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pp and heavy-ion collisions at the same energy  
are rather different

■ More stopping, larger mean transverse momentum 
■ Relative number of produced strange quarks larger 
■ Different shape of transverse momentum spectra;  

different particle distributions in φ and η 
■ Fewer pions at high pT  than expected 
■ Fewer J/ψ’s than expected (depending on √sNN) 
■ More low pT photons and dileptons 
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We’ll discuss these phenomena and their relation 
to the formation of quark-gluon plasma

A-A collisions:

Interestingly, some of these features have now also been 
observed in (high multiplicity) pp collisions — QGP in pp?
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Outline

1. Introduction: Motivation and history 
2. Thermodynamics of the QGP 
3. Global properties of heavy-ion collisions 
4. Strangeness and the statistical model 
5. Space-time evolution of the QGP 
6. Jet quenching 
7. J/ψ and Quarkonia 
8. Thermal photons and lepton pairs
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Concepts, main experimental results, very little theory

lecture 1

lecture 2

lecture 3

http://www.physi.uni-heidelberg.de/~reygers/lectures/2016/Schleching/
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Books
■ Used for preparing these lectures 
‣ H. Satz: Extreme States of Matter in Strong Interaction Physics: An Introduction 

(2012) 
‣ S. Sarkar, H. Satz, B. Sinha: The physics of the quark gluon plasma (2010) 
‣ K. Yagi, T. Hatsuda, Y. Miake: Quark-Gluon Plasma: From Big Bang to Little Bang 

(2005) 
‣ C. Y. Wong: Introduction to High-Energy Heavy-Ion Collisions (1994) 

■ Other books 
‣ J. Rak, M. J. Tannenbaum: High-pT Physics in the Heavy Ion Era (2013) 
‣ W. Florkowski: Phenomenology of Ultra-Relativistic Heavy-Ion Collisions (2010) 
‣ R. Vogt, Ultrarelativistic Heavy-ion Collisions (2007) 
‣ L. P. Csernai: Introduction to Relativistic Heavy-Ion Collisions (1994) [free pdf]
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[underlined words: clickable links]

https://books.google.de/books?id=4839jkd9o1kC&printsec=frontcover
https://books.google.de/books?id=1WPV0NSenZ4C&printsec=frontcover
https://books.google.de/books?id=C2bpxwUXJngC&printsec=frontcover
http://books.google.de/books?id=Fnxvrdj2NOQC&printsec=frontcover
https://books.google.de/books?id=xDwgAwAAQBAJ
http://books.google.de/books?id=4gIp05n9lz4C&printsec=frontcover
http://books.google.de/books?id=F1P8WMESgkMC&printsec=frontcover
http://www.csernai.no/Csernai-textbook.pdf
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Recent overview articles
■ N. Armesto, E. Scomparin, Heavy-ion collisions at the Large Hadron 

Collider: a review of the results from Run 1, arXiv:1511.02151 
■ P. Braun-Munzinger, V. Koch, T. Schäfer, J. Stachel, Properties of hot and 

dense matter from relativistic heavy ion collisions, arXiv:1510.00442 
■ J. Rafelski, Melting Hadrons, Boiling Quarks, arXiv:1508.03260 
■ R. Averbeck, J. Harris, B. Schenke, Heavy-Ion Physics at the LHC, in: The 

Large Hadron Collider - Harvest of Run 1, 2015 
■ A. Andronic, An overview of the experimental study of quark-gluon matter in 

high-energy nucleus-nucleus collisions, arXiv:1407.5003 
■ G. Roland, K. Safarik, P. Steinberg, Heavy-ion collisions at the LHC, 

Prog.Part.Nucl.Phys. 77 (2014) 70-127 
■ E. Shuryak, Heavy Ion Collisions: Achievements and Challenges,  

arXiv:1412.8393

6

http://arxiv.org/abs/arXiv:1511.02151
http://arxiv.org/abs/1510.00442
http://arxiv.org/abs/arXiv:1508.03260
http://dx.doi.org/10.1007/978-3-319-15001-7_9
http://dx.doi.org/10.1007/978-3-319-15001-7_9
http://arxiv.org/abs/1407.5003
http://dx.doi.org/10.1016/j.ppnp.2014.05.001
http://arxiv.org/abs/arXiv:1412.8393
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Older overview articles

■ J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal, U. Wiedemann,  
A heavy ion phenomenology primer, first chapter of arXiv:1101.0618 

■ R. Stock (editor), Relativistic Heavy Ion Physics, Landolt-Börnstein, Vol. 23 
(2010) 

■ B. Muller, J. Nagle, Results from the Relativistic Heavy Ion Collider,  
nucl-th/0602029 

■ M. Gyulassy, L. McLerran, New forms of QCD matter discovered at RHIC, 
nucl-th/0405013 

■ U. Heinz, Concepts of Heavy-Ion Physics, hep-ph/0407360
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http://arxiv.org/abs/1101.0618
http://materials.springer.com/bp/docs/978-3-642-01539-7
http://arxiv.org/abs/nucl-th/0602029
http://www.arxiv.org/abs/nucl-th/0405013
http://arxiv.org/abs/hep-ph/0407360
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Lectures
■ K. Reygers, J. Stachel: Quark-Gluon Plasma Physics (2015) 
■ P. Braun-Munzinger, A. Andronic, T. Galatyuk,  

Introduction to Relativistic Heavy Ion Collisions (2012) 
■ C. Loizides, CERN summer student lectures, 2015 (1, 2, 3,) 
■ J.-F. Grosse-Oetringhaus, 

CERN-Fermilab Hadron Collider Physics Summer School, 2015 (1, 2, 3) 
■ QM 2015 student lectures 
■ QM 2014 student lectures 
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These slides:  
http://www.physi.uni-heidelberg.de/~reygers/lectures/2016/Schleching/  

http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qgp/qgp_lecture_ss2015.html
http://web-docs.gsi.de/~andronic/intro_rhic2012/
https://indico.cern.ch/event/388239/attachments/1126162/1614679/CLoizides_SS15_1.pdf
https://indico.cern.ch/event/388242/attachments/1130581/1615829/CLoizides_SS15_2.pdf
https://indico.cern.ch/event/388243/attachments/1131672/1617683/CLoizides_SS15_3.pdf
http://indico.cern.ch/event/353089/contribution/16/attachments/699483/960372/HeavyIons_Part1.pdf
http://indico.cern.ch/event/353089/contribution/17/attachments/699481/960370/HeavyIons_Part2.pdf
http://indico.cern.ch/event/353089/contribution/26/attachments/699434/960318/HeavyIons_Part3.pdf
https://indico.cern.ch/event/355454/timetable/#20150927
https://indico.cern.ch/event/219436/timetable/#20140518.detailed
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Ultra-relativistic heavy-ion physics: 
Study of emergent phenomena in QCD
■ Theme: 

Properties of matter from known 
particle properties and interactions 
‣ Complexity from fundamental laws 
‣ Example:  

Properties of water and its phases 
(ice, water, steam) from the known 
properties of a water molecule  

■ Ultra-relativistic heavy-ion physics:  
Study of condensed-matter aspects 
of QCD at high temperature 
‣ Complementary to the successful 

reductionism in particle physics

9

viscosity?
equation of state?

transition temperature?
# degrees of freedom?

„More is different“ source: urqmd.org

source: de.wikipedia.org

Philip W. Anderson, Science, 177, 1972, S. 393 speed of sound?

http://urqmd.org
http://de.wikipedia.org
http://www.andersonlocalization.com/pdf/more_is_different.pdf
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QCD in the high temperature & high density sector

■ Weakly coupled sector 
of QCD well tested  
(e.g. with jets) 

■ Heavy-ion physics: 
Strong coupling at  
high temperature 

■ Prediction from first QCD 
principles (lattice QCD):  
transition to QGP 
‣ Tc ≈ 150 - 160 MeV 
‣ εc ≈ 0.2 - 0.5 GeV/fm3 

■ Deconfinement transition 
coincides with chiral 
symmetry restoration

10

Early universe (t ≈ 10-5 s), 
Tc ≈ 150 - 160 MeV  
from lattice QCD

RHIC, LHC

[reflects the  
net baryon density]

Heavy-ion physics = Experimental QCD thermodynamics
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The Cosmological QCD transition 
a few μs after the Big Bang

■ A first order phase transition might 
have observable consequences 

■ Conceivable effects 
‣ Formation of quark nuggets / 

strangelets 
- Could contribute to dark matter today 

‣ Cold dark matter clumps 
- Modified yield of light nuclei in Big 

Bang nucleosynthesis 
‣ Damping of gravitational waves? 

■ Still true for sharp cross-over? 
■ Relating heavy-ion physics to 

observable properties of the 
cosmological QCD transition currently 
seems very difficult
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FIG. 10: Sketch of a first-order QCD transition via homogeneous bubble nucleation: above the critical temperature the
Universe is filled with a quark–gluon plasma (Q). After a small amount of supercooling the first hadronic bubbles (H) nucleate
at t1, with mean separation dnuc. At t2 > t1 these bubbles have grown and have released enough latent heat to quench the
formation of new bubbles. The supercooling, bubble nucleation, and quenching takes just 1% of the full transition time. In the
remaining 99% of the transition time the bubbles grow following the adiabatic expansion of the Universe. At t3 the transition
is almost finished. The shrinking QGP drops are separated by the typical distance dnuc.

For small supercooling ∆ ≡ 1 − T/Tc ≪ 1 we may evaluate (pHG − pQGP)(T ) by using the second law of thermo-
dynamics, i.e. pHG − pQGP ≈ l ∆, and thus

I(∆) ≈ I0(Tc) exp
(
−A/∆2

)
, (61)

with A ≡ 16 π σ3/(3 l2 Tc) and I0(Tc) ≈ T 4
c . Note that this result does not depend on the details of the QCD

equation of state. For the values of l = 1.4 T 4
c and σ = 0.015 T 3

c from quenched lattice QCD [82] A ≈ 3 × 10−5. In
the bag model A ≈ 5 × 10−2 (σ/T 3

c )3.
The amount of supercooling that is necessary to complete the transition, ∆sc, can be estimated from the schematic

case of one single bubble nucleated per Hubble volume per Hubble time, which is

O(∆sc) =

[
A

4 ln(Tc/HQCD)

]1/2

≈ 4 × 10−4 (62)

for the values of l and σ from quenched lattice QCD. For the bag model we assume σ < 0.1 T 3
c , which implies that

∆sc < 6 × 10−4.
The time lapse during the supercooling period follows from the conservation of entropy and reads

∆tsc/tQCD = ∆sc/(3 c2
s) = O(10−3) . (63)

Here we used the relation c2
s = d ln s/d lnT for the speed of sound in the supercooled phase. For realistic models

0 < cs(∆) < 1/
√

3, and in the bag model cs(∆) = 1/
√

3.
After the first bubbles have been nucleated, they grow most probably by weak deflagration [84, 85, 88, 89]. The

deflagration front (the bubble wall) moves with the velocity vdefl ≪ 1/
√

3 [90]. The energy that is released from the
bubbles is distributed into the surrounding QGP by a supersonic shock wave and by neutrino radiation. This reheats
the QGP to Tc and prohibits further bubble formation. Since the amplitude of the shock is very small [88], on scales
smaller than the neutrino mean free path, heat transport by neutrinos is the most efficient. Neutrinos have a mean
free path of 10−6RH at Tc. When they do most of the heat transport, heat goes with vheat = O(c). For larger scales,
heat transport is much slower. Figure 10 shows a sketch of the homogeneous bubble nucleation scenario.

Let us now calculate the mean bubble separation, dnuc, and the final supercooling, ∆sc, for a scenario with weak
deflagration. Bubbles present at a given time have typically been nucleated during the preceding time interval

∆tnuc ≡ I/(dI/dt) . (64)

Using the relation between time and supercooling, d∆/dt = 3 c2
s/tQCD, we find

∆tnuc/tQCD = ∆3
sc/(6 A c2

s) = O(10−5) and ∆nuc =
∆tnuc

∆tsc
∆sc = O(10−2) ∆sc . (65)

1. First hadronic bubbles nucleate in  
supercooled QGP  

2. Hadronic bubbles grow, released latent heat 
quenches formation of new bubbles  

3. Shrinking QGP drops separated by a typical 
distance

D. Boyanovsky, H. J. de Vega, 
D. J. Schwarz 
arXiv:hep-ph/0602002

Sketch of a 1st order phase transition  
(bubble nucleation):

http://arxiv.org/abs/hep-ph/0602002
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Limits of the hadron gas
■ Pomeranchuk considered the conceptual limit of the ideal pion gas 
■ He argued that a pion gas makes sense as long as there is some minimum 

volume available per pion:      
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■ Partition function for an ideal gas of identical, point-like pions

lnZ0(T ,V ) =

V

(2⇡)3

Z
d3p exp

⇣
�
p
p2 +m2/T

⌘

=

VTm2

2⇡2
K2(m/T )

r0 ' 1/m⇡ ⇡ 1.4 fmnc =
1

V0
=

3

4⇡r30

■ Pion density: n(T ) =

✓
@ lnZ0(T ,V )

@V

◆

T

=
Tm2

2⇡2
K2(m/T )

■ Critical density: n(Tc) = nc ! Tc = 1.4m⇡ ⇡ 190MeV

Dokl. Akad. Nauk SSSR 78, 889 (1951)

modified Bessel 
function of 2nd kind
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The Hagedorn limiting temperature (1)
■ Observation ca. 1960:  

Number density of hadronic states ρ(m) seemed to grow without limit 
■ 1965: Hagedorn described this with his statistical bootstrap model 
‣ “fireballs consist of fireballs, which consist of fireballs, and so on …” 
‣ Suppl. Nuovo Cim. 3 (1965) 147 

■ Such self-similar models lead to an exponentially growing mass spectrum of 
hadronic states  
 
 
where 1/b = 0.15 - 0.20 GeV. 

