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Hot	  QCD	  in	  laboratory	  
=>	  Heavy-‐ion	  collisions	  at	  the	  LHC	  

•  QCD	  (la;ce)	  predicts	  a	  
phase	  transi6on	  from	  
hadronic	  maDer	  to	  a	  
deconfined	  phase	  at	  high	  
temperatures	  

•  QGP	  at	  µ~0	  similar	  to	  	  early	  
Universe	  (~few	  first	  µs)	  

•  First	  signals	  of	  QGP	  from	  
SPS	  and	  RHIC	  

•  LHC:	  detailed	  studies	  of	  
QGP	  exploi6ng	  wealth	  and	  
abundance	  of	  [hard]	  probes	  
(heavy-‐quarks,	  jets,	  quarkonia…)	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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~170	  	  
MeV	  

~few	  hundred	  MeV	  Baryon	  Density	  

De-‐confined	  Quark-‐Gluon	  Plasma	  

QCD	  phase	  diagram	  

LHC	  –	  a	  new	  era	  of	  high-‐precision	  measurements	  
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A	  Large	  Ion	  Collider	  Experiment	  

Not	  shown:	  ZDC	  (at	  ~114m)	  

L3	  Magnet	  T0/VZERO	  
Trigger	  

TPC	  
Tracking,	  	  
PID	  (dE/dx)	   ITS	  

Low	  pT	  tracking	  
PID	  +	  Vertexing	  

MUON	  	  
Arm	  

TOF	  
PID	  

TRD	  
Electron	  ID	  (TR)	  

HMPID	  
PID	  (RICH)	  @	  high	  pT	  

PHOS	  
γ,	  π0,	  jets	  

PMD	  
γ	  mul6plicity	  

ACORDE	  
Cosmic	  trigger	  

FMD	  
Charged	  	  
mul6plicity	  

Dipole	  

EMCAL	  
γ,	  π0,	  jets	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

3	  



Outline	  

Systems:	  
•  Proton-‐proton	  
•  p-‐Pb	  
•  Pb-‐Pb	  

•  Outline	  of	  this	  talk:	  
–  Selected	  subjects	  from	  

sol	  and	  hard	  probes	  
–  Focus	  on	  p-‐Pb	  and	  

signatures	  of	  collec6ve	  
effects	  

–  Summary	  

ProperLes	  &	  Tools	  
•  Global	  event	  /	  system	  proper6es:	  	  

–  Inclusive	  spectra;	  Iden6fied	  par6cles;	  mean	  pT;	  
“Blast-‐wave”	  fits	  (T,	  collec6ve	  velocity)	  

•  Collec6ve	  effects	  
–  Correla6ons,	  flow	  coefficients,	  v2,	  v3	  

(propaga6on	  /	  energy	  dissipa6on)	  
•  Heavy-‐flavour	  –	  energy	  loss	  and	  thermaliza6on	  

–  Produc6on	  vs.	  mul6plicity;	  suppression	  and	  v2	  
•  Quarkonia	  –	  QGP	  vs.	  Cold	  Nuclear	  MaDer	  

–  Produc6on	  vs.	  mul6plicity;	  suppression	  in	  Pb-‐Pb;	  
v2;	  suppression/enhancement	  in	  pA	  

•  Jets	  
–  RAA	  –	  inclusive	  produc6on	  in	  pp	  and	  AA;	  jet	  

structure;	  test	  of	  Nbinary	  scaling	  in	  min.	  bias	  pPb	  
M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

4	  



GLOBAL	  EVENT	  PROPERTIES	  
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Global	  event	  properLes:	  	  
mean	  pT	  vs.	  mulLplicity	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

4 The ALICE Collaboration

fixed values of Nch, which agrees well with measurements reported by ATLAS [29, 47] at
√
s = 0.9 and

7 TeV. We note a change in slope for all three collision energies at roughly the same value of Nch ≈ 10.
This change in slope was also observed at Tevatron [24, 26] and recently at the LHC [27, 29].

In Monte Carlo event generators, high multiplicity events are produced by multiple parton interactions.
An incoherent superposition of such interactions would lead to a constant ⟨pT⟩ at high multiplicities.
The observed strong correlation of ⟨pT⟩ with Nch has been attributed, within PYTHIA models, to color
reconnections (CR) between hadronizing strings [34]. In this mechanism, which can be interpreted as a
collective final-state effect, strings from independent parton interactions do not hadronize independently,
but fuse prior to hadronization. This leads to fewer hadrons, but more energetic. The CR strength
is implemented as a probability parameter in the models. The CR mechanism bears similarity to the
mechanism of string fusion [48] advocated early for nucleus-nucleus collisions. A model based on
Pomeron exchange was shown to fit the pp data [49]. A mechanism of collective string hadronization is
also used in the EPOS model, which was shown recently to describe a wealth LHC data in pp, p–Pb, and
Pb–Pb collisions [50].
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Fig. 2: Average transverse momentum ⟨pT⟩ versus charged-particle multiplicity Nch in pp, p–Pb, and Pb–Pb
collisions for |η | < 0.3. The boxes represent the systematic uncertainties on ⟨pT⟩. The statistical errors are
negligible.

Figure 2 shows the average transverse momentum ⟨pT⟩ of charged particles versus the charged-particle
multiplicity Nch as measured in pp collisions at

√
s = 7 TeV, in p–Pb collisions at √sNN = 5.02 TeV, and

in Pb–Pb collisions at √sNN = 2.76 TeV. In p–Pb collisions, we observe an increase of ⟨pT⟩ with Nch,
with ⟨pT⟩ values similar to the values in pp collisions up to Nch ≈ 14. At multiplicities above Nch ≈ 14,
the measured ⟨pT⟩ is lower in p–Pb collisions than in pp collisions; the difference is more pronounced
with increasing Nch. This difference cannot be attributed to the difference in collision energy, as the
energy dependence of ⟨pT⟩ is rather weak, see Fig. 1. In contrast, in Pb–Pb collisions, with increasing
Nch, there is only a moderate increase in ⟨pT⟩ up to high charged-particle multiplicity with a maximum
value of ⟨pT⟩= 0.685±0.016 (syst.) GeV/c, which is substantially lower than the maximum value in pp.
For pp and p–Pb, Nch> 14 corresponds to about 10% and 50% of the INEL>0 cross section, respectively,
while for Pb–Pb collisions this fraction is about 82%; Nch > 40 corresponds to the upper 1% of the cross
section in p–Pb and to about 70% most central Pb–Pb collisions. This illustrates that the same Nch value

Proton-‐proton	  and	  pPb	  follow	  the	  
same	  trend	  up	  to	  Nch~15;	  however:	  
this	  is	  90%	  of	  pp	  x-‐secLon	  and	  50%	  
of	  pPb	  x-‐secLon	  (different	  biases)	  
	  
	  
pp	  and	  pPb	  –	  much	  stronger	  
increase	  than	  in	  PbPb	  

arXiv:1307.1094	  
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Multiplicity dependence of the average transverse momentum . . . 5
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Fig. 3: Average transverse momentum ⟨pT⟩ as a function of charged-particle multiplicity Nch measured in pp
(upper panel), p–Pb (middle panel), and Pb–Pb (lower panel) collisions in comparison to model calculations. For
pp collisions, calculations with PYTHIA 8 [42] with tune 4C are shown with and without the color reconnection
(CR) mechanism. The p–Pb and Pb–Pb data are compared to calculations with the DPMJET, HIJING, AMPT, and
EPOS Monte Carlo event generators. The lines show calculations in a Glauber Monte Carlo approach (see text).

corresponds to a very different collision regime in the three systems.

