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AbstratThe Collider Detetor at Fermilab (CDF) is a multi-purpose detetor de-signed to study proton-antiproton ollisions at entre-of-mass energies of 1.96TeV=2. One of the most important omponents of CDF is the silion trak-ing detetor. A detailed desription of the testing and onstrution of theCDF silion traker is presented. Measurements of the traking eÆieny ofthe ompleted detetor are also provided.Using 36 pb�1 of the J= data sample olleted by CDF between Februaryand Otober 2002, the inlusive B! J= X ross-setion is measured in p�pinterations atps = 1:96 TeV=2. The fration of J= events arising from thedeay of b hadrons is extrated using an unbinned maximum likelihood �t tothe deay length of the J= andidates. The pT dependent di�erential rosssetion for inlusive B! J= X events with rapidity jyj < 0:6 is obtained byombining the B-fration result with a measurement of the J= di�erentialross-setion.For 2:0 < pT(J= ) < 17:0 GeV=, the integrated B! J= X ross-setionis measured to be�(J= ;B) � B(J= ! ��) = 16:02� 0:24 (stat)+2:26�2:20 (syst) nb:
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Chapter 1Theoretial Bakground
In this hapter, the theoretial bakground for the analysis is presented, be-ginning with an overview of the Standard Model of partile physis, beforedisussing in more detail the individual aspets of the theory that are of par-tiular relevane to the the B! J= X inlusive ross-setion measurement.1.1 The Standard ModelThe theory of elementary partile physis began almost 2500 years ago. Theidea that all matter in the world may be omposed of fundamental partileswas �rst postulated by the Greek philosophers Leuippus and Demoritus inabout 400 BC. They suggested that everything was made of indivisible parti-les alled atoms, an idea that was subsequently revived in 1804 when hemistJohn Dalton used the onept to explain many hemial phenomena. How-ever, the disovery of the eletron by J.J. Thompson in 1897 demonstratedthat atoms were not indivisible but had an internal struture onsisting ofharged partiles.In the 20th Century, advanes in theoretial and experimental tehniques1



eventually led to the development of the Standard Model of partile physis,a modern �eld theory that desribes the three basi onstituents of matter(quarks, leptons and gauge bosons) and the way in whih they interat viathe four fundamental fores of nature (strong, eletromagneti, weak andgravitational).Modern partile physis is the siene that studies these fundamentalpartiles and the fores whih govern their interations so that the nature ofuniverse may be better understood. Experimental physiists onstrut ex-periments to test the theoretial preditions of the Standard Model. Manyaspets of the model have been veri�ed experimentally and so far no om-pelling experimental result has emerged that ontradits the theory, but workontinues to test the model to higher and higher levels of preision.1.1.1 Fundamental PartilesQuarksQuarks, whih are not diretly observable, are bound together by the strongfore to form experimentally observable non-fundamental partiles that areolletively alled hadrons. There are two types of hadron: (i) baryons whihontain three quarks, e.g. protons and neutrons; (ii) mesons whih are boundstates of a quark and an antiquark, e.g. pions, J= 's. The quark model pro-posed in 1964 by Murray Gell-Mann and George Zweig showed that thehadrons and all their di�erent properties ould be explained by using ombi-nations of just six quarks: up, down, harm, strange, top and bottom. They
2



Quark Symbol Mass Charge (e)down d 5 - 8.5 MeV=2 �1=3up u 1 - 4.5 MeV=2 +2=3strange s 80 - 155 MeV=2 �1=3harm  1 - 1.4 GeV=2 +2=3bottom b 4.0 - 4.5 GeV=2 �1=3top t 174:3� 5:1 GeV=2 +2=3Table 1.1: Quark masses and hargesour in pairs alled generations:0� ud 1A ; 0� s 1A ; 0� tb 1A :All six quarks have now been experimentally observed. The last quark to bedisovered was the top, whih was observed at Fermilab in 1994 [1, 2℄. Themasses and harges of eah quark are summarised in Table 1.1 [3℄.LeptonsLeptons are a family of partiles whih onsist of the eletron (e�), muon(��), tau (��), and the orresponding neutrinos (�e, ��, �� ). Leptons alsoour in three generations:0� e��e 1A ; 0� ���� 1A ; 0� ���� 1A :The three harged leptons have a harge equal to the eletroni harge, �e,and interat via both the eletromagneti and weak fores, while neutralneutrinos only interat weakly. Experiments arried out at LEP stronglysuggest that there are three and only three generations of fundamental parti-les. This is inferred by showing that the lifetime of the Z0 boson is onsistent3



only with the existene of exatly three very light or massless neutrinos. Thesix leptons have all been diretly observed in experiments, the most reentbeing the tau neutrino whih was �rst observed at Fermilab in 2000 [4℄.AntipartilesLike all harged partiles in nature, eah of the quarks and leptons have aorresponding antipartile of the same mass but opposite harge.Gauge BosonsThe gauge boson group onsists of gluons (g), photons (), weak bosons (W�,Z0), and gravitons (G) that mediate the strong, eletromagneti, weak, andgravitational fores respetively. The gluon is the partile that transmits thestrong fore whih binds quarks together to form hadrons. In the ase of pro-tons and neutrons it also allows them to ombine to form atomi nulei. Thelong range eletromagneti fore familiar from lassial physis is transmittedby the photon. The weak fore is responsible for nulear beta deays and alsothe deay of many unstable partiles, e.g. pions ! muons, muons ! ele-trons, et. It is the only fore to be mediated by massive partiles. Finally,the gravitational fore between elementary partiles is negligible omparedwith the other three fores and so its e�ets are negleted in the StandardModel.The relative strengths of the four fundamental fores in the energy rangearound 1 GeV an be ompared in Table 1.2. The strengths of the funda-mental fores are not onstant but depend on the distanes over whih thefores are ative. For example, the strength of eletromagneti fore varies4



Fore Strength Range Partile M (GeV=2) ChargeStrong 1 � 1 fm gluon 0 0EM 1=137 long (1=r2) photon 0 0Weak 10�9 � 0.001 fm W�, Z0 81, 91 �e, 0Gravity 10�38 long (1=r2) graviton 0 0Table 1.2: The four fundamental fores of natureinversely as the square of the distane. At very short distanes, within therange of the sizes of the nuleus of atoms or smaller, the strengths of the ele-tromagneti fore and the weak and strong nulear fores are approximatelyequal.1.1.2 Quantum EletrodynamisPaul Dira's relativisti quantum theory of eletromagnetism, Quantum Ele-trodynamis (QED) [5℄, was the �rst omponent of the Standard Model tobe developed. The strength of the eletromagneti fore on a partile is pro-portional to its eletri harge. Eah photon that is emitted or absorbed inan eletromagneti interation ontributes one power of the QED ouplingonstant � = e24�~ � 1137to the probability of the exhange taking plae. Therefore, proesses involv-ing a large number of photons are suppressed relative to those with fewerphotons.In the 1960s, attempts to produe a similarly self-onsistent theory for theweak fore were onstrained by two basi requirements: (i) the theory mustbe gauge invariant, i.e. it should behave in the same way at di�erent points in5



spae and time; and (ii) it must be renormalisable, i.e. it should not ontainnonphysial in�nite quantities. Glashow and Weinberg disovered that theyould only onstrut a gauge-invariant theory of the weak fore if they alsoinluded the eletromagneti fore [6, 7℄.This eletroweak uni�ation only manifests itself at high energies in aseswhere the energy transfer is greater than the W� or Z0 masses. Sine thegauge bosons of the weak fore are massive, the range of the fore is veryshort when the energy transfer is less than the W� or Z0 masses. Therefore,at lower energies weak and eletromagneti interations an still be learlyseparated.This new eletroweak theory predits the existene of four massless parti-les, two harged and two neutral, to mediate the interations. However, theshort range of the weak fore indiates that it is arried by massive partiles.This means that the underlying symmetry of the theory is broken by a meh-anism that gives mass to the partiles exhanged in weak interations but notto the photons exhanged in eletromagneti interations. The mehanisminvolves an additional interation with an otherwise unseen �eld, alled theHiggs �eld, that pervades all spae. As a partile travels through the va-uum it interats with the massive Higgs partiles that populate empty spaeand beomes surrounded by a loud of them so that the previously masslesspartile appears massive. The neutral urrent reations assoiated with Z0exhange were �rst observed in 1973 at CERN. The theory also suessfullypredited the masses of the W� and Z0 bosons. At suÆiently high ener-gies, the reation of real Higgs partiles in ollider experiments would proveonlusively that eletroweak theory is orret.6



1.1.3 Quantum ChromodynamisThe strong fore is the third and �nal fore inluded in the Standard Modelvia the theory of Quantum Chromodynamis (QCD). QCD used gluons toexplain why approximately half of the proton's momentum appeared to bearried away by neutral objets, i.e. not by the quarks. There are eight dif-ferent gluons that mediate the strong fore and their oupling is proportionalto the harge of the strong fore. This harge, alled olour, is analogous tothe eletri harge in eletromagnetism and it allows quarks to radiate gluonsin a proess similar to bremsstrahlung in QED. Therefore, a quark arrying afration x of the proton's momentum may emit a gluon and beome a quarkwith momentum z < x. The ross-setion for quark prodution must be afuntion of both x and Q2, the Lorentz invariant squared energy-momentumtransfer. Q2 = E2q � q2;where q2 is the squared momentum transfer and Eq is the energy exhanged.Gluons emitted by quarks are able to split into q�q pairs, whih an them-selves radiate more gluons, resulting in a sea of quarks and gluons within theproton. Figure 1.1 illustrates how physiist's understanding of the nature ofthe proton evolved as the Standard Model was developed.Sine QCD and eletroweak theory have not yet been united within theStandard Model, the strength of the strong fore is desribed by a separateoupling onstant �S. The QCD oupling onstant an be written as�S(Q2) = 12�(33� 2nf) ln (Q2=�2)for Q2 >> �2, where nf is the number of quark avours and � is the QCDsaling fator whih must be determined experimentally. �S dereases as Q27



Figure 1.1: Evolution of the protoninreases and for heavy quark prodution at CDF, � � 200 MeV [3℄. Sinethe heavy quark masses mQ >> �, the prodution ross-setions for heavyquarks may be alulated using QCD perturbation theory.A quark an exist in three di�erent olour states: red (r), green (g) andblue (b). The theory states that hadrons an only exist in states whih havezero total olour harge, and quarks with non-zero olour harge may onlyexist on�ned within these hadrons. There are three ways suh olourlessstates an be ahieved: (i) an equal mixture of r, g, b; (ii) an equal mixtureof �r, �g, �b; (iii) equal mixtures of r�r, g�g, b�b. These possibilities orrespond tothe partile states observed in nature: baryons, antibaryons and mesons.
8



1.2 Bottom QuarksThe disovery of the bottom quark at Fermilab in 1977 [8℄ provided evidenefor the existene of the predited third generation of quarks in the StandardModel. It was �rst observed in the dimuon (�+��) mass spetrum at the�(1S) resonane in an experiment studying 800 GeV proton interations onnulear targets. The �(1S) is the lightest of a family of partiles alledbottomium states, whih are bound states of a b quark and its antipartile.A CDF Run II dimuon invariant mass distribution with peaks orrespondingto the three lightest bottomium states is presented in Figure 1.2.The b quark ouples very weakly to lighter lower-generation quarks. Con-sequently, b hadrons are generally long-lived (� 1.5 ps) and they may travel
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several hundred mirons before deaying via the weak interation. This prop-erty of b hadrons makes them a useful resoure for understanding weak in-terations and QCD and their study ontinues to be a ornerstone of highenergy physis experiments around the world.NotationThe small letter b (�b) is used to refer to bottom (antibottom) quarks. Whenreferring to generi hadrons ontaining a bottom quark, e.g. jb�qi where q isany quark avour, a apital B is used without any supersripts or subsriptsnormally used to indiate hadron harge and the avour of the seond quark.1.3 Heavy Quark ProdutionThe ross setion for a reation produed in proton-antiproton ollisions isde�ned to be the interation probability per unit ux:� = RLwhere R is the reation rate (s�1) and L is the luminosity or partile ux(m�2s�1). Cross-setions are often quoted in barns, where 1 barn = 10�24m2. The high entre-of-mass energy in hadron olliders translates into ahigh b�b prodution ross-setion, O(100�b) [9℄, but it also results in a p�p in-elasti sattering ross-setion three orders of magnitude greater than for b�bprodution. At the peak instantaneous luminosity of the Tevatron aelera-tor, 2�104 b�b pairs are produed every seond [9℄. The signal-to-bakgroundratio has to be improved onsiderably in order to suessfully harvest a large10
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Figure 1.5: Total prodution ross-setions for Q�Q pairs in p�p ollisions (left)and the rate at whih the ross-setions hange with pT (right) [10℄di�erene is large. Therefore the b and the �b tend to be produed with thesame rapidity. Figure 1.5 shows the total prodution ross-setions for heavyquarks at hadron olliders as a funtion of entre-of-mass energy [10℄.The measurable bottom and harm ross-setions at hadron ollidersare of the �nal hadroni states. The theoretial ross-setions desribed inthe above equation are therefore onvoluted with the quark fragmentationfuntions obtained from e+e� olliders suh as LEP. Fragmentation fun-tions represent the probability for a parton to fragment into a partiularhadron arrying a ertain fration of the parton's energy. The inlusivepT di�erential ross-setions for harm, bottom and top quarks from theLO QCD alulations are desribed in detail in [10℄. At ps = 1:8 TeV,�(p�p ! �) � �(p�p ! b�b) at low pT and they are approximately the samefor pT > 40 GeV=.In CDF Run I, the measured b prodution ross-setions were more thana fator of two greater than NLO QCD alulations [11, 12, 13, 14℄. The need13



Figure 1.6: CDF inlusive b ross-setions and theory from [11, 12, 13, 14℄

Figure 1.7: CDF Run I inlusive B ! J= X ross-setion with theoretialpreditions from [15℄ 14



Figure 1.8: CDF Run I b meson ross-setions with preditions from [16℄for large NNLO orretions, extreme values of the re-normalisation sales, ora new fragmentation model were o�ered as possible explanations. Reenttheoretial advanes in the extration of the non-perturbative fragmentationfuntions of b mesons from LEP data have improved agreement betweentheoretial preditions and CDF data to better than 50% for inlusive B !J= X [15℄ and b meson prodution [16℄. Results from CDF Run I and sometheoretial preditions are summarised in Figures 1.6, 1.7 and 1.8.1.4 Heavy Quark FragmentationThe b quarks produed as a result of p�p ollisions an radiate some of theirmomentum in the form of gluons before eventually hadronising into the phys-ial hadron whose deay produts are observed in the detetor. This proess15
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During fragmentation many di�erent types of b hadrons an be formed,inluding the B0 = ���bd�, B+ = ���bu�, B0s = ���bs� and B+ = ���b� mesons, theirantipartiles and exited states.The transverse momentum spetrum of the produed b hadrons fallsrapidly and so most of them have very low transverse momentum. How-ever, the hadrons frequently have large longitudinal momentum that resultsin them being boosted along the beam axis beyond the geometri aeptaneof the detetor.The hadronisation proess an be parameterised to NLO auray as afuntion of z, the fration of the available momentum arried away by theheavy hadron. The model used for heavy quarks is the Peterson parame-terisation [17℄. When a heavy quark ombines with a light antiquark, themomentum of the meson is almost the same as that of the heavy quark.The orresponding transition amplitude [18℄ is inversely proportional to theenergy transfer �E so that for mQ � mQ�q�E = EQ�q + Eq � EQ= �m2Q + z2p2Q�1=2 + �m2q + (1� z)2p2Q�1=2 � �m2Q + p2Q�1=2/ 1� 1z � "1� zwhere " / 1=m2Q is a free parameter that is determined experimentally. Forb quarks " � 0:006. The Peterson fragmentation funtion, whih expressesthe probability that a given momentum fration z is seleted, is written asf(z) / 1z �1� 1z � "1� z��2 :The Peterson fragmentation funtion for b quarks is plotted in Figure 1.10and is normalised so that the integrated probability is 1 with �z = 0:01.17
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Figure 1.10: The Peterson fragmentation funtion for " = 0:0061.5 b Hadron Deayb quarks deay into  or u quarks via the weak interation by emitting avirtual W. Four of the possible mehanisms for b hadron deay are illustratedin Figure 1.11. The semileptoni deay in diagram (a) ontains both hadronsand leptons in the �nal state. Approximately 20% of all b mesons deaysemileptonially to produe an eletron, muon or tau lepton. The leptonsare produed by the deay of a virtual W�, while the spetator antiquarkombines with the  or u quark from the b deay to form a hadron.The simple spetator diagram (b) illustrates how a purely hadroni �nalstate may arise when the virtual W� deays into a q�q pair rather than lep-tons. If the quarks from the virtual W� are the same olour as the initialb quark then the olour-suppressed deay mehanism shown in diagram ()may our. It is also possible for a b quark and a spetator antiquark toannihilate by oupling to a virtual W� as shown in diagram (d). This deay18
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Figure 1.12: Charmonium mass spetrumdisovered was alled the J= and it is the lightest member of a group ofmesons whih are olletively alled harmonium. These bound states of aharm quark and its antipartile inlude �, �, and  (2S), an exited stateof the J= that was disovered at 3.7 GeV=2 [21℄. The harmonium massspetrum is shown in Figure 1.12.There are three soures of J= 's at CDF:� Diret prompt prodution: p�p! J= X� Indiret prompt prodution: p�p! �X, � ! J= � From b hadrons: p�p! B X, B! J= XIn prompt prodution a � pair is produed diretly by the initial p�pollision. This harmonium state may be a J= ,  (2S) or �. Indiret promptJ= prodution ours when a promptly produed � deays to a J= via the20



16
Figure 2.3: Feynman diagrams for charmonium production. On the left is theleading order diagram for direct J= and  (2S) production. On the right is theleading order diagram for direct �C production.

