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1) introduction

If matter is heated, structures dissolve and phase transitions occur
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Structures dissolve when temperatures exceed binding energies

ice melting à liquid water 𝑇 = 273 K = 24 meV/𝑘!,
𝑘! = 8.62 ( 10"# eV/K

water evaporation à vapor 𝑇 = 373 K = 32 meV/𝑘!
vapor ionization à EM plasma 𝑇 = 1 eV/𝑘! ≈ 10/ K

nuclear evaporation à Hadron gas (p,n,..) 𝑇 = 10 MeV/𝑘! ≈ 1000 K
nucleons dissolve à quarks, gluons 𝑇 ≈ 1 GeV/𝑘! ≈ 1001 K (?)

Quark-Gluon Plasma (QGP)
quarks and gluons à ???
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• Quarks and gluons are the most fundamental degrees of freedom of
the Standard Model, no substructure known

• QGP of free quarks and gluons constitutes the most fundamental
state of matter

• QGP dominated early, hot universe (for a few microseconds)



2) history

• In the 1960‘s the zoo of hadrons emerged in accelerator experiments

• QCD and the quark model were not yet fully developed

• Phenomenological and statistical approaches were used to explain hadron
production
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In 1968 Rolf Hagedorn argued that particle production in hadronic collisions follows
statistical mechanics:

In equilibrium, a state (hadron) with mass 𝑚2 is populated according to:

In thermal equilibrium, the parameter 𝑇 has the meaning of a temperature

Ni ~ exp −
mi
T
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Hagedorn‘s temperature



What is then the total number of hadrons in the system?

Need to know the density of states 𝜌 𝑚 , i.e. the number of states 𝑖 in a mass
interval 𝑚 + 𝑑𝑚.  Then the total number of hadrons is:

Hagedorn realized that the density of states increases strongly with mass:

N (T ) ~ ρ(m)exp −
m
T

⎛

⎝
⎜

⎞

⎠
⎟

0

∞

∫ dm

m(GeV/c2)
π(135) K(497) η(547)

f0(500)

ρ(770)

ω(782)

η‘(958)

f0(980)

a0(980)

ϕ(1020)
K*(700) K*(892)

0 1

Heavy-Ion Physics | HASCO 2021 | Harald Appelshäuser (Uni Frankfurt) 9



From a quantitative analysis Hagedorn concluded that the density of states
increases exponentially

with a parameter 𝑇3 = 160 MeV.

The concept of the exponential mass spectrum appears intuitive considering that
the every combination of lighter hadrons (or their quantum numbers) results in 
another possible, heavier hadronic state (which can decay into the lighter ones). 

The number of states would then increase exponentially with mass.

ρ(m) ~ exp +
m
T0

⎛
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This has a dramatic consequence for the total number of hadrons in the system. 

Putting

into

yields

i.e. the integral diverges for 𝑇 > 𝑇3 resulting in an infinite number of particles in 
the system!

ρ(m) ~ exp +
m
T0
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Hagedorn advocated the following interpretation:

In a hadronic system, the temperature 𝑇3 = 160 MeV can not be exceeded.

If a hadronic system approaches the limiting temperature, more energy doesn‘t
increase the temperature further but leads to the production of more heavier
hadronic resonances with exponentially increasing density of states.

Since in 1968 no consistent theory of quarks and color dynamics existed, 
Hagedorn‘s temperature 𝑇3 = 160 MeV was interpreted as a limiting temperature
to a physical system. Also in a world with confined quarks that can not be
separated, the Hagedorn temperature can not be exceeded.
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FIG. 1: Accumulated spectrum of non-strange mesons plotted
as a function of mass (step-like lines). The lower curve at
high m corresponds to particles listed in the Particle Data
Tables of Ref. [7], while the higher two curves include the new
experimental and theoretical states as described in the text.
The middle curve includes the states listed in Refs. [13, 14],
while the top curve adds the states with hidden strangeness.
The thin dashed (solid) line corresponds to the exponential fit
to the spectra of the old (new) data. The arrows indicate the
approximate upper values inm of the validity of the Hagedorn
hypothesis for the old and new data, respectively.

the proposed idea that the spontaneously broken chiral
symmetry of QCD should be e!ectively restored in the
highly excited hadrons (one terms this phenomenon as
the chiral symmetry restoration of the second kind) [10,
11, 12]. This kind of chiral symmetry restoration implies
that the excited hadron states fill out multiplets of the
chiral U(2)L!U(2)R group. Indeed, the newly discovered
meson states [8, 9] turned out to systematically fall into
almost degenerate chiral multiplets with a few missing
states yet to be discovered [13, 14].
In this note we extend the analysis of Refs. [15, 16] and

include all mesons listed in Refs. [13, 14]. We stress that
in addition to the experimental states which have been
reported in Refs. [8, 9] we add a few still missing states
(marked with the question signs in Refs. [13, 14]) and re-
construct their energies according to the known energies
of their chiral partners. We consider only the J = 0, 1,
2, and 3 states, where the experimental information is
rather complete.
In addition to these states we also consider the states

with hidden strangeness, i.e. composed of the s̄s pairs.
These states could not be seen in p̄p. Hence here our pro-
cedure is somewhat more speculative. We assume that
any isosinglet n̄n = ūu+d̄d!