In Pb–Pb collisions, substantial rescattering of constituents are thought to lead to a redistribution of the
particle spectrum where most particles are part of a locally thermalized medium exhibiting collective,
hydrodynamic-type, behavior. The moderate increase of ⟨pT⟩ seen in Pb–Pb collisions (in Fig. 2, for
Nch ! 10) is thus usually attributed to collective flow [51]. The p–Pb data exhibit features of both pp
and Pb–Pb collisions, at low and high multiplicities, respectively. However, the saturation trend of ⟨pT⟩
versus Nch is less pronounced in p–Pb than in Pb–Pb collisions and leads to a much higher value of
⟨pT⟩ at high multiplicities than in Pb–Pb. An increase in ⟨pT⟩ of a few percent is expected in Pb–Pb
from √sNN =2.76 TeV to 5 TeV, but it appears unlikely that the p–Pb ⟨pT⟩ values will match those in
Pb–Pb at the same energy. While the p–Pb data cannot exclude collective hydrodynamic-type effects for
high-multiplicity events, it is clear that such a conclusion requires stronger evidence. The features seen
in Fig. 2 do not depend on the kinematic selection; similar trends are found for |η | < 0.8 (|ηlab| < 0.8,
for p–Pb collisions) or for pT > 0.5 GeV/c.

Figure 3 shows a comparison of the data to model predictions for ⟨pT⟩ versus Nch in pp collisions at√
s = 7 TeV, p–Pb collisions at √sNN = 5.02 TeV and Pb–Pb collisions at

√sNN = 2.76 TeV. For pp
collisions, calculations using PYTHIA 8 with tune 4C are shown with and without the CR mechanism.
As shown earlier [26, 29], the model only gives a fair description of the data when the CR mechanism

Global	  event	  properLes:	  	  
mean	  pT	  vs.	  mulLplicity	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

•  Proton-‐proton:	  PYTHIA	  -‐	  strong	  increase	  with	  
Nch	  aDributed	  to	  Color	  ReconnecLons	  
between	  hadronizing	  strings	  -‐	  a	  collec6ve	  final	  
state	  effect	  

	  
	  
•  pPb:	  	  

•  Glauber	  MC	  (incoherent	  p-‐N’s)	  using	  
measured	  <pT>	  in	  pp	  does	  not	  work	  

•  Coherent	  effects	  via	  strings	  from	  
different	  p-‐N?	  

•  EPOS	  includes	  collec6ve	  effects.	  	  
	  
	  
•  Pb-‐Pb:	  DPMJet	  gets	  trend	  right.	  EPOS	  has	  

different	  shape	  for	  very	  peripheral	  collisions.	  	  
	  

arXiv:1307.1094	  
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IDENTIFIED	  PARTICLE	  PRODUCTION	  
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ALICE:	  ParLcle	  idenLficaLon	  
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π	  K	  K*	  K0	  p	  φ	  Λ	  Ξ	  Ω	  d	  3He	  3H	  

pp:	  no	  significant	  energy	  dependence	  

pp	  
0.9	  TeV	  
2.76	  TeV	  
7	  TeV	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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π	  K	  K*	  K0	  p	  φ	  Λ	  Ξ	  Ω	  d	  3He	  3H	  

Strangeness	  enhancement	  
Deuteron	  enhancement	  

K*	  Suppression	  
p	  ?	  

pp	  
p-‐Pb	  
Pb-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Thermal	  fits	  in	  Pb-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Physics	  origin?	  
• 	  Non	  equilibrium	  thermal	  model	  
• 	  Baryon	  annihila6on	  
• 	  Freeze-‐out	  temperature	  hierarchy	  
• 	  Incomplete	  hadron	  spectrum	  

•  Equilibrium	  models	  yields	  T	  =	  156-‐157	  MeV	  
–  But	  with	  χ2/ndf	  of	  about	  2	  

•  Fits	  without	  the	  proton	  (and	  K*)	  
–  similar	  T,	  V	  but	  χ2/ndf	  drops	  from	  

about	  2	  to	  about	  1	  
	  à	  proton	  anomaly?	  

Thermus	  2.3 	  GSI 	  SHARE	  3	  

(model	  –	  data)	  /	  σdata	  

THERMUS:	  CPC	  180	  (2009)	  84	  |	  GSI:	  PLB	  673	  (2009)	  142	  |	  SHARE:	  arXiv:1310.5108	  
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Pion/Kaon/Proton	  pT	  spectra	  	  
in	  pp	  and	  Pb-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Baryon/meson	  anomaly	  
-‐	  Radial	  flow	  /	  recombina6on?	  

Jet	  quenching	  /	  modifica6ons	  
of	  jet	  fragmenta6on?	  

Radial	  flow	  (mesons	  –	  protons	  –	  mass	  dependence)	  
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Baryon/meson	  “anomaly”	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

•  Integrated	  ra6o	  independent	  of	  centrality	  (L/K0s	  ~	  0.25)	  
•  Intermediate	  pT:	  Λ/K0s	  ra6o	  enhanced	  in	  central	  Pb-‐Pb	  	  

•  consistent	  with	  radial	  flow	  
•  High-‐pT:	  ra6o	  consistent	  with	  vacuum-‐like	  fragmenta6on.	  	  
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Λ/K0	  in	  jets	  and	  underlying	  event	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Λ/K	  in	  jets	  and	  UE	  separately	  consistent	  
with	  vacuum	  
Baryon/meson	  enhancement	  is	  not	  
associated	  to	  jets	  
	   p-‐Pb	  collisions	  
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CollecLve	  Flow	  of	  QCD	  Maher	  
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v2	  of	  idenLfied	  parLcles	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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•  v2/nq	  scaling	  at	  the	  LHC	  less	  obvious	  (within	  ~20%)	  
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•  Mass	  ordering	  for	  mul6-‐strange	  baryons	  	  
•  Described	  by	  hydrodynamical	  model(s)	   40-‐50%	  

40-‐50%	  

Not	  shown:	  v2	  and	  v3(pT)	  –	  mass	  ordering	  reproduced	  by	  
hydrodynamic	  calcula6ons	  with	  very	  small	  viscosity	  to	  
entropy	  ra6o:	  η/s	  ~	  0.2	  
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Flow	  and	  parLcle	  mass…	  
Focus	  on	  the	  φ	  meson	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

K	  φ Ξ	


v2/hydro	  vs	  pT	  

10-‐20%	  

30-‐40%	  

π p φ	


v2	  vs	  pT	  

π p φ	


•  Pb-‐Pb:	  Hydrodynamics	  +	  hadronic	  
scaDering	  model	  struggles	  with	  v2	  

•  v2	  at	  low	  pT	  follows	  mass	  ordering	  
•  v2	  at	  high	  pT	  close	  to	  p	  in	  central	  and	  
close	  to	  π	  in	  mid-‐central	  

18	  
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0-‐5%	  

p-‐Pb:	  p/φ	  ra6o	  vs	  pT	  

60-‐80%	  

Flow	  and	  parLcle	  mass…	  
Focus	  on	  the	  φ	  meson	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

•  Pb-‐Pb:	  Hydrodynamics	  +	  hadronic	  
rescaDering	  model	  struggles	  with	  v2	  

•  v2	  at	  low	  pT	  follows	  mass	  ordering	  
•  v2	  at	  high	  pT	  close	  to	  p	  in	  central	  and	  
close	  to	  π	  in	  mid-‐central	  

•  In	  central	  collisions	  p	  and	  φ	  pT	  
spectra:	  similar	  shape	  up	  to	  ~4	  GeV/c	  
•  As	  expected	  from	  radial	  flow	  
•  Similar	  in	  p-‐Pb?	  
	  

