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Flow (as any other analysis)

Start with formulating the goals,
including needed “precision”

Make clear, unambiguous definitions

Determine limitations
and uncertainties

Do not “invent” new terminology,
unless really needed.
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' Flow, nonflow, and flow fluctuations

Sergei A. Voloshin V‘L/JAQR‘,EE%,'}TYE

Flow (as any other analysis) Flow:

Start with formulating the goals, - Definitions, and first measurements

including needed “precision” - Centrality/energy dependence, and ideal fluid

Make clear, unambiguous definitions - Constituent Quark Scaling, and deconfinement

Determine limitations - Nonflow and flow fluctuations, and “ridge”, initial geometry
and uncertainties - Participants/flow planes.

Do not “invent” new terminology, - Flow correlations and decorrelations

unless really needed. - Linear and nonlinear flow modes
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Anisotropic flow picture: © UrQMD

Anisotropic flow =correlations
with respect to the reaction plane,
system response to azimuthally
asymmetric initial conditions

Term “flow” does not mean necessarily
“hydro” flow — used only to emphasize *

the collective behavior
€= multiparticle azimuthal correlation. i
: X
— = V., COS|n —
d’p  2zprdp,dy ~ -

Vv,(pr,y) = (cos[n(¢; — Yrp)])

XZ - the reaction plane I

Advantag es. Flow study in relativistic nuclear collisions by Fourier expansion of Azimuthal
_ _ ] _ ] _ particle distributions |
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In-plane elliptic flow

Anisotropy as a signature of transverse collective flow
Jean-Yves Ollitrault (Saclay) (Mar 20, 1992)
Published in: Phys.Rev.D 46 (1992) 229-245

¢’ DOI = cite

[[d reference search

5) 1,401 citations

Hydrodynamics: stronger in-plane expansion

of the system

Sij = (p; Pj>§ L] =X,y 2d sphericity
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FIG. 3. Spatial anisotropy for various colliding systems. a;,
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 lne:
sulfur-tungsten collision (N == 121).

curves.
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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 Ty =150 MeV and the initial time ¢, =fm/c for the three

In “v ” language: v, > ()

Transverse Plane
({y’-x7)

€

C(yt+x?)

The term “elliptic flow” came later<
about 1995
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Flow vectors, measurements Ideal world:
e e e e mememermeermeneeeemee | N0 Other correlations besides flow,
v, = const

Ed3n B 1 d*n
d*p  2zprdp,dy

1+ ) 2v,cos[n(gh — Wgp)]

Event plane method

obs
Vv
v,(pr, y) = (cos[n(¢p; — Prp)]) v (pr,y) = (cos[n(¢; —)]), o g’% .
n
Sn = (cos|n(F, — Pre)]),
n-th harmonic Flow vector
Fnsuo =\ (cosln(2 — D)),
O3\ w;cos(n@;) = Q, cos(n'¥
4\ ; | ( ¢l) L ( n)’ X ="Vn \/M Kl = %(\/iXSub)
Ony = Y wisin(ng;) = Q,sin(n'),
l
2-particle correlations /:;
o
et D 0.
(cos[n(ph; — P)]) = v, e
>0
Methods for analyzing anisotropic flow in relativistic nuclear collisions =
Arthur M. Poskanzer (LBL, Berkeley), S.A. Voloshin (Heidelberg U.) (May, 1998) EI 0
Published in: Phys.Rev.C 58 (1998) 1671-1678 « e-Print: nucl-ex/9805001 [nucl-ex] 8 '
pdf > DOI [= cite [[d reference search 5) 1,415 citations 3 0_2-
Concise summary of the methods (published previously)
Notations: v {method}, e.g. v {2}, v {4}, v {EP |
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“Differential flow”. First observation of v, > 0

E877, PRC 55 (1997) 1420

Distribution of hits in the silicon pad detector wrt the first order 0.05 I (2) TCal E: 5-9 GeV c;_f
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Low density and “hydro” limits

The physics of the centrality dependence of elliptic flow

Low density limit

E b
S.A. Voloshin *°, A.M. Poskanzer *
* Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 1 d N
c Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA Y, X £
Received 30 September 1999; received in revised form 13 December 1999; accepted 29 December 1999 2 2

Editor: J.-P. Blaizot S dy
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Fig. 3. Elliptic flow divided by the initial space elliptic anisotropy
at the AGS (open circles) and the SPS (filled squares). The shaded
area shows the uncertainty in the SPS experimental data due to the
uncertainty in the centrality determination. See text and footnote
for the description of the curves and hydro limits.
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First observation of flow at RHIC

2-particle azimuthal correlations

| 2. — 2 > —~ 2 h2
N <COS( b, q)J NV, ([Nent = 1736
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Results from data taken during the first
three hours of RHIC operation
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Elliptic flow centrality/energy dependence

&’N i .
- ion 2ads
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 hadrons
- partons
0.1 B
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Fig. 3. Elliptic flow divided by the initial space elliptic anisotropy
at the AGS (open circles) and the SPS (filled squares). The shaded
area shows the uncertainty in the SPS experimental data due to the
uncertainty in the centrality determination. See text and footnote
for the description of the curves and hydro limits.
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FIG. 25. (Color online) v, /€ as a function of particle density. The v, values are for near midrapidity (0<<y<<0.6 for 40A GeV and 0
<y<0.8 for 158A GeV). The results of NA49 pion v, are compared to charged particle v, measured by E877 and STAR. The meaning of

the horizontal lines (hydro limits) and of the arrow will be discussed in Sec. VI.
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QGP - Gas or Liquid?

