuts app1ied to denominator and numerator are 1isted below: 

• Denominator: events \vith Ftcccptance cuts on generator level quantities. 

Ei > 7 GeV, D.Re~1 (c,,-y) > 0.7, A{,'"~1 > 100 GeV / c2
. 

lrf'I < 1.1, E;' > 20, 11(1 < l.l(C) ) l17el < 2.8(P) 

• Numerator: events passing selection cuts on reconstructed quantities. 

ISR z,.y events selection cuts (see Section ~.l) 

Ko cuts arc apply to generator level quantities. Generated events out

side our acceptance range do not contribute to the denominator but can 

contribute to the numerator due to the detector resolution effects. 

Figure 10.3 plots the efficiency as a function of photon E 1 measured from the 

STvI Z1 detector simulation. The upper curves are for ee''f events with two central 
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electrons: the lower curves arc for CW'/ events \vith one central and one plug electron. 

The efficiency curves measured from one AGC (hf = 0.25) sample are abo shmvn. 

The difference is assigned a .. s systematic uncertainty for the universal efficiency. 

Et 

Figure 10.3: Universal efficiency NR.cc(E?) I NA.ccp(E?) for ISR z~( events with cc 
Z's (upper curves) and CP Z's (lower curves). S.'vf vs AGC. 

10.5 Setting Limits on Anomalous Gauge Couplings 

The limits on the gauge couplings are extracted using binned maximum likelihood 

method from .tJ{ spectra. The binned likelihood is calculated as following: 

,.,,,. /l 
1i.'. ' c- ; 

£=rr~·1 . . 
. N;! 

1 

( 1().1) 

where, 

• Ni is the number of data events observed in the ith bin in data 

• µ; is the number of expected signal plus background events (= Si(h:;, h4 ) + 

• Si ( h3 , h4 ) = 1J ( h3 , h4 ) * KF * Acceptance * Efficiency * Luminosity 
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• (J(h,1, h 1) is not equal to the S:\I value (J(h:1 = 0, h 1 = 0) 

A 95% limits are obtained by calculating the intergral of£: 

• J: ,C = 953, where A(B) is the lower (upper) limit 

The likelihood distributions of the couplings h~2 arc shown in Figure 10.4 - 10.7. 

The observed limits arc listed in Table 10.2. 
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Figure 10.4: Likelihood distribution as a function of hf from data. hf 953 C.L. 
observed limit: 0.124 
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observed limit: 0.0074. 

HiO 



x10-s me'""" ' 

7 

~ ~ 

f 1 
' 

• 
6 

J ~ 
r l, 

J I 
4 

c l 

; "' ~r cc-
Q0.2 -0.15 -0.1 -0.05 -0 0.05 0.1 0.15 0.2 

hi 

Figure 10.6: Likelihood distribution as a function of hJ from data. h"J 95% C.L. 
observed limit: 0.13. 
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Figure 10. 7: Likelihood distribution as a function of hJ from data. hJ 95% C.L. 
observed limit: 0.0074. 

10.5.1 Expected limits 

A simulation of our experiment is used to obtained expected limits on the couplings. 

To generate one pscnclo-cxpcrimcnt, we poisson smear the number of expected SM 

signal and background events. Then we throw random numbers to generate N.,(PE) 

and NZ(PE) events according to the S:.VI signal and background E? distributions. 

Finally, a binned maximum likelihood is calcnlated using the generated pseudo-data 

as "data" and the 95% C.L. upper and lower limits are extracted. The pseudo-
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experiments arc repeated 200 thousand times and the upper and lower limits of the 

95% C.L. limits are determined. 

Figure 10.8 shows the distribution of the upper and lower limits obtained from 

pseudo-experiments for the AGC parameter hf. The average value is taken as the 

expected limit on hf. 
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Figure 10.8: Expected lower and upper limit of hf from pseudo-experiments: 
[-0.128, 0.128], 1CT=0.0196 (stat only). 

10.5.2 Uncertainties on expected limits 

Due to limited statistics at high El hins (less than 5 events), the statistic uncertainty 

is the dominant error. The systematic uncertainties included in the calculation are 

the following: 

• I3kg: NZ ± L:iNb. Gaussian smearing with mean = N1'., width = L:iNb 

• Expected Signal: Gaussian mean = Nexp, width = L:iNexp 
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Ne~'P =LO Baur r./IE x Acceptance x t(Ei) x kF(E?) x aLO x [, 

6%. on luminosity 

5% on aLO 
lh 

~i3 on KF(E?) 

