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Abstract 

Гrссіsіон шеаsнrешепts are ан iшportaпt aspect of hadroп colliders physics prograш. Tliis tl1e
sis describcs а шethod, togcthcr· with а first applicatioн, of how to acl1ieve анd нsе precisioн 
шеаsнrешенts at tl1e LHC. The idea is to нsе refereнce processes to coпtrol tl1e clctector systeш
at,ics апd to constraiп t,he theoretical predictioпs. Wc clюse as refercпcc processes siпgle W апd 
Z prodнctioн, selected throнgh tl1eir decays іпtо electroпs. Thc study preseпts resнlts for botl1 
tlie CDF ехреrішепt at tl1e Tevatroп (USA), for wl1ich а clata aпalysis was perforшed анd the 
CMS ехреrішспt at the fнtнre CERN LHC (Swit~crlaнd) for whicl1 Монtе Carlo siпщlatioвs 
were dопе. 

Ів tlю first part, we detcrшiнe the lншirюsity of the dat,a collected Ьу the CDF dctcctor 
betweeв Fcbruary 2002 апd Мау 2003, нsівg tl1e рр - W - cv анd рр - Z - ее processcs. 
Tl1e o1)taiпed total lш11i11osity of 125.5 ± 0.6 (stat.) ± 7.1 (syst.) рЬ- 1 is ів good agrecшeнt 
witl1 tl1e 'traditioпal' luшirюsity шеаsшешепt of 125.5 ± 7.3 рЬ- 1 . Dне to tl1c l1igl1 statistics of 
W анd Z eveпts at thc LHC, а шоrе prccise relative lншіпоsіtу шеаsнrешепt сап Ье perforшed 
Ьу CMS, redнciпg tl1c error оп the lншirюsity deterшiпatioн perliaps to аЬонt 1 %, tlшs allowiпg 
accнrate cross scctioпs deterшiпatioнs. 

Ів а sccoнd step we slюw, usiнg а fнll dctcctor sішнlаt,іон, lюw leptoпic W апd Z evcнts 
сап Ье iclcнtified with CMS, coнceпtratiпg он tl1e electroп rccoнstrнctioп апd ideпtificatioн. 
Differcпt selectioп variablcs for electroпs ar·c defiнed апd systeшatic errors issнes arc discнssed. 

Fiнally, tl1e poteпtial of CMS to реrfопн precisioп щeasureшeпt,s is illнstrated нsінg tl1e 
leptoпic decays of а l1ypothetical Z' Ьшюп. For thc first tіше wc dcшoпstrate lюw well tl1e Z' 
properties сан Ье coпstraiпcd at tl1e LHC сошЬінінg well-kпowн variables like tl1e cross scctioн 
tiшes braнcliiнg ratio, tl1c forward backwaгd cliarge asyщшctry оп апd off peak. Wc also slюw 
tl1at the Z' rapiclity distribнtioн сан Ье нsed to coнstr·aiн the Z' coнpliпgs to the qнarks. Z' 
bosoнs froш differeпt tl1eoretical шodcls сап Ье discrimiнated for Z' шasscs нр to 2-2.5 Те V, 
аssншіпр; ан iпtegratcd lншіпоsіtу of' 100 fЬ- 1 . 
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Resurne 

Les шesнres de рrсс1sюн representent ш1 aspcct iшpoгtant dн prograшшe de physiqнc des 
collisioппeшs liadroнiqнes. Се travail de tl1csc prcseнte нnе шethode avec нпе prcшicrc appli
catioн pcrшcttaнt de faire de telles шсsшеs avec le LHC. L'idcc cst cl'нtiliscr des reactioпs de 
refereпce рош contrбler aнssi })існ les erreщs systeшatiqнcs liees ан detecteш qне les predictioпs 
theoriqнes. Daпs се cas pнkis, les reactioпs cle refer·cнce choisies sont la prodнctioп clc W ct 
de Z, ces clerпiers ctaнt selectionnes а l'aidc dc lеш desintegratioп еп electroпs. Cotte ctнde 
prese11te dcs rcsнltats ронr dенх expericнces : CDF, sitнe sнr l'аш1сан dн Tcvatroн анх USA, 
ot'1 понs avoпs procede а нnе aпalyse dc dorшees et CMS, sis sш lc fнtш LHC dн CERN en 
Sнisse, рош leqнel des sinшlatio11s Монtе Carlo опt ete cffcctнees. 

Рrешіеrешепt, tюнs avoнs шеsше la lншіпоsіtс des dorшees collectees par CDF eпtrc fevrior· 
2002 et шаі 2003 сп нtilisant les reactioпs sнivaпtes: рр -+ W -+ ev et рр -+ Z -+ се. Noнs avoнs 

troнvc шю lншirюsite totale de 125.5 ± 0.6 (stat.) ± 7.1 (syst,.) рь- 1 cn ассмd avec le resнltat 
оЬtепн de шапісrс tгaditionelle, soit 125.5 ± 7.3 рЬ- 1 . Grace ан 110ш1яе iшportaнt de W et de 
z pl'Oclнits ан LHC, il poнrrait etre possible de redнire l'iпcertitнdc sш la lшнirюsite relative а 
шоіпs dc 1 %, perшettant аіпsі d'aнgшeнter la precisioп des шеsшеs de sectioнs efficaces. 

Daнs ш1 secoнd teшps, ~юнs avoнs etнdie la шапіеrе d'ideнtifier les desintegratioпs lep
toнiqнcs des eveneшeпts W, Z avcc CMS en se conceпtraпt plнs specifiqнeшent sш la recon
strнctioп des electroпs et lеш identificatioп. Diver·ses variables опt ete clefiпies рош sClectiorшer 
les electroпs ct diff'erentes soшces potcнtielles d'incertitнcles systeшatiqнєs soнt discнtees. 

Firшleшeнt ронr illнstrer lc poteнtiel de CMS рош cff'ectuer des шеsшеs de precisioп, 
ш1е etнde de la deterшiнatioп des proprietes d\ш l1ypotlietiq11e Z' а ete сопdніtе. Apres la 
decouverte clu Z' Ctl нtilisant sa desiпtegratioп ен leptoпs, ses proprietes peнve11t, ctrcs restr·ciнtes 
а l'aicle des oЬscrvaЬles suivantes Ьіеп соrшнеs: la section efficace шнltipliee par· la largєнr dн 
Z', l'asyшetrie cle charge avant-arriere ан sопш1сt et а cote dн ріс de шasse. Ces o1)scrvaЬlcs онt 
ete сошЬіпееs рош la preшiere fois рош ctнdier la seпsitivite clu LHC. Noнs avoнs cgalcшeпt 
шонt1·с qнс la distribнtioп de rapiditc dн Z' ренt aнssi etre нtilisee рош deterшiпer le coнplage 
dн Z' анх qнarks. П devrait etre possible avec CMS dc distingнer les Z' de differeпts шodeles 
рош des шasses iпfCrioшes а 2-2.5 TeV avcc шю lшпirюsite de 100 fu-1. 
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Introduction 
"І тyself, being faiгly ignomnt of scientific liteгatuгe, co'lllrl find тате knowledge new to те іп п,п lumт's 

time spent at tlie lіЬтту than І could find at rny uютkbench іп а montlt or· а year·. It is not truй І ат 

8eaтch.ing Jот, it is new trutli. А scientific теsеатсhет has to Ье attтacted Ьу th.ose [Ьlankj spots оп the тар 

of h.итап knowledge, and if need Ье, Ье шiUing to give liis life fот filling theт іп." А. Szeнt-Gyiirgyi 

It шight not Ье а coпtradictioн to say that Particle Physics, the science stнdyiпg the basic 
сошропепts of шatter апd tl1ci1· iнteractioпs, is а yotшg sсіепсе based on an old idea. Already 
tlлee сепtшіеs Ьсfогс .Jesus Clлist the Greck pl1ilosopl1er, Deшocr·itнs, bгoнght foгward tl1e idea 
that шattc1· was coшposed of fнпdашснtаl uпbreakable entitics tlшt l1e called "atoшs". During 
the 2oth ceпtury, the developшeпt of particle colliders of еvсг iпcreasing eпergy and detectors of 
cve1· iшproving perforшances, allowed tl1e exploratioп of шatter at sшaller and sшaller scales. 

Tl1e developшent of Qнапtнш Месlшпісs at tl1e Ьеgіппіпg of the twentieth centнry, Qнаntнш 
Field Tl1eory sоше decacles latc1· апd finally the Staщlarcl Model of particle physics, foпnнlatecl 
іп the sixties, represeпtcd шajor breaktl1roнgl1s ін ош way t,o нnderst,and шatteг's bнildiнg 
blocks апd tl1eir interact.ioнs. Usiпg these tl1eories, physicists шanaged to ехрlаіп witl1 ан 
uпprecedented sнccess tl1c пюrе and шоrе ассшаtс exper-iшental observatioпs. 

The Staпdard Model of particle pl1ysics rnakes tl1e following basic stateшeпts, as sшпшarized 
іп Figure 1: all the kпоwн шatter can Ье descгi1)cd Ьу 12 fundaшeпtal eпtities, пашеd fспніонs 
(sріп 1/2 particles), together with iпteractioн carriers, пашеd vectoг boso11s (sрін 1 particles). 
These paгticlcs сан iпteract via three types of forces 1: tl1e elcctгornagнetic: iнteraction ( carried 
Ьу plюtoнs ), tl1e strong iпteractioн ( сапіеd Ьу glнoпs) ancl tl1e weak iпteraction ( carried Ьу 
W апd Z bosoпs). The twelve ftшdaшeпtal ferшions are soгted нsing their different beliaviors 
tшder tl1ese interactioпs. Fог ехашрlе, qнarks are dcfiпed as particles which feel tlю stroпg 
iпteractioп апd leptoнs as particles which do поt. Tl1ese twelve particles сап also })с soгted інtо 
thrcc doнblet taшilies, eacl1 faшily havi11g tl1e sаше geпeral bel1avior uпder tl1e weak interactioп, 
tlie so-called universality. Paгtic:les froш tl1e fiгst faшily fопп the ordinary шatter: нр апd dowн 
quarks are сошЬіпеd to fош1 protons апd пснtrопs. Atoшs are шаdе онt of tl1e cornbi11atio11 
of protoпs, пенtгонs апd electrons. Tl1e last bнildiпg block of tl1e first faшily is tl1e еlесtгоп 
пeutrino (ve) whicl1 was postulated to get а сопесt descriptioп of tl1e radioactivc decays. Tl1e 
two otl1eг t'aшilies (µ, vµ, с and s qнaгks, т, vт, t апd Ь quarks) arc нscd to dcscгibe l1igh eпergy 
states likc tl1c онеs wl1ich were ргеsспt at tl1e beginniпg of tl1c U11iverse апd сап rюw Ье created 
апd stнdied ін detail with paгticlc accelerators. 

Howcveг, at least two fнвdашспtаl qнestions гешаіn to Ье clarifie(l. Tl1e first is to discover 
tl1e last bнildiпg block of tl1e Standard Model, tl1e so-called Нiggs Ьоsоп. Its cxisteпce was 
postнlated іп thc sixties Ьу the Scottish pl1ysicist Peter Higgs. Ніs idea coнsists ін assuшiпg the 
cxistcпce of а scalar fielcl, tl1e Нiggs field, which, Ьу сонрlінg to the different particles, will give 
theш а шass after а spoнtaпeous syшшetry 1яеаkіпg 2 • Althoнgl1 thc Нiggs ficld was origi1шlly 
post11latecl to схрlаіп the exceptioпally l1igl1 шass of t11e W анd Z vector bosons, the sаше 
шесhаніsш сап Ье extended to ассонпt for the fеrшіоп шasses. The inteгactions of tlю Higgs 

1 We ехсІнdс hcrc gшvity, wliicl1 і;; а.Ьонt 1041 tiшes weaker than the clcctюшagnetic 1'01-се (Ior two 11 чнаrkн 
at І 0- 17 ш) and is нр to now 1101, iнelщled in that шodel. 

2The Standard Model аlоне еашюt explain the 01·igi11 of· tl1e llifferent шasses of' t!1e pшticles as tl1e іпсlн;;іоn 
of rna.ss t,erms in thc Standat·ll Mollel Ca.gmngian b1·eaks its gaнge нуштсtrу. 
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Intгocluction з 

witl1 tl1e otl1er particles, its so-callcd coнplings, are calcнla1)lc withiн tl1e Staнdard Model, Ьнt its 
mass is not directly predic:tcd. Huwever it is possiЬlc to coнstrain the Higgs mass Ьу assшнing tl1e 
overall validity of tl1c Staпdard Model and сошЬінінg experimeпtal o1)servables that are seнsitive 
to tl1c Higgs шass tl1ro11gl1 electroweak currections :i. Pнttiпg all tl1e electmweak observables 
together, the best-fit, valtte uf tl1e expected Higgs шass given Ьу tl1e Staщlard Modcl is 117 GeV, 
tl1e нррсr liшit, witl1 95% coпfidence levcl, Ьеінg 251 Ge V [2]. Moreovc1-, dircct search at LEP 
exclнded а Higgs with а mass sпшllсг tlшn 114.4 GeV witl1 а 95% confidence level [З]. 

Tl1ere are many reasoпs to tl1i11k tlшt tl1e Staпdard Model is not the final theory апd tl1at 
new рl1епошепа slюttld appear at higl1er епще;іеs. Takiнg into ассош1t tlшt thc Staпdard Mudel 
is tlюнgl1t to Ьс ап cffective theory, valid ttp tu а given energy scalc (Л) апd whicl1 sнffers from 
tl1curetical prublems that coнld })С solved Ьу replaciпg or cxteнding it, the next qнestioп woнlcl 
Ье to сlсtспніпс нр to what eпergy tl1c Standard Model is valid ur alteпшtively to try апd 
discuver неw physics. Sошс alteшative models l1avc Ьеен developed and are waitiпg to Ье 
coпfirmed or refнted Ьу observations. Thc шost pupнlar ехtепsіоп of the Staпdaгd Model is 
Sнpersyшmetry wl1icl1 pustнlates а symшctгy between fегшіопs (l1alf iпtcgcr sрін) анd bosons 
(iпteger sріп). It sulves some theoretical prubleшs of the Staпdard Mudel анd шanages to нnify 
tl1e stгuнg and the electrowcak iпteractions. Withiп tl1is theory, tl1e nнmber of particles is 
duнbled, since for eacl1 ferшioп/busuп а correspoпdiпg sнpersymmetric bosoп/fermioп shottld 
exist. However, нр to поw, но sнpersymmetгic particles have Ьееп sееп. Aпotlюr challeнge is 
to develop а theory wl1icl1 briпgs gravity адсі tl1e utl1er interactioнs іпtо а colicrcпt рісtше апd 
which шakes шеаsшаЬlе predictions. 

То scarcl1 fo1· tl1e Higgs or рl1епошсна Ьеуопd the Staпclard Model, а пеw proton-protoп 
collidcr, tl1e LHC, is being bнilt at СЕПN (Geneva, Switzcrlaнd) and is cшrently expected to 
start rшшіпg ів Sшшпеr 2007 at eпergics нever reached Ьеfоге. At FегшіlаЬ, cluse to Chicago 
(USA), tl1ere is а рrоtоп-апtіргоtоп cullider, tl1e Tevatron, whicl1 started its second phase of 
clata takiнg ін 2001. Tl1e Теvаtгон апd tl1e LHC lшvc а very similar working eпviroшneпt as 
tl1ey butl1 collide hadroпs. Thнs шану experimeнtal pl1ysics aspects relevaпt for the LHC сап 
Ье stнdied now at tl1e Tcvatruп. 

Fur tl1is work, data froш CDF, one of tlю clctcctoгs at Tevatroп, were aпalyzecl with tl1c 
ршроsе of нпdсгstапdінg better pl1ysics prubleшs that will Ьс епсош1tегесі at tl1e LHC. Then, 
specific qнestioнs related to CMS, оне of tl1e two gепегаl ршроsе detectors at LHC, will Ье 
stнcliccl, нsіпg Monte Carlo siпшlatioнs. 

Ін tl1e fulluwing sectioпs sошс geпeral statemeпts will Ье made on the physics at, liadrot1 
colliders. Two of its aspccts will Ье developccl: tl1c cliscovery of пеw particles апd ргесіsіон 
measнremeпts шаdе to t,cst tl1e predictive роwст uf а tl1eory. 

Discovery at hadron colliders 

Throнglюнt tl1c l1istury of Particle Pl1ysics, liadron collideгs liave Ьееп attiibнted the role of 
"discovcгy пшсl~інеs" par excelleпcc. Dне to the 11igl1 шass of tl1e proton, coшpared for іпstапсе 
to tl1e electroп, it is easier to accelerate and collidc ргоtонs to reacl1 eпergies never iпvcstigatccl 
befure. Tl1e W and thc Z Ьosuпs for instaпcc wеге discuvered at tl1e CERN SppS апd tl1e tup 
qнark at tl1e Теvаtгон, botl1 proton-aпtipmton colliders. Howcvcг tl1c ргісс tu рау for нsing 
lшdroпs is а lia1·der event analyzc апd гeconstructioп sіпсс protons have sнbstructшe апd are 
struнg interacting objects. 

Ін urder to Ье detectcd, а pгucess of iпtcгcst slюнlcl lшve а high епонgh cross sectioп. Tl1e 
whole 'art' of tlie pl1ysicist will coпsist ін tryiпg to reduce tl1c Ьackgroнnds, keeping at tl1e sаше 
tіше а large енонgh sigпal. Tшditiuнally а cliscovcгy is clairned wl1eп а deviatioн of шоге tliaп 

;;Оне shoнld Ье carcfнl with the iпterpretation of tllis fit, resнltн since thc Higgs шass сошеs in tl1e elect1·oweнk 
corrections like ln тн, wheгeas tl1e top rпass, knowн to ан несшасу of 3%, c01~{es ін likc mf. А 2% vнrінUоп іп 
tl1e top rпass resнlts in а 13% vнгінtіоn in t.he Higgs ша.-.;s Іішіt. 
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five standard deviations (а) away froш tl1e backgroнnd is observed, where cr = S /../В 4, witl1 
S })Сіпg tlic пншЬеr of sigпal events and В tlic ш1шЬеr of Ьackgroш1d events. Exploring new 
energies апd tryiпg to fiпd пеw pl1ysics will very ofteн reseшble to lookiпg for а пeedle іп а 
haystack as sшall interesting signals liave to Ье separated froш hнge Ьackgroнnds. Sіпсе по 

опе krюws wliat to expcct at неw energy scales, tl1c detcctor desigп lias to Ье as general and 
flexible as possible. А special iнte!'cst slюuld Ье paid to liigl1 transverse rпошспtнш pl1ysics, as 
the presence of l1igh transverse eпergy particles is ofteн the sign of the decay of а l1eavy particlc. 

Іп geпeral, пеw heavy particles have а very short lifetiшc апd decay before they reacl1 
tl1e tietccto!' clcшcпts. А псw рl1с1юшснон will Ьс шostly itieпtifieti throнgh а deviatioп іп 
а kінешаtіс distr·ibutioн of specific well-kпowп "stable particles" апtі jets. For іпstапсе, а 
пеw particle is ofteп discovered Ьу stнdyiпg iпvariaпt шass distriЬнtioнs. The sigпatures of' а 
detectable process сап Ье sorted іпtо two categories. The 'easy' опеs, for which а пarrow пшss 
pcak сап Ье recoпstrнctecl ащl tl1e опеs for wl1icl1 а шass pcak сашюt Ье recoпstrнcted. The 
sigнal has thcп to })с foш1d ін distribнtioвs like e.g. tl1c tr·aнsverse шошспtшn of а particнlar 
particle, tl1e rпissiпg eнergy of· tl1e eveнt or specific eveнt topologies. Tl1e fiI"st typc of sigнatures 
will пeed а very good eпergy апd шошепtuш deterшiпatioп as the width of· tl1e rпass peak will 
dcpcнd шаіпlу оп thc cпcrgy resolutioп, wl1er·eas for tl1c sccoнti type of sigпatures, а very good 
arщular· dсtсш1іпаtіон анd ан cxtcпdccl detector coveгage will Ье нeetiecl. Table 1 shows whicl1 
types of· шеаsшешепts coukl гeveal wl1icl1 types of пеw pl1ysics. 

То dеtеш1іпс wl1cthcг а пеw paгticle сан Ье tiiscover·eti, it is поt sufficicнt to сопsіdсг 8/ ../В 
it is also iшportaнt to take S/ В інtо асстшt. For sigпatнres where а пarrow пшss peak сап 
Ье recoпstrнcted, а discovery сап Ье шаdе already with а low sigпal to backgrouпti ratio, sінсе 
the backgroнпds are well нпdеr coпtrol as tl1ey сап Ье estiшatecl fгош the regioпs away frorп 
the peak. Оп the coпtrary for the other type of sigпatнres, а high sigвal to backgrouпd r·atio 
lias to })с гсqнігеd, sіпсс thc Ьac:kgrotшcls l1ave soшetinюs to Ье estiшatcd froш а Мопtе Carlo 
sіпшlаtіон анtі fluctuatioпs tiue to tl1e uнcertaiпty он tliis estiшatioп сап easily l1idc а sigпal. 

Тlю Higgs seaxch at tlю LHC pгovides а goocl illustгatioп of tl1ese icleas. If tl1e Staпdard 
Model Higgs lшs а шass of 180 GeV, its decay інtо two photons would Ье а clшrшel to look 
for. It is expected to Ье detected as а peak аЬоvе а large irreclнcible backgrouнti. Figшe 2 
(Тор) shows how tl1is peak шigl1t look like ін CMS. If tl1e Higgs l1as а шass armшd 140 GeV, it 
c:oulcl Ье detected in the following decay сlшін: Н-----; WW* -----; fvfv. Fог this cliaппel, во Higgs 
шass pcak сап rJe гссопstгнсtссl, а sigпal could tlшs Ьс sссп ін tl1e leptoп traпsverse шошепtшn 
spectrurп, as illнstгated ін Figure 2 (Bottoш). It is evideпt froш this plot tliat іп tl1is casc, а 
precise Ьackgroнпd пorшalizatioв is шоrе difficнlt to acl1ieve. 

Precision at hadron colliders 

Wl1eгeas tгying to cliscoveг а пеw particlc шау look пюr·е appcaliнg, pгccision шеаsнrешевts are 
аноtl1ег ішрогtанt aspect of tl1e physics prograrп of l1аdгоп colliders. 

Ргссіsіоп шeasureшcпts агс ftшclaшcпtal to test thc pгeclictive power· of tl1e Staпclarcl Model 
or ану corпpetiнg tl1eory at tl1e неw eнergy scale probed. This will Ье dопе for іпstанс:с Ьу 

сошраrіпg the cross sectioв of differeпt processes witl1 the theoгetical predictioпs. Moreover, 
after lraviпg discovered а веw particle, it is iшportaвt to шсаsшс its properties іп order to 
coнstr·aiн thc tl1corctic:al fгапю. 

Pr·ecisioп шсаsшсшенts аге also пеесіе<і to енаЬlе <liscoveries, іп keepiнg tlю Ьасkgгонпd ш1-
der coвtrol. More precisely, it is fнпdашепtаl to get ав accнratc шеаsшешепt of the kiпerпatics 
апd the cгoss sectioпs of 'well-knowп' Staпdaгd Modcl pгoccsses wl1icl1 are backgroнпds for dis
covery clшrшels. Tl1is is especially irпportaпt іп cases where the Staпdard Model backgгoш1cl 

4 This formнlft tюИs for 8 and R higher than ::::020. Othcrwisc, cr has to Ьс cstimated нsing the Poissoп 
stat.istics. Note ttiat other estimators of the st.atistical significance can also Ьс нscd, like for instance tt1e опен 
based on likelihoocl ratios. 
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6 I11trocluctj011 

Туре of measнremeвt iщlicates reqнired for 

isolated higl1 Pt. е±, µ± W(*), z(*) clecays 
Higgs searcl1 top pl1ysics, 

'all' searches (e.g. Z') 
isolated high Pt 'У 's electroшagпctic proccss Нiggs searc:h 

special Higgs-like 
т авd Ь-qнark taggiвg 'rare' processes searches, 

Sнpcrsyшшctry 

largc шissiпg Pt, Et 
cveпt witl1 v-like Higgs, Supersyrншetry, 

particles; W, Z decays exotic 'exotica' 

jets qнarks авd glнoвs 
QCD, 1шdersta11di11g of 
backgroш1ds / efficieпcies 

TAHLI<; 1: Examples of wliat а detector slioald Ье able to тneasnre ~п отdет to ехрlоте а new 
епетуу scale [5]. 

for а giveв discovery cliarшel lias to Ье estimated from а Мопtс Carlo simнlatioв. 
Thc cvcпt 1·ecoпstrнctio11 апd idcпtificatioв at liadroп colliders is qнite coшplicated. Ін fact, 

thc dctcctor will liavc to isolatc froш tl1e wlюle protoп-( aпti)protoв iвteractioп, tl1e products of 
tl1e partoн-partoп i11te1·actio11 to Ье studied. А way to solve that probleш is to get а l1igh вuшЬеr 
of collisioвs, iпcreasiпg the statistics of the processes. Like tliat, harder reqнireшeвts сап Ье put 
011 the eveвt selectioв, allowiвg to нsе овlу tl1e well-reco11stп1ctccl eveвts. А high collisioв rate 
will however reqнire а fast cletector respoпsc, as wcll as а good triggcriпg efficieвcy. Thнs, to 
reach а good precisioв, st,riпgeнt reqнircшeпts l1avc to Ье put 011 the desigн of thc dctcctors ів 
order to оЬtаів ан excelleнt, eнergy аш:l пюшепtuш rcsolнtioп, as well as tl1c laгgcst асссрt,ансе 
possiblc. 

Precisioп шеаsшешепts is а geвeral совсерt. Ів the followiпg, we shall discuss the case of 
cross sectioв шеаsнrешевts авd how to co11stгai11 thc paraшeteгs of tlю Staпdard Model, giviпg 
cxaшplcs fгош tlie LHC апd thc Тсvаtгоп. 

Measuring cross sections 

The measureшeпt of the cross sectioвs for differeвt processes allows to test the predictioвs of 
the Staвdard Model at the eпergy scale probed. Tl1is сап also lcacl to а cliscovery sівсе ан excess 
ів tl1e cross sectioв coнld Ье the sigп of а 11cw рlюпоше11011. Tl1e cгoss scctioп depeш:ls оп tl1e 
followiвg variables: tl1e пншЬеr of sigпal cvcпts aftcг backgroш1d sнbtractioп, S = N - В , the 
cut efficieнcy, Єеf f анd tl1e luшirюsity, Lpp: 

s 
f7=---

Єef,f · Lpp 

Therefore, tllГee шаів factors сап liшit tlю ргесіsіоп of а cross sectioп шсаsшсшспt: 

1. Tlie патЬег of signal e-uents (S) 

The statistics will depeвd оп tl1e eпergy of tl1e collidiпg particlcs апd оп the lшniвosity 
lleliveгecl Ьу tl1e accelerator. Tl1e error 011 the ш1шЬеr of sigвal eveпts scales like Л. 

For іпstавсе, tl1e top cross sectioв шеаsнrешевt at tl1e Tevatroв Rнв І was шаівlу liшited 
Ьу the statistics available [б]. The сrгш was аЬонt 25% анd all the other 1шcertai11ties 
could Ьс гссlнсссl to аЬонt lialf. Ін the case of the LHC, rшшівg at rrшcl1 l1igl1er епегgу 
with а l1igl1 desigв lшniвosity slюнkl prodнce аЬонt 107 tf whicl1 is eвormoнs coшpared to 
the tota1 of 101 eveпts at the Теvаtгон, tlшs гcsнltiпg ін а very small statistical споr он 
tl1e cгoss sectioп. Figшe ;~ slюws tl1e protoв protoв cross sectioв eвergy сіереrнlепсе fог 
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different processes together with sоше experiшental шeasшeшents. Many processes will 
Ье шеаsшеd with а good statistical ассшасу at the LHC. 

2. The l'Uminosity (Срр) 

Next is tl1e ш1сеІtаінtу Ielated to tl1e lншinosity deterшination. Tl1e lшninosity is а vari
able which depends on the шacl1ine paraшet,ers. It is нsttally obtaiнed at liadroнs colliders 
Ьу шеаsшінg tl1e prutuн-(aнti)pruton elastic or inelastic cross section нsing counters close 
to the Ьеаш line. The error on tl1e lншinosit,y at tl1e Tcvatroн is cшrently 5%. Tl1e шаіn 
reason is tl1e tшcertainty on tl1c pюtuн-aнtiprutuн total inelastic cruss sectiuн анd tl1e 
difficulty ін estiшatiнg tl1e acceptance of the luшinosity dctectors. The prospects for the 
CMS experiшent were assншed to Ье siшilai-, as statcd ін tl1e 1994 Technical Proposal. 

Іп the followiпg we discнss а 1лoposal tu redнce sigнificantly the error url tl1e lurпiнusity 
clctcrшiпatioн })у ttsirщ siнgle W анd single Z pruduction, following а шethod described 
іп [8], the so-callecl par·toп lшninosity. Tl1e gual is tu bring this error duwн tu 1 %. А first 
applicatioн of tl1is шеtlн)(і оп real data coнld already Ье perforшed using the Tevatroп 
Rнп 11 data and will Ье preseпtecl ін Clшptcr 2. 

Ап ехашрlе of а Cl'Oss sectioп шеаsшешепt wl1er·e tl1e liшiting factor was tl1e error он tl1e 
lшніrюsі ty, is thc W апd Z cross section at the Tevatron Ruп І [9]. Tl1ere, the sigпatures 
аге very сlеап leadiпg to sшall systeшatic нпcertaiпties. Tl1c statistical errors are also low 
resulting froш the relatively l1igl1 cross scct,ioн of thesc pmcesses. 

:З. Tlie efficiency (єеf f) and the backgrmщd estimate (В) 

Tl1e last source of error is linked to tlic cttt cfficicncy анd backgroнпd cstiшatcs. Sнcl1 

tшcertaiпties })есошс ttsttally iшportaнt when the signature is difficнlt to reconstrнct. Tl1ey 
are also qнitc dcpcпclcпt он tl1e detector type, dependiпg, for іпstапсе, on the energy and 
rrюшенtшн Iesulution. ln this case, it is liard to шаkе gcнcral stateшents. Ап iпcrease 
ін tl1e пuшЬеr of events should have опlу а liшitccl effect он thcsc systcшatic errors. 
Huwever, what will Ье possible at LHC is to нsе refcrcнce proccsses like siвgle W апd 
single Z prodнctioп to coпtrol the cfficicнcics ансl tl1e backgruuпd. Ін Chaptcr :З, sошс 

systeшatic effects will Ье stшliccl foI CMS usiпg а full siшнlation. 

Ан ехашрlе of а cross sectioп шeasureшent wl1ich was liщited Ьу systeшatics is the dijet 
cross section at the Tevatroп Rнп І [10], as it is cxpcriшeнtally difficttlt to rccoнstruct jcts 
and to interpret the sigпatнre. 

At tl1c LHC tl1c tшcertaiпty он tl1e cross section of шапу processes shoнld Ье sigпificantly 
Ieduced for tl1e following reasons: high statistics for шану iпterestiпg processcs will Ье Ieacl1cd, 
allowiпg to alшost пeglect tJ1e errors dttc tu tl1e statistics and to шаkе sufficieпtly hard cuts 
to get tl1c 1xickgrotшcl systєшatics tшder control. However tl1is increases the errors on the снt 
cfficicпcy. Morcovcr, tl1e use uf refereпce processes like siпgle W аші single Z prodнctioп to 
dеtеш1іпе tl1e partun lurninosity Ьнt also to stнdy so111e systcшatics slюttld allow thc crrors оп 
the шeasured cross sectioпs to Ье sigпificaпtly Ieduced. 

Using precision measurements to constrain model parameters 

Precisioп шсаsшсшспts slюuld alluw to test the consisteпcy of а шodcl at а giveп eпergy scale 
Ьу сuнstгаінінg tl1e different paraшeters of tlie шodel. For інstапсе, tl1crc агс abottt 19 fгсс 
paraшeters in the Standard Model (plus arюtl1er 10 assuшiпg шassive neнtriпi). Apart froш tlшt, 
alteшativc tlicor·ics pгcdictiнg неw pl1ysics have free paraшeters wl1ich have to Ье extractc(i froш 
tl1e <lata. Precisioп шeasнreшents сап also Ье ttsed to discrirпiнate betweeн tl1e differeпt nюdels 
describiпg а newly discovcrcd pal'ticle. For tl1ese differeпt qнestions, precision шеаsшешепts 
of Cl'OSS sectioнs аІе well sнited. Other poteпtial good o})ser·vables агс particlc шasses апd 
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шith, some experimental 'f'es-ults. Tlie point8 correspondin_q to tlie Tevatmn results (CDF, D@) 
are not pcrfectly оп tlie cur11es, since they mcasured pтoton-antiproton cross sections [7]. 



Introductioп 9 

coupliнgs. We give in the followiнg sоше ехашрlе он lюw precisely шasses and coнplings of 
Standard Model particlcs are expected Ье шсаsше<І at tl1e LHC. 

• Masses 

It will Ьс pussible to шеаsнrе witl1 а certain ассшасу tl1c шasses of tl1e "l1eavy particles" 
like tl1e Higgs, the top анd thc W at the LHC. Tl1is will allow tl1e Staпdard Model to Ье 
over-constrained, as thcse шasses are depeшlcпt froш eacl1 other. Tl1is type of шсаsшс
шепt will 11ее<1 а very good deterшiнatioп of the leptoн спєrgу анd шошепtнш scale as 
wcll as of tl1e jet scale, since tl1e шass is deterшiнecl froш а шass peak ( or а traпsverse 
шass peak). For інstапсс, tl1e Higgs шass could Ьс deterшined at the LHC witl1 ан accu
racy of дМп / М н = 0.1 % [11] for alпюst tl1e whole possiblc Нiggs шass raнge. Tl1e top 
шass coнld Ье шeasнred with ан асснrасу of 2 Ge V ( tl1e present uncertainty lies аrонпd 
5 Ge V). The нпсеrtаінtу оп tl1e W шass is cxpccte<.l to Ье redнced down to 25 Мс V [І 1]. 
Tl1e last resнlts froш LEP апd Tevatroп сlаіш ан error of 40 MeV, respectively 60 McV 
on tl1e W шass [12],[1:{]. 

• Сон pliпgs 

The coнpliпgs of а given particle сап usнally Ье шeasнred })у сошраrінg differeпt processes. 
For іпstапсе, if tl1e Нiggs lias а шass betweeн 300 ан<І 600 GeV, the LHC experiшeнts 
shoнld Ье ablc to coпstrain the relativc Higgs coнplings to fcrшioнs апd 1юsопs. Tl1is сап 
Ье сіоне Ьу шcasuring the ratio of tlю cross section wl1ere thc Higgs is pl"O<.lнced thiough 
weak lюsон fнsіоп, where it coнples to W and Z and tl1e Higgs proclнccd tl10нgl1 glноп 
fнsіон, wher·e it coнples to the top qнark. This шеаsнrешснt coнld Ьс acl1ieved witl1 а 
statistic:al ргесіsіоп of аrонпd 10% [14]. In that case, as гatios а1·е шeasured, tl1e hope is 
to get systeшatic errors шнсl1 sшaller tliaн tl1c statistical ones. 

Another ехашрlс is tl1e шеаsшешепt of tl1e coнplings of tl1e vcctor Ьоsопs (W, Z ап<І 
1) witl1 cacl1 otl1er, the so-called tгiple gaнge coнplings, wliicl1 are qttite seпsitive to new 
pl1ysics. Althoнgh tl1e Staпclaг<.l Model is tested нр to а precision of 0.1% or better, tl1e 
paraшeters characteri~iпg tl1e triple gaнgc coнpliпgs are kпоwп with а ргесіsіоп of 10% 
froш LEP апd thc Tcvatroп. One goal of tl1e LHC woнld Ье to ішргоvе this шсаsшсшснt 
Ьу аЬонt а factoI of 10. А way of deterшiпiпg these coнpliнgs is to fit tl1e шeasure<.l 
traпsvcrsc шошепtнш spectrнш of оне of the vector bosoнs, for іпstансе Ьу шeasшing the 
Pt sресtІшп of the Z ін рр ---t ZW ---t fff v process. 

Froш а precise detcrшiнatioп of tl1e diffcreпt particle coнpliнgs, paгticles шasscs ап<І cr·oss 
sections of typical processes, it is possi1)lc to test the predictioнs uf tl1e Staнdar<.l Model over а 
rанgє of eпergies. Moreover, if а неw particle is discovcгecl, tl1e шеаsшешеnt of its coнpliнgs, 
its шass апd other parюnctcгs tlшt are characteгistic of tl1is particle like its spin, slюнld allow 
constrainiпg tl1e differcнt пю<Іеls. Ан ехашрlе witl1 an exotic paгticlc, tl1c Z', will Ье preseпted 
in Chapter 4. 

In the пехt cl1aptcг, tl1e CDF and CMS <.letectors will Ье clcscгibed анd coшpared. Then, 
the шctlюd нsінg single W and siнgle Z proclнctioн to шeasure the lншinosity, the so-called 
рагtоп lшninosity, will Ье pгcseпted and а fiгst application will Ье carried онt он tl1e CDF 
data. It will Ье slюwн tlшt, in the case of tl1e Tevatron, this шctlюcl is corнpetitive with the 
'traditioнal' lшнirюsity шеаsнrешенt cшployed нр to kпow Ьу CDF. For tl1e LHC the partoп 
lшнirюsity looks proшisiпg dtte to the l1igl1 cxpecte<.l statistics of siпgle W апd Z рго<Іuсtіоп. 
Tl1is represeпts а fiгst stcp toward precisioп шeasureшent at tl1c LHC. 

Тl1еп we will slюw lюw electгoweak pr·ocesses sнch as siнgle W pro<.luctioп coнld he recon
stгнcted witl1 the CMS detector ашl wlшt selectioн proccclшe coнld he нsecl for tl1e elcctroп 
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reconstrнction. Moreover, sошс systcшatics issнes нsіпg а fнll dctccto1· sinшlatioн will Ье aнa
ly,.;cd ін orclcг to discнss tl1e CMS detector capabilities. 

Fiпally it will Ье slюwп that - tliaнks to precisioн шещщrешепts of specific variables - it 
shoнld Ье possible to iclcнtify а l1ypotl1etical пеw grщge Ьоsон, tl1e Z', at tl1c LHC. 



Chapter 1 

The detectors: CDF and CMS 

The resнlts describcd ін this tl1esis wcrc obtaiнed Ьу aпalyziнg the data of tl1e CDF detector 
анd froщ siшнlatioнs of the CMS dctcctor. CDF апd CMS are шнlti-pнrposc detectors bнilt 
to aнalyzc lш<-lroн collisioпs froш respectively tl1c Tevatroп accclcrator, collidiнg protoпs witl1 
анtі-ргоtопs at ап eпergy of 1.96 TeV ащl tl1e LHC acceleratoг, wl1ich will collide protoпs with 
protoпs at ан епегgу of 14 TeV. First we give а descriptioн of t,hose two detectors анd tl1eн 
aпalyze tlюir соrшпоr1 poiпts апсl differeпces. 

1.1 The CDF detector 

The Collider Dctcctor at Ferшilab (CDF) is а geпcral ршроsе detector located ін tl1e Tevatroп 
accelerator at Ferrпilab. Tl1e first collisioпs werc produced апd dctccted ін October 1985. Froш 
1992 to 1996, tl1e detector rccorded аЬонt 110 рЬ- 1 of data dшінg tl1e so-called R.1ш І. Tl1e 
aнalysis of this data rcsнlted ів аЬонt 200 publicatioпs, thc l1iglilight Ьеіпg the discovery of 
tl1e top qнark іп 1994 [lf1]. Tl1is was followed Ьу а шajor· accelerator апd detector нpgr·ade 
coшpleted ін 2001. CDF started а secoщl Ruн of data takiнg ін April 2001. 

1.1.1 The Tevatron accelerator 

Tl1e Tcvatror1 is а syнclirotroп riнg of 1 kш racliнs desigнed to accoleI"ate protoнs апd aнti-protoпs 
нр to а collisioп ceнter of шass eнergy of Js = 1.96 TeV, нsіпg super-coнdнctive шagпcts witl1 
а fіеИ of 4.2 Т. Figшe 1.1 shows а siшplifieci view of the acceleratioп systeш. 

Іп this рр collideг, protoнs are produced Ьу ioni~iнg l1ydrogeп. The н- іопs are accelerated 
нр to ан eнergy of 750 keV Ьу а Cockroft-Waltoп accelerator followed Ьу а Lінас wl1ich briпgs 
tl1e paгticles up to ан e11e1·gy of 400 Ме V. Tl1e іопs are tl1e11 passed tl1rough а thiп lауег of 
grapl1ite to strip tl1e elcctr-oнs. Tl1e resнltiпg protoпs are accelerated іп а sшall 150 ш гасlінs 
sy11cl1rotroп (Boosteг) нр tu ан eпergy of 8 GeV, divide(l іпtо Ьнпсhеs апd tl1eп passccl to tl1e 
Маіп Iпjector. 

Thc aпti-protoпs arc produced Ьу the інtегасtіоп of 120 GeV protoпs froш the Маіп Iпjcctor· 
аrн1 а target of пickcl. After Ьеіпg colliшated at ап епегgу of 8 GeV they аге dcbш1cl1ed інtо 
а сопtіпнонs Ьсаш анd stocliastically cooled dowп to reduce tl1e eпcrgy clispcI"sioп. Tl1e aнti
protoпs аІе theп accнnшlatcd ін tl1e асснnшlаtіоп riпg. Wl1eн the пшnЬеr of анtі-ргоtопs is 
sufficieпtly high thcy аге iпjected іпtо tl1c r·ecycler riпg. Tl1c recycler riпg is оне of the accelerator 
iшproveшeпts ін Ruп П. It allows tu store tlю aнti-protoпs froш tl1e accшrшlator апd it also 
recyclcs tl1e aпti-protoпs tl1at clid rюt iпteract ін tlie Tevatroп. 

After the first acccleratioп step, protoнs апd aнti-protoпs are divided іпtо 36 bш1cl1es аші 
acceleratcd to 980 GeV. Tl1e інstанtанеонs lшнirюsity is giveп Ьу tl1e followiнg forшнla: 

11 
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wІ1стс І is tlic гнvоІ111.іо11 Г1·с'<р1сш:у. П is t l1e 111_1шІкт of' 1m11cl1cs, Np н,11(! Np t11c ш1шІкт of· 

pгot.011s шн1 ;-шtі-ргоt.опs рсг 1ншс]1 юнl af, тн! af, шт tlю tгнлsve1·sc (\i111e11sio11s of' t.l1c 1.>сшнs 
at t]1c collisioн роін1. Tl1c p1·opo1·tioнalit:v І'асtш· <kpcшls 011 t.lн' lo11µ;it.11(li1щl r·сж>lнtіон of" tlю 

lн~аш ашl 011 l1is (!іsрсгsіон ін tlн· pliasc spacc. Ін Ннн 11 111с 111.11111хт ot· Iлшclics is інсп~аsн([. 

lmt. 1.Ін· 1111н1Ін~г of paтticles рег IJ1111cl1 is пщи;Ьlу 1.І1с sa111c as ін Пнн І. Tl1e lншіпоsі1у н1 І.І1с 

нп<! о/' 2()();{ (\vl1cн tlн' stшly <Ісs<ті]нх] l1егн was <lot1c) was аІюнt [, гv :; х lO:\Jct11 2s 1, нs 
Гіµ;1лс slнпvs. lн .Jшн· 2004, а гссонl l11111i110sity ot· 1.02 х 10:12 с111 2s 1 І1нs lн_~с11 гcacltc<l. 
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Ін tlн' f(Jllowi11g 1.І1с CT>F <lctcctoг will І>с <l<жті])(~<l. 

1.1.2 Tl1c CDF cletect.oг 
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ан elнctiїm111g1н·I і<' at1cl ]ннlгоніс снlо1·і111с(сг to iclннt.if'y аtн! 111cas1ll'c tl1e !шсгµ;у of· tliE~ ek~ct.г011s. 

pl101011s ІJІІ(l jcts: шнІ fiнally 11н· 11111011 сlшшІн'l'S. "''igttt'<' І :; slнпvs а view of' tl1н СП'"' <kt-(~clш. 

