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Physics Goals 

Studying properties of the strongly interacting matter at high 
temperature (and pressure) 

Heavy ion collisions allow us to create this matter in the 
laboratory 
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QGP	

Cabibbo & Parisi PLB 59 67 (1975) Bjorken PRD27 140 (1983) 

Hagedorn  
Temperature 
~ 150 MeV 

Also Collins & Perry PRL 34 61353 (1975) 

√sNN > 25 GeV	
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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013
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Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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Kronfeld, K. Kousouris, M. Lüscher, M. d’Onofrio, S. Sharpe, G. Sterman, D. Treille,
N. Varelas, M. Wobisch, W.M. Yao, C.P. Yuan, and G. Zanderighi for discussions,
suggestions and comments on this and earlier versions of this Review.

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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QCD (a quick manual) 
-  Quarks (q, Q) and 

gluons (g)  
-  q,Q are coloured 
-  g are coloured 
-  Strong coupling 
-  Confinement 
-  Asymptotic freedom 
-  Spontaneous Chiral 

symmetry breaking at 
scales < ΛQCD 

-  Light-q, (m<ΛQCD) spontaneous breaking  
Chiral symmetry 
dominates: u, d, s 

-  Heavy-Q (m>ΛQCD) explicit chiral symmetry 
breaking dominates. 

-  Phase transition T~ΛQCD 
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9. QUANTUM CHROMODYNAMICS

Revised September 2015 by S. Bethke (Max-Planck-Institute of Physics, Munich),
G. Dissertori (ETH Zurich), and G.P. Salam (CERN).1

9.1. Basics

Quantum Chromodynamics (QCD), the gauge field theory that describes the
strong interactions of colored quarks and gluons, is the SU(3) component of the
SU(3)×SU(2)×U(1) Standard Model of Particle Physics.

The Lagrangian of QCD is given by

L =
∑

q

ψ̄q,a(iγµ∂µδab − gsγ
µtCabA

C
µ − mqδab)ψq,b −

1

4
FA

µνFA µν , (9.1)

where repeated indices are summed over. The γµ are the Dirac γ-matrices. The ψq,a are
quark-field spinors for a quark of flavor q and mass mq, with a color-index a that runs
from a = 1 to Nc = 3, i.e. quarks come in three “colors.” Quarks are said to be in the
fundamental representation of the SU(3) color group.

The AC
µ correspond to the gluon fields, with C running from 1 to N2

c − 1 = 8, i.e.
there are eight kinds of gluon. Gluons transform under the adjoint representation of the
SU(3) color group. The tCab correspond to eight 3 × 3 matrices and are the generators of
the SU(3) group (cf. the section on “SU(3) isoscalar factors and representation matrices”
in this Review, with tCab ≡ λC

ab/2). They encode the fact that a gluon’s interaction with
a quark rotates the quark’s color in SU(3) space. The quantity gs is the QCD coupling
constant. Finally, the field tensor FA

µν is given by

FA
µν = ∂µAA

ν − ∂νAA
µ − gs fABCAB

µ AC
ν [tA, tB] = ifABCtC , (9.2)

where the fABC are the structure constants of the SU(3) group.

Neither quarks nor gluons are observed as free particles. Hadrons are color-singlet (i.e.
color-neutral) combinations of quarks, anti-quarks, and gluons.

Ab-initio predictive methods for QCD include lattice gauge theory and perturbative
expansions in the coupling. The Feynman rules of QCD involve a quark-antiquark-
gluon (qq̄g) vertex, a 3-gluon vertex (both proportional to gs), and a 4-gluon vertex
(proportional to g2

s). A full set of Feynman rules is to be found for example in Ref. 1.

Useful color-algebra relations include: tAabt
A
bc = CF δac, where CF ≡ (N2

c − 1)/(2Nc) =
4/3 is the color-factor (“Casimir”) associated with gluon emission from a quark;
fACDfBCD = CAδAB where CA ≡ Nc = 3 is the color-factor associated with gluon
emission from a gluon; tAabt

B
ab = TRδAB , where TR = 1/2 is the color-factor for a gluon to

split to a qq̄ pair.

1 On leave from LPTHE, UMR 7589, CNRS, Paris, France

K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update
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QGP in Heavy Ion Collisions 

- dsd 

5 
20

E>>m

E>>m

Initial parton-parton 

interaction

τcross < 1/ΛQCDτcross ~ 2R/γ

++

τform ≈ 1/ΛQCD

for times τ � τther        
longitudinal expansion 

starts

++
τlong  ≈ R      

End of longitudinal         
expansion

τ � τlong        
 3D expansion starts

Chemical 
Freeze-out
ρ ≈ 0.15 fm-3

T ≈ 0.15 GeV

FIG. 10. Bjorken scenario [Bjorken 83] for the formation of hot QCD matter. After a formation
time ⌧form a volume with a high energy density is created. After equilibration at ⌧ther, the evolution
of the hot QCD matter follows the laws of the relativistic hydrodynamics. First, there is a longi-
tudinal expansion until the system reaches a longitudinal size close to its transverse size, then a
tridimensional expansion starts until the density is so low that no more inelastic (elastic) collision
takes place. The system reaches then the so called chemical (kinetically) freeze-out. Finally all the
particles will fly decaying to their daughter particles or reaching the detector. Typically only charged
pions, charged kaons, protons, neutrons, photons, electrons and muons will reach the detectors.
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FIG. 7. Critical behaviour for massless quarks and µB = 0 of the order parameters of the
deconfinement (left plot) and of the chiral (right plot) transitions as predicted by lattice QCD
calculations. The order parameters are the Polyakov susceptibility (�L) and the chiral susceptibility
(�m) [Karsch 02a]. Both transitions would indeed be the same one or would take place at the same
critical temperature.