Other systematics already included in the cross-section measurement ( ~5%) , 

such as uncertainties on the electron and photon identification efficiencies, 

energy scale. 

The expected limits for hf is lhf I < 0.128, \vi th a statistical uncertainty of 0.0196. 

The uncertainty is 0.0199 if including both statistic and systematic uncertainties. 

10.6 Results 

The expected and observed limits of the couplings are summarized in Table 10.2. 

Limits for the four coupling parameters hf, hf, h~ and hj arc presented. The observed 

limits agree we11 \vith the expected limits within uncertainties. 

Table 10.2: 95%. C.L. limits on Z;' anomalous couplings using lfb-1 electron data.. 
Observed Limits Expected Limits 

lhff I 0.124 0.128 ± 0.020 

lhil 0.0074 0.0079 ± 0.0010 

lhjl 0.126 0.130 ± 0.020 

lhll 0.0074 0.0078 ± 0.0010 



10.7 Combine Z---+ ee and Z---+ µµ Channels 

A measurement of z~y production using the z___, µµ decay channel \Vith 2 fb- 1 of pp 

integrated luminosity has been performed in parallel to this analysis [70]. Table 10. 7 

shows the measured z~/ cross section in the ISR dominant region with lvfu·y > 100 

Ge V/ r 2 using the z___, pp. decay channel. Table 10. 7 shows the combined cross section 

result from the z___, ee and z___, µµ data. There are 273 ISR ee''i events observed in 

data compared to the s:rvI prediction of 271.:i ± 22.6 events. The mca...:;;urcd cross 

section is 1.2 ± 0.2 pb compared to the theory prediction of 1.2 ± 0.1 pb. There is 

excellent agreement with the S:\1 predictions. The photon Et distribution is shown 

in Figure 10.9. This is used to calculate the binned maximum likelihood function. 

The limits on the couplings are listed in Table 10.5. Our observed limits are slightl:y 

better than the limits from the DO experiment by a fow percent (sec Thhlc 10.1). 

Table 10.3: Input parameters to the ISR µµ/ / cross-section calculation, 2007 pb-1
. 

E? > 7 GcV, D.Rh > 0.7 : Aiu > 40 GcV/ c2 und Afn~ .. > 100 GcV/c2 
. 

Z-y type ISR 
Photon type Central Photon 
Lepton Channel µp1· 
J .cdt(vb-1

) 2007 
K-Factor 1.3 
CTLo(pb) 0.9 
()NLO(pb) 1.2 ± 0.1 
(TOOH(pb) 1.2 ± O.l(stat.) ± O.l(syst.) ± O.l(lum) 
\T/JA:y 
" Z+Jd 30.5 ± 8.8 
\!C£p 
" 8I\:1 92.6 ± 4.5 
'f'\TCXP + ybkg 
" s,w "·Qcn 123.1 ± 9.9 
J\TObs 119 
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Table 10.4: Input parameten; to the ISR ee-y + JlPI cro8s-section calculation: 1074 
(e) + 2007 (1£) pb-1

. E"( > 7 GeV, i::lRz, > 0.7, Aln > 40 GeV/ c2 and iVln7 > 100 
GeV/ c2

. 

Z"'f type ISR 
Photon type Central Photon 
Lepton Channel ewy + µwy 
J £dt(pb- 1

) 1074 (e) + 2007 (µ) 
K-Factor 1.:3 
crw (pb) 0.9 
crNLo(pb) 1.2 ± 0.1 
crobs(pb) 1.2 ± O.l (stat. ) ± 0.2(syst.) ± O.l(lum) 
"!\,r bA:q 11..') ± 5.6 1 · ~,-J.-Jet 

.iVbk9 69.5 ± 19.9 Z+.Jet. 
\ Tc:rp 
" S J\!! 193.2 ± 9.0 
v exp + vbkg 
" S A1 " 'OCJJ 274.3 ± 22.6 

1y obs 27:) 

Table 10.5: Limits (95% C.L.) fore+ 11 combined 
Observed Limits Expected Limits 

lh~I 0.08:3 0.085 ± 0.018 

lhfl 0.0047 0.0052 ± 0.0009 

lh~ I 0.084 0.086 ± 0.017 

lhll 0.0047 0.0051 ± 0.0009 

10.8 Chapter Summary 

A study of anomalous gauge couplings in pp --+ ll[ + X production using the CDF 

detector ha.s been performed. The photon E 1 distribution of llf events is used to 

set limits on the ZZ1· and ZT '/ couplings. These are the first limits measured using 

