Collective effects in heavy ion collisions.
Flow here and there.
PR ST
Sergei A. Voloshin '
Wayne State University, Detrort, Michigan

Disclaimer:

- Not a real review — this is an (somewhat historical)
introduction to (mostly) anisotropic flow: terminology,
physics, analysis techniques, etc.

- Apologies for not mentioning many good
papers on the subject. This lecture is based mostly
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Introduction. Definitions.

- Flow and “non-flow”, Flow vectors.

Non-flow estimates
- General properties. “Early times”

v,/€ plot
- Low Density and “Hydro” Limits

Coalescence and flow.
- Directed flow of light nuclei

- Constituent quark number scaling.

Interplay with radial flow

- Directed flow “wiggle”

- Blast wave. “Mass splitting”
- “Ridge” formation

Eccentricity fluctuations
- Gaussian model

Eccentricity in CGC model.
Viscous effects

Not here (yet).

1.  Elliptic flow at high pt

2.  Elliptic flow or rare probes
3.  Higher harmonics
4.

RIe

Dubna School, August 29, 2010

S.A. Voloshin

WAYNE STATE
UNIVERSITY



In the news

Universe May Have Begun as Liquid, Not Gas

Associated Press
Tuesday, April 19, 2005; Page A0S

Ehe Washington Post

New results from a particle collider suggest that the universe behaved like a
liquid 1n its earliest moments, not the fiery gas that was thought to have

P¥lEarly Universe was a liquid

New State of Matter Is 'Nearly Perfect' Liquid

Physicists working at Brookhaven National
Laboratory announced today that they have
created what appears to be a new state of matter
out of the building blocks of atomic nuclei, quarks
and gluons. The researchers unveiled their
findings--which could provide new insight into the
composition of the universe just moments after the

Quark-gluon blob surprises particle physicists.

namre

The Universe consisted of a perfect liquid in its first n
results from an atom-smashing experiment.

by Mark Peplow

news@nature.com

Early Universe was 'liquid-like'

Physicists say they have
created a new state of hot,
dense matter by crashing

together the nuclei of gold
atoms. E]E] NEWS

The high-energy collisions
prised open the nuclei to
reveal their most basic
particles, known as quarks and ¢ '
gluons. (. ®

B

THE EARLIEST
UNIVERSE

The researchers, at the US
Brookhaven National

The impression is of matter ti
morestranaly inter. a

SCIENTIFIC

big bang--today in Florida at a meeting of the
American Physical Society. SCIENTIFIC
AMERICAN
There are four collaborations, dubbed BRAHMS,
PHENIX, PHOBOS and STAR, working at
Brookhaven's Relativistic Heavy lon Collider
(RHIC). All of them study what happens when two
interacting beams of gold ions smash into one
another at great velocities, resulting in thousands of subatomic collisions every second. When

the researchers analyzed the
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were seen to behave as an almost -.. cience
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Early Universe Went With the Flow

Posted April 18, 2005 5:57PM e

Between 2000 and 2003 the lab's Relativistic Heavy lon Collider 1
repeatedly smashed the nuclei of gold atoms together with such force
that their energy briefly generated trillion-degree temperatures.
Physicists think of the collider as a time machine, because those
extreme temperature conditions last prevailed in the universe less than

100 millionths of a second after the big bang.

niverse Liqg

Physicists agree{”that‘ ¥
experiments at the |
Brookhaven atom
S Colicer have created

| i il i b 1)
. \ 3 y p iy
LAY 5
almost inextrical X 3 " X : J
anew-form of maiter. {4 AN S R % A

bound mto th
i Buit theorists and \' Y Vi
] and P\ o< \
el T
b

) Theorists Miklos Gyulassy

(above) and Ulrich Heinz

believe that a quark-gluon

2 plasma has been created.

zold atoms together with
such force that their
energy briefly generated
trillion-degres tempera-
tures. Physicists think of
the collider as a time
machine, because those
extreme
conditions last prevailed
in the universe less than
100 millionths of 2 sec-
ond after the big bang.
Everythmg was so hot

and neutrons
atomic  nucles, er )
thought to have flows in ists o
around like BB: in e)spen‘m,entahSts g o ., /é ]
blender still argﬂl[%\g about: AN S =

But by reproducing S v )/

conditions of the earl: Whai @a‘l it. Geoff n [ re
universe, RHIC ha Al i 7
. . Brrumﬁel investigates, a ’/ ; = 4

shown  that 2
strained quarks and gh [

|o::ex: OpPDOITUNITEs 10 EXCIUNEZ questions, sal Tmached the nucler }f: then that quarks and glu- ons don't fly away in all tion-like property that that ma(en' swallowed WAYNE JS’?P\TE_
Dubna School, ANKHER 8eminar, 2/7-March-2007 Y. N T UNIVERSITY

page 3



Major RHIC discoveries
EVIDENCE FOR ADENSE LIQUID

Two phenomenain particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jet quenchingimplies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

Jetof particles
JET QUENCHING ELLIPTICFLOW Fragment of
gold nucleus
In a collision of protons, hard Off-centercollisions

scattering of two quarks produces between gold nuclei
back-to-backjets of particles. . produce an elliptical
region of quark-
gluon medium.

Elliptical quark-
gluon medium

The pressure gradients
inthe elliptical region
cause it to explode
outward, mostlyin

the plane of the
collision (arrows).

In the dense quark-

gluon medium, the jets

are quenched, like

bullets fired into water,

and on average only Z Quark-gluon
single jets emerge. medium

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The quarks
and gluons indeed break out of confinement and behave collectively, if only fleetingly. But this hot mélange
acts like a liquid, not the ideal gas theorists had anticipated.”

M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.

Three major RHIC discoveries (my view):
1. Large elliptic flow

2. Jet quenching

3. Constituent quark scaling
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Anisotropic flow

Anisotropic flow = correlations
with respect to the reaction plane

More general: system response to
the initial spatial anisotropy
(below)

Term “flow” does not mean
necessarily “hydro” flow — used
only to emphasize the collective
behavior €= multiparticle
azimuthal correlation.

Newer trend: “event anisotropy”

No symmetry between “x” and "-x7,
except midrapidity

Symmetry between “y” and and ”-y”
(Otherwise — parity violation)

Picture: © UrQMD

XZ — the reaction plane

dN

Asymmetry in the configuration space = anisotropy in the momentum space : —— # const
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What is that good about anisotropic flow?

Short answer: to learn more about system properties, evolution dynamics, hadronization —
Anisotropic flow — as a measure of interactions in the system.

Example: Does hydrodynamic model works? 1992 paper of J.-Y. Ollitrault

PRD 46 (1992) 229 |_

Collide Au+Au, is it enough to create QGP?
* Is the system dense enough?
* Does the system equilibrate?

- hard (rare) probes: J/Psi, jets, dileptons,...
- anisotropic flow !

To answer these questions we need to study the system early in the collision

Picture: © UrQMD *
. ”_'
a “ : .

XZ — the reaction plane

Q: How what to to if theory is not “ready”?

A: Study “qualitative” features.

e.g. Can we describe flow assuming some properties of

the collective motion?

Directed flow: does it look like particle emission from

a) Moving source?

b)  Screened source (shadowing)?

Elliptic flow:
- Surface emission?

- Anisotropically expanding source?

- Rescattering?

page 7 Dubnav School, August 29, 2010
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How to characterize flow?

Picture: © UrQMD

Early days: <px>, 3d sphericity, 2d shericity

A
Py

P, %3 <p,.pj>

i,j=1,2,30r1,2

XZ - the reaction plane

Fourier decomposition of single particle (semi) inclusive spectra:

3 7 S.V., Y. Zhang
d’N d°N 1 hep-ph/9407282
= (14+2v cos(@ )+2v, cos(2¢)+...) Z.Phys. C70 (1996) 665
dp dyde dp dy2n
Directed flow Elliptic flow
Advantages:
- Describes different kind of anisotropies in a common way
- Possibility to fully correct the results =» compare directly
with theory and other experiments
The situation is more complicated for 2-particle spectra. Not discussed here.
page 8 Dubna School; August 29, 2010 SA. Voloshin W



Second harmonic: Elliptic Flow

XZ-plane - the reaction plane Sensitive to the physics of constituent

interactions (needed to convert space to
momentum anisotropy) at early times due to
a) decrease in spatial anisotropy

b) decrease in spatial particle density

Transverse Plane

_ <y2 _X2>
(y*+x°)

Elliptic flow with trapped Li® atoms:
K.M.0'Hara et al, Science 298,2179, 2002
T.Bourdel et al, PRL 91 020402 , July 11 2003

Magnetic field B ~ 800G shifts (via the Fes-
M chbach resonance |f = 1/2,ms = 12 >¢=> |f =
1/2,ms = -1/2'>) and makes the 38-th vibrational
Liy state to exactly zero energy => infinite scat-

tering length o, very large size and lifetime ~ 1

Sec.

