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Measuring flow: details that matter
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Wayne State University, Detroit, Michigan

Outline

1. Definition of flow (againE).
Non-flow and flow fluctuations.
Different methods of measuring flow.

2. Fluctuation in the initial conditions.
Anisotropic flow as a system respond
to anisotropic initial conditions.

3. Flow fluctuations in the Gaussian model
and beyond.

4. Azimuthal correlations and flow (use and
misuse of flow).
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Anisotropic flow. Definitions: vOs

FiEeTEE T k Fourier decomposition of single particle inclusive spectra
anisotropies in single particle X )

inclusive distributions (correlations) dN _ d'N 1 (1+2v cos(Ap)+2v, cos(2Ap) + )
with respect to the reaction plane dp dydAe dpdy2rx ! 2

_ . Elliptic flow
A(p =0 - ‘PRP Directed flow

Note that the definition of anisotropic flow
involves knowledge of the OtrueO reaction plane.

Term OflowO B not necessarily OhydroO flow D used only to emphasize the collective
behavior €= multiparticle azimuthal correlation. (event anisotropy?)
OCollectiveO D all particles are correlated to the same reaction plane.
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A(p =0 —‘PRP Directed flow 2 il

Note that the definition of anisotropic flow
involves knowledge of the OtrueO reaction plane.

Term OflowO B not necessarily OhydroO flow D used only to emphasize the collective
behavior €=» multiparticle azimuthal correlation. (event anisotropy?)
OCollectiveO D all particles are correlated to the same reaction plane.

week ending

PRL 103, (42302 {2009) PHYSICAL REVIEW LETTERS 24 JULY 2009

Exposing the Noncollectivity in Elliptic Flow

Jinfeng Liao* and Volker Koch'
Nuclear Science Division, Lawrence Berkeley National Laboratory, MS7O0R0319, 1 Cyclotron Road, Berkeley, California 94720, USA
(Received 18 March 2009, published 24 July 2006)

We show that backward-forward elliptic anisotropy correlation provides an experimentally accessible
observable which distinguishes between collective and noncollective contributions 1o the observed elliptic
anisotropy v; in relativistic heavy ioa collissons. The measurement of this observable will reveal the
momentum scale at which collective expansion seizes and where the elliptic anisotropy is dominated by
(semi)hard processes.
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week ending

PRL 103, (42302 {2009) PHYSICAL REVIEW LETTERS 24 JULY 2009

Exposing the Noncollectivity in Elliptic Flow

Jinfeng Liao* and Volker Koch'
Nuclear Science Division, Lawrence Berkeley National Laboratory, MSTOR0319, | Cyclotron Road, Berkeley, California 94720, USA
(Received 18 March 2009, published 24 July 2006)
We show that backward-forward elliptic anisotropy correlation provides an experimentally accessible
observable which distinguishes between collective and noncollective contributions 1o the observed elliptic
anisotropy v; in relativistic heavy ioa collissons. The measurement of this observable will reveal the
momentum scale at which collective expansion seizes and where the elliptic anisotropy is dominated by

(semi)hard processes.

The situation is more complicated for 2-particle spectra. Not discussed here.
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Methods b just mention a few o discussion of the detector effects

d’N d’N 1
dp dvddg  dp dy zn(1+2vlcos(A(p)+2vzcos(2A(p)+...)

Ap=09-Y,, Directed flow =l HE
2-particle correlations. v,{2}
1’,,{2}2 = (cos[n(¢1 —2)]) = ("n.ll‘;,z) U, = ei"¢ unit flow vector

“Standard” method, v,{EP}
Onx = Y wicos(n;) = Qucos(n',),
i

v (pr.y) = (cos[n(¢;—¥,)])
Ky = (cos[n(¥, —¥Prp)]) VL

.= ) wisin(n@;) = Qusin(n'F,), — [ leas Ry
Ony = Lwisin(ng) = Qusin(h), g, . . [(cosn(¥r —#P)) n
) — 8GN 1 — 1
Fitting g-distri v,{q-dist} i, # b .
1)2 M +q2 (140 \urc;'\- EEE— — -
—_— AR P ) , N
dN g, e 20, Io GnVaVM KA
~ g2 T o2 o
dgn Oy On an = Qn/ VM. () S -
'éc 0”‘ K ’ "
-_ e Ity | s .
S % e
'ZJ ..'\, — .‘\_ — | .-‘_—2' }_‘-...“ - _E
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Many methods =» many results?

