Jean-Yves O/litrac/?, TPA7
Se,m/‘nar, IFF&(/SPP, 4}/‘/‘/ IOZ‘/I, 2012
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RHIC (Brookhaven), since 2000

Au-Au collisions BRAHMS
(mostly) up to

200 GeV/nucleon pair, y :§\
: /' PHENIX
now lower energies. '

Theory breakthroughs
until 2010, just in time
for LHC

ot d
( _




Heavy-ions at LHC

® 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.
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Qutline

® Soft probes

P  Why heavy-ion collisions are special: why we are interested in soft physics
D pair correlations: proton-proton versus heavy-ion collisions
p The little bang: the old picture (2000) and the new picture (2010): qualitative ideas

p Quantitative prediction versus new LHC data (201 1)

® Hard probes

p from p-p to Pb-Pb collisions: weakly-interacting versus strongly-interacting probes

p Jet quenching : from leading particles to fully-reconstructed jets

® Conclusions
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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

:

-
-
.
5
.4
. '8
“©
‘< ", .
. 0
.
. .

Expansion

Initial conditions Hadronization and

freeze-out
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Two-particle correlations at RHIC

~ 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,A9)

¥ short range in rapidity v long range in rapidity
YV little azimuthal structure v specific azimuthal
structure
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Two-particle correlations at RHIC

~ 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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Correlations in pp @ LHC

proton proton collisions

7 TeV Data s 2
ATLAS Preliminary __— sl e l8 at LHC:
3z | again, all correlations are
3 at small An
m ° °
. qualitatively reproduced

by models (Pythia)

7 TeV Monte Carlo (MCO9
ATLAS Preliminary 7
a ':‘

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

CMS Preliminary 35-40%

PbPb \/Syy = 2.76 TeV

T o

s |3 1.8y

Zls 1.61

OIS 141

—|= 1.2 |

4 4

2 2
7,

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

8
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Collective flow: the old picture
(RHIC, 2000)




Collective flow: the old picture
(RHIC, 2000)




Collective flow: the old picture
(RHIC, 2000)
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Collective flow: the old picture
(RHIC, 2000)

1
™ - \Cb The system

— > thermalizes and
o ~ expands like a fluid

{




Collective flow: the old picture
(RHIC, 2000)

\/

- \(D The system
> thermalizes and

o ~ expands like a fluid

{

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 nwcl/-ex/ 000901, 455 cilalions

ALTICE arXivion.3914, 124 citations
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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%

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.
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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

12
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Fluctuations + flow

® and P2 O+T1T

The initial state is no longer symmetric under ®—
The final ® distribution in a single event is arbitrary:

))]

cos(n(p-w

both even and odd harmonics, each with its own direction W,

(N/2TTO)[14+2 S Vs

dN/d®P

|3
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From flow to correlations:
the new picture (2010)

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

<emA¢>

<ein(¢ I -‘I’n)e-in(¢2-‘|’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
14
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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

|5




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 ETORY S |srael-Stewart theories

| /R corrections
viscous hydrodynamics
relativistic Navier-Stokes

shear viscosity

Is a nucleus large enough? is the viscosity small enough for hydro?
|6
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some) FIYdro groups

*  Lwuzum & Komatschke, arXiv:0901.455s

- Shen, Heinz, Yuovinen & Song aArXivi0s.322¢

- Bozek, Chojnacki, Florkowski & Tomasik, arXivip0+.2294
*  Schenke, Jeon & (GGale, arXiviD09.3244

- 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 arXivipO%.0365

- Werner et aly arXivip04.050s
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Lattice QCD enters the
precision era

Equation of state - s
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 N is not yet calculated: free parameter in hydro

|18
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Hydro prediction versus |5t LHC data

:TTTITTTT]TTTT[TTT1]TITTITIIII1TTTTTT11]TTTT
_ CMS Preliminary PbPb\s,,, = 2.76 TeV o
012~ 0.3<p_<3.0GeVic, [n| <0.8 B
= o Vy,{4)} . J.é(//‘a \/e/,éoa)\fléd,
ol 70NN v,CGCn/s=0.16 |
e I e W —— v, Glauber 1y/s = 0.08 _ p/enary Zalk
B TN o Vi{2) .
0.08 + AN e v,CGCys=016 | at M2l
B —— v, Glauber 1ys = 0.08 _|
= ok ' |
> & -
0.06 - 1 Lezem,
0.04 1 arXivioNis123
0.02 /o | —
o CGC and Glauber calcuations from .
E Alver et al., Phys.Rev. C82 (2010) 034913 3
P--1 LAl l L Ll l LA l Ll l L L.l l L l Ll Ll l LA L) l L] 1--4