Normally gas is transparent, | & L, and expands

p 2 2 Ll s yithout collsions sotropically

_/Fx Y \ _ . - .

V, = <—2 N 2> =(cos(2¢)) Q o But in the strong coupling regime ! « L it explodes
P« TPy ‘ hydrodynamically !, see the figure

W00ps  Cross section can be changed by many orders of
magnitude, but the EoS changes by ~ 20% only !

v,> 0, E877,PRL 73 (1994) 2532 (Iike In QGP and CFT... why?)

S.A. Voloshin WAYNE STATE
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When the elliptic flow is formed

Sensitive to the physics of constituent

XZ-plane - the reaction plane interactions (needed to converts space
to momentum anisotropy) at early times
<y2 _ X2> (free-streaming kills the initial space
Transverse Plane = anisotropy)

(Yt +x7)

Zhang, Gyulassy, Ko, PL B455 (1999) 45

0.2 ————————————r— . —— i

" 1

L] c=10mb j

0.15 , . _______________________________________________________________________________________________________ ‘j

é o1 " R o . 8mb _:

2 2 f:) 0.05 ’ . 1 mb ’

px _ py .& r ’.... & B . .............................. 1

Z =<p T 7 =(cos(2¢p)) = k... ,  feesveamng |
X Y

0‘05 PV SN S NSO SN UUUOT SUUHE AU TSN SN MUY SIS SUAY ST S S SN VU SUS S SN S SO S ST SN S R S PR TR
0 1 2 3 4 5 6 7

t (fm/c)

The characteristic time scale of 2-4 fm is similar in any
model: parton cascade, hydro, etc.
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Flow induced correlations. Non-flow.

d*n Jd‘PRP
dodo,
=1+ 22\/5 cos[n(, — @)} = <cos [n(p, — ¢2)]> = vn +0

{1+22v cos[n(p, — ¥ )}{1+Z2v cos[n(p, =¥ )]} =
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g-distribution, effect of non-flow correlations

Distribution in the magnitude of the flow vector

u=e"; Q=Zu; anzunzzem‘b#Qn\eW”=Xn+iYn:Zc0an0+iZSinnq0

0, =2, =0, ™"

g-distributions g=Q|/NM '
(uu,)=v, +8;
dN i A
v ra dN
—>/v dqz & —'\ dqz
Y 7 g T
§ .

Correlations due to flow Non-flow contribution

Fit to g-distribution yields flow results mostly free of non-flow effects!
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First measurement of flow at AGS

u=e"; Q=Zu; Qn=2u”:26i”¢:|Qn|ei”T”=Xn+z'Yn:Zc0sn(p+iZsinn(0

E877, PRL 73, 2532 (1994) |, |
E=(40 — 60)Ge V] 1 : 1
I [Fer =0 : f - e |
‘LﬁtQ ‘4 1"; iﬁ + }
! .‘. ';.. ' v. { .§ }
t N A : ‘\. : %
k &—._.! S ._\._\—__..__E_ _.‘b_‘__- _{l
"(140 —- 160)GeV | ;
A , M b ‘
\ 'S . |
+,f' 4 ‘l } - S
\ ' \ L R s {
. . o | s
_ . |(180—200)GeV ' ] l
(X)=Mv; (Y)=0 = ) b "
I .'->= j” *', | *. I ". [ *é l
~ g » 3 ! [, X
"n_Qn/N % R l__"\h R |
>, — (200 — 220)GeV | | [ |
dP v, t+r, 7,0, I . " r |
eXp| — I £ A P :
’ ’ 2 2 ’ - t % ~ |+
Py d’n - 20° 0'2 ! . i 3y ! : b ow
| "'\g ~\g i ~“~_A I S 1
(260 — 280)GeV | [
: +
'\ r'.. ;‘"; ", |
s : L X 5
A L 3 | . i
[.. \-‘ A }P - E ‘"L._. k N
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EIIIVI GIIULAULE 1IVVYVY 1 III90 VMIOLI VARIVIEL VI

E877, PRC 55 (1997) 1420 | —

- ing . - inY, __ : Distribution of hits in the silicon pad detector wrt RP
Q” - 28 3 Qn _| Q”l | & o Xﬂ T lYn determined by calorimeters.

005 F <
. [ (a) TCal E.: 5-9 GeV . |
Y — n-th harmonic Event Plane (@ - - (@) ¢ET Zo O
~ 0[2022729886 "]
%30 et :
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-005 — ., N T
, . R L
v,=0v2"/(cos[km(\WV,—W¥)]) PO 1317Gev .
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“Non-flow” and flow fluctuations

<“n,a’f‘:,b> ~ <COS[”(¢a N ¢b):|> =R MU o 5 < W

n
Flow “non-flow”

“Non-flow” — azimuthal correlations of any other origin

It combines the possible contributions from resonance
decay,

inter and intra jet correlations, etc.

If general, two effects do not factorize; then the above
equations would serve as a definition of “non-flow”, with

................................................................ -vs.defined as.-on.previous.-shdes: «.cocceereeeiniiniinin.

except the correlation with respect to the reaction plane.

(Bt ) # () V)

Effect of flow fluctuations

An example: V, <€ —> O <0,
\%

2 2
2 y =X
o2 = <g2(b)>—<8(b)> . 22 Ny i
X
Also, fluctuations in particle density (number Y
of particles, area), etc.
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Non-flow estimates. Centrality dependence.

<uQ*> = M<uu*> = MO +8)= MV’ +6

0.25 eIy
d 200GeVq
3 1 ]
0.15: _
:Illlillllillllillllillllill'll -~ :
0 100 200 300 400 _ 500 600 0.1F | ]
Multiplicity s 3
O.OSM | ;
0' ) ) I ) ;

1 1
0 10 20 30 40 50 60 70 80

% Most Central
g, =0N part STAR nucl-ex/0409033

FIG. 31: (color online). The nonflow parameter, g2, as a
function of centrality. The solid points are from the cumulant
method. The open circles are from the g-distribution method.

S.A. Voloshin WAYNE STATE
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Suppressing non-flow with multiparticle correlations

(uu,)=v: +6; u=e’’

(uu s,y =v, +2-20v; +26°

<u1u2”:u:> — 2(u1u;) = _V;

flow*nflow + nflow*flow

5 1 .,
(1,3)(2,4)"‘(1,4)(2,3) <uiujukul>:<N(N—1)(N—2)(N—3)[(Q 0 _N)_ZN(N—I)
Application: Generating functions (Borghini, Ding, Ollitrault) —4(N -2)(QQ — N)-2(Q°0Q, - N)+ (0,0, —N)]>
+ many other ways
—~ 8 L e e e e s s e
\o EllllllllllllllIlllllll*llll;ll'llllllllls B .0rder2 v o
9.& 7E * X = % 0.05 | M order 4 NI 9~| TJ' -
> E w3 : = || A order6 — _ @A 1
6F N ) = S o4l [Yorders € ..,Y o
> '%@’* | il } ) 4 -
4F , ® < S 003 cumulants =
3F cvf2) = < i ° up to order 8! -
= @L 2 - 002 . ‘ 5 3 =
2 5 PV{4} 3 ! & Collective effects!| -
1 E_ A V,{6} _E 0.01} @ —
0:....l....l....l....l....l....l....l....: 0-. - N T .-
0 10 20 30 40 50 60 70 80 0 01 02 03 04 05 0.6 0.7 08 09
% Most Central o o BB j
Effect of flow fluctuations discussed later
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Methods — jUSt mention a few No discussion of the detector effects

d’°N  d’°N 1
dp,dydA¢ dp dy2rn

(1 +2v, cos(Aq)) +2v, cos(2Aq)) +

)

Ap=p-Y¥,, Directed flow Elliptic flow

2-particle correlations. v {2}
{2} = (cos[n(0; — 02)]) = (. 1Uy 5) Uy = €™ unit flow vector

‘Standard” method, v, {EP}

oDs N — —
Onx = Y wicos(ng;) = Qucos(n¥,), Yn- (Pr,y) = (cos|n(¢i=¥)]) obs
I '@n = <COS[H(‘I’,,—'}’RP)]> v, = vﬂ .
Ony = Y wisin(ndy) = Qusin(nh), g . [lcosin(s —#8)) Pon
LE.T—(OO—()O)Gc _7———!—'—-
Fitting q-distribution. v {q-dist} i 2 b &

A | A - H »
i \ | \ A .
. . | n ! . | »
— _&__T S R . S
(140 — 160)GeV |

2 2 ‘
2 M+ |
dN - . VM ok A "
qn 207 Io GnVn VAR s
y/ Y | SN ; ."'-_ t ‘-._\ [
dq" G G (n = Qn/VM- _ . 0s0—200Gev | = - ] I
3 ‘H'“* F* B " |
..\>¢: g ‘ N b I * ,
z \ |~ | |
b=l (26.72?(;‘“—{ N Lo RN ]
\GeV ! | :
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q-distributions

2
<COS(2A¢> =v,” +0, 0 — does not depend efficiency; does depend on centrality
(approx. as 1/# of clusters ) .

