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1 Uvod

Hlavnim tématem predkladané habilitacni prace je produkce jetti s velkou
pfi¢nou hybnosti (pr) v proton-antiprotonovych srazkach na urychlovaci Te-
vatron ve Fermilab.! Jet, kolimovand sprika ¢astic, je otiskem konstituentu
protonu, ktery z néj byl v tvrdé srazce nasilné vyrazen. Studium produkce
jetd nam tak pfinasi informaci o sloZeni protonu, o jeho konstituentech a
interakcemi mezi témito konstituenty. Jak plyne z Heisenbergovy relace ne-
urcitosti, ¢im mensi je rozmeér, ktery chceme studovat, tim vétsiho prenosu
hybnosti je nutné docilit. V laboratofich dosahujeme nejvétsich pfenosii na
hadronovych urychlovacich a to pravé ve srazkach, kdy vzniknou jety s vel-
kou pfi¢nou hybnosti. Je to dano tim, ze tyto srazky jsou indukovany silnou
interakci, kterd je mnohem siln€jsi nez elektro-slaba interakce, a tak jsou tyto
procesy s produkci tvrdych jetd nejcastéjsi.

Do spusténi urychlovace LHC v CERN byl nejvétsim hadronovym urych-
lovacem Tevatron. Po modernizaci produkoval srazky protoni s antiprotony
pii t&zistové energii /s = 1,96 TeV. V datech byly pozorovany jety s pric-
nou hybnosti presahujici 600 GeV, coz umoznilo studovat strukturu protonu
a chovani jeho konstituentti na vzdalenostech fadove 1000x mensich nez
je rozmér samotného protonu. Bylo tak mozné ovérit predpovédi kvantové
chromodynamiky (QCD), teorie popisujici silnou interakei, na skale priblizné
10~ ¥ m.

V praci jsou prezentovana tfi méreni tykajici se fyziky jetd s velkou pric-
nou hybnosti provedena experimentem D@ na urychlova¢i Tevatron (apen-
dix A-C). Méfeni azimutalnich dekorelaci v parové produkei jettt [DO05]
(apendix A) bylo prvnim publikovanym méfenim z modernizovaného urychlo-
vace Tevatron tykajici se jetl s velkym pr. Rozdéleni je citlivé na vicenasobné
partonové emise a bylo pouzito jako prvni test predikce kvantové chromody-
namiky v druhém fadu poruchové teorie (NLO - next-to-leading order) pro
procesy se tfemi partony v koncovém stavu. NLO QCD predpovédi vykazaly
dobry souhlas s méfenim v Siroké kinematické oblasti. Méfeni bylo také po-
uzito pro ladéni parametri a testovani modelti partonovych sprsek v Monte
Carlo generétorech, napiiklad [CS11], [Fiell], [BBG*11], [Skal0], [BHL'10],
[AGH™08].

Meéfeni inkluzivni produkce jett bylo publikovano ve dvou ¢lancich: [DO08]

'Podélnym smérem se rozumi smér srazejicich se svazkil, piiény smér je pak smér kolmy
na osu svazkid. V roviné kolmé na svazek je méfen azimutalni thel ¢. Osa svazku je dale
ztotoZnéna s osou z kartézskych souradnic a definuje smér, od kterého se méfi polarni tthel
9. V této soufadné soustavé je pak definovana pseudorapidita n jako n = —Intanh(¥/2)
a rapidita y jako y = % 1n gfii, kde E a p. jsou energie a podélna hybnost objektu. V
textu jsou pouzivany prirozené jednotky A = c¢ = 1.




(apendix B) a [DO12] (apendix C). I v tomto pfipadé byl pozorovan dobry
souhlas mezi NLO QCD teoretickou predpovédi a daty a to az do nejvétsich
hodnot pri¢né hybnosti pr. Byla tak potvrzena platnost kvantové chromody-
namiky i v oblasti pr ~ 600 GeV a nebyly nalezeny zadné naznaky novych
neznamych jevi, jako naptiklad mozné nebodovosti a struktury kvarku. Vy-
sledky prinesly novou informaci o slozeni protonu, predevsim o gluonech,
které nesou velkou ¢ast hybnosti protonu. Data byla pouzita skupinami zaby-
vajicimi se globalnim urc¢ovanim partonovych distribu¢nich funkci, naptiklad
v globalnich analyzach dat MSTW2008 [MSTWO09] a CT10 [LGH*10].

Dnesni experimenty ve fyzice ¢astic jsou diky své enormni experimen-
talni naroc¢nosti provadény velkymi skupinami spolupracujicich fyzika a neni
mozné provést samostatné méreni a analyzu dat. Nicméné i zde lze identi-
fikovat hlavni autory publikovanych praci. To jsou ti autofi, ktefi primarné
predlozili kolaboraci D@ préaci k posouzeni.

U vsech tii publikaci experimentu D@ jsem byl hlavnim spoluautorem a
vyznamné jsem prispél k jejich vzniku. V pripadé dvoujetovych azimutalnich
dekorelaci [D@05] jsem toto méfeni samostatné provadél véetné nasledné ana-
lyzy dat. V pripadé méfeni inkluzivni produkce jetti [D@08] a [DD12] jsem
jednim ze t¥i hlavnich autorii. Na méfeni jsem spolupracoval s doktorandem
Mikko Voutilainenem, ktery provadél vlastni analyzu dat. Analyza byla za-
lozena na kédu, ktery jsem vyvinul pri predchozich mérenich této velic¢iny.
Vysledky téchto prvnich méfeni byly napriklad prezentovany na konferencich
EPS2003 [Kup04], Moriond 2005 [Kup05] a ICHEP2006 [Kup07]. K findlnimu
méfeni jsem primo prispél hlavné praci na energetické kalibraci jett, coz je
nejvetsi zdroj vysledné systematické chyby meéteni. Zabyval jsem se méfenim
vlastni energetické odezvy kalorimetru na jet, jednak samotnym meétenim tak
i prislusnou systematikou.

Dalsi ¢ast predlozené habilitacni prace se tyka modelovani hadronizace v
Monte Carlo generatorech simulujicich srazky ¢astic. K hadronizaci dochézi
v pozdéjsich stadiich srazky. Neovliviiuje tedy velmi samotné kinematické
vlastnosti jetu, nicméné mé vliv na rozlozeni toku energie v jetu a jeho
okoli. Na HERA MC workshopu v DESY v Hamburgu jsem pfedlozil na-
vrh [Kup98] na modifikaci modelu hadrnonizace pouzitého v Monte Carlo ge-
neratoru HERWIG [BGG'08]. Pozménény model napravil chovani pivodniho
bou zivota). Model byl dale rozvinut Winterem, Kraussem a Soffem [WKS04]
a posléze byl implementovéan v novéjsich verzich generatoru HERwIG [BGGT08].

Clenéni predkladané habilita¢ni prace je nasledujici. V kapitole 2 je nej-
prve stru¢né shrnut pojem jetu a jsou zavedeny dalsi zakladni pojmy nutné
pro pochopeni vysledki méfeni produkce jett s velkou pricnou hybnosti. Ty
jsou prezentovany v dalsich dvou kapitoldch 3 (méfeni azimutalnich dekore-
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laci v parové produkci jett) a 4 (méfeni inkluzivni produkee jetti). Kapitola 5
je pak vénovana hadroniza¢nimu modelu generatoru HERWIG a navrzené mo-
difikaci tohoto modelu. Nakonec jsou v apendixech A-D priloZzeny vysSe zmi-
néné publikace tykajici se diskutovanych témat.

2 Struktura protonu a jety

Protony, neutrony a ostatni silné interagujici ¢astice, souhrnné oznacovany
jako hadrony, nejsou elementarni c¢astice na stejné tirovni jako je napriklad
elektron. Jak bylo zjisténo v experimentech s pruznym rozptylem elektront
na protonech [MH56], maji sviij rozmér, typicky kolem 1 fm, a svoji strukturu.

Néasledné experimenty s energetic¢téjsimi svazky elektronii na linearnim
urychlovadi v Stanford Linear Accelerator Center (SLAC) [BCD'69,BFK*69]
ukazaly, Ze pokud dojde k velkému pfenosu impulzu (tzv. hluboce nepruzny
rozptyl), zaéne se elektron rozptylovat na individualnich konstituentech pro-
tonu. Konstituenti se navic v hluboce nepruznych interakcich chovaji jako
bodové, kvazi-volné ¢astice a prilis mnoho neciti okolni sousedy. Namérena
data vedla Feynmana jesté v témze roce 1969 k formulovani partonového mo-
delu [Fey73]. V tomto modelu se proton ve vysokoenergetickych srazkach jevi
jako shluk témér volnych bodovych konstituentti - partoni. Kazdy z nich nese
urc¢itou cast hybnosti protonu. Proton je pak popsan souborem partonovych
distribucénich funkci d;(x), které charakterizuji pravdépodobnost, Ze v pro-
tonu nalezneme parton ¢-tého druhu nesouci pomeérnou ¢ast celkové hybnosti
protonu z.

Data ze SLAC jasné ukazovala, ze nabité partony se chovaji jako bodové
fermiony se spinem 1/2, a Ze v protonu je také podstatnd neutralni kom-
ponenta, ktera nese asi polovinu celkové hybnosti protonu. Nabizela se mys-
lenka ztotoznit nabité partony s kvarky, které byly zavedeny Zweigem [Zwe64]
a Gell-Mannem [GM64] v kvarkovém modelu. Tento model vysvétloval vlast-
nosti a vzajemné vztahy mezi hadrony na zakladé predpokladu, Ze se hadrony
skladaji ze t¥i druhd kvarkd, tzv. vini (u, d, s), které tvofi fundamentalni
triplet grupy SU(3). Baryony, napfiklad proton ¢i neutron, obsahuji 3 kvarky,
mesony jsou pak slozeny s kvarku a antikvarku. Jednotlivym baryonim jsou
prifazena mista v ireduciblnich reprezentacich vzniklych z rozkladu tenzoro-
vého soucinu 3 ® 3 ® 3 = 10 ® 8 & 8 & 1. Analogicky, mesontim odpovidaji
mista v rozkladu 3 ® 3 = 8 @ 1, kde 3 je fundamentalni antitriplet grupy
SU(3) slozeny z antikvarkd.

Problém byl jak vysvétlit, Ze jsou kvarky v hadronech tak silné vazané,
Ze se coby samostatné c¢astice nepozoruji, a na druhou stranu, ze se v hlu-
boce nepruzném rozptylu chovaji zase jako témér volné. Hledala se teorie,
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Obrazek 1: Bézeni vazbového parametru silné interakce ag experimentalné
nameérené pii riznych energetickych skalach a porovnani s bézenim tohoto
parametru v QCD, [CMS12].

ve které by byla sila mezi kvarky na velkyjch vzdalenostech kolem 1fm velmi
velka a naopak na malych vzdalenostech, tedy pfi velkych prenosech impulzu,
klesala k nule. Zadn4 ze znamych kvantové polnich teorii, takovéto chovani
nevykazovala. Naptiklad v kvantové elektrodynamice se sila mezi elektric-
kymi naboji chova presné opacné.

V roce 1973 Gross s Wilczekem [GW73] a nezévisle na nich Politzer [Pol73]
zjistili, Ze tuto asymptotickou volnost v sobé mohou obsahovat teorie Yang-
Millsova typu zalozené na neabelovské grupé kalibracni symetrie. Na této
bazi zformulovali teorii silnych interakci, kvantovou chromodynamiku, jako
kvantové polni teorii s lokalni kalibra¢ni symetrii viici grupé SU(3)%. Kvarky
nesou naboj silné interakce, tzv. barvu. Pro danou vtni kvarku tak exis-
tuji t¥i rtizné barevné stavy odpovidajici fundamentalni reprezentaci SU(3).
Analogicky antikvarky nesou antibarvu odpovidajici fundamentalnimu an-
titripletu SU(3). Pfislusné kalibra¢ni vektorové pole, které zprostiedkovava
silnou interakci mezi kvarky, pak odpovida elektricky neutralnim a nehmot-
nym gluoniim. To jsou ony neutralni partony, které byly pozorovany nepiimo
v hluboce nepruzném rozptylu elektronu v SLAC.

2Jde o jinou SU(3) symetrii nez v kvarkovém modelu, kterd se tykala symetrie mezi
riznymi druhy kvarkd.



Na rozdil od abelovskych teorii, jako je QED, kde fotony nemaji naboj,
gluony barevny naboj nesou, existuji v 8 barevnych stavech, které odpovidaji
adjoint representaci SU(3). Gluony tak mohou mezi sebou pfimo interagovat
a pravé diky této vlastnosti vazba mezi dvéma barevnymi objekty klesa se
zmensujici se vzdalenosti, obrazek 1.

Kvantova chromodynamika velmi tspésné vysvétlila vSechny znamé fe-
nomeny tykajici se silnych interakci. Kvantitativné, a diky neporuchovym
vypoc¢tim na miizi i kvalitativné, vysvétlila uvéznéni barvy v hadronech.
7 Lagrangianu QCD lze dnes neporuchovymi metodami dokonce spocitat
i poméry hmotnosti hadront [FH12|. Znalost dynamiky silnych interakci
umoznila také vysvétlit mirnou zavislost strukturnich funkei protonu na kva-
dréatu pieneseného ¢tyfimpulzu Q? pozorovanou v hlubokém nepruzném roz-
ptylu elektronti na protonech.? Partonové distribuéni funkce, které byly v pti-
vodnim partonovém modelu pouze funkcemi pomérné hybnosti z, zaviseji na-
konec i na Q?, ¢ili d;(z, Q). Kvantova chromodynamika tuto zavislost plné
vysvétluje. Jak bude dale prezentovano v této praci, predpovédi kvantové
chromodynamiky jsou v dobrém souladu i pfi procesech s témi nejvyssimi pte-
nosy impulzu: na Tevatronu byl pozorovan souhlas pro jety s pr ~ 600 GeV,
nejnovéjsi data z LHC pak az do hodnot pr ~ 2TeV [ATLAS12, CMS11,
CMS13].

2.1 Jety

Pti srazkach s velkym pfenosem hybnosti jsou z protonu prudce vyrazeny
jednotlivé partony. Kvarky nebo gluony vsak diky specifi¢nosti silné interakce
primo nepozorujeme. Podstatnou roli zde hraji dva procesy: tzv. partonové
sprsky a nasledna hadronizace.

Vyrazeny parton, jakozto nadboj u kterého doslo k drastické zméné pohy-
bového stavu, ma silnou tendenci vyzarovat dalsi partony - nejcastéji se tak
dé&je bud ve sméru letu ptivodniho partonu a nebo se jednd o nizkoenerge-
ticky gluon. Je to dano charakterem teorie, ve které se kromé ultrafialovych
divergenci vyskytuji i tzv. hmotnostni divergence objevujici se pti kolinear-
nim nebo mékkém vyzareni partonu. Tento mnohonasobny emisni proces se
nazyva partonovou sprskou a lze jej popsat v ramci poruchové teorie silnych
interakci. V nejniz$im fadu, tzv. leading-log (LL), se jedné o fetézec ndhod-
nych udalosti, kdy je pravdépodobnost vyzareni dalsiho partonu popsana
urcitou, spocitatelnou pravdépodobnosti funkci. Vzniklé partony pak mohou
az do urcité meze dané jejich virtualitou vyzarovat dalsi partony. Misto vy-

3Kvadrat pieneseného ¢tyfimpulzu Q? je zaveden jako Q? = —(k —k')?, kde k a k’ jsou
¢tyfimpulsy dopadajiciho a rozptyleného elektronu.



razeného partonu tak rychle vznika sprska partont, leticich ve sméru letu
puvodniho partonu. Diky moznosti popisu partonovych sprsek v LL aproxi-
maci pomoci Markovova Tetézce nahodnych udalosti, 1ze modely partonovych
sprsek implementovat do Monte Carlo generatort srazek castic jako je Py-
THIA nebo HERWIG.

K dalsimu procesu dochazi v okamziku, kdy se vyrazeny parton, a s nim
i oblak partont vyzarenych v nasledné sprsce, dostane od zbytku protonu
na vzdalenost kolem Agep ~ 1fm. V hodnoté Agep ma silnd vazbova kon-
stanta pol, analog Landauova pdlu v elektrodynamice, a silna sila na téchto
vzdalenostech prudce roste. Kvalitativni neporuchové vypocty na miizi uka-
zuji, ze se mezi vzdalujicimi barevnymi naboji pole koncetruje do struny
spojujici oba naboje. Vyrazené partony, stejné jako zbytek protonu, nesou
barevny naboj a jakmile se od sebe dostanou na vzdélenost kolem 1fm, je-
jich potencialni energie stoupne tak, zZe je zde dostatek energie k vygenerovani
novych partont z vakua, naptiklad kvark-antikvarkového paru. Obrazné se
struna pretrhne a na jeden jeji konec se navaze barva a na druhy volny konec
anti-barva, tak aby stinily ptivodni barevné naboje vzdalujicich se partonii.
Proces pokracuje tak dlouho dokud se partony nepteskupi do bezbarvych
celkt - hadront.

Hadronizaci neumime z prvotnich principti kvantové chromodynamiky
presné popsat a nezbyva ndm nez se uchylit k fenomenologickym modeltim. Ze
své podstaty je hadronizace neporuchovy jev, kterému vsak kvalitativné ro-
zumime. Dokonce lze tyto kvalitativni ivahy i ¢aste¢né ovérit neporuchovymi
vypocty na mrizi. Pro popis vzniku jetu je dilezité, ze k procesu hadronizace
dochézi na mnohem delsi ¢asové skale nez samotna tvrdéa interakce a pii-
lis tak neovliviiuje kinematiku partonové sprsky. I po hadrnonizaci poleti ve
sméru puvodniho tvrdého partonu kolimované sprska castic a secteme-li je-
jich energii a hybnost, budou silné korelovany s ptivodni energii a hybnosti
vyrazeného partonu. Diky barevné vazbé mezi vyrazenym partonem a zbyt-
kem protonu vSak béhem hadronizace vzniknou ¢astice i v oblastech mezi
jetem a zbytkem protonu. Hadronizace tedy ovliviiuje tok energie v okoli
jetu.

Poprvé byly jety pozorovany v ete™ interakcich na urychlovaci PETRA
v laboratori DESY v Hamburku. V tomto ptipadé partony nevylétavaji z pro-
tonu, ale jsou vytvoreny pfi anihilaci pozitron-elektronového paru. V nejniz-
$im Fadu poruchové teorie tento proces neni vyvolan silnymi interakcemi, ale
elektroslabymi, a dojde k tvorbé paru kvark anti-kvark: et e~ — ¢g. V kon-
covém stavu pak pozorujeme dva kolimované, od sebe odlétavajici svazky
castic, viz. obrazek 2, vlevo. Pokud kvark nebo antikvark vyzaii energeticky
gluon pod velkym tthlem, pozorujeme pfitomnost tietiho jetu viz. obrazek 2,
vpravo a obrazek 3. Jde o prvni pozorovanou primou manifestaci existence
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Obréazek 2: Dvou jetovy pfipad (vlevo) a jedny z prvnich t¥i jetovych pFipadi
(vpravo) pozorované experimentem TASSO, PETRA, DESY [TASSO79].

Obrazek 3: Tt jetovy pripad pozorovany experimentem JADE na urychlovaci
PETRA, [JADESO].



gluonu (g), nebot proces tvorby tii jeti miize na stromové trovni probihat
jen jako eTe™ — ¢qg. Jeden z trojice jeti tak musi pochézet z gluonu.

Anihilace eTe™ jsou idealni laboratof pro test kvantové chromodynamiky.
Z thlového rozdéleni dvojic jeti lze ukazat, ze kvarky maji spin 1/2. Ttijetové
pripady zase manifestuji existenci gluonu a lze na nich testovat spin gluonu
a jeho interakci s kvarky. Analyza ctyfjetovych pripadl zase jasné proka-
zala neabelovsky charakter silnych interakci. Byly tak otestovany vsechny
zékladni aspekty kvantové chromodynamiky.

I kdyzZ jet neni fundamentalnim objektem teorie, jako treba bodovy elek-
tron nebo kvark, hraji jety v ¢asticové fyzice obdobnou roli. Jak bylo v této
kapitole ukazano, diky specifickym vlastnostem kvantové chromodynamiky,
predevsim diky uvéznéni barevného naboje silné interakce, nemtizeme pfimo
meérit a detekovat vyrazené partony. Vidime jen hadronové sprsky, jety, letici
v ptivodnim sméru rozptylenych partonti. Jety tak predstavuji velmi dilezity
nastroj, jak se dostat k informaci o energii a sméru rozptylu kvarkt a gluont.

2.2 Jetové algoritmy

Aby bylo mozno s pojmem jet pracovat jak po experimentalni strance tak
i teoretické, je potieba presné definovat, jak v koncovém stavu jety vytvorit
a které castice mu priradit. To je tkolem jetovych algoritmaii. Detailni popis
problematiky jetovych algoritmt na hadronovych urychlovacich 1ze nalézt
v praci [BDE*00].

Prvni skupinu jetovych algoritmu tvori algoritmy zaloZené na jednoduché
geometrické myslence. Do této skupiny tzv. kuZelovgch algoritmi (cone algo-
rithms) patii i algoritmus pouzity pro prezentovana méteni. Jet je zde tvofen
Casticemi (nebo v piipadé experimentu jednotlivymi burikami ¢ véZemi bu-
nék kalorimetru), které leti do kuzele o fixnim poloméru R. Tento polomér je
zékladnim parametrem algoritmu a kontroluje velikost jetu. Na hadronovych
urychlovacich se misto thlové vzdélenosti pouzivd mira R = /Ap? + An?.
To proto, ze takto definovana vzdalenost nezavisi na boostu ve sméru podél
svazku.*

Experimenty pouzivaji z divodu signifikantni tspory vypocetniho ¢asu
iterativni verzi kuzelového algoritmu. Bunky kalorimetru jsou zkombinovany
do projektivnich vézi v pseudorapidité n a azimutalnim thlu . Véze s dosta-
tecné velkym signalem nad néjakou pfedem zvolenou hodnotou energie FEj
slouzi jako startovaci pozice, kolem které se nakresli kuzel o poloméru R.

4Rozdil v rapidité je invariantni viiéi boostu podél osy z a miizeme-li zanedbat hmot-
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Castice v tomto kuzelu pomoci rekombina¢niho schématu definuji hybnost
a energii jetu. Kolem nové polohy jetu se pak opét zkonstruuje kuzel a proces
pokracuje tak dlouho, dokud se nenalezne stabilni pozice. V konec¢ném stadiu
algoritmu je potfeba rozhodnout se, co udélat s jety, které se prekryvaji. Kdy
je zkombinovat do jednoho a nebo naopak, kdy je brat jako dva rtzné jety.

