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Abstrakt

Hlavnou témou tejto práce je fyzika kvarkov t’ažkých vôńı vytvorených v ultra - rela-

tivistických jadro-jadrových zrážkach. Urýchl’ovač RHIC (Relativistic Heavy Ion Colli-

der) v Brookhavenskom národnom laboratóriu umožnil experimentálne skúmat’ vlast-

nosti jadrovej hmoty v podmienkach vysokej teploty a energetickej hustoty, za ktorých

sa teoreticky predpovedal fazový prechod do nového stavu hmoty, kvarkovo-gluónovej

plazmy. Je niekol’ko exprimentálnych pozorovatel’ných, ktoré na popis tejto hmoty

môžeme využit’. V tejto práci sa budeme sústredit’ na pozorovatelné, ktoré súvisia

s pôvabnými a krásnymi kvarkami. Tieto kvarky sa tvoria v skorých fázach jadro-

jadrovej zrážky a sú preto citlivé na jednotlivé fázy vývoja systému. Meranie tvorby

t’ažkých kvarkov v protón-protónových zrážkach je dôležitým testom výpočtov kvan-

tovej chromodynamiky v poruchovom režime a taktiež ako referencia pre merania v

jadro-jadrových zrážkach. Pôvabné kvarkónium hrá dôležitú úlohu, ked’že jeho tvorba v

jadro-jadrových zrážkach má byt’ podl’a očakávańı potlačená z dôvodu tepelne závislého

Debyového farebného tienenia. Kým jadrový modifikačný faktor je zásadný pre pocho-

penie energetických strát t’ažkých kvarkov v horúcej a hustej hmote, merania hydrody-

namického toku prinášajú d’aľsiu informáciu a je ich možné interpretovat’ v súvislosti

s rýchlost’ou celkovej termalizácie systému. Z prezentovaných výsledkov v tejto práci

plynie, že výpočty kvantovej chromodynamiky v poruchovom režime dobre popisujú

produkciu pôvabných kvarkov v p+p zrážkach a z merańı jadrového modifikačného fak-

tora vyplýva, že pôvabné kvarky strácajú energiu možno podobne ako kvarky l’ahké.

Prekvapivo meranie toku J/ψ je zhodné s nulou a polarizácia v helicitnej sústave má

tendenciu byt’ pozd́lžna s rastúcou hodnotou pT . Ostatné merania z experimentu STAR,

ktoré využ́ıvajú signály z detektora Heavy Flavor Tracker, potvrdzujú naše predošlé

výsledky a umožnujú daľsie typy analýz. V bĺızkej budúcnosti sa experiment STAR, v

rámci programu energetickej prehliadky Beam Energy Scan, zameria na hl’adanie kri-

tického bodu fázového diagramu jadrovej hmoty a hraničné prejavy kvarkovo-gluónovej

plazmy.
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Heavy flavor physics

Dr.rer.nat., Mgr. Jaroslav Bielč́ık, 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/ψ is consistent with no flow at low transverse mo-

mentum and J/ψ polarization in helicity frame indicates a trend towards longitudinal

polarization as pT 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.
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Prehlásenie

Predložená habilitačná práca je založená na odborných publikáciach, ktoré boli vy-

tvorené v rámci vel’kých medzinárodných kolaborácíı a t́ımov, preto by som rád na

úvod špecifikoval podiel autora na predloženom súbore prác. Súhrnne je spoluautorstvo

všetkých publikácíı uvedených v zozname publikácíı na konci práce v časti Zoznam au-

torových publikácíı oprávnené a založené na publikačných pravidlách experimentálnych

kolaborácíı STAR, ALICE a HADES. Podiel’al som sa na nich rôznym spôsobom,

jednak akt́ıvnou účast’ou pri zbere experimentálnych údajov, podporou prevádzky a

údržby detektorov, kontrolou kvality a kalibráciou meraných údajov, pŕıpravou fy-

zikálnych merańı, fyzikálnou analýzou dát, interpretáciou výsledkov, ale aj ṕısańım

samotných odborných textov, vedeńım užš́ıch autorských t́ımov v rámci kolaborácie

alebo účast’ou v týchto t́ımoch. Do úzkeho výberu publikácíı, ktoré komentujem v

tejto práci, som vybral tie, u ktorých považujem svoj podiel za zásadný a obsahovo

dobre demonštrujú môj hlavný vedecký záujem v rokoch 2004 až 2016. Z dôvodu kom-

paktnosti dokumentu som do výberu zámerne nezaradil publikácie z tohto obdobia

Ref. [145,171,197,215,222,266,287,300,345,361], na ktorých mám tiež zásadný podiel,

z dôvodu, že sú tematicky vzdialené hlavnej téme tejto práce. Taktiež som do výberu

nezaradil odborné texty Ref. [13,37,50,53,72,85,179,220,225,236,316,334], ktoré śıce

vyšli i v referovaných časopisoch, ale obsahujú predbežné výsledky, ktoré boli upresnené

v d’aľśıch textoch, alebo majú charakter súhrnných kompilácíı výsledkov.

Autorský podiel na vybranom súbore siedmych publikácíı v tejto práci je nasle-

dovný. U článku B. I. Abelev et al., Phys. Rev. Lett. 98, 192301 (2007) som previedol

hlavnú analýzu dát so zrážok Au+Au a podiel’al som sa na pŕıprave textu publikácie

a taktiež na následnej oprave výsledkov, ktorá nastala na základe korekcíı, ktoré boli

mimo moju úlohu v analýze dát. U článku L. Adamczyk et al. Phys. Rev. D 86,

072013 (2012) som bol hlavným autorom textu publikácie, interpretácie výsledkov.

Fyzikálna analýza bola prevedená v t́ıme spolu so svojim doktorandom Dr. Davidom

Tlustým [T1]. U článku J. Crkovska et al. Phys. Rev. C 95 no.1, 014910 (2017) som

bol členom malého autorského t́ımu s kolegami z Univerzity v Oslo. Môj hlavný podiel

bol pri formulácii fyzikálneho obsahu projektu, kontrole výpočtov, ktoré boli vykonané

v t́ıme so svojou diplomantkou Ing. Janou Crkovskou [D5], pri pŕıprave textu pub-

likácie a formulácii fyzikálnej interpretácie výsledkov. U d’aľśıch článkov L. Adamczyk

et al. Phys. Rev. Lett. 111, no. 5, 052301 (2013), H. Agakishiev et al., Phys. Rev. D

v
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83, 052006 (2011) som bol zodpovedný za kontrolu analýzy dát a simulácíı, odbornú

pŕıpravu textu a formuláciu fyzikálnych záverov. 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

pŕıpravy článkov navyše viedol. Samotná analýza experimentálnych údajov bola pre-

vedená v t́ıme s členmi mojej fyzikálnej skupiny t’ažkých kvarkov experimentu STAR,

ktorú som viedol v rokoch 2010-2012.
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rou Trzeciak počas ich postdoktorandského pobytu v mojom t́ıme v Prahe, za skvelú
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Kramárikovi [B11,D7], Ing. Jane Crkovskej [B6,D5] , Ing. Kataŕıne Gajdošovej [B9,D6],

dr. Michalovi Tesařovi [B1, D2], dr. Miroslavovi Krusovi [D1], Ing. Jakubovi Kva-
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4 Produkcia kvarkóníı v protón-protónových zrážkach 67
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Kapitola 1

Kvarkovo-gluónová plazma

Od nepamäti l’udia využ́ıvajú svoj rozum na pochopenie sveta v ktorom žijú. Tieto zna-

losti, založené na pozorovańı pŕırodných javov, umožnili človeku lepšie využit’ pŕırodné

zdroje k svojim potrebám, pŕırodné javy s dobrou mierou úspechu predpovedat’ a

prispôsobit’ sa im. Dospeli k presvedčeniu, že svet je poznatel’ný, riadi sa univerzálnymi

pravidlami, ktoré môžu byt’ overitel’né. Veda je proces poznávania sveta, založený na po-

zorovańı pŕırodných javov a experimentoch, ktoré tieto pŕırodné procesy môžu opakovat’

v zjednodušených a kontrolovatel’ných podmienkach. Veda je založená na pozorovaných

faktoch, na tvorbe hypotéz a teóríı, ich upresňovańı, testovańı či vyvracańı. Je to ne-

ustály dynamický proces, ktorý pokračuje s rôznymi odbočkami dopredu k hlbšiemu

pochopeniu pŕırody, ktorej sme sami zároveň súčast’ou. Fyzika sa oddelila z pŕırodných

vied v 19. storoč́ı. Jej úlohou je pochopit’ pŕırodu na tej úplne najzákladneǰsej, naj-

hlbšej úrovni. Hoci sa mnohokrát opakovalo, že sa nám podarilo objavit’ a následne

vysvetlit’ pôvodne neočakávané a nepredstavitel’né javy, zdá sa, že sme v poznávańı

sveta ešte d’aleko od úplnosti. Pohl’ad na ostatné storočie, ktoré si najviac spájam so

vznikom jadrovej fyziky, kvantovej mechaniky a teórie relativity ukazuje, že cesta od

nových základných objavov k nesmierne významným aplikáciam je prekvapivo krátka.

Od objavu radioaktivity v roku 1896 Henrim Becquerelom do prvej jadrovej elektrárne

v roku 1954 v Obninsku uplynulo 60 rokov, od prvých krokov ku kvantovej mechanike

Maxa Plancka v roku 1900 ku konštrukcii tranzistorov Johnom Bardeenom a Walte-

rom Brattainom v roku 1947 uplynulo necelých 50 rokov, alebo od konštrukcie laseru v

roku 1960 Theodorom H. Maimanom do klinických uplatneńı v laserových operáciách

v roku 1983 Dongom R. Choiom a Robertom N. Ginsburgom v roku 1983 len niečo

cez 20 rokov. Napriek tomu, že vedkyne a vedcov v základnom výskume vo fyzike

poháňa dopredu práve snaha pochopit’ zákony pŕırody, uplatnenia týchto poznatkov sú

rýchle a rozsiahle. Spoločnosti, ktoré dlhodobo pestujú vedu a investujú prostriedky

do vzdelávania (Izrael, Južná Kórea, Japonsko, škandinávske krajiny, západná Európa

a USA) dosahujú vyšš́ı stupeň rozvoja a blahobytu.

Z pohl’adu súčasnej modernej fyziky sa celý poznaný svet na základnej úrovni skladá

z elementárnych čast́ıc, ktoré medzi sebou pôsobia štyrmi silami. Prvá elementárna

1
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častica - elektrón bola objavená už v roku 1897 Josephom J. Thomsonom, avšak až

pozorovania Ernsta Rutherforda viedli k poznaniu, že atóm sa skladá z malého kladne

nabitého a hmotného jadra a elektróny okolo neho obiehajú. V prvej polovici dvadsia-

teho storočia sa po objaveńı protónov a neutrónov objavili d’aľsie častice: mióny, pióny,

kaóny a lambda baryóny. Tieto častice boli objavené v meraniach kozmického žiarenia.

Toto žiarenie je zložené z primárnej zložky, z čast́ıc, ktoré prilietajú do zemskej at-

mosféry z vesmı́ru, kde vznikajú a urýchl’ujú sa v astrofyzikálnych procesoch. To sú

hlavne elektróny, protóny, hélium, uhĺık, kysĺık, železo a d’aľsie jadrá syntetizované vo

hviezdach. Tieto častice reagujú s medzihviezdnym plynom a vznikajú d’aľsie častice,

ktoré nie sú časté v jadrovej syntéze vo hviezdach, ako ĺıtium, berýlium, bór, ale aj

antiprotóny a pozitróny. V hustej zemskej atmosfére potom toto primárne kozmické

žiarenie interaguje a na zem dopadajú hlavne elektróny, pozitróny a mióny. Avšak

práve pozorovańım kozmického žiarenia v rôznych výškach atmosféry sa podarilo zis-

tit’, že jadrová hmota je komplikovaneǰsia ako tá, ktorú poznáme zo zloženia jadier

atómov. Prvý protónový synchrotron, ktorý svojou urýchl’ovacou energiou nad hrani-

cou GeV (eV je jednotka energie použ́ıvaná v časticovej fyzike, 1 eV ≈ 1, 6× 10−19 J)

umožnil pozorovat’ mezóny známe dovtedy z kozmického žiarenia a objavovat’ nové

častice, bol Cosmotron v Brookhavenskom národnom laboratóriu (BNL) v USA. Plnú

energiu 3.3 GeV dosiahol v roku 1953 a zahájil obdobie, ked’ sa podarilo nájst’ záplavu

nových čast́ıc. Na chv́ıl’u sa mohlo zdat’, že svet je zložiteǰśı a zložiteǰśı. Fyzici Murray

Gell-Mann a George Zweig navrhli, nezávisle od seba, v roku 1964 kvarkový model.

Kvarky majú zlomkový elektrický náboj ±1/3e alebo ±2/3e. Pozorované častice sa

skladajú z kvarkov, ktoré sú spolu s leptónmi (elektrón, mión, tauón) úplne základnými

čiastočkami hmoty. Ku každému leptónu existuje pŕıslušný typ neutŕına s vel’mi ma-

lou hmotnost’ou. Na popis bežnej hmoty si vystač́ıme s dvoma najl’ahš́ımi kvarkami

u (up - hore, mu = 2, 2+0,6
−0,4 MeV [R1]) a d (down - dolu, md = 4, 7+0,5

−0,4 MeV) a

elektrónom. Z týchtov kvarkov sa skladajú protóny (uud) a neutróny (ddu). Postupne

sa zistilo, že existujú aj d’aľsie typy kvarkov s (strange - podivný, ms = 96+8
−4 MeV), c

(charm – pôvabný, mc = 1, 28± 0, 03 GeV), b (beauty - krásny alebo bottom - spodný,

mb = 4, 18+0,04
−0,03 GeV) a t (top - vrchný alebo true - pravdivý, mt = 173, 1± 0, 6 GeV).

Hovoŕıme o šiestich rôznych vôňach kvarkov. Ťažké kvarky majú hmotnost’ väčšiu ako

sú hmotnosti nukleónov. Z kvarkov sa skladajú všetky pozorované hadróny. Bud’ sa

jedná o trojkvarkové kombinácie - baryóny alebo o kombinácie kvarku a antikvarku

- mezóny. V roku 2015 sa experimentu LHCb v CERN podarilo preukázat’ existenciu

pentakvarkov P+
c (4450) a P+

c (4380) [R2], hadrónov skladajúcich sa zo štyroch kvarkov

a jedného antikvarku. Všetky častice majú svoje antičastice. Častice a antičastice môžu

navzájom anihilovat’ a uvol’nit’ energiu odpovedajúcu ich kl’udovej hmotnosti. Analo-

gicky je možné z energie páry častica-antičastica vytvorit’. Tieto elementárne častice

v rámci súčasného teoretického popisu v štandardnom modeli časticovej fyziky inte-

ragujú elektromagnetickou, silnou a slabou silou. Tieto interakcie nastávajú pomocou
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výmeny bozónov: gluónov u silnej interakcie, W+,W−, Z0 u slabej interakcie, γ u elek-

tromagnetickej interakcie. V rámci štandardného modelu hrá dôležitú úlohu Higgsov

bozón, objavený v roku 2012 v CERN [R3,R4] a ktorý objasňuje relat́ıvne vel’kú hmot-

nost’ W a Z bozónov oproti nehmotnému fotónu. Gravitačná sila, ktorá pôsob́ı medzi

časticami s hmotnost’ou, nie je súčast’ou štandardného modelu. Silná sila, ktorá je zod-

povedná za väzbu kvarkov v hadrónoch, je spojená s existenciou farebného náboja.

Kvarky existujú v troch farebných stavoch. Gluóny nesú farbu a antifarbu a môžu na

rozdiel od fotónov interagovat’ silne medzi sebou. Teória silných interakcíı je kvantová

chromodynamika, neabelovská kalibračná teória založená na lokálnej kalibračnej grupe

symetríı SU(3). V jej rámci má silná interakcia neobvyklé vlastnosti, ako je asymp-

totická sloboda a farebné uväznenie. Pri malej vzdialenosti a vysokej energii je sila

interakcie malá, avšak pri odd’al’ovańı kvarkov sila interakcie zostáva rovnaká a kvarky

nie je možné z hadrónu uvol’nit’. Tomu hovoŕıme farebné uväznenie. Od istej chv́ıle

je pri oddel’ovańı energeticky výhodné vytvorit’ kvark-atikvark pár a tieto kvarky sa

môžu pospájat’ opät’ do hadrónov. Výsledkom je, že kvark nemôžeme nikdy pozorovat’

priamo a pri vytvoreńı vysokoenergetického kvarku či gluónu napokon v experimente

pozorujeme výtrysk čast́ıc jedným smerom.

V prvých okamihoch po Vel’kom tresku pred 14 miliardami rokov bola hustota a

teplota jadrovej hmoty tak vel’ká, že sa usudzuje, že existovala vo forme prapolievky

vol’ných kvarkov a gluónov, kvarkovo-gluónovej plazmy (QGP). Postupným rozṕınańım

teplota klesla a nastal fázový prechod do stavu, ked’ sa kvarky a gluóny uväznili

do hadrónov. Je fascinujúce, že experimenty s využit́ım ultrarelativistických jadro-

jadrových zrážok dokážu v laboratóriu tieto podmienky nastolit’ a skúmat’ fázové stavy

jadrovej hmoty, vrátane kvarkovo-gluónovej plazmy. Výpočty poruchovej kvantovej

chromodynamiky (pQCD) na mriežke ukazujú, že fázový prechod hadrónového plynu

do QGP by mal nastat’ pri teplote okolo Tc ≈ 160 MeV (pri baryónovom chemickom

potenciáli µb= 0 GeV). Na Obr.1.1 je schematicky zobrazený časopriestorový priebeh

jadro-jadrovej zrážky. Pri zrážke sa kinetická energia urýchlených jadier premeńı na

hmotu, kvarky a gluóny. Prvá fáza zrážky je predrovnovážna, v nej sa z virtuálnych

kvánt vytvoria reálne partóny a tie navzájom interagujú, až nastane rovnovážny stav

kvarkovo-gluónovej plazmy. Vyjadrené vlastným časom systému sa odhaduje, že pred-

rovnovážny stav trvá τ0 ≈1 fm/c . Ďalej sa systém v stave QGP rozṕına a chladne.

V tejto fáze, ktorá može trvat’ okolo 10 fm/c (t.j. 3 × 10−23s), prebiehajú fyzikálne

procesy, ktorých prejavy sa snaž́ıme experimentálne identifikovat’ a interpretovat’. Na

ich základe sa pokúšame QGP charakterizovat’ a oṕısat’. Teplota jadrovej hmoty po

zrážke pri energiách na urýchl’ovači RHIC sa z merańı priamych fotónov odhaduje na

viac než 500 MeV. Ked’ QGP ochladne na Tc, nastane fázový prechod do hadrónového

plynu, kde sú kvarky viazané do hadrónov. I v tejto fáze môžu hadróny interagovat’ v

pružných a nepružných zrážkach až nastane moment chemického vymrznutia pri Tch
a potom sa už pomery hadrónov nemenia, i ked’ až do tepelného vymrznutia pri Tfo
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môžu interagovat’ pružne. Následne prestanú interagovat’ a pokračujú v lete od bodu

zrážky. Ked’že, až na protón, sú hadróny nestabilné, v detektoroch detegujeme prevažne

dcérske častice hadrónových rozpadov, typicky protóny, pióny, kaóny a elektróny a ich

antičastice.
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Obr. 1.1: Schematické zobrazenie časopriestorového priebehu jadro-jadrovej zrážky.

Jadrová hmota prejde po sformovańı QGP rozṕınańım a následne fázovým precho-

dom do hadrónového plynu pri Tc. Hadróny ešte navzájom interagujú a systém prejde

chemickým a tepelným vymrznut́ım pri Tch a Tfo. Prevzaté z Ref. [R5]

Program ultrarelativistických jadro-jadrových zrážok začal v roku 1986 zrážkami

kysĺıku 16O na olove 208Pb na urýchl’ovači SPS v CERN a zrážkami kysĺıku 16O na

zlate 197Au na urýchl’ovači AGS v BNL. Aj v súčasnosti hrajú tieto dve laboratória

vedúcu úlohu v skúmańı vlastnost́ı QGP. V BNL na urýchl’ovači RHIC je akt́ıvny expe-

riment STAR, ktorý plánuje svoj experimentálny program až do roku 2022. V CERN

sa na urýchl’ovači LHC týmto stavom hmoty zaoberá hlavne experiment ALICE spolu

s experimentmi ATLAS, CMS a od roku 2013 aj experiment LHCb. Výsledky experi-

mentov na SPS naznačili, že hmota vytvorená v centrálnych ultrarelativistických jadro-

jadrových zrážkach má prejavy, ktoré sú v súlade s produkciou QGP [R6]. Centrálne

zrážky sú zrážky s malým zrážkovým parametrom, obvykle sa vyjadrujeme v per-

centách najcentrálneǰśıch zrážok. V centrálnych zrážkach je napŕıklad produkcia po-

divných baryónov zosilnená vzhl’adom k protón-protónovým zrážkam v dôsledku inte-

rakcíı medzi kvarkami a gluónmi pri vysokých gluónových hustotách. Taktiež sa pozo-

rovalo potlačenie produkcie J/ψ nad rámec prejavov studenej jadrovej hmoty v súlade

s farebným tieneńım dikvarkového väzbového potenciálu pri vysokých teplotách a hus-

totách energie. Experimenty na RHIC objavili d’aľsie úplne nové javy. Hmota vytvorená

v zrážkach Au+Au pri energii
√
sNN = 200 GeV je nepriehl’adná pre vysokoenerge-

tické partóny vyprodukované v počiatočných fázach jadrovej zrážky v tvrdých proce-

soch. Táto vlastnost’ sa prejavuje ako zhášanie výtryskov čast́ıc v dôsledku strát energie

partónov interagujúcich s kvarkami a gluónmi v QGP. Pozorovaná hmota má kolekt́ıvne

chovanie s kvarkami a gluónmi ako základnými stupňami vol’nosti. Dá sa poṕısat’ hydro-
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dynamickými modelmi ideálnej kvapaliny s najmenšou doteraz pozorovanou hodnotou
η
s
, pomeru šmykovej viskozity a entropie. Na Obr. 1.2 je kompilácia merania závislosti

jadrového modifikačného faktora (RAA) rôznych druhov čast́ıc na priečnej hybnosti

z experimentu PHENIX pre centrálne zrážky Au+Au pri
√
sNN = 200 GeV [R7].

RAA je pomer výt’ažku produkcie čast́ıc nameraného v jadro-jadrovej zrážke a v refe-

renčnej protón-protónovej zrážke vynásobenej priemerným počtom binárnych zrážok v

jadro-jadrovej zrážke (〈Nbin〉). Použ́ıva sa na kvantifikáciu vplyvu jadrovej hmoty na

produkciu čast́ıc. Produkcia čast́ıc, ktoré vznikajú v tvrdých procesoch, je škálovaná s

〈Nbin〉. V pŕıpade, že by v jadrovej hmote nebola d’alej ovplyvnená, hodnota RAA by

mala byt’ 1. Toto vid́ıme na Obr. 1.2 pre priame fotóny γ, avšak produkcia ostatných

čast́ıc je potlačená pri vysokých hodnotách pT . Produkcia čast́ıc z tvrdých procesov

prevažuje pri hodnotách pT väčš́ıch než 2 - 4 GeV/c . Napŕıklad produkcia π0 je v

oblasti nad 4 GeV/c potlačená faktorom 5, čo odpovedá hodnote RAA ≈ 0,2. Toto sa

interpretuje ako dôsledok zhášania výtryskov čast́ıc, pretože z dôvodu strát energie vy-

produkovaných vysokoenergetických partónov v QGP toto vedie k následnej produkcii

čast́ıc s menšou hodnotou pT . Ked’že priame fotóny s QGP neinteragujú silne, nie sú

vzhl’adom k p+p potlačené.
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Obr. 1.2: Závislost’ jadrového modifikačného faktora na priečnej hybnosti pre priame

γ, π0, η, φ, ω,K±, e± z rozpadov hadrónov t’ažkých vôńı, J/ψ a protónov, nameraná

experimentom PHENIX pre centrálne zrážky Au+Au pri
√
sNN = 200 GeV. Prevzaté

z Ref. [R7].

Kritický rozbor prvých merańı na urýchl’ovači RHIC jednotlivé experimentálne ko-

laborácie publikovali ako tzv. biele knihy jednotlivých experimentov: STAR [13], PHE-

NIX [R8], BRAHMS [R9], PHOBOS [R10]. V ostatných rokoch sa podarilo experi-

mentu STAR previest’ aj niekol’ko neočakávaných merańı a objavov. Podarilo sa previest’

prvé experimentálne meranie produkcie antihypertŕıcia [102] (Science 328 (2010) 58),

viazaného stavu antineutrónu, antiprotónu a častice antilambda. Taktiež sme priamo
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pozorovali produkciu antihélia [127] (Nature 473 (2011) 353), najt’ažšieho doposial’

vyprodukovaného antijadra. Zmerali sme tiež, že interakcia medzi antiprotónmi je

pŕıt’ažlivá [300] (Nature 527 (2015) 345). Merańım globálnej polarizácie Λ hyperónu

sme nepriamo zistili, že jadrová hmota produkovaná v jadro-jadrových zrážkach má

aj extrémnu hodnotu v́ırivosti ω ≈ (9 ± 1) × 1021s−1, očakávanú z dôvodu vel’kého

momentu hybnosti (až 1000~) v necentrálnych zrážkach [361] (Nature 548 (2017) 62).

