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Physics of Heavy Ion Collisions
Short answer:   QCD -  strong interaction sector of the Standard Model 

❖  physics of multiparticle 
production

✦  multiparton interactions, “clusters”,…
✦ hadronization mechanism... 

❖  ‘state of matter’ at high temperature  & energy density:   ‘The QGP’
✦  hadrons are no longer the relevant d.o.f
✦  partons are deconfined (not bound into composite particles)
✦  chiral symmetry is restored (?)  

❖  mission of URHI
✦  study properties of the QGP phase  
✦  discover new aspects of QCD 

in the strongly coupled regime
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Detector:
Length: 26 meters
Height: 16 meters
Weight: 10,000 tons

Collaboration:
> 1000 Members
> 100 Institutes 
> 30 countries

VZEROA: 2.8 < η < 5.1
VZEROC: -3.7 < η < -1.7
ZDC (centrality)
FMD (Nch -3.4<η<5)
PMD (Nγ, Nch)

Central Barrel
2 π tracking & PID
|η| < 1

Muon Spectrometer 
-2.5 > η > -4

3

ALICE Detector
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ALICE – main features

vertexing
HMPID

ITS TPC

TRD

TOF

4

• particle identification (practically all known techniques)
• excellent vertexing capability
• efficient  tracking – down to ~ 100 MeV/c
• particle detection over a large rapidity range
• quarkonia detection down to pT=0 

Central Barrel 

Forward det.  
Muon Arm & C.B. 
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ALICE data  

5

• Two heavy-ion runs at the LHC so far:
• in 2010 – commissioning and the first data taking
• in 2011 – (energy scaled) above nominal luminosity!

• pp data taken at different c.m. energies in 2009-2012:
• 0.9, 2.36, 2.76, 7 and 8 TeV
reference for HI data and genuine pp physics
  

• p-Pb run foreseen in Jan-Feb 2013 (pilot run Sept. 2012) 

year system energy √sNN
TeV

integrated 
luminosity

2010 Pb – Pb 2.76 ~ 10 µb-1

2011 Pb – Pb 2.76 ~ 0.1 nb-1

2013 p – Pb 5.02 ~ 30 nb-1
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Global observables and 
properties of the bulk 
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Multiplicity and energy density

pp extrapolations

ε(τ ) = 1
τ 0A

dN
dy

mt

 dNch/dη ~ 1600 ± 76 (syst)  
 
 Energy density ≈ 3 x RHIC (fixed τ0)
lower limit, likely τ0(LHC)  < τ0(RHIC)

PRL105 (2010) 252301
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  Femtoscopy => Spatial and temporal extent of the 
particle emitting source 
  Two-pion intensity intreferometry 
 => HBT radii (Rlong, Rside, Rout)
    Volume: twice w.r.t. RHIC
 Lifetime: 40% higher w.r.t. RHIC

System size



US LHC Users Organization Meeting, Fermilab, October 18-20, 2012page S.A. Voloshin

Elliptic flow vs collision energy

9

Centrality ~ 20%-30%

+30%

CERN Press release, November 26, 2010:
‘confirms that the much hotter plasma 
produced at the LHC behaves as a 
very low viscosity liquid (a perfect fluid)..’

Increase in elliptic flow ~30%,
in agreement with hydrodynamics 
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Particle yields and ratios

10

Predicted temperature T=164 MeV
A.Andronic, P.Braun-Munzinger, J.Stachel NP A772 167

Thermal fit (w/o res.): T=152 MeV (χ2/ndf = 40/9)
Ξ and Ω significantly higher than statistical model

p/π and Λ/π ratios at LHC lower than  RHIC 
Hadronic re-interactions ?
F.Becattini et al. 1201.6349; J.Steinheimer et al. 1203.5302
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arXiv:1208.1974 [hep-ex]

(low) pT spectra : superposition of  collective 
radial flow and  thermal motion

“Blast-Wave” fit to  pT spectra:
 Radial flow velocity <β> ≈ 0.65
       (10 % larger than at RHIC)  
 Kinetic freeze-out temp. TK ≈ 95 MeV
     (same as RHIC within errors) 

Low-pT particle production

Collective Behavior 1   
Radial Flow and Kinetic Freeze-Out  

Bielefeld 09.2012 Christian Klein-Bösing 12 

Radial Flow 
Collective Transverse Expansion 

ALICE© | Cnference Quy Nhon| 20 July 2012 | I.-K. Yoo 12 

• different shape in pT  different mass 

4 The ALICE Collaboration
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Fig. 1: (color online) Transverse momentum distributions of the sum of positive and negative particles (box:
systematic errors; statistical errors smaller than the symbol for most data points), fitted individually with a blast
wave function, compared to RHIC data and hydrodynamic models.

rameters at
p

sNN = 2.76 TeV, we performed a combined fit with a blast wave function [15]. It should
be noted that the value of the Tkin parameter extracted from the fit is sensitive to the fit range used for
the pions, because of the large contribution from resonance decays (mostly at low pT), which tend to
reduce Tkin. For this reason, the pT ranges 0.5-1 GeV/c, 0.2-1.5 GeV/c, 0.3-3 GeV/c for p , K, and p
were used. These hydro-motivated fits do not replace a full hydrodynamic calculation, but allow one
to compare with a few parameters the measurements of different experiments. The data are well de-
scribed by the combined blast wave fit with a collective radial flow velocity hbTi = 0.65± 0.02, and a
kinetic freeze-out temperature of Tkin = 96± 10 MeV. As compared to fits to central Au–Au collisions
at

p
sNN = 200 GeV/c, in similar pT ranges [35, 46], hbTi at the LHC is ⇠10% higher while Tkin is

comparable within errors.

The mid-rapidity (|y|< 0.5) pT-integrated particle yields were extracted by fitting the p , K, and p spectra
individually with a blast wave function, in order to extrapolate to zero pT. The individual fits are shown
in Fig. 1 as solid curves; the fraction of extrapolated yield is small: about 7%, 6%, and 4% for p , K, and
p. Its uncertainty was estimated using different fit functions [24]. The particle ratios are compared in
Fig. 2 to results at

p
sNN = 200 GeV and to the predictions from thermal models, using µB = 1 MeV and a

Tch of 164 MeV [7] or 170 MeV [17]. The value for µB is based on extrapolation from lower energy data.
Tch was found to be constant above a center-of-mass energy of a few ten GeV, so the value obtained from
fits to RHIC data was used. The systematic uncertainties on the particle ratios were computed taking into
account the correlated sources of uncertainty (mainly due to the tracking efficiency for different particles
and to PID and extrapolation for anti-particle over particle ratios). In the following we quote the total er-
ror for the ratios, as the statistical error is negligible. The anti-particle/particle ratios are all unity within
errors, consistent with a vanishing baryochemical potential µB. In order to minimize the sensitivity to
µB, the ratios K/p = (K+ +K�)/(p+ +p�) and p/p = (p+ p̄)/(p+ +p�) are also shown. The ratio

 
Combined Blast-Wave Fit: 
More violent transverse expansion βT ≈ 0.65 ± 0.02 
Kinetic freeze-out:  Tkin,fo = 96 ± 10 MeV 
 
Detailed model comparison: 
Additional processes needed after chemical  
freeze-out to correctly describe protons 
 

Strong collectivity in transverse direction 
  ALICE arxiv:1208.1974 
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Extending the flow measurements

12
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v2 and v3 ,   -3.5 < η < 5.0

13

- using 2- and 4-particle correlations in FMD 
and SPD detectors, v2 and v3 
measurements extended up to η=5
- good agreement with CMS in the 
overlapping region, |η|<2.4
- consistent with longitudinal scaling
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Flow analysis with FMD and SPD clusters 43
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Fig. 52: v2 and v3 for the 0�5% and 50�60% most central events. The shapes of the distributions are found to
be very similar.