Figure 2.4: Typical B meson decay diagram for charmonium production.Figure 1.13: B meson deay diagram for harmonium produtioneletromagneti transition � ! J= + . Sine all the � states lie belowthe  (2S) mass, this mehanism only ontributes to J= prodution.J= 's are also produed from the deay of b hadrons. A typial b mesondeay diagram for harmonium prodution is presented in Figure 1.13. How-ever, for a number of reasons, the deay to a harmonium state is suppressedrelative to the deay B! D X, where D is a meson ontaining a single harmor antiharm quark. For a J= to be produed, the W must deay to �s, butfor the generi B! D X deay other leptoni and hadroni W deay modesare allowed. In addition, the  and � must have opposite olour, sine boundstates are required to be olour neutral aording to QCD. Finally, in orderto form a bound state, the  and � quarks must have similar momenta. Theserestritions result in a small branhing ratio B(B! J= X) = 1:15� 0:06%[3℄. The J= deays into two muons with a branhing ratio B(J= ! �+��) =5:88 � 0:10% [3℄. Despite the small branhing ratios, the two muons fromthe J= provide a very lean signal whih allows b hadron prodution to bestudied in low momentum regions. Therefore B ! J= X is an importantproess for testing QCD. 21



Chapter 2Experimental Apparatus
The Collider Detetor at Fermilab (CDF) is situated at Fermi National A-elerator Laboratory (FNAL) in Illinois, USA. CDF was onstruted in orderto study the produts of proton-antiproton ollisions in the Tevatron, ur-rently the world's highest energy partile aelerator. This hapter beginswith a desription of the proess of aelerating and olliding beams of pro-tons and antiprotons at entre-of-mass energies of 1.96 TeV. An overviewof CDF is then presented and subsequent setions go on to provide moredetailed desriptions of the major detetor subsystems.2.1 The Aelerator ComplexPartile aelerators are only apable of aelerating eletrially harged par-tiles, sine the Lorentz fore on a partile is given byF = q(E+ v �B)where q is the eletri harge, E and B are the eletri and magneti �eldvetors, and v is the veloity. 22
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Figure 2.2: Flow hart of the aeleration proess2.1.1 Proton AelerationThe proton aeleration proess begins with a pulsed ion soure that onvertsgaseous H2 moleules to H� ions. These ions are then injeted into theCokroft-Walton eletrostati aelerator where they are aelerated arossa series of voltage gaps to an energy of 750 keV. The beam is then injetedinto Fermilab's 145 m linear aelerator (Lina) to be boosted by a series ofosillating eletri �elds. The RF avities in the Lina onsist of a sequeneof drift tubes separated by small gaps. While in the drift tubes, where the24



eletri �eld opposes the diretion of motion of the H� ions, the partilebeam is shielded from the RF �eld and travels at a onstant veloity. In thegaps between tubes the eletri �eld diretion is the same as the diretion ofmotion of the ions and so the beam gets aelerated towards the next drifttube, gaining in energy by an amount proportional to the voltage of the RF�eld. The length of the drift tubes and the gaps between them inreasesalong the diretion of the beam so that the time between suessive gapsstays equal to the period of the RF �eld as the veloity of the partile rises.The H� ions in the Lina are aelerated to 400 MeV, after whih they arepassed through arbon foil in a proess that strips them of their eletrons.The resultant proton beam is guided into the Booster, whih is the �rst ofsix synhrotrons in the aelerator hain at Fermilab. Synhrotrons ontainpowerful magnets whih are used to fore the beam to travel in a irularorbit. This irular design is motivated by the requirement that the beammust pass through eah RF avity many times in order to reah very highenergies. Quadrupole magnets, whih have two north poles, two south polesand zero magneti �eld in the entre, are used to fous the beam. The Boosteris 475 metres in irumferene and aelerates the protons to 8 GeV in 0.033seonds, during whih the beam goes round approximately 16,000 times.Due to the hanging momentum of the protons as they are aelerated from400 MeV to 8 GeV, the RF frequeny and the magneti �eld must inreasesteadily to ensure that the beam stays in the same orbit as it travels roundthe Booster. The Booster provides a number of separate regions of stableaeleration. These regions are referred to as bukets and the olletion ofprotons in eah buket is alled a bunh. The Booster transfers between six25



and eight bunhes of protons into the Main Injetor at a time.The two mile in irumferene Main Injetor [22℄ aelerates the beamto 120 GeV for �xed target experiments and 150 GeV for injetion into theTevatron. The individual bunhes from the Booster are ombined into asingle bunh of approximately 6� 1013 protons. This bunh is then injetedinto the Tevatron, where 36 equally spaed proton bunhes, along with 36antiproton bunhes, are required before the aeleration proess ontinues.2.1.2 Antiproton ProdutionIn order to deliver p�p ollisions, an antiproton soure is required. This soureonsists of a target station and three 8 GeV antiproton storage rings; theDebunher, Aumulator, and Reyler. A shemati of the target station ispresented in Figure 2.3. Antiprotons are produed using a beam of protons,whih is extrated from the Main Injetor at 120 GeV and smashed into anikel target every 1.5 seonds. The ollisions in the nikel target produea large number of di�erent partiles with a wide range of momenta andprodution angles from whih the antiprotons must be seleted. Only 20antiprotons are produed for every million protons that hit the target. Theprodued partiles are foused into a parallel beam by a 15 m long and 2m diameter ylindrial lithium lens, whih passes a pulsed urrent along itsaxis in order to generate an azimuthal magneti �eld. Lithium, being thelowest density ondutor available, minimises multiple sattering and theabsorption of antiprotons. The unwanted partiles in the beam are �lteredout by a pulsed dipole magnet whih ats as a harge-mass spetrometer bydeeting 8 GeV negatively harged partiles to the Debunher, the �rst of26
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Figure 2.3: Antiproton prodution at the target stationthree antiproton storage rings.Sine the protons are bunhed as they arrive at the target station, theantiprotons produed with a large energy spread are also bunhed. The De-bunher uses RF avities to rotate the antiproton phase spae, exhangingthe large energy spread and narrow time distribution for a wide time distri-bution and narrow energy spread. Low energy antiprotons travel loser tothe inside of the Debunher ring than those of higher energy. Consequently,the low energy partiles arrive at an RF avity before their high energy oun-terparts due to the di�erene in path length and so they see a di�erent phaseof the osillating RF. This phase di�erene auses the low energy antiprotonsto aelerate and the high energy partiles to deelerate, reduing the energyspread. This helps inrease the eÆieny of the Debunher to Aumula-tor transfer beause the Aumulator has a limited momentum aperture atinjetion. The debunhing proess is illustrated in Figure 2.4.A `hot' beam from the target ontaining antiprotons with a range ofpositions and angles would not �t into a standard beam pipe, and so a proessalled stohasti ooling [23℄ has to be used to minimise the transverse beam27



Figure 2.4: Rotating the antiproton phase spae in the Debunher: (i) an-tiprotons from the target station, (ii) arriving at the RF avity, (iii) aftermany turns through the avity, (iv) at the end of debunhingsize. The stohasti ooling system works by sensing the RMS deviationof the beam from the entral orbit using eletrodes. This information istransmitted ahead to another set of eletrostati plates whih orret theslope of the beam to oinide with the entral orbit. The Debunher reeivespulses from the target station every 1.5 seonds and debunhing only takes0.1 seonds, so there is suÆient time for some ooling of the antiprotons totake plae prior to being transfered to the Aumulator, whih is housed inthe same tunnel. Further stohasti ooling takes plae in the Aumulatoritself, whih an store suessive staks of antiprotons for up to several daysor until they are required by the Main Injetor for injetion into the Tevatron.Diretly above the Main Injetor is the Reyler [24℄, a �xed-energy per-manent magnet storage ring designed to further inrease the partile uxof the Tevatron. The partile ux is known as the luminosity and is given28



in units of m�2s�1. The Reyler periodially aepts the ontents of theAumulator so that the Aumulator may ontinue to store pulses of an-tiprotons eÆiently as they arrive from the target. There are also plans forthe Reyler to play a key role in maximizing the luminosity by olletingantiprotons that are left over at the end of a store. These antiprotons willbe transferred into the Reyler after being deelerated in the Tevatron andMain Injetor. These antiprotons ould be used again in a future ollisionrun, whih would onsequently have more antiprotons and hene a higherluminosity than would be ahievable otherwise.2.1.3 The TevatronIn the �nal phase of the aeleration proess, the Tevatron, whih is alwaysworking perfetly (see Figure 2.5), reeives 150 GeV bunhes of protons andantiprotons from the Main Injetor and aelerates them to 980 GeV. Sinethe protons and antiprotons have opposite harge, they are aelerated alongthe beam pipe in opposite diretions. During aeleration the two beamsare held in separate orbits. The Tevatron operates with its olliding beamsof protons and antiprotons grouped into 36 bunhes with a spaing of 396ns. In the Tevatron's 4 mile long tunnel, superonduting magnets ooledto 4 degrees Kelvin produe magneti �elds of 4 Tesla, allowing the beamsto reah their required maximum energy. The maximum energy of a protonsynhrotron that uses onventional dipole magnets is limited by power lossdue to resistive heating of the oils. By using superonduting magnetsin whih resistive heating does not our, this problem is avoided in theTevatron. The ounter-rotating beams are redued to very small transverse29



Figure 2.5: \There are reports that magnets are broken. I tell you, this is nottrue! The Tevatron is working perfetly... I triple guarantee it! There havenever been so many antiprotons! Those ollider experiment in�dels, this isall a produt of their sik mind! If they say they annot �nd any Higgs inthis wonderful data, then my feelings, as usual... we will slaughter them all!They will burn in their ubiles and God will roast their stomahs in Hell!"dimensions by powerful quadrupole magnets installed in the CDF and D0ollision halls and are ultimately fored to ollide at the interation regionsat the entre of eah detetor.The luminosity of a p�p ollider an be estimated using the equationL = NpN�pNBf4��xywhere Np (N�p) are the number of protons (antiprotons) in eah bunh, NBis the number of bunhes, f is the orbital frequeny, and �xy is the RMS sizeof the beam in the transverse plane at the interation point. Searhes forhigh mass partiles with small prodution ross-setions, whih have a lowprobability of being produed, require ollisions to our at high luminosities30



as well as high energies. The number of events of a partiular type expetedover any period in time an be alulated by integrating the reation ratewith respet to time: N = � Z L dt:The total integrated luminosity R L dt is a measure of the total amount ofdata olleted. The aim of the urrent Tevatron run, whih is sheduled toontinue until 2008/09, is to maintain suÆiently high instantaneous lumi-nosities in order to aumulate at least 4 fb�1 of data.2.2 An Overview of CDFThe CDF detetor [25℄ is a multipurpose solenoid spetrometer with forward-bakward symmetry whih ombines harged partile traking with proje-tive alorimetry and muon detetion. The detetor surrounds one of the maininteration regions of the Tevatron and is designed to measure the position,momentum and energy of partiles over as large a fration of the solid angleas possible. A solid utaway view of CDF is presented in Figure 2.6 and aross-setion of one half of CDF is shown in Figure 2.7. After a long periodof extensive upgrades to the original design, CDF began aumulating datafor Run II in June 2001 with many omponents of the detetor still in theproess of being ommissioned, and prodution of physis quality data wasnot ahieved until February 2002.The design of the upgraded detetor was ditated by the high rate atwhih data is being aumulated. The large number of events being reordedwill enable CDF to test the Standard Model to its theoretial limits andsearh for indiations of any new physis whih may lie beyond it. The large31



Figure 2.6: Solid utaway view of CDFamount of statistis allows measurements to be made at a higher level ofpreision than ever before, whih, for example, will allow the �rst detailedstudy of the top quark to be arried out.A right-handed ylindrial oordinate system (r; �; z) is used to desribethe interations at CDF, with the origin loated at the nominal interationpoint at the entre of the detetor. The detetor has an overall ylindrialsymmetry, with the axis of symmetry (z-axis) pointing in the diretion ofthe inoming proton beam. Spherial oordinates (r; �; �) are also used. Theazimuthal angle � is measured with respet to the plane of the Tevatron, andthe polar angle � with respet to the z-axis. Figure 2.8 illustrates how these32



Figure 2.7: Elevation view of one half of CDFoordinate systems relate to the CDF detetor.The rapidity, y, is de�ned asy = 12 ln�E + pzE � pz� = tanh�1 �where pz is the longitudinal momentum of a partile, E is its energy, and� = pz=E is its veloity. Events are often desribed in terms of � and thepseudorapidity, �, whih is de�ned as� = � ln�tan �2� :For ultra-relativisti partiles, rapidity is approximately equal to the pseudo-rapidity. This makes it a more onvenient variable to use in the desription33
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Figure 2.8: The CDF oordinate systemof partile ollisions than the polar angle � sine a Lorentz transformationalong the z-axis to a frame with veloity � shifts the pseudorapidities of allpartiles by a onstant amount, i.e. � ! � + tanh�1 � when viewed in thelab frame. The shape of a rapidity distribution is therefore invariant under aboost in the z diretion, e.g. from the lab frame to the entre-of-mass frame.Pseudorapidity is also used to desribe the amount of overage o�ered by thevarious sub-systems of the detetor. This is illustrated in Figure 2.9 where� = 0 is at the entre of the forward-bakward symmetri detetor at thepoint where � = 90Æ. The Intermediate Silion Layers, for example, are saidto provide full overage in the region j�j � 2.Partiles produed in a ollision that travel at very small angles downthe beam pipe, not passing through any parts of the detetor, may arryaway a signi�ant amount of longitudinal momentum and as suh it will notbalane in the detetor. However, sine the inident proton and antiprotonhave no transverse momentum at all, these partiles will arry away only anegligible amount and so transverse momentum an be used as a onservedquantity. For this reason, rather than using the total momentum and energy,34
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negative vetor sum of ET in an event, alled the missing transverse energy.This usually orresponds to the energy arried away by non-interating par-tiles like neutrinos, but it an also be assoiated with mismeasurements inthe alorimeters.2.3 Traking DetetorsA partile produed in a ollision at CDF will �rst pass through the trakingdetetors, whih are enlosed within a superonduting solenoidal oil. Thesolenoid, whih is 3 m in diameter and 5 m long, generates a 1.4 Tesla mag-neti �eld parallel to the beamline. This �eld is required so that harged par-tiles travel along a urved path, the urvature of whih allows their momentato be determined. The CDF traking system onsists of three silion dete-tors and a drift hamber alled the Central Outer Traker (COT). Seletedproperties of the CDF traking systems are listed in Table 2.1. The radiationlength, X0, is the average length in a spei� material over whih a relativistiharged partile will lose two thirds of its energy by bremsstrahlung.Coverage Layers Position resolution Thikness (X0)L00 � � 4 1 6 �m (axial) 0.7%SVXII � � 2 5 12 �m (axial) 7.4%ISL � � 2 2 16 �m (axial) 2.0%COT � � 1 8 180 �m 1.7%Table 2.1: Seleted properties of the CDF traking systems
36



2.3.1 Silion Traking SystemThe CDF silion traking system [26℄ is the omponent of CDF that is los-est to the interation region. It has full overage of the region j�j � 2 andextends from a radius of 1.35 to 29 m from the beamline. With an ativearea of almost 6 m2 of silion sensors and 722,000 readout hannels, it isone of the biggest systems of its kind ever built and onsists of three on-entri detetors: Layer 00 (L00), the Silion Vertex Detetor (SVXII), andthe Intermediate Silion Layers (ISL). A ross-setion of the silion trakingsystem showing the pseudorapidity overage and radial position of its threeomponents is presented in Figure 2.10 and its properties are summarised inTable 2.2.Layer 00The L00 detetor [27℄ is omposed of a layer of speial radiation-hard single-sided silion mirostrip sensors mounted diretly on the beam pipe. Thedesign of the L00 sensors, whih must operate e�etively despite the highLayer Radii (m) Axial pith Stereo angle Stereo pith1 L00 1.35/1.62 25 �m - -2 SVXII 2.5/3.0 60 �m 90Æ 141 �m3 SVXII 4.1/4.6 62 �m 90Æ 126 �m4 SVXII 6.5/7.0 60 �m 1:2Æ 60 �m5 SVXII 8.2/8.7 60 �m 90Æ 141 �m6 SVXII 10.1/10.6 65 �m 1:2Æ 65 �m7 ISL(F/B) 19.7/20.2 112 �m 1:2Æ 112 �m7 ISL(C) 22.6/23.1 112 �m 1:2Æ 112 �m8 ISL(F/B) 28.6/29.0 112 �m 1:2Æ 112 �mTable 2.2: Design parameters of the CDF silion traking system37



Figure 2.10: Shemati layout of the silion traking systemdoses of radiation they are exposed to due to their lose proximity to thebeamline, is based on researh arried out for the Large Hadron Collider atCERN. L00 is arranged into six wedges in �, eah wedge ontaining a narrowmodule (8.4 mm wide with 128 readout hannels at a radius of 1.35 m) anda wide module (14.6 mm wide with 256 readout hannels at a radius of 1.62m). Both types of module onsist of six sensors mounted end-to-end along38



2.2 cm

Figure 2.11: Cross-setion of the CDF silion traker showing L00 and thetwo inner layers of SVXIIthe beam pipe. The two widths of sensor are interleaved in a twelve-sidedon�guration that is illustrated in Figure 2.11. Kapton ables arry signalsfrom eah of the six pairs of sensors to the readout eletronis at either endof the detetor.The motivation for having L00 so lose to the interation region is that itimproves the resolution of the impat parameter measurement, whih is thedistane of losest approah of a reonstruted trak to the primary vertex.This overall inrease in the resolution of the silion traking system will allowCDF to ompete e�etively with B fatories suh as the BaBar experiment[28℄ at SLAC. For example, the presene of L00 signi�antly inreases thevertex-�nding resolution of the detetor, enabling b hadron lifetimes to bemore aurately determined. CDF's ambitious b-physis program dependsstrongly on how eÆient the detetor is at deteting b quarks in jets. This39



Figure 2.12: Layer 00 mounted on the beam pipe inside SVXIIis also important for top physis studies where the fration of top eventswith two high transverse momentum b jets in whih both jets are orretlytagged is expeted to be 32% greater with L00 than without. Even if theinnermost layer of SVXII were to fail due to radiation damage, the preseneof the radiation-hard L00 ensures that the overall tagging eÆieny will beuna�eted [29℄. Figure 2.12 shows L00 in the proess of being installed insideSVXII.Silion Vertex DetetorEnergeti partiles that pass through L00 will then travel through the SVXII,a devie 96 m in length whih has �ve double-sided layers of sensors between40
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Figure 2.14: Cross setion of SVXII and ISLSVXII was designed to identify seondary verties assoiated with the de-ay of long-lived partiles. For example, when B! �+�� the two pions willdeposit energy in eah layer of SVXII that they pass through. The informa-tion reorded from eah layer an then be ombined to show the trajetory ofthe pions and their reonstruted paths will point bak to where the originalb hadron deayed. The distane of this vertex from the interation point anthen be used to determine the lifetime of the B. SVXII is the key tool usedin b-tagging in the identi�ation of top events and will be ritial in furtherharaterisation of the properties of the top quark.
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Intermediate Silion LayersThe ISL detetor is a large silion traker with an ative area of 3.5 m2loated between SVXII and the COT. A ross setion of ISL an be seenin Figure 2.14. It onsists of one entral layer (6C) at a radius of 23 movering the region j�j � 1 and two forward-bakward layers (6 & 7 F/B)at 20 m and 29 m overing the region 1 � j�j � 2. The double-sided ISLsensors with 1:2Æ stereo readout are mounted on a arbon �bre spaeframewith beryllium ooling ledges. Figure 2.15 shows that ISL is divided intothree barrels, eah of whih is read out at both ends. In the entral region,ISL improves overall traking preision by providing a link between SVXIItraks and COT traks. In the forward region, where the aeptane of theCOT is signi�antly lower, SVXII and ISL together onstitute a standalone3D silion traker with up to seven axial and stereo measurements.

