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13.7 Billion Years ago:  
Extreme Matter, the Quark-Gluon Plasma 

(QGP)	  

Quarks	  and	  gluons	  are	  
not	  confined	  into	  hadrons	  
but	  can	  move	  freely	  

Recreated	  in	  the	  laboratory	  
by	  colliding	  heavy	  ions	  
(e.g.	  Au,	  Pb)	  

2 EMMI PD 2010 

(QGP)	  

T ≈ 170 MeV 



Time Line of a  
Heavy-Ion Collision 

expansion, 
cool down 

time scale:  
O(fm/c) ~ O(10-23 s) 

/, K, p /, K, p

M
id

-R
a

p
id

it
y

Hydrodynamic

Evolution

Christian Klein-Bösing Bielefeld 09.2012 3 

Thermodynamic	  parameters	  	  
(T,µB)	  at	  freeze-‐out	  	  
determine	  the	  bulk	  of	  
parDcle	  producDon.	  



Important Variables 
l  Transverse momentum 
 

 
l  Pseudo-rapidity 

pT  invariant under Lorentz-transformation,  
measure for momentum transfer Q2 

η (measure for pL) additive  
 

	  Beam	  axis	  

η	  =	  -‐2	  

η	  =	  -‐1	   η	  =	  1	  

η	  =	  2	  

η	  =	  0	  
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Spectators (Npart + Nspec = 2A)  
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Time Line of a 
Heavy-Ion Collision 

soft/low pT  
medium dominated, 
collective behavior 
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Particle production: 

hard/high pT,  
large Q2 parton 
scattering/jets 
(Ncoll scaling) 

Thermodynamic	  parameters	  	  
(T,µB)	  at	  freeze-‐out	  	  
determine	  the	  bulk	  of	  
parDcle	  producDon.	  



ALICE @ LHC 

  

Time Projection Chamber (TPC) 

Inner Tracking System (ITS) 

Central barrel Forward Muon Arm 

Solenoid magnet (L3) Dipole Magnet 

Transition Radiation Detector (TRD) 

Time-of-Flight (TOF) 

Electro Magnetic Calorimeter (EMCal) 

Photon Spectrometer  (PHOS) 

High Momentum Particle 
Identification  (HMPID) 
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Pb-Pb Collision  
at √sNN = 2.76 TeV 
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3D view of TPC and ITS tracks Beam view (η slice) 

Precision measurement of charged particles with high  
and uniform efficiency down to ≈ 100 MeV/c.  

pT
GeV/c

= 0.3 · B
T

· r
m



Particle Identification 
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ALICE employs basically all known techniques for separation 
of stable particles, short and long lived decay reconstruction. 



GLOBAL, SOFT 
OBSERVABLES 
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Energy Density 
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FIG. 3. Charged particle pseudo-rapidity density per partic-
ipant pair for central nucleus–nucleus [17–25] and non-single
di↵ractive pp (pp) collisions [26–32], as a function of

p
s
NN

.
The solid lines / s0.15

NN

and / s0.11
NN

are superimposed on the
heavy-ion and pp (pp) data, respectively.

above (Fig. 1). The average number of participants for
the 5% most central events is found to be hN

part

i =
381 with an r.m.s. of 18 and a systematic uncertainty of
1%. The systematic uncertainty was obtained by vary-
ing the parameters of the Glauber calculation within the
experimental uncertainty and by ±8% around 64 mb for
the nucleon–nucleon cross section, by using di↵erent fit
ranges, and by comparing results obtained for di↵erent
centrality variables (SPD hits, or combined use of the
ZDC and VZERO signals).

We measure a density of primary charged particles
at mid-rapidity dN

ch

/d⌘ = 1584 ± 4 (stat.) ± 76
(sys.). Normalizing per participant pair, we obtain
dN

ch

/d⌘/(0.5 hN
part

i) = 8.3 ± 0.4 (sys.) with negligi-
ble statistical error. In Fig. 3, this value is compared
to the measurements for Au–Au and Pb–Pb, and non-
single di↵ractive (NSD) pp and pp 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 pp collisions. For illustration,
the curves / s0.15

NN

and / s0.11
NN

are shown superimposed
on the data. A significant increase, by a factor 2.2, in the
pseudo-rapidity density is observed at

p
s
NN

= 2.76 TeV
for Pb–Pb compared to

p
s
NN

= 0.2 TeV for Au–Au.
The average multiplicity per participant pair for our cen-
trality selection is found to be a factor 1.9 higher than
that for pp and pp collisions at similar energies.

Figure 4 compares the measured pseudo-rapidity den-
sity to model calculations that describe RHIC measure-
ments at

p
s
NN

= 0.2 TeV, and for which predictions atp
s
NN

= 2.76 TeV are available. Empirical extrapolation
from lower energy data [4] significantly underpredicts the
measurement. 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 den-
sity 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 satura-
tion of final-state phase space of scattered partons [13]
is close to the measurement. A hydrodynamic model in

FIG. 4. Comparison of this measurement with model predic-
tions. Dashed lines group similar theoretical approaches.

which multiplicity is scaled from p+p collisions overpre-
dicts the measurement [14], while a model incorporating
scaling based on Landau hydrodynamics underpredicts
the measurement [15]. Finally, a calculation based on
modified PYTHIA and hadronic rescattering [16] under-
predicts the measurement.
In summary, we have measured the charged-particle

pseudo-rapidity density at mid-rapidity in Pb–Pb colli-
sions at

p
s
NN

= 2.76 TeV, for the most central 5% frac-
tion of the hadronic cross section. We find dN

ch

/d⌘ =
1584 ± 4 (stat.) ± 76 (sys.), corresponding to 8.3 ±
0.4 (sys.) per participant pair. These values are signif-
icantly larger than those measured at RHIC, and indi-
cate a stronger energy dependence than measured in pp
collisions. The result presented in this Letter provides
an essential constraint for models describing high energy
nucleus–nucleus collisions.
The ALICE collaboration would like to thank all its en-

gineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN
accelerator teams for the outstanding performance of
the LHC complex. The ALICE collaboration acknowl-
edges 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 Desenvolvi-
mento Cient́ıfico e Tecnológico (CNPq), Financiadora

l  Energy density* 
l  Deposited energy 

l  Produced particles 
l  Volume 

l  After formation time of  
the fireball 

 
l  RHIC  dN/dη ≈    600 

l  ε > 5 GeV/fm3 
l  30 × ε0 bzw. 5 × εc 

l  LHC  dN/dη ≈  1600 
l  Rough estimate: 

RHIC LHC 

Initial energy density sufficient at RHIC.  
About 3 × larger at LHC.  

Bielefeld 09.2012 
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*Bjorken PRD 27, 140 (1983) 



Centrality Dependence  
of Particle Production 
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peripheral central 

energy density increases 

Centrality dependence of the charged-particle multiplicity The ALICE Collaboration

figure with a scale that differs by a factor of 2.1 on the right-hand side. The centrality dependence of the
multiplicity is found to be very similar for

p
sNN = 2.76 TeV and

p
sNN = 0.2 TeV.