ELLIPTIC FLOW Fragment of

. gold nucleus
Off-centercollisions

between gold nuclei

produce an elliptical ‘
region of quark- , )
gluon medium. - - - : -‘-t A

Elliptical quark-
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“The physical picture emerging from the four
(RHIC) experiments is consistent and
surprising. The quarks and gluons indeed
break out of confinement and behave

The pressure gradients Collectively, If onIy fleetingly. But this hot

in the elliptical region _ melange acts like a liquid, not the ideal gas

gz‘t’:z:;“r’:o"s"t'l‘;"if‘ | theorists had anticipated.”
the plane of the | M. Riordan, W. Zajc, Sci. Am., May 20006,

collision [arrows). - 34-41.

LHC: Increase in elliptic flow ~30%,
in agreement with hydrodynamics

CERN Press release, November 26, 2010:

‘confirms that the much hotter plasma
produced at the LHC behaves as a
very low viscosity liquid (a perfect fluid)..’
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QGP - The Perfect fluid

Universe Ma‘Have; Bﬁegu.n as Licjuid, *ch>t Gas

Associated Press ch wmmgum M

Tuesday, April 19, 2005; Page A05

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

peva Early Universe was a liquid

| N‘tﬂae oéttr - 'Nealy eect‘ 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
big bang--today in Florida at a meeting of the

American Physical Society. SCIENTIFIC

Quark-gluon blob surprises particle physicists.

by Mark Peplow
news@nature.com

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

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. BBNEWS

The high-energy collisions
prised open the nuclei to

reveal their most basic . e , ‘
particles, known as quarks and : A THE EARLIEST

gluons. UNIVERSE

The researchers{ at the US The impression is of matter that is
Brookhaven National more strongly interacting than
Laboratory, say these particles predicted

were seen to behave as an almost perfect "liquid”

‘ocience

SCI ENTI FI C &% asahi.com b » 7 > th2 > £ Ol - (5

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 Image: BNL
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 patterns of tha atam octorioc affor thoco collicione tha
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Early Universe Went With the Flow

Posted April 18, 2005 5:57PM

Between 2000 and 2003 the lab's Relativistic Heavy lon Collider

that their energy briefly generated trillion-degree temperatures.
Physicists think of the collider as a time machine, because those

repeatedly smashed the nuclei of gold atoms together with such force nuclear physics at energy briefly generated bound into the protons "The matter that wa've to objects try But theQﬂSt natu r( '

experiments atthe = ' i

ly Universe Liquid-Like ESSGER

) Aronson, associate gzold atoms together with ons, which are now directions so much as affects a fluifCRRENVA(S 688
ctor for high energy such force that their almost mextricably  squirt out in streams. flow and th

okhaven  National million-degree tempera- and neutrons 1nside formed behaves like a  through it
oratory, which 15 tures. Physicists think of atomic nuclel, were very nearly perfect lig- high viscos
ted on Long Island the collider as a time thought to have flown wid,” Aronson said. viscosity 13

expeﬁmenta|8ts are
still argiiing about

U

it 65 miles east of machine, because those around like BB: mm a  When physicists talk fect hiquidh - gy .
extreme temperature conditions last prevailed in the universe less than | Yok city. extreme  temperature blender. about a perfect liquid, ity atall wh What m| it. Geoff
. I . tween 2000 and conditions last prevailed But by reproducing the they don't mean the best sible mn reali <J 8 :
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ptivistic Heavy Ion 100 m:llionths of 2 sec- wuniverse, RHIC has ever tasted. The word sions. i}
COTCE T O I I T IOt —oritder, known as ond after the biz bang. shown  that uncon- ‘"perfect" refers to the  Theorstical physicists and what goes on when
verse, the new discovery  "There are a lot of RHIC, repeatedly  Everything was so hot strained quarks and glu- Lqud's viscosity, 2 fiie-  have recently proposed two gold nucle: collide at
offers opportunities to exciting questions,” said smashed the nucler of then that quarks and glu- ons don't fly away in all tion-like property that that material swallowed RHIC. 12, ZOZ 3
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Energy dependence: AGS-SPS-RHIC-LHC

version 7, November 7, 2010. Text: new, , questions

Elliptic flow of charged particles in Pb4-Pb collisions at /s, = 2.76 TeV

de M. Michel Nostradamus

We report the first measurement of charged particle elliptic flow in Pb+4-Pb collisions at /sy y=
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement
is performed in the central pseudorapidity region (|n| < 0.8) and transverse momentum range
0.25 < py < 5 GeV/e. The elliptic flow signal, ve, averaged over transverse momentum and pseu-
dorapidity, reaches values of 0.085 for relatively peripheral collisions (40-50% most central). The
differential elliptic flow v2(p¢) reaches a maximum of 0.25 around p; = 3 GeV/c. Compared to
RHIC Au+Au collisions at /s,y = 200 GeV, the elliptic flow increases by about 15% in agreement
with hydrodynamical model predictions.
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FIG. 4. Integrated elliptic flow in Pb+Pb 20-30% centrality
collisions at 2.76 TeV compared with results from lower en-
ergies taken at similar centralities. The compilation is taken

from [26].
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Energy dependence: AGS-SPS-RHIC-LHC

version 7, November 7, 2010. Text: new,

|24 Selected for a Viewpoint in Physics
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Elliptic flow of charged particles in Pb4-Pb collisions at /s, = 2.76 TeV £

de M. Michel Nostradamus

We report the first measurement of charged particle elliptic flow in Pb+4-Pb collisions at /sy y=

2.76 TeV with the ALICE detector at the CERN Large Hadron Collider.

The measurement

is performed in the central pseudorapidity region (|n| < 0.8) and transverse momentum range
0.25 < py < 5 GeV/e. The elliptic flow signal, ve, averaged over transverse momentum and pseu-
dorapidity, reaches values of 0.085 for relatively peripheral collisions (40-50% most central). The
differential elliptic flow v2(p¢) reaches a maximum of 0.25 around p; = 3 GeV/c. Compared to

RHIC Au-+Au collisions at

with hydrodynamical model predictions.
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FIG. 4. Integrated elliptic flow in Pb+Pb 20-30% centrality
collisions at 2.76 TeV compared with results from lower en-
ergies taken at similar centralities. The compilation is taken

from [26].