■ Resulting energy density of the hadron resonance gas:

13

⇢(m) = m�aebm

"(m) ⇠ VT 7/2

1Z

m0

dm m
5
2�aem(b� 1

T )
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The Hagedorn limiting temperature (2)
■ Hagedorn used a = 3 and concluded 

that TH = 0.15 GeV would be the 
ultimate temperature of all matter 

■ Physical reason: 
‣ Energy put into the system excites  

high-mass resonances 
‣ This prevents a further increase of the 

temperature 
■ However, this conclusion depends on 

the value of a 
‣ For a > 7/2 the energy density remains 

finite 
‣ In this case temperatures T > TH could 

perfectly well exist

14

3.4 The Ideal Resonance Gas 39

Fig. 3.3 Energy density ϵ(T ) and specific heat Cv(T ) of a Hagedorn-type resonance gas

certainly makes TH a critical temperature in the sense that some derivative of lnZ

with respect to T will diverge as T → TH . But for a > 7/2, also the energy density
remains finite at TH , and hence values higher than ϵH ≡ ϵ(TH ) could perfectly well
exist and lead to temperatures higher than TH . For example, with a = 4, ϵ(TH )

is finite, but the specific heat CV (T ) diverges at TH as (TH − T )−1/2, while for
a = 5, even the specific heat remains finite at TH . The cases a = 4 and 5 are also
shown in Fig. 3.3. The singular behavior obtained for different powers a can in
fact be studied in terms of the usual critical exponents (see Chap. 2), specifying the
behavior of the thermodynamic observables at the critical point T = TH [17]. The
critical structure of the system defined by Eq. (3.35) is discussed in more detail in
the Appendix.

In general, matter can thus exist for T > TH ; it is only the specific form of
hadronic level density (3.32) which ceases to be meaningful at TH . The system
can undergo a phase transition there into a new state of matter, in which a par-
tition function based on Eq. (3.32) is no longer valid. Quantum chromodynamics
today tells us that this new state, beyond the limit of hadron thermodynamics, is a
plasma of deconfined quarks, and the critical temperature TH is the deconfinement
point.

We have seen here that an exponentially growing mass spectrum ρ(m) ∼
exp(bm) leads to a singular structure of the partition function and hence to criti-
cal thermodynamic behavior at TH = 1/b. It should be emphasized that this was
obtained for pointlike or permeable hadrons. If the hadrons have an intrinsic hard-
core volume not accessible to other hadrons, then this leads to an excluded volume
effect in the partition function. In the particular case that the hard-core size of a
resonance grows linearly with its mass, the singularity associated to the exponential
resonance growth can no longer be reached [18]. In other words, the box is now
“full” before the temperature can attain the value TH = 1/b.

H. Satz, Extreme States of Matter in  
Strong Interaction Physics, Springer, 2012

http://link.springer.com/book/10.1007/978-3-642-23908-3
http://link.springer.com/book/10.1007/978-3-642-23908-3
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QGP — the idea
■ 1973 — Birth of QCD 
‣ All ideas in place: 

Yang-Mills theory; SU(3) color symmetry; asymptotic freedom;  
confinement in color-neutral objects 

■ 1975 — Idea of quark deconfinement at high temperature and/or density 
‣ Collins, Perry, PRL 34 (1975) 1353 

- “Our basic picture then is that matter at densities higher than nuclear matter 
consists of a quark soup.” 

- Idea based on weak coupling (asymptotic freedom) 
‣ Cabibbo, Parisi, PLB, 59 (1975) 67 

- Exponential hadron spectrum not necessarily  
connected with a limiting temperature 

- Rather: Different phase in which quarks are  
not confined 

■ It was soon realized that this new state could  
be created and studied in heavy-ion collisions 

15

Volume 59B, number 1 PHYSICS LETTERS 13 October 1975 

T 
Fig. 1. Schematic phase diagram of hadronic matter. PB is the 
density of baryonic number. Quarks are confined in phase I 
and unconfined in phase II. 

a hadron consists of a bag inside which quarks are con- 
fined. If many hadrons are present, space is divided in- 
to two regions: the "exterior" and the "interior". At 
low temperature the hadron density is low, and the 
"interior" is made up of disconnected islands (the 
hadrons) in a connected sea of "exterior". By increas- 
ing the temperature, the hadron density increases, and 
so does the portion of space belonging to the 
"interior". At high enough temperature we expect a 
transition to a new situation, where the "interior" has 
fused into a connected region, with isolated ponds and 
lakes of exterior. Again, in the high temperature state, 
quarks can move throughout space. We note that this 
picture of  the quark liberation is very close to that of 
the droplet model of  second order phase transitions 
[13]. 

We expect the same transition to be also present at 
low temperature but high pressure, for the same reason, 
i.e. we expect a phase diagram of the kind indicated in 
fig. 1. The true phase diagram may actually be substan- 

tially more complex, due to other kinds of transitions, 
such as, e.g. those considered by Omnes [14]. 

We note finally that, although the two alternatives 
(phase transition or limiting temperature) give rise to 
similar forms for the hadronic spectrum, the equation 
of state for high densities is radically different. In the 
first case we may expect the equation of state to be- 
come asymptotically similar to that of a free Fermi 
gas, while the limiting temperature case leads to an ex- 
tremely "soft" equation of state [15]. This difference 
has important astrophysical implications [ 16]. 
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Order-of-magnitude physics of the QGP: 
Critical temperature at vanishing net baryon number
■ Consider an ideal gas of u, d quarks and antiquarks, and gluons 
■ Calculate temperature at which energy density equals that within a proton 
■ Energy density in a proton

16

■ Energy density of an ideal gas 

"id.gas = 37
⇡2

30
T 4 = 0.44GeV/fm3 ! T ⇡ 130MeV (kB = 1)

"
proton

=
m

V
=

0.94GeV

4/3⇡(0.8 fm)3
⇡ 0.44GeV/fm3

= 1.5⇥ 1012 K
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Order-of-magnitude physics of the QGP: 
Critical density at vanishing temperature
■ Baryon density of nuclear matter 

(r0 ≈ 1.15 fm):

17

⇢c =
1

4⇡/3r3n
⇡ 0.47/fm3 = 3⇢0

■ Nucleon start to overlap at a 
critical density ρC if nuclear matter 
is compressed (rN ≈ 0.8 fm):

■ A refined calculation in fact gives a 
somewhat higher critical density

⇢0 =
A

4⇡/3R3
=

1

4⇡/3r30
⇡ 0.16 fm�3

Figure: CERN



 Klaus Reygers | Ultra-relativistic Heavy-Ion Physics - A Brief Introduction | Schleching | February 2016

A little bit of history
■ 1974 Bear mountain workshop 'BeV/nucleon collisions of heavy ions’ [link] 
‣ Focus on exotic matter states and astrophysical implications 

■ 1983 long range plan for nuclear physics in US:  
Realization that the just abandoned pp collider project at Brookhaven could be 
turned into a nuclear collider inexpensively 

■ 1984: 1-2 GeV/c per nucleon beam from SuperHILAC into Bevalac at Berkeley  
■ 1986  
‣ beams of silicon at Brookhaven AGS (√sNN ≈ 5 GeV) 
‣ beams of oxygen/sulfur at CERN SPS (√sNN ≈ 20 GeV) 

■ 1992/1994  
‣ beams of gold at Brookhaven AGS (√sNN ≈ 5 GeV) 
‣ beams of lead at CERN SPS (√sNN ≈ 17 GeV) 

■ 2000: gold-gold collisions at RHIC (√sNN ≈ 200 GeV) 
■ 2010: lead-lead collisions at the LHC (√sNN ≈ 2760 GeV) 
■ 2015: lead-lead collisions at the LHC (√sNN ≈ 5020 GeV)

18

http://www.osti.gov/scitech/biblio/4061527
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CERN press release in February 2000: 
New state of matter created at CERN

■ Press release text 
‣ At a special seminar on 10 February, 

spokespersons from the experiments 
on CERN's Heavy Ion programme 
presented compelling evidence for the 
existence of a new state of matter in 
which quarks, instead of being bound 
up into more complex particles such 
as protons and neutrons, are liberated 
to roam freely. 

■ Summary in nucl-th/0002042 
‣ “The new state of matter found in 

heavy ion collisions at the SPS 
features many of the characteristics of 
the theoretically predicted quark-gluon 
plasma”

19

http://press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern

■ Featured on front page of  
the NY times 

■ Mixed reactions among  
US physicists …

http://press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern
http://www.nytimes.com/2000/02/10/world/particle-physicists-getting-closer-to-the-bang-that-started-it-all.html?scp=4&sq=A%20new%20state%20of%20matter&st=cse
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BNL press release April 2005:  
RHIC Scientists Serve Up “Perfect“ Liquid [link]
■ Considered to be the announcement of the QGP discovery 
■ Accompanied by the four papers on the first three years of RHIC running  
‣ BRAHMS  

- “Quark gluon plasma and color glass condensate at RHIC? The Perspective from 
the BRAHMS experiment” 

‣ PHENIX 
- “Formation of dense partonic matter in relativistic nucleus-nucleus collisions at 

RHIC: Experimental evaluation by the PHENIX collaboration” 
‣ PHOBOS 

- “The PHOBOS perspective on discoveries at RHIC” 
‣ STAR 

- “Experimental and theoretical challenges in the search for the quark gluon plasma: 
The STAR Collaboration's critical assessment of the evidence from RHIC collisions” 

■ QGP near Tc is not a weakly interacting gas, but a strongly correlated liquid 
(sQGP) 

■ But: Not easy to find clear statements on QGP discovery in these papers 
20

https://www.bnl.gov/rhic/news2/news.asp?a=303&t=pr
http://arxiv.org/pdf/nucl-ex/0410020.pdf
http://arxiv.org/pdf/nucl-ex/0410020.pdf
http://arxiv.org/pdf/nucl-ex/0410003.pdf
http://arxiv.org/pdf/nucl-ex/0410003.pdf
http://arxiv.org/pdf/nucl-ex/0410022.pdf
http://arxiv.org/pdf/nucl-ex/0501009.pdf
http://arxiv.org/pdf/nucl-ex/0501009.pdf
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Important results from the RHIC heavy-ion programme
■ Azimuthal anisotropy of particle 

production at low pT (< 2 GeV/c) 
‣ Interpreted as a result of the collective 

expansion of the QGP 
‣ Ideal hydrodynamics close to data  
‣ Small viscosity over entropy density:  

strongly coupled QGP, ”perfect liquid“ 
‣ Evidence for early QGP thermalization 

(τ ≲ 1-2 fm/c) 
■ Hadron suppression at high pT 
‣ Medium is to large extent opaque for 

jets (”jet quenching“) 
■ Yields of hadron species in chemical 

equilibrium with freeze-out temperature 
Tch close to Tc 

‣ Tch ≈ 160 MeV, μB ≈ 20 MeV
21

Anisotropy in position space

⇓
Anisotropy in momentum space

Elliptic Flow:
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Heavy-ions at the LHC
■ Qualitatively similar results in A-A collisions 
‣ Jet quenching 
‣ Elliptic flow 
‣ Particle yields in or close to chemical equilibrium values 

■ A surprise:  
Observation of elliptic flow and other effects first seen in heavy-ion collisions 
also in pp and p-Pb collisions 
‣ QGP in small systems? 
‣ But no jet quenching seen in small systems 
‣ Ongoing discussion

22
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Space-time evolution (1):

23

Central region initially 
dominated by low-x partons 
(i.e. gluons), then, at some 
point, quark-antiquarks 
pairs appear 

Initial parton wave 
function described in 
the Color Glass 
Condensate model 

Expansion, cooling, 
transition to hadrons
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Space-time Evolution (2) ■ Strong color-electric glue fields 
between nuclei 

■ Rapid thermalization:  
QGP created at ~ 1-2 fm/c 

■ Expected initial temperatures 
of 600 MeV or higher 

■ Cooling due to longitudinal and 
transverse expansion 
describable by almost ideal 
relativistic hydrodynamics 
 (η/s ≈ 0)* 

■ Transition QGP → hadrons 
after about 10 fm/c 

■ Chemical freeze-out at  
Tch ≈ Tc  (Tc  = 150 - 160 MeV) 

■ Kinetic freeze-out at  
Tfo ∼ 100 MeV

24

* conjectured lower bound from string theory:  
η/s|min = 1/4π   (Phys.Rev.Lett. 94 (2005) 111601)

2.5 Transverse phase space: equilibrium and the QGP state

Figure 2.17: Schematic light cone diagram of the evolution of a high energy
heavy ion collision, indicating a formation phase τ0 (see text).

enters interaction. In the simple case of extremely high Q2 processes the an-
swer is that all constituents are resolved. However, at modest Q2 (dominating
bulk hadron production) the characteristic QCD saturation scale Q2

s(x) gains
prominence, defined such that processes with Q2 < Q2

s do not exploit the initial
transverse parton densities at the level of independent single constituent color
field sources (see equation 2.11). For such processes the proper formation time
scale, τ0, is of order of the inverse saturation momentum [61], 1/Qs ∼ 0.2 fm/c
at

√
s = 200 GeV . The first profile of the time evolution, sketched in Fig. 2.17,

should correspond to proper time t = τ0 = 0.25 fm/c at RHIC energy. At
top SPS energy,

√
s = 17.3 GeV , we can not refer to such detailed QCD con-

siderations. A pragmatic approach suggests to take the interpenetration time,
at γ ≈ 8.5, for guidance concerning the formation time, which thus results as
τ0 ≈ 1.5 fm/c.

In summary of the above considerations we assume that the initial partonic
color sources, as contained in the structure functions (Fig. 2.13), are spread out
in longitudinal phase space after light cone proper time t = τ0 ≈ 0.2 fm/c, at
top RHIC energy, and after τ0 ≈ 1.5 fm/c at top SPS energy. No significant
transverse expansion has occured at this early stage, in a central collision of A ≈
200 nuclei with transverse diameter of about 12 fm. The Bjorken estimate [45]
of initial energy density ϵ (equation 2.1) refers to exactly this condition, after
formation time τ0. In order to account for the finite longitudinal source size and
interpenetration time, at RHIC, we finally put the average τ0 ≈ 0.3fm, at

√
s =

200 GeV , indicating the ”initialization time” after which all partons that have
been resolved from the structure functions are engaged in shower multiplication.
As is apparent from Fig. 2.17, this time scale is Lorentz dilated for partons
with a large longitudinal momentum, or rapidity. This means that the slow

39
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Summary and (some) current questions
■ What is the mechanism for the fast thermalization in heavy-ion collisions? 
■ What is the physical origin of equilibrium particle yields, or, more general, 

how does hadronization work? 
■ What are the transport properties of the QGP? Dependence on T and μB? 
■ How can one make contact with ab-initio QCD predictions?  
■ Can one experimentally determine properties of the QCD phase diagram 
‣ Nature of the transition at μB = 0 (crossover, 1st order)? 
‣ Is there a critical endpoint? If so, where? 
‣ Currently explored in the RHIC beam energy scan (BES) programme 

■ Can one identify the onset of deconfinement in heavy-ion collisions at some 
√sNN? 
‣ Also studied in the RHIC BES 

■ Is a strongly-correlated QGP liquid also formed in pp and p-Pb collisions?  
What about e+e- …?