V d’aľsej časti tejto kapitoly sa zameráme na teoretické skúmanie vplyvu výtryskov

čast́ıc na kvantifikáciu trojuholńıkového toku. V d’aľśıch kapitolách budeme diskutovat’

merania spojené s produkciou t’ažkých kvarkov z experimentu STAR.

1.1 Vplyv výtryskov čast́ıc a interakcíı v konečnom

strave na trojuholńıkový tok

Doteraǰsie experimentálne výsledky z ultra-relativistických zrážok ukazujú, že vývoj

horúcej a hustej jadrovej hmoty prebieha podl’a pravidiel hydrodynamiky s malou vis-

kozitou, ako ideálna jadrová kvapalina. Toto kolekt́ıvne chovanie je možné kvantifikovat’

napŕıklad parametrizovańım uhlového rozdelenia vytvorených čast́ıc vzhl’adom k rovine

zrážky (vzt’ah (1) v priloženom článku). Avšak je niekol’ko možných d’aľśıch fyzikálnych

javov, ktoré túto parametrizáciu narušujú, pretože efekt́ıvne spôsobujú korelácie medzi

vzniknutými hadrónmi. Parameter v2, eliptický tok, súviśı s deformáciou tvaru jadro-

vej hmoty na počiatku zrážky. Z dôvodu symetrického rozdelenia energie v zrážke sa

očakávalo, že všetky nepárne členy n>1 Fourierovho rozvoja definujúceho koeficienty

kolekt́ıvneho toku budú nulové a až v nedávnej dobe sa rozvinulo štúdium parametra

v3, takzvaného trojúholńıkového toku [R11]. Fluktuácie tvaru oblasti prekryvu jadier

pri zrážke vedú k jeho nenulovým hodnotám. V článku 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 skúmali vplyv produkcie výtryskov

čast́ıc a rozpadov rezonancíı na trojúholńıkový tok rôznych hadrónov pri energiách

zrážok na urýchl’ovači LHC v CERN. Túto štúdiu sme previedli pomocou výpočtov a

simulácíı v rámci generátora zrážok HYDJET++ [R12]. V rámci tohto Monte Carlo

generátora sú jadro-jadrové zrážky simulované ako superpoźıcia dvoch fáz: mäkkej a

tvrdej. Obe časti sú simulované osobitne. Častice v mäkkej fáze sú modelované na

hyperploche chemického a termálneho vymrznutia pomocou parametrizovanej relati-

vistickej hydrodynamiky. Z javov vo finálnom stave zrážky sú zahrnuté dvojčasticové

a trojčasticové rozpady viac než 360 mezónových a baryónových rezonancíı. Častice z

tvrdej fázy sú simulované pomocou modelu PYQUEN [R13]. Ten vychádza z rozdelenia

výtryskov čast́ıc generovaných pomocou PYTHIA [R14] a vzniknuté partóny sú modi-

fikované v jadrovej hmote v dôsledku radiačných a zrážkových strát energie. Následne

sú partóny hadronizované v rámci Lundského strunového modelu (Lund string model).

Partóny vyprodukované s menš́ımi hybnost’ami ako pminT sú pridané do mäkkej zložky.
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Ako je vysvetlené v článku (vzt’ahy (3) a (4)), anizotropický tok je v modeli jednak

dôsledkom priestorovej excentricity reakčnej zóny prekrývajúcich sa jadier v priečnej ro-

vine zrážky (parameter ε(b)) a jednak dôsledkom dodatočnej anizotropie jadrovej teku-

tiny, ked’ azimutálny uhol rýchlosti tekutiny je nelineárne korelovaný (parameter θ(b))

s priestorovým azimutálnym uhlom. Hodnoty oboch parametrov sa źıskali fitovańım

experimentálnych merańı eliptického toku. Trojúholńıkový tok je zavedený d’aľśım pa-

rametrom (parameter ε3(b)) v popise priečneho polomeru hyperplochy vymrznutia. V

článku sme študovali rôzne fyzikálne pŕıspevky do trojuholńıkového toku. Ukázali sme,

že pri energiách na LHC ( Pb+Pb 2.76 TeV a centralita 20-30%) rozpady rezonancíı

majú významný vplyv na vel’kost’ v3, zosilňujú ho, pre nabité hadróny s pT viac než 1

GeV/c (viz. Fig.1). (V d’aľsom texte budem rozlǐsovat’ odkazovanie sa na obrázky v ko-

mentári (Obr.) a odkazovanie sa na obrázky v priložených člankoch. U druhého pŕıpadu

budem citovat’ obrázky tak, ako sa objavujú v článkoch (Fig., FIG., atd.).) Pri pohl’ade

na rôzne druhy hadrónov, zač́ına vplyv rozpadov rezonancíı u piónov už od 1 GeV/c,

avšak pri t’ažš́ıch hadrónoch ako kaón, lambda a protón je vplyv výrazný až od pT ≈ 2

GeV/c (viz. Fig.4). Produkcia výtryskov čast́ıc - tvrdá čast’ spektra sa prejavuje pokle-

som v3 pri vyšš́ıch pT . U t’ažš́ıch čast́ıc sa pokles prejavuje u relat́ıvne vyšš́ıch pT , ako u

l’ahš́ıch čast́ıc (viz. Fig.1 a Fig.2). Výpočty modelu HYDJET++ dobre popisujú integ-

rované merania v3 pre rôzne centrality zrážok Pb+Pb 2.76 TeV merané experimentom

ATLAS. Niektoré rezonancie zvyšujú a niektoré znižujú v3 piónov. Celkovo rozpady

rezonancíı len málo ovplyvňujú integrované hodnoty v3 nabitých hadrónov (viz. Fig.7).

Výrazný je vplyv tvrdej zložky z výtryskov čast́ıc, ktorá redukuje v3. Ďalej sme skúmali

škálovanie toku. Na experimentoch na urýchl’ovači RHIC sa experimentálne ukázalo,

že závislost’ eliptického toku v2 na priečnej kinetickej energii KET ≡ mT -m0 sa škáluje

pre rôzne hadróny v pŕıpade, ked’ sa obe veličiny vydelia počtom valenčných kvar-

kov nq do hodnoty KET/nq ≈ 1 GeV [R15]. V pŕıpade hadrónov produkovaných v

mäkkých procesoch bez zahrnutia následných rozpadov rezonancíı HYDJET++ pred-

povedá škálovanie v intervale KET/nq 0,5 až 1,2 GeV. Zahrnutie rozpadov rezonancíı

rozširuje toto škálovanie až k hodnote 1,7 GeV. Naopak zahrnutie produkcie čast́ıc z

tvrdej zložky - výtryskov čast́ıc spôsob́ı rozmazanie škálovania (viz Fig. 11). S J. Crkov-

skou sme previedli podobnú štúdiu aj pre energie na urýchl’ovači RHIC [D5]. Ukázalo

sa, že po zahrnut́ı rezonancíı nastáva škálovanie a následný vplyv výtryskov má naň

malý vplyv.

V poslednej dobe vel’kú pozornost’ źıskalo štúdium kolekt́ıvneho toku a dvojčasticových

korelácíı v malých systémoch, v protón-protónových a protón-jadrových zrážkach. Tieto

zrážky sa dlho považovali za referenčné merania a tvorba QGP alebo kolekt́ıvne pre-

javy sa u nich neočakávali. Avšak merania z experimentov napr. CMS [R16,R17] alebo

ALICE [183, 208, 250] ukázali, že korelácie medzi časticami v týchto zrážkach sú po-

dobné ako v jadro-jadrových zrážkach pri rovnakej početnosti čast́ıc. Tieto pozorova-

nia viedli k čiastočnému prehodnoteniu interpretácie merańı toku a taktiež k vývoju
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d’aľśıch velič́ın, ktoré kolekt́ıvne chovanie lepšie charakterizujú [R18]. Jav́ı sa, že aj v

protón-jadrových zrážkach nastáva kolekt́ıvne hydrodynamické rozṕınanie [R19].
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Triangular flow v3 of identified and inclusive particles in Pb + Pb collisions at
√

sNN = 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 v3(pT ) distributions at
pT � 2 GeV/c and shift their maxima to higher transverse momenta. The pT -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 v3(pT )
and v2(pT ) behavior. Obtained results are also confronted with the experimental data on differential triangular
flow of identified hadrons, ratio v

1/3
3 (pT )/v1/2

2 (pT ), and pT -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 quantify this phenomenon an expansion of
the azimuthal distribution of hadrons in a Fourier series was
proposed in Refs. [4,5]:

dN

dφ
∝ 1 + 2

∞∑
n=1

vn cos [n(φ − �n)]. (1)

Here φ denotes the azimuthal angle between the particle
transverse momentum and the participant event plane, and �n

is the azimuth of the event plane of the nth flow component.
The coefficients vn 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:

vn = 〈〈cos [n(φ − �n)]〉〉. (2)

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 v1 and elliptic v2

flow, see, e.g., Refs. [7,8] and references therein, whereas the
study of triangular v3 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

respect to the reaction plane are expected to vanish under the
assumption of a symmetric energy distribution. Experiments
confirm that v3(�2) = 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 �3 [13,14]. In many theoretical works devoted to
the investigation of the signal in heavy-ion collisions, topics
such as the response of v3 to the initial triangularity ε3 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 + Pb collisions at

√
sNN = 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

√
sNN = 2.76 TeV.

Here the partial contributions of hydrodynamic processes, jets,
and decays of resonances to the formation of the final v3

are studied. Ratios v
1/3
3 /v

1/2
2 and fulfillment of the number-

of-constituent-quark (NCQ) scaling are investigated as well.
Finally, conclusions are drawn in Sec. IV.
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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, pmin

T .
Partons produced in initial hard scatterings with a transverse
momentum transfer lower than pmin

T 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,
v2, at high transverse momenta and violation of the mass
ordering of v2(pT ) distributions for mesons and baryons at
pT ≈ 2 GeV/c [24], to predict the violation of the number-
of-constituent-quark scaling for v2 at the energies available
at the LHC [24,25], and to describe the rise of the high-pT

tail of the v4/v
2
2 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 v2 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].

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 ε(b) = (R2

y − R2
x)/(R2

y + R2
x), where

b is the impact parameter, and Ry and Rx are the long- and
short-ellipse radii, respectively. Then, the transverse radius of
the fireball reads

Rell(b,φ) = Rfo(b)

√
1 − ε2(b)√

1 + ε(b) cos 2φ
, (3)

where

Rfo(b) ≡
√(

R2
x + R2

y

)
/2 = R0

√
1 − ε(b), (4)

with R0 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, φfluid, coincides with the azimuthal angle φ.
Instead, these two angles are correlated via the nonlinear
function [20]

tan φfluid =
√

1 − δ(b)

1 + δ(b)
tan φ, (5)

where the new anisotropy parameter, δ(b), is introduced. Both
spatial and flow anisotropy parameters, ε(b) and δ(b), are
proportional to the initial spatial anisotropy ε0 = b/(2RA).
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]:

Rtrian(b,φ) = Rell(b,φ){1 + ε3(b) cos [3(φ − �3)]}. (6)

Because experiments show no correlation between the event
planes of the second and third harmonics, i.e., v2(�3) =
v3(�2) = 0, these planes are also uncorrelated in HYDJET++.
The new parameter ε3(b) entering Eq. (6) is responsible for
the creation of triangularity in the system. Similarly to ε(b),
it can also be proportional to the initial eccentricity ε0(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,
ε(b), δ(b), and ε3(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 v2(3)(pT ,b) or
pT -integrated v2(3)(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

√
sNN =

2.76 TeV. The considered pT interval was 0 � pT � 8 GeV/c,
whereas the centrality range 0 � σ/σgeo � 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 pT � 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(pT ) spectrum of charged hadrons
produced in collisions with centrality 20% � σ/σgeo � 30%.

 (GeV/c)
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p
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3v
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 = 2.76 TeV 20-30%NNsPb+Pb 
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Hydro+Jet w/o JQ
Direct Hydro+Jet
Hydro
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FIG. 1. The pT dependence of different components of the
triangular flow of charged particles produced in the HYDJET++
model for Pb + Pb collisions at

√
sNN = 2.76 TeV at centrality

20–30%. The shown distributions are the v3(pT ) 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 v3 calculated without the jet
quenching.

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 � pT � 4 GeV/c.
Hydrodynamics, however, dominates the particle production
at pT � 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(pT ) at pT �
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-pT

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 pT -differential v3 is insignificantly small. Decays of
resonances increase the triangular flow of charged hadrons at
pT � 1 GeV/c. This follows from the comparison of v3(pT )
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)�’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 � pT � 5 GeV/c. Mesonic
flow is stronger than that of (anti)protons, whereas for full hy-
dro+jets calculations this is true only for pT � 2.5 GeV/c. At
higher transverse momenta the triangular flow of protons and
antiprotons, v

p̄+p
3 (pT ), continues to rise, while the triangular

flow of charged pions, vπ±
3 (pT ), and kaons, vK±

3 (pT ), drops.
This effect is also caused by the jet hadrons. The heavier the
particle, the harder its pT -spectrum in hydrodynamics is. Thus,
jets start to reduce the v3(pT ) 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 pT � 2 GeV/c and its violation at
higher transverse momenta.
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FIG. 2. The pT dependence of (a) total triangular flow (vi) and
(b) its hydro component (ii) in the HYDJET++ model for Pb + Pb
collisions at

√
sNN = 2.76 TeV at centrality 20–30%. The hadron

species are p + p̄ (solid circles), charged pions (solid triangles),
charged kaons (solid stars), and � + � (open squares).

B. Influence of resonances

The differential spectra v3(pT ) of π±,K±, p + p̄, and
� + � 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
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0.04
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0.08

0.1

10-20% (a)

 HYDJET++pp+
 ALICEpp+

 HYDJET++±π
 ALICE±π
 HYDJET++±K
 ALICE±K
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p
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3v

0

0.02

0.04

0.06

0.08

0.1

30-40% (c)

20-30% (b)

0 0.5 1 1.5 2 2.5

40-50% (d)

FIG. 3. The pT dependence of triangular flow of π± (dashed
lines), K± (dash-dotted lines), and p + p̄ (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 (π±),
stars (K±), and circles (p + p̄), respectively.

FIG. 4. The pT 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

√
sNN = 2.76 TeV with centrality 0–10% for

(a) p + p̄, (b) � + �, (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 v3 of
all species and shift the maxima of the distributions by
0.5–1.0 GeV/c towards higher pT . The maxima of v3(pT )
demonstrate the rise of about 25% with shifting centrality
from 0–10% to 30–40% (cf. Figs. 4 and 5).

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(pT ) of particles directly produced from hydro (i) and its
modification after the resonance decays (ii). For p + p̄ and
� + � both curves are very close to each other, whereas the
v3(pT ) 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
pT -differential triangular flow will persist to larger values of
pT . 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 vn 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(pT ) 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 v3 at different centralities.

At the energies available at the LHC of
√

sNN = 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 pT 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: ρ → ππ (26% of pion yield), ω → πππ (11%),
and � → p + p/p̄ (less than 2%). The differential v3(pT ) 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 ρ decays is just
a bit softer than the v3 of ρ mesons. Consequently, it is harder
than the triangular flow of direct pions at pT � 1.5 GeV/c [see
Fig. 6(a)]. The spectrum of pions from ω decays, in contrast,
is much softer than that of ω’s. Thus, their triangular flow at
pT � 1.5 GeV/c is even stronger than that of the direct pions.
A similar tendency is revealed by pions from the � decays.
Therefore, some resonances will enhance the pion triangular
flow in the soft pT 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 pT dependence of triangular flow of charged pions
produced both directly (circles) and in decays (squares) of (a) ρ and
(b) ω, respectively, in the HYDJET++ model for Pb + Pb collisions at√

sNN = 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 + p̄ produced
in decays of �’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 � pT � 2 GeV/c, displayed
in Fig. 7(a), and 2 < pT � 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 v3. The
triangular flow at 2 < pT � 3 GeV/c in the hydrodynamic part
is almost twice as strong as the v3 at 1 � pT � 2 GeV/c. Jets
significantly diminish the triangular flow in both pT intervals.

FIG. 7. pT -integrated triangular flow of inclusive charged
hadrons with (a) 1 � pT � 2 GeV/c and (b) 2 < pT � 3 GeV/c

as a function of centrality in Pb + Pb collisions at
√

sNN = 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 v2
3/v

3
2 of pT -integrated

triangular and elliptic flow.

C. Ratio v
1/3
3 /v

1/2
2

The ratios v
1/n
n /v

1/2
2 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 � pT � 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 v2

3/v
3
2

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 v
1/3
3 /v

1/2
2 is 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
v

1/3
3 (pT )/v1/2

2 (pT ) do not depend on pT in a quite broad range
of transverse momentum from 1 GeV/c up to 6 GeV/c. This
pT independence, however, is not predefined in HYDJET++,
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FIG. 9. Ratio v
1/3
3 /v

1/2
2 as a function of pT 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.

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
(i), and hadrons from direct hydro plus the hadrons from
resonance decays (ii). The calculated ratios v

1/3
3 (pT )/v1/2

2 (pT )
are depicted in Fig. 10. In Fig. 10(d) one can see that this
ratio decreases with rising pT 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 pT � 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 � pT � 6 GeV/c. At
higher transverse momenta jets may cause the rise of the ratio,
similar to that of v1/4/v

1/2
2 , 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

√
sNN = 200 GeV [36,37]. It was found that if

one plots the v2 as a function of the transverse kinetic energy of
the hadron, KET ≡ mT − m0, and divides both v2 and KET

by the number of constituent quarks in the hadron, nq , then the
excitation functions vhadr

2 (KET /nq)/nq of different hadrons sit
on the top of each other up to KET /nq ≈ 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 KET /nq 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 HYDJET++ model in Pb + Pb collisions at

√
sNN = 2.76

TeV with centrality 20–30%. The considered hadron species are:
p + p̄ (solid circles), � + � (open squares), π± (solid triangles), K±

(stars), and φ (diamonds). Bottom row: The KET /nq dependence of
the distributions in the upper row normalized to the triangular flow
of p + p̄, (v3/nq )/(vp+p̄

3 /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

√
sNN = 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
(ii), and finally (c) the resulting v3 of hadrons produced in
both soft and hard processes (vi). For clarity, all distribution
functions vhadr

3 (KET /nq)/nq 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 v3 of main hadron
species, frozen already at the freeze-out hypersurface, in the
range 0.5 � KET � 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 pT and shift the maxima
of their differential distributions to higher pT values. Some
hadrons, such as φ 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 pT � 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 � KET � 1.1 GeV.

It was suggested in Ref. [41] to use the ratio vhadr
n /(nq)n/2

instead of the standard vhadr
n /nq 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 v2, v3, and v4 [42]. The
HYDJET++ distributions vhadr

3 /n
3/2
q 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 )/n3/2
q

distributions.

for hadrons with 0.5 � KET � 1.5 GeV produced in soft
processes. When jets are taken into account, the interval of
approximate scaling fulfillment for all but φ mesons shrinks
to 0.5 � KET � 1.0 GeV.

IV. CONCLUSIONS

The triangular flow v3 of charged inclusive and iden-
tified hadrons was studied within the HYDJET++ model
in Pb + Pb collisions at

√
sNN = 2.76 TeV and centrali-

ties 0% � σ/σgeo � 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 � pT �
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 pT � 2.5 GeV/c. Since these hadrons carry almost
no v3, the distribution functions v3(pT ) 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 pT compared to those of
light hadrons. It appears that switching off the jet quenching
does not influence the final differential triangular flow v3(pT ).
Model calculations agree well with recent experimental
data.

Decays of resonances distinctly modify the differential
distributions of hadrons v3(pT ) at pT � 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 pT -integrated triangular flow is extremely
small.

The flatness of the ratios v
1/3
3 (pT )/v1/2

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
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values of v
1/3
3 /v

1/2
2 at low pT , whereas the jet hadrons boost

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

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-pT parts of the vhadr

3 (KET /nq)/nq spectra of light
hadrons, thus extending the upper KET 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 vhadr

3 (KET /nq)/n
3/2
q distributions.

The result stays put; i.e., hadrons decoupling from jets are
worsening the scaling, while the final-state interactions act
toward its fulfillment.
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Kapitola 2

Produkcia kvarkov t’ažkých vôńı v

protón-protónových zrážkach

Väčšina vyprodukovaných čast́ıc v protónových a jadrových zrážkach pri energiach

urýchlenia na RHIC sa skladá z najl’ahš́ıch kvarkov u, d, s. Pri energetických zrážkach

partónov je avšak možné v počiatočnej fáze zrážky vytvorit’ kvarky t’ažké, pôvabný

kvark c a krásny kvark b. Vznikajú hlavne v gluón-gluónových zrážkach [R20]. Vd’aka

relat́ıvne vysokej hmotnosti je možné vypoč́ıtat’ produkciu t’ažkých kvarkov pomocov

poruchovej QCD a preto je nesmierne zauj́ımavé konfrontovat’ tieto výpočty a d’aľsie

aspekty QCD pomocou experimentálnych merańı. Najpriameǰsou možnost’ou je preme-

rat’ produkciu všetkých čast́ıc, ktoré sa z týchto kvarkov skladajú. To sú prednostne

D a B mezóny. Tieto mezóny sa rozpadajú slabou interakciou na l’ahšie častice, ked’že

je nutné menit’ v rozpade vôňu kvarkov. Rozpadajú sa rádovo stovky mikrometrov od

zrážky a preto ich nie je možne pozorovat’ priamo v dráhovom detektore. S použit́ım

detektora typu HFT, je možné použit’ topologické výberové kritéria na potenciálne

rozpadové produkty a potlačit’ náhodné kombinácie čast́ıc. Ked’že hadrónové rozpady

vedú na dvojice K a π alebo trojice čast́ıc v pŕıpade, že nie je možné využit’ topologickú

analýzu, je nutné hl’adat’ správne kombinácie v obrovskom pozad́ı náhodných kom-

binácíı. Ďaľsou možnost’ou je využit’ semileptónové rozpady a identifikovat’ elektróny

z týchto rozpadov. V tomto pŕıpade je nevýhodou, že sa meria spojité kontinuum

elektrónového spektra. Po odpoč́ıtańı pozadia z iných zdrojov je možné priamo iba

pomocou topologickej analýzy oddelit’ jednotlivé pŕıspevky do spektra z rozpadov D a

B mezónov. Na druhej strane výhodou merania pomocou elektrónov je možnost’ zapo-

jenia elektromagnetického kalorimetra v experimente STAR do nastavenia spúšt’acieho

systému pri zbere experimentálnych údajov a výberu udalost́ı s vyšš́ım množstvom

elektrónových kandidátov s vysokou hodnotou pT . Experiment STAR publikoval prvé

meranie t’ažkých kvarkov v Ref. [R21] v p+p a d+Au zrážkach. Jednalo sa o kombi-

nované meranie D mezónov a elektrónov pochádzajúcich zo semileptónových rozpadov

t’ažkých kvarkov, tzv. nefotónových elektrónov. V tomto článku sa použili dáta z roku

2003. Spektrá mali z dôvodu malého súboru vhodných dát, ked’že bola v prevádzke
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len čast’ TOF detektora, malý rozsah priečnych hybnost́ı pT < 4 GeV/c. V roku 2004

STAR uviedol do prevádzky elektromagnetický kalorimeter EMC, to umožnilo využitie

tohto detektora v spúšt’acom systéme a tiež pre lepšiu identifikáciu elektrónov. Schema-

tické zobrazenie experimentu STAR je na obrázku Obr. 2.1. Využitie EMC umožnilo

výrazne rozš́ırit’ rozsah merania, až do priečnych hybnost́ı, kde sa očakáva dominan-

cia výt’ažku elektrónov z B rozpadov nad elektrónmi z D rozpadov. Tieto výsledky z

protón-protónových zrážok boli publikované v článku [41], ktorý je súčast’ou tejto práce

v Kapitole 3. V článku sa spolu s p+p zrážkami publikovali aj spektrá zo zrážok d+Au

a Au+Au pri energii zrážky
√
sNN = 200 GeV. Výsledky boli po zverejneńı revidované,

ked’že sa identifikovala zámena pri aplikácii účinnosti odpoč́ıtania pozadia z fotónových

elektrónov, pochádzajúcich z konverzie gama kvánt z rozpadov π0. Hlavným výsledkom

z merańı z protón-protónových zrážok bolo porovnanie nameraného spektra priečnych

hybnost́ı (1, 2 < pT < 10 GeV/c ) s výpočtami FONLL (Fixed Order Next-to-Leading

Log) pQCD [R22]. V rámci štatistických chýb merańı sú výpočty konzistentné s me-

ranými spektrami. Podl’a týchto výpočtov približne od pT ≈ 5 GeV/c zač́ınajú v spektre

dominovat’ pŕıspevky z B rozpadov. Ďaľsia analýza nefotónových elektrónov z experi-

mentu STAR bola prevedená na súbore dát pochádzajúcich z rokov 2005 a 2008 [126].

