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Introduction
• In heavy nuclei collisions at high energies,

• quarks and gluons become free,
• form a high density colour deconfined state of strongly interacting matter.

• Lattice QCD predicts a phase transition to QGP 
• high temperatures
• energy density reached
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Figure 10: The energy density in QCD with 2 and 3 degenerate quark flavors.
Also shown is a sketch of the expected form of the energy density for QCD with
a fixed strange quark mass ms ∼ Tc (see also remarks on cut-off effects in the
caption of Fig. 9). The arrows indicating the energy densities reached in the
initial stage of heavy ion collisions at the SPS, RHIC and in the future also at
the LHC are based on the Bjorken formula [48].

expressed in physical units are quite similar in both cases; when moving from
large to small quark masses the increase in ε/T 4

c is compensated by the decrease
in Tc. This result thus suggests that the transition to the QGP is controlled by
the energy density, i.e. the transition seems to occur when the thermal system
reaches a certain “critical” energy density. In fact, this assumption has been
used in the past to construct the phase boundary of the QCD phase transition
in the T − µ plane.

Also at non-vanishing baryon number density, the pressure as well as the
energy density can be calculated along the same line outlined above by us-
ing the basic thermodynamic relation given in Eq. 6. Although the statisti-
cal errors are still large, a first calculation of the µ-dependence of the transi-
tion line indeed suggests that ε(Tc(µ), µ) varies only little with increasing µ,
ε(Tc(µ), µ) − ε(Tc(0), 0) = (1.0 ± 2.2)µ2

qT
2
c (0) [40]. First calculations of the µ-

dependence of the pressure in a wider temperature range have recently been
performed using the reweighting approach for the standard staggered fermion
formulation [49] as well as the Taylor expansion for an improved staggered
fermion action up to O((µ/T )4) [50]. This shows that the behavior of bulk
thermodynamic observables follow a similar pattern as in the case of vanishing
chemical potential. For instance, the additional contribution to the pressure,
∆p/T 4 ≡ (p/T 4)µ/T − (p/T 4)µ=0 rapidly rises at Tc and shows only little tem-
perature variation for T/Tc>∼1.5. In this temperature regime the dominant con-
tribution to the pressure arises from the contribution proportional to (µ/T )2
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Heavy Ion Collisions: Space Time Evolution

Thermal freeze-out: 
kinematics distributions are fixed

Chemical freeze-out: 
constituents of particles are fixed

Hadronization:
q-g combines to create hadrons

QGP: 
thermalization of q-g (if T>Tc)

τ0≤1 fm/c
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Heavy Ion Collisions: Space Time Evolution
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ALICE detector 

Detector: 
Length: 26 meters 
Height: 16 meters 
Weight: 10,000 tons 

Collaboration: 
> 1000 Members 
> 100 Institutes  
> 30 countries 

ACORDE (cosmics) 
V0 scintillator centrality 
η: -1.7– -3.7, 2.8–5.1 
T0 (timing) 
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 

2 



ALICE - dedicated heavy-ion experiment at the LHC

• Particle identification (practically all known techniques)
• Extremely low-mass tracker ~ 10% of X0

• Excellent vertexing capability
• Efficient low-momentum tracking – down to ~ 100 MeV/c
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vertexing 
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TRD 

TOF 



Bulk Particle Production

Energy, Centrality, and Rapidity dependence
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Charged-particle production: pseudorapidity distributions
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charged-particle production: pseudorapidity distributions 

constrains description of dynamics  
of heavy-ion collision   

M. Guilbaud, QM2012 

constrains initial conditions of  
heavy-ion collision 
 
models with shadowing or saturation  
describe the measurement within 20% 
 
saturation models too steep 

p-Pb                                                                                Pb-Pb 
arXiv:1210.3615 

8 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 
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• constrains initial conditions of heavy-ion 
collision
• models with shadowing or saturation 
describe the measurement within 20%
• saturation models too steep

• constrains description of dynamics 
of heavy-ion collision

5Charged particle pseudorapidity density

ALICE, PRL 110 (2013) 032301

● Tracklet based analysis

● Dominant systematic uncertainty 

from NSD normalization of 3.1%

● Reach of SPD extended to |η|<2 

by extending the z-vertex range

● Results in ALICE laboratory system

● ycms = - 0.465

● Comparison with models

● Most models within 20%

● Saturation models have too steep 

rise between p and Pb region

● See for further comparisons 

Albacete et al., arXiv:1301.3395

NB: HIJING calculations are expected 
to increase by ~4% from INEL to NSD 



Charged-particle production: collision energy dependence
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charged-particle production: collision energy dependence 

LHC 2 times higher than RHIC 
Pb-Pb 2 times higher than pp 
p-Pb like INEL pp 
steeper growth in AA than in pp and p-A 
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• LHC 2 times higher than RHIC
• Pb-Pb 2 times higher than pp
• p-Pb like INEL pp
• steeper growth in AA than in pp and p-A



Charged-particle production in Pb-Pb: comparison with 
models
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charged-particle production in Pb-Pb: comparison with models 

higher yield than expected (by most) 

 
extrapolation in sqrt(s) 
     adj. to pp, no jet quench. 
        pQCD 
 
 
 
 
           initial state gluon  
           saturation 
 
 
hydro + final parton sat. 
extrapolation from pp 
Landau hydro 
Pythia+ rescattering 
 
 

PRL 105 (2010) 252301 
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higher yield than expected (by most)

The most central 5%



Charged-particle production: centrality dependence
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charged-particle production: centrality dependence 

~2 times more particles than at RHIC, same centrality dependence 

PRL 106 (2010) 032301 

11 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 

~2 times more particles than at RHIC, same centrality dependence



Charged-particle production: centrality dependence
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charged-particle production: centrality dependence 

general trend reasonably reproduced by majority of the models 
individual differences larger than the difference between the two groups 

soft+hard 

saturation 

PRL 106 (2010) 032301 
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• general trend reasonably reproduced by majority of the models
• individual differences larger than the difference between the two groups



Hadron Identification
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hadron identification 

ITS TPC 

TOF 

TRD 

13 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 



Identified hadron spectra - comparison to RHIC
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identified hadron spectra - comparison to RHIC 
arxiv:1208.1974 

harder than at RHIC 
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Harder than at RHIC           



Identified hadron spectra - comparison to models
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identified hadron spectra - comparison to models 

arxiv:1208.1974 

harder than VISH2+1 
 
described by Krakow and HKM 
(early flow, cross-over, realistic  
EOS, resonances) 
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• harder than VISH2+1
• described by Krakow and HKM 
(early flow, cross-over, realistic 
EOS, resonances)

• less protons than predicted by hydro



Mean pT of identified hadrons
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mean pT of identified hadrons 
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<pT> ~20% higher than at RHIC at the same multiplicity  

M. Floris, QM2011 
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<pT> ~20% higher than at RHIC at the same multiplicity



Flow
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Particle flow: Collective Motion of Particles 

43

X

Z

Y

Px

Py Pz

Particles Flow5=5collective5motion5of5
particles

At5the5beginning5of5the5collision:5the5nuclear5
overlap5region5is5an5ellipsoid.

The5gradient5of5pressure5is5largest5in5the5
shortest5direction5of5the5ellipsoid

The5initial5spatial5anisotropy5evolves5
�MomentumFspace5anisotropy

� symmetric5radial flow5(central5collision)
� anisotropic5transverse flow5(non5central5
collision)

Observables)sensitive)to)
thermodynamic state

� Particle Flow
� Transverse5distributions

� Ratio5of5particles

� Thermal5photons

At the beginning of the collision: the nuclear 
overlap region is an ellipsoid.
The gradient of pressure is largest in the shortest 
direction of the ellipsoid
The initial spatial anisotropy evolves 
→Momentum-space anisotropy

dN
pTdpTdydϕ

=
1
2π

dN
pTdpTdy

(1+ 2ν1 cos(ϕ ) + 2ν2 cos(2ϕ ) + ...)

ν1 = cos(ϕ ) "directed flow" ν2 = cos(2ϕ ) "elliptic flow"

Fourier expansion of azimuthal distributions

ν2 =
py
2 − px

2

py
2 + px

2

Initial spatial anisotropy

Final momentum anisotropy 
reflected in azimuthal distributions
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LHCP2013, Barcelona, May 13-18 3
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Anatomy of flow harmonics (vn) 

19LHCP2013, Barcelona, May 13-18M Floris

• v2 dominates for non-central collisions

• “Elliptic Flow”

• Higher harmonics: vn studies

• Fluctuations, transport

• v3 ~ v2  for central collisions

• Fluctuations

• Transverse Momentum Regions

• Low pT (≲ 3 GeV/c):
 
 
 
 
  
collective hydrodynamic expansion

• Intermediate pT (≲ 8 GeV/c): 
 
 
 
  
soft-hard interplay, recombination

• High pT: jet suppression vs path length            
(see T Tomei, Parallel: Heavy Ions 2)

6
See also: ALICE, PRL107 032301 (2011), CMS, PRC 87 014902 (2013)pT (GeV)

ATLAS, PRC86 014907 (2012)



Elliptic flow in Au and Pb collisions
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elliptic flow in Au and Pb collisions 
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hydrodynamic behavior continues at LHC energies 

centrality 20-30% PRL 105 (2010) 252302 
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hydrodynamic behavior continues at LHC energies



Elliptic flow of identified hadrons
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High pT results:
ALICE, PLB 719 18 (2013) [π, p]
CMS, PRL 110 042301 (2013) [π0]
( )