25



2. Thermodynamics of the QGP
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Ideal ultra-relativistic quark and gluon gas
■ Quark density (massless quarks, i.e., E = p):

27

nq(µq) =
Nq

V
= gq

4⇡

(2⇡)3

1Z

0

dE
E 2

e(E�µq)/T + 1

■ Gluon density:

ng = gg
4⇡

(2⇡)3

1Z

0

dE
E 2

eE/T � 1

“+” for antiquarks

■ Degrees of freedom

gg = 8
color

⇥ 2
spin

= 16
gq = g

quark

+ g
anti�quark

= 2⇥ g
quark

= 2⇥ 2
spin

⇥ 2
flavor

⇥ 3
color

= 24
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Ideal QGP with μq = 0
■ Pressure, energy density, quark and gluon density

28

pQGP =

✓
gg +

7

8
(gq + gq̄)

◆
⇡2

90
T 4

"QGP = 3pQGP

nq = nq̄ =
3

4

qq
⇡2

⇣(3)T 3

ng =
qg
⇡2

⇣(3)T 3

nq = nq̄ = 1.71/fm3

■ Example: T = 200 MeV, two quark flavors

ng = 2.03/fm"id. gasQGP = 2.55 GeV/fm3

1.20205
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Ideal QGP with μq ≥ 0

■ For             a solution in closed form can be found for  
but not for      and      separately:

29

µq 6= 0 "q + "q̄
"q "q̄ Chin, PL 78B (1978) 552

"q + "q̄ = gq ⇥
 
7⇡2

120
T 4 +

µ2
q

4
T 2 +

µ4
q

8⇡2

!

■ Accordingly, one finds for the quark density

nq � nq̄ = gq ⇥
 
µq

6
T 2 +

µ3
q

6⇡2

!

■ The net baryon density can be determined as

nB =
nq � nq̄

3
=

2µq

3
T 2 +

2µ3
q

3⇡2
=

2µB

9
T 2 +

2µ3
B

81⇡2
(µB = 3µq)
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The MIT bag model

■ Build confinement and asymptotic freedom 
into simple phenomenological model 

■ Hadron = „bag“ filled with quarks 
■ Two kinds of vacuum 
■ Normal QCD vacuum outside of the bag 
■ Perturbative QCD vacuum within the bag

30

q

q
q

perturbative QCD vacuum

normal QCD vacuum

Energy density in the bag is higher than in the vacuum: "pert � "vacuum =: B

Energy of N quarks in a bag of radius R: E =
2.04N

R
+

4

3
⇡R3B

kinetic energy of N particles  
in a spherical box of radius RCondition for stability: dE/dR = 0 (minimum): 

B1/4 =

✓
2.04N

4⇡

◆1/4 1

R
N=3,R=0.8 fm) B1/4 = 206MeV (~ = c = 1)
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Ideal QGP with μq ≥ 0
■ Energy density  

(two quark flavors)

31

■ Tc(μq) from stability condition: 

"QGP = "q + "q̄ + "g =
37⇡2

30
T 4 + 3µ2

qT
2 +

3µ4
q

2⇡2

pQGP =
1

3
"QGP

!
= B

■ Critical temperature at μq = 0: Tc(µq = 0) =

✓
90B

37⇡2

◆1/4

■ Critical quark potential and density at T = 0:

µc
q(T = 0) = (2⇡2B)1/4 = 0.43GeV ncB(T = 0) =

2

3⇡2
(2⇡2B)3/4

= 0.72 fm�3 ⇡ 5⇥ nnucleus

Alternative condition, 
sometimes also used: 
pQGP = phadron gas
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Phase diagram of the non-interacting QGP 

32

quark-gluon plasma

hadron gas

"c ⇡ 0.7 GeV/fm3

µB = 3 · µQuark
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Lattice QCD
■ Formulated in 1974 (K. Wilson), 

numerical Monte Carlo calculations 
started ca. 1980 (M. Creutz) 

■ First-principles non-perturbative 
calculation 

■ Benefitted from huge increase in 
computing power 

■ QCD thermodynamics on the lattice 
‣ So far restricted to µB ≈ 0 
‣ Two major groups (HotQCD coll., 

Wuppertal-Budapest coll.), results agree 
■ To be done:  
‣ Lattice QCD for finite baryon number 
‣ Transport properties of the QGP 
‣ Clarify existence and location of critical 

endpoint (CEP)
33

Example of a machine for lattice QCD: 
JUGENE in Jülich (294,912 processor 
cores, ~ 1 PetaFLOPS)

quarks

gluons
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Lattice QCD: 
Nature of the transition vs. quark mass

■ Nature of the transition 
depends on quark 
masses 

■ Infinitely heavy quarks 
(pure gauge) 
‣ First order phase 

transition 
‣ Tc ≈ 270 MeV 

■ Cross over transition for 
physical quark masses

34

14 H.-T. Ding, F. Karsch and S. Mukherjee

mu,d

ms

∞

∞

cross over

2nd order
Z(2)

2nd order
O(4)

Nf=2

Nf=1

2nd order
Z(2)

1st

order

PURE

GAUGE

Nf=3
physical point

mtri
s

1st

order
mu,d

ms

∞

∞

cross over

2nd order
Z(2)

2nd order
O(4)

Nf=2

Nf=1

2nd order
Z(2)

1st

order

PURE

GAUGE

Nf=3
physical point

mtri
s

1st

order
mu,d

ms

∞

∞

cross over

2nd order
Z(2)

2nd order
O(4)

Nf=2

Nf=1

2nd order
Z(2)

1st

order

PURE

GAUGE

Nf=3
physical point

mtri
s

1st

order
mu,d

ms

∞

∞

cross over

2nd order
Z(2)

2nd order
O(4)

Nf=2

Nf=1

2nd order
Z(2)

1st

order

PURE

GAUGE

Nf=3
physical point

mtri
s

1st

order

mc

Fig. 3. A sketch of the nature of the QCD transition as functions of the two degenerate light (up
and down) quarks with masses, mu,d ⌘ ml, and a heavier strange quark with mass, ms, at zero
baryon chemical potential.

known to be first order.65,66 Recent lattice QCD studies67,68 with improved actions
suggest that the extent of this first order region is quite small, i.e. limited to
ml = ms . mphys

s /270 where mphys
s is the physical value of the strange quark mass.

An additional ingredient in the discussion of the order of the transition in the
chiral limit arises from the role of the axial anomaly. The nature of the chiral
transition for the massless Nf = 2 theory , i.e. for ml ! 0 and ms ! 1, depends
on the magnitude of the axial UA(1) symmetry breaking. If this remains significant
close to the transition temperature then the relevant symmetry becomes isomorphic
to that of the 3-d O(4) spin model and the transition is expected to be second order
belonging to that universality class.10,69 However, if UA(1) symmetry breaking
becomes negligible near the chiral transition temperature, the relevant symmetry
becomes isomorphic to O(2) ⇥ O(4) and the transition be either first order10 or
second order.70,71 In the intermediate quark mass region there is no true phase
transition, rather a crossover takes place from the hadronic to the quark-gluon
plasma phase.

All the first order regions are separated from the crossover region by lines of
second order phase transitions belonging to the 3-d Z(2) universality class. The
first order region for the Nf = 2 + 1 case, the second order Z(2) line separating
the Nf = 2 + 1 first order and the crossover regions and the second order O(4) line
for the Nf = 2 case are supposed to meet at a tri-critical point characterized by a
certain value of the strange quark mass, mtric

s . Although, it is well established that
in the real world, i.e. for the physical values of the quark masses, the transition
is a crossover,61,72 the location of the physical point with respect to mtric

s has not
been established and even mtric

s ! 1 cannot be ruled out. More specifically, it

Ding, Karsch, Mukherjee, arXiv:1504.05274
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Pressure, energy and entropy density from lattice QCD
■ (2+1) flavor QCD 
‣ two light quarks (u,d)  

+ 1 heavier quark (s) 
■ Results extrapolated to 

continuum limit 
■ Pseudo-critical temperature 

for chiral crossover transition 
‣ Tc = (154 ± 9) MeV 
‣ εc ≈ (0.34 ± 0.16) GeV/fm3 

■ Hadron resonance gas (HRG) 
agrees with lattice results for 
T < Tc 

■ State-of-the art hydro calc’s 
use equation of from lattice 
QCD

35
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Fig. 10. (Left) Comparison of the trace anomaly (✏ � 3P )/T 4, pressure and entropy density
calculated with the HISQ (colored)114 and stout (grey)113 discretization schemes for staggered
fermions. (Right) Continuum extrapolated results for pressure, energy density and entropy den-
sity obtained with the HISQ action.114 Solid lines on the low temperature side correspond to
results obtained from hadron resonance gas (HRG) model calculations. The dashed line at high
temperatures shows the result for a non-interacting quark-gluon gas.

This allows to reconstruct the energy density as well as the entropy density s/T 3 =
(✏ + P )/T 4.

The determination of thermodynamic quantities in QCD is a parameter free
calculation. All input parameters needed in the calculation, e.g. the quark masses
(mu = md, ms) and the relation between the lattice cut-o↵, a, and the bare gauge
coupling, � = 6/g2, are determined through calculations at zero temperature. Like-
wise, there is only a single independent thermodynamic observable that is calculated
in a lattice QCD calculation, for instance the trace anomaly, ⇥µµ(T ). All other bulk
thermodynamic observables are obtained from ⇥µµ(T ) through standard thermo-
dynamic relations. In Fig. 10 (left) we show recent results for the trace anomaly
of (2+1)-flavor QCD113,114 obtained with two di↵erent discretization schemes by
two di↵erent groups. The results are extrapolated to the continuum limit and are
obtained with a strange quark mass tuned to its physical value and light quark
masses that di↵er slightly (ms/ml = 27113 and 20114). The right hand panel in this
figure shows results for the pressure, energy density and entropy density obtained
from the trace anomaly by using Eqs. 39 and 40.

Also shown in Fig. 10 are results obtained from a hadron resonance gas (HRG)
model calculation of bulk thermodynamics. As can be seen this describes the QCD
equation of state quite well also in the transition region, although it may be noted
that the HRG calculations yield results for all observables that are at the lower error
band of the current QCD results. It has been speculated that this may indicate
contributions from additional, experimentally not yet observed resonances which
could contribute to the thermodynamics.115 Indeed evidence for the contribution
of a large number of strange baryons has recently been found in lattice QCD calcu-
lations of conserved charge fluctuations116 (see also the discussion in Section 5 and
7).

arXiv:1504.05274
for three quark 
flavors (u, d, s)
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Speed of sound

36
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Fig. 12. The velocity of sound in (2+1)-flavor QCD (left) and the specific heat CV /T 4 together
with the two components (see Eq. 42) contributing to it (right). Solid black lines in the low and
high temperature regions show the corresponding hadron resonance gas (HRG) and non-interacting
quark-gluon gas results, respectively.

critical behavior of energy density fluctuations close to a critical point. This may
be understood114 from the temperature dependence of the two terms contribut-
ing to CV /T 3. The dominant singular contribution arises from the temperature
derivative of ✏/T 4, which has a peak. This, however, is overwhelmed by the large
energy density contribution at high temperature which reflects the liberation of
many partonic degrees of freedom. Furthermore, even in the chiral limit, where
QCD is expected to have a second order phase transition belonging to the uni-
versality class of 3-d, O(4) symmetric spin models, the specific heat will not di-
verge as the relevant critical exponent ↵ ' �0.2 that controls its singular behavior,
CV /T 3 ⇠ (|T � Tc|/Tc)�↵ + const., is negative for this universality class (see Ta-
ble 1). The speed of sound will therefore stay non-zero at Tc also in the chiral limit.

4.2. The QCD equation of state at non-vanishing chemical potential

In Section 3 we have discussed lattice QCD results on the dependence of the QCD
crossover temperature on the baryon chemical potential and its relation to the
freeze-out temperatures determined in heavy ion experiments. These experiments,
in particular the beam energy scan program performed at RHIC, will probe prop-
erties of strong-interaction matter at non-vanishing baryon chemical potential in
the temperature range 0.9 . T/Tc . 2 and 0 . µB/T . 3, with Tc denoting
the crossover temperature at µB = 0. For the hydrodynamic modeling of matter
in this (T, µB) regime it thus is of importance to also know the equation of state
at non-vanishing µB/T . As direct numerical calculations at non-zero µB are not
yet possible, a viable approach is to analyze the equation of state using a Taylor
expansion in terms of chemical potentials117,118 as given in Eq. 18. In this way
some results for the EoS at non-zero baryon chemical potential have already been
obtained on coarse lattices.40,41,118,119 Continuum extrapolated results for Taylor

c2s =
dp

d"
=

dp/dT

d"/dT
=

s

CV

arXiv:1504.05274

specific heat

entropy density
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Lattice QCD vs. perturbation theory

Lattice QCD agrees with 
perturbation theory (HLT) 
for T > 400 MeV

37

THERMODYNAMICS OF STRONG-INTERACTION MATTER FROM LATTICE QCD 31
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Fig. 15. Comparison of the (2+1)-flavor calculation114 of the trace anomaly (left) and pressure
(right) with HTL and EQCD (dashed line) calculations. The black line corresponds to the HTL
calculation24 with renormalization scale µ = 2⇡T . Note that this solid line would move up for the
trace anomaly and move down for the pressure if the scale µ in HTL is reduced.

T [MeV]

χ9 /χB
24

B

Fig. 16. The ratio of quartic and quadratic net-baryon number fluctuations versus temperature.
The left hand panel shows temperature ranges in which HRG and resummed perturbative calcu-
lations, respectively, provide good approximations to lattice QCD results. The right hand panel
shows the result from a HTL-resummed calculations.24

quark rather than gluon contributions seem to approach perturbative behavior ear-
lier, it still is evident that agreement with lattice QCD results on the 10% level only
is possible for T & (250�300) MeV. In general the temperature range Tc  T  2 Tc

is highly non-perturbative and obviously not accessible to hadronic model calcula-
tions. This is highlighted in the left hand panel of Fig. 16. We will discuss in the
following sections properties of strong-interaction matter in this temperature range.