Článok obsahujúci tieto merania je súčast’ou tejto kapitoly H. Agakishiev et al., High pT
nonphotonic electron production in p+p collisions at

√
sNN = 200 GeV, Phys. Rev. D

83, 052006 (2011). Pred merańım v roku 2008 sa z experimentu STAR vyňali kremı́kové

detektory, čo viedlo k významnému zńıženiu pozadia z fotónových elektrónov, kvôli

menšiemu množstvu konverzného materiálu. Napriek výrazne rozdielnemu pozadiu sú

spektrá z oboch súborov dát vzájomne konzistentné (viz FIG.15). Výsledné spektrá

sú v meranom intervale pT = 2,5 - 10 GeV/c v zhode s horeuvedenými meraniami

experimentu STAR a tiež s výsledkami experimentu PHENIX [R24].

Obr. 2.1: Umelecké schematické zobrazenie experimentu STAR. Centrálnym detekto-

rom je dráhový detektor časovo-projekčná komora TPC. Je obklopená detektorom doby

letu TOF a elekromagnetickým kalorimetrom EMC. Tieto detektory sú umiestnené v

magnetickom poli magnetu (na obrázku modrý).
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Rozdiel v hmotnosti medzi D a B mezónom vedie k rozdielnemu vzájomnému

uhlovému rozdeleniu dcérskych čast́ıc v ich rozpadoch. U B mezónu je toto rozde-

lenie širšie. Na základe štúdia tohto rozdielu uhlových korelácíı medzi nefotónovými

elektrónmi a hadrónmi a prekladańı týchto korelácíı očakávanými tvarmi pre D a B

rozpad z generátora PYTHIA [R25] sa podarilo experimentu STAR oddelit’ pŕıspevok

elektrónov z rozpadov čast́ıc pochádzajúcich z b a c kvarkov [112]. V tomto článku se

nám podarilo ukázat’, že pŕıspevok rozpadov čast́ıc z b kvarkov v spektre priečnych

hybnost́ı nefotónových elektrónov je menš́ı ako pŕıspevok rozpadov čast́ıc z c kvarkov

pri hybnostiach do pT ≈ 5 GeV/c, potom sa oba pŕıspevky vyrovnajú. Toto meranie je

v súlade s výpočtami z FONLL pQCD [R22]. Tieto výpočty śıce predpovedajú tiež rast

b pŕıspevku, avšak štatistická presnost’ merania nebola dostatočná, aby sa rast pri hyb-

nostiach nad pT ≈ 5 GeV/c mohol preukázat’. Pomocou zmeraného pomeru elektrónov

z rozpadu mezónu B k elektrónom z D a B rozpadov, eB
eB+eD

z článku Ref. [112] sme

rozdelili výt’ažok nefotónových elektrónov v protón-protónových zrážkach na b a c časti.

V porovnańı s výpočtami FONLL pQCD [R22] sú merania a výpočty konzistentné v

rámci uvedenej presnosti.

V d’aľsom priloženom článku v tejto kapitole, L. Adamczyk et al., Measurements of

D0 and D∗ production in p+p collisions at
√
s = 200 GeV, Phys. Rev. D 86, 072013

(2012), sa diskutuje prvé meranie produkcie pôvabných kvarkov v p+p zrážkach na

urýchl’ovači RHIC pomocou priamej rekonštrukcie hadrónových rozpadov D mezónov.

Na túto analýzu sa použili experimentálne údaje z experimentu STAR namerané v

roku 2009. Pred týmto merańım došlo k výraznému nárastu počtu inštalovaných mo-

dulov detektora doby letu TOF. K dispoźıcii bolo 84 z celkových 120 sektorov. Ap-

likácia výberových kritéríı zahrňujúcich informácie z tohto detektora významne vy-

lepšila rozĺı̌senie kaónov od piónov do hybnost́ı okolo p ≈ 1,5 GeV/c. Študovali sme

rozpadové kanály dvoch mezónov: D0 a D∗± . V prvom pŕıpade šlo o rozpad D0(D0)→
K∓π± s rozpadovým pomerom BR = 3,89 %. V druhom pŕıpade šlo o rozpad D∗+ →
D0π+ s rozpadovým pomerom BR = 67,7 %, kde sa D0 d’alej rozpadlo na D0 →
K−π+. Taktiež sme študovali nábojovo združený rozpad D∗−. Vd’aka výbornému azi-

mutálnemu pokrytiu a rozĺı̌seniu typu čast́ıc v detektore STAR bolo možné určit’

výt’ažok týchto mezónov i bez topologickej rekonštrukcie. V analýze D0 sme skombino-

vali všetky nábojovo vhodné dvojice predvybraných kaónov a piónov a vykreslili sme

invariantnú hmotnost’ týchto dvoj́ıc. Potom sme pomocou dvoch metód určili pŕıspevok

náhodných kombinácíı, tzv. kombinatorického pozadia. V prvej metóde označenej like-

sign (rovnaké znamienko) sme urobili dvojice v kombinácii s nesprávnym nábojom.

V druhej metóde označenej track-rotation (otočenie dráhy) sme vytvárali kombinácie

tak, že sme vždy pŕıslušnú dráhu kaónu pootočili o 180◦ a až potom určili invariantnú

hmotnost’. Obe metódy viedli k podobnému výt’ažku finálneho signálu (viz. FIG.3 a

FIG.4) a rozdiel sa zahrnul do systematických chýb. Po odč́ıtańı kombinatorického

pozadia sa nám podarilo rozdelit’ D0 výt’ažok v intervale pT = 0,6 - 2 GeV/c na dva
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biny (viz. FIG.5). Pri analýze D∗± sme využili skutočnost’, že rozpad D∗± má malú

hodnotu Q-faktoru, z dôvodu malého rozdielu hmotnosti D∗± a D0 . Ked’že D0 odne-

sie väčšinu hybnosti má zvyšný pión hybnost’ vel’mi malú. Preto sme stanovili výt’ažok

pomocou hmotnostného rozdielu ∆M = M(Kππ)−M(Kπ). Požadovali sme správnu

nábojovú kombináciu a dvojice v druhom člene sme vyberali tak, aby mali správnu in-

variantnú hmotnost’ pre D0 . Kombinatorické pozadie sme opät’ určili pomocou dvoch

metód. V jednej sme vyberali chybnú nábojovú kombináciu v prvom člene a v druhej

sme vyberali hmotnost’ pre druhý člen mimo vhodný interval (viz. FIG.7). Podarilo sa

nám určit’ výt’ažok D∗± v intervale pT = 2 - 6 GeV/c a rozdelit’ ho na 4 biny (viz.

FIG.8). Po všetkých pŕıslušných korekciách signálu na účinnost’ a pokrytie detektorov

a výberu signálu, sme spektrá D∗± a D0 vykreslili spolu ako diferenciálny účinný prie-

rez cc̄ produkcie, s tým, že sa výt’ažok vydelil pŕıslušným fragmentačným pomerom.

Výsledné spektrum sme preložili mocninnou funkciou a určili účinný prierez cc̄ produk-

cie v strednej rapidite: dσ
dy
|cc̄y=0 = 170 ± 45 (stat.) +38

−59 (sys.) µb (viz. FIG.15). Výpočty

FONLL pQCD [R22] použité na porovnanie s nefotónovými elektrónmi sú tiež v rámci

neurčitost́ı výpočtov v súlade s nameranými hodnotami, aj ked’ experimentálne body

ležia na hornej hranici neurčitost́ı výpočtov. Na základe simulácii s PYTHIA 6 [R25]

sme stanovili koeficient 4,7 ± 0,7 na extrapoláciu účinného prierezu do plnej rapidity.

Totálny účinný prierez pôvabnej produkcie v p + p pri
√
s= 200 GeV sme stanovili na

σcc̄ = 797± 210 (stat.)+208
−295 (sys.) µb.

Obr. 2.2: Závislost’ diferenciálneho účinného prierezu cc̄ na priečnej hybnosti źıskaného

z merańı D∗± a D0 v p + p zrážkach pri energii
√
s= 200 GeV (vl’avo) a

√
s= 500 GeV.

Farebné plochy ukazujú výpočty FONLL pQCD [R22]. Prevzaté z Ref. [R23].

Kolaborácia STAR merala p + p zrážky aj pri energii
√
s = 500 GeV. Podarilo

sa nám previest’ analýzu D∗± a D0 nielen v zrážkach s najmenš́ım zaujat́ım, ale aj

použit’ experimentálne údaje, ktoré boli merané pomocou spúšt’ača nastaveného tak,

aby signál aspoň v jednej veži kalorimetra bol nad nastavenú hodnotu, d’alej označované

ako HT (high-tower) dáta. Na základe výsledkov sme pripravili publikáciu, ktorá je v

súčasnosti v internom schvalovacom procese v kolaborácii STAR. Hlavný výsledok je

na obrázku Obr. 2.2 (vpravo). Aj pre túto energiu je popis produkcie v rámci FONLL
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pQCD v zhode s experimentálnymi výsledkami. Detaily analýzy sú podrobne diskuto-

vané v doktorskej práci Davida Tlustého [T1], ktorú som viedol. Podobne i z p + p

dát meraných v roku 2012 kolaborácia STAR previedla obdobnú analýzu pri energii√
s = 200 GeV a výsledky sú v zhode s nami publikovanými výsledkami, ako je možné

vidiet’ na obrázku Obr. 2.2 (vl’avo).



High pT nonphotonic electron production in pþ p collisions at
ffiffiffi
s

p ¼ 200 GeV

H. Agakishiev,17 M.M. Aggarwal,29 Z. Ahammed,21 A.V. Alakhverdyants,17 I. Alekseev,15 J. Alford,18 B.D. Anderson,18

C.D. Anson,27 D. Arkhipkin,2 G. S. Averichev,17 J. Balewski,22 D. R. Beavis,2 N.K. Behera,13 R. Bellwied,43

M. J. Betancourt,22 R. R. Betts,7 A. Bhasin,16 A.K. Bhati,29 H. Bichsel,49 J. Bielcik,9 J. Bielcikova,10 B. Biritz,5

L. C. Bland,2 I. G. Bordyuzhin,15 W. Borowski,40 J. Bouchet,18 E. Braidot,26 A.V. Brandin,25 A. Bridgeman,1

S. G. Brovko,4 E. Bruna,52 S. Bueltmann,28 I. Bunzarov,17 T. P. Burton,2 X. Z. Cai,39 H. Caines,52

M. Calderón de la Barca Sánchez,4 D. Cebra,4 R. Cendejas,5 M. C. Cervantes,41 Z. Chajecki,27 P. Chaloupka,10

S. Chattopadhyay,47 H. F. Chen,37 J. H. Chen,39 J. Y. Chen,51 L. Chen,51 J. Cheng,44 M. Cherney,8 A. Chikanian,52

K. E. Choi,33 W. Christie,2 P. Chung,10 M. J.M. Codrington,41 R. Corliss,22 J. G. Cramer,49 H. J. Crawford,3 S. Dash,12

A. Davila Leyva,42 L. C. De Silva,43 R. R. Debbe,2 T. G. Dedovich,17 A.A. Derevschikov,31 R. Derradi de Souza,6

L. Didenko,2 P. Djawotho,41 S.M. Dogra,16 X. Dong,21 J. L. Drachenberg,41 J. E. Draper,4 J. C. Dunlop,2 L. G. Efimov,17

M. Elnimr,50 J. Engelage,3 G. Eppley,35 M. Estienne,40 L. Eun,30 O. Evdokimov,7 R. Fatemi,19 J. Fedorisin,17

R. G. Fersch,19 P. Filip,17 E. Finch,52 V. Fine,2 Y. Fisyak,2 C.A. Gagliardi,41 D. R. Gangadharan,5 A. Geromitsos,40

F. Geurts,35 P. Ghosh,47 Y.N. Gorbunov,8 A. Gordon,2 O.G. Grebenyuk,21 D. Grosnick,46 S.M. Guertin,5 A. Gupta,16

W. Guryn,2 B. Haag,4 O. Hajkova,9 A. Hamed,41 L-X. Han,39 J.W. Harris,52 J. P. Hays-Wehle,22 M. Heinz,52

S. Heppelmann,30 A. Hirsch,32 E. Hjort,21 G.W. Hoffmann,42 D. J. Hofman,7 B. Huang,37 H. Z. Huang,5 T. J. Humanic,27

L. Huo,41 G. Igo,5 P. Jacobs,21 W.W. Jacobs,14 C. Jena,12 F. Jin,39 J. Joseph,18 E. G. Judd,3 S. Kabana,40 K. Kang,44

J. Kapitan,10 K. Kauder,7 H.W. Ke,51 D. Keane,18 A. Kechechyan,17 D. Kettler,49 D. P. Kikola,21 J. Kiryluk,21 A. Kisiel,48

V. Kizka,17 S. R. Klein,21 A.G. Knospe,52 D.D. Koetke,46 T. Kollegger,11 J. Konzer,32 I. Koralt,28 L. Koroleva,15

W. Korsch,19 L. Kotchenda,25 V. Kouchpil,10 P. Kravtsov,25 K. Krueger,1 M. Krus,9 L. Kumar,18 P. Kurnadi,5

M.A. C. Lamont,2 J.M. Landgraf,2 S. LaPointe,50 J. Lauret,2 A. Lebedev,2 R. Lednicky,17 J. H. Lee,2 W. Leight,22

M. J. LeVine,2 C. Li,37 L. Li,42 N. Li,51 W. Li,39 X. Li,32 X. Li,38 Y. Li,44 Z.M. Li,51 M.A. Lisa,27 F. Liu,51 H. Liu,4 J. Liu,35

T. Ljubicic,2 W. J. Llope,35 R. S. Longacre,2 W.A. Love,2 Y. Lu,37 E. V. Lukashov,25 X. Luo,37 G. L. Ma,39 Y.G. Ma,39

D. P. Mahapatra,12 R. Majka,52 O. I. Mall,4 L. K. Mangotra,16 R. Manweiler,46 S. Margetis,18 C. Markert,42 H. Masui,21

H. S. Matis,21 Yu. A. Matulenko,31 D. McDonald,35 T. S. McShane,8 A. Meschanin,31 R. Milner,22 N.G. Minaev,31

S. Mioduszewski,41 A. Mischke,26 M.K. Mitrovski,11 Y. Mohammed,41 B. Mohanty,47 M.M. Mondal,47 B. Morozov,15

D.A. Morozov,31 M.G. Munhoz,36 M.K. Mustafa,32 M. Naglis,21 B. K. Nandi,13 T. K. Nayak,47 P. K. Netrakanti,32

L. V. Nogach,31 S. B. Nurushev,31 G. Odyniec,21 A. Ogawa,2 K. Oh,33 A. Ohlson,52 V. Okorokov,25 E.W. Oldag,42

D. Olson,21 M. Pachr,9 B. S. Page,14 S. K. Pal,47 Y. Pandit,18 Y. Panebratsev,17 T. Pawlak,48 H. Pei,7 T. Peitzmann,26

C. Perkins,3 W. Peryt,48 S. C. Phatak,12 P. Pile,2 M. Planinic,53 M.A. Ploskon,21 J. Pluta,48 D. Plyku,28 N. Poljak,53

A.M. Poskanzer,21 B.V.K. S. Potukuchi,16 C. B. Powell,21 D. Prindle,49 C. Pruneau,50 N.K. Pruthi,29 P. R. Pujahari,13

J. Putschke,52 H. Qiu,20 R. Raniwala,34 S. Raniwala,34 R. L. Ray,42 R. Redwine,22 R. Reed,4 H. G. Ritter,21 J. B. Roberts,35

O. V. Rogachevskiy,17 J. L. Romero,4 A. Rose,21 L. Ruan,2 J. Rusnak,10 N. R. Sahoo,47 S. Sakai,21 I. Sakrejda,21 S. Salur,4

J. Sandweiss,52 E. Sangaline,4 A. Sarkar,13 J. Schambach,42 R. P. Scharenberg,32 A.M. Schmah,21 N. Schmitz,23

T. R. Schuster,11 J. Seele,22 J. Seger,8 I. Selyuzhenkov,14 P. Seyboth,23 E. Shahaliev,17 M. Shao,37 M. Sharma,50 S. S. Shi,51

Q. Y. Shou,39 E. P. Sichtermann,21 F. Simon,23 R. N. Singaraju,47 M. J. Skoby,32 N. Smirnov,52 P. Sorensen,2 H.M. Spinka,1

B. Srivastava,32 T. D. S. Stanislaus,46 D. Staszak,5 S. G. Steadman,22 J. R. Stevens,14 R. Stock,11 M. Strikhanov,25

B. Stringfellow,32 A.A. P. Suaide,36 M. C. Suarez,7 N. L. Subba,18 M. Sumbera,10 X.M. Sun,21 Y. Sun,37 Z. Sun,20

B. Surrow,22 D. N. Svirida,15 T. J.M. Symons,21 A. Szanto de Toledo,36 J. Takahashi,6 A.H. Tang,2 Z. Tang,37

L. H. Tarini,50 T. Tarnowsky,24 D. Thein,42 J. H. Thomas,21 J. Tian,39 A. R. Timmins,43 D. Tlusty,10 M. Tokarev,17

T. A. Trainor,49 V. N. Tram,21 S. Trentalange,5 R. E. Tribble,41 P. Tribedy,47 O.D. Tsai,5 T. Ullrich,2 D.G. Underwood,1

G. Van Buren,2 G. van Nieuwenhuizen,22 J. A. Vanfossen, Jr.,18 R. Varma,13 G.M. S. Vasconcelos,6 A.N. Vasiliev,31

F. Videbæk,2 Y. P. Viyogi,47 S. Vokal,17 S. A. Voloshin,50 M. Wada,42 M. Walker,22 F. Wang,32 G. Wang,5 H. Wang,24

J. S. Wang,20 Q. Wang,32 X. L. Wang,37 Y. Wang,44 G. Webb,19 J. C. Webb,2 G.D. Westfall,24 C. Whitten, Jr.,5

H. Wieman,21 S.W. Wissink,14 R. Witt,45 W. Witzke,19 Y. F. Wu,51 Z. Xiao,44 W. Xie,32 H. Xu,20 N. Xu,21 Q.H. Xu,38

W. Xu,5 Y. Xu,37 Z. Xu,2 L. Xue,39 Y. Yang,20 Y. Yang,51 P. Yepes,35 K. Yip,2 I-K. Yoo,33 M. Zawisza,48 H. Zbroszczyk,48

W. Zhan,20 J. B. Zhang,51 S. Zhang,39 W.M. Zhang,18 X. P. Zhang,44 Y. Zhang,21 Z. P. Zhang,37 J. Zhao,39 C. Zhong,39

W. Zhou,38 X. Zhu,44 Y.H. Zhu,39 R. Zoulkarneev,17 and Y. Zoulkarneeva17

(STAR Collaboration)

PHYSICAL REVIEW D 83, 052006 (2011)

1550-7998=2011=83(5)=052006(17) 052006-1 � 2011 American Physical Society
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We present the measurement of nonphotonic electron production at high transverse momentum

(pT > 2:5 GeV=c) in pþ p collisions at
ffiffiffi
s

p ¼ 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 ( e
þþe�
2 ) at 3 GeV=c < pT < 10 GeV=c from bottom and

charm meson decays to be ½ðd�ðB!eÞþðB!D!eÞÞ=ðdyeÞ�ye¼0 ¼ 4:0 � 0:5ðstatÞ � 1:1ðsystÞ nb and

½ðd�D!eÞ=ðdyeÞ�ye¼0 ¼ 6:2� 0:7ðstatÞ � 1:5ðsystÞ nb, respectively.
DOI: 10.1103/PhysRevD.83.052006 PACS numbers: 13.20.Fc, 13.20.He, 25.75.Cj

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=c 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 pþ p collisions imperative.

Open heavy-flavor production in pþ p, dþ A, and
Aþ A collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV has been studied

at the Relativistic Heavy Ion 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 (pT <
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 ! ‘�‘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 pT .

In this paper, we report STAR results on nonphotonic
electron production at midrapidity in pþ p collisions atffiffiffi
s

p ¼ 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�1, respectively.

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 pT > 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 (�) 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 j�j< 1:0 and 2� in azimuth,
matching the TPC acceptance. The BEMC is a lead-
scintillator sampling electromagnetic calorimeter with a

nominal energy resolution of �E=E� 14%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=1 GeV

p �
1:5% [22]. The full calorimeter is segmented into 4800
projective towers. A tower covers 0.05 rad in � and 0.05
units in �. Each tower consists of a stack of 20 layers of
lead and 21 layers of scintillator with an active depth of

HIGH pT NONPHOTONIC ELECTRON PRODUCTION . . . PHYSICAL REVIEW D 83, 052006 (2011)

052006-3
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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 18 000 strips, provide precise
spacial resolution in � and � 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-pT

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< j�j< 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< j�j< 5:0) on each side of the interaction
region. The cross section sampled with the BBC trigger is
26:1� 0:2ðstatÞ � 1:8ðsystÞ mb [24] for pþ 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 data in dþ Au collisions recorded during year 2008
is used as a crosscheck in this analysis (see Sec. III E).
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< j�j< 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 dþ 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

first TPC point of reconstructed tracks to be less than 70 cm
(see Sec. III B) 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

ffiffiffi
s

p ¼ 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 dþ Au collisions are
used for systematic cross-checks as described in Sec. III E.
To enrich the data sample with high-pT 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�1.
Expressed in terms of transverse energy (ET), 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 ET thresholds of 2.6 GeV (HT1) and
3.5 GeV (HT2), corresponding to a sampled luminosity
of �2:8 pb�1. 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

TABLE I. 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%
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total cross section of 1:49�b 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 �0 and � 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 �0, �
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
pT > 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
2:5 GeV=c < pT < 3:0 GeV=c (left) and 8:0 GeV=c <
pT < 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 pT , but most
photonic pairs are contained in range of mee <
0:24 GeV=c2. The lower two panels of Fig. 1 show the
simulated invariant mass spectra of the two dominant
sources of photonic electrons,�0 Dalitz and � conversions,

in the same two pT 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. III 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

NðnpeÞ ¼ NðincÞ � 	purity � NðphoÞ=	pho;

where NðnpeÞ is the nonphotonic electron yield, NðincÞ is
the inclusive electron yield,NðphoÞ is the photonic electron
yield, 	pho is the photonic electron reconstruction effi-

ciency defined as the fraction of the photonic electrons
identified through invariant mass reconstruction, and 	purity
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 pT > 2:5 GeV=c [17].
Electrons from vector mesons (
, !, �, J=c , �) decays
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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 <
pT < 3:0 GeV=c (a) and at 8:0 GeV=c < pT < 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 < pT < 3:0 GeV=c (c) and
at 8:0 GeV=c < pT < 10:0 GeV=c (d). Solid and dashed lines
represent results from � conversions and �0 Dalitz decay.
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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 pT > 2:5 GeV=c and j�j< 0:5. The event
vertex position along the beam-axis (Vz) is required to be
close to the center of the TPC, i.e. jVzj< 30 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 n�e >�1 on the
normalized ionization energy loss in the TPC [28], which is
defined as

n�e ¼ logððdE=dxÞ=BeÞ=�e;

where Be is the expected mean dE=dx of an electron
calculated from the Bichsel function [29] and �e is the
TPC resolution of logððdE=dxÞ=BeÞ.

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

unlike-sign, like-sign, and unlike-minus-like pairs requir-
ing meþe� < 0:24 GeV=c2, 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=E0 for
electrons from unlike-sign, like-sign, and unlike-minus-
like pairs, where E0 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=E0 < 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
� 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
meþe� < 0:24 GeV=c2, 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 pT > 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 pT . The drop in the low pT region comes
mainly from BSMD inefficiency, while the drop in the
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high pT region is caused by the p=E0 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 pT > 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<�< 1:0) 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<�< 0:5 from
�30 cm< Vz < 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< n�e < 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 � 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 pT in the Run2005 analysis. There is no drop at high
pT 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 eþe� invariant
mass [30]. We require �3< n�e < 3 for partner
tracks, 2D meþe� < 0:1 GeV=c2 for pairs, a maximum
0:1=0:05 rad for the opening angle in the �=� plane, and
a maximum 1.0 cm DCA between two electron helices.

A cut of pT > 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
n�e distributions in different pT regions with three
Gaussian functions representing the expected distributions
of ��, K� þ p�, and e�. The purity is estimated from the
fit.
Ideally the electron n�e 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 pT

regions directly from data using photonic electrons
from the unlike-minus-like pairs. The left panel of
Fig. 4 shows the n�e distribution for tracks with
(a) 2:5 GeV=c < pT < 3:0 GeV=c and (b) 8:0 GeV=c<
pT < 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 n�e

cut, are applied. The n�e of photonic electrons are well
fitted with Gaussian functions. Figure 4(c) shows the mean
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and width of the Gaussian fit as a function of electron pT ,
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 n�e

distribution in the following 3-Gaussian fit. The n�e of
�� and K� þ 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
n�e distributions of inclusive electron candidates with
2:5 GeV=c < pT < 3:0 GeV=c in the Run2008 analysis
(upper left), 2:5 GeV=c < pT < 3:5 GeV=c in the
Run2005 analysis (lower left), and 8:0 GeV=c < pT <
10:0 GeV=c in the Run2008 analysis (right). Here we leave
the n�e cut open. The dotted, dot-dashed, and dashed lines
represent, respectively, the fits for K� þ p�, ��, and e�.
Compared to the Run2008 analysis, the electron compo-
nent in the Run2005 analysis at similar pT 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 n�e

cut. No constraints are applied to the K� þ p� and ��
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 n�e 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 n�e distribution
in the Run2008 analysis is the combined result from the
data sets of all three high-tower triggers as described in
Sec. II C, 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 pT 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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D. Photonic electron reconstruction efficiency

Since photon conversions, �0 and � meson Dalitz de-
cays are the dominant sources of photonic electrons, they
are the components that we used to calculate 	pho, the

photonic electron reconstruction efficiency, in the analysis
of the Run2008 data. The 	pho 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 	pho is obtained by combining results from

all components according to their relative contribution to
the photonic electron yield.

