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Relativistic Heavy lon Collisions
RHIC@ Iy O ANT UVENMHER LHC@CERN

PHENIX, STAR H\5 ALICE, CMS, ATLAS H\i5
Au+Au: THRIILF—R T2 Pb+Pb 2.76 TeV
7.7,19.6, 27, 39, 62, 200 GeV

U+U 193 GeV

Cu+Au 200 GeV



RHIC and LHC

QCD Phase Diagram
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RHIC and LHC
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Relativistic Heavy lon Collisions
RHIC@ Iy O ANT UVENMHER LHC@CERN

PHENIX, STAR H\5 ALICE, CMS, ATLAS H\i5
Au+Au: THRIILF—R T2 Pb+Pb 2.76 TeV
7.7,19.6, 27, 39, 62, 200 GeV

U+U 193 GeV

Cu+Au 200 GeV



PHENIX@RHIC

e d+Au@200 GeV Rap =|—

dN a+p/dPr

jﬂ\fk:r)ll

AN/ dPy

— Direct photons (R,vs P;) normalize

— Jet probes: central dependence of R,
— Yl :R4aVSN,,,: strong suppression

« Collision geometry: U+U, Cu+Au
— U+U: v,vs P strong radial flow @central

tion

— Cu+Au: vq, V,Vs Pt ; Raa Of J/yvsN,stronger

suppression

« Hard probes
— v-h correlation

— Fractional momentum loss 6P/P in =, spectra, energy

dependence

71— Single electrons, Rya(c>e, b=>e, heavy flavore)



STAR@RHIC

e Initial Conditions
— d+Au collisions: search for CGC
* sQGP property
— Centrality dependence of v, for identical particles, Au+Au 200 GeV
— Charge asymmetry, charge separation at U+U collisions
: chiral magnetic effect
— Dielectrons at Au+Au 200 GeV, energy dependence
— Reconstructed jet v,
— open charm hadrons
— Non-photonic electrons

e Beam Energy Scan 7.7, 19.6, 27, 39, 62 Au+Au

— Number of constituent quark scaling, R, suppression
- Directed flow of proton, HBT, higher moments
£l C. NONAKA




ALICE@LHC

 Particle identification, low-mass tracker, low P (~100MeV)
 Bulk property

— P;spectra, Ry, of t, K, p, p/= ratio vs P; centrality dependence
— v, for identified particles: check hydro, recombination model

— V,, V3VST, V,, V3 V,Vs Py

o [T [iNasp/dPr
— baryon HBT AB = Neont |dN, 4/ dPy
normalization
. .
Hard probes T ——

Rep = eriph
— Jet structure, Ryy and Rpvs Py N AN TR /dPr
 Heavy Flavor

— Raa, Vo> Of D meson, Rua, V5 Of e(p), D

— R Of/ vy, centrality dependence, v, of J/y

Bl . NONAKA




ATLAS@LHC

e Collective flow
— V,-VgVs Py v,-vg centrality, centrality dependence of v, vs P;
— v, fluctuations vs P, centrality dependence of v, distributions
e Electro weak probes

— Measurement of Z—ete-,utp- , Prspectra |
Npcrlpthccntra]/de

— Prompt photon, P+ spectra Reop = —<ell A+B
p p ’ T p cp NccntraldNifgh/de

coll

e Medium sensitive probes
— Open heavy flavor, muon R,
— Jet size and centrality dependence of R,
— Jet fragmentation
— Centrality dependence of R,,vs Py
— Jetv,

~ — vjet correlations
. NONAKA




CMS@LHC

e Ultra-central collisions (0-2 % central)
— Hierarchy of v, €hydro . T WNasp/dPr
AB —

* Anisotropy at high P- m)ﬁzﬁiﬁi\fw/d%
— V, v3 vs Py up to 50 GeV

e Jet quenching
— Ry, of photons, Z° no suppression

— R, Of charged particles, suppression
— Ry, Of inclusive jets, suppression

e Parton Identification
e Anatomy of jets
— Ratio of PbPb/pp differential jet shapes

e Dimuons
— Sequential Upsilon suppression
— RjaVSN, .. and R,,vs biding energy

par

TR C. NONAKA
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Relativistic Heavy lon Collisions

collisions thermalization hydro hadronization freezeout
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Pre-Equilibrium & Initial State .