In Figure 52, v2{2} and v3{2} is shown for different centralities. It is observed that both v2 has a very
similar shape at all centralities, while v3 behaves differently at the most forward rapidities. This is also
backed up by Figure 53 and 54 where the ratios between different centralities is shown.

In Figure 55 and 56 a comparison to the AMPT model is shown. It is observed that AMPT agrees quite
well with the results from this analysis for mid-central events, but not for the most central. One thing
to note, is that for elliptic flow the 2- and 4-particle cumulant results seem to be slightly further apart in
AMPT than they are in data. To test that the high results for the more central events is not because of
bad centrality determination in AMPT this has been tested using an impact parameter cut of b  1 fm
in AMPT and a corresponding centrality selection in the real data (1.43% most central events). This is
shown in Figure 57, which is not meant for preliminary status. Note that v2{4} did not obtain enough
statistics to become stable. The results is in agreement with the preliminary figures; AMPT overestimates
the flow for the most central events.

Finally in Figure 58 an overview of the centrality dependence for v2{2}, v2{4} and v3{2} is shown for
mid-rapidity and forward rapidity. It is observed that while the flow is smaller at forward rapidity, the
centrality dependence is very similar for all three observables between mid-rapidity and forward rapidity.
The AMPT results are also shown for comparison.

Finally there are overview plots for all centralities for v2{2}, v2{4}, v3{2} and sv2/hv2i in Figures 59-61.
A direct comparison to the TPC results is shown in Figure 62 from [10], and appear to be in agreement

with the results from this analysis.

12 Conclusion

Results and systematic checks for elliptic flow and triangular flow has been presented. A good agreement
is found with CMS in the region covered by their analysis. Longitudinal scaling has been found to hold

40 ALICE Internal Note 2012
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See talk by Maxime Guilbaud

⌘ dependence of the anisotropic flow... A. Hansen (NBI), QM2012 - Washington 9/ 15
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v2, v3 and v4  for pT up to 20 GeV/c

14

ALICE: arXiv:1205.5761

2 The ALICE Collaboration
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured

vn(pT) up to  pT =20 GeV/c, where flow is 
dominated by jet quenching mechanism
Nonflow suppressed either by rapidity gap
or using 4-particle cumulans
v4 measured wrt Ψ2  and  Ψ4

2 The ALICE Collaboration
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured

Horowitz, Gyulassy, JPhys G 38 124114 (2011)

Anisotropic flow at high transverse momentum 3
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Y2{EP} results are slightly
shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadrature.]

all sources were added in quadrature as an estimate of the total systematic uncertainty. The resulting
systematic uncertainties in v2 are 3% for 0.9 < pt < 1 GeV/c and +3

�11% (+3
�12%) for 9 < pt < 10 GeV/c in

the 5-10% (40-50%) centrality class. The resulting systematic uncertainties in v3 are 3% for 0.9 < pt < 1
GeV/c and increase to 6% (10%) for 7 < pt < 9 GeV/c for centrality 5-10% (40-50%). We assign an 8%
(16%) systematic uncertainty to v4 for 0.9 < pt < 1 GeV/c in the 5-10% (40-50%) centrality class, while
for pt > 6 GeV/c the systematics are dominated by non-flow contributions.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for dif-
ferent centrality classes. The difference between v2{EP} and v2{4} for pt < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pt > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. Less than 5% discrepancy
between the ALICE and ATLAS [24] v2{EP} measurements is found over the entire transverse momen-
tum region. The observed v2{EP} at pt > 10 GeV/c is fairly well described by extrapolation to the LHC
energy [41] of the WHDG model calculations [42] for v2 of neutral pions including collisional and ra-
diative energy loss of partons in a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak
centrality dependence with a magnitude significantly smaller than that of v2, except the most central
collisions. Unlike v3, which originates entirely from fluctuations of the initial geometry of the system,
v4 has two contributions, which are probed by correlations with the Y2 and Y4 symmetry planes. The
measured v4/Y4{EP} does not depend strongly on the collision centrality which points to a strong con-
tribution from flow fluctuations. In contrast, v4/Y2{EP} shows a strong centrality dependence which is
typical for correlations with respect to the true reaction plane. The difference between the two, indicative
of flow fluctuations, persists at least up to pt = 8 GeV/c.

We compare our results obtained with the event plane method to the existing analogous measurements
from ATLAS [26] and CMS [27] collaborations, as well to the results obtained at RHIC by STAR [40]
collaboration in Fig. 2. The comparison is done for 30-40% centrality. Note that only statistical errors
are shown in this plot. An excellent agreement is observed between results from all three LHC collabo-
rations. At RHIC energy, v2(pt), though very similar in shape, has a peak value about 10% lower than at
LHC.

2 The ALICE Collaboration
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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proton/pion splitting extends up to 
pT ≃ 10 GeV/c
v3 approaches zero for all particle 
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        𝜙-meson  flow follows mass
dependence at pT < 3 GeV/c   
and “meson band” at higher pT

ALICE compilation for v2 
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The scenario of ALICE measurement is now enriched 
with other species: K0

s, , ,  and . 
At a first look the herarchy of the mass is clearly visible 
for both the centrality reported. 

New:  K0, 𝚲,  𝜙 , and (not shown) 𝚵, Ω NCQ scaling: violation ~ 10-15% 
at pT ~1.2 GeV/c 
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Fluctuations in the forward region are very 
similar to those at midrapidity at all
centralities
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Centrality dependence of flow fluctuations
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readability.
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Fluctuations largest for
most central events.

At mid-rapidity fluctuations
are consistent with
previously reported results
for pT > 0.2 GeV/c.
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Fluctuations extend up to pT ~ 8 GeV/c
with very similar magnitude
Note that v4 measured wrt Ψ2 and  Ψ4
becomes very similar at the same pT
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Y2{EP} results are slightly
shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadrature.]

all sources were added in quadrature as an estimate of the total systematic uncertainty. The resulting
systematic uncertainties in v2 are 3% for 0.9 < pt < 1 GeV/c and +3

�11% (+3
�12%) for 9 < pt < 10 GeV/c in

the 5-10% (40-50%) centrality class. The resulting systematic uncertainties in v3 are 3% for 0.9 < pt < 1
GeV/c and increase to 6% (10%) for 7 < pt < 9 GeV/c for centrality 5-10% (40-50%). We assign an 8%
(16%) systematic uncertainty to v4 for 0.9 < pt < 1 GeV/c in the 5-10% (40-50%) centrality class, while
for pt > 6 GeV/c the systematics are dominated by non-flow contributions.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for dif-
ferent centrality classes. The difference between v2{EP} and v2{4} for pt < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pt > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. Less than 5% discrepancy
between the ALICE and ATLAS [24] v2{EP} measurements is found over the entire transverse momen-
tum region. The observed v2{EP} at pt > 10 GeV/c is fairly well described by extrapolation to the LHC
energy [41] of the WHDG model calculations [42] for v2 of neutral pions including collisional and ra-
diative energy loss of partons in a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak
centrality dependence with a magnitude significantly smaller than that of v2, except the most central
collisions. Unlike v3, which originates entirely from fluctuations of the initial geometry of the system,
v4 has two contributions, which are probed by correlations with the Y2 and Y4 symmetry planes. The
measured v4/Y4{EP} does not depend strongly on the collision centrality which points to a strong con-
tribution from flow fluctuations. In contrast, v4/Y2{EP} shows a strong centrality dependence which is
typical for correlations with respect to the true reaction plane. The difference between the two, indicative
of flow fluctuations, persists at least up to pt = 8 GeV/c.