The determination of 	pho is done through reconstructing

electrons from simulated � conversion or Dalitz decay of
�0 and � with uniform pT 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 pT , we use a fit function to the measured
�0 spectrum, the derived � and inclusive photon pT

spectra as weights. The fit function to the measured �0

spectrum is provided by the PHENIX experiment in
Ref. [32]. The � spectrum is derived from the �0 mea-
surement assuming mT scaling, i.e. replacing pT withffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

h �m2
�0

q
while keeping the function form un-

changed. Figure 7(a) shows the derived inclusive � pT

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 � spectrum is obtained by adding the
direct � yield to the �0 and � decay � yield calculated
using PYTHIA. The direct � yield is obtained from the fit

function to the direct � measurement provided by the
PHENIX experiment in Ref. [32]. The dot-dashed line
represents the � spectrum from �0 and � decay alone.
The dotted line is obtained by doubling the direct � com-
ponent in the inclusive photon spectrum. By comparing the
ratio of the derived inclusive � yield to that of �0 and �
decay photon with the double ratio measurement in
Auþ Au most peripheral collisions [33], we found the
uncertainty covers the possible variations of the inclusive
photon yield.
STAR simulations for � 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 �0

Dalitz decay [36], and a pole approximation for the decays
of � [37].
Figure 8(a) shows the photonic electron reconstruction

efficiency as a function of electron pT for � conversion, �0

and � Dalitz decay electrons, which turn out to be very
similar because of the similar decay kinematics. The in-
crease towards larger electron pT is due to the higher
probability of reconstructing both electrons from high pT

(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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	phoðpTÞ ¼ N�
e ðpTÞ

N�
e ðpTÞ þ N�0

e ðpTÞ þ N
�
e ðpTÞ

� 	�ðpTÞ

þ N�0

e ðpTÞ
N�

e ðpTÞ þ N�0

e ðpTÞ þ N�
e ðpTÞ

� 	�0ðpTÞ

þ N�
e ðpTÞ

N�
e ðpTÞ þ N�0

e ðpTÞ þ N
�
e ðpTÞ

� 	�ðpTÞ;

where N�
e , N�0

e , and N�
e are, respectively, the yield of

electrons from photon conversion, �0 and � Dalitz decay;
	�, 	�0 , and 	� are the corresponding photonic electron

reconstruction efficiencies. Based on Table I, approxi-
mately 36% of the photonic electrons are from �0 Dalitz
decay and about 10% are from � Dalitz decay. Their
variations have a negligible effect on the results since 	�,

	�0 , 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 	pho. Figure 8(c) shows 	pho as a function of pT

for � 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 	pho 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 	pho
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
pþ p data, the number of minimum-bias events is too
small to be used for this purpose. Fortunately, the Run2008
dþ Au data were taken using the same sets of high-tower
triggers as used for the pþ p run. Since the two data sets
were taken serially, the high-tower trigger efficiency is
expected to be the same. During the dþ Au run, many
events also were taken using the VPD trigger, which is
essentially a less efficient minimum-bias trigger that can

serve as the baseline reference for trigger efficiency analy-
sis. As a cross-check, we also evaluate the trigger effi-
ciency through the Run2008 pþ p simulation.
From the VPD trigger events, we first regenerate a high-

tower trigger pT spectrum by requiring adc0 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 adc0 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 ¼ X
i

�
NiðVPDþ adc0Þ

NiðHTÞ � 1

�
2
�
�2

i ;

where NiðVPDþ adc0Þ is the regenerated high-tower trig-
ger electron yield from VPD events in the ith pT bin,
NiðHTÞ is the electron yield at the same pT bin from the
actual high-tower trigger events, and �i is the uncertainty
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FIG. 9 (color online). (a) adc0 distribution for high-tower
trigger events. (b) �2 as a function of the adc0 cut. (c) Raw
inclusive electron pT spectrum from VPD trigger in Run2008
dþ Au collisions before (open squares) and after applying the
adc0> 193 cut (closed circles). (d) adc0 distribution for
data (closed circles) and simulation (solid line) at pT ¼
4:0� 5:0 GeV=c. See text for details.
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of NiðVPDþ adc0Þ. Figure 9(b) shows the �2 as a
function of the adc0 cut; the threshold is taken as 193.
Figure 9(c) shows the pT spectrum of raw inclusive elec-
trons from the VPD trigger (open squares) and the regen-
erated high-tower spectrum (closed circles) after applying
the adc0> 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 pT 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 < pT < 5:0 GeV=c. The efficiency is
defined as the fraction of the simulated adc0 spectrum
integral above the trigger threshold.

In the Run2008 analysis the raw pT 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 pT

that is calculated using dþ AuVPD events (closed circles)
and simulated events (closed triangles) in the Run2008
analysis. At pT > 3:5 GeV=c, they agree with each other
reasonably well. At lower pT , 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 pT . The final efficiency is
therefore taken to be the combination of the two, i.e., at
pT < 3:5 GeV=c, the efficiency is equal to that from VPD
events assigning a systematic uncertainty identical to the

statistical uncertainty of the data point, while at high pT ,
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 pT > 2:0 GeV=c. We
thus rely on a fit to the spectrum, which consists of
minimum-bias events at low pT and high-tower trigger
events at high pT 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 pT

spectrum from minimum-bias, HT1 and HT2 events. The
fit uses a power-law function Að1þ pT=BÞ�n. 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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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 pT > 2:5 GeV=c, while the
trigger efficiency for photonic electron is 20%–30% higher
than for nonphotonic electron in the lower pT 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 �BBC ¼ Nminbias=L, where
L ¼ Nmon=�mon, �mon is the monitor cross section which
is estimated to be 1:49�b using low luminosity runs,
Nminbias and Nmon 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
�BBC. 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 �BBC <
20 mb or �BBC > 30 mb. We fit the �BBC distribution with
a Gaussian function and assign the width of the function

(2.3%) as the systematic uncertainty of the �mon with
respect to BBC cross section.
The integrated luminosity sampled by the high-tower

triggers are �2:6 and �2:8 pb�1 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=c ,�) and light vector
mesons (
, !, and �) as well as those from Drell-Yan
process.
The electrons from J=c decay contribute noticeably to

the observed nonphotonic electron signal as pointed out
in Ref. [38]. In order to estimate the contribution
from J=c ! eþe� to the nonphotonic electron yield, we
combine the measured differential J=c 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=c differential cross section from
the two experiments. While the PHENIX measurement
dominates the low to medium-pT region, the STAR
measurement dominates the high-pT region. The
combined spectrum is fit using a power-law function
of the form Ed3�=d3pjy¼0 ¼ AðexpðapT � bp2TÞþ
pT=p0Þ�n, where A ¼ 5:24� 0:87 mb � GeV�2c3, a ¼
0:32� 0:04 GeV�1c, b ¼ 0:06� 0:03 GeV�2c2, p0 ¼
2:59� 0:21 GeV=c, and n ¼ 8:44� 0:61 are fit parame-
ters. The �2=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
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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 pT

range (pT < 14:0 GeV=c), we cannot assume that the pT

and rapidity distributions factorize. We use PYTHIA to
generate dN=dyðpTÞ and implement a Monte Carlo pro-
gram using the above functions as probability density
functions to generate J=c and decay them into eþe�
assuming the J=c 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=c decay electrons
as a function of the electron pT . The uncertainty of the
derived yield comes from the uncertainty of the fit to the
J=c 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 �
decays (� ! eþe�), represented by the dot-dashed line
in Fig. 14(b), is calculated in a similar fashion as that for
the J=c except that the input� 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 pT 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 �ð1Sþ 2Sþ 3SÞ states in pþ p collisions atffiffiffi
s

p ¼ 200 GeV to be B� d�=dy ¼ 114� 38þ23
�24 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

�39%, which is the value we assigned as the total uncer-
tainty of the � feed-down contribution to the nonphotonic
electrons at all pT .
The contribution to the nonphotonic electron yield from

the light vector mesons is estimated using PYTHIA, assum-
ing the meson spectra follow mT scaling. We generate a
sample of decay electrons using light vector mesons with
flat spectra in pT 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 
,
!, and�. The meson spectra are obtained by replacing the

pT with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

h �m2
�0

q
in the same fit function as for

the�0 measurement (see Fig. 7). Heremh is the mass of the
vector meson. The relative yields of the mesons to � [17]
are also taken into account during this process. We include
the decay channels � ! eþe�, � ! �eþe�, ! ! eþe�,
! ! �0eþe�, and 
 ! eþe� 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�0 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

E
d3�

dp3
¼ 1

L
1

2�pT�pT�y

Nnpe

	rec	trig	eid	BBC
;

where Nnpe is the nonphotonic electron raw yield with the

Vz cuts, 	rec is the product of the single electron recon-
struction efficiency and the correction factor for momen-
tum resolution and finite spectrum bin width, 	trig is the

high-tower trigger efficiency, 	eid is the electron identifi-
cation efficiency,L is the integrated luminosity with the Vz

cuts, and 	BBC ¼ 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 � 	BBC
in maximum range is 14% including uncertainties in track-
ing efficiency [24]. Assuming a flat distribution within the
range, we estimate theL � 	BBC uncertainty to be 8.1% in 1
standard deviation. The uncertainty of Nnpe is the quadratic

sum of the uncertainties from the estimation of 	pho, purity

and the light vector meson contribution. The uncertainty
of 	rec is the quadratic sum of the uncertainties from
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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 pT . In order to compare with the
result in Refs. [16,17], we do not subtract the J=c , � 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 pT in pþ p collisions in
Run2008 (closed circles) and Run2005 (open triangles).
The ratio for Run2008 is much larger because there was

much less material in front of the TPC for Run2008.
Figure 15(b) shows the nonphotonic electron invariant

cross section ( e
þþe�
2 ) as a function of pT in pþ 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 ( e
þþe�
2 )

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 	pho. 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

TABLE II. Sources of systematic uncertainty for the nonpho-
tonic electron invariant yield in pþ 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 pT .

source Run2008 Run2005

Nnpe 5.0–48.1% (A) 8.5–38.0% (A)

	eid 6.5–25.2% (A) 0.7–2.0% (A)

	trg 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 � 	BBC 2.3% (B)

8.1% (C) 8.1% (C)
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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
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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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FIG. 16 (color online). (a) Invariant cross section of nonpho-
tonic electron production ( e

þþe�
2 ) in pþ 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 pþ 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 (eB=ðeB þ eDÞ)
[19], where PYTHIA was tuned to reproduce STAR mea-
surements of D mesons pT spectra [46]. Using the mea-
sured eB=ðeB þ eDÞ, together with the measured
nonphotonic electron cross section with the electrons
from J=c , � decay and Drell-Yan processes subtracted,
we are able to disentangle these two components.

The bottom electron cross section is calculated as
eB=ðeB þ eDÞ times the nonphotonic electron cross section
with the contribution from J=c , � decay and Drell-Yan
processes subtracted. The same procedure applies to the
charm electrons except that (1� eB=ðeB þ eDÞÞ is
used instead. The specific location of pT , where the
eB=ðeB þ eDÞ is measured, is different from that of the
nonphotonic electrons. To accommodate the difference,
we calculate eB=ðeB þ eDÞ in any given pT in nonphotonic
electron measurements through a linear interpolation of the
actual eB=ðeB þ eDÞ 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 ( e
þþe�
2 ) from bottom (upper left) and charm

(upper right) mesons as a function of pT 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 eB=ðeB þ eDÞmeasurement 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 ( e
þþe�
2 ) at

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

d�ðB!eÞþðB!D!eÞ
dye

��������ye¼0
¼ 4:0� 0:5ðstatÞ

� 1:1ðsystÞ nbd�D!e

dye

��������ye¼0

¼ 6:2� 0:7ðstatÞ � 1:5ðsystÞ nb;
where ye 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 pT spectrum to our high-pT measurements
and extrapolating the results to the full kinematic phase
space, we obtain a total bottom production cross section of
1:34�b. However, with the PYTHIA calculation using the
same parameters except MSEL ¼ 5, i.e. bottom produc-
tion processes instead of minimum-bias processes as in the
former calculation, we obtain a value of 1:83�b. The
PYTHIA authors recommend the minimum-bias processes

[31]. This large variation between the extracted total
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FIG. 17 (color online). Invariant cross section of electrons
( e

þþe�
2 ) 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.
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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 ¼ 1 and
withMSEL ¼ 5. Since both calculations are normalized to
the measured data, the difference in the shape shows up at
pT < 3 GeV=c. The fact that the PYTHIA calculation with
MSEL ¼ 5 only includes leading-order diagrams of bot-
tom production causes the difference between the PYTHIA

calculations. Measurements in the low pT region are there-
fore important for the understanding of bottom quark
production at RHIC. Both values are consistent with
the FONLL [2] prediction, 1:87þ0:99

�0:67 �b, within its

uncertainty.

V. CONCLUSIONS

STAR measurements of high pT nonphotonic electron
production in pþ p collisions at

ffiffiffi
s

p ¼ 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 eB=ðeB þ eDÞ and the measured nonphotonic cross
section. The integrated bottom and charm electron cross

sections ( e
þþe�
2 ) at 3 GeV=c < pT < 10 GeV=c are deter-

mined separately as

d�ðB!eÞþðB!D!eÞ
dye

��������ye¼0
¼ 4:0� 0:5ðstatÞ

� 1:1ðsystÞ nb d�D!e

dye

��������ye¼0

¼ 6:2� 0:7ðstatÞ � 1:5ðsystÞ nb:

FONLL can describe these measurements within its
theoretical uncertainties. Future measurements on low-pT

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-pT region.
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Article reprint



Nucl. Instrum. Methods Phys. Res., Sect. A 499, 679
(2003).

[22] M. Beddo et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 499, 725 (2003).

[23] J. Kiryluk (STAR Collaboration), in Proceedings of the
16th International Spin Physics Symposium (World
Scientific, Singapore, 2005), p. 718.

[24] J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 91,
172302 (2003).

[25] W. J. Llope et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 522, 252 (2004).

[26] F. Jin (STAR Collaboration), J. Phys. G 36, 064051
(2009).

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

[28] Y. Xu and Olga Barannikova et al., arXiv:0807.4303v2.
[29] H. Bichsel, Nucl. Instrum. Methods Phys. Res., Sect. A

562, 154 (2006).
[30] W. Dong, Ph.D. thesis, University of California Los

Angeles, 2006, http://drupal.star.bnl.gov/STAR/files/
startheses/2006/dong_eijiang.pdf.

[31] T. Sjostrand et al., J. High Energy Phys. 05 (2006) 026.
[32] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 81,

034911 (2010); Y. Akiba (private communication).

[33] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev.
Lett. 94, 232301 (2005).

[34] GEANT 3.21, http://wwwasdoc.web.cern.ch/wwwasdoc/
geant html3/geantall.html.

[35] N.M. Kroll and W. Wada, Phys. Rev. 98, 1355
(1955).

[36] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

[37] R. Arnaldi et al. (NA60 Collaboration), Phys. Lett. B 677,
260 (2009).

[38] A. Adare et al. (PHENIX Collaboration),
arXiv:1005.1627.

[39] A. Adare et al. (PHENIX Collaboration), Phys. Rev. D 82,
012001 (2010).

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

[41] C. L. D. Silva (private communication).
[42] R. Vogt (private communication).
[43] B. I. Abelev et al. (STAR Collaboration), Phys. Rev. D 82,

012004 (2010).
[44] W. Vogelsang (private communication).
[45] A. Valassi, Nucl. Instrum. Methods Phys. Res., Sect. A

500, 391 (2003).
[46] X. Lin, arXiv:hep-ph/0602067.

HIGH pT NONPHOTONIC ELECTRON PRODUCTION . . . PHYSICAL REVIEW D 83, 052006 (2011)

052006-17

2 Jaroslav Bielč́ık: Fyzika kvarkov t’ažkých vôńı 39

Article reprint



Measurements ofD0 andD� production in pþ p collisions at
ffiffiffi
s

p ¼ 200 GeV

L. Adamczyk,1 G. Agakishiev,19 M.M. Aggarwal,30 Z. Ahammed,49 A.V. Alakhverdyants,19 I. Alekseev,17 J. Alford,20

B.D. Anderson,20 C.D. Anson,28 D. Arkhipkin,3 E. Aschenauer,3 G. S. Averichev,19 J. Balewski,24 A. Banerjee,49

Z. Barnovska,12 D. R. Beavis,3 R. Bellwied,45 M. J. Betancourt,24 R. R. Betts,9 A. Bhasin,18 A.K. Bhati,30 H. Bichsel,51

J. Bielcik,11 J. Bielcikova,12 L. C. Bland,3 I. G. Bordyuzhin,17 W. Borowski,42 J. Bouchet,20 A.V. Brandin,27 S. G. Brovko,5

E. Bruna,53 S. Bueltmann,29 I. Bunzarov,19 T. P. Burton,3 J. Butterworth,37 X. Z. Cai,41 H. Caines,53

M. Calderón de la Barca Sánchez,5 D. Cebra,5 R. Cendejas,6 M. C. Cervantes,43 P. Chaloupka,12 S. Chattopadhyay,49

H. F. Chen,39 J. H. Chen,41 J. Y. Chen,8 L. Chen,8 J. Cheng,46 M. Cherney,10 A. Chikanian,53 W. Christie,3 P. Chung,12

J. Chwastowski,43 M. J.M. Codrington,43 R. Corliss,24 J. G. Cramer,51 H. J. Crawford,4 X. Cui,39 A. Davila Leyva,44

L. C. De Silva,45 R. R. Debbe,3 T. G. Dedovich,19 J. Deng,40 R. Derradi de Souza,7 S. Dhamija,16 L. Didenko,3 F. Ding,5

A. Dion,3 P. Djawotho,43 X. Dong,23 J. L. Drachenberg,43 J. E. Draper,5 C.M. Du,22 L. E. Dunkelberger,6 J. C. Dunlop,3

L. G. Efimov,19 M. Elnimr,52 J. Engelage,4 G. Eppley,37 L. Eun,23 O. Evdokimov,9 R. Fatemi,21 S. Fazio,3 J. Fedorisin,19

R. G. Fersch,21 P. Filip,19 E. Finch,53 Y. Fisyak,3 C.A. Gagliardi,43 D. R. Gangadharan,28 F. Geurts,37 S. Gliske,2

Y. N. Gorbunov,10 O.G. Grebenyuk,23 D. Grosnick,48 S. Gupta,18 W. Guryn,3 B. Haag,5 O. Hajkova,11 A. Hamed,43

L-X. Han,41 J.W. Harris,53 J. P. Hays-Wehle,24 S. Heppelmann,32 A. Hirsch,34 G.W. Hoffmann,44 D. J. Hofman,9

S. Horvat,53 B. Huang,3 H. Z. Huang,6 P. Huck,8 T. J. Humanic,28 L. Huo,43 G. Igo,6 W.W. Jacobs,16 C. Jena,14 J. Joseph,20

E. G. Judd,4 S. Kabana,42 K. Kang,46 J. Kapitan,12 K. Kauder,9 H.W. Ke,8 D. Keane,20 A. Kechechyan,19 A. Kesich,5

D. Kettler,51 D. P. Kikola,34 J. Kiryluk,23 A. Kisiel,50 V. Kizka,19 S. R. Klein,23 D.D. Koetke,48 T. Kollegger,13 J. Konzer,34

I. Koralt,29 L. Koroleva,17 W. Korsch,21 L. Kotchenda,27 P. Kravtsov,27 K. Krueger,2 L. Kumar,20 M.A. C. Lamont,3

J.M. Landgraf,3 S. LaPointe,52 J. Lauret,3 A. Lebedev,3 R. Lednicky,19 J. H. Lee,3 W. Leight,24 M. J. LeVine,3 C. Li,39

L. Li,44 W. Li,41 X. Li,34 X. Li,40 Y. Li,46 Z.M. Li,8 L.M. Lima,38 M.A. Lisa,28 F. Liu,8 T. Ljubicic,3 W. J. Llope,37

R. S. Longacre,3 Y. Lu,39 X. Luo,8 A. Luszczak,41 G. L. Ma,41 Y.G. Ma,41 D.M.M.D. Madagodagettige Don,10

D. P. Mahapatra,14 R. Majka,53 O. I. Mall,5 S. Margetis,20 C. Markert,44 H. Masui,23 H. S. Matis,23 D. McDonald,37

T. S. McShane,10 S. Mioduszewski,43 M.K. Mitrovski,3 Y. Mohammed,43 B. Mohanty,49 B. Morozov,17 M.G. Munhoz,38

M.K. Mustafa,34 M. Naglis,23 B. K. Nandi,15 Md. Nasim,49 T. K. Nayak,49 L. V. Nogach,33 J. Novak,26 G. Odyniec,23

A. Ogawa,3 K. Oh,35 A. Ohlson,53 V. Okorokov,27 E.W. Oldag,44 R. A.N. Oliveira,38 D. Olson,23 P. Ostrowski,50

M. Pachr,11 B. S. Page,16 S. K. Pal,49 Y. X. Pan,6 Y. Pandit,20 Y. Panebratsev,19 T. Pawlak,50 B. Pawlik,31 H. Pei,9

C. Perkins,4 W. Peryt,50 P. Pile,3 M. Planinic,54 J. Pluta,50 D. Plyku,29 N. Poljak,54 J. Porter,23 A.M. Poskanzer,23

C. B. Powell,23 D. Prindle,51 C. Pruneau,52 N.K. Pruthi,30 M. Przybycien,1 P. R. Pujahari,15 J. Putschke,52 H. Qiu,23

R. Raniwala,36 S. Raniwala,36 R. L. Ray,44 R. Redwine,24 R. Reed,5 C.K. Riley,53 H. G. Ritter,23 J. B. Roberts,37

O.V. Rogachevskiy,19 J. L. Romero,5 J. F. Ross,10 L. Ruan,3 J. Rusnak,12 N. R. Sahoo,49 I. Sakrejda,23 S. Salur,23

A. Sandacz,50 J. Sandweiss,53 E. Sangaline,5 A. Sarkar,15 J. Schambach,44 R. P. Scharenberg,34 A.M. Schmah,23

B. Schmidke,3 N. Schmitz,25 T. R. Schuster,13 J. Seele,24 J. Seger,10 P. Seyboth,25 N. Shah,6 E. Shahaliev,19 M. Shao,39

B. Sharma,30 M. Sharma,52 S. S. Shi,8 Q. Y. Shou,41 E. P. Sichtermann,23 R. N. Singaraju,49 M. J. Skoby,34 D. Smirnov,3

N. Smirnov,53 D. Solanki,36 P. Sorensen,3 U.G. deSouza,38 H.M. Spinka,2 B. Srivastava,34 T. D. S. Stanislaus,48

S. G. Steadman,24 J. R. Stevens,16 R. Stock,13 M. Strikhanov,27 B. Stringfellow,34 A. A. P. Suaide,38 M. C. Suarez,9

M. Sumbera,12 X.M. Sun,23 Y. Sun,39 Z. Sun,22 B. Surrow,24 D.N. Svirida,17 T. J.M. Symons,23 A. Szanto de Toledo,38

J. Takahashi,7 A. H. Tang,3 Z. Tang,39 L. H. Tarini,52 T. Tarnowsky,26 D. Thein,44 J. H. Thomas,23 J. Tian,41

A. R. Timmins,45 D. Tlusty,12 M. Tokarev,19 T.A. Trainor,51 S. Trentalange,6 R. E. Tribble,43 P. Tribedy,49

B.A. Trzeciak,50 O.D. Tsai,6 J. Turnau,31 T. Ullrich,3 D.G. Underwood,2 G. Van Buren,3 G. van Nieuwenhuizen,24

J. A. Vanfossen, Jr.,20 R. Varma,15 G.M. S. Vasconcelos,7 F. Videbæk,3 Y. P. Viyogi,49 S. Vokal,19 S. A. Voloshin,52

A. Vossen,16 M. Wada,44 F. Wang,34 G. Wang,6 H. Wang,26 J. S. Wang,22 Q. Wang,34 X. L. Wang,39 Y. Wang,46 G. Webb,21

J. C. Webb,3 G.D. Westfall,26 C. Whitten, Jr.,6,* H. Wieman,23 S.W. Wissink,16 R. Witt,47 W. Witzke,21 Y. F. Wu,8

Z. Xiao,46 W. Xie,34 K. Xin,37 H. Xu,22 N. Xu,23 Q. H. Xu,40 W. Xu,6 Y. Xu,39 Z. Xu,3 L. Xue,41 Y. Yang,22 Y. Yang,8

P. Yepes,37 Y. Yi,34 K. Yip,3 I-K. Yoo,35 M. Zawisza,50 H. Zbroszczyk,50 J. B. Zhang,8 S. Zhang,41 W.M. Zhang,20

X. P. Zhang,46 Y. Zhang,39 Z. P. Zhang,39 F. Zhao,6 J. Zhao,41 C. Zhong,41 X. Zhu,46 Y.H. Zhu,41 and Y. Zoulkarneeva19

(STAR Collaboration)

1AGH University of Science and Technology, Cracow, Poland
2Argonne National Laboratory, Argonne, Illinois 60439, USA

PHYSICAL REVIEW D 86, 072013 (2012)

1550-7998=2012=86(7)=072013(14) 072013-1 � 2012 American Physical Society
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Article reprint



3Brookhaven National Laboratory, Upton, New York 11973, USA
4University of California, Berkeley, California 94720, USA
5University of California, Davis, California 95616, USA

6University of California, Los Angeles, California 90095, USA
7Universidade Estadual de Campinas, Sao Paulo, Brazil

8Central China Normal University (HZNU), Wuhan 430079, China
9University of Illinois at Chicago, Chicago, Illinois 60607, USA

10Creighton University, Omaha, Nebraska 68178, USA
11Czech Technical University in Prague, FNSPE, Prague, 115 19, Czech Republic

12Nuclear Physics Institute AS CR, 250 68 �Rež/Prague, Czech Republic
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We report measurements of charmed-hadron ðD0; D�Þ production cross sections at midrapidity in pþ p

collisions at a center-of-mass energy of 200 GeV by the STAR experiment. Charmed hadrons were

reconstructed via the hadronic decaysD0!K��þ,D�þ!D0�þ!K��þ�þ and their charge conjugates,

covering the pT range of 0:6–2:0 and 2:0–6:0 GeV=c for D0 and D�þ, respectively. From this analysis,
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the charm-pair production cross section at midrapidity is d�=dyjc �cy¼0¼170�45ðstatÞþ38
�59ðsysÞ�b. The

extracted charm-pair cross section is compared to perturbativeQCDcalculations. The transversemomentum

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 PACS numbers: 25.75.�q, 25.75.Cj

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
ðc; bÞ 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 (pT) region in
proton-proton (pþ 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 pþ 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
(�QCD) are, in principle, amenable to perturbative QCD

(pQCD) calculations. For heavy-quark production cross
sections at large momentum transfer Q2, fixed-order
next-to-leading logarithm (FONLL) pQCD calculations,
where pT � mc, are expected to work reasonably well
[9]. However, calculations of the charm cross section at
low pT 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

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 pT 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 1:103) in heavy-ion collisions.
There are many measurements of the charm production

cross section in low energy pþ p or pþ 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 pT > 5 GeV=c in pþ �p collisions
at

ffiffiffi
s

p ¼ 1:96 TeV, and results forD0,Dþ andD�þ 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
pþ p to Auþ Au collisions [14–18]. The result from
pþ p collisions is also consistent with the upper bound
of FONLL pQCD calculations at pTðeÞ> 2 GeV=c.
Measurements of the D0 cross section by the reconstruc-
tion of hadronic decays were carried out in dþ Au colli-
sions [14], but no measurement of the charmed-hadron
production cross section in pþ p collisions has been
made at RHIC until now.
In this paper, we report measurements from the STAR

experiment of the charmed-hadron ðD0; D�Þ production
cross section at midrapidity in pþ p collisions at

ffiffiffi
s

p ¼
200 GeV. Charmed hadrons, D0 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 pT

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 forD0 andD� 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. VII.

