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Transition to a new phase
Lattice QCD: fast increase of ε(T) at T ≈ 160 MeV (2.1012 K)

[S. Borsányi et al., JHEP 1011:077 (2010)] 

l confinement of quarks at low temperature 
l deconfinement of quarks and gluons at high temperature 
l quark-gluon plasma
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Simlation of Au+Au collision at 200 GeV per nucleon (RHIC accelerator at BNL) 
 
kinetic calculation: transport simulation UrQMD (only hadronic phase) 
animation: Jeffery Mitchell (Brookhaven National Laboratory)

QGP in lab: nuclear collisions
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Simlation of Au+Au collision at 200 GeV per nucleon (RHIC accelerator at BNL) 
 
kinetic calculation: transport simulation UrQMD (only hadronic phase) 
animation: Jeffery Mitchell (Brookhaven National Laboratory)

QGP in lab: nuclear collisions
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Take-home messages

l On RHIC and LHC we certainly create the quark-gluon plasma

l Quark-gluon plasma filled the early Universe just a few 
microseconds after the Big Bang

l We want to measure the properties of QGP 
(Equation of State, viscosities, …)
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Jet suppression

Jets are produced in simpler 
collision systems 
and always in pairs 
(momentum conservation)
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Jets in e+e- collision
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Jets in Pb+Pb  
collision 
at the LHC
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Jet quenching on the opposite side

Accompanying jet suppressed

A medium is produced 
which eats up jets.[STAR Collaboration, PRL 91 (2003) 072304]

The only medium capable of that is quark-gluon plasma.



Strong jet quenching at the LHC (CMS)
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Expansion of hot matter
Expansion influences the distribution of produced particles 
via Doppler blue shift.

Particles with given momentum are produced only from the  
corresponding region of homogeneity.
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Spectra in transverse momentum
Fit to data from Pb+Pb collisions at √sNN = 2.76 TeV with the  
Blast Wave model: locally thermalised fireball and transverse 
expansion
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Elliptic flow
Observation: in non-central collisions  
an elliptic anisotropy of hadron distribution reaction plane

Parametrisation of the distribution of hadrons 
in azimuthal angle 

Symmetry constraints for averaging over a large number of events: 

l all 
l only even terms are non-vanishing
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Hydrodynamic model
Assumption: the fireball consists of compressible fluid, its microscopic 
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⇒ enhanced production in the reaction plane
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Hydrodynamic model
Assumption: the fireball consists of compressible fluid, its microscopic 
structure shows up in the Equation of State and transport coefficients 

Higher pressure gradient in the reaction plane: 
⇒ faster expansion in the reaction plane 
⇒ enhanced production in the reaction plane

reaction plane

Energy and momentum conservation

Perfect fluid: 

Five unknowns,          ,  but only four equations! 

System complemented by the Equation of State (EoS) 

By comparing results to data one obtains information on the EoS
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State of the art hydrodynamics
The hydrodynamic model should: 
l include viscosity (shear and bulk) 
l start with inhomogeneous initial conditions  

(different from event to event) 
l be 3-dimensional 
l Simulation must be performed many times in order to provide 

good statistics for data analysis 
l The production of particles is treated with transport model 

(which takes into account the possibility that hadrons can 

scatter)

figure: Björn Schenke
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Comparison theory vs. data
Hybrid model (IC+hydro+transport)  
generation of 300 events with different  
parameters & procedure to find best  
parameters by comparison to data: 
Results on IC, viscosities, Thadronisation 
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FIG. 11. Model calculations using the high-probability parameters listed in Table IV. Solid lines are calculations using
parameters based on the identified particle posterior, dashed lines are based on the charged particle posterior, and points are
data from the ALICE experiment [108, 109]. Top row: calculations of identified or charged particle yields dN/dy or dNch/d⌘
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TABLE IV. High-probability parameters chosen based on the
posterior distributions and used to generate Fig. 11. Pairs of
values separated by slashes are based on identified / charged
particle yields, respectively. Single values are the same for
both cases.