А <lctaik<l !lcs<тipt.ioн of' 1 Ін· <ktccl<її сан І1п Го11111l і11 [!І]. 111 tІн· Гollowitig, wc givc а lн·icf' 

<kжтірtіон of' tlнe ti-acki11µ; syst.cш. tl1e саІогі111сtсгs. t]1c tгiggf'І' syst.c111 a/J(_l tlн.' clctcctoгs нн•сl 

tіл· tlic lншіпоsіtу <lctcпrtiнatioн as tlн·s<~ ar·c tlн• sнlнletнcto1·s п>Ісvанt f(JГ 01tг aнalysis. 

Tlie t r·ackiпg systeш 
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шost іпt1<~1· pa1·t шнl ccll-cl1·if1 cl11tt11l>cтs ін tlю 0111с1· рагt .. 

Тlн' siliuш tгacki11g systc111 is coшiюsecl of' ;) (1iffшп1t <lє:t<~clor·s s11l>syst,cшs: Lауш-00 is <l 

lау<т of' silico11 clet1~c1 огs iнstall!-~<l сlігє·с1 Іу 011 t l1e І1е;ш1 рі[н' to ішргоvс tl1c ішрасt. р111·н.1ш·kг 

гesol11t іо11. ТІ1с11 сошеs tlн· silico11 vcгtcx <letec101· (SVXII), >vl1icl1 is со1111юsс<І оГ fivc laycгs of' 

1!0111)lc-sicle<l sili('Otl S<'t1soгs v:itl1 а coш!Jitmt іо11 of' lк)tl1 !IO-\legгcc ашl sшall апµ;lе steгeo Іау(:гs 1-о 

µ;ін' :J-<Іі11н·11sіо11нІ і11f"опнаtіон. Tl1<' cxpcctecl її'1·tех 1·<'sol1_1tioн is ад < :ю ;ш1 ;1щІ rт; < ()О /ІІН. 
"''і1111ІІу. t11c ІнtсшН'(1іа1е Silico11 Т,ауш (ISl,) is н lн1·µ;с 1<нlінs sіІі<'ОІІ t тсkст wit]1 а total active 



14 

() 

! 
і 
о 

2m 

І 1' 1' 
б 8 

-· / 

. ·· ....... 

jm 4m .:=1m 

11 ''І ,І І" 11 
10 12 14 Ні ft. 

C'llAYП~H 1. ТНЕ JJETE(''l'OЛS: СЛР ЛNЛ С!\18 

с===1 

ШіШ -f' .. J 

mшш 

ClNIHAL DHlf І CHAMHfH 

f L f СІ kOMf\C;Nf ТІ С 
САІ .. 01' І Ml І L..І< 

ЕМ с;ноwlн , 
МАХ І МІJМ CHAMCJlfi 

HAIJHON І С САІ Ok І Mf Г[f< 

MLJON ІЩ І І І СІ ІАМОLГ6 

Sllll SHllLLJINC 

MUON SCIN! !LI АІОН 
СОІ.ІNТЕR 

__ ... · ISL (3 LAYf'І<S) 

_ SVX І І (3 DAГ<RCLS) 

І N І f НАС І І ON f'() І N І ( ІЮ) 

SOLENO l lJ СО І І_ 

IJf : f СІ ОН 

SІ ЮWШМАХ DCTECTOR 

. ·. ~~''° 
-~---~-·--···- ~-: .. · .......... ·-~·-· ·' --- .. ~-:_ ___ ,' -~--- - . 

гт . 

F'ІСtї·Н: 1.:{: Шспп.Ііоп . . . . 1· /Ju· СПР ТТ Ііс/,1уfот (!і]. /!'/,("ІІІ о/ от1.1 !щ.іj о. 

?.О ·--

1 ~) 

1.0 

svx 11 

5 LAYERS 

СІН' T1·:н·ki11g VоІншс 

1 ~) 1.0 

ІNТЕRМЕОІДТІ;; 

SILICON LAYERS 

? о ? 5 3 Q ТІ 

. . . . СПР П 1'ги.сkіпл s:чslcm (1 ї]. І 4 Т,оп.11і/щlищ/ І'ІСШ of tl11 . Г1с1·11ь: · : 



1.1. ТНЕ CDF DETECTOR 15 

area of" аЬонt 3.5 ш2 . It is coшposed of 296 basic tшits, called ladders, шасlс of tl1гee silicoн 
sensors bonded togetl1er in order to forщ оне clectгical нніt. It is located between the silicon 
vcrtex detcctor апd tl1c ccпtral oнter tr·acker. It covers а pseнdorapiclity 1 region нр to l'r71 = 2. 

The Central Oнter Tracker (СОТ) is tl1e нсw CDF П ceнtral tracking сlшшЬеr. lt is an open 
cell drift cliaшber with а шахішнш d1·ift tіше of аЬонt НЮ ns and tlщs able to operate at а Ьеащ 
crossiнg tішс of аЬонt 132 нs. Tl1e СОТ consists of 96 layees апапgссl іп fош axial ашl fош 
stereo superlayeгs. СошЬіnінg the hits to recoнstrнct the tracks, tl1e СОТ ecaches ан efficieнcy 
close to 100% foe l1igl1 Pt isolatcd tmcks. The expected hit resolнtion, based оп the Rнп І 
ехрееіепсе is cr < 180 µш. It also pгovides sоше dE / dx inforщatioп for particle ideпtificatioп. 

Between the СОТ and the solenoid is the псw tішс of fligl1t detector (TOF). Tl1is scintillator 
based detector witl1 а 110 ps еєsоlнtіоп lшs the capability to tag charged kaons in tl1e Pt range 
fеош 0.6 to 1.6 GcV. 

Aroш1d tl1e tracking systeш staпds t11c sнpeecoпdttctiнg coil. With а current density of 
1200 А/ш, it provides ан axial шаgпеtіс ficld of 1.5 Т over а нsefнl volшne of 2.8 ш in diaшeter 
and а lengtl1 of :3.5 ш. Tl1e design п10шепtшн 1·сsоlнtіо11 of"tl1e tracking systeш is бpt/Pf = 0.1% 
for Іr1І < 1.0 ашl of 5Рt/Й '""'0.4% 1.0 < Іт1І < 2.0. 

The calorimeter system 

Oнtside tl1e solerюid, а scintillator-basecl саlоеішєtс1· c:ovces tl1e region Іт1І < 3.6. As slюwн ін 
Fig.1.:1 tl1e caloriшeter consists of ан і1шеr electeoшagпctic: section followed Ьу ан oнter hadroпic 
section. Botl1 sections coпsist of altematc layers of sciнtillators апd passive шaterial. Lead is 
нsed for the electroшagпetic caloeiшctcr анd інш for tl1e hadroпic оне. Tl1e caloriшeter can 
})Е~ diviclecl ін а ccпt1·al regioп (detecting particles нр to Іr1І = 1.1 for ан eveпt vertex ін thc 
dctcc:tor сєнtєr) апd а furward region (detectiпg particles ін tlie r-aнge 1.1 < Іr1І < 3.6). Good 
ideпtificatioп of· isolated electron is possible нр to а pscнdorapidity of 1771 < 2. Tl1e ceнtral тgіон 
is instrшпented Ьу the central electro-шagпetic caloriшeter (СЕМ) апd tl1e ceнtral hadronic 
caloriшeter (СНА). Tl1e СНА is thcп fшtl1er extended ін r7 Ьу the endwall hadron caloriшeter 
(WHA). The caloriшeter systeш is scgшcнted in towers aloпg tl1e r7 апd ф directions pointing 
toward tl1e interaction роіпt. Tl1e towcrs are сошшоr1 to the electroшagnetic and hadronic 
caloriшeter. Іп the ceпtraJ (foewa1·d) 1·еgіон, eacl1 tower covers а дф of 15° (7.5°-15°) and а дr7 
of 0.11 (0.09-0.64). 

The resolнtioпs оМаіпєd ін а tcst Ьеаш (single electroпs ащі ріопs) are Лf = ~ ffi 1 % for 

tl1c ccпtral electгoшagнetic caloriшeter and л; = ~ ЕВ5% for l1adroпs [17]. Ін thc ccпtral rcgioп 
tl1e1·e аге also two position detectors, the ceпtral prc-racliator gas cliaшbe1· (CPR) jнst before 
the electroшagпetic caloriшeter ащl tlю ceвtral Е-М strip/wire gas сlшшЬеr (CES) iпside it. 
Tl1e slюwer шахіпшш chaшbers contribнtc to tl1e i(_leпtification of electrons апd photons нsing 
the position шеаsшешепt, to шatcl1 tl1c "clнsters" with the tracks, the teaпsverse shower profile 
to separate photoнs froш п0 s, анd tl1e pнlse heigl1t. 

1 А сошшоnlу used var·iable ін lia<lroп colliders is tl1c rapidity, У, deiiнed like: 

У=~ ln FJ + Pz 
2 Е-р, 

Н ін <lefiнe<l witl1 respect t,o а direction, z, usually taken parallel to t,he Ьеа,m a,xis. Тf р > > rn, tl1e rapi<Iity са,п 
Ье approxiшate<l Ьу tl1e psendompidity, defined as: 

ry = - ln(taп(0/2)) 

where (;І is the a,ngle betwecn thc particle шошепtuш апd tl1e heam ІJ,xis. 
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The trigger system 

Due to tl1c vcry l1igl1 total interaction rate сошра1·сd to tl1e rclativcly sшall rate of iпterestiнg 
interactioнs (as slюwн ін Figшe :~, он page R), it is fш1daшental to lшve а vcry sophisticatecl 
trigger able to extract tl1e шost interesting physics events froш the large nшпЬеr of collisioнs. 
Ін Пш1 П, tl1c шахішнш data to disk reco1·diпg ratc for CDF is 75 Н:;;;, wl1ile tl1e collisioп rate 
is 2.5 MHz. Tl1e CDF П triggeг is oгgaнized ін tlлee differeпt levels. Thc 1cvcl 1 trigger 
(11) provides fast drift chaшber tracks, ш1юп апd electroп triggers based он sigrшtures ін tl1e 
шнон chaшbers апd caloriшeter іп сошЬіпаtіоп with drift chaшber tracks, апd caloriшeter 
basccl triggcrs based оп шissiпg transverse energy, plюtoпs апd jcts. This trigger has alшost по 
dead-tiшc. It posscsses а 42 stage pipelinc анd сан шаkс а trigger decisioп every 132 пs with а 
total lateпcy tіше of 5544 пs. А пеw оп-lіпе processor recoпstructs СОТ tracks ( eXtгelilly Fast 
Tracker). Tl1e 11 accept rate acl1ieved іп 2003 was 20 kHz. Tlic 12 trigger adds іпfоrпшtіоп 
witl1i11 аЬонt 22 1-ts, to tlic objccts fouшl Ьу tl1c 11 tгiggc1-. It does а liшited event recoпstrнctioп 
which is processed ін ргоgгаrrшшЬlе processors апd reduces the eveпt rate to аЬонt 300 Hz. Tl1e 
eveпts that pass 12 are processed Ьу а пetwork of parallel processors called fаппs, wl1icl1 do а 
fiпal filteriпg, redнciпg the eveпt rate dowп to 50 Hz. 

1.1.3 The proton-anti-proton luminosity measurement at CDF 

The шetlшd used Ьу CDF to Illeasure tl1e lшniпosity is based оп the rate of iнclastic рр iпter
actioпs2, usiпg the forшula: µ · f не = О'іп · [, where р, is the average пншЬеr of інtегасtіопs рс1· 
Ьнпсl1 crossiпg апd f вс is the rate of Ьнпсl1 crossiпgs іп the Tevatroп. 

Tl1e lншіпоsіtу пюnitors, tl1e so-called Cereпkov 1ншіпоsіtу Cotшt,ers (С1С), showп он Fig
ure 1.5, are desigпed to шeasure 11 withiп а few ре1·сепt, since tl1e average пншЬеr of iпteractioнs 
per crossiпg is proportioпal to tl1e average щ1шЬеr of hits іп the С1С per buпch crossiнg. То 
clctcct cfficicнtly inelastic pj5 eveпts, the lншіноsіtу dctcctoгs аге рнt at sшall aпgles where the 
cгoss sectioп fш that proccss is l1iglieг. Two Cereпkov rrюdules were iнstallєd in the proton ( east) 
апd aпti-protoп ( west) directioпs witl1 а rapidity coverage betweeп 3. 75 апd 4. 75. Eacl1 rrюdнlc 
coпsists of 48 thiп, loпg, gas-filled, Cerenkov coш1tc1·s. The cotшtcrs are arraпged armшd tl1e 
bearn-pipc ін thrcc сопсспtrіс laycrs, witl1 16 cotшteгs eacl1, апd роінtінg to tl1e ceпter of the 
iнteractioн regioн. Tl1ey ai·c bнilt witl1 r·eftective аlшніrшш шylar sl1eets of 0.1 tшn thickпess 
апd have а сопісаl shape. The Cereпkov light is detected with fast photonшltiplieг tнbes. Thc 
cotшters are шонпtеd iпside а thiп pressнre vessel шаdе of аlшnіпнш апd filled witl1 isobutaнc. 
А priшary particle froш рр iпteractioп will cross tlic fнll lcнgth of the сонпtеr апd geнerate 
а large РМТ sigпal, wl1ile the secoпdary particle prodнced іп tl1e Ьеаш ріре апсl rrшterials 
sшro1111di11g the С1С cross the coнnter at cliffeгeнt aпglcs апd yield rnнcl1 sшaller sigпals. 

The protoп -·aпti-protoп lшniпosity is tl1eп deterшiпed нsіпg the rate of tl1e iнelastic рр 

eveпts шеаsщеd with the С1С lншіпоsіtу шопіtоr Rpp, tl1e С1С geoшetric ассерtапсе Єсlс ашl 
tl1e inelastic cross-sectioп О'іп: 

Rpp L= ----

witl1 tl1e systeпшtic епогs of l.R% он Rpp, 4.0% оп Єсlс апd а.8% оп аіп respcctivcly. Thc tot,al 
systeшatic error оп the lшniпosity was estiшated to Ье 5.8% [18]. 

2Thc СТ,С has 7.cro acccptancc for cla.'3tic рр cvcnts. 
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ГІСl!І{f·; 1.:~J: А .01'11cnщJir· и·ісш о/ tltc CLC. 

1.2 Tl1e CMS detectoг 

Тlн~ Сошрнсt 1\1нош-: Solmюi<l (CMS) ехрегішенt. is а gеш·гаl р11гроsЄ' <letectoг wl1icl1 vvill 1.Jc 1o
cak<1 а(. ІІн· f,1нg<· ІІ1нІнш Colli<l<·1· (IJIC) НіїсІ\'t"11Іо1· at СЕПN (С~('ІІ<'vа). Tl1e ргеsенt sclнчlнlc 
Гo1·cs<·cs tJ1<· Нгс:t. ргоtхш ргоt<.ш collisioнs ін S11111ІJ1Є'Г 2007. 

1. 2 .1 Tlie Largc Ha<lroн Colli<lcг 

Tl1c T,a1·g<"~ Ha<l1·011 Colli<"le1· (IJIC) is а ]їїОt.оп-рго1011 соІІі<Іс1· wit.11 а C(:lllE~г of· шass РШ'lі-!;.У of· 
14 TcV а~нІ 11 <lesig11 І11111і1юsі1.у оС L: = 1о>и с111 1 :-; 1. Tl1c Т,НС. wl1ic]1 is снпенtlу ])(~інµ; 
соп::;tпн:t_с<І і11 tJн· cxist і11µ; Т,ЕГ l.111111cl. lias а сігст11f"сгс11сс of· 27 k111. }\g11ії: І 1; sl1ows а 

scl1cшat.ic vicw of' t.l1c Т,НС 1·ітщ ai1<l Ta11lc pгcscнts ::;01нс of' tl1c І~НС pai·11.111eteгs. 
Тlн: LllC \Vill Ін• сшшесtесl to t11e Ct:HN ассr:Іегнt.і1щ f'acilit i<:s. Іїн: SPS штс1сmtо1-. ])І'і1щ

і11µ; p1·01011s ГгоІll ан еш:гµ;у of· 2(·) CcV нр t.o нл <":t1e1·g.v оГ НЮ (i<.'V will іпjнсt pmtoнs інtо tl1c 
LHC гінµ;. Iнsitlc tl1c І.НС. tlн· pгotons will tl1c11 lн~ accclcтatecl to ан шнтµ;у оГ 7 TC'V witJ-1 tІн: 

l1elp of· sіхtнен 400 l\IHz 1'<нlіо-f'гс(р1с11су cavities, <-tsseшl)lf'cl ін 1 вюсІнlсs. 
Tl1c <Jcsig11оІ"1 Ін~ ин:; is 1111·нl<· і11 s11cl1 11 way t.l1at pгot.or1s will ciгc1.1lat\~ іп lюtl1 cliгect.ioнs ін 

two pamllc1 vac1.11.1111 t-11]_1c::; <'t11!н·<1tk(J і11 011с toaµ;нct sу::;І_.\..'ІІІ (tl1c so-caJ1ccl '2-і11-1 · тарн:t). Тl1н 
шаµ;нсtіс ficlcl to l_1cп(l tlic tгajccto1y of· tlic 1лоtонs is tlшs чніtе coшplicatccl, ::;іщ:с іІ. l1as t.o Ін: 

ін tlн• oppositc (lінт.tіон f'o1· cacl1 of' t]н· tvvo tнІн's. as slюv.тн ін }'іµ;нге і. Тl1сгс will l_1c 12:~2 

таін clipoles ашl аІюнt ,1()() чшнlгнроlсs нlощ; t lн· 1·і11µ; t.o glli<l(' t Ін: paгticlcs ашІ со1тссt t 11сі 1· 
tлijecloгi('s. Сіvен tl1e Г<'t/liнs of' tlн· t1ш11el а1нl t Ін: <·11е1;;у t.o lн~ r·<·acl1('\[ оне сан calcнlatc tl1at 
tlю шаµ;нсt,іс ficltl !-о kccp tl1c pгoto11s i11si<lc tJ1c гінµ; Ішs to lк~ of" аІю11t 8.:~ Т. ТІ1с (mly wну 
t.o оІ1tаін s11cl1 а 11iµ;l1 шаµ;неtіс fiel<l is to нsе s1tpeгcoшl11ctivit_v. 111 огсІнг to шаkс tlic шаµ;11сt 
s11p<·1·co11\l11c1 iV('. t Ін· <lipoles will Ін· сооlє:сІ <low11 t.o 1.() І< wit 11 s11pc1·-f111i<l lleliнш. ішрlуіщ . .; а 
Іш·µ;с сгуоµ;с11іс ::;ystc111 iпsi<Jc t-11<' UІС І-111111с·l. 

Сшн:нtІ~т tІн· LHC is sнppose<l to staгt \Vit.!1 нл i11st.нлtaiюo11s Ішпіпоsіtу of· lО:л сш-:2 :-; 1
, 

f'ollowc<l 1>у 11 scco11<I pl1as<' wl1c~Г(' tІн· 1нт<"·lегаt.01· will ор\'гаt,с· wit.l1 ш1 i11st.a11taпeo11s !11шіноsіtу 
of' 10:14 сш· :2 s 1

• Тlн.' LHC slнmlc] also пш а сонрl(~ of" шo11tl1s еїї~І"У усю· c0Jlicli11.o; Існ<І tll!clei. 
Тlн· cE·11IE'1·-of'-шass еш•щу рег ннсlеон раі1· slюнlcl І1е оі' ГJ.1 T\•V. lll sнcl1 l1iµ;l1 снсщу 11cavy 
111кІсі collisi011:-:, н (pta1·k-µ;l11011 plasm1'1 111і,2;І1t lн· Го1·111<·<І 1111<! іІ::; pгopc1·t.ies will Ін' stшlie<l. 

1-'їgше і 11 :-:Іннvs t!1н locatio11 of· tl1e f(т11г <l('tcctoгs \Vl1icl1 vvill st щІу collisioнs at tl1(' LHC: 
ЛTU\S (Л To1·oi<Jal fЯС Лррнт.t11S). C1\ifS (Сош1хн:t Мнонs Solcнoicl), ЛUСЕ (А l,a1·g(' !011 
Collicleг Ехрегішснt) ашl LНСЬ. Tl1c fi1·st t\vo аге шнltі-р1щюsЕ~ <lett-'ctoгs. Тl1сіг шаі11 pl1_v::;ics 
µ;0111 \viii lн~ t.lн~ llip;p;s sе1нсІ1 ;-11нІ tJн· <'ХрІо1·а1 іо11 оІ" possil1lc 11<.'\V рІ1с·tюіїН'll1-І. at. 11ір;11 шasscs. 

ЛLІСЕ is а (lctlicatct] tlctccttя. wl1icl1 \Vi1l юшlуzс tl1c collisioнs of' lieavy іон::;. Fi1iall.v T,HCl1 is 
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ІІ'к;u1ш 1.7: А LllC !lipof1 (':3-in-J · mrц;nct) шitl1. its u1lг11.f11!J1J тл11пеtіс fielri .fот а 10 '1' 
.fieM (! 
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also а ([pc[icatнcl cletectш, vvl1icl1 wiJl st1нly СР violнlio11 ащl оtlнт Pll'C pl1c1ю111cr1a і11 І,]1с (Jccay 
оГ І,]н~ !"Jеа11Іу <111агk. 

1.2.2 ТІ1е CMS clet,ect,oг 

АІю11t 20ІН) sci(mfist.s Гго111 11н1Г<~ tlia11 НЮ i11stit11tio11s ансl ;{() co1шt1·ics агс i11vo]vccl і11 tl1c CMS 
cxper·i1щ·11t. А <kl,ail<'<l <kscгiptio11 оГ tl1is <lctcctoг сан Jю f"ошкl ін [l!]. fіµ;шс .і" slнлvs а 

scl1cmat іс vicvv of" CТ\ifS. 
І,і!и~ ('!)!-<", CMS is н 11111Іt.і-р1111юsс <lct.cctoг witl1 а tгасkіщ; systeш to clct.cct cliaгµ;ccl paгti

clcs, clcct гст1аµ;11сt іс шнJ lшсІншіс caloгiшcte1·s to 1ш~аsнїї' t.Ін~ (•11c1·gy of' еlнсt.гонs, plюtoнs aiнl 
jнts: юнІ ш1ю11 cliaшlн'гs to <letect ш11011s. 111 Іlн· ГоІІоwі11µ;, а sl1oгt <Jct,cctлг <!csc1·ipt.io11 \viii 
і>(' µ;іvен vv·itl1 рагtісн1аг eшpl1asize cm t.Ін~ s11lнklcctoгs tlшt will lю нsc<l і11 tJ1is sl 11<.Іу, і.с. І І1с 

clccІ.r·o111ag11ct іс <·нl<н·ir11el.cr". 

Hadroпic 

Calorimeter 

. ·' .. > ,',' 
SupercoridtJCtiog Soleпoid 

С ompact Muon S olenoid 

SіІісоп Tracker 

РіхеІ Detector 

Prestюwer 

Мuоп 

Oetectors 

f1са 1 1ш 1.х: S1-lu:muti1· 11іеш о/ /Jц: CMS 1ісІссtот ut LHC //!). 

CJ\IS staшlн f"o1· "Сошрасt J\lшш Sоlеноі<Г. Іщt lias 11cvcгtl1clcss а cliш11clcr· оІ· І:) 111 п1н! а 
lc11µ;tl1 of 21.6 ш. Oespite it:-: ніzе, t.!н' clє~sig11 оГ CMS is <lгіvсн ])у tl1c i<lca о/" l>ci11µ; as со111расІ 
as pos:c;i!Jle \VitJюнt c.01щїїomisi1ig it:-- pl1y:-:ics рс1-f"огшанссs. 

Tl1c "S'" of CMS staшls f"ог :-:оlеноі<І. ТІ1е 111аµ;11сІ гсІ шт~ yokc is iшlcccl tltc шаі11 co1щ>ot1c1tt 
of' CMS ін tегшs о!" \vє~igl1t, siz<· щ 1<1 рІау:-- а stпн:tнгаl 1·ole ін :-:нрршtінg tl1e оtlнт сош1н.шснts 
01· tl1c (\сtссІог. C!\fS \Vill lшvc а vсгу l1iµ;l1 шaµ;11etic fiel(l t.ogcll1c1· witl1 н Іагgе шаg11пt. vоlшш'. 
а:-: tlн' coil vvill lн~ placecl aJte1· tl1e u1]01·i111<·lc1·s. ТІ1с гс<111іп~сl 1шщш~tіс fickl і:-: аЬонt 4 ·г wil 11 
а ([іашсtсг of' го1щl1lу fi ш ашІ а 1tшµ;tl1 оГ J;j 111. 'Т'lii1s. 2 CJ of сш'гµ;у wil] 1Jc stoгccl і11 (]1с 

111ag1юt .. S11cl1 11 11igl1 11щµ;11сl.іс ficl(l wil! lJc tтeatecl l>y а vегу l1igl1 с11п<~11t. (20 kA) сігснlнtінр; ів 

sЩJcгco11tl11cti11µ; stлшJls. Tl1c шар;нсt will tl111s Ін· с<юІе<l <low11 to 4.2°К wit.11 Іі<111ісІ І1сІі11111 to 
шаkн it :-:щ><тсошlш:tівр;:. Тlн· шаµ;псt іс 1111х is H'tш11ctl t l1гощ:ф а 1.:) ш t.l1ick sat1лatccl іго11 

:'ТІн· J.,JJ(' sщнтсо1нlt1сІ.і1щ 1r1aµ;i1ets l1ave нІн)lІf 1 І1с н111н· <10101.шt оГ 1•І1•сІ гісаІ пштн( ci.1тrtl<1tirщ Іщt will. 
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yoke, wl1ich is split інtо five Ьarrel riпgs апd two енсl-сар disks lюusiпg tl1e Пltюп clшшbers. Its 
solerюitl is placed after the caloriшeters, thнs rюt clegїїtdiпg tl1e eпergy resolнtioп. 

Іп tl1e followiпg а descriptioп of tl1e differcпt CMS suЬ-detectors is giveп. 

The tracking system 

Placed аrоннсl tl1c iпtcractioн роіпt, CMS will liave trackiпg сlшшЬегs coнsistiпg іп silicuп 
pixels layeгs ажl silicoп шicro-stгip layeгs. Thcy will occupy а cyliпdrical voluшe with а leпgth 
of аЬонt 5.4 ш ащl а diaшctcr of aЬout 2.4 ш. Tl1e laгge vоlншс of the trackcг togetl1e1· witl1 tl1e 
4 Т пн-~.gпсtіс ficlcl allows а sigпificaпt Ьепdіпg of thc track апd therefore ап accurate шошепtнш 
шєаsurешепt of l1igl1 eпergy cliarged particles. 

Тlнее layers of pixel detectors, placed гig}1t аrонжl tl1e Ьеаш lіпе will allow а precise vertex 
rccoнstr·uctioп апd will provide also tl1e first stcp іп tl1e track гесопstrнсtіоп. The expected 
pixel l1it resolнtioн is сr,.Ф ,....., 10ІLШ анd cr"z ,....., 17/дП. The silicoп шicro-stгips placed after· tl1e 
pixel cletectors will allow а precise track rесопstгнсtіоп. It coпsists of four irшer Ьarrel layers, 
two doнblc-sided outer Ьarrel layers апd fош siнgle-sided outer barrel layers. The expected 
l1it resolutioп for tl1e silicoп strip is сr"Ф = 10 - бОµш апd СТгz = 500/дll. СошЬінінg these 
нншЬеrs, tl1e expected CMS tгackiнg resolutioп raпges froш бPt/PZ = 0.015% fог lr1I < 1.6 нр 
to бpt/PF = 0.06% for 1771 = 2.5. 

The calorimeter system 

Tl1e electroшagпetic caloriшeteг (ECAL) is iпstalled after t,l1e t.rackiнg cliaшbers. It is а crystal 
caloriшeter, coнsistiнg ін 75'848 lcad-ttшgstate (PbW04) crystals. Thc barrel crystal dішспsіоп 
is roнgl1ly 2.2 сш х 2.2 сш х 23 сш. Іп tl1e eпdcaps, tl1e crystal dішепsіоп is 2.5 Clll х 2.5 сш х 
22 сш. Tl1c сlюісе of lead tuпgstate was шotivatc<l Ьу its f'ast light decay tіше (100 пs are епонgh 
to collcct all tl1e ligl1t eшitted Ьу tl1e crystal, aЬout 60% of the light slюнld Ье eшitted already 
aftcr 15 нs agaiпst :ЮО пs for llG0'1 crystals) апd its good radiatioп resistaпce, as the crystals 
lшvє to eпdure very high radiatioн closes. Lcad tuпgstate has also а slюrt radiatioп leнgtl1 (tl1e 
crystal lcнgtl1 1·cpieseпts about 26 radiatioн lcнgtl1s) апd а sшall Moliere radius, whicl1 шеапs 
tlшt tl1e slюweI shoнld Ье well сонtаіпсd laterally iпside а few crystals. For 35 Ge V elcctroпs, 
аЬонt 50% of the electroн снещу is сопtаіпеd іп оне crystal апd 80% ін а 3 х 3 crystal array. 
А drawback of tl1c lca<.l tш1gstate is its relatively low ligl1t yield, which is аЬонt 14 tiшes less 
tliaн BGO cгystals. То collect the sci11t.illatio11 ligl1t eшitted Ьу tl1e crystals, two avala11cl1es 
plюto-diodes (APD) per cгystal ін tlю barrel regioп апd оне vacutшl photo-tгiocles (VPD) pcr 
crystal іп tl1e ещl-сар геgіон, will Ье glнed at the ещl of eacl1 cтystal5 . 

The 76'000 crystals of tl1e ECAL al'C asseшbled together ів а шodular strнctнrc. Тlю dcsigн 
of the strнctнre wl1ich lюlcls thc crystals togetl1er, is dоне ін а way to шінішіzс tl1e cracks. 
This is the reasoп wl1y tl1c crystals are tilted іп tl1e traнsvcrse рlапе Ьу :~ degr·ees, leadiпg to а 
quite coшplicated geoшetry, as slюwн ін Figure 1.9. Іп 77, the crystals are tilted froш О degrees 
нр to :~ degrees іп order to allow thc electroп trajectories to })с ін шost cases parallcl to thc 
crystal axis. The barrcl ECAL is divided іпtо sнb-шodнlcs, нюdules апd sнper·-rrюdules, as 
Figurc 1.10 illustгates: а sнЬ-шоdнlе is coшposed uf 2х5 crystals asseшbled іпtо а fiberglass 
alvcolar structure. Forty or fifty sнb-шodules are tl1eп asseшЬled іпtо а шоdнlе, coпsistiнg 

нeetl to Ье cooled down to an cvcn Іоwсг tешрегаtнrе, of І Л 0 К. This is because tlie шщi;nctic fiєld c1·eated Ьу 
tl1e LIIC шagнets is liigl1er than the CMS onc, reчui1·i11g tlшs tl1e critical tcmpcrature to Ье lower to keep tlic 
шagnet sнреп:оrнlнсtіпg. 

4 Tl1e crystals нsed e.g. in tlic L:3 dctєctoг. 
"Tl1e plюtotletectors have to opcratc in а гatl1er lюstile environment, in а stroнg magnctic ficld of 4 Т and 

ш1dе1· ннprecetleнted radiation lcvcls. No siнgle шasн-prodцced photodctcctoг exists tliat can liandlє botli tliєsє 
cliallenges шнl tl1erefore two types have to Ьс used: avalaнcl1e photodiodcs can opcrate in strong transvcrsc 
magnetic fields анd will Ье нsetl ін the barrel part of' tl1e caloriшeter. In the endcaps, the vасннm phototriodes 
will Ье usecl ін опІеr to соре with t.he liiglicr lcvcls оІ i·atiiatioп. [21] 
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у 

FIGOR.E 1.9: ConstrucUon of tlie crystal ф-tilt. Тlie plot оп th,e right shлшs h,ош tlie supeт
rnodules are P'Ut to_qetlieг іп the trans11erse plane. [21 j 

tlшs of 400-500 cтystals. Finally, fош modules are put, togctl1er to forш а super-шodule. Tl1e 
dcsigн guaraпtees а шахіnщш distaпcc betweeп crystals faccs of 0.4 шш withiн а sub-nюdнle 
апd 0.6 шm across two suЬ-пюtlules. А crack of аЬонt 6 пш1 is expected between two sнper
modнles іп ф ащl 6.8 and 7.8 шm betweeп two пюdнlеs at differeпt 'Т/· Tl1ere are іп t,otal 36 
sнper-moclules, sнЬtсш1іпg ап aпgle of 20 clcgree. Figшe 1.11 slюws an artistic view of tl1c 
ECAL. 

Tl1e спdсар ECAL is built нр of icleпtic:al 5 х 5 crystals. То спsшс а l1erшctic design, tl1e 
crystals will Ьс orieпted toward а point locate(l 1.3 cm away from tl1e іпt01·асtіоп роіпt. Tlшs 
tl1e crystals are off-poiпt,iпg to а siшilar exteпt as tlю barrel crystals. 

А preslюwer bнild ів tlie froпt of the епсl-сар caloriшeter shoнld allow to reject 7Го Ьу шеаsш
іпg the traпsvcrse pгofile of tl1e electroшagпєtic slюwer after roнghly th1·cc iвtcractioп leпgths. 
Tl1e preslюwer is hнilt like а saшpliпg calorimeter with lcad as absorber ацd а layer of silicoп 
strip seпsors for the шеаsшстепt of the charged partic:lcs created іп the slюwer. The expected 
resolнtioп is armшd 300 JLШ fог а 50 GeV 7Г 0 , corrcspoпdiнg to ап aпgle of 0.1 mrad witl1 respect, 
to the detectщ ccпtcr. For comparisoп, tl1e орспіпg aпgle is аЬонt 2 шrad, for 50 Ge V plюtoпs 
сошіпg for а 7Го dccay at tl1e iпteractioп роіпt. 

The hadroпic calorimetcr is placed right after tl1c ECAL. lt is а sampliпg calorimeter, macle 
of copper absorber platcs, iпterleaved with 4 шш tl1ick plastic sciпtillator tiles. The produccd 
Ьlне sciпtillatioп ligl1t is captшed апd sl1iftcd toward greeп іп wavclcпgth sl1iftiпg fiber·s ашl 
tl1e11 traпsported to plюto-(1iodes. Its ршроsе is, together witl1 the electromagпetic calorimeter, 
to recoпstrнct jets апd щissiпg eпergy. А caloriшctcr grarшlarity of Л11 х Лф has Ьееп chosen 
so tliat liigl1ly boosted dijcts froш W апd Z decays сап still Ье distiпgнished. Іп order to get а 
good шеаsшешепt of tl1c шissiпg eпergy, jets arc cxpccted to he recoпstrнcted нр to а rapidity 
of 5 

The muon system 

The щt1011s cl1aшbc1·s are located іп the онtєшюst part of CMS, iпsidc tl1c 1·сtш11 yoke of tl1e 
CMS шаgпеt. The пщоп systeш will liave basically tlнcc tasks: the пшоп ideпtificatioп, а 
redнпdaпt ш110п шошепtшн шеаsшешепt апсl tlю triggeriпg of physics eveпts. Мнопs, iшlike 
the electюпs, шаkе esseпtially по Breшsstralilнпg апd are expcctcd to givc vcry сlеап sigпals. 
Іп tl1e Ьапеl, the ш1юп system will coнsist of drift tнbes апd resistive plate chamhers (RPC). 
Ін tlie eпdcaps, catlюclc stгip cliaшhers will Ьс iпstalled. Togetl1er with the іпfоrшаtіоп froш 
tJ1c trackiнg clшшher а resolнti011 of а1юнt 1 %-1.5% for 10 GeV пшопs апd 6%-17% for 1 TeV 
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FIGORE 1.11: Ап artistic 11іеш of th,e ECAL, shлшing its super-rnod11le structure and tlie cгystal 
tilt іп r7 {21]. 

шuuнs is pr·edicted. 

The trigger system 

Arшtl1er iшpurtaнt aspect of tlie CMS detector is tl1e trigger system. Therc will Ьс а Ьн11сl1 
crossiнg every 25 нs tugetl1er witl1 abuнt 25 mнltiple interactions at [,,...., х 10:34 сш- 1 s-1. Thc 
data flow has to Ье reciuced froш aЬout 45 MHz down to аЬонt 100 Hz ( oнtput rate оп disk). 

CMS lшs сlшsен tu l"educe tl1is гаtе ін two steps: at the first level, all data arc storecl for 
:~.8 µs (tl1e eqнivaleпt uf 192 Ьннсl1 crussiпgs). А maximнm event rate uf НЮ kHz is tlюн 
forwarded to tl1e High Level Trigger (HLT). Thc Lcvcl 1 triggcr is а vcry fast hardware trigger, 
нsінg coai·se іпfоrшаtіон froш tl1e caloriшctcrs апd thc шtюн RPC's to deterшiпe the basic 
eveпt pюpcr·tics ін orclcr· to clcciclc if tl1c eveнt slюuld Ье discarded. Tl1e HLT is а software 
triggel" апd is based 011 аЬонt 1000 processors gruнped іп а so-called farш. Tl1c data fгощ tl1e 
detector fгont-end electronics are passed to tl1e processor fагш 11si11g а high baпdwidtl1 switcl1i11g 
network. The data flow throнgh the switch is аЬонt one Тега1)іt рег second. Tl1e fuпctiuнality 
of the CMS HLT is three-fold. First to perforщ tl1e геасlонt of tlю fгонt-епd electronics after а 
Level 1 trigger accept. То ехеснtе physics selection algoritl1шs оп tlю events read-oнt, in order 
to acccpt tlю опсs witl1 tlю щost iпteгcstiнg pl1ysics сопtенt. Firшlly to foгward tl1ese events, 
as well as а sпшll sample uf гejected eveнts, to the online services that щоніtоr tl1e perforшaнcc 
of CMS. The accepted events are finally archived іп шass storage, оп tapes. 

1.3 LHC versus Tevatron and а comparison between CDF and 
CMS. 

ln this sectioн sоше differeпces Ьetween CDF ( апd the Tevatron accelerator) анd CMS ( ашl 
thc LHC accclcr·ator) will Ье discнsscd. А stш1шary of typical desigн vaгiables for the two 
experiшeнts are slшwн ін Table 1.2. It is iшportant to keep in шind that CMS will start its fiгst 
data-taking аЬонt б years after the first collisioп took place ін tl1e нpgraded CDF detector. Ін 
tl1e шєан tішс, cliffcrcнt tcclшologics wєrc develupecl alluwiпg to acl1ieve реrfогшанссs at CMS 
that were not possible б years earlier. 

• Tlie cтoss sections 
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Tevatroв LHC 

Ccнter of шass eвergy 1.96 TeV 14 TeV 
Paгtic:lcs collicliпg pгotoпs-aпti-protoш; (р - р) pгotons-protm1s (р - р) 

Dcsigн lшniпosity (1 - 2) · lOJ.:cш-.:s- 1 1омсш :ls 1 

Mнltiple iпteractioпs рег 
гv 5 гv 25 

CГOSSlllg (;,І, <iesign luminosity) 

CDF смs 

Detectoг шаgнеtіс field 1.5 т 4Т 

Trackiпg геsоlнtіон бpt/Pf = 0.1 %, ІчІ < 1.0 froш бpt/Pf = OJH5%, ІчІ < l.G 
бpt/PF гv О.4% 1.0 < І·r1І < 2.0 нр to бpt/Pf = О.Об%, 1111 = 2.5 

Тrackiпg сhашЬег гadius 1.4 Пl 1.:3 lll 
Trackiнg сlшшЬег total 

~~ Ill б lll 
leпgth 

N шnЬеr of сlщппеls іп the 
40.5. 101 11. 106 

t.racker 
Silicoвe area 1.9 lll:l 223 lll:l 
ECAL typc saшpliпg: lead/sciпtillator гv 761000 РЬWО4 crystals 

ECAL гesolutioп 16% ЕЕ! 1 ~ 
ГЕ . о 

2.9_Lo EfJ О 1:3 EfJ О 4 ~ * 
7Е к . о 

ECAL gгarшlarity (Ьаггеl) 
0.26 х 0.1 0.0175 х 0.0175 

(Лф х Лr7) 

Radiatioн le11gtl1s ін fro11t 
1.8%Хо (tгасkег) + lXo(solerшi<i) 0.57 Хо (tгасkег) 

of tl1e ECAL (for () = 90°) 
Racliatioп leпgths іп tl1e 

19-21 Хо 2G Хо 
Ьапсl ECAL 

HCAL resolнtioп 80~ ЕЕ! 5~ ТЕ .. о ~ EFJ5% 
Е 

Barгel HCAL gгaпulaгity 
О.2б х 0.1 ,....., 0.09 х 0.09 

(дф х д77) 

Тrigger red11ctio11 гаtе 2.5 MHz to 75Hz 45MHz to lOOHz 

TABLE 1.2: А cornpar·ison Ьеtшееп CDF, Te-vatron and CMS, LHC (for tlte r·esolut'ions, Е 
and Pt are _qiven іп Се V). The nurnbers are taken from the technical design геротts of the tшо 
expeгirnents: [ 17] and {21 ]. 

* as given from the 2003 test Ьеат results (:22} 
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Сошраге(І to tl1e Tevatюn, tl1e LHC is goiпg to collidc pmtoпs witl1 а factor seveп l1igheг 
eneгgy, iacrcasiнg tl1e cross sectioпs for alrrюst all interestiпg physics processes, as Fig
шe 1.12 illustrates. For іпstапсс, tl1e cross sectioп for siпgle W and single Z prod11ctio11 
will increase roughly })у а factor tеп. 

Moreover tl1e LHC luшiпosity ін expected to })є а factor 10 to 100 tiшes 11ighcr tl1aн tl1e 
Tevatroп. 

• Jcts and backgтounds 

Весанsе of tl1c рагtон шошеntнш clistributioп in the protoп ашl thc diffcreпt ceнter of 
шass eпergies (1.96 TeV at tl1e Tevatroп апd 14 TeV at the LHC), the type of partoнs 
interactiвg at ап cпcrgy of Q2 = 101 GeV, will Ье шost probably quarks at thc Tevatroн 
авd шost probably gluoпs at the LHC. For· iнstance, at the Тсvаtюп 85% of· tl1e top aнtitop 
pairs pгoduced will соше froш quaгks and 15% froш gluoнs, wheгeas, at the LHC, 10% 
of the top antitop pairs produced will соше fюш quaгks авd 90% fгош glнoпs. Thc jct 
ргоdнсtіов at tl1e LHC is also expected to })с l1igl1eг thaп at tl1e Tevatroв. As ап схашрlе, 
the ratio ( clcctюн/jet) betweeп the iпclusive гаtе of electюпs сошіпg froш siнgle W and 
tl1e iпclнsivc шtе of jets witl1 Pt > 20 Ge V, is 10-3 at thc Tevatroп анd 10-5 at the 
LHC. То achieve coшparablc r·esults at а fixcd снсгgу, the paгticle identificatioп of tl1c 
LHC detectors shoнld tlшs Ье two orde1·s of rпagнitude better thaп tlюse of tl1e Теvаtгоп 
expeгiшents [24]. 

• Ртоtоп-ртtоп veтs1ьs ртоtоп-апtіртоtоп collisions 

The Tevatron is collidiнg pгotons witl1 aпti-pгotons, whereas tl1c LHC will collide pl'Otoнs 
with protons. Fог siпgle W /Z ргоdнсtіоп, tl1e two qнaгks will 1)c шost of tl1c tіше valeпce 
qнarks at tl1c Тсvаtгон, wl1eгeas, for t,hc LHC, one qнark will lшve to с:ошс fгош tl1e sea. 
Весанsс of tliat, tl1e w+ гapidity distгibнtion will Ье аsушrнеtгіс ін гapidity, wheгeas at 
tl1e LHC it will Ье sушшсtгіс, as it will Ье discнsSE!d in detail іп Cliapter 2. 

Оне pl1ysics goal of the Теvаtгон is to нsе tl1ese pгotoн-antipгoton collisions to шeasure 
thc toгwar·d-backwaгd аsушшсtгу of the Z rеsопапсс. At the LHC, dне to the syшшetric 
collisions, such а шсаsшешепt is nюre ргоЬlешаtіс. Nevertl1elcss, as it will Ье slюwн ін 
Cliapter 4, сvсп l1еге, а foгwaгd-backwanl аsушшеtгу сап Ьс шеаsнгесl. Tl1is сап Ье done 
if а cut он tlю гapidity of tl1e systeш is applied. 