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 Talong 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 j�j< 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
j�j< 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

ffiffiffi
s

p ¼ 200 GeVpþ 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 j�j< 1 and 1<�<
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< j�j< 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 (Vz) 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

the TPC covering full azimuth and 2:1< j�j< 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 pþ 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. IV.

B. Data sets and event selection

The data sample used in this analysis consisted
of minimum-bias-triggered pþ p collisions at

ffiffiffi
s

p ¼
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 �s. Thus, in high-
luminosity pþ 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 Vz 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 Vz 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 Vz difference between the first TPC-
determined vertex position and VPD-determined vertex
position. By applying a Vz difference cut j�Vzj< 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 �Vz
distribution after this selection. The random associated
pileup events in the Vz difference cut window are now
suppressed to �2% of the total, while the corresponding
loss of real events is�15%. In total, 105� 106 minimum-
bias events were used in the charmed-hadron analysis.

C. Track reconstruction and particle identification

Charged-particle tracks are required to point within
j�j< 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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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 (�) measurement from the barrel

TOF detector. Thus the normalized dE=dxðn�dE=dx
X Þ and

1=�ðn�TOF
X Þ distributions were used to select daughter

particle candidates. They are defined as follows:

n�dE=dx
X ¼

ln hdE=dximea

dE=dxthX

RdE=dx

; (1)

n�TOF
X ¼

1
�mea � 1

�th
X

R1=�

; (2)

where the superscripts ‘‘mea’’ and ‘‘th’’ are measured and
theoretical values, respectively. The X denotes expected

values which are calculated with respect to one kind of
particle species (� or K). RdE=dx and R1=� 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 �� 1). Figure 2 shows the n�dE=dx
K , n�dE=dx

� , and
n�TOF

K distributions versus particle momentum.
Daughter kaon (pion) candidates are selected by requir-

ing jn�dE=dx
K j< 2 ðjn�dE=dx

� j< 2Þ. In addition, to improve
the significance of the reconstructed D0 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. D0 Reconstruction

D0 and �D0 mesons were reconstructed via the hadronic
decay D0ð �D0Þ ! K��� with a branching ratio of 3.89%.
The analysis technique is the same as that used for a D0

analysis in dþ Au collisions [14]. In pþ 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�� and�þ 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 ofK� candidates. Figure 3(a) shows the
invariant mass distributions for K� pairs [0:6<pTðK�Þ<
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 K� invariant mass distribution after com-
binatorial background subtraction. A significant K�ð892Þ
peak is observed. The secondary small peak at about
1:4 GeV=c2 is the K�

2ð1430Þ. A direct zoom-in view of
the vicinity around the D0 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 D0 pT 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.

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; K� pair from other decay channels
ofD0 (e.g.K��þ�0) where the other daughters are missed
in the reconstruction; same-charge K��� pairs from mul-
tibody decays of D0 ! K��þ�þ��; 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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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 D0 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<MK� <
2:05 GeV=c2. 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 D0 signal consists of
4085� 938 counts.

The signals after background subtraction for two pT bins
are shown in Fig. 5. Panels (a), (c) and (b), (d) show the
signals from LS and Rot background subtraction, respec-
tively. The D0 raw yields and statistical errors extracted
from the two background methods are listed in Table I. The
average values of the D0 counts from the LS and Rot
background methods are used to calculate the final D0

raw yield in each pT bin. The mean and width from the
Gaussian fits are compared with Monte Carlo (MC) simu-
lation in Fig. 6 (left panels). The single D0 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 D0 signal mean value
from an open-parameter fit shifts to lower mass due to kaon
energy loss at low pT , which is not fully accounted in the
simulation due to possibly missing material budget. The
systematic uncertainty in determining the D0 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�þ ! D0�þðBR ¼ 67:7%Þ, D0 ! K��þ 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

signal suffers significant losses due to incomplete TOF
acceptance in 2009. Compared to the cuts used in
Ref. [29], the pT threshold cut for the �þ (from D�
decays), denoted as �þ

s , was lowered to 0:15 GeV=c.
The ratio r of transverse momenta from the D0 and �þ

s

was required to be 7< r < 20. These two changes were
implemented to improve the statistics near the lower bound
in pT . The remainder of the analysis cuts were the same as
those used in Ref. [29].
The invariant mass difference �M ¼ MðK��Þ �

MðK�Þ was calculated in reconstructing the D� signal to
take advantage of the partial cancellation in the detector
resolution in measured mass distributions. The �M distri-
butions are shown in the upper panel of Fig. 7. The ‘‘right-
sign’’ combinations K�����

s were used to select the D��
candidates. Two independent methods—‘‘wrong-sign’’
combinations K�����

s and D0 ‘‘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 K� invariant mass distribution after requiring the D�
candidate cut (0:144< �M< 0:147 GeV=c2). The
cross-hatched area indicates D0 candidate mass selection
in the K�� right-sign and wrong-sign combination
reconstruction. The line-hatched area indicates the D0

sideband region [1:72<MðK�Þ=ðGeV=c2Þ< 1:80 or
1:92<MðK�Þ=ðGeV=c2Þ< 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

TABLE I. D0 raw yields.

pT range (GeV=c) 0.6–1.2 1.2–2

pT (GeV=c) 0.908 1.57

Raw yields� 103 (Rot) 2:45� 0:66 1:65� 0:63
Raw yields� 103 (LS) 1:67� 0:74 2:40� 0:64
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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 pT slices to obtain
the raw D� yields in each pT bin. Figure 8 shows the D�
candidates and background distributions in different pT

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,

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�þ is 0:93� 0:37.

IV. EFFICIENCYAND TRIGGER OR VERTEX
BIAS CORRECTION

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

E
d3�

dp3
¼ 1

2�
	 1

�rec
	 1

BR
	 �ND

pT�pT�y
	 �NSD

NMB

	 ftrg;vtx; (3)

where �NSD is the total nonsingly diffractive (NSD) cross
section, which is measured at STAR to be 30:0� 2:4 mb
[30].NMB is the total number of minimum-bias events used
for the analysis. �ND is the raw charmed-hadron signal in
each pT bin within a rapidity window �y. BR is the
hadronic decay branching ratio for the channel of interest.
There are two correction factors: �rec, which is the recon-
struction efficiency including geometric acceptance, track
selection efficiency, PID efficiency, and analysis cut effi-
ciency; and ftrg;vtxðpTÞ, which is the correction factor to
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FIG. 7 (color online). Upper: Raw D� candidate signal from
the right-sign combinations in all pþ p minimum-bias
events. Histograms are combinatorial background distributions
from wrong-sign and sideband methods. Lower: Raw D0

candidates after requiring the D� candidate cut (0:144<�M<
0:147 GeV=c2).

TABLE II. D� raw yields.

pT range (GeV=c) 2–3 3–4 4–5 5–6

pT (GeV=c) 2.45 3.44 4.45 5.45

Raw yields 209� 58 98� 35 27� 11 12:3� 4:1
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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 pT . 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 D0 and D� reconstruction
efficiency versus pT within jyj< 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

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 pþ 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 pT . 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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Figure 11 shows that the efficiency goes down with
increasing pT 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 ftrg;vtx can be related to the ratio

ðND=NmbÞ for the pure minimum-bias condition and the
analysis condition, i.e.

ftrg;vtxðpTÞ 
 NDðpTÞ=Nmb

N
trg;vtx
D ðpTÞ=Ntrg;vtx

mb

: (4)

Two simulation samples were generated to obtain the
correction factor. One sample consisted of PYTHIA-simu-
lated pþ p events and was used to obtain the fraction of
minimum-bias events that satisfy the analysis condition

Ntrg;vtx
mb =Nmb. 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

Ntrg;vtx
D =ND. We also studied this fraction as a function of

charmed-hadron pT . 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 pT . The VPD trigger
efficiency shows an anticorrelation with increasing D�pT ,
similar to that observed with increasing charged-hadron
pT . The final efficiency (with requirements for both vertex-
ing and VPD triggering) is almost flat versus pT , leveling
off at �19%. The simulation for D0 hadrons shows very

similar results. Figure 13 shows the correction factor ftrg;vtx
for cross section calculations for D0 and D�.

V. SYSTEMATIC UNCERTAINTIES

Sources that contribute to the systematic uncertainties
in the finalD-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 pT , it is not simply a normalization uncertainty, and the
exact correlation in pT 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
theD0 analysis, the difference between the yields extracted
from Rot and LS methods is 15.6%–18.9%. Fitting the D0

peak with fixed parameters from simulation estimates
lower yields of 28.2% and 6.1% for the two D0 pT 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 pT range 2–6 GeV=c. The
choice of mass binning and fitting range had a negligible
effect on the extracted yields.
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In D0 meson reconstruction, if the kaon (pion) daughter
is misidentified as a pion (kaon), then two daughters from a
real D0 decay will show up as additional �D0 combinations
with a wider mass distribution due to wrong mass assign-
ments. Thus oneD0 signal will be counted twice, once as a
D0 and again as a �D0. A Monte Carlo simulation was used
to evaluate the fraction of such double-counting occur-
rences in the D0 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 pT , using these PID selections, was
obtained. Assuming a D0 candidate, this procedure pro-
vides an estimate of the probability that both daughters are
misidentified and then reconstructed as a �D0. 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 pT (identifying both daughters using dE=dx) is
due to the case where a D0 decays almost at rest (pT � 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 D0

pT coverage region (0:6–2:0 GeV=c).
Double counting the D0 may also impact reconstruction

ofD�. However, the impact is different because of a charge
sign requirement on the soft pions. If both daughters from a
D0 are misidentified (D0 is reconstructed as �D0), then the
combination from the same signal will become Kþ���þ.
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 D0 ( �D0) mass
selection window. Thus the double counting in wrong-
sign background will contribute to an undercounting in

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 D0 double-counting fraction, since they are
from the same source. The slight difference comes from the
additional D0 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
D0 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
D0 and D� cross sections in each pT bin are summarized
in Table III.

 (GeV/c)
T

Transverse Momentum p
0 1 2 3 4 5 6

 D
ou

bl
e 

C
ou

nt
in

g 
/ R

ea
l S

ig
na

l
0

D

0

0.1

0.2

0.3

0.4

0.5

0.6

D
* 

W
ro

ng
S

ig
n 

O
ve

rc
ou

nt
in

g 
/ S

ig
na

l

)TPCπ + 
TPC

 (K0D

)TPCπ + 
TOF

 (K0D

)TPCπ + 
TPC

D* (K

FIG. 14 (color online). D0 double-counting fraction due to
particle misidentification in two PID selections and D� wrong-
sign over counting fraction versus D-meson pT .

TABLE III. D0 (0:6–2 GeV=c) and D� (2–6 GeV=c) point-by-
point systematic errors (%).

pT (GeV=c) 0.6–1.2 1.2–2 2–3 3–4 4–5 5–6

Raw yields þ18:9
�33:9

þ15:6
�16:8 9.4 6.5 11.0 6.6

nFitPts 15 ! 25 3.8 3.2 7.2 4.7 5.9 4.7

DCA 2 ! 1 (cm) 6.6 7.1 13.6 12.7 11.6 10.7

Quadratic sum þ20:8
�34:8

þ17:8
�18:5 18.1 15.1 17.1 13.5
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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. RESULTAND DISCUSSION

After the reconstruction efficiency and trigger or vertex
bias correction factor were applied, the differential pro-
duction cross sections for D0 andD� in pþ p collisions atffiffiffi
s

p ¼ 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 D0 and D� cross sections were divided by the charm
quark fragmentation ratios 0:565� 0:032 (c ! D0) and
0:224� 0:028 (c ! D�þ), respectively, to convert to the
c �c production cross section. The charm quark fragmenta-
tion ratios are measured from CLEO and BELLE experi-
ments near the � resonance [34]. The uncertainties of the
fragmentation ratios are taken into account as systematic

errors in calculating the c �c production cross section. A
power-law fit to the data points was performed with the
following function [14]:

E
d3�

dp3
¼ d�

dy

2ðn� 1Þðn� 2Þ
�ðn� 3Þ2hpTi2

�
1þ pT

hpTiðn� 3Þ=2
��n

(5)

and shown as the solid red line in the figure. The fit quality
with the power-law function, measured as �2=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 pT integrated cross sec-
tion from point-by-point systematic sources. The obtained
c �c production cross section at midrapidity is

d�

dy

��������
c �c

y¼0
¼ 170� 45ðstatÞþ38

�59ðsysÞ �b: (6)

The term with sys includes the uncertainty arising from
the bin-to-bin systematic uncertainties and from the ex-
trapolation to the low-pT region, which is not measured.
The FONLL upper limit and PYTHIAþ tune fits are used
for the low-pT extrapolation, which gives þ6:2% and
�16:4% uncertainties, respectively. At midrapidity, about
67% of the D meson yield falls in the measured pT region.
The mean transverse momentum of charmed mesons is
found to be 1:06� 0:14ðstatÞ � 0:09ðsysÞ GeV=c. The
charm-pair cross section at midrapidity from this measure-
ment is consistent with STAR’s previous measurement in
dþ Au collisions [14] at 1:7� (� is the averaged total
uncertainty between two results), providing negligible nu-
clear effects in dþ 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 pT 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 pT region of FONLL calculations when applying
such an analysis since FONLL calculations are supposed
to work when pT � mc.
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

ffiffiffi
s

p ¼ 200 GeV is

�c �c ¼ 797� 210ðstatÞþ208
�295ðsysÞ �b: (7)

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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We tried PYTHIA calculations with the following sets of
parameters to compare with our measurements:

(a) Default MSEL ¼ 1.
(b) PHENIX tune: MSEL ¼ 0 with MSUB(11, 12,

13, 28, 53, 68) on, PARP(91) ðhk?iÞ ¼
1:5 GeV=c, MSTP(32) ðQ2 scaleÞ ¼ 4, CKIN(3)
ðmin: parton p̂?Þ ¼ 2 GeV.

(c) This tune: MSEL ¼ 1, PARP(91) ðhk?iÞ ¼
1:0 GeV=c, PARP(67) ðparton shower levelÞ ¼ 1:0.

The choice of modifying the primordial hk?i (the
Gaussian width of primordial kT 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 PYTHIAv6.416. ‘‘PHENIX tune’’
parameters are those used in the PHENIX charm contin-
uum contribution estimation from dielectron measure-
ments [37]. The default parton distribution function
(CTEQ5L) was used in all three cases.

All ground-state charmed hadrons (D0, Dþ, Dþ
s , and

�þ
c ) were added together in the rapidity window jyj< 1 to

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 pT spectrum
with this tune gives best �2: 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 pT , which
constrains the model parameters better.

VII. SUMMARY

In summary, measurement on the charmed meson (D0

andD�) production cross sections via their hadronic decays
in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV has been reported.
The charm-pair production cross section at midrapidity
extracted from this analysis is d�=dyjc �cy¼0 ¼ 170�
45ðstatÞþ38

�59ðsysÞ �b. The charm total cross section at
ffiffiffi
s

p ¼
200 GeV is estimated as 797� 210ðstatÞþ208

�295ðsysÞ �b. The
reconstructed charmed mesons cover the pT 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 hk?i and parton shower level
compared to CDF TUNEA settings describes the shape of
the pT distribution of data.
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Kapitola 3

Produkcia kvarkov t’ažkých vôńı v

jadro-jadrových zrážkach

Zhášanie výtryskov čast́ıc v centrálnych jadro-jadrových zrážkach je dôsledkom straty

energie gluónov a l’ahkých kvarkov, vzniknutých v tvrdých procesoch, pri prelete cez

kvarkovo-gluónovú plazmu. Pôvodné teoretické výpočty odhadovali, že radiačné straty

energie t’ažkých kvarkov prechádzajúcich horúcou a hustou jadrovou hmotou by mali

byt’ menšie ako u l’ahkých partónov [R26]. Toto by malo byt’ spôsobené potlačeńım

vyžarovania gluónov pod malými uhlami vzhl’adom k letu kvarku (efekt mŕtveho kužel’u)

a tento jav je silneǰśı u kvarkov s vyššou hmotnost’ou [R27]. Z tohto dôvodu sa očakávala

hierarchia v potlačeńı produkcie D a B mezónov alebo elektrónov pochádzajúcich z ich

semileptónových rozpadov pri pT ≈ 5 - 10 GeV/c. B mezóny by mali byt’ potlačené

menej ako D mezóny a tie menej ako π a podobne i elektróny pochádzajúce z ich rozpa-

dov [R28]. Straty energie závisia tiež od vlastnost́ı jadrovej hmoty a preto sa merańım

jadrového modifikačného faktora tieto vlastnosti dajú študovat’ a konfrontovat’ predpo-

vede modelových výpočtov. Ciel’om je komplexne poṕısat’ produkciu l’ahkých aj t’ažkých

kvarkov zároveň pri rovnakých parametroch charakterizujúcich jadrovú hmotu. Dopo-

sial’ sa nepodarilo zároveň poṕısat’ RAA a eliptický tok mezónov z l’ahkých a t’ažkých

kvarkov pri RHIC a LHC energiách [R29]. Fundamentálnym parametrom, ktorý sa-

mostatne charakterizuje QCD hmotu je difúzny parameter t’ažkých kvarkov Ds. Sys-

tematickým štúdiom dát z LHC a modelov sa ukázalo, že hodnota tohto parametru v

podmienkach LHC je menšia ako Ds(2πT ) = 6 [R30]. Upresnenie tohto parametru pre

hmotu tvorenú na RHIC vyžaduje presné experimentálne merania.

Ako už bolo zmienené v predošlej kapitole, najpresneǰsiu informáciu o pôvabných a

krásnych kvarkoch by sme źıskali pomocou merania mezónov D a B. V jadro-jadrových

zrážkach na RHIC sa podarilo publikovat’ výsledky z priamej rekonštrukcie pôvabných

mezónov v zrážkach d+Au v roku 2005 [R21], avšak prvé poznatky o energetických

stratách t’ažkých kvarkov na experimentoch na RHIC zo zrážok Au+Au pochádzajú z

merańı nefotonických elektrónov, ktoré som prezentoval na konferencii Quark Matter

2005. Predbežné výsledky boli následne publikované v pŕıslušnom recenzovanom článku

54
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do zborńıku konferencie [24]. Finálne výsledky boli publikované v článku B. I. Abe-

lev et al., Transverse momentum and centrality dependence of high-pT non-photonic

electron suppression in Au+Au collisions at 200 GeV, Phys. Rev. Lett. 98, 192301

(2007). Podobné merania potlačenia t’ažkých kvarkov zo zrážok Au+Au pri energii
√
sNN = 200 GeV boli tiež publikované experimentom PHENIX [R31–R33].
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Obr. 3.1: Vl’avo: Predbežné meranie závislosti jadrového modifikačného faktora na

priečnej hybnosti źıskaného z merańı nefotónových elektrónov v 0-5% centrálnych

zrážkach Au+Au pri energii
√
sNN = 200 GeV a U+U pri energii

√
sNN = 193 GeV.

Experimentálne dáta sú porovnané s modelom z Ref. [R35, R36]. Vpravo: Jadrový

modifikačný faktor v závislosti na priemernom počte účastńıkov v zrážke z merańı ne-

fotónových elektrónov, D0 a π± mezónov zrážkach Au+Au pri energii
√
sNN = 200 GeV

a U+U pri energii
√
sNN = 193 GeV.

Merania experimentu STAR majú výhodu, že sa nám podarilo jednak využit’ vel’ké

azimutálne geometrické pokrytie fázového priestoru vyletujúcich nefotonických elektrónov

a jednak sa nám podarilo využit’ detektor EMC v spúšt’ači a merat’ prednostne zrážky,

ktoré obsahujú elektrón s vysokou hybnost’ou dávajúce v EMC dostatočný signál. Tým

sa nám podarilo zmerat’ spektrum nefotónových elektrónov až do pT ≈ 8 GeV/c. Pri

identifikácii elektrónov sme použili kombináciu informácie z TPC (špecifické straty

energie čast́ıc dE/dx) a EMC (pomer hybnosti častice k zmeranej energie E/p). Pri

analýze nefotónových elektrónov je dôležité stanovit’ výt’ažok fotónových elektrónov

v inkluźıvnom spektre. Pre výt’ažok fotónových elektrónov je dôležité rozloženie de-

tekčných systémov a radiačná d́lžka materiálu od bodu zrážky až po TPC, kde je možné

dráhy čast́ıc zmerat’. V zrážke jadier vzniká vel’ké množstvo π0 a tie následne môžu kon-

vertovat’ na e+ − e− páry. V pŕıpade, že obe dráhy v páre sa podaŕı rekonštruovat’ je

možné tieto elektróny identifikovat’ a odč́ıtat’. Avšak to sa podaŕı len u približne polo-

vice pŕıpadov. Ked’že pomer všetkých elektrónov k fotónovým je približne 1,1 až 1,3

(viz. FIG. 1c), je vel’mi dôležité určit’ presne účinnost’ rekonštrukcie fotónového pozadia.

Zámena korekčných parametrov v tomto kroku bola dôvodom nutnosti opravit’ pôvodnú

publikáciu týchto dát. Po vydeleńı stanovených celkových výt’ažkov v zrážkach Au+Au
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referenčnými p+p meraniami, násobenými priemerným počtom binárnych zrážok pre

rôzne centrality, sme určili jadrový modifikačný faktor RAA. Pozorovali sme, že na

rozdiel od produkcie nefotónových elektrónov v zrážkách d+Au, kde je RAA v rámci

nepresnost́ı merania bĺızky 1, je produkcia v centrálnych Au+Au zrážkach potlačená

a hodnota RAA je ≈ 0,2 - 0,3 pre pT > 0,3 GeV/c (viz. FIG. 4). Toto potlačenie je

podobné ako pozorujeme u hadrónov vzniknutých z l’ahkých kvarkov a partónov, čo

je neočakávané. Potlačenie je dôsledkom energetických strát t’ažkých kvarkov, avšak

nie je možné odĺı̌sit’ od seba elektróny pochádzajúce z rozpadov pôvabných kvarkov a

krásnych kvarkov. V článku sme meranie porovnali s niekol’kými modelmi energetických

strát a v rámci nepresnost́ı merańı sa jav́ı, že len zahrnut́ım oboch zložiek energetických

strát: radiačných a zrážkových je možné dáta lepšie poṕısat’. So študentkou Kataŕınou

Gajdošovou sme previedli štúdium produkcie nefotónových elektrónov v zrážkach U+U

pri energii
√
sNN = 193 GeV [D6, R34]. V centrálnych zrážkach U+U je možné do-

siahnút’ o 10 - 20% vyššiu jadrovú hustotu ako v zrážkach Au+Au. Na Obr. 3.1 (vl’avo)

je predbežné meranie závislost’ jadrového modifikačného faktora na priečnej hybnosti

źıskaného z merańı nefotónových elektrónov v 0-5% centrálnych zrážkach Au+Au pri

energii
√
sNN = 200 GeV a U+U pri energii

√
sNN = 193 GeV. Zistili sme, že pozo-

rujeme podobné potlačenie nefotónových elektrónov. Dáta sú porovnané s modelovým

výpočtom [R35,R36], ktorý obsahuje efekty QGP, effekty studenej jadrovej hmoty (Cro-

ninov jav) a disociáciu D a B mezónov zrážkami v jadrovej hmote. Model popisuje dáta

kvalitat́ıvne dobre, avšak predpovedá väčšie potlačenie. Na Obr. 3.1 (vpravo) je pre

oba zrážkové systémy vykreslený jadrový modifikačný faktor v závislosti na priemernom

počte účastńıkov v zrážke (počas zrážky interagujúce nukléony) z merańı nefotónových

elektrónov, D0 a π± mezónov pre pT > 3 GeV/c (pT > 6 GeV/c u piónov). Vid́ıme,

že pre všetky častice polačenie produkcie rastie so zväčšujúcim sa počtom účastńıkov,

t.j. zväčšujúcou sa centralitou zrážky. Potlačenie piónov sa jav́ı pri najcentrálneǰśıch

zrážkach trochu väčšie ako pre ostatné častice. Avšak nepresnosti merańı znemožnujú

jednoznačný záver.

