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AbstratThis thesis studies the high-energy ollisions of protons and antiprotons.The data used in the measurement were olleted during 2004�2005 withthe DØ detetor at the Tevatron Collider of the Fermi National AeleratorLaboratory and orrespond to 0.7 fb−1 of integrated luminosity. High energyhadron ollisions usually produe ollimated sprays of partiles alled jets.The energy of the jets is measured using a liquid Argon-Uranium alorimeterand the prodution angle is determined with the help of silion mirostripand sintillating �ber trakers. The inlusive jet ross setion in proton-antiproton ollisions is measured as a funtion of jet transverse momentum
pT in six bins of jet rapidity at the enter-of-mass energy √

s = 1.96 TeV.The measurement overs jet transerve momenta from 50 GeV up to 600 GeVand jet rapidities up to |y| = 2.4.The data are olleted using a set of seven single jet triggers. Event and jetuts are applied to remove non-physial bakgrounds and osmi-ray inter-ations. The data are orreted for jet energy alibration, ut and triggere�ienies and �nite jet pT resolution. The orretions are determined fromdata and the methods are tested with Monte Carlo simulation. The main ex-perimental hallenges in the measurement are the alibration of jet energiesand the determination of the jet pT resolution. New methods are developedfor the jet energy alibration that take into aount physial di�erenes be-tween the γ+jet and dijet alibration samples arising from quark and gluonjet di�erenes. The unertainty orrelations are studied and provided as aset of unertainty soures.The prodution of partile jets in hadron ollisions is desribed by the theoryof quantum hromodynamis (QCD). When the transverse jet momentum islarge, the ontributions from long-distane physis proesses are small andthe prodution rates of jets an be predited by perturbative QCD. Theinlusive jet ross setion in pp̄ ollisions at large pT is diretly sensitiveto the strong oupling onstant (αs) and the parton distribution funtions(PDFs) of the proton. This measurement an be used to onstrain the PDFs,in partiular the gluon PDF at high proton momentum fration x, and tolook for quark substruture at the TeV sale. The data are ompared tothe theory preditions with perturbative QCD in the next-to-leading orderpreision and a good agreement between data and theory is observed.v



TiivistelmäTässä työssä tutkitaan protonien ja antiprotonien törmäyksiä korkealla ener-gialla. Mittauksessa käytetty data on kerätty vuosina 2004�2005 DØ ilmaisi-mella Yhdysvaltain Fermilab-kiihdytinlaboratorion Tevatron-törmäyttimelläja vastaa 0.7 fb−1 yhteenlaskettua luminositeettia. Suurenergisten hadronientörmäyksissä syntyy yleensä yhdensuuntaisia hiukkasryöppyjä, jettejä. Jetti-en energia mitataan nestemäistä argonia ja uraania sisältävällä kalorimetrillaja niiden suunnan mittaamiseen käytetään apuna piimikronauha- ja tuikekui-tu-jälki-ilmaisimia. Jettien tuotanto eli hadroninen kokonaisvuorovaikutus-ala mitataan poikittaisen liikemäärän pT funktiona kuudessa rapiditeettialu-eessa massakeskipiste-energialla √
s = 1.96 TeV. Mittaus kattaa poikittaisenliikemäärän 50 GeV:istä 600 GeV:iin saakka ja rapiditeetin |y| = 2.4 saakka.Mittausdata on kerätty käyttäen seitsemää jettiliipaisua. Epäfysikaalinentausta ja kosmisten säteiden aiheuttamat signaalit poistetaan eventti- ja jet-tileikkauksilla. Jettien energia kalibroidaan ja dataa korjataan leikkausten jaliipaisinten tehokkuudella sekä pT : n mittauksen epätarkkuudesta. Korjauk-set määritetään käyttäen dataa ja menetelmät testataan Monte Carlo-simu-loinnilla. Mittauksen haasteena on jettien energian kalibrointi sekä pT -reso-luution määritys. Energian kalibrointiin kehitetään uusia menetelmiä, jotkahuomioivat kvarkki- ja gluonijettien eroista johtuvat erot γ+jetti ja kah-den jetin tapausten välillä. Epävarmuustekijöiden korrelaatiota tutkitaan, janiistä muodostetaan joukko virhelähteitä.Jettien tuotantoa hadronitörmäyksissä kuvataan kvanttikromodynamiikalla(QCD). Kun jettien poikittainen liikemäärä on suuri, pitkän matkan vuo-rovaikutukset ovat pieniä ja jettien tuotantoa voidaan ennustaa häiriöteo-rian avulla. Hadroninen kokonaisvuorovaikutusala pp̄-törmäyksissä korkeal-la pT :llä on suoraan riippuvainen vahvasta kytkentävakiosta (αs) sekä pro-tonin partonidistribuutiofunktioista (PDFs). Tätä mittausta voidaan käyt-tää rajoittamaan erityisesti gluonien PDF-jakaumaa korkealla osalla x pro-tonin liikemäärästä sekä etsimään kvarkkien alirakennetta TeV-energiaskaa-lassa. Mittausta verrataan teorian ennustuksiin, jotka on laskettu käyttäenpQCD:tä toisen kertaluvun tarkkuudessa, ja nämä ovat hyvässä sopusoin-nussa mittausten kanssa.
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Common variables and unitsThe DØ experiment uses a right-handed oordinate system where positive xpoints to the middle of the aelerator ring, positive y points vertially upand positive z points along the proton beam diretion.
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ET transverse energy of the jet, ET = E/ cosh(η);NB: used in Run I when massless jets had
ET = pT and η = y

∆φ distane in φ,
∆φ = min(|φ2 − φ1|, 2π − |φ2 − φ1|)
(0 ≤ ∆φ < π)
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√

(y2 − y1)2 + (∆φ)2The parton distribution funtions are usually measured as a funtion of theproton momentum fration x.
√

s enter-of-mass energy of the proton-antipro-ton system
x fration of proton momentum arried by theinterating parton, x = E/
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The following numbers are extrated from the Review of Partile Physis,W-M. Yao et al., Journal of Physis G 33, 1 (2006).
c speed of light in vauum, c = 299792458 m

s2

MZ Z boson mass, MZ = 91.1876(21) GeV/c2

αs strong oupling onstant,
αs(MZ) = 0.1176(20)eV unit of energy, kineti energy of an eletronaelerated by a 1 volt potential di�erene,eletron-volt, eV = 1.60217653(14)× 10−19 JGeV gigaeletron-volt, GeV = 109 eVTeV teraeletron-volt, TeV = 1012 eVbarn unit of ross setion (area), barn = 10−28 m2pb−1 inverse piobarn, pb−1 = 1040 m−2fb−1 inverse femtobarn, fb−1 = 1043 m−2It is ommon to use the onvention c = 1 and omit c in units of momentum(GeV/c) and mass (GeV/c2).
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Chapter 1Introdution
1.1 ZeitgeistHigh energy physis is the study of the smallest elements of the universe,the subatomi partiles that live within the atomi nulei and ome intobrief existene in ollisions of high energy. The partiles and �elds thatdesribe these ollisions are also needed to understand the earliest times ofthe universe, the era after the hot Big Bang when all the matter we see todayame into existene.The theories of partile physis, jointly known as the �Standard Model�, havewithstood testing against mountains of data during the past �fty years withonly minor modi�ations to the parameters of the model. Yet the theoryis inomplete: there is no universally aepted and experimentally testedextension that would ombine the Standard Model with the other grandtheory of physis, Albert Einstein's General1 Relativity, the theory of gravity.The desription of gravity is simply omitted in the Standard Model, its e�etimpereptible in the energy range being aessible to olliders today.Many experimental observations also support the notion that as thoroughlytested as the Standard Model is, it is still inomplete. The universally a-epted model of osmology, the �ΛCDM� model [1, 2℄, asserts that the uni-verse is omposed of 74% �dark energy� (Λ, Lambda) and 22% �old darkmatter� (CDM), neither of whih is desribed by or known to the StandardModel. A mere 4% of the universe is visible in stars, galaxies and gas loudsand desribed by the Standard Model. The osmologial model is supported1The other famous theory of Einstein's on the interonnetedness of time and spae(produing E = mc2), the Speial Relativity, is part and parel of the Standard Model.1



CHAPTER 1. INTRODUCTION 2by a wealth of data from the osmi mirowave bakground (afterglow ofthe Big Bang), measurements of the expansion speed of the universe usingdistant quasars, models of the struture formation in the universe and themeasurements of gravitating matter (both visible and dark) using gravita-tional lensing.The Standard Model still laks the experimental observation of the last keyelement, the Higgs boson, whih is the quantum of the salar �eld that reatesthe mass of elementary partiles. The Standard Model predits one Higgs bo-son; The minimal supersymmetri extension of the Standard Model predits�ve Higgs bosons and in addition a heavier superpartner for every knownelementary partile. The inreasingly popular string theory suggests super-symmetry and extra dimensions beyond the familiar time and three spatialdimensions. If large extra dimensions existed in su�iently low number, highenergy ollisions ould produe instantly vaporizing mini blak holes at theLarge Hadron Collider (LHC), due to start in 2008. Many experimentaliststhink and hope that the theorists have missed something, and the nature willbring another surprise.In antiipation of the LHC the stage is set to do preision measurements ofthe Standard Model and pave the way for future measurements of the newphysis that is expeted in the TeV energy sale. The Tevatron is alreadyprobing the lower end of the TeV sale and, with luk, ould get the �rstglimpse of the new disoveries to ome.The status of the urrent theoretial preditions is disussed in Chapter 3.1.2 Inlusive jet ross setionThe inlusive jet ross setion measured in this thesis is �rst and foremost atest of perturbative quantum hromodynamis (pQCD) and a measurementof the struture of the proton. Quantum hromodynamis is an importantpart of the Standard Model that desribes the interations of quarks andgluons. Together these form the protons and neutrons of the atomi nulei.Understanding the omposition of the protons is important in order to pre-isely desribe the ollision of protons with antiprotons and protons. Onlythen the relatively weak e�ets of new physis beome observable.The distributions of quark and gluon momenta inside the proton are reason-ably well known from measurements of eletron-proton ollisions and from�xed target experiments. However, there is signi�ant freedom in the gluondistribution at a high fration of the proton momentum. This feeds into a



CHAPTER 1. INTRODUCTION 3large unertainty in the tests of new physis at the LHC, in partiular forsearhes of extra dimensions at high energy [3℄.The inlusive jet ross setion is sensitive to the parton (quark and gluon) dis-tributions over a wide angular range, but new physis (non-QCD) proesseswould ontribute most in the diretion transverse to the beam diretion. Bymeasuring the ross setion over a wide range of jet momenta and satteringangles it is possible to simultaneously onstrain both the parton distributionfuntions (PDFs) and the new physis proesses suh as quark ompositeness,or substruture.The inlusive jet ross setion measurement is not alone in onstraining thestruture and testing the validity of pQCD. Related measurements are re-viewed in Ch. 2.1.3 Collider and detetorThe proton-antiproton ollisions measured in this thesis were produed at theFermilab Tevatron Collider at a enter-of-mass energy of 1.96 TeV. Fermi Na-tional Aelerator Laboratory (Fermilab) is a busy partile physis hub in theUnited States loated in Illinois about 50 km west of Chiago. The labora-tory employs about 2000 sientists and engineers and about 1,200 physiistsollaborate in its two main experiments, DØ and CDF.The laboratory produes a onstant supply of antiprotons by bombarding atarget with a high energy beam of protons. The protons themselves havebeen pre-aelerated with a hain of aelerators. The antiprotons are storedin a reyler ring, bunhed together, aelerated in the Tevatron ring andollided with the protons at the sites of the two detetors, DØ and CDF.The DØ detetor is a three-story tall detetor made out of tons of Uranium,liquid Argon, steel, plasti sintillator and silion. Like most partile dete-tors, its omposed of an onion-like struture with onentri ylindrial layersof silion traking, sintillating �bre traking, Uranium-liquid Argon eletro-magneti and hadron alorimetry and an outer layer of muon sintillatorsand hambers. The detetor has a 2T solenoid magnet wedged between thetraker and the alorimeter for bending harged partile traks and produingan enhaned momentum measurement.The ollider and detetor systems are disussed in more detail in Chapter 4.



CHAPTER 1. INTRODUCTION 41.4 Experimental hallengesThe DØ experiment reords ollisions at a rate of 2.5 million per seond,selets the most interesting events with a hain of dediated eletronis anda farm of a few hundred ommodity CPUs and stores about �fty events perseond on tapes housed at the Feynman Computing Center. The amountof data olleted in Run II of the Tevatron between 2002 and 2005 is about1 PetaBytes or equivalent to a 150 m stak of dual-side DVDs.The data olleted at a high energy ollider undergoes a long hain of pro-essing before being published. The raw data is reonstruted to �nd objetssuh as partile traks and alorimeter energy lusters. These are groupedinto physial objets suh as interation verties and jets, ollimated spraysof partiles.The experimental hallenges lie in the areful leaning and alibration of thedata. The time periods with detetor problems are removed and real eventsare separated from osmi-ray bakground. Jets and verties are seletedwith objet identi�ation (ID) uts that remove spurious detetor noise, ad-ditional soft ollisions and events that are hard to alibrate. The remaininggood events are alibrated to measure the average jet energies, angles, energyresolution and angular resolution. The �nal analysis orrets the measure-ment for seletion e�ienies, unfolds the resolutions and normalizes theresult to the total inelasti ross setion.The proessing and reonstrution of the data is disussed in Chapter 5, theenergy and angular alibration in Chapter 6 and the resolutions in Chapter 7.The analysis and �nal results are detailed in Chapter 8.



Chapter 2Review of previous measurementsTo understand the impat of the DØ Run IIa inlusive jet ross setion mea-surement in high-energy physis, it is important to review what other relatedmeasurements have ontributed. This hapter will outline measurementsperformed at HERA, �xed target experiments and the Fermilab TevatronCollider that have ontributed to our understanding of the parton distri-butions funtions (PDFs), the validity of theoretial perturbative quantumhromodynamis (pQCD) preditions and Monte Carlo models, and the pos-sibility of new physis at high energies. These measurements span almost twodeades in time starting from Tevatron Run I (1992�1996), through HERA(1992�2007) to the latest Tevatron Run IIa (2002�2006) results published in2007.2.1 HERA measurementsThe Hadron Eletron Ring Aelerator (HERA), operated at the DeuthesElektronen-Synhrotron (DESY) in Hamburg, Germany, between 1992 and2007, was the �rst and so far the only eletron-proton ollider in the world.The 27.5 GeV eletrons and positrons ollided on 920 GeV protons weremeasured by four partile detetors, H1, ZEUS, HERMES and Hera-B. Thetwo largest experiments, H1 and ZEUS, took data between 1992 and 2007.Colliding eletrons and positrons on protons allowed for very detailed studiesof the proton struture funtions through neutral and harged urrent deep-inelasti sattering (DIS). The very extensive and preise DIS measurementsfrom HERA form the bakbone of the parton distribution analysis, along5



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 6with �xed-target data1 from BCDMS [26, 27℄, NMC [28℄ and CCFR [29℄.The H1 ollaboration has presented results on the measurement of the protonstruture funtions2 F2(x, Q2) shown in Fig. 2.1(a), FL(x, Q2) and xF3 [30℄.These measurements have onstrained the quark and gluon PDFs and testedthe Q2 evolution of the struture funtions as predited by the DGLAP evolu-tion equation in the framework of next-to-leading order perturbative QCD.These theoretial onepts will be disussed in more detail in Ch. 3. TheZEUS ollaboration has a similarly strong set of measurements of F2(x, Q2)shown in Fig. 2.1(b), FL(x, Q2), xF3 and DGLAP evolution [31℄. Togetherthese experiments have laid strong onstraints on the quark and low-x (x <
0.01) gluon PDFs. They have also observed the running of the strong ouplingonstant αs with Q2 and tested QCD in jet and partile prodution [32℄.

(a) (b)Figure 2.1: (a) H1 [30℄ and (b) ZEUS [31℄ high-x (x > 0.01) data ompared toCTEQ6M PDF �ts. The values on the vertial axis are o�set to separate theurves for readability. The data points inlude the estimated orretions forsystemati errors as needed by the PDF �ts. Error bars show the statistialunertainty only.1The older �xed target experiments are not overed in this thesis, but the interestedreader is invited to follow the referenes provided herein.2FL(x, Q2) has been measured only indiretly, but a diret measurement is being done.



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 72.2 Tevatron Run I measurementsFermilab's Tevatron ollided proton-antiproton beams at a enter-of-massenergy of √s = 1.8 TeV during Run I. Although the enter-of-mass energywas omparable to what it is at the Tevatron today, the beam intensity wasonsiderably lower. The integrated luminosity olleted during Run I wasabout 100 pb−1, about one tenth of the present Run IIa data set and one�ftieth of the projeted Run IIb data set by 2009.Tevatron's Run I had on its side a leaner ollision environment aused bythe lower luminosities and longer signal integration times, but also lakedthe more aurate traking we have available today. Nevertheless, the Run Imeasurements set the standard for high energy QCD measurements to whihtoday's Run II measurements are ompared. Referene [4℄ provides a goodsummary of the DØ high-pT jet measurements in Run I. Another usefulreview artile on inlusive jet and dijet prodution is [5℄, overing both DØand CDF experiments in Run I.2.2.1 DØ inlusive jet ross setionThe Run I inlusive jet ross setion measurement [6℄ is a diret predeessor ofthe inlusive jet ross setion measurement presented in this thesis. Most ofthe tehniques used are the same as today. The one size for jets was the same
Rcone = 0.7 as in this thesis, but the atual jet algorithm, DØ Run I one [4℄,was di�erent. The data set ontained 95 pb−1 of luminosity olleted at aenter-of-mass energy of 1800 GeV. The measurement was later extended toinlude pseudorapidity bins 0.5 < |η| < 1.0, 1.0 < |η| < 1.5, 1.5 < |η| < 2.0and 2.0 < |η| < 3.0 [7℄, shown in Fig. 2.2(a) along with theoretial preditionsfor CTEQ4M PDF. The entral |η| < 0.5 measurement was also repeatedusing the kT jet algorithm [106℄ with parameter D = 1.0, where the next-to-leading order (NLO) pQCD predition is essentially idential to the onealgorithm with Rcone = 0.5 [8℄.The unertainty of the measurement for |η| < 0.5 is shown in Fig. 2.2(b). Thetotal unertainty and its main omponents are plotted versus jet ET . Theperturbative QCD next-to-leading order preditions using PDFs available atthe time, CTEQ3M, CTEQ4M and MRST [9, 10, 11℄, were in agreementwith data. The level of agreement with theory and the size of unertainties,shown in Fig. 2.3, is omparable to the results presented in this thesis. Theinteresting region of the inlusive jet ross setion measurement is at high



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 8

1

10

10 2

10 3

10 4

10 5

10 6

10 7

50 100 150 200 250 300 350 400 450 500

0.0 ≤ |η| < 0.5
0.5 ≤ |η| < 1.0
1.0 ≤ |η| < 1.5
1.5 ≤ |η| < 2.0
2.0 ≤ |η| < 3.0

d2 �=(dE Td
�)(fb=GeV
)

ET (GeV)

QCD{JETRAD

ET (GeV)

C
ro

ss
 S

ec
tio

n 
U

nc
er

ta
in

ty
 (

%
)

Total Error

Energy Scale (partially correlated)

Overall Luminosity (fully correlated)

Relative Luminosity (partially correlated)

Resolution (fully correlated)

Jet Selection (fully correlated)

0

5

10

15

20

25

30

35

50 100 150 200 250 300 350 400 450(a) (b)Figure 2.2: (a) Inlusive jet prodution ross setion in DØ Run I in �verapidity intervals, showing only statistial unertainties [7℄. Solid lines showthe theoretial predition using CTEQ4M PDF. (b) Contributions to the
|η| < 0.5 ross setion unertainty plotted by omponent [6℄.
pT , where the present measurement bene�ts from more luminosity, higher√
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CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 10emphasis to the CDF high-ET data. The paper also showed that DØ andCDF measurements agreed at a 96% on�dene level after aounting for allorrelated and unorrelated statistial and systemati unertainties in thetwo measurements. The omparison after relative normalization is shown inFig. 2.4. The remaining di�erene at high pT , although within statistialunertainties, is about 20�30%.
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CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 11quark substruture would have shown relatively more exess events at lowrapidities.2.3 Tevatron Run II measurementsThe Tevatron Run I measurements left a legay of high interest in the possi-bility of seeing evidene for quark substruture in the high-ET interations.Although the updated PDF �ts showed good agreement between data andtheoretial preditions, a sizable disrepany of 20�30% between DØ andCDF measurements remained at high ET . This has in turn left a high degreeof freedom for the gluon PDF �ts at high momentum fration x. With thefator of ten more luminosity and higher reah in pT , the Run IIa measure-ments should be able to signi�antly onstrain the high pT gluon PDF andsettle the issue of possible quark substruture in the observable energy range.It is also interesting to note that the unertainty on the gluon PDFs is oneof the leading unertainties in new physis searhes at the LHC [18℄.Currently the only published inlusive jet measurements in Run IIa haveome from CDF [19, 23, 25℄. Preliminary results of the measurement overedin this thesis have been presented in [24℄.2.3.1 CDF Run II inlusive jet ross setionThe �rst Run II measurements of the inlusive jet ross setion were publishedby CDF, based on a data set of 385 pb−1 and using the one and kT algorithms[23, 19℄. The two algorithms are expeted and observed to produe loselyomparable results for high pT jets, but an di�er at low pT depending on the
kT algorithm D parameter. The hadronization orretions grow rapidly as afuntion of D at low pT and have an unertainty of 10�20% at pT = 60 GeV/c.As shown in Fig. 2.5, the one jet measurement shows 1�1.5σ exess over thelatest theoretial preditions in the two highest pT bins. It should be notedthat the high pT exess in Run I has already been inluded as inreased gluondensity at high x into the more reent PDF �ts (CTEQ6M, CTEQ6.1M,MRST2004) [20, 21, 22℄, yielding good agreement between Run I data andtheory, and Run II data and theory at pT < 450 GeV/c. The data andtheory at pT > 450 GeV/c are in agreement, but the observed exess maybe indiative of inreased high-x gluon density. The rapid rise is hard toaount with smooth gluon PDF �ts and may be a statistial �utuationand/or systemati bias. The Run I proposal of quark substruture is not



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 12ruled out either, so it is important to on�rm the CDF observations with anindependent DØ measurement.
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u + d̄ → W+, d + ū → W−, (2.1)
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A(y) =
dσ(W+)/dy − dσ(W−)/dy

dσ(W+)/dy + dσ(W−)/dy
≈ ρ(d)

ρ(u)
, (2.2)where y is the W boson rapidity and the symbol ρ denotes the parton den-sity. In pratie only the muon and eletron from W → eν and W → µνdeays an be observed. The observed lepton asymmetry is then a on-volution of the W prodution harge asymmetry and the asymmetry fromthe well-understood vetor-axial (V − A) deay of the W . The CDF Run Imeasurement is an important onstraint for the ratio of d and u PDFs [20℄.The CDF ollaboration has published the W asymmetry measurement in the

W → eν hannel with 170 pb−1 in Run II [34℄ and the DØ ollaboration inthe W → µν hannel with 0.3 fb−1 [35℄. The CDF ollaboration has also apubli preliminary result with 1 fb−1 in the W → eν hannel [36℄.



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 142.5 Other QCD topologiesThe measurement of the inlusive jet ross setion involves a large variety ofexperimental unertainties that a�et the interpretation of the �nal results.It is therefore prudent to brie�y review some reent measurements in the DØQCD group that are subjet to some of the same experimental unertainties.These measurements share the data and many of the tools used in the inlu-sive jet ross setion measurement. Eah will be sensitive to the experimentalunertainties in a di�erent way. Ahieving onsensus between the analysesgrants an extra degree of on�dene in the results of the inlusive jet rosssetion measurement.The dijet prodution p + p̄ → jet1 + jet2 + X in the leading order of pertur-bation theory is fully desribed by three orthogonal kinemati variables, theinvariant mass of the dijet systems Mjj , the angle between the jets in theenter-of-mass frame θ∗ and the boost of the dijet system ηboost = (η1+η2)/2.This an be written as [37℄
d3σ

dηboostdMjjd cos θ∗
=

πα2
s(Q

2)

2s2
(2Mjj)

∑

1,2

f(x1, Q
2)

x1

f(x2, Q
2)

x2

|m12|2, (2.3)where αs is the strong oupling onstant, Q is the hard sale that hara-terizes the parton sattering (whih ould be the jet pT or the dijet mass
Mjj) et.), s is the enter-of-mass energy squared of the proton-antiprotonsystem, x1 (x2) is the fration of proton (antiproton) momentum arried bythe interating parton, f(x, Q2) is the parton distribution funtion (PDF),and |m12|2 is the hard sattering matrix element.Integrating Eq. 2.3 over boost and prodution angle results in the dijet massspetrum. This measurement an onstrain the PDFs like the inlusive jetross setion measurement, but it is more sensitive to high mass objetsprodued in the entral rapidity regions. Integrating over mass and boostyields the dijet angular distribution. This is a good way to test the hardsattering matrix elements whih is almost totally insensitive to the PDFs.Comparisons of suitable ratios of mass spetra and angular distributionsto theoretial preditions an establish stringent limits on the presene ofonjetured quark substruture (ompositeness sale Λ).In the leading order of perturbation theory, there are only two jets bak-to-bak with a sattering angle ∆φ = min(|φ2 − φ1|, 2π − |φ2 − φ1|) = π. Thehigher order e�ets are apparent in the prodution of additional jets and inthe deorrelation of the angle between the leading jets. The higher orderbehavior of QCD is probed by the three-jet mass spetrum and the dijet



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 15azimuthal deorrelations, measured as the normalized ross setion versus
∆φ.The following setions will disuss the measurements on the dijet mass spe-trum, dijet angular distributions (χ), dijet angular deorrelations (∆φ) andthree-jet mass spetrum in more detail.2.5.1 Dijet massThe dijet mass analysis measures the ross setion for produing a given in-variant mass of the two highest pT jets. Dijets are produed in the leadingorder of perturbative QCD and form the main fration of events in the in-lusive jets analysis. By looking at the invariant mass Mjj of the leadingjets the analysis inreases the sensitivity to possible resonanes at Q2 ∼ M2

jj .New physis would most easily be seen as an inrease of the dijet mass rosssetion at rapidities |y| ∼ 0 relative to higher rapidities.The dijet mass spetrum losely resembles the inlusive jet pT spetrum asthese two are related through
Mjj =

√

(E1 + E2)2 − (~P1 + ~P2)2 ≈ pT

√

2 cosh(∆y), (2.4)assuming massless, pT balaned, bak-to-bak dijets. The main result ofthe dijet mass analysis is a lower limit on the sale of quark ompositeness,
Λ > 2.4 TeV, shown in Fig. 2.7(a) from DØ Run I measurement [38℄. Thesedata have also been used to set additional limits on quark ompositeness [39℄.The CDF Run I measurement of the dijet mass spetrum [40℄ is in goodagreement with DØ results.The dijet mass spetrum measurement has been updated one in Run II with48 pb−1 and a preliminary version of jet energy sale [41℄. The dijet massspetrum for the full Run IIa data set has been studied in parallel with theinlusive jet ross setion measurement, providing a omplementary hek ofsystemati unertainties.2.5.2 Dijet angular distributionThe dijet angular spetrum is usually derived versus the variable χ,

χ ≡ exp(|y1 − y2|), y =
1

2
ln

(

1 + β cos θ∗

1 − β cos θ∗

)

, β =
|~p|
E

, (2.5)
χ ≈ 1 + | cos θ∗|

1 − | cos θ∗| .



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 16Using χ instead of θ∗ �attens the angular spetrum and makes omparisonto theory easier. The χ distribution is sensitive to the hard sattering matrixelement, but almost ompletely insensitive to the PDFs. Figure 2.7 showswhat the matrix element for Rutherford sattering, QCD and generi NewPhysis models looks like. Current measurements are in agreement with theQCD preditions [42℄, with reent Run IIa measurements at DØ extendingto the Mjj > 1 TeV region [43℄.The dijet χ measurement has been shown to be insensitive to the overall vari-ations of the jet energy sale, but very sensitive to the relative energy saleat di�erent rapidity ranges [43℄. It therefore requires both small unertaintyin the rapidity dependene of the jet energy sale and preise understandingof the unertainty orrelations aross rapidity to be sensitive to beyond Stan-dard Model e�ets. These are also important ingredients when the inlusivejet ross setion measurements are used for global PDF �ts.
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∆φdijet = |φjet,1 − φjet,2|. Additional soft radiations auses small azimuthaldeorrelations, whereas ∆φdijet signi�antly lower than π is evidene of addi-tional hard radiation with high pT . Exlusive three-jet prodution populates
2π/3 < ∆φdijet < π while smaller values of ∆φdijet require additional radia-tion suh as a fourth jet in an event.The results are well desribed in perturbative QCD at next-to-leading orderin the αs, exept at large azimuthal di�erenes where soft e�ets are signi�-ant. The Monte Carlo generators Herwig and Pythia are shown to desribedata well, although Pythia needs inreased initial state radiation (PythiaTune A) for a good math to data.The ∆φ variable is fairly insensitive to the jet energy sale as additionaljets are inferred from the azimuthal deorrelations and do not need to bereonstruted [45℄. This provides a good independent test of the MonteCarlo generators that are used in the jet energy sale and jet pT resolutionderivation.2.5.4 Three jet produtionWith the advent of NLO preditions for three-jet prodution [46℄ it has inpriniple beome possible to use 2-jet and 3-jet prodution ratio and eventshapes to extrat αs from a purely hadroni measurement. The three-jet massspetrum would also probe the next-to-leading order properties of pQCD.Dalitz distributions have been used as a pratial way to analyze the three-jetprodution spetrum [47℄. In this approah the three jet system is boostedinto its enter-of-mass frame and the three leading jets are numbered suhthat E3 > E4 > E5. The Dalitz variables are de�ned as Xi = Ei/m3−jet,where m3−jet is the invariant mass of the 3-jet system. This naturally leadsto X3 + X4 + X5 = 2. The distribution of events in the X3�X4 plane, shownin Fig. 2.8, ats as a base for omparisons to NLO theory and Monte Carloalulations. The �rst Run I results have been published by CDF [47℄, andDØ also has an ongoing analysis using similar tehniques in Run II.2.6 Summary and motivation for the measure-mentIn this review we have seen that earlier Tevatron measurements have al-ready laid the groundwork for a preise measurement of the inlusive jet
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(a) (b)Figure 2.8: (a) The ∆φdijet distribution showing dijet azimuthal deorrela-tions [44℄. Lines show leading order and next-to-leading order theoretialpreditions. (b) Dalitz plot of three-jet prodution in the X3�X4 plane [47℄.ross setion. The Run I results have also been inorporated in the globalPDF �ts, resulting in inreased gluon density at high pT , a surprise at thetime. The quark and low-x gluon PDFs have been stringently onstrained byDIS measurements at HERA and at �xed target experiments, and by ele-troweak measurements at the Tevatron. This has left �exibility only to thehigh x gluon PDF, whih is urrently limited by the preision of HERA andTevatron Run I measurements. Independent measurements of dijet angulardistributions and azimuthal deorrelations have provided additional on�r-mation on the validity of the Standard Model and the implementation of itspreditions in Monte Carlo models. Finally, new emerging analyses on three-jet prodution will test the validity of the higher orders of pQCD preditions.These measurements are important also for the LHC physis program andto look for beyond Standard Model e�ets.From this review of past and urrent related measurements, two main goalsstand out for the inlusive jet ross setion measurement: preision measure-ment of the gluon PDF at high momentum fration x and onstraints onNew Physis, partiularly on the onjetured quark substruture (ompos-iteness). The latter requires the former, as any laims of New Physis haveas a prerequisite su�ient onstraints on the parameters of existing models.There have been tempting hints of New Physis in Run I, but the standard



CHAPTER 2. REVIEW OF PREVIOUS MEASUREMENTS 19PDFs have shown enough �exibility to aommodate the observations withinthe Standard Model framework. The higher luminosity and energy reahof Run II should allow further onstraints on the ruial parameters of thetheory, �nally substantiating or refuting the laims made in Run I.On the experimental side there are three main requirements to reah theaforementioned physis goals: redue systemati and statistial unertaintiesat the very highest pT bin of the measurement, extend the measurement tohigh rapidities, and arefully alulate the unertainty orrelations betweenmeasurement points. The high pT measurement is the natural plae to lookfor New Physis e�ets. The extension of the measurement to high rapidities,along with preise knowledge of the unertainty orrelations, will allow strongonstraints on the PDFs and will failitate the interpretation of the high pTresults in the Standard Model framework.



Chapter 3Status of theoretial preditionsThis hapter will review the urrent status of the theoretial preditions inquantum hromodynamis (QCD), the theory used for prediting the inlu-sive jet ross setion. The theoretial framework naturally divides into se-tions on perturbative QCD (pQCD) preditions, assoiated experimentallydetermined parton distribution funtions (PDFs), non-perturbative orre-tions, and �nally on Monte Carlo generators. The Standard Model [48℄, thehighly suessful framework on whih partile physis has been built for thepast 40 years, is only brie�y overed here as it is onsidered standard text-book material. The interested reader will �nd a useful introdution e.g. inRef. [49℄.3.1 Introdution to the Standard ModelThe Standard Model of partile physis is in essene a desription of the worldat the very smallest distane sales. It is a relativisti quantum �eld theorythat ombines the familiar eletromagneti fore with two other fores, theweak fore and the strong fore, only ating at sub-atomi distanes. Thedominant fore in the marosopi sales, gravity, is negligible at the dis-tanes normally onsidered in partile physis and is not part of the StandardModel.Aording to the Standard Model, all the fores are mediated by fore arry-ing partiles, the spin-0 and spin-1 bosons, listed in Table 3.1. In addition,all the matter is made up of spin-1/2 partiles, fermions, that ome in twotypes, quarks and leptons. These are also listed in Table 3.1. The distintivefeature of the quarks is that they an interat through the strong fore, in20



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 21Table 3.1: Elementary partiles and some of their properties.FermionsGeneration 1 Generation 2 Generation 3 ChargeQuarks Up
u

Charm
c

Top
t +2

3Quark Quark QuarkDown
d

Strange
s

Bottom
b −1

3Quark Quark QuarkLeptons Eletron e Muon µ Tau τ +1Eletron
νe

Muon
νµ

Tau
ντ 0Neutrino Neutrino NeutrinoBosonsEletromagneti fore Weak fore Strong forePhoton γ Gauge bosons Z0, W± Gluons gHiggs �eld Higgs boson Haddition to the weak and eletromagneti fore felt by the other partiles.Neutrinos arry no eletri harge and interat only through the weak in-teration. The quarks and leptons are divided into three generations, eahwith a di�erent mass1 and �avor, but otherwise idential properties. Onlythe neutrinos and the lightest partiles of eah generation are stable. All theordinary matter in the universe is made of eletrons, neutrinos, and up (u)and down quarks (d) inside protons (uud) and neutrons (udd).The Standard Model omprises quantum eletrodynamis (QED), eletro-weak theory, and quantum hromodynamis. The gauge symmetry group ofthe full Standard Model is the SU(3) × SU(2) × U(1) group in whih thesub-group SU(3) represents QCD and SU(2)×U(1) the uni�ed eletroweaktheory. It has been hypothesized that the symmetry group of the StandardModel is atually a subgroup of a single large symmetry group whih uni�esthe fores at high energies (far beyond the urrent experimental reah). Suhtheories are known as Grand Uni�ed Theories and they are usually linked tothe urrently popular supersymmetri models that predit the existene ofheavier supersymmetri partners for all fermions and bosons, and a multitudeof Higgs bosons.1The neutrinos have been reently shown to have masses by atmospheri and solar neu-trino measurements [65℄, e.g. by the Kamiokande [66℄ and Soudan mine [67℄ experiments.



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 223.1.1 Quantum eletrodynamis and the weak foreThe theory of eletromagneti interations, QED, is the most preisely testedtheory to date. It is a very powerful alulational tool when used with per-turbation theory. In this approah the QED Lagrangian is developed into aTaylor series of the eletromagneti oupling onstant α. Beause the ou-pling onstant has a small value, α ∼ 1/137 [114℄, the series onverges veryquikly.The QED has been ombined with weak interations in the Weinberg-Salam-Glashow model, or the eletroweak theory. Aording to this theory the weakinteration is idential with the eletromagneti fore, exept that its forearriers, the Z0, W+ and W− vetor bosons have a high mass that ausesthe fore to have a very short range and be weak at low energies. At energiesmuh higher than the Z mass of 91.1876 GeV [114℄ the eletromagneti andweak fore unite into a single fore. The validity of the eletroweak theoryhas been established by the observation of the harged and neutral urrentsit predits, and by the observation of the weak vetor bosons.The eletroweak symmetry breaking has been explained by a hypothetialHiggs �eld that aquires a non-zero vauum expetation value and reatesthe observed masses of the elementary partiles, inluding the masses of thevetor bosons Z and W [50℄. A fundamental onsequene of the Higgs �eldis the existene of its fore mediator, the Higgs boson. This long-soughtpartile is the last missing piee of the Standard Model.3.1.2 Quantum hromodynamisThe most interesting ingredient of the Standard Model for this thesis is QCD.It was developed following the same general symmetry priniples that wereso suessful in formulating the SU(2)×U(1) eletroweak theory. Quantumhromodynamis is based on the simplest symmetry group, SU(3), that de-sribes the observed multitude of baryons (three quarks) and mesons (quarkand antiquark), jointly known as hadrons. In a sense the formulation of QCDould be ompared to the impat the atomi model of protons, neutrons andeletrons had for the periodi table of elements in hemistry. At the timeQCD was formulated, physiists had already found hundreds of �elementary�partiles. This multitude was then explained by the quark theory that formsthe basis of QCD.The harge-equivalent of the strong fore is known as olor. There are threeolors, red, green and blue for quarks, and three orresponding antiolors for



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 23antiquarks. Aording to this model a zero net olor harge (white) an beobtained by adding equal amounts of red, green and blue, or by adding equalamounts of olor and its orresponding antiolor. An interesting onsequeneof the SU(3) symmetry is that there are eight di�erent mediators of the strongfore, known as gluons. In a simplisti piture eah of the gluons arries aolor and another antiolor2.The gluons an interat with themselves, unlike the photon or the ve-tor bosons. This has important onsequenes for QCD that makes it verydi�erent from weak and eletromagneti fore. Beause of the gluon self-interations the potential of the olor �eld grows with distane between theolor harges of quarks. At su�iently large separations the �eld grows largeenough to reate quark-antiquark pairs from the vauum. For this reasonbare olor harges, �naked quarks�, annot be observed at marosopi dis-tanes larger than the size of the atomi nuleus. Only olor-neutral om-binations of three quarks or a quark and antiquark are allowed. This phe-nomenon is know as quark on�nement. The seond onsequene of gluonself-interations is that at very small separation the strong fore beomessu�iently weak that the quarks an be onsidered as essentially free par-tiles. The so-alled asymptoti freedom happens at distane sales smallerthan the size of the proton, about 10−15 m.In the simplisti model o�ered earlier, the protons that are ollided at Fer-milab are made of two up quarks and a down quark. The antiprotons wouldorrespondingly onsist of two anti-up quarks and an anti-down quark. Theantipartiles are traditionally denoted by a bar, suh that we an write pro-ton as uud and antiproton as ūūd̄. The quarks in this stati three-quarkpiture are alled valene quarks. The atual struture of the proton is farmore omplex and dynami as shown shematially in Fig. 3.1. In additionto the valene quarks the proton ontains a number of so-alled sea quarks,virtual quark and antiquark pairs brie�y blinking into existene from va-uum before disappearing again. The lifetimes and momenta arried by thesea quarks are limited by the Heisenberg unertainty priniple, ∆E∆t ≤ ~.The strong olor �eld inside the proton also means that a large number ofgluons oupy the proton at any given time, most of these very soft.The proton onstituents � sea quarks, valene quarks and gluons � arejointly known as partons. The number and momenta of the partons are on-stantly evolving. The time-average momentum distributions of the partons,2More preisely, eah of the gluons arries equal amounts of olor and antiolor, butnot neessarily just one of eah. There are eight orthogonal, non-white, ombinations ofolors plus antiolors and thus eight, not e.g. six or nine, di�erent gluons.
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ProtonFigure 3.1: Shemati struture of the proton. Large disks represent thethree valene quarks and small disks sea quarks, wiggly lines are gluons.know as parton distribution funtions (PDFs), are disussed in more detailin Setion 3.3. The experimentally determined PDFs at as input for thepQCD and Monte Carlo alulations, desribed in the following setion.3.1.3 Numerial solutions of QCDThere have been three main approahes to solve the equations of QCD: lattieQCD and perturbative QCD, whih are based on �rst priniples, and themore phenomenologial approah of using Monte Carlo models that borrowsfrom pQCD.In lattie QCD time and spae are divided into small elements that areordered into latties. The disretized QCD equations are then solved forthese elements, evolving the system in time. This approah is alulationallyvery heavy, even for relatively small latties, beause the equations operatein four dimensions and require multidimensional integration. Lattie QCDhas been suessful in alulating the masses of a few mesons, although thesealulations have generally required years of omputer time on large farms.It is also very useful for studying phenomena like quark on�nement andquark-gluon plasma, but is rarely applied to interations between partiles.Perturbative QCD imitates the suessful appliation of perturbation theoryto QED. The main problem in QCD is that the running oupling onstant αsis lose to 1 at energies below about 1 GeV, whih is the energy equivalent ofthe the mass of the proton, rendering the perturbative approah useless. Athigher energies the magnitude of αs dereases and at 15 GeV the ouplingis roughly αs ∼ 0.1, making perturbative alulations possible. The seriesstill onverge muh more slowly than for QED. The best urrent preditionsof perturbative QCD give barely 10% auray for the inlusive jet ross



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 25setion, while the preision of the QED preditions is measured in betterthan parts ber billion. The reent progress in pQCD is disussed in detail inSetion 3.2 as it forms the main theoretial framework for this thesis.The Monte Carlo models generate random events in a distintly more phe-nomenologial approah. Internally they often use a leading order matrixelement alulation ombined with a parton shower model to simulate thehard satter. In addition, the Monte Carlo generators model some of themore omplex non-perturbative aspets of QCD, suh as the underlying eventand hadronization. These proesses are di�ult to solve exatly so empirialmodels are used instead. The non-perturbative aspets of QCD are disussedin Setion 3.4 and the leading Monte Carlo generators in Setion 3.5. TheMonte Carlo generators are used in this thesis for the modeling of the non-perturbative orretions to pQCD results. They are also used in ombinationwith the detetor simulation to test data-based analysis methods and derivesmall bias orretions for these methods.3.2 Perturbative quantum hromodynamisThe perturbative QCD approah expands the QCD Lagrangian into a Tay-lor series of relatively simple interation that an be visualized as Feynmandiagrams. Figure 3.2(a) shows example diagrams in the leading order (LO)
α2

s of perturbative QCD. The full set of leading order diagrams is presentedin Fig. A.1 in Appendix A. These represent 2 → 2 sattering of the in-oming partons from the proton and the antiproton. At high jet pT thequark-antiquark annihilation/sattering proess is dominant.The sattering of partons inside the proton and the antiproton is shownshematially in Figure 3.3. The outgoing partons form jets by hadronizing.The hadronization proess is ompliated and must be desribed by non-perturbative QCD, overed later in Se. 3.4. The ross setion for the basisattering proess an be alulated in a �xed order αm
s with the equation

σ =
∑

ij

∫

dx1dx2fi(x1, µ
2
F )fj(x2, µ

2
F )σ̂ij

(

αm
s (µ2

R), x1P1, x2P2,
Q2

µ2
F

,
Q2

µ2
R

)

,(3.1)where the summation goes over all the initial states of partiipating partons
i and j. The parton distribution funtions fi, fj multiply the matrix ele-ment, or point ross setion, σ̂ij for an interation evaluated at a momentumtransfer Q2 = E2

T . The parameters µF and µR indiate the fatorizationand renormalization sales, respetively. The x1 and x2 are the momentum
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Figure 3.2: Leading pQCD Feynman diagrams at high pT . (a) Leading order(LO) diagrams, (b) next-to-leading order (NLO) diagrams with virtual gluonloops, () NLO diagrams with initial state radiation (ISR) and �nal stateradiation (FSR).frations of the total momenta P1 and P2 of the proton and the antiprotonarried by the sattering partons.The latest developments in pQCD use next-to-leading order (NLO) theorywith the resummation of the leading logarithms of the next-to-next-leadingorder theory (NLL) in the so-alled 2-loop approximation [51℄. Figures 3.2(b)and 3.2() show examples of NLO ontributions. These inlude the tree-leveldiagrams of three-jet prodution in Fig. 3.2(), but also ontributions frominternal gluon loops in Fig. 3.2(b) although the nominal number of vertiesis higher.A proper treatment of pQCD requires the spei�ation of a renormalizationsale µR to remove non-physial in�nities arising in a �xed order of the per-turbation theory. These in�nities are not present in the full theory. At lowerorders of the theory the theoretial unertainty on the jet ross setion dueto renormalization sale dependene is quite sizable. Typial hoies set the
µR and µF lose to the hard sale Q, with half and twie of this sale used
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Figure 3.3: Shemati of a 2 → 2 sattering proess of partons inside a ol-liding proton and antiproton. Only one parton of eah hadron partiipates inthe primary hard-satter, denoted with the matrix element σ̂ij . The outgoingpartons promptly hadronize into jets.to estimate the theoretial sale unertainty (DØ prefers µR = µF = pT ,whereas CDF does µR = µF = pT /2). For NLO theory this unertainty isin the order of 10% over the full pT range of the inlusive jet ross setionmeasurement as shown in Fig. 3.4. When the NLL orretions are added toNLO, the sale dependene is signi�antly redued espeially at the low endof the pT spetrum.3.2.1 pQCD generatorsThe pQCD jet ross setions are usually omputed using Monte Carlo in-tegration of Eq. 3.1 in LO or NLO. Although not expliitly written on theequation, the double-di�erential (versus transverse momentum and rapidity)inlusive jet ross setion has uts on the �nal state observables (pT and ybins) that are easiest to implement using MC. The equations an also besolved analytially only up to NLO.The urrent standard NLO Monte Carlo program is NLOJET++ [52℄ thatis ommonly used with the CTEQ6 family of PDFs [20, 21℄. Evaluating thematrix elements using this program an be very time-onsuming, taking daysof CPU time, so estimating unertainties using many di�erent PDF sets isnot very pratial. Instead, NLOJET++ is only used to solve the matrixelements one for a grid in x and Q2. The matrix elements are then used asross setion weights for a posteriori inlusion of arbitrary PDFs. A pratialimplementation of this approah is given in the fastNLO [53℄ program thatan evaluate PDFs in seonds one the matrix elements have been alulated
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s)threshold orretion terms (in the 2-loop approximation mentioned earlier)to the inlusive jet ross setion.3.3 Parton distribution funtionsIn the simplest model of proton struture, the proton onsist of three valenequarks, two up (u) quarks and a down quark (d). The strong olor �eldbetween the quarks reates a large number of gluons (g) whih interat amongthemselves, and may also give rise to virtual quark-antiquark pairs (quarkloops) suh as the strange quark-antiquark (ss̄). At any given instant oftime the proton ontains a number of additional quarks and gluons, jointlyknown as partons, reated by the dynami interations between the protononstituents. This dynami ontribution is known as the sea. Figure 3.5shows the parton distribution funtions for the leading proton onstituents,

u, d, g and s.



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 29

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10
-4

10
-3

10
-2

10
-1

x

xf
(x

,Q
2 )

H1 PDF 2000H1
ZEUS-S PDFZEUS-S PDF
CTEQ6.1CTEQ6.1

Q2=10 GeV2

xuV

xdV

xg(×0.05)

xS(×0.05)

Figure 3.5: Proton parton distribution funtions for gluons (g), sea quarks(S), the up valene quarks (uv) and the down valene quark (dv). The hor-izontal axis shows the momentum fration x arried by eah parton, and
f(x, Q2) gives the probability density of �nding a parton at given interval
dx. The probability density is multiplied by the momentum fration suhthat the area on the graph gives the total fration of proton momentum ar-ried by eah parton type. Gluon and sea quark distributions are multipliedby 0.05 for presentation purposes.It should be noted that the proton also ontains small amounts of antiquarks,heavier quarks c, b, t and any other partiles allowed by the Standard Modelin the sea. The non-valene quarks have equal ontributions of quarks andantiquarks suh that the proton would ontain e.g. similar amount of s̄as s shown in Fig. 3.5. The valene quark ontribution is learly visibleon the PDF plot, with uv arrying twie the fration of proton momentum(area on the plot in linear sale) ompared to dv, and a signi�ant amountof momentum is also arried by the low-x gluons. The non-valene u and dontributions are omparable to the strange quark sea, but the overall protonontent is dominated by the gluon sea.



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 303.3.1 Experimental input for PDFsThe main soure for the PDFs, espeially for the quark part, have been the ep-sattering experiments H1 and ZEUS at HERA, disussed in Ch. 2, and �xedtarget experiments (BCDMS [26, 27℄, NMC [28℄). The PDF unertainties ofCTEQ6.1 are mainly limited by the preision of H1 and ZEUS experimentalunertainties at low x, as an be appreiated by the size of the unertaintybands in Fig. 3.5. The high x part of the PDFs is largely onstrained by the�xed target experiments.Due to the nature of the ep sattering (eletrons do not diretly interat withgluons), the HERA experiments are not sensitive to the gluon PDF in theleading order of pQCD. They do still provide the leading onstraints to thegluon PDF at low x through higher order orretions, but espeially the high-
x gluon PDF remains relatively poorly onstrained as it is only aessible viajets at HERA. Currently the leading onstraints to the high-x gluons haveome from the Tevatron Run I inlusive jet ross setion measurements athigh Q2, and from the �xed target experiments at low Q2.3.3.2 Available PDF setsCTEQ6.5M / CTEQ6.1MThe main PDF set used in this analysis is provided by the CTEQ ollab-oration, hosen over the MRST2004 �t beause of its detailed PDF uner-tainty analysis. The latest global �t from the CTEQ ollaboration, dubbedCTEQ6.5M [150℄, utilizes DØ and CDF Run I measurements, as well as themost reent deep inelasti sattering (DIS) data from HERA and existing�xed target DIS and Drell-Yan (DY) data. A main feature of the CTEQ6.5MPDF set is the provision of 40 eigenvetor basis PDF sets, representing 20independent up and down variations of the PDFs within the 95% on�denelevel of the data sets used in the �t. Figure 3.6(a) shows the main parton dis-tributions in the CTEQ6.5M �t and Fig. 3.6(b) shows the unertainty in thegluon PDF3 at a typial high pT momentum transfer for the DØ experiment(Q2 = (500 GeV)2).The earlier ommonly used CTEQ6.1M [21℄ PDF set provides almost iden-tial entral predition for the inlusive jet ross setion measurement asCTEQ6.5M, but has almost twie as large PDF unertainty. The CTEQ6.1Mis almost equivalent to the CTEQ6M PDF set [20℄, but provides more reli-3Suh plots an be readily obtained from http://durpdg.dur.a.uk/hepdata/pdf3.html.
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(a) (b)Figure 3.6: (a) Main parton distributions for CTEQ6.5M PDF set. The upand down quark ontributions inlude both valene and sea quarks.(b) Unertainty of the CTEQ6.5M gluon PDF (solid lines) ompared to theratio of MRST2004 and CTEQ6.5M entral values (dashed line) in perent-ages at Q2 = (500 GeV)2 [54℄.able and symmetrial unertainties. Unlike in earlier CTEQ families of �tsCTEQ4 and CTEQ5, the enhaned high-x gluon PDF is naturally part ofthe standard CTEQ6 desription. Previously the Tevatron jet data was givenspeial weight in the CTEQ4HJ, CTEQ5HJ �ts, leading to inreased high-xgluon PDF, whereas the more ommonly used CTEQ4M and CTEQ5M hada more onventional �t with no speial emphasis on Tevatron data.MRST2004Another widely used PDF parametrization is provided by Martin, Roberts,Stirling and Thorne (MRST). Their latest NLO global �t MRST2004 [22℄ hasa new, more physial parametrization of the gluon distribution that providesan improved desription of DØ Run I data at |η| < 3.0. The di�erenes withrespet to CTEQ6.5M entral value are reasonably small, with the greatestdi�erene being in the high-x gluon desription. This di�erene is neverthe-less within the CTEQ6.5M unertainty band, as seen in Fig. 3.6.Future QCD analyses from DØ may onsider using the latest NNLO parame-trization MRST2006 [64℄ when the NNLO �ts from CTEQ beome available.