310 E'I""'I"I""I"l""l""ll""l"'E u. 1-2_"""""""""" '..'-vvv'vvvv'vvv'-‘
e 9E (a) PHYSICAL REVIEW C 72, 014904 (2005) = ‘5~1 15 E
~N - - A= -
> 8F 3 2, Foctunps ;
TE E > 1f+—v— e 3
g 1 3 09f ~——_ \ 3
E * E 08f / — =
4 — 8 Scalwfrod -; = ¥/ ¥ Standard ! 3
3 E_ v itaSubsS b _: 0.7 :- B ScalarProd -5
= A andomSubs 5 = ¥ EtaSubs 3
2 - ® v'.'{2} -‘: 06 :— A RandomSubs —:
1 3 SERAL)! E - o vi2} :
0 g ¥ 0 q Dist E 05F (4} 3
C PEFE oD G S S S A o q_Dist -
Lo oo o o I " T T T T T T I T I TS Laaaal s s
0 10 20 30 40 50 60 70 80 0'40 10 20 30 40 50 60 70 80
% Most Central % Most Central
;g‘ g/ G- Wang (STAR) QM2005
r* ot D - e, .
> 7 e G ot B e —
¢ S a :
s *“Au +Au 200 GeV
4 v
: /) *  Standard
2 o V,{2}
v:{4} Three bands?
1= v,{ZDC-SMD) Which one compare to the model?
oL i PR 12 AR Lror i B Note three bands: Ov2[2}O, Ov2{EP}O, Ov2{4}O
0 10 20 30 40 %eoM t}g " 10
ost Central | : ———
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Many methods =» many results?
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< 9 3 (@) prysicar REviEW ¢ 72, 014904 2005) - 015 * @ . Au +Au 7
> 8E 3 o ® T . \5w=200GeV |
7E 3 i > , *' 1.0<p <1.2GeV/c |
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= m ScalarProd - - N -
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End of the ideal world: ONon-flowO, flow fluctuations

<un,au:,b> ~ <COS[”(¢a i ¢b)]> =v, Vv,,t0, 0 < vj ?

Flow “non-flowO®

Mion-flowCP azimuthal correlations of any other origin
except the correlation with respect to the reaction plane.

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 Onon-flowO, with OvO{s
defined as on previous slides.

(Vnaun) #Va) Vs

Effect of flow fluctuations

v, = <c0s 2(p, — Ve ))>

An example: V, <€ — O <0,

o! =(e’ (1))~ (e®))

£ <y2 42
Also, fluctuations in particle density (number
of particles, area), etc.
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Non-flow estimates. Centrality dependence.

<uQ*> = M<uu*> = MO +68)= MV’ +6

)
£

M <uyu*>
N

s
.

0.3 -

0.2 -

0.1 =

0100 200 300 400 . 500
l\/fl)loltlphmty

025 Albhed B RAA ke Bl hAddd b LA dadld Rl k.

: For a superposition of independent
NN collisions non-flow contribution in
such a plot is a constant

| 2006eva ]

r » L el h
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- 4 -

0.15 -

0.1H | } -3

oosk! . -

.TT‘**' o ]
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% Most Central
g =0N part STAR nucl-ex/0409033
FIG. 31: (color online). The nonflow parameter, gz, as a
function of centrality. The solid points are from the cumulant
method. The open cireles are from the g-distribution method.
page 6 Flow workshop. ECT Trento , 14-18 October 2009

S.A. Voloshin

Warne STark
UUNNVERSITY

Monday, September 14, 2009




Non-flow estimates. Centrality dependence.

<uQ*> = M<uu*> = MO +68)= MV’ +6
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Non-flow estimates. Centrality dependence.

* * =
(uQ") = M (uu") = M(v* +8) = My +5
Correlations induced by transverse radial
" S
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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. : e
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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 OpushO that is
: (a) in the same direction (leads to correlations in phi)
Y Q‘\d\’&\J (b) the same in magnitude (= correlations in p,)
pp collision @
Py
(3
X Px
AA collision
Py
- AA
{3

Px

4 <~ y

; Warne Stark
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Radial expansion = 2-part azimuthal correlations

D

[arXiv:nucl-th/0312065]

1/N dN/d(A ¢)

VO
~ [0

>
e

o

w

2 ey , . SRR,
SA. Volozhin / Phyzicz Letterz B 03]

‘ 10*

(2000 39044 493

10— T .

k=1

L cos(k(0,-0,))

k=2

0 0.05 0.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

\?'
\ ,.: J

Fiz. £ The averaze values of cosi A¢) and cos2 A¢) for the dismibunon shown
mFig. 3.

w
-
K

* Multiplicity

0 100 200

Figures are shown for particles from the same NN collision.
Dilution factor to be applied!

