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A kvarkanyag kutatasanak mérfoldkovei a RHIC
gyorsitonal és annak PHENIX kisérleténél




e Elektron elemi részecske

* Proton, neutron, hadronok nem
= kvarkok

e Harom kolcsonhatas, kozvetito bozonok

fermionok

t

top

down strange bottom

Ve | v,

electron muon
neutrino neutrino neutrino

* Erés, gyenge, elektromagneses toltés

tau

e Erds toltés: szin = QCD: kvantum-szin-dinamika
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e Korai univerzum:

forro, tagulo rendszer
* Kvarkanyag, kvark-

gluon plazma

* Protonok, neutronok

kifagyasa
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* Nukleon-olvasztas

e Kvarkok bezarasa ill.
kiszabaditasa

* Hasonlat: jégbdl viz
* Nagy energiaju titkozéssel
mindez elérhet6?

* Nehézionok iitkozése:
forro, tagulo rendszer

* Elég forro? Régi-tj
anyag?




Mit, mieért es hogyan?

* Elméleti igény: QCD fazisszerkezete, az
osrobbanashoz hasonlo koriilmények vizsgalata

— A 2004-es fizikai Nobel-dij: OCD aszimptotikusan szabad
— nagy hémérsékleten gaz plazma, kvarkok és gluonok?

— Az elérhet6 legnagyobb hémérséklet: nehézion iitkozések!

* Kisérlet: nehézionok iitkoztetése
— LBNL (Berkeley)
Bevalac
— BNL
Alternating Gradient Synchrotron ¢
Relativistic Heavy Ion Collider  :
— CERN
Large Hadron Collider (LHC)
Super Proton Synchrotron (SPS)
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Budapest-Wuppertal csoport

— Katz, Fodor, Borsanyi, Szabo, Csikor, Endrédi

QCD atmeneti h6mérséklet?

Folytonos atmenet (crossover)
— Kiralis szuszceptibilitas: 151+3 MeV
— Kvarkszam szuszeptibilitas: 175t2 MeV
— Poljakov hurkok: 17612 MeV

Kritikus pont?

— Atmeneti gorbék konvergalnak

Allapotegyenlet?
— Hangsebesség
— T>1000 MeV:

idealis gaz (x=3)
— T=T_: k=10
Kisérletileg?

_______________________
-
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Kutatasi helyszinek: CERN

SPS: Pb+Pb @ E__ .= 17 GeV/nukleon
— h+p, p+p, p+Pb, Pb+Pb iitkozések

— Kisérleti egyiittmtikodések: NA44, NA45, NA49, NA50,
NA52, NA57, NA60, WA98, NA61

— KFKI-ELTE részvétel az NA49 és az NA61 kisérletben

LHC: p+p (14 TeV) és Pb+Pb (5,5 TeV/nukleon)

—2009. okt.: féleg p+p fizika; ALICE, ATLAS, CMS, LHCb,
LHCf, MoEDAL, TOTEM

—2010 : nehezionfizika program is indul; ALICE, CMS

_A tokeletes kvarfolyadek ...” 7/



Relativistic Heavy Ion Collider

e RHIC: Brookhaven Nemzeti Laboratorium

AutAu, Cut+Cuy, pN«+pT~L, d+Au collisions
—4 kisérleti egytittmtkodés:
STAR, PHENIX, BRAHMS, PHOBOS (Veres G.@MIT),
* Magyar intézményi tagsag a PHENIX-ben:
— KFKI: Csorgd, Nagy, Ster, Sziklai, Vértesi, Zimanyit
—ELTE: Kiss, Csanad, Vargyas
— DE: David, Tarjan, Imrek

adott fejlesztém e P
rogramok 'fa‘;n‘r
— ? — g\ o "4?"% s
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e Kiilonb6z6 modusok Felvett eseménvyek

— 9.2 GeV/n (Au) c24carmy
— 22 GeV/n (Au, Cu, p) Rl e e e
— 56 GeV/n (Au) 224 oV ey
~ 62 GeV/n (Au, Cu, p ) [l E==-
— 130 GeV/n (Au)
— 200 GeV/n (Au, Cu, p) i ———
— 410 GeV/n (p)
— 500 GeV/n (p)
® Tudomény 10(I)Esemen;:f?m”“01 10000 100000 1000000
— >1000 referalt cikk, >24000 fﬁggetlen hivatkozas
— Felfedezések

* Ajovo: e-RHIC és RHIC I
— Tudomanyos kulcskérdések azonositasa
— Fejlesztési programok elindulasa



A RHIC gyorsito-egyiittes

Booster
Accelerator

Alcernatcing
Gradien
yACch on

Linac | Tandern
Van de Graaff

* Tandem (1 MeV, +32)—>Booster (95 MeV, +77)—>AGS (9 GeV, +77)—>RHIC
* Protons: Linac (200 MeV)—Booster (95 MeV)—>AGS (9 GeV)—>RHIC

A tokeletes kvarfolyadek ...” 10



2008 PHENIX Detector

» Toltott hadronok (7%, K&, etc.) - ot S
 Fotonok (direkt v. bomlas) s B 4
* Konnyti mezonok @, ® and 1

* Leptonok (direkt v. bomlas)

* Nehéz kvarkok részecskéi (J/'P)
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* Az esemény-geometria ellendrzése:
— Mikor (kezdeti idd) és hol (vertex)

— Atfedés (centralitas), résztvevik szama (Npart)

— Az atfedo tartomany iranya (reakciosik)

Centralis Au+Au Periférikus Au+Au d+Au ptp
Npart~300 Npart~50
Rea\‘c.f?-s}‘k



Egy PHENIX esemeny

A Head-On Gold-Gold Collision as seen by PHENIX
Particle | Amimationby Jeffery Mitchell

Eﬂ[—:rgq,: R Muon £ v
S pﬂ{ﬂﬂ .\ -.E: . v Tras ."' ¥
AN H}\\ [rajectory

Collision
Was

Here

Detector
Charged Particle Trajectories
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Nagyimpulzusa részecskék elnyelddése,

_ Phys. Rev. Lett. 88, 022301 (2002) (cimlap, >500 hiv.)
— Phys. Rev. Lett. 91, 072301 (2003) (>400 hiv.)
Elnyel6dés hianya d+Au iitk6zésekben:

_ Phys. Rev. Lett. 91, 072303 (2003) (cimlap, >300 hiv.)