FIG. 8. Lay-out of the hadronic matter phase diagram as it is today conceived.
At the LHC,μB~0,  
ε0~10-40 GeV/fm3 (Ti~300-450 MeV) 
 

Freeze-out 
 

µB=0	
lQCD	



QGP at Back/For-ward 
- a 
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HIC Initial Conditions 

-  <pT> of hadron produced in 
relativistic hadron collision 
~700 MeV/c 

-  Xbj~ 2<pT>e±y/√s ~ 10-2 - 10-6 

-  Collisions of a dense gluon 
cloud interacting with α<1 

-  Dense QCD is a regime of QCD 
that can be then studied in 
hadronic collisions at 
relativistic energies. CGC is 
an effective theory of this 
QCD-Regime 
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14 19. Structure functions
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Figure 19.5: The bands are x times the unpolarized (a,b) parton distributions
f(x) (where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0
global analysis [56] at scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with
αs(M2

Z) = 0.118. The analogous results obtained in the NNLO MMHT analysis can
be found in Fig. 1 of Ref [55]. The corresponding polarized parton distributions
are shown (c,d), obtained in NLO with NNPDFpol1.1 [15].
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Key Questions 
-  What are the fundamental properties of matter at high 

temperature? What are the properties of the quark gluon 
plasma? 
-  Strongly interacting matter: QCD matter. Matter interacting 

with the only non-abelian interaction in the Standard Model 
-  Importance of QCD theory, namely Lattice QCD 

-  Hadronic collision dynamics (in the Bjorken regime)? 
-  Initial conditions (high gluon density weakly coupled: 

CGC) 
-  Hydrodynamic models (QGP properties)  
-  Hadronisation (npQCD).  
-  Heavy quarks – QGP coupling (lQCD, pQCD, QGP properties) 
-  QGP- high energy particle interaction (pQCD, QGP properties)  

-  To which extent did these properties govern the evolution 
of the universe?  
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Experimental Observables 
-  Global  
-  Light hadrons  
-  Strange hadrons 
-  Quarkonia 
-  Open heavy flavours 
-  Jets and high pT 

hadrons 
-  Electroweak probes 
-  Exotic  

9 

-  Centrality  
-  Rapidity 
-  pT 

-  Azimuthal angle 
-  Centre of mass 

energy 
-  Reaction plane 
-  Correlations 
-  Fluctuations 
-  Small systems 

x 
Hard Probes 
Initial State  

QGP 

Soft Probes 
Hadron gas 
Freeze-out 

QCD/Models are crucial in the 
interpretation of the observables. 
Due to complexity, a global and 

coherent scenario is a must 

Central Pb-Pb at 5 TeV 
~2000 particle/unit of rapidity 

{PID, pT, y, phi}  



A little bit of history 
-  SPS (1985-) sqr(s)~20 GeV 

-  Elliptic flow, particle ratios, jpsi suppression => Hint 
of a deconfined state of matter 

-  Bjorken hypothesis not verified since 2R/γ ~1/ΛQCD 
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My personal very brief review 

NA50. PLB 477 28 (2000) 
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Fig. 8. The ratios of hadron yields at mid-rapidity with best fits at the top SPS energy of 158
AGeV. For the ratios of hyperons and K0

S from NA57 relative to pions, we have used the π− yields
measured by NA44. The 4π ratios with NA49 data (diamonds) are plotted for comparison. The
full lines are for the combined fit, the dashed ones for the NA44+NA57 data (T=180, µb=268
MeV) and the dotted ones for the NA49 data (T=150, µb=266 MeV). The ratios K−/π−, d/p,
Ξ/π− and Ω/π− are not included in the fit.
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Fig. 9. The χ2 distributions at the top SPS energy of 158 AGeV for three cases (see text).

i) the combined NA57 and NA44 data 3 give T = 179±7.5 MeV and µb = 267±26 MeV.
With χ2/Ndf=8.7/10, the fit quality is good.

3 In combining data from different experiments we neglect the possible difference in centralities
at the same quoted fraction of the inelastic cross section which may arise from different centrality
measures.

Andronic et al., NPA 772 167 (2006) 
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Fig. 14. The energy dependence of temperature and baryon chemical potential. Left panel: the
results of the present work are compared to the values obtained in earlier studies (see text);
right panel: the results of our fits using dN/dy data, both with ratios and yields. The lines are
parametrizations for T and µb (see text).

Not surprisingly, our results support those obtained earlier within the same model imple-
mentation [1]. In detail, there are differences between our results and the rest of the other
results. Our values for the analysis of the 4π data are significantly different from those
of Becattini et al. [20], obtained within a model employing the strangeness suppression
factor. A remarkable agreement between our results and the analyses in ref. [6,8] is seen
in case of the RHIC data, in particular at

√
sNN=130 GeV. The results at

√
sNN=200

GeV [8,9] are also in agreement with our values. The higher T value at
√

sNN=200 GeV
in ref. [6] is due to preliminary data.