• Th,e detectoт r-csponse and th,e tтackin_q 

А cгossiпg takes place iпside CDF еvегу 396 пs. Fог CMS this tіше is decreased to 25 вs. 
Tl1is will r·еqніге а шнсh faster <.ictcctor геsропsе for CMS. 

For іпstапсе, шilike CDF liaviпg а dгift chaшber, tl1c CMS tгackiпg vоlнше will coпsist 
опlу ін silicoп detectors. Drift сl1ашЬегs, like tl1c CDF оне, have а dead tіше of аЬонt 
100 вs, whicl1 is tюо slow t"or tl1e LHC рlапшхl cгossing tіше of 25 пs. For сошраr·іsон, 
silicon detectors lшvc а dead tіше of аЬонt 15 вs, which is liшited Ьу гсаdонt electгoпics. 

• The tтack гeconstтuction 

Tl1e пюшеntнш, р, of а paгticle with cliarge ze, пшvіпg in а шаgпсtіс field is givcп Ьу tl1e 
followiвg forпшla: 

pcos(,\) = 0.3zBR 

wlюr·c В is tl1e шagnetic fielcl ів Tcsla, R the ratiius ot" curvatшe in шеtегs апd ,\ the aпglc 
bctwceн tl1e tгack шошепtшн апd tl1e шаgпсtіс fixed <іігесtіоп. For а fixed шошспtшн 
апd а нпіfоrш шаgпеtіс field, tl1e шошснtшп геsоlнtіов clcpeнds шаінlу оп tl1e projected 
leпgtl1 ot" tl1e tгack onto the Ьешlіпg рlапе, L', the шеаsшешеnt епог at eacl1 роіпt, є, 
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Fюurш 1.12: Calcиlated cross sections for hлrd scattering ·иетsиs th,e center of mлss energy, /8, 
all cross sections except Utot ате calculated 11sing tlie latest MRST PDF [23}. The discontinuities 
іп the curves ar·ise fтorn the difference Ьеtшееп proton-anti-pтoton (8!UJшn fот Vs lошет than 
4 'l'e V) and proton-pтoton cгoss sections (shoшn fог jS high.er than 4 Те V). Ujet(E~et > JS/20) 
stands for tlie jet pгoduction cтoss secti.on тeq·uiring jets to liшve а rninirnurn епетуу scaled шith. 
the сепtег of mass energy of the соШsіоп. 
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aiнl tJ1c 1111ш!Jст of poiнts нн·н:-;111·<·<! alo11µ; t-l1c tгack, N. Н І]1с 1111111!.н·г оГ poiнt.s cxccccls 
10. а ,g;oocl арргохі11щ1іо11 оІ· tl1c спог он t.l1c 1110111c11tш111·esolнtio11 is [:/·,]: 

!J!.!_ (ге s = = -'---
)- -- І ~()') 

Pt ) R · L 1'2 N + il 

Тl1н гнsоl 11 І і011 is а lso н fГcctc<l ]JV шнltір!С' sca1Іс1·і11µ; cffccts, wl1icl1 сан })е н ррїїJх іша1 с<І 
wil.f1: 

15р 1 ( ) О.ОГJ ··· rn.s ::::::; ----
Jlt ІJJUXo 

w/н,r·c Хо. tl1c гa1liatio11 le11µ;tl1, is Гш і11slшкс 9.il пп !'01· silico11 ar11] 11000 сш fог ащон 
(11sc<1 і11 tl1c СІН' СОТ). }"го111 1.!1is f(лшнlа. оне seє's І.Іщt І,]1с сп01·s агс vсгу scшsitivc to 
І./. То ішртvе tlн· i·eso/111 іо11, cvcтytl1iщ::>; s!ю11І(І Ін-> (lo11c (stayiнµ; witl1iн 1·casoш1Hн costs) 
to ш;1.хішіz(' 1111· k11µ;ll1 оГ tl1c t1·ack. Cl\IS atl(] СГ>Г liavн alшost tlн• sаше сlтл1ІJСГ 011t.c1· 
r·rн!i11s !)111. <Іs CI\IS lias а 11іµ;lн·1· 11iaµ;11c1 іс ficl1l. it s!ю11kl !1нvс а !ні! 1.(•Г 1 гасk 1·csolнtio11. 
r(н· 1\ І о (i(_·V сІннµ;с1l pю·ticle і11 1 lн· lщпсІ, СІН' нхрес1.s а 1 РІ.Сk 111omc11t.1.1111 1·csol11tio11 
оС J<X wl1ilc ін CMS t!1e н'sо!111іо11 is О.1!1'Х. 

CNIS l1as а І окkс1· ншсІс онlу онt оГ si!ico11 (its silicoн sшface is аІю11t а fact01· 1 ОО І1іµ;І1сг 
t Іщ11 І І1с ош· of· СІН"). \vl1icl1 \viii п.ч11і1·с а st.гонµ; сооІі11µ; тн.І ат1 і1щюгtа11t sнррогt. 

ТІ11_ш, tl1cтc will lн· а 101. оС 11111t.<·1·інІ 1.Jсf(їїс tlн• с1.!01·і111сtсг, as illнstгatccl он Fіµ;нгс і і. А 

со11sсчнс11с!~ of'tliis is 1!1111 1 Ін· tгack 1·cco11stг11c1іоп1'01· сІссtгонs \vil! !Jc 11101·с 1лоІJ!ешаtіс ін 
CMS. сlне 1о t.Ін: (і!ссІ !'011 i11tcmcti11µ; \Vii !1 111(' І тсkст шаtнгіаl ашl loosiнµ; нпнгgу 1 lнo1igl1 
13гешsstл1!1!1111µ;. Tl1c нншІюг of i11te1·ac1io11 lc11µ;tl1s f(л E~k>ctл!tls і11 tl1<• t.111.cki11µ; volt1111c 
1(я с<·111л1І n1pi<litics µ;ocs ішlнчl Гm111 1.krX.Xo kн· С'[)}' to Гі:.1% Х0 Гог CMS. ТІн· сfГ(тt of' 
1.!1<' П1·c111sstml1lшiµ.; ашl it.s i11f]11c11<·c 011 tl1c electгo11 iїicm1slл.1ctio11 will !н_, <liscнssc1l ін 

111огс <Jctail ін C'J1apte1· :. 
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• Tlie caloгimeter 

CDF has а saшpliнg caloriшcter wl1ile CMS l1as а crystal caloriшeter. The advaпtagc 
of а crystal caloriшeter over а saшpliпg caloriшeter is а bet,ter eпcrgy resolutioп, as tl1e 
crystals are at tl1c sаше tіше absorbers ашl sciпtillators. With а saшpliпg caloriшeter, ап 
optiшizatioп of the thickнess of saшpliпg анd absorbiпg layers lшs to Ье dоне ін order to 
шахішіzе tl1e resolнtioп. Fo1· 50 GeV electroпs, CDF lias а resolнtioн of 2.5% (froш tcst 
Ьеаш data) agaiпst 0.65% (froш test Ьеаш data [27]) for CMS. 

Тlю loнgitudiпal slюwer sliape сад Ье better estiшatcd witl1 а saшpliпg caloriшeter, as tl1e 
slюwer developшeнt сан Ьс шeasured aloнg thc clШereнt sciпtillator layers. Tl1is allows to 
cliscriшiпate betweeп the showers crcated Ьу electroпs ашl tl1e онеs geпerate(_l Ьу ріопs. Ін 
а crystal caloriшeter, онlу thc suш of eшitted plюtoпs will Ье шeasнred. However, the fіпе 
grюшlarity of the CMS ECAL аlопе shoнld allow ан excelleпt electroн-pioп discriшiпatioп 
Ьу шeasuriпg thc lateгal size of the slюwcr. Also the preseпc:e of tlic prcsl10wc1· ін fI"Oпt of 
tl1e caloriшeter eнdcaps shoнld provide а good ріоп rejcc:tioп. 

• The triggeт 

CMS lшs to redнce its data f"roш 45 MHz dowп to 100 Hz. Takiнg also інtо ассоннt 
tl1e шнltiple iнteractioпs (about 25 for CMS апd 5 for CDF), this represeнts roughly а 
factor 100 пюrс іпс:ошіпg data tliaн for CDF for ап alшost siшilar oнtgoiпg rate! Tl1e 
arcl1itecturc of tl1e trigger is cliffereпt іп tl1e two experiшcпts as CDF has tl1ree trigger 
levels wl1ile CMS will lшve а liarclwarc Lcvel 1 анd а 'higl1 lcvcl triggcr', based оп CPU 
farшs. 

lt is а сошшоп tcaturc to lшdroн шacl1i11cs to lшve higl1 trigger reqнireшeпts, as opposєd 
to leptoп colliclers wl1er·e шassive trigger rcductioп is ноt really пeccled. Іп protoп c:ollisioпs 
the total iпteraction cross sectioн is аЬонt 100 шЬ, while tl1e cross sectioн of elec:trowcak 
processes are 6 ordc1· of шаgпіtнdе sшallcr. Іп lерtон collisions - thc lcptoп do поt інtегасt 
tlнoнgl1 tl1e stroпg iпteractioн - tl1e total iпteractioн c:ross sectioп is шuch sшaller. For 
іпstапсе, the е+ е- -----> Z cross sectioп is аЬонt 40 пЬ. LEP І was пшпінg witl1 а шеан 
luшirюsity of аЬонt 1031 crn-2 s-1 resнltiпg іп ап cveнt rate of about О.4 Hz ! 

Sіпсе both CMS апd CDF are пшШ-ршроsс detectors, they possess а very siшilar geпcral 
strнctшe, coнsistiпg of а trackiпg chaшber, c:aloriшeters апd ш11011s c:haш1)ers. Coшpared to 
CDF, CMS is expectccl to lн:ive а nшch better снегgу апd пюшенtнш resolнtioн. Tl1is will 
allow to fнlfill tl1c Ьroad CMS physics prograш, giveн the fact that tl1c cvcпt rсс:опstгнсtіоп анd 
aпalyze at tlю LHC is expected to Ье шнс:l1 lшrcler, with ап спl1апсесl jet рrснlнсtіоп анd а very 
liigl1 collisioн rate, reqнiriпg а fast detector respoпse. 
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Chapter 2 

Towards а precise luminosity 
determination at hadron colliders 

2.1 The parton luminosity method 

Ан iшportaпt type of precisioп шeasurcшeпts at liadroп colliders is the cross sectioп cleterшi
rшtioп. А good kпowleclge of dШereпt processes cгoss sectioпs allows to tcst tl1e pгedictioпs 
of а giveп шodel. Cross scctioпs are also good observables to study tlю pl'Operties of 'kпоwп' 
processes tliat are backgl'Oнпd for пеw рl1е1юшс11а searches. 

At liadгoп colliders, оне of tl1e liшitatioпs оп the accuracy of cross sectioп шеаsнrешенt is tl1c 
tшссгtаіпtу оп the lшпіпоsіtу сlсtсгшіпаtіоп ( expectcd to Ье less tliaп 5%) апd оп the Par·toп 
Distгibнtioп Fнпсtіопs (PDF) ( aroш1d 5% depcпdiпg оп the parto11 typc). Ін the followiпg, 
we will descriЬe ашl givc а first applicatioп of а шethod tliat slюнld allow to redнce these 
нпcertaiпties dowп to 1 %, allowiпg а шо1·с ргесіsе cross sectioн deterшiпatioп. 

Esseпtially all шсаsша1)lе cross sectioпs (ирр(рр) ___, Х) ашl the сопеsропdіпg sigпal eveпt 
rates Sx = N - В at а hadroп colliclcr· are related with tl1e рр(рр) lншіпоsіtу апd tl1e снt 
efficieпcy (є): 

Sx = N - В= их х Lpp(pp) х є (2.1) 

Howcver·, пюst "iпterestiпg" pгocesses do поt iпvolve directly tl1e protoпs апd aпti-pl'Otoпs 
but tl1ci1· Ьаsіс coпstitнeпts, thc рагtопs. Theoretical cгoss sectioпs are calculatccl аssшнінg two 
partoпs iпteractiпg апd сап Ье expressed for tl1c correspoпdiпg protoп-(aпti)protoп iпteractioп 
нsіпg the partoп clistriЬutioп fнпсtіопs. 

The parton distribution functions 

Tl1e partoн distriЬнtioп fнпсtіопs (PDF) provide tlю liпk betweeп tl1e collidiпg protoпs анd 
tl1eir іпtегасtіпg coпstitнcпts, paraшeteri7.iпg tl1c qнark апd glноп strнctшe of tl1e protoп. The 
cross sectioп for а giveп process рр___, Х for two Ьadroпs witl1 шошепtа Р1, Р2 сап Ье writteп 
as [28]: 

(2.2) 

whcre tl1e sнш rш1s оп tlю iпvolved partoпs а аш.l Ь, ·Ч апd з.: 2 arc tl1e partoп rrюшепtнш 
fractioпs (:ri = Р~жгtоп і/ Pьadron і) iпtegrate<.l over tl1e wlюle kіпешаtіс raпge, fa ащl fь tl1c 
correspoпdiпg PDF, defiпed at а factorizatioп scale (µ 2

) апd сх 8 is the stroпg coupliпg coпstaпt. 
It lias Ьссп slюwп that the total cross sectioп (рр---+ Х) сап Ье divided іпtо а 11igl1 вюшепtшн 

ашl low пюшепtнш part (for а rcview, see [29]). Tl1e J1igl1 mоmспtшп cross sectioп (д-) is 

;31 
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calcнlated consideriвg the iнteractioп of two partoпs авсі is characterized Ьу ан eнergy scale Q2 

(which coнlcl Ьс fог instance tl1e шass of а weak 1юsон). The factoгizatioн scale, which is ан 
ai·bitrary рагашеtег, сан Ьс tlюнght as the scale which separates tlie l1igh апd low пюшенtнш 
pгocesses. Sіпсе tl1c stгoнg сонрlіпg coнstant is small at high eпcrgy, thc l1igl1 nюrnentuш 
process сан })с calcнlated usiвg pcrtшbatioп QCD. Tl1e low шошенtшп рагt is factorized інtо 
tl1e PDF. Tl1is сап Ье dопе sінсе tl1e l1igh щошснtшn cross section is inseпsitive to tlic pl1ysics 
of' lоw-шощеntшп. Ін рагtіснlаг, fr, iпvolviнg only iпtcгacting partoнs, is iнdcpeнdent of tl1e 
type of thc інсошіпg hadroп. Могеоvег, tl1e PDF ше сощшон to all pгocesses involviпg tl1e 
sашс type of Ьаdгопs. 

Sінсе the PDF iнclude tl1e low шошенtнш part of tl1e iпteractioн, tl1cy аге ноt а per
tшbatively calcнlable qнantity анd шust Ье extracted fгощ ехрсгішенtаl data. However thc 
шеаsшаЬlе part of tl1e PDF slюнld Ье іпdерснdепt of tl1e factorization scale, µ. Reqнi1·i11g tliis 
анd settiпg /L2 = Q2, оне gcts tl1e DGLAP cqнations [:Ю]: 

дqі(х, Q2
) 

дlog(Q2 ) 

дg(х, Q2) 
дlog(Q2) 

as 11 
dy . х 2 х 2)} 

27Г -{Pq;qJ(y,as)ЧJ(~,Q )+Pч;g(y,a8)g(-,Q 
.1: У .V У 

. 1 
as 1 dy{ ) (х 2 ( ) (х 2 )} -
2 

- P_qqi(y,as qJ -,Q )+Р99 y,as g -,Q 
1ГхУ · У У 

(2.3) 

wl1eгe tl1e РЧіЧj arc tl1e so-called splittiпg fнnctioпs giviнg the probability that а paгt,on of type 
qi is evolviнg ін а рагtоп of typc ЧJ. The splittiнg fнnctioпs l1ave been calcнlated up to tl1гee 
loops (NNLO 1) [:Щ. 

ТЬе Q2 dependeпce of tl1c PDF сап Ье calcнlated пsіпg tl1e DGLAP equat,ioвs, Ьнt tl1e PDF 
ai·e also depeпdent оп х. Tl1is dependeпce is pararneterizcd at sоще low scale апd tl1e DGLAP 
eqнations are used to specify the clistribнtions at tl1c l1igher scalcs where data exist. The PDF 
paraщeters сап tl1eн Ье deterшiпed for instaпce f1·orп deep iпelastic scattering data, takiнg інtо 
ассоннt that tl1e PDF are process-iнdcpendent. Figшe 2.1 illustгates tl1e ганgе in х and Q2 

which is reacl1cd at HERA ( electгoн-protoп decp iпelastic scatteriпg) and tЬе raпge wl1icl1 will 
Ье probcd witl1 the LHC. 

Totlays knowleclgc он tl1e PDF сошеs f'rorn differeпt шеаsнrешевts: fгom experirnents based 
он deep inelastic scattering (like SLAC [:{;{], BCDMS [:{4], NMC [:~5], Е665 [:Ю], Hl [37] ог 
ZEUS [:!8]), 011 tl1e Drell-Yaп processes (like Е605 [:39] or Е866 [40]) or шеаsшешепts of l1igl1 
Et jets (CDF [41], D0 [42]), W rapidity asyшrnetry (CDF [4:3]), апd vN dіпшоп (CCFR, 
NнTeV [44]). 

Different groups нsed tl1ese data to extract tl1e PDF (like MRST [45], СТЕС~ [4б] or Alekl1in 
[47]). There is sоше freedoш ін tl1e way to fit tl1ese data, wl1icl1 leads to variatioнs ін tl1e 
differeнt PDF sets obtaiнcd. Tl1is depeнds оп the diffe1·cнt data рнt ін tlic fit ( tl1e selection of 
thc йаtа, the treatшcпt of experiшeпtal systeшatic cпors) апd tl1e cliffeгcнce іп the theoretical 
ti·eatrnent (like the сlюісе of the fit, tоlсгансе: CTEQ allowed Лх2 = НЮ and Alekhin Лх2 = 1, 
the factorizatioп анd renorшalizatioн scl1eшe ащl scale, the PDF paraшetric forш, tl1e tгeatmcпt 
of heavy flavoгs, etc.). 

This leads to нпcertaiнties іп the PDF. For instaпce, tl1e predicted valнe of' tl1e NLO W 
c1·oss sectioп at the LHC is 204 ± 4 пЬ with the MRST2002 set, 205 ± 8 пЬ with the CTEQ6 set 
апd 215 ± 6 нЬ witl1 the Alekl1i1102 set [:{2]. 

The parton luminosities: coпstraining the PDF at Hadron Colliders 

А way to rcclнce tl1e 1шcert,ai11ties f'roш the PDF апd оп tl1e lншinosity is to шсаsuге directly 
the cliffeгeпt pa.rton luminosities usiпg tlie single W апtі Z prodнctioн iйeнtifiecl through tl1eir 
leptonic decays. Tl1e pa.rton lurninos'ities, Lparton

1 
,pat"t;or12 ( Q

2, х i, х2), predict the freqнeнcy witl1 

1The per·turЬation ordc!' at whicl1 а process is calculated is usually expresscd ін the followiпg way: І.О meaпs 
leadiнg oidel', NLO, next-to-leadiнg oпler and NNLO, пext-tю-нcxt-to-leading 0Ide1» 
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FIGLJRI<; 2.1: The rп.nge іп :с and С/2 шh.ich is тcaclied at HERA and шill Ье ргоЬеd шith th.e 
LHC (82). 
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wl1ich two partoнs of givcн typcs анd giveн пюшенtа will iнteract witl1 each other at а clefiнite 
епегgу scale. Tl1ey depeпd obviously оп the followiнg pl1ysics paїїtmetcrs: tlю partoп types ( q ,і] 
ог g), the рагtоп momeпtum fгactioпs ( х 1 анd 1:2) анd also tl1e епегgу scale of tl1e pгocess ( Q2 ). 

Tl1e 1шmber of sigнal eveнts сан tl1eп Ье expгessed ів the followiнg way: 

(2.4) 

Takiпg іпtо ассонпt tliat theoretical estimatcs fог liigl1 Q2 pгocesses аге based оп the іпtег
асtіопs of qнarks апd glнoпs, partoн lнmiпosities appears to Ье а ваtшаl qнaвtity [8]. While 
tliis арргоасl1 to tl1e luшirюsity questioв was descriЬed ін dctail for tlю LHC, it applics as well 
to ану liadroп collider. The basic ideas are tl1e followiпg: 

• Tl1e н(й) анd d(d) partoп distribнtioв fнпсtіопs сан 1)е studied нsінg thc followiнg pro
cesses: uй(dd) -+ Z -+ U, нd-+ w+ - f+v апd du-+ w- -+ g-p, takiпg іпtо ассонпt 
that the W апd Z bra11cl1i11g fractioп to leptoн l1avc Ьееп measured witl1 liigl1 accuracy at 
LEP. The qнark/aпtiqнark- glнон інtсгасtіон could Ье stнdied нsіпg the qg - "'(, Z, W +jet 
processes. 

Tl1e heavy qнark flavor соmронепt lias to Ье also takeп іпtо ассонпt. АЬонt 8% (10%) of 
tl1e W /Z proclнccd at tlю Tcvatro11 (LHC) соте from heavy qнarks. Figнre 2.2 slюws the 
partoп decompositioн of thc cross sectioп for siпgle W апd siпgle Z prodнctioп. 

• Ів tl1e case of siпgle W /Z prodнctioн, tl1e product of tl1e qнarks momeпta fractioп is 
directly coпstraiпcd as tl1is proccss occurs at а deterшiпed mass: 

(2.5) 

where V§= Mw, Mz is the mass of the vector Ьоsоп апd s the ceпter of mass eпergy (for 
LHC: 14 TeV апd tor Tcvatroн: 1.9б TeV). 

• The crпcial oЬservable is tl1e W анd Z rapidity (У). The rapidity distributioп depeпds 
directly оп tl1e ratio betwee11 х 1 анd х2: 

(2.6) 

Sінсе tl1e CJ 2 dерепdепсе сап Ье extrapolatcd to а giveп scale, s, tl1e partoн lurпiпosity 
depeпds tl1e11 оп tl1e vector Ьоsоп rapiclity distributioп. 

For e.g., siпgle w+: [,ииl2 (Q2 ,х1,1:2) = Lи 1 ,d2 (Yw) 2 • СоmЬіпіпg the relatioпs (2.5) 
анd (2.6) оне fiнds that tl1e pai·toп х1, х2 raпge for ceнtral W prodнctioн corresponds to 
х 1 ::;:j 0.002 апd х2 ::;:j 0.016 for Y(W)=l апd х 1 ::;:j 0.042 апd х2 ::;:j 0.0008 fur Y(W)=2 fог а 
ceпter of mass eпergy of 14 Те V ( at tl1c LHC). Tl1e seпsitivity of the rapidity distributioп 
to the PDF is Шнstrated ів Figшc 2.3 wl1icl1 slюws the resнltiпg W rapidity distribнtioп for 
two choiccs of PDF sets: tl1e MRST "defaнlt" апd the so-callcd MRST "coпservative". Tl1e 
PDF at NLO are seпsitive to tl1e valнe of Xmin, wl1icl1 is tl1e шінішаl 1: valнc dowп fог which 
tl1e data are iпclнded ів the PDF fit. Tl1c coпseгvative PDF set requires Хтіп > 0.005, 
wl1ile по снt is applied fог tlю clefault set. The coшpariso11 of tl1e rapidities predicted 
Ьу the two PDF scts givc а roнgl1 іrніісаtіоп of the tl1eoretical tшcertaiпty dне to the 
partoп distribнtioпs. А clrop of alшost 20% ін tl1e W cross sectioп calcнlated with the two 
PDF sets is obsc1·vcd, 1юt tl1c c:eнtral part of tl1e rapidity distгiblltioп rешаіпs basically 
ш1cl1aнged. Tl1e PDF are expected to Ье less scнsitive to tl1e cut он Хтіп опсс NNLO 
DGLAP is нsed. 

2 Note that ін liadro11ic collisioш; it is rюt possible t.o recoнstruct tl1e W rapidity distributioa. Пowevcr оне 
сан нsе the pseшloпipi1lity (т1 = - Ін( ta.n 8 /2)) distributioн of the leptoa еоrпіпg fгош t,he W decay. 
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FIGlJRE 2.2: Parton decornposition of the w+ (solid line, top), w- (dashed line, top) and Z 
(bottorn) total cтoss section іп рр and рр collisions. Indi·uidual contтibutions ате sh.oшn as а 
peп;entage of th.e total leading-oгder cтoss section. Іп рр collisions, tlie decomposition is tlie 
same f or w+ and w-. Th,e tшо 'Uertical daslied lines shoшs tlie ·ualues corтesponding to th.e 
Te-vatтon (1"96 'Le V) and the LHC (14 Те V). The discontinuities іп the сит1.1еs arise from the 
diffeтences Ьеtшееп proton-anti-pтoton a:nd proton-pгoton іпtетасtіопв [48] 
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• Tl1e siнgle W анd Z proccsscs provide tlщs а tool to шeasurc pal"toн-partoн ( qнark апd 
aнtiqнark) lншiпositics, wliich сап Ье нscd as ан інрнt for tl1e theoretical predictioпs of 
relatccl physics processes. Iпtercstiнg are the раіІ" prodнctioп of vector bosoнs анd the 
Drell--Yaп dileptoнs wl1icl1 depeпd оп qq lшпirюsities at diffeI"eнt values of Q2 . Usiпg 
the W, Z lшніпоsіtу rюrшalizatioп pl"Ocedure, tl1e аЬоvе exaшples шight eveпtнally Ье 
calcнlable анd шeasurable with statistical апd systeшatic нпcertaiпties I"cacl1i11g ±1 % [8]. 

• Ів additioн, systeшatic 1шcertai11tics for processes wl1ich are ideпtified with isolated leptoпs 
will Ьесоше пшсh sшaller sіпсс tl1e resнlts arc пorшali?.ed to tl1c prodнctioн of W апd Z 
decays. It is thнs iпtcI"cstiнg to develop а geпeral selcctioн tlшt сап Ье also applied to 
differeпt processes. Ву takiпg ratios, it will allow to I"educe the systeшatic errors. 

It is поt tl1c fi1·st tіше that siпgle W апd siпgle Z pюductioп are нsed as "staпdaI"d caпdle" 
proccsscs. Hapidity distribнtioнs, cгoss sectioпs апd leptoп asyшшetI"ics of Dгell-Yaп leptoп 
раігs liave Ьееп нsed since шану years as а tool to coпstrain the PDF. Tl1e рагtоп lншіпоsіtу 
goes lюwever оне step fшtl1er· allowiпg to сlсtеІ"шіпе at tl1e sаше tіше the luшiпosity апd tlic 
PDF ! Moreover it is wcll kноwн that tl1e ассшасу of шану шеаsшешепts апd their tl1eoretical 
iпterpretatioпs сап Ье coпsiderably ішрюvеd if appropгiate гatios сап Ье шеаsшеd. Ману 

errors, іпсlнdіпg tl1e luшiпosity 1шссгtаінtу, are irrelcvaпt if оне шeasures tl1e I"atio Ьеtwееп the 
iпclнsivc W анd Z cгoss sectioн. 

Tl1e full partoп lшніноsіtу rпethod is aclapted to the LHC wl1ere the very high W /Z ratc will 
allow to redнcc dгastically statistical uнcertaiпties. Howeveг, already witl1 tl1e existiпg CDF 
data, tl1e fiI"st рагt of tl1e шetJюcl сан Ье stнdiecl: tl1e sigпal recoпstI"нctioп анd tl1e couпtiпg 
of thc total rшшЬеr of W апсl Z eveпts. Кпоwінg tl1e cross sectioп for sucl1 processes апd tl1e 
det,ectOl" cfficieнcy, оне сап get t,l1c ргоtоп-апtірrоtон luшiпosity ашl сошраr·е it with the resнlts 
froш thc tгaditional CDF lшніпоsіtу шеаsшсшспt:3 . 

:JTo оЬtаіп t}1e parton luшiнosHy, 3 rneasurcшeнt of tJ1e W and Z 1·3pidity distributions is needed. However 
giveп tlie Rtatistics of CDF <l3ta, Rцcli а mсаsш·ешепt was not accLt1·ate enoнgh to Ье really i11te1·estiпg. 
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2.2 W and Z counting using one year and а half of CDF data 

2.2.1 Single W and single Z production at the Tevatron 

Tl1e tl1eoretical calculation for siнgle W /Z prodнction is ktюwн to а go<нl ассшасу. The next
to-11cxt-to-leadi11g order (NNLO) cross sections fог siнgle W /Z productioп at .jS =1.96 TeV, ін 
tl1e пarrow width аррrохішаtіоп анd а "giveн" Partoп Distгibнtioн Ftшctioн, lшve tl1eoretical 
ш1ccгtaintics of lcss tlшн :~% [49] : 

ай N тл (рр ___, W ___, ev) 

(1NNLO(PJJ ___, z ___,ее) 
а N N т,о (pfi ___, Z ___, ее) 

а N N т,о (pfi ___, W ___, ev) 

2.687 ± 0.054 (PDF) ± 0.054 (lшrd process) пЬ 

0.251 ± 0.005 (PDF) ± 0.005 (lш1·d pгocess) нЬ 

0.094 ± 0.001 (PDF) 

(2.7) 

Tl1e first uнcertaiпty, of аЬонt 2%, reficcts tl1e error оп the PDF clctcп11i11atio11. As cxplaiпccl 
іп [49], the error оп the PDF сап Ьс split інtо а theoretical апd ан ехрегішенtаl сонtrіЬнtіон. 
Tl1e experiшeпtal сопtгіЬнtіоп corпprises the systeщatical анd statistical errors of the data нsed 
ін tlю global fit рсгfоппеd to deterшiпe tl1e PDF. Tl1c tl1eoretical сопtrіЬнtіоп iпcludes шаіпlу 
tlie ш1сегtаіпtіеs сощіпg froш the correctioнs to tl1e staпdard DGLAP eqнatioпs. Otl1eг soнrccs 
of tl1eoretical errors like the choice of іпрнt paгaшetrizatioп, 11eavy taгgct correctioпs пссеssагу 
to fit to нeutriпo data, assншptioпs аЬонt tl1e straпge чнаrk sca ашl isospiп violatioн сан Ье 
нeglecte(l. 

The secoпd uпccrtaiпty гcfiects tl1e error оп the cross sectioп of the liard process iпvolviпg 
the partoпs, д-q 1 ,q2 _,w/Z· As tl1e шаіп issнe coпsists ін krюwiпg whether the pertнrbatioп serie 
coнvcгgcs 01· ноt, tl1e ш1certaiпty оп д-q 1 ,q 2 _,w;z is estiшated to Ье 2% which is lialf of tlie 
variatioп betweeп the cross sectioп at NLO апd NNLO. 

It is iпterest,iпg to 1юtе tlшt if tl1e cross sectioп clшпges Ьу аЬонt 30% wheп goiпg froш 10 
to NLO апd NNLO, tl1c шtіо of tl1e Z to W cross scctioнs rешаіпs esseпtially coпstaпt (withiп 
1 % ) . Оне сап expect that, fог siшilar processes, шану tl1eoretical errors сапсеl апd а шоrе 
ассшаtе predictioв fог tlюi1· гаtіо is possible. Tl1e tlюшetical error оп the W to Z ratio сап 
tl1e11 Ье estiшatcd to 1 % [49]. 

СошЬіпіпg the calcнlatecl cross scctioп, the пншЬеr of sigнal eveпts апd tl1e selectioн effi
cieпcy, опе сап шеаsшс tlю lшніноsіtу. The W апd Z will Ье selected usiпg their decays іпtо 
elect,roпs. First, tl1e sarпples used for this stшly аге preseпted апd а descriptioп of the eveпt 
sclcctioв togetl1er with the шetlюd t,o cotшt tl1e нuшЬеr of Z ашl W is explaiпccl. Тhсп tl1c 
systerrшtics soшces are cliscнssed, coпsideriнg particнlarly tlю detector stability оvег tіше. Tl1e 
lurпiпosity is theп шeasнred нsіпg thгee differeпt types of saшples: Z eveпts wl1ere tlie two 
electroпs are іп tl1e сепtгаl calo1·iшeter, Z eveпts wl1erc оне electroп is іп the ceпtral caloriшeter 
апd the other is іп thc plнg caloriшeter4 ащl W evcвts with а ceпtral electroп. Fiпally sоше 
distributioпs fог the W апd Z bosoпs are stнdied анd differeпces bctwccп РУТНІА апd HERWIG 
geнerators are discнssed. 

2.2.2 Data and Monte Carlo Event samples 

The data collected Ьу tl1c CDF (_letector froш Febrнary 2002 uпtil Мау 2ООа (ruп пuшЬеr 
138425 to пш пшнЬег 163527) were нsed for tl1is aвalysis. The riшs are reqнired to satisfy 
шіпішаl qнality rсчні1·ешенt UШJ. This correspoшls to ан iпtegrated lншіпоsіtу of 125.5 рЬ~ 1 , 
as cstiшatcd fі·ош tl1e CLC lшпіпоsіtу шо11іtо1·5 . Tl1e data were proccssccl нsiпg vcrsioн 4.8.4 of 
tl1e CDF recoпstrнctioп ргоgгаш. Specific root trecs [51], tl1e so-called Staпdard пtнples, were 
written апd aпalyzed [52]. Tl1e data were clividcd ін 7 subsets as slюwп іп Tablc 2.1. 

Tl1c f'ollowiпg trigger coпditioнs wсгс arшlyzed: ELECTRON_CENTRAL_l8, нsed f'ог tl1e 
selectioп of W ащl Z cveнts, анd W _NOTRACK, нscd to estiшate tl1e trigger efficieпcies. 

4 ln CVI<' the f'orwar·<l aпd Ьackward parts "closing" the <letector are called the "plнgs" whereas ін CMS they 
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Dataset Rнпs пншЬеr CLC lшніноsіtу 
(good пшs) 

1 1:{8425 - 147866 11.6 рЬ- 1 

2 1478б9 - 152616 19.2 рь- 1 

;{ 1525:ю - 155116 24.4 p1)-l 
4 155121 - 156487 18.9 рь- 1 

5 159f:I0:3 - 161409 18.4 рь- 1 

6 161410 - 162631 18.5 рЬ- 1 

7 162663 - 16:{527 14.5 рЬ- 1 

TAHLE 2.1: CLC lurninosity and гип rшrnbers for the different datasets 

Tl1c ELECTRON_CENTRAL_l8 trigger reqнires а ceпtral electroшagпetic clнster with Et > 
18 GcV авd tl1c ratio of tl1c cвcrgy ів tl1e lшclroнic caloriшeter to the eвergy іп tl1e electrornag
вetic оне to Ьс lower tl1a11 0.125. А tгack frorn tl1e ceпtral oнter tracker with Pt > 9 Ge V rnнst 
also rnatch the electrornagпetic clнster. Tl1e W _NOTRACK triggeг requircs а ccпtral clectro
rnagпetic clнster witl1 Et > 25 GeV апd шissiнg снещу l1igher thaп 25 GeV. Sінсе tl1e tr·igge1· 
cfficicнcy to gct а cluster ін thc clcctroшagнetic calorirneter is аЬонt 1 for l1igh eпergy electroнs, 
the two triggers are assurned to Ье іпdерепdепt апd сап Ье corn1)iпccl to rneasнre tl1e trigger 
efficieпcy. Dшіпg tl1e stнdied period, the rечніrешевts for ан eveнt to pass thc Level 1 trigger 
for ELECTRON_CENTRAL_l8 cliaпged t.wo tiшes, leadiнg to srnall var·iatioнs ін tl1c trigger 
efficieпcy. 

Іп order to have а шоrе workable clata scts, "o1Nioнs" dijet QCD backgrouнcls wel"Є 1н11ovcd. 
Tl1is preselectioн was сlюsсп sнch tliat it allowed to keep esseпtially all detectable Z --+ ее decays 
апd esseпtially all W -+ ЄІ/ decays which did поt show additioпal jct ac:tivity. Tl1is redнctioп was 
achieved Ьу dernaпdiпg that each eveпt сопtаіпесl at least оне reco11st1·uctcd track, at least оне 
electroшagпetic clнster witl1 а traпsverse eнergy ot' at lcast 20 GeV апd satisfyiнg thc so-called 
preselection cuts: rcчuiriнg the clнstc1· to Ье isolated6 with Is~~Et < 0.25 апd а srnall ratio of 

tJic clcctroшagвetic ovcr l1aclroвic c11c1·gy: ЕЕ·ь 94 < 0.1 . 
.:-1em 

Тl1ен, ан eveнt was kept if: 

• It сопtаіпs at least two clнsters fнlfilliнg tlic prcsclectioп cнts (for Z--+ ее evcнts). 

• It has exactly оне electrornagпetic clнsteг fнlfilliпg tl1e preselectioп cнts анd но adclitioнal 
jet with а rniпiпщrn Pt(jet) of 10 GeV (for W--+ ev eveпts) . .Jets are recoнst1·ucted usiнg 
а clнstcriвg algoгitlнn witl1 а соне size of 0.4. 

• Harder reqнirerneпts were theп рнt оп eveпts with оне electrorнagнctic clustcг fнlfilliпg 
the preselectioп cнts апd оне or rnore jets, to гcduc:e tl1e QCD dijets Ьac:kgrotшd. Sнcl1 

eveпts were kept fог fщtheг aнalysis if eitlieг tl1e aпgle ф іп the рlапе traпsverse to tl1e 
Ьеащ Ьеtwеев thc l1iglicst Pt jct анd tl1e electrornagпetic clнster is srnaller thaп 160°, or 
if tl1e electroп caпdidate fпlfills the following strictcг c:гiteria: 

tl1є clectrornagпetic clнsteг is isolated ( 1 
1+80

,,, < 0.05) 
- 80 Dt 

its eнergy fractioн ін the electrornagпetic caloriшcte1· is large ( ~;~,~ < 0.025) 

it lias а good Е/р ratio (0.6 < Е/р < 1.6) 

arc callcd "cndcaps". 
"То шeasure tt1e lнminosity, CDF uses C)erenkov countcrs placed close to tl1e Ьеаш lіне, as explained он 

page lб. Tllis sнlнlet.ector is callщl tl1e ССС. 
6 The variaЬ\e Tso represcnts the sum of thc traнsverse eнergy Іошнl іп а. eone wit.h а Л R = ( Л'f/ 2 +Лф2 ) 1 1 2 = 0.4 

aroнnd the clcetromagnctic elustcr 
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Had/Em distribution 
~-------_____, • Data 

-MC,(yZ)-1ee 

Hl!td/Em 

Іso/(lso+E1) distribution 
• Data 

0.05 0.1 О.15 0.2 0.25 0.3 0.35 0.4 
lsol(lso+Et) 

FIGURE 2.4: The distributions for the isolation and electrornagnetic energy fraction of electron 
candidates for а srnall sarnple of events wliich passed th.e ELECTRON_CENTRAL_18 trigger 
and for sirnulated electrons іп tlie Z Monte Carlo sarnple. Onl:lf а ·иету srnall fraction of signal 
e-vents is тerno·ved b:lf tlie pгeselection cuts used for the filteгing. 

Froш tl1e Мопtе Carlo simнlatioп for tlю sigнal, оне fiпds tliat опlу аЬонt 20% of all W 
eveпts witl1 jets have ап aпgle ф betweeп thc jet анd the electroп larger thaп 160°. АЬонt 2/3 
of these eveпts are kept witl1 the applied clectroн criteria. Takiпg іпtо ассонпt tlшt additioпally 
to tliat filtcriпg, опlу tl1e good rш1s were writteп t.o filc, tl1e applied criteria reduced the data 
Ьу l'Otigllly а facto1· of 10 апd 394, 756 eveпts were kept. 

Tl1c Монtе Carlo eveпt samples нsed to siпшlatc the sigпal апd the backgroнпd are described 
ін Table 2.2. Tl1ey were geпerated нsіпg tlю vєrsioп 4.9.1 of tl1e CDF recoпstrнctioп software. 
Sigпals simнlated witl1 РУТНІА werc нscd for tl1e aпalysis, Ьнt HERWIG sigпal evcпts wcre also 
stнdied іп order to compare the two gcпerator oнtpнts. 

МС set Geпerator N шпЬеr of eveпts 
W----> evX РУТНІА 200,000 

HERWIG 100,000 
"(, Z----> с+с-Х РУТНІА 100,000 

HERWIG 50,000 
W----> тvХ РУТНІА 200,000 
QCD dijet РУТНІА 2.7·106 

TABLE 2.2: Monte Carlo sets used for tlie analysis. The sarnple of QCD dijets was alтeady 
processed іп standaтd пt·uples, see {53 ]. 

2.2.3 Selection of W---+ ev and Z---+ ее events 

Tl1e obvioнs goal for tl1e selectioп criteria of W апd Z eveпts is to сонпt sigпal eveпts above 
а sшall backgrouпd, keepiпg tl1e tшvertaiпtics он tl1e снt efficie11cy sшall. Іп coпtrast to the 
Z ----> ее eveнt selectioп, with а пarrow peak ін tl1e two electroп шass distributioп, tl1e sigнal for 
011-sl1ell W ----> ev eveпts lшs to 1)с cxtшcted from а broad pcak, eitl1e1· іп thc tгaнsve1·sє mass 
distгibнtioп of tl1e electroп пенtrіпо systeш 01· fгош tl1e electroп Pt spectrum. Іп additioп, the 
preseпce of jets iпcreases pot.eпtial backgrouпds, іпflнепсеs tlie шissiнg tгaнsveгse eнergy анd 
also the traпsverse шass distributioп. 

Tl1e Z eveпts do поt опlу provide а сlсап sigнal, Ьнt сап also Ье нsссІ to calibratc the eпergy 
scale of the electroшagпctic caloгiшeter апd are а usefнl tool to measнre electroн selectioн 
cfficicпcics witl1 respect to tl1e Мопtе Carlo prcclictioп. 

Tl1e f'ollowiпg electroп selectioп stratcgy f'or Z апd W eveпts was нsccl: 
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• All potential W, Z candidatc cvcnts lшd to Ье triggerecl Ьу tlic ceпtral clcctroп triggcr 
(ELECTRON_CENTRAL_l8). Tl1is trigger efficieпcy could Ье шeasured froш tl1e nurпber 
of sigпal eveпts which were accepted Ьу triggcr coпditioпs іпdерепdепt froш tl1e ceпtral 
oнter tracker (W_NOTRACK). 

• Онlу а few electroп identification criteria wcrc required. These are based on the ratio of 
electroшagпetic over hadroвic eпergy deposit, tl1e electroп isolatioн апd tl1e ratio Ьеtwесп 
tlic trackiпg аш.l tl1e caloriшeter respoпse (Е / р). 

• Z sigпals ai·c оЬtаінєd froш сошЬінаtіопs of differeпt electroн recoпstп1ctioп qualities ін 
ordє1· to estiшate poteпtial efficieпcy cliffercпccs betweeп the data апd the Мопtе Carlo 
sirrшlatioп. 

• W cvcнts are selected usiпg eveпts witl1 оне еlссtюн liaviпg а good recoпstructioп quality. 
No jets witl1 а Pt > 10 GeV shoнld })е ін tl1c cveнt. Tl1e шodel dерепdепсе of tl1is jet 
veto сап Ье coпtrolled нsіпg the dat,a анd tl1e Z sigпal іп eveпts with or witlюнt additio11al 
jets апd applyiпg а correctioп with 1·espect to the expected ratio нsіпg t11e Мопtе Carlo 
sішнlаtіоп. Poteпtial differeпccs Ьсtwееп the jet defiпitioн ін thc data ашl tlic W Монtс 
Carlo siшulatioп сан Ьс coнtrolled нsіпg the Z data. Tl1e siшilarity of tl1eir productioп 
шсс:lшніsш allows to deteпniпe а correctioп fac:tor with respect to the Мопtе Carlo for 
tl1e fractioп of eveпts witlюнt jets. More details about tl1is corrcctioп will Ье discussed ін 
sectioп 2.2.7, оп pagc 59. 

Selection of good electron candidates 

As explaiпed Ьefore, thc clcc:troн ideпtificatioп сошl)іпеs tl1ree requireшeпts: tl1e electroп lшs 
to Ье isolated, it has to deposit alшost all its energy ін tl1e electroшagпetic caloriшeter апd the 
ratio bctwccп tl1e eнergy deposited іп tl1e ECAL ашl tl1e track шошепtнш has to Ье close to 
оне, sінсе the track апd the clнst,er сошс fгош tl1e sаше particlc. То accouпt for thc quality of 
the recoпstrнction, cliffereпt cxclнsive c:lasses of electrons arc defiнed, based он с:ошЬінаtіонs of 
tl1e followiпg reqнireшeпts: 

1 Iso (.) (). І': 
· Iso+Et < · · ,) 

З. О.б < ~ < 1.6 
Ptt"(L<Ok 

Ін detail, "gold" electroпs satisfy all tl1rec coшlitioнs, "silver" electroпs have to fulfill tl1c t11ird 
сонdіtіон апd either the first or the sccoнd оне анd "Ьrош~е" clcctroнs satisfy опlу оне of thc 
tl1ree coпditioпs. 