Kollektiv viselkedés: az anyag
— Nucl. Phys. A 757, 184-283 (2005) (>900 hiv.)

Skalaviselkedés: !
— Phys. Rev. Lett. 98, 162301 (2007) (140 hiv.)
A az elmeéleti als6 hatar kozelében

— Phys. Rev. Lett. 98, 172301 (2007) (254 hiv.)

messze a kritikus felett
— Phys. Rev. Lett. 104, 132301 (2010) (72 hiv.)



Nagyimpulzusa részecskék elnyelése

* Nuklearis modifikacios faktor:
Mérés Au+Au, referencia: p+p

R, - 1 Hozam

<Nbin. uitk. > AB Hozampp

* Nagyimpulzust részecskék elnyel6dnek (1. mérfoldkd)!

— Jet Quenching

* Ellenproba: d+Au — Kozeg hatasa (2. mérf61dko)

* 2 PRL cimlap
Aut+Au

4.. _f ...

d+Au
<« 0

A tokeletes kvarfolyadek ...”
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Jetof particles

JET QUENCHING

In a collision of protons, hard
scattering of two quarks produces -
back-to-back jets of particles. L

—~® [
: Fru't:n
j .

Quark

e ® -
20880 g &
Ba * a_e
- ® el -:" ':
-‘_-l -
Inthe dense quark- =B ..i::." L

gluon medium, the jets ™ .

are quenched, like - :'.::::::l
bullet = fired into water, amen ae®s *

and on everage only T LT & —— [uark- gluan
singlejets emerge. - medium

Zajc, Riordan, Scientific American _
ID



* Centralis Au+Au: elnyel6dés 1 Hozam
o Periférikus AutAu, d+Au: R, 5= -
nincs elnyelédés (Nyin, g/ ap HOZAM

7% 0-5% (
PHENIX

passaiddng| [posueyuyg

8 10 12 14 16 18 20
GeV/c

GLYV formalizmus: Gyulassy, Lévai, Vitev
leiras pQCD segitségével



* Negy meres:
— Foton- és pion-spektrum
— AutAu és ptp
* Szisztematikus hibak
ellendrzése tobb

nagysagrenden
keresztiil

o
>
©
O]
S
o
A
g
<
<
o

Nparticipam

* Direkt fotonok ,atfénylenek” az anyagon
* A pionok elnyelddése valtozatlan 20 GeV-ig

* A kozeg fotonok szamara atlatszo, hadronoknak
athatolhatatlan



* Nagyimpulzusu részecskék (jet) szogeloszlasanak vizsgalata

e d+Au FTPC-Au 0-20%

— p+p min. bias ﬁm

* Au+Au Central
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- pedestal aﬁd flow éubtracted

* Kifelé mengd jet: p+p, d+Au, Au+Au hasonlo

* Befelé mend jet: elnyel6dés csak Au+Au esetén

* Nincs elnyelddés p+p, d+Au esetén

* Erdsen kolcsonhato kozeg, az anyag egy aj formaja
e 2. mérfoldkd



* Két Phys. Rev. Letter cimlap, tudomanyos konszenzus
* Részvétel komoly anyagi raforditas nélkiil (sok munkaval)
* Lehetoség az ujabb felfedezésekre

1£ meérfoldko 2. merfoldko

PHYSICAL PHYSICAL
REVIEW REVIEW
|LETTERS | .ETTERS

Articles published week ending
B e D €
14 Jaaruary 2002 15 AUGUST 2003

Veolume Yolume 91, Number 7




* A hidrodinamika skalaviselkedést jelez
* Mit jelent a skalazas?

o
o

® Central (0-5%)
O Mid-central (40-50%)
A Peripherial (60-92%)

o
)

— Példa: Reynolds szam, pvr/n

o

— A paraméterek egy kombinacidja szamit
e Kollektiv, termalis viselkedés —
Informacio-veszteség
* Spektrumok: Boltzmann-eloszlas + folyas
spektrum ~ exp[-p,/Toel, Tope =Ty + mu®

= 02 04 06 08 1

Mass [GeV/c ]

dm,dy)

FHEMIX D-30%: caniral FHEMIX 0-30%: cantral
Hudalund — Budal und —

o= - T "
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_IRVANA

I : | ! (P>
0 T 2T
N, (p,,®) -
f(p)=—"-" =1+2
v, =(cos(2¢)) PN p,.0=0) Z‘V ey,

* Impulzuseloszlas: tengelyszimmetria?
» Osszenyomodas és tagulas kapcsolata

* Elliptikus folyas, v,: azimut aszimmetria
— Masodik Fourier-komponens
— Kollektiv viselkedés mér6szama
— Ritka gaz: v,= 0 O e
. Hi d]f'O dinamika: V2 S 0 M. Cs. et al., Eur.Phys.].A38:363-368,2008




Az Amerikai Fizikai Intézet szerint 2005. legfontosabb
esemeénye: az er6sen kolcsonhato folyadék felfedezése a
RHIC-nél

Négy kisérlet 6t éves munkaja, egybehangzoan

3350 hivatkozas az 6sszetoglalo cikkekre

v.aip.orgfpnuf2005/split/757-1. html

The AIP Bulletin of Physics News
Number 757 #1, December 7, 2005 by Phil Schewe and Ben Stein
Subscribeto The Top Physics Stories for 2005

Physics MNews
Update

At the Relativistic Heawvy Ion C 0II|c|--r IFHIt ] on Lc:rn::l I I:mcl the four

! g eed, ensus
Eh’SIC_S Mews wart "_ r'|-=-r-::|'~, ion collisions: the
Graphics fire ade a sort of stand-in for the primordial

ivarse ; i qb:mq --was not a gas c'r
Physical
Review Focus

Other top physics stories for 2005 include, in general chronological order
of their appearance throughout the vear, the following:

Archives the arrival of the Cassini spacecraft at Saturn and the successful landing
2006 of the Huygens probe on the moon Titan (ENU 716);

‘_'DDS the development of lasing in silicon (Nature 17 February);
2004




PHENIX 1 data & ® Azimutélis aszimmetria
PHENIX K data + =

. sokdimenzios fiiggése:

STAR K dat _ .
- onogSTARE ggtg " Transzverz impuzlus
20 t O TG o
PHOBOS 62 GeV data —e— — Rapiditas
PHOBOS 130 GeV data + =

PHOBOS 200 GeV data o " — Utkoztetés energiaja
PHOBOS 3-15% data @

PHOBOS 15-25% data | © i — Centralitas
PHOBOS 25-50% data —&—

Buda-Lund prediction i — Részecsketipus

* Hidrodinamikai
elorejelzés: egy
skalavaltozo, egy
skalagorbe

* Az eldrejelzés helyes!