We have parametrized our results from the fits of mid-rapidity data (left panel in Fig. 14
and Table 2) as a function of

√
sNN (in GeV) with the following expressions:

T [MeV] = Tlim

(

1 −
1

0.7 + (exp(
√

sNN (GeV)) − 2.9)/1.5

)

(6)

µb[MeV] =
a

1 + b
√

sNN(GeV)
, (7)

where the parameters a = 1303±120 MeV and b = 0.286±0.049 GeV−1 are the results of



RHIC (2000-) 
-  3.83 km 

circumference 
-  Two separated rings 

-  120 bunches/ring 
-  106 ns bunch crossing 

time 

-  A-A, p-A, p-p 
-  Maximum Beam 

Energy : 
-  500 GeV for p+p 
-  200A GeV for Au+Au  

-  Luminosity 
-  Au+Au: ~ 1027 cm-2 s-1 

-  Mid-rapidity at 90o 

-  Interaction Point 
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Upton,	Long	Island,	New	York	

About 300 peer-review papers in exp HIC (2 papers 1000+, 17 500+) 



V2 reaches RHD predictions 

-  Central Au-Au 200 GeV, εBj ~5-10 GeV/fm3 

-  Initial Temperature 230 – 300 MeV (following lQCD) 
-  Hydro describes very well the HIC evolution 

(pT<~2GeV/c) 

12 

PHENIX, PRC71, 034908 (2005) 
STAR, PRC72(2005)014904 



Strong-QGP concept 
-  Success of relativistic 

hydrodynamics (RHD) to 
describes the HIC 

-  Study of QGP  shear 
viscosity (F/A=η(u/y)), 
and namely η/s (units of 
ħ) 

-  From RHD ηQGP/s~ 1/4π 
-  Strong coupled systems 

η/s~ 1/4π (AdS/CFT 
correspondence) 

-  QGP behaves as an ideal 
liquid 
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Pitch Drop Experiment (wikipedia) 
Huichao Song: Hydrodynamic Modeling and the QGP Shear Viscosity 7

Fig. 3. (Color online) eccentricity-scaled elliptic flow for pions and protons at 200 A GeV Au+Au Collisions [20]. Solid symbols
denote reorganized experimental data v2{2}/

√

⟨ε2part⟩, where the measurements v2{2} are from the STAR collaboration [61].
Solid and dashed lines with open symbols are theoretical v2/ε from VISHNU.

centralities. Experimental data are from the STAR col-
laboration which is obtained from the 2-particle cumu-
lant method, which measures v2{2}≈

√

⟨v22⟩+δ2 with the
contribution from event-by-event fluctuations σ2

v2 (where
σ2
v2 = ⟨v2⟩2 − ⟨v22⟩) and non-flow effects δ [49,60]. The

theoretical curves are calculated from so-called “one-shot”
VISHNUwith the event-averaged initial conditions by align-
ing the participant plane which corresponds to a smooth
initial entropy density profile with an eccentricity εpart
that approximately equals the event averaged eccentricity
⟨εpart⟩. (The later is suppose to be the driving force for

the event averaged elliptic flow
√

⟨v22⟩). Since such VISHNU
calculations are not the real event-by-event simulations,
they can not be directly compared with the experimental
v2{2} data. We then compare the theoretical ratio v2/ε

with the experimental ratio v2{2}/
√

⟨ε2part⟩ by assuming

that experimental v2{2}≈
√

⟨v22⟩≈
⟨v2⟩

⟨εpart⟩

√

⟨ε2part⟩ with a

neglect of the non-flow effects [49].

Fig. 3 demonstrates that with the (η/s)QGP extracted
extracted from the pT integrated v2 for all charged hadrons
at 200 A GeV Au+Au collisions, VISHNU yields an very
nice description of the differential elliptic flow v2(pT ) for
the identified hadrons (such as pions and protons) at dif-
ferent centrality bins [20]. The QGP shear viscosity read
from Fig. 3, (η/s)QGP ≃ (1/4π) for MC-Glauber and
(η/s)QGP ≃ (2/4π) for MC-KLN actually hit the low-
est bound of (η/s)QGP from Fig. 1 for these two initial

conditions respectively. The slightly lower (η/s)QGP here
is due to non-flow effects in the experimental v2{2} data,
which give a positive contribution to the measured elliptic
flow, leading to a slightly lower value of (η/s)QGP to fit
the data.

4.4 An extrapolation to the LHC energies

The new measurement for 2.76 A TeV Pb+Pb collisions at
the LHC shows a total charged hadron multiplicity den-
sity that is about a factor of 2.2 higher than the one for
200 A TeV Au+Au collisions at RHIC [62,63], and indi-
cates a ∼ 30% increase in the initial temperature of the
QGP fireball. Meanwhile the ALICE collaboration at the
LHC also discovered a ∼ 30% increase in the integrated
v2 and a similar differential v2(pT ) when comparing with
the one measured by STAR at top RHIC energies [64].
This raises the question of how the QGP specific viscos-
ity changes from RHIC to LHC or if one could extract a
temperature dependent (η/s)QGP (T ) from the currently
available experimental data.