5. Fluctuations of conserved charges

Proximity of a second order criticality, such as the O(4) chiral phase transition
or the QCD critical point, is universally manifested through long-range correla-
tions at all length scales, resulting in increased fluctuations of the order parameter.

arXiv:1504.05274
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Summary QCD thermodynamics
■ Toy model based on treating the QGP as a bag in the QCD vacuum filled 

with an ideal gas of quarks and gluons provides some intuitive insights into 
the phase diagram 

■ For T = 400 MeV the energy density of an ideal gas is only 20% above the 
lattice QCD results 

■ Lattice QCD results 
‣ For physical quark masses the transition at μB = 0 is a crossover 
‣ Chiral symmetry transition coincides with deconfinement transition 
‣ Pseudo-critical temperature and energy density 
‣ Tc = (154 ± 9) MeV 
‣ εc ≈ (0.34 ± 0.16) GeV/fm 

■ Not covered, but interesting: Thermodynamic fluctuations, especially 
fluctuations of conserved quantities (charge Q, baryon number B, …) 
‣ Measured via susceptibilities on the lattice, experimentally accessible 

38



3. Global Properties of Heavy-Ion Collisions 
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Basic observables
■ Transverse momentum

40

■ Rapidity y (additive under Lorentz transformation)

pT = p sin ✓

y = arctanh�L =
1

2
ln

1 + �L

1� �L
=

1

2
ln

E + pL
E � pL

■ Pseudorapidity η 

y
p�m
⇡ 1

2

ln

1 + cos#

1� cos#
= � ln


tan

#

2

�
=: ⌘

mT =
q

p2T +m2

transverse mass:
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Pseudorapidity

41
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Participants and spectators

■ Ncoll: number of inelastic nucleon-nucleon collisions 
■ Npart: number of nucleons which underwent at least one inelastic nucleon-

nucleon collisions 

42

b

spectators

participants
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Glauber Monte Carlo calculations: 
An interface between theory and experiment

■ “Glauber calculation”  
means a different thing  
to different people 

■ In heavy-ion physics 
‣ Pure geometry, no quantum mechanics 

■ Procedure 
‣ Randomly select impact parameter b 
‣ Distribute nucleons of two nuclei 

according to nuclear density distribution 
‣ Consider all pairs with one nucleon from 

nucleus A and the other from B 
‣ Count pair as inel. n-n collision if 

distance d in x-y plane satisfies

43
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Figure 4
A Glauber Monte Carlo event (Au+Au at √sNN = 200 GeV with impact parameter b = 6 fm)
viewed (a) in the transverse plane and (b) along the beam axis. The nucleons are drawn with
radius

√
σNN

inel /π/2. Darker circles represent participating nucleons.

a sequence of independent binary nucleon-nucleon collisions. That is, the nucleons
travel on straight-line trajectories, and the inelastic nucleon-nucleon cross section is
assumed to be independent of the number of collisions a nucleon underwent before. In
the simplest version of the Monte Carlo approach, a nucleon-nucleon collision takes
place if the nucleons’ distance d in the plane orthogonal to the beam axis satisfies

d ≤
√

σ NN
inel /π , 10.

where σ NN
inel is the total inelastic nucleon-nucleon cross section. As an alternative to

the black-disk nucleon-nucleon overlap function, for example, a Gaussian overlap
function can be used (31). An illustration of a GMC event for a Au+Au collision
with impact parameter b = 6 fm is shown in Figure 4. ⟨Npart⟩ and ⟨Ncoll⟩ and other
quantities are then determined by simulating many A+B collisions.

2.5. Differences between Optical and Monte Carlo Approaches
It is often overlooked that the various integrals used to calculate physical observables
in the Glauber model are predicated on a particular approximation known as the opti-
cal limit. This limit assumes that scattering amplitudes can be described by an eikonal
approach, where the incoming nucleons see the target as a smooth density. This ap-
proach captures many features of the collision process, but does not completely cap-
ture the physics of the total cross section. Thus, it tends to lead to distortions in the es-
timation of Npart and Ncoll compared to similar estimations using the GMC approach.
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■ Repeat many times: ⟨Npart⟩(b) ⟨Ncoll⟩(b)
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How ⟨Npart⟩, ⟨Ncoll⟩, and ⟨b⟩ are assigned to an 
experimental centrality class (1)

■ Measure charged particle 
multiplicity 
‣ ALICE: VZERO detectors 

- 2.8 < η < 5.1 
- -3.7 < η < -1.7 

‣ Assumption: ⟨Nch⟩(b) increases 
monotonically with decreasing b 

■ Define centrality class by selecting 
a percentile of the measured 
multiplicity distribution (e.g. 0-5%) 
‣ Slight complication:  

- Non-hadronic physical 
background processes contribute 
at low multiplicities 

‣ Need Glauber fit to define “100%”
44

ALICE, arXiv:1301.4361v3

Glauber fit model 
‣ Draw Nch from negative binomial 

distribution for each “ancestor” 
‣ Assume simple relation btw. 

Nancestor and Npart, Ncoll
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How ⟨Npart⟩, ⟨Ncoll⟩, and ⟨b⟩ are assigned to an 
experimental centrality class (2)

■ Glauber Monte Carlo 
‣ Find impact parameter interval  

[b1, b2] which corresponds to 
the same percentile 

‣ Average Npart(b), Ncoll(b), etc  
over this interval 

■ Example:  
Pb-Pb at √sNN = 2.76 TeV 
‣ σNN(inel) = (64 ± 5) mb

45

ALICE, arXiv:1301.4361v3

Centrality determination with ALICE ALICE Collaboration

section d <
q

s inel
NN /p . A Gaussian overlap function can be used as an alternative to the black-

disk nucleon-nucleon overlap function [23]. It makes no significant difference within systematic
uncertainty in the global event properties.

Table 1: Geometric properties (Npart, Ncoll, TAA) of Pb–Pb collisions for centrality classes defined by
sharp cuts in the impact parameter b (in fm). The mean values, the RMS, and the systematic uncertainties
are obtained with a Glauber Monte Carlo calculation.

Centrality bmin bmax hNparti RMS (sys.) hNcolli RMS (sys.) hTAAi RMS (sys.)
(fm) (fm) 1/mbarn 1/mbarn 1/mbarn

0–1% 0.00 1.57 403.8 4.9 1.8 1861 82 210 29.08 1.3 0.95
1–2% 1.57 2.22 393.6 6.5 2.6 1766 79 200 27.6 1.2 0.87
2–3% 2.22 2.71 382.9 7.7 3.0 1678 75 190 26.22 1.2 0.83
3–4% 2.71 3.13 372.0 8.6 3.5 1597 72 180 24.95 1.1 0.81
4–5% 3.13 3.50 361.1 9.3 3.8 1520 70 170 23.75 1.1 0.81

5–10% 3.50 4.94 329.4 18 4.3 1316 110 140 20.56 1.7 0.67
10–15% 4.94 6.05 281.2 17 4.1 1032 91 110 16.13 1.4 0.52
15–20% 6.05 6.98 239.0 16 3.5 809.8 79 82 12.65 1.2 0.39
20–25% 6.98 7.81 202.1 16 3.3 629.6 69 62 9.837 1.1 0.30
25–30% 7.81 8.55 169.5 15 3.3 483.7 61 47 7.558 0.96 0.25
30–35% 8.55 9.23 141.0 14 3.1 366.7 54 35 5.73 0.85 0.20
35–40% 9.23 9.88 116.0 14 2.8 273.4 48 26 4.272 0.74 0.17
40–45% 9.88 10.47 94.11 13 2.6 199.4 41 19 3.115 0.64 0.14
45–50% 10.47 11.04 75.3 13 2.3 143.1 34 13 2.235 0.54 0.11
50–55% 11.04 11.58 59.24 12 1.8 100.1 28 8.6 1.564 0.45 0.082
55–60% 11.58 12.09 45.58 11 1.4 68.46 23 5.3 1.07 0.36 0.060
60–65% 12.09 12.58 34.33 10 1.1 45.79 18 3.5 0.7154 0.28 0.042
65–70% 12.58 13.05 25.21 9.0 0.87 29.92 14 2.2 0.4674 0.22 0.031
70–75% 13.05 13.52 17.96 7.8 0.66 19.08 11 1.3 0.2981 0.17 0.020
75–80% 13.52 13.97 12.58 6.5 0.45 12.07 7.8 0.77 0.1885 0.12 0.013
80–85% 13.97 14.43 8.812 5.2 0.26 7.682 5.7 0.41 0.12 0.089 0.0088
85–90% 14.43 14.96 6.158 3.9 0.19 4.904 4.0 0.24 0.07662 0.062 0.0064
90–95% 14.96 15.67 4.376 2.8 0.10 3.181 2.7 0.13 0.0497 0.042 0.0042
95–100% 15.67 20.00 3.064 1.8 0.059 1.994 1.7 0.065 0.03115 0.026 0.0027

0–5% 0.00 3.50 382.7 17 3.0 1685 140 190 26.32 2.2 0.85
5–10% 3.50 4.94 329.4 18 4.3 1316 110 140 20.56 1.7 0.67

10–20% 4.94 6.98 260.1 27 3.8 921.2 140 96 14.39 2.2 0.45
20–40% 6.98 9.88 157.2 35 3.1 438.4 150 42 6.850 2.3 0.23
40–60% 9.88 12.09 68.56 22 2.0 127.7 59 11 1.996 0.92 0.097
60–80% 12.09 13.97 22.52 12 0.77 26.71 18 2.0 0.4174 0.29 0.026
80–100% 13.97 20.00 5.604 4.2 0.14 4.441 4.4 0.21 0.06939 0.068 0.0055

The number of collisions Ncoll and the number of participants Npart are determined by count-
ing, respectively, the binary nucleon collisions and the nucleons that experience at least one
collision. Following the notation in [2], the geometric nuclear overlap function TAA is then
calculated as TAA = Ncoll/s inel

NN , and represents the effective nucleon luminosity in the collision
process.

For nuclear collisions at
p

sNN = 2.76 TeV, we use s inel
NN = (64 ± 5) mb, estimated by inter-

polation [11] of pp data at different center-of-mass energies and from cosmic rays [12, 14],
and subtracting the elastic scattering cross section from the total cross section. The interpo-
lation is in good agreement with the ALICE measurement of the pp inelastic cross section atp

sNN = 2.76 TeV, s inel
NN = (62.8 ± 2.4+1.2

�4.0) mb [18], and with the measurements of ATLAS
[15], CMS [16], and TOTEM [17] at

p
sNN= 7 TeV, as shown in Fig. 1.
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Centrality determination with ALICE ALICE Collaboration

section d <
q

s inel
NN /p . A Gaussian overlap function can be used as an alternative to the black-

disk nucleon-nucleon overlap function [23]. It makes no significant difference within systematic
uncertainty in the global event properties.

Table 1: Geometric properties (Npart, Ncoll, TAA) of Pb–Pb collisions for centrality classes defined by
sharp cuts in the impact parameter b (in fm). The mean values, the RMS, and the systematic uncertainties
are obtained with a Glauber Monte Carlo calculation.

Centrality bmin bmax hNparti RMS (sys.) hNcolli RMS (sys.) hTAAi RMS (sys.)
(fm) (fm) 1/mbarn 1/mbarn 1/mbarn

0–1% 0.00 1.57 403.8 4.9 1.8 1861 82 210 29.08 1.3 0.95
1–2% 1.57 2.22 393.6 6.5 2.6 1766 79 200 27.6 1.2 0.87
2–3% 2.22 2.71 382.9 7.7 3.0 1678 75 190 26.22 1.2 0.83
3–4% 2.71 3.13 372.0 8.6 3.5 1597 72 180 24.95 1.1 0.81
4–5% 3.13 3.50 361.1 9.3 3.8 1520 70 170 23.75 1.1 0.81
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20–25% 6.98 7.81 202.1 16 3.3 629.6 69 62 9.837 1.1 0.30
25–30% 7.81 8.55 169.5 15 3.3 483.7 61 47 7.558 0.96 0.25
30–35% 8.55 9.23 141.0 14 3.1 366.7 54 35 5.73 0.85 0.20
35–40% 9.23 9.88 116.0 14 2.8 273.4 48 26 4.272 0.74 0.17
40–45% 9.88 10.47 94.11 13 2.6 199.4 41 19 3.115 0.64 0.14
45–50% 10.47 11.04 75.3 13 2.3 143.1 34 13 2.235 0.54 0.11
50–55% 11.04 11.58 59.24 12 1.8 100.1 28 8.6 1.564 0.45 0.082
55–60% 11.58 12.09 45.58 11 1.4 68.46 23 5.3 1.07 0.36 0.060
60–65% 12.09 12.58 34.33 10 1.1 45.79 18 3.5 0.7154 0.28 0.042
65–70% 12.58 13.05 25.21 9.0 0.87 29.92 14 2.2 0.4674 0.22 0.031
70–75% 13.05 13.52 17.96 7.8 0.66 19.08 11 1.3 0.2981 0.17 0.020
75–80% 13.52 13.97 12.58 6.5 0.45 12.07 7.8 0.77 0.1885 0.12 0.013
80–85% 13.97 14.43 8.812 5.2 0.26 7.682 5.7 0.41 0.12 0.089 0.0088
85–90% 14.43 14.96 6.158 3.9 0.19 4.904 4.0 0.24 0.07662 0.062 0.0064
90–95% 14.96 15.67 4.376 2.8 0.10 3.181 2.7 0.13 0.0497 0.042 0.0042
95–100% 15.67 20.00 3.064 1.8 0.059 1.994 1.7 0.065 0.03115 0.026 0.0027

0–5% 0.00 3.50 382.7 17 3.0 1685 140 190 26.32 2.2 0.85
5–10% 3.50 4.94 329.4 18 4.3 1316 110 140 20.56 1.7 0.67

10–20% 4.94 6.98 260.1 27 3.8 921.2 140 96 14.39 2.2 0.45
20–40% 6.98 9.88 157.2 35 3.1 438.4 150 42 6.850 2.3 0.23
40–60% 9.88 12.09 68.56 22 2.0 127.7 59 11 1.996 0.92 0.097
60–80% 12.09 13.97 22.52 12 0.77 26.71 18 2.0 0.4174 0.29 0.026
80–100% 13.97 20.00 5.604 4.2 0.14 4.441 4.4 0.21 0.06939 0.068 0.0055

The number of collisions Ncoll and the number of participants Npart are determined by count-
ing, respectively, the binary nucleon collisions and the nucleons that experience at least one
collision. Following the notation in [2], the geometric nuclear overlap function TAA is then
calculated as TAA = Ncoll/s inel

NN , and represents the effective nucleon luminosity in the collision
process.

