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Abstrakt

Hlavnou témou tejto prace je fyzika kvarkov tazkych voni vytvorenych v ultra - rela-
tivistickych jadro-jadrovych zrazkach. Urychlova¢c RHIC (Relativistic Heavy Ion Colli-
der) v Brookhavenskom narodnom laboratériu umoznil experimentdlne skiimat vlast-
nosti jadrovej hmoty v podmienkach vysokej teploty a energetickej hustoty, za ktorych
sa teoreticky predpovedal fazovy prechod do nového stavu hmoty, kvarkovo-gluénove;j
plazmy. Je niekolko exprimentalnych pozorovatelnych, ktoré na popis tejto hmoty
moZzeme vyuzit. V tejto praci sa budeme ststredif na pozorovatelné, ktoré sivisia
s povabnymi a krasnymi kvarkami. Tieto kvarky sa tvoria v skorych fazach jadro-
jadrovej zrazky a su preto citlivé na jednotlivé fazy vyvoja systému. Meranie tvorby
tazkych kvarkov v protén-proténovych zrazkach je dolezitym testom vypoctov kvan-
tovej chromodynamiky v poruchovom rezime a taktiez ako referencia pre merania v
jadro-jadrovych zrazkach. Povabné kvarkénium hra dolezitt ulohu, ked'Ze jeho tvorba v
jadro-jadrovych zrdzkach m4 byt podla ocakavani potlacens z dovodu tepelne zavislého
Debyového farebného tienenia. Kym jadrovy modifika¢ny faktor je zasadny pre pocho-
penie energetickych strat fazkych kvarkov v horticej a hustej hmote, merania hydrody-
namického toku prinasajui d’alsiu informdciu a je ich mozné interpretovat v stivislosti
s rychlostou celkovej termalizdcie systému. Z prezentovanych vysledkov v tejto praci
plynie, ze vypocty kvantovej chromodynamiky v poruchovom rezime dobre popisuju
produkciu povabnych kvarkov v p+p zrazkach a z merani jadrového modifikacného fak-
tora vyplyva, ze povabné kvarky stracaji energiu mozno podobne ako kvarky lahké.
Prekvapivo meranie toku J/1 je zhodné s nulou a polarizicia v helicitnej stustave ma
tendenciu byt pozdfina s rastiicou hodnotou py. Ostatné merania z experimentu STAR,
ktoré vyuzivaju signaly z detektora Heavy Flavor Tracker, potvrdzuji nase predoslé
vysledky a umoznuju dalsie typy analyz. V blizkej budicnosti sa experiment STAR, v
réamci programu energetickej prehliadky Beam Energy Scan, zameria na hladanie kri-
tického bodu fazového diagramu jadrovej hmoty a hrani¢né prejavy kvarkovo-gluénovej
plazmy.
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Heavy flavor physics

Dr.rer.nat., Mgr. Jaroslav Bielc¢ik, MSc.

Abstract

In this work heavy flavor production in ultrarelativistic heavy ion collisions is discus-
sed. The experiments at the Relativistic Heavy Ion Collider in Brookhaven National
Laboratory enabled to study the properties of nuclear matter under conditions of high
temperature and energy density, where the phase transition to a new state of matter,
Quark Gluon Plasma was theoretically predicted. There are several experimental tools
to uncover the characteristics of this matter. Here we focus on observables related to
charm and bottom quarks. These quarks are produced in early phase of the collisions
and therefore are sensitive to all phases of system evolution. The measurement of he-
avy quark production in p+p collisions is an important test of perturbative Quantum
Chromodynamics calculations and also a baseline for heavy ion measurements. The
charmonium plays very special role in the heavy ion collisions while suppression of
its production in heavy ion collisions is expected due to temperature sensitive Debye
color screening. While nuclear modification factor is essential to understand the energy
loss of heavy quarks in hot and dense matter the measurements of hydrodynamic flow
are an additional constraint and can be related to speed of system thermalization.
Results discussed here from the STAR experiment show that perturbative Quantum
Chromodynamics is well describing charm production in p-+p collisions and nuclear
modification of charm mesons indicate that energy loss might be similar to tha of light
quarks. Surprisingly the flow of J/1 is consistent with no flow at low transverse mo-
mentum and J/v¢ polarization in helicity frame indicates a trend towards longitudinal
polarization as pr increases. Recent preliminary measurements using information from
the STAR Heavy Flavor Tracker confirm the previous results and in addition provide
access to new type of studies. In near future, the Beam energy scan program of STAR
will focus on determination of the critical point of phase diagram of nuclear matter

and the onset of Quark Gluon Plasma signals.






Prehlasenie

Predlozend habilitacna praca je zalozena na odbornych publikaciach, ktoré boli vy-
tvorené v rdmci velkych medzindrodnych kolaboracii a timov, preto by som rad na
uvod specifikoval podiel autora na predlozenom subore prac. Suhrnne je spoluautorstvo
vSetkych publikacii uvedenych v zozname publikécii na konci préce v ¢asti Zoznam au-
torovych publikdcii opravnené a zalozené na publikacnych pravidlach experimentalnych
kolaboracii STAR, ALICE a HADES. Podielal som sa na nich réznym spoésobom,
jednak aktivnou tcastou pri zbere experimentalnych idajov, podporou prevadzky a
udrzby detektorov, kontrolou kvality a kalibraciou meranych udajov, pripravou fy-
zikalnych merani, fyzikalnou analyzou dat, interpretaciou vysledkov, ale aj pisanim
samotnych odbornych textov, vedenim uzsich autorskych timov v ramci kolaborécie
alebo tcastou v tychto timoch. Do tizkeho vyberu publikécii, ktoré komentujem v
tejto praci, som vybral tie, u ktorych povazujem svoj podiel za zasadny a obsahovo
dobre demonstruju moj hlavny vedecky zaujem v rokoch 2004 az 2016. Z dovodu kom-
paktnosti dokumentu som do vyberu zamerne nezaradil publikacie z tohto obdobia
Ref. |145[|171}[197,215,222,/266,287,300,345,361], na ktorych mam tiez zdsadny podiel,
z dovodu, ze su tematicky vzdialené hlavnej téme tejto prace. Taktiez som do vyberu
nezaradil odborné texty Ref. [13}37,50} 53} 72,85, 179[220}225|,236,,316,334], ktoré sice
vysli i v referovanych ¢asopisoch, ale obsahuju predbezné vysledky, ktoré boli upresnené
v d'alsich textoch, alebo majui charakter sihrnnych kompildcii vysledkov.

Autorsky podiel na vybranom subore siedmych publikacii v tejto praci je nasle-
dovny. U ¢ldnku B. 1. Abelev et al., Phys. Rev. Lett. 98, 192301 (2007) som previedol
hlavni analyzu dat so zrdzok Au-+Au a podielal som sa na priprave textu publikacie
a taktiez na naslednej oprave vysledkov, ktora nastala na zaklade korekcii, ktoré boli
mimo moju tlohu v analyze dat. U ¢lanku L. Adamczyk et al. Phys. Rev. D 86,
072013 (2012) som bol hlavnym autorom textu publikdcie, interpretacie vysledkov.
Fyzikélna analyza bola prevedena v time spolu so svojim doktorandom Dr. Davidom
Tlustym [T1]. U ¢ldnku J. Crkovska et al. Phys. Rev. C 95 no.1, 014910 (2017) som
bol ¢lenom malého autorského timu s kolegami z Univerzity v Oslo. M6j hlavny podiel
bol pri formulécii fyzikalneho obsahu projektu, kontrole vypoctov, ktoré boli vykonané
v time so svojou diplomantkou Ing. Janou Crkovskou [D5|, pri priprave textu pub-
likdcie a formuldcii fyzikélnej interpretacie vysledkov. U dalsich ¢lankov L. Adamczyk
et al. Phys. Rev. Lett. 111, no. 5, 052301 (2013), H. Agakishiev et al., Phys. Rev. D
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83, 052006 (2011) som bol zodpovedny za kontrolu analyzy dat a simuldcii, odborni
pripravu textu a formuldciu fyzikalnych zaverov. U L. Adamczyk et al., Phys. Lett. B
739, 180 (2014) a L. Adamczyk et al., Phys. Lett. B 771, 13 (2017) som tento proces
pripravy clankov navyse viedol. Samotna analyza experimentalnych tdajov bola pre-
vedend v time s clenmi mojej fyzikalnej skupiny tazkych kvarkov experimentu STAR,
ktori som viedol v rokoch 2010-2012.

Copyright (¢ 2018 by Jaroslav Bielcik .
“The copyright of this thesis rests with the author. No quotations from it should be
published without the author’s prior written consent and information derived from it

should be acknowledged”.
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Kapitola 1

Kvarkovo-gluénova plazma

Od nepamiiti Iudia vyuzivaji svoj rozum na pochopenie sveta v ktorom Ziju. Tieto zna-
losti, zaloZené na pozorovani prirodnych javov, umoznili éloveku lepsie vyuzit prirodné
zdroje k svojim potrebdm, prirodné javy s dobrou mierou tspechu predpovedat a
prisposobit sa im. Dospeli k presvedéeniu, Ze svet je poznatelny, riadi sa univerzalnymi
pravidlami, ktoré mozu byt overitelné. Veda je proces poznavania sveta, zalozeny na po-
zorovani prirodnych javov a experimentoch, ktoré tieto prirodné procesy mozu opakovat
v zjednodusenych a kontrolovatelnych podmienkach. Veda je zaloZend na pozorovanych
faktoch, na tvorbe hypotéz a tedrii, ich upresnovani, testovani ¢i vyvracani. Je to ne-
ustaly dynamicky proces, ktory pokracuje s roznymi odbockami dopredu k hlbsiemu
pochopeniu prirody, ktorej sme sami zdrovei sti¢astou. Fyzika sa oddelila z prirodnych
vied v 19. storoci. Jej tlohou je pochopit prirodu na tej uplne najzédkladnejsej, naj-
hlbsej tirovni. Hoci sa mnohokrat opakovalo, Ze sa ndm podarilo objavit a ndsledne
vysvetlit povodne neocakdvané a nepredstavitelné javy, zd4 sa, Ze sme v pozndvani
sveta este daleko od tplnosti. Pohlad na ostatné storocie, ktoré si najviac spdjam so
vznikom jadrovej fyziky, kvantovej mechaniky a tedrie relativity ukazuje, Ze cesta od
novych zékladnych objavov k nesmierne vyznamnym aplikaciam je prekvapivo kratka.
Od objavu radioaktivity v roku 1896 Henrim Becquerelom do prvej jadrovej elektrarne
v roku 1954 v Obninsku uplynulo 60 rokov, od prvych krokov ku kvantovej mechanike
Maxa Plancka v roku 1900 ku konstrukcii tranzistorov Johnom Bardeenom a Walte-
rom Brattainom v roku 1947 uplynulo necelych 50 rokov, alebo od konstrukcie laseru v
roku 1960 Theodorom H. Maimanom do klinickych uplatneni v laserovych operaciach
v roku 1983 Dongom R. Choiom a Robertom N. Ginsburgom v roku 1983 len nieco
cez 20 rokov. Napriek tomu, ze vedkyne a vedcov v zdkladnom vyskume vo fyzike
pohéana dopredu prave snaha pochopif zédkony prirody, uplatnenia tychto poznatkov si
rychle a rozsiahle. Spolo¢nosti, ktoré dlhodobo pestuju vedu a investuji prostriedky
do vzdeldvania (Izrael, Juzna Kérea, Japonsko, skandindvske krajiny, zdpadnd Eurépa
a USA) dosahuji vyssi stupen rozvoja a blahobytu.

7Z pohladu sti¢asnej modernej fyziky sa cely poznany svet na zédkladnej irovni sklad4

z elementarnych castic, ktoré medzi sebou posobia Styrmi silami. Prva elementarna

1
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castica - elektrén bola objavend uz v roku 1897 Josephom J. Thomsonom, avsak az
pozorovania Ernsta Rutherforda viedli k poznaniu, ze atém sa sklada z malého kladne
nabitého a hmotného jadra a elektrény okolo neho obiehaju. V prvej polovici dvadsia-
teho storocia sa po objaveni proténov a neutrénov objavili dalsie castice: miény, piény,
kaény a lambda baryény. Tieto castice boli objavené v meraniach kozmického ziarenia.
Toto ziarenie je zlozené z primérnej zlozky, z castic, ktoré prilietaju do zemskej at-
mosféry z vesmiru, kde vznikaji a urychluji sa v astrofyzikalnych procesoch. To si
hlavne elektrény, protény, hélium, uhlik, kyslik, Zelezo a d'alsie jadra syntetizované vo
hviezdach. Tieto ¢astice reagujui s medzihviezdnym plynom a vznikaji d'alSie castice,
ktoré nie su casté v jadrovej syntéze vo hviezdach, ako litium, berylium, bér, ale aj
antiprotony a pozitrony. V hustej zemskej atmosfére potom toto primarne kozmické
Ziarenie interaguje a na zem dopadaju hlavne elektrény, pozitrény a miény. AvsSak
prave pozorovanim kozmického ziarenia v roznych vyskach atmosféry sa podarilo zis-
tit, Ze jadrovd hmota je komplikovanejsia ako td, ktord pozname zo zloZenia jadier
atémov. Prvy proténovy synchrotron, ktory svojou urychlovacou energiou nad hrani-
cou GeV (eV je jednotka energie pouzivana v casticovej fyzike, 1 eV ~ 1,6 x 10719 J)
umoznil pozorovat mezény zname dovtedy z kozmického Ziarenia a objavovat nové
castice, bol Cosmotron v Brookhavenskom ndrodnom laboratériu (BNL) v USA. Plnu
energiu 3.3 GeV dosiahol v roku 1953 a zah4jil obdobie, ked sa podarilo ndjst zdplavu
novych ¢astic. Na chvilu sa mohlo zdat, Ze svet je zlozitejsi a zlozZitejsi. Fyzici Murray
Gell-Mann a George Zweig navrhli, nezavisle od seba, v roku 1964 kvarkovy model.
Kvarky majui zlomkovy elektricky nédboj +1/3e alebo +2/3e. Pozorované castice sa
skladajui z kvarkov, ktoré st spolu s lepténmi (elektrén, mién, taudén) tplne zakladnymi
¢iastockami hmoty. Ku kazdému lepténu existuje prislusny typ neutrina s velmi ma-
lou hmotnostou. Na popis beznej hmoty si vystacime s dvoma najlahsimi kvarkami
u (up - hore, m, = 2,2J_r8ﬁ MeV [R1]) a d (down - dolu, mgq = 4, 7J_r8:i MeV) a
elektrénom. 7 tychtov kvarkov sa skladaji protény (uud) a neutrény (ddu). Postupne
sa zistilo, Ze existuji aj d'alsie typy kvarkov s (strange - podivny, m, = 9675 MeV), ¢
(charm — povabny, m. = 1,28 £0,03 GeV), b (beauty - krdsny alebo bottom - spodny,
my = 4, 18i8;3§ GeV) a t (top - vrchny alebo true - pravdivy, m; = 173,14+ 0,6 GeV).
Hovorfme o siestich réznych vonach kvarkov. Tazké kvarky maji hmotnost vécsiu ako
st hmotnosti nukleénov. Z kvarkov sa skladaji vSetky pozorované hadrény. Bud sa
jednda o trojkvarkové kombindcie - baryony alebo o kombinacie kvarku a antikvarku
- mezény. V roku 2015 sa experimentu LHCb v CERN podarilo preukdzat existenciu
pentakvarkov P (4450) a P;(4380) [R2], hadrénov skladajiicich sa zo styroch kvarkov
a jedného antikvarku. Vsetky castice maju svoje anticastice. Castice a anticastice mozu
navzajom anihilovat a uvolnit energiu odpovedajicu ich kludovej hmotnosti. Analo-
gicky je mozné z energie pary castica-anticastica vytvorit. Tieto elementdrne castice
v ramci stucasného teoretického popisu v Standardnom modeli ¢asticovej fyziky inte-
raguju elektromagnetickou, silnou a slabou silou. Tieto interakcie nastavaji pomocou
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vymeny bozénov: gluénov u silnej interakcie, W+, W~, Z% u slabej interakcie, v u elek-
tromagnetickej interakcie. V ramci standardného modelu hra doélezitu tlohu Higgsov
bozén, objaveny v roku 2012 v CERN [R3|R4] a ktory objasiiuje relativne velki hmot-
nost W a Z bozénov oproti nehmotnému foténu. Gravitacnd sila, ktord posobi medzi
¢asticami s hmotnostou, nie je sicastou standardného modelu. Siln4 sila, ktora je zod-
povednd za vézbu kvarkov v hadrénoch, je spojend s existenciou farebného naboja.
Kvarky existuju v troch farebnych stavoch. Gluény nesti farbu a antifarbu a mozu na
rozdiel od foténov interagovat silne medzi sebou. Tedria silnych interakeii je kvantova
chromodynamika, neabelovska kalibra¢na tedria zalozena na lokalnej kalibracnej grupe
symetrii SU(3). V jej rdmci m4 silnd interakcia neobvyklé vlastnosti, ako je asymp-
totickd sloboda a farebné uvéznenie. Pri malej vzdialenosti a vysokej energii je sila
interakcie mald, avsak pri odd’alovani kvarkov sila interakcie zostéva rovnaka a kvarky
nie je mozné z hadrénu uvolnit. Tomu hovorime farebné uviznenie. Od istej chvile
je pri oddelovani energeticky vyhodné vytvorit kvark-atikvark par a tieto kvarky sa
mozu pospéjat opit do hadrénov. Vysledkom je, Ze kvark nemozeme nikdy pozorovat
priamo a pri vytvoreni vysokoenergetického kvarku ¢i gluénu napokon v experimente
pozorujeme vytrysk castic jednym smerom.

V prvych okamihoch po Velkom tresku pred 14 miliardami rokov bola hustota a
teplota jadrovej hmoty tak velkd, Ze sa usudzuje, Ze existovala vo forme prapolievky
volnych kvarkov a gluénov, kvarkovo-gluénovej plazmy (QGP). Postupnym rozpinanim
teplota klesla a nastal fidzovy prechod do stavu, ked sa kvarky a gluény uviiznili
do hadronov. Je fascinujice, ze experimenty s vyuzitim ultrarelativistickych jadro-
jadrovych zrazok dokdzu v laboratériu tieto podmienky nastolit a skiimat fazové stavy
jadrovej hmoty, vratane kvarkovo-gluénovej plazmy. Vypocty poruchovej kvantovej
chromodynamiky (pQCD) na mriezke ukazuju, ze fazovy prechod hadrénového plynu
do QGP by mal nastat pri teplote okolo T, ~ 160 MeV (pri baryénovom chemickom
potencidli pp= 0 GeV). Na Obr. je schematicky zobrazeny casopriestorovy priebeh
jadro-jadrovej zrazky. Pri zréazke sa kineticka energia urychlenych jadier premeni na
hmotu, kvarky a gluény. Prva faza zrazky je predrovnovazna, v nej sa z virtualnych
kvant vytvoria realne partony a tie navzajom interagujui, az nastane rovnovazny stav
kvarkovo-gluénovej plazmy. Vyjadrené vlastnym casom systému sa odhaduje, ze pred-
rovnovazny stav trva 7, ~1 fm/c . Dalej sa systém v stave QGP rozpina a chladne.
V tejto faze, ktord moze trvat okolo 10 fm/c (t.j. 3 x 10723s), prebichaju fyzikdlne
procesy, ktorych prejavy sa snazime experimentélne identifikovat a interpretovat. Na
ich zédklade sa pokusame QGP charakterizovat a opisat. Teplota jadrovej hmoty po
zrazke pri energidch na urychlovac¢i RHIC sa z merani priamych foténov odhaduje na
viac nez 500 MeV. Ked QGP ochladne na 7}, nastane fazovy prechod do hadrénového
plynu, kde st kvarky viazané do hadrénov. I v tejto faze mozu hadrény interagovat v
pruznych a nepruznych zrazkach az nastane moment chemického vymrznutia pri T,

a potom sa uz pomery hadrénov nemenia, i ked az do tepelného vymrznutia pri T,
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mozu interagovat pruzne. Ndsledne prestani interagovat a pokracuji v lete od bodu
zrazky. Ked'Ze, az na protén, si hadrény nestabilné, v detektoroch detegujeme prevazne
dcérske castice hadronovych rozpadov, typicky protony, piony, kaény a elektrony a ich

anticastice.

K Freeze-Out Tio Teh T
A

Hadron Gas

1,< 1 fm/c

NY

Obr. 1.1: Schematické zobrazenie casopriestorového priebehu jadro-jadrovej zrazky.
Jadrova hmota prejde po sformovani QGP rozpinanim a nasledne fazovym precho-
dom do hadrénového plynu pri 7.. Hadrény eSte navzajom interaguju a systém prejde
chemickym a tepelnym vymrznutim pri T, a T%,. Prevzaté z Ref.

Program ultrarelativistickych jadro-jadrovych zrazok zacal v roku 1986 zrazkami
kysliku 'O na olove 2°*Pb na urychlovaci SPS v CERN a zrazkami kysliku 1°0O na
zlate 197Au na urychlovaéi AGS v BNL. Aj v stcasnosti hraju tieto dve laboratéria
vedicu tlohu v skimani vlastnosti QGP. V BNL na urychlovaci RHIC je aktivny expe-
riment STAR, ktory planuje svoj experimentalny program az do roku 2022. V CERN
sa na urychlovaci LHC tymto stavom hmoty zaobera hlavne experiment ALICE spolu
s experimentmi ATLAS, CMS a od roku 2013 aj experiment LHCb. Vysledky experi-
mentov na SPS naznacili, ze hmota vytvorena v centralnych ultrarelativistickych jadro-
jadrovych zrézkach mé prejavy, ktoré st v stilade s produkciou QGP [R€]. Centrélne
zrazky su zrazky s malym zrazkovym parametrom, obvykle sa vyjadrujeme v per-
centach najcentralnejsich zrazok. V centralnych zrazkach je napriklad produkcia po-
divnych baryénov zosilnend vzhladom k protén-proténovym zrazkam v dosledku inte-
rakcii medzi kvarkami a gluénmi pri vysokych gluénovych hustotach. Taktiez sa pozo-
rovalo potlacenie produkcie J/1 nad rdmec prejavov studenej jadrovej hmoty v silade
s farebnym tienenim dikvarkového vazbového potencidlu pri vysokych teplotach a hus-
totdch energie. Experimenty na RHIC objavili d alsie tiplne nové javy. Hmota vytvorend
v zrdzkach Au-+Au pri energii /syy = 200 GeV je nepriehladnd pre vysokoenerge-
tické partony vyprodukované v pociatocnych fazach jadrovej zrazky v tvrdych proce-
soch. T4to vlastnost sa prejavuje ako zhdsanie vytryskov castic v dosledku strit energie
parténov interagujucich s kvarkami a glu6nmi v QGP. Pozorovand hmota ma kolektivne

chovanie s kvarkami a gluénmi ako zakladnymi stupfiami volnosti. D4 sa popisat hydro-
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dynamickymi modelmi idealnej kvapaliny s najmensou doteraz pozorovanou hodnotou
1, pomeru Smykovej viskozity a entropie. Na Obr. je kompilacia merania zavislosti
jadrového modifikaéného faktora (Ra4) roznych druhov ¢astic na priecnej hybnosti
z experimentu PHENIX pre centrdlne zrazky Au+Au pri /syy = 200 GeV [R7].
R4 je pomer vytazku produkcie ¢astic nameraného v jadro-jadrovej zrazke a v refe-
rencnej proton-proténovej zrazke vynasobenej priemernym poctom bindrnych zrazok v
jadro-jadrovej zrazke ({Np)). Pouziva sa na kvantifikdciu vplyvu jadrovej hmoty na
produkciu castic. Produkcia ¢astic, ktoré vznikaju v tvrdych procesoch, je skalovana s
(Npin). V pripade, ze by v jadrovej hmote nebola d'alej ovplyvnend, hodnota Ra4 by
mala byt 1. Toto vidime na Obr. pre priame fotéony v, avSak produkcia ostatnych
castic je potlacend pri vysokych hodnotach pr. Produkcia castic z tvrdych procesov
prevazuje pri hodnotdch pr viicsich nez 2 - 4 GeV/c . Napriklad produkcia ¥ je v
oblasti nad 4 GeV/c potlacend faktorom 5, ¢o odpovedd hodnote R4 =~ 0,2. Toto sa
interpretuje ako dosledok zhasania vytryskov castic, pretoze z dovodu strat energie vy-
produkovanych vysokoenergetickych partéonov v QGP toto vedie k naslednej produkeii
¢astic s mensou hodnotou pr. KedZe priame fotény s QGP neinteraguju silne, nie si
vzhladom k p+p potlacené.

<2'4 PHENIX Au+Au, s, =200 GeV, 0-10% most central
Qf<2.2 r f direct y (PRL109, 152302) ¥ J/ 0-20% cent. (PRL98, 232301)
1 (PRL101, 232301) ® 0-20% cent. (PRC84, 044902)
2 —
in (PRC82, 011902) § &/;- (PRCB84, 044905)
1.8 # o (PRC83, 024904) 1 K* (PRC88, 024906)
16 ¥ p (PRC88, 024906)
1.4
&
1+ e SN 4 - ) [}][}][}] [}] ....................................
0.8f %

ity

0'61
0.4}, 5 i l N
0.2*3;) H . [ :
PRI BT PR L L L | I RS U P R |
o0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

Obr. 1.2: Zavislost jadrového modifikacného faktora na prie¢nej hybnosti pre priame
v, 70, m, ¢, w, K+, e* z rozpadov hadrénov fazkych voni, J/1 a proténov, namerans
experimentom PHENIX pre centralne zrazky Au+Au pri \/syny = 200 GeV. Prevzaté
z Ref. |R7].

Kriticky rozbor prvych merani na urychlovacéi RHIC jednotlivé experimentélne ko-
laboracie publikovali ako tzv. biele knihy jednotlivych experimentov: STAR [13], PHE-
NIX [R8], BRAHMS |R9], PHOBOS [R10]. V ostatnych rokoch sa podarilo experi-
mentu STAR previest aj niekolko neocakavanych merani a objavov. Podarilo sa previest
prvé experimentalne meranie produkcie antihypertricia [102] (Science 328 (2010) 58),

viazaného stavu antineutronu, antiproténu a castice antilambda. Taktiez sme priamo
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pozorovali produkciu antihélia [127] (Nature 473 (2011) 353), najtazsiecho doposial
vyprodukovaného antijadra. Zmerali sme tiez, ze interakcia medzi antiproténmi je
pritazliva [300] (Nature 527 (2015) 345). Meranim globdlnej polarizdcie A hyperénu
sme nepriamo zistili, Ze jadrovd hmota produkovand v jadro-jadrovych zrazkach ma
aj extrémnu hodnotu virivosti w ~ (9 & 1) x 10*'s7!, ocakdvani z dovodu velkého
momentu hybnosti (az 1000A) v necentrélnych zrazkach [361] (Nature 548 (2017) 62).

V dalsej casti tejto kapitoly sa zamerdme na teoretické skiimanie vplyvu vytryskov
castic na kvantifikdciu trojuholnikového toku. V d'alsich kapitoldch budeme diskutovat
merania spojené s produkciou tazkych kvarkov z experimentu STAR.

1.1 Vplyv vytryskov castic a interakcii v konecnom

strave na trojuholnikovy tok

Doterajsie experimentalne vysledky z ultra-relativistickych zrazok ukazuju, ze vyvoj
hortcej a hustej jadrovej hmoty prebieha podla pravidiel hydrodynamiky s malou vis-
kozitou, ako idedlna jadrovéa kvapalina. Toto kolektivne chovanie je mozné kvantifikovat
napriklad parametrizovanim uhlového rozdelenia vytvorenych ¢astic vzhladom k rovine
zrazky (vztah (1) v prilozenom ¢ldnku). Avsak je niekolko moznych d'alsich fyzikalnych
javov, ktoré tiuto parametrizaciu narusuju, pretoze efektivne sposobuju korelacie medzi
vzniknutymi hadrénmi. Parameter vy, elipticky tok, suvisi s deformaciou tvaru jadro-
vej hmoty na pociatku zrazky. Z dovodu symetrického rozdelenia energie v zrazke sa
ocakavalo, ze vSetky neparne ¢leny n>1 Fourierovho rozvoja definujiceho koeficienty
kolektivneho toku budu nulové a az v nedavnej dobe sa rozvinulo studium parametra
vs, takzvaného trojiholnikového toku |[R11|. Fluktudcie tvaru oblasti prekryvu jadier
pri zrazke vedu k jeho nenulovym hodnotam. V clanku J. Crkovska et al., Influence
of jets and decays of resonances on the triangular flow in ultrarelativistic heavy-ion
collisions Phys. Rev. C 95 no.1, 014910 (2017) sme skumali vplyv produkcie vytryskov
castic a rozpadov rezonancii na trojuholnikovy tok réznych hadrénov pri energiach
zrazok na urychlovaci LHC v CERN. Thto §ttidiu sme previedli pomocou vypocétov a
simuldcii v rdmci generdtora zrazok HYDJET++ [R12]. V rdmci tohto Monte Carlo
generatora su jadro-jadrové zrazky simulované ako superpozicia dvoch faz: mikkej a
tvrdej. Obe Casti st simulované osobitne. Castice v mikkej faze si modelované na
hyperploche chemického a termalneho vymrznutia pomocou parametrizovanej relati-
vistickej hydrodynamiky. Z javov vo finadlnom stave zrazky su zahrnuté dvojcasticové
a trojcasticové rozpady viac nez 360 mezénovych a baryénovych rezonancii. Castice z
tvrdej fazy st simulované pomocou modelu PYQUEN [R13]. Ten vychadza z rozdelenia
vytryskov ¢astic generovanych pomocou PYTHIA [R14] a vzniknuté partény si modi-
fikované v jadrovej hmote v dosledku radiacnych a zrazkovych strat energie. Nasledne
st partény hadronizované v ramei Lundského strunového modelu (Lund string model).

min

Partény vyprodukované s mensimi hybnostami ako p2" si pridané do mikkej zlozky.
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Ako je vysvetlené v ¢ldnku (vztahy (3) a (4)), anizotropicky tok je v modeli jednak
dosledkom priestorovej excentricity reakcnej zény prekryvajucich sa jadier v priecnej ro-
vine zrazky (parameter €(b)) a jednak dosledkom dodatoénej anizotropie jadrovej teku-
tiny, ked azimutdlny uhol rychlosti tekutiny je nelinedrne korelovany (parameter 6(b))
s priestorovym azimutalnym uhlom. Hodnoty oboch parametrov sa ziskali fitovanim
experimentalnych merani eliptického toku. Trojitholnikovy tok je zavedeny d'alsim pa-
rametrom (parameter e3(b)) v popise prietneho polomeru hyperplochy vymrznutia. V
¢lanku sme studovali rozne fyzikédlne prispevky do trojuholnikového toku. Ukazali sme,
ze pri energidch na LHC ( Pb+Pb 2.76 TeV a centralita 20-30%) rozpady rezonancii
maji vyznamny vplyv na velkost vz, zosiliujui ho, pre nabité hadrény s pr viac nez 1
GeV/c (viz. Fig.1). (V d'alsom texte budem rozliSovat odkazovanie sa na obrazky v ko-
mentéri (Obr.) a odkazovanie sa na obrazky v prilozenych ¢lankoch. U druhého pripadu
budem citovat obrézky tak, ako sa objavuji v ¢ldnkoch (Fig., FIG., atd.).) Pri pohlade
na rozne druhy hadrénov, zacina vplyv rozpadov rezonancii u piénov uz od 1 GeV/c,
avSak pri tazsich hadrénoch ako kadn, lambda a protén je vplyv vyrazny az od pr ~ 2
GeV/c (viz. Fig.4). Produkcia vytryskov castic - tvrdd cast spektra sa prejavuje pokle-
som vs pri vyssich pr. U tazsich castic sa pokles prejavuje u relativne vyssich pr, ako u
lahsich castic (viz. Fig.1 a Fig.2). Vypocty modelu HYDJET++ dobre popisuju integ-
rované merania vs pre rozne centrality zrazok Pb+Pb 2.76 TeV merané experimentom
ATLAS. Niektoré rezonancie zvysuji a niektoré znizuju vs piénov. Celkovo rozpady
rezonancif len mélo ovplyviuji integrované hodnoty vs nabitych hadrénov (viz. Fig.7).
Vyrazny je vplyv tvrdej zlozky z vytryskov castic, ktord redukuje vs. Dalej sme skimali
skalovanie toku. Na experimentoch na urychlovacéi RHIC sa experimentdlne ukézalo,
7e zavislost eliptického toku v, na priecnej kinetickej energii KEr = mp-myg sa skaluje
pre rozne hadrény v pripade, ked sa obe veli¢iny vydelia po¢tom valenénych kvar-
kov n, do hodnoty KEr/n, ~ 1 GeV [R15|. V pripade hadrénov produkovanych v
mékkych procesoch bez zahrnutia naslednych rozpadov rezonancii HYDJET++4 pred-
povedd skalovanie v intervale KErp/n, 0,5 az 1,2 GeV. Zahrnutie rozpadov rezonancif
rozsiruje toto skalovanie az k hodnote 1,7 GeV. Naopak zahrnutie produkcie castic z
tvrdej zlozky - vytryskov castic sposobi rozmazanie Skalovania (viz Fig. 11). S J. Crkov-
skou sme previedli podobnii §tidiu aj pre energie na urychlovaci RHIC [D5]. Ukézalo
sa, ze po zahrnuti rezonancii nastava skdlovanie a nésledny vplyv vytryskov ma nan
maly vplyv.

V poslednej dobe velkii pozornost ziskalo §tiidium kolektivneho toku a dvojcasticovych
korelacii v malych systémoch, v proton-protéonovych a protén-jadrovych zrazkach. Tieto
zrazky sa dlho povazovali za referencné merania a tvorba QGP alebo kolektivne pre-
javy sa u nich neocakavali. Avsak merania z experimentov napr. CMS [R16,R17] alebo
ALICE [183],)208},250] ukazali, ze koreldcie medzi ¢asticami v tychto zrdzkach s po-
dobné ako v jadro-jadrovych zrazkach pri rovnakej pocetnosti castic. Tieto pozorova-
nia viedli k ¢iastocnému prehodnoteniu interpretacie merani toku a taktiez k vyvoju
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d'alsich veli¢in, ktoré kolektivne chovanie lepsie charakterizuju |[R18]. Javi sa, ze aj v

protén-jadrovych zrazkach nastava kolektivne hydrodynamické rozpinanie [R19)].
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Triangular flow v3 of identified and inclusive particles in Pb 4 Pb collisions at ,/syy = 2.76 TeV is studied
as a function of centrality and transverse momentum within the HYDJET++ model. The model enables one
to investigate the influence of both hard processes and final-state interactions on the harmonics of particle
anisotropic flow. Decays of resonances are found to increase the magnitude of the vs(pr) distributions at
pr = 2 GeV /c and shift their maxima to higher transverse momenta. The pr-integrated triangular flow, however,
becomes slightly weakened for all centralities studied. The resonance decays also modify the spectra towards
the number-of-constituent-quark scaling fulfillment for the triangular flow, whereas jets are the main source of
the scaling violation at the energies available at the CERN Large Hadron Collider (LHC). Comparison with the
corresponding spectra of elliptic flow reveals that resonance decays and jets act in a similar manner on both vs(pr)
and v,(pr) behavior. Obtained results are also confronted with the experimental data on differential triangular
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flow of identified hadrons, ratio v;""(pr)/v,""(pr), and pr-integrated triangular flow of charged hadrons.
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I. INTRODUCTION

Collective flow of hadrons produced in ultrarelativistic
heavy-ion collisions is one of the signals especially sensitive
to the creation of even a small amount of quark-gluon plasma
(QGP) [1-3]. To quantity this phenomenon an expansion of
the azimuthal distribution of hadrons in a Fourier series was
proposed in Refs. [4,5]:

Z—Zul+22vncos[n(¢—\lfn)]. (1)
n=1

Here ¢ denotes the azimuthal angle between the particle
transverse momentum and the participant event plane, and W,
is the azimuth of the event plane of the nth flow component.
The coefficients v, are the flow harmonics that can be found
after the averaging of cosines in Eq. (1) over all particles in an
event and all events in the data sample:

v, = {{cos [n(p — W,)])). @

Modifications of the proposed analysis are possible [6], but
we keep the traditional scheme to compare our results to
the experimental data. For almost 20 years experimentalists
and theorists have intensively investigated mainly the two
lowest-order coefficients, called directed v; and elliptic v,
flow, see, e.g., Refs. [7,8] and references therein, whereas the
study of triangular v; flow and higher harmonics started not
long ago [9-12].

In collisions of similar nuclei, such as gold-gold or lead-
lead, the higher-order odd-flow harmonics measured with

2469-9985/2017/95(1)/014910(9)

014910-1

respect to the reaction plane are expected to vanish under the
assumption of a symmetric energy distribution. Experiments
confirm that v3(W;) = 0. However, initial-state fluctuations
can lead to a nonvanishing participant triangularity [9], which
is approximately linear to the triangular flow in its own partic-
ipant plane W3 [13,14]. In many theoretical works devoted to
the investigation of the signal in heavy-ion collisions, topics
such as the response of v; to the initial triangularity €3 of the
collision zone and sensitivity to initial-state fluctuations and
to viscosity of hot QCD matter have been treated [9,13—-15].
Our study focuses mainly on the influence of jets and decays of
resonances on the formation of v3, which to our best knowledge
has not been explored extensively yet (see Refs. [16] and [17]).
The event generator HYDJET++ [18] is employed for the
simulation of Pb 4- Pb collisions at /syy = 2.76 TeV.

HYDJET++ suits very well for these purposes because
the model includes the treatment of both soft and hard
processes and has an extensive table of hadronic resonances,
including the charmed ones, with more than 400 baryonic
and mesonic states. The properties of the model and the
generation of the anisotropic flow in it are discussed in Sec. II.
Section III presents the results on differential and integrated
triangular flow of charged hadrons produced from central
to (semi)peripheral Pb + Pb collisions at \/syy = 2.76 TeV.
Here the partial contributions of hydrodynamic processes, jets,
and decays of resonances to the formation of the final v
are studied. Ratios v;/ 3 / v;/ % and fulfillment of the number-
of-constituent-quark (NCQ) scaling are investigated as well.
Finally, conclusions are drawn in Sec. IV.

©2017 American Physical Society
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II. GENERATION OF TRIANGULAR FLOW
IN HYDJET++

The Monte Carlo event generator HYDJET++- (hydrody-
namics with jets) treats a relativistic heavy-ion collision as a
superposition of a soft, hydrolike state, hadronized as a result
of a sudden thermal freeze-out, and a hard multiparton state,
where energetic partons experience collisional and radiative
energy losses in an expanding quark-gluon fluid [18]. The
simulation of both states proceeds independently. In the soft
sector the thermalized system of hadrons is generated on
the hypersurfaces of chemical and thermal freeze-out given
by the parametrized relativistic hydrodynamics with preset
freeze-out conditions [19,20]. This approach is similar to the
THERMINATOR model [21]. The effective thermal volume of
the fireball is used to calculate the mean multiplicities of
hadrons produced at the freeze-out hypersurface. The volume
is generated on an event-by-event basis. It is proportional to
the number of wounded nucleons at a given centrality provided
by the Glauber model of multiparticle scattering. The only
final-state interactions taken into account are the two- and
three-body decays of resonances. The table of resonances is
quite extensive and contains more than 360 meson and baryon
(anti)states including the charmed ones.

The next part of HYDJET++, which describes the hard
partonic interactions, employs the generator PYQUEN [22] for
simulation of single hard nucleon-nucleon collisions. It starts
with the PYTHIA-generated initial parton distributions and
generation of the spatial vertexes of jet production, proceeds
with the rescattering-by-rescattering propagation of partons
through the hot and dense medium, determines the partons’
mean free path as well as radiative and collisional energy
loss, and, finally, hadronizes the hard partons and in-medium
emitted gluons according to the Lund string model. Thus
for each symmetric heavy-ion collision at a given impact
parameter, the mean number of jets is a product of binary
NN collisions and the integral cross section of the hard
process with the certain minimum momentum transfer, p™".
Partons produced in initial hard scatterings with a transverse
momentum transfer lower than p’}““ are excluded from the
hard component. Their products of hadronization are added
to the thermalized component of the particle spectrum. These
hadrons, however, can carry only weak anisotropic flow arising
because of the well-known jet-quenching effect. Details of
the model can be found in Refs. [18-20,23]. It is worth
noting that the combination of parametrized hydrodynamics
with jets was able to explain the falloff of the elliptic flow,
vy, at high transverse momenta and violation of the mass
ordering of v,(pr) distributions for mesons and baryons at
pr & 2 GeV/c [24], to predict the violation of the number-
of-constituent-quark scaling for v, at the energies available
at the LHC [24,25], and to describe the rise of the high-pr
tail of the vy/ v% ratio at the energies available at the BNL
Relativistic Heavy Ion Collider (RHIC) and the LHC [26,27].
The extension of HYDJET++ to the triangular flow was done in
Ref. [28]. The interplay of v, and v3 in the model describes the
nonlinear contributions of elliptic and triangular flow to higher
flow harmonics including the hexagonal one [28,29], as well
as the long-range dihadron correlations, known as ridge [30].
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Triangular flow is a very important ingredient of the model
and it is thus worth discussing the features of its generation.
Anisotropic flow emerges in HYDJET++ because of the
following reasons. The profile of the nuclear overlap zone in
the transverse plane can be approximated by an ellipse with
the spatial eccentricity e(b) = (R? — R2)/ (Rf + R?), where
b is the impact parameter, and R, and R, are the long- and
short-ellipse radii, respectively. Then, the transverse radius of

the fireball reads
V1 —¢g2(b)

Rer(6.9) = Rulb) Fmrm—sss

3)

where

Rio(b) = \/(R2 4 R2)/2 = Roy/1 — &(b), 4)

with Ry being the freeze-out transverse radius in a perfectly
central collision with b = 0. Because every fluid cell is
carrying a certain momentum, the spatial anisotropy at the
freeze-out will be transformed into the momentum anisotropy.
Unlike several other models, HYDJET++ does not rely on
isotropic parametrization, where the azimuthal angle of the
fluid velocity, ¢auig, coincides with the azimuthal angle ¢.
Instead, these two angles are correlated via the nonlinear

function [20]
(168
tan ¢guiq = Té(b)tan ?, ()

where the new anisotropy parameter, §(b), is introduced. Both
spatial and flow anisotropy parameters, (b) and §(b), are
proportional to the initial spatial anisotropy g9 = b/(2R4).
Their values are fixed after fitting the HYDJET++ calculations
to the measured elliptic flow.

To extend the model to the triangular flow the transverse
radius of the freeze-out hypersurface was modified accord-
ingly [28]:

Risian(b,¢) = Ren(b,$){1 + £3(b) cos [3(¢ — W3)]}.  (6)

Because experiments show no correlation between the event
planes of the second and third harmonics, i.e., va(¥3) =
v3(W;) = 0, these planes are also uncorrelated in HYDJET++-.
The new parameter £3(b) entering Eq. (6) is responsible for
the creation of triangularity in the system. Similarly to e(b),
it can also be proportional to the initial eccentricity &y(b) or
considered as a free parameter.

Note, that the model possesses event-by-event (EbyE)
fluctuations even when the values of the anisotropy parameters,
e(b), 8(b), and e3(b), are fixed at the fixed impact parameter b.
The sources of the EbyE fluctuations are fluctuations in particle
multiplicities, coordinates, and momenta, as well as production
of minijets and decays of resonances. Recently, HYDJET++
was extended [31] to match the measured EbyE fluctuations
quantitatively. For this purpose the three parameters were not
fixed anymore but rather smeared normally around their most
probable values. The smearing procedure, however, does not
change the distributions of either differential vy3)(pr,b) or
pr-integrated vy3)(b) characteristics, because these results are
obtained after the averaging over quite substantial amounts of
generated events.
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III. TRIANGULAR FLOW IN Pb + Pb COLLISIONS
AT LHC

The transverse momentum dependence and the centrality
dependence of the triangular flow of hadrons were studied
in Pb+Pb collisions at center-of-mass energy ./syy =
2.76 TeV. The considered pr interval was 0 < pr < 8 GeV/c,
whereas the centrality range 0 < 0/0ge0 < 50% was subdi-
vided into five bins, namely, 0—10%, 10-20%, 20-30%, 30—
40%, and 40-50%. Because the yields of hadrons with trans-
verse momenta larger than 1 GeV /c rapidly drop, the generated
event statistics was about 1 000 000 events for each centrality
bin to provide reliable values for v3 at pr >4 GeV/c. A
detailed comparison of the HYDJET++ calculations of v3 to
the corresponding data by the ATLAS Collaboration [32] and
the CMS Collaboration [33] was done in Ref. [28]. In the
present article our primary goal is to reveal the contributions
of different processes to the formation of triangular flow. We
start from the interplay of soft processes and jets.