Additional constraints on collective evolutionAdditional constraints on collective evolution

v2 for π, p, K±, K0s, Λ, φ (not shown for Ξ, Ω)
φ at low pT (<3 GeV/c) follows mass hierarchy – at higher pT joins mesons



Elliptic flow of identified hadrons
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v2 for π, p, K±, K0s, Λ, φ (not shown for Ξ, Ω)
φ at low pT (<3 GeV/c) follows mass hierarchy
– at higher pT joins mesons

NCQ scaling: violation ~ 10% at low pT



v2, v3, v4 versus pT
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0–5% 5–10% 
10–20% 

40–50% 30–40% 
20–30% 

vn measurements up to 20 GeV/c – where dominated by jet quenching
Non-flow effects suppressed by rapidity gap or using higher cumulants
Non-zero value of v2 at high pT both for Δη > 2 and 4-particle cumulant 

v3 and v4 diminish above 10 GeV/c – indication of disappearance of fluctuations at high pT 

• v3 is not related to reaction plane

• v3 only weakly depends on centrality



Higher harmonics of flow
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higher harmonics of flow 
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v2 and v3 magnitudes reasonably well described by hydro 
the azimuthal correlations at high pT fully described by the flow coefficients 
 
 
 the peaks come from hydrodynamic flow 
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PRL 107 (2011) 032301 
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• the azimuthal correlations at high pT fully described by the flow coefficients



Probing QCD Matter
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Nuclear modification factor
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nuclear modification factor 

parton energy loss in  
color medium 
 
manifesting as 
 
suppression of high-pt  
particles in Pb-Pb 
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parton energy loss in color medium
manifesting as
suppression of high-pT particles in Pb-Pb



Nuclear modification factor

27

nuclear modification factor 
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 | < 0.8� = 2.76 TeV,  0-5% central, | NNsPb-Pb  
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p-Pb is like pp 
no suppression 

suppression in Pb-Pb 

Parton energy loss in QCD medium 
Rise at high pt: relative energy loss  
decreasing with pt 

arxiv: 1210.4520 
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suppression in Pb-Pb
parton energy loss in QCD medium
Rise at high pT: relative energy loss 
decreasing with pT     

6Nuclear modification factor in pPb vs PbPb

ALICE, PRL 110 (2013) 082302

● RpPb (at mid-rapidity) consistent 

with unity for pT > 2 GeV/c

● High-pT charged particles 

exhibit binary scaling  

● Unlike in PbPb, no suppression 
at high pT is observed

● Suppression at high pT in PbPb 

is not an initial state effect

• RpPb (Pb (at mid-rapidity) consistent with unity 
for pT > 2 GeV/c

• High-pT charged particles exhibit binary scaling

• Unlike in PbPb, no suppression at high pT is 
observed
• Suppression at high pT in PbPb is not an initial 
state effect

Comparison p-Pb and Pb-Pb Collisions 

John Harris (Yale) for ALICE                                            10                pA Physics Workshop, MIT, 17 - 18 May 
2013 

       Pb-Pb – Suppression! 
- Increases with centrality  
- Not initial state 
- Final state effect 

 (hot QCD matter) 

p-Pb (pT > 2 GeV/c) 
- Binary scaling 

 (RpPb ~ 1) 
- Absence of Nuclear 

 Modification 
- Initial state effects 

 small 

arXiv:1210.4520 

/
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AA /
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N N

π γ

π γ=
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particle 

PRL 110 (2013) 082302 



Nuclear modification factor
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nuclear modification factor 
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no suppression of photons, W, Z0 in Pb-Pb  
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no suppression of photons, W, Z0 in Pb-Pb



Mass dependent energy loss
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mass dependent energy loss 

less suppression for heavy quarks  
B < D, J/Psi < charged particles 

ALICE  JHEP 09 (2012) 112 
ALICE arxiv:1208.2711 
CMS-PAS-HIN-12-014 
 
compilation A. Andronic 
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less suppression for heavy quarks 
B < D, J/Ψ < charged particles

But kinematic ranges (w.r.t. to parent quarks) are not exactly the same
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sequential suppression                                                                PLB 178 (1986) 416 

statistical hadronization c+cbaràJ/Psi PLB 490 (2000) 196

both effects expected to be stronger at LHC than at RHIC

sequential suppression                                                                     PLB 178 (1986) 416 

J/Psi suppression – or enhancement? 

2.5 < y < 4                                                    |y| < 0.9 

statistical hadronization c+cbar  J/Psi   PLB 490 (2000) 196  

both effects expected to be stronger at LHC than at RHIC 

J/Psi production by statistical hadronization 
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•  from#Npart#>#100#suppression$independent$of$centrality$
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#

ALICE#2.5<y<4#

PRL#109#(2012)#072301#
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|y|<0.35#
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Inclusive J/ψ suppression measurements both in central and forward regions for pT>0:
•  from Npart > 100 suppression independent of centrality 
•  in central collisions, less suppression than at RHIC 



Hot photons
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photons measured via  
conversions into e+e- 

hot photons 

photon temperature higher than Tc  

arXiv:1210.5958 

38 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 

photon temperature higher than TC

Exponential fit for pT < 2.2 GeV/c  inverse 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



Jet Bulk Interaction
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Two particle correlations
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Two particle correlations
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CMS, EPJC 72 (2012) 2012

Recoil (away-side) jet
(Δϕ ~ π, elongated in Δη)

Near-side jet
(Δϕ ~ 0, Δη ~ 0)

Azimuthal modulation (vn)

trigger particle
associated particle

pA results: see C. Loizides, Plenary: Soft QCD

CMS. EP JC 72 (2012) 2012 Correlations originating from jets and other sources

Two-particle correlations are a powerful tool to explore the mechanism of particle 
production in collisions of hadrons and nuclei at high energy. Such studies involve 
measuring the distributions of relative angles φ and η between pairs of particles.



Two particle correlations in η
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17Two-particle angular correlations

CMS, arXiv:1305.0609
 CMS, JHEP 1009 (2010) 91

CMS, PLB 718 (2012) 795 ATLAS, arXiv:1212.5198 ALICE, PLB 719 (2013) 29

pp PbPb

pPb pPb pPb

Near-side ridges
apparent in high
multiplicity events
at LHC energies
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Multiplicity events
at LHC energies

CMS, EPJC 72 (2012) 10052

(see M. Floris, Tuesday)
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In PbPb, long-range correlations can be explained by flow harmonics (vn)

dN
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∼1+2 v2 cos [2(ϕ−ψ2)]+2v 3cos [3(ϕ−ψ3)]
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ε3
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PbPb

In high-multiplicity p-Pb, a ridge develops



Extraction of double ridge structure in p-Pb
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19Extraction of double ridge structure

0-20%

● Extract double ridge structure using a standard technique 
in AA collisions, namely by subtracting the jet-like correlations

● It has been verified that the 60-100% class is similar to pp

● The near-side ridge is accompanied by an almost identical ridge structure 
on the away-side

● Similar analysis strategy by ATLAS (arXiv:1212.5198)

ALICE, PLB 719 (2013) 29

60-100%

Extract double ridge structure by subtracting the jet-like correlations
It has been verified that the 60-100% class is similar to pp
The near-side ridge is accompanied by an almost identical ridge structure on the away-side

Difference between central and peripheral



Properties of this double ridge
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properties of this double ridge 

Fourier analysis of the ridge ! v2 and v3 
like flow:  increase with pt 
unlike flow:  increase with centrality 

arXiv:1212.2001 

42 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 

Fourier analysis of the ridge→v2 and v3 like flow: increase with pT
                                                               unlike flow: increase with centrality



Intermediate pT in the bulk and in the jet
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Intermediate pT in the bulk and in the jet
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Intermediate pT in the bulk and in the jet
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The “baryon anomaly” is a bulk effect!

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?



Jet peak shape deformation
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• Can longitudinal flow deform the 
conical jet shape? 
(Armesto et al, PRL 93,242301 (2004))

Can longitudinal flow deform the conical 
jet shape?
(Armesto et al, PRL 93, 242301 (2004))



Jet peak shape deformation
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• Can longitudinal flow deform the 
conical jet shape? 
(Armesto et al, PRL 93,242301 (2004))

Can longitudinal flow deform the conical 
jet shape?
(Armesto et al, PRL 93, 242301 (2004))

Significant increase of 
towards central events

2 < pT,t < 3    1 < pT,a < 2 GeV/c
4 < pT,t < 8    2 < pT,a < 3 GeV/c

• Significant increase of σΔη 
towards central events

•  σΔη > σΔϕ (eccentricity ~ 0.2)
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• Can longitudinal flow deform the 
conical jet shape? 
(Armesto et al, PRL 93,242301 (2004)) 2 < pT,t < 3    1 < pT,a < 2 GeV/c

4 < pT,t < 8    2 < pT,a < 3 GeV/c
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• Can longitudinal flow deform the 
conical jet shape? 
(Armesto et al, PRL 93,242301 (2004))

Influence of flowing medium?