CDF Run II data. Our observed limits are slightly better than the limits from the 

DO experiment by a few percent. A measurement of Z-y production using the z____. 1;1; 

decay channel v,rith 2 tb-1 of pp integrated luminosity has been performed [71]. \:Ve 

plan to include the Z(uu)"'t channel for setting anomalous coupling limits. \Vith this 
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addition; we expect to obtain limits that are better than any other single experiment. 
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Chapter 11 

Summary and Conclusion 

The pp --+Z~t + X --+ e+e-~y + X production cross section is measured using the 

CDF detector with 1.1 fb- 1 of pJ) integrated luminosity at vfS = 1.96 TeV. The 

cross section is compared to the theoretical prediction based on Standard -:Vlodcl 

electroweak theory. The measured cross section agrees well \vith the Standard l\Iodel 

theory prediction. 

A loose electron selection is developed \vhich doubles the size of the inclusive 

Z----+ ee sample. The loose Z selection is validated by measuring the crot-Js section of 

the inclusive Z--+ ee production. Good agreement is found in the measured Z boson 

crrns section v.rhen compared \vith the Standard lVf odel prediction. 

A ne\V method to measure the photon detection efficiency from a pure photon 

sample is presented. The efficiency measured from the data agrees well with the 

prediction from the simulation of the CDF detector. This is the first photon efficiency 

measured directly from a photon sample m;ing the CDF detector. 

From the large Z sample, events with an additional photon \vi th B;' > 7 Ge V are 

selected. The cross section for pJ) --'t e+e-11 + X production is measured for the 

kinematic region of Et> 20 GeV, E? > 7 GeY l1n,_1 > 0.7 and Af,,,, > 40 GeV/ r 2 
. 

There are :mo ee~/ events found with 1.1 fb- 1 of data, compared to the S:.\1 prediction 

of 375.3 ± 25.2 events. The mca..c.;ured cross section is ·1.7 ± 0.6 pb. The theoretical 

prediction based on S.Vf electroweak theory for the cross section is 4.5 ± 0.4 pb. The 

cross section and kinematic: distributions of the ee~f events are in good agreement 

'''ith the theoretical prediction. 
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A high mft.SS sample \vi th Afeq > 100 Ge V/ c2 is selected to study anomalous 

triple gauge boson couplings. There are 154 ee''i candidate events in this rnass range: 

compared to the SrvI prediction of 151.2 ± 13.5 events. The measured cross section is 

1.2 ± 0.2 pb compared to the theoretical prediction of 1.2 ± 0.1 pb. Good agreement 

is found in the kinematic distributions compared with the theoretical prediction. The 

photon E1 distribution is used to set limits on the ZZ--y and Z1 --y couplings. These 

are the first limits measured using CDF Hun II data. The result of this thesis will 

be combined with mca..surcrnents in the Z-----+ µµ and Z-----+ 1/TJ channels. \Ve expect 

the combined limits to be better than any other single experiment. and 1vi11 provide 

important test of the interaction of the photon and the Z boson. 
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Appendix A 

Electroweak Theory 

In this chapter, a theoretical overvie\V of Electrcnveak theory [4] is presented. 

A.1 Local Gauge Symmetry 

\Ve begin ·with the Dirac field ¢(x) and demand that the Lagrangian should be 

invariant under the following local phase transformation: 

(A.1) 

It can be shmvn that the following mass term is invariant under such transformation 

(A.2) 

,;. - 11,+,.._.0 
'!-' - <!·· )' 

Next we define a derivative D?L(x), called the co11ariant derivative, and require 

that it transforms in the same way as the field «{r): 

(A.4) 
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The covariant derivative has the form: 

(A.5) 

where A1i(:r) is a vector field. It transforms as 

(A.6) 

Thus the follmving term i8 invariant under the local phase transformation: 

ijj ( if/J )¢' (A.7) 

(A.8) 

Next. Vole try to find a kinetic energy term for the field Aµ that is invariant. 