Il - the large values of transverse )
flow, 12> 0.25, would contradict Onon-flowO

estimates in elliptic flow measurements

If the momentum conservation effect is approximated
by the first harmonic, the amplitude can be estimated
from the momentum of the tag particle + OassociatesO
from the same NN collision
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Non-flow: pp vs. AA

Consider correlations of particles from some ObinO
with all particles from a OpoolO

. * AA AA
Q= Y u; u=e WQ)=(,V,+5,,)M

ie" pool™ pp pp £ g PP
AL Wb prM
bp N MAA

coll

<ubQ*>AA - VprMAA +<ubQ*>pp

Non-flow looks exactly the same in pp 4
and AA = Results - directly OcorrectibleO.

Notations:

v, — Flow in a particular p/eta ObinO

v _— Average flow in the pt/eta region used
to define RP (or OpoolO of particles)

3.7 —Azimuthal correlationsinpp ( (UUp); U=e'’

5;"‘ _Non-flow part in 2-part azimuthal correlation in AA

N

coll

— Number of Oindependent NN collisionsO, a la /2.

: | 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 B non-flow goes down)

:| Use pp data to estimate non-flow effects in Au+Au
: | when other methods do not work (high p, K and

:| Lambda flow, etc. )
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Non-flow: pp vs. AA

Consider correlations of particles from some ObinO
with all particles from a OpoolO

U, Q") = (v,v, +8, M

p
pp pp £ g PP

AL Wb NsbpM

bp N s MAA

coll

<ubQ*>AA - VprMAA +<ubQ*>pp

Non-flow looks exactly the same in pp 4
and AA = Results - directly OcorrectibleO.

Notations:
V, — Flow in a particular p/eta ObinO | Check if non-flow estimates/measurements reported
. _ :| or AutAu are consistent with measurements in pp.
v _— Average flow in the pt/eta region used : | (Expect the difference of the order of factor of <~2.
to define RP (or OpoolO of particles) :| Extra particles in jets & non-flow contribution increases

3.7 —Azimuthal correlationsinpp ( (UUp); U=e'’

5;"‘ _Non-flow part in 2-part azimuthal correlation in AA

N

coll

— Number of Oindependent NN collisionsO, a la /2.

: | B-to-B jet suppression B non-flow goes down)

:| Use pp data to estimate non-flow effects in Au+Au
: | when other methods do not work (high p, K and

:| Lambda flow, etc. )
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Comparison: pp & AuAu

AuAu (flow + non-flow)

STAR: PRL 93(2004)252301

vvvvv

v A
TJilIIyr"yryr//Y7m7r//7/7 ™ r]rvvl 2 g
| ! !

Ty

;.
X o
= n
g a
n 5 . ‘ A
o 1 -+ - ’
'0 1 » . O
- : | o ( n
-~ o’ 7—- a 3 2
- K S & 4 | At high p, in central
/ - s 4 | collisions, azimuthal
-, Y~ pp (non-flow | | correlation in AuAu
% PP ( ) could be dominated
In VERY a z s o . by nonflow.
peripheral L1le ® Au+Ag 8Q /o-100% n Au+Ag 49 /o-6 0% 0 Au+Ag top 6% | (I ae—
collisions, ~ p+p Minbias p+p Minbias O p+p Minbias 1 |that v, is zero!
azimuthal P . .
COTI’e|atI0n |n Ll llllLlllALAL L-L 11111 11111A41AAA1L11 llLlLlJlAL ‘;ALILAIILI lJllLAAJALLAlLA o
AUAU are O 2 4 6 810120 2 4 6 8 10120 2 4 6 8 10 12 |ltisremarkable how
dominated by well they agree
i |
non-flow. p, (GeVic) athigh p,!
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Comparison: pp & AuAu

( 2.cos (20, -¢)) )

/|

AuAu (flow + non-flow)