Csorgd, Akkelin, Hama, Lukacs, Sinyukov (Phys. Rev. C67, 034904, 2003)
Csanad, Csorgd, Lorstad, Ster (Nucl. Phys. A742:80-94,2004)
Csanad, Csorgo, Lorstad, Ster et al. (Eur.Phys.]J.A38:363-368,2008)



Tokéletes # idealis, tokéletes # nem ragados

Részecskeelnyel6dés: egyfajta ragacsossag

Tokéletes: elhanyagolhato és hdvezetés,
nyir0 er6knek nem all ellen

Idealis: 6sszenyomhatatlan

= oV
A nyiro er6knek valo ellenallas n: —& = =t
A oy np
— Kozelités: 7] = (impulzusstriség) % (szabad uthossz) = =
no

Alacsony viszkozitas = nagy hatask.m. = erds csatolas

Kinematikai viszkozitas: 7;/s
Maldacena: CFT, < AdSy,,

A fekete lyuk (brane) ,feliilete”
n = ,feliilet”/16nG, s = , feliilet”/ 4G

n/s=1/4n

VISCOSITY/ENTROPY DENSITY

00
Gyanltott also hatar TEMPERATURE (K)
“minden relativisztikus kvantumtérelméletre, véges homeérsékletre és nulla kémiai potencialra”



http://www.nyu.edu/classes/tuckerman/stat.mech/lectures/lecture_21/node6.html

e AdS/CET also hatar n_ h
— Malcadena et al.: Adv.Theor.Math.Phys.2:231-252,1998 > 4
_ Kovtun et al.: Phys.Rev.Lett. 94 (2005) 111601 S 7/

* Mérési eredmények
— R. Lacey et al., Phys.Rev.Lett.98:092301,2007 g =(1.1£0.2£1 2)—

4
— H.-J. Drescher et al., Phys.Rev.C76:024905,2007 - _ =(1.9-2. 5)_
S 47
— S. Gavin, M. Abdel Aziz, Phys.Rev.Lett. 97 (2006) 162302
= L0=3. 8> e
_ PHENIX: Phys. Rew Lett. 98:172301,20( PRL S8:082301 2007
T da-nmle it
S ( )47z

Gavin & Abdal-Aziz:
PRL 9712302, 20086

Sare ot al.:
PRL 98:092301, 2007

5 6
4n n/s




s m+r (PHENIX) < p+p (PHENIX
® K*+K (PHENIX) © A+A (STAR)
« Ky (STAR) 0 Z+X (STAR)

|l|'_|:11-EJ- =113

KE{1+2) = KE{1) + K

ol -
ﬁﬁ_‘-l__ 0. - L [ a

‘..‘"ﬁ'r-
N 0.5 1 1.5

Py (GeVic) | KE,/n_ (GeV)

PHENIX Collaboration, Phys.Rev.Letters 98:162301, 2007

* Relevans valtozo: transzverz kinetikus energia, KE,

* Az elliptikus folyas a konstituens kvarkok szamaval skalaz!

* Szabadsagi fokok: kvarkok hadron k
zabadsagi fokok: kvarko KE™9ro" ~ nKE®"

V;adron (KE_Padron ) - nV;quark (KE_I(_quark )



A ritka és a bajos kvarkok is részei a folyasi képnek
D (bajos) és @ (ritka) esetén v, a mezonokkal

deuteron esetén v, az n_= 6 esetnek megtelel6en

q

ﬂtﬁl £

"R R U AT T A M M
0.5 1
KE./n (GeV)




* Hadronok és fotonok spektruma egyiitt

_._K:ll:'} 100
—K=3
k=5
....... K:l[]

M. Cs., M. Vargyas.
Eur. Phys. J. A 44, 473 (2010)

M. Cs., 1. Majer

Workshop on Particle Correlations ¢
and Femtoscopy 2010
1 1

e Allapotegyenlet a direkt foton spektrumbol: k=7.7£0.8
 Kezdeti hémérséklet (t=1 fm/c)



*  F.Liuetal. @® D. d’Enterria & D. Peressounko
€0 J,Alametal., W S. Rasanen et al.
® M.Cs. | Maer A  D.K. Srivastava et al.

S. Turbide et al.

n I PHENIX direkt foton adatok
T Phys.Rev.C81, 034911 (2010)
Phys.Rev.Lett.104,132301(2010)
®
*
oo

LLEELEL LR LR

Lattice QCD T ~ 170 MeV

LT EEE L]
T
;

* Modell-szamitasok: T. .= 300-600 MeV
* Racs QCD: T_~170 MeV



A T

Részecskeelnyelés, Au+Au:
Nincs elnyelés, d+Au:
Egybehangzo6 kovetkeztetés:
Skalazasi viselkedés:

Nehéz kvarkok viselkedése:
Fotonspektrum:
Kovetkeztetés:

Fazisatalakulas, kritikus pont, kiralis atmenet?



* Csillagok szogatmérdje intenzitas-korrelaciokkal
R. H. Brown, és R. Q. Twiss, Nature 178, 1046 (1956)

* Méret-megfigyelés impulzus-korrelacioval
G. Goldhaber, S. Goldhaber, W. Y. Lee, A. Pais, Phys. Rev. 120, 300 (1960)

* Korrelacios sugar ~ (forrasméret) )

out

e Par-koordinatarendszerben: side
— : par atlagos impuzlusa
= : nyalabirany
— : e16z0 kettore merdleges \

'v
e Elsorendii fazisatalakulas >

— latens ho, lassa atalakulas

—>




* Robert Hanbury Brown and Richard Q. Twiss

* Villamosmérnok végzettségii radiocsillagaszok

e Intenzitaskorrelaciok felfedezése

—, Interference between two different photons can never occur.”
P. A. M. Dirac, The Principles of Quantum Mechanics, Oxford, 1930

—,In fact to a surprising number of people the idea that the arrival of
Ehotons at two separated detectors can ever be correlated was not only
eretical but patently absurd, and they told us so in no uncertain terms,
in person, by letter, in print, and by publishing the results of laboratory
experiments, which o