Elliptic Flow of Charged Particles in Pb-Pb Collisions at . /syy = 2.76 TeV

K. Aamodt et al.™

(ALICE Collaboration)
(Received 18 November 2010; published 13 December 2010)

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at /syy =
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement is performed in
the central pseudorapidity region (|| < 0.8) and transverse momentum range 0.2 < p, < 5.0 GeV/c.
The elliptic flow signal v,, measured using the 4-particle correlation method, averaged over transverse
momentum and pseudorapidity is 0.087 = 0.002(stat) = 0.003(syst) in the 40%—50% centrality class. The
differential elliptic flow v, (p,) reaches a maximum of 0.2 near p, = 3 GeV/c. Compared to RHIC Au-Au
collisions at ,/syy = 200 GeV, the elliptic flow increases by about 30%. Some hydrodynamic model
predictions which include viscous corrections are in agreement with the observed increase.

DOI: 10.1103/PhysRevLett.105.252302 PACS numbers: 25.75.Ld, 25.75.Gz, 25.75.Nq
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FIG. 4 (color online). Integrated elliptic flow at 2.76 TeV in
Pb-Pb 20%-30% centrality class compared with results from
lower energies taken at similar centralities [40,43].
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Constituent quark scaling

Quark coalescence?

Au+Au at Vs, = 200 GeV

& Kg O A+A

o
w

o
N
o

o
[X]
[

Model Results

01 [~

Anisotropy parameter v,,
I

A baryons
0 ez
V2 .I 1 1 | I. 1 | L
mesons A - 2 K 4 b
Transverse momentum p, (GeV/c)
quarks
>
Py
STAR Analysis meeting - 15 May 3 -5, 2002 S.A. Voloshin “@ﬁ%%%ﬁ?
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Constituent quark scaling

Quark coalescence?

Au+Au at Vs, = 200 GeV
' T ' T

I ! |
e K2 O A+

o
N
o

02 | Model Results

(Y]

Anisotropy parameter v,,
I I

A baryons

4

mesons )
Transverse momentum p, (GeV/c)

quarks

Pt

STAR Analysis meeting - 15 May 3 - 5, 2002 S.A. Voloshin

Constituent quark model + coalescence

-~ 2
ol
codlescence fragmentation | &,
Low p; quarks * High p; quarks = f
_g 1
: : : : & T
Coalescence in the infermediate region (rare products): S
baryons
d’n,
mesons SR
d”py 3
quarks =
B15
"N
A
> 2 [
O L
p‘l’ %05 : ;
- :
-+ |
Side-notes: 0. -

a) more particles produced via coalescence vs parton
fragmentation < larger mean py..
b) = higher baryon/meson ratio

2 3
p; (Gevic)

- What is the centrality
dependence of the effect?

21 %‘%2002 Nantes, July 25, 2002 S.A. Voloshin %m%%@i

page 12 Indios+ seminow sevies, Jovwwouwy 12, 2023

SA. Voloshin,  WANESTATE

UNIVERSITY




Quarks flow - deconfinement

STAR PRL 92(2004)052302
STAR, Phys Rev C (72), 014904 (2005)

Polynomial Fit
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Nonflow and flow fluctuation

*

Flow “non-flow”
Effect of flow fluctuations Nonflow — two- and many-particle azimuthal
correlations of any origin other than the common
<V,%> h | <Vn>2 4 03 cqrrelatlon to th.e regctlon plane.
It includes contributions from resonance decay,
. inter- and intra-jet correlations, etc.
<vn,a Vn,b> N <Vn,a><vn,b> a3 <<vn,a Vn,b))

In general, two effects do not factorize; then the equation in a box would
serve as a definition of “nonflow”, with v, 's defined via single particle spectra.

An example: ...Includes fluctuations in particle density (number of
vV, X E, of particles, area), etc.

0. =(e° (b))~ (e(®)) |
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Non-flow estimates. Centrality dependence.

(vi) = (n)* + 0, + &IN

Nonflow scales with multiplicity as 1/N, reflecting the probability that

the second particle is from the same cluster as the first one.

PHYSICAL REVIEW C 72, 014904 (2005)

................................................................................................................................

|

™
st

N <cos(2q)l. — 2(|)].> ~ NV,

| l1 00l | |

12 00l |

300

Multiplicify

600

© 200 GeV g
e 200 GeV
m 130 GeV

A 17 GeV

\l.f

0 10 20 30 40 50 60 70 80
% Most Central

FIG. 31. (Color online) The nonflow parameter, g,, as a function
of centrality. The solid points are from the cumulant method. The
open circles are tfrom the ¢ distribution method.
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Nonflow: pp vs. AA

. Consider correlations of a “red” particle (some momentum “bin”)
i with all other, “black”, particles in the event

0 = Z Uy, U = €i2¢f 1

JEb}

(, Q%) = (v, + 5 )M | |
o S s DN

0, R ~ 7
N, coll M

(U, Q%Y = vy, + (u, Q*)PP

Check if non-flow estimates/measurements reported

Non-flow looks exactly the same in pp or Au+Au are consistent with measurements in pp.