For nuclear collisions at
p

sNN = 2.76 TeV, we use s inel
NN = (64 ± 5) mb, estimated by inter-

polation [11] of pp data at different center-of-mass energies and from cosmic rays [12, 14],
and subtracting the elastic scattering cross section from the total cross section. The interpo-
lation is in good agreement with the ALICE measurement of the pp inelastic cross section atp

sNN = 2.76 TeV, s inel
NN = (62.8 ± 2.4+1.2

�4.0) mb [18], and with the measurements of ATLAS
[15], CMS [16], and TOTEM [17] at

p
sNN= 7 TeV, as shown in Fig. 1.
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Central Au-Au collisions at √sNN = 200 GeV:  
about 5000 charged particles in the full rapidity range 



Central Au-Au collisions at √sNN = 2760 GeV:  
about 18000 charged particles in the full rapidity range 
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dNch/dη vs √sNN in pp and central A-A collisions

■ dNch/dη scales with sα 
■ Increase in central A+A 

stronger than in p+p

48

Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration
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Fig. 1: Values of 2
hNparti hdNch/dhi for central Pb–Pb [4–7] and Au–Au [8–12] collisions (see text) as a function

of
p

sNN. Measurements for inelastic pp collisions and pp collisions as a function of
p

s are also shown [26–28]
along with those from non-single diffractive p–A and d–A collisions [29, 30]. The s-dependence, proportional
to s0.155

NN for AA collisions is indicated by a solid line: similarly a dashed line shows an s0.103
NN dependence in pp

collisions. The shaded bands show the uncertainties on the extracted power-law dependencies. The central Pb–Pb
measurements from CMS and ATLAS at 2.76 TeV have been shifted horizontally for clarity.

b = 0.155±0.004. It is a much stronger s-dependence than for proton–proton collisions, where a value
of b = 0.103± 0.002 is obtained from a fit to the same function [28]. The fit results are plotted with
their uncertainties shown as shaded bands. The result at

p
sNN = 5.02 TeV confirms the trend established

by lower energy data since b is not significantly different when the new point is excluded from the fit.
It can also be seen in the figure that the values of 2

hNparti hdNch/dhi measured by ALICE for p–Pb [25]
and PHOBOS for d–Au [11] collisions fall on the curve for proton–proton collisions, indicating that the
strong rise in AA is not solely related to the multiple collisions undergone by the participants since the
proton in p–A collisions also encounters multiple nucleons.

The centrality dependence of 2
hNparti hdNch/dhi is shown in Figure 2. The point-to-point centrality-

dependent uncertaintes are indicated by error bars whereas the shaded bands show the correlated con-
tributions. The statistical uncertainties are negligible. The data are plotted as a function of hNparti and
a strong dependence is observed, with 2

hNparti hdNch/dhi decreasing by a factor 1.8 from the most central
collisions, large hNparti, to the most peripheral, small hNparti. There appears to be a smooth trend towards
the value measured in minimum bias p–Pb collisions [25]. The data measured at

p
sNN = 2.76 TeV

[4, 26] are also shown, scaled by a factor 1.2, which is calculated from the observed s0.155 dependence of
the results in the most central collisions, and which describes well the increase for all centralities. Given

5

ALICE, arXiv:1512.06104 
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Centrality dependence of dNch/dη

■ dNch/dη / Npart increases with centrality 
■ Relative increase similar at RHIC and the LHC: Importance of geometry!
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most peripheral to 2.0% in the most central class, by using
an alternative method where fake hits are injected into real
events; for particle composition, 1%, by changing the
relative abundances of protons, pions, kaons by up to a
factor of 2; for contamination by weak decays, 1%, by
changing the relative contribution of the yield of strange
particles by a factor of 2; for extrapolation to zero trans-
verse momentum, 2%, by varying the estimated yield of
particles at low transverse momentum by a factor of 2; for
dependence on event generator, 2%, by using quenched
and unquenched versions of HIJING [20], as well as DPMJET

[22] for calculating the corrections. The systematic uncer-
tainty on dNch=d! due to the centrality class definition is
estimated as 6.2% for the most peripheral and 0.4% for the
most central class, by using alternative centrality defini-
tions based on track or SPD hit multiplicities, by using
different ranges for the Glauber model fit, by defining
cross-section classes integrating over the fit rather than
directly over the data distributions, by changing the Npart

dependence of the particle production model to a power
law, and by changing the nucleon—nucleon cross section
and the parameters of the Woods—Saxon distribution
within their estimated uncertainties and by changing the
internucleon exclusion distance by !100%. All other
sources of systematic errors considered (tracklet cuts, ver-
tex cuts, material budget, detector efficiency, background
events) were found to be negligible. The total systematic
uncertainty on dNch=d! amounts to 7.0% in the most
peripheral and 3.8% in the most central class. A large
part of this uncertainty, about 5.0% for the most peripheral
and 2.5% for the most central class, is correlated among the
different centrality classes. The dNch=d! values obtained
for nine centrality classes together with their systematic
uncertainties are given in Table I. As a cross check of the
centrality selection the dNch=d! analysis was repeated
using centrality cuts defined by slicing perpendicularly to
the correlation between the energy deposited in the ZDC
and the VZERO amplitude. The resulting dNch=d! values
differ by 3.5% in the most peripheral (70%–80%) and by
less than 2% in all the other classes from those obtained by

using the VZERO selection alone, which is well within the
systematic uncertainty. Independent cross checks per-
formed using tracks reconstructed in the TPC and ITS
instead of tracklets yield compatible results.
In order to compare bulk particle production in different

collision systems and at different energies, the charged-
particle density is divided by the average number of par-
ticipating nucleon pairs, hNparti=2, determined for each
centrality class. The hNparti values are obtained using the
Glauber calculation, by classifying events according to the
impact parameter, without reference to a specific particle
production model, and are listed in Table I. The systematic
uncertainty in the hNparti values is obtained by varying the
parameters entering the Glauber calculation as described
above. The geometrical hNparti values are consistent within
uncertainties with the values extracted from the Glauber fit
in each centrality class, and agree to better than 1% except
for the 70–80% class where the difference is 3.5%.
Figure 2 presents ðdNch=d!Þ=ðhNparti=2Þ as a function of

the number of participants. Point-to-point, uncorrelated
uncertainties are indicated by the error bars, while corre-
lated uncertainties are shown as the grey band. Statistical
errors are negligible. The charged-particle density per
participant pair increases with hNparti, from 4:4! 0:4 for
the most peripheral to 8:4! 0:3 for the most central class.
The values for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, aver-
aged over the RHIC experiments [7], are shown in the same

TABLE I. dNch=d! and ðdNch=d!Þ=ðhNparti=2Þ values mea-
sured in j!j< 0:5 for nine centrality classes. The hNparti ob-

tained with the Glauber model are given.

Centrality dNch=d! hNparti ðdNch=d!Þ=ðhNparti=2Þ
0%–5% 1601! 60 382:8! 3:1 8:4! 0:3
5%–10% 1294! 49 329:7! 4:6 7:9! 0:3
10%–20% 966! 37 260:5! 4:4 7:4! 0:3
20%–30% 649! 23 186:4! 3:9 7:0! 0:3
30%–40% 426! 15 128:9! 3:3 6:6! 0:3
40%–50% 261! 9 85:0! 2:6 6:1! 0:3
50%–60% 149! 6 52:8! 2:0 5:7! 0:3
60%–70% 76! 4 30:0! 1:3 5:1! 0:3
70%–80% 35! 2 15:8! 0:6 4:4! 0:4
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FIG. 2 (color online). Dependence of ðdNch=d!Þ=ðhNparti=2Þ
on the number of participants for Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV and Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV (RHIC
average) [7]. The scale for the lower-energy data is shown on
the right-hand side and differs from the scale for the higher-
energy data on the left-hand side by a factor of 2.1. For the Pb-Pb
data, uncorrelated uncertainties are indicated by the error bars,
while correlated uncertainties are shown as the grey band.
Statistical errors are negligible. The open circles show the values
obtained for centrality classes obtained by dividing the 0%–10%
most central collisions into four, rather than two classes. The
values for non-single-diffractive and inelastic pp collisions are
the results of interpolating between data at 2.36 [19,24] and
7 TeV [25].
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Increase of the mean pT with Npart for π, K, p  
in Au-Au collisions at √sNN = 200 GeV
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Nuclear stopping power (Au-Au at √sNN = 200 GeV)

■ Average energy per (net) baryon

51

3

extrapolate to the full pT range. Different functional
forms were tested: mT -exponential, Boltzmann and
Gaussian. The function found to best describe the
data was the Gaussian in pT [f(pT ) ∝ e−p2

T /(2σ2)] and
this function has been used for all fits. This functional
form was also used in [14].

The mean transverse momentum ⟨pT ⟩ of the spectra
calculated from the fit is found to be within 0.1 GeV/c
at each rapidity for the three functional forms. For
protons which have the best counting statistics, ⟨pT ⟩
decreases from ⟨pT ⟩ = 1.01± 0.01(stat) GeV/c at y =
0 to ⟨pT ⟩ = 0.84 ± 0.01(stat) GeV/c at y ∼ 3.
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FIG. 2: Proton, anti–proton, and net–proton rapidity den-
sities dN/dy as a function of rapidity at

√
sNN = 200

GeV. The horizontal bars shows the rapidity intervals for
the projections. The errors shown with vertical lines are
statistical only while the caps includes both statistical and
systematic. No weak decay correction has been applied.

The differential yield within the measured pT range
varies from 85% of the total dN/dy near mid–rapidity
to 45% at y ∼ 3. The systematic errors on dN/dy
were estimated from the difference in dN/dy values
obtained using different spectrometer settings cover-
ing the same (y, pT ) regions, the discrepancy between
the two different efficiency methods, and by estimat-
ing the effects of the pT extrapolation. The system-
atic errors were found to be 10-15% for mid-rapidity
(y < 1) and 20-30% for forward rapidities.

Figure 2 shows the resulting rapidity densities
dN/dy as a function of rapidity. The most prominent
feature of the data is that while the proton and anti–
proton dN/dy decrease at rapidities away from mid–
rapidity the net–proton dN/dy increases over all three

units of rapidity, from dN/dy(y=0) = 6.4±0.4(stat)±
1.0(syst) to dN/dy(y=3) = 12.4±0.3(stat)±3.2(syst).

A Gaussian fit to the anti-proton dN/dy distribu-
tion gives the total extrapolated anti–proton yield :
84±6 (92% in −3 < y < 3). For protons the yield from
a Gaussian fit to dN/dy in the range, −3 < y < 3, is
138 ± 7.
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FIG. 3: The net–proton rapidity distribution at AGS [7,
15, 16] (Au+Au at

√
sNN = 5 GeV), SPS [17] (Pb+Pb at√

sNN = 17 GeV) and this measurement (
√

sNN = 200
GeV). The data are all from the top 5% most central
collisions and the errors are both statistical and system-
atic (the light grey band shows the 10% overall normal-
ization uncertainty on the E802 points, but not the 15%
for E917). The data have been symmetrized. For RHIC
data black points are measured and grey points are sym-
metrized, while the opposite is true for AGS and SPS data
(for clarity). At AGS weak decay corrections are negligible
and at SPS they have been applied.

Figure 3 shows net–proton dN/dy measured at AGS
and SPS compared to these results. The distributions
show a strong energy dependence, the net–protons
peak at mid–rapidity at AGS, while at SPS a dip is
observed in the middle of the distribution. At RHIC a
broad minimum has developed spanning several units
of rapidity, indicating that at RHIC energies collisions
are quite transparent.

To calculate the rapidity loss, dN/dy must be
known from mid–rapidity to projectile rapidity, yp =
5.36. BRAHMS measures to y ∼ 3, so the shape of the
rapidity distribution must be extrapolated to calcu-
late ⟨δy⟩. The baryon number of participating nucle-
ons (Npart) is conserved, while the net–proton number
is not necessarily conserved. To obtain net–baryons,
the number of net–neutrons and net–hyperons have
to be estimated and the contribution from weak de-
cays included in the measured net–protons has to be
deduced. Using MC simulations we find these contri-
butions to be c1 = 0.53±0.05 protons for each Λ, and
c2 = 0.49 ± 0.05 protons for each Σ+ decay. There is

hyi = 2

Npart

Z yp

0
y
dNB�B̄

dy
dy

■ Average energy loss of a nucleon in central Au+Au@200GeV is 73 ± 6 GeV

■ Average rapidity loss

yp = 5.36

h�yi = yp � hyi ⇡ 2

hE i = 1

Npart

ypZ

�yp

hmT i cosh y| {z }
E

dNB�B̄

dy
dy ⇡ 27± 6GeVEp = 100GeV,

Initial rapidity:

Net baryons after the collision:

Average rapidity loss:

Brahms, PRL 93:102301, 2004

http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.106.032301
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Bjorken’s formula for the initial energy density

■ Particles (quarks and gluons) 
materialize at proper time τ0 

■ Position z and longitudinal velocity 
(i.e. rapidity) are correlated 
‣ So as if particles streamed freely 

from the origin

52

2dz

z = ⌧ sinh y

" =
1

A

dE

dz

����
z=0

=
1

A

dET

dz

����
z=0

=
1

A

dET

dy

����
y=0

dy

dz

����
z=0

=
1

A

dET

dy

����
y=0

1

⌧

Assumptions:

Consider total energy in 
slice at z = 0 at time τ0

" =
1

A · ⌧0
dET

dy

����
y=0

, ⌧0 ⇡ 1 fm/c

A = transverse area

J.D. Bjorken, Phys.Rev. D27 (1983) 140-151, 2417 citations on inspire.net on Feb. 16, 2016
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Energy density in central Pb-Pb collisions at the LHC

53

 [GeV]NNs10 210 310

/c
]

2
 [G
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/fm

τ 
BJε

1

10

PHENIX 0-5% Au+Au

CMS 0-5% Pb+Pb

" =
1

A · ⌧0
dET

dy

����
y=0

=
1

A · ⌧0
J(y , ⌘)

dET

d⌘

����
⌘=0

with J(y , ⌘) ⇡ 1.09

A = ⇡R2
Pb with RPb ⇡ 7 fm

dET/d⌘ = 2000GeV

"LHC = 14GeV/fm3

⇡ 2.6⇥ "RHIC for ⌧0 = 1 fm/c

Central Pb-Pb at √sNN = 2.76 TeV:

Transverse area:

PHENIX, arXiv:1509.06727

Energy density:

Even at √sNN = 7.7 GeV the 
estimated initial energy density 
is above εC ≈ 0.34 GeV/fm3
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STAR 62.4, 200 GeV
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ALICE 2760 GeV

Freeze-out volume and emission time  
from two-pion Bose-Einstein correlations

Freeze-out volume:
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ALICE, Phys.Lett.B 696 (4), 328
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Summary: Global properties

■ Up to 18000 charged particles in the full rapidity range in a single central  
Pb-Pb collisions at √sNN = 2760 GeV 

■ Energy density in heavy-ion collisions at RHIC and the LHC as estimated 
with Bjorken’s formula well above critical energy density 
‣ Even at √sNN = 7.7 GeV 

■ Bose-Einstein correlations of identical pions: 
Fireball in Pb-Pb at the LHC lives longer, and expands to a larger size 
compared to lower energies 

55



4. Strangeness and the statistical model
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Is stangeness enhancement a QGP signal? 
■ Bare quark masses in the QGP 

(chiral symmetry restoration) vs. 
constituent quark masses in 
hadronic reactions 
‣ Easier to produce strange quarks in 

the QGP

57

√ s (GeV)

λ S
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AuAu

K+p collisions
π+p collisions
pp collisions
pp

–
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e+e- collisions
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�s =
2hss̄i

huūi+ hdd̄i

ratio of newly created 
valence quark pairs 
before strong decays 
(ρ, Δ, …)

arXiv:0907.1031

■ Strangeness equilibration time in 
hadron gas too long to reach 
equilibrium 

■ Strangeness enhancement: one of 
the earliest QGP signals

N + N ! N + ⇤+ K ,

Q ⇡ 670MeV

g + g � s + s̄, q + q̄ � s + s̄

Q ⇡ 2ms ⇡ 200MeV

“Wròblewski factor”,  
Acta Phys. Pol. B16 (1985) 379 J. Rafelski, B. Müller, PRL 48 (1982) 1066
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Strangeness Enhancement in 
Pb-Pb relative to p-Pb at √sNN = 17.3 GeV

58
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Figure 4: Strange particle enhancement versus strangeness content.

