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RHIC (Brookhaven), since 2000

(M. Swumbera, this Session)

Au-Au collisions BRAHMS
(mostly) up to -
200 GeV/nucleon pair, :$\

: PHENIX
now lower energies.

Theory breakthroughs
until 2010, just in time
for LHC

ot d
( _




Heavy-ions at LHC

(P. Kak//'er y 2H1S SeSSion)

® First heavy-ion run at
2.76 TeV/nucleon pair
(Pb-Pb): Nov. 2010.

® First detailed results
(ALICE, CMS,ATLAS)
presented at
Quark Matter 201 1,
May 23-28, Annecy.




Qutline

® Why heavy-ion collisions are special, why we are
interested in soft physics (1awd phssics covered by G. Milhans)

- pair correlations: proton-proton versus heavy-ion collisions

® The little bang: the old picture (2000) and the new picture
(2010): qualitative ideas

® Quantitative prediction versus new LHC data (201 1)

® Conclusions



Space-time picture of an
ultrarelativistic heavy-ion collision

Thanks to the strong Lorentz contraction,
clear separation of time scales -- and theory tasks

carfoon 4(5//73 ¢he Monte-Carlo ranspord code UrgMD
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Expansion

Initial conditions Hadronization and

freeze-out
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Two-particle correlations

~ number of particle pairs versus relative azimuthal angle A® and rapidity An

G. Stephans (PHOBOS), talk ot GM 09
p+p@200GeV Central Au+Au@200GeV

R(An,A¢)

¥ short range in rapidity v long range in rapidity
YV little azimuthal structure v specific azimuthal
structure
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Collective flow: the old picture
(RHIC, 2000)
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Collective flow: the old picture
(RHIC, 2000)

?
Y. \(D The system

< > thermalizes and
o ~ expands like a fluid
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Collective flow: the old picture
(RHIC, 2000)
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- \(D The system
> thermalizes and
~ expands like a fluid
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Particles are emitted independently in each event, with a

¢d-dependent distribution dN/dd = (N/2TT)[1+2v2 cos(2d)]
vy, elliptic flow, is a day | observable at RHIC and LHC

it depends weakly on rapidity
STHAR nucl/-ex/ 000901, 445 citalions

ALTICE arXivion.391y, 125 citations



Independent particles
explain pair correlations

V22— <62|¢> (reference direction =0 changes event by event!)

(2i0d) = (Q2id1-42)) = (glidlg-2id2)
— <e2i¢|> <e-2i¢2> =(V2)2

dNpair/dAG= (Npair/2TT)[ 1 +2(v2)2c0s(2Ad)]



s v2 all we see at large An?

Au+Au 0%-10%

SN
e . .\';4
A‘A‘A‘}""

Correlation at large An clearly
dominated by a cos(2A®) term
but the peak at A®=0 is narrower
than that at Ap=Tt

this narrow, near-side ridge and
this broad away-side structure
have puzzled heavy ion physicists

from 2005 to 2010.



Fluctuations

ée/ 1S et d/ )

arXiwvip2.0333

Each nucleus is made of a 208 nucleons.
The collision takes a snapshot of the nuclear wavefunction:

initial density is lumpy in the transverse plane, but
approximately independent of rapidity
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Fluctuations + flow

® and P2 P+TT
The final ® distribution in a single event is arbitrary:

The initial state is no longer symmetric under ®—-

))]

W

(N/2TT)[ 142 3, va cos(n(P
both even and odd harmonics, each with its own direction W,

dN/d®P




From flow to correlations:
the new picture (2010)

Vh— <e'”(¢'\|j”)> (vn and reference directions W, change event by event!)

<emA¢>

<ein(¢ I -‘I’n)e-in(d)Z-‘I’n))

(ein (@1-¥1))  (g-in ($2-¥1)) =(vn)?

dNpair/dAD= (Npair/2TT) [ | +230(vn)2cos(nAd)]

this explains why near-side narrower than away-side!
independent particle emission explains data up to p.~5GeV
Aler Koland,” ¢riangetlar #low C arXVI003.0194

Letzeens arXwvion.s223, ALICE arXivipg.2s0l
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Quantitative prediction for
low p: physics

® Goal: compute the single particle distribution
(in particular, ® distribution) in an event

® Model for initial state, including fluctuations

(bottleneck: the only models available on the market are very crude)

® Evolve through relativistic viscous
hydrodynamics

® Fluid eventually freezes into particles:
compute spectra, elliptic flow, etc.

® \VWe now have data from ALICE, CMS, ATLAS
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Why hydrodynamics?