: y R (Expect the difference of the order of factor of <~2.
and AA = Results - dlreCtIy correctible”. Extra particles in jets = non-flow contribution increases

B-to-B jet suppression — non-flow goes down)

N

S Number of “independent NN collisions”, a la Np/2. Use pp data to estimate non-flow effects in Au+Au
when other methods do not work
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Comparison: pp & AuAu

( Y.cos (2(¢,-6)))

In VERY
peripheral
collisions,
azimuthal
correlation in
AUAuU are
dominated by
non-flow.

E B o/
‘\
,8
! A~ &
Rl
~
-

AuAu (flow + non-flow)

STAR: PRL 93(2004)252301

O A

.
r' Ul
rAVE

-

llllI

O
o O
/S

1

]

O

pp (non-flow)

|

p, (GeV/c)

| O O by nonflow.
)1 L w Au+Au 809%-100% |~ wAu+Au 209%-60% o wmAu+Autop5% __
O p+p Minbias o ©p+p Minbias o Op+p Minbias -
. llllllll‘llllllllllllll”(‘l)llllllllllllllIllllllllll QllllllIllllllllllllllllll_'
0O 2 4 6 810120 2 4 6 8 10120 2 4 6 & 1012

At high p; in central

collisions, azimuthal
correlation in AUAU
could be dominated

It does not mean that
V, IS zero!

It Is remarkable how
well they agree
at high p;!
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vo{2}, vo{4}, nonflow, and flow fluctuations

i20

(uu,) =ve +8; u

v, {2} = (uu, )"
U U, ) = Vs +2-2020 +28°

v,{4} = (2<u1u;> — (U, u u4>)1/4

€

Assumes (5°) = (5)?, etc.

{2} = \/<V22> + 0
{4} =1/2097 - ()

(easily correctable)

evolution

Several reasons for v, to fluctuate:
Variation in impact parameter in a centrality bin integrated values as a function of centrality.

“Real” flow fluctuations due to fluctuations
in the initial conditions or in the system v,{2} and v,{4}, flow fluctuations or nonflow?

2
>

6
5
4
3
2
1
0

0 10 20 30 40 50 60 70 80

% Most Central

F1G. 30. (Color online) Charged hadron v,{2}, v2{4}, and v>{6}
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Radial expansion — nonflow

[arXiv:nucl-th/0312065]

pp collision

V

(69‘\6\‘\]

Py

Nonflow specific only for AA?

Px

AA collision

AA

Px
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o . D. Magestro (STAR) -
Radial expansion — nonflow Hard Probes 2004

d+Au, 40-100%

| . is\jrm = @ - -I
[arXiv:nucl-th/0312065] Nonflow specific only for AA? T .
N pY t :. o
\4 4 '\ - 5
. 69\6\\1 Anop o
pp collision ¢ - .
-1_EI - = el
arXiv:nucl-ex/0301014v1 24 Jan 2003 | # " STAR preliminary f_ =
Px -1 0 1
i d ™ % R T A TG A¢
08—+ +—¢4— ; +
& 0.75F ¢ Is)tﬁﬂedn
[ HIJING-GEANT ]
/;\_ 0.7F :
<]
vV0.65

AA collision 0.6 +T

$ P
Y | ¢
055 E é . .
| 4= AA 04,02 04 T 06 08 *i
¥ b/b
" max
'1G. 2: The width of the balance function for charged par- 3 < p4(trig) < 6 GeV
icles, (An), as a function of normalized impact parameter 2 < p(assoc) < p+(trig)
Dx h/bmaz). FError bars shown are statistical. The width of
he balan'ce function from HIJ.ING events IS'ShOWIl as a band B. I. Abelev et al [STAR Collaboration], Phys.
hose height reflects the statistical uncertainty. Also shown Rev_ C 80 (2009) 6494
‘ re the widths from the shuffled pseudorapidity events. v ( )

" )(103
b 470
< 460

§ 450
®
440
430
420-
410-

I RN T T T — — — = — — T - ED — — ax - - T ST T e
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Radial expansion — nonflow, cont’d

o . . . . : s 2
Fiz. 3. (Color online ) Two pion Ad dizmbution as function of {p;} m the blast
wave model. Linear velocity profile and T = 110 MeV have been azsumed

S.A. Velozhin / Physics Letters B 032 (2000) 490404

1/N dN/d(A ¢)

Qe
Yo

493
._2 1 : 14 ' ]’ YYYYYY I ' 14 ]’1’ I YYYYYYY IT LI g I
o k=1 _--'------
3 e
= - L
§ 10‘1 - ’//"/. . =
— ’ ----------_ .
| yd k=2
1072 - .“ ,//
E | /
L 4
' ,
| ;
|
' /
A ITYY. FPETE IPTTE PETPI PYTTE IYPTL IPT Liaaslasssl
0 00501015 020250303504 04505

(p;)

Fiz. 4 The averaze values of cos( A¢ ) and coz(2A¢) for the dizmibution shown

m Fiz. 3.

N<cos(2(|)l. - 2(|)j> ~ Nv;

6 AU 0O SO SRS SO SRS SO
— : - -
= L e -
| 2~ »

B e M
— e »
- -

| o000 |

I4ool 1 |

Multinlic

0 | | 1 I1 00I | | l2°o I300I | 1

0.25

PHYSICAL REVIEW C 72, 014904 (2005)

© 200 GeV q
® 200 GeV

) m 130 GeV

- A 17 GeV

Z
|
I

00 10 20 30 40 5

FIG. 31. (Color online) The nonflow parameter, g,, as a function
of centrality. The solid points are from the cumulant method. The

60 70 80
% Most Central

open circles are from the ¢ distribution method.
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Values of transverse flow {p?) > 0.25
(a) would contradict nonflow estimates