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 32The MRST2006 �t also provides a PDF eigenvetor set omparable to theCTEQ6.5M.AlekhinThe PDF �ts by Alekhin [55℄ di�er from CTEQ and MRST in that theyonly use DIS data, not the DY or Tevatron jet data. This gives Alekhin's�ts a more preditive status than the �postditions� of CTEQ and MRST.A entral onsequene is that the high-x gluon PDF is onsiderably lowerthan that for the reent CTEQ and MRST �ts (-60� -80% at 600 GeV). Itis, however, still almost within the CTEQ unertainty band.Alekhin's �ts do not ontain as muh freedom for the high x gluon as thereent CTEQ and MRST �ts. This extra freedom has been largely introduedto explain the Tevatron Run I data, and it is one of the motivations of thisanalysis to on�rm or refute the Run I observations.3.4 Non-perturbative QCD3.4.1 Hadronization orretionsPerturbative QCD gives a simple piture of the parton-parton interationsas 2 → 2 or 2 → 3 proesses. This is only part of the true piture. Theoutgoing partons arry olor harge, and as suh reate strong olor �eldsbetween themselves and the rest of the proton. With inreasing separation,these olor �elds grow strong enough to reate additional quark-antiquarkpairs that will onsume some of the energy and momentum of the originalparton. This hadronization proess ontinues until olor harges are neutral-ized and there is not enough energy left to reate additional quark-antiquarkpairs. The proess is non-perturbative and is urrently only desribed byphenomenologial models.The end result of the hadronization is that the original parton is transformedinto tens of mesons and baryons. These partiles form what is here referredto as a partile jet, a ollimated spray of partiles and their deay produts.The energy deposits of the partile jet are observed as a alorimeter jet, aolletion of alorimeter energy lusters.As some of the momentum of the original parton is lost to the proton orantiproton through the olor �elds present in the hadronization proess, theobserved energy of the alorimeter and partile jets is slightly lower than



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 33that of the original parton giving rise to the jet. Figure 3.7 shows that theresulting orretions to the inlusive jet ross setion are in the order of5�20% for the momentum range of interest.
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Figure 3.7: Pythia predition for the size of hadronization and underlyingevent orretions to the inlusive jet ross setion.3.4.2 Underlying eventIn addition to the hadronization proess, the partons in the proton that didnot take part in the hard sattering, generally referred to as spetators, arrya net olor harge opposite in sign to that arried away by the sattered par-tons. This olor harge interats with the outgoing partons, soaking someof their energy, whih then gets radiated as partiles isotropially in all di-retions. The spetator partons may also have additional soft interationsindependent of the hard satter, produing more radiated energy. Some ofthis isotropi radiation overlaps with the jet ones, inreasing the observedenergy of the partile and alorimeter jets.The non-perturbative orretions are best studied using phenomenologialmodels of the hadronization proess implemented in Monte Carlo event gen-



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 34erators, disussed in the next setion. Figure 3.7 shows the pythia predi-tion for the hadronization and underlying event orretions to the inlusivejet ross setion in the entral region of the alorimeter. This result wasobtained using pythia v6.412 tune QW[56℄ with CTEQ6.1M PDFs. Thepredition was tuned to to the Tevatron data, as disussed in the next se-tion.3.5 Monte Carlo event generatorsMany partile physis proesses are readily studied using Monte Carlo sim-ulations that ombine parton shower or matrix element hard satter to non-perturbative hadronization and underlying event models, and �nally to de-tetor simulation. These Monte Carlo programs are referred to as eventgenerators to distinguish them from the MC programs used for pure pQCDalulations. The Monte Carlo event generators an provide diret predi-tions of jet observables suh as partile jet omposition, partile multipli-ities, energy spetra, distribution in η − φ spae et. The alorimeter jetproperties often depend on these quantities in a omplex way so many e�etsan be reliably studied only by feeding the full Monte Carlo simulation of anevent through a detailed detetor simulation. The detetor simulation willreate the traker hits, muon detetor hits and alorimeter energy depositswith realisti e�ienies, responses and resolutions, then digitize these andproess through a simulation of the detetor eletronis before events are re-onstruted in a proess idential to data. The following setions disuss twofavorite hoies of Monte Carlo event generators, pythia [96℄ and herwig[97℄, the detetor simulation with geant and data-based pile-up.3.5.1 PythiaThe DØ ollaboration uses pythia version 6.323 [57℄ with CTEQ6L1 [20℄PDFs for primary Monte Carlo generation. pythia hard satter is basedon a leading order QCD matrix element alulation and a parton showermodel [58℄ whereby the partiipating partons radiate additional partons ina bremsstrahlung type proess. This approah has been useful in desribingthe multijet topologies in data.The resulting parton shower is hadronized (or �fragmented�) using the Lundstring model [59, 60℄, shematized in Fig. 3.8. In this model a olor �ux tube
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Figure 3.8: Shemati of the Lund string model. Breaks in the olor �uxtube (string) between quark and antiquark produe mesons (�yo-yo modes�).is formed between the outgoing quarks4. The �ux tube ats as a masslessrelativisti string with a string onstant κ ∼ 1 GeV/fm. The lengths of thestrings are of typial hadroni sizes, roughly 1 fm. As the quarks �y apart thepotential energy stored in the string inreases linearly. The string may breakby produing a quark-antiquark pair. If either or both of the string remnantshas su�ient energy, the fragmentation proess ontinues iteratively on thestring remnants. The fragmentation proess ends when only on-mass-shell-hadrons remain, eah hadron orresponding to a small piee of string with aquark in one end and an antiquark in the other. The hadronization modelparameters have been tuned to LEP e+e− data.The Lund model invokes the idea of quantum mehanial tunneling to reatethe string break-ups. This implies a suppression of heavy quark prodution,with u : d : s : c ≈ 1 : 1 : 0.3 : 10−11. Charm and heavier quarks are thenexpeted to be only produed in the perturbative branhings g → qq̄.Many of the resulting hadrons are unstable and quikly deay into observablestable (or almost stable) partiles. The deays are based on experimentaldata on mass distributions and partile life-times. The deay produts arenormally distributed aording to phase spae, i.e. there is no dynamisinvolved in their relative distributions.The remaining parts of the pythia simulation involve the underlying event,inluding the beam remnants and multiple parton interations. These arethe least well understood aspet of the urrent generators, and only phe-4Gluons will at as additional kinks in suh �ux tubes, or strings.



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 36nomenologial models exist. DØ uses the so-alled �pythia tune A� whihwas optimized to desribe CDF Run I data.Tunes of PythiaBeing largely based on phenomenologial models, Pythia has a large numberof hangeable parameters. Several �tunes�, or sets of these parameters, havebeen developed to get a good �t between pythia and data. Of partiularinterest for this analysis are Rik Field's tune A and tune QW [56℄, both ofwhih have been tuned to give a good desription of previous Tevatron data,but with slightly di�erent assumptions. The tuning has foused on givinga good desription of the energy density in regions far from jets, a�etingthe underlying event desription, and of the third jet distributions, a�etingprimarily the initial state radiation. The tune A has also been shown togive a good desription of the jet shapes in dijet events [68℄.3.5.2 HerwigAlthough the physially well-motivated Lund string model used by pythiahas proved to be very suessful in desribing the hadronization proess, andmany other details of the high energy events are also reasonably suessfullydesribed, pythia is not the �nal and only answer as the authors readilyadmit. Therefore it is often useful to ompare to other event generators toget an idea of the unertainties related to the physis models used.Herwig is another program suessful in desribing QCD events that takesmany di�erent approahes to the same basi physis. The latest versionis herwig 6.5 [61℄. The hard satter and parton showers are modeled in afashion similar to pythia. The hadronization proess is somewhat dissimilarand based on olor lusters. In the luster model olor singlets are projetedon a ontinuum of high-mass mesoni resonanes (lusters). These deay tolighter well-known resonanes and stable hadrons.An important feature of herwig is the full inlusion of olor oherene intothe parton shower development. The quantum mehanial interferene e�etsrelated to the olor �ow a�et espeially the spatial distribution of the thirdhardest jet in the event with respet to the positions of the two leading jets.Comparisons to data have shown that herwig provides a good desriptionof the third hardest jet distributions, whereas the default pythia desriptionis not as good [63℄. However, modi�ation of some Pythia parameters like



CHAPTER 3. STATUS OF THEORETICAL PREDICTIONS 37PARP(67) that a�et initial state radiation an produe omparably good �tsto data [44℄.3.5.3 GeantThe geant pakage [62℄ is not a Monte Carlo generator in the same senseas herwig and pythia. Rather, it is a useful tool for propagating parti-les through matter on whih the DØ Run II detetor simulation is based.Geant reeives as input the stable hadrons produed by other Monte Carlogenerators and models their passage through the dead and ative materialthat makes up the detetor. This desription inludes the produtions ofseondary partiles by sattering o� of the eletrons and nulei, and a modelfor the energy deposition and absorption by ionization and nulear reations.As the inoming partiles are traked through the detetor material theyprodue showers of seondary partiles that may ontain thousands of par-tiles. The sheer number of partiles ombined with detailed alulations ofenergy loss and showering in material make the geant simulations ompu-tationally expensive. In some ases, suh as in jet energy sale systematisstudies, it is useful to replae the detailed detetor simulation with a oarseparametrization of important e�ets in order to generate enough Monte Carlostatistis.Pile upBeause the Monte Carlo underlying event simulations are known to be prob-lemati and DØ detetor simulation has su�ered from some disagreementbetween data and Monte Carlo, the DØ ollaboration has hosen an alterna-tive route to desribe the e�ets of high luminosities. In essene, the MonteCarlo event generation is based on a single interation vertex. The e�ets ofadditional simultaneous proton-antiproton ollisions are simulated by over-laying raw measured data on top of the Monte Carlo generated events. Theraw data is olleted with the Zero Bias trigger that has no other require-ments than the timing of the bunh rossings. This proedure produes wellthe observed alorimeter energy density from the ombination of the hardsatter, noise, pile-up and multiple interations.



Chapter 4Desription of the DØ DetetorThe DØ detetor, shown in Fig. 4.1, is a large general purpose detetor forthe study of short distane phenomena at high energy proton-antiproton (pp̄)ollisions. The detetor operates at the Fermi National Aelerator Labora-tory's (Fermilab) Tevatron ollider, studying proton-antiproton ollisions ata enter of mass energy of 1.96 TeV. The DØ detetor was proposed in 1983and operated suessfully during Tevatron Run I in 1992�1996. The dataolleted at DØ led to the disovery of the top quark [69℄ and a measure-ment of its mass [70, 71, 72, 73, 74℄, a preision measurement of the mass ofthe W boson [75, 76, 77, 78, 79, 80, 81℄ and studies of jet prodution [6, 8, 4℄,among other aomplishments [82℄. The Run I DØ detetor is desribed indetail in Ref. [83℄.For the Tevatron Run II, beginning in 2001, the DØ detetor was upgradedto ope with Tevatron's inreased luminosity and ollision energy, and to im-prove the physis apabilities of the detetor. The primary hanges onern-ing this thesis were the installation of a solenoid magnet and a full upgradeof the readout eletronis and trigger systems. Tevatron's ollision energywas inreased from 1.8 TeV in Run I to 1.96 TeV in Run II, and the peak lu-minosities have risen by over an order of magnitude. The upgraded Tevatronollider has 36 proton and antiproton superbunhes olliding at intervals of396 ns, ompared to 6 bunhes with 3500 ns between bunh-rossings in RunI. The high luminosity of the ollider has meant that radiation hardness isa onsideration for some detetor omponents, and signal integration timeshave dereased, requiring faster eletronis and upgraded trigger systems tobe installed. The integrated luminosity of Tevatron Run II is expeted to bebetween 4�8 fb−1 as opposed to the Run I integrated luminosity of 120 pb−1,a fator of 40 improvement or more. 38
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D0 DetectorFigure 4.1: Isometri view of the DØ detetor.To improve the physis yield of the detetor in Run I, the DØ detetorwas upgraded with new elements of the detetor, inluding silion mirostriptraker, entral �ber traker, solenoidal magnet, preshower detetors, for-ward muon detetors, and forward proton detetors. In this hapter we willfous on the detetor omponents essential for the inlusive jet ross setionmeasurement, whether old or new, and leave others to little or no mention.The upgraded DØ detetor is desribed in detail in Ref. [84℄.4.1 Tevatron olliderAlthough not stritly speaking part of the DØ detetor, the Tevatron ol-lider at Fermilab is an essential omponent of the experiment. The purposeof the ollider is to provide the experiments with well ontrolled, tightly fo-used beams of protons and antiprotons that are ollided at the enter ofthe detetor. The tehnial spei�ations require the interation region (of
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Figure 4.2: Fermilab Tevatron aelerator omplex.
σx,y ≈ 40µm, σz ≈ 30 m) to be within 1 mm of the geometri enter of thedetetor in the transverse plane (xy) and entered to within a few entime-ters of the middle point of the alorimeter in the longitudinal diretion (z).The oordinate system is hosen to be right-handed, with z along proton di-retion and x pointing toward the enter of the Tevatron ring. The followingsetion will brie�y outline the ollider sybsystems, shown in Fig. 4.2.The proton beam is reated from a soure of hydrogen gas (the antiprotonswill be reated at a later stage). The �rst stage of pre-aeleration is providedby the Cokroft-Walton. Inside this devie the hydrogen gas is ionized toreate negative ions that are aelerated to 750 keV. A linear aelerator willaelerate the ions to a further 400 MeV. At the end of the linear aeleratorthe ions pass through a arbon foil that strips the eletrons and leaves justthe positively harged protons. A small irular aelerator, the Booster,inreases the proton beam energy up to 8 GeV.The next step, Main Injetor, serves multiple purposes. It's �rst task is to a-elerate the protons to 150 GeV and insert them to the Tevatron ring. It alsoprodues 120 GeV protons that are direted to a nikel target in the targethall to produe antiprotons that are then olleted, foused and stored in theAumulator ring (Antiproton Soure). One enough antiprotons have beenolleted, the Antiproton Soure will send them to the Main Injetor thataelerates them from 8 GeV to 150 GeV and injets them to the Tevatronring, traveling in a diretion opposite to the protons. In the �nal stage the



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 41proton and antiproton beams are aelerated in the Tevatron ring to 980 GeVeah. Before ollisions are initiated the beams are �sraped� with ollimatorsto remove unwanted halo partiles and reate tightly foused beams.Aumulating su�ient numbers of antiprotons generally takes about 24hours so the Main Ring will work in the antiproton prodution mode forquite some time before aelerating protons for injetion in the Tevatronring. One a �store� is established in the Tevatron Ring, the Main Ring willkeep aumulating antiprotons until the Main Control Room deides to dumpthe old beam and insert a new bath of protons and antiprotons. The storesusually last about 24 hours to allow enough time to ollet antiprotons. Theantiproton prodution rate is one of the main limiting fators for high sus-tained luminosities. To alleviate this problem the Main Ring tunnel has beeninstalled with an Antiproton Reyler that stores the left-over antiprotonsfrom the Tevatron ring, waiting to be re-injeted.4.2 CalorimetersThe alorimeters are the most important detetor omponents for measuringhigh pT jet properties, and an aurate and stable energy response is requiredfor reliable jet ross setion measurement. The DØ detetor was onstrutedin Run I to provide a good measurement of eletron, photon and jet ener-gies in the absene of a magneti �eld. In Run II the alorimeter remainsthe same. Despite a small added amount of dead material from the solenoidoil and redued signal integration time the alorimeters, shown in Fig. 4.3,still retain most of their exellent energy measurement properties. However,several fators have dereased the high level of ompensation between ele-tromagneti and hadroni showers that was the hallmark of the DØ detetorin Run I, as will be disussed later in this setion.4.2.1 Central and end ap alorimetersBoth the eletromagneti and �ne hadroni alorimeters are sampling alo-rimeters based on liquid argon and absorber plates of almost pure depleteduranium (U238). The struture of the alorimeter ells is shown in Fig. 4.4.The inoming partiles traversing the uranium absorber plates initiate show-ers of seondary partiles that ionize argon in the gaps between the absorberplates. A high-voltage eletri �eld ollets the free eletrons to the resis-
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ElectromagneticFigure 4.3: Isometri view of the entral and two end alorimeters.tively oated opper pads that at as signal boards. The opper oating onthe inner surfae is milled into the pattern needed for segmented readout.The oarse hadroni alorimeter in addition deploys opper in entral alo-rimeter (CC) and stainless steel in end ap alorimeter (EC) for the absorberplates. The hoie of uranium absorber plates allows for a ompat alorim-eter system, leaving more room for the surrounding muon detetor. Liquidargon provides a unit gain and stable, radiation hard alorimetry. On thedownside, the use of liquid argon involves the ompliation of ryogeni sys-tems. The fairly massive ontainment vessels (ryostats) add to the deadmaterial in front of alorimeters and result in regions of uninstrumented ma-terial. For this reason the gap between CC and EC ryostats is instrumentedwith the interryostat detetor (ICD) and massless gap detetors (MG) with-out dediated absorber plates.The gap between absorber plates and read-out boards in the main alo-rimeters is 3.2 mm, leading to a 450 ns eletron drift time aross the gap.This provides a hallenge with 396 ns between the bunh rossings in RunI (3500 ns in Run I). The alorimeter read-out eletronis for Run II weredesigned for 132 ns between bunh rossings as was originally designed for
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Figure 4.4: Shemati view of the struture of a alorimeter unit ell. Ca-paitor plates made of opper pads and G-10 �berglass oated with resistiveepoxy are sandwihed between depleted uranium absorbers and ollet theharge liberated within the liquid argon gaps.Run II. This shortened signal integration time has ome with some ost tothe performane of the alorimetry.The DØ Run I alorimeter was nearly ompensating (providing equal energyresponse to eletrons and pions) with the e/π response ratio falling fromabout 1.11 at 10 GeV to about 1.04 at 150 GeV. This ompares favorably[85℄ to the ratio 1.4 of most alorimeters. Part of this ompensation wasoming from the reovered energy of neutrons as they aused �ssions of ura-nium nulei, part from graduated absorber plate thiknesses. The time forthe neutrons to thermalize before they an ause �ssions is up to 1 µs [86℄,so muh of this bene�t is lost in Run II. Along with the realibration of ele-tromagneti and hadroni alorimeter layer weights to aommodate shortersignal integration times this has redued the level of ompensation in the DØRun II alorimeter, as will be disussed in Chapter 6. This has degraded theenergy resolution and linearity of the alorimeters ompared to Run I. Someof this degradation has been ompensated in Run II with improved alorime-ter ell response interalibration, but the resolution still remains worse thanit was in Run I.The alorimeter is �nely segmented to allow for a good position measurementof eletrons, photons and jets. The pattern and transverse sizes of the readoutells are set by the transverse size of showers: ∼1�2 m for EM showers and
∼10 m for hadroni showers. In terms of variables more useful for physis,pseudorapidity η and azimuthal angle φ, the transverse size of partile jets
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√

∆η2 + ∆φ2 ∼ 0.5. The alorimeter is segmented in 0.1 ells in ηand 2π/64 ∼ 0.1 in φ at |η| < 3.2. This �ne segmentation allows for probingthe shape of the jets. At rapidities |η| > 3.2 the segmentation grows to 0.2or more for both η and φ, but these high rapidities are not used for the jetross setion measurement beause the jet triggers are limited to |η| < 3.2.As shown in Fig. 4.5 the entral alorimeter overs a range |η| . 1 andthe two end ap alorimeters (north end ap, ECN, and south end ap,ECS) extend up to |η| ≈ 4. The ative medium in all these alorimeters isliquid argon. The alorimeters are kept within the ryostats at a onstanttemperature of approximately 80 K. The purity of the liquid argon is ritialto the energy measurement as small amounts of ontaminants, partiularlyoxygen, an have an impat on the measured signal. The ontamination ofthe liquid argon was measured in the beginning of Run II [87℄ to be less than0.30±0.12 ppm for all three alorimeter ryostats. Contamination level of1 ppm would result in approximately 5% signal loss. The purity has also beenmonitored with several radioative soures in situ. The liquid argon purityhas been extremely stable over time [84℄, resulting in a stable alorimeterresponse.The eletromagneti alorimeter is omposed of relatively thin 3 mm and4 mm uranium absorber plates in CC and EC, respetively. The �ne hadronihas slightly thiker 6 mm absorber plates, and the oarse hadroni is madeof 46.5 mm of opper (CC) or stainless steel (EC). Useful measures for thedepth of the alorimeter are radiation lengths (X0) and nulear interationlengths (λA) for eletromagneti and hadroni partiles, respetively. Theseare de�ned as the mean free path for bremsstrahlung in the material (gluonbremsstrahlung in the ase of nulear interation lengths). The energy lossof the inoming partiles behaves with distane aording to
Eem(d) = E0 exp

− d
X0 , (4.1)

Ehad(d) = E0 exp
− d

λA . (4.2)The X0 for uranium is 3.2 mm so eah eletromagneti partile is expetedto radiate one per plate, produing a quikly multiplying eletromagnetishower that is sampled at eah step by the liquid argon. The shower max-imum is expeted to our around X0 = 10 where the EM alorimeter has�ner segmentation for aurate position measurement of the inoming ele-trons and photons. The total depth of the EM alorimeter is about 20 X0,ontaining eletromagneti showers well within the EM alorimeter. In on-trast, hadroni partiles interat more weakly, and the EM alorimeter onlyaounts for ∼ 0.8λA. The �ne hadroni layers ompose additional 3 λA, and



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 45the oarse hadroni another 3 λA. Overall the hadroni alorimeter at ∼ 7λAis deep enough to ontain more than 98% of all the ollision energy. However,a small unertainty is aounted in jet alibration for possible punh-throughof the very highest energy jets.The hadroni showers develop quite di�erently ompared to the eletromag-neti showers that multiply opiously at eah step. Most hadroni inter-ations produe one of the lightest mesons, pions π+, π− or π0, eah ofthese with probability 1/3. The harged pions ontinue to interat hadron-ially whereas the neutral pions quikly deay into two photons, produinga quikly multiplying eletromagneti shower. Exept for the small amountof ionization produed by the harged hadrons, pratially all the energy de-

Figure 4.5: Side view of a quadrant of the DØ alorimeters showing the trans-verse and longitudinal segmentation pattern. The shading pattern indiatesthe ells for signal readout. The lines indiate the pseudorapidity intervalsseen from the enter of the detetor. The interryostat detetor is visible as athin tile in front of the EC ryostat at 1.1 < |η| < 1.4 and the massless gapsas thin tiles inside the CC ryostat at 0.8 < |η| < 1.2 and the EC ryostatat 1.0 < |η| < 1.4.



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 46posited by hadroni jets omes from the eletromagneti showers produedby the π0s. Flutuations in the fration of π0s produed at eah step auselarge stohasti �utuations in the amount of measured energy, aountingfor the muh poorer energy resolution of jets than eletrons.4.2.2 Interryostat detetor and massless gapsThe region between the entral and end ap ryostats is instrumented withthe interryostat detetor (ICD) and massless gaps (MG). The ICD and MGdetetors provide energy measurement for the otherwise poorly instrumentedregion between the ryostats at roughly 0.8 < |η| < 1.4, where the depth ofthe dead material oming from ryostat walls, sti�ening rings and ablesvaries rapidly with rapidity.The ICD relies on photomultipliers (PMTs) reording the signal from platesof sintillating plasti and overs the region 1.1 < |η| < 1.4 in rapidity.The signal from the ICD is strethed to math that of the EM alorimeterand provides a good approximation to the EM alorimetry that is absent at
1.2 < |η| < 1.35. Many of the photomultipliers were reyled from Run I andhave shown aging problems in Run II. To inrease their response some PMTshave been operated at a high voltage above their designed limit, resulting inunstable response as a funtion of time and luminosity. Several aging PMTswere later replaed for Run IIb.The ICD is supplemented by the massless gap detetors that are plaedinside the ryostat walls in CC and EC at 0.8 < |η| < 1.2 and 1.0 < |η| < 1.3,respetively. The massless gaps ollet eletrons liberated by the liquid argonand have signal boards idential to the standard alorimeter modules. Unlikeother alorimeter ells, they do not have dediated absorber plates (hene aremassless), but measure instead showers that develop in the ryostat walls,alorimeter support strutures and other ells.4.2.3 Preshower detetorsThe preshower detetors, shown in Fig. 4.6, at as both alorimeters andtraking system. The entral preshower (CPS) is plaed between the solenoi-dal magnet and entral ryostat, and the forward preshower (FPS) is plaedin front of the end ap ryostat just around the luminosity monitor. Theirpurpose is to aid in eletron identi�ation and bakground rejetion for bothtriggering and o�ine reonstrution. The preshower detetors are based ontriangle shaped sintillator strips that are plaed in two stereo layers. Ele-



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 47trons will readily shower in the material in front of the preshower and theshower an be measured with several preshower sintillator strips. Otherpartiles will generally only leave a minimum ionizing trail in one strip. Thepreshower detetors will also aid in mathing between traks and alorime-ter showers, and in reovering eletromagneti energy losses in the solenoidmagnet, ables and supports.The preshower detetors are not diretly used in this thesis, but the CPSshower shape measurements form an important part of the photon identi�-ation uts that are used in the jet energy sale measurement, desribed inChapter 6.4.3 TrakingTraking is a seond important sub-system for jet physis. Although notdiretly used in jet reonstrution, traking is needed to reonstrut the in-teration verties in eah bunh rossing and to separate the hard interationvertex from the additional minimum bias interations. The vertex resolutiondiretly a�ets the resolution of the measured jet transverse momentum pT .The interation region at DØ is relatively long, σ = 23�30 m, ompared tothe transverse size of the interation region of σ ≈ 40 µm and the maximumallowed transverse o�set from the detetor enter of 1 mm. Misidenti�ationof the hard interation vertex ould have a potentially large e�et on the jetross setion measurement.The traking system has been ompletely upgraded sine Run I to take ad-vantage of the latest solid state tehnologies. The inner traking system,silion mirostrip traker (SMT), uses miroeletronis semiondutor teh-nology for preise traking with 35 µm vertex resolution along the beamlineand 15 µm vertex resolution in the r − φ plane for traks of over 10 GeV/cat η = 0. The outer traking system, entral �ber traker (CFT), uses sin-tillating �ber tehnology to omplement the SMT and also ats in hardwaretrak triggering. The trak triggering apabilities of the CFT are not usedfor jet physis, however, as this relies entirely on alorimetry. Both detetorsare plaed in a 2 T magneti �eld of the superonduting solenoid magnetto allow momentum measurement of the traks. The overall entral trakingsystem is shown in Fig. 4.6. The following setions will disuss the solenoidmagnet, SMT and CFT in more detail. The trak reonstrution will bedisussed in Chapter 5.
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Figure 4.6: The entral traking system is omposed of the inner silionmirostrip traker and outer entral �ber traker. Not to sale.4.3.1 Solenoid magnetThe entral traking system is fully inside the 2 T magneti �eld provided bythe superonduting solenoid magnet, also shown in Fig. 4.6. The solenoidmagnet is plaed in front of the entral alorimeter ryostats and aountsfor 0.87 X0 of material that is sampled by the entral preshower detetorsplaed between the solenoid and the ryostats. The magnet was designed tooptimize momentum resolution and trak pattern reognition. It also allows
E/p measurement of eletrons that an be used in alibration of the EMalorimeter at low pT .



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 494.3.2 Silion vertex trakerThe vertex position is most aurately measured by the inner silion mi-rostrip vertex traker, shown in Fig. 4.7. The detetor is omposed of sixbarrel setions with four readout layers eah and twelve interseting disksof double-sided wedge detetors alled �F-disks�. At higher η the F-disksare omplemented by four large diameter disks, �H-disks�. Eah of the H-disks is built from 24 full wedges, onsisting of two single sided �half� wedgesmounted bak-to-bak to avoid gaps between the wedges. Overall the SMTontains 912 readout modules and 792,576 hannels. The SMT strips have apith 50�62.5 µm in the barrel and F-disk. The stereo layers are angled at30◦ in the F-disks and at 90◦ in the layers 1 and 3 of eah barrel to aid inaurate trak reonstrution.

Figure 4.7: The disk and barrel design of the silion mirostrip traker.The length sale of the entral traker is set by the length of the longitudinalvertex distribution with σ ∼ 25 m. The enters of the H-disks are loatedat |z| = 100.4 m and 121.0 m and the enters of the F-disks are at |z| =
12.5, 25.3, 38.2, 43.1, 48.1, and 53.1 m. This geometrial information hasrelevane for the physis analysis as the vertex distribution has signi�anttails outside the ∼ 50 m aeptane of the F-disks. The trak reonstrutione�ieny drops rapidly for |η| > 1 and |z0| >40�50 m with η×z0 > 0 as thisregion is only overed by the two H-disks, ompliating trak reonstrution.Consequently the ross setion analysis limits |z| < 50 m to redue theimpat of vertex misidenti�ation.Figure 4.8 shows the approximate region in z0 − η plane where traks anbe reonstruted using the SMT alone. The z-position resolution for vertiesreonstruted from traks in this SMT �duial region is good, better than11The quoted values are for the largest σ in a double gaussian �t. Single gaussian �tsgive σ less than half of these values.



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 5055 µm (180 µm) for verties at |z0| < 36 m (|z0| > 36 m) [88℄. Outside theSMT �duial region the requirement to have at least two SMT hits per trakis removed, inreasing trak and vertex reonstrution e�ieny.The SMT has also been a stable detetor with a low number of dead hannels.When leaving �nal testing before installation 99.5% of the detetors werefuntional. The fration of funtional high density interfaes (HDIs) was 94%in Otober and 89% in February 2005 [84℄. Most of the operational problemshave been aused by problems other than the silion detetor itself, suh aslow voltage power supply failures.

trak ηFigure 4.8: Silion mirostrip traker (SMT) �duial region.4.3.3 Central �ber trakerThe entral �ber traker omplements the SMT by providing additional ov-erage for high-z0, high-η traks. Eah CFT layer is based on a double layeredribbon of sintillating �ber, with the two layers o�set by half a �ber widthto provide full overage and assist in angle measurements. The sintillating�bers are 835 µm in diameter so the hit position resolution is more limitedthan for the SMT. Eah barrel has one axial doublet ribbon along the beamdiretion (Z) and a seond stereo doublet at a ±3◦ angle, with the sign al-ternating between di�erent barrel layers. Eah doublet layer has an inherent



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 51resolution of about 100 µm. The CFT has also been stable over time, with2-3% of the CFT �bers dead [89℄. The dead �bers have a very little impat onthe global traking e�ieny, and they an be �turned on� in the L1 triggerto prevent dead areas.4.4 Muon systemThe muon detetor system forms the outermost part of the DØ detetor,shown as a box like struture surrounding the alorimeter in Fig. 4.1. Withthe exeption of neutrinos, muons are the most penetrating partiles pro-dued in the partile ollisions. They penetrate the alorimeters and sur-rounding shielding with ease when pratially all the other debris from theollision gets absorbed.The bulk of the muon detetors is built from a ombination of proportionaldrift tubes (PDTs) in the entral region, and smaller and faster mini drifttubes (MDTs) in the forward (1.0 ≤ |η| ≤ 2.0) region. Both are separated into three layers (A, B, C). To allow for stand-alone momentum reonstrutionof the muons the muon system is supplemented with toroidal magnets in theentral and end-ap regions. The toroids are plaed between B and C layersof the muon detetor. The stand-alone muon momentum resolution for theforward muons is about 20% of the muon momentum at pT < 40 GeV/c. Theoverall muon momentum resolution up to pT ≈ 100 GeV/c is de�ned by theentral traking (SMT and CFT).The PDTs are surrounded by Aφ sintillation detetors on the inside andosmi ap and bottom sintillation ounters on the outside. As the namesuggests, the osmi ap and bottom ounters provide a fast timing signalto assoiate muons with the proper bunh rossing and disriminate againstosmi muon bakground. They are also used in muon triggering. In theforward region the MDTs are supplemented with muon trigger sintillationounters that over rapidities up to |η| ≈ 2.0.The muon triggers are useful for providing an unorrelated trigger for high
pT jets that an be used to derive the trigger e�ieny for the alorimeterbased single jet triggers, as we will disuss in Se. 8.4. In this ontext it isuseful to note that the muon system below the alorimeter is limited by thealorimeter support strutures, shown in Fig. 4.1, and eletronis housing.This reates a de�it in muon triggers in 5π/4 ≤ φ ≤ 7π/4. The muonsystem is also useful in identifying osmi ray showers using event displays,as disussed in Ch. 8.
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Figure 4.9: The Luminosity Monitor, shown from the side (left) and alongthe beamline (right). Eah side has 24 sintillator tiles radiating from theenter. The red dots in the front view, blak boxes in the side view, arephotomultiplier tubes.4.5 Luminosity monitorThe primary purpose of the luminosity monitor (LM) is to provide an au-rate measure of the luminosity at the interation region. This is needed tonormalize any ross setion measurement made at DØ. In addition, it pro-vides a measurement of the halo rates (stray protons or antiprotons esapingthe beam), makes a fast measurement of the vertex z oordinate and identi-�es rossings with multiple pp̄ ollisions. Figure 4.9 shows a shemati of theluminosity monitor. The LM is plaed between the entral traking systemand the end ap alorimeter ryostat at 2.7 < |η| < 4.4, lose to the beamline.The luminosity monitor is based on sintillating tiles that detet the parti-les oming from inelasti ollisions on both sides of the interation point.The inelasti ollisions form the major part of pp̄ interations, rest omesfrom di�rative interations that are often only deteted on one side. Theluminosity L is determined from the average number of observed interations
N̄LM at the luminosity monitor using the formula

L =
fN̄LM

σLM
, (4.3)where f is the ollision frequeny and the σLM is the ross setion for inelastiollisions measured at the LM, inluding aeptane and e�ieny of theLM. Beause of the di�ulty of determining the atual number of multipleinterations using LM only, the average number of observed interations isinferred by Poisson statistis from the frequeny of no observed ollisionsduring beam rossings, a method alled �ounting zeroes�.



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 53The LM omes equipped with a time-of-�ight detetor that has a resolutionof 200 ps (6 m/c), limited by the varying path lengths taken by the lightinside the sintillator tile. The timing information is used to reonstrut thevertex z position using the time di�erene between the opposite luminositymonitors. Pratially all inelasti ollisions our at |z| < 100 m, whereashalo typially produes |z| ≈ 140 m, the distane of the LM from detetorenter. The requirement |z| < 100 m is then used to identify beam-beamollisions.The LM has a few properties that will a�et the luminosity measurement,disussed in Chapter 8. i) The PMTs that detet the light signals fromthe sintillators are unshielded from magneti �elds. When the solenoidmagnet is turned on, the approximately 1 T fringe �eld from the solenoidat the luminosity monitors' position redues the gain of the PMTs by afator of 30 [90℄. Changes in the solenoid �eld are then expeted to a�et theluminosity measurement. The magneti �eld is stable during normal runningand does not signi�antly a�et the luminosity measurement, but the solenoidurrent was hanged one during Run II. ii) The LM is subjet to hardradiation produed mainly by the pp̄ interations that is therefore irreduible.Radiation damage auses some darkening of the sintillating material thatan lead to modest (≈10%) light loss at the edge losest to the beam pipe after3 fb−1 [91℄. This will lead to a small redution in the measured luminositywith integrated dose. The PMTs themselves have speial fused silia (quartz)windows that are largely immune to radiation damage [92℄.4.6 Trigger systemsThe DØ Run II detetor sees partile ollisions at a rate of 1.7 MHz. This isequivalent to the 396 ns between bunh rossings, with 2/3 of the available�tiks� or radio-frequeny bukets �lled with partiles and others empty. Aombination of dediated hardware and software triggers is used to preseletinteresting events and redue the event rates before they are written to tapeat a rate of about 50 Hz. To ahieve a redution in the event rate by a fatorof about 30,000, the trigger is divided into three levels, L1, L2 and L3, eahhaving more time and information available for the trigger deision than theprevious one. The �rst two levels, shown in Fig. 4.10 are hardware based,whereas the third trigger level is software based and runs on ommodityproessors. Figure 4.11 shows on overview of the data �ow between thedi�erent trigger levels and the event rates they are required to handle: the1.7 MHz inoming at Level 1 is redued to 1.6 kHz input at Level 2, 1 kHz
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Figure 4.10: Overview of the Level 1 and Level 2 trigger subsystems. Arrowsindiate the information �ow from subsystem to another.input at L3 and �nally 50 Hz output from L3 to tape. The Trigger Frameworkommuniates with the di�erent trigger levels. In the following an overviewof these triggers will be given, with emphasis on the omponents relevant fortriggering jets.4.6.1 Level 1 triggerThe �rst level of the trigger system is required to output a trigger deisionin 3.5 µs, orresponding to the time between bunh-rossings in Run I. Thisequals ten bunh rossings in Run II. To avoid dead-time, data from thedetetor is queued in L1 bu�ers, as shown in Fig. 4.11, while the trigger de-ision is pending. The L1 trigger ommuniates with the Trigger Frameworkthat passes aepted events in the L1 bu�er to L2.Due to the small amount of time available at L1, the trigger deision is basedon very rough detetor information from subsystems shown in Fig. 4.10. Ob-jets available for the trigger deision are eletromagneti (EM), hadroni (H)and (EM+H) trigger towers that are summed in both depth and transverseoordinates (∆η×∆φ = 0.2×0.2) in the L1 alorimeter trigger (L1Cal); en-tral traker trigger (L1CTT) and muon system trigger (L1Muon) traks, bothseparately and ombined; and L1 forward proton detetor trigger (L1FPD)
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Figure 4.11: Shemati of the data �ow in the trigger and data aquisitionsystem.for di�rative events by protons or antiprotons sattered at very small angles.For jet physis we are mainly interested in the L1Cal.4.6.2 Level 2 triggerThe Level 2 trigger has a number of subsystem spei� preproessors thatform physis objets from data oming from L1, as shown in Fig. 4.10. Thesesubsystem preproessors inlude alorimeter, traks, muons and preshower.The L2 an also ombine data over the detetor to form more omplex ob-jets. The preproessed physis objets are transmitted to L2 Global triggerfor trigger deision. Eah L1 trigger bit is mapped to a spei� L2 sript.The L2 jet algorithm will be desribed in Se. 4.7.2.4.6.3 Trigger frameworkThe L1 and L2 trigger deisions are oordinated through the Trigger Frame-work. An important additional funtion that the Trigger Framework per-forms is the appliation of presales at L1. Events that otherwise ful�ll thetrigger onditions are randomly passed only a fration 1/presale of the timeto keep the rate of more ommon triggers balaned with those that ourrarely. Low pT jets are espeially opious at the Tevatron. To balane therate of the lowest pT jet trigger (pT > 8 GeV/c) with that of the higher pTjet triggers, presales of up to a million are used at higher luminosities. Onlythe highest pT jet trigger (pT > 125 GeV/c) is always kept unpresaled. Thetrigger framework inludes the presale information into the luminosity al-



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 56ulation and also provides a large number of salars that allow the ountingof trigger rates and dead times.4.6.4 Level 3 triggerThe Level 3 trigger runs on a farm of ommodity proessors. It is softwarebased, highly on�gurable and an perform a limited reonstrution of thewhole event. Eah L2 trigger bit is mapped to one or more L3 �lters. Asa spei� example, the L3 jet �lter reonstruts jets using high-preisionalorimeter readout (∆η×∆φ = 0.1×0.1). The reonstruted primary vertexposition2 and removal of hot alorimeter ells allows aurate reonstrutionof jet energy and pT . The jet reonstrution is not quite as preise as for thefull o�ine reonstrution, but the trigger turn-ons are dramatially sharperthan at L1 and L2, quikly plateauing at 100% e�ieny.4.6.5 Data aquisitionThe DØ data aquisition system (DAQ) onsists of the Level 3 DAQ and theonline host. The L3DAQ is designed to handle a ontinuous data rate of 250MB/se, orresponding to 1 kHz input rate from L2, with eah event about250 kB in size. After being partially reonstruted at L3, the aepted eventsare passed to the online host at a rate of about 50 Hz (12.5 MB/se of 250 kBevents). The events sent are tagged with an identi�ation that orrespondsto the hardware and software trigger elements they passed. At the onlinesystem the events are assigned to a data stream and then sent to their �nalrepository, a roboti tape system three kilometers from the detetor.4.7 Trigger sriptsThe DØ experiment ontinually updates the trigger lists to optimize datataking with inreasing luminosity, improve the trigger turn-ons and triggere�ieny and to inlude new requests by physis groups. Eah trigger isomposed of a ombination of L1, L2 and L3 trigger terms. The singlejet triggers available for the inlusive jet analysis in Run IIa are listed inTable 4.1. These have signi�antly varying turn-ons, and only a subset is2The reonstruted vertex position was available, but not used for Run IIa single jettriggers. Instead, nominal vertex position (0,0,0) was used.



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 57used for the �nal analysis, as disussed in Chapter 8. The di�erent triggerterms are brie�y disussed in the following setions.4.7.1 L1 trigger sriptsThe L1Cal allows the experiment to trigger globally on ∑ET and 6ET withfour di�erent thresholds and on loal variables based on the EM transverseenergy and the total EM plus hadroni (H) transverse energy. The loalvariables an use individual trigger towers with size 0.2 × 0.2 in η × φ andlarge EM+H tiles overing 4× 8 trigger towers in η × φ. Typial L1 triggersfor jets are uts on 1�4 trigger towers with ET more than 3�7 GeV pertower. The L1 trigger terms used in Run IIa for single jet triggers are listedin Table 4.1. For the triggers listed here, the ET at L1 is alulated withrespet to the nominal vertex at (0,0,0).The L1 trigger terms are of the generi type CJT(n, x), indiating that n L1trigger towers with at least ET > x GeV of transverse energy are required.The towers an be, and very often are, widely separated and orresponding todi�erent jets. The L1 trigger overs detetor pseudorapidity up to |η| = 3.2unless otherwise indiated.4.7.2 L2 trigger sriptsThe Run IIa L2 jet algorithm lusters 5 × 5 groups of alorimeter triggertowers that are entered on seed towers. The seed towers are ET orderedtrigger towers with ET > 2 GeV. Overlapping L2 jets may be onsideredas separate jets, or shared towers an be assigned to the highest ET jet,depending on L2 sripts riteria.It is not unommon that single jet triggers will pass events diretly from L1to L3 without running a L2 sript, as shown in Table 4.1. When used, theL2 trigger runs one of the L2 tools JET(0,7) and JET(0,5). The di�ereneis the minimum required jet ET , 7 GeV or 5 GeV, respetively. If L2 jetsare reonstruted, the highest ET jet is required to have ET above a giventhreshold.The infrequent appliation of L2 sripts in single jet triggers in Run IIa isexplained by the slow turn-on of the L1Cal trigger. For low pT triggers the L1is still signi�antly ine�ient for thresholds that are useful at L2. Even whenapplied, the L2 trigger is not a very strong requirement. The situation has



CHAPTER 4. DESCRIPTION OF THE DØ DETECTOR 58muh improved in Run IIb with the new L1Cal trigger that an reonstrutL1 jets from multiple towers.4.7.3 L3 trigger sriptsThe L3 jets ome in two varieties used in single jet triggers3, SCJET_8 andSCJET_15. Both run a simple one algorithm. They alulate ET usingthe nominal vertex position at (0,0,0) and return jets with ET > 8 GeV and
ET > 15 GeV, respetively. At least one jet in the event is required to beabove the given ET threshold. Despite the similarities of the two algorithms,the eventual observed trigger turn-ons are signi�antly lower for SCJET_8.

3Level 3 jet SCJET5_PV3 is also available and uses the reonstruted primary vertexposition for pT alulation.
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Table 4.1: Single jet triggers used in Run IIa. Trigger list versions withsimilar terms are reported together. Only trigger versions used in data takingare listed. The L1 term is abbreviated from CJT(n,x) for n L1 towers with
ET > x GeV. The L3 tools JT8 and JT15 are abbreviated from the L3 toolnames SCJET_8 and SCJET_15.Trigger Trigger lists L1 term L2 ET L3 tool L3 ETJT_8TT v11�v14 (1,5) - JT8 8JT_15TT v12�v14 (2,3) - JT8 15JT_15TT 8.00, 8.10 (2,3)×(1,5) - JT8 15JT_25TT_NG v14 (3,5) - JT8 25JT_25TT_NG v12�v13 (2,5) - JT8 25JT_25TT_NG 8.20�v11 (2,5) - JT15 25JT_45TT 14.00,14.10 (4,5) - JT8 45JT_45TT v12�v14 (2,5) - JT8 45JT_45TT v8�v11 (2,5) - JT15 45JT_65TT v12�v14 (3,5) 20 JT8 65JT_65TT v9�v11 (3,5) 20 JT15 65JT_65TT v8, 9.20 (3,5) - JT15 65JT_95TT v13�v14 (3,5) 50 JT8 95JT_95TT 13.00 (4,5) 50 JT8 95JT_95TT v12 (4,5) 30 JT8 95JT_95TT v9�v11 (4,5) 30 JT15 95JT_95TT v8, 9.20 (4,5) - JT15 95JT_125TT v14, 13.00 (4,5) 60 JT8 125JT_125TT v13 (3,5) 60 JT8 125JT_125TT v12 (4,7) - JT8 125JT_125TT v8, v10�v11 (4,7) - JT15 1259.41, 9.42JT_125TT v9 (4,5) - JT15 125



Chapter 5Data used in the analysisChapter 4 foused on the detetors and physial systems required to olletdata from the partile interations. In this hapter we ontinue with the seriesof proessing and reproessing steps, skimming and data quality ontrol thatthe data undergoes before it ends up in analyzers' plots, and eventually, tophysis papers. We also summarize major data-taking epohs, luminosityalulation and trigger lists that naturally divide the data into subsets forontrol of the stability of the result.5.1 From detetor to tapeAs disussed at the end of Chapter 4, the raw data oming from the DØdetetor reahes its �nal repository in the roboti tape system maintainedat the Feynman omputing enter a few kilometers from the detetor. Thequality of the data is ontinually monitored as it is being sent to the tapes.The DØ ontrol room is manned 24/7 by a �ve-person1 shift rew duringdata taking. The CFT, SMT and CAL+muon subsystems are monitored bydediated subsystem shifters that an �ag runs as bad for their subsystem inase of hardware problems. The run quality is later reheked o�ine. TheDAQ shifter oversees that all subsystems are working nominally and that datakeeps �owing through the trigger system and to the tape at an aeptablerate. The DAQ shifter is also responsible for starting and stopping data-taking runs, seleting trigger lists and updating presale sets to keep thedata taking optimized for the ontinually falling luminosity during a store.The shift aptain oversees the shift rew. The aptain also monitors the1In Run IIb there have been only four shifters after ombining SMT and CFT shifts.60



CHAPTER 5. DATA USED IN THE ANALYSIS 61ontinually updated physis plots2 of the ongoing run and ats as a liaisonbetween the Tevatron Main Control Room and the shift rew.Information on the run onditions and presales are stored in the Orale-based Runs Database and on the trigger lists in the Trigger Database. Theraw data, as well as reonstruted data sets, are aessible to the DØ ollabo-rators through the sequential aess via meta-data [93℄ (SAM) data-handlingsystem.5.1.1 Raw dataThe raw data is stored using DØ event data model (EDM). This is a libraryof C++ lasses and templates that support the implementation of reon-strution and analysis software. A main feature of the EDM is the event, alass that represents a single beam rossing. The raw output of the detetor,results of trigger �lter proessing and of many di�erent reonstrution tasksare stored in the event.The full raw dataset olleted by DØ during Run IIa is roughly 1000 TB insize, equivalent to about 150 m stak of dual-side DVDs3, half the height ofthe Ei�el Tower. The full Run IIa dataset ontains about 1.4 billion events,of whih about 98 million belong to the QCD skim used in this analysis. Thedata is stored in several formats of inreasingly enrihed physis ontent
• Data summary tier (DST) ontains all information required to performany physis analysis, inluding limited re-reonstrution of high-levelphysis objets. This format is now seldomly used and is not writtenout by default for new reonstrution passes.
• Thumbnail (TMB) is a physis summary format originally less thanone tenth the size of the DST format. The latest version TMB++ hasgrown to ontain enough information for most analyses to replae theoriginal DST and TMB formats.
• Common analysis framework (CAF) format is a physis summary for-mat based on ROOT [94℄. The ROOT trees are proessed startingfrom TMBs, with similar information ontent, slightly smaller size andsigni�antly faster read aess.2The monitoring of physis plots was handled by a dediated Global Monitoring shifterin the beginning of Run IIa.3Estimated using 8.5 GB apaity and 1.2 mm thikness.



CHAPTER 5. DATA USED IN THE ANALYSIS 62The format of hoie for this analysis is CAF. Although being similar in sizeto TMB, CAF allows for quik reading of only the seleted branhes of thedata. It is also integrated into the CAF environment, a ollaboration-wideframework for setting up analyses and sharing high-level ode. The CAFformat was introdued by the Data Format Working group [95℄ at the endof Run IIa in order to homogenize the data formats used by the ollabora-tion. It replaes earlier list-of-variables type ROOT n-tuples produed byqd_analyze in the QCD group.5.1.2 Monte CarloThe DØ ollaboration has a simulated model of the DØ detetor to study howthe physial events are turned into measured quantities. The basi tehniqueutilized in all partile physis experiments is Monte Carlo (MC), wherebylarge number of events are randomly generated from weighted distributionsof a partiular �nal state and then proessed through detailed detetor sim-ulations.The simulated Monte Carlo data is used to verify the data-based analysismethods for internal onsisteny and to assign bias orretions, whenever itis reasonable to assume that the relative biases are similar in data and MC.Many analytial expressions are used to minimize the di�erenes betweendata and MC from known soures; the residual di�erenes in data and MComparison are then taken as a systemati unertainty or orreted for.The Monte Carlo is also used to extrapolate the orretions to regions ofphase spae where data has limited statistis. To obtain a reliable extrapo-lation using MC, the simulation needs to desribe the alorimeter responseto the perent level. This has required muh work, beause the DØ dete-tor elements were not alibrated in a test beam like was done e.g. at CDF.The MC simulation has been gradually improved by doing targeted tuningto data, e.g. by omparing eletron responses in the Z → e+e− and by om-paring the jet responses in the γ+jet hannel. This has lead to signi�antimprovements that inlude an improved simulation of the eletromagnetishowers and saled single pion response.Several Monte Carlo generators are available for the prodution of physisproesses, but the one most ommonly used in this analysis is Pythia [96℄tune A. Several of Pythia default parameters have been modi�ed to better�t CDF Run I data. These inlude e.g. inreased initial state radiation.Another ommonly used event generator is Herwig [97℄. Both generators rely



CHAPTER 5. DATA USED IN THE ANALYSIS 63on leading order (LO) preditions of inlusive jet ross setion, but di�er inthe hadronization model.The partiles produed in the Monte Carlo event generators are propagatedthrough the detetor elements using the CERN program GEANT v3.21. TheGEANT program traes the partiles through the detetor, determines wherethey interset ative areas and simulates their energy depositions and se-ondary interations.The DØ detetor simulation (DØSIM) takes the GEANT energy deposits asan input and aounts for various detetor-related e�ets suh as detetorine�ienies, noise from detetor and eletronis, analog signal shaping anddigitization of the data. A reent innovation at DØ has been to overlay ZeroBias data to Monte Carlo to simulate the e�et of multiple interations andpile-up (the e�et the previous interations have on the urrent bunh ross-ing). This has been shown to signi�antly improve the agreement betweendata and Monte Carlo, as ompared to a pure Monte Carlo simulation ofmultiple interations.The Monte Carlo output from DØ SIM is fully equivalent to the raw dataprodued by the detetor, and an be run through the same reonstrutionsoftware. The events inlude additional MC information that an be usedto orrelate the detetor data and reonstruted objets with the originalgenerator output.5.2 ReonstrutionThe high-level physial objets (hits, traks, jets et.) in the events used forphysis analyses are reonstruted by the DØ o�ine reonstrution software(RECO). It is a CPU intensive program that proesses reorded olliderevents and simulated MC events. The RECO is run on o�ine produtionfarms and the results are stored in the entral data storage system, SAM.The �rst step of reonstrution assoiates eletronis hannels with dete-tor elements and applies detetor-spei� alibration onstants. Geometryonstants are used to assoiate detetor elements (energies and positions) tophysial positions in spae. For many of the detetors the output from thisstep is in the form of lusters (for alorimeter) or hits (for traking detetors).The seond step fouses on the traking detetors and reonstruts globaltraks from the hits in the SMT and the CFT. This is the most CPU intensivepart of the reonstrution.



