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OUTLINE: FLOW FLUCTUATIONS

TAKE-AWAY MESSAGES

e Flow encompasses more phenomena than previously realized.
e New flow observables will tightly constrain models.

@ LONG-RANGE TWO-PARTICLE CORRELATIONS
© FLOW FLUCTUATIONS

© NEW FLOW OBSERVABLES
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(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :
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Azimuthal distribution of emitted particles :

N
ng) x14+2vcos2¢p +2v4cosdeo + ...
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(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :
daN

o x14+2vcos2¢p +2v4cosdeo + ...

Elliptic flow: v» = (cos 2¢)
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(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :
daN

o x14+2vcos2¢p +2v4cosdeo + ...

Elliptic flow: v» = (cos 2¢)

= (2%}
%2 = ey

Measured from 2-particle correlation:

<<e;2(¢1,¢2)>>
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(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :
daN

o x14+2vcos2¢p +2v4cosdeo + ...

Elliptic flow: v» = (cos 2¢)

= (2%}
%2 = ey

Measured from 2-particle correlation:

<<e;2(¢1,¢2)>> (flow) <<eiz¢1><effz¢2>> _ <V22>

MarT LuzuM (IPHT) FLOW FLUCTUATIONS QUARK MATTER 2011



(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :
daN

o x14+2vcos2¢p +2v4cosdeo + ...

Elliptic flow: v» = (cos 2¢)

= (2%}
%2 = ey

Measured from 2-particle correlation:

<<ei2(¢>1*¢2)>> (ﬁiw) <<ei2¢1><efi2¢2>> = <V22> = V2{2}2
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(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :
daN

o x14+2vcos2¢p +2v4cosdeo + ...

Elliptic flow: v» = (cos 2¢)

= (2%}
%2 = ey

Measured from 2-particle correlation:

((eers)) (flow) ((e2)(e72%)) = () = Va{2}? = Vo {EP)?
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(ELLIPTIC) FLOW ¢ om09

Azimuthal distribution of emitted particles :

N
Z¢ x14+2vcos2¢ +2v4cosdeo + ...

Elliptic flow: v» = (cos 2¢) x ep = giﬁ%

Measured from 2-particle correlation:

ah airs ow
< d2¢ > (ﬂoc ) 1+ <V22>COSZ(A¢) + <V42> CoS 4(Ad) + ...
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )
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Unique long-range correlations in heavy-ion collisions. . . )
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )
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(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

Au+Au

’Subtracted’ correlation
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

Au+Au
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

R|dge \ *Subtracted’ correlation I Shoulder Au+Au
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

R|dge \ *Subtracted’ correlation ' Shoulder
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(STAR, arXiv:1010.0690) (Takahashi, Tavares, Andrade, Grassi, Hama, Kodama, Xu, Phys.Rev.Lett.103, 242301 (2009))
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Two-rA LE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

R|dge \ *Subtracted’ correlation ' Shoulder
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(STAR, arXiv:1010.0690) (Takahashi, Tavares, Andrade, Grassi, Hama, Kodama, Xu, Phys.Rev.Lett.103, 242301 (2009))
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Two-rA LE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

R|dge \ *Subtracted’ correlation ' Shoulder
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(STAR, arXiv:1010.0690) (Takahashi, Tavares, Andrade, Grassi, Hama, Kodama, Xu, Phys.Rev.Lett.103, 242301 (2009))
.can be generated by purely collective flow. )
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FLOW FLUCTUATIONS

aN
do x 1 +2V5 C0S 2¢ +2v4C0S4¢p+. ..
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FLOW FLUCT IONS
N
do >

+2V5 C0S 2¢

+2v4cosdop+
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FLOW FLUCTUATIONS
Z’Il;l o 14+2vq cos ¢

+2V5 C0S 2¢

+2v53C0830+. ..
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FLOW FLUCTUATIONS
aN
do

o 142v4 €0s ¢+2V; sin ¢p+2V, CoS 2p+2V5 sin 2¢+2v3 oS 3p+
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FLOW FLUCT IONS
A
d¢

14> 2v,c08 n(¢ — 1n)
n=1
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FLOW FLUCTUATIONS
A
d¢

14> 2v,c08 n(¢ — 1n)
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FLOW FLUCTUATIONS
A
d¢
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FLOW FLUCTUATIONS
A
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FLOW FLUCTUATIONS
dN
do

x 1+ ZZV,, cos n(¢ — vn)
— dealrs
I

> T4 4 Zz (v2) cos n(20)
Vzez"w2 x £26%%2 = —{r262i¢}

{re}
(Holopainen, Niemi, Eskola, Phys.Rev.C83, 034901 (2011))
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FLOW FLUCTUATIONS

dN
do

dNalrs ow
:<d£¢> @ )1+22< >cosn(A¢>)

3idy _ {rie®?}

{r}

(Qin, Petersen, Bass, Muller, Phys. Rev. C 82, 064903 (2010); Qiu, Heinz, arXiv:1104.0650)

x 1 +Z2vncosn(¢ ¥n)

v3e°3 x g5
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FLOW FLUCTUATIONS
dN
do

x 1+ ZZV,, cos n(¢ — vn)
dealrs (flow)
:><dA¢> 1+22< >cosn(A¢>)
__(Pe
(Teaney & Yan, arXiv:1010.1876,

Gardim, Grassi, Hama, Luzum, Ollitrault, arXiv:1103.4605)

MATT LuzUM (IPHT)

QUARK MATTER 2011

5/13



FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:

O Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
© Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
© Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)
@ p:-dependence and orientation with respect to event plane
(Luzum, Phys.Lett. B696 (2011) 499-504)
(Luzum & Ollitrault, Phys.Rev.Lett. 106 (2011) 102301)
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
© Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)
@ p:-dependence and orientation with respect to event plane
(Luzum, Phys.Lett. B696 (2011) 499-504)
(Luzum & Ollitrault, Phys.Rev.Lett. 106 (2011) 102301)
@ Centrality dependence of “ridge amplitude”
(Sorensen, Bolliet, Mocsy, Pandit, Pruthi, arXiv:1102.1403)
@ Factorization, mass dependence, ...
(See plenary/parallel talks from ALICE, ATLAS, CMS, ...)
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Quantitative evidence of flow hypothesis:
© Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)
@ p:-dependence and orientation with respect to event plane
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@ Centrality dependence of “ridge amplitude”
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Current long-range 2-particle data can be explained by flow alone*. J
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
© Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)
@ p:-dependence and orientation with respect to event plane
(Luzum, Phys.Lett. B696 (2011) 499-504)
*(Luzum & Ollitrault, Phys.Rev.Lett. 106 (2011) 102301)
@ Centrality dependence of “ridge amplitude”
(Sorensen, Bolliet, Mocsy, Pandit, Pruthi, arXiv:1102.1403)
@ Factorization, mass dependence, . ..
(See plenary/parallel talks from ALICE, ATLAS, CMS, ...)

Current long-range 2-particle data can be explained by flow alone*. J

(1) ,(a)

* Py Py
(cos Ag) = v{DV@ _ Pt Pt
2R
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
© Centrality dependence, size, of vz and v»
(Alver & Roland, Phys.Rev. C81 (2010) 054905)
(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)
@ p:-dependence and orientation with respect to event plane
(Luzum, Phys.Lett. B696 (2011) 499-504)
(Luzum & Ollitrault, Phys.Rev.Lett. 106 (2011) 102301)
@ Centrality dependence of “ridge amplitude”
(Sorensen, Bolliet, Mocsy, Pandit, Pruthi, arXiv:1102.1403)
@ Factorization, mass dependence, ...
(See plenary/parallel talks from ALICE, ATLAS, CMS, ...)

Current long-range 2-particle data can be explained by flow alone*. J

= can accurately measure many new flow observables with little
non-flow contamination
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

CMS preliminary, Velkovska plenary
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P, (GeVic)

v3 is @ more sensitive probe of n/s
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

PHENIX, arXiv:1105.3928

=" 030 @)y p = 0.75-1.0 GeVic T (v, p,=17520GeVic |
0-25 @ pHENIX 3
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Combining v» and v5 can rule out IC models
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

PHENIX, arXiv:1105.3928

=" 030 @)y p = 0.75-1.0 GeVic T (v, p,=17520GeVic |
0-25 @ pHENIX 3

0.2F -4 KLN + 4mys = 2 3 V&:& 3

0.15F 7 Glauber + 4mys = 1(1) R %
0.1 9?"&*@%@‘ 3
0.05 o g
0 2 E

L L L L L L )
T T T T T it

> 0.1 (c) VP, = 0.75-1.0 GeV/c F

50 100 150 200 250 300 350

part

Combining v» and v3 can rule out IC models (CGC is not ruled out)
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

ALICE, arXiv:1105.3865

F e V{2, IAnl > 1}
0-04f = V{2, 1Al > 1}
F —k1xsEGC{2}
| ook x %2}
0.03
0.02+
o v b b b b b b L Ly

0 05 1 15 2 25 3 35 4 45 5
centrality percentile

Glauber may not work either
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

ATLAS, Jia plenary

20-30%

—— V,
—— V3
—— Vv,
—— Vs
—— Vg

Higher coefficients are measurable and add more constraints
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

STAR preliminary, Sorensen plenary

v3(2} STAR Preliminary

0.0015

0.001-

OfFFyPEeT
o « oLike-Sign
¢ » = Charge-Independent
0:000%"40 20 30 40 50 60 70 80 90 100

% Central

Stay tuned (see Paul Sorensen’s talk later this session)
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

vn{2)2 =v{n, —n} = <v,,2>
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

vn{2}2 =v{n, —n} = (v?)
2vo{2}* — va{4}* =v{n,n,—n,—n} = <vn4>
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

vn{2}2 =v{n, —n} = (v?)
2va{2}* — vp{4}* =v{n,n,—n,—n} = <vn4>
Vou =V{2,2, 4} - <v22v4 cos 4o — ¢4)>
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

vo{2}2 =v{n, —n}

2vo{2}* — va{4}* =v{n,n,—n,—n}

Vog =v{2,2,—4}

V? V4 COS 4 (1) — ¢4)>

vos =v{2,2,2, -3, -3} V52 v5? COS B(1)2 — 1/13)>

<
()
<
(4
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

()

(')

<v22v4 cos 4(1hp — ¢4)>
(

(v

vo{2}2 =v{n, —n}

2vo{2}* — va{4}* =v{n,n,—n,—n}

Vog =v{2,2,—4}

vos =v{2,2,2, -3, -3} v,2 v cos 6( ¢z—1/13)>

vig =v{1,1,-2} V42vp cos 2(y — ¢2)>
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

vo{2}2 =v{n, —n}

2vo{2}* — va{4}* =v{n,n,—n,—n}

2

<
<
<v2 V4 COS4(thp — 14 >
( )
<
(v

Vog =v{2,2,—4}

Vo3 =v{2,2,2, -3, -3} V,2 a2 coS 6(1)2 — 3>

2

vig =v{1,1,-2} V4“Vo cos 2(tp1 — )>

vis =v{1,1,1,-3} 3

v3 cos 3(¢1 — 13)
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OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

V(. Mo, i} = (€OS (Mt + .. + M)

vo{2}2 =v{n, —n}

2vo{2}* — va{4}* =v{n,n,—n,—n}
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SUMMARY

e Flow fluctuations have important, non-negligible effects on
measured correlations
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properties (e.g., n/s) in addition to strong constraints on geometry
and fluctuations of the early-time evolution.
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(d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

R(AN,A9)
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NEW FLOW OBSERVABLES: TRIANGULAR FLOW
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NEW FLOW OBSERVABLES: V3, V4, Vs, ...

Still missing: new vy from fluctuations (reaney & van, arxiv:1010.1876)
o vy =Vva4 vy
e vA(n) = —va(—n) = usual directed flow
e v7(n) = v§(—n) = new “directed flow at midrapidity”
e To measure from a 2-particle correlation, must remove
“momentum conservation” correlation (wuzum, otitrautt, Phys.Rev.Lett. 106:102301,2011)
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NEW FLOW OBSERVABLES: DIRECTED FLOW AT

MIDRAPIDITY
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(Teaney & Yan, arXiv:1010.1876) (Gardim, Grassi, Hama, Luzum, Ollitrault, arXiv:1103.4605)
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