Fig. 4 shows the comparison of the experimental and
theoretical integrated and differential v2 at 2.76 A TeV
Pb+Pb collisions and 200 A GeV Au+Au collision [21].
The experimental v2 data are from STAR and ALICE us-
ing a 4-particle cummulant method, which is supposed
to measure v2 in the reaction plane under the assump-
tion of Gaussian fluctuations. The theoretical curves are

H Song EPJ A48 (2012) 163 

Policastro et al, PRL 87 081601 (2001) 



Opacity of the sQGP 
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B. A. Cole, summary talk in QM2008  



Why HI at the LHC? 
Higgs is produced by the gluon fusion 
channel :;) 
Higher energy density (~x15-x30 beam energy 
step) 
-  Larger/Longer/Hotter QGP 
-  Increase of hard probe cross-sections: 

-  Upsilon (but also J/psi) 
-  Open beauty (but also open charm) 
-  Jet production (until factor 1000) 
-  Electroweak boson production 

15 



LHC Heavy Ion Program 
All LHC experiments have 
joined the LHC HI 
program: 
-  Run1 (2010-2013) Pb-Pb 

2.76 TeV 0.1 nb-1, p-Pb 5 
TeV 

-  Run2 (2015-2018) Pb-Pb 
5 TeV 1 nb-1, p-Pb 5 TeV, 
fixed target 

-  Run3 (2021-2024) Pb-Pb 
5 TeV 10nb-1 

-  Run4 (2027-2030) To be 
discussed, light ions, 
fixed target, … 

Rough estimation:  
O(1300) experimental 
physiscists devoted to the 
HI program. Full LHC 
community O(6800) 
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ALICE	

CMS	

LHCb	

ATLAS	

ALICE: devoted to HI. low pT, 
PID, open charm, charmonia 
CMS/ATLAS: bottomonia, jets, 

high pT, EW probes 
LHCb: pA, low pT, fixed target 

Close to 150 peer-review papers in exp HIC (2 papers 500+, 9 250+)  



QGP at the LHC Run1 I 

Hotter è x3 initial energy density 15-30 GeV/fm3  
Ti ~ 300 – 400 MeV (30% larger initial temperature) 

longer è ~ 10 fm/c until freeze-out 
Larger è double volume 
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ALICE, PRL 105, 252301 (2010) ALICE Collaboration / Physics Letters B 696 (2011) 328–337 331

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 + k2
T , (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

ALICE, PLB 396, 328 (2011) 



QGP at the LHC Run1 II 

Strong and similar 
elliptic flow (v2) 

observed at RHIC and 
LHC 

QGP behaves as a ideal 
fluid 

V2 (also v3, v4 …) 
constrains the (η/s) 
QGP via viscous RHD 

models 
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Fig. 4: Nuclear modification factor RAA of charged particles measured by ALICE in the most central Pb–Pb
collisions (0–5%) in comparison to results from CMS [25] and model calculations [26–31]. The boxes around
the data denote pT-dependent systematic uncertainties. For CMS statistical and systematic uncertainties on RAA
are added in quadrature. The systematic uncertainties on the normalization which are related to ⟨TAA⟩ and the
normalization of the pp data are added in quadrature and shown as boxes at RAA = 1 (the right-most is for CMS).

nuclear modification factor, which reaches RAA ≈ 0.4 for pT > 30 GeV/c. This result is in agreement
with the CMS measurement within statistical and systematic uncertainties. The suppression is weaker
in peripheral collisions (70–80%) with RAA = 0.6–0.7 and no strong pT dependence. The observed
suppression of high-pT particles in central Pb–Pb collisions provides evidence for strong parton energy
loss and a large medium density at the LHC. We observe that the suppression of charged particles with
5< pT < 7 GeV/c reaches similar values when results from RHIC are compared to results from LHC in
terms of the dNch/dη . The measured RAA in 0–5% central collisions is compared to model calculations.
An increase of RAA due to a decrease of the relative energy loss with increasing pT is seen for all the
models. The measurement presented here, together with measurements of particle correlations [32] and
measurements using jet reconstruction [33], will help in understanding the mechanism of jet quenching
and the properties of the medium produced in heavy-ion collisions.
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Strong suppression of 
high pT particles 

Increase of RAA with pT 
Jet Physics in Heavy ions. 

i.e. dijet asymmetry  
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FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets
(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton
data from

p
s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of ��, the

azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

(asymmetries larger than 0.6 can only exist for leading
jets substantially above the kinematic threshold of 100
GeV transverse energy). The �� distributions show that
the leading and second jets are primarily back-to-back in
all centrality bins; however, a systematic increase is ob-
served in the rate of second jets at large angles relative
to the recoil direction as the events become more central.

Numerous studies have been performed to verify that
the events with large asymmetry are not produced by
backgrounds or detector e↵ects. Detector e↵ects primar-
ily include readout errors and local acceptance loss due to
dead channels and detector cracks. All of the jet events
in this sample were checked, and no events were flagged
as problematic. The analysis was repeated first requiring
both jets to be within |⌘| < 1 and |⌘| < 2, to see if there
is any e↵ect related to boundaries between the calorime-
ter sections, and no change to the distribution was ob-
served. Furthermore, the highly-asymmetric dijets were
not found to populate any specific region of the calorime-
ter, indicating that no substantial fraction of produced
energy was lost in an ine�cient or uncovered region.