STAR: PRL 93(2004)252301

! ;

y A
TiTTo7/mmTTrT T T v[r]r'v‘ T
*

At high p, in central

collisions, azimuthal
correlation in AuAu

- . § non-flow _
t . Pe ( ) could be dominated
In VERY at sy o st 2 by nonflow.
peripheral 1le ™ Au+Ag 8Q /o-100% n Au+ALf ¢Q /o-6 0% " AU+AL'I top 6% | (I ae—
collisions, - p+p Minbias p+p Minbias p+p Minbias 1 |that v, is zero!
azimuthal P _ 4
Correla'non |n il ljllllllAAALAA xAllllL Lot s eadena b lJLlLlllAA ;ALALAIILL lllllAAllALAllA q
AUAU are 0 2 46 81120 2 4 6 8 10120 2 4 6 8 10 12 '“S”ftimafkable how
, well they agree
dominated b i
non-flow ’ P, (GeVic) at high p, !
Analysis has to be continued: charge combination dependence,
identified particlesE
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Suppressing non-flow with multiparticle correlations

uu,)=Vv, +8; u=¢e* o '
(Wu,)=v, gy uuy ) — 2w, ) = _V;

(UU,UU, )=V, +2-28V; +26°

flow*nflow + nflow*flow

*o\ _ 1 " 22
(113)(2!4)+(1!4)(2!3) <UinUkU| ) _<N(N I 1)(N I 2)(N I 3)#(Q Q ! N)! 2N(N ! D
Application: Generating functions (Borghini, Ding, Ollitrault) T4(N! 2)QQ ! N)! 2(Q°Q;! N)+(Q,Q; ! N)&},
+ many other ways
—~ 8 « 006 ————mr——7—""7—"7T" 71777
o\o :""l"' '[ U"'l""l"*"I'*U"l"' 'lII": ; - . 0rder2 Nn ; -
~T7F * B G 005 |Morderd | ;.;| Tl -
> E * # o ¥ E '..E s A order 6 e o N
6 - 3 r © ¥V order 8 i ) ‘lj
= -3 - o 004 ~ AL -
C : Q * \ N—
4F | = E g 0.031- ‘! / cumulants N
1 E = i T o order 8! 17
3 A * v,{2) E S onl .‘ | 1p t'u 01 lt.I _
2EL $val4} 3 ! i Collective effects!
1E AvABL 3 001 ©® -
0:....l....l....l....l....l....l....l....: 0 S n . N A I T
O 10 20 30 40 50 60 70 80 0 01 02 03 04 05 06 0.7 08 09 1
% Most Central o o _ EE m
Multiparticle correlations are good in removing non-flow, but E flow fluctuationsE
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Non-flow or Fluctuations?

S, 2 i
<u1u2> e & U=e Correct if v is constant
UMM, =V, + 2x2Ev S+ 24° in the event sample

Non-flow

<U1U;> =V 2) = (v ) 24 évz; Should be used even in a case of "'=0

UP LU, =)

v {2h= ) = {b7)+8 = () 1+5+Gf;

v2{4}E‘\‘/2<uu*>2—<uuu*u*>=4\1/<v§>2 _Gv222 ~ ()| 1- o’

Flow fluctuations

In this approximation,
v is between v{4} and
(v{2}+v{4}) /2.

Several reasons for v to fluctuate in a centrality bin:

1) Variation in impact parameter (taken out in STAR 130 GeV PRC flow paper)
2) Real flow fluctuations (due to fluctuations in the initial conditions or in the system evolution)

R Flow workshop. ECT Trento , 14-18 October 2009
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For each method itOs own epsilon

If v, o< g, then v,{2} o< {2} = ,/<82>
v,{4} o< {4}, etc.

2
€

()" +o

e’{2}= <82> :
e

e'{4}=2(e

(V) : , . e £ IA=118 GeV, Au+Au, EBT?
\C\l 0.3 HYDRO (EoS H) —g— E_ /A0 GeV, PbePb NA9
> : E_/A=158 GeV, Pb+Pb, NA4S
0.25 Y\ ol L TTTOR
0.2F | %) radl BN
- o a%0
L O__;CJ' ?
0.1 5 3 ?,'-:J =
- .Y STAR Prelim. v,{FTPCY«__ {2)
0.1 i \[5,,=200 GeV, Au+Au
- ( & —a— \[5 =62 GeV, Au+Au
olf ® ro)y —e— \[5,,,,=200 GeV, Cu+Cu
0.05 B ¢] \s,,,=62 GeV, Cu+Cu
& STAR Prelim., v,{ZDCW¢__
| | myipmas e R S V5., =200 GeV, Au+Au
AL i i b a L 2 2 2 a1 a2 a2 Loz 2 2 a2 12
0 5 10 15 20 25 30 35

1/S dN _, /dy

Main idea: use proper &n} to
rescale corresponding v,{n}:

Higher order terms in# ?