“I was a long way from being able to calculate, whether it would be
sensitive enough to measure a star. To do that one has to be familiar
with photons and as an engineer my education in physics had stopped
far short of the quantum theory. Perhaps just as well, otherwise lilp<e
most thsicists I would have come to the conclusion that the thing
would not work - i

R. H. Brown, Boffin: A Personal Story ..., Taylor and Francis, 1991



Elsorendii fazisatalakulas: ! BN e
4 ¥  STARZT 510% AuAu 200 GeV
T 3 ks e epis| g
Out » S]_de & HydrorURGMD e

Buda-Lund fit

Hidrodinamikai joslat:
Out = Side
~50 modell rossz: ,HBT rejtély”

Sok hidrodinamikai model
miikodik

Hol a kritikus pont? 0.5 1
k. [GeV/c]

Csorg6, Csernai (Phys.Lett.B333:494-499,1994)
Csorgd, Lorstad (Phys.Rev.C54:1390-1403,1996)




* Masodrendii fazisatalakulasok esetén:
kritikus exponensek
— A kritikus pont kornyékén
+ Fajho6 ~ ((T-T,)/T,)™
- Szuszepcibilitas ~ ((T-T.)/T.)™
- Korreléacios hossz ~ ((T-T,)/T.)™
— A kritikus pontban
. Térbeli korrelacios fliggvény ~ rd+dm
— Ginzburg-Landau: a=0, y=1, v=0.5, n=0
* QCD « 3D Ising modell, n=0.05
* Random tér hozzaadasa esetén: n=0.5

* Ez az exponens mérheto!



Kétrészecske korrelacio (térbeli)
— Ujraszoras <> anomalis difftizio, széles eloszlas
— Altalanositott hatareloszlas-tétel

— Nem Gauss hanem Lévy eloszlas!

Lévy(R,a): az exp(- | Rq | #) Fourier-transzformaltja
Korrelacios exponens: Megegyezik a kétrészecske-
eloszlasok a Lévy-stabilitasi indexével

— m=a, Csorgo et. al., Eur. Phys. J. C36 (2004) 67-78

A 200 GeV/n Au+tAu adatok elemzésébdl: o~1.4
Masodrendii fazisatalakulas

Fodor és Katz: cross-over!
Kritikus homeérséklet feletti hadronok is ezt jelzik
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Nucl.Phys. A774 (2006) 611-614

I 1

0.35 0.40 0.45
m, [GeV]

200 GeV Au+Au @ PHENIX, D-20%, 0.48-0.6GeV | |Fii=d 20, ~2001ev PHENIX Au+Au @ 200GeV, 0-20%, 0.48-0.6GeV .
1.8 T Raw corre lation function - - - Levy -I:I-I:
E }I. = 0.346i 0.031 + Camecied corr. function e'-" =
1.7F a
16 R=678fm+05fm | e 107 + PPG data
; Fit function E "q,;*
1-5E o =1.34+0.1 _ cmree - Braz.J.Phys.37:949-962,2007
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e SU(3) iz-szimmetria sériil
— Goldstone bozonok

— Ezek a konnyti mezonok L3 L

— Mezon-oktett: 8 db
o Kvarktomegek kiilonboznek @€ =

— Egzakt szimmetriasértés

— UL(1) sériil: 9. tomeges mezon =

* Szimmetria helyreallasa: tomegcsokkenés
Also hatér (Gell-Mann - Okubo): m, *= (2my*+m,?)/3 — 400 MeV
Fels6 hatar (szinglet és nonszinglet all.): m *= (2my*+m, ?)/3 — 700 MeV
J. 1. Kapusta, D. Kharzeev, L. D. McLerran Phys.Rev.ID53:5028-5033,1996.



* A kifagyas, a hadronok létrejotte
— Hagedorn-modell: o~ m%¥?e”/T, ahol m a hadron tomege
— A csokkent tomegti 1" mezon nagyobb szamban jon létre
— Bomlas el6tt tomeghéjra keriil, hosszu élettartammal
— Kapusta, Kharzeev, McLerran Phys.Rev.D53:5028,1996.
Z. Huang, X-N. Wang, Phys.Rev.D53:5034,1996

1000 fm/c o
>

| Korrelalatlan pionok létrejotte

150000 fm/c

e Atlagos pion-impulzus: 138 MeV
e Otlet: korrelalt pionok aranyanak mérése

— Vance, Csorgoé Kharzeev Phys.Rev.Lett.81:2205,1998
T. Hatsuda, T. Kunihiro Phys. Rept. 247:221,1994



A korrelalt (Bose-Einstein) pionon szamanak
aranya a korrelacios fiiggvény erdssége, A(m,):

Forro, stirt kozeg
n tomegesokkenés
U
Megnovekedett " tartalom
Bomlas (hosszu élettartam):
N —ontnt +r— (l+at+a) et
Atlagos pion-impulzus alacsony

U

Tobb korrelalatlan pion-par keletkezése [ i i o Edgeworth (,=0.1 fixed)

"§PHENIXPREL'1M'INARY'

i Nucl.Phys. A774 (2006) 611-614

[} | ® Levy (=135 xed)

. . ¢ Gauss
A(m,) lecsokken alacsony impulzusnal

Ellen6rzés, mas okok kizarasa? L

020 025 030 035, 040 045 030 O
t
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Letessier et al., no mass drop
Letessier et al. m_l.l."=340 MeV

e
=

- 1 == Kaneta et al. m_”.""=530 MeV
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0.2

PHENIX (Au+Au 200GeV) - = Kaneta et al. Kapusta et. al. range
STAR (Au+Au 200GeV) Letessier et al. Weinberg limit

=]

0.4 0.6 0.8 1 . 100 150 200 250 300
Transverse mass m, [GeV] Inverse slope parameter B [MeV]

Csorgo, Veértesi, Sziklai: arXiv:0912.0258, .5526
Maximalis tomeg 50 konttrral: 730 MeV
Legjobb illeszkedés 340-530 MeV

Ellend6rzés: n’-b6l szarmazo pionok eldobasa

Kinematikai vagas lehetséges kisérleti analizisben!

