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Heavy Ion Physics 

The main goal of Heavy Ion Collisions is to study the 
behavior of matter under extreme condition, to 
explore and test QCD phase diagram and to 
address the fundamental question of hadron 
confinement and chiral symmetry breaking, which 
are related to the existence and properties of the 
Quark-Gluon Plasma (QGP). 
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ε≈0.15 GeV/fm3 

quarks and gluons   
confined in Hadrons.  
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At high density and low temperature, 
system can be considered a 
degenerate interacting quark gas. 
Approximate model calculations 
suggest that transition would be of the 
1st order. 
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that remnant attractive interaction 
between quarks causes q-q paring and 
the formation of a color 
superconductor phase. 

Cri3cal	
  
Point	
  

Crossover	
  

1st	
  /	
  2nd	
  Order	
  
Transi3on	
  

Hadrons	
  

Color	
  Super-­‐Conductor	
  

02 

Quark	
  Gluon	
  Plasma	
  



Heavy Ion Collisions 

SILAFAE 2012, São Paulo, Brazil 

Density	
  

Te
m
pe

ra
tu
re
	
  

Quark	
  Gluon	
  Plasma	
  

Hadrons	
  

Color	
  Super-­‐Conductor	
  

03 



Heavy Ion Collisions 

SILAFAE 2012, São Paulo, Brazil 

Density	
  

Te
m
pe

ra
tu
re
	
  

Hadrons	
  

Color	
  Super-­‐Conductor	
  

Quark	
  Gluon	
  Plasma	
  

03 



Heavy Ion Collisions 

SILAFAE 2012, São Paulo, Brazil 

Density	
  

Te
m
pe

ra
tu
re
	
  

Hadrons	
  

Color	
  Super-­‐Conductor	
  

Quark	
  Gluon	
  Plasma	
  

03 



Heavy Ion Collisions 

SILAFAE 2012, São Paulo, Brazil 

Density	
  

Te
m
pe

ra
tu
re
	
  

Hadrons	
  

Color	
  Super-­‐Conductor	
  

Quark	
  Gluon	
  Plasma	
  

03 



Heavy Ion Collisions 

SILAFAE 2012, São Paulo, Brazil 04 



Heavy Ion Collisions 

SILAFAE 2012, São Paulo, Brazil 04 

Initial Conditions: 
•  Lorentz Contracted colliding 

nuclei 
•  Color Glass Condensate 
•  Pre-equilibrium 
•  Hard Scattering 
•  Fluctuations 



Hot Nuclear Matter 
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Soft Thermal QCD matter. 
•  Extremely Dense 
•  Strongly interacting 
•  Shows collective behavior  
•  Expansion dynamics well described by 

hydrodynamic models with viscosity very 
close to theoretical limit. 

•  Partonic degrees of freedom. 
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Hot Nuclear Matter 
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Hard Scatterings produce hard probes. 
•  High pT particles 
•  Particle Jets 
•  Heavy flavored particles. 
•  Can be used to probe the medium 

through interactions: Jet modification 
and suppression, nuclear 
modification factors of light and 
heavy flavored particles. 04 
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Central Barrel: 
2π Tracking and PID 
|η|< 1 
pT > 100 MeV/c 
Excellent vertexing 
 

Dedicated	
  LHC	
  experiment	
  for	
  Heavy	
  Ion	
  Physics	
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Figure 2. Invariant mass distributions for D0 (upper panels), D+ (central panels), and D∗+ (lower
panels) candidates and their charge conjugates in selected pt intervals for 3.2× 106 0–20% central
Pb-Pb collisions. The curves show the fit functions described in the text. The values of mean (µ)
and width (σ) of the signal peak are reported in the plots together with the raw signal yield. The
uncertainties on the signal yields reported in the figures are statistical only.

Gaussian for the signal and an exponential term that describes the background shape. The

D∗+ background was described with a threshold function multiplied by an exponential [35].

The centroids of the Gaussians were found to be compatible with the PDG masses of the

D mesons [43], and their widths to be well reproduced in the simulation. The signal yields

(sum of particle and antiparticle) are reported in table 2 for the pt intervals considered in

the analysis, for the centrality classes 0–20% and 40–80%.
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The ALICE Collaboration 
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More than 1000 members 
More than 100 institutions 
More than 30 countries 
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LHC Heavy-Ion Run 

SILAFAE 2012, São Paulo, Brazil 

2010 – Pb-Pb at 2.76 TeV, integrated lum. ~10 μb-1  
 Approx. 20 Million events,  
  

2011 – Pb-Pb at 2.76 TeV, integrated lum. ~0.1 nb-1 

 Approx. 140 Million events,  
 enriched with rare trigger events. 