2
, which is experimentally seen

in p̄p, should be accompanied by an s̄s state with the
mass approximately 200 MeV higher. Hence, given the
complete amount of the n̄n states listed in Refs. [13, 14]
we add the corresponding s̄s states.
Rather than comparing the density of states !(m) itself

to the data, it is customary to form the accumulated
number of states of mass lower than m,

Nexp(m) =
!
i

gi"(m"mi), (2)

where gi = (2Ji+1)(2Ii+1) is the spin-isospin degeneracy
of the ith state, and mi is its mass. The theoretical
counterpart of Eq. (2) is

Ntheor(m) =

" m

0

!(m")dm". (3)

Working with N(m) rather than !(m) conveniently
avoids the need of building histograms, but clearly it is
a purely technical issue and the conclusions drawn below
remain unchanged if one decides to work with !(m) itself.
The results of our compilation for non-strange mesons

are shown in Fig. 1. The lines with steps correspond
to Eq. (2). Above m = 1.8 GeV the curves split into
three, with the lower one representing the compilation
of Ref. [15] based of the 1998 review of PDG [7]. The
middle curve contains in addition the states listed in
refs. [13, 14], while the top curve includes also the hidden-
strangeness states, as described above. It is clear from
Fig. 1 that the included new states nicely line up along
the exponential growth, thus extending the range of the
Hagedorn hypothesis seen in the data. We also note
that adding up the hidden-strangeness states has a much
smaller e!ect than adding the states of Refs. [13, 14],
which is simply due to a lower isospin degeneracy factor.
The thin solid lines in Fig. 1 show the results of the

exponential fits with f(m) = 1 in Eq. (1, 3), which is the
simplest choice. While for the old data the least-squares
method yields !(m) = 2.84/GeVexp[m/314 MeV)], with
the states of Ref. [13, 14] included we obtain !(m) =
4.73/GeVexp[m/(367 MeV)], and with the additional s̄s
states we get !(m) = 4.52/GeVexp[m/362 MeV)]. The
fit was made up to m = 1.8 GeV with the old data and
up to m = 2.3 GeV with the new data. The higher value
for TH obtained with the new data corresponds to the
lower slope in Fig. 1. Certainly, the values of the fitted
parameters should be taken with care, since they also
reflect the assumed fitting range in m. It should also
be noted, that adding more states in the range around
2 GeV, when experimentally found, would increase the
slope, thus decreasing TH .
In this place the reader may be a bit surprized with

the quoted high values of TH , much higher than the
typically cited values in the range of 200 MeV. The is-
sue, as discussed in detail in Ref. [17], has to do with
the choice of the “slowly-varying” function f(m). The
point is that typical model predictions for this func-
tion are not so slowly varying in the range of data.
For instance, with the original Hagedorn choice f(m) =
const/(m2 + 500 MeV2)5/4 we get much lower values for
TH . With this form we obtain for the bottom to top
curves of Fig. 1 the following values: TH = 196, 230, and
228 MeV, respectively. The choice of the fitting range in
m is as stated above.

W. Broniowski, W. Florkowski, L. Glozman
Phys. Rev. D70 (2004) 117503 
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A paradigm change occured in 1973 with the concept of asymptotic freedom
developed by Gross, Wilczek and Politzer: the birth of QCD.

While the EM coupling „constant“ 𝛼45 increases slightly with momentum transfer, 
the opposite is true for the strong coupling constant 𝛼6. This is a characteristic
feature of QCD  owing to its non-abelian structure.

asymptotic freedom
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Obtaining PDF from HistogramsLaufende Kopplungskonstanten
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Quarks are confined in hadrons because 𝛼6 gets large at large distances. 