—M. Cs. és Ko6farago M., Workshop on Particle Correlations and Femtoscopy 2010
—PHENIX mérés véglegesitéséhez fontos elem




* Klasszikusok
— L. D. Landau, Izv. Acad. Nauk SSSR 81 (1953)
— L. M. Khalatnikov, Zhur. Eksp. Teor. Fiz. 27, 529 (1954)
— R.C. Hwa, Phys.Rev.D10:2260,1974
— J.D. Bjorken, Phys.Rev.DD27:40,1983

* Felélénkiilt érdeklddeés, Gj analitikus megoldasok
— Pratt, Phys.Rev.C75:024907,2007
— Bialas et al.: Phys.Rev.C76:054901,2007
— Borsch, Zhdanov: SIGMA 3:116,2007
— Nagy et al.: Phys. Rev. C 77:024908,2008
— Mizoguchi et al.: Eur.Phys.].A40:99-108,2009
— Beuf et al.: Phys.Rev.C78:064909,2008
— Liao et al.: Phys.Rev.C80:034904,2009
— Sinyukov, Karpenko, nucl-th/0505041
— Csorgo et al.: Phys.Lett.B565:107-115,2003

* Megfigyelhet6 mennyiségek: kevés esetben vannak
* Amilyen megoldas még nincs:

— Gyorsulo, relativisztikus, 1+3 dimenzios
— Explicit, egyszerti, realisztikus adatokkal kompatibilis



|:{out,side,long [fm]

Modell: Csorgo et al.

— Phys.Lett.B565:107-115,2003 &
— Heavy Ion Phys.A21:73-84,2004

Hubble-tipusu folyasi kép

Szamitasok: Cs. M., Vargyas M.
— Eur. Phys. J. A 44, 473-478 (2010)

Kifagyas: 204 £ 7 MeV
Kifagyasi idé: 7,710,8 fm/c
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* A homersékleti eloszlas az idé fiiggvényében
* A kozéppontban a kritikus pont feletti h6mérséklet
* Cross-over tipusu atmenet esetén!




Er6sen kolcsonhato anyag, részecskeelnyelés
Szinte tokeletes folyadek
Kvark szabadsagi fokok
Kritikus homeérséklet felett
Kritikus pont felett

Kiralis dinamika jelei




e PHENIX Next Decade Plan: 2011-2020

— 2011-15: kiralis dinamika, nehéz kvarkok,
kritikus pont keresés

— 2016-20: kvarcsatolas skalafiiggése,
energialeadasi mechanizmusok,
kvazirészecskék, szin-arnyékolas, entropia

* Detektor- és gyorsitofejlesztés!
* eRHIC, ePHENIX



Osszegzes

A tokeletes kvarfolyadeék ...
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* Atfedd régio: résztvevik (participants)

Megﬁgyﬁl(’ik

A= =

* Leparolgo neutronok: ZDC felé (toltott részecskék eltériilnek)

— ZDC energiat mér (kaloriméter) ~ leparolgo neutronok szama

e Résztvevoiok: keletkezett részecskék a BBC felé

ZDC felé

DX
Dipeole Magnet

Ilons

—_——
ZDC Bl

Intersection
FPoint

(£
—
Q.
-
=
=
b i
=
q._:.

—5. 6. 5.
Meters




BRAHMS (Broad Range Hadron Magnetic Spectrometer)

— Two small but distant spectrometers, detect charged hadrons precisely
— 4 countries, 14 institutions, 60 participants, until 2006

PHENIX (Pioneering High Energy Nuclear Interactions
eXperiment)

— Many different detector-types, detect electrons, muons, photons,
hadrons

— 14 countries, 69 institutions, 600 participants

PHOBOS

— Small silicon detectors, broad rapidity range, look for rare events,
fluctuations

— 3 countries, 12 institutions, until 2006

STAR (Solenoidal Tracker At RHIC)

— Time Projection Chamber, detect all hadrons
— 12 countries, 46 institutions, 550 participants, 1200 tons



° Pxs pyl P, —1nory, o, p,or m,
* Transverse mom. spectrum for each particle

* Rapidity distributions

* Angular distributions
— Elliptic flow

* All kinds of ratios

* Pair-correlations
— Momentum, angle, etc

* Fluctuations
* Whatever tells us something...



* BBC & ZDC south and north at high rapidity
* BBC atn =34

— particles from vertex
e ZDCatn=w

— evaporating neutrons
* Time zero from <T>

e Vertex from AT

"Ul)h PHENIX Detector

South Side View

A
waaYaun

A

v

South i North

T
Vertex position: (To-Ty) x c/2

Time zero: (T +Tg)/2 - L/c




ZDC Energy Sum

More central: more charge in
BBC

Very central or very
peripheral: no energy in

ZDC

E,pc versus Qgg

EIEI'D'rEIEI'I:,.ﬂAH

S000q
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D S :.._:_1__ L ? I:-'I I- I-. I 1.1 -l I 1 I- 1 I 1 11 I 11

| Réal- data

0 200 400 600 800 1000 1200 1400 1600 1800 2000
BBC Charge Sum

Simulation

o2 035 04 05 06 0Oy 05 08 1

Glauber
model to
simulate
centrality vs
physical
parameters




o(Z,b) = 'Oor — nuclear density, r =vz° —s*,R =6.38 fm,a=0.54 fm

—R
I +exp
d

IRWE j dzp(z,b) — z-profile (surface density)

jdszA(b) — A — mass number

N = ABJ d*sT,(s)T;(s—b)o,,, — number of binary collisions
Tae(b) = _[d ST, ($)Tg(s—b) = Zco" — nuclear overlap
NN

J. d°b { [1-6 W Te®] }—) total cross-section
N = Af 42T, (8) {1=[1=,Ta (s=b)]* |+ (A <> B) > number of participants
(2)=y)
(x2)=(v")




[ Au+Au wounded nucleons |

400

Au+Au binary collsions |

hinary gollizions

2 4 6 & 10

[ Au+Au P{nCollisions = 100)

Prob(N

16
b [fm]

I 55 TOr Au+AU

0.01
B.009
[
B.008
-
E.uur
006
0.005
0.004
0.003
0.002

0.001
0

TAB

2 4 6 & 10




10- 15%
15- 20%
20 -25%
25- 30%
30- 35%
35- 40%
40- 45%
45- 50%
50- 55%
55- 60%
60- 65%
65- 70%
70-75%
75-80%
80-92.2%

=200 GeV/nAu+Au simulation in varios centrality

<Npar> sys.err.| <Ngg > sys.err.

