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A. Adare (ALICE)

What have we been up to since QM11?
Identified particle correlations...

Jet fragmentation vs. bulk physics

Near-side jet studies...
Shape & yield modification in Pb-Pb vs. pp

Single-event anisotropy...
Flow and fluctuations

3-particle correlations...
Can nonflow signals be extracted?

Transverse momentum correlations...
Harmonic analysis, flow comparisons

Charge balance studies...
Angular dependence of balance functions

Femtoscopy with identified particles...
Space-momentum and baryon-antibaryon (BB̅) correlations
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A. Adare (ALICE)

Identified particle correlations
Baryon enhancement, first observed at RHIC, also found at LHC.
Is there a jet contribution?

3

)c  (GeV/
T

p

)-
π

 +
 

+
π

)/
(

p
(p

 +
 

0.5

1

 =  2.76 TeVNNs0-5% Pb-Pb  

=2.76 TeVspp 

0.5

1

 =  2.76 TeVNNs5-10%  Pb-Pb  

=2.76 TeVspp 

0.5

1

 =  2.76 TeVNNs10-20% Pb-Pb  

=2.76 TeVspp 

0 2 4 6 8 10 12 14 16 18

0.5

1

 =  2.76 TeVNNs20-40% Pb-Pb  

=2.76 TeVspp 

2 4 6 8 10 12 14 16 18

0.5

1

 =  2.76 TeVNNs40-60% Pb-Pb  

=2.76 TeVspp 

2 4 6 8 10 12 14 16 18

0.5

1

 =  2.76 TeVNNs60-80% Pb-Pb  

=2.76 TeVspp 

ALI−PREL−34388

)c  (GeV/
T

p

)-
π

 +
 

+
π

)/
(

p
(p

 +
 

0.5

1

 =  2.76 TeVNNs0-5% Pb-Pb  

=2.76 TeVspp 

0.5

1

 =  2.76 TeVNNs5-10%  Pb-Pb  

=2.76 TeVspp 

0.5

1

 =  2.76 TeVNNs10-20% Pb-Pb  

=2.76 TeVspp 

0 2 4 6 8 10 12 14 16 18

0.5

1

 =  2.76 TeVNNs20-40% Pb-Pb  

=2.76 TeVspp 

2 4 6 8 10 12 14 16 18

0.5

1

 =  2.76 TeVNNs40-60% Pb-Pb  

=2.76 TeVspp 

2 4 6 8 10 12 14 16 18

0.5

1

 =  2.76 TeVNNs60-80% Pb-Pb  

=2.76 TeVspp 

ALI−PREL−34388

(p
+p̅

)/(
π+

+π
- )

pT (GeV/c)



A. Adare (ALICE)

3

2-Particle Regions2-Particle Regions

● Yields taken without 
background 
subtraction from the 
peak and bulk 
regions.

● PID from TPC+TOF 
of the particles in 
these regions.

Veldhoen HP2012

Identified particle correlations
Baryon enhancement, first observed at RHIC, also found at LHC.
Is there a jet contribution?

3

Study in 2-particle Δφ-Δη correlations
- Non-identified trigger particle (5-10 GeV/c)
- Identified associated π,K,p (1.5-4.5 GeV/c)

Measure conditional yields
- in “peak” region (Δφ,Δη near 0,0)
- in “bulk” regions (Δη > 0.6 on near side)
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A. Adare (ALICE)

Conditional pion and proton spectra
Associated pion yields enhanced in peak vs. bulk regions.
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A. Adare (ALICE)

Conditional pion and proton spectra
Associated pion yields enhanced in peak vs. bulk regions.
Similar effect for protons, but weaker.
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What are the p/π ratios?



A. Adare (ALICE)

p/π ratio vs. associated pT

Near-side peak:
- p/π ratio similar to pp 
(pythia).
In “bulk” region:
- p/π ratio strongly 
enhanced

Implications:
No medium-induced 
modification of jet particle 
ratios.

Baryon enhancement is 
from bulk, not jets.
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A. Adare (ALICE)

Near-side peak shape analysis
Multiple observables suggest medium-
induced energy loss (RAA, IAA, Aj)
Reconstructed-jet analyses: large-angle soft 
radiation, with weakly modified remnant jets.