Initial condition QGP medium

norm 120. / 129. ⌘/s min 0.08

p 0.0 ⌘/s slope 0.85 / 0.75 GeV�1

k 1.5 / 1.6 ⇣/s norm 1.25 / 1.10

w 0.43 / 0.49 fm Tswitch 0.148 GeV

C. Verification of high-probability parameters

As a final verification of emulator predictions and the
model’s accuracy, we calculated a large number of events
using high-probability parameters and compared the re-
sulting observables to experiment. We chose two sets
of parameters based on the peaks of the posterior dis-
tributions, listed in Table IV. These values approximate
the “most probable” parameters and the corresponding
model calculations should optimally fit the data.

We evaluated O(105) minimum-bias events (no emu-
lator) for each set of parameters and computed observ-
ables, shown along with experimental data in Fig. 11.
Solid lines represent calculations using parameters based
on the identified particle posterior while dashed lines are
based on the charged particle posterior. Note that these
calculations include a peripheral centrality bin (70–80%)
that was not used in parameter estimation.

We observe an excellent overall fit; most calculations
are within 10% of experimental data, the notable excep-

tions being the pion/kaon ratio (discussed in the previ-
ous subsection) and central elliptic flow, both of which
are general problems within this class of models. Total
charged particle production is nearly perfect—within 2%
of experiment out to 80% centrality—indicating that the
issues with identified particle ratios arise in the parti-
clization and/or hadronic phases, not in initial entropy
production. The v2 mismatch in the most central bin is a
manifestation of the experimental observation that ellip-
tic and triangular flow converge to nearly the same value
in ultra-central collisions [109, 120], a phenomenon that
hydrodynamic models have yet to explain [121, 122].

V. SUMMARY AND CONCLUSIONS

We have used Bayesian methodology to quantitatively
estimate initial condition and transport properties of the
QGP medium produced in relativistic heavy-ion colli-
sions. We coupled a parametric initial condition model to
viscous hydrodynamics and a hadronic afterburner, cal-
ibrated the full model to a variety of bulk observables,
and established a number of salient constraints on model
parameters, including a relation between the minimum
value and slope of the temperature-dependent shear vis-
cosity, a clear signal for a nonzero bulk viscosity, and a
robust constraint on initial state entropy deposition.
The parametric initial condition model used in this

analysis, TRENTo, smoothly interpolates among various
physically reasonable entropy deposition schemes, rang-
ing from a wounded nucleon model to specific calcula-
tions in color glass condensate e↵ective field theory. This
flexibility is ideal for model-to-data comparison, since it
allows the analysis framework to optimize the initial con-
ditions with minimal theoretical assumptions.
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FIG. 10. Estimated temperature dependence of the shear
viscosity (⌘/s)(T ) for T > Tc = 0.154 GeV. The gray
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parametrization Eq. (31), the blue line is the median from
the posterior distribution, and the blue band is a 90% credi-
ble region. The horizontal gray line indicates the KSS bound
⌘/s � 1/4⇡ [12–14].

parameters, hence, while neither ⌘/s min nor slope are
strongly constrained independently, a linear combination
is quite strongly constrained. Figure 10 visualizes the
complete estimate of the temperature dependence of ⌘/s
via the median min and slope from the posterior (for
identified particles) and a 90% credible region. This vi-
sualization corroborates that the posterior for (⌘/s)(T )
is markedly narrower than the prior and further reveals
that the uncertainty is smallest at intermediate temper-
atures, T ⇠ 200–225 MeV. We hypothesize that this is
the most important temperature range for the present
observables at

p
sNN = 2.76 TeV—perhaps it is where

the system spends most of its time and hence where
most anisotropic flow develops, for instance—and thus
the data provide a “handle” for ⌘/s around 200 MeV.
Data at other beam energies and other, more sensitive
observables could provide additional handles at di↵erent
temperatures, enabling a more precise estimate of the
temperature dependence of ⌘/s.