Іп additioп, the poteпtial elec:troн c:aнdidates shoнld fulfill tl1e followiнg requireшeнts of tl1e 
kіпешаtіс of tl1e eveпt: а traпsverse eнergy of at least 25 GeV, а z vertex positioп of lzl < 60 сш 
апd а шахіпшш pseudorapidity lr1I < З.О. 

As can Ье sссп ін Figure 2.f>, data апd Мопtс Carlo are поt іп perfect agreeшeпt апd 
rcsolнtioнs ше soшewhat worse іп tl1e clata. For іпstапсе as slюwн 011 Figure 2.6, fo1· tl1e Z 
saшple with two ceпtral electroпs, tl1c saшple сошЬіпіпg а broпze аш.l а goldeн elec:troп slюws 
ап excess ін tl1c data witl1 respect to the Монt,с Carlo, wl1ich is coшpeпsated Ьу а deficit іп the 
saшplc сош1)інінg two silver electroпs. Тlю cliffcreнces Ьеtwееп the data апd the Мопtе Carlo 
sееп here slюнld поt result ін large discrepaпcies as thc cuts are chosen s11cl1 that шost of the 
sigнal evcпts arc still acc:epted. 
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FIGURE 2.5: Distribut-ions fот .Qood electron candidates for e11ents шith at lea8t tшо electron 
candidates іп the data and іп tlie Z ----+ ее МС. All otlier cut8, be8ide8 the опе fот the ·uaтiable 
8hошп іп tlie plot, are applied. 
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Selection of the Z ----+ ее sample 

As tl1c clcctroнs can Ье eithc1· ін tl1e central or in tl1e plнg caloriшeter, we will divide the 
Z sample in two datasets: one where the two electrons arc ceнtral (Z ceнtral-central) апd оне 
wl1ere оне electroп is іп tl1e central calorimctcr апсl оне is ін the plнg (Z central-plug). Z bosoпs 
are icleпtified 11si11g tl1e followiпg classific:atioн: fш tl1e central-ceпtral Z selection, electroп pairs 
were accepted if" at least оне electron is identifiecl as а goldcн electroн wl1ilc tl1c sccoшl оне l1as 
to Ье at least а bronze electron. Por tl1e ceвtral-plнg clectron pairs, clean Z signals are obtaiнed 
if the ceвtral electron caвdidate is ideвtified as а goldєш or silver electroн wl1ile for tl1e plug 
clcctroн, wc dсшапd tliat it fнlfills at least tl1e coшlitions of а broпzc electroв. Figнres 2.б апd 
2. 7 slюw tl1e resultiнg iвvariaвt mass distrib11tio11s for the diff"eгeнt coшbi11atio11s of clcctroн 
recoпstrнctioп qнalities. 

Combiпatioпs iпvolviпg Ьrошю clcctroнs slюw ан excess of eveвts іп tl1e data for an iпvariant 
шass betwceв 60 апсl 70 GcV fo1· tl1c ceнtral-ceнtral Z sample. Tl1is is probably dне to а 
1жckgrotшd сонtашінаtіон, as tl1e cuts for the bronze elec:troнs arc ratl1er loose анd а sшaller 
excess сап also Ье sееп іп the bronze-golcl сошЬінаtіоп. Tl1e main backgrouнd is dijet eveнts, 
where the jets are recoпstrнcted as electroп. Tl1is process is characterized Ьу а steeply falliнg 
jet traпsverse eпergy spec:trнm, witl1 а cнtoff" aroш1d 50 GeV origiпatiпg from the снt рнt оп 
tl1c єlcctroп traнsvєrse eвergy, wl1icl1 is what the plots slюw. 

Fo1· tl1e selected caнdklate eveпts, the mass апd wicltl1 (а) are obtaiнed froш а Gaнssiaп fit. 
Tl1e eнergy of tl1e ceпtral electroвs in the data as wcll as ін tl1e Мопtе Ca1·lo was alrcady wcll 
calibrated. 'l'he energy of the plнg electroпs іп the data вeeded ан additiorшl саlі1лаtіон wl1icl1 
was dопе usiпg the Z peak. Tl1e energy of tl1e elec:troнs goiнg in the east plug (positive rapidity) 
lias to Ье iпcreased Ьу 8% авd for thc clcctmнs goiнg ів the west plнg (пegative rapidity) the 
eпcrgy lшs to Ьс iнcrcased Ьу 6% so tlшt tl1e positioв of tlю Z pcak шatc:hes іп tl1e data апd 
tl1c Мопtс Cai·lo. 

However, tl1e Z peak in the Мопtе Carlo is пarrowcг tlшп ін the data. Fог tl1e ceнtral (гсsр. 
plнg) electrons, an additioвal rапdощ Gaнssiaн sшеагіпg, witl1 а sigma of 2. 7% (resp. 5%) of 
the electroп eвergy is t,}щs appliecl to tlю Монtе Carlo so tliat the widtl1 of the sinшlated Z peak 
matcl1es tl1e оне ін tl1c clata. 

The fitted mass апd cr ( 0Ьtai11ecl froш tlю Gaнssiaн fit) after the eпergy corrections are giveв 
in Table 2.3 for tl1e data апd fог tl1c Монtе Carlo. 

cc11tn1l-ceпtral c:eпtral-plнg 

Mass [GeV] а [GeV] Mass [GcV] а [GeV] 
Data 91.1 4.6 91.3 4.9 

Monte Carlo 91.2 4.4 91.2 4.7 

ТА 131_,i;; 2. 3: Results fготп а Gшussian fit to th.e Z peak. Tlie co·,.,-esponding питЬетs fот tlie 
Monte Сатlо, including tlie additional епетgу smeaтing ате also g·iven. ТІ~е statistical errors fот 
tlie rnass and th.e а from the fit to the data ате about 80 Ме V. 

Figшe 2.8 slюws the resнltiпg mass distriЬнtioп fог tl1e data авd the Мопtе Carlo анd fuг 
central central and ceпtral-plнg electl'Oll pairs after the calibratioп desc:ribecl above is applied. 

Selection of the W ----+ еи sample 

Events with exactly one goldeв electroп caнdidate fouпd in the central calorimeter авd missing 
traпsverse eвergy laгgcr· tl1a11 25 Ge V are kept as W ca11didate eveнts. Fог tl1is aпalysis, W 
sigпal eveнts are coнnted овlу in tl1e case of ,.;cr·o jct eveпts 7 and if the electron transverse mass 
fнlfills 60 GeV < Мт < 90 GcV. Thc tr·ar1sverse mass distri1щtio11 is showп in Figшe 2.9. 

7 Jets ctre clefiпecl нsіпg а cone algorithш of 0.4 апd 1·equi1·iпg т)/' 1• > HJ OeV. 
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FIOПRE 2.6: Mass distribution .fог centтal-centтal electron pairs іп th.e data (L, =125.5 рЬ- 1 ) and 
th.e different qмJity cornbination of electrons. 'l'h,e rnass distributions are slioшn fот gold-gold, 
gold-sil·ueт, 9old-bгonze, sU·ueт-s'il·ueт, sіl·иет-Ьгопzе and tlie rernain·ing combinations of electron 
pair candidates. Tlie fiтst tliтee comb·inations ате 'USed to define the Z signal and to determine 
th.e normлlization factor Ьеtшееп data and Monte Carlo шhich is then applied to all tlie otheт 
combinations. 
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FTCПJRR 2. 7: Mass distтibution fог centгal··pl·ug electmn раігs іп th,e data (L =125.5 рЬ- 1 } and 
tlie diffeтent quality cornbination of electтons. Tlie mass distributions are shoшn for gold--gold, 
gold silver, gold---bronze, sil-veт-sil·veт, s'il·veг- bronze and the тетпаіп·іпg possible coтnbinations of 
elertron pair candidates. The Z signal is defined as а cornbination between а сепtгаl golden ог 
sil-veт electтon witli а Ьгопzе, sil11er or golden plug electron. The norrnalization f actor Ьеtшееп 
data and Monte Carlo is deterrnined ш'itli tlie surn of th,ose cornbinations and is then applied to 
all the other cornbinations. 
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FIGПRE 2.8: Reconstructed Z si_qnalfoг data (dots шith erroг Ьагs) апd Мопtе Сагlо (h,istogгam). 
The c1m1e ·is tlie тesult of а Gaussiaп fit to t/1,e data. The Monte Сатlо is noтmalized to the 
т1тЬет of events found шitliin ±2а around the fitted Z peak. 
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After tl1e electгuн енегgу cali1)1'atio11, wl1icl1 was lletermined with tl1e Z saшplc, а sl1ift ot' 
аЬонt 250-500 MeV between data and Monte Carlo remaiпs. Tl1e tшcertaiпty arisiпg froш tl1is 
шiss-calibratioп is fонпd to give а 1 % systeшatic нпсеrtаіпtу оп tlю fiвal lншiпosity. 
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FIOORR 2.9: Reconstructed W tran811er8e rnas8 distгibut-ion fог events шitli _qolden electrons and 
events щith011t jets, іп th,e data (dots шith, error· bars), іп the W-+ ev Monte Carlo (dash,ed red 
line) and іп the W-+ ev Monte Сатlо togetlieг шіt/1, th,e sirnulated W-+ тv backgгo'U'nd process 
(solid blue line). 'Гh,е pink dotted line shл111s the W -+ тv alonc 

As йеtеrшіней frum tl1e Z saшple, tl1e electroп energy іп tl1e Монtе Carlo was sшeared usiнg 
а random Gaнssiaп fнnctioп, haviпg а а of 2. 7% of the electroн cпcrgy. 

2.2.4 The effective luminous z-vertex region 

Іп coпtrast to the lншіпоsіtу measшemeпt with the CLC, whicl1 "sccs" iпteractioпs esseпtially 
over tl1c cпtirc collisioп геgіон aloнg tl1є Ьеаш lіне ( ± 1()() сш), шost шеаsшешепts are liшitcd to 
а sшaller :,,,-1·сgіоп. Traditioпally, it is rсчніїї~сl tlшt tl1e event vertex for higl1 Pt pl1ysics slюнld 
Ье fоншl witl1 а z-vertex cuordiнate, Zщтtех' ±60 ст аrонпd the ceпter of CDF. The efficieнcy 
luss due to tl1is reчuiremeпt has tlшs to Ье kпown8 . 

The f'ractioн of· eveпts, wl1icl1 will rюt Ье accepted dне to tlю z,ueгtcx vertex positioн сопdіtіоп, 
has been determined from the data нsіпg reasoпably well rccoпstr·нcted tracks froш the ceпtral 
oнtcr trackcr. Howcvcr tl1c cfficicпcics, cspecially for tl1e trigger апd the trackiнg, are sшallcr 
for large z1mгtex positiuпs. То шінішіzе tlшt problem, опlу eveнts tliat are "boosted" into tl1e 
detector ассерtапсе are нsed to measнre tlю lншіrюнs rcgioн as tl1ш;e cvcпts have а better 
ассерtапсе. Sнch eveпts are selected rечніr·іпg thc Pz of tl1e decay particles ашl tl1c шсаsшеd 
Zueтtea:: positioн tu lшve upposite sigнs. Their Zveтtex distribнtioн is showп іп Figшe 2.10. Tl1e 

8 No ad(litional соr1·есНон нee<ls t,o Ье applie<l if the щtе!; for other studied high Pt processes are norпщlize<I 
to the W ансІ Z couнtiнg шetlюd as інеШсіенсіеs fгош Іонg tailн ін the vertex clistributionн will Ье i<leнtical fог 
the studied 1·eactio11s. 
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resulting "Gaussiaн" distributioп arc :Н.4 сш апd 27.2 сш ін tl:1e data апd tl1e Монtе Carlo 
respectively. Note also tliat tl1e шеап z -vertex positioп is поt іп Zvertex = О Ьнt in Zvertex = 

2.1 ± 0.1 сш іп the data and 1.8 ± 0.2 сш (resp. 2.2 ± 0.1 сш) ін tl1e W (resp. Z) Мопtс 
Carlo. This sl1ift has howcvcr little eff"ect оп the results sінсе tl1e z-vertex tlistribнtioн lшs а 
lar·ge spread. 
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FIGlJRE 2.10: Distrib'Ution of the гeconstr'IJ,r:ted z-vertex іп tlie data and іп tlie Monte Car·lo, 
req'Uiring tliat the C'Vents are boosted іпяіdе t/1,e detector (і. е. th,e яіgп of the Pz r:omponent and 
the sign of tlie Z-'ueгtex liш;e to Ье opposite). 

Using events wl1icl1 are bousted iнside tl1e detector, оне fiнds that 2.9% of tl1e W апd Z Мопtе 
Carlo events liavc а vcr·tex larger tlшп ± 60 сш, coшpar·etl to 5.:3% in the data. Giveп tl1e fact 
tliat tlic CLC cuuнters are coнпting esseнtially tl1e cuшplete luшinous region an additional 
cfficieнcy correctioп of 0.98 has to Ье applied он top of tl1e actual W ашl Z Монtс Carlo vcrtcx 
inefficiency. 

2.2.5 Counting resonance W and Z decays 

Wl1ile tl1eoretical cross section estiшatcs ar·e giveп for on-sl1ell "r·еsонансе" prodш:tioн of W анd 
Z bosons, нsing the пarrow width appioxiшation, the data інсlнdе also off-sl1ell prodнctioп апd 
backgrouпds. In сошраr·інg data witl1 tl1eory it is tlшs iшportaпt that efficieпcy апd backgrmшd 
correctioпs rrшtch as closely as possiblc tl1e оне нsed for tl1e NNLO calculatioнs. Tl1e followiпg 
W апd Z eveпt couпtiпg scl1eшe is нsed: 

• For tl1e Z sigпal, а straigl1t forward couнtiнg шetlюd is usccl. Caшlidatc cvcпts аІс couпtcd 
withiп ±2ст aroш1d tl1c Z peak, as deterшiпecl })у а Gaнssiaп fit. 

• Tl1e backgrouпds arc clcteш1iнed froш а sicle Ьансl шethod, нsіпg the пншЬеr of eveпts 
fmшd bet,wccп З - 5ст оп Ьoth sides of tlic Z pcak. 
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• Tl1e Z снt efficieнcy is calcнlated for eveнts where tl1e geнerated шass is oн-sl1ell, reqнiriпg 
91.2 ± 7.5(= :~Гz) GeV апd tl1e geпerate(l rapi(lity У of the Z satisfies ІУІ < 2. Tl1e 
ш1шЬеr of accepted eveнts ін the Монtе Carlo are calcнlated likc ін the data, іпсlнdінg 
the subtractioн of "sigнal" eveнts fotшd ів tl1c side Ьанd regioпs. А сопесtіоп of 1.5% 
(resp. 0.6%) for ccrltl'al-ccпtral (resp. ceпtral-plнg) Z is applied to the снt efficieпcy to 
take іпtо ассонпt the сопtашіпаtіоп of the off-sl1ell (І Z*) eveпts, popнlatiнg шоrе the side 
baшls tliaп tl1e ceпtral regioв. Tl1is corrcctioн factor is estiшated usiпg tl1e Мопtе Car·lo. 

• The couпtiпg of the W sigпal relies оп the traпsverse шass, Мг, distribнtioв calcнlated 
froш the electroп ненtrіно systeш апd requiriпg 60 GeV < Мт < 90 GeV. 

• I3ackgrouнds are separated інtо off-shell prodнctioн of W* ___, cv, wl1ich are recoнstrнcted 
witl1iн the sigнal regioн, as well as backgroнвcl froш tl1e W ___, тv, Z ___, ес анd "QCD" 
dijet cveнts. 

• The W cut efficieнcy is calculated, like ін the case of tlю Z, for cveпt,s where the geнerated 
шass is oн-shell, reqнiriнg 80.4 ± б.4( = 3Гw) Ge V анd tl1e geпeI"atcd rapidity У of tl1e W 
satisfies ІУІ < 2. Tl1e щ1шЬеr of acceptecl eveпts ів tl1e Монtе Carlo are calcнlatєcl as ін 
tl1e data. 

Estimating the background for the W sample 

The soнrces of backgroннd for tl1e W sigнal wcr·c ctiшatecl usiнg Монtе Carlo sirrшlatioпs. Tlic 
шajor sошсе of back,gгmшd for W eveпts сошеs fгош off-sl1ell W prodнctioн анd is estiшated 
to Ье 6.5 ± 0.2% of tl1e selected eveпts, usiнg the РУТНІА Монtе Carlo saшple анd keepiнg онlу 
eveпts wl1eгe tl1e geпeгated шass is either sшaller tlшн 7 4 Gc V ог l1igl1cr tliaн 86.8 Ge V (і.е. ЗГ 
шоuпd tl1e шеап gепега ted шass). 

Tl1e backgroш1d сошінg froш tlic W --+ тv was estiшated нsінg а saшple of 102,000 eveпts 
gcпcratccl witl1 РУТНІА анd foш1d to Ье 1.5 ± 0.1% of the selected W sigнal eveнts. 

For tl1e Z--+ ее backgroннd а saшple of 100,000 Монtе Сагlо РУТНІА eveпts was usєd апd 
tlic совtашіпаtіон is fotшd to Ьс 0.47 ± 0.(J2% of the selected W sigпal eveнts. 

Т11Є шajority of tl1e QCD dijet eveпts arc гcnюved witl1 tl1e applicatioп of tl1e jet veto. То 
stшly tl1is Ьасkgгошн_l, а saшplc of Мопtе Сагlо QCD dijet eveвts сонtаінінg 2. 7 · 106 eveнts 
was used. As tl1e cгoss sectioп for tl1ese type of eveнts is 50 ІLЬ, wc cxpect 6 · 109 eveнts fог 
а luшiнosity of 125.5 рЬ- 1 . The saшple we lшd сонtаінs tlieп less tllaн 0.04% of tl1e eveнts 
сопеsронdінg to а lшniнosity of 125.5 рЬ- 1 . Thus to gct агоuнd tl1is ргоЬlсш, two diffeгeнt 
factoriiatioв шethocls wегс нsed. 

Tl1e fiгst way to арргохішаtе tl1e C~CD backgro1шd relies оп tllc i<lca tliat а jet-jet eveнt 
fakes а W eveнt if оне jet is detected as ан electroв апd tl1e otheг jet gives шissiнg Е1_. Onc 
сан theп шеаsнrе tl1e probability that а jet is detected as ан electroн анd the pгobability tlшt 
а jct is шіs-шєаsшеd, гesultiпg ін шissiнg eнergy. Tl1e сошЬінеd pгobability is theв fоннd to 
Ье 10-10 wliicЬ гергеsенts О.б± О.б eveнts for а lншіпоsіtу of 125.5 рЬ- 1 . 

Tlie sєсонd way of estiшatiпg tl1e C~CD Ьасkgгоннd relies on tllc o1)servatioп that tl1e Pt 
sрссtпш1 of tl1c jets fгош C~CD dijet eveпts is steeply falliнg, lcadiнg to шоrе Ьackgrouпd ін the 
lower Pt regioн. Furtl1eпnoгe, tl1e regioп of tl1c low шissiвg tгaнsverse енегgу is poorly йеsсгіЬеd 
Ьу tl1c Монtе Carlo sinшlatioн if по QCD (_iijet backgr01шd is assшпecl. А saшple ін tl1e Монtе 
Carlo QCD йijet was tlшs selecteй сопtаінінg eveнts wl1ere а jet is back to 1жсk to tlic шissiвg 
енегgу vector ін the tгaпsverse рlапе ( arisiпg fгош а "rюt--гecoвstгнcted" jet). Оне сан tl1e11 
dсtеппіпе tlie slшpe of tl1e шissiпg traвsveгse eнergy sресt1·шн of tllis saшple for differeнt jet 
eпergies. Tl1is backgroннd gets daнgeroнs wl1e11 а jet is шisiйeпtifie(l as ан elcctroп. Аssшпіпg 
tliat tl1is liappeнs froш tішс to tішс ашl tlшt it епlшпсеs the low шissiнg traвsverse eвergy 
rcgioп, оне сан scale tl1e йijet coпtributioн, so that, wheп adйed to tlle other Мопtе Carlo 



50 TOWARПS А PRECISE LUMINOSITY DETERMINATION 

coшponents, the sinщlation describes better tJ1e lower part of the шissiнg eнergy spectruш in 
tl1e data. 

Figure 2 .11 slюws tl1e data ( triaнgles) together with the Мопtе Car lo predictioп fOI" W -+ cv, 
W -+ тv, Z -+ ее (dashed black line) and the Мопtе Сагlо iпcludiнg also tl1e C~CD (_lijet 
sаш ple ( solid Ьlне lіпс). Tl1e шissiнg tr·ar1sve1·se епегgу distribнtioп is plotted for differeпt 

electroп traнsverse eпergies (20-25 GeV, 25-:Ю GeV, 30-35 GeV апd :~5-45 GeV). For tl1e four 
differeпt regions the scaling factors to Ье applie(l to tl1c QCD jet saшple is 0.18, 0.14, 0.08 
апd 0.0018 respectively. Mнltiplyiнg tl1is scaliнµ; factor witl1 tl1e пшnЬеr of QCD jet eveпts 
fонпd ін tl1e regioпs wl1ere tl1e couнting of W bosons is dопе ( Еf'івв > 30 Ge V апd 30 Gc V 
< E[lectron < 45 GeV), the QCD dijet backgroшicl is estiшated to Ье 1.:3 ± 0.9 events per 
125.5рЬ~ 1 . 

Botl1 шethods slюw that thc QCD backµ;roнпd сап Ье neglectccl with tl1e selectioп нsed. 
Tl1e total backgroншl for W cvcпts is estiшated to Ье 8.5 ± О. 7 % witl1 the followiпg coш

position: 6.5% of the backgroнпd events are froш off-sl1cll W bosons, 1.5% are froш W decays 
інtо т's and 0.5% are froш Z bosoпs. 

2.2.6 Stability of the detector 

Тrigger efficiency 

Tl1e efficiency for ELECTRON_CENTRAL_l8 trigger, нsccl to select tl1e W /Z eveпts, has Ьееп 
estiшated froш the coincidences between tl1e W_NOTRACK trigger and the ELECTRON_CEN
TRAL_l8 trigger. It is foнnd to vary froш 0.92 to 0.97 over the differeпt periods (нее Table 2.4, 
page 58). Moreover thc гcsнlts fог tl1e trigger efficiencies fог thc Z saщple have Ьеен cross
checked нsіпg tl1c Z_NO_TRACK tгiggeг. 

Tl1e tгiggeг efficieпcy depends on tl1e electroп pseнdorapidity. Figure 2.12а slюws tlic tгig
ger efficieпcy as fнnctioп of the еlесtгоп гapidity, for goldeп апd silver electrons, for ELEC
TRON _CENTRAL_l8 tгiggc1· (1)lack dots) апd W _NQ_'l'RACK tгiggcг (gгееп triaпgles). 

Thc spacc 1жгs at tl1e ceпter of· the trackiпg chaшber caнses iпeffi.cicпcics fог tl1c track 
fiпcliпg аrонпd 'fl =О, leadiнg to an overall lower ELECTRON_CENTRAL_l8 tгiggm· efficieпcy 
for sшall rapiclities. Howcvcг, as tlю eveпt vertex is qнite sprcad ін z, оне slюнlcl coпsider the 
r7 depeнdence of tl1e trigger efficiency for cliffercпt Z1mrtex positioп. If the eveпt vertex is sl1ifted 
ін z, tl1e position of the central detector spacc Ьагs will correspoпd to а shifted 17. Figшe 2.12Ь 
shows tl1e trigger efficiency fог cvcпts f01· wl1icl1 Zvertєx < -10 сш. А clear drop at the valнe 
of pseнdoгapiclity correspoпdiнg to tl1e position of the bars fог sнcl1 eveпt vcгticcs сап Ье sссн. 
Tl1e ргеsепсе of events with differeпt z1,ertex positioнs explaiпs then the "up апd dowп" Ьelшvior 
of the overall trigger efficieпcy аrонпd r7 = О ів Figшc 2.12а. 

For the W ..NOTRACK tгiggcг cffi.cicнcy (greeп triangles), 110 sigпificaпt 17 depeпdence is 
observed as this triggcг docs rюt l1avc ану tracking requireщents ашl is thнs опlу seвsitive to 
tlю саlогішеtег effi.cieпcy. In Figшe 2.12Ь опе сап see а sшall redнctioп of tl1e W_NQ_TRACK 
trigger efficiency for r7 = -0.5 which сопю fгош tl1e gap Ьetween tl1e ceпtral апd plнg caloriшeter. 

Counting stability over time 

То stнdy the stability of tl1c dctcctoг tl1e пшнЬеr of Z and W bosoпs liavc Ьееп cmшted for each 
of the diffc1·cпt pcгiods as defiпed ін Table 2.1 on page :39. 

Tl1e rшшЬеr of W and Z events per periocl dividc(l Ьу tl1e CLC lншinosity estiшate of tlшt 
period, inclнdiпg correct,ioвs for tl1e vaгiatioпs ін tl1e trigger efficicвcy are slюwп іп Figшe 2.1:3. 
ТІ1е data агс foш1d to Ье roнglily coнstant withiп ± 5% (а х2 test leads to 10.9, 13.1, 14.0 
with 6 degrees of freedoш for Z events with two ceпtral electroпs, with опе central апd опе plнg 
electron ащl W eveпts гcspcctively). 

Тlю sаше сап Ье done with tl1e ratios betwecп tlю пшнЬеr of Z events haviпg both electroпs 
in tl1e central caloriшeter, tlю шш1Ьсг of Z eveпts wl1ere one electroп is іп tl1e plнg caloriшeter 
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data (tтiangles), Мопtе Carlo prediction including the W-+ ev, W-+ тv and Z-+ ее r:ont·гibu
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FIOlJRE 2.12: The trigger efficiencie.s mea.sured fтот the W sample as а function of the electron 
p.scudoгapidity fог tlie ELECTRON_CENTRAL_18 tгigger and W_NOTRACK triggeг (а). The 
.same but fог cuents шl~еге tlie z position of th,e 11егtех is smaller than -10 ст (Ь). Statistical 
егтотs are .shm11n. Electron.s are геq11ігеd to Ье gold or .sil'ueт candidates and pa.s.s the .selection 
cut.s f or' а W C'uent. 
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FIGПR.E 2.1:3: Ratios between tlie пшпЬег of W and Z Є'uents corrected witli tlie tгi_qgcг cfficiency 
and the corresponding CLC luminosity estimates for the se11en different data peгiods as defined 
іп Table 2.1. 'l'he central line sliows tlie average for· all th,e data. 'l'he data атс found to Ье 

constant within ± 5%. Only statistical errors are sh,oшn. 

a11cl tlю nншЬеr of W eveпts. These ratios are fotшd to Ье also constaпt withiп 5%, as it сап Ье 
sссн ін Figшc 2.14 (а х2 tcst lcacls to 16.3, 8.5, 10.6 witl1 6 degrees of freedoш for Z ceпtral
centшl eveнts, Z ccntral-plнg cvc11ts апсl W cvcпts rcspcctively) апd arc co11sisteпt with the 
statistical eпors. 

Froш tl1esc rcsнlts, во sigвificaпt tiшc-dcpcшlcнt effcct сан Ье sееп. Еvсн if sоше poiпts show 
а discrepaпcy (tl1e х2 test is rюt ve1·y guod), а global treпd for tl1e sаше period is not observecl 
іп tl1e otl1er cliarшels. More statistics woнld Ье пeetled to Ье able to aнalyze sшallcr periods (for 
іпstапсе eacl1 tіше the trigger table is шodified or tl1e пшпіпg coшlitioпs are chaпged) kccpiпg 
at thc sашс tіше reasoпably sшall statistical eпors. 

Homogeneity of the calorimeter 

То stшly thc lюшоgепсіtу of the caloriшeter, tJ1e caloriшetcr towe1·s wlюre tl1e electroп сошінg 
f'ruш tl1e W is detectcd are stнdicd as а ftшctioв of Т/ аш.1 ф. No hole ш sigнificaпt іпеffісіепсу 
was fouпd іп ану of tl1e towers. 

Thc caloriшctcr towcrs, groнpcd ін ф iпtcrvals, arc fоннd to Ье coвstaпt for tl1e data апd 
the Мопtе Carlo, as it сап Ье sееп он Figure 2.15. Fittiнg а straigl1t lіпе tl1гougl1 tlюse poiнts 
resнlts іп а х2 of 26.8/23 for the data апd 46.6/23 for tl1e Мопtс Сагlо. 

Figure 2.lf)a slюws tl1e caloriшetcr towers wl1ere tl1e electroп сошіпg froш а W is dct,ectecl, 
groнped ів r7 iпtervals, for data анd Монtе Carlo. The Мопtе Carlo is пorшalized to tl1є data. 
Thc first and thc last towcr агс ноt нsed to gct thc нorшalizatioн factor as tl1ey аге поt well 
siшнlated ів the Мопtе Сагlо. The data are coпected with the triggcr efficieпcy, wl1icl1 clepeнds 
оп r7 (as showп оп Figure 2.12, page 52). Qнite а big discrcpaнcy is sсеп betweeп tl1e ceнtral 
анd rюн-сенtгаl геgіон descriptioн froш data анd Мовtе Carlo, as slюwп ін Figнrc 2. lба. The 
origiп of this effect was fонпd to origiнate шаіпlу froш а bad recoпstщctioп of· the variable 
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FIGORE 2.14: Ratios Ьеtшееп the nurnber of Z central-central e·vents to Z centтal-plug e·uents 
(upper plot), of th.e питЬет of Z centr-al-plug e·vents to the питЬет of W e11ents (rniddle plot) and 
of tlie nurnber of Z central сепtтаl e·uents to tlie пшпЬеr of W events corrected шith tlie trigger 
efficiency (Ьottorn plot), f or the diffeтent data peтiorls (Table 2. 1). Tlie data ате found to Ье 

constant шіtМп ± 5%. Only statist-ical erтo·rs are slioшn. 
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~ьаа ін tl1e ccнtral t,owers. Tl1e mеап 1i:had is fouпd to Ье l1igl1er for ceнtral towers thaп for tl1e 
rе~~аіпіпg опеs іп tl1e data, wl1creas sнсh."~п effect is поt sееп іп tl1e Мопtе Carlo, as Шustrated 
in Figшc 2.17. 

Tl1is could Ьс explaiпecl Ьу the fact tliat dне to tl1e space bars іп tl1e ceнtcr of tl1e calorimeter, 
шоrе electromagпetic епе1·gу gcts lost, resнltiпg іп а higher 1~'~'~ valнe. If tl1e W selcctioп is 
dоне witl1 tl1e снt оп this variable rcla.xccl from 0.025 to 0.05, as slюwп оп Figшe 2.16Ь, tl1c 
dist1·ibutio11 is ін agreeшeпt witl1 tl1e Мопtе Carlo. Howcveг, іп tl1is aпalysis, tl1e valнe of 1і:~~ 
was left to ().(J25 as it allows а cleaпer selectioп. Tl1e discrepaпcy betweeп data апd Монtе Carlo 
is takcн інtо ассонпt іп tl1e evaluatioп of tl1e systerrшtic uпcertaiпty. 

Fiпally, thc positioв of tl1e Z peak is fонпd to vary over the differeпt pcriocls from аЬонt 
1.5% of tl1e mсап recoпstrнcted mass for the eveпts wl1ere botl1 electroпs arc ccвtral авd аЬонt 
2.5% of tl1e шеав rccoнstrнcted шass for tl1e eveпts with оне electroп іп the plug. 

2.2. 7 Luminosity estimation with W and Z bosons 

Luminosity determination 

Tlic rclatio11 betweeп the lнmiпosity [, апd the rшmЬer of sigпal eveпts Nsignal is give11 Ьу: 

[, = Nsignal 

CFNNLO · Єz-е'иепt · ЄІУІ<2 · Єc,uts · Єtrigger 
(2.8) 

Tl1e NNLO theoretical cross sectioп ІJ N N uJ, іпсlшlінg tl1e braпcl1iпg ratios to electroпs at а 
ceпter of шass eпergy Js = 1.96 TeV is 2.687 пЬ fог iпclнsive оп sl1ell W prodнctioп апd 0.251:{ 
вЬ for tl1e Z proclнctioп, as giveп іп Formula (2. 7), page ;{8. 

As cxplaiпecl іп sectioп 2.2.1, Єz-ецепt is а factor that corrects the efficicпcy of the снt 
requiriпg tl1at Zevent vertex = ±60 сш is lower іп tl1e data tha11 ін tl1e Мопtе Carlo. Tl1is factor 
is fo1шd to Ье 0.98. 

єІУІ< 2 is the efficieпcy of tl1e снt rcqнiriнg tliat tlic gcнc1·ated vector lюso11s have а rapidity 
smaller thaп 2 апd is f01шd to Ье 0.92 for Z eveпts ашl 0.89 for W eveпts. 

Єсиtв is defiпed from tl1e ratio of accepted sigпal eveпts divided Ьу the пшнЬсr of gcпerated 
cvcнts ів thc Мопtе Carlo. The geпerated eveпts пшst liave а geпerated Z rrшss fнlfilliпg: 
191.2 GeV - МqепІ < ЗГ анd а Z rapidity of IYzl < 2. Tl1e efficicнcy is 0.115 for the Z ce11t1·al
ceпtral, 0.198 for tl1e Z ceпtгal-plнg анd 0.123 for tlic W cveнts. 

The resнlts for tl1is lнmirюsity estiшate witl1 tl1e difi'creпt sigпals, ceпtral-ceнtral апd ceпtral
plug Z анd for ccнtral W ar·c giveп ів Table 2.4. 

Tl1e luшirюsity valнєs obtaiпcd нsіпg tlю Z cvcnts witl1 two ccнtral electroпs agree witl1 
the опеs оЬtаінеd usiпg W eveпts анd arc also ін good agreeшeпt with tl1e CLC lнmirюsity 
estiшatioп. 

The lншіпоsіtу obtaiпed with the Z sample where оне electroп is ів the plнg calorimcter апd 
tlю othcr is central are systeшatically too low Ьу аЬонt 15 to 20%. It is iпterestiпg to ноtе, as 
sееп оп Figшes 2.1:{, page Рі:З ансl 2.14, pagc 54, tl1at tlю гаtіо betweeп tlю Z saшple for а ceпtral 
апd а plнg electroп апd tl1e otl1er saшples анd tl1e CLC lшпіпоsіtу is co11sta11t withiп 5%. No 
obvioнs experimeнtal ехрlапаtіоп was fонпd so far arнl the Z saшple wl1ere electrons liave а 
larger rapidity пeeds to Ье iпvestigatcd ін ш01·с dctails. It is also possible tliat tl1e discrepaпcy 
for tl1e high rapidity regioп сошеs froш iпaccuracies ін tl1e PDF. Figurє 2.:3 оп page ;36 shows 
that fог У> 1.5 the errors оп tl1e PDF start to Ье rather importaпt. 

Systematics 

Systcшatic crroгs сап Ье рнt оп each of tl1e factors appeariпg ів Fогшнlа (2.8): 

• N signal: Tl1e systeшatic error он tl1e шш1Ьеr of sigпal eveпts was appгoximatcd Ьу stнdy
iпg lюw tl1e lшпirюsity varics if оне chaнgcs tlю dcfiнitioп of tl1є sigнal апd backgroш1d 
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Data Saшple Signal Єtтіggєт Lpp(W,Z) Lpp(CLC) Ratio 
period type events [рЬ-1] [рЬ-1] 

Z ес 317 0.995 12.3 ± 0.7 11.6 1.06 ± 0.06 
1 Z ср 433 0.924 10.4 ± 0.5 11.6 0.90 ± 0.04 

W О jet 329:~ 0.924 11.7 ± 0.2 11.6 1.01 ± 0.02 
Z ес 485 0.999 18.7 ± 0.8 19.2 0.97 ± 0.04 

2 Z ср 775 0.974 17.7±0.6 19.2 0.92 ± о.оз 
W-0 jet 5870 0.974 19.7 ±о.з 19.2 1.03 ± 0.01 

Z ес 625 0.998 24.1 ± 0.9 24.4 0.99 ± 0.04 
з Z ср 920 0.957 21.З ± 0.7 24.4 0.87 ± о.о:з 

W-0 jet 7164 0.957 24.5 ±о.з 24.4 1.00 ± 0.01 
Z ес 539 0.998 20.8 ± 0.9 18.9 1.10 ± 0.05 

4 Z ср 6З5 0.95:3 14.8 ± 0.6 18.9 0.78 ± о.оз 
W-0 jet 5З82 0.95:3 18.4 ± о.:3 18.9 0.97 ± 0.01 

Z ес 494 0.999 19.1 ± 0.9 18.4 1.04 ± 0.05 
5 Z ср 647 0.965 14.9 ± 0.6 18.4 0.81 ± 0.03 

W-0 jet 5537 0.965 18.7 ±о.з 18.4 1.02 ± О.01 
Z ес 437 0.999 16.8 ± 0.8 18.5 0.91 ± 0.04 

6 Z ср 671 0.962 15.5 ± 0.6 18.5 0.84 ± о.оз 
W-0 jet 5286 0.962 18.О ± 0.2 18.5 0.97 ± 0.01 

Z ес З88 0.998 14.9 ± 0.8 14.5 1.03 ± 0.05 
7 Z ср 522 0.960 12.1 ± 0.5 14.5 о.ю ± 0.04 

W-0 jet 4220 0.960 14.4 ± 0.2 14.5 0.99 ± 0.02 

Z ес 3285 0.998 126.3 ± 2.2 125.5 1.01 ± 0.02 
TOTAL Z ср 4603 0.957 106.4 ± 1.6 125.5 0.85 ± 0.01 

W-0 jet 36752 0.964 125.4 ± 0.7 125.5 1.00 ± 0.01 

TABLE 2.4: Tlie obseгued пиrпЬет of Z e-uents fот centтal-centтal (се) centтal plug (ср) and 
W e11ents (W: шitliout backgтound subtтaction) іп the data and fог tlie diffeтent peтiods, tlie 
estirnated tтiggeт e/jiciencies and the тesulting lurninosity w'itli statistical еттотs. The last соlшпп 
shлшs the таtіо Ьеtшееп the W/Z lurninos'ity (Lpp(W,Z)) and tlie CLC lurninosity {Lpp(CLC)), 
assurniri.q а ne_qligible statistical еттот оп th.e CLC estirnate. 
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L::oпes used for tl1e cotшtiпg. For the W sigrшl, оне fiпds а variatioн of 1 % ін tl1e obtaiнed 
luшiпosity if оне varies tlic cut он the W trarшveгse rrшss used for the sigнal defi11itio11. 
Sішіlаг tests wеге also регfопнеd оп thc Z saшple анd а vагіаtіон of 0.5% of tl1e lшniнosity 
was fоннd. 

• єІУІ<2 : Depeнdiнg 011 the available statistics, tl1c sigпal сап Ьс split іпtо several rapidity 
Ьіпs. Fог this шеаsшешспt, the efficieнcy сопесtіоrш of W анd Z eveнts аге calcнlatcd 
sнch tlшt thc geнeгated гapidity of W апd Z bosoнs satisfies ІУІ < 2. The fractioн of 
eveнts witl1 largcr rapidities is fouпd to Ье 7.7% for tlic Z's анd 10.7% for thc W's. This 
fractioн depeнds 011 thc assuшed PDF knowledge at sшall анd large х. 

Usiнg tlie sаше PDF, а sligl1tly differeнt rapidity distгibutioн of the W апd tl1e Z bosorш is 
foнnd for tl1e sіпшlаtіон шаdе with РУТНІА ансі tlю оне шаdс with HERWIG. Figшe 2.18 
shows the output of РУТНІА and HERWIG for tl1e geпeгated rapidity of the W for all 
evcнts апd fог the selected sigнal eveпts. Afteг having talked to tl1c autlюrs of РУТНІА 
анd of HERWIG, но ohvioнs ехрlанаtіон was fouпd. 
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Frс:шн; 2.18: (а) Distribution of the generated (шith,01;,t апу basic kinematic selection) and 
тeconstr·ucted rapidity distribution fот W e-vents іп the РУТН/А (solid black and red lines) and 
HERW/G sirnulat'ion (da8hed Ьlие and угееп lines). (Ь) The ratio Ьеtшееп the W rapidity predic
tion of РУТНІА and HERWIG simulations fог all _qenerated e-vents (solid black line} and for th,e 
reconstructed ones ( dashed red line). 

А systeшatic епоr on tl1e fiнal result of ±1.5% is attгihнted to this гapidity extrapolatioн. 

• CТNNLo: The theoretical епш 011 1юtl1 cross sections is assuшed to Ье 2.8% as explaiпed 
он page :38. 

The systeпшtic епоr оп t.he снt efficiency is estirrшted Ьу vагуінg the valнes of· tl1c cuts 
rccordiнg tl1e change in tl1e lшніпоsіtу. Wc fонпd а 2.2% variation ін the lншіпоsіtу fш 
the Z saшple wl1crc 1юt11 electrons аге centгal, 2.2% vагіаtіон for tl1e Z saшple wl1cн оне 
electroн is ін tl1e plнg анd 4. 7% for the W saшple. The шаіn sошсс of error сошеs fі·ош 
tl1e vагіаtіон of the снt on ~ha.d. Tl1is distribнtio11 shows discrepancies betweeп thc Monte 
Carlo predictioн анd tlie dat~ as illнstrated in Figшe 2.17, он pagc 57. 

Tl1e efficicпcy of tl1e jet veto applied ін tl1c W eveвt. sclcctio11 was also stшlicd. Tl1e 
ассшасу of· tl1e Мопtс Carlo precliction can Ье cl1ecked нsіпg tl1e Z saшple witl1 two 
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central electroнs. Tl1e fr·actioн of Z eveнts without jets to thc total nшnber of Z eveнts 
is fotшd to Ье 0.799±0.007 in tl1e data and 0.827±0.()()4 for the РУТНІА Монtс Carlo. А 
сопесtіов factor of 1.035±0.0125 is then applied in the Мовtе Carlo efficieнcy to сопссt 
for the jet veto cut. 

• Єtгigger: The error on the trigger efficieнcy is estiшated нsing the tl1e statistical error on 
tlie нuшЬеr of events firing both ELECTRON_CENTRAL_l8 trigger анd W_NO_TRACK 
tr·igger анd is fouнd to Ье нegligible (betweeп 0.05 and 0.2%). 

СошЬіпіпg all these errors, we fiнd а total systeшatic error of 3.9% for lюtl1 Z saшples and 
5.8% for tl1c W saшple. 

Table 2.5 gives а sшnшary of tl1e list of all studied systeшatics. 

Systeшatic errors for: Zcc Zcp w 
Nsignal 0.5% 0.5% 1.0% 
t'JNNLO 2.8% 2.8% 2.8% 

ЄІУІ<2 1.5% 1.5% 1.5% 

Єcuts 2.2% 2.2% 4.7% 

Єtrigger 0.05% 0.2% 0.2% 

Total 3.9% :і.9% 5.8% 

TABLI'; 2.5: List of stud·ied systematic еттоr·s. 

Tl1is study of tl1e systeшatic errors slюuld Ье carried оп in шоrе details ін а fшtl1er aпalysis. 
Ан iшportaпt роіпt left aside is the detailed stнdy of the plнg caloriшeter wl1ere currcпtly а 
lower luшirюsity is systeшatically fotшd ін cach data period. Thc rcasoп coнld Ье caused Ьу 
inaccuracies ін tl1e PDF, Ьнt шоrс likcly to ан iнaccurate siшulatioн of tl1e plнg caloriшeter анd 
to unkrюwn detector iнefficicнcics. 

2.2.8 Results and interpretation of W and Z production 

Kinematics of the W and Z bosons events 

In this sectioп, different kineшatic distributioнs аге studied. For the signal sinшlation, а сошраr
іsон bctwccн tlie predictioпs of РУТНІА and HERWIG is perforшed. The traпsverse nюшенtнш 
sресtгшп анd rapidity distrilщtioп are discussed. 