* The only theory describing the space-time history of a
large, strongly-interacting system

e Can be formulated as a systematic gradient expansion =
power expansion in |/R, where R=nuclear radius

d,((e+P)utu¥-PghV) + n 0,0,...+ 0,0,0, ... =0

Infinite system: / /
Ideal h dy d - |/R? corrections
S T ErOSyEmIES Israel-Stewart theories

| /R corrections
viscous hydrodynamics
relativistic Navier-Stokes

shear viscosity

Is a nucleus large enough? is the viscosity small enough for hydro?
14



some) FIYdro groups

Letzeim & KRomadsc ke, arXivi0901.455S

Shen, Heinz, Yuovinen & Song aArXivi0s.322¢

Bozek, Chojnacki, Florkowski & Tomasik, arXivip0+.2294
Schenke, Jeon & (Gale, arXivi009.3244

Petersen et aly arXiv:0$06 1695

Takahash et aly, arXivi0902:4$720

Yirano, Monnai, arXiv:0903.443¢

Chactdhceriy arXv:0910.0949

Yolopanen et aly arXvi0O0%.036%

Werner et aly arXivip04.050s



Lattice QCD enters the
precision era

Equation of state - —= 15
of hot QCD (input ' :
of hydrodynamics)
now calculated
with dynamical

e(T)/T4

quarks and
physical quark 200 200 500 800 1000
masses! T[Mev]

Borsany' et aly arXiviQ0#.2550
However, the viscosity 1 is not yet calculated: free parameter in hydro
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Hydro prediction versus |5t LHC data
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More details: dependence on particle momentum
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(a) 5%-10%, [n|<0.8 (b) 15%-20% ¥ (c) 35%-40% :
0.3F PbPb \'Spey = 2.76 TeV Alver et al., Phys.Rev. C82 (2010) 034913 F
0.25F CMS Preliminary ==V, CGC1n/s=0.16 I g .
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Julia Velkowska, plenary Zalk o §M20i

Hydrodynamics captures the magnitude, the centrality
dependence and the momentum dependence of both
elliptic and triangular flow.
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Conclusions

® Ultrarelativistic heavy-ion collisions produce a lump of fluid,
with an extremely low viscosity/entropy, characteristic of a
strongly-coupled plasma.

® Quantum fluctuations+flow+viscous damping generate the
anisotropies observed in the little bang. This is very similar
to the mechanism driving CMB anisotropies in big bang
cosmology.

® Soft physics in heavy-ion collisions is largely understood
from first principles. Room for progress in understanding of
“initial state” and fluctuations.



Backup slides
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Models for the multiplicity

The increase of particle
multiplicity from RHIC to
LHC was accurately
predicted using evolution
equations from
perturbative QCD
(running coupling BK)

More generally, properties of
the initial state can be
studied within a

perturbative framework,
generally known as CGC
(color glass condensate)

0)/(Npan/2)
N u‘ h. o) O)r‘\lT ‘CD‘ ((.)x
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(B. Wyslowuch, talk a Quark Mdater 201
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R(An,A0)

7 TeV Data

Correlations in pp @ LHC

proton proton collisions

——

et NG
ATLAS Prenminaryf_,fiii \\\\ ls 1t LHC:

all correlations are at

small An

qualitatively reproduced
by models (Pythia)

7 TeV Monte Carlo (MCO9
ATLAS Preliminary 7
a F‘

R{An.A0)
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Correlations in Pb-Pb @ LHC
(semicentral) @

30-40%

CMS Preliminary 35-40%

PbPb \[Syy = 2.76 TeV

d2 Npair
ngdAn dAd

1

— b —t b
» DERD

Additional correlation, independent of An
not quite apples-to-apples: restricted p¢ interval here, [2,3] GeV for ATLAS and [2,4][4,6] CMS
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Correlations in central Pb-Pb

central collisions are @ symmetric, except for fluctuations!

Jia CATLAS, talk at gM20i

(1+[0]*TMath::Cos(2*y))*(1+[1]*x)

4
Wei Li@RCMS, talk ot JM20i
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Correlations in central Pb-Pb

central collisions are @ symmetric, except for fluctuations!

(1+[0]*TMath::Cos(3*y))*(1+[1]*x)

T

4
Ja CATLAS, Za/é at JM20i tWei Li@RCMS, talk ot JM20i
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Correlations in central Pb-Pb

central collisions are @ symmetric, except for fluctuations!

(1+[0]*TMath::Cos(3*y)+[2]*TMath::Cos(2*y))*(1+[1]*x)

4
Ja CATLAS, Za/é at JM20i tWei Li@RCMS, talk ot JM20i
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|dentified particle spectra
(Michele Floris, talk at Quark Matter 201 1)

positive negative
) 9258 ALICE, Pb-Pb s, = 2.76 TeV oL VT30 ALICE, Po-Pb 5= 276 Tev
S —
210%™ - 2 10°% £, -
) Curves: Hydro (arXiv:1105.3226) Q = Curves: Hydro (arXiv:1105.3226)
S S |
= > o
-clloz F e . -U|102 F e,
O - = i ¥, .
-2“‘:.’ #MMH+++ . -2. - ¢W+++ e
10 + "k 10 \J = %
5 K 23 G +*
! et
"l -
OF S 8
1 1 3
- ALICE Preliminary - ALICE Preliminary
- 0-5% most central - 0-5% most central
10-1||||||||||||||||||||||||||||| 10-1I||||||||||||||||||||||||||||
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

P, GeV/c P, GeV/c
At RHIC: STAR proton data generally not feed-down corrected.