Eqs. (A.4) shows that the covariant derivative Dµ'1J has the same transformation law 

as the field ·1/.J (:r). Thus the second covariant derivative of ·1/,' also transforms in the 

same \Vay as the field ·1./;. \Ve finds: 

[D D ]1 11 (,,..) '°'in(:1;)[D D ]1 '1(·1·) 1-l' JJ ·~:_,, ~,(.' ----+ c: µ ~ 1/ '·.// • ~· • (A.9) 

Hmvever; by using Eqs. (A.5), vve get: 

(A.10) 

Thus, 

[D11 , D"] = ie~w· (A.11) 
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Since 4{r) accounts for the entire transforrnation lmv on the right side of the Eqs. (A.9), 

the factor F11v must be invariant. 

Nmv, the invariant Lagrangian is: 

(A.12) 

which is the familiar QED Lagrangian. Therefore, by rcqniring local gauge symmetry, 

v.re have nmv recovered the QED Lagrangian. The local gauge symmetry requires the 

existence of a massless vector field A 11 (:r). 

A.2 Spontaneously Symmetry Breaking 

\Ve begin \vith an example 1vherc the broken synnnetry is discrete. Consider the 

follmving Lagrangian: 

(A.13) 

1;1,rith the potential 

( ) 
1 2 ,2 ). , 4 v 9 = - -µ. 0 + -([J . 
2 ' 4!' 

(A.14) 

The Lagrangian is invariant under the operation ¢> -----> -6. The minimum of the 

potential F ( 6) is given by 

qJ(:r) = ¢0 = ±v =±/"§.fl. (A.15) 

The constant v is called the vac1111.rn expectation value of (/>. If the system is near one 

of the minima(q)0 = ·v), \VC can define: 

cb(x) = v + O"(x). (A.16) 
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Rewrite the Lagrangian in terms of <T(:r) and drop the constant terms, \Ve get: 

(A.17) 

The discrete symmetry ¢ ----+ -q> is no longer apparent in this Lagrangian, this is called 

spontaneous broken symmetry. This Lagrangian describes a scalar field of mass v'2JJ,: 

v,rith a 3 and a4 interactiorn;. 

Jn the caBe of continuous symmetry, the theory mu:;t contain a massles:; particle 

for every spontaneously broken continnons symmdry. This is knmvn as Goldstone 's 

theorem, and the massless particles are called Goldstone bosons. 

A.3 The Higgs Mechanism 

As discu:;sed in Section (A.l) and (A.2), a local gauge symmetry requires the existence 

of a. massless gauge vector field: and when a global symmetry is spontaneously broken, 

the theory contains massless particles, Golcli:itone bosons. 1\ext; \Ve wi11 include both 

local gauge symmetry and spontaneous symmetry breaking in the same theory. It 

shmvs that spontaneous symmetry breaking generates a ma.ss for a gauge boson. 

Consider a complex :;calar field coupled to an electromagnetic field 

1vith the potentia.1 

f' l(F )'l ID '12 TT( I) 
1-, = -4 iw + p.CP - v cp , 

V( ·) 2 * · A ( · * · )2 
0 = -µ 9 1> + 2 9 1> . 

(A.18) 

(A.19) 



The Lagrangian is invariant under a global phase transformation 

(A.20) 

\vhere e is a constant. This Lagrnngian is also invariant under a local phase trans-

formation 

The field acquires a vacuum expectation value 

. (µi 
[d>(:r) I =</Jo = V-:\~ 

and the global symmetry is spontaneously broken. 

Rewrite the complex field ¢( x) as 

and the potential has the form 

T "( ') 1 4 1 2 2 , 2 0( ,;j) 
v 9 = - 2>.µ + 2 · µ 91 + oi · 

(A.21) 

(A.22) 

(A.23) 

(A.24) 

It describes a scalar field ¢1 of mass v'2µ, and ¢2 is the massless Goldstone boson. 

Inserting Eqs. (A.2~i) to the kinetic energy term [Dµ((/i)l 2 
, '"'e get a mass term: 

(A.25) 

\Vhere the mass 

rrl 2 ·2 ,2 i 2 
, ·'11 = C CfJu (A.26) 
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comes from the vacuum expectation value of the field </J. 

It shows spontaneous symmetry breaking generates a mass for a gauge boson. 

Thir:; medmnisrn ir:; called the Higgs mechan'ism. 

