Raimond Snellings
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Content

the QCD phase diagram, the equation of state,
anisotropic flow results RHIC

2) how do we measure flow

exercise: do flow analysis with various methods
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What happens when you heat and compress matter
to very high temperatures and densities?

Quarks and Gluons
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Based on Krishna Rajagopal and Frank Wilczek: Handbook of QCD
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History of the Universe
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Early Universe: degrees of freedom

Rarly Universe

- -

E. Kolb and M. Turner: the early universe

5
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rough estimate: EoS and degrees of

freedom
, , 1 T .
ideal gas Equation of State: p=—e=90—T
3 90
2
£ _ g”_ = energy density of g massless degrees
T* 30 of freedom
& -77_2 = hadronic matter dominated by lightest
T* 30 mesons (TT*, TT", and TT°)

= deconfined matter, quarks and gluons

X 2 x2 . x3

gluons 8 flavors quark/anti-quark spin color

c 7> = during phase transition large increase
p—y in degrees of freedom !

6
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rough estimate: QCD phase
transition temperature

® confinement due to bag pressure B (from the QCD vacuum)
e B'/4~200 MeV

® deconfinement when thermal pressure is larger than bag pressure

1 2
— _e=qg—T*%
P 3~ 790
00 B
T. = 14 =140 MeV
(372 y

crude estimate!

7




QCD on the Latice

o b — Te ~ 170 £ 20 MeV, & ~ 0.6 GeV/fm3
@ €sg
140 1 ( " A
at the critical temperature a
201 ' strong increase in the
10.0 3p/T : degrees of freedom
8.0 |
ol v gluons, quarks & color!
40 F - not an ideal gas!?
F. Karsch, E. Laermann and A. Peikert, PLB
20 T : 478 (2000) 447 . . .
00 | | | | | v residual interactions
| 10 15 20 25 30 35 40 .
. 5 T, at the phase transition dp/de
s .
S 4 decreases rapid|
p = e=qg—1 pidaly
3 90 N o

ga ~ 3 gqap ~ 37

g p—
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The macroscopic quantities of the QGP will give us
better understanding of the underlying microscopic
theory (QCD) in the non-perturbative regime

mass generation in the

mechanism of confinement . .
strong interaction

o« .
“——» -

0.001

100.000 |- Il QCD mass B

Higgs mass
10.000 55 —

1.000 —

mass [GeV]
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so far only a theory view
of the world!

Heaven
(5%

mappa mundi
1452

Asia

Cold . Jerusalem. g
desert! :

Eupe’ T apica

explore experimentally the properties of this

Quark Gluon Plasma
10
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nuclear
collisions

Temperature

early universe

RHIC
Gluon Plasma

critical point

B A hadrons

X .nuclei neutyon stars

-

study phase transition in
controlled lab conditions
by colliding heavy-ions

density

Thursday, February 11, 2010

\_




=16.0 }
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14.0 }
12.0 |
10.0 |
8.0 |
6.0 |
40 }
2.0 }
0.0

QCD on th

eqyT"

3p/”[4

Tc~170 MeV, e ~ 0.6 GeV/fim?3

F. Karsch, E. Laermann and A. Peikert, PLB
478 (2000) 447

1.0

1.5 2.0 2.5 3.0 3.5

4.0
1 2 T/T,
Lo T
3 90
3 gQgp%37
7

e Latice

-

\_

at the critical temperature a
strong increase in the
degrees of freedom

v gluons, quarks & color!
not an ideal gas!

v residual interactions

~

at the phase transition dp/de

decreases rapidly

dp/d€ drives the collective
expansion of the system

2Spin X 8g1uons =+ é X 2flavors X 2ch X 2Spin X 3(:olor
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Collective Motion

only type of transverse flow in central
collision (b=0) is radial flow Integrates
pressure history over complete
expansion phase

elliptic flow (v2) , v4, vs, ... caused by
anisotropic initial overlap region (b > 0)
more weight towards early stage of
expansion

directed flow (vi) , sensitive to earliest
collision stage (b > 0), pre-equilibrium at
forward rapidity, at midrapidity perhaps
different origin