Figure 2.15: ISL under onstrution at the Fermilab Silion Detetor faility
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2.3.2 Central Outer TrakerThe COT [30℄, whih surrounds the silion system, provides high resolutiontraking information in the region j�j � 1 with radial overage between 0.46and 1.31 m. It is a ylindrially symmetri multi-layer drift hamber apableof performing 3D position and momentum measurements. In the entralregion, a COT trak an be onneted to a silion trak to provide exellenttransverse momentum and impat parameter resolution.The drift ells used in the detetor eah onsist of a line of twelve sensewires making measurements along a radial trak. The sense wires alternatewith potential wires every 3.8 mm and run down the middle of the twoathode planes, separated by 1.76 m, that form the walls of the drift ell.The athode �eld panels onsist of a 0.25 mm Mylar sheet overed with 450�A of gold on both sides. These solid athode panels allow the drift �eld to bethe same as the �eld at the surfae of the athode. This means that the drift�eld an be higher than would be possible in a detetor where the athodepanels were replaed by wires. The sides of eah drift ell are eletrostatiallyand mehanially losed by mylar panels. The wires and athode planesare suspended between two aluminium end-plates. An individual drift ellis illustrated in Figure 2.16. The drift ells are �lled with a gas mixture(50:35:15 Ar-Et-CF4) with a fast drift veloity to ensure that the maximumdrift time is less than the bunh spaing.Figure 2.17 shows a setion of the East end-plate of the COT. The longerslots hold the athode planes, while the wires are held in plae by the shorterslots with a noth. The drift ells are arranged in eight onentri superlayers,of whih the four odd-numbered layers perform r-� measurements with sense44
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Figure 2.17: The slots for a setion of the East endplate of the COT
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Superlayer 1 2 3 4 5 6 7 8Stereo angle (Æ) +3 0 �3 0 +3 0 �3 0Cells per layer 168 192 240 288 336 384 432 480Sense wires per ell 12 12 12 12 12 12 12 12Radius of SL (m) 47 59 70 82 94 106 117 129Table 2.3: Properties of COT superlayersthe eight superlayers are summarised in Table 2.3. They provide a total of96 measurements between 44 and 132 m, requiring a total of 2520 drift ellsand 30,240 readout hannels for the entire detetor.It an also be seen from Figure 2.17 that the COT drift ells are tiltedwith respet to the radial diretion. When a harged partile ionises the gasmixture, the produed eletrons will drift at a ertain angle with respet tothe 2.5 kV/m eletri �eld. This Lorentz angle � is de�ned bytan� = vBkEwhere v is the drift veloity in the absene of a magneti �eld, k is a onstantthat depends on the omposition of the gas mixture, and B and E are themagnitudes of the magneti and eletri �elds respetively. In order to orretfor this e�et and to ensure that the rossed eletri and magneti �eldsprodue a resultant azimuthal drift diretion, the ells are angled suh thatthe eletri �eld is at 35Æ with respet to the radial diretion. This o�set inthe on�guration of the drift ells also means that a harged partile travelingradially outwards will pass lose to at least one sense wire in eah superlayer.The mehanial properties of the COT are summarised in Table 2.4.COT data readout begins at the hamber fae where pulse ampli�ation,shaping, and disrimination (ASD) for two drift ells is arried out using47



Number of Layers 96Number of Superlayers 8Material (X0) 1.6 %Sense wire spaing 7.62 mmWire diameter 40 �mWire tension 135 gDrift �eld 1.9-2.5 kV/mMaximum drift distane 0.88 mMaximum drift time 100 nsTilt angle 35ÆLength of ative region 310 mTotal number of wires 73,080Table 2.4: COT mehanial propertiesa single ASD hip. Signals are then arried to the end walls of the CDFollision hall where they undergo time-to-digital onversion (TDC) in one of315 96-hannel TDC modules. The TDC data is searhed for hits in eahsuperlayer and these hits are then ombined into traks. The COT perfor-mane is haraterised by the impat parameter and transverse momentumresolutions. The COT position resolution is approximately 180 �m and thetransverse momentum resolution is ÆPT=P 2T � 0:3% GeV�1.2.4 Time of Flight DetetorThe Time of Flight detetor (TOF) [31℄ preisely measures the time a partiletakes to travel from the interation point to the detetor, from whih the massof a harged trak an be alulated. This information an then be used, forexample, to di�erentiate between kaons and pions. The TOF lies between theouter radius of the COT and the solenoid magnet, as indiated in Figure 2.7.48



It onsists of 216 three metre long sintillator bars with photomultiplier tubeson eah end and has a single partile timing resolution of 100 ps. The preseneof the TOF signi�antly enhanes CDF's partile identi�ation apabilities,inreasing the experiment's sensitivity by identifying B deay produts overa large fration of their momentum spetrum.2.5 CalorimetryOutside the solenoid, the Eletromagneti Calorimeters (ECAL) are used tomeasure the energies of photons and eletrons, while the Hadroni Calorime-ters (HCAL) do the same for hadrons. The omplete ECAL/HCAL systemsover the region j�j � 3:6 and have fast enough energy measurement responsetimes to take advantage of the 132 ns bunh spaing proposed for the seondhalf of Run II. Some properties of the entral and plug eletromagneti andhadroni alorimeters are listed in Table 2.5. The thikness is given in radia-tion lengths for the EM alorimeters and interation lengths for the hadronialorimeters. The interation length, �0, is the mean free path of a partilebefore undergoing an interation in a given medium.Coverage Energy Resolution ThiknessCentral ECAL � < 1:1 �E=E = 14%=pET 19 X0Plug ECAL 1:1 < � < 3:6 �E=E = 16%=pET 21 X0Central HCAL � < 1:3 �E=E = 50%=pET 4.5 �0Plug HCAL 1:1 < � < 3:6 �E=E = 80%=pET 7 �0Table 2.5: Seleted properties of eletromagneti and hadroni alorimeters
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2.5.1 Central Eletromagneti CalorimeterFor high energy eletrons and photons passing through the ECAL, pair pro-dution ( ! e+e�) and bremsstrahlung (e� ! e�) gives rise to eletro-magneti showers. The alorimeters measure the energy of these showers andhene that of the inident partiles.The entral eletromagneti alorimeter (CEM) [32℄ is divided into twophysially separate halves (East and West) overing the region j�j � 1. Bothhalves ontain a lead-sintillator sampling system segmented into 24 wedges,where eah wedge subtends 15Æ in azimuth. A CEM wedge, a shemati ofwhih is shown in Figure 2.18, onsists alternately of 30 layers of lead and 31layers of sintillator and is divided into ten projetive towers pointing baktowards the interation region, eah overing � � 0:1. The ative elements ofthe sintillator tiles are read out by wavelength shifting �bres that diret thelight to photomultiplier tubes (PMT). There are two PMTs per tower, oneon either side in azimuth, with the energy of a shower being proportional tothe reorded pulse height.Eah wedge also inludes a 2D readout strip hamber at the positionof maximum average shower development between the eighth lead layer andthe ninth sintillator layer. The harge deposition on this devie's orthogonalstrips and wires helps identify photons and eletrons by mathing positionmeasurement data with traks, studying the transverse shower pro�le to dis-tinguish photons from neutral pions, and using pulse height information toidentify eletromagneti showers. A pre-shower wire hamber is also mountedbetween the solenoid and the CEM in order to improve diret photon mea-surements and low-momentum eletron identi�ation.50
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Figure 2.18: Shemati of a typial entral eletromagneti alorimeter wedge2.5.2 Central and Endwall Hadroni CalorimeterHadron showers our when an inident hadron undergoes an inelasti nulearollision, resulting in the prodution of seondary hadrons whih in turninterat to produe tertiary partiles. Hadrons may start showering in theECAL but will only be absorbed fully in the HCAL.Eah wedge of the CEM is baked by a steel-sintillator entral hadronalorimeter (CHA) [33℄, allowing the ratio of eletromagneti to hadronienergy to be preisely alulated for eah tower. The CHA has the same51
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Like the CEM, in both the CHA and WHA the light from the sintillators isolleted by wavelength shifters and the data is then read out by PMTs.2.5.3 Plug CalorimetersThe plug alorimeter [34℄ overs the region 1:1 � j�j � 3:6 and onsists ofan eletromagneti setion ontaining a shower position detetor followed bya hadroni setion. A ross-setion of the top half of one plug is shown inFigure 2.20. The detetor elements are again arranged in a tower geometry,and the ative elements are sintillator tiles read out by wavelength shifting�bres whih arry the signals to PMTs. The eletromagneti setion is alead-sintillator sampling devie with 23 layers of 4.5 mm lead and 4 mm

Figure 2.20: Cross-setion of the upper half of the end plug alorimeter53



sintillator, orresponding to a thikness of 21 radiation lengths at normalinidene. The hadroni setion is a 23 layer iron-sintillator, with eah layeronsisting of 2.5 m iron and 6 mm sintillator.2.6 Muon SystemsThe loation of the muon detetors [35, 36℄ as the outermost sub-omponentsof CDF is motivated by the fat that muons are more highly penetratingthan the eletrons, photons and hadrons, whih are �ltered out by the in-tervening material of the alorimeters. Four sub-systems of sintillators andproportional hambers are used to detet muons in the region j�j � 1:5: the
- CMX - CMP - CMU

φ

η

0 1-1 ��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������

���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������
���������������������������������������

��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������

��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������
��������������������������������������

���������������
���������������- IMU

Figure 2.21: Loation of muon detetors in azimuth and pseudorapidity54



Coverage ThiknessCMU � < 0:6 5.5 �0CMP � < 0:6 7.8 �0CMX 0:6 < � < 1 6.2 �0IMU 1 < � < 1:5 6.2-20 �0Table 2.6: Coverage and thikness of the muon detetorsCentral Muon Detetor (CMU), the Central Muon Upgrade (CMP), the Cen-tral Muon Extension (CMX) and the Intermediate Muon Detetor (IMU).Figure 2.21 illustrates the �-� overage of the muon detetors. The overageand thikness of the detetors is summarised in Table 2.6. Pion interationlengths are alulated at a referene angle of 90Æ in CMU/CMP, 55Æ in CMXand at a range of angles for IMU.2.6.1 Central Muon DetetorThe CMU drift hambers over the region j�j � 0:6 and are loated outsidethe CHA 3.47 m from the beam line. Only muons with pT > 1:4 GeV/ areenergeti enough to penetrate through to the CMU and be deteted. TheCMU is divided into 12:6Æ azimuthal wedges that �t into the top of eahalorimeter wedge as shown in Figure 2.19. A CMU wedge omprises threemodules, eah of whih is omposed of four layers of four drift ells. Eahretangular ell is 6:35� 2:68� 226:1 m and has a 50 �m diameter stainlesssteel resistive sense wire strung through the entre.A CMU module is shown in Figure 2.22. There is a small � o�set betweenthe �rst and third (and seond and fourth) layers. The wires in the ells in the�rst and third (and seond and fourth) layers are onneted in the readout.55
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Figure 2.22: A CMU module in the r�� plane with 4 layers of drift hambersEah wire pair is instrumented with a TDC to measure the � position of themuon and an analogue-to-digital onverter (ADC) on eah end to measurethe muon's z position via harge division. The drift times t2 and t4 are usedto alulate muon momentum for triggering. The position resolution of thedetetor is 250 �m in the drift diretion (r-�) and 1.2 mm in the sense wirediretion (z).2.6.2 Central Muon UpgradeThe 5.5 pion interation lengths of material that lies between the interationregion and the CMU is not suÆient to stop around 0.5% of high energyhadrons passing through the alorimeters. Consequently the CMU has anirreduible fake muon bakground due to hadron `punh-through' [37℄. The56



CMP was designed to redue this e�et by surrounding the entral detetorwith a box struture of 60 m thik steel slabs for additional hadron ab-sorption, with an extra four layers of drift hambers positioned behind thesteel. The extra material plaes the CMP at 7.8 interation lengths from thebeamline and only muons with pT > 2:5 GeV/ an be identi�ed.2.6.3 Central Muon ExtensionThe CMX provides additional overage in the region 0:6 � j�j � 1 andonsists of two 120Æ arhes loated at eah end of the entral detetor. Eaharh has a onial setion geometry whih an be seen in Figure 2.6. A singlearh is omposed of eight modules, eah of whih subtend 15Æ in azimuthand onsist of eight layers of proportional drift ells with six ells per layer.These layers are staggered in a way that allows the retangular ells to bearranged along a onial surfae. The drift ell layout shown in Figure 2.23reates a 3:6Æ stereo angle between adjaent ells, allowing measurement ofthe pseudorapidity of a trak. At 180 m in length, the 48 drift ells in amodule are shorter than their CMP ounterparts but otherwise idential.Eight sintillation ounters are installed in eah CMX module, four eahon the inside and outside surfaes. These ounters are read out by PMTsloated on opposite ends of the module for eah of the two surfaes. Thesuperior timing resolution of these ounters is used to rejet large fake muonbakgrounds, due to partiles sattering in the beam pipe, as the fake hitsare not oinident with the beam rossing.On the West side of CDF, the 30Æ azimuthal gap between the two arhesat the top of the detetor is �lled with an additional two CMX-type modules.57



Figure 2.23: Proportional drift ell layout in a CMX moduleHowever, as an be seen in Figure 2.21, this gap is not instrumented on theEast side as it interferes with the loation of the ryogenis system for thesolenoid. The 90Æ gap between the two arhes at the bottom is �lled with afan-shaped `mini-skirt', whih is loated in a narrow vertial slot in the oorof the ollision hall and onsists of a similar arrangement of drift ells andounters.2.6.4 Intermediate Muon DetetorThe IMU is designed to exploit the ability of the silion traking system toreonstrut traks with j�j > 1 by triggering on muons with j�j � 1:5 and58



identifying them out to j�j � 2.The detetor onsists of a barrel of drift hambers and sintillation oun-ters mounted around a pair of steel toroids plaed up against the plugs ateither end of CDF. Additional ounters loated between the toroids and onthe endwall are used for triggering. The drift hambers, whih are almostidential to those used in the CMP, over only the top 270Æ of the toroids.The gap in overage due to the ollision hall oor is evident in Figure 2.21.2.7 TriggerIn hadron olliders the frequeny of proton-antiproton ollisions is muhhigher than the rate at whih data an be reorded. There are approxi-mately 7.6 million ollisions per seond but less than 50 of these are able tobe reorded. Therefore it is important that the few events whih are storedare the most interesting ones. The CDF trigger system is responsible forseleting these events with high eÆieny.A blok diagram of the 3-level trigger system is shown in Figure 2.24.The Level 1 trigger reeives data from the alorimeters, muon hambers andCOT. During the 5.5 �s deision time it uses information on the number andenergies of eletrons, muons and jets in an event to determine whether itshould be rejeted or if it is suÆiently interesting to be retained for furtherproessing by the Level 2 trigger hardware. The Level 1 trigger has an Ex-tremely Fast Traker (XFT) whih allows traks to be reonstruted in theCOT in the r-� plane. These traks are then mathed by the extrapolationboards (XTRP) to an ECAL energy luster for improved eletron identi�a-tion or to a muon stub to improve the muon identi�ation and momentum59
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resolution. The Level 1 system is pipelined with data bu�ering for the 42beam rossings that would our during the 132 ns bunh-rossing time thatwas antiipated during the design phase.Data aepted by the Level 1 trigger is transferred to one of four Level2 bu�ers where there is a 20 �s deision time, allowing up to 300 eventsto be aepted by Level 2 eah seond. The Level 2 trigger inludes thesilion vertex traker (SVT) [38℄, whih uses SVXII to provide seondaryvertex information, high trak momentum resolution, and preision mathingbetween muon stubs and COT traks from the XFT.A Level 2 trigger aept results in all the detetor information assoiatedwith that event being read out. The data is olleted by Data Aquisition(DAQ) bu�ers and transferred to a Level 3 proessing farm where the eventis analysed in more detail using sophistiated algorithms and the full set ofdetetor information not available to the lower level triggers. A �nal deisionis then taken on whether or not to store the event permanently. Events areaepted by Level 3 at a rate of 30-50 Hz.2.7.1 Dimuon TriggerThe dimuon trigger played a ruial role in seleting events for this analysis.Sine both muons must lie inside the ative region of the detetor, the triggerbene�ts from extensive traking and muon detetor overage. Requiring thesimultaneous presene of two muons in an event redues the bakground ratesigni�antly.For an event to pass the trigger it must ontain two oppositely hargedtraks, both of whih are mathed to stubs in the muon hambers. The61



invariant mass of the �+�� pair may then be alulated and used to determinewhether they were produed in the deay of a J= , �, or something else.Details of the seletion riteria used by the dimuon trigger at Levels 1, 2 and3 in this analysis are given in Chapter 6.2.7.2 Seondary Vertex TriggerAs disussed in Chapter 1, b hadrons an travel several hundred mironsbefore deaying. The resolution of the SVXII detetor allows preise trakposition measurements to be made lose to the interation point. It is there-fore possible to identify seondary verties and reognise B events. Theseondary vertex position resolution depends on the number of traks in theevent, the angle between two traks, and the single trak position resolution.As a simple example, Figure 2.25 illustrates the projetion of a symmetritwo-trak seondary-vertex event onto the transverse plane. The two indi-vidual traks have a position resolution �d, and the error on the distanebetween the primary and seondary verties is � �d= sin(�=2), where � isthe angle between the two traks. When the angle between seondary vertextraks is small the traks will also pass lose to the primary vertex. There-fore it is desirable for the reonstruted traks from the B deay produts toform wide angles between eah other so that the seondary vertex positionan be resolved more aurately. In an event with a large number of traksthere is not enough time for the trigger to examine all the seondary vertexandidates. Instead, the trigger selets events that have one or two traksdisplaed far from the primary interation point sine this type of trak mustoriginate in a seondary vertex. 62
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Chapter 3The Silion Traking System
The main detetor subsystems used in this analysis are SVXII, COT andthe muon hambers. This hapter explores SVXII in more detail and de-sribes its onstrution at the Fermilab Silion Detetor faility (SiDet) andits subsequent installation into the main CDF detetor.3.1 SVXII LaddersMounted between the two beryllium bulkheads of eah SVXII barrel are atotal of 60 silion ladders, twelve per layer. The �ve layers of the SVXIIare labeled Layers 0 - 4, bulkheads are numbered from 0 to 6 and wedgesfrom 0 to 11 so that, for example, SB3W2L4 refers to SVXII Bulkhead 3Wedge 2 Layer 4. A single ladder is made up of four individual double-sidedsilion mirostrip sensors, whih are wire-bonded eletrially in pairs. Thesensors are double-sided to enable 3D vertex reonstrution and to improvethe level of bakground rejetion. The sensors are made of n-type bulk silionimplanted with longitudinal hole-olleting p+ strips on the top of the ladderto measure r-� hit positions. On the underside, the Layer 0, 1 and 3 devies64



have orthogonal eletron-olleting n+ strips to measure the r-z oordinates,while Layers 2 and 4 have a small angle (1:2Æ) stereo on�guration, similarto all ISL ladders, that provides better position resolution. A ross-setionof a typial 0-90Æ sensor is shown in Figure 3.1.When a reverse bias potential is applied, the region around the interfaebetween the bulk silion and doped implants is depleted of harge arriersand an eletri �eld is set up. Eletron-hole pairs, produed by ionisationwhen a harged partile passes through the detetor, drift to their respe-tive eletrodes, depositing harge and induing a urrent signal. The hargeprodued at the eletrodes gives rise to a total urrent ow, whih is pro-portional to the energy deposited by the inident partile. However, there isnormally an additional `leakage' urrent that is not due to the presene of anionising partile. This urrent, whih is proportional to the area of silion inthe ladder, leaks between two eletrodes under voltage and is usually of theorder of 10 �A. Radiation damage an inrease the leakage urrent, whihif large enough may impair the operation of the detetor by dereasing thesignal-to-noise ratio.The silion sensors are AC-oupled to the readout eletronis by apa-itors integrated onto eah strip implant. The apaitors onsist of a 200nm layer of silion dioxide plaed between the implanted strip and the alu-minum strip, whih is onneted via a wire bond to the signal preampli�er.This is done to avoid the leakage urrent of the sensors being integrated bythe preampli�er, whih would ause a redution in the signal-to-noise ratio ofthe devies. However, mirosopi raks alled pin holes oasionally appearin the silion dioxide and allow urrent to ow (see Setion 3.2.2).65



Figure 3.1: Typial design of a silion mirostrip detetor
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Readout oordinates r-�, r-zNumber of barrels 3Number of layers per barrel 5Number of wedges per barrel 12Ladder length 20.9 mCombined barrel length 87.0 mRadius of innermost layer 2.44 mRadius of outermost layer 10.6 mStereo angle 90Æ, 90Æ, 1:2Æ, 90Æ, 1:2Ær-� readout pith 60, 62, 60, 60, 65 �mr-z readout pith 141, 125.5, 60, 141, 65 �mr-� hips per ladder 4, 6, 10, 12, 14r-z hips per ladder 4, 6, 10, 8, 14r-� readout hannels 211,968r-z readout hannels 193,536Total number of hannels 405,504Total number of hips 3168Total number of sensors 720Total number of ladders 180Table 3.1: SVXII detetor parametersThe ladders are read out separately at eah end of the ladder by ustom-designed radiation hard SVX3D hips [39, 40℄, whih are mounted on ele-trial hybrid integrated iruits attahed to the surfae of the sensors. Thehybrids on eah side of the silion are onneted by a erami jumper on theside of the ladder. The sensors and hybrids are supported by arbon �brerails along the full length of the ladders, whih are in turn supported at theends of eah barrel by the beryllium bulkheads to whih they are �xed.A single SVX3D hip serves 128 readout hannels and ontains a hargesensitive ampli�er, a 47 ell pipeline and an Analogue-to-Digital Converter(ADC). A Layer 0 ladder has four hips at eah end (two for r-� readoutand two for r-z) and this number gradually inreases to 14 for the muh67
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Figure 3.2: Shemati of the SVXII Data Aquisition systemwider Layer 4 ladders. A list of SVXII detetor parameters is presented inTable 3.1. The number of hips in a half-ladder for eah layer is illustratedin a shemati of the SVXII DAQ system in Figure 3.2. In total, there are 44hips in eah wedge and 3168 in the entire SVXII detetor. The hips havebeen designed for deadtimeless operation, i.e. digitisation and readout anour simultaneously with new analogue data being entered into the pipeline.The SVXII DAQ system is highly parallel, and as suh it allows all 405,50468



hannels of the detetor to be read out in approximately 5 �s.The information from all the hips in a wedge is arried to a single PortCard (PC) by High Density Interonnet (HDI) ables, one for eah layer ofsilion. The PCs are the primary onnetion points for all the ladders and aremounted on rings wrapped around the barrels, whih are inaessible whenSVXII is installed inside the COT. Eah PC takes the digital output fromits orresponding hips and onverts it to optial signals via Dense OptialInterfae Modules (DOIMs). These allow pulses to be transmitted withoutany of the rosstalk assoiated with normal metalli ondutors. The DOIMstransfer the data from eah pair of PCs along optial �bres to a single FibreInterfae Board (FIB). At the FIBs, the optial signals are onverted bakinto digital data and read out to the VME Readout Bu�ers (VRB). A VRBserialises the data and passes it to the Silion Readout Controller (SRC).The data is then arried to event bu�ers where it is stored until a deision isreahed on whether or not to retain it. The FIBs are also programmed withtiming sequenes and generate ontrol signals for the PCs based on ommandsfrom the SRC. These signals are sent to the hips via the HDIs and it is alsothrough the HDIs that the PCs are able to regulate the power supplied tothe hips. The yellow HDI ables are visible in Figure 2.12 extending fromeah layer to onnet to the orresponding PCs.3.2 SVXII Barrel AssemblyIn Summer 2000, the three SVXII barrels were assembled in a lean room atSiDet where a test stand was set up to test all of the ladders immediatelyprior to installation. This setion desribes the proedures used to test the69