•  Mass	  (and	  not	  number	  of	  	  
consLtuent	  quarks)	  is	  main	  	  
driver	  of	  v2	  and	  spectra	  	  
in	  central	  Pb-‐Pb	  collisions	  

Pb-‐Pb:	  p/φ	  ra6o	  vs	  pT	  

0-‐10%	  

80-‐90%	  

19	  
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“Hard	  probes”	  of	  the	  medium	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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2 David d’Enterria

2 Jet quenching and parton energy loss in QCD matter

In this first Section, we introduce the general concepts, basic variables and formulas
of energy loss of a fast charged particle in a dense thermalised plasma (starting with
the somewhat simpler QED case), and we enumerate the expected phenomenological
consequences of QCD energy loss for gluons and light- and heavy-quarks traversing
a hot and dense QGP.

2.1 Hard probes of hot and dense QCD matter

Among all available observables in high-energy nuclear collisions, particles with
large transverse momentum and/or mass, pT ,m !Q0 ≫ΛQCD , whereQ0 =O(1 GeV)
and ΛQCD ≈ 0.2 GeV is the QCD scale, constitute valuable tools to study “tomo-
graphically” the hottest and densest phases of the reaction (Fig. 1). Indeed, such
“hard probes”(i) originate from partonic scatterings with large momentum transfer
Q2 and thus are directly coupled to the fundamental QCD degrees of freedom, (ii) are
produced in very short time-scales, τ∼ 1/pT ≪ 1/Q0 ∼ 0.1 fm/c, allowing them to
propagate through (and be potentially affected by) the medium, and (iii) their cross
sections can be theoretically predicted using the perturbative QCD (pQCD) frame-
work [4].

Fig. 1. Examples of hard probes whose modifications in high-energy AA collisions provide
direct information on properties of QCD matter such as the transport coefficient q̂, the initial
gluon rapidity density dNg/dy, and the critical temperature Tcrit and energy density εcrit [1].

Jet production in hadronic collisions is a paradigmatic hard QCD process. An
elastic (2→ 2) or inelastic (2→ 2+X) scattering of two partons from each one of
the colliding hadrons (or nuclei) results in the production of two or more partons
in the final-state. At high pT , the outgoing partons have a large virtuality Q which
they reduce by subsequently radiating gluons and/or splitting into quark-antiquark
pairs. Such a parton branching evolution is governed by the QCD “radiation prob-
abilities” given by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions [5] down to virtualities O(1 GeV2). At this point, the produced partons frag-
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Jet quenching 3

ment non-perturbatively into a set of final-state hadrons. The characteristic colli-
mated spray of hadrons resulting from the fragmentation of an outgoing parton is
called a “jet”.

Fig. 2. “Jet quenching” in a head-on nucleus-nucleus collision. Two quarks suffer a hard scat-
tering: one goes out directly to the vacuum, radiates a few gluons and hadronises, the other
goes through the dense plasma created (characterised by transport coefficient q̂, gluon density
dNg/dy and temperature T ), suffers energy loss due to medium-induced gluonstrahlung and
finally fragments outside into a (quenched) jet.

One of the first proposed “smoking guns” of QGP formation was “jet quench-
ing” [6] i.e. the attenuation or disappearance of the spray of hadrons resulting from
the fragmentation of a parton having suffered energy loss in the dense plasma pro-
duced in the reaction (Fig. 2). The energy lost by a particle in a medium, ΔE , pro-
vides fundamental information on its properties. In a general way, ΔE depends both
on the characteristics of the particle traversing it (energy E , mass m, and charge) and
on the plasma properties (temperature T , particle-medium interaction coupling1 α,
and thickness L), i.e. ΔE(E,m,T,α,L). The following (closely related) variables are
extremely useful to characterise the interactions of a particle inside a medium:

• the mean free path λ = 1/(ρσ), where ρ is the medium density (ρ ∝ T 3 for an
ideal gas) and σ the integrated cross section of the particle-medium interaction2,

• the opacity N = L/λ or number of scatterings experienced by the particle in a
medium of thickness L,

• theDebye mass mD(T )∼ gT (where g is the coupling parameter) is the inverse of
the screening length of the (chromo)electric fields in the plasma.mD characterises
the typical momentum exchanges with the medium and also gives the order of
the “thermal masses” of the plasma constituents,

• the transport coefficient q̂≡m2D/λ encodes the “scattering power” of the medium
through the average transverse momentum squared transferred to the traversing
particle per unit path-length. q̂ combines both thermodynamical (mD,ρ) and dy-
namical (σ) properties of the medium [7, 8, 9]:

q̂ ≡ m2D/λ = m2D ρ σ . (2)

1 The QED and QCD coupling “constants” are αem = e2/(4π) and αs = g2/(4π) respectively.
2 One has λ∼ (αT )−1 since the QED,QCD screened Coulomb scatterings are σel ∝ α/T 2.

QuanLfying	  nuclear	  effects:	  RAB	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

R	  =	  	  
Yields	  measured	  in	  AA	  (or	  pA)	  	  

per	  binary	  N-‐N	  collision	  

Yields	  measured	  in	  pp	  collisions	  

R	  >	  1	  –	  enhanced	  par6cle	  produc6on	  
R	  =	  1	  –	  no	  nuclear	  effects	  
R	  <	  1	  –	  suppression	  
	  
Some6mes	  useful	  to	  take	  the	  “vacuum”	  reference	  
as	  yields	  in	  peripheral	  events	  –	  defined	  as	  RCP	  
	  

“QCD	  medium”	  

“QCD	  vacuum”	  
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!  ALICE and CMS are 
consistent within overlap 
region 
!  Same R 
!  Different constituent cuts 

!  Complementary results 

CMS and ALICE 
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4 Discussion and Conclusions

Initially, it was expected that medium interactions redistribute the momenta of jet fragments to small or
moderate angles, because of kinematic effects (the momentum of the jet is large compared to the typical
momenta of partons in the medium) as well as dynamics (the cross section for medium-induced radiation
peaks at small angles [47]). It was therefore expected that for sufficiently large cone radii, there would
be no strong suppression of jets, RCP ≈ 1. The large suppression of charged jet production with R= 0.2
and R= 0.3 in central Pb–Pb collisions shown in Fig. 9, is in quantitative disagreement with these early
expectations. More recently, it was found that large angle radiation is kinematically favoured for large
medium density in numerical calculations [48] and in q-PYTHIA [49,50]. A number of mechanisms that
may further contribute to large angle radiation have recently been discussed in the literature, such as jet
broadening by medium-induced virtuality (YaJEM) [51, 52], reinteractions of the radiated gluons (also
called ’frequency collimation of the radiation’) [53, 54], and quantum (de-)coherence effects [55, 56].