|3
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Collective Motion

xplosi
mrp = \/ (m? + p3) pureslg tg:eennal - light e Sgl?filev e light
u
AN x e~mr/T ‘ %
demT =
£
my My
baryons, K’ anti-baryons, K, ¢
In p-p at IOW transverse %103 T=127 £ 4 MeV T=122+2 MeV .!
momenta the particle £ Br=048:% 0.01 Br= 0482 001
yields are well described & (FANDFLISA3 g, N XNDF- il
by thermal spectra (my P S
=) ‘v .
scaling) 4 \x\\\\r .
10 N, T p( x05) X 1
¢ ™ , : . 0 ’
boosted thermal spectra B S e ]
give a very good ol B TN N2 T
i : oo M Q( x02) T
s = ( x0.01) 3
description of the particle . a¢ 2000 2 x000]
distributions measured in U TR TORTNRT: ST R v:
\heavy_mn collisions ) 0 05 1 15 20 05 1 15 2
| 4 m,-m, (GeV)
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Elliptic Flow

Animation: Mike Lisa

|5
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Elliptic Flow

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>
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Elliptic Flow

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:
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Elliptic Flow

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:
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Elliptic Flow

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:
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Elliptic Flow

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane
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Elliptic Flow

1) superposition of independent p+p: E = 5 5
momenta pointed at random <y _I_ L >

relative to reaction plane

2) evolution as a bulk system
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Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

“zero” pressure
in surrounding vacuum

>
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Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” 2> )

“zero” pressure
in surrounding vacuum

>

|16
Thursday, February 11, 2010




Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” 2> )

“zero” pressure
more, faster particles in surrounding vacuum
seen in-plane

>

|16
Thursday, February 11, 2010




Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

| | |
0 mt/4 7t/2 3n/4 g
¢-Wrp (rad)
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Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

Thursday, February 11, 2010

vy = (cos2(¢p—VgR)) =0
| | |
mt/4 7t/2 3rt/4 Y
¢-Wgp (rad)



Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

vy = (cos2(¢p —VR)) =0

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” > “flow”

e

more, faster particles
seen in-plane

Thursday, February 11, 2010

|
mt/4

|
7t/2

|
3n/4 e
¢-Wrp (rad)



Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” > “flow”

e

Normalized Counts

more, faster particles
seen in-plane

Thursday, February 11, 2010

N| vo ={(cos2(¢p—Vg)) =0

| | |
0 /4 t/2 3n/4 g
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Flow at RHIC

Aoqi Feng

STAR Phys. Rev. Lett. 86, 402-407 (2001)

r

-

ideal hydro gets the magnitude for more central collisions

hadron transport calculations are factors 2-3 off

|18
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boosted thermal spectra

the observed
particles are
characterized by a
single freeze-out
temperature and a
common azimuthal
dependent boost
velocity

Thursday, February 11, 2010

centrality: 0-80%
T+ IT

K

o
*

A

v

T =100 MeV, 3, = 0.54¢, ,= 0.04c and s, = 0.04

Common freeze-out curves

O 02 04 06 08 1 12 14 16 18 2

p, [GeV/c]

Fits from STAR Phys. Rev. Lett. 87, 182301 (2001)
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The EoS

centrality: 0-80%

o T+ 1T T =100 MeV, f, = 0.54c, f,= 0.04c and s, = 0.04

Hydro curves Huovinen
— EOS with phase transition
--=-= Hadron gas EOS

Common freeze-out curves

®tt+ T
Ap+p

/ 8
b KN
p .
et
J
w
W
R
e

0 02 04 06 08 1 12 14 16 18 2
p, [GeV/c]

00 0102030405060708001

p; [GeV/c]

STAR Phys. Rev. Lett. 87, 182301 (2001)

[The species dependence is sensitive to the EoS ]

20
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New state of matter more remarkable than predicted --

raising many new questions
April 18, 2005

Hunting the Quark Gluon Plasma

ResULTS FROM THE FIRST 3 YEARS AT RHIC

BROOKHAVEN
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New state of matter more remarkable than predicted --
raising many new questions
April 18, 2005

Early Universe Went With the Flow New State of Matter Is 'Nearly Perfect' Liquid

Y005 557 EM
Physicists working at Brookhaven National
Between 2000 and 2003 the lab’s Relativistic Heavy lon Collider Laboratory announced today that they have
repeatedly smashed the nuclel of gold atoms together with such force  craqtad what appears to be a new state of matter
that their energy briefly generated trillion-degree temperatures
Physicists think of the collider as a time machine, because those
extreme temperature conditions last prevalled In the universe less than

100 millionths of a second after the big bang.