A. Interplay of soft and hard processes

In what follows, we distinguish between the spectra of
particles

(i) directly frozen at the freeze-out hypersurface in hydro
calculations (direct hydro),
(ii) direct hydro + resonance decays (soft processes only),
(iii) directly produced in jet fragmentation,
(iv) directly produced from jets + resonance decays (hard
processes only),
(v) directly produced from hydro and jets, and
(vi) produced in all processes, i.e., hydro + jets +
resonance decays.

Figure 1 shows the v3(pr) spectrum of charged hadrons
produced in collisions with centrality 20% < 0/0geo < 30%.

0.2} « Total Hydro+Jet
t v Hydro+Jet w/o JQ
[ - Direct Hydro+Jet
0.15 —Hydro
- Jetpart Pb+Pb |5y = 2.76 TeV 20-30%
L HYDJET++
>"’ 0.1—
0.051
OF
PRI
0 3 4 5
P, (GeV/c)

FIG. 1. The py dependence of different components of the
triangular flow of charged particles produced in the HYDJET++
model for Pb+ Pb collisions at ,/syy = 2.76 TeV at centrality
20-30%. The shown distributions are the vs;(pr) of particles coming
from the hydro part (ii) (solid line), from the jets (iii) (dashed
line), and of directly produced particles in both soft and hard (v)
interactions (dotted line). Final triangular flow (vi) is presented by
the solid circles, and triangles indicate the v; calculated without the jet
quenching.
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In addition to the resulting triangular flow (vi), the partial
contributions coming from the hydrodynamic part with reso-
nances (ii), the jet fragmentation (iii), and particles produced
either at the freeze-out hypersurface or decoupled from jets
(v) are displayed as well. To study the influence of the
jet-medium interaction on the triangular flow, we plot in Fig. 1
also the calculations without the jet quenching. Note that the
triangular flow of hadrons originated from the jets both with
and without the jet quenching is consistent with zero in the
model. Hadrons coming from soft hydrodynamic processes
demonstrate an almost linear rise of triangular flow with
increasing transverse momentum at 0.3 < pr <4 GeV/c.
Hydrodynamics, however, dominates the particle production
at pr < 2.5 GeV/c only, whereas at higher transverse mo-
menta the particle spectrum is dominated by the jet hadrons.
These circumstances cause the falloff of the v3(pr) at pr >
3.5 GeV/c. The jet quenching enhances the yield of hadrons
with low and intermediate transverse momenta. These particles
should reduce the triangular flow in low- and intermediate- py
ranges. However, their admixture is very small compared
to hadrons produced in soft processes. As one can see in
Fig. 1, the impact of the jet quenching on the development
of the pr-differential v; is insignificantly small. Decays of
resonances increase the triangular flow of charged hadrons at
pr = 1 GeV/c. This follows from the comparison of vs(pr)
of hadrons directly frozen at the freeze-out hypersurface
or produced in the course of the jet fragmentation (dotted
curve) with the total signal (solid circles), which includes
also the hadrons coming from the decays of resonances. The
detailed discussion of the influence of resonance decays on the
triangular flow is given in Sec. III B.

Transverse momentum distributions of the triangular flow
(vi) of most abundant charged hadrons, such as pions, kaons,
(anti)protons, and (anti)A’s are depicted in Fig. 2(a) together
with the hydrodynamic parts (ii) of their spectra, shown
separately in Fig. 2(b). Several things are worth mentioning
here. In hydrodynamic calculations both meson and baryon
branches show a linear rise at 0.5 < p7 < 5 GeV/c. Mesonic
flow is stronger than that of (anti)protons, whereas for full hy-
dro+jets calculations this is true only for pr < 2.5 GeV/c. At
higher transverse momenta the triangular flow of protons and
antiprotons, v_f tr (pr), continues to rise, while the triangular
flow of charged pions, vgi(pT), and kaons, vfi(pr), drops.
This effect is also caused by the jet hadrons. The heavier the
particle, the harder its pr-spectrum in hydrodynamics is. Thus,
jets start to reduce the v3(pr) distribution of heavy hadrons at
larger transverse momenta compared to light hadrons, as seen
in Fig. 2(a).

Recently, the triangular flow of identified hadrons in Pb +
Pb collisions at /s =2.76 TeV was measured at different
centralities by the ALICE Collaboration [34]. The results of
HYDJET++ calculations for charged pions, kaons, and protons
with antiprotons are plotted onto the experimental data in Fig. 3
for four centrality bins, 10-20%, 20-30%, 30-40%, and 40—
50%. It follows from the comparison that the model provides
a fair description of the data. It reproduces correctly the mass
ordering of hadron v3 at pr < 2 GeV/c and its violation at
higher transverse momenta.

014910-3



1.1 Jaroslav Bielcik: Fyzika kvarkov fazkych véni 12

J. CRKOVSKA et al.

0.2F ® p,p all hadrons (a)
FoAxE i ]
0.15F ; f/\ g.;,‘.o-..“ 0
E ’ FRFK *
0.1 **;@f *ok, ¢¢¢ !
- ** .- * +'
0.05F  u*o®" e
- o
om!@HH ‘ , oy Lk
i %
> 0_2:_ only hydro *_‘.g x (b)l(
0.15F K
A9 kg
i K *.*’55
0.1 TS
F **Q{.‘t I}
0.05- JHoe® PbaPb 5y, =276 TeV 20-30%
OM HYDJET++
0 1 2 3 4 5 6
P, (GeV/c)

FIG. 2. The pr dependence of (a) total triangular flow (vi) and
(b) its hydro component (ii) in the HYDJET++ model for Pb + Pb
collisions at /syy = 2.76 TeV at centrality 20-30%. The hadron
species are p + p (solid circles), charged pions (solid triangles),
charged kaons (solid stars), and A + A (open squares).

B. Influence of resonances

The differential spectra v3(pr) of 7%, K=, p + p, and
A+ A are displayed in Fig. 4 for (semi)central (0-10%)
collisions and in Fig. 5 for semiperipheral (30-40%) collisions.
Here the spectra of hadrons directly produced either on the

0.1~ — p+p HYDJET++ F
[ p+BALICE . 'ﬁ‘é
F ..ot HYDJET++ g 2
0.08"" 1= ALICE A% ¥
[ e KEHYDJET++ A% :
0.06 + K*ALICE A% F
0.04F F
0.02F F
; 10-20% (a)
- ‘ ‘
> oF N"A@ﬁﬂ!’

30-40% (C) 4050% (d)|
L 11 1

‘ ;
0 05 1 15 2 250 05 1 15 2 25
P, (GeVlc)

FIG. 3. The p; dependence of triangular flow of 7% (dashed
lines), K* (dash-dotted lines), and p + jp (solid lines) in HYDJET++
calculations of Pb + Pb collisions at 2.76 TeV at centrality (a)
10-20%, (b) 20-30%, (c) 30-40%, and (d) 40-50%. Corresponding
experimental data from Ref. [34] are shown by solid triangles (7 *),
stars (K¥), and circles (p + p), respectively.
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FIG. 4. The pr dependence of triangular flow of (i) direct hadrons
in hydro (dashed lines), (ii) all hadrons in hydro (solid lines), (v)
direct hadrons in soft and hard processes (open symbols), and (vi)
all hadrons (solid symbols) produced in the HYDJET++ model for
Pb + Pb collisions at \/syy = 2.76 TeV with centrality 0-10% for
(@) p + p, (b) A + A, (c) charged kaons, and (d) charged pions.

freeze-out hypersurface or in the course of jet fragmentation
(v) are compared to the final distributions (vi), where decays of
resonances are taken into account. For both centrality intervals
the physical picture is qualitatively similar. Namely, decays of
resonances do not vary significantly the triangular flow of
hadronic species at transverse momenta below 1 GeV/c for
pions and below 2 GeV/c for heavier particles. At higher
transverse momenta the situation is changed. Hadrons coming
from the resonance decays enhance the differential v of
all species and shift the maxima of the distributions by
0.5-1.0 GeV/c towards higher py. The maxima of vi(pr)
demonstrate the rise of about 25% with shifting centrality
from 0-10% to 30—40% (cf. Figs. 4 and 5).
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@F ) |

o
H.vu‘.uwnkuuwu

> [ @ alpF ©F O directpsF
0.2F all F direct 7t
Foxoaik Y direct K*
[ W oalAx [ direct A+A
0.1 5:_— hydro direct+reso F direct hydro
F A e
0.1:— §W,ﬁ,* ox
b Hoke K
0.05:— i?,{ﬁ Wﬁ***—
X
Oﬂ*‘?é‘ f | | R R et B e e R A A
0 1 2 3 4 50 1 2 3 4 5
P, (GeV/c)

FIG. 5. The same as Fig. 4 but for centrality 30-40%.
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In addition to these two distributions representing processes
(v) and (vi), we plot in Figs. 4 and 5 two curves showing the
v3(pr) of particles directly produced from hydro (i) and its
modification after the resonance decays (ii). For p + p and
A + A both curves are very close to each other, whereas the
vs(pr) of charged kaons and, especially, of charged pions
after the decays of resonances is a bit lower than that of
directly produced particles. This result does not contradict
the opposite behavior of the final spectra. The resonances
are more abundantly produced in soft processes compared
to the hard ones. Decays of resonances significantly increase
the particle yields in the soft part of the spectrum; therefore
fractions of hydroparticles dominate the particle spectra to
larger transverse momenta. Consequently, the rise of the
pr-differential triangular flow will persist to larger values of
pr- Recall that not all resonances are equally important. As
was shown in Ref. [17], the set of resonances needed for the
description of the flow harmonics v, of pions and protons can
be reduced to 20-30 species only.

On the other side, the main part of particle spectrum consists
of hadrons with transverse momenta lower than 1 GeV/c
and pions are the dominant fraction of the spectrum, and for
them the softest part of the v3(pr) distribution seems to carry
a bit weaker triangular flow after the decays of resonances
compared to that of directly produced pions, as shown in
Fig. 5. Therefore, the problem is twofold. First, it is necessary
to scrutinize how the decays of resonances alter the pion
triangular flow. After that we should get the integrated values
of vy at different centralities.

At the energies available at the LHC of \/syy = 2.76 TeV
or higher only about 20% of pions are produced in HYDJET++
directly at the freeze-out hypersurface. The rest comes out
as a result of decays of various resonances, both mesonic
and baryonic. If we consider an isotropic decay of a baryon
resonance on a pion and a lighter baryon, then, because of the
decay kinematics, the daughter baryon should carry almost
the same transverse momentum as the decaying resonance,
whereas the pion pr is much softer. This type of reaction will
boost the triangular flow of the soft part of the pionic spectrum
because the averaged triangular flow of heavy resonances is
larger than that of pions. For meson resonances the softening or
hardening of the pion triangular flow depends on the number
of pions in the final state. To illustrate this let us consider
three decays: p — w7 (26% of pionyield), w — wraw (11%),
and A — p + p/p (less than 2%). The differential v3(pr) of
these resonances and their decay products are compared in
Fig. 6 to the triangular flow of directly produced pions and
(anti)protons. The triangular flow of pions from p decays is just
a bit softer than the v; of p mesons. Consequently, it is harder
than the triangular flow of direct pions at py < 1.5GeV/c [see
Fig. 6(a)]. The spectrum of pions from w decays, in contrast,
is much softer than that of w’s. Thus, their triangular flow at
pr < 1.5 GeV/c is even stronger than that of the direct pions.
A similar tendency is revealed by pions from the A decays.
Therefore, some resonances will enhance the pion triangular
flow in the soft py region, whereas other will reduce it.

The result of this interplay is seen in Fig. 7, which shows
the integrated values of the triangular flow of charged hadrons
calculated in five centrality bins. The triangular flow of direct
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FIG. 6. The pr dependence of triangular flow of charged pions
produced both directly (circles) and in decays (squares) of (a) p and
(b) w, respectively, in the HYDJET++ model for Pb + Pb collisions at
JSvy = 2.76 TeV with centrality 20-30%. (c) and (d) The same as
panels (a) and (b) but for (c) charged pions and (d) p + p produced
in decays of A’s. The flow of resonances is shown in each window
by triangles.

particles and that of direct particles together with products
of resonance decays obtained in the hydro part of the model
are shown separately. To compare the model results to the
experimental data, the integration over the transverse momen-
tum was done in two intervals: 1 < pr < 2 GeV/c, displayed
in Fig. 7(a), and 2 < pr < 3 GeV/c, displayed in Fig. 7(b).
Experimental data from the ATLAS Collaboration [32] are
plotted onto the HYDJET++ calculations. We see that decays
of resonances just slightly reduce the integrated vs. The
triangular flow at2 < pr < 3 GeV/c inthe hydrodynamic part
is almost twice as strong as the vz at 1 < pr < 2 GeV/c. Jets
significantly diminish the triangular flow in both pr intervals.
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FIG. 7. pr-integrated triangular flow of inclusive charged
hadrons with (a) 1 < pr <2 GeV/c and (b) 2 < pr <3 GeV/c
as a function of centrality in Pb + Pb collisions at /syy = 2.76 TeV.
Triangles and squares present the calculations for direct particles (i)
and direct plus decays of resonances (ii), respectively, only in the
hydro part of the model. Final results are shown by solid circles, and
open circles are the experimental data from Ref. [32]. Lines are drawn
to guide the eye.
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FIG. 8. The same as Fig. 7 but for the ratio v /v3 of pr-integrated
triangular and elliptic flow.

C. Ratio v;/}/vzl/2

The ratios v,’" /vy/> were suggested in Ref. [32] as a probe
to study the possible scaling properties of the flow harmonics.
The ratio of triangular and elliptic flow, where both harmonics
are integrated over the transverse momentum range, reveals
no indication of the scaling trend. The results are presented
in Fig. 8. As in the previous ﬁgure two groups of hadrons
are selected, one with 1 < pr < 2 GeV/c and another with
2 < pT < 3 GeV/c to compare the HYDJET++ calculations
to the experimental data. To see the changing of the ratio with
increasing impact parameter more distinctly, the ratio v3 2/ v2
is used. Again, the decays of resonances make no impact on
the ratio, which clearly drops as the reaction becomes more
peripheral. Note that jets increase the final ratio compared to
the pure hydro part We should come back to this point later.

If the ratio v3 / vl/ % s plotted as a function of transverse
momentum in various centrality bins, as shown in Fig. 9, then
the considered distributions are remarkably flat. The ratios

1/3(pT)/v2/ (pr) do not depend on py in a quite broad range
of transverse momentum from 1 GeV/c up to 6 GeV/c. This
pr independence, however, is not predefined in HYDJET++,

T T T T 1
== HYDJET++ 0-5% o ATLAS 0-5%
== HYDJET++ 5-10% = ATLAS 5-10%

S — HYDJET++ 1020% © ATLAS 10-20% N
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25} .
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FIG. 9. Ratio v3l/ 3 / v'/ % as a function of pr in centrality bins 0-5%
(dotted line), 5-10% (dashed line), 10-20% (solid line), and 20-30%
(dash-dotted line). Shaded areas indicate the statistical error bands
in the model. The corresponding ATLAS data from Ref. [32] are
shown by open circles, filled squares, open squares, and diamonds,
respectively.
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FIG. 10. The same as Fig. 9 but for (a) ratios of total signals in
0-5% (solid curve), 10-20% (dashed curve), 20-30% (dotted curve),
30-40% (dash-dotted curve), and 40-50% (dash-dot-dotted curve)
centrality bins; (b) ratios of only hydrodynamic parts (ii) of both
flows; (c) ratios of the flow harmonics for only directly produced
particles (v); and (d) ratios of the flow harmonics for only directly
produced particles in the hydrodynamic part of the model (i).

but arises as a result of nontrivial interplay between soft and
hard processes.

To study this effect we selected from the particle spectrum
the following types of hadrons: directly produced hadrons
(v), hadrons directly produced in the soft processes only
(1), and hadrons from direct hydro plus the hadrons from
resonance decays (ii). The calculated ratios v3/ (pT)/vl/z(pT)
are depicted in Fig. 10. In Fig. 10(d) one can see that this
ratio decreases with rising pr for directly produced hadrons
in the hydromodulus of the model for all centrality intervals.
Decays of resonances make the slopes of the ratios less steep
[see Fig. 10(b)]. Finally, the rise of the tails at py > 2 GeV/c
is provided by the jet particles, as shown in Fig. 10(c). Here
the jets and the final-state interactions are working together
towards the formation of a plateau at 1 < pr < 6 GeV/c. At
higher transverse momenta jets may cause the rise of the ratio,
similar to that of v'/4 /v)/?, observed both experimentally [35]
and in HYDJET++ [27]. The lack of statistics and large error
bars, however, does not permit us to make more definite
conclusions.

D. NCQ scaling

The NCQ scaling was first observed for the elliptic flow of
hadron species in Au + Au collisions at the energy available
at the RHIC of ,/syn = 200 GeV [36,37]. It was found that if
one plots the v, as a function of the transverse kinetic energy of
the hadron, K Er = m7 — mg, and divides both v, and K Er
by the number of constituent quarks in the hadron, n,, then the
excitation functions v§*"(K E7 /n,)/n, of different hadrons sit
on the top of each otherup to K E /n, ~ 0.8-1.0 GeV [38]. It
was pointed out in Refs. [24,25] that, because of the stronger jet
influence, the fulfillment of the NCQ scaling at the LHC should
be worsened compared to that at the RHIC. The worsening of
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FIG. 11. Upper row: The K Er/n, dependence of the triangular
flow for (a) direct hadrons (i), (b) hadrons produced in soft processes
only (ii), and (c) hadrons produced both in soft and hard processes
(vi) in the HYDIJET++ model in Pb + Pb collisions at ,/syy = 2.76
TeV with centrality 20-30%. The considered hadron species are:
p + p (solid circles), A 4+ A (open squares), 7 * (solid triangles), K *
(stars), and ¢ (diamonds). Bottom row: The K Er/n, dependence of
the distributions in the upper row normalized to the triangular flow

of p+ B, (v3/ny) /()77 /3).

the NCQ scaling conditions for the elliptic flow at the LHC
was later observed by the ALICE Collaboration [39,40].

It is instructive, therefore, to check the NCQ scaling for the
triangular flow of hadronic species at /syy = 2.76 TeV. To
elaborate on the role of final-state interactions and the hard
processes, we plot in Fig. 11 separately (a) the triangular
flow of the main hadron species produced directly on the
freeze-out hypersurface (i), (b) then added to their spectra
the flow of particles produced after the decays of resonances
(i1), and finally (c) the resulting v3 of hadrons produced in
both soft and hard processes (vi). For clarity, all distribution
functions v;’ad‘(K Er/ng)/ng were also normalized to that of
(anti)protons, shown in the bottom row of Fig. 11. One can see
in Fig. 11(a) that the NCQ scaling is fulfilled in HYDJET++
within the 10% accuracy limit for the v; of main hadron
species, frozen already at the freeze-out hypersurface, in the
range 0.5 < KE7 < 1.2 GeV. This occurs because, as we
already saw in Figs. 4 and 5, resonances increase the triangular
flow of lighter hadrons at intermediate p7 and shift the maxima
of their differential distributions to higher pr values. Some
hadrons, such as ¢ mesons, do not get the feed-down from
resonances, thus their distributions become closer to those of
light mesons at intermediate transverse momenta. However,
at pr 2 3 GeV/c the particle spectra are dominated by the
jet hadrons, for which the scaling conditions are not relevant.
The hadrons fragmenting from jets lead to only approximate
fulfillment of the NCQ scaling for the hadron triangular flow
in the interval 0.15 < KE7r < 1.1 GeV.

It was suggested in Ref. [41] to use the ratio v /(n,)"/2
instead of the standard v1*¥" /n, to search for the NCQ scaling
of the nth flow harmonic. The modified scaling for 0-50%
central Au+ Au collisions at the highest energy available
at the RHIC was observed for v,, vs, and vys [42]. The
HYDJET++ distributions vg‘ad’ / n?/ * are shown in Fig. 12.
Only approximate scaling within +15% margins is seen
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FIG. 12. The same as Fig. 11 but for v3(KET/nq)/n;/2
distributions.

for hadrons with 0.5 < KE7 < 1.5 GeV produced in soft
processes. When jets are taken into account, the interval of
approximate scaling fulfillment for all but ¢ mesons shrinks
t00.5 < KEr < 1.0 GeV.

IV. CONCLUSIONS

The triangular flow v of charged inclusive and iden-
tified hadrons was studied within the HYDJET+4 model
in Pb+Pb collisions at ,/syy =2.76 TeV and centrali-
ties 0% < 0 /040 < 50%. The model couples soft hydrolike
states to hard processes and contains an extended table of
resonances, thus allowing for investigation of the interplay
between soft processes, jets, and resonance decays on the
formation of particle v3. The results can be summarized as
follows.

The triangular flows of identified hadrons produced in
soft processes display an almost linear rise at 0.3 < pr <
5 GeV/c. The mass ordering effect is achieved, i.e., the flow of
mesons is stronger than that of baryons. The fraction of hadrons
produced in jet fragmentation is the most abundant in particle
spectra at pr > 2.5 GeV/c. Since these hadrons carry almost
no vs, the distribution functions vs(p7) experience a falloff at
intermediate transverse momenta. The interplay of hard and
soft processes leads also to breaking of the mass ordering
of the triangular flow, because jet particles start to dominate
spectra of heavy hadrons at larger pr compared to those of
light hadrons. It appears that switching off the jet quenching
does not influence the final differential triangular flow v3(pr).
Model calculations agree well with recent experimental
data.

Decays of resonances distinctly modify the differential
distributions of hadrons wvs3(pr) at pr > 2 GeV/c. The
maxima of the spectra become about 25% higher. Simulta-
neously, they are shifted by 0.5-1.0 GeV/c towards higher
transverse momenta. In contrast, the influence of resonance
decays on the pr-integrated triangular flow is extremely
small.

The flatness of the ratios v;/ 3(pr)/v;/ 2(pT) at different
centralities emerges in HYDJET++ as a result of interplay of
final-state interactions and jets. These ratios decrease with
rising transverse momenta for particles directly frozen at the
freeze-out hypersurface. Decays of resonances reduce the

014910-7
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values of vgl/ 3 / vzl/ % at low pr, whereas the jet hadrons boost

their high- pr tails, thus leading to independence of the ratios
on transverse momentum in a broad range of 0.5 < pr <
5 GeV/ec.

The two mechanisms, however, work in opposite directions
when we consider the fulfillment of the NCQ scaling for the
triangular flow. In this case decays of resonances enhance
the high-pr parts of the v} (K Ex/n,)/n, spectra of light
hadrons, thus extending the upper K E7 limit of the NCQ
scaling performance. Jet particles, in their turn, carry very
weak flow and wash out the signal. We verified also the
NCQ scaling conditions for vgadr(K Er/ng)/ nz/ 2 distributions.
The result stays put; i.e., hadrons decoupling from jets are
worsening the scaling, while the final-state interactions act
toward its fulfillment.

Article reprint
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Kapitola 2

Produkcia kvarkov tazkych voni v
protén-protonovych zrazkach

Vicsina vyprodukovanych c¢astic v proténovych a jadrovych zrazkach pri energiach
urychlenia na RHIC sa sklad4 z najlahsich kvarkov u, d, s. Pri energetickych zrazkach
parténov je avsak mozné v pociatotnej faze zrdzky vytvorit kvarky tazké, povabny
kvark ¢ a krdsny kvark b. Vznikajt hlavne v gluén-gluénovych zrdzkach [R20]. Vd'aka
relativne vysokej hmotnosti je mozné vypoéitat produkciu fazkych kvarkov pomocov
poruchovej QCD a preto je nesmierne zaujimavé konfrontovat tieto vypocty a dalsie
aspekty QCD pomocou experimentdlnych merani. Najpriamejsou moznostou je preme-
rat produkciu vsetkych ¢astic, ktoré sa z tychto kvarkov skladaji. To st prednostne
D a B mezény. Tieto mezény sa rozpadaji slabou interakciou na lahsie ¢astice, ked'ze
je nutné menit v rozpade vonu kvarkov. Rozpadaji sa rddovo stovky mikrometrov od
zrazky a preto ich nie je moZne pozorovat priamo v drahovom detektore. S pouzitim
detektora typu HFT, je mozné pouzit topologické vyberové kritéria na potencidlne
rozpadové produkty a potlacit ndhodné kombinécie ¢astic. KedZe hadrénové rozpady
vedi na dvojice K a 7 alebo trojice ¢astic v pripade, Ze nie je mozné vyuzit topologicki
analyzu, je nutné hladat sprdvne kombindcie v obrovskom pozadi ndhodnych kom-
bindcii. Dalsou moznostou je vyuzif semilepténové rozpady a identifikovat elektrény
z tychto rozpadov. V tomto pripade je nevyhodou, zZe sa meria spojité kontinuum
elektronového spektra. Po odpocitani pozadia z inych zdrojov je mozné priamo iba
pomocou topologickej analyzy oddelit jednotlivé prispevky do spektra z rozpadov D a
B mezénov. Na druhej strane vyhodou merania pomocou elektrénov je moznost zapo-
jenia elektromagnetického kalorimetra v experimente STAR do nastavenia spustacieho
systému pri zbere experimentalnych udajov a vyberu udalosti s vyssim mnozstvom
elektrénovych kandidatov s vysokou hodnotou pr. Experiment STAR publikoval prvé
meranie tazkych kvarkov v Ref. [R21] v p+p a d+Au zrdzkach. Jednalo sa o kombi-
nované meranie D mezoénov a elektronov pochadzajucich zo semilepténovych rozpadov
tazkych kvarkov, tzv. nefoténovych elektrénov. V tomto ¢éldnku sa pouzili data z roku
2003. Spektra mali z dovodu malého stiboru vhodnych dat, kedze bola v prevadzke
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len ¢ast TOF detektora, maly rozsah prie¢nych hybnosti pr < 4 GeV/c. V roku 2004
STAR uviedol do prevadzky elektromagneticky kalorimeter EMC, to umoznilo vyuzitie
tohto detektora v sptistacom systéme a tieZ pre lepsiu identifikdciu elektrénov. Schema-
tické zobrazenie experimentu STAR je na obrdzku Obr. 2.1} Vyuzitie EMC umoznilo
vyrazne rozsirit rozsah merania, az do prie¢nych hybnosti, kde sa o¢akdva dominan-
cia vytazku elektrénov z B rozpadov nad elektrénmi z D rozpadov. Tieto vysledky z
proton-proténovych zrazok boli publikované v ¢lanku , ktory je stcastou tejto prace
v Kapitole 3. V ¢lanku sa spolu s p+p zrazkami publikovali aj spektra zo zrazok d+Au
a Au+Au pri energii zrazky /syy = 200 GeV. Vysledky boli po zverejneni revidované,
ked'Ze sa identifikovala zdmena pri aplikdcii ti¢innosti odpoé¢itania pozadia z foténovych
elektrénov, pochadzajicich z konverzie gama kvant z rozpadov 7°. Hlavnym vysledkom
z merani z proton-proténovych zrazok bolo porovnanie nameraného spektra prieénych
hybnosti (1,2 < pr < 10 GeV/c ) s vypoctami FONLL (Fixed Order Next-to-Leading
Log) pQCD [R22]. V rdmci Statistickych chyb merani si vypoéty konzistentné s me-
ranymi spektrami. Podla tychto vypoctov priblizne od pr ~ 5 GeV /c zaéinaji v spektre
dominovat prispevky z B rozpadov. Dalsia analyza nefoténovych elektrénov z experi-
mentu STAR bola prevedend na subore dat pochadzajuicich z rokov 2005 a 2008 .
Clanok obsahujtci tieto merania je sicastou tejto kapitoly H. Agakishiev et al., High pr
nonphotonic electron production in p+p collisions at \/sny = 200 GeV, Phys. Rev. D
83, 052006 (2011). Pred meranim v roku 2008 sa z experimentu STAR vynali kremikové
detektory, ¢o viedlo k vyznamnému znizeniu pozadia z foténovych elektrénov, kvoli
mensiemu mnozstvu konverzného materialu. Napriek vyrazne rozdielnemu pozadiu st
spektra z oboch stborov dat vzdjomne konzistentné (viz FIG.15). Vysledné spektrd

si v meranom intervale pr = 2,5 - 10 GeV/c v zhode s horeuvedenymi meraniami
experimentu STAR a tiez s vysledkami experimentu PHENIX [R24].

Obr. 2.1: Umelecké schematické zobrazenie experimentu STAR. Centralnym detekto-
rom je drahovy detektor ¢asovo-projekénd komora TPC. Je obklopenda detektorom doby
letu TOF a elekromagnetickym kalorimetrom EMC. Tieto detektory si umiestnené v

magnetickom poli magnetu (na obrazku modry).
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Rozdiel v hmotnosti medzi D a B mezénom vedie k rozdielnemu vzajomnému
uhlovému rozdeleniu dcérskych castic v ich rozpadoch. U B mezénu je toto rozde-
lenie sirsie. Na zaklade studia tohto rozdielu uhlovych korelacii medzi nefoténovymi
elektronmi a hadréonmi a prekladani tychto korelacii ocakavanymi tvarmi pre D a B
rozpad z generatora PYTHIA [R25] sa podarilo experimentu STAR oddelit prispevok
elektrénov z rozpadov ¢astic pochadzajicich z b a ¢ kvarkov [112]. V tomto ¢lanku se
nam podarilo ukézat, Ze prispevok rozpadov ¢astic z b kvarkov v spektre prie¢nych
hybnosti nefoténovych elektrénov je mensi ako prispevok rozpadov ¢astic z ¢ kvarkov
pri hybnostiach do pr =~ 5 GeV/¢, potom sa oba prispevky vyrovnaju. Toto meranie je
v sulade s vypoctami z FONLL pQCD [R22]. Tieto vypocty sice predpovedaju tiez rast
b prispevku, avsak Statisticka presnost merania nebola dostatocénd, aby sa rast pri hyb-

nostiach nad pr = 5 GeV/c mohol preukdzat. Pomocou zmeraného pomeru elektrénov

z rozpadu mezénu B k elektronom z D a B rozpadov, eBefeD z clanku Ref. [112] sme
rozdelili vytazok nefoténovych elektrénov v protén-proténovych zrazkach na b a c ¢asti.
V porovnani s vypoc¢tami FONLL pQCD [R22] st merania a vypocty konzistentné v
ramci uvedenej presnosti.

V d’alsom priloZzenom ¢lanku v tejto kapitole, L. Adamczyk et al., Measurements of
D and D* production in p+p collisions at \/s = 200 GeV, Phys. Rev. D 86, 072013
(2012), sa diskutuje prvé meranie produkcie povabnych kvarkov v p+p zrdzkach na
urychlovac¢i RHIC pomocou priamej rekonstrukcie hadrénovych rozpadov D mezénov.
Na tuto analyzu sa pouzili experimentalne idaje z experimentu STAR namerané v
roku 2009. Pred tymto meranim doslo k vyraznému narastu poctu instalovanych mo-
dulov detektora doby letu TOF. K dispozicii bolo 84 z celkovych 120 sektorov. Ap-
likacia vyberovych kritérii zahrnujicich informacie z tohto detektora vyznamne vy-
lepsila rozliSenie kaénov od piénov do hybnosti okolo p ~ 1,5 GeV/c. Studovali sme
rozpadové kanaly dvoch mezénov: D° a D** . V prvom pripade §lo o rozpad Do(ﬁ) —
K¥71* s rozpadovym pomerom BR = 3,89 %. V druhom pripade §lo o rozpad D** —
DO+ s rozpadovym pomerom BR = 67,7 %, kde sa D° dalej rozpadlo na D° —
K~ Taktiez sme $tudovali ndbojovo zdruzeny rozpad D*~. Vdaka vybornému azi-
mutalnemu pokrytiu a rozliSeniu typu castic v detektore STAR bolo mozné uréit
vytazok tychto mezénov i bez topologickej rekonstrukcie. V analyze D sme skombino-
vali vSetky nédbojovo vhodné dvojice predvybranych kaénov a piénov a vykreslili sme
invariantnd hmotnost tychto dvojic. Potom sme pomocou dvoch metéd uréili prispevok
nahodnych kombinacii, tzv. kombinatorického pozadia. V prvej metéde oznacenej like-
sign (rovnaké znamienko) sme urobili dvojice v kombindcii s nespravnym nébojom.
V druhej metéde oznacenej track-rotation (otoCenie drahy) sme vytvérali kombindcie
tak, ze sme vzdy prislusnu drahu kaénu pootocili o 180° a az potom urcili invariantnu
hmotnost. Obe metédy viedli k podobnému vytazku findlneho signalu (viz. FIG.3 a
FIG.4) a rozdiel sa zahrnul do systematickych chyb. Po odé¢itani kombinatorického
pozadia sa nam podarilo rozdelit D° vytazok v intervale pr = 0,6 - 2 GeV/c na dva
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biny (viz. FIG.5). Pri analyze D** sme vyuzili skutocnost, Ze rozpad D** m4 mali
hodnotu Q-faktoru, z dovodu malého rozdielu hmotnosti D** a D° . Ked'ze D° odne-
sie va¢sinu hybnosti mé zvy$ny pién hybnost velmi mald. Preto sme stanovili vytazok
pomocou hmotnostného rozdielu AM = M(Knr) — M(K). Pozadovali sme spravnu
nabojovi kombindciu a dvojice v druhom ¢lene sme vyberali tak, aby mali spravnu in-
variantnd hmotnost pre D° . Kombinatorické pozadie sme opét uréili pomocou dvoch
metod. V jednej sme vyberali chybni nabojovi kombinédciu v prvom ¢lene a v druhej
sme vyberali hmotnost pre druhy ¢len mimo vhodny interval (viz. FIG.7). Podarilo sa
nam urcit vytazok D** v intervale pr = 2 - 6 GeV/c a rozdelit ho na 4 biny (viz.
FIG.8). Po vsetkych prislusnych korekcidch signdlu na icinnost a pokrytie detektorov
a vyberu signalu, sme spektra D** a D° vykreslili spolu ako diferencidlny uéinny prie-
rez c¢ produkcie, s tym, Ze sa vytazok vydelil prislusnym fragmentaénym pomerom.
Vysledné spektrum sme prelozili mocninnou funkciou a urcili i¢inny prierez c¢ produk-
cie v strednej rapidite: §7[¢% = 170 £ 45 (stat.) 255 (sys.) ub (viz. FIG.15). Vypocty
FONLL pQCD |R22] pouzité na porovnanie s nefoténovymi elektrénmi si tiez v rameci
neurcitosti vypoctov v stilade s nameranymi hodnotami, aj ked experimentalne body
lezia na hornej hranici neuréitosti vypoctov. Na zdklade simuldcii s PYTHIA 6 [R25]
sme stanovili koeficient 4,7 + 0,7 na extrapoldciu u¢inného prierezu do plnej rapidity.
Totalny ucinny prierez pdvabnej produkcie v p + p pri /s= 200 GeV sme stanovili na
Oee = 797 £ 210 (stat.) 508 (sys.) ub.
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Obr. 2.2: Zavislost diferencidlneho i¢inného prierezu cé na priecnej hybnosti ziskaného
z merani D** a D° v p + p zrazkach pri energii y/s= 200 GeV (vlavo) a \/s= 500 GeV.
Farebné plochy ukazuju vypocty FONLL pQCD |R22]. Prevzaté z Ref. [R23].

Kolabordcia STAR merala p + p zrdzky aj pri energii /s = 500 GeV. Podarilo
sa nam previest analyzu D** a D° nielen v zrdzkach s najmensim zaujatim, ale aj
pouzit experimentélne idaje, ktoré boli merané pomocou spistaca nastaveného tak,
aby signal aspon v jednej veZi kalorimetra bol nad nastavent hodnotu, d alej oznacované
ako HT (high-tower) data. Na zdklade vysledkov sme pripravili publikdciu, ktora je v
stucasnosti v internom schvalovacom procese v kolaboracii STAR. Hlavny vysledok je
na obrazku Obr. (vpravo). Aj pre tito energiu je popis produkcie v ramci FONLL
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pQCD v zhode s experimentalnymi vysledkami. Detaily analyzy sui podrobne diskuto-
vané v doktorskej praci Davida Tlustého [T'1], ktori som viedol. Podobne i z p + p
dat meranych v roku 2012 kolabordcia STAR previedla obdobnt analyzu pri energii
Vs = 200 GeV a vysledky st v zhode s nami publikovanymi vysledkami, ako je mozné
vidiet na obrézku Obr. (vlavo).
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We present the measurement of nonphotonic electron production at high transverse momentum
(pr>2.5GeV/c) in p + p collisions at /s = 200 GeV using data recorded during 2005 and 2008
by the STAR experiment at the Relativistic Heavy Ion Collider (RHIC). The measured cross sections
from the two runs are consistent with each other despite a large difference in photonic background
levels due to different detector configurations. We compare the measured nonphotonic electron
cross sections with previously published RHIC data and perturbative quantum chromodynamics
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calculations. Using the relative contributions of B and D mesons to nonphotonic electrons, we determine
the integrated cross sections of electrons (‘”%) at 3 GeV/c < pr <10 GeV/c from bottom and
charm meson decays to be [(do(p—c)r(B—p—e))/(dVe)]y,—0 = 4.0 = 0.5(stat) = 1.1(syst) nb and
[(dop-.)/(dy,)],,—o = 6.2 = 0.7(stat) = 1.5(syst) nb, respectively.

DOI: 10.1103/PhysRevD.83.052006

I. INTRODUCTION

Heavy quark production in high-energy hadronic colli-
sions has been a focus of interest for years. It is one of the
few instances in which experimental measurements can be
compared with QCD predictions over nearly the entire
kinematical range [1-3]. Because of the large masses of
charm and bottom quarks, they are produced almost ex-
clusively during the initial high-Q parton-parton interac-
tions and thus can be described by perturbative QCD
calculations.

Measurement of heavy-flavor production in elementary
collisions represents a crucial test of the validity of the
current theoretical framework and its phenomenological
inputs. It is also mandatory as a baseline for the interpre-
tation of heavy-flavor production in nucleus-nucleus colli-
sions [4]. In these heavy-ion collisions, one investigates the
properties of the quark-gluon plasma (QGP), which is
created at sufficiently high center-of-mass energies.
Many effects on heavy-flavor production in heavy-ion
collisions have been observed but are quantitatively not
yet fully understood [4]. Of particular interest are effects
which modify the transverse momentum spectra of heavy-
flavor hadrons, including energy loss in the QGP (“‘jet
quenching”) [5-9], as well as collective effects such as
elliptic flow [10,11]. In addition, J/¢ might be regener-
ated in a dense plasma from the initial open charm yield
[12], making precise measurements of the transverse mo-
mentum spectra in elementary p + p collisions imperative.

Open heavy-flavor production in p + p, d + A, and
A + A collisions at /syy = 200 GeV has been studied
at the Relativistic Heavy lon Collider (RHIC) using a
variety of final-state observables [4]. The STAR collabo-
ration measured charm mesons directly through their had-
ronic decay channels [13-15]. Because of the lack of
precise secondary vertex tracking and trigger capabilities,
these measurements are restricted to low momenta (p; <
3 GeV/c). Both STAR [15,16] and PHENIX [17,18] also
measured heavy-flavor production through semileptonic
decays of charm and bottom mesons (D, B— {v X).
While the measured decay leptons provide only limited
information on the original kinematics of the heavy-flavor
parton, these measurements are facilitated by fast online
triggers and extend the kinematic range to high p7.

In this paper, we report STAR results on nonphotonic
electron production at midrapidity in p + p collisions at
\/s = 200 GeV using data recorded during the year 2005
(Run2005) and the year 2008 (Run2008) with a total
integrated luminosity of 2.8 and 2.6 pb~!, respectively.

PACS numbers: 13.20.Fc, 13.20.He, 25.75.Cj

The present results are consistent with the next-to-leading
logarithm (FONLL) calculation within its theoretical un-
certainties. Utilizing the measured relative contributions of
B and D mesons to nonphotonic electrons which were
obtained from a study of electron-hadron correlations
(e-h) [19], we determine the invariant cross section of
electrons from bottom and charm meson decays separately
at py > 3.0 GeV/c.

The article is organized as follows. In Sec. II we describe
the STAR detectors and triggers relevant to this analysis.
Section III describes the data analysis in detail, and in
Sec. IV we present and discuss the results. Section V
provides conclusions.

II. EXPERIMENT
A. Detectors

STAR is a large acceptance, multipurpose experiment
composed of several individual detector subsystems with
tracking inside a large solenoidal magnet generating a
uniform field of 0.5 T [20]. The detector subsystems rele-
vant for the present analysis are briefly described in the
following.

1. Time projection chamber

The time projection chamber (TPC) [21] is the main
charged particle tracking device in STAR. The TPC covers
*1.0 units in pseudorapidity (n) for tracks crossing all
layers of pads, and the full azimuth. Particle momentum is
determined from track curvature in the solenoidal field. In
this analysis, TPC tracks are used for momentum determi-
nation, electron-hadron separation (using specific ioniza-
tion dE/dx), to reconstruct the interaction vertex, and to
project to the calorimeter for further hadron rejection.

2. Barrel electromagnetic calorimeter and barrel
shower maximum detector

The barrel electromagnetic calorimeter (BEMC) mea-
sures the energy deposited by photons and electrons and
provides a trigger signal. It is located inside the magnet coil
outside the TPC, covering |n| < 1.0 and 27 in azimuth,
matching the TPC acceptance. The BEMC is a lead-
scintillator sampling electromagnetic calorimeter with a
nominal energy resolution of §E/E ~ 14%/+JE/1 GeV &
1.5% [22]. The full calorimeter is segmented into 4800
projective towers. A tower covers 0.05 rad in ¢ and 0.05
units in 7. Each tower consists of a stack of 20 layers of
lead and 21 layers of scintillator with an active depth of
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23.5 cm. The first two scintillator layers are read out
separately providing the calorimeter preshower signal,
which is not used in this analysis. A shower maximum
detector (BSMD) is positioned behind the fifth scintillator
layer. The BSMD is a double layer wire proportional
counter with strip readout. The two layers of the
BSMD, each containing 18000 strips, provide precise
spacial resolution in ¢ and 7 and improve the electron-
hadron separation. The BEMC also provides a high-energy
trigger based on the highest energy measured by a single
tower in order to enrich the event samples with high-pr
electromagnetic energy deposition.

3. Trigger detectors

The beam-beam counters (BBC) [23] are two identical
counters located on each side of the interaction region
covering the full azimuth and 2.1 < |n| < 5.0. Each de-
tector consists of sets of small and large hexagonal scin-
tillator tiles grouped into a ring and mounted around the
beam pipe at a distance of 3.7 m from the interaction point.
In both Run2008 and Run2005, the BBC served as a
minimum-bias trigger to record the integrated luminosity
by requiring a coincidence of signals in at least one of the
small tiles (3.3 < || < 5.0) on each side of the interaction
region. The cross section sampled with the BBC trigger is
26.1 = 0.2(stat) = 1.8(syst) mb [24] for p + p collisions.
The timing signal recorded by the two BBC counters can
be used to reconstruct the collision vertex along the beam
direction with an accuracy of ~40 cm.

The datain d + Au collisions recorded during year 2008
is used as a crosscheck in this analysis (see Sec. IIIE).
During this run, a pair of vertex position detectors (VPD)
[25] was also used to select events. Each VPD consists of
19 lead converters plus plastic scintillators with
photomultiplier-tube readout that are positioned very close
to the beam pipe on each side of STAR. Each VPD is
approximately 5.7 m from the interaction point and covers
the pseudorapidity interval 4.24 <|n| <5.1. The VPD
trigger condition is similar to that of the BBC trigger
except that the VPD has much better timing resolution,
enabling the selected events to be constrained to a smaller
range (~ *30 cm in d + Au run) around the interaction
point.