At small distances though, 𝛼6 gets small and quarks are asymptotically free. This is
observed in deep-inelastic scattering where quarks inside nucleons behave like free
particles. 
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QCD is born
VOLUME 30, NUMBER 26 PHYSICAL REVIEW LKTTKRS 25 JUNE 1975

Ultraviolet Behavior of Non-Abelian Gauge Theories*

David J.Gross t and Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, Nese J'casey 08540

(Received 27 April 1973)

It is shown that a wide class of non-Abelian gauge theories have, up to calculable loga-
rithmic corrections, free-field-theory asymptotic behavior. It is suggested that Bjorken
scaling may be obtained from strong-interaction dynamics based on non-Abelian gauge
symmetry.

Non-Abelian gauge theories have received much attention recently as a means of constructing unified
and renormalizable theories of the weak and electromagnetic interactions. ' In this note we report on
an investigation of the ultraviolet (UV) asymptotic behavior of such theories. We have found that they
possess the remarkable feature, perhaps unique among renormalizable theories, of asymptotically ap-
proaching free-field theory. Such asymptotically free theories will exhibit, for matrix elements of
currents between on-mass-shell states, Bjorken scaling. We therefore suggest that one should look to
a non-Abelian gauge theory of the strong interactions to provide the explanation for Bjorken scaling,
which has so far eluded field-theoretic understanding.
The UV behavior of renormalizable field theories can be discussed using the renormalization-group

equations, "which for a theory involving one field (say gq') are
[m&/em+ P(g) 8/Sg -ny(g)11",»~"i(g; P„..., P„)=0. (1)
is the asymptotic part of the one-particle-irreducible renormalized r&-particle Green's function,

P(g) and y(g'j are finite functions of the renormalized coupling constant g, and m is either the renor-
malized mass or, in the case of massless particles, the Euclidean momentum at which the theory is
renormalized. ' If we set P, =Aq, ', whe. re q.o are (nonexceptional) Euclidean momenta, then (1) deter-
mines the A dependence of r "~:
r " (g; P,.) = ~'I ~" (g(g, f); q;) exp [-n f, y (g(g, t')) dt'], (2)

dg/d ~ = P(g), g(g, o) =g.
The UV behavior of I" ~ i (A. -+ ~) is determined by the large-f behavior of g which in turn is controlled
by the zeros of P: P(g&)=0. These fixed points of the renormalization-group equations are said to be
UV stable [infrared (IR) stable] if g -g~ as f -+~ (—~) for g(0) near g~. If the physical coupling con-
stant is in the domain of attraction of a UV-stable fixed point, then

I' " (g P,) = A~ "& ~&I' " (g q, )exp{-n. f, [y(g(g, f))—y(gz)]dt]; (4)

where t=lnA. , D is the dimension (in mass units) of I ~"', and g, the invariant coupling constant, is the
solution of

so that y(g&) is the anomalous dimension of the
field. As Wilson has stressed, the UV behavior
is determined by the theory at the fixed point (g
=g,).'
In general, the dimensions of operators at a

fixed point are not canonical, i.e., y(gz) e0. If
we wish to explain Bjorken scaling, we must as-
sume the existence of a tower of operators with
canonical dimensions. Recently, it has been ar-
gued for all but gauge theories, that this can only
occur if the fixed point is at the origin, g&= 0, so
that the theory is asymptotically free." In that
case the anomalous dimensions of all operators

vanish, one obtains naive scaling up to finite and
calculable powers of ink. , and the structure of
operator products at short distances is that of
free-field theory. ' Therefore, the existence of
such a fixed point, for a theory of the strong in-
teractions, might explain Bjorken scaling and the
success of naive light-cone or parton-model rela-
tions. Unfortunately, it appears that the fixed
point at the origin, which is common to all theo-
ries, is not UV stable. " The only exception
would seem to be non-Abelian gauge theories,
which hitherto have not been explored in this re-
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~4Y. Nambu and G. Jona-Lasino, Phys. Rev. 122, 345
(1961); S. Coleman and E.Weinberg, Phys. Rev. D 7,
1888 (1973).
' K. Symanzik (to be published) has recently suggested
that one consider a A. @4 theory with a negative A, to
achieve UV stability at A=0. However, one can show,
using the renormalization-group equations, that in such
theory the ground-state energy is unbounded from below
(S. Coleman, private communication) .

'6W. A. Bardeen, H. Fritzsch, and M. Gell-Mann,
CERN Report No. CERN-TH-1538, 1972 {to be pub-
lished) .
' H. Georgi and S. L. Glashow, Phys. Rev. Lett. 28,
1494 (1972); S.Weinberg, Phys, Rev. D 5, 1962 (1972).
' For a review of this program, see S. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physics, National Accelerator Labora-
tory, Batavia, Illinois, 1972 (to be published).

Reliable Perturbative Results for Strong Interactions?*

H. David Politzer
Jefferson Physical I.aboxatomes, Hazard University, Cambridge, Massachusetts 02138

(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green's functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
ly significant spontaneously broken solution, whose coupling could be strong.