Evolution of near-side-peak
ση and σφ with centrality

ση

σφ



Summary
New insight into the reaction dynamics from LHC

• Mach cone and ridge challenged
• proton puzzle: lower yield, lower v2 than expected

• nuclear suppression decreasing at very high pt (RAA increasing) 

• J/Psi production via statistical regeneration
• ridges in high-multiplicity pp and p-Pb collisions

 ~2 x higher than at RHIC
• particle production 
• homogeneity volume 

 ~10-30% higher than at RHIC
• transverse flow
• mean transverse momentum 
• integrated elliptic flow
• mass-splitting of v2

 Like at RHIC
• centrality dependence of particle production 
• centrality dependence of v2

• transverse momentum dependence of v2

42



Thank you for your attention!
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Backup
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• 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 azimuthally anisotropic. This initial spatial 
asymmetry is converted via interactions into an anisotropy in momentum space, a 
phenomenon 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.
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• The models shown in Figs. 13, 14, and 15 give for central collisions a fair description of the data. In the region pT 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 3 GeV/c (Kraków 
[46]), pT 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 1.5 GeV/c (HKM[47]) and pT 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 3 GeV/c (EPOS [48], with the exception of protons which are underestimated by about 30% at 
low pT), the models describe the experimental data within ∼20%, supporting a hydrodynamic interpreta- tion of the pT spectra in central 
collisions at the LHC. VISH2+1[49] is a viscous hydrodynamic model that reproduces fairly well the pion and kaon distributions up to pT ∼ 
2 GeV/c, but it misses the protons, both in shape and absolute abundance in all centrality bins. In this version of the model the yields are 
thermal, with a chemical temperature Tch = 165 MeV, extrapolated from lower energies. The difference between VISH2+1 and the data are 
possibly due to the lack of an explicit description of the hadronic phase in the model. This idea is supported by the comparison with HKM 
[47, 50]. HKM is a model similar to VISH2+1, in which after the hy- drodynamic phase particles are injected into a hadronic cascade model 
(UrQMD), which further transports them until final decoupling. The hadronic phase builds up additional radial flow and affects particle 
ratios due to the hadronic interactions. As can be seen, this model yields a better description of the data. The protons at low pT, and hence 
their total number, are rather well reproduced, even if the slope is significantly smaller than in the data. Antibaryon-baryon anni- hilation is 
an important ingredient for the description of particle yields in this model [47, 50]. The Kraków [51, 52] model, on the other hand, uses an 
ansatz to describe deviation from equi- librium due to viscous corrections at freeze-out, which seems successful in reproducing the data. A 
general feature of these models is that, going to more peripheral events, the theoretical curves deviate from the data at high pT (Figs. 14 and 
15). This is similar to what is observed in the comparison to the blast-wave fits, and shows the limits of the hydrodynamical models. As 
speculated in [46], this could indicate the onset of a non-thermal (hard) component, which in more peripheral collisions is not dominated by 
the flow-boosted thermal component. This picture is further substantiated by the change in the local slopes as seen in Fig. 6.

The EPOS (2.17v3) model [48] aims at describing all pT domains with the same dynamical picture. In this model, the initial hard scattering 
creates “flux tubes” which either escape the medium and hadronize as jets, or contribute to the bulk matter, described in terms of hydrody- 
namics. After hadronization, particles are transported with a hadronic cascade model (UrQMD). EPOS shows a good agreement with the data 
for central and semi-central collisions. A calcu- lation done with the same model, but disabling the late hadronic phase, yields a significantly 
worse description [48], indicating the important role of the late hadronic interactions in this model. An EPOS calculation for peripheral 
collisions was not available at the time of writing, but it will be important to see how well the peripheral data can be described in this model, 
since it should include all relevant physics processes. Several other models implementing similar ideas (hydrodynamics model coupled to a 
hadronic cascade code, possibly with a description of fluctuations in the initial condition) are available in the literature [53, 54] but not 
discussed in this paper. The simultaneous description of additional variables, such as the vn azimuthal flow coefficients within the same model, 
will help in differentiating different hydrodynamical model scenarios.

Figure 16 shows the p/π = (p + p ̄)/(π+ + π−) and K/π = (K+ + K−)/(π+ + π−) ratios as a function of pT. Both ratios are seen to increase as a 
function of centrality at intermediate pT with a corresponding depletion at low pT (the pT integrated ratios show little dependence on centrality, 
Fig. 9). The p/π ratio, in particular, shows a more pronounced increase, reaching a value of about 0.9 at pT = 3 GeV/c. This is reminiscent of the 
increase in the baryon-to- meson ratio observed at RHIC in the intermediate pT region [19, 55], which is suggestive of the recombination picture 
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“Elliptic” Flow  is harder to 
destroy than higher harmonics

Understand initial conditions and 
fluctuations; measure the 

transport properties (e.g. η/s) 
of the medium

Observables:
Higher harmonics

Event by Event fluctuation
Studies as a function of EbyE flow

Event plane correlations
Ultra central events
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• Two-particle correlations are a powerful tool to explore the mechanism of particle production in collisions of hadrons and nu- clei at high energy. Such studies involve measuring the distribu- tions of 
relative angles 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿φ and 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿η between pairs of particles: a “trigger” particle in a certain transverse momentum pT,trig interval and an “associated” particle in a pT,assoc interval, where 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿φ and 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿η are the 
differences in azimuthal angle φ and pseudorapidity η between the two particles.

In proton–proton (pp) collisions, the correlation at (􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿φ ≈ 0, 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿η ≈ 0) for pT,trig > 2 GeV/c is dominated by the “near-side” jet peak, where trigger and associated particles originate from a frag- menting 
parton, and at 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿φ ≈ π by the recoil or “away-side” jet [1]. The away-side structure is elongated along 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿η due to the longitu- dinal momentum distribution of partons in the colliding protons. In nucleus–
nucleus collisions, the jet-related correlations are mod- ified and additional structures emerge, which persist over a long range in 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿η on the near side and on the away side [2–14]. The shape of these 
distributions when decomposed into a Fourier se- ries defined by vn coefficients [15] is found to be dominated by contributions from terms with n = 2 and n = 3 [6,7,9–14]. The vn coefficients are sensitive to the 
geometry of the initial state of the colliding nuclei [16,17] and can be related to the transport

• properties of the strongly-interacting de-confined matter via hy- drodynamic models [18–20].

Recently, measurements in pp collisions at a centre-of-mass energy 
√

s = 7 TeV [21] and in proton–lead (p–Pb) collisions at a nucleon–nucleon centre-of-mass energy 
√

sNN = 5.02 TeV [22] have revealed long-
range (2 < |􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿η| < 4) near-side (􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿φ ≈ 0) cor- relations in events with significantly higher-than-average particle multiplicity. Various mechanisms have been proposed to explain the origin of these ridge-like 
correlations in high-multiplicity pp and p–Pb events. These mechanisms include colour connections forming along the longitudinal direction [23–26], jet-medium [27] and multi-parton induced [28,29] 
interactions, and collective ef- fects arising in the high-density system possibly formed in these collisions [30–35]. √

•
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Summary

• Soft Particle Production, Flow and Correlations Observables: essential information 
on system 

• Hydrodynamics describes the evolution of the system 

• Initial conditions and Fluctuations play crucial role: progress in understanding of 
initial conditions 

• Late hadronic phase (potentially) affects the observables 

• Many new results from the LHC experiments: accessing precision measurement of 
properties of deconfined matter 
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QCD: Running coupling constant (αs)
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bound into hadrons

⇒ Not possible to 
observe free quarks

Asymptotic freedom
At short distance : interactions become weak
quarks can be considered as free in hadrons

⇒ QCD predict the creation of a deconfined state 
of the matter called : Quark Gluon Plasma (QGP)

s (QCD)

9

short+distance
high+energy
high+temperature

long+distance
low+energy
low+temperature

Co
up

lin
g+
co
ns
ta
nt

Asymptotic+freedom :

At%short%distance%:%
interactions become%
weak

quarks%can%be%
considered%as%free%in%
hadrons

QCD+coupling+constant+

QCD%:%coupling constant

s (QCD)

If%we%can%compress%and/or%
increase%the%temperature%of%
heavy%ions,%quarks%can%be%
deconfined

QCD+predict+the+creation+of+a+deconfined+state+
of+the+matter+called+:+Quark+Gluon+Plasma+(QGP)

If we can compress and/or 
increase the temperature of heavy 
ions, quarks can be deconfined

Compression:
Nucleons will 
overlap themselves 
and lose their 
identity

Heating:
QCD vacuum is 
thermally excited, 
and above a critical 
temperature quarks 
are deconfined

Quark Gluon Plasma
Nuclear and Particle Physics Franz Muheim 9

Running of Running of ��SS

Screening and Anti-screening
Anti-screening dominates
Effective colour charge increases with distance
At large distances / low energies �S ~ 1 - large
Higher order diagrams -> �S increasingly larger
Summation of diagrams diverges
Perturbation theory fails

Asymptotic Freedom

Coupling constant
�S = 0.12 at q2 = (100 GeV)2

small at high energies
Running of �S

depends on q2 and # of colours and flavours
Energetic quarks are (almost) free particles
Summation of all diagrams converges
QCD Perturbation theory works
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Nobel prize 2004
Gross, Politzer, Wilczek

n = 3 colours
f = 3 U 6 
flavours

Asymptotic FreedomAsymptotic Freedom

Nobel prize 2004
Gross, Politzer, Wilczek
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QCD Prediction: Estimation of the T of the Phase Transition 
: Energy density related to the degree of freedom of the system 

         Hadron gas : degree of freedom of pions
         QGP	: degree of freedom of quarks (3 colors for each flavour) + gluons (8 colors)

F. Karsch and E. Laermann
hep-lat:0305025

Sharp increase of 
energy density

Phase transition from
Hadron gas to QGP at 
T=Tc ~ 170 MeV

mu=md=ms
mu=md
mu=md;ms>mu,d

Thermodynamics and in-medium hadron properties from lattice QCD 19
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Figure 10: The energy density in QCD with 2 and 3 degenerate quark flavors.
Also shown is a sketch of the expected form of the energy density for QCD with
a fixed strange quark mass ms ∼ Tc (see also remarks on cut-off effects in the
caption of Fig. 9). The arrows indicating the energy densities reached in the
initial stage of heavy ion collisions at the SPS, RHIC and in the future also at
the LHC are based on the Bjorken formula [48].

expressed in physical units are quite similar in both cases; when moving from
large to small quark masses the increase in ε/T 4

c is compensated by the decrease
in Tc. This result thus suggests that the transition to the QGP is controlled by
the energy density, i.e. the transition seems to occur when the thermal system
reaches a certain “critical” energy density. In fact, this assumption has been
used in the past to construct the phase boundary of the QCD phase transition
in the T − µ plane.