(b) oversaturate the difference v,{2} — v,{4}

0.1

0.05

ALICE Preliminary, Pb-Pb events at \fSNN =2.76 TeV

-

IllllIlllllllllllllllllllllIl|l||l|l|l|

[

¢
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O
QHH mm_UOqg
= " m O
™ o B
HE - DDDDD
o
O n o o
a" .l' o
[m}
o
l'l »
"y
"
o

ooQ
gEass}

v, (charged hadrons)
0 Vo{2} (|An| > 0)

=] v {2} (JAn| > 1)

w1 vy{4}

=] v,{6}

=] v,{8}
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Flow fluctuations

> ALICE Preliminary, Pb-Pb events at \'s,, = 2.76 TeV
o1 (@ e,
L r Ol
» Ea®an
" t” . - L
.. a I . l
& " 1
n B
-~ '-l'
r n
=

005

v, (charged hadrong)

r v{2) (| An| > 0)
. | v,{2} (|]An]| > 1)
v .' a ] v,{4)
ot - :\'7{6}
] v,{(8}
0

<V22> — <V2>2 “r 032 + gz/N

The difference between two-particle and many-
particle correlation results are due to flow
fluctuations and nonflow.

0O 10 20 30 40 50 60 70 80
centrality percentile

b ]
-
Y .,.'7
T
Nevtt
....... \
------ \
\
: »
‘ -
' ) s
' RF
/
/7
7/
' 4
r
o~
-
- -~

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

Elliptic flow in the Gaussian model of eccentricity fluctuations

Sergei A. Voloshin **, Arthur M. Poskanzer®, Aihong Tang ¢, Gang Wang ¢

Physics Letters B 659 (2008) 537-541

c L L L A B
O o8l Au+Au 200 GeV
= 08
)] §
8 — 5 5 0-6- 8part{z} —
P+ L )
04+ gpart “.c‘ —
02-— 8std
Wn; == e —
|
N T BT T T P T T
0 2 4 6 8 10 12 14 16
impact parameter
The difference between v,{2} and v,{4} is almost
fully saturated by eccentricity fluctuations according
to nucleon participant Glauber MC.
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“Monte-Carlo” Glauber model:

M. Miller and R. Snellings, nucl-ex/0312008.

Pase

Initial eccentricity: “optical”, “standard”, ”participant”

“New” coordinate system —

rotated, shifted
Fig. 1. The definitions of the RP and PP coordinate systems.
A 12 12
&y . <y — >
part < 12 x'2>
& ® Y
part e
o0 _00
‘@ >
o0 —
° 0> Ex = &pp
X
FIG. 3: Definition of cpapt.
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-
e - -

Reaction, “participant”, and event (flow vector) planes

A A
< RP I4
17 v EP
/
dl.£ U = K&
q ® g,
* .
-~ E
~~._ Jo|e @ _
B o O ' o. Xrp
S-laQ— »
«© 2K e
n - -
Do 0° @ S~<y
. *
“, 19 P.gp
‘.
, 1
{
/
FIG. 2: The definitions of the E'P coordinate system

o2 o2 )
c—{~ «}_ _u - T 202y
€= Em Sy = o2+ o2 o2 + o2

( '\ T U/ part T ~ ¥/ part
A -~
&
Y
o
gparf e
o0 _00°
I—'
o0 —

FIG. 3: Definition of cpaprt.

Physics Letters B 659 (2008) 537-541
Elliptic flow in the Gaussian model of eccentricity fluctuations

Sergei A. Voloshin **, Arthur M. Poskanzer®, Aihong Tang ¢, Gang Wang ¢

PHYSICAL REVIEW C 105, 024902 (2022)

Zhiwan Xu®,"" Xiatong Wu®,' Caleb Sword,”> Gang Wang ®,!:" Sergei A. Voloshin®,? and Huan Zhong Huang

14

A
Qy,RP

Qy,PP

FIG. 4: Flow vector distribution in events with fixed
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Flow-plane decorrelations in heavy-ion collisions with multiple-plane cumulants

i 2)

(1) The reaction plane (RP) is the plane spanned by the
beam direction and the impact parameter vector. This
plane 1s unique for every collision.

(11) The participant plane (PP) is defined by the initial

density distribution. Subtle differences may exist, de-
pending on, e.g., whether entropy or energy density
is used as a weight, but these potentially small differ-
ences are not discussed in this paper. We assume that
the properly constructed PPs define the development
of anisotropic flow.

(111) The flow symmetry plane or the flow plane (FP) deter-

mines the orientation of the corresponding harmonic
anisotropic flow. It is assumed that the FP coincides
with the PP of the same harmonic (linear flow mode)
or a proper combination of the lower harmonic PPs
(nonlinear flow mode). With the nonlinear flow modes
being neglected, FP and PP are often used inter-
changeably.

(tv) The event plane (EP) estimates the FP by analyzing

the particle azimuthal distribution in a particu-
lar kinematic region. Owing to the finite number
of particles involved in such an estimate, the EP
1s subject to statistical fluctuations. The measure-
ments obtained with the EP have to be corrected
for the event-plane resolution [2], characterized by
(cos[n(WEF — WPy WEP is the azimuthal angle
of the reconstructed nth-harmonic flow vector Q, =
[Ziv w; cos(ng;), va w; sin(ng;)], where w; is the
weight for each particle. For simplicity, we use unity
weights in the event-plane calculation.

(v) The spectator plane (SP) 1s determined by a side-

ward deflection of spectator nucleons and 1s regarded
as a better proxy for RPs than FPs (determined by
participants).