To further explore these effects, Fig. 12 compares the jet measurement reported in this paper to the
nuclear modification factor for charged hadrons measured by ALICE [57] and CMS [14] and to the
calorimetric jet measurements by ATLAS [17].

Comparing the RCP of jets to charged particles in Fig. 12, one would expect the suppression for jets to be
smaller than for hadrons, since jet reconstruction collects multiple jet fragments into the jet cone, thus
recovering some of the medium-induced fragmentation. However, it can be seen that the RCP for jets is
similar to that observed for single hadrons. This indicates that the momentum is redistributed to angles
larger than R= 0.3 by interactions with the medium.

Such a strong redistribution of momentum might also be expected to lead to a significant broadening of
the energy profile within the larger cone radius R = 0.3. The results presented in this paper, however,
show that the ratio of yields for jets with R = 0.2 and R = 0.3 is similar in PYTHIA pp simulations
and Pb–Pb collisions (see Fig. 11), indicating that the energy profile of the found jets is not significantly
modified. In addition, Fig. 8 shows that the effect of selecting jets with a leading hadron with pT > 5 or
10 GeV/c is similar in Pb–Pb collisions and in PYTHIA pp events, which indicates that the longitudinal
momentum distribution of (leading) high pT tracks in jets reconstructed in Pb-Pb collisions remains
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Fig. 12: Comparison to jet RCP measured by ATLAS [17] and to charged particle suppression by ALICE
[57] and CMS [14].

Jet	  quenching:	  Jet	  RAA	  
RCP	  of	  charged	  par6cle	  jets	  (R=0.2)	  
-‐	  with	  respect	  to	  50-‐80%	  centrality	  class	  

Complete	  jet	  RAA	  (R=0.2)	  

Pb-‐Pb:	  	  
•  RAA:	  Strong	  suppression	  in	  most	  central	  collisions	  R~0.4	  	  
•  RCP(50-‐80%):	  Similar	  suppression	  for	  jet	  radii	  R=0.2	  (shown)	  and	  R=0.3	  
•  Moderate	  pT	  dependence	  (plateau	  at	  RAA=0.4?	  similar	  to	  hadron	  RAA)	  
	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Suppression	  (also	  strong	  for	  charm)	  

QGP	  properLes…	  	  
Charm	  suppression	  !	  Jet	  quenching	  

•  D-‐mesons	  measured	  at	  mid-‐rapidity	  via	  
hadronic	  decays	  

•  RAA	  -‐	  suppression	  paDern	  (ra6o	  of	  yield	  
in	  Pb-‐Pb	  to	  yield	  in	  proton-‐proton)	  
shows	  a	  strong	  deficit	  (jet	  quenching)	  

•  Quenching:	  charm	  at	  high-‐pT	  similar	  to	  
light	  flavor	  

	  

•  Possible	  hint	  of	  colour	  charge	  effects	  at	  
low-‐pT	  (below	  10	  GeV/c)	  
–  =>	  need	  beDer	  precision	  (outlook	  for	  

next	  years	  and	  upgraded	  detector)	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Studies	  for	  colour	  charge	  and	  mass	  dependence	  of	  parton	  energy	  loss	  
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v2	  at	  high-‐pT	  and	  RAA	  
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Fig. 5. (Color online.) v2 (top) and v3 (bottom) of charged pion and proton
as a function of transverse momentum for 10–50% centrality class compared to
unidentified charged particles results from the event plane method. For clarity, the
markers for v2 and v3 at pT > 8 GeV/c are slightly shifted along the horizontal
axis. PHENIX π0 v2 measurements [46] are also shown. The dashed line represents
the WHDG model calculations for neutral pions [43] extrapolated to the LHC col-
lision energy for the 20–50% centrality range. Error bars (shaded boxes) represent
the statistical (systematic) uncertainties.

transverse momentum. For pT > 8 GeV/c, we find that the uniden-
tified charged particle v2 in 0–70% and v3 in 0–20% centrality
ranges are finite, positive and only weakly dependent on trans-
verse momentum, while v3 for 20–50% and v4 for 5–50% cen-
trality are consistent with zero within rather large statistical and
systematic uncertainties. The observed difference in the centrality
dependence of v4/Ψ4 and v4/Ψ2 , and the results on v2 obtained
with the event plane and four-particle cumulant methods indi-
cate that the effect of flow fluctuations extends at least up to
pT = 8 GeV/c and does not change significantly in magnitude,
except for very central collisions. It shows that the effect of fluc-
tuations of the initial collision geometry on particle production is
similar at low and intermediate pT regions, which are considered
to be dominated by hydrodynamical flow and quark coalescence,
respectively. For pT > 10 GeV/c, where particle production is dom-
inated by fragmentation of hard partons, the response to fluctua-
tions of the initial collision geometry might be different, but more
data is needed to study this regime in more detail. The pion v2
at LHC energies is very close to that measured at RHIC out to
pT = 16 GeV/c and is reproduced by WHDG model calculations
for pT > 8 GeV/c. The proton v2 and v3 are finite, positive, and
have a larger magnitude than that of the pion for pT < 8 GeV/c,
indicating that the particle type dependence, which is typical at
low pT, persists out to intermediate transverse momenta. The pion

and proton v3 are consistent with zero within uncertainties for
pT > 8 GeV/c.
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Jet	  quenching	  and	  non-‐zero	  v2	  are	  closely	  
related	  –	  signature	  of	  the	  physical	  
proper6es	  of	  QGP:	  	  
•  QGP	  is	  opaque	  to	  colored	  probes	  
•  In-‐medium	  energy-‐loss	  depends	  on	  the	  

path	  length	  
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The elliptic, v2, triangular, v3, and quadrangular, v4, azimuthal anisotropic flow coefficients are measured
for unidentified charged particles, pions, and (anti-)protons in Pb–Pb collisions at

√
sNN = 2.76 TeV with

the ALICE detector at the Large Hadron Collider. Results obtained with the event plane and four-particle
cumulant methods are reported for the pseudo-rapidity range |η| < 0.8 at different collision centralities
and as a function of transverse momentum, pT, out to pT = 20 GeV/c. The observed non-zero elliptic
and triangular flow depends only weakly on transverse momentum for pT > 8 GeV/c. The small pT
dependence of the difference between elliptic flow results obtained from the event plane and four-
particle cumulant methods suggests a common origin of flow fluctuations up to pT = 8 GeV/c. The
magnitude of the (anti-)proton elliptic and triangular flow is larger than that of pions out to at least
pT = 8 GeV/c indicating that the particle type dependence persists out to high pT.

© 2013 CERN. Published by Elsevier B.V. All rights reserved.

The goal of ultra-relativistic nucleus–nucleus collisions is to
study nuclear matter under extreme conditions. For non-central
collisions, in the plane perpendicular to the beam direction, the
geometrical overlap region, where the highly Lorentz contracted
nuclei intersect and where the initial interactions occur, is az-
imuthally anisotropic. This initial spatial asymmetry is converted
via interactions into an anisotropy in momentum space, a phe-
nomenon referred to as transverse anisotropic flow (for a review
see [1]). Anisotropic flow has become a key observable for the
characterization of the properties and the evolution of the system
created in a nucleus–nucleus collision.