 

2012 – p-Pb at 5.02 short test run,   
 Approx. 2 Million events. 

 
2013 – (Jan.-Fev.) p-Pb expected to run. 
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Charged particle multiplicity 
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Pseudorapidity density in p–Pb collisions ALICE Collaboration

Fig. 2: Charged-particle pseudorapidity density at midrapidity normalized to the number of participants for
p–Pb, p–Au and d–Au [8, 9] collisions as a function of

√
sNN, compared to NSD [10–16], and inelastic [17–

20] pp (pp) collisions, as well as central heavy-ion [20–31] collisions. The curves ∝ s0.11
NN and s0.15

NN (from [29])
are superimposed on the NSD pp (pp) and central heavy-ion data, respectively, while ∝ s0.10

NN (from [19]) on the
inelastic pp (pp) data.

nucleon cross section of 70± 5 mb. The latter is obtained by interpolating data at different centre-of-
mass energies [41] including measurements at 2.76 and 7 TeV [34, 42]. The number of participants for
minimum-bias events is found to be distributed with an average �Npart�= 7.9 ± 0.6 and an r.m.s. width of
5.1. The uncertainty of 7.6% on �Npart� is obtained by varying the parameters of the Glauber calculation
within the ranges mentioned above (as explained in Ref. [43]). Note that the number of participants
would increase by only 2.5% if normalized to NSD events in the Glauber calculation. Normalizing to
the number of participants gives (dNch/dηcms)/�Npart� = 2.14 ± 0.17 (syst.). In Fig. 2, this value is
compared to measurements in p–Au and d–Au [8, 9] collisions, NSD [10–16], and inelastic [17–20]
pp (pp), as well as central heavy-ion [20–31] collisions, over a wide range of collision energies. The
(dNch/dηcms)/�Npart� at

√
sNN = 5.02 TeV is found to be 16% lower than in NSD pp and consistent

6

arXiv: 1210.3615 ALICE Collab. 

Particle production 
 

•  Increase of x2.2 with 
respect to RHIC. 

•  Energy dependence 
is steeper for heavy-
ion collisions than p-p. 

•  New p-Pb data, 
important for initial 
state effects. 
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Comparison to models 
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PRL 105, 252301ALICE Collab.	
  

Pb-Pb 
 

•  Empirical extrapolation from 
RHIC data under predicts 
data. 

•  HIJING tuned to 7 TeV p-p 
data yields prediction 
consistent with data. 

•  Saturation models vary level 
of agreement. 

•  Hydro models with 
multiplicity scaled from p-p 
also under predicts or over 
predicts the data. 

12 
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p-Pb 
 

•  Important to 
discriminate initial and 
final state effects. 

•  Probe small x and the 
initial state. 

•  Set constrains to models. 
 

•  Models that include 
shadowing or saturation 
are consistent with data 
within 20%. 

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
√

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 |ηlab|< 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

√
sNN = 5.02 TeV were provided by the authors in the laboratory

4
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Transverse momentum spectra 
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arXiv: 1208.1974 ALICE Collab. 

LHC spectra shows harder 
distribution than RHIC. 
 

Consistent with stronger 
radial flow component. 
 

Hydro models with late 
stage implementation 
describe well the data. 
 

•  VISH2+1:  Viscous hydro model 
•  HKM:   Hydro+UrQMD 
•  Krakòw:  Viscous hydro, with 

  effective Tch. 
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π , K, and p production in central Pb–Pb collisions at
√

sNN = 2.76 TeV 5

Fig. 2: (color online) Mid-rapidity particle ratios, compared to RHIC results and predictions from thermal models

for central Pb-Pb collisions at the LHC (combined statistical and systematic errors).