SVXII ladders and disusses some of the results of those tests.3.2.1 Testing ProedureDuring onstrution the barrels were numbered 1, 2 and 3 aording to theorder in whih they were assembled. (Barrel 1 � Bulkheads 2 & 3, Barrel 2� Bulkheads 4 & 5, Barrel 3 � Bulkheads 0 & 1.) Prior to their arrival inthe barrel assembly area all ladders had been thoroughly tested and graded.Sine Barrel 1 had been designated as the entral barrel of SVXII, the laddersseleted to be installed were those deemed to be of the highest quality basedon the results of those tests. Twelve ladders were assigned to eah of the �velayers along with a small number of spares.Two main tests were arried out on eah of the ladders installed in SVXII.The purpose of the �rst pre-installation test was to hek for any new prob-lems that may have developed. Any neessary repairs ould be arried outmore easily if the ladders were not yet installed in the barrels. The ladderswere tested again after installation to ensure that they had not been damagedduring the installation proess.Eah half-ladder was tested individually by onneting it to a PC andtaking a 2000 event run using the SVXII DAQ. The detetors were operatedwith a lok frequeny of 50 MHz and 132 ns bunh rossing. Histogramsgenerated during the tests were ompared with those produed during earliertests onduted after the ladders were �rst assembled. Lists of noisy anddisonneted hannels for eah half-ladder were produed automatially andompared with existing data. The grading of a ladder was based mainly onthe perentage of noisy or disonneted hannels, and so a devie with a large70



number of new noisy or disonneted hannels would be rejeted in favourof one of the designated spares. The histograms were also heked for pinholes and any other inonsistenies with existing reords that ould indiatea problem with the ladder or one of its hips. The symmetry of the urrentsdrawn on the athode and anode was also heked, unequal values being themain indiator of the presene of a pin hole. Finally, the leakage urrent wasmonitored to ensure that it was onsistent with design spei�ations.Prior to installation, the ladders were enlosed in protetive aluminumboxes ontaining pipes onneted to a water-based ooling system that wasused to ool the readout eletronis on the hybrids. A nitrogen dry airsupply was also onneted to prevent ondensation inside the box. Theooling system helped to redue the value of the leakage urrent, whih ishighly dependent on temperature. Ladders were ooled to between 10ÆC and15ÆC. It was deided not to ool them down to the temperatures in whihthey urrently operate in CDF (< 10ÆC) beause of the inreased risk ofondensation. One the ladders were removed from their boxes and installedon the barrel they were fully exposed to the environment of the lean room.There was no nitrogen ow at the barrel, but the hybrids were ooled bythe barrel's own water-based ooling system whih is integrated into thebulkheads.To satisfy internal alignment requirements and also to ensure that par-tiles annot pass between two wedges undeteted, there is a small overlapbetween adjaent ladders in a layer. Consequently eah layer onsists of sixinner detetors and six outer detetors positioned alternately at two slightlydi�erent radii. During barrel onstrution the six inner ladders of a layer71



were installed and tested �rst. If a serious problem with one of the innerladders was not identi�ed until after all twelve ladders had been installedthen the two neighbouring outer ladders would also have had to be removedbefore the faulty devie ould be extrated from the barrel for repair. Afterthe six outer ladders were installed the inner ladders were then re-tested toensure that none of them had been damaged in the proess.The pedestal value for a single hannel in the silion detetor representsthe mean output voltage when there is no beam in the mahine. These arethen referene values to ompare it to when reading atual data. The stan-dard deviation on this pedestal is alled the noise. As a further re�nement,it is possible to get a more aurate estimate of the noise for a given hannelby subtrating the noise for one hannel from its neighbour's noise. This isalled the di�erential noise and is a better estimate for an individual hannelas noise harateristis shared by all the hannels in the hip are subtratedout. For a partiular strip, the noise and di�erential noise are de�ned asnoise =qq2i � qi2d-noise = 1p2q(qi � qi+1)2 � (qi � qi+1)2where qi is the pulse height in strip i.Figure 3.3 shows the pedestal and noise for the half-ladder SB5W5L2.The hip boundaries are visible at 128 hannel intervals where there aresmall shifts in the height of the pedestal. This is a Layer 2 devie with tenhips in total. The �rst �ve hips in Figure 3.3 are from the r-� side of theladder and the remaining �ve are r-z readout hips. The d-noise was studiedto ensure that it was equal to the noise. Common mode noise was observedwhen the noise level was seen to be higher than the d-noise. This ommon72
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ases that the ladder be removed from the barrel. There were three mainfailure modes enountered during testing: (i) the presene of pin holes in theladder, (ii) readout errors aused by problems in the SVX3D hips, and (iii)an exess of noisy hannels that a�eted mainly Layer 2 devies.Pin holesSome of the ladders tested failed as a result of defets in the silion. Themost ommon of these was a pin hole, whih is a mirosopi rak in the200 nm layer of silion dioxide between the implant and the aluminium strip.This thin layer ats as a apaitor and any raks in it provide a diretonnetion between the implant and the aluminum, allowing the urrent toow into the preampli�er. When both sides of a sensor are biased a pin holeonnets to the ampli�er input, hene grounding the implant strip that is athigh voltage and this gives rise to a very high urrent on one side. Pin holeswere identi�ed as low noise hannels with very noisy neighbours. A total of16 pin holes were disovered during the testing proess. Figure 3.4 showsa pin hole at hannel 450 (hannel 194 on the r-z side) of the half-ladderSB2W1L0, whih was repaired prior to installation. The noise in hannel450 appears equal to that of a disonneted hannel due to saturation of thepreampli�er. However, this evidene alone is not onlusive as a pin hole willalways be aompanied by an asymmetri urrent. The pin holes were dealtwith by pulling the wire bond from the o�ending hannel. One this hannelwas fully disonneted its neighbours were no longer noisy.
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error problems that developed after installation. However, most readout andinitialisation problems enountered during testing were not due to the lad-ders but due to the PC. The PCs used were mehanially very sensitive andladders were frequently being onneted and disonneted, resulting in thefailure of a large number of PC hannels.3.2.3 Grassy LaddersSome devies that were tested displayed a variation in noise level with hannelnumber where the noise di�ered by a large amount from one hannel to thenext. The term `grassy' was adopted to desribe ladders with this featurethat was observed in many Layer 2 ladders and a small number of Layer4 ladders, all of whih were manufatured by Miron Semiondutor. Theproblem did not a�et Layers 0, 1 or 3, whih were produed by a di�erentmanufaturer, Hamamatsu Photonis.The large number of new noisy hannels that onstitute the grass hadgenerally not been seen in any previous tests, and in most ases the e�etonly manifested itself in the short time between the pre-tests and the post-installation tests on the barrel. When ompared with measurements takenbefore installation, a signi�ant inrease was observed in the value of theleakage urrents of the a�eted ladders, with some devies produing urrentsas high as 100 �A.Figure 3.5 shows that there are many new noisy hannels in half-ladderSB5W5L2 after installation (.f. Figure 3.3). After the ladders were installedin the barrels, the baseline noise level was about 1 ADC ount lower thanbefore due to better grounding on the barrel. While there are many individual76
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lasted approximately 40 minutes. This ladder was an extreme ase and wasnot installed in the detetor. As shown in Figure 3.7, the exessive noise isonentrated mainly on the �-side (the �rst �ve hips or 640 hannels), i.e.the p-side of the semiondutor. The �rst three hips on the z-side are alsoshown. The upper plot shows the noise after approximately 800 events andthe lower plot shows how it had improved after 20,000 events (although thereis some evidene of the noisy hannels having migrated to the z-side). Bythe end of the run the leakage urrent had fallen from 376 �A to 78 �A.No ladders with exessive numbers of noisy hannels were found duringthe onstrution of Barrel 1, but there are seven half-ladders in Barrel 2that beame grassy only after they were installed in the barrel. There arefour grassy half-ladders in Barrel 3. Two of these ladders were found to begrassy when pre-tested for possible installation in Barrel 2 and were heldbak, but due to problems with other Layer 2 devies they had to be usedfor Barrel 3. This is not a omplete list of all grassy ladders in SVXII as newnoisy hannels did appear subsequently on some other devies. For example,further tests arried out after those disussed here showed that the problemhad developed on some Layer 4 ladders in Barrel 1, whih had no suh laddersafter initial assembly.Data reorded during SVXII barrel onstrution was studied for eah ofthe seven grassy ladders that were installed in the Barrel 2. The analysisfoused on the the seond hip of SB4W5L2, the noisiest hip of the worsta�eted ladder in the detetor. Figure 3.8 illustrates the dramati way inwhih the noise for this hip hanged after installation. Figure 3.9 similarlyompares the noise distributions. 78



Figure 3.7: Noise levels after 5 minutes (top) and after 40 minutes (bottom)
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The ADC ount distributions were studied for every strip assoiated withthis hip. The studies revealed large ADC utuations in noisy strips afterinstallation. Figure 3.10 shows the distributions for three individual stripsas they appeared when tested before and after installation. Channels 56 and105 were originally good strips that later beame noisy, but hannel 85 an beidenti�ed in Figure 3.8 as one of two strips that were already slightly noisy.The entries ontributing to the noise an be seen lustered around 70 ADCounts on a logarithmi sale in Figure 3.11, whih inludes hannel 56 foromparison. After installation, Figure 3.10 shows that hannel 56 remainsof good quality (though not quite as good as before), but hannel 105 isnow very noisy with a large spread of ADC ounts. Channel 85, whih wasalready noisy and is now muh worse, has an even wider distribution.The pedestals for this hip were then studied to determine if the noisystrips displayed any notieable variation with time. The pedestal was al-ulated separately for every 100 events of the 2000 events worth of data.Figure 3.12 shows that the pedestals for hannels 85 and 105 were very sta-ble prior to installation, as expeted. However, after installation the pedestalis seen to wander onsiderably for both hannels. This was observed to bethe ase for all of the grassy strips on the hip.A similar investigation into the behaviour of noise versus time was arriedout. Figure 3.13 ompares this behaviour for the same strips before and afterinstallation. Strip 105 initially had very stable noise but after installationthere is a dramati variation with time. The same e�et is evident in strip85, whih is interesting beause of the spike in the noise that ourred beforeinstallation at around 1300 events. Similar spikes were found for six other81
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strips in this hip and in a total of 17 strips in the other four hips onthe same side of the ladder. It was found that every strip that displayed thisspike beame very noisy after installation. In eah ase the ADC distributionduring events 1300 to 1375 is muh wider than during the rest of the 2000event run and strongly resembles the distributions for noisy strips on grassyladders. This was the only oasion where anything was observed in pre-installation test data that ould be related to whih strips would later beomenoisy. However, the majority of the strips that developed exessive noise didnot already have this spike and a similar pattern did not emerge on any ofthe other grassy ladders. Originally it was thought that the noisy strips hadhigh but stable noise levels. However, the noise variations in Figure 3.13show utuations of up to 12 ADC ounts, whih make it more diÆult forthese noisy hannels to be used e�etively in traking.The silion sensors are made of n-type bulk silion implanted with longitu-dinal hole-olleting p+ strips on one side and orthogonal eletron-olletingn+ strips on the other side. A possible explanation for the presene of thesesattered hannels with very high noise is miro-disharges [41℄ around theedge of the implanted strips, whih an generate random pulse noise. Theygenerally take plae in a small area along the strip edge inside the silionbulk. Typial symptoms are a steep inrease in noise amplitude and leak-age urrent, onsistent with what was observed in all of the grassy ladders.Miro-disharge is onsidered to be a breakdown due to the high eletri �eldthat ours along the strip edge inside the silion bulk. One of the souresof suh high �elds along the strips is trapped harge either at an interfaebetween the silion dioxide in the apaitors on eah strip implant and the84



silion bulk, or at defets inside the silion dioxide. In an investigation ofmiro-disharges [42℄ it was also observed that the noise amplitude inreasedwith dereasing temperature, so it is unlikely that the warmer operatingtemperatures at SiDet were a ontributing ause.The noisy ladders were spread out over the whole olletion of Layer 2and 4 ladders and thus ould not be assoiated with an individual bathreeived from the manufaturer. Although two di�erent manufaturers wereused to onstrut ladders for the SVXII projet, the fat that the small-anglestereo devies produed by Miron Semiondutor were the only ones a�etedsuggests that the soure of the problem may lie with individual steps in theproessing that were spei� to Miron.3.3 Conneting the Silion Detetor to CDFThe 2000 tonne entral setion of the CDF detetor was onstruted in theCDF assembly hall and it was here that the ompleted silion traker wasinstalled inside the COT in January 2001 (see Figure 3.14). The raks on-taining all the power supplies are loated inside the ollision hall, so silionabling ould not begin until CDF had been rolled in from the adjoiningassembly hall. The proess of plugging in the silion began in February 2001but the vast majority of the work was ompleted in May 2001 during a �veweek aess period in whih the silion experts worked around the lok inorder to have as muh of the detetor as possible fully operational duringan extended period of data taking planned for the Summer. Most of theplugging work was arried out at the fae of the COT in onditions of verylimited working spae and visibility. 85



Figure 3.14: The end plug alorimeter was pulled out in order to install thesilion vertex traker in CDF in January 2001The inaessible PCs for SVXII, ISL and L00 are all onneted via heavyopper ables to inner Juntion Cards (JC). The JCs are the aessible on-netion points for all the eletronis and it is these devies that the shiftrews spent �ve weeks plugging in. At eah end of the traker, just insidethe COT fae, 57 JCs (6 L00, 15 ISL, 36 SVX) are mounted on a JC ring,whih is shown in Figure 3.15. The power supplies and FIBs are mounted inrates on raks �xed to the walls up to 30 feet above the oor of the ollisionhall, and the ables from these raks (power supply ables, FIB ommandables, optial extension ables) were run to the COT fae for onnetion tothe JCs.Figure 3.16 shows the onnetions that had to be made for a typialSVXII wedge. Three power supply ables and a FIB ommand able wereplugged into an outer JC, whih was then plaed in the appropriate slot in86



Figure 3.15: ISL port ards (orange), the juntion ard ring (yellow) and theinner juntion ards (green) during onstrution at SiDetthe JC ring to onnet with the orresponding inner JC. In addition, the�ve DOIM ables from the PCs had to be onneted to the optial extensionables from the FIBs.A safety-driven approah was adopted during plugging and a series ofstep-by-step proedures was followed to minimise the risk of damage to thedetetor. All of the subomponents (silion detetor, DAQ hardware, powersupplies) had been extensively pretested prior to installation but all had to beretested to ensure that they were still fully operational. It was also importantto verify that all of the ables were in working order. The proess of pluggingin a wedge onsisted of �ve main steps:� Test the FIB ommand able 87



Figure 3.16: Diagram of the onnetions made while plugging in the silion� Test the power supply ables� Test all FIB hannels and optial ables� Make the optial and eletrial onnetions to the wedge� Test the wedge for any internal problemsThe FIB ommand ables for eah wedge were tested using a ustom-made`blinky lights' board, whih had one light to represent eah signal from theFIB. The test was onduted by running a speial proedure in the SXVIIDAQ program. This was a simple test whereby all of the lights ashingindiated that the ommand signals were getting through and the able was88



good. Only one FIB ommand able had to be replaed during the �ve weekaess.The power supply and its ables were then tested using load boxes withappropriate load resistors. This proedure heked that voltages, urrentlimits and other on�guration parameters were orretly set, as well as es-tablishing whether or not the ables were hooked up to the orret powersupplies.Next, a full DAQ test was arried out using a Wedge In a Box (WIB) [43℄.A WIB is a full self-ontained wedge of silion that was used to verify thateah DAQ hannel was fully funtional before onneting to the real detetor.This test was designed to �nd any problems with the optial �bres onnetingthe PC to the FIB as well as problems at the FIB itself. If everything passedthe WIB test then any problems found after plugging in the real wedgeould usually be attributed to internal omponents to whih there was noaess. However, it was also possible for a problem to be assoiated withthe interation of external and internal omponents, e.g. light levels frominternal omponents were not always the same as those from the WIB.The next stage of the proedure involved onneting the optial �bresfrom the wedge to the extension ables and onneting the outer JC (towhih the FIB ommand able and power supply ables were now attahed)to the inner JC. This was a deliate and time-onsuming proess that involvedreahing into the JC ring with torhes and dental mirrors to ensure that the96-pin JC onnetors were perfetly aligned. Finally, the DAQ hannelsof the real detetor were tested and any problems found were isolated andattempts were made to �x them. 89