Check with dihadron correlations
Study modification in width & changes in 
eccentricity

Isolate near-side jet
Use long-range (i.e. in Δη) correlations as 
proxy for background

Away-side uniform in Δη, vanishes after 
subtraction
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A. Adare (ALICE)

Near-side shape evolution
Distinct broadening with increasing centrality
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A. Adare (ALICE)

Near-side shape evolution
Distinct broadening with increasing centrality
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A. Adare (ALICE)

Near-side jet peak width in Δφ and Δη

8

σΔη > σΔφ

In azimuthal 
direction 
Width is only weakly 
dependent on 
centrality

In longitudinal 
direction
Jet peak becomes 
broader in more central 
collisions

σΔη

σΔφ



A. Adare (ALICE)

Near-side jet peak width in Δφ and Δη

8

σΔη > σΔφ

In azimuthal 
direction 
Width is only weakly 
dependent on 
centrality

In longitudinal 
direction
Jet peak becomes 
broader in more central 
collisions

σΔη

σΔφ



A. Adare (ALICE)

Longitudinal broadening
Armesto, Salgado, Wiedemann (2004)
Longitudinal flow deforms initially conical jet

Calculation (yellow band) in qualitative agreement with Pb-Pb trends
Supports jet-flow interaction picture

9

PRL 93,242301 (2004)

2

In the absence of a medium, the parton fragments ac-
cording to the vacuum distribution Itot = Ivac. The
radiation spectrum (4) characterizes the medium modi-

fication of this distribution ω dItot

dω dk = ω dIvac

dω dk + ω dImed

dω dk .
From this, we calculate distortions of jet energy and jet
multiplicity distributions [23]. Information about Ivac is
obtained from the energy fraction of the jet contained in
a subcone of radius R =

√

η2 + φ2,

ρvac(R) ≡
1

Njets

∑

jets

ET (R)

ET (R = 1)

= 1 −
1

ET

∫

dω

∫ ω

dkΘ

(

k

ω
− R

)

ω
dIvac

dω dk
. (5)

For this jet shape, we use the parametrization [24] of
the Fermilab D0 Collaboration for jet energies in the
range ≈ 50 < Et < 150 GeV and opening cones 0.1 <
R < 1.0. We remove the unphysical singularity of this
parametrization for R → 0 by smoothly interpolating
with a polynomial ansatz for R < 0.04 to ρ(R = 0) = 0.
We then calculate from eq. (4) the modification [23] of
ρvac(R) caused by the energy density and collective flow
of the medium. To do so, we transform the gluon emis-
sion angle arcsin (k/ω) in (4) to jet coordinates η, φ,

k dk dα = ω2 cosφ

cosh3 η
dη dφ , (6)

where α denotes the angle between the transverse gluon
momentum k and the collective flow component q0. In
what follows, we mainly focus on changes of the jet shape
due to longitudinal collective flow effects where the di-
rected momentum transfer q0 points along the beam di-
rection. The sensitivity of jets and leading hadron spec-
tra to other collective flow components will be discussed
elsewhere [25].

To specify input values for the momentum transfer
from the medium, we make the following considera-
tions. First, for a given density n0 of scattering cen-
tres, the transport coefficient is given as q̂ % n0 µ2,
see Ref. [22]. Thus, according to (2), the hard parton
suffers a momentum transfer that is monotonously in-
creasing with the pressure in the medium, n0 µ2 ∝ p3/4

and which tests the components T⊥⊥ and T zz (z par-
allel to the beam) of the energy momentum tensor (1).
In the presence of a longitudinal Bjorken-type flow field

uµ =
(

1, &β
)

/
√

1 − β2, the longitudinal flow compo-

nent increases from T zz = p to T zz = p + ∆p, where
∆p = (ε + p)uz uz = 4 p β2/(1 − β2) for the equation of
state of an ideal gas, ε = 3 p. For a rapidity difference
η = 0.5, 1.0, 1.5 between the rest frame, which is longitu-
dinally comoving with the jet, and the rest frame of the
medium, this corresponds to an increase of the compo-
nent T zz by a factor 1, 5, 18, respectively. We expect that
the collective flow component q0 rises monotonously with

the flow-induced ∆p, as µ does with p. This suggests that
q0 lies in the parameter range q0 >∼µ.
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FIG. 1: Upper part: sketch of the distortion of the jet energy
distribution in the presence of a medium with or without col-
lective flow. Lower part: calculated distortion of the jet en-
ergy distribution (5) in the η × φ-plane for a 100 GeV jet.
The right hand-side is for an average medium-induced radi-
ated energy of 23 GeV and equal contributions from density
and flow effects, µ = q0. Scales of the contour plot are visible
from Fig. 2.

In Fig. 1, we show the medium-modified jet shape for a
jet of total energy ET = 100 GeV. To test the sensitivity
of this energy distribution to collective flow, we have cho-
sen a rather small directed flow component, q0 = µ. The
effective coupling constant in (3), n0 L αs CR = 1, the
momentum transfer per scattering centre µ = 1 GeV,
and the length of the medium L = 6 fm were adjusted

such that an average energy ∆ET =
∫

dω dImed

dω = 23
GeV is redistributed by medium-induced gluon radia-
tion. Previous studies indicate that this value of ∆ET

is a conservative estimate for the modification of jets
produced in Pb+Pb collisions at the Large Hadron Col-
lider LHC [23]. Despite these conservative estimates,
the contour plot of the jet energy distribution in Fig. 1
displays marked medium-induced deviations. First, the
jet structure broadens because of the medium-induced
Brownian motion of the partonic jet fragments in a dense
medium [22]. Second, the jet shape shows a marked ro-
tational asymmetry in the η × φ-plane, which is charac-
teristic of the presence of a collective flow field.