Fig. 3: Comparison of (dNch/dh)/
�
hNparti/2

�
with model calculations for Pb–Pb at

p
sNN = 2.76 TeV. Uncertain-

ties in the data are shown as in Fig. 2. The HIJING 2.0 curve is shown for two values of the gluon shadowing (s
g

)
parameter.

Theoretical descriptions of particle production in nuclear collisions fall into two broad categories: two-
component models combining perturbative QCD processes (e.g. jets and mini-jets) with soft interactions,
and saturation models with various parametrizations for the energy and centrality dependence of the
saturation scale. In Fig. 3 we compare the measured (dNch/dh)/

�
hNparti/2

�
with model predictions. A

calculation based on the two-component Dual Parton Model (DPMJET [10], with string fusion) exhibits
a stronger rise with centrality than observed. The two-component HIJING 2.0 model [25], which has
been tuned [11]1 to high-energy pp [19, 23] and central Pb–Pb data [2], reasonably describes the data.
This model includes a strong impact parameter dependent gluon shadowing (s

g

) which limits the rise
of particle production with centrality. The remaining models show a weak dependence of multiplicity
on centrality. They are all different implementations of the saturation picture, where the number of soft
gluons available for scattering and particle production is reduced by nonlinear interactions and parton
recombination. A geometrical scaling model with a strong dependence of the saturation scale on nuclear
mass and collision energy [12] predicts a rather weak variation with centrality. The centrality dependence
is well reproduced by saturation models [13] and [14]1, although the former overpredicts the magnitude.

In summary, the measurement of the centrality dependence of the charged-particle multiplicity density at
mid-rapidity in Pb–Pb collisions at

p
sNN = 2.76 TeV has been presented. The charged-particle density

normalized per participating nucleon pair increases by about a factor 2 from peripheral (70–80%) to
central (0–5%) collisions. The dependence of the multiplicity on centrality is strikingly similar for the
data at

p
sNN = 2.76 TeV and

p
sNN = 0.2 TeV. Theoretical descriptions that include a moderation of the

multiplicity evolution with centrality are favoured by the data.
1Published after the most central dNch/dh value [2] was known.

6

ALICE PRL 106:032301 (2011) 

ALICE PRL 106:032301 (2011) 
Remarkable shape similarity of RHIC 
and LHC data. 
  
Most models fail to reproduce the 
shape. Weak increase favors 
moderation of gluon density. 



Collective Behavior 1   
Radial Flow and Kinetic Freeze-Out  
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Radial Flow 
Collective Transverse Expansion 

ALICE© | Cnference Quy Nhon| 20 July 2012 | I.-K. Yoo 12 

• different shape in pT  different mass 

4 The ALICE Collaboration
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Fig. 1: (color online) Transverse momentum distributions of the sum of positive and negative particles (box:
systematic errors; statistical errors smaller than the symbol for most data points), fitted individually with a blast
wave function, compared to RHIC data and hydrodynamic models.

rameters at
p

sNN = 2.76 TeV, we performed a combined fit with a blast wave function [15]. It should
be noted that the value of the Tkin parameter extracted from the fit is sensitive to the fit range used for
the pions, because of the large contribution from resonance decays (mostly at low pT), which tend to
reduce Tkin. For this reason, the pT ranges 0.5-1 GeV/c, 0.2-1.5 GeV/c, 0.3-3 GeV/c for p , K, and p
were used. These hydro-motivated fits do not replace a full hydrodynamic calculation, but allow one
to compare with a few parameters the measurements of different experiments. The data are well de-
scribed by the combined blast wave fit with a collective radial flow velocity hbTi = 0.65± 0.02, and a
kinetic freeze-out temperature of Tkin = 96± 10 MeV. As compared to fits to central Au–Au collisions
at

p
sNN = 200 GeV/c, in similar pT ranges [35, 46], hbTi at the LHC is ⇠10% higher while Tkin is

comparable within errors.

The mid-rapidity (|y|< 0.5) pT-integrated particle yields were extracted by fitting the p , K, and p spectra
individually with a blast wave function, in order to extrapolate to zero pT. The individual fits are shown
in Fig. 1 as solid curves; the fraction of extrapolated yield is small: about 7%, 6%, and 4% for p , K, and
p. Its uncertainty was estimated using different fit functions [24]. The particle ratios are compared in
Fig. 2 to results at

p
sNN = 200 GeV and to the predictions from thermal models, using µB = 1 MeV and a

Tch of 164 MeV [7] or 170 MeV [17]. The value for µB is based on extrapolation from lower energy data.
Tch was found to be constant above a center-of-mass energy of a few ten GeV, so the value obtained from
fits to RHIC data was used. The systematic uncertainties on the particle ratios were computed taking into
account the correlated sources of uncertainty (mainly due to the tracking efficiency for different particles
and to PID and extrapolation for anti-particle over particle ratios). In the following we quote the total er-
ror for the ratios, as the statistical error is negligible. The anti-particle/particle ratios are all unity within
errors, consistent with a vanishing baryochemical potential µB. In order to minimize the sensitivity to
µB, the ratios K/p = (K+ +K�)/(p+ +p�) and p/p = (p+ p̄)/(p+ +p�) are also shown. The ratio

 
Combined Blast-Wave Fit: 
More violent transverse expansion βT ≈ 0.65 ± 0.02 
Kinetic freeze-out:  Tkin,fo = 96 ± 10 MeV 
 
Detailed model comparison: 
Additional processes needed after chemical  
freeze-out to correctly describe protons 
 

Strong collectivity in transverse direction 
  ALICE arxiv:1208.1974 



p/π ratio vs. pT 
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p/π ratio at pT ≈ 3 GeV/c in 0–5% central Pb–Pb collisions  
3 × higher than in pp. Above ~ 10 GeV/c back to the “normal” pp value.  

radial	  flow	  (+recombinaDon)	  ?	  

recombinaDon	  
model*	  

0–5%	   5–10%	  

20–40%	   40–60%	  

10–20%	  

60–80%	  

●	  proton–proton	  	  	  ●●●●	  Pb–Pb	  different	  centraliDes	  

*R.J.Fries	  et	  al.,	  PRL	  90	  202303;	  	  
PRC68	  044902	  

„Anomalous“ baryon/meson  
ratio extends farther than 
expected from radial flow. 
Recombination of quarks? 
 
 
  



Chemical Freeze-Out 
l  Chemical equilibrium 

l  Statistical discription via partition function 
Z(T,µ,V): occupation numbers 

l  Experimentally 
l  Particle ratios fixed at chemical freeze out 
l  Sets minimal temperature in reaction 

Possible explanation: 
Hadronic re-interactions. 

Christian Klein-Bösing Bielefeld 09.2012 

Braun-Munzinger et. al nucl-th/0304013 

√s 

14 

p , K, and p production in central Pb–Pb collisions at
p

sNN = 2.76 TeV 5

Fig. 2: (color online) Mid-rapidity particle ratios, compared to RHIC results and predictions from thermal models
for central Pb-Pb collisions at the LHC (combined statistical and systematic errors).