Po teoretické strance je konstrukce kuzelovych algoritmt problematicka.
Jiz samotnd existence startovaci buriky ¢ini algoritmus nachylny na infra-
cervené a kolinedrni divergence, které jsou v QCD pritomny diky nulové
hmotnosti gluonu. Navic je potfeba vénovat pozornost dalsim detailiim, jako
je pravé procedura kombinovani a rozdélovani prekryvajicich se jetti. Prezen-
tovand méfeni pouzivaji tzv. Midpoint-Cone Algorithm [BDE*00], ktery byl
navrzen tak, aby vétsinu teoretickych problémii eliminoval.

Teoreticky cistsi je tiida tzv. klastrovacich algoritmi, kdy dochazi po-
stupné k rekombinaci ¢astic do vétsich celkd. Algoritmus nejprve definuje
vzdalenost mezi dvéma casticemi, dalsi postup je pak obecny. Najde se nej-
blizsi dvojice ¢astic a pokud je vzdéalenost mensi nez parametr algoritmu D,
ktery kontroluje velikost jetu, tak jsou ¢astice zrekombinovany do jedné. Opét
se najde nejblizsi par a algoritmus se opakuje tak dlouho, dokud je nejmensi
vzdalenost mensi nez parametr D. Co zlistane, je prohlaseno za jety. °

V ptipadé hadronovych urychlovact byly tradi¢né dfive pouzivany hlavné
kuzelové algoritmy a to pfedevsim proto, ze diky fixnimu rozméru nemaji ten-
denci nabalovat do jetu okolni ¢astice nesouvisejici s vyrazenym partonem.
Téch je na hadronovych urychlovacich velmi mnoho, diky vysoké luminosité
svazkli dochézi totiz k nekolika srazkam najednou. Situace se zménila s noveé
navrzenym anti-kr klastrovacim algoritmem [CSS08], jehoz mira vzdalenosti
byla vhodné zvolena tak, aby k tomuto nabalovani mékkych ¢astic nedocha-
zelo ve velké mire. Anti-kr algoritmus se stal hlavnim algoritmem, ktery se
pouziva na experimentech na LHC.

5V piipadé hadronovych interakei je nutno algoritmus mirné modifikovat doplnénim o
vzdélenost ¢astice ke svazku (prakticky zbytku rozbitého protonu). Detaily algoritmu jsou
popséany v [BDET00].



3 Azimutalni dekorelace v parové produkci
jetu

Predkladana prace [DO05] (apendix A) se zabyva méfenim azimutalnich de-
korelaci v parové produkci jetd. V nejnizsim fadu poruchové teorie jsou vy-
produkované partony vybalancovany v transversalni hybnosti a jsou plné
korelovany v azimutu - sviraji piimy thel 7, obrazek 4 vlevo. Pokud je doda-
tecna radiace mékka nebo kolinearni s vyrazenym partonem, coz je nejcastéjsi
ptipad, dojde jen k malé zméné thlu (obrazek 4, druhy zleva). Pro popis mé-
feni na thlech kolem Aggijer ~ 7 je potfeba zapocitat tyto mnohondsobné
emise, coz je v Monte Carlo generatorech provedeno mechanismem partonové
sprsky.

Pokud dojde k vyzareni energetického partonu pod velkym thlem, porusi
se thlova korelace mezi dvéma vedoucimi jety, mysleno jety s nejvetsim pr.
V piipadé tif partont v koncovém stavu musi byt Aggjer > 27/3 - obrazek 4,
treti zleva. V piipadé mensich Ghlt, A¢gier < 27/3, je zapotiebi alespon ¢tyt
energetickych partont v koncovém stavu.

Rozdéleni azimutalniho thlu Aggjer mezi dvéma vedoucimi jety tak nese
informaci o Sirokych aspektech multipartonové emise. Jde jednak o emise
spjatych s infracervenymi a kolinearnimi divergencemi teorie (A@gijet ~ ),
tak i tvrdé energetické emise pod velkymi tihly. Proto se namérena data casto
vyuzivaji pro testovani a ladéni parametr model partonovych sprsek, tak
jak jsou implementovany v rtznych Monte Carlo generatorech, jako napfi-
klad PyTHIA, PoMWIG [SKP*11], SHERPA [GT09] a dalsich: [CS11], [Fiell],
[BBG*11], [Skal0], [ATLAS11], [BHL"10] a [AGH™08].

Uz nase ptvodni prace poukazala na velké nesrovnalosti mezi predpo-
védmi PYTHIAG.225 a daty, obrazek 5, vlevo. Bylo nutné zménou parametru,
ktery kontroluje maximalni virtualitu partont ve sprsce, zvysit mnozstvi ra-

Aq)diiet

Obrazek 4: Zména azimutalniho thlu mezi dvéma vedoucimi jety v zavislosti
na mnozstvi dodateéné radiace, [Kup05].
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Obrazek 5: Porovnani zméfeného rozdéleni azimutalniho thlu mezi dvémi
vedoucimi jety s pfedpovédmi Monte Carlo generatori HERwWIGa Py-
THIA, [DO05]. (vlevo) a predpovédi NLO QCD (vpravo)

diace v pocate¢nim stavu (tzv. initial state radiation - ISR), aby se doséhlo
souhlasu s pozorovanymi daty.

Dalsim aspektem prace bylo porovnani dat s druhym fadem poruchového
rozvoje QCD (NLO QCD). Bylo to viibec prvni méfeni z hadronového urych-
lovace, na kterém bylo provedeno srovnani s NLO QCD piredpovédi pro tii
jetové veli¢iny. Tyto teoretické vypocty nebyly v dobé prvnich dat z Teva-
tron (tzv. Run I) k dispozici. Technicky byly implementovany do programu
NLOJET++ [Nag03]. NLO QCD pfedpovédi vykazuji dobry souhlas s ex-
perimentalnimi daty v téméi celé oblasti hodnot A¢gijet, samoziejmé mimo
oblast A@gijer ~ 7, jejiz popis vyzaduje resumaci mnohonasobnych emisi,
obrazek 5, vpravo.

Diky dostupnym NLO QCD vypoc¢tim pro procesy s tfemi partony v
koncovém stavu lze na hadronovych urychlovacich mérit hodnotu ag z tii je-
tovych veli¢in. Tématem se zabyval pod mym vedenim v ramci své diplomové
prace Oldiich Kepka [Kep05]. Dnes je extrakce vazbového parametru silné
interakce ag z tii-jetvych veli¢in na hadronovych urychlovacich standardnim
pristupem, viz. obrazek 1.
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4 Inkluzivni produkce jetu

Meéreni inkluzivni produkce jet v zavislosti na jejich pri¢cné hybnosti pr je
jednou ze zékladnich veli¢in zkoumanych na hadronovych urychlovacich. Lze
na ni pfimo testovat predpovédi kvantové chromodynamiky a to az do viibec
nejvétsich dostupnych hodnot pr. Mizeme tak primo ovérit nase predstavy
o hmoté na nejmensich dostupnych skalach.

Prvni méfeni inkluzivniho spektra jetii provedené experimentem CDF na
Tevatronu pii tézistové energii /s = 1,8 TeV [CDF96] ukazovalo na zvy-
Senou produkeci jet pfi vysokych hodnotach pr, viz. obrazek 6. Data byla
interpretovana jako mozny naznak nové fyziky, konkrétné jako projev efek-
tivni 4-kvarkové interakce (tzv. quark compositeness). Interpretace nebyla
jednoznacna, protoze k vysvétleni pozorované skutecnosti stacilo zvysit ve
strukturnich funkcich protonu obsah gluonti nesouci velkou ¢ast hybnosti
protonu z. Gluonova distribu¢ni funkce pii velkych = nebyla totiz z ostat-
nich méfeni dostatecné presné urcena.

Detailni prozkoumani produkce jet pfi vysokych hodnotach pr bylo
hlavni motivaci predkladanych praci [DO08] (apendix B) a [DO12] (apen-
dix C). Vyssi luminosita a mirné vyssi tézistova energie srazky dovolila na-
brat vic jak 20x pfipadi s velmi vysokym pr.
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Obrazek 6: Pomeér inkluzivni produkce jetu k teoretické NLO QCD predpo-
védi jak byla zméfena experiment CDF v Run I v proton-antiprotonovych
interakcich pii /s = 1.8 TeV [CDF96].
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4.1 Energeticka kalibrace jetu

Po experimentalni strance je dominantni systematickou chybou neurcitost v
energetické kalibraci jett, viz. Apendix C, obrazek 45. U¢inny prifez pro-
dukce jett totiz s rostoucim pr prudce klesa a tak mald zména v urceni
energie jetd znamena velkou zménu ve vysledném méfeni produkce. Kvalita
energetické kalibrace tak pfimo urcuje vyslednou kvalitu métfeni produkce
jeti.

Z téchto diuvodi jsem se energetickou kalibraci jetd v ramci DO Jet
Energy Scale skupiny nékolik let intenzivné zabyval. Jednak jsem méril pfimo
odezvu kalorimetru na jet v ptfipadech, kdy spolu s jetem vznikl foton, viz.
Apendix C, kapitola V, oddil B. Foton tvori, obdobné jako elektron, v kalo-
rimetru elektromagnetickou sprsku. Ty lze velmi piesné zkalibrovat pomoci
rozpadu Z — e"e”. Odezva kalorimetru na jet se pak v v + jet piipadech
urc¢i tak, aby jet vybalancoval pricnou hybnost fotonu.

In situ kalibrace D@ kalorimetru byla nutnd, protoze kalorimetr nebyl
nikdy pfimo proméfen na testovacich svazcich. To byl problém i pro Monte
Carlo simulace detektoru D@, které zdaleka nepopisovaly skute¢nou odezvu
detektoru na jet. Standardni Monte Carlo tak nebylo mozné pouzit na né-
které dilezité korekce, respektive by vedlo k pftilis velké systematické chybé,
napriklad pro korekci viici jinému poméru kvarkovych a gluonovych jeta v ka-
libra¢nim vzorku v + jet pripadd a méreném inkluzivnim vzorku. Stejné tak
bylo nutné spolehnout se bez dobré simulace detektoru na extrapolaci kalib-
race jetl z 7+ jet ptipadi, které dosahovaly pr ~ 200 GeV do hodnot az nad
600 GeV, kterych dosahovaly jety v inkluzivnim souboru dat.

Vyvinuli jsme metodu jak vyladit Monte Carlo simulace odezvy D@ ka-
lorimetru tak, aby 1épe popisovala skutec¢nost. Diky ni jsme mohli zpfesnit
extrapolaci kalibrace pro nejenergetictéjsi jety a vyrazné tak zpresnit méteni
produkce jeti na nejvétsich hodnotach pr. Stejné tak jsme mohli lépe provézt
korekci na rozdilny obsah kvarkovych a gluonovych jetti v méfeném inkluziv-
nim souboru dat a vybranych kalibrac¢nich v+ jet piipadech, viz. Apendix C,
obrazky 12 a 13. Stejna metoda pak byla pouzita pro zpfesnéni energetické
kalibrace jet iniciovanych b kvarkem, coz nakonec vedlo k pfesnéjsimu meé-
feni hmotnosti top kvarku [D@11].

Zabyval jsem se také urcenim a propagaci korelaci chyb kalibrace mezi
jety s riznym pr a y. Ty pak slouzily jako podklad pro vypocet korelaci mezi
chybami produkce jet v riznych oblastech pr a y, Apendix B, obrazek 3.
Tato informace je nezbytna pro skupiny zabyvajici se extrakci partonovych
strukturnich funkei. Stejné tak je informace dilezita i pro jind méfeni, pfimo
ovliviiuje limity ziskané z dat pro rtizné modely nové fyziky jdouci za ramec
standardniho modelu.
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Obréazek 7: Inlusivni produkce jetti zméfend experimentem D@ v pp srazkach
pii /s = 1,96 TeV, [DO08] (apendix B).

V letech 2006-2008 jsem také vedl D@ Jet Energy Scale skupinu. V tomto
obdobi se nam podafilo finalizovat energetickou kalibraci jett s velmi malou
chybou, kterd pro centralni jety byla pod 1.5% pro témér vSechny hodnoty
pr, viz. Apendix C, obrazek 21. To ndm pak umoznilo provést jedno z nejpfes-
néjsich méfeni inkluzivni produkce jeti. Vysledna systematickd chyba byla
asi poloviéni oproti pfedchozim publikovanym méfenim CDF a D@ [CDF96,
D®99, DM01, CDF06, CDFO7].

4.2 Vysledky méreni

Inkluzivni produkce jeti byla méfena v 6 binech rapidity y. To by umoznilo
rozlisit pripadné signaly nové fyziky od efektti spojenych s neznalosti struk-
turnich funkci. Pfedpoklada se, ze nové cCastice ¢i interakce by se projevily
nejvice pravé v centralni ¢asti, kdy dochazi k nejvétsim prenosiim hybnosti.
Naopak produkce jetii pii velkych hodnotach rapidity by neméla byt novou
fyzikou tolik ovlivnéna.

NLO QCD predpovédi vykazuji z daty vyborny souhlas v celém rozsahu
transversalnich hybnosti a rapidity, obrazky 7 a 8. V rozmezi pr = 50 GeV
az 600 GeV pada acéinny prifez o vic jak 8 Ffadu a presto zistava souhlas
mezi teoril a méfenim v ramci 10-20% experimentéalnich a teoretickych chyb.
Vyborného souhlasu je dosazeno hlavné pti pouziti MRST2004 partonovych
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Obrazek 8: Porovnani inkluzivni produkce jeti zméfené experimentem D@ s

predpovédi NLO QCD, [D@08] (apendix B).

distribu¢nich funkci [MRST04]. Nepotvrdila se tak interpretace prvniho mé-
feni experimentu CDF [CDF96] jako signal nové fyziky. Kvarky a gluony se
zdaji bodové a chovaji se podle QCD az do nejvyssich hodnot pr ~ 600 GeV,
coz tadoveé odpovida asi tisiciné rozméru protonu.

Méreni z Tevatronu jsou dtlezité i pro interpretaci novéjsich dat z urych-
vétsi. Pripadny nesouhlas dat s teorii by Sel jednoznac¢néji interpretovat
jako signal nové fyziky. Nejnovéjsi méreni experimenttt ATLAS a CMS na
urychlovac¢i LHC potvrdily platnost QCD az do energetické skaly 2 TeV [AT-
LAS12,CMS11,CMS13|.

Experimentalni pfesnost méfeni byla v oblasti vyskokych pr mensi nez
nepresnosti spojené s neznalosti partonovych distribu¢nich funkci, viz. preru-
Sované ¢ary na obrazku 8. Ziskana data tak nesou novou informaci o slozeni
protonu, predevsim o gluonech nesouci velkou ¢ast hybnosti protonu. Nase
meéreni pouzivaji skupiny zabyvajici se globalnim urc¢ovanim partonovych
distribu¢nich funkci, kde je nutné zkombinovat velké mnozstvi dat z ruznych
experimentii, aby bylo mozno jednotlivé komponenty protonu spolehlivé ex-
trahovat [MSTW09, LGH*10].

Impaktu tohoto méfeni na znalost gluonové distribu¢ni funkce je vénovana
jedna kapitola v praci skupiny MSTW [MSTWO09]. Autofi konstatuji mnohem
lepsi konzistenci nového méreni inkluzivniho spektra jeti s ostatnimi expe-
rimenty nez tomu bylo u predchozich méreni z Tevatronu. Neni podle nich
nutné zavadét specialni proceduru, jak tomu bylo v predchozich globalnich
fitech, ktera navysila obsah gluonu pii vysokych hodnotach x a umoznila tak
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lepsi popis starsich dat z Tevatronu pfi /s = 1,8 TeV. Dochdzi vSak k zaveru,
ze zahrnuti novych dat vede jen k mirnému zmenseni neurcitosti gluonové
distribuc¢ni funkce, nez jak by napovidaly malé experimentalni chyby. Dtvo-
dem je vysoké mnozstvi signifikantnich zdrojt riznych systematickyjch chyb
s vysokou korelaci. Ukéazala se tak dilezitost nasi podrobné analyzy syste-
matickych chyb.

5 Modifikace klastrového hadroniza¢niho mo-
delu

HERWIG a PYTHIA jsou jedny z nejpouzivanéjsich obecnych Monte Carlo
generatort srazek castic. Lisi se v mnoha aspektech, coz je cenné pro odhad
chyb spjatych s modelovanim jevi, které nedokazeme piimo spocitat z pi-
vodniho Lagrangianu QCD. Jednim z takovych jevi je proces hadronizace,
ke kterému dochazi ve finalni fazi srazky. Mechanismus tohoto procesu byl
v hrubych rysech nac¢rtnut v podkapitole 2.1.

Hadroniza¢ni model programiit PYTHIA a HERWIG se od sebe lisi. Model
PYTHIA je zaloZen na fragmentaci struny natahujici se mezi dvéma casti-
cemi nesouci barvu. Je motivovan neporuchovymi vypocty na mfiizi, které
ukazuji, ze se skutecné mezi vzdalujicimi barevnymi naboji pole koncentruje
do relativné tenké struny spojujici tyto naboje.

Hadronizace v HERWIG je zaloZzena na jednodusSsim tzv. klastrovém mo-
delu. Objekty nesouci barvu jsou spojeny v parech do bezbarvych klastri,
jeden objekt nese barvu, druhy pfislusnou anti-barvu. Klastry se pak gene-
rovanim dalsich part barva-antibarva rozpadaji na dalsi bezbarvé klastry,
dokud jejich invariantni hmotnost neklesne pod urcitou mez. Poté se tyto
finalni klastry nechaji rozpadnou na dvojici hadronti, tim, Ze se z vakua vy-
generuje par kvark-antikvark nebo par dikvark-antidikvark, coz je nutné pro
produkci baryonii v koncovém stavu.

P1i studiu ptivodniho klastrového modelu HERWIGH.9 jsem si vSimnul
podivného chovani, pokud se do modelu zahrnou tézsi resonance. Navrh-
nul jsem modifikaci modelu hadrnonizace, kterda by napravila toto chovani
a umoznila by simulovat i produkci tézsich resonanci, naptiklad hadronu
A(1520), [Kup98| (Apendix D). Model byl dale rozvinut Winterem, Kraus-
sem a Soffem [WKS04] a posléze byl implementovan v novéjsich verzich ge-
neratoru HERwWIG [BGGT08].
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6 Shrnuti

Prezentovana habilita¢ni prace shrnuje mutij hlavni prispévek k fyzikalnimu
programu experimentu D@ v oblasti fyziky jetu. Tykala se jednak aspektu
mnohonésobnych partonovych emisi (méfeni azimutéalnich korelaci v parové
produkei jetl1), testovani kvantové chromodynamiky na nejmensich rozméro-
vych gkalach (méfeni inklusivni produkce jeti), tak i experimentélni proble-
matiky spjaté s energetickou kalibraci jeti. Kromé toho byla prezentovana
ma samostatna prace tykajici se navrhu modifikovaného klastrového hadro-
nizacniho modelu pro Monte Carlo generator HERWIG.

V habilitac¢ni praci jsem se snazil konkretizovat miij podil na dosazenych
vysledcich v rdmci experimentu D@. Déle jsem se snazil zaradit tyto vysledky
do Sirstho ramce ¢asticové fyziky a nacrtnout jejich impakt a vyznam, ktery
v tomto oboru zanechaly.

Experimentalni vysledky potvrdily platnost kvantové chromodynamiky
i na téch nejvétsich dostupnych energetickych skalach. Data také upfresnila
nase predstavy o strukture protonu, pfedevsim o gluonech, které nesou velkou
¢ast hybnosti protonu. Méfeni tthlovych dekorelaci v parové produkci jett
pak slouzi jako jedno ze zékladnich rozdéleni pro ladéni parametrtt modelt
partonovych sprsek.
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Correlations in the azimuthal angle between the two largest transverse momentum jets have been
measured using the DO detector in pp collisions at a center-of-mass energy /s = 1.96 TeV. The analysis
is based on an inclusive dijet event sample in the central rapidity region corresponding to an integrated
luminosity of 150 pb~!. Azimuthal correlations are stronger at larger transverse momenta. These are well
described in perturbative QCD at next-to-leading order in the strong coupling constant, except at large
azimuthal differences where contributions with low transverse momentum are significant.
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Radiation of multiple quarks and gluons is one of the
more complex aspects of perturbative quantum chromody-
namics (PQCD), and it is being actively studied for the
physics programs at the Fermilab Tevatron Collider and the
CERN LHC [1]. The proper description of radiative pro-
cesses is crucial for a wide range of precision measure-
ments as well as for searches for new physical phenomena
where the influence of QCD radiation is unavoidable. In
this Letter we study radiative processes by examining their
impact on angular distributions. We investigate the azimu-
thal angle between the two jets with highest transverse
momenta with respect to the beam axis (pr), Adgijer-
Dijet production in hadron-hadron collisions, in the ab-
sence of radiative effects, results in two jets with equal
transverse momenta and correlated azimuthal angles
A ¢ gijey = 7. Additional radiation with low py causes
small azimuthal decorrelations, whereas A g signifi-
cantly lower than 7 is evidence of additional hard radiation
with high p;. Exclusive three-jet production populates
27/3 < Adgijer < 7, while smaller values of Adg;ie; re-
quire additional radiation such as a fourth jet in an event.
Distributions in A ;e provide an ideal testing ground for
higher-order PQCD predictions without requiring the re-
construction of additional jets and offer a way to examine
the transition between soft and hard QCD processes based
on a single observable.

A new measurement of azimuthal decorrelations be-
tween jets produced at high py in pp collisions is pre-
sented in this Letter. This is the first measurement of the
differential Ay distribution in dijet production at a
hadron collider. Jets are defined using a cone algorithm
[2] with radius R o = 0.7. The same jet algorithm is
used for partons in the PQCD calculations, final-state
particles in the Monte Carlo event generators, and recon-
structed energy depositions in the experiment. The observ-
able, (1/0gjje)(d0gijer/dA Pgijer), is defined as the
differential dijet cross section in A, normalized by
the dijet cross section integrated over A ¢ i in the same
phase space. (Theoretical and experimental uncertainties
are reduced in this construction.) Calculations of three-jet
observables at next-to-leading order (NLO) in the strong
coupling constant « have recently become available [3,4].