u=e"; Q:Zu; Qn:2unzzei”¢:|Qn|em\P":Xn+l'Yn:Zcosn(0+iZsinng0
g=0/\M

oy =(a)~(a.) =§(1 +v,, =20, +(M -1)5) o >W<(ZS'” 4 T>Z%<ﬁs‘”‘2"’f’i5‘“@% >>

:i<i 220, > M<23|n 2¢,) sm(2(pj)>

i#]

1 A
07 =(4;)~(a,) =5 (1=v,, +(M~1)3)
2 Y
y ) 24\ -+ 2\ 3o\ M /// .
WP _ L exp| - U [ M ; ° :
q ndqn g, 2 g, o, / ‘\\
o s X
where 1, 1s the modified Bessel function. We have intro- - 4
duced the variable|q, =0, /M. [which greatly reduces the shift
effect on the shape of the distribution from averaging over -3 \/M
events with different multiplicities. In a more general case width
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v, from g-distributions

[} 009: """" P T e e T e BT ey ey T e e el T Rl 7
o 90r X :

3 1 0.08- STAR, PRC 66 (2002) 034904
s F 4 2
Z 700 0'075 0 0 4 §
o 60;_ 006:_ 4 @ 0 E
- 005 %A D o V,12} =
50— . A ]
40; 0.04~ @\O =
= 0.03- v, 1q —dist} 0 =
30 - [A -
- 0.02- 0 -
20— C ]
- 0.01— % =
10 3 ElIIIIIIIIIIIIIIII]lI[IIIIII]IIIIIIIIIIIIIIIII?
bl P 0 01 02 03 04 05 06 07 08 09

0 05 1 15 2 25 3 35 4 45 )
q rlr:h rlmax

dP 1

Cj;,d(j” a-

n

duced the variable

= —exp| —

where 1, 1s the modified Bessel function. We have intro-

viM+q; ; ( gnUaNM )
N N - Uhih el

2
Oy

(8)

-
20;

g,=0, /M. |which greatly reduces the

—_

effect on the shape of the distribution from averaging over
events with different multiplicities. In a more general case

Q) cos(nV,,) = Z[uzi cos(no;)|
Q,, sin(nV,) = Z [w; sin(ng; )],
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Fourier transform of the distribution in flow vector components

fnf(Q chos(nSU)

x component of flow vector 12k

= Z cos(no;)
:

. In Al
Q) = % = / ‘ - frf(Qr — vM cos(nW))

A-J

Fourier transform of this function:

shift =vcos(¥ , WM

flk) = / dQ e / gfnf(Q — v M cos(n¥))

2 Due to symmetry (no acceptance
" effects!) only real part is non-zero
= /ﬂ /ered‘Q’-‘fnf(QI — vM cos(nW¥)) ) only real p

A General strategy:
— zkt M cos(nW) dl‘ed‘tf ( ) Let x,, be the first root of equation J,(x;)=0.
‘)’T n X01~=2.045.
= Jo(kvM) frns(k) Then: v = ky,/M, where
Ko, is the first zero of f(k)

S.A. Voloshin WAYNE STATE
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Using Bessel transform

2-dimensional distribution. Then

LYZ ==

9
~ \ - oy a0 ([‘- '1 = 1 1 1 1 1
f(k) = / dQ e*=Q= 0, kv Qv Fourier transform ofdlstrl.butllon in Qx, and/or Q,
: ‘ dQ.dQ, == Bessel transform of the distribution in Q
o, dn == Fitting of Q-distribution (used first by E877) 17
= [ dQJy(kQ)——=
: - d@Q
. net results of the so-called “sum” generating function
~ Jo(kvM) < Lee-Yang Zeroes method
I
hsc 3
| Entries 199 600 x10
o 221 ndf el O O U S SN U
T .4l v 0.05488 + 0.00007
= 10° = g 0.5481+ 0.0035
> - L e ——.—-—._-e.ti tir
z o i
10° A00 T\ s e e
g -
- C
102 3005_ ..................................................................................................................................................
200 E_ RSSO SOOI OO SSSSUISISIROIIN SYOIOUOUOUIE SRRSO
10 n
1005_ ..........................................................................................................................................
1 :
» 5 ] T s S s o
o 0.5 1 15 2 2.5 3 35 44.5 :lll]illllilllllllllillllillllillllillll
q 1 1.5 2 2.5 3 3.5 4 4.5 Kl
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Non-flow: pp vs. AA

Consider correlations of particles from some “bin” (POI)
with all particles from a “pool”

. *\ i AA AA
Q= 2 u; u = g% <UbQ >— (Vpr £.0p, M
ie"pool" pp PP p 40P
AA 5bp ! 6bpM

bp - N MAA

coll

U, QY =v,v M* +(u,Q")*

Non-flow looks exactly the same in pp
and AA =>» Results - directly “correctible”.

Notations:
V, — Flow in a particular p,/eta “bin”

vV, — Average flow in the pt/eta region used
to define RP (or “pool” of particles)
pp AW —ni20
pr — Azimuthal correlations in pp ( <Uaub>, Uuse )

5:‘rA — Non-flow part in 2-part azimuthal correlation in AA

N

— Number of “independent NN collisions”, ala N

coll pa

Check if non-flow estimates/measurements reported

or Au+Au are consistent with measurements in pp.
(Expect the difference of the order of factor of <~2.
Extra particles in jets =» non-flow contribution increases
B-to-B jet suppression — non-flow goes down)

Use pp data to estimate non-flow effects in Au+Au
when other methods do not work (high p, Kand
Lambda flow, etc. )

42,
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Comparison: pp & AuAu

STAR: PRL 93(2004)252301

AuAu (flow + non-flow)

._Yllllll'lll]YYY]TYTrYlIIIl‘.IlI‘YYYTYYY'YIIIJ’IIIlllYY‘YTYrTYl'llIIIlIIYYYYYTY'Y-
. _ | ‘ N
o~ 5 4
= | f’ —
]
& w »%% |
g’ o '
7)) 8] 41'—* '
.
9 - . T J AN
| ".v.’—‘ .
- In . =
e 1 o b . .
S . S 4 | At high p, in central
v v < | collisions,
| &— B | | azimuthal
PP ( ) correlation in AuAu
In VERY - o anmar | . - . could be
peripheral ke ™ Au+Ag 89 Jo-100% jo = Au+Ag 29 Yo 60% 4o -Au+Ag top 5% — | dominated by
collisions, & O p+p Minbias 1o ©p+pMinbias o Op+p Minbias 1 | nonflow.
azimuthal F - | It does not mean
Correlationin llllllllllllll‘llllllllll\rllllljlllllllllllllllllll\rllllllllllllllllll]llllll th ‘t . '
AUAY are 0 2 4 6 810120 2 4 6 8 10120 2 4 6 8 1012 atv, IS zero:
UuAu
dominated P, (GeV/c) It is remarkable
by non-flow. how well they
agree
Analysis can be more differential: charge combination dependence,
identified particles...
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v,/ plot.
Low density and “hydro”
limits.




LOW density Iim it (called “collisionless” in the original paper of Heiselberg and Levy)

Below - my own derivation of Heiselberg'’s results

Heiselberg & Levy, PRC 59 (1999) 2716

dN (dN dN
= + Al —
dp | do | do

Change in the particle flux is proportional to the probability for the particle to interact.

n(v)=n,(v)+An(v)

4 ’
An(v) o< [ dr,p(x,) | dt p(x, + v, 1) px, +vt.t)e< [dV'p(x, - V1)
Integrations over: a) particle emission point : : : ]
b) Over the trajectory of the particle (time) with Ezgtlglreegmigy attimeyl assuming

weight proportional to the density of other particles
--“scattering centers”

An(v) o< [ dr,p(x,) [ dt[ &v'py (x, = (v=v')1)

Py o< €Xp| — 3 v ) v, = ° Z<v..o-if >de Vi,
R R o e TE
I dN Note: |
v, o< € Ed—y S = 71'\/<x2 > <y2> gil.;z:)tﬁgaennq{ﬁz \r/]ie;z)lrl;(,ﬂe
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FIG. 3. Spatial anisotropy for various colliding systems. «;,
defined by Eq. (4.18), is plotted against the number of participat-
ing nucleons, scaled to its maximum value (reached for a central
collision) Ny, . Short dashes: lead-lead collision (N, =395).
Long dashes: sulfur-sulfur collision (N,,=51). Solid line:

First hydro calculations

e

J.-Y. Ollitrault, PRD 46 (1992) 229

L I :
1.0 -I T 1 1 I—l 11 I .t T°1 I L L Ij T 1—< r\fd --O ~l LI Y l L L ] 1T l 1T L S ] l-‘
¥ > X 5 N
- { <[ ~ D) —_ -1
- S - 4
0.8 [— Pb-Pb — 0.8 |— Pb—Pb 7
- T ™~ -1
N i |8 C .
[ S—W : o F S—W )
0.4 = - 04— —
P S-S N S-S i
f i o TS L i
0.2 I~ - =SS — 02 vy -
v T, 8 Wi === Tl i
r =~ - / ~~\-., :~“ 4
0.0 (a1 PO I'l L IJ [ ] 0.0 -/J. oLl l 1L l L1 11 ] L1 1\1 1\1 -
00 02 04 06 08 1.0 .00 ‘02 04 06 .08 10
0 ERLPHE RAL N/Niax _CENTRAL PERIPHE R AL N/Nzax CENTRAL

sulfur-tungsten collision (N, ==121).