Renormalization-group techniques hold great
promise for studying short-distance and strong-
coupling problems in field theory. " Symanzik'
has emphasized the role that perturbation theory
might play in approximating the otherwise un-
known functions that occur in these discussions.
But specific models in four dimensions that had
been investigated yielded (in this context) dis-
appointing results. ' This note reports an in-
triguing contrary finding for any generalized
Yang-Mills theory and theories including a wide
class of fermion representations. For these
one-coupling-constant theories (or generaliza-
tions involving product groups) the coefficient
function in the Callan-Symanzik equations com-
monly called P(g) is negative near g=0.
The constrast with quantum electrodynamics

(QED) might be illuminating. Renormalization
of QED must be carried out at off-mass-shell
points because of infrared divergences. For
small e', we expect perturbation theory to be
good in some neighborhood of the normalization
point. But what about the inevitable logarithms
of momenta that grow as we approach the mass
shell or as some momenta go to infinity? In
QED, the mass-shell divergences do not occur
in observable predictions, when we take due
account of the experimental situation. The re-
normalization-group technique' provides a some-
what opaque analysis of this situation. Loosely
speaking, ' the effective coupling of soft photons

goes to zero, compensating for the fact that
there are more and more of them. But the large-
r' divergence represents a real breakdown of
perturbation theory. It is commonly said that
for momenta such that e'1n(p'/m') -1, higher
orders become comparable, and hence a calcu-
lation to any finite order is meaningless in this
domain. The renormalization group technique
shows that the effective coupling grows with mo-
me nta.
The behavior in the two momentum regimes is

reversed in a Yang-Mills theory. The effective
coupling goes to zero for large momenta, but
as p"s approach zero, higher-order corrections
become comparable. Thus perturbation theory
tells nothing about the mass-shell structure of
the symmetric theory. Even for arbitrarily
small g, there is no sense in which the interact-
ing theory is a small perturbation on a free mul-
tiplet of massless vector mesons. The truly
catastrophic infrared problem makes a sym-
metric particle interpretation impossible. Thus,
though one can well approximate asymptotic
Green's functions, to what particle states do
they refer?
Consider theories defined by the Lagrangian

2 = —4Eq,'E'"'+i iy, y D;; g;,
where

s ~ o++f ~&~~ &~ ~

Heavy-Ion Physics | HASCO 2021 | Harald Appelshäuser (Uni Frankfurt) 18



But this has dramatic consequences. Consider that nuclear matter is compressed
(i.e. decrease distance between quarks) or heated (i.e. increase momentum
transfer):

• interaction between quarks vanishes asymptotically and they can move freely
over large distances

• a system of quasi-free free quarks and gluons, a quark-gluon plasma is formed
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first QCD phase diagram
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EXPONENTIAL HADRONIC SPECTRUM AND QUARK LIBERATION 

N. CABIBBO 
Istituto di Fisica. Universiti di Roma, 

Istituto Nazionale di Fisica Nucleare, Sezione di Rome, Italy 

G. PARIS1 
Istituto Nazionale di Fisica Nucleare, Frascati. Italy 

Received 9 June 1975 

The exponentially increasing spectrum proposed by Hagedorn is not necessarily connected with a limiting tempera- 
ture, but it is present in any system which undergoes a second order phase transition. We suggest that the “observed” 
exponential spectrum is connected to the existence of a different phase of the vacuum in which quarks are not confined. 

It has been shown by Hagedorn [ 1,2] that the sta- 
tistical bootstrap hypothesis leads to an exponentially 
increasing spectrum of hadronic states. As a conse- 
quence of this there is a critical temperature T, which 
was interpreted as a limiting temperature, i.e. hadronic 
matter cannot exist for T > T,. 

In the present note we show that a bootstrap hy- 
pothesis similar to that formulated by Hagedorn is ac- 
tually satisfied in any model where hadronic matter 
has a second order phase transition” l. This means 
that models which have Hagedorn-type exponential 
spectrum may either lead to a second order phase 
transition for hadronic matter, or to a limiting tem- 
perature. We will argue that the first alternative is re- 
alized in quark containement model [3-51, and that 
these models will develop a phase transition to a state 
where quarks are free to move in space (quark libera- 
tion). As a corollary of our considerations, it follows 
that “quark containement” models should lead to a 
Hagedorn-type hadron spectrum. This result is in fact 
already known to hold in the bag model [4]. 