Experimentu STAR sa podarilo v roku 2014 publikovat’ prvé meranie produkcie D0

mezónov v Au+Au pri energii 200 GeV na RHIC [235], ktoré potvrdilo, že produkcia

pôvabných mezónov je potlačená v centrálnych zrážkach. V rokoch 2014 a 2016 expe-

riment STAR meral s novým detektorom HFT. Podarilo sa nám pomocou využitia

informácie z HFT o dráhe čast́ıc bĺızko hlavného vrcholu zrážky, lepšie potlačit’ poza-

die náhodných kombinácíı dcérskych čast́ıc D mezónov a previest’ presneǰsie meranie

D0 a tiež D± v trojčasticovom rozpadovom kanáli. Analýzu D± sme previedli s Jaku-

bom Kvapilom [D9] a hlavný výsledok je na Obr. 3.2. Vid́ıme, že i tu pozorujeme, že

produkcia pôvabných mezónov je potlačená pri vysokej hodnote pT .

Na lepšie pochopenie toho, ktorý fenomenologický model lepšie popisuje mecha-

nizmy energetických strát, je dôležité tiež súčasné porovnanie merańı a výpočtov elip-

tického toku. Experiment STAR v roku 2017 publikoval tieto merania nielen pre ne-
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merańı D± a D0 v 0-10% centrálnych zrážkach Au+Au pri energii
√
sNN = 200 GeV.

Meranie z roku 2010/2011 je z Ref. [235], ostatné sú predbežné merania.

fotónové elektróny [249], ale aj pre D0 [360]. U D0 sa jednalo o prvé publikované

meranie využ́ıvajúce topologickú rekonštrukciu pomocou detektoru HFT. Avšak až

finálne spracovanie dát z rokov 2014 a 2016 umožńı dosiahnut’ potrebnú presnost’ na

diskrimináciu fenomenologických modelov a upresnenie odhadu difúzneho parametra

t’ažkých kvarkov Ds. Na základe súčasných poznatkov z experimentu STAR je jeho

najpravdepodobneǰsia hodnota v intervale Ds(2πT ) = 2 - 12 [360].

Z dôvodu malého účinného prierezu produkcie kvarku b je meranie signálov spo-

jených s energetickými stratami b kvarkov v jadrovej hmote náročné. Doposial’ len expe-

riment CMS na LHC meral priamo produkciu B mezónu v hadrónovom rozpade B±

→J/ψ +K± v p + p a Pb+Pb zrážkach pri energii
√
sNN = 5,02 TeV [R37]. V zrážkach

s najmenš́ım zaujat́ım sú namerané hodnoty RAA od 0,3 do 0,6 v intervale priečnych

hybnost́ı pT od 7 do 50 GeV/c . V porovnańı s D mezónmi je potlačenie menšie [R38],

avšak dáta nie sú dostatočne presné, aby bolo možné jednoznačne potvrdit’ hierarchiu

v potlačeńı produkcie t’ažkých kvarkov. Alternat́ıvne je možné skúmat’ produkciu B

mezónov pomocou merania J/ψ vychádzajúceho mimo hlavný vrchol zrážky a taktiež

pomocou nefotónových elektrónov s odĺı̌seńım pŕıspevku c a b rozpadov. V experimen-

toch ALICE a STAR sa aktuálne sústred́ıme na tieto dva kanály.
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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< pT < 10 GeV=c) in p� p, d� Au, and
Au� Au collisions at

��������

sNN
p

� 200 GeV. The nonphotonic electron yield exhibits an unexpectedly large
suppression in central Au� Au collisions at high pT , suggesting substantial heavy-quark energy loss at
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RHIC. The centrality and pT dependences of the suppression provide constraints on theoretical models of
suppression.

DOI: 10.1103/PhysRevLett.98.192301 PACS numbers: 25.75.Dw, 13.20.Fc, 13.20.He, 13.85.Qk

High pT 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-Q2 partonic interactions. Heavy flavor cross
sections and pT 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
p

[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� � e��=2, in p� p,
d� Au, and Au� Au collisions at nucleon-nucleon center
of mass energy

��������

sNN
p

� 200 GeV. The data extend signifi-
cantly the pT 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 c 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
�5X0 to measure shower shape and position. A fast trigger
based on single EMC tower energy enriches the electron
sample at high pT . Electrons at moderate pT were recon-
structed from minimum bias and centrality triggered Au�

Au event samples, while EMC triggered events were used
for pT > 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�1 for p� p, 370 �b�1 for d� Au
and 26 �b�1 for the most central Au� Au events. The
charged particle acceptance is 0<�< 0:7 and 0<�<
2�, 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 �EMC � 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=dxmin < dE=dx < 5:1 keV=cm. dE=dxmin 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%),

PRL 98, 192301 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
11 MAY 2007

192301-3
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exclusion of electrons due to the energy leakage to neigh-
boring towers, and SMD response. Its increase from pT �
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=X0 � 4:5%) and �0 and � 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 pT > 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=c2 accepts�98% of
all �0 and � Dalitz pairs in this distribution. The efficiency
"B�pT� to identify a photonic electron in the EMC by this
procedure was estimated by embedding [25] the main
background sources (�0 and �) with a realistic momentum
distribution derived from recent RHIC data [26] into real
events.

The photonic electron yield Nph is calculated in each pT
bin via Nph � �Nunlike � Nlike�="B. Additional back-
ground, mainly from !, �, and � decays, was estimated
using PYTHIA [27] and HIJING [28] simulations to be
�2%–4% of Nph [9] and is included in the systematic
uncertainty of Nph. 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 pT .

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

in the minimum bias and triggered data sets. At high-pT 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
pT and the correction for residual hadron background at
high pT .

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

TABLE I. Corrections and systematic uncertainties for the nonphotonic electron yield at pT � 2 and 8 GeV=c.

Correction p� p 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 ("B) 0:65� 0:06 0:55� 0:06 0:56� 0:06 0:50� 0:06
Bremsstrahlung & �p=p 0:86� 0:14 1:05� 0:05 0:9� 0:1 1:1� 0:1
EMC "trigger - 1:00� 0:08 - 1:00� 0:05
Cross section �0:14 -
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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
p

[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-

sistent with the data reported here. The lower part (curves)
shows the relative contribution to the FONLL calculation
of charm and bottom decays, with the variation due to NLO
uncertainties [7,29]. The B-decay contribution is expected
to be significant in the upper pT range of this measurement.

Modification of the inclusive particle production is mea-
sured by the nuclear modification factor [1] [RAA�pT�]. RAA
is unity for hard processes without nuclear effects. Figure 4
shows RAA�pT� for nonphotonic electrons in d� Au and
central Au� Au collisions. Error bars show the statistical
uncertainties, boxes show uncorrelated systematic uncer-
tainties, and the filled band at unity is the overall normal-
ization uncertainty. RAA for d� Au is consistent with a
moderate Cronin enhancement. RAA � 0:2 for central
Au� Au collisions at pT > 3 GeV=c, consistent with a
previous measurement at lower pT [18]. The suppression is
similar to that for light hadrons at pT > 6 GeV=c [2].

Figure 4 shows predictions for electron RAA 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 dNg=dy �
1000, consistent with light quark suppression. Curve II
uses BDMPS radiative energy loss via multiple soft colli-
sions [15], with transport coefficient q̂. q̂ is set to
14 GeV2=fm, though light quark hadron suppression pro-
vides only a loose constraint 4< q̂ < 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-
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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 t-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 pT range. Curve V, which is the same calculation
as curve II but forD-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 pT range, favoring calculation V. A
direct measurement of D mesons at high-pT 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-pT nonpho-
tonic electrons in p� p, d� Au, and Au� Au collisions
at

��������

sNN
p

� 200 GeV. A pQCD calculation for heavy-quark
production in p� p collisions underpredicts the data,
although it describes the overall shape of the pT 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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Erratum: Transverse Momentum and Centrality Dependence of High-pT Nonphotonic
Electron Suppression in AuþAu Collisions at
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sNN
p ¼ 200 GeV

[Phys. Rev. Lett. 98, 192301 (2007)]
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In the original Letter [1] we reported on measurements of the transverse momentum spectra of nonphotonic electrons in
pþ p, dþ Au, and Auþ Au collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 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 pT for pþ p and Auþ Au
collisions. Because of the increase in background the ratio decreased systematically over the full pT range.

Figure 2 shows the corrected nonphotonic electron spectra for 200 GeV pþ p, dþ Au, and Auþ Au collisions. The
curves correspond to FONLL (Fixed Order Next-to-Leading Log) predictions [2] for semileptonicD and Bmeson decays.

Recent studies reported that feed-down from J=c 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 pþ 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 pT 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 pþ p, dþ Au, and Auþ Au data in a similar
fashion, the nuclear modification factor, RAA, for dþ Au and Auþ Au collisions shown in Fig. 4 shifts only slightly in
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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 Auþ 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 kvarkóníı v

protón-protónových zrážkach

Pôvabné kvarkónia majú v problematike kvarkovo-gluónovej plazmy špeciálne miesto.

Je to z dôvodu, že boli považované za významný prejav jej existencie, ako sme uviedli

v úvodnej kapitole. Experimenty na RHIC previedli ich podrobné merania v rôznych

zrážkových systémoch a energiách. Jadro-jadrovým zrážkam sa budeme podrobne veno-

vat’ v budúcej kapitole. Teraz sa zameráme na merania v protón-protónových zrážkach.

Je pozoruhodné, že i po viac než štyroch dekádach od objavenia J/ψ nie je dostatočne

presne teoreticky poṕısaná produkcia pôvabných kvarkóníı ani v elementárnych zrážkach.

Základné modely produkcie, ktoré sa pri výpočtoch použ́ıvajú sú color-singlet model

(CSM) a nerelativistický QCD model (NRQCD), zahrňujúci produkciu i cez color-octet

mechanizmus. Prehl’adný popis modelov je možné nájst’ v Ref. [R39]. Samotné spektrá

priečných hybnost́ı sú, v rámci ich aplikovatel’nosti, modelmi s dobrou presnost’ou

poṕısané, viz Obr. 4.1. Na tomto obrázku je predbežné meranie závislosti inkluźıvneho

účinného prierezu mezónu J/ψ na priečnej hybosti z dielektrónového a dimuónového

kanálu meraného experimentom STAR v p + p zrážkach pri energii 200 GeV [R40].

Experimentálne dáta pokrývajú rozsah pT v intervale 0 až 14 GeV/c a sú porovnané

s výpočtami z teoretických modelov CGC+NRQCD [R41], NLO+NRQCD [R42] a

ICEM [R43]. Kým ostatný model popisuje dobre spektrá do pT ≈ 3 GeV/c, prvé dva

modely popisujú dobre spektrá nad 1 GeV/c . NRQCD model je úspešný aj v popise

spektier na LHC a Tevatrone [R41].

Veličina, ktorá je d’aľśım výborným testom teoretických výpočtov, je polarizácia, t.j.

zarovnanie vektora spinu častice vzhl’adom k vektoru hybnosti častice. Parameter pola-

rizácie sa stanovuje obvykle v konkrétnej vztažnej sústave. My sme v článku priloženom

v tejto kapitole použili tzv. helicitnú sústavu. Z dôvodu nedostatočnej vel’kosti súboru

dát pre presneǰsie merania, sme študovali len polárny polarizačný parameter λθ a cez

azimutálnu závislost’ sme preintegrovali. Hodnotu polarizácie je možné v tomto pŕıpade

źıskat’ z uhlového rozdelenia elektrónov z rozpadu J/ψ, kde nás zaj́ıma polárny uhol θ

medzi vektorom hybnosti pozitrónu v kl’udovej sústave J/ψ a hybnost’ou J/ψ v labo-
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√
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= 200 GeV. Experimentálne dáta sú porovnané s výpočtami z teoretických modelov

CGC+NRQCD [R41], NLO+NRQCD [R42] a ICEM [R43]. Prevzaté z Ref. [R40].

ratórnej sústave.

dN

d(cos θ)
∝ 1 + λθ cos2 θ , (4.1)

Pri takejto vol’be sústavy a parametru λθ je parameter zložený z pŕıspevku z oboch

typov polarizácie: pozd́lžnej i priečnej. Avšak pri hraničných hodnotách plat́ı, že λθ = 1

znamená plnú priečnu polarizáciu a λθ = -1 znamená plnú pozd́lžnu polarizáciu.

Výpočty polarizácie pomocou NRQCD nesúhlasia s experimentálnymi meraniami z

experimentu CDF (pT od 5 GeV/c do 30 GeV/c ) [R44] pri energii 1.96 TeV. Výpočty

predpovedajú priečnu polarizáciu, avšak merania odpovedajú miernej pozd́lžnej pola-

rizácii. Podobne je to u merańı na LHC z experimentu CMS (pT od 14 GeV/c do 70

GeV/c ) pri energii 7 TeV [R45]. Kým merania ukazujú na hodnotu λθ bĺızku nule

a teda na žiadnu polarizáciu, výpočty predpovedajú priečnu polarizáciu. Merania po-

larizácie pri zhodnej energii, ale doprednej rapidite z experimentu ALICE (pT od 2

GeV/c do 8 GeV/c ) [140] a z experimentu LHCb (pT od 2 GeV/c do 15 GeV/c ) [R46]

ukazujú na žiadnu, pŕıpadne malú, pozd́lžnu polarizáciu a sú bližšie výpočtom NRQCD

ako CSM modelu, ktorý predpovedá silnú pozd́lžnu polarizáciu.

V článku priloženom v tejto kapitole L. Adamczyk et al., J/ψ polarization in p+p

collisions at
√
s=200 GeV, Phys. Lett. B 739, 180 (2014), sme previedli prvú analýzu

polarizácie J/ψ na experimente STAR. Zamerali sme sa na experimentálne dáta, ktoré

boli merané pomocou nastavenia HT spúšt’ača (viz. predošlá kapitola). Ciel’om bolo

rekonštruovat’ J/ψ v e+e− rozpadovom kanáli s čo najvyššou priečnou hybnost’ou, kde
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sa predpovede modelov ĺı̌sia. Dáta z merańı v roku 2009 umožnili zmerat’ parameter

λθ v helicitnej sústave pre J/ψ s priečnymi hybnost’ami od 2 GeV/c do 6 GeV/c . V

našej analýze sme nedokázali rozĺı̌sit’ od seba rôzne zdroje produkcie J/ψ a meranie

je preto inkluźıvne, zahrňujúce J/ψ z priamej produkcie, z rozpadov vyšš́ıch cc̄ stavov

a tiež z rozpadov B mezónu. V kombinácii s meraniami polarizácie inkluźıvnych J/ψ

experimentom PHENIX z našich výsledkov vyplýva (Fig. 4 v priloženom článku), že

pri energiách na urýchl’ovači RHIC je so zvyšujúcou sa priečnou hybnost’ou polarizácia

inkluźıvnych J/ψ pozd́lžna. Oproti tomu porovnatel’né merania pri vyšš́ıch energiach

na experimentoch CDF, CMS či ALICE ukazujú na nulovú, alebo malú pozd́lžnu pola-

rizáciu. Predpovede polarizácie z teoretických modelov sú relat́ıvne nepresné: model LO

COM (model farebného oktetu v prvom ráde poruchoveho pribĺıženia) [R47] predpo-

vedá s rastúcou priečnou hybnost’ou priečnu polarizáciu pre priame J/ψ, model NLO+

CSM (model farebného singletu v druhom ráde poruchového pribĺıženia) [R48] pred-

povedá hodnoty parametru λθ v širokom rozsahu -0,4 až 0, pre priame J/ψ, s tým, že

hodnota sa s priečnou hybnost’ou nemeńı. Naše meranie je v rámci nepresnost́ı zhodné

s výpočtami NLO+ CSM.

Toto prvé meranie polarizácie na experimente STAR prinieslo významné informácie

pre porovnanie s modelmi produkcie J/ψ. V rámci kolaborácie STAR pracujeme na

analýze väčš́ıch súborov dát, ktore umožnia merat’ i parameter λφ a taktiež merania

polarizačných parametrov budú mat’ menšie štatistické chyby a budú môct’ modely

produkcie lepšie rozĺı̌sit’.
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We report on a polarization measurement of inclusive J/ψ mesons in the di-electron decay channel at 
mid-rapidity at 2 < pT < 6 GeV/c in p + p collisions at 

√
s = 200 GeV. Data were taken with the STAR 

detector at RHIC. The J/ψ polarization measurement should help to distinguish between different models 
of the J/ψ production mechanism since they predict different pT dependences of the J/ψ polarization. 
In this analysis, J/ψ polarization is studied in the helicity frame. The polarization parameter λθ measured 
at RHIC becomes smaller towards high pT , indicating more longitudinal J/ψ polarization as pT increases. 
The result is compared with predictions of presently available models.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

The J/ψ 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/ψ production are able to describe the 
measured J/ψ production cross section reasonably well [10–17]
and therefore other observables are needed to discriminate be-
tween different J/ψ production mechanisms. J/ψ spin alignment, 
commonly known as polarization, can be used for this purpose, 
since various models predict different transverse momentum (pT ) 
dependence for the polarization. The predictions of different mod-
els deviate the most at high pT . Therefore a high-pT J/ψ 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/ψ pT 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/ψ
polarization at high pT (pT > 5 GeV/c) measured by the CDF ex-
periment at FermiLab at 

√
s = 1.96 TeV [20]. NRQCD calculations 

predict transverse polarization for pT > 5 GeV/c and the growth 
of the polarization parameter λθ with increasing pT [21]. However, 
the CDF polarization measurement becomes slightly longitudinal 
with increasing pT , for 5 < pT < 30 GeV/c [20]. Also, the CMS 

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

J/ψ 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/ψ polarization measurements at the same energy and 
for lower pT were performed by ALICE (inclusive J/ψ produc-
tion) [24] and LHCb (prompt J/ψ production) [25] experiments 
at forward rapidity. The ALICE experiment observed zero polar-
ization while LHCb λθ 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 pT (1.5 < pT � 5 GeV/c) and for mid-
rapidity, the tuned leading-order (LO) NRQCD model [26] predicts 
slightly longitudinal J/ψ 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 pT spectrum are in near 
agreement with the RHIC data at low and mid pT and these CSM 
calculations predict longitudinal J/ψ polarization at intermediate 
pT (1.5 < pT < 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/ψ polarization results from ALICE and LHCb well.

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

In this paper, we report a J/ψ polarization measurement in 
p + p collisions at 

√
s = 200 GeV at rapidity (y) |y| < 1, in the pT

range 2 < pT < 6 GeV/c from the STAR experiment at RHIC. The 
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analysis is done using data with a high-pT electron (so-called High 
Tower) trigger. The J/ψ is reconstructed via its di-electron decay 
channel. The angular distribution parameter (polarization parame-
ter) λθ for electron decay of the J/ψ is extracted in the helicity 
frame [30] as a function of J/ψ pT , in three pT 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/ψ 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 θ . It is the angle between the positron 
momentum vector in the J/ψ rest frame and the J/ψ 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:

d2N

d(cos θ)dφ
∝ 1 + λθ cos2 θ + λφ sin2 θ cos 2φ

+ λθφ sin 2θ cosφ, (1)

where θ and φ are polar and azimuthal angles, respectively; 
λθ and λφ are the angular decay coefficients. The angular distri-
bution integrated over the azimuthal angle is parametrized as

dN

d(cos θ)
∝ 1 + λθ cos2 θ, (2)

where λθ is called the polarization parameter. This parameter con-
tains both the longitudinal and transverse components of the J/ψ
cross section; λθ = 1 indicates full transverse polarization, and 
λθ = −1 corresponds to full longitudinal polarization.

The measurement presented in this Letter is limited to the θ
angle analysis due to statistical limitations. Extraction of the λθ

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 θ angle with a better preci-
sion, as well as the φ 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 J/ψ polarization [31].

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-pT 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 < E T ≤ 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 z| < 65 cm. This 
corresponds to an integrated luminosity of ∼1.6 pb−1. The J/ψ is 
reconstructed via its di-electron decay channel, J/ψ → e+e− , with 
the branching ratio 5.94% ± 0.06% [38].

Charged tracks are reconstructed using the STAR TPC which 
has 2π azimuthal coverage and a pseudorapidity (η) coverage of 
|η| < 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/ψ , and TPC resolution alone is not enough to select non-prompt 
J/ψ 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 |η| < 1 and 
pT > 0.4 GeV/c are also applied. The transverse momentum cut is 
chosen to optimize the acceptance in cos θ and the significance of 
the J/ψ signal. Applying higher pT cut causes a loss of statistics 
at |cos θ | ∼ 1 while a lower pT cut reduces the J/ψ signal signifi-
cance. Efficient identification of electrons with low pT 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 |η| < 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 nσelectron within −1 < nσelectron < 2, 
where nσelectron = log[(dE/dx)/(dE/dx|Bichsel)]/σdE/dx , dE/dx is the 
measured energy loss in the TPC, dE/dx |Bichsel is the expected 
value of dE/dx from the Bichsel function prediction [39] and σdE/dx

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, β , of |1/β − 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 (
η × 
φ = 0.05 × 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/ψ decay satisfies the HT trigger conditions. In order to en-
sure that a selected electron indeed fired the trigger, an addi-
tional cut of pT > 2.5 GeV/c is applied for that electron. The HT 
trigger requirements reduce significantly the combinatorial back-
ground under the J/ψ signal and lead to a clear J/ψ signal at 
2 < pT < 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 < pT < 6 GeV/c and 
|y| < 1. (b) J/ψ signal after the combinatorial background subtraction (closed blue 
circles) and MC simulation (histogram).

2.2. J/ψ signal and cos θ 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 pT 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 e+e+ and e−e− pairs 
in an event, represented by triangles. The J/ψ signal is obtained 
by subtracting the combinatorial background from the unlike-sign 
pair distribution. Fig. 1(b) shows the invariant mass distribution 
for J/ψ as circles, and the histogram is the J/ψ 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 J/ψ signal width 
matches the width of the J/ψ signal obtained from the data. 
The simulation does not include the J/ψ radiative decay chan-
nel, J/ψ → e+e−γ [11,38], leading to the discrepancy between 

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/ψ radiative decay recon-
struction. We select J/ψ candidates in the invariant mass range 
2.9–3.3 GeV/c2 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, pT , and invariant mass, the 
signal to background ratio is 15. A strong J/ψ signal is seen with 
a significance of 26σ . The number of J/ψ , obtained by counting 
data entries in the J/ψ mass window, is 791 ± 30. For the polar-
ization analysis, we split the entire J/ψ sample into 3pT bins with 
a comparable number of J/ψ in each bin: 2–3 GeV/c, 3–4 GeV/c
and 4–6 GeV/c.

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

2.3. Corrections

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

Efficiencies as a function of cos θ 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 pT and η cuts) and tracking efficiency, and all 
BEMC efficiencies, are obtained from the simulation. The nσelectron
and the TOF response are not simulated accurately in embedding. 
Therefore the nσelectron cut and TOF cut efficiencies are calculated 
using the data.

For the calculation of the nσelectron cut efficiency, the nσelectron
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 eID 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 π0 and η
mesons. These electrons are isolated using a cut on the invari-
ant mass of a pair of tracks of me−e+ < 100 MeV/c2 and additional 
electron identification cuts: |1/β −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 η. The effi-
ciency of the 1/β cut is calculated by using a pure electron sample 
obtained by selecting photonic electrons with −0.2 < nσe < 2 and 
with the invariant mass of a pair of tracks less than 15 MeV/c2. 
The 1/β cut efficiency is calculated in narrow momentum bins and 
then a constant function is fitted to obtain the final 1/β cut effi-
ciency.