Static color charge, classical gluon field
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Relativistic Heavy lon Collisions

collisions thermalization hydro hadronization freezeout

Pre-Equilibrium & Initial State

high energy photons, hard scattering
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Relativistic Heavy lon Collisions

collisions thermalization hydro hadronization freezeout

Pre-Equilibrium & Initial State
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Achieved Temperature
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g 1 ALICE 10° —
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oo 4 —+— Direct photons > 10 E ,
cf;.,; —— Direct photon NLO for p = 0.5,1.0,2.0 p_ (scaled pp) % 2 ° % AuAuD-20%x10
2 10 — Exponential fit: A x exp(-p/T), T = 304 + 51 MeV G 107 £ Tor AuAUZ040%x10
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inv. slope T =304+51 MeV L
for 0-40% Pb—Pb at Vs 2.76 TeV R R ..
PHENIX: T=221+19+19 MeV Wy 2 3 a4 5 6 7
for 0-20% Au—Au at Vs 200 GeV P, (GeVic)
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Hydrodynamic Expansion

collisions thermalization hydro hadronization freezeout

Global &Collective Flow

Correlations & Fluctuations

QCD at .and Density

flow, jet quenching
thermal photons
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Hydrodynamic Expansion

collisions thermalization hydro hadronization freezeout

» @
Global &Collective Flow
Correlations & Fluctuations
QCD at -nd Density
recombination, fragmentation
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Hydrodynamic Expansion

collisions thermalization hydro hadronization freezeout

Global &Collective Flow

Correlations & Fluctuations

QCD at _and Density

. % o * - : ) .
~="e % ~ final state interactions
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Development of Hydrodynamic Model

collisions thermalization hydro hadronization freezeout
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Hydrodynamic Model

Huichao Song 1D 1207.2396 v
Teaney/Yan A 1206.1905 4
Chun Shen | A 1202.6620 v
Sangyong |eon 2A v v v
Matt Luzum 2A 4
Piotr Bozek 2C 1204.3580 v v v
Bjorn Schenke JA 1109.6289 v v v
Dusling/Schaefer 3A 1109.5181 v
Chiho Neonaka 3A 1204.4795 4 v 4
Ryblewski/Florkowski 3D 1204.2624 v
Longgang Pang 4D 1205.5019 v v
Hannah Petersen VA 1201.1881 g v
Fernando Gardim 6D 1111.6538 v v

Zhi Qiu 29 1208.1200 v v
Gardim/Grassi 52 1203.2882 v v

Katya Retinskaya 57 1203.0931 "y
Hirano/Murase 255 1204.5814 v v
Holopainen/Huovinen 284 1207.7331 v

Asis Chaudhuri [112.1166 v v
lurii Karpenko 1204.5351 v
Yu-Liang Yan 1110.6704 v

losh Vredevoogd 1202.1509 v v
Ron Soltz 1208.0897 v
Rafael Derradi de Souza 1110.5698 " "
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Higher Harmonics

* Transport property Ex. WMAP for big bang
% x 142v; cos(¢p—6O1)+2v9 cos 2(¢p—O3)+2v3 cos 3(p—O3)+2v4 cos 4(dp—6Oy)+- - -
n=2 {\I n=3 \;’ P sn=4 n=5 /lj n=6 3
\ o |
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Initial geometry Final flow distributions
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Centrality Dependence of v (P;)

Extrapolation

C 0-5% b Vz{ Ef IAnI>2.0} ALICE Pb-Pb \San = 2.76 TeV 5-10% 10-20%
- o
0.5~ m v, (EP 1An>2.0}
A V., [ERIANB20)
01f v v {EP IAN(>2.0) o
0.05- + %* | H -
- oty ) ‘J
0 __________________________ PR ——
'0'05__| AP B B . ] 1 L ]
- g== v, WHDG LHC 40-50%