K/p = 0.149± 0.010, is similar to the lower energy values and agrees with the expectations from the
thermal model [7]. However, the ratio p/p = 0.046± 0.003, is significantly lower than expected, by a
factor ⇠1.5–1.9 (p/p' 0.07� 0.09 for [7] and [17] respectively). The two models differ mainly in the
hadron mass spectrum implementation, but were both successful in describing RHIC data. The compar-
ison with RHIC data also hints at a slight decrease of the p/p ratio with energy (by a factor ⇠1.2), while
essentially no change was predicted. The thermal models proved to be very successful over a wide range
of energies (from

p
sNN= 2 GeV to

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

most abundantly produced particle species was therefore unexpected. In retrospect, some disagreement
between data and the thermal model is also apparent in the RHIC data, with the proton measurements
being about 20% lower than predictions [6, 46, 47]. However, this difference was not considered to
be significant, because of the differences between model implementations, model uncertainties [48] and
experimental uncertainties in the subtraction of secondary particles in the RHIC experiments. This is-
sue will likely be clarified by a thermal analysis including strange and multi-strange baryons at the LHC.
Current speculations are that final state interactions in the hadronic phase, in particular via the large cross
section channel for antibaryon-baryon annihilation [42], could explain the significant deviation from the
usual thermal ratios. A similar conclusion is implied by the HKM model, where p/p = 0.052, consistent
with our measurement [39]. An alternative scenario conjectures the existence of flavor and mass depen-
dent pre-hadronic bound states in the QGP phase, as suggested by recent lattice QCD calculation and
QCD-inspired models [49, 50].

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

are well described by hydrodynamic models including a refined description of the late fireball stages.
Fitting the spectra with a hydro-inspired blast wave model results in the highest radial flow parameter
ever measured, hbTi=0.65 ± 0.02. The integrated particle ratios were compared with expectations from
thermal models. While the K/p ratio was found to agree with these expectations, p/p is a factor & 1.5
lower.

1 Acknowledgments

We are grateful to P. Bozek, U. Heinz, Y. Karpenko, C. Shen, Y. Sinyukov, H. Song and K. Werner for
providing the theoretical calculations and for the useful discussion and to colleagues from the BRAHMS,
PHENIX and STAR collaborations for the helpful discussions and clarifications on their measurements.

The ALICE collaboration would like to thank all its engineers and technicians for their invaluable con-
tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE collaboration acknowledges the following funding agen-

RHIC: Chemical freeze out close to phase  
boundary Tc ≈ 170 MeV 
 
ALICE/LHC: higher precision data, protons  
over predicted in thermal model.  
Fit yields only poor agreement and T ≈ 154 MeV 



Collective Behavior 2 
Elliptic Flow 

Spektrum der Wissenschaft 11/2006 
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l  Non-central collisions 
l  Elliptic reaction zone 
l  Pressure gradient 

l  Collective flow of particles  
l  Spatial anisotropy ⇒ momentum 

anisotropy 

l  Characterized by harmonic series 
 

l  v2: elliptic flow 
l  Test collectivity 
l  Test of equation of state and initial 

conditions via hydrodynamic 
calculations 

15 

PHENIX PRL 94 232302 (2005) 



Elliptic Flow  
of Identified Particles 
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Confirmation of RHIC discovery: (Almost) perfect liquid created 
Described by hydro dynamical calculation with close to minimal viscosity. 
Some tension in more central collisions 



Elliptic Flow  
of Identified Particles 
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Confirmation of RHIC discovery: (Almost) perfect liquid created 
Described by hydro dynamical calculation with close to minimal viscosity. 
Some freedom in η/s vs. hadronic re-interaction (vs. initlal conditions). 



Higher Harmonics 

•  Long standing paradigm: 
–  No odd flow coefficients at mid-rapidity due to symmetry of the 

colliding system (vn = 0, for n = 1,3,5…)  

Christian Klein-Bösing 18 

But odd harmonics could  
be caused by event by event 
fluctuation of participants. 
New, independent  
symmetry plane? 

Glauber	  MC	  Au+Au	  at	  √sNN	  =	  200	  GeV	  

vn = �cos [n(� � �n)]�

Bielefeld 09.2012 



Higher Harmonics 
Two Particle Correlations  

Christian Klein-Bösing 19 

•  Associate particles in ∆ϕ  
with trigger particle 
 

•  Clear odd harmonic  
structure in very central events:  
Initially described as “Mach Cone”  

•  Significant triangular anisotropy, only little 
change with centrality 

•  No correlation of odd harmonics with the 
event reaction plane 

•  Not shown: For pT,a < 4 GeV/c, pT 
dependence factorizes: 

9

For central collisions 0-5% we observe that at p
t

⇡ 2
GeV/c v

3

becomes equal to v
2

and at p
t

⇡ 3 GeV/c v
4

also reaches the same magnitude as v
2

and v
3

. For more
central collisions 0-2%, we observe that v

3

becomes equal
to v

2

at lower p
t

and reaches significantly larger values
than v

2

at higher-p
t

. The same is true for v
4

compared
to v

2

.
We compare the structures found with azimuthal cor-

relations between triggered and associated particles to
those described by the measured v

n

components. The
two-particle azimuthal correlations are measured by cal-
culating:

C(��) ⌘ N
mixed

N
same

dN
same

/d��

dN
mixed

/d��
, (3)

where �� = �
trig

��
assoc

. dN
same

/d�� (dN
mixed

/d��)
is the number of associated particles as function of ��
within the same (di↵erent) event, and N

same

(N
mixed

)
the total number of associated particles in dN

same

/d��
(dN

mixed

/d��). Figure 4 shows the azimuthal correla-

 (rad.)φΔ
-1 0 1 2 3 4

)φ
Δ

C
(

0.992
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1
1.002
1.004
1.006
1.008

1.01

 < 3.0t,trig2.0 < p
 < 2.0t,assoc1.0 < p

| < 0.8ηCentrality 0-1%, |
| > 1ηΔ|

| > 1}ηΔ{2, |2,3,4,5v

FIG. 4. (color online) The two-particle azimuthal correla-
tion, measured in 0 < �� < ⇡ and shown symmetrized over
2⇡, between a trigger particle with 2 < pt < 3 GeV/c and
an associated particle with 1 < pt < 2 GeV/c for the 0–1%
centrality class. The solid red line shows the sum of the mea-
sured anisotropic flow Fourier coe�cients v2, v3, v4 and v5
(dashed lines).

tion observed in very central collisions 0–1%, for trigger
particles in the range 2 < p

t

< 3 GeV/c with associated
particles in 1 < p

t

< 2 GeV/c for pairs in |�⌘| > 1.
We observe a clear doubly-peaked correlation structure
centered opposite to the trigger particle. This feature
has been observed at lower energies in broader central-
ity bins [32, 33], but only after subtraction of the elliptic
flow component. This two-peak structure has been in-
terpreted as an indication for various jet-medium modi-

fications (i.e. Mach cones) [32, 33] and more recently as
a manifestation of triangular flow [10–13]. We therefore
compare the azimuthal correlation shape expected from
v
2