Figure 3.17: The East COT fae after plugging was ompletedFigure 3.17 shows the East COT fae with the power supply and FIBommand ables (grey) and the optial ables (orange) extending aross theCOT fae and into the JC ring. The beam pipe is learly visible passingthrough the entre of the detetor. All of the ables had to be �rmly seuredto the COT fae to minimise the strain on the JCs. When the entire siliontraker was �nally onneted, all of the ables were dressed bak to allow theend-plug alorimeters to be moved bak in and losed without obstrution.A number of external problems were found during the plugging and test-ing period but very few of these were related to the ables. Most of theproblems were related to malfuntions in the power supplies and readout90



boards. The failure rates for various omponents were as follows:� FIB Command Cables: 1/114 (0.9%)� Optial Extension Cables: 5/550 (0.9%)� Power Supplies: 28/114 (24.6%)� FIBs: 30/58 (51.7%)The power supply problems inluded inorret voltage settings, bad fusesand shorts as well as more serious failures suh as supplies that refused toturn on or o�, refused to trip, or had large voltage/urrent o�sets. Half ofthese power supplies were repaired by experts at CDF, while the remainderwere returned to the manufaturer (CAEN). None of the above failures wereorrelated with any damage to internal omponents of the system.The largest soure of problems was identi�ed at the FIBs, where read-out was often orrupted due to a mismath between the light output of thetranseiver DOIMs (TX) and the reeivers (RX). If the light output of theTX is too high or too low then the optial signal annot be translated or-retly bak into digital signals by the RX. This problem arose beause eahTX had not been previously mathed up with its perfet RX partner dueto time onstraints during prodution. There were also additional omplia-tions due to the temperature, radiation exposure, and age dependene of thelight output of the TXs.High or low light levels ould be adjusted by tuning the low voltage forthe DOIMs. However, this adjustment an only be made for an entire wedge,so tuning the voltage to orret a problem with one ladder often aused anew problem in another. As an alternative in ases where there was high91



light output, a thin layer of plasti ould be inserted between the onnetorsto attenuate the light. This solution a�ets only one half-ladder, but sinethere is a large spread in light output even among the nine �bres in a singleDOIM able, this method was also not suessful in every ase.Light output mismathes and bad FIB internal reeivers resulted in prob-lems with 30-50 �bres out of approximately 5000, i.e. a failure rate of lessthan 1%. One bad �bre orrupts the data for a whole ladder and so thistranslated into a problem with 30-50 ladders, i.e. a failure rate of just under10%. However, with ten ladders onneted to eah FIB the �nal result was aproblem at 30 FIBs out of 58. By the end of plugging, problems at twelve ofthe FIBs had been �xed and more work was done during subsequent aessesto address the remainder.Finally, there were also internal failures of omponents that are no longeraessible [44℄. These failures were due to internal damage to the readouthips or wire bonds. At the end of plugging, the internal failure rates for eahof the sub-detetors were 0.96% for L00 (one hip), 4.9% for SVXII (threewedges and three ladders), and 3.4% for ISL (ten ladders).Additional work was arried out during subsequent aesses to repairas many of these omponents as possible. The plugging period was the�rst opportunity to work with the omplete silion traker in the real CDFenvironment. The number of problems enountered was large but most were�xed or learly understood by the end of the aess.The assembly and ommissioning of the CDF silion traker providedvaluable experiene in operating omplex silion systems, whih is not onlyritial for CDF Run II, but is also of ruial importane to the suess of92



the large silion detetors that are urrently being onstruted for the LargeHadron Collider at CERN.3.4 SVXII AlignmentThe intrinsi resolution of silion mirostrip detetors is determined by sev-eral fators inluding the strip pith, preision of detetor fabriation, signal-to-noise ratio and harge deposition utuations. The measurement resolu-tion obtained in pratie is limited by how aurately the individual detetorelements are aligned to eah other and to rest of the CDF detetor. It is im-portant that the detetor alignment [45℄ be preisely determined for analysesthat rely heavily on silion traking information.E�etive use of the preise information obtainable from silion strip de-tetors depends on knowing the relative loation of eah strip. Within asilion sensor, the loations of any two strips are known by the number ofhannels they are apart and the strip pith, whih is guaranteed by the fab-riation tehnique to sub miron preision. Knowing the loation of a stripon one sensor to that on a di�erent sensor requires a areful mehanial on-strution and an aurate survey of the whole detetor. The position of thefour sensors within a ladder was determined using an optial survey deviethat foused on ertain visible features whih it measured with a preisionof 1 �m. Measurements of the ladders with respet to the bulkheads of thebarrel were made after after being plaed on the barrel. The global mehan-ial position of the SVXII barrels was measured just before installing SVXIIin the ISL.However, despite their preision, the optial survey tehniques are not93



able to aurately predit the �nal alignment of the internal detetor ele-ments. As well as the mehanial motion of the detetor after assembly,small systemati e�ets arising from detetor readout an produe observ-able e�ets at the 5-10 �m level that mimi misalignments. In addition, nooptial tehnique an determine the position of the silion detetor relativeto the COT. Therefore, an o�ine alignment proedure using partile trakshas to be used to determine the global alignment of the silion detetor withrespet to the COT and the internal alignment of the silion ladders withrespet to eah other. The parameterisation is divided into two sets of on-stants that desribe displaements from nominal positions. There are sixglobal parameters de�ned in the CDF oordinate system and and six inter-nal parameters de�ned in the loal oordinate system of the ladders. Theseparameters orrespond to three translations along the oordinate axes andthree rotations about them.The global alignment method establishes the o�set in the position of thesilion detetor by omparing the position of the beam axis observed us-ing silion information only to that obtained using only the COT. Havingdetermined the global alignment, the silion detetor internal alignment pro-edure is then used to �nd the relative positions of the ladders. The internalalignment method attempts to �nd the alignment parameters by perform-ing a series of trak �ts whih initially ignore the misalignments. From thedistribution of residuals between the trak intersetion with the ladder andthe luster position, the alignment parameters are dedued. It is assumedthat the misalignments anel in the average and the �tted trak then givesa better approximation to the truth. Di�erent lasses of traks are some-94



times identi�ed in order to onstrain di�erent parts of the detetor. High pTtraks may be used to align silion wedges internally, traks in the overlapregions might join wedges together, and osmi rays may be used to removeoverall deformations. After the internal alignment is ompleted, the globalalignment proedure is repeated and, followed by a seond iteration of the in-ternal alignment. Consisteny between the two iterations demonstrates thatonvergene has been obtained between the global and internal alignments.
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Chapter 4Silion Traking EÆieny andDetetor Coverage
This hapter onentrates on evaluating the performane of SVXII using thedimuon data sample. Measurements of the hit eÆienies of SVXII laddersand the traking eÆienies of SVXII wedges are presented, and SVXII read-out error rates are also disussed.4.1 Data Sample and Traking AlgorithmThe data sample used in this study extends from run 146805 to run 152625,a range over whih the silion overage was relatively stable with 90% of thesystem running and good data being reorded by about 80% of it. Interme-diate runs for whih there was no SVXII beam position information availablewere exluded, as were runs where the silion detetors were not integrated(i.e. swithed on and read out by the DAQ). Figure 4.1 shows how the silionoverage hanged over time.The data was analysed with the CDF software version released for theWinter 2003 onferenes. In the default COT trak olletion, some traks96
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Figure 4.1: The performane of the silion detetor as a funtion of time,showing (from top to bottom) powered ladders in blak, good ladders ingreen, bad ladders in red and the error rate in pinkhave silion hits assoiated with them and some do not. Traks are re-onstruted by �rst �tting axial and stereo COT hits. Then the defaultOutside-In 3D (OIZ) silion traking algorithm [46℄ employs a two-stage pro-gressive �t. It starts with a COT trak pointing into the silion detetor andprogressively adds silion hits found in lose proximity to the extrapolated97



path, beginning with the outermost layer of ISL. The �rst stage involvesthe Outside-In (OI) algorithm adding silion r-� hits to the COT trak. Atleast 3 r-� silion hits must be found in L00/SVXII/ISL for an OI trak tobe made and written to an OI trak olletion. Then the OIZ algorithmtakes over and adds r-� and r-z hits simultaneously. The aeptane of suhan OI traking algorithm is limited by the pseudorapidity overage of theCOT. However, it is advantageous to use this rather than stand-alone siliontraking as preise momentum measurements from the COT and preise im-pat parameter measurements from the silion are ombined to provide moreaurate traking information overall.4.2 SVXII Hit EÆieny per Half-ladderAll COT traks in the default COT trak olletion that have a orrespondingtrak in the OIZ olletion are projeted into the silion to give an intersetionloation. A omparison is then made with the OIZ silion traks, whih arethe default output of CDF trak reonstrution. The hit eÆieny per half-ladder in SVXII is determined by alulating how often there is a silion hit(r-�, r-z or both) on an OIZ trak with pT � 1.5 GeV=2 when it is expeted,based on where an extrapolated COT trak intersets an integrated ladder.For eah individual half-ladder, the hit eÆieny is de�ned as follows:EÆieny = No. of silion hits reorded when expetedNo. of silion hits expeted from COT trak informationThe COT trak impat parameters are orreted for the movement ofthe beam spot that ours due to hanges in the orbit of the beam in theTevatron. This orretion is done by rotating the beam through an angle98
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Integrated EÆieny EÆieny EÆienyLadders (all ladders) (integrated) (> 50%)SVXII 341 79.0 % 83.4 % 85.9 %Layer 0 69 76.3 % 79.6 % 81.2 %Layer 1 69 81.0 % 84.5 % 85.4 %Layer 2 64 75.8 % 85.0 % 86.6 %Layer 3 70 85.8 % 88.3 % 89.5 %Layer 4 69 76.2 % 79.5 % 86.4 %Table 4.1: Average SVXII half-ladder hit eÆienies for all ladders, for inte-grated ladders only, and for all ladders with eÆienies above 50%Figure 4.4 shows the number of silion hits expeted in eah half-ladderin SVXII Bulkhead 0 overlaid with the number of hits atually observed.No silion hits are expeted in ladders whih were not integrated into theDAQ readout. The total number of expeted hits varies from ladder toladder aording to how often eah devie was inluded in a run, so diretomparisons of the absolute numbers of hits are not useful. Figures 4.5-4.10show the eÆienies obtained for all half-ladders in Bulkheads 0 through 5.Hit eÆieny distributions for all 360 SVXII half-ladders are presentedin Figure 4.11. It should be noted that these plots inlude 19 half-laddersthat were not integrated during the runs ontained in the data sample. Theresults in Figures 4.5-4.10 show that 14 integrated SVXII ladders have aneÆieny of less than 50%. All of these low eÆieny detetors have knownproblems assoiated with them as desribed in the Silion Detetor WorkingGroup's ladder status summary database [47℄. Table 4.1 lists the averageeÆienies for eah layer when only integrated ladders and ladders with atleast 50% eÆieny are onsidered.
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4.3 SVXII Traking EÆieny per WedgeTo be used in traking, eah wedge must have three or more working laddersintegrated with the rest of CDF sine the traking algorithm in the silionvertex trigger requires at least 3 r-� SVXII hits per trak. This study evalu-ates the eÆieny of suh traking wedges. The omplete list of uts appliedto obtain high quality COT traks is as follows:� pT(�) � 1:5 GeV=2� � 36/24 axial/stereo COT hits� jd00=derror0 j � 5� Eah COT trak must pass through all the layers of an SVXII wedgethat has at least n integrated ladders (n = 3; 4; 5)No � ut is applied sine a projeted COT trak is onstrained to pass throughall of the layers in a wedge by requiring it to interset Layers 0 and 4.The n-hit traking eÆieny for a partiular wedge is de�ned as follows:EÆieny = No. of COT traks with � n silion hitsNo. of COT traks passing through all 5 layers of the wedgeIf there are three or more integrated ladders in a wedge then at least3 r-� silion hits are expeted on traks that pass through all �ve layers.Figures 4.12, 4.14 and 4.16 show the wedge traking eÆienies for observing3, 4 and 5 r-� hits. For the requirement of at least 3 r-� hits, SB0W11 isthe only integrated wedge to have an eÆieny of less than 75%. (SB1W7 isnot integrated.)This study was repeated for r-z traking. Figures 4.13, 4.15 and 4.17show the r-z traking eÆienies as a funtion of wedge for ases where 3, 4110



Hit Mean EÆieny Qualifying Mean EÆienyRequirement (all wedges) Wedges (qualifying wedges)� 3 r-� 93.1 % 71 94.4 %� 4 r-� 77.2 % 70 79.4 %� 5 r-� 44.8 % 58 55.6 %� 3 r-z 76.5 % 71 77.6 %� 4 r-z 56.3 % 70 57.9 %� 5 r-z 23.1 % 58 28.7 %� 2 90Æ 78.8 % 71 79.9 %� 2 SAS 44.2 % 60 53.0 %Table 4.2: Average wedge traking eÆienies: (i) for all 72 wedges, (ii) forthose wedges with enough integrated ladders to satisfy the hit requirementsand 5 r-z hits are observed. The r-z detetor alignment is not as good as ther-� alignment and onsequently the average r-z traking eÆienies turn outto be lower than the orresponding r-� values. SB0W11, with the notablylow r-� eÆieny, also has low r-z eÆieny.The eÆieny distributions for the ases where at least 3, 4 and 5 r-� or r-z hits were required are presented in Figure 4.18. As shown in Table 4.2, theaverage eÆienies are higher when only those wedges with enough integratedladders to ful�ll these requirements are onsidered in the alulation.The r-z analysis was then broken down to allow the performane of the90Æ (Layers 0, 1, 3) and small angle stereo (SAS) (Layers 2 & 4) ladders tobe evaluated separately. Figure 4.19 shows the traking eÆienies for thease where at least two 90Æ r-z hits are required. The orresponding resultsfor SAS, where two SAS r-z hits are required are presented in Figure 4.20.EÆienies for SAS are signi�antly lower but when omparing the resultsin Figures 4.19 and 4.20 it is important to remember that for SAS two outof two ladders are required to have hits, whereas for 90Æ r-z the requirement111
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good data. So the frequeny of readout errors per ladder is not diretlyproportional to the amount of data lost. Studies have been arried out toinvestigate the error rate per hip [49℄. The report shows that approximately95% of all hips return good data more than 95% of the time. Thereforereadout errors are not onsidered in the estimation of the number of expetedhits per trak, i.e. `� n integrated ladders' are required rather than `� nintegrated ladders with no readout errors', beause in many half-ladders theerror rates are high and do not orrespond diretly to a hit ineÆieny.4.5 Comparing Ladder & Wedge EÆieniesThe aim of this study is to apply the uts used in the wedge traking eÆienystudy to the ladders and then repeat the half-ladder hit eÆieny measure-ments. These results are then used to estimate what the orresponding wedgetraking eÆienies are expeted to be. The preditions are ompared withthe traking eÆienies that were measured diretly to hek for onsisteny.This study is done for the ase where there is a requirement of 5 r-� silionhits in a wedge. The omplete list of uts applied to the muon traks usedto alulate the half-ladder hit eÆienies is as follows:� pT(�) � 1:5 GeV=2� � 36/24 axial/stereo COT hits� jd00=derror0 j � 5� Eah COT trak must pass through all the layers in an SVXII wedgethat has at least 5 integrated ladders123



The hit eÆieny for a half-ladder is the probability that it will registera hit when expeted based on the intersetion loation of an extrapolatedCOT trak. Let "0, "1, "2, "3, "4 be the measured hit eÆienies for thehalf-ladders in Layers 0 through 4 of an individual SVXII wedge. Therefore,assuming unorrelated eÆienies, the expeted traking eÆieny for thewedge is " = "0 "1 "2 "3 "4:The traking eÆieny for the wedge is limited by the eÆieny of the leasteÆient ladder, i.e. "max = min("0; "1; "2; "3; "4):A lower limit for the traking eÆieny is"min = 8<: 1�P4i=0(1� "i) for P (1� "i) < 10 for P (1� "i) � 1Sine the traking eÆieny is being alulated for 5 r-� hits, "max ="min = 0 in ases where a wedge ontains one or more ladders that are notintegrated. " ! "min when the individual ladders fail to register expetedhits in di�erent events from eah other. This results in a redution in thenumber of events where all �ve ladders see the required hits. For example, if"i = 0:8 (i = 0; 4) and eah ladder misses an expeted hit in a di�erent 20%of the total number of events, then " = 0 for this wedge. "! "max when theladders in a wedge onsistenly fail to register an expeted hit in the sameevents as eah other, i.e. if one ladder fails to see a hit there will be one ormore other ladders that also reorded no hit.The half-ladder hit eÆienies obtained using the wedge traking eÆ-ieny uts were then used to alulate ", "min and "max for eah SVXII wedge.124



The results are illustrated in Figure 4.23. The values obtained when thetraking eÆieny was alulated diretly (see Figure 4.16) are also marked.While all of the measured eÆienies are onsistent in that they lie between"min and "max without taking the value of either, they are all greater than orequal to the predited values of ". This indiates that there is a orrelationbetween ladders when expeted hits are not seen, i.e. "! "max.The half-ladder hit eÆienies are used to alulate the probability of twoor more ladders failing to reord an expeted hit in the same event. Thisresult is then ompared with a diret measurement to prove that " ! "max.Consider the probability, "0, of fewer than two ladders failing to register anexpeted hit in the same event. This is equal to the probability of observing4/5 or 5/5 expeted hits, i.e."0 = "0 "1 "2 "3 "4 + (1� "0) "1 "2 "3 "4 + "0 (1� "1) "2 "3 "4+ "0 "1 (1� "2) "3 "4 + "0 "1 "2 (1� "3) "4 + "0 "1 "2 "3 (1� "4)= "1 "2 "3 "4 + "0 "2 "3 "4 + "0 "1 "3 "4+"0 "1 "2 "4 + "0 "1 "2 "3 � 4 "0 "1 "2 "3 "4It follows that the probability of two or more ladders failing to register anexpeted hit in the same event is"00 = 1� "0:The half-ladder hit eÆienies were used to alulate the expeted valueof "00 for eah wedge in SVXII Bulkhead 2. The data used to determine thehalf-ladder hit eÆienies was then studied to hek whether there was anyevidene of a orrelation between layers. This was done by alulating thefration of all traks passing through eah wedge that failed to register two or125
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Chapter 5Optimisation of Silion TrakSeletion
The J= inlusive ross-setion has been measured using J= ! �� eventsreonstruted in the COT and CMU from 36 pb�1 of data in the run range138425-152625 [50℄. The J= data sample is obtained from the Level 1dimuon and trak triggers. At Level 3 the muons are reonstruted froma COT trak and stubs in the CMU detetor.In Chapter 6, the fration of J= 's from b hadron deays is measuredusing an unbinned likelihood �t to the proper deay length of the J= toseparate the prompt and non-prompt omponents. The B-fration result andthe measurement of the SVXII/COT relative aeptane are then ombinedwith the J= inlusive ross-setion measurement to obtain the B! J= Xinlusive ross-setion at ps = 1:96 TeV.This analysis bene�ts from the large number of J= ! �+�� deays thatare available, but less than 20% of the J= mesons produed in p�p ollisionsat CDF ome from the deay of b hadrons [51℄. The remainder are eitherdiretly produed or ome from the deay of diretly produed higher massharmonium states. 128



The large statistis in the inlusive J= sample allows one to be highlyseletive when hoosing whih traks to aept. This hapter desribes thework performed to optimise the SVXII resolution and trak quality seletionin order to redue the unertainty on the B-fration measurement. It beginswith a review of the status of SVXII traking and a desription of the utsused to selet traks for this analysis. This is followed by a statement of goalsfor the optimisation of uts and an outline of the proedure used to ahievethese goals. The hapter then onludes with the results of the optimisationstudy.5.1 Overview of SVXII Traking StatusTo make a good lifetime measurement, it is ruial to have the best possibleoverage in the innermost silion layers. A detailed review of silion trakingeÆieny and detetor overage, using the dimuon data in the run rangeassoiated with the B-fration analysis, was presented in Chapter 4. In thisanalysis the data an be divided into several run ranges to aount for hangesin detetor performane. Figure 5.1 shows the SVXII half-ladder hit eÆienyfor Layer 0 ladders for runs 144013-145669 before the detetor was shut downfor maintenane in Summer 2002. Nine of the Layer 0 ladders had zero orlower than average eÆieny. Figure 5.2 shows how the overage in Layer0 improved after the shutdown in runs 146805-152625. Three ladders inBulkheads 2, 3 and 5 that were turned o� in the earlier run range werereintegrated and all three low eÆieny ladders were restored to averageeÆieny. However, one ladder (SB0W11L0) that was operating with a highhit eÆieny in runs 144013-145669 experiened a 50% drop in eÆieny after129



0

0.2

0.4

0.6

0.8

1

0 5 10
0

0.2

0.4

0.6

0.8

1

0 5 10

0

0.2

0.4

0.6

0.8

1

0 5 10
0

0.2

0.4

0.6

0.8

1

0 5 10

0

0.2

0.4

0.6

0.8

1

0 5 10

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

0

0.2

0.4

0.6

0.8

1

0 5 10Figure 5.1: Layer 0 hit eÆieny for Bulkheads 0-5 in runs 144013-145669
130



0

0.2

0.4

0.6

0.8

1

0 5 10
0

0.2

0.4

0.6

0.8

1

0 5 10

0

0.2

0.4

0.6

0.8

1

0 5 10
0

0.2

0.4

0.6

0.8

1

0 5 10

0

0.2

0.4

0.6

0.8

1

0 5 10

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

Wedge No.