CHAPTER 5. DATA USED IN THE ANALYSIS 64The third step, vertexing, uses the global traks to �nd primary vertex an-didates. These are the loations of the pp̄ interations. Seondary vertexandidates are identi�ed next. These are assoiated to the deays of long-lived partiles suh as B or D mesons, ontaining a heavy-�avor b or c quark,respetively. Suh seondary verties are generally displaed by a few tens ofmirometers to a few millimeters from the primary vertex, a small distaneby omparison to the interation region length of about 30 m, but sizableompared to the few tens of mirons of the transverse size of the interationregion.In the �nal step the information from the preeding steps are ombined usinga wide variety of algorithms to reonstrut more spei� physis objets and�nal states. The eletron, photon, muon, neutrino ( 6ET ) and jet andidatesare found �rst, after whih RECO identi�es andidates for heavy-quark andtau deays.5.2.1 Vertex reonstrutionThe reonstrution of the primary interation vertex is an important stepin RECO. The position obtained for the hard-satter vertex a�ets the al-ulation of 6ET and pT for high-level physis objets. The main quantity ofinterest for this analysis is the primary vertex z position, and whether theprimary vertex andidate is really assoiated to the jets we observe, i.e. tothe hard-satter vertex.The vertex reonstrution has two main steps: vertex �nding and vertex�tting. DØ urrently uses an Adaptive vertex �tting algorithm [98℄, �rstproposed and implemented by the CMS ollaboration and suessfully usedby the H1 ollaboration [99℄. This replaes the earlier approah that usedthe Kalman Filter algorithm [100℄ for vertex �nding and a 2-pass tear-downapproah [101℄ for vertex �tting. The Adaptive algorithm is designed to dealwith mis-assoiated and mis-reonstruted traks. The main improvementis redued sensitivity to multiple interations, leading to more reliable sele-tion of the vertex assoiated to the hard interation. For high pT jets theimprovement is not so signi�ant.The seletion of the hard-satter vertex uses a probabilisti method thatassigns a probability for eah vertex that it omes from a minimum biasinteration [102℄. The probability is obtained by looking at the log10 pTdistribution of the traks with pT > 0.5 GeV/c from minimum bias proesses.The produt of the probabilities is alulated for eah vertex, and the produtis then weighted to make it independent of the total number of traks. The



CHAPTER 5. DATA USED IN THE ANALYSIS 65vertex with the lowest minimum bias probability is hosen as the primaryvertex.5.2.2 Jet reonstrutionFigure 5.1 shows an example of jets in the alorimeter. Although the jets arerather obvious by eye, preise de�nitions are elusive and detailed, and havetaken years of development. The urrent jet reonstrution algorithm usedat DØ is alled the �Run II one algorithm� [103℄. This is an iterative onealgorithm that onsiders alorimeter energy deposits as massless four-vetorsto onstrut the jet four-vetor. The four-vetor diretion is alulated usingthe primary vertex position. The resulting jets are massive by onstrutionif the jet one ontains more than one alorimeter luster. This is in ontrastwith the Run I one algorithm [104, 105℄ that summed alorimeter salar ETto onstrut massless jets. These algorithms are sometimes referred to asthe �E-sheme� (adding four-vetors) and �ET -sheme� or �Snowmass on-vention�, respetively.An alternative jet reonstrution sheme, the kT algorithm [106℄, is basedon partile (alorimeter luster) distane in momentum spae instead of realspae. The kT algorithm has been used by the LEP experiments and CDF,but is urrently not in ative use in analyses at DØ. It is theoretially favoredas it is not subjet to ompliations arising from the so-alled split-mergeproedures, but it is in pratie hallenging at the hadron olliders that havelarge amounts of bakground energy from underlying event and multipleinterations at high luminosity.To ompare with the older QCD papers it is important to note a few keydi�erenes:
• tranverse momentum pT is used instead of transverse energy ET =

E · sin θ

• rapidity y is used instead of pseudorapidity η

• reonstruted jets are massive, mjet 6= 0The Run I algorithm would have resulted in ET = pT and η = y, but thesevariables are now di�erent due to jet mass m 6= 0.The jet reonstrution has three basi parameters: one size Rcone = 0.7,
pT,min = 6 GeV/c, overlap fration f = 50%. The �rst two parameters areused in jet reonstrution, the third in split-merge proedure. The following
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Figure 5.1: Example of a high-pT dijet event in the DØ alorimeter. Theylindrial alorimeter surfae is rolled open into an η × φ-plane. The twojets are produed bak-to-bak in φ at η ≈ 0 and the high-|η| region is �lledwith partiles from the proton and antiproton remnants.
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Figure 5.2: Illustration of infrared sensitivity in the one algorithm. A smallamount of soft radiation added between jets an reate an additional seedand ause two previously separate jets to be merged.setion will over these in more detail. DØ also reonstruts jets with Rcone =
0.5, but these are not used in QCD analyses beause the smaller one sizeresults in more showered energy outside the one, making the pT alibrationmore sensitive to detetor e�ets. Smaller one sizes bene�t from lower noiseand better angular resolution, but the energy range in the inlusive jet rosssetion measurement is su�iently high that neither of these onsiderationsis important.Run II one algorithmThe Run II one algorithm starts by using all �partiles� (alorimeter energydeposits in experiment, stable partiles in partile level MC, and partons inperturbative QCD) as seeds for jet reonstrution. These seeds are used asenter points for proto-jets. All partiles within ∆R =

√

(∆η)2 + (∆φ)2 ≤
Rcone are added to the proto-jet, and the diretion of the resulting four-vetoris used as the enter point for a new one. This proedure is iterated until astable solution is found with the one axis parallel to the proto-jet axis.The use of seeds an potentially ause the algorithm to be infrared sensitive,i.e. additional partiles with pT → 0 an introdue additional starting pointsand hange the behavior of the algorithm. This behavior is illustrated by theFig. 5.2. Ideally a seedless algorithm ould be used, where four-momentumombinations of all partile partitions would be used as starting points. Thisleads to 2n − 1 possible starting points, where n is the number of partiles.While this may be pratial for pQCD with limited number of partons, it isomputationally expensive for experimental data with thousands of alorim-eter towers. The urrent algorithms use both seeds and proto-jets to limitthe needed omputational resoures, and the addition of mid-points to regaininfrared safety, as disussed below.



CHAPTER 5. DATA USED IN THE ANALYSIS 68After the �rst round of iterations mid-points between pairs of proto-jets areused as additional seeds and the iterative proedure is repeated as above.This additional step makes the algorithm infrared safe: vanishingly smallenergy deposits between two nearby jets won't ause the algorithm to mergetwo jets if they would not have been merged otherwise. Infrared safety isimportant from a theoretial viewpoint as otherwise the algorithm is notappliable in perturbative QCD to produe preditions4.The obtained list of stable proto-jets may ontain many overlapping and iden-tial jet andidates. Idential solutions and proto-jets with pT,jet < pT,min/2are removed from the list of jets. The latter step is not required by the algo-rithm, but speeds up reontrution and an avoid the exessive merging ofmany noise or minimum bias jets. The remaining proto-jets are handled bythe split and merge proedure to remove overlaps. It is important to notethat the splitting and merging does not begin before all the stable proto-jetshave been found. The behavior of the algorithm would be otherwise di�ultto predit. Figure 5.3(a) shows a shemati of the Run II one algorithm.In ase two proto-jets have overlapping ones, the proto-jets are merged ifthey ontain more than a fration f (typially 50% as used at DØ) of pT,jetin the overlap region. Otherwise the jets are split with the partiles in theoverlap region being assigned to the nearest jet. In both ases the jet axes arereomputed. The algorithm works on the highest pT proto-jet to maintaina well-de�ned behavior. After eah step the ordering is updated as it mayhange when jets are being split and merged. Always operating on the highest
pT proto-jet preferentially reonstruts jets of maximal pT . The proto-jetssurviving the split-and-merge are then promoted to jets. The fully spei�edsplit-and-merge proedure is presented in Fig. 5.3(b) from [103℄. This methodwill perform preditably even with multiple splits and merges, but note thatthere is no requirement that the entroid of a split or merged proto-jet willstill preisely math with its geometri enter.Kinemati variablesThe Run II one algorithm spei�es the jet kinematis diretly as a four-vetor (E, px, py, pz), or alternatively using the variables (E, pT , y, φ). Theseare alulated from all the partiles inside the one radius, or alorimeter4Additional lustering parameter Rsep was introdued in Run I to make the pertur-bative QCD alulations infrared safe [5℄, but this approah was not very satisfatorytheoretially.
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Generate ET orderedlist of towers?Find protojetsaround towers withET > threshold?Generate midpointlist from protojets?Find protojetsaround midpoints?Gotosplit/merge

�� ��Start?�����@@@@@ ����� @@@@@Isproto-jet listempty?(1)Y N��� ��Stop - Select highestET proto-jet?�����@@@@@ ����� @@@@@Does theproto-jet sharetowers?(2)N Y�Add this proto-jetto the �nal jet list6
?Find highestET neighbor?�����@@@@@ ����� @@@@@EsharedTEneighborT > f?(3)N Y�split proto-jets.Assign shared cellsto nearestproto-jets.Recalculate proto-jets.Goto Start ?merge proto-jets.Add neighbor's cellsto this proto-jetand drop neighbor.Recalculate thisproto-jet.Goto Start(a) (b)Figure 5.3: (a) Shemati of the Run II one algorithm. (b) Flow diagramof fully spei�ed split-and-merge proedure for Run II one algorithm.
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i ∈ C :

√

(yi − yC)2 + (φi − φC)2 ≤ R, (5.1)where yi = ηi and φi are the oordinates of massless partiles or towers and
yC, φC are the oordinates of the one enter. The entroids of these jets arede�ned using four-vetor addition in the E-sheme
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∑

i∈C
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(5.3)Jets are �stable� ones with ȳC = yC = yJ and φ̄C = φC = φJ . The split-and-merge proedure may ause the jet entroid and one enter to be slightlyo�set for the �nal jets, and the jet to inlude towers outside the one de�nedin Eq. 5.1. In either ase the �nal jet variables are alulated from all thepartiles or towers assigned to the jet using
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∑
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. (5.6)5.3 Fixing, re�xing and alibrationAs the understanding of the omplex DØ detetor has grown and reonstru-tion algorithms have improved, the full DØ data set has been reproessedtwie to inorporate the latest advanements. The farms at Fermilab reon-strut events at approximately the same rate as they are reorded; three yearsworth of data takes three years to proess loally. To reproess a full data seton a time sale of six months, the data is distributed internationally usingSAMGrid [107℄ to partiipating omputing enters. For the PASS3 (p17) re-proessing these sites inluded Canada's WestGrid, the University of Texasat Arlington, CCIN2P3 in Lyon, Frane and FZU in the Czeh Republi. Asmall portion of the data was also reproessed in farms at Fermilab.The improvements implemented in reproessing have inluded better alo-rimeter alibration onstants, updated hot ell lists and algorithm improve-ments suh as the Adaptive Vertexing. A very important ingredient for jet



CHAPTER 5. DATA USED IN THE ANALYSIS 71physis has been the inlusion of alorimeter ell-level η and φ interalibra-tion [108, 109, 110, 111℄. This has been shown to improve jet pT resolutionsby up to 20% ompared to the beginning of Run IIa [112, 113℄. Suh alow-level alibration an only be done e�iently before jet reonstrution,requiring in pratie full reproessing.5.3.1 Calorimeter ell-level alibrationThe alorimeter ell eletronis are alibrated by sending a pulse of knownharge into the readout and omparing this to the measured harge. In thisway the response an, at least in priniple, be linearized in eah individ-ual hannel and the gains of the di�erent hannels equalized. This methodannot, however, equalize any di�erenes between ells rising e.g. from me-hanial di�erenes. To this end, data-based methods have been developedto interalibrate ells in η and φ [108℄.In the �rst step the EM alorimeter is alibrated in φ in onstant η rings usingthe φ-symmetry and the exponentially falling pT spetrum of the ollisionproduts [109℄. In short, the energy of a given ell is assumed to take theform
Ei = αiEs, (5.7)where αi is the alibration onstant. Di�erent ells in the same η ring arerequired to have the same number of events N(Es) above the energy threshold

Es

Ni(Ei) =

∫ ∞

Ei

g(E ′)dE ′ =

∫ ∞

Es

f(E)dE = N(Es) ⇒ Ei = αiEs, (5.8)where Ni(Ei) is the number of events above the energy threshold Ei in the ellwe want to interalibrate. The ell-wise and average pT spetra, g(E ′) and
f(E), respetively, are exponentially falling so a small hange in αi translatesinto a large hange in Ni(Ei).The η-interalibration of the EM alorimeter is derived by looking at themass of the Z boson reonstruted from Z → e+e− deays in di�erent ηrings. The mass of the Z boson, 91.1876 ± 0.0021 GeV [114℄, is known tohigh auray from LEP experiments so the absolute energy sale of theEM alorimeter an also be normalized with respet to this onstant. Theperformane of the η-φ interalibration has been heked by omparing theobserved Z mass peak width to the true width, 2.4952 ± 0.0023 GeV [114℄.The �ne hadroni alorimeter is alibrated using the same approah for φ-interalibration [110℄. The data was olleted using a dediated trigger for



CHAPTER 5. DATA USED IN THE ANALYSIS 72alibration to redue trigger biases. Due to the large number of events,roughly 10 million, required to alibrate 6000 alorimeter ells at about 1%auray for the entral alorimeter, the alibration data was taken parasiti-ally using the monitor stream. This way the trigger rate for the alibrationdid not redue the band-width available for physis data-taking. It was alsonot required to reonstrut the alibration events, reduing the impat onthe ollaboration's CPU resoures.The internal alibration of eah φ tower was improved by �tting the relativeweights of the four �ne hadroni layers. Due to statistial limitations, theICR and the region |ηdet| > 2.4 were alibrated on tower level only.In the �nal step the �ne hadroni alorimeter η rings were equalized using asample of QCD dijet events [111℄.5.4 Data qualityAs the old saying goes, your results are only as good as your data. TheDØ detetor is a large and hallenging olletion of hardware, and like anyother sensitive instrument, may malfuntion from time to time. Amongommon problems are high-voltage systems sparking and produing jet look-alikes, oherent noise produing erroneous �ring of the triggers, or osmirays hitting the detetor and depositing large amounts of energy. Sometimesfull detetor sub-systems are removed from data-taking due to problems. TheDØ data quality group is harged with identifying and removing data of bador poor quality.As a �rst line of defense, all runs having problems in one or more detetorsub-systems during data taking are marked as bad in Run Database. Theruns usually last for 2-4 hours, but may be shorter, espeially if problems areenountered during data-taking. DØ maintains lists of bad runs separatelyfor alorimeter, CFT, SMT and Muon subsystems. The bad run lists an belater extended in ase latent problems are disovered.A typial signature for problems in the alorimeter is that the missing-ETin the event is not balaned. Most bunh rossings produe losely bal-aned missing-ET , with the balane only oasionally broken by statistial�utuations in the energy measurement or a high-energy neutrino. Anothertell-tale signature is a large number of �jets� found in a restrited region ofthe alorimeter. The Jet/MET group sans data in luminosity bloks to �ndones that would have abnormally high average missing-ET or other obviousproblems. The luminosity blok (LBN) is the basi unit of luminosity mea-



CHAPTER 5. DATA USED IN THE ANALYSIS 73surement, normally about 60 seonds in length. The bad LBNs lists are usedto remove short periods of bad data. If the bad LBNs are very reurrentwithin a run, the whole run may be marked as bad. Conversely, problemssometimes appear only at the end of a long run, and the run that was orig-inally marked as bad may be reovered and only the ending marked in thelist of bad LBNs.The reorded events are later sanned for known problems by the data qualitygroup. As new problems are disovered, the algorithms are updated to lookout for the signatures for these problems. For problems frequent withina limited time the runs or LBNs are marked as bad. For more isolatedourrenes the event may get a alorimeter fail �ag. These �ags mark eventswhere something unusual happened, but only a few events per LBN werea�eted. The urrent alorimeter quality �ags inlude �oherent noise�, �noonnoise�, �empty rate� and �ring of �re�. The oherent noise is by far thedominant �ag, removing a few perent of the events overall. Others aregenerally removing muh less than 1% of the events.In addition to atual data-quality problems, some LBNs are also removedbeause they annot be normalized. Suh LBNs are often too short to haveenough events for a reliable luminosity estimate, or the trigger or luminositysystem have had problems that prevented the book-keeping neessary forlater luminosity alulation.5.5 LuminosityNo ross setion measurement would be omplete without integrated lumi-nosity to normalize it. The �nal Run IIa luminosity is presented in Ref. [115℄.As already brie�y mentioned in Se. 4.5, the luminosity L is determined bymeasuring the ounting rate of inelasti proton-antiproton ollisions with theluminosity monitor (LM) system [116, 84℄
L =

1

σeff

dN

dt
, (5.9)where σeff is the e�etive inelasti luminosity seen by the LM. Both DØ andCDF have agreed to use a ommon total inelasti ross setion for luminositydetermination, σinelastic(1.96 TeV) = 60.7±2.4 mb, measured by the CDF andE811 ollaborations [117℄. The e�etive ross setion σeff di�ers from the totalinelasti ross setions σinelastic by the e�ieny and geometri aeptane ofthe luminosity system. Both e�ieny and aeptane are determined from a



CHAPTER 5. DATA USED IN THE ANALYSIS 74detailed Monte Carlo simulation of the luminosity system. The LM hardwareis shown in Fig. 4.9 and detailed in Se. 4.5.In pratie, the luminosity is determined from the rate of zero ounts byinverting equation
P (0) = e−µ ×

(

2e−µSS/2 − e−µSS
)

, (5.10)where P (0) is the fration of bunh-rossings not having in-time hits in bothnorth and south LM ounters and µ ∝ L is the average number of ollisionsper bunh-rossing registered in both LM ounters. The µSS is the averagenumber of ollisions only �ring one of the arrays. The seond term in paren-thesis on the right aounts for the possibility of multiple interations eah�ring only one side of the LM. The P (0) is measured separately for eahof the 36 bunhes over an interval of about 60 s (one LBN), long enoughto ollet enough events to redue the statistial unertainty in P (0) wellbelow 1%, but short enough that the instantaneous luminosity only hangesnegligibly5.The e�etive ross setions determined at the end of Run IIa are σeff =
48.0 ± 2.6 mb and σSS = 9.4 mb [118℄. Changes in the detetor and theluminosity system that a�et the luminosity measurement divide the RunIIa into �ve periods listed in Table 5.1. The total Run IIa luminosity isdetermined starting from σeff at the end of Run IIa and bak-propagatingorretions. Overall the reorded luminosity for Run IIa is 1315.1 pb−1, withan unertainty of 6.1%.Table 5.1: Major data taking periods in Run IIa that have similar luminositynormalization adjustments.Period Run range Luminosity Corretions appliedA 151814�196584 525.3 pb−1 Magnet orretionB 201537�202151 7.8 pb−1 Baseline orretionC 202152�204805 142.3 pb−1 Dead time orretionD 204806�211214 435.9 pb−1 NIM to VME, radiation damageE 211223�215670 203.8 pb−1 Final σeff and σSS5This is true up to luminosities of about 250·1030 cm−2s−1. This luminosity was �rstexeeded in Run IIb on Jan 8, 2007.



CHAPTER 5. DATA USED IN THE ANALYSIS 755.6 Subsets of dataThe DØ Run IIa data taking spanned a time period of almost four years fromApril 19 2002 to February 22 2006, with the �rst ommissioning runs startingon November 29 2001. This is a relatively long time, and improvements havebeen going on in detetor systems, luminosity monitoring, triggering andaelerator operations throughout Run IIa. The DØ detetor is shut downand taken out of the ollision hall for repairs and upgrades roughly one ayear. Trigger lists are updated periodially every few months to optimize datataking. In addition, hanges to other sub-systems are tested and implementedduring data taking periods.The di�erent upgrades set the timesale over whih the inlusive jet mea-surement would be expeted to be stable. Changes a�eting the luminositysystem are listed in Table 5.1. The major trigger list versions are listed inTable 5.2. Changes in single jet triggers, as listed in Table 4.1, have mostlytaken plae between major versions of trigger lists. The major shutdownsare listed in Table 5.3 along with minor divisions in data-taking.Table 5.2: Major trigger list versions and their approximate run ranges. Therun ranges for onseutive trigger lists may overlap as the trigger lists arebeing ommissioned. Changes a�eting the trigger system are also listed.Run range Trigger list Comment157476 � 160554 v07 First trigger list157713 L1 trigger |η| → 2.4160582 � 167015 v08167019 � 170246 v09168948 L2 jet 3 × 3 → 5 × 5169521 1/4 of |η| > 2.4 and ICR added to readout170247 � 174802 v10172174 L1 trigger |η| → 3.2� 174802 L1 read-out varied between 2.4�3.2174845 � 178721 v11 Full |η| < 3.2 overage at L1178069 � 194597 v12180915 New alibration for L1 alorimeter194567 � 208144 v13207217 � 215670 v14
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Table 5.3: Summary of major shut-downs and data-taking periods in Run IIa.Major period Run range Comment1 139500 � 149613 Commissioning2 151814 � 157120 Traker Comes Alive3 157476 � 160554 Building the Trigger List 13 160584 � 167015 Building the Trigger List 14 167019 � 170374 Building the Trigger List 2January 2003 shutdown5 172174 � 178559 2003 Winter Data6 178722 � 180956 2003 Summer DataOtober 2003 shutdown7 184951 � 190370 Winter 2003�2004Marh 2004 shutdown8 191266 � 194552 Spring 20049 194567 � 196584 Summer 2004August 2004 shutdown10 201537 � 204801 Winter 2004: Solenoid Field Lower11 204803 � 207351 Spring 200512 207728 � 212107 Summer 200513 211292 � 212107 Fall 2005November 2005 shutdown14 212900 � 215670 Winter 2005�2006February 2006 shutdownRun IIa ends



Chapter 6Jet energy sale
6.1 OverviewThe purpose of the jet energy sale (JES) is to provide a link between theinitial partiles produed in the hard satter proess, as desribed by the-ory, and the alorimeter energy deposits lustered into alorimeter jets, asmeasured by experiment. This proess involves the hadronization of the out-going partons into showers of stable or long-lived partiles, the partile jets,as shown in Fig. 1. To ompare data and theory, they need to be orretedto a ommon level. At DØ this ommon level is hosen to be partile jets,whih requires us to orret the alorimeter jet energies bak to the partilelevel, and apply non-perturbative orretions (hadronization and underlyingevent) to theory to move from parton to partile level. The ommon level ishosen to be the partile level to avoid introduing theoretial unertaintiesfrom the non-perturbative orretions to experimental data. Other hoiesare also possible; the CDF experiment e.g. has hosen to orret alorimeterjet energies to parton level.The main e�ets that need to be aounted for when orreting jet ener-gies to the partile level are o�set energy (Eoffset), alorimeter response (R)and detetor showering (S). These orretions an be expressed in a simpleformula

Eptcl =
Ecal − Eoffset

R · S . (6.1)The o�set energy inludes eletronis noise, alorimeter noise from uraniumdeays, pile-up from previous interations and energy from multiple intera-tions during a bunh rossing. The underlying event energy is not onsideredas part of energy o�set at DØ, beause the underlying event energy is in-77
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Figure 6.1: Parton, partile and alorimeter jets.luded in the jet also at partile level. The alorimeter response R gives theaverage fration of measured alorimeter energy for the partiles inside thepartile jet one. The detetor showering is the frational net �ow of energyin and out of the jet one due to detetor e�ets, suh as the magneti �eld,sattering from dead material, shower development in the alorimeter and�nite ell size. It is de�ned as the ratio of the response-orreted alorimeterjet energy and the partile jet energy in the absene of o�set. The detetorshowering spei�ally does not inlude physis showering, where some of theinitial parton energy is showered outside the jet one. These orretions willbe disussed in more detail in the following hapters.



CHAPTER 6. JET ENERGY SCALE 79The Monte Carlo predition of the jet response, o�set and showering at DØhas traditionally been rather poor due to lak of test beam data. For thisreason the jet energy sale derivation relies heavily on data-based methods.This is in ontrast to the methods used at CDF, where test beam data andareful tuning of the Monte Carlo have allowed JES to be determined mainlyrelying on the detetor simulation. It should be noted, however, that alsothe Monte Carlo side at DØ has seen signi�ant improvements during thedevelopment of Run IIa JES, as we will disuss later. These improvementsinlude overlaying zero bias (ZB) data events on MC events to simulate noiseand multiple interations for o�set, more re�ned true showering de�nition,and the tuning of single pion response to bring data and MC into agreement.The simple orretions in Eq. 6.1 are not su�ient when the goal is to bringJES to a perent-level preision. For this reason we will also disuss biasesin o�set and response due to suppression of alorimeter energies (zero sup-pression bias), in the missing-ET projetion fration (MPF) method used tomeasure response (topology bias), in jet angle measurement (rapidity bias)and the ompliations aused by the mass of the jets produed by the RunII one jet algorithm (four-vetor orretions).Muh of the work on JES desribed here has been published in more detailin Refs. [119, 120℄. This hapter fouses partiularly on the orretions for
pT and y of Rcone = 0.7 jets in the inlusive jet and dijet samples that arerelevant for this thesis. Primary original work by the author in Setions 6.4,6.8 and 6.10 and relating to dijet alibration is also given more emphasis.6.1.1 Exat de�nitionsMany of the observables in data are sensitive to varying ombinations ofo�set, response and showering. This is further ompliated by the need foradditional bias orretions for eah sub-orretion. In order to onsistentlyombine all orretions it is neessary to provide �true� de�nitions for MonteCarlo at partile and alorimeter ell level so that observables an be ap-propriately orreted. This is espeially true for showering, for whih anappropriate de�nition remained elusive in Run I, adding large unertaintiesto the showering orretions.The energy of a partile jet is de�ned as the sum of the energies of all partilesbelonging to the partile jet

Eptcl
jet =

∑

i∈ptcljet

Ei. (6.2)



CHAPTER 6. JET ENERGY SCALE 80The measured energy of a alorimeter jet Emeas
jet is a ombination of visibleenergy Emeas from partiles in the partile jet, outside partiles that ome inand o�set energy Eoffset

Emeas
jet =

∑

i∈ptcljet

Emeas
i Si +

∑

i/∈ptcljet

Emeas
i Si + Eoffset, (6.3)where Si is the fration of energy eah partile ontributes inside the alo-rimeter jet one. The o�set orreted energy is then de�ned by reorderingthis relation

Emeas
jet − Eoffset =

∑

i∈ptcljet

Emeas
i Si +

∑

i/∈ptcljet

Emeas
i Si. (6.4)The right hand-side is de�ned in a sample with no o�set energy, i.e. no zerobias (ZB) overlay. This means that Eoffset also ontains any partile jet energythat beomes visible beause o�set energy inreases the total above the ell-energy thresholds. These zero suppression e�ets to o�set and response aredisussed in Setion 6.7.The response is de�ned as a ratio of the visible partile energies to the originalpartile jet energy

R =

∑

i∈ptcljet Emeas
i

Eptcl
jet

. (6.5)This quantity is independent of whih partiles atually fall within the alo-rimeter jet boundaries. It is also a natural de�nition when the MPF method,desribed in Setion 6.3.1, is used to measure the alorimeter jet responsebeause this method is equally insensitive to the atual jet one. However,the one size does hange whih subset of the partiles in the hadroni re-oil belongs to the partile jet. The resulting topology bias is disussed inSetion 6.6.In order to satisfy Eq. 6.1 the true showering is neessarily de�ned as
Sjet =

∑

i∈ptcljet Emeas
i Si +

∑

i/∈ptcljet Emeas
i Si

∑

i∈ptcljet Emeas
i

. (6.6)This is the ratio of the measured energy inside the alorimeter jet one tothe total visible energy from the partile jet regardless of the jet one. Thisexat de�nition is used to orret any bias in the data-based measurementof the showering, as disussed in Setion 6.5.



CHAPTER 6. JET ENERGY SCALE 816.2 O�setThe o�set energy onsists of all the energy in the jet not related to the hardsatter. The o�set energy is divided into three distint ategories, noise andpile-up (NP), multiple interations (MI) and underlying event (UE). Theseomponents are detailed below.The NP part onsists of detetor and eletronis related ontributions. Theleading soures are noise in the alorimeter and eletronis, and deays ofthe uranium nulei in the alorimeter depositing some energy in the ells.The pile-up is the energy left in the alorimeter during previous ollisions.Beause of the short time between ollisions (396 ns), the eletronis signalmay not have fully deayed before the next rossing. The baseline is sub-trated from the signal just before the bunh-rossing so pile-up may alsohave a negative sign. A typial NP o�set for Rcone = 0.7 one jets in theentral alorimeter (CC) and in the end aps (EC) is about 0.2 GeV for anaverage jet. The interryostat region (ICR) has higher gain detetors, andonsequently the typial NP o�set is about four times higher, 0.8 GeV.The MI part of the o�set is the energy deposited by additional MB ollisionsduring the bunh rossing. Part of this energy is underlying event for MBollisions, part MB jets that are of low energy and often not reonstruted.Beause all MB ollisions should be on equal footing, the MI o�set is ex-peted to inrease linearly with the number of additional interations. Thislinearity has been observed to hold up to at least ten additional interations,as shown in Fig. 6.2, after whih statistis run out. The multiple interationstypially deposit about 0.2 GeV in CC per additional interation. The energydensity inreases strongly at higher rapidities, but the typial ontribution totransverse momentum is fairly onstant pMBoffset
T ≈ 0.2 GeV/c per interationin CC and EC, slightly more in ICR.The UE o�set omes from the primary interation, but is not diretly re-lated to the hard-sattered partons. It is the energy deposited by additionalinterations in the same hard event (initial and �nal state radiation) and isgenerally isotropially distributed in the transverse plane, φ. It is possible toestimate the UE o�set from data for MB interations. However, this sameUE o�set is not neessarily appliable for hard satter interations or di�er-ent physis proesses due to e.g. olor �ow e�ets. The UE o�set is thereforenot part of the ommon JES orretions, but is separately alulated forthe inlusive jet prodution in Chapter 8. The UE o�set for MB events istypially about 0.2 GeV in CC.The o�set energies are measured from data using minimum bias and zero



CHAPTER 6. JET ENERGY SCALE 82bias (ZB) events. Both events are olleted at a onstant rate of about 0.5Hz. The only requirement for ZB events is oinident timing with the beamrossing, and MB events require in addition hits in the luminosity monitors(LM), indiating that an inelasti ollision took plae. The o�set is estimatedas the average energy density in all alorimeter towers (inluding ones withno energy after zero suppression) within a detetor η-ring. The o�set energyfor given jet one is then alulated by summing the average o�set in towerswithin the one radius of the jet enter at (η, φ).The NP o�set is determined from ZB events without inelasti ollisions,requiring a veto for LM hits. The luminosity monitor is not 100% e�ient soevents with reonstruted primary verties are vetoed in addition. The UEo�set ontribution is estimated as the di�erene between ZB with LM vetoand MB events with a single vertex. The UE o�set is not used in the �nalJES orretions. The MI o�set for N −1 additional interations is �nally thedi�erene in MB o�set between events with N and 1 primary verties. Theformulae an be summarized as
ENP = Eoffset

ZB with LM veto, (6.7)
EUE = Eoffset

1 MB − Eoffset
ZB with LM veto, (6.8)

EMI(N) = Eoffset
N MB − Eoffset

1 MB, (6.9)
Eoffset(N) = EMI(N) + ENP. (6.10)Figure 6.2 shows the average MB energy versus primary vertex multipli-ity for a few η rings, learly showing the linear dependene of the o�set onthe number of verties. The linear �ts are used in implementing the orre-tions. Some luminosity dependene for o�set with onstant vertex multipli-ity has been measured and is applied in JES, but this e�et is quite small(∼ 10%·(MI(n + 1) − MI(n)).The average vertex multipliity for Run IIa inlusive jet data is between1.5�2.0, meaning that the average o�set in CC is about 0.5 GeV, of whih0.3 GeV is from MI o�set and 0.2 GeV from NP o�set. The ontribution to pTis about 0.5 GeV/c in CC and EC, and 0.8 GeV/c in ICR. At pT = 50 GeV/c(unorreted pT ∼ 30 GeV/c) this leads to about 1.5�2.5% orretion onthe �nal jet energy, with the importane of the o�set quikly diminishing athigher energy.
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Figure 6.2: Average MB O�set energy as a funtion of number of primaryverties for di�erent iη rings.6.3 Central alorimeter responseThe response is broken here into two parts R = Rcc(E) · Fη(ηdet, E). Thisis both to fatorize the response orretion to simplify its derivation and tofailitate the derivation of a sample spei� JES. Measurements have shownthat the standard alibration sample γ+jet and the dijet jet sample usedin this thesis have signi�antly di�erent responses. The Fη part, the η-dependent orretion, is derived from data for both samples, but Rcc(E),the entral alorimeter response, an only be derived from the γ+jet sample.Tuned Monte Carlo studies are used to derive a dijet-spei� Rcc(E).The alorimeter response is by far the largest orretion for the alorime-ter jet energies. The alibration is done in several steps starting from the�standard andle� Z boson mass, using several di�erent physis samples totranslate this into the �nal jet energy alibration. In the �rst step the ele-trons are alibrated using the Z mass reonstruted from Z → e+e− deays.The eletron alibration is then transferred to photons using MC to simulatethe small response di�erenes due to interation with dead material. Thesaled photon energy is used to set the jet energy sale for entral jets us-



CHAPTER 6. JET ENERGY SCALE 84ing momentum onservation in γ+jet events. Finally, the forward jets arealibrated against entral jets (and photons) using dijet (and γ+jet) events.This proess is brie�y detailed in the following, before going into more detailin the following setions.The eletron energy sale is alibrated �rst using Z → e+e− events. Thepeak of the invariant mass distribution of di-eletron pairs is mathed withthe mass of the Z boson that was measured with high preision by the LEPexperiments [121℄. The good resolution of the eletron energy measurementombined with reasonably high statistis of Z → e+e− events leads to 0.5%unertainty in the alibration of the eletron energy sale. This gives the�rst referene point in the form of eletron energy sale.There are no proesses available at the Tevatron that would produe ele-trons and jets simultaneously in su�iently high quantities1 for alibrationpurposes. The γ+jet events on the other hand are quite opious, allowingthem to be used for alibration up to about pT = 250 GeV/c with 1 fb−1of data. The reah will further inrease with higher luminosity. The ele-tron energy sale is transferred to photons, with additional orretions dueto dead material, and jets are alibrated with bak-to-bak photons usingtransverse momentum onservation.Although fairly opious, the γ+jet events alone are not su�ient for alorim-eter equalization with high granularity. The γ+jet sample is supplementedwith dijets, where the entral jet is alibrated with γ+jet events, and theforward jet is alibrated against the entral jet again using momentum on-servation. This method is disussed in detail in the next setion.The eletron energy sale sets the rough energy sale of the EM omponent
fem of the jets, whih would then be set to Rem = 1. Indeed, highly eletro-magneti jets have been observed to have a response very lose to 1. Thehadroni omponent fhad of the jets interats more weakly and leads to lowerresponse Rhad < 1. The jet shower produes about 1/3 π0's that interat ele-tromagnetially (through instant π0 → γ + γ) at eah step of the seondaryshowering, i.e. when the hadrons in the shower interat with the nulei toprodue more hadrons [122℄. As the initial jet energy inreases the numberof the seondary showering steps inreases, leading to asymptoti fem → 1,
fhad → 0. Combined with Rhad < Rem = 1, this means that jet response is1Z+jet, where Z → e+e− is a useful proess at low jet pT , but is produed in relativelysmall quantities at the Tevatron. This hannel may be available at the end of Run II, andat the LHC.



CHAPTER 6. JET ENERGY SCALE 85less than one, asymptotially approahing one at in�nite energy2.6.3.1 Transverse momentum balaning methodsThere are urrently three methods based on transverse momentum onserva-tion that an be used for jet energy sale measurement in γ+jet events. Thebasi assumption is that the inoming protons have no transverse momen-tum pT , and the sum of the initial transverse momenta of the hard-satterpartons is essentially zero, ∑i ~pT,i = 0. Beause the longitudinal momenta
pZ of the proton remnants going into the beam pipe is not measured, no on-straints (exept kinemati limit E < 980 GeV/c) an be set for the sum ofthe longitudinal momenta∑i pz,i. It is further assumed that the photon andpartile jets retain∑i ~pT,i = 0. Showering e�ets and non-reonstruted jetsmay slightly hange this, but these e�ets are aounted for in appropriatebias orretions. The photon is assumed to be alibrated, Rγ = 1, so thatthe measured quantities an be related to the jet response and showering.The most basi method is alled ∆S, where

∆S =
pT,jet − pT,γ

pT,γ

. (6.11)The photon and jet are required to be bak-to-bak with no additional jets(from leading primary vertex). The ∆S method is very sensitive to softradiation (additional non-reonstruted jets) and partile level imbalane,but diretly probes the pT of the reonstruted objets. If the biases areassumed negligible or orreted for, and pT,ptcljet = pT,γ = pT,ptcl

∆S = R · S − 1. (6.12)A more general method based on ∆S is the hemisphere method, whih islater used for JES losure tests. In this method the transverse momenta ofall the reonstruted objets are projeted to the photon axis
H =

∑

i ~pT,i · ~pT,γ

|~pT,γ|
. (6.13)This de�nition is espeially useful for �nal states with multiple jets, andredues to ∆S when Njet = 1 and ∆φ(γ, jet) = π. Again, when the biases2The power law formula R = 1 − aEm−1, with a ≈ 1, m ≈ 0.7 and E in GeV,takes advantage of this simple view and has been shown to �t measured response well.For historial reasons more than anything else the response is still parametrized with aquadrati logarithm formula that gives an equally good �t.



CHAPTER 6. JET ENERGY SCALE 86are assumed negligible and jets and photon balaned at partile level, thelosure test will give |H| = 1 when all jets are orretly alibrated.Both ∆S and hemisphere method measure a ombination of response andshowering. The sensitivity to showering is redued when the pT balane ismeasured using the missing-ET projetion fration (MPF) method. Thismethod ould be thought of as a generalization of the hemisphere methodwhere reonstruted objets are replaed with alorimeter towers. The vetorsum of all the alorimeter towers (inluding those of the photon) equals themissing ET in the event, whih is projeted to the normalized photon vetor,hene the name of the method. The MPF method is usually diretly de�nedthrough the missing-ET

RMPF = 1 +
6~ET · ~pT,γ

|~pT,γ|2
. (6.14)In the MPF method the photon is balaned against the hadroni reoil,

~pT,γ + ~pT,had = 0. When the jet is required to be bak-to-bak with thephoton, and no additional jets are allowed in the event, the hadroni reoilresponse an be identi�ed with the jet response. This is the default methodused in jet energy sale determination.Beause the hadroni reoil orresponds to the parton level energy ratherthan partile level energy, subtle biases an be present if the partile jet oreand physis showered omponent respond di�erently. The hadroni reoilmay also ontain soft jets that are not reonstruted. These topologial biasesand other biases in the MPF method are disussed later in Setion 6.6.The jet response depends on the partile jet energy so the results are usuallybinned in energy. However, the measured jet energy has poor resolution andan lead to a large bias in the response measurement. To avoid the resolutionbias, the estimator
E ′ = pγ

T cosh ηjet (6.15)is used instead. The E ′ is strongly orrelated to the partile level jet energyand has muh better resolution than the measured jet energy.6.3.2 Photon energy saleAll the methods based on momentum balane disussed in the previous se-tion assume that the photon is properly alibrated with R = 1. Any error inthis alibration will diretly translate into an error on jet energy sale, mak-ing the photon energy sale a ruial omponent of the JES determination.



CHAPTER 6. JET ENERGY SCALE 87The photons are only seleted in the best measured part of the alorimeter,
|ηγ| < 1.1, to limit the unertainty in photon alibration.In the �rst approximation the photon response is idential to the eletron re-sponse, as both objets interat eletromagnetially produing similar show-ers in the alorimeter. However, there are subtle di�erenes in how thesetwo partiles interat with the material in front of and inside the alorime-ter. This is already evident from the fat that the harged eletrons depositenough energy in the traker to have their traks reonstruted, whereas theneutral photons do not. There is a signi�ant amount of dead material infront of the alorimeter and the solenoid magnet so that these small di�er-enes in energy losses are ampli�ed. Overall, the photons loose slightly lessenergy in the dead material and have higher response than eletrons.The eletron energy sale is determined from data to about 0.5% aurayusing Z → e+e− deays. There is urrently no data-based method to derivethe response di�erene between eletrons and photons so MC simulationstuned to reprodue the eletron response in data are used instead [123, 124,125, 62℄. The leading unertainty in the desription is the amount of deadmaterial in front of the alorimeter, whih is estimated to be 0.17X0�0.36X0.Figure 6.3 shows the entral orretion and the resulting variation in the ratioof eletron and photon energy sales in tuned MC ompared to the defaultMC.6.3.3 Bakground ontaminationA small fration of jets have most of their energy in a leading π0 that imme-diately deays to a pair of photons. If the photons in the pair are su�ientlylose as they often are, and there is little ativity around the photons, thejet an mimi an isolated single photon typial of γ+jet events. Beause theross setion of γ+jet events is 3�4 orders of magnitude lower than that ofdijet events [126℄, the EM-jets ontribute a signi�ant bakground for true
γ+jet events.The γ+jet sample purity an be improved by tightening photonID uts, al-though the e�ieny for real photons is also redued. The photonID grouphas provided three sets of photonID uts, loose, medium and tight [127, 128℄,that are used to study the bakground ontamination e�ets in JES. It is alsoimportant to note that tighter photonID uts signi�antly hange the EM-jetresponse, as disussed in next setion. Tight uts lead to a response quitesimilar to that of photons as a high fration of the energy is deposited into aleading π0 that deays into two photons. The true photon response an also
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CHAPTER 6. JET ENERGY SCALE 90providing the best anellation between the photon energy sale and bak-ground ontamination orretions in CC. The ombined orretion providesquite onsistent results for di�erent samples after orretions, as shown inFigs. 6.6(a)�(b) for CC before and after orretions. The small residual dif-ferenes may be partly due to hanging photon response, as suh di�erenesare also observed in pure γ+jet MC. These small residuals are inluded inthe photon ID systematis.
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k(Eh; A, B, C) = R(Eh; A, B, C)/RMC

π (Eh), (6.16)where the parametrization is done as a funtion of the true hadron energy
Eh. The RMC

π is the single pion response in MC, parametrized using thepower law formula as
RMC

π (E) = c2[1 − a2(E/E0)
m2−1], (6.17)with E0 = 0.75 GeV, a2 = 0.588, m2 = 0.456 and c2 = 0.870. The saledpion response is parametrized as

R(E) = c1[1 − a1(E/E0)
m2−1], (6.18)where a1 = A · a2, m1 = B · m2 and c1 = C · c2. The saling parameters

(A, B, C) are �tted by varying them until the γ+jet MC reprodues the jetresponse measured in the γ+jet data in CC. Figure 6.7 shows the measuredjet response in data with the high energy extrapolation using MC. The diret�t to data using a quadrati logarithmi formula is in good agreement withthe MC-based extrapolation, but the high energy extrapolation unertaintiesare signi�antly redued using MC.
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CHAPTER 6. JET ENERGY SCALE 94with a similar high preision relative to CC in both γ+jet and dijet samples.However, it is not obvious if the entral jet response measured in the γ+jetsample is appliable to dijets with the same low unertainties. Monte Carlostudies have shown that this assumption does not hold at the perent levelpreision.The response di�erenes between γ+jet and dijet samples stem from thedi�erent physis proesses that produe the jets. As shown in Fig. 6.9, theMC γ+jets sample mostly onsists of parton level quarks at low jet energyand gluons at high jet energy. For dijet MC this behavior is reversed, withmostly gluons at low energy and quarks at high energy. Similar behavior isexpeted for data, but not neessarily guaranteed, as the gluon fration maydepend on both the order of the perturbation theory and the PDFs used.The default MC is produed using Pythia with LO pQCD model and CTEQ6.1M PDFs as input. Espeially the poorly onstrained high-pT gluon PDFmay produe a potential feed-bak loop, as it a�ets the gluon fration, whihin turn a�ets JES and hene the measured inlusive jet ross setions thatare the most important input for PDF �ts that onstrain the gluon PDF.The gluon-initiated jets have lower response than quark-initiated jets beausethey have on average higher partile multipliity with softer partiles. Theunderlying reason for this is the higher olor harge arried by the gluons thanthe quarks. This behavior has been established in data by measurements atLEP [130℄ that estimate the harged partile multipliity in gluon-initiatedjets to be about 50% higher than in quark-initiated jets. The CDF measure-ments utilizing γ+jet and dijet events on�rm this behavior at the Tevatron[131℄. The soft partiles lead to low jet response due to steeply falling singlepion response at low energy. The single pion response measured in Run IIis steeper than in Run I, due to e.g. more dead material and shorter signalintegration times, whih may explain why no signi�ant response di�erenesbetween di�erent samples were reported in Run I. Figure 6.10 shows thequark and gluon-initiated jet response di�erenes measured in MC simula-tion with saled pion response.The expeted inlusive jet response in data is estimated using the same MCwith saled pion response that was suessfully used to �t the response inthe γ+jet sample in the previous setion. An important ross-hek for thisparametrization is a omparison to the single pion response diretly measuredfrom data [132℄ in Fig. 6.11. This method determined the alorimeter pionresponse using the energy measured by the traker for isolated single pions inZero Bias and trak-triggered events. The di�erenes in the important energyrange Eπ > 1.5 GeV are small and within statistial unertainties, although
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Fη(E, ηdet) ≡ R(E, ηdet)/Rcc(E), (6.19)where R is the detetor response at ηdet for jet energy E, Rcc is the entralalorimeter response and Fη is the η-dependent orretion, whih may alsohave residual energy dependene.When using transverse momentum balane for two objets at di�erent ra-pidities, these objets will have di�erent energies, and beause of responseenergy dependene, also di�erent response even in a homogeneous alorim-eter. This an be expressed as a funtion of ηdet when E ′ is replaed with
E ′ = p′T cosh ηdet

Rcc = p0 + p1 log(E ′/E0) + p2 log2(E ′/E0) (6.20)
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⇒ Rcc = p̂0 + p̂1 log(cosh ηdet) + p̂2 log2(cosh ηdet), (6.21)where the parameters p̂i are related to the original parameters pi by

p̂0(p
′
T ) = p0 + p1 log(p′T /E0) + p2 log2(p′T /E0), (6.22)

p̂1(p
′
T ) = p1 + 2p2 log(p′T /E0), (6.23)

p̂2(p
′
T ) = p2. (6.24)
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p′T ≡ E ′

cosh ηprobe
det

=
pT,γ cosh ηprobe

phys

cosh ηprobe
det

. (6.25)The alorimeter is equalized using both dijet and γ+jet samples. The dijetsample is the most important one, bringing high statistis and high reah inenergy for the forward region. The spei� proedure applied to dijets willbe disussed in the following Setions. The γ+jet sample allows onsistentderivation of the absolute response in EC, but su�ers from lower statistisand low purity in EC. It is possible to use the γ+jet sample at lower pT thanthe dijet sample4 so that the ombined sample has greater span in energythan either alone.By ombining and ontrasting the two samples it is possible to reah re-dued statistial and systemati unertainties. Contrasting the two sampleshas unovered important response di�erenes arising from the initial parton4This is due to ine�ient triggering for dijets, and the situation may be improved inRun IIb.



CHAPTER 6. JET ENERGY SCALE 100omposition of the jets, whih was already brie�y disussed in Setion 6.3.6.For this reason the JES used in this thesis is spei�ally designed for dijet(inlusive jet) events, whereas the reommended JES for the rest of the DØollaboration is designed for γ+jet events.6.4.1 MPF method for dijetsThe MPF method for dijets works in priniple identially to that in γ+jetevents, when one of the jets is fully alibrated
RMPF = 1 +

6~ET · ~ptag
T,corr

|~ptag
T,corr|

. (6.26)This alibration an be done for jets in CC using the response derived from
γ+jet events in the previous Setion 6.3.4. In pratie the alibration ofthe entral jets is omitted exept for pT binning purposes, beause the dijetsample is only used to alibrate forward jets relative to entral jets so that

R(pT cosh η, ηdet)

Rcc(pT )
= p̂3

(

1 +
6~ET · ~ptag

T,meas

|~ptag
T,meas|

)

. (6.27)The fator p̂3 ontains additional orretions for resolution bias and a methodalibration fator p3, whih are disussed later. The alibration sample isseleted to onsist of bak-to-bak jets with ∆φ > 3.0, of whih at leastone is in CC. No additional jets are allowed in the event. The jet in CC islater referred to as �tag�, the other jet �probe�. If both jets are in CC, bothassignments of tag and probe are onsidered. It is also possible to assign tagand probe randomly, but in this ase the results would not neessarily bereproduible exatly.The binning variable E ′ for the dijet sample is de�ned as
E ′ = Cbiasp

tag
T,corr cosh ηprobe, (6.28)where ptag

T,corr replaes the pγ
T used with the γ+jet sample and Cbias orretsfor the bias due to the poor energy resolution of entral jets ompared tophotons.6.4.2 Resolution bias for dijetsThe MPF method for dijets is ompliated by the poor pT resolution of thejets. The steeply falling pT spetrum reates a situation where more jets



CHAPTER 6. JET ENERGY SCALE 101migrate into a given pT bin from low pT than from high pT , as shown inFig. 6.14. This auses the average partile level pT in eah bin to be biasedwith respet to average orreted tag jet pT . No seletion is performed onthe probe jet so that its average orreted pT equals the partile level pT .This reates an arti�ial pT imbalane that biases the MPF response.The resolution bias an be expressed as an integral over all partile pT on-tributing to a given bin of measured pT , by folding the pT spetrum f(pT )with resolution g(pT − pptcl
T , σ)

〈

pptcl
T

〉

=

∫∞
0

f(pptcl
T )g(pT − pptcl

T , σ)pptcl
T dpptcl

T
∫∞
0

f(pptcl
T )g(pT − pptcl

T , σ)dpptcl
T

. (6.29)For MPF response the orretion an be expressed as
δpmeas

T = 〈pmeas
T 〉 −

〈

pptcl
T

〉

, (6.30)
Rcorr

MPF = 〈RMPF〉 (pmeas
T )

(

1 +
δpmeas

T

pmeas
T

)−1

. (6.31)In a simpli�ed situation with exponentially falling pT spetrum, f(pT ) =
exp(−αpT ), and Gaussian smearing with onstant resolution, g(pT−pptcl

T , σ) =
Gauss(pT − pptcl

T , σ = const), Eq. 6.29 an be integrated analytially to yield
〈

pptcl
T

〉

=

∫∞
−∞ exp(−αpptcl

T ) exp(− (pT −pptcl
T

)2

2σ2 )pptcl
T dpptcl

T

∫∞
−∞ exp(−αpptcl

T ) exp(− (pT −pptcl
T

)2

2σ2 )dpptcl
T

= pT − ασ2. (6.32)Typial values in CC are α = 0.05 GeV−1, σ/pT = 0.2�0.05, leading to abias of 5�10%. This large bias is learly observed when looking at the pTimbalane between two jets in CC, both orreted or unorreted, whih byonstrution (tag jet hosen randomly) is 0 in the absene of bias.The resolution bias an be aurately orreted using Eq. 6.30, when boththe pT spetrum and the pT resolution are known su�iently preisely. Thefat that the CC jets are balaned in the absene of the resolution bias isused to alibrate the resolution bias orretion, reahing less than one perentunertainty for the resolution bias orretion at all rapidities. The aurateresolution bias orretion needs three main inputs1. Jet pT resolution for jets at |ηdet| < 0.4, g(pT − pptcl
T , σ)2. Tag jet partile level pT spetrum as a funtion of ηprobe

det for the spei�topology |ηtag
det | < 0.4 and Njet = 2, f(pptcl

T , ηdet)
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T .3. Residual bias alibration to ensure Fη = 1 in |ηtag,probe

det | < 0.4, p3These three omponents are disussed separately in the following setions.The total orretion is shown in Fig. 6.15.Jet pT resolutionThe jet pT resolution is derived in detail after full JES orretions in Ch 7.For the purpose of resolution bias orretion of Fη it is su�ient to orretthe jets only for the o�set and entral response disussed in the previoussetions. The pT resolution is derived as
σraw =

√
2 · RMS

(

pT,2 − pT,1

pT,2 + pT,1

)

, |η1,2| < 0.4, (6.33)
σpart = ksoftσraw, (6.34)
σcorr =

√

(ksoftσraw)2 − σ2
MC, (6.35)
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η .where ksoft is a orretion for soft radiation (additional non-reonstrutedjets) and σMC is a orretion for partile level imbalane (fragmentation,showering). These orretions are disussed in detail in Ch. 7.The e�etive resolution needed for the bias orretion is the partially or-reted resolution σcorr, whih is veri�ed using MC. This inludes ontribu-tions from both detetor resolution and the partile level imbalane. TheMPF method balanes the full hadroni reoil inluding non-reonstrutedjets against the entral jet so the soft radiation e�ets are absorbed in themissing-ET and do not inrease the bias. The resolution unertainty is in theleading order absorbed to the alibration fator p3 and does not a�et thedetermination of Fη. The residual unertainty is estimated by varying theresolution between the extremes of σraw and σcorr, as shown in Fig. 6.16.For pratial purposes the MPF method is applied to pairs of unorretedjets. The energy dependent entral response orretion improves the resolu-tion by about 10% so the resolution for unorreted jets is alulated using

σ

pT
→ σ

pT

(

1 +
R′

cc(pT )pT

Rcc(pT )

)

. (6.36)
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det | < 0.4 and Njet = 2. The raw measured pT spetra areunfolded to the partile level using the fully orreted pT resolution σcorr andthe ansatz method disussed in Ch. 8. The ansatz funtion is modi�ed fromEq. 8.20 to inlude both jets in the kinemati limit term of power β

f(pT , η) = N0(η)

(

pT

pT,0

)−α(η) [(

1 − 2pT√
s

)(

1 − 2pT cosh η√
s

)]β(η)/2

· exp(−γ(η)pT ), (6.37)where N0, α, β and γ are the ansatz parameters and pT,0 = 100 GeV/c.These ansatz funtions are then used in Eq. 6.29 to alulate the resolutionbias orretion. The unfolded pT spetra are also determined from MC foromparison, with the di�erene between data and MC spetra inluded inthe systematis as shown in Fig. 6.16.