, v
3

, v
4

and v
5

evaluated at corresponding transverse
momenta with the measured two-particle azimuthal trig-
gered correlation and find that the combination of these
harmonics gives a natural description of the observed cor-
relation structure on the away-side.
In summary, we have presented the first measurement

at the LHC of triangular v
3

, quadrangular v
4

and pen-
tagonal particle flow v

5

. We have shown that the trian-
gular flow and its fluctuations can be understood from
the initial spatial anisotropy. The transverse momentum
dependence of v

2

and v
3

compared to model calculations
favors a small value of the shear viscosity to entropy ratio
⌘/s. For the 5% most central collisions we have shown
that v

2

rises strongly with centrality in 1% centrality per-
centiles. The strong change in v

2

and the small change
in v

3

as a function of centrality in these 1% centrality
percentile classes follow the centrality dependence of the
corresponding spatial anisotropies. The two-particle az-
imuthal correlation for the 0–1% centrality class exhibits
a double peak structure around �� ⇠ ⇡ (the “away
side”) without the subtraction of elliptic flow. We have
shown that the measured anisotropic flow Fourier coe�-
cients give a natural description of this structure.
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Fig. 1. Examples of two-particle correlation functions C(!",!#) for central Pb–Pb collisions at low to intermediate transverse momentum (left) and at higher pT (right).
Note the large difference in vertical scale between panels.

Fig. 2. (Color online.) Left: C(!") for particle pairs at |!#| > 0.8. The Fourier harmonics for V 1! to V 5! are superimposed in color. Their sum is shown as the dashed curve.
The ratio of data to the n ! 5 sum is shown in the lower panel. Center: Amplitude of Vn! harmonics vs. n for the same pt

T , pa
T , and centrality class. Right: Vn! spectra for

a variety of centrality classes. Systematic uncertainties are represented with boxes (see Section 4), and statistical uncertainties are shown as error bars.

Fig. 3. (Color online.) Left: C(!") at |!#| > 0.8 for higher-pT particles than in Fig. 2. The Fourier harmonics Vn! for n ! 5 are superimposed in color. Their sum is shown
as the dashed curve. The ratio of data to the n ! 5 sum is shown in the lower panel. Right: Amplitude of Vn! harmonics vs. n at the same pt

T , pa
T for two centrality bins.

Systematic uncertainties are represented with boxes (see Section 4), and statistical uncertainties are shown as error bars.

structure is visible on the away side, which becomes a progres-
sively narrower single peak in less central collisions. We emphasize
that no subtraction was performed on C(!"), unlike other jet cor-
relation analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3
demonstrates the change in shape as the transverse momentum

is increased. A single recoil jet peak at !" ! $ appears whose
amplitude is no longer a few percent, but now a factor of 2 above
unity. No significant near-side ridge is distinguishable at this scale.
The recoil jet peak persists even with the introduction of a gap in
|!#| due to the distribution of longitudinal parton momenta in the
colliding nuclei.

Different strategies

average, then evolve evolve, then average

initial energy density

faster
more approximate

initial energy density

more precise
more costly

You will hear words like
single shot hydrodynamics event-by-event hydrodynamics

Björn Schenke (BNL) QM2012 23/42

single collision MC –  
initial energy density 
 
 

ALICE	  PLB	  B708,	  2012	  

WMAP astro-ph/0603451 

(B. Schenke) 
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vn at High pT 
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0–5%	   5–10%	   10–20%	  

40–50%	  30–40%	  
20–30%	  

arXiv:1205.5761	  [hep-‐ex]	  

Non-‐zero	  v2	  at	  large	  transverse	  momentum:	  Path	  length	  dependence	  of	  parton	  momentum	  	  
loss,	  v3	  and	  v4	  diminish	  above	  10	  GeV/c	  –	  impact	  of	  fluctuaQons	  vanishes,	  no	  more	  	  
sizeable	  momentum	  gain	  due	  to	  expansion.	  
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Recap: Hard Probes 
•  Hard probes    

–  t ~ 1/Q « 1 fm/c (rare) 
–  Hard scale set by momentum or mass (high 

pT or heavy flavour) 

•  Parton scattering with large Q2 

–  Partons fragment into “jets” of observable 
hadrons 

•  Strong back-to-back correlation 

–  Main source of particle production at high pT 

–  In A+A: High pT partons interact with QCD 
medium prior to fragmentation (“jet 
tomography”) 

 
 
 

EMMI PD 2010 Christian Klein-Bösing 23 

ScaUered	  parton	  properQes	  (including	  	  
medium	  effects)	  reflected	  in	  high	  pT	  parQcles/jets.	  

seeing partons in p+p 
“jets” 

!E"#
s
C
R
$ %q&L2 f 'E,m

q
(

*E.g. Baier et. al NPB 484: 265 (1997) 

* 



Hard Probes @ RHIC 
The Nuclear Modification Factor 

•  Compare spectra in p+p and A+A 
(“transmission coefficient”) 
–  TAA accounts for increased parton flux 

in A+A 
 

 
•  Observation:  

–  Strong suppression for hadrons/jet 
leading particles 

–  No suppression of photons 
•  Also produced in hard scattering but 

electromagnetic probe 
•  Proof that hard scattering occurs at the 

expected rate 

Schleching 02.2010 Christian Klein-Bösing 24 

energy	  density	  

R
AA
!p

T
"=

d
2
N
AA
/dydp

T

T
AA
d
2#

pp
dydp

T

PRL	  94	  232301		(2005)    

Ncoll	  (0-‐10%)	  =	  955	  

Strong	  final	  state	  effect	  in	  central	  Au+Au	  



First Nuclear  
Modification Factor @ LHC 

 (GeV/c)
T

p
0 5 10 15 20

A
A

R
-110

1

0-5%
70-80%

 = 2.76 TeVNNsALICE Pb+Pb  

•  Peripheral	  (70-‐80%)	  
–  LiXle	  suppression	  
–  SuggesDng	  weak	  parton	  

energy	  loss	  

•  Central	  (0-‐5%)	  
–  Pronounced	  peak	  at	  0-‐5	  GeV	  
–  Reflects	  change	  of	  shape	  in	  central	  	  

Pb+Pb	  (exponenDal/thermal)	  	  

Significant	  suppression	  in	  central	  events	  
(up	  to	  factor	  of	  7).	  Significant	  increase	  
	  at	  large	  pT	  

CDF	  low	  √s	  
reference	  

NLO	  scaling	  from	  
√s	  =	  0.9	  TeV	  

PLB	  696	  (2011)	  30	  	  

Christian Klein-Bösing Bielefeld 09.2012 25 



 Opaque Medium? 
•  Worst case, black/white picture 

–  Jets are completely absorbed or 
unmodified  

–  RAA would have no sensitivity on L-
dependence 

–  „Surface limit“ 

•  RAA provides only indirect access to 
parton pT 

Need	  broader	  kinemaQc	  reach	  or	  reconstructed	  	  
jets	  for	  Qghter	  constraints.	  	  
	  