Also at non-vanishing baryon number density, the pressure as well as the
energy density can be calculated along the same line outlined above by us-
ing the basic thermodynamic relation given in Eq. 6. Although the statisti-
cal errors are still large, a first calculation of the µ-dependence of the transi-
tion line indeed suggests that ε(Tc(µ), µ) varies only little with increasing µ,
ε(Tc(µ), µ) − ε(Tc(0), 0) = (1.0 ± 2.2)µ2

qT
2
c (0) [40]. First calculations of the µ-

dependence of the pressure in a wider temperature range have recently been
performed using the reweighting approach for the standard staggered fermion
formulation [49] as well as the Taylor expansion for an improved staggered
fermion action up to O((µ/T )4) [50]. This shows that the behavior of bulk
thermodynamic observables follow a similar pattern as in the case of vanishing
chemical potential. For instance, the additional contribution to the pressure,
∆p/T 4 ≡ (p/T 4)µ/T − (p/T 4)µ=0 rapidly rises at Tc and shows only little tem-
perature variation for T/Tc>∼1.5. In this temperature regime the dominant con-
tribution to the pressure arises from the contribution proportional to (µ/T )2

Stefan-Boltzmann limit for a gas of free particles

Lattice QCD: rigorous way of doing 
calculations in non-perturbative regime of 
QCD discretization on a space-time latticeTemperature	
  ~	
  170	
  MeV	
  (~	
  1012	
  K)	
  

The arrows indicating the energy 
densities reached in the initial 
stage of heavy ion collisions at 
the SPS, RHIC and LHC

La#ce	
  QCD	
  calcula,on
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QGP is a New State of Matter

Solid

Liquid

Gas

Lattice QCD simulation

Gas?

Liquid?

Plasma?
Atomic property: we see in everyday world

Subatomic property
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Theory for History of the Universe: Big Bang Theory

10-32 to 10-10s, 
temperature decrease 
from 1027 to 1015°C > TC

Universe could be 
composed of a <<soup>> 
of quark and anti-quark = 
QGP

What are the property of the universe very early on?
How are they evolved into the matters in the current universe? 
Answering to the origin of the matter composing the current universe...  55



The QCD Phase Diagram

23

GSI

SPS

AGS
RHIC

LHC

GSI&:& GeVsNN 2

AGS&:& GeVsNN 5.4

SPS&:& GeVsNN 17

RHIC&:& GeVsNN 200

LHC&:& TeVsNN 5.5

Stopping0power0
important0

Increase0of0
the0density

Transparency
important0

Increase0of0the0
temperature0at0
low0density

Phase&diagram for&nuclear mater

LHC: √sNN = 5.5 TeV,  RHIC: √sNN = 200 GeV,  SPS: √sNN = 17 GeV,  AGS: √sNN = 4.5 GeV,  GSI: √sNN = 2 GeV

Transparency 
important

⇓
Increase of the 
temperature at 

low density

Stopping power 
important

⇓
Increase of the 

density

⇒ ⇐

⇐   ⇒

⇒ ⇐

First order 
transition

Second order 
transition

Critical point 
position?

: Study how collective phenomena and macroscopic properties of strongly interacting 
matter emerge from fundamental interactions 
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What we observe: varies depending on the created matter 
property and interactions between the matter and parton 

��

Models of high-pT parton energy loss

Two different “categories” of models of parton energy loss, 
depending on the basic underlying process:

Theories and models of radiative 
energy loss
– LPM-effect based approaches: BDMPS-Z 

& AMY
– Opacity expansion: GLV; (AS)W
– Medium-enhanced higher-twist effects
– Medium-modified MLLA

Theories and models of 
collisional energy loss
– Regards as negligible!
– BUT => it is sizable?
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Example of Energy Loss Model

��

Energy loss by multiple soft scattering
: Models based on the Landau-Pomeranchuk-Migdal effect

Longitudinal expansion reduces ��	L2 to ��~L

�
�

��
��

�
� CS

coherent

LPM Nq
dzd

dI
ldzd

dI ˆHeitlerBethe ���
�
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2ˆ~ˆ~ LqLq
dzd

dI
ddzE SCS

LPM
L

med
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�
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�

����

Medium properties can be 
characterized by a single constant : 

BDMPS, AMY

e.g. transport coefficient ‘average kT-kick per mean-free-path’

�E 
 L2 for a static medium

: Gluon radiation spectrum

The propagating 
high-pT parton 
traverses a thick 
medium

It radiates soft gluons, which scatter coherently 
on independent color charges in the medium, 
resulting in a medium-modified gluon energy 
spectrum
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What I have been more interested in

MinJung Kweon, University of Heidelberg                                                 30 March 2012

Why Heavy Quarks are Interesting?
(Heavy Quarks as Medium Probes)

4

Quark Matter 2011, Annecy, 27.05.11                          Andrea Dainese!

Heavy quarks as medium probes:!
Energy Loss"

Parton Energy Loss by  
!  medium-induced gluon radiation 
!  collisions with medium gluons 

pred: 

! 

"E(#medium;CR ,m,L)

! 

RAA
" < RAA

D < RAA
B

q: colour triplet 

‘Quark Matter’  

u,d,s: m~0, CR=4/3 
(difficult to tag at LHC) 

g:       m=0, CR=3 
> E loss, dominant at LHC 

c:  m~1.5 GeV, CR=4/3 
small m, tagged by D’s 
b:  m~5 GeV,    CR=4/3 
large mass " dead cone 
         " < E loss 

Q: colour triplet 

g: colour octet 

See e.g.:  
Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003. 
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493. 

! 

RAA (pt ) =
1
TAA

dNAA /dpt
d"pp /dpt
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Parton Energy Loss by
• medium-induced gluon radiation
• collisions with medium gluons

!E("medium;CR ,m,L)
!Eg > !Ec#q > !Eb

‘Quark Matter’

Prediction:

Need to measure heavy quark energy loss compare to that of light 
partons in medium

Need to measure the energy loss of charm and beauty quarks separately

Heavy quark energy loss mechanism in the created matter

59

MinJung Kweon                                                University of Heidelberg, 14 August 2010,  Jets in Proton-Proton and Heavy-Ion Collisions, Prague

B-jets constitute a very pure samples 
of quark jets

6
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R Q(p
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Gluons

DGLV+BT: Full Geometry TG

BT
u,d quarks

TG

BT

dNg/dy = 1000

DGLV+BT: Full Geometry

     Lglue = 3.5 fm

Lup,down = 5.0 fm

BottomCharm

FIG. 7: As in Fig. 6 but for light u, d quarks and gluons.
The yellow bands are computed in this case with effec-
tive g, u path lengths Lg = 3.5 and Lu = 5.0 fm based
on Eq. (7). Note that charm and light quark quenching
are similar in this pT range.

smaller width for fluctuations relative to radiative fluctu-
ations. Even in moderately opaque media with L/λ ∼ 10,
inelastic energy loss fluctuations are large because only a
few, 2-3, extra gluons are radiated [4]. Thus, gluon num-
ber fluctuations, O(1/

√
Ng) lead to a substantial reduc-

tion in the effect of radiative energy loss. On the other
hand, elastic energy loss fluctuations are controlled by
collision number fluctuations, O(

√

λ/L), which are rela-
tively small in comparison for a significant proportion of
the length scales probed. Therefore, fluctuations of the
elastic energy loss do not dilute the suppression of the
nuclear modification factor as much as Ng fluctuations.
The increase in the sensitivity of the final quenching level
to the opacity is a novel and useful byproduct of includ-
ing the elastic channel; see Fig. 11 in Appendix D. The
inclusion of elastic energy loss significantly reduces the
fragility of pure radiative quenching [45] and therefore
increases the sensitivity of jet quenching to the opacity
of the bulk medium [47].

Numerical Results: Pions and Electrons
We now return to Fig. 1 to discuss the consequence of
including elastic energy loss of c and b quarks on the
electron spectrum. The inclusion of the collisional en-
ergy loss significantly improves the comparison between
theory and the single electron data. That is, the lower
yellow band can reach below RAA ∼ 0.5 in spite of keep-
ing dNg/dy = 1000, consistent with measured multiplic-
ity, and using a conservative αs = 0.3. A large source
of the uncertainty represented by the lower yellow band
is the modest but poorly determined elastic energy loss,
∆E/E ≈ 0.0−0.1, of bottom quarks (see Fig. 2). There is
additional uncertainty from the relative contributions to
electrons from charm and bottom jets. The dashed lines
show an extreme version of this in which charm jets are

0 2 4 6 8 10 12 14 16 18 20
pT (GeV)

0.0

0.2

0.4
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0.8

1.0

!0  R
AA

(p
T)

PHENIX preliminary
PHENIX

Rad + Elastic + Geometry

TG

BT

dNg/dy = 1000

FIG. 8: The consistency of the extended jet quench-
ing theory is tested by comparing its prediction to
the nuclear modification of the π0 spectra observed by
PHENIX [1].

the only source of electrons. If the charm to bottom ra-
tio given by FONLL calculations is accurate, the current
data suggests that even the combined radiative+elastic
pQCD mechanism is not sufficient to explain the single
electron suppression.