Most central collision: v is dominant.
Mid central-peripheral colisions: v, is dominant.
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P; (GeV/c)

15 200

P; (GeV/c)
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Initial conditions,
transport coefficients

ultra-central collisions 0-2 %



V, VST

- 0'095 Pb-Pb | sy = 2.76 TeV > 0.09F s ALICE v,{2} Pb-Pb276 Tev ~ PHOBOS v,{EP}
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v, at large n

CMS Preliminary
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Flow
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V, @ low P;

s ALICE
>

Pb-Pb |, = 2.76 TeV 10-20%

0.2 ALICE

PRELIMINARY

0.15—

0.1— -

V,{SP, |An|>1}  V,{EP, |An|>2}

u
0.05— EH“ _f + %; %;p arXiv:1205.5761
I
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M M B
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- Pb-Pb \S,,, = 2.76 TeV 10-20%]
- ALICE
0.1/ PRELIMINARY
0.08— iﬂ*#ﬁ }
B °
0.06— g 8
N o .
: .
0.04— V,{SP, IAnf>1}  V,{EP, [An[>2} ?
B [®]= - Xiv:1205.5761
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0.02- =K
~ Ol K0 v,{SP}
N EAS =¢
0 | | ! | . | ! |
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(m_- mf,)/n(}| (GeV/c)

RHICK Y £ ELGE-oTWLWS?

0.1

0.08

0.06

0.04

Quark Number Scaling@LHC

: Pb-Pb |, = 2.76 TeV 40-50%

V,{SP, |an|>1}  v,{EP, |An|>2}

- (O™ arxiv:1205.5761
(m] [e] B
0.02 = PP
K V,{SP}
[ s &¢
oL EIA R B R
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Quark Number Scaling @RHIC

* Energy Scan
sTAR R R 106GV -
[ Au+Au, 0-80% 4aA OK' | :
: n-sub EP AZ &KQ i N ¢ *
e C ® + Bl
P 40 FR S ——
> :
0.1 27 GeVv 39 GeV 62.4 GeV -
B * 5 Q*
whi, * i R0 ¢ s oS L
005 1 15 20 05 1 15 20 05 1 15 2

(mT mo)fnq (GeV/c?)
Deviation from quark number scaling appears below 11.5 GeV

v, of ¢ ?
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Baryon/Meson ratios

—

T T Li 'I T Li T T I b
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e 20-40% Pb-Pb |5, = 2.76 TeV
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ALICE

PRELIMINARY

PRI W T T R R NN
L]

.
+ ® 5-10% Pb-Pb ys,,, = 2.76 TeV

T T T T[T T roerT

e o T
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e
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o 40-60% Pb-P
® pp15=2.76 TeV

12 14 16 18 2 4 6 8

R R S
15 = 2.76 TeV

10 12 14 16 18

p, (GeV/c)

*Intermediate P,

Baryon enhancement: recombination

*High P
Fragmentation
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Comparison with Theory

:--q, =T & T 1 I L L | L I F T Tr [ L L] | L L l L L [ 1T § 7=
L~ T 0-5% Pb-Pb \s,, = 2.76 TeV__
+i=: 5 [J'P e ALICE q
= [ auce ® ¢ EPOS217v3 i
Q. [TeReuasinaRy, O AMPT -
+ I 0O & —— Recombination ]
o - & e -
~ 08| = = '& ol
B o ]
06— O 2 =
SR q
os- o % o
- 0 di. =
o2 0O @&
- O
il 3
[ I 1 L0 & | |- i I | . | ] | | - 1 1 I i 1 -] I 1 1 i