Christian Klein-Bösing Bielefeld 09.2012 26 



Beyond Discovery: 
Imaging 

Some qualitative differences 
•  Medium interaction processes not exactly known 

–  Elastic: ∆E ~ L, gluon-bremsstrahlung:  ∆E ~ L2, AdS/CFT: ∆E ~ L3 

•  Medium expands with v > 0.5 c 
•  Origin (and momentum) of probe only known on average  

Bielefeld 09.2012 Christian Klein-Bösing 

vs. 

27 



 (GeV/c)
T

p
0 10 20 30 40 50

A
A

R

-110

1

ALICE (0-5%)

CMS (0-5%)

ASW (T.R.)
YaJEM-D (T.R.)

esc
elastic (T.R.) large P
elastic (T.R.) small P

 = 2.76 TeV
NN

sALICE, Pb-Pb, 

| < 0.8!charged particles, | norm. uncertainty

The Kinematic Lever Arm 
 
•  Models tuned to RHIC data 

–  Identical expansion model  
Renk PRC85 044903 (2012)   

–  LHC-extrapolation: Test of  
T-dependence  

•  Flattening of RAA 
–  Generic property of all models 

•  LHC data favor  
–  ∆E ~  T3Ln (n ≤ 2)  

Bielefeld 09.2012 Christian Klein-Bösing 

Further constraint of energy  
loss scenarios. 

∆E ~  T4L3 

28 



Identified Particles 
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 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16

AA
R

0

0.5

1

1.5
 = 2.76 TeVNNsPb-Pb at  

0-5%  0-20%
 

R

s
0K

+/

D mesons 
(arxiv:1203.2160)

h+/-

Influence of partonic 
color charge and mass 

Clear suppression of heavy 
charm quarks (D-Mesons)  
 
 
  

RAA similar for all hadrons 
above 8 GeV/c. 
Some room for mass  
hierarchy left. 

�Eg > �Euds > �Ec > �Eb



Charmonia 
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cc formed in early hard scatterings 
 
Basic idea (Matsui, Satz PLB 178, 416 (1986)): 
color screening modifies strong potential 
sequential melting of charmonium states:  
Effective thermometer 

3 

Quarkonia suppression is considered, since a long time, as one of the 
most striking signatures for QGP formation in AA collisions 

Sequential quarkonia suppression: 
Information  on  the  initial  temperature  of  QGP  …but  many effects to 
be taken into account: cold nuclear matter, cc (re)combination  

• RHIC: stronger suppression at 
forward rapidities 

• SPS vs. RHIC: similar RAA  pattern 
versus s 

LHC results can give decisive 
inputs, investigating at higher 
QGP temperature, the role of 

• the large charm quark multiplicity 
(𝑐𝑐̅)𝐿𝐻𝐶   = 10 × (𝑐𝑐̅)𝑅𝐻𝐼𝐶 

• other quarkonia states (bottomonium) 

Puzzles from SPS and RHIC 

Pre –LHC: Integrated RAA 

J/ψ suppression at RHIC and SPS.  
Similar magnitude at mid-rapidity.  

… but more effects need to be taken into account: 
cold nuclear matter, recombination 

J/ψ χc ψ' 

Υ 



J/ψ at LHC 
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Rather flat centrality dependence 
RAA higher than at RHIC: Clear sign of recombination.  
Recombination effects are separable in pT. 



J/ψ at LHC 
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)c (GeV/
T

p
0 1 2 3 4 5 6 7 8 9 10

A
A

R
0

0.2

0.4

0.6

0.8

1

1.2

1.4
-1bµ 70 ! 

 int
 = 2.76 TeV, L

NN
sALICE Preliminary, Pb-Pb  

 7%±<4            global sys.= y, centrality 0%-90%, 2.5<"Inclusive J/

-1bµ 7.3 ! 
 int

 = 2.76 TeV, L
NN

sCMS (JHEP 1205 (2012) 063), Pb-Pb  

 8.3%±|<2.4      global sys.= y, centrality 0%-100%, 1.6<|"Inclusive J/

ALI!PREL!16771

Rather flat centrality dependence 
RAA higher than at RHIC: Clear sign of recombination.  
Recombination effects are separable in pT. Higher pT trend confirmed/extended by CMS. 



J/ψ Elliptic Flow 
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Pure heavy-quark flow. 
 
Models with large recombination (50%)  
and thermalized charm  
can account for magnitude. 

 (GeV/c) 
T

p

0 1 2 3 4 5 6 7 8 9 10

2
v

-0.1

0

0.1

0.2

0.3
 = 2.76 TeV, Centrality 20% - 60%NNs        Pb-Pb 

 0 GeV/c! 
T

p: 2.5 < y < 4.0,  "J/

 method with VZERO-A EP#$ ALICE preliminary: 6-

Transport model: R. Rapp et al. (priv. comm.)

Transport model: P. Zhuang et al., b thermalized (priv. comm.)

Transport model: P. Zhuang et al., b not thermalized (priv. comm.)

ALI!PREL!37641

 (GeV/c) 
T

p

0 1 2 3 4 5 6 7 8 9 10

2
v

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
 = 2.76 TeV, 20% - 40%NNs      Pb-Pb   

 0 GeV/c! 
T

p: 2.5 < y < 4.0, "J/

VZERO-A EP: inv. mass fit technique

ALI!PREL!33812

Most significant (3σ) in 20-40% 

First indication of J/ψ flow.  
Hint for partially thermalized charm quarks.  



Bottomium @ LHC 
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Guillermo Breto Rangel Quark Matter 2012, Washington DC

Simultaneous Fit 2011

10

ϒ(2S+3S)/ϒ(1S)|PbPb /ϒ(2S+3S)/ϒ(1S)|pp = 0.15±0.05±0.03

Observation of  2S+3S relative suppression 
(significance > 5 σ)

CMS observes sequential suppression 
of bottomium states. 
 

Guillermo Breto Rangel Quark Matter 2012, Washington DC

ϒ(nS) Absolute Suppression

12

✓Note: Inclusive measurement of  ϒ(1S) vs. direct production. 
-RAA(ϒ(1S))-inclusive : Feed-down contributions (χb, ϒ(2S), ϒ(3S)).
-If  feed-down ~50%, RAA(ϒ(1S))-inclusive is consistent with suppression of  excited 

states only.

ϒ states are suppressed sequentially:
R
AAϒ(3S) < RAAϒ(2S) < RAAϒ(1S)

First time the nuclear modification factors are measured for excited
 ϒ statesCMS:	  arXiv:1208.2826	  



Two Particle Correlations: 
Jet Particle Yield  

 
•  Simple and clean way to access di-jet fragmentation 

–  But no direct access to parton energy 

•  Non-jet component (baseline) needs to be removed 
–  No known assumption-free methods 

•  Measure in high pT a region where the signal 
dominates over pedestal and v2 modulation 
(8 GeV/c < pT,trig < 15 GeV/c) 

 
 

•  Near and away-side jet yields from per-trigger yields 
–  Compare Pb-Pb and pp 
–  More associated yield on the near side, less on the away 

side 
–  Quantify 
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Clear	  back-‐to-‐back	  jet	  structure	  above	  background	  
allows	  to	  extract	  per	  jet	  yield.	  	  
Background	  subtracQon	  essenQal.	  