351.4
299.0
253.9
215.3
181.6
151.5
125.7
102.7
82.9
65.9
51.6
39.4
29.8
21.5
155
11.3
6.3

2.9
3.8
43
5.3
5.6
4.9
49
43
4.3
3.4
3.2
3.5
4.1
3.8
3.4
2.6
1.2

1065.4
845.4
672.4
532.7
421.8
325.6
251.0
188.6
139.4
101.3

721
49.9
34.4
22.6
14.8

9.9

4.9

105.3
82.1
66.8
52.1
46.8
32.4
259
20.6
15.4
121
10.5

9.6
8.7
6.6
5.1
3.3
1.2

Tap

-1

(mb™)

25.37
20.13
16.01
12.68
10.04
7.75
5.98
4.49
3.32
2.41
1.72
1.19
0.82
0.54
0.35
0.24
0.12

sys. err. <b> (fm) |sys. err. |<eccen.> sys. err.

1.77
1.36
1.15
0.86
0.85
0.58
0.48
0.43
0.31
0.25
0.23
0.23
0.21
0.16
0.12
0.08
0.03

2.3
4.1
5.2
6.2
7.0
7.8
8.4
9.1
9.7
10.2
10.7
11.2
11.7
121
12.6
13.0
14.1

0.1
0.2
0.3
0.2
0.4
0.3
0.4
0.4
0.4
0.4
0.4
0.4
0.5
0.5
0.5
0.6
0.6

0.027
0.086
0.140
0.182
0.224
0.257
0.287
0.315
0.337
0.360
0.372
0.383
0.397
0.399
0.392
0.381
0.261

0.007
0.011
0.023
0.020
0.031
0.022
0.025
0.032
0.039
0.046
0.048
0.069
0.052
0.054
0.075
0.115
0.082




PH-<ENIX

4.0 2.0 0.0 2.0 4.0 Z (m)

Magnetic field lines for the two Central Magnet coils in combined (++) mode




e DC + PC1 — Track model
e Inclination — momentum
* PC2 + PC3: matching

— Reduce

=,

LT v
V2 ‘w‘-”/ Y
o0 07 T

-200

1 | | 1 1 | | 1 | | | |
-0 =400 200 1] 200 400 B0 |00




LAB-frame
. % Planc
/ I R
L

SN
S reaction plane (¥) by BBC or RxNP

Z Q; sin(ng,)
tan(nY) = iesegments

Z Q. cos(ng.)

esegments




Hadron identification by TOF

Time Of Flight detector HIE o PHENIX Detector

— time measurement P Mg rec AQ
— 120 ps resolution | '
 Acceptance
— A¢ = /4
— |n|<0.35
 East and West arm
— 1472 PMTs

* Same principle as BBC

X
TO+—=T1< X L -x » 1, =T, +
V

A tokeletes kvarfolyadek ...” 59



- Velocity + momentum — mass

2
t — L\/p +m >m2_ 2 (t_z)_l
Cﬂ c p L

PHENIX High Resolution TOF
Au+Au \ls = 200 A GeV
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Ring Imaging CHerenkov counter

PHENIX Detector

Cerenkov radiation b row

e o
cos6=1/nf3 N/

e: 0.02 -4.9 GeV/c

PMT Plane

Aerogel

RICH PMT Plane West

Inside RICH

ted Minimum ring size (r~3.8cm)

=
\
v
N
Q.
Se—
h g g . = 3 1
“Predicted Maximum ring size (r~8.4cm) Q




PbSc

Energy + momentum — mass

Leptons and photons to deposit all their energy in EMCal
Lead Scintillator and Lead Glass: light ~ energy

Hadrons: additional recalibration needed

Optical fiber
collects light 2008  PHENIX I)ctcctai
| W gl mac 3
N ,
Pb absorber Scintillator

generates shower generates light

PbGl

PMT

A\ Scintillator
generates C-rad




History:

— small acceptance
— high rate

— rare probes

— lepton, y, hadron

Muon Tracker
Muon ID
Muon Piston Calorimeter —
Hadron Blind Detector
Silicon Vertex Detector
Nose Cone Calorimeter
Forward Vertex Detector
+Aerogel: high p, hadrons =




The Hardware Components of A Granule

Intersection Region Counting House/Rack Room

RHIC RHIC
Clock BLUE YELLOW
CLOCK CLOCK

Clock, Trigdger

owver Fiber

Data Packets

over Parmallel
FIFO Interface

Data Packsts
over Fiber

LL1 Local Level 1 Trigger
GL1 Global Level 1 Trigger Missing from YACOG

GTM Granule Timing Module )

MTM Master TimingModule  ~ iVl Sore) treriace fo TeMs
DCB  Data Gollection Board associated control systems
DCM Data Collection Module 5 or o s ¥

Granule YACOG Sy et i

NACOWS .~ Vat Annthar CAannact.A.aram! SEB Sub Event Buffer
AMU Analog Memory Unit

IIEM PIRIYS




/(, One event

Gigabit
Switch

Sub-event buffers

ATP

Buffer
Box
Box

\

Box
Box

Assembly & Trigger Processors

S
i @
=
=V
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0 p
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* Jet suppression

— Hadrons ,stick” into the medium
— Even J/¥ etc..., but photons/leptons don’t
— No suppression in d+Au

* Nearly perfect fluid of quarks
— Collective dynamics, it’s a medium
— Quark degrees of freedom
— Nearly perfect fluid

* Chiral dynamics seen, symmetry restoration
* Where is the critical point?



Phys. Rev. Lett. 98, 232301 (2007)

ly|<0.35 syst =12%

glabal

@ el1222] syst  =+7%

bal

Granier de Cassagnac |y|<0.35
Granier de Cassagnac |y|g[1.2,2.2]
Vogt (y=0, 5, =1mb)

Vogt (y=2, 5, =1mb)

* Even J/ W suppressed!