To investigate the e↵ect of the underlying event, the
jet radius parameter R was varied from 0.4 to 0.2 and
0.6 with the result that the large asymmetry was not re-
duced. In fact, the asymmetry increased for the smaller
radius, which would not be expected if detector e↵ects
are dominant. The analysis was independently corrobo-
rated by a study of “track jets”, reconstructed with ID
tracks of p

T

> 4 GeV using the same jet algorithms. The
ID has an estimated e�ciency for reconstructing charged

hadrons above p

T

> 1 GeV of approximately 80% in the
most peripheral events (the same as that found in 7 TeV
proton-proton operation) and 70% in the most central
events, due to the approximately 10% occupancy reached
in the silicon strips. A similar asymmetry e↵ect is also
observed with track jets. The jet energy scale and under-
lying event subtraction were also validated by correlating
calorimeter and track-based jet measurements.
The missing E

T

distribution was measured for mini-
mum bias heavy ion events as a function of the total E

T

deposited in the calorimeters up to about ⌃E
T

= 10 TeV.
The resolution as a function of total E

T

shows the same
behavior as in proton-proton collisions. None of the
events in the jet selected sample was found to have an
anomalously large missing E

T

.
The events containing high-p

T

jets were studied for the
presence of high-p

T

muons that could carry a large frac-
tion of the recoil energy. Fewer than 2% of the events
have a muon with p

T

> 10 GeV, potentially recoiling
against the leading jet, so this can not explain the preva-
lence of highly asymmetric dijet topologies in more cen-
tral events.
None of these investigations indicate that the highly-

asymmetric dijet events arise from backgrounds or
detector-related e↵ects.
In summary, first results are presented on jet recon-

struction in lead-lead collisions, with the ATLAS detector
at the LHC. In a sample of events with a reconstructed
jet with transverse energy of 100 GeV or more, an asym-
metry is observed between the transverse energies of the
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ϒ (2S) and ϒ (3S) are suppressed. 
ϒ(1S) partially suppressed, could be indirectly 
caused by the suppression of excited ϒ states. 
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Figure 1: Dimuon invariant-mass distributions from the pp (a) and PbPb (b) data at
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sNN =
2.76 TeV. The same reconstruction algorithm and analysis criteria are applied to both data sets,
including a transverse momentum requirement on single muons of pµ

T > 4 GeV/c. The solid
lines show the result of the fit described in the text.
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Recombination 
scenario is favoured. 
Deconfinement of 

charm quarks in the 
QGP 
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J/y and y(2S) production in Pb–Pb collisions at psNN = 2.76TeV ALICE Collaboration
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Fig. 7: (Color online) Inclusive J/y RAA as a function of the number of participant nucleons measured in Pb–Pb col-
lisions at psNN = 2.76TeV [27], compared to the PHENIX measurement in Au–Au collisions at psNN = 0.2TeV [21]
(left) and to theoretical models [13, 58, 60, 61] which all include a J/y (re)combination component (right).

The impact of non-prompt J/y on the inclusive RAA analysis was studied. The RAA of prompt J/y is
estimated (see Eq. 3) to be about 7% larger than the inclusive J/y RAA if the beauty component is fully
suppressed. In the other extreme case, where the B-meson production is not affected by the medium and
scales with the number of binary collisions, i.e. Rnon-prompt

AA = 1, the RAA of prompt J/y would be about 6%
smaller in central collisions and about 1% smaller in peripheral collisions. The excess of inclusive J/y yield
observed at low pT in Fig. 5, which may be attributed to a photo-production component, also influences the
RAA in the most peripheral collisions. A large fraction of this contribution can be removed by selecting J/y
with a pT higher than 300MeV/c. Applying this cut reduces RAA values by about 20%, 10%, 4% and 3% in
the centrality classes 80–90%, 70–80% 60–70% and 50–60%, respectively.

The comparison with theoretical models, shown on the right-hand side of Fig. 7, helps in the interpretation
of the large difference observed between the PHENIX and the ALICE results.

The Statistical Hadronization Model (SHM) [60] assumes deconfinement and thermal equilibration of the
bulk of the cc̄ pairs. Charmonium production occurs at the phase boundary via the statistical hadronization of
charm quarks. The prediction is given for two values of the charm cross section dscc̄/dy= 0.15 and 0.25 mb.
These values are derived from the measured charm cross section in pp collisions at

p
s = 2.76 and 7TeV [15]

bracketing the expectation for gluon shadowing in the Pb-nucleus between 0.6 and 1.0. Production of non-
prompt J/y from decays of B-mesons is not considered.

The two transport models from Zhao [13] (TM1) and Zhou [58] (TM2) mainly differ in the rate equa-
tion controlling the J/y dissociation and regeneration. In TM1, shadowing is implemented via a simple
parametrization, leading to a 30% suppression in most central Pb–Pb collisions. The charm cross section
is assumed to be dscc̄/dy ⇡ 0.5 mb at y = 3.25, the fraction of J/y from beauty hadrons to be 10% and
no b-quenching is introduced in the calculation. This model is presented as a band connecting the results
obtained with (lower limit) and without (upper limit) shadowing and is interpreted by the authors as the
uncertainty of the prediction. In TM2, the shadowing is given by the EKS98 parametrization. The charm
cross section is taken in the range dscc̄/dy ⇡ 0.4� 0.5 mb; the calculations for these two values provide
the lower and upper limits of the band displayed in the figure. The fraction of J/y from beauty hadrons is
assumed to be 10% with a b-quenching of 0.8, increased to 0.4 for pT above 5GeV/c.
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J/y and y(2S) production in Pb–Pb collisions at psNN = 2.76TeV ALICE Collaboration
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Fig. 9: (Color online) Inclusive J/y RAA as a function of the J/y pT for 2.5 < y < 4 in the centrality class 0–90% [27]
compared to transport models [13, 58] (top left). The comparison is done with PHENIX results [21] and transport
models in the 0–20% [27] (top right), 20–40% (bottom left) and 40–90% (bottom right) centrality classes. Confidence
level values from PHENIX at high pT are not represented.
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Collectiveness in pPb Run1 VI 
Similar to PbPb: 
v2, ridge, particle 
ratios, HBT,  … 
(also in high 
multiplicity pp 
collisions) 
-  unexpected, 
-  interesting,  
-  more 