As emphasized in [11], any proposed energy loss mech-
anisms must also be checked for consistency with the ex-
tensive pion quenching data [1], for which preliminary
data now extend out to pT ∼ 20 GeV. This challenge
is seen clearly in Fig. 5, where for fixed L = 5 fm,
the addition of elastic energy loss would overpredict the
quenching of pions. However, the simultaneous inclusion
of path fluctuations leads to a decrease of the mean g
and u,d path lengths that partially offsets the increased
energy loss. Therefore, the combined three effects con-
sidered here makes it possible to satisfy Re

AA < 0.5± 0.1
without violating the bulk dNg/dy = 1000 entropy con-
straint and without violating the pion quenching con-
straint Rπ0

AA ≈ 0.2±0.1 now observed out to 20 GeV; see

Fig. 8. We note that the slow rise of Rπ0

AA with pT in the
present calculation is due in part to the neglect of initial
kT smearing that raises the low pT region and the EMC
effect that lowers the high pT region (see [5]).

Conclusions
The elastic component of the energy loss cannot be ne-
glected when considering pQCD jet quenching. While
the results presented in this paper are encouraging, fur-
ther improvements of the jet quenching theory will be
required before stronger conclusions can be drawn.

From an experimental perspective, there is at present
significant disagreement between measured p+p to elec-
tron baselines [7, 8]. In addition, direct measurement of
D spectra will be essential to deconvolute the different
bottom and charm jet quark dynamics.

Simon Wicks, William Horowitz, Magdalena Djordjevic, Miklos Gyulassy
Nucl.Phys.A784:426-442,2007

! dI
d!

"# sCR f (! ),

CR = 3(4 / 3) for g(q)

More with B-jet
Quark vs. gluon energy loss in the medium

Color charge dependence of 
energy loss

RQ = d!Q
final / d!Q

initial
here,                                            (partonic modification factor before hadronization)
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A Large Ion Collider Experiment (ALICE)
Designed to discover and understand the New Created Matter (Quark-Gluon Plasma)

 

MinJung Kweon                                                QM09, Knoxville, 02 April 2009 5

A Large Ion Collider Experiment

ACORDE

EMCAL

TRD

TPC

ITS

TOF

PHOS

FMD
V0

ZDC
~116m from I.P.

DIPOLE
MAGNET

ABSORBER

TRACKING
CHAMBERS

MUON
FILTER

TRIGGER
CHAMBER

ZDC
~116m from I.P.

Collaboration: 31 countries, 109 institutes, > 1000 people

⇒ Only dedicated experiment at LHC, must be comprehensive and able to cover all 
relevant observables

• VERY robust tracking for pT from 0.1 GeV/c to 100 GeV/c
‣ high-granularity 3D detectors  with many space points 

per track (560 million pixels in the TPC alone, giving 
180 space points/track)  

‣ very low material budget  (< 10%X0 in r < 2.5 m )
• Particle identification over a very large pT range 

‣ use of essentially all known technologies: TOF, dE/dx, 
RICH, TRD, EMCal, topology

• Hadrons, leptons and photons + Excellent vertexing

36 countries, 132 institutes, 1200 members
60



61



Lepton Analysis in A Large Ion Collider Experiment

MinJung Kweon, University of Heidelberg                                                 30 March 2012
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TRIGGER
CHAMBER

ZDC
~116m from I.P.

Collaboration: 31 countries, 109 institutes, > 1000 people

8

Electron at Mid Rapidity 
(|η| < 0.8)

Inner Tracking System
Time Projection Chamber
Transition Radiation Detector
Time Of Flight
ElectroMagnetic Calorimeter

Electron identification 
from ~100 MeV to above 50 GeV

MUON

Lepton Analysis in A Large Ion Collider Experiment
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Installation at ALICE

• 1st TRD super module installed in October 2006

• 6th super module installed January 2009   

12

1st super module being installed in Oct. 2006
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Super Module Integration 

11

Install electronics, assembles into one super module    

2nd layer being tested in the super module

Collaboration: 31 contries, 109 institutes, 
> 1000 people

 

MinJung Kweon                                                QM09, Knoxville, 02 April 2009 

Working Principle of the TRD

• Drift chambers with cathode pad readout combined 
with a fiber/foam sandwich radiator in front

• Transition Radiation (TR) photons are absorbed by 
high-Z gas mixture (Xe + CO2)

4

(� > 1000)

A. Andronic et al., NIM A522 (2004) 40

Nucl. Instrum. Meth. A558 (2006) 516

Designed, tested, built in Heidelberg University
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Working Principle of the TRD

• Drift chambers with cathode pad readout combined 
with a fiber/foam sandwich radiator in front

• Transition Radiation (TR) photons are absorbed by 
high-Z gas mixture (Xe + CO2)
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(� > 1000)

A. Andronic et al., NIM A522 (2004) 40
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Characteristics of Heavy Ion Collisions
Particle Production and Energy density ε:

 Produced Particles:dNch/dη ~ 1600 ± 76 (syst)
    ~ 30,000 particles in total, ~ 400 times pp  

 Energy density ε > 3 x RHIC 

We measure a density of primary charged particles at
midrapidity dNch=d! ¼ 1584" 4ðstatÞ " 76ðsystÞ. Nor-
malizing per participant pair, we obtain dNch=d!=
ð0:5hNpartiÞ ¼ 8:3" 0:4ðsystÞ with negligible statistical er-
ror. In Fig. 3, this value is compared to the measurements
for Au-Au and Pb-Pb, and nonsingle diffractive pp and p !p
collisions over a wide range of collision energies [17–32].
It is interesting to note that the energy dependence is
steeper for heavy-ion collisions than for pp and p !p colli-
sions. For illustration, the curves / s0:15NN and / s0:11NN are
shown superimposed on the data. A significant increase, by
a factor 2.2, in the pseudorapidity density is observed atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV for Pb-Pb compared to
ffiffiffiffiffiffiffiffi
sNN

p ¼
0:2 TeV for Au-Au. The average multiplicity per partici-
pant pair for our centrality selection is found to be a factor
1.9 higher than that for pp and p !p collisions at similar
energies.

Figure 4 compares the measured pseudorapidity density
to model calculations that describe RHIC measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, and for which predictions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV are available. Empirical extrapolation from
lower energy data [4] significantly underpredicts the mea-
surement. Perturbative-QCD-inspired Monte Carlo event
generators, based on the HIJING model tuned to 7 TeV pp
data without jet quenching [5], on the dual parton model
[6], or on the ultrarelativistic quantum molecular dynamics
model [7], are consistent with the measurement. Models
based on initial-state gluon density saturation have a range
of predictions depending on the specific implementation
[8–12] and exhibit a varying level of agreement with the
measurement. The prediction of a hybrid model based on
hydrodynamics and saturation of final-state phase space of
scattered partons [13] is close to the measurement. A
hydrodynamic model in which multiplicity is scaled from
pþp collisions overpredicts the measurement [14], while

a model incorporating scaling based on Landau hydrody-
namics underpredicts the measurement [15]. Finally, a
calculation based on modified PYTHIA and hadronic rescat-
tering [16] underpredicts the measurement.
In summary, we have measured the charged-particle

pseudorapidity density at midrapidity in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼2:76TeV, for the most central 5% fraction of
the hadronic cross section. We find dNch=d! ¼
1584" 4ðstatÞ " 76ðsystÞ, corresponding to 8:3"
0:4ðsystÞ per participant pair. These values are significantly
larger than those measured at RHIC, and indicate a
stronger energy dependence than measured in pp colli-
sions. The result presented in this Letter provides an es-
sential constraint for models describing high energy
nucleus-nucleus collisions.
The ALICE Collaboration would like to thank all its

engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN ac-
celerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration acknowledges
the following funding agencies for their support in building
and running the ALICE detector: Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (FINEP), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP); National
Natural Science Foundation of China (NSFC), the
Chinese Ministry of Education (CMOE), and the
Ministry of Science and Technology of China (MSTC);
Ministry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg
Foundation and the Danish National Research Foundation;
The European Research Council under the European
Community’s Seventh Framework Programme; Helsinki
Institute of Physics and the Academy of Finland; French
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We measure a density of primary charged particles at
midrapidity dNch=d! ¼ 1584" 4ðstatÞ " 76ðsystÞ. Nor-
malizing per participant pair, we obtain dNch=d!=
ð0:5hNpartiÞ ¼ 8:3" 0:4ðsystÞ with negligible statistical er-
ror. In Fig. 3, this value is compared to the measurements
for Au-Au and Pb-Pb, and nonsingle diffractive pp and p !p
collisions over a wide range of collision energies [17–32].
It is interesting to note that the energy dependence is
steeper for heavy-ion collisions than for pp and p !p colli-
sions. For illustration, the curves / s0:15NN and / s0:11NN are
shown superimposed on the data. A significant increase, by
a factor 2.2, in the pseudorapidity density is observed atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV for Pb-Pb compared to
ffiffiffiffiffiffiffiffi
sNN

p ¼
0:2 TeV for Au-Au. The average multiplicity per partici-
pant pair for our centrality selection is found to be a factor
1.9 higher than that for pp and p !p collisions at similar
energies.