In hydro, where mean free path is by assumption much less than the size of the system,
there is no other parameters than the system size (time scales may enter, see below).
Then elliptic flow must follow closely the initial eccentricity.

FIG. 6. Comparison between various colliding systems. & is
plotted against the number of participating nucleons scaled to
its maximum value N, as in Fig. 4. The decoupling tempera-
ture is T, =150 MeV and the initial time ¢, =fm/c for the three
curves. -
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Centrality dependence

S.V. & A. Poskanzer, PLB 474 (2000) 27

| v, /€ Points — RQMD, dashed curve - g(b)
------------------------------------------------- «0.03
> N
I >
1 dN 0.02 B - e
S dy I
¥ 0.01 |-
LDL parameters : mean free path, € o 0P —
*c-c‘ B
Hydr'o - only & - i _¢_ O v, /v,IYDRO
2 - -
B -O-
s -o-
i + oo ¢
“HYDRO limit” i Ut +
i -0
Y - o
Ollitrault: 2 -2 ~027+035 I ® v,/v,bL o
W) & "F
Heinzetal.: (V,/&)uypro=0.21+0.23 1 0_ L ; l 1|0 l
b (fm)
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V,/e and phase transition

After original ideas of . Sorge, PRL 82 (1999) 2048, Heiselberg & Levy, PRC 59 (1999) 2716

LDL HYDRO

.
----------

1dN 1dN
Sdy Sdy
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More on “hydro limits”

v,/ €

10.2

Pb+Pb, b=7fm
0.1 . . : :
004 SPS 40 GeV/A ! " (E0S Q)
| e =4.5 GeV/fm® Vo === v, (EOS H)
0 0.08
—m 3
0.22p e,=9.0 GeV/fm 0.06
0.04 j
02r 6,25 GeV/im’
0.02p, > <
RHIC 160 GeV/A SPS RHIC LHC
0.18p 0 l l ‘ L
0 500 1000 1500 2000 2500 3080
total pion muRtiplicity density at y=0
2 4 6 8 10 . 12 d N
v, =0.04+0.04*—/3000
Suppressed scale! b (fm) 4 dy

4. P.F. l{olf). J. S.:.llfr:.mk. :;11(1 UU. Heinz, Phys. Rev. C 62 (2000} 054900,

Minimum in v2/g due to softening of the EoS at phase transition
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v,/e vs particle density

S.V. & A. Poskanzer, PLB 474 (2000) 27

What to expect for different

@ i nuclei, e.g. Cu+Cu?
2 i ion odas First guess would be:
0 | e PIO.83S
i HYDRO< /',."" OGP
: ..................................................................... . 1 dN 1
0.2 Voose o~
| hadrons S dy RA
i ’ partons
0.1
! \ “Cold” deconfinement? ... but there is no such factor in the LDL:
0
[ AassPs | RHC | LHo SRS A
¥ E877 Nago ¥ » » | I67RR Z<vlj6tm"spm> dy v, +(v:,)
(dN_,/dy)/S (fm™) L - U
Uncertainties: :
Hydro limits: slightly depend
on initial conditions
Data: no systematic errors,
shaded area —uncertainty in
centrality determinations.
Curves: “hand made”
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v,/ plot evolution

v, = <cos (2(p,—¥ep ))>

L I
o~ . 2 2
S sl pion gas (v =)
3| e i = Sl e
aoRo<] T oGp (7 +x°)
0.2 [
| hadrons
B partons ‘ o . ‘ y
o1 | w  C.ALT eral PHYSICAL REVIEW C 68. 034903 (2003)
i = AL N A B AL BLLELELE BLELELE
i S.A. Voloshin, A.M. Poskanzer >°b_25 ~ HYDRO limits -
B Physics Letters B 474 (2000) 27-32 E o .
o b 02k 1 7 used v2{4}
- AGS SPS RHIC LHC— ) & i}* + whenever possible
] ] | | | | | ] | _‘_ ﬁ * _‘
0 20 40 , 0'15: S & = ]
(chh/dy)/S (fm™) 0.1 - . .1}. 3
A0 —f— E_/A=11.8 GaV,E877 4
i 5 EP —@— E_/A=40GeV, NA49 ]
w e e 0.05| IR
\N 0.3 HYDRO (EoS H) —5— E_/A=40 GeV, Pb+Pb NA4S X l;] ? e \F =200 GaV, STAR Prelim. ]
> [ HYDRO (EoS Q) E../A=158 GeV, Pb+Pb, NAAS ok I - PRI o e s s ]
0.25F 0 5 10 15 20 25 30 35
ook (1/S) dN_, /dy
0.15 _ Findings:
- @ L STAR Praim v PP o3 - Viscosity leads to decrease of flow = (v,/€) 0o dOWn ~30%
01F G 7 0 e m:é’oé GeV, AutAu - Initial eccentricity is likely higher than thought > (v, /€) y,cor UP ~<50%
- %@ —e— \[5,, =62 GeV, Au+Au - “proper” selection of parameters in hydro = (V,/€) 4,00 UP ~20%
oosk F —e PigO(gG\e/V.CCuECU' - “Correcting for flow fluctuations > (v, /€) ¢, down <~ 20%
. - —e— S\ eV, Cu+Cu e -
F o SRR P aey - Initial flow field 2 (V,/€)4,e0r UP ~?
o e o T Sy =200 GeV, Au+Au
0 5 10 15 20 25 30 35 .
Why does it work that well? (no €2 terms?
1/S dN _, /dy Yy ( )
Puyge T= DUCOTWU OCTT COU; nwg/wé’(?29, 2010 S./Zl FVO[OSEZ'TZ %{EN%%@I’TYE



“Cold” deconfinement, color percolation?

0.3 )
w B }
~ B i
025 HYDRO limits = _ _
- — * ] There is a need for the “next generation”
0.2F . # of this plot: better estimates of epsilon,
Il i‘fk § adding more data (in particular 62 GeV)
i 4% ) ¢ ]
015 H
N § It is a real pity that NA49 measurements
0.1 — —H— AGS, E877 — h | t t rt . t
- e ] ave so large systematic uncertainty.
- R . Need detector with better azimuthal
0.05- oy 7] acceptance (could be just a simple extra
- —— 200 GeV, STAR Prelim. | detector used to determine the RP) .
0 i L1 1 1 L1l | L1 1 1 | IS Y S T T T S T T N T | ]
0 5 /10 15 20 25 30 35 BES at RHIC 12
1/SdN , /dy
Percolation point by H. Satz, QM2002
CERN SPS energies b ~4 fm
RHIC.: b~7fm
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Coalescence and anisotropic flow.
Constituent quark number scaling.
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Coalescence l. E877 light nuclei flow.

vy (Py)

Centrality 1

TSI
¢ D;:¢¢+*jﬁ* *

bo0dt
¥ ot
SCIRLARANY
He4
. triton
e denteron
proton

I 1 1 1 1 I 1 1 1 1 [ 1 1 1 1

Centrality 2

IIIIIIIIIIIIIIIIIIIIII

Cloy o oo b o o oy

Centrality 3

Q

ll]lllllllllllllllllll lllllllllllllllllllllll

Centrality 4 %% [

S.V and E877, Nucl Phys A638 (1998) 455¢
E877 PRC 59(1999) 884

3

2
&N
(P)B| 5 (P/2)] =

d’N,
d3p

Vig (p,)= 2v,, (p,/2)/ (1+2vip)

Unt:D::érhq[;]J’ E_ t‘1++ #'Gm 4
Rt i 1 {f
g e It
oo B '" B |
o } RRLASTAN
-lllllllllllllllzl llllllllllllll
0 0.5 1 0 0.5 1 1.5
p, (GeV/c)

E877 conclusion:

Configuration space density increases in the direction of flow.

What is needed for the equation above

to work?
a) “Rare” process
b) B=const only if the configuration

space density does not depend on the
orientation wrt RP

Note! The coalescence picture itself can have
much larger region of applicability
than the equation above. We/l just do not
know how to describe coalescence in the
case of “not rare processes”.