B. Material thickness in front of the TPC

Table I shows a rough estimate of material thickness
between the interaction point and the inner field cage (IFC)
of the TPC during Run2008 in the region relevant to the
analysis. The amount of material is mostly from the beam
pipe, the IFC, air, and a wrap around the beam pipe. In
Run2005, the amount of material is estimated to be ~10
times larger in front of the TPC inner field cage [26] and is
dominated by the silicon detectors which were removed
before Run2008. The contribution from the TPC gas is not
significant because we require the radial location of the
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TABLE 1. Estimates of material thickness of the beam pipe,
the wrap around the beam pipe, the TPC inner field cage, and air
between the beam pipe and the inner field cage in Run2008.

Source Thickness in radiation lengths
Beam pipe 0.29%
Beam pipe wrap ~0.14%
Air ~0.17%
Inner field cage ~0.45%

first TPC point of reconstructed tracks to be less than 70 cm
(see Sec. IIIB) in the Run2008 analysis; furthermore,
conversion electrons originating from TPC gas have low
probability to be reconstructed by the TPC tracking due to
the short track length. While the Run2008 simulation
describes the material distribution very well, the material
budget for the support structure and electronics related to
the silicon detectors is not reliably described in the
Run2005 simulation [27]. This, however, has little effect
on this analysis, as explained in Sec. III D.

C. Triggers and data sets

The data reported in this paper were recorded during
Run2005 and Run2008 at /s = 200 GeV. All events used
in this analysis are required to satisfy a BEMC trigger and a
BBC minimum-bias trigger. In addition, event samples
using a VPD trigger in the 2008 d + Au collisions are
used for systematic cross-checks as described in Sec. Il E.

To enrich the data sample with high-p; electromagnetic
energy deposition, the BEMC trigger requires the energy
deposition in at least one tower to exceed a preset threshold
(high tower). Most of the energy from an electron or a
photon will be deposited into a single tower since the tower
size exceeds the radius of a typical electromagnetic
shower. The Run2008 data sets used here were recorded
using three high-tower triggers with different thresholds,
corresponding to a sampled luminosity of ~2.6 pb~'.
Expressed in terms of transverse energy (Er), the thresh-
olds were approximately 2.6, 3.6, and 4.3 GeV. The
Run2005 data sets used here are from two high-tower
triggers with E7 thresholds of 2.6 GeV (HT1) and
3.5 GeV (HT2), corresponding to a sampled luminosity
of ~2.8 pb~!. In the Run2008 analysis, data sets from
different high-tower triggers are treated together after
being combined, with double counting avoided by remov-
ing duplicates in the corresponding high-tower analog-to-
digital converter (ADC) spectra. Trigger efficiencies and
prescale factors imposed by the data acquisition system are
taken into account during the combination. In the analysis
of the Run2005 data, HT1 and HT2 data are treated
separately.

In Run2005 the integrated luminosity was monitored
using the BBC minimum-bias trigger, while in Run2008,
because of the large beam related background due to high
luminosity, a high threshold high-tower trigger seeing a
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total cross section of 1.49ub was used as luminosity
monitor.

III. ANALYSIS

A. Photonic background removal

The main background in this analysis is the substantial
flux of photonic electrons from photon conversion in the
detector material and Dalitz decay of 7° and 7 mesons.
These contributions need to be subtracted in order to ex-
tract the nonphotonic electron yield, which is dominated
by electrons from semileptonic decays of heavy-flavor
mesons.

There are two distinct methods for evaluating contribu-
tions from photonic electrons. In the cocktail method, the
estimated or measured invariant cross sections are used to
calculate contributions from various sources (mostly 7°, 5
mesons), and to derive from those the photonic electron
distributions. Given sufficient knowledge of the production
yield of those mesons, this method allows one to determine
directly the contributions from Dalitz decays. With this
method, a detailed understanding of the material distribu-
tion in the detector is required in order to evaluate the
contribution from photon conversion. Another method,
used in this analysis, is less dependent on the exact knowl-
edge of the amount of material. This method reconstructs
the photonic electrons through the specific feature that
photonic electron-positron pairs have very small invariant
mass. Not all photonic electrons can be identified this way
since one of the electrons may fall outside of the detector
acceptance, or has a very low momentum, in which cases
both electrons in the pair are not reconstructed. This in-
efficiency must be estimated through simulation.

Electron pairs are formed by combining an electron with
pr > 2.5 GeV/c, which we refer to as a primary electron,
with all other electrons (partners) reconstructed in the same
event, with opposite charge sign (unlike sign) or same
charge sign (like sign). The upper two panels of Fig. 1
show the invariant mass spectra for primary electrons with
2.5GeV/c < pyr <3.0GeV/c (left) and 8.0 GeV/c <
pr <10.0 GeV/c. The unlike-sign spectrum includes
pairs originating from photon conversion and Dalitz decay,
as well as combinatorial background. The latter can be
estimated using the like-sign pair spectrum. The photonic
electron spectrum is obtained by subtracting like-sign from
unlike-sign spectrum (unlike-minus-like). The broad
shoulders extending toward higher masses in the spectra
are caused by finite tracking resolution, which leads to a
larger reconstructed opening angle when the reconstructed
track helices of two conversion electrons intersect each
other in the transverse plane. The overall width of the mass
spectra depends on the primary electron p;, but most
photonic pairs are contained in range of m,, <
0.24 GeV/c?. The lower two panels of Fig. 1 show the
simulated invariant mass spectra of the two dominant
sources of photonic electrons, 79 Dalitz and 7y conversions,
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FIG. 1 (color online). The upper two panels show the electron
pair invariant mass distributions for electrons at 2.5 GeV/c <
pr <3.0 GeV/c (a) and at 8.0 GeV/c < py < 10.0 GeV/c (b).
Solid and dashed lines represent unlike-sign and like-sign pairs,
respectively. Closed circles represent the difference of unlike and
like. The lower two panels show the simulated invariant mass
spectra with electrons at 2.5 GeV/c < py < 3.0 GeV/c (c) and
at 8.0 GeV/c < py < 10.0 GeV/c (d). Solid and dashed lines
represent results from y conversions and 7° Dalitz decay.

in the same two py regions, which are similar in shape due
to similar decay kinematics. The electron spectrum ob-
tained from the unlike-minus-like method is from pure
photonic electrons because the combinatorial background
is accurately described by the like-sign pair spectrum
according to the simulation and the simulated mass spectra
are in qualitative agreement with the data. This is also
proved by the fact that the distribution of the normalized
ionization energy loss (see Sec. I1I B) can be well described
by a Gaussian function expected from electrons as shown
in Fig. 4.

We calculate the yield of nonphotonic electrons accord-
ing to

N(npe) = Nf(inc) - €purity — N(pho)/fphw

where N(npe) is the nonphotonic electron yield, N(inc) is
the inclusive electron yield, N(pho) is the photonic electron
yield, €y, is the photonic electron reconstruction effi-
ciency defined as the fraction of the photonic electrons
identified through invariant mass reconstruction, and €,y
is the purity reflecting hadron contamination in the inclu-
sive electron sample.

Electrons from open heavy-flavor decays dominate non-
photonic electrons. The contribution from semileptonic
decay of kaons is negligible for p; > 2.5 GeV/c [17].
Electrons from vector mesons (p, w, ¢, J/#, Y) decays
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and Drell-Yan processes are subtracted from the measure-
ment (see Sec. III G for details).

B. Electron reconstruction and identification efficiency

In the analysis of the Run2008 data, we select only
tracks with p;y > 2.5 GeV/c and |n| <0.5. The event
vertex position along the beam-axis (V) is required to be
close to the center of the TPC, i.e. IVZI < 30 c¢cm. To avoid
track reconstruction artifacts, such as track splitting, the
selected tracks are required to have at least 52% of the
maximum number of TPC points allowed in the TPC, a
minimum of 20 TPC points and a distance-of-closest-
approach (DCA) to the collision vertex less than 1.5 cm.
For hadron rejection we apply a cut of no, > —1 on the
normalized ionization energy loss in the TPC [28], which is
defined as

no, = log((dE/dx)/B,)/ 0.,

where B, is the expected mean dE/dx of an electron
calculated from the Bichsel function [29] and o, is the
TPC resolution of log((dE/dx)/B,).

We reconstruct clusters in the BEMC and the BSMD by
grouping adjacent hits that are likely to have originated
from the same incident particle [27]. The selected tracks
are extrapolated to the BEMC and the BSMD where they
are associated with the closest clusters. The association
windows for electrons are determined by measuring the
distance between the track projection point at the BEMC
(BSMD) and the closest BEMC (BSMD) cluster using
photonic electrons from the unlike-minus-like pairs.
Figure 2(a) shows the distribution of this distance at
the BEMC along the beam direction for electrons from
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FIG. 2. (a) The distribution of the minimum distance between

an electron track projection point at the BEMC and all BEMC
clusters along the beam direction from unlike-sign electron
candidate pairs (solid line), like-sign electron candidate pairs
(dashed line), and unlike-minus-like (closed circles). (b) p/E,
distribution from unlike-sign electron candidate pairs (solid
line), like-sign electron candidate pairs (dashed line), and
unlike-minus-like (closed circles).
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unlike-sign, like-sign, and unlike-minus-like pairs requir-
ing m,+,- <0.24 GeV/c?, a maximum 1.0 cm DCA
between two helical-shaped electron tracks, and a
3.0 keV/cm < dE/dx < 5.0 keV/cm cut on ionization
energy loss for partner tracks. Most electrons are inside a
window of =20 cm around the track projection point. The
window in the azimuthal plane is determined to be
+0.2 rad. Figure 2(b) shows the distribution of p/E, for
electrons from unlike-sign, like-sign, and unlike-minus-
like pairs, where E( is the energy of the most energetic
tower in a BEMC cluster. The distribution is peaked around
one due to the small mass of the electron and the fact that
most electron energy is deposited into one tower. We apply
a cut of p/E, < 2.0 to further reduce hadron contamina-
tion. Cuts on the association with BSMD clusters are kept
loose to maintain high efficiency. Each track is required to
have more than one associated BSMD strip in both ¢ and
7 planes.

The efficiencies of electron identification cuts are esti-
mated directly from the data using pure photonic electrons
obtained from the unlike-minus-like pairs requiring
Myt < 0.24 GeV/c?, a maximum 1.0 cm DCA between
two helical-shaped electron tracks, and a 3.0 keV/cm <
dE/dx < 5.0 keV/cm cut on ionization energy loss for
partner tracks. A cut of py > 0.3 GeV/c for partners is
also applied, selecting a region where the simulation does a
good job of describing the data. The efficiency for one
specific cut is then calculated as the ratio of electron yield
before the cut to that after the cut, while all the other
electron identification cuts are applied. To avoid possible
correlation among different cuts, efficiencies for all BEMC
and BSMD cuts are calculated together. Figure 3(a) shows
the breakdown of the electron identification efficiency as a
function of py. The drop in the low p; region comes
mainly from BSMD inefficiency, while the drop in the

a) © numberof TPC point | b) O number of TPC point
151 A NOg T A No, 7
O BEMC ] O BEMC

e Total Efficiency e Total Efficiency

F G—o—6—6—6—6——0 | Geoo666666666660

-

Electron Identification Efficiency
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FIG. 3 (color online). Efficiencies of the cuts on number of
TPC points (open circles), no, (open triangles), and BEMC
(open squares) in (a) the Run2008 and (b) the Run2005 analyses.
The closed circles represent the total efficiency which is the
product of all individual ones.
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high p; region is caused by the p/E cut. The uncertainties
in the figure are purely statistical and are included as part
of the systematic uncertainties for the cross-section
calculation.

To maintain high track quality and suppress photonic
electrons from conversion in the TPC gas, we require the
radial location of the first TPC point to be less than 70 cm.
This cut causes an inefficiency of 12.0 = 2.0% for non-
photonic electrons according to the estimates from both
simulation and data.

Through embedding simulated electrons into high-tower
trigger events and processing them through the same soft-
ware used for data production, single electron reconstruc-
tion efficiency in the TPC is found to be 0.84 = 0.04 with
little dependence on momentum for py > 2.0 GeV/c.

The analysis of the Run2005 data is slightly different
from that of the Run2008 described above. Only half of the
BEMC (0 < 1 < 1.0) was instrumented in 2005. Because
of the presence of the silicon detectors, and their significant
material budget, photonic backgrounds were substantially
higher. We select only tracks with 0 <7 < 0.5 from
—30 cm <V, <20 cm in order to avoid the supporting
cone for the silicon detectors in the fiducial volume while
keeping track quality cuts identical to those in the Run2008
analysis. However, we apply a tighter cut on the normal-
ized ionization energy loss, i.e. —0.7 < no, < 3.0, to im-
prove hadron rejection. BEMC clusters are grouped with
geometrically overlapping BSMD clusters to improve po-
sition resolution and electron-hadron discrimination
through shower profile. The clustering algorithm is also
modified to increase the efficiency of differentiating two
overlapping BSMD clusters by lowering the energy thresh-
old of the second cluster [30]. The minimum angle be-
tween track projection point at the BEMC and all BEMC
clusters is required to be less than 0.05 rad. We also require
each track to have more than one associated BSMD strip in
both ¢ and 7 planes, and a tightened p/E cut of 0.3 <
p/E < 1.5, where E is the energy of the associated BEMC
cluster. The efficiencies for the electron identification cuts
are estimated by embedding simulated single electrons into
minimum-bias PYTHIA [31] events. Figure 3(b) shows the
breakdown of electron identification efficiency as a func-
tion of p7 in the Run2005 analysis. There is no drop at high
pr as in the Run2008 result because the energy of a whole
BEMC cluster, instead of the highest tower, is used for the
p/E cut. No cut on the first TPC point is applied in this
analysis. To avoid the TPC tracking resolution effect that
causes the broad shoulder extending toward higher masses
in the invariant mass spectrum of the Run2008 analysis, we
utilize a 2D invariant mass by ignoring the opening angle
in the ¢ plane when reconstructing the e e~ invariant
mass [30]. We require —3 <no,<3 for partner
tracks, 2D m,+,- <0.1 GeV/c? for pairs, a maximum
0.1/0.05 rad for the opening angle in the ¢/6 plane, and
a maximum 1.0 cm DCA between two electron helices.
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A cut of py > 0.3 GeV/c for partners is also applied so
that the simulation can describe the data well.

By following independent analysis procedures from two
RHIC runs where the amount of material for photonic
background is significantly different, we will be able to
validate our approach for measuring nonphotonic electron
production.

C. Purity estimation

After applying all electron identification cuts, the inclu-
sive sample of primary electrons is still contaminated with
hadrons. To estimate the purity of electrons in the inclusive
sample, we perform a constrained fit on the charged track
no, distributions in different p; regions with three
Gaussian functions representing the expected distributions
of 7=, K* + p~, and e*. The purity is estimated from the
fit.

Ideally the electron no, will follow the standard normal
distribution. The actual distribution can be slightly
different due to various effects in data calibrations.
We can, however, determine its shape in different pgp
regions directly from data using photonic electrons
from the unlike-minus-like pairs. The left panel of
Fig. 4 shows the no, distribution for tracks with
(@) 2.5 GeV/c < py <3.0 GeV/c and (b) 8.0 GeV/c<
pr <10.0 GeV/c from unlike-sign, like-sign pairs as
well as for photonic electrons from the unlike-minus-like
pairs. Here all electron identification cuts, except the no,
cut, are applied. The no, of photonic electrons are well
fitted with Gaussian functions. Figure 4(c) shows the mean
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FIG. 4 (color online). Left two panels are no, distributions
in the Run2008 analysis for unlike-sign (dot-dashed line), like-
sign (dotted line), and unlike-minus-like (closed circles)
pairs together with a Gaussian fit (solid lines) at
(a) 2.5 GeV/c < pr <3.0 GeV/c and (b) 8.0 GeV/c < pr<
10.0 GeV/c after applying all the electron identification cuts
except the no, cut. The right panel (c) shows the mean and
width of the Gaussian fitting functions for pure photonic electron
(unlike-minus-like) no, distribution as shown in the left panels
for each p; bin. See text for details.
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and width of the Gaussian fit as a function of electron p7,
which, as discussed above, differ slightly from the ideal
values. The solid lines in the figure are fits to the data using
a second order polynomial function. The dotted lines are
also second order polynomial fits to the data except that the
data points are moved up and down simultaneously by 1
standard deviation. The region between the dotted lines
represents a conservative estimate of the fit uncertainty
since we assume that the points are fully correlated. The
mean, width, and their corresponding uncertainties from
the fits are used to define the shape of electron no,
distribution in the following 3-Gaussian fit. The no, of
7+ and K= + p~ are also expected to follow Gaussian
distributions [28]. Ideally their width is one and their
means can be calculated through the Bichsel function
[29]. These ideal values are used as the initial values of
the fit parameters in the following 3-Gaussian fit.

Figure 5 shows the constrained 3-Gaussian fits to the
no, distributions of inclusive electron candidates with
2.5 GeV/c < pr <3.0 GeV/c in the Run2008 analysis
(upper left), 2.5 GeV/c < py<3.5GeV/c in the
Run2005 analysis (lower left), and 8.0 GeV/c < p; <
10.0 GeV/c in the Run2008 analysis (right). Here we leave
the no, cut open. The dotted, dot-dashed, and dashed lines
represent, respectively, the fits for K= + p*, 7%, and e™.
Compared to the Run2008 analysis, the electron compo-
nent in the Run2005 analysis at similar p; is more promi-
nent due to the larger conversion electron yield. The solid
lines are the overall fits to the spectra. The purity is
calculated as the ratio of the integral of the electron fit
function to that of the overall fit function above the no,
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FIG. 5 (color online). no, distribution for inclusive electrons
(closed circles) and fits from different components at
(a) 2.5 GeV/c < py <3.0 GeV/c in the Run2008 analysis,
(b) 2.5 GeV/c < pr <3.5GeV/c in the Run2005 analysis,
and (c) 8.0 GeV/c < pr < 10.0 GeV/c in the Run2008 analysis
after applying all electron identification cuts except the no, cut.
Different curves represent K~ + p* (dotted line), 7= (dot-
dashed line), electrons (dashed line), and the overall fit (solid
lines).
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cut. No constraints are applied to the K* + p~ and 7~
functions unless the fits fail. To estimate the systematic
uncertainty of the purity, the mean and width of the elec-
tron function are allowed to vary up to one, two, three, and
four standard deviations from their central values. For each
of the four constraints, we calculate one value of the purity.
The final purity is taken as the mean and the systematic
uncertainty is taken as the largest difference between the
mean and the four values from the four constraints. To
estimate the statistical uncertainty of the purity, we rely on
a simple Monte-Carlo simulation. We first obtain a large
sample of altered overall no, spectra by randomly shifting
each data point in the original spectrum in Fig. 5 according
to a Gaussian distribution with the mean and width set to be
equal to the central value and the uncertainty of the original
data point, respectively. We then obtain the purity
distribution through calculating the purity from each of
these altered spectra following the same procedure as
discussed above. In the end, we fit the distribution with a
Gaussian function and take its width as the statistical
uncertainty. The total uncertainty of the purity is obtained
as the quadratic sum of the statistical and systematic
uncertainties.

We follow the same procedure in the Run2008 and the
Run2005 analysis except that the overall no, distribution
in the Run2008 analysis is the combined result from the
data sets of all three high-tower triggers as described in
Sec. IIC, while in the Run2005 analysis, the purity are
calculated separately for the two high-tower triggers.
Figure 6 shows the purity as a function of electron py for
the Run2008 (a) and the Run2005 (b) data. Tighter electron
identification cuts and much higher photonic electron yield
lead to much higher purity for the Run2005 inclusive
electron sample.
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FIG. 6. Purity of the inclusive electron sample as a function of
pr in data from (a) Run2008 and (b) Run2005. The 2008 result is
from combined data sets of all different high-tower triggers. The
2005 results for the two different high-tower triggers, i.e. HT1
(closed circles) and HT2 (open circles), are plotted separately.
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D. Photonic electron reconstruction efficiency

Since photon conversions, 77° and 7 meson Dalitz de-
cays are the dominant sources of photonic electrons, they
are the components that we used to calculate €y, the
photonic electron reconstruction efficiency, in the analysis
of the Run2008 data. The €y, for each individual compo-
nent is calculated separately to account for its possible
dependence on the decay kinematics of the parent parti-
cles. The final €, is obtained by combining results from
all components according to their relative contribution to
the photonic electron yield.

The determination of €, is done through reconstructing
electrons from simulated 7y conversion or Dalitz decay of
7° and 1 with uniform p; distributions that are embedded
into high-tower trigger events. These events are then fully
reconstructed using the same software chain as used for
data analysis. To account for the efficiency dependence on
the parent particle p7, we use a fit function to the measured
° spectrum, the derived 7 and inclusive photon p;
spectra as weights. The fit function to the measured 7°
spectrum is provided by the PHENIX experiment in
Ref. [32]. The 7 spectrum is derived from the 7° mea-
surement assuming mg scaling, i.e. replacing py with

P+ m - m?, while keeping the function form un-

changed. Figure 7(a) shows the derived inclusive y pr
spectrum (solid line), and an estimate of its uncertainty
represented by the region between the dotted and dot-
dashed lines. Figure 7(b) shows the uncertainty in linear
scale. The inclusive y spectrum is obtained by adding the
direct y yield to the 77° and 7 decay 7y yield calculated
using PYTHIA. The direct y yield is obtained from the fit
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FIG. 7. (a) Derived p7 spectrum for inclusive photons (solid

line) and the uncertainty represented by the region between the
spectra of 7% and 7n decay photons (dot-dashed line) and
inclusive photon with doubled direct photon yield (dotted line)
as well as their ratio to the inclusive photon as shown in (b).
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function to the direct y measurement provided by the
PHENIX experiment in Ref. [32]. The dot-dashed line
represents the y spectrum from 7° and 1 decay alone.
The dotted line is obtained by doubling the direct y com-
ponent in the inclusive photon spectrum. By comparing the
ratio of the derived inclusive vy yield to that of 7° and 7
decay photon with the double ratio measurement in
Au + Au most peripheral collisions [33], we found the
uncertainty covers the possible variations of the inclusive
photon yield.

STAR simulations for y conversion and Dalitz decay are
based on GEANT3 [34] which incorrectly treats Dalitz de-
cays as simple three-body decays in phase space. We
therefore modified the GEANT decay routines using the
correct Kroll-Wada decay formalism [35]. Their kinemat-
ics is strongly modified by the dynamic electromagnetic
structure arising at the vertex of the transition which is
formally described by a form factor. We included the most
recent form factors using a linear approximation for the 7°
Dalitz decay [36], and a pole approximation for the decays
of n [37].

Figure 8(a) shows the photonic electron reconstruction
efficiency as a function of electron p; for y conversion, 7°
and 7 Dalitz decay electrons, which turn out to be very
similar because of the similar decay kinematics. The in-
crease towards larger electron p; is due to the higher
probability of reconstructing both electrons from high pr
(virtual) photons. The uncertainties shown in the plots are
dominated by the statistics of the simulated events. The
effect due to the variation of the inclusive photon spectrum
shape is found to be negligible for this analysis. Figure 8(b)
shows the combined photonic electron reconstruction effi-
ciency for the Run2008 analysis, which is calculated as
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FIG. 8 (color online). Photonic electron reconstruction effi-
ciency as a function of pz for (a) y conversion (open circles),
7" (closed triangles), and 1 (open triangles) Dalitz decay for the
Run2008 analysis, (b) combination of y conversion, 7° and 7
Dalitz decay for the Run2008 analysis, and (c) y conversion for
the Run2005 analysis. The solid line is a fit and the dashed lines
represent the uncertainty. See text for details.
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where NZ, N7, and N{ are, respectively, the yield of
electrons from photon conversion, 77° and 7 Dalitz decay;
€,, €,0, and €, are the corresponding photonic electron
reconstruction efficiencies. Based on Table I, approxi-
mately 36% of the photonic electrons are from 70 Dalitz
decay and about 10% are from = Dalitz decay. Their
variations have a negligible effect on the results since €,
€, and €, are almost identical. The solid line is a second
order polynomial fit to the data. The systematic uncertainty
is represented by the region between the dotted lines,
which are second order polynomial fits after moving all
the data points simultaneously up and down by 1 standard
deviation.

For the Run2005 analysis, the dominant source of pho-
tonic electrons is conversion in the silicon detectors. We
therefore neglect contributions from Dalitz decays while
following the same procedure as for the Run2008 analysis
to calculate €, Figure 8(c) shows €, as a function of py
for 7y conversion for the Run2005 analysis. The solid line is
a fit to the spectrum with a second order polynomial
function and the region between dashed lines represents
the uncertainty estimated in the same way as for the
Run2008 analysis. The inclusion of the Dalitz decays is
estimated to reduce the €, by less than 0.5% which is well
within the systematic error. The uncertainty because of the
inaccurate material distribution in the simulation as men-
tioned in Sec. II B is negligible since the majority of the
material, dominated by our silicon detectors, is within a
distance of 30 cm from beam pipe and the variation of €,
of photonic electrons produced within this region is small.

E. Trigger efficiency

The trigger efficiency is the ratio of the electron yield
from high-tower trigger events to that from minimum-bias
trigger events after normalizing the two according to the
integrated luminosity. To have a good understanding of
trigger efficiency, one needs enough minimum-bias events
for the baseline reference. However, for the Run2008
p + p data, the number of minimum-bias events is too
small to be used for this purpose. Fortunately, the Run2008
d + Au data were taken using the same sets of high-tower
triggers as used for the p + p run. Since the two data sets
were taken serially, the high-tower trigger efficiency is
expected to be the same. During the d + Au run, many
events also were taken using the VPD trigger, which is
essentially a less efficient minimum-bias trigger that can
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serve as the baseline reference for trigger efficiency analy-
sis. As a cross-check, we also evaluate the trigger effi-
ciency through the Run2008 p + p simulation.

From the VPD trigger events, we first regenerate a high-
tower trigger py spectrum by requiring adcO of BEMC
clusters to be larger than the threshold. The adc0 is the off-
line ADC value of a BEMC cluster’s most energetic tower
which is one of the high towers responsible for firing a
high-tower trigger. Figure 9(a) shows the adc0 distribution
of photonic electrons from high-tower trigger events. The
sharp cutoff around a value of 200 is the off-line ADC
value of the trigger threshold setting. The smaller peak
below the trigger threshold is due to electrons which
happen to be in events triggered by something other than
the electrons. By requiring adcO to be larger than the
threshold, we reject these electrons which did not trigger
the event since the uncertainty of their yield is affected by
many sources and is therefore hard to be evaluated reliably.
When the threshold is correctly chosen, the regenerated
spectrum shape should be very similar to that of the actual
high-tower trigger. We therefore quantitatively determine
the trigger threshold as the adc0 cut which minimizes the

2
)/

where N;(VPD + adc0) is the regenerated high-tower trig-
ger electron yield from VPD events in the ith pr bin,
N;(HT) is the electron yield at the same p; bin from the
actual high-tower trigger events, and o; is the uncertainty
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FIG. 9 (color online). (a) adcO distribution for high-tower
trigger events. (b) x> as a function of the adcO cut. (c) Raw
inclusive electron pr spectrum from VPD trigger in Run2008
d + Au collisions before (open squares) and after applying the
adc0 > 193 cut (closed circles). (d) adcO distribution for
data (closed circles) and simulation (solid line) at p; =
4.0 — 5.0 GeV/c. See text for details.
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of N;(VPD + adc0). Figure 9(b) shows the x> as a
function of the adcO cut; the threshold is taken as 193.
Figure 9(c) shows the pr spectrum of raw inclusive elec-
trons from the VPD trigger (open squares) and the regen-
erated high-tower spectrum (closed circles) after applying
the adcO > 193 cut used to calculate the trigger efficiency.

To estimate trigger efficiency through simulation, we
tune the simulated single electron adc0 spectrum in each
individual p; bin to agree with the data in the region above
the threshold. The data spectra are obtained from the
unlike-minus-like pairs, i.e. pure photonic electrons. As a
demonstration of the comparison, Fig. 9(d) shows the
spectra from data (closed circles) and simulation (solid
line) at 4.0 GeV/c < py <5.0 GeV/c. The efficiency is
defined as the fraction of the simulated adcO spectrum
integral above the trigger threshold.

In the Run2008 analysis the raw p7 spectrum of non-
photonic electrons is obtained by combining the data sets
of all three high-tower triggers. Since the shape of the
combined spectrum is the same as that of the high-tower
trigger with the lowest threshold, we only need to estimate
the trigger efficiency of this lowest threshold trigger.
Figure 10 shows the trigger efficiency as a function of pp
that is calculated using d + Au VPD events (closed circles)
and simulated events (closed triangles) in the Run2008
analysis. At pr > 3.5 GeV/c, they agree with each other
reasonably well. At lower pr, the simulated results are not
reliable because the numerator in the efficiency calculation
is only from a tail of the spectrum and a small mismatch
between simulation and data can have a large impact on the
results. On the other hand, the results from VPD events
suffer from low statistics at high p;. The final efficiency is
therefore taken to be the combination of the two, i.e., at
pr < 3.5 GeV/c, the efficiency is equal to that from VPD
events assigning a systematic uncertainty identical to the
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FIG. 10 (color online). p; dependence of high-tower trigger
efficiency from data (closed circles), simulation (closed tri-
angles), and combined results (solid line) for Run2008 analysis.
The dashed lines represent the uncertainty. See text for details.
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statistical uncertainty of the data point, while at high p7,
the efficiency is equal to the simulated results, and the
systematic errors are from the tuning uncertainty.

In the Run2005 analysis, the efficiencies of the two high-
tower triggers are estimated separately. While there are
more minimum-bias events for Run2005 than for
Run2008, the statistics are poor at py > 2.0 GeV/c. We
thus rely on a fit to the spectrum, which consists of
minimum-bias events at low pr and high-tower trigger
events at high py where the trigger is expected to be fully
efficient, as the baseline reference for the trigger efficiency
evaluation. Figure 11 shows the raw inclusive electron pp
spectrum from minimum-bias, HT1 and HT?2 events. The
fit uses a power-law function A(1 + p;/B)™". The regions
where we expect the HT1 and the HT2 trigger to be fully
efficient are above 4.5 and 6.0 GeV/c, respectively. The
dashed line shows the fit uncertainty, obtained from many
fit trials. In a single fit trial, each data point is randomized
with a Gaussian random number, with the mean to be the
central value and the rms to be the statistical uncertainty of
the data point. Additional systematic uncertainty coming
from fits using different functions is included in the cross-
section calculation and is not displayed in the figure.
Figure 12 shows the efficiency of HT1 (a) and HT2
(b) triggers, defined as the ratio of the raw HT1 or HT2
inclusive electron spectrum to the baseline fit function. We
used error functions to parametrize both efficiencies. The
dashed lines represent the uncertainty, obtained in the same
way as for the Fig. 11 fits.

High-tower trigger efficiency for photonic and nonpho-
tonic electrons can be different. Unlike nonphotonic elec-
trons, a photonic electron always has a partner. In case both
share the same BEMC tower, the deposited energy will be
higher than that for an isolated electron and will lead to
a higher efficiency. The effect can be quantified by
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FIG. 11 (color online). Raw inclusive electron p7 spectrum for
minimum-bias (closed triangles) and two high-tower triggers,
i.e. HT1 (closed circles) and HT2 (open squares) together with a
power-law fit (solid line) and fit uncertainty (dashed line) for
Run2005 analysis.
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FIG. 12 (color online). p; dependence of trigger efficiency for
the two high-tower triggers, i.e. HT1 (a) and HT2 (b) including
result from data (closed circles) for Run2005, an error function
fit (solid lines), and the fit uncertainty (dot-dashed lines).

comparing the ratio of the isolated electron yield to the
yield of electrons with partners in minimum-bias events to
the same ratio in high-tower trigger events. We found that
the difference is negligible at p; > 2.5 GeV/c, while the
trigger efficiency for photonic electron is 20%—-30% higher
than for nonphotonic electron in the lower pr region.

F. Stability of the luminosity monitor

The BBC trigger was used to monitor the integrated
luminosity for Run2005. During Run2008, because of the
large beam background firing the BBC trigger, a high
threshold high-tower trigger was used as the luminosity
monitor. To quantify the stability of the monitor with
respect to BBC, we calculate the BBC cross section as a
function of run number using oggc = Npinvias/ L> Where
L = Nyon/ T mon» Tmon 18 the monitor cross section which
is estimated to be 1.49ub using low luminosity runs,
Npinbias and N, are, respectively, the number of events
from the BBC trigger and the monitor after correcting
for prescaling during data acquisition. Here a run refers
to a block of short term (~ 30 minutes) data taking.
Figure 13(a) shows the distribution of the calculated
opgpc- There are two peaks in the figure. The dominant
one centered around 25 mb contains most of the recorded
luminosity in Run2008. The minor one centered at a higher
value comes from events taken at the beginning and the end
of Run2008 represented by the regions beyond the two
dashed lines in Fig. 13(b) showing the calculated BBC
cross section as a function of run number. After removing
these runs taken at the beginning and the end of Run2008,
the minor peak disappeared and the performance of the
monitor appeared to be very stable.

In the data analysis, we also reject those with ogpc <
20 mb or oggc > 30 mb. We fit the ogpc distribution with
a Gaussian function and assign the width of the function
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FIG. 13 (color online). (a) Distribution of the calculated oggc
before (solid lines) and after (closed circles) removing events at
the beginning and the end of Run2008. (b) Variation of the
calculated oppc as a function of run number. The runs outside
the region between the two dashed lines are rejected.

(2.3%) as the systematic uncertainty of the o, with
respect to BBC cross section.

The integrated luminosity sampled by the high-tower
triggers are ~2.6 and ~2.8 pb~! for Run2008 and
Run2005, respectively.

G. Contribution from vector mesons

The main background sources of electrons that do not
originate from photon conversion and Dalitz decay are
electromagnetic decays of heavy (J/#, Y) and light vector
mesons (p, w, and ¢) as well as those from Drell-Yan
process.

The electrons from J/ ¢ decay contribute noticeably to
the observed nonphotonic electron signal as pointed out
in Ref. [38]. In order to estimate the contribution
from J/ — e*e” to the nonphotonic electron yield, we
combine the measured differential J/i cross sections
from PHENIX [39] and STAR [40]. For each data
point we add the statistical and systematic uncertainties,
except the global uncertainties, in quadrature. Figure 14(a)
shows the measured J/ ¢ differential cross section from
the two experiments. While the PHENIX measurement
dominates the low to medium-p; region, the STAR
measurement dominates the high-py region. The
combined spectrum is fit using a power-law function
of the form Ed*c/d’pl,—y = Alexplapy — bp})+
pr/po)”", where A =5.24+0.87 mb-GeV 2, a=
0.32 = 0.04 GeV~'c, b=0.06*0.03 GeV2c?, p,=
2.59 £ 0.21 GeV/c, and n = 8.44 *+ 0.61 are fit parame-
ters. The y?/NDF of the fit is 27.8/25. To obtain the
uncertainty of the fit, the global uncertainties of the
STAR and the PHENIX (10% [41]) measurements are
assumed to be uncorrelated. We move the PHENIX data
up by 10% and repeat the fit to obtain the band of 68%
confidence intervals. The upper edge of the band is treated

052006-12



2 Jaroslav Bielcik: Fyzika kvarkov fazkych voni 35

HIGH p; NONPHOTONIC ELECTRON PRODUCTION ...
L L C T
083 | smar Iy £ o)

A PHENIX Jiy

—_ J/\l; feeddO\‘Nn

10° F -=Y feeddown -
K ---- Drell-Yan feeddown:

— p, o, 0 feeddown 3

3

T
Ed°c/dp® (mb GeV?c?)

T
-
e

IS
T

1/(2 p_) B d®c/dydp_ (nb GeV-3c?)

2

g £

10° b2 q £

—FiAE T o)y B

1 c

10-6““1““1“ 5

0 5 10

P, (GeVl/c) P, (GeVlic)

FIG. 14 (color online). (a) The J/4 invariant cross-section
measurement from STAR (closed circles) and PHENIX (open
triangles), together with the fits using A(exp(ap; — bp3) +
pr/po)~" (solid line). (b) Invariant cross section of the electron
from decays of J/¢ (band), Y (dot-dashed line), Drell-Yan
(dotted line), and light vector mesons (solid line). The uncer-
tainty of the J/ i feed-down is represented by the band shown in
(c) in linear scale.

as the upper bound of the fit. Following the same procedure
except moving the PHENIX data down by 10%, we obtain
the lower bound of the fit as the lower edge of the band.
Furthermore, since we are considering a rather large pp
range (pr < 14.0 GeV/c), we cannot assume that the p;
and rapidity distributions factorize. We use PYTHIA to
generate dN/dy(py) and implement a Monte Carlo pro-
gram using the above functions as probability density
functions to generate J/i and decay them into e*e”
assuming the J/ i to be unpolarized. The decay electrons
are filtered through the same detector acceptance as used
for the nonphotonic electrons. The band in Fig. 14(b)
shows the invariant cross section of J/¢ decay electrons
as a function of the electron p;. The uncertainty of the
derived yield comes from the uncertainty of the fit to the
J/ spectra and is represented by the band which is also
shown in Fig. 14(c) in linear scale.

The invariant cross section of electrons from Y
decays (Y — e*e™), represented by the dot-dashed line
in Fig. 14(b), is calculated in a similar fashion as that for
the J/ ¢ except that the input Y spectrum is from a next-to-
leading-order perturbative quantum chromodynamics
(pQCD) calculation in the color evaporation model
(CEM) [42]. We have to rely on model calculations since
so far no invariant py spectrum in our energy range has
been measured. However, in a recent measurement STAR
reported the overall production cross section for the sum of
all three Y(1S + 2S + 3S) states in p + p collisions at
5 =200GeV to be BXda/dy= 114 % 3872 pb,
which is consistent with the CEM prediction [43].
Adding the statistical and systematic uncertainty in quad-
rature, the total relative uncertainty of this measurement is
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~39%, which is the value we assigned as the total uncer-
tainty of the Y feed-down contribution to the nonphotonic
electrons at all py.

The contribution to the nonphotonic electron yield from
the light vector mesons is estimated using PYTHIA, assum-
ing the meson spectra follow my scaling. We generate a
sample of decay electrons using light vector mesons with
flat spectra in pg as input. To derive the differential cross
section of the electrons, we keep only those electrons
within the same detector acceptance as that for the non-
photonic electrons and weight them with the spectra of p,
w, and ¢. The meson spectra are obtained by replacing the

pr with 4/p7 + mj — m2, in the same fit function as for

the 70 measurement (see Fig. 7). Here m;, is the mass of the
vector meson. The relative yields of the mesons to 7 [17]
are also taken into account during this process. We include
the decay channels ¢ — et e™, p — nete ,w—ete,
w— mete™, and p — e'e” in the calculation. The de-
rived electron differential cross section is represented by
the solid line in Fig. 14(b). We assign a 50% systematic
uncertainty to cover the uncertainty of the 7° measurement
and the meson to pion ratios.

The contribution to the nonphotonic electron yield from
the Drell-Yan processes is represented by the dotted line in
Fig. 14(b) and is estimated from a leading-order pQCD
calculation using the CTEQ6M parton distribution func-
tion with a K-factor of 1.5 applied and without a cut on the
electron pair mass [44]. No uncertainty is assigned to this
estimate.

IV. RESULTS

A. Nonphotonic electron invariant cross section

The invariant cross section for nonphotonic electron
production is calculated according to
d3 ag 1 1 N, npe
E _3 = — y
dP L ZWPTAPTA.V ErecetrigeeideBBC

where Ny, is the nonphotonic electron raw yield with the
V., cuts, €. is the product of the single electron recon-
struction efficiency and the correction factor for momen-
tum resolution and finite spectrum bin width, €, is the
high-tower trigger efficiency, €4 is the electron identifi-
cation efficiency, £ is the integrated luminosity with the V.,
cuts, and egpc = 0.866 = 0.08 is the BBC trigger effi-
ciency. The systematic uncertainties of all these quantities
are listed in Table II. The relative uncertainty of L - eggc
in maximum range is 14% including uncertainties in track-
ing efficiency [24]. Assuming a flat distribution within the
range, we estimate the £ - egpc uncertainty to be 8.1% in 1
standard deviation. The uncertainty of N, is the quadratic
sum of the uncertainties from the estimation of €, purity
and the light vector meson contribution. The uncertainty
of €, is the quadratic sum of the uncertainties from
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TABLE II. Sources of systematic uncertainty for the nonpho-
tonic electron invariant yield in p + p collisions. Type A are
point to point uncertainties. Type B are scaling uncertainties
which move data points in the same direction. Type C are the
scaling uncertainties that are common to both Run2008 and
Run2005. The range in each individual source covers the varia-
tion of the systematic uncertainty as a function of py.

source Run2008 Run2005
Nipe 5.0-48.1% (A) 8.5-38.0% (A)
€cid 6.5-25.2% (A) 0.7-2.0% (A)
€irg 1.8-10.0% (A) 0.3-16% (A)
5.4% (B)
€rec 2.3-33.3% (A) 1.0-3.5% (A)
15.7% (B) 11.0% (B)
L - eppe 2.3% (B)
8.1% (C) 8.1% (C)

correcting the track momentum resolution, the finite spec-
trum bin width as well as the estimation of single electron
reconstruction efficiency. The range of the uncertainty for
each individual quantity covers the variation of the uncer-
tainty as a function of pr. In order to compare with the
result in Refs. [16,17], we do not subtract the J/ ¢, Y and
Drell-Yan contribution from the nonphotonic electron in-
variant cross section shown in Figs. 15 and 16.

Figure 15(a) shows the ratio of nonphotonic to photonic
electron yield as a function of p7 in p + p collisions in
Run2008 (closed circles) and Run2005 (open triangles).
The ratio for Run2008 is much larger because there was

I e o e e S SRR R e A EEAR R
toa) ® run08 10 .b) Global uncertainty: 8.1% ]
3 3

| A run05 o run08
L o~ 10° A run05 3
b o 3

< — FONLL
o oL 1 & 10k ----uncertainty
& 2
3 [ 1 £ ]
i 7L 4
2 I ] 10
I 13 ]

B o8

1+ #[##@ 48 w0t E
F 4 9 1
@ 10°F 4
g0 $ %
okl b by b gl b L 1 N
2 4 6 8 2 4 6 8 10

P, (GeV/c) P, (GeV/c)

FIG. 15 (color online). (a) Ratio of nonphotonic to photonic
electron yield from the Run2008 (closed circles) and the
Run2005 (open triangles) analyses. (b) Invariant cross section
for nonphotonic electron production (Eje’ )in p + p collisions
from the Run2008 (closed circles) and the Run2005 (open
triangles) analyses. The error bars and the boxes represent
statistical and systematic uncertainty, respectively. The solid
line is FONLL calculation and the dashed lines are the

FONLL uncertainties [2].
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much less material in front of the TPC for Run2008.
Figure 15(b) shows the nonphotonic electron invariant
cross section (6“2’67) as a function of py in p + p colli-
sions from the Run2008 analysis (closed circles) and the
Run2005 analysis (open triangles). Despite the large dif-
ference in photonic background, the two measurements are
in good agreement.

Figure 16(a) shows the nonphotonic electron (‘”%)
invariant cross section obtained by combining the Run2008
and the Run2005 results using the ‘“‘best linear unbiased
estimate” [45]. The corrected result of our early published
measurement using year 2003 data [16] is shown in the plot
as well. The published result exceeded pQCD predictions
from FONLL calculations by about a factor of 4.
We, however, uncovered a mistake in the corresponding
analysis in calculating €,. The details are described in
the erratum [16]. To see more clearly the comparison,
Fig. 16(b) shows the ratio of each individual measurement,
including PHENIX results, to the FONLL calculation. One
can see that all measurements at RHIC on nonphotonic
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FIG. 16 (color online). (a) Invariant cross section of nonpho-
tonic electron production (eﬁe’ ) in p + p collisions from this
analysis (closed circles) after combining results from Run2005
and Run2008. The published STAR result [16] (closed triangles)
is also shown. (b) Ratio of data over FONLL [2] from all
measurements at RHIC including PHENIX results [17] (open

triangles).
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electron production in p + p collisions are now consistent
with each other. The corrected run 2003 data points have
large uncertainties because of the small integrated lumi-
nosity (~ 100 nb~1) in that run. FONLL is able to describe
the RHIC measurements within its theoretical
uncertainties.