IAA =
YAA

Ypp

trigger	  parQcle	  
(near	  side)	  
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Modification of 
Jet Particle Yield 
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Particle-yield modification in jet-like azimuthal di-hadron correlations in Pb–Pb . . . 7
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Fig. 2: a) IAA for central (0-5% Pb–Pb/pp, open black symbols) and peripheral (60-90% Pb–Pb/pp, filled red
symbols) collisions and b) ICP. Results using different background subtraction schemes are presented: using a
flat pedestal (squares), using v2 subtraction (diamonds) and subtracting the large |Δη |-region (circles, only on the
near-side). For details see text. For clarity, the data points are slightly displaced on the pt,assoc-axis. The shaded
bands denote systematic uncertainties.

0.31±0.07 and 0.38±0.11 for pt,assoc ! 3.5GeV/c and 5.8GeV/c, respectively. Based on an analysis
in a lower pt-region, where collective effects are significantly larger than in the measurement presented
here, the STAR collaboration mentions a slightly enhanced jet-like yield in Au–Au compared to d–Au
collisions, but does not assess the effect quantitatively [31]. In conclusion, the observed away-side sup-
pression at the LHC is less than at RHIC (IAA is larger), while the single-hadron suppression RAA is
found to be slightly larger (RAA is smaller) than at RHIC [9].

Near-Side Enhancement These measurements represent the first observation of a significant near-side
enhancement of IAA and ICP in the pt region studied. This enhancement suggests that the near-side parton
is also subject to medium effects.

IAA is sensitive to (i) a change of the fragmentation function, (ii) a possible change of the quark/gluon jet

Peripheral: Consistent with unity 
  for near and away side 

 

Central:  First observation of enhanced near-side:  
  IAA ≈ 1.2, probing different parton pT/flavor  
  in pp and Pb-Pb? 
  Away-side suppressed: IAA ≈ 0.6,  
  expected from in-medium energy loss. 



Near-Side Jet Shape 1 
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∆η∆φ	  CorrelaDon	  
Jet peak (+ flow background) Subtract flow fitted at ∆η	  >	  1   Projections 

Lower pT trigger: 
∆η correlation  
broader than ∆φ 
 

Higher pT trigger: 
Same width in ∆η  
and ∆φ  
 



Near-Side Jet Shape 2 
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!
dImed

d!dk
! !s

"2"#2
4CRn0
!

Z

dqja"q#j2 k $ q
k2

%&L "k'q#2
2! ' sin"L "k'q#2

2! #
("k' q#2=2!)2 : (4)

In the absence of a medium, the parton fragments accord-
ing to the vacuum distribution Itot ! Ivac. The radiation
spectrum (4) characterizes the medium modification of
this distribution ! dItot

d!dk ! ! dIvac
d!dk '! dImed

d!dk in the so-
called single hard scattering approximation [14,15,22].
Physically equivalent results are obtained in the multiple
soft scattering approximation [12], as explained in [22].
From ! dItot

d!dk , we calculate distortions of jet energy and
jet multiplicity distributions [23]. Information about Ivac

is obtained from the energy fraction of the jet contained
in a subcone of radius R !

!!!!!!!!!!!!!!!!!!

#2 '$2
p

,

%vac"R# *
1

Njets

X

jets

ET"R#
ET"R ! 1#

! 1& 1
ET

Z

d!
Z !

dk!
"
k
!
& R

#

!
dIvac

d!dk
: (5)

For this jet shape, we use the parametrization [24] of the
Fermilab D0 Collaboration for jet energies in the range
+ 50<Et < 150 GeV and opening cones 0:1<R< 1:0.
We remove the unphysical singularity of this parametri-
zation for R ! 0 by smoothly interpolating with a poly-
nomial ansatz for R< 0:04 to %"R ! 0# ! 0. We then
calculate from Eq. (4) the modification [23] of %vac"R#
caused by the energy density and collective flow of the
medium. To do so, we transform the gluon emission angle
arcsin"k=!# in (4) to jet coordinates #, $,

kdkd! ! !2 cos$
cosh3#

d#d$; (6)

where ! denotes the angle between the transverse gluon
momentum k and the collective flow component q0.

Here, we focus on changes of the jet shape due to
longitudinal collective flow effects. To specify input val-
ues for the momentum transfer from the medium, we
make the following considerations. First, the linear den-
sity n0 of scattering centers along the path of the hard
parton, which enters (4), can be reparametrized in terms
of the transport coefficient q̂ ’ n0&2; see Ref. [22]. Thus,
according to (2), the hard parton suffers a momentum
transfer that is monotonously increasing with the pressure
in the medium, n0&2 / p3=4 and which tests the compo-
nents T?? and Tzz (z parallel to the beam) of the energy-
momentum tensor (1). In the presence of a longitudinal
Bjorken-type flow field u& ! "1; ~'#=

!!!!!!!!!!!!!!!

1& '2
p

, the longi-
tudinal flow component increases from Tzz ! p to Tzz !
p'"p, where "p ! "(' p#uzuz ! 4p'2="1& '2# for
the equation of state of an ideal gas, ( ! 3p. For a
rapidity difference # ! 0:5, 1.0, 1.5 between the rest
frame, which is longitudinally comoving with the jet,
and the rest frame of the medium, this corresponds to
an increase of the component Tzz by a factor 1, 5, 18,
respectively.We expect that the collective flow component
q0 rises monotonously with the flow-induced "p, as &
does with p. This suggests that q0 lies in the parameter
range q0 * &.

In Fig. 1, we show the medium-modified jet shape for a
jet of total energy ET ! 100 GeV. To test the sensitivity
of this energy distribution to collective flow, we have
chosen a rather small directed flow component, q0 ! &.
The effective coupling constant in (4), n0L!sCR ! 1, the
momentum transfer per scattering center & ! 1 GeV,
and the length of the medium L ! 6 fm were adjusted
such that an average energy "ET ! R

d!! dImed

d! !
23 GeV is redistributed by medium-induced gluon radia-
tion. Previous studies indicate that this value of "ET is a
conservative estimate for the modification of jets pro-
duced in Pb' Pb collisions at the Large Hadron
Collider (LHC) [23]. Despite these conservative esti-
mates, the contour plot of the jet energy distribution in
Fig. 1 displays marked medium-induced deviations. First,
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FIG. 1 (color online). Upper part: sketch of the distortion of
the jet energy distribution. Lower part: calculated distortion (5)
in the #%$ plane for a 100 GeV jet. The right-hand side is for
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PRL 93, 242301 (2004) P H Y S I C A L R E V I E W L E T T E R S week ending
10 DECEMBER 2004

242301-2

centrality 
pp 

Significant increase of longitudinal width towards 
central collisions (eccentricity 20%). 
Direct impact of flowing medium on jet shape. 