8

0-40% Pb-Pb 
at √sNN = 17.3 GeV

Strangeness enhancement increases with s quark contents  
(up to factor 17 for the Ω baryon)

WA97,  
PLB 449 (1999) 401, 
CERN-EP/99-29

E =

✓
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◆

Pb�Pb

/

✓
Y

Npart

◆

p�Pb

p-Be reference 
instead of p-Pb: 
similar behavior 
(NA57)
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Ξ/π and Ω/π enhancement in Pb-Pb at √sNN = 2.76 TeV

59
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Interestingly, φ/π very similar in pp, p-Pb, and Pb-Pb
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Multiplicity dependence of Ω/π in pp, p-Pb, and Pb-Pb 

60

Significant increase in Ω/π with dNch/dη already in pp and p-Pb
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Particle yields from the hadron resonance gas
■ Idea: Freeze-out of the QGP creates an equilibrated hadron resonance gas 
■ The HRG then freezes out with a characteristic temperature Tch close to Tc 

which determines the yields of different particle species 
■ What is the appropriate statistical ensemble for the theoretical treatment?

61

system S 
T, V, N

heat bath   T

canonical ensemble: 
N and V fixed, energy E 
of the system fluctuates  
(Es + Eb = E,  T is given) 

grand-canonical ensemble: 
V fixed, energy E and particle 
number N fluctuate 
(T, μ given) 

system S 
T, V, μ

heat bath   T, μ

pp collisions, strangeness 
locally conserved

central A-A collisions, local  
strangeness fluctuations 
possible,“there is a medium”
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Canonical suppression for small volumes

■ Particle densities in C and 
GC approach are related

62

nK : Density of particles with 
strangeness K = |S|,  
S =-1, -2, -3

Modified Bessel function 
of the first kind

■ Volume V is assumed to 
scale as V ~ Npart

nCK = nGCK · FS

FS =
IK (2nGCK V )

I0(2nGCK V )

Braun-Munzinger, Redlich, Stachel, nucl-th/0304013v1

In :
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Particle yields in the grand-canonical ensemble

■ Partition function  
(particle species i):

63

lnZi =
Vgi
2⇡2

Z 1

0
±p2dp ln(1± exp(�(Ei � µi )/T ))

“-” for bosons, “+” for fermions

■ Particle densities: ni = N/V = �T

V

@ lnZi

@µ
=

gi
2⇡2

Z 1

0

p2 dp

exp((Ei � µi )/T )± 1

■ For every conserved quantum number there is a chemical potential:
µi = µBBi + µSSi + µI3 I3,i

■ Use conservation laws to constrain V ,µs ,µI3

strangeness:

charge:  

baryon number:

X

i

niSi = 0 ! µs

V
X

i

niBi = Z + N ! µB

V
X

i

ni I3,i =
Z � N

2
! µI3

Only two parameters 
left (T, μB) 
Example: 
 
→ determine (T, μB) for 
different √sNN from fits to 
data 

gi = (2 Ji +1)  spin degeneracy factor
Ei2 = pi2 + mi2

n(p̄)/n(p) = exp(�2µB/T )

Boltzmann  
approximation
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χ2 fit of the statistical models to LHC data

64

LHC, Pb–Pb, 0-10%
9 A.Andronic@GSI.de
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0K 0K* φ p p Λ -Ξ
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+
Ω d He3 HΛ
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T = 156.0± 1.5 MeV, µB = 0± 2 MeV, V = 5330± 410 fm3

π, K±, K0 from charm included (0.7%, 2.6%, 2.9% for the best fit)

[ no p,p̄ in fit: T = 158+1−2 MeV, V = 5170+450−210 fm
3, χ2/Ndf=11.5/12 ]

■ Overall good agreement with data 
■ T = 156 ± 1.5 MeV, μB = 0 ± 2 MeV, V = 5330 ± 400 fm3

Andronic, Braun-Munzinger, Stachel 
arXiv:1106.632, arXiv:1210.7724, arXiv:1311.4662, talk A. Andronic Trento

3σ deviation for  
protons and 
anti-protons

http://www.ectstar.eu/sites/www.ectstar.eu/files/talks/andronic_trento14.pdf
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Different thermal models give the same temperature
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√sNN dependence of T and μB

■ Smooth evolution of T and μB with √sNN 
■ T reaches limiting value of Tlim = 159 ± 2 MeV

66

Energy dependence of T , µB (central collisions)
4 A.Andronic@GSI.de
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K/π ratio vs. √sNN

■ Maximum in K+/π+ (“the horn”) 
was discussed as a signal of 
the onset of deconfinement at 
√sNN  ≈ a few GeV  

■ However, in the GC statistical 
model the structure can be 
reproduced with T, μB that 
vary smoothly with √sNN 
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A. Andronic, arXiv:1407.5003v1
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Freeze-out points for √sNN ≳ 10 GeV from thermal 
model fits coincide with Tc from lattice calculations 

■ What is the origin of 
equilibrium particle yields? 
‣ General property of the QCD 

hadronization process 
(“particle born into 
equilibrium”) 

‣ Or does the hadron gas 
thermalizes via particle 
scattering after the transition? 

■ Possible mechanism for fast 
thermalization after the 
transition: multi-hadron 
scattering resulting from high 
particle densities

68

Braun-Munzinger, Stachel, Wetterich,  
PLB 596 (2004) 61
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Summary/questions strangeness

■ Strangeness is enhanced in A-A collisions relative to e+e- and pp 
■ LHC: Strangeness enhancement in high-multiplicity pp collisions approaches 

the enhancement in Pb-Pb 
‣ Not predicted by Pythia 

■ Origin of the strangeness enhancement? 
‣ Typical hadronic cascade codes (e.g. UrQMD) cannot explain the enhancement 
‣ Does the volume associated with strangeness production becomes larger in  

A-A collisions (relaxation of canonical suppression)? 
‣ Can one understand the fast thermalization of the hadron gas? 
‣ Or maybe coalescence of strange quarks from the QGP? 

■ Strangeness provides important information and probably points to QGP 
formation 
‣ However, a better understanding of the mechanisms of strangeness 

enhancement is needed 

69



5. Space-time evolution of the QGP
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The initial parton wave function: 
Gluon saturation

71
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Annu. Rev. Nucl. Part. Sci. 2010.60:463 

Growth of gluons saturates at an occupation 
number 1/αs. This defines a (semihard) scale 
Qs(x), i.e., a typical gluon transverse momentum.
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The color glas condensate model

■ Color glass condensate: 
Effective field theory, which describes 
universal properties of saturated gluons in 
hadron wave functions  

■ Separation of timescales:  
Dynamical fields coupled to the static 
color sources  

■ CGC dynamics produces so-called 
glasma-field configurations at early times 
‣ Strong longitudinal chromoelectric and 

chromomagnetic fields screened on 
transverse distance scales 1/Qs. 

72

Annu. Rev. Nucl. Part. Sci. 2010.60:463 
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Longitudinal expansion:  
1+1 d ideal hydrodynamics (Bjorken model)

73

Thermodynamic quantities depend only 
on proper time τ (not on (t,z) separately)
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Radial flow

74

Change of shape 
of pT spectra from 
pp to Pb-Pb as 
expected from 
radial flow 
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Blast-wave model:  
Change of slope due to radial flow

75

The apparent temperature, 
i.e., the inverse slope at high 
pT, is larger than the original 
temperature by the blue shift 
factor:
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 π, K, p Spectra and Blast-wave Fits at the LHC  

76

ALICE arXiv:1303.0737

Can extract Tkin and βT from a simultaneous fit to the π, K, p spectra
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T und ⟨β⟩ for Different Centralities at RHIC and the LHC 

77
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Radial Flow Velocities as a Function of √sNN  

Rather weak √sNN  dependence 
of T and ⟨βT⟩ for √sNN ≳ 10 GeV
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Basics of ideal relativistic hydrodynamics (1)
■ Hydrodynamics: Effective theory describing the long wavelength limit of the 

underlying microscopic theory 
■ Energy momentum tensor

79

Tµ⌫ =

✓
energy density energy flux density

momentum density momentum flux density

◆
Tµ⌫
id,R =

0

BB@

" 0 0 0
0 P 0 0
0 0 P 0
0 0 0 P

1

CCA

in fluid rest frame 
(ideal hydro)

■ Transformation to the lab frame

See e.g. Ollitrault,  
arXiv:0708.2433

Tµ⌫ = ("+ P) uµu⌫ � P gµ⌫

pressure

4-velocity:

metric  
tensor:

■ Conservation of energy, momentum, and net-baryon current

@µT
µ⌫
id = 0, @µJ

µ
B = 0

5 equations for 6  
unknowns:
(u

x

, u
y

, u
z

, ",P , nB)

diag(1,�1,�1,�1)

u

µ = dxµ/d⌧ = �(1,~v)

@µ = (
@

@t
, ~r)
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Basics of ideal relativistic hydrodynamics (2)
■ Equation of state (EoS) needed to 

close the system:

80

■ Via the EoS hydrodynamics allows 
one to relate observables with QCD 
thermodynamics 

■ Initial conditions (ε(x, y, z)) 
‣ Glauber MC 
‣ Color glass condensate 

■ Transition to free-streaming particles 

P(", nB)

E

dN

d

3
p

=

Z

⌃
f (x , p, t)p d�(x)

=

g

(2⇡)3

Z

⌃

p d�(x)

exp

⇣
p·u(x)�µ(x)

T (x)

⌘
± 1

normal vector to the 
freeze-out 3d hyper 
surface Σ in space-time 
defined e.g. by T = Tfo

Cooper, Frye, Phys. Rev. D10 (1974) 186 
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Hydrodynamical modeling of the fireball evolution

81

temperature in GeV velocity vector

τ = 1.2 fm/c τ = 7 fm/c 

Explosive expansion of the QGP fireball
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Hydrodynamic modeling of heavy-ion collisions:  
State of the art
■ Equation of state from lattice QCD 
■ 2+1 d or 3+1 d viscous hydrodynamics 
■ Fluctuating initial conditions (event-by-event hydro) 
■ Hydrodynamic evolution followed by hadronic cascade

82

MC Glauber 
initial condition

IP Glasma 
initial condition
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Azimuthal distribution of produced particles

83

Fourier coefficients:

dN

d'
/ 1 + 2

1X

n=1

vn cos[n('� n)]

vn(pT , y) = hcos[n('� n)]i

v2 v3 v4 v5

elliptic flow triangular flow
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Origin of odd flow components

■ v2 is related to the geometry of the overlap zone 
■ Higher moments result from fluctuations of the initial energy distribution 

84

Müller, Jacak, http://dx.doi.org/10.1126/science.1215901

http://dx.doi.org/10.1126/science.1215901
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Hydrodynamic models: v2/ε approx. constant

85

2 4 6 8 10 12
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e0=4.5 GeV/fm3
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e0=25 GeV/fm3

b (fm)

v2/εx

Ideal hydrodynamics gives v2 ≈ 0.2 ε

εx: initial eccentricity 
of the participants
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How the vn are measured (1): 
Event plane method

86

Q
n

=
X

k

e in'k = |Q
n

|e in n,rec = Q
n,x + iQ

n,y

Event flow vector Qn 
e.g., measured at forward 
rapidities:

Event plane angle  
reconstructed in a given event:  

n,rec =
1

n
atan2(Q

n,y ,Qn,x)

Reconstructed event plane angle fluctuates around “true” reaction plane angle.  
The reconstructed vn is therefore corrected for the event plane resolution:

vn =

v rec
n

Rn
, v rec

n = hcos[n('� rec
n )]i, Rn = ”resolution correction”

What the event plane methods measures depends on the resolution 
which depends on the number of particles used in the event plane determination:

hv↵i1/↵ where 1  ↵  2

Therefore other methods are used today where possible.
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How the vn are measured (2): 
Cumulants

87

c2{2} ⌘
DD

e i2('1�'2)
EE

=
⌦
v2
2 + �2

↵

c2{4} ⌘
DD

e i2('1+'2�'3�'4)
EE

� 2
DD

e i2('1�'2)
EE2

,

=
⌦
�v4

2 + �4
↵

average over all particles within an event, 
followed by averaging over all events 

non-flow contribution 
(Resonance decays, HBT,  jets, …)

cn{4} is a measure of genuine 4-particle correlations, i.e., it is insensitive to 
two-particle non-flow correlations. It can, however, still be influenced by 
higher-order non-flow contributions, denoted here by δ4.

vn{4} = hvni �
1

2

�2

hv2i
vn{2} = hvni+

1

2

�2

hv2i
,

These observables measure (assuming σ ≪⟨vn⟩): 

vn{2}2 := cn{2}, vn{4}4 := �cn{4}

two-particle 
correlations
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Elliptic flow of identified hadrons: 
Reproduced by viscous hydro with η/s = 0.2

88

Dependence of v2 on particle mass (“mass ordering”) is considered  
as strong indication for hydrodynamic space-time evolution

final results: arXiv:1405.4632 
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Higher flow harmonics are particularly sensitive to η/s

89

Hydrodynamics of QCD 331

the recent calculations using the so-called IP-Glasma [17] and EKRT [18]
initialisations reproduce both the fluctuations and the average values of v2,
v3 and v4 [18, 19], making these approaches very promising.