Identified particle anisotropic flow provides valuable informa-
tion on the particle production mechanism in different trans-
verse momentum, pT, regions [1]. For pT < 2–3 GeV/c, the flow
pattern of different particle species is qualitatively described
by hydrodynamic model calculations [2]. At intermediate pT,
3 < pT < 6 GeV/c, the observed flow of the baryons is larger than
that of the mesons [3,4]. For pT ! 8 GeV/c, the fragmentation of
high-energy partons, resulting from initial hard scatterings, is ex-
pected to play the dominant role. While traversing the hot and
dense matter these partons experience collisional and radiative en-
ergy loss [5,6], which are strongly dependent on the thickness of
the created medium [7]. In the azimuthally asymmetric system,
the energy loss depends on the azimuthal emission angle of the
parton, which leads to an azimuthal anisotropy in particle produc-
tion at high pT [8,9].

✩ © CERN for the benefit of the ALICE Collaboration.

The magnitude of the anisotropic flow is characterized by the
coefficients in the Fourier expansion of the azimuthal distribution
of particles with respect to the collision symmetry plane [10,11]:

vn(pT,η) =
〈
cos

[
n(φ − Ψn)

]〉
, (1)

where pT, η, and φ are the particle’s transverse momentum,
pseudo-rapidity, and the azimuthal angle, respectively, and Ψn is
the n-th harmonic symmetry plane angle. For a smooth matter
distribution in the colliding nuclei, the symmetry planes of all
harmonics coincide with the reaction plane defined by the beam
direction and the impact parameter, the vector connecting the cen-
ters of the two colliding nuclei at closest approach. In this case, for
particles produced at midrapidity, all odd Fourier coefficients are
zero by symmetry. Due to event-by-event fluctuations of the posi-
tions of the participating nucleons inside the nuclei, the shape of
the initial energy density of the heavy-ion collision in general is
not symmetric with respect to the reaction plane, and the Ψn may
deviate from the reaction plane. This gives rise to non-zero odd
harmonic coefficients [12–18], and contributes to the difference in
flow coefficients calculated from two- or multi-particle azimuthal
correlations, and also to the difference in vn measured with re-
spect to different harmonic symmetry planes.

Large elliptic flow, v2, and significant triangular flow, v3, were
observed at the Relativistic Heavy Ion Collider (RHIC) [19–21]
and at the Large Hadron Collider (LHC) [22–28]. In this Let-
ter we present the measurement of unidentified charged parti-
cle anisotropic flow out to pT = 20 GeV/c, and for protons and

0370-2693/ © 2013 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.12.066
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Challenge	  for	  theory	  –	  consistent	  descripLon	  
of	  charm	  producLon	  and	  its	  v2	  

•  The	  simultaneous	  descripLon	  of	  D	  meson	  RAA	  and	  v2	  is	  a	  challenge	  
to	  theoreLcal	  models	  
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•  The	  simultaneous	  descripLon	  of	  heavy	  flavor	  decay	  electrons	  RAA	  and	  v2	  is	  a	  
challenge	  to	  theoreLcal	  models	  

•  Not	  shown:	  J/ψ:	  v2	  >	  0	  at	  LHC;	  RAA	  LHC	  >	  RAA	  RHIC	  for	  most	  central	  events	  

Challenge	  for	  theory	  –	  consistent	  
descripLon	  of	  HFE	  and	  its	  v2	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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D	  vs.	  B	  mesons	  RAA	  vs.	  centrality	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

•  pT	  ranges:	  similar	  kinema6cs	  for	  D	  and	  B	  mesons	  (measured	  via	  non-‐prompt	  J/ψ)	  	  
•  simula6ons	  of	  decay	  kinema6cs	  used,	  i.e.	  in	  8-‐16	  GeV/c,	  in	  J/ψ	  pT	  range	  6.5-‐30	  GeV/c	  

IndicaLon	  for	  larger	  suppression	  of	  charm	  than	  beauty	  
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D’s	  5-‐8	  GeV/c	  –	  NP	  J/ψ	  3-‐6.5	  GeV/c	   D’s	  8-‐16	  GeV/c	  –	  NP	  J/ψ	  6.5-‐30	  GeV/c	  
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No	  nuclear	  effects	  at	  high-‐pT	  in	  pA	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

•  RpPb	  at	  high	  pT	  consistent	  with	  unity:	  
–  for	  charged	  par6cles	  above	  10	  GeV/c	  
–  for	  charged	  jets	  up	  to	  100	  GeV/c	  
–  for	  D0,	  D+,	  D*+	  mesons	  (mid	  rapidity)	  
–  for	  b	  à	  e	  decays	  (mid	  rapidity)	  
–  for	  c,	  b	  à	  µ	  decays	  (forward)	  
–  for	  W	  à	  µ	  

=>	  Binary	  scaling	  is	  
preserved,	  no	  evidence	  of	  
ini6al	  state	  effects	  
	  
Jet	  quenching	  in	  Pb-‐Pb	  
collisions	  is	  a	  final	  state	  
effect	  (parton	  energy	  loss)	  
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J/ψ suppression at forward rapidity in Pb-Pb collisions at √sNN = 2.76 TeV 5
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Fig. 2: (Color online) Inclusive J/ψ RAA as a function of the mid-rapidity charged-particle density (top) and
the number of participating nucleons (bottom) measured in Pb-Pb collisions at √sNN = 2.76 TeV compared to
PHENIX results in Au-Au collisions at √sNN = 200 GeV at mid-rapidity and forward rapidity [4, 5, 20]. The
ALICE data points are placed at the dNwch/dη |η=0 and ⟨N

w
part⟩ values defined in Table 1.

J/ψ	  suppression	  

QGP	  ProperLes	  with	  
J/ψ measurements	  

•  Inclusive	  J/ψ yield	  lost	  in	  central	  
Pb-‐Pb	  collisions	  as	  compared	  to	  
equivalent	  number	  of	  pp	  collisions	  	  

–  Quarkonia	  “melts”	  within	  QGP	  

•  LHC:	  Less	  suppression	  than	  at	  RHIC	  
and	  flat	  centrality	  dependence	  

•  =>	  in-‐medium	  ccbar	   	   	   	  
	  	  	  	  	  	  recombina6on?	  	  

•  Important:	  beDer	  knowledge	  of	  
ini6al	  state	  effects	  crucial	  –	  cold	  
nuclear	  maDer	  /	  shadowing	  /	  
satura6on	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

J/ψ	  measured	  with	  forward	  muon	  arm	  
	   	   	  J/ψ—>µ+µ-‐	  

Event	  centrality	  
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the one adopted for the
p

s = 2.76TeV pp results, which are used as the reference for the evaluation of the
nuclear modification factor.
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Fig. 3: (Color online) Centrality dependence of the nuclear modification factor, RAA, of inclusive J/y production in
Pb-Pb collisions at psNN = 2.76TeV, measured at mid-rapidity and at forward-rapidity. The point to point uncorrelated
systematic uncertainties (type II) are represented as boxes around the data points, while the statistical ones are shown
as vertical bars. Global correlated systematic uncertainties (type I) are quoted directly in the legend.