The main difference of our treatment with that 
which is standard in previous papers on the statistical 
bootstrap is that we will work in the thermodynamic 
(I/-+ -) limit [1,2]. The main reason for doing so is 
that we wish to interpret hadron levels as levels effec- 
tively observed in scattering processes. This means 

‘r According to current usage, we call “second order transi- 
tion” any transition where thermodynamical quantities are 
actually singular at the transition temperature. 

that the level density has to be defined in terms of the 
S-matrix. This has in fact been done by Dashen, Ma 
and Bernstein [6] we obtain 

[ 
‘;i* 

w(E) = Tr S+(E) a~ S(E) 1 - (4ni)-1. (1) 
C 

In the narrow width limit w(E) is simply connected 
to the density of resonant levels. The free energy 
density in the infinite volume limit, F’(P) can be writ- 
ten in terms of w(E) as: 

F(P) = [dE w(E) exp (- @!?), 

where (3 = (kT)-’ * 2. 

(2) 

Another motivation for the use of a thermodyna- 
mical limit is that any finite volume treatment would 
miss a possible phase transition [7] and a fortiori a 
second order transition which is characterized by the 
appearance or disappeance of long range order. 

We can start by defining the partition for finite 
volume 

Z(P. V) =JdE o(E, V) exp (- pE), (3) 

where o(E, V) is tlie density of states in volume I/. 
In the thermodynamical limit we can define the free 
energy density as 

F(/3) = J$r_ +ln Z(fl, V), (4) 

” FAJ. (2) can be valid for large 0, i.e. when T is smaller than 
any transition temperature. 
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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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oiling

Non-degenerote case Degenerate case

FIG. 6. Lifetime ~ of a vacuum excitation state vs its linear dimension 0 @.

in which, as well as in the following, we use m~ ' as a
typical microscopic length in the problem. From Eq. (35),
one sees that the larger the volume 0 is, the sharper is the
vacuum excitation state defined. There is no limit to the
volume 0; it can even be of astronomical size.

2. Non-degenerate case
In this case, we have instead of (33)

U(p ))0. (36)

V. REMARKS

1. In the literature, there have been extensive theoretical
discussions of the "spontaneous symmetry breaking" mech-
anism and other related topics, such as Goldstone bosons,
Higgs phenomenon, etc. In all these discussions, the inter-
action is assumed to be symmetric under a certain group of
transformations (or nearly symmetric, as in the case of the
0 model). The observed asymmetry is due to the specific
expectation value of a certain spin 0 field @(x) in the physical
vacuum state. In such a theory, it is necessary that there
must exist other states which are degenerate (or nearly
degenerate) with the physical vacuum state. A natural
question to ask is what happens to the other degenerate

'~ For further details and the question of quantum fluctuations, see
T. D. Lee and G. C. Wick, 1974, Phys. Rev. D 9, 2291.

It turns out that for Q'13)) mq ', but ln(Q'13tn~) not too
large, the vacuum excitation state decays via the same
"contraction" mechanism as in the degenerate case, in
which through surface contraction, mesons are emitted
near the surface. However, when ln(Q'13mq) )) 1, there is
another decay mechanism, called "boiling" in which mesons
are produced in the interior of the volume, on account of
Eq. (36). In this case there is a limit to the volume Q. We
may plot schematically the width 7=' versus the linear size
Q'13 for these two cases (see Fig. 6).
In the non-degenerate case, the minimum width occurs

at Q'I' = / where 1n(lm) )) 1. In some typical examples, / is
found to be ~O (mnz) . Thus, in both cases, the size of the
vacuum excitation can reach macroscopic dimensions. '

(or nearly degenerate) states in which (@(x)) is different
from its normal vacuum value. It has been often argued
that since we are dealing with an infinite system, only one
vacuum state can be realized in our worM, all the other
states are unphysical, even if they are degenerate with the
physical vacuum state.
This situation is rather similar to the example of Heisen-

berg's infinite ferromagnet. The existence of a ferromagnet
clearly defines a specific direction in space, but it does not
imply a violation of rotational symmetry of the physical
law. If the ferromagnet is of infinite dimension, then it will
be physically impossible to rotate all the spins of an infinite
ferromagnet.
However, as is well known, there can be "domain struc-

ture. "In the case of the ferromagnet, such a domain" may
be created by applying a local magnetic field over a relatively
large region in space. Here, we may make the analog:

(P(x) ) ~ spin

P~y4P ~ magnetic field.