Note v, values > 0.5 =» there must be other non-zero harmonics!
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Constituent quark model + coalescence

e gt G
025 Preliminary
Low p; quarks f High p; quarks T [minblas AusAu at 200 GeV T
\.-& e chamcd .
7 0.2- e K“ e '.‘
Coalescence in the intermediate region (rare products): e A e + ]
0.15- L e ]
L .:("'
t baryons 1 I -
2 0.1- i Lambd -
v, ; e . e ambdas |
d’ny ny 3 e KO 3
mesons (3 oc PE = Pu!2 005, 4
Pwm P, !
quarks e
E "minbias Aus+Au at 200 GeV
“N [ ¢ charged ]
7020 | faums ]
> L+ pions+kaons ——
i * (anti) protons i ——
P+ 0.15. R o ]
- ' ".‘}'-
0.1/ e =+
. it o ]
Side-notes: - . : F}.ﬂ‘ Protons
a) more particles produced via coalescence vs parton 05l : ]
. 05 e e Pions+kaons _
fragmentation = larger mean p,... o -
b) =2 higher baryon/meson ratio o
6 o5 1 15 2 25 3 85
p, (GeVic)
21 ma er 2002 Nantes, July 25, 2002 S.A. Voloshin %Amit WYE
36 SA. Voloshin \YJA’Z‘?;EE’?;'AT;[C



Constituent quark coalescence

S.V., QM2002
D. Molnar, S.V., PRL 2003

In the intermediate region coalescence can be described by: 0.2 . 1 . [ T
% parton —
5 " < 015 | Mmeson --- e "
d'n,, [aﬁnq /2)] Vo (p)=2v, (p,/2) : baryon.- .-
o< = pM > e
3 3 q
d'py |dp, vy 5(D) = 3V2,q(pt /3) »
&
g
g
ﬁ” TN o
llo \I o Ooo Oo o
! 0/’ FREEREN 0
O’ ( ll | o 0
00 0 e
00 ¢ . ° ©
© 00 © o 1
o oo o Py 10‘1
o it _
3 10 V. Fries
S0
In the low pt region density is large, most quarks coalesce: N 4100 ~ N quark _§104 \\/v_)
2 2
e~BP (&P I4y? %10.5 h\
In the high pt region fragmentation eventually wins: \510-6
—n —n - -7
2 D L2 IS 19
10°
2 3 4 5 6 7 8 9 10
Py (GeV)
“Side-notes”:
a) more particles produced via coalescence vs parton
fragmentation =» larger mean p... -> D. Molnar, QM2004
b) =>» higher baryon/meson ratio -> Bass, Fries, Mueller. Nonaka; Levai, Ko; ...
c) = lower multiplicity per “participant” -> Eremin, S.V., PRC2005
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Constituent quark scaling

STAR PRL 92(2004)052302 T ' T ' T ' T
— PHENIX
045 n=2 ¢+ PAEVY  n=3 o p+p -
+, |- STAR —+ ST4R
STAR Preliminary (Au+Aux\Syy = 200 GeV; Mid-rapidity) A K +K ® A+A
N | ' | ' | ' | N Ko STAR x = ?STAR
2 4 K * A+ A )bb' | 0.1 S
0 S 2 c
= 03— — =
) Hydro calculations N 4
E ’ > Rl + + + \
E ----- LR 0.05 . °§i?‘ f
m ......... "‘-;:_‘r,;-' P | . | ° ]
o 02— i ¢ Q‘ i
> A 4
o) oul¥
2 o1 - 0 cé
= . 0___5 _________________________________________________________________ —
8 | . 1 . | . |
e i 0 1 2 3
< 00""—'4----. ----------- Lo e A p T Transverse Momentum p/n (GeV/c)
Transverse Momentum p; (GeV/c) , | R
(4 K3 OA+A | I
34 1] ‘
i L
; . W 44
- Constituent quark scaling holds very well. °r @sozon 1T by530% T ---('03-5-59"'-" 7
Deviations are where expected. o 1sf A ﬂE ' A -
- Elliptic flow saturates at pt ~ 1 GeV, just at = b %éhmu:mm_¢ ________ 1| E,L::_%l ________ Iﬁ%ﬁj ___________ -
constituent quark scale. An accident? 0 s + 7 K2 (n=2)/A (n=3) + % 1

(1] 1 2 (o) 1 2 o 1 2

Transverse Momentum p./n (GeV/c)

Gas of free(?) constituent quarks — deconfinement !
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Number of constituent quark scaling

IllllllllllllllllllllllIIIIIIIIIIIIIIIIIIII
. (a) o 41 (PHENIX) < p+p (PHENIX) (b).
0.1 m K*+K (PHENIX) © A+A (STAR)
B k9 jeTAR) Oz = eTAR ]
N
: 200 GeV Au+Au M.B. collisions
o @ 0.3 STAR Preliminary
- o, -
- o;;{#: Q
;\, en® E
@®!
0.05+ .§ E 0.2
i ®
@
o
- om > "
i .. 8- 0.1 gt Constituent quark number scaling strongly suggests
- @ = Ig that the matter is in deconfined state.
l | 1 I 11 I
065 8
Pr/n,('c 0
g
FIG. 3 (c‘olo‘r on!ipe). 0 1 2 3 4 5 0 1 2 3 4
KE, /nq for identified
Au + Au collisions. T Transverse Momentum p-r (GeVic)
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interplay with radial flow

page 40

Dubnav School, August 29, 2010

S.A. Voloshin

WAYNE STATE
UNIVERSITY



Directed flow “wiggle” in cascade models

Snellings, Poskanzer, S.V., nucl-ex/9904003

| T T T T I T T T T I I T T T T |

Snellings, Sorge, S.V., F. Wang, Nu Xu, PRL 84 (2000) 2803

————
" (a) nucleons T (b) pions
L@ [®pions | ] y
L E * H
— 2F 4 I i : \x/ A\—
al tio¢ . ° Z ‘—U
3 T e e
(o 0 - .+ 1 g P 2% o
5 4 K *es % .
S i
R i ¢4> + o
= + + o ¢ +
< 2+ & + —+ + .
-- + 1 o Baryon stopping
rapidity
4+ * :l . ° . 6—) A
| T T ' ; PR T I1| | I T ; MR R | - X
-5 0 5 5 0 5 g Radial flow
Rapidity o
FIG. 2. RQMD calculations of v; (filled circles) and s; X > (xp,)>0
(open circles) for nucleons (left panel) and pions (right panel).
The wiggle is pronounced only at high energies = .
wiggle
rapidity
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Directed flow

—_— LU I LU UL I T
SN 0% + 60% E
N BF o or 0 G. Wang (STAR), QM2006
4 = — —
2F 3 S
o : = 1=
- A N > L ‘
-2F e H 0.5
4F- CJAMPT: 200 GeV:Au+Au E O
- — AMPT: 200 GeV:Cu+Cu W/ E u
B — AMPT: 62.4 GeV Au+Au 3/ 3 O
-8 AMPT 62 4 GeV Cu+Cu | T -
R R R R R N R R : 0.5
A
Not quantitatively explained by any model (even close)! -
Error-bars at the level of < 10-3! 1.5 -1

AuAu and CuCu are very similar at the same centrality!

(Magenta curves are polynomial fits to guide the eye)

« 200 GeV Au+Au;
= 200 GeV Cu+Cu;
> 62.4 GeV Au+Ad
o 62.4 GeV Cu+Cu

o
"
o
v
f
'
f
'
'
'
'IIIIIIII|IIII|III

-0.5

0.5

High accuracy of these measurements achieved by
- using STAR ZDC-SMD (“spectator neutrons”)
- 3 —particle correlations (mixed harmonics)

3 particle correlations measure the difference

in correlations projected into the reaction plane and
out-of-plane directions making use of strong elliptic
flow to define the plane..

(cos(¢pa + 05 — 2WRp))

= (cos(dy — Y Rp) cos(dp —

\I/Rp) — \.111(

— Ugrp)sin(é, — Ygrp))

~ Ul,aUlp
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Interplay of radial and anisotropic (directed) flow

B S.V,, PRC 55 (1997) 1630
r
High LS o S Solid lines: non-relativistic case
produced mostly in the red
region; low pt particles — in 0.5
the blue region < 1.8.=0
0.4 -

2.48,=0.35
0.3 :_ 3,@r=055

\ 0.2 F »

‘ oa b A

V (p ) ~ pt_ﬁx - mﬁr Il(ﬂrpz / T) s
Ny p, 1,(B.p,/T) IR S

p (GeV/c)

ﬁx & 01 T 8 120 Mev (ﬁthermal ~ 05)

Interplay of three velocities:

1) Thermal velocity

2) Radial expansion mean velocity

3) Anisotropic (modulation in radial expansion)

Note! Similar formalism can be achieved with totally
different interpretation (not requiring thermalization),
where the role of

Temperature plays mean pt change due to scattering
Radial flow velocity — mean radial component of particle
velocity

Anisotropic flow velocity — the modulation in the above

The effect is larger for larger mass

S.A. Voloshin WAYNE STATE
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Fitting the real data

IIIIIIIII

Centrality 3

IIIIIIIII

o b b

Centrality 4

IR NN RN

S.V and E877, Nucl Phys. A638, 455¢ (1998)

Directed flow of protons in Au+Au collisions
atE_,=11.4GeV, 26<y<28

Vl(pt)z

ptﬂx
2L

1 mp, 1,(B.p,/T)
p, L,(B,p,/T)