CHAPTER 6. JET ENERGY SCALE 105Residual bias alibrationSmall imperfetions in the resolution bias orretion due to resolution un-ertainty an be alibrated out by using the fat that in an unbiased samplethe measured relative MPF response is exatly 1 in CC (|ηdet| < 0.4). Thisis also neessary to ensure that the η-dependent orretions will not hangethe measured CC jet response. The alibration fator p3 is determined fromEq. 6.27 by requiring the right hand side to be exatly 1.Beause unertainty in CC resolution hanges the bias orretion by roughlythe same amount at all rapidities for the same pT , the overall unertainty issigni�antly redued. As shown in Fig. 6.16, the unertainty due to resolutionis only about 0.6% at 2.4 < ηdet < 2.8. The orresponding variation in thealibration fator p3 is 0.5�2%. At lower rapidities the unertainty is redued,approahing 0 at ηdet=0 as shown in Fig. 6.20.6.4.3 Relative response sample dependeneThe Fη measured from the dijet and γ+jet samples in data have overall quitedi�erent sales as shown by Fig. 6.19 and the sale fator in Fig. 6.18(d),partiularly in the forward region. These di�erenes are qualitatively wellexplained by the response di�erenes for quark and gluon initiated jets andthe very di�erent fration of quark and gluon initiated jets in the γ+jet anddijet samples, shown in Fig. 6.10 and Fig. 6.9, respetively. The quantitativeagreement is also signi�antly improved when the single pion response in MCis tuned to that in data, whih inreases the di�erenes between quark andgluon initiated jets.The qualitative behavior of this di�erene has been studied by measuringthe γ+quark and γ+gluon responses (Rq and Rg in CC, respetively) andthe fration of gluon jets in MC. For γ+jet sample a single parametrizationof gluon jet fration (fg(E, η)) is enough, for dijets the gluon jet fration isparametrized separately for tag jets in CC (f tag
g (E)) and probe jets when thetag is a gluon jet (f q

g (E, η)) or a quark jet (f g
g (E, η)). The parametrizationsare shown in Appendix B. Using these parametrizations the Fη for the twosamples an be alulated as

F γ+jet
η =

fg(E, η)Rg(E) + (1 − fg(E, η))Rq(E)

fg(E, 0)Rg(E) + (1 − fg(E, 0))Rq(E)
, (6.38)

F dijet
η = f tag

g

(

E

cosh η

)

f g
g (E, η)Rg(E) + (1 − f g

g (E, η))Rq(E)

Rg(E/ cosh η)
(6.39)
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+

(

1 − f tag
g

(

E

cosh η

))

f q
g (E, η)Rg(E) + (1 − f q

g (E, η))Rq(E)

Rq(E/ cosh η)
.The result versus rapidity is shown in Fig. 6.17. The ratio of Fη for the twosamples follows losely the same quadrati cosh η form as the ideal responserapidity dependene in Eq. 6.21. The energy dependene of the ratio is veryweak for the range 50 < pT < 200 GeV/c where the γ+jet and dijet samplesoverlap so the sample dependene for Fη (sale fator SFη) is parametrizedsimply as

SFη(ηdet) ≡ F dijet
η (E, ηdet)/F

γ+jet
η (E, ηdet) = 1+p1 cosh η+p2 cosh2 η. (6.40)This form is used for the global �t in data and the result is shown in Fig. 6.18.The sale fator is 1 at ηdet = 0 beause F dijet

η = F γ+jet
η = 1 by de�nition inCC.
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Figure 6.17: Qualitative relative response versus yjet at pT=50 GeV/c. Thesolid blak line shows the relative response due to response energy dependenealone, using the γ+jet CC response. The solid blue and red lines also aountfor the energy and rapidity dependene of the gluon fration. The dashedlines give the ratio to the nominal CC response. The ratio of the dashedlines is almost onstant at 50 < pT < 200 GeV/c and is used as a �salefator� between the η-dependent orretions measured in the γ+jet and dijetsamples.



CHAPTER 6. JET ENERGY SCALE 1076.4.4 Global �t of η-dependent orretionsThe leading priniple for the �t of η-dependent orretions has been to min-imize the freedom for energy and rapidity dependene in order to �t the Fηwith small statistial unertainties and �ne granularity in ηdet. This alsomakes the extrapolation in energy more stable and reliable. The measure-ment is made in 0.1 bins of ηdet (wider in EC), but the parametrizations aresmoothed over muh wider rapidity regions.The response energy dependene is �tted using the same quadrati logarith-mi formula as in CC so that Fη is a ratio of two quadrati logarithmiresponses
Fη(E

′, ηdet) =
p0(ηdet) + p1(ηdet)E

′ + p2(ηdet)E
′2

Rcc(E/ cosh η)
. (6.41)The parameters pi are �tted as a funtion of ηdet, with most freedom allowedfor the overall sale p0.The alorimeter struture naturally divides the response parametrizationsinto entral alorimeter (CC), interryostat region (ICR) and end aps (EC).The transition region between CC and EC behavior is roughly 1.1 < |ηdet| <

1.4. Within EC and CC regions the response is expeted to depend on theangle of inidene. The length of material X traversed by the jet shower rela-tive to normal inidene X0 is X/X0 = cosh η in CC and X/X0 = 1/| tanh η|in EC. Powers of these funtions are used in �tting the rapidity dependenefor the parameters pi. The resulting �ts are shown in Figs. 6.18(a)�().Both p2 and p1 have only four parameters eah, two for CC and two forEC. Two of the parameters give the asymptote at ηdet = 0 and |ηdet| → ∞,two desribe the slope of ((X/X0)
m − 1). The funtional shapes (powers

m of X/X0) are hosen to provide a good �t to data. The ICR regioninterpolation range is �xed to reprodue the observed behavior in data. The
p0 also has the same four parameters as p2 and p3, but in addition narrowrapidity regions are allowed to have additional sale fators to provide a good�t to data. The preision of the alorimeter ell level η-interalibration thatis performed before JES is 1�2% [111℄ in CC and EC so the additional salefators, whose size is generally 1% or less, are presumed to aount for theseresiduals. In ICR and |ηdet| > 2.4 the sale fators an be larger beause no
η-φ-interalibration was performed there.The di�erenes between γ+jet and dijet sale fators are aounted for by thesale fator SFη that is onstant versus energy. Its parametrization is given inEq. 6.40 and the result of the �t to data is shown in Fig. 6.18(d). The global
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Figure 6.19: Simultaneous �t of the η-dependent orretion Fη in γ+jet (fullirles, dashed line) and dijet (open irles, solid line) data.
2.8 for the dijet sample, as shown in Fig. 6.20. The statistial unertainty ofthe global �t (shown at pT = 50 GeV/c in Fig. 6.20) is pratially negligiblein the phase spae relevant for the inlusive jet ross setion measurement,
pT > 50 GeV/c and E < 800 GeV/c at |y| < 2.4. The leading systemati isthe average �t residual in 0.4 wide bins of |ηdet|, whih is estimated to be 0.5%at 0.4 < |y| < 2.4 and onstant versus energy. This residual aounts for thesatter of the data points around the entral �t and overs possible variationin the shape of the �t funtion. The resolution bias orretion ontributes
≥ 0.5% at |ηdet| > 2.0, but is smaller toward ηdet = 0. This unertaintyovers the jet pT resolution and dijet ross setion unertainties in the biasorretion, as shown in Fig. 6.16.6.4.6 Response stability in timeThe response stability in time has been tested by breaking the full data setinto the trigger lists listed in Table 5.2. The response in CC is observed to bestable to within 1% as shown in Fig. 6.21(a). This is expeted as the liquidArgon-Uranium alorimeter is generally very stable. The behavior is similarin EC. In ontrast, the response in the interryostat region is observed to varyby up to 10% as shown in Fig. 6.21(b). This behavior is attributed to theunstable gains of the aging photomultiplier tubes (PMTs) used to measurethe signal from the sintillator tiles of the interryostat detetor. The timeand luminosity dependene of the relative gains is partiularly strong forsome PMTs in the region 1.2 < |ηdet| < 1.4 that have been replaed for RunIIb.
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CHAPTER 6. JET ENERGY SCALE 111The response time dependene does not diretly beome an unertainty forJES when the JES is derived using exatly the same sample as used in theanalysis. However, triggers weight time periods and luminosities di�erently,whih leads to potentially large residuals when the time dependene is strong.To avoid problems with JES trigger dependene, only the run range 191000�213084 (see Table 5.3) has been used in this analysis. This overs triggerlists v12.18�v14 (see Table 5.2) where the ICR response is relatively stableas shown in Fig. 6.21. This run range also avoids later problems with de-graded resolution (Ch. 7) and ine�ient triggers (Ch. 8). The ICR responseis roughly 0.5�1.0% lower for the shorter run range than for the full sample.This analysis uses η-dependent orretions that have been rederived spei�-ally for the run range 191000�213084 to avoid residual unertainty from theJES time dependene.6.5 Showering orretionsJets are extended objets and deposit their energy over a wide area in thealorimeter. When the one algorithm is used, some of this energy is oftendeposited outside the jet one, leading to loss of energy ompared to theoriginal parton5. This proess is alled physis showering and aounts forpart of the di�erene between parton and partile level jet energies (the restis explained by underlying event). In addition, there is energy �ow in and outof the alorimeter jet one due to interations with the magneti �eld, deadmaterial and �nite alorimeter ell size. This is alled detetor showeringand it is orreted in JES to bring jets bak to partile level.In most ases the detetor showering dereases the measured jet energy be-ause the energy density around the jet one axis falls steeply toward theedges of the one. Additional smearing in the energy deposition auses netenergy �ow along the slope, out of the one. At low energy it is possiblethat the alorimeter jet one is pulled toward energy deposits just outsidethe edge of the one that �utuated high, leading e�etively to a positive netenergy �ow. Suh a one migration e�et is visible as a slight dip or step inthe energy density pro�le just at the edge of the one radius.The energy pro�les are reated by summing the energy in the ells at agiven radius from the one axis. The pro�les are alulated for bak-to-bak
γ+jet events, and show the jet ore at ∆R = 0 and the photon ontribution5In ontrast, the kT algorithm assoiates partiles by distane in momentum spae anddoes not exhibit physis showering.



CHAPTER 6. JET ENERGY SCALE 112at ∆R ≥ π. The energy density in the range Rcone < ∆R < π is primarilyo�set energy. Figure 6.22 shows an example of the showering pro�les inMC without ZB overlay (i.e. with only the underlying event o�set). Thesepro�les are used to determine the true detetor showering. An additional�xed energy pro�le for NP+MI o�set is added for data and MC with ZBoverlay, as shown in Figs. 6.23.
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Figure 6.22: Jet energy pro�le for γ+jet MC without ZB overlay at |y| < 0.4and 45 < pT < 60 GeV/c.6.5.1 Data-based measurementThe ell-level information from Monte Carlo is used to generate energy den-sity pro�les for partiles originating from inside the partile jet, outside parti-les and o�set. The sum of these pro�les (templates) is �tted to the measuredenergy pro�le in data, yielding weights for the inside and outside pro�les thatare needed to aount for possible response di�erenes between data and MC.The well-known o�set pro�le is kept �xed. Figure 6.23 shows an example ofthe template �ts in data.
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100 < pT < 130 GeV/c.The showering orretion estimate Ŝ is obtained by omparing the total par-tile energy within alorimeter jet one to that from the original partile jetusing the �t-weighted templates

Ŝ =

∑Rcone

∆R=0 Ein +
∑Rcone

∆R=0 Eout
∑∞

∆R=0 Ein

. (6.42)The bias in the method is derived by performing the same template �ttingand alulation in Monte Carlo where the true showering answer Strue
MC isavailable and an be ompared to the measured estimator ŜMC. This allowsthe showering estimator for data Ŝdata to be alibrated to give the true datashowering

Sdata = Ŝdata ·
Strue

MC

ŜMC

. (6.43)The showering orretion determined from γ+jet data using the data-basedmethod is in very good agreement (di�erene < 0.3%) with the MC truthshowering orretion from the γ+jet MC with tuned single pion response.The dijet showering orretion is determined diretly from MC truth with



CHAPTER 6. JET ENERGY SCALE 114the tuned dijet MC, whih allows stable showering �ts up to the highestenergies. The dijet showering orretion is determined separately for energyand pT , with the pT showering orretion for dijet data shown in Fig. 6.24.

E’ [GeV]
810 20 30 100 200 1000

Tp
S

h
o

w
er

in
g

 S

0.80

0.85

0.90

0.95

1.00

1.05

1.10
| < 0.4η0.0 < |
| < 0.8η0.4 < |
| < 1.2η0.8 < |
| < 1.6η1.2 < |
| < 2.0η1.6 < |
| < 2.4η2.0 < |
| < 2.8η2.4 < |
| < 3.2η2.8 < |
| < 3.6η3.2 < |

 = 0.7coneR
Dijet data

Figure 6.24: Dijet pT showering in saled MC.6.5.2 Physis motivation for showeringThe showering orretions in Fig. 6.24 are smallest at high pT in CC andlargest at low pT in EC. The jets get more boosted at high energy, whih re-dues their transverse size and hene also detetor showering at high pT . Thejets are also more boosted in the forward diretion, but the de�nition of thejet one in η-φ-spae keeps them round and roughly onstant in size for given
pT . In real spae θ-φ (or x-y) oordinates the jet one shrinks signi�antly inthe θ-diretion at higher rapidities. Beause detetor showering takes plaein the θ-φ oordinates, it is strongly inreased at higher rapidities.The pT showering orretion is overall smaller than the energy showeringorretion by about 1�3%. This is beause the pT pro�les are weighted bya fator cos(∆R) in the φ diretion ompared to the energy pro�les, whihredues energy �ow by a fator cos(0.7) = 0.76 at the one edge Rcone = 0.7.



CHAPTER 6. JET ENERGY SCALE 115The pro�les are also weighted in the η diretion by 1/ cosh(η), whih inreases
S when the rapidity bias (disussed in Setion 6.8) tilts jets toward CC. Thedi�erene is largest in ICR, leading to positive net pT �ow and S > 1 at low
pT .The pT dependene of the showering orretions is steeper for dijets than for
γ+jets beause of quark and gluon jet di�erenes, as in the ase of response.The gluon jets are overall wider than quark jets and undergo more detetorshowering. The di�erenes an be up to 1�2% at the edges of the phase spae(pT > 50 GeV/c, E < 600 GeV).6.6 Topology bias (MPF response bias)The MPF method balanes a photon or a entral jet against a full hadronireoil, but the measured MPF response is interpreted as a response of theprobe jet. This interpretation is biased at a perent level preision beausethe hadroni reoil inludes partiles from outside the probe jet. These addi-tional partiles are generally softer than those in the ore of the jet and areexpeted to lower the response of the reoil with respet to that of the oreof the jet.The bias of the MPF response is determined in tuned MC by omparing theMPF response to the true response de�ned at partile level. The result for
pT response is shown in Fig. 6.25. The bias is overall about 1%, with little
pT or rapidity dependene at pT > 50 GeV/c.The MPF response bias for pT is fairly small, ∼ 1%, beause the methodbased on pT balane and the one size Rcone = 0.7 is large enough to ontainmost of the hadroni reoil in the absene of additional soft non-reonstrutedjets. It is interesting to note that the bias is signi�antly larger, 2�4%, for
Rcone = 0.5 jets. This is expeted from the response di�erene between thehard partiles in the ore of the jet and soft partiles loser to the edges. TheMPF response itself is very insensitive to the one size.The MPF response bias for energy has more rapidity dependene than for pT .The rapidity bias (disussed in Setion 6.8) tilts jets toward the enter of thealorimeter and auses the jet pT to be overestimated with respet to the jetenergy. This e�et is partiularly strong in the ICR, where the rapidity biasof 0.04 at η = 1.4 auses an e�etive pT hange of 3�4% relative to energy6.Beause the MPF method is based on pT balane, the pT response is well6In the absene of mass, pT = E/ cosh(η) so the ∆pT bias an be estimated from ∆ηbias by ∆pT /pT = cosh(η)/ cosh(η + ∆η) − 1.
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Figure 6.25: Topology bias in MPF method for pT response determination.estimated and the E/pT di�erene is folded to the MPF response bias forenergy.The MPF response bias was separately determined for γ+jet and dijet sam-ples using tuned MC, but the two were found to be in good agreement atpermille level and within the MC statistis. Beause the equivalene was notobvious a priori, the di�erenes are assigned as additional systematis.In onlusion, it is found that the MPF method is well-suited for alibratingthe pT of Rcone = 0.7 one jets, with a small bias of about 1%. For energyalibration and for other jet algorithms the bias is potentially large.6.7 Zero suppression biasThe ell energies measured in the DØ alorimeter are zero-suppressed in orderto redue the number of non-zero ell energy values that need to be stored ondisk or tape. With data ompression this leads to signi�ant saves in neededstorage apaity. The noise in eah ell is typially Gaussian distributedaround zero (after baseline alibration), with σ giving one standard deviation



CHAPTER 6. JET ENERGY SCALE 117�utuation over the baseline noise. The algorithm used for zero-suppressionkeeps isolated alorimeter ells only if their energy is higher than 4σ. Cellsadjaent to jets are kept if their energy exeeds a lowered threshold of 2.5σ.The zero-suppression algorithm produes a small positive noise o�set on-tribution beause of the asymmetri zero suppression (negative energies arenever kept) for ells with no real energy. For ells lose to jets the posi-tive o�set is inreased beause of the lowered zero-suppression thresholds.For ells with high enough real energy deposits, as within the jet ore, thezero-suppression produes no e�et and positive and negative noise o�setontributions are expeted to anel.O�set energy due to multiple interations inreases in the jet ore as thisenergy is less likely to get zero-suppressed. This o�set energy is likely todepend on the shape and width of the jet, but suh e�ets are averaged overin the full sample.The overall e�et is that the true o�set is signi�antly inreased inside thejet environment, by up to a fator of four ompared to the average energydensity measured from outside jets in ZB and MB events. The orretionfator for true o�set, kO, is de�ned as
kO =

〈Emeas(no ZB overlay)〉
〈Emeas(ZB overlay) − Eoffset,meas〉

, (6.44)where the same MC events are reonstruted with and without ZB bias over-lay (o�set). The ratio of averages is used instead of the average of ratio sothat the orretion properly fatorizes when used with other bias orretion,also de�ned as ratios of averages.Figure 6.26 shows the o�set zero-suppression bias in CC for MC with un-suppressed ZB overlay. This situation losely orresponds to data. The biasinreases at low pT where the o�set ontribution is largest. The bias also in-reases with the number of primary verties (PVs) as this linearly inreasesthe o�set from multiple interations. The overall o�set bias orretion isdetermined for the average number of primary verties, whih is lose to 1.5for the Run IIa data.The bias in o�set is almost perfetly aneled by an opposite bias in the MPFresponse, de�ned as
kR =

〈RMPF(no ZB overlay)〉
〈RMPF(ZB overlay)〉 , (6.45)beause the inreased o�set inside the jet dereases the missing-ET in thediretion of the jet. This arti�ially inreases the estimated MPF response.



CHAPTER 6. JET ENERGY SCALE 118

T
p’

50 100 150 200 250 300 350 400 450 500

T
p’

50 100 150 200 250 300 350 400 450 500

Z
S

Ok

0.9

0.95

1

1.05

1.1
| < 0.4

det
η |≤0.0 

1 PV

PV average

 2 PV≥

 = 0.7coneR

Figure 6.26: O�set zero-suppression bias (kO) at |ηdet| < 0.4 in the unsup-pressed ZB overlay ase that orresponds to data.The o�set bias on the opposite narrow photon luster is small and does notounterat the bias on the jet side.Beause the zero suppression biases in o�set and response anel so losely,only the ratio kO/kR is used for �nal orretions to simplify the �tting pro-edure and to redue the unertainties related to the separate orretions.Figure 6.27 shows the zero-suppression bias kO/kR in CC. The bias is ≤ 0.5%at pT > 50 GeV/ in all rapidity regions and vanishes at high pT .The small residual bias kO/kR is possibly attributed to the imperfet anel-lation between the samples used to measure o�set and response. The samplesused in this analysis and in the o�set measurement have no restritions onthe number of primary verties, whereas the sample used for the responsemeasurement requires nvtx = 1 or 2 in addition to vetoing all additional jets.This dereases the average number of multiple interations and the amountof o�set, and hene the zero-suppression bias. The residual bias is equivalentto a hange in kO by about 0.5 additional interations.6.8 Rapidity biasThe inlusive jet ross setion is measured in bins of rapidity so a reliablemeasurement requires the rapidity to be also properly alibrated. The small
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Figure 6.27: The zero suppression bias kO/kR in CC. The dashed lines showthe unertainty attributed to the bias orretion.rapidity bias is best estimated from MC truth. Figure 6.28 shows the rapiditybias in several bins of energy. The rapidity is generally biased toward theentral alorimeter, with the largest deviations observed in ICR. Suh biaseswere already observed in Run I [4℄.The bias in Run II is about twie as large at highest as in Run I, and omesfrom two soures: (i) detetor e�ets in ICR give rise to bumps similar insize and shape to those observed in Run I. The bias is observed to be slightlydi�erent for north and south sides, but only in ICR. (ii) The one algorithmitself gives rise to a bias that inreases steadily toward EC. This e�et issimilar to the di�erene observed between the DØ Run I one algorithmthat uses salar ET and the Snowmass algorithm that omputes four-vetorvariables like the Run II one algorithm. The underlying ause for eithere�et is not fully understood.The rapidity bias is �tted with a smooth 2D-funtion versus pptcl
T and yrecousing the global �t method. The measurement is done in bins of pptcl

T and
yptcl to avoid resolution bias e�ets. The rapidity then is mapped bak to

〈yreco〉 = 〈yptcl〉 + ∆y (6.46)before �tting to avoid an iterative proedure when applying the orretion.The �t funtion
f(y) = p0y + sign(y)ca exp

(

−(|y| − µa)
2

2σ2
a

)

+ cs exp

(

−(|y| − µs)
2

2σ2
s

)

+sign(y)p1(|y| − 2)2θ(|y| − 2) (6.47)
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Figure 6.28: Rapidity bias estimated from MC truth.is symmetri on north and south sides exept for the Gaussian peaks in ICRthat are about 0.01 higher on the north side. The θ is the Heaviside stepfuntion.The terms linear (p0) and quadrati (p1) in y aount for the tendeny ofthe jets to be biased towards the enter of the alorimeter, with the biasinreasing with |y| espeially rapidly at |y| > 2.0. The dominant Gaussian(ca) aounts for the inreased tilt toward enter of the alorimeter in theICR and the seond Gaussian (cs) for the small north/south asymmetry inthe magnitude of the bias.



CHAPTER 6. JET ENERGY SCALE 1216.9 E′ mappingAll the orretions presented so far have been measured in terms of E ′ forsimpliity. To properly apply the orretions in data, the results need to bemapped to unorreted energies, or unorreted energies need to be mappedto E ′. To avoid deriving mapping for eah sub-orretion separately, thelatter approah has been used. Before applying any other orretions exepto�set, the E ′ is solved from the equation
Emeas − Eoffset = (R · S · kbiasSP )(E ′) · E ′, (6.48)where response R, detetor showering S, zero-suppression and topologialbias orretions kbias and physis showering Sp are evaluated at E ′ and theo�set Eoffset is subtrated from the measured energy Emeas.Equation 6.48 is solved using Newton's method to �nd x with f(x) = 0,

xn+1 = xn − f(xn)

f ′(xn)
, (6.49)with the derivative f ′(x) evaluated numerially. This is a reasonably fastapproah, and is used on an event-by-event basis. If CPU onsumption werean issue, the equation ould be solved and parametrized for an average setof parameters with little loss of preision.Compared to standard JES orretions, one additional orretion SP =

Eptcl/E
′, the physis showering, is needed to aount for the fat that E ′orresponds to the parton level energy, whereas JES orretions only orretenergy up to partile level Eptcl. This orretion is negligibly small in theentral alorimeter, but grows to about 5% in the forward region. Fortu-nately, the overall JES orretion is only logarithmially dependent on E ′.The unertainty in the input E ′ translates to an unertainty on the JESorretion C as

∆C ≈ dC

dE ′ · ∆E ′ ≈ 0.1 · ∆E ′

E ′ , (6.50)so that a relative error of 1% in E ′ only produes an error of 0.1% in C.The mapping using Eq. 6.48 is tested in γ+jet MC to be preise to < 3% at
pT > 50 GeV/c.6.10 Four-vetor orretionsThe traditional jet energy sale is applied by saling jet energy and pT bya single orretion fator for energy and keeping the diretion of the jet



CHAPTER 6. JET ENERGY SCALE 122onstant. Beause jet rapidity and mass are both biased, this will leave also
pT misalibrated. A proper four-vetor orretion requires a rotation of thejet and relative saling of energy and pT .As shown in earlier setions, the independent alibration fators for energy,
pT and rapidity are already available. There is no need to assume any bias for
φ so all four omponents of the four-vetor are overed. The jet four-vetorin the CAF7 framework is de�ned by an unorreted four-vetor using E, P ,
η and φ and a orretion fator C for JES. The following equations are usedto alulate the �unorreted� quantities orresponding to a single orretionfator C using the orretions for energy (C), pT (Cpt) and rapidity bias (∆y)

Ecorr = C · Emeas, pcorr
T = Cpt · pmeas

T , (6.51)
ycorr = ymeas − ∆y, φcorr = φmeas, (6.52)

⇒ (6.53)
pcorr

Z =
e2ycorr − 1

e2ycorr + 1
Ecorr, θcorr = arctan(pcorr

T , pcorr
Z ) (6.54)

ηcorr = − ln(tan

(

θcorr

2

)

), Pcorr =
√

(pcorr
T )2 + (pcorr

Z )2 (6.55)
⇒ (6.56)

Euncorr = Ecorr/C, Puncorr = Pcorr/C, (6.57)
ηuncorr = ηcorr, φuncorr = φcorr. (6.58)The kinemati variables used in this analysis are pT and y. As disussedin previous setions, both are individually alibrated. The unertainties arealso assessed separately for energy and pT . Beause the response alibra-tion methods are better suited for pT , this slightly redues the alibrationunertainty for pT ompared to energy in some ases.6.11 Jet energy sale and unertainty summaryFigure 6.29 summarizes the JES orretions at entral and forward rapidity,and Fig. 6.30 summarizes the orretions at low pT and at high energy. Theorretions range between 1.2�1.6 for the kinemati range of the ross se-tion measurement (|y| < 2.4, pT > 50 GeV/c, E < 600 GeV). The responseorretions are by far the largest orretions for energy and pT . The responseorretions inrease at low pT and high rapidities, where showering orre-7Common Analysis Format



CHAPTER 6. JET ENERGY SCALE 123tions also start to be signi�ant. The o�set orretions are important onlyat the lowest pT range.The JES unertainties are summarized in Fig. 6.31 for entral and forwardrapidity, and in Fig. 6.32 for low pT and high energy. The unertainties varybetween 1.2�2.5% for the kinemati range in the ross setion measurement.Like the total JES orretion, the JES unertainty is also dominated bythe response orretions. The main omponents from the entral responsealibration and η-dependent orretions were desribed in Setions 6.3 and6.4, and summarized in Figs. 6.13 and 6.20, respetively.6.12 ConlusionsThe JES unertainties have been redued by about a fator two in CC anda fator ten in EC sine the �rst preliminary JES alibration and ross se-tion measurement was made in 2006 [24℄. A major portion of the work forthis thesis has been dediated to reduing these unertainties to their ur-rent level. The urrent JES unertainties of 1.2�2.5% are urrently the bestavailable at hadron olliders. For omparison, the CDF experiment reportsa JES unertainty of 2�3% [133, 25℄.6.13 Closure tests for jet energy saleAn integral part of the jet energy sale determination is an independent testof the orretions, alled a losure test. In an implementation of a omplexset of orretions bugs are possible, and the interplay between sub-orretionsan ause subtle e�ets that are easily negleted. The losure test itself isalso subjet to a number of unertainties (otherwise it would be used for JESdetermination!) so that losure will only be required to within the quotedunertainties of the losure test and JES ombined.The losure tests are performed on a larger set of event topologies than thederivation when possible, and bins in rapidity and pT are made reasonablywide to limit statistial unertainties. This setion presents the losure testresults of most interest to the inlusive jets ross setion analysis, i.e. thelosure test of entral alorimeter energy orretions in the γ+jet sample(absolute JES), the transfer of γ+jet energy sale to dijet pT sale and thelosure test of η-dependent orretions in the dijet sample. In some ases the
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Figure 6.29: Jet energy sale orretions by omponent versus unorreted
pT at ηdet = 0 and ηdet = 2.0.
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Figure 6.30: Jet energy sale orretions by omponent versus ηdet at unor-reted pT = 50 GeV/c and unorreted E = 500 GeV.
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Figure 6.31: Jet energy sale unertainties by omponent versus unorreted
pT at ηdet = 0.0 and ηdet = 2.0.
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Figure 6.32: Jet energy sale unertainties by omponent versus ηdet at un-orreted pT = 50 GeV/c and unorreted E = 500 GeV.



CHAPTER 6. JET ENERGY SCALE 128losure test has been separately performed for both energy and pT , but onlythe pT results are quoted here.6.13.1 Closure test of absolute JESThe losure test of the absolute JES, i.e. the entral alorimeter orre-tions, is done by �rst establishing diret losure in the γ+jet MC and thenomparing the mean jet energy in data and MC in bins of (p′T ,ηdet).Diret losure test in MCThe diret losure test sample is γ+jet MC with njet ≥ 1, nvtx ≥ 1. Noupper limits are plaed on the number of jets or primary verties to ensureonsisteny with the average zero-suppression bias orretion. The diretlosure test variable is de�ned as
D =

〈

Ecorr
jet

〉

〈

Eptcl
jet

〉 , (6.59)where Ecorr
jet is the orreted jet energy and Eptcl

jet is the energy of the losestpartile jet mathing the reonstruted jet within ∆R < Rcone/2. The losureis tested in bins of (p′T ,|ηdet|) and is shown in Fig. 6.33 for |ηdet| < 0.4.Closure test for dataThe losure test sample in data is seleted onsistently with the MC sample.The γ+jet sample in data has signi�ant dijet bakground so the EM+jetMC sample is mixed with the γ+jet MC with the purity determined fromthe MC ross setion. The losure variable in data is the ratio of averageorreted energies in data and MC,
D =

〈

Ecorr,data
jet

〉

〈

Ecorr,MC
jet

〉 . (6.60)Beause the goal is to verify the losure in data, it is important to aount forany remaining di�erenes between data and MC that ould bias the losureobservable. The di�erenes in the single pion response in data and in MCresult in a larger response di�erene between the γ+jet and dijet samples in
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Figure 6.33: Diret JES losure test in γ+jet MC as a funtion of p′T at
|ηdet| < 0.4. The points orrespond to the value of the diret losure testvariable (see Eq. 6.59) and the dashed line represents the total jet energysale unertainty.



CHAPTER 6. JET ENERGY SCALE 130data than in MC. This di�erene is estimated using MC with the single pionresponse tuned to data. The relative di�erene in the dijet response is about4% at pT ∼ 30 GeV/c. Beause the γ+jet sample purity at pT ∼ 30 GeV/cis about 70%, this results in a 4%·(1 − 0.7) = 1.2% bias on the losureobservable that is orreted for.Additional orretions are also applied on the photon energy sale to aountfor data and MC di�erenes. These orretions are estimated using the spe-ial MC with inreased dead material and improved geant simulation tomath the eletron response in data. The photon energy sale orretionsa�et the losure test variable indiretly through the p′T binning.The losure in data relative to MC is shown in Fig. 6.34 for |ηdet| < 0.8.Beause the data and MC JES unertainties are largely unorrelated, theyare added in quadrature to reate the error band for the losure test. Theunertainties inherent in the losure test have not been inluded, however.
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Figure 6.34: Relative data-to-MC losure test as a funtion of p′T at
|ηdet| < 0.4 and 0.4 < |ηdet| < 0.8. The points orrespond to the value ofthe losure variable (see Eq. 6.60) whereas the dashed line represents thetotal jet energy sale unertainty from data and MC.6.13.2 Closure test of dijet pT saleThe previous setion established the validity of the absolute jet energy saleorretion in the γ+jet sample. Pratially every sub-orretion has beenrederived to obtain the orresponding pT sale for the dijet sample, whihneeds to be tested separately. There is no diret handle on the absolute pTsale in dijet data so only the onsisteny of the methods is tested in MC.The losure test variable is

∆pT =
〈preco

T 〉
〈

pptcl
T

〉 − 1, (6.61)
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∆R < Rcone and the result is binned in pptcl
T and yptcl for onsisteny withthe ross setion measurement. The sample is seleted to have exatly twobak-to-bak jets with ∆φ > 3.0. The result for the losure test in CC isshown in Fig. 6.35.The losure test result has been orreted for the low pT bias at pT <

50 GeV/c by using the �tted Gaussian mean of (preco
T /pptcl

T −1) instead of thelosure test variable in Eq. 6.61. The Gaussian mean is �tted to the part ofthe distribution where preco
T > 15 GeV/c to avoid the 6 GeV/c reonstrutionthreshold for unorreted pT .Closure test of inlusive jet pT saleThe dijet sample is only a fration of the inlusive jet sample so the questionof losure for the inlusive jets still remains. The non-leading jets are oftenradiated gluons so the inlusive jet sample has higher gluon-jet ontent andpotentially lower response than the dijet sample. To test this di�erene,losure test with Eq. 6.61 is repeated on the inlusive jet sample without anyuts on njet or ∆φ. The jet pT losure for the inlusive jet sample is shownin Fig. 6.36 for CC.There is indeed a di�erene of about 1�2% on average between inlusive jetand dijet residual ∆pT at pT ∼ 30 GeV/c in CC, but the di�erene rapidlygets smaller at higher pT and in the more forward regions. The losure testsindiate that the residual in CC is in fat slightly smaller for the inlusivejets than for dijets. For this reason no additional orretion is applied, but
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A =
pT,2 − pT,1

pT,2 + pT,1

, |y1| < 0.8. (6.62)This is related to the ratio of residual JES (∆pT +1) for the entral jet r andthe forward jet R by
R

r
=

1 + 〈A〉
1 − 〈A〉 ≈ 1 − 2A, (6.63)when 〈pptcl

T,1

〉

=
〈

pptcl
T,2

〉. The losure variable is sensitive to additional jetsand showering and requires in pratie events with only two jets bak-to-bak. The same ∆φ > 3.0 and Njet = 2 uts as for diret dijet losure areused. The events are binned in the average pT of the two jets, 0.5·(pT,1+pT,2),whih has the bene�t that e�ets due to resolution bias largely anel.The dijet asymmetry is pratial for a losure test beause most e�ets otherthan JES for the two leading jets anel to a large extent. The physisshowering and soft radiation e�ets are symmetri for the entral-forwarddijet system and the leading jets are balaned to better than about 0.2% atpartile level. The soft radiation bias for reonstruted jets is orreted for by



CHAPTER 6. JET ENERGY SCALE 133raising the reonstrution threshold and extrapolating to 0 GeV/c threshold,but the bias is at a permille level.The largest systemati bias turns out to be resolution bias, although thise�et largely anels in the average pT binning. The resolution bias is ofthe order of 1�2% in ICR and is expliitly orreted for, as disussed in thefollowing setion. The remaining method biases are orreted by the fator
Cbias = ((∆pforward

T + 1)/(∆pcentral
T ) + 1)/(R/r) determined from MC, wherethe ∆pT is the dijet pT diret losure test variable of Eq. 6.61 and the R/r ofEq. 6.63 is determined after all the other bias orretions. This orretion isnegligible (≤ 0.2%) in most bins at pT > 50 GeV/c, exept in 0.8 < |y| < 1.2,where the bias is a onstant 0.6%.Resolution bias in losureDespite binning in average jet pT there is signi�ant resolution bias left forentral-ICR jet pairs beause the jet resolutions for these regions di�er sub-stantially. The bias is roughly proportional to ∂f(pT )/(f(pT )∂pT )(σ2

2 − σ2
1),where f(pT ) is the dijet pT spetrum and σ2 and σ1 are the pT resolutions ofthe two jets. The bias on the asymmetry is alulated through integrationas

δA =

∫∞
x=0

∫ pT

z=−pT
f(x, y1, y2)g(pT − z, x, y1)g(pT + z, x, y2) · z/pT dxdz

∫∞
x=0

∫ pT

z=−pT
f(x, y1, y2)g(pT − z, x, y1)g(pT + z, x, y2)dxdz

,

where x = pptcl
T , z = (pT,2 − pT,1)/2, pT = (pT,2 + pT,1)/2. (6.64)Here y1 is the rapidity of the entral jet, y2 is the rapidity of the forwardjet, f(pptcl

T , y1, y2) is the dijet pT spetrum already used in Setion 6.4.2 and
g(preco

T , pptcl
T y) is the jet ∆pT distribution (jet pT resolution), whih is derivedin Chapter 7 after the JES orretions. The resulting bias in ICR is shownin Fig. 6.37.6.13.4 Final η-dependene losure testThe η-dependene losure results shown in Fig. 6.38 have been orretedfor partile level imbalane, soft radiation, resolution bias and method bias,although most of these orretions are very small (≤ 0.2%). The statisti-al unertainty is the unertainty of the �t to the residual of the quadratilogarithmi funtion of pT . The method unertainty inludes primarily theunertainty in the ratio of CC and EC resolutions (resolution bias orretion)
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Figure 6.37: Asymmetry measurement in ICR. Open irles are before, fullirles after the resolution bias orretion. The error band overs ±1σ vari-ation in the ratio of the ICR and CC resolutions.and the residual of the method bias determination. The JES unertainty isthe unertainty of the ratio of the entral and forward JES. The di�erentunertainty soures are added inrementally in quadrature (⊕) for the errorbands.The full unertainty orrelation information is propagated to both the JESand the resolution unertainties. The orrelated shifts of the pT of the entraland the forward jets are evaluated in the ratio R/r for eah unertaintysoure. For example, the JES unertainty is alulated by
∆

R

r
=

√

√

√

√

∑

s

(

1 + ∆sC(p′T , yforward)

1 + ∆sC(p′T , ycentral)
− 1

)2

, (6.65)where the JES unertainty ∆sC(p′T , y) is evaluated at y = yforward and y =
ycentral = 0 for eah unertainty soure s.It is important to note that the JES and losure in Fig. 6.38 are only ap-pliable to the run range 191000�213064 due to the JES time dependenedisussed in Setion 6.4.6. The same JES applied to the full Run IIa datasample results in about 1% losure test residual (R/r-1) at 1.2 < |y| < 1.6and a smaller residual in the surrounding bins. The JES has also been de-rived for the full sample, but using the more restrited run range allows toremove the unertainty due to time dependene and makes the jet pT spetrafrom di�erent triggers math better.
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Figure 6.38: JES η-dependene losure for dijets in run range 191000�213064,with the JES spei�ally derived for this restrited run range. The uner-tainty bands over inrementally the statistial unertainty of the quadratilogarithmi �t (stat), the losure method unertainty (sys) and the orre-lated JES unertainty. The inset text shows the χ2/NDF and the valuefor a onstant �t to the residual (top and middle lines, straight �t) and the
χ2/NDF for the quadrati logarithmi �t (bottom line, urved �t).



CHAPTER 6. JET ENERGY SCALE 136The largest observed deviation is in the bin 0.8 < |y| < 1.2 at pT < 80 GeV/c.This is in ICR, whih is the most di�ult region of the alorimeter to alibratedue to rapid hanges in the response as a funtion of η. The losure test isalso ompliated by the large resolution bias in ICR and the rapid hanges inthe jet pT resolution as a funtion of η. While the observed deviation ould bereal and not just a systemati bias in the losure test, the losure is still goodto within 1.5�2σ at pT > 50 GeV/c. This is aeptable for the measurementin a restrited region of the phase spae. The shapes and magnitude of theassigned JES systematis over for the observed deviation and the globalPDF �ts in Ch. 8 show no strong pull in this region.



Chapter 7Jet pT and y resolutions
7.1 OverviewThe jet pT resolutions are the seond most important omponent in theinlusive jet ross setion measurement. They are needed in the unfolding ofthe jet ross setion, as will be disussed in Chapter 8. The rapidity resolutionis also used in unfolding, although its relative impat is muh smaller. The
pT resolutions also have uses in many other appliations. In the ontext ofthis thesis the pT resolutions have been applied to resolution bias orretions(Se. 6.4.2) and to test the relative JES losure in detail (Se. 6.13). Theappliation to other analyses is disussed in the original study [112℄ that alsoprovides an extended set of plots. Earlier studies of the jet pT resolutionsare disussed in Refs. [113, 41, 12℄.The jet pT resolution is derived from the width of the dijet asymmetry dis-tribution, whih is based on transverse momentum balaning. This methodrequires orretions for the presene of additional unreonstruted jets (softradiation), momentum imbalane at the partile level and asymmetry biasdue to non-Gaussian tails. The jet pT resolutions are determined primarilyfrom dijet data using the same sample as is used for the ross setion anal-ysis. The parts modeled by MC are the pT imbalane at the partile level,whih is generally a orretion of less than 10%, and the shape of the ∆pTdistribution, whih is nearly Gaussian and reates an asymmetry bias of lessthan 10%.The losure of the method is tested in MC, and the residuals are added as anunertainty. Unertainties are also estimated for all the sub-orretions. Theoverall unertainty is 5�8% for pT > 50 GeV/c and |y| < 2.4. The �tted ∆pT137



CHAPTER 7. JET PT AND Y RESOLUTIONS 138distribution shapes from MC are used in all appliations of jet pT resolutions.The rapidity resolution has muh smaller impat on the ross setion mea-surement than pT resolution and is determined from MC alone. The fullrapidity unfolding orretion is later onservatively taken as a small uner-tainty.7.2 Dijet asymmetryThe jet pT resolutions are determined starting from the dijet asymmetry A

A =
pT,1 − pT,2

pT,1 + pT,2
. (7.1)The transverse momenta of the two jets an be assumed balaned if they arebak-to-bak and no additional jets are present. The ∆φ > 3.0 and Njet = 2uts are applied in seleting the dijet sample. The number of primary vertiesis not onstrained. The jets are ordered in absolute rapidity, |y1| < |y2|, sothat the asymmetry distribution is expeted to be symmetri around 0 afterJES orretions. The variane of the asymmetry distribution an be writtenas

σ2
A =

∣

∣

∣

∣

∂A

∂pT,1

∣

∣

∣

∣

σ2
pT ,1 +

∣

∣

∣

∣

∂A

∂pT,2

∣

∣

∣

∣

σ2
pT ,2, (7.2)whih allows the jet pT resolution to be alulated from the asymmetry.For two jets in the same rapidity region (and, of ourse, at the same pT ) thejet pT resolutions σ are the same on average. The asymmetry an then besimply related to pT resolution by

RMS(A) =

√

(RMS(pT,1))2 + (RMS(pT,2))2

〈pT,1 + pT,2〉
=

σpT√
2pT

, (7.3)where RMS is the root-mean-squared of the asymmetry distribution. Thisdiretly gives the relative pT resolution σ/pT as √2 ·RMS(A). The equationassumes 〈pT,1〉 = 〈pT,2〉 = pT and RMS(pT,1) = RMS(pT,2) = σ.For two jets in di�erent rapidity regions the resolutions annot be assumedequal, but it is possible to solve the resolution σ2 if the σ1 is already known
RMS(A1,2) =

√

σ2
1 + σ2

2

2pT
(7.4)

⇒ σ2

pT

=

√

4 · RMS(A1,2)2 − σ2
1

p2
T

(7.5)
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=

√

4 · RMS(A1,2)2 − 2 · RMS(A1,1)2. (7.6)The indexes for A1,2 and A1,1 indiate that the former is measured in atopology with the two jets in di�erent rapidity regions, and the latter withboth jets in the same rapidity region. The topologies with one jet entral(|y| < 0.8) and one more forward are very important for measuring pT reso-lutions in EC. The statistis for the sample with two jets forward are muhlower than having one jet entral and the other forward.7.3 Soft radiation orretionThe resolutions determined from the asymmetry are biased due to the pres-ene of additional non-reonstruted jets in the sample. Even though thejet reonstrution threshold of puncorr
T = 6 GeV/c ⇒ pcorr

T ≈ 12�15 GeV/cis fairly low ompared to typial jet pT > 50 GeV/c and the ∆φ > 3.0also limits soft radiation, the soft radiation still has signi�ant impat atlow pT . This is partly due to high QCD ross setion for soft radiation(σ(Njet > 2) ≈ σ(Njet = 2)) and the fat that the events that pass the
∆φ > 3.0 ut and have soft jets tend to have the soft jet parallel to one ofthe leading jets in φ, maximally impating the relative pT balane.The soft radiation orretion is determined diretly from data, minimizingthe dependene on the MC desription of response and pT resolutions. Theimpat of soft radiation inreases when the jet reonstrution threshold puncorr

T,cutis moved to higher puncorr
T . The asymmetry is measured using onseutivethresholds puncorr

T,cut =6, 7, 8, 10, 12, 15, 20 and 40 GeV/c and extrapolatedbak to ideal puncorr
T,cut =0 GeV/c using a linear �t, shown for CC in Fig. 7.1(a)�(b).The linear �t desribes the behavior well below the saturation threshold

puncorr
T,cut ≈ pT /3. At higher puncorr

T,cut the asymmetry does not hange muh simplybeause the soft jets, whih are generally parallel to one of the leading jetsin φ after the ∆φ > 3.0 ut, would hange ordering with seond leading jets.This is evident from pT balaning assuming all jets are parallel or anti-parallelin φ

pT,1 − pT,2 − pT,soft = 0, pT,1 ≥ pT,2 ≥ pT,soft (7.7)
⇒ pT,soft ≤ (pT,2/2 + (pT,1 − pT,soft)/2) (7.8)
⇒ puncorr

T,soft ≤ Rsoft ·
2

3
· pT,av, (7.9)
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Figure 7.1: Examples of �ts of soft radiation dependene in CC measured indata. The distributions are well desribed by a linear �t below pT,saturation ≈
pT /3 (solid line). The dashed line shows the extrapolation of the �t to higherthresholds.where the response Rsoft ≈ 0.4�0.6 at low pT for data. Beause of the satu-ration the linear �ts are only done up to pmax

T,cut ≤ pT,av/3 where the inreasein asymmetry is still linear. The linear behavior is heked for eah pT,av binseparately, but the saturation only a�ets bins with pT,av < 100 GeV/c. At
pT < 30 GeV/c there are only two usable points, whih limits the reliabilityof the extrapolation.The soft radiation orretion is alulated as

ksoft =
σraw(pT,cut → 0)

σraw(pT,cut = 6 GeV/c)
. (7.10)To better desribe the low pT region and limit the statistial �utuations,the ksoft versus pT is �tted with

ksoft(pT ) = 1 − exp(−p0 − p1pT ). (7.11)This desribes the distribution well and enfores the physial behavior ksoft →
1 at pT → ∞. The �ts for CC are shown in Fig. 7.2(a)�(b) for data and pureMC partile jets.The soft radiation orretion in reonstruted MC is very similar to that indata, shown in Fig. 7.2(a), despite the response and resolution di�erenes.The results are roughly statistially onsistent so the better measured andmore stable soft radiation orretion �ts from data are used for both dataand MC. The soft radiation orretion inreases only weakly with pT up to
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|y| = 2.0 and then inreases little faster for higher rapidities. The relativeimpat of the soft radiation orretion is larger for the pure partile jets,shown in Fig. 7.2(b), beause the partile level imbalane is muh smallerthan the detetor resolution.
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Figure 7.2: Soft radiation orretion in CC for (a) dijet data and (b) partilelevel dijet MC.7.4 Partile level imbalane orretionEven in the ideal situation of only two partile jets and no soft radiationthe two jets are not neessarily perfetly balaned. In the leading orderof perturbation theory the two partons are produed perfetly balaned in
pT , assuming the olliding partons had no primordial pT inside the proton.Interation with the other partons in the proton after the hard satter andistribute some of the pT to proton remnants and underlying event, and thefragmentation e�ets ause some energy and pT to be showered outside thejet one. The latter e�et, alled physis showering, is expeted to be thedominant ause of pT imbalane at partile level.The transition from physis showering due to fragmentation to soft radiationdue to initial and �nal state radiation may not be sharp and falls in theregime of non-perturbative QCD that is less well understood than the per-turbative regime. For this reason the soft radiation orretion and partilelevel imbalane orretion may be entangled at some level. Partile jets alsohave an inherent reonstrution threshold, although muh lower than the re-onstrution threshold for alorimeter jets. To remove the overlap betweensoft radiation orretion and partile level imbalane orretion, the partile



CHAPTER 7. JET PT AND Y RESOLUTIONS 142level imbalane is determined from MC using the method introdued for softradiation orretions in data
kMC

soft =
σptcl

raw (pptcl
T,cut → 0)

σptcl
raw (pptcl

T,cut = 6 GeV/c)
, (7.12)

σMC = kMC
softσ

ptcl
raw . (7.13)The soft radiation orretion at partile level is about 0.75 at pT = 50 GeV/cin CC, as shown in Fig. 7.2(b). The orreted σMC is shown in Fig. 7.3ompared to orreted pT resolution.The partile level imbalane σMC is subtrated in quadrature from the softradiation orreted resolution (ksoftσraw) to get the orreted resolution,

σcorr =

√

(ksoftσraw)2 − σ2
MC. (7.14)The relative orretion due to partile level imbalane is about 7�9% in CC,2�6% in ICR and EC for pT > 50 GeV/c, with larger orretion at low pT .The partile level imbalane orretion uses the RMS value of the partilelevel imbalane, whih is supported by the Monte Carlo losure tests. Thedi�erene between the Gaussian σ and RMS an be up to a fator of two.The large tails shown in Fig. 7.4 are aused by muons (µs) and neutrinos (νs)produed in the parton shower that are invisible energy for the partile jetalgorithm used in standard DØ MC. The µs and νs are produed espeiallyin the deay hains of b-jets, whih aount for 1�2% of the total inlusive jetross setion [134℄. This is onsistent with the tails being about two orders ofmagnitude lower than the main peak. The shift to JES due to unaountedfor µs and νs is expliitly orreted for in Ch. 8. This inreases the rosssetion by about 2%.7.5 Shape of the ∆pT distributionThe jet pT resolution desribes the distribution of ∆pT = pT,reco/pT,ptcl − 1by RMS(∆pT ). In the simplest approximation this distribution is Gaussian,with σGauss = RMS(∆pT ). This assumption holds well partiularly at low

pT in CC and EC. At high pT the ∆pT distribution produes non-Gaussiantails in all rapidity regions, as shown in Fig. 7.5(a) for |y| < 0.4, beausethe alorimeter is not thik enough to ontain the full energy of all hadronishowers. In ICR the ∆pT distribution shown in Fig. 7.5(b) is augmentedby another non-Gaussian tail, whih is modeled by a seond Gaussian that
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Figure 7.5: Examples of (a) punh-through at |y| < 0.4 in the bin
300 < pT < 400 GeV/c and (b) ICR tails at 0.8 < |y| < 1.2 in the bin
160 < pT < 200 GeV/c. The blak line shows a Gaussian �t (χ2/NDF = 46and 8.6), the gray (green) line the �t with tails (χ2/NDF = 2 and 0.93).