Note: data shown 
from STAR central 
Au+Au @ 200 GeV/c



A. Adare (ALICE)

Comparison to AMPT
AMPT 2.25 includes jets (string melting) and flow
Approximately reproduces σΔη (below) and σΔφ (not shown)
“Peakedness” (i.e. excess kurtosis ≡ μ4/σ4 - 3) also similar to data 

Agreement supports jet-flow interaction interpretation.
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How are near-side yields modified?
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Extending IAA to lower pTassoc

Initial near-side IAA measurement 
QM 2011, PRL 108, 092301 (2012):

First observation of near-side yield enhancement in 
central Pb-Pb

IAA only for pTa > 3 GeV/c, where jet signal becomes 
dominant

Now: alternative subtraction approach
Subtract conditional yields in “B” from peak 
region “S”
Avoid flow modulation by using same Δφ 
range for both signal and background
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calculations spanning the parameter space and cannot be
done with current calculations (e.g., [30]). Such a study is
beyond the scope of this Letter.

Comparison to RHIC.—Similar measurements have
been performed at RHIC. Although the same range in
pt;trig does not necessarily probe the same parton pt region

at different
ffiffiffi
s

p
, we assess changes from RHIC to LHC in

the following. The STARmeasurement [8] (which includes
only statistical uncertainties) of the near-side IAA is con-
sistent with unity, albeit with a large uncertainty (18%–
40%). On the away side the result from STAR is about 50%
lower than the results shown in Fig. 2. We also calculated
IAA for the 20% most central events to compare to
PHENIX [7] (only v2-subtracted data on the away side
available). For pt;assoc < 4 GeV=c, the flow influence in
this centrality interval is about 75%, too large to provide
a reliable measurement. For 4<pt;assoc < 10 GeV=c, the
v2-subtracted IAA is 0:5! 0:6" 0:08. This result is
slightly larger than results from PHENIX in a similar
pt;trig region of 7< pt;trig < 9 GeV=c: 0:31" 0:07 and

0:38" 0:11 for pt;assoc # 3:5 GeV=c and 5:8 GeV=c, re-
spectively. Based on an analysis in a lower pt region, where
collective effects are significantly larger than in the

measurement presented here, the STAR collaboration men-
tions a slightly enhanced jetlike yield in Au-Au compared
to d-Au collisions, but does not assess the effect quantita-
tively [31]. In conclusion, the observed away-side suppres-
sion at the LHC is less than at RHIC (IAA is larger), while
the single-hadron suppression RAA is found to be slightly
larger (RAA is smaller) than at RHIC [9].
Near-side enhancement.—These measurements repre-

sent the first observation of a significant near-side enhance-
ment of IAA and ICP in the pt region studied. This
enhancement suggests that the near-side parton is also
subject to medium effects.
IAA is sensitive to (i) a change of the fragmentation

function, (ii) a possible change of the quark/gluon jet ratio
in the final state due to the different coupling to the
medium, and (iii) a bias on the parton pt spectrum after
energy loss due to the trigger particle selection. If the
fragmentation function (FF) is softened in the medium,
hadrons carry a smaller fraction of the initial parton mo-
mentum in Pb-Pb collisions as compared to pp collisions.
Therefore, hadrons with a given pt originate from a larger
average parton momentum which may lead to more
associated particles and IAA > 1. An increased fraction of
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FIG. 2 (color online). (a) IAA for central (0%–5% Pb-Pb/pp, open black symbols) and peripheral (60%–90% Pb–Pb/pp, filled red
symbols) collisions and (b) ICP. Results using different background subtraction schemes are presented: using a flat pedestal (squares),
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the data points are slightly displaced on the pt;assoc axis. The shaded bands denote systematic uncertainties.
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calculations spanning the parameter space and cannot be
done with current calculations (e.g., [30]). Such a study is
beyond the scope of this Letter.

Comparison to RHIC.—Similar measurements have
been performed at RHIC. Although the same range in
pt;trig does not necessarily probe the same parton pt region

at different
ffiffiffi
s

p
, we assess changes from RHIC to LHC in

the following. The STARmeasurement [8] (which includes
only statistical uncertainties) of the near-side IAA is con-
sistent with unity, albeit with a large uncertainty (18%–
40%). On the away side the result from STAR is about 50%
lower than the results shown in Fig. 2. We also calculated
IAA for the 20% most central events to compare to
PHENIX [7] (only v2-subtracted data on the away side
available). For pt;assoc < 4 GeV=c, the flow influence in
this centrality interval is about 75%, too large to provide
a reliable measurement. For 4<pt;assoc < 10 GeV=c, the
v2-subtracted IAA is 0:5! 0:6" 0:08. This result is
slightly larger than results from PHENIX in a similar
pt;trig region of 7< pt;trig < 9 GeV=c: 0:31" 0:07 and