A.4 The GSW Electroweak Theory 

Consider a theory with SU(2) x U(l) symmetry. The scalar field transforms as 

follmvs: 

(A.27) 

The covariant derivative of ¢ it> 

(A.28) 

1vhere A~ and B1, are the SU(2) and U (l) gauge bor:;onr:; re:;pect.ively. At> in Sec-

tion (A.3) , the gauge boson mass terms arise from the vacuum expectation value d>o 

of the field </J. If </>o has the form 

(A.29) 

the mass terms will be 

(A.30) 
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There arc three massive vector bosons and one massless vector boson, as follows: 

lp± - 1 ( 41 :::r: .;A2) 
vlt -vf2 " µT" IL 

Z o = 1 ( 43 'B ) µ g. µ - g /1 
yg2 + g'2 

1 
A= (r/A:3 + B) 

µ . I 2 12 .J l'· q µ 
y9 +g 

\Vith n1ass 

with mass 

with mass 

v 
m1r = g2; 

7l1A =0. 

(A.:31) 

We define the weak rni:ring angle, 811,, as the rotation angle from basis (A3, B) to the 

mass eigem;tate basis (Z0
, A): 

( 
z

0
) ( cosBw 

A - sin Bw 

- sinew 
(A.32) 

cosBw 

Comparing to Eqs. (A.31), we get: 

g 
cos ell) = ----.=== 

yq'2+q''2 

g' ' 
sin (}w = , 

y'q'2 + q''2' 
(A.:33) 

and 

(A.34) 

I\ext consider the coupling of the vector fields to fermions. The covariant derivative 

takes the form 

(A.35) 
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In terms of the mass eigenstate fields, it becomes 

D =a - i_J_(vv+r+ + i:v-r-) - i 
1 

z (q2TJ - q'2Y) 
µ µ V2 µ µ ..; g2 + g'2 j1 • • 

I 

- i gg A
1
,,(T3 + Y) 

..jg2 + gl2 
(A.36) 

- a· : g (1"+T+ lr.r-y-) : g Z (T3 ·· 2 e Q) : · 4 Q - fl - /, fO ' ~fl + ' ~fl - /.-- 11 - Slll ·w · - /.t:. f' · : 
v 2 cos ell! 

where 

r± = ~(a1 ± ia2
) =er±, Q = T 3 + y·, (A.37) 

gg' . 
e = = q Slll (}w . 

. I 2 12 c y.9 +g 
(A.38) 

It shows all the couplings can be described by tl:vo panunetern: the electron charge 

e and the weak mixing angle Bw· The Glashow-\Veinberg-Salam Electroweak theory 

thns unifies the vveak and electromagnetic interactions. 

177 



Bibliography 

[1] Gordon Kane. The Davm of PHYSICS BEYOKD THE STAI\DARD IVIODEL. 
Sc,ient'ific Am.crican, .June 2003. 

[2] The standard model of particle physics. Nature Insight, 448:270, 19 .July 2007. 

[3] Standard l\fodcl of Fundamental Particles and Interactions. Available at: http: 
//upload.wikimedia.org/wikipedia/en/4/4c/Particle_chart.jpg. 

[4] :M. Peskin and D. Schroeder. An Introduction to Quantmn Field Theor:I./· 

[5] Donald H. Perkins. Introduction to High Energy Physics. 2000. 

[6] Gargamclk wru; a bubble chamber dctcctoL designed mostly for the detection of 
neutrinos. \Vi th a diameter of nearly 2 meter and 4.8 meter in length) Garga.melle 
held nearly 12 cubic meters of freon (CF3Br). It operated for many years at the 
CERN Proton Synchrotron(PS) and Super Proton Synchrotron(SPS). 

[7] G. Amison et al. CAl Collaborations. Experimental observation of isolated large 
transverse energy electrons ·with associated missing energy at y5 = 540 Ge V . 
Phys. Lett. 122H page 103, 198~). 

[8] :M. Banner et al. UA2 Collaborations. Observation of single isolated electrons 
of high transverse momentum in events with missing transverse energy at the 
CERN pp collider . Phys. Lett. 122B, page -176, 198:3. 

[9] G. Amison et. al. UAl Collaboration. Experimenta.l Observation of Lepton Pairs 
of Invariant xia.ss around 95 GeV / c2 at the CERK SPS Collicler . Phys. Lett. 
126B, page 398, 1983. 

[10] The l\-obel prize in physics, available at: http: //www-cdf. fnal. gov/upgrades/ 
tdr/tdr_3_cot.html. 

[11] S. Chuang et al. CDF Collaboration. Search for a Standard-l\fodel Higgs Boson 
in \V\V Dilepton Decay Channels with 200/ pb Run II Data at CDF . GDF-note 
7152. 