B. Invariant cross section of electrons from
bottom and charm meson decays

Electrons from bottom and charm meson decays are the
two dominant components of the nonphotonic electrons.
Mostly due to the decay kinematics, the azimuthal corre-
lations between the daughter electron and daughter hadron
are different for bottom meson decays and charm meson
decays. A study of these azimuthal correlations has been
carried out on STAR data and is compared with a PYTHIA
simulation to obtain the ratio of the bottom electron yield
to the heavy-flavor decay electron yield (eg/(ez + ep))
[19], where PYTHIA was tuned to reproduce STAR mea-
surements of D mesons py spectra [46]. Using the mea-
sured ep/(ep + ep), together with the measured
nonphotonic electron cross section with the electrons
from J/¢, Y decay and Drell-Yan processes subtracted,
we are able to disentangle these two components.

The bottom electron cross section is calculated as
ep/(eg + ep) times the nonphotonic electron cross section
with the contribution from J/¢, Y decay and Drell-Yan
processes subtracted. The same procedure applies to the
charm electrons except that (1 — eg/(ep + ep)) is
used instead. The specific location of pr, where the
ep/(eg + ep) is measured, is different from that of the
nonphotonic electrons. To accommodate the difference,
we calculate ez/(ep + €p) in any given p; in nonphotonic
electron measurements through a linear interpolation of the
actual ep/(ep + ep) measurements. As an estimation of
the systematic uncertainty of the interpolated value, we
also repeat the same procedure using the curve predicted
by FONLL. Figure 17 shows the invariant cross section of
electrons (‘ﬁ%) from bottom (upper left) and charm
(upper right) mesons as a function of p; and the
corresponding FONLL predictions, along with the ratio
of each measurement to the FONLL calculations (lower
panels). The statistical uncertainty of each data point
is obtained by adding the relative statistical uncertainties
of the corresponding data points in the nonphotonic
electron and the ep/(ep + ep) measurement in quadrature.
The systematic uncertainties are treated similarly, except
that the uncertainties from the interpolation process are
also included. The measured bottom electrons are consis-
tent with the central value of FONLL calculation and
the charm electrons are in between the central value and
upper limit of the FONLL calculation, the uncertainties of
which are from the variation of heavy quark masses and
scales. From the measured spectrum, we determine
the integrated cross section of electrons (‘ﬁ%) at

Article reprint

PHYSICAL REVIEW D 83, 052006 (2011)

— T
o measured (B—e)+(B-D—e)
FONLL (B—e)+(B—D—e) E3
FONLL (B—e)+(B—D—e) uncertainty .
- - - FONLLB—D—e

-+~ FONLL B—>D—>e uncertainty

L L s A B s S L B T

10°

€ © measured D—e 4

—— FONLL D—e

T,

FONLL D—e uncertainty

10° &

107

T

10°

Ed’/dp® (mb GeV?c?)

10°

LBARLLL et

1070

T

3
§ 4r + % ]
K £ I ]
i IR S
0 1 G 0 3 3 8
p; (GeVic) P; (GeVic)

FIG. 17 (color online). Invariant cross section of electrons
(f%) from bottom (upper left) and charm meson (upper right)
decay, together with the ratio of the corresponding measure-
ments to the FONLL predictions for bottom (lower left) and
charm electrons (lower right). The solid circles are experimental
measurements. The error bars and the boxes are, respectively, the
statistical and systematic uncertainties. The solid and dotted
curves are the FONLL predictions and their uncertainties. The
dashed and dot-dashed curves are the FONLL prediction for
B — D — e, i.e. electrons from the decays of D mesons which in
turn come from B meson decays.

3 GeV/c < pr <10 GeV/c from bottom and charm me-
son decays to be, respectively,

dO (p—o)+(B—D—e)

= 4.0 * 0.5(stat)
dye y.=0

da’D—»e

* 1.1(syst) nb
Ye v.=0

= 6.2 = 0.7(stat) = 1.5(syst) nb,

where y, is the electron rapidity. The 8.1% global scale
uncertainty from the BBC cross section is included in the
total systematic uncertainty.

Relying on theoretical model predictions to extrapolate
the measured results to the phase space beyond the reach of
the experiment, one can estimate the total cross section for
charm or bottom quark production. We perform a PYTHIA
calculation with the same parameters as in Ref. [15]. After
normalizing the p; spectrum to our high- p; measurements
and extrapolating the results to the full kinematic phase
space, we obtain a total bottom production cross section of
1.34ub. However, with the PYTHIA calculation using the
same parameters except MSEL = 5, i.e. bottom produc-
tion processes instead of minimum-bias processes as in the
former calculation, we obtain a value of 1.83ub. The
PYTHIA authors recommend the minimum-bias processes
[31]. This large variation between the extracted total
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bottom production cross sections comes mostly from the
large difference in the shape of the bottom electron spec-
trum in the two PYTHIA calculations with MSEL = 1 and
with MSEL = 5. Since both calculations are normalized to
the measured data, the difference in the shape shows up at
pr <3 GeV/c. The fact that the PYTHIA calculation with
MSEL = 5 only includes leading-order diagrams of bot-
tom production causes the difference between the PYTHIA
calculations. Measurements in the low pr region are there-
fore important for the understanding of bottom quark
production at RHIC. Both values are consistent with
the FONLL [2] prediction, 1.877327 ub, within its
uncertainty.

V. CONCLUSIONS

STAR measurements of high p; nonphotonic electron
production in p + p collisions at /s = 200 GeV using
data from Run2005 and Run2008 agree with each other
despite the large difference in background. This measure-
ment and PHENIX measurement are consistent with each
other within the quoted uncertainties. After correcting a
mistake in the photonic electron reconstruction efficiency,
the published STAR result using year 2003 data is consis-
tent with our present measurements. We are able to disen-
tangle the electrons from bottom and charm meson decays
in the nonphotonic electron spectrum using the measured
ratio of eg /(e + ep) and the measured nonphotonic cross
section. The integrated bottom and charm electron cross
sections (f%) at 3 GeV/c < pr < 10 GeV/c are deter-
mined separately as
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dO o)+ (B—D—e)

= 4.0 * 0.5(stat)
dy,

y.=0

dop_,
+ 1.1(syst) nb%

e

Y.=0
= 6.2 = 0.7(stat) = 1.5(syst) nb.

FONLL can describe these measurements within its
theoretical uncertainties. Future measurements on low-p
electrons from bottom meson decay are important to over-
come the large uncertainties of the derived total bottom
quark production cross section that originate mostly from
the large variations of theoretical model prediction in the
low-p7 region.
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We report measurements of charmed-hadron (D, D*) production cross sections at midrapidity in p + p
collisions at a center-of-mass energy of 200 GeV by the STAR experiment. Charmed hadrons were
reconstructed via the hadronic decays D — K~ 7+, D** — D%z — K~ 7+ 7r* and their charge conjugates,
covering the p; range of 0.6-2.0 and 2.0-6.0 GeV/c for D® and D*, respectively. From this analysis,
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the charm-pair production cross section at midrapidity is do/dy|<®, =170 =% 45(stat)*35(sys) ub. The
extracted charm-pair cross section is compared to perturbative QCD calculations. The transverse momentum
differential cross section is found to be consistent with the upper bound of a fixed-order next-to-leading

logarithm calculation.

DOI: 10.1103/PhysRevD.86.072013

I. INTRODUCTION

The primary goal of ultrarelativistic heavy-ion experi-
ments at the Relativistic Heavy Ion Collider (RHIC) is to
search for and characterize the new state of matter with
partonic degrees of freedom, namely, the quark-gluon
plasma, predicted by quantum chromodynamics (QCD)
[1]. In high-energy collisions at RHIC, heavy quarks
(¢, b) are expected to be created from initial hard scatter-
ings [2] and the relative changes in their masses are small
by the strong interactions with the QCD medium [3]. Thus
they carry clean information from the system at the early
stage. The interaction between heavy quarks and the me-
dium is sensitive to the medium dynamics; therefore,
heavy quarks are suggested as an “‘ideal” probe to quantify
the properties of the strongly interacting QCD matter
[4-6]. Consequently, measurements of heavy-quark pro-
duction over a wide transverse momentum (p7) region in
proton-proton (p + p) collisions are critical to provide a
baseline for understanding the results from heavy-ion col-
lisions. In particular, precise knowledge of the total charm
production cross sections from p + p to central heavy-ion
collisions is critical to understand both open charm and
charmonium production mechanisms in the quark-gluon
plasma medium formed in central heavy-ion collisions at
RHIC [7,8].

In elementary particle collisions, processes involving
heavy quarks with masses much larger than the QCD scale
(Aqcp) are, in principle, amenable to perturbative QCD
(pQCD) calculations. For heavy-quark production cross
sections at large momentum transfer QZ, fixed-order
next-to-leading logarithm (FONLL) pQCD calculations,
where pr > m,, are expected to work reasonably well
[9]. However, calculations of the charm cross section at
low pr become complicated because charm quarks cannot
be treated as a massless flavor. Furthermore, in the low
momentum transfer region there is a large uncertainty in
the gluon density function, and the strong coupling con-
stant increases dramatically. Thus, perturbative QCD cal-
culations have little predictive power for the total charm
cross section in high-energy hadron-hadron collisions [10].
In view of these theoretical issues, experimental measure-
ments become necessary and in turn provide constraints
that improve theoretical calculations.

Measurements of inclusive charm production have been
carried out through two main approaches: (i) single leptons
from heavy-flavor semileptonic decays and (ii) charmed
hadrons from hadronic decays. The advantages of the first
method include an experimentally triggerable observable

PACS numbers: 25.75.—q, 25.75.Cj

and relatively large decay branching ratios, thus resulting
in relatively large statistics. However, interpretations of the
experimental results contain ambiguities because
(a) leptons are produced by various charmed and bottomed
hadron decays, and (b) heavy-flavor hadrons contributing
to leptons at a certain py can come from a wide kinematic
region due to the decay smearing. The second method
suffers from a large combinatorial background when all
particles from the collision vertex are included, without
any reconstruction of the secondary weak-decay vertices.
This background is particularly large (S/B is on the order
of 1:10%) in heavy-ion collisions.

There are many measurements of the charm production
cross section in low energy p + p or p + A collisions via
both semileptonic and hadronic decays at CERN and
Fermilab [11,12]. Results for the total charm cross sections
(from measurements with reasonable extrapolations) are
consistent with next-to-leading-order pQCD calculations.
At high energies, the Collider Detector at Fermilab (CDF)
Collaboration at the Tevatron measured the charmed-
hadron cross sections at p; > 5 GeV/cin p + p collisions
at /s = 1.96 TeV, and results for DY, D* and D** mesons
are consistent with the upper bounds of FONLL pQCD
calculations [13]. At RHIC energies, charm production has
been studied mainly via semileptonic decay electrons from
p + p to Au + Au collisions [14-18]. The result from
p + p collisions is also consistent with the upper bound
of FONLL pQCD calculations at pp(e) >2 GeV/c.
Measurements of the D° cross section by the reconstruc-
tion of hadronic decays were carried out in d + Au colli-
sions [14], but no measurement of the charmed-hadron
production cross section in p + p collisions has been
made at RHIC until now.

In this paper, we report measurements from the STAR
experiment of the charmed-hadron (D° D*) production
cross section at midrapidity in p + p collisions at /s =
200 GeV. Charmed hadrons, DY and D*, were recon-
structed via hadronic decays in the transverse momentum
ranges of 0.6-2.0 and 2-6 GeV/c, respectively. The pp
differential production cross sections are compared to
pQCD theoretical calculations, and a total charm cross
section is extracted.

The paper is organized as follows: Section II describes
the experimental setup, the data set, and the particle-
identification method used in this analysis. Section III
explains the hadronic reconstruction for D° and D* mesons
in detail. Section IV discusses the reconstruction effi-
ciency, acceptance, and trigger and vertex corrections.
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Details of the systematic uncertainties are discussed in
Sec. V. The transverse momentum differential production
cross section is presented in Sec. VI and it is compared
with pQCD FONLL and PYTHIA [19] calculations. The
results are summarized in Sec. VIL.

II. EXPERIMENTAL SETUP

A. Detector apparatus

The data used in this analysis were recorded by the
Solenoidal Tracker at RHIC (STAR) detector [20]. The
STAR detector is a multipurpose spectrometer with large
rapidity coverage. The major subsystems at midrapidity sit
inside a solenoidal magnet which provides a uniform mag-
netic field of 0.5 T along the beam axis. Subsystems used in
this analysis are the time projection chamber (TPC) [21],
the time-of-flight (TOF) detector [22], the barrel and end
cap electromagnetic calorimeters [23,24], and two trigger
detector subsystems: the vertex position detector (VPD)
[25] and the beam beam counters (BBCs) [26].

The TPC is the main tracking detector, covering the full
azimuthal angle at pseudorapidity || < 1 for tracks cross-
ing all 45 padrows [21]. It measures the charged-particle
momenta and provides particle-identification (PID) capa-
bility via the ionization energy loss (dE/dx) in the TPC
gas, allowing a clean separation between charged kaons
and pions up to momentum p ~ 0.6 GeV/c. The barrel
TOF detector is a newly installed subsystem, utilizing the
multigap resistive plate chamber technology [22]. The full
system consists of 120 trays covering the full azimuth at
[7] < 0.9 surrounding the TPC cylinder. In the year 2009
run, 84 trays out of 120 for the full barrel were installed and
used for this analysis. The TOF detector uses the timing
recorded in the forward VPD as the start time to calculate
the particle time of flight, which is combined with the
momentum from the TPC to identify particles. The timing
resolution of the TOF system, including the start timing
resolution in /s = 200 GeV p + p collisions, is about
110 ps, allowing separation of K and @ up to p ~
1.5 GeV/c. The barrel and end cap electromagnetic calo-
rimeters are designed to identify electrons and photons,
covering the full azimuthal angle at |[n| <1 and 1 <75 <
2, respectively [23,24]. They are fast-response detectors
(< 100 ns) and were used to suppress the TPC pileup-track
contribution in the event-vertex finder by matching with
charged tracks from the TPC.

In addition to providing the start time for the barrel TOF
detector, the VPD is also one of the trigger detectors in
STAR. It has two parts surrounding the beam pipe, located
on the east and west sides, 5.7 m away from the center of
the STAR detector and covering 4.24 < |n| <5.1 [25].
The minimum-bias trigger was defined as a coincidence
signal in the east and west VPDs and a selection was made
on the vertex position along the beam axis (V) to be within
40 cm of the center of the STAR detector. The BBC [26]
consists of two identical counters located on each side of
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the TPC covering full azimuth and 2.1 <|n| <5.0 in
pseudorapidity. Each part consists of a set of hexagonal
scintillator tiles grouped into a ring and mounted around
the beam pipe at a distance of 3.7 m from the center of
STAR. The BBC detector had been used to define the main
minimum-bias trigger in p + p collisions before the
minimum-bias trigger was used in 2009. A small sample
of BBC minimum-bias-triggered events were collected in
2009 to check for a trigger bias. Details of the minimum-
bias trigger bias and correction will be discussed in Sec. I'V.

B. Data sets and event selection

The data sample used in this analysis consisted
of minimum-bias-triggered p + p collisions at /s =
200 GeV, recorded in 2009 by the STAR experiment at
RHIC.

The intrinsic drift time for electrons from the center to
one end of the TPC is on the order of 40 ws. Thus, in high-
luminosity p + p collisions, one TPC event usually con-
tains tracks from collisions originating from nontriggered
bunch crossings. These “pileup events’ will lead to addi-
tional tracks recorded in the TPC, in addition to those from
the triggered event. This effect was not significant in
previous RHIC runs, but the increase in the collision rate
during 2009 to several hundred kilohertz made this a
significant effect. The V, position from offline VPD data
has a resolution of 2.5 cm for minimum-bias events, which
can provide a useful constraint to select the real event that
fired the trigger. Figure 1, upper panel, shows the correla-
tion between the V, positions from the TPC and the VPD.
Events with TPC vertices along the diagonal correlated
band are real ones that fired the VPD minimum-bias trig-
ger. In Fig. 1, bottom panel, the solid black histogram
shows the 1D V, difference between the first TPC-
determined vertex position and VPD-determined vertex
position. By applying a V, difference cut |[AVz] <6 cm,
most of the TPC pileup events can be removed. There still
remain random associated correlations that enter into this
cut window (~ 7% level, calculated using a two-Gaussian
fit). To further suppress this contamination, we required the
TPC event vertices to have at least two tracks that match
with hits in the barrel and end cap electromagnetic calo-
rimeters (this vertex is treated as a *““good’ vertex). The red
dashed histogram in Fig. 1, bottom panel, shows the AVz
distribution after this selection. The random associated
pileup events in the V, difference cut window are now
suppressed to ~2% of the total, while the corresponding
loss of real events is ~15%. In total, 105 X 10° minimum-
bias events were used in the charmed-hadron analysis.

C. Track reconstruction and particle identification

Charged-particle tracks are required to point within
|1| <1 in order minimize TPC acceptance effects during
reconstruction. Tracks must have 15 out of a maximum of
45 points used in track fitting (nFitPts) and at least 52% of
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FIG. 1 (color online). Upper panel: Correlation of VI¥C versus
VYPD_ Bottom panel: AV, distributions. A good vertex require-
ment rejects most of the pileup events. Blue vertical lines
indicate the cuts for the V, selection.

the total possible fit points in order to avoid double-
counting split tracks. Tracks are required to have a
distance-of-closest-approach (DCA) to the collision vertex
of less than 2 cm to suppress background tracks produced
by secondary scattering in the detector and also long-lived
particle decays. The STAR track pointing resolution with
the TPC alone does not have the precision to separate
charm secondary decay vertices from the collision vertices.

Particle identification for final-state charged hadrons
was carried out with a combination of dE/dx in the TPC
and the particle velocity (/3) measurement from the barrel
TOF detector. Thus the normalized dE/ dx(no-iE/ %) and
1/B(no°F) distributions were used to select daughter
particle candidates. They are defined as follows:

(dE/dx)y™
th
na_;i(E/dx _ dE/dXX , (1)
Rag/ax
IS
nofoF = £ B¢ @)
Ry/p

where the superscripts “mea’” and “th” are measured and
theoretical values, respectively. The X denotes expected
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FIG. 2 (color online). Distributions of no"f,E/ dx, no , and

no'%OF versus momentum are shown in panels (a), (b), and (c),

respectively. The latter is shown after dE/dx cuts were applied.

dE/dx
K

values which are calculated with respect to one kind of
particle species (7 or K). Ry/qx and R,z are the experi-
mental dE/dx and 1/ resolutions, respectively. With the
above definitions, the two resulting distributions can be
approximated by Gaussian distributions with mean ~ 0
and o ~ 1). Figure 2 shows the no®®/* ng@/% and
noTOF distributions versus particle momentum.

Daughter kaon (pion) candidates are selected by requir-
ing Ina'ﬁE/dxl <2 (Ino-‘,i,E/dxl < 2). In addition, to improve
the significance of the reconstructed D° signal, the kaon
daughter tracks were required to have a valid hit in the TOF
detector and then selected with a TOF PID cut, which is
denoted as the red dashed lines in Fig. 2(c). In order to have
good efficiency and considering pion identification is good
enough with dE/dx only, we did not require pion to match
with TOF.

III. CHARMED-HADRON RECONSTRUCTION
AND RAW YIELD EXTRACTION

A. D Reconstruction

D° and D° mesons were reconstructed via the hadronic
decay D°(D®) — K* 7™ with a branching ratio of 3.89%.
The analysis technique is the same as that used for a D°
analysis in d + Au collisions [14]. In p + p collisions, the
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mixed-events technique is not suitable for describing the
background due to the large contribution of correlated jets.
Therefore, two different techniques were used to reproduce
the background: the like-sign and track-rotation methods.
Since the 7~ and 7" production is symmetric in the STAR
uniform acceptance and their yield ratio is measured to be
0.988 = 0.043 [27], the like-sign (LS) method is used and a
pair combination with the same charged sign is expected to
reproduce the background without the signal correlation.
The opposite-sign backgrounds, which go into the residual
background, are only several percent of the total back-
ground and will be discussed later. The track-rotation
(Rot) technique has been used in many measurements
[28]. This method is based on the assumption that by
rotating the daughter kaon track by 180° in azimuth, the
decay kinematics are destroyed. Thus the invariant mass
distribution after rotation is able to reproduce the random
combinatorial background. Figure 3 shows the invariant
mass distributions of K7 candidates. Figure 3(a) shows the
invariant mass distributions for K pairs [0.6 < pp(K7)<
2.0 GeV/c] with unlike sign (US) before background sub-
traction, with like sign, and with rotated kaon momentum.
The distributions from the like-sign and track-rotation
techniques describe the background well. Figure 3(b) is
the unlike-sign K77 invariant mass distribution after com-
binatorial background subtraction. A significant K*(892)
peak is observed. The secondary small peak at about
1.4 GeV/c? is the K;5(1430). A direct zoom-in view of
the vicinity around the D° mass region is shown in Fig. 4
[panel (a) for subtraction of like-sign background, and
panel (b) for the rotational case]. Solid symbols depict
the same distributions as shown in Figs. 3 and 5 in two
different D p; bins. One can see there is still some
“residual” background after like-sign or rotational back-
ground subtraction. The possible sources to the residual
background have been investigated using PYTHIA simula-
tions. We performed the same reconstruction as we did on
the data, for the foreground and background distributions.
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FIG. 3 (color online). (a) Invariant mass distributions of raw
K7 combinations for unlike-sign pairs (circles), like-sign
pairs (triangles), and kaon momentum rotated pairs (line).
(b) Residual distributions after subtracting the like-sign distri-
bution (triangles) and rotation pair distribution (dots) from the
unlike-sign distribution.
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ground subtraction. Solid circles show the signal and a residual
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ground, respectively. Open circles show the signal after residual
background subtraction.

From these simulations, we have learned that the possible
sources that can contribute to this residual correlated back-
ground include: correlated hadron pairs from decays
(mostly resonances) where the real daughters were mis-
identified as K pairs; K7 pair from other decay channels
of D° (e.g. K~ 7" 7°) where the other daughters are missed
in the reconstruction; same-charge K~ 7~ pairs from mul-
tibody decays of D° — K~ 7+ " or~; K pairs from jet
fragmentations; etc. The different shape of the residual
background from LS and Rot background subtraction in
the data can be qualitatively reproduced by PYTHIA simu-
lation. The magnitude of the residual background depends
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FIG. 5 (color online). Raw DY signals in different p; bins after
like-sign (a),(c) and track-rotation (b),(d) subtraction.
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TABLE I. D raw yields.
pr range (GeV/c) 0.6-1.2 1.2-2
pr (GeV/c) 0.908 1.57
Raw yields X 10 (Rot) 2.45 = 0.66 1.65 £ 0.63
Raw yields X 103 (LS) 1.67 = 0.74 2.40 £ 0.64

on how to choose the normalization for the like-sign or
rotational background, as qualitatively understood from
the PYTHIA simulations. However, the change of the resid-
ual background magnitude due to different normalizations
has a very small impact on the final extracted signal counts,
and it has been included in the systematic uncertainties. We
used an empirical polynomial function to describe it and
the choice of this empirical function was also included as
one of the systematic source to the raw yields. A Gaussian
function is used to fit the signal. The raw yield of the DO is
obtained by fitting the data (blue solid circles) with a fit
function representing the sum of signal and background
(red dashed curve) in the mass region of 1.72 < My, <
2.05 GeV/c?. The signal after the residual background
subtraction is shown as the red open circles. The
Gaussian function used to describe the signal is shown as
the blue dashed curve. The total D° signal consists of
4085 = 938 counts.

The signals after background subtraction for two pr bins
are shown in Fig. 5. Panels (a), (c) and (b), (d) show the
signals from LS and Rot background subtraction, respec-
tively. The D° raw yields and statistical errors extracted
from the two background methods are listed in Table 1. The
average values of the D counts from the LS and Rot
background methods are used to calculate the final D°
raw yield in each p; bin. The mean and width from the
Gaussian fits are compared with Monte Carlo (MC) simu-
lation in Fig. 6 (left panels). The single D° and D* are
embedded into the real data and simulated in the full STAR
GEANT reconstruction chain, taking into account detector
response and material effect. The D° signal mean value
from an open-parameter fit shifts to lower mass due to kaon
energy loss at low py, which is not fully accounted in the
simulation due to possibly missing material budget. The
systematic uncertainty in determining the D° raw yields as
well as the potential double-counting issue due to particle
misidentification will be discussed in Sec. VA.

B. D* Reconstruction

D** mesons were reconstructed via the decay sequence
D*" — D" (BR = 67.7%), D° — K~ o™ and its charge
conjugate. We followed the same analysis technique as
described in Ref. [29]. The daughter particles were still
identified by dE/dx in the TPC because (a) most of the D*
decay daughter particles that fall inside the STAR accep-
tance with higher momenta are located in the region where
the TOF PID improvement is very limited and (b) the

Article repm’nt

PHYSICAL REVIEW D 86, 072013 (2012)

N

— L 4 < [ b~
N§ e Data-LS L o4r, Dat
| = Data-Rot i ISm lation
2 101" mSimulation ! s %2
a
& 1o 't 1 % 02}
\E/ 20 1 \%1/ -041 T

20 b 0.6 N

Width (MeV/c?)
> o
T. g T
Width (MeV/c?)
o
S
T

0 05 1 15 2 2 3 4 5 6
P, (GeV/c) P, (GeV/c)
FIG. 6 (color online). The mean and width from Gaussian fit to

data (symbols) compared with MC simulations (bands) for D°
and D* are shown in left and right panels, respectively.

signal suffers significant losses due to incomplete TOF
acceptance in 2009. Compared to the cuts used in
Ref. [29], the p; threshold cut for the #* (from D*
decays), denoted as ), was lowered to 0.15 GeV/c.
The ratio r of transverse momenta from the D° and 7}
was required to be 7 < r < 20. These two changes were
implemented to improve the statistics near the lower bound
in pr. The remainder of the analysis cuts were the same as
those used in Ref. [29].

The invariant mass difference AM = M(Kmm) —
M (K1) was calculated in reconstructing the D* signal to
take advantage of the partial cancellation in the detector
resolution in measured mass distributions. The AM distri-
butions are shown in the upper panel of Fig. 7. The “right-
sign”” combinations K 7= 75 were used to select the D*=
candidates. Two independent methods—‘‘wrong-sign”
combinations K*7 77 and D° “sideband” combina-
tions—were used for combinatorial background recon-
struction. The plot illustrates that both methods
reproduce the combinatorial background very well. The
events displayed in this figure are all minimum-bias events
without event-vertex selections, which demonstrates the
significance of D* signal. The lower panel in Fig. 7 shows
the K7 invariant mass distribution after requiring the D*
candidate cut (0.144 < AM < 0.147 GeV/c?). The
cross-hatched area indicates D° candidate mass selection
in the K7 right-sign and wrong-sign combination
reconstruction. The line-hatched area indicates the D°
sideband region [1.72 < M(Kw)/(GeV/c?) < 1.80 or
1.92 < M(K)/(GeV/c?) < 2.00] used in sideband com-
binatorial background reconstruction for D*. The sideband
combinatorial background was used to obtain the raw D*
yields for better statistics and also because sideband dis-
tributions do not suffer from the double-counting issue
due to particle misidentification. The difference between
the yields obtained from the sideband method and the
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FIG. 7 (color online). Upper: Raw D* candidate signal from
the right-sign combinations in all p + p minimum-bias
events. Histograms are combinatorial background distributions
from wrong-sign and sideband methods. Lower: Raw D°
candidates after requiring the D* candidate cut (0.144 < AM <
0.147 GeV/c?).

wrong-sign method was included in the systematic uncer-
tainties. Details in determining the uncertainties on the raw
D* yields including the double-counting effect will be
discussed in Sec. VA. The D* raw yields are summarized
in Table II.

To obtain the cross section, the event-selection criteria
described in the previous section were applied. The raw
distributions were further divided into py slices to obtain
the raw D* yields in each p; bin. Figure 8 shows the D*
candidates and background distributions in different p,
bins. The bottom panel on each plot was generated by
subtracting the sideband background from the right-sign
candidates. The mean and width from Gaussian fits are
compared with MC simulation in the right panel of Fig. 6,

TABLE II. D raw yields.
pr range (GeV/c) 2-3 34 4-5 5-6
pr (GeV/c) 245 3.44 445 5.45

Raw yields 209 £58 9835 2711 123*x4.1
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FIG. 8 (color online). Raw D* signals in different p; bins.
In each plot, the bottom panel distribution is generated by
subtracting the sideband background from the right-sign distri-
bution. Variable binning is used in the bottom panel for better
illustration.

and it shows the obtained D* peak positions and widths
agree with the MC simulation well. From this analysis, the
total signal consisted of 364 = 68 counts, and the raw yield
ratio of D*~ /D** is 0.93 + 0.37.

IV. EFFICIENCY AND TRIGGER OR VERTEX
BIAS CORRECTION

The final charmed-hadron cross section in p + p colli-
sions is calculated as follows:
o 1 1 1

= ._._.&.m.]ﬁ 3)
dp* 27 €e BR prAprAy Nyp ="'

where oygp is the total nonsingly diffractive (NSD) cross
section, which is measured at STAR to be 30.0 = 2.4 mb
[30]. Ny is the total number of minimum-bias events used
for the analysis. AN}, is the raw charmed-hadron signal in
each pr bin within a rapidity window Ay. BR is the
hadronic decay branching ratio for the channel of interest.
There are two correction factors: €., which is the recon-
struction efficiency including geometric acceptance, track
selection efficiency, PID efficiency, and analysis cut effi-
ciency; and fy, v (pr), Which is the correction factor to
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account for the bias between the minimum-bias sample
used in this analysis and the total NSD sample. This bias is
mainly caused by the VPD trigger and event-vertex recon-
struction, and it may have a dependence on the charmed-
hadron p;. In the following sections of the paper, the
condition that requires the event to fire the VPD trigger
and to have a good vertex will be referred to as the
“analysis condition.”

A. Reconstruction efficiency

The reconstruction efficiency for charmed hadrons was
obtained by embedding MC simulated charmed-hadron
tracks into the real minimum-bias events. The MC
charmed-hadron tracks were processed through a full
GEANT detector simulation [31] with a representation of
the 2009 STAR geometry. The raw detector-response sig-
nals were mixed together with those from the real data and
processed through the full STAR offline reconstruction
chain to obtain the detector-response efficiency in a real-
istic environment. The input MC track multiplicity was
constrained to have negligible effect on the final tracking
efficiency due to increased occupancy in the TPC.

Figures 9 and 10 show the DY and D* reconstruction
efficiency versus pr within |y| < 1. In Fig. 9, the solid
squares denote the reconstruction efficiency for both
daughters selected and identified by the TPC, while the
solid circles denote the reconstruction efficiency with addi-
tional PID selection from the TOF detector for the kaon
daughter. The combined TOF efficiency, including the
acceptance, matching between TPC tracks and TOF hits,
and PID selection efficiency, is around 45% studied from
the data in 2009.

B. Trigger and vertex bias corrections

The trigger and vertex bias corrections were studied by
simulating PYTHIA events [19] processed through the full
GEANT detector-response and offline reconstruction. The
PYTHIA generator versions 6.205 and 6.416 were both used
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FIG. 9. Total D° reconstruction efficiency versus D°py.
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FIG. 10. Total D* reconstruction efficiency versus D*py.

in this study. We chose the PYTHIA version 6.205 with
minimum-bias processes selected and with the CDF
TUNEA settings [32] to give the centroid value of the
correction factor because it gives better description for
the particle production in the forward rapidities than the
6.416 version [33]. The differences between the two ver-
sions as well as different parameter settings have been
included to estimate the systematic uncertainty of the
trigger and vertex bias correction factor.

To validate the PYTHIA generator in simulating particle
production in the forward region for the VPD trigger study,
we first compared the VPD trigger efficiencies (from the
BBC triggered minimum-bias sample) from MC simula-
tion and real data. The BBC trigger has been well studied
and was used to calculate the p + p NSD cross section
[16]. Figure 11 shows the comparison of the VPD trigger
efficiency, with the requirement that there is a BBC trigger
and a good vertex. The efficiency is studied as a function of
the charged hadron p7. The real data used are BBC trig-
gered minimum-bias events taken in 2009 during a very
low luminosity run, which minimizes TPC pileup tracks.
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FIG. 11 (color online). VPD trigger efficiency comparison
between data and Monte Carlo versus charged-particle pr in
BBC minimum-bias conditions.
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Figure 11 shows that the efficiency goes down with
increasing py of midrapidity particles indicating an anti-
correlation between midrapidity particle production and
forward VPD triggering. Most importantly, within the
momentum range under study, the PYTHIA MC simulation
agrees well with the data. This agreement provides con-
fidence in using PYTHIA simulations to evaluate this
correction.

The correction factor fy, i can be related to the ratio
(Np/Npy) for the pure minimum-bias condition and the
analysis condition, i.e.

N N,
p(pr)/ n:rzm . ()

ftrg,vtx(pT) = m

Two simulation samples were generated to obtain the
correction factor. One sample consisted of PYTHIA-simu-
lated p + p events and was used to obtain the fraction of
minimum-bias events that satisfy the analysis condition
NU$Y™ /N, . This fraction was found to be 12.7% from
this PYTHIA simulation. The other simulation sample was
generated using the same PYTHIA settings, but only events
with at least one charmed hadron were saved to enhance
the statistics. This sample was used to obtain the fraction of
charmed-hadron signals that satisfy the analysis condition
N3EY™* /Np. We also studied this fraction as a function of
charmed-hadron py. Figure 12 shows the calculated effi-
ciencies for D* from different event-selection criteria. The
BBC coincidence study provides a baseline for this simu-
lation, which demonstrates consistency with previous
STAR results [30]. As expected, the vertex finding effi-
ciency increases with increasing pr. The VPD trigger
efficiency shows an anticorrelation with increasing D* py,
similar to that observed with increasing charged-hadron
pr- The final efficiency (with requirements for both vertex-
ing and VPD triggering) is almost flat versus pr, leveling
off at ~19%. The simulation for D hadrons shows very
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FIG. 12 (color online). D™ efficiency versus D* p; with differ-
ent event-selection criteria.
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similar results. Figure 13 shows the correction factor fiy yix
for cross section calculations for D° and D*.

V. SYSTEMATIC UNCERTAINTIES

Sources that contribute to the systematic uncertainties
in the final D-meson cross sections include: (a) uncertainty
in determining the raw D-meson yields; (b) uncertainty in
determining the reconstruction efficiency; (c) uncertainty
of the total NSD cross section; and (d) uncertainty in
determining the trigger or vertex correction factor.
Uncertainties due to particle identifications will enter in
both (a) and (b) which will be discussed in the following
subsections. We consider (a) as point-by-point uncorre-
lated systematic uncertainties. Although (b) is correlated
in py, it is not simply a normalization uncertainty, and the
exact correlation in py is not known. Therefore we include
(b) in the point-by-point uncorrelated systematic uncer-
tainties. Finally, (c) and (d) are overall normalization
uncertainties.

A. Uncertainty in raw yields

Different choices on background reconstruction meth-
ods, function fits and mass binning were used to evaluate
the systematic uncertainty in the raw D-meson yields. In
the DO analysis, the difference between the yields extracted
from Rot and LS methods is 15.6%—18.9%. Fitting the D°
peak with fixed parameters from simulation estimates
lower yields of 28.2% and 6.1% for the two D° p; bins.
The systematic uncertainties from different mass binning
and different fit regions are estimated to be ~5%—7%. The
systematic uncertainties in determining the raw D™ yields
include contributions from the difference obtained between
the sideband and the wrong-sign methods, and the differ-
ence between bin counting and Gaussian fitting methods,
varying ~6%-11% in the p; range 2-6 GeV/c. The
choice of mass binning and fitting range had a negligible
effect on the extracted yields.

072013-10



2 Jaroslav Bieléik: Fyzika kvarkov tazkych voni 50

MEASUREMENTS OF D° AND D* PRODUCTION ...

In D meson reconstruction, if the kaon (pion) daughter
is misidentified as a pion (kaon), then two daughters from a
real D° decay will show up as additional D° combinations
with a wider mass distribution due to wrong mass assign-
ments. Thus one D° signal will be counted twice, once as a
DO and again as a D°. A Monte Carlo simulation was used
to evaluate the fraction of such double-counting occur-
rences in the D° reconstruction. Based on realistic dE/dx
and TOF PID resolutions extracted from real data, the
probability that kaons (pions) can be misidentified as pions
(kaons) at a given pr, using these PID selections, was
obtained. Assuming a D° candidate, this procedure pro-
vides an estimate of the probability that both daughters are
misidentified and then reconstructed as a D°. In Fig. 14, the
open and closed circles show the double-counting fraction,
relative to the total real signal, for two different PID
selections: (a) both daughters are identified by TPC
dE/dx; (b) the kaon daughters are identified by the TOF,
while pions are identified by the TPC. The sharp increase at
very low pr (identifying both daughters using dE/dx) is
due to the case where a D° decays almost at rest (py ~ 0),
and the two daughters are produced in the momentum
region where the kaon and pion dE/dx bands cross, there-
fore maximizing the misidentification probability. The plot
shows that when the kaon daughter is identified by the
TOF, the double-counting fraction is negligible in our D°
pr coverage region (0.6-2.0 GeV/c).

Double counting the D° may also impact reconstruction
of D*. However, the impact is different because of a charge
sign requirement on the soft pions. If both daughters from a
DY are misidentified (D° is reconstructed as D°), then the
combination from the same signal will become K™ 7~ 7.
It will not contribute to the right-sign distributions but,
instead, will enter into the wrong-sign (background) dis-
tributions if the mass also falls into the D° (D°) mass
selection window. Thus the double counting in wrong-
sign background will contribute to an undercounting in
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FIG. 14 (color online). D° double-counting fraction due to
particle misidentification in two PID selections and D* wrong-
sign over counting fraction versus D-meson prp.
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the total signal if the wrong-sign background is subtracted
from the right-sign distribution. Since the right-sign com-
bination was also required, the misidentification does not
affect the sideband background distributions. In the real
analysis, the sideband background subtraction was used to
extract the raw signal, but also the difference between
sideband and wrong-sign methods was used for systematic
uncertainty estimation. Since the wrong-sign distribution
can be overestimated due to particle misidentification, the
systematic error from the difference between the two
methods would be overestimated. This was avoided with
better understanding of the wrong-sign overcounting. The
red triangles in Fig. 14 denote the overcounting fraction in
the D™ wrong-sign background to real signals. It is very
close to the D° double-counting fraction, since they are
from the same source. The slight difference comes from the
additional D° candidate selection cuts used in the D*
reconstruction. This fraction was used to compensate for
the difference between the two background methods and as
a way to improve the assessment of the systematic uncer-
tainties in the extraction of the raw D* yields.

B. Uncertainty in reconstruction efficiency

The systematic uncertainties of the reconstruction effi-
ciencies were obtained following similar methods used in
other particle cross section measurements by changing the
daughter track selection criteria and comparing the differ-
ence between the data and the MC. In this analysis, it was
studied by changing the minimum number of fit points
(nFitPts) in the TPC from 15 to 25 and the DCA to the
collision vertex from 2 to 1 cm. The uncertainty was then
quantified by the difference in the remaining fractions after
cut changes between the data and the MC. For each cut
change, the uncertainties were calculated for each decay
daughter and added together linearly to obtain the total for
D° and D*. The systematic uncertainties on the PID cut
efficiencies (from both dE/dx and TOF) were estimated to
be <1% and neglected in the total uncertainty. Then the
uncertainties from the cut changes on nFitPts and DCA
were added in quadrature to obtain the total systematic
uncertainty on the reconstruction efficiency.

The point-by-point systematic errors including uncer-
tainties in raw yields and reconstruction efficiency for the
D° and D* cross sections in each py bin are summarized
in Table III.

TABLE III.  D° (0.6-2 GeV/c) and D* (2-6 GeV/¢) point-by-
point systematic errors (%).

pr (GeV/c) 06-12 122 23 34 45 56
Raw yields HES T 94 65 110 66
nFitPts 15 — 25 38 32 72 47 59 47

DCA 2 — 1 (cm) 6.6 7.1 13.6 127 11.6 107
Quadratic sum f%fzg f};;g 181 151 17.1 135
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C. Overall normalization uncertainty

The overall normalization uncertainty for the total NSD
cross section has been studied before and reported in a
previous STAR publication [30]. It was estimated to be
8.1%, including the uncertainty from measuring the abso-
lute BBC cross section and that of BBC triggering effi-
ciency. The uncertainty from the trigger or vertex bias
correction factor amounts to 5.2% by varying different
PYTHIA versions (6.205 vs 6.416) and different parameter
settings in the simulation. We also considered the impact
from pileup TPC tracks as an additional systematic source
on the correction factor, and the uncertainty was estimated
to be 4.0% by comparing the result with a conservative
luminosity level for this data set to that from pure PYTHIA
simulation without pileup.

These uncertainties were added in quadrature, which
gives 10.4% overall normalization uncertainty for the
D-meson cross sections.

VI. RESULT AND DISCUSSION

After the reconstruction efficiency and trigger or vertex
bias correction factor were applied, the differential pro-
duction cross sections for D? and D* in p + p collisions at
ﬁ = 200 GeV were extracted, as shown in Fig. 15. The
vertical bars on the data points indicate the statistical
uncertainties, while the brackets indicate the bin-to-bin
systematic uncertainties described in the previous section.
The D and D* cross sections were divided by the charm
quark fragmentation ratios 0.565 + 0.032 (¢ — D°) and
0.224 = 0.028 (¢ — D**), respectively, to convert to the
c¢ production cross section. The charm quark fragmenta-
tion ratios are measured from CLEO and BELLE experi-
ments near the Y resonance [34]. The uncertainties of the
fragmentation ratios are taken into account as systematic

T T T T T T T T
1 [ p+p 200 GeV A D°/0565 4

.. e D*/0224 —

---- FONLL
10-2 |
—— power-law fit

104 |- A SN . _]

(o™)/(2np,dp,dy) [mb/(GeV/c)’]

10-6 |

P, (GeV/c)

FIG. 15 (color online). c¢¢ production cross section as inferred
from D° and D* production in p + p collisions at /s =
200 GeV compared with FONLL calculations. The D° and D*
data points were divided by the charm quark fragmentation ratios
0.565 (c — D°) and 0.224 (c — D**) [34], respectively, to
convert to the c¢ production cross section.
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errors in calculating the c¢ production cross section. A
power-law fit to the data points was performed with the
following function [14]:

Lo _dodo- Vo0, _pr Y
dp® dy m(n —3)Xpr)? (pr)(n —3)/2

(&)

and shown as the solid red line in the figure. The fit quality
with the power-law function, measured as y?/ndf, is 0.9/3
with statistical errors and 3.7/3 with point-by-point sys-
tematic errors, respectively. The latter was used to extract
the systematic uncertainty on the p; integrated cross sec-
tion from point-by-point systematic sources. The obtained
c¢ production cross section at midrapidity is

do |ct
—— | =170 = 45(stat) "3 (sys) ub. ©6)
dy y=0

The term with sys includes the uncertainty arising from
the bin-to-bin systematic uncertainties and from the ex-
trapolation to the low-pr region, which is not measured.
The FONLL upper limit and PYTHIA + tune fits are used
for the low-p; extrapolation, which gives +6.2% and
—16.4% uncertainties, respectively. At midrapidity, about
67% of the D meson yield falls in the measured p; region.
The mean transverse momentum of charmed mesons is
found to be 1.06 * 0.14(stat) = 0.09(sys) GeV/c. The
charm-pair cross section at midrapidity from this measure-
ment is consistent with STAR’s previous measurement in
d + Au collisions [14] at 1.70 (o is the averaged total
uncertainty between two results), providing negligible nu-
clear effects in d + Au collisions.

Also shown in Fig. 15 are the upper and lower edges
(blue dashed lines) of a FONLL pQCD calculation taken
from Ref. [9]. Our results are consistent with the upper
limit of the FONLL pQCD calculation in a wide p region.
It is observed that the charmed-hadron cross sections mea-
sured by CDF [13] and ALICE [35] at energies up to 7 TeV
are also close to the upper limits of FONLL pQCD calcu-
lations. This may help set constraints on the parameters
used in the FONLL calculations, e.g. on the choice of
renormalization or factorization scales, which are the
main parameters varied to obtain the upper and lower
limits on these calculations. However one should note the
valid pr region of FONLL calculations when applying
such an analysis since FONLL calculations are supposed
to work when py > m,.

The charm cross section at midrapidity was extrapolated
to full phase space using the same extrapolation factor,
4.7 0.7, as in a previous publication [14], and the
extracted charm total cross section at /s = 200 GeV is

T = 797 * 210(stat) 139 (sys) ub. ©)

Shown in Fig. 16, the data were also compared with
PYTHIA calculations. PYTHIA version 6.416 was used as it
has been tuned to describe the midrapidity Tevatron data.
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FIG. 16 (color online). c¢¢ production cross section as inferred
from D° and D* production in p + p collisions at /s =
200 GeV compared with PYTHIA calculations. Data are fitted
with PYTHIA spectra with an overall scale parameter for the
purpose of shape comparison only.