3 4 5 B

7 8
EPOS: K. Werner et all, arXiv:1204.1394, arXiv:1205.3379. P+ (GeV/c)
AMPT: J. Xu and Che Ming Ko, Phys. Rev. C 83, 034904 (2011).
= Recombination: R.J.Fries, B.Muller, C.Nonaka and S.A.Bass, Phys. Rev. C 68, 044902 (2003)
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V, @ High P,
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Pion v, slopes are negative
Proton v,slple changes sign between
11.5 GeV and 7.7 GeV.
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Jets, Heavy Flavor, Electro-Weak

collisions thermalization hydro hadronization freezeout

Electro-Weak Probes
Jets
Heavy flavor & Quarkonia
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Jets

e Jetsin medium
— Properties of QGP

e Jet quenching mechanism

— 4 approaches based on pQCD

N

(quenched) jet

Model | Assumption about the medium and kinematics Scales Resummation
static scattering centers (Yukawa), opacity
GLV expansion E>kropzkl Poisson
static scattering centers, multiple soft scat-
ASW tering (harmonic oscillator approximation) E>kr~pzkl Poisson
observable matrix elements at scale A
HT (thermalized or non-thermalized medium) E>kr>A~p DGLAP
perturbative, thermal, g << 1 (asymptot-
AMY ically large T') E>T>gT ~p Fokker-Planck
sQGP=> model
C. NONAKA



R., @ RHIC and LHC

0-5% CEI'I'II'EI"'I}F m PHENIX = Au+Au 200GeV
1 TN asp/dPy ® ALICE h™ Pb+Pb 2.76TeV
- Ran =y N, dPr [PLB 696(2011)30]
B normalization
i *_ % ! I
| e s ’
EEE »*-"*T
0 T B B B B B R | .
4 6 8 10 12 14 16 18 20

P, (GeV/c)
Raa @ LHC is almost the same as R,, @RHIC.

» Fractional momentum loss
Sakaguchi



Fractional Momentum Loss

PHENIX
0.45¢C
H - g==¥== Pb+Pb 0-5%, 6(global)=0.3%
0.4 === Au+Au 0-5%, 5(global)=1.0%
gll C ~——®&— Pb+Pb 70-80%, d(global)=0.7%
~— - 352_ E&—&—— Au+Au 70-80%, o(global)=2.9%
S . ALICE
L "~k LE LHC central
0.25/ T . iy i F B
107l 0.151 PHENIX  phic central I I
g 6.15—
- peripheral
el {].05:— i! % i { + JJ
E | | |IIII| I|II | I|I| I||III B: “‘ i ﬂ*]— i T
6 7 8 9 10 11 12 13 14 1! - 1 |
p, (GeVic) - J | ! | q | | ﬂ |
T _G-Os || 1 | | 1 1 1 1 1 1 | 1 11 | | 11 |
) 6 8 10 12 14 16 18 20

P, (p+p) (GeVic)

Fractional momentum loss @ LHC is larger than that @ RHIC.



Collision Energy Dependence

PHENIX
0.451

- === Pb+Pb 0-5%, 5(global)=0.3%
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Jet Radius Dependence of R,
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CMS@QM2011

e Momentum balance in the dijet

— Near side: high momentum

— Away side: low momentum
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ATLAS
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Central Dependence of Ry,
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v-h correlation in Au+Au
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v-jet Correlations

e Direct measure of the energy loss

L) i L] Ll L) L] Ll T L] T L] Ll L L] L] L] L] I L] L] L L l L | l. Ll ' L] L L] L] iy
- (a) m pp Data 1 (b)) & PboPbData (¢) p!>80GeVic <144 ¢
[ PYTHIA + HYDJET T

p:‘" =3 GeVie ™ =16

Small centrality dependence

Kﬂ‘i
1M C. NONAKA



Heavy Flavor

Q

Production

— Gluon fusion

— Initial gluon density and distribution Q
Interactions with medium

— Thermalization: medium transport properties

— Energy loss: gluon bremsstrahlung radiation, collisional energy
loss, collision dissociation...

Cold Nuclear Effect

— Gluon shadowing, color glass condensate

Regeneration



Heavy Flavor
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R, Oof J/y @ LHC and RHIC
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J/y Elliptic Flow @ RHIC
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Direct Photon v,

MA@ arXiv:1105.4126
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Dileptons
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Summary

collisions thermalization hydro hadronization freezeout
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Summary

collisions thermalization hydro hadronization freezeout
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