The total J/ψ 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 cos θ in Fig. 2(d)–(f) (blue triangles). The systematic 
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Fig. 2. (Color online.) Panels (a)–(c) show uncorrected cos θ distributions after the combinatorial background subtraction, for each analyzed pT bin. Panels (d)–(f) show total 
efficiencies as a function of cosθ . 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/ψ
decay is required to satisfy the trigger conditions and must have 
pT above 2.5 GeV/c. Due to the decay kinematics this cut causes 
significant loss in the number of observed J/ψ at lower J/ψ pT , 
and the efficiency decreases with decreasing |cos θ |. This pattern 
is clearly visible in the HT trigger efficiency plot for 2 < pT <

3 GeV/c in Fig. 2(g), where all entries at cos θ ∼ 0 are zero. With 
increasing J/ψ pT , the trigger efficiency increases. Since the trig-
ger has also an upper threshold (ET ≤ 4.3 GeV), a decrease of the 
efficiency at |cos θ | ∼ 1 at higher pT is seen, as evident in Fig. 2(i).

3. Results and discussion

3.1. Corrected cos θ distributions

The corrected cos θ distributions are fitted with

f (cos θ) = C
(
1 + λθ cos2 θ

)
(3)

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

applied to the fit parameters. The corrected cos θ 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 1σ 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 pT bin, are listed in Table 1 together with a mean 
pT (〈pT 〉) in each bin and statistical and systematic uncertainties.

3.2. Systematic uncertainties

The systematic uncertainties on the polarization parameter λθ

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 λθ . 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 cosθ 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 1σ uncertainty on the fits.

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

3.2.2. TPC eID 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 3σ .

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 1
The polarization parameter λθ .

pT (GeV/c) 〈pT 〉 (GeV/c) λθ

2 < pT < 3 2.48 0.15±0.33 (stat.) ± 0.30 (sys.)
3 < pT < 4 3.52 −0.48±0.16 (stat.)± 0.16 (sys.)
4 < pT < 6 4.74 −0.62±0.18 (stat.)± 0.26 (sys.)

Table 2
Systematic uncertainties.

Source Systematic uncertainty on λθ ,
in pT (GeV/c) bins

2–3 3–4 4–6

Tracking efficiency 0.024 0.009 0.008
TPC eID 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/ψ 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/ψ signal extraction 0.195 0.149 0.246

Total ±0.297 ±0.160 ±0.260

tion as a function of η. The systematic uncertainty is estimated 
with the TOF matching efficiency also being a function of az-
imuthal angle φ. The 1/β cut efficiency estimated from the data 
in small pT bins may be sensitive to fluctuations. The 1/β distri-
bution obtained from the data is well described by the Gaussian 
function. So the systematic uncertainty on the 1/β 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/β 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 < nσe < 2 and with the invariant mass of a 
pair of tracks less than 15 MeV/c2. 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 J/ψ distribution in the simulation
Since the input J/ψ transverse momentum and rapidity distri-

butions in the simulation are flat, they need to be weighted with 
realistic pT and rapidity spectra. In order to estimate a system-
atic uncertainty, the pT and rapidity weights are changed. The pT
weight is varied by changing the ranges in which the Kaplan [42]
function is fitted to the pT 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/ψ particles in the simulation are unpolarized (the 
input cos θ distribution is flat). The acceptance of electron and 
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positron from the J/ψ decay in the detector depends on the J/ψ
polarization. In order to estimate the effect of the unknown J/ψ
polarization on the acceptance calculation, fully transverse (λθ = 1) 
and fully longitudinal (λθ = −1) J/ψ polarization is assumed in 
the embedding analysis. A systematic uncertainty is estimated as a 
difference between the result obtained with no input J/ψ polar-
ization and the result when J/ψ in the simulation is polarized. An 
average uncertainty from the two input J/ψ 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
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 cc → e+e− and bb → e+e− . 
The continuum background is about 5% of the measured J/ψ 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 cos θ distributions 
for the residual background taking two extreme values of λθ : −0.3
and 0.3. Then those cos θ distributions are subtracted from the cor-
rected cos θ distributions from the data, assuming that the resid-
ual background is 5% of the J/ψ yield, in order to estimate the 
influence of the continuum background polarization on the mea-
sured λθ .

3.2.9. J/ψ signal extraction
The systematic uncertainty associated with the J/ψ signal ex-

traction is estimated by counting the number of J/ψ particles 
using the simulated J/ψ signal shape. The J/ψ signal from the 
simulation is extracted in each pT and cos θ bin and fitted to the 
data.

3.3. Polarization parameter λθ

Fig. 4 shows the polarization parameter λθ as a function of J/ψ
pT for inclusive J/ψ production. The result includes direct J/ψ
production, as well as J/ψ from feed-down from heavier charmo-
nium states, ψ ′ and χC (about 40% of the prompt J/ψ yield [43]), 
as well as from B meson decays (non-prompt J/ψ ) [11]. The non-
direct J/ψ production may influence the observed polarization. 
The STAR result (red stars) is compared with the PHENIX mid-
rapidity (|y| < 0.35) J/ψ polarization result for inclusive J/ψ [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 
χ2/ndf = 1.5/4. A trend towards longitudinal J/ψ polarization is 
seen in the RHIC data. 

STAR observes longitudinal J/ψ polarization in the helicity 
frame at pT > 3 GeV/c. The STAR and PHENIX measurements are 
consistent with each other in the overlapping pT region. Our result 
can be compared to the polarization measurements from CDF [20]
and CMS [22] at mid-rapidity for prompt J/ψ . At pT ∼ 5 GeV/c, 
CDF observes almost no polarization, λθ ∼ 0 (the polarization 
becomes slightly longitudinal as pT increases) while STAR ob-
serves a strong longitudinal polarization in that pT region. At LHC √

s = 7 TeV, CMS reports zero polarization at mid-rapidity up to 
pT ∼ 70 GeV/c [22]. In addition, the ALICE experiment also reports 

Fig. 4. (Color online.) Polarization parameter λθ as a function of J/ψ pT (red stars) 
for |y| < 1. The data is compared with the PHENIX result (black solid circles) [27]
and two model predictions: NLO+ Color Singlet Model (CSM) (green dashed lines 
represent a range of λθ for the direct J/ψ , and the hatched blue band is an extrap-
olation of λθ for the prompt J/ψ ) [28] and LO NRQCD calculations with color-octet 
contributions (COM) [26] (gray shaded area). The pT 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 pT bins. The blue line is a linear fit (Ax + B) to RHIC 
points.

very small polarization within 2 < pT < 8 GeV/c at forward ra-
pidity [24]. However, if the J/ψ production is xT dependent [10], 
the RHIC result at pT ∼ 2 GeV/c is comparable with the CDF re-
sult at pT ∼ 20 GeV/c and with the CMS result at pT ∼ 70 GeV/c
(xT ∼ 0.02, xT = 2pT /

√
s).

The data are compared with two model predictions for λθ at 
mid-rapidity: NLO+ CSM [28] and LO COM [26]. The prediction 
of the COM [26] for direct J/ψ production, the gray shaded area, 
moves towards the transverse J/ψ polarization as pT increases 
[20]. The trend seen in the STAR and PHENIX results is towards 
longitudinal J/ψ polarization with increasing pT , 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 χ2/ndf (P value) is 6.7/3 (8.2 × 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 λθ for the direct J/ψ
production from the NLO+ CSM prediction and an extrapolation of 
λθ for the prompt J/ψ production is shown as the hatched blue 
band [28]. It predicts a weak pT dependence of λθ , 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 χ2/ndf (P value) of 3.0/3 (3.9 × 10−1) and 5.1/3 (1.6 × 10−1) 
for the direct and prompt J/ψ production, respectively.

4. Summary and outlook

This paper reports the first STAR measurement of J/ψ polar-
ization and contributes to the evolving understanding of the J/ψ
production mechanisms. J/ψ polarization is measured in p + p
collisions at 

√
s = 200 GeV in the helicity frame at |y| < 1 and 

2 < pT < 6 GeV/c. RHIC data indicates a trend towards longitu-
dinal J/ψ polarization as pT increases. The result is consistent, 
within experimental and theoretical uncertainties, with the NLO+
CSM model.

Newer data at 
√

s = 500 GeV, taken in 2011 with much 
higher luminosity, may help to further distinguish between J/ψ
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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 kvarkóníı v

jadro-jadrových zrážkach

Pred viac než tridsiatimi rokmi T. Matsui a H. Satz [R49] predpovedali, že produkcia

pôvabných kvarkóníı bude v pŕıtomnosti horúcej a hustej jadrovej hmoty potlačená.

Toto potlačenie je z dôvodu farebného tienenia dikvarkového potenciálu z okolitých

kvarkov a gluónov. Očakávalo sa, že pŕıpadné experimentálne potvrdenie tejto predpo-

vede by mohlo slúžit’ ako dôkaz existencie kvarkovo-gluónovej plazmy. Následné prvé

merania z experimentov na urýchl’ovači SPS (Super Proton Synchrotron) v CERN pre-

vedené kolaboráciou NA38 preukázali, že v dvojmiónovom rozpadovom kanáli je pro-

dukcia J/ψ potlačená faktorom 0,64 ± 0,06 v centrálnych zrážkach O+U pri energii

200 GeV na nukleón vzhl’adom k periferálnym zrážkam [R50]. Na produkciu J/ψ majú

v jadro-jadrových zrážkach vplyv aj d’aľsie fyzikálne procesy. Sú to effekty tzv. stu-

denej jadrovej hmoty, ako napŕıklad jadrové tienenie partónovej distribučnej funkcie,

partónová saturácia pri malých Feymanových x, viacnásobný rozptyl partónov pred

a po tvrdom rozptyle (Croninov jav) a jadrová absorpcia cc̄ párov v jadrovej hmote

dôsledkom nepružných zrážok. Taktiež je možné, že v pŕıpade väčšieho množstva cc̄

párov vytvorených v jednej zrážke, po rozpade J/ψ na pôvabné kvarky opät’ náhodne

rekombinujú naspät’ na J/ψ mezón. Pŕıspevky sa môžu navzájom čiastočne kompen-

zovat’. Pre správnu interpretáciu merańı v jadro-jadrových zrážkach je nutné stanovit’

jednotlivé možné pŕıspevky z d’aľśıch merańı.

V prvom článku priloženom v tejto kapitole, L. Adamczyk et al., Energy dependence

of J/ψ production in Au +Au collisions at
√
s= 39, 62.4 and 200 GeV, Phys. Lett. B

771, 13 (2017), sme previedli meranie produkcie J/ψ v jadro-jadrových zrážkach pri

troch energiách. Využili sme k tomu dáta z prvej fázy programu energetickej prehliadky

BES (Beam Energy Scan), ktorého účelom je pri meraniach jadro-jadrových zrážok s

postupne menš́ımi energiami hl’adat’ hraničné prejavy kvarkovo-gluónovej plazmy. Aj pri

tomto merańı sme použili na identifikáciu J/ψ rozpadový kanál e+e− a ked’že sme pri

merańı nemohli rozĺı̌sit’ rôzne zdroje J/ψ produkcie, jednalo sa o meranie inkluźıvnych

J/ψ mezónov. Všeobecne sme čakali, že potlačenie produkcie J/ψ mezónov, vyjadrené
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jadrovým modifikačným faktorom RAA, bude pri zrážkach s menšou energiou menšie,

z dôvodu pŕıpadnej absencie QGP alebo menšej hustoty či teploty. Podarilo sa nám re-

konštruovat’ J/ψ v rozmeźı priečnych hybnost́ı 0 až 3 GeV/c pre energie 39 a 62,4 GeV

a 0 až 5 GeV/c pre energiu 200 GeV, pre štyri rôzne centrality zrážky: 0-20%, 20-40%,

40-60% a 0-60%. Experimentálne údaje sme namerali v rokoch 2010 a 2011. V tejto

analýze sme na identifikáciu elektrónov použili kombináciu informácie z detektorov

TPC, TOF a EMC. V neskorš́ıch meraniach po roku 2012 sa na rekonštrukciu J/ψ začal

použ́ıvat’ tiež dvojmiónový rozpadový kanál, ked’že sa postupne nainštaloval Muónový

Teleskopický Detektor. Zásadným problémom, s ktorým sme sa museli potýkat’ pri

stanoveńı jadrového modifikačného faktora, bola absencia referenčného p+p merania

pri energiách 39 GeV a 62,4 GeV. Použili sme parameterizáciu, ktorá bola vytvorená

empirickou extrapoláciou z existujúcich merańı pri iných energiách v Ref. [R51]. Určili

sme závislost’ RAA na priemernom počte účastńıkov zrážky 〈Npart〉 a na priečnej hyb-

nosti J/ψ (Fig. 4). Naše merania sme porovnali s meraniami pri nižšej energii na SPS√
s = 17 GeV a meraniami na LHC pri energii

√
s = 2,76 TeV. V rámci chýb merańı

je RAA závislost’ na 〈Npart〉 zhodná pre všetky energie do 200 GeV, vrátane. Pri peri-

ferálnych zrážkach (malé hodnoty 〈Npart〉 ) je RAA bĺızke 1, avšak so zväčšujúcou sa

hodnotou 〈Npart〉 a teda aj centralitou RAA klesá až k RAA ≈ 0.3. Avšak RAA pri energii

na LHC je iné, jednak je jeho hodnota väčšia (RAA ≈ 0.8) a jednak viac-menej nezáviśı

na centralite zrážky. Podobne je to aj pri závislosti RAA na pT , opät’ je závislost’ iná pre

energiu na LHC a ostatné nižšie energie majú rovnaký trend, ked’ pri malých pT je po-

tlačenie výrazné a potom sa potlačenie so zväčšujúcou priečnou hybnost’ou zmenšuje.

Na obrázku Fig. 6 sme z dôvodu lepšej interpretácie merańı porovnali závislost’ RAA na

〈Npart〉 s výpočtami z teoretického modelu z Ref. [R52], kde sme vykreslili jednotlivo

pŕıspevok z potlačenia zapŕıčineného farebným tieneńım a tiež pŕıspevok z regenerácie

J/ψ, z dôvodu rekombinácie cc̄ párov. Model popisuje naše merania kvalitat́ıvne celkom

dobre. Pri nižš́ıch energiách je pŕıspevok rekombinácie malý až zanedbatel’ný, avšak pri

energii 200 GeV je tento pŕıspevok pri najcentrálneǰśıch zrážkach približne rovnakej

vel’kosti ako ten z farebného tienenia. Pŕıspevok rekombinácie rastie so zväčšujúcou

sa energiou, čo vysvetluje meranie RAA s vyššou energiou na LHC. Vyplýva to tiež

zo závislosti jadrového modifikačného faktora na energii zrážky pre centralitu 0-20%

(Fig. 7). Pri energiách na LHC pŕıspevok z rekombinácie takmer kompenzuje potlačenie

z farebného tienenia a toto objasnuje celkovo malé potlačenie produkcie J/ψ na LHC

v porovnańı s energiami na RHIC.

V druhom článku, ktorý je zaradený do tejto kapitoly, L. Adamczyk et al. Measure-

ment of J/ψ Azimuthal Anisotropy in Au+Au Collisions at
√
s= 200 GeV, Phys. Rev.

Lett. 111, no. 5, 052301 (2013), sme sa zaoberali merańım azimutálnej anizotropie J/ψ

v zrážkach Au+Au pri energii 200 GeV meraných roku 2010. Hlavnou motiváciou bolo

tiež skúmat’ vplyv rekombinácie cc̄ na produkciu J/ψ v týchto zrážkach. Konkrétne

sme sa zamerali na určenie eliptického toku - v2, druhého člena vo Furierovom rozvoji
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azimutálnej uhlovej závislosti produkcie J/ψ vzhl’adom k rovine zrážky. J/ψ mezóny,

ktoré vznikajú priamo v tvrdých procesoch na začiatku zrážky, by nemali mat’ žiadnu

azimutálnu závislost’ produkcie. V necentrálnych zrážkach je priečny tvar objemu pre-

kryvu jadier pri zrážke mandl’ovitý, tj. v rovine zrážky je užš́ı ako v na ňu kolmom

smere. Vzhl’adom k tomu, že pravdepodobnost’ rozbitia J/ψ z dôvodu farebného tie-

nenia väzbového potenciálu je úmerná dráhe, ktorú častica v jadrovej hmote ulet́ı,

môže tento proces viest’ k asymetrii vzhl’adom na rovinu zrážky. Na druhej strane v

pŕıpade, že sa pôvabné kvarky v jadrovej hmote tiež termalizujú a źıskajú podobné

kolekt́ıvne chovanie ako l’ahké kvarky a tým pádom tiež budú mat’ eliptický tok, po ich

náhodnej rekombinácii výsledné J/ψ bude mat’ tiež úmerne tomu nenulový eliptický

tok v2. Ked’že doba termalizácie častice s vel’kou hmotnost’ou ako pôvabný kvark je

dlhá, znamenalo by to, že l’ahké kvarky by sa museli termalizovat’ rýchlo po zrážke. I

v tejto analýze sme na identifikáciu elektrónov použili kombinovanú informáciu z de-

tektorov TPC, TOF a EMC. Podarilo sa nám určit’ parameter v2, jednak pre zrážky s

centralitou 0-60%, a jednak pre centralitné intervaly 0-10%, 10-40% a 40-80% pre J/ψ

s priečnymi hybnost’ami od 0 do 10 GeV/c . Ako sme diskutovali v článku priloženom

v prvej kapitole, na meranie kolekt́ıvneho toku môžu mat’ vplyv rozpady rezonancíı

a výtrysky čast́ıc. Vplyv týchto dvoj a viacčasticových korelácíı iných čast́ıc s J/ψ

efekt́ıvne meńı rovinu zrážky a tým pádom zvyšuje hodnotu nameraného parametru

v2. Tento vplyv sme odhadli pomocou vel’kosti hadrón-J/ψ korelácíı z p + p zrážok pri

rovnakej energii. Zistili sme prekvapivú skutočnost’, že J/ψ nemá podobné kolekt́ıvne

chovanie ako všetky iné doposial’ skúmané hadróny, ale pre priečne hybnosti väčšie ako

2 GeV/c má hodnotu eliptického toku zhodnú s nulou, v rámci chýb merania (Fig. 3 z

priloženého druhého článku). Z porovnania s rôznymi modelmi produkcie J/ψ vyplýva,

že model založený hlavne na produkcii J/ψ rekombináciou termalizovaných cc̄ kvarkov

je s nameraným v2 najviac v rozpore. Fyzikálny záver z oboch článkov v tejto kapitole

je teda vel’mi podobný. V experimente ALICE na LHC sme tiež merali parameter elip-

tického toku v2 pre inkluźıvne J/ψ v zrážkach Pb-Pb pri energii
√
sNN = 5.02 TeV v

strednej a doprednej rapidite [386]. Pri tejto energii sme namerali nenulovú hodnotu

v2, čo je v súlade s dôležitost’ou pŕıspevku z rekombinovaných termalizovaných cc̄ párov

na LHC.
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The inclusive J/ψ transverse momentum spectra and nuclear modification factors are reported at mid-
rapidity (|y| < 1.0) in Au + Au collisions at √sN N = 39, 62.4 and 200 GeV taken by the STAR experiment. 
A suppression of J/ψ production, with respect to the production in p + 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 J/ψ production due to the color screening effect and J/ψ regeneration from recombination of 
uncorrelated charm–anticharm quark pairs.

© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

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 (cc̄) 
or bottom–antibottom (bb̄) quark pairs. As a consequence, quarko-
nium production cross sections in heavy-ion collisions divided by 
the corresponding number of binary nucleon–nucleon collisions, 
Ncoll , are expected to be suppressed compared to those in p + p
collisions if QGP is formed in heavy-ion collisions.

The J/ψ is the most abundantly produced quarkonium state 
accessible to experiments. Over the past twenty years, J/ψ sup-
pression in hot and dense media has been a topic of growing 
interest. Various measurements of J/ψ production in heavy ion 
collisions have been performed in different collision systems and 
at different energies, and indeed a suppression of J/ψ production 
has been observed [10–13]. A similar centrality dependent sup-
pression was found at SPS (S + U 

√
sN N = 19.4 GeV [14], Pb + Pb √

sN N = 17.2 GeV [15] and In + In 
√

sN N = 17.2 GeV [12]) and 
at RHIC (Au + Au 

√
sN N = 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 
(|y| < 0.35) was observed at RHIC [16]. These observations indi-
cate that effects other than color screening are important for J/ψ
production. Among these effects, J/ψ production from the recom-
bination of cc̄ [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 
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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 J/ψ production in Pb + Pb 
collisions at 

√
sN N = 2.76 TeV has been measured at the LHC 

[40–42]. In comparison with results from RHIC in Au + Au col-
lisions at 

√
sN N = 200 GeV, the J/ψ production is significantly 

less suppressed, which suggests significantly more recombination 
contribution at LHC energies. The measurement of J/ψ produc-
tion at forward rapidity (1.2 < |y| < 2.2) in Au + Au collisions by 
the PHENIX experiment at 

√
sN N = 39 and 62.4 GeV indicates a 

similar suppression level as that at 
√

sN N = 200 GeV [43]. Mea-
surements of J/ψ 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 J/ψ production and medium 
properties.

In this letter, we further study the collision energy dependence 
of J/ψ production and test the hypothesis of the two competing 
mechanisms of color screening and regeneration. We present mea-
surements of the J/ψ production at mid-rapidity (|y| < 1) with 
the STAR experiment in Au + Au collisions at 

√
sN N = 39, 62.4 us-

ing data collected in year 2010 and at 
√

sN N = 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 
|η| < 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 J/ψ is reconstructed through its 
decay into electron–positron pairs, J/ψ → e+e− (branching ra-
tio Br( J/ψ → e+e−) = 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 〈Npart〉, number of 
binary collisions 〈Ncoll〉, and nuclear overlap function 〈T A A〉 from MC Glauber sim-
ulation of Au + Au at √sN N = 39, 62 and 200 GeV. The errors indicate uncertainties 
from the MC Glauber calculations.

√
sN N (GeV) Centrality (%) 〈Npart 〉 〈Ncoll〉 〈T A A〉 (fm−2)

39 0–20 273 ± 6 629 ± 26 187 ± 5
20–40 137 ± 11 245 ± 26 71 ± 7
40–60 59 ± 10 79 ± 17 23 ±5
0–60 156 ± 8 316 ± 22 93 ± 6

62 0–20 276 ± 5 664 ± 25 187 ± 5
20–40 139 ± 10 258 ± 27 71 ± 7
40–60 60 ± 10 82 ± 18 23 ± 5
0–60 157 ± 9 332 ± 23 93 ± 6

200 0–20 280 ± 6 785 ± 29 187 ± 5
20–40 142 ± 11 300 ± 31 71 ± 7
40–60 62 ± 10 95 ± 21 23 ± 5
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/dη within |η| < 0.5 using a Monte 
Carlo (MC) Glauber model [51]. The dependence of dN/dη on the 
collision vertex position V z and the beam luminosity has been 
included to take acceptance and efficiency changes on the mea-
sured dN/dη into account. For each collision centrality, an average 
nuclear overlap function, 〈T A A〉, average number of participants, 
〈Npart〉, and average number of binary collisions, 〈Ncoll〉, were re-
lated to an observed multiplicity range. Centrality definitions in 
Au + Au collisions for 

√
sN N = 39, 62.4 and 200 GeV are summa-

rized in Table I.
The daughter tracks of the J/ψ 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/β − 1| < 0.03, where β 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: 

nσe = ln(〈dE/dx〉m/〈dE/dx〉th
e )

RdE/dx
(1)

where 〈dE/dx〉m and 〈dE/dx〉th represent measured and theoretical 
values, respectively, and RdE/dx is the experimental ln(dE/dx) res-
olution. The nσe cut for electron identification is −1.5 < nσe < 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/ψ covers the rapidity 
range |y| < 1 due to the STAR acceptance and decay kinematics.

The J/ψ 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 

√
sN N = 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/c2 and the normalized 
shapes show close agreement. The normalization technique is de-
scribed in Ref. [52]. The mass distribution of e+e− is fitted by the 
J/ψ 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 J/ψ , 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/ψ signal is obtained from bin counting 
in the mass range 2.7–3.2 GeV/c2 after combinatorial and resid-
ual background subtraction. The fraction of J/ψ counts outside of 
the mass window was determined from the J/ψ MC simulated 
signal shape and was found to be ∼9%. This was used to correct 
the number of J/ψ 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 (pT ) interval 0–3 GeV/c (39 and 
62 GeV) and 0–5 GeV/c (200 GeV). The J/ψ invariant yield is de-
fined as 

Br J/ψ→e+e−
d2N

2π pT dpT dy
= 1

2π pT �pT �y

N J/ψ→e+e−

AεNE V T
(2)

where N J/ψ→e+e− is the uncorrected number of reconstructed 
J/ψ , NE V T is the number of events in the relevant Au + Au cen-
trality selection, Aε is the detector’s geometric acceptance times 
its efficiency (about 0.05 ∼ 0.12 depending on pT , centrality and 
collision energy), and �pT and �y are the bin width in pT 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 e+e− invariant mass distribution of J/ψ candidates (black open circles), like-sign combinatorial background (blue dashed line), mixed event combinatorial 
background (red solid line), and J/ψ candidates with mixed event background subtracted (black solid circles) in Au + Au collisions at √sN N = 39 (a), 62.4 (b), and 
200 GeV (c) for centrality 0–60%. The J/ψ 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 pT , centrality and collision energy 
dependence of uncertainties. The uncertainties are partially cor-
related among the pT and centrality intervals. The total system-
atic uncertainties in the integrated pT range are 20%, 11%, and 
10% at 

√
sN N = 39, 62.4, and 200 GeV, respectively. At 

√
sN N =

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 〈T A A〉 and 
the statistical and systematic uncertainty of the J/ψ cross section 
in p + p. The centrality and transverse momentum dependence of 
the total systematic uncertainties are reflected in the results shown 
in Section 3.