This result for (⌘/s)(T ) supports several recent find-
ings using other models: a detailed study using the
EKRT model [19] showed that a combination of RHIC
and LHC data prefer a flat or shallow high-temperature
slope, while an analysis using a three-dimensional con-
stituent quark model [118] demonstrated that a similar
flat or shallow slope best describes the rapidity depen-
dence of elliptic flow at RHIC. In addition, the estimated
temperature-averaged shear viscosity is consistent with
the (constant) ⌘/s = 0.095 reported [44] using the IP-
Glasma model and the same bulk viscosity parametriza-
tion, Eq. (5). Finally, the present result remains compati-
ble (within uncertainty) with the KSS bound ⌘/s � 1/4⇡
[12–14].

One should interpret the estimate of (⌘/s)(T ) depicted
in Fig. 10 with care. We asserted a somewhat restricted

linear parametrization reaching a minimum at a fixed
temperature, and evidently may not have extended the
prior range for the slope high enough to bracket the pos-
terior distribution; these assumptions, along with the flat
10% uncertainty [see Eq. (30)], surely a↵ect the precise
result. And in general, a credible region is not a strict
constraint—the true function may lie partially or com-
pletely (however improbably) outside the estimated re-
gion. Yet the overarching message holds: we find the
least uncertainty in ⌘/s at intermediate temperatures,
and estimate that its temperature dependence has at
most a shallow positive slope.

For the ⇣/s norm [the prefactor for the parametriza-
tion Eq. (5)], the calibrations yielded clearly peaked pos-
terior distributions located slightly above one. Hence,
the estimate is comfortably consistent with leaving the
parametrization unscaled, as in [44]. As noted in the
previous subsection, there is a strong anti-correlation be-
tween ⇣/s norm and the nucleon width. We also observe
a positive correlation with ⌘/s min, which initially seems
counterintuitive. This dependence arises via the nu-
cleon width: increasing bulk viscosity requires decreasing
the nucleon width, which in turn necessitates increasing
shear viscosity to damp out the excess anisotropy. Given
the previously mentioned shortcomings in the current
treatment of bulk viscosity (neglecting bulk corrections
at particlization, lack of a dynamical pre-equilibrium
phase), we refrain from making any quantitative state-
ments. What is clear, however, is that a nonzero bulk
viscosity is necessary to simultaneously describe trans-
verse momentum and flow data.

The distributions for the particlization temperature
Tswitch have by far the most dramatic di↵erence between
the two calibrations. The posterior from identified parti-
cle yields shows a sharp peak centered at T ⇡ 148 MeV,
just below Tc = 154 MeV; but with charged particle
yields, the distribution is nearly flat. This is because the
final particle ratios—while somewhat modified by scat-
terings and decays in the hadronic phase—are largely
determined by the thermal ratios at the particlization
temperature. So, when we require the model to describe
identified particle yields, Tswitch is tightly constrained; on
the other hand, lacking these data there is little else to
determine an optimal switching temperature. This re-
inforces the original hybrid model postulate—that both
hydro and Boltzmann transport models predict the same
medium evolution within a temperature window [50–52].

Note that, while we do see a narrow peak for Tswitch,
the model cannot simultaneously fit pion, kaon, and pro-
ton yields; in particular, the pion/kaon ratio is 10–30%
low. The peak thus arises from a compromise between
pions and kaons—not an ideal fit—so we do not con-
sider the quantitative value of the peak to be particu-
larly meaningful. This is a long-standing issue in hybrid
models [119] and therefore likely indicates a more fun-
damental problem with the particle production scheme
rather than one with this specific model.