Large feed down correction
=» Consistent picture with feed-down corrected spectra

At LHC: ALICE spectra are feed-down corrected STAR, PRL97, 152301 (2006)
* Harder spectra, flatter p at low pt STAR, PRC 79, 034909 (2009)
e Strong push on the p due to radial flow? PHENIX, PRC69, 03409 (2004)
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Hydro prediction versus |5 LHC data

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
- ....v, Glauber r/s=0.08

0.1F ...v, cGCwys=0.16
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Karmond Srell /7735 )
plenary Zalk
at JM20l

ALICE,
arXivips.356:5
L/.né(c/—-ex 1
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V,(pr) and v,(p7) : sensitivity to n/s

Glauber initial conditions

CMS Preliminary PbPb \[s = 2.76TeV

10-20% Centrality e CMS, v {LYZ}

Lo m CMS, v {2}
Stat. Uncertainties 3
— (5 |deal, e-b-e

m— 5 )5 = 0.08, e-b-e

- BHRY v, 1Ys = 0.16, e-b-e -
1 v, Ideal, e-b-e i
- g V5 1ys = 0.08, e-b-e_|
B WY v, Vs =0.16, e-b-e ]
B 4 ¢ i
— R . L
- ‘..eﬁ:,;;‘,;-ﬂ' r
B é.:'.:;“‘ T ]
B o d'-'" i
[— ® o-“jﬁ‘ —
f— .-’ —_
L / '._o"," . -
r !""’ Schenke et al., arXiv:1102.0575v2 .
» [ | L 11 1 | 1 1 1 1 | L1 1 1 | 1 1 1 1 | I | 1 | 1 1 | ]
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0.05

CMS Preliminary PbPb \[s, = 2.76TeV

30-40% Centrality e CMS, v (LYZ)

m CMS, v,{2}

Stat. Uncertainties

— V5 |deal, e-b-e

seuns V., Ideal, e-b-e
sEmmn V3 TIJ'rS = 008, e-b-e
Hﬂ!“ v, /s = 0.16, e-b-e

Schenke et al., arXiv:1102.0575v2

1 2 3 4 5 6 7
P, (GeV/c)

* V, and v, together have better sensitivity
The centrality dependence adds further constraints

Julia Velkovska (Vanderbilt)
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CMS Flow results, Quark Matter 2011
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Other Harmonics

Centrality 30-40% Model: Schenke et al, hydro,

v§{2} full: | Am| > 0.2 Glauber init. conditions

v, {2} open:|An|>1.0
Vei{2}

see presentation A. Bilandzic

G98€°901 | :AlXJe ‘uoirelOqe||0D DTV

ol

ALICE

-

-

The overall dependence of v; and v3 is described

However there is no simultaneous description with a

single N/s of v2 and v3 for Glauber initial conditions

23



v| from fluctuations not yet
measured!

Extracted from 2-particle correlation data at RHIC

Lazum TYO, Phys. Kev. Let?. 106102301 € 201D
STHKR arXwvi1010.0690

0.14
0.12

0.1
0.08
0.06
0.04
0.02

-0.02
-0.04

event-by-event hydro
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Well reproduced by ideal
hydrodynamics

Gardim GGrassi Yama Luzerr TYO
arXivip3.44605



Flow vs. non-flow correlations

Collective effects
Flow-related effects imply correlation through a plane of symmetry Pn.

Flow-dominated correlations should factorize:

<COS nA(p> = <COS n((ptrig - (passoc)>
= <COS N(Ptrig - Pn)> <COS N(Passoc = Pn)>
= Vn(PTtrig) Vn(PTassoc)

Pair coefficients are just products of familiar single-particle vns.

Jet-related effects
A few energetic particles are highly correlated by fragmentation, but not
directly through Pn.

Caveat: there can be indirect correlations, i.e. length-dependent quenching.
Would be largest w.r.t. P2 since it reflects the collision geometry.

The collectivity relation

9
<cos hAp> = Vn(thrig) Vn(PTassoc)

Is a quantitative hypothesis that can be tested!
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Global fit of 2-particle Fourier moments

Find best vn(pT) n=2 0-10% + .T m
Fit <cos nA> for all pr = g
bins simultaneously E;E '
Fit function: Vna = vt vi@. 4.->=
:'E 0.01
Fit breaks at high pr, =
where jets dominate. &
= 0.005
o
Key idea o
If fit matches data 0 Bb-Pb 2.76 TeV
suggests flow-type N ' D d | | | | | |
correlations /A\ 1.6::_|:|:I|I:Ill:I:l:l:I:l:l:I:I|I:I:I:I+|I:I:I:I:|:I:I:II:I:|
- S| & 140 o + |
If fit diverges c|&s 1-? - 00g0t® o et® n Mi.d M
collective description less 171 <5 o0s8F ‘i“‘if\*‘]
appropriate. 8 ~ 0.6} ®
=~ 0.4__||||||||||||||| ||||| I IR NN NN l||||
B L B B ) B B RN N NN R BT A R VT
115 2 25 3 4 6 8 15
Transition between cases assoc. p_
[GeV/c]

follows clear trends. trigger p_