Figure 4 compares the measured pseudorapidity density
to model calculations that describe RHIC measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, and for which predictions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV are available. Empirical extrapolation from
lower energy data [4] significantly underpredicts the mea-
surement. Perturbative-QCD-inspired Monte Carlo event
generators, based on the HIJING model tuned to 7 TeV pp
data without jet quenching [5], on the dual parton model
[6], or on the ultrarelativistic quantum molecular dynamics
model [7], are consistent with the measurement. Models
based on initial-state gluon density saturation have a range
of predictions depending on the specific implementation
[8–12] and exhibit a varying level of agreement with the
measurement. The prediction of a hybrid model based on
hydrodynamics and saturation of final-state phase space of
scattered partons [13] is close to the measurement. A
hydrodynamic model in which multiplicity is scaled from
pþp collisions overpredicts the measurement [14], while

a model incorporating scaling based on Landau hydrody-
namics underpredicts the measurement [15]. Finally, a
calculation based on modified PYTHIA and hadronic rescat-
tering [16] underpredicts the measurement.
In summary, we have measured the charged-particle

pseudorapidity density at midrapidity in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼2:76TeV, for the most central 5% fraction of
the hadronic cross section. We find dNch=d! ¼
1584" 4ðstatÞ " 76ðsystÞ, corresponding to 8:3"
0:4ðsystÞ per participant pair. These values are significantly
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Fig. 3. Pion HBT radii at kT = 0.3 GeV/c for the 5% most central Pb–Pb at
√
sNN =

2.76 TeV (red filled dot) and the radii obtained for central gold and lead collisions
at lower energies at the AGS [35], SPS [36–38], and RHIC [39–42,30,43]. Model pre-
dictions are shown as lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this Letter.)

source and is less affected by experimental uncertainties, an in-
crease is observed beyond systematic errors (Fig. 3-b). At lower en-
ergies a rather flat behavior with a shallow minimum between AGS
and SPS energies was observed and interpreted as due to the tran-
sition from baryon to meson dominance at freeze-out [44]. An in-
crease of Rside at high energy is consistent with that interpretation.

Available model predictions are compared to the experimental
data in Figs. 2-d and 3. Calculations from three models incorpo-
rating a hydrodynamic approach, AZHYDRO [45], KRAKOW [46,47],
and HKM [48,49], and from the hadronic-kinematics-based model
HRM [50,51] are shown. An in-depth discussion is beyond the
scope of this Letter but we notice that, while the increase of the
radii between RHIC and the LHC is roughly reproduced by all four
calculations, only two of them (KRAKOW and HKM) are able to de-
scribe the experimental Rout/Rside ratio.

The systematics of the product of the three radii is shown in
Fig. 4. The product of the radii, which is connected to the vol-
ume of the homogeneity region, shows a linear dependence on the
charged-particle pseudorapidity density and is two times larger at
the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for had-
rons at midrapidity can be estimated in the following way. The
size of the homogeneity region is inversely proportional to the ve-

Fig. 4. Product of the three pion HBT radii at kT = 0.3 GeV/c. The ALICE result (red
filled dot) is compared to those obtained for central gold and lead collisions at lower
energies at the AGS [35], SPS [36–38], and RHIC [39–42,30,43]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)

Fig. 5. The decoupling time extracted from R long(kT ). The ALICE result (red filled
dot) is compared to those obtained for central gold and lead collisions at lower
energies at the AGS [35], SPS [36–38], and RHIC [39–42,30,43]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)

locity gradient of the expanding system. The longitudinal velocity
gradient in a high energy nuclear collision decreases with time as
1/τ [52]. Therefore, the magnitude of R long is proportional to the
total duration of the longitudinal expansion, i.e. to the decoupling
time of the system [31]. Quantitatively, the decoupling time τ f can
be obtained by fitting R long with

R2
long(kT ) =

τ 2
f T

mT

K2(mT /T )

K1(mT /T )
, mT =

√
m2

π + k2T , (2)

where mπ is the pion mass, T the kinetic freeze-out temperature
taken to be 0.12 GeV, and K1 and K2 are the integer order mod-
ified Bessel functions [31,53]. The decoupling time extracted from
this fit to the ALICE radii and to the values published at lower en-
ergies are shown in Fig. 5. As can be seen, τ f scales with the cube
root of charged-particle pseudorapidity density and reaches 10–
11 fm/c in central Pb–Pb collisions at

√
sNN = 2.76 TeV. It should

be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence
of transverse expansion and a finite chemical potential of pions it
may underestimate the actual decoupling time by about 25% [54].
An uncertainty is connected to the value of the kinetic freeze-out
temperature used in the fit T = 0.12 GeV. Setting T to 0.1 GeV
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locity gradient of the expanding system. The longitudinal velocity
gradient in a high energy nuclear collision decreases with time as
1/τ [52]. Therefore, the magnitude of R long is proportional to the
total duration of the longitudinal expansion, i.e. to the decoupling
time of the system [31]. Quantitatively, the decoupling time τ f can
be obtained by fitting R long with

R2
long(kT ) =

τ 2
f T
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K1(mT /T )
, mT =

√
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π + k2T , (2)

where mπ is the pion mass, T the kinetic freeze-out temperature
taken to be 0.12 GeV, and K1 and K2 are the integer order mod-
ified Bessel functions [31,53]. The decoupling time extracted from
this fit to the ALICE radii and to the values published at lower en-
ergies are shown in Fig. 5. As can be seen, τ f scales with the cube
root of charged-particle pseudorapidity density and reaches 10–
11 fm/c in central Pb–Pb collisions at

√
sNN = 2.76 TeV. It should

be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence
of transverse expansion and a finite chemical potential of pions it
may underestimate the actual decoupling time by about 25% [54].
An uncertainty is connected to the value of the kinetic freeze-out
temperature used in the fit T = 0.12 GeV. Setting T to 0.1 GeV

Identical particle interferometry to measure extend of dynamical evolving source 
(HBT, Bose-Einstein correlations)

    - Volume  ≈ 300 fm3  (≈ 2 x RHIC)
    - Lifetime ≈ 10 fm/c  (≈ +20%)

Volume at ‘freeze-out’(hadron decoupling)
Lifetime from collision to ‘freeze-out’

Lives 1040 less than current age of universe
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note: 1fm/c ~ 0.33x10-23s



Parton Energy Loss: via Nuclear Modification Factor

• Nuclear modification factor RAA(pT) for 
charged particles produced in 0-5% 
centrality range ⇒ Strong 
suppression even larger than at RHIC
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Fig. 3. RAA in central (0–5%) and peripheral (70–80%) Pb–Pb collisions at
√
sNN =

2.76 TeV. Error bars indicate the statistical uncertainties. The boxes contain the
systematic errors in the data and the pT dependent systematic errors on the pp
reference, added in quadrature. The histograms indicate, for central collisions only,
the result for RAA at pT > 6.5 GeV/c using alternative pp references obtained by
the use of the pp̄ measurement at

√
sNN = 1.96 TeV [30] in the interpolation pro-

cedure (solid) and by applying NLO scaling to the pp data at 0.9 TeV (dashed) (see
text). The vertical bars around RAA = 1 show the pT independent uncertainty on
〈Ncoll〉.

good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is
30–50% higher than the interpolation reference. The pp reference
spectra derived from the use of the CDF data in the interpolation
and from NLO scaling of the 0.9 TeV data are used in the follow-
ing to illustrate the dependence of RAA at high pT on the choice
of the reference spectrum.

The pT distributions of primary charged particles in central
and peripheral Pb–Pb collisions at 2.76 TeV are shown in Fig. 2,
together with the binary-scaled yields from pp collisions. The
pT -dependence is similar for the pp reference and for periph-
eral Pb–Pb collisions, exhibiting a power law behaviour at pT >
3 GeV/c, which is characteristic of perturbative parton scattering
and vacuum fragmentation. In contrast, the spectral shape in cen-
tral collisions clearly deviates from the scaled pp reference and is
closer to an exponential in the pT range below 5 GeV/c.

Fig. 3 shows the nuclear modification factor RAA for central and
peripheral Pb–Pb collisions. The nuclear modification factor de-
viates from one in both samples. At high pT , where production
from hard processes is expected to dominate, there is a marked
difference between peripheral and central events. In peripheral
collisions, the nuclear modification factor reaches about 0.7 and
shows no pronounced pT dependence for pT > 2 GeV/c. In central
collisions, RAA is again significantly different from one, reaching
a minimum of RAA ≈ 0.14 at pT = 6–7 GeV/c. In the intermedi-
ate region there is a strong dependence on pT with a maximum
at pT = 2 GeV/c. This may reflect a variation of the particle com-
position in heavy-ion collisions with respect to pp, as observed at
RHIC [32,33]. A significant rise of RAA by about a factor of two is

Fig. 4. Comparison of RAA in central Pb–Pb collisions at LHC to measurements at√
sNN = 200 GeV by the PHENIX [34] and STAR [35] experiments at RHIC. The error

representation of the ALICE data is as in Fig. 3. The statistical and systematic errors
of the PHENIX data are shown as error bars and boxes, respectively. The statisti-
cal and systematic errors of the STAR data are combined and shown as boxes. The
vertical bars around RAA = 1 indicate the pT independent scaling errors on RAA .

observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3,
for central events only, are the results for RAA at high pT , using
alternative procedures for the computation of the pp reference, as
described above. For such scenarios, the overall value for RAA is
shifted, but a significant increase of RAA in central collisions for
pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the
LHC is compared to measurements of RAA of charged hadrons
(
√
sNN = 200 GeV) by the PHENIX and STAR experiments [34,

35] at RHIC. At 1 GeV/c the measured value of RAA is similar
to those from RHIC. The position and shape of the maximum at
pT ∼ 2 GeV/c and the subsequent decrease are similar at RHIC and
LHC, contrary to expectations from a recombination model [36].
Despite the much flatter pT spectrum in pp at the LHC, the nu-
clear modification factor at pT = 6–7 GeV/c is smaller than at
RHIC. This suggests an enhanced energy loss at LHC and there-
fore a denser medium. A quantitative determination of the energy
loss and medium density will require further investigation of gluon
shadowing and saturation in the present energy range and detailed
theoretical modeling.