Since nuclear matter interacts linearly with @(x),by having
a sufhcient amount of nuclear density over a large volume
in space, we may hope to create a similar "domain structure"
with respect to the vacuum state.
2. The question whether we live in a "medium" or in a

"vacuum" dates back to the beginning of physics. From
relativity, we know that the "vacuum" must be Lorentz-
invariant, but that does not mean the "vacuum" is simple.
From Dirac's hole theory, one has learned that. the vacuum,
though Lorentz-invariant-, can be rather complicated. How-
ever, so long as all of its properties cannot be changed, so
long as, e.g., the value of vacuum polarization cannot be
modified, then it is purely a question of semantics whether
the vacuum should be called a medium or not.
What we try to suggest is that if we do indeed live in a

medium, then there should be ways through which we may
change the properties of that medium.
Hitherto, in high-energy physics we have concentrated

on experiments in which we distribute a higher and higher
amount of energy into a region with smaller and smaller
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Abnorrwial nuclear states and vacuurii excitation*
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We examine the theoretical possibility that at high densities there may exist a
new type of nuclear state in which the nucleon mass is either zero or nearly
zero. The related phenomenon of vacuum excitation is also discussed.
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I. INTRODUCTION
In this talk. , I would like to discuss some of my recent

theoretical speculations, made in collaboration with G. C.
Kick. As you shall see, these speculations suggest the pos-
sible existence of some rather interesting physical objects,
hitherto unobserved. ' An effective way to search for these
new objects is through the use of high-energy heavy ions,
which is the subject matter of this meeting.
To begin with, we assume the existence of a strongly inter-

acting neutral spin 0 even parity meson field @(x).Such a
field may simply be a phenomenological description of a
composite 0+ state of other particles, say 7rm, or XE.'
Through the transformation @(x)~@(x) + constant, we
can always choose for the normal vacuum state

(vac
l @(x) l vac) = 0 everywhere.

The state l ) that we are interested in is an excited state; it
has an abnormal expectation value of @(x) in a relatively
large volume 0:

I'IG. i. A pictorial representation of an excited state in which (@{x))
differs from its vacuum value inside a macroscopic volume O.

Pictorially, we may visualize the expectation value (@(x))
in such an excited state as represented by I'ig. I. The linear
dimension of 0 is assumed to be much larger than the usual
microscopic length in particle physics (say, O'Is is, or ),
10 " cm). Thus, much of the description of the field be-
comes almost classical.

In the following, we shall discuss two diGerent circum-
stances:

(i) 0 is filled with nuclear matter, and

(ii) 0 does not contain any nuclear matter.

As we shall see, case (i) may lead to abnormal nuclear
states and case (ii) to pure vacuum excitation states.

= constant & 0

&l~(.) I» =0
inside 0

outside 0

II. ABNORMAL NUCLEAR STATES

We first consider case (i) . For definiteness, the Lagrangian
density is assumed to be

has rapid variation near the surface of Q. s(~4/»—.)' —&(0) —O'V4(V. (~/». )
+ (»~+ g4) j4, (3)

*Based on an invited talk given at the "Annual Bevatron Users
Meeting", Lawrence Berkeley Laboratory, January 19, 1974.
f This research was supported in part by the U.S. Atomic Energy

Commission.' For some earlier speculations on related subjects, cf. E. Feenberg
and H. Primakoff, 1946, Phys. Rev. 70, 980; A. R. Bodmer, 1971,
Phys. Rev. D 4, 1601; A. B. Migdal, 1972, Zh. Eksp. Teor. Fiz. 63,
1993;V. Ne'eman, 1972, in Physics of Dense Matter I.A. U. Symposium,
Boulder, Colorado.' From a theoretical point of view, one knows that at least in the
low and intermediate energy region, the chiral SU2 Q SU2 symmetry
is a reasonably good approximation, as supported by the Adler-Weis-
berger relation, the Goldberger —Treiman relation, and the various
soft-pion relations. The chiral symmetry leads naturally to either ~~
correlations or a 0+ field, such as in the o.-model.

where

U(@) = -'m 'qP + ~ ~ ~

mq is the 0+ meson mass, m~ is the nucleon mass, and P is
the nucleon field. In (4) the precise form of " ~ "depends
on the theory; for a renormalizable theory, it contains
cubic and quartic powers of P.
Let the volume & of the state l ), given by Eq. (2), be

simply that of a super-heavy nucleus. Outside the nucleus,
(P(x) ) = 0 and the nucleon mass is miv. But inside the
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dimensions. In order to study the question of vacuum, "
we must turn to a different direction; we should investigate
some "bulk" phenomena by distributing high energy over a
relatively large volume. The fact that this direction hfJs never
been exp/ored should, by itself, serve ffs an incentive for doing
such experiments. As we have discussed, there are possibili-
ties that abnormal states may be created, in which the
nucleon mass may be very different from its normal value.
It is conceivable that inside the volume of the abnormal
state, some of the symmetry properties may become
changed, or even that the usual roles of strong and weak
interactions may become altered. If indeed the properties
of the "vacuum" can be transformed, we may eventually
be led to some even more striking consequences than those
that have been discussed in this lecture.