0 50 100 150 200 250 300 350 400
Npan

D @)

peripheral central
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More details: dependence on particle momentum

0‘35 LA EE Il['llllIll'll"l"l‘llll'lllIllll]!_.::!llilIlIllUllIIIIUIIIIIIIIUII‘IIIUUI‘:
(a) 5%-10%, n|<0.8 (b) 15%-20% T (c) 35%-40% .
0.3F pbPb \'Spey = 2.76 TeV Alver et al., Phys Rev. C82 (2010) 034913 T F
0.25F CMS Preliminary -=V,CGCn/s=0.16 I g 3
g WA -- Vf;CGC I]IIS=O.16 I 'o'
- Stat. Uncertainties — v, Glauber 1/s = 0.08 t 2 . &
. — /s = . i o’ o 5
G o v,{4} v, Glauber n/s = 0.08 o i o ° *
0.15F 0 v\{2) iy * 3 " :
"4’ 1 A i
0.1 s * Q o S - A o © -
O . + ~
v;' b ———— e o
Qa="" o T L »
0.05 _o, - §.9.- b
e ™ - b +
0 A FY - y
D5 1 48 2 285 8 35 05 1 15 2 25 3 35 08 4 48 2 298 3 aE
P, (GeVic) p. (GeVic) p, (GeVic)

Julia Velkowska, plenary Zalk o §M20i

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

20
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First measurement of v; at LHC
+ first viscous hydro calculation of v

008 . |
0.0600—10% 10-20%
0.04" 1
0.02 / | / |
U —— ~ A Ket né(/aya, Leezeerm,
0o . . o IYO, arxivi203.093
0.08 . f
0.0620—30% 130-40% ¢ ¢Sing Al TCE data)
=~ 004 ! |
0.02 . f
—0.0g i Resrerti - ATLAS,
0.08 S arXivi203.30$8
0.0640—-50% e ALICE ?
8842l < upper bound
O_ _—% lower bound
-0.02 e.0* f

051152253 051152253

prlGeV/c]

21
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Hard probes : testing pQCD in Pb-Pb collisions
(From Lapna Bernhabid, talk o #/CP201)

Heavy ion run ©2.76 TeV

& I I I I I I I I I
+ Z. boson S CMS PbPb\s,, = 2.76 TeV = Opposite-sign
() | 1 -©-Same-sign _
%315 J Ldt=7.2ub # []cMS pp 7 TeV 2.9 pb”
. . = p# >10 GeV/c, 'l <2.4
m Around 40 Z candidates in both 2 !
S0l
ATLAS Phys. Lett. B 697 (2011) 294-312 g
CMS PRL 106,212301 (2011)
. . 5 B
m Almost background free (one like sign W
NI
count only) NI
30 40 50 60 70 80 90 100 110 1 %O
. . Dimuon mass (GeV/c9)
m Z production scales with the number of NN
collisions
100:IIIIIIIIIIllllllIII|IIII|IIII|IIII|IIIII:
Q0E- @)  CMSPbPb 7.2 ub" at\[s, = 2.76 TeV =
3 80 ;_[30-100]%: _;
m Comparaison to different theoretical predictionsem ob [10-30]%
< -
t 60 _l-l-l- Bomm el [
g 50¢ 0-10]1% 3
m Using POWHEG cross-section: 3 ob fe10re
- = 59. ; < > F POWHEG + PYTHIA 6.4 E
d0pp /dY 59 6pb 11 |Y| 2 g 0F Paukkunen et al., CT10+isospin .
: . ° 20 S Paukkunen et al., idem+EPS09  —
The resultlng RA.A. IS. dNAA/(TAB dopp) . Neufeld et aI., MSTW+iSOSpin
— ]_ OO i O ]_6 i O ]_4 10:_ l- ------- |“ NeTerId elt al., icliem+elloss | 1—5
OO 50 100 150 200 250 300 350 400
Npar’t
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Hard probes : testing pQCD in Pb-Pb collisions
(From Laria Benhabid, talk at #/CP201)