We tried PYTHIA calculations with the following sets of
parameters to compare with our measurements:
(a) Default MSEL = 1.
(b) PHENIX tune: MSEL =0 with MSUB(11, 12,
13, 28, 53, 68) on, PARPO1) ((k.)) =
1.5 GeV/c, MSTP(32) (Q?scale) = 4, CKIN(3)
(min. parton p;) = 2 GeV.
(c) This tune: MSEL =1, PARP©OIl) (k) =
1.0 GeV/c, PARP(67) (parton shower level) = 1.0.
The choice of modifying the primordial (k) (the
Gaussian width of primordial k7 in hadrons) and the parton
shower level parameters from default values (2 GeV/c and
4, respectively) in this tune was suggested by the matching
of scales in heavy-flavor production at lower energies [36],
which has been noted in PYTHIA [19]. The CDF TUNEA
parameters [32], which were tuned to reproduce midrapid-
ity jet and ‘“‘underlying event” results at Tevatron energies,
are included as defaults in PYTHIA v6.416. “PHENIX tune”
parameters are those used in the PHENIX charm contin-
uum contribution estimation from dielectron measure-
ments [37]. The default parton distribution function
(CTEQSL) was used in all three cases.
All ground-state charmed hadrons (D°, DT, Dy, and
A}) were added together in the rapidity window |y| <1 to
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obtain charm cross sections. The data were then fitted with
the PYTHIA calculations with an overall scale factor as the
unique free parameter. The charm production p; spectrum
with this tune gives best y?: 1.41 (this tune), 4.97 (default),
5.96 (PHENIX tune). This is the first direct D-meson
measurement that goes down to such a low pz, which
constrains the model parameters better.

VII. SUMMARY

In summary, measurement on the charmed meson (D°
and D*) production cross sections via their hadronic decays
in p + p collisions at /s = 200 GeV has been reported.
The charm-pair production cross section at midrapidity
extracted from this analysis is do/dy ;‘;0 =170 =
45(stat) *33(sys) ub. The charm total cross section at /s =
200 GeV is estimated as 797 = 210(stat) 308 (sys) ub. The
reconstructed charmed mesons cover the pr range
0.6-6 GeV/c. The charm-pair transverse momentum dif-
ferential cross sections from this analysis are consistent
with the upper bound of a fixed-order next-to-leading
logarithm perturbative QCD calculation. When comparing
to PYTHIA model calculations, we found that a calculation
with smaller primordial (k;) and parton shower level
compared to CDF TUNEA settings describes the shape of
the p distribution of data.
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Kapitola 3

Produkcia kvarkov tazkych voni v
jadro-jadrovych zrazkach

Zhasanie vytryskov ¢astic v centralnych jadro-jadrovych zrazkach je dosledkom straty
energie gluénov a lahkych kvarkov, vzniknutych v tvrdych procesoch, pri prelete cez
kvarkovo-gluénovi plazmu. Povodné teoretické vypocty odhadovali, ze radiacné straty
energie tazkych kvarkov prechddzajicich hortcou a hustou jadrovou hmotou by mali
byt mensie ako u lahkych parténov [R26]. Toto by malo byt sposobené potlacenim
vyzarovania gluénov pod malymi uhlami vzhladom k letu kvarku (efekt mitveho kuzelu)
a tento jav je silnejsi u kvarkov s vyssou hmotnostou [R27]. Z tohto dovodu sa ocakdvala
hierarchia v potlaceni produkcie D a B mezénov alebo elektrénov pochadzajicich z ich
semilepténovych rozpadov pri pr &~ 5 - 10 GeV/c. B mezény by mali byt potlacené
menej ako D mezény a tie menej ako 7 a podobne i elektrény pochadzajice z ich rozpa-
dov [R28]. Straty energie zavisia tiez od vlastnosti jadrovej hmoty a preto sa meranim
jadrového modifikacného faktora tieto vlastnosti daji studovat a konfrontovat predpo-
vede modelovych vypoctov. Cielom je komplexne popisat produkciu lahkych aj tazkych
kvarkov zaroven pri rovnakych parametroch charakterizujicich jadrovi hmotu. Dopo-
sial sa nepodarilo zaroveni popisat Ra4 a elipticky tok mezénov z Tahkych a tazkych
kvarkov pri RHIC a LHC energiach [R29]. Fundamentdlnym parametrom, ktory sa-
mostatne charakterizuje QCD hmotu je difizny parameter tazkych kvarkov D,. Sys-
tematickym studiom dat z LHC a modelov sa ukazalo, Zze hodnota tohto parametru v
podmienkach LHC je mensia ako Dy(27T) = 6 |R30]. Upresnenie tohto parametru pre
hmotu tvorent na RHIC vyzaduje presné experimentalne merania.

Ako uz bolo zmienené v predoslej kapitole, najpresnejsiu informéciu o povabnych a
krasnych kvarkoch by sme ziskali pomocou merania mezénov D a B. V jadro-jadrovych
zrazkach na RHIC sa podarilo publikovat vysledky z priamej rekonstrukcie povabnych
mezonov v zrazkach d+Au v roku 2005 [R21], avSak prvé poznatky o energetickych
stratdch tazkych kvarkov na experimentoch na RHIC zo zrdzok Au+Au pochddzaji z
merani nefotonickych elektronov, ktoré som prezentoval na konferencii Quark Matter

2005. Predbezné vysledky boli nésledne publikované v prislusnom recenzovanom ¢lanku

o4
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do zborniku konferencie [24]. Finédlne vysledky boli publikované v ¢lanku B. 1. Abe-
lev et al., Transverse momentum and centrality dependence of high-pr non-photonic
electron suppression in Au+Au collisions at 200 GeV, Phys. Rev. Lett. 98, 192301
(2007). Podobné merania potlacenia tazkych kvarkov zo zrdzok Au+Au pri energii
VSnN = 200 GeV boli tiez publikované experimentom PHENIX [R31-R33].

25
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Obr. 3.1: VIavo: Predbezné meranie zdvislosti jadrového modifika¢ného faktora na
priecnej hybnosti ziskaného z merani nefoténovych elektrénov v 0-5% centralnych
zrazkach Au+-Au pri energii \/syny = 200 GeV a U+U pri energii \/syy = 193 GeV.
Experimentélne data si porovnané s modelom z Ref. |[R35,R36]. Vpravo: Jadrovy
modifikacny faktor v zavislosti na priemernom pocte tucastnikov v zrazke z merani ne-
foténovych elektrénov, D° a 7 mezénov zrazkach Au+Au pri energii 1/syy = 200 GeV
a U+U pri energii \/syy = 193 GeV.

Merania experimentu STAR maji vyhodu, Ze sa ndm podarilo jednak vyuzit velké
azimutalne geometrické pokrytie fazového priestoru vyletujicich nefotonickych elektronov
a jednak sa nam podarilo vyuzit detektor EMC v sptstaci a merat prednostne zrazky,
ktoré obsahuju elektrén s vysokou hybnostou dévajice v EMC dostatoény signal. Tym
sa nam podarilo zmerat spektrum nefoténovych elektrénov az do pr ~ 8 GeV/c. Pri
identifikacii elektrénov sme pouzili kombinéciu informacie z TPC (Specifické straty
energie castic dE/dx) a EMC (pomer hybnosti ¢astice k zmeranej energie E/p). Pri
analyze nefoténovych elektrénov je dolezité stanovit vytfazok foténovych elektrénov
v inkluzivnom spektre. Pre vytazok foténovych elektrénov je dolezité rozloZenie de-
tekénych systémov a radiacna dizka materialu od bodu zrazky az po TPC, kde je mozné
drahy ¢astic zmerat. V zrazke jadier vznika velké mnozstvo 7° a tie nasledne mozu kon-
vertovat na e™ — e~ pary. V pripade, Ze obe drahy v pare sa podari rekonstruovat je
mozné tieto elektrény identifikovat a odéitat. Avsak to sa podarf len u priblizne polo-
vice pripadov. Ked'ze pomer vsetkych elektrénov k foténovym je priblizne 1,1 az 1,3
(viz. FIG. 1c), je velmi dolezité urcit presne i¢innost rekonstrukeie foténového pozadia.
Zémena korekénych parametrov v tomto kroku bola déovodom nutnosti opravit povodnii
publikdciu tychto dat. Po vydelen{ stanovenych celkovych vytazkov v zrdzkach Au+Au
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referenénymi p+p meraniami, ndsobenymi priemernym poc¢tom binarnych zrazok pre
rozne centrality, sme urcili jadrovy modifikacny faktor Ra4. Pozorovali sme, Ze na
rozdiel od produkcie nefoténovych elektronov v zrazkach d+Au, kde je Ra4 v ramci
nepresnosti merania blizky 1, je produkcia v centralnych Au+Au zrazkach potlacena
a hodnota Raa je = 0,2 - 0,3 pre pr > 0,3 GeV/c (viz. FIG. 4). Toto potlacenie je
podobné ako pozorujeme u hadrénov vzniknutych z lahkych kvarkov a parténov, ¢o
je neocakdvané. Potlacenie je dosledkom energetickych strat tazkych kvarkov, avsak
nie je mozné odlisit od seba elektrény pochddzajice z rozpadov povabnych kvarkov a
krasnych kvarkov. V ¢élanku sme meranie porovnali s niekolkymi modelmi energetickych
strat a v ramci nepresnosti merani sa javi, ze len zahrnutim oboch zloziek energetickych
strat: radiacnych a zrazkovych je mozné ddta lepsie popisat. So studentkou Katarinou
Gajdosovou sme previedli Stidium produkcie nefoténovych elektrénov v zrazkach U+U
pri energii \/syny = 193 GeV [D6,R34]. V centralnych zrazkach U+U je mozné do-
siahnut o 10 - 20% vyssiu jadrovi hustotu ako v zrdzkach Au+Au. Na Obr. 3.1 (vlavo)
je predbezné meranie zavislost jadrového modifikacného faktora na prieénej hybnosti
ziskaného z merani nefoténovych elektréonov v 0-5% centrélnych zrazkach Au+Au pri
energii \/syy = 200 GeV a U+U pri energii \/syny = 193 GeV. Zistili sme, Ze pozo-
rujeme podobné potlacenie nefoténovych elektronov. Déata si porovnané s modelovym
vypoctom [R35(R36], ktory obsahuje efekty QGP, effekty studenej jadrovej hmoty (Cro-
ninov jav) a disociaciu D a B mezénov zrazkami v jadrovej hmote. Model popisuje data
kvalitativne dobre, avSsak predpoveda vécsie potlacenie. Na Obr. (vpravo) je pre
oba zrazkové systémy vykresleny jadrovy modifikacny faktor v zavislosti na priemernom
pocte ucastnikov v zrazke (pocas zrézky interagujice nukléony) z merani nefoténovych

elektrénov, D% a 7

mezonov pre pr > 3 GeV/c (pr > 6 GeV/c u piénov). Vidime,
ze pre vSetky Castice polacenie produkcie rastie so zvéac¢sujicim sa po¢tom ucastnikov,
t.j. zvacSujicou sa centralitou zrazky. Potlacenie pidénov sa javi pri najcentralnejsich
zrazkach trochu véicsie ako pre ostatné ¢astice. Avsak nepresnosti merani znemoznuju
jednoznacny zaver.

Experimentu STAR sa podarilo v roku 2014 publikovat prvé meranie produkcie D°
mezonov v Au+Au pri energii 200 GeV na RHIC [235], ktoré potvrdilo, ze produkcia
povabnych mezénov je potlacena v centralnych zrazkach. V rokoch 2014 a 2016 expe-
riment STAR meral s novym detektorom HFT. Podarilo sa ndm pomocou vyuzitia
informdcie z HFT o drahe ¢astic blizko hlavného vrcholu zrazky, lepsie potlacit poza-
die ndhodnych kombinacii dcérskych ¢astic D mezénov a previest presnejsie meranie
DY a tiez D* v trojéasticovom rozpadovom kanali. Analyzu D* sme previedli s Jaku-
bom Kvapilom [D9] a hlavny vysledok je na Obr. . Vidime, ze i tu pozorujeme, ze
produkcia povabnych mezoénov je potlacend pri vysokej hodnote pr .

Na lepsie pochopenie toho, ktory fenomenologicky model lepsie popisuje mecha-
nizmy energetickych strat, je dolezité tiez sicasné porovnanie merani a vypoctov elip-

tického toku. Experiment STAR v roku 2017 publikoval tieto merania nielen pre ne-
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Obr. 3.2: Zavislost jadrového modifikaéného faktora na priecnej hybnosti ziskaného z
merani D* a D° v 0-10% centralnych zrdzkach Au+Au pri energii /syn = 200 GeV.
Meranie z roku 2010/2011 je z Ref. [235], ostatné st predbezné merania.

foténové elektrény [249], ale aj pre D° [360]. U D° sa jednalo o prvé publikované
meranie vyuzivajice topologicku rekonstrukciu pomocou detektoru HFT. Avsak az
findlne spracovanie dét z rokov 2014 a 2016 umozni dosiahnut potrebntd presnost na
diskriminédciu fenomenologickych modelov a upresnenie odhadu difizneho parametra
tazkych kvarkov D,. Na zéklade stucasnych poznatkov z experimentu STAR je jeho
najpravdepodobnejsia hodnota v intervale Dy(277T) = 2 - 12 [360].

7 dovodu malého uc¢inného prierezu produkcie kvarku b je meranie signélov spo-
jenych s energetickymi stratami b kvarkov v jadrovej hmote narocné. Doposial len expe-
riment CMS na LHC meral priamo produkciu B mezénu v hadrénovom rozpade BT
—J/¢ + K* v p+ paPb+Pb zrdzkach pri energii /syy = 5,02 TeV [R37]. V zrdzkach
s najmensim zaujatim su namerané hodnoty R44 od 0,3 do 0,6 v intervale priecnych
hybnosti pr od 7 do 50 GeV /¢ . V porovnani s D mezénmi je potlac¢enie mensie [R38],
avSak data nie st dostatocne presné, aby bolo mozné jednoznacne potvrdit hierarchiu
v potlaceni produkcie fazkych kvarkov. Alternativne je mozné skimat produkciu B
mez6nov pomocou merania J/v vychadzajiceho mimo hlavny vrchol zrazky a taktiez
pomocou nefoténovych elektrénov s odlisSenim prispevku ¢ a b rozpadov. V experimen-
toch ALICE a STAR sa aktualne ststredime na tieto dva kandly.
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The STAR collaboration at the BNL Relativistic Heavy-Ion Collider (RHIC) reports measurements of
the inclusive yield of nonphotonic electrons, which arise dominantly from semileptonic decays of heavy
flavor mesons, over a broad range of transverse momenta (1.2 < py < 10 GeV/c)in p + p, d + Au, and
Au + Au collisions at ,/syy = 200 GeV. The nonphotonic electron yield exhibits an unexpectedly large
suppression in central Au + Au collisions at high p;, suggesting substantial heavy-quark energy loss at
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RHIC. The centrality and p; dependences of the suppression provide constraints on theoretical models of

suppression.
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High p; hadron production measurements at the
Relativistic Heavy-Ion Collider (RHIC) show a strong
suppression of the single-particle inclusive yields in nu-
clear collisions [1-3]. The suppression is commonly
thought to arise from partonic energy loss in dense matter
due to induced gluon radiation [4], with its magnitude
depending strongly on the color charge density of the
medium. This makes it a sensitive probe of the matter
created in heavy-ion collisions, where a quark-gluon
plasma may form if sufficient energy density is achieved.

Charm and bottom quarks are produced dominantly
through high-Q? partonic interactions. Heavy flavor cross
sections and pr spectra have been calculated at next-to-
leading-order (NLO) for both p + p and A + A collisions
[5-7], including nuclear matter effects [7]. Although
pQCD calculations agree well with heavy-quark produc-
tion in collider experiments at higher +/s [8], they disagree
with recent RHIC measurements [9,10]. Nevertheless,
measurements of heavy-quark production potentially pro-
vide new constraints on partonic energy loss mechanisms
[11-17]. Gluon radiation in a forward cone is suppressed
for heavy quarks at moderate energy (dead cone effect)
[11,12], with corresponding reduction in medium induced
energy loss and less suppression of heavy-quark mesons
than light quark mesons.

Direct reconstruction of heavy flavor mesons via had-
ronic decay channels [9] is difficult in the complex envi-
ronment of high energy nuclear collisions. Heavy-quark
production can also be studied through measurements of
electrons (positrons) from semileptonic D and B decays.
This Letter reports STAR Collaboration measurements of
the nonphotonic electron yield, (e™ +e7)/2, in p + p,
d + Au, and Au + Au collisions at nucleon-nucleon center
of mass energy ,/syy = 200 GeV. The data extend signifi-
cantly the p; range of previous electron suppression stud-
ies [18], to a region of phase space where bottom decays
are expected to be dominant. Large differences in energy
loss are expected between ¢ and b quarks in this region
[14], and these measurements provide important new con-
straints on partonic energy loss mechanisms.

STAR is a large acceptance apparatus comprising sev-
eral detector subsystems within a 0.5 T solenoidal magnet
field [19]. The main detectors for this analysis are the Time
Projection Chamber (TPC) [20] and the barrel Electro-
magnetic Calorimeter (EMC) [21]. The EMC has a gas-
filled Shower Maximum Detector (SMD) at a depth of
~5X, to measure shower shape and position. A fast trigger
based on single EMC tower energy enriches the electron
sample at high p;. Electrons at moderate p; were recon-
structed from minimum bias and centrality triggered Au +

PACS numbers: 25.75.Dw, 13.20.Fc, 13.20.He, 13.85.Qk

Au event samples, while EMC triggered events were used
for pr >3 — 4GeV/c. Au + Au data were divided into 3
centrality classes based on the track multiplicity measured
at midrapidity. The integrated luminosity sampled by the
EMC trigger is 100 nb~! for p + p, 370 ub~! ford + Au
and 26 ub~! for the most central Au + Au events. The
charged particle acceptance is 0 <7 < 0.7 and 0 < ¢ <
24, selected to minimize the radiation length of detector
material interior to the EMC within the available EMC
acceptance.

The analysis has three main steps: selection of electrons,
subtraction of background from decays and interactions in
material, and residual corrections to the signal yield.
Table I shows the major correction factors and uncertain-
ties, which we now discuss in detail.

Electron PID.—Electron identification utilizes ioniza-
tion energy loss (dE/dx) and track momentum from the
TPC, together with energy and shower shapes from the
EMC. Tracks with momentum p > 1.5GeV/c are accepted
if they originate from the primary vertex (distance of
closest approach less than 1.5 cm) and project to an active
EMC tower, with acceptance apyc ~ 75%—85% of the
EMC instrumented coverage. This reduced acceptance is
due to dead or noisy electronics channels. Initial electron
identification is based on p/E <2, where p is the TPC
track momentum and E is the energy of the EMC tower.
Simulations show that this cut excludes ~7% of real
electrons due to sharing of shower energy between towers.
Additional hadron rejection is based on the shower shape
measured by the SMD. Figure 1(a) shows the dE/dx
distribution for tracks passing the p/E and shower shape
cuts. The curves show Gaussian functions fit to the distri-
bution, representing the yields of p + K, pions and elec-
trons [22]. The parameters in the fit are the yields, widths,
and overall dE/dx scale, with widths and the distances
between centroids being quasifree parameters, constrained
by a model of energy deposition in the TPC gas [23].

Electrons are selected by cutting on TPC energy loss
dE/dxp, < dE/dx <5.1 keV/cm. dE/dx,;, is around
3.5 keV/cm, with the specific value having weak depen-
dence on the event multiplicity and increasing slowly with
track momentum, to optimize electron efficiency and had-
ron rejection while preserving more than 50% of the elec-
trons in the dE/dx distribution. The residual hadron
background satisfying the dE/dx cut is estimated based
on Gaussian fits similar to those in Fig. 1.

Table I shows the combined electron tracking and iden-
tification efficiency (“PID efficiency”), determined by
embedding simulated electrons into real events. It is sig-
nificantly below unity due to tracking efficiency (~70%),
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TABLE 1. Corrections and systematic uncertainties for the nonphotonic electron yield at p; = 2 and 8 GeV/c.
Correction ptp Central Au + Au
2 GeV/c 8 GeV/c 2 GeV/c 8 GeV/c
Acceptance 0.84 = 0.05 0.75 £0.15
PID efficiency 0.25 +0.03 0.50 £ 0.03 0.13 +£0.03 0.45 +0.03
Hadron contamination <0.01 0.20 = 0.04 0.03 = 0.03 0.22 £ 0.05
Background reconstruction efficiency (ep) 0.65 = 0.06 0.55 £ 0.06 0.56 = 0.06 0.50 = 0.06
Bremsstrahlung & 8p/p 0.86 = 0.14 1.05 £ 0.05 0.9*0.1 1.1 0.1
EMC egigger - 1.00 = 0.08 - 1.00 = 0.05
Cross section *+0.14 -

exclusion of electrons due to the energy leakage to neigh-
boring towers, and SMD response. Its increase from p; =
2 to 8 GeV/c is due to increasing SMD efficiency.

Electron background.—Background from photonic
sources is due largely to photon conversions (~85%) in
the detector material between the interaction point and the
TPC (X/X, ~ 4.5%) and #° and n Dalitz decays [24]
(~15%). The photonic electron yield is measured using
the invariant mass distribution of track pairs detected in the
TPC. One track of the pair is required to fall in the EMC
acceptance, satisfying p > 1.5 GeV/c and electron PID
cuts, with the other track having pr > 0.15 GeV/c within
the TPC acceptance and a loose cut around the electron
dE/dx band. Figure 1(b) shows the invariant mass distri-
bution of pairs with the same or opposite charge sign. The
same-sign distribution is due to random (combinatorial)
pairs. An alternative combinatorial distribution formed by
embedding single simulated electrons into real events
agrees with the same-sign distribution within statistical
uncertainties.

The shaded region in Fig. 1(b) is the difference between
the opposite and same-sign distributions and represents the
photonic yield. It exhibits a peak at zero invariant mass due
to conversions, and a tail at nonzero mass due to Dalitz
decays [24]. Selecting m < 150 MeV/c? accepts ~98% of
all 77° and 7 Dalitz pairs in this distribution. The efficiency
eg(pr) to identify a photonic electron in the EMC by this
procedure was estimated by embedding [25] the main
background sources (77° and ) with a realistic momentum
distribution derived from recent RHIC data [26] into real
events.

The photonic electron yield N, is calculated in each py
bin via Ny = (Nyiike — Nike)/ 5. Additional back-
ground, mainly from w, ¢, and p decays, was estimated
using PYTHIA [27] and HUING [28] simulations to be
~2%-4% of Ny, [9] and is included in the systematic
uncertainty of Np,. Figure 1(c) depicts the ratio of the
inclusive to the photonic electron spectra for p + p and
Au + Au collisions. The figure shows a clear electron
excess. Within uncertainties, the nonphotonic excess is
independent of centrality at high pr.

Nonphotonic electron yield. —The trigger efficiency was
determined by comparing the electron candidate spectrum

in the minimum bias and triggered data sets. At high-p; the
ratio of the spectra is compatible with the online scale-
down factor applied to minimum bias events. The non-
photonic spectrum is the difference of the inclusive and
photonic spectra. Additional corrections are applied for
momentum resolution and bremsstrahlung, determined
from simulations.

Systematic uncertainties.—Systematic  uncertainties
were determined by varying cut parameters within reason-
able limits. The uncorrelated systematic uncertainty of the
electron yield is dominated by the electron identification
efficiency and photonic background reconstruction at low
pr and the correction for residual hadron background at
high pr.

Figure 2 shows the fully corrected nonphotonic electron
spectra for 200 GeV p + p, d + Au, and Au + Au colli-
sions. The curves correspond to fixed order next-to-leading
log (FONLL) predictions [7] for semileptonic D and B

1] T T T T pasas I T T T
§ (a) Au + Au 0-5% 'g_ (b) A
) 5<p (GeVic)<7 1 X 2.5 _ ]
200 555 electrons 1 e —— opposite charge
,,,,, pions S 2[----same charge =
- = protons and kaons 8

—— photonic ’,r-"J

— total

100

T T T T T

(C) o pt+p
* Au+Au 0-5%

Inclusive / background
N
o

-

)
AR RARRRRARRN RERRN ERR AR

05 z 3 6 8 10

p, (GeVic)
FIG. 1. (a) dE/dx projections for 5 < p7(GeV/c) <7 in cen-
tral Au + Au events after EMC and SMD cuts. The lines are
Gaussian fits for p + K, a7, and electron yields. (b) Invariant
e*e” mass spectrum. (c) Ratio of inclusive and background
electron yield vs py for p + p and Au + Au collisions. Vertical
bars are statistical errors, boxes are systematic uncertainties.
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T E p° T AAd 0805 b0y shows the relative contribution to the FONLL calculation
g LE m ow d+AU of charm and bottom decays, with the variation due to NLO
2 107 A b g " PP (rightaxis) uncertainties [7,29]. The B-decay contribution is expected
FA @ 4107 to be significant in the upper pr range of this measurement.
':_,_ 107 ® E Modification of the inclusive particle production is mea-
& . .f 410° g sured by the nuclear modification factor [1] [Ra4(p7)]. Raa
= 10°F - %3 is unity for hard processes without nuclear effects. Figure 4

z E E = . .
£ oF 410° & shows R4 (py) for nonphotonic electrons in d + Au and
1078 4 3 central Au + Au collisions. Error bars show the statistical
E 410° g uncertainties, boxes show uncorrelated systematic uncer-
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FIG. 2 (color online). Nonphotonic electron spectra. Vertical
bars are statistical errors, boxes are systematic uncertainties. The
curves are scaled pQCD predictions for p + p [7]. Cross section
on right axis applies to p + p spectrum only.

meson decays. The calculated spectrum is scaled by 5.5
(see below).

Figure 3, upper part (points), shows the ratio of mea-
sured to unscaled FONLL-calculated nonphotonic electron
yield for p + p collisions. The calculation describes the
shape of the measured spectra relatively well, though with
a large difference in their overall scale. Better agreement is
found at larger /s [8]. The same ratio is shown for pub-
lished STAR [9] and PHENIX [10] measurements. The
horizontal dashed line is at 5.5 = 0.8(stat) = 1.7(syst),
corresponding to the ratio between the total charm cross
section measured by STAR [9] to the central value pre-
dicted by FONLL [7,8]. The shaded band around that line
shows the experimental uncertainty in this ratio. PHENIX
data [10] exhibit a lower ratio and appear not to be con-

L e e B e e L B s s s s s s
. ° p+p / FONLL (these data) —— FONLL uncertainty
r A STAR (PRL 94 (2005) 062301) ~ -.-.- FONLL c/(c+b) 7
- o PHENIX (PRL 97 (2006) 252002) FONLL b/(c+b) b

ratio to FONLL

8 10
P, (GeV/c)

FIG. 3 (color online). Upper: ratio between measured nonpho-
tonic electron yield and FONLL pQCD calculations [7] for p +
p collisions. Lower: relative contributions to FONLL distribu-
tion of ¢ and b decays.

FIG. 4 (color online).

Au + Au collisions at p; >3 GeV/c, consistent with a
previous measurement at lower py [18]. The suppression is
similar to that for light hadrons at p; > 6 GeV/c [2].

Figure 4 shows predictions for electron R4, from semi-
leptonic D- and B-meson decay in central Au + Au colli-
sions using calculations of heavy-quark energy loss.
Curve I uses DGLV radiative energy loss via few hard
scatterings [14] with initial gluon density dN,/dy =
1000, consistent with light quark suppression. Curve II
uses BDMPS radiative energy loss via multiple soft colli-
sions [15], with transport coefficient §. § is set to
14 GeV?/fm, though light quark hadron suppression pro-
vides only a loose constraint 4 < § < 14 GeV2/fm [15].
Both calculations predict much less suppression than
observed.

This discrepancy may indicate significant collisional
(elastic) energy loss for heavy quarks [13,30]. Curve III
is a DGLV-based calculation including both radiative and
collisional energy loss, together with path length fluctua-

T T T T T T
g [ STAR charged hadrons P> 6 GeV/c
[ S A I: DVGL R

L = = |l: BDMPS c+b

I1l: DGLV R+EL

IV: van Hees EL

----- V: BDMPS ¢

M

e Au+Au (0-5%)

10"

T
Ll

1 1

8 10
P (GeV/c)
The nuclear modification factor, R4y, for

d + Au and Au + Au collisions at ,/syy = 200 GeV. Error bars
and uncertainties are described in text.
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tions [16]. The calculated suppression is also markedly less
than that observed. For curve IV, the heavy-quark energy
loss is due to elastic scattering mediated by resonance
excitations (D and B) and LO #-channel gluon exchange
[17]. This calculation also predicts significantly less sup-
pression than observed.

Dead cone reduction of energy loss is expected to be
more significant for bottom than charm quarks in the
reported pr range. Curve V, which is the same calculation
as curve II but for D-meson decays only, agrees better with
the data. Since there is better agreement of data and theory
for bottom than charm production at the Tevatron [8], the
scale factor 5.5 between calculated and measured p + p
electron yields may overestimate the B decay contribution
at RHIC; i.e., D decays may in fact dominate the electron
yields in the reported pr range, favoring calculation V. A
direct measurement of D mesons at high-pr is required to
understand energy loss of heavy quarks in detail. Finally,
multibody mechanisms may also contribute to heavy-quark
energy loss [31].

We have reported the measurement of high- p; nonpho-
tonic electrons in p + p, d + Au, and Au + Au collisions
at ./syy = 200 GeV. A pQCD calculation for heavy-quark
production in p + p collisions underpredicts the data,
although it describes the overall shape of the p; distri-
bution relatively well. Large yield suppression is observed
in central Au + Au collisions, consistent with substan-
tial energy loss of heavy quarks in dense matter. The
suppression is larger than that expected from radiative
energy loss calculations, suggesting that other processes
contribute significantly to heavy-quark energy loss. This
unique sensitivity to the energy loss mechanisms makes the
measurement of heavy-quark suppression an essential
component of the study of dense matter. Full description
of the interaction between partons and the medium will
require further detailed measurements of charm and bot-
tom separately.
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In the original Letter [1] we reported on measurements of the transverse momentum spectra of nonphotonic electrons in
p + p,d+ Au, and Au + Au collisions at \/syy = 200 GeV.

We have uncovered a mistake in the application of the background finding efficiency in the subtraction of the
background from Dalitz decays and photon conversion. While the effective background reconstruction efficiency quoted
in the original Letter is correct, the ones actually applied were 10%—15% higher. Because of this the background levels
reported were underestimated and consequently the yields of nonphotonic electrons published were higher than their actual
values. This mistake affected results from all three collision systems used in [1].

Figure 1 shows the revised ratio of inclusive over background electron yield as a function of p; for p + p and Au + Au
collisions. Because of the increase in background the ratio decreased systematically over the full p; range.

Figure 2 shows the corrected nonphotonic electron spectra for 200 GeV p + p, d + Au,and Au + Au collisions. The
curves correspond to FONLL (Fixed Order Next-to-Leading Log) predictions [2] for semileptonic D and B meson decays.

Recent studies reported that feed-down from J/ ¢ decays contributes noticeably to the observed nonphotonic electron
signal [3]. This correction is not applied to the spectra shown in Fig. 2 but will be included and discussed in detail in a
recent analysis of high statistics data [4].

Comparisons of the corrected p + p spectrum with a pQCD FONLL calculation and the result from the PHENIX
collaboration [5] are shown in Fig. 3. Within statistical errors our measurement agrees well with the pQCD calculation and
the STAR and PHENIX results are consistent with each other. The results at low p; that were derived from a separate
analysis using STAR’s time of flight detector [6] were also investigated and found to be correct.

Since the mistake made in the background finding efficiency affects the p + p, d + Au, and Au + Au data in a similar
fashion, the nuclear modification factor, R4,, for d + Au and Au + Au collisions shown in Fig. 4 shifts only slightly in
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®  Au+Au 0-5% 3

Inclusive / Background
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FIG. 1. (c) Ratio of inclusive and background electron yield vs py for p + p and Au + Au collisions. Vertical bars are statistical
errors, boxes are systematic uncertainties.
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FIG. 2 (color online). Nonphotonic electron spectra. Vertical bars are statistical errors, boxes are systematic uncertainties. The
curves are pQCD predictions for p + p [2] (not scaled). Cross section on right axis applies to p + p spectrum only.
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FIG. 3 (color online). Ratio between measured nonphotonic electron spectra and FONLL pQCD calculations [2]. The shaded band
around that line reflects the experimental uncertainty in this ratio.
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FIG. 4 (color online). The nuclear modification factor, R,,, for d + Au and Au + Au collisions at /sy = 200 GeV.

central value, but the statistical errors are larger than those in [1]. The main conclusion of the original Letter remains valid:
a large suppression of nonphotonic electron yield in central Au + Au collisions is observed, consistent with substantial
energy loss of heavy quarks in dense matter created at RHIC.

The authors wish to thank Wei Xie and Xin Li from Purdue University for their contributions in identifying the mistake
and reanalyzing the data.
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Kapitola 4

Produkcia kvarkoénii v
protén-protonovych zrazkach

Povabné kvarkénia maju v problematike kvarkovo-gluénovej plazmy Specialne miesto.
Je to z dovodu, ze boli povazované za vyznamny prejav jej existencie, ako sme uviedli
v uvodnej kapitole. Experimenty na RHIC previedli ich podrobné merania v réznych
zrazkovych systémoch a energiach. Jadro-jadrovym zrdzkam sa budeme podrobne veno-
vat v budiicej kapitole. Teraz sa zamerame na merania v protén-proténovych zrazkach.
Je pozoruhodné, ze i po viac nez styroch dekadach od objavenia J/v nie je dostatocne
presne teoreticky popisana produkcia povabnych kvarkoénii ani v elementarnych zrazkach.
Zakladné modely produkcie, ktoré sa pri vypoctoch pouzivaji su color-singlet model
(CSM) a nerelativisticky QCD model (NRQCD), zahrnujici produkciu i cez color-octet
mechanizmus. Prehladny popis modelov je mozné néjst v Ref. [R39]. Samotné spektra
prie¢nych hybnosti si, v ramci ich aplikovatelnosti, modelmi s dobrou presnostou
popisané, viz Obr. [4.1] Na tomto obrézku je predbezné meranie zavislosti inkluzivneho
ucinného prierezu mezénu J/v¢ na prieénej hybosti z dielektrénového a dimuénového
kandlu meraného experimentom STAR v p + p zrazkach pri energii 200 GeV [R40].
Experimentélne ddta pokryvaji rozsah pr v intervale 0 az 14 GeV/c a si porovnané
s vypoctami z teoretickych modelov CGC+NRQCD [|R41], NLO+NRQCD [R42] a
ICEM [R43|. Kym ostatny model popisuje dobre spektrd do pr ~ 3 GeV /¢, prvé dva
modely popisuju dobre spektra nad 1 GeV/c . NRQCD model je tspesny aj v popise
spektier na LHC a Tevatrone [R41].

Velicina, ktora je d’alsim vybornym testom teoretickych vypoctov, je polarizécia, t.j.
zarovnanie vektora spinu ¢astice vzhladom k vektoru hybnosti ¢astice. Parameter pola-
rizacie sa stanovuje obvykle v konkrétnej vztaznej siustave. My sme v ¢lanku prilozenom
v tejto kapitole pouzili tzv. helicitni sustavu. Z dovodu nedostatoénej velkosti stiboru
dat pre presnejSie merania, sme Studovali len polarny polarizacny parameter \g a cez
azimutdlnu z4vislost sme preintegrovali. Hodnotu polarizécie je mozné v tomto pripade
ziskat z uhlového rozdelenia elektrénov z rozpadu J/v, kde nds zajima poldrny uhol 0
medzi vektorom hybnosti pozitrénu v kludovej ststave J/¢ a hybnostou J/v¢ v labo-
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Obr. 4.1: Predbezny inkluzivny uéinny prierez mezénu J/v z dielektréonového a
dimuénového kandlu merany experimentom STAR v p + p zrdzkdch pri energii /s
= 200 GeV. Experimentdlne data si porovnané s vypoctami z teoretickych modelov
CGC+NRQCD [R41], NLO+NRQCD [R42] a ICEM [R43|. Prevzaté z Ref. [R40].

ratornej sustave.

dN
d(cos0)
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oc 1+ Agcos 0, (4.1)

typov polarizécie: pozdiinej i priecnej. Avsak pri hrani¢nych hodnotach plati, ze \y = 1
znamend plnd prie¢nu polarizaciu a Ay = -1 znamenad plnt pozdfinu polarizéciu.

Vypocty polarizacie pomocou NRQCD nestihlasia s experimentalnymi meraniami z
experimentu CDF (pr od 5 GeV/c do 30 GeV/c ) [R44] pri energii 1.96 TeV. Vypocty
predpovedaji prie¢nu polarizaciu, avsak merania odpovedaji miernej pozdiinej pola-
rizdcii. Podobne je to u merani na LHC z experimentu CMS (pr od 14 GeV/c do 70
GeV/c ) pri energii 7 TeV |[R45]. Kym merania ukazuji na hodnotu Ay blizku nule
a teda na ziadnu polarizaciu, vypocty predpovedajui prie¢nu polarizaciu. Merania po-
larizacie pri zhodnej energii, ale doprednej rapidite z experimentu ALICE (pr od 2
GeV/cdo 8 GeV/c ) |140] a z experimentu LHCD (pr od 2 GeV/c do 15 GeV/c ) [R46]
ukazuju na ziadnu, pripadne malq, pozdiinu polarizaciu a su blizsie vypoctom NRQCD
ako CSM modelu, ktory predpoveda silnt pozdfinu polarizéciu.

V élénku prilozenom v tejto kapitole L. Adamczyk et al., J/v polarization in p+p
collisions at v/s=200 GeV, Phys. Lett. B 739, 180 (2014), sme previedli prvi analyzu
polarizacie J/1 na experimente STAR. Zamerali sme sa na experimentélne déta, ktoré
boli merané pomocou nastavenia HT spustaca (viz. predosld kapitola). Cielom bolo
rekonstruovat J/v v ete™ rozpadovom kandli s ¢o najvyssou prie¢nou hybnostou, kde
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sa predpovede modelov lisia. Data z merani v roku 2009 umoznili zmerat parameter
Mg v helicitnej stistave pre J/1 s prietnymi hybnostami od 2 GeV/c do 6 GeV/c . V
nasej analyze sme nedokdzali rozlisit od seba rozne zdroje produkcie J/i¢ a meranie
je preto inkluzivne, zahrnujice J/v z priamej produkcie, z rozpadov vyssich cé stavov
a tiez z rozpadov B mezénu. V kombindcii s meraniami polarizacie inkluzivnych J/1)
experimentom PHENIX z nasich vysledkov vyplyva (Fig. 4 v prilozenom ¢lanku), ze
pri energidch na urychlovac¢i RHIC je so zvysujticou sa prieénou hybnostou polarizécia
inkluzivnych J/v pozdiina. Oproti tomu porovnatelné merania pri vyssich energiach
na experimentoch CDF, CMS ¢ ALICE ukazuju na nulovi, alebo mala pozdiZnu pola-
rizaciu. Predpovede polarizécie z teoretickych modelov si relativne nepresné: model LO
COM (model farebného oktetu v prvom rade poruchoveho priblizenia) [R47] predpo-
vedd s rasticou prie¢nou hybnostou prie¢nu polarizéciu pre priame .J/v, model NLO+
CSM (model farebného singletu v druhom réde poruchového priblizenia) |[R48| pred-
povedd hodnoty parametru Ay v Sirokom rozsahu -0,4 az 0, pre priame J/1, s tym, ze
hodnota sa s prieénou hybnostou nemeni. Nase meranie je v ramci nepresnosti zhodné
s vypoctami NLO+ CSM.

Toto prvé meranie polarizicie na experimente STAR prinieslo vyznamné informacie
pre porovnanie s modelmi produkcie J/¢. V rdmci kolabordcie STAR pracujeme na
analyze viicsich stiborov dét, ktore umoznia merat i parameter A, a taktiez merania
polarizaénych parametrov budid mat mensie Statistické chyby a budd moéct modely
produkcie lepsie rozlisit.
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We report on a polarization measurement of inclusive J/¢¥ mesons in the di-electron decay channel at
mid-rapidity at 2 < pr < 6 GeV/c in p + p collisions at /s =200 GeV. Data were taken with the STAR
detector at RHIC. The ]/ polarization measurement should help to distinguish between different models
of the J/¢ production mechanism since they predict different pr dependences of the ]/ polarization.
In this analysis, J/v polarization is studied in the helicity frame. The polarization parameter Ay measured

at RHIC becomes smaller towards high pr, indicating more longitudinal J/v polarization as pr increases.
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The result is compared with predictions of presently available models.
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1. Introduction

The J/¢ is a bound state of charm (c) and anti-charm (c)
quarks. Charmonia physical states have to be colorless, however
they can be formed via a color-singlet or a color-octet intermediate
cC state. The first model of charmonia production, the Color Sin-
glet Model (CSM) [1-8], assumed that cC pairs are created in the
color-singlet state only. This early prediction failed to describe the
measured charmonia cross-section which has led to the develop-
ment of new models. For example, Non-Relativistic QCD (NRQCD)
[9] calculations were proposed in which a cC color-octet interme-
diate state, in addition to a color-singlet state, can bind to form a
charmonium.

Different models of J/¢ production are able to describe the
measured J/v production cross section reasonably well [10-17]
and therefore other observables are needed to discriminate be-
tween different J/v production mechanisms. J/v spin alignment,
commonly known as polarization, can be used for this purpose,
since various models predict different transverse momentum (pr)
dependence for the polarization. The predictions of different mod-
els deviate the most at high pr. Therefore a high-pr ]/ polar-
ization measurement is of particular interest since it can help to
discriminate between the models.

NRQCD calculations with color-octet contributions [18] are in
good agreement with observed J/v pr spectra in different exper-
iments at different energies, at the Relativistic Heavy Ion Collider
(RHIC) [11,12], the Tevatron [13,14] and the Large Hadron Col-
lider (LHC) [16,17,19]. But the calculations fail to describe the J/v
polarization at high pr (pr > 5 GeV/c) measured by the CDF ex-
periment at FermiLab at /s = 1.96 TeV [20]. NRQCD calculations
predict transverse polarization for pr > 5 GeV/c and the growth
of the polarization parameter Ay with increasing pr [21]. However,
the CDF polarization measurement becomes slightly longitudinal
with increasing pr, for 5 < pr < 30 GeV/c [20]. Also, the CMS

* Corresponding author.
E-mail address: barbara.trzeciak@gmail.com (B.A. Trzeciak).

J /¥ polarization measurement in p + p collisions at /s =7 TeV
for high transverse momenta [22] is in disagreement with existing
next-to-leading-order (NLO) NRQCD calculations [21,23]. In addi-
tion, the J/v polarization measurements at the same energy and
for lower pr were performed by ALICE (inclusive J/v produc-
tion) [24] and LHCb (prompt J/iy production) [25] experiments
at forward rapidity. The ALICE experiment observed zero polar-
ization while LHCb Ay results indicate small longitudinal polariza-
tion (with other coefficients consistent with zero). Data from both
experiments favor NLO NRQCD over NLO CSM [21,25]. At RHIC
energies, at intermediate pr (1.5 < pr <5 GeV/c) and for mid-
rapidity, the tuned leading-order (LO) NRQCD model [26] predicts
slightly longitudinal ]/ polarization and describes the PHENIX
result [27] well.

In the case of the Color Singlet Model, the Next-to-Leading Or-
der calculations (NLO* CSM) [28] for the pr spectrum are in near
agreement with the RHIC data at low and mid pr and these CSM
calculations predict longitudinal /iy polarization at intermediate
pr (1.5 < pr < 6 GeV/c) at mid-rapidity which is in agreement
with the PHENIX result [28]. At the Tevatron and LHC energies, the
upper bound of NNLO* prediction [29] is very close to the exper-
imental cross section data, similar to RHIC [28]. Also, the upper
edge of this prediction for the polarization is in good agreement
with the CDF data [29]. However, NLO CSM calculations [21,25] do
not describe J/y polarization results from ALICE and LHCb well.