We compare our results obtained with the event plane method to the existing analogous measurements
from ATLAS [26] and CMS [27] collaborations, as well to the results obtained at RHIC by STAR [40]
collaboration in Fig. 2. The comparison is done for 30-40% centrality. Note that only statistical errors
are shown in this plot. An excellent agreement is observed between results from all three LHC collabo-
rations. At RHIC energy, v2(pt), though very similar in shape, has a peak value about 10% lower than at
LHC.

2 The ALICE Collaboration
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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R
elative

event-by-eventelliptic
flow

fluctuations
for

unidentified
charged

particles
versus

transverse
m

om
entum

for
differentcentrality

classes.
For

clarity,the
m

arkers
for

centrality
classes

�
10%

are
slightly

shifted
along

the
horizontalaxis.[Errorbarsshow

statisticaland
system

atic
uncertaintiesadded

in
quadra-

ture.]

In
sum

m
ary,w

e
have

presented
elliptic,triangular,and

quadrangularflow
coefficients

m
easured

by
the

A
LIC

E
collaboration

in
Pb-Pb

collisions
at p

s
N

N
=

2.76
TeV

overa
broad

range
oftransverse

m
om

en-
tum

.
For

p
t >

8
G

eV
/c,w

e
find

thatthe
unidentified

charged
particle

v2
and

v3
are

finite,positive
and

only
w

eakly
dependenton

transverse
m

om
entum

,w
hile

v4
is

consistentw
ith

zero
w

ithin
rather

large
statisticaland

system
atic

uncertainties.
The

observed
difference

in
the

centrality
dependence

of
v4/Y

4

and
v4/Y

2 ,and
the

results
on

v2
obtained

w
ith

the
eventplane

and
four-particle

correlations
indicate

that
the

effectof
flow

fluctuations
extends

atleastup
to

p
t =

8
G

eV
/c

and
does

notchange
significantly

in
m

agnitude.
The

pion
v2

atLH
C

energies
is

very
close

to
thatm

easured
atR

H
IC

outto
p

t =
16

G
eV

/c
and

is
reproduced

by
W

H
D

G
m

odel
calculations

for
p

t
>

8
G

eV
/c.

The
proton

v2
and

v3
are

finite,
positive,and

have
a

largerm
agnitude

than
thatofthe

pion
for

p
t <

8
G

eV
/c,indicating

thatthe
particle

type
dependence,w

hich
is

typicalatlow
p

t ,persists
outto

high
transverse

m
om

enta.
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:

(color
online)

v2 ,v3 ,and
v4

m
easured

for
unidentified

charged
particles

as
a

function
of

transverse
m

o-
m

entum
forvarious

centrality
classes.The

dashed
line

represents
the

W
H

D
G

m
odelcalculations

forneutralpions
v2

[43]extrapolated
to

the
LH

C
collision

energy.Forclarity,the
m

arkers
forv3

and
v4/Y

2 {EP}
results

are
slightly

shifted
along

the
horizontalaxis.[Errorbars

show
statisticaland

system
atic

uncertainties
added

in
quadrature.]

allsources
w

ere
added

in
quadrature

as
an

estim
ate

of
the

totalsystem
atic

uncertainty.
The

resulting
system

atic
uncertaintiesin

v2
are

3%
for0.9

<
p

t <
1

G
eV

/c
and

+
3

�
11 %

( +
3

�
12 %

)for9
<

p
t <

10
G

eV
/c

in
the

5-10%
(40-50%

)centrality
class.The

resulting
system

atic
uncertaintiesin

v3
are

3%
for0.9

<
p

t <
1

G
eV

/c
and

increase
to

6%
(10%

)for7
<

p
t <

9
G

eV
/c

forcentrality
5-10%

(40-50%
).W

e
assign

an
8%

(16%
)system

atic
uncertainty

to
v4

for0.9
<

p
t <

1
G

eV
/c

in
the

5-10%
(40-50%

)centrality
class,w

hile
for

p
t >

6
G

eV
/c

the
system

atics
are

dom
inated

by
non-flow

contributions.

Figure
1

show
sunidentified

charged
particle

v2 ,v3 ,and
v4

asa
function

oftransverse
m

om
entum

fordif-
ferentcentrality

classes.
The

difference
betw

een
v2 {EP}

and
v2 {4}

for
p

t <
7

G
eV

/c
is

predom
inantly

due
to

flow
fluctuations.

The
m

easured
v2

at
p

t
>

8
G

eV
/c

is
non-zero,

positive
and

approxim
ately

constant,w
hile

its
value

increases
from

centralto
m

id-peripheralcollisions.
Less

than
5%

discrepancy
betw

een
the

A
LIC

E
and

ATLA
S

[24]v2 {EP}
m

easurem
ents

is
found

overthe
entire

transverse
m

om
en-

tum
region.The

observed
v2 {EP}

at
p

t >
10

G
eV

/c
is

fairly
w

elldescribed
by

extrapolation
to

the
LH

C
energy

[41]
of

the
W

H
D

G
m

odelcalculations
[42]

for
v2

of
neutralpions

including
collisionaland

ra-
diative

energy
loss

ofpartons
in

a
B

jorken-expanding
m

edium
[43].

The
coefficientv3

exhibits
a

w
eak

centrality
dependence

w
ith

a
m

agnitude
significantly

sm
aller

than
that

of
v2 ,

except
the

m
ost

central
collisions.

U
nlike

v3 ,w
hich

originates
entirely

from
fluctuations

of
the

initialgeom
etry

of
the

system
,

v4
has

tw
o

contributions,w
hich

are
probed

by
correlations

w
ith

the
Y

2
and

Y
4

sym
m

etry
planes.

The
m

easured
v4/Y

4 {EP}
does

notdepend
strongly

on
the

collision
centrality

w
hich

points
to

a
strong

con-
tribution

from
flow

fluctuations.
In

contrast,v4/Y
2 {EP}

show
s

a
strong

centrality
dependence

w
hich

is
typicalforcorrelationsw

ith
respectto

the
true

reaction
plane.The

difference
betw

een
the

tw
o,indicative

offlow
fluctuations,persists

atleastup
to

p
t =

8
G

eV
/c.

W
e

com
pare

our
results

obtained
w

ith
the

eventplane
m

ethod
to

the
existing

analogous
m

easurem
ents

from
ATLA

S
[26]and

C
M

S
[27]collaborations,as

w
ellto

the
results

obtained
atR

H
IC

by
STA

R
[40]

collaboration
in

Fig.2.
The

com
parison

is
done

for30-40%
centrality.