Figшes 2 .19 ашl 2. 20 show tl1e Pt for Z hosoпs recoпstrнcted witl1 ceпtral central апd ceнtral
plug electroп раігs. Tl1c c11c1·gy correctioп based оп the positioн of tl1e Z peak, as explaiнccl 
оп pagc 4:3 is applicd оп tl1e electroпs. For Z hosons with largc Pt апd two ceнtral electroнs, 
one observes 491 eveпts witl1 а tr·aпsverse nюшенtuш 11igl1er tliaп 20 GeV agaiнst 352 eveпts 
cxpected Ьу the РУТНІА Мопtе Carlo, which represents ан excess of шоrе tlшн 5u. Froш tl1e 
HERWIG Монtс Carlo, however опе expects 461 eveнts with а Pt higher tlшп 20 GeV, wl1icl1 is 
ін go()(l agreeшeпt. 

It is also iпterestiпg to consider tl1e low Pt part of tl1e spectrнш. Lookiнg first at the Z 
saшplc witl1 two ccпtral electroпs, опе sees tliat HERWIG descri1)es quite well tlшt part of thc 
spectrшп. However, fo1· tl1e Z bosoнs wlierc оне clcctroп is сснtгаl анd the other is іп the plug, 
both HERWIG and РУТНІА do rюt desc1·ibe tl1e data. 

The slщpe of the Pt spectrнш ін Leadiнg Order Монtе Carlo generators will Ьс deterшiпed 
Ьу tl1e iнitial state r·adiatioн (ISR). For soft or colliпear partoпs, tl1e Altarelli-Parisi approacl1 
can Ье нsed to siшulate tl1e ISR. Howevcг, tl1is pгobabilistic procedure docs поt cover tl1e whole 
paraшeter space апd for tl1e l1igh Pt part of the spectrнш, the exact шatrix eleшeнts of tlю giveв 
pгocess lшve to Ье used. 
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In tl1c culliпear /soft аррrохішаtіоп, the following; paraшeters cuпtrol tl1e evolнtioн of thc 
ISR: tl1e valнe of а8 , t11e Q2 scale at which the par·tuпs stop slюwering and the intriпsic tr·aпsverse 
шошеntнш (kт) of the partons іп the protoн. These paraшeters were set diffcr·cпtly іп РУТНІА 
апd ін HERWIG. The hard part оЕ tl1e Pt spectrшн will depeшl оп lюw tl1e шatrix еlешепt 
corrcctioпs are ішрlешспtесl, wl1ich is differcпt іп РУТНІА анd іп HERWIG [54]. Tl1is could 
ехрlаіп the discrcpaнcies observed Ьеtwесп tl1e two generators. 

For low Z пюшепtа, less eveпts arc sееп іп the clata a.s expected f'гош tl1e siшulatioп. This 
шigl1t ехрlаін the systeшatically too low шеаsшсd lшніпоsіtу usiпg the сепtгаl -plнg saшplc. 
However this 10% effect coнld rюt ехрlаіп аlоне tl1e 15-20% discrepeпcy observed. 

Figшe 2.21 slюws the rapidity Eor Z Ьоsопs recoпstructed with ceнtral-ceнtгal апd ceпtral
plнg electroп pairs. No sigпificaнt differeнce is obscrvcd Ьеtwесп data апd tl1e HERWIG апd 
РУТНІА pгedictioпs. As cliscнssed іп [8], tl1c шeasureшeпt оЕ the Z гapidity distriЬнtioн сон
stгаіпs the PDF апd tl1e х1, х2 raпge, wl1icl1 leads clirectly to the "partoп-partoп" luшirюsity. 

Figшe 2.22 slюws the sliape оЕ tl1e electroп pseнdor·apidity clistriЬutioн for the w± events 
with zero jets ін the data and thc РУТНІА ащl HERWIG Мопtе Carlo. The data are correctecl 
witl1 tlю triµ;µ;er efficieпcy. As cxplaiпed іп Sectioп 2.2.6, page 5:3, ін order to get а better shapc 
descriptioн ~f tl1e data Ьу tl1e Мопtе Carlo, the снt оп ~had is relaxed froш 0.025 to 0.05. Dнс 

t~ rт), 

to tl1e diffcreпt шошепtа distriЬнtioнs іп tl1e protoп Eor the и, d, й анd J quarks, to Ье able 
to сошраrе tl1e w+ wit11 tlю w- rapidity distriЬutioп, the sigп of the rapidity Eor tl1e w
distribнtioп пeeds to Ье iпver·ted witl1 respec:t to tl1e w- rapidity distribнtion. All Еош c:urves 
are іп reasoпable ag;reeшeпt. 
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FIOURJ;; 2.19: Reconstructed Z tгans11erse momenturn for the РУТНІА Monte Carlo {histogram) 
and data ( dots шith, error Ьатs) fог central-central cuents оп tшо diffeтent smles. The dotted 
l'ine is th,e expected &istтibution obtained шith th,e HERWIG Monte Сатlо pтogram. 
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FIGORE 2.20: Rcconstructed Z transversc тпотепt1ьт for tlic РУТНІА Monte Carlo {histo_qram) 
and data ( dots шitli error bars} f or ccntral-plug events оп tшо different scales. Thc dotted Une 
is tlic expected distribution obtained шith the HERWIG Monte Carlo ртvgгатп. 
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FIOLJRE 2.21: Rapidity distгibution for t/1,e obser·ved Z signal іп tlie data (dots шith, error bars) 
and tlie Monte Carlo (histogтam) for central-central (а) and ceпtral pl11g (Ь) e1mntв. Tlie dottcd 
line is the expected distribution obtшined шith the HERWIG Monte Carlo prograrn. 
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FIGПRE 2.22: Lepton pseudorapidity distribution of tlie W---+ ev events for data {dots шitli еттог 
bars) and РУТНІА siтrшlated e1;ents {histogmm). Fот data Ьoth w- and w+ contгibutions ате 
shoшn. Тlie dotted line is the expected d-istтibution obtained шitli the HERWIG Monte Са,тlо 

ртоgтатп. As explained Ьеfоте, tlie cut оп 1%J:,~,~ is relaxed 'tn oтder to alloш the Monte Carlo to 
fit Ьetter tlie data. Тlie data ате also corrected шitli the tтigger efficiency. 
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Lurninosity with W and Z and the cross section ratio 

Tl1e final rcsults fur the lншinosity are thcn: 

Lpp(Zcc) 

.Cpp(Zcp) 

Lpp(W) 

126.3 ± 2.2(stat.) ± 4.9(syst.) рЬ-1 

106.4 ± l.6(stat.) ± 4.l(syst.) рЬ- 1 

125.4 ± 0.7(stat.) ± 7.:чsyst.) рЬ- 1 

The ratio Ьсtwеен tl1e Z and W cross sectioп сап Ье also щeasured. Tl1is йtіо is deterrnined 
нsіпg опlу the saшples involviпg ccntral electrons апd it is fotшd to Ье: 

рр ----' Z - ее 
Measнred: W 0.094 ± 0.002(stat.) ± 0.006(syst.) 

рр-+ ----' ev 
рр----* z- ее 

Calcнlated[49] : W = 0.093 ± 0.001 
РР----' --+ ev 

whicl1 is ін good agreeшent with tl1e thcor·etical predictioн. Tl1e systeпшtic error on the 
ratio coнld Ье even redнced іп а furtl1cr stнdy, as шоrе soнrccs of error coнld cancel іп tl1e ratio, 
like fur instance tl1e error· 011 tl1e снt efficieпcy or thc error on the rapidity extrapolatioп. 

2.2.9 Summary: one year and а half of luminosity determination at CDF 

No шajor obstacle was fouшl for tl1e W and Z cotшtiнg шethod whicl1 was for the first tішс 
applied to the CDF data. Tl1is шethod сап Ьс sшrшшrized as follows: 

• Wc defiнed first а way to selcc:t clcctroнs being as siшplc as possible to allow а good coпtrol 
он the efficieпcies, Ьнt sнffic:ieнtly effective іп 1xic:kgmund sнppressioп. 

• Тl1еп а W анd а Z saшple was selec:tcd нsing the kіпешаtіс properties of the processes 
апd tl1c clectroн identificatioп cнts. 

• Tl1c Z saшple was нsecl to test tl1c qнality of the Мопtе Carlo siшнlation апd to control 
tl1e снt efficiencies. 

• Cotшtiпg regions for the Z ащl tl1c W saшples were dcfiнed and the rшшЬеr of Z and 
W weie counted. Кпоwіпg tlю cross sectioп ащl thc efficiency, the lншinosity сап Ье 
calculated. Tl1e пехt stcp will Ье to со1щt t,hc W анd the Z іп rapidity Ьіпs in ordcr to 
оЬtаіп tl1e partoн lншinosity. 

• Tl1e systeшatic errors were fiпally dсtсш1іне(-1, like for іпstансе the detector st,ability over 
tіше, tlю cletector lюшоgепеіtу апd thc uпcertainty in tl1c electroп selectioн. 

In sншп~аrу, thc data collected Ьу CDF bctweeн FeЬrнary 2002 апd Мау 2003 were aпяJyzed 
ів ordєr to get а lншinosity estiшate. 3285 Z events witl1 two central electrons, 4603 Z cvcпts 
witl1 оне ceпtral апd оне plug electroп, and 36752 W eveпts were sclccted. СошЬіпіпg tl1e 
W and Z witl1 ceпtral electroнs only а lншіноsіtу of 125.5 ± 0.6 (stat.) ± 7.1 (syst.) рЬ- 1 is 
obtaiнccl wl1icl1 is ін good agreeшcпt witl1 tl1e CLC шеаsнrсrнепt of 125.5 ± 7.3 рЬ- 1 , where а 
5.8% total uпcertaiпty is assншcd [18]. 

Ін coпtrast, the Z saшple with а ceпtral анd а plнg electroн gives а luшirюsity estiшatioп 
systeшatically 15 to 20% lower tliaп tl1e опс pre(Iicted with the otl1er saшples. Tl1is effect coнld 
Ье dне to ан iнaccurate descriptioп of thc plug caloriшeter ів tl1e sішнlаtіоп Ьнt also to а PDF 
tl1eoretical error. 

Tl1e ratio of tl1e Z to W cross scc:tioп fur ceпtral electroпs опlу has Ьееп шеаsшесl ащl is 
fонпсl to Ье 0.094 ± 0.002(st,at.) ± 0.006(syst.), іп agrccшeнt witl1 thc tl1eoretical prcdic:tioп of 
0.09:3 ± 0.002. 

Bcfor·e applyiпg tl1is metlюd at tl1e LHC, sоше чнеstіопs still пееd to Ье aпswcrcd. 
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[, = 2 · 1033cm-:.is- 1 

Sigпal Backgrouнd Total 
W ---t ev : lOHz 7!'± /7r1

J overlap: 5Hz 33Hz 
7Т'о conversions: lOHz 

Ь/с ---t е: 8Hz 
Z ---t ее: 1 Hz "-' О lHz 

Тлш,р, 2.6: Tlie expected rates of sin_qle W and single Z into electrons at the LHC шШ~ tlie CMS 
Нi_qh LC'uel Trigger durin_q tlie loш-luminosity period f 21 ). 

• The narrvш шidth, approximation 

То take into accoнnt tl1e IHtl'l'Ow width аррrохішаtіон нsed for thc thcO!'ctical predictions, 
а cut он tl1e generatecl W пшss was set reqнiriнg the geнcrated W eveнts to lie witl1iн 
ЗГ аrопнd tl1e geпcrated шass. Tl1e thcorctical systeшatic errors liнked to tl1is way of 
ішрlешенtінg tl1e паrтоw width аррrохішаtіоп shoнld })с stнdied in шоrе detail ін the 
fнtше. 

• Determining th,e scale of tlie pтocess 

Тlю p1·ecise шеаsшешенt of tl1e rapidity distributioн of the vcctor 1юsон is fнпdашенtаl 
to оЬtаін the partoп dist1·ib11tion, as explaiнcd оп page 34. Tl1is rapidity distribнtion has 
to Ье шеаsшесl at а giveн scale, wl1icl1 is, ін tl1e case of siнgle W /Z, the шass of tl1e vector 
boson. Howevcr, wl1eн there are jets in tl1e eveпt, the scalc is шodified. The інflненсе of tlю 
jcts on the scale of tl1c pl'Ocess shoнld Ье studied, also to шаkе sше tlшt the 1шcertaiнties 
оп tl1e jet reco11strнctio11 do ноt liшit tlю accuracy of thc шethod. Moreover, а Z+jets 
saшple could Ье нsed to сонfіrш t11c (J2 evolнtioн of tl1e PDF. 

• Combining LO, NLO and NNLO іп а соттесt шау 

РУТНІА (or HERWIG) at·e leading order gcнcrators. They siпшlate а traпsverse nюшенtнш 
of the geнeratcd systeш нsінg iнitial анd fiпal state radiatioн. The process siшulated is 
tlшs half way Ьеtwссн а LO and NLO pгoccss. It is then 1юt clear whether it is Ьеttег to 
нsе t,he gcпerators witl1 NLO PDF or LO PDF. For tl1e sirrшlatioн of а specific pюcess, it 
would Ье нsct'нl to defiпe wl1eн NLO calcнlatioнs аге шaнdatory анd wl1eн tl1ey аге lcss 
iшportaпt анd coнld Ье replaccd !'01· інstансе Ьу а reweightiпg шcthod [55]. 

2.3 From CDF to CMS 

The teclшiqнes applied hеге to couнt tl1e W анd tl1e Z to шеа.•щге thc lншіпоsіtу сап Ье applied 
ін а sішіlаг way at CMS. F01· інstапсе, the idea to нsе tl1e Z saшplc ін o[(ler to contгol tl1e снt 
efficieнcies fог the W saшple is also гelevaнt for CMS. 

А very l1igl1 rate of W ашl Z slюнld Ье ргосlнсеd in tl1e ргоtон protoн collisioнs at tl1e LHC: 
Eor а 14 TeV ceпtc1·-of-шass eнergy, the cross sectioнs fщ siпgle W анd siнgle Z productioп is 
аЬонt а factor ten сошрагесl to tl1e опеs at tl1e Tcvatroп анd шo1·eover tl1e LHC is expected 
to dcliver 10 to 100 tiшcs пюrе lншіноsіtу tlшн tl1e Теvаtгон. Table 2.6 shows tl1e expected 
rates of vector !юsонs and poteнtial 1жckgrouнd accepted Ьу the CMS l1igh-levcl trigger. Tl1e 
ншnЬеr of W arнl Z decayiпg інtо clectroпs expected to Ье triggered eacl1 clay dшіпg the LHC 
low-lшнiпosity pliase is аЬонt 106 анd 105 . It will tl1erefore Ьс possible to obtain tl1e partoп 
lншiпosities Ьу шеаsшіпg very preciscly tl1e rapidity distriЬнtioн of tl1e W апd thc Z Ьоsонs. 

As slюwн before, the first step to select W анd Z is to lеаш how to sclect cfficieнtly electroпs!J. 
Tl1c gенегаl ргіпсірlеs to ideнtify electroнs arc пю1·е or less сопшюп to CDF апd CMS. However, 

вЕvепt if this study coпceпtratf'd on clcctroпs, it is clear that thc sigнal wit.h muons should also Ье used. 
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differeпces ін tl1e desigп of the two detectors will have ап іпfінепсс он tl1e variables used Ьу these 
two cxpcr·iшeпts to select electroнs: CDF апd CMS have а differeпt type of electroщagнetic 
caloriшcter. CMS, witl1 its crystal caloriшeter, has а шнсh fiпer graпнlarity thaп CDF. Tl1is 
high graпнlarity сап Ье used to шаkе cнts оп tl1e traпsversal slюwe1· slшpe. Aпother iшportaпt 
diffcrcпce is the ашонпt of щaterial ін tl1e tracker: аЬонt 0.57 Хо for CMS agaiпst 0.02Хо 
for CDF. Electroпs іп CMS will loose qнite а lot of cнergy throнgl1 Breшsstrahlш1g ін tl1e 
trackcr, leadiпg to а шоrе difficнlt шошснtшп <іеtеrшіпаtіоп анd а particнlar shower shape ін 
the caloriшeter. 

Іп the followiнg, tl1e electroп selectioп іп CMS will Ье discнssed іп detail нsінg а full detector 
sіщнlаtіоп. Several systeшatics proЬleшs tliat are specific to that detector will Ье aпalyzed. 



Chapter 3 

Identifying electrons in the CMS 
detector 

Nowadays а growing cffort is put інtо tl1e simнlation of tl1c detector physics capabilities dшing 
tl1e desig11 a11d coнstructiнg phase of an experimeпt. Such Мопtе Carlo siшнlatioвs slюнlcl 
allow to stш1y the detector recoпstrнctioв реrfоппансе ів order to <:letermiпe wllicl1 typc of 
шсаsшсшенt might Ье possible. It slюнld also l1elp to defiвe search stratcgics апd analysis 
шetlюds to isolate differeвt types of processes. 

For івstапс:с, ін CMS, Мопtе Carlo simнlatioнs arc ftшdameпtal to desig11 ап efficieпt trigger, 
a1)le to rccluce the eveпt rate froш 45 MHi dowн to 100 Hz. More spec:ifically, for clectroпs, 
а 1жsіс sclectioп has to Ье applied alreacly он tl1e High Level Triggc1· ін онісr to їїшюvс pait 
of tl1e l1igh jet backgrotшd. At low lшнirюsity the expected ratio of electroнs (шаіпlу from W 
decays), to bac:kgгouнd (like ріопs or leptoпs с:ошінg froш Ь апd с clecays), passiвg tlю siвgle 
electroп trigger, is аЬонt 0.5 for electroпs haviвg а traнsverse eпergy higher tliaп 29 Ge V, as 
giveп ів tlю tl"igger TDR [21]. However, for nюst шeasuremeпts, сlеан elec:troн sigнals witl1 
nшcl1 iшproved sigпal to Ьackgrotшcl гatios are нeeded. The 'offiiвe' еlесtгон l"Єcoнstructioн ансl 
selectioн is thнs а secoнd aspcct to Ье stuciied нsіпg а sішнlаtіон. 

Ів tl1e followiнg tl1e capability of the CMS clctcctor to ideпtify elec:troнs will Ье disc:ussed 
usiнg а fнll detector Мопtе Carlo sішнlаtіон. After а descriptio11 of tlю CMS гcco11stп1ctio11 
softwaгc сlшін, selectioп variables will })с ргеsенtе(і for electroнs at clШereнt eнergies ансl foI 
poteпtiaJ backgгotшcls. We will discнss lюw these vaгiables coнld Ье нsed to provide ап efficieвt 
electroв selcctioн whicl1 is also as geпeral as possi1)lc. Н tl1e same electroн sclectioн сан Ьс applied 
іп differeпt cl1a11нels, the errors related to tl1c снt efficieнcy will сансеl, if рrорсг 1·atios are takc11, 
recluciнg tl1e systematic ннcertaiпtics. R.atios are also the basc of tl1e partoп lшнirюsity metlюd 
described before. Tl1is electroн selectioп cleveloped hсгс will Ье нsed tl1eп to select siвgle W 
eveпts. Fiвally tl1c lюпшgенеіtу апd tl1e electroв eпct·gy l"esolнtioв of tl1e CMS detector will Ье 
aвaly"ecl. 

3.1 The CMS reconstruction chain 

Tl1e sirrшlatioп of the clctcctol" 1·espoнse to а giveп pl1ysic:s pгocess сап Ье divided іпtо differeпt 
steps. First, the kiнeшatics of the physics proccss to Ье stнdied is sinшlatccl нsiнg а Монtе Сагlо 
gc11c1·ator. Онt of all tl1e partic:les procluced ін tl1e iпteractioп, tl1e detector сап опlу detect the 
staЬle опеs 1 : electroшagнctic pal"ticles (electroпs, plюtoнs анd пшопs) апd hadroпs (charged: 
7r±, к±, ргоtовs анd пeнtral: К2, neнtro11s). Tlie iнteractioпs of thcsc stable paгticlcs witl1 
thc dctcctoI are siпшlated, deteпniнiпg tl1e cliffereпt s11b-detec:t01·s 1·espoнses. Тl1еп, for Монtе 

1 "StaЬle particlcs" f"ог us ar·e tl1e онен lшviнg а life timc Іопgег tliaн а пanosecoпd, implyiпg that thcy do поt 
liave enoнgh timc to decay before Ьеінg (letected. 
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С.нlо as vvcll as f"сн· (Iat.a, t l1csc sіµ;1н1Іs 1юс<І t,o Ін~ comlJitн.~rJ lo 1·сссн1stлкt t,/ю eveпt. \:Vit.11 

sш:І1 <'І sішнlаt.іоп, tlн' capalJility of t.l1c t.lctcctt..Jl" to 1·cco11stпн:t а µ;іvен typc of· ::;іµ;1шt.шс сн.11 Іх· 

cst.i11щt.<:<I аtнІ t,11<· ії~сопst г11сtіо11 ансl ;-шal:v·sis ргосесlнгс cliscнssecl але[ optiшize<l. 

', ,' .',, ,__ ,,,, __ , , ,,'' 

, ;,' ():Ф)t~1' ;;:) _j;~f:i{:{ ~А1:';;;, ,' 

SimHit.,/minbias 

І 

FIC:tШE :1.1: Tlu· СЛ18 simuJolion 1)111,іп }тт Uu· p·rminl'l.ion /о Оп· nмт. ТІи· ·11.ррет рагt slmms 

tlu· nam.e oj' tlu· рг1щга111.s uscrl uщl tl1c lо1ит rюг/., llu· іт1с oj' rlu.ta stoгayc. 

'TJ1c ргоµ;т111 с]ші11 1i::;<·rl to si11111]11t,(• t.Ін· Cl\!IS (\(:t.ect.oг is sl1ow11 і11 Гіµ;шп ; ! ашl will Ьс 

схрlаішхІ і11 t l1c f"ollowiнµ; іо ::;0111с· <ktail. 

f·'i1·st. 1 І1с CMKIN р11щ1<1111 [ і] simнlates t.Ін· kitюшat.ics оГ t.І1с pl1ysics process to Ье stшiiccl, 

l>y пн111і11µ; ю1 cvcпt µ;с11стtог lik<' РУТНІА, lsajet ог HERWIG amJ w1·it.cs а lll<: as онt.рнt 

co11t.ai11i11µ; а Ji::;t of" t 11с µ;сштаtс<J par·\,i("lcs І.,vpcs t<щct 11с1· witl1 tltci1· 4-vcctor·s. Tl1is Ше t(шнаt 

І1а::; а stпн:tнгс sішіlаг to t.!1c НЕГЕV'Г F(лtга11 со11111ю11 1>lock нsct.l ін нн.тt <'VCt1t gсп<:гн.tогs. 

Tl1csc sta!Jlc pшticlcs \Vill І>с pгopaµ;atccl tJmнiµ;l1 t І1с <ktcct01· aiнl tl1c i11tcгact,io11s wit,\1 111е 

clifi.eгeнt cletectoг eleшeнts ан: siшнlatc<l witl1 tl1c GEANT ргоµ;гаш [-,п. Tl1c ::;t11(Jy p1·cseпte<I 

іп t!ю t'ollowi1щ was с!ош· с!нгі1щ tl1e t1·a11sit.io11 pliase !Jнt\vє:є·н 1-<(-н-tган, GEANT-3, ашІ С++, 
GEANT-4. ТІн: Cl\!IS srx:cific ve1-sio11 of' GEANT. wl1icl1 нses tJ1{' <lct,ect.oг gє:ошсtгу ашl 11шtc1·ials 

as wcll нs t.!1c 111нµ;11сl іс [iclcl c<>11fig11г11t іо11, is call\'<I OSCAR (нщJ СМSІМ 1"01· t Ін: І-<(їїtrап vегsіон). 

TJ1e онtрнt of· GEANT is а collectioн of· s<н:allc<l l1its '. А l1it is !lcfiпecl сvшу tішс а pa1·t i<"k 

<тosses а sm1si1 iv<: еk:пн:11t. of' t!н· cletectoг аш[ сонtаінs іпf'огшнt іоп нJю11t. tlie posit.ioн аш11:ішс 

о/' t.lю l1it,, t.Ін· <'ІН_·гµ;у 01· сІ1агg<: <l\'posi1. 

Ncxt, t І1с l1it.s liavc to І1е tлщsГопrн·сІ to sig11als. 11s11ally si1m1lat,i1iµ; tlн:: сlесt.гоніс oнtpнts, 

g<:1tiпg tІн~ so-("alkcJ 1liyis. Т11іs stпp is clo11<: witl1 t.l1e ORCA (CH1jcct. 01-іс:пtс:с[ Несонstпн:tіон 

/"or- CMS A1111lysis) ртµ;га111 [.-,'--j. Osiпg tl1<ж: 1/іліs, ORCA 1·cco11st,1·l1c(,s t.l1c~ so-callecl HecHits, 

wJ1ic]1 ап: а tгaнslatioн of· tl1c clcctтo11ic ::;іµ;11а] i11to а 11saЬk чшшtіt.у likc fог i11slatн·c at1 <:лн·gу. 

І;'1л схан1рlс ін tlш еlссtнннаµ;нсtіс саlо1·ішсtсг, tJ1i::; шсш1s tгaнslatiнµ; а µ;гottp of' ЛГ>С co1111t.s 

іл t Ію ашо1111t. о/' <·1н:гgу ileposit.ecl ін а <тystal. Оне сан ІНІ<І І1сгс c/Гects of· ріlе-нр ашl of· 

111і11і111ш11 l.1ias cvc11t::;. 

Т 11 а s(тot 1<! :,;(,ср \,]1с stt !.нІсt.ссtлгs 1·cs1.н)11scs а1·с со111hi11c!.l \vit] 1ін ORCA \,о п~сопst пн:t tl1e 

<Iiff"cгcнt clcшcнts of· tl1c pl1ysics рпн:сs::; ::;іµ;наtнп~, і.с. t11c (Jcctгoнs, plюtoнs, ШlЮ1Щ t.a11s а1нІ 

jf'ts. Tl1is st.ep is со111tпо11 to 1 Ін: Mor1t.e СагІо sішнlнt.іоп 1111<! to tJ1c <lata. СошІ)інінµ; tІю 

R!'l·Hi/.s, ORCA \vill wгilc tl1c so-cнllc<I RccOl1jcc/.s as а11 01.1tpнt. 

ORCA ш1сІ OSCAR агс \vгit t.c11 і11 С++, wІктс t І1с ргоµ;тш ]щіl<lінµ; Ьlocks at'c t /1с so-c1lle<l 

ol>ject.s. It is tlшs сонvеніснt to stoгc tІю (Iata as ol>jccts (fo1· ехашрlе ан еІесtгошаµ;нсtіс cl11stc1· 

'o!Jject· slюнІсІ Ін· s1оїїчІ top;Ptlнч· witl1 tlн: інf"огшаtіон геl;1tє~<І to it, c•.g. wl1icl1 cгystals агс ін 

tl1c cl1.1stc1·, it,s tot.al с11сгµ;у, ck.). ТІн·11 tl1c p1·ogr·нi11111cr· ca!l µ;ct. tl1c::;c o!Jjcct.s !·щсk tоµ;нt.І1нг 

vvit.11 tlю інf"огшаtіонs associatc(l to tl1cш f"гош tl1c (Iata st.oгecl ін tlн' file. Ін CMS, POOL ['1 1 ІJ 

с1:ог tІн.' схрсгtс;: 1.ll<' l1il:': \VІ"itlt·11 І>у OSCAR ;_11·с f'alktl 8іт.І/і./.s. lrнkc<I oнl.v OSCAR ргосІ11сс-s t1i1·ect,ly 
Simllils. СМSІМ wгі!.ш :r,t)>J'a Шсs tf1al l1av<· Іо Ін __ , Го1·1ш1ttс<І іп Simllils н,.;іrщ ORCA. 
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is 1.1sc<I І'ог t l1is. 

і''ог tl1c aнalysis сlеsсгіІнх! і11 f,11<.' CoJlo\Yiнµ;. rliyis W(~ГС pїї.JC(~sse(l п1ппі11µ; ORCA to н~сонstпн:t 
(,l 1c <.!і f kтснt еlенн:11t s ( t гacks. clнstc1·e1. etc.) of· н µ;і vc11 pmcess. РАХ was t"tш t.op;ctlнт witЬ 

ORCA to w1·it.e І'<юf. filcs [:,і]. РАХ [1 ;11] is 11 sct оГ С І + classcs. tlшt pгoviclcs сопvені<:нt. t.ools 
t.o 1ш11.Іу:1:r~ tl1c cvcнt to Ін' H'coпst 1·11ct.c·t.l, its ]щс;е сошрощ.·нts Ьеіrщ ··1-\iectoгs witJ1 a<.1tlit іо11аІ 
іпІ'от1аt,іо11. Tliн fiнal stcp оГ t.l1c ш1а]уе1іе1 coнlcl Ін: р(~t·Гсю1юсl он tJюsп іїЮІ filcs, аІ1оwінµ; а 

Гаstсг тm>cessiнg: wit.]1 а 2.4 C:Hz Генtішн p1·occss<n, лншінµ; 011 ] ООО cvcнts witl1 ORCA нлсl 
нхр1ігіпg t,J1c tгacks to \Je iн-cшst1·11ctc(I takcs аІюнt •1 І1011гs, wlюгeas гшшіпg оп 1000 cvc11t.s 
t.ak(:S а Гсw sccoшls 011 а гооt filc \vгit.tcн witl1 РАХ. Т11 tl1c Гнtшс. гштіпg оп cvcнt.s witl1 
ОП.СЛ sl1oнlcl Ік· Гаstсг <Інс to tl1c i11tгoclнct.i011 оГ f)S'Гs co11tлi11i11g tl1c 11iµ;l1 Jcvcl oЬjects, like 
с.µ;. tгacks. аІ ії'Н<.lу гссонst.пн:tе<l. 

3.2 Elcctron1agпetic vcrsus l1adroпic sl1owers 

Tl1e i<le11tiПcatio11 of' cl<x:tгoнs її'Іу 011 t І1с t!iffcпшcec; \Jetwcc11 tlю саlогішеtег slюweгs iпit,iat,c(I 
l"Jy tJ1c сlссtгош-: ашl t.Ін: slюwcгs i11itiatccl !Jy І1ж!го11s. Tl1e <liffє:їїml sclcct,io11 vш·ia])lcs will 
І"><' <lisп1ssccl ін tl1є: f'ollowi11p;. Sошс р;сштаl cl111.1'1н:tcгistics of' ek:ctгo111ftg11ctic ш1сl lшсІншіс 
slюwcтs will lн' <lisc11ss<·<l fiгsl. J'al,lc : І slн1\vs 11 s1111111.1ю-у' of· tlн·s<~ clшгactcгistics ансl а clct.ailecl 
(lс:·чтірtіон иш Ін: Го111н] іп fi) І]. 

Нір;ll-<'Ш'ЩУ (:\cct. го11::; ш 1(1 pl1oto11s cгossi 11µ; н t.Jc11sc шаt е
гіаІ, lil-::<~ f'ог i11sta11cc а (Tye1tal of' tlн· С!\ІS саlогішсtсг, \Vill 
i11tшact шаіпlу tlmлip;l1 I3гcшse1tu11il1lllp; а1н! 1ті1· ]mJcl11ct.io11. 
Sссошlагу (:\ect1·011s шнl plюtoнs рїї1(!11сссl ін tlюsн pгoccsscs 
will tl1c11 staгt to iнtr:гact. 11µ;аі11 tІ11·ощ.ф l3гeшsstn1l1l1шµ; юнl 

раіг рп>сІнсtіон. Tl1is c11sc1нlc of інtсРкtіонs will t]cvclop as 
а sl1owc1" ін tlн· cгyst.нl. Fір;ш·с .\ ··-' slннvs а si11111iatio11 of' ан 
clcct гошар;неtіс slюw(~1· і 11 н (Tyst.al ot' t Ін: C!\fS сlссtг01ш1р;

нсtіс саlш'іше/,(•Г. Tl1c сlссt.гошар;неtіс sil<J\v<.т sІшрс scalє:s, to 
а p;oocl ар]їїОхі1т1t.іон, lонр;іtшІінаlІу wil 11 t І1с гасlіаtіон k:пµ;t.11, 

Х0 , але! latcгal]y witl1 tlн: l\loli<\iї: гтІіt1s. Tl1cse v1нia\Jlcs ше 
~ш1.tп1·іаІ tlcpc11c!!'11t :_ Тlн· slюw<'1· 11щхішш11 is гпнсlн•(] at а 

(!ept 11 1 111 11..г• wl1icl1 сІс:р(:ІІ<!s loµ;ш·it l1шically 011 t Ін· і 11 і t іаІ снсгgу. 
Лf't<'1· tliis шахі1111.1111, tlic ш1шІн-'г ашІ е11с1·µ;у or· t.Ію secoшlaгics 
c;t шt to <lн<тс:аsс. 1шtіІ t lю aveпi..~e е1н:гµ;у І)(_'\" paгticle І к·c<m 1cs 
lo\v Є'Jl(!ltg\1 to кtор f'шtlн-'г тш1Іt iplicat іон. Тl1ік <тіt.існІ СІІС'Гр;:\', 

є. <lcli нес] as tl1e епс:гgу а( wl1icl1 tl1c i-<1te of' с:1н·1·µ;у loss 1юг п1-

F1с1лш 

o.f' о.п 

s/um)("f' ·іп п. 

CMS RСЛТ, 

ТDЛ[.' ! )). 

/ ", 

Sіпи1,/аfіоп 

гlec/:mnuщ'r1.c/:i1· 

rтy.slлl о/ tlu· 
(CMS~ECAL. 

cliatio11 lmщtl1s <ч11als t11c total еш~гµ;у о!' t 11с с1ссtгон, is аІю11t SSO :tvleV /Z. А;{[') CeV <:Іссt.го11 
ir1 t.l1c CMS саІогі111сtсг 1шs а!юнt хо(х оС its СlН .. тµ;у сонtаіпс<І ін а ;{ х :{ cгyc;tal нпну. 

Л e1lюwt-т іпіt.інІ.<'(1 l.>y а lшсlгон is ([omi11нt,c·rl l>y а sш·cessio11 of· iнclastic іпtегасtіонs ансl is 
tl111s нюн' сошрlсх t.o (.lce1<тi\Je. ТІю c]щmctcгistic (lillн'лsio11s of· lшсlгоніс slюwc1·s а1·с (k•t.(·1·

шi11e(! І1у t.ltc ннсlеаг аІ1sогрt,іш1 Jc11µ;tl1, /\ 1
• At l1iµ;l1 с11сгµ;у. tlюsc slюwcгs агс clшгactcт"it:e<l 

11,v 11111Jt і-р;н-tісlн рнн!11сt іо11 шнl шн:lнаг pl1ysics cft.ccts associalc(J witl1 tl1c cxcitatioн of' tlie 
аlm<їїІJ<т rшсІеі. Л fгасtіон of· tl1e av11il11!J\c с·нсгµ;у is сш1vе1·/('<І інtо cxcitatioн ог !нт:нk11р оС t J1c 
ш1сlеі. рагС of" wl1icl1 \Vill l1f• 1111<lctccta1>1c. Могеоvег r.0 s агс її'lat.ively Ггсч11с11L irшiclc sliowcrs 
i11itiatcc! l.Jy liaclгcms, ІJ1·і11µ;і1щ ан electн1шag11ct.ic сош1юшшt. to tl1c slнJwcг. Tl1e аvегар;е f'гас
lіон of' а l1acl1'<mic slнлvсг сонvегtесІ i11to r.0s шаінlу <lcpe1н!s 011 tl1c наtнн~ of' tl1e fiгst i11elast іс 
і11tє:1л.сt іо11. НшІншіс: sl1oweгs J1нvc а ]агр;е slнJwe1·-t o-slюvvш fiнct 11111 іо11 нr1r.l агс cxpcctccl to lk' 

,.,І''<•г t.!1c Pl1\\T) 1 сгv:Ф1І;; о/' t!н.· C\IS сс1Іогіпн~tс1·, tІн.· 1\Jо!іі•ге г;н]і11с: і;; 2.1!) пн аrнІ І!1е r·atliatioн ]e11µ:tl1, 

СНІ!) сш. 
1 

t'o1· t.Ін• PIJvV'0.1 <тvst•.1lc; оГ І.Ін• C\IS calшim<'t сг. t І1с ш1(']р;11' ;-1.!Jsoгpt.io11 lcrщl ]1 is аlюнt. 2:1J; ст. 
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(~шшtіtу ЕІссl1їннаµ;неtіс sl1owe1·s 
1------ -·------t------9-cX:--:· ,-о/-і fог "(<:----1----

l\!<·1111 Ггсс 1x1tl1 - Л~ Л/(N ·а) ·х А !/І 
·········------··---------і 

Sесо11сІпгу paгt.i(:lcs 

.\
0 

::::о 180А/7:.! [µ;·с~н--.:'] ~ А1·опоJІ'о ·· 

е+. /: lн:lovv <тitical f'Ш'г,g;у 
Е ::::о 5!',() McV /Z ioнizat іо11 
loss он!у: і11сІнs1.ісіІу н = 1 
(а! І с1 ~сгµ;у нsc<l ін рагt.іс Іе 

pгocl11ctio11) 

Fast ннсlеонs, ріонs; 1шхІі11ш 
<шегgу ( ....._, НЮ 1\:1(: V): р. 11; 

low-c1 tстµ;у ( ....._, 1 О McV): р, н. 
"(; rшсlеаг f'гаgшпп1 s: 
іпсІаs1 icil.y t~,,..., 0.5 

-----+--1,-111-и-,-·[.-.\---,--о]-;; І1;(Е/
70-_-)---(-,,--+- [ ] 1.'['' V] 

Sl1ovvcг шахішнш . . . / 111111 Л ::::о О.61н(ь t.1f.' )-0.2 
(о ;::::; 1 k>г с. ::::о О.ГJ fш "() 

Лcptl1 t<л ;::::; %1Х 

lощ;;і t І !(І і lЩ] 
со111 ні1111н.·11t 

...... ЇЇ:1cli11;--kJJ· ::::о 9!'//r 

uц]ial сонtаіш11еп1. 

·--····· ·············---!---- ·····'····'-'··'·'·-~·-·····' ·······-···········--------

L [ \] ,__, / + 4. z;;o.1''[(-" .т/j 0.9.~Л ,,.-..._,, 'HU.l.l' f'_, . .1·Ci 

гІ'л ІНJ:; >~ .1: Ащ·Г11._1Jг pr·o111т/.rcs o.f' еlссtтоттищrи:fі(· arul luulгonf(' sІшшетs [1 і!}. f 'т· и 1 ОО Uc \! 
cleгtmn іп lr-rul. /Jц· s1м1ш1т та:сіп1ит is oJ пfюи/ 8.fi Хо arui /.-o.!J:J = 24.k Хо arul .fm· а 1 (}(} Се i1 

л-+. t/н: s/101111.-г ma:гimum is at о.ІюиІ. :2. {і Хо onrl [;1J.!Jt> =- 10.6 Хо. 

шоп~ spi·e;-нl t Іш 11 clcc(.1ї.JІitaµ;пctic slюwei-s. І 11 Гас(, сlссtгошаgпс1 іс рагl iclcs loosc t !1сі1· сштµ;у 
шаіпІу 1111·снщІ1 I3нш1sst1<-1.lil111щ а~нІ рніг ргосlш:tіон f'ш wl1ic]1 tlн: анglн Ьеtwеен tІю ргішагу 

m1c] sссон(lагу раг1ісІеs is :-;1111111. Он tІн~ сонtгагу. Гоr· Іщr.Jпшіс slюw(:J·:-;, wІюл 11ю І1а<Іго11:-; і11і-

1 іа1с 1111сlсаг інtенн·1іо11s. 1 lн· s1.·co11(laJ)' paгticlє~s соті11µ; f'1їJШ tl1e <Іесну оС а !1igl1 tнass s_vs1<:111 
\vill н'ccive tгaлsv<·1·sc с11сгµ;у аш1tlшs11ave а (\іfГ<'гс11І (]ігссtіон t.Іт.п 111с· ргі11щ1·у рагlісІс. T11is 
\Vill са нsс t 11е sJюw<·1· l.o ]н_: 1лоасlсг. 

З.З ORCA rccoпstrнctioп of clcctroпs, tl1e EGAMMA software 

vVit.l1iн ORCA EGAMMA is рїїJVі<lінр; t.ools с1.11тс11lІу (l(~Velope<I 1.0 t'CCO!ls[.ГIJC( clcctншs ашl 

рlю1.опs. (;ошl>інінµ; tl1н с;1Jогіл1сІс1· нщ] tгackirщ і11f'опт1Ііо11, it аішs at гесопstпн:1іщ; 1Ію 
еlесt.гон <'tн)1·µ;у ш1<l positioн. lJe1ails нІю11І t]н_· EGAMMA packaµ;c ш·с µ;іvсн ін [І 

'То гссонstгнсt с\('с1 го11s 011с fi1·st lшs to look Гог 11iµ;l1 снегgу cleposi1s і11 а siпglc cтysl.al о!" 

tl1c caloi·iшett't·, wl1icl1 is callccl а ''see<l". ТІю \:ІІ<:гµ;у сонtаіrю<І іл 1.І1с 11сіµ;]1!.югіr1µ; <.тyst.als 'Nill 
]Jc ;-нl<l<чl t.o 111с scc<] ін О1"<1ш· tл f(лш ·'Jmsic-cl1.1st<.тs". Two аl~огіtІшш агс ішрlсшенt.сіl ін 
EGAMMA 1о r·ccoнstпн:t tlюse cl11s1e1·s, /]!(_' islunrl ашl tlн· !1.yln·irl al_!Jor·itlnn.. 

Fo1· tl1c isla:rui 11.lym·i/J1:m. t )!(_' гсс<шstпн:tіон о!' l1нsic-clнsteгs goє:s as Гollows: f~'i1·st оГ all. 
·'sсссГ <тystals а.ге <lefi11<•(! н11<l онlсгссl ін аsсеп<Іі11µ; с1н.:гµ;у. ТІн· 1.гai1svcгsc спсгµ;у lliгcsl10Jcl 

f(Н' а <туs1.нІ І.о Ін_: llS(:(l as а ;.:еє•\l is рс1· ckf'aнlt at 500 MeV kн· t.l1c Ьапеl апсl 180 MeV f'ог tІн· 

etн!caps '. T'licн, staгtiнp; wi1 !1 /,]!(• 11юst снсгµ;еtіс see<l \'t'ystal, tl1e ннегgу of' t 11є~ ПC'igl1l101·i11µ; 

cгyst.als ін lюtl1 <Іігес1.іо11:-; і11 д ашl т; fі·ош 111е sc<:·<.I 1юsіtіон. vvill Ін_: <·ollcctc<.1 ш1til а (Tystal 
\Vit l1011t C'll<'ti;>;.Y ог а cгystal vvit 11 ШОії' <'l!Ct'µ;y tІнш its неіgІ1Ін11·і 11µ; оне is fimшl. Doнl)le стшtінg 
is pгcvc!ll.c(l sirн:e all t.!н· collcct.c<.I cгystals ал' шагkе(\ as І>сlонµ;іrщ t.o а givcп сІ11s1<:г ащ] саt11ю(. 
Іх· 11:-;c(l ai1y 11юп:. 

Тlю 11.y/n'iri 11.lyoгit!un lш;.: lюен <k:velop<:<I 1'01· clcctншs і11 1 Ін· lщпсl, witl1 Е1. > 10 C:eV [1:::']. 

Staгt і11µ; Г1'<.>І 11 а :-;сес! cгystal ( t.lн· с1 l І 1'01· а cтystal to lJ(' 11 scccl і:-; :-;pt 11еге at Ь't > 1 С:<· V), 
rlmninor-s of' 1 х ;) <Tyst.als ін т; х !/! (ог 1 х !) іГ !Ін: СШ'ЩУ і11 t І1с scc(l cгystal is 11іµ;l1нг tl1aн 

].!.,' > 1 CicV) агс сгеаtнl. еж:l1 wi111 t ]1сіг сснtгаl п·уs111І aliµ;нccl ін r; witJ1 1.lн• sє:е(! cгyst.al. Лs 

І~'іµ;1.1гс ; : slюws. (Іоті1ю<.·s ап.' c1·cat<~<l f'ш· енсl1 <тystal closm· t.Ін1.11 10 <.тystals Гго111 tl1c scc(l ін 

'':'-iote tl1at н lГШІ'>V<'!'Н<' <.'ІН'ГЦ.V of' 11'() \IPV ;.Jt. н 1·apir.lit_v of' 1.7 сот·1т·;-;ро11<Jс; Іо а ІоІ.аІ епегµ;_v оf'<1!ю11І с-,()() \\!'V. 
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д. А11 ш.ljaccнt <lошіно і:-: a<k!ecl to tl1c с]11:-:(сг if it:-: сш'гµ;у is І1іµ;І1ст Ннш Е >100 МнV arнl <·1 

rюrннljaceвt. <io111ir10 і[ it:-: сш.тµ;у і:-: l1ip;l1er· t.l1a11 /-.,' >:~GO l\fcV. 