[J.E. Bernhard at al., Phys. Rev. C 94 (2016) 024907]



�21

Jets + fluid = anisotropies
At the LHC energies, many partons with high pt fly through QGP. 
They deposit their momentum and energy into plasma and make it flow. J. Phys. G: Nucl. Part. Phys. 40 (2013) 125104 M Schulc and B Tomášik
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The merging of streams in the diffusion wakes is also demonstrated in figure 8. The
figures display momentum density in the direction diagonal to the two jets as a function of
the diagonal coordinate for various perpendicular jets scenarios. The left panel displays the
situation when the wakes just merge (t = 7.5 fm c−1). The right panel shows the situation after
another 2.5 fm c−1 (t = 10.0 fm c−1). Although the jet source terms vanish before the wakes
make contact, the merged wakes continue to evolve. The momentum density also exhibits a
double-peak structure. Behind the merged wakes the momentum density turns negative, i.e. it
points backwards. This is a part of the vortices that are built up on the sides around the jets. We
observe that the lower unperturbed energy density or higher energy–momentum deposition
induce a higher momentum density on the diagonal when the wakes merge, as expected. The
peaks in momentum density corresponding to the merging of the two wakes with equal and
with unequal energy seem qualitatively similar.

It is very rare, however, that two jets would be aimed so precisely that their wakes meet
exactly as was assumed here. Therefore, we examine a situation with velocities perpendicular
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FIG. 4. (Color online) Anisotropy parameters v2 and v3 for
charged hadrons as functions of pt from collisions within centrality
class 30– 40%. The energy loss of hard partons is given by dE/dx|0 =
4 GeV/fm.

amount of momentum that is deposited into the fluid. In fact,
most of them have rather low pt and thus are quenched early.

The CMS Collaboration has found a strong dependence
of v2 and v3 on centrality even for central collisions [11].
Although here we only want to get an educated estimate on
the size of the effect that our mechanism can generate, it is
tempting now to see how our vn’s would change if we go
to centrality class 0–2.5 %. The results are shown in Fig. 2
for charged particles. In Fig. 3 we present the integarted vn’s
as functions of centrality. We see that going from b = 0 fm
to 0–2.5% centrality there is no dramatic increase in vn’s. If
such effect is present in data, it must be caused by a different
mechanism.

In simulations of noncentral events we clearly establish that
the flow anisotropy generated by hard partons is correlated with
the reaction plane. This is a consequence of the mechanism

where two streams of the fluid in the wakes merge when they
are close. Then they continue flowing in the direction given by
momenta of the two streams [26,27]. The proof of validity of
this mechanism is presented in Fig. 4. We show v2 and v3 of
charged hadrons as calculated from an ensemble of 500 events
with hard partons depositing momentum. They are compared
with v2 and v3 being only due to the event-averaged almond
shape of the initial hot matter. Obviously, v3 must vanish then,
and it indeed does. If the contribution of hard partons had
random direction, we would not expect an increase of v2.
However, v2 increases by more than factor of 1.5.

Note also the increase of other orders of the anisotropy
presented in Fig. 3 for integrated vn’s.

IV. CONCLUSIONS

Our results show that the interplay of many minijet-
induced streams in a single nuclear collision at the LHC
yields considerable contribution to azimuthal anisotropies of
hadron distributions. The present simple nonviscous model
with smooth initial conditions should merely be used for an
educated estimate of the influence. It is certainly not capable
of reproducing data, since this requires inclusion of many fine
details. Among them the most prominent are shear and bulk
viscosities and a tuned model of fluctuating initial conditions.
How to disentangle various mechanisms that generate all
kinds of azimuthal anisotropies must be investigated, with
the help of many features of data that are currently being
measured.
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Jets + fluid = anisotropies
At the LHC energies, many partons with high pt fly through QGP. 
They deposit their momentum and energy into plasma and make it flow. J. Phys. G: Nucl. Part. Phys. 40 (2013) 125104 M Schulc and B Tomášik
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The merging of streams in the diffusion wakes is also demonstrated in figure 8. The
figures display momentum density in the direction diagonal to the two jets as a function of
the diagonal coordinate for various perpendicular jets scenarios. The left panel displays the
situation when the wakes just merge (t = 7.5 fm c−1). The right panel shows the situation after
another 2.5 fm c−1 (t = 10.0 fm c−1). Although the jet source terms vanish before the wakes
make contact, the merged wakes continue to evolve. The momentum density also exhibits a
double-peak structure. Behind the merged wakes the momentum density turns negative, i.e. it
points backwards. This is a part of the vortices that are built up on the sides around the jets. We
observe that the lower unperturbed energy density or higher energy–momentum deposition
induce a higher momentum density on the diagonal when the wakes merge, as expected. The
peaks in momentum density corresponding to the merging of the two wakes with equal and
with unequal energy seem qualitatively similar.