experimental 
studies needed,  

-  a theoretical 
framework is 
needed. 
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HI Results from LHC Run1  
-  Larger initial energy density (x3 for ~15 

beam energy step and 30% larger initial 
temperature) 

-  Confirmation/extension of RHIC results : 
elliptic flow, high pT suppression 

-  Jet physics in heavy ion collisions 
-  Upsilon suppression  
-  Charm deconfinement 
-  Collectiveness in small systems 
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Ultra Relativistic Heavy Ion 
Physics in France 

ALICE O(58) 
CMS O(10) 
LHCb O(5) 
Fixed target 
O(4) 
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LHCb upgrade for run3-4 

-  Higher Luminosity (in pp 
4x1032 è 2x1033 cm-2 s-1) 
-  New RO architecture and 
software triggering 

-  Higher event multiplicity 
-  Larger granularity, namely 
of the tracking detectors  

25 



CMS and ATLAS in Run3-4 

- Higher significance (10 nb-1, 50 
kHz PbPb 

- Strategy based on triggering on 
interesting events 

- Upsilons 
- High pT (particles, jets (b-jets) 
quarkonia, heavy quarks) 

- New observables: photon-jet, Z-
Jet etc … 
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ALICE Upgrade for Run3-4 
27 

New		Internal	
Tracking	System,	

high	resoluMon,	low	
material	budget	

TPC,	Muon	
Spectrometer		,	
TRD,	TOF,	PHOS,	

EMCAL/DCAL	,	ZDC,	
T0	

Muon	Forward	
Tracker,	high	
resoluMon,	low	
material	budget	

New	TPC	GEM	
Chambers	(low	ion	

backflow,	
conMnuous	RO)	

New	berilium	
beampipe	smaller	

radius	

New	MB	trigger	
detector	FIT	

Grid Computing Center – Computer Room A 

CompuMng	O2	

Run3	Run2	

Better significance (10nb-1, 50 kHz PbPb) and better tracking with Si-pixel 
and dilepton, quarkonium, open heavy flavour down to pT=0, and jet 

structure. 



Fixed target at the LHC 
-  CM energy similar to RHIC (72 

and 115 GeV in PbPb AND pA 
respectively 

-  Accessing backward rapidities 
(xF<0) 

-  High integrated luminosity 
-  Different targets 
-  Polarisation of the target is 

possible 
-  Two options: 

-  Gas target (being tested by 
LHCb) 

-  Beam extraction with bent 
crystals 
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Perspectives 2017-2030 I 
Exploiting all the possibilities at the LHC 

10 nb-1 

High precision 
tracking 
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New  

observables 

Global observables….... 
Light hadrons…............. 
Strange hadrons…........ 
Quarkonia….................. 
Open heavy flavours…..  
Electromagnetic probes.  
Jet and high pT 
hadrons. 
Exotic............................. 
 

Better   

Significance 

High precision 

tracking 	
	
	 Full energy 

range and 

system 

Other systems 

Fixed target 

	
	
	



Perspectives 2017-2030 II 

Other facilities: 
- FAIR-CBM 
- NICA 
- RHIC 
- SPS 
- J-PARK (~20 
GeV) 

- FCC (~100 TeV) 
Not addressed in 
this talk 
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3.2 Future experimental prospects 23

Figure 11: Centre-of-mass energy coverage of the ultra-relativistic heavy-ion facilities scheduled for the next 15 years.
The facilities that are not approved yet or do not have a well-defined timeline are not shown.

the exploration of the QCD phase diagram in the region around the expected position of the critical
endpoint, with an increase of about one order of magnitude in the instantaneous luminosity (in the
range 1025 to 1027 cm≠2s≠1, depending on Ô

sNN). During the 2019 shutdown, the PHENIX experiment
will be replaced by sPHENIX [232], with focus on jet and quarkonium measurements, and the STAR
Collaboration is considering a number of upgrades, in particular for the inner tracker and for the
forward rapidity region. The sPHENIX and STAR experiments plan a campaign of data-taking at top
RHIC energy (200 GeV) in 2021–2022. The implementation of an electron–ion collider (eRHIC) at BNL
is an option that is considered for the period after 2025 [233].