0:38" 0:11 for pt;assoc # 3:5 GeV=c and 5:8 GeV=c, re-
spectively. Based on an analysis in a lower pt region, where
collective effects are significantly larger than in the

measurement presented here, the STAR collaboration men-
tions a slightly enhanced jetlike yield in Au-Au compared
to d-Au collisions, but does not assess the effect quantita-
tively [31]. In conclusion, the observed away-side suppres-
sion at the LHC is less than at RHIC (IAA is larger), while
the single-hadron suppression RAA is found to be slightly
larger (RAA is smaller) than at RHIC [9].
Near-side enhancement.—These measurements repre-

sent the first observation of a significant near-side enhance-
ment of IAA and ICP in the pt region studied. This
enhancement suggests that the near-side parton is also
subject to medium effects.
IAA is sensitive to (i) a change of the fragmentation

function, (ii) a possible change of the quark/gluon jet ratio
in the final state due to the different coupling to the
medium, and (iii) a bias on the parton pt spectrum after
energy loss due to the trigger particle selection. If the
fragmentation function (FF) is softened in the medium,
hadrons carry a smaller fraction of the initial parton mo-
mentum in Pb-Pb collisions as compared to pp collisions.
Therefore, hadrons with a given pt originate from a larger
average parton momentum which may lead to more
associated particles and IAA > 1. An increased fraction of
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using v2 subtraction (diamonds) and subtracting the large j!!j region (circles, only on the near side). For details see text. For clarity,
the data points are slightly displaced on the pt;assoc axis. The shaded bands denote systematic uncertainties.
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calculations spanning the parameter space and cannot be
done with current calculations (e.g., [30]). Such a study is
beyond the scope of this Letter.

Comparison to RHIC.—Similar measurements have
been performed at RHIC. Although the same range in
pt;trig does not necessarily probe the same parton pt region

at different
ffiffiffi
s
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, we assess changes from RHIC to LHC in

the following. The STARmeasurement [8] (which includes
only statistical uncertainties) of the near-side IAA is con-
sistent with unity, albeit with a large uncertainty (18%–
40%). On the away side the result from STAR is about 50%
lower than the results shown in Fig. 2. We also calculated
IAA for the 20% most central events to compare to
PHENIX [7] (only v2-subtracted data on the away side
available). For pt;assoc < 4 GeV=c, the flow influence in
this centrality interval is about 75%, too large to provide
a reliable measurement. For 4<pt;assoc < 10 GeV=c, the
v2-subtracted IAA is 0:5! 0:6" 0:08. This result is
slightly larger than results from PHENIX in a similar
pt;trig region of 7< pt;trig < 9 GeV=c: 0:31" 0:07 and

0:38" 0:11 for pt;assoc # 3:5 GeV=c and 5:8 GeV=c, re-
spectively. Based on an analysis in a lower pt region, where
collective effects are significantly larger than in the

measurement presented here, the STAR collaboration men-
tions a slightly enhanced jetlike yield in Au-Au compared
to d-Au collisions, but does not assess the effect quantita-
tively [31]. In conclusion, the observed away-side suppres-
sion at the LHC is less than at RHIC (IAA is larger), while
the single-hadron suppression RAA is found to be slightly
larger (RAA is smaller) than at RHIC [9].
Near-side enhancement.—These measurements repre-

sent the first observation of a significant near-side enhance-
ment of IAA and ICP in the pt region studied. This
enhancement suggests that the near-side parton is also
subject to medium effects.
IAA is sensitive to (i) a change of the fragmentation

function, (ii) a possible change of the quark/gluon jet ratio
in the final state due to the different coupling to the
medium, and (iii) a bias on the parton pt spectrum after
energy loss due to the trigger particle selection. If the
fragmentation function (FF) is softened in the medium,
hadrons carry a smaller fraction of the initial parton mo-
mentum in Pb-Pb collisions as compared to pp collisions.
Therefore, hadrons with a given pt originate from a larger
average parton momentum which may lead to more
associated particles and IAA > 1. An increased fraction of
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Near-side IAA

20-50% enhancement in central Pb-Pb, compared to pp
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A. Adare (ALICE)

Near-side IAA vs. Δη
IAA decreases as the pair Δη increases
Effect diminishes in more peripheral collisions
Consistent with near-side peak narrowing
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V2Δ and V3Δ distributions
Measures the Q-vector distribution dNevt/dQn2

- Distribution broadened by flow fluctuations and nonflow
- Functional fit to Bessel-Gaussian can provide flow measurement
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Alice week, PWG-CF, March 12, 2012page S.A. Voloshin

Q-distributions and “Ebye” flow

14

Xn =

MX

i=1

cos(n�i); Yn =

MX

i=1

sin(n�i)

Qn = {Xn, iYn}; qn = |Qn|/
p
M

hcos[n(�i � �j)]i = (Q2
n �M)/[M(M � 1)]

hhcos[n(�i � �j)]ii = hv2n + �2i

Q2
n = M +M(M � 1)hcos[n(�i � �j)]i

The Q-vector distribution and
distribution in ebye flow as defines
above, are equivalent. 
... But the analysis of Q-distribution
is more transparent.