In summary, we have measured the primary charged particle
pT spectra and nuclear modification factors RAA in central (0–5%)
and peripheral (70–80%) Pb–Pb collisions at

√
sNN = 2.76 TeV with

the ALICE experiment. The nuclear modification factor in periph-
eral collisions is large and independent of pT for pT > 2 GeV/c,
indicating only weak parton energy loss. For central collisions, the
value for RAA is found to be ∼0.14 at pT = 6–7 GeV/c, which
is smaller than at lower energies, despite the much less steeply
falling pT spectrum at the LHC. Above 7 GeV/c, RAA increases sig-
nificantly. The observed suppression of high-pT particles provides
evidence for strong parton energy loss and large medium density
at the LHC.
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High energy heavy-ion collisions enable the study of strongly
interacting matter under extreme conditions. At sufficiently high
collision energies Quantum-Chromodynamics (QCD) predicts that
hot and dense deconfined matter, commonly referred to as the
Quark–Gluon Plasma (QGP), is formed. With the advent of a new
generation of experiments at the CERN Large Hadron Collider
(LHC) [1] a new energy domain is accessible to study the prop-
erties of this state.

Previous experiments at the Relativistic Heavy Ion Collider
(RHIC) reported that hadron production at high transverse momen-
tum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass
energy per nucleon pair

√
sNN of 200 GeV is suppressed by a

factor 4–5 compared to expectations from an independent super-
position of nucleon–nucleon (NN) collisions [2–5]. The dominant
production mechanism for high-pT hadrons is the fragmentation
of high-pT partons that originate in hard scatterings in the early
stage of the nuclear collision. The observed suppression at RHIC is
generally attributed to energy loss of the partons as they propagate
through the hot and dense QCD medium [6–10].

To quantify nuclear medium effects at high pT , the so-called
nuclear modification factor RAA is used. RAA is defined as the ratio
of the charged particle yield in Pb–Pb to that in pp, scaled by the
number of binary nucleon–nucleon collisions 〈Ncoll〉

RAA(pT ) = (1/NAA
evt)d

2NAA
ch /dηdpT

〈Ncoll〉(1/Npp
evt)d2N

pp
ch /dηdpT

,

! © CERN, for the benefit of the ALICE Collaboration.

where η = − ln(tan θ/2) is the pseudo-rapidity and θ is the polar
angle between the charged particle direction and the beam axis.
The charged particle yields in Pb–Pb and pp are normalized to the
number of events NAA

evt and Npp
evt, respectively. The number of bi-

nary nucleon–nucleon collisions 〈Ncoll〉 is given by the product of
the nuclear overlap function 〈TAA〉 [11] and the inelastic NN cross
section σNN

inel. If no nuclear modification is present, RAA is unity at
high pT .

At the larger LHC energy the density of the medium is ex-
pected to be higher than at RHIC, leading to a larger energy loss of
high-pT partons. On the other hand, the less steeply falling spec-
trum at the higher energy will lead to a smaller suppression in the
pT spectrum of charged particles, for a given magnitude of par-
tonic energy loss [9,10]. Both the value of RAA in central collisions
as well as its pT dependence may also in part be influenced by
gluon shadowing and saturation effects [12–15] which in general
decrease with increasing x and Q 2.

This Letter reports the measurement of the inclusive pri-
mary charged particle transverse momentum distributions at mid-
rapidity in central and peripheral Pb–Pb collisions at

√
sNN =

2.76 TeV by the ALICE experiment [16]. Primary particles are de-
fined as prompt particles produced in the collision, including decay
products, except those from weak decays of strange particles. The
data were collected in the first heavy-ion collision period at the
LHC. A detailed description of the experiment can be found in [16].

For the present analysis, charged particle tracking utilizes the
Inner Tracking System (ITS) and the Time Projection Chamber
(TPC) [17], both of which cover the central region in the pseudo-
rapidity range |η| < 0.9. The ITS and TPC detectors are located in

0370-2693/$ – see front matter  2010 CERN. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2010.12.020
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The comparison is expressed in terms of the nuclear modification factor RAA. The result indicates only
weak medium effects (RAA ≈ 0.7) in peripheral collisions. In central collisions, RAA reaches a minimum
of about 0.14 at pT = 6–7 GeV/c and increases significantly at larger pT . The measured suppression of
high-pT particles is stronger than that observed at lower collision energies, indicating that a very dense
medium is formed in central Pb–Pb collisions at the LHC.

 2010 CERN. Published by Elsevier B.V. All rights reserved.

High energy heavy-ion collisions enable the study of strongly
interacting matter under extreme conditions. At sufficiently high
collision energies Quantum-Chromodynamics (QCD) predicts that
hot and dense deconfined matter, commonly referred to as the
Quark–Gluon Plasma (QGP), is formed. With the advent of a new
generation of experiments at the CERN Large Hadron Collider
(LHC) [1] a new energy domain is accessible to study the prop-
erties of this state.

Previous experiments at the Relativistic Heavy Ion Collider
(RHIC) reported that hadron production at high transverse momen-
tum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass
energy per nucleon pair

√
sNN of 200 GeV is suppressed by a

factor 4–5 compared to expectations from an independent super-
position of nucleon–nucleon (NN) collisions [2–5]. The dominant
production mechanism for high-pT hadrons is the fragmentation
of high-pT partons that originate in hard scatterings in the early
stage of the nuclear collision. The observed suppression at RHIC is
generally attributed to energy loss of the partons as they propagate
through the hot and dense QCD medium [6–10].

To quantify nuclear medium effects at high pT , the so-called
nuclear modification factor RAA is used. RAA is defined as the ratio
of the charged particle yield in Pb–Pb to that in pp, scaled by the
number of binary nucleon–nucleon collisions 〈Ncoll〉

RAA(pT ) = (1/NAA
evt)d

2NAA
ch /dηdpT

〈Ncoll〉(1/Npp
evt)d2N

pp
ch /dηdpT

,

! © CERN, for the benefit of the ALICE Collaboration.

where η = − ln(tan θ/2) is the pseudo-rapidity and θ is the polar
angle between the charged particle direction and the beam axis.
The charged particle yields in Pb–Pb and pp are normalized to the
number of events NAA

evt and Npp
evt, respectively. The number of bi-

nary nucleon–nucleon collisions 〈Ncoll〉 is given by the product of
the nuclear overlap function 〈TAA〉 [11] and the inelastic NN cross
section σNN

inel. If no nuclear modification is present, RAA is unity at
high pT .

At the larger LHC energy the density of the medium is ex-
pected to be higher than at RHIC, leading to a larger energy loss of
high-pT partons. On the other hand, the less steeply falling spec-
trum at the higher energy will lead to a smaller suppression in the
pT spectrum of charged particles, for a given magnitude of par-
tonic energy loss [9,10]. Both the value of RAA in central collisions
as well as its pT dependence may also in part be influenced by
gluon shadowing and saturation effects [12–15] which in general
decrease with increasing x and Q 2.

This Letter reports the measurement of the inclusive pri-
mary charged particle transverse momentum distributions at mid-
rapidity in central and peripheral Pb–Pb collisions at

√
sNN =

2.76 TeV by the ALICE experiment [16]. Primary particles are de-
fined as prompt particles produced in the collision, including decay
products, except those from weak decays of strange particles. The
data were collected in the first heavy-ion collision period at the
LHC. A detailed description of the experiment can be found in [16].

For the present analysis, charged particle tracking utilizes the
Inner Tracking System (ITS) and the Time Projection Chamber
(TPC) [17], both of which cover the central region in the pseudo-
rapidity range |η| < 0.9. The ITS and TPC detectors are located in

0370-2693/$ – see front matter  2010 CERN. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2010.12.020
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Figure 6. (colour online) RAA for prompt D0, D+, and D∗+ in the 0–20% (left) and 40–80%
(right) centrality classes. Statistical (bars), systematic (empty boxes), and normalization (full
box) uncertainties are shown. Horizontal error bars reflect bin widths, symbols were placed at the
centre of the bin.

10% for D+, and 5–15% (depending on centrality) for D∗+ mesons in 6 < pt < 12 GeV/c.

