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OUTLINE: FLOW FLUCTUATIONS

TAKE-AWAY MESSAGES

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

1 LONG-RANGE TWO-PARTICLE CORRELATIONS

2 FLOW FLUCTUATIONS

3 NEW FLOW OBSERVABLES
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(ELLIPTIC) FLOW c. QM09

Azimuthal distribution of emitted particles :

dN
dφ
∝ 1 + 2v2 cos 2φ+ 2v4 cos 4φ+ . . .

Elliptic flow: v2 ≡ 〈cos 2φ〉

∝ ε2 ≡ {y
2−x2}

{y2+x2}

Measured from 2-particle correlation:〈
〈ei2(φ1−φ2)〉

〉

(flow)
=

〈
〈ei2φ1〉〈e−i2φ2〉

〉
=
〈

v 2
2

〉
≡ v2{2}2 ' v2{EP}2

ψRP

~pt

φ
x

y
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TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . .
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. . . can be generated by purely collective flow.
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FLOW FLUCTUATIONS
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FLOW EXPLAINS LONG-RANGE CORRELATIONS

Quantitative evidence of flow hypothesis:
1 Centrality dependence, size, of v3 and v2

(Alver & Roland, Phys.Rev. C81 (2010) 054905)

(Alver, Gombeaud, Luzum, Ollitrault, Phys.Rev. C82 (2010) 034913)

2 pt -dependence and orientation with respect to event plane
(Luzum, Phys.Lett. B696 (2011) 499-504)
(Luzum & Ollitrault, Phys.Rev.Lett. 106 (2011) 102301)

3 Centrality dependence of “ridge amplitude”
(Sorensen, Bolliet, Mocsy, Pandit, Pruthi, arXiv:1102.1403)

4 Factorization, mass dependence, . . .
(See plenary/parallel talks from ALICE, ATLAS, CMS, . . . )

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

∗ 〈cos ∆φ〉 = v (t)
1 v (a)

1 − p(t)
t p(a)

t〈∑
p2

t
〉
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=⇒ can accurately measure many new flow observables with little
non-flow contamination
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NEW FLOW OBSERVABLES: v3, v4, v5, . . .

CMS preliminary, Velkovska plenary

v2(pT) and v3(pT) : sensitivity to /s 

Julia Velkovska (Vanderbilt)                    CMS Flow results, Quark Matter 2011  25 

v2 and v3 together have better sensitivity 
The centrality dependence adds further constraints  

Glauber initial conditions 

LESSONS:
v3 is a more sensitive probe of η/s
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NEW FLOW OBSERVABLES: v3, v4, v5, . . .

PHENIX, arXiv:1105.3928
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LESSONS:
Combining v2 and v3 can rule out IC models
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LESSONS:
Combining v2 and v3 can rule out IC models (CGC is not ruled out)
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NEW FLOW OBSERVABLES: v3, v4, v5, . . .

ALICE, arXiv:1105.3865
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LESSONS:
Glauber may not work either
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NEW FLOW OBSERVABLES: v3, v4, v5, . . .
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Higher coefficients are measurable and add more constraints
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NEW FLOW OBSERVABLES: v3, v4, v5, . . .

STAR preliminary, Sorensen plenary

Paul Sorensen for the STAR Collaboration 

 STAR 

 STAR 

Higher vn from 2 Particle Correlations 

5 

Q-Cumulants: 200 GeV Au+Au |!|<1.0 

n=1 shows large difference between LS and CI: charge and momentum conserv? 

n=3 exhibits effects of elliptic overlap geometry 

n=4 and larger show 1/N dependence typical of non-flow correlations 

STAR Preliminary 

STAR Preliminary 

Q-Cumulants: A. Bilandzic, R. Snellings, S. Voloshin, Phys. Rev. C 83, 044913 (2011) 

LESSONS:
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{n1,n2, . . . ,nk} ≡ 〈cos (n1φ1 + . . .+ nkφk )〉

vn{2}2 ≡v{n,−n} =
〈

v 2
n

〉
2vn{2}4 − vn{4}4 ≡v{n,n,−n,−n} =

〈
v 4

n

〉
v24 ≡v{2,2,−4} =

〈
v 2

2 v4 cos 4(ψ2 − ψ4)
〉

v23 ≡v{2,2,2,−3,−3} =
〈

v 3
2 v 2

3 cos 6(ψ2 − ψ3)
〉

v12 ≡v{1,1,−2} =
〈

v 2
1 v2 cos 2(ψ1 − ψ2)

〉
v13 ≡v{1,1,1,−3} =

〈
v 3

1 v3 cos 3(ψ1 − ψ3)
〉

v123 ≡v{1,2,−3} = 〈v1v2v3 cos(ψ1 + 2ψ2 − 3ψ3)〉

MATT LUZUM (IPHT) FLOW FLUCTUATIONS QUARK MATTER 2011 12 / 13



OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

v{n1,n2, . . . ,nk} ≡ 〈cos (n1φ1 + . . .+ nkφk )〉

vn{2}2 ≡v{n,−n} =
〈

v 2
n

〉
2vn{2}4 − vn{4}4 ≡v{n,n,−n,−n} =

〈
v 4

n

〉
v24 ≡v{2,2,−4} =

〈
v 2

2 v4 cos 4(ψ2 − ψ4)
〉

v23 ≡v{2,2,2,−3,−3} =
〈

v 3
2 v 2

3 cos 6(ψ2 − ψ3)
〉

v12 ≡v{1,1,−2} =
〈

v 2
1 v2 cos 2(ψ1 − ψ2)

〉
v13 ≡v{1,1,1,−3} =

〈
v 3

1 v3 cos 3(ψ1 − ψ3)
〉

v123 ≡v{1,2,−3} = 〈v1v2v3 cos(ψ1 + 2ψ2 − 3ψ3)〉

MATT LUZUM (IPHT) FLOW FLUCTUATIONS QUARK MATTER 2011 12 / 13



OTHER FLOW OBSERVABLES

Many other independent flow observables can be measured:

v{n1,n2, . . . ,nk} ≡ 〈cos (n1φ1 + . . .+ nkφk )〉

vn{2}2 ≡v{n,−n} =
〈

v 2
n

〉
2vn{2}4 − vn{4}4 ≡v{n,n,−n,−n} =

〈
v 4

n

〉
v24 ≡v{2,2,−4} =

〈
v 2

2 v4 cos 4(ψ2 − ψ4)
〉

v23 ≡v{2,2,2,−3,−3} =
〈

v 3
2 v 2

3 cos 6(ψ2 − ψ3)
〉

v12 ≡v{1,1,−2} =
〈

v 2
1 v2 cos 2(ψ1 − ψ2)

〉
v13 ≡v{1,1,1,−3} =

〈
v 3

1 v3 cos 3(ψ1 − ψ3)
〉

v123 ≡v{1,2,−3} = 〈v1v2v3 cos(ψ1 + 2ψ2 − 3ψ3)〉
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SUMMARY

Flow fluctuations have important, non-negligible effects on
measured correlations
=⇒ flow has further-reaching effects than was previously realized
With this understanding comes many new possible independent
flow measurements
In the near future, look for more precise extraction of medium
properties (e.g., η/s) in addition to strong constraints on geometry
and fluctuations of the early-time evolution.
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CMS PP RIDGE

12 7 Long-Range Correlations in 7 TeV Data

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
0
2

>0.1GeV/c                     
T

(a) CMS MinBias, p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-1
0
1

<3.0GeV/c
T

(b) CMS MinBias, 1.0GeV/c<p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-4
-2
0
2

>0.1GeV/c                   
T

 110, p≥(c) CMS N 

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
-1
0
1

<3.0GeV/c
T

 110, 1.0GeV/c<p≥(d) CMS N 

Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk ≥ 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk ≥ 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at ∆φ ≈ 0 and |∆η| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at ∆φ ≈ 0 extending to |∆η| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at ∆φ ≈0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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NEW FLOW OBSERVABLES: TRIANGULAR FLOW
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NEW FLOW OBSERVABLES: v3, v4, v5, . . .

Still missing: new v1 from fluctuations (Teaney & Yan, arXiv:1010.1876)

v1 = va
1 + vs

1

va
1 (η) = −va

1 (−η) = usual directed flow
vs

1 (η) = vs
1 (−η) = new “directed flow at midrapidity”

To measure from a 2-particle correlation, must remove
“momentum conservation” correlation (Luzum, Ollitrault, Phys.Rev.Lett.106:102301,2011)
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NEW FLOW OBSERVABLES: DIRECTED FLOW AT

MIDRAPIDITY

〈cos ∆φ〉 = v (t)
1 v (a)

1 − p(t)
t p(a)

t〈∑
p2

t
〉

FIG. 1: A schematic of an event with (a) net triangularity and (b) net dipole asymmetry. The

triangularity produces a net v3(pT ) and the dipole asymmetry produces a net v1(pT ). The cross in

(b) indicates the center of entropy (analogous to the center of mass) and the large arrow indicates

the orientation of the dipole.

Here the orientation angles ψ3,3 and ψ1,3 are set to zero. At large enough radius the deriva-

tive terms become large and overwhelm the leading term making the distribution negative.

This is an unavoidable consequence of truncating a cumulant expansion at any finite order.

As explained in Appendix A we regulate these terms and adjust the overall constant to

reproduce the total entropy in a central RHIC collision. Fig. 1a and Fig. 1b illustrate initial

conditions with net triangularity and net dipole asymmetry respectively. The distribution

with net triangularity leads to a v3(pT ) while the dipole asymmetry leads to a v1(pT ).

To estimate these parameters and their correlations we have used the PHOBOS monte

carlo Glauber code [22]. Fig. 2 shows the distribution of �1, �2 and �3 as a function of the

number of participants. We see that the dipole asymmetry is about a factor of two smaller

than the triangularity but is not negligibly small.

Fig. 3 shows the distribution of ψ1,3 and ψ3,3 with respect to reaction plane at various

impact parameters. We see that although ψ3,3 is uncorrelated with respect to the reaction

plane, ψ1,3 shows an anti-correlation with respect to the reaction plane, which eventually

disappears toward central collisions.

More importantly, the angles ψ1,3 and ψ3,3 are strongly correlated in mid central collisions

(a similar observation was made recently by Staig and Shuryak [23]). Fig. 4 shows the

conditional probability distribution, i.e.

P (ψ3,3|ψ1,3,ΨR) ≡ The probability of ψ3,3 given ψ1,3 and ΨR.

The strong correlation may be explained physically as follows. When the dipole asymmetry

is in plane then the triangular axis is at π/3, i.e. the point of the triangle is aligned with

the dipole axis as exhibited in Fig. 5(a). However, when the dipole axis is out of plane then

the triangular axis is also out of plane as exhibited in Fig. 5(b).

These correlations are a reflection of the almond shape geometry and their general form

can be established by symmetry arguments. First, since the probability of finding a dipole

asymmetry in a given quadrant of the ellipse is the same for every quadrant, the probability

8
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