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
big bang--today in Florida at a meeting of the
Universe May Have Bagun as Liquid, Not Gas American Physical Society ﬁ:lm

There are four collaborations, dubbed BRAHMS
: PHENIX, PHOBOS and STAR. working at
e ane @he Washington Post - _
, 200%; Pags ADS b h g ” Brookhaven's Relativistic Heavy lon Collider s
(RHIC). All of them study what happens when two mage: BNL
interacting beams of gold ions smash into one
New results from a IfZ'JLJC collider suggest thar the varverse behaved like 3 another at great velocities, resulting in thousands of subatomic collisions every second. When
.ti]llw. 1118 cacliest moments. aot the Iic.f gast thar was thou _b[ te have the researchers analyzed the patterns of the atoms' trajectones after these collisions, they
vaded (he fit Y i< of o1 found that the particles produced in the collisions tended to move collectively, much like a
prervaced the Brst e o omds of exislence school of fish does. Brookhaven's associate laboratory director for high energy and nuclear
physics, Sam Aronson, remarks that “the degree of collective nteraction, rapid thermalization

Ea l'l)' I niverse was a llflllld and extremely low viscosity of the matter being formed at RHIC make this the most nearly
perfect liqued ever observed.”

Early Universe was 'liquid-like’

Asaociatad Press
onl 19

Tuesday, A

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

' i _—1 together the nuclel of gold
atoms. IB|B|C LSS

The high-energy collisions
| he Unrverse consisted of a i per tc-r L1¢ q: id 1n its first momenss, ace 31’.‘!1‘12 0 prised open the nuclel to
reveal their most basic
particles, known as quarks and

gluons,

results from an atom-smashing expenment

Scientists atr the Relativistic Heavy Ton Collider (RHIC) at Brookhaven National

Laboratory on Long Tsland, New York, have spent five years searching for the ;:‘;‘OT,S;_:f\r’.‘:;z;of;t]"" Vs

quark-gluon plasma that 1s thouglt to bave filled our Umverse i the first Laboratory, say these particles A

mucroseconds of its exastence. Most of themn are now convinced they have found T 1) S PTIEs  P

it. Bul, strangely. 1t seewns 10 be a hiquad rather than the expected l.t.. gas. The work Is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang

Thursday, February 11, 2010



| PANSPERMIA:
Mcaor::znugf,ts A test of this prediction comes from

the Relativistic Heavy lon Collider

) r i ' (RHIC) at Brookhaven National
NDREsE 2008 s498 Laboratory, which has been colliding
s R - gold nuclei at very high energies. A

preliminary analysis of these

' , . experiments indicates the collisions
. NT are creating a fluid with very low
ILL 1N\ viscosity. Even though Son and his

co-workers studied a simplified
version of chromodynamics, they
seem to have come up with a
property that is shared by the real
world. Does this mean that RHIC is
creating small five-dimensional black
holes? It is really too early to tell,
both experimentally and theoretically.

" The First Drug fwm’
| mn@mlc Animals

3
- Nanc \\’\, eresand'

. “}‘"_.;' the L,L._L_}(_g\ \ wﬂ"! |

. A

B i
November, 2005 Scientific American “The lllusion of Gravity” J. Maldacena

23
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highlights at RHIC

E Vl D E N C E F 0 R A D E N S E L | 0 U | D M. Roirdan and W. Zajc, Scientific American 34A May (2006)

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

Jetof particles
JET QUENCHING // ELLIPTIC FLOW Fragment of
4555 .4 gold nucleus
Inacollision of protons, hard Off-center collisions
scattering of two quarks produces . between gold nuclei
back-to-backjets of particles. e produce an elliptical
| region of quark-
_ o gluon medium.
30, @&
. Proton
Quark — _ Elliptical quark-
1 gluon medium
‘i/ / 20
» ’. K By .. . e -
00000 &
= o e ’.:0‘.: The pressure gradients
In the dense quark- s .°. ..°. se e ® — in the elliptical region
gluon medium, thejets "o o g .0." ~ ~® — | causeittoexplode
are quenched, like ®se 2000 ~a. | outward,mostiyin
208 g the plane ofthe

bulletsfiredintowater, o " " " o & o.‘ Rl
and on average only * » » ® o ®—0Quark-gluon collision (arrows).
single jets emerge. » medium