CHAPTER 7. JET PT AND Y RESOLUTIONS 145The non-Gaussian tails are parametrized using MC truth1, and the widthof the ∆pT distribution is then saled to math the resolution in data. Thejet pT resolutions are desribed by their RMS, whih is well-de�ned for boththe MC truth ∆pT distributions and the asymmetry distributions in data. Arequirement for all the MC parametrizations is that the arithmeti mean ofthe ∆pT distribution is �xed at 0. This ensures onsisteny with JES thatalibrates the arithmeti mean of the ∆pT distribution and not the Gaussianmean, whih is not well-de�ned for non-Gaussian distributions.Punh-throughThe depth of the DØ alorimeter is around seven nulear interations lengths
λ as shown in Fig. 7.7. Although this is thik enough to ontain low pT jets,some high pT hadroni showers an punh through and lose a fration oftheir energy outside the alorimeter. This is often evidened by the muondetetor reeiving spurious energy deposits behind the punh-through jets.As a result, the di�erene between the RMS and Gaussian σ in MC truth isup to 20% in CC at pT = 600 GeV/c.The punh-through is modeled with an exponentially distributed energy losswith parameter λ for a fration P of the jets

δ(x) → (1 − P )δ(x − µ) + Pλ exp (λ(x − µ)) θ(µ − x), (7.15)
x =

pT

pptcl
T

− 1, 0 ≤ P ≤ 1, λ > 0, 〈x〉 = µ − P

λ
. (7.16)Here δ(x) is the Dira's delta funtion and θ(x) is the Heaviside step funtion.The parameter µ is introdued so that the mean of the distribution an beshifted to 〈x〉 = 0 as JES requires.The observed ∆pT distribution folds the δ-funtion and exponentially deay-ing punh-through gpunch−through(x, µ, P, λ) of Eq. 7.15 with Gaussian detetorresolution gdet(x, 0, σ). The folding is omputed analytially2 after replaingthe integration range by (−∞,∞)

g(x, µ, σ, P, λ) = gpunch−through(µ, P, λ)⊗ gdet(0, σ)(x)

=

∫ 980

0

((1 − P )δ(y − µ) + Pλ exp (λ(y − µ)) θ(µ − y))1MC truth refers to the aessing of partile level information that is not available indata.2The symboli evaluation was performed using Mathematia.
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·
exp

(

− (x−y)2

2σ2

)

√
2πσ

dy (7.17)
⇒ g(x, µ, σ, P, λ) = (1 − P )gdet(x, µ, σ) +

Pλ

2
· exp

(

λ(x − µ +
λσ2

2
)

)

·erfc
(

x − µ + λσ2

√
2σ

)

. (7.18)The mean and RMS of this new distribution are analytially alulated as3
〈x〉 = µ − P/λ, (7.19)

RMS(x) =

√

〈x2〉 − 〈x〉2 =
√

σ2 + P (2 − P )/λ2. (7.20)The funtional form in Eq. 7.18 is �tted to the MC truth resolutions in eah
pT and y bin. The parameters P and λ are �xed in an iterative proedure tothe simplest polynomials that give overall good �ts. Physial behavior for thepunh-through tails is ensured by requiring that P (pT → 0) → 0, P ∈ [0, 1]and λ > 0. In addition, the analytially alulated RMS of Eq. 7.20 isrequired to math that of the MC truth ∆pT distributions.Non-uniform alorimeter thikness auses parameter P to vary with ηdet, withthe thinnest region and highest P around ηdet = 0.65. The fration of highenergy pions in a jet inreases with energy and so does the punh-throughfration P . Parameter λ also inreases with energy, but has no rapiditydependene. The �nal parameterizations are shown in Fig. 7.6.Interryostat regionSome non-Gaussian struture is expeted in ICR [135℄ beause the stableuranium-liquid Argon alorimeter is partly replaed by less preise sintillatormaterial and aging photomultiplier tubes of the interryostat detetor (ICD).In addition, ICR is the middle region between entral and forward ryostatsand has a gap in the EM alorimeter overage. These e�ets ause a frationof the jets to have worse resolution and shifted average response omparedto the rest.The ICR tails are reasonably well desribed by replaing the main Gaus-sian in Eq. 7.18 by a double-Gaussian and keeping the punh-through tail3Folding with gdet(x, 0, σ) does not hange the mean of gpunch−through, and only adds
σ in quadrature to the total RMS. The RMS for the sum of the two omponents is
RMS =

√

f · RMS(1)2 + (1 − f) · RMS(2)2 + f(2 − f)(MEAN(1) − MEAN(2))2, where
f = N1

N1+N2
.
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Figure 7.6: Parameters of the punh-through �ts as a funtion of pT for dif-ferent rapidity regions. The parameter P models the punh-through fration(left), the parameter λ is the exponential deay onstant of the frational en-ergy loss (right). The thinnest region of the alorimeter is around ηdet = 0.65,where the P is expeted to be highest. The CC and EC are �tted with asingle urve for P , as are all regions for λ.unmodi�ed. This leads to the following parametrization
g(x, µ, σ) = (1 − P ) ((1 − H)gdet(x, µ, σ) + Hgdet(x, µ + µH , κσ))

+
Pλ

2
· exp

(

λ(x − µ +
λσ2

2
)

)

· erfc
(

x − µ + λσ2

√
2σ

)

. (7.21)Here a fration H of non-punh-through jets are shifted by µH relative tothe entral Gaussian and have their resolution degraded by a fator κ. Themean and RMS an be analytially alulated
〈x〉 = µ − P/λ + ∆µ, ∆µ = H(1 − P )µH (7.22)

RMS(x) =
√

(1 + H(κ2 − 1))σ2 + H(1 − P )(µH − ∆µ)2

+∆µ2 + P (2 − P )/λ2. (7.23)As in the ase of punh-through, the funtional form in Eq. 7.21 is �ttedto the MC truth resolutions in eah pT and y bin. The parameters H , µHand κ are then �xed to the parametrizations that give overall good �ts.Parameter H has onstant values ∼0.11 and ∼0.02 in ICR at 0.8 < |y| < 1.2and 1.2 < |y| < 1.6, respetively, and is zero elsewhere. Parameter µH
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κ =

√

N2 + (κ0S)2pT + (κ1C)2p2
T /
√

N2 + S2pT + C2p2
T , (7.24)where N ≈ 1, S ≈ 0.8 and C ≈ 0.06. This funtional form assumes thata fration of the events has higher stohasti (S) and onstant (C) termsthan the rest, but leaves the small low pT noise ontribution (N) una�eted.The �ts for µH and κ are shown in Fig. 7.8 and the parameters are given inTable 7.2.The �tted parameters for the tails in all rapidity regions as well as the �tfuntions are provided in Tables 7.1 and 7.2.7.6 Asymmetry biasThe tails at ∆pT > 0 in the ∆pT distribution are enhaned in the measureddijet asymmetry beause the pavg

T migrates up to a region of phase spaewith lower ross setion, whereas the tails at ∆pT < 0 are redued for thesame reason. As long as the ∆pT distribution is symmetri the two e�ets
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(a)Figure 7.8: Parameters of the double-Gaussian �t in ICR: (a) relative widen-ing κ and (b) relative shift µH ompared to the main Gaussian. The relativefration H of jets in the seond Gaussian is ∼0.11 at 0.8 < |y| < 1.2 and
∼0.02 at 1.2 < |y| < 1.6.Table 7.1: Parameters of the punh-through tails. The |y| < 0.4 and |y| > 1.6are �tted to a single urve for P , as are all regions for λ.

P0 P1 λ0 λ1

|y| < 0.4 0.000409 3.16e-07 11.9 0.0118
0.4 < |y| < 0.8 0.000764 8.76e-08 11.9 0.0118
0.8 < |y| < 1.2 0.000118 2.18e-06 11.9 0.0118
1.2 < |y| < 1.6 0.00085 -1.21e-06 11.9 0.0118
1.6 < |y| < 2.0 0.000409 3.16e-07 11.9 0.0118
2.0 < |y| < 2.4 0.000409 3.16e-07 11.9 0.0118

P = P0 + P1 · pT , P ∈ [0, 1],
λ = λ0 + λ1 · pT .ompensate and the resulting bias is small. However, the ∆pT distribution isonsiderably asymmetri partiularly at high pT due to the punh-through.The bias on the measured asymmetry is estimated by folding the param-etrized ∆pT distribution from MC truth with the parametrized dijet rosssetion from data that was used in JES in Setion 6.4.2. The bias is deter-mined as a ratio of the ideal asymmetry A2

ideal = (σ2
1 + σ2

2)/(2p2
T ) and the



CHAPTER 7. JET PT AND Y RESOLUTIONS 150Table 7.2: Parameters of the ICR tails.
H κ0 κ1 µH,0 µH,1 µH,2

|y| < 0.4 0 1 1 0 0 0
0.4 < |y| < 0.8 0 1 1 0 0 0
0.8 < |y| < 1.2 0.106 1.18 2.04 0.0997 -0.0732 0.014
1.2 < |y| < 1.6 0.0239 1.1 1.5 0.178 -0.0805 0
1.6 < |y| < 2.0 0 1 1 0 0 0
2.0 < |y| < 2.4 0 1 1 0 0 0

κ =

√
1.12+0.7942·κ2

0·pT +0.06082·κ2
1p2

T√
1.12+0.7942·pT +0.06082·p2

T

,
µH = µH,0 + log(0.01pT ) · (µH,1 + log(0.01pT ) · µH,2).numerially integrated asymmetry Aexp

x = pptcl
T , z = δpT = (pT,2 − pT,1)/2, pT = (pT,2 + pT,1)/2,

w =

∫ 980

0

∫ pT

−pT

f(x, y1, y2)g(pT − z, x, y1)g(pT + z, x, y2)dxdz,

〈z〉 =

∫ 980

0

∫ pT

−pT

f(x, y1, y2)g(pT − z, x, y1)g(pT + z, x, y2)zdxdz,

〈

z2
〉

=

∫ 980

0

∫ pT

−pT

f(x, y1, y2)g(pT − z, x, y1))g(pT + z, x, y2)z
2dxdz,

σ2
Aideal

= (σ2
1 + σ2

2)/(4p2
T ), σ2

Aexp
=
〈

z2
〉

/(wp2
T ) − 〈z〉2 /(w2p2

T ),

σA = σAmeas ·
σAideal

σAexp

= σAmeaskbias, (7.25)where f(pptcl
T , y1, y2) is the dijet pT spetrum, g(preco

T , pptcl
T , y) is the ∆pT dis-tribution from MC truth and Ameas is the dijet asymmetry measured fromdata. The resolutions σ1 and σ2 are the RMS of g(preco

T , pptcl
T , y) at y = y1 and

y = y2, respetively. The pT resolution in data is worse than in MC truth,but both σAideal
and σAexp are saled by the same fator and the di�ereneanels out to leading order in the ratio. The impat of the bias orretion isnegligible in CC, ICR and at low pT , but grows up to 10% at the highest pTin EC, where the ross setion falls steepest and auses the punh-throughtails to largely disappear in the measured asymmetry.



CHAPTER 7. JET PT AND Y RESOLUTIONS 1517.7 Final resultIn summary, the orreted jet pT resolution is given by
Aref =

pT,2 − pT,1

pT,2 + pT,1
, |y1,2| < 0.8 (7.26)

A =
pT,2 − pT,1

pT,2 + pT,1

, |y2| > |y1|, |y1| < 0.8 (7.27)
σpT

pT
=

√

k2
soft(4(kbiasA)2 − 2(kbias,refAref)2) − σ2

MC, (7.28)where the measured asymmetry A is orreted for soft radiation ksoft, partilelevel imbalane σMC and asymmetry bias kbias. The results are statistiallyonsistent with the slightly simpler approah
Ã =

pT,2 − pT,1

pT,2 + pT,1
, |y|bin,min < |y1,2| < |y|bin,max (7.29)

σpT

pT
=

√

2(k̃softk̃biasÃ)2 − σ̃2
MC, (7.30)where the orretions k̃soft , k̃bias and σ̃MC have been derived for the orre-sponding topology. However, the former method bene�ts from muh higherstatistis whih allow the data-based measurement to be made up to |y| < 2.4with relatively small statistial unertainty.The resolution results are also onsistent with the resolution measurementsfrom the γ+jet sample

σγ+jet
pT

pT

=

√

(

kγ+jet
soft Aγ+jet

)2

− Pσ2
γ − Pσ2

MC,γ+jet . . .

−(1 − P )σ2
EM − 2(1 − P )σ2

MC,EM+jet . . . (7.31)
−P (1 − P )(µγ+jet − µEM+jet)2,where the measured asymmetry in the γ+jet sample with purity P is or-reted for the EM+jet bakground peak being shifted with respet to the

γ+jet omponent (µγ+jet − µEM+jet), for the photon and EM-jet resolutions(σγ , σEM) and the partile level imbalane in the two di�erent samples(σMC,γ+jet, σMC,EM+jet). These orretions amount up 40% of the pT res-olution. Due to the higher systemati unertainties there is little bene�tfrom ombining the γ+jet sample with the dijet sample for the resolutiondetermination to improve the �t at low pT .



CHAPTER 7. JET PT AND Y RESOLUTIONS 1527.8 Fit of the resolutionThe measured resolutions are �tted with the parametrization
σpT

pT
=

√

N2

p2
T

+
S2

pT
+ C2, (7.32)where N is alled the noise term, S the stohasti term and C the on-stant term. As the names suggest, N parametrizes �utuations due to noiseand o�set energy from multiple interations, S parametrizes the stohasti�utuations in the amount of energy sampled from the jet hadron showerand C parametrizes �utuations that are a onstant fration of energy suhas detetor disuniformities or instabilities and the error on the alibration.Figure 7.9 shows an example of the resolution �t in CC.
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Figure 7.9: Jet pT resolution in CC. The entral �t is shown as a solid lineand the �t unertainty as a shaded band.Noise termThe noise term is signi�ant only at very low pT , < 30 GeV/c. It is poorlyonstrained by data �ts alone, with an unertainty in the order of a ouple ofGeV/c. To better onstrain the noise term, its value is �xed to the average



CHAPTER 7. JET PT AND Y RESOLUTIONS 153�t from MC truth, 2.07 GeV/c, with ±1 GeV/c taken as unertainty. Thisagrees with the o�set estimated from data that an be used as an estimatefor N .The size of the noise term estimated from o�set in data is in the order ofa ouple of GeV/c. This estimate uses an average of about 0.5 additionalinterations with 0.6 GeV/c of o�set pT per interation, 0.3 GeV/c fromnoise and multiplying the total by response (∼ ×2 at pT ≈ 20 GeV/c) andzero-suppression bias (∼ ×1.5) to give 1.8 GeV/c. In addition, the RMSof o�set is assumed to be equal to the mean, whih is generally true for anexponentially falling distribution. The almost linear dependene of N on thenumber of multiple interations, i.e. the amount of o�set, is qualitativelyon�rmed with MC truth, whih supports estimating the noise term by theaverage o�set.Stohasti termThe stohasti term is the limiting fator at low to medium pT . It representsthe statistial (=stohasti) �utuations in the amount of measured energyand is higher for sampling alorimeters than for homogeneous ones. Eahpartile in the jet shower an be thought to ionize on average a given amountof atoms per unit energy while passing through the alorimeter. The stohas-ti �utuations are related to the number of these ionized partiles. With asimple formulation
σS ∝ 1√

Emeas

=
1√
RE

=
1

√

RpT cosh(η)
(7.33)

⇒ S ∝ 1
√

R cosh(η)
, (7.34)we get that the stohasti term S has weak pT dependene through theresponse energy dependene, and we �t an e�etive value. The stohastiterm generally dereases versus rapidity, but inreases in ICR where thefration of sampled energy is partiularly low.Constant termThe onstant term C is the limiting fator at high pT . It enompasses all thee�ets that are diretly proportional to the jet energy. These may inludesome fration of the integrated signal being lost, e.g. along with late-reatingneutrons, relative ell alibrations or instability. It has been proposed that



CHAPTER 7. JET PT AND Y RESOLUTIONS 154the higher onstant term in Run II (RMS ≈ 6%, σgauss ≈ 5% in CC) om-pared to Run I (σgauss ≈ 3% in CC [4℄) is primarily due to a fration of thesignal from slow neutrons being lost due to the short signal integration time.7.9 ResultsThe �nal �t results are shown in Fig. 7.10 and summarized in Fig. 7.11. The�t parameters are provided in Table 7.3. The resolutions in CC and ECare omparable due to the similar omposition of the alorimeter, with theresolutions slightly better at low pT in EC due to the fator 1/ cosh η for Sin Eq. 7.34. The ICR resolutions are up to 50% worse than CC resolutionsdue to lower and less stable response and non-uniform detetor struture inICR. Table 7.3: Parameters of the RMS �ts versus pT for data.
N(oise) S(tohasti) C(onstant)

|y| < 0.4 2.07 0.703 0.0577
0.4 < |y| < 0.8 2.07 0.783 0.0615
0.8 < |y| < 1.2 2.07 0.888 0.0915
1.2 < |y| < 1.6 2.07 0.626 0.1053
1.6 < |y| < 2.0 2.07 0.585 0.0706
2.0 < |y| < 2.4 2.07 0.469 0.07137.10 Test of method in Monte CarloThe true jet pT resolution is de�ned as

σ

pT
= RMS

(

preco
T − pptcl

T

pptcl
T

)

versus pptcl
T , (7.35)where the reonstruted jet and partile jet are uniquely4 mathed within

∆R < Rcone/2. The goal of the data-based resolution measurement is toestimate the equivalent resolution in data. The method itself an be testedin MC by omparing the jet pT resolution derived from reonstruted jets4Unique mathing is here taken to mean that there is no other reonstruted jet within
∆R < Rcone from the partile jet, and no other partile jet within ∆R < Rcone from thereonstruted jet. This is to avoid ambiguity due to the split-and-merge proedure.
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Figure 7.10: Jet pT RMS resolution �ts in data. The �t unertainty is shownas a shaded band around the �t.
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CHAPTER 7. JET PT AND Y RESOLUTIONS 157alone to the MC truth in the same sample. The method biases are smallwhen all the resolutions are measured using their RMS values, as shown inFig. 7.12.The largest residuals are observed in the 0.8 < |y| < 1.2 bin and at low
pT in the |y| > 1.6 region. The problems in the former bin are most likelyexplained by ompliations aused by the relatively large non-Gaussian ICRtails that are shown in Fig. 7.5(b). Their shape and magnitude are not aswell known as the shape of the punh-through tails, whih leads to a largersystemati unertainty. The ICR tails are inluded in the analysis system-atis by saling them by a fator of two, whih also aounts for possibledata-to-MC di�erenes. The latter region in EC su�ers at low pT in the re-onstruted MC data from large �utuations due to high MC weights, whihompliates the losure test. The residual is not well explained and is there-fore fully aounted for in the systemati unertainties. The residual alsodereases rapidly at pT > 50 GeV/c and so has a relatively small impat onthe analysis. The observed residuals as well as the statistial unertainty ofthe reonstruted MC �t in Fig. 7.12 are added in quadrature to the totalresolution unertainty.7.11 Resolution unertaintyThe resolution unertainties, shown in Fig. 7.14 for CC and EC, ome pri-marily from the statistial unertainties in the �ts and from reasonable en-velope urves to over any residuals in the �ts. The systemati unertaintyis broken into omponents in Fig. 7.13. The total unertainty is generally5�8% over the full kinemati range overed by the inlusive jet ross setionmeasurement (pT > 50 GeV/c).The noise term is varied within ±1 GeV/c to over luminosity dependeneat low pT , and also the fat that it is onstrained to the MC truth valuein the �nal �ts. The di�erene between RMS and Gaussian σ is a sizeableontribution in CC, but small in ICR and EC.Another important soure of unertainty is the MC losure test with itslimited statistis in EC. The losure test has some residual at 0.8 < |y| < 1.2in ICR and at pT < 100 GeV/c in EC so both the statistial unertainty andthe residuals are onservatively added to the total unertainties.In addition to the unertainty on the RMS, ICR region is also assigned shapeunertainty whereby the ICR tails are signi�antly redued (H → H/2, κ →
(1 + κ)/2, µH → µH/2). This aounts for the possibility that JES zvtx-
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CHAPTER 7. JET PT AND Y RESOLUTIONS 159dependent alibration has redued the tails in data. The zvtx-dependentalibration is not performed in MC due to lak of statistis and a priorismaller dependene.
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Figure 7.13: Jet pT resolution systemati unertainty in data at |y| < 0.4and 2.0 < |y| < 2.4.
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Figure 7.14: Jet pT resolution total unertainty in data at |y| < 0.4 and
2.0 < |y| < 2.4.



CHAPTER 7. JET PT AND Y RESOLUTIONS 1607.12 Jet rapidity resolutionThe rapidity resolution is a small e�et whih is best determined from MC.The reonstruted jets are uniquely mathed to partiles jets within ∆R <
Rcone/2 and jets are binned in (yptcl,pptcl

T ) to avoid resolution bias. Binningin pptcl
T instead of Eptcl makes the resolution relatively �at versus yptcl.The ∆y = (yreco − yptcl) distributions have non-Gaussian tails, with the

RMS(∆y) up to twie that of the Gaussian σy. The rapidity resolutionsare determined as the RMS values, with the total rapidity unfolding lateronservatively taken as a small systemati.The rapidity resolution determined in the bin 60 < pptcl
T < 80 GeV/c is shownin Figure 7.15. The resolution varies smoothly versus rapidity in CC and EC,but has a sharp transition in ICR. The shape is similar in other pptcl

T bins, butthe transition region moves toward CC at high pT . The energy dependene iswell desribed by a powerlaw σy = σ0+σ1p
m
T , with the dependene separatelyparametrized for CC, ICR and EC.

ptcl
jet

y

-3 -2 -1 0 1 2 3

)
p

tc
l

je
t

 -
 y

re
co

je
t

 =
 R

M
S

(y
y

σ

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 = 0.7coneR < 80
ptcl

T
 60<p

Figure 7.15: Rapidity RMS resolution �t at 60 GeV/c < pptcl
T < 80 GeV/c.The rapidity bins are wide ompared to the rapidity resolution so that bin-to-bin migration only takes plae at the bin edges. It is important thatthe resolution is smoothly parametrized versus rapidity so that the orretresolutions are used at the bin edges. The rapidity resolution is parametrizedwith a 2D funtion

σy = σCC + (σICR − σCC)
cosh2 y − 1

cosh2 µ − 1
, if |y| < µ, (7.36)
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σy = σEC + (σICR − σEC)

tanh−2 y − 1

tanh−2 µ − 1
, if |y| ≥ µ, (7.37)(7.38)whose parameters are given in Table 7.4. The rapidity resolution �t is shownin Fig. 7.16. Table 7.4: Rapidity resolution �t parameters.Parameter p0 p1 p2 funtion

σcc 0.007976 1.217 -0.9394 p0 + p1 · pp2

T

σicr 0.004265 0.9231 -0.7806 p0 + p1 · pp2

T

σec 0.01197 1.324 -1.101 p0 + p1 · pp2

T

µ 1.685 -0.2 � p0 + p1 log(0.01 · pT )
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Chapter 8Data analysis
8.1 OverviewThis hapter disusses the experimental uts, e�ieny orretions and pTspetrum unfolding needed to produe a measurement of the inlusive jetross setion. The data-based measurement is ompared to the preditionsof perturbative QCD, inluding orretions for non-perturbative e�ets, andthe agreement between data and theory is disussed. The unertainty orre-lations are studied in detail and used in a omparison of data and theory.Setions 8.2 and 8.3 desribe the event and jet quality uts, and the derivationof their e�ienies. These math the event and jet quality de�nitions usedin the jet energy sale determination and the jet pT resolution derivations toobtain a maximum onsisteny of the results. The single-jet trigger turn-onsand trigger e�ienies are disussed in Se. 8.4 along with the other pratialissues in ombining jet pT spetra from di�erent trigger samples. The �nalstep in the analysis is the unfolding of the jet ross setion, desribed inSe. 8.5. The e�ets of pT and rapidity resolution are onsidered separatelyusing an ansatz-based iterative approah. The theoretial preditions for theross setion are disussed in Se. 8.8. The fully orreted ross setion resultsare presented and ompared to theory in Se. 8.10. A detailed statistialanalysis of the onsisteny between data and theory inluding unertaintyorrelations of both experimental and theoretial unertainties is given inSe. 8.11. Finally, the methods used in the analysis are tested for losurewith the Monte Carlo simulation in Se. 8.12.
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CHAPTER 8. DATA ANALYSIS 1648.2 Event utsThe event quality uts fall into three distint ategories having di�erent goals.The vertex quality uts are designed to selet events with a high quality ver-tex near the alorimeter enter to improve the jet pT and y measurementsand to redue the number of events with the jets assigned to a wrong vertex.The missing-ET ut is designed to primarily remove the osmi ray eventsat high pT . About 3% of the events su�er from alorimeter problems suhas sparks in the alorimeter, high level oherent eletronis noise or dete-tor failures. Suh events have been �agged by the data quality group withalorimeter quality �ags and are removed from the analysis.8.2.1 Calorimeter event quality �agsThe alorimeter event quality �ags in Run IIa inlude �ags for oherentpedestal shifts in the analog-to-digital onverter (�oherent noise�), parts ofthe alorimeter not being read out (�missing rate�), external alorimeternoise often ourring at noon (�noon noise�) and external noise often asso-iated with welding and a�eting a full ring in φ (�ring of �re�). A detaileddesription of these problems an be found in Ref. [137℄. The oherent noise�ag is on for 5.5% of the triggered events, and the other �ags for 0.9% of theevents. Some of the alorimeter event quality �ags overlap with the 17.2% ofbad events removed by the run or luminosity blok number and the frationof events removed by the �ags alone is 4.5%. The noise often auses addi-tional �ring of the triggers and reates fake jets that an present a signi�antbakground if the real signal is small. As an example, 40% of the eventstriggered by JT_125TT and having a jet andidate with pT > 400 GeV/cbefore any quality uts are bad events with oherent noise.Unlike bad runs and luminosity bloks, the alorimeter event quality �agsdo not diretly enter the luminosity alulation and need to be onsidered asan additional ine�ieny. The rate at whih alorimeter problems our isindependent of physis and an be estimated using an independent samplewhose trigger is known to be una�eted by the alorimeter problems. Thebest estimate for the true ine�ieny is provided by the fration of eventsremoved by the alorimeter quality �ags in the zero bias sample. The ZBtrigger �res at a onstant rate independent of what happens in the alorimeterso the oinidene rate of problemati events in the ZB sample an be usedas an estimate of the ine�ieny. The alorimeter quality �ag ine�ienyhas been alulated to be 3.2 ± 1.0% for the Run IIa trigger lists v12�v14



CHAPTER 8. DATA ANALYSIS 165using results in [138℄. The 1.0% unertainty overs the time and luminosityvariation of the ine�ieny between 2�4% that a�ets di�erent triggers atslightly di�erent amounts. It is believed that there is strong orrelationbetween the L2 aept rate and the rate at whih oherent noise ours inthe alorimeter, whih auses the strong time dependene observed in [138℄.8.2.2 Vertex quality utsThe vertex seletion is based on three simple uts
• nvtx ≥ 1

• |zvtx| < 50 m
• ntracks ≥ 3The �rst ut is quite obvious, beause a vertex is needed to properly reon-strut jet pT and y. The verties are ordered in inreasing probability tobelong to a MB event, and the �rst one is seleted as the primary vertex forthe hard sattering.The seond ut ensures that jets originate reasonably lose to the alorimeterenter so that the angles of inidene for entral and forward alorimeter arefairly diret. Very shallow angles lead to redued jet response due to inreasedpath length in dead material and redued performane of the liquid argonalorimeter. In the interryostat region the high-|zvtx| jets an hit raks inthe detetor and leak energy. These e�ets degrade the pT resolution forhigh-|zvtx| jets. Cutting at |zvtx| < 50 m also keeps the vertex in the highe�ieny traking region. The traking e�ieny drops rapidly at |zvtx| >40�60 m and the high-|zvtx| verties are found with lower e�ieny than theentral ones.The third ut is used to selet reliably reonstruted verties. The minimumnumber of traks needed to reonstrut a vertex is 2, but suh verties areat risk of being formed from fake high-pT traks and ould overtake thetrue primary vertex. This is espeially problemati at high instantaneousluminosity, as has been observed in Tevatron Run IIb. For inlusive jetevents at pT > 50 GeV/c the trak multipliities are high, averaging 23�30traks per vertex as shown in Fig. 8.1, ompared to about 5�8 on averagefor minimum bias interations. This ut removes about 0.4% of the leadingverties together with nvtx ≥ 1.



CHAPTER 8. DATA ANALYSIS 166It is likely that many of the events removed by ntracks ≥ 3 and nvtx ≥ 1 havethe true primary vertex at |zvtx| > 40 m where it is not reonstruted due tolower traking e�ieny. About 50% of the events in the Run IIa data haveminimum bias verties that an replae the missing primary vertex, but the
nvtx ≥ 3 ut removes about 30% of these. The observed 0.4% ine�ieny inthe number of traks and verties is onsistent with about 0.6% of the primaryverties not being reonstruted, but 0.2% being replaed by a minimum biasvertex with ntracks ≥ 3. The e�ieny for ntracks ≥ 3 and nvtx ≥ 1 is estimatedas 0.996 ± 0.004, being �at in pT and rapidity.
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Figure 8.1: Distribution of jets with ntracks traks assoiated to the primaryvertex. The shaded area shows the fration of jets passing all vertex ID uts.The solid line shows Gaussian �t to 8 ≤ ntracks ≤ 20.The leading ine�ieny omes from the |zvtx| < 50 m ut, whih is on aver-age about 7% ine�ient ompared to the 0.4% ine�ieny of the other vertexuts. The best estimate of the e�ieny of the 50 m ut is provided by a de-tailed study on the shape of the luminous region provided in Ref. [136℄. Thelongitudinal shape of the luminous region is approximated by the expression
dL(z)

dz
= NpNp̄

1√
2πσz

e−(z−z0z)2/2/σ2
z

4πσx(z)σy(z)
, (8.1)where the overlap of the proton and antiproton beam bunhes having Np and

Np̄ partiles is desribed with a Gaussian distribution of width σz in the zdiretion, with a possible o�set z0z relative to the nominal interation point.The σx(z) and σy(z) represent the transverse size of the beam spot and vary
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σ2

T (z) =
1

6πγ
ǫT β∗

T

(

1 +
(z − z0T )2

β∗2
T

)

. (8.2)Here T is either x or y, γ is the relativity fator of the beam partiles, and
z0T is the minimum of the β funtion in the diretion T . The emittane ǫTand beta parameter β∗

T desribe the beam optis near the interation point.The provided parametrizations are integrated to yield
ǫ|zvtx|<50 cm =

∫ 50 cm

−50 cm
f(zvtx, run,L)dzvtx

∫ 100 cm

−100 cm
f(zvtx, run,L)dzvtx

, (8.3)where the limits of integration in the denominator ome from the uts usedin the luminosity determination. The parametrizations have been providedas a funtion of the instantaneous luminosity for several run ranges, with thee�ieny varying by up to 6% as a funtion of luminosity and up to 5% asa funtion of the run number. The e�ieny orretion is applied on a perevent basis.The run number dependene re�ets hanges in the beam optis that havea�eted the beam shape suh as a hange in the β∗ [136℄. The instantaneousluminosity dependene is primarily aused by the beam heating up duringthe store. This leads to the beam bunhes and the luminous area to be longerat the end of the store (low instantaneous luminosity) than at the injetion(high instantaneous luminosity). The results are shown in Fig. 8.2. Theaverage e�ieny is 93%, with variation from 89% to 95%.The 50 m ut e�ieny from the luminous area shape is ross-heked inthe analysis by alulating the fration of jets removed from the inlusivejet sample in eah pT and y bin by the |zvtx| < 50 m ut. The results aregenerally onsistent with the luminous area shape, but show about 1�2%lower e�ieny. This is explained by the jet pT resolution being worse forjets at |zvtx| > 50 m, where a 10% degradation in the resolution is enoughto inrease the observed number of jets by about 1%. No appreiable pT or
y dependene is observed in the ross-hek, whih is expeted beause thetrue vertex distribution does not depend on the jet rapidity or pT .The vertex reonstrution e�ieny ould be lower for very forward jets, asthe traking e�ieny drops with inreasing rapidity. The redued trakinge�ieny should also show up as a derease in the ntracks ≥ 3 ut e�ieny.However, no signi�ant additional ine�ieny is observed for the forwardregion when the fration of jets ut is broken up in rapidity intervals. The
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CHAPTER 8. DATA ANALYSIS 169in Ref. [136℄. The resulting unertainty is 0.5%.The possibility of a lower vertex reonstrution probability and a higher
ntracks ≥ 3 ine�ieny for the forward region is overed by an additional0.5% unertainty at |y| > 1.6. The size of this unertainty is ditated by thelimited statistial preision of the tests used to onstrain these ine�ieniesin the forward region.In onlusion, the vertex quality ut ine�ieny is dominated by the ut
|zvtx| < 50 m, whih has a time and luminosity dependent e�ieny varyingbetween 0.885�0.950. The nvtx ≥ 1 and ntracks ≥ 3 ut e�ieny is 0.996.The average vertex ut e�ieny for the full sample is between 0.910�0.924depending on the trigger, generally lower for low pT triggers. The totalvertex unertainty is omposed of the unertainty in the luminous regionshape (0.5%), unertainty in the overall nvtx ≥ 1 and ntracks ≥ 3 e�ieny(0.4%) and an additional unertainty to over for the possibility of inreasedine�ieny in the forward region (0.5% at |y| > 1.6).8.2.3 Missing ET utThe missing-ET ut is devised to remove fake jets produed by osmi rayshowers. The ross setion for osmi ray events falls muh less steeplyversus energy than the inlusive jet ross setion, and osmi ray showers arefrequently triggered in the DØ alorimeter at energies well beyond 1 TeV.The ross setion for osmi ray events beomes omparable to or higher thanthe high-pT jet ross setion at pT > 400 GeV/c. Fortunately, the osmiray events have several distint harateristis that an be used to e�ientlyremove them from the measurement.The osmi ray showers ome from the outside and typially deposit most oftheir energy on one side of the alorimeter, produing high missing-ET (6ET )that peaks at pT,lead/ 6ET ≈ 1 as shown in Fig. 8.3. In event displays the osmiray events an be identi�ed by energy deposits in the muon detetors, large,spread-out jets on one side of the alorimeter and often missing trakinginformation beause the osmi ray events are out of time with the bunhrossings and traker read-out.The osmi ray events an be rejeted by requiring traks to be mathed tothe jets beause the osmi ray events are rarely in time with the trakingread-out. However, this ut would also remove legitimate jets, partiularlyin the forward region where the traking e�ieny is lower. The osmi rayevents an also be e�iently removed using alorimeter information only,suh as the missing-ET , so this information is used instead.
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Figure 8.3: Peak in pT,lead/ 6ET produed by osmi ray bakground. Theshaded region shows jets passing the ut on missing-ET .The inlusive jet events have normally 6ET ≈ 0. Oasional small amounts oftrue missing-ET is generally a produt of neutrinos being produed inside jets,espeially in deays of heavy �avor jets. The event-by-event �utuations inthe measured energy reate signi�antly larger missing-ET . The �utuationsin missing-ET are largest at low pT where osmi ray bakgrounds are of littleonern. At high pT the jet pT resolution is good, and uts an be tightenedfor better rejetion of osmi ray bakgrounds. The following uts are usedin this analysis
6ET

puncorr
T,lead

< 0.7, if puncorr
T,lead < 100 GeV/c, (8.4)

6ET

puncorr
T,lead

< 0.5, otherwise. (8.5)The 6ET thresholds are several times higher than the RMS of the 6ET �utua-tions so the e�ieny of the missing-ET ut is expeted to be very high. Fit-ting the observed pT,lead/ 6ET distribution with a Gaussian peak and a smoothbakground gives estimates of the ine�ieny at about 0.5% at high pT and0.2% at low pT when the peak is subtrated from data. Estimates using theknown jet resolution and energy sale for jet pairs with one jet in CC giveine�ienies of 0.1�0.3% (up to 0.5% in ICR) at pT = 50 GeV/c and atthe ut threshold puncorr
T = 100 GeV/c, with muh lower ine�ienies furtherfrom the thresholds. The 6ET ut ine�ieny is onsidered negligibly small



CHAPTER 8. DATA ANALYSIS 171and is not orreted for, but the two types of estimates of the ine�ieny aretaken as an unertainty.8.3 Jet identi�ation utsThe Jet identi�ation (JetID) uts are designed to remove mostly instrumen-tal bakgrounds suh as jets formed from noisy lusters and hot towers in thealorimeter, but also physial bakground from eletrons and photons. Theuts will also be e�etive against jets from osmi ray events, although theyare not spei�ally designed for them.The primary uts used in the JetID are listed in [139℄, and repeated here foronveniene
• EMF < 0.95

• EMF > 0.05, or
EMF ≥ 0 and 0.13 > |(|ηdet| − 1.25)| + max(0, 4 · (wjet − 0.1)) (narrowjets in no-EM gap), or
EMF > 0.03 and |(|ηdet| − 1.25)| < 0.15 (wide jets in no-EM gap), or
EMF > 0.04 and |ηdet| > 2.5 (forward region)

• CHF < 0.4, or
CHF < 0.6 and 0.85 < |ηdet| < 1.25 and n90 < 20 (CH heavy region),or
CHF < 0.44 and |ηdet| < 0.8 (CC region), or
CHF < 0.46 and 1.5 < |ηdet| < 2.5 (EC region)

• EL1 > 80 GeV, or
fL1 > 0.5, or
fL1 > 0.35 and puncorr

T < 15 GeV/c and 1.4 < |ηdet|, or
fL1 > 0.1 and puncorr

T < 15 GeV/c and 3.0 < |ηdet|, or
fL1 > 0.2 and puncorr

T ≥ 15 GeV/c and 3.0 < |ηdet|, where
fL1 = pT,L1/ (puncorr

T (1 − CHF − CCMG − ECMG)).Here EMF, CHF, CCMG and ECMG are the frations of jet energy depositedin the eletromagneti alorimeter, oarse hadroni alorimeter, entral al-orimeter massless gaps and end ap massless gaps, respetively. The wjet isthe jet width (a measure of the energy distribution within the jet one), and
EL1 and pT,L1 are the jet energy and transverse momentum seen at level 1



CHAPTER 8. DATA ANALYSIS 172in the trigger system. The n90 is the minimal number of towers that ontain90% of the jet's energy.The �rst ut is devised to remove overlap between jets and eletromagnetiobjets, i.e. eletrons and photons. It is also the most ine�ient ut inJetID, removing about 1% of jets. Other uts have been optimized to yieldhigh e�ieny ((1− ǫJetID) << 1%) for physial jets at all energies and in alldiretions.The seond ut removes jets with anomalously low EMF that ould be dueto e.g. jets being formed out of noise in the hadron alorimeter. The om-pliated struture of the ut is devised to keep the ine�ieny low in regionsof the alorimeter where the EM alorimeter overage is laking or is onlypartial.The third ut on CHF is devised to remove noisy jets formed from energy inthe oarse hadroni alorimeter where the energy resolution is poor and littleenergy is normally expeted. In Run I this ut was also neessary to removeenergy lusters produed by halo partiles from the Main Ring beam pipethat ran through the upper part of the DØ oarse hadroni alorimeter. TheMain Ring was disassembled after Run I and its funtions were taken over bythe Main Injetor in Run II. However, the CHF ut ontinues to remove jetsformed by osmi-ray showers, whih usually deposit most of their energyfrom outside of the alorimeter.The last ut, the L1 on�rmation, is an important ut for removing jetsformed out of noise in the preision readout. The oherent noise in partiularreates fake low pT jets that usually do not pass this ut. The L1 on�rmationuses a ut on the ratio of pL1
T measured by the oarse L1 trigger system andthe preision read-out energy puncorr

T . Noise in the preision read-out showsup as a low value for fL1. To aount for the fat that the L1 trigger systemdoes not onsider energy from the oarse hadroni alorimeter or the masslessgaps, the puncorr
T is orreted for these frations. At E > 80 GeV/c the L1read-out saturates so all jets with high enough L1 energy are allowed to pass.The thresholds in ICR and EC are optimized to aount for the di�ering jet

pT resolutions.Figures 8.4(a)�() show typial distributions for the variables used in JetIDuts. The plots also show overlaid the distributions for the jets removedby the other JetID uts. Jets passing the ut are shown shaded to indiatetypial ut regions. Only a small fration of the jets removed by one of theuts are removed by another one so the orrelations between the uts aresmall.



CHAPTER 8. DATA ANALYSIS 173The JetID variables, in partiular the EMF, are known to orrelate withJES to some extent. However, the study of jet response as a funtion ofEMF did not �nd strong dependene, exept at very high EMF. The averagejet response at 100 GeV/c is about 0.72, but EM-like jets are known tohave an average response lose to 1.00 [119, 128℄. Combined with a steeplyfalling jet ross setion this response di�erene leads to up to a fator of �veoverestimate for the fration of jets at EMF > 0.95, unless the orrelationwith JES is broken by not using the measured jet pT diretly for binning.For γ+jet events the substitute is the photon pγ
T , for dijet and inlusive jetevents it is the sum of reoil momenta, precoil

T =
∑

j∈recoil pT,j.8.3.1 Tag-and-probe methodThe JetID uts have been studied by the JetID group using the tag-and-probemethod desribed in [140℄ that also allows to determine the reonstrutione�ieny of the jets. This method uses trak jets that are one jets builtusing harged partile traks instead of alorimeter energy lusters. Thebasi idea is to selet a tag objet, whih in this ase is a photon or a trakjet assoiated with a good alorimeter jet, and a probe objet, whih isanother leading trak jet bak-to-bak with the tag at ∆φ > 3.0. Othertrak and alorimeter jets outside the searh area of ∆R < 0.5 from theprobe axis are vetoed. The seletion of a restritive tag-and-probe systemensures that non-physial bakgrounds are negligible and the trak jet probemust be assoiated with a good alorimeter jet.The reonstrution e�ieny is determined as the fration of alorimeterjets found within the searh area, and the JetID e�ieny is the fration ofreonstruted alorimeter jets passing the JetID uts. The trigger bias inthe dijet tag-and-probe method is avoided by requiring that the tag objetan pass all the trigger levels alone1. This has been shown to remove alltrigger bias by omparing the results from onseutive single-jet triggers,and inreases available statistis signi�antly by making most events in thetrigger turn-on region usable for the e�ieny alulation. The in�uene ofJES is removed by binning pT in terms of the ptag
T and then mapping to

〈

pprobe
T

〉.The tag-and-probe results have been derived on three di�erent samples, dijet,
γ+jet and Z+jet, whih all give quite onsistent results as expeted [141℄.JetID e�ienies �tted to dijet tag-and-probe results are shown in Fig. 8.5.1When the trigger uses multiple trigger towers at L1, it is important to require thatenough of them math the tag objet to �re the trigger.
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()Figure 8.4: Typial distributions of the variables used in JetID uts (a)EMF, (b) CHF, () L1 on�rmation, in entral alorimeter |ηdet| < 0.4 for180 GeV/c < precoil
T < 220 GeV/c. The shaded area shows the jets survivingthe ut. The dotted line shows the jets removed by the two other variables(jet EMF multiplied by 100 for visibility) to show the distributions for �bad�jets as well as the orrelation between uts. The dashed line shows theextrapolated �t into the ut region for jet EMF and jet CHF.The �t funtion used is

ǫ(pT ) = ǫ0 + a · exp(−b · pT ). (8.6)



CHAPTER 8. DATA ANALYSIS 175At pT > 50 GeV/c the e�ieny is almost �at at 99% for all rapidity regionsexept 0.8 < |y| < 1.2, where the e�ieny is �at at 98%. The Z+jet resultshave signi�antly lower statistis and are not inluded on the plot.8.3.2 distribution methodThe tag-and-probe results are veri�ed by alulating the fration of eventsremoved by the JetID uts in dijet and inlusive jet samples for eah JetIDvariable distribution, also shown in Fig. 8.5. The event seletion for thedistribution method is similar to the tag-and-probe method, but does nothave any trak jet requirements. This is an important di�erene, beausethe trak jet requirement an in priniple bias the sample by removing jetsthat have a high π0 ontent. Suh jets are expeted to have a low numberof traks beause π0's immediately deay to photons, but also show a highEMF. The EM-like jets would often fail the EMF>0.95 ut and removingthem ould bias the average JetID e�ieny up. The in�uene of JES isremoved in the distribution method by binning in terms of precoil
T and thenmapping to 〈pprobe

T

〉.The main onerns for the distribution method have been the possible pres-ene of bakgrounds in the sample and orrelations between the uts thatould lead to an overestimate of the ut ine�ienies. The fration of jets re-moved by at least two JetID uts is very small ompared to the total numberof jets removed so the orrelations are small. The impat of the bakgroundis redued by �tting the distributions in the �good� region for EMF and CHFand using the extrapolation to the �bad� region to estimate the ine�ieny,as shown in Figs. 8.4(a)�(b). In the dijet sample the bakground is alsonaturally redued by the requirement to have two bak-to-bak jets, one ofwhih is good. The extrapolations are in good agreement with the mea-sured distributions, indiating that the bakgrounds are small. The averageof the diret ut (ount) and extrapolation (�t) is taken as the mean value,with the di�erene taken as a systemati. The L1 on�rmation ine�ienyis negligibly small ompared to EMF and CHF ine�ienies so 50% of thenon-on�rmed jets are estimated as bakground, with 50% as a onservativeunertainty.8.3.3 SummaryThe fat the tag-and-probe and distribution methods and di�erent samplesagree well has allowed the determination of the JetID ine�ieny with sub-
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CHAPTER 8. DATA ANALYSIS 177sample using relative trigger e�ienies. Finally, the separate triggers areombined into a ontinuous jet pT spetrum.8.4.1 Level 1, 2 and 3 triggersThe DØ trigger system is omposed of three levels, dubbed L1, L2 and L3.The single-jet triggers available in Run IIa are listed in Table 4.1 along withtheir trigger sripts. This analysis uses trigger lists v12�v14.The trigger e�ieny is generally de�ned as the e�ieny of reording anobservable (e.g. event or a jet) in the presene of a trigger ondition
ǫ(record observable) =

#(observables after trigger)

#(observables)
. (8.7)For the inlusive jet ross setion analysis this observable is a single jet in abin of pT and y

ǫ(jet at pT , y) =
#(jets at pT , y after trigger)

#(jets at pT , y)
, (8.8)whih an be equally interpreted as the ratio of jet pT spetra before andafter trigger.A single event ontains several jets that all pass the trigger together so thetrigger e�ieny is really an event-wide quantity, not a jet quantity. Ide-ally, any of the jets in the event would �re the trigger independently. Theprobability of a single-jet trigger �ring ould then be written approximately2as

P = 1 −
∏

i

(1 − P (pi
T , yi)), (8.9)where P (pi

T , yi) is the probability of the jet i at (pT ,y) to �re the triggerindependently of other jets. However, the assumption of independene fromother jets is not met in Run IIa for the single-jet triggers as will be soondisussed. The quantity P (pi
T , yi) is referred to as a jet trigger mathede�ieny. It is the trigger e�ieny for a single jet in the absene of anyother jets in the event and an be reonstruted from data by mathing alltrigger objets to a given jet.The jet trigger mathed e�ienies an be further analyzed by breaking thee�ieny into omponents for di�erent trigger levels

P (pi
T , yi) = PL1(p

i
T , yi)PL2(p

i
T , yi|L1)P (pi

T , yi|L1&L2). (8.10)2The probability of noisy alorimeter towers and other non-jet objets to �re the single-jet triggers is onsidered very small and is negleted here.



CHAPTER 8. DATA ANALYSIS 178The probabilities for Level 2 and Level 3 are now onditional, i.e. the prob-ability of a jet passing higher trigger levels will depend on it having passedthe previous looser trigger levels. This break-up is useful beause the in-dependent sample used to measure the trigger e�ienies and turn-ons hasvery few events with Level 3 on-line jet trigger objets stored due to thehigh presales applied on jet triggers at Level 1. If the event does not passthe presale, only the L1 on-line trigger objets are stored for later o�inereonstrution of the L1 trigger ondition.The relatively well-behaved Level 3 turn-on an be �tted even with low statis-tis. The L1 turn-on is muh slower and in many ases still slightly ine�ientwhen the Level 3 has already fully turned on. The higher statistis at L1signi�antly improve the �t to the turn-on shape and allow the aurate de-termination of residual ine�ienies near or at the trigger e�ieny plateau.At this point the assumptions underlying Eq. 8.9 need to be revisited: thejets annot be assumed to independently �re the trigger at Level 1. This isbeause the Run IIa Level 1 trigger �res on individual trigger towers. When-ever multiple trigger towers are required, these often ome from separatejets.Let us do a simple ase study to make the point and look at the triggerterm CJT(3,5) that requires three L1 towers with ET > 5 GeV. This term isused e.g. in trigger JT_95TT version 17 in v14 trigger lists. The jet triggermathed e�ieny for L1 at puncorr
T = 100 GeV/c is P1 = 0.67, as shown inFig. 8.6(a). The probability for a typial dijet event with two balaned jetsboth at pT = 100 GeV/c to �re the trigger, assuming unorrelated triggers,is then by Eq. 8.9

Pdijet = 1 − (1 − P1) · (1 − P1) ≈ 0.891. (8.11)The fration of events passing the reonstruted3 L1 trigger is shown inFig. 8.6(b). The atual event e�ieny is almost 100% at pT = 100 GeV/c.The Eq. 8.11 above ompletely ignores the ases where two of the towersomes from one jet and the third one from another jet. The probabilityfor a single jet to �re a looser CJT(2,5) term is shown in Fig. 8.6(). Thisprobability alone is P(2,5) = 0.92, already higher than the event e�ieny
Pdijet obtained above. The single trigger tower ondition for the other jet isa very loose CJT(1,5), whih has P(1,5) = 1.00. Considering the possibility3Only a few events pass the L1 single-jet trigger due to the high presales, but the fullL1 trigger tower information is stored for reorded events and an be used to reonstrutthe L1 trigger o�ine.
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()Figure 8.6: Examples of trigger e�ienies at Level-1: (a) CJT(3,5) for a sin-gle jet with trigger mathing; (b) CJT(3,5) for the whole event; () CJT(2,5)for a single jet with trigger mathing. The x-axis is unorreted jet pT in
GeV/c.of either of the jets to �re CJT(2,5) gives

P cross
dijet = 1 − (1 − P(1,5)P(2,5)) · (1 − P(2,5)P(1,5)) = 0.994, (8.12)whih agrees with Fig. 8.6(b).For tighter term CJT(4,5) and more ompliated jet topologies with multiplejets the ombinatorial alulations get quite heavy. The L1 event e�ienyof CJT(m,x) for an arbitrary olletion of n jets an be generally expressedas

Pevent(p
1
T , p2

T , . . . , pn
T ; y1, y2, . . . , yn) = 1 −

∏

ij∈[0,m],
P

j ij≥m

(1 − Pi1Pi2 · · ·Pin),(8.13)where the Pij for ij < m are exlusive trigger probabilities for exatly ijtrigger towers and Pij for ij = m is the inlusive trigger probability for more



CHAPTER 8. DATA ANALYSIS 180than or equal to m trigger towers. These an be alulated using
Pk = P(k,x) − P(k+1,x), k ∈ [0, m − 1], (8.14)

Pm = P(m,x), (8.15)
P(0,x) = 1, (8.16)where P(k,x) are the mathed trigger e�ienies for trigger terms CJT(k,x),as used in Eq. 8.12.Beause the Level 1 orrelations prohibit the use of Eq. 8.9 to alulate theevent trigger e�ieny for arbitrary jet topologies, the trigger e�ieny forthe inlusive jet ross setion is alulated as the ratio of jet pT spetra beforeand after the trigger requirement using Eq. 8.8 diretly. The e�ieniesfor di�erent levels are still determined separately aording to Eq. 8.10 toinrease statistis for L1 turn-on �t. The main draw-bak is that the derivede�ieny urves are not diretly appliable to other analyses with di�erenttopologies. As will be disussed in the next setion, the average topologiesof muon triggered events an also di�er from those of inlusive jet events.The trigger e�ieny determination is based on analysis mahinery imple-mented in the trige�_afe pakage [143℄. The pakage was modi�ed andupdated for use in the QCD group, spei�ally adapting the alulationsto allow e�ieny determination without trigger objet mathing to jets toavoid the aforementioned L1 problems [142℄.8.4.2 Absolute e�ieny using muon triggersThe absolute trigger e�ienies an only be determined using an unbiasedsample. The jet triggers operate entirely on alorimeter quantities, i.e. al-orimeter towers and measured jet pT . The unbiased sample an then beany sample that does not use any alorimeter objets for the trigger dei-sion. Two main samples have been used for the trigger e�ieny studies,the Minimum Bias sample and a sample olleted from muon triggers, theTOP_JET_TRIG skim4.The Minimum Bias sample is a olletion of events that only require a lu-minosity monitor hit. As the name suggests, it has minimal trigger bias andis in that sense ideal for trigger studies. The sample has been olleted ata onstant rate of about 0.5 Hz throughout the Run IIa data taking, and4As the name suggests, the TOP_JET_TRIG skim was primarily olleted for use inthe Top group.