[12] L3 OPAL the LEP Electroweak \Vorking Group LEP Collaborations ALEPH, 
DELPHI and the SLD Heavy Flavour Group. A Combination of Preliminary 
Electroweak Mea .. c;urements and Constraints on the Standard Jvfodcl . CERI\T
l!JP-2002-091, v3:hep-ex/ 0212036 v3, 2002. 

[13] D. Amidei ct al. CDF Collaboration. First Measurements of Inclusive \V and Z 
Cross Sections from Run II of the Tcvatron Collidcr. CDF note-7382. 

178 



[HJ Emily Kursc CDF Collaboration. \\T mass and width mca.surcrncnts at the Tcva
tron, avuilabk at: http://fcdfwww. fnal. gov/physics/ewk/2007 /wwidth/ 
index_files/nurse_moriond_QCD.ps. 

[15] T. Aaltoncn ct al. CDF Collaboration. First :\lcasuremcnt of the \V Boson I\fass 
in Run II of the Tevatron. hep-ex/0707. 0085. 

[16] Evidence for ZZ production in pp collision at . .jf; = 1.96 TcV, CDF internal note 
8775. 

[17] Cdf run 2 electro\>v'eak public results. Available at: http: I /f cdfwww. fnal. gov I 
physics/ ewk/. 

[18] Mark S. :.Jeubauer for the CDF and DO Collaborations. Diboson physics at the 
tevatron. hep-e.r/0605066. 

[19] A. Nagano ct al. I\foa.surcrnent of the 1--V'"y ---+ ewy Cross Sections using 1 n)- 1 of 
CDF Data. CDF note 8756. 

[20] F. Abe et al. CDF Collaboration. Limits on z-photon couplings from p-p inter
actions at .JS= 1.8 tev. Phy8ic8 Review Letters, H:1911, 1995. 

[21] V.M. Abazov et al. DO Collaboration. Z1/ production and limits on anomalous 
ZZ~t and Z11 couplings in p JJ collisions at .JS = 1.9G TeV . Physics Letter B, 
653:378, 2007. 

[22] Ron Moore. FNAL Accelerator Complex 101: \Vhat s Happening in the .\fa
chines? April 2005. Accelerator Lectures for CDF Ace Training, available at: 
http://www-cdfonline.fnal.gov/ops/ace2helpaccelerator_guide/ 
moore_ace_20050420.pdf. 

[23] Concepts Rookie Book v:3.1. K ovember 200G. Available at: http: I /www- bdnew. 
fnal.gov/operations/rookie_books/rbooks.html. 

[211] Linac Rookie Book. .July 2006. Available at: http: //www-bdnew. fnal. gov/ 
operations/rookie_books/rbooks.html. 

[25] http: I /www2. slac. stanford. edu/vvc/accelerators/structure. html. 

[26] http: I /www-bd. fnal. gov/public/synchrotrons. html. 

[27] http: I /www-bd. fnal . gov/public/proton. html. 

[28] http: I /www-bd. fnal. gov/public/antiproton. html. 

[29] T0vatron Rookie Book. September 2006. Available at: http: I /www- bdnew. 
fnal.gov/operations/rookie_books/rbooks.html. 

179 



[30] Roger Dixon. Accelerator status & plans for Run 2. February 2006. available at: 
http://www-cdf.fnal.gov/internal/WebTalks/Archive/0702/070201_ 
collab/02_070201_collab_m2_roser_CDF.pdf. 

[31] J. Ellis ct al. The Phenomenology of the l\cxt Left-handed Quarks. Nuclear 
Physics, Bl31:285 - 307, 1977. 

[32] Particle Data Group at Lawrence Berkeley Kational Labs. The Particle Adven
ture. available at: http: I /particleadventure. org/frameless/ component_ 
detector. html. 

[33] Young-Kee Kirn and Nigel Lockyer. Principle Drift Chambers. April 2004. 
CDF Detector Lectures, available at: http: //www-cdf. fnal. gov/internal/ 
WebTalks/Archive/0404/040422_cot/01_040422_cot_YoungKee_Nigel_1_ 
ykkim_COT_April04.pdf. 

[34] A Brief Description of Ran II Detec:tor. .July 2004. Available at: http:// 
www-cdf.fnal.gov/internal/detectors/cdf_det.ps. 

[35] CDF Run II Detector Pararrwtcrs. Available at: http: //www-cdf. fnal. gov/ 
internal/detectors/parameters.html. 