N
ote

thatonly
statisticalerrors

are
show

n
in

this
plot.A

n
excellentagreem

entis
observed

betw
een

results
from

allthree
LH

C
collabo-

rations.A
tR

H
IC

energy,v2 (p
t ),though

very
sim

ilarin
shape,has

a
peak

value
about10%

low
erthan

at
LH

C
.
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Fig.1:
(coloronline)v2 ,v3 ,and

v4
m

easured
forunidentified

charged
particles

as
a

function
oftransverse

m
o-

m
entum

forvariouscentrality
classes.The

dashed
line

representsthe
W

H
D

G
m

odelcalculationsforneutralpions
v2 [43]extrapolated

to
the

LH
C

collision
energy.Forclarity,the

m
arkersforv3 and

v4/Ψ
2 {EP}

resultsare
slightly

shifted
along

the
horizontalaxis.Errorbarsshow

statisticaland
system

atic
uncertaintiesadded

in
quadrature.

0.2
<
p

t <
20

G
eV

/c
w

ere
selected.

The
charged

track
quality

cuts
described

in
[22]w

ere
applied

to
m

inim
ize

contam
ination

from
secondary

charged
particles

and
fake

tracks.
The

charged
particle

track
reconstruction

efficiency
and

contam
ination

w
ereestim

ated
from

H
IJIN

G
M

onte
C

arlo
sim

ulations[33]
com

bined
w

ith
a

G
EA

N
T3

[34]detectorm
odel,and

found
to

be
independentofthe

collision
centrality.

The
reconstruction

efficiency
increases

from
70%

to
80%

for
particles

w
ith

0.2
<
p

t
<

1
G

eV
/c

and
rem

ains
constant

at80
±

5%
for

p
t
>

1
G

eV
/c.

The
estim

ated
contam

ination
by

secondary
charged

particles
from

w
eak

decays
and

photon
conversions

is
less

than
6%

at
p

t =
0.2

G
eV

/c
and

falls
below

1%
for

p
t >

1
G

eV
/c.

The
selection

ofpions
and

protons
at
p

t >
3

G
eV

/c
is

based
on

the
m

easurem
entofthe

dE
/dx

in
the

TPC
,follow

ing
theprocedure

described
in

[35].Enriched
pion

(proton)sam
plesareobtained

by
selecting

tracksfrom
theupper(low

er)partoftheexpected
pion

(proton)dE
/dxdistribution.Forexam

ple,protons
w

ere
typically

selected,depending
on

theirm
om

entum
,in

the
range

from
0

to
−

3 σ
orfrom

−
1.5σ

to
−

4.5σ
around

theirnom
inalvalue

in
dE

/dx,w
here

σ
isthe

energy
loss

resolution.N
ote

thatdE
/dx

of
pions

is
largerthan

thatofprotons
in

the
p

t range
used

forthis
study.

The
track

selection
criteria

have
been

adjusted
to

keep
the

contam
ination

by
other

particle
species

below
1%

forpions
and

below
15%

for
protons.

The
pion

and
proton

v2
and

v3
are

notcorrected
for

this
contam

ination.
The

system
atic

uncertainties
in
v2

and
v3

related
to

the
purity

ofthe
pion

and
proton

sam
ples

are
2%

for
p

t <
8

G
eV

/c
and

10%
for

p
t ≥

8
G

eV
/c.

The
flow

coefficients
vn

are
m

easured
using

the
eventplane

m
ethod

(vn {EP}
[1])and

the
four-particle

cum
ulanttechnique

(vn {4}
[36]),w

hich
have

differentsensitivity
to

flow
fluctuations

and
correlations

unrelated
to

the
azim

uthalasym
m

etry
in

the
initialgeom

etry
(“non-flow

”).The
non-flow

contribution
to

vn {4}
isestim

ated
to

be
negligible

from
analytic

calculations
and

M
onte

C
arlo

sim
ulations

[37,38,39].
The

contribution
from

flow
fluctuationsw

asshow
n

to
be

negative
forvn {4}

and
positive

forvn {EP}
[1].

The
orientation

ofthe
sym

m
etry

planes
Ψ

n
isreconstructed

from
the

azim
uthaldistribution

ofhitsm
ea-

sured
by

the
V

ZERO
scintillators.

The
large

gap
in

pseudo-rapidity
betw

een
the

charged
particles

in
the

TPC
and

those
in

the
V

ZERO
detectors

greatly
suppresses

non-flow
contributions

to
the

m
easured
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Fig.1:
(coloronline)v2 ,v3 ,and

v4
m

easured
forunidentified

charged
particles

as
a

function
oftransverse

m
o-

m
entum

forvariouscentrality
classes.The

dashed
line

representsthe
W

H
D

G
m

odelcalculationsforneutralpions
v2 [43]extrapolated

to
the

LH
C

collision
energy.Forclarity,the

m
arkersforv3 and

v4/Ψ
2 {EP}

resultsare
slightly

shifted
along

the
horizontalaxis.Errorbarsshow

statisticaland
system

atic
uncertaintiesadded

in
quadrature.
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for
particles

w
ith

0.2
<
p

t
<

1
G

eV
/c

and
rem

ains
constant

at80
±

5%
for

p
t
>

1
G

eV
/c.

The
estim

ated
contam

ination
by

secondary
charged

particles
from

w
eak

decays
and

photon
conversions

is
less

than
6%

at
p

t =
0.2

G
eV

/c
and

falls
below

1%
for

p
t >

1
G

eV
/c.

The
selection

ofpions
and

protons
at
p

t >
3

G
eV

/c
is

based
on

the
m

easurem
entofthe

dE
/dx

in
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in
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by
selecting
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to
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to
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around
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inalvalue

in
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energy
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resolution.N
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thatdE
/dx
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is
largerthan
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in

the
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used
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study.
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other
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below
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and
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The
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and
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correlations
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(“non-flow

”).The
non-flow

contribution
to

vn {4}
isestim

ated
to

be
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from
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Fig. 3: (color online) Relative event-by-event elliptic flow fluctuations for unidentified charged particles versus
transverse momentum for different centrality classes. For clarity, the markers for centrality classes ≥ 10% are
slightly shifted along the horizontal axis. Error bars (shaded boxes) represent the statistical (systematic) uncertain-
ties.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for
different centrality classes. The difference between v2{EP} and v2{4} for pT < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pT > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. The observed v2{EP} at
pT > 10 GeV/c is fairly well described by extrapolation to the LHC energy [41] of the WHDG model
calculations [42] for v2 of neutral pions including collisional and radiative energy loss of partons in
a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak centrality dependence with a
magnitude significantly smaller than that of v2, except for the most central collisions. Unlike v3, which
originates entirely from fluctuations of the initial geometry of the system, v4 has two contributions, which
are probed by correlations with the Ψ2 and Ψ4 symmetry planes. The measured v4/Ψ4{EP} does not
depend strongly on the collision centrality which points to a strong contribution from flow fluctuations.
In contrast, v4/Ψ2{EP} shows a strong centrality dependence which is typical for correlations with respect
to the true reaction plane. The difference between the two, indicative of flow fluctuations, persists at least
up to pT = 8 GeV/c.

Figure 2 compares our results obtained with the event plane method for 30-40% centrality to the anal-
ogous measurements by ATLAS [26] and CMS [27] collaborations, and results obtained at RHIC by
the STAR [44] collaboration. An excellent agreement is observed between results from all three LHC
experiments. v2(pT) at top RHIC energy has a peak value about 10% lower than at LHC although is very
similar in shape.