CHAPTER 8. DATA ANALYSIS 181onsists of about 20 million events5. Unfortunately, the inlusive jet pT spe-trum of the MB events falls very steeply and the maximum jet pT with usefulstatistis is about 70 GeV/c. This limits the sample to be used for only thelowest pT triggers JT_8TT, JT_15TT and JT_25TT_NG, whih all havehigh presales and hene very little statistis for L3 turn-on determination.The TOP_JET_TRIG skim onsists of about 28.6 million events olletedfrom various muon triggers with no alorimeter requirements. The skimseletion requires at least one jet with an unorreted pT>10 GeV/c andan o�ine presale of 20 to limit the number of events. To inrease statis-tis at pT>100 GeV/c, an additional data set was re-skimmed starting fromthe larger MU_INCLUSIVE skim with the same trigger seletion as in theTOP_JET_TRIG skim, but without the o�ine presale.The muons in the TOP_JET_TRIG skim mostly originate from relativelyhigh pT jets so the jet pT spetrum is signi�antly less steep than for theMB sample. Combined with a muh higher integrated luminosity this makesthe sample useful up to over 200 GeV/c, whih is su�ient to determine theL3 plateau e�ienies up to the unpresaled JT_125TT trigger. The beststatistial signi�ane for the L3 plateau e�ienies is obtained for JT_65TTand JT_95TT triggers, beause lower pT triggers are heavily presaled.The main drawbak of the TOP_JET_TRIG skim is that the muon triggersbias the sample heavily toward b-jets that make up only about 2% of theinlusive jet sample [144℄. The jet pT spetrum of muon triggered events isalso �atter than for inlusive jets. This may bias the trigger turn-on mea-surement as has in fat been observed espeially at low pT when omparingthe results to the ones obtained from the MB sample, shown in Fig. 8.7. Atand near the plateau region both results agree, and there is no obvious reasonto expet signi�ant bias when both of the e�ienies are lose to 100%.The main onlusion from the study using muon triggers is that all jet triggersare fully e�ient (100%±1% or better) at su�iently high pT in all rapidityregions. However, the study also shows that in some ases the L1 trigger isstill ine�ient at a few perent level up to fairly high pT , espeially in theICR region, as shown in Fig 8.8 for JT_25TT_NG.Another major �nding from the study was that triggers in the trigger listsv8�v11 turn on muh later than the later trigger versions. The di�erene istens of GeV/c at worst. However, these trigger lists were used before run191,000 as shown in Table 5.2 and are not inluded in the �nal analysis.To e�iently ombine the triggers and produe a ontinuous, high statistis5The total Minimum Bias+Zero Bias sample is about 59.2 million events
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pT spetrum at low pT , the trigger turn-ons are expliitly orreted using thebest available �ts to the them. The trigger turn-on is a step funtion for L3 jet
pT , whih is smeared with respet to the o�ine jet pT . The analytial resultof folding a step funtion with a Gaussian resolution is the error funtion.The �t funtion is an adapted formulation of the standard error funtion

f(pT ) = 0.5 + 0.5 · erf
(

pT − µ

1 + |σ0 + σ1 log(pT ) + σ2 log(pT )|

)

. (8.17)This formulation expliitly allows some additional trailing ine�ieny loseto the plateau region, and provides a very good �t to the very high statistisL1 turn-ons, as shown e.g. in Fig. 8.9(a). For the lower statistis L3 turn-ons�ts and for the �ts in the forward region some of the extra parameters areset to zero to inrease the �t stability. The L3 (and L2, where appliable)turn-on �ts, shown e.g. in Fig. 8.9(b), are multiplied together with the L1�ts to produe a ombined �t, as shown in Fig. 8.9().
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CHAPTER 8. DATA ANALYSIS 1858.4.3 Relative trigger e�ienyAs disussed in the previous setion, the muon triggered sample di�ers fromthe inlusive jet sample due to the enrihed b-jet ontent and �atter pTspetrum. Both of these may a�et the average event topology, biasing themeasured trigger e�ieny with respet to the inlusive jet sample. Althoughthis is not expeted to hange the plateau e�ieny whih is measured to be100%, the trigger turn-ons may be slightly di�erent in the di�erent samples.To verify how well the applied trigger e�ieny orretion works, the relativetrigger turn-ons are re-determined from the inlusive jet sample by ompar-ing the pT spetra from two onseutive triggers after applying the triggere�ieny orretions down to 20% e�ieny. To remove di�erenes in the
pT spetra from di�erent triggers due to known luminosity and time depen-dene e�ets, the spetra are also fully orreted for JES and vertex e�ienybefore taking the ratio.Figure 8.10 shows the ratio of pT spetra for single-jet triggers in CC. Theratios are in good agreement with 1.0 for all �t proedures: �t to the top of theturn-on using error funtion (e�0, solid line), onstant value �t to the plateaustarting at the 99% point of plateau e�ieny given by the error funtion �t(ǫ99, dashed line), and a onstant value �t above the �nal trigger pT thresholdused in the ross setion measurement, whih is given in Table 8.1 (ǫ(X GeV),dotted line). The �nal pT thresholds for the ross setion measurement wereseleted to be above the 98% point of the absolute trigger e�ieny. These
pT thresholds are well into the plateau after orreting for the absolute turn-on, as shown by the dotted line in Fig. 8.10. The plots for other rapidityregions are omparable, with little more �utuation in ICR. These plots areprovided in Appendix D.1.The relative turn-ons are generally onsistent with 100% e�ieny for all thetriggers in the plateau region, often with a preision better than 1%. Thisalso veri�es that the relative luminosities and vertex e�ienies are orretlyalulated, as well as the JES and jet energy resolution (JER) being stablewith time. It should be noted that suh a onlusion is not possible in theICR when using the full Run IIa sample. The trigger ratios show jumpsof tens of perent, whih are qualitatively onsistent with the instability ofthe ICR JES in the trigger lists v10�v11 [119℄. The ICR problems gener-ally stem from the gain instability of the aging photomultiplier tubes versustime and instantaneous luminosity. The worst of these PMTs were replaedduring a shut-down before Run IIb. This problem a�ets eah jet trigger dif-ferently beause the relative presales are modi�ed to optimize data-takingwith hanging luminosity, leading to di�erent luminosity pro�les for the trig-
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Figure 8.10: Ratio of jet pT spetra measured from di�erent single-jet trig-gers. The spetra are orreted for JES and vertex e�ieny to anel knownluminosity dependenies, and for trigger e�ieny measured from muon trig-gers down to 20% to test the onsisteny and to remove L1 trigger e�ienyslopes at the plateau region. The urves show the error funtion �t (solidline), the onstant value �t starting from the 99% e�ieny (dashed line)and the onstant value �t starting from the �nal trigger pT threshold (dottedline).gers. The urrently used run range for low pT triggers, 191,000<run<213,064,overs the trigger lists v12.37�v14, starting after the spring 2004 shut-downand ending at the beginning of the able swap problem.Despite having quite onsistent trigger pT spetra, small jumps between thetriggers are allowed at the level of the statistial preision of the ratios. TheICR in partiular shows possible disontinuities at a ouple of perent level,up to 5% in 1.2 < |y| < 1.6 between triggers JT_65TT and JT_95TT. Suhjumps would be onsistent with small trigger-to-trigger variations in JES(< 0.5%) and/or JER (< 4%) that are at the limit of the statistial preision.Given the prominene of suh jumps in the full Run IIa sample, the �tted



CHAPTER 8. DATA ANALYSIS 187trigger ratios and their statistial unertainty are taken as a systemati. Thesize of the systemati is estimated using the three di�erent �t proeduresexplained earlier.For later orrelations analysis, the trigger ratio unertainties are assumedto be orrelated within CC and EC, and partially orrelated in ICR versusrapidity. The unertainties are treated umulatively from JT_65TT (whihhas highest statistis) toward both JT_8TT and JT_125TT so that bothof these have several ratio unertainties staked together. Although theseindividual unertainties are small, mostly 0.5�2.0%, and muh smaller thanJES or JER unertainties, they still have a signi�ant impat on the laterglobal �t between data and theory. The small disontinuous jumps betweentriggers are not aounted for by any other (smooth) theory or experimentalunertainty and result in notieable inrease in χ2 unless aounted for. Thisis partiularly true in the aforementioned ICR region.8.4.4 Combining triggersThe jet pT spetra from single-jet triggers are used starting from the lowest
pT point where the spetrum agrees with the lower pT trigger after applyingthe trigger e�ieny, JES and vertex e�ieny orretions, and where theabsolute trigger e�ieny is generally higher than 98%. The trigger e�ienyorretion would in priniple allow to go lower than the 98% e�ieny, butthe measurement is overall not statistis limited. Going lower ould also in-trodue unneessary biases if the trigger e�ieny orretion is not perfet.Only one trigger is used for eah pT bin to simplify the luminosity alu-lations. Figure 8.11 shows the partially orreted pT spetra from di�erenttriggers and their average presales. The trigger pT thresholds used in theanalysis are listed for all rapidity regions in Table 8.1. These thresholds areappliable for the jet pT spetra after applying the trigger e�ieny orre-tions for the turn-on region.Table 8.1: Trigger pT thresholds used in the �nal analysis.Rapidity 15 25 45 65 95 125

|y| < 0.4 50 60 100 120 160 200
0.4 < |y| < 0.8 50 60 100 120 160 200
0.8 < |y| < 1.2 50 90 110 140 190 230
1.2 < |y| < 1.6 50 80 90 140 190 240
1.6 < |y| < 2.0 50 70 90 110 160 190
2.0 < |y| < 2.4 50 70 90 120 160 200
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Figure 8.11: Single-jet trigger pT spetra in entral rapidity and forwardrapidities and their average presales. The trigger pT thresholds used in thisanalysis are listed in Table 8.1.8.5 Cross setion unfoldingThe steeply falling ross setion ombined with relatively poor jet pT reso-lution leads to an inrease in the observed ross setion relative to the trueross setion as a funtion of the measured jet pT . An example of this be-havior was shown in Fig. 6.14. To appreiate the steepness of the jet pTspetra, espeially at higher rapidities, the partially orreted jet pT spetraare shown on the same sale in Fig. 8.12. The ross setion an fall by up toan order of magnitude in a pT interval overing just a ouple of σ of typialjet resolutions.The smeared pT spetrum an be alulated using integration by
F (pmeas

T ) =

∫ ∞

x=0

f(x)g(pmeas
T , x, σ)dx, (8.18)where f(pptcl

T ) is the pT spetrum at partile level and g(pmes
T , pptcl

T , σ) is thesmearing funtion with resolution σ. The problem is to invert this relation.If the pT spetrum at partile level is assumed exponential N0e
−αpT and thesmearing funtion is Gaussian with a onstant resolution σ, Eq. 8.18 an beanalytially alulated when the integration range is extended from −∞ to

+∞. The details are given in Appendix C.1 and the result is
F (pmeas

T ) = N0 exp(−α(pmeas
T − ασ2/2)) (8.19)
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Figure 8.12: Partially orreted jet pT spetra.
= f(pmeas

T − ασ2/2) = f(pmeas
T ) exp(α2σ2/2).The Eq. 8.19 now tells that the smeared spetrum an be interpreted aseither shifted6 in pT by −ασ2/2 or inreased in ross setion by exp(α2σ2/2).It is instrutive to onsider some numerial values for these quantities, tak-ing typial values α = 0.05 (GeV/c)−1 and σ = 1.0

√
pT GeV/c for a pT =

100 GeV/c jet so that σ2/pT = 1.0 GeV/c. The shift interpretation is
δpT /pT = −ασ2/(2pT ) = −0.025 and the ross setion interpretation δX/X =
exp(α2σ2/2) − 1 = 0.13. These rough estimates agree quite well with theunfolding determined more aurately. The primary di�erene is due to as-6The average true pT is shifted by a larger amount δpT =

〈

pptcl

T

〉

− 〈pmeas
T 〉 = −ασ2.



CHAPTER 8. DATA ANALYSIS 190suming the resolution to be onstant for analytial integrability, when themore preise desription is σ =
√

N2 + S2pT + C2p2
T ≈ S

√
pT . In addition,the ross setion is not exatly exponential and the Gaussian smearing anbe questioned in some regions of the phase spae. In any ase, the Eq. 8.18is exatly aurate and an be numerially integrated for arbitrary hoies of

f and g.8.5.1 Ansatz method for pT unfoldingThe basi idea of the ansatz method is quite simple: start with a formulafor the ross setion that has a few free parameters f(pT ; α0, . . . , αn), smearit with the resolution funtion using Eq. 8.18 and �t the resulting smearedansatz F (pT ; α1, . . . , αn) to data. The preision of the method is mainlylimited by how good the eventual �t to data is, and how well the resolutionfuntion desribes the real data resolution. The formula for the funtion fan be arbitrary and have an arbitrary number of parameters as long as the�t to F is good.The ansatz used in this analysis is a traditional one for inlusive jet rosssetion [6℄ with the addition of rapidity dependene and an exponential term
f(pT , η) = N0

(

pT

100 GeV/c

)−α(

1 − 2pT cosh(ymin)√
s

)β

exp (−γpT ). (8.20)Here √s = 1960 GeV is the enter-of-mass energy and ymin is the lower edgeof the bin in absolute rapidity. The ansatz is based on early phenomeno-logial �ts and motivated by the parton model [145, 146℄. The exponentialterm represents hydrodynami prodution � e�etively prodution by freez-ing out partiles from a quark-gluon sea. The exat exponent γ is a funtionof the prodution model, but 0.3�0.6 GeV is typial of the proton size. How-ever, this term is not very well onstrained by the high-pT inlusive jet pTspetrum. The power term with α represents the saling violations assoi-ated with hard prodution (power law prodution). The threshold betweenhydrodynami and hard prodution is ∼ 2 GeV and independent of √s. Thetypial exponent for single partile prodution is about 4�6. This term dom-inates the �t over most of the kinemati range. The power term with βrepresents the suppression e�et at the edges of the phase spae on partileprodution. The most typial form is (1−xT )β, where xT = 2pT /
√

s. This isthe threshold term (divergene as x → 1) and it is modi�ed by cosh(ymin) tobetter relate to x. The threshold term does not typially ontribute to theoverall ansatz until the spetrum has reahed roughly half of the kinemati



CHAPTER 8. DATA ANALYSIS 191range. As mentioned before, none of this is atually required for the ansatzmethod to work, but a physis-motivated ansatz is still useful to make theparameters understandable.The �t to the smeared ansatz for entral and forward rapidity bins is shownin Figs. 8.13(a)�(b) and Figs. 8.13()�(d) show the resulting unfolding or-retion in CC and EC. The rest of the rapidity bins are shown in Figs. D.6and D.7 of Appendix D.2. The parameters of the �tted ansatz funtions aregiven in Table 8.2. The unfolding orretion is largest where the ross setionfalls steepest and the jet pT resolution is worst. The orretion is between10�40% in CC, 20�80% in ICR where the resolution is relatively poor and15�80% in EC where the ross setion falls steepest. The highest pT bins,where the unfolding orretion is largest, are hosen so that the ross se-tion measurement is still meaningful, as disussed in Se. 8.9. Although insome bins most of the events have migrated from lower pT , the migrations(pT resolution) are known well and result in a relatively small unertaintyompared to the JES unertainty. The ansatz is well onstrained by data andthe unertainty in the ansatz shape results in almost negligible unertaintyon the unfolding orretion.Table 8.2: Parameters of the ansatz �ts to the unfolded pT spetra.
N α β γ ymin868.9e11 5.421 10.83 -0.4914 0.0781.3e11 5.410 13.53 -0.8625 0.4426.9e11 5.298 13.59 -1.1409 0.8743.2e11 5.467 13.35 -1.7358 1.2117.1e11 4.914 9.316 -0.6546 1.624.11e11 4.380 6.974 0.8745 2.0The bulk of the work in the pT unfolding has gone to the aurate de-termination of the shape and of the parameters of the smearing funtion

g(pmeas
T , pptcl

T , σ, αi). The relatively simple ansatz funtion in Eq. 8.20 �tsdata well when smeared with jet pT resolution, as shown in Figs. D.7. Thesmearing funtion g expliitly aounts for punh-through e�ets and othernon-Gaussian tails. The shape is �tted from MC truth and the parametersare adjusted to math the measured RMS resolutions in data, taking intoaount some loss of the shape information and resulting biases in the datameasurement. The interested reader should refer bak to Ch. 7 for moreinformation.The ansatz unfolding has been shown to be in good agreement with theunfolding using Pythia MC where the ross setion is saled to data and the
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() (d)Figure 8.13: (a,b) Data over smeared ansatz �t in CC and EC. (,d) Re-sulting unfolding orretion, the ratio between smeared and original ansatz.jets are smeared aording to pT resolutions measured from data [147℄. Thefull Monte Carlo ould also be used to derive the unfolding orretion if theross setion was saled to data and the MC resolutions were oversmeared tomath data. However, the full MC statistis are too low to derive a preiseorretion over the full phase spae.



CHAPTER 8. DATA ANALYSIS 1938.5.2 Ansatz method for rapidity unfoldingThe ansatz method an also be used to unfold the ross setion for the ra-pidity resolution, assuming the pT and rapidity resolutions are unorrelated.However, integrating the funtion in 2D to aount for both pT and rapidityresolution simultaneously is very slow and would require a quite ompliatedansatz funtion. Fortunately, the rapidity resolution is muh better than the
pT resolution. Taking advantage of the muh smaller size of the rapiditysmearing this e�et is onsidered as an additional perturbation on top of the
pT smearing. The ansatz �ts to unfolded pT spetra (unfolded for the pTresolution only) in neighboring rapidity bins are interpolated versus rapidityto produe a smooth, ontinuous 2D spetrum in pT and y

f2D(pT , y) = f
(1−D)
|y|>ymin,0

(pT ; N0, α0, β0, γ0, ymin,0) (8.21)
·fD

|y|<ymin,1
(pT ; N1, α1, β1, γ1, ymin,1), where

D =
x − x0

x1 − x0
, x = log

(

1 − pT cosh(y)√
s

)

,

x0 = log

(

1 − pT cosh(ymin,0)√
s

)

, x1 = log

(

1 − pT cosh(ymin,1)√
s

)

.The f(pT ; N, α, β, γ, ymin) are the ansatz funtions in Eq. 8.20 whose parame-ters are determined in the pT resolution unfolding and provided in Table 8.2.The 1D ansatz funtions are interpolated geometrially versus rapidity witha distane parameter D that preserves the properties of the 1D ansatz fun-tions at the kinemati limit pT cosh(ymin) →
√

s.The rapidity resolution is taken from Monte Carlo truth as
σy = RMS (yreco − yptcl) (8.22)in bins of pT,ptcl and yptcl by mathing partile and alorimeter jets with

∆R(ptcl, reco) < Rcone/2. The binned rapidity resolutions are �tted with a2D funtion that is provided in Ch. 7.The smoothed 2D pT , y spetrum is smeared using rapidity resolution and theratio between the original and smeared 2D spetra is taken as the unfoldingorretion. As an be appreiated in Fig. 8.14, the rapidity unfolding is verysmall exept at high pT in the most forward bins. Even there the e�et issmall enough that the perturbative approximation an be onsidered valid.The rapidity resolution is taken from Monte Carlo, but due to its small sizeit is di�ult to estimate how appliable the MC rapidity resolution is todata. In addition, the MC rapidity resolution is not partiularly Gaussian,
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Figure 8.14: Unfolding orretion for pT (dashed line) and rapidity resolution(dotted line). The total unfolding orretion is shown by the solid line. Therapidity smearing is very small ompared to pT smearing everywhere.but has long tails and RMS up to twie as large as the Gaussian σ. Toover the full range of options, the larger RMS is used in rapidity unfoldingand the total size of the rapidity unfolding is taken as an unertainty. Thisunertainty is onservative enough to over a large range of variation in therapidity resolution between data and MC. It also overs possible orrelationsbetween pT and rapidity resolutions7, in whih ase the pT unfolding mayhave already aounted for some or all of the rapidity smearing.8.6 Cross setion unertaintiesThe unertainties for jet energy sale, jet pT resolution, e�ienies et. havebeen overed in some detail in the previous setions. To estimate the un-ertainty on the ross setion the di�erent unertainty soures need to bepropagated to the ross setion measurement. The simplest approah is toshift eah parameter (JES, resolution, e�ieny) up and down by its totalunertainty, repeat the whole analysis on data and reord the hange in theross setion. This approah works well for a few large unertainties, but isnot pratial for the tens of small JES unertainty soures needed for theunertainty orrelations. With JES unertainties the repeat-everything-on-7In the massless approximation pT = E/ cosh(y) so σ2
pT

= (σE/cosh(y))2 +
(pT tanh(y)σy)2.



CHAPTER 8. DATA ANALYSIS 195data approah leads to multiple ounting of the statistial unertainty, whihis sizable ompared to the individual unertainty soures at the edges of thephase spae at high pT .To avoid double-ounting the statistial unertainty the unertainty souresare propagated using a parametrization that desribes data. Suh a param-etrization an be independent of any theory so the data unertainties arealulated with respet to the best ansatz �t to data. These ansatzes wereobtained in Se. 8.5 during the unfolding proedure and their parametersare provided in Table 8.2. Alternatively, the unertainties ould have beenalulated e.g using a linear ombination of CTEQ PDF eigenvetors that�ts data, but this would indue some theory dependene.A simple analytial model of the analysis hain is used to e�iently imple-ment the error propagation. The raw observable in the inlusive jet rosssetion analysis is the number of events Nmeas in a given bin ([pT,min, pT,max],
[ymin, ymax]) that is alulated by

Nmeas = (f ⊗ g) · ǫ · L, (8.23)where (f ⊗ g) is the jet pT spetrum f folded with the jet pT and rapidityresolutions g and (impliitly) integrated over the bin in pT and y, ǫ is thetotal detetion e�ieny and L is the luminosity. The measured ross setionis given by
dσ2

dpT dy
=

Nmeas

∆pT · ∆y · ǫ′ · L′ ·
f ′

f ′ ⊗ g′ =
(f ⊗ g)

∆pT · ∆y
· f ′

f ′ ⊗ g′ ·
ǫL

ǫ′L′ , (8.24)where the primed funtions and variables are estimates from data for the truefuntions and variables, with assoiated unertainties. The ∆pT and ∆y arethe bin size in pT and y, respetively. The analytial model in Eq. 8.24 issu�ient for the error propagation: unertainty in JES would orrespond toa variation in (f ⊗g), unertainty in ansatz �t to a variation in f ′, resolutionin g′, e�ieny in ǫ′ and the unertainty in luminosity to a variation in L′.The following subsetions outline in more detail how the various unertaintysoures are propagated to ross setion unertainty.8.6.1 Jet energy sale unertaintyThe unertainty from jet energy sale for an individual soure ∆sJES isestimated by integrating the smeared ansatz from shifted upper and lowerends of the pT bin and then omparing to the nominal value
pshifted

T,min = (1 − ∆sJES)pT,min (8.25)
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pshifted

T,max = (1 − ∆sJES)pT,max (8.26)
∆s

(

dσ2

dpT dy

)

=

∫ pshifted
T,max

pshifted
T,min

(f ⊗ g)(x)dx
∫ pT,max

pT,min
(f ⊗ g)(x)dx

− 1, (8.27)where f(pT ) is the ansatz �t and pT,max and pT,min are the pT bin upper andlower edges, respetively. The up and down variations are treated separatelybeause the non-linear ross setion leads to asymmetri unertainties evenwhen ∆sJES is symmetri. The result of this approah is shown by the solidline in Fig. 8.15. Note that the integration over the pT bin that was impliitin Eq. 8.23 is written expliitly in Eq. 8.27. The impliit integration over the
y bin is inluded in the ansatz f and does not need to be repeated, either.Equation 8.27 is then in pratie a 2-dimensional integration over partilelevel pptcl

T and measured pmeas
T .The simple approah above is ompliated by the fat that the jet energy saledepends on a number of parameters suh as luminosity, number of verties,physis η, detetor η et. The unertainties also have some diret ηdet and

pT dependene. The ansatz approah does not easily failitate anything elsethan the pT dependene. However, the dependene on the other externalparameters is small enough that it an be ignored when the average valuesfor these parameters are used in alulating the JES unertainty.If the unertainty orrelations do not need to be onsidered, it is better toshift jets in data diretly by the total JES unertainty. This method auto-matially enompasses the orret ensemble of values for all the parametersand is used to test the validity of the ansatz approah. The result of thisapproah is shown by the points in Fig. 8.15. As mentioned earlier, therepeat-everything approah is hindered by the sensitivity to statistial �u-tuations at the edges of the phase spae. This is learly indiated by thewildly �utuating points at high pT , partiularly in CC where the last binshave less than ten jets. To redue the statistial �utuations, ansatz �ts forthe upper and lower JES unertainty points are used to get a more stableunertainty estimate, shown by the shaded band in Fig. 8.15.The di�erent methods for propagating the JES unertainty into ross setionunertainty are in good agreement in Fig. 8.15 partiularly in CC and at low
pT . Some di�erene is observed at high pT espeially in EC. The di�ereneis explained by the fat that the JES unertainty propagation in Eq. 8.27only onsiders modi�ation to the smeared ross setion term (f ⊗ g) inEq. 8.24 and keeps the ansatz f ′ �xed in the unfolding term f ′/(f ′ ⊗ g′) inEq. 8.24. Fully redoing the analysis after shifting the pT of the jets also mod-i�es f ′, e�etively ounting an additional ansatz unertainty into the total
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Figure 8.15: The jet energy sale unertainty derived using three di�erentmethods: shifting jet pT 's in data (points), using ansatz �ts to the shifteddata (shaded band) and taking a quadrati sum of the JES unertaintysoures propagated using the entral ansatz (solid line). The dashed lineshows the size of the statistial omponent in the JES unertainty. Thesatter in the points is aused by statistial unertainty.



CHAPTER 8. DATA ANALYSIS 198JES unertainty. When all the JES unertainties are grouped together thetotal hange in f ′ is relatively large and inreasing toward high pT , ausing ahange in the unfolding in the same diretion as the hange in (f ⊗ g). Theorrelation between the JES unertainty and unfolding is a omplex issue forindividual unertainty soures, and the proper statistial treatment ould befurther pursued in future analyzes.8.6.2 Unfolding unertaintyThe jet pT resolution and ansatz �t unertainties are onvolved togetherin the unfolding orretion f ′/(f ⊗ g′) in Eq. 8.24. The jet pT resolutionunertainty is obtained by varying the resolution funtion g′ while keeping
f ′ �xed

∆s

(

dσ2

dpT dy

)

=
(f ′ ⊗ g′)(x)dx

(f ′ ⊗ g′
s)(x)dx

− 1. (8.28)Note that the f ′ in the nominator of f ′/(f ′⊗g′) has aneled out in the ratio.The unertainty soures g′
s over unertainties in the width σ (RMS) of theresolution

g′
s(x, y, σ) → g′(x, y, σ + ∆sσ), (8.29)and in the shape parametrized by {αi}, when σ is kept onstant

g′
s(x, y, σ; {αi}) → g′(x, y, σ; {αi,s}). (8.30)Similarly, the statistial unertainty in the unfolding is propagated using

∆s

(

dσ2

dpTdy

)

=
(f ′ ⊗ g′)(x)dx

(f ′
s ⊗ g′)(x)dx

− 1, (8.31)when g′ is kept onstant. The eigenfuntions f ′
s are obtained by diagonal-izing the error matrix obtained from the unfolding step in Se. 8.5. Thediagonalization proedure is detailed in Appendix C.2.Figure 8.16 shows a summary of the unfolding unertainties: RMS width,resolution shape and the ansatz �t unertainty. No unertainty is assignedto the funtional form of the ansatz beause it gives good desription ofdata and adding extra parameters would not improve the �t. The resolutionunertainty (dashed line) is the dominant one. The shape unertainties (tri-angles) are only assessed in ICR where the double-Gaussian tails in MC truthmay not perfetly math those in data. The punh-through tails are based onphysis that is expeted to be well-modeled by MC. The detailed aountingof the non-Gaussian tails results in signi�ant di�erenes ompared to the



CHAPTER 8. DATA ANALYSIS 199simpler Gaussian approah (full irles), but the two are onsistent withinthe larger Gaussian unertainties (not shown). The ansatz unertainty (dia-monds) is important only at the high pT region with low statistis.The propagation of the resolution unertainties using Eq. 8.29 is veri�ed byredoing the full unfolding with resolution hanged by the total resolutionunertainty. The result (open irles) is shown in Fig. 8.16 ompared to theresults using Eq. 8.29 (dashed line). The two results are generally in goodagreement, with small di�erenes at high and low pT . The propagation ofresolution unertainties using Eq. 8.29 does not hange f ′ and g′ simulta-neously, while the full unfolding does. As in the ase of JES unertainties,an additional ansatz unertainty is inluded in the total resolution uner-tainty in the full unfolding, but the sign of the additional hange may alsobe opposite to that of the total resolution unertainty. The proper statistialtreatment of the orrelation between resolution unertainty and unfoldingould be further pursued in future analyzes, although it is found to be fairlysmall.8.6.3 E�ieny and luminosity unertaintiesThe e�ieny and luminosity unertainties are simple to propagate analyti-ally by
∆s

(

dσ2

dpTdy

)

=
ǫ

ǫ + ∆sǫ
, (8.32)

∆s

(

dσ2

dpT dy

)

=
L

L + ∆sL
. (8.33)The unertainty in the ratio of jet trigger pT spetra is formally also treatedas an e�ieny unertainty, although the underlying ause of o�sets in thetrigger pT spetra is likely a ombination of time and luminosity dependenein JES, JER, luminosity measurement and alorimeter failure rates. Theunertainty of the trigger e�ieny itself is negligible in the plateau regionwhere the single-jet triggers are > 98% e�ient and the residual ine�ieny isorreted for. The overall luminosity, e�ieny and trigger ratio unertaintiesare shown in Fig. 8.17.The leading ine�ieny in Fig. 8.17 is the 6.1% unertainty in the luminos-ity measurement [115℄. The trigger ratio unertainties are alulated withrespet to the highest statistis trigger JT_65TT and inrease toward bothlow and high pT up to about 1�2% level. An exeption is the ICR regionwhere the jet pT spetra are relatively poorly aligned for some triggers, and
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CHAPTER 8. DATA ANALYSIS 202the unertainty grows up to 5%. The JetID, missing-ET ut and VertexIDe�ieny unertainties ontribute at a level of about 0.5% or less, exeptfor 1.5% JetID unertainty in 0.8 < |y| < 1.2 and about 1% total VertexIDunertainty in EC. These three are overall the smallest unertainties in theanalysis.8.6.4 Summary of unertaintiesThe total unertainty for the inlusive jet ross setion is shown in Fig. 8.18.The dominant unertainty is JES, but the unfolding (jet pT resolution) un-ertainties are also important partiularly at high pT in EC. The 6.1% lumi-nosity unertainty is the seond most important unertainty at low pT , andthe third biggest at high pT . At about pT = 150 GeV/c in CC the luminosityunertainty is roughly equal to the leading JES unertainty. The unertain-ties assoiated with the e�ieny orretions are small in omparison to theother unertainties, although the inluded trigger ratio unertainty growssizable for pT > 190 GeV/c at 1.2 < |y| < 1.6.8.7 Unertainty orrelationsThe orrelations between the unertainties have been studied in detail, andin most ases the individual unertainties are provided as a single unertaintysoure. If the unertainty has inherent deorrelation between rapidity regionslike the residual of the η-dependent orretions, the unertainty is broken intosmaller soures that span eah rapidity region. Similarly, if the unertaintyhas orrelation in pT like the entral response �t unertainty, the unertaintyis fatorized into pT dependent parts e.g. by diagonalizing the error matrix(see Appendix C.2 for details).The unertainty soures are onsidered unorrelated, and eah soure de-sribes how all the points in the measurement move in a fully orrelatedfashion for a 1 σ unertainty. The sign of the soure an be both positiveand negative. They are essentially �shapes� whose sign tells the diretion apoint should move, and the size tells by how muh. The total unertaintyof the measurement in any point is given simply by the quadrati sum of allthe unertainty soures at that point.The number of unertainty soures provided is 48 for JES, 19 for unfoldingwith pT resolution (13), rapidity resolution (1), non-Gaussian tails (1) andansatz �t (4) unertainty and 23 for e�ieny with trigger ratio (15), JetID
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Figure 8.18: The total systemati unertainty broken down to its primaryomponents.



CHAPTER 8. DATA ANALYSIS 204e�ieny (3), vertex e�ieny (3) and missing-ET e�ieny (2) unertainties.The luminosity unertainty is a single fully orrelated soure as it only a�etsthe overall normalization. The total number of unertainty soures is 91,many whih are ombined by shape similarities and size to an e�etive set of24 in Se. 8.11.3. These ombined soures are listed in Table 8.9 and theiroriginal omponents in Tables 8.10�8.12.8.8 Theory preditionsThe theory preditions for inlusive jet ross setion are alulated with per-turbative QCD in next-to-leading-order (NLO) preision with the CTEQ6.5 [150℄ and MRST2004 [22℄ PDF sets. The pratial alulations are donewith NLOJET++ [148, 149℄ and fastNLO [53℄.The entral CTEQ6.5M predition uses the fatorization and renormalizationsales µF = µR = pT . The alternative sale hoies µF = µR = 0.5pT and
µF = µR = 2pT are used to estimate the theory unertainty on the higherorder orretions. In an all-orders alulation the result does not dependon the hoie of sale, but the dependene enters for a �xed sale when thehigher order terms are omitted. The sales 0.5pT and 2pT are somewhatarbitrary, but ommonly used hoies to estimate the theory unertainty.The PDF unertainties are alulated using the set of 20 up and down eigen-vetors provided by the CTEQ ollaboration for the CTEQ6.5M PDF �ts.The MRST2004 PDF set [22℄ is used as an alternative for CTEQ6.5M foromparison.8.8.1 Non-perturbative orretionsThe NLO pQCD preditions are orreted for non-perturbative e�ets toonnet the parton level jets predited by theory to the measured partilelevel jets. The leading non-perturbative orretions are hadronization andunderlying event that, however, anel to a large extent. Their primaryimpat is at low pT . Another small orretion is the exlusion of partonshower muons and neutrinos from the de�nition of DØ partile jets. Thisleads on average to a small additional energy loss in going from parton topartile level. The muon/neutrino energy loss is in priniple aounted forby the MPF method in γ+jet events, but the additional topology (MPF)bias orretions alibrate the JES to the DØ partile level. Other partilejet de�nitions usually inlude the muons and neutrinos in the partile jet.



CHAPTER 8. DATA ANALYSIS 205Replaing the standard DØ one algorithm with a seedless infrared-safe onealgorithm, SISone [151℄, a�ets the ross setion by 2�8%. The SISone or-retion plots are provided for referene only, beause neither DØ or CDF ur-rently implement this algorithm in their standard jet reonstrution. How-ever, there has been disussion on inluding this algorithm for future mea-surements at the Tevatron and LHC. The bene�ts are a smaller hadroniza-tion orretion that improves the anellation of non-perturbative orretionsand a more sensible omparison between data and theory due to improvedinfrared safety.The MC orretions have been obtained using Pythia v6.412 with param-eters for tune QW [56℄. The tune QW was obtained by tuning Pythia toreprodue CDF Run II data with CTEQ6.1M PDF set, whose entral pre-dition is almost idential to that of CTEQ6.5M, but with almost twie aslarge unertainties for the inlusive jet ross setion measurement. The newCTEQ6.5M unertainties beame available in the beginning of 2007 and re-dued the previous CTEQ6.1M PDF unertainties by almost a fator of twoprimarily beause the de�nition of the unertainty hanged8. The strongoupling �onstant� is �xed to αs(MZ) = 0.118 at the Z boson mass anduses 2-loop formula for the Q2 evolution of αs. The Pythia ross setionis re-weighted in ŝ so that the Pythia parton shower predition agrees withNLO pQCD, whih again agrees with data.The orretion fators for the theory predition for hadronization and under-lying event are shown in Fig. 8.19, along with their produt to show the levelof anellation. The numerial values of these orretions are also listed inTables 8.3�8.8. The energy loss orretion to data for parton shower muonsand neutrinos is shown in Fig. 8.20 together with the SISone orretion,whih is provided for referene only. The energy loss orretion is almost�at at 1�2%. There is no unertainty assigned for the small energy loss or-retion, but the non-perturbative orretion an be estimated as 50% of theindividual orretions added in quadrature.8.9 Choie of pT binningThe theory preditions and measured jet pT resolution have been used as aguide to set the bin limits partiularly for the high pT region: the highestbin is required to have Ntheory/
√

Nsmeared ≥ 1.645, where Ntheory is the lowest8CTEQ6.1M uses ∆χ2 = 100 that is interpreted as 90% on�dene level, whereasMRST2004 and CTEQ6.5M have ∆χ2 = 50 for the same purpose [152℄.
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Figure 8.19: Hadronization and underlying event orretions for inlusivejet ross setion theory predition and their produt. The unertainty isestimated as 50% of the individual orretions added in quadrature.expeted number of jets from theory for L = 700 pb−1 and assuming an av-erage e�ieny of 0.85, Nsmeared is the orresponding expeted number of jetsafter pT smearing, and 1.645 gives the one-sided 95% on�dene level. Thisrequirement gives the optimal pT reah and sensitivity in CC for omposite-ness searhes, but limits the maximum unfolding orretion in the forwardrapidity so that the measurement is sensitive to the true ross setion.The upper bin edge is hosen suh that Nsmeared ≤ 0.05 for the over�ow bin,exept in ICR where 0.5 and 2.0 events are allowed at pT > 520 GeV/c and
pT > 415 GeV/c for 0.8 < |y| < 1.2 and 1.2 < |y| < 1.6, respetively, toavoid exessively wide last bin. No jets are observed in the over�ow bins,exept at 1.2 < |y| < 1.6 where two isolated jets are observed lose to
pT = 455 GeV/c (E > 800 GeV). This is in agreement with the predited1.7 jets after smearing in this region.The pT bins are required to be multiples of 5 GeV/c and a minimum of10 GeV/c, RMS(pT ) or 0.1 · pT wide, whihever is highest. The bin widthsare then adjusted to math the trigger pT thresholds so that only one trigger
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Figure 8.20: Corretion to data for parton shower muons and neutrinos andfor the seedless one algorithm, SISone. The latter is provided for refereneonly.ontributes to eah pT bin. The minimum width requirement of RMS(pT ) isloosened in ICR so that the �nal bin widths are omparable to CC and EC.8.10 Final ross setion resultsThe �nal ross setion orreted for JES (spei�ally for pT in the inlusive jetsample), rapidity bias, known ine�ienies and pT and y smearing is shownin Fig. 8.21 in double logarithmi sale for all the rapidity regions. The hoieof logarithmi x-axis emphasizes the relatively preise low pT measurement.Overlaid on the plot are the theory preditions using CTEQ 6.5M NLO PDFswith the theory alulated using µF = µR = pT and orreted for underlyingevent and hadronization e�ets. The di�erent rapidity regions are o�set bypowers of two to separate the urves. On logarithmi sale the agreementbetween data and theory is good over the full kinemati range. The tabulatedross setions for data and theory are provided in Tables 8.3�8.8.
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Table 8.3: Jet ross setion measurement for 0.0 < |y| < 0.4

pT bin p
plot

T
data systemati statistial theory Non-perturbative orretionsunertainty unertainty hadroniz- underlying totalGeV GeV pb/GeV % % pb/GeV ation (%) event (%) %50�60 54.5 2.310×104 +10.1,�9.5 0.7 2.085×104 -14.3 +29.9 +11.360�70 64.6 8.807×103 +9.5,�9.0 0.3 7.965×103 -12.9 +26.0 +9.870�80 74.6 3.769×103 +9.3,�8.7 0.5 3.439×103 -11.6 +22.8 +8.580�90 84.7 1.758×103 +9.1,�8.6 0.7 1.629×103 -10.6 +20.2 +7.590�100 94.7 8.926×102 +9.1,�8.5 1.0 8.301×102 -9.6 +18.0 +6.6100�110 104.7 4.826×102 +8.9,�8.4 0.4 4.488×102 -8.8 +16.1 +5.9110�120 114.7 2.744×102 +8.9,�8.3 0.5 2.543×102 -8.1 +14.6 +5.3120�130 124.8 1.588×102 +8.9,�8.3 0.3 1.500×102 -7.5 +13.3 +4.8130�145 137.0 8.645×101 +8.9,�8.3 0.4 8.232×101 -6.9 +12.0 +4.3145�160 152.0 4.339×101 +9.0,�8.4 0.5 4.169×101 -6.2 +10.7 +3.8160�180 169.3 2.132×101 +9.1,�8.5 0.3 2.033×101 -5.6 +9.6 +3.4180�200 189.3 9.813×100 +9.3,�8.7 0.4 9.433×100 -5.0 +8.6 +3.1200�220 209.4 4.720×100 +9.5,�8.9 0.5 4.603×100 -4.6 +7.8 +2.9220�240 229.4 2.417×100 +9.8,�9.2 0.6 2.355×100 -4.3 +7.3 +2.7240�265 251.6 1.177×100 +10.1,�9.5 0.8 1.163×100 -4.0 +6.9 +2.6265�295 278.8 5.084×10−1 +10.6,�10.0 1.1 5.142×10−1 -3.8 +6.5 +2.5295�325 308.9 2.095×10−1 +11.2,�10.6 1.8 2.165×10−1 -3.6 +6.3 +2.4325�360 341.0 8.178×10−2 +12.0,�11.3 2.6 8.880×10−2 -3.5 +6.1 +2.4360�400 378.2 2.901×10−2 +13.0,�12.4 4.1 3.238×10−2 -3.4 +6.0 +2.4400�445 420.2 9.866×10−3 +14.5,�13.7 6.6 1.046×10−2 -3.3 +5.9 +2.3445�490 465.2 3.006×10−3 +16.5,�15.6 11.8 3.090×10−3 -3.3 +5.8 +2.3490�540 512.1 5.841×10−4 +19.1,�18.0 25.8 8.347×10−4 -3.3 +5.8 +2.3540�665 584.3 8.693×10−5 +23.8,�22.1 40.8 9.616×10−5 -3.3 +5.8 +2.3

Table 8.4: Jet ross setion measurement for 0.4 < |y| < 0.8
pT bin p

plot

T
data systemati statistial theory Non-perturbative orretionsunertainty unertainty hadroniz- underlying totalGeV GeV pb/GeV % % pb/GeV ation (%) event (%) %50�60 54.5 2.151×104 +10.4,�9.9 0.8 1.976×104 -14.3 +30.6 +11.960�70 64.6 8.092×103 +9.9,�9.4 0.3 7.510×103 -12.8 +26.4 +10.270�80 74.6 3.466×103 +9.7,�9.2 0.5 3.219×103 -11.6 +23.1 +8.980�90 84.7 1.610×103 +9.6,�9.1 0.7 1.517×103 -10.5 +20.3 +7.790�100 94.7 7.994×102 +9.6,�9.0 1.0 7.710×102 -9.5 +18.0 +6.8100�110 104.7 4.352×102 +9.5,�8.9 0.4 4.128×102 -8.7 +16.1 +6.0110�120 114.7 2.415×102 +9.5,�8.9 0.6 2.334×102 -8.0 +14.5 +5.4120�130 124.8 1.409×102 +9.5,�8.9 0.4 1.365×102 -7.4 +13.2 +4.8130�145 137.0 7.639×101 +9.6,�9.0 0.4 7.422×101 -6.8 +11.9 +4.3145�160 152.0 3.806×101 +9.7,�9.1 0.6 3.721×101 -6.1 +10.6 +3.8160�180 169.2 1.812×101 +9.9,�9.3 0.3 1.785×101 -5.5 +9.5 +3.4180�200 189.3 8.108×100 +10.2,�9.6 0.4 8.116×100 -5.0 +8.5 +3.1200�220 209.4 3.780×100 +10.5,�9.9 0.5 3.868×100 -4.6 +7.8 +2.8220�240 229.4 1.853×100 +10.8,�10.2 0.7 1.931×100 -4.3 +7.3 +2.7240�265 251.6 8.716×10−1 +11.3,�10.7 0.9 9.243×10−1 -4.1 +6.9 +2.5265�295 278.8 3.529×10−1 +12.0,�11.4 1.3 3.891×10−1 -3.9 +6.6 +2.5295�325 308.8 1.379×10−1 +12.9,�12.3 2.1 1.546×10−1 -3.7 +6.4 +2.4325�360 340.9 5.253×10−2 +14.1,�13.4 3.1 5.903×10−2 -3.6 +6.2 +2.4360�400 377.9 1.530×10−2 +15.8,�15.0 5.3 1.956×10−2 -3.6 +6.1 +2.3400�445 419.9 3.702×10−3 +18.1,�17.1 9.8 5.531×10−3 -3.5 +6.1 +2.3445�495 466.6 7.247×10−4 +21.5,�20.2 20.4 1.298×10−3 -3.5 +6.0 +2.3495�635 539.3 5.830×10−5 +27.9,�25.8 40.8 1.081×10−4 -3.5 +6.0 +2.3



CHAPTER 8. DATA ANALYSIS 209Table 8.5: Jet ross setion measurement for 0.8 < |y| < 1.2
pT bin p

plot

T
data systemati statistial theory Non-perturbative orretionsunertainty unertainty hadroniz- underlying totalGeV GeV pb/GeV % % pb/GeV ation (%) event (%) %50�60 54.5 1.754×104 +11.2,�10.6 0.8 1.778×104 -14.3 +32.4 +13.560�70 64.6 6.575×103 +10.9,�10.3 1.3 6.648×103 -12.7 +27.5 +11.470�80 74.6 2.785×103 +10.8,�10.2 2.0 2.828×103 -11.3 +23.6 +9.780�90 84.7 1.283×103 +10.7,�10.1 3.0 1.310×103 -10.1 +20.5 +8.390�100 94.7 6.540×102 +10.2,�9.6 1.1 6.549×102 -9.2 +18.0 +7.1100�110 104.7 3.380×102 +10.2,�9.6 1.5 3.459×102 -8.4 +15.9 +6.2110�125 116.9 1.690×102 +10.2,�9.6 0.5 1.697×102 -7.6 +14.0 +5.4125�140 132.0 7.455×101 +10.3,�9.7 0.8 7.587×101 -6.8 +12.1 +4.5140�155 147.0 3.614×101 +10.5,�9.9 0.5 3.600×101 -6.2 +10.8 +3.9155�170 162.0 1.795×101 +10.7,�10.1 0.8 1.802×101 -5.7 +9.7 +3.5170�190 179.2 8.459×100 +11.0,�10.4 1.0 8.522×100 -5.3 +8.9 +3.1190�210 199.3 3.641×100 +11.6,�11.0 0.6 3.741×100 -5.0 +8.2 +2.8210�230 219.3 1.633×100 +12.2,�11.5 0.8 1.701×100 -4.7 +7.7 +2.6230�250 239.4 7.565×10−1 +12.9,�12.3 1.0 7.996×10−1 -4.5 +7.4 +2.5250�270 259.4 3.547×10−1 +13.8,�13.1 1.4 3.820×10−1 -4.4 +7.1 +2.4270�300 283.6 1.427×10−1 +15.0,�14.2 1.8 1.575×10−1 -4.3 +6.9 +2.3300�335 315.6 4.088×10−2 +17.0,�16.0 3.0 4.929×10−2 -4.2 +6.8 +2.3335�375 352.5 1.023×10−2 +19.9,�18.7 5.2 1.266×10−2 -4.2 +6.7 +2.3375�415 392.4 2.357×10−3 +24.3,�22.6 9.9 2.782×10−3 -4.1 +6.7 +2.2415�520 449.4 1.529×10−4 +32.0,�28.8 19.6 2.529×10−4 -4.1 +6.6 +2.2Table 8.6: Jet ross setion measurement for 1.2 < |y| < 1.6

pT bin p
plot

T
data systemati statistial theory Non-perturbative orretionsunertainty unertainty hadroniz- underlying totalGeV GeV pb/GeV % % pb/GeV ation (%) event (%) %50�60 54.5 1.501×104 +12.3,�11.7 0.9 1.509×104 -14.2 +34.7 +15.560�70 64.5 5.200×103 +12.0,�11.5 1.5 5.468×103 -12.4 +28.6 +12.670�80 74.6 2.171×103 +11.9,�11.4 2.3 2.258×103 -11.0 +24.0 +10.480�90 84.6 9.542×102 +11.2,�10.7 0.9 1.019×103 -9.8 +20.5 +8.690�100 94.7 4.594×102 +11.1,�10.6 0.4 4.933×102 -8.9 +17.7 +7.2100�110 104.7 2.329×102 +11.3,�10.7 0.5 2.523×102 -8.2 +15.6 +6.2110�125 116.9 1.099×102 +11.5,�10.9 0.6 1.179×102 -7.5 +13.7 +5.2125�140 131.9 4.551×101 +11.9,�11.3 1.0 4.928×101 -6.9 +11.9 +4.2140�155 147.0 1.986×101 +12.2,�11.5 0.7 2.165×101 -6.4 +10.7 +3.6155�170 162.0 9.150×100 +12.6,�12.0 1.1 9.967×100 -6.1 +9.9 +3.1170�190 179.2 3.740×100 +13.3,�12.6 1.4 4.232×100 -5.9 +9.2 +2.8190�215 201.2 1.231×100 +15.3,�14.6 0.8 1.453×100 -5.6 +8.7 +2.5215�240 226.2 3.522×10−1 +16.9,�16.1 1.4 4.405×10−1 -5.5 +8.3 +2.3240�265 251.2 1.073×10−1 +19.3,�18.4 2.1 1.337×10−1 -5.4 +8.1 +2.2265�290 276.2 2.855×10−2 +22.3,�21.1 3.7 3.988×10−2 -5.4 +8.0 +2.2290�325 304.8 6.826×10−3 +26.7,�25.0 5.6 9.291×10−3 -5.3 +7.9 +2.1325�415 351.9 3.464×10−4 +35.5,�32.5 11.5 6.317×10−4 -5.3 +7.9 +2.1Table 8.7: Jet ross setion measurement for 1.6 < |y| < 2.0

pT bin p
plot

T
data systemati statistial theory Non-perturbative orretionsunertainty unertainty hadroniz- underlying totalGeV GeV pb/GeV % % pb/GeV ation (%) event (%) %50�60 54.5 1.145×104 +12.2,�11.6 1.0 1.165×104 -14.2 +36.1 +16.960�70 64.5 3.985×103 +12.0,�11.4 1.8 4.031×103 -12.3 +29.0 +13.170�80 74.6 1.546×103 +12.0,�11.4 0.7 1.566×103 -11.0 +23.8 +10.280�90 84.6 6.622×102 +12.2,�11.6 1.1 6.649×102 -10.0 +20.1 +8.190�100 94.7 2.930×102 +12.4,�11.8 0.5 2.990×102 -9.2 +17.4 +6.6100�110 104.7 1.351×102 +12.8,�12.2 0.7 1.414×102 -8.7 +15.4 +5.4110�125 116.8 5.651×101 +13.3,�12.7 0.4 5.923×101 -8.3 +13.8 +4.4125�140 131.9 2.019×101 +14.2,�13.5 0.7 2.130×101 -7.9 +12.4 +3.5140�160 148.9 6.296×100 +15.4,�14.7 1.1 6.885×100 -7.6 +11.4 +2.9160�175 166.9 1.910×100 +17.2,�16.4 0.9 2.103×100 -7.5 +10.7 +2.5175�190 181.9 6.777×10−1 +19.2,�18.3 1.4 7.917×10−1 -7.4 +10.4 +2.3190�210 198.9 2.148×10−1 +22.1,�20.9 1.8 2.534×10−1 -7.3 +10.2 +2.1210�235 220.7 4.317×10−2 +27.2,�25.5 3.3 5.526×10−2 -7.3 +10.0 +2.0235�260 245.4 6.053×10−3 +35.7,�32.7 7.6 8.876×10−3 -7.3 +9.9 +2.0260�320 277.7 3.195×10−4 +50.8,�44.3 16.4 5.054×10−4 -7.3 +9.9 +1.9
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CHAPTER 8. DATA ANALYSIS 211Table 8.8: Jet ross setion measurement for 2.0 < |y| < 2.4
pT bin p

plot

T
data systemati statistial theory Non-perturbative orretionsunertainty unertainty hadroniz- underlying totalGeV GeV pb/GeV % % pb/GeV ation (%) event (%) %50�60 54.4 7.075×103 +13.5,�12.9 1.3 7.602×103 -14.6 +36.1 +16.260�70 64.5 2.248×103 +13.8,�13.2 2.3 2.364×103 -13.1 +28.4 +11.670�80 74.5 7.326×102 +14.3,�13.6 1.0 8.193×102 -12.1 +23.4 +8.580�90 84.6 2.685×102 +15.0,�14.3 1.7 3.013×102 -11.4 +20.1 +6.490�100 94.6 9.869×101 +15.8,�15.0 0.8 1.151×102 -11.0 +17.8 +4.9100�110 104.6 3.845×101 +16.8,�16.0 1.3 4.547×101 -10.7 +16.3 +3.9110�120 114.6 1.460×101 +18.0,�17.2 2.1 1.810×101 -10.6 +15.3 +3.2120�130 124.6 5.665×100 +19.7,�18.7 1.6 7.105×100 -10.5 +14.6 +2.7130�145 136.6 1.788×100 +22.2,�21.0 2.2 2.291×100 -10.4 +14.1 +2.3145�160 151.6 3.722×10−1 +26.6,�24.9 4.6 5.269×10−1 -10.3 +13.7 +2.0160�175 166.5 7.711×10−2 +32.6,�30.2 3.5 1.120×10−1 -10.3 +13.5 +1.8175�200 184.6 9.782×10−3 +42.4,�38.2 6.5 1.400×10−2 -10.3 +13.3 +1.7200�230 209.7 2.689×10−4 +65.2,�55.4 18.9 3.864×10−4 -10.3 +13.2 +1.6As an be appreiated, the experimental unertainties have been reduedoverall to the same level as the urrent best CTEQ6.5M PDF unertainties.The experimental unertainties are highly orrelated, with an average bin-to-bin orrelation of 0.79 and RMS of 0.11, both alulated from the 110 ×

110 elements of the orrelation matrix shown in Fig. 8.24 exluding the 110diagonal elements. The measured shape of the data over theory then alsoprovides strong onstraints on the PDFs, as disussed in the next setion.8.11 Statistial omparison with theoryThe experimental unertainties ontain a signi�ant amount of orrelationbetween pT and rapidity bins that an be used in onstraining the theoryPDF unertainties. The luminosity unertainty is naturally fully orrelatedaross all pT and rapidity bins, but the new methods of deriving the JESunertainties have also inreased bin-to-bin orrelations. Some of the largestJES unertainties in CC, the eletron and photon energy sales, are fully or-related aross rapidity at �xed pT due to the entral-to-forward η-dependentorretions. The orrelation aross pT is also strong due to the alibratedMonte Carlo models used to extrapolate the response to higher pT in CC.Using dijet events together with γ+jets in a ombined �t for the JES al-ibration has redued high pT statistial unertainties also at more forwardrapidities, with the onstraints oming diretly from data. The new global �tproedure that is used in most sub-orretions has produed smooth param-etrizations that have low statistial unertainty and high level of bin-to-binorrelation.Together all the new improvements have inreased the overall bin-to-bin or-relations shown in Fig. 8.24 to an average level of 0.79, with RMS of 0.11. The
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CHAPTER 8. DATA ANALYSIS 213for the PDF, sale, underlying event and hadronization orretion uner-tainties. This allows the shape of the measured ross setion to be used toprovide additional onstraints for the theory (PDFs). The most signi�antPDF unertainty orrelation information is readily available from the CTEQollaboration as a set of 20 eigenvetor pairs representing independent upand down variations of the PDFs [150℄. These eigenvetors estimate a on�-dene range suh that, within this range, the �t to every data set used in theglobal �t is within its 90% on�dene level. The ross setion unertaintiesorresponding to these PDF eigenvetor pairs are shown in Fig. 8.23. Theunertainty over most of the kinemati range is dominated by a single pairof eigenvetors, the pair #13. This orresponds to the unertainty in thehigh-x gluon PDF.The orrelation information enoded in the unertainty soures sk an bevisualized by alulating the orrelation ρ between bins xi and xj using
σxi

=

√

∑

k

s2
k(xi), (8.34)

σxj
=

√

∑

k

s2
k(xj), (8.35)

ρ(xi, xj) =

∑

k sk(xi)sk(xj)

σxi
σxj

. (8.36)The bins are ordered �rst by pT , then by rapidity suh that the index i ofpoint xi = (pT,y, yi) is i(xi) = 6 × i(pT,i) + i(yi). The full 110 × 110 matrixof orrelation information is shown in Fig. 8.24. The orrelation is learlystrongest for the bins lose to eah other in the (pT , y) spae.8.11.1 The χ2 minimization proedureThe �rst step in determining the statistial agreement between data andtheory is to de�ne a χ2 funtion for the omparison. Suh a funtion isobtained by allowing the data xi or the entral theory predition ti to beshifted by an amount δi,k(ǫk) for eah bin i and soure k and then adding theshifts ǫk to the χ2

χ2 =
∑

i

[

xi +
∑

k δi,k(ǫk) − (ti +
∑

k′ δi,k′(ǫk′))

∆2
i,uncorr

]2

+
∑

k

ǫ2
k +

∑

k′

ǫ2
k′

=
∑

i

[

xi +
∑

k δi,k(ǫk) − ti
∆2

i,uncorr

]2

+
∑

k

ǫ2
k, (8.37)
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Figure 8.24: Bin-to-bin orrelation for the ross setion measurement uner-tainties. The bins are ordered �rst in pT , then in rapidity, suh that eahlarge �box� is a single rapidity bin. The same orrelations are shown as (a)a olor map, and (b) a lego plot.the same as used by the CTEQ ollaboration.The number of degrees of freedom (NDF) for the χ2 in Eq. 8.37 is the sameas the number of data points xi, 110. Although there are 91 soures δi,k(ǫk)for data and 20 soures δi,k′(ǫ′k) for PDFs and a orresponding number ofparameters ǫk and ǫ′k, these do not a�et the overall NDF beause they areonstrained by the additional penalty points. A priori the ǫk and ǫ′k areexpeted to be Gaussian distributed with mean 0 and RMS of 1.The simplest hoie for the shift δi,k(ǫk) is to make it a linear funtion of ǫk[153℄
δi,k(ǫk) = ǫkσ

k
i , (8.38)where σk

i is the one standard deviation unertainty for soure k. The mini-mum χ2 of Eq. 8.37 an be obtained by �tting the parameters ǫk that desribeboth the data and theory systematis to get a good agreement between dataand theory. However, with δi,k(ǫk) set as in Eq. 8.38, the partial derivativesof Eq. 8.37 result in linear set of equations for ǫk

∂χ2

∂ǫi

=
∑

k

2

[

xk +
∑

j ǫjσ
j
k − tk

∆2
k,uncorr

]

σi
k + 2ǫi = 0, (8.39)whih is solved diretly to �nd the minimum χ2. The summation indexes inEq. 8.39 have been renamed in antiipation of the next step. Equation 8.39
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Ax = c, where (8.40)
Aij = 2 · (i 6= j) +

∑

k

2σi
kσ

j
k

∆2
k,uncorr

, (8.41)
xj = ǫj , (8.42)
ci =

∑

k

2(tk − xk)σ
i
k

∆2
k,uncorr

. (8.43)The matrix equation Eq. 8.40 is solved using standard linear algebra pakages(ROOT [94℄ TMatrixD) for matrix inversion
x = A−1c, (8.44)where A−1 denotes the inverse of the matrix A.As a pratial detail, the σi

k are in general not symmetri so the Aij and
ci do atually depend on the signs of ǫi. This is solved by iterating thematrix inversion a few times (up to a maximum of 100) and seleting the σi

kaording to the sign of ǫi. In normal ases 2�3 iterations are enough to �nda stable solution, but if some parameters are very lose to zero the iterationan end up �ipping their sign bak and forth. However, in these ases all theallowed solutions would be pratially idential.A more elegant solution to deal with the σi
k being asymmetri and Eq. 8.38being non-derivative at ǫk = 0 is to hoose a quadrati formulation for theshifts [153℄

δi,k(ǫk) = ǫk
σ+,k

i − σ−,k
i

2
+ ǫ2

k

σ+,k
i − σ−,k

i

2
, (8.45)where the positive and negative unertainties are expliitly written in thesame equation, and the hoie does not impliitly depend on ǫk anymore.Equation 8.45 agrees with Eq. 8.38 at ǫk = ±1 and is derivative at ǫk = 0.The draw-bak of using the quadrati Eq. 8.45 is that substitution bak toEq. 8.37 and taking partial derivatives does not result in a system of linearequations anymore and an analytial solution for the minimum χ2 is noteasy (if even possible) to ome by. The minimum of Eq. 8.37 is thereforesolved using standard χ2 minimization tehniques implemented in the Minuitpakage [154℄. The solution for the linear problem is used as an initial guessfor the quadrati ase, and the minimization quikly onverges to a minimumlose to the linear ase. The minimization proedure automatially returnsthe error matrix and estimates of the ǫk unertainties.