E
ff

ic
ie

n
cy

0

0.2

0.4

0.6

0.8

1

0 5 10Figure 5.2: Layer 0 hit eÆieny for Bulkheads 0-5 in runs 146805-152625
131



the shutdown. The substantial inrease in the number of good and poweredladders after the shutdown an be seen learly in Figure 4.1.5.2 LxyA shemati of a J= deay in the r-� plane is presented in Figure 5.3. Lxyis de�ned as the signed projetion of the seondary vertex momentum alongthe axis of the distane Rxy from the J= deay vertex to the beam spot.Lxy = L � pT(J= )pT(J= ) = Rxy os �where � is the angle between the J= and b hadron diretion. Sine Lxy isa signed quantity distributed symmetrially around Lxy = 0 for zero lifetime

L

J/ψdirection

µ

µ

Rxy
J/ψ vertex

Primary vertex

b-hadron direction
θ

Figure 5.3: The variables used to de�ne Lxy shown in the r-� plane132



events, the two-trak ight distane resolution an be measured by examiningthe Lxy distributions of prompt J= 's in data.A mixture of prompt J= and B! J= events were generated in a simpleMonte Carlo. The fration of B ! J= events in the overlap region of theprompt J= distribution in Lxy is less than or equal to the fration in the Rxydistribution for pT(J= ) > 1:25 GeV=. As well as improving the separationbetween prompt and long-lived J= , the main advantage of using Lxy is thatprompt J= events with negative values of Lxy are due to mismeasurementsor resolution e�ets. This means that the negative tails of the distributionan be used to model the mismeasurements in the positive Lxy signal region,and the negative values of Lxy from the dominant prompt J= deays an beused to extrat the resolution funtion from the same data.For pT(J= ) < 1:75 GeV=, real B deays will produe negative values ofLxy due to large opening angles between the b hadron ight diretion andthe low momentum J= . However, for events with 1:0 < pT(J= ) < 1:75GeV= the fration of these B events with negative tails is small omparedto the resolution e�ets from prompt J= events.5.3 J= Seletion Cut SummaryThe following seletion riteria are applied by the Level 3 trigger:� Level 3 Seletion Criteria{ CMU muons{ pT(�)COT > 1:5 GeV={ opposite sign muons 133



{ jz0(�1)� z0(�2)j < 5 m{ 2:7 < M�� < 4:0 GeV=2{ ��(��) < 130Æ when pT(J= ) > 2:0 GeV={ muon stub trak math �(r�)CMU < 30 mThe J= seletion uts that are subsequently applied are arranged intofour groups. (1) Muon Quality Cuts are used to selet good COT traks andCMU muons independently of SVXII. (2) Basi SVXII Cuts are the defaultreonstrution uts on a COT-SVXII trak. (3) SVXII Vertex Quality Cutsare the minimal uts used to ensure that the J= vertex reonstruted inSVXII is good. (4) SVXII Trak Quality Cuts are the trak seletions thatwill be explored in detail for the optimisation studies.� 1: Muon Quality Cuts{ require CMU-CMU or CMU-CMP muon pairs only{ � 20=16 axial/stereo COT hits{ CMU trak-mathing �2(�r�) < 9{ jyJ= j < 0:6� 2: Basi SVXII Cuts{ require CMU-CMU or CMU-CMP muon pairs only{ � 3 r-� L00/SVXII/ISL hits� 3: SVXII Vertex Quality Cuts{ Error on Lxy, �Lxy � 0:025 m134
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muon traks during the re�t to aount for energy lost due to the materialin the detetor [52, 53℄. A 3D onstrained vertex �t is applied to the twomuon traks to reonstrut the J= deay vertex position. The events arealso required to have the run-averaged beam spot position alulated fromsilion traks in inlusive jet data.Figure 5.4 shows the dimuon invariant mass distribution of aeptedevents �tted to a double Gaussian with at bakground. The signal re-gion is taken to be 3� around the mean, where the mean and the width arethe weighted averages of the two Gaussians used in the invariant mass �ts.Throughout this optimisation study, the sideband subtrations are performedusing a dimuon invariant mass signal region of �3� and sideband regions of�8� ! �14�. Figure 5.5 shows the sideband subtrated distributions ofsome of the quantities that are ut on, with the bakground distributionssuperimposed.5.4 Optimisation GoalsWithout biasing the B-fration measurement, the best two-trak vertex qual-ity is obtained by optimizing for minimum tails in the Lxy=�Lxy distributionsand the best Lxy resolution measured from prompt J= 's. Figure 5.6 showsthe sideband and sideband subtrated Lxy and Lxy=�Lxy distributions in thease where basi SVXII uts (Set 2) are applied. Events with Lxy > 200 �mare exluded from the Lxy=�Lxy distributions to minimise the bias from Bdeays. The Lxy=�Lxy distributions are �tted with a single Gaussian, whihfails to desribe the data at large negative values.Runs with the best silion overage (146805-152625) are used to study136
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Slope Aeptane �2=ndf�� -0.000439 � 0.000037 0.6781 � 0.0037 173/87pT(J= ) 0.004309 � 0.000405 0.6868 � 0.0036 291/94�J= 0.001662 � 0.002390 0.6713 � 0.0009 276/98Table 5.1: Results of �ts to the SVXII aeptane relative to the COT fortraks with � 3 r-� silion hits as a funtion of ��, pT(J= ) and �J= the initial SVXII aeptane relative to the COT for traks with at least 3r-� silion hits. The aeptane is measured as a funtion of ��, pT(J= )and �J= , whih is approximately the average pseudorapidity of the two muontraks.Aeptane = No. of J= 's with � 3 r-� silion hits on both traksTotal no. of quality CMU-CMU J= 'sThe numerator ontains quality uts Sets 1, 2 & 3, while the denominatorontains only Set 1. Table 5.1 lists the slopes and errors for the linear �ts tothe aeptane plots that are presented in Figure 5.7. Here the �� aeptanedistribution is �tted only for �� > 12Æ as there is evidene of some non-linearbehaviour at small angles. This region of �� will be treated in more detailin Setion 5.3.Sine the slopes and the errors are very small, the unertainty in theslopes an be used in onjuntion with the absolute values of the aeptaneto evaluate the resultant systemati error in the B-fration measurement.The aeptane should remain at as further silion quality uts are applied.If the aeptane does not depend strongly on ��, pT(J= ) and �J= , it iseasier for the B-fration result to be ombined with the J= inlusive ross-setion to get the B! J= X ross-setion.139
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5.5 SVXII Trak Quality Optimisation CutsThis setion disusses the motivation for eah of the SVXII trak qualityuts and present results that show the bene�ts of applying them to the J= sample in runs 138425-152625.5.5.1 SVXII Layers 0 & 1It is essential to have good overage in the innermost layers of SVXII. Fig-ure 5.8 shows how the resolution and tails of the sideband-subtrated impatparameter distributions for the high pT muon of the J= are a�eted whenthe trak is missing hits in the inner layers. The distributions are normalisedand a ut of Lxy < 150 �m was applied to favour more prompt J= 's, al-lowing the e�et on the tails to be seen more learly. The distributions forthe low pT muon are shown in Figure 5.9 and the results are summarised inTable 5.2.For events passing the basi SVXII uts (Set 2) in whih the traks aremissing a hit in Layer 0, the impat parameter resolution for the high pTmuons is 54:3 �m. The resolution improves by 20% when a Layer 0 hit isHit High pT muon Low pT muonRequirements d0 resolution (�m) d0 resolution (�m)no Layer 0 54.3 59.5no Layer 1 49.5 51.5Layer 0 43.3 46.9Layer 1 44.0 47.7Layer 0 + Layer 1 43.1 46.8Table 5.2: d0 resolutions for the high and low pT muons from events passingthe basi SVXII uts with various hit requirements plaed on the inner layers141
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required, but requiring a hit in Layer 1 at the same time results in no furthersigni�ant improvement. The resolution in events without hits in Layer 1 isabout 5 �m better than in events where the missing hit is in Layer 0, so itis not as important to have a hit in Layer 1 as it is to have a hit in Layer0. Requiring a Layer 1 hit improves the resolution by 11% when omparedwith events where the Layer 1 hit is missing.The orresponding perentage improvements in resolution for the low pTmuons in events with and without Layer 0 and Layer 1 hits are 21% and 7%respetively. Sine it does not o�er as big an improvement in resolution andit is not loated at as small a radius as Layer 0, hits are only required inLayer 1 when that ladder is integrated. So, for example, quality traks withhits in Layers 0, 2, 3 and 4 in wedges where Layer 1 is turned o� are notrejeted.The impat parameter resolution for the low pT muon as a funtion ofpT(�) is presented in Figure 5.10. It shows the variation in resolution fortraks with and without a hit in SVXII Layer 0. When Layer 0 hits arerequired, the dependene pT(�) is not as strong. Therefore, in addition toimproving the position resolution, requiring a hit on the inner layer of SVXIIalso redues the e�et of multiple sattering on the resolution, whih an bean important e�et at low pT.5.5.2 n� 1 hitsThere are many ladders throughout the SVXII detetor that are not inte-grated, so plaing a �xed ut requiring at least three or four hits in SVXIIdoes not make optimal use of SVXII hit information. Instead the requirement144
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5.5.3 Barrel-rossing utSVXII must be able to determine with high resolution the position of traksas lose to the interation point as possible. Therefore, it is important thatthe amount of material in the detetor does not degrade the trak qualitydue to exessive multiple sattering.The �nal silion ut is used to help redue the e�et of SVXII materialon resolutions and mismeasurements. This is demonstrated in Figure 5.11where, after basi SVXII uts, the z vertex distributions indiate that manyJ= 's in the negative tails of the Lxy=�Lxy distribution ome from regionsbetween the barrels. These events are exluded by rejeting traks whihross barrels. Most of these events are already exluded by the previouslydisussed SVXII trak quality uts, so this ut usually rejets less then 1% ofthe surviving events. However, when applied on its own without any other
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SVXII trak quality uts, the barrel-rossing ut was found to rejet up to70% of events normally exluded by the Layer 0 & 1 requirements. There is asimilar e�et due to the hybrids but they over too large a region to exlude.5.6 Optimisation ResultsThis setion desribes the e�et of the seletion uts on the impat parameterresolution, Lxy resolution and the size of the tails in the Lxy=�Lxy distribu-tions.5.6.1 Impat Parameter ResolutionTable 5.3 shows the improvement in impat parameter resolution for highand low pT CMU-CMU muons with Lxy < 150 �m and at least 3 r-� silionhits after eah suessive set of quality uts is applied. The results for thease where the barrel-rossing ut is the only SVXII trak quality ut to beapplied are inluded to illustrate the power of this ut in the absene of theHit High pT muon Low pT muonRequirements d0 resolution (�m) d0 resolution (�m)Set 2 44.52 48.08+ Sets 1 & 3 44.46 47.99+ � n� 1 SVXII hits 43.40 46.91+ Layer 0 42.64 46.10+ Layer 1 (int) 42.46 46.13+ no BCs 42.43 46.04Sets 1, 2 & 3 + no BCs 43.01 46.44Table 5.3: d0 resolutions for both the high and low pT muons of the J= aftereah set of quality uts is applied onseutively147
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Hit Requirements % events % �ve tails Lxy res (�m)Set 2 - 1.242 53.64+ Sets 1 & 3 92.6 0.879 53.41+ � n� 1 SVXII 71.7 0.359 51.55+ Layer 0 57.1 0.316 50.06+ Layer 1 (int) 50.1 0.262 50.11+ no BCs 49.6 0.254 49.98+ � 4 SVXII 57.4 0.250 50.75+ Layer 0 49.0 0.252 49.58+ Layer 1 (int) 43.8 0.224 49.66+ no BCs 43.5 0.214 49.53Table 5.4: Perentage of � 3 r-� CMU-CMU J= events retained after eahset of uts is applied, the fration of events in the negative Lxy=�Lxy tails andthe Lxy resolutiondominated negative tails is observedTable 5.4 shows the perentage of CMU-CMU events with at least 3 r-� hits that are retained after eah suessive ut is applied as well as thefration of events with Lxy=�Lxy < �5. The full set of uts helps reduethe size of the negative tails by 80%. The table also gives �gures to allowfor omparison with the ase where the standard n � 1 ut is replaed by arequirement of � 4 SVXII hits.The Lxy resolution as a funtion of pT(J= ) for the best SVXII trakseletion obtained from a single Gaussian �t to the ore of the distributionsis shown in Figure 5.15. Unlike the impat parameter resolution, whihimproves with pT, the Lxy resolution inreases from 47 to 100 �m between1.75 and 17 GeV=.Figure 5.16 shows that the width of the Lxy ore with all SVXII utsapplied improves as the opening angle between the two muons inreases.150
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multiple sattering and so the impat parameter resolution no longer dependsso strongly on pT. Therefore, the behaviour of the Lxy resolution as a funtionof transverse momentum is mainly beause of the the opening angle.5.6.3 Lxy Resolution Funtion ShapeFits to the Lxy=�Lxy distribution for J= events with Lxy < 200 �m for all pTare shown in Figure 5.18. The distribution is �tted separately with a singleGaussian, a double Gaussian, and a double Gaussian with an exponential tail.The double Gaussian does not fully desribe the non-Gaussian omponentin the tail of the distribution. The amount of non-Gaussian tails is at thesub-perent level and varies with the momenta of muon traks.The Lxy=�Lxy distributions are then �tted in eah of the J= transversemomentum bins where a measurement of the B-fration is to be made. Thedistributions are �tted with single and double Gaussians in the range �4 <Lxy=�Lxy < 2:5. Table 5.5 ontains a summary of the widths and �2=ndfin eah J= transverse momentum bin. The widths of the double Gaussian�ts are the weighted averages of the widths of the individual Gaussians. Adouble Gaussian is found to be a better �t in most ases, exept for veryhigh pT where the single Gaussian �t results are equally good.5.6.4 �(1S) StudiesThe J= study is repeated using the sample of prompt deays of �(1S) intotwo muons in order to study the e�et of mismeasurement on the positiveLxy tail. Any non-Gaussian omponent not taken into aount in the �tto the J= resolution funtion ould bias the lifetime measurement. The153
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pT(J= ) (GeV=) Single � Single �2=ndf Double � Double �2=ndf2:0� 2:25 1.091 51/24 1.109 35/212:25� 2:5 1.085 59/24 1.095 47/212:5� 2:75 1.044 84/24 1.009 46/212:75� 3:0 1.076 56/24 1.043 34/213:0� 3:25 1.078 64/24 1.046 29/213:25� 3:5 1.091 70/24 1.022 42/213:5� 3:75 1.084 50/24 1.100 37/213:75� 4:0 1.079 66/24 1.052 40/214:0� 4:25 1.117 49/24 1.080 35/214:25� 4:5 1.106 48/24 1.068 21/214:5� 4:75 1.119 44/24 1.052 26/214:75� 5:0 1.097 55/24 1.053 44/215:0� 5:5 1.128 79/24 1.091 47/215:5� 6:0 1.129 34/24 1.087 20/216:0� 6:5 1.121 34/24 1.075 23/216:5� 7:0 1.163 44/24 1.102 29/217:0� 8:0 1.121 62/24 1.104 47/218:0� 9:0 1.150 21/24 1.130 16/219:0� 10:0 1.074 51/24 1.062 48/2110:0� 12:0 1.119 20/24 1.122 19/2112:0� 14:0 1.120 44/23 1.120 41/2014:0� 17:0 1.155 256/22 1.076 230/19Table 5.5: The widths and �2=ndf of single and double Gaussian �ts (�4 <Lxy=�Lxy < 2:5) to the Lxy=�Lxy distributions in eah pT binmass distribution for the �(1S) resonane after the full set of silion trakquality uts are applied is shown in Figure 5.19 for runs 138425-152625. Thestatistis are small ompared with the J= sample. There are only 1433events in the �3� region of the mass distribution and this number falls to678 after all remaining uts are applied. The statistis are too low to be usedin a quantitative systemati error estimate for the J= tails.This zero-lifetime sample onsists only of prompt deays of �(1S) intotwo muons. Therefore it an be used to make an independent measurement155
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uts �ts well to a single Gaussian with a sigma of 1.073.5.7 SVXII J= AeptaneFigure 4.1 illustrated the variation in silion overage versus run number. Toinvestigate the e�et that the hanging silion overage has on the kinematiaeptane of the J= , the data is divided into �ve separate run rangesaording to where the silion overage hanged. Table 5.6 lists eah runrange and the orresponding integrated luminosity.The study of the SVXII aeptane relative to the COT in Setion 5.1.3is repeated with all silion quality uts applied. The numerator now ontainsall four sets of uts, while the denominator ontains only Set 1. Figure 5.21presents the �nal SVXII J= aeptane as a funtion of ��, pT(J= ) and�J= after all silion uts were applied for the run range ontaining the bestsilion overage: 146805-152625. The aeptane remains at after the om-plete set of uts are applied. The spread of values at small �� is less thanin Figure 5.7. Tables 5.7-5.9 list the slopes and errors for the �ts to theaeptane plots. The slopes and errors remain small after all silion qualityuts are applied. Run Range L (pb�1)138425-139383 0:684139774-140315 0:638140721-142227 3:708144013-145669 4:287146805-152625 26:509Table 5.6: Five run ranges and the integrated luminosities of all good runs158
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Run Range Slope (deg�1) Aeptane �2=ndf138425-139383 0:000115� 0:000125 0:3251� 0:0131 206/98139774-140315 0:000201� 0:000142 0:3329� 0:0148 127/98140721-142227 0:000264� 0:000091 0:3883� 0:0095 155/98144013-145669 0:000132� 0:000068 0:2412� 0:0071 125/98146805-152625 0:000340� 0:000034 0:3488� 0:0035 154/98Table 5.7: Slopes and errors for �ts to J= silion aeptane versus ��Run Range Slope (GeV�1) Aeptane �2=ndf138425-139383 �0:000272� 0:001605 0:3272� 0:0144 179/86139774-140315 �0:000473� 0:001801 0:3341� 0:0162 159/64140721-142227 �0:001229� 0:001154 0:3870� 0:0104 168/92144013-145669 �0:000023� 0:000872 0:2429� 0:0078 113/88146805-152625 �0:001815� 0:000427 0:3480� 0:0038 196/94Table 5.8: Slopes and errors for �ts to J= silion aeptane versus pT(J= )Run Range Slope Aeptane �2=ndf138425-139383 0:005703� 0:009443 0:3273� 0:0036 215/98139774-140315 0:003540� 0:010430 0:3360� 0:0040 122/98140721-142227 �0:010716� 0:006808 0:3913� 0:0026 170/98144013-145669 0:018997� 0:004992 0:2430� 0:0019 121/98146805-152625 0:003773� 0:002451 0:3542� 0:0009 181/98Table 5.9: Slopes and errors for �ts to J= silion aeptane versus �J= The aeptane study for �� was repeated, fousing on events with �� <12Æ where there remains some evidene of the struture disussed in Setion5.1.3. Figure 5.22 shows that the straight line is a reasonable �t to the dataand so the e�et at low �� is not onsidered to be inonsistent with a ataeptane. 160



  23.13    /     8
A0  0.3261
A1 -0.5749E-03

∆Φ (deg)

A
cc

ep
ta

n
ce

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10Figure 5.22: CMU-CMU SVXII J= aeptane for �� < 12ÆTo alulate the overall aeptanes, the results from the �ve run rangesare ombined for eah of the three distributions. The overall aeptanesfor runs 138425-152625 are the luminosity weighed average aeptanes fromeah of the run ranges, i.e. A = PLiAiPAiwith the statistial errors also appropriately weighed.A�� = 0:3393� 0:0049ApT = 0:3388� 0:0054A� = 0:3438� 0:0013Sine the B-fration is measured in bins of pT, ApT is the most important ofthese three results. 161



  121.9    /    93
A0  0.3857

A1 -0.1271E-01
A2  0.9579E-03

pT(J/ψ) GeV/c

A
cc

ep
ta

n
ce

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14 16Figure 5.23: CMU-CMU SVXII J= aeptane for all silion uts as a fun-tion of pT(J= ) �tted with a quadrati, whih gives a better �2=ndf than thelinear �t used in Figure 5.21To improve the quality of the �t, the pT(J= ) aeptane is re�tted witha quadrati rather than a straight line. Figure 5.23 allows the quadrati andlinear �ts to be ompared for runs 146805-152625. The quadrati �2=ndf of122/93 is signi�antly better than the straight line �t result in Table 5.8. Theaeptane is alulated for the entral values of eah pT bin in whih theB-fration is measured using both the straight line and quadrati �ts in orderto determine the systemati error on the overall aeptane. Table 5.10 liststhe average of the aeptanes obtained from the linear and quadrati �ts,i.e. (Alin +Aquad)=2. The error quoted for eah aeptane measurement is162



pT(J= ) Aeptane2.0 - 2.25 0:3605� 0:00252.25 - 2.5 0:3592� 0:00172.5 - 2.75 0:3580� 0:00092.75 - 3.0 0:3568� 0:00023.0 - 3.25 0:3557� 0:00043.25 - 3.5 0:3547� 0:00103.5 - 3.75 0:3537� 0:00153.75 - 4.0 0:3528� 0:00204.0 - 4.25 0:3519� 0:00244.25 - 4.5 0:3511� 0:00274.5 - 4.75 0:3504� 0:00304.75 - 5.0 0:3497� 0:00335.0 - 5.5 0:3488� 0:00355.5 - 6.0 0:3478� 0:00366.0 - 6.5 0:3471� 0:00346.5 - 7.0 0:3465� 0:00307.0 - 8.0 0:3462� 0:00208.0 - 9.0 0:3466� 0:00029.0 - 10.0 0:3480� 0:003410.0 - 12.0 0:3518� 0:009912.0 - 14.0 0:3603� 0:022014.0 - 17.0 0:3762� 0:0425Table 5.10: The average aeptanes with errors for the entral value of eahpT bin obtained from linear and quadrati �ts to the pT(J= ) aeptane(Alin�Aquad)=2. The aeptane is expeted to inrease at higher momentumdue to the smaller opening angle between the two muons. When the openingangle is less than the 30Æ angular width of a single SVXII wedge, the SVXIItrak reonstrution eÆieny for both traks is the same as for a single trak.The momentum spetrum of prompt J= 's is softer than for J= 's pro-dued by b hadron deays. Therefore, a bias in aeptane as a funtion ofpT ould introdue a systemati bias in the fration of b hadrons ountedin a partiular bin. In Table 5.10 there is a �4% variation in the relative163