Data were obtained with the DO detector [5] in Run II of
the Fermilab Tevatron Collider using pp collisions at
s = 1.96 TeV. The primary tool for jet detection was a
compensating, finely segmented, liquid-argon and uranium
calorimeter that provided nearly full solid-angle coverage.
Calorimeter cells were grouped into projective towers
focused on the nominal interaction point for trigger and
reconstruction purposes. Events were acquired using
multiple-stage inclusive-jet triggers. Four analysis regions
were defined based on the jet with largest p; in an event

PACS numbers: 13.87.Ce, 12.38.Qk

(p7™) with the requirement that the trigger efficiency be at
least 99%. The accumulated integrated luminosities for
events with p7* > 75, 100, 130, and 180 GeV were 1.1,
21, 90, and 150 pb_l(t6.5%), respectively. The second
leading pr jet in each event was required to have pr >
40 GeV and both jets were required to have central rap-
idities with |yje| < 0.5 where yj =3 In[(E + p,)/(E —
p.)] and E and p, are the energy and the longitudinal
momentum of the jet.

The position of the pp interaction was reconstructed
using a tracking system consisting of silicon microstrip
detectors and scintillating fibers located within a 2 T sole-
noidal magnet. The vertex coordinate along the beam axis
was required to be within 50 cm of the detector center,
which preserved the projective nature of the calorimeter
towers. The systematic uncertainty associated with the
vertex selection efficiency is less than 3% for A g >
2m/3 and ~ 8% for A =~ 7/2. The missing trans-
verse energy was calculated from the vector sum of the
individual transverse energies in calorimeter cells.
Background from cosmic rays and incorrectly vertexed
events was eliminated by requiring this missing transverse
energy to be below 0.7p7**. Background introduced by
electrons, photons, and detector noise that mimicked jets
was eliminated based on characteristics of shower develop-
ment expected for genuine jets. The overall efficiency for
Adgijer < 57/6 is 82%—84%, depending on the p7*™* re-
gion. For A i — 7 it drops to 76%—81%.

The p7 of each jet was corrected for calorimeter show-
ering effects, overlaps due to multiple interactions and
event pileup, calorimeter noise effects, and the energy
response of the calorimeter. The calorimeter response
was measured from the p; imbalance in photon + jet
events. The relative uncertainty on the jet energy calibra-
tion is = 7% for jets with 20 < py <250 GeV. The sen-
sitivity of the measurement to this calibration was reduced
by normalizing the A g distribution to the integrated
dijet cross section. Nevertheless, this provides the largest
contribution to the systematic uncertainty (<7% for
Adgijer > 57/6 but up to 23% for A gier < 277/3).

The correction for migrations between bins due to finite
energy and position resolution was determined from events
generated with the HERWIG [6] and PYTHIA [7] programs.
The generated jets were smeared according to detector
resolutions [8]. The angular jet resolution was determined
from a full simulation of the DO detector response. It was
found to be better than 20 mrad for jets with energies above
80 GeV. The jet pr resolution was measured from the pr
imbalance in dijet events. It decreases from 18% at p; =
40 GeV to 9% for pr = 200 GeV. Finite jet p; resolution
can lead to ambiguities in the selection of the two leading
pr jets. This effect is large at small A ¢, Where contri-
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butions from higher jet multiplicities dominate. The gen-
erated events were reweighted to describe the observed
A ¢ ije; distribution. This provided a good description of
the observed p; spectra of the four leading p7 jets. The
correction for migrations is typically less than 8% for
Adgijee > 27/3 and ~ 40% for Adgje =~ /2 with a
model dependence of less than 2%. Only for p7F™ <
130 GeV and at A¢g;e, = 7/2 is the model dependence
as large as = 14%. The model dependence was taken into
account in the evaluation of the overall systematic
uncertainty.

The corrected data are presented in Fig. 1 as a function
of A¢gije; in four ranges of p7**. The inner error bars
represent the statistical uncertainties, and the outer error
bars correspond to the quadratic sum of the statistical and
systematic uncertainties. The systematic uncertainties in-
clude contributions from the sources described above:
event selection efficiency, jet energy calibration, and the
model dependence in the correction for migrations. The
spectra are strongly peaked at A ¢ = 7; the peaks are
narrower at larger values of p7®*. Overlaid on the data
points in Fig. 1 are the results of PQCD calculations ob-
tained using the parton-level event generator NLOJET++ [4]

g 10 5§ ”.
_e-? E D@ S
3 [ ® pr™>180Gev (x8000)
~, 107F 0 130 <p{™*< 180 GeV (x400) ;
5 F W 100 < p™@*< 130 GeV (x20) '
'cﬂ 103%\: 75 < py* < 100 GeV

o F P
¢ |
- 10 2? _
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A dijet (rad)

FIG. 1 (color online). The A ¢g;, distributions in four regions
of p7®*. Data and predictions with pF* > 100 GeV are scaled
by successive factors of 20 for purposes of presentation. The
solid (dashed) lines show the NLO (LO) PQCD predictions.

and CTEQG.1M [9] parton distribution functions (PDFs)
with a (M) = 0.118. The leading order (LO) PQCD pre-
diction for the observable was calculated from the ratio of
the predictions for 2 — 3 processes (d0 gije;/ dA ¢ gijer) and
2 — 2 processes (0 gijer), both at LO. The NLO prediction
of the observable was analogously obtained from the NLO
results of the individual pieces,

1

O dijet

do dijet
MNLOAA G gijer

(N)LO'

The renormalization and factorization scales are chosen to
be w, = uy = 0.5p7™. The ratio is insensitive to hadro-
nization corrections and the underlying event [10].

As shown in Fig. 2, data and NLO agree within 5%—
20%. The theoretical uncertainty due to the PDFs [9] is
estimated to be below 20%. Also shown is the effect of
renormalization and factorization scale variation
0.25p7" <, < p7™). The large scale dependence
for A¢gije, < 27/3 occurs because the NLO calculation
receives contributions only from tree-level four-parton
final states in this regime. Results from PQCD at large

Data / NLO Theory

] u, u, dependence
—— PDF uncertainty

C " 130 < pM*< 180 GeV
I 1 ‘ Il

2
1
1 1 1 1 1 Il ‘ Il Il Il 2
- NLOJET++ (CTEQ6.1M) %Z
2 r 7
S 52 o
1 E— P g = s qummﬂn-ﬂ-&?é
g YT 75<pP¥<100GeV
C 1 1 1 I 1 1 Il ‘ Il Il V/
/2 21/3 5n/6 o

Ad dijet (rad)

FIG. 2 (color online). Ratios of data to the NLO PQCD cal-
culation for different regions of p7**. Theoretical uncertainties
due to variation of u, and wy are shown as the shaded regions;
the uncertainty due to the PDFs is indicated by the solid lines.
The points at large A ¢, are excluded because the calculation
is not stable near the divergence at .
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FIG. 3 (color online). The Adygj distributions in different

PT* ranges. Results from HERWIG and PYTHIA are overlaid on
the data. Data and predictions with p7** > 100 GeV are scaled

by successive factors of 20 for purposes of presentation.

A @ ijer in Figs. 1 and 2 were excluded because fixed-order
perturbation theory fails to describe the data in the region
A ¢ gijee = 7 where soft processes dominate. Overall, NLO
PQCD provides a good description of the data although
differences in shape can be discerned for A ¢ gjje = 57/6.
In this region, the observable probes the transition between
two- and three-jet configurations. The cone algorithm is
sensitive to the fine details of the event topology in this
transition region. These details may not be adequately
described by low-order PQCD, and higher-order calcula-
tions may be required.

Monte Carlo event generators, such as HERWIG and
PYTHIA, use 2 — 2 LO PQCD matrix elements with phe-
nomenological parton-shower models to simulate higher-
order QCD effects. Results from HERWIG (version 6.505)
and PYTHIA (version 6.225), both using default parameters
and the CTEQG6L [9] PDFs, are compared to the data in
Fig. 3. HERWIG describes the data well over the entire
A ¢ gijer range including A e, = 7. PYTHIA with default
parameters describes the data poorly—the distribution is
too narrowly peaked at A g = 7 and lies significantly
below the data over most of the A ¢gjje range. The maxi-
mum p? in the initial-state parton shower is directly related

to the maximum virtuality that can be adjusted in PYTHIA.
The shaded bands in Fig. 3 indicate the range of variation
when the maximum allowed virtuality is smoothly in-
creased from the current default by a factor of 4 [11].
These variations result in significant changes in the low
A ¢ ije; Tegion clearly demonstrating the sensitivity of this
measurement. Consequently, global efforts to tune
Monte Carlo event generators should benefit from includ-
ing our data.

To summarize, we have measured the dijet azimuthal
decorrelation in different ranges of leading jet p; and
observe an increased decorrelation towards smaller py.
NLO PQCD describes the data except for very large
A ¢ gijec Where the calculation is not predictive.
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We report on a measurement of the inclusive jet cross section in pp collisions at a center-of-mass
energy /s = 1.96 TeV using data collected by the DO experiment at the Fermilab Tevatron Collider
corresponding to an integrated luminosity of 0.70 fb~!. The data cover jet transverse momenta from 50 to
600 GeV and jet rapidities in the range —2.4 to 2.4. Detailed studies of correlations between systematic
uncertainties in transverse momentum and rapidity are presented, and the cross section measurements are
found to be in good agreement with next-to-leading order QCD calculations.
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The measurement of the cross section for the inclusive
production of jets in hadron collisions provides stringent
tests of quantum chromodynamics (QCD). When the trans-
verse momentum (pr) of the jet with respect to the beam
axis is large, contributions from long-distance processes
are small and the production of jets can be calculated in
perturbative QCD (pQCD). The inclusive jet cross section
in pp collisions at large py provides one of the most direct
probes of physics at small distances. In particular, it is
directly sensitive to the strong coupling constant («,) and
the parton distribution functions (PDFs) of the proton.
Additionally, it can be used to set constraints on the inter-
nal structure of quarks [1]. Deviations from pQCD predic-
tions at large p7 can indicate new physical phenomena not
described by the standard model of particle physics. A
measurement over the widest possible rapidity range pro-
vides simultaneous sensitivity to the PDFs as well as new
phenomena expected to populate mainly low rapidities.
These data will have a strong impact on physics at the
CERN Large Hadron Collider (LHC) where searches for
new particles and higher dimensions suffer from poor
knowledge of PDFs [2].

In this Letter, we report on a measurement from the DO
experiment of the inclusive jet cross section in pp colli-
sions at a center-of-mass of /s = 1.96 TeV. The data
sample, collected with the DO detector during 2004—
2005 in run II of the Fermilab Tevatron Collider, corre-
sponds to an integrated luminosity of £ = 0.70 fb~! [3].
The increased pp center-of-mass energy between run I
(v/s = 1.8 TeV) and run II leads to a significant increase
in the cross section at large pry—a factor of 3 at pr ~
550 GeV. The cross section is presented in six bins of jet
rapidity (y), extending out to |y| = 2.4, as a function of jet
pr starting at pr = 50 GeV, and provides the largest data
set of the inclusive jet spectra at the Tevatron with the
smallest experimental uncertainties to date. The measure-
ment also extends earlier inclusive jet cross section mea-
surements by the CDF and DO Collaborations [4,5] and
improves the systematic uncertainties compared with pre-
vious measurements by up to a factor of 2 over a range of
rapidity up to 2.4 at high py.

The primary tool for jet detection is the finely segmented
liquid-argon and uranium calorimeter that has almost com-
plete solid angular coverage [6]. The central calorimeter
(CC) covers the pseudorapidity region |n| < 1.1 and the
two end cap calorimeters (EC) extend the coverage up to
|p| ~ 4.2. The intercryostat region (ICR) between the CC
and EC contains scintillator-based detectors that supple-
ment the coverage of the calorimeter. The run II iterative
seed-based cone jet algorithm including midpoints [7] with
cone radius R = /(Ay)? + (A¢)?> = 0.7 in rapidity y and
azimuthal angle ¢ is used to cluster energies deposited in
calorimeter towers. The same algorithm is used for partons
in the pQCD calculations. The binning in jet pr is com-
mensurate with the measured py resolution.

Events are required to satisfy jet trigger requirements.
Only jets above a given p; threshold are kept by the
highest level trigger (L3). The cross section is corrected
for jet trigger inefficiencies (always below 2%) determined
using an independent sample of muon triggered events.

The jet pr is corrected for the energy response of the
calorimeter, energy showering in and out the jet cone, and
additional energy from event pileup and multiple proton
interactions. After applying these corrections, the jet four
momentum is given at the particle level, which means that
they represent the real energy of the jet made out of the
stable particles resulting from the hadronization process
following the hard pp interaction. The electromagnetic
part of the calorimeter is calibrated using Z — ete”
events [8]. The jet response for the region |n| < 0.4 is
determined using the momentum imbalance in 7y + jet
events. The pr imbalance in dijet events with one jet in
|| < 0.4 and the other anywhere in 7 is used to intercali-
brate the jet response in 7, as a function of jet pr. Jet
energy scale corrections are typically ~50% (20%) of the
jet energy at 50 (400) GeV. Further corrections due to the
difference in response between quark- and gluon-initiated
jets are computed using the PYTHIA [9] event generator,
passed through a GEANT-based [10] simulation of the de-
tector response. These corrections amount to ~ + 4% at jet
energies of 50 GeVand ~ — 2% at 400 GeV in the CC. The
relative uncertainty of the jet py calibration ranges from
1.2% at pr ~ 150 GeV to 1.5% at 500 GeV in the CC, and
1.5%—-2% in the ICR and EC.

The position of the p p interaction is reconstructed using
a tracking system consisting of silicon microstrip detectors
and scintillating fibers located inside a solenoidal magnetic
field of 2 T [6]. The position of the vertex along the beam
line is required to be within 50 cm of the detector center.
The signal efficiency of this requirement is 93.0 = 0.5%. A
requirement is placed on the missing transverse energy in
the event, computed as the transverse component of the
vector sum of the momenta in calorimeter cells, to suppress
the cosmic ray background and is >99.5% efficient for
signal. Requirements on characteristics of shower develop-
ment are used to remove the remaining background due to
electrons, photons, and detector noise that mimic jets. The
efficiency for these requirements is >99% (>97.5% in the
ICR). After all these requirements, the background is
<0.1% in our sample.

The DO detector simulation provides a good description
of jet properties including characteristics of the shower
development. The correction to the jet cross section for
muons and neutrinos, not reconstructed within jets, is
determined using PYTHIA and is 2%, independent of py
and y. The corrections for jet migration between bins in py
and y due to finite resolution in energy and position are
determined in an unfolding procedure, based on the ex-
perimental pr and y resolutions. The jet p; resolution is
obtained using the p; imbalance in dijet events and is
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FIG. 1 (color online). The inclusive jet cross section as a
function of jet py in six |y| bins. The data points are multiplied
by 2, 4, 8, 16, and 32 for the bins 1.6 < |y| <2.0, 1.2 < |y| <
1.6,0.8 < |y| < 1.2,0.4 < |y| <0.8, and |y| < 0.4, respectively.

found to decrease from 13% at py ~ 50 GeV to 7% at
pr ~ 400 GeV in both the CC and the EC. The resolution
in the ICR is 16% at p;y ~ 50 GeV decreasing to 11% at
pr ~ 400 GeV. The method to unfold the data uses a four-
parameter ansatz function [11] to parametrize the pr de-
pendence of the jet cross section convoluted with the
measured pr resolution and fitted to the experimental data.

The unfolding corrections vary between 20% at a jet
pr ~ 50 GeV and 40% at 400 GeV in the CC. In the EC
and the ICR, the corrections are less than 20% at p; ~
50 GeV, but increase to 80% at the largest pr and y. Bin

sizes in py and y are chosen to minimize migration cor-
rections due to the experimental resolution. The y resolu-
tion is better than 0.05 (0.01) for jets with py ~ 50 GeV
(400 GeV), and leads to a migration correction less than
2% in most bins, and 10% in the highest y bin.

The results of the inclusive jet cross section measure-
ment corrected to the particle level are displayed in Fig. 1
in six |y| bins as a function of py. The cross section extends
over more than 8 orders of magnitude from p; = 50 GeV
to pr > 600 GeV. Perturbative QCD predictions to next-
to-leading order (NLO) in «ag, computed using the
FASTNLO program [12] (based on NLOJET++ [13]) and the
PDFs from CTEQ6.5M [14], are compared to the data. The
renormalization and factorization scales (uyr and up) are
set to the individual jet py. The theoretical uncertainty,
determined by changing wp and wp between p;/2 and
2pr, is of the order of 10% in all bins. The predictions are
corrected for nonperturbative contributions due to the
underlying event and hadronization computed by PYTHIA
with the CTEQ6.5M PDFs, the QW tune [15], and the two-
loop formula for ag. These nonperturbative corrections to
theory extend from +10% to +20% at pr ~ 50 GeV
between |y| < 0.4 and 2.0 < |y| <2.4. The corrections
are of order +5% for pr ~ 100 GeV, and smaller than
+2% above 200 GeV.

The ratio of the data to the theory is shown in Fig. 2. The
dashed lines show the uncertainties due to the different
PDFs coming from the CTEQ6.5 parametrizations. The
predictions from MRST2004 [16] are displayed by the
large dashed line. In all y regions, the predictions agree
well with the data. There is a tendency for the data to be
lower than the central CTEQ prediction—particularly at
very large pr—nbut they lie mostly within the CTEQ PDF
uncertainty band. The p; dependence of the data is well
reproduced by the MRST parametrization whose system-
atic uncertainty is slightly smaller than that from the CTEQ

data / theory (CTEQ6.5M)
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FIG. 2. Measured data divided by theory for the inclusive jet cross section as a function of jet py in six |y| bins. The data systematic
uncertainties are displayed by the full shaded band. NLO pQCD calculations, with renormalization and factorization scales set to jet
pr using the CTEQ6.5M PDFs and including nonperturbative corrections, are compared to the data. The CTEQ6.5 PDF uncertainties
are shown as small dashed lines and the predictions with MRST2004 PDFs as large dashed lines. The theoretical scale uncertainty,
obtained by varying the factorization and renormalization scales between ur = ur = pr/2 and wgr = ur = 2pr, is typically 10%—

15%.
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parametrization. The experimental systematic uncertainty
is comparable to the PDF uncertainties. The theoretical
scale uncertainty, obtained by varying the factorization and
renormalization scales between ur = wp = pr/2 and
MUr = mp =2pr, is typically 10%—-15%. In most bins,
the experimental uncertainties are of the same order as
the theoretical uncertainties. Tables of the cross sections
together with their uncertainties are given in Ref. [17].

Correlations between systematic uncertainties are
studied in detail to increase the value of these data in future
PDF fits [17] and their impact on LHC physics, in particu-
lar. Point-to-point correlations in py and y are provided for
the 24 sources of systematic uncertainty. The relative un-
certainties in percent on the cross section measurement are
shown in Fig. 3 for the five most significant sources of
systematic uncertainty in |y| <0.4 and 2.0 < |y| <2.4.
The luminosity uncertainty of 6.1%, fully correlated in
pr and y, is not displayed in Fig. 3. The other y bins
have similar correlations in shape and values between these
two extreme bins. The total uncorrelated uncertainty is
<3% in the CC, and <15% in the EC.

The two largest systematic uncertainties are due to the
electromagnetic energy scale obtained from Z — e*e”
events [8], and the photon energy scale in the CC obtained
using the difference in the calorimeter response between
photons and electrons in the detector simulation. The
uncertainty on the photon energy scale is mainly due to
the limited knowledge of the amount of dead material in
front of the calorimeter and from the physics modeling
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FIG. 3 (color online). Correlated uncertainties for |y| < 0.4
and 2.0 <|y| <2.4 as a function of jet pr. The five largest
systematic uncertainties are shown together with uncorrelated
and total uncertainties, computed as a sum in quadrature of all
sources.

of electromagnetic showers in the GEANT-based [10]
simulation. These two contributions to the jet cross sec-
tion uncertainty are ~5% in the CC and 5%—15% in the
EC.

The large- p7 extrapolation of jet energy scale is deter-
mined using the detector simulation with the single-pion
response tuned to y + jet data. The uncertainty rises to
12% (30%) in the CC (EC), and is dominated by the
uncertainty in the jet fragmentation, estimated by compar-
ing the fragmentation models in PYTHIA and HERWIG [18].
The uncertainty in 7 intercalibration corresponds to sys-
tematic uncertainties associated with the procedure to
equalize the calorimeter response in different regions of
7 in dijet events. These systematic uncertainties are neg-
ligible in the CC because the 7 dependent response is
calibrated with respect to the CC, but extend up to 25%
in the EC. Finally, systematic uncertainties associated with
showering effects, due primarily to the modeling of the
hadronic shower development in the detector and differ-
ences between PYTHIA and HERWIG, range from 3% at low
pr to 7% (15%) at large pr in the CC (EC).

To show the potential impact of using point-to-point
uncertainty correlations in jet py and y on PDF determi-
nation, we give in Fig. 3 the uncorrelated and total system-
atic uncertainties as a function of jet py as a percentage of
the jet cross section measurement. The total uncorrelated
uncertainties are less than 15% and 25% of the full un-
certainties in the CC and EC, respectively. The full system-
atic uncertainties are similar in size to the PDF
uncertainties (Fig. 2) and the detailed analysis of the
correlations which have been performed will make it pos-
sible to further constrain the PDFs. Knowledge of these
correlations is especially important for constraining the
PDFs in next-to-next-leading-order pQCD fits where the
uncertainties due to the dependence on the choice of the
renormalization and factorization scales are smaller. The
point-to-point correlations for the 24 different sources of
systematic uncertainties are given in Ref. [17].

In conclusion, the measured inclusive jet cross section
corrected for experimental effects to the particle level in
pp collisions at /s = 1.96 TeV with £ =0.70 fb~! is
presented for six |y| bins as a function of jet py, substan-
tially extending the kinematic reach and improving the
precision of existing inclusive jet measurements. NLO
pQCD calculations with CTEQ6.5M or MRST2004 PDFs
agree with the data and favor the lower edge of the
CTEQ6.5 PDF uncertainty band at large p7 and the shape
of the p; dependence for MRST2004. A full analysis of
correlations between sources of systematic uncertainty is
performed, increasing the potential impact of these data in
global PDF fits and on new phenomena searches at the
LHC.
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We present a measurement of the inclusive jet cross section using the Run II cone algorithm and data
collected by the DO experiment in pp collisions at a center-of-mass energy /s = 1.96 TeV, correspond-
ing to an integrated luminosity of 0.70 fb~!. The jet energy calibration and the method used to extract the
inclusive jet cross section are described. We discuss the main uncertainties, which are dominated by the jet
energy scale uncertainty. The results cover jet transverse momenta from 50 GeV to 600 GeV with jet
rapidities in the range —2.4 to 2.4 and are compared to predictions using recent proton parton distribution
functions. Studies of correlations between systematic uncertainties in transverse momentum and rapidity

are presented.