It is very rare, however, that two jets would be aimed so precisely that their wakes meet
exactly as was assumed here. Therefore, we examine a situation with velocities perpendicular
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FIG. 4. (Color online) Anisotropy parameters v2 and v3 for
charged hadrons as functions of pt from collisions within centrality
class 30– 40%. The energy loss of hard partons is given by dE/dx|0 =
4 GeV/fm.

amount of momentum that is deposited into the fluid. In fact,
most of them have rather low pt and thus are quenched early.

The CMS Collaboration has found a strong dependence
of v2 and v3 on centrality even for central collisions [11].
Although here we only want to get an educated estimate on
the size of the effect that our mechanism can generate, it is
tempting now to see how our vn’s would change if we go
to centrality class 0–2.5 %. The results are shown in Fig. 2
for charged particles. In Fig. 3 we present the integarted vn’s
as functions of centrality. We see that going from b = 0 fm
to 0–2.5% centrality there is no dramatic increase in vn’s. If
such effect is present in data, it must be caused by a different
mechanism.

In simulations of noncentral events we clearly establish that
the flow anisotropy generated by hard partons is correlated with
the reaction plane. This is a consequence of the mechanism

where two streams of the fluid in the wakes merge when they
are close. Then they continue flowing in the direction given by
momenta of the two streams [26,27]. The proof of validity of
this mechanism is presented in Fig. 4. We show v2 and v3 of
charged hadrons as calculated from an ensemble of 500 events
with hard partons depositing momentum. They are compared
with v2 and v3 being only due to the event-averaged almond
shape of the initial hot matter. Obviously, v3 must vanish then,
and it indeed does. If the contribution of hard partons had
random direction, we would not expect an increase of v2.
However, v2 increases by more than factor of 1.5.

Note also the increase of other orders of the anisotropy
presented in Fig. 3 for integrated vn’s.

IV. CONCLUSIONS

Our results show that the interplay of many minijet-
induced streams in a single nuclear collision at the LHC
yields considerable contribution to azimuthal anisotropies of
hadron distributions. The present simple nonviscous model
with smooth initial conditions should merely be used for an
educated estimate of the influence. It is certainly not capable
of reproducing data, since this requires inclusion of many fine
details. Among them the most prominent are shear and bulk
viscosities and a tuned model of fluctuating initial conditions.
How to disentangle various mechanisms that generate all
kinds of azimuthal anisotropies must be investigated, with
the help of many features of data that are currently being
measured.
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[27] M. Schulc and B. Tomášik, J. Phys. G 40, 125104 (2013).
[28] L. V. Bravina et al., Eur. Phys. J. C 74, 2807 (2014).
[29] J. P. Boris and D. L. Book, J. Comput. Phys. 11, 38 (1973).

064910-4

M. Schulc, B. Tomášik: J. Phys. G 40 (2013) 125104,  
Phys. Rev. C 90 (2014) 064910

The produced anisotropies are important 
for quantitative analyses! 



�22

Conclusions
We study the properties of quark-gluon plasma: 
l its Equation of State at µB=0 shows smooth crossover 
l its shear viscosity is low - somewhere above 1/4π 
l It can stop very energetic partons, but the corresponding transport 

coefficient is still unknown
QGP is created in heavy-ion collisions at the LHC and RHIC 
l strong pressure causes very strong transverse expansion in spite 

of lifetime about 10 fm/c 
l inhomogeneities of the initial state show up in the large 

anisotropies of the observed hadron distributions

This is very rich field where many different aspects of the 
observables and underlying theory can be studied.

Questions: 
l Where is the critical point of the phase diagram? 
l What are the values of transport coefficients? 
l What are the initial conditions of the fireball evolution?