Fig. 3 shows the inclusive J/y RAA at mid- and forward-rapidity as a function of the number of participant
nucleons hNparti. Statistical uncertainties are shown as vertical error bars, while the boxes represent the
various uncorrelated systematic uncertainties added in quadrature. The systematic uncertainties correlated
bin by bin (type II in Table 3) are summed in quadrature and referred to as global syst. in the legend. At
forward-rapidity a clear suppression is observed, independent of centrality for hNparti > 70. Although with
larger uncertainties, the mid-rapidity RAA shows a suppression of the J/y yield too. The centrality integrated
RAA values are R

0%�90%
AA = 0.72±0.06(stat.)±0.10(syst.) and R

0%�90%
AA = 0.58±0.01(stat.)±0.09(syst.)

at mid- and forward-rapidity, respectively. The systematic uncertainties on both RAA values include the
contribution arising from hTAAi calculations. This amounts to 3.4% of the computed hTAAi value and is a
correlated systematic uncertainty common to the mid- and forward-rapidity measurements. PHENIX mid-
(|y| < 0.35) and forward-rapidity (1.2 < |y| < 2.2) results on inclusive J/y RAA at psNN = 0.2TeV exhibit
a much stronger dependence on the collision centrality and a suppression of about a factor of three larger in
the most central collisions [9].

The measured inclusive J/y RAA includes contributions from prompt and non-prompt J/y; the first one
results from direct J/y production and feed-down from y(2S) and c

c

, the second one arises from beauty
hadron decays. Non-prompt J/y are different with respect to the prompt ones, since their suppression
or production is insensitive to color screening or regeneration mechanisms. Beauty hadron decay mostly
occurs outside the fireball, and a measurement of the non-prompt J/y RAA is therefore connected to the
beauty quark in-medium energy loss (see [47] and references therein). At mid-rapidity, the contribution from

J/ψ	  suppression	  

Event	  centrality	  

QGP	  ProperLes	  with	  
J/ψ measurements	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

J/ψ	  measured	  with	  forward	  muon	  arm	  
	   	   	  J/ψ—>µ+µ-‐	  

high	  staLsLcs	  2011	  data	  

•  Inclusive	  J/ψ yield	  lost	  in	  central	  
Pb-‐Pb	  collisions	  as	  compared	  to	  
equivalent	  number	  of	  pp	  collisions	  	  

–  Quarkonia	  “melts”	  within	  QGP	  

•  LHC:	  Less	  suppression	  than	  at	  RHIC	  
and	  flat	  centrality	  dependence	  

•  =>	  in-‐medium	  ccbar	   	   	   	  
	  	  	  	  	  	  recombina6on?	  	  

•  Important:	  beDer	  knowledge	  of	  
ini6al	  state	  effects	  crucial	  –	  cold	  
nuclear	  maDer	  /	  shadowing	  /	  
satura6on	  
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p-‐A:	  Charmonia	   QpA	  vs	  event	  class	  

ψ(2S)	  

J/ψ	  

ψ(2S)	  

J/ψ	  

p-‐going	  

Pb-‐going	  

low	  Nch	   high	  Nch	  

low	  Nch	   high	  Nch	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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•  QpA	  is	  an	  experimental	  proxy	  for	  RpA	  
•  J/ψ	  à	  µµ:	  Mul6plicity	  dependent	  

suppression	  in	  p-‐going	  direc6on	  
–  Independent	  of	  pT	  
–  Shadowing	  region;	  <x>	  ~	  10-‐4	  

•  No	  suppression	  in	  Pb-‐going	  direc6on	  
–  An6-‐shadowing	  region;	  <x>	  ~	  10-‐2	  

•  	  ψ(2S)	  à	  µµ:	  Mul6plicity	  dependent	  
suppression	  in	  both	  direc6ons	  

•  J/ψ	  consistent	  with	  shadowing	  
•  ψ(2S)	  addi6onal	  effects	  at	  play	  	  

	  à	  Final	  state	  interac6ons?	  



p-‐A:	  Charmonia	  
•  QpA	  is	  an	  experimental	  proxy	  for	  RpA	  
•  J/ψ	  à	  µµ:	  Mul6plicity	  dependent	  

suppression	  in	  p-‐going	  direc6on	  
–  Independent	  of	  pT	  
–  Shadowing	  region;	  <x>	  ~	  10-‐4	  

•  No	  suppression	  in	  Pb-‐going	  direc6on	  
–  An6-‐shadowing	  region;	  <x>	  ~	  10-‐2	  

	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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RpA	  x	  RAp	  

J/ψ	  RAA/RpA	  vs.	  pT	


RAA	  

Rp-‐Pb	  x	  RPb-‐p:	  proxy	  for	  cold	  nuclear	  
maDer	  effects	  in	  Pb-‐Pb	  

	  
Pb-‐Pb:	  stronger	  suppression	  at	  high	  pT	  

→	  not	  an	  ini6al	  state	  effect	  	  
	  

Increase	  of	  RPbPb	  at	  low	  pT	  suggests	  
contribu6on	  from	  (re)combina6on	  

Caveat:	  sqrt(sNN),	  kinema6cs	  



PROTON-‐LEAD	  COLLISIONS:	  	  
COLLECTIVE	  EFFECTS	  IN	  SMALL	  SYSTEMS?	  	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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IdenLfied	  parLcle	  RpA	  

•  "Cronin	  peak"	  around	  3-‐4	  GeV/c	  
•  Shows	  dependence	  on	  par6cle	  type	  (mass)	  

–  No	  peak	  for	  π,	  K	  
–  Rather	  pronounced	  for	  p,	  Ξ	

–  Weak	  for	  φ	


charged	  par6cles	  

0	  0	  

Ξ	


π	  

p	  

K	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Radial	  Flow	  

•  Blast-‐wave	  fits	  -‐	  a	  proxy	  for	  
hydrodynamic	  modeling	  
–  Coherent	  fit	  for	  π,	  K,	  p,	  K0,	  Λ,	  
Ξ, Ω	  

	  
	  

•  At	  same	  Nch,	  <βT>	  larger	  in	  
p-‐Pb	  than	  in	  Pb-‐Pb	  
–  Larger	  density	  gradient	  

•  However	  <βT>	  similarly	  large	  
in	  pp	  and	  p-‐Pb	  (at	  same	  Nch)	   PLB728	  (2014)	  25	  

π	


K±	  

K0	  

p	  

Λ	


Ξ	


Ω	


data/BW	  fit	  vs	  pT	  

Tkin	  vs	  <βT>	  

Pb-‐Pb	  

pp	   p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.

DRAFT v0.84 $Revision: 631 :$ $Date: 2012-12-01 16:02:43 +0100 (Sat, 01 Dec 2012) :$

Two-‐parLcle	  correlaLons	  in	  p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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High	  mulLplicity	  event	  class	   Low	  mulLplicity	  event	  class	  

Azimuthal	  s
epara6

on	  

Analysis	  in	  mul6plicity	  classes	  defined	  by	  the	  total	  charge	  in	  VZERO	  detector	  	  
(away	  from	  the	  central	  region)	  

	  

<dNch/dη>	  ~	  7	  <dNch/dη>	  ~	  35	   Remaining	  correlaLon:	  	  
two	  twin	  long	  range	  structures	  

The	  method:	  from	  the	  high-‐mulLplicity	  yield	  subtract	  	  
the	  jet	  yield	  in	  low-‐mulLplicity	  events	  (no	  ridge)	  
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Twin	  ridge	  structure	  in	  p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.
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Further	  invesLgaLons	  reveal:	  	  
•  the	  full	  modulaLon	  is	  (1)	  di-‐jets	  and	  (2)	  the	  

double-‐ridge	  structure	  –	  nothing	  more	  
•  Same	  yield	  near	  and	  away	  side	  for	  all	  classes	  of	  

pT	  and	  mulLplicity	  suggest	  a	  common	  
underlying	  process	  

ALICE INTERNAL ONLY 8

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.
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Azimuthal	  separaJon	  

Remaining	  correlaLon	  described	  by	  finite	  
amplitudes	  of	  Fourier	  terms	  

Similar	  observaLons	  in	  Pb-‐Pb	  are	  
ascribed	  to	  collecLve	  effects!	  