large, about 1.5 times the exact value, which implies that
this "Van der %aals type" approximation perhaps over-
estimates the repulsive energy. "
By setting

(a/ao) (P//1V) = 0 and (8/f)r) (E/1V) = 0,

we derive

mff(1 —meff 'T) = (mii —m.ff) '2mffff~

APPENDIX: HARD-SPHERE GAS MGDEL
T = ssff. L1 —0.8(a/r) j, (A6)

In this appendix, we simply approximate the short-range
nuclear force by the hard-sphere interaction of diameter a.
The attraction between nucleons is assumed to be provided
by the long-range interaction through the expectation value
of the 0. field. The result should give us at least a qualitative
understanding of the abnormal state. For seH-consistency
of the model, the parameters a and nz are to be determined
by fitting the known properties of normal nuclear states.

T = 3''/10m. ff (A7)

u. = —',m, '(o —op)'0/X.

where T is the average kinetic energy per nucleon, and I
is the average O.-held energy per nucleon;

A. Normal nuclear states"
In the normal state, we may consider the nucleons to be

nonrelativistic; furthermore, the nonlinear aspect of the 0-

Geld may be neglected, since 0. does not deviate too much
from its vacuum expectation value O.o. The energy per
nucleon is given by

The binding energy (b.e.) per nucleon is given by

b.e. = M~ —X ~E

H we set b.e. = 16 MeV, f'—1.2 fm, and (47r) 'gs = 15
then we obtain

&/&= m.«+ (1/2m. ff) ssP»' + -',m. '( —o frp)'(&/&)
(A1)

u~.56 fm, fPSef f ~ ~858Zjhf

where, for simplicity, we have neglected the surface energy, m, ~ i.j.5 GeV.
~P ——mfa/g, fief f —gO ~

Q = (4n/3)r X,

Q is the nuclear volume

(A3)

The corresponding value of the average kinetic energy T is
60 MeV per nucleon and the average held energy I ~ 65

MeV per nucleon, which together with m, ff —en~ ~ —141
MeV lead to the 16 MeV (bulk) binding energy per nu-
d eon.2'

and I'g is the top Fermi momentum for the hard sphere gas,
related to the nuclear 'density n = X/0 by B. Abnormal nuclear states

Pf ——L(3fr'/2) ng'~'Lf/(r —0.8a) j.
The above Fermi momentum differs from that of a free
gas" by a factor r/(f' —0.8a), showing that the effective
nuclear radius available to the hard spheres is smaller than
r by a factor 1 —0.8(a/r) . The coefFicient 0.8 is chosen, so
thai for a dilute system of hard spheres, the hrst-order
energy correction in (n'~'u) agrees with the exact calcula-
tion; the second order energy correction turns out to be too

"Iwish to thank R. Serber for discussions. For further details, see
T. D. Lee and M. Margulies, Phys. Rev. D (in press). Cf., also S. A.
Chin and J. D. Walecka, 1974, Phys. Lett. 52B, 24 for a related
but independent calculation of the normal nuclear states. I wish to
thaW Dirk Walecka for sending me a copy of his paper before publica-
tion.

~9 Compare Eq. (1/).

P/1V = s4Pf + mmmm s/8g'n, — (A12)

where P~ is given by (A4) and n —g/g —P(~/3) gSj—1 22
By setting

(f)/f)r) (E/iV) = 0,

~ See, for example, p. 256 of Bohr and Mottelson (1969)."Compare pp. 142 and 245 of Bohr and Mottelson (1969).
If one has the soft-core repulsion, then E~ is replaced by p~,

and (A11) becomes (25).

In the abnormal state, one has 0 = 0 and m, ff ——0. For
the hard. -sphere interaction, upon neglecting the surface
energy and setting m = 0, one has, instead of Eq. (A1),

Rev. IVlod. Phys. , Vol. 47, No. 2, April 1975

T.D. Lee Rev. Mod. Phys. 47, 267 (1975)



QGP is born
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A Quark-Gluon Plasma

John Harris (Yale)                                                   Fest-Kolloquium, Frankfurt                          31 October 2018

Edward Shuryak, Physics Reports Vol 2 (1980)
A Quark-Gluon Plasma

John Harris (Yale)                                                   Fest-Kolloquium, Frankfurt                          31 October 2018

Edward Shuryak, Physics Reports Vol 2 (1980)
E. Shuryak, Physics Reports 61 (1980)



3) QGP thermodynamics
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Thermodynamic variable are determined by the grand-canonical partition function
in statistical mechanics. 