These distributions have been studied by 
Anthony Timmins, and Ante Bilandzic.

A. Timmins (poster 184)
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3-particle correlations

Flow dominates at low - 
intermediate pT
Two-particle correlations suggest flow 
dominance at low - intermediate pT
Any non-flow signal must be small
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating
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where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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Glauber Model  FlowGlauber Model  Flow

● Event by event Glauber model v
2
, v

3
, v

4
, and v

5
 used.

– 3x is values used to have similar values to intermediate pT flow.

● No statistically significant signal after background subtraction.

Glauber 3*v2,3*v3,3*v4, 3*v5
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3-Particle Terms3-Particle Terms

Ulery: Poster
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Number Correlation: R2 

R2 (η1,ϕ1,η2 ,ϕ2 ) =
ρ2 (η1,ϕ1,η2 ,ϕ2 )

ρ1(η1,ϕ1)ρ1(η2 ,ϕ2 )
−1

Transverse Momentum Correlations: <ΔpTΔpT> 

ΔptΔpt η1,η2,Δφ( ) =
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n
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n
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Summary 
• Study&of&two*par.cle&correla.on&func.ons&R2&and&ΔpTΔpT&differen.al&correla.ons&for&(+,+),&(*,*),&and&(+,*)&charged&
par.cle&pairs&vs.&collision&centrality&in&Pb&+&Pb&collisions&at&snn1/2=&2.76&TeV.&

• Shape&&&amplitude&exhibit&strong&&dependence&on&collision&centrality.&&
• Studied&Fourier&decomposi.ons&in&Δφ&as&a&func.on&of&Δη.&
• Measured&coefficients&v2{R2},&v3{R2},&and&v4{R2}&are&…&&

• Constant'for'|Δη|>0.6'and'independent'of'charge'combina1on'
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• In&agreement&w/&expecta.ons&based&on&flow&dominance&and&factoriza.on,'i.e.'Eq'2.'
• Support&no.on&that&par.cle&correla.ons&are&predominantly&driven&by&flow&&&ini.al&geometry&fluctua.ons.&
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• Collision centrality determination based on V0 detector. 
• Events selected in |zvertex|< 10 cm range. 
• Track Selection 
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• |η| < 1. 
• Nhits > 70. 

• Analysis carried out using track weights based on event zvertex, and track  η, pT, and φ. 
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ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )Δpt ,1Δpt ,2 dpt ,1 dpt ,2
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∫

ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )dpt ,1 dpt ,2
accept
∫

Fourier Coefficients vs. Δη Interval  

Examples: 

Comparison to vn{EP} obtained with Event Plane Method 

Flow Ansatz: 

Examples: 

Fourier Coefficients vs. Δη Interval  

Eq.1 

Eq.2 

Comparison with Equation 2 

 vn ΔpTΔpT{ }  vnpT − pT vn

f (Δϕ ) =V0Δ + VnΔ
n=1
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∑ cosΔϕ
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• Shape&&&amplitude&exhibit&strong&&dependence&on&collision&centrality.&&
• Studied&Fourier&decomposi.ons&in&Δφ&as&a&func.on&of&Δη.&
• Measured&coefficients&v2{R2},&v3{R2},&and&v4{R2}&are&…&&

• Constant'for'|Δη|>0.6'and'independent'of'charge'combina1on'
• In&agreement&with&flow&coefficients,&vn{EP},&obtained&with&Event&Plane&(EP)&Method&w/&|Δη|>2.&

• Measured&Coefficients&v2{ΔpTΔpT},&v3{ΔpTΔpT},&and&v4{ΔpTΔpT}&are&…&
• Constant'for'|Δη|>0.6'and'independent'of'charge'combina1on'
• In&agreement&w/&expecta.ons&based&on&flow&dominance&and&factoriza.on,'i.e.'Eq'2.'
• Support&no.on&that&par.cle&correla.ons&are&predominantly&driven&by&flow&&&ini.al&geometry&fluctua.ons.&

Analysis Details 
• ~15 million minimum Pb+Pb bias events. 
• Collision centrality determination based on V0 detector. 
• Events selected in |zvertex|< 10 cm range. 
• Track Selection 

• 0.2 < pT < 2.0 GeV/c. 
• |η| < 1. 
• Nhits > 70. 

• Analysis carried out using track weights based on event zvertex, and track  η, pT, and φ. 