[36] Paul Lujan. An Ace's Guide to the CDF Run II Detector. August 2006. Avail
able at: http: I /www-cdfonline. fnal. gov/ops/ace2help/detector _guide/ 
detector_guide.html. 

[37] Christian .Jornm. CERN Summer Student Lectures 2001, Particle Detectors. 

[38] Tom LcComptc. J\ Tntorial on CDF :\{non Identification . .July 2001. available 
at: http://www-cdfonline.fnal.gov/ops/cdf_muon/docs/muon_tutorial_ 
TLCompte . pdf. 

[39] Kevin Lannon. Everything I Knmv About G\'IU Charge Division, I Learned 
From Lee. CDP note 5715. 

[10] The CDF II Detector Technical Design Report. FERMILAB-Pub-96/390-E nov 
1996. 

[111] The CDF II Detector Technical Design Re-
port. Central Outer Tracker (COT), available at: 
http://www-cdf.fnal.gov/upgrades/tdr/tdr_3_cot.html. 

[42] ct al. L. Balka. The CDF Detector, An Overvic\v. Nud Instr. ('.:f I'vleth., A 
267:272, 1988. 

180 



[13] Chcngju Lin. Trigger Philosophy. ~ovembcr 20Q!1. CDF Detector Lectures, 
available at: http: I /www-cdf. fnal .gov/internal/WebTalks/ Archive/0411/ 
041118_detector_lecture_cdf_trigger/01_041118_detector_lecture_ 
cdf_trigger_ChengJu_Lin_1_cjl_cjl_intro_trigger.pdf. 

[44] Peter \Vibon. Hun Ilb Trigger & Data Acquisition Upgrades. October 2005. 
CDF Collaboration l'vieeting. 

[45] S. Abachi ct. al. DO Collaboration. Studies of gauge boson pair production and 
trilinear couplings. PHYSICAL REVIEW D; 56:6742, 1997. 

[46] U. Baur and E.L. Berger. Probing the TVlV''Y vertex at the Fcrmilab Tcvatron 
Collider. PHYSIC11L Ri1,'VIHvV D, 41:1476, 1990. 

[17] K. Hagiwara ct al. Probing the ';vcak boson sector in e+c ___, rv+iv-. 1\Tnc. 
Phys. B, 282:253, 1987. 

[18] G. J. Gounaris et al. Signatures of the anomalous z,, and ZZ production at 
lepton and hadron colliders. PHYSICAL REVIEW D, 61:073013, 2000. 

[119] G. J. Gounaris et al. l\cw and standard physics contributions to anomalous Z 
and ~r self-couplings. PHYSICAL RJ;;VJJ1,'W D, 62:073013, 2000. 

[50] U. Daur and E.L. Derger. Probing; the weak-boson sector in Z~t production at 
hadron collidcrs. PHYSICAL RJ;;VIJ;;W D, 47:4889, 1993. 

[51] The Pythia Program. Available at: http://www.thep.lu.sertorbjorn/ 
Pythia. html. 

[52] The LHAPDF Interface. Available at: http: //vircol. fnal. gov/. 

[53] .J. Ohnemus. Hadronic Z/ production 1vith QCD corrections and leptonic decays. 
PHYSICAL REVIEW D, 51:1068, 1995. 

[54] Helen Hayward. l'vieasurement of Z/ Production in pj5 Collisions at yiS = 1.96 
TeV. GDF note 7996, PhD thesis. 

[55] H.L. Lai ct al. Global QCD Analysis of Parton Structure of the Nucleon: CTEQ5 
Parton Distributions. Eur.Phys. J. CJ 2 (2000) 875-892, pages 375-392, 2000. 
hep-ph/ 9903282v3. 

[56] GOOD TI.UK LIST v 13 Page. Available at: http: I /www- cdf . fnal. gov I 
internal/dqm/goodrun/v13/goodv13.html. 

[57] Loose Electron Baseline Cuts. Available at: http: I /www-cdf. fnal. gov I 
internal/physics/joint_physics/instructions/electron_cuts_gen6. 
html. 

181 



[58] Larry :>Jodulman. Curvature Corrections for 5.3.1 and 6.1.1. CDF note 6971. 

[59] Sam Harper et al. Very High-Pt Electron Identification. GDF note 7527. 

[GO] .T. Deng et al. Z Selection in Z + X Analysis. GDF note 8505. 