— beyond extrapolations from cold
nuclear matter effects

* R,, ~ 0.3 for central collisions
* Larger suppression at |y |>1.2



PLB505:64-70,2001 |

Hydro equations + EoS

hep-ph/0012127

Self-similar solution:

(8, + VV)n = 0

(8, + VI)T = —pVv

(0, +VV)V =—(1/n)Vp
A

p(X),n(X), T (X),V(X)

Phase-space distribution
Boltzmann-equation

PRC67:034904,2003

(X, p)~n(X)eXp{—(p_mV)2} \X /

KT
(0, +VV) T (X, p)=S(X, p)

hep-ph,/0108067

Source

S5(x,p)

PRC54:1390-1403,1996

hep-ph /9509213

Scheme works also backwords

Observables

N1 (p), Co(p1P2), va(p)




* Landau’s solution (1D, developed for p+p):
— Accelerating, implicit, complicated, 1D
— L.D. Landau, Izv. Acad. Nauk SSSR 81 (1953) 51
— .M. Khalatnikov, Zhur. Eksp.Teor.Fiz. 27 (1954) 529
— L.D.Landau and S.Z.Belenkij, Usp. Fiz. Nauk 56 (1955) 309

* Hwa-Bjorken solution:
— Non-accelerating, explicit, simple, 1D, boost-invariant
— R.C. Hwa, Phys. Rev. D10, 2260 (1974)
— J.D. Bjorken, Phys. Rev. D27, 40(1983)

e Others

— Chiu, Sudarshan and Wang
— Baym, Friman, Blaizot, Soyeur and Czyz
— Srivastava, Alam, Chakrabarty, Raha and Sinha



Solution Basic prop’s EoS Observables
Csorgo, Nagy, Csanad s . N _
Phys.Lett.B 663:306-311, 2008 Elhpsmda!’ 1D e — dn/dy, ¢
Phys.Rev.C77:024908,2008 accelerating Kk(p+B)
Lanceu Cylindr., 1D, none
Izv. Acad. Nauk SSSR 81 . £ = KnT
(1953) 51 accelerating =
Hwa-Bjorken CYliI'ldI'., 1D’
R.C. Hwa, PRD10, 2260,1974 .
J.D. Bjorken, PRD27, non-accelerating — T dn/dy, €
40(1983) & =
Bialas et al. lD betweend
A. Bialas, R. A. Janik, and R. ¢
B. Peschanski, Phys. Rev. Landau and dl’l/dy
C76, 054901 (2007). Hwa-Bjoérken c=xnT
Cs‘jfgéflfjggfrﬂ Hama, | Fllipsoidal, 3D, This work does
Heavy Ton Phys. A 21, 73 non-accelerating o T the calculation

(2004))




Now the invariant correlation function
— Depends on relative and average momenta

N,(PL P, [S(3.K)
N (PON () |S(0,K)

=P =Py, K:O-S(p1 - pz)

C?.(pla pz) o

2

Uses Fourier-transformed of the source, if

momenta nearly identical

S(a.K)=[S(r.K)e", p~p, <g<K

We can figure out something about the source!
— The ONLY tool for geometrical shape/size

information

Drop the average momentum dependence



[f the source is approximated with Gaussian:

X2 y2 Z2
S(r) ~exp{— A 2)
2R’ 2R’ 2R

Then the correlation function is also Gaussian
C,(q)=1+Zexp(-Rq’> ~R’q,> ~R’q,’)

Core-halo model: 1=f7

These are the so-called HBT radii

— Transformed to the out-side-long system:
- Out: mean p, of the pair

- Long: beam direction
- Side: orthogonal to both

Not reflecting the geometrical size
— Hydro model of an expanding ellipsoid:





* Study electron pair distribution versus invariant mass

— \/ ( p1 + p2 )2 _0-10% Au+Au @\'s = 200 GeV

 If hadron > e+em, =m, ;. .
p+p at s = 200 GeV
PHENIX Preliminary

A — ea

o
<ss+ o — ga [FYTHIA]
- YT

Mt

0% 05 1 15 2 25

m,, [GeVic] M, [GeV/c?]

* Significant excess central Au+Au

* Not in p+p or AutAu

* Region: 0.2-0.9 GeV

* In-medium enhancement of 11’, n, ®?




PHENIX M True 3-Particle Jet Correlation along A¢*

m=2OOGeV PHENIX Total 3-Picle Jet Corrin.  Cent = 10-20%
2.5<p]j<4 GeVle Ad — _ 2.5<ptT”I?<4 GeVie 1<p..
1<prg <2.5 GeVic : PHENIX 0'=<165-22>rad  cent 10-20 %
* " "o, Au+tAu\s,,=200 GeV
| J

i RIS :
T A NS A 7R T L. . |
=y T 7 N A L\
!-'-'!l’!ﬁ!.gii 1?:3; K rﬁﬁ%ﬁ't;r:.'rllm‘\\“s\ ;"] I}\ S _ % ‘ T |
" ]

bt
;

AR YA O \\\\ & S‘“‘ ._
SONGE
U -- =

@ Data
® Mach cone like
o Jet deflection

1.5 2 2.5

Two angles: A® and A® | AY(r2d)

* Simulations: jet deflection and Mach structures
* Data: compatible with Mach cone like structure
* Underlying v, contribution not subtracted yet



A new technique successfully SR
applied S

Two-pion correlation function L e
< source functions 0.20<py<0.36 GeVle

-0.35<y,-y,<0.35
Distribution of pair separation
measured

Aut+Au =200GeV

|
VSnn

.
Trarak ¥

. . . 2 2 Therminator Blast-W.
Information on hadronization Ik W 12855/, p,. =8.92im
° ;ﬂ & A1=0, Res.decay OFF
In LCMS: expected elongation [N N 1 0 Resdecay ON

. . . ® Ar=2fm/c, Res.decay ON
in out (x) direction

Excess: elongation on the x and
z axis; why?

Model-dependent answer: | ' B
Resonance decays and | e, ey o)
At=2fm/c




* Density correlations measured
— Well described by Negative Binomial Distributions
— Interpolating between Bose-Einstein and Poisson
— Basic parameter k < ag <> susceptibility y _,~| T-T_| !

* Parameter o monotonical in temperature

L 0.0014

* Not at the critical point! g b)

zgo 53 hin width
0.001 '. o 10% bin width

* Local max. at N,

* Critical phenomenon? B

in Landau-Ginzberg 0.0006

0.0004

framework

0.0002

150 200 250



Electrons from heavy
flavour measured

Even heavy flavour
is suppressed

Even heavy flavour
flows

Strong coupling of
charm+bottom to the
medium

Small charm+bottom
relaxation time in
medium and small
viscosity

Phys. Rev. Lett. 98, 172301 (2007)

0-10% central - == Armesto et al. (I)

[ ] vanHeesetal.(Il)

- 3/(2rT) Moore &
-------- 12/(21T) Teaney (Ill)

------------

1.y
................
L J
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N
PH-<ENIX

iiiiii

P, [GeV/c]






,In general we look for a new law by the following process.
First we guess it.