Heavy ion run ©2.76 TeV

+ Z. boson (g ous PbPIb\/s_NNI= 276ToV | =Ompostesion
G151 J Ldt =72 " Ei;n:;inm 29 pb
= Around 40 Z candidates in both % P> 10 Gelle, it <24
ATLAS Phys. Lett. B 697 (2011) 294-312 &
CMS PRL 106,212301 (2011)
m Almost background free (one like sign T iy
count only) L R

|
e e e 030 40 50 60 70 80 90 100 110 130
T e T RS Dimuon mass (GeV/c?)
m Z production scales with the number of NN

s, collisions
S AT RIS 100:I||l|l||||l|||||||l||||||1||||l|||||||| .
Q0E- @)  CMSPbPb 7.2 ub" at\[s, = 2.76 TeV =
= 80 ;_[30-1001% _;
= Comparaison to different theoretical predictionse _ [10-30]%
|_2 -
- 60 _lIlIll R [
‘?i >0 ; 0-10]% 3
m Using POWHEG cross-section: 3 ob 1o
_do._ /dv = 59.6vb in <2 > a0k POWHEG + PYTHIA 6.4 E
pp Y p | Y | g 30 F e Paukkunen et al., CT10+isospin 7
: . ° 20 S Paukkunen et al., idem+EPS09  —
The resultlng RA.A. 1S. dNAA/(TAB dopp) E .................... Neufeld et al., MSTW-+isospin E
— ]_ OO i O ]_6 i O ]_4 105_ I- ------- |“ NeTn‘eId elt al., icliem+elloss | |—§
OO 50 100 150 200 250 300 350 400
Npart
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Hard probes : testing pQCD in Pb-Pb collisions
(From Lapva Benhabis, talk at #/CP201)

%10 EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII E
<+ W boson % 45 * ATLAS Preliminary JLz 5ub ]
c 107 E
@) E + = 3
m W signal: built a template from s T H Su=2-76 TeV -
3L .
W > uv decays 10 . Data2010
> Use MC @ Vs = 2.76TeV - Wopv :
107 E
. , S Background 3
m Use a function to describe background B _ i
and find the best estimate of number of 10 t,, — Fit -
W with fitting signal + background to : i
data 1L i
82_5_[]IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ E 5 §
m :ATLASPre“n“nary : 10—1lllllllllllllllllllllllllllll]l'lllllll ]
o +Data 2010 : 0 10 20 30 40 50 60 70 80 90
EDTotaI uncertainty pT [GeV]
ol j L=5pb’ S =2.76 TeV
I N The results are consistent with no
13 | suppression
0.5 ) . .
i ’ i R,z =10.5 £ 2.3 : in agreement with
I e i i e ] s standard model prediction
2 0203040506 0.70809 1
1-centrality J. Phys.G: Nucl. Part. Phys. 38 124133
23
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Hard probes : testing pQCD in Pb-Pb collisions
(From Larvia Benhabid, Zalk a ¥/CP201)

-+ W boson

m W signal: built a template from
W > uv decays

> Use MC @ Vs = 2.76TeV

m Use a function to describe background
and find the best estimate of number of
W with fitting signal + background to

data
82_5_[]III|||IIIII]IIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
o - ATLAS Preliminary i
- +Data 2010 -
2 . -
-[ ] Total uncertainty :
- J L~5pub’ S=2.76 TeV 1
S— 1 ... +w
0.5 ]
O—l 11 ||||||||||| 1111 | 1111 | 11 I—

02030405060.70809 1

1-centrality

Muons/GeV

23

10°

T
m

':'I l't..l I l TTTT I TTTIT I LI I TTTIT I TTTI I | l TTTT l | E

45 ' ATLAS Preliminary ILz 5ub

107 F .

; p Sy=2.76 TeV ]

3L —

10°¢ - Data 2010  :

- W-uv -

107 . E

. Background 1

10 ;_ t,— Fit _;

10-1 —l L1l I L1l I | | I Ll I Ll I 1 l.: 1 1..P.I L1 I L1l Ll l_‘
0 10 20 30 40 50 60 70 80 90

pt [GeV]