CHAPTER 8. DATA ANALYSIS 2178.11.2 Global �t resultsFigure 8.25 shows the level of onstraint the urrent data set an impose onthe PDF unertainties (shaded band) if the overall sale and non-perturbativeorretion unertainties in the theory an be ignored in the ontext of theglobal �t. The error band and the data unertainties represent a 68% on-�dene level, whereas the CTEQ6.5M PDF �t unertainties are quoted torepresent a 90% on�dene level agreement with all data sets. To aount forthis di�erene in the hoie of on�dene levels, the theory shifts in Eq. 8.37are weighted by a fator of 1.645, whih sales the theory unertainty to 68%on�dene level. The resulting hange in the �t is quite small as the theoryshifts represent a minimal ontribution to the overall χ2 ompared to theexperimental shifts: χ2
th = 4.1 ompared to experimental χ2

exp = 37.0.The minimum χ2 for the Eq. 8.37 modi�ed with theory sale of 1.645 is 135.2,when �tted with the CTEQ6.5M set of PDF unertainties shown in Fig. 8.23.The number of degrees of freedom in the �t is equal to the number of datapoints, 110. This gives χ2/NDF = 1.23, whih is reasonable ompared tothe expetation of 1.00, but not perfet. The χ2/NDF has an expetedvariation proportional to the number of degrees of freedom, ∆χ2/NDF =
√

2/N , whih in this ase is 0.13. The orresponding χ2 probability9 for the�utuation of +0.23 is 5.2%, whih is improbable, but not impossible. Thedata and theory have possibly some shape disagreement, whih, however, isnot obvious by eye, or the degree of freedom for the unertainty soures hasbeen slightly underestimated. The latter option is favored by the observationswith the e�etive set of soures, as disussed in Se. 8.11.3.The present global �t does not inlude the theory sale unertainty or non-perturbative orretion unertainty to avoid issues with the overall salingbetween data and theory. The CTEQ6.5M set of PDFs has been �tted todi�erent data sets with a �xed hoie of fatorization and renormalizationsales and a �xed desription non-perturbative orretions. Using only thePDF unertainties then provides a stringent test of onsisteny against all theother data sets used for the PDF �ts, and of the validity of pQCD itself. Theagreement between data and theory is good even when limiting the overallsale and low pT freedom of the theory. Comparing Fig. 8.25 to the set ofPDF eigenvetors in Fig. 8.23, the data seems to favor the lower high-x gluonPDF (PDF #13). Taking the orrelation matrix of the �t at fae value, thePDF eigenvetor #13 has a favored value of −0.30 ± 0.09, whih is amongthe highest shift to �t unertainty ratios for the theory parameters.9See e.g. http://www.fourmilab.h/rpkp/experiments/analysis/hiCal.html
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tot = χ2

exp +χ2
th +

∑

k χ2
bin,k. The NDF for theexperimental and theoretial shifts equals the number of soures, the NDFfor the bins and the global �t total equals the number of measurements.8.11.3 E�etive orrelationsThe detailed global �t results in Se. 8.11.2 were obtained using a relativelylarge number (91) of systemati soures for data, listed in Tables 8.10�8.11.



CHAPTER 8. DATA ANALYSIS 219This number is omparable to the total number of experimental systematisoures used e.g. by the CTEQ ollaboration in their global PDF �ts for morethan twenty data sets [20℄, where the typial number of systemati souresis less than ten per data set. Many other groups rely on even less elaborateapproahes to statistial analysis in their global �ts. As a purely pratialmatter, the redution in number and regrouping of the systemati souresbene�ts the ommuniation of the results aross the high-energy physis om-munity. The urrent set of 91 systemati soures for 110 data points rep-resents a fairly large table with about 10,000 entries. From a physis pointof view the re-analysis of unertainty orrelations provides insight to theirreliability and highlights the most important ontributions.Many of the systemati soures are small in magnitude and/or highly or-related in shape with other soures. Some of the soures are statistial innature and ould be reasonably assigned as unorrelated in the analysis. Thissubsetion desribes a systemati approah to regroup and redue the num-ber of soures, without signi�antly impating the overall quality of the �tsor ompliating the physial interpretation of the largest and most signi�antsystemati soures.The traditional interpretation of soures as independent unertainties re-quires that the sum of all soures in quadrature must equal the total system-ati unertainty. When ombining soures in pairs, they must onsequentlybe added in quadrature. The seond observation is that the set of all lin-ear ombinations of soures represents the overall freedom the global �t has.Unless the soures are linearly dependent (i.e. paired soures have the sameshape), adding soures in quadrature will lose some of this freedom. Exessiveloss of �t freedom an be avoided by pairing only soures with similar shapeswhose orthogonal omponents (de�ned later) are small. Finally, adding asoure to the statistial unertainty will generally redue orrelations unlessthe soure exhibits large antiorrelation between bins. This an be used toompensate the inrease in orrelation from soure pairings.To turn the above observations into a robust systemati approah for re-grouping the soures it is neessary to de�ne the notions of soure size, shapesimilarity and orthogonality analytially. The natural measure for the sizeof a soure is the impat it has on the overall χ2 when shifted by 1 σ aroundthe minimum. To aid in writing the de�nitions let us �rst de�ne an innerprodut for soures h and g as
〈h · g〉 =

∑

i∈bins

hi · gi

σ2
stat,i

. (8.46)



CHAPTER 8. DATA ANALYSIS 220The size, or norm, of a soure h an be written using this notation as
||h|| =

√

〈h · h〉. (8.47)The shape similarity of two soures h and g an be quanti�ed by alulatingtheir orrelation, whih is written in the notation of Eq. 8.46 as
ρ =

〈h · g〉
||h|| · ||g|| . (8.48)This de�nitions yields 1.0 if the soures are fully orrelated, -1.0 if fullyanti-orrelated and 0.0 if ompletely unorrelated. The allowed values for ρfall between these extrema. The soure g an be broken into a omponentthat is fully orrelated with soure h and another omponent that is fullyunorrelated by onsidering a linear transformation

g′ = g − αh. (8.49)When the orthogonality of h and g′ is de�ned in terms of the inner produt,
h ⊥ g′ ⇒ 〈h · g′〉 = 0, (8.50)the Eq. 8.49 and Eq. 8.50 yield together

α =
〈h · g〉
〈h · h〉 . (8.51)The g′ is now the orthogonal omponent that is fully unorrelated withsoure h. It is easy to show that 〈g′ · g′〉 ≤ 〈g · g〉 and 〈g′ · g′〉 = 〈g · g〉 ⇔

h||g, 〈g′ · g′〉 = 0 ⇔ h ⊥ g. Small values of ||g′|| indiate that the souresan be ombined with little impat on the freedom of the global �t.In the pratial regrouping proedure, the soures oming from statistialunertainties in �ts are �rst assigned as unorrelated to ompensate laterarti�ial inrease in orrelations. This is partiularly well-motivated for om-bined soures from resolution �ts, beause these are not broken into a largenumber of eigenvetors and as suh overestimate the orrelations aross pT .The same is true for the soures oming from η-dependene and ansatz �ts.These soures are also fairly small in size. In ontrast, the CC response �tsoures are not assigned unorrelated beause the η-dependent JES orre-tions ause these soures to be fully orrelated aross rapidity for given pT .They are also fairly large in magnitude and are provided as proper eigenve-tor fatorizations to desribe the orrelation in pT .The remaining statistial and non-statistial soures are sorted in their sizeand are then iteratively reombined with other soures most similar in shape



CHAPTER 8. DATA ANALYSIS 221and having smallest orthogonal omponents. As a pratial rule of thumb,the soures are ombined when their orrelation is more than 80�90% andthe orthogonal omponents have a norm smaller than 0.1. In omparison,the largest individual soure, luminosity, has a norm of 0.7 and the totalunorrelated unertainty has a norm of 0.45, whih would rank as the 9thlargest soure.A few exeptions to the above general rules have been made. The trigger ratiosoures are small and are mostly expeted to deviate in the same diretionabove and below JT_65TT trigger10 for onseutive triggers so these areregrouped even when the orrelation between soures is relatively small. TheEM sale and detetor showering soures are very similar in shape and havea fairly small orthogonal omponent, but they are also some of the largestsoures and represent distint physial soures and are kept separate.At the end of the iterative proedure the remaining set of soures no longerhas any pairings with an orthogonal omponent less than 0.1 for the �ve mostsimilar soures (with the exeption of EM sale and detetor showering). Thesmallest of the remaining soures has a norm of 0.10. The �nal redued sethas 23 orrelated soures and one fully unorrelated one, whih is a signi�antredution ompared to the original 91 soures. It should be noted that theminimal set should have at least twelve soures to desribe the deorrelationsbetween six rapidity regions and low and high pT ends for eah region. Theredued set of 23 orrelated soures and the total unorrelated unertaintyare provided in Tables 8.13�8.36. The omponents of these soures (from theoriginal set of 91) are listed in Table 8.9.The global �t with CTEQ6.5 PDF unertainties for the redued set of 24soures is shown in Fig. 8.26. The horizontal bars indiate the unorrelatedsystemati unertainty, whereas the lines show the statistial unertainty.The shaded band shows the unertainty for the shifted theory alulatedusing the orrelation matrix of the �t. The �t is statistially ompatiblewith the result for the full set of 91 soures shown in Fig. 8.25. The �t
χ2/NDF of 97.4/110 for the redued set is also omparable to the χ2/NDF =
135.2/110 for the full set. The redution in the χ2 is due to assigning several�t unertainty soures as fully unorrelated. Most of these soures havenot been fatorized to eigenvetors and as suh overestimate the orrelationsaross pT , yielding larger χ2.The distribution of shifts of data unertainties in the global �t with the10The most likely andidate for the small deviations of trigger ratios from 1.0 is theinstantaneous luminosity dependene of PMT response in ICR. The average instantaneousluminosity inreases almost monotonially with trigger pT .
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exp = nsources = 23 and χ2
tot = npoints = 110.In ontrast, the full set has RMS of 0.64 and a large number of soures withnear-zero shifts, as shown in Fig. 8.27(b). The total χ2 for data shifts is 37.0for the 91 soures and the total χ2/NDF is 135.2/110. This deviates slightly



CHAPTER 8. DATA ANALYSIS 223from the a priori statistial assumptions and may be a onsequene of havingsome systemati soures with non-physial shapes on the other hand, andsome non-fatorized �t unertainty soures with too little pT deorrelationon the other. Visually and by looking at the χ2
bin for di�erent bins the fullset behaves slightly more as expeted: χ2

bin/NDF (bin) ∼ 1.0, point-by-point�utuations proportional to the statistial and unorrelated unertainties.In onlusion, both the redued and full set an be estimated to be equallyphysial, albeit slightly di�erent desriptions of the unertainty orrelationinformation.
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CHAPTER 8. DATA ANALYSIS 224response alibration between alorimeter regions and the detetor showeringunertainty is primarily the unertainty in the goodness-of-�t to showeringtemplates in data. The detetor showering unertainty also inludes signif-iant ontributions from other unertainties in the showering measurement,suh as sample purity, hoie of ∆R mathing between partile jets and re-onstruted jets and the di�erene between tunes A and QW of Pythia. Thesoure with the largest norm is the fully orrelated luminosity unertainty of6.1%, whih is not shown on the plot.
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CHAPTER 8. DATA ANALYSIS 225Overall it is evident that the leading soures of unertainty in the measure-ment are due to the absolute response alibration in the entral alorimeterand the overall normalization (luminosity). This leads to partially orre-lated unertainty aross pT and full orrelation aross rapidity. The rapiditydeorrelation unertainties are sizable, but signi�antly smaller in ompari-son. By exploiting the hange in shape aross rapidity for di�erent souresthe global �t an further onstrain the PDFs, as indiated by the signi�antlyredued unertainty band in Fig. 8.26 and Fig. 8.25 ompared to the originalexperimental unertainty in Fig. 8.22.



CHAPTER 8. DATA ANALYSIS 2268.12 MC losure of methodsThe full analysis hain has been repeated on Monte Carlo and omparedto the truth level answer to test the validity of the methods used in thisanalysis. This testing has been partiularly useful to verify that the JES andresolution orretions are applied onsistently, that no orretion fators areapplied twie and that the �nal result is indeed given at the DØ partile jetlevel. Not less important is it to test that the analysis programs are free ofprogramming errors, �bugs�, that ould a�et the results.Figure 8.29 shows the MC ross setion measurement versus partile leveljet pT spetrum that has been smoothed11 with a �fth order logarithmipolynomial. The JES and jet pT resolutions are both orreted bak toMC truth level to avoid the large unertainties otherwise oming from thesesoures. The unertainty band re�ets the statistial unertainty in the JESand pT resolution �ts in MC truth, and the unertainty of the ansatz �t inreonstruted MC. The JES and jet pT resolutions were individually testedfor MC losure in Chapters 6 and 7.The MC e�ienies di�er slightly from data so these have been redeter-mined from MC. The vertex aeptane has no luminosity dependene andthe vertex distribution is Gaussian with σ = 25 m. This gives a �at vertexaeptane of 95.5%. The alorimeter failure rate in MC (due to ZB overlayinluding bad events) is 2.8%. The Monte Carlo weights are normalized toa luminosity of 1.0 fb−1 before the bad LBN removal (4.4%) and event qual-ity uts, but after removing dupliate events. The JetID e�ieny is about99.0%. The muon/neutrino orretion is applied to both reo and partilejets (2% on the ross setion).The reonstruted jets have been mathed to partile jets within ∆R < 0.35at pT < 100 GeV/c to avoid ontamination by minimum bias (non-hardsatter) jets from the ZB overlay. In data the ontribution from MB jetsis automatially normalized by luminosity and does not a�et the result. InMC the low p̂T bins, e.g. the 5�10 GeV/c bin, get oasional hard satter jetsfrom the ZB overlay, whih an end up in bins at pT > 50 GeV/c. Beausethe lowest p̂T bins have very large relative weights (thousands), a single jetor two an signi�antly impat the overall ross-setion. In pratie this isseen by the MC ross setion going up by tens of perent, with an equallylarge error bar for the a�eted bins. The mathing step stabilizes the low pTmeasurement, but does not otherwise a�et the result.11The measured ross setion is the loal average of the partile level spetrum due tosmearing so the smoothing removes some extra jumpiness from the partile level spetrum.
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CHAPTER 8. DATA ANALYSIS 228Table 8.9: Desription and omponents of the unertainty soures listed inTables 8.13�8.36. The omponents are desribed in Tables 8.10�8.11.Soure Desription Componentsdunorr Unorrelated unertainty jes_049, jes_021, jes_020, jes_023,jes_022, jes_025, jes_024, jes_026,jes_029, jes_033, jes_047, jer_000,jer_001, jer_002, jer_003, jer_004,jer_005, jeu_000, jeu_001, jeu_002,jeu_003dsys001 EM energy sale jes_000, jes_010dsys002 Photon energy sale jes_002, jes_001, jes_006, jes_009dsys003 High pT extrapolation jes_005dsys004 η-interalibration jes_016, jes_017dsys005 Detetor showering jes_037, jes_034, jes_036, jes_038,jes_044dsys006 Luminosity lum_000, vtx_000, vtx_001dsys007 η-interalibration jes_011dsys008 η-interalibration jes_012, jes_013dsys009 η-interalibration jes_014, jes_015dsys010 JES resolution bias jes_018, jes_031, jes_030dsys011 Resolution method jer_012dsys012 Non-Gaussian tails jus_000, jid_002, jid_001, met_000dsys013 Zero-suppression jes_028, jes_027, jes_035, jes_048dsys014 Resolution jer_006, jer_007dsys015 η-interalibration �t jes_019dsys016 JES MPF bias jes_040, jid_000, jer_008dsys017 JES MPF bias jes_041dsys018 Rapidity unfolding jrr_000dsys019 Trigger mathing trg_013, trg_014, trg_008, trg_009,trg_003, trg_004, met_001dsys020 Dijet response �t jes_042dsys021 Dijet response �t jes_043, jes_046, jes_004, jes_003,jes_032, jes_045, jer_009, jer_010,jer_011, vtx_002dsys022 Trigger mathing trg_005, trg_006, trg_000, trg_010,trg_007, trg_011, trg_002, trg_001,trg_012dsys023 CC response �t jes_008



CHAPTER 8. DATA ANALYSIS 229
Table 8.10: Desription of the soure omponents. The enumerators, if pro-vided, are used in jetorr/JESErrors and qd_jet_af/JERErrors lasses.Component Desription EnumeratorJet energy sale (JES)jes_000 EM energy sale kEmSalejes_001 Dead material kRjetMaterialjes_002 Photon energy sale kPhShowerjes_003 Photon sample purity kRjetPurityjes_004 EM-jet bakground kRjetBkgrShiftjes_005 High-pT extrapolation RjetHighPTFragjes_006 PDF unertainty at high pT kRjetHighPTPDFjes_008 Fit in CC kRjetCCStat0jes_009 Fit in CC kRjetCCStat1jes_010 Fit in CC kRjetCCStat2jes_011 η-interalibration in CC kEtaAvgResEta0jes_012 η-interalibration in IC kEtaAvgResEta1jes_013 η-interalibration in IC kEtaAvgResEta_1jes_014 η-interalibration in EC kEtaAvgResEta2jes_015 η-interalibration in EC kEtaAvgResEta_2jes_016 η-interalibration in EC kEtaAvgResEta3jes_017 η-interalibration in EC kEtaAvgResEta_3jes_018 JES resolution bias kEtaDijetResBiasEtajes_019 η �t in CC kEtaStatEta0jes_020 η �t in IC kEtaStatEta1jes_021 η �t in IC kEtaStatEta_1jes_022 η �t in EC kEtaStatEta2jes_023 η �t in EC kEtaStatEta_2jes_024 η �t in EC kEtaStatEta3jes_025 η �t in EC kEtaStatEta_3jes_026 Zero suppression bias (ZSb) kZSStatjes_027 ZSb number of vertexes kZSSysNPVjes_028 ZSb jet mathing kZSSysDRjes_029 MPF method bias (MPFb) kMPFStatjes_030 MPFb Pythia vs. Herwig kMPFPhysisjes_031 MPFb saling kMPFSalingjes_032 MPF jet mathing kMPFdRjes_033 Detetor showering (Shw) kShwStatjes_034 Shw sample purity kShwPurityjes_035 Shw saling kShwSalingjes_036 Shw jet mathing kShwdRjes_037 Shw template �ts kShwGOFjes_038 Shw Tune A vs. Tune DW kShwTunejes_040 MPFb for dijets kMPFDijetEta0jes_041 MPFb for dijets kMPFDijetEta1
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Table 8.11: Desription of the soure omponents. The enumerators, if pro-vided, are used in jetorr/JESErrors and qd_jet_af/JERErrors lasses.Component Desription EnumeratorJet energy sale (JES)jes_042 Dijet CC response kRdijetCCStat0jes_043 Dijet CC response kRdijetCCStat1jes_044 Dijet CC response kRdijetCCStat2jes_045 Dijet CC response kRdijetCCStat3jes_046 Inlusive jet response kRinljetSysjes_047 O�set kO�setStatjes_048 O�set systematis kO�setSysjes_049 Empty plaeholder kRemainderJet pT resolutionjer_000 Fit in CC kStatCC1jer_001 Fit in CC kStatCC2jer_002 Fit in ICR kStatIC1jer_003 Fit in ICR kStatIC2jer_004 Fit in EC kStatEC1jer_005 Fit in EC kStatEC2jer_006 Fit residual kFitSysjer_007 Soft radiation orretion kKsoftSysjer_008 Partile level imbalane kPtlSysjer_009 Noise in CC kNoiseSysCCjer_010 Noise in IC kNoiseSysICjer_011 Noise in EC kNoiseSysECjer_012 Method losure kClosureSysJet pT unfoldingjeu_000 Unfoldingjeu_001 Unfoldingjeu_002 Unfoldingjeu_003 UnfoldingJet identi�ation (JetID)jid_000 JetID in CCjid_001 JetID in ICjid_002 JetID in ECRapidity unfoldingjrr_000 Rapidity unfoldingJet pT resolution shape in unfoldingjus_000 Unfolding shapeLuminositylum_000 LuminosityMissing-ET (MET) utmet_000 METmet_001 MET
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Table 8.12: Desription of the soure omponents. The enumerators, if pro-vided, are used in jetorr/JESErrors and qd_jet_af/JERErrors lasses.Component Desription EnumeratorTrigger mathingtrg_000 JT_15TT / JT_25TTtrg_001 JT_25TT / JT_45TTtrg_002 JT_45TT / JT_65TTtrg_003 JT_95TT / JT_65TTtrg_004 JT_125TT / JT_95TTtrg_005 JT_15TT / JT_25TT in ICtrg_006 JT_25TT / JT_45TT in ICtrg_007 JT_45TT / JT_65TT in ICtrg_008 JT_95TT / JT_65TT in ICtrg_009 JT_125TT / JT_95TT in ICtrg_010 JT_15TT / JT_25TT in ICtrg_011 JT_25TT / JT_45TT in ICtrg_012 JT_45TT / JT_65TT in ICtrg_013 JT_95TT / JT_65TT in ICtrg_014 JT_125TT / JT_95TT in ICVertex aeptane and identi�ationvtx_000 Vertexvtx_001 Vertexvtx_002 Vertex

Table 8.13: Unertainty soures for |y| < 0.4.x1 x2 dunorr(%) dsys001(%) dsys002(%) dsys003(%) dsys004(%) dsys005(%)50 60 +1.0,-1.0 +2.6,-2.6 +2.1,-2.0 +0.0,+0.0 +0.0,+0.0 +2.7,-2.660 70 +0.8,-0.8 +2.6,-2.6 +2.2,-2.2 +0.0,+0.0 +0.0,+0.0 +2.7,-2.670 80 +0.7,-0.7 +2.6,-2.6 +2.4,-2.3 -0.1,+0.1 +0.0,+0.0 +2.7,-2.680 90 +0.6,-0.6 +2.7,-2.6 +2.5,-2.4 -0.1,+0.1 +0.0,+0.0 +2.7,-2.790 100 +0.6,-0.6 +2.7,-2.6 +2.6,-2.6 +0.1,-0.1 +0.0,+0.0 +2.8,-2.7100 110 +0.5,-0.5 +2.7,-2.6 +2.7,-2.7 +0.2,-0.2 +0.0,+0.0 +2.8,-2.8110 120 +0.5,-0.5 +2.7,-2.7 +2.8,-2.8 +0.4,-0.4 +0.0,+0.0 +2.9,-2.8120 130 +0.5,-0.5 +2.8,-2.7 +3.0,-2.9 +0.5,-0.5 +0.0,+0.0 +2.9,-2.9130 145 +0.5,-0.5 +2.8,-2.7 +3.1,-3.0 +0.7,-0.7 +0.0,+0.0 +3.0,-3.0145 160 +0.5,-0.5 +2.9,-2.8 +3.3,-3.2 +0.9,-0.9 +0.0,+0.0 +3.1,-3.0160 180 +0.5,-0.5 +3.0,-2.9 +3.5,-3.4 +1.1,-1.1 +0.0,+0.0 +3.2,-3.2180 200 +0.5,-0.5 +3.1,-3.0 +3.7,-3.6 +1.4,-1.4 +0.0,+0.0 +3.4,-3.3200 220 +0.5,-0.5 +3.2,-3.1 +4.0,-3.9 +1.7,-1.7 +0.0,+0.0 +3.5,-3.4220 240 +0.5,-0.5 +3.3,-3.2 +4.3,-4.1 +2.0,-2.0 +0.0,+0.0 +3.6,-3.6240 265 +0.6,-0.6 +3.5,-3.4 +4.6,-4.4 +2.4,-2.3 +0.0,+0.0 +3.8,-3.7265 295 +0.6,-0.6 +3.7,-3.5 +5.0,-4.8 +2.8,-2.7 +0.0,+0.0 +4.0,-3.9295 325 +0.7,-0.7 +3.9,-3.8 +5.5,-5.3 +3.4,-3.3 +0.0,+0.0 +4.2,-4.1325 360 +0.8,-0.8 +4.2,-4.1 +6.0,-5.8 +4.0,-3.9 +0.0,+0.0 +4.5,-4.4360 400 +1.0,-1.0 +4.6,-4.4 +6.8,-6.5 +4.8,-4.6 +0.0,+0.0 +4.9,-4.7400 445 +1.2,-1.2 +5.1,-4.9 +7.8,-7.4 +5.9,-5.6 +0.0,+0.0 +5.3,-5.2445 490 +1.5,-1.5 +5.8,-5.5 +9.0,-8.5 +7.4,-6.9 +0.0,+0.0 +5.9,-5.7490 540 +2.0,-2.1 +6.6,-6.2 +10.5,-9.9 +9.1,-8.4 +0.0,+0.0 +6.6,-6.3540 665 +3.0,-3.1 +8.0,-7.5 +13.1,-12.2 +12.2,-10.9 +0.0,+0.0 +7.9,-7.5



CHAPTER 8. DATA ANALYSIS 232Table 8.14: Unertainty soures for |y| < 0.4.x1 x2 dsys006(%) dsys007(%) dsys008(%) dsys009(%) dsys010(%) dsys011(%)50 60 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 +0.4,-0.460 70 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.9,-0.8 +0.3,-0.370 80 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.8,-0.8 +0.3,-0.380 90 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.7,-0.7 +0.2,-0.290 100 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.2,-0.2100 110 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.2,-0.2110 120 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.2,-0.2120 130 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.2,-0.2130 145 +6.5,-5.8 +0.6,-0.6 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.2,-0.2145 160 +6.5,-5.8 +0.6,-0.6 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.2,-0.2160 180 +6.5,-5.8 +0.6,-0.6 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.2,-0.2180 200 +6.5,-5.8 +0.6,-0.6 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.1,-0.1200 220 +6.5,-5.8 +0.6,-0.6 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.1,-0.1220 240 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.1,-0.1240 265 +6.5,-5.8 +0.5,-0.5 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.1,-0.1265 295 +6.5,-5.8 +0.4,-0.4 +0.0,+0.0 +0.0,+0.0 +0.5,-0.5 +0.1,-0.1295 325 +6.5,-5.8 +0.4,-0.4 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.1,-0.1325 360 +6.5,-5.8 +0.4,-0.4 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.1,-0.1360 400 +6.5,-5.8 +0.4,-0.4 +0.0,+0.0 +0.0,+0.0 +0.6,-0.6 +0.1,-0.1400 445 +6.5,-5.8 +0.6,-0.6 +0.0,+0.0 +0.0,+0.0 +0.7,-0.7 +0.2,-0.2445 490 +6.5,-5.8 +0.8,-0.8 +0.0,+0.0 +0.0,+0.0 +0.8,-0.8 +0.2,-0.2490 540 +6.5,-5.8 +1.3,-1.3 +0.0,+0.0 +0.0,+0.0 +0.9,-0.9 +0.2,-0.2540 665 +6.5,-5.8 +1.5,-1.5 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 +0.2,-0.2Table 8.15: Unertainty soures for |y| < 0.4.x1 x2 dsys012(%) dsys013(%) dsys014(%) dsys015(%) dsys016(%) dsys017(%)50 60 +0.3,-0.3 +3.2,-3.2 +1.1,-1.1 +0.0,+0.0 +2.3,-2.3 +0.0,+0.060 70 +0.2,-0.2 +2.9,-2.9 +0.9,-0.9 +0.0,+0.0 +2.1,-2.1 +0.0,+0.070 80 +0.1,-0.2 +2.7,-2.7 +0.8,-0.8 +0.0,+0.0 +1.9,-1.9 +0.0,+0.080 90 +0.1,-0.2 +2.5,-2.5 +0.8,-0.8 +0.0,+0.0 +1.8,-1.8 +0.0,+0.090 100 +0.1,-0.1 +2.3,-2.3 +0.7,-0.7 +0.0,+0.0 +1.7,-1.7 +0.0,+0.0100 110 +0.1,-0.1 +2.2,-2.2 +0.7,-0.7 +0.0,+0.0 +1.6,-1.6 +0.0,+0.0110 120 +0.1,-0.1 +2.1,-2.0 +0.6,-0.6 +0.0,+0.0 +1.5,-1.5 +0.0,+0.0120 130 +0.1,-0.1 +2.0,-1.9 +0.6,-0.6 +0.0,+0.0 +1.5,-1.6 +0.0,+0.0130 145 +0.2,-0.1 +1.8,-1.8 +0.6,-0.6 +0.0,+0.0 +1.6,-1.6 +0.0,+0.0145 160 +0.1,-0.1 +1.7,-1.7 +0.6,-0.6 +0.0,+0.0 +1.6,-1.6 +0.0,+0.0160 180 +0.1,-0.1 +1.6,-1.6 +0.6,-0.6 +0.0,+0.0 +1.6,-1.6 +0.0,+0.0180 200 +0.1,-0.1 +1.5,-1.4 +0.6,-0.6 +0.0,+0.0 +1.7,-1.7 +0.0,+0.0200 220 +0.1,-0.1 +1.4,-1.3 +0.6,-0.6 +0.0,+0.0 +1.7,-1.7 +0.0,+0.0220 240 +0.1,-0.1 +1.3,-1.3 +0.6,-0.6 +0.0,+0.0 +1.8,-1.8 +0.0,+0.0240 265 +0.1,-0.1 +1.2,-1.2 +0.6,-0.6 +0.0,+0.0 +1.9,-1.9 +0.0,+0.0265 295 +0.1,-0.1 +1.1,-1.1 +0.7,-0.7 +0.0,+0.0 +2.0,-2.0 +0.0,+0.0295 325 +0.1,-0.1 +1.1,-1.1 +0.7,-0.7 +0.0,+0.0 +2.1,-2.1 +0.0,+0.0325 360 +0.1,-0.1 +1.0,-1.0 +0.8,-0.8 +0.0,+0.0 +2.3,-2.3 +0.0,+0.0360 400 +0.1,-0.1 +1.0,-1.0 +0.9,-0.9 +0.0,+0.0 +2.6,-2.6 +0.0,+0.0400 445 +0.1,-0.1 +1.0,-1.0 +1.1,-1.1 +0.0,+0.0 +3.0,-3.0 +0.0,+0.0445 490 +0.1,-0.1 +1.1,-1.1 +1.3,-1.3 +0.0,+0.0 +3.5,-3.5 +0.0,+0.0490 540 +0.1,-0.1 +1.2,-1.2 +1.7,-1.7 +0.0,+0.0 +4.2,-4.1 +0.0,+0.0540 665 +0.1,-0.1 +1.4,-1.3 +2.4,-2.4 +0.0,+0.0 +5.5,-5.4 +0.0,+0.0



CHAPTER 8. DATA ANALYSIS 233Table 8.16: Unertainty soures for |y| < 0.4.x1 x2 dsys018(%) dsys019(%) dsys020(%) dsys021(%) dsys022(%) dsys023(%)50 60 +0.1,-0.1 +0.2,-0.2 -1.2,+1.2 +3.9,-3.8 +2.1,-2.1 -0.3,+0.360 70 +0.1,-0.1 +0.2,-0.2 -1.7,+1.7 +3.0,-3.0 +1.4,-1.4 -0.3,+0.370 80 +0.0,-0.0 +0.2,-0.2 -1.9,+2.0 +2.4,-2.3 +1.4,-1.4 -0.4,+0.480 90 +0.0,-0.0 +0.2,-0.2 -2.0,+2.1 +1.9,-1.8 +1.4,-1.4 -0.4,+0.490 100 +0.0,-0.0 +0.2,-0.2 -2.0,+2.1 +1.5,-1.5 +1.4,-1.4 -0.4,+0.4100 110 +0.0,-0.0 +0.2,-0.2 -2.0,+2.0 +1.2,-1.2 +1.0,-1.0 -0.4,+0.4110 120 +0.0,-0.0 +0.2,-0.2 -1.9,+2.0 +0.9,-0.9 +1.0,-1.0 -0.4,+0.4120 130 +0.0,-0.0 +0.2,-0.2 -1.8,+1.9 +0.7,-0.7 +0.0,+0.0 -0.4,+0.4130 145 +0.0,-0.0 +0.5,-0.5 -1.7,+1.7 +0.6,-0.6 +0.0,+0.0 -0.4,+0.4145 160 +0.0,-0.0 +0.5,-0.5 -1.5,+1.5 +0.4,-0.4 +0.0,+0.0 -0.3,+0.3160 180 +0.0,-0.0 +0.7,-0.7 -1.3,+1.3 +0.3,-0.3 +0.0,+0.0 -0.3,+0.3180 200 +0.0,-0.0 +0.7,-0.7 -1.0,+1.0 +0.3,-0.3 +0.0,+0.0 -0.2,+0.2200 220 +0.0,-0.0 +0.9,-0.9 -0.7,+0.7 +0.4,-0.4 +0.0,+0.0 -0.2,+0.2220 240 +0.0,-0.0 +0.9,-0.9 -0.5,+0.5 +0.4,-0.4 +0.0,+0.0 -0.1,+0.1240 265 +0.0,-0.0 +0.9,-0.9 -0.2,+0.2 +0.5,-0.5 +0.0,+0.0 +0.1,-0.1265 295 +0.0,-0.0 +0.9,-0.9 +0.1,-0.1 +0.6,-0.6 +0.0,+0.0 +0.2,-0.2295 325 +0.0,-0.0 +0.9,-0.9 +0.4,-0.4 +0.7,-0.7 +0.0,+0.0 +0.4,-0.4325 360 +0.0,-0.0 +0.9,-0.9 +0.7,-0.7 +0.7,-0.7 +0.0,+0.0 +0.7,-0.7360 400 +0.0,-0.0 +0.9,-0.9 +1.0,-0.9 +0.8,-0.8 +0.0,+0.0 +1.0,-1.0400 445 +0.0,-0.0 +0.9,-0.9 +1.1,-1.1 +0.9,-0.9 +0.0,+0.0 +1.5,-1.5445 490 +0.0,-0.0 +0.9,-0.9 +1.2,-1.2 +0.9,-0.9 +0.0,+0.0 +2.2,-2.1490 540 +0.0,-0.0 +0.9,-0.9 +1.1,-1.1 +1.0,-1.0 +0.0,+0.0 +3.0,-2.9540 665 +0.0,-0.0 +0.9,-0.9 +0.5,-0.5 +1.2,-1.2 +0.0,+0.0 +4.5,-4.3Table 8.17: Unertainty soures for 0.4 < |y| < 0.8.x1 x2 dunorr(%) dsys001(%) dsys002(%) dsys003(%) dsys004(%) dsys005(%)50 60 +1.1,-1.1 +2.7,-2.6 +2.2,-2.2 +0.0,+0.0 +0.0,+0.0 +2.8,-2.760 70 +0.9,-0.9 +2.7,-2.6 +2.4,-2.3 -0.2,+0.2 +0.0,+0.0 +2.8,-2.770 80 +0.8,-0.8 +2.7,-2.6 +2.5,-2.5 -0.0,+0.0 +0.0,+0.0 +2.8,-2.780 90 +0.7,-0.7 +2.7,-2.6 +2.6,-2.6 +0.2,-0.2 +0.0,+0.0 +2.8,-2.890 100 +0.6,-0.6 +2.7,-2.6 +2.8,-2.7 +0.3,-0.3 +0.0,+0.0 +2.9,-2.8100 110 +0.6,-0.6 +2.8,-2.7 +2.9,-2.9 +0.5,-0.5 +0.0,+0.0 +3.0,-2.9110 120 +0.6,-0.6 +2.8,-2.7 +3.0,-3.0 +0.7,-0.7 +0.0,+0.0 +3.0,-3.0120 130 +0.6,-0.6 +2.8,-2.8 +3.2,-3.1 +0.8,-0.8 +0.0,+0.0 +3.1,-3.0130 145 +0.6,-0.6 +2.9,-2.8 +3.3,-3.3 +1.0,-1.0 +0.0,+0.0 +3.2,-3.1145 160 +0.5,-0.6 +3.0,-2.9 +3.5,-3.5 +1.3,-1.2 +0.0,+0.0 +3.3,-3.2160 180 +0.6,-0.6 +3.1,-3.0 +3.8,-3.7 +1.5,-1.5 +0.0,+0.0 +3.4,-3.4180 200 +0.6,-0.6 +3.2,-3.1 +4.1,-4.0 +1.9,-1.8 +0.0,+0.0 +3.6,-3.5200 220 +0.6,-0.6 +3.4,-3.3 +4.4,-4.2 +2.2,-2.2 +0.0,+0.0 +3.8,-3.7220 240 +0.7,-0.7 +3.5,-3.4 +4.7,-4.6 +2.6,-2.5 +0.0,+0.0 +4.0,-3.9240 265 +0.7,-0.7 +3.7,-3.6 +5.1,-4.9 +3.0,-2.9 +0.0,+0.0 +4.2,-4.1265 295 +0.8,-0.8 +4.0,-3.8 +5.6,-5.4 +3.5,-3.4 +0.0,+0.0 +4.5,-4.3295 325 +0.9,-0.9 +4.3,-4.2 +6.2,-6.0 +4.2,-4.0 +0.0,+0.0 +4.8,-4.7325 360 +1.1,-1.1 +4.7,-4.5 +7.0,-6.7 +5.0,-4.8 +0.0,+0.0 +5.2,-5.0360 400 +1.3,-1.3 +5.3,-5.0 +7.9,-7.6 +6.1,-5.8 +0.0,+0.0 +5.7,-5.5400 445 +1.8,-1.8 +6.0,-5.7 +9.3,-8.8 +7.6,-7.0 +0.0,+0.0 +6.4,-6.1445 495 +2.4,-2.4 +7.0,-6.6 +11.1,-10.4 +9.6,-8.8 +0.0,+0.0 +7.3,-7.0495 635 +3.7,-3.8 +8.6,-8.0 +14.1,-13.0 +13.1,-11.7 +0.0,+0.0 +8.8,-8.3



CHAPTER 8. DATA ANALYSIS 234Table 8.18: Unertainty soures for 0.4 < |y| < 0.8.x1 x2 dsys006(%) dsys007(%) dsys008(%) dsys009(%) dsys010(%) dsys011(%)50 60 +6.5,-5.8 +2.6,-2.5 +0.0,+0.0 +0.0,+0.0 +1.3,-1.3 -1.2,+1.260 70 +6.5,-5.8 +2.6,-2.5 +0.0,+0.0 +0.0,+0.0 +1.2,-1.2 -1.0,+1.070 80 +6.5,-5.8 +2.6,-2.5 +0.0,+0.0 +0.0,+0.0 +1.1,-1.1 -0.8,+0.880 90 +6.5,-5.8 +2.6,-2.6 +0.0,+0.0 +0.0,+0.0 +1.1,-1.0 -0.7,+0.690 100 +6.5,-5.8 +2.7,-2.6 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.5,+0.5100 110 +6.5,-5.8 +2.7,-2.6 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.5,+0.4110 120 +6.5,-5.8 +2.8,-2.7 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.4,+0.4120 130 +6.5,-5.8 +2.8,-2.7 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.3,+0.3130 145 +6.5,-5.8 +2.9,-2.8 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.3,+0.3145 160 +6.5,-5.8 +3.0,-2.9 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.2,+0.2160 180 +6.5,-5.8 +3.1,-3.0 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.1,+0.1180 200 +6.5,-5.8 +3.2,-3.0 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 -0.0,+0.0200 220 +6.5,-5.8 +3.2,-3.1 +0.0,+0.0 +0.0,+0.0 +1.1,-1.1 +0.0,-0.0220 240 +6.5,-5.8 +3.2,-3.1 +0.0,+0.0 +0.0,+0.0 +1.1,-1.1 +0.1,-0.1240 265 +6.5,-5.8 +3.3,-3.2 +0.0,+0.0 +0.0,+0.0 +1.2,-1.1 +0.2,-0.2265 295 +6.5,-5.8 +3.5,-3.4 +0.0,+0.0 +0.0,+0.0 +1.2,-1.2 +0.3,-0.3295 325 +6.5,-5.8 +3.8,-3.7 +0.0,+0.0 +0.0,+0.0 +1.3,-1.3 +0.4,-0.4325 360 +6.5,-5.8 +4.2,-4.0 +0.0,+0.0 +0.0,+0.0 +1.4,-1.4 +0.5,-0.5360 400 +6.5,-5.8 +4.8,-4.6 +0.0,+0.0 +0.0,+0.0 +1.5,-1.5 +0.8,-0.8400 445 +6.5,-5.8 +5.5,-5.2 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 +1.1,-1.1445 495 +6.5,-5.8 +6.8,-6.4 +0.0,+0.0 +0.0,+0.0 +2.0,-1.9 +1.6,-1.6495 635 +6.5,-5.8 +9.8,-9.0 +0.0,+0.0 +0.0,+0.0 +2.4,-2.4 +2.6,-2.6Table 8.19: Unertainty soures for 0.4 < |y| < 0.8.x1 x2 dsys012(%) dsys013(%) dsys014(%) dsys015(%) dsys016(%) dsys017(%)50 60 +0.5,-0.4 +3.4,-3.3 +1.2,-1.2 +0.4,-0.4 +2.4,-2.2 +0.0,+0.060 70 +0.3,-0.2 +3.1,-3.0 +1.1,-1.1 +0.4,-0.4 +2.1,-1.9 +0.0,+0.070 80 +0.2,-0.1 +2.8,-2.8 +1.0,-1.0 +0.4,-0.4 +1.9,-1.7 +0.0,+0.080 90 +0.2,-0.1 +2.6,-2.6 +0.9,-0.9 +0.4,-0.4 +1.7,-1.6 +0.0,+0.090 100 +0.2,-0.1 +2.4,-2.4 +0.8,-0.8 +0.4,-0.4 +1.6,-1.5 +0.0,+0.0100 110 +0.2,-0.1 +2.3,-2.3 +0.8,-0.8 +0.4,-0.4 +1.5,-1.4 +0.0,+0.0110 120 +0.2,-0.1 +2.2,-2.1 +0.8,-0.8 +0.4,-0.4 +1.4,-1.4 +0.0,+0.0120 130 +0.2,-0.1 +2.0,-2.0 +0.7,-0.7 +0.4,-0.4 +1.4,-1.4 +0.0,+0.0130 145 +0.2,-0.2 +1.9,-1.9 +0.7,-0.7 +0.4,-0.4 +1.5,-1.4 +0.0,+0.0145 160 +0.2,-0.1 +1.8,-1.8 +0.7,-0.7 +0.4,-0.4 +1.5,-1.5 +0.0,+0.0160 180 +0.2,-0.1 +1.7,-1.7 +0.7,-0.7 +0.4,-0.4 +1.6,-1.5 +0.0,+0.0180 200 +0.2,-0.1 +1.6,-1.5 +0.7,-0.7 +0.5,-0.5 +1.6,-1.6 +0.0,+0.0200 220 +0.2,-0.1 +1.5,-1.5 +0.7,-0.7 +0.5,-0.5 +1.7,-1.7 +0.0,+0.0220 240 +0.1,-0.1 +1.4,-1.4 +0.8,-0.8 +0.5,-0.5 +1.8,-1.8 +0.0,+0.0240 265 +0.1,-0.1 +1.3,-1.3 +0.8,-0.8 +0.6,-0.6 +1.9,-1.9 +0.0,+0.0265 295 +0.1,-0.1 +1.3,-1.3 +0.9,-0.9 +0.8,-0.8 +2.1,-2.0 +0.0,+0.0295 325 +0.1,-0.1 +1.2,-1.2 +1.0,-1.0 +1.0,-1.0 +2.3,-2.3 +0.0,+0.0325 360 +0.1,-0.1 +1.2,-1.2 +1.1,-1.1 +1.3,-1.3 +2.6,-2.5 +0.0,+0.0360 400 +0.1,-0.1 +1.2,-1.2 +1.3,-1.3 +1.8,-1.8 +3.0,-2.9 +0.0,+0.0400 445 +0.1,-0.1 +1.3,-1.2 +1.6,-1.6 +2.3,-2.2 +3.5,-3.5 +0.0,+0.0445 495 +0.1,-0.1 +1.3,-1.3 +2.1,-2.1 +3.0,-2.9 +4.4,-4.3 +0.0,+0.0495 635 +0.1,-0.1 +1.6,-1.5 +3.1,-3.1 +4.3,-4.1 +6.1,-5.9 +0.0,+0.0Table 8.20: Unertainty soures for 0.4 < |y| < 0.8.x1 x2 dsys018(%) dsys019(%) dsys020(%) dsys021(%) dsys022(%) dsys023(%)50 60 +0.0,-0.0 +0.2,-0.2 -1.2,+1.2 +3.4,-3.3 +2.1,-2.1 -0.3,+0.360 70 +0.0,-0.0 +0.2,-0.2 -1.7,+1.7 +2.6,-2.5 +1.4,-1.4 -0.3,+0.370 80 +0.0,-0.0 +0.2,-0.2 -1.9,+2.0 +2.0,-2.0 +1.4,-1.4 -0.4,+0.480 90 +0.0,-0.0 +0.2,-0.2 -2.0,+2.1 +1.6,-1.6 +1.4,-1.4 -0.4,+0.490 100 +0.0,-0.0 +0.2,-0.2 -2.1,+2.1 +1.3,-1.2 +1.4,-1.4 -0.4,+0.4100 110 +0.0,-0.0 +0.2,-0.2 -2.0,+2.1 +1.0,-1.0 +1.0,-1.0 -0.4,+0.4110 120 +0.0,-0.0 +0.2,-0.2 -1.9,+2.0 +0.8,-0.8 +1.0,-1.0 -0.4,+0.4120 130 +0.0,-0.0 +0.2,-0.2 -1.8,+1.9 +0.6,-0.6 +0.0,+0.0 -0.4,+0.4130 145 +0.0,-0.0 +0.5,-0.5 -1.7,+1.7 +0.5,-0.5 +0.0,+0.0 -0.4,+0.4145 160 +0.0,-0.0 +0.5,-0.5 -1.5,+1.5 +0.4,-0.4 +0.0,+0.0 -0.3,+0.4160 180 +0.0,-0.0 +0.7,-0.7 -1.3,+1.3 +0.3,-0.3 +0.0,+0.0 -0.3,+0.3180 200 +0.0,-0.0 +0.7,-0.7 -1.0,+1.0 +0.3,-0.3 +0.0,+0.0 -0.2,+0.2200 220 +0.0,-0.0 +0.9,-0.9 -0.7,+0.7 +0.4,-0.4 +0.0,+0.0 -0.1,+0.1220 240 +0.0,-0.0 +0.9,-0.9 -0.5,+0.5 +0.4,-0.4 +0.0,+0.0 -0.0,+0.0240 265 +0.0,-0.0 +0.9,-0.9 -0.2,+0.2 +0.5,-0.5 +0.0,+0.0 +0.1,-0.1265 295 +0.0,-0.0 +0.9,-0.9 +0.2,-0.2 +0.6,-0.6 +0.0,+0.0 +0.3,-0.3295 325 +0.0,-0.0 +0.9,-0.9 +0.5,-0.5 +0.7,-0.7 +0.0,+0.0 +0.5,-0.5325 360 +0.0,-0.0 +0.9,-0.9 +0.8,-0.8 +0.8,-0.8 +0.0,+0.0 +0.8,-0.8360 400 +0.0,-0.0 +0.9,-0.9 +1.1,-1.1 +0.9,-0.9 +0.0,+0.0 +1.2,-1.2400 445 +0.1,-0.1 +0.9,-0.9 +1.3,-1.3 +1.0,-1.0 +0.0,+0.0 +1.8,-1.8445 495 +0.1,-0.1 +0.9,-0.9 +1.4,-1.4 +1.1,-1.1 +0.0,+0.0 +2.7,-2.6495 635 +0.3,-0.3 +0.9,-0.9 +1.1,-1.1 +1.2,-1.2 +0.0,+0.0 +4.2,-4.1