Δpt ,1Δpt ,2 (η1,ϕ1,η2,ϕ2 ) =
ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )Δpt ,1Δpt ,2 dpt ,1 dpt ,2

accept
∫

ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )dpt ,1 dpt ,2
accept
∫

Fourier Coefficients vs. Δη Interval  

Examples: 

Comparison to vn{EP} obtained with Event Plane Method 

Flow Ansatz: 

Examples: 

Fourier Coefficients vs. Δη Interval  

Eq.1 

Eq.2 

Comparison with Equation 2 

 vn ΔpTΔpT{ }  vnpT − pT vn

f (Δϕ ) =V0Δ + VnΔ
n=1

6

∑ cosΔϕ

vn = sign(VnΔ )
VnΔ
2

h�pt,1�pt,2i =

Z
⇢2 �pt,1�pt,2 dpt,1dpt,2

Z
⇢2 dpt,1dpt,2

Extract Fourier coefficients 
an from fits

For a particular projection to Δη,

From an, compute single-particle 
vn values:

vn {R2 or�pT�pT } = sign(an)

r
|an|
2

F (��) = a0 +
6X

n=1

an cos(n��)

C. Pruneau (poster 418)



A. Adare (ALICE)

Other harmonics: v1-v4

Centrality dependence

v2-v4 have similar features:
- independent of charge
- independent of Δη
- Agree with EP method: 
harmonics factorize

19
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v2-v4 have similar features:
- independent of charge
- independent of Δη
- Agree with EP method: 
harmonics factorize
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A. Adare (ALICE)

Other harmonics: v1-v4

Centrality dependence

v2-v4 have similar features:
- independent of charge
- independent of Δη
- Agree with EP method: 
harmonics factorize
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A. Adare (ALICE)

Correlation of balancing charges
Charge balance function in Δη (or Δφ)

Sensitive to
Collective motion
Charge separation at freeze-out
Hadronization time

Reference data
Shuffled events:
No charge-momentum correlations

Mixed events:
No momentum correlations
Subtracted from data as acceptance correction

20

QGP#proper:es#

QM#2012#'#Washington#'#14.08.2012#

•  Iden:fy#relevant#charge#carriers#

•  Depends#strongly#on#the#origina:ng#
phase#

•  Event'by'event#net'charge#
fluctua:ons:##

•  Poster:#S.#Jena#(16#Aug#'#Nr.#421)#

! (+!,dyn) =
N+(N+ !1)

N+

2 +
N!(N! !1)

N!

2 ! 2
N+N!

N+ N!

Balancing)charge)separa2on:)

•  Correla:on#of#balancing#charges#
–  Collec:ve#mo:on#

–  Ini:al#charge#separa:on#at#freeze'out#

–  Time#of#hadroniza:on#

•  Balance#func:on:#

•  Poster:#A.#Manso##

(16#Aug#'#Nr.#428)#

#

B(!!) = 1
2

N+"(!!)" N++(!!)
N+

+
N"+(!!)" N""(!!)

N"

#
$
%

&
'
(

Relevant)charge)carriers:)
Charge fluctuations 

2011/09/26 Satyajit.Jena@cern.ch - ISMD 2011 

12 

•  In the presence of the QGP, the relevant carriers of the charge are the 
quarks 

•  Charge fluctuations depend on the squares of the charges and hence 
strongly depend on which phase they originate from. 

•  The measure of the net charge fluctuations should not be sensitive to: 
•  Volume fluctuations (i.e. fluctuations in the impact parameter) 

•  The tool used to quantify the fluctuations is the !dyn. which is not sensitive 
to detector effects, provided that the detection efficiency is uniform over 
the measured kinematic range: 

QGP:   Charge unit = fractional " Hadron Gas:  Charge unit = 1"

Hadron Gas:  

! 

q = ±1

! 

q2 =1

QGP: 

! 

q = ±
1
3
;2
3

! 

q2 =
1
9
; 4
9

Faster#

2#

Bass,!Danielewicz,!Pra?,!PRL!85,!2689!(2000).!Jeon,!Koch,!PRL!85,!2072!(2000).!#
Asakawa#et#al.,#PRL!85,!2076!(2000).!!

Bass,	
  Danielewicz,	
  Pra0,	
  PRL	
  85,	
  2689	
  (2000).
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•  Shuffled#events:#break#charge'momentum#correla:on#########################
(acceptance#effect)#

•  Mixed#events:#break#momentum#correla:ons########
(charge#dependent#effects#on#acceptance)#

•  Data:#Mixed#events#subtracted#(important#for#Δφ)#
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A. Adare (ALICE)

30-40% 70-80%

B(Δη) and B(Δφ)
Trends:
B falls to zero with increasing 
pair separation

B becomes narrower in more 
central data

“Focusing” observed in 
central data
Consistent with
- Large radial flow
- Long QGP lifetime, delayed 
creation of charges

21

!"#$%&%'($)*+'

,-./0'1+23$43'(556'7'89:;<:8;==' >'

=' 8'
?'

@'
A'

B'
>'<'

9'

C' 7'
=' 8'

?'