-0.
0 0.5 1 0 0.5 1 _ *_
pt (GeV/c) T—110MeV,y—y =0.5
0.3 f,
9 - . :
- Q. N
-® Cent 1 -
0.25Fg Gent 7 0.5}
-A Cent 3 -
0.2Fv Cent 4 0.4F
- el :
0.15F _.__.___*% 0.3 N
] -
0.1F | a4y 0.2 ii
N —A—
0.05F Ay -v—y- 0.1F
0 - L 03 L
2 2.5 2 2.5 3
y Yy
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v,(p;) dependence. Blast wave model

V,(P;) - Houvinen, Kolb, Heinz, Ruuskanen, S.V., PLB 503 (2001) 58

Br

AL EICYIC)
ST Mo, (0K, (8)

o, =(p,/T)sinh(p); B, =(m, /T )cosh(p);
p=p,+p,cos(29,)

) N

V,(P;) - STAR Collaboration, PRL 87 (2001) 182301

@D Elementary source density -

oc [+ 2(5‘) cos(Z2e.)
v
Note:
a) The possibility different interpretation of the parameters (other than “*hydro-like")
b) The possibility of different "realization” of the parameter s,. There is no strict
correspondence between this parameter and the shape of the source at freeze-out.
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Fit to data

Parameters:
T - temperature
Po - radial expansion rapidity >N 0.1 T e e o L L
P> - amplitude of azimuthal - | Blast WaveFits \ PIONS .
variation in expansion rapidity 008 | D space = L0
- p and cor. space ‘ i
0.06 1~ MM* 7 kaons
. - | .
@ Elementary source density - 0 7
- 2
dashed solid - J . -
T (MeV) | 13520 |100:24 ) . R CLCLLCICTTETEPEPEPTe, —
p 0.52i0.02 0.5420.03 -IllIIIIIIIllIIIIIlIIIIIIIIllIIIIIIIllIIIIIlIIIIII-
0 0.0920.02 0O 01 02 03 04 05 06 0.7/ 08 09 1
P, .09 +0.02 |0.04 = 0.01 P, (GeV/c)
S, 0.0 0.04 +0.01
- model fits data well
- shape (s, parameter) agrees with the interferometry
measurements (see below) under assumption that flow
velocity field is normal to the surface
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“Elementary” NN-collision. Inclusive correlation functions.

Inclusive

Jdvp () =)

A
Y O
@0° [y, [dyp, (31, 7,) = n(n=1)
Distribution of “correlated” pairs:
C(y )=,V 3,)— P ()P (1,)
Distribution of “associated” C
particles (2) per “trigger” B(y,,y,)= CO2s)
X particle (1), “Balance function” P (y1)
Correlations are due to local charge(s) conservation, “Probability” to find a R w C(y,Y,)
resonances, fluctuations in number of produced strings, “correlated” pair (ylayz) = ( ) ( )
e.g. number of qg-collisions in const. quark approach PP
- Semi- inclusive (topological) p, — p.”
RCC(O) =~ (0.66 | R(n,m,)j ISR ) #* )
T =0 might use “probability density”
‘B‘E?B correlation functions: P;En) 5 p](cn); e.g. pé") — P;") /n(n—1)
ATt T,
."cﬁfp 02}~ oo°, Production via N, clusters [e.g. independent NN collisions]
° ¢ ©% - to e
1 ! ©°9 1 ! L4o1 ®
St o3ty o [ ot © z.-OJs n {Nc} Y.
“ 0** -02+ *% o ‘“ pl (y):Ncpl (y)D
° fbmf i 1° Sso (Ne) M m o)
o -04 *<n(n—1)>z1 6< > Py (V) =N.py (V) + NN =Dp " (v)p ™ (,)
» T — pva _ NPy G 2) £ NN =D )P 0) = Nep" ()p" () _ RY
At midrapidity, the probability to find a particle is - N> {1}( ) {1}( ) o
about 60% larger if one particle has been already PP G
detected.
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Radial expansion =» 2-part azimuthal correlations

[arXiv:nucl-th/0312065]

All particles produced in the same NN-collision

(qg-string) experience the transverse radial “push” that is
(a) in the same direction (leads to correlations in phi)

(b) the same in magnitude (= correlations in p;)

< T

pp collision

AA collision

< ©
—>

- & AA
> Particle correlations existed in pp — become modified.
2 P - Long range rapidity correlations become narrow
X in phi —“ridge” develops

- .‘ / -> Stronger 2-particle pt correlation in narrow phi bins.
- Narrowing of the charge balance function
( Ap_. = m, sinh Ay%" increase in m; - decrease
in rapidity separation
- Charge correlations become narrow in phi.
Azimuthal Balance function
- stronger in-plane than out-of-plane, etc.

S.A. Voloshin WAYNE STATE
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Radial expansion =» 2-part azimuthal correlations

S.A. TVoloshin / Physics Letters B 032 (2000) 49094 493
[arXiv:nucl-th/0312065]
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Fiz. 3. (Color online ) Tawwo pion Ad dizmibution as function of ::pf ymtheblast  Fiz. 4 The averaze values of cos{ Ag) and coz(2A¢) for the dismibution shown
wave model. Linear velocitv profile and 7" = 110 MeV have been azsumed mFiz 3.
ANE : . Figures are shown for particles from the same NN collision.
* .F e e LT I
o R SR S — g S T — Dilution factor to be applied!
= S : - : :
VR m— -.' ......................................... '. ..................................................................
l;_ .............. :' ....................... ....................... ........... PO ........ !!! _ the Iarge Values Of transverse
0.3 m A— SR % S flow, p2> 0.25, would contradict “non-
0 2; : : : : H fIOWH
. ; : | ' estimates in elliptic flow measurements
0_1:_.: ................ ....................... ....................... ........................ ....... . If the momentum conservation effect is approximated
0_5 | | | 5 5 by the first harmonic, the amplitude can be estimated
o | _______________________ | _______________________ | ........................ || ...................... o thelmorentumcT S tagbar Mo, W 5
0 100 200 300 400 ~ 500, 600 from the same NN collision
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PHOBOS’ correlation functions

R(AN,A0)

Figure 1: Inclusive two-
particle correlation function
in (An, A¢) for p+p colli-
sions at /s = 200 GeV [3].

Kor=2.44+0.08 ]

[ p+p 200GeV
3 6=0.66=0.03

I
T

R(AN)

Anm
Figure 2: 1D two-particle Figure 3: Two-particle corre-
pseudorapidity  correlation lation function in (An, Ag¢)
function in An for p+p for the most central 10%

collisions at /s = 200 GeV
together with a fit from a
cluster model [3].

of the Au+Au collisions at
VSvn = 200 GeV.

arX1v:0804.2471v2 [nucl-ex| 25 Apr 2008

F.(An,Ao)
B, (An, A¢)

)

R(an,a0) = (0 -1) (

arXiv:0804.3038v3 [nucl-ex

19 May 2008

1 d*Ng, B
Nirig dAGdAn N

B(An) - [

b(Ao, An)

s(A¢, An) _ a(An)[1 + 2V (An)cos(2A¢)]

(b) Au+Au 0-30%

| . __P'I-Iaﬁ’os.,gfeliminary

T T T
- PHOBOS preliminary
I —®— Au+Au0-10%

1 SLLELLL] PYTHIA v6.325

Momentum Kick Model

] a(An)

< (ZYAM) !
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Fluctuating initial conditions

J. Takahashi er al.,arXiv:0902.4870v1

SA. Voloshin WAYNE STATE
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Correlation function

=
%'g 13.4

Fluctuating IC I

13.2

~—

trigg

=
13

12.8

6 12.6

12.4

12.2%

o

11.6

11.5

‘jlllll

Y

After “flow” subtraction (dashed line on the upper
right plot) 11.4

1.3

d?N
Nyige dA0 dAN

11.2

(=]
'
w
)
N
'
—

0
Ao (rad)

eeooeo
Do aLaNWAOON

Correlations (particle interactions) modify background
(“flow™).
Ignoring such modification produces perfect “Mach” cone

o o

7777
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2-particle p, correlations:<5p,,15p,,2>; op,=p,—{p,)

0.025 — 3
a | "
. - n=0.5
"y 0.02- | _
o B
A4 B
A_0.015—
= -
Qo N
< P
o’ 0.015
< B R,,=0.66
\" B
B @ 20 GeV Au+Au
0.005 - I 130 GeV Au+Au
K. Braune et al, PLB 123 (1983) 467 C A 200 GeV Au+Au
o—llll Illlgllllillllillll L1
0 50 100 150 200 250 300 350
Npart

Figure 2. Comparison of Blast Wave cal-
culations for two different velocity profiles
with preliminary STAR data [7]. Relation
(n(n —1))yy = 1.66(n)% 5 has been used.