SVXII/COT aeptane over the entire transverse momentum range of 15GeV=. The B-fration analysis is performed in bins of width �pT << 15GeV= where the largest bin size is 3 GeV=. Therefore, sine the systematibias within a bin is < 1%, this will have a negligible e�et on the B-fration.5.8 Lxy AsymmetryThe systemati dependenies of the B-fration on z, �0 and �J= is exploredby studying the asymmetry in the deay length of the J= :ALxy = (# events Lxy > 0)� (# events Lxy < 0)(# events Lxy > 0) + (# events Lxy < 0)This asymmetry, whih is related to the fration of J= 's from B's thatlie in the positive tails of the Lxy=�Lxy distributions, was alulated for runs138425-152625 with all uts applied. The asymmetry is not an exat measureof the B-fration as it is possible for real B's to have negative Lxy, partiularlyfor low pT(B) due to large opening angles between the B ight diretion andthe J= . Figure 5.24 illustrates the relationship between the asymmetry andthe B-fration using a Monte Carlo tuned to math the data:fB = Area 1 + Area 2Total Area ; ALxy = Area 1Total Area :This relationship implies that the systemati error on the asymmetry mustbe added in quadrature with the rest of the errors on the B-fration.Figure 5.25 shows the measured asymmetry as a funtion of z vertexposition, �0 and �J= . The asymmetry is expeted to be independent of eahof these variables. If x represents the number of events with Lxy > 0 and y164
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Slope Asymmetry �2=ndfz-vertex 0.000182 � 0.000127 m�1 0.1146 � 0.0028 21/10�0 -0.000068 � 0.000025 deg�1 0.1148 � 0.0054 35/16�J= -0.02090 � 0.0093 0.1209 � 0.0029 19/10Table 5.11: Slopes and errors for the �ts to the Lxy asymmetry5.8.1 Systemati Unertainty from Lxy AsymmetryLxy asymmetry is diretly proportional to the B-fration:ALxy = (�Lxy ; �) � fBwhere  is a orretion fator that depends on the value of the Lxy resolutionand the boost. �Lxy varies with the SVXII detetor geometry. For example,the single trak position resolution is worse for traks passing through thebulkhead and hybrid regions of the detetor than for traks passing throughthe entre of the SVXII sensors. SVXII wedges also have di�erent resolutionsdepending on their alignment and whih ladders are funtioning.The number of B's with Lxy < 0 is dominated by the e�et of smear-ing from detetor resolution. The resolution funtion used in this analysisis averaged over the detetor geometry. Therefore, regions in the detetorwhih have better or worse resolution than the average will have di�erentnumbers of B's with Lxy < 0 and hene di�erent asymmetries. A reasonablesystemati unertainty must then be assigned to aount for the fat that theresolution funtion in �0, �J= and z is not modeled as well as in pT(J= ).By studying the variation in Lxy asymmetry as a funtion of detetor ge-ometry, the utuation in number of B's an be used to assign a systematiunertainty to the B-fration. 167



ALxy vs �0: The asymmetry distribution was divided into eighteen 20Æbins. The variation in �0 �ts well to a onstant value of 0:114 � 0:003(�2=ndf = 1:1) when the regions from 60-80Æ and 220-240Æ are exluded.The asymmetries in those regions are 0:156 � 0:012 and 0:075 � 0:012 re-spetively. The deviation from the onstant value of 0.114 in eah region isdivided by its relative area, i.e. if there is a deviation in one � bin of 0.03then the assigned unertainty is 0:03=18. Therefore, in this ase a systematiunertainty of �0:002 is assigned, i.e. �2% of the B-fration integrated over�0. ALxy vs z: The variation with z vertex position �ts well to a onstantvalue of 0:108 � 0:004 (�2=ndf = 1) in the two outer barrels and 0:123 �0:004 (�2=ndf = 2:7) in the inner barrel. The asymmetry averaged over thewhole z region is 0:115� 0:003. Two thirds of the observed J= 's have a zvertex loated within the entral barrel region. The systemati unertaintyis therefore +5%, �2%.ALxy vs �J= : The variation with rapidity was studied sine there is avariation in resolution with trak pseudo-rapidity. The asymmetry distribu-tion was divided into twelve bins from �0:6 to 0.6. The region between �0:3and �0:2 has an asymmetry of 0:154� 0:010 and the rest of the distributionfrom �0:6 to 0.6 �ts well to a onstant value of 0:117�0:003 (�2=ndf = 1:1).Therefore, the systemati unertainty on the total B-fration integrated overrapidity is +3%.The SVXII geometry is orrelated. A region with poor resolution in zould be due to a bad � wedge and bad resolution in the outer barrels ouldbe beause traks passing through that region tend to have larger rapidities.168



Therefore, the unertainties above are ombined so that the total systematiunertainty on the B-fration due to SVXII geometry is +6%, �3%.5.9 SummaryApplying the full set of silion uts used in this study to all � 3 r-� CMU-CMU events results in an 80% redution in the negative tails of the Lxy=�Lxydistribution with a orresponding redution in statistis of 50%.The seletion uts applied here to optimise SVXII trak quality are usedto �t the J= lifetime and to determine the B-fration as will be desribedin detail in Chapter 6.The systemati bias in SVXII/COT aeptane as a funtion of pT hasa negligible e�et on the B-fration. However, any bias in the measurementof Lxy an bias the measurement of the B-fration. Observed utuations inLxy asymmetry are larger than expeted from statistial unertainties and asystemati unertainty of +6%, �3% is assigned.
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Chapter 6The B! J= X Cross-setion
The lifetime of harmed partiles is an order of magnitude smaller than thatof b hadrons and so they travel a muh shorter distane before deaying.However, J= 's from B deays have seondary deay verties well separatedfrom the primary vertex. In this hapter, the ontribution to the inlusiveJ= ross setion from B ! J= X deays is separated using an unbinnedlikelihood �t to the proper deay length distribution of the inlusive J= 's.Theoretial preditions and previous measurements of b hadron produ-tion ross-setions at CDF Run I were disussed in Chapter 1. The Run Iresults inluded b hadrons with pT > 5 GeV=, allowing only about 10% ofthe total ross-setion to be observed. Therefore, it ould not be determinedfrom the data whether the exess in the measured ross-setion was due to anoverall inrease in the b�b prodution rate or a shift in the spetrum towardshigher pT. The inlusive J= ross-setion at CDF Run II has been mea-sured for all events with pT(J= ) < 17 GeV= [50℄. Therefore, if the frationof inlusive J= 's from B's an be alulated for J= 's with low transversemomenta, then the B ! J= X inlusive ross-setion measurement an beextended far below the pT limit of the Run I result in Figure 1.7.170



6.1 Event SeletionThe data sample used in this study onsists of J= events in runs 138425-152625 seleted by the dimuon trigger paths desribed in Chapter 2. Thefollowing seletion riteria were applied to the COT and CMU muon trakparameters. Note that for the dimuon triggers, Level 2 performs an auto-aept of Level 1 and so there are no additional Level 2 seletion riteria.Level 1 Seletion Criteria:� pT(�)XFT > 1:5 GeV=� Muons stubs mathed to trigger stubs� Dimuon andidate stubs separated by two CMU 2:4Æ towers� Muon traks mathed to XFT traks and XTRP projetions� Exlude traks whih pass within 1.5 m of the entre of the COTwire planes in any of the 4 axial layers� Exlude events where both muons fall in the range 240-270Æ [55℄Level 2 Seletion Criteria: NoneLevel 3 Seletion Criteria:� CMU muons� pT(�)COT > 1:5 GeV=� opposite sign muons� jz0(�1)� z0(�2)j < 5 m� 2:7 < M�� < 4:0 GeV=2 171



� ��(��) < 130Æ when pT(J= ) > 2:0 GeV=� muon stub trak math �(r�)CMU < 30 mAdditional COT/CMU O�ine Seletion:� require CMU-CMU or CMU-CMP muons only� �2(�r�)CMU < 9� jyJ= j < 0:6� � 20=16 axial/stereo COT hitsBoth muon traks are required to have hits in the COT and SVXII. Ad-ditional silion trak seletions made to ensure a good lifetime measurementwere disussed in detail in Chapter 5. Both muon traks are required tohave a hit in the innermost layer of SVXII and a hit in the next layer out ifit is funtioning. The total number of hits expeted in SVXII is alulatedand traks with more than one missing hit are rejeted. Traks rossing theboundaries between SVXII barrels are also rejeted.Although all 3D hits found in SVXII are used, during a subsequent re�tof the COT muon traks, ISL and L00 hits are dropped as these detetorswere not properly aligned during the run range under onsideration. Energyloss orretions are also applied to the traks during the re�t [52, 53℄. A 3Donstrained vertex �t is then applied to the two muon traks to reonstrutthe J= deay vertex position. The probability of the �2 of the 3D vertex�t to the dimuon vertex is required to be greater than 0.001. The dimuoninvariant mass distribution of aepted events is shown in Figure 6.1.
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Figure 6.1: Dimuon invariant mass distribution in the J= mass range6.2 Monte Carlo SimulationsTo extrat the fration of inlusive J= events from b hadron deays and thenmeasure the B ! J= X inlusive ross-setion, the number of J= eventswith displaed seondary verties must be ounted. Monte Carlo simulationsare required to model the kinemati distributions of the momentum spetrumand the ight distanes of J= 's from b hadron deays, whih an then beused to distinguish prompt J= events from B! J= X events in data.173



6.2.1 Modelling the b Hadron Prodution SpetrumA parametri simulation [50℄ of the energy loss in SVXII material, CMU�duial volume, kinemati aeptane and Level 1 muon trigger eÆieny isused. The aeptane of the Level 1 trigger is simulated using the measuredLevel 1 muon trigger eÆieny as a funtion of pT(�) [55℄. The muons arerequired to have pT � 1:5 GeV= and j�j < 0:6 (CMU) and for J= 's therequirement is jyj < 0:6 to ensure onsisteny with the inlusive ross-setionmeasurement.The Bgenerator pakage [56℄ is used to generate b hadrons using a b quarkd�=dpTdy spetrum as input for the Monte Carlo generation. The inputspetrum is shown in Figure 6.2. The input b quark spetra are histogramswith 200 GeV= granularity in pT(b). MRST 2000 proton struture funtions[57℄ and a b quark mass of 4:75 GeV=2 is used by the Monte Carlo to generatea mix of b hadron states [3℄ in the ratioBd : Bu : Bs : �b = 0:389 : 0:389 : 0:106 : 0:116:The input b hadron masses and lifetimes are listed in Table 6.1. The bhadrons are deayed to �nal states ontaining J= ! ��. The variation inthe output b hadron prodution spetrum as a funtion of the shape of thePeterson fragmentation funtion is shown in Figure 6.3.b hadron Mass (GeV=2) Lifetime (ps) Fragmentation frationB� 5.28 1.64 0.389B0 5.28 1.62 0.389Bs 5.38 1.55 0.106�b 5.641 1.69 0.116Table 6.1: b hadron properties used by the Monte Carlo deay pakage174
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events with pT(J= ) < 1:0 GeV= annot be used to determine the shape ofthe b hadron ross-setion.6.2.2 Using Sale Fators to Determine the B LifetimeThe ight distane of the reonstruted J= from the primary vertex to theseondary deay vertex is used to separate prompt J= 's from those produedin the deay of b hadrons: Lxy = L � pT(J= )pT(J= )The Lxy distribution of prompt J= 's is symmetri around zero and is usedto extrat the shape of the resolution funtion from the data.The J= pseudo-lifetime is de�ned asx = Lxy(J= )M(J= )pT(J= ) :At pT(J= ) > 5:0 GeV/, the pseudo-lifetime of J= events from B deaysis a pure exponential distribution with an invariant (pT independent) slopeof 378 �m as shown in Figure 6.6. The J= pseudo-lifetime is the kinemativariable used for all J= transverse momentum ranges to minimise variationsin the signal shape between the di�erent bins and to redue the dependenyon the Monte Carlo simulation of the b hadron spetrum.A Monte Carlo simulation [58℄ is required to model the x distribution inB! J= X events. The Lorentz invariant proper deay length of a b hadronthat deays to J= X is� = L� = Lxy(B) M(B)pT(B) = Lxy(J= ) M(J= )pT(J= ) 1F = xF179
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From the mix of b hadrons generated, the average value is � = 475 �m. Thisross-hek demonstrates that the shape of the smeared J= � distributionand b hadron inlusive lifetime an be orretly modeled using a onvolutionwith the F distributions for all J= 's in the pT range under onsideration.6.3 Fitting MethodAn unbinned maximum likelihood �t is used to extrat the B-fration fromthe data. The J= pseudo-lifetime, x, its error, �, and the invariant mass ofthe dimuon, m��, are the input variables. The mass and lifetime of all J= events in the region 2:85 < m�� < 3:35 GeV=2 are simultaneously �t usingthe log-likelihood funtionlnL = NXi=1 lnF(xi; m��);where N is the total number of events in the dimuon invariant mass window.The invariant mass and pseudo-lifetime distributions are desribed by thefollowing funtion:F(x;m��) = fsig � Fsig(x)�Msig(m��) + (1� fsig) � Fbkg(x)�Mbkg(m��)where Fsig;bkg andMsig;bkg are funtional forms desribing the pseudo-lifetimeand invariant mass distributions in the signal and bakground regions re-spetively. The �t parameter fsig is the fration of J= ! �� events in theinvariant mass signal region.
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6.3.1 Funtional FormsThe funtion for modelling the J= signal events onsists of two parts, theB! J= X deay and prompt deay funtions:Fsig(x) = fB � FB(x) + (1� fB) � Fp(x)where fB is the B-fration. The funtion for the B ! J= X inlusivelifetime, FB(x), is assumed to be a pure exponential lifetime distribution,onvoluted with a resolution funtion R(x0� x; s�), where s is an error salefator representing the possible amount that the unertainty on x in thedata is under or overestimated. To model the shape of the b hadron lifetimedistribution, the F fator distributions in eah transverse momentum bin,H(F; pT(J= )), are onvoluted with the resolution funtion and the B-lifetimeexponential suh thatFB(x) = 1F � exp �� xF � �
 R(x0 � x; s�)
H(F; pT(J= ))where � is the average inlusive b hadron lifetime from the �t. The fun-tion for prompt J= 's is assumed to have zero lifetime and is therefore theresolution funtion: Fp = R(x; s�):The invariant mass shape, Msig, is a double Gaussian:Msig(m��) = G1(m�� �M;�M) + f2 �G2(m�� � (M +D); r2�M):The invariant mass �t parameters are M , the mean of the mass distribution;�M , the width of the �rst Gaussian; f2, the fration of the seond Gaussian;D, the shift in the mean of the seond Gaussian; and r2, the ratio of thewidths of the two Gaussians. 185



The pseudo-lifetime bakground funtion onsists of four parts represent-ing the zero lifetime omponent, an exponential funtion with a positiveslope, an exponential funtion with a negative slope, and a symmetri expo-nential funtion with both positive and negative slopes. Some of the bak-ground desribed by the exponential bakground funtion may be from otherlong lived B events, so the bakground exponential tails are also onvolutedwith the resolution funtion. The bakground shape is then desribed byFbkg(x) = (1� f+ � f� � fsym)R(x; s�)+f+�+ exp (�x0=�+)
R(x0 � x; s�)+f��� exp (x0=��)
 R(x0 � x; s�)+ fsym2�sym exp (�x0=�sym)
 R(x0 � x; s�)+ fsym2�sym exp (x0=�sym)
 R(x0 � x; s�)where f+;�;sym are the frations of the bakground distribution in the nega-tive, positive, and symmetri exponential tails respetively, and �+;�;sym arethe orresponding exponential slopes.The invariant mass bakground is modeled using a �rst order polynomial:Mbkg(m��) = 1mmax�� �mmin�� +Mslope�m�� � mmax�� +mmin��2 �where mmin�� to mmax�� is the dimuon invariant mass range over whih the �t isperformed and Mslope is the slope of the linear bakground distribution.The 19 �t parameters are summarised in Table 6.2.
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B signal lifetime �t parameters� inlusive b hadron lifetimefB B! J= X frationssig sale fator on x measurement unertainty for signal eventsfsig fration of J= signal events in �+�� ombinationsf2 fration of resolution funtion in wider Gaussian� relative width of seond Gaussian in resolution funtionDimuon invariant mass �t parametersM mean of the J= signal mass distribution�M width of the �rst Gaussianf2 fration of the seond GaussianD shift in the mean of the seond Gaussianr2 ratio of the widths of the two GaussiansMslope slope of the linear mass bakgroundJ= pseudo-lifetime bakground �t parametersf� fration of bakground distribution in negative exponential tails�� slope of negative exponential bakgroundf+ fration of bakground distribution in positive exponential tails�+ slope of positive exponential bakgroundfsym fration of bakground distribution in symmetri exponential tails�sym slope of symmetri exponential bakgroundsbg sale fator on x measurement unertainty for bakground eventsTable 6.2: Fit parameters used in the simultaneous mass and pseudo-lifetime�t used to extrat the fration of B! J= X events from inlusive J= data187



6.3.2 The Pseudo-lifetime ResolutionThe most important element of extrating the B-fration from inlusive J= events is understanding and modelling the shape of the resolution funtion.The behavior of the measured Lxy resolution as a funtion of the J= trans-verse momentum from a single Gaussian �t to the ore of the distributionafter all silion quality uts are applied was illustrated in Figure 5.15. Thepseudo-lifetime resolution used in the �t is shown in Figure 6.10. It �ts wellto a parametri funtion:�(X; pT(J= )) = �(Lxy; pT(J= ))M(J= )pT(J= )= (25� 4)� �1 + exp ��pT � (3:4� 0:7)(2:1� 0:7) �� :For lower momenta, the resolution in x rapidly deteriorates at the same timethat the distribution of x from B events is getting shorter and the apability

0 5 10 15
0

20

40

60

80

pt(J/ψ) GeV/c

σ(
cτ

) µ
m

 

 
  

 
    

   
    

σ(cτ) = PLATEAU*(1+EXP((PT-PT50)/SLOPE))