For the lower pr range at RHIC energies, the LO NRQCD calcu-
lations [26] and NLO* CSM [28] have similar predictions regard-
ing the J/v polarization, which is longitudinal, and describe the
experimental results [27] well. However, these models predict dif-
ferent pr dependence: in the case of the NRQCD prediction, the
trend is towards the transverse polarization with increasing pr,
while the NLO* CSM shows almost no pr dependence. Thus, it is
especially important to measure a pr dependence of the /¢ po-
larization and go to high pr.

In this paper, we report a J/¢ polarization measurement in
p + p collisions at /s =200 GeV at rapidity (y) |y| < 1, in the pr
range 2 < pr < 6 GeV/c from the STAR experiment at RHIC. The
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analysis is done using data with a high-pr electron (so-called High
Tower) trigger. The J/¢ is reconstructed via its di-electron decay
channel. The angular distribution parameter (polarization parame-
ter) Ap for electron decay of the ]/ is extracted in the helicity
frame [30] as a function of J/v pr, in three pr bins. The ob-
tained result is compared with predictions of NLO* CSM [28] and
LO NRQCD calculations (COM) [26].

1.1. Angular distribution of decay products

J /v polarization is analyzed via the angular distribution of the
decay electrons in the helicity frame [30]. In this analysis, we are
interested in the polar angle 6. It is the angle between the positron
momentum vector in the /i rest frame and the ]/ momentum
vector in the laboratory frame. The full angular distribution, which
is derived from the density matrix elements of the production am-

plitude using parity conservation rules, is described by:
*N 1+ 2rpcos? 6 + A sin26c052¢
—

d(cos0)d¢ o ¢

+ Aoy Sin26 cos ¢, (1)

where 6 and ¢ are polar and azimuthal angles, respectively;
Ao and Xy are the angular decay coefficients. The angular distri-
bution integrated over the azimuthal angle is parametrized as

dN
d(cos0)

where Ay is called the polarization parameter. This parameter con-
tains both the longitudinal and transverse components of the J/v
cross section; Ag = 1 indicates full transverse polarization, and
A9 = —1 corresponds to full longitudinal polarization.

The measurement presented in this Letter is limited to the 6
angle analysis due to statistical limitations. Extraction of the Ay
parameter in the helicity frame allows one to compare the result
with the available model predictions and draw model dependent
conclusions. A measurement of the # angle with a better preci-
sion, as well as the ¢ angle, will be possible with a newer STAR
data at /s =500 GeV. Then, the frame invariant parameter, also
in different reference frames, can be calculated providing model
independent information about the ]/ polarization [31].

1+ Apcos?0, (2)

2. Data analysis
2.1. Data set and electron identification

The p + p 200 GeV data used in this analysis were recorded
by the STAR experiment in the year 2009. The STAR detector [32]
is a multi-purpose detector. It consists of many subsystems and
has cylindrical geometry and a large acceptance with a full az-
imuthal coverage. The most important subsystems for this analysis
are briefly described below. The Time Projection Chamber (TPC)
[33] is the main tracking detector for charged particles. It is also
used to identify particles using the ionization energy loss (dE/dx).
Outside the TPC is the Time Of Flight (TOF) detector [34] which ex-
tends STAR particle identification capabilities to momentum ranges
where TPC dE/dx alone is inadequate. Between the TOF and the
STAR magnet there is the STAR Barrel Electromagnetic Calorimeter
(BEMC) [35]. The BEMC is constructed so that an electron should
deposit all its energy in the BEMC towers while hadrons usually
deposit only a fraction of their energy. The energy deposited by
a particle in the BEMC can thus be used to discriminate between
electrons and hadrons, by looking at the E/p ratio. The BEMC is
also used to trigger on high-pr electrons. Together with the TOF,
the BEMC is utilized to discriminate against pile-up tracks in the

TPC, since both detectors are fast. Most of the STAR detector sub-
systems are enclosed in a room temperature solenoid magnet with
a uniform magnetic field of maximum value of 0.5 T [36].

The analyzed data were collected with the High Tower (HT)
trigger, which requires transverse energy deposited in at least one
single tower of the BEMC to be within 2.6 < Et < 4.3 GeV. The
HT trigger also requires a coincidence signal from two Vertex Po-
sition Detectors [37]. We have analyzed ~33 M events with the
HT trigger and with a primary vertex z position |V;| < 65 cm. This
corresponds to an integrated luminosity of ~1.6 pb~!. The J/v is
reconstructed via its di-electron decay channel, J /¥ — eTe™, with
the branching ratio 5.94% + 0.06% [38].

Charged tracks are reconstructed using the STAR TPC which
has 2w azimuthal coverage and a pseudorapidity (1) coverage of
In| < 1. Tracks that originate from the primary vertex and have a
distance of closest approach (DCA) to the primary vertex of less
than 2 cm are used. In 2009 STAR did not have a vertex detector
that would help to distinguish between prompt and non-prompt
J /¥, and TPC resolution alone is not enough to select non-prompt
J/¥ from B meson decays. In order to ensure a good track quality,
tracks are required to have at least 15 points used in the track re-
construction in the TPC, and to have at least 52% of the maximum
number of possible track reconstruction points. Cuts of || <1 and
pr > 0.4 GeV/c are also applied. The transverse momentum cut is
chosen to optimize the acceptance in cosf and the significance of
the J/v signal. Applying higher pr cut causes a loss of statistics
at |cosf| ~ 1 while a lower pr cut reduces the J/v signal signifi-
cance. Efficient identification of electrons with low pr was possible
using available information from the TOF detector. During the an-
alyzed run in 2009, 72% of the full TOF detector was installed. The
TOF pseudorapidity coverage is |n| < 0.9.

In order to identify electrons and reject hadrons, information
from the TPC, TOF and BEMC detectors is used. The TPC provides
information about dE /dx of a particle in the detector. Electron can-
didates are required to have noejectron Within —1 < noejectron < 2,
where noelectron = 10g[(dE /dx)/(dE /dx|pichsel)]/OdE /dx, AE/dX is the
measured energy loss in the TPC, dE/dx |pjchsel iS the expected
value of dE/dx from the Bichsel function prediction [39] and ogE ax
is the dE/dx resolution. The Bichsel function is used to calculate
the energy dependence of the most probable energy loss of the
ionization spectrum from a detector. In a thin material such as
the TPC gas, it has been shown that the Bichsel function is a very
good approximation for the dE/dx curves [40]. At lower momenta
(p £1.5 GeV/c), where electron and hadron dE/dx bands overlap,
the TOF detector is used to reject slow hadrons. For p < 1.4 GeV/c,
a cut on the speed of a particle, 8, of |1/8 — 1| < 0.03 is applied.
At higher momenta, the BEMC rejects hadrons efficiently. For mo-
menta above 1.4 GeV/c, a cut on E/p > 0.5c is used for electron
identification, where E is the energy deposited in a single BEMC
tower (An x A¢ = 0.05 x 0.05). For electrons, the ratio of total
energy deposited in the BEMC to the particle’s momentum is ex-
pected to be ~ 1. In the analysis we use energy deposited in a
single BEMC tower but an electron can deposit its energy in more
towers, therefore the value of the E/p cut is 0.5c.

It is also required that at least one of the electrons from the
J/¥ decay satisfies the HT trigger conditions. In order to en-
sure that a selected electron indeed fired the trigger, an addi-
tional cut of pr > 2.5 GeV/c is applied for that electron. The HT
trigger requirements reduce significantly the combinatorial back-
ground under the ]/ signal and lead to a clear J/y signal at
2<pr <6 GeV/c.
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Fig. 1. (Color online.) (a) Invariant mass distributions of unlike-sign (black cir-
cles) and like-sign (red triangles) electron/positron pairs, for 2 < pr <6 GeV/c and
|yl < 1. (b) J/v signal after the combinatorial background subtraction (closed blue
circles) and MC simulation (histogram).

2.2. ]/ signal and cos 6 distributions

Electrons and positrons that pass track quality and electron
identification (eID) cuts are paired in each event. Fig. 1(a) shows
the invariant mass distribution for di-electron pairs with |y| <1
and pr of 2-6 GeV/c. The unlike-sign pairs are represented by cir-
cles. The combinatorial background is estimated using the like-sign
technique, and is defined as a sum of all ete™ and e~e~ pairs
in an event, represented by triangles. The J/v signal is obtained
by subtracting the combinatorial background from the unlike-sign
pair distribution. Fig. 1(b) shows the invariant mass distribution
for J/y as circles, and the histogram is the J/y signal obtained
from a Monte Carlo (MC) simulation (see Section 2.3). Momentum
resolution of electrons and positrons from the MC simulation is
additionally smeared in order that the simulated ]/ signal width
matches the width of the ]/ signal obtained from the data.
The simulation does not include the J/y radiative decay chan-
nel, J/¢ — ete~y [11,38], leading to the discrepancy between

Article reprint

STAR Collaboration / Physics Letters B 739 (2014) 180-188

data and simulation for invariant mass ~2.7-2.9 GeV/c2. The tail
in the data at low invariant mass is due to electron bremsstrahlung
and missing photons in the case of the J/v radiative decay recon-
struction. We select J/y candidates in the invariant mass range
2.9-3.3 GeV/c? and so the discrepancy between the data and the
simulation for the lower mass range does not influence our result.

In the analyzed ranges of rapidity, pr, and invariant mass, the
signal to background ratio is 15. A strong J/y signal is seen with
a significance of 260. The number of ]/, obtained by counting
data entries in the J/y mass window, is 791 £ 30. For the polar-
ization analysis, we split the entire ]/ sample into 3pr bins with
a comparable number of J/v in each bin: 2-3 GeV/c, 3-4 GeV/c
and 4-6 GeV/c.

Raw cosé distributions for J/y (after the combinatorial back-
ground subtraction) are obtained by bin counting, using distribu-
tions from the data. Figs. 2(a)-(c) show uncorrected cos6 distribu-
tions (full squares).

2.3. Corrections

In order to obtain the cosé corrections, unpolarized Monte
Carlo J/y particles with uniform pr and rapidity distributions
are embedded into real events, and the STAR detector response
is simulated. Since the input pr and rapidity shapes influence ef-
ficiencies, J/¢ distributions are then weighted according to the
J/¥ pr and rapidity shapes observed in the STAR [11] and PHENIX
[41] experiments. Corrected cosd distributions are obtained by di-
viding raw cos6 distributions by the corrections calculated as a
function of cos#, in each analyzed pr bin.

Efficiencies as a function of cosé are calculated by applying the
same cuts used in the data analysis to the embedding (simulation)
sample. Most corrections related to the TPC response, such as the
acceptance (with the pr and n cuts) and tracking efficiency, and all
BEMC efficiencies, are obtained from the simulation. The noejectron
and the TOF response are not simulated accurately in embedding.
Therefore the noejectron cut and TOF cut efficiencies are calculated
using the data.

For the calculation of the noejectron cut efficiency, the noejectron
distribution from the data is approximated with a sum of Gaussian
functions (one Gaussian function for electrons and two Gaussian
functions for hadrons), in narrow momentum bins. In order to
improve the fitting, the TOF and BEMC elD cuts are applied and
the position of the Gaussian fit for electrons is constrained using
a high-purity (almost 100%) electron sample obtained by select-
ing photonic electrons and subtracting a background from like-sign
electron pairs. Photonic electrons are produced from photon con-
version in the detector material and Dalitz decay of 7° and n
mesons. These electrons are isolated using a cut on the invari-
ant mass of a pair of tracks of me-.+ < 100 MeV/c? and additional
electron identification cuts: [1/8 —1| < 0.03 for p < 1.5 GeV/c and
E/p > 0.5c for momenta above 1.5 GeV/c.

TOF matching efficiency is calculated using a low luminosity
data sample (with almost no pile-up). Since the TOF detector did
not have full coverage in 2009, the TOF matching efficiency is ap-
plied in the total efficiency calculation as a function of 7. The effi-
ciency of the 1/8 cut is calculated by using a pure electron sample
obtained by selecting photonic electrons with —0.2 < no, < 2 and
with the invariant mass of a pair of tracks less than 15 MeV/c?.
The 1/8 cut efficiency is calculated in narrow momentum bins and
then a constant function is fitted to obtain the final 1/8 cut effi-
ciency.

The total J/v efficiency calculations include contributions from
the acceptance, the tracking efficiency, the electron identifica-
tion efficiency, and the HT trigger efficiency, and are shown as a
function of cosf in Fig. 2(d)—(f) (blue triangles). The systematic
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Fig. 2. (Color online.) Panels (a)-(c) show uncorrected cos¢ distributions after the combinatorial background subtraction, for each analyzed pr bin. Panels (d)-(f) show total
efficiencies as a function of cos. Systematic errors are shown as boxes. Panels (g)-(i) show different efficiencies that contribute to the total efficiency.

uncertainties (discussed in Subsection 3.2) on the total efficiency
are also shown in the figure. The right-hand panels, Fig. 2(g)-(i),
show separately the efficiencies that contribute to the total effi-
ciency.

The most important factor influencing the shape of the total
efficiency is the HT trigger efficiency, which is shown as green di-
amonds in Fig. 2(g)-(i). At least one of the electrons from the J/v
decay is required to satisfy the trigger conditions and must have
pr above 2.5 GeV/c. Due to the decay kinematics this cut causes
significant loss in the number of observed J/v at lower J/¢ pr,
and the efficiency decreases with decreasing |cos6|. This pattern
is clearly visible in the HT trigger efficiency plot for 2 < pr <
3 GeV/c in Fig. 2(g), where all entries at cos® ~ 0 are zero. With
increasing J/v¥ pr, the trigger efficiency increases. Since the trig-
ger has also an upper threshold (Et < 4.3 GeV), a decrease of the
efficiency at |cosf| ~ 1 at higher pr is seen, as evident in Fig. 2(i).

3. Results and discussion
3.1. Corrected cos @ distributions
The corrected cosé distributions are fitted with

f(cos8) = C(1 + ag cos®0) (3)

where C is a normalization factor and Ay is the polarization pa-
rameter. The fitting procedure is carried out with no constraints

applied to the fit parameters. The corrected cosé distributions
with the fits are shown in Fig. 3. The errors shown are statistical
only. The solid line represents the most likely fit. The band around
the line is a 10 uncertainty contour on the fit, which takes into
account uncertainties on both fit parameters and correlations be-
tween them. The measured values of the polarization parameter, in
each analyzed pr bin, are listed in Table 1 together with a mean
pr ({pr)) in each bin and statistical and systematic uncertainties.

3.2. Systematic uncertainties

The systematic uncertainties on the polarization parameter Ag
are summarized in Table 2. All sources, except the last two, con-
tribute to the error on the total efficiency and are included in the
systematic uncertainties shown in Fig. 2(d)-(f). Each contribution
is described below. Each systematic uncertainty is the maximum
deviation from the central value of Ay. The systematic uncertain-
ties are combined assuming that they are uncorrelated, and are
added in quadrature.

3.2.1. Tracking efficiency

The systematic uncertainty on the tracking efficiency arises
from small differences between the simulation of the TPC response
in the embedding calculation and the data. Track properties, DCA
and the number of points used in the track reconstruction in the
TPC (fitPts), are compared between simulation and data. The sys-
tematic uncertainty is due to a shift of the fitPts distribution (by
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Fig. 3. (Color online.) Corrected cos6 distributions fitted with the function in Eq.
(3). The plotted errors are statistical. The solid blue lines represent the most likely
fits, and the hatched blue bands represent the 10~ uncertainty on the fits.

2 points) in the simulation. The uncertainty is considered symmet-
ric.

3.2.2. TPC elD efficiency

The systematic uncertainty from TPC electron identification is
estimated by changing constraints on the mean and width of the
Gaussian fit for electrons and recalculating the total efficiency. The
constraints put on the mean and width are allowed to vary by 30.

3.2.3. TOF efficiency
Since the TOF detector did not have full coverage in 2009, the
TOF matching efficiency is applied in the total efficiency calcula-

Table 2
Systematic uncertainties.

Source Systematic uncertainty on Ag,

in pr (GeV/c) bins

2-3 3-4 4-6
Tracking efficiency 0.024 0.009 0.008
TPC elD efficiency 0.009 0.006 0.012
TOF efficiency 0.057 0.018 0.014
BEMC efficiency 0.035 0.024 0.068
HT trigger efficiency 0.049 0.006 0.003
Input J /4 distributions in the simulation 0.190 0.019 0.027
Errors from the simulation 0.077 0.028 0.004
Polarization of the continuum background 0.025 0.034 0.034
J /¥ signal extraction 0.195 0.149 0.246
Total +0.297 +0.160 +0.260

tion as a function of 5. The systematic uncertainty is estimated
with the TOF matching efficiency also being a function of az-
imuthal angle ¢. The 1/8 cut efficiency estimated from the data
in small pr bins may be sensitive to fluctuations. The 1/8 distri-
bution obtained from the data is well described by the Gaussian
function. So the systematic uncertainty on the 1/8 cut efficiency is
estimated by applying the efficiency calculated for the whole mo-
mentum range of 0.4 < p < 1.4 GeV/c from a Gaussian fit to the
1/ distribution.

3.2.4. BEMC efficiency

Differences between the simulated BEMC response and the
BEMC response in the real data may affect the matching of a
TPC track to the BEMC detector and the efficiency of the E/p cut.
The matching efficiency of a TPC track to the BEMC and the E/p
distribution are compared between data and simulation. A pure
electron sample from the data is obtained by selecting photonic
electrons with —0.2 < no, < 2 and with the invariant mass of a
pair of tracks less than 15 MeV/c?. The systematic uncertainty of
the BEMC efficiency is estimated by applying BEMC matching and
E/p cut efficiencies obtained from the data instead of using simu-
lated BEMC response, in the total efficiency calculation.

3.2.5. HT trigger efficiency

HT trigger response in the simulation, energy in a BEMC tower,
is compared with the BEMC response in the data. The systematic
uncertainty on the HT trigger efficiency is estimated by varying the
trigger turn-on conditions in the simulation by the difference seen
between data and simulation, which is 3%.

3.2.6. Input ]/ distribution in the simulation

Since the input /vy transverse momentum and rapidity distri-
butions in the simulation are flat, they need to be weighted with
realistic pr and rapidity spectra. In order to estimate a system-
atic uncertainty, the pr and rapidity weights are changed. The pr
weight is varied by changing the ranges in which the Kaplan [42]
function is fitted to the pr spectrum. The weight used for rapidity
is obtained by fitting a Gaussian function to the rapidity spectrum,
and the systematic uncertainty is estimated by assuming that the
rapidity shape is flat at mid-rapidity.

Also, the J/y particles in the simulation are unpolarized (the
input cosé distribution is flat). The acceptance of electron and
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positron from the J/v decay in the detector depends on the J/v
polarization. In order to estimate the effect of the unknown J/v
polarization on the acceptance calculation, fully transverse (Ag = 1)
and fully longitudinal (¢ = —1) J/y polarization is assumed in
the embedding analysis. A systematic uncertainty is estimated as a
difference between the result obtained with no input /vy polar-
ization and the result when J/¢ in the simulation is polarized. An
average uncertainty from the two input J/v polarizations, longi-
tudinal and transverse, is taken as a systematic uncertainty in this
study.

3.2.7. Errors from the simulation
Statistical errors on the total efficiencies, determined using the
MC simulation, are included in the systematic uncertainties.

3.2.8. Polarization of the continuum background
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In Fig. 1(b), it is seen that there is still some residual contin-
uum background after the combinatorial background subtraction.
This background consists of correlated c¢ — e*e~ and hb — eTe™.
The continuum background is about 5% of the measured ]/ in
the analyzed invariant mass range. Due to the small statistics of
the continuum background, we are not able to estimate a polariza-
tion of the correlated background using our data. Instead, we use
the value obtained by the PHENIX experiment [27]. They found
that the continuum polarization is between —0.3 and 0.3. We es-
timate a systematic uncertainty by simulating cosd distributions
for the residual background taking two extreme values of Ag: —0.3
and 0.3. Then those cos# distributions are subtracted from the cor-
rected cos@ distributions from the data, assuming that the resid-
ual background is 5% of the J/v yield, in order to estimate the
influence of the continuum background polarization on the mea-
sured Ag.

3.2.9. ]/ signal extraction

The systematic uncertainty associated with the J/y signal ex-
traction is estimated by counting the number of J/¢ particles
using the simulated J/¢ signal shape. The J/¢ signal from the
simulation is extracted in each pr and cosé bin and fitted to the
data.

3.3. Polarization parameter ig

Fig. 4 shows the polarization parameter Ay as a function of J /v
pr for inclusive J/v production. The result includes direct /v
production, as well as J/¢ from feed-down from heavier charmo-
nium states, ¥’ and ¢ (about 40% of the prompt ]/ yield [43]),
as well as from B meson decays (non-prompt J/v) [11]. The non-
direct J/v production may influence the observed polarization.
The STAR result (red stars) is compared with the PHENIX mid-
rapidity (|y| < 0.35) J/y polarization result for inclusive J/v [27]
(black solid circles). The blue line is a linear fit, which takes into
account both statistical and systematic uncertainties, to all RHIC
points. The fit gives a negative slope parameter —0.16 £+ 0.07 with
Xx2/ndf = 1.5/4. A trend towards longitudinal J/v polarization is
seen in the RHIC data.

STAR observes longitudinal J/v polarization in the helicity
frame at pr > 3 GeV/c. The STAR and PHENIX measurements are
consistent with each other in the overlapping pr region. Our result
can be compared to the polarization measurements from CDF [20]
and CMS [22] at mid-rapidity for prompt J/v. At pr ~5 GeV/c,
CDF observes almost no polarization, Ay ~ 0 (the polarization
becomes slightly longitudinal as pr increases) while STAR ob-
serves a strong longitudinal polarization in that pr region. At LHC
/s =7 TeV, CMS reports zero polarization at mid-rapidity up to
pr ~ 70 GeV/c [22]. In addition, the ALICE experiment also reports

Fig. 4. (Color online.) Polarization parameter Ay as a function of J/y pr (red stars)
for |y| < 1. The data is compared with the PHENIX result (black solid circles) [27]
and two model predictions: NLOT Color Singlet Model (CSM) (green dashed lines
represent a range of Ay for the direct |/, and the hatched blue band is an extrap-
olation of Ay for the prompt J/v) [28] and LO NRQCD calculations with color-octet
contributions (COM) [26] (gray shaded area). The pr coverages of the CSM and COM
models are ~0.6-6.0 GeV/c and ~1.5-5.0 GeV/c, respectively. The horizontal error
bars represent widths of pr bins. The blue line is a linear fit (Ax + B) to RHIC
points.

very small polarization within 2 < pr < 8 GeV/c at forward ra-
pidity [24]. However, if the J/¢ production is x; dependent [10],
the RHIC result at pr ~ 2 GeV/c is comparable with the CDF re-
sult at pr ~ 20 GeV/c and with the CMS result at pr ~ 70 GeV/c
(X1 ~0.02, X7 =2p7/+/5).

The data are compared with two model predictions for Ay at
mid-rapidity: NLOT™ CSM [28] and LO COM [26]. The prediction
of the COM [26] for direct J/vy production, the gray shaded area,
moves towards the transverse J/i¢ polarization as pr increases
[20]. The trend seen in the STAR and PHENIX results is towards
longitudinal ]/ polarization with increasing pr, and a linear fit
to the RHIC data has a negative slope parameter. The difference
between the central value of the COM model calculations and the
STAR data in terms of y2/ndf (P value) is 6.7/3 (8.2 x 10~2). The
COM failed to describe the polarization measurements by the CDF
and CMS experiments at higher energies.

Green dashed lines represent a range of Ay for the direct J/v
production from the NLOT CSM prediction and an extrapolation of
Ag for the prompt J/¢ production is shown as the hatched blue
band [28]. It predicts a weak pr dependence of Ay, and within the
experimental and theoretical uncertainties, the RHIC result is con-
sistent with the NLO* CSM model prediction. Comparison between
the central value of the NLO* CSM prediction and the STAR data
gives x2/ndf (P value) of 3.0/3 (3.9 x 10~1) and 5.1/3 (1.6 x 10~ 1)
for the direct and prompt ]/ production, respectively.

4. Summary and outlook

This paper reports the first STAR measurement of /iy polar-
ization and contributes to the evolving understanding of the J/y
production mechanisms. J/v polarization is measured in p + p
collisions at /s =200 GeV in the helicity frame at |y| <1 and
2 < pr < 6 GeV/c. RHIC data indicates a trend towards longitu-
dinal J/y polarization as pr increases. The result is consistent,
within experimental and theoretical uncertainties, with the NLOT
CSM model.

Newer data at /s = 500 GeV, taken in 2011 with much
higher luminosity, may help to further distinguish between J/vr
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production models, and may permit analysis of the full angular
distribution. Furthermore, uncertainties in the models need to be
reduced in order to draw more precise conclusions from experi-
mental measurements.
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Kapitola 5

Produkcia kvarkonii v

jadro-jadrovych zrazkach

Pred viac nez tridsiatimi rokmi T. Matsui a H. Satz [R49] predpovedali, ze produkcia
povabnych kvarkénii bude v pritomnosti horticej a hustej jadrovej hmoty potlacena.
Toto potlacenie je z dovodu farebného tienenia dikvarkového potencidlu z okolitych
kvarkov a gluénov. Ocakavalo sa, ze pripadné experimentélne potvrdenie tejto predpo-
vede by mohlo sluzif ako dokaz existencie kvarkovo-gluénovej plazmy. Néasledné prvé
merania z experimentov na urychlovaci SPS (Super Proton Synchrotron) v CERN pre-
vedené kolabordciou NA38 preukazali, ze v dvojmionovom rozpadovom kanali je pro-
dukcia J/1 potlacend faktorom 0,64 + 0,06 v centralnych zrdzkach O+4U pri energii
200 GeV na nukleén vzhladom k periferdlnym zrdzkam [R50]. Na produkciu J/1) maji
v jadro-jadrovych zrazkach vplyv aj dalsie fyzikdlne procesy. St to effekty tzv. stu-
denej jadrovej hmoty, ako napriklad jadrové tienenie parténovej distribucnej funkcie,
partonova saturacia pri malych Feymanovych x, viacnasobny rozptyl parténov pred
a po tvrdom rozptyle (Croninov jav) a jadrova absorpcia c¢ parov v jadrovej hmote
dosledkom nepruznych zrazok. Taktiez je mozné, ze v pripade vécsieho mnozstva cc
parov vytvorenych v jednej zrdzke, po rozpade J/v na povabné kvarky opét ndhodne
rekombinuji naspit na J/¢ mezén. Prispevky sa mozu navzdjom ¢iastoéne kompen-
zovat. Pre spravnu interpretdciu merani v jadro-jadrovych zrdzkach je nutné stanovit
jednotlivé mozné prispevky z d’alsich merani.

V prvom ¢lanku prilozenom v tejto kapitole, L. Adamczyk et al., Energy dependence
of J/1 production in Au +Au collisions at \/s= 39, 62.4 and 200 GeV, Phys. Lett. B
771, 13 (2017), sme previedli meranie produkcie J/1 v jadro-jadrovych zrazkach pri
troch energiach. Vyuzili sme k tomu data z prvej fazy programu energetickej prehliadky
BES (Beam Energy Scan), ktorého ti¢elom je pri meraniach jadro-jadrovych zrazok s
postupne mensimi energiami hladat hrani¢né prejavy kvarkovo-gluénovej plazmy. Aj pri
tomto merani sme pouzili na identifikdciu J/v rozpadovy kandl ete™ a kedze sme pri
merani nemohli rozli§it rozne zdroje J/1 produkcie, jednalo sa o meranie inkluzivnych

J /1 mezénov. Vieobecne sme ¢akali, ze potlacenie produkcie J/1 mezénov, vyjadrené
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jadrovym modifika¢nym faktorom R44, bude pri zrazkach s mensou energiou mensie,
z dovodu pripadnej absencie QGP alebo mensej hustoty ¢i teploty. Podarilo sa nam re-
konstruovat J/v v rozmezi prie¢nych hybnosti 0 az 3 GeV/c pre energie 39 a 62,4 GeV
a 0 az b GeV/c pre energiu 200 GeV, pre styri rozne centrality zrazky: 0-20%, 20-40%,
40-60% a 0-60%. Experimentdlne uidaje sme namerali v rokoch 2010 a 2011. V tejto
analyze sme na identifikaciu elektrénov pouzili kombindciu informacie z detektorov
TPC, TOF a EMC. V neskorsich meraniach po roku 2012 sa na rekonstrukciu J/1) zacal
pouzivat tiez dvojmiénovy rozpadovy kanal, kedZe sa postupne nainstaloval Mudénovy
Teleskopicky Detektor. Zasadnym problémom, s ktorym sme sa museli potykat pri
stanoveni jadrového modifikacného faktora, bola absencia referené¢ného p+p merania
pri energiach 39 GeV a 62,4 GeV. Pouzili sme parameterizaciu, ktora bola vytvorena
empirickou extrapoldciou z existujicich merani pri inych energiach v Ref. [R51]. Uréili
sme zdvislost R4 na priemernom pocte ucastnikov zrdzky (Np.) a na priecnej hyb-
nosti J/v (Fig. 4). Nase merania sme porovnali s meraniami pri nizsej energii na SPS
Vs = 17 GeV a meraniami na LHC pri energii /s = 2,76 TeV. V rdmci chyb meran{
je Raa zavislost na (Npart) zhodnd pre vsetky energie do 200 GeV, vratane. Pri peri-
ferdlnych zrazkach (malé hodnoty (Npert) ) je Raa blizke 1, avsak so zvécsujicou sa
hodnotou (N,4+) a teda aj centralitou R4 klesda az k Raa ~ 0.3. AvSak R4 pri energii
na LHC je iné, jednak je jeho hodnota vécsia (Raa ~ 0.8) a jednak viac-menej nezavisi
na centralite zrdzky. Podobne je to aj pri zdvislosti R4 na pr, opit je zavislost ind pre
energiu na LHC a ostatné nizsie energie maji rovnaky trend, ked pri malych pr je po-
tlacenie vyrazné a potom sa potlacenie so zvicsujiicou prieénou hybnostou zmensuje.
Na obrazku Fig. 6 sme z dovodu lepsej interpretdcie merani porovnali zavislost R4 na
(Npart) s vypoctami z teoretického modelu z Ref. [R52], kde sme vykreslili jednotlivo
prispevok z potlacenia zapricinené¢ho farebnym tienenim a tiez prispevok z regeneracie
J /1, z dovodu rekombindcie c¢ parov. Model popisuje nase merania kvalitativne celkom
dobre. Pri nizsich energidch je prispevok rekombindcie maly az zanedbatelny, avsak pri
energii 200 GeV je tento prispevok pri najcentralnejsich zrazkach priblizne rovnake;j
velkosti ako ten z farebného tienenia. Prispevok rekombindcie rastie so zvicsujicou
sa energiou, ¢o vysvetluje meranie Ra4 s vysSou energiou na LHC. Vyplyva to tiez
zo zavislosti jadrového modifikacného faktora na energii zrazky pre centralitu 0-20%
(Fig. 7). Pri energidch na LHC prispevok z rekombindcie takmer kompenzuje potlacenie
z farebného tienenia a toto objasnuje celkovo malé potlacenie produkeie J/¢ na LHC
v porovnani s energiami na RHIC.

V druhom c¢lanku, ktory je zaradeny do tejto kapitoly, L. Adamczyk et al. Measure-
ment of J/v Azimuthal Anisotropy in Au+Au Collisions at \/s= 200 GeV, Phys. Rev.
Lett. 111, no. 5, 052301 (2013), sme sa zaoberali meranim azimutélnej anizotropie J/1)
v zrazkach Au+Au pri energii 200 GeV meranych roku 2010. Hlavnou motivaciou bolo
tiez skimat vplyv rekombindcie c¢ na produkciu J/i v tychto zrdzkach. Konkrétne

sme sa zamerali na urcenie eliptického toku - vy, druhého ¢lena vo Furierovom rozvoji
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azimutdlnej uhlovej zavislosti produkcie J/v vzhladom k rovine zrazky. J/v¢ mezény,
ktoré vznikaji priamo v tvrdych procesoch na zaciatku zrdzky, by nemali mat Ziadnu
azimutalnu zdvislost produkcie. V necentrélnych zrdzkach je prieény tvar objemu pre-
kryvu jadier pri zrdzke mandlovity, tj. v rovine zrdzky je uzsi ako v na fiu kolmom
smere. Vzhladom k tomu, Ze pravdepodobnost rozbitia J/v¢ z dovodu farebného tie-
nenia védzbového potencidlu je imerna drahe, ktoru castica v jadrovej hmote uleti,
moZe tento proces viest k asymetrii vzhladom na rovinu zrazky. Na druhej strane v
pripade, ze sa povabné kvarky v jadrovej hmote tiez termalizuji a ziskaju podobné
kolektivne chovanie ako lahké kvarky a tym padom tiez budd mat elipticky tok, po ich
néhodnej rekombinécii vysledné J/¢ bude mat tiez timerne tomu nenulovy elipticky
tok v5. KedZe doba termalizdcie ¢astice s velkou hmotnostou ako povabny kvark je
dlh4, znamenalo by to, Ze lahké kvarky by sa museli termalizovat rychlo po zrézke. I
v tejto analyze sme na identifikaciu elektréonov pouzili kombinovani informéciu z de-
tektorov TPC, TOF a EMC. Podarilo sa ndm urcit parameter vy, jednak pre zrdzky s
centralitou 0-60%, a jednak pre centralitné intervaly 0-10%, 10-40% a 40-80% pre J/1)
s priecnymi hybnostami od 0 do 10 GeV/c . Ako sme diskutovali v ¢ldnku priloZzenom
v prvej kapitole, na meranie kolektivneho toku mozu mat vplyv rozpady rezonancii
a vytrysky castic. Vplyv tychto dvoj a viaccasticovych korelacii inych ¢astic s J/1)
efektivne meni rovinu zrazky a tym padom zvysSuje hodnotu nameraného parametru
vy. Tento vplyv sme odhadli pomocou velkosti hadrén-.J /v korelécii z p + p zrazok pri
rovnakej energii. Zistili sme prekvapivii skuto¢nost, ze J/1) nemd podobné kolektivne
chovanie ako vietky iné doposial skiimané hadrény, ale pre priecne hybnosti vicsie ako
2 GeV/c ma hodnotu eliptického toku zhodni s nulou, v rdmeci chyb merania (Fig. 3 z
priloZzeného druhého ¢ldnku). Z porovnania s réznymi modelmi produkcie J/¢ vyplyva,
ze model zalozeny hlavne na produkcii J/1 rekombinaciou termalizovanych c¢ kvarkov
je s nameranym vs najviac v rozpore. Fyzikalny zaver z oboch ¢lankov v tejto kapitole
je teda velmi podobny. V experimente ALICE na LHC sme tiez merali parameter elip-
tického toku vy pre inkluzivne J/1 v zrdzkach Pb-Pb pri energii /syy = 5.02 TeV v
strednej a doprednej rapidite [386]. Pri tejto energii sme namerali nenulovii hodnotu
vy, €o je v stilade s dolezitostou prispevku z rekombinovanych termalizovanych c¢ parov
na LHC.
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The inclusive /i transverse momentum spectra and nuclear modification factors are reported at mid-
rapidity (|y| < 1.0) in Au+ Au collisions at ,/Syy = 39, 62.4 and 200 GeV taken by the STAR experiment.
A suppression of ]/ production, with respect to the production in p 4+ p scaled by the number of binary
nucleon-nucleon collisions, is observed in central Au+ Au collisions at these three energies. No significant
energy dependence of nuclear modification factors is found within uncertainties. The measured nuclear

modification factors can be described by model calculations that take into account both suppression of
direct /v production due to the color screening effect and J/y regeneration from recombination of
uncorrelated charm-anticharm quark pairs.
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1. Introduction

The Relativistic Heavy Ion Collider (RHIC) was built to investi-
gate strongly interacting matter at high temperature and energy
density in the laboratory through high-energy heavy-ion collisions.
At extremely high temperatures and baryon densities, a transition
from the hadronic phase of matter to a new deconfined partonic
phase, the Quark-Gluon Plasma (QGP), is predicted by Quantum
Chromodynamics (QCD) [1-8]. It has been proposed that the color
potential in quarkonia could be screened by quarks and gluons in
the QGP [9]. Quarkonia are bound states of charm-anticharm (cc)
or bottom-antibottom (bb) quark pairs. As a consequence, quarko-
nium production cross sections in heavy-ion collisions divided by
the corresponding number of binary nucleon-nucleon collisions,
Ncoii, are expected to be suppressed compared to those in p + p
collisions if QGP is formed in heavy-ion collisions.

The J/v is the most abundantly produced quarkonium state
accessible to experiments. Over the past twenty years, J/y sup-
pression in hot and dense media has been a topic of growing
interest. Various measurements of J/y production in heavy ion
collisions have been performed in different collision systems and
at different energies, and indeed a suppression of /¢ production
has been observed [10-13]. A similar centrality dependent sup-
pression was found at SPS (S+U /syy = 19.4 GeV [14], Pb +Pb
JVSNN = 172 GeV [15] and In + In /syy = 17.2 GeV [12]) and
at RHIC (Au+ Au /syy = 200 GeV [16,17]) for mid-rapidity, even
though the temperature and energy density reached in these stud-
ies are significantly different [18]. Furthermore, a stronger suppres-
sion at forward rapidity (1.2 < |y| < 2.2) compared to mid-rapidity
(ly] < 0.35) was observed at RHIC [16]. These observations indi-
cate that effects other than color screening are important for J/v
production. Among these effects, J/¢ production from the recom-
bination of cc [19,20], together with color screening effect, play
important roles in explaining the similar suppressions at SPS and
RHIC [21]. With the higher temperature and density at RHIC, the
increased contribution due to regeneration from the larger charm
quark density could compensate for the enhanced suppression.
This could also explain a stronger suppression at forward rapid-
ity at RHIC where the charm quark density is lower compared to
mid-rapidity [20-23]. In addition to the color screening and re-
generation effects, there are also modifications from cold nuclear

* Corresponding author.
E-mail address: wangmei@rcf.rhic.bnl.gov (W. Zha).

matter (CNM) effects, such as nuclear parton distribution function
modification [24], energy loss by the colliding nuclei [25], Cronin
effect [26], and other final state effects, such as nuclear absorp-
tion [27] and dissociation by co-movers [28]. The suppression due
to these effects has been systematically studied experimentally via
p + A collisions [29-39]. However, the extrapolation from p + A to
A+ A is still model dependent.

The nuclear modification factor of /i production in Pb + Pb
collisions at ./syy = 2.76 TeV has been measured at the LHC
[40-42]. In comparison with results from RHIC in Au + Au col-
lisions at /Sy = 200 GeV, the J/y production is significantly
less suppressed, which suggests significantly more recombination
contribution at LHC energies. The measurement of J/y produc-
tion at forward rapidity (1.2 < |y| < 2.2) in Au + Au collisions by
the PHENIX experiment at ./Syy = 39 and 62.4 GeV indicates a
similar suppression level as that at /syy = 200 GeV [43]. Mea-
surements of J/y invariant yields at different collision energies at
RHIC in different centralities at mid-rapidity can shed new light on
the interplay of the mechanisms for /iy production and medium
properties.

In this letter, we further study the collision energy dependence
of J/¢ production and test the hypothesis of the two competing
mechanisms of color screening and regeneration. We present mea-
surements of the J/y production at mid-rapidity (]y| < 1) with
the STAR experiment in Au+ Au collisions at /Syy = 39, 62.4 us-
ing data collected in year 2010 and at /syy = 200 GeV using the
combined data in year 2010 [17] and 2011 and study the nuclear
modification factors at these energies.

2. Experiment and analysis

The STAR experiment is a large-acceptance multi-purpose de-
tector which covers full azimuth in the pseudorapidity interval
[n] <1 [44]. The Vertex Position Detector (VPD) was used to se-
lect Au + Au collisions that were within +15 cm of the center
of the STAR detector [45]. The minimum-bias trigger utilized in
this analysis required a coincidence between the East and West
VPD. In order to avoid the VPD inefficiency in peripheral Au + Au
collisions, only data in 0-60% central collisions are accepted. The
total numbers of 0-60% central events that are used in this anal-
ysis are 182 million, 94 million, and 360 million for 39, 62.4
and 200 GeV, respectively. The ]/ is reconstructed through its
decay into electron-positron pairs, J/¢ — ete~ (branching ra-
tio Br(J/y¥ — eTe™) = 5.97 £ 0.03% [46]). The primary detec-
tors used in this analysis are the Time Projection Chamber (TPC)
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Table I

Summary of centrality bins, average number of participants (Npqg:), number of
binary collisions (N¢oy), and nuclear overlap function (Ts4) from MC Glauber sim-
ulation of Au+ Au at ,/syy =39, 62 and 200 GeV. The errors indicate uncertainties
from the MC Glauber calculations.

VSN (GeV) Centrality (%) (Npart) (Neon) (Taa) (fm™2)
39 0-20 273 £ 6 629 + 26 187 £5
20-40 137 £ 11 245 + 26 T1+7
40-60 59 + 10 79 + 17 23 45
0-60 156 + 8 316 + 22 93 +6
62 0-20 276 + 5 664 + 25 187 £ 5
20-40 139 £+ 10 258 + 27 T1+7
40-60 60 + 10 82+ 18 2345
0-60 157+ 9 332 + 23 93 +6
200 0-20 280 + 6 785 + 29 187 + 5
20-40 142 £ 11 300 + 31 T1+7
40-60 62+ 10 95 + 21 2345
0-60 161 + 9 393 + 27 93 +6

[47], the Time-of-Flight (TOF) detector [48], and the Barrel Electro-
magnetic Calorimeter (BEMC) [49]. The TPC provides tracking and
particle identification via the ionization energy loss ((dE/dx)) of
charge particles. The TOF [48] measures the velocity of particles,
which greatly improved electron identification at low momentum.
This detector, combined with the TPC [47], clearly identifies elec-
trons by rejecting hadrons in the low and intermediate momentum
range (p < 1.5 GeV/c). The BEMC [49], a lead-scintillator calorime-
ter, is used to improve the electron identification at high momen-
tum (p > 1.5 GeV/c). The electron identification method is similar
to Refs. [17,50].

Collision centrality was determined from the uncorrected
charged particle multiplicity dN /dn within |n| < 0.5 using a Monte
Carlo (MC) Glauber model [51]. The dependence of dN/dn on the
collision vertex position V, and the beam Iuminosity has been
included to take acceptance and efficiency changes on the mea-
sured dN/dn into account. For each collision centrality, an average
nuclear overlap function, (T44), average number of participants,
(Npart), and average number of binary collisions, (Ncq), were re-
lated to an observed multiplicity range. Centrality definitions in
Au + Au collisions for /syy = 39, 62.4 and 200 GeV are summa-
rized in Table 1.

The daughter tracks of the J/iy candidates are required to have
at least 25 out of the 45 possible TPC hits, and a distance of clos-
est approach (DCA) from the primary vertex of less than 3 cm.
Low momentum (p < 1.5 GeV/c) electron and positron candidates
are separated from hadrons by selecting on the inverse velocity,
|1/ — 1| < 0.03, where 8 is the velocity measured in the TOF
normalized by the speed of light. The cut value is determined us-
ing a three standard deviation window. At high momentum (p >
1.5 GeV/c), a cut on the ratio of momentum to energy deposited in
towers from BEMC (0.3 < pc/E < 1.5) is used to suppress hadrons.
The electron and positron candidates are then identified by their
specific energy loss ((dE/dx)) in the TPC. More than 15 TPC hits
are required to calculate (dE/dx). The normalized (dE/dx) is de-
fined as follows:

o In((dE/dx)™ /(dE /dx)th)

e

(n

RdE/dx

where (dE/dx)™ and (dE/dx)™" represent measured and theoretical
values, respectively, and Ryg/ax is the experimental In(dE/dx) res-
olution. The no, cut for electron identification is —1.5 < no, < 2.
The combination of these cuts enables the identification of elec-
trons and positrons over a wide momentum range [17]. The elec-
tron sample purity integrated over the measured momentum re-

gion is over 90%. Our measurement of J/iy covers the rapidity
range |y| <1 due to the STAR acceptance and decay kinematics.

The J/ signal is extracted by subtracting combinatorial back-
ground reconstructed from the unlike-sign mixed-events spectrum.
The like-sign distributions can be used as normalization references
for the mixed-events method. The like-sign and mixed-events dis-
tributions are obtained as follows:

1) Like-sign: Electrons (or positrons) of the same charge sign are
paired within the same event.