The results are consistent with no
suppression

Ry =10.5 £ 2.3 :in agreement with

standard model prediction

]J. Phys.G: Nucl. Part. Phys. 38 124133
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Strongly-interacting hard probes:
jet quenching in a quark-gluon plasma

nucleus

» Supression of high pt hadrons (leading particles)
» One jet loses more energy : dijet asymmetry

24
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Early observations of jet quenching:
suppression of high-pt particles

RAA

= ratio Pb-Pb/pp,
divided by number of
binary collisions

= observed/perturbative

(From M. van Leectcoen,

tal¥ o HCP201)

HT: X-N Wang et al, arXiv:1102.5614 (PRC)
HT: Majumder, Shen, arXiv:1103.0809
TR: T. Renk et al, arXiv:1103.5308 (PRC)

WHDG: Horowitz and Gyulassy, arXiv:1104.4958

ALICE, charged particles, Pb-Pb
\ Sy =2.76 TeV, 0-5%., | n | < 0.8

RAA

&)

o

?{rm

— HT (X.N.W.
HT (X.N.W.

o — HT (A.M.)

10 s — ASW (T.R.)
elastic (T.R
elastic (T.R

— WHDG (W.

ALICE Prenmmary/ (_//

® ALICE Data

YaJEM-D (T.R.)

| ! |

) lower density
) higher density

) large P

asc
) small Pw
H.) n°

30

25

40 50
P (GeV/c)
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Studying quenching with fully reconstructed jets
(from Lamia Benhabib, talk at HCP201 I')

Dijet imbalance

m Dijet selection
Leading jet pp > 100 GeV/c
Subleading jet py > 25 GeV/c

® Quantify dijet imbalance by asymmetry ratio A, =

: Ern+Eq

ATLAS, Phys. Rev. Lett 105 (2010) 252303

J
IS

40-100% |

) dN/dA

evt

(1/N

» Larger imbalance in central collisions, but not in peripheral collisions, with respect

to pp reference

* Parton energy loss is observed as pronounced energy imbalance in reconstructed

dijets

J

) dN/dA

evt

(1/N

[N

J
I

) dN/dA

evt

(1/N

26

J
IS

) dN/dA

evt

(1/N

\/S,,=2.76 TeV 0-10% ]
o ATLAS
Pb+Pb

$ L, =17ub"]
O
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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.

27
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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 wA-b‘ o) m“\:_oo‘co

(AN, anl,

—_—
B R

o CMS Preliminary
PbPb \/s,, s, =2.76 TeV

0 CMS
HIJING2.0, s°=0.17

-~ HWING2.0, sg=0.23

Albacete & Dumitru, 2.75 TeV -
DPMJET-II 4

1B BB I llllllllll | ' ll]l III |
%..\ ﬂ

o

wtn] OV vece T DD AP OO N Perl) NN e U Lkl LY T N N

0 100 200 300 400
N

part

(B. Wyslowuch, talk a Quark Mdater 201
29
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Correlations in central Pb-Pb

central collisions are @ symmetric, except for fluctuations!

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

4
Ja CATLAS, Za/é at JM20i Wei Li@RCMS, talk ot JM20i

30
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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)

TR T

4
Ja CATLAS, Za/é at JM20i tWei Li@RCMS, talk ot JM20i

30
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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

30
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|dentified particle spectra

(Michele Floris, talk at Quark Matter 201 1)

positive negative
) Y52 ALICE. Po-Pb.sy, = 2.76 TeV o TS 2 ALICE, Po-Pb sy = 2.76 Tev
S —
210%™ - 210%E -
QO Curves: Hydro (arXiv:1105.3226) QO E Curves: Hydro (arXiv:1105.3226)
<) o |
= > o
-clloz 3 ' e . -U|102 F LTV
S - I v %
O . =) e
G107 /a e Z 10} /" S
© ‘-‘:}g © t -“'!'_
o S
O : O %
1 3 1 }
" ALICE Preliminary - ALICE Preliminary
- 0-5% most central - 0-5% most central
10-1IIII|IIII|IIII|IIII|IIII|IIII 10‘1|||||||||||||||||||||||||||||
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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0.1

0.05

Hydro prediction versus |5 LHC data

[~ s v, Glauber n/s=0.08

_?l li l 1 l.l | l | ' .