K/π = 0.149± 0.010, is similar to the lower energy values and agrees with the expectations from the

thermal model [7]. However, the ratio p/π = 0.046± 0.003, is significantly lower than expected, by a

factor ∼1.5–1.9 (p/π� 0.07− 0.09 for [7] and [17] respectively). The two models differ mainly in the

hadron mass spectrum implementation, but were both successful in describing RHIC data. The compar-

ison with RHIC data also hints at a slight decrease of the p/π ratio with energy (by a factor ∼1.2), while

essentially no change was predicted. The thermal models proved to be very successful over a wide range

of energies (from
√

sNN= 2 GeV to
√

sNN = 200 GeV [9, 7, 6, 10]): such a large difference for one of the

most abundantly produced particle species was therefore unexpected. In retrospect, some disagreement

between data and the thermal model is also apparent in the RHIC data, with the proton measurements

being about 20% lower than predictions [6, 46, 47]. However, this difference was not considered to

be significant, because of the differences between model implementations, model uncertainties [48] and

experimental uncertainties in the subtraction of secondary particles in the RHIC experiments. This is-

sue will likely be clarified by a thermal analysis including strange and multi-strange baryons at the LHC.

Current speculations are that final state interactions in the hadronic phase, in particular via the large cross

section channel for antibaryon-baryon annihilation [42], could explain the significant deviation from the

usual thermal ratios. A similar conclusion is implied by the HKM model, where p/π = 0.052, consistent

with our measurement [39]. An alternative scenario conjectures the existence of flavor and mass depen-

dent pre-hadronic bound states in the QGP phase, as suggested by recent lattice QCD calculation and

QCD-inspired models [49, 50].

In summary, we presented the first measurements of π , K, and p production in central Pb-Pb collisions at√
sNN = 2.76 TeV at the LHC. The pT distributions are harder than previously measured at RHIC. They

are well described by hydrodynamic models including a refined description of the late fireball stages.

Fitting the spectra with a hydro-inspired blast wave model results in the highest radial flow parameter

ever measured, �βT�=0.65 ± 0.02. The integrated particle ratios were compared with expectations from

thermal models. While the K/π ratio was found to agree with these expectations, p/π is a factor � 1.5
lower.
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Hadron Chemistry 
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arXiv: 1208.1974 ALICE Collab. 

Hadron Chemistry is 
used for statistical 
thermal models fits. 
 
Very successful in 
describing RHIC data.  
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At LHC, p/π is considerably lower than RHIC, and it is over predicted 
by thermal models. Perhaps final state hadronic interactions play 
more important role at LHC than at RHIC.  
Strange particles are needed to further constrain thermal models. 

Hadron Chemistry is 
used for statistical 
thermal models fits. 
 
Very successful in 
describing RHIC data.  
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Strangeness Enhancement 

SILAFAE 2012, São Paulo, Brazil 

arXiv: 1211.7298 

Strangeness enhancement à Proposed signature of QGP. 
 

Relative enhancement of Strange and Multi-strange 
baryons is also observed at LHC. 

16 



Direct photon spectrum 
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Inverse slope of an exp. fit to the low pT spectrum: T = 304 ± 51 MeV 
 

PHENIX/RHIC T = 221 ± 19 ± 19 MeV 

17 
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Elliptic Flow 
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Spatial anisotropy à Momentum anisotropy à d2N/dpTdφ	
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18 

Probe the system evolution. 



Elliptic Flow 
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ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic models
[7,14]. We find that the integrated elliptic flow increases
about 30% from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC to
ffiffiffiffiffiffiffiffi
sNN

p ¼

2:76 TeV. The larger integrated elliptic flow at the LHC is
caused by the increase in the mean pt. Future elliptic flow
measurements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
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v2 measured at LHC is about 30% higher than at RHIC.  
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Hydrodynamical  
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Fragmentation  
processes, 
Quenching 
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Difference due to 
flow fluctuations 
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Higher order anisotropic flow 
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•  Large elliptic and triangular flow observed at LHC. 

•  v2 at low-pT consistent with low viscous hydro evolution. 

•  v2 at high-pT increase with centrality and well described by model. 

arXiv:1205.5701  ALICE Collab.	
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Low viscous hydro models describe well the data in 
the low pT region. 

PRL 107, 252301 ALICE Collab.	
  

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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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 !2 and !4 symmetry planes. The measured v4/!4{EP} does not
depend strongly on the collision centrality which points to a strong contribution from flow fluctuations.
In contrast, v4/!2{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 "v2/〈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

arXiv:1205.5701  ALICE Collab.	
  

•  Flow fluctuations are associated with fluctuations of the initial 
collisions geometry. 