24
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v = (cos2(¢p — YUR))

R.S, A.M. Poskanzer, S.A.Voloshin,
nucl-ex/9904003

Thursday, February 11, 2010

energy loss

=—a Hydro+GLV quench., szdy=1000
®—® Hydro+GLV quench., dN/dy=500
¢—+ Hydro+GLV quench., dNidy=200

M. Gyulassy, I. Vitev and X.N. Wang
PRL 86 (2001) 2537

25



parton energy loss

o

&
g
2

*
*

centrality: 20 - 60%
AuAu 200 GeV

Vo = <COS ) (¢ — R)> Yuting Bai, Nikhef PhD thesis

[strong path length dependence observed!j

26
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Summary

® cvent anisotropy is a powerful tool

® provides access to equation of state of hot and
dense matter

® provides access to transport properties like
viscosity and parton energy loss

27
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Anisotropic Flow

Azimuthal distributions of particles measured
with respect to the reaction plane (spanned

by impact parameter vector and beam axis)
are not isotropic.

d°N 1 d°N
d*p  2m prdprdy

1+ i 2v,cos (n (¢ —WVrp))
n=1

vp = (cosn(@—Frp)) vn= <em<¢1—‘1’R>>

harmonics vn quantify anisotropic flow

S.Voloshin and Y. Zhang (1996)
28
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measure anisotropic flow

® since reaction plane cannot be measured event-by-event,
consider quantities which do not depend on it’'s orientation:
multi-particle azimuthal correlations

<6¢n(¢1—¢2)> _ <€i7;q51> <6—i?;¢2> 1 <€m(¢1_¢2)>

zero for symmetric detector when averaged over many events

e <<ei”(¢1—¢2)>> _ <<ein(¢1—‘PRp—(¢z—‘PRp))>>
<< ein(¢1—pr)> <e—in(¢2—TRp) >>

(va)

® assuming that only correlations with the reaction plane are
present

COrr

29
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Intermezzo

® why do we define the
correlations like this:

< <$> particles in single event >
over events

® casy to relate to vy << o (91—02) >>
° vani§hes for independent <<ein(¢1+¢z—¢3—¢4) >>
particles

® does not depend on frame
® + & (shifting all particles
by fixed angle) gives same
answer for the correlation

30
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nonflow

® however, there are other sources of correlations between
the particles which are not related to the reaction plane
which break the factorization, lets call those 03 for two
particle correlations

<<ein(¢1—¢2) >> _ <V,%> + &

vy
!

—
v

v v
v2>0,v2{2} >0 v2=0,v2{2} =0 wv,=0,

Thursday, February 11, 2010



nonflow
<<ein(¢1—¢2) >> _ <V}%> + &

particle | coming from the resonance. Out of
remaining M-| particles there is only one which is
coming from the same resonance, particle 2.
Hence a probability that out of M particles we will
select two coming from the same resonance is ~
|/(M-1). From this we can draw a conclusion that

for large multiplicity: 52 ~ I/M

® therefore to reliably measure flow:
> 1M = v,>>1/MY?
® not easily satisfied: M=200 v, >> 0.07

32
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can we do better!

® use the fact that flow is a correlation between all
particles: use multi-particle correlations

<< o (91—¢2) >> v,% + &

<< o P1+02—03—¢4) >> — Vfl 4 4\,%52 4 2522 +O4

® not so clear if we gained something

33
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Can we do better?

® build cumulants with the multi-particle correlations
Ollitrault and Borghini

® for detectors with uniform acceptance 2" and 4
cumulant are given by:

{2} = <<ein<¢1—¢2>>> _ 245,

cn{4} <<ein(¢1+¢2—¢3—¢4) >> _n << o (91—02) >>2

vi —|—4v,%52 + 2522 — 2(\/,21 + 52)2 +04
—Vfl +04

® got rid of two particle non-flow correlations!