DOI: 10.1103/PhysRevD.85.052006

I. INTRODUCTION AND MOTIVATION

The measurement of the cross section for inclusive
production of hadronic jets in hadron collisions provides
stringent tests of quantum chromodynamics (QCD). The
inclusive jet cross section in pp collisions for jets with
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large momentum transverse to the beam axis (py) is di-
rectly sensitive to the strong coupling constant («) [1] and
the parton distribution functions (PDFs) of the proton [2].
At the Tevatron pp collider, data are divided into two sets
corresponding to Run I (1992—1996) and Run II (2002—
2011). The increased pp center-of-mass energy between
Run I (/s = 1.8 TeV) and Run II (/s = 1.96 TeV) leads
to a significant increase in the cross section at large py—a
factor of three at py = 550 GeV, as shown in Fig. 1
obtained using the next-to-leading order (NLO) QCD cal-
culation as implemented in NLOJET++ [3]. This increases
the sensitivity to potential new observations such as quark
compositeness [4,5] and extra dimensions [6,7]. The inte-
grated luminosity of the inclusive jet cross section mea-
surement discussed in this paper exceeds the Run I
luminosity by more than a factor of five, allowing for
more stringent constraints on the PDFs. In Fig. 2 we
show the different subprocesses that contribute to the

052006-3



V.M. ABAZOV et al.

Inclusive jet production
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FIG. 1 (color online). (color online) Inclusive jet production
cross section for central jets (|y| < 0.4) for Run I and Run II
energies at the Tevatron obtained using NLO QCD as imple-
mented in NLOJET++. The ratio of the two curves is shown in the
bottom panel. We note an increase of the Run II cross section
with respect to Run I of up to a factor 10 at highest jet p;.

inclusive jet cross section. In particular the gluon density
can be further constrained using these data, since the gg
and gg initial states contribute significantly to the cross
section across almost the full p; range of the measurement.
The gluon distribution is still poorly known, especially for
gluons carrying a large momentum fraction x. In contrast,
the quark PDFs are already well constrained by fixed target
and electron-proton collider experiments [2].

In this paper, we report measurements by the DO col-
laboration of the inclusive jet cross section in p p collisions
at a center-of-mass energy of /s = 1.96 TeV. We give
details of the analysis leading to the results published in
Refs. [8,9], with particular attention to the jet energy scale
determination. The precision achieved for the jet energy
scale in the DO experiment is unprecedented for any hadron
collider experiment to date, and the methods applied to
reach this precision will be useful for future hadron collider
experiments.

The data sample, collected with the DO detector during
2004-2005 in Run II of the Fermilab Tevatron, corre-
sponds to an integrated luminosity of £ = 0.70 fb~!
[10]. The cross section is presented in six bins of jet
rapidity (y), extending to |y| = 2.4, as a function of jet
pr starting at pr = 50 GeV. The rapidity is related to the
polar scattering angle # with respect to the beam axis by
y = 0.51n[(1 + Bcosh)/(1 — Bcosh)] with B = |p|/E.
The measurement also extends the kinematic reach of
earlier measurements of the inclusive jet cross section by
the CDF and DO Collaborations [11-14].
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FIG. 2 (color online). (color online) Fractional contributions of
the gq, qg and gg subprocesses to the inclusive jet cross section
for central jets as a function of jet p; and of the fraction of the
beam energy carried by the jet, x;.

This paper is organized as follows. After a brief de-
scription of the DO detector in Sec. II, we discuss the jet
algorithm used in Run II in Sec. III. Section IV describes
the theoretical predictions for the inclusive jet cross section
before the DO measurement in Ref. [8]. Section V gives an
extensive description of the methods used to measure the
jet energy scale and to determine the corresponding uncer-
tainty. This is the leading uncertainty for the measurement
of the inclusive jet cross section. Sections VI, VII, VIII, IX,
X, and XI describe the jet triggers, event and jet selection
criteria, determination of the jet p; resolution and the
unfolding method. In Secs. XII, XIII, and XIV, we describe
our results and compare them with predictions using recent
PDF parameterizations.

II. DETECTOR

In this section, we briefly describe the Run II DO detec-
tor [15] and the main components used in the measurement
of the inclusive jet cross section.

A. Calorimeter

The calorimeter and the tracking detectors, used to
measure the position of the interaction point, are the
most important detector components used to measure the
jet pr. An accurate and stable energy response is required
for reliable measurements of the cross section for jet
production. The calorimeter consists of the following sub-
detectors: the uranium/liquid argon calorimeter divided
into a central (CC) and two end (EC) sections, the plastic
scintillator intercryostat detector (ICD), and the massless
gap (MG) detectors. Both the CC and ECs are segmented
longitudinally into electromagnetic (EM), fine hadronic
(HAD), and coarse hadronic (CH) sections. A schematic
view of the calorimeter showing its projective tower ge-
ometry as a function of pseudorapidity n = — Intan(6/2),
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FIG. 3. Side view of a quadrant of the DO calorimeters (CC,
EC, and ICR) showing the transverse and longitudinal segmen-
tation [15]. The shading pattern indicates the cells for signal
readout. The lines indicate the pseudorapidity intervals defined
from the center of the detector. The CC covers the region || <
1.2 and the EC extends the coverage up to |n|~4.2. The
intercryostat detector is visible as a thin dark shaded tile between
the cryostats, within 1.1 <|n| <14, and the massless gap
detectors are inside the cryostats, within 0.8 <|n|< 1.2 (in
the CC) and 1.0 < 5| < 1.3 (in the EC).

where 6 is the polar angle from the beam line, is given in
Fig. 3. The choice of binning in the inclusive jet cross
section measurement closely follows the structure of the
calorimeter: |n| < 0.8 is well contained within the CC,
1.6 < || < 2.4 within the EC, whereas the more challeng-
ing intercryostat region (ICR) 0.8 < 5| < 1.6 has energy
sharing between the four subdetectors.

1. Central and end calorimeters

The CC covers detector pseudorapidity || < 1.2, and
the two ECs extend the range up to |n| = 4.2. Both the
electromagnetic and fine hadronic calorimeters are sam-
pling calorimeters with an active medium of liquid argon
and absorber plates of nearly pure depleted uranium.
Incoming particles traversing the uranium absorber plates
initiate showers of secondary particles that ionize the argon
in the gaps between the absorber plates. A high-voltage
electric field collects the free electrons on resistively
coated copper pads that act as signal boards [15,16]. The
outer part of the calorimeter, the coarse hadronic section,
uses copper in the CC and stainless steel in the EC for the
absorber plates. The calorimeter is transversely segmented
into cells in pseudorapidity and azimuthal angle of 0.1 X
0.1 (and 0.05 X 0.05 in the third layer of the EM calorime-
ter) for |n| < 3.2 to allow for more precise location of EM
shower centroids. At |n| > 3.2, the cell size grows to 0.2 or
more for both 7 and the azimuthal angle ¢. These high
pseudorapidities are not used for the jet cross section
measurements since the jet triggers are limited to [y <
3.2. The total depth of the EM calorimeter is about
20 electromagnetic radiation lengths, and the combined
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thickness of the electromagnetic and hadronic calorimeters
is about 7 nuclear interaction lengths [16].

A typical calorimeter cell consists of an absorber plate
and a liquid argon gap. The metal plate is grounded, while
the resistive plate of the signal board located in the liquid
argon gap is kept at a high voltage of ~2.0 kV. The drift
time of the electrons across the typical 2.3 mm gap is
450 ns, longer than the separation between two subsequent
Tevatron bunch crossings of 396 ns. To minimize the effect
of pileup from interactions from different bunch crossings,
only two-thirds of the charge collected is used in the shaper
circuits and then provided to baseline subtraction boards.
To remove the baseline, the signal corresponding to a
sampling occurring 396 ns earlier (the time between two
bunch crossings) is subtracted. Only cells with a signal at
least 2.5 times the standard deviation of the electronic
noise after baseline subtraction are kept in nominal
conditions of data taking. This defines the online zero-
suppression mode of the calorimeter.

2. Intercryostat detector and massless gaps

The regions between the CC and the ECs are instru-
mented with the intercryostat detector and massless gaps.
The ICD and MG detectors provide energy measurement
for the otherwise poorly instrumented regions located at
roughly 0.8 < |n| < 1.4, where the depth of the passive
material coming from cryostat walls, stiffening rings and
cables varies rapidly with rapidity. The ICD relies on
photomultipliers to record the signals from plates of scin-
tillating plastic and covers the region 1.1 < |5| < 1.4. The
signal from the ICD is stretched in time to match that of the
EM calorimeter and augments the EM calorimetry that is
absent in the region 1.2 < |n| < 1.35. The ICD is supple-
mented by the MG detectors that are placed inside the
cryostat walls in the CC and the ECs from 0.8 < |75| <
1.2 and 1.0 <|n| < 1.3, respectively. Unlike typical
calorimeter cells, the massless gap detectors do not have
absorber plates, but they sample the showers that develop
in the cryostat walls, calorimeter support structures, and
other calorimeter cells.

In addition to the CC, ECs, and ICD, preshower detec-
tors are located in the central and forward regions, but they
are not used in this analysis.

B. Tracking detectors

The tracking detectors are not used directly in jet recon-
struction since the jet-finding algorithms in DO use only
energy deposits in the calorimeter towers. However, the
tracking detectors are used to reconstruct the position of
the primary vertex of the pp interaction, which is neces-
sary to precisely measure the jet rapidity and transverse
momentum. The position of the primary vertex is typically
distributed as a 20 cm-wide Gaussian distribution along the
beam line direction around the nominal interaction point of
(x, y,z) = (0,0, 0) located in the center of the detector. In
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the detector description and data analysis, we use a right-
handed coordinate system in which the z-axis is along the
proton direction and the y-axis is upward. The inner track-
ing system, consisting of the silicon microstrip tracker,
provides a 35 um vertex resolution along the beam line
and 15 wm resolution in the r — ¢ plane for tracks with a
minimum py of 10 GeV at n = 0. The outer tracking
system, consisting of the central fiber tracker, uses scintil-
lating fiber technology to complement the silicon tracker.
Both detectors are located in the 2 T magnetic field of the
superconducting solenoidal magnet to allow measurements
of the momentum of charged particles.

C. Muon detector

The muon detector is composed of a combination of
proportional drift tubes in the central region (|n| < 1.0),
and smaller, faster mini-drift tubes in the forward region
(1.0 = |»| = 2.0). Both are separated in three layers (A, B,
C). Toroidal magnets are located between the A and B
layers of the muon detector in the central and forward
regions to allow reconstruction of the muon momentum.
The muon system is not used directly in our analysis (we
do not correct for muons in jets), but very high energy jets
can leak outside the calorimeter and show some hits in the
A layer. We do not include these hits in jet reconstruction,
but instead correct the jet cross sections for asymmetries
introduced in the jet energy resolution (described in
Sec IXO).

D. Luminosity detector

The luminosity monitor (LM) is constructed of scin-
tillating tiles on both sides of the interaction point that
detect the particles coming from inelastic collisions. The
luminosity £ is determined from the average number of
observed interactions Ny using the formula

I =fNLM, (1
oM

where f is the p p bunch crossing frequency, and oy, is the
effective cross section for inelastic collisions measured by
the LM that takes into account event losses due to ineffi-
ciencies and geometric acceptance [10]. In practice, Ny is
calculated by inverting the expression for the Poisson
probability of observing zero LM hits in either of the two
arrays

P(O) = e owmL/f x (ze*f"ss£/(2f) — e*”’ssﬁ/f)_ (2)

The right-most term of Eq. (2) accounts for the possibility
of producing double-sided LM hits from a combination of
single-sided (SS) LM hits, where ogg is the effective cross
section for only one of the arrays to show hits. The uncer-
tainty on the luminosity determination is estimated to be
6.1% [10]. This uncertainty is dominated by the 5.4%
uncertainty coming from the determination of oy,
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roughly half of which is due to acceptance and efficiency
of the LM detectors with the remainder due to the
uncertainty in the total inelastic cross section at 1.96 TeV
described in [10,17].

III. JET RECONSTRUCTION

Jets are reconstructed using the Run II midpoint cone
algorithm [18], which is an iterative cone algorithm that
considers energy deposits as four-vectors to construct the
jet four-momentum. The same algorithm is used with
different inputs in data and Monte Carlo (MC). It is used
to build jets from energy deposits in the calorimeter in data
or in fully simulated MC events, out of stable particles in
simulation, and out of partons produced either in a parton
shower simulation or from a next-to-leading order theo-
retical calculation.

In data and in MC events processed through a simulation
of the response of the DO detector, the first step is to define
the seeds for jet reconstruction. Pseudoprojective towers,
as illustrated in Fig. 3, are built by adding the 4-momenta
of the calorimeter cells. The 4-momentum associated with
the energy deposit in each cell of the calorimeter is com-
puted using the direction defined by the reconstructed pp
interaction vertex and the center of the cell and assuming
E = |p|. All non-zero-suppressed cells are used in jet
reconstruction. Calorimeter towers are ordered in decreas-
ing transverse momentum and are used as seeds to form
preclusters using a simple cone algorithm of radius 0.3 in
the (7, ¢) plane, starting with the tower having the highest
pr and then descending the list until no towers remain
above a minimum threshold of p; > 500 MeV. All towers
added to a precluster are removed from the list, avoiding
overlaps between preclusters. Preclusters with py >
1 GeV are used as seeds for the jet-clustering algorithm.
The goal of preclustering in data is to reduce the number of
seeds and the computing time to reconstruct jets. As veri-
fied by MC studies [18], the low value of the p; threshold
on the jet seeds ensures that there are no significant varia-
tions in the jet observables for the p; range considered in
this measurement (pr > 50 GeV).

The seeds—preclusters in data and in MC events pro-
cessed through a simulation of the response of the DO
detector, or stable particles in MC, or partons from NLO
calculation—are used as center points for proto-jets. All

calorimeter towers, particles, or partons within AR =

V(Ay)? + (Ap)?> = R.ppe, Where Ry, = 0.7, are added
to the proto-jet. The four-momentum of the proto-jet is
the sum of the four-momenta of all included calorimeter
towers, particles, or partons. The direction of the resulting
four-vector is used as the center point for a new cone.
When the proto-jet four-momentum does not coincide
with the cone axis, the procedure is repeated using the
new axis as the center point until a stable solution is found.
The maximum number of iterations is 50 and the solution
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is considered to be stable if the difference in AR between
two iterations is smaller than 0.001. In the rare cases of
bistable solutions the last iteration is retained. Any proto-
jets falling below a threshold, pzje; < p7,min> With pz,min =
3 GeV, are discarded.

The presence of a threshold requirement on the cluster
seeds introduces a dependency on infrared and collinear
radiation. In order to reduce the sensitivity to soft radiation,
pr-weighted midpoints between pairs of proto-jets are
used as additional seeds if the distance between pairs,
AR in the (y, ¢) plane to the proto-jet, is between 0.7
and 1.4. The list of stable proto-jets obtained from this
procedure may contain many overlapping and identical jet
candidates. To resolve these ambiguities the proto-jets are
sorted in order of decreasing pr and processed through a
split-and-merge procedure to remove overlaps. If two
proto-jets have overlapping cones, they are merged if the
overlap region contains more than 50% of the transverse
momentum of the lower pr jet. Otherwise, the jets are split
with calorimeter cells or particles in the overlap region
being assigned to the nearest jet in (y, ¢). In both cases, the
jet four-momenta are recomputed after this reassignment.
In case of multiple overlaps, the algorithm always starts
with the highest p; proto-jet to redistribute the shared
towers. As mentioned above, the jet four-momentum is
computed as the sum of the four-momenta of the (mass-
less) calorimeter energy deposits included in the jet, and
consequently the calorimeter jets are massive by construc-
tion if the jet cone contains cells with different locations in
the (7, ¢) plane. The variables used to characterize the jets
are the jet py and y. The split-and-merge procedure may
modify the cone axis and jet four-momentum for the final
jets, and include towers outside the initial 0.7 cone.

IV. THEORETICAL PREDICTIONS

In this section, we describe how we compute the pre-
dictions of the inclusive jet cross sections that are later
compared to our measurements.

A. Jet cross section at NLO

We use the program FASTNLO [19], which is based on the
matrix elements implemented in NLOJET++, to calculate the
inclusive cross sections to next-to-leading order precision
and to evaluate the effects of the choice of proton PDFs,
such as CTEQ6 or MRST2004 [20,21], in a computation-
ally efficient manner. Perturbative QCD (PQCD) requires
the specification of the renormalization scale wg and the
factorization scale w . Typical choices set both up = up
to the py of each of the individual jets, with half and twice
this scale used to estimate the theoretical scale uncertainty.
The uncertainty on the NLO prediction of the inclusive jet
cross section due to the choice of renormalization
and factorization scales is given in Fig. 4 and is about
10%-20%.
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FIG. 4 (color online). (color online) Uncertainty on the inclu-
sive jet cross section due to the choice of the renormalization and
factorization scales up and up in the NLO QCD calculation
using NLOJET++.

B. Parton distribution functions

A discussion of the different PDFs and methods to
reduce their uncertainties using various measurements
at the Tevatron and the LHC can be found in Ref. [2].
In this paper, we briefly describe the PDFs used in the
comparison between the measurements and the theoreti-
cal predictions.

One of the PDF sets used in this analysis is provided by
the CTEQ Collaboration. This most recent global fit from
the CTEQ Collaboration performed prior to the measure-
ment described in this paper, called CTEQ6.5M [20],
utilizes DO and CDF Run I measurements, as well as the
most recent deep inelastic scattering (DIS) data from the
HERA collider at DESY and existing fixed target DIS and
Drell-Yan data. The central prediction of the CTEQ6.5M
PDF is supplemented with the provision of 20 eigenvector
basis PDF sets to estimate the PDF uncertainty, represent-
ing independent variations of the PDFs within the 90%
C.L. of the data sets used in the fit.

Another widely used PDF parameterization is provided
by the MRST Collaboration [21]. Our measurements are
compared to the MRST2004 parameterization, which does
not include our results. A third PDF parameterization is
MSTW2008 [22] which uses our results. The differences
with respect to CTEQ6.5M are mainly in the description
of the gluons at high-x and are within the CTEQ6.5M
uncertainty band, as shown in Fig. 5. We also note
that the uncertainty on the gluon density calculated by
the CTEQO6.5M parameterization is larger than 40% for
x =05 and squared four-momentum transfer Q> =
(500 GeV)?. Comparisons between our data and NLO
calculations using these and other PDF parameterizations
are given in Sec. XII.
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FIG. 5 (color online). (color online) Uncertainty of the
CTEQ6.5M gluon PDF (solid lines) in percent compared to
the differences between CTEQ6.5M and MRST2004 (dashed
line), MSTW2008 (dash-dotted line) central values.

V. JET ENERGY SCALE MEASUREMENT

In this section we describe the method used to obtain
the jet energy scale (JES) applied in the measurement of
the inclusive jet cross section as a function of jet p;. To
compare the theoretical predictions to data, both need
to be corrected to a common reference-level, chosen here
to be the ““particle-level jets.” We correct the calorimeter
jet energies to the particle level, and apply nonperturbative
corrections (hadronization and underlying event) to theo-
retical NLO cross sections to move from the parton to the
particle level. Particle jets [23] are clustered from stable
particles after fragmentation, including particles from the
underlying event, but excluding undetected energy from
muons and neutrinos. The JES procedure provides a cor-
rection factor that translates on average the energy of jets
measured in the calorimeter to the energy of the corre-
sponding particle jets. The jet energy scale is determined
from data acquired during the same running period as used
in the measurement of the inclusive jet cross section.

The main effects that need to be considered when
correcting jet energies from the calorimeter measurement

E;‘;fasured to the particle level E}ftmde are the offset energy

(0), calorimeter response (R), and detector showering (S).
These corrections can be expressed as a simple formula

ol measured __ 0
particle __ "—jet

Ei, — R 3)
The offset energy O originates from electronics noise,
calorimeter noise from uranium decays, residual energy
from previous bunch crossings (*“‘pile-up’’), and energy
from multiple pp collisions during a bunch crossing. The
underlying event energy corresponding to multiple parton
interactions in a single pp collision is not considered as
part of the offset energy since it is included in the jet energy
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at the particle level. This also avoids correcting the data
with model-dependent offset corrections. The calorimeter
response R is the average fraction of the energy measured
in the calorimeter for the particles inside the jet cone. The
detector showering is the net flow of energy in and out of
the jet cone due to detector effects, such as the magnetic
field, scattering from passive material, and shower devel-
opment in the calorimeter. The correction S is defined as
the ratio of the response-corrected calorimeter jet energy,
in the absence of offset, and the particle jet energy. The
correction does not include the effects of real QCD emis-
sions (Sphys), Which arise from partons that shower outside
the jet cone. We discuss each correction in turn below.

A. Determination of the offset energy

The offset energy consists of the energy in the jet that is
not related to the primary pp collision (hard scatter and
underlying event). The offset energy is divided into two
distinct categories, noise and pileup (NP), and multiple pp
interactions (MI). The noise component corresponds to the
contributions of calorimeter and electronics noise, as well
as the decay of the uranium nuclei in the calorimeter. The
pile-up energy corresponds to the energy left in the calo-
rimeter from previous or next collisions because of the
long integration time of the calorimeter electronics. The
typical value of the NP offset in a cone, R = 0.7, is
0.2 GeV in the CC and ECs and 0.5 GeV in the ICR for
the instantaneous luminosities considered in this analysis.

The MI offset is the energy deposited by additional
collisions during the bunch crossing. The value of the MI
offset increases linearly with the number of additional
interactions, which is characterized by the number of
reconstructed pp interaction vertices in a given event. A
typical value of MI is of the order of 0.5 GeV in the CC per
additional interaction.

The offset energies are measured directly from data
using ““zero bias” and “minimum bias” data collected at
a constant rate of about 0.5 Hz during data taking. The only
requirement for zero bias events is coincident timing with
the beam crossing; minimum bias events additionally
require energy depositions above thresholds in coincidence
in the two luminosity monitors, indicating that an inelastic
collision took place. The offset is estimated from the
average energy density in all calorimeter towers within
detector rings of fixed pseudorapidity. The offset energy
for a given jet cone is then calculated by summing the
average offset in towers within the cone radius around the
jet center. The NP offset energy is measured using zero
bias data with a veto on the luminosity monitor (no inter-
action occurred). The MI energy for a given number N of
reconstructed vertices is estimated as the difference in the
energy in minimum bias events with (N + 1) vertices and
with a single vertex.