•  Flow fluctuations measured extends up to pT=8 GeV/c, and 
does not change significantly, suggesting a common origin. 
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Identified particle v2 is an important probe for NCQ 
scaling, used as argument for partonic degree of 
freedom.  
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Heavy-flavor quarks should feel less the collective 
expansion, but data shows non-zero v2 for D and J/Ψ. 
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Comparing the spectra 
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PLB 696 (2011) 30, ALICE Collab. 

Pb-Pb spectra are compared to 
p-p data, normalized by the 
number of binary collisions <NBin>. 
 
Spectra from Peripheral  and 
Central collisions are compared 
and have different agreement to 
reference data. 
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Nuclear Modification Factor 
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PLB 696 (2011) 30, ALICE Collab. Detailed comparison between 
Pb-Pb spectra and p-p spectra is 
done by ratio known as the 
Nuclear Modification Factor: 

Photon RAA, presented by the 
CMS Collaboration (arXiv: 
1210.3093) shows no 
suppression, as expected since 
photons should not be affected 
by QCD matter.  

RAA (pt ) =
1
Ncoll

dNAA / dpt
dN pp / dpt
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PLB 696 (2011) 30, ALICE Collab. 

RAA (pt ) =
1
Ncoll

dNAA / dpt
dN pp / dpt

Detailed comparison between 
Pb-Pb spectra and p-p spectra is 
done by ratio known as the 
Nuclear Modification Factor: 

LHC data extends the RAA 
measurement to higher pT and 
shows a slightly larger suppression 
than observed at RHIC, 
suggesting higher energy loss 
due to denser medium. 
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arXiv:1210.4520  ALICE Collab.	
  
p-Pb data tests the effects 
due to initial state, no 
suppression is observed. 
 

Suppression observed in 
central Pb-Pb collisions is 
not due to initial state 
effects, hence, related to 
the Jet interactions with 
the hot dense matter 
created in these heavy-ion 
collisions. 
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Figure 2: Nuclear modification factor RAA for the 5% most central collisions, compared to theoretical calculations and to CMS data (left); Centrality
dependence of RAA in four pT windows, compared to PHENIX results in Au–Au collisions at

√
sNN = 200 GeV (right).

The comparison with the theoretical calculations depicted in Fig. 2 (left) [16, 17, 18, 19, 20] shows that many
models can reproduce the trend and level of suppression above pT � 6 GeV/c. Due to the uncertainties in several
of the input parameters to the model, different approaches are reproducing in a satisfactory way the RAA results.
The uncertainty on the initial conditions will be better constrained with the upcoming p–A run at the LHC, with a
measurement of the nuclear modification factor RpA and a measurement of the charged particle multiplicity over a
large pseudorapidity range. Additional constraints [16] on the models come from the recently-released ALICE results
on identified light flavour hadrons up to pT = 20 GeV/c [21].
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Result consistent with CMS. 
 
Many models can 
reproduce suppression at 
high-pT, but uncertainties 
are still large.  
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p-Pb results can help with the 
understanding of cold 
nuclear matter. 
 

Results are compared to 
different theoretical models: 
 

•  HIJING 
•  Color Glass Condensate. 
•  pQCD + cold nuclear matter 

effects and Shadowing 
calculations.  
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Heavy-flavor suppression at high pT 

Strong in-medium energy loss for charm quarks with 
suppression almost as large as observed for charged 
particles. 

JHEP09 (2012) 112  ALICE Collab.	
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Heavy-flavor suppression at high pT 

•  At high pT there is little shadowing effects (initial state) and 
suppression can be explained by parton energy loss models. 

•  New studies on RAA relative to event plane test variation due 
to energy loss path length. 

JHEP09 (2012) 112  ALICE Collab.	
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Jet Modification by the medium  
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arXiv:1210.6162 

Jet interaction with the 
medium can result in: 
 

•  Quenching. 
•  Modification of shape due 

to interplay of flow with Jets. 
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Increase of near-side correlation width in eta direction with 
centrality, while in the azimuthal direction, width is independent 
of centrality. 
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Conclusions 
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Higher energy collisions at the LHC take us into regions not 
accessible before at lower energy experiments.  
•  High statistics and higher density allows for detailed and 

precision measurements of bulk properties and improve 
constrain to theoretical models.  

•  High pT probes and heavy-flavor observables can now be 
used to test the medium. 

 
ALICE complete set of detectors and analysis methods allows for 
detailed studies of the hot and dense nuclear matter formed at 
LHC heavy-ion collisions. Ongoing analysis and upgrade 
program will bring much more new results. 

Thank you !!!!! 
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