Production via N, clusters (N,~N,,./2)

<6pt 1517; 2> DNCO,, <6pt,15pt,2>

N,

4 (N i 1)<> <n(n_1)>NN
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eccentricity fluctuations
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Reaction, “participant”, and event (flow vector) planes

-

\\ \‘
Vi B >
\ ST
v e
Vet \
R \
ol \ 2
LA 1 €
8 | 1 .
% ' Xpp
o !
o !
o ’
>

{ } <(T5 n ”§> < QGry >
o — -~ -~ f— —
— oyl = 2, 2 "\ g2 4+ o2
01' + OU part T + U‘y part

FIG. 3: Definition of cpapt.

FIG. 4: Flow vector distribution in events with fixed

Ver
" Py U = KE
f
. ‘..Ii
Ry
==~ ~ - - : . .’ “l
= i ~.J l, . Xpp
:. Q@ ! ~:~- !
Vo %@ T
. @ p
.... -“’0 x EP
!
i/
/
FIG. 2: The definitions of the E'P coordinate system
A
Q Qy,RP Q
y.PP Q x,PP
° o o
@ ® =] 7
L ¢ :\_Qx PP ) K& part
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Distributions in €, , €

y

2 )
aogc —TJ° ‘)(‘T )
. 7] T L0y
b<2 SZ{:I y} = 0 > ) D) D)
hes A b Z+ 3 par \T2F 5] o
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0 . e T FIG. 1: The definition of the RP and PP coordinate systems.
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Gaussian model of eccentricity fluctuations

Sergei A. Voloshin **, Arthur M. Poskanzer®,

Aihong Tang ©, Gang Wang*® Physics Letters B 659 (2008) 537-541

Fig. 1. The definitions of the RP and PP coordinate systems.

Model assumes Gaussian form for the distributions
in €, and €, (which is a very good approximation
of MC Glauber calculations).

A

Fig. 3. Definition of &pap .

v {2 =(n ) (€7) /(€)= (v,)&, {2}/ (€)

v, 2} <c0s
v, {41 = 2<cos(2((pl (02))> <cos(2((01+(p2 0, - (04))> < >2—<v§>

+G )

0.))=(l)+o-

2 2 ‘
g y — Oy > < 2(;.‘. y

2 2 4 2 2
oy + 05 [ part \Ox + oy

ol

IIIIIIII

In this model it is not possible to separate flow
fluctuations and non-flow effects (this can

be traced to the fact that the Gaussian distribution
has all cumulants higher than rank 2 equal to zero)

=> v,{4} (and higher cumulants, v2{LYZ}, v2{g-dist}) measures “true” elliptic flow
(wrt reaction plane) — exactly what is needed for comparison with theory!

RIe
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Ie-liqher cumulant results, data and UrQMD calculations

[ Vo —e— ,
= Fvofd} o UQMD(2.2) Au+Au s'2=200AGeV
cv‘ 5 ._V2{4} "—9—4 ] Ao 8 -l L] l LI B | l LI B B l LI L I l LI l LELELEL l LI l LI I l-
Yo IV{6) —a— Q\’ - +% * b 3
= 4t ] = T -
g I e ° e = TE . -
o) 3 L © = =2 m n : ' '._. T :
g | 6w ® ¢ 6F B ) =
— 2 I c L4 J : q}s %" :
(] - © - -
5 L% 5 - * -
- 1[® XIANGLEI ZHU, MARCUS BLEICHER, AND HORST STOCKER| C -
8\: @ PHYSICAL REVIEW C 72, 064911 (2005) 4 'I'_ EE. —-:
> 0 . C % -
0 10 20 30 40 50 60 70 3 ;‘k ) * V,{2} 3
% Most Central 2 E_: > h V,{4) =
FIG. 4. (Color online) The integral v, results (v,{2}, v,{4}, and 1 = V2{6} -
v2{6}) from the cumulant method are compared to the exact v, in 3 PHYSICAL REVIEW C 72, 014904 (2005) E
different centrality bins. The pink (gray) points are the corresponding O T T T T Y Y Y
results from the enlarged centrality bins which merge two of the
original bins. 0 10 20 30 40 50 60 70 80
6 ‘, ] °
L UrQMD(2.2) Au+Au s'?=200AGeV ] %o Most Central

g 5t
3 *f o 3 0 o] v2{2}=v2{4}=v2{6}=v2{LYZ}=v2{ZDC-SMD)
":% 3f . ; ® A ]
E2F , * ;
2 .0 * i (et
= 112 e o

Va

PR T ST SR SN [N ST SN ST TN (NN SN TN TN SN NN NN TN ST S N TN SR ST N T SO SO S

0 10 20 30 40 50 60 70
% Most Central

Results from the Lee—Yang zeros method (v2{oco})

Xianglei Zhu!-2?, Marcus Bleicher? and Horst Stocker

J. Phys. G: Nucl. Part. Phys. 32 (2006) 2181
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How it works under simple assumption

Oy2 = %(’02) MC Glauber € participant

82 =2 0pp/Npart  Opp = 0.0145
5etaSub — 05 52 less nonflow

8r

7F

v,) (%)

* V2EP 7 3:— * V2EP_PP _:
H v2RanSub ] E m v2RanSub_PP ;
2:_ v V2Etasub - 2F v V2EtaSub_PP -
A V22 - E A V22_PP ]
1 * \2LYZ 1:_ e V2LYZ PP E
0-lllII'“'I'"'I'"'I""I""I""I“"- 0:llllIIIIlIllllIllllIllllIllllIllllIllll:
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
% Most Central % Most Central
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v,{ZDC-SMD} and eccentricity

[ G. Wang (STAR) QM2005

:IIII|I’I_:BI:':IIII|IIIIIIIII|IIII|IIII|II

5 V,{ZDC-SMD}

|40

60 70 80
% Most Central

IR B N B AN BB A A
0 2 4 6 8 10 12 14 16

_ Au+Au 200 GeV

impact parameter

Note that €,,{4} approaches &, .
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For each method it's own epsilon

If v, < £, then v,{2} < £{2} = ,/(&”)

v, {4} < e{4}, etc.

w " ——=— E_./A=11.8 GeV, Au+Au, E87
\N 0.3 HYDRO (EoS H) —5— E,_,/A=40 GeV, Pb+Pb NA4Y
> - HYDRO (EoS Q) E_,/A=158 GeV, Pb+Pb, NA4
0.25F
0.2
0.15F e
- B4 STAR Prelim..v{FTPCY {2}
0.1 & —e— {S,,;=200 GeV, Au+Au
- —e— \[5,,,=62 GeV, Au+Au
- —e— 5,200 GeV, Cu+Cu
0.05 - —a— 5,762 GeV, Cu+Cu
- STAR Prelim. v,iZDCYr .
o e e e "TP' 200 SeV, Au+Au
0 5 10 15 20 25 30 35
1/S dN _ /dy

Main idea: use proper &n} to

rescale corresponding v,{n}:
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What is so special about v,{EP}?

2-part. methods ZN
>

std. method —
5% low!

¥ Standard vo{EP}

B ScalarProd v2{SP}

¥ EtaSubs v2{EtaSub}
4 RandomSubs v2{RanSub}

multi-part. methods

J

0.6

o v, {2}
0.5 O vy{4}
1 q_Dist

o0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0.4 A A | Laaa gl 309
0 10 20 30 40 50 60 70 0

% Most Central

STAR, J. Adams et al., PRC 72, 014904 (2005)
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PHOBOS Simulations

root-mean-square —

AV

—

o

“O

—r
O
=

]|

o

by
= ¥/

L

S15- %l
" od>100,f, >1 Bg
g == - 17 . %l =90, fbkg 20 ‘Various v distributions and mult(% ]
i o%‘szs,fbkgzo i
0o | | | 015 | | | | |1
PHOBOS+Heinz, PRC 77, 014906 (2008) event plane resolutlon

S.A. Voloshin WAYNE STATE

Dubnav School, August 29, 2010 UNIVERSITY




more complicated case: v{EP}

PHYSICAL REVIEW C 80, 014904 (2009)

Jean-Yves Ollitrault,” Arthur M. Poskanzer.” and Sergei A. Voloshin®

G A AL ERA) ARRS LAARI LAML) RAAM) ARE
T T T I T L} T ] T T L I L leY l/a 7;_
- 0 p{ } — <U > <6k
2.2 o 0 0 < |
© _ Y ., AO 0 N > 5¢
: 2 : 4§ ..\ ',;.. " : 4;_
_% 1.8 :— —: 3‘ * V2EP ‘;
: : S Bl I
1-6 ,_I,_ —_. E Aov22 ]
- . 1t . vz E
- — |1|||||
1.4 : 7 00 10 20 30 40 50 60 70 80
1.2 - - % Most Central
" . _ (cos(¢p — Wp))
1 3 TR
. - R={cos(Ws—¥p)
0-8 : ‘ L e s s | T L . l: qcoslll,qz%coslllk =]_N]X:]:COS¢J
0 0.2 04 0.6 0.8 1 0 o
resolut|on qsinWp = ﬁsm Wy = —szz;simi)j
JT X N\ / o
—y2/2 ——Y
[ R(x) = 5 ¢ Py [10 (7) + I (7)] Xs = UV N
... but it is still not possible to separate the effect of fluctuations
from non-flow.
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Analytic Correction

to flow fluctuations

X =vy VM IO,l = IO,l(X2/2) 0,1 = 10,1(X§/2)

U2{2}2 = <U>2 + 03 vo{subEP}? = (v)? + (1 _ 6 47:1- )2> o2

2y — I 272

and non-flow

va{2}? = (v)" + 6
va{4} = (v)

B = "+ (17 (- ) )

o — Y

vo{subEP}? = (v)2 + (1 e iiil)2> )

(v) =v
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Differences of Measured v, Values

’02{2}2 — ’02{4}2 = 9 + 20’,12)

’U2{2}2_,02{EP}2 — (IO_Il) (X2_X2_|_ i) (5+20.2)
(Lo + I1) * (i — i) °
272
{2 — oy {subEPY? = s (5+207)
2 2 (Io—11) (2 5 247 217 2
_ _ _ _ 9
ornbBPY? PP = (L (1t gt - g ) (4 20
All differences rtional t 2 __ 2
proportional to Otot = 52 + 20v2

Without additional assumptions
can not separate non-flow and fluctuations
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eccentricity in CGC model.
viscous effects
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Initial eccentricity

ADIL, DRESCHER, DUMITRU, HAYASHIGAKI, AND NARA
PHYSICAL REVIEW C 74, 044905 (2006)

0.8
07
06
05
g
03
0.2
0.1

eccentricity

—— Npart sCaling
- N

.o Scaling

KLN (running o)
KLN .

(KLN) (running o.,)
(KLN)'

DHJ Dipole

)T U B
0 50 100 150

L
200

Npan

ol R A
250 300 350 400

FIG. 2. (Color online) Initial spatial eccentricity & at midrapidity
as a function of the number of participants for 200 A GeV Au + Au
collisions from various models. For comparison, we also show initial
conditions where the initial parton density at midrapidity scales with
the transverse density of wounded nucleons (solid line) and of binary

collisions (dotted line) [19].

Tetsufumi Hirano®*, Ulrich Heinz®, Dmitri Kharzeev ¢, Roy Lacey ¢, Yasushi Nara®

Physics Letters B 636 (2006) 200-304

0.8 |
F —cac
0.7 - BGK (x=0.85)
= n (e=1.0)
pan
06 .. nblnarvw' =0.0)
05
w 04F 0 e
03 -
0.2 |
0.1~
0 : 1"':;1" | L L B 1 . .
0 2 4 6 8 10 12 14

b (fm)

. . \ .. . . . l:\‘z—_'2.>
Fig. 1. (Color online.) Initial spatial eccentricity & = Tl
(y=

at midrapidity as

X
a function of impact parameter b, for 200 A GeV Au + Au collisions with CGC
(solid red) and BGK (dashed blue) initial conditions. For comparison we also
show mitial conditions where the initial parton density at nmidrapidity scales
with the transverse density of wounded nucleons (dotted green) and of binary
collisions (dash-dotted black) [20].

50%)

Gluon saturation picture (CGC) leads to a noticeably larger ( ~

initial eccentricity, and consequently larger elliptic flow.
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Ideal Hydro - Viscous hydro

Pasi Huovinen'
arxXiv:0710.4379v 1

Physics Letters B 658 (2008) 270-283

It 1s probably fair to say

that the process of verification and validation of these numeri-

Huichao Song*®, Ulrich Heinz——

103 20 cal codes 1s still ongoing: While different initial conditions and
= . evolution parameters used by the different groups of authors
C 7 render a direct comparison of their results difficult, it seems
> - A unlikely that accounting for these differences will bring the var-f (2003)
b 15 . pan 10us published numerical results in line with each other.
£ : oF Sk |
(™ -1 L _ A an N PP tam A an: . "
2 10 S F N Cu+Cu, b=7 fm
E o0 — _— 0.4 T T T
g - - — ideal hydrd
E >N C 7 " ... viscous hydro (fL_q only) T
Q B - 0.3 = — viscous hydro (full f) —
— 5 '— — v
+4 ~ B . 2 - (a) g
T+, 60 925 - -
10"6 NETE STETE FTRTE AT |+|+|+| H-Io:ll : ] 0.2 TR
0.0 05 1.0 1.5 20 25 30| U } |_ i P i
p, (GeV) B i 0.1 (e ——wE T~
101 15 I - f_.”-&ga ‘§Q \\
- - /: i 5 > \\\ v
— T - . 0 i % i % . |
By - | - e : mn — ™
9 10— 7 | T = L5n/ST, (7)) =2no |
QT E\°\ m - —1, =30/sT, & (t) =2n0""
ng.. ~ ™~ -1 03 I~ " - mn ! ]
Q, _3 a L _ v 1 — T =3NAT, m (1)=0 A 1
; 10 PoF - B .. | palues
© S [ ] b oyt T m the
Q - - i P ';‘_'_'_ - 1 he dif-
f— — . $’/ -
= - - 0.1 [~ _.-,’E:.—-———-,§ ~\ — ropor-
_ w=" N \
0T Ly - e J.
- il | ] | AR A
0 0 1 2 K
0.0 05 1.0 15 20 25 3.0 ¢ : f 3
GeV)
p, (GeV) Py (GeV) Py (O
arXiv:0712.3715vl
Ideal hydro, if tuned to spectra, over predicts elliptic flow!
Including viscosity might improve agreement with data.
WAYNE STATE
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Viscous effects. Eccentricity in CGC model.

D. Teaney. J. Lauret and E. V. Shuryak. Phys. Rev. Lett. 86, 4783 (2001)
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LLHS8 denotes the results obtained for an EoS with latent heat 0.8 Ge V/fm?>.
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DEREK TEANEY

0.2

PHYSICAL REVIEW C 68. 034913 (2003)
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To -

FIG. 3. Elliptic flow v, as a function of pr for different values
of I', /7, . The data points are four-particle cumulant data from the
STAR Collaboration [3]. Only statistical errors are shown. The dif-
ference between the ideal and viscous curves is linearly propor-

Tetsufumi Hirano ®*, Ulrich Heinz®, Dmitri Kharzeev ¢, Roy Lacey ¥, Yasushi Nara®

Physics Letters B 636 (2006) 299-304

0.16 |
E ——— CGC, T 4o, =100MeV
018 K ™y 00 s BGK, T yoo=100MeV
r = CGC, hydro+cascade
G2 F Ry e BGK, hydro+cascade
E 4+ PHOBOS(hit)
0.1 ‘ PHOBOS(track)
>N 0.08 :
0.06
0.04 —7 e
0.02 - gy
0° e :
0 5 0 100 150 200 250 300 350 400

Fig. 2. (Color online.) py-integrated elliptic flow for charged hadrons at midra-
pidity (|n| < 1) from 200 A GeV Au + Au collisions, as a function of the
number Npay of participating nucleons. The thin lines show the prediction from
ideal fluid dynamics with a freeze-out temperature Tyo. = 100 MeV, for CGC
(solid red) and BGK (dashed blue) initial conditions. The thick lines (sohd red
for CGC and dashed blue for BGK initial conditions) show the corresponding
results from the hydro 4 cascade hybrid model. The data are from the PHOBOS
Collaboration [19].

“late viscosity” was simulated by hydro+cascade MC.

The details depend in particular on transverse
coordinate dependence of the saturation scale,
if entropy or energy density is used as a weight,...

Lappi, Venugopalan Phys.Rev.C74:054905,2006
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Viscous hydro calculations vs data
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viscosity Il

Paul Romatschke' and Ulrike Romatschke® PRL 99, 172301 (2007)

0.08F Gum® ideal N For standard (Glauber-type) initial conditions, while data on the integrated elliptic flow
® =e1)/5=0.03 coefficient v, are consistent with a ratio of viscosity over entropy density up to 5/s =0.16, data on
&= o 1/5=0.08 minimum bias v, seem to favor a much smaller viscosity over entropy ratio, below the bound from the

0.06 ® = on/s=0.16 | anti—de Sitter conformal field theory conjecture. Some caveats on this result are discussed.

®  PHOBOS

\'2
o
~

004 -

0.02 o

[ 3]
o

- s deal ]

= == 1)/s=0.03 .

m 1)/s=0.08 e

- s = N/s=0.16 - -
=

5 + STAR

vy (percent)

=
T

”~ . 7
| ” . . " J
. *

n
!
.
|

0 1 1 1 .l?' 1 }
pp[GeV]

FIG. 3 (color online). PHOBOS [41] data on py integrated v,
and STAR [30] data on minimum bias v,, for charged particles
in Au+ Au collisions at /s =200 GeV, compared to our
hydrodynamic model for various viscosity ratios 7/s. Error
bars for PHOBOS data show 90% confidence level systematic
errors, while for STAR only statistical errors are shown.
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