The offset energy for different numbers of reconstructed
pp vertices is displayed in Fig. 6 and is found to depend
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FIG. 6 (color online). (color online) Offset corrections as a
function of the jet pseudorapidity in the detector (without taking
into account the vertex position) for different numbers of recon-
structed primary vertices Npy. The special case Npy =1 in-
cludes only the noise contribution to the offset.

linearly on the number of reconstructed vertices within a
5% uncertainty. The average vertex multiplicity in the
sample used to measure the inclusive jet py cross section
is ~1.5-2.0, hence the average offset correction to jet py is
~0.5 GeV in the CC and EC and ~0.7 GeV in the ICR.
The uncertainties on the offset corrections are of the order
of 1% of the overall energy correction at low jet py and are
negligible for jet py above ~100 GeV. They are signifi-
cantly smaller than the total jet energy scale uncertainties.

B. Determination of the jet energy response

The jet energy response, R, can be factorized into two
parts R = R..(E) - F,(n, E). The R, term uses the pr
balance between the vy and the jet in y + jet events with
a high (photon) purity in the CC region to determine an
absolute response correction, while the second term F -
normalizes the response of the calorimeter as a function of
jet pseudorapidity.

1. Jet response in the CC

The missing transverse energy (£;) projection fraction
(MPF) method [24] is applied in y + jet events to measure
the response for jet energies in the CC region. Use of the
MPF reduces the sensitivity of the measurement to show-
ering and additional unreconstructed jets. We project the
vector sum of all calorimeter tower energies transverse to
the beam (including those of the photon), which equals the
opposite of the £; in the event, onto the photon transverse
momentum vector py . At the particle level, the photon is
balanced against the hadronic recoil, pr, + prpaa = O,
where pr, and prp.g are the transverse momentum of
the photon and the hadronic recoil system, respectively.
The measured jet pr will be affected by the energy
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response of the calorimeter causing an imbalance in the
jet and photon transverse momenta, resulting in a nonzero

Er,

Rem ' ﬁT,y + Rhad ' l_iT,had = _ET» (4‘)

where R, and R4 are the electromagnetic and hadronic
calorimeter responses, respectively.

The MPF method necessitates a precise energy calibra-
tion for electrons and photons. The electron energy scale is
determined from data using Z — e*e” decays [25]. MC
simulations tuned to reproduce the response for electrons
in data are used to derive the response difference between
photons and electrons and to constrain the response at
higher energies. The leading uncertainty in this simulation
is caused by limited knowledge of the number of radiation
lengths of material in front of the calorimeter.

Using the corrected photon energy scale (R, = 1), Ryaq
is determined after projecting all terms in Eq. (4) on the
photon p; unit vector 7A,. In the MPF method, the jet
response R},q is thus directly defined through the £,

-

Er- i
Rppa = 1+ o1, (5)
|pT,'y|
where we use |pr.,| = —7, * Prha- When the jet is re-

quired to be back-to-back with the photon (difference in
azimuthal angle larger than 2.9 radians) and no additional
jets are allowed in events with a single pp interaction, the
hadronic recoil response Ry,,4 can be identified with the jet
response Rj.. The impact of the proton remnants is small
on average. The jet energy response depends on the particle
jet energy and the results are usually binned in jet py.
However, the measured jet energy has poor resolution and
can lead to a large bias in the measurement of the response.
To avoid this resolution bias, the jet energy response is
measured as a function of the estimator

E' = pr., + coshne. (6)

E' is strongly correlated to the particle level jet energy and
has a better resolution than the measured jet energy. We
parameterize all corrections as a function of E' and map
back to the measured jet energy Ejr{c‘fasured on a jet-by-jet

basis by inverting the equation

Emeasured _ ) — Rhad(E/)Sphys(E/)E/’ (7

jet

where O is the offset contribution, Ry,q(E’) contains all jet

energy corrections back to particle level, and S, (E') =

Ef;mle /E' accounts for energy loss from out-of-cone ra-
diation, leading to a correction of 0.90-1.00 for jet pr >
50 GeV and |y| < 3.0. This is necessary because the quan-
tity E’ represents the jet energy in an exclusive 2-body final
state, whereas physics showering can reduce the energy
observed within a fixed jet cone. Furthermore E' is essen-

tially insensitive to showering effects (related to the jet
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cone size), because it is based on the total hadronic recoil
opposite the photon. The mapping in Eq. (7) relates E' to
the measured energy for jets in the calorimeter and the term
Spnys varies with the cone size used for jet reconstruction.
The equation is iteratively solved using Newton’s method.
The resulting estimate of the jet energy is observed to agree
with E’ to better than 2% at jet p; > 50 GeV, resulting in
less than 0.2% uncertainty due to parameterization of the
jet response Ry4.

Another issue in using the MPF is related to photon
identification. To have a clean vy + jet sample in data,
only CC photons are used with tight selection criteria.
However, in some jets a large fraction of their transverse
momentum is carried by photons from 7°, 7, or K?
decays, which form a sample of “electromagnetic” jets
(“EM-jets”). If these photons are sufficiently close to-
gether, and there is little activity around the photons, the
jet can mimic an isolated single photon typical for y + jet
events. Because the cross section for dijet events is ~3—4
orders of magnitude larger than that for y + jet events,
dijets constitute a significant source of background. An
artificial neural network (ANN) is trained to discriminate
between photon and EM-jets [26] using input variables
based on the shape of the calorimeter shower and mea-
surements of charged particle tracks in the vicinity of the
photon candidate. The distribution of the photon ANN
output for the simulated photon signal and for the EM-jet
background samples are fitted to the data for each E’ and 7
bin using a maximum likelihood optimization to obtain the
fractions of signal events in the data. To reduce the uncer-
tainty in the jet energy scale due to contamination from
background in the y + jet events, the difference in the
response determined from real y + jet and dijet events,
where one of the jets is misidentified as a prompt photon, is
estimated using MC and applied as a correction based on
the estimated purity of the selected photons in data. The jet
energy response after all corrections as a function of E’ in
the CC is given in Fig. 7. The main uncertainty is due to the
uncertainty on the photon energy scale, which is on the
order of 0.5% at E' = 20 GeV and 0.8% at E' = 500 GeV.
The choice of fragmentation model used in PYTHIA [27] is
an additional source of systematic uncertainty on the pho-
ton purity [28].

The statistics of the y + jets sample limits the direct
response measurements in the CC to E' < 350 GeV. The
measured energy response in this region must be extrapo-
lated to the highest jet energies at = 600 GeV. To avoid a
statistical uncertainty of more than 2% for high-p7 jets in
the CC, MC models are used to constrain the response. For
this purpose, the measurement of the response in y + jet
events in the MC is rescaled to the measurement in data by
modifying the response of the calorimeter for single pions
in MC. This rescaling is performed by accounting sepa-
rately for the energy deposited in the calorimeter by each
generated particle and then modifying this energy by the
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FIG. 7 (color online). (color online) Extrapolation of the jet
energy response in the CC at high E’ using the rescaled MC (see
the main text) and a fit to the MC points. The dotted line shows a
simple quadratic-logarithmic fit to data for comparison with the
tuned MC results displayed by the solid line. We also display in
the bottom panel the relative difference between both curves
and the statistical uncertainty on the fit to the rescaled MC in
dashed lines.

measured single-pion response in data and finally summing
the energies in each calorimeter cell. This provides a tuned
MC prediction that is used to extend available measure-
ments and to evaluate methods used in this analysis.
Figure 7 shows the measured response for jets in data
compared to the rescaled MC prediction and to a quadratic
fit in logE’. The dominant uncertainty, arising from the
fragmentation model for the high E’ extrapolation, is esti-
mated using the differences between the PYTHIA and
HERWIG [29] generators after turning off the underlying
event modeling. This leads to a systematic uncertainty of
about 0.8% at E' = 600 GeV. The systematic uncertainties
related to PDFs (especially due to the uncertainty on the
gluon fraction in the proton) are about 0.2%.

The total uncertainty on the jet p; response as a function
of E' is given in Fig. 8. The dominant uncertainty comes
from the photon energy scale. The uncertainty due to
photon identification is related to the uncertainty on the
sample purity and contributes mainly at E’ energies below
50 GeV.

2. Pseudorapidity dependent corrections

The purpose of the n-dependent corrections is to equal-
ize the jet response everywhere as a function of pseudor-
apidity in the calorimeter after the jets are corrected
for offset effects. The DO calorimeter is intercalibrated at
the cell level as a function of the azimuthal angle ¢ by
equalizing the response of the calorimeter in dedicated
¢-symmetric data samples. This yields a jet response
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FIG. 8 (color online). (color online) Different sources of un-
certainty on the jet p7 response in the CC: photon energy scale,
photon identification, fragmentation, and PDF.

that is independent of ¢, so only the 1 dependence of the
response needs to be corrected. The 1 dependence of the
response is mostly due to the changing calorimeter detector
elements, especially in the ICR, different amounts of pas-
sive material and the varying angle of incidence with jet 7.
The mn-dependent corrections F n(E, n) normalize the
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response at forward pseudorapidities to that measured in
the CC (Rcc). This leads to the definition

F,(E, n) = R(E, n)/Rcc(E), ®)

where R(E, 1) is the response of the detector for a jet of
energy E, located at detector pseudorapidity n. We use
both dijet and y + jet samples to determine F,,. The dijet
sample provides high statistics and high reach in jet energy
for the forward region. One of the jets is required to be
central and the response measurement is binned in terms of
the py of the central jet [using the dijet E’, defined as in
Eq. (6) where the photon is replaced by the central jet] after
correcting for the offset and calorimeter response. This
binning leads to a resolution bias, which is later corrected.
The n-dependence of the response, F,, is fitted using a
quadratic-logarithmic function of E’

_ po(m) + pi(n) In(E') + py(n)In*(E)
Rec(E)

Fv](E/) 7’) ’ (9)
where the p; are fitted as a function of detector . The F,
and p;’s are given in Figs. 9(a)-9(c). As an example of the
data used in this fit, we give in Fig. 10 the n-dependent
corrections for two bins in 7 for the dijet and 7y + jet
samples. Although the correction factors depend on the
sample (y + jet, dijets), we can remove this dependency
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0181 — global fit E
0.16F~=---__ - - stat. uncertainty som-
0.14j \\—;_\_\1 ‘;gl;-/' —

u 2 S (b) 7

T 012 % 4 i 4
o 5 P_\“ 'l‘ :H_f ]
0.10 [ ";:'+ 7 'l',? ]
TR T‘\: A-L -: 3 4

r . ]

C v ]
0.08:* E “'\-.‘__‘.p"’r 7:
0.06- D@, 0.70 fb” Reone = 0.7

I | M| P | || i

3 2 1 0 1 2 3
det
njet
114F T L B B BN BN
T — global fit A
112 ) /—

;\_\\ - - stat uncertainty ,,'_’_;
L10F T2 g

o T P ]

T 108 o 0 (d) 3
7 5 s g 3
< 106[ KN s 3

B hy y i
L04F ¥ Fd 3

- o 4 .

o s ]
102f s y E

- ; .

F D@, 070" S o Ryge=07 ]
LOOE ot R

-3 2 -1 0 1 2 3
det
1’ljet

FIG. 9. The (a-c) parameters of the n-dependent correction and (d) the n-dependent scaling factor applied to the dijet samples. The
sharp features are due to changes in the detector structure, moving from the central to forward calorimeters.

052006-11



V.M. ABAZOV et al.

1.20F J E
1.15F Reone=0.7 0.8 <r1f;'<0.9 (a) =
1.10[ o dijet E
1'05; e Y+jet é
L 1.00F =
0.95F E
0.90F E
0.85F =
£ D@, 0.70 fb™' 3
0.80E L =
30 4050 100 200 300
E' (GeV)

1 AQF T T T T T T T
1_05§ Rene =07 2.4 <ni“;‘<2.8 (b)é
1.00F o dijet 3
0.95[ e Y+jet =

= E E

L 0.90F =
0.85F =
0.80F =
07oE D@, 0.70 b 7
0.70 = I I I I I I I =

100 200 300 400 500 600 700 800

PHYSICAL REVIEW D 85, 052006 (2012)

E' (GeV)

FIG. 10. Fits of F, in 7y + jet and dijet data for two different regions in 7 as a function of E’. The central fit values and the

uncertainty band are displayed on the figure.

by scaling the dijet correction in the overlap region be-
tween the CC and the EC by an energy-independent factor

Rscale:
Rscale(n) =1+ q1 IU[COSh(n)] + 6]21n2[008h(77)],

where ¢; and ¢, are two parameters fitted to data and the
result is given in Fig. 9(d). This functional form is moti-
vated by phenomenological studies of the difference in the
jet responses measured in y + jet and dijet samples, as
discussed in the next section.

The jet py resolution is worse than the y p; resolution.
Because of the steeply falling inclusive jet cross section,
more jets migrate into a given p7 bin from lower p; than
from higher py, giving rise to a py bias compared to the
particle level. The effect of this resolution bias is taken into
account in the final measurement of the jet p; response
versus 7 using the CC jet pr resolutions obtained from
dijet events as described in Sec. IX. In particular, the
jet transverse momenta in dijet events in the CC are
a priori perfectly balanced on average by definition
[F,(E',p = 0) = Rype(n = 0) = 1], which provides a
strong constraint for the bias correction.

With the application of the dijet-specific scale factor
and resolution bias corrections we obtain systematic

(10)
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FIG. 11. Relative uncertainties on the n-dependent corrections

as a function of jet detector rapidity.

uncertainties in the n-dependent corrections that are less
than 1% for || < 2.8 as illustrated in Fig. 11. The leading
systematic uncertainty in most regions is from the average
residuals of the fits for F, and is estimated to be 0.5% for
0.4 <|y| <2.4 and constant versus energy. This residual
accounts for the scatter of the data points around the central
fit and covers possible variation in the shape of the fit
function. The uncertainty due to the resolution bias correc-
tion is of the order of 0.5% at || = 2.0 and reduces to zero
at 7 = 0. Direct measurements in data are available up to
pr ~ 350(150) GeV for 0.4<|77jetde‘| <0.8(2.0< Injetdell <
2.4), which allows a precise extrapolation to higher p;,
given the logarithmic dependence of response as a function
of energy. The validity the extrapolation can be tested
in MC, by performing the fit procedure using samples of y +
jet and dijet events in a similar energy range as available in
data, and comparing the predicted relative response correc-
tion for dijets at high p; with the direct measurements. No
evidence of a systematic effect is observed and a maximum
systematic uncertainty of 1% is assigned for E ~ 800 GeV,
decreasing linearly to zero at the typical E’ where sufficiently
precise measurements are available in data in each |T]jetde!|
bin. This covers the expected variation of the response
throughout the extrapolation regions.

3. Dijet-specific response

The methods presented so far allow for a precise mea-
surement of the MPF response in the CC for the y + jet
sample. However, the response for dijet and y + jet events
is different. Figure 12 displays response for the quark
and gluon-initiated jets measured in MC simulations after
rescaling the single-pion response to data. The gluon-
initiated jets have a lower response than quark-initiated
jets because they have on average higher particle multi-
plicity with softer particles. The soft particles lead to a
lower jet response due to the falling single-pion response
at low energy. Figure 13 displays the fraction of gluon-
initiated jets in MC for y + jet and dijet events. The y +
jet jet energy scale cannot be used directly for the mea-
surement of the inclusive jet cross section, because this
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FIG. 12 (color online). (color online) Quark- and gluon-
initiated jet responses and their relative differences for CC jets
as a function of E'.

sample is strongly dominated by dijets. This effect also
explains the differences we observe in Fig. 10 for the
n-dependent corrections in y + jet and dijet samples.
The difference observed in F,, versus E' at fixed 7 is due
to the different amounts of quark and gluon jets in the
samples. The gluon versus quark fractions depend primar-
ily on energy (not py or ) which leads to a correction
factor dependent on cosh(n). Once this difference is taken
into account, it is possible to combine both samples
to fit F,,.

To calculate the relative difference in response between
v + jetand dijet samples in the CC, we first scale the single-
pion response in MC to reproduce the measured jet response
in the y + jet data. The measurement from data of the
absolute jet response in vy + jet events in the CC is then
scaled to its dijet equivalent. The dijet p-dependent correc-
tions are obtained from a global fit to y + jet and dijet data,
which accounts for the sample-dependent response.

The differences between the dijet response used in this
analysis and the y + jet response used in most other analy-
ses are contained in the n-dependent scale factor F, and
the ratio of the responses Rgijet/y+jet at 7 = 0

Raijel(E', M) = Ryijer/y+iet(E") * F (1) - Ry i (E', ;). (11)

The ratio between the dijet and vy + jet responses
Rgijet/y+jer 18 in principle given by the information pre-
sented in Figs. 12 and 13 and can be expressed using the
responses for the gluon- and quark-jets [30] (Ryyon and
Rguark) and the fractions of gluon-jets in the dijet and

y + jet samples (f25 and £ e

gluon gluon

ditet diiet
(Rgluonfg;{]im + unark(1 - fgluueon))

— e
(Rgluonfg]uéz + unark(1 - fg]ch)E ))

(12)

Rijet/y+iet =
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FIG. 13 (color online). (color online) Fraction of gluon-
initiated jets in y + jet and dijet events in the CC.

In this analysis the ratio Rgje/y+je 18 determined using
responses measured in the tuned MC. Associated effects
due to variations in PDFs and fragmentation models are
included in uncertainties assigned to the MPF response.

C. Detector showering correction

Jets are extended objects and deposit their energy over a
wide area in the calorimeter. When the cone algorithm is
used, some of this energy is deposited outside the jet cone
due to interactions with the magnetic field and passive
material. This is called detector showering and needs to
be taken into account in the jet energy scale determination.
In addition, part of the energy of the incident parton is lost
outside the jet cone because of hadronization and the finite
size of the jet cone. This is called physics showering and
is considered in mapping the energy scale correction,
determined in terms of E’, to the measured jet energies
as described in Sec. VB 1.

The determination of the detector showering correc-
tions requires a good understanding of the transverse
jet energy profile. In a dedicated study, the cell-level
information from MC 1is kept to generate energy

density profiles as a function of the distance AR=

\/(yparticle - yjet)2 + (¢particle - d)jet)2 between the partiCIe
and the jet axis for particles originating from inside the
particle jet, from outside the jet, and from offset due, in
particular, to pile up or additional interactions in one bunch
crossing. The sum of these profiles is fitted to the measured
energy profile in data to account for possible response
differences between data and MC. The energy profiles
are created by summing the energy in the cells at a given
radius from the cone axis. The profiles are calculated for
back-to-back vy + jet events and show the jet core at AR
around O and the photon contribution at AR = 7. The
energy density in the range R .y, < AR < 7 is primarily
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FIG. 14 (color online). (color online) Jet energy profiles as a
function of distance from the jet axis AR for MC and data used
to compute showering corrections. The data are corrected for
offset energy from noise and additional pp collisions and are
compared to MC jets without offset (jet) and contributions from
the underlying event (not-jet). We note the good agreement
between data and the sum of energy contributions from inside
and outside the jet in MC.

offset energy. Figure 14 shows an example of the shower-
ing profiles in MC without any zero bias event overlay (i.e.
with only the underlying event and no offset). It gives the
average energy in a given rapidity and transverse energy
bin coming from inside and outside the jet as a function of
the distance AR in rapidity and azimuthal angle from the
center of the jet. The MC describes the data when both the
energies inside and outside the jet are considered.

The estimate of the showering correction $ for y + jet
events in MC and data is obtained by comparing the energy
deposited by all particles inside the calorimeter jet cone
zg",g";() E+ Zi",g“;o E,, originating from inside or outside
the particle jet to that from the original particle jet
> Ar—o Ein using the fit-weighted templates

S: _ 2%20 Ein + ZZ%ZO Eout
2 3r=0 Ein

where E;, and E are the energies coming from inside and
outside the jet. To take into account any potential bias in
the method, the final value of the showering correction in
data is computed as

, (13)

N Strue
Saua = Saata " 3o (14)
Smc
where the true showering SY;¢ is directly available in MC
by measuring the contribution of each generated particle to
the energy inside or outside the jet cone. This bias correc-
tion amounts to less than 0.3%.

While the showering templates are measured in energy,
the applicable quantity for the cross section measurement
is jet pr. When mapping the showering templates to py the
deposits in rapidity are weighted by cosh(y,)/ cosh(y;),
where y, is the cone axis and y; is the rapidity of the
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FIG. 15 (color online). (color online) Jet showering correc-
tions shown as a function of jet p; for different regions of jet
pseudorapidity.

energy deposit. As a result of this weighting, the effects
of showering in py are generally suppressed relative to
energy showering. This can also tilt the jet toward y = 0
and cause a net increase in the jet py, leading to Sg,, > 1.
The differences between energy and p; showering can be
up to (1%—2%) over the kinematic region of the cross
section measurements.

The last step of the showering correction is to make the
transition from 7y + jet to dijet events. This remaining
correction is computed directly using the differences in
showering in y + jet and dijet MC. The final jet p; show-
ering corrections are given in Fig. 15.

The uncertainties on the showering correction are less
than 1% of the overall correction factor at p; > 50 GeV.
The main sources of uncertainty come from the difference
between data and MC in the single-pion response at low
pr, the quality of the fits of MC templates to data, and the
description of the underlying event determined by varying
PYTHIA tunes for Tevatron data at higher py.

D. Potential biases in the method
1. Topology bias of the MPF method

The MPF method balances a photon or a central jet
against the full remaining hadronic recoil, but the mea-
sured MPF response is interpreted as the response of
the probe jet. The precision of this interpretation may be
biased because the hadronic recoil includes particles not
related to the probe jet, for example, particles coming from
soft gluon radiation. These additional particles are gener-
ally softer than those in the core of the jet and are expected
to lower the response of the recoil with respect to that of the
jet core.

In the case of the energy measurement, an additional
bias is caused by the systematic mismeasurement of the jet
rapidity, because the MPF method is inherently based on
balancing p;. As we will see in the following, the rapidity
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FIG. 16 (color online). (color online) Topology bias in the
MPF method for jet p; response.

bias is particularly large in the ICR, where the absolute
rapidity is systematically underestimated and causes a
corresponding increase in the MPF response: the same
calorimeter energy now corresponds to higher pr. Since
the bias versus energy has a nontrivial rapidity dependence
and the cross section measurement is performed as a
function of p7, we derive and apply topology bias correc-
tions as a function of jet py.