Longitudinal flow deforms jet 
shape 

Armesto et al., PRL 242301 (2004) 



Accessing Hard Probes 
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single particles detailed fragmentation 

fully reconstructed jets 

Christian Klein-Bösing 

jet like properties 

Bottom-Up: Particles 
> Spectra at high pT 
> Leading particles 
> Identified π, K, p, η  
> Particle correlations  
  

Jet-like properties: 
> Spectral shape, back-to-back 
correlation  

Experimentally clearly defined. 
Bias: hard fragmentation, surface. 

Top-Down: Reconstructed jets 
> Spectrum 
> Angular distribution 
> Jet fragmentation 

Related to theoretically 
well defined parton properties. 
 

± Underlying Event 

A+A: large 
background level, 

fluctuations 
soft  ⊗  hard 
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Fully reconstructed jets in pp 
Tracking + EMCal 

Varying jet size via distance parameter  

Combine	  parQcles	  
in	  a	  cone	  with	  radius	  

tests jet shapes 

Good agreement between date and NLO/Generators. 
Basis for Heavy Ion Reference.  



Jet Finding in Pb-Pb 

–  Focus on sequential recombination 
•  FastJet (Phys. Lett. B 641 (2006) 57) 
•  kT: background density 
•  anti-kT: stable area, signal jets 

–  Here: Clustering on particle level 
•  ALICE TPC: high precision, uniform ηφ-efficiency  

–  Low momentum cut off (150 MeV) 
–  Stronger affected by background but 

essential for understanding of energy 
dissipation 

Bielefeld 09.2012 

(174 GeV – 126 GeV * 0.51) 

pT  = 100 GeV 

pT =  174 GeV 

coarse cells 0.1 x 0.1 

cluster on track level (<< 0.01 x 0.01) 

Minimize bias on hard fragmentation and  
unquenched jets. 
Resolve the detailed structure of jets and jet  
background sources. 

η 
φ 

η 
φ 

(99 GeV – 126 GeV * 0.5) 

centrality 7% 
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2080 tracks 



Impact of Background 
and its Fluctuations 

Bielefeld 09.2012 

For R = 0.4 and central event, typical background ≈ 70 GeV/c.  
Typical fluctuations σ ≈ 11 GeV/c. 
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Induced by: Statistical fluctuations,  
flow, (mini) jet overlap 
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ALICE Jet-RAA 

•  First jet-RAA with charged particles  
–  pp reference based on simulation 
–  RAA < 0.4 in central collisions 

•  No significant redistribution of energy from 
R = 0.2 to R = 0.3 observed 

•  Next steps: 
–  Momentum distribution in jets 
–  Lost energy outside of jet cone, larger radii 

Christian Klein-Bösing 

18 ALICE Internal Note 2012
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Figure 5.5: Jet RAA for two radii. For the reference the pythia jet spectrum on particle level is used.
Prelimininary requested.

pp	  jet-‐energy	  not	  recovered,	  despite	  low	  pT	  cut.	  
Points	  towards	  a	  change	  in	  angular	  distribuQon	  
of	  jet	  parQcles.	  
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Hadron vs. Jet RAA  
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RCP LHC-Comparison 
•  N.B. different 

–  Jet constituent objects 
–  Momentum cut-offs 
–  Treatment/suppression of UE 

background fluctuations  
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Similar message from all LHC experiments: 
Jets are strongly suppressed over a broad 
pT range.  
Details will provide new insight. Sasha Milov: QM 2012 



Control Measurement: 
Direct Photons 

l  Direct: Not originating from hadronic decays (mainly π0 → γγ) 
l  At high pT also produced in hard parton scatterings 
l  Not affected by strong interaction 

 

 

 

 

 
 
 
l  Direct control of Ncoll scaling in A+A 

l  In LO no fragmentation component 
 

 

qg-Compton  α × αs Annihilation α × αs 

LO 

Christian Klein-Bösing Bielefeld 09.2012 46 



Direct Photons 
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Comparison of all photons  
to photon decay expectation  
(mainly π0 ⟶γγ).  
 
Hadron suppression helps S/N.  

pT > 4 GeV/c follows scaled NLO expectation: 
Color neutral probes are not suppressed, similar results for pT > 20 GeV from CMS/ATLAS 
Hard scattering occurs at expected rate. ALICE measures 20% excess at low pT. 
 



Direct Photon Spectra 
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Exponential fit for pT < 2.2 GeV/c 
inv. slope TLHC = 304 ± 51 MeV 
 
PHENIX: TRHIC = 221 ± 27 MeV* 
0-20%  Au-Au at √sNN = 200 GeV 
 *PHENIX PRL 104:132301 (2010) 

First indication of thermal radiation at LHC.  
Average slope ≈ 40% higher than at RHIC. 
 



Conclusions 
•  A new era for QGP study just started at LHC 

–  Factor 3 more initial energy density 
–  Photons point to more than 300 MeV initial temperature 
–  Hint for onset of charm thermalization 
–  Medium modification of jet shapes 
–  Suppression of reconstructed jets 

•  Going from discovery to precision: 
–  Experimental complementarity  

•  ALICE and CMS/ATLAS @ LHC 
•  Continuing RHIC program 

–  Reference measurements (p+A pilot run yesterday!) 
–  Hand-in-hand with theoretical progress 

•  Away from idealized/averaged descriptions, adding hadron transport, event-by-event 
fluctuations of initial conditions, CGG, Glasma etc.  
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First p-Pb Collisions  
from Last Night!  
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Phasenübergang zum 
Quark-Gluon-Plasma 

Gitter-Eichrechnung 
(Baryonendichte = 0) 

Phasenübergang zum Quark-Gluon-Plasma (QGP)  
bei TC ≈ 160 MeV (2·1012 K) erwartet. 

Christian Klein-Bösing 

Übergang von einem Hadronengas zu  
einem Plasma freier Quarks und Gluonen. 

 
Abschätzungen 
l  Übergangstemperatur 

l  Bag-Modell: Tc ≈ 150 MeV 
l  LQCD: Tc ≈ 160 MeV 
l  ε ≈ 0.8 – 1.3 GeV/fm3 

l  Kritische Baryonendichte 
l  Bag-Modell: ρc ≈ 0.8/fm3  

(ρ0 = 0.14/fm3) 

Karsch hep-lat/0305025 

Bielefeld 09.2012 52 



Temperatur des QGP 
•  Quarks und Gluonen nicht direkt beobachtbar 

•  Thermalisierte Quarks und Gluonen reagieren  
im QGP und können Photonen bilden 

Bielefeld 09.2012 Christian Klein-Bösing 

qg-‐Compton	  	  α	  ×	  αs	   AnnihilaQon	  α	  ×	  αs	  

Photonen	  verlassen	  QGP	  ungestört	  und	  liefern	  direkte	  	  
InformaQon	  über	  Temperatur	  der	  Quarks	  und	  Gluonen.	  