To investigate further the role of flow fluctuations at different transverse momenta we study the relative
difference between v2{EP} and v2{4}, [(v2{EP}2 − v2{4}2)/(v2{EP}2 + v2{4}2)]1/2, which for small
non-flow is proportional to the relative flow fluctuations σv2/〈v2〉 [1]. Figure 3 presents this quantity
as a function of transverse momentum for various centrality classes. The relative flow fluctuations are
minimal for mid-central collisions and become larger for peripheral and central collisions, similar to
those observed at RHIC energies [1]. It is remarkable that in the 5-30% centrality range, relative flow
fluctuations are within errors independent of momentum up to pT ∼ 8 GeV/c, far beyond the region where
the flow magnitude is well described by hydrodynamic models (pT < 2− 3 GeV/c). This indicates a
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Higher harmonics with higher cumulants
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First v3{4}(pT) measurements
Very weak centrality dependence 
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Higher harmonics with higher cumulants
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Talk by A. Bilandzic

v3{6} is very similar to v3{4}
First v3{4}(pT) measurements 
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Searching for the Chiral Magnetic Effect
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Charge separation along the 
magnetic field manifests violation 
of parity (mirror symmetry)

ALICE:  arXiv:1207:0900
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FIG. 2. (Colour online) The centrality dependence of the
three–particle correlator defined in Eq. 2. The red circles
indicate the ALICE results obtained from the cumulant anal-
ysis. The blue stars show the STAR data from [6]. The
green triangles represent the genuine three–particle correla-
tions (〈cos(φα + φβ − 2φc)〉) from HIJING [20] corrected for
the experimentally measured v2{2} [17]. A model prediction
for the same sign correlations incorporating the Chiral Mag-
netic Effect for LHC energies [21] is shown by the solid red
line. Points are displaced horizontally for visibility.

other analyses the orientation of the collision symme-
try plane is estimated from the azimuthal distribution
of charged particles in the TPC, and hits in the forward
VZERO and ZDC detectors [19]. The small differences
between the methods are considered as part of the sys-
tematic uncertainty.

Figure 1b shows the centrality dependence of the two–
particle correlator 〈cos(φα − φβ)〉, as defined in Eq. 3.
The statistical uncertainty is smaller than the symbol
size. The two–particle correlations for the same and op-
posite charge combinations are always positive and ex-
hibit qualitatively similar centrality dependence, while
the magnitude of the correlation is smaller for the same
charged pairs. Our results differ from those reported by
the STAR Collaboration for Au-Au collisions at

√
sNN =

200 GeV [6] for which a negative correlations are observed
for the same charged pairs.

Figure 1c shows the 〈cos∆φα cos∆φβ〉 and
〈sin∆φα sin∆φβ〉 terms separately. For pairs of
the same charge particles, we observe that the cor-
relations projected onto the direction perpendicular
to the reaction plane, 〈sin∆φα sin∆φβ〉, are larger
than those projected onto the reaction plane direction,
〈cos∆φα cos∆φβ〉. On the other hand, for pairs of
opposite charge, the two terms are almost identical
except for the most peripheral collisions.

Figure 2 presents the three–particle correlator
〈cos(φα +φβ − 2ΨRP )〉 as a function of the collision cen-
trality compared to model calculations and results for

RHIC energies. The statistical uncertainties are repre-
sented by the error bars. The shaded area around the
points indicates the systematic uncertainty based on the
different sources described above. Also shown in Fig. 2
are STAR results [6]. The small difference between the
LHC and the RHIC data indicates little or no energy de-
pendence for the three–particle correlator when changing
from the collision energy of

√
sNN = 0.2 TeV to 2.76 TeV.

In Fig. 2, the ALICE data are compared to the ex-
pectations from the HIJING model [20]. The HIJING
results do not exhibit any significant difference between
the correlations of pairs with same and opposite charge
and were averaged in the figure. The correlations from
HIJING show a significant increase in the magnitude for
very peripheral collisions. This can be attributed to cor-
relations not related to the reaction plane orientation, in
particular, from jets [6].
For the correlations originating in CME, the correla-

tion of pairs with same and opposite charge should be
similar in magnitude and opposite in sign. The results
from ALICE in Fig. 2 show a strong correlation of pairs
with the same charge and simultaneously a very weak
correlation for the pairs of opposite charge. This could
be interpreted as “quenching” of the charge correlations
for the case when one of the particles is emitted toward
the centre of the dense medium created in a heavy–ion
collision [5]. An alternative explanation can be provided
by a recent suggestion [13] that the value of the charge
independent version of the correlator defined in Eq. 2 is
dominated by directed flow fluctuations. The sign and
the magnitude of these fluctuations based on a hydro-
dynamical model calculation for RHIC energies [13] ap-
pear to be very close to the measurement. Our results
for charge independent correlations are given by the blue
band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [21]

for the same sign correlations due to the CME at LHC
energies. The model makes no prediction of the absolute
magnitude of the effect, and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
the correlations by about a factor of five from RHIC to
LHC, which would significantly underestimate the ob-
served magnitude of the same sign correlations seen at
the LHC. At the same time in [5, 10], it was suggested
that the CME might have the same magnitude at the
LHC and at RHIC energies. Note that, in [8] it is argued
that local charge conservation effects may be responsible
for a significant part of the observed charge dependence
of the correlator 〈cos(φα+φβ−2ΨRP )〉. A full discussion
of these effects is beyond the scope of this paper, and will
be presented in a future publication.
Figure 3 shows the dependence of the three–particle

correlator on the transverse momentum difference, |pt,α−
pt,β|, the average transverse momentum, (pt,α + pt,β)/2,
and the rapidity separation, |ηα − ηβ |, of the pair for the

ALICE: charge dependent  correlations 
qualitatively consistent with CME, and 
similar in strength to those observed by STAR. 
No present event generator can reproduce the 
signal. 

Voloshin, PRC70 057901 (2004)

Kharzeev, PLB633 260 (2006)
Kharzeev, Zhitnitski, NPA797 67 (2007)
Khrazeev, McLerran, Waringa, NPA803 227 (2008)
Fukushima, Kharzeev, Waringa, PRD 78 074033 (2008)
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Hight pT particle production and jets

21

Outline 
!  Introduction 

!  Fully reconstructed jets in ALICE 

!  Hadronic Correction 

!  pp Jet Spectra 

!  Pb-Pb Jet Spectra 

!  RAA 

!  Conclusions 

Rosi Reed - Hot Quarks 2012 2 
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Particle spectra at high pT

22

Parton energy loss:
A parton passing through the 
QCD medium  undergoes 
energy loss which results in 
the suppression of high-pT 
hadron yields

Related observable:
nuclear modification factor RAA

Reference: 
pp collisions

Pb-Pb at 
different 
centralities

RAA =
1
Ncoll

d 2NAA / dηdpT
d 2N pp / dηdpT
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RAA for identified particles

23

 First measurement of (anti-)proton, K and π   at high p
T
  (>7 GeV/c) :

 - suggests that the medium does not affect the fragmentation. 
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Baryon-to-meson ratio: p/π
● proton–proton   ●●●●●● Pb–Pb different centralities

p/π ratio at pT ≈ 3 GeV/c in 0–5% central Pb–Pb collisions factor ~ 3 higher than in pp
at pT above ~ 10 GeV/c back to the “normal” pp value

24

recombination
model

0– 5–10% 10–20%

20–40% 40–60% 60–80%
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Charged jet: RAA and RCP

25

Strong jet suppression observed for jets reconstructed with charged particles
– RAA (jet) is smaller than inclusive hadron RAA(h±) at similar parton pT

– data are reasonably well described by JEWEL model 
                                  K.Zapp, I.Krauss, U.Wiedemann, arXiv:1111.6838
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PID in jet structures

26

PYTHIA pp

Near-side peak (after bulk subtraction): p/π ratio compatible with that of pp (PYTHIA)
Bulk region: p/π ratio strongly enhanced – compatible with overall baryon enhancement
Jet particle ratios not modified in medium? Could this still be surface bias?
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Heavy flavor and quarkonia

27
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Heavy Flavor

28

Heavy quarks produced in the early stages of 
the collisions  effective probe of the high-
density medium created in heavy-ion collisions

In-medium energy loss expected to be
smaller for heavy quarks than for light
quarks and gluons due to color charge
and dead cone effect [1]

[1]

Heavy Flavor detection in ALICE:
- Midrapidity:
       -  D-mesons hadronic decay
       -  electrons from semileptonic decays
- Forward rapidity
        - muons from semileptonic decays
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D meson RAA

29

Average D-meson RAA:
– pT < 8 GeV/c hint of slightly less 
suppression than for light hadrons
– pT > 8 GeV/c  all are very similar,
no indication of color charge depend.