11 
сн:·аtе tlomiпo(~~ 1·щ· І О t..тy-;tal.~ іп t1ott1 diгt'ctiш1s 
---···--···· І . ··-·--···· ... 

0 
......... _ _,,.--···· 
,;//(//r-----------

• 
·-." ________________________________ _ 

IXJ tlшніtн) 

SL't'd 

____ ________.. 
ф 

F J(: І· Н ~; :) . :~: 'J'l1c p1·i.nciplt о}" Uu· islun(l а!уо1·іtІнп.. 
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100 

80 

J 60 .. 
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20 

.·в: 

0
-300 

_L__l_ __ l. .... 1. •• .1 ,~ .i.,.--.J. .... ~1 ~~·c:t~'·'~~1 ~1~1 ~ •. )_,_J·"-··'-'--~~ 
-200 -100 о 100 200 300 

і-''1с:І 1 НЕ 3.4: 'J'/u: ]IO.'iirion. yi11cn in 1·ylin1lгic O!oniino.tes (т. ,:;), 111/uте t/1.f' electтon f'mitfe1f О. 

Bп·msstгuJ1Jnn9 рlш/.оп іп t1u· tтack('J'. 11 is о. y11111l imlicatoт of /Ле пи1.Іетіо.l lor:u.lion іп U1e 

tn1.1J,:l'т. 

Tl1c l1уЬгі1l о.!ут·і/./ип. <'х р!оі t.:-: t 11с f'act tl1at ін ан ах і al шаµ;неtіс fielcl, tl1e еlнсt.гошаµ;

нсtіс :-:lюwег will Ін~ 11mi11ly cxtcшiccl ін <,"! ;1ш·І 1·<·11111і11 1.1ютоvv ін 1/. 1\'lогеоv\:г (111<' 1.о 1.Ін· 

ашоннt of' шнt.егіаl lн.:І(лс t-lic саlогішеtег. t.lн· є:Іс·сt.1·011:-: сан пнlіаt.е рагt. оГ 1J1еіг ел<:гµ;у ( 111·011µ;11 
l31н11:-::-:tгal1!1111µ;. Fіµ;1лс ; ; :-:lюw:-: tl1e сІі!Теге111, po:-:it.ioнs µ;ін·л ів cyli1нJ1·k <'<IOГ<li11atcs' (г. ::) 
at vvl1icl1 t.11c сkс!нш:-: cшittl'cl а l3геш:-::-:t гн.!1!1.111µ; р1.1оtон. Ан f•lect1·or1 Joositщ its снсгµ;у tlїїснщl1 
R1·cш:-::-:tгalil1шp; will !щvс а s]1<J\vcт cxterнlecl іп Ф (!Ін~ (,о tl1c plюt.oнs є:тіНесІ. 

То 1·ссоvст tl1c fшегµ;у lo:-:t і11 t.Ін· t тсkст t.lmл1µ;l1 l3гeшs:-:t.1·al1lш1µ;. lю.sic-clnstcтs агс а:-::-:о~ 

ciat-ctl ( oµ;ct l1сг to сн:аt <"' sи.pr'т-r:l·u.slc/'.s. Two lж:-:ic-cl11s1 (:Гs <не rштр;есl if' tl1ey lін ін 11 папоw 

wiшlow ін І/ 111нІ а \viclcг wiшlow ін ф, mоії: pr·eci:-:c]y j[' Лд < ().Х 1(11· сl1шtсг:-: і11 t1н.: Іщпсl (0.4 
f(її cl11s1.cтs ін tlн~ тнkар:-:) ншІ 6.11 < ().()(і і'сн· сlн:-:tег:-: іп 1 ]1с Ін1.псl (0.14 f(л сlн:-:tег:-: ін tl1н 

e11<kap:-:). 'I'l1c еннµ;у tlїїeslюk! Гог а s11pc1·-cl11:-:teг to lн: k<'pt і:-: :-:ct at 4 CeV. 

ТІн: :-:i111н]atc<l нш·тµ;у lo:-:s оГ (:k:ct гor1s ін tl1c tгасkег шн1,t·r·ial is µ;іvсн l>y GEANT. Tlie п1tіо 
lн·:t wcc11 l l1c tot al еш11·µ;у лнІі ;1t с·сІ l>,y t ltc clcct гон t.lJГ011µ;!1 B1·cшsstгalilшщ ашl tl1e. i·eco!l:-:tлicte<I 

r;: is takC'n / . .>aЛІllPl to tl1t• Ін•:т1 рірР сІігссtіо11, 
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('ll(:гgy оІ' t }1е s11рс1·-с}11:,;(.с1·. f;;Іп·е 111 / 1;;,ч' will Ін· 11:,;c<l і 11 І.l1с f'ollo\viнµ; to :,;tнcly tl1c Вншш:,;tгаІ1lш1р; 

і11 tрнсІ 011 t.J 1c clcct пш гссопst п1сt.іон ашl iclcнtificatioн. 

Fi11ally, t]1c slнJ\vcг posit.ioн is coпcctccl to takc інtо ассо1шt tl1e rюп-роінtіпg gеошеtгу of 

tl1e cгystals. Тlн-' sнрег-сlнstег еш-'гр;у is сштнсtнсl ін огсlт· to gct. Іl1с m.tio f; 11u. 08 / f;t.т11.1. pPakiнg 

at 1, 11siпg е11пс11Іlу н І'1111сt.іоп w\1icl1 <kpc11c]:,; 011 llн_· 111_т1Іюг of cгystals ін tlю clнstcт. 

Tгac:ks wl1ic\1 will Ін· co111J-,i11<:•(! wit \1 t \1e s11pcг-cl11:,;tc1·:,; to <1ist.iнµ;нisl1 1юt.\vссн сlссtго1ш ш1<1 

рlю1011:,;. атс 1·eco11stпн:t.c<l 11siпµ; а stшнІагсl аlµ;огіtlнн lщsнl он а Каlшап filteг (наше<! "Сош

]Jінаtогіаl tmck fішlег") 

3.4 Datascts and softwarc vcrюons 

'Tl1c lisl of' saн1plcs HSf'(l fог tl1is stнcly is µ;іV(Ш ін Ta\Jle . 'J'l1ey аії: <livklc(! іп 1 wo шаіп gгонрs. 

Tl1c fiгst µ;нтр is coшpostxl of isolatecl шо110 <~11егgпt.іс ра1·1 iclcs, callc<l "sl.шly sa1r1plcs''. T\1csc: 

saшples ан· 11scl'11l to cot1<:ct1(1<11<· 011 а рагtіс11Іаг aspcct. of.tlю гесонstгнсtіон witlюнt wоттуінµ; 

нlю111 efT(:cts li11kc1l to t]н_· kінсшнt.ісs of' а µ;іvсп pioccs:,;. Tl1e :,;есонсl gгонр of ~ашрlнs ccш:,;ist.:,; 

of' pl1ysics 1.т.н:сs:,;с:,;. Tl1c:,;c :,;ашрlс~ µ;ivc а шон~ н~ali:,;t.ic :,;іншІаt іоп оС 1 Ін· CMS cletect 01· ін tlю 

Т,НС c11vi1·oш11c11t. Ін сонtга:,;t to tlic otl1e1· :c;<-tшple:,;. tl1e 11 ______, 7,7, ______, 2с211. H.ll(I 1.Ію И/Z ______, :;е 

sашрІс:,; агс µ;cнcmtiчl іш:lшlінµ; ріl<ч1р. 

Exccpt f'(л tlю clipl1otoн :,;ашрlн Ьаsн(l он OSCAR/GEANT-4, tlн_: si1111tlat.io11 of' t.l1(~ раг1.ісlп 

інtеин:tіон witl1 tІн· clc:t1:ctoг еlешє:нt:,; wнs lнisc(l 011 CMSIM/GEANT-3. It Ішs 1.Jcc11 slюw11 

ргеvіошlу tJш.t СМSІМ 111нІ OSCAR µ;ive si111ilar· r·cs11lt.s [1,:;]. 
Лiµ;itizc<l інkшнаtіон (IJiлis) wсгс ~лосеs:,;н[ гшшінр; ORCA togct.!1c1· wit !1 РАХ. ()не to tl1н 

mpi<l vсг:,;іон сlшнµ;н:,; of ОНСА. cliffmп1t. vег:,;іон:,; оГ 1 Ін· soCt.waгc lн1<1 to 1н.: 1tsc1l. Пowcve1-. t Ін~ 

н~:,;н]t~ of' tlic :,;tшly ргн:,;енtесl 11ене clo ноt сlерепсІ 011 t\1(: vcгsio11 1.1scc]. 

1----------S_'a_1_11_p_l< __ : ______ ~_N_1_11_1_1l_J<_~1_· _o_f_c_.v_c_.н_t_:,;~ ()I-{(;;_.l\."_'_P!_-_::_i_~~1~.J. 1Jetectoг sіпшlаtіоп 

S'tшly smnples (тп.опо-епст91Іі(·. isolІLlcrl pu.гficlr .-;) 

!ЮООО 7 _!)_2 CMSIM 
l)iplюt.(J11:,;, Н1 - ;)!) CicV !)7!)00 7_!)_2 ОSСАП, но tгackc1· 

Sілµ;lн сl1агgпсІ ріопs. f;1 = l ПП (~<·V !)()()()() 7_!)_2 CMSIM 

ГJ1.ysi1:s samplcs 

1----------------------------·····н'··'··"··--'""''"""~•-~---'·'·'~'"'"""""""""""""'"'""""----------·--····-------< 

11 ______, Z Z' ______, 4с. 11111 - І !JO CicV :з:гООО 7 !) 2 CMSIM 
···········-·····--------·-··-····-

н ______, 7 Z ---? :2с:211. 11111 = SOO CcV ;;2000 7 _()_ J 

и.т Z --• :н (f : с .11. т) ;{;;ооо 7 _()_ J CMSIM 
рр '-r.ict :иооо 7_с;_1 Cl\lSIM 

1-------------------+------------ь·~------+----

Л г с І l -У ш 1 111,;, > 1:шо CcV (ЮОО 7 _2_2 Cl\ISIM 

Тл н І .І<: З. 2: Tccl111iml (fcfuil.ч пІ tl1.c .чu.mplcs 11,sul. CMS'JM тn.cur1s Ош.І U1.e гieftYfoг sirn.ulation 
і:; /щsc1L оп UEANT-:J, шиl ОSСАЛ 111.em1.s tlut.t tlu' 1lete!'toг simula!ion is /юsе1і оп с; К4 N'f'-4. 

Тlн" Eollowi1ig sa111pl<•:,; wcr'<' Іts('<l tл st.1Ely tlн_· <lckct(Л геsронsе f'ш vагіон~ pшt.iclc:,; ашl 

wi l.] 1 сІ if!'cr\:нt сштµ;іс:,;. Ін рю·tіснl<її: 

7Tlie ·,1еГа11Іt' tmck>: jїїОjн>,;<·<І І>у t Ін' EGAM МА f(ГОІІ р нп<:! opt imizcc! Гог І І'і!!J!;Н sl.11<iies шч·s І.Ін· sшш' гсто11-
sІ п н:І іоп algor·it !1r11 t km t.Ін• st ;ннІалІ ОІН', IJ\lt wit.11 11ifl'<:н•11t pп.r'11111ctc1·c;. Ncшн•l.v. п•ср~ігіrщ а \:о! k>t' t!н: l І'і.н:·k 
Іо Ін• sшalkг t.liaн :,. wl1e1·p,1;; t.11<' sІа~нІалІ \-;1.!11t' і;; :ю ;ннІ 1'Р<JІІігі1щ tl1<· tm'-'k~ to Ішvс at Іса>:\.:_! liit:,; wlн·r·r•пs 

tlt1· starн.laнl vаІ1н-• і,;:; liil.,.;. 
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• Ele\"t.1·011s witl1 а tганsvсп;с сштµ;у Е1 of ;~г, CeV (l)iclcct.1·011 saшplc), wit11 ш1 avcmµ;c 
tтш.1:,;vс1ж~ тюгр;у. <: Ь"1. >. of /1() CeV (11-----+ /;/;*-----+ 4с saшple). vvitl1 < Е1 > of" 100 CeV 
(11 _ __, ZZ-----+ 2г2;1 sнтрІе) 111нІ witl1 < Е1 >о{·();)() CeV (lJгеІІ-Уап т,+,.- > J:_IOO (іпV 
sашрІс). 

• ГJюt.011:,; witl1 а tгaнsvшse ешщ:;у Ь"1 of ;;І) Сє:V (l)ipl1oloнs sашрІс) ашl ан аvшаµ;с tuшs
veгse <:11сгgу. < f,'1 >. о/" ()!) UcV (рр ' 1jct saшple). Pf10to11s агс t"<•co11st.1·1_1ct.crl vct оі 1 щ 
а r11нt.сІ1іщ.; tmck. 

• Гіонs \Yitl1 а tгaлsveгsi· f'ш:гgу J.;1 оГ 1 ОО Cil'V, І~аvінµ; а шеан sнрег-сlнstег t.ган:,;vегsе 

<шегµ;у of КО (ieV (Si11gle cl1нr·gc<I ріо11:,; :,;ашрlс). 

• Ta11s <Іи:ауі11g to lщ<Іптs ІшУіJІµ; а шсан :,;нрш-сlнstнг tїїц1svсгsс с·11сгµ;у о/"2!) (i<.·V (Иr:7-----+ 
;;( ( {: г, ;1. т) sa111plc). 

• .Jct s ] щ.villµ; а шсан sщ)(т-clнste1· tгai1sve1ж' є:11стgу of" :ю CcV (рр ____ _, тісt sашрlн). 

ТІю ge11c1·at c<l l nшsvcтsc сштµ;у (listгilmtioн of· t І1є: st 11<] ic<.l paгt.iclcs і:,; slн.>\Vll ін Fіµ;нгс і · •• 

f;'ог t І1с jcls а11<1 tl1c taнs. tl1c iн·.oнstпн:tecl шеап с1н:1·g_у of t.l1c sнpт--clнstcгs is sшallci· tlшн 
tl1c µ;снсгаtссl оне as t.Ін:у (/о поt (/eposit аІІ t І1сі1· снсгµ;у ін tlн: / 1;САІ,. 

---------; -- Electruпs frorп Н. 1tiOGcV 

Electro11s from Н. 500GeV 

Hцdronir. TaLJS 

$ Ju1s 

Photoпs (y-jet sample) 

0.02 -

." 

J.<' н: 11 н І'; :3. 5: Тlи' _(JC'/U'І"U.terl tтпs1>1т:;е ('f!С(ІЛJ 1li.s/.гilmJion o.f' tlu· 1Цj]'r·unt zю.гticles types атиі 
J"m· tlu· rli,П"cтcnt .~amples sl111Jiг1!. 1·1·1111ігіпу 1111 < І .4. 

3.5 Elcctroп ideпtificatioп strategy 

/\11 сlссtнш is cl1aгacte1·i:r,e<I !1у 11 1щпоw clнstcг ін tl1e є:Іесt 1·011щµ;11сlіс саІогі111сl<..т toµ;ct.Jн_т 

witl1 а tJ"<~ck 11щ.t.cl1i1Jµ; it. Л sct ot· selcctioн vaJ"ial1k:s ll<'('<Js to І>с 11efiнc1l ін опlш· to sepшak 
(:lcct.1·011:-; /"гош t 11с "'clectнш~looki1щ lн1ckgгmtr1(]". Гог tl1is рнгроsЄ', t І1е ргорегt.іс:s оГ t І1е с:Іє:с
l;нншщнсtіс slюvveгs (/\~scr·i!н·<I І>сГог<.' агс нsccl to <li~fiнe <Ш е/Іісі<.'І!l. сІссlг011 sclccl іон. (~11iclc<.1 

І>у tlн· tнJшi<jІt<"s аІгсшJу 1kvclopccl ін оtlн:г ехрЄ'гіm<:пts Jikc СЛF ш L:~ (wl1icl1 also l1acl а сгуs
tлІ \"11Іоr·і111сlсг). р;енсгаl selectioн vaгial>k·s Гоr· н.11 с1ссt:пш caшliclate witl1 а t.1·а11sїї~ГS<~ С'ІН'І·gу 
11іµ;lкт l Ішн 10 СнV сан І>е <k:fi11e<I. 

• '1 'Іи· 1:/11.с;/п· isululinn: 

El1~ctгoнs со111і11µ; Гr·or11 t.l1c 1kcay of l1eavy paгti("les s11cl1 as tl1c \\' (П/ ' fiu), tlн• top 
(І. -----+ П'r1 ' f11Ь) ог Пір;р;s (e.g. /1 -----+ ;;;;;; ----'> NN) clecays slнmkl І>е i<le11t.ilic<I і11 tІн· 
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detector as isolated l1igh traпsverse cпcrgy clusters. Rcчuiriнg tl1e electroпs caпclidatcs to 
Ье isolatcd is particнlarly efficicнt to reject the backgrouнd crated Ьу нeнtral ріонs сошіпg 
froш jets. 

• The ratio Ьеtшееп th,e energy dcposit іп th,e electrornagnetir and hadronic саlотітеtет: 

Tl1e eнergy depositcd Ьу ан electroп is alшost fнlly сонtаіпе(_l ін tl1e electromagпetic 
caloriшetct·. Ін coпtrast, the hadroпs will teпd to leavc rrюst of their energy ін tl1c hadroнic 
caloriшeter. 

• The sh,ower sliape: 

As explaiпe(l before, showers iнitiatecl Ьу electroшagнetic and lшdroнic pai·ticles lшve 
diff'ereпt shapes. Elcctrorrшgпetic clнsters arc expected to Ьс сонtаіпеd to а large exteпd 
ін а 3 х 3 crystals array of tl1e CMS ECAL. Іп coпtrast, l1adm11ic clнsters are more spread 
іп all directioпs. Due to tl1e magпctic field апd the clectroнs emittiпg Bremsstrallluпg, 
the clcctгoшagпetic clнster·s will rешаіп пarrow ін r7 Ьнt will Ье soшcwl1at exteнdecl іп ф. 

• Тlie ratio between thc eneryy іп th,e electrornagnetic ralorirnctcт and tlie track mornent11m: 

For electroнs tllis ratio is expected to Ье arouпcl 1 witl1iн tl1e measнreшeпt errors. 

• The prccise match,ing іп ф bctween tracks and clusteтs: 

Clнstcrs iпitiated Ьу electroпs, lшve their associatecl track роіпtінg di1·ectly to the eпergy 
wcigl1tecl clнster ceпtcr. lt will Ье showп, lюwever, that sonю care is неесіеd to нsе this 
variable sіпсе it is чuite seпsitive to electroн Bremsstrahltшg. 

3.6 Selection variables 

After this чнalitative clescriptioп, а чuaнtitative aпalysis of the electroв selec:tioв is prescнted. 
The goal is to defiнe а selectioн, wl1icl1 is as mнcl1 as possible іпdеренdепt оп the eveнt properties. 
Howcver, the cнts proposcd for а giveп physics clшrшel shoнlcl Ье fшther tнпеd depeпdiпg 011 

thc backgroнпd. Fог інstансе, to select а Higgs decayiпg іпtо four electroпs, оне woнld obvioнsly 
ноt apply tl1e sашс cнts оп all foнr electгoнs, looseпiпg tl1e гeqнiremeпts опсе оне ог two "goocl 
qнality" elcctl'Oнs are fонщl. Thc c:uts lшve also to Ье optiшized ін orcleг to шахішіzе the sigпal 
to backgl'Oш1cl ratio. Howcvc1·, geнeral selec:tioп vaгiables сап alгcady Ье defiпecl, allowiпg to 
get а basis for ап effic:icпt clcctroн selectioп. 

3.6.1 Preselection 

First а preselec:tioп is appliecl for tl1e diffc1·eнt saшples. Онlу the sнper-clнsters ів tl1c Ьапеl 
(with 1111 < 1.4) апd with Et largeг tlшп 10 GeV are kcpt for tl1e stнdy. То сошрагс tl1e 
recoпstrнctcd electroпs with thc gcнerated опеs, it is гcчuired that thcsc supeг-clнsters origiнate 
froш tl1c iпteractioп of ап elcc:troп ( or the otl1eг paгticles stнdiecl) witl1 tl1e caloriшeter. А sнper
cluster is said to Ье шatcl1ed, if it lies iпsidc а "large" сопе ів ЛR = J Л172 + Лф2 of0.15 arotшcl 
tl1e geпeratccl particle. The kінешаtіс properties of tlю geнerated particles агс cliгectly takeп 
from the Монtс Carlo geпerator інfогшаtіоп. 

Soшctiшes, more tlшп оне sнper-clнster is fouнcl withiн this соне ( wl1icl1 happeпed for 
іпstапсе іп аЬонt 2% of the cases fo1· tl1e Н ----+ Z Z* ----+ 4е sample). Ін tl1is case, tl1e оне 
with tl1e cнcr·gy closest to that of tl1e geпerated elcc:tl'Oн was selectccl. Figшe :~.6 slюws tl1e 
ЛR tlistribнtioп bctwecн tl1e geпeratecl clcctroп апсі all sнpeг-clusters іп the eveнt for thc 
Н ----+ Z Z* ----+ 4с saшple (left) апd tlю siнgle electroпs saшple ( right). Ін coпtrast to tl1e siнgle 
elcctгo11 saшple, tlю ЛR clistriЬнtioп for tlю Н --+ Z Z* ----+ 4е saшple shows а tail. Tliesc 
higl1 valнes of дR соте froш 'wroпg сошЬіпаtіопs' witl1 thc otl1er sнper-clнsters prescпt і11 tl1e 
iпteractioп. 
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FIG1ЖF. 3.6: Tlie sтnallest ЛR Ьеtшееп а generated elcctron and all recon.structed .super-cln.ster.s 
іп the Н---+ ZZ*--+ 4е .saтnple (left) and іп tlie .singlc 35 GeV electron .sample (riglit). 

For 0.4% of tl1c gcпcratcd electroпs, no matchiнg sнpcr-clusters were foнnd. Figшe :~. 7 
shows the pseнdorapidity distribнtion of tl1e geнerated clectrons were по sнper-clнsters were 
fонвd for tlic Н --+ ZZ* --+ 4є sample. Most of tl1ese elect.roпs were 'lost' ін а crack of tl1c 
calorimcter. Ін that case, either по ba.sic-clнster could Ье recoпstrнcted or а basic-clнster was 
rccoнstiнcted with too little eпerg/'. Thc effects of tl1e gaps ансl а stнdy of· tlie lюrrюgeнcity of 
tlie electiomagnetic calorimeter is discнssed іп more detail ів Sectioп :3. 7. 

-6 ..... 
z 
"'D 15 

-0.5 о 1.5 

11е 

FIGORE З. 7: P.seudoгapidity di.stribntion of the generated electrons for шhich по matching super
clшter ша.s foun(l (О.4% of the generated electrons). Electrons from the Н---+ ZZ*--+ 4е sample 
(rn11 = 150 Ge V) шеrе used. 

Tl1c secoпd part of this presclcctioп consists ін reqнiriпg tlшt the sнpeI-clнsteI is in spatial 
coiнcidence witl1 а rcco11st1·нcted tiack. Tl1e tracks shoнld fнlfill loose qнality reqнircnюнts, і.с. 
haviнg а traпsvc1·se шошеntнш of at least 5 Gc V апd at least 5 }1its ( нsінg tlie silicoп stiip апd 
pixel trackc1· іпfоrшаtіон). То associatc а supeI-clнsteI witl1 а t1·ack, the sаше шethod as before 
is applied. Fш 94% of t.hc clcctI"Oпs, а шatchiнg track was foнnd. Figнre :.~.8 slюws tl1e rapiclity 
distiibнtioн of tl1e supeI-clusteis witl1 ащl witlюнt шatcl1ing track. As cxpected, t1·ack fіш1іпg 
is less effi.cicнt fсїї higl1eI pseнclo-rapidities. Tl1e шatching bctweeн tiacks апd sнpeI-clнstщs 
will Ье investigatcd ін detail іп the followiнg ашl нsed as а selectioн variaЬlc. 

8То Ье kcpt, а super-elннter ін reqпired to have an eнer·gy нJюvе !\ OcV. 
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FIGtтRE :~.8: Pseudorapidity distтibution of tlie super-clusters w'ith (а) and w'ithout (Ь) тnatcMn_q 
tтacks (.94% of th,e electrons hшие а rnatcliing track). 

Tl1e different clcctmн selectioн variables сап поw Ье stttdied startiпg from these preselected 
saшplcs. 

3.6.2 The cluster isolation 

Tl1e isolatioп сап Ье defiпed нsіпg the trackiнg or / апd tl1e caloriшctcr. А possiЬle clcfiнi

tioн of а calorimeter-based isolatioп cottld Ьс to coпsider tl1e eпergy ін thc ECAL, lyiпg ів а 
сопе of clefiнed size аrонпd the sнper-clнstcr seecl. However, as electrons loosc cпcrgy tlнoнgl1 
Bremsstrahlнпg they will 1юt Ьс pcгfcctly isolated. It is tl1eп iшpossiЬle to deterшiнe wl1etl1er ан 
eнergy deposit іп tlie clcctroп viciнity was caнsed Ьу photoпs eшitted tl1roнgl1 Bremsstraliluпg 
or wl1etl1er this cпergy deposit was caнsed Ьу а pai·ticle Ьеlопgіпg to а hadroпic shower. 

For this purpose, we chose to charactcrizc tl1e isolatioп нsінg tlic trackcr онlу апсl dcfiпc 
isolatioп Ьу takiпg tl1e sшп of thc tнiпsverse rrшmeпtнm of all thc tr·acks wl1icl1 lie iпside а сопе 
of о.:35 іп Лт аrоншl tlic sttpcr-cluster positioп divided Ьу tl1e super-cluster traпsverse eнergy 
measured іп the caloгiшetcr: 

JSQ __ 1_ ( '"" 11track _ prrщtcl1e(\trk) 
tтk - Esc L.,, t L 

t Лтt·г-sс<U.35 

Thc tгack matcliiпg the sнper-clнster is поt takcп іп tl1e sнm, as it is sнpposed to соте froш 
tl1e electroп. Іп tl1e followiпg tl1is variaЬle will Ье used. 

The efficieпcy of а снt оп tlic isolatioп is almost іпdерещlспt оп tl1e eveпt type. Figure :{.9а 
shows ISOtrk for Higgs eveнts witl1 fош electroпs, from Н - ZZ* - 4е, rпн =150 GeV (solid 
lіпе), witl1 two clectroпs, from Н - ZZ - 2е2µ, rn11 =500 GeV (dashed lіпе) апd for plюtoпs, 
froш рр - 1jet sample ( dashed dotted lіпс). As expected, the electroпs are less isolatcd if tl1c 
fiпal state topology is morc coшplicated. 

Figнre ~3.9Ь slюws tl1e sаше variable for jets froш рр - 1jet sample (dash-dotted lіпе) апd 
taнs clccayiнg іпtо liadroпs, from WZ - Зf saшple (solid lіпе). As the haclronization process 
resнlts пormally іп mttlti-pa1·ticle prodнctioп, most of the time jets are поt isolated. The sнper
clнst,ers iпitiatccl Ьу jets are theп less isolatccl tl1a11 the опеs from electroпs апd photoпs. Оп 
the coпtrary, the tан decay proclнcts will Ье isolated, sіпсс 50% of tl1e tatts clecay іпtо оне 
charged haclroп (апсl seveгal 7Г0s) апd аЬонt 15% decay ін tl1гee chaгged paгticles (апd seveгal 
7Г0s). Тhсгсfоге, taнs decayiпg іпtо hadroпs агс ot'teн called "isolated jets". For tан jcts witl1 
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Et > 50 GeV, аЬонt 90% of tlюir cпcrgy is сопtаіпеd іп а vcry small її>.gіоп ін (т1, ф) space of 
racliнs 0.15 to 0.2, апd about 98% іп а radiнs of 0.4, а property нsed for іпstапсе for tl1e tан 
sclcctioн Ьу tl1e High Level Trigger. Tl1e algoritlнн looks for isolated 11igl1 Et liadroпs іп tlю 

caloriшeter (дR = 0.13) sшroнncled Ьу ан isolatioп regioп (дR = 0.4) [G4]. 
The isolatioп снt is fouпd to Ье alшost іпdерепdепt он tl1e electroп traпsverse eпergy. А 

снt reqнi1·iпg ISOtrk to Ье less thaп 0.2 сонИ })с applicd to select isolated electroпs. 

3.6.3 The ratio between the energy in the hadronic and electromagnetic 
calorimeter 

Tl1c mtio Ьєtwеен the eпergy recoпstrнcted ів tJю liadroпic caloriшeter апd іп tl1e electroшag
пctic calorirнeter, Ehad/ Eem is qнite different tor clectl'Oпs апd lщdroпs. Figшe 3.1 О slюws thc 
Ehad/ Eem distribнtioп for: (а) electl'Oпs witl1 а шеап Et of 40 GeV (solid lіпе), with а шеап Et 
of 100 GeV (dasl1cd lіпе) апd for photoпs (dash-dottecl liнc); анd (Ь) for jets (dasl1-dotted lіпе), 
taнs clccayiпg інtо liadroпs (solid lіпе) апсl siнglc clшrgcd ріопs (dotted lіпе). As expected, tl1e 
Ehad/ Еетп ratio is іп geпeral close to ,.;cro tor electroшagпetic particlcs. It is higl1e1· for lшti1·oнs, 
wl1icl1 teпd to deposit а lar·ge t'ractioн of their eпergy іп tl1c HCAL. 

Tl1is variablc is alrrюst інdерепdепt оп tl1e elect,roп cвergy sіпсе the distrihнtioпs for tl1e 
electroпs witl1 а шсап Et of 40 Ge V апd НЮ Ge V look siшilar. .Тets апd taus decayiпg іпtо 
hadroпs slюw also а sішіlаг Ehad/ Еєтп dіstгіЬнtіоп, tшlike tl1e distгibutioп fог HJO Ge V chaгged 
ріопs wl1ich looks пшсl1 fiatteг. Tl1e jet lщdгопі;щtіоn анd the tан decay will prodнce ?r

0 's 
wl1icl1 will інсгеаsе the епегgу fгасtіоп left ів tl1c ECAL. For tl1e 100 GeV clщгged ріопs, tlie 
свс1·gу t'ractioн left іп ECAL will depeпti 011 wlюn~ tl1e fiгst іпtегасtіон staгts, leatiing to а flat 
distгibutioп of E1iad/ Eem· 

А possible снt valнe would Ье to геqніге E1iad/ Eem smalleг thaп 0.05. 

3.6.4 The shower shape 

Selectioн va1·iables Ьased он tl1e showeг shape exploit the f'act that electгoшagпetic showeгs аге 
шоrе сопсепtгіс ащl deнsc thaп l1atim11ic онеs. The еlесtгон cнergy is alrrюst all coнtaiнetl ін 
а :~ха cгystal array. То charactcri,.;c tl1e tleнsity of' the slюwc1-, оне сан сошраге tl1e енегgу ін 
cгystal arrays of tі.Шє1·енt size: takiпg the seed опlу, Еsь·ь;п, tl1e 2-Ьу-2 шоrе епегgеtіс cгystal 
array co11tai11i11g tl1e seed cгystal, Е2х2, tl1e 3х3 c1·ystal array сепtегеd оп tl1e seed, Е:зхз, апd 
tl1c 5х5 cгystal array сепtегеd оп tl1e secti, Е5х5· АЬонt 90% of tlю sнper-clнste1· cпcrgy is 
coнtaiнetl ін Е5х5, 80% ін Е:зхз ащl 75% ін Е2х2 fог :~5 GeV electroпs. 

Tl1c гаtіо Е:зх:з/ Е5х5 will Ье stнdiccl first. Figure ;{.11 slюws the Езхз/ Е5х5 clistri1щtioп 
fш: (а) electгoпs with а шеап Et of 40 GeV (solid lіне), witl1 а шсап Е1, of 100 GcV (tiaslюti 
lіпе) апd for photoпs ( tiasl1-tiotted lіпе); апd (Ь) for jets ( tiasl1-dotted lіпе), taнs decayiпg іпtо 
haclroнs (solicl lіне) апd siпgle cliargecl ріопs (dottccl liнe). The distrilщtioп is characterizecl Ьу 
а pcak апtі а loпg tail. 

Figure ;{.12а slюws tlшt tlю Е:~хз/ Е5х.5 distrihнtioп gets вапоwеr wl1eп tl1e eнergy of· tl1e 
electroп is iпcreased: tl1e solid lіпе shows tl1e distribнtioв for all electroпs, tl1e dash-dotted lіпе 
for clcctmн witl1 Et > 50 Ge V, tl1e dashecl !інс t'o1· electroп with Et > 100 Ge V анtі fiпally tlю 
dottccl lіпе fo1· electroпs with Et > 200 Gc V. Tl1ese distrih11tio11s slюw that showcrs is dcпscr 
at l1igl1er electroп eпergies. Tl1is obscl'Vatioн сап Ье explaiпecl сопsіtієгінg tl1e Breшsstraliluнg 
photoпs eшitted Ьу tlic electroпs ін tl1e tracker. For lowcr eнergies, the electroпs are separated 
fі·ош tl1ese I3reшsstrahlш1g photoвs Ьу tl1e шаgпеtіс field makiнg tl1e suЬsequeнt slюwers шоrе 
spread. This leacls to а lower Езхз/ Е5х5 ratio. At higl1e1· cпergies, the electroпs have а sшaller 
сшvаtшс ін tl1e шаgпеtіс field апd the slюwc1· remaiнs deпse. 

Figнre :_І.12Ь slюws tl1c cfficieнcy of' the снt reqнiriпg Езхз/ Е5х5 > 0.9, as а fнпсtіоп of the 
geпeratecl elcctroв traнsverse eпergy. Tl1e efficieнcy starts to Ье flat for Et аЬоvе 150 Ge V. lt 
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Fюшш 3.9: Tlie isolation defined with tlie tтасkег: (а) for events with four electтons (sol-id 
Ьlack line, frorn the Н ----+ Z Z* ----+ 4е sarnple), шith, tшо elect,rvns ( daslied геd line, fгот the 
Н ----+ Z Z ----+ 2e21-L sarnple) and for· plюtons ( green dash-dotted line, frorn th,e рр ----+ ')1jet sarnple). 
(Ь) fот hadтиi·ic taus (pink solid line, from tlie W Z ____, af sample), jets {blue dash-dotted line, 
fmrn tlie рр----+ ')1jet sample}. 
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FIGURE :3.10: (а) Ehad/Eem for electrons шitli а тпеа,п Et of 40 GeV (solid black line, from 
tlie Н - Z Z* - 4е sample), fог electrons шith а теап Et of 1 ОО Ge V ( daslied геd line, from 
the Н -+ ZZ -+ 2е2µ sarnple) and phлton.s (.qтeєri dasli-dotted l'ine fгorn tlie рр - гjet). (Ь) 

Ehad/ Eem fот liadтonic tans (pink solid l'ine), jets (bl11e dasli-dotted line) and single char:qed 
pions (black rlotted line). 
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is tlшs preferable to нsе tl1is sclectioн variable опlу for "l1igh-eпergy" electroпs or alterrшtively 
шаkе the снt оп this variable eпergy depeпdcпt. Tl1is variable is well-sнite<l to select photoпs. 

Otlier vaгiables exploitiпg tl1e slюwc1· slшpe were also studied like Е2х 2 / Esc апd (Е5х5 -
Езхз)/ЕsЕЕD, а vaгiablc seнsitive to the eпergy spгcad іп tlie cгystals witl1 'less eпergy'. Fig
ure :{.1;{ show lюw tl1ese variables look likc fог tl1e electroпs, photoнs апd hadroпs. These 
variablcs va1·y also as а fнпсtіоп of tl1e electroп eпergy. 

Ап alterпativc vaгiable, based оп the slюwcг shape апd iпdepc11de11t of tl1e particle traпsverse 
eпergy (at lcast for Et raпgiпg betwccп 10 arнl :юо GeV) is tl1e shower spread іп r7, Urm· It is 
dcfiнed Ьу шаkіпg tl1e епсгgу weigl1ted sнш of tl1e diffcгcпce sqнared betwccп а pa1·ticular crystal 
pseнdorapidity апd tl1e seed pseнdorapiclity. The suш is takeп ove1· all tl1e crystals іп а five Ьу 
five array сепtегссl оп tl1e seed crystal: 

" ( )2 Ecrystal 
O"r1r1 = Ц Цcry~tal - T/seed · Е 

5 х '1 Cl"ystalн 5 Х 5 

Figurc :3.14 slюws tl1e u1111 distгibutioп (а) for electгoпs with а шеап Et of 40 GeV (solid lіпе), 
witl1 а шеап Et of 100 GeV (dashed lіпе) ащl fог plюtoпs (clasl1-dotte<.l liпe); апd (Ь) for jets 
( daslнlotted lіпе), taus decayiпg іпtо liadгoпs ( solid lіпе) ащl siпgle cliarged ріопs ( dotted lіпе). 
The O"rm distгi!)Utioпs look very siшilar fш tl1e electroп liaviнg а шеап Et of 40 апсl 100 GcV 
апd fo1· tl1c plюtoпs. Also tl1e distгibutioпs for the cliffeгcнt hadroпic saшplcs look siшilar. 

Tl1e efficicпcy of the снt rеqнігіпg и,1,1 < 0.0001 as а fuпctioп of the geнcratcd elcctroн 
traпsvcгsc eпergy is showп ін Figure ;{.ln. The efficicпcy is fонпd to })с alшost інdерепdепt of 
tJ1c clєctroп traпsveгsc снсгgу up to а Et of 300 Gc V. 

For fнtнre studies а siшilar variablc соuИ Ье defiпed witl1 tl1e shower spread ін ф. Tl1is is 
шоrе coшplicated as the slюwcг spгead іп ф сошеs not онlу froш tl1e iпtriпsic slюwer but also 
froщ Bгcшsstrahlнпg. То get а 'usable' variable, О"фф could Ье split ін two pa1·ts: оне where the 
sшн is rrш<.le оп crystals l1aviпg а ф higl1er tliaп tl1e ф of the sec<.i ап<.l tl1e otl1er where the sнш 
is ша<.lе оп crystals lшviпg а ф lower tliaн tl1c ф of the seed. Кноwінg the charge of tl1e track, 
оне сап select tlю оне wllicl1 is оп tl1e opposite side of tl1e B1·crнsstral1luпg tail. 

3.6.5 The ratio between the energy in the electromagnetic calorimeter and 
the track momentum 

Tlic tюxt two electroп iclcпtificatioп variaЬles сошЬіне the track апd caloriшeter іпfоrшаtіоп. 
А first vагіаЬlс is tl1e ratio l)etwccн tl1e eпergy іп thc clcctroшagпetic саlогішеtе1· ап<.l tl1e track 
щошспtшп, Esc/p1,1.ack· For electroпs tlщt, ratio is close to нпіtу. Он tl1e coпtrary, e.g. for taнs 
decayiпg іпtо liadгoнs, this ratio is 1шіfоп11lу <.listribнted as tl1e track сошеs froщ а п± апd the 
clнster froш а ?Го decayiпg іпtо two plюtoris. 

Figнre :3. IG slюws the Esc/Ptтack 1·atio (а) for electгoнs with а щеап Et of 40 GeV (solid 
lіпе) апсl witl1 а шеап Et of 1 ОО Ge V ( dashed lівс); (Ь) for jets ( clasl1-dotted lіпе), taнs decayiпg 
іпtо l1adl'Oнs ( dott.ed lіпс) апd siпgle cliarged ріонs ( dotted lіпс). 

Tl1is variable depeпds оп the elcct1·oн eпergy as showп ін Figнre З. І Ga. The peak for НЮ Ge V 
electroпs is а Ьіt broader for tl1c followiпg reasoпs. Wl1eн the еlссtгон eшits Breшsstrahlнпg 
photoпs, tl1eir шеаsшсd пюшенtнш іп the tгасkег terнis to Ьс uнderestiшated апd tl1e track Pt 
геsоlнtіоп gets wшse at higher eпergics. Оп tl1e coпtrary tl1e sнper-clнster will teпd to сонtаіп 
also the eпergy f"l'Oш the Breщsstїїthluпg photoпs. Tl1is will шake tl1e Esc/Ptтack ratio higher. 

Tl1e dotte<.l liпe оп Figшc ;{.16а shows tl1c clcctroнs with а шеан Et of 100 GeV апсl ан 
aclditioпal спt rечнігінg the electroп not to loose too шнсl1 eпergy tl1roнgh Breшsstral1luнg, 
Еьrет/ Esc < 0.59 . Ін this case, tl1c distribнtioп for 11igl1eг eпergies elcctгoпs gets closer to tl1e 
one obtaiнed with 40 GcV electroнs (solid lіпс). 

0 The sinшlatcd electron energy loss in the tracker is givcn Ьу GEANT. Thc ratio betweeп tl1e total energy 
ra.diate<l Ьу the elcctroн tl1ro11gl1 Bremsstrahlung arнl tl1e reconstructed eпergy of thc super-cluster-, Е1;."",,./ Esc 
was нse<l here t.o study tl1e Bremsstrahlшщ ішрасt оп the electron recoпstrнction and identificatioн. 
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84 

а) 

CHAPTER З. IDENTIFYING ELECTRONS IN ТНЕ CMS DЕТЕСТОП 

-- Electrons, <Ei>"'100GeV 1------------------. 

- -. ' І 

~ ' " .... ·:- - ;•:..·-:..! - -· . : 

~."" " .. : : .. " 
І 
І 

І .... ~ 

10-4 ..__.._.__,__..._,___..._.____.__._...___..___.._.__,_......___.._____..____,__,___._...___.__.___.__._...___...___.._._~ 

0.7 0.75 0.8 0.85 0.9 0.95 1 

Ь) 

> 
ф 

(:J 

1 

~ 0.8 ->-

Eзx/Esxs 

g ·-
ф 

'(j 0.6 

!і ... 
::i 
u 
cn 0.4 
с:) 
л 

"' ~ 
~0.2 

>< .., 
w 

O.___.____,____,___L__J'----'----'--'-.L.......1---'---'--'--,___,_---'-_,____._L___L____,__,_..._L-..I._,_---'----'------''----'----'------' 
50 1 оо 150 200 250 300 

Е90" GeV t 

FТGURE 3.12: (а) Езхз/Еsхs, for the electmns шith. а теап Et of 100 GeV. All electrons from 
tliis sarnple (solid Ьlack l'іпе), electтons шith, E~~l > 50 Ge V (геd dash.-dotted line}, Е;,' 1 > 1 ОО Ge V 
(Ьгошп dash,ed line) and Е[1 > 200 Ge V (Ьrошп dotted line). (Ь) The efficiency of tlie cut 
req11irin_q Езхз/ Esx5 > 0.9 as а fшiction of tlie generated electтon transveгse energy. 



8.6. SELECTION VARIABLES 

а) 

z .... ,.. 
10·1 

- Elecuons, <E,»40GeV 1--------~ 

•...••• EІecuons, <E,>=100GeV 

• · - - Photons (y-jet sample) 

•'''·' -·-· ' ; ~ "' ~ -: -' 

10-4 ......_......_.. ........ LLJ..L.L.L.LLLU...LLL.LLLLLЦ..ц...i.LLU...LLL.LLLLL.L.<......._. 
о 0.1 0.2 о.з 0.4 0.5 0.6 0.7 0.8 0.9 1 

Ь) 

'U 
"' ш 

') 
ш"'10·' 

~ 
'tl 

z .... ,.. 

E2x/Esc 

- Hadronic Taus 

" •.• Jets 

.... " 100 GeV Pions 

0.1 0.2 о.з 0.4 0.5 0.6 0.7 0.8 0.9 1 
E2x/Esc 

с) 

d) 

.... 
~10-1 

ш 
ІЛ 

ш 

~ 
х 

"' ш 
І 

~-----------< - Electrons, <E,>=40GeV 

."". Electrons, <E,>=IOOGeV 

- -· -· Photons (y·jet sample) 

------------І-HadronicTaus 

" •.. Jets 

..... 1 ОО GeV Pions 

а1о"' ; 
ш .... 
~ 
'tl 
• z 10" .... ,.. 