Fig. 2. An example of the positions of interacting nuclei in MC-Glauber model.
Figure taken from Ref. [20] and reprinted with permission.
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Fig. 3. Ratio of the anisotropy coefficients of charged hadrons in viscous calculation
to the coefficients in ideal fluid calculation [14]. Figure taken from Ref. [6], courtesy
to Bjoern Schenke.

Major uncertainty in extracting η/s from data: uncertainty of initial conditions 
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η/s from comparison to data

90
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arXiv:1209.6330

(⌘/s)QGP ⇡ 0.2 = 2.5⇥ 1

4⇡
(20% stat. err., 50% syst. err.)

Current status (Pb-Pb at √sNN = 2.76 TeV): arXiv:1301.2826
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Universal aspects of the underlying physics

■ Strongly-interacting degenerate gas of fermionic 6Li 
atoms at 0.1 μK 

■ Cigar-shaped cloud initially trapped by a laser field 
■ Anisotropic expansion upon abruptly turning off the 

trap: Elliptic flow! 
■ η/s can be extracted: 

91
John Thomas, https://www.physics.ncsu.edu/jet/research/stronginter/index.html

(⌘/s)6Li gas ⇡ 0.4 = 5⇥ 1

4⇡
[PhD thesis Chenglin Cao]

The ultimate goal is to unveil the universal physical laws 
governing seemingly different physical systems (with 
temperature scales differing by 19 order of magnitude)

https://www.physics.ncsu.edu/jet/research/stronginter/index.html
https://www.physics.ncsu.edu/jet/theses/pdf/Cao.pdf
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v2(pT) appears to be rather independent of √sNN

92

Daniel Cebra 
8/13/2012 

Quark Matter 2012 
Washington, D.C. 

19 of 22 

¾ v2{4} results 
• Three centrality bins 

¾ Consistent v2(pT)  

     from 7.7 GeV to 

     2.76 TeV for pT > 2 

     GeV/c 

¾ pT< 2GeV/c 
• The v2 values  

      rise with increasing 

      collision energy 

      -> 

      Large collectivity 

      Particle composition 

 

 

STAR: arXiv:1206.5528 
ALICE data: Phys. Rev. Lett. 105, 252302 (2010) 

Hadron elliptic flow; Energy dependence 

S. Shi  (F 3:20) 
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D meson v2 in Pb-Pb:  
Heavy quarks seem to flow, too!

93
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p
0 2 4 6 8 10 12 14 16 18

2v

-0.2

0

0.2

0.4
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{EP}2v average, |y|<0.8, *+, D+,D0Prompt D
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 = 2.76 TeVNNsPb-Pb, 
Centrality 30-50%

ALICE

Given their large mass, it is not obvious that charm quarks  
take part in the collective expansion of the medium 
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Collectivity in small systems:  
2-particle correlation in pp at √s = 7 TeV

94
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away-side jet 
correlation

No indication for collective effects in minimum bias pp collisions at 7 TeV

yield per trigger particle 
divided by uncorrelated 
(mixed-event) 
background
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Collectivity in small systems:  
Two-particle correlations in Pb-Pb collisions

95
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Collectivity in small systems:  
Two-particle correlations in high-multiplicity pp and p-Pb

96

ηΔ-4
-2
0
2
4

φΔ 0
2

4

)φ
Δ,η

Δ
R
( -2-1

01

<3.0GeV/c
T

 110, 1.0GeV/c<p≥    CMS N 

η∆
-4

-2

0

2

4
 (radians)

φ∆

0

2

4

φ
∆

 dη
∆d

pa
ir

N2 d
 

tri
g

N1 3.1

3.2

3.3

3.4

 < 260offline
trk N≤ = 5.02 TeV, 220 NNs(b) CMS pPb  

 < 3 GeV/ctrig
T

1 < p
 < 3 GeV/cassoc

T
1 < p

Flow-like two-particle correlation become visible in  
high-multiplicity pp and p-Pb collisions at the LHC

p+p at √s = 7 TeV
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Comparison of v2 in Pb-Pb and p-Pb for the same 
track multiplicity  

97

■ v2{8} measured: v2 in p-Pb is a genuine multi-particle effect 
■ v2 in p-Pb only slightly smaller than in p-Pb

CMS, arXiv:1502.05382v2 
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 = 2.76 TeVNNsCMS PbPb 
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Collectivity in small systems:  
Mass ordering in p-Pb collisions

98
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arXiv:1307.3237

v2 from fit of two-particle correlation, jet-like correlation removed by  
taking the difference between central and peripheral p-Pb collisions

Consistent with hydrodynamic expansion of the medium als in p-Pb
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Elliptic flow not only in high multiplicity pp collisions?

99
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Summary/questions space-time evolution

■ Hydrodynamic models provide an economic description of many 
observables (spectra, flow) 

■ Shear viscosity / entropy density ratio in Pb-Pb at √sNN = 2.76 TeV from 
comparing hydrodynamic models to data:

100

(⌘/s)QGP ⇡ 0.2 = 2.5⇥ ⌘

s

���
min,KSS

= 2.5⇥ 1

4⇡

■ Appropriate theoretical treatment of thermalization and matching to 
hydrodynamics? 
‣ Strong coupling or weak coupling approach? 
‣ Weak coupling: Applicable at asymptotic energies, but still useful at current √sNN  
‣ Strong coupling (string/gauge theory duality), see e.g. arXiv:1501.04952:  

Fast thermalization of the order of 1/T, but too much stopping? 
■ Can hydrodynamics provide a self-consistent description of collective effects 

in small system (pp, p-Pb)?



6. Jet quenching
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Theoretical description of High-pT particle production: 
Perturbative QCD
■ Scattering of pointlike partons 

described by QCD perturbation 
theory (pQCD) 

■ Soft processes described by 
universal, phenomenological 
functions 
‣ Parton distribution function from 

deep inelastic scattering 
‣ Fragmentation functions from  

e+e- collisions 
■ Particle production dominated by 

hard scattering for pT ≳ 3 GeV/c 
‣ However, 99% or so of all 

particle from soft processes 

102
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Jet quenching in heavy-ion collisions

103

q

q

q

q

p+p A+A

A-A collision: shower evolution in the medium, energy loss of the leading parton
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q

q
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Jet quenching history

104

It is now believed 
that radiative energy 
loss (gluon 
bremsstrahlung) is 
more important than 
elastic scattering
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Collisional vs. radiative parton energy loss 

■ Elastic scatterings with medium 
constituents 

■ Dominates at low parton 
momenta

105

■ Inelastic scatterings within the 
medium 

■ Dominates at higher momenta  

Collisional energy loss: Radiative energy loss:



 Klaus Reygers | Ultra-relativistic Heavy-Ion Physics - A Brief Introduction | Schleching | February 2016

Basics of radiative parton energy loss (1)
■ Energy loss E in a static medium of length L for a parton energy E → ∞:

106

�E / ↵sCF q̂L
2

q̂ =
µ2

�
CF =

(
3 for gluon jets

4/3 for quark jets

µ2 :

� :

typical momentum transfer from medium to parton per collision

mean free path length in the medium
BDMPS result, Nucl. Phys. B 483, 291, 1997

■ Landau-Pomeranchuk-Migdal 
(LPM) effect 
‣ Parton scatters coherently off 

many medium constituents: 
destructive interference 

‣ Reduces radiative energy loss
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Basics of radiative parton energy loss (2)

107

Formation time (or length) of a radiated gluon: 
(“time for the fast parton to get rid of its virtuality”) 

The gluon acquires additional transverse momentum if it scatters with medium 
constituents within its formation time (or formation length zc): 

This results in a medium-modified formation length: z
coh

' !

k2

T

'
r

!

q̂

k2

T ' q̂z
coh

=
µ2

�
z
coh

z
coh

= t
coh

' !

k2

T

' 1

!✓2

� < z
coh

:

� > z
coh

:

Coherent scattering with destructive interference

incoherent multiple scattering

3-momentum and energy 
of the radiated parton
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Basics of radiative parton energy loss (3)

108

�dE

dz
' 3↵s

⇡

E

�

�dE

dz
' 3↵s

⇡

s
E

q̂

�dE

dz
' 3↵s

⇡
q̂L

1. Incoherent regime (mean free path λ > zcoh):

2. Coherent regime (λ < zcoh) 
with medium thickness L > 
zcoh (saturated LPM regime)

3. Coherent regime (λ < zcoh) 
with L < zcoh

thickness  
of the medium

coherence 
length
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Ncoll-scaled π0 yields in pp compared to Au-Au
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Without a medium, 
hadron yields for  
pT ≳ 2-3 GeV are 
expected to scale 
with Ncoll

“increase in parton luminosity” 
per collision when going from 
pp to AA”

Observation: 
Clear suppression w.r.t. 
Ncoll scaling
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Discovery of Jet Quenching at RHIC (ca. 2000 - 2003) 

■ Hadrons are suppressed,direct 
photons are not 

■ Evidence for parton energy loss 

110

RAB =
dN/dpT |A+B

hTABi ⇥ d�inv/dpT|p+p

,

where hT
AB

i = hN
coll

i /�NN

inel
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A simple explanation for the rather flat RAA at RHIC: 
a Constant fractional parton energy loss

111

1

pT

dN

dpT
/ 1

pnT
π0 spectrum without energy loss:

π0 spectra at RHIC energy (√sNN = 200 GeV) 
described with n ≈ 8

Constant fractional energy loss:

"
loss

:= ��pT
pT

, i.e., p0T = (1� "
loss

)pT

RAA = (1� "
loss

)

n�2 ) "
loss

= 1� R1/(n�2)

AA ⇡ 0.2 for RAA ⇡ 0.25

Resulting RAA:

RAA depends on the parton energy loss 
and the shape of the pT spectrum

In this simplistic model the constant RAA ≈ 0.25 implies a constant fractional 
energy loss of about 20% in central Au+Au collisions at 200 GeV
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Single-particle RAA in Pb-Pb at the LHC:  
Qualitatively similar observation as for RHIC energies

■ No suppression for 
γ, W+-, Z0 in Pb-Pb 

■ No suppression of 
hadrons in p-Pb 

■ Strong suppression 
of hadrons in Pb-Pb

112
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Medium properties from charged hadron RAA(pT)

■ Fit of various models to RAA(pT) at RHIC and the LHC 
■ Jet transport parameter loss for radiative energy loss at the highest 

temperatures reached (for Eparton = 10 GeV, QGP thermalization at  
τ0 = 0.6 fm/c):  

113

Jet Coll., Phys.Rev. C90 (2014) 014909

■ Result relies on standard hydro description of the medium evolution 
■ Conjectured relation to η/s:

K ⇡ 1
K ⌧ 1

T 3

q̂
= K

⌘

s

weakly-coupled QGP:
strongly-coupled QGP:

Majumder, Müller,  Wang,  
PRL, 99 (2007) 192301
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ALI−DER−86145

π, K, p RAA: Suppression independent of hadron 
species for pT ≳ 8 GeV/c

■ RAA(p) > RAA(K) ≈ RAA(π) 
for 3 < pT < 8 GeV/c 

■ Similar p, K and π RAA 
for pT > 8 GeV/c 

114

ALICE, arXiv:1506.07287

Leading-parton energy 
loss followed by 
fragmentation in QCD 
vacuum (as in pp) for 
pT,hadron > 8 GeV/c?
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D meson RAA: Charm quark energy loss similar to 
quark and gluon energy loss 

■ Strong suppression also for D 
mesons (which cannot be 
explained by shadowing) 

■ Suppression of D mesons and 
pions (surprisingly?) similar 
‣ Pions mainly from gluons 
‣ Dead cone effect for c and b 

■ Still hint for expected 
hierarchy?  
‣ However, need to carefully 

consider also the steepness 
of the initial parton spectra

115

ALICE, arXiv:1203.2160
color factor dead cone effect 

(gluon emission suppressed 
at forward angles for slow 
quarks)

�Eg > �Eu,d ,s > �Ec > �Eb
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Centrality dependence of RAA for pions and D mesons

■ Npart dependence similar for 
pions and D mesons 

■ Actually expected in parton 
energy loss calculation
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Evidence for smaller energy loss for b quarks 
than for c quarks 
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Evidence for the expected 
energy loss hierarchy between 
c and b quarks

b quark energy loss via  
non-prompt J/ψ:
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Studying jet quenching with jets: 
Large dijet energy asymmetries in Pb-Pb

118
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Jet suppression in Pb-Pb at √sNN = 2.76 TeV:  
RAA ≈ 0.5 in central collisions 
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Interestingly, there 
is not much of a pT 
dependence of the 
jet suppression
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Summary/questions jet quenching

■ Collisional and radiative parton energy loss 
‣ Radiative energy loss expected to be dominant for light quarks 

■ Evidence for expected quark mass dependence of the energy loss 
■ QCD inspired models are capable of reproducing many features seen in the 

data 
‣ Medium properties can be constrained 

■ What’s next? 
‣ First generation of models focussed on leading-particle energy loss  

(“medium-modified fragmentation function”) 
‣ Need to describe full parton shower evolution in the medium 
‣ Can one eventually describe parton energy loss based on first principles? 
‣ Can one connect heavy-quark energy loss to string theory via the gauge/gravity 

duality?
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7. Charmonium and bottomonium
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Charmonium and bottomium

■ Non-relativistic treatment for heavy quarks (mc ≈ 1.3 GeV, mb ≈ 4.7 GeV) 
■ Charmonium and bottomium states reproduced by  

solving Schrödinger equation using Cornell potential: 

122

V (r) = �↵

r
+ �r

σ ≈1 GeV/fm, α ≈ π/12 

Quarkonia: tightly 
bound, smaller radius 
than light mesons
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Debye screening in the QGP

■ Matsui, Satz (Phys. Lett. B 178 (1986)): 
‣ Potential between two heavy quarks is modified in the QGP, preventing initially 

produced charm anticharm quarks to form a J/ψ 
‣ J/ψ suppression is a QGP signal

123

V (r ,T ) = �↵

r
e�µr + �r

1� e�µr

µr

■ Simple parameterization of the screened potential (“Debye screening”)

rD = 1/µscreening radius 
depends on  
temperature:

■ Basic idea: heavy-quark bound state melts in the QGP if 180 10 Probing the Quark-Gluon Plasma

Table 10.2 Quarkonium dissociation temperatures Td in units of the deconfinement tempera-
ture Tc [17, 18]

State J/ψ(1S) χc(1P) ψ ′ ϒ χb ϒ ′ χ ′
b ϒ ′′

Td/Tc 2.0 1.2 1.1 > 4.0 1.8 1.6 1.2 1.2

such as mass or size. It is for this reason that J/ψ ’s can be used as a confine-
ment/deconfinement probe.