— WAYNE STAT
SA. Voloshin  \INNERTATE



Gaussian model of eccentrlmty fluctuations

E-.f:rgm A Voloshin **, Arthur M. Poskanzer®, Aihong Tang ©, Gang Wang * Phyzics Letters B 639 ( 2008) 53754

4 ‘C; 7000 Entries 151106 \ _ _ \ 2
¥ Mean 0.01017 dn __ Epart I Epart \ERP/ exp “part T (ERP) — BQ ( o )
6000 RMS 0.0562 = _ 2 0 ‘ < o ‘ ‘ x -par t y = R
: 2 ndf 108.9/76 dL part 0.; 0'3 2(7 5
2 5000 Constant 6872+ 21.7
é,pa,.t .. Mean 0.01013 £ 0.00014
' . . . 4000 Sigma | 0.05611.0.0001
>
‘e il 3000 he
./,., .\' & " & RP 2000 E '; Entries 757079
\ & pp / W AL Maan 0.1729
\‘ -/ 1000 < 1 0 ; RMS 0.08073
- | \?, _ o I nat 127188
%3 0.2 0.1 0 0.1 0.2 0.3 2 Prob 0.004175
€x % 10° shif 0.1344 +0.0002
Fri May 25 09:38:14 2007 sgm2 0.009172% 0.000025
Fig. 3. Definition of epap . {4<b<6} s ,
- Entries 757079 1 0
40000 :_ Mean 0.1384
35000 s oasast
. - ¥ I ndf 386.7 /65
Model assumes a Gaussian form for the 30000 Constant 4136408 258 10
distributions in €, and ¢, (a very good SRE e
approximation of MC Glauber calculations). 20000¢" 1
15000;_ | I — l | I — I | I — l | I — I | I T — l Ll l L
10000 0 04 02 03 04 05 06
5000F- €
- | , " LI 'S aEEENg
¢ 0.6 0.8 o 58 K iieie 28
= M2 2 2 2% S~ 2 3
12 {2} =« ((ERP) + 20° ) + 5= (l‘Rp) ,--l:‘Zo'vd\. + J|;
0-2 0.2 ? , "l--l‘ LT
y Ux £0xy 4 A 212 4 -4 4
e=1{e,.6,} = 5 =~ ' - = v {d}” = 2(1)2> — <1)2> =V, = (VrP)
Ty + U{- part Ox + O‘y part
o @16 _ [ /.6 A\ /0.2 2\3\ 4 /. 6
v2{6}° = ((v8) —9(v3) (v3) +12(v3)") /4 = (vR)

2 {4} (and higher cumulants) coincides with v,{RP}
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Eccentricity fluctuations: ‘Standard’ vs ‘Participant’

Main idea: use proper &{n} to _ (v et/ (e
rescale corresponding vo{n}: ol <V> vy < >

£ {2} < >= 2+(582
£ {4}—2<82> —<84>

B I R AL B
0.8 Au+Au 200 GeV

Note:

0-6-_ gpart{z} _- 1 . 9 P
i - participant” eccentricity values are larger

€partl4} compared to “standard”

€51d = Epars COS(AW).

- higher cumulant results are very close to
“standard” ones for midcentral collisions

11 PR T T NN N TN T N TN TN T AN TN N T NN N TN W N TN WO M A N AN
0 2 4 6 8 10 12 14 16
Impact parameter

a ’ :
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0.05

g™ . i i "o oo 0O
g TLAR N D
" .l'.. l..ll .'-'
Pt Viag ¥
Fg?:l-.. o ] o
iia.... =]
EE . v, (charged hadrons) |
i . 0 V{2} (|An] >0)
- 5] v,{2} (|An] > 1)
'l 5| Vv,{4}
" | V2{6}
] m | V,{8}

ALICE Preliminary, Pb-Pb events at \fsNN =2.76 TeV

0

10 20 30 40 50 60 70 8
centrality percentile

0

Any of two could “explain” the entire difference
between v,{2} and v,{4}

v2{2} vs v2{4}, flow fluctuations, or nonflow?

1/N dN/d(A ¢)

Fiz. 3. (Color online ) Two pion A¢ distmbution as function of ::pf jmtheblast Fiz2. 4 T
wave model. Linear velocity profile and T = 110 MeV have been azsumed m Fig. 3.
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Fig. 1. The definitions of the RP and PP coordinate systems.
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| 2d Fourler denS|ty decomposmon. *

/ Lo e p(z) = p(k),

Triangularity and Dipole Asymmetrv in Heavy Ion Collisions

Derek Teaney and Li Yan

e | 2
in®, _ J rdrde rheln? e(r, ¢)
“ne [ rdrdprre(r, ) (n > 1)’
o, Jrdrde r3e'? e(r, @)
9 e = [ rdrdprie(r, ¢) y

FIow fluctuatlons = nonflow (radlal expansmn)

In the linear approximation:

Shuryak et al.

> .

hot spots

v {RP} - “hot spots” correlations = nonflow
v {PP} - flow vs “participant planes” - “hot spot” correlations

= part of flow fluctuations
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Density distributions

\PR ,.‘(',atdv , Entr;;:rz?mw ' ' | ‘Ié rotated “i:s‘f:sm ¥, rotated _hddr
8 T Meanx 8 8 [ es 8:--- x3
4 4 4
2f of 2f
of of Of
2f ' af 2
41 4 -4f
-6 6 6]
R e B N B R 8g 4 2 0 2 4 6 8 8g 6 4 2 0 2 46

d>n 1 d*n
E

— = 1+ ) 2v. cos —y
d’p 2z pr dp,dy z,;‘ ucostnt@ =51

v,(pr,y) = (cos[n(¢; — Tn)])

Note the difference in definitions of v,,.