The energy density 𝜀 of a relativistic ideal Gas of non-interacting bosons with 𝑔
degrees of freedom at temperature 𝑇 is given by:

Note the 𝑇/ dependence of the Stefan-Boltzmann law.

ε =
E
V
= g π

2

30
T 4



The equation of state (EOS) of a relativistic ideal gas,

yields for the pressure 𝑝

and the particle density 𝑛

These equations hold for (non-interacting) bosons, e.g. pions and gluons.
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ε = 3p

p = g π
2

90
T 4

n = N
V
=
p
T
≅ g π

2

90
T 3



Fermions get an additional factor 7/8:

For equal number of fermions and anti-fermions (i.e. vanishing chemical potentials 𝜇):

The total fermionic energy density is then:
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ε = g 7
8
π 2

30
T 4

n− n = 0

ε +ε = g 7π
2

120
T 4



Compare energy density of a hadron gas (HG) to that of QGP: Need relevant number
of degrees of freedom 𝑔.

HG: dominated by pions. For 𝑁7 = 2 quark flavors (u and d) there are 𝑁78 − 1 = 3
degrees of freedom (𝜋9, 𝜋:, 𝜋3):

QGP: quarks and gluons. For 𝑁; = 3 colors there is for massless spin-1 gluons: 

Quarks can have 2 flavors (u and d), 2 spin orientations and can be quarks or
antiquarks:

Heavy-Ion Physics | HASCO 2021 | Harald Appelshäuser (Uni Frankfurt) 28

gHG = N f
2 −1= 3

gg = (Nc
2 −1) ⋅2 =16

gq = N f ⋅Nc ⋅2(qq) ⋅2(spin) = 24



This yields for the energy density in the HG

and in QGP
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εHG =
3
30
π 2T 4

εQGP = εqq +εg = 24 ⋅ 7
8
π 2

30
T 4 +16π

2

30
T 4

                      = 37
30
π 2T 4

quarks gluons



At a critical temperature 𝑇; there is a dramatic jump in energy density:

The jump in energy density reflects a large latent heat needed to activate the partonic
degrees of freedom!
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εQGP
εHG

=

37
30
π 2Tc

4

3
30
π 2Tc

4
=
37
3
≅12,3

ε/T4

TTc

HG

QGP



critical temperature
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The critical temperature can be derived rather precisely e.g. from lattice QCD, but it
is also encoded in hadronic properties.

In percolation theory the critical density of a pion gas is given by

i.e. if one third of the volume is filled with pions.

Kontinuierliche Perkolation

Quadratische Fläche mit Kantenlänge L
N kreisförmige Löcher mit Radius R<< L

Verbleibender Flächenanteil p größer als p= (L2 - πR2 N)/L2 da Kreise überlappen können

Kreise mit Radius 1 auf Quadratische Fläche mit Kantenlänge L = 20

Rot: größter Cluster

p = 0.5 pc = 0.323 p = 0.20

nc =
0.35
Vπ



From

and using 𝑔 = 3 and 𝑟< = 0.65 fm, the critical temperature yields

which is rather close to the Hagedorn temperature.
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nπ ≡ nc = g
π 2

90
Tc
3

Tc =
nc ⋅π

2

3,6
3 =

0,35⋅π 2

Vπ ⋅3,6
3 =

3⋅0,35⋅π 2

4π ⋅ rπ
3 ⋅3,6

3 =186 MeV



In the Bag Model hadrons are described as „bags“ embedded into the non-
perturbative QCD vacuum. Inside the bags is „perturbative“ vacuum in which quarks
can move freely.
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„true“ vacuum

perturbative vacuum
(color charges are asymptotically free)



The proton mass is given in the bag model as:

The first term contains the kinetic energy of quarks (uncertainty relation). The volume
term contains the the energy needed to maintain the perturbative region against the
non-perturbative vacuum. 

A fit to the measured hadron spectrum yields the bag constant 𝐵:
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M p =
3x
Rbag

+
4π
3
BRbag

3 +…

kinetic energy volume term

B = (220 MeV)4  bzw. B = 0.3GeV
fm3
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pHG = gHG
π 2

90
T 4

εHG = 3gHG
π 2

90
T 4

sHG =
dp
dT

= 4gHG
π 2

90
T 3

pQGP = gQGP
π 2

90
T 4 − B

εQGP = 3gQGP
π 2

90
T 4 + B

sQGP =
dp
dT

= 4gQGP
π 2

90
T 3

To estimate the critical temperature, assume as usual for the hadron gas:

At 𝑇 = 0, the pressