
Angular Correlations of 
Hadrons Measured at the LHC 

1

Raimond Snellings
Utrecht University

20-12-2011

Rencontres du Vietnam

Frontiers of QCD: 
From Puzzles to 

Discoveries

December 15-21, 2011
Qui Nhon, Vietnam



Angular Correlations 

2

q6

-1
0

1
2

3
4 d6-5-4-3

-2-1
01 2 3 4

0.99

1

1.01

1.02

0-1%

q6

-1
0

1
2

3
4 d6-5-4

-3-2-1
0 12 3 4

1

1.02

0-5%

q6

-1
0

1
2

3
4 d6-5-4-3

-2-1
0 1 23 4

0.98

1

1.02

1.04

0-10%

q6

-1
0

1
2

3
4 d6-5-4

-3-2-1
0 1 2 3 4

0.95

1

1.05

1.1

10-20%

q6

-1
0

1
2

3
4 d6-5-4-3

-2-1
01 2 3 4

1

1.1

20-30%

q6

-1
0

1
2

3
4 d6-5-4

-3-2-1
0 12 3 4

0.9

1

1.1

1.2

30-40%

q6

-1
0

1
2

3
4 d6-5-4-3

-2-1
0 1 23 4

0.9

1

1.1

1.2

40-50%

q6

-1
0

1
2

3
4 d6-5-4

-3-2-1
0 1 2 3 4

0.9

1

1.1

50-60%

q6

-1
0

1
2

3
4 d6-5-4-3

-2-1
01 2 3 4

0.9

1

1.1

60-70%

q6

-1
0

1
2

3
4 d6-5-4

-3-2-1
0 12 3 4

0.9

1

1.1

1.2

70-80%

q6

-1
0

1
2

3
4 d6-5-4-3

-2-1
0 1 23 4

0.8

1

1.2

1.4

80-90%

ATLAS Preliminary

-1bµ Ldt = 8 0
 < 3 GeVb

T
, pa

T
2 < p

Contributions to the 
two-particle ΔΦ,Δη 
angular correlation 

come from 
anisotropic flow, 
jets, resonances, 

HBT, etc
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For very peripheral collisions or 
when triggered with a high-pt particle 

the dominant contribution to the 
two particle angular correlations is 

due to jet-correlations
More central heavy-ion collisions 

look very very different!
anisotropic flow
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Anisotropic Flow vn
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measure anisotropic flow
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• since the common symmetry planes cannot be measured 
event-by-event, we measure quantities which do not depend 
on their orientation: two and multi-particle azimuthal 
correlations

• assuming that only correlations with the symmetry planes 
are present - not always a very good assumption 
(contributions from jets, resonances, etc)

hhein(�1��2)ii = hhein(�1� n�(�2� n))ii
= hhein(�1� n)ihe�in(�2� n)ii
= hv2ni

hvni = hhein(�1� n)ii
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Figure 15: Measured correlation function data compared with that reconstructed from v1,1 from two-
particle correlation and v2 − v6 measured from EP method for 0-1% centrality for several fixed-pT corre-
lations.
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Figure 16: Measured correlation function data compared with that reconstructed from v1,1 from two-
particle correlation and v2 − v6 measured from EP method for 0-5% centrality for several fixed-pT corre-
lations.
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Two particle azimuthal correlations can be  described 
efficiently with the first 6 vn coefficients



Can we isolate the flow?
• if nonflow is negligible flow “factorizes” → ←

• test with particles separated in rapidity

• test with particles separated in pt

• flow is a collective effect

• multi-particle correlations

• Lee-Yang Zeroes, cumulants, q-vectors, etc

7

hhein(�1��2)ii = hhein(�1� n�(�2� n))ii
= hhein(�1� n)ihe�in(�2� n)ii
= hv2ni



does it factorize?
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• yes it does (to a large extent for more central collisions)

• how large is the flow where factorization “breaks”?

• to quantify that one needs other techniques (multi-particle)

ALICE 
arXiv:1109.2501



multi-particle correlations
• for detectors with uniform acceptance the 2nd and 

4th order cumulant are given by:

9

we got rid of two particle nonflow correlations!

we can remove nonflow order by order

Borghini, Dihn and Ollitrault, 
PRC 64, 054901 (2001)
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v2 from cumulants 
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v2 from multi-particle 
correlations  

behavior as expected when  correlations are dominated by 
collective flow (difference between 2 and multi-particle 
estimates mainly due to e-by-e fluctuations in the flow 
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The Perfect Liquid

The flow increases about 30%. The system produced at the 
LHC behaves as a very low viscosity fluid, constrains 
dependence of η/s versus temperature
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v2 as function of pt

Elliptic flow as function of 
transverse momentum does 
not change much from RHIC 
to LHC energies, can we 
understand that?
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v2 for identified particles

the mass splitting increased 
compared to RHIC energies

pion and kaon v2 are described rather 
well with hydrodynamic predictions 
for protons hadronic contribution 
important
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The Perfect Liquid?
in calculations the 
RHIC v2 results are 
close to the ideal 
hydrodynamical limit.

these calculations place 
an upper limit on η/s 
which is smaller than ~ 
4 x AdS/CFT bound

Based on R. Lacey et al., PRL 98 (2007) 092301
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Shear Viscosity
η/s = 0

η/s > 0

u1

u2

u3
u1 > u2 > u3 shear viscosity will make 

them equal and destroy the elliptic flow v2

higher harmonics represent smaller 
differences which get destroyed more 
easily, and which, if measurable, makes 

them more sensitive probes to η/s 
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Shear Viscosity
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initial conditions ideal hydro η/s=0 viscous hydro η/s=0.16
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Hydro: Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 (2010)

Larger η/s clearly smoothes the 
distributions and suppresses 
the higher harmonics (e.g. v3)
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the vn’s

ALICE Collaboration, arXiv:1105.3865 
PRL 107 (2011) 032301

The v3 with respect to the 
reaction plane determined in 
the ZDC and with the v2 
participant plane is consistent 
with zero as expected if v3 is 
due to fluctuations of the initial 
eccentricity

The v3{2} is about two times 
larger than v3{4} which is also 
consistent with expectations 
based on initial eccentricity 
fluctuations centrality percentile
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ALICE
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Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
/s=0.08η Glauber 3v

/s=0.16η CGC 3v

We observe significant v3 and v4 which compared to v2 has a different 
centrality dependence (already strong constrain for η/s)
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the vn’s

For most central collisions v3 and 
v4 become at intermediate pt 
larger than v2

5.3 pT and Npart dependence of v4/[v2]2 15

bin, as was done for v2 [12]. The v3 value increases slowly from central to peripheral collisions,
saturates at around Npart ⇡ 100, then decreases slightly. In contrast, v2 increases very rapidly
with centrality and saturates at approximately the same Npart as v2. The v4 coefficient also
exhibits a strong dependence on centrality as v2, and this is compatible with the view that v4 is
mainly induced by v2 [24]. The v6{LYZ} harmonic has a weak dependence on Npart.

partN
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Figure 7: Integrated v2{4}, v3{2}, v4{3}, v4{5} and v6{LYZ} as a function of centrality. The
error bars show the statistical uncertainties and the colored bands the systematic ones.

Figure 8 show vn/en as a function of Npart. The eccentricity scaling of vn measures how effi-
ciently the anisotropy in coordinate space, quantified by en, is transfered to momentum space,
measured by vn. We observe that the trends for v2/e2 and v3/e3 are reversed compared to those
of v2 and v3 shown in Fig. 7. This is due to the fact that the eccentricity increases more rapidly
with centrality than the vn signal for these harmonics: while v2 and v3 increase by a factor of ⇡
0.7 and 2.5, respectively, the corresponding eccentricities increase by factors of 7 and 4, as can
be inferred from Table 1. In comparison, the Npart dependence of v4/e4 and v6/e6 have similar
trends to the Npart dependence for v4 and v6, respectively. The v2{4} harmonic has a much
stronger dependence on en than the other 3 coefficients.

5.3 pT and Npart dependence of v4/[v2]2

We also explore the ratio v4/[v2]2, which is often used to study the degree to which the matter
formed is thermalized [25]. Figures 9 and 10 show the ratio v4/[v2]2 as a function of pT and
Npart, respectively. Figure 9 compares v4{3}/[v2{4}]2, v4{3}/[v2{2}]2 and v4{LYZ}/[v2{LYZ}]2.
One observes that the ratio is method dependent, with the Lee-Yang zeros values systematically
higher than the cumulant results by ⇠ 10–20% while the v4{3}/[v2{2}]2 values are the lowest.
The comparison between v4{3}/[v2{4}]2 and v4{3}/[v2{2}]2 enables an estimate of the influ-
ence of non-flow on the ratio. In Figure 10, these ratios are plotted as a function of Npart for 1.6
< pT < 2.4 GeV/c, where the ratios are the smallest. As Npart increases, the ratios first decrease,
then increase.
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Figure 4: vn vs pT for several centrality classes. The shaded bands indicate the systematic uncertainties
from Tables 1-5. Note that the v6 is only measured for 0-40%.
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Elliptic and Triangular Flow

The centrality dependence and magnitude are better described by 
predictions using MC Glauber with η/s=0.08
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FIG. 3: Eccentricity-scaled, pT -integrated v2,3 for the hydrodynamically evolved MC-KLN (a,b) and MC-Glauber (c,d) models,
compared with ALICE v2,3 data for 2.76ATeV Pb-Pb collisions [25] scaled by their corresponding eccentricities (see text).

harder than those from MC-Glauber initial conditions.
This is a consequence of larger radial flow caused by
larger transverse viscous pressure gradients in the MC-
KLN case where the fluid is taken to have 2.5 times larger
shear viscosity than for the MC-Glauber simulations, in
order to obtain the same elliptic flow [4, 6]. In periph-
eral collisions these viscous effects are stronger than in
more central collisions where the fireball is larger [48].
As shown in [21, 49], event-by-event evolution of fluctu-
ating initial conditions generates, for small values of η/s,
flatter hadron spectra than single-shot hydrodynamics,
especially in peripheral collisions, due to stronger radial
flow driven by hot spots in the fluctuating initial states.
Proper event-by-event evolution of the latter is there-
fore expected to reduce the difference between the MC-
Glauber and MC-KLN curves in Fig. 1(b) since this effect
is relatively strong for η/s=0.08 (MC-Glauber) [21] but
almost absent for η/s=0.2 (MC-KLN) [42].

3. pT -integrated elliptic and triangular flow. In Fig-
ure 2 we compare our pT -integrated v2 and v3 as func-
tions of centrality with ALICE v2{2}, v2{4}, v3{2}, and
v3{4} data, extracted from 2- and 4-particle correlations
[25]. For both models, v2,3 from averaged smooth ini-
tial conditions lie between the experimental v2,3{2} and
v2,3{4} values. This is consistent with the theoretical ex-
pectation [50, 51] that vn{2} (vn{4}) is shifted up (down)
relative to the average flow by event-by-event flow fluc-
tuations and was also found elsewhere [6, 8, 13]. Upon
closer inspection, however, and recalling that ideal single-
shot hydrodynamics with smooth initial condition was
shown [21] to generate v2 similar to v2{2} from the cor-
responding event-by-event evolution, it seems that the
MC-KLN is favored since it produces v2 results closer
to the v2{2} data. Unfortunately, a similar argument
using v3 can be held against the MC-KLN model. To
eliminate the interpretation difficulties associated with a
comparison of average flows from single-shot evolution of
averaged initial conditions with data affected irreducibly

by naturally existing event-by-event fluctuations, we pro-
ceed to a comparison of eccentricity-scaled flow coeffi-
cients.
Assuming linear response of v2,3 to their respective ec-

centricities ε2,3 (which was found to hold with reason-
able accuracy for v2 and v3 but not for higher order
anisotropic flows [21]), we follow [52] and scale the flow
v2,3 from single-shot hydrodynamics by the eccentricity
ε̄2,3 of the ensemble-averaged smooth initial energy den-
sity, while scaling the experimental v2,3{2} and v2,3{4}
data by the corresponding fluctuating eccentricity mea-
sures ε2,3{2} and ε2,3{4}, respectively, calculated from
the corresponding models. In [42] we justify this proce-
dure for v2,3{2} and v2{4} and also show that it fails for
v3{4}/ε3{4} since this ratio is found to differ strongly
from v3/ε̄3.
The eccentricity-scaled elliptic and triangular flow co-

efficients for the MC-KLN and MC-Glauber models are
shown in Figs. 3(a,b) and 3(c,d), respectively, and com-
pared with the corresponding data from ALICE. The
first thing to note is the impressively accurate agreement
between the experimentally measured v2{2}/ε2{2} and
v2{4}/ε2{4}, showing that for elliptic flow the idea of
scaling “each flow with its own eccentricity” [52] works
very well. The same is not true for v3{2}/ε3{2} and
v3{4}/ε3{4} for which the experimental do not at all
agree (not shown), nor are they expected to [42]. Sec-
ondly, both v2{2}/ε2{2} and v2{4}/ε2{4} measured by
ALICE agree well with the viscous hydrodynamic calcu-
lations, for both the MC-Glauber and MC-KLN models,
confirming that for each model the correct value of η/s
has been used as far as elliptic flow is concerned.
The bottom panels in Fig. 3 show the triangular flow

v3. Clearly, with the viscosities needed to reproduce
v2, the MC-KLN model badly disagrees with the ex-
perimental data. The measured triangular flow is too
big to accommodate a specific shear viscosity as large as
0.2. Within the present approach, the only possibility to

Qui, Shen and Heinz, arXiv:1110.3033
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flow analysis methods have 
different sensitivity to 

nonflow and fluctuations

excellent opportunity to study flow fluctuations 
and from these get a handle on initial conditions!

Borghini, Dihn and Ollitrault, 
PRC 64, 054901 (2001)

Bilandzic, Snellings and Voloshin, 
PRC 83, 044913 (2011)

v2n{2} = v̄2n + ⇥2
v + �

v2n{4} = v̄2n � ⇥2
v

v2n{6} = v̄2n � ⇥2
v

v2n{8} = v̄2n � ⇥2
v
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v2 versus centrality
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v2 Fluctuations
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Fluctuations are significant and for more central collisions 
not in agreement with the eccentricity fluctuations in MC-

Glauber and MC-KLN CGC
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Conclusions
• Anisotropic flow measurements provided strong constraints on 

the properties of hot and dense matter produced at RHIC and 
LHC energies and have led to the new paradigm of the QGP as 
the so called perfect liquid 

• At the LHC we observe even stronger flow than at RHIC 
which is expected for almost perfect fluid behavior

• The first measurements of v3 and higher vn’s have recently been 
made at RHIC and at the LHC and indicate that these flow 
coefficients behave as expected from fluctuations of the initial 
spatial eccentricity (geometry!) and a created system which has 
a small η/s

• provide new strong experimental constraints on η/s and 
initial conditions
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v2 scaling?

at small (mt-m0)/nq the 
scaling in the data resemble 
the scaling as observed in 
hydrodynamics
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v3(m,pt) and the scaling
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The behavior of v3 as function of pt for pions, kaons and 
protons shows the same features as observed for v2

(the mass splitting, the crossing of the pions with protons 
at intermediate pt)
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Geometry and Harmonics
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For central collisions at 
intermediate pt the higher 
harmonics v3 and v4 cross v2 and 
become the dominant harmonics

Why do they cross??

For more central collisions this 
occurs already at lower pt 
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when (2-particle) nonflow is corrected for or negligible!

in limit of “small” (not necessarily 
Gaussian) fluctuations

in limit of only (Gaussian) 
fluctuations

vn{4} = 0

vn{2} =
2�
�
v̄n

v2n{2} = v̄2n + �2
v

v2n{4} = v̄2n � �2
v

v2n{2}+ v2n{4} = 2v̄2n

v2n{2}� v2n{4} = 2�2
v
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Gaussian fluctuation behave as predicted also for Lee Yang 
Zeroes and fitting Q distribution (more on that later)

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