34
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Yes, We Can!

Can we do better?

Particle | coming from the mini-jet. To select particle 2 we can

P3x A P4 ) . : : :
make a choice out of remaining M-I particles; once particle 2 is
P2 : - .
selected we can select particle 3 out of remaining M-2 particles
> and finally we can select particle 4 out of remaining M-3
|

particles. Hence the probability that we will select randomly
four particles coming from the same resonance is |/(M-1)(M-2)
(M-3). From this we can draw a conclusion that for large

multiplicity: 52 N 1/M, 54 N 1/M3
® therefore to reliably measure flow:

> 1/M = v,>>1/MY?
vis M o= v 1 /M

35
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Yes, We Can!

Can we do better?

® it is possible to extend this:
2k—1

vEsS 1 /M sy, > 1/ M

® for large k (or even M particle correlations e.g. Lee Yang

Zeroes)
v > 1/M

® as an example: M=200 v, >> 0.005 (more than order of
magnitude better than two particle correlations)

® to reliably measure small flow in presence of other
correlations one needs to use multi-particle correlations!

36
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Calculate Correlations

(using nested loops)

To evaluate average 2-particle correlation

on(91—92) \ _ o(Pi—¢;)
()=t ¢

-y
(i#])

(2)

1 M
21 (M—2)!

® With M=1000, this approach already for 4-particle correlations gives 1.2 x 10'? operations
per event!

In a nested loop # operations

® calculation of average 6-particle correlation requires roughly 1.4 x 107 operations, and of
average 8-particle correlation roughly 8.4 x 10%' operations per event

® clearly not the way to go

37
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Calculate Correlations

(using Q-cumulants)
A. Bilandzic, RS, S.Voloshin (2010?)

azimuthal two particle correlations*

<2>_< in(91- > () Ze n(9i—0;)

2
(i#7)

definition of Q vector of harmonic n
M .
On = Z "
i=1
can write two particle correlation in

terms of Q vector of harmonic n

L ’inz_
(2= M(M —1)

38
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Calculate Correlations

(using Q-cumulants)

two particle correlations can be
expressed in Q vectors

2y = 1@l =

but also four particle correlations (and more)

(/(/nOte the mixed harmonics
Qul' + 1Qonl” T2 Re [@:n0;0;] — 4(M = 2) - |Q, ]

4) = M(M —1)(M —2)(M — 3)
2

(M —1)(M —2)

with this it becomes trivial to make cumulants again

39
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Calculate Correlations

(using Q-cumulants)

® pros Q-cumulants

® exact solutions, give same answer as nested loops

® one loop over data enough to calculate all multi-
particle correlations

® number of operations to get all multi-particle
correlations up to 8% order is 4 x 2 x Multiplicity

® for multiplicities of ~ 1000 the number of
operations is reduced by a factor 10'® (helps to
get your PhD degree in time)

40
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nonflow example

Example: input v = 0.05, M =500, N =5 x 10%4 and simulate nonflow by taking each particle twice

|74 4 v v, |4 4 v, 74 /4 8 4 8 v, R, 74 4 4
2{Mc} 2{SP} (2 GF&; 2 ch{‘l, Gpéﬁi ch'{e, Gpé*;s, ch{ ,Gpég :Qci{ QDf{L Yz’ é’:: fn );2’ f)iég}zEp}

as expected only two particle methods are biased

4]
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Flow Fluctuations

Both two and multi-particle correlations have an
extra feature one has to keep in mind!

® By using multi-particle correlations to estimate flow we are
actually estimating the averages of various powers of flow

(V= {(6)) = (v°
Vs (8) = ()

((2))
4

® But what we are after is: <v>

42




Flow Fluctuations

® in general: take a random variable x with mean My and

spread Ox. 'he the expectation value of some function of a

random variable x, E[h(x)], is to leading order given by
2

(h(x)) = E[R(x)] = () + 2" " (1)

® using this for the flow results:
<V2> _ <V>2—— (72
() = ) +607(v)*
<v6> = (1°+1502
Wy = (142807
® remember cumulants are combinations of these quantities