Figure 6.10: J= pseudo-� resolution as a funtion of pT(J= )188



of resolving long lived J= 's from prompts beomes worse. The generatorlevel Monte Carlo showed that more than 40% of B events are under theprompt peak for events with pT(J= ) < 2:75 GeV= (assuming a B-frationof 10%).6.3.3 Modelling the Lxy Resolution Funtion ShapeFigure 5.18 showed that the Lxy resolution funtion in data has non-Gaussiantails that are not fully desribed by the double Gaussian �t. Several exponen-tial distributions are used to model non-Gaussian tails in the J= bakgroundregion. To determine whether these distributions are part of the resolutionfuntion, the distribution of J= pseudo-lifetime in the mass sideband andsideband subtrated signal regions are examined in Figure 6.11. The twodistributions are normalised so that the number of events in the � = 0 binare idential. A preliminary �t using a double Gaussian resolution funtionis overlaid. The non-Gaussian tails in the bakground from fake J= s arelearly muh larger than in the the negative tails of the signal region. There-fore the exponential tails in the J= mass bakground are treated separatelyin the �t. In the bakground there is a symmetri long lived omponent,whih is longer than the signal beause the probability of mismeasurementsis higher in the bakground. Therefore there is a larger distribution of eventsdistributed over negative and positive Lxy that is not Gaussian, but by virtueof the fat that they are symmetrially distributed they do not onstitute areal physis signal. The positive tails in the bakground are larger beauseof asade semileptoni deays of long-lived b hadrons where b! l�� and! sl+�, produing opposite sign muons that ome from highly displaed189
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verties.A sale fator is used to orret for inauraies in the �Lxy value returnedby the vertex �tter. The sale fator determines the width of the zero lifetimedistributions and resolution funtion used in both the bakground and signalregions. Fits to the x distributions using the same sale fator for signal andbakground indiate that the zero lifetime omponent in the signal region ispoorly desribed as shown in Figure 6.12. Therefore, in the �nal �t model,the signal and bakground shapes are deoupled in the �t and two di�erentsale fators, ssig and sbkg are used.The resolution funtion used for the entral �t result is a double Gaussianwith relative area, f2, and relative width, �, �xed to the values obtained fromthe �t in Figure 5.18. f2 = 8:5% and � = 2:1� �0(x), where �0(x) = s � �(x)and s is the sale fator. The non-Gaussian tails that are not modeled in theresolution funtion will be treated as a systemati unertainty.6.4 Fit ResultsLifetime distributions in the data with the �ts overlaid are presented inAppendix A for all J= momentum bins between 2.0 and 17.0 GeV. Thevalue of the B-lifetime extrated from the �ts is shown in Figure 6.13. Froma �t to a straight line, the average b hadron lifetime is measured to be�b = 455:3� 4:9 �m, whih orresponds to�b = 1:519� 0:016 ps:This result, with statistial unertainties only, is onsistent with the averageb hadron lifetime measured at CDF in Run I using events ontaining a J= !191
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Distributions K-S prob. mean K-S prob. meanompared Data Monte Carlox dist. of all events in �t 0.66 0.71x dist. in signal region 0.80 0.74x dist. in sideband region 0.47 0.42Invariant mass distribution 0.33 0.49Table 6.3: Average K-S probability values returned from the omparisonbetween data and �t in the bins from 2.0 to 5.0 GeV= ompared to theexpeted mean obtained from Monte Carlo studies.Smirnov test [60℄ is used to ompare the �t and data distributions in orderto estimate the quality of the �t. The bin size hosen is 5 �m for the xdistributions. The following omparisons are made:� The total pseudo-lifetime distribution is ompared to the data.� The pseudo-lifetime distribution from the mass sideband subtratedsignal region is ompared to the J= prompt signal and B! J= X �tdistributions.� Sideband regions are ompared to the bakground �t histogram.� Invariant mass distributions for signal and bakground are ompared.The K-S probability values for eah distribution listed above in the dif-ferent transverse momentum bins are shown in Figure 6.17. To determinehow well these values represent the quality of the �ts, 80 statistially inde-pendent Monte Carlo samples were generated to math the x, �(x) and M��distributions in data in the 2.0-2.25 GeV= bin and �tted in the same way asthe data. Table 6.3 summarises the mean of the K-S probability value in the12 bins from 2.0 to 5.0 GeV= and the mean value of the Monte Carlo K-S196
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probability distribution. The means are in reasonable agreement (di�ereneis less than 0.1) for all x distributions.6.5.2 Biases Observed in Monte CarloMonte Carlo an also be used to determine the reliability of the B-frationvalues obtained from the �t. The �t parameters in three representativetransverse momentum ranges (2.0-2.25, 5.0-5.5, 10.0-12.0 GeV=) are usedto generate Monte Carlo events with the same invariant mass and pseudo-lifetime distributions as the data. The number of events generated is hosento math the data with the same signal fration fsig. The B-lifetime gen-erated is smeared by the F -fator distribution for eah bin to simulate thepseudo-lifetime distribution in the data. The unertainty on the x measure-ment in the Monte Carlo events is taken from the data distributions of �x.In eah test bin, 500 statistially independent Monte Carlo samples are gen-erated. The (�t value� generated value)=��t distributions for the B-lifetimeand B-fration are shown in Figure 6.18 and the mean values and widths ofthe distributions are summarised in Table 6.4. A small bias in the B-frationsextrated is evident at low momentum and is inluded as a systemati un-pT(J= ) (GeV/) 2:0-2:25 5:0-5:5 10:0-12:0� mean 0:18� 0:05 �0:09� 0:05 �0:10� 0:05� width 0:96� 0:03 1:00� 0:04 1:02� 0:03fB mean 0:24� 0:05 0:28� 0:04 0:05� 0:05fB width 1:04� 0:04 0:97� 0:04 0:94� 0:03Table 6.4: Means and widths of the (�t value� generated value)=��t distri-butions for B-frations and B-lifetimes in Figure 6.18198
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6.5.3 Varying the Resolution FuntionA hange is observed in the value of the B-fration returned from the �twhen the resolution funtion is modeled using: (i) a single Gaussian, (ii) adouble Gaussian where all parameters are allowed to oat, and (iii) the samesale fator to �t the zero lifetime omponent in signal and bakground. Thevariation in the shape of the resolution funtion in data using single anddouble Gaussians is illustrated in Figure 6.20.To obtain a better estimate of the systemati unertainty due to long-lived low statistis tails that are not inluded in the resolution funtion, thesign of x in the negative pseudo-lifetime tails, where �x=x < �4, is ipped sothat these events would now appear under the positive long-lived B! J= Xsignal region as shown in Figure 6.21. No other variables are hanged andthe �t is performed using the same signal shapes. As expeted, the valuesof the B-frations inrease. The systemati unertainty due to the badlymodeled long lived tails is therefore taken to be the negative of the frationalinrease in the B-frations observed when the reetion of the negative tailsis performed.The pT dependent systemati unertainties arising due to the modellingof the resolution funtion shape are illustrated in Figure 6.22. Sine there arelarge orrelations between the systemati unertainties from the shape of theresolution funtion, the negative tails and the variation in the sale fator,the maximum positive and negative deviation from the entral value of theB-fration in Figure 6.22 is used as a onservative estimate of the systematiunertainty on the resolution funtion parameterisation.The �t was repeated with the bakground shape hanged so that only201
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hange in the B-fration extrated from the �t using the at input spetrumis less than 0.7% for pT(J= ) > 2:75 GeV=. The at input spetrum isunrealisti but is a useful tool for assessing the dependane of the �nal resulton the Monte Carlo model. The pT-dependant systemati e�et is illustratedin Figure 6.23.6.5.6 Comparing 2D and 3D SVXII Hit InformationLxy an be measured using 3D (r-� + r-z) or 2D (r-� only) silion hit infor-mation. More events are aepted when only 2D hit information is requiredbut the signal-to-bakground ratio is worse. The mean and RMS of the dif-ferene between 2D and 3D Lxy measurements are plotted in Figure 6.26 as afuntion of pT(J= ). The mean of the distribution is not observed to deviatesigni�antly from zero. The B-lifetime is expeted to be sensitive to biases inSVXII, so the di�erene in the lifetime measured using 2D and 3D silion hitsis shown in eah pT(J= ) bin in Figure 6.27. The observed utuations in thelifetime are onsistent with statistial unertainties, so there is no evideneof a bias being introdued by using 3D silion hits.6.5.7 Detetor Bias and Seletion CriteriaThe systemati unertainties on the B-fration that ould be introdued bydetetor biases due to the requirements on SVXII trak quality were disussedin detail in Chapter 5. The Lxy asymmetry is equivalent to 77% of theB-fration measured for pT > 2 GeV=. Therefore, sine any bias in themeasurement of Lxy due to SVXII overage an lead to a bias in the B-fration measurement, the Lxy asymmetry was investigated as a funtion of207
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z, �0 and �J= . Flutuations in the Lxy asymmetry that are larger thanexpeted from statistial unertainties were observed and a orrespondingsystemati unertainty of +6%, �3% is assigned.6.6 B-fration ResultsThe value of the B-fration from the �nal �t models with statistial andsystemati unertainties is listed in Table 6.5 and the distribution is shownpT(J= ) GeV= Run II B-Fration Run I B-Fration2:0� 2:25 0:106� 0:007(stat)+0:007�0:012(syst)2:25� 2:5 0:091� 0:006+0:007�0:0102:5� 2:75 0:107� 0:006+0:007�0:0102:75� 3:0 0:105� 0:006+0:007�0:0073:0� 3:25 0:110� 0:005+0:006�0:0053:25� 3:5 0:119� 0:006+0:006�0:0073:5� 3:75 0:116� 0:006+0:008�0:0123:75� 4:0 0:128� 0:006+0:005�0:0044:0� 4:25 0:119� 0:006+0:007�0:0074:25� 4:5 0:127� 0:006+0:006�0:0044:5� 4:75 0:130� 0:006+0:006�0:0044:75� 5:0 0:151� 0:008+0:006�0:0075:0� 5:5 0:144� 0:005+0:005�0:004 0:148� 0:005(stat)5:5� 6:0 0:159� 0:006+0:006�0:006 0:165� 0:0056:0� 6:5 0:171� 0:007+0:006�0:005 0:178� 0:0066:5� 7:0 0:182� 0:008+0:005�0:004 0:191� 0:0067:0� 8:0 0:212� 0:007+0:005�0:006 0:207� 0:0058:0� 9:0 0:231� 0:009+0:005�0:005 0:232� 0:0079:0� 10:0 0:252� 0:012+0:005�0:003 0:236� 0:01010:0� 12:0 0:278� 0:012+0:004�0:004 0:300� 0:01012:0� 14:0 0:339� 0:020+0:004�0:005 0:317� 0:01714:0� 17:0 0:399� 0:026+0:003�0:004 0:387� 0:024Table 6.5: The fration of inlusive J= 's from b hadron deays209
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6.7 The Inlusive B! J= X Cross-setionThe B-frations an be now multiplied by the results of the inlusive J= ross-setion analysis [50℄ to obtain the B ! J= X inlusive ross-setionfor pT(J= ) > 2:0 GeV= and jyJ= j < 0:6:d�(J= ;B)dpT(J= ) = fB d�(J= )dpT(J= ) :Table 6.6 summarises the systemati unertainties on the b-hadron inlusiveross-setion. The 6.7% fully orrelated systemati unertainty from the J= ross-setion measurement aounts for unertainties arising from luminositymeasurements, trak reonstrution eÆieny in the software, data quality,and the Level 1 trigger eÆieny. The J= and B ! J= X inlusive ross-setion results with statistial and pT dependent systemati unertainties areboth listed in Table 6.7.The di�erential ross-setion with all statistial and systemati errorsadded is plotted in Figure 6.31. The omparison with theory [15℄ and RunI results are also shown. The theory urves only extend down as far aspT(J= ) = 5 GeV= as this is the limit below whih the theoretial preditionsbeome unreliable. The measured ross-setion is onsistent with both theSoure of Unertainty ValueB-fration �t model < 2% (pT dependent)Resolution funtion shape 1-12% (pT dependent)Mass �t model < 2% (pT dependent)b hadron Monte Carlo spetrum < 3.5% (pT dependent)SVXII seletion +6%, �3% (pT dependent)Inlusive J= ross-setion 6-15% (pT dependent)Fully orrelated (from inlusive) �6:7%Table 6.6: Summary of systemati unertainties213



pT(J= ) (GeV=) d�dpT � B (nb/GeV=) d�dpT � B (nb/GeV=)J= inlusive B! J= X2:0� 2:25 69:4� 0:8+8:6�6:8 7:36� 0:49+1:03�1:102:25� 2:5 66:0� 1:0+7:8�5:9 6:01� 0:41+0:85�0:852:5� 2:75 57:2� 0:9+6:4�4:9 6:12� 0:36+0:79�0:782:75� 3:0 51:9� 0:8+5:5�4:3 5:45� 0:32+0:68�0:583:0� 3:25 43:3� 0:7+4:4�3:4 4:76� 0:23+0:55�0:433:25� 3:5 37:5� 0:8+3:7�2:9 4:46� 0:24+0:49�0:433:5� 3:75 30:8� 0:5+2:9�2:3 3:57� 0:19+0:42�0:463:75� 4:0 26:5� 0:4+2:4�1:9 3:39� 0:17+0:33�0:274:0� 4:25 22:9� 0:4+2:1�1:7 2:73� 0:15+0:30�0:264:25� 4:5 18:5� 0:3+1:7�1:4 2:35� 0:12+0:24�0:194:5� 4:75 16:8� 0:3+1:5�1:2 2:18� 0:11+0:22�0:174:75� 5:0 13:3� 0:3+1:1�0:9 2:01� 0:12+0:18�0:165:0� 5:5 10:4� 0:15+0:9�0:71 1:50� 0:06+0:14�0:115:5� 6:0 7:32� 0:12+0:58�0:48 1:16� 0:05+0:10�0:096:0� 6:5 5:21� 0:09+0:39�0:33 0:891� 0:040+0:074�0:0626:5� 7:0 3:62� 0:07+0:26�0:22 0:659� 0:032+0:051�0:0437:0� 8:0 2:36� 0:04+0:16�0:14 0:500� 0:019+0:036�0:0338:0� 9:0 1:24� 0:03+0:08�0:07 0:286� 0:013+0:019�0:0179:0� 10:0 0:672� 0:018+0:077�0:074 0:169� 0:009+0:020�0:01910:0� 12:0 0:320� 0:009+0:051�0:050 0:089� 0:005+0:014�0:01412:0� 14:0 0:146� 0:006+0:023�0:023 0:049� 0:004+0:008�0:00814:0� 17:0 0:072� 0:004+0:014�0:011 0:029� 0:002+0:006�0:004Table 6.7: Run II inlusive b hadron di�erential ross-setion with statistialand pT dependent systemati unertainties. For eah measurement, the �rstunertainty is statistial and the seond is the systematiRun I results and the MRST theory predition [57℄ throughout their ommontransverse momentum range, with the exeption of the �nal 14.0-17.0 GeV=bin where statistis are limited.The integrated B! J= X ross-setion is the integral of the results plot-ted in Figure 6.31. It is measured to be�(J= ;B) � B(J= ! ��) = 16:02� 0:24 (stat)+2:26�2:20 (syst) nb214
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where�(J= ;B) = �(p�p! BX; pT(J= ) > 2 GeV=; jyJ= j < 0:6) � B(B! J= X):The unorrelated statistial errors are added in quadrature:"stattot =vuut nXi=1 ("stati � !i)2where n is the total number of J= transverse momentum bins, "stati is thestatistial unertainty on the measurement in the ith pT bin, and !i is thewidth of the ith bin measured in GeV=. The pT dependent systemati errorsare added in quadrature with the fully orrelated unertainty of 6.7%:"systtot =vuut nXi=1 h�"systi �2 + (0:067d�i)2iwhere d�i is the di�erential ross-setion in the ith bin, and "systi is the sys-temati unertainty on the measurement in the ith bin independent of theorrelated systemati unertainty of 6.7%.In Run I the analysis was limited to pT(J= ) > 5:0 GeV=. Therefore, inorder to aurately ompare the new measurement to the Run I results, theintegrated ross-setion is realulated above 5 GeV=:�(J= ;B) � B(J= ! ��)RunI = 3:23� 0:05 (stat)+0:28�0:30 (syst) nb�(J= ;B) � B(J= ! ��)RunII = 3:42� 0:05 (stat)+0:25�0:23 (syst) nbThe Run II ross-setions are expeted to be approximately 9% higherthan the Run I measurements due to the entre-of-mass energy in Run IIbeing 1.96 TeV ompared with only 1.8 TeV for Run I. Taking this intoaount, the Run I ross-setion would be approximately 3.52 nb if measuredat the same energy as Run II. The new measurement at CDF Run II isonsistent with the result obtained in Run I within the quoted unertainties.216



6.8 ConlusionsThe inlusive B! J= X ross-setion in p�p interations at a entre-of-massenergy ps = 1:96 TeV=2 is measured using 36 pb�1 of the J= data sam-ple olleted by CDF between February and Otober 2002. The di�erentialross setion for inlusive B! J= X events is obtained by ombining theB-fration result with a measurement of the J= di�erential ross-setion.The integrated B! J= X ross-setion for pT(J= ) > 2:0 GeV= is�(J= ;B) � B(J= ! ��) = 16:02� 0:24 (stat)+2:26�2:20 (syst) nb:Above 5.0 GeV=, the measured ross-setion is found to agree very wellwith previous results obtained in the same pT(J= ) range at CDF Run I. Byextending the analysis to below 5.0 GeV=, muh more of the ross-setionhas now been observed to provide a far more aurate measurement.The b hadron deay imparts up to about 1.7 GeV= of momentum to theJ= , so one a measurement an be made below this value, some sensitivityis gained to b hadrons near pT(B) = 0. Tehniques are urrently beingre�ned to push the pT(J= ) threshold even lower. Monte Carlo generated Xdistributions for all J= transverse momentum ranges will be used to separatethe B! J= X events from the prompt J= X distributions in the signalregion for pT(J= ) > 1:0 GeV=. At the same time, improvements in themethod of extrating the shape of the resolution funtion will bring about aredution in one of the dominant systemati e�ets.CDF Run II aims to reord up to 4 fb�1 of data by 2009. The greatlyinreased statistis will allow the b hadron ross-setions to be measured morepreisely than ever before, partiularly in the high J= transverse momentumrange where data is very limited. 217
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Figure A.2: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 2.25-2.5 GeV=
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Figure A.3: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 2.5-2.75 GeV=
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Figure A.4: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 2.75-3.0 GeV=
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CDF Run II Preliminary 3.0 < Pt(J/ψ) < 3.25
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Figure A.5: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 3.0-3.25 GeV=
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Figure A.6: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 3.25-3.5 GeV=
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CDF Run II Preliminary 3.5 < Pt(J/ψ) < 3.75
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Figure A.7: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 3.5-3.75 GeV=
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CDF Run II Preliminary 3.75 < Pt(J/ψ) < 4.0
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Figure A.8: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 3.75-4.0 GeV=
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Figure A.9: B lifetime �t results projeted onto J= invariant mass and deaylength distributions in pT bin 4.0-4.25 GeV=
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CDF Run II Preliminary 4.25 < Pt(J/ψ) < 4.5
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Figure A.10: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 4.25-4.5 GeV=
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CDF Run II Preliminary 4.5 < Pt(J/ψ) < 4.75
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Figure A.11: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 4.5-4.75 GeV=
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CDF Run II Preliminary 4.75 < Pt(J/ψ) < 5.0
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Figure A.12: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 4.75-5.0 GeV=
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Figure A.13: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 5.0-5.5 GeV=
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CDF Run II Preliminary 5.5 < Pt(J/ψ) < 6.0
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Figure A.14: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 5.5-6.0 GeV=
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CDF Run II Preliminary 6.0 < Pt(J/ψ) < 6.5
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Figure A.15: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 6.0-6.5 GeV=
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CDF Run II Preliminary 6.5 < Pt(J/ψ) < 7.0
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Figure A.16: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 6.5-7.0 GeV=
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CDF Run II Preliminary 7.0 < Pt(J/ψ) < 8.0
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Figure A.17: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 7.0-8.0 GeV=
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CDF Run II Preliminary 8.0 < Pt(J/ψ) < 9.0
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Figure A.18: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 8.0-9.0 GeV=
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CDF Run II Preliminary 9.0 < Pt(J/ψ) < 10.0
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Figure A.19: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 9.0-10.0 GeV=
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CDF Run II Preliminary 10.0 < Pt(J/ψ) < 12.0
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Figure A.20: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 10.0-12.0 GeV=
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CDF Run II Preliminary 12.0 < Pt(J/ψ) < 14.0
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Figure A.21: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 12.0-14.0 GeV=
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CDF Run II Preliminary 14.0 < Pt(J/ψ) < 17.0
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Figure A.22: B lifetime �t results projeted onto J= invariant mass anddeay length distributions in pT bin 14.0-17.0 GeV=
239
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