 D0, D+ and D*+ RAA compatible within uncertainties 
in the measured  range 1 -- 36 GeV/c.
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D meson elliptic flow

30

• D meson v2 observed  
  comparable to that of light hadrons
• Simultaneous description of RAA and v2:   
c-quark transport coefficient in medium 
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Heavy-flavor e(µ) RAA & v2

• HF electrons:
•  Strong suppression up to pT 18 GeV/c in  0–10% centrality 
•  Non-zero v2 in 20–40% centrality class 

Ongoing effort to separate beauty contribution…
• HF muons : Suppression  in forward region very similar to that of electrons
31
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Heavy-flavor e(µ) RAA & v2

• HF electrons:
•  Strong suppression up to pT 18 GeV/c in  0–10% centrality 
•  Non-zero v2 in 20–40% centrality class 

Ongoing effort to separate beauty contribution…
• HF muons : Suppression  in forward region very similar to that of electrons
31
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J/ψ suppression 

32

J/�!

29&
Braun-Munzinger & Stachel,  Nature Vol. 448 (2007) 

 SPS&&&RHIC&energies:&&Quarkonia&suppression&via&colour&screening&&
&&&&&&&probe&of&deconfinement&&&&&(Matsui&and&Satz,&PLB&178&(1986)&416&)&

 LHC&energies&:&Enhancement&via&(re)genera9on&&of&quarkonia,&due&to&
the&large&heavyCquark&mul9plicity&&(A.&Andronic&et&al.;&&PLB&571(2003)&36)&

J/�!

29&
Braun-Munzinger & Stachel,  Nature Vol. 448 (2007) 

 SPS&&&RHIC&energies:&&Quarkonia&suppression&via&colour&screening&&
&&&&&&&probe&of&deconfinement&&&&&(Matsui&and&Satz,&PLB&178&(1986)&416&)&

 LHC&energies&:&Enhancement&via&(re)genera9on&&of&quarkonia,&due&to&
the&large&heavyCquark&mul9plicity&&(A.&Andronic&et&al.;&&PLB&571(2003)&36)&
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J/ψ RAA centrality dependence 

0<pT<2 GeV/c
5<pT<8 GeV/c

33

J/ψ suppression measurements both in central and forward regions
– from Npart > 100 suppression independent of centrality
– in central collisions, less suppression than at RHIC 
– at low pT (< 2 GeV/c) less suppression than at high pT, especially 
in more central collisions

Indication of J/ψ regeneration at low pT ? 
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J/ψ elliptic flow

34

J/ψ produced by recombination of  thermalized c-quarks should have 
non-zero elliptic flow
– measurements give a hint for non-zero v2 
– qualitative agreement with transport models, including regeneration
– complementary to indications obtained from J/ψ RAA studies
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ψ’ to J/ψ double ratio

No firm conclusion on ψ’ enhancement
or suppression with centrality within 
current stat. and syst. uncertainties

Large ψ’ enhancement with respect
to J/ψ reported by CMS at pT above
3 GeV/c not confirmed

35
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New methods and ideas:
Event Shape Engineering

36
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ESE:  ➔  Events(centrality,shape)

37

We can select centrality based on multiplicity

For a fixed centrality, flow fluctuates.
Can we select events with given vn?

MC Glauber,with 
parameters tuned
to LHC multiplicity
and flow

For e-by-e flow fluc-
tuations, see poster 
by A. Timmins
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ESE:  ➔  Events(centrality,shape)

37

We can select centrality based on multiplicity

For a fixed centrality, flow fluctuates.
Can we select events with given vn?

MC Glauber,with 
parameters tuned
to LHC multiplicity
and flow

For e-by-e flow fluc-
tuations, see poster 
by A. Timmins

Voloshin, PRL 105 172301 (2010)

Yes, e.g. based on the length of flow vector.

Qn,X =

MX

i=1

cos(n�i)

Qn,Y =
MX

i=1

sin(n�i)

qn = Qn/
p
M
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ESE:  ➔  Events(centrality,shape)

37

We can select centrality based on multiplicity

For a fixed centrality, flow fluctuates.
Can we select events with given vn?

MC Glauber,with 
parameters tuned
to LHC multiplicity
and flow

For e-by-e flow fluc-
tuations, see poster 
by A. Timmins

Voloshin, PRL 105 172301 (2010)

Yes, e.g. based on the length of flow vector.

Qn,X =

MX

i=1

cos(n�i)

Qn,Y =
MX

i=1

sin(n�i)

qn = Qn/
p
M

      In practice:
1. Select events based on qn-vector in 
one momentum region (“subevent”)  
2. Perform an analysis of these events in 
another region (“subevent”).
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Flow in SE events: pT dependence

38

Initial shape fluctuation effect
is very similar up to pT ~ 6 GeV/c

Possibility to study events with similar 
centralities, but different shape (or
similar shape, different multiplicities)

12-08-01 A. Dobrin - Quark Matter 2012 9
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Flow in SE events: pT dependence
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Talk by A. Dobrin

Initial shape fluctuation effect
is very similar up to pT ~ 6 GeV/c

12-08-01 A. Dobrin - Quark Matter 2012 9
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p-Pb collisions First p-Pb collisions, 12 Oct 2012
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p-Pb collisions First p-Pb collisions, 12 Oct 2012

Pseudorapidity density in p–Pb collisions ALICE Collaboration

low pT by 50%. The uncertainty related to the trigger and event selection efficiency for NSD collisions
is estimated to be 3.1% using a small sample of events collected with the ZNA trigger with an offline
selection on the deposited energy corresponding to approximately 7 neutrons from the Pb remnant. The
value used for the threshold has been determined from DPMJET with associated nuclear fragment pro-
duction [39], and was chosen to suppress the contamination of the EM and SD interactions. In total, a
systematic uncertainty of about 3.8% is obtained by adding in quadrature all the contributions.

Fig. 1: Pseudorapidity density of charged particles measured in NSD p–Pb collisions at
p

sNN = 5.02 TeV
compared to theoretical predictions [3–7]. The calculations [4, 5] have been shifted to the laboratory system.