SPS The SPS provides Pb and lighter-ion beams for fixed-target experiments since the late 1980s. The
beam energy ranges in 10–158 GeV per nucleon, corresponding for Pb–Pb collisions to Ô

sNN in 4.5–
17.3 GeV. At present, the NA61/SHINE experiment [234] is carrying out a systematic scan in beam
energy and colliding system size (pp, p–Be, p–C, Be–Be, Ar–Sc, Pb–Pb, Xe–La) with the goal of
studying the onset of deconfinement and searching for the critical endpoint using hadronic observables.
The approved programme extends to 2017, but the Collaboration is considering a detector upgrade and
a proposal for an extension of the programme by a few years [235]. The SPS is also used as injector for
the LHC, therefore it will remain in operation well beyond 2030. At present, the SPS Pb beam intensity
leads to Pb–Pb interaction rates of a few hundred kHz with a target of 0.1 interaction lengths. With
the implementation of a new injection scheme, interaction rates larger than 1 MHz could be reached,
as discussed in detail in Chapter 5.

NICA The NICA facility at JINR will provide both collider and fixed-target mode heavy-ion interactions
(see e.g. [236]). With beam energies in the interval 0.6–4.5 GeV per nucleon, the centre-of-mass energies



Back-up 
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Initial Temperature 
-  Difficult 

measurement 
-  Virtual photons 

(mee<300 MeV) 
-  Ti ~ 300 – 600 MeV 
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PHENIX, PRL 104, 132301 (2010)  
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FIG. 14. Invariant cross section (pp) and invariant yield (Au-Au) of direct photons as a function of
pT. The three curves on the pp data represent NLO pQCD calculations, and the dashed curves show
a modified power-law fit to the pp data, scaled by TAA. The dashed (black) curves are exponential
plus the TAA scaled pp fit. The dotted (red) curve near the 0-20% centrality data is a theory
calculation. Figure 3 in reference [PHENIX 10].

C. Initial temperature

As we have seen in section II F 1, if QGP drop is formed, it should emit thermal radia-
tion in the high energy � domain. PHENIX collaboration have measured e

+
e

� pairs with
invariant masses below 300 MeV/c2 and 1pT  5 GeV/c in Au-Au collisions at 200 GeV
[PHENIX 10]. The most central Au-Au collisions show a large excess of the dielectron yield
(see Fig. 14). By treating the excess as internal conversion of direct photons, the direct
photon yield is deduced. The yield cannot be explained by Glauber scaled NLO pQCD
calculations. However, hydrodynamical models with an initial temperature of 300-600 MeV
are in qualitative agreement with the data.The evidence for the production of thermal di-
rect photons, with an initial temperature source above the QGP transition temperature
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Figure 5: Ratio (left) between nuclear modification factors of  (2S) and J/ as a function of y
for prompt  (2S) mesons and  (2S) from b. The blue triangles represent prompt  (2S) and the
red rectangles indicate  (2S) from b. Ratio (right) between nuclear modification factors of  (2S)
and J/ as a function of y for inclusive  (2S) mesons. The black dots show the LHCb result, the
hollow circles indicate the ALICE result, and the brown triangle is the PHENIX result at 0.2TeV.
The inner error bars (delimited by the horizontal lines) show the statistical uncertainties; the
outer ones show the statistical and systematic uncertainties added in quadrature.
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Figure 6: Nuclear modification factor R
pPb as a function of y for inclusive  (2S) and J/ 

mesons. The black dots represent the  (2S) result, the red squares indicate the J/ result, and
the blue hollow circles show the ALICE result for  (2S). The inner error bars (delimited by
the horizontal lines) show the statistical uncertainties; the outer ones show the statistical and
systematic uncertainties added in quadrature.

7 Conclusions

The production cross-sections of prompt  (2S) mesons and those from b-hadron decays
are studied in pPb collisions with the LHCb detector. The nucleon-nucleon centre-of-mass
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Hard probes in pPb Run1 VI 
-  Nothing related to collectiveness 

is observed in small systems, 
except one puzzling observation 

-  Noticeable decrease of the Ψ(2S)/
J/ψ ratio in pPb collisions 

-  Also observed in the upsilon 
family 

-  Resonance ratio should only 
depends on the quarkonia wave-
function at the origin 

-  It seems to be correlated with 
the charged particle multiplicity 

-  Resonance formation time 1/ΔM < 
0.3 fm/c 

-  The particle density at τ=1 fm/c 
is large in pPb collisions at LHC 
energies: 8 pre-hadron fm-3. 
Ψ(2S) quarkonium has a volume 
~1.75 fm3  
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Pseudorapidity density in p–Pb collisions ALICE Collaboration

the relative abundances of pions, kaons and protons by a factor of 2 in the simulation. The uncertainty
due to the correction down to zero pT is estimated to be 1% by varying the amount of undetected particles
at low pT by 50%. The uncertainty related to the trigger and event selection efficiency for NSD collisions
is estimated to be 3.1% using a small sample of events collected with the ZNA trigger with an offline
selection on the deposited energy corresponding to approximately 12 neutrons from the Pb remnant.
The value used for the threshold has been determined from DPMJET with associated nuclear fragment
production [39], and was chosen to suppress the contamination of the EM and SD interactions. In total,
a systematic uncertainty of about 3.8% is obtained by adding in quadrature all the contributions.

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

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

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

4
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Nuclear Physics at LHC 

-  EM dissociation of the Pb 
nucleus: GDR excitation 
and neutron evaporation. 