3. Results

The J/ψ invariant yields as a function of pT in Au + Au col-
lisions at 

√
sN N = 39, 62.4, and 200 GeV for different centrality 

bins are shown in Fig. 2. As expected, the J/ψ 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 √

sN N = 39, 62.4 and 
200 GeV. The uncertainties are partially correlated among the pT 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

〈Ncoll〉 (%) 4–22 4–22 4–22
〈T A A〉 (%) 3–22 3–22 3–22
σ

pp
J/ψ (%) 12 7 14

Nuclear modification factors (RC P , R A A ) are used to quantify 
the suppression of J/ψ production. RC P is a ratio of the J/ψ yield 
in central collisions to peripheral collisions (centrality: 40–60%) 
and defined as follows: 

RC P =
dN/dy
〈Ncoll〉 (central)

dN/dy
〈Ncoll〉 (peripheral)

(3)

where 〈Ncoll〉 and dN/dy are the average number of nucleon–
nucleon collisions and J/ψ yield in a given centrality, respectively. 
dN/dy is obtained from the integration of the J/ψ pT spec-
trum. The extrapolation of the pT spectrum to the full coverage 
(pT > 0 GeV/c) is based on the two following functions:
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Fig. 2. J/ψ invariant yields in Au + Au collisions at √sN N = 39, 62.4 and 200 GeV as a function of pT 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].

Fig. 3. J/ψ RC P results (with respect to 40–60% peripheral collisions) for Au+Au as 
a function of 〈Npart〉. The error bars represent the statistical uncertainties. The boxes 
represent the systematic uncertainties combined with uncertainties from 〈Ncoll〉 in 
different centrality bins.

dN

dpT
= a × pT

(1 + b2 p2
T )n

(4)

dN

dpT
= l × pT × exp− mT

h , mT =
√

p2
T + m2

J/ψ (5)

where a, b, n, h and l 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 RC P reflects only rel-
ative suppression – if the modification of J/ψ yield in central and 
peripheral bins is the same, RC P is equal to 1. The RC P , as a func-
tion of the average number of participant nucleons (〈Npart 〉), for 
Au + Au collisions at 

√
sN N = 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 RC P are mainly from 〈Ncoll〉 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 

√
sN N = 62.4 GeV, which is similar to 

that at 
√

sN N = 200 GeV.
R A A is obtained from comparing J/ψ production in A + A col-

lisions to p + p collisions, defined as follows: 

R A A = 1

〈T A A〉
d2N A A/dpT dy

d2σpp/dpT dy
(6)

where d2N A A/dpT dy is the J/ψ yield in A + A collisions and 
d2σpp/dpT dy is the J/ψ cross section in p + p collisions. The 
nuclear overlap function with impact parameter b is defined as 
T A A(b) = ∫

T A(s)T A(s − b)d2s, where T A(s) is the probability per 
unit transverse area of a nucleon being located in the target flux 
tube. The uncertainties from T A A 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 R A A

should be unity.
To obtain R A A at 

√
sN N = 39 and 62.4 GeV, we have to de-

rive the J/ψ 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 pT shapes from Ref. [57] and Ref. [58] at 

√
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 

√
sN N =

39 and 62.4 GeV. In Ref. [59], the world-wide experimental data 
on J/ψ 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/ψ cross section and kinematics at RHIC energies. This ap-
proach is found to describe the world-wide J/ψ data reasonably 
well. With this strategy, the predicted J/ψ cross section times 
branching ratio at 

√
s = 39 and 62.4 GeV in mid-rapidity are 

Br( J/ψ → e+e−)dσ/dy||y|<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 R A A of J/ψ for pT > 0 as a function of 〈Npart〉 in Au + Au 
collisions at 

√
sN N = 39, 62.4, and 200 GeV, as shown in Fig. 4 (a). 

The pT -differential J/ψ R A A 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/ψ cross section in p + p
collisions [50,59,60] and 〈T A A〉, 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 R A A with complete 
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Fig. 4. The results of J/ψ R A A as a function of 〈Npart〉 (a) and pT (b) in Au + Au collisions at √sN N = 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/ψ cross section in p + p
collisions [50,59,60] and 〈T A A〉, respectively. The ALICE points are from [61]. The ratio of feed-down J/ψ from higher chamonium states to inclusive J/ψ is from [63]. The 
STAR high-pT (3 < pT < 10 GeV/c) results, represented as open circles, are from [50].

ψ(2S) and χc melting and no modification of the J/ψ yield [63]
are also included for comparison. Suppression of J/ψ production 
is observed in Au + Au collisions from 

√
sN N = 39 to 200 GeV 

with respect to the production in p + p scaled by 〈T A A〉. For R A A

as a function of 〈Npart〉, no significant energy dependence is ob-
served within uncertainties from 

√
sN N = 17.2 to 200 GeV. For 

the J/ψ R A A as a function of pT , significant suppression is ob-
served at low pT (pT < 2 GeV/c) from 

√
sN N = 39 to 200 GeV. 

The modification of J/ψ 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 R A A results are higher than the measurements at RHIC and 
SPS and show a different trend as a function of pT . Fig. 5 shows 
the comparison of R A A between mid-rapidity from STAR and for-
ward rapidity from PHENIX from 

√
sN N = 39 to 200 GeV. The 

suppression of J/ψ shows no significant rapidity dependence at √
sN N = 39 nor 62.4 GeV within uncertainties.

As shown in Fig. 6, theoretical calculations [21] with initial sup-
pression and J/ψ regeneration describe the data within 1.6 stan-
dard deviation for these three collision energies. The R A A 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 

Fig. 5. J/ψ R A A results as a function of 〈Npart 〉 in Au + Au collisions at √sN N = 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/ψ cross section in p + p collisions [50,59,60] and 
〈T A A〉, respectively. The PHENIX results are from [43,62].

regeneration. The direct suppression represent the “anomalous” 
suppression of primordial J/ψs due to CNM and color screening 
effects. According to the model calculations [21], the R A A is about 

Fig. 6. The results of J/ψ R A A as a function of 〈Npart〉, in comparison with model calculations [21], for Au + Au collisions at √sN N = 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/ψ cross section in p + p collisions [50,59,60] and 〈T A A〉, respectively. Solid lines are J/ψ 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 J/ψ R A A as a function of collision energy for centrality 0–20%, 
in comparison with model calculations [21]. The SPS result (

√
sN N = 17.2 GeV) 

is from [10,15]; the ALICE point (
√

sN N = 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 J/ψ cross section in p + p collisions [50,59,60] and the uncertainties from 
〈T A A〉. Solid line is the total J/ψ 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 
√

sN N = 200 GeV with only 
CNM effects. The regeneration component is responsible for the 
contribution from the recombination of correlated or uncorrelated 
cc̄ pairs. The feed-down to J/ψ from χc and ψ ′ has been taken 
into account in the calculations. No significant energy dependence 
of R A A for 0–20% centrality is observed at 

√
sN N < 200 GeV. As 

the collision energy increases the QGP temperature increases, thus 
the J/ψ 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 R A A at ALICE may indicate that the 
surviving J/ψs are mainly coming from the recombination contri-
bution. The model calculation describes the energy dependence of 
J/ψ production from SPS to LHC.

4. Summary

In summary, we report on recent STAR measurements of J/ψ
production at mid-rapidity in Au + Au collisions at 

√
sN N = 39, 

62.4 and 200 GeV. Suppression of J/ψ 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 
R A A or RC P ) is found within uncertainties. Model calculations, 
which include direct suppression and regeneration, reasonably de-
scribe the centrality and energy dependence of J/ψ production in 
high-energy heavy ion collisions.
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15University of Frankfurt, Frankfurt, Germany
16Institute of Physics, Bhubaneswar 751005, India
17Indian Institute of Technology, Mumbai, India

18Indiana University, Bloomington, Indiana 47408, USA
19Alikhanov Institute for Theoretical and Experimental Physics, Moscow, Russia

20University of Jammu, Jammu 180001, India
21Joint Institute for Nuclear Research, Dubna 141 980, Russia

22Kent State University, Kent, Ohio 44242, USA
23University of Kentucky, Lexington, Kentucky 40506-0055, USA

24Institute of Modern Physics, Lanzhou, China
25Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

26Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307, USA
27Max-Planck-Institut für Physik, Munich, Germany

28Michigan State University, East Lansing, Michigan 48824, USA
29Moscow Engineering Physics Institute, Moscow, Russia

30National Institute of Science and Education and Research, Bhubaneswar 751005, India
31Ohio State University, Columbus, Ohio 43210, USA

32Old Dominion University, Norfolk, Virginia 23529, USA
33Institute of Nuclear Physics PAN, Cracow, Poland

34Panjab University, Chandigarh 160014, India
35Pennsylvania State University, University Park, Pennsylvania 16802, USA

36Institute of High Energy Physics, Protvino, Russia
37Purdue University, West Lafayette, Indiana 47907, USA
38Pusan National University, Pusan, Republic of Korea

39University of Rajasthan, Jaipur 302004, India
40Rice University, Houston, Texas 77251, USA
41Universidade de Sao Paulo, Sao Paulo, Brazil

42University of Science and Technology of China, Hefei 230026, China
43Shandong University, Jinan, Shandong 250100, China

44Shanghai Institute of Applied Physics, Shanghai 201800, China
45SUBATECH, Nantes, France

46Temple University, Philadelphia, Pennsylvania 19122, USA
47Texas A&M University, College Station, Texas 77843, USA

48University of Texas, Austin, Texas 78712, USA
49University of Houston, Houston, Texas 77204, USA

50Tsinghua University, Beijing 100084, China
51United States Naval Academy, Annapolis, Maryland 21402, USA

52Valparaiso University, Valparaiso, Indiana 46383, USA
53Variable Energy Cyclotron Centre, Kolkata 700064, India

54Warsaw University of Technology, Warsaw, Poland
55University of Washington, Seattle, Washington 98195, USA

56Wayne State University, Detroit, Michigan 48201, USA
57Yale University, New Haven, Connecticut 06520, USA

PRL 111, 052301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

2 AUGUST 2013

052301-2
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The measurement of J=c azimuthal anisotropy is presented as a function of transverse momentum for

different centralities in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The measured J=c elliptic flow is

consistent with zero within errors for transverse momentum between 2 and 10 GeV=c. Our measurement

suggests that J=c 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 PACS numbers: 25.75.Cj, 12.38.Mh, 14.40.Pq

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 �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=c is expected to be sup-
pressed compared to protonþ proton (pþ p) collisions
scaled by number of binary collisions, and such suppression
has been proposed as a signature of QGP formation [1].
However, the J=c 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=c 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=c
azimuthal anisotropy, especially its second Fourier coeffi-
cient v2 (elliptic flow), one may infer the relative contribu-
tion of J=c particles from direct perturbative QCD (pQCD)
processes and from recombination. J=c particles produced
from direct pQCD processes, which do not have initial
collective motion, should have little azimuthal preference.
In noncentral collisions, the produced J=c particles will
then gain limited azimuthal anisotropy from azimuthally
different absorption due to the different path lengths in
azimuth. On the other hand, J=c 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=c
is the most prominent for experiment among the latter.

However, because the J=c production mechanism is not
well understood, there is significant uncertainty associated
with this probe, since only J=c particles from recombina-
tion of charm quarks inherit their flow. A detailed com-
parison between experimental measurements and models
on J=c v2 vs transverse momentum (pT) and centrality, in
addition to nuclear modification factor, will shed light on
the J=c production mechanism and charm quark flow.
This analysis benefits from a large amount of data taken

during the RHIC [18]
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV Auþ 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=c production
in the high-pT 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=c candidates and tag them for fast analysis. There are
16 million J=c enriched events selected by the HLT.
The J=c particles were reconstructed through the

J=c ! eþe� channel, which has a branching ratio of
5.9%. The daughter tracks of the J=c 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=� < 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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positrons were then identified by their specific energy loss
(hdE=dxi) inside the TPC. More than 15 TPC hits were
required to calculate hdE=dxi. The hdE=dxi cut is asym-
metric around the expected value for electrons, because the
lower side is where the hadron hdE=dxi lies. It also varies
according to whether the candidate track passes the 1=�
and/or p=E cut to optimize efficiency and purity. The
combination of cuts on 1=�, p=E, and hdE=dxi enables
electron and positron identification in a wide momentum
range. Our measured J=c particles cover the rapidity range
�1< y< 1, favoring J=c particles near y ¼ 0 because of
detection efficiency variation due to acceptance and decay
kinematics. A total of just over 13 000 J=c particles were
reconstructed in the entire pT range of 0–10 GeV=c.

The followingmethod has been used to calculate thev2 of
the J=c . First, measurements of�-�, ranging from 0 to�,
were divided into 10 bins. Here � is the azimuthal angle of
the J=c candidate, and� 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
0–0:1� is combined with 0:9�–�, and the invariant mass
distribution of electron and positron pairs in this combined
�-� 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]. Theweighted J=c yieldwithin this combined�-� bin
was obtained by fitting the eþe� 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=c radiative decays. Then v2 was
obtained by fitting the weighted J=c yield vs �-� with a
functional form of A½1þ2v2cosf2ð�-�Þg�, as shown in the
bottom of Fig. 1. Finally, the observed v2 was scaled by
h1=Ri to obtain the true v2 [25].

Three dominant sources of systematic error have been
investigated for this measurement: assumptions in the v2

calculation method, hadron contamination for the daughter
eþe� pairs, and the nonflow effect. The first source can
be estimated from the difference in v2 calculated by meth-
ods with different assumptions. Two other methods are
used here. One is similar to the original method, except
that the J=c yield in each combined �-� bin was not
obtained from fitting, but from subtracting the like-sign
background from unlike-sign distribution within the

possible invariant mass range of the J=c
(2:9–3:3 GeV=c2). In the other method, the overall v2 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=c v2 and background v2 weighted by their
respective yields vs invariant mass [27]. The systematic
error from hadron contamination can be estimated from the
difference in calculated v2 with different electron (posi-
tron) identification cuts. While the original cuts aim for the
best J=c 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 v2 with the 3� 2 ¼ 6 combinations of v2 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.Whenv2 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 v2 larger
than its real value. To estimate this nonflow influence on the
v2 measurement, a method of scaling nonflow in pþ p
collisions to that inAuþ Au collisions [28] was employed.
This method assumes that 1) J=c -hadron correlation in

TABLE I. Event plane resolution (R) for different centralities.

Centrality

(%) 0–10 10–20 20–30 30–40 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
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FIG. 1 (color online). Top: 1=R weighted invariant mass
spectrum of electron and positron pairs for �-� in 0–0:1�
and 0:9�–�, 4< pT < 6 GeV=c, in 0%–80% central collisions.
The points are unlike-sign pairs with the J=c 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=c yield vs �-� with fitted v2.
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pþ p collisions is entirely due to nonflow, and 2) the
nonflow correlation to other particles per J=c in
Auþ Au collisions is similar to that in pþ p collisions.
Under these assumptions, it can be deduced that the nonflow
influence on measured J=c v2 in AuþAu collisions is
hPi cos2ð�J=c ��iÞi=Mv2. Here, the sum is over all mea-

sured charged hadrons and the average is over J=c particles
in pþ p collisions. M and v2 are the multiplicity and
average elliptic flow of charged hadrons in Auþ 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 pT , cen-
trality, and rapiditymay lead to a biased J=c sample, which
may induce some systematic effects when v2 also changes
with these parameters. But these effects are estimated to be
negligible compared to statistical errors.

Figure 2 shows J=c v2 as a function of transverse
momentum for different centralities. Due to the nonflow
effect, the real v2 can be lower than the measured value
shown in the plot. The boxes indicate the maximummagni-
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 themagnitude of nonflow, J=c
v2 is consistent with 0 for pT > 2 GeV=c for all measured
centrality bins. Light particles usually have a largerv2 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

there are sufficient interactions in the medium. However,
no strong centrality dependence for J=c v2 has been
observed with the statistical significance of the data.
The top panel of Fig. 3 shows J=c v2 for 0%–80%

central collisions as a function of transverse momentum.
For reference, two other sets of v2 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=c . Unlike v2 of
hadrons consisting of light quarks, J=c v2 at pT >
2 GeV=c is found to be consistent with zero within statis-
tical errors. However, the significant mass difference
between the J=c and light particles makes the direct
comparison of v2 vs pT less conclusive. For example, for
the same velocity at y ¼ 0, the pT of J=c particles at
3:0 GeV=c corresponds to pT of pions (�) at 0.14
ð1:0Þ 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=c v2 and various theoretical
calculations, and a quantitative level of difference is shown
in Table II by �2=NDF and the p value. v2 of J=c particles
produced by initial pQCD processes is predicted to stay
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show the estimated maximum possible range of v2 if the nonflow
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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 v2

beyond the sensitivity of the current measurement. On the
contrary, if charm quarks get fully thermalized and J=c
particles are produced by coalescence from the thermalized
flowing charm quarks at the freeze-out, the v2 of the J=c is
predicted to reach almost the same maximum magnitude as
v2 of light flavor mesons, although at a larger pT (around
4 GeV=c) due to the significantly larger mass of the J=c
[32]. This is nearly 3� above the measurement for pT >
2 GeV=c, leading to a large �2=NDF of 16:2=3 and a small
p value of 1:0� 10�3, and is, thus, inconsistent with the
data. Models that include J=c particles from both initial
production and coalescence production in the transport
model [31,36] predict a much smaller v2 [33,34], and are
consistent with our measurement. In these models, J=c
particles are formed continuously through the system evo-
lution rather than at the freeze-out, so many J=c particles
could be formed from charm quarks whose v2 has still not
fully developed. Furthermore, the initial production of J=c
particleswith very limitedv2 dominates at highpT , thus, the
overall J=c v2 does not rise rapidly as for light hadrons.
This kind ofmodel also describes themeasured J=c nuclear
modification factor over a wide range of pT and centrality
[5]. The hydrodynamic model, which assumes local thermal
equilibrium, can be tuned to describe v2 for light hadrons,
but it predicts a J=c v2 that rises strongly with pT in the
region pT < 4 GeV=c, and thus, fails to describe the main
feature of the data [35]. For heavy particles such as the J=c ,
hydrodynamic predictions suffer from large uncertainties
related to viscous corrections (�f) at freeze-out and the
assumed freeze-out time or temperature.

In summary, J=c elliptic flow is presented as a function
of transverse momentum for different centralities in
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV Auþ Au collisions. Unlike light flavor

hadrons, J=c v2 at pT > 2 GeV=c is consistent with zero
within statistical errors. Comparing to model calculations,
the measured J=c v2 values disfavor the scenario that J=c
particles with pT > 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 záver

Táto habilitačná práca zhrňuje výber fyzikálnej problematiky, ktorou sa autor pro-

fesne zaoberal v rámci svojej činnosti na experimente STAR v BNL v rokoch 2004

až 2017. Hlavnou motiváciou a hybnou silou tejto činnosti je experimentálne zmerat’

a interpretovat’ produkciu čast́ıc obsahujúcich t’ažké kvarky v studenej a horúcej jad-

rovej hmote. Podarilo sa preukázat’ pomocou merańı nefotónových elektrónov z D a

B mezónov a priamym merańım pôvabných mezónov v p+p zrážkach, že produkciu

t’ažkých kvarkov je možné poṕısat’ pomocou výpočtov poruchovej kvantovej chromody-

namiky. Ďalej sa podarilo ukázat’, že produkcia pôvabných kvarkov v centrálnych jadro-

jadrových zrážkach je potlačená podobne ako produkcia l’ahkých kvarkov. Z dôvodu

efektu mŕtveho kužela sa očakávalo, že oba t’ažké kvarky budú potlačené menej ako

l’ahké, avšak v poslednej dobe fenomenologické modely ukazujú, že menšie potlačenie

je len u krásnych (b) kvarkov. Podobná závislost’ sa ukazuje aj z merańı na experi-

mentoch ALICE a CMS na LHC. Na experimentoch na urýchl’ovači RHIC sme zatial’

jednoznačne neukázali, aké je potlačenie u krásnych kvarkov. V súčasnosti sa venu-

jeme hlavne analýze údajov zo zrážok p+Au a d+Au, aby sme pre pôvabné mezóny

experimentálne stanovili efekty studenej jadrovej hmoty. Taktiež finalizujeme analýzu

pôvabných mezónov z celkového súboru dát z rokov 2014 a 2016, aby sme previedli do-

posial’ ich najpresneǰsie meranie jadrového modifikačného faktora a eliptického toku za

účelom stanovit’ difúzny transportný koeficient pôvabného kvarku pre energie na RHIC.

Potlačenie krásnych kvarkov študujeme pomocou elektrónov zo semileptónového roz-

padu B. Źıskané výsledky umožnia v najbližš́ıch rokoch zavŕšit’ tento fyzikálny program.

Pri merańı produkcie J/ψ v p+p sme významne rozš́ırili experimentálne údaje

určeńım polarizačného parametru. Podstatne podrobneǰsie meranie sme previedli aj v

zrážkach pri enegii 500 GeV, predbežné výsledky sú zhodné s meraniami pri energii

200 GeV. Aj pri merańı parametru eliptického kolekt́ıvneho toku sme previedli dve

merania. Jedno publikované pre Au+Au ukazuje, že tento parameter má nulovú hod-

notu. To znamená, že J/ψ je doposial’ jediný meraný hadrón, ktorý netečie. Avšak

aj predbežné výsledky zo zrážok U+U pri podobnej energii ukazujú, že aj v tomto

zrážkovom systéme je hodnota parametru v2 nulová. Z dôvodu farebného tienenia
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dikvarkového väzbového potenciálu, je produkcia viazaného stavu J/ψ potlačená v

centrálnych Au+Au zrážkach pri energii 200 GeV. Podobné potlačenie sme pozorovali

aj pri nižš́ıch energiách, avšak z dôvodu relat́ıvne väčšieho vplyvu efektov studenej

jadrovej hmoty. V tejto chv́ıli nemáme k dispoźıcii potrebné experimentálne údaje zo

zrážok p+Au pri nižš́ıch energiách, aby sme tieto efekty studenej hmoty mohli experi-

mentálne overit’.

Autor vybudoval na FJFI ČVUT experimentálnu skupinu experimentu STAR, ktorá

sa nad rámec prezentovanej problematiky zaoberá tiež výskumom mezónu Υ, viazaného

stavu bb̄ , korelačnou femtoskopiou a tiež vývojom a aplikáciou nových analyzačných

metód pre spracovanie experimentálnych údajov. Podielali sme sa na pŕıprave simulácíı

a návrhu detektora HFT, na jeho testovańı a pŕıprave softvéru pre simuláciu jeho

odozvy. Práve tento detektor výrazne posunul experimentálne možnosti experimentu

STAR vo výzkume t’ažkých kvarkov. Autor sa tiež čiastočne podiel’a na experimente

ALICE, kde prispel ku skúmaniu produkcie výtryskov čast́ıc v protón-protónových

zrážkach a štúdiom výtryskov obsahujúcich t’ažký kvark. Experimentálne dáta z LHC,

ktoré sa očakávajú z merańı po plánovanej odstávke v roku 2019, vd’aka novému

dráhovému detektoru v experimente ALICE umožnia podrobné štúdium výtryskov

obsahujúcich t’ažký kvark.

Experimentálny program kolaborácie STAR je naplánovaný minimálne až do roku

2022. Po publikovańı výsledkov, ktoré źıskame ešte analýzou signálov spojených s

t’ažkými kvarkami z dát z rokov 2014 až 2016 pomocou nových metód strojového učenia

a pomocou tzv. KFParticle metódy, sa zameriame na hl’adanie hraničných prejavov exis-

tencie QGP a kritického bodu fázového diagramu jadrovej hmoty. V rokoch 2019 a 2020

experiment STAR prevedie niekol’ko dedikovaných merańı pri nižš́ıch energiách zame-

raných práve na hl’adanie kritického bodu. V súvislosti s pŕıpravou nového urýchl’ovača

EIC (Electron-Ion Collider), ktorý bude zrážat’ elektróny s jadrami, zahájime v bĺızkej

budúcnosti pŕıpravu analýz zameraných na hlbšie pochopenie gluónovej a kvarkovej

štruktúry protónu.



Slovńık

Z dôvodu, že v slovenskom jazyku nie sú ustálené všetky odborné termı́ny použité

v tejto práci, uvádzam v tejto kapitole niektoré použité odborné slová spolu s ich

anglickým ekvivalentom.

slovensky anglicky

centralita centrality

dopredná rapidita forward rapidity

dozadná rapidita backward rapidity

farebné uväznenie color confinement

fotónový elektrón photonic electron

krásny kvark beauty quark

kvarkovo-gluónová plazma quark-gluon plasma

najmenšie zaujatie minimum bias

nefotónový elektrón non-photonic electron

početnost’ multiplicity

pôvabný kvark charm quark

rovina zrážky reaction plane

semileptónový semileptonic

spúšt’ač trigger

spúšt’aćı systém trigger system

stredná rapidita midrapidity

účastńık participant

údaje, dáta data

udalost’ event

vôňa kvarku quark flavor

vrchol vertex

vymrznutie freeze-out

výtrysk jet

tok flow

zarovnanie spinu spin alignment

zhášanie výtryskov čast́ıc jet quenching

zrážkový parameter impact parameter
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[B14] J. Vaněk. Study of nuclear matter at the LHC. Praha, 2015. Bakalářská práce.
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[D4] O. Hájková. Study of J/ψ in STAR experiment. Praha, 2010. Diplomová práce.
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