@'
A'

B'
>'<'

9'

C' 7'

'D+&E5)'5F5G*3'
•  H551'%I%5G*&%'4IJJ5K"LIG3'"G)'*I*"K'4+"JM5'
•  N5%IF5'4+"JM5'%I%5G*&%'4IJJ5K"LIG3''

!"#$%&%'O$)*+P'
•  QJIF$)5'*+5'($)53*'1I33$RK5'($)*+'SIJ'*+5'

3*&)$5)'3"%1K5'"G)'SIJ'*+5'3154$T4'
)5*54*IJ'"4451*"G45'

QRQRU'8:>B'V5W'

•  Experimental#defini:on:#

•  Shuffled#events:#break#charge'momentum#correla:on#########################
(acceptance#effect)#

•  Mixed#events:#break#momentum#correla:ons########
(charge#dependent#effects#on#acceptance)#

•  Data:#Mixed#events#subtracted#(important#for#Δφ)#

Balance#func:ons#(Δη)#

QM#2012#'#Washington#'#14.08.2012#

B(!!) = 1
2

N+"(!!)" N++(!!)
N+

+
N"+(!!)" N""(!!)

N"

#
$
%

&
'
(

Shuffling#

7#

•  Probability#to#find#for#a#given#
charge#the#balancing##############
partner#in#the#selected#phase#
space#interval.##

Balance#func:ons#(Δϕ)#

QM#2012#'#Washington#'#14.08.2012#

#

•  Separately#studied#observables:#Δη, Δϕ ##
•  Centrality#dependence#by#weighted#average:#
#
•  Decrease#(peripheral#!#central)#for#data,#not#observed#for#shuffling#
•  Exclude#short#range:# #0.1#<#Δη#<#1.6,#

# # # # # #4°#<#Δϕ#<#180°#

#

!! =
B(!!i )" !!i

B(!!i )"

8#

Balance#func:ons#(Δϕ)#

QM#2012#'#Washington#'#14.08.2012#

#

•  Separately#studied#observables:#Δη, Δϕ ##
•  Centrality#dependence#by#weighted#average:#
#
•  Decrease#(peripheral#!#central)#for#data,#not#observed#for#shuffling#
•  Exclude#short#range:# #0.1#<#Δη#<#1.6,#

# # # # # #4°#<#Δϕ#<#180°#

#

!! =
B(!!i )" !!i

B(!!i )"

8#

0-5%

M. Weber (2C)



A. Adare (ALICE)

30-40% 70-80%

B(Δη) and B(Δφ)
Trends:
B falls to zero with increasing 
pair separation

B becomes narrower in more 
central data

“Focusing” observed in 
central data
Consistent with
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A. Adare (ALICE)

Space-momentum correlations
Collective flow induces strong x-p correlations.
For flow-induced correlations, a common approximate mT scaling of 
femtoscopic radii expected for particles of different mass.
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ALICE measured 
radii for π, K, p vs. 
mT and centrality
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A. Adare (ALICE)

Annihilation seen in BB̅ correlations

Final state rescattering proposed as explanation for low p yield 
If true, should be reflected in BB̅ femtoscopic correlations

ALICE observes significant annihilation in various BB̅ channels
Beginnings of precise interaction cross-section measurements for many 
rare BB̅ pair types
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A. Adare (ALICE)

Summary
Identified particles
p/π enhancement comes from bulk, not jet fragmentation.
BB̅ femtoscopic correlations indicate pp̅ annihilation in final state

Flow dominance at low to intermediate pT
3-particle correlations: Inclusive distributions consistent with flow-only simulations 
Remaining signal small, but possibly nonzero
Transverse momentum and number density correlations:
Agree with vn obtained by event-plane methods
Fourier analysis supports long-range factorization for v2-v4

Broadening & enhanced yield of near-side jet peak
Significant longitudinal broadening in more central collisions, compared to pp
Yield enhanced at all associated pT, compared to pp

Charge dependence
Charge balance function “focused” in Δη by strong radial flow + long QGP lifetime
Fourier harmonics: v1 sensitive to charge combination and Δη; v2 and higher are not
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A. Adare (ALICE)

Comparison to published IAA

26

This$analysis$$
•  R<0.2$Centrality$0R10%$

•  Published$data$points$are$from$
$$$$$ALICE$IAA$paper$$PRL$108,$092301$(2012)$
R$$whole$signal$region$$
R  centrality$0R5%$
R  pTa$>$3$GeV/c$



A. Adare (ALICE)

PID method
Correlate dE/dx from TPC and flight time from 
TOF detector.
Quantities relative to pion assumption
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A. Adare (ALICE)

v2 from R2 and ΔpT-ΔpT correlations
v2 from number density 
correlations
 - colors: Δη ranges
v2 decreases with Δη in 
peripheral collisions
 - panels: charge comb.
v2 indep of charge

v2 from ΔpT-ΔpT 
correlations
 - v2 indep. of Δη at all 
centralities
 - As for R2, no charge 
dependence