-  Limiting factor of the LHC 
Pb beam lifetime and 
instantaneous luminosity: 

-  σsingle EMD ~ 200b! 
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ALICE EMD measurement 3

Gaussians describing the ith peak have a constraint both on the mean value µin (µin = i× µ1n, where
µin is the mean value for ith neutron peak) and on the width σin (σin =

√

i× (σ 2
1n−σ 2

ped)+σ 2
ped, where

σin is the width of the ith neutron peak and σped is the width of the pedestal peak). The relative energy
resolution σ1n/µ1n of the 1n peak at 1.38 TeV is 21% for the ZNA and 20% for the ZNC, in agreement
with expectations from beam tests at the CERN SPS [17] extrapolated to LHC energies using Monte
Carlo, which takes into account the different operating conditions. Similarly to the previous analysis we
made the average of the ZNA and the ZNC cross sections, which difference is about 0.2%.
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Fig. 2: ZNA energy spectrum requiring signal over threshold in ZNA or ZNC (not filled area) superimposed to
ZNA energy spectrum requiring signal in ZNA (shaded area). The first peak centered at E = 0 corresponds to
pedestal events,where no signal from neutron emission is detected by the ZNA.

Table 1: Cross sections (barn) for √sNN = 2.76 TeV Pb-Pb interactions (systematic errors are dominated by
the vdM cross section errors). Theoretical uncertainties are systematic and related to uncertainties in the total
photoabsorption cross sections on Pb.

Physical Process Data RELDIS
single EMD + 194.8±0.3 stat. +13.6−11.5 syst. 192.9±9.2
hadronic

single EMD - 181.3±0.3 stat. +12.8−10.9 syst. 179.7±9.2
mutual EMD
mutual EMD 5.7±0.1 stat. ±0.4 syst. 5.5±0.6
hadronic 7.7±0.1 stat. +0.6−0.5 syst. 7.7±0.4
single EMD 187.4±0.2 stat. +13.2−11.2 syst. 185.2±9.2

The cross sections, listed in Table 1 (first two rows), are calculated using the (ZNA OR ZNC) cross
section measured during the vdM scan: σproc = σ vdMZNAORZNC×Nproc/NZNAORZNC, where Nproc is the
number of events in the sample of the selected process and NZNAORZNC is the number of events collected
with the same trigger as used to determine σ vdMZNAORZNC. The calculated values are corrected for the ZN
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Fig. 5: Total single EMD cross sections and partial EMD cross sections for emission of one and two neutrons as
a function of the effective Lorentz factor γeff. The closed symbols are our data, while the open symbols represent
the results obtained at CERN SPS [10] at 30 GeV. The RELDIS predictions [10] for total, 1n and 2n EMD cross
sections are shown as solid lines.

almost half of 3n events is due to such energetic photons. In EMD calculations the native photonuclear
reaction model of RELDIS can be replaced by the GNASH code [21], thus providing slightly different
results for 1n and 2n yields. On the basis of this difference the theoretical uncertainties listed in Table 2
are estimated.

Table 2: Neutron emission fractions for single EMD minus mutual EMD process in √sNN = 2.76 TeV Pb-Pb
interactions. Theoretical uncertainties are systematic and related to the divergence of predictions of various pho-
tonuclear reaction models.

Ratio Data(%) RELDIS(%)
1n/Ntot 51.5±0.4 stat. ±0.2 syst. 54.2±2.4
2n/Ntot 11.6±0.3 stat. ±0.5 syst. 12.7±0.8
3n/Ntot 3.6±0.2 stat. ±0.2 syst. 5.4±0.7
2n/1n 22.5±0.5 stat. ±0.9 syst. 23.5±2.5

Our 2n to 1n ratio of (22.5±0.5±0.9)% in single EMD can be compared to the value of (19.7±2.9)%
reported for Pb-Pb collisions at 30 A GeV at the CERN SPS [10]. As predicted by RELDIS, the observed
weak increase (around one standard deviation) of the 2n to 1n ratio with collision energy is due to
additional 2n events produced by more energetic equivalent photons at the LHC.

Finally, Figure 5 presents total and partial EMD cross sections for emission of one and two neutrons
measured by ALICE compared to CERN SPS data [10]. The results of the RELDIS model are also
shown for a wide range of the projectile effective Lorentz-factor γeff calculated in the rest frame of the
collision partner. As seen, both data sets are successfully described by the model despite of six orders-
of-magnitude span of γeff. A direct comparison to RHIC results is not straightforward since the structure
of the involved nuclei is different. Since 208Pb is a double magic nucleus, while 197Au is not, the GDR
position, its width as well as the neutron emission thresholds differ in such nuclei.



Anti-nucleus factory 

Anti-4He is the heaviest anti-nucleus ever observed 
Precision measurement of the nuclei and anti-nuclei 

mass difference (CPT test)  
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Production of light (anti-)nuclei in pp and Pb–Pb collisions at LHC energies ALICE Collaboration

Fig. 7: (Color online) Ratio of anti-particle to particle efficiency based on GEANT4 and a modified version of
GEANT3 including an empirical model to describe the hadronic interaction of anti-nuclei for (anti-)deuterons
(left) and for (anti-)3He (right). The estimate of the systematic uncertainty for the hadronic interaction based on
the difference between the two models is indicated by the blue band.
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Fig. 8: (Color online) Ratios of d and d as well as of 3He and 3He versus pT per nucleon for various centrality
classes in Pb–Pb collisions at

p
sNN = 2.76 TeV. Boxes describe the systematic uncertainties, vertical lines the

statistical ones.
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