The bias of the MPF response is determined in tuned MC
by comparing the response measured by the MPF method
to the true response, defined as the ratio of jet energy
measured at detector and particle levels [31]. The result
for the p; response is shown in Fig. 16. This bias is about
19%-2.5% for the different rapidity regions with little py
dependence (< 0.5%) for py > 50 GeV. The MPF re-
sponse bias is quite small since the method is based on
the pr balance and the cone size of R = 0.7 is large enough
to contain most of the hadronic recoil in the absence of
additional soft nonreconstructed jets. The bias is signifi-
cantly larger, 2%—4%, for R = 0.5 jet cones. The system-
atic uncertainty on the MPF method bias can depend on
fragmentation models and is computed as the difference
between the y + jet and dijet samples and found to be of
the order of 0.1%.

2. Zero-suppression bias

An offline zero-suppression further suppresses the en-
ergies of calorimeter cells in order to reduce the amount of
noise, in particular, in the coarse hadronic section, that can
contribute to jet energies. The algorithm used for this zero-
suppression retains calorimeter cells if their energy ex-
ceeds the average baseline noise by 4, where o represents
the measured standard deviation of the noise for a given
cell. Neighboring cells are also retained if their energy
exceeds a threshold of 2.5¢.

The zero-suppression algorithm produces a small posi-
tive noise offset contribution because of the asymmetric
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FIG. 17. Bias in the measurement of jet energy, k,, due to
zero-suppression effects on the offset correction, shown as a
function of p’. for central jets and different number of recon-
structed vertices.

zero-suppression (negative energies are never kept). For
cells with high enough real energy deposits, as within the
jet core, the zero-suppression produces no net offset, and
positive and negative noise offset contributions are ex-
pected to cancel. Conversely, the energies measured for
particles incident on the calorimeter, including those from
uranium decay, are reduced by the zero-suppression when
cells are below threshold. Therefore the average offset
within a jet is different from the offset outside of a jet
which we measure using zero bias and minimum bias
events.

The offset measured inside the jet environment is in-
creased compared to the average energy density measured
outside jets in zero bias and minimum bias events. The
correction factor for the offset inside a jet, k), is defined as

(Ejgfas‘“d (no ZB overlay))
- <E_measured(ZB overlay) _ 0measured>’

Jet

ko (15)
where Ejfgfasmd is the energy of a reconstructed jet and

omeasured o the measured offset correction described in
Sec. VA. The same MC events are reconstructed with

D@ MC Repne = 0.7

=
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FIG. 18. Zero-suppression bias k¢ /kg in CC. The outer solid
lines show the uncertainty attributed to the bias correction and
the 1o contours.
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FIG. 19 (color online). (color online) Rapidity bias obtained
in MC for different jet energies E. The curves cover the range
pr>30 GeV and |y | <2.4.

and without zero bias event overlay (offset). The zero bias
event sample was collected without any calorimeter zero-
suppression so that its effect can be studied in detail.
Figure 17 shows the effect of zero-suppression on the offset
correction for jets in the CC. For jet p/ > 50 GeV, where
pr = E'/ cosh n;q, the resulting bias on jet energy varies
between 5% at low p’ and 2% at higher p'.

The bias in offset is almost fully canceled by an opposite
bias in the MPF response, defined as
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FIG. 20 (color online).
as a function of jet rapidity for (c) low and (d) high jet p;.
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because the increased offset inside the jet increases the £
in the photon direction. This artificially increases the esti-
mated MPF response [see Eq. (5)]. Only the ratio k/kg is
therefore relevant for the final bias correction due to the
zero-suppression bias. The combined bias is found to be
less than 0.5% for jet py > 50 GeV in all rapidity bins,
largely cancelling the topological bias, and approaches
zero at high pr, as shown in Fig. 18.

3. Rapidity bias

Since the inclusive jet cross section is measured in bins
of rapidity, we checked for any potential bias in the recon-
struction of jet rapidity using the simulation, as shown in
Fig. 19. The rapidity is generally biased towards the central
calorimeter, with the largest deviations observed in the
ICR. This is attributed to detector effects in the ICR in
addition to the jet cone algorithm itself. The absolute effect
on the inclusive jet measurement is small compared to the
effect of jet p; calibration.

E. Final jet energy scale corrections and uncertainties

Figure 20 shows the jet energy scale corrections as a
function of jet py for central and forward rapidity, and as a
function of jet rapidity at low and high jet py. The correc-
tions range between 1.2 and 1.8 for the kinematic range of
the cross section measurement. The response correction is
by far the largest one, while the showering correction starts
to be noticeable at large rapidity. At high rapidity, the
actual angular distance for each Az bin is small, while
the radius of the showering is slightly increasing due to the

-2 -1 0 1 2
niel

(color online) Jet energy scale corrections as a function of jet p; for (a) central and (b) forward rapidity, and
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FIG. 21 (color online).

increasing energy of the jet at fixed p; as one goes forward.
The total correction is computed using Eq. (3). The com-
bined effects of the uncertainties associated with each
component of the correction are summarized in Fig. 21
as a function of jet py for central and forward rapidity, and
as a function of jet rapidity for low and high jet pr—high
jet energy corresponds to low py at high rapidity.

The corrections do not show a significant dependence
as a function of jet rapidity except in the region of the
ICR. The uncertainties vary between 1.2% and 2.5% for
the kinematic range of the cross section measurement
and are dominated by the uncertainties of the jet re-
sponse. The uncertainties obtained in the CC and for
jet pr = 100-500 GeV are the smallest ones obtained by
any experiment operating at a hadron collider. These
uncertainties do not depend strongly on jet pseudorapid-
ity and p7.
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F. Closure tests

The aim of the closure tests is to verify the accuracy of
the jet energy scale correction using either MC or data and
to evaluate the remaining difference as an additional sys-
tematic uncertainty related to the method. As an example,
one test is to use the full method in MC and to compare the
results with the particle-level jet energy. The direct closure
variable is defined as

o
= (ppunictey’ (17
< jet >
where ES™ is the corrected jet energy and Ef;rmle is the

energy of the closest particle jet matching the recon-
structed jet within AR < R,.,./2. Results from the direct
closure test are shown in Fig. 22 in two regions of jet
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FIG. 22. Closure test of jet energy scale in MC for (a) [ 14| < 0.4 and (b) 0.4 < | 4. < 0.8. The band outlined by the solid curves
corresponds to the uncertainties in the extraction of jet energy scale in MC which are mainly statistical.
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rapidity. We note that we obtain consistency of the method
within expected uncertainties (D is close to unity within
less than 1%) and no additional systematic uncertainty is
introduced. Closure tests using data are performed relative
to MC by comparing ratios of fully corrected jet energies
(ESQmected) /(promected) i fixed regions of E' and 7. Again
we find good agreement within the expected uncertainties
of the jet energy scale.

VI. TRIGGERING ON JETS

In this section, we briefly describe how we determine the
absolute jet trigger efficiencies. Two different samples
based on jet or muon triggers are used. The DO trigger
system is composed of three consecutive levels called L1,
L2, and L3. At L1, a single jet trigger typically requires n
calorimeter trigger towers above a given threshold, where a
trigger tower is defined by the hardware summation of
energies in 2 X 2 calorimeter towers. The trigger towers
are read out separately from the precision calorimeter
electronics via a fast digitizer and are used in both L1
and L2 triggers. All events used in this analysis are re-
quired to pass a L1 trigger designed to fire if a single jet
with pr > 50 GeV is in the event. For instance, the
65 GeV single jet trigger requires the presence of three
calorimeter towers with a transverse momentum above
5 GeV. This requirement is often satisfied by the presence
of trigger towers belonging to different jets, ensuring high
trigger efficiency. In most of these events, there are two
high-p7 jets in the event or more than two low-py jets,
which ensures that the event passes the L1 threshold. A
detailed analysis shows that the L1 single jet efficiency is
more than 98% for the full kinematic range of our mea-
surement, which is corrected for the residual inefficiency.
At L2 we perform a clustering of the trigger tower energies
and apply a threshold based on the p; of highest energy
cluster. Seven L3 triggers corresponding to uncorrected L3
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FIG. 23 (color online).
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jet pr thresholds of 8, 15, 25, 45, 65, 95, and 125 GeV are
used in the analysis. The highest-py L3 trigger was never
prescaled during data collection. In Fig. 23, we show the jet
cross section before any unfolding corrections as a function
of jet pr for the different jet triggers for two domains in jet
rapidity |y| < 0.4, and 2.0 < |y| < 2.4.

The first method used for computing the jet efficiency is
to obtain the relative jet trigger efficiency with respect to
the lower py jet trigger. For instance, the ratio of the 95 and
65 GeV triggers is shown in Fig. 24. For this purpose, we
plot the ratio of the number of events that pass the 95 GeV
trigger to those that pass the 65 GeV threshold as a func-
tion of jet pr after jet energy scale and vertex efficiency
corrections to cancel known luminosity dependencies as
discussed in Sec. VII. The ratio is scaled by the relative
integrated luminosities of these triggers to account for the
different prescales. When this ratio reaches 1, the 95 GeV
threshold trigger is 100% efficient with respect to the
65 GeVone. A fit to this ratio gives the different thresholds
for which the triggers are fully efficient (> 99.9%). The jet
energy scale corrected p; at which each trigger becomes
fully efficient is given in Table I. These thresholds take into
account the pr binning used in the analysis and can be
significantly higher than the minimum usable threshold.
We note that this method does not allow us to obtain the
absolute trigger efficiency since it gives all efficiencies
with respect to the lowest 8 GeV py trigger as a reference.

A second method is used to measure the absolute single
jet trigger efficiency. It uses independent muon and mini-
mum bias triggers. The minimum bias trigger only requires
energy deposits in the luminosity monitors. As its name
indicates, it shows very little selection bias and is ideal for
trigger studies. Unfortunately, the sample collected during
all of Run II at the Tevatron at 0.5 Hz only yields statistics
adequate to study jets below 70 GeV using this trigger, and
this method does not allow exploration of the high p; jet
trigger efficiency. For this reason, inclusive muon triggers
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e Jet25

o Jet45

e Jet65

o Jet95

= Jet 125

Partially corrected do/dp_. (pb/GeV)

(color online) Inclusive jet p7 cross section without unfolding corrections for the different single jet triggers

as a function of jet py for (a) |y| < 0.4 and (b) 2.0 < |y| < 2.4. The average prescales are 34000, 7100, 460, 41, 9.6, 1.4 and 1 for the 8,

15, 25, 45, 65, 95, and 125 GeV triggers, respectively.
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FIG. 24 (color online). (color online) Ratio of two consecutive
jet triggers used to obtain the relative jet trigger efficiency for the
95 and 65 GeV single jet triggers. The fit of the turn-on curve
determines the 95 GeV jet pr 99%-threshold to be 130 GeV. A
higher threshold of 160 GeV that is consistent with an efficiency
€ = 1.00 is used in the final analysis.

without any calorimeter requirements are also used. This
allows us to check what fraction of the offline recon-
structed jets in muon triggered events pass the calorimeter
jet trigger requirement, providing a direct estimate of
trigger efficiencies up to 400 GeV in the CC. The conclu-
sion of this study is that all jet triggers are more than 98%
efficient above the thresholds defined above, and the resid-
ual inefficiency is determined to a precision of better than
1%. Both methods to obtain the trigger efficiencies are
useful since the muon triggers have a tendency to enrich
the inclusive jet samples in b and c-jets where the b and ¢
quarks decay leptonically, which might lead to different
trigger efficiencies as a function of jet py.

VII. EVENT SELECTIONS AND EFFICIENCIES

In this section, we discuss the selections that are used to
remove background events in the sample. The selections
fall into three different categories. The event quality flags

TABLE I. Jet energy scale corrected p; in GeV at which each
L3 trigger becomes fully efficient in different jet y bins.

Rapidity/L3 trigger 15 25 45 65 95 125

Iyl <0.4 50 60 100 120 160 200
0.4 =yl <0.8 50 60 100 120 160 200
0.8 =|yl<12 50 9 110 140 190 230
1.2=|y|<1.6 50 80 90 140 190 240
1.6 = |y| <20 50 70 90 110 160 190
20=|y| <24 50 70 90 120 160 200
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remove events suffering from diverse calorimeter noise
issues. The vertex requirement selects events with a high
quality vertex close to the center of the calorimeter to
improve the jet py and y measurements and to reduce the
background from cosmic ray events. The £ requirement is
designed to remove the remaining cosmic ray background,
especially at high jet py.

A. Event quality flags

Event quality flags ensure that the subdetectors used in
the analysis were working properly when the data were
collected. Calorimeter event quality flags allow removal of
events showing coherent pedestal shifts in the analog-to-
digital converters, parts of the calorimeter not correctly
read out, or high coherent noise. This is especially impor-
tant for high-p; jets which can originate artificially from
noisy towers in the calorimeter. Note that the vertex and
requirements also remove most of these events. The ineffi-
ciency induced by the calorimeter event quality flag rejec-
tion is estimated using an independent sample whose
trigger is known to be unaffected by the calorimeter prob-
lems, the zero bias trigger. The inefficiency is calculated to
be (3.2% = 1.0%) where the 1.0% uncertainty covers the
time and luminosity dependence of the inefficiency.

B. Reconstructed vertex requirement

The vertex selection is based on three different require-
ments: there must be at least one reconstructed vertex, the
z-position along the beam line of the primary reconstructed
vertex must be within 50 cm of the detector center
(Izyertex| < 50 c¢cm), and the number of tracks fitted to the
vertex has to be at least three to ensure an accurate mea-
surement. The z-vertex position requirement ensures that
the vertex is in the high-efficiency tracking region. The
third requirement rejects vertices originating from fake
high p; tracks. To each reconstructed vertex is assigned
a probability that it comes from a minimum bias interac-
tion based on the In(py) distributions of the tracks with
pr > 0.5 GeV pointing to the vertex. The vertex with the
lowest minimum bias probability is selected as the primary
vertex.

The efficiency of the requirement of at least three tracks
pointing to the reconstructed vertex (without the require-
ment on the z-vertex position) is found to be (99.6% =
0.4%), independent of jet p; and y. This is determined by
examining the distribution of track multiplicity in jet
events and extrapolating below the three track requirement.
The observed 0.4% inefficiency is consistent with about
0.6% of the primary vertices not being reconstructed be-
cause of tracking inefficiencies, and 0.2% being replaced
by a minimum bias vertex.

The leading inefficiency comes from the requirement on
the vertex position along the z-axis. The fraction of events
rejected by this requirement is of the order of 7%. To
determine the efficiency of this requirement we take into
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account the shape of the luminous region. The longitudinal
shape of the luminous region is approximated by the ex-
pression

drl 1 —(z—20.)2 /202
@ NpNjp ‘ . (18)
dz V2mo, 4mo(2)a,(2)

where the overlap of the proton and antiproton beam
bunches having N, and Nj particles is described with a
Gaussian distribution of width o in the z direction, with a
possible offset z,, relative to the nominal interaction point.
0,(z) and o(z) represent the transverse size of the beam
spot and vary as a function of z:

_ 2
(z = zor) ] (19)

2 = [

7(2) 6y erBr| 1+ ,;2
Here T is either x or y, zgy is the minimum of the S
function describing the beam dimensions near the interac-
tion point in direction 7 and any offset in the x and y
directions with respect to the nominal interaction point, y
is the Lorentz factor of the beam particles. The emittance
er and beta parameter 37 describe the beam dimensions at
the interaction point. The parameterization can be inte-
grated to yield

_ fs—osgrrém f(Zvertex’ run, -E)

€2 ]<50cm = . (20)
[Zvertex] cm ]‘74104%{&“ f(Zvertexv run, L)

where the limits of integration in the denominator come
from the requirements used in the luminosity determina-
tion. This parameterization is fitted to minimum bias
data in the high tracking efficiency region (|Zyerexl <
40-60 cm) in bins of instantaneous luminosity for several
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FIG. 25 (color online). (color online) Vertex acceptance for
the requirement on the z-vertex position |Zyerex| < 350 cm as a
function of instantaneous luminosity. The shaded band indicates
the variation for different running periods.
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Priead/ Er for jet events with leading jet pr >200 GeV. A
peak from cosmic ray background is visible around 1. The
shaded region shows jets passing the pr..q/£r requirement.

run ranges (the changes in beam optics as a function of
time affect the beam shape as described by the 8* parame-
ter). The changes as a function of instantaneous luminosity
are primarily due to the variations in the beam parameters
during a store. The vertex efficiency varies by up to 6% as a
function of instantaneous luminosity and by up to 4% as a
function of the period of data taking for a fixed value of
luminosity. The parameterizations have been determined
as a function of time and instantaneous luminosity, and are
applied as such on a per-event basis. Figure 25 shows the
mean vertex efficiency as a function of instantaneous
luminosity, with the range of efficiencies overlaid. The
uncertainty on the vertex acceptance is estimated to be
0.5% by comparing results from fits to minimum bias
data at |zyerex] < 60 cm and |z epex| < 40 cm. In addition,
an increased uncertainty of 0.4% added in quadrature at
high |y| is introduced to account for the possibility of a
lower vertex reconstruction efficiency.

C. Missing transverse energy requirement

A requirement on the missing transverse energy in an
event is applied to remove the remaining background from
cosmic rays that induce showers in the calorimeter. The
cross section for these cosmic ray interactions falls much
less steeply versus pr than the inclusive jet cross section,
and is typically comparable at pr = 400 GeV. The issue
of background from cosmic rays is thus more important for
high-p7 jets. Fortunately, cosmic ray showers deposit most
of their energy on one side of the calorimeter, have no
reconstructed vertex, and produce high uncorrected £ that
peaks at pre.a/Er = 1, where prie,q is the uncorrected
pr of the leading jet of the event. These events are fully and
efficiently removed by requiring pr e/ Er > 1.4, when
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P lead <100 GeV and pT,lead/ET > 2.0, when PT,lead =
100 GeV. Figure 26 shows the distribution of prjeaq/Er
for the high-py jet trigger with p; > 200 GeV, with the
selected events at pr.q/£7r > 2.0 shown by the shaded
region. A spike coming from cosmic ray events is visible at
1. An upper limit of 0.4% is estimated on the inefficiency
for jet identification due to the £ requirement and used as
an uncertainty, but no correction is applied. This upper
limit is based on studies of fits of distributions like the one
in Fig. 26, and track-matching inefficiency for jets since
cosmic ray events are usually out-of-time with the tracking
readout.

VIIL JET IDENTIFICATION REQUIREMENTS
AND EFFICIENCIES

The jet identification requirements are designed to re-
move instrumental backgrounds such as jets formed from
sources of transient noise in the calorimeter and also
physics backgrounds from electrons and photons. The jet
requirements are based on the fractions of jet energy
deposited in the electromagnetic calorimeter (EMF) and
in the coarse hadronic calorimeter (CHF). EMF < 0.95 is
required to remove overlaps between jets and electromag-
netic objects, i.e. electrons and photons. A lower limit on
EMEF (either O or varying between 0.03 and 0.05 depending
on the pseudorapidity region in the calorimeter) as well as
an upper limit on CHF (varying between 0.4 and 0.6)
removes jets that are formed predominantly out of noise
in the hadronic calorimeter. An additional requirement, L1
confirmation, is based on the ratio of the p; as measured by
the L1 trigger system and as measured by the precision
readout. It is required to be above 0.5 for jet p; < 80 GeV,
and there is no requirement for higher pr jets. This
removes jets formed out of noise, for example, due to
coherent noise in the precision readout electronics.

The jet identification efficiencies are determined using a
data-driven method. This method uses track jets which are
jets built with a cone algorithm using charged particle
tracks instead of calorimeter energy clusters. We select a
leading p; tagged object, which in this case is a photon or a
track jet associated with a good calorimeter jet, and a probe
object, which is the leading track jet that is back-to-back in
¢ with the tag object. Events with additional track jets are
vetoed to ensure that the leading objects are balanced in
pr- The reconstruction efficiency is defined as the fraction
of probe objects with a calorimeter jet found within the 0.7
jet cone, and the jet identification efficiency is the fraction
of those calorimeter jets passing the jet identification re-
quirements. The data-driven method has been used for
three different samples: dijet, y + jet, and Z + jet, which
all lead to the same result. The central value for the jet
identification efficiency shown in Fig. 27 is taken from the
dijet sample. The efficiency for pr > 50 GeV, where we
perform the measurement of the inclusive jet p; cross
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FIG. 27 (color online). (color online) Jet identification effi-
ciencies obtained for the dijet sample. Dashed lines indicate the
systematic uncertainty.

section, is 99% in all calorimeter regions except in the
region 0.8 < |y| < 1.2 where it is about 98%.

Because the data-driven method is used for calorimeter
jets that are independently identified as track jets, we also
directly measure the efficiencies by computing the fraction
of events removed by each jet identification requirement
individually after applying all other requirements in the
inclusive jet sample. This method assumes that each jet
identification cut removes only good jets. The efficiencies
described above are found to be in good agreement with
those from the tag-and-probe method.

IX. JET TRANSVERSE MOMENTUM
RESOLUTION

In this section, we discuss the determination of the jet py
resolution, which is needed for the unfolding of the inclu-
sive jet py cross section. The jet pr resolution is deter-
mined from data using the dijet asymmetry distribution,
which can be obtained with minimal input from MC. This
method requires corrections for the presence of additional
unreconstructed jets (soft radiation), momentum imbal-
ance at the particle level, and asymmetry bias due to
non-Gaussian tails. We describe each correction needed
to obtain the jet pr resolution.