Then we compare the consequences of the guess to see what would
be implied if this law that we guessed is right.

Then we compare the result of the computation to Nature, with
experiment or experience, compare it directly with observation, to
see if it works.

If it disagrees with experiment it is wrong.

In that simple statement is the key to science.
It does not make any difference how beautiful your guess is.

It does not make any difference how smart you are, who made the
guess, or what his name is — if it disagrees with experiment it is
wrong.”

/R.P. Feynman/



parameter unit enhanced  achieved next achieved enhanced next
design upgrade design upgrade
2010 =2012 2009 >2012 =2014
Au-Au operation polarized p-p operation
particle energy E GeVin — 100 — 100 /250 100 250 250
no of bunches — 1l — — 109 —
bunch intensity Na 1.1 1.1 1.0x 10" | 1.3/1.1 13715 2.0x 10"
IP envelope function 37 m 1.0 0.75 0.3 0.7/07 (L85 /0.5 0.5
norm. rms emittance e, mm-mrad 2.5 2.8 2.5 30/2.5 2.5 2.5
rms bunch length o, m 0.3 0.3 0.3 0.8/0.6 0.55 0.3
hourglass factor h 0.96 0.93 (.88 0.72/0.80 0.86/0.88 0.88
beam-beam parameter £/1P 10~ 1.6 1.5 1.5 6.5/4.7 6.5/7.2 10
peak luminosity L. .. cm ™ 257! 36 40 55 % 10%° 50/ 85 50/250 500 x 10°"
average luminosity L, cm” S5t 8 20 40 % 10°° 28 /55 30t /150 300 % 107"
average polarization F % _ 334 70 70
calendar time in store G 60 53 55 60 /53 55 55
integrated L per week 300 650 1300 ub 83718 10 /50 100 pb~*




SOuUrce
* Two plane-waves:

__ Ik __ ik
Y =™, ¥, =c

* Bosons: need for symmetrization

¥ 1 (e—ikﬂie—ikzrz n e—iklr2 e—iklr2 )
1,2

E Spectrum:\/5
2
N,(p) = [ S(r. p)|¥,| d’r
* Two-particle spectrum (momentum-distribution):

N,(Pys P,) = [ S(5. P)S(F,. p)| ¥, d*rd’,

e Correlation function; Gaussian
C,(q)=1+Aexp(-Rq,’ ~Ryq,’ —R;q,’)

Approximations: Plane-wave, no multiparticle symmetrization, thermalization ...

observer



* Hagedorn-model
— Production of light mesons:

T ~160 MeV Hagedorn-temperature

* In case of a possible mass drop:
— Number of ‘s would be small: NSRRI
— With a strongly reduced n’ mass: \SYYRES!
- An enhancement of a factor of 50 at maximum
- Increased weight of strange states, rather 3 to 16

* Consequence of the reduced mass:



A 3D picture of PHENIX
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Track particles, measure momentum

— Hit —» Track — Curvature — Momentum

Wire chambers
Track reco: DC+PC1
Matching: PC2-3

~ Aerogel

West
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Két gytirti ( és sarga) 3,9 km egyenként
* Hat keresztezodés, négy/két kisérlet
e 57 ion-csomag, egyenként 30 cm, 10™ ion, 10° proton
* 1740 szupravezetd magnes 4 K h6mérsékleten
* 15 MW felvett teljesitmény ~ 300 T]J/év (30 hét alatt)
Luminozitas: ~10>” cm?s™! (Au+Au

Blue ring (clockwise)

BRAHMS (1IR2) | PHOBOS 1 2 BRAHMS

00,
Q.......op
4
‘.....

—==—— Scraper/Collimator

\
i
-
/

PHENIX (IR8) \ &, 4 oclock (RF) PHENIX

w_

Yellow Ring
(counter clockwise) G STAR




Nyomkovetes
(impulzusmeérés)

— Drift Chamber (DC), Pad
Chamber (PC)

Kalorimetria (energiameérés,

azonositas)
— PbSc, PbGI (EMCal)

Sebességmeérés (azonositas)

— Cerenkov-counters RICH,
Aerogel, Time Of Flight (TOF)
Hadron Blind Detector (HBD)

Esemény-karakterizacio
— Beam-Beam Counter (BBC),

Zero Degree Calorimeter (ZDC),
Reaction Plane Detector (RxINP)

2008

=
=

19t

South

PHENIX Detector
h ’C3

Side View
18.5m= 60ft




Részecske: térbeli palya
— Beiitések tobb detektorban

meéreése

Részecsketipus: &
— Toltés: gorbiilet iranya
— Tomeg: impuzlus & ( vagy

Fotonokra, hadronokra, leptonokra



* Take hydro equations and EoS

e Find a solution

— Will contain Iparameters (like Friedmann,
Schwarzschild etc.)

— Will use a possible set of initial conditions l

* Use a freeze-out condition
— Eg fixed proper time or fixed temperature
— Generally a hyper-surface

e Calculate the hadron source function

e Calculate observables
— E.g. spectra, flow, correlations
— Straightforward calculation

e Hydrodynamics: Initial conditions ® HBT(p,,,7)
dynamical equations ® freeze-out conditions

Nl(ptagpan)



* Exact/parametric solution

— Solution of hydro equations analytically,
without approximation

— Usually has free parameters
* Hydro inspired parameterization

— Distribution determined at freeze-out only,
their time dependence is not considered

* Numerical solution
— Solution of hydro equations numerically
— Start from arbitrary initial state



: S _ w
Basic equations: 0, (nuﬂ) =0, 0,T7 =0
Assuming local thermal equilibrium
For a perfect fluid: T =wu“u” — pg™, w=¢+p = 0T =0

Equations in four-vector form and nonrelativistic notation

— Euler equation: W
dv = —(Vp -+ V@j

Wu“ou” =(g™ —u"u”)o,p  1_,2 dt ot

— Energy conservation: 1 de 1 d V2
| 4 V . R VA VA

wo, u” +uo,e=0 ol 1—v2 dt 2
— Charge conservation: d N

2, (nu) =0 s ok

M B dt 11—V
U”o :i comoving proper- d . %) VY comoving

U d T time derivative dt = at derivative
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