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)

----- v, CGC r/s=0.16

ALICE
e V,{2,An>1}

V{2, An> 1}

v,{2,An>1}

Vi{4}

Vam

100 x ng‘l’z

¢ ® ] *x n

:

| e | | §_-p==p-—» l | I l | . B e | | -4 -§ l -4~} 14 l

0

10 20 30 40 50 60 70 80
centrality percentile

@) D

central peripheral

32

Karmond Srell /77\95 )
plenary Zalk
at JM20l

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

Glauber initial conditions

_I T | T T 1 | | | T T 1 | T 11 | T T 1 | T T 1 |_ _I [ | T T | T T | T T | 1T 17T | T T | T 1T B
0.35[~ CMS Preliminary PbPb \[s,,, = 2.76TeV . 0.35 CMS Preliminary PbPb \[s = 2.76TeV ]
- 10-20% Centrality e CMS, v {LYZ} . E 30-40% Centrality e CMS, v (LYZ) E
03 stat. Uncertainties VS v, B 03 stat. Uncertainties NS v _—
C — 5 [deal, e-b-e 7 C — ; ldeal, e-b-e 7
~ m— i, 15 = 0.08, e-h-e m m— 5 T)S = 0.08, e-b-e -
0.25 BH8H v, /s = 0.16, e-b-e - 025 S R v2 175 = 0.16, e-b-e
1 v, Ideal, e-b-e i I 7 AT seuns V., Ideal, e-b-e i
o2 A e vy 1)s = 0.08, e-b-e_| 02 L Wdak vy 1)/s = 0.08, e-b-e_|
:’C B H.Hm v, /s =0.16, e-b-e | }C C HHIH v, /s =0.16, e-be ]
0.15- —~ 0.15F g | -
- g ¢ ] - 1o
— ‘.o" ,-""l gl m I [ ] n B " | | .
01 __ a4 '.." ilﬂlﬂlﬂ ﬁ — 01 _— | __
— ‘.."-:,;-;:‘giﬂi [ | : — —
- A T - §
0.05 of _ Wi - 0.05F -
" ] - ]
B '!’»"|’ | Scher||ke et al.l, arXiv:1 l‘IOZ.OSTS|v2 | 7 —f . | | Scher?ke et al.l, arXiv:1 |102.05T5|v2 | ]
0 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
p. (GeVic) p_ (GeVlc)
* V, and v, together have better sensitivity
« The centrality dependence adds further constraints
CMS, /| . :
=1 Julia Velkovska (Vanderbilt) CMS Flow results, Quark Matter 2011 25
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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}

G98€°901 | :AlXJe ‘uoirelOqe||0D DTV

see presentation A. Bilandzic

" The overall dependence of v, and vs is described )
However there is no simultaneous description with a
_ single n/s of v2 and vs3 for Glauber initial conditions )

23
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v| from fluctuations not yet
measured!

Extracted from 2-particle correlation data at RHIC

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

STHR arXivi010.0690
0.14 I i I I

0.12 pvent-by-event hydro 4 _

0.1
0.08
0.06
0.04
0.02

Well reproduced by ideal
hydrodynamics

éara///yz 6/‘6255/ %d/)?d AL(ZL(M JY @,
A Xivi03.44605

-0.02
-0.04 l l l l l
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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)>
= <CO0S 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 mt
Fit <cos nA> for all pr = g
bins simultaneously 6;: 0015
Fit function: Vha = vit vi2. 4.->=
:'E 0.01
Fit breaks at high pr, §
where jets dominate. £ o005
3
Key idea o
If fit matches data O b pb 2.76 Tev
suggests row-type Stat. error only
e T R 16_:_!:!:.!.:.I.:.:I:.:.:I:.:.:.I.:.:.:.+I.:.:.:.:I:.:.:.I:.:I
i e g' g 14p o + l
If fit diverges clas T4 0enet® ooet® # Ml M
collective description less ? |~ < o o'
ol > 0.8 ]
appropriate. o|~— 0.6 Q
he 0.4__||||||||||||||| ||||| L1 L0 I L0 l|||||
Frqr 1 12121 1231123417 12 346! 1 2 3468!
115 2 25 3 4 6 8 15
Transition between cases assoc. p_ .
follows clear trends. trigger p_ [GeV/c]
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