[61] J. Incandela T. Spreitzer, C. Mills. Electron Identification in Offiine Relea.se 
6.1.2 . GDF note 7950. 

[62] First ::vieasurements of Inclusive \V and Z Cross Sections from Run II of the 
Tevatron Collider. GDF note 7882. 

[63] l\feasurement of the Z Production Cross Section. GDF note 7865. 

[64] Event IZvt:J:I < 60 Cnt J\cccptancc for Run II (to Aug04). GDF note 'l.'124. 

[65] Joint Physics ba .. sdine cuts for high Pt photons(v2.3). Available at: http: 
//www-cdf .fnal.gov/internal/physics/photon/docs/cuts.html. 

[66] S-:tvI \Vynne. Very High-Pt Photon Efficiency Scale Factors V.2. GDF note 
7947, V2.0. 

[G7] II. IIayward et al. Determination of the Probability of a .Jet to fake an Isolated 
Photon. GDF note 6868. 

[68] II. IIayward et al. Update of the :tvicasurement of the Probability of a .Jct faking 
an Isolated photon. CDF note 6888. 

[69] Chris Lesteret al. :V'leasurement of the Rate of Jets Fa.king Central Isolated 
Photons Using 1 fb- 1 of Data. GDF note 9083. 

[70] Thomas J. Phillips et al Z---+ PW'f Production in 2 fb- 1
• GDF note 9088. 

[71] Max Goncharov et a.1. Search for the new physics in the exclusive ''/ + "!ft fina.1 
state. GDF note 8979. 

[72] The Kobel Prize in Physics 1999. Available at: http://nobelprize.org/ 
nobel_prizes/physics/laureates/1999/press.html. 

[73] D. Acosta et al. CDP Collaboration. :'vieasurement of the vv+iy- Production 
Cross Section in pp Collisions at vs= 1.96 TeV using Dilepton Events . GDF 
PRL draft v1. 

[74] S. Cabrera et a.1. CDF Collaboration. lVlea::;urernent of ZZ+Z\V cross sectlon at 
CDF in Run II . GDF note-6920. 

[75] F. Abe ct al. CDF Collaboration. Evidence for Top Quark Production in f5p 

Co1lisions at JS= 1.8 TeV. FRRNIJLAB-PUB-94/097-R. 

182 



[76] V. Barger and R. Phillips. Collider Physfrs . 1996. 

[77] P. Ratoff. S~CSY SEARCHES AT THE TEVATRO>r, available at: http://www. 
hep.lancs.ac.uk/pnrtalks/IDM2002.doc. 

[78] http://www-boone.fnal.gov/public/introduction/pics/booster1new. 
jpg. 

[79] Rob Roser. Particle Physics Detectors - Lecture 1. 2006 Hadron Collider Physics 
Summer School at Fermilab, available at: http: //www-cdfonline. fnal. gov/ 
ops/ace2help/detector_guide/detector_guide.html. 

[80] G. P. Lepage. A New Algorithm for Adaptive ::Vlultidirnensional Integration . .!. 
Compnt. Phys., 27:192, 1978. 

[81] D.Sturnp et al. Inclusive .Jet Production, Parton Distributions, and the Search 
for >Jevv Physics. hep-ph/0303013. 

[82] Sam Harper et al. Reconstructing the Plug Electron Electron Energy in 5.3.3. 
GDF note 7687. 

[83] J. Deng et al. l\foasurement of Z11 Production using 1 Jb-1 of CDF RUK II 
Data. GDF note 8506. 

[84] http:/ /atlas. web. cern. ch/ Atlas. 

[85] ATLAS Annua.1 Reports . http: //atlas. web. cern. ch/ Atlas/internal/ 
Welcome. html. 

[86] Electrons~ photons and muons in J\TU\S. HP J Direr:t, Ser:t. Jl-E: 4 {2002} no. 
CSl, pp. 7. http:// cdsweb. cern. ch/search. py?recid=533231 \&ln=en. 

[87] http://atlas.web.cern.ch/Atlas/GRDUPS/INNER\_DETECTDR/SCT/gallery/ 
lhc/lhcunder.jpg. 

[88] http: I /www-wisconsin. cern. ch/images/atlas. jpg. 

[89] David J. Miller. The higgs mechanism. http://www.hep.ucl.ac.uk;-djm/ 
higgsa. html. 

[90] Steven \Veinberg. A unified physics by 2050? 8cientific American, December 
1999. 