Quark	   Quark	  

Quark	   AnQ-‐Quark	   Gluon	  Gluon	  

Photon	   Photon	  

53 



RHIC: Kollektives Verhalten 
l  RHIC: Erstmals im Bereich  

idealer relativistischer 
Hydrodynamik 

l  “Perfekte Flüssigkeit”,  
kein ideales Gas 

l  Niedrigstes gemessenes Verhältnis 
Viskosität/Entropie 

l  Thermalisierungzeit τ ≈ 0.6 fm/c 

 
l  LHC: Bestätigung der 

Energieabhängigkeit  
l  ALICE PRL 105 252302 (2010) 

PHENIX PRL 91 182301 (2003) 
Starke Kollektivität im produzierten 
Medium. Frühe Thermalisierung.  

Christian Klein-Bösing Bielefeld 09.2012 54 



RHIC :Scaling Law for Elliptic 
Flow  

•  Use transverse kinetic energy to 
account for mass effect 

–  Two separate curves for baryons 
and mesons 

•  Quark number scaling 

Christian Klein-Bösing 55 

pT⇥ KET = mT�m

PRL 98 162301 (2007) 

vhadron2 (phadronT ) � n · vquark2 (pquarkT )

phadronT � n · pquarkT

The constituent quarks themselves 
seem to flow! The hadrons only inherit the  

momentum anisotropy of the quarks 

Bielefeld 09.2012 



Quark Number  
Scaling still valid?  
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Basic idea: And account for mass effect: 



Quark Number Scaling 10-20% 
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Protons and pions stay separate above 1 GeV 
20% difference for below 1 GeV. 
Poorer scaling than at RHIC 



Theory Comparison  
RAA and IAA 
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Extraktion von Modellparametern 
mit Präzisionsdaten 

•  Fit benötigt Unterscheidung verschiedener 
Unsicherheiten 
–  Typ A: Point-by-Point unkorreliert  

–  Typ B: Korreliert (in pT) 

–  Type C: Normierung (konstanter Faktor) 

•  Least-Squares-Fit (1σ-Bereiche) 

Aber: Theoretische Unsicherheiten nicht berücksichtigt. 
Abhängigkeit von nur einem Parameter. 
  

Gyulassy, Levai, Vitev 

Zhang, Owens, Wang, Wang 

PHENIX PRL 101 232301 (2008)  
& PR C 77 064907 (2008)   
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Δϕ-Tomographie 
•  RAA bzgl. der Reaktionsebene 
•  Geringere Unterdrückung in 

Richtung des dünneren Mediums 

Christian Klein-Bösing 

S. S. ADLER et al. PHYSICAL REVIEW C 76, 034904 (2007)
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FIG. 12. (Color online) RAA versus !" for # 0 yields integrated
over 3 < pT < 5 GeV/c. Most statistical errors are smaller than the
size of the points. The lines following the data points show the
bin-to-bin errors resulting from the uncertainty in the reaction plane
resolution correction (Fig. 1) and from bin-to-bin uncertainties in the
RAA values. The shaded band indicates the overall RAA uncertainty.

Strikingly, in contradiction to the data the variation in RAA with
respect to the reaction plane expected by parton energy loss
models [29,57] should be much smaller for the more peripheral
bins than for the central bins. As a result, the suppression
vanishes (and perhaps an enhancement is observed) for smaller
!" in the peripheral bins, corresponding to small path length
traversed in the medium. Although collective elliptic flow
effects, usually not included in those models, are known to
boost in-plane (compared to out-of-plane) particle production
[2,42], it is unclear how such collective effects can still play
such an important role at the high-pT bins considered. This
may point to the possible need for a formation time before
suppression can occur [58] and which could also explain why
attempts to describe the azimuthal asymmetry v2 solely in
terms of purely geometrical energy loss have failed. Figures 14
and 15 give the angular dependence in terms of the fractional
energy loss Sloss, and provide essentially the same information
as shown in the plots of RAA(!") in Figs. 12 and 13. Once
again we see a large variation in energy loss as a function
of angle. All the measurements of RAA or equivalently Sloss
vs. reaction plane and centrality, provide new constraints to
models of jet quenching. To better understand the implications
of the results shown in these figures, we will attempt in the next
section to find a common geometric description of the angle
and centrality dependences in terms of an estimated path length
of the parton in the medium.
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FIG. 13. (Color online) RAA versus !" for # 0 yields integrated
over 5 < pT < 8 GeV/c. The error lines and band are the same as in
Fig. 12.
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FIG. 14. (Color online) Sloss versus !" for # 0 yields integrated
over 3 < pT < 5 GeV/c. The statistical errors are smaller than the size
of the points. The lines following the data points show the bin-to-bin
errors resulting from the uncertainty in the reaction plane resolution
correction (Fig. 1) and from bin-to-bin uncertainties in the Sloss values.
The shaded band indicates the overall Sloss uncertainty.

034904-16

PHENIX: PR C76 034904 (2007) 

Starke Abhängigkeit des Jet-Quenchings 
von der Weglänge. Zusätzliche Randbedingung 
bevorzugt ∆E ~ Ln (n > 1).  

MS 24.05.12 60 



Identified Particle v2 and v3 
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Anisotropic flow at high transverse momentum 5
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Fig. 4: (color online) v2 (top) and v3 (bottom) of charged pion and proton as a function of transverse momentum
for 10-50% centrality class compared to unidentified charged particles results from the event plane method. For
clarity, the markers for v2 and v3 at pt > 8 GeV/c are slightly shifted along the horizontal axis. PHENIX π0 v2
measurements [45] are also shown. The dashed line represents the WHDG model calculations for neutral pions [43]
extrapolated to the LHC collision energy for the 20-50% centrality range. Error bars (shaded boxes) represent the
statistical (systematic) uncertainties.

Figure 3 shows unidentified charged particle v2, v3, and v4 averaged over 10 < pt < 20 GeV/c as a
function of centrality. v2 increases from central to peripheral collisions. The centrality dependence of
v3 differs significantly from that of v2. The measured v4 is consistent with zero within relatively large
uncertainties.

Figure 4 presents charged pion and proton v2 and v3 as a function of pt in the 10-50% centrality range
from the event plane method. The proton v2 and v3 are higher than that of pions out to pt = 8 GeV/c
where the uncertainties become large. This behavior is qualitatively consistent with a picture where
particle production in this intermediate pt region includes interaction of jet fragment with bulk matter,
e.g. as in model [44]. The magnitude of the measured charged pion elliptic flow for pt > 8 GeV/c
is compatible with that for unidentified charged particles, and π0 measured by PHENIX [45] in Au-
Au collisions at !sNN = 0.2 TeV, and reproduced by the WHDG model calculations for v2 of neutral
pions [43].

ALICE	  arXiv:1205.5761	  



PID in Jets 
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PYTHIA	  pp	  

Near-‐side	  peak	  (aqer	  bulk	  subtracDon):	  p/π	  raDo	  compaDble	  with	  that	  of	  pp	  (PYTHIA)	  
Bulk	  region:	  p/π	  raDo	  strongly	  enhanced	  –	  compaDble	  with	  overall	  baryon	  enhancement	  
Jet	  parDcle	  raDos	  not	  modified	  in	  medium?	  Could	  this	  sDll	  be	  surface	  bias?	  