Number	  of	  explana6ons	  put	  forward	  raging	  
from	  hydrodynamic	  flow	  to	  CGC	  formalisms	  
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Twin	  ridge	  structure	  in	  p-‐Pb	  	  
with	  idenLfied	  parLcles	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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v2	  coefficient	  in	  p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Comparison	  of	  v2	  in	  Pb-‐Pb	  and	  p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Similar	  features	  in	  p-‐Pb	  and	  Pb-‐Pb:	  mass	  ordering	  at	  low-‐pT	  	  
in	  Pb-‐Pb	  ascribed	  to	  hydrodynamics	  

-‐  Not	  shown:	  more	  signatures	  for	  collec6vity	  from	  cumulant	  analysis	  
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More	  from	  ALICE!	  
Ultra-‐Peripheral	  Collisions	  

•  Coherent	  J/ψ	  photo-‐produc6on	  
(PLB718	  (2013)	  1273,	  EPJC	  73	  (2013)	  2617)	  

•  First	  measurement	  of	  exclusive	  ρ0	  

•  First	  measurement	  of	  ψ(2S)	  
photoproduc6on	  in	  a	  nuclear	  
target	  
–  	  ψ(2S)	  à	  l+l-‐	  

–  	  ψ(2S)	  à	  l+l-‐	  +	  π+π-‐	  
	  

•  Strong	  model	  constraints	  
–  Strong	  shadowing	  disfavored	  
–  No	  nuclear	  effects	  disfavored	  

Counts	  vs	  Mll	   Counts	  vs	  Mllππ	


dσ(ψ(2S)/dy	  vs	  y	  

Talk	  by	  Christoph	  Mayer	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Run	  II	  and	  Upgrade	  
•  Run	  II	  in	  2015	  –	  2017	  

–  Updated	  detectors,	  readout,	  trigger	  
–  LHC	  energy	  up	  to	  13	  TeV	  for	  pp	  

(~5.1	  TeV	  for	  Pb-‐Pb)	  
–  Factor	  2-‐3	  to	  10	  increase	  in	  pp,	  p-‐Pb	  and	  

Pb-‐Pb	  depending	  on	  channel	  

•  ALICE	  underway	  for	  physics	  in	  the	  2020s	  
–  New	  ITS	  and	  new	  TPC	  readout	  
–  Increase	  data-‐taking	  rate	  by	  factor	  100!	  

(à	  50kHz	  Pb-‐Pb	  con6nuous)	  
–  Heavy	  flavor,	  quarkonia,	  low-‐mass	  

dileptons,	  jets	  …	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Summary	  
•  QGP	  is	  opaque	  to	  colored	  probes	  RAA	  <	  1;	  signatures	  of	  

different	  energy	  loss	  for	  charm	  and	  boDom	  quarks	  
•  Collec6ve	  flow	  measured	  for	  iden6fied	  par6cles	  in	  Pb-‐Pb	  

collisions;	  features	  consistent	  with	  hydrodynamical	  nature	  
of	  QGP	  (RHIC:	  even	  at	  lowest	  √sNN)	  

•  Measurements	  of	  v2	  and	  RAA	  –	  complementary	  observables	  
–	  discrimina6ng	  input	  to	  theory	  

•  Minimum	  bias	  collisions	  of	  p-‐Pb	  confirm	  jet	  quenching	  in	  
Pb-‐Pb	  is	  a	  final	  state	  effect	  

•  However,	  finite	  v2	  and	  other	  signatures	  of	  collec6ve	  effects	  
are	  found	  in	  most	  violent	  p-‐Pb	  collisions	  resembling	  
findings	  from	  Pb-‐Pb	  collisions	  (!)	  

•  Intriguing	  suppression	  paDerns	  for	  ψ(2S)	  in	  p-‐Pb	  collisions	  
–	  signature	  of	  final	  state	  interac6ons?	  

•  Wealth	  of	  results	  –	  interes6ng	  learning	  curve	  ahead!	  
M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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EXTRA	  SLIDES	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Broad	  view	  outline	  

•  Heavy-‐ion	  collisions	  at	  LHC	  energies	  
–  Extract	  physical	  proper6es	  of	  the	  hot	  de-‐confined	  
QCD	  maDer:	  T>>Tc	  at	  μb=0	  

– Must	  have:	  sensi6vity	  of	  observables	  to	  QGP	  effects	  
•  pA	  collisions:	  cold	  nuclear	  maDer	  	  

– Understanding	  of	  ini6al	  state	  of	  AA	  collisions	  
– Must	  test:	  sensi6vity	  of	  observables	  to	  QGP	  effects	  

•  proton-‐proton	  collisions:	  
–  Vacuum	  reference;	  p-‐QCD	  jet	  cross-‐sec6on	  
–  Single	  NN	  ≠	  single	  parton-‐parton	  interac6on	  
–  Is	  this	  the	  best	  reference	  for	  all	  observables?	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Intermezzo:	  p-‐Pb	  mulLplicity	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Much	  broader	  correla6on	  between	  different	  mul6plic6y	  (event	  class)	  es6mators	  
⇒ expect	  different	  sensi6vity	  (bias)	  to	  event	  geometry	  (Glauber!	  –	  Ncoll	  scaling)	  

Fo
rw

ar
d	  
ra
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ty
	  

Central	  rapidity	   Central	  rapidity	  

pPb	   Pb-‐Pb	  
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IdenLfied	  parLcles	  in	  p-‐Pb	  

•  Yields	  of	  pions,	  charged	  
kaons,	  protons	  (TPC+TOF)	  
and	  K0s,	  Lambda’s	  (inv.	  
mass)	  

•  Binned	  in	  percen6les	  of	  
mul6plicity	  of	  VZERO-‐A	  
detector	  

•  FiDed	  with	  blast-‐wave	  
•  Not	  shown:	  studied	  <pT>	  

(mass	  ordering	  present)	  	  
•  and	  ra6os	  of	  par6cles	  

(dependence	  on	  dN/dh	  	  
similar	  in	  pp,	  pPb	  and	  PbPb)	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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IdenLfied	  parLcles	  in	  p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Lambda/Kaon	  ra6o	  vs.	  charged	  par6cle	  mul6plicity	  density	  
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•  Baryon	  to	  meson	  ra6o:	  	  
•  similar	  trend	  of	  p/pion	  raLo	  in	  p-‐Pb	  as	  in	  Pb-‐Pb	  per	  dNch/dη	  	  
•  follows	  a	  power-‐law	  with	  a	  same	  exponent	  B(pT)	  in	  two	  systems	  (although	  

in	  p-‐Pb	  much	  smaller	  than	  in	  Pb-‐Pb	  case)	  -‐	  similar	  case	  for	  proton/pion	  ra6o	  