CHAPTER 8. DATA ANALYSIS 235Table 8.21: Unertainty soures for 0.8 < |y| < 1.2.x1 x2 dunorr(%) dsys001(%) dsys002(%) dsys003(%) dsys004(%) dsys005(%)50 60 +1.5,-1.5 +2.7,-2.6 +2.4,-2.4 -0.0,+0.0 +0.0,+0.0 +2.9,-2.860 70 +1.2,-1.3 +2.7,-2.6 +2.6,-2.6 +0.2,-0.2 +0.0,+0.0 +2.9,-2.870 80 +1.1,-1.1 +2.7,-2.6 +2.8,-2.7 +0.4,-0.4 +0.0,+0.0 +2.9,-2.880 90 +1.0,-1.0 +2.7,-2.6 +2.9,-2.8 +0.6,-0.6 +0.0,+0.0 +3.0,-2.990 100 +0.9,-0.9 +2.8,-2.7 +3.1,-3.0 +0.8,-0.8 +0.0,+0.0 +3.0,-3.0100 110 +0.9,-0.9 +2.8,-2.7 +3.2,-3.1 +1.0,-1.0 +0.0,+0.0 +3.1,-3.0110 125 +0.8,-0.8 +2.9,-2.8 +3.4,-3.3 +1.3,-1.2 +0.0,+0.0 +3.2,-3.1125 140 +0.8,-0.8 +3.0,-2.9 +3.6,-3.5 +1.6,-1.5 +0.0,+0.0 +3.3,-3.3140 155 +0.8,-0.8 +3.1,-3.0 +3.9,-3.8 +1.8,-1.8 +0.0,+0.0 +3.5,-3.4155 170 +0.9,-0.9 +3.2,-3.1 +4.1,-4.0 +2.1,-2.1 +0.0,+0.0 +3.6,-3.5170 190 +1.0,-1.0 +3.3,-3.2 +4.4,-4.3 +2.5,-2.4 +0.0,+0.0 +3.8,-3.7190 210 +1.1,-1.1 +3.5,-3.4 +4.8,-4.6 +2.9,-2.8 +0.0,+0.0 +4.0,-3.9210 230 +1.2,-1.2 +3.7,-3.6 +5.2,-5.0 +3.3,-3.2 +0.0,+0.0 +4.3,-4.2230 250 +1.3,-1.3 +4.0,-3.8 +5.6,-5.4 +3.8,-3.6 +0.0,+0.0 +4.6,-4.4250 270 +1.5,-1.5 +4.2,-4.1 +6.1,-5.9 +4.3,-4.1 +0.0,+0.0 +4.8,-4.7270 300 +1.8,-1.8 +4.6,-4.4 +6.7,-6.5 +5.0,-4.8 +0.0,+0.0 +5.2,-5.1300 335 +2.3,-2.3 +5.1,-4.9 +7.7,-7.3 +6.0,-5.7 +0.0,+0.0 +5.7,-5.6335 375 +3.1,-3.1 +5.8,-5.5 +9.0,-8.5 +7.4,-6.9 +0.0,+0.0 +6.5,-6.2375 415 +4.5,-4.5 +6.7,-6.3 +10.7,-10.0 +9.4,-8.6 +0.0,+0.0 +7.4,-7.0415 520 +7.1,-7.0 +8.0,-7.5 +13.2,-12.2 +12.5,-11.1 +0.0,+0.0 +8.7,-8.2Table 8.22: Unertainty soures for 0.8 < |y| < 1.2.x1 x2 dsys006(%) dsys007(%) dsys008(%) dsys009(%) dsys010(%) dsys011(%)50 60 +6.5,-5.8 +2.6,-2.5 +0.0,+0.0 +0.0,+0.0 +2.0,-1.9 -0.9,+0.960 70 +6.5,-5.8 +2.6,-2.5 +0.0,+0.0 +0.0,+0.0 +1.8,-1.8 -0.9,+0.970 80 +6.5,-5.8 +2.6,-2.5 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 -1.0,+1.080 90 +6.5,-5.8 +2.7,-2.6 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 -1.0,+1.090 100 +6.5,-5.8 +2.7,-2.6 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 -1.1,+1.1100 110 +6.5,-5.8 +2.8,-2.7 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 -1.1,+1.1110 125 +6.5,-5.8 +2.8,-2.8 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 -1.2,+1.2125 140 +6.5,-5.8 +2.9,-2.8 +0.0,+0.0 +0.0,+0.0 +1.7,-1.7 -1.3,+1.3140 155 +6.5,-5.8 +3.1,-3.0 +0.0,+0.0 +0.0,+0.0 +1.8,-1.8 -1.4,+1.4155 170 +6.5,-5.8 +3.2,-3.1 +0.0,+0.0 +0.0,+0.0 +1.8,-1.8 -1.5,+1.5170 190 +6.5,-5.8 +3.3,-3.2 +0.0,+0.0 +0.0,+0.0 +1.9,-1.9 -1.7,+1.7190 210 +6.5,-5.8 +3.5,-3.3 +0.0,+0.0 +0.0,+0.0 +2.0,-2.0 -1.9,+1.9210 230 +6.5,-5.8 +3.7,-3.6 +0.0,+0.0 +0.0,+0.0 +2.1,-2.1 -2.2,+2.2230 250 +6.5,-5.8 +4.0,-3.9 +0.0,+0.0 +0.0,+0.0 +2.2,-2.2 -2.4,+2.4250 270 +6.5,-5.8 +4.4,-4.3 +0.0,+0.0 +0.0,+0.0 +2.3,-2.3 -2.8,+2.8270 300 +6.5,-5.8 +5.1,-4.8 +0.0,+0.0 +0.0,+0.0 +2.5,-2.4 -3.3,+3.3300 335 +6.5,-5.8 +6.1,-5.8 +0.0,+0.0 +0.0,+0.0 +2.7,-2.7 -4.0,+4.1335 375 +6.5,-5.8 +7.8,-7.2 +0.0,+0.0 +0.0,+0.0 +3.1,-3.0 -5.2,+5.4375 415 +6.5,-5.8 +10.3,-9.4 +0.0,+0.0 +0.0,+0.0 +3.6,-3.5 -6.9,+7.3415 520 +6.5,-5.8 +14.6,-12.8 +0.0,+0.0 +0.0,+0.0 +4.3,-4.2 -9.9,+11.0Table 8.23: Unertainty soures for 0.8 < |y| < 1.2.x1 x2 dsys012(%) dsys013(%) dsys014(%) dsys015(%) dsys016(%) dsys017(%)50 60 +2.4,-1.6 +3.4,-3.4 +1.6,-1.6 +0.6,-0.6 +2.2,-2.2 +0.0,+0.060 70 +2.1,-1.4 +3.1,-3.1 +1.5,-1.5 +0.6,-0.6 +1.9,-1.9 +0.0,+0.070 80 +1.9,-1.3 +2.9,-2.9 +1.4,-1.4 +0.6,-0.6 +1.7,-1.7 +0.0,+0.080 90 +1.8,-1.2 +2.7,-2.7 +1.3,-1.3 +0.6,-0.5 +1.6,-1.5 +0.0,+0.090 100 +1.8,-1.2 +2.5,-2.5 +1.3,-1.3 +0.5,-0.5 +1.4,-1.4 +0.0,+0.0100 110 +1.7,-1.2 +2.4,-2.4 +1.2,-1.2 +0.6,-0.6 +1.3,-1.3 +0.0,+0.0110 125 +1.7,-1.1 +2.3,-2.2 +1.2,-1.2 +0.6,-0.6 +1.3,-1.3 +0.0,+0.0125 140 +1.7,-1.1 +2.1,-2.1 +1.2,-1.2 +0.6,-0.6 +1.3,-1.3 +0.0,+0.0140 155 +1.7,-1.2 +2.0,-2.0 +1.2,-1.2 +0.6,-0.6 +1.3,-1.3 +0.0,+0.0155 170 +1.7,-1.2 +1.9,-1.9 +1.3,-1.3 +0.6,-0.6 +1.4,-1.3 +0.0,+0.0170 190 +1.7,-1.2 +1.8,-1.8 +1.3,-1.3 +0.6,-0.6 +1.4,-1.4 +0.0,+0.0190 210 +1.7,-1.2 +1.7,-1.7 +1.4,-1.4 +0.7,-0.7 +1.5,-1.5 +0.0,+0.0210 230 +1.8,-1.2 +1.6,-1.6 +1.5,-1.5 +0.9,-0.8 +1.6,-1.6 +0.0,+0.0230 250 +1.8,-1.2 +1.6,-1.6 +1.7,-1.7 +1.0,-1.0 +1.7,-1.6 +0.0,+0.0250 270 +1.9,-1.2 +1.6,-1.5 +1.8,-1.8 +1.2,-1.2 +1.8,-1.7 +0.0,+0.0270 300 +2.1,-1.3 +1.5,-1.5 +2.1,-2.1 +1.4,-1.4 +1.9,-1.9 +0.0,+0.0300 335 +2.3,-1.4 +1.5,-1.5 +2.5,-2.5 +1.7,-1.7 +2.1,-2.1 +0.0,+0.0335 375 +2.8,-1.6 +1.5,-1.5 +3.2,-3.1 +2.1,-2.0 +2.4,-2.3 +0.0,+0.0375 415 +3.7,-2.0 +1.6,-1.6 +4.2,-4.0 +2.7,-2.7 +2.8,-2.7 +0.0,+0.0415 520 +6.0,-3.1 +1.7,-1.7 +6.0,-5.7 +3.8,-3.6 +3.3,-3.2 +0.0,+0.0
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Table 8.24: Unertainty soures for 0.8 < |y| < 1.2.x1 x2 dsys018(%) dsys019(%) dsys020(%) dsys021(%) dsys022(%) dsys023(%)50 60 +0.0,-0.0 +0.2,-0.2 -1.3,+1.3 +2.7,-2.6 +3.9,-3.9 -0.3,+0.360 70 +0.0,-0.0 +0.2,-0.2 -1.8,+1.8 +2.1,-2.0 +3.9,-3.9 -0.3,+0.370 80 +0.0,-0.0 +0.2,-0.2 -2.0,+2.0 +1.6,-1.6 +3.9,-3.9 -0.4,+0.480 90 +0.0,-0.0 +0.2,-0.2 -2.1,+2.1 +1.3,-1.3 +3.9,-3.9 -0.4,+0.490 100 +0.0,-0.0 +0.2,-0.2 -2.1,+2.1 +1.1,-1.1 +2.0,-2.0 -0.4,+0.4100 110 +0.0,-0.0 +0.2,-0.2 -2.0,+2.1 +0.9,-0.9 +2.0,-2.0 -0.4,+0.4110 125 +0.0,-0.0 +0.2,-0.2 -1.9,+2.0 +0.7,-0.7 +1.4,-1.4 -0.4,+0.4125 140 +0.0,-0.0 +0.2,-0.2 -1.8,+1.8 +0.5,-0.5 +1.4,-1.4 -0.4,+0.4140 155 +0.0,-0.0 +0.5,-0.5 -1.6,+1.6 +0.4,-0.4 +0.0,+0.0 -0.4,+0.4155 170 +0.0,-0.0 +0.5,-0.5 -1.4,+1.4 +0.2,-0.2 +0.0,+0.0 -0.3,+0.3170 190 +0.0,-0.0 +0.5,-0.5 -1.2,+1.2 +0.2,-0.2 +0.0,+0.0 -0.3,+0.3190 210 +0.0,-0.0 +1.2,-1.2 -0.9,+0.9 +0.3,-0.3 +0.0,+0.0 -0.2,+0.2210 230 +0.0,-0.0 +1.2,-1.2 -0.6,+0.6 +0.4,-0.4 +0.0,+0.0 -0.1,+0.1230 250 +0.0,-0.0 +1.4,-1.4 -0.3,+0.3 +0.5,-0.5 +0.0,+0.0 +0.0,-0.0250 270 +0.1,-0.1 +1.4,-1.4 -0.1,+0.1 +0.6,-0.6 +0.0,+0.0 +0.2,-0.2270 300 +0.1,-0.1 +1.4,-1.4 +0.2,-0.2 +0.7,-0.7 +0.0,+0.0 +0.4,-0.3300 335 +0.2,-0.2 +1.4,-1.4 +0.6,-0.6 +0.9,-0.9 +0.0,+0.0 +0.7,-0.7335 375 +0.3,-0.3 +1.4,-1.4 +1.1,-1.0 +1.0,-1.0 +0.0,+0.0 +1.1,-1.1375 415 +0.5,-0.5 +1.4,-1.4 +1.4,-1.4 +1.1,-1.1 +0.0,+0.0 +1.8,-1.7415 520 +0.8,-0.8 +1.4,-1.4 +1.7,-1.6 +1.3,-1.2 +0.0,+0.0 +2.8,-2.7
Table 8.25: Unertainty soures for 1.2 < |y| < 1.6.x1 x2 dunorr(%) dsys001(%) dsys002(%) dsys003(%) dsys004(%) dsys005(%)50 60 +1.9,-1.9 +2.8,-2.7 +2.9,-2.8 +0.6,-0.6 +0.0,+0.0 +3.1,-3.060 70 +1.7,-1.7 +2.8,-2.7 +3.1,-3.0 +0.9,-0.8 +0.0,+0.0 +3.1,-3.170 80 +1.5,-1.5 +2.9,-2.8 +3.3,-3.2 +1.1,-1.1 +0.0,+0.0 +3.2,-3.180 90 +1.5,-1.5 +2.9,-2.8 +3.5,-3.4 +1.4,-1.4 +0.0,+0.0 +3.3,-3.290 100 +1.4,-1.4 +3.0,-2.9 +3.7,-3.6 +1.7,-1.7 +0.0,+0.0 +3.4,-3.3100 110 +1.4,-1.4 +3.1,-3.0 +3.9,-3.8 +2.0,-1.9 +0.0,+0.0 +3.5,-3.4110 125 +1.5,-1.5 +3.2,-3.1 +4.1,-4.0 +2.3,-2.3 +0.0,+0.0 +3.6,-3.6125 140 +1.7,-1.7 +3.3,-3.2 +4.5,-4.3 +2.7,-2.7 +0.0,+0.0 +3.8,-3.7140 155 +2.0,-2.0 +3.5,-3.4 +4.8,-4.7 +3.2,-3.1 +0.0,+0.0 +4.1,-4.0155 170 +2.3,-2.3 +3.7,-3.5 +5.2,-5.1 +3.6,-3.5 +0.0,+0.0 +4.3,-4.2170 190 +2.6,-2.6 +3.9,-3.8 +5.7,-5.5 +4.2,-4.0 +0.0,+0.0 +4.6,-4.5190 215 +3.0,-2.9 +4.3,-4.1 +6.4,-6.1 +4.9,-4.7 +0.0,+0.0 +5.0,-4.9215 240 +3.3,-3.2 +4.8,-4.6 +7.2,-6.9 +5.8,-5.5 +0.0,+0.0 +5.6,-5.4240 265 +4.1,-4.0 +5.3,-5.1 +8.2,-7.8 +6.9,-6.4 +0.0,+0.0 +6.2,-6.0265 290 +5.4,-5.2 +6.0,-5.7 +9.4,-8.9 +8.3,-7.7 +0.0,+0.0 +6.9,-6.7290 325 +7.2,-6.9 +6.8,-6.4 +11.0,-10.3 +10.3,-9.4 +0.0,+0.0 +7.8,-7.5325 415 +10.9,-10.3 +8.3,-7.7 +13.8,-12.8 +13.9,-12.2 +0.0,+0.0 +9.4,-8.9
Table 8.26: Unertainty soures for 1.2 < |y| < 1.6.x1 x2 dsys006(%) dsys007(%) dsys008(%) dsys009(%) dsys010(%) dsys011(%)50 60 +6.5,-5.8 +0.0,+0.0 +1.9,-1.8 +0.0,+0.0 +2.9,-2.9 +0.2,-0.260 70 +6.5,-5.8 +0.0,+0.0 +1.9,-1.9 +0.0,+0.0 +2.8,-2.7 -0.0,+0.070 80 +6.5,-5.8 +0.0,+0.0 +2.0,-1.9 +0.0,+0.0 +2.7,-2.6 -0.2,+0.280 90 +6.5,-5.8 +0.0,+0.0 +2.0,-2.0 +0.0,+0.0 +2.7,-2.6 -0.3,+0.390 100 +6.5,-5.8 +0.0,+0.0 +2.1,-2.0 +0.0,+0.0 +2.7,-2.6 -0.4,+0.4100 110 +6.5,-5.8 +0.0,+0.0 +2.1,-2.1 +0.0,+0.0 +2.7,-2.7 -0.5,+0.5110 125 +6.5,-5.8 +0.0,+0.0 +2.2,-2.1 +0.0,+0.0 +2.8,-2.7 -0.7,+0.7125 140 +6.5,-5.8 +0.0,+0.0 +2.3,-2.2 +0.0,+0.0 +2.9,-2.8 -0.8,+0.8140 155 +6.5,-5.8 +0.0,+0.0 +2.4,-2.3 +0.0,+0.0 +3.0,-2.9 -1.0,+1.0155 170 +6.5,-5.8 +0.0,+0.0 +2.5,-2.4 +0.0,+0.0 +3.1,-3.1 -1.3,+1.3170 190 +6.5,-5.8 +0.3,-0.3 +2.8,-2.7 +0.0,+0.0 +3.3,-3.2 -1.6,+1.6190 215 +6.5,-5.8 +1.3,-1.3 +3.1,-3.0 +0.0,+0.0 +3.6,-3.5 -2.0,+2.0215 240 +6.5,-5.8 +3.0,-2.9 +3.3,-3.1 +0.0,+0.0 +3.9,-3.8 -2.6,+2.7240 265 +6.5,-5.8 +4.6,-4.4 +3.3,-3.2 +0.0,+0.0 +4.3,-4.2 -3.4,+3.5265 290 +6.5,-5.8 +5.9,-5.6 +4.2,-4.0 +0.0,+0.0 +4.9,-4.7 -4.5,+4.6290 325 +6.5,-5.8 +7.8,-7.2 +5.6,-5.2 +0.0,+0.0 +5.6,-5.4 -5.9,+6.3325 415 +6.5,-5.8 +11.6,-10.5 +8.4,-7.5 +0.0,+0.0 +6.9,-6.6 -8.8,+9.7



CHAPTER 8. DATA ANALYSIS 237Table 8.27: Unertainty soures for 1.2 < |y| < 1.6.x1 x2 dsys012(%) dsys013(%) dsys014(%) dsys015(%) dsys016(%) dsys017(%)50 60 +0.9,-0.8 +4.9,-4.7 +1.4,-1.4 +0.0,+0.0 +0.8,-0.8 +2.9,-2.860 70 +0.8,-0.7 +4.5,-4.4 +1.3,-1.3 +0.0,+0.0 +0.7,-0.7 +2.7,-2.670 80 +0.8,-0.6 +4.2,-4.0 +1.2,-1.2 +0.0,+0.0 +0.6,-0.6 +2.6,-2.580 90 +0.7,-0.6 +3.9,-3.8 +1.2,-1.2 +0.0,+0.0 +0.5,-0.5 +2.5,-2.490 100 +0.7,-0.5 +3.6,-3.5 +1.2,-1.2 +0.0,+0.0 +0.5,-0.5 +2.5,-2.4100 110 +0.7,-0.5 +3.4,-3.3 +1.2,-1.2 +0.0,+0.0 +0.5,-0.5 +2.6,-2.5110 125 +0.7,-0.5 +3.2,-3.1 +1.2,-1.2 +0.0,+0.0 +0.5,-0.5 +2.8,-2.8125 140 +0.7,-0.5 +3.0,-2.9 +1.3,-1.3 +0.0,+0.0 +0.4,-0.4 +3.3,-3.2140 155 +0.9,-0.7 +2.8,-2.7 +1.4,-1.4 +0.0,+0.0 +0.4,-0.4 +3.3,-3.2155 170 +0.9,-0.6 +2.7,-2.6 +1.5,-1.5 +0.0,+0.0 +0.4,-0.4 +3.2,-3.1170 190 +0.9,-0.6 +2.6,-2.5 +1.7,-1.7 +0.2,-0.2 +0.5,-0.5 +3.0,-2.9190 215 +1.0,-0.6 +2.5,-2.4 +1.9,-1.9 +1.0,-1.0 +0.9,-0.9 +2.7,-2.6215 240 +1.1,-0.7 +2.5,-2.4 +2.3,-2.3 +2.2,-2.2 +1.4,-1.4 +2.0,-2.0240 265 +1.3,-0.7 +2.5,-2.4 +2.9,-2.8 +4.2,-4.0 +1.6,-1.6 +1.5,-1.5265 290 +1.7,-0.9 +2.4,-2.4 +3.5,-3.4 +5.3,-5.1 +1.8,-1.8 +1.7,-1.7290 325 +2.3,-1.2 +2.4,-2.4 +4.5,-4.3 +6.9,-6.5 +2.0,-2.0 +1.9,-1.9325 415 +4.0,-2.0 +2.5,-2.5 +6.5,-6.2 +9.8,-9.0 +2.5,-2.5 +2.3,-2.3Table 8.28: Unertainty soures for 1.2 < |y| < 1.6.x1 x2 dsys018(%) dsys019(%) dsys020(%) dsys021(%) dsys022(%) dsys023(%)50 60 +0.0,-0.0 +0.2,-0.2 -1.4,+1.5 +2.5,-2.5 +4.7,-4.7 -0.3,+0.360 70 +0.0,-0.0 +0.2,-0.2 -1.9,+1.9 +2.0,-2.0 +4.7,-4.7 -0.4,+0.470 80 +0.0,-0.0 +0.2,-0.2 -2.1,+2.2 +1.6,-1.6 +4.7,-4.7 -0.4,+0.480 90 +0.0,-0.0 +0.2,-0.2 -2.2,+2.3 +1.3,-1.3 +2.7,-2.7 -0.4,+0.490 100 +0.0,-0.0 +0.2,-0.2 -2.2,+2.3 +1.1,-1.1 +2.1,-2.1 -0.4,+0.5100 110 +0.0,-0.0 +0.2,-0.2 -2.2,+2.2 +0.8,-0.8 +2.1,-2.1 -0.5,+0.5110 125 +0.0,-0.0 +0.2,-0.2 -2.0,+2.1 +0.6,-0.6 +2.1,-2.1 -0.4,+0.4125 140 +0.0,-0.0 +0.2,-0.2 -1.8,+1.8 +0.4,-0.4 +2.1,-2.1 -0.4,+0.4140 155 +0.0,-0.0 +0.5,-0.5 -1.6,+1.6 +0.3,-0.3 +0.0,+0.0 -0.4,+0.4155 170 +0.0,-0.0 +0.5,-0.5 -1.3,+1.3 +0.2,-0.2 +0.0,+0.0 -0.3,+0.3170 190 +0.0,-0.0 +0.5,-0.5 -1.0,+1.1 +0.3,-0.3 +0.0,+0.0 -0.2,+0.2190 215 +0.1,-0.1 +5.1,-5.1 -0.7,+0.7 +0.5,-0.5 +0.0,+0.0 -0.1,+0.1215 240 +0.2,-0.2 +5.1,-5.1 -0.3,+0.4 +0.6,-0.6 +0.0,+0.0 +0.1,-0.1240 265 +0.4,-0.4 +5.6,-5.6 -0.0,+0.0 +0.8,-0.8 +0.0,+0.0 +0.3,-0.3265 290 +0.6,-0.6 +5.6,-5.6 +0.4,-0.4 +1.0,-1.0 +0.0,+0.0 +0.5,-0.5290 325 +0.9,-0.9 +5.6,-5.6 +0.9,-0.9 +1.2,-1.2 +0.0,+0.0 +1.0,-1.0325 415 +1.7,-1.7 +5.6,-5.6 +1.5,-1.5 +1.4,-1.4 +0.0,+0.0 +1.8,-1.8Table 8.29: Unertainty soures for 1.6 < |y| < 2.0.x1 x2 dunorr(%) dsys001(%) dsys002(%) dsys003(%) dsys004(%) dsys005(%)50 60 +2.1,-2.1 +2.8,-2.7 +3.2,-3.1 +1.2,-1.2 +0.0,+0.0 +3.2,-3.160 70 +1.9,-1.9 +2.9,-2.8 +3.5,-3.4 +1.6,-1.6 +0.0,+0.0 +3.3,-3.270 80 +1.9,-1.9 +3.0,-2.9 +3.8,-3.7 +2.0,-1.9 +0.0,+0.0 +3.5,-3.480 90 +2.0,-2.0 +3.2,-3.1 +4.1,-4.0 +2.3,-2.3 +0.0,+0.0 +3.6,-3.690 100 +2.0,-2.0 +3.3,-3.2 +4.4,-4.3 +2.7,-2.7 +0.0,+0.0 +3.8,-3.8100 110 +2.1,-2.1 +3.5,-3.4 +4.8,-4.6 +3.1,-3.0 +0.0,+0.0 +4.1,-4.0110 125 +2.3,-2.3 +3.7,-3.6 +5.2,-5.1 +3.6,-3.5 +0.0,+0.0 +4.4,-4.2125 140 +2.7,-2.7 +4.1,-3.9 +5.9,-5.6 +4.3,-4.2 +0.0,+0.0 +4.8,-4.6140 160 +2.8,-2.8 +4.5,-4.3 +6.6,-6.4 +5.2,-5.0 +0.0,+0.0 +5.3,-5.1160 175 +3.2,-3.2 +5.0,-4.8 +7.6,-7.3 +6.3,-5.9 +0.0,+0.0 +6.0,-5.8175 190 +3.9,-3.8 +5.5,-5.3 +8.6,-8.2 +7.5,-7.0 +0.0,+0.0 +6.6,-6.4190 210 +4.8,-4.7 +6.2,-5.9 +9.9,-9.3 +9.0,-8.3 +0.0,+0.0 +7.4,-7.1210 235 +6.3,-6.2 +7.2,-6.8 +11.8,-11.0 +11.5,-10.3 +0.0,+0.0 +8.6,-8.2235 260 +9.1,-8.7 +8.7,-8.0 +14.6,-13.4 +15.1,-13.2 +0.0,+0.0 +10.3,-9.8260 320 +14.2,-13.1 +10.9,-9.9 +18.8,-16.9 +20.8,-17.4 +0.0,+0.0 +12.8,-11.9



CHAPTER 8. DATA ANALYSIS 238Table 8.30: Unertainty soures for 1.6 < |y| < 2.0.x1 x2 dsys006(%) dsys007(%) dsys008(%) dsys009(%) dsys010(%) dsys011(%)50 60 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +2.3,-2.3 +3.9,-3.8 +2.4,-2.560 70 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +2.4,-2.4 +3.8,-3.7 +1.8,-1.870 80 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +2.6,-2.5 +3.8,-3.7 +1.2,-1.380 90 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +2.7,-2.6 +3.9,-3.8 +0.8,-0.890 100 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +2.8,-2.7 +4.0,-3.9 +0.4,-0.4100 110 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +3.0,-2.9 +4.1,-4.0 +0.0,-0.0110 125 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +3.2,-3.1 +4.3,-4.2 -0.4,+0.4125 140 +6.5,-5.8 +0.0,+0.0 +0.5,-0.5 +3.3,-3.2 +4.6,-4.5 -1.0,+1.0140 160 +6.5,-5.8 +0.0,+0.0 +1.3,-1.3 +3.4,-3.3 +5.1,-4.9 -1.7,+1.7160 175 +6.5,-5.8 +0.0,+0.0 +2.6,-2.5 +3.3,-3.2 +5.6,-5.4 -2.8,+2.8175 190 +6.5,-5.8 +0.0,+0.0 +3.3,-3.2 +4.1,-3.9 +6.2,-5.9 -3.9,+3.9190 210 +6.5,-5.8 +0.0,+0.0 +4.3,-4.1 +5.3,-5.1 +6.9,-6.6 -5.3,+5.4210 235 +6.5,-5.8 +0.0,+0.0 +6.1,-5.7 +7.6,-7.1 +8.1,-7.7 -7.8,+8.1235 260 +6.5,-5.8 +0.0,+0.0 +9.2,-8.2 +11.3,-10.3 +9.9,-9.3 -11.8,+13.1260 320 +6.5,-5.8 +0.0,+0.0 +14.6,-12.2 +17.8,-15.4 +12.5,-11.6 -18.4,+22.6Table 8.31: Unertainty soures for 1.6 < |y| < 2.0.x1 x2 dsys012(%) dsys013(%) dsys014(%) dsys015(%) dsys016(%) dsys017(%)50 60 +0.3,-0.3 +5.1,-4.9 +1.0,-1.1 +0.0,+0.0 +0.4,-0.4 +2.3,-2.260 70 +0.3,-0.2 +4.8,-4.6 +1.0,-1.0 +0.0,+0.0 +0.3,-0.3 +2.0,-2.070 80 +0.2,-0.2 +4.6,-4.5 +0.9,-0.9 +0.0,+0.0 +0.2,-0.2 +1.8,-1.880 90 +0.2,-0.2 +4.5,-4.3 +0.9,-0.9 +0.0,+0.0 +0.2,-0.2 +1.7,-1.690 100 +0.2,-0.2 +4.3,-4.2 +0.9,-0.9 +0.0,+0.0 +0.1,-0.1 +1.5,-1.5100 110 +0.2,-0.2 +4.3,-4.1 +1.0,-1.0 +0.0,+0.0 +0.1,-0.1 +1.5,-1.5110 125 +0.2,-0.2 +4.2,-4.1 +1.0,-1.0 +0.0,+0.0 +0.1,-0.1 +1.5,-1.5125 140 +0.2,-0.2 +4.1,-4.0 +1.1,-1.1 +0.0,+0.0 +0.1,-0.1 +1.6,-1.6140 160 +0.2,-0.2 +4.1,-4.0 +1.3,-1.3 +0.0,+0.0 +0.1,-0.1 +1.8,-1.8160 175 +0.2,-0.2 +4.1,-4.0 +1.5,-1.5 +0.0,+0.0 +0.1,-0.1 +2.0,-2.0175 190 +0.2,-0.2 +4.0,-3.9 +1.7,-1.7 +0.0,+0.0 +0.1,-0.1 +2.2,-2.2190 210 +0.2,-0.2 +4.0,-3.9 +2.1,-2.1 +0.0,+0.0 +0.1,-0.1 +2.5,-2.4210 235 +0.2,-0.2 +4.0,-3.9 +2.7,-2.6 +0.0,+0.0 +0.1,-0.1 +2.9,-2.8235 260 +0.2,-0.2 +4.1,-4.0 +3.7,-3.6 +0.0,+0.0 +0.1,-0.1 +3.5,-3.3260 320 +0.2,-0.2 +4.4,-4.3 +5.5,-5.2 +0.0,+0.0 +0.1,-0.1 +4.3,-4.1Table 8.32: Unertainty soures for 1.6 < |y| < 2.0.x1 x2 dsys018(%) dsys019(%) dsys020(%) dsys021(%) dsys022(%) dsys023(%)50 60 +0.4,-0.4 +0.2,-0.2 -1.3,+1.4 +2.6,-2.6 +2.1,-2.1 -0.3,+0.360 70 +0.3,-0.3 +0.2,-0.2 -1.9,+1.9 +2.2,-2.2 +2.1,-2.1 -0.4,+0.470 80 +0.2,-0.2 +0.2,-0.2 -2.2,+2.3 +1.9,-1.8 +1.4,-1.4 -0.4,+0.480 90 +0.1,-0.1 +0.2,-0.2 -2.4,+2.4 +1.6,-1.6 +1.4,-1.4 -0.5,+0.590 100 +0.0,-0.0 +0.2,-0.2 -2.5,+2.5 +1.3,-1.3 +1.0,-1.0 -0.5,+0.5100 110 +0.0,-0.0 +0.2,-0.2 -2.5,+2.5 +1.2,-1.2 +1.0,-1.0 -0.5,+0.5110 125 +0.1,-0.1 +0.2,-0.2 -2.4,+2.5 +1.0,-1.0 +0.0,+0.0 -0.5,+0.5125 140 +0.2,-0.2 +0.2,-0.2 -2.3,+2.3 +0.8,-0.8 +0.0,+0.0 -0.5,+0.5140 160 +0.4,-0.4 +0.5,-0.5 -2.1,+2.1 +0.7,-0.7 +0.0,+0.0 -0.5,+0.5160 175 +0.7,-0.7 +0.7,-0.7 -1.8,+1.8 +0.7,-0.7 +0.0,+0.0 -0.4,+0.4175 190 +0.9,-0.9 +0.7,-0.7 -1.5,+1.5 +0.7,-0.7 +0.0,+0.0 -0.3,+0.3190 210 +1.2,-1.2 +0.9,-0.9 -1.1,+1.1 +0.9,-0.9 +0.0,+0.0 -0.2,+0.2210 235 +1.7,-1.7 +0.9,-0.9 -0.6,+0.6 +1.2,-1.1 +0.0,+0.0 +0.1,-0.1235 260 +2.6,-2.6 +0.9,-0.9 +0.2,-0.2 +1.5,-1.5 +0.0,+0.0 +0.5,-0.5260 320 +4.4,-4.4 +0.9,-0.9 +1.1,-1.1 +2.0,-2.0 +0.0,+0.0 +1.3,-1.3



CHAPTER 8. DATA ANALYSIS 239Table 8.33: Unertainty soures for 2.0 < |y| < 2.4.x1 x2 dunorr(%) dsys001(%) dsys002(%) dsys003(%) dsys004(%) dsys005(%)50 60 +1.9,-1.9 +3.0,-2.9 +3.8,-3.7 +2.2,-2.2 +2.5,-2.5 +3.5,-3.560 70 +1.8,-1.8 +3.3,-3.2 +4.3,-4.2 +2.8,-2.7 +2.7,-2.7 +3.8,-3.770 80 +1.8,-1.8 +3.5,-3.4 +4.9,-4.7 +3.4,-3.3 +3.0,-2.9 +4.1,-4.080 90 +1.9,-1.9 +3.8,-3.7 +5.4,-5.2 +4.0,-3.9 +3.2,-3.1 +4.5,-4.490 100 +2.1,-2.1 +4.1,-4.0 +6.0,-5.8 +4.7,-4.5 +3.2,-3.1 +4.9,-4.8100 110 +2.4,-2.4 +4.5,-4.3 +6.7,-6.4 +5.5,-5.2 +3.1,-3.0 +5.4,-5.2110 120 +2.8,-2.8 +4.9,-4.7 +7.5,-7.1 +6.3,-6.0 +2.9,-2.9 +5.9,-5.7120 130 +3.4,-3.4 +5.4,-5.1 +8.3,-7.9 +7.4,-6.9 +3.6,-3.5 +6.4,-6.2130 145 +4.2,-4.2 +6.0,-5.6 +9.5,-9.0 +8.9,-8.2 +4.9,-4.7 +7.2,-6.9145 160 +5.8,-5.7 +6.9,-6.4 +11.2,-10.5 +11.1,-10.1 +7.2,-6.8 +8.3,-7.9160 175 +8.1,-7.8 +7.9,-7.4 +13.3,-12.3 +14.0,-12.3 +10.6,-9.7 +9.7,-9.2175 200 +11.7,-11.1 +9.5,-8.7 +16.3,-14.8 +18.1,-15.4 +16.0,-14.0 +11.5,-10.9200 230 +19.8,-18.4 +12.6,-11.3 +22.2,-19.6 +26.7,-21.3 +28.7,-22.9 +15.3,-14.1Table 8.34: Unertainty soures for 2.0 < |y| < 2.4.x1 x2 dsys006(%) dsys007(%) dsys008(%) dsys009(%) dsys010(%) dsys011(%)50 60 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +0.0,+0.0 +5.4,-5.2 +2.1,-2.260 70 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +0.0,+0.0 +5.3,-5.2 +1.7,-1.870 80 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +0.0,+0.0 +5.5,-5.3 +1.4,-1.480 90 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +0.2,-0.2 +5.7,-5.5 +1.1,-1.190 100 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +1.0,-1.0 +6.1,-5.9 +0.9,-0.9100 110 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +1.9,-1.8 +6.5,-6.3 +0.6,-0.6110 120 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +2.9,-2.8 +7.0,-6.7 +0.3,-0.3120 130 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +3.6,-3.5 +7.7,-7.3 -0.1,+0.1130 145 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +4.8,-4.6 +8.5,-8.1 -0.5,+0.5145 160 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +7.1,-6.7 +9.8,-9.2 -1.4,+1.4160 175 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +10.4,-9.5 +11.4,-10.6 -2.5,+2.6175 200 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +15.7,-13.8 +13.7,-12.6 -4.3,+4.4200 230 +6.5,-5.8 +0.0,+0.0 +0.0,+0.0 +28.2,-22.6 +18.3,-16.5 -8.7,+9.6Table 8.35: Unertainty soures for 2.0 < |y| < 2.4.x1 x2 dsys012(%) dsys013(%) dsys014(%) dsys015(%) dsys016(%) dsys017(%)50 60 +0.3,-0.3 +5.6,-5.4 +1.0,-1.0 +0.0,+0.0 +0.4,-0.4 +3.2,-3.160 70 +0.2,-0.2 +5.5,-5.3 +1.0,-1.0 +0.0,+0.0 +0.3,-0.3 +3.0,-2.970 80 +0.2,-0.2 +5.6,-5.4 +1.1,-1.1 +0.0,+0.0 +0.2,-0.2 +2.8,-2.780 90 +0.2,-0.2 +5.6,-5.4 +1.2,-1.2 +0.0,+0.0 +0.1,-0.1 +2.6,-2.590 100 +0.2,-0.2 +5.7,-5.5 +1.3,-1.3 +0.0,+0.0 +0.1,-0.1 +2.4,-2.3100 110 +0.2,-0.2 +5.8,-5.6 +1.5,-1.5 +0.0,+0.0 +0.2,-0.2 +2.1,-2.1110 120 +0.2,-0.2 +5.9,-5.7 +1.7,-1.7 +0.0,+0.0 +0.3,-0.3 +2.0,-1.9120 130 +0.2,-0.2 +6.0,-5.8 +1.9,-1.9 +0.0,+0.0 +0.4,-0.4 +2.1,-2.1130 145 +0.2,-0.2 +6.0,-5.8 +2.3,-2.3 +0.0,+0.0 +0.6,-0.6 +2.4,-2.3145 160 +0.2,-0.2 +6.1,-5.9 +2.9,-2.9 +0.0,+0.0 +0.9,-0.9 +2.7,-2.7160 175 +0.2,-0.2 +6.3,-6.1 +3.7,-3.7 +0.0,+0.0 +1.3,-1.3 +3.2,-3.1175 200 +0.2,-0.2 +6.6,-6.4 +5.1,-5.0 +0.0,+0.0 +1.9,-1.9 +3.8,-3.6200 230 +0.2,-0.2 +7.3,-7.0 +8.5,-7.9 +0.0,+0.0 +3.5,-3.4 +5.0,-4.7Table 8.36: Unertainty soures for 2.0 < |y| < 2.4.x1 x2 dsys018(%) dsys019(%) dsys020(%) dsys021(%) dsys022(%) dsys023(%)50 60 +0.6,-0.6 +0.2,-0.2 -1.5,+1.5 +2.9,-2.8 +2.1,-2.1 -0.3,+0.360 70 +0.5,-0.5 +0.2,-0.2 -2.2,+2.2 +2.4,-2.4 +2.1,-2.1 -0.4,+0.470 80 +0.5,-0.5 +0.2,-0.2 -2.6,+2.7 +2.1,-2.1 +1.4,-1.4 -0.5,+0.580 90 +0.6,-0.6 +0.2,-0.2 -2.8,+2.9 +1.8,-1.8 +1.4,-1.4 -0.6,+0.690 100 +0.7,-0.7 +0.2,-0.2 -3.0,+3.1 +1.6,-1.6 +1.0,-1.0 -0.6,+0.6100 110 +0.8,-0.8 +0.2,-0.2 -3.1,+3.2 +1.4,-1.4 +1.0,-1.0 -0.6,+0.6110 120 +1.0,-1.0 +0.2,-0.2 -3.1,+3.2 +1.2,-1.2 +1.0,-1.0 -0.7,+0.7120 130 +1.2,-1.2 +0.2,-0.2 -3.0,+3.1 +1.1,-1.1 +0.0,+0.0 -0.7,+0.7130 145 +1.6,-1.6 +0.5,-0.5 -2.9,+3.0 +1.0,-1.0 +0.0,+0.0 -0.7,+0.7145 160 +2.2,-2.2 +0.5,-0.5 -2.7,+2.7 +1.0,-1.0 +0.0,+0.0 -0.6,+0.6160 175 +3.3,-3.3 +0.7,-0.7 -2.3,+2.4 +1.2,-1.1 +0.0,+0.0 -0.5,+0.5175 200 +4.9,-4.9 +0.7,-0.7 -1.8,+1.9 +1.5,-1.5 +0.0,+0.0 -0.3,+0.3200 230 +11.0,-11.0 +0.9,-0.9 -0.8,+0.8 +2.2,-2.2 +0.0,+0.0 +0.2,-0.2



Chapter 9Conlusions and outlookIn this thesis, the inlusive jet ross setion has been measured in proton-antiproton ollisions at the enter-of-mass energy √
s = 1.96 TeV with lu-minosity L = 0.70 fb−1. The measurement is presented as a funtion of pTin six bins of jet rapidity extending out to |y| = 2.4. The kinemati rangeovers jet pT 50�600 GeV and the proton momentum fration x = 0.05�0.6.This provides the largest data set of the inlusive jet spetra at the FermilabTevatron Collider with the smallest experimental unertainties to date.The measured spetra have been ompared to theory and found to be in goodagreement with perturbative quantum hromodynamis preditions with theCTEQ6.5 and MRST sets of parton distribution funtions. Correlations forthe systemati unertainties have been alulated in detail and a global �tto data and theory inluding orrelated systemati unertainties and theCTEQ6.5 PDF unertainties is performed. The global �t is found to favorthe lower end of CTEQ6.5 PDF unertainty band, with redued high x gluonPDF. The results have been published in Ref. [155℄ and will be inluded inthe global PDF �ts by the CTEQ and MRST ollaborations. Figure 9.1summarizes the omparison to theory.This thesis has aimed to provide the best possible measurement of the inlu-sive jet ross setion and a more thorough physial interpretation is left for fu-ture work. However, it should be noted that the CTEQ6.5M and MRST2004preditions at high pT are mainly onstrained by the Tevatron Run I jet data.The new Run II data set is larger and has improved understanding of the JESsystemati unertainties. The PDF �ts for the HERA data alone extrapolateto a lower high x gluon ontent than the Tevatron Run I jet data so the newdata has signi�ant impat in resolving the high x gluon PDF behavior.The urrent measurement provides strong onstraints for the high x gluon240
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Figure 9.1: Summary of omparison to theory for inlusive jet ross setion.PDF, whih is the leading unertainty in new physis searhes at the LHC [18℄.The integrated luminosity is almost ten times higher than in the Run I mea-surements at √
s = 1.8 TeV [6, 7, 13℄ and leads to about a fator threeimprovement for the high x gluon PDF onstraints. The impat is furtherinreased by the lower systemati unertainties and high orrelation betweenrapidity bins.The 10% inrease in enter-of-mass energy between Run I and Run II leadsto a fator three inrease in the ross setion at pT = 550 GeV/c, and with in-reased luminosity to an e�etive improvement of about a fator of �ve in thesensitivity to quark substruture at the few TeV sale ompared to Run I. Thewide rapidity overage of the measurement allows both PDFs and quark sub-struture to be studied simultaneously, with new physis mostly ontributingat entral rapidity and all regions sensitive to PDFs. The high orrelationbetween measurements in di�erent rapidity regions and the detailed under-standing of orrelations between systemati unertainties provided in thisthesis are essential for the dual interpretation of the data.The quark substruture sensitivity is muh higher in the 14 TeV proton-proton ollisions at the LHC due to start in 2008, but the sensitivity toPDFs is onversely lower, as shown in Fig. 9.2. It will take years for the LHCto improve their systematis and to aumulate enough statistis (200 fb−1)to ahieve omparable sensitivity for the high x gluon PDF.Muh of the work in this thesis is dediated to improving the understandingof the jet energy sale and the jet pT resolutions. The JES unertainty hasreahed an all-time low of 1.2% in the entral alorimeter at pT ∼ 150 GeV/c,and the η-dependent orretions keep the unertainty between 1.5�2.5% else-
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Appendix ALO Feynman diagrams

Figure A.1: Leading order Feynman diagrams for dijet prodution in pQCD.Top row: qiq̄i → qkq̄k, qiq̄i → gg, Middle row: qig → qig, q̄ig → q̄ig,Bottom row: gg → qkq̄k, gg → gg.
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Appendix BGluon-jet frations in MC
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Figure B.1: Gluon fration for γ+jets with |yγ
parton| < 0.5, ∆R > 3.0.
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Figure B.2: Tag jet gluon fration f tag
g in dijets with |ηtag
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Appendix CIntegrals and eigenfuntions
C.1 Seleted integralsThe smeared ross setion an be analytially alulated assuming an expo-nentialy falling pT spetrum N0e

−αx and Gaussian smearing e
(pT −x)2

2σ2 /(
√

2πσ)with onstant resolution σ. In this equation pmeas
T is abbreviated as pT forlarity:

F (pT ) =

∫ ∞

−∞
N0e

−αx 1√
2πσ

e−
(pT −x)2

2σ2 dx (C.1)
=

∫ ∞

−∞

N0√
2πσ

e−
1

2σ2 (x2−2(pT −ασ2)x+p2
T )dx (C.2)

=

∫ ∞

−∞

N0√
2πσ

e−
1

2σ2 (x2−2(pT −ασ2)x+(pT −ασ2)2+ασ2(2pT −ασ2))dx(C.3)
=

∫ ∞

−∞

N0√
2πσ

e−
1

2σ2 (x−(pT−ασ2))
2

e−α(pT−ασ2/2)dx (C.4)
= N0e

−α(pT−ασ2/2)
∫ ∞

−∞

1√
2πσ

e−
1

2σ2 (x−(pT −ασ2))
2

dx (C.5)
= N0e

−α(pT−ασ2/2). (C.6)Above alulation uses the method of ompleting a square and the fat thatthe integral of a normalized Gaussian is equal to 1, regardless of the mean.
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APPENDIX C. INTEGRALS AND EIGENFUNCTIONS 259Following this same pratie of ompleting a square the true pT an be ana-lytially integrated (the denominator is written as F (pT ) for brevity):
< pptcl

T > =

∫∞
−∞ N0e

−αx 1√
2πσ

e−
(pT −x)2

2σ2 xdx

F (pT )
(C.7)

= . . .

=

∫ ∞

−∞

1√
2πσ

e−
1

2σ2 (x−(pT−ασ2))
2

xdx

= pT − ασ2 (C.8)The steps marked with . . . are idential to the ones in Eqs. C.2�C.5, withonly an additional x inside the integral and F (pT ) in the denominator. Thelast step integrates the mean value of a gaussian entered at µ = (pT −ασ2),whih is naturally µ.Finally, let us also alulate the mean of the squared pptcl
T :

< (pptcl
T )2 > =

∫∞
−∞ N0e

αx 1√
2πσ
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(pT −x)2

2σ2 x2dx

F (pT )
(C.9)

= . . .
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2πσ
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1

2σ2 (x−(pT−ασ2))
2

x2dx
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1√
2πσ

e−
1

2σ2 (x′)2
(

x′ + (pT − ασ2)
)2

dx′
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1√
2πσ

e−
1

2σ2 (x′)2

·
(

(x′)2 + 2x′(pT − ασ2) + (pT − ασ2)
)2

dx′
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1√
2πσ

e−
1

2σ2 (x′)2x′2dx′

+(pT − ασ2)
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1
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2πσ
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1

2σ2 (x′)2dx

= σ2 + (pT − ασ2) · 0 + (pT − ασ2)2 · 1
= σ2 + (pT − ασ2)2. (C.10)The RMS for the pptcl

T distribution in a bin of pmeas
T is now

RMS =

√

< (pptcl
T )2 > − < pptcl

T >2 = σ. (C.11)This mathes with the resolution of pmeas
T in a bin of pptcl

T , a useful result.



APPENDIX C. INTEGRALS AND EIGENFUNCTIONS 260C.2 Unertainty eigenfuntionsThe inlusive jet ross setion measurement involves �ts of physial param-etrizations in many stages of the analysis. The �tting algorithm (TMinuit)provides the �t unertainty and unertainty orrelation information odedin the error matrix M . The unertainty orrelation information ontainedin the error matrix an then be extrated as a set of funtions, the uner-tainty soures fs, by diagonalizing the error matrix. This setion outlines thegeneral diagonalization proedure and extration of the unertainty soures.The �t unertainty an be alulated using the error matrix as
ǫ(x) =

√

∑

i,j

mij∂fi(x)∂fj(x), (C.12)
∂fi(x) ≡ ∂f(x; {αi})

∂αi
, (C.13)where mij is an element of the error matrix M and f(x; {αi}) is the �t fun-tion with a set of parameters {αi}. The above equation an be representedin matrix form as

ǫ2 = vTMv, (C.14)where v is the olumn vetor of partial derivatives of f , vi = ∂fi, and vT isits transpose. The error matrix M an be diagonalized using standard linearalgebra and Eq. C.14 rewritten
ǫ2 = vT XT DXv = (Xv)TD(Xv) = v′T Dv′, (C.15)where D is the diagonal matrix and X the matrix of eigenvetors produedby the diagonalization proedure. The vetor v′ is now the unertainty eigen-vetor in the new diagonal basis. Its representation in the original basis ∂fiis given by v′

i =
∑

j xij∂fj .Equation C.15 is written element-wise as
ǫ2 =

∑

i

v′
iλ

2
i v

′
i =

∑

i

(λiv
′
i)

2 =
∑

i

s2
i , (C.16)where λ2

i are the diagonal (non-negative) elements of D and si = λiv
′
i are theunertainty soures. This proedure gives a number of unertainty souresthat is equal to the rank (number of non-zero elements in D) of matrix

M . In the speial ase that f(x; {αj}) is linear in the parameters {αj}, theunertainty soures si an be represented by the original funtion f(x; {αj})with eah αj replaed by αj = xij .



APPENDIX C. INTEGRALS AND EIGENFUNCTIONS 261The unertainty soures obtained this way have a very intuitive interpreta-tion: they give a set of independent variations around the entral �t thateah represent a 1 standard deviation shift from the entral value. The totalunertainty at any point is simply the sum of the soures in quadrature, asshown in Eq. C.16, and the orrelation ρ between any two points xi and xjis given by the sum of the produts of eah of the soures at the two pointsdivided by the produt of the total unertainties σ

σ(xi) =

√

∑

k

s2
k(xi), (C.17)

σxj
=

√

∑

k

s2
k(xj), (C.18)

ρ(xi, xj) =

∑

k sk(xi)sk(xj)

σxi
σxj

. (C.19)This approah is diretly generalizable to an arbitrary number of dimensions,as the point xi an represent a multidimensional point xi = {xj}k. Figure C.1shows a representative 1-D example of the entral alorimeter response un-ertainty (without ontraints from saled MC) broken down to individualsoures.
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Appendix DAdditional analysis plots
D.1 Relative trigger ratio
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Figure D.1: Ratio of partially orreted jet pT spetra.263
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Figure D.2: Ratio of partially orreted jet pT spetra.
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Figure D.3: Ratio of partially orreted jet pT spetra.
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Figure D.4: Ratio of partially orreted jet pT spetra.
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Figure D.5: Ratio of partially orreted jet pT spetra.
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Figure D.6: Ratio of smeared ansatz to data.
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Figure D.7: Unfolding orretion for pT (dashed line), rapidity y (dotted line)and both (solid line).