2) Mixed-events: Events are categorized according to the position
along the beam line of the primary vertex and centrality of the
event. Electrons from one event are paired with positrons from
other random events from an event pool with similar global
features such as collision centrality and vertex position. The
vertex position is divided into 20 bins and the event centrality
into 10 bins to ensure that the mixing is done using tracks
from similar conditions.

The invariant mass distribution of e*e~ pairs before and after
the combinatorial background subtraction in 0-60% central Au+ Au
collisions are shown in Fig. 1 for /syy = 39, 62.4, and 200 GeV.
The mixed-event background is normalized to the like-sign dis-
tribution in a mass range of 2.0-4.0 GeV/c? and the normalized
shapes show close agreement. The normalization technique is de-
scribed in Ref. [52]. The mass distribution of ete~ is fitted by the
J/¥ signal shape obtained from MC simulation, which includes
the resolution of the TPC, bremsstrahlung of the daughter elec-
trons in the detector and internal radiation of /v, combined with
a straight line for residual background. The residual background
mainly comes from the correlated open charm decays and Drell-
Yan processes. The raw J/y signal is obtained from bin counting
in the mass range 2.7-3.2 GeV/c? after combinatorial and resid-
ual background subtraction. The fraction of J/v counts outside of
the mass window was determined from the J/v¥ MC simulated
signal shape and was found to be ~9%. This was used to correct
the number of J/¢ counts. Signal-to-background ratios for these
three energies are observed to be 0.62, 0.39, and 0.04, respectively
for the transverse momentum (pr) interval 0-3 GeV/c (39 and
62 GeV) and 0-5 GeV/c (200 GeV). The J/ invariant yield is de-
fined as

d’N _ 1 Njjy—ete-
2w prdprdy  2wprAprAy A€Npyr

Brj ysete- (2)
where Njjy_.e+e- is the uncorrected number of reconstructed
J/¥, Neyr is the number of events in the relevant Au + Au cen-
trality selection, Ae is the detector’s geometric acceptance times
its efficiency (about 0.05 ~ 0.12 depending on pr, centrality and
collision energy), and Apr and Ay are the bin width in pr and y,
respectively. Acceptance and efficiency corrections (TPC and BEMC
related) are estimated by MC simulations with GEANT3 package
[53]. Some of the efficiency corrections such as those correspond-
ing to the TOF and dE /dx related cuts are extracted directly from
data [52]. The acceptance and efficiency correction procedure is
similar to Refs. [17,50].

The systematic uncertainties in this analysis include uncertain-
ties from the particle identification efficiency using the TPC, TOF,
and BEMC, the tracking efficiency from TPC, and the yield extrac-
tion methods. The systematic uncertainty on the efficiency cor-
rection and particle identification is estimated by comparing the
difference for the related cut distributions between simulation and
data. In order to account for the contributions from radiation losses
and correlated background in the yield extraction procedure, the
mass window and methods for signal counting have also been var-
ied to evaluate the uncertainties. Table II contains a summary of
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Fig. 1. The eTe~ invariant mass distribution of J/v candidates (black open circles), like-sign combinatorial background (blue dashed line), mixed event combinatorial
background (red solid line), and J/¢ candidates with mixed event background subtracted (black solid circles) in Au + Au collisions at /syy = 39 (a), 62.4 (b), and
200 GeV (c) for centrality 0-60%. The J/y signal shape from a MC simulation is combined with a linear residual background and is fitted to the combinatorial background
subtracted data (black solid line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the contributions from the different sources. The ranges in the ta-
ble are corresponding to the pr, centrality and collision energy
dependence of uncertainties. The uncertainties are partially cor-
related among the pr and centrality intervals. The total system-
atic uncertainties in the integrated pr range are 20%, 11%, and
10% at \/syy = 39, 62.4, and 200 GeV, respectively. At /SNy =
39 GeV, the large systematic uncertainty on the particle identifica-
tion BEMC related cuts is due to the large uncertainties associated
to the cuts themselves. The normalization uncertainty on the nu-
clear modification factor includes the uncertainty from (T44) and
the statistical and systematic uncertainty of the J/i cross section
in p 4+ p. The centrality and transverse momentum dependence of
the total systematic uncertainties are reflected in the results shown
in Section 3.

3. Results

The ]/ invariant yields as a function of pr in Au+ Au col-
lisions at \/syy = 39, 62.4, and 200 GeV for different centrality
bins are shown in Fig. 2. As expected, the J/¢ invariant yields
are larger in Au + Au collisions at larger center-of-mass energies.
Results from the current measurements (year 2011) are compared
with the published results from data taken in 2010, they show
close agreement with each other. These two measurements are
combined together to cumulate more statistics for the nuclear
modification factors in this paper.

Table II
The contributions of systematic uncertainty sources for ,/syy = 39, 62.4 and
200 GeV. The uncertainties are partially correlated among the pr and centrality
intervals.

Systematic uncertainty source 39 GeV 62.4 GeV 200 GeV
TPC tracking cuts (%) 8 7 6

BEMC related cuts (%) 17-25 3-5 1-2

TOF related cuts (%) 2 2 2

Yield extraction (%) 6-12 2-7 5-11
Total (%) 19-29 10-12 8-12
(Neon) (%) 4-22 4-22 4-22
(Taa) (%) 3-22 3-22 3-22
a;’;’w (%) 12 7 14

Nuclear modification factors (Rcp, Raa) are used to quantify
the suppression of /vy production. Rcp is a ratio of the [/ yield
in central collisions to peripheral collisions (centrality: 40-60%)
and defined as follows:

dN/dy

W) (central)

Rep = AN/dy oo (3)
TNty (peripheral)

where (Ngy) and dN/dy are the average number of nucleon-
nucleon collisions and ]/ yield in a given centrality, respectively.
dN/dy is obtained from the integration of the J/y pr spec-

trum. The extrapolation of the pr spectrum to the full coverage
(pr > 0 GeV/c) is based on the two following functions:
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Fig. 2. ]/ invariant yields in Au + Au collisions at \/syy = 39, 62.4 and 200 GeV as a function of pr for different centralities. The error bars represent the statistical
uncertainties. The boxes represent the systematic uncertainties. The STAR published results are from Refs. [50] and [17].
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dpr (14 b2p3)"

dN mr
— =l ~h, = ./p2 2 5
dpr X PT X exp mr pr+mj,, (5)

where a, b, n, h and | are free parameters. The fit results from
Eq. (4) have been assigned as central value, and the differences
(< 2%) between these two functional fits have been taken as a
source of systematic uncertainty. Note that Rcp reflects only rel-
ative suppression - if the modification of J/v yield in central and
peripheral bins is the same, Rcp is equal to 1. The Rc¢p, as a func-
tion of the average number of participant nucleons ((Npqr)), for
Au + Au collisions at /syy = 39, 62.4 and 200 GeV, are shown
in Fig. 3. Note that the peripheral bin selection is 40-60% central
Au + Au collisions for these three energies. The systematic uncer-
tainties for Rcp are mainly from (Nco;) and yield extraction. Sys-
tematic uncertainties originating from TPC, BEMC and TOF related
cuts, are negligible or mostly cancel. A suppression is observed in
central Au+ Au collisions at /Syy = 62.4 GeV, which is similar to
that at \/syy = 200 GeV.

Raa is obtained from comparing J/v production in A + A col-
lisions to p + p collisions, defined as follows:

1 d?Npa/dprdy
(Tana) dzUpp/dPTdy

(6)

Raa=

where d®Naa/dprdy is the J/y vyield in A4+ A collisions and
dzapp/dprdy is the J/¢ cross section in p + p collisions. The
nuclear overlap function with impact parameter b is defined as
Taa(b) = fTA (s)Ta(s — b)d%s, where T(s) is the probability per
unit transverse area of a nucleon being located in the target flux
tube. The uncertainties from T44 are estimated by varying the ra-
dius and skin depth of the nuclei in the Glauber calculations. If
there are no hot or cold nuclear matter effects, the value of Rz
should be unity.

To obtain Raa at /sy = 39 and 62.4 GeV, we have to de-
rive the J/y cross section in p + p collisions because there are no
measurements available for the p + p references at STAR for these
two energies. There are several p+ p measurements from fixed tar-
get p + A experiments [54-56] and from Intersecting Storage Ring
(ISR) collider experiments [57,58] near these two energies. How-
ever, the pr shapes from Ref. [57] and Ref. [58] at 4/s = 63 GeV
are inconsistent with each other and the cross section measure-
ments at /s = 39 GeV are comparable to (or even larger than)
that at +/s = 63 GeV. Therefore, we use the cross section de-
rived in Ref. [59] as our p + p reference baselines for /syy =
39 and 62.4 GeV. In Ref. [59], the world-wide experimental data
on J/¢ cross sections and kinematic distributions in p + p and
p + A collisions at /s = 6.8-7000 GeV are examined in a sys-
tematic way. The authors explore the /s dependence of the inclu-
sive cross section, rapidity and transverse momentum distributions
phenomenologically and develop a strategy for the interpolation of
the J/v cross section and kinematics at RHIC energies. This ap-
proach is found to describe the world-wide J/¢ data reasonably
well. With this strategy, the predicted ]/ cross section times
branching ratio at /s = 39 and 62.4 GeV in mid-rapidity are
Br(J/¥ — ete )do /dyljyj<1.0=9.0 £ 0.6 and 17.6 + 2.1 nb, re-
spectively.

With the derived p + p references for /s = 39 and 62.4 GeV,
and the measured p + p baseline at /s = 200 GeV [50,60], we ob-
tain the Raa of J/y for pr > 0 as a function of (Npg¢) in Au+Au
collisions at ./syy = 39, 62.4, and 200 GeV, as shown in Fig. 4 (a).
The pr-differential J/y» Raa is shown in Fig. 4 (b). The bars and
boxes on the data points represent the statistical and systematic
uncertainties, respectively. The shaded and hatched bands indi-
cate the uncertainties on the baseline J/v cross section in p + p
collisions [50,59,60] and (T 44), respectively. The bands on the ver-
tical axes indicate global uncertainties, while those on the data
points represent bin to bin uncertainties. The measurements from
SPS [12,14,15] and LHC [61] and the expected Rs4 with complete



5 Jaroslav Bieléik: Fyzika kvarkov tazkych voni

88

Article reprint

STAR Collaboration / Physics Letters B 771 (2017) 13-20 19
2 F oe 200GeV | ‘ Y ) 60%Ant Al ]
I (a) H 624 GeV ] ( ) 1
r * 39 GeV b [ <T,»> uncertainty 1
B 7 [ 200 GeV p + p uncertainty |
| 1(‘;7 :ﬁﬁé}g.;as::&/)soum GeV)/60(17.2 GeV) ] I 52.4 GeV p + p uncertainty 1
L . —> y(2S) melting ] [ 39 GeV p + p uncertainty
—> y(2S) and X melting

fffffffffffffffffffffffffffffffff s BN T R
Q g — ] M o) b
B EoEg g » @ :
g By [m® ]
I R S S S L L L L 1 L L L ]

0 100 200 300 400 0 5 10
<Npar®> P, (GeVic)

Fig. 4. The results of J/¥ Raa as a function of (Npa¢) (a) and pr (b) in Au + Au collisions at /syy = 39, 62.4 and 200 GeV. The error bars represent the statistical
uncertainties. The boxes represent the systematic uncertainties. The shaded and hatched bands indicate the uncertainties on the baseline J/y cross section in p + p
collisions [50,59,60] and (Taa), respectively. The ALICE points are from [61]. The ratio of feed-down J/v from higher chamonium states to inclusive J/y is from [63]. The

STAR high-pr (3 < pr < 10 GeV/c) results, represented as open circles, are from [50].

¥(2S) and x. melting and no modification of the J/y yield [63]
are also included for comparison. Suppression of J/v production
is observed in Au + Au collisions from ,/syy = 39 to 200 GeV
with respect to the production in p + p scaled by (Taa). For Raa
as a function of (Npqre), no significant energy dependence is ob-
served within uncertainties from ,/syy = 17.2 to 200 GeV. For
the J/¥ Raa as a function of pr, significant suppression is ob-
served at low pr (pr <2 GeV/c) from /syy = 39 to 200 GeV.
The modification of J/v production is consistent within the sys-
tematic uncertainties for these collision energies. The ALICE [61]
points are also shown for comparison. As shown in the figure, the
ALICE Rax results are higher than the measurements at RHIC and
SPS and show a different trend as a function of pr. Fig. 5 shows
the comparison of Rqs between mid-rapidity from STAR and for-
ward rapidity from PHENIX from ./syy = 39 to 200 GeV. The
suppression of J/¢ shows no significant rapidity dependence at
V/SNN = 39 nor 62.4 GeV within uncertainties.

As shown in Fig. 6, theoretical calculations [21] with initial sup-
pression and ]/ regeneration describe the data within 1.6 stan-
dard deviation for these three collision energies. The R44 results as
a function of collision energy for 0-20% centrality are also shown
in Fig. 7. Theoretical calculations are also included for comparison.
The calculations include two components: direct suppression and
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n:‘ I STAR mid-rapidity PHENIX forward-rapidity
r e 200 GeV d
O 200 GeV
F m 62.4GeV Global 92% |
L % 39Gev obal sys. 9.2% |
| mmEm 200 GeV p+p uncertainty [ 62 GeV
I 62 GeV p+p uncertainty Global sys. 29.4%
- 39 GeV p+p uncertainty ¥ 39 GeV
[ <T,,> uncertainty Global sys. 19%
A g =
10?15‘H‘\HH\HH\HH\?
0 100 200 300 400
<Npan>

Fig.5. J /¥ Raa results as a function of (Npgr) in Au+ Au collisions at \/syy = 39,
62.4 and 200 GeV. The error bars represent the statistical uncertainties. The boxes
represent the systematic uncertainties. The shaded and hatched bands indicate the
uncertainties on the baseline J/v cross section in p + p collisions [50,59,60] and
(Taa), respectively. The PHENIX results are from [43,62].

regeneration. The direct suppression represent the “anomalous”
suppression of primordial J/¢s due to CNM and color screening
effects. According to the model calculations [21], the Ra4 is about
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Fig. 6. The results of J/¥ Raa as a function of (Npgr), in comparison with model calculations [21], for Au + Au collisions at /syy = 200 (a), 62.4 (b) and 39 GeV (c),
respectively. The error bars represent the statistical uncertainties. The boxes represent the systematic uncertainties. The dotted and hatched bands indicate the uncertainties
on the baseline J/y cross section in p + p collisions [50,59,60] and (Taa), respectively. Solid lines are J/y modification factors from model [21]; dash-dotted line are

suppressed primordial production; dashed lines are regeneration component.
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Fig. 7. The results of [/ Raa as a function of collision energy for centrality 0-20%,
in comparison with model calculations [21]. The SPS result (\/syy = 17.2 GeV)
is from [10,15]; the ALICE point (/Sy\y = 2.76 TeV) is from [61]. The error bars
represent the statistical uncertainties and the boxes represent the systematic un-
certainties. The boxes include the systematic uncertainties, the uncertainties on the
baseline ]/ cross section in p + p collisions [50,59,60] and the uncertainties from
(Taa)-. Solid line is the total J/v modification factors from model; dash-dotted line
is the suppressed primordial production; dashed line is the regeneration compo-
nent. The theory calculations are only done for the five specific energy points, and
connected by straight lines. Note: since ALICE data show no significant centrality
dependence, it is appropriate to use the available 0-10% data at 2.76 TeV in this
figure.

0.6 for central Au + Au collisions at ,/syy = 200 GeV with only
CNM effects. The regeneration component is responsible for the
contribution from the recombination of correlated or uncorrelated
cC pairs. The feed-down to J/y from x. and v’ has been taken
into account in the calculations. No significant energy dependence
of Raa for 0-20% centrality is observed at \/syy < 200 GeV. As
the collision energy increases the QGP temperature increases, thus
the J/v color screening becomes more significant. However, in the
theoretical calculation [21], the regeneration contribution increases
with collision energy due to the increase in the charm pair produc-
tion, and compensates the enhanced suppression arising from the
higher temperature. The higher Ra4 at ALICE may indicate that the
surviving J/vs are mainly coming from the recombination contri-
bution. The model calculation describes the energy dependence of
J/¢ production from SPS to LHC.

4. Summary

In summary, we report on recent STAR measurements of J/v
production at mid-rapidity in Au + Au collisions at /syy = 39,
62.4 and 200 GeV. Suppression of ]/ production, with respect to
the production in p + p scaled by the number of binary nucleon-
nucleon collisions, is observed at these three energies. No signifi-
cant energy dependence of the nuclear modification factor (either
Raa or Rcp) is found within uncertainties. Model calculations,
which include direct suppression and regeneration, reasonably de-
scribe the centrality and energy dependence of J/vy production in
high-energy heavy ion collisions.
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The measurement of J/ ¢ azimuthal anisotropy is presented as a function of transverse momentum for
different centralities in Au + Au collisions at ./syy = 200 GeV. The measured J/4 elliptic flow is
consistent with zero within errors for transverse momentum between 2 and 10 GeV/c. Our measurement
suggests that J/ particles with relatively large transverse momenta are not dominantly produced by
coalescence from thermalized charm quarks, when comparing to model calculations.

DOI: 10.1103/PhysRevLett.111.052301

Quantum chromodynamics (QCD) predicts a quark-
gluon plasma (QGP) phase at extremely high temperature
and/or density, consisting of deconfined quarks and gluons.
Over the past twenty years, heavy quarkonia production in
hot and dense nuclear matter has been a topic attracting
growing interest. In relativistic heavy-ion collisions the c¢
bound state is subject to dissociation due to the color
screening effect in the deconfined medium. As a conse-
quence, the production of the J/ is expected to be sup-
pressed compared to proton + proton (p + p) collisions
scaled by number of binary collisions, and such suppression
has been proposed as a signature of QGP formation [1].
However, the J/i suppression observed in experiments
[2-6] can also be affected by additional cold [7,8] and hot
[9-14] nuclear effects. In particular, the recombination of
the J/ ¢ from a thermalized charm quark and its antiquark
[11-14] has not been unambiguously established experi-
mentally at the top RHIC energy. By measuring J/
azimuthal anisotropy, especially its second Fourier coeffi-
cient v, (elliptic flow), one may infer the relative contribu-
tion of J/ i particles from direct perturbative QCD (pQCD)
processes and from recombination. J/ ¢ particles produced
from direct pQCD processes, which do not have initial
collective motion, should have little azimuthal preference.
In noncentral collisions, the produced J/¢ particles will
then gain limited azimuthal anisotropy from azimuthally
different absorption due to the different path lengths in
azimuth. On the other hand, J/ ¢ particles produced from
recombination of thermalized charm quarks will inherit the
flow of charm quarks, exhibiting considerable flow.

Many models that describe the experimental results of
heavy-ion collisions depend on the assumption that light
flavor quarks in the medium reach thermalization on a
short time scale (~ 0.5 fm/c) [15,16]. However, this rapid
full thermalization has not been directly certified. The flow
pattern of heavy quarks provides a unique tool to test the
thermalization. With much larger mass than that of light
quarks, heavy quarks are more resistant to having their
velocity changed, and are thus expected to thermalize
much more slowly than light partons. If charm quarks are
observed to have sizable collective motion, then light
partons, which dominate the medium, should be fully
thermalized. The charm quark flow can be measured
through open [17] and closed charm particles. The J/ ¢
is the most prominent for experiment among the latter.

PACS numbers: 25.75.Cj, 12.38 Mh, 14.40.Pq

However, because the J/¢ production mechanism is not
well understood, there is significant uncertainty associated
with this probe, since only J/ i particles from recombina-
tion of charm quarks inherit their flow. A detailed com-
parison between experimental measurements and models
on J/ i v, vs transverse momentum (py) and centrality, in
addition to nuclear modification factor, will shed light on
the J/ i production mechanism and charm quark flow.

This analysis benefits from a large amount of data taken
during the RHIC [18] \/syy = 200 GeV Au + Au run in
the year 2010 by the new data acquisition system of STAR
[19], capable of an event rate up to 1 kHz. In addition, the
newly installed time of flight (TOF) detector [20] allows
STAR to improve electron identification, and background
electrons from photon conversion are reduced by one order
of magnitude due to less material around the center of the
detector setup. The data presented consist of 360 million
minimum bias (MB) events triggered by the coincidence
of two vertex position detectors [21], 270 million central
events triggered by a large hit multiplicity in the TOF
detector [20], and a set of high tower events triggered by
signals in the towers of the barrel electromagnetic calo-
rimeter (BEMC) [22] exceeding certain thresholds (2.6,
3.5,4.2, and 5.9 GeV). The high tower sample is equivalent
to approximately 7 billion MB events for J/ i production
in the high-p; region. In addition, in order to cope with
the large data volume coming from collisions at high
luminosity, a high level trigger (HLT) was implemented
to reconstruct charged tracks online, select events with
J/ ¥ candidates and tag them for fast analysis. There are
16 million J/ ¢ enriched events selected by the HLT.

The J/¢ particles were reconstructed through the
J/ — e*e” channel, which has a branching ratio of
5.9%. The daughter tracks of the J/i particles were
required to have more than 20 hits in the time projection
chamber (TPC) [23], and a distance of closest approach
less than 1 cm from the primary vertex. Low-momentum
electrons and positrons can be separated from hadrons by
selecting on the inverse velocity (0.97 < 1/8 < 1.03),
which is calculated from the time of flight measured by
the TOF detector [20] and the path length measured by the
TPC. At large momentum (p > 1.5 GeV/c), with the en-
ergy measured by towers from the BEMC [22], a cut of the
momentum to energy ratio (0.3 < p/E < 1.5) was applied
to select electrons and positrons. The electrons and
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TABLE 1. Event plane resolution (R) for different centralities.

Centrality
(%) 0-10 1020 20-30 3040 40-50 50-60 60-70 70-80

R 0.600 0.748 0.805 0.787 0.719 0.608 0.478 0.364

positrons were then identified by their specific energy loss
({dE/dx)) inside the TPC. More than 15 TPC hits were
required to calculate (dE/dx). The (dE/dx) cut is asym-
metric around the expected value for electrons, because the
lower side is where the hadron (dE/dx) lies. It also varies
according to whether the candidate track passes the 1/8
and/or p/E cut to optimize efficiency and purity. The
combination of cuts on 1/8, p/E, and (dE/dx) enables
electron and positron identification in a wide momentum
range. Our measured J/ ¢ particles cover the rapidity range
—1 <y <1, favoring J/ ¢ particles near y = 0 because of
detection efficiency variation due to acceptance and decay
kinematics. A total of just over 13000 J/ ¢ particles were
reconstructed in the entire py range of 0-10 GeV/c.

The following method has been used to calculate the v, of
the J/ . First, measurements of ¢-'V, ranging from 0 to 77,
were divided into 10 bins. Here ¢ is the azimuthal angle of
the J/ i candidate, and W is the azimuthal angle of the event
plane reconstructed from TPC tracks with the azimuthally
nonuniform detector efficiency corrected for [24]. The event
plane resolution [24] (R) is different for different centrality
ranges, as listed in Table I. Then two bins at supplementary
angles were combined into one. For example, the bin at
0-0.17r is combined with 0.977—7r, and the invariant mass
distribution of electron and positron pairs in this combined
¢~V bin is shown in the top of Fig. 1. To avoid bias from
different event plane resolution for different centrality,
entries in the histogram were weighted by 1/R accordingly
[25]. The weighted J/ ¢ yield within this combined ¢-W¥ bin
was obtained by fitting the e e~ invariant mass distribution
with a Crystal Ball function [26] signal on top of a second
order polynomial background, as shown in the plot. The
Crystal Ball function connects a Gaussian core with a
power-law tail at low mass to account for daughter energy
loss fluctuations and J/ ¢ radiative decays. Then v, was
obtained by fitting the weighted J/ ¢ yield vs ¢-¥ with a
functional form of A[1+ 2v,c0s{2(¢p-¥)}], as shown in the
bottom of Fig. 1. Finally, the observed v, was scaled by
(1/R) to obtain the true v, [25].

Three dominant sources of systematic error have been
investigated for this measurement: assumptions in the v,
calculation method, hadron contamination for the daughter
ete pairs, and the nonflow effect. The first source can
be estimated from the difference in v, calculated by meth-
ods with different assumptions. Two other methods are
used here. One is similar to the original method, except
that the J/¢ yield in each combined ¢-W¥ bin was not
obtained from fitting, but from subtracting the like-sign
background from unlike-sign distribution within the

E Au+Au 200 GeV 0-80 %  ¢-¥ 0-0.1t & 0.91-nt

4000 p, 4-6 GeV/c x%/NDF 71.94/71
3 yield 515.48+ 42.51
3000 * gte”
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T E T B S B B ol
2 25 3 3.5 4 4.5 5
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o 550 CINDF 32313
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> 500 v, 0.036:0028
.
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FIG. 1 (color online). Top: 1/R weighted invariant mass
spectrum of electron and positron pairs for ¢-¥ in 0-0.17
and 0.97—7, 4 < p;y <6 GeV/c, in 0%-80% central collisions.
The points are unlike-sign pairs with the J/ ¢ signal, fitted by a
Crystal Ball plus second order polynomial function. The poly-
nomial background component of the fit is shown by the dashed
line. The solid line histogram shows the like-sign background.
Bottom: 1/R weighted J/ ¢ yield vs ¢-V¥ with fitted v,.

possible  invariant mass range of the J/¢
(2.9-3.3 GeV/c?). In the other method, the overall v, of
both signal and background was measured first as a func-
tion of invariant mass, and then it was fitted with an
average of J/i v, and background v, weighted by their
respective yields vs invariant mass [27]. The systematic
error from hadron contamination can be estimated from the
difference in calculated v, with different electron (posi-
tron) identification cuts. While the original cuts aim for the
best J/ i significance, a purer electron (positron) sample
can be obtained from a set of tighter cuts. The overall
systematic uncertainty for the first two sources was esti-
mated from the maximum difference between the calcu-
lated v, with the 3 X 2 = 6 combinations of v, methods
and electron (positron) identification cut sets mentioned
above. Besides elliptic flow, there are also some other
two- and many-particle correlations due to, for example,
resonance decay and jet production. When v, of a particle is
measured, other particles having nonflow correlations with
the measured particle are more likely to be azimuthally
nearby, drawing the reconstructed event plane closer to
the measured particle, and make the measured v, larger
than its real value. To estimate this nonflow influence on the
v, measurement, a method of scaling nonflow in p + p
collisions to thatin Au + Au collisions [28] was employed.
This method assumes that 1) J/¢-hadron correlation in
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p + p collisions is entirely due to nonflow, and 2) the
nonflow correlation to other particles per J/¢ in
Au + Au collisions is similar to that in p + p collisions.
Under these assumptions, it can be deduced that the nonflow
influence on measured J/¢ v, in Au+ Au collisions is
(3. cos2(¢,/y — ¢;))/ Mv;. Here, the sum is over all mea-
sured charged hadrons and the average is over J/ i particles
in p + p collisions. M and v, are the multiplicity and
average elliptic flow of charged hadrons in Au + Au colli-
sions, respectively. Since the away side correlation may
be greatly modified by the medium in heavy-ion collisions,
this procedure gives an upper limit of the nonflow effect.
Detector acceptance and efficiency variation with pr, cen-
trality, and rapidity may lead to a biased J/ ¢ sample, which
may induce some systematic effects when v, also changes
with these parameters. But these effects are estimated to be
negligible compared to statistical errors.

Figure 2 shows J/i v, as a function of transverse
momentum for different centralities. Due to the nonflow
effect, the real v, can be lower than the measured value
shown in the plot. The boxes indicate the maximum magni-
tude of the nonflow influence. Data from the central trigger,
minimum bias trigger and high tower triggers are used for
the 0%—10% most central bin, while only minimum bias
and high tower triggered events are used for other centrality
bins. Considering errors and the magnitude of nonflow, J/ ¢
v, is consistent with 0 for p; > 2 GeV/c for all measured
centrality bins. Light particles usually have a larger v, in the
intermediate centrality than in the most central and periph-
eral collisions. This can be explained by a larger initial
spatial eccentricity in the intermediate centrality, which is
transferred into final state momentum anisotropy due to
different pressure gradients in different directions, when

03 I Au+Au 200 GeV l

0.2 T

0.1 #

= of %, +‘]!+ X
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0 2 4 6 8 10
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FIG. 2 (color online). v, vs py for J/ ¢ particles in different
centrality bins. The brackets represent systematic errors estimated
from differences between different methods and cuts. The boxes
show the estimated maximum possible range of v, if the nonflow
influence is corrected (see text). The py bins for J/ i particles are
0-2,2-5, and 5-10 GeV/c. The mean py in each bin for the J/ ¢
sample used for v, calculation is drawn, but is shifted a little for
some centralities so that all points can be seen clearly.

there are sufficient interactions in the medium. However,
no strong centrality dependence for J/ v, has been
observed with the statistical significance of the data.

The top panel of Fig. 3 shows J/¢ v, for 0%-80%
central collisions as a function of transverse momentum.
For reference, two other sets of v, measurements are also
plotted, one is for charged hadrons (dominated by pions)
[29] and the other is for the ¢ meson [30] which is heavier
than the pion but not as heavy as the J/¢. Unlike v, of
hadrons consisting of light quarks, J/¢ v, at py>
2 GeV/c is found to be consistent with zero within statis-
tical errors. However, the significant mass difference
between the J/¢ and light particles makes the direct
comparison of v, vs pr less conclusive. For example, for
the same velocity at y = 0, the py of J/i particles at
3.0 GeV/c corresponds to pr of pions (¢) at 0.14
(1.0) GeV/c. Thus, comparisons between the experimen-
tal result and theoretical calculations are needed.

In the bottom panel of Fig. 3, a comparison is made
between the measured J/i v, and various theoretical
calculations, and a quantitative level of difference is shown
in Table Il by y2/NDF and the p value. v, of J/ i particles
produced by initial pQCD processes is predicted to stay

[ Au+Au 200 GeV 0-80 % o Jly
E a0
0.2 F o charged hadron
E 0000 o ¢
3 M T
NI I
E o
E )
F o
[ o
0 %
3 maximum non-flow
>‘\l : Il Il
0.1 * %
0 ‘‘‘‘‘‘ —_ .
01 —— initially produced [31]
P coalescence from thermalized ct [32]
Fo- initial + coalescence [33]
02— — initial + coalescence [34]
"t — —— hydrodynamic [35]
1 n n n 1 n n n 1 n n n 1 n n n 1 n n n
0 2 4 6 8 10
P, (GeVic)

FIG. 3 (color online). v, vs py for J/¢ particles in 0%-80%
central events comparing with charged hadrons [29] and the ¢
meson [30] (upper panel) and theoretical calculations [31-35]
(lower panel). The brackets represent systematic errors estimated
from differences between different methods and cuts. The boxes
show the estimated maximum possible range of v, if the nonflow
influence is corrected. The py bins for J/ i particles are 0-2,
2-4, 4-6, and 6-10 GeV/c, and the mean p; in each bin for the
J/ ¢ sample used for v, calculation is drawn.
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TABLE II. Difference between model calculations and
data (where NDF stands for the number of degrees of freedom).
The p value is the probability of observing a y? that exceeds the
current measured y> by chance, even for a correct model.
The estimated upper limit of nonflow effect is not included in
this calculation.

Theoretical calculation x2/NDF p value

Initially produced [31] 2.6/3 4.6x107!
Coalescence from thermalized c¢ [32] 16.2/3 1.0 X 1073
Initial + coalescence [33] 2.0/3 58x107!
Initial + coalescence [34] 42/4 3.8x 107!
Hydrodynamic [35] 7.0/3 7.2x1072

close to zero [31]. Although anomalous suppression in
the hot medium due to color screening are considered in
the model, the azimuthally different suppression along the
different path lengths in azimuth leads to a limited v,
beyond the sensitivity of the current measurement. On the
contrary, if charm quarks get fully thermalized and J/
particles are produced by coalescence from the thermalized
flowing charm quarks at the freeze-out, the v, of the J/ i is
predicted to reach almost the same maximum magnitude as
v, of light flavor mesons, although at a larger p; (around
4 GeV/c) due to the significantly larger mass of the J/
[32]. This is nearly 30 above the measurement for py >
2 GeV/c, leading to a large y*/NDF of 16.2/3 and a small
p value of 1.0 X 1073, and is, thus, inconsistent with the
data. Models that include J/ i particles from both initial
production and coalescence production in the transport
model [31,36] predict a much smaller v, [33,34], and are
consistent with our measurement. In these models, J/ ¢
particles are formed continuously through the system evo-
lution rather than at the freeze-out, so many J/ ¢ particles
could be formed from charm quarks whose v, has still not
fully developed. Furthermore, the initial production of J/ ¢
particles with very limited v, dominates at high pz, thus, the
overall J/i v, does not rise rapidly as for light hadrons.
This kind of model also describes the measured J/ ¢ nuclear
modification factor over a wide range of pr and centrality
[5]. The hydrodynamic model, which assumes local thermal
equilibrium, can be tuned to describe v, for light hadrons,
but it predicts a J/ ¢ v, that rises strongly with p; in the
region pr < 4 GeV/c, and thus, fails to describe the main
feature of the data [35]. For heavy particles such as the J/ i,
hydrodynamic predictions suffer from large uncertainties
related to viscous corrections (Jf) at freeze-out and the
assumed freeze-out time or temperature.

In summary, J/ ¢ elliptic flow is presented as a function
of transverse momentum for different centralities in
/Synv = 200 GeV Au + Au collisions. Unlike light flavor
hadrons, J/ ¢ v, at p; >2 GeV/c is consistent with zero
within statistical errors. Comparing to model calculations,
the measured J/ i v, values disfavor the scenario that J/ ¢
particles with p; > 2 GeV/c are produced dominantly by

coalescence from (anti-)charm quarks which are thermal-
ized and flow with the medium.
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Kapitola 6

Diskusia a zaver

Tato habilitacna praca zhriiuje vyber fyzikalnej problematiky, ktorou sa autor pro-
fesne zaoberal v ramci svojej ¢innosti na experimente STAR v BNL v rokoch 2004
az 2017. Hlavnou motivéaciou a hybnou silou tejto ¢innosti je experimentdlne zmerat
a interpretovat produkciu castic obsahujicich tazké kvarky v studenej a horticej jad-
rovej hmote. Podarilo sa preukdzat pomocou merani nefoténovych elektrénov z D a
B mezénov a priamym meranim povabnych mezénov v p+p zrazkach, ze produkciu
tazkych kvarkov je mozné popisat pomocou vypoétov poruchovej kvantovej chromody-
namiky. Dalej sa podarilo ukézat, ze produkcia pévabnych kvarkov v centralnych jadro-
jadrovych zrazkach je potlacend podobne ako produkcia Tahkych kvarkov. Z dovodu
efektu mitveho kuZela sa ocakavalo, Ze oba tazké kvarky budi potlacené menej ako
lahké, avsak v poslednej dobe fenomenologické modely ukazuji, Ze mensie potlacenie
je len u krésnych (b) kvarkov. Podobnd zévislost sa ukazuje aj z merani na experi-
mentoch ALICE a CMS na LHC. Na experimentoch na urychlovaci RHIC sme zatial
jednoznacne neukazali, aké je potlacenie u krasnych kvarkov. V sicasnosti sa venu-
jeme hlavne analyze udajov zo zrazok p+Au a d+Au, aby sme pre povabné mezony
experimentalne stanovili efekty studenej jadrovej hmoty. Taktiez finalizujeme analyzu
povabnych mezénov z celkového stiboru déat z rokov 2014 a 2016, aby sme previedli do-
posial ich najpresnejsie meranie jadrového modifikaéného faktora a eliptického toku za
icelom stanovit diftizny transportny koeficient povabného kvarku pre energie na RHIC.
Potlacenie krasnych kvarkov studujeme pomocou elektrénov zo semilepténového roz-
padu B. Ziskané vysledky umozZnia v najblizsich rokoch zavisit tento fyzikalny program.

Pri merani produkcie J/1) v p+p sme vyznamne rozsirili experimentédlne udaje
urcenim polarizacného parametru. Podstatne podrobnejsie meranie sme previedli aj v
zrazkach pri enegii 500 GeV, predbezné vysledky st zhodné s meraniami pri energii
200 GeV. Aj pri merani parametru eliptického kolektivneho toku sme previedli dve
merania. Jedno publikované pre Au+Au ukazuje, ze tento parameter ma nulovi hod-
notu. To znamend, ze J/1 je doposial jediny merany hadrén, ktory netecie. Avsak
aj predbezné vysledky zo zrazok U+U pri podobnej energii ukazuju, ze aj v tomto

zrazkovom systéme je hodnota parametru vy nulova. Z doévodu farebného tienenia

97



6 Jaroslav Bieléik: Fyzika kvarkov tazkych voni 98

dikvarkového vézbového potencialu, je produkcia viazaného stavu J/i¢ potlacend v
centralnych Au+Au zrazkach pri energii 200 GeV. Podobné potlacenie sme pozorovali
aj pri nizsich energiach, avSak z dovodu relativne vacsieho vplyvu efektov studenej
jadrovej hmoty. V tejto chvili neméame k dispozicii potrebné experimentalne udaje zo
zrazok p+Au pri nizsich energiach, aby sme tieto efekty studenej hmoty mohli experi-
mentalne overit.

Autor vybudoval na FJFI CVUT experimentalnu skupinu experimentu STAR, ktord
sa nad ramec prezentovanej problematiky zaobera tiez vyskumom mezénu T, viazaného
stavu bb , korelaénou femtoskopiou a tiez vyvojom a aplikdciou novych analyzaénych
metdd pre spracovanie experimentalnych tidajov. Podielali sme sa na priprave simulacii
a navrhu detektora HFT, na jeho testovani a priprave softvéru pre simuldciu jeho
odozvy. Prave tento detektor vyrazne posunul experimentalne moznosti experimentu
STAR vo vyzkume tazkych kvarkov. Autor sa tiez ¢iastotne podiela na experimente
ALICE, kde prispel ku skumaniu produkcie vytryskov ¢astic v proton-protéonovych
zrazkach a stidiom vytryskov obsahujtcich tazky kvark. Experimentdlne data z LHC,
ktoré sa ocakévaji z merani po plédnovanej odstdvke v roku 2019, vdaka novému
drahovému detektoru v experimente ALICE umoznia podrobné studium vytryskov
obsahujicich tazky kvark.

Experimentalny program kolaboracie STAR je naplanovany minimélne az do roku
2022. Po publikovani vysledkov, ktoré ziskame eSte analyzou signalov spojenych s
tazkymi kvarkami z dat z rokov 2014 az 2016 pomocou novych metéd strojového uéenia
a pomocou tzv. KFParticle metddy, sa zameriame na hladanie hrani¢nych prejavov exis-
tencie QGP a kritického bodu fazového diagramu jadrovej hmoty. V rokoch 2019 a 2020
experiment STAR prevedie niekolko dedikovanych merani pri nizsich energidch zame-
ranych prave na hladanie kritického bodu. V stivislosti s pripravou nového urychlovaca
EIC (Electron-Ton Collider), ktory bude zrézat elektrény s jadrami, zahajime v blizkej
budticnosti pripravu analyz zameranych na hlbsie pochopenie gluénovej a kvarkovej
struktury proténu.



Slovnik

Z dovodu, ze v slovenskom jazyku nie si ustdlené vsetky odborné terminy pouzité
v tejto préaci, uvadzam v tejto kapitole niektoré pouzité odborné slova spolu s ich

anglickym ekvivalentom.

slovensky

centralita
dopredna rapidita
dozadnd rapidita
farebné uvéznenie
foténovy elektron
krasny kvark

kvarkovo-gluénova plazma

najmensie zaujatie

nefoténovy elektron

pocetnost
povabny kvark
rovina zrazky
semileptonovy
spustac
sptstaci systém
strednd rapidita
ucastnik

udaje, data
udalost

vona kvarku
vrchol
vymrznutie
vytrysk

tok

zarovnanie spinu

anglicky

centrality

forward rapidity
backward rapidity
color confinement
photonic electron
beauty quark
quark-gluon plasma

minimum bias

non-photonic electron

multiplicity
charm quark
reaction plane
semileptonic
trigger

trigger system
midrapidity
participant
data

event

quark flavor
vertex
freeze-out

jet

flow

spin alignment

zhasanie vytryskov castic jet quenching

zrazkovy parameter impact parameter

99



6 Jaroslav Bieléik: Fyzika kvarkov tazkych voni 100




Zoznam autorovych publikacii,

vedenych prac a citovanej literatury

Zoznam autorovych publikacii k 2.3. 2018:

[1] J. Mrazek et al., Acta Phys. Pol. B 29, 433 (1998).

[2] A. Lindroth et al., Phys. Rev. Lett 82, 4783 (1999).

[3] J. Mrazek et al., Eur. Phys. J. A 5, 399 (1999).

[4] J. Mrazek et al., Czech. J. Phys. 50, 331 (2000).

[5] J. Adams et al. [STAR Collaboration|, Phys. Lett. B 616, 8 (2005).

[6] A. Kugler et al., Acta Phys. Slov. 54, 375 (2004).

[7] C. Muntz et al. [ HADES-MDC Collaboration|, Nucl. Instrum. Meth. A 535, 242

—~

2004).
[8] P. Salabura et al. [HADES Collaboration], Acta Phys. Polon. B 35, 1119 (2004).
9] A. Kugler et al. [HADES Collaboration|, Nucl. Phys. A 734, 78 (2004).
10] P. Salabura et al. [HADES Collaboration|, Prog. Part. Nucl. Phys. 53, 49 (2004).

] J. Adams et al. [STAR Collaboration], Phys. Rev. C 72, 014904 (2005).

] J. Adams et al. [STAR Collaboration]|, Phys. Rev. C 73, 064907 (2006).

] J. Adams et al. [STAR Collaboration]|, Nucl. Phys. A 757, 102 (2005).

] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 95, 062301 (2005).

] P. Salabura et al. [HADES Collaboration], Nucl. Phys. A 749, 150 (2005).

] J. Adams et al. [STAR Collaboration|, Phys. Rev. Lett. 95, 122301 (2005).

7] J. Bielcik et al., J. Phys. G 31, 5231 (2005).

] J. Adams et al. [STAR Collaboration]|, Phys. Rev. C 72, 044902 (2005).

] J. Otwinowski et al. [HADES Collaboration], Int. J. Mod. Phys. A 20, 602 (2005).

] T. Eberl et al., Nucl. Phys. A 752, 433 (2005).

] J. Adams et al. [STAR Collaboration], J. Phys. G 32, L37 (2006)

] J. Adams et al. [STAR Collaboration|, Phys. Rev. C 73, 034903 (2006).

] J. Adams et al. [STAR Collaboration|, Phys. Rev. C 74, 064906 (2006).

] J. Bielcik [STAR Collaboration], Nucl. Phys. A 774, 697 (2006).

] J. Adams et al. [STAR Collaboration]|, Phys. Rev. C 73, 034906 (2006).

] B. L. Abelev et al. [STAR Collaboration], Phys. Rev. C 76, 011901 (2007).

] M. Calderon de la Barca Sanchez et al. [STAR Collaboration|, Eur. Phys. J. C
43, 187 (2005).

DO

~J

101



102

36 I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 97, 152301 (2006).
37] J. Bielcik [STAR Collaboration]|, Proceedings, 41st Rencontres de Moriond, 2006
QCD and High Energy Hadronic Interactions : La Thuile, Val d’Aoste, Italy, Mar
18-25, p.249 (2006).

J. Adams et al. [STAR Collaboration]|, Phys. Rev. Lett. 98, 062301 (2007).

[28] A. A. P. Suaide et al. [STAR Collaboration|, Eur. Phys. J. C 43, 193 (2005).
[29] C. A. Gagliardi et al. [STAR Collaboration], Eur. Phys. J. C 43, 263 (2005).
[30] J. Adams et al. [STAR Collaboration|, Phys. Lett. B 637, 161 (2006).

[31] J. Adams et al. [STAR Collaboration|, Phys. Rev. Lett. 97, 152302 (2006).

[32] W. Przygoda et al. [ HADES Collaboration], Acta Phys. Polon. B 37, 139 (2006).
[33] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 97, 162301 (2006).?
[34] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 97, 132301 (2006).
[35] J. Adams et al. [STAR Collaboration], J. Phys. G 34, 451 (2007).

[36] B.

[37]

w

[38]

[39] J. Adams et al. [STAR Collaboration|, Phys. Rev. D 74, 032006 (2006).

[40] J. Adams et al. [STAR Collaboration]|, Phys. Rev. C 75, 034901 (2007).