The resulting pseudorapidity density is presented in Fig. 1 for |hlab|< 2. A forward–backward asymme-
try between the proton and lead hemispheres is clearly visible. The measurement is compared to particle
production models [3–7] that describe similar measurements in other collision systems [9, 20–31]. The
two-component models [4, 6] combine perturbative QCD processes with soft interactions, and include
nuclear modification of the initial parton distributions. The saturation models [3, 5, 7] employ coher-
ence effects to reduce the number of soft gluons available for particle production below a given energy
scale. The calculations [3, 6, 7] at

p
sNN = 5.02 TeV were provided by the authors in the laboratory
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Abstract

The charged-particle pseudorapidity density measured over 4 units of pseudorapidity in non-single-
diffractive (NSD) p–Pb collisions at a centre-of-mass energy per nucleon pair

p
sNN= 5.02 TeV is

presented. The average value at midrapidity is measured to be 16.81 ± 0.71 (syst.), which corre-
sponds to 2.14 ± 0.17 (syst.) per participating nucleon. This is 16% lower than in NSD pp collisions
interpolated to the same collision energy, and 84% higher than in d–Au collisions at

p
sNN = 0.2 TeV.

The measured pseudorapidity density in p–Pb collisions is compared to model predictions, and pro-
vides new constraints on the description of particle production in high-energy nuclear collisions.

⇤See Appendix A for the list of collaboration members
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Transverse Momentum Distribution and Nuclear Modification Factor of
Charged Particles in p–Pb Collisions at√sNN = 5.02 TeV

The ALICE Collaboration∗

Abstract

The transverse momentum (pT) distribution of primary charged particles is measured in non-single-
diffractive p–Pb collisions at √sNN = 5.02 TeV with the ALICE detector at the LHC. The pT spectra
measured near central rapidity in the range 0.5 < pT < 20 GeV/c exhibit a weak pseudorapidity de-
pendence. The nuclear modification factor RpPb is consistent with unity for pT above 2 GeV/c. This
measurement indicates that the strong suppression of hadron production at high pT observed in Pb–Pb
collisions at the LHC is not due to an initial-state effect. The measurement is compared to theoretical
calculations.

∗See Appendix A for the list of collaboration members
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4 The ALICE Collaboration

0.0035 mb−1. The uncertainty is obtained by varying the parameters in the Glauber model calculation,
see [11].

The pT spectra of charged particles measured in NSD p–Pb collisions at
√sNN = 5.02 TeV are shown

in Fig. 1 together with the interpolated pp reference spectrum. At high pT, the pT distributions in p–Pb
collisions are similar to that in pp collisions, as expected in the absence of nuclear effects. There is an
indication of a softening of the pT spectrum when going from central to forward pseudorapidity. This
is a small effect, as seen in the ratios of the spectra for forward pseudorapidities to that at |ηcms| < 0.3,
shown in Fig. 1 (lower panel). Calculations with the DPMJET event generator [12], which predict well
the measured dNch/dηlab [11], overpredict the spectra by up to 33% for pT < 0.7 GeV/c and underpredict
them by up to 50% for pT > 0.7 GeV/c.

In order to quantify nuclear effects in p–Pb collisions, the pT-differential yield relative to the pp reference,
the nuclear modification factor, is calculated as:

RpPb(pT) =
d2NpPbch /dηdpT

〈TpPb〉d2σ ppch /dηdpT
, (1)

where NpPbch is the charged particle yield in p–Pb collisions. The nuclear modification factor is unity for
hard processes which are expected to exhibit binary collision scaling. For the region of several tens of
GeV, binary collision scaling was experimentally confirmed in Pb–Pb collisions at the LHC by the recent
measurements of observables which are not affected by hot QCD matter, direct photon [18], Z0 [19], and
W± [20] production. The present measurement in p–Pb collisions extends this important experimental
verification down to the GeV scale and to hadronic observables.
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Fig. 2: The nuclear modification factor of charged particles as a function of transverse momentum in NSD p–Pb
collisions at √sNN = 5.02 TeV. The data for |ηcms| < 0.3 are compared to measurements [8] in central (0–5%
centrality) and peripheral (70–80%) Pb–Pb collisions at √sNN = 2.76 TeV. The statistical errors are represented
by vertical bars, the systematic errors by (filled) boxes around data points. The relative systematic uncertainties on
the normalization are shown as boxes around unity near pT = 0 for p–Pb (left box), peripheral Pb–Pb (middle box)
and central Pb-Pb (right box).

The measurement of the nuclear modification factor RpPb for charged particles at |ηcms|< 0.3, is shown in
Fig. 2. The uncertainties of the p–Pb and pp spectra are added in quadrature, separately for the statistical
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Summary

• ALICE is obtaining a wealth of physics results from the first two 
LHC heavy-ion runs:
• bulk, soft probes:

• spectra and flow of identified particles, flow fluctuations, thermal photons
• high-pT probes:

• jet quenching and fragmentation, particle-type dependent correlations
• heavy-flavour physics:

• suppression and flow of D mesons, leptons, J/ψ
• Entering the precision measurement era:

• before LS2 (2018): p–Pb and Pb–Pb, higher energy and complete approved 
ALICE detector

• Long-term upgrade for high-luminosity LHC based on:
• ambitious physics program
• clear detector upgrade plan for improved vertexing and tracking
• high-rate capability of all subdetectors

40
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ALICE future

• ALICE heavy-ion program approved for ~ 1 nb-1:
• 2013–14 Long Shutdown 1 (LS1)

•   completion of TRD and CALs
• 2015 Pb–Pb  at √sNN = 5.1 TeV 
• 2016–17  (maybe combined in one year) Pb–Pb at √sNN = 5.5 TeV

 
• 2018 Long Shutdown 2 (LS2)
• 2019 probably Ar–Ar  high-luminosity run
• 2020 p–Pb comparison run at full energy
• 2021 Pb–Pb run to complete initial ALICE programme
• 2022 Long Shutdown 3 (LS3)

• This will improve statistical significance of our main results by a 
factor about 3 
• physics reach extended by the new energy and completion of TRD and CALs
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EXTRA SLIDES
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October 17, 2012

Transverse Momentum Distribution and Nuclear Modification Factor of
Charged Particles in p–Pb Collisions at√sNN = 5.02 TeV

The ALICE Collaboration∗

Abstract

The transverse momentum (pT) distribution of primary charged particles is measured in non-single-
diffractive p–Pb collisions at √sNN = 5.02 TeV with the ALICE detector at the LHC. The pT spectra
measured near central rapidity in the range 0.5 < pT < 20 GeV/c exhibit a weak pseudorapidity de-
pendence. The nuclear modification factor RpPb is consistent with unity for pT above 2 GeV/c. This
measurement indicates that the strong suppression of hadron production at high pT observed in Pb–Pb
collisions at the LHC is not due to an initial-state effect. The measurement is compared to theoretical
calculations.

∗See Appendix A for the list of collaboration members
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0.0035 mb−1. The uncertainty is obtained by varying the parameters in the Glauber model calculation,
see [11].

The pT spectra of charged particles measured in NSD p–Pb collisions at
√sNN = 5.02 TeV are shown

in Fig. 1 together with the interpolated pp reference spectrum. At high pT, the pT distributions in p–Pb
collisions are similar to that in pp collisions, as expected in the absence of nuclear effects. There is an
indication of a softening of the pT spectrum when going from central to forward pseudorapidity. This
is a small effect, as seen in the ratios of the spectra for forward pseudorapidities to that at |ηcms| < 0.3,
shown in Fig. 1 (lower panel). Calculations with the DPMJET event generator [12], which predict well
the measured dNch/dηlab [11], overpredict the spectra by up to 33% for pT < 0.7 GeV/c and underpredict
them by up to 50% for pT > 0.7 GeV/c.