RN
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Distributions in €, €

y

©=) fens} {<> (e }
e ={gp.5}= S ; e
he_s A ‘,"m- oy + oy part \Or + o, part
7000 Fntries 151108 Vot
Nean 0.01017 - "; Y PR v
6000 RMS 0.0%42 “"'. .‘ “7
5000 £/ not 108.9 1 76 :f.: c."g. .......... "‘C." _
Censtam 472207 : o ‘.: >
4000 Mean  0.01013 £ 0.00014 oo *'..O ¢ '.‘. . X
3000 sigma 0.0561 £ 0.0001 K Q:“:,"
2000 ' o
~xr] = <= ™~ <opt
1000
o FIG, 1: The definition of the RP aadd PP coordinate systemns
03 0.2 -0.1 0.1 0.2 0.3
€
X ) i 2 X p
Foi May 35 €9 30 14 2067 F = = ':..’ Iy ( . r'_. = ) exp ( . D2 = ) BG “part d
he§ = r—
Ertrios 157079 e
S Entries 757079
Nean 0.9384 -
LT RMS 009357 wa Mean 0.1729
30000 L/ nat 1467/ 65 % 10‘ RMS 008073
25000 Constam 4130404 £ 58 g X"/ nat 127/ 88
4 Prob 0.004175
20000 Nean 0.1384 = 0.0001 2 103
s 0.00355 2 0.00008 - shif 0.1344 £ 0.0002
Sigma =2 A5
15000 > . sgm2  0.009172 « 0.000025
10000 10° T
5000
LT R T PR 06 0.8 10§ ‘
l"x \
1
A Ak 1 bl 1 - ] dendad l b ad o d L o
0 0.1 0.2 03 04 05 086
E fas -
A Flow workshop. ECT Trento , 14-I8 UCIODET ZUUY — \U‘*RE':RS;GYE

Monday, September 14, 2009




Distributions in g, , g,
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FIG. 1: The deiniticn of the BRP and PP coordinate systeans

(9 : S
dn  art wt \SRP Srart T \ERP) .
ol Moy 35 003884 2007 7 = '72 1o ( - ) exp ( _"%) BGH  part ¥
hes - P

I rtries Istors g
40000 T 0.938¢ "1 . Entries 757079
35000 = S T Mean 0.1729
30000 e i ] B :E 10 RMS 008073
25000 Constam 4130404 £ 58 g 1* I ndf 127/88
20000 Mean 0.1384 £ 0.0001 ZD 10° — e

s 0.00355 2 0.00008 - S e

Sigma L S
15000 s . [Spm2__ 0.009172 + 0.000025
10000 10° '

5000
002 o0 02 04 06 08 10
Fx
1
A el L —— l et ! —— l -y l A
0 0.1 0.2 03 04 05 0.6
" \WarNe STATE
T Flow workshop. ECT Trento , I-I8 OCIODET ZUUY E U\?Eg;‘w

Monday, September 14, 2009




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

v (2 =(v,) (€7} /(€)= (v, )€, {2}/ (€)

)] Y
fl‘- —(’l‘" 2(,‘\
&= (e, &) = {5 ) B, e
n: +(,\. part fI\‘ +n\~ pan

V, <€

Evolution of a concept of anisotropic flow:
system response to azimuthally asymmetric |
initial conditions (one does not need a Otrued

A

reaction plane).

Model assumes Gaussian form for the distributions
in #, and #, (which is a very good approximation

of MC Glauber calculations).

4 -
&

Fig. 3. Definstion of fant

v, 2 <cos

v, {41 = 2<c0s (2 ((p1 -, ))>2 <cos 2 (¢, +9, -9, -0, ))> < >2 —<v§>

=(v,) +0] +8

) =(%)+3

ungy
“ .. ‘-llll..

2 *
's{ }- ( RP '- ’(’ )+|)_ IRII .+.’”ll.+1:
2,2 y ""“ T tanaanet’

v {4)? =2(u3) (13) = 3 = (vgp)*
l){()} (1,.—() lju(, +l)l,)l— URP

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)

2> v,{4} (and higher cumulants, v2{LYZ}, v2{g-dist}) measures OtrueO elliptic flow
(wrt reaction plane) b exactly what is needed for comparison with theory!
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v,{ZDC-SMD} and eccentricity

']III'vl'l'r'll"["llv'v

0.8 Au+Au 200 GeV

G. Wang (STAR) QM2005
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Note that #,{4} approaches # .
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v,{ZDC-SMD} and eccentricity
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What is so special about v,{EP}?

2-part. methods

std. method —
5% low!

Standard

multi-part. methods

® > 4« B «

0.6
v,{2}
0.5 v, {4}
q_Dist

lljllllll

0.4

ScalarProd v2{SP}
EtaSubs vz2{EtaSub}
RandomSubs v2{ RanSub}

vo {EP}

l llllllll

0 10 20 30 40

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

vo{ } = (v*)/°

T T T T T T T l
root-mean-square -0
S15 o Ns _ : =
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& 2 @ J
mean = u=50 f e I L M E e e A _fé_
> 1 2 bkg various Vv distributions and mult
o N<osf >0 i
* D

1 1 1 1 1 1 1 [

0 05 1

PHOBOS+Heinz, PRC 77, 014906 (2008) eve nt plane resolution
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V{EP}
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V{EP}

PHYSICAL REVIEW C 80, 8f™

Jean-Yves Ollitrault,” Arthur M 7
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Analytic Correction

to flow fluctuations
x =vy VM Joa = Io1(x*/2) i, = To1(x2/2)

‘ p 4 22
v2{2}? = (v)* + o2 vo{subEP}? = (v)? + (1 = #) o2

(’Lo + 'll)‘2
2(lg— 1 2i%

and non-flow

vo{2}° = (-1:)2 + 0
v2{4} = (v)

Ty 207
v2{EP}* = (v)* + (1 - ﬁ (X2 X% (if —2—21)>) g

2i%
vo{subEP}? = (v)? + (1 = m) o

(v) =v

page Flow workshop. ECT Trento , 14-18 October 2009 S.A. Voloshin v{f:.;‘[‘?;ﬁ;E

Monday, September 14, 2009




Differences of Measured v, Values

v2{2}° — v {4}* = 0+ 202
. . Iy — I) ( . . 214 2 .
v2{2}? — v, {EP}? = —( 2 ) ;2 + ———= | (6 + QU.ﬁ
WP -wllFY = mrn\¥ erg-g)+>)
‘ ‘ 2i3
v2{2}® — vo{subEP}? = —_ (64207
2{ } 2{ } (’O+ll)2( 7,)
Ip— 1)) 2i% 2I%
vo{subEP}? — vo{EP}? = (o (2—,3+ St — e 6 + 2072
2(sbER) - wiER) = Grn)\¥ % tm—a - mom) Ut
All differences proportional to Otat = 52 -+ 20v2

Without additional assumptions
can not separate non-flow and fluctuations
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How it works under simple assumption
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Fluctuating initial conditions: further detalls

J. Takahashi er al..arXiv:0902.4870v 1

J.Takahashi et al. arXiv:0902 4870v1

NEXUS + SPHERIO

x [fm]

Fig. L. The definitions of the RP and PP coordinate systems.
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Radial expansion = 2-part azimuthal correlations

[arXiv:nucl-th/0312065]

Py

‘a@'\(\'\‘\l

pp collision

Px

AA collision

Particle correlations existed in pp B become modified.

2 Px = Long range rapidity correlations become narrow in phi
OridgeO develops
e ’ / > Stronggr 2-particle pt correlation in narrow phi bins.
U -> 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.
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Correlation function

J. Takahashi er al..arXiv:0902.4870v 1
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) z i
13
s
%3 o 12.8) e
8 06‘ 6 12.6 ‘~‘ — - "" ‘~‘ ] 1"—
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3 e e SR RTSe R R
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right plot) 1.4} Y ‘o
/ “‘: ;‘_,’_‘ ‘l
11.3f RS '
~ e
25 §:§« -
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o0 - Correlations (particle interactions) modify background
B faer o 7 (OflowO).
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L 14 454 Ilgnoring such modification produces perfect OMachO cone
Ad .
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Simple OmodelO - does not fit to the two component picture

Nz
7N

dn/dgp

0 II 210

On the top | sketch an event without flow.
On the bottom, shown with blue line, is
the corresponding azimuthal distribution,
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Simple OmodelO - does not fit to the two component picture

1 \ 7/,
‘.//'/1\,\? 7N

S-
S 3/\
E/\ C:
o T
T

0 [—————— 1 ®
211

0 x o 0 i

Then | put a “hard” collision in the middle.

| concentrate on the away side — suppose
the trigger (taken at ¢=0) escapes without
interaction. The particles from “background”,
which interacted with particles from the hard
collision | denote in violet. At the bottom
three distributions in corresponding colors.

On the top | sketch an event without flow.
On the bottom, shown with blue line, is
the corresponding azimuthal distribution,
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Simple OmodelO - does not fit to the two component picture

Uz
"%

N

s
7\

S S
%— 3 A SA
o) g
é/\ S (S _l_l_
T
0 [————— 1 ® %
0 IT 211
0 IT 211 0 i 2n
On the top | sketch an event without flow. lThen | p?t ? “har?r’]’ S2LT l(? S0 me resul}!ng Idi_stribution.
On the bottom, shown with biue line, is ihe tigger (aken at p<0) escapes without now oo can spit al these
h i imuthal distributi - o
the corresponding azimuthal distribution, interaction. The particles from “background”, particles into 2 components?
which interacted with particles from the hard
collision | denote in violet. At the bottom
three distributions in corresponding colors.
S.A. Voloshin WANNE STATE
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Simple OmodelO - does not fit to the two component picture

1 S
7/ 0%

S S
%— 3 A 31\
o) g
é/\ S (S _l_l_
T
0 [————— 1 ® %
0 IT 211
0 X o 0 T 211
On the top | sketch an event without flow. lThen | p?t ? “har?r’]’ S2LT '(? S0 me resul}!ng Idi_stribution.
On the bottom, shown with biue line, is ihe tigger (aken at p<0) escapes without now oo can spit al these
h i imuthal distributi - o
the corresponding azimuthal distribution, interaction. The particles from “background”, particles into 2 components?

which interacted with particles from the hard
collision | denote in violet. At the bottom
three distributions in corresponding colors.

Note that in all simulations
: . . - - N . OsupportingO ZYAM the two
Conclusion: Modified Ojets@=>» modified flow ObackgroundO component model was assumed

from the very beginning.
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Next 2'-. slides are taken from QM09 talk

R

2%
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Wave Energy at Circle Boundary

Mach Cone Dream

¢ = -900

%00 -150 -100 -50 0 50 100 150 2
NagleLab Productions 2008
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Wave Energy at Circle Boundary . M aCh COne Dream
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Time to Wake Up | Mach Cone Dream

Pb-Au 17.3 GeV 0-5% PHENIX arXiv:0801.4545
0.06
©-
et I = =
Z0.04f e,
s i TE |
7
'U -
=0.02 Fo5 - CERES
Z I Preliminary
= = .
0 . 0,, = 1.37 + 0.02 (stat.)* 0.06 (syst.)
. e STAR, PRL102:052302,2009
(0 | 2 3

pag

1 1 Tng

osnop. et eno, | PERFECT FLUID RESPONSE!
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OMachO cone
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Striking similarity with recent data analysis!
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OMachO cone
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OMachO cone

1 - : - g
3|g 134F [ Fluctuating IC | 24.4F 1 ot %
w| & 132 - d; otk
- R 2
< asf 2421 ot
- — 015— e ...
128} : . o
- f— : et )
! o 1| 24¢ o) e . o
‘26— bl \_‘_\ ’_l—' b N ‘.' 01 L
- s 4 oa o ; 3 ¢
12-‘— ““--‘1’.&!‘ » L{--",' 23-8,_ . (h: '_’ ''''' ——l
D e e i pe et w0 S . k b J ‘
Ad (rad) 2 = ’-.-..
[~ 2 2

arXiv:0002.4870v1, J. Takahashi et al.

Striking similarity with recent data analysis!
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OMachO cone
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OMachO cone
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More Differential Data

Data versus reaction plane, 3 particle correlations, 2+1, E

Slide frbm M. Gyulassy

The "Mach” signal is tiny ~ 1%
In correlation func

Systematic errors need
much more attention

C(Ad)

1.03F

0.99F

1.02F
1.01F

1,

I

Al ' L T L ' T
0-5%
1<p)<2<p|<3 GeVic J

—_—

..ooooo.... —
o* B

........

Recent progress on absolute normalization is an attempt to
measure background levels, but even then the Assumption of two

iIndependent Jet + QGP sources is dubious.

| believe experimentalists are paying much more attention.

ZYAM Is not the Issue.

If components do not factorize, then
we should publish the full correlations (every time).
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Summary

PAY ATTENTION TO DETAILS

1. Let us talk the same language (and use terms as they have been defined)

2.  When comparing to experimental results B pay attention how those have been derived.
(But do not be scared by different results obtained with different methods b all of them
has its own value).

3. Clear separation of effects of non-flow and flow fluctuations is still not possible,
but the Gaussian model provides good guidelines.