Pb-‐Pb	  
p-‐Pb	  

R = A(dNch/d⌘)
B
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IdenLfied	  parLcles	  in	  p-‐Pb	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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•  Baryon	  to	  meson	  ra6o:	  	  
•  similar	  trend	  of	  p/pion	  raLo	  in	  p-‐Pb	  as	  in	  Pb-‐Pb	  per	  dNch/dη	  	  
•  follows	  a	  power-‐law	  with	  a	  same	  exponent	  B(pT)	  in	  two	  systems	  (although	  

in	  p-‐Pb	  much	  smaller	  than	  in	  Pb-‐Pb	  case)	  -‐	  similar	  case	  for	  proton/pion	  ra6o	  
•  Same	  trend	  in	  proton-‐proton	  collisions	  
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Lambda/Kaon	  ra6o	  vs.	  charged	  par6cle	  mul6plicity	  density	  

Pb-‐Pb	  
p-‐Pb	  
pp	  
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B
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Results	  from	  p-‐Pb	  

Valuable	  reference	  measurements	  for	  high-‐
pT	  physics	  
New	  unexpected	  effects…	  
	  

√sNN=5.02	  TeV	  
	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

p-‐A:	  Address	  cold	  nuclear	  effects	  and	  calibrate	  
findings	  related	  to	  hot	  QGP	  

A	  p-‐Pb	  collision	  at	  ALICE	  side-‐view	  	  
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“CalibraLon”	  measurement	  –	  dNch/dη	


M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Basic	  measurement	  allows	  to	  
discriminate	  between	  models	  
	  
Data	  favors	  models	  that	  
incorporate	  shadowing	  	  
	  
Satura6on	  models predict	  
much	  steeper	  η-‐dependence	  
not	  seen	  in	  the	  data	  
	  

Pb	   p	  
c.m. frame shifted by Δy = -0.465 

ALICE:	  arXiv:	  1210.3615	  
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Cold	  nuclear	  maher	  effects	  vs.	  	  
jet	  quenching	  in	  Pb-‐Pb…	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

Compa6ble	  with	  unity	  
above	  2-‐3	  GeV/c	  
	  
=>	  Binary	  scaling	  is	  
preserved,	  no	  evidence	  of	  
ini6al	  state	  effects	  
	  
Jet	  quenching	  in	  Pb-‐Pb	  
collisions	  is	  a	  final	  state	  
effect	  (parton	  energy	  loss)	  

RaLo	  =	  parLcle	  yield	  in	  p-‐Pb	  per	  single	  N-‐N	  collision	  /	  parLcle	  yield	  in	  proton-‐proton	  	  

ALICE:	  arXiv:	  1210.4520	  
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News	  from	  RAA	  of	  idenLfied	  parLcles	  RAA and RCP 
•  Central Collisions: 

–  RAA(φ) between RAA(π,K) and RAA(p) 
•   RAA(φ) tends to be below RAA(p) 

despite larger φ mass 
•  Consistent with RAA(p) within 

uncertainties 
–  RAA(φ) below RAA(Ξ) 

•  RAA values different despite 
similar strange quark content 

•  All RAA (except Ω) converge at high pT 
–  this occurs at ≈7 GeV/c for central 

collisions, ≈4 GeV/c for peripheral 
collisions 

•  RCP(K*0) tends to be lower than RCP(φ), 
but usually consistent within uncertainties 
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Same	  RAA	  for	  π,	  K,	  p	  at	  high-‐pT	  
within	  uncertainLes	  AND	  D-‐mesons	  
	  
φ	  in	  0-‐10%:	  	  
•  Similar	  to	  proton	  below	  2	  GeV/c	  
•  Between	  pion	  and	  proton	  above	  

2	  GeV/c	  

Ξ	  RAA	  compaLble	  with	  protons	  
	  
Ω	  –	  large	  RAA	  consistent	  with	  
enhancement	  in	  HI	  collisions;	  
however,	  largely	  due	  to	  the	  
suppression	  in	  pp	  
	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Flow	  of	  heavy-‐flavor	  muons	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

ALI-DER-52018

NEW	  

20-‐40%:	  v2	  of	  HFM	  similar	  as	  for	  HF-‐electrons	  in	  central	  rapidity	  
ALI-DER-57280
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Heavy-‐flavor	  electrons	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

•  Pb-‐Pb:	  Heavy-‐flavor	  electrons	  at	  |η|<0.7	  and	  heavy-‐flavor	  muons	  at	  2.4<|η|<5	  
•  Similar	  suppression	  pahern	  (centrality	  dependence)	  for	  muons	  and	  electrons	  

HF	  Electrons	  -‐	  midrapidity	  
HF	  Muons	  2.4	  <	  y	  <	  4.0	  

Pb-‐Pb	  centrality:	  0-‐10%	  

Pb-‐Pb	  centrality:	  	  
40-‐50%	  electrons	  
40-‐80	  muons	  

NEW	  
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IdenLfied	  RpA	  –	  phi	  meson	  
•  "Cronin	  peak"	  around	  3-‐4	  GeV/c	  
•  Shows	  dependence	  on	  par6cle	  type	  	  

–  No	  peak	  for	  π,	  K	  
–  Rather	  pronounced	  for	  p,	  Ξ	

–  Weak	  for	  φ	


0	  0	  

φ	


π	  

p	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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v2	  and	  VISHNU	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  
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Strangeness	  in	  p-‐Pb	  and	  Pb-‐Pb	  
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•  Mul6-‐strange	  baryons	  
–  p-‐Pb	  bridges	  pp	  and	  Pb-‐Pb	  smoothly	  
–  	  Ξ/π	  reach	  thermal	  model	  in	  p-‐Pb	  	  

	  (so	  does	  the	  Λ/π)	  
–  	  Ω/π	  below	  thermal	  model	


•  K*	  suppression	  à	  rescaDering?	  

arXiv:1404.0495	  

Ξ/π	  ra6o	  vs	  Nch	  

Ω/π	  ra6o	  vs	  Nch	  

K*0/K	  vs	  Nch	  



J/ψ	  suppression	  

Event	  centrality	  

QGP	  ProperLes	  with	  
J/ψ measurements	  

M.	  Ploskon,	  ALICE	  Overview,	  Meson	  2014	  

J/ψ	  measured	  with	  forward	  muon	  arm	  
	   	   	  J/ψ—>µ+µ-‐	  

high	  staLsLcs	  2011	  data	  

•  Inclusive	  J/ψ yield	  lost	  in	  central	  
Pb-‐Pb	  collisions	  as	  compared	  to	  
equivalent	  number	  of	  pp	  collisions	  	  

–  Quarkonia	  “melts”	  within	  QGP	  

•  LHC:	  Less	  suppression	  than	  at	  RHIC	  
and	  flat	  centrality	  dependence	  

•  =>	  in-‐medium	  ccbar	   	   	   	  
	  	  	  	  	  	  recombina6on?	  	  

•  Important:	  beDer	  knowledge	  of	  
ini6al	  state	  effects	  crucial	  –	  cold	  
nuclear	  maDer	  /	  shadowing	  /	  
satura6on	  
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