Both techniques 
consistent with v2{EP}
Flow dominates
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∫
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∫

Fourier Coefficients vs. Δη Interval  

Examples: 

Comparison to vn{EP} obtained with Event Plane Method 

Flow Ansatz: 

Examples: 

Fourier Coefficients vs. Δη Interval  

Eq.1 

Eq.2 

Comparison with Equation 2 
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∑ cosΔϕ

vn = sign(VnΔ )
VnΔ
2

Quark Matter 2012 
Probing Initial Fluctuations with Two Particle Transverse 
Momentum Correlations in Pb + Pb Collisions at 2.73 TeV 
Claude A. Pruneau, for the ALICE Collaboration 

Wayne State University 
College of Liberal Arts & Sciences 
Department of Physics and Astronomy 

Number Correlation: R2 

R2 (η1,ϕ1,η2 ,ϕ2 ) =
ρ2 (η1,ϕ1,η2 ,ϕ2 )

ρ1(η1,ϕ1)ρ1(η2 ,ϕ2 )
−1

Transverse Momentum Correlations: <ΔpTΔpT> 

ΔptΔpt η1,η2,Δφ( ) =
2 vn

p (η1)− pt (η1)vn (η1)( ) vnp (η2 )− pt (η2 )vn (η1)( )cos nΔφ( )
n
∑

1+ 2 vn (η1)vn (η1)cos nΔφ( )
n
∑

Summary 
• Study&of&two*par.cle&correla.on&func.ons&R2&and&ΔpTΔpT&differen.al&correla.ons&for&(+,+),&(*,*),&and&(+,*)&charged&
par.cle&pairs&vs.&collision&centrality&in&Pb&+&Pb&collisions&at&snn1/2=&2.76&TeV.&

• Shape&&&amplitude&exhibit&strong&&dependence&on&collision&centrality.&&
• Studied&Fourier&decomposi.ons&in&Δφ&as&a&func.on&of&Δη.&
• Measured&coefficients&v2{R2},&v3{R2},&and&v4{R2}&are&…&&

• Constant'for'|Δη|>0.6'and'independent'of'charge'combina1on'
• In&agreement&with&flow&coefficients,&vn{EP},&obtained&with&Event&Plane&(EP)&Method&w/&|Δη|>2.&

• Measured&Coefficients&v2{ΔpTΔpT},&v3{ΔpTΔpT},&and&v4{ΔpTΔpT}&are&…&
• Constant'for'|Δη|>0.6'and'independent'of'charge'combina1on'
• In&agreement&w/&expecta.ons&based&on&flow&dominance&and&factoriza.on,'i.e.'Eq'2.'
• Support&no.on&that&par.cle&correla.ons&are&predominantly&driven&by&flow&&&ini.al&geometry&fluctua.ons.&

Analysis Details 
• ~15 million minimum Pb+Pb bias events. 
• Collision centrality determination based on V0 detector. 
• Events selected in |zvertex|< 10 cm range. 
• Track Selection 

• 0.2 < pT < 2.0 GeV/c. 
• |η| < 1. 
• Nhits > 70. 

• Analysis carried out using track weights based on event zvertex, and track  η, pT, and φ. 

Δpt ,1Δpt ,2 (η1,ϕ1,η2,ϕ2 ) =
ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )Δpt ,1Δpt ,2 dpt ,1 dpt ,2

accept
∫

ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )dpt ,1 dpt ,2
accept
∫

Fourier Coefficients vs. Δη Interval  

Examples: 

Comparison to vn{EP} obtained with Event Plane Method 

Flow Ansatz: 

Examples: 

Fourier Coefficients vs. Δη Interval  

Eq.1 

Eq.2 

Comparison with Equation 2 

 vn ΔpTΔpT{ }  vnpT − pT vn

f (Δϕ ) =V0Δ + VnΔ
n=1

6

∑ cosΔϕ

vn = sign(VnΔ )
VnΔ
2



A. Adare (ALICE)

The first harmonic
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A. Adare (ALICE)

Three-particle angular distributions
Full correlation (no background subtraction) - centrality evolution:
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A. Adare (ALICE)

Three-particle angular distributions
Full correlation (no background subtraction) - centrality evolution:
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A. Adare (ALICE)

3-particle correlations - flow simulation
Details:

Event by event v2,v3,v4,v5,psi2,psi3,psi4, and psi5 from Glauber model.  
Using 3x the v2,v3,v4, and v5 as these are low-pt flow values.  
Generate a Poisson number of triggers and associated particles with the flow correlations wrt the 
corresponding reaction plane.  This gives realistic flow fluctuations and correlations between the 
reaction planes. 
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A. Adare (ALICE)

Isolating non-flow signals?
Under the (strong) assumptions:
 - Flow and non-flow sources combine additively & are independent
 - Nonflow signal is positive definite (zero yield at minimum)
 - 3-particle background fully described by combinations of v2, v3, and v4

A nonzero structure remains:
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