In the transverse momentum interval 2–5 GeV/c, this uncertainty is larger (8–17%, de-

pending on centrality) due to the larger contribution from the pt dependence of the nuclear

modification factor. The resulting RAA is shown in figure 7 as a function of the average

number of participants, 〈Npart〉. The contribution to the systematic uncertainty that is

fully correlated between centrality classes (normalization and pp reference cross-section)

and the remaining, uncorrelated, systematic uncertainties are displayed separately, by the

filled and empty boxes, respectively. The contribution from feed-down correction was con-

sidered among the uncorrelated sources because it is dominated by the variation of the

ratio Rfeed−down
AA /Rprompt

AA , which may depend on centrality. For the pt interval 6–12 GeV/c,

the suppression increases with increasing centrality. It is interesting to note that the sup-

pression of prompt D mesons at central rapidity and high transverse momentum, shown in

the right-hand panel of figure 7 is very similar, both in size and centrality dependence, to

that of prompt J/ψ mesons in a similar pt range and |y| < 2.4, recently measured by the

CMS Collaboration [33].

7.2 Comparisons to light-flavour hadrons and with models

In this section, the average nuclear modification factor of the three D meson species is com-

pared to that of charged particles [26], mainly light-flavour hadrons, and to model calcula-

tions. The contributions of D0, D+, and D∗+ to the average were weighted by their statisti-

cal uncertainties. Therefore, the resulting RAA is close to that of the D0 meson, which has

the smallest uncertainties. The systematic errors were calculated by propagating the uncer-

tainties through the weighted average, where the contributions from the tracking efficiency,

– 19 –

Essential quantitative constraint for  parton energy loss models!

• Nuclear modification factor RAA(pT) for 
prompt D mesons ⇒ Strong suppression

First indication of 
colour charge effect?
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First B Measurement
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First B Measurement via NEW METHODS

6

D,B → e + X
� Measured inclusive electrons
                       - 
cocktail of background electrons based on data
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Heavy Quarks Measurement via Semileptonic decays
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• High rate of lepton production           
  from semi-leptonic decay                
   (~11%[b�e] + 10%[b�c�e])

• Life time (~ 500 μm)

• Large mass (~ 5 GeV/c2)
  but, light enough to be produced copiously at LHC :)

• High decay multiplicity of B

ALICE has Good electron PID 
+ vertex detectors

Especially, semi-leptonic B decays

via New Method
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Heavy Quark Measurement via Semi-electronic Decays

[78] were used. To obtain the uncertainty of the calculation,
indicated by dashed-dotted lines in Fig. 13, the factorisation
and renormalization scales !F and !R, respectively, were
varied independently in the ranges 0:5<!F=mt < 2 and
0:5<!R=mt < 2, with the additional constraint 0:5<
!F=!R < 2, where mt is the transverse mass of the heavy
quarks. The charm quarkmasswas varied in FONLLwithin
the range 1:3<mc < 1:7 GeV=c2 and the beauty quark
mass was varied within 4:5<mb < 5:0 GeV=c2 [2]. For
electrons from charm hadron decays, the contributions
from D0 and Dþ decays were weighted with the measured
D0=Dþ ratio [28]. Variations due to different choices of the
parton distributions functions were also included in the
theoretical uncertainty. The differential cross section of
electrons from heavy-flavor decays in the rapidity interval
jyj< 0:5 is shown in comparison with the FONLL predic-
tion on an absolute scale in the upper panel of Fig. 13. In
addition to charm and beauty hadron decays to electrons
also the cascade beauty to charm to electron is included.
Statistical and systematic uncertainties of the measurement
are depicted as error bars and boxes, respectively. The cross

section and uncertainty from FONLL are shown as solid
and dashed-dotted lines, respectively.
The ratio of the measured cross section and the FONLL

calculation is drawn in the lower panel of Fig. 13. Error
bars and boxes around the data points indicate the statisti-
cal and systematic uncertainties of the electron spectrum
from heavy-flavor decays, respectively. These systematic
error boxes do not include any contribution from the
FONLL calculation. The relative systematic uncertainties
of the plotted ratio originating from the FONLL calcula-
tion is indicated by the dashed-dotted lines around one.
Within substantial theoretical uncertainties the FONLL
pQCD calculation is in agreement with the data.

C. ALICE and ATLAS measurements of electrons from
heavy-flavor hadron decays

The ATLAS experiment has measured electrons from
heavy-flavor decays in pp collisions at

ffiffiffi
s

p ¼ 7 TeV in the
pt range 7< pt < 26 GeV=c and in the rapidity interval
jyj< 2, where the regions 1:37< jyj< 1:52 are excluded
[25]. The pt-differential production cross section, d"=dpt,
published by ATLAS is divided bin by bin by 2#pt!y,
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FIG. 13 (color online). The measured electron spectrum from
heavy-flavor hadron decays is compared to a FONLL calculation
for inclusive charm and beauty hadron semileptonic decays on
an absolute scale in the upper panel. The ratio of the measured
spectrum to the FONLL pQCD calculation is shown in the
lower panel. Error bars, boxes, and theoretical uncertainties
are described in the text.
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FIG. 14 (color online). Invariant differential production cross
sections of electrons from heavy-flavor decays measured by
ALICE and ATLAS [25] in pp collisions at
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p ¼ 7 TeV in
different rapidity intervals (see text). FONLL pQCD calculations
with the same rapidity selections are shown for comparison.
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where pt is the center of the individual transverse momen-
tum bins chosen by ATLAS and !y is the rapidity interval
covered by the ATLAS measurement. The result is shown
together with the electron cross section presented in this
paper in Fig. 14. While the electron measurement by
ALICE includes most of the total cross section, the data
from ATLAS extend the measurement to higher pt.
Corresponding FONLL pQCD calculations in the rapidity
intervals covered by ALICE and ATLAS, respectively, are
included for comparison in Fig. 14 as well. Within the
experimental and theoretical uncertainties FONLL is in
agreement with both data sets. It should be noted that the
invariant cross section per unit rapidity decreases with
increasing width of the rapidity interval because the
heavy-flavor production cross section decreases towards
larger absolute rapidity values. However, this effect is
small in pp collisions at

ffiffiffi
s

p ¼ 7 TeV (< 5% for electrons
from charm decays and <10% for electrons from beauty
decays according to FONLL calculations).

V. SUMMARY

The inclusive differential production cross section of
electrons from charm and beauty decays has been
measured by ALICE in the transverse momentum range
0:5<pt < 8 GeV=c at midrapidity in pp collisions atffiffiffi
s

p ¼ 7 TeV. Within experimental and theoretical uncer-
tainties a perturbative QCD calculation in the framework
of FONLL is consistent with the measured differential
cross section. The data presented in this paper extend a
corresponding measurement from ATLAS, which is re-
stricted to the high pt region, toward substantially lower
transverse momenta. This low pt region includes the domi-
nant fraction of the total heavy-flavor production cross
section, and future higher-precision data might be sensitive
to the parton distribution function of the proton at low x.
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Fig. 5: (Color online) (a) pT-differential invariant cross sections of electrons from beauty and from charm hadron
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cross sections have an additional normalization uncertainty of 3.5% [15].

In summary, invariant production cross sections of electrons from beauty and from charm hadron decays
were measured in pp collisions at

�
s = 7 TeV. The agreement between theoretical predictions and the

data suggests that FONLL pQCD calculations can reliably describe heavy-flavor production even at low
pT in the highest energy hadron collisions accessible in the laboratory today. Furthermore, these results
provide a crucial baseline for heavy-flavor production studies in the hot and dense matter created in
Pb-Pb collisions at the LHC.
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tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
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Within the experimental 
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uncertainties FONLL in 
agreement with both 
measurements.
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Heavy flavour electrons are 
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Observables, observables, observables...

• Jet Quenching

• Quarkonium suppression (Thermometer of the plasma): Less suppressed than RHIC

• Thermal photon

• Ratio between yield of particles

• Low mass resonances

• .......
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The capacity of a group of individuals to tap into the power of collaboration in a way 
that produces outcomes that surprise even themselves.
• A team that successfully leverages its combined wisdom can generate genuinely 

new solutions that aren't traceable back to any one individual to produce fresh 
ideas that the group is passionate about, resulting in a dramatic performance 
improvement

• example: Wikipedia, GisikIn

The Creative Power of Collaboration 

(but obviously, there are also many ‘sole’ genius! :))

그룹 지니어스: 평범한 사람들이 모여 비범한 성과를 만들어 
내는 집단적 천재성

철학은? 모든 사람에게는 고유의 강점이 있고 ‘협업 방식’은 
고유의 잠재적 능력을 드러나게 한다

36 countries, 132 institutes, 1200 members

Group Genius
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A friend of mine told me one episode from one of our colleagues.

On one occasion, he invited his parents to the experimental area in ALICE and showed them with proud how 
big the experimental setups are. Then, his mother said, “You look like a miner!”. He expected a kind of words 
expressing admiration he has in mind to the setups rather than a comment about his appearance. 

The scene in the above picture is the typical scenery in the experimental area located at 
60 m down from the earth surface.  So I think his mother made a proper observation and 
indeed we are all like miners who work on finding out values in the dark.

Epilogue: We are miners
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 Heavy Quark Energy Loss in Medium
Dead Cone Effect

• In vacuum, gluon radiation is suppressed at angles 
smaller than the ratio of the quark mass MQ to its 
energy EQ

• In medium, dead cone implies lower energy loss 

     
    ��suppression of  high-energy tail of 

medium induced gluon radiation for heavy 
quarks�more pronounced for beauty)

(Dokshitzer and Kharzeev, PLB 519 (2001) 199.)

Color charge dependence of energy loss

ω dI
dω

∝α sCR f (ω )

,where CR = 3 for g, 4
3

for q

gluon radiation spectrum by the parton propagation 
in the medium:

∝
1

θ 2 + (MQ / EQ )
2⎡⎣ ⎤⎦

2
Gluonsstrahlung 

probability

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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mass effect

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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