[41] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 98, 192301 (2007)
Erratum: [Phys. Rev. Lett. 106, 159902 (2011)]

[42] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 75, 064901 (2007).

[43] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 74, 054902 (2006).

[44] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 97, 252001 (2006).

[45] G. Agakichiev et al. [HADES Collaboration], Phys. Rev. Lett. 98, 052302 (2007).

[46] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 76, 054903 (2007).

[47] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 75, 054906 (2007).

[48] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 99, 112301 (2007).

[49] B. I. Abelev et al. [STAR Collaboration], Phys. Lett. B 655, 104 (2007).

[50] J. Bielcik [STAR Collaboration|, Nucl. Phys. A 783, 539 (2007).

[51] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 76, 024915 (2007).

[52] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C 77, 044908 (2008).

53] J. Bielcik, Eur. Phys. J. C 49, 375 (2007).

[54] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 99, 142003 (2007).

[55] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 76, 064904 (2007).

[56] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 100, 232003 (2008).

[57] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C 77, 034910 (2008).

[58] A. Kugler et al. [HADES Collaboration|, AIP Conf. Proc. 947, 436 (2007).

[59] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 78, 044906 (2008).

[60] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C 77, 061902 (2008).

[61] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 101, 222001 (2008).

[62] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 77, 054901 (2008).

[63] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 102, 052302 (2009).

[64] B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. Lett. 101, 252301 (2008).

[65] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C 79, 024906 (2009).

[66] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C 79, 034909 (2009).



103

[67] P. Cortese et al. [ALICE Collaboration|, CERN-LHCC-2008-014, CERN-ALICE-
TDR-014.

[68] K. Aamodt et al. [ALICE Collaboration], JINST 3, S08002 (2008).

[69] J. Bielcik, J. Phys. Conf. Ser. 110, 032002 (2008).

[70] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 79, 064903 (2009).

[71] B. I. Abelev et al. [STAR Collaboration|, Phys. Lett. B 673, 183 (2009).

[72] J. Bielcik [STAR Collaboration], “Proceedings, 34th International Conference on

High Energy Physics (ICHEP 2008) : Philadelphia, Pennsylvania, July 30-August

5, (2008).”

B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. Lett. 102, 112301 (2009).

M. Sudol et al. [HADES Collaboration], Eur. Phys. J. C 62, 81 (2009).

B. I. Abelev et al. [STAR Collaboration], Phys. Rev. D 79, 112006 (2009).

B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. Lett. 103, 092301 (2009).

G. Agakishiev et al. [HADES Collaboration]|, Eur. Phys. J. A 41, 243 (2009).

G. Agakishiev et al. [HADES Collaboration], Eur. Phys. J. A 40, 45 (2009).

I. Abelev et al. [STAR Collaboration], Phys. Rev. C 80, 024905 (2009).

I. Abelev et al. [STAR Collaboration], Phys. Rev. C 80, 041902 (2009).

I. Abelev et al. [STAR Collaboration], Phys. Lett. B 683, 123 (2010).

I. Abelev et al. [STAR Collaboration|, Phys. Rev. Lett. 103, 172301 (2009).

I. Abelev et al. [STAR Collaboration], Nucl. Phys. A 832, 134 (2010)

I. Abelev et al. [STAR Collaboration], Phys. Rev. C 80, 044905 (2009).

J. Bielcik [STAR Collaboration], “Proceedings, 17th International Workshop on

Deep-Inelastic Scattering and Related Subjects (DIS 2009) : Madrid, Spain, April

26-30, 2009”

~J

\']
N

-3
(S}

-3
(=)

J
\]

-3
o0

o
=

0]
—_

0]
DO

oo

w
T E W W W W

oo

G LN H O O 0 N O O O

— —— — — — — — — —— —— —— —— ——

oo

[86] B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C 80, 064912 (2009).

[87] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 81, 054908 (2010).

[88] B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. Lett. 103, 251601 (2009).
[89] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 81, 024911 (2010).

[90] B. L. Abelev et al. [STAR Collaboration|, Phys. Rev. D 80, 111102 (2009).

[91] B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. D 80, 111108 (2009).

[92] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 81, 054907 (2010)

93] K. Aamodt et al. [ALICE Collaboration], Eur. Phys. J. C 65, 111 (2010).

[94] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 81, 044901 (2010)

[95] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 82, 034909 (2010).

[96] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 81, 064904 (2010).

[97] B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. Lett. 105, 022301 (2010).
98] K. Aamodt et al. [ALICE Collaboration], JINST 5, P03003 (2010).

[99] B. I. Abelev et al. [STAR Collaboration|, Phys. Rev. D 82, 012004 (2010).
100] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 81, 044902 (2010).
101] B. L. Abelev et al. [STAR Collaboration|, Phys. Lett. B 690, 239 (2010).

102] B. L. Abelev et al. [STAR Collaboration|, Science 328, 58 (2010).

103] M. M. Aggarwal et al. [STAR Collaboration|, Phys. Rev. C 83, 064905 (2011).



104

M. M. Aggarwal et al. [STAR Collaboration|, Phys. Rev. C 82, 024912 (2010).

K. Aamodt et al. [ALICE Collaboration|, Eur. Phys. J. C 68, 345 (2010).

K. Aamodt et al. [ALICE Collaboration|, Eur. Phys. J. C 68, 89 (2010).

M. M. Aggarwal et al. [STAR Collaboration|, Phys. Rev. Lett. 105, 022302
(2010).

M. M. Aggarwal et al. [STAR Collaboration], Phys. Rev. C 82, 024905 (2010).

M. M. Aggarwal et al. [STAR Collaboration|, Phys. Rev. C 84, 034909 (2011).

K. Aamodt et al. [ALICE Collaboration], Phys. Rev. Lett. 105, 072002 (2010).
K. Aamodt et al. [ALICE Collaboration], Phys. Rev. D 82, 052001 (2010).

M. M. Aggarwal et al. [STAR Collaboration|, Phys. Rev. Lett. 105, 202301
(2010).

M. M. Aggarwal et al. [STAR Collaboration], Phys. Rev. C 83, 034910 (2011).

M. M. Aggarwal et al. [STAR Collaboration|, Phys. Rev. Lett. 106, 062002
(2011).

M. M. Aggarwal et al. [STAR Collaboration], Phys. Rev. C 83, 024901 (2011).

. Aamodt et al. [ALICE Collaboration], Phys. Rev. Lett. 105, 252301 (2010).
. Aamodt et al. [ALICE Collaboration], Phys. Rev. Lett. 105, 252302 (2010).
. Aamodt et al. [ALICE Collaboration|, Phys. Lett. B 696, 30 (2011).

. Aamodt et al. [ALICE Collaboration], Phys. Rev. Lett. 106, 032301 (2011).
. Aamodt et al. [ALICE Collaboration], Eur. Phys. J. C 71, 1594 (2011).

. Aamodt et al. [ALICE Collaboration], Phys. Lett. B 696, 328 (2011).

J. Bielcik, Acta Phys. Polon. Supp. 3, 1003 (2010).

K. Aamodt et al. [ALICE Collaboration|, Phys. Rev. D 84, 112004 (2011).

K. Aamodt et al. [ALICE Collaboration|, Eur. Phys. J. C 71, 1655 (2011).

H. Agakishiev et al. [STAR Collaboration|, Phys. Rev. C 83, 061901 (2011).

H. Agakishiev et al. [STAR Collaboration|, Phys. Rev. D 83, 052006 (2011).

H. Agakishiev et al. [STAR Collaboration], Nature 473, 353 (2011). Erratum:
[Nature 475, 412 (2011)]

K. Aamodst et al. [ALICE Collaboration]|, Phys. Lett. B 704, 442 (2011). Erratum:
[Phys. Lett. B 718, 692 (2012) ]

K. Aamodt et al. [ALICE Collaboration|, Phys. Rev. Lett. 107, 032301 (2011).
H. Agakishiev et al. [STAR Collaboration|, Phys. Lett. B 704, 467 (2011).

G. Agakishiev et al. [STAR Collaboration|, Phys. Rev. Lett. 108, 072301 (2012).
G. Agakishiev et al. [STAR Collaboration], Phys. Rev. C 85, 014910 (2012).

J. Bielcik, J. Bielcikova, V. Petracek and M. Pachr, “Jets in proton-proton and

PN PN P PN PN

heavy-ion collisions. Proceedings, International Workshop, Prague, Czech Repub-
lic, August 12-14, 2010,” Int. J. Mod. Phys. E 20 pp.1533 (2011).

K. Aamodt et al. [ALICE Collaboration|, Phys. Lett. B 708, 249 (2012).

G. Agakishiev et al. [STAR Collaboration], Phys. Rev. C 86, 064902 (2012).

G. Agakishiev et al. [STAR Collaboration], Phys. Rev. C 85, 014901 (2012).

K. Aamodt et al. [ALICE Collaboration|, Phys. Rev. Lett. 108, 092301 (2012).
G. Agakishiev et al. [STAR Collaboration], Phys. Rev. Lett. 108, 072302 (2012).



105

—_

L R = A 2 AL B L =

o0

=)

—_
TOOEEEEC IO TR

o 1 O Ot

= O

D% S0 E SR A S S %NS
syl il il licelivelivelive e e live Bl M B ov

—~

—_
BN
=)

. Agakishiev et al. [STAR Collaboration], Phys. Rev. C 85, 014903 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Rev. Lett. 108, 082001 (2012).
. Abelev et al. [ALICE Collaboration|, JHEP 1201, 128 (2012).

. Agakishiev et al. [STAR Collaboration], Phys. Rev. C 86, 014904 (2012).

. Abelev et al. [ALICE Collaboration|, JHEP 1207, 116 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 710, 557 (2012).
Adameczyk et al. [STAR Collaboration], Phys. Rev. D 85, 092010 (2012).
Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 108, 202301 (2012).
. Abelev et al. [ALICE Collaboration|, JHEP 1203, 053 (2012).

. Abelev et al. [ALICE Collaboration], Phys. Lett. B 708, 265 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Rev. Lett. 109, 072301 (2012).
. Abelev et al. [ALICE Collaboration], Phys. Lett. B 712, 165 (2012).

. Abelev et al. [ALICE Collaboration|, JHEP 1209, 112 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Rev. Lett. 109, 252302 (2012).
. Abelev et al. [ALICE Collaboration], Phys. Lett. B 718, 295 (2012). Erratum:
Phys. Lett. B 748, 472 (2015)]

. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 712, 309 (2012).
Adameczyk et al. [STAR Collaboration], Phys. Rev. C 86, 024906 (2012).
Adamczyk et al. [STAR Collaboration], Phys. Rev. D 86, 072013 (2012).
Adamczyk et al. [STAR Collaboration], Phys. Rev. D 86, 032006 (2012).

. Abelev et al. [ALICE Collaboration], Eur. Phys. J. C 72, 2124 (2012).

. Abelev et al. [ALICE Collaboration|, JHEP 1207, 191 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Rev. D 86, 112007 (2012).

. Abelev et al. [ALICE Collaboration], Phys. Lett. B 717, 162 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 719, 18 (2013).

. Abelev et al. [ALICE Collaboration|, JHEP 1211, 065 (2012).

. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 109, 112301 (2012).
Adamczyk et al. [STAR Collaboration], Phys. Rev. D 86, 051101 (2012).
Adamczyk et al. [STAR Collaboration], Phys. Lett. B 719, 62 (2013).

. Abelev et al. [ALICE Collaboration], Phys. Lett. B 717, 151 (2012).
Adamczyk et al. [STAR Collaboration], Phys. Rev. C 86, 054908 (2012).

. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 110, no. 1, 012301
2013).

B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 110, no. 15, 152301

~—~

—_ =
-
—

N
[\

—_
N |
w

—
J
=~

—_
EN
S

— =
~ =
(@)
sviiev i livelicvllve vy

~J

2013).

. Abelev et al. [ALICE Collaboration]|, Phys. Lett. B 721, 13 (2013).

. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 718, 279 (2012).

. Abelev et al. [ALICE Collaboration|, Phys. Rev. Lett. 109, 252301 (2012).

. Abelev et al. [ALICE Collaboration]|, Phys. Lett. B 720, 52 (2013).
Adamczyk et al. [STAR Collaboration], Phys. Lett. B 722, 55 (2013).

. Abelev et al. [ALICE Collaboration|, Eur. Phys. J. C 73, no. 6, 2456 (2013).
. Abelev et al. [ALICE Collaboration], Eur. Phys. J. C 72, 2183 (2012).



106

[178] B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 718, 1273 (2013).

[179] J. Bielcik [STAR Collaboration|, ‘Proceedings, 21st Lake Louise Winter Institute
on Fundamental Interactions : Lake Louise, Canada, February 17-23, 2006.

[180] B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 110, no. 3, 032301
(2013).

[181] B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 110, no. 8, 082302
(2013).

[182] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 87, no. 4, 044903 (2013).

[183] B. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 719, 29 (2013).

[184] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 111, no. 5, 052301
(2013).

[185] B. Abelev et al. [ALICE Collaboration|, Phys. Rev. D 87, no. 5, 052016 (2013).

[186] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 88, no. 1, 014904 (2013).

[187] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 110, no. 14, 142301
(2013).

[188] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 88, 014902 (2013).

[189] B. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 722, 262 (2013).

[190] B. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 723, 267 (2013).

[191] B. Abelev et al. [ALICE Collaboration], Phys. Rev. C 88, no. 4, 044909 (2013).

[192] L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 87, no. 6, 064902 (2013).

(193] L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 88, no. 3, 034906 (2013).

[194] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 88, no. 6, 064911 (2013).

[195] L. Adameczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 112, no. 12, 122301
(2014).

[196] B. Abelev et al. [ALICE Collaboration|, Phys. Rev. C 88, 044910 (2013).

[197] L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 89, no. 4, 044908 (2014).

[198] E. Abbas et al. [ALICE Collaboration], Phys. Rev. Lett. 111, 162301 (2013).

[199] E. Abbas et al. [ALICE Collaboration], Phys. Lett. B 726, 610 (2013).

[200] E. Abbas et al. [ALICE Collaboration], Eur. Phys. J. C 73, no. 11, 2617 (2013).

[201]

[202]

[203]

[204]

—_— 1 — —

E. Abbas et al. [ALICE Collaboration|, Eur. Phys. J. C 73, 2496 (2013).

202] B. Abelev et al. [ALICE Collaboration]|, Phys. Rev. Lett. 111, 102301 (2013).

E. Abbas et al. [ALICE Collaboration], JINST 8, P10016 (2013).

B. Abelev et al. [ALICE Collaboration|, Phys. Rev. Lett. 111, no. 23, 232302

(2013).

[205] B. B. Abelev et al. [ALICE Collaboration|, Eur. Phys. J. C 73, no. 12, 2662
(2013).

[206] B. B. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 727, 371 (2013).

[207] B. Abelev et al. [ALICE Collaboration|, JHEP 1309, 049 (2013).

[208] B. B. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 726, 164 (2013).

[209] B. B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 111, 222301 (2013).

[210] B. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 728, 216 (2014). Erra-

tum: [Phys. Lett. B 734, 409 (2014)]



107

[211] B. B. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 728, 25 (2014).

[212] B. B. Abelev et al. [ALICE Collaboration|, JHEP 1402, 073 (2014).

213] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. D 89, no. 1, 012001 (2014).
[214] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 112, 032302 (2014).
[215] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 90, no. 2, 024906 (2014).
[216] B. B. Abelev et al. [ALICE Collaboration|, Phys. Rev. C 89, no. 2, 024911 (2014).
[217] B. B. Abelev et al. [ALICE Collaboration]|, Phys. Lett. B 734, 314 (2014).

218] B. Abelev et al. [ALICE Collaboration|, JHEP 1403, 013 (2014).

219] L. Adamczyk et al. [STAR Collaboration], Phys. Lett. B 739, 180 (2014).

[220] J. Bielcik [STAR Collaboration], Proceedings, 48th Rencontres de Moriond on

QCD and High Energy Interactions : La Thuile, Italy, March 9-16, 2013.

[221] L. Adameczyk et al. [STAR Collaboration|, Phys. Lett. B 735, 127 (2014). Erra-
tum: [Phys. Lett. B 743, 537 (2015)]

[222] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 113, no. 2, 022301
(2014). Addendum: [Phys. Rev. Lett. 113, no. 4, 049903 (2014)]

[223] B. B. Abelev et al. [ALICE Collaboration]|, Phys. Lett. B 736, 196 (2014).

[224] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 112, no. 16, 162301

(2014).

[225] J. Bielcik [STAR Collaboration], PoS DIS 2013, 198 (2013).

[226] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 113, 092301 (2014).

227] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. C 90, no. 6, 064904 (2014).

228] B

228 . Abelev et al. [ALICE Collaboration], Int. J. Mod. Phys. A 29, 1430044
(2014)

229] B. B. Abelev et al. [ALICE Collaboration], Eur. Phys. J. C 74, no. 8, 2974 (2014).

230] L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 92, no. 1, 014904 (2015).

231 B. Abelev et al. [ALICE Collaboration], Phys. Rev. C 91, 024609 (2015).

B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 739, 139 (2014).
Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 113, 052302 (2014).

229] B
[230] L.
231] B.
[232] H. Agakishiev et al. [STAR Collaboration], Phys. Rev. C 89, no. 4, 041901 (2014).
233] B.
234] L.
235] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 113, no. 14, 142301

236] J. B161C1k, EPJ Web Conf. 70, 00057 (2014).

237] L. Adamczyk et al. [STAR Collaboration]|, Phys. Rev. Lett. 113, 072301 (2014).

[238] B. B. Abelev et al. [ALICE Collaboration|, JINST 9, no. 11, P11003 (2014).

239] B. B. Abelev et al. [ALICE Collaboration], Phys. Rev. C 90, no. 3, 034904 (2014).

[240] B. B. Abelev et al. [ALICE Collaboration|, Eur. Phys. J. C 74, no. 9, 3054 (2014).

[241] B. B. Abelev et al. [ALICE Collaboration|, Phys. Rev. Lett. 113, no. 23, 232301
(2014).

[242] B. B. Abelev et al. [ALICE Collaboration|, Eur. Phys. J. C 74, no. 10, 3108
(2014).

243] B. B. Abelev et al. [ALICE Collaboration|, JHEP 1412, 073 (2014).
[244] B. B. Abelev et al. [ALICE Collaboration|, Phys. Rev. D 91, no. 1, 012001 (2015).



108

. Abelev et al. [ALICE Collaboration], Phys. Lett. B 738, 97 (2014).
. Abelev et al. [ALICE Collaboration|, Phys. Lett. B 738, 361 (2014).
. Abelev et al. [ALICE Collaboration|, JHEP 1506, 190 (2015).

damczyk et al. [STAR Collaboration], Phys. Rev. Lett. 115, no. 9, 092002

(2015).

249] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 95, no. 3, 034907 (2017).
[250] B. B. Abelev et al. [ALICE Collaboration|, Phys. Rev. C 90, no. 5, 054901 (2014).
[251] B. B. Abelev et al. [ALICE Collaboration|, Eur. Phys. J. C 75, no. 1, 1 (2015).
[252]
[253]

B.B
B.B
B.B
L. A

B. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 741, 38 (2015).

B. B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 113, no. 23, 232504

(2014).

[254] B. Abelev et al. [ALICE Collaboration], J. Phys. G 41, 087001 (2014).

[255] B. Abelev et al. [ALICE Collaboration], J. Phys. G 41, 087002 (2014).

[256] B. B. Abelev et al. [ALICE Collaboration|, Eur. Phys. J. C 74, no. 10, 3077
(2014).

257] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 114, no. 2, 022301
(2015).

258] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 91, no. 3, 034905 (2015).

[259] N. M. Abdelwahab et al. [STAR Collaboration|, Phys. Lett. B 745, 40 (2015).

[260] B. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 740, 105 (2015).

261] L. Adamczyk et al. [STAR Collaboration], Phys. Lett. B 751, 233 (2015).

[262] N. M. Abdelwahab et al. [STAR Collaboration|, Phys. Rev. C 92, no. 2, 021901

(2015).

[263] B. B. Abelev et al. [ALICE Collaboration|, Phys. Rev. D 91, no. 11, 112012

(2015).

B. B. Abelev et al. [ALICE Collaboration], Eur. Phys. J. C 75, no. 4, 146 (2015).

J. Adam et al. [ALICE Collaboration], Phys. Rev. C 91, no. 6, 064905 (2015).

. Adamczyk et al. [STAR Collaboration], Phys. Lett. B 743, 333 (2015).

. Adamczyk et al. [STAR Collaboration], Phys. Lett. B 750, 64 (2015).

. Adam et al. [ALICE Collaboration|, JHEP 1505, 097 (2015).

. Adam et al. [ALICE Collaboration], Phys. Rev. C 91, 034906 (2015).

. Adam et al. [ALICE Collaboration], Phys. Lett. B 746, 1 (2015).

. Adamczyk et al. [STAR Collaboration|, Phys. Lett. B 747, 265 (2015).

. Adam et al. [ALICE Collaboration|, Phys. Lett. B 749, 68 (2015).

. Adam et al. [ALICE Collaboration], Phys. Lett. B 746, 385 (2015).

. Adam et al. [ALICE Collaboration|, JHEP 1506, 055 (2015).

. Adam et al. [ALICE Collaboration], JHEP 1509, 095 (2015).

. Adam et al. [ALICE Collaboration|, Eur. Phys. J. C 75, no. 5, 226 (2015).

. Adameczyk et al. [STAR Collaboration], Phys. Rev. Lett. 115, 242501 (2015).

. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 92, no. 2, 024912 (2015).

. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 114, no. 25, 252302

2015).

MO NN N N N NN NONN DN NN DD

PN RN PN BN BN RN BN BEN RN o il Mo il e i e o
L 0 S O W O O 0 N D O
H o e e e e ey

N}

Ny

N=)
—



109

[280] J. Adam et al. [ALICE Collaboration], JHEP 1507, 051 (2015).
281] J. Adam et al. [ALICE Collaboration], JHEP 1509, 148 (2015).
[282] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 115, no. 22, 222301
(2015).
. Adam et al. [ALICE Collaboration|, JHEP 1509, 170 (2015).
. Adam et al. [ALICE Collaboration|, JHEP 1511, 205 (2015).
. Adam et al. [ALICE Collaboration|, Phys. Rev. C 93, no. 3, 034913 (2016).

[N )
o0 0
Sy Ot

J

J

J

J. Adam et al. [ALICE Collaboration], Phys. Lett. B 752, 267 (2016).

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 93, no. 2, 021903 (2016).
J. Adam et al. [ALICE Collaboration], Phys. Rev. C 92, no. 5, 054908 (2015).
J. Adam et al. [ALICE Collaboration], Phys. Lett. B 753, 126 (2016).

J. Adam et al. [ALICE Collaboration], JHEP 1605, 179 (2016).

J. Adam et al. [ALICE Collaboration], JHEP 1511, 127 (2015).
J
J
J
J
L
L
(

M NN NN NN O NN NN NN DN
S 0 00
S O O WY O O 0 N O O e OO

[\
oo
=]

N N DN
© © ©
W N =

. Adam et al. [ALICE Collaboration]|, Phys. Lett. B 768, 203 (2017).

. Adam et al. [ALICE Collaboration], Phys. Rev. C 93, no. 2, 024917 (2016).

. Adam et al. [ALICE Collaboration]|, Phys. Lett. B 753, 41 (2016).

. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 94, no. 2, 024909 (2016).
. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 116, no. 6, 062301
2016).

ol ]
al ]
al ]
. Adam et al. [ALICE Collaboration|, Phys. Lett. B 754, 360 (2016).
al ]
al ]

N DO
O ©
() ST

298] J. Adam et al. [ALICE Collaboration], Phys. Rev. C 93, no. 3, 034916 (2016).
299] J. Adam et al. [ALICE Collaboration], Phys. Rev. C 93, no. 2, 024905 (2016).
[300] L. Adamczyk et al. [STAR Collaboration], Nature 527, 345 (2015).

[301] J. Adam et al. [ALICE Collaboration], JCAP 1601, no. 01, 032 (2016).

[302] J. Adam et al. [ALICE Collaboration], Nature Phys. 11, no. 10, 811 (2015).
[303] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 751, 358 (2015).

304] J. Adam et al. [ALICE Collaboration], JHEP 1603, 081 (2016).

[305] J. Adam et al. [ALICE Collaboration|, Eur. Phys. J. C 76, no. 2, 86 (2016).
[306] J. Adam et al. [ALICE Collaboration], JHEP 1603, 082 (2016).

[307] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 754, 373 (2016).

[308] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 754, 235 (2016).

[309] J. Adam et al. [ALICE Collaboration|, Phys. Lett. B 753, 511 (2016).

[310] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 754, 81 (2016).

[311] J. Adam et al. [ALICE Collaboration|, Eur. Phys. J. C 77, no. 1, 33 (2017).
[312] J. Adam et al. [ALICE Collaboration], Eur. Phys. J. C 76, no. 4, 184 (2016).
[313] L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 93, no. 1, 014907 (2016).
[314] J. Adam et al. [ALICE Collaboration]|, Phys. Lett. B 753, 319 (2016).

[315] J. Adam et al. [ALICE Collaboration], Phys. Rev. Lett. 116, no. 22, 222301

(2016).
[316] J. Bielcik [STAR Collaboration], Nucl. Phys. A 932, 516 (2014).
[317] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 116, no. 13, 132301
(2016).



110

[318] J. Adam et al. [ALICE Collaboration], Phys. Rev. C 93, no. 4, 044903 (2016).
[319] J. Adam et al. [ALICE Collaboration], Phys. Rev. Lett. 116, no. 22, 222302
(2016).
[320] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 758, 389 (2016).
[321] J. Adam et al. [ALICE Collaboration|, Phys. Rev. C 93, no. 5, 054908 (2016).
[322] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 116, no. 11, 112302
(2016).
(323] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 760, 720 (2016).
[324] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 94, no. 3, 034908 (2016).
[325] J. Adam et al. [ALICE Collaboration], Eur. Phys. J. C 76, no. 5, 245 (2016).
[326] J. Adam et al. [ALICE Collaboration|, Phys. Rev. Lett. 116, no. 13, 132302
(2016).
J. Adam et al. [ALICE Collaboration], Eur. Phys. J. Plus 131, no. 5, 168 (2016).
L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 93, no. 6, 064904 (2016).
J. Adam et al. [ALICE Collaboration], JHEP 1608, 078 (2016).
J. Adam et al. [ALICE Collaboration], JHEP 1606, 050 (2016).
J. Adam et al. [ALICE Collaboration], Eur. Phys. J. C 76, no. 5, 271 (2016).
J. Adam et al. [ALICE Collaboration], Phys. Rev. C 94, no. 3, 034903 (2016).
B. Abelev et al. [STAR Collaboration|, Phys. Rev. C 94, no. 1, 014910 (2016).
J. Crkovska, J. Bielcik, L. Bravina, G. Eyyubova and E. Zabrodin, PoS EPS
-HEP2015, 201 (2015).
. Crkovska et al., Phys. Rev. C 95 no.1, 014910 (2017).
. Adameczyk et al. [STAR Collaboration], Phys. Lett. B 760, 689 (2016).
. Adam et al. [ALICE Collaboration|, Phys. Rev. Lett. 117, 182301 (2016).
. Adam et al. [ALICE Collaboration]|, Phys. Lett. B 762, 376 (2016).
. Adam et al. [ALICE Collaboration|, Eur. Phys. J. C 77, no. 4, 245 (2017).
. Adam et al. [ALICE Collaboration], Phys. Rev. C 94, no. 5, 054908 (2016).
3 ]
3 ]
3 ]

W w w
NN DN DN
© o

W W W W W W W W W W W W
= 0 o o o W D W W L
S O X N O R A e = AR C A |

. Adam et al. [ALICE Collaboration], JHEP 1609, 028 (2016).

. Adam et al. [ALICE Collaboration|, JHEP 1609, 164 (2016).

. Adam et al. [ALICE Collaboration]|, Nature Phys. 13, 535 (2017).

Adam et al. [ALICE Collaboration|, Phys. Lett. B 766, 212 (2017).

. Adamczyk et al. [STAR Collaboration|, Phys. Lett. B 770, 451 (2017).

. Adamczyk et al. [STAR Collaboration|, Phys. Lett. B 771, 13 (2017).

. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 118, no. 1, 012301
2017).

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 94, no. 6, 064904 (2016).
J. Adam et al. [ALICE Collaboration|, Phys. Lett. B 763, 238 (2016).

J. Adam et al. [ALICE Collaboration], JHEP 1707 052 (2017).

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 119 062301 (2017).
J. Adam et al. [ALICE Collaboration], Phys. Rev. Lett. 119 no.10, 102301 (2017).
J. Adam et al. [ALICE Collaboration], Phys. Rev. C 96 no.3, 034904 (2017).

J. Adam et al. [ALICE Collaboration], Phys. Lett. B 771 467 (2017).

WW W W W W W W w W www
N N N N A
S OV e O = O O 0 Oy T

w
=~
~I
[ ol T R R R o e sl

w

g

oo
—~~

W W
Ot >
o O

W W
or Ot
wW DN

'wWw W w W W W
> >
D O O 00



355] J. Adam et al. [ALICE Collaboration], Eur. Phys. J. Plus 132 no.2, 99 (2017).
356 Adamczyk et al. [STAR Collaboration], Phys. Rev. D 95 no.7, 071103 (2017).
357] J. Adam et al. [ALICE Collaboration], JHEP 1702 077 (2017).

Adam et al. [ALICE Collaboration|, Eur. Phys. J. C 77 no.8, 569 (2017).

Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 118 no.21, 212301
(2017).
[361] L. Adamczyk et al. [STAR Collaboration], Nature 548 62 (2017).
[362] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 96 no.4, 044904 (2017).
[363] D. Adamova et al. [ALICE Collaboration], Eur. Phys. J. C 77 no.6, 389 (2017).
[364] J. Adam et al. [ALICE Collaboration], Phys. Rev. C 95 no.6, 064606 (2017).
[365] S. Acharya et al. [ALICE Collaboration|, Eur. Phys. J. C 77 no.6, 392 (2017).
[366] S. Acharya et al. [ALICE Collaboration], Eur. Phys. J. C 77 no.8, 550 (2017).
[367]
[368]
[369)]
[370]
[371]

(355] J.
[356] L.
(357] J.
[358] J. Adam et al. [ALICE Collaboration], Phys. Lett. B 772 567 (2017).
[359] J.
[360] L.

S. Acharya et al. [ALICE Collaboration|, Phys. Lett. B 776 249 (2018).

S. Acharya et al. [ALICE Collaboration|, Eur. Phys. J. C 77 no.5, 339 (2017).
L. Adameczyk et al. [STAR Collaboration], Phys. Rev. C 96 no.2, 024905 (2017).
370] S. Acharya et al. [ALICE Collaboration], Phys. Lett. B 770 459 (2017).

371] D. Adamova et al. [ALICE Collaboration], Phys. Rev. Lett. 118 no.22, 222301

(2017).

372] J. Adam et al. [ALICE Collaboration|, Phys. Rev. Lett. 118 no.16, 162302 (2017).
373] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 96 no.5, 054904 (2017).

[372]

[373]

[374] D. Adamova et al. [ALICE Collaboration|, Phys. Lett. B 776 91 (2018).

[375] S. Acharya et al. [ALICE Collaboration|, Phys. Lett. B 773 68 (2017).

[376] S. Acharya et al. [ALICE Collaboration], Phys. Lett. B 774 64 (2017).

[377] S. Acharya et al. [ALICE Collaboration], JHEP 1709 032 (2017).

[378] S. Acharya et al. [ALICE Collaboration], Eur. Phys. J. C 77 no.10, 658 (2017).

[379] S. Acharya et al. [ALICE Collaboration], Eur. Phys. J. C 77 no.12, 852 (2017).

[380] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. D 97 no.3, 032004 (2018).

[381] L. Adamczyk et al. [STAR Collaboration|, Phys. Rev. Lett. 120 no.6, 062301
(2018).

382] S. Acharya et al. [ALICE Collaboration], Phys. Rev. C 97 no.2, 024906 (2018).

[382] S.
[383] S. Acharya et al. [ALICE Collaboration|, Phys. Rev. C 96 no.6, 064613 (2017).
[384] S. Acharya et al. [ALICE Collaboration], Nucl. Instrum. Meth. A 881 88 (2018).
[385] S. Acharya et al. [ALICE Collaboration|, Phys. Lett. B 777 151 (2018).

[386] S. Acharya et al. [ALICE Collaboration|, Phys. Rev. Lett. 119 no.24, 242301

(2017).

[387] S. Acharya et al. [ALICE Collaboration], Phys. Rev. C 97 no.2, 024615 (2018).
[388] S. Acharya et al. [ALICE Collaboration], Nucl. Phys. A 971 1 (2018).

111



112

Zoznam bakalarskych, diplomovych a dizertacnych

prac vypracovanych pod autorovym vedenim:

[B1] M. Tesai. STAR Heavy Flavor Tracker detektor. Praha, 2008. Bakalafska préce.
Ceské vysoké uceni technické v Praze. Fakulta jaderns a fyzikalné inzenyrska.

[B2] M. Vajzer. Study of Identification of Jets Containing Heavy Quarks. Praha, 2008.
Bakalaiskd prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fy-
zikalné inzenyrska.

[B3] M. Sloboda. Energy loss of partons in quark-gluon plasma. Praha, 2008. Ba-
kaldisks prace. Ceské vysoké uceni technické v Praze. Fakulta jaderna a fyzikélné
inzenyrska.

[B4] O. Hajkova. Quarkonia production in heavy-ion collision at RHIC and LHC.
Praha, 2009. Bakaldisks préace. Ceské vysoké uceni technické v Praze. Fakulta
jaderna a fyzikalné inzenyrska.

[B5] J. Brabcova. Charm quark production. Praha, 2010. Bakaldrska préce. Ceské
vysoké uceni technické v Praze. Fakulta jaderna a fyzikalné inzenyrska.

[B6] J. Crkovska. Antimatter production in nucleus-nucleus collisions. Praha, 2012.
Bakaldisks préace. Ceské vysoké uceni technické v Praze. Fakulta jaderns a fy-
zikalné inzenyrska.

[B7] O. Kukral. Heavy Flavor Physics at STAR Ezxperiment. Praha, 2012. Bakaldrsk4,
prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikdlne
inzenyrska.

B8] K. Sramkova. Nucleus-nucleus collisions. Praha, 2013. Bakalafsks prace. Ceské
vysoké uceni technické v Praze. Fakulta jadernd a fyzikalné inzenyrska.

[B9] K. Gajdosovéa. Charmed mesons in nucleus-nucleus collisions. Praha, 2013. Ba-
kalafskd préace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikélne
inzenyrska.

[B10] V. Pacik. Study of properties of nuclear matter by heavy flavour quarks. Praha,
2014. Bakalafska prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd
a fyzikalné inzenyrska.

[B11] L. Kramérik. Studium jetu tézZkijch kvarki v jdadro-jadernych srdzkdch. Praha,
2014. Bakalafska prace. Ceské vysoké uceni technické v Praze. Fakulta jaderna
a fyzikalné inzenyrska.

[B12] M. Saur. Hard probes production in heavy ion collisions. Praha, 2015. Ba-
kalaisks prace. Ceské vysoké uceni technické v Praze. Fakulta jaderna a fyzikdlné
inzenyrska.

[B13] J. Kvapil. Heavy Flavor Tracker detector. Praha, 2015. Bakalafska prace. Ceské
vysoké uceni technické v Praze. Fakulta jadernd a fyzikalné inzenyrska.

[B14] J. Vanék. Study of nuclear matter at the LHC. Praha, 2015. Bakalaiska préce.
Ceské vysoké uceni technické v Praze. Fakulta jaderns a fyzikalné inzenyrska.



[B15] Z. Moravcova. Methods of optimalization of charm hadrons reconstruction.

[D1]

[Dg]

[D9]

Praha, 2017. Bakaldisks préace. Ceské vysoké uceni technické v Praze. Fakulta
jaderna a fyzikalné inzenyrska.

M. Krus. Study of Interaction of Heavy Quarks with Nuclear Matter in Cu+Cu at
200 GeV. Praha, 2008. Diplomové prace. Ceské vysoké uceni technické v Praze.
Fakulta jaderna a fyzikalné inzenyrska.

M. Tesar. Vertex detectors for heavy flavor physics. Praha, 2010. Diplomova
prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikélne
inzenyrska.

M. Vajzer. Study of Properties of b-tagged Jets. Praha, 2010. Diplomova prace.
Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikdlné inzenyrska.
O. Héjkova. Study of J/1 in STAR experiment. Praha, 2010. Diplomova préce.
Ceské vysoké uceni technické v Praze. Fakulta jaderns a fyzikalné inzenyrska.
J. Crkovskda. Triangular particle flow in HYDJET++. Praha, 2015. Diplo-
mové prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikélne
inzenyrska.

K. Gajdosova. Production of non-photonic electrons in U+U collisions at 193
GeV in STAR experiment. Praha, 2015. Diplomova préace. Ceské vysoké uceni
technické v Praze. Fakulta jadernd a fyzikalné inzenyrska.

L. Kramarik. Analysis of b-Jets in p+Pb collisions at 5 TeV. Praha, 2016. Dip-
lomové préce. Ceské vysoké uceni technické v Praze. Fakulta jaderna a fyzikdlné
inzenyrska.

J. Vanék. Non-photonic reconstruction in heavy-ion collisions. Praha, 2017. Dip-
lomov4 préce. Ceské vysoké uceni technické v Praze. Fakulta jaderna a fyzikdlné
inzenyrska.

J. Kvapil. Charged charm mesons in Au+Au collisions. Praha, 2017. Diplo-
mova prace. Ceské vysoké uceni technické v Praze. Fakulta jaderna a fyzikdlné
inzenyrska.

D. Tlusty. A study of open charm production in p+p collisions at STAR. Praha,
2014. Disertacni prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a
fyzikalné inzenyrska.

O. Rusndkova. Heavy flavor physics in the STAR experiment. Praha, 2015. Di-
sertacn{ prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikdlne
inzenyrska.

M. Vajzer. Study of hard processes in the ALICE experiment. Praha, 2015. Di-
sertacn{ prace. Ceské vysoké uceni technické v Praze. Fakulta jadernd a fyzikdlné

inzenyrska.

113



114

Pouzita literatura:

[R1] C. Patrignani et al. [Particle Data Group|, Chin. Phys. C 40, no. 10, 100001
(2016) and 2017 update.

R. Aaij et al. [LHCb Collaboration|, Phys. Rev. Lett. 115, 072001 (2015).

S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).

4] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012).

5] H. Caines, J. Phys. G 31, S101 (2005).

2]
]
]
]
6] U. W. Heinz and M. Jacob, nucl-th/0002042.
]
]
]

3

7| M. Connors, C. Nattrass, R. Reed and S. Salur, arXiv:1705.01974

8] K. Adcox et al. [PHENIX Collaboration], Nucl. Phys. A 757, 184 (2005).

9] I. Arsene et al. [ BRAHMS Collaboration|, Nucl. Phys. A 757, 1 (2005).

10] B. B. Back et al., Nucl. Phys. A 757, 28 (2005).

11] B. Alver and G. Roland, Phys. Rev. C 81 (2010) 054905 Erratum: [Phys. Rev.
C 82 (2010) 039903]

[R12] 1. P. Lokhtin, L. V. Malinina, S. V. Petrushanko, A. M. Snigirev, I. Arsene and

K. Tywoniuk, Comput. Phys. Commun. 180 779 (2009).

[R13] 1. P. Lokhtin and A. M. Snigirev, Eur. Phys. J. C 45, 211 (2006). [hep-

ph/0506189].

[R14] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605, 026 (2006)

[R15] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 92, 052302 (2004).

[R16] S. Chatrchyan et al. [CMS Collaboration|, Phys. Lett. B 718, 795 (2013).

[R17] V. Khachatryan et al. [CMS Collaboration]|, Phys. Rev. Lett. 115, no. 1, 012301

(2015).

18] P. Huo, K. Gajdosova, J. Jia and Y. Zhou, Phys. Lett. B 777, 201 (2018).

19] H. Song, Y. Zhou and K. Gajdosova, Nucl. Sci. Tech. 28, no. 7, 99 (2017).

20] Z. Lin and M. Gyulassy, Phys. Rev. Lett. 77, 1222 (1996).

21] J. Adams et al. [STAR Collaboration|, Phys. Rev. Lett. 94, 062301 (2005).

22] M. Cacciari, P. Nason and R. Vogt, Phys. Rev. Lett. 95, 122001 (2005).

]

]

]

R R R R A

23] Z. Ye [STAR Collaboration|, Nucl. Phys. A 931, 520 (2014).

24] A. Adare et al. [PHENIX Collaboration]|, Phys. Rev. Lett. 97, 252002 (2006)

25| T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norr-
bin, Comput. Phys. Commun. 135, 238 (2001).

[R26] M. Djordjevic, M. Gyulassy and S. Wicks, Phys. Rev. Lett. 94, 112301 (2005).
[R27] Y. L. Dokshitzer and D. E. Kharzeev, Phys. Lett. B 519, 199 (2001).

[R28] M. Djordjevic, M. Gyulassy, R. Vogt and S. Wicks, Phys. Lett. B 632, 81 (2006)
[R29] A. Andronic et al., Eur. Phys. J. C 76, no. 3, 107 (2016).

[R30] R. Rapp et al., arXiv:1803.03824 [nucl-th].

[R31] S. S. Adler et al. [PHENIX Collaboration], Phys. Rev. Lett. 94, 082301 (2005).
[R32] S. S. Adler et al. [PHENIX Collaboration|, Phys. Rev. Lett. 96, 032301 (2006)
[R33] A. Adare et al. [PHENIX Collaboration|, Phys. Rev. Lett. 98, 172301 (2007)
[R34] K. Gajdosova [STAR Collaboration|, EPJ Web Conf. 126, 04018 (2016).



115

[R35] R. Sharma, I. Vitev and B. W. Zhang, Phys. Rev. C 80, 054902 (2009).

[R36] R. Sharma and I. Vitev, Phys. Rev. C 87, no. 4, 044905 (2013).

[R37] A. M. Sirunyan et al. [CMS Collaboration]|, Phys. Rev. Lett. 119, no. 15, 152301
(2017).

[R38] T. W. Wang [CMS Collaboration], Nucl. Part. Phys. Proc. 289-290, 229 (2017).

[R39] E. Braaten, S. Fleming and T. C. Yuan, Ann. Rev. Nucl. Part. Sci. 46, 197
(1996).

[R40] T. Todoroki [STAR Collaboration], Nucl. Phys. A 967, 572 (2017).

[R41] Y. Q. Ma and R. Venugopalan, Phys. Rev. Lett. 113, no. 19, 192301 (2014).

[R42] H. S. Shao, H. Han, Y. Q. Ma, C. Meng, Y. J. Zhang and K. T. Chao, JHEP
1505, 103 (2015).

[R43] Y. Q. Ma and R. Vogt, Phys. Rev. D 94, no. 11, 114029 (2016).

[R44] A. Abulencia et al. [CDF Collaboration]|, Phys. Rev. Lett. 99, 132001 (2007).
[R45] S. Chatrchyan et al. [CMS Collaboration|, Phys. Lett. B 727, 381 (2013).
[R46] R. Aaij et al. [LHCb Collaboration|, Eur. Phys. J. C 73, no. 11, 2631 (2013).
[R47] H. S. Chung, C. Yu, S. Kim and J. Lee, Phys. Rev. D 81, 014020 (2010).
[R48] J. P. Lansberg, Phys. Lett. B 695, 149 (2011).

[R49] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).

[R50] M. C. Abreu et al., Z. Phys. C 38, 117 (1988).

[R51] W. Zha et al, Phys. Rev. C 93, no. 2, 024919 (2016).

[R52] X. Zhao and R. Rapp, Phys. Rev. C 82, 064905 (2010).



	Abstrakt
	Prehlásenie
	Podakovanie
	Kvarkovo-gluónová plazma
	Vplyv výtryskov castíc a interakcií v konecnom strave na trojuholníkový tok

	Produkcia kvarkov tažkých vôní v protón-protónových zrážkach
	Produkcia kvarkov tažkých vôní v jadro-jadrových zrážkach
	Produkcia kvarkónií v protón-protónových zrážkach
	Produkcia kvarkónií v jadro-jadrových zrážkach
	Diskusia a záver
	Slovník
	Zoznam autorových publikácíi, vedených prác a citovanej literatúry