W accounts for contribution from non-linear modes (see below)

10k Pb+Pb events, b=8 fm l

¥, rotated Ll
8 _l T T T T T T | I T 17T LI T T | Mean x -4.393e-06
o 1
4t
2} ‘
0: |
-2:
-4t |
-5: ‘
8L vl

-8 6 4 -2 0 2 4 6 8

¥, rotated niSeH
8 | Mean x-0.0006856
of >
4t
2}
of |
-2: 1
-4F
6F ‘
8:' S |

8 6 -4 2 0 2 4 6 8 ‘

Usually all “overlines” are omitted

Note, that in such a picture, the flow plane (orientation of anisotropic flow) can depend on

particle momentum (rapidity and p), on the particle type, strength of another harmonic, etc. 1
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Density distributions

10k Pb+Pb events, b=8 fm

¥, rotated h2d ¥, rotated h2dr ¥, rotated h3dr ¥, rotated LT
Entries 1738841 Entries 1738841 3 Entries 1738841 8

8_""""' Tr T[T T[T T[T |Meanx38 8_'"!"'!"'!"'!"'!"'!"MeaM-3-3449-05 8_------|---|---|--- T T T T Mean x 4.357¢-05 R X 3.6356-0

- - M - Mean y -0.0001653 C ¥-2.609e-0

: °f o i . =
4f 4t af 4: ]
2t 2f 2f 2
of o of 0
2f " 2f 2F '2;
4f | 4f -4f 4 Q
6f 6f -6f o ;
:1 | | | |1|§|| | | | _:. _:.. e T _8-111 T T NS TN NS T R
886 4 2 0 2 46 B 8 8s 4 20 6 8 86 4 2 0 2 4 6 8

Ed3n B 1 d*n
d*p  2zprdp,dy

1 + Z 2v, cos[n(¢p —P,)]

v,(pr,y) = (cos[n(¢; — Tn)]>

Note the difference in definitions of v,,.

W accounts for contribution from non-linear modes (see below)

¥, rotated Enme'fﬂt 88888
8 e Meanx 425048
|
af
2f
of
of
4f
Py
886 4 2 0 2 4 6 8

¥,, rotated Er..,::?‘igm
8 T Mean xasoossss
| 34
4f
2f
of
2f
4f
o
Bs 6 4 2 0 2 4 6 8

Usually all “overlines” are omitted

Note, that in such a picture, the flow plane (orientation of anisotropic flow) can depend on
particle momentum (rapidity and p), on the particle type, strength of another harmonic, etc.
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Flow correlations and decorrelations

—

;@W A
(@) 2 (b)

My M, 1 Mm,2 nf

} !
' ! : I |
-5 -1 0 1 S 0

(c)

FIG. 2. Schematic view of (a) the “torque” or S-shaped decor-
relation patterns and (b) the bow or C-shaped decorrelation patterns
in the longitudinal distribution of the flow plane angle. The ellipses
indicate the transverse momentum distributions of the final-state
particles. Panel (¢) delimits the kinematic regions for the particles
at mid, forward, and backward pseudorapidities.

V. Khachatryan et al. (CMS Collaboration), Phys. Rev. C 92,
034911 (2015).

ry? =1—2F"y.
(cos[2(W_, — Wy)])

\Y d -
200 = s 2@, —Un))

Measures a decrease in flow due to plane
decorrelations over the “distance” 2y

Independence of r, on 7jcindicates a “random walk”
variation of ¥ with rapidity

PHYSICAL REVIEW C 105, 024902 (2022)

Flow-plane decorrelations in heavy-ion collisions with multiple-plane cumulants

Zhiwan Xu®,"* Xiatong Wu®,! Caleb Sword,”> Gang Wang®,!>" Sergei A. Voloshin®,?> and Huan Zhong Huang © '

\ ((Sin 2(\pf Ty \Ijm,l) sin z(qu T \pm,2)>>
~ Res(Wr)Res(¥y, 1 )Res(Wy)Res(Wp, 2)

15
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Symmetric cumulants

e e Y

BN Aoy T
SC(k1) = (D) — 0 0F)  se(n,m) = <”””7Z%> <<72n>> 988

(cos(mp; + ng, — mes — ngy))), = (cos(me; + ne, — mes — ney))
— (cos[m(@, — @,)|){cos[n(p, — @2)])

X — (1202) — (s2)(2)

_I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I_
3| ALICE Pb-Pb Vs, = 2.76 TeV —
- = [SC(4,2) ' -
21 . |
N e |SC(3,2) i
1 [ u —
= [ : .
£ ofe—ag—a e- = = . f -
OF DI o . .
T . .
—1[ HIJING o . ¢ + —
: - SC(4’2) : week ending
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FIG. 1. Centrality dependence of the observables SC(4,2) (red
filled squares) and SC(3,2) (blue filled circles) in Pb-Pb collisions
at 2.76 TeV. Systematic errors are represented with boxes. The
results for the HIJING model are shown with hollow markers.
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Linear and nonlinear flow modes

[34] L. Yaﬁ, \J.—Y. (l)llitrault,r AU #0805 nonlinear Jhydrodynamic response versus
LHC data, Phys. Lett. B 744 (2015) 82-87, arXiv:1502.02502 [nucl-th].

Va=Vy"+ Vi= xa22(V2)* + Vg, V, = v,e¥n
Vs = Vé\IL 1 V5L = X5,32V2 V3 + V5L,
Ve=Va-+ Vg

= x6.222(V2)> + x6.33(V3)* + x6.42V2 Vs + V§.

oA () = a22P1) _ {{cos(ef (pr) — 268 — 208)))
42881 \V/ €22,22 A Nv. o BASSBAY
\/ ((cos(2¢1 + 295" — 25" — 2¢7)))
U4’22 (pT) — <U4(pT)v% 608(4\114 _ 4\112» ~ <U4(pT) COS(4\IJ4 - 4\112)>

(v3)
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Figure 10. The pr/n,-dependence of vy 22/n, for different particle species grouped into different
centrality intervals of Pb-Pb collisions at /syn = 5.02 TeV. Statistical and systematic uncertainties

are shown as bars and boxes, respectively. _
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Summary

Measurements of anisotropic flow, flow fluctuations, correlations
between flow of different harmonics or the same harmonic at different
momentum ranges are sensitive to many details of the initial conditions
and the sytem evolution.