1 Q"" LLL_l_LJ_L.L'-J....l..L..J...>...LLJLLLШ_L_Ll--'--'--LL-LШ-C..ЦU-J-"-'-' 

о 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
(Esxs·EзxJIESEED 

85 

FюоRБ 3.13: E2x2/Esc (а,Ь) and (Е5х5 - Езхз)/ЕsЕЕD (c,d). {а and с) for electrons with 
а rnean Et of 40 Се V (solid black line, fmm tlie Н ---* ZZ* ---* 4е sarnple), for electrons w'itli а 
rnean Et of 100 Се V ( dash.ed red line fгorn th.e Н ---* Z Z ---* 2е2µ sarnple) and pliotons ( green 
dash.-dotted Une frorn th.e рр ---* 1Jet ). (Ь and d) .fог Jiadronic tшus (pink solid lіпе), jet8 (blue 
dasli-dotted line) and single cliarged pions {black dotted line). 
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FIGПRE ~~.15: The efficiency of th.e r:ut requiтing стrт < 0.0001 as а function of tlie geneгated 
eler:tron transiJeтse energy оп the preselected sarnple. (No otheт cuts ате applied} 

As Figшe :!.16 slюws, а снt оп the lower part, of thc Esc/Ptrack distri1щtio11 (c.g. Esc/Ptтack > 
0.8) woнld Ье efficicnt agaiпst siпgle ріопs, as tl1cy teпd to leave опlу part of tl1eir eпergy ін the 
ECAL while tl1eir fнll пюmепtнm is measшed Ьу tl1e tracker. То gct rid of the jets (maiпly tl1eir 
7!"±7!"о compoнe11t ), it is also good to снt оп tl1e laгge valнes, reqнiriнg for іпstапсе Esc /Ptтack < 2. 
Howcver, а снt оп the 11iglюr part of tl1e spectrнm will Ьс qнite eпergy depeпdeпt. А possibility 
is tl1eп to redefiпe the variaЬlc іп tl1e followiпg way: І 1 / Esc - 1 / Ptтack І, іп order to Ьс lcss scн
sitive to 11igh епт·gу electroпs. This also makcs scнse as the нnccrtai11ty 011 Ptтack is Gaнssiaп 
іп 1 / Ptr·ack. 

Figшe :J.17 slюws 11/ Esc - 1/Ptтackl (а) for clcctroпs with а шеа11 Е1. of 40 GeV (solid lіпе) 
апd with а tneaп Et of 100 GeV (dasl1ecl li11e); (Ь) for jets (dasl1-dotted lіпе), taнs decayiпg іпtо 
hadroпs (clottcd lіпе) апd siпgle charged ріопs (clotted lіпе). Tl1e distribнtioп looks rюw similar 
for electюпs witl1 а mеап Et of 40 анd of 100 GeV. Figшe :~.17Ь shows that а снt reqнiriпg 
І 1 / Esc - 1 / PtracA~ І smaller tliaп 0.02 will Ье cfficicпt agaiпst jets апd lladroнic tан decays Ьнt 
less efficieпt agaiпst siпgle ріопs. 

Figшe :3.18а slюws tl1e evolнtioп of the снt cfficieнcy for 0.9 < Esc/йrack < 2 as а fннсtіоп 
of tl1e geпeratcd electroп traпsverse спсгgу. Figнre :3.1 Sb slюws the same Ьнt for І 1/ Esc -
1/Ptтackl < 0.02. The снt оп ll/Esc - 1/Ptтackl shows а vагіаtіоп of 10% іп the efficieпcy as 
compared to the снt оп Esc/Ptтack which varies 40% bctweeп 10 апd 1000 GcV. As said before, 
tl1is efficieпcy decrcase is maiпly dне to tl1c rcqнiгemeпt Esc/Ptrack < 2. 

А good solнtioп is to снt simнltaпeoнsly 011 botl1 variables, rcqнiriпg І 1 / Esc-1 / Ptrack І > 0.02 
ащl Esc /Ptтack > 0.9. Tliat way, the снt efficieпcy is varyiпg less thaп 10% betweeп 10 апd 
50 Gc V апd is theп flat нр to Et = :юо Ge V. Morcover, sнch а сн t efficicпtly 1·errюves all 
tl1e three backgrotшds. However, some care slюнld Ье taken sіпсе tl1ese two variables are поt 
iшlcpc11de11t. 
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FТG lJ Rl<: З .1 7: Tlie І 1 / Е sc - 1 / Ptrack І distr'ib'Ution (а) for electrons with а теап Et of 4 О Се V 
(solid black line, fтот th,e Н ----;. Z Z* ---+ 4е sample} and fот electrons w'ith а теап Е,, of 1 ОО Се V 
{daslied теd line from the Н---+ ZZ----;. 2e21-i sample); (Ь) for hadronic ta'Us (pink solid line}, jets 
{blue dash-dottecl line) and single chлrged pions {black dotted line) 
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3.6. SELECTION VARIABLES 91 

3.6.6 The matching between the track and the cluster 

А second variable corпbining the trackiнg апd tl1e caloriшeto1· is the шatcl1iнg ін ф Ьеtwєен tl1e 
sнper-clнstor анd the propagatecl ti·ack, ІФsс - Фf;0РІ. Фsс is the aнglc of tlie sнper-clнster 
positioн ( wl1icl1 is obtaiпcd from tl1e slюwer sl1apc). фfr.0P is tlю track aнgle extrapolated froш 
tl1e vertex to the clнster position, taking опlу tl1e effect of thc шagnetic field іпtо ассош1t. С~ніtе 
tigl1t cнts сан Ье rnade 011 this variable since the trackiнg angнlar resolнtioн is very accнrate ін 
ф, as Figшe :~.19 shows. 
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FIGtтRE :3.19: Diffeтence Ьеtшееп the gcnerated ф and thc ф of th,e track (taken at tlie verte.т,), 

gi'uing th,e track гcsolution іп ф fог clcctтons h,a,11ing а rncan Et of 40 Се V. 

Figшe 3.20а shows ІФsс - Фf;0РІ for electroпs witl1 а шеан Et of 40 GeV (solid lіпе) апd 
with а шеан Et of 100 Gc V ( dasl1ed line). Tl1is variable is scнsitive to 13reшsstrahltшg: wheн 
olcct1"0I1s ernit Broшsstrahlнng photoнs, tl1eir track will Ье шоrе cшved, leadiнg to а larger 
valнc of ІФsс - Фf:.·орІ, as illнstrated іп Figшo :1.21. This cxplaiнs the differeпt distribнtioпs 
obtaiнocl for the two clectroп sarnples іп tlю ІФsс - Фf;'Yfil raнge betweeп 0.005 апd 0.015. If we 
rcqнire Еьrетп/ Esc < 0.1 for the 40 GcV electroш; ( dotted lіпе on Figшc 3.20а), tl1e distribнtion 
obtained gets close to the оне obtaiнed for tl1e 100 GeV electroнs for tl1is ІФsс - Фf,;0РІ iпterval. 
For the l1igl1er valнes of ІФsс - Фf;0РІ, а differeпce rешаіпs. It was checked tliat this corпes frorn 
the track шоmеntнш resolнtion. If tl1e track tгaнsverse nюшепtнm is not well-шcasшe<-l, Фf;0Р 
will also have а big ш1certainty. Tl1is eff'ect is rnore iшportant for low cнorgy electrons. 

Figшe :3.20Ь shows ІФsс - Фf;0РІ for· jets (clash-clotted line), taнs docayiпg into hadrons 
(solid lіне) ашl single cliarged pions (dottcd lіне). The siпgle pions have а "Ьшпр" aroш1d 
ІФsс - Фі;·орІ = 0.01. This cornes froш tl1e pions that leave only а sшall part of tl1eir energy іп 
tl1e ECAL, creatiпg а шisшatcl1 betweeп the track анd tl1e cl11stc1-. Tllis excess disappears if for 
instancc, а снt reqнiriпg Esc!Ptrack > 0.9 is applied. 

Cornpariпg Figшes :~.20а апd Ь, it tшns онt tliat cнttiнg оп tl1is va1·iable is very efficieпt for 
backgrmшd rcdнction. Figшe :3.22 slюws how tl1c officieпcy for а снt гeqнiring ІФsс - Фf:.·орІ < 
0.006 evolves with tl1e electron traпsveгse eнergy. Tl1e efficieпcy becomes flat for traпsverse 
eнergies above 150 Ge V. As expected, l1igl1 eпergy clcctl'Oпs will havc а l1igl1er efficieпcy tliaп 
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Vaiiable Снt valнc Et clepcrнicnce 
Bieшsstr-ahlнng PIOCCSS 

dependence dеренdенсе 

ІSОтнк < 0.2 Sшall No Yes 

Ендп/Евм < 0.05 No No No 

Езхз/ Е5х5 
>0.9 

Yes Yes No 
for Et >150GeV 

а",,,, < 0.0001 No No No 

14l+:rop І <0.006 Yes Yes No track - Фsс f01" Е1, >150GeV 

Esc/Ptгack > 0.9 Yes Ycs No 

ll/Esc - l/Ptrackl < 0.02 small No No 

TABLE :~.~1: Summary of tlie pгoposed electron identification сгіtегіа. It is al8o specified шhetheг 
а particulaг cut depends оп th,e electгon Et, оп tlie Bгeтnsstrahlun_q апd оп the process type. 

loweI eneigy опеs. 

3.6. 7 Electron identification summary: а selection of W events 

Table 3.:3 p1·cseпts а possible set of variables to identify elcctioпs ін tl1e Ьапеl. The Table 
stшшнtrizes, togetheI witl1 tl1e pmposed cuts valнes, wl1ethcI tl1e vaiiable is dependent on tl1e 
eveпt configщation, 011 tl1e paiticle tiaпsverse cнcrgy 01· оп the Breшsstrahlннg. 

Тlю cfficieпcy of а снt оп ІSО:~вк, Ен дп/ Ер;м апd cr7171 ше fouпd to have little variation: 
less tl1a11 10% fш electroнs with а tI"aпsveise епеІgу betwceп 10 апd 1000 GeV. Tl1e eпergy 
dсрсшlенсе of the otl1er variablcs (Езхз/ Е5х5, IФf;~~k - Фsс І апd Esc /Ptrack) slюнld Ье takeп 
інtо асстшt if нsecl ів а selectioп. 

Thiee variables are seпsitive to the Breшsstralllш1g: Езх:з/ Е;::,х;::,, l~Z~k-Фsc:I анd Esc/Ptrack· 
They сап Ье нsccl to disciiшiпate betwee11 tl1c electioпs which eшittcd Breшsstialiluпg ш rшt. 

Tl1c cut оп І SОт пк will clcpcпd оп the pmcess type, sінсе tl1e electmпs аІе less isolated if 
tl1c eveпt lias шоrе leptoнs анd jets іп tl1e fiпal statc. 

Tl1is еlесtпш selectioп сан Ье applied to select W ----+ ev eveпts, нsіпg the "W calibration 
saшple". Опlу the evcнts lшviпg а ceпtial clнst,er (lr1J < 1.4) witl1 Et 11igher tlian 30 GeV will Ьс 
studied апd tl1e cfficieпcies will Ье calcнlated witl1 1·espect to tl1e 11tш1bcr of tl1ese eveнts. Out 
of these cvcнts, 94% weie fоннd to l1avc а шatcl1iпg tшck. Tl1c list of tl1e cuts applied, togetheI 
witl1 tl1cir сопеsропdіпg efficieпcics, ме sншшаІіzеd іп ТаЬlе ;{.4. The electmп selectioп has 
ап ovcrall efficieпcy of 74%, wl1icl1 is acceptable Ьнt coнld Ье Iaised Ьу tuппіпg the еlесt,тн 
sclcctioп cнts оп particнlar cl1arшels. 

Apart froш tl1cse electioп ideпtificatioп cнts, sоше kіпешаtіс sclcctioн lias also to Ье dопе. 
А possiblc selectioп consists ін rcqнiriнg the шissiпg traпsverse епеІgу ($г) to Ье higl1er tliaп 
30 Ge V10 . То reшovc tl1e backgioнпd fІош tl1c QCD dijets eveнts а jet veto has to Ьс applied, 
ІеqніІіпg for іпstансе, по jets іп the eveнt witl1 ан Et l1igheI theп 30 GcV. Fiнally tl1e W's ше 
Iecpiired to have а tr-aпsverse шass (Мт) betweeп 60 апd 90 GeV. Tliis selectioп lшБ а total 
efficieпcy of 48%. 

Tl1e cvcнts lшve also to pass tl1c siнgle electioп tiigger. Ін tliis case, the oveiall efficieпcy 
goes dowн fmш 48% to 41 %, as slюwн ін the t,wo last colшrшs of Table :3А. А large fractio11, 
аЬонt :~5% of the нпtriggered W eveнts аІе rejectecl Ьу tl1e снt req11iiiпg Е /р < 1.5, thcн 13% of 
tl1e Iejected eveпts fail tl1e High Level Тriggcr because по шatchiнg 'trigger'-tпtck is fонпd апd 
fiпally tl1e Iest of eveпts arc шаінlу Iejected dне to а bad 1·ecoпstrнcted electroн, wl1ich cшittccl 
Bieшsstщhlш1g. Figшe :~.2;~ shows tl1e Esc/Ptrack distiibнtioн for· tl1e selected electioпs (solid 

10Thc missing tгaнsverse energy is built from tl1e н1ш1 of etll "jets" in the eveнt. А jet ін reconstructed using а 
conc аІgшіtlнн wШ1 а cone sizc of 0.5 (called Rec.let-Itercone0.5 in ORCA) алd is kept if its Rt is above 5 GeV. 
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FТGtJRE 3.20: (а) ІФsс - Фr;.орІ for electтons ш·itli а теа:п Et of 40 Се V {sol·id black line, from 
th.e Н--+ Z Z* --+ 4е sample) and for electтons шitli а теап Et of 1 ОО Се V { daslied red line from 
tlie Н --+ ZZ --+ 2е2µ sarnple) {Ь) ІФsс - Фf:·орІ for hadronic tшьs (pink solid line), jets {blue 
dash.-dotted line) and single charged pions {black dotted line). 
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Super C1uster 

геаІ track 

FIG OR.R 3. 21: То de.fine а rnatching іп ф between the track and the cluster, the track angle has 
to Ье extrapolated to the cluster position, taking into account the rnagnetic field. The track angle 
at tlie supeт-cluster position іп th.e ECAL is called фf;0Р. ІФsс - фt;0Pj is а good variable to 
detennine wliether th.e electron ernitted BтemsstmMung, since іп that case, tlie clusteт tend to 
Ье rnore extended іп ф and the track rпоге curved (rnarked as the "теаl tтack" оп tlie Fi_guтe}, 
increasing th.e diff erence between tlie ф coordinate of the supeт-cl·usteг and tlie track, rnarked as 
Лф оп th.e plot. 

Cut Єtot Єcut Єtot Єcut 

Тrigger·ed 

Matcl1i11g track 0.94 0.94 0.94 0.94 
Siпglc clectroн trigger - - 0.75 0.80 
ІSОтRк < 0.2 0.91 0.97 0.73 0.97 
ЕнАD/ ЕЕм < 0.05 0.90 0.99 0.72 0.99 
cr1717 < 0.0001 0.78 0.87 0.64 0.89 

Esc/Ptrack > 0.9 0.77 0.99 0.63 0.98 
11/ Esc - 1/Ptrackl < 0.02 0.74 0.96 0.63 1.00 
Кіношаtіс cuts: Іf:т 0.53 0.72 0.45 0.71 

jct vcto (fJif;'·' < зос.;еv) 0.50 0.94 0.43 0.96 
60 > Мт > 90 Ge V 0.48 0.96 0.41 0.95 

ТАБLЕ 3.4: Th,e select-ion of W events. Tlie efficiencies are _given witli тespect to tlie пиrпЬег 
of e11ents with а centтal supeт-cluster hm1ing а trammerse епетgу high,er thлn 30 Се V, for each. 
cut (єc'Ut) and togeth.er with the prєvious cuts (єtot)· Іп the two last colurnns the efficiencies ате 
given for electrons tliat pass tlie sin_gle electron trigger. 
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FIGURE :~.22: 'l'he efficiency of tlie cut requiring ІФsс - Фr:·орІ < 0.006 as а funcf'ion of the 
electron transverse eneryy. 
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Siнglc clcctroп .Jets Siпgle ріоп Тан to lшdroш; 
(:35GeV) (lOOGcV) 

Снt є tot Єcut є tot Єcut є tot є r::ut є tot Єcut 

Matchiпg track 0.94 0.94 0.74 0.74 0.99 0.99 0.79 0.79 
ІSОтлк < 0.2 0.94 1.00 о.:ю 0.40 0.98 0.99 0.65 0.8:3 
ЕнАD/ Еь;м < 0.05 0.93 0.99 0.20 0.67 0.10 0.11 0.40 0.62 
Ur7r7 < 0.0001 0.82 0.88 0.065 0.32 0.039 о.:37 0.18 0.44 

Esc/Ptrack > 0.9 0.80 0.98 0.06:3 0.98 0.01 0.26 0.16 0.88 
11/ Esc - 1/РtтпеkІ < 0.02 0.76 0.95 0.012 0.19 0.009 0.87 0.044 0.28 

11 о.68 І о.88 11 0.002 І о.32 11 0.008 І о.37 11 0.010 І о.44 11 

Т'АВLЕ 3.5: Electrvns seler:tion applied оп dijferent samples. The effir:ienr:y is calculated ш'itli 
respect to thc n'U'Гnber of central supcr-clusters found іп the Ьаттеl шith. а transverse cner:qy higlier· 
tlian 1 О Се V. 

black lіне) апd the опеs rcпюved Ьу the t.rigger (rcd dasl1ed lіпе). Sоше шоrе detailed stнdy 
анd optiшizatioп шight Ье reqнired for tl1c trigger. 

10 

о 

., 
" : ~. 

,. ·-: ·~. 

,-

Selected electrons 

Selected electrons removed Ьу the trigger 

No cut 011 Е/р and І1ІЕ-1/рІ 

1.5 2 2.5 З З.5 4 4.5 5 
EsclP"k 

FIOHRE 3.2:3: The Esc/Ptrack distribntion for the selected electгons (шШ~опt th,e r:nts оп 

Esc/Ptrack and 11/ Esc - 1/PtracklJ: (black solid line) all 8elected electтons (red dashed line) 
selected eler:tron8 rejccted Ьу th,e trigger. 

Tliese electroп selcctioп cнts were also applied оп the followiпg saшples: siпgle electro11s, 
jets, siпgle cliargccl ріопs апd taнs dccayiпg іпtо hadro11s. Tl1e efficieпcies are sшnrнar'i:,,.,ed іп 
Tablc :3.!'.і. Tl1e efficie11cics were calcнlated with гespect to the 11tш1ber of ceпtral sнper-clнsters 
witl1 а traпsverse eнcrgy l1igher thaп 10 Gc V. Note that for іпstапсе опlу half of the siпglc ріонs 
liave sнch ан associated super-clнstcг. 

The еlссtгон selectio11 cнts pr·eseпted for tl1e W saшple, redнces sigпificaпtly the three dif
fcгcнt backgrmшds ( QCD jets, hadroпic taнs arнl siпgle chaгged ріопs), keepi11g а гсаsопаЬlе 
efficieпcy for tl1C electroпs. Ап adclitioпal снt оп IФf;~k - ФsсІ сап Ье acldcd if а high ршіtу 
electroв saшple is reqнired. 
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3. 7 Homogeneity 

Tl1e CMS electroшagпet,ic caloriшcter is desigпed to шіпіші~е tl1e cracks. However, separatioпs 
betweeп tl1e шodнlcs анd tl1e super-шodнles still havc ап інfіuепсе оп tl1e electroп rccoпstructioп. 
Іп tl1e followiпg we will try to deterшiпe rcgioнs іп tl1e ceпtral barrcl wl1crc the recoнstructioп 
is oµtiшal, the so-called "fidнcial rcgioпs". 

То cleterшiпc tl1e regioпs where the electroп rcco11st1·uctioп is пюrе difficнlt, wє will select tl1e 
electroпs l1avi11g опlу 90% of tl1eir eпergy rccoпstructed, reчuiriнg Esc/ Egen < 0.9. Figшe :~.21 
shows thє Т/ distributioп of sucl1 electroнs for tl1e 40 Ge V (а) апd tl1e 100 Ge V (Ь) electroп 
saшµles. These poorly recoпstrнctcd electroнs represeпt 4 % of tl1e 40 Ge V electroпs апd 1.2% 
of tl1e НЮ Ge V electroпs. 

Tl1e 'peaks' aroш1d 17 ~О, 0.45, 0.8 апd 1.15 arise froш the eпergy lost ін the cracks µreseнt 
at t11e separatioнs betweeп tl1e ECAL шoclнles. Tl1e µeaks arc at tl1e sаше µositioп thaп the 
опсs observe(l оп Figure :3.7, pagc 77 (slшwiпg the geпeratecl electroп where по шatchiпg super
clнster was fouпd). Tl1ese 'sшall' iнefficieпcies arc пюrс iшµortaпt for the 40 GeV clcctroпs tlшп 
for tl1e 100 Gc V electroпs. This сошеs froш tl1e fact tliat for 11igh cпcrgy elcctroпs tl1e апюuпt 
of eпergy lost іп а crack represeпts а sшaller µart of the wlюlc єlcctroн eнergy ( аssншіпg that 
tl1e eпergy lost ін tl1e crack does поt depeпd too шucl1 он the iпitial clcctroп cпergy). 

Armшd tl1c µeaks апd for the lowe1· cпergy electroпs, tl1erc is also а sпшll 'сопtіпuнш' 
of poo1·ly recoпstrнcted elcctroнs wl1icl1 iпcreases with 17. For the high eпergy electroпs, this 
'сонtіrшшn' is alшost abscпt. Tl1c санsе of this effect is tl1e Breшsstrahlнпg. For the low eпergy 
electroпs the probability tlшt sоше Breшsstral1l11пg photoнs are поt clнstered togethcr with tl1c 
electroп is 11iglюr. It will theп Ье шоrе pro1xtble to fiпd electroпs witl1 less tlшп 90% of tl1eir 
eпergy rccoпstrнcted. More of these ba.<.ily гecoпstructed electroпs ме foш1d for l1igher rapidities 
as the elcctroп is crossiпg шоrе шatcrial, iпcreasiпg its probability to ешіt Bгeшsstrahlнпg. 

Іп Figнrc :3.24, regioпs іп 17 are defiпccl (vertical dashed lіпс) where tl1c electroп is iпside а 
cra.ck (if' l'rll < 0.04 or 0.41 < Іr1І < 0.47 or О.7б < 1771 < 0.83 or 1.1 < ІТ/І < 1.18). 

Haviпg icleпtified tl1e cracks іп 77, опе сап look t'or tl1e cracks іп ф. Ін tl1e dcsigп of' tl1c 
CMS ECAL, the1·e is а seµaratioп betweeп two sнµm·-1110d11les eacl1 20 degrees іп tl1e tra11sve1·se 
рlапе. Sіпсс thc sаше strнctнre is repeatcd every 20 degrees аші to gct шоrе statistics, tl1e 
sнpcr-пюdules сап Ье folded оп cacl1 otl1er, Ьу dividiпg ф (ін clegrees) Ьу 20, keepiпg the rest of 
tl1is divisioп. This variablc is called ФшщJ 20· Figнre :3.25 slюws Фmod 20 agaiпst tl1e шеап ratio 
Ьсtwсєн tl1e sнper-clнster cпcrgy анd tl1e geпerated electroп єпеrgу for the selected electroпs. 
Thc гаtіо is lower wl1ere tlicrc is tl1e super-шodнle separatioп sіпсе sоше eпergy gets lost іп 
tl1e crack, Ьнt tl1is cffect is sшall. ТЬе separatioп })ctwceп two sпper-шodнles correspoпds to а 
valнe of Фпюсі 20 Ьєtwееп 9 апd 11 clegrccs. Іп tl1e followiпg two differeнt dошаіпs were defiпed: 
а сlошаіп іпsіdє the crack, where 9 < Фmod 2о < 11 апd а dошаіп away froш the crack where 
citl1e1· Фmod 20 < 8 or Фтщі 20 > 12. 

А fidнcial vоlшне іп ф апd 77 сап Ье dcfiпcd ін tl1e followiпg way: 

• Fidнcial vоlнше: 

0.04 < 1771 < 0.41 or 0.47 < 1111 < 0.76 or 0.83 < Іr1І < 1.1 or 1.18 < 1771 < 1.4. 
ф шоd 20 < 8 or ф шоd 20 > 12 

• Noп-ficlнcial voluшe: 

lr1I < 0.04 or 0.41 < lr1I < 0.47 01· О.7б < 1771 < 0.83 or 1.1 < Іт1І < 1.18. 
9 < ф пюd 20 < 11 

For tl1e 40 Ge V clectroпs, 2.2% of tl1e electroпs а1·е f'ouпd to Ье oнtside tlic fidнcial vоlшнє 
апd 2.5% f'or tl1e НЮ GeV electroпs. 
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FIGlJRE 3.24: Tlie Jraction of the electrons liшu'iny less than 90% of tlieir ener_qy гeconstr"ucted 
as а f1щction of the s'Upeг-rlusteг pseudorapidity. (а) for electrons w'itlt а теап Et of 40 Се V, 
frorn tlie Н -+ Z Z* -+ 4е sarnple, (Ь) for electrons with а rnean Et of 1 ОО Се V, fтorn the 
Н ---+ Z Z ---+ 2e21i sarnple. The electrons аге selected as explained оп рауе 92. 
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FICURE :3.25: Tlie теап ratio Ьеtшееп the supeт-clusteт energy and the electron ener:qy as а 
function of Фтоd 20· The dmp cornes fтvrn tlie supeт-module separation every 20 degr·ees іп ф. 
Electrons from the W sarnple шете used. 

3.8 Energy resolution 

Tl1e eнergy rcsolutioн is deterшiнed froш the distribution of the ratio betweeн the sнper-cluster 
eнergy апd tl1e gcnc1·ated eнergy. Figшe :3.2G slюws tl1c Е8с/ ввеп distributioп for electroш; 
сошіпg f1·ош tlic W -+ ev decays ( withoнt restrictioн оп tl1e fidнcial vоlнше). Tl1e distribнtioп 
is ноt really Gaнssiaн анd has large tails dне to clcctrons erпittiнg Breшsstrahlнпg. Nevertl1eless 
оне woнld like to defiнe а resolнtioп. Тlнее quaнtities to qнапtі(у thc qнality of tl1e elcctroп 
recoнstrнctioн сан Ье dcfiнed: 

• Tl1e peak resolнtioн, С!рщk, which is tl1e variaнce of а Gaнssian fit of tlic вsс / Egen clis
tribнtion, fittcd betweeн 0.98 аші 1.05. 

• Tl1e overall resolнtioн, C!azz, wl1icl1 is tl1e variaпce of а Gaussiaн fit of the Е8с/ Еgеп 
distrilщtioп, шаkінg а bliнd Gaussiaп fit betweeп 0.7 апd 1.15. As the fit iпterval is 
broacler, it docs rюt fit the distribнtioп, it is lюwcvcr seпsitive to tails . 

• Tl1e RMS of thc вsс І вgеп distribнtioп. 

The valнes for tl1e two cliffcrcпt resolutioпs апd tl1e RMS ar·e giveн ін Figure :1.26, togetl1er 
witl1 the fit cшves нscd to оЬtаін tl1e peak ( solid lіпе) анd tl1e overall ( dasl1ed lіпе) resolнtioп. 

Figшe :_\.27 shows а сошраrіsон of tl1e electroп resolнtioн iнside апd outside of tl1e fidнcial 
regioп ів tl1e ECAL: Figure :1.27а slюws tl1e Е8с / Egen wheп the electroп is iпside (black solid 
lінс) апd outside of tl1e fidнcial vоlншс ін ·r1 (red dasl1ed lіпе). Figшc :3.27Ь slюws tl1e sашс Ьнt 
for the electroпs iпsidc (black solid lіпе) апd oнtside (recl dasl1ed lіпе) of tl1e fidнcial volшne 
іп ф. FЦ~шс :3.27с slюws the вsс / Egen distribнtioн together witl1 tl1e two resolнtioпs анd thc 
HMS for fidнcial electroпs анd Figшe :1.27d shows it for electroпs oнtside of tl1e fidнcial vоlнше. 
As the пuшЬеr of clcctroнs outside of the fidнcial vоlшнс 1·epreseпt опlу аЬонt 2% of tl1e total 
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Selected electrons from W -· Є\ 

mean" 11 
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FIGtтRE :3.26: Е8с/ Egen fот tlie selected electrons Jrorn the W шithout restriction оп the fiducial 
·volurne. Th.e three diffeтent resolutions are gi-ven: tlic peak resolntion, tlie 011erall r·csol-ution and 
tlie RMS. 'Гh.е solid linc slioшs tlie fit resnlt for the peak тesolntion and the dashed line, the fit 
·гes'Ult for the 011erall resol·ution. 

Pcak Rcsol utioн Overall Resolution RMS fractioп of 
Мсап IJpeak Меап IJafl electroнs 

Fidнcial 1.001 0.013 0.998 0.017 0.034 98.1% 
No fiducial 0.983 0.017 0.977 0.025 0.048 1.9% 

TAHLE 3.6: Cornparison of the r·csol·utions for electroщ fmrn W decays inside and outside of the 
fiducial ·volnrne. 'Гh.е last colurnn _qi·ves tlie fraction of electгons inside and ontside th.e fiducial 
·volume. 

rшшЬеr of electroпs, tl1e effect of the cracks оп thc clcctroн resolutioп is iшportaпt but опlу for 
а sшall 11шnЬсr of electroпs. 

The t.wo diffcreнt resolнtions and thc RMS iнside and oнtsidc of the fiducial voluшe are given 
in Table 3.G. As cxpected, aau is аЬонt 30% Ьгоа<Іеr wl1en the electroпs arc outside of the fiducial 
volшnc, ІJpeak is 25% broader. The шсап of tl:1e fit for tl1e electroн outside of the fidнcial vоlнше 
is also shiHed to а sшaller val не of Е80 / Egen, revealing tlщt sоше energy gets lost іп the cracks. 

Tl1e electroп e11ergy 1·esolution depends also 011 tl1e energy of the electroп. Tl1e спєrgу 
resolнtioп of а crystal is usнally paraшeteri,,;єd ін tl1e followiпg way: 

ІJ а Ь 
Е = _rr,,C!) ECDc 

vE 

where the first terш accoнnts for the statistical fiuctuations іп tl1e dєvelopшcпt of tl1e sliower, 
tl1e secoпd tcrш accounts for tl1e electroпic rюise and the поіsс снtєrінg tl:1e crystals, coшing for 
іпstансе fгош tl1e ріlе-нр, апd tl1e last teпn is tl1e co11sta11t terш wl1ich шаі11lу origiпates froш 
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FIGURE 3.27: The electron ener:qy resol'Ution. (а) іп th.e fiducial vol'Ume іп ·17 (black solid line) 
and O'Utside of th.e fiducial volume іп Т/ (теd dashed line). (Ь) іп th,e fiducial 1юlите іп ф (black 
solid line) and outside of the fid'Ucial 1юlшпе іп ф (геd dashed line). ( с) The r·esolution іп tlie 
011erall fiducial ·иоlшпе ( d} ontside of tlie o·ueтall fidш;ial 110lume. All plots аге noпnalized to th.e 
total rt'UТnbeт of e11ent8. 
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the calib1·atio11 uнcertainty. Tl1e events were generated witl1 tl1e GEANT siшulation assuming 
а = 2.25%, Ь = 0.04 GeV анd с = 0.5%. Ін tl1e following we woнld like to get tl1c cffectivc 
overall electroн rcsolнtioп iпcludiпg geometrical effects апd clcctroн гесопstп1сtіоп. 

Tl1c Figure :З.2Н shows tl1e eпergy dерещlепс:е of -Р, fo1· tl1e electrons having а mean Et of 
40 GeV (а) and 100 GeV (Ь). For сошрагіsоп, tl1e resolution for 35 GeV plюtoпs was acldeti 
on tl1e first plot. Tl1e clcctгoнs wсгс selected using tl1e selec:tion с1·іtсгіа clescгi1)cd 011 pagc !)2. 

Several fнпc:tions ащl fit-1·egioпs wеге trie<i. Here, а fit нsінg the followiпg ftшctioп: J ~ + с 
was applietl оп the two c:шves. The idea is to gct а good descriptioп of the high eпergy regioп 
and there tlie Ь/ Е terш сан Ьс нeglected. Tl1e resнlts are very scпsitivc оп tlю fit геgіон сlюsсн. 
А fit regioп Ьеtwесн 30 and 100 GeV for the 40 GeV elec:troпs анd betweeн ;ю апd 200 GeV 
fог tl1c 1 ОО Ge V electrons was сlюsеп s11cl1 that thc "higl1 eпergy" region was well described. 
Ап "effcctive" coпstant terш of аЬонt 1 % is fotшd fог both electron energy raпges. For the 
plшtons а constaпt terш of 0.8% is fоннd. Tl1is terrn takes into ас:с:онпt tl1e effec:ts of tl1c c:rystal 
geometry and tl1e clнsteriпg шctlюd нscd to recoпstruct the electroпs. This factoг is dошіпанt 
for electroпs with ан c11e1·gy liigl1er tlшп НЮ Ge V. 

Tl1c B1·emsstralilung is deterioratiпg the rcsolнtioп. Figure ;{.29 shows fJ as а fнnction of 
tl1e pseudorapidity for tl1e 35 Ge V dielec:tгoнs (black squares) апd the 35 Ge V diphotoпs ( red 
circles). Tl1e resolнtioп fог tl1e electгoпs is becoming worse as thc pscнdoгapidity інсгсаsсs, 
wl1icl1 is maiпly due to the fact that at high r7, clcctroнs cross шоrе шaterial and tlшs the 
cff<.~ct of tl1e Breшsstral1l11пg Ьесошеs шогс impOl'taпt. If specific cнts agaiпst Breшsstrahlнng 
a,l'C addccl to tl1e electron selectioп, tl1e eпergy 1·csolнtio11 gets closer to the photoп оне (Ьlне 
ti·iaнglcs). Tl1e cuts applied to шіпішіzе tlю Bгcшsstгalilung were the following: Е/р < 1.4, 
ІФsс - Фf:0Р1 < о.оо:~ and Езхз/ Е5х5 > 0.9. Tl1c cfficicнcy for these cнts is аЬонt 60%. 

3.9 Summary 

Clean electroпs are expected to Ье efficiently selected in the CMS cletector нsінg tl1e followiнg 
variaЬles: tl1c tгack isolation, Ehad/ Евм, Езх:з/ Е5х5, сrТ/Т/• Esc/Ptrack апd ІФsс - Фf;орІ· Tl1e 
energy and Breшsstrallltшg dерепdепсе of these variables wеге cliscнssccl. 

Fшtl1еrпюгс а fiducial voluшe for the ECAL Ьarrel was defined, takiпg into account the 
cracks Ьеtwссп tl1e ншdнlеs and sнper-шodнles. Tlюre агс опlу аЬонt 2-8% electrons oнtside of 
tl1e fi<iнcial vоlнше. Thesc clcctroпs агс foш1d to lшve а sligl1tly worsc eпergy rcsolнtioп. 

Fiпally tl1e еlесtгон eпergy resolution and its energy dерешlснсе wеге stнclied. Ан "effective" 
coпstaпt tегш of about 1 % for electrons апd 0.8% for plюtoпs was found. Tl1is difference comes 
шаіпlу fгom Br·eшsstrahlнng. 



.3.9. SUMMARY 

а) 

0.025 

0.02 

ш 13 0.015 

0.01 

0.005 

Ь) 

0.018 

0.016 

0.014 

ш 

13 0.012 

0.01 

0.008 

0.006 

Selection culs + fiducial volumc 

Fitted between 30 and 100 GeV 

• 
'1 . . . • 

• Electrons, <P1>=40GeV 

Fit with ~а2/Е+с2 

· · · · · · · aAfE а=З.3% 

С С=1.0% 

• у, p1=35GeV 

For а=2.8% and с=О.8% 

\~·~ . · .. , 
111111 І Al :11 :" •• ","'."!!І:.·~ І ~І: І; І: І~ І:• l l l l l l tl l l l I j І І 1111111І181111ІІ111111ІІ11ІІІІ11 І І І І 1111 І І І І І ІІІ І ІІІ ІІІ ІІІ І ІІІ І І ІІІ ІІІ І ІІІ І 

•••• • •••• "" ••••••••• ~ •• 1 ••• " •••• 1 •• " •• , ••• ,.1811 

·-"·-. 
".""'""" 

" .. "' .. " ... "" ....... ~ .... " ................... . 

40 60 80 100 
Е [GeV] 

Selection cuts + fiducial volume 
• Electrons, <p1>=100GeV 

- Fit with ~а2/Е+с2 

Fitted between ЗО and 200 GeV 
"'""""" с С=1.0% 

• · • · • · • For а=2.8% and С=О.8% 

". 
111111111~""8"-І;ІІІІІІІІІ!ІІІІІІІІІІІІІІІІІІІІІІІ lllllij11111 111111111111 

". !8r'"'І 
"'•~ •••••• ".",., •••••• " 1 ••• 1 • 1 " 111111 ••• 1 •1•І••••ІІІІ8ІІІІІІ••••1111•1 

20 40 60 80 100 120 140 160 180 200 
Е [GeV] 

FIGORE 3.28: The eneryy resolution а8 а function of tlie electron tran:merse energy shoшn 
together with diffeтent jits. (а) for th,e electrons w'itli < Et >= 40 Се V (from а 150 Се V Higgs) 
and 85 Ge V single photons. (Ь) fот tlie electnms шith, < Et >= 100 Се V (/тот а 500 Се V 
Higgs) 
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FIGURE :~.29: 'l'he energy resolution, а/ Е as а function of the electron pseudorapidity. 'l'he 
electrons and ph,otons are selected іп the way described оп page 92. The red dots shoш the 
resolution fот pliotons, the black squaтes fот electтons and tlie blue triangles fог electrons wheтe 
tliт·ee cuts against electron emitting Bremsstrahlung шеrе added: Е/р < 1.4, ІФsс-Фf;.0РІ <О.ОО:~ 
and Езхз/ Е5х5 > 0.9. 



Chapter 4 

Identifying а Z' at the LHC 

Altl1011gh the Standarcl Model of tl1e electrowcak and stroнg interactiuнs dcscr·ibes пearly all 
experiшeпtal data availablc today, it is wiclcly bclicvcd tlшt it is not the ultiшate theory. Мапу 
tl1eories liave been devclopcd to cxtcнd or· replace to Staпdard Model at liigl1er eнergies. Аs

sшнінg that tl1c LHC discovers неw pl1enoшena, one woнld like to constrain the paraшeters 
associated tu tl1is неw physics as nшch as possible. 

Ів tl1e followiпg wc will coпceнtratc он tl1e Z', а пеw gauge Ьоsоп predicted Ьу differeпt tl1e
ories. Wc will scc wlшt kiпd of obseгvables could Ье used at the LHC in order to discriшinate 
between tlю <.iiffcr·cнt rrюdels. 

А possibility to exteщl the Staпdard Modcl is acl1icvcd tl1rougl1 Graнd U нified Thcorics 
(GUT) which нпіfу the diffcrcпt iнtcractioн coнpliнgs at higl1 eнergies, Ьу eшbeddiнg the Staп
dard Model gauge groнp 8И(3) х 8И(2) х U(l) інtо а l1igl1er order groнp like SU(5), 80(10) or 
Еє; [65]. Мапу of tlюsc GUT пюclcls pr·cdict tl1e existeпce of new neнtral gauge bosons, wl1icl1 
щight 1)С ligl1t сrющф tu Ье accessible ін future collider experiшents; for reviews see [66]. New 
vector bosoвs appcar· also ін rrю<.lels of dупашісаl syшшetry breakiпg [67]. Recently, "little 
Higgs" rrюdels lшve Ьееn proposed to solve tl1e hierarchy problcш of thc Staпdard Moclel [68]: 
they also have large gaнge groнp strнctures ашl tlюrcforc pr·edict шану псw gaнge lюsoнs witl1 
шasses in tl1e Те V raпgc. 

The search for tl1ese Z' particles in thc Dгcll-Yaп pюcess рр -+ Z' -+ g+g-, with € = 

е, /f [69] is ан iшpor·taнt aspect of tl1e experiшeнtal pl1ysics prograш of future high-eнergy 
colliders. Preseпt liшits fюш direct proclнc:tioп at tl1c Tevatron and viгtual effects at LEP, 
throнgl1 іпtегfсrспсс ог шіхіпg witl1 tlie Z Ьоsон, ішрlу tlшt new Z' Ьosons are rather heavy анd 
щіх vcry littlc with the Z Ьоsоп. Depeнdiпg on the coнsidered theoretical шodels, Z' шasses of 
thc or·dcг of 500 tu 800 GeV and Z--Z' шixing aпgles at the level of а few per-шile are exclнded 1 

[72]. А Z' Ьоsов, if ligl1tcr tliaп аЬонt 1 Те V, c:oнld Ье disc:overed at R.uн П of tl1e Tevatroн [7:~]. 
Detailed theoretical [7:3] анd exper·iшcпtal [7 4, 75, 11] arшlyzes liave showн tlшt the discoveгy 
poteпtial of tlю LHC experiшeнts is aЬout 5 TeV. 

After tl1c discovcгy of а Z' Ьоsоп, sоше інfоrшаtіоп аЬонt its coнplings нее<іs to Ье оЬtаіпеd 
ін order to constrain the tl1eoretical frame. For tl1is purposc, tlю forward-backward charge 
asyшшetry for leptoнs А~в has been advocated as being а powcrfнl tool [76]; the шost direct 
шethod to actaally шeasure A~,u at tl1e LHC has Ьееп descriЬed ін [77]. Ін additioп to tl1c 
іпfоrшаtіоп froш tl1e total Z' c:ross scctioн, it lшs Ьееп argued that the шeasureшeнt of ratios of 
Z' <тoss sectioнs ін different rapidity bins шight provicle sошс інfош1аtіов аЬонt tl1e Z' coнplings 
to нр апd clowп qнaгks [78]. 

1 In cont1·ast, sоше ехрегішенtаІ rlata он аtошіс pa.rity viola.tioн а.нd decp iнclastic неutrіно-ннсІеоn scattering, 
althoug!1 contгoversial анd of sшall statistical sigнificaнce [see R.ef. [70] for instance], са.н Ье expla.ined Ьу tl1e 
preseнce оі' а Z' boson [71]. 
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Wl1ile nншсrонs tl1eoretical ашl experiшentally шotivated Z' stнdies had already Ьеен per
formed, tl1e combination of all seпsitive LHC va1·ia1)lcs lшd not been done before t11e stнdy 
presentecl here. We will реrfопп tl1e studies using the РУТНІА prograш [79] and а fast LHC 
dctcctor sіпшlаtіон2 • First, following the metlюd proposed in [77], the forwaпl-backward charge 
asyшшetries, оп and off the Z' resonaпce peak, arc analyzed together with the cross section іп 
order to differentiate betweeп tl1e different шodcls:1 • Тhеп, we show that а direct fit of the rapid
ity distribнtioн pl'Ovides additioпal inforшatioп whicl1 coнld Ье used to diseнtaпgle betweeп Z' 
bosons from varioнs nюdels throнgl1 tl1eir cliffcrcнt coнpliпgs to нр-tуре and dowп-type qнarks. 

Tl1e followiпg section defines the theoretical fraшework ін which the aнalysis is performed. 
Then, the relevaпt observablcs that can Ье шeasured at the LHC are defiпed, namely thc dilep
ton cross sectioп tiшcs tl1e Z' total width, the on-peak апd off-pcak forward-1xickward clшrge 
asyшшetries and tl1e rapidity distribнtioп. ln section 4.:J, we aпalyzc the resolviнg powcr of 
tl1ese observa1)lcs анd fiпally discuss sоше detector effects. 