In order to quantify nuclear effects in p–Pb collisions, the pT-differential yield relative to the pp reference,
the nuclear modification factor, is calculated as:

RpPb(pT) =
d2NpPbch /dηdpT

〈TpPb〉d2σ ppch /dηdpT
, (1)

where NpPbch is the charged particle yield in p–Pb collisions. The nuclear modification factor is unity for
hard processes which are expected to exhibit binary collision scaling. For the region of several tens of
GeV, binary collision scaling was experimentally confirmed in Pb–Pb collisions at the LHC by the recent
measurements of observables which are not affected by hot QCD matter, direct photon [18], Z0 [19], and
W± [20] production. The present measurement in p–Pb collisions extends this important experimental
verification down to the GeV scale and to hadronic observables.
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Fig. 2: The nuclear modification factor of charged particles as a function of transverse momentum in NSD p–Pb
collisions at √sNN = 5.02 TeV. The data for |ηcms| < 0.3 are compared to measurements [8] in central (0–5%
centrality) and peripheral (70–80%) Pb–Pb collisions at √sNN = 2.76 TeV. The statistical errors are represented
by vertical bars, the systematic errors by (filled) boxes around data points. The relative systematic uncertainties on
the normalization are shown as boxes around unity near pT = 0 for p–Pb (left box), peripheral Pb–Pb (middle box)
and central Pb-Pb (right box).

The measurement of the nuclear modification factor RpPb for charged particles at |ηcms|< 0.3, is shown in
Fig. 2. The uncertainties of the p–Pb and pp spectra are added in quadrature, separately for the statistical
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Fig. 3: Transverse momentum dependence of the nuclear modification factor RpPb of charged particles measured in
p–Pb collisions at√sNN = 5.02 TeV. The ALICE data in |ηcms|< 0.3 (symbols) are compared to model calculations
(bands or lines, see text for details; for HIJING, DHC stands for decoherent hard collisions). The vertical bars
(boxes) show the statistical (systematic) errors. The relative systematic uncertainty on the normalization is shown
as a box around unity near pT = 0.

and systematic uncertainties. The total systematic uncertainty on the normalization, quadratic sum of the
uncertainty on 〈TpPb〉, the normalization of the pp data and the normalization of the p–Pb data, amounts
to 6.0%.

In Fig. 2 we compare the measurement of the nuclear modification factor in p–Pb to that in central (0–
5% centrality) and peripheral (70–80% centrality) Pb–Pb collisions at √sNN = 2.76 TeV [8]. RpPb is
consistent with unity for pT ! 2 GeV/c, demonstrating that the strong suppression observed in central
Pb–Pb collisions at the LHC [6–8] is not due to an initial-state effect, but rather a fingerprint of the hot
matter created in collisions of heavy ions.

The so-called Cronin effect [21] (see [22] for a review), namely a nuclear modification factor above unity
at intermediate pT, was observed at lower energies in proton–nucleus collisions. In d–Au collisions at√sNN = 200 GeV, RdAu reached values of about 1.4 for charged hadrons in the pT range 3 to 5 GeV/c
[23–26]. The present measurement clearly indicates a smaller magnitude of the Cronin effect at the LHC;
the data are even consistent with no enhancement within systematic uncertainties.

Data in p–Pb are important also to provide constraints to models. For illustration, in Fig. 3 the mea-
surement of RpPb at |ηcms|< 0.3 is compared to theoretical predictions. Note that the measurement is
performed for NSD collisions. With the HIJING [14] and DPMJET [12] event generators, it is estimated
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ALICE upgrade

44

• luminosity upgrade – 50 kHz target minimum-bias rate for Pb–Pb
• run ALICE at this high rate, inspecting all events

• improved vertexing and tracking at low pT
• preserve particle-identification capability
• high-luminosity operation without dead-time

• new, smaller radius beam pipe
• new inner tracker (ITS) (performance and rate upgrade)
• high-rate upgrade for the readout of the TPC, TRD, TOF, CALs, DAQ-

HLT, Muon-Arm and Trigger detectors

• target for installation and commissioning LS2 (2018) 
• collect more than 10 nb-1 of integrated luminosity

• implies running with heavy ions for a few years after LS3
• for core physics programme – factor > 100 increase in statistics

• (maximum readout with present ALICE ~ 500 Hz)
• for triggered probes increase in statistics by factor > 10
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vn(pT), comparison with other experiments

45

ALICE: arXiv:1205.5761

Good agreement with other experiments
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CME background: “flowing clusters”

46

One of the candidates: Local Charge Conservation at 
freeze-out + Radial + Elliptic Flow 
Blast wave model:

- Correlations only between opposite charges 
- To be consistent with data must be combined with
  (negative) charge independent correlations 
  (e.g. momentum conservation). 
- No event generator exhibits such strong correlations
  as predicted by Blast wave model

Voloshin, PRC70 057901 (2004)

Schlichting and Pratt, PRC83 014913 (2011)

The only possible background ~ v2
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… adding Ds to charm RAA

Strong suppression (~ 4–5 ) at pT above 
8 GeV/c ;  uncertainty will improve with 
future pp and Pb–Pb data taking

47

The relative yield of D+
s with respect to non-strange D meson expected to 

be enhanced in Pb-Pb collisions in the intermediate momentumrange if 
charm quarks hadronize via recombination in the medium [1 ]

[1] I. Kuznetsova, J. Rafelski, Eur.Phys.J.C51:113-133,2007;
  M. He, R. J. Fries and R. Rapp, arXiv:1204.4442 [nucl-th].
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Baryon femtoscopy

48

For the first time mT-scaling of homogeneity
length for all particle species 
– consistent with hydro

Baryon–antibaryon correlation function has 
large contribution from final state interaction
– measurement of annihilation cross section

Because of large density, p and Λ may be 
suppressed due to annihilation ?
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Comparison with models
 X.Zhao and R.Rapp, Nucl. Phys. A859(2011) 114
 Y.Liu, Z. Qiu, N. Xu and P. Zhuang, Phys. Lett. B678(2009) 72
 A. Capella et al., Eur. Phys. J. C58(2008) 437 and E. Ferreiro, priv. com.

 Models including a large fraction (>50% in central collisions) of J/ψ produced from 
(re)combination or models with all J/ψ produced at  hadronization can describe ALICE 
results for central collisions in both rapidity ranges

Forward rapidity: J/ψ  µ+µ- Mid rapidity: J/ψ  e+e- 

J/ψ : RAA vs 〈Npart〉
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Direct photon production

pT < 2 GeV/c 
~20% excess of direct photons
pT > 4 GeV/c 
agreement with Ncoll-scaled NLO

Exponential fit for pT < 2.2 GeV/c 
inv. slope T = 304±51 MeV
for 0–40% Pb–Pb at √s 2.76 TeV
PHENIX: T = 221±19±19 MeV
for 0–20% Au–Au at √s 200 GeV

50
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Differential dipole flow

51

Differential dipole flow from 3-particle
(all different harmonics) correlations.

Teaney and Yan, PRC83 064904 (2011)
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p+pbar RAA

● charged particles  ●●●●●● different centralities for identified particles  

At higher pT: RAA are compatible

52

π+ + π-K+ + K-p + p

40–60%20–40%
60–80%

10–20%5–10%0–5%
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p+pbar RAA

● charged particles  ●●●●●● different centralities for identified particles  

For pT below ~ 7 GeV/c:  RAA(π) < RAA(h±), RAA(K) ≈ RAA(h±), RAA(p) > RAA(h±)

At higher pT: RAA are compatible

52

π+ + π-K+ + K-p + p

40–60%20–40%
60–80%

10–20%5–10%0–5%