4. Use but do not misuse flow results!

Azimuthal correlations analyses of non-central collisions established to be one of the most

informative direction in HIC studies ( + Global polarization, local parity violation *) studies, etc.)

*) For recent STAR results see arXiv: 0909:1717

i
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Directed flow
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AuAu and CuCu are very similar at the same centrality!
(Magenta curves are polynomial fits to guide the eye)
High accuracy of these measurements achieved by
- using STAR ZDC-SMD (Ospectator neutronsO)
- 3 Dpatrticle correlations (mixed harmonics) cos(dg + ¢35 — 2¥rp)
3 particle correlations measure the difference = (cos(@ — Y pp)cos(dy — Wpp) sin(o, — Ypp)sin(d, — Yep)
in correlations projected into the reaction plane and ~ U1a012
out-of-plane directions making use of strong elliptic ' olis i
flow to define the plane..
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2-particle correlations relative to the Reaction Plane

2-particle correlations wrt RP
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18 <pt <5 GeV

cos(phil - phi2) > 0.5
cos(phil-phi2) < -0.5

abs(etal-eta2) < 1.5

abs(eta) < 0.5; 3 «<pt <5 GeV

abs(etal-eta2)0.5 if eta*eta2> 0 and abs(eta-eta2)>1.0 if eta®eta2<«0
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2-particle correlations relative to the Reaction Plane
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PHYSICAL REVIEW C 69, 021901(R) (2004)

Elliptic flow contribution to two-particle correlations at different orientations § 1

to the reaction plane
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Correlation functions (cumulants)

G (3, %) = Py (X1, %,) = Py (X)) Py (X,)
C(x,,x,)
P, (x)p,(x,) [B(ylﬁyZ):M}

P, (»)
Jaxp, ()= )
Idxl_[dxzpz(xlaxz) =(n(n-1))
C; = P3(x, %5, %) — C (), %) P, (x5) — G, (%, x5) Py (x%,) — G, (x5, x35) Py (%) — Py () P, (%5) Py (X5)

Rz(xnxz) =

Note that cumulants are the only “true” indicators of correlations. If cumulant is zero, there is no way
to prove that correlations (e.g due to clustering or temperature fluctuations) exists
(though they might be present).
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Correlation functions (cumulants)

G (x5, %,) = P, (%,,%,) = Py ()P, (%)
C(x,,x,)

P, (x)p; (x,)

[ dxp, (x) = (n)

jdxljdxzpz(xl,xz) =(n(n—-1))

G = P30 %5, %) = G (3, %) P () = G5 (%1, %) P, () = G5 (35, X3) P () = Py (%) Py ()P, (%3)

Rz(xnxz) =

|:B(y17y2) — Cz(y1>y2):|
P (1)

Note that cumulants are the only “true” indicators of correlations. If cumulant is zero, there is no way
to prove that correlations (e.g due to clustering or temperature fluctuations) exists

(though they might be present).
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FIG. 2: (Color online) The correlation function for 2 < p} from “only elliptic flow” (different from dash curve
3, 1 < py < 2GeV /e in 0-5% AutAn collisions. The dashed
line represents the estimated elliptic flow modulated combi- Only
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page s Flow workshop. ECT Tre (WO bumps. But one will be free from confusing

Nnictiira

Monday, September 14, 2009




“Consequences’” — possible misinterpretations

- If the “background” is not correctly identified (and from the above | would conclude that in many
cases

we just do not know how to do it) we can fool ourselves (and others) talking about the pt spectra
of associated particles, Mach cones, etc.

For example, having two back-to back jets with, e.q. 10 GeV each, and redistributing this 10 GeV
among

100 particles but counting above “background” only 5, we would conclude that we have a
component

carrying 2 GeV per particle, which would have nothing to do with reality. Similar can be said about
baryon/meson ratios in the “correlated part”, etc.

conclusions

1. We should take ZYAM and similar with much of caution....

2. We should always include in publications “raw” data, namely single, two, and three particle
densities
(+ cumulants, etc) before we apply any manipulations to them. | put “raw” in quotation marks,
as those,
are to be corrected for efficiencies, etc. Otherwise we can be at risk that in a few years the
publications

can be useless.
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Reaction, OparticipantO, and event (flow vector) planes
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FIG. 1: The definition of the BRP and PP «
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FIG. 3: Definition of £pgre.

FIG. 4: Flow vector distribution in events with fixed &
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FIG. 2: The defimitions of the E'FP coordinate system
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