4.1 The Z' models considered 

То siшplify the discнssioп, we will focнs hcrc 011 two efl'ective theories of well шotivated шodels 
tliat lead to ап extra gaнge Ьоsон: 

1) Ап effecti11e 8U(2)1 х U(l)y х U(l)y' model, wliicl1 origiпates froш tl1e breaking of the 
exceptioпal groнp Еб, geнcral спонgl1 to iпclude шану interestiпg possil)ilities. lпdccd, іп the 
breakiпg of tl1is groнp dowп to tl1e Staнdard Model sушшеt1·у, two adclitioпal пcнtral gaнgc 
bosons could appear. For siшplicity we аssшпе tlшt опlу the lightest Z' can Ье prodнced at the 
LHC. lt is defiпed as 

Z' = Z~ cos ,В + Z~, sin ,В ( 4.1) 

апd сап Ьс pa1·aшetrized in terшs of the hypercliarges of tl1c two groups U(l),Ф анd U(l )х wl1icl1 
are iпvolved ін the breakiпg clшin: 

Еб - 80(10) х U(l).µ - SU(5) х U(l)x х U(l)Ф - 8U(З)с х 8U(2)1 х U(l)y х U(l)y' 

The particнlar шoclcls tlшt will Ье studied in the followiпg corrcspoпd to tlю valнcs (3 = О 

and (3 = 7r /2 апd arc, respectively, pure Z~ and Zф bosons, and tl1e valнc ,В = arctan(-j573) 
that is tl1e Z' 17 boson origiпating froш tl1e <.iircct 1йсаkіпg of Еб to а rank-5 groнp in 8нperstring 
iпspired пюdels. 

2) Left-r·i_qht (LR) models, based on the syшшetry groнp 8U(2)R х SU(2)1 х U(l)в-r,, wl1eгe 
В апd L ше the baryon ащl leptoп пнш1)Сrs. Even tlюugl1 we iпvestigate only tl1e Z' in this 
раре1-, it slюuld Ье recalled tliat пеw cliargcd vccto1· Ьоsопs, potentially observable at the LHC, 
also арреаг in these пюdels. The шost geпcral пенtгаl Ьоsон will сонрlе to а linear coшbination 
of the right-liaпdecl апd B-L cнrreпts: 

(4.2) 

wl1ere ПL=е/ sw ан<.l 9R are the 8U(2)1 апd 8U(2)н сонрlінg coпstants witl1 s~ = 1 - с~ = 
sіп2 Ow. The paraшeter счн is restrictc<.l to lie іп tl1e range J213 ~ CXLR ~ J2: the нрреr 
Ьонпd corrcspoпds to а LR.-syшшetric шodel with 9R = 9L, ан<.l wl1icl1 will Ье studied ін tl1e 
followiпg as Z~R' whilc tl1e lower bouпd correspoпds to the Z~ model discusscd іп tl1e first rпodel, 
sіпсе 80(10) сап lead to both 8U(5) х U(l) апd 8U(2)R х 8U(2)1 х U(l) breaking patterпs. 

2 Fa.<1t simнlation mcaнs that we jнst siпшlatell t.11e acceptance of the detectOl", no resolution effects were 
нirnнlated. 

:;Receнtly, tl1e off-peak forward-backward asyшшetry lias also Ьеен цsed in [80] to stнdy Kalнza-Klcin excita
tioнs of gaнge lюsons. 
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For а coшplete coшparison, we will also discнss tl1e case of а scqнcntial Ьоsон Z~м' wl1icl1 
lias tl1e sаше ferшion coupliнgs as tl1e Staвdarcl Moclcl Z Ьоsоп, altlюнgl1 it is rюt а tl1єorєtically 
viable tl1cory. Wc will also takє tl1є саsє of а Z' Ьоsоп, dєrюted Ьу Z~1 , with vanishing axial апd 
vectorial coнplings to 11, qнarks and which, in Е6 шoclels, correspoнds to tl1e choice cos /3 = /578. 

Tl1e left- авd right-liaнdcd coнpliвgs of thc Z' Ьоsон to fєппіопs, dєfiнed as: 

• І JI' Z' - ~ " µ [ 1 - 15 fZ
1 + 1 + {5 JZ'] 9z Z' µ - cw L.., І 2 9 т, 2 g R 

f 

( 4.3) 

arc givcн ін Tablc 4.1 for· tl1e fir·st-gcпeratioп fєпніопs іп the two scenarios. Given the єхрєrі
шевtаl resнlts, ове knows tliat the шixing between the Z a11d Z' 1юsонs is very sшall [72] and 
will Ье neglected in онr discнssioп. 

f JZ' 
ПL ІЕ6 

JZ' 
Пл ІЕб 

JZ' 
9L ILR 

JZ' 
9н lr.R 

Ve 
3 cos ('J + vlo sін (3 

о 1 о 2V6 12 2аи1 

е 
З cos /3 + vlo sін /3 cos /3 _ VlO sін (3 1 _1_ - OLR 
2V6 12 2Vб 12 2rчн 2йLR 2 

и 
_ cos /3 + vlo sін /3 cos@ _ VlO sін /3 1 - _1 _ + ili.Ji 

2Vб 12 2Vб 12 -tietLR tietLR 2 

d _ сон(J + vloнiв(J _ Зсщ;(І _ v'ТО ~іп /j 1 - _1 _ - ili.Ji 
2J6 12 2J6 12 -uйLR tietLR 2 

ТАБLЕ 4.1: Left- and righ,t-hлnded couplings of the Z' boson to the Standard Model fermions 
with, the notation of th,e first generation іп the Е6 (lejt panels) and LR (riglit panels) rnodels. 

Tl1e Z' partial decay width into а шassless fеrшіон-анtіfеrшіон pair is: 

гf - N. аМ·п [( JZ')2 + ( JZ')2] 
7/ - с 6 2 9L 9R 

cw 
( 4.4) 

with Nc tl1c color factor апd tl1є єlєctroшagnetic coнpling constaнt to Ье evalнated at thє scalє 
Mz'. Ін tl1c аЬsєнсє of ану єхоtіс dєсау cliaнnel, the brancl1iнg fractions for decays into tl1є 
fiist-gєпєratioп leptoпs and qнarks are slюwn ін Figшe 1.1 for Е6 анd LR шodels as fuнctions 
of cos /3 анd o:iR, respectively. As сап Ье seen, tl1e decay fractioнs інtо f+ f- pairs are ratl1er 
sшall, varying between 6.6% анd 3.4% for Е6 шoclels ащl 6.6% апd 2.3% for LR шodcls; ін tl1e 
latter case tl1e clecay braвcl1iвg fractio11 is laгgcst tor thc sушшєtrіс саsє g т, = g R апd sшallcst 

for CtLR '::::' \1'2. Тl1є Z' total decay widtl1, rюпnalized to Mz1, is also slюwn in Figшe 4.1: it is 
largєst wl1e11 cos /3 = ±1 in Е5 шodels and CXLR '::::' v'2 in LR 011cs. Tl1c Z' bosoнs stнdied l1ere 
are thнs narrow resoнaнces, as tl1eir total decay width cloes rюt єхсеєd 2% of tlicir шasscs 1 . 

Ів tl1e liшit of пegligiblc fепніон шasses, tl1є diff'єrєпtial cross section for the subprocess 
qij ----+ f+ f-, witl1 rcspєct to ()* dєfiпєtl as thє aпgle betweeн tl1e iнitial qнark q and the firшl 
lcptoн f- ін tlю Z' rєst fraшe, is gіvєп Ьу 

d dд"() (qq----+/,Z,Z1 ----+f+f-)=~1r~
2 

[(l+cos20*)Q1 +2cos()*Q3] (4.5) 
cos * 9 2s 

wl1crc 8 = Міе is tl1є сепtєr of шass eпergy of the sнbprocess анd tl1e cliarges Q1 and Qз are 
gіvєп Ьу [Ю] 

[І 12 2 2 2] Q1/З = QLL + ІQннІ ± l(JнLI ± IQiRI /4 ( 4.6) 

Іп tєrшs of tl1e left- and rigl1t-haнded coнplings of tl1e Z' Ьоsоп defiнєd prcvioнs7, апd of tlюse 
of tl1e Z Ьоsоп [g{z = I{L - Qfs'fy, g{( = -Q1s'fv] ашl tl1e plюton [g{'I' = 9п' = Q1] witl1 

4 Note lюwever· tliat rюн-stаrніапі clecays, нш:h as decays into supersyшшctric particles and/or decays інtо 
exotic fcrшioнs, arc possible; if kiнetically allowe<I, tl1ey сан іштеаsе tЬе total decay wicltl1 ащl hence (le<тease 
tl1e Z' --4 е+ Г \)t'aнchiнg ratios. 
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FIOlJRE 4.1: Tlie bтancliing гatios of tlie decays Z' - f J іп Е5 models as а function of cos {J 
(left) and іп LR models as а function of СЧ,R (гight). The total Z' decay шidths, noгmalized to 
10/Mz', аге also shoшn. 

Qf tl1e electric clшrge and I{L tl1e left-lшnded weak isuspin, the helicity amplitudes Qij witl1 
і, j = L, R for а given initial qij state read 

То obtain the total hadroпic cross sectioп5 апd forward-backward asyшшetries, we шнst sнш 
over the contribнting qнarks ancl fold with the partoп lншiпositics. 

А fcw poiпts are wortl1 recalliнg сuпсеrпіпg tl1e fo1·ward-backward asyшшetry іп Е5 mod
els [7б]: 

1. Since tl1e up-type qнarks have по axial coнpliпgs to the Z' Ьоsоп, Q~ = О, tl1ey do поt 
cuntribute to А~в оп the Z' peak. 

2. The asyшшetry coшpletely vaпishes for three /З valнes: (3 = arcta11( -J375) апd (3 = ±7r /2 
(currespuпdiпg to а Z~1 ), where the left- апd right-haпdecl Z' coнpliпgs of both d-quarks 
апd charged leptoпs are eqнal. 

~3. Tl1ere is always ап off-pcak аsушшсt1·у tlшt is gcпcrated Ьу tl1e Z Ьоsоп апd 1 coнpliвgs 
апd its iнtcrfcrcнces witl1 tl1e Z'. 

4.2 Observables sensitive to Z' properties 

The LHC discovery poteпtial for а Z' detected as а шass peak abovc а sшall backgroнпcl ів the 
reactioп рр - Z' - g+ g-, witl1 f = с, IL, is wcll kноwп. Tl1e required luшiнosity to discovcr а 
Z' })<:1Sically dcpeпds онlу оп its cruss section tiшes Ьгапсl1іпg ratio, апd tl1erefore оп its шass 
апd coнpliпgs to qнaгks анd lcptoпs. 

Опсе а Z' busuп is observed at tl1e LHC, it is straightforwarcl to шеаsнrе its шass, its total 
widtl1 апd cross sectioп. Fшtl1crшoгc, forward-1жckward сlшгgе asyrшнctrics оп анd off tl1e Z' 
rсsопапсс proviclc additiorшl іпfоrшаtіоп abuut its coupliпgs апd iпterfereпce effects witl1 tl1e Z 
Ьоsоп апd the photoп. Ів additioп оне сап інсlнсlс tl1e aнalysis of tl1c Z' rapidity distribнtioп, 

·
5 А K-factor of the ordcr of Коу ,...., 1.4 [82] fш the production cross seet.ioн еан Ье aJso included. 
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wl1icl1 is seнsitive tu tl1e Z' cuupliнgs tu ий апd dd quarks. Sнcl1 fнtнre measuremeпts сап Ье 
performed as follows at the LHC: 

• The total decay W'idth of tlie Z' 

It is obtaiпed froш а fit tu tl1e iнvariaпt шass distriЬнtioп of the recoнstrнcted dileptoп 
systeш usiпg а rюп-relativistic Breit-Wigпer fнпсtіоп: 

ао 

• The Z' cross section t'irnes leptonic bгancliing гаtіо 

It is calculated from the rшmЬer of recoпstrнcted dileptoп eveпts lyiпg for example withiп 
±3Г аrонпd the observecl peak6

. 

• Th,e leptonic forшard-backward char,.qe asyrnmetry 

А~-в is defined froш tl1c leptoн aпgula1· distributioн with respect to tlie quark directioн ін 
tlic Z' ccntcr-of:_шass fraшe, as: 

du 3 ( 2 (}*) А f ()* 
d cos {)* rx S 1 + cos + FБ cos (4.8) 

А~в сап theп Ье deterшiпed witl1 ап нпЬіппеd шахіnшш likclihood fit to tl1e cos ()* dis
triЬнtioп. А1·в сашюt Ье шeasнred directly ін а proto11-pl'Oto11 collider, as thc origiпal 
qнark clirection is воt kноwв. Howcvm·, it сан Ьс extracted from tl1e kiпerrшtics of tlic 
с.Шсрtон systcш, as it was slюwн ін detail ін [77]. The шethod is Ьased оп the diff"eгeнt 
шошенtuш f"гасtіоп (Хі) spectra of the qнarks апd aпtiqнaгks ів tl1e ргоtоп, wl1ich allows 
to appl'Oxiшate tl1e qнагk dігесtіон with the Ьoost directioп of tl1e Rf systeш with гespect 
to tl1e Ьеаш axis (the z axis). Coпseqнeпtly, t11e ргоlщ1)Шtу to assigп the correct qнагk 
dігесtіоп iпcreases for largeг гapidities of the dileptoп systeш. 

Figшe 4.2а slюws tl1e cos ()* distгibutioп for the Staпdard Drell-Yaп pairs, wheп tl1e aпgle 
is calculated betweeп tl1e leptoп апd (1) tl1e qнark direction (black solid lіпе), (2) the 
dігесtіоп of the boost of the dileptoп systeш (blue dotted lіне) анd (3) with а randoш 
dігесtіоп ( recl dashed line). Сош pared to tlic aпglc betweeн tl1e leptoп анd а тпdош 
clirection, t,he cos ()* distributioп wl1є1·e tl1e aнglc is takeп betweeп tl1e leptoн ашl tl1e 
boost of tl1e dilcptoп systeш slюws ан аsуrшнеtгу. It is however smalleг tlraп the геаl оне 
wl1c1·e cos ()* is takeп betweeп tl1e qнагk апd tl1e leptoп. Figure 4.2Ь shows the rapidity of 
tl1e dileptoп systeш for the Staпdaгd Model Dгell-Yaп for all accepted eveпts ( red dasl1ed 
cнrve) ancl for tlic cvcнts wl1crc tl1c iнitial quark direction is іп tl1e sаше (lirectioн tliaп 
tlie boost of tl1e dileptoп systeш (Ьlне dotted lіпе). At l1igl1 rapidities alшost all Z' are 
pгoducec.l іп such а way that the qнark directioп is parallel to tlic boost directioп. А pнrer, 
thoнgh sшaller, sigпal saшple сап tlшs Ье obtaiпed Ьу iнtroduciпg а rapidity cut. For the 
followiнg stшlies we will reqнire llfel > 0.8. 

Figure 4,;{а slюws А~в' assшniпg tlщt the qнark directioн is kвown, as а fнnctioв of the 
dileptoп шass for а Z~ апd а Z~м Ьoson, аssншіпg а шass Mz' = 1.5 TeV. А~н varies 
stroпgly witl1 tl1e clilepton шass авd is vcry diffcrcвt ін tl1e two шodels. Figure 4.:3Ь shows 
tl1c шеаsшаЬlе asyшmetry іп (iiffereпt dileptoп rapidity iпtervals for а 1.5 Те V Z~ togetl1er 
with the theoretical predictio11. 

6 Лs notcd pl"eviously, botl1 the t,otal widt,h arнl tl1e его;;;; f>ectioп times the leptoпic Ьтпсhіпg rat.io сап Ье 
altci-cd if cxotic dccays of tl1e Z' Ьоsон а!"е p1·ese11t. However, tltis (leperнience disappears іп tl1e prodнct, анd it 
is this qнantity that should Ье t1se(l ін clise1'iшi11atiпg пннlеls iщlepeшlently of the decays. 
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FтmJRR 4.2: (а) The cosO* distribui'ion /от tlie Standaгd Dтell-Yan раігs, wlien the angle is 
calculatcd bctwcen tlie lepton and: the quaгk diтertion (bla.ck solid line), th,e direction о/ the 
boost о/ tlie dilepton system (bl11,e dotted line) and with, а randorn dircction (red daslied line). 
(Ь) 'l'he тapidity of the dilepton systern for· thc Standard Model Dтell- Уап /от all accepted C'Vcnts 
(r·ed dashed Unc) and fог tlie events wlieгe th,e initia.l qua.rk direction is іп the sa.me direction 
tlian tlie boost о/ the dilepton system (blue dotted line). 
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FюoRE 4.:3: А~в as а function of the dilepton mass: (а) th,e predicted asymmetry for а Z~ (геd 
dashed line) and а Z~м (green dotted) togeth.er шith. the Standard Model prediction (black solid 
line) and (Ь) the m.easurable asym.metry іп dijjerent dilepton rapidity intervals for а 1. 5 Те V Z~ 
(Ьтоkеп lines) and fот tliє t/1,єorєtical pтediction (black line). 
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• Тlie Z' гapidity distribution. 

Tliis rapidity distribнtion allows нs to obtain the fraction of Z' bosoнs prodнccd froш 
ий апd dd iпitial statcs. Thc sl1apc of' tl1e rapidity spectrнm for а giveн ftavor of iнitial 
qнarks dcpcшls онlу он tl1e partoн distributioп fuпctioпs and the Z' mass. Аssншіпg that 
the w± апd Z Ьшюп rapidity distribнtions liave Ьееп шсаsшсd ін detail, as discнssed 
ін Clщpter 2, relativc parto11 distribнtioн fнпсtіопs for н апd d qнarks, as well as f'01· 
tl1e corresporнliнg sea quarks апd aпtiquarks are kпоwп wcll с1ющф. Tlшs, thc shape of 
the rapiclity spectra сап Ьс calcнlatcd scpaгatcly f'or шu апd dd, as well as for sea quark 
aпtiqнark a1шil1ilatioп анd cxtrapolated to tl1e шass regioп of iпterest. Usiпg tl1e shape of 
tl1ese distгibutioнs, а fit сап Ье perforшed to the Z' rapiclity distrib11tio11, whicl1 allows to 
оЬtаін tl1e correspo11di11g fractioпs of tl1e Z' Ьоsоп prodнced froш ий, dd as well a.s for sea 
quark-aпtiqнark arшil1ilatioп 7, wl1icl1 is clirectly depeпclcпt он tl1e Z' сонрlіпg stгe11gl1t to 
и апd d чнarks. 

Ін tl1e preseпt aпalysis, РУТНІА eveпts of tl1e type рр----+ 1*, Z, Z' ----+ ее/µµ wcrc sinшlatecl 
at а ceпter-of-шass eнcrgy of 14 TcV, апd f'or tl1e Z' пюdels discнssed ін sectioп 4.1. Tl1e 
CTEQ5L parton distri1щtioп f'ш1сtіоп was нsetl [8:~]. Tl1e Z' шasses were varied froш 1 Те V up 
to 5 TeV. These eveпts wc1·c arшlyzcd, нsінg siшple ассерtапсе cнts followiпg the desigп criteria 
of' ATLAS апd CMS. Followiпg the resнlts froш previoнs stнdies анd the expected excelleпt 
detector resolнtioпs, the obtaiпed valнes are knowп to Ье гatl1er iнseнsitivc to шеа.sнrсшепt 
errors, especially for tl1e е+ е- fiпal states. Wc tlюгcforc do rюt iпclude ану 1·csolutioп f'or thc 
cнrreпt stнdy. Іп cletail, tl1c f'ollowiпg basic eveнt selectioн criteria were usetl: 

• The traпsvcrsc шоrпенtа of tl1e leptoпs, р~ , slюuld Ье at least 20 Ge V. 

• Tl1e pseнdorapidity Іт1І of eacl1 leptoп should Ье smaller tlщn 2.5. 

• Tl1e leptoпs shoнld Ье isolated, rечніrінg tJ1at the lcptoн carries at least 95% of tlic total 
traпsverse eпergy fouшl ін а сопе of' size of' 0.5 arouнd the leptoп. 

• There shoнld Ье exactly two isolatecl lcptoпs with opposite charge ін eacl1 eveнt. 

• Tl1c two leptoпs should Ье back to back іп the рlапе tra11svc1·sc to tl1e Ьеаш dircctioп, so 
tlшt tl1e ореніпg aпgle betweeп theш is larger tlщп 160°. 

Figшe 4.4 slюws tl1e expected нuшЬеr of eveпts for шasses iнtervals of 500 GeV for а lнші
поsіtу of 100 tl)- 1

. Tl1e Staнdard Model backgroнпd (Drell-Yaп leptoп pair prodнctioв) relative 
to tl1e sigнal cross sectioп is fонпd to Ье esseпtially нegligiblc f'oI tl1e coнsiclcrccl Z' шodels. Wc 
thнs recoпfiпn the kпоwн Z' Ьоsоп LHC discoveiy poteнtial, to reach шasses нр to аЬонt 5 TeV 
for а lшniпosity of 100 ±ь- 1 [7:З]. 

Figшe 4.5а slюws tl1e іпvаІіапt шass distribнtioп for tl1c dileptoн systcш, as expectcd for 
dift'crcнt шodels witl1 Mz1 fixed to 1.5 TeV and for the Staшlard Modcl 11si11g а lшніноsіtу of 
100 fь- 1 . For all Z' шodels, hнge peaks, correspoнdiнg to 3000-6000 sigнal cvcнts, аІе f'oш1d 
above а sшall backgrotшd. Tl1e cross sectioпs for Z' bosoпs іп tl1e varioнs nюdels are also 
stroпgly va1·yiпg. 

Tl1e f'orwaid-backward charge asyшшetries expccted a.s а f'ш1сtіон of' tl1c clilcptoп шass апd 
for tl1e differeпt Z' modcls, ai·e slюwн ін Figure 4.5Ь. Ін order to get ап iшpressio11 of how 
ап схрсгіrпенtаl sigrшl with statistical fl11ct11ations woнld look like, tlю шсаsшаЬlе f'orward
backward asymшetry іп the Z~ case lias Ьссп gcпcгatcd witl1 tl1e пuшЬеr of eveпts correspoпdiнg 

7 Following this proccdurc, it would Ье iшagirшble еvен to шенsше also the forward-backward charge asyш
шetries separately for и and d quarks. Сhаще аsушшеtrіен for 1lifferent 7/ rapidity intervals woнld have to Ье 
measшed and, with thc knowledge of tlie correspoшliпg пй щ1d (f(l fra.ctions from thc entire rapidity distribнtion, 
the corresponding и and d asyшшetries could eveнtually Ье 1liseнta11gled. However, an estirщite of t.he poteнtial 
seш>itivity indicat.es that an intшcstiнg statistical seнsitivity wo11ld rечніrе а luminosity of at least 1000 fu-- 1

. 
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FIGURE 4.4: The LHC disr:011enJ rear:h,: the n·umber of events fи~fillin_q tlie selection cuts fог а 
lшrninosity of 1 ОО JЬ- 1 , for th.e different Z' models and іп the Standaгd Model case. 

to 100 fЬ- 1 , as slюwn in Figure 4.5Ь. Wc fiнd tliat additioпal апd cornplerneпtary іпfоппаtіоп 
is аlю о btaiпed froш А 1-u rneasurecl ін tJ1c інtе~·fегепсе геgіоп ( off-peak). То quaпtify the study 
for а Z' шass of 1.5 Те V, "он-реаk eveпts" are c01шte(l if the dileptoп rna.ss is foнnd ів the 
iнtcrval 1.45 Те V :::; Ма :::; 1.55 Те V. The "iпterfereвce regioн" is defiпed accorcliнgly апd 
satisfy 1 Те V :::; Ма :::; 1.45 Те V. 

Finally, tl1c rapidity clistributioп is aпalyzed. Figшe 'і.ба shows the нorшalized clistri1щtioпs 
for а Z' with а rnass of 1.5 TeV prodнced frorn ·шu. (grecп solid lіпе), dd (rcd dasl1ed lіпс) 
апd sea-aпtisea quark аппіhіlаtіоп (Ьlне dasl1ed-dotted lіве), wl1icl1 depeнds онlу 011 tl1e partoн 
distribнtioв fнnctioвs. Especially tl1e Z' rapiclity clistriЬнtioп frorn v,й аввіhіlаtіоп appears to Ье 
sigвificaвtly differeвt froш tl1c otl1cr two distгibнtioпs. Figure 1.бЬ shows the expected rapidity 
distribнtioп for thc Z~1 пюdеl. А particнlar Z' rapidity distribнtioв is fitted нsівg а liвear 
с:ошЬінаtіон of tl1e tl1ree pure quark-aвtiqнark rapidity distri1щtioпs showп ів Figшe 4.f3b. The 
fit oнtput gives tl1e ий, dd авd sea qнarks frac:tion ів tl1e saшple. Tl1is will thнs rcveal lюw tl1c 
Z' couples to differeвt qнark fl.avors in а particнlar шoclcl. 

Ін order to dernoвstrate the aвalysis powcr of t.his шetlюd, we also slюw tl1e r·apidity distri
bнtioв ів tl1e case of the Zф Ьоsон, wl1ic:l1 l1as equal coupliпgs t,o нр-tуре авd dowв-t.ype quarks. 
As сап Ье qнalitativcly expectell fгo!ll tl1e distribнtioвs showв ів Figнre 4.ба, the нsed fittiвg 
рІ'Ос:еdше provides very ассшаtе resнlts for the kпown geнerated fractioп Нии of ·ий/ all. Sошс 
correlations betweeп dd апd tl1e sea-aпtisea Z' prodнctioв liшits the асснrасу of the шеаsнrе
шсвt _!'or thc dd fI"actioпs. For ехашрlе, for tl1e Z~ шodel, thc gcнcrated eveпt f1·ac:tioпs froш 
·ий, dd апd sea-aвtisea qнarks are 0.71, 0.26 ащl 0.03 respec:tively. Tl1e сопсsропdінg пuшbcr·s 
froш the fit and 100 fu- 1 arc 0.71±0.07, 0.29±0.08 апd 0.01±0.02. 

Table 4.2 slюws tlie value of tl1e cross sectioв tirnes t11e total dec:ay widtl1, the forward
Ьackwaпl charge asyrnrnetry for t11e оп-реаk ашl i11tcrfcrc11c:e regioпs as defiпed аЬоvе, анd tl1e 
ratio of Z' eveпts proclнccd froш 'ШU arшillilatioп as obtaiвed froш the fit to the Z' rapidity 
distriЬнtioп. 
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FJGORБ 4.6: The normalized mp·idity distrib'Ution of Z' ш'itli а rnass ofl.5±0.05 TeVpгod'Uced 
Jrom tlie difjerent types of q"Uaтks (а). Тlie obseгuable тapidity di8tribution for· tшо difjeтent Z' 
rnodels is slioшn іп (Ь }, incl11ding th.e fit results that determine the difjerent types of qij fractions. 
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Model и;~г х Г [fЬ·Ge V] А'щ-реаk 
FB 

Aoff-peak 
FB Rий 

Z' '1/J 487 ± 5 0.04 ± 0.03 0.53 ± 0.04 0.60 ± 0.07 

Z' 
Т) 

630 ± 20 -0.03 ± о.о:~ 0.45 ± 0.04 0.71 ± 0.07 

z~ 2050 ± 40 -0.23 ± 0.02 0.26 ± 0.05 0.22 ± 0.05 

z~R 36:Ю ± 80 0.15 ± 0.02 0.06 ± 0.06 0.45 ± 0.05 

z~'ЗМ 8000 ± 140 0.07 ± 0.02 0.18 ± о.о:~ 0.05 ± 0.04 

Z' d 1520 ± 40 -0.50 ± 0.02 0.26 ± 0.05 о.оо ± 0.01 

Тлнr,р, 4.2: The val'Ues of tlie fo'Ur basic obser1mbles, the signal cтvss section, rn'Ultiplied Ьу tlie 
total width, the foтwaтd-backward cliarge asymmetтy оп- and off-peak, and tlie таtіо Ruй fог 

vaтio'Us Z' rnodels and шith, а Z' mass of 1. 5 Те V. The q'Uoted statistical еrтотs are thлse that 
сап Ье expected for а luminosity of 1 ОО fЬ- 1 • 

4.3 Distinction between models and pararneter deterrnination 

Let нs rюw discнss how well tl1e differeпt Z' шodels сап Ье distiнgнislюd cxperinюнtally нsінg 
the oЬsct·vaЬlcs clefiпed Ьefore: aj[ · Г, А1,в оп- апd off-pcak, as well as Rш-, as оЬtаіпеd froш 
the rapidity distI"iЬнtioп. As а workiпg hypothesis, а lншіноsіtу of 1()() tь- 1 анd а Z' шass of 
1.5 Те V will Ье assuшed іп the followiпg. 

А ргесіsе krюwledge of tl1e cross sectioп tiшcs tl1c total width allows а first good distiпctioп 
to Ье шаdе betweeп sошс шo<-lels, as slюwп іп the нрреr two plots of Figшe 4. 7. It is воt 
obvioнs how accшatcly aЬsolнte cross sectioпs сап Ье шеаsшсd ашl iпtcrpreted at tl1e LHC. 
However, followiпg the procedшe oнtliпed іп [8], coшpara1)lc mactioнs, ін this case Z' апd 
Z Ьоsоп pmductioн, slюнld Ье cmшted witl1 respcct to eacl1 other. Tl1e нsе of sнch ratio 
шеаsшешепts shoнld allow нs to шіпішіzс systcшatic uпcertaiпties, апd ап асснrасу of ±1 % 
шight Ье achievable [8]. As сан })с sссн fгош tl1e otl1er plots іп Figшe 4. 7, the aclditioпal 
variables slюw а differeпt seпsitivity for tl1e <-liffereпt coнpliпgs. 

For ехашрlе, very siшilar cross sectioпs are expected for tl1c Е0 Z' nюdels witl1 cos (З "' ± 1 
ашl tor lcft-гigl1t rrюdels with D'LR ~ 1.3. Howevcr, thesc two differeнt rrюdels show а very 
differeпt 1)c}шvior for· он- апd especially off-peak asyшшetries анd for tlю coнpliнgs to up
typc ашl duwн-type quarks. Obvioнsly, tlю шахіпшш scнsitivity сап Ье obtaiпed Ьу нsіпg 

all observables together. Haviнg saicl tl1is, оне also пeeds to роіпt онt tliat sоше aшbigнities 
betweeп tl1e differcпt rrюdels rешаіп, еvеп after а coшplete aпalysis of 100 fь- 1 of data. 

Аssшпіпg tl1at а particнlar шodel lias Ьееп selccted, оне woнld like to krюw lюw well tl1e 
par·aшeter(s), sнch as cos(J or счп, сап Ьс c:oнstraiпcd. Ін the case of tl1e Е5 шodel for іп

stапсе, оне fiпds that cos (З c:arшot always Ье <ieterшiпed нпашЬіgнонslу. Very siшilar resнlts 
сап 1)С cxpecte<-l for differeпt observables Ьнt нsіпg vcry differeпt values for cos /З. Аgаіп, the 
сошЬінаtіоп of the varioнs шеаsшешепts l1clps to reduc:e sоше aшbigнities. 

If the Z' шass is inc:rcased, tl1e rшшЬеr of eveпts decreases drastic:ally апd tlю differences 
1)ctwccп tl1e rrюdels start to Ьесоше coverecl witl1i11 tlю statistical fiнctнatioпs. For the assurнed 
lurпirюsity of 100 fЬ- 1 , we coнld still distiнg11isl1 а Z~ froш а Z~н over а large paraшeter raпge; 
tlre А~в шеаsшешепts providc sошс statistical sigпificaнce пр to Mz1 = 2 2.5 Те V. Оп the 
coпtrary, а Z~ coнld Ьс differeнtiated froш а Z~, опlу нр to а Z' шass of at шost 2 TeV as, ін 

that casc, the dерепdепсе of А1,13 is alшost icleпtical іп tl1c two rш)(iels. 
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4.4 Where а full detector simulation might Ье important 

For the stшiy described above, РУТНІА was нscd togcthcr witl1 kinerпatks cнts to reprodнce 
tl1e tietector acccpta11cc. Опе coнld woпder wl1etl1er there rпight Ье additioнal detector effects 
that coнlcl alteг tl1ese resнlts or if only sоше rпinor cliaпges аге cxpcctcd. As tl1e expcriшeнtal 
sigпatшe is very сlеап witl1 а low Ьасkgюннd, experiшeнtal effects are expected to resнlt іп 
онlу шіrюr· шodificatioп of the sensitivity. 

• The lepton selectioп 

The electroн selectioп described ів Cliaptcr ;) l1as to Ье adapted to very liigh eпergy 
electгoпs. For іпstансе, tl1e eнergy leakage іп the HCAL will force нs to release the снt 
оп E1uмt! Eem· However the electron selectioп сап Ье dопе ін а looser way as опlу sшall 
backgroншl is expected. 

Tl1e ideпtificatioн of l1igl1 епегgу rrшor1s slюнld also Ье stнdied. 

• Tlic шass peak recoпstrнctioп 

Tl1e асснrасу of tlic пшss peak гecoпstrнction will depeпd шаіпlу оп the eпergy resolнtioп 
(for electroпs it is doшiпated Ьу the coпstaпt terш). Sіпсс tlic шtюп eпergy rcsolнtioп 
is low at sнcl1 liigl1 eпergies it шight Ье reqнired to шеаsшс thc Z' width нsіпg опlу tl1e 
electroпs. For electroпs, probleшs related to saturatioп cff"ects slюнld Ьс corrcctly takcп 
іпtо ассонпt. Іп а study dопе for Raщlall-Stшdrнш cxcitatioпs of gravitoнs at ан eпer·gy if 
1.5 Те V ( ап experiшeпtal sigпature that looks like а Z' except for tl1e sріп 2 наtше of tl1c 
gravitoп), thc variable Езхз-Е2х2 (tl1e dШеrепсе betweeп tl1e eпergy іп а З tiшes З crystal 
array ceнtcrcd 011 tl1e seed crystal апd the eпergy іп the шost eпergetic 2 tiшes 2 crystal 
array сонtаіпіпg tl1e seed crystal) was advocated to correc:t tl1e eпergy saturatioп [81]. 

• Tl1e detector ассерtапс:е апd А~13 
As thc clctcctor ассерtапсе is expected to Ье charge syшшetric, it slюuld поt liave ану 
інfінепсе оп the шеаsнrешепt of the forward-backwarcl asyшшetry. Figшc 4.8 slюws tlic 
cff"ect of the detector ассерtапсе with tl1e fast sіпщlаtіоп dопе witl1 РУТНІА 011 tl1e cos ()* 

distrilщtioп for а 1.5 TeV Z~. 
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А potcntial problcш fог tl1e dеtеппіпаtіоп of· А~в coнld he tl1e сlшгgе шеаsшешепt, as at 
tlшse l1igl1 пшшепtа the tгack сшvаtше is vегу юnall. However, followiпg the CMS tracker 
TDR. [21], tl1e cliarge шis-assigшnent probability for tr·acks of Pt = 1 TcV is about 10-4 

ін tl1c Ьапсl rcgion анd іпсгеаsеs нр to 0.5% at tl1e largest pseнdorapidity, as Figшe 4.9 
slшws . 
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Fюuнi,; 4.9: Cliaгge rnisidentification probability for h.igh. Pt track8 а8 а function of p8eudora
pidity [21 ]. 

• Thc rapidity distribнtioп апd tl1e cross sectioп 

А variatioп іп the PDF can iнflucпcc qнitc а lot tl1e Z' rapidity distribнtioп. Howeveг as 
the qнark PDF ar·c krшwн to а sнfficieпt асснrасу апd coнld Ье coпstraiпed нsіпg а Drell
Yaп or siнglc Z saшples, this sl1011ld поt have а sigпificaпt effect оп the deterшiпatioп of 
tl1e Z' rapidity distribнtioп. 

Figшe 4.lOa slюws tl1e expected rapidity clistri1щtio11 fш а 1.5 TeV Z~ нsіпg two diff'crcнt 
sets of PDF, MRST99( c-g) анd CTE(~5L. Tl1e diffeгeпce Ьеtwееп the two distribнtioпs are 
lcss than 10%. А way to redнce еvеп fщtl1er tl1is 1шcertai11ty is to use Drell-Yaп processes 
to coпstraiп the PDF. Figшe 4.1 Q1) shows how tl1c rapiclity distrib11tio11 of Drell-Yaн lєрtон 
pairs woнlcl look likc at l1igl1 шass for tl1e two PDF sets. The rapidity distrihнtioп of Drell
Yaн pairs сап Ье accнrately шеаsшеd at а sшaller eпergy scalc and extrapolated at ап 
eпergy of 1.5 TeV нsіпg thc DGLAP cvolнtioн. Оне сап see оп Figшe 4.lOc tlшt wl1e11 
tl1c 1·atio betweeн tl1e Z~ апd Drell-Yaп rapidity distribнtioп is takeп, the dерепdшсе оп 
tl1e PDF practically disappcars. 
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FIOlJRБ 4.10: а) Тlie expected rapidity for а Z',Ф fот tшо di.fjerent PDF sets: MRST99(c-h) {85] 
(black dots) and C'l'EQ5L (soft ·valence) [86] (теd squares). The nurnbeтs correspond to а lurni
nosity of 300fЬ- 1 • Ь} Tlie same but for the Dтell-Yan pтocess шith, 1.4 <ти< 1.6 Те V. с) The 
таtіо Ьеtшееп tlie Z~, and Drell-Yan Jor tlie tшо di.fjeтent PDF. 
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The sаше procedнre сан Ье нsed to шсаsшс thc c1·oss sectioн for the Z' to а good ассшасу. 
This coнld Ье dопс Ьу 11oшializi11g it нsіпg а siпgle Z saшple. 

This work coпccпtmted шаіпlу оп electroнs. CMS discovery capacitics for а Z' dccayiнg інtо 
two rrшor1s have Ьеен stнdied with а fнll detector sinшlatioн [75]. Figшe 4.11 slюws the CMS 
discovery poteнtial for tJ1is clia1шcl. So far по stш1y оп the forward-backward asyшшetry нsінg 
а fнll detector simнlatioн lias Ьееп carried онt. 

Z' ~ µ+ µ·: 5cr significance curves 

1 2 з 4 5 6 
Z' mass (Те V) 

FIOURE 4.11: CMS discoveтy potential fот Z' decaying into tшо rпиопв [15}. 

Ін sшnшary, а realistic sinшlatioн of tl1e stнdy of tl1e properties of Z' bosoнs origi11ati11g from 
varioнs tl1eoretical modcls lias Ьееп peгforшed for tl1e LHC. Wc l1avc slюwн tliat, ін a(_lclitioн 
to tl1c Z' prodнctioп cross sectioн tiшes total dccay widtl1, tl1e шеаsшешепt of the forward
Ьackward leptoн charge asymmet1·y, botl1 оп tl1e Z' peak анd ін the iпterfereнce regioн, provide 
сошрlешепtаrу інfоrшаtіоп. We have also showн tliat а fit of tl1e 1·apidity distribнtioн сан 
pmvide а seпsitivity to tl1e Z' coнpliнgs to нр-tурс antl dowп-type qнarks. The сошЬінаtіон of 
all these oЬservables woнkl allow нs to tliscгiшirшte betweeн Z' bosoнs of differeнt шodels or 
classes of шoclels for шasses нр to 2-2.5 TeV, if а lншіноsіtу of 100 rь- 1 is collcctctl. 
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Conclusion 

Tl1e CMS схреr·ішенt is curreпtly expected to start ін 2007 with goals as diff'ereпt as searchiпg 
for tl1e Higgs Ьоsоп, supersyшшetric particles or try to шеаsше accurately the шass of tl1e top 
qнark. То reach the goals of sнch а broad pl1ysics prograш it, will 1)с ftшdaшeпtal to оЬtаіп pre
cisioп шеаsшешепts. А way to iшprove tlic шcasurcшeпt accuracy is to нsс rcfcrcпce proccsscs 
tl1at are tl1eoretically well-krюwп апd experiшeпtally well-шeasнred ін order to uпderstaпd de
tector systeшatics апd to tuпe theoretical шodels. For this pнrpose, siпgle W апd Z prodнctioп 
processes are very well sнited, sіпсе their leptoпic decays providc vcry сlеап sigпatнres. Tl1ese 
processes сап Ье нsed to шеаsше tl1e lншіпоsіtу witl1 higl1 precisioп, coвstraiпiпg at tl1e sаше 
tіше the partoп distribнtioп fuпctioпs, а procedнre called the partoн lшпіпоsіtу. This will allow, 
for іпstапсе, to оЬtаіп шоrе prccisc cross scctioпs шcasurcшeпts. 

Tl1is tl1csis gives cxaшples оп lюw to detect апd шeasure precisely siпgle W /Z productioп, 
coпceпtratiпg оп tl1eir decays іпtо electroпs, for two higl1 eпergy experiшeпts, CDF, а пш
піпg ехреrішепt located at the Tevatroв proto11-a11tiproto11 collider (rшшінg at а ceнtcr-of-шass 
c11c1·gy of 1.96 TcV) анd CMS, ан ехреrішепt located оп the LHC protoп-protoп accelerator 
(r·шшіпg at а cc11te1·-of-пшss eпergy of 14 Те V) wl1icl1 should start data takiпg ін 2007. 

First tl1e рр---+ W ---+ ev апd рр---+ Z---+ ее processes were selected froш the CDF data col
lected Ьеtwеен FeЬruary 2002 апd Мау 2()():3. The total lшniпosity was шеаsшеd сошЬіпіпg the 
calcнlated cross sectioп, tl1e шнnЬеr of sigпal eveпts ашl the sclectioп cfficieпcy. Tl1e ассшасу 
obtaiпed was coшparable to tl1e теаsшешенt. dопс witl1 tl1c 'traditioпal' lшniпosity cotшtc1·s. 
With 11igl1er statistics it woнld Ьс possiblc to dсtсш1іпс tl1e partoп luшirюsity Ьу шeasuriпg tl1c 
вшпЬеr of siнglc W /Z cvcвts ін differeнt rapidity iпteгvals. Tl1is shoнld Ье possible witl1 CMS, 
where а high rate of W апd Z will Ье prodнcecl. Applyiвg tl1is шctlюd at the LHC, slюнld 
redнce the нпсеrtаіпtу оп the lшніпоsіtу froш 5% clowп to 1-2%. 

Ін а sccoнd step, tl1e recoпstrнctioп of sucl1 processes was stнdiecl for CMS, coпceпtratiпg оп 
tl1e еlесtгов selcctioв апd нsінg а fнll detector siшulatioп. Оне particularity of CMS, coшpared 
to CDF, is its cr·ystal electroшagпetic caloriшeter with а very fіпе graпнlarity providiпg ан 
excelleпt eпergy resolнtioв. А CMS specific probleш is tl1c large ашоtшt of шаtсгіаl ін thc 
froпt of tl1e caloriшeter, c:ausiпg clcc:troпs to сшіt Bгcшsstraliluпg. We slюwcd that elєctroнs 
are expectcti to Ьс cffic:icпtly selected ін tl1e CMS detector нsіпg the followiпg variables: tl1e 
track isolatioн, Ehad/ Евм, Е:зх:з/ Esxs, аІJІJ• Esc/Pt1·ack апd ІФsс - Фf,;·орІ· Tl1is will allow to 
шeasure processes like siпgle W /Z prodнctioп witl1 а very good ассшас:у. Sоше systcшatic:s 

effects like the eпergy ащl Breшsstralllш1g сlсрсшіспс:с of tl1ese variaЬles wcr·c disc:нssed. Tl1c 
detector lюшоgспсіtу апd the expected епегgу resolutioп froш the sішнlаtіоп was also studied. 

Fiпally, to illнstrate tl1e capability of CMS to do precisioп шеаsшешепts, the ability to 
deterшiпe tl1e propcrtics of Z' bosoнs witl1 CMS wеге studie(l нsіпg а f"ast sirrшlatioп. Various 
шodels iвspircd f"гош graпd uпified theories or Sнрегstгіпg theories pгedict tl1e existeпce of а 
пеw liigl1 шass пeutral vector Ьоsоп, the Z'. Afteг the discovery of sнc:l1 а particle, the пехt step 
woнld Ье to deterшiнe wl1icl1 пюdсl c:oнlcl desc:r·ibe tl1c me1-1SШЄ(l properties. We lшve slюwн 
tlшt, ін adc1itioп to tl1e Z' prodнctioп cross sectioп (wl1ich is expcctccl to Ье precisely шеаsшеd 
Ьу сошраrіпg it to tl1e siпgle Z cross sectioв) апd its total dcc:ay widtl1, thc шсаsшсшенt of tl1c 
forward-bac:kward lcptoн с:lшгgе asyrшпetry, botl1 оп tl1e Z' peak Rпd іп the iпterfereпce regioп, 
provide сошрlешепtаrу іпfоrшаtіоп. We hя,ve also showп that а fit of the rapidity distribнtioп 
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can provide а seнsitivity to thc Z' coupliнgs to up-type анd dowн-type qнarks. The coшbination 
of all tl1ese observables woнld allow to discriшinate betweeп Z' })QSOllS of differeнt шodcls or 
classes of шodels for шasses up to 2-2.5 TcV, if а luшiпosity of НЮ fЬ- 1 is collected Ьу CMS. 
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