PAY ATTENTION TO DETALS: references, definitions and terminology,
clearly define physical goals and corresponding measurements/observables
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In memory of Art Poskanzer

Art. physics, inspiration, and much more

Flow, as a truly ideal fluid, has interpenetrated

all parts of heavy ion physics, it brings

new discoveries and contributes greatly

to our understanding of strongly interacting matter.

We are grateful to Art, who made it works.

page 34 Indias+ seminar series, Jonumary 12, 2023 $.A. Voloshin v@rﬂr@%%ﬁ?



EXTRA SLIDES
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Flow fluctuations - “ridge” duality
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PRL 107, 032301 (2011)
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FIG. 4 (color online). The two-particle azimuthal correlation,
measured in 0 < A¢ < 7 and shown symmetrized over 27,
between a trigger particle with 2 < p, <3 GeV/c¢ and an asso-
ciated particle with 1 < p, <2 GeV/c¢ for the 0%—1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v,, vs, vy, and v5 (dashed lines).
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Fluctuations vs pr

ALICE: arXiv:1205.5761

ALICE Pb-Pb \ S\n=2-76 TeV  5-10%
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Fluctuations extend up to pr~ 8 GeV/c
with very similar magnitude

Note that v4 measured wrt > and ¥u
becomes very similar at the same pr
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Where do spectators flow?

Here

Picture: © UrQMD

or

There?

XZ - the reaction plane
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Vi(Py)

Derek Teaney and Li Yan

Triangularity and Dipole Asymmetry in Heavy Ion Collisions
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Dipole flow, circa 2004

arXiv:nucl-th/0403044v1 15 Mar 2004
Rapidity dependent momentum anisotropy at RHIC

Ulrich Heinz{ and Peter F Kolbj

T Department of Physics, The Ohio State University, Columbus, OH 43210, USA
T Physik Department, TU Miinchen, D-85747 Garching, Germany

20 b=6.8fm

V_| (o/o)

Similar observations has been made
later by Teaney and Yan, Retinskaya
et.al., in relation to effects of initial
density fluctuations

0 0.5 1 1.5 2 2.5
p; (GeV)
Figure 2. Left: Differential directed flow vi(p ) of directly emitted pions (no
resonance decays) for ns =y=0,1,2,3,4. Except for a region of positive v at
0 <p; <0.5GeV and a shift of the rest of the curves by about 0.5 GeV to larger

p |, the curves for direct protons look similar. Right: p | -integrated elliptic flow

n n

At forward rapidities the transverse overlap region becomes asymmetric and is
shifted sidewards in the x (or impact parameter) direction. This turns out to give
rise to a non-zero directed flow signal vy (p,) which increases with |ns| (left panel in
Fig. 2). Of course, since the colliding matter receives no overall transverse kick, the
p | -integrated directed flow is zero.
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Dipole flow direction

Direction of low pr Density — ,
particles (and average) Direction of Psiss,
flow and high pr particles flow
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MC Glauber model

Entries 266678
Mean 186.7

o - _ . § § Meany -0.001491 Picture: © UrQMD
e g [ FESSUO B S— ‘ 1 - — e | RMS 7.428
= Pb+Pb, centrality ~25% - |RMSy 07095
§ s z g : s z
- 0 0 e S ST

=

|

o 0 ..........................................

—

O

Y o S B s O N —

XZ - the reaction plane
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Wed Apr 24 09:58:26 2013

More projectile spectators > More projectile participants
c13 <0
%%
v1<0

page 42 Indiot seminou sevies, Jovruouwy 12, 2023 S.A. Voloshin V[JJAPZH?;‘/EE%GTYE



Event shape engineering

v " A. Timmins and S, A, Voloshin, Phys. Lett. B 719, 394 (2013)

| | | |
10F E
TE E
10 25% centrality E
10° N |
. . L L 0 =
0 0.05 0.1 0.15 0.2 0.25 0 2
Vo

:;!_103

E :102
6 —;8 1
q, (Ml<1)

Based on the use of flow vector as discussed in
S. A. Voloshin, Phys. Rev. Lett. 105, 172301 (2010)

4 )
Event shape engineering (ESE) - selection of events Qn x = %COS(M%)
corresponding to either large or small flow P
M
Qn,Y — Z Sin(n¢2)
1=1
\_ /
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Flow in SE events: pr dependence

A Dobrin [ALICE], Quark Matter 2012, Washington DC, August 2012.

event selection g2 vector: 2.8 <n < 5.1

analysis: |n| < 0.8
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PHOBOS Simulations

root-mean-square — 9
G151 o N>100,1, =0 -
~ o03>100,f, >1 -
NS I ’ g= 90, oo 2 O st v nswbsnns s - - O -
0 §<25f >0 -
0 I I I 015 I I I I |1
PHOBOS+Heinz, PRC 77, 014906 (2008) event plane resolutlon
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PHYSICAL REVIEW C 80, O1490 (200009
v{EP}

Jean-Yves Ollitrault,’ Arthur M. Poskanzer.” and Sergei A. Voloshin®
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PHYSICAL REVIEW C 80, O] 490 (20409
v{EP}

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

L p— T T 1 T [ s’ ]_Xf__li
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@ . :
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... but it is still not possible to separate the effect of fluctuations
from non-flow...
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