43
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Flow Fluctuations

® flow estimates from cumulants can be written as:
{2} = <v2>1/2
ah = (= (H+207))
w6} = % (<v6>—9<v2><v4>+12<v2>3)}
1
fsh = |5 (F) =161 (?) — 18 ()"
1aa () () —144(2) ] ]
® take the expression from previous slide and use:
o, < (V)

® take up to order G? the surprisingly simple result is:

1/4

1/6

44
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Flow Fluctuations

2} = 0y
= -y
e = -y
" = -y

® for O, << <v> this is a general result to order 0%

45




Flow Fluctuations

Example: input v2 = 0.05 +/- 0.02 (Gausian), M =500, N=1 x 106

I I I I I I I I

Vall VitSpy, %2 an %0204 2l 0 204 0n. 206 an 2060 208 0n 2080~ 20FON. UL
2tMey  21Spy 2 ’GFC}? Qcy * 'GFC}" Qcy ° 'GFC}2 Qcy ? ’GFC}? 'Qcy 21" Qo * yz's""’}

Gaussian fluctuation behave as predicted also for Lee Yang
Zeroes and fitting Q distribution (more on that later)

46
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Statistical Uncertainty

Therminator “realistic” LHC events (<M>=2000 and N = 2000 )

v,{2,QC} v,{4,QC} v,{6,QC}

in the regime of sizable flow these multi particle
estimates are a precision method!
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Precision Method

Average Multiplicity
and
Number of Events:

M= 2164, N= 1728

M=2164, N = 1728

GFC{2}.... M= 2164, N = 1728

GFC{4)}.... M= 2164, N= 1728

QC{2} ..... M = 2164, N = 1728

QC{4} ..... M = 2164, N = 1728

LYZ{sum} .. M = 2164, N = 172

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

LYZ{prod} . M = 2164, N = 172

| I — I L1 1 I L1 1 | I L1 1 | I L1 1 I L1 1 | I |

1 2 3 4 5 6
p, [GeV]

only 2000 events!
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Precision Method

0.1

0.09 ;

0.087%

0.07

I I I .

0.06

-

lll|ll|IllIllIlllllllllllllllllllllllll

-1

-08 06 -04 -02 O 0.2 04 06 0.3

only 2000 events!
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Average Multiplicity
and
Number of Events:

M= 2164, N = 1728

M=2164, N = 1728

GFC{2}.... M= 2164, N= 1728

GFC{4)}.... M= 2164, N= 1728

QC{2} ..... M = 2164, N = 1728

QC{4} ..... M = 2164, N = 1728

LYZ{sum} ..M = 2164, N= 172

LYZ{prod} . M = 2164, N = 172




Summary Methods

® all methods behave differently (not a bad thing!)

® two particle methods (including event plane method) are very
sensitive to nonflow

® all methods are effected by event-by-event fluctuations of the
flow

® but for most cases this happens in a controlled way (although
we can not disentangle nonflow and fluctuations yet)

® being able to correct for detector effects is important and the
best correction is done in one pass over the data

® when other harmonics are sizable (certainly when they
dominate) one should be careful with some methods
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Elliptic
® strong elliptic flow

® constituent quark
degrees of freedom

® |arge energy loss

2

Y + Run-4

PH ENIX PRELIMINARY

minimum-bias

Heavy Flavor Electron v

P, [.GeV."c]

Flow at RHIC

Hydro curves Huovinen
= EOS with phase transition
--- Hadron gas EOS

®tt+ 1T
Ap+p

0 0.1020304050.6070809 1
p, [GeV/c]

® 7"+ (PHENIX) < p+p (PHENIX)
m K*+K" (PHENIX) O A+A (STAR)
K (STAR) 0 =+E (STAR)

l

centrality: 20 - 60% A V,{EP} ‘

ov,{2}
AuAu 200 GeV * V214r

. 1 1.5 2 0 0.5 1 1.5 2
pT/nq (GeV/c) KE;/n, (GeV)

+ all measurements which have flow as background
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Conclusions

* Anisotropic flow measurements have provided us with better
knowledge of the properties of the created hot and dense system

Measurements are fairly well under control and various methods
are also rather well understood

e uncertainties of ~ 10%

e At the LHC we expect to see a very rich program of correlations
versus the reaction plane
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