This can be illustrated by a simple example. Consider an ideal pion gas as
a confined medium. The momentum spectrum of pions has the Boltzmann form
f (p) ∼ exp−(|p|/T ), giving the pions an average momentum ⟨|p|⟩ = 3T . With
the pionic gluon distribution function xg(x) ∼ (1 − x)3, where x = k/p denotes the
fraction of the pion momentum carried by a gluon, the average momenta of gluons
confined to pions becomes

〈
|k|

〉
conf ≃ 0.6T . (10.11)

On the other hand, an ideal QGP as prototype of a deconfined medium gives the glu-
ons themselves the Boltzmann distribution f (k) ∼ exp−(|k|/T ) and hence average
momenta

〈
|k|

〉
deconf = 3T . (10.12)

Deconfinement thus results in a hardening of the gluon momentum distribution.
More generally speaking, the onset of deconfinement will lead to parton distribution
functions which are different from those in vacuum, as determined by deep inelas-
tic scattering experiments. Since hard gluons are needed to resolve and dissociate
J/ψ ’s, one can use J/ψ ’s to probe the in-medium gluon hardness and hence the
confinement status of the medium.

These qualitative considerations can be put on a solid theoretical basis provided
by short-distance QCD [21–24]. In Fig. 10.7 we show the relevant diagram for the
calculation of the inelastic J/ψ -hadron cross section, as obtained in the operator
product expansion framework (essentially a multipole expansion for the charmo-
nium quark-antiquark system). The upper part of the figure shows J/ψ dissociation
by gluon interaction; the cross section for this process,

σg−J/ψ ∼ (k − %Eψ )3/2k−5, (10.13)

constitutes the QCD analogue of the photo-effect. Convoluting the J/ψ gluon-
dissociation with the gluon distribution in an incident meson, xg(x) ≃ 0.5(1 − x)3,
we obtain

σh−J/ψ ≃ σgeom(1 − λ0/λ)5.5 (10.14)

for the inelastic J/ψ -hadron cross section, with λ ≃ (s −M2
ψ )/Mψ and λ0 ≃ (Mh +

%Eψ ); again s denotes the squared J/ψ -hadron collision energy. In Eq. (10.14),
σgeom ≃ πr2

ψ ≃ 2–3 mb is the geometric cross section attained at high collision

■ There is a dissociation temperate Td for each state  
(“sequential melting”): 

µ = µ(T ) / g(T )T

Debye mass

Can the different Td’s  serve 
as a QGP thermometer?

rQQ̄ & rD
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Heavy quark potential for different temperatures from 
lattice QCD
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Interaction range and J/ψ radius in the medium 
as a function of the temperature

■ J/ψ radius becomes larger with increasing T 
■ No bound state anymore for T ≳ 2 Tc

125
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A new twist: 
J/ψ might form again from deconfined charm quarks  

■ Requires large number of initially produced c cbar pairs: 
■ Expect J/ψ suppression at SPS, RHIC and J/ψ enhancement at high energies 
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Expected J/ψ signal with or without statistical 
recombination of charm quarks
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Time scales

CERN SPS energies and  below:

128

Separation of scales at the LHC (and also RHIC):

Interpretation of the J/ψ signal easier at the LHC (and at RHIC)  
as absorption in cold nuclear matter should not be irrelevant 

Collision time:

Hadron formation time:

Charm pair formation:

⌧
hadron

⇡ 1 fm/c

QGP formation:

⌧cc̄ =
1

2mc
⇡ 0.08 fm/c

⌧QGP,SPS ⇡ 1 fm/c , ⌧QGP,SPS < 0.5 fm/c , ⌧QGP,LHC < 0.1 fm/c

t
coll

= 2R/�cm (RHIC: 0.1 fm/c ,LHC: 5 · 10�3 fm/c)

t
coll

' ⌧
QGP

' ⌧
hadron

→ pre-resonant state can be absorbed in cold nuclear matter

absorption of  
pre-resonant state 
in nuclear matter

t
coll

⌧ ⌧
QGP

< ⌧
hadron



 Klaus Reygers | Ultra-relativistic Heavy-Ion Physics - A Brief Introduction | Schleching | February 2016

J/ψ suppression at the CERN SPS and at RHIC

■ Same suppression at 
midrapidity at the CERN SPS 
and at RHIC, in spite of 
larger energy density at RHIC 

■ RHIC: suppression large at 
forward rapidity, in spite of 
larger energy density at mid-
rapidity 

■ Not easy to explain in pure 
dissociation picture

129

RAB =
dN/dpT |A+B

hTABi ⇥ d�inv/dpT|p+p

,

where hT
AB

i = hN
coll

i /�NN

inel
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J/ψ suppression at RHIC and the LHC

130
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J/ψ RAA at the LHC is reproduced by models based on 
the regeneration mechanism

■ Two different approaches 
‣ Statistical hadronization 

at the phase boundary 
‣ Kinetic recombination of 

charm and anti-charm 
quarks in the QGP 
(hep-ph/0007323) 

■ Important model input: 
number of initial charm 
quark pairs
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ALICE, arXiv:1510.00442

Much less suppression at low pT, consistent with regeneration picture
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J/ψ seems to flow, too — Support for thermalization of 
charm quarks in the QGP

133
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Υ at the LHC:   
Υ(2s) and Υ(3s) more suppressed in Pb-Pb than Υ(1s)
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Qualitatively consistent with sequential melting for the Υ states
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Υ at the LHC: RAA vs Npart
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Υ(1S) appears to be suppressed stronger than one would expect  
from the Υ(2S) and Υ(3S) suppression alone (feeddown)
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Summary/questions quarkonia

■ Two main effects discussed in A-A collisions 
‣ Suppression due to color screening in the QGP 
‣ Regeneration of quarkonia for sufficiently large numbers of deconfined c quarks 

■ √sNN dependence of J/ψ production consistent with regeneration picture  
(at RHIC and, more pronounced, at the LHC) 
‣ However, need stronger constraints on initial number of charm quarks from 

hard scattering 
■ What is the appropriate description of the J/ψ regeneration? 
■ Does the melting scenario hold for Y production at the LHC? 
■ Can yields of Y states serve as a QGP thermometer?

136



8. Thermal photons and lepton pairs
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The role of direct photons in heavy-ion physics
■ Escape medium unscathed 
■ Produced over the entire 

duration of the collision 
(unlike low-pT hadrons) 
‣ Test of space-time 

evolution, in particular of 
the hydro paradigm 

■ Experimental access to 
initial QGP temperature (?)
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A complication for the temperature measurement: 
Blueshift due to radial flow

■ Large blueshift at late times  
when T ≈ 150 - 200 MeV 

■ Extraction of initial 
temperature from data 
requires comparison to 
(hydro) model

139
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Known and expected photon sources  
in heavy-ion collisions 

140

�direct := �incl � �decay

Small signal (O(10)% or smaller) at low pT (1 < pT < 3 GeV/c), where 
thermal photon from the QGP are expected
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Feynman diagrams

141

QGP:

Hadron gas:
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The Statistical Subtraction Method
■ Idea: Cancellation of uncertainties common to photon and π0 measurement

142

�direct = �incl � �decay = (1� 1

R�
) · �incl

R� =
�incl
�decay

⌘ �incl
⇡0
param

�
�decay
⇡0
param

measured decay photon calculation

■ Which uncertainties cancel (partially)? 
‣ Calorimeter: global energy scale, energy non-linearity 
‣ Photon conversions: conversion probability, photon selection

■ Method pioneered by WA80/98 at the CERN SPS 
‣ WA98 made the first direct-photon measurement in A-A 
‣ Interpretation at SPS energies difficult (initial state effect or QGP photons?)
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Direct photon excess in Au-Au at √sNN = 200 GeV

■ Two experimental 
techniques 
‣ Virtual photons 

(γ* → e+e-), 
extrapolated to  
mγ* = 0 

‣ Photon conversion 
combined with π0 
tagging using e.m. 
calorimeter 

■ 20-25% excess in 

143

R� =
�incl
�decay

PHENIX, arXiv:1405.3940

conversion method
vertikal photon method
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Direct photon excess in Pb-Pb at the LHC

■ pQCD curves:

144
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■ pQCD agrees with data for  
pT ≳ 5 GeV/c 

■ Evidence for an additional 
photon source at lower pT

ALICE, Physics Letters B 754 (2016) 235



 Klaus Reygers | Ultra-relativistic Heavy-Ion Physics - A Brief Introduction | Schleching | February 2016

The direct photon puzzle

■ Au-Au at RHIC 
‣ Models fail to 

describe direct 
photon data 

■ Puzzle has two 
parts 
‣ Yields 
‣ v2 

■ Pb-Pb at the LHC 
‣ Similar trends 
‣ However, no 

puzzle with 
current 
uncertainties 
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Dileptons: Motivation

■ Like photons, negligible final state interaction 
■ Search for in-medium modifications of vector 

mesons (Mee < 1 GeV) 
‣ ρ can decay in the medium  

(τρ,vacuum ≈ 1.3 fm/c < medium lifetime) 
‣ Broadening of the ρ in the medium,  

relation to chiral symmetry restoration? 
■ Thermal radiation from the QGP and access to 

early temperature? (Mee > 1 GeV) 
■ Constrains space-time evolution 
■ Pioneering measurements by CERES  

at the CERN SPS 
‣ Di-electron excess for mee > 200 MeV 
‣ Hints towards modified ρ meson in dense medium

146
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QGP temperature via dimuons 
at SPS energies?

147

Figure 1: Invariant mass spectrum of the dimuon excess observed in In+In
collisions at 158A GeV by the NA60 experiment [4, 5]. The data are in-
tegrated over mT and fully corrected for detector acceptance. Also shown
are three model calculations for thermal radiation [7, 6, 8]

2. The state of the art experiment: NA60

The SPS dimuon-experiment NA60 [3] sets the state of the art standard for dilepton measurements. They have
pioneered the technique to isolate the thermal radiation and to map out its mass and momentum spectra. Fig. 1
shows the fully acceptance corrected mass spectrum with all known sources, except for the ρmeson, subtracted [4, 5].
It is compared to a set for theoretical calculations performed by different groups [7, 6, 8]. They have in common
that the yield is dominated by ππ annihilation. For reference [7], which describes the low mass data best, a broadened
spectral function related to chiral symmetry restoration is included. For masses above 1 GeV the data exhibits a nearly
exponential Planck-like spectrum with an inverse slope slightly above 200 MeV. For the two model calculations that
extend all the way to 2.5 GeV [6, 8] parton degrees of freedom dominate the emission of thermal radiation in this
mass range; the average temperature is 217 MeV. By comparison to theoretical models one can deduce that the excess
indeed is thermal dilepton radiation.

Fig. 2 explores the momentum direction of the same data. Shown are inverse slopes resulting from fits to nearly
exponential transverse mass (mT ) distribution in given mass ranges [4, 5]. Below 1 GeV the dilepton data display an
approximately linear increase of the inverse slope parameter with mass, which is indicative of strong collective radial
expansion of the matter emitting dileptons. Extrapolating the inverse slope back to m = 0 gives a temperature of about
120-140 MeV, below the conjecture critical temperature. Above 1 GeV the inverse slope remains constant at about
200 MeV, consistent with the inverse slope of the mass spectrum. Since the mass distribution is insensitive to flow,
this must mean that the matter radiating dimuons in this mass range does not flow. These findings are consistent with
the interpretation of the mass spectrum and strongly suggest that the excess dimuons observed by NA60 are indeed
thermal radiation from the matter created.

In summary, NA60 data gives detailed insight into the space-time evolution of matter produced at low energies
and is certainly consistent with a standard hydrodynamic space time evolution. The emission is dominated by the
ππ-annihilation from the hot hadronic phase, which expands rapidly under pressure. However, radiation from the
partonic phase is also observed, with an average temperature of about 200 MeV, above the transition temperature.
Partonic matter does not seem to flow, consistent with the conjecture that at SPS energies the quark-gluon-plasma is
created near the softest point in the equation of state.

Figure 2: Inverse slope parameter of the mT spectra corresponding to Fig.
1 as a function of mass. Inverse slopes were determined in the range
).1 < (mT −M) < 1.4GeV. The inverse slope for various hadrons is shown
for comparison.

A. Drees / Nuclear Physics A 910–911 (2013) 179–184180
Temperature via dimuon mass 
spectrum: unaffected by radial flow

Slope of dimuon mT spectra: Hadron 
gas + flow for M < 1 GeV,  non-flowing 
partonic source for M > 1 GeV? 

for	M	>	1	GeV

T	=	205	±	12	MeV

Teff ≈ 200 MeV for M > 1 GeV consistent  
with slope of mass spectrum! 

NA60,  
Eur. Phys. J. C 61 (2009) 711 
Eur. Phys. J. C 59 (2009) 607
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Summary/questions thermal photons and dileptons

■ Direct photon puzzle 
‣ Measured yield and v2 above state-of-the-art hydrodynamic calculations  

at RHIC (while these models nicely fit hadronic observables) 
‣ Similar trend at the LHC, but no puzzle with current uncertainties 

■ Where is our understanding incomplete? 
‣ QGP and hadron gas photon rates incorrect? 
‣ Modeling of the space-time evolution? 
‣ Strong pre-equilibirium photon production and flow? 
‣ Exotic new photon sources? 
‣ … 
‣ Something on the experimental side? 

■ Di-electrons and di-muons 
‣ Point to modifications of the ρ meson width in a hadron gas 
‣ Di-muons at the CERN SPS seem to indicate TQGP ≈ 200 MeV
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Final remarks

■ QGP formation in heavy-ion collisions considered to by established 
‣ Hydro models with strongly-coupled thermalized partonic phase  

(i.e., a QGP phase) nicely describe a wealth of data 
‣ Self-consistent description on a hadronic level conceptually difficult 

■ Next steps 
‣ Characterize the medium in more detail 

- In particular: Establish connections between observables and quantities calculated 
from first QCD principle (example: q-hat from lattice QCD) 

‣ Establish QCD phase diagram 
‣ Establish/disprove QGP formation in small systems (e.g., pp) 

■ Connect to other physical systems (e.g. ultra-cold atoms) to better 
understand universal aspects of the underlying physics
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Two-Particle correlations in pp collisions
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Charged hadron pT spectra in pp and Pb-Pb at the LHC
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Strangeness enhancement: Centrality dependence
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Data on Strangeness Enhancement
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Deconfinement and chiral transition on the lattice
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v2 in pp collisions: CMS vs ATLAS
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p/π and K/π Ratios vs. pT in pp and Pb-Pb

■ Ratios in pp and Pb-Pb similar at high pT: Hadrons with pT > 8 GeV/c in Pb-
Pb from jet fragmentation in the vacuum as in pp?
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