A. Dijet asymmetry

The jet pr resolutions are determined starting from the
dijet asymmetry

A = Pr1” Pra 1)
pra T Pro

computed in a pure dijet sample with no additional jet
identified, where pr; and p;, are the p; of the leading
and second-leading jets and the two leading jets are ran-
domly assigned an index of 1 or 2. Both jets are required to
be back-to-back with A¢ > 3.0 to avoid any large effects
from QCD radiation. The RMS of the asymmetry distribu-
tion is directly proportional to the jet p; resolution
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FIG. 28 (color online). (color online) Asymmetry distribution
for jets in the central region with 80 < p; <100 GeV. The
probe jet is at |y| < 0.4, the reference jet at |y.¢| < 0.8. The
two lines display the result of a Gaussian fit and a Gaussian with
smeared exponential tails (see Sec. IX C).
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if the jets are in the same y region to ensure that the pr
resolution of both jets is the same. To characterize the py
dependence of the resolution for a single jet, o, is mea-
sured in bins of p; = (pr.; + pr2)/2. This method can be
used directly to measure the jet p; resolution in the central
region where the statistics are high. However, in the for-
ward region, the statistics for forward-forward jet pairs are
small compared to central-forward jet pairs. If one of the
jets is in the central region and the other in the forward
region, it is possible to infer the jet p; resolution o, in the
forward region once the resolution for jets in the central
reference region o ¢ is known
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The central reference region used in this study is |yl <
0.8, with the probe jet binning following the same 0.4
binning in rapidity as the rest of the analysis. The asym-
metry distribution in the central region is shown in Fig. 28

for 80 < py <100 GeV as an example and other pj;’t bins
also show similarly small non-Gaussian tails.

B. Corrections to the resolution

The jet py resolution determined from the dijet asym-
metry can be affected by physics and instrumental effects.
The final parameterization of the resolution used in this
analysis includes corrections to remove biases in the mea-
surement as described below.

1. Soft-radiation corrections

The asymmetry method to compute the jet py resolution
is biased by the presence of nonreconstructed jets in the
sample. The p; threshold to reconstruct a jet is 6 GeV, and
requesting the presence of only two jets in the sample to
compute the asymmetry does not ensure the absence of
jets with pr below 6 GeV. The corrections for such soft
radiation are determined directly in data. We compute the
asymmetry and the jet py resolution for different pr
thresholds for jet reconstruction, namely, 7, 8, 10, 12, 15,
20, and 40 GeV. The jet p; resolution as a function of the
jet reconstruction threshold is shown in Fig. 29(a) for one
bin in jet py and |y|. A linear fit allows for extrapolating the
jet pr resolution to a threshold p; of 0. The soft-radiation
factor,

7, (P — 0/ Pr
0, (PP = 6 GeV)/pr’

is studied as a function of the average jet p; in each |y| bin
as illustrated in Fig. 29(b). To better describe the low py
region and limit the statistical fluctuations, the dependency
of K. versus pr is fitted with

K. soft =

(24)
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(a) Jet py resolution extrapolated to a jet py reconstruction threshold of 0 GeV (in the 80 < p; < 100 GeV and |y| < 0.4

bin). (b) Soft-radiation correction factor as a function of the average jet py for the 0.4 < |y| < 0.8 bin. The solid lines are the fit result

and the dashed lines are the result of the extrapolations.
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Koon(pr) = 1 —exp(—po — p1p7), (25)

where p, and p; are two parameters of the fit.

2. Particle imbalance and combined corrections

The remaining correction needed to obtain the final jet
pr resolution is the particle imbalance correction. Even in
the ideal situation of only two particle jets and no soft
radiation, the two jets are not necessarily perfectly bal-
anced. In particular, fragmentation effects cause some
energy and pr to be found outside the jet cone. This effect
is purely related to QCD and is determined using a MC

0.20 ——rr —
o1 D@, 0.70 fb™ ]
' lyl < 0.4 (@ 1
0.16 [~ Reone = 0.7 ]
2_;_ 0.14F 2 /NDF =2.3/ 11 7;
3 o12f .
I}
0.10F 3
0.08 h
0.06 - | -
30 40 100 200 300
[ (GeV)
0.20[ ——y —
: D, 0.70 fo ]
0.18[ ¢ 1
r 08<lyl<1.2 (c) 1
0.16 - Reone = 0.7 ]
o014 .
o o012f 3
©
0.10F 3
0.08[ .
[ 2 —
0.06 |- /NDF_16.‘1/11 ]
30 40 100 200 300
Pr (GeV)
0.20 ——rr —
DQ, 0.70 fb™ ]
0.18[ .
1.6<ly|<20 (e) 1
0.16 [~ Reone = 0.7 ]
~ 0.14F x?/NDF=1.2/8 ]
o ]
o 012F ]
I}
0.10F 3
0.08[ .
0.06 ‘ -
30 40 100 200 300
p, (GeV)

FIG. 30 (color online).
of the fit. The fit uncertainty is given by the shaded band.
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simulation. The particle-level imbalance is corrected for
soft radiation using the same method as introduced for data

ptel ¢ threshold
gvMe — T (PP = 0)/pr (26)
soft " ptclthreshold _ ’
Tpr (Ptr,r;isclo =6 GeV)/pr
— pMcC ., optcl
Omc = Ksoft Opr > (27)
ptcl

where o, is the resolution evaluated at the particle level

in the MC and pissi©'® is the py threshold of jet recon-

struction at the particle level.
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(color online) Jet p7 resolution determined in data for the six rapidity regions. The solid curves are the results
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TABLE II. Parameters of the fits to the jet p; resolution versus
pr for data. The noise term is fixed to the MC value with an
uncertainty of 1 GeV since it is not constrained by the data.

N (oise) S (tochastic) C (onstant)
[yl <0.4 2.07 0.703 0.0577
0.4 <yl <0.8 2.07 0.783 0.0615
0.8 <|yl<1.2 2.07 0.888 0.0915
1.2<|y|<1.6 2.07 0.626 0.1053
1.6 <[yl <20 2.07 0.585 0.0706
20< |yl <24 2.07 0.469 0.0713

The corrected particle-level imbalance oy is sub-
tracted in quadrature from the soft-radiation corrected
resolution computed in data (see previous section),

Ocorr — J(Ksofto-pT 2 - 0-12\/[0 (28)
The relative correction due to particle-level imbalance is
about (7%-9%) in the CC, (2%—6%) in the ICR and the
EC, for py > 50 GeV. The systematic uncertainties on
particle imbalance corrections are mainly due to the dif-
ferences between the Gaussian one standard deviation and
the RMS of the particle-level imbalance distribution due to
non-Gaussian tails. The RMS is used for the central cor-
rection. The main non-Gaussian tails in particle-level
imbalance corrections are caused by muons and neutrinos,
which are not included in the definition of DO particle jets.

C. Final jet p; resolutions

Using the asymmetry method and the various correc-
tions discussed above, we obtain the jet pr resolutions
shown in Fig. 30. The measured resolutions are fitted
with the parameterization

N2 2
Tor 1/_2 N c?,
Pr Pr Pr

where N is the noise term, S the stochastic term, and C the
constant term. The values of the parameters are given in

(29)

S
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FIG. 31 (color online).
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Table II. These resolutions are used to obtain the inclusive
jet pr cross section as described in the next section.

We note that the resolution is not Gaussian at high py
even in the central region because of calorimeter punch-
through: jets at very high p; are not always fully con-
tained in the calorimeter and can deposit energy into the
muon system. In Fig. 31(a), we show the distribution of
(Pr,jet/ PT.ptet — 1)—the ratio of the reconstructed to the
particle-level jet py—obtained from MC simulation of the
detector in the central region of the calorimeter at high py.
The ICR also exhibits non-Gaussian tails as shown in
Fig. 31(b), which are explained by the changing structure
of the calorimeter in this region. The non-Gaussian tails are
modeled using a smeared exponential

f(pr o, P, A) = (1 — P)- ePr—w)?/20%)

2mo

JFP)l.e [)\( B +Aa2)]
3 Xp Pr — M )

PT‘M"')W'Z)

V2o

with w, o, P, and A as free parameters. The parameter u
accounts for shifts in the mean jet p; due to punch-
through, P is the fraction of jets with punch-through, and
A represents the exponential distribution of energy loss due
to punch-through. The fitted shape from MC is scaled by
varying the parameter o such that folding the distributions
for the leading jets with the exponential pr spectrum from
data results in precisely the same RMS of the jet pr
resolution as observed in data when the resolution func-
tions are symmetrized. This method can account for any
shaping of the non-Gaussian tails that takes place due to
bin-to-bin migrations in data. The full MC shape with
tuned o is later used in the unfolding of the data.

The uncertainties on jet py resolution are given in
Fig. 32 for two bins in rapidity as an example. The un-
certainties come primarily from the statistical uncertain-
ties in the fits. An additional component is added to cover

x erfc( (30)

- R i e T
r 160<D-Eptc|<200 GeV, DG MC ]

10°F (b) 3

%) F 7
@ [ ]
5 10°F E
@ F 3
_g [ ]
S 10 -
zZ Uk E
E.. . v§ 41400000, JRBE T

-08 -06 -04 -02 -00 02 04 06 08

(pT,jet_pT,ptcl)/pT,ptcl

(color online) (a) example of punch-through for |y| < 0.4 at high jet p; for 300 < p; <400 GeV and |y| <

0.4. (b) example of tails of the jet p; resolution in the ICR for 160 < p; < 200 GeV and 0.8 < |y| < 1.2. The two curves are the result

of the Gaussian fit and of a Gaussian plus exponential tails.
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FIG. 32 (color online).
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nonstatistical variations between the fit model and the data.
The total uncertainty coming from the jet p; resolution is
(5%—-10%) over the full kinematic range covered by the
inclusive jet cross section measurement (py > 50 GeV).
The leading systematic uncertainty in the central region is
(4%-5%) due to the uncertainties on the particle-level
imbalance corrections. In the ICR, an important systematic
is due to the uncertainty on the tails in the resolution for
this region. This systematic is estimated by varying the size
of the tails by a factor of two to cover differences in the
effects of using the RMS resolution and one with explicitly
modeled tails and is evaluated by propagating the resulting
variation in shape through the unfolding procedure for
data. Another important source of uncertainty is taken
from the following MC closure test: the full resolution
measurement using the asymmetry is redone using a full

simulation of the DO detector, and the difference between

the true MC resolution o(pdetector — pPicley g the result

of the method is taken as a systematic uncertainty. This
amounts to up to about 10% uncertainty in the resolution at
pr = 50 GeV in the forward region.

X. JET RAPIDITY RESOLUTION

Compared to the jet p; resolution, the rapidity resolu-
tion is a small effect which is determined using a MC
simulation of the detector. The bin width in y is much
larger than the y resolution and bin-to-bin migrations only
occur at the bin edges. To unfold the effect of the rapidity
resolution, a smooth parameterization of the resolution as
a function of y is used. The result of the parameterization
of the y resolution in different p7 bins is shown in Fig. 33.

XI. UNFOLDING

In this section, we describe the method used to unfold
the data as a function of jet pr and y. As we already
mentioned, the main smearing effect is due to the jet pr
resolution while the y smearing is only a second-order

PHYSICAL REVIEW D 85, 052006 (2012)
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(color online) Relative statistical and systematic uncertainties on jet p; resolution for (a) |y| < 0.4 and

effect. The steeply falling jet p; cross section convoluted
with the jet pr resolution leads to an increase of the
observed cross section as a function of the measured jet
pr- To unfold the data, we use the so-called ansatz method.
We start with a functional form for the cross section that
has only a few parameters, smear it with the jet p; and y
resolutions, and fit the parameters so that it describes the
raw cross section measurement before unfolding.

The ansatz used in each rapidity bin contains a py
dependence term and an additional rapidity dependence

Flpr.m) = N(mopﬁ)[l _ 217—\;1_(|y|):|ﬁ

“exp(=ypr)- €2
Here /s = 1960 GeV is the center-of-mass energy and
[Vmin| is the low edge of the bin in absolute rapidity. The
ansatz is based on phenomenological fits and motivated
by the parton model [32]. The exponential term represents
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FIG. 33 (color online). (color online) Rapidity resolution
(RMS) as a function of y in different jet p; regions.
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hydrodynamic production by freezing out particles from
the quark and gluon sea. The value of 7 is expected to be of
the order of 0.3-0.6 GeV !, typical of the proton size. The
first power term characterized by « represents the scaling
violations associated with hard production. Typical values
of a are 4-6 for single particle production. The second
power term characterized by S represents the kinematic
suppression effect at the edges of the phase space of
particle production.

The ratios between the data and the smeared ansatz are
shown in Fig. 34, where the ansatz correctly describes the
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FIG. 34.
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data in all y bins. The unfolding corrections for the py
resolution effects are shown by the dashed lines in Fig. 35.
The unfolding corrections are (10%—40%) in the CC,
(20%—-80%) in the ICR where the jet pr resolution is
worse, and (15%-80%) in the EC where the jet cross
section falls steeply. The highest p7 bin (where the unfold-
ing corrections are the largest) where the cross section
measured is chosen so that the cross section measurement
is still meaningful; the number of events should still be
sufficient to give a lower limit on the measured cross

section at the 95% C.L. (Npeory/\/Nsmearedtheory = 1.645).
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Although in some bins most of the events migrate from
lower pr, the migrations are well understood and result in
a relatively small uncertainty compared to the uncertainty
from the jet energy scale. The ansatz unfolding is found to
be in good agreement with the results using the PYTHIA MC
where the cross section is rescaled to data and the jets at
particle level are smeared according to the p; resolutions
obtained in Sec. XI.

The same ansatz unfolding method can be used to unfold
the cross section for effects of the resolution for resolving
rapidity, assuming the p; and y resolutions are uncorre-
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FIG. 35 (color online).
given for py, y unfolding separately and combined.
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lated. Since the y resolution is much better than the p,
resolution, the effects of the y resolution are a small
perturbation on top of the p; smearing. The fits to the
unfolded p7 spectra (unfolded for p; resolution effects
only) in neighboring rapidity bins are interpolated with
respect to rapidity to produce a smooth, continuous two-
dimensional spectrum in py and y. A final unfolding is
performed to correct for events that migrate into neighbor-
ing rapidity regions due to effects of the y resolution.
The results of the y unfolding as a function of jet py in
the different y bins are given in Fig. 35, together with the
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(color online) Unfolding corrections in the six rapidity regions as a function of jet py. The corrections are
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results of the global unfolding corrections in jet py and y.
As expected, the effects of y unfolding are very small with
respect to the effects of the p; unfolding.

XII. NCLUSIVE JET py CROSS
SECTION MEASUREMENT

In this section, we describe the final result on the in-
clusive jet pr cross section measurement applying the
corrections defined in the previous sections: jet energy
scale, efficiencies, and unfolding, used in order to compute
the true number of events corresponding to each py and y
bin. The cross section results are given in Fig. 36 in the six
y bins as a function of jet p;. The data points are plotted
according to the prescription described in Ref. [33] and the
tabulated data are available from Ref. [34].

The method used to extract the cross section is repeated
and cross checked using a MC simulation of the detector.
Events are generated using PYTHIA and weighted to match
the NLO prediction calculated using the CTEQ6.5M PDFs
and including nonperturbative corrections. The MC events
are treated in the same way as data, all corrections are
rederived using MC events, and the derived cross section is
compared to the input cross section to perform a closure
test of the measurement. The results given in Fig. 37 show
that the method used to extract the cross section works well
within the statistical uncertainties of the fits to the jet
response, jet py resolution and py spectrum. These MC
uncertainties are significantly smaller than the systematic
uncertainties present in data.

In Fig. 36 the measurement is compared to the pre-
diction of NLO QCD using the CTEQ6.5M PDF parame-
terization computed using the NLOJET++ program and
FASTNLO. The central CTEQ6.5M prediction uses the
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FIG. 36 (color online). (color online) Inclusive jet cross sec-
tion measurements as a function of jet py in six |y| bins. The data
points are multiplied by 2, 4, 8, 16, and 32 for the bins 1.6 <
[y <20, 1.2<|y|<1.6,0.8 <|y| <12, 0.4<]y| <0.8, and
[y| < 0.4, respectively.
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factorization and renormalization scales wp = up = pr.
The alternative scale choices up = wr = 0.5pr and
Mp = up =2pr are used to estimate the theoretical
uncertainty on the higher order corrections.

The NLO PQCD prediction is corrected for nonpertur-
bative effects to connect the parton-level jets predicted
by theory to the measured particle-level jets. The lead-
ing nonperturbative corrections are hadronization and
underlying event which partially cancel. Another small
correction is the exclusion of muons and neutrinos from
the definition of the particle jets. The muon/neutrino en-
ergy loss is not corrected by the JES procedure using the
MPF method in y + jet events. The MC corrections have
been obtained using PYTHIA v6.412 with parameters for
tune QW [35] obtained by tuning PYTHIA to reproduce
CDF Run II data. The strong coupling constant is fixed
to a;(M,) = 0.118 at the Z boson mass and uses the 2-loop
formula for the Q? evolution of a;. The PYTHIA cross
section is reweighted in § so that the PYTHIA parton shower
prediction agrees with NLO pQCD. The correction factors
for hadronization and the underlying event are shown in
Fig. 38. As shown in Fig. 36, the measurement is well
described by NLO QCD over eight orders of magnitude in
the six y bins.

To check more precisely how well the measurement is
described by the NLO QCD theory, we display the ratio of
data over theory in Fig. 39, where the theory is calculated
using the CTEQ6.5M PDF parameterization. The PDF
uncertainties represented as dashed lines are calculated
using the set of 20 eigenvectors provided by the CTEQ
Collaboration for the CTEQ6.5M PDF fits. Data and theory
agree within experimental and theoretical uncertainties,
but data seems to favor the lower end of the CTEQ6.5M
PDF 90% confidence level uncertainty band. Data are also
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MC uncertainty
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FIG. 37 (color online). (color online) MC closure test of the
method used to extract the inclusive jet py cross section for the
jet |yl < 0.4 bin. The full analysis was repeated treating MC
events as data and comparing the result to the input cross section.
Good agreement is found within the statistical uncertainties of
fits to jet energy scale and resolution, and unfolding present in
MC (shaded band), which are much smaller than the systematic
uncertainties in data.
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FIG. 38 (color online).

(color online) Hadronization (dashed line) and underlying event (dotted line) corrections for inclusive jet

cross section and the product of both corrections (solid line). The uncertainty on the theory is estimated as 50% of the individual

corrections added in quadrature.
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FIG. 39 (color online).

(color online) Measured data divided by theory for the inclusive jet cross section as a function of jet ps in the

six |y| bins. The data systematic uncertainties are displayed by the shaded band. NLO pQCD calculations, with renormalization and
factorization scales set to jet py using the CTEQ6.5M PDFs and including nonperturbative corrections, are compared to the data. The
CTEQ6.5 PDF uncertainties are shown as dashed lines and the predictions with MRST2004 PDFs as dotted lines. The theoretical
uncertainty, determined by changing the renormalization and factorization scales between p;/2 and 2py, is shown at the bottom of

each figure.

compared to the NLO QCD calculations using the
MRST2004 PDF parameterization and our agreement in
shape is good. The experimental uncertainties are smaller
than the present PDF uncertainties, so these data further
constrain the PDFs.

Some recent parameterizations have already used our
measured jet cross sections described here to further con-
strain the PDFs (MSTW2008, CT10, NNPDFv2.1). As an
example, we display in Fig. 40 the ratio data over theory,
where the NLO theory is calculated using the MSTWO08
NLO PDF [36] which displays good agreement between
our measurement and this parameterization, with a ten-
dency to be slightly different at high jet p; where the

uncertainties are larger. For reference, we also display in
Fig. 41 the ratio of data over theory where the theory uses
the recent HERAPDFv1.0 PDF [37], which uses only
HERA data to constrain PDFs. We notice some discrep-
ancies between our measurement and the HERAPDFv1.0
PDF at medium jet p; especially in the central region, and
at high p; in the forward region. We also compare our
data with the ABKMOONLO [38] parameterization in
Fig. 42 and we notice some disagreement between our
data and the predictions, in particular, on the normaliza-
tion. This shows the capability of our data to constrain
further the PDFs. Furthermore, we compare our measure-
ments to the recent CT10 [39] parameterization in Fig. 43.
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FIG. 40 (color online). (color online) Measured data divided by theory for the inclusive jet cross section as a function of jet p in the
six |y| bins using the MSTW2008 parameterization. The data systematic uncertainties are displayed by the shaded band.
The theoretical uncertainty, determined by changing the renormalization and factorization scales between p;/2 and 2py, is shown
at the bottom of each figure.
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FIG. 41 (color online). (color online) Measured data divided by theory for the inclusive jet cross section as a function of jet p in the
six |y| bins using the HERAPDF1.0 parameterization. The data systematic uncertainties are displayed by the shaded band.
The theoretical uncertainty, determined by changing the renormalization and factorization scales between pr/2 and 2py, is shown
at the bottom of each figure.
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FIG. 42 (color online). (color online) Measured data divided by theory for the inclusive jet cross section as a function of jet p in the
six |y| bins using the ABKMO09 parameterization. The data systematic uncertainties are displayed by the shaded band. The theoretical
uncertainty, determined by changing the renormalization and factorization scales between pr/2 and 2pr, is shown at the bottom of
each figure.
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FIG. 43 (color online).

(color online) Measured data divided by theory for the inclusive jet cross section as a function of jet p in the

six |y| bins using the CT10 parameterization. The data systematic uncertainties are displayed by the shaded band. The theoretical
uncertainty, determined by changing the renormalization and factorization scales between p;/2 and 2py, is shown at the bottom of

each figure.

There is a good agreement with data with the tendency of
the CT10 parameterization to be higher at large p; in all
|y| bins. Finally, we compare our measurement with the
predictions from the NNPDFv2.1 [40] parameterization
in Fig. 44 and again good agreement is found with our
data.

The details of the uncertainties on the inclusive jet pr
cross section are given in Fig. 45. The dominant uncer-
tainty is due to the systematic uncertainties on the jet
energy scale, but the unfolding and the uncertainties
related to the resolution in jet pr are also important,
especially at high p; and high |y|. The 6.1% luminosity
uncertainty is the second largest uncertainty at low p; and
the third largest at high p, and leads to significant uncer-
tainty in the overall normalization of the cross section. For
a jet pr = 150 GeV, it is similar to the jet energy scale
uncertainty. The uncertainties related to efficiencies are
small everywhere.

XIII. UNCERTAINTY CORRELATIONS

Correlations between systematic uncertainties are
studied in detail to increase the value of these data in future
fits to model parton distributions and their impact on LHC
physics predictions, in particular. In total, there are 91
independent sources of systematic uncertainty, and in this
section we describe the method we use to group those with
similar impact on the shape of the cross section to find
the principal components of the uncertainty without sig-
nificantly impacting the overall quality of the data. Many
of the systematic sources we describe above are small in
magnitude and highly correlated in shape with other
sources.

The traditional interpretation of uncertainties to be in-
dependent requires that at each point the sum of all sources
in quadrature must equal the total systematic uncertainty.
In practice, adding in quadrature sources with similar
shapes whose orthogonal components (defined later) are
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FIG. 44 (color online).

(color online) Measured data divided by theory for the inclusive jet cross section as a function of jet py in the

six |y| bins using the NNPDFv2.1 parameterization. The data systematic uncertainties are displayed by the shaded band.
The theoretical uncertainty, determined by changing the renormalization and factorization scales between pr/2 and 2p7, is shown

at the bottom of each figure.
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FIG. 45 (color online).

small will lose very little information compared to the
full information given in the 91 different systematic
uncertainties.

We combine uncertainties that are correlated and of
similar shape to reduce the number of components in the
covariance matrix. We develop a robust systematic ap-
proach for regrouping the sources based on the notions of
source size, shape similarity, and orthogonality. The natu-
ral measure for the size of a source is the impact it has on
the overall y? in the fit with the ansatz function when
shifted by one standard deviation around the minimum.
To assess the similarity in shape between different system-
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(color online) Different components of the systematic uncertainty as a function of jet p; in the six y bins.

atic uncertainties, we define the inner product for sources %
and g as

hogp— 3 s

iE€bins * stat,i

(32)

where h; and g; are the values of two systematic uncer-
tainties and the sum is over the p; and |y| bins. The size, or
magnitude, of a source £ can be written using this notation
as

[[2]l = vk - h).

(33)
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(color online) Correlated uncertainties for all central regions and the ICR as a function of jet p; for four |y|

bins, |y| < 0.4,0.4 < |y| <0.8,0.8 <|y| <1.2,and 1.2 < |y| < 1.6. The five largest systematic uncertainties are shown together with
uncorrelated and total uncertainties, computed as the sum in quadrature of all sources.

The shape similarity of two sources 4 and g can be quanti-
fied by calculating their correlation, which is written in the
notation of Eq. (32) as

h.
p= 8 (34)

Al Tl

which varies between —1.0 and 1.0. When p = 1.0, the
sources are fully correlated, —1.0 fully anticorrelated and
0.0 completely uncorrelated. The source g can be broken
into a component that is fully correlated with source i and
another component that is fully uncorrelated by consider-

ing a linear transformation
g =g— ah (35)

When the orthogonality of /4 and g’ is defined in terms of
the inner product,

hlg=m-g)=0, (36)
Egs. (35) and (36) together yield
_(h-g)
a = -y 37

defining g’ as the orthogonal component that is fully
uncorrelated with source /. The value g’ has the property
(g gy =(g-g) (¢ ¢&)=(g g is equivalent to h
being orthogonal to g, and (g’ - g’) = 0 to h being parallel
to g. Small values of ||g’|| indicate that the sources can be
combined with little impact on the freedom of the fit to the
ansatz.

The sources due to statistical uncertainties in fits are first
assigned as uncorrelated. The remaining sources are sorted
by size and are then iteratively recombined with other
sources most similar in shape and having the smallest

orthogonal components. The sources are combined when
their correlation is greater than about 85% and the orthogo-
nal components have a magnitude smaller than 10% of the
largest individual systematic €,,,,. At the end of the iter-
ative procedure, the remaining set of sources no longer
has any pairings with an orthogonal component less than
0.1€m4c- The smallest remaining sources with magnitude
less than 0.1€,,,, are added in quadrature to the uncorre-
lated uncertainty. The final reduced set of uncertainties has
23 correlated sources (principal components) and one fully
uncorrelated uncertainty, which is a significant reduction
compared to the original 91 sources. The reduced set of 23
correlated sources and the total uncorrelated uncertainty
are provided in Ref. [34].

The five leading sources from the reduced set of com-
bined systematic uncertainties, the total uncorrelated un-
certainty, and the total uncertainty are shown in Figs. 46
and 47 in the six |y| bins. These sources summarize the
leading systematic uncertainties for the measurement,
where the names correspond to the dominant contributions
to the uncertainty within each group. The EM scale uncer-
tainty comes from the calibration of the EM calorimeter
using Z — e* e~ events. The photon energy scale includes
the uncertainty in the MC description of the difference in
the electron and photon responses and the uncertainty in
the amount of passive material in front of the calorimeter,
which affects the response difference as a function of
photon pr. The uncertainty in the high p; extrapolation
is due to differences in fragmentation models of PYTHIA
and HERWIG, which lead to an additional uncertainty in the
high p7 extrapolation of the central response. The rapidity-
intercalibration uncertainty summarizes the uncertainty
in the relative response calibration between calorimeter
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FIG. 47 (color online). (color online) Correlated uncertainties
for 1.6 <|y| <2.0 and 2.0 < |y| < 2.4 as a function of jet pr.
The five largest systematic uncertainties are shown together
with uncorrelated and total uncertainties, computed as the sum
in quadrature of all sources.

regions. The detector showering uncertainty includes the
uncertainties on showering, but also additional significant
contributions from other uncertainties such as sample pu-
rity and the difference between alternate tunes of PYTHIA
(tunes A and QW).

XIV. CONCLUSION

In this paper, we described the measurement of the
inclusive jet cross section by the DO experiment. The

PHYSICAL REVIEW D 85, 052006 (2012)

measured inclusive jet cross section corrected for experi-
mental effects to the particle level in pp collisions at /s =
1.96 TeV with £ = 0.70 fb™! is presented for six |y| bins
as a function of jet pr. The precision reached in this
measurement is unprecedented for results from a hadron
collider, particularly for processes dependent on gluons
at high-x. The measurement is found to be in good agree-
ment with NLO QCD calculations with CTEQ6.5M and
MRST2004 PDFs. These results will also be useful for any
experiment at a hadron collider such as the LHC where the
same techniques can be used to extract the jet energy scale
with high precision and to measure the inclusive jet cross
section. In addition, a full analysis of correlations between
sources of systematic uncertainty was performed, demon-
strating a useful method to reduce the complexities of
describing numerous sources of uncertainties in the cross
section, and increasing the potential impact of these data in
global PDF fits.
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Cluster Hadronization in HERWIG 5.9
Alexander Kupco

Institute of Physics, Na Slovance 2, 182 21 Prague 8, Czech Republic

Abstract: The HERWIG 5.9 cluster hadronization model is briefly discussed here.
It is shown that the model has peculiar behaviour when new heavy baryon reso-
nances are included in the HERWIG 5.9 particle table. New fragmentation model
is proposed to cure this problem and simple tuning of HERWIG 5.9 with this new
model has been made using event shapes variables and identified particle momentum
spectra in ete™ interactions at LEPI. Finally, the predictions of the two hadroniza-
tion models are compared.

o

Introduction

Fragmentation of quarks and gluons into hadrons is a typical non-perturbative phenomenon
and phenomenological methods must be used to model it. The three basic models are available
at present: independent fragmentation (ISAJET, [1]), string fragmentation (JETSET, [2]), and
cluster hadronization (HERwWIG, [3]).

The independent fragmentation model does not take into account the colour connections
and it is also less successful than other two models. The concept of colour connection is
essential for the string and cluster hadronization models. JETSET gives better agreement with
the experimental data then HERWIG but also contains a large number of parameters which
can be tuned. Nevertheless, HERWIG, with its few-parametric cluster hadronization model,
represents main alternative to the string models.

In this paper it is shown that the behaviour of HERWIG 5.9 in relation to the light quark
sector (u, d, s) does not correspond to the naive view of cluster hadronization in that the
introduction of the new baryon cluster decay channels does not lead to an increase in the
predicted proton yield. In fact, the proton multiplicity decreases in comparison to predictions
made with the default particle list.

This article reviews the HERWIG 5.9 hadronization model and pins down the origin of the
peculiar behaviour. A new hadronization model is proposed to cure the problem. To make
reliable comparison between the two models, it was necessary to tune the new one. Finally,
the differences between the models are discussed. Wherever possible the names of variables are
taken from HERWIG 5.9 notation. They are indicated by typewriter font.

This work is important for analyses at the HERA experiments in that a reliable theoretical
description of the baryon sector needs to be provided. Although there have so far been very few
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experimental results on baryon yield from H1 and ZEUS, interesting observations are already
being made on strangeness suppression [4, 5] and baryon number propagation [6] and, with
the high statistics now available to the experiments, this will soon become an experimentally
productive area.

2 Hadronization in HERWIG 5.9

Colourless clusters are formed from colour connected quarks, [7]. They consist of quark-
antiquark (meson-like clusters), quark-diquark (baryon-like), or antiquark-antidiquark (anti-
baryon-like) pairs . Only the meson-like clusters can occur in e*e™ interactions. The basic
idea of the model is that the clusters decay according to the phase space available to the decay
products.

2.1 HERWIG 5.9 parameters and variables

The most important HERWIG 5.9 parameters and variables relevant to cluster model (subrou-
tine HWCHAD) are described in this subsection. The values shown here are the default HER-
WIG 5.9 settings.

The a priori weights for quarks d, u, s, ¢, b, t, and diquarks (in that order) are assumed to
be equal
PWT(1) = --- = PWT(7) = 1. (1)

Weights for diquarks of different flavour compositions are also calculated from these and the
result is similarly stored in the array PWT.

Parameters CLMAX=3.35 and CLPOW=2 determine the maximum allowed mass of the cluster

MEP% — CLMAX®*™ + (RMASS(ID1) + RMASS(ID2))™™ | (2)

max

where RMASS (ID1) and RMASS(ID2) are masses of the quarks from which the cluster is formed.
If the cluster is too heavy it is first cut in two by creation of quark antiquark pair (subroutine
HWCCUT).

All particles are grouped according to their flavour content and their internal codes IDHW are
stored in the one-dimensional array NCLDK. The first (and also the lightest) hadron of a given
flavour (ID1,ID2) has position LOCN(ID1,ID2) in the array NCLDK. The other particles with
the same flavour are stored from this position and their number is RESN(ID1,ID2). The masses
of the lightest hadrons are put in RMIN(ID1,ID2). Another one-dimensional array CLDKWT
stores spin weights and mixing weights. For every flavour these weights are normalised by the
maximum weight.

Individual weights are stored for all particles in the table SWTEF. This weights are set to one
in the default HERWIG 5.9 version. There are also parameters that set individual weights for
group of particles in HERWIG 5.9, for example DECWT is the weight for baryons in decuplet.



2.2 Implementation of cluster hadronization model (HWCHAD)

If the mass EMO of cluster with flavour content (ID1,ID3) is equal to the mass of the lightest
hadron with the same flavour then the cluster is identified with this hadron. In the other cases
the cluster decays into two hadrons.

To begin with, the channel with the lightest decay products is chosen. If the sum of their
masses (EM1, EM2) is bigger than the cluster mass EMO then cluster decays by 7° emission. In
the other cases the phase space PCMAX of this decay is used as a maximum phase space weight

PCMAX = {/EMO? — (EM1 + EM2)2 - /ENO? — (EM1 — EM2)2. (3)
The hadronization of the cluster proceeds in the following three steps.

1. The (di)quark anti(di)quark pair of the flavour ID2 is created from vacuum according to
the probability
Pflavour (ID2) = PWT(ID2) /Y PWT(I), (4)
I

where the sum is over all allowed flavours.

2. One hadron with flavour (ID1,ID2) is randomly chosen from the iso-flavour table NCLDK
and this particle is accepted according to its weight CLDKWT. If the particle is not accepted
then another hadron with the same flavour content (ID1,ID2) is taken from the table and
so on. The corresponding probability that particle IR1 = NCLDK(I1) is chosen is then

CLDKWT (I1)
LOCWRESN-1 T DRWT (I)

LOCN(ID1,ID2)

(5)

P.in(IR1|ID1, ID2) =

The same procedure is applied to the hadrons with flavour (ID2,ID3).

3. Once the decay channel has been chosen it is accepted according to its phase space PCM
(given by formula (3)) with probability

Pphase = VSWTEF (IR1) - v/SWTEF (IR2) - PCM / PCMAX . (6)

If the decay mode is not accepted the algorithm starts again from the first point (i.e.
from creation of quark antiquark pair).

This algorithm gives the following expression for the probability for decay of the given
cluster (ID1,ID3) into the hadrons with codes IR1=NCLDK(I1) and IR2=NCLDK(I2)

P(IR1, IR2, ID2|ID1, ID3) = Pjiavour - Papin(IR1) - Papin(IR2) - Pphase - (7)

It is now clear, why the inclusion of some new massive resonances with a given flavour leads
to the suppression of all decay channels with the hadrons of the same flavour. Omitting hadron
spins and mixing weights, probability (5) depends only on the number of iso-flavour particles

1
RESN(ID1,ID2) °

P, (IR1|ID1, ID2) =

(8)



Finally, the overall probability of a cluster to decay into channels with created flavour ID2 is

P(ID2|ID1, ID3) = Z P(IRL IR2, ID2|ID1, ID3)
IR1,IR2
P
o« PWT(ID2) - Zrm,mz phase (9)

RESN(ID1,ID2) - RESN(ID2,ID3) ’

which is nothing else than the mean value of phase spaces of the corresponding decay channels.
The phase space of resonances is small due to their high masses. Hence, this new resonances
lower value of the overall probability (9).

The motivation for the HERWIG authors was to eliminate factor 1/2 in u@ and dd mixing
for neutral non-strange mesons, [12]. Indeed, this algorithm gives the same number of 7° and
7t in the case where there are only u and d quarks, with no baryons, and with 7°, 7%, and
isotopic (7-like) singlet.

This behaviour of HERWIG 5.9 is demonstrated in Tab. 3. Both versions (5.8 and 5.9)
have the same default settings but HERWIG 5.9 particle table contains more meson resonances.
Consequently, baryon production was enhanced and meson production decreased.

3 New cluster hadronization model

In the rest frame of a particle of mass M, the width of a two-body decay is given, generally, by
expression

1 2 [P
dl' = dQ 10
— M e, (10)
where final particles are labeled 1 and 2, M is the corresponding matrix element, and
1/2
p1] = pal = [(MZ_(rm-i—mz)?) <M2—(m1—m2)2)} _ PCM(M,my,my) (11)
D1 = |P2| = Wi = Wi

are the momenta of final state particles.

We do not know a great deal about the matrix element. We can sum over final states
(spin factors), we can take into account mixing of flavours (mixing weights) and we can apply
Zweig’s rule which states the two-body decays of cluster (ID1,ID3) to pair of hadrons with
flavour (ID1,ID3) and (ID2,ID2) are strongly suppressed. Assuming that the matrix elements
are the same for all decay channels of a cluster and that they depend only on the flavour ID2
of a created (di)quark anti(di)quark pair, the weight W (IR1,IR2,ID2|ID1,ID3) of particular
decay of cluster (ID1,ID3) into hadrons IR1 and IR2 with flavour content (ID1,ID2) and
(ID2,1ID3) is

W (IR1, IR2, ID2|ID1, ID3) = PWT(ID2) - (2J; + 1) - (2, 4+ 1) - WT(IR1) - WT(IR2) -
- SWTEF (IR1) - SWTEF (IR2) - PCM(EMO,EM1,EM2) |, (12)
where Ji, Jy are particle spins and WT is flavour mixing weight.
The overall probability for decay channels with created flavour ID2 is then (again omitting

spins, mixing weights, and individual weights SWTEF)

P(ID2|ID1,ID3) oc PWT(ID2) - >  PCM. (13)
IR1,IR2



Contrary to Eq.(9) this probability is proportional to the sum of the phase spaces of par-
ticular channels. Therefore, the inclusion of new baryon resonances will enhance the baryon
multiplicities.

The new hadronization model is based on formula (12). Several subroutines have been
changed to implement this model into HERWIG 5.9 (HWCHAD, HWURES). Moreover, HERWIG 5.9
particle table had to be extended. As was mentioned earlier, there are plenty of meson res-
onances in the table but only the basic baryon octet and decuplet. New baryon resonances
dramatically increase the probability for a cluster decay through the baryon channel and they
play an important role in the new model. Hence, I decided to include all light quark meson and
baryon resonances that have their own PDG number in [9]. The branching ratios of particular
decay modes were taken also from this paper. The properties of these new resonances were put
in new subroutine MHWRES.

3.1 Tuning HERWIG 5.9 with new hadronization model

To make final comparison between the both hadronization models, one has to use the tuned
settings of HERWIG 5.9 parameters. The L3 fit has been used for the original model (see
Tab. 1).

H5.9 H5.9n H5.9n
parameter | L3 fit | CAND1 | CAND2
QCDLAM 0.177 0.179 0.1602
RMASS(13) | 0.75 0.706 0.764
CLMAX 3.006 5.27 3.90
CLPOW 2.033 — 1.53
CLSMR 0.35 — 0.341
DECWT 0.5 — 0.753
PWT(3) 0.88 — 1.071
PWT(7) 0.80 0.812 2.408

Table 1: Settings of HERWIG 5.9 for both hadronization models.

Complete tuning of HERWIG 5.9 with new hadronization model has not been attempted. I
used the same method as in [11] but with fewer statistics so the presented results can still be
improved. DELPHI measurements of event shape variables [11] and LEPI data of p-spectra
of identified particles have been used for tuning the parameters. There are two settings for
HERWIG 5.9 with new hadronization (H5.9n) in the Tab. 1. In the case of CAND1 setting, only
four parameters have been tuned. CAND2 represents the best fit where the same parameters
was tuned as in the case of L3 fit. Tab. 2 gives a summary of the fit results.

4 Comparison of the two cluster hadronization models

Although the probability of cluster decay through the particular channel is proportional to
the phase space in both cases, the strange normalisation factors of the standard version (see
Eq. (5)) give different behaviour of the models.

5



Event shapes Ident. particles All channels

L3 fit X2 =2874/305=9.4 | x* =1002/157 = 6.4 | x* = 3876/462 = 8.4
CANDI | 2 =3121/260 = 12.0 | x2 = 921/130 = 7.1 | % = 4042/390 = 10.5
CAND2 | x?> =2319/305=7.6 | x> =824/157T=5.2 | x* = 3143/462 = 6.8

Table 2: Summary of fit results.

CANDL1 setting of HERWIG 5.9 is the worst one (see Tab. 2). This could be due to a
small number of fitted parameters. Nevertheless, one can find quite a good agreement with the
identified particle multiplicities data in the basic meson and baryon octet, Tab. 3.

On the other hand, CAND2 gives a better description of the data than the HERWIG 5.9
default model with the L3 setting. The set of fitted parameters was the same, so it is more
appropriate to compare these two settings. Since the L3 fit was made on slightly different data
some inconsistency still survives.

Concerning identified particle multiplicities, CAND1 predictions are in an excellent agree-
ment with the data in the whole meson sector except 1’ and ®. Good agreement is also found in
the basic baryon octet (except =~) but large discrepancies occur in the basic baryon decuplet
(2(1385) and Z(1530)").

The situation is roughly the same in the case of CAND2 set. The agreement with the data
is slightly worst (especially for K and K*) and the problems with baryon resonances were not
cured although parameter DECWT was also tuned in this fit.

The default HERWIG 5.9 hadronization model (L3 fit) has similar problems in describing
the data here. Moreover, it underestimates the production of protons and A particles.

Both hadronization models give (within the experimental uncertainties) the correct particle
multiplicities for the lightest non-strange mesons and baryons (7, 7, p, w, p, A) although the
new model predictions are slightly closer to the data. The discrepancies occur for the singlet
mesons 7’ and ®(1020) and for heavy strange baryons.

5 Conclusions

It has been observed that with the introduction of new nucleon resonances, HERWIG 5.9 predicts
a reduced proton yield, contrary to the naive view of cluster hadronization. In the HERWIG 5.9
hadronization scheme, a decay of a colourless cluster takes place in such a way as to eliminate
the factor 1/2 in u@ and dd mixing. The algorithm, however, gives the probability of a cluster
decay through channels with a created particular flavour that is proportional to the mean value
of corresponding phase spaces.

A new hadronization model which treats all decay channels in the same way has been
proposed. It was found that this provides an improved description of inclusive particle data
taken by the LEP experiments. In particular, the baryon sector is better described that with
the default version of HERWIG 5.9. This is a particularly important if the HERWIG model is to
be used predictively in HERA environment, in which topics such as baryon number propagation
and strange diquark suppression are starting to be studied.



Particle PDG’98 H5.8 | H5.8 | H5.9 | H5.9 | H5.9n | H5.9n

Delphi | DEF | DEF | L3 | CAND | CAND

FIT FIT | ONE | TWO
charged 21.05 4 0.20! 20.81 | 21.17 | 20.62 | 21.13 | 21.03 21.52
70 9.4240.56 9.79 9.76 | 10.14 | 10.88 | 9.51 9.74
nE 17.1+0.4 17.64 | 17.52 | 16.7 | 17.62 | 17.26 17.53
K° 2.013+0.033 2.03 2.29 | 1.937 | 1.949 | 1.981 2.253
K= 2.39+0.12 2.11 240 | 2.10 | 220 2.32 2.54
n 0.97+0.10 1.01 1.01 | 092 | 1.01 0.79 0.89
n 0.222 +0.040 0.14 | 0.144 | 0.140 | 0.157 | 0.109 0.125
p(770)° 1.284+0.14 1.43 1.32 | 1.16 | 1.29 1.12 1.12
K*(892)° | 0.747+0.028 0.75 | 0.796 | 0.521 | 0.565 | 0.640 0.734
$(1020) 0.109 £ 0.007 0.099 | 0.120 | 0.181 | 0.178 | 0.208 0.182
w(782) 1.10+0.13 0.92 1.10 | 1.05 | 1.23 1.00 1.02
) 0.964 +0.102 0.77 | 0.948 | 1.41 | 0.77 | 0.959 0.944
A 0.372 +0.009 0.367 | 0.431 | 0.598 | 0.256 | 0.363 0.389
Y- 0.071+0.018 0.058 | 0.066 | 0.10 | 0.069 | 0.082 0.092
= 0.0258 £0.0010 0.048 | 0.052 | 0.070 | 0.0242 | 0.0195 | 0.0208
AT 0.085+0.014 0.158 | 0.198 | 0.276 | 0.109 | 0.113 0.100
»(1385)* | 0.0462 +0.0028 0.118 | 0.15 | 0.20 | 0.069 | 0.0713 | 0.0617
=(1530)° | 0.0055 +0.0005 0.026 | 0.024 | 0.037 | 0.0053 | 0.0120 | 0.0091
Q- 0.0016 £0.0003 | 0.0074 | 0.0078 | 0.0094 | 0.0009 | 0.0019 | 0.0011
A(1520) | 0.0213+£0.00288 | — — — — ] 0.0426 | 0.0339

Table 3: Particle multiplicities per event in eTe™ interactions at /s = 91.2 GeV in the data [10]
compared with HERwIG 5.8 (H5.8), HERWIG 5.9 prediction for default cluster hadronization
model (H5.9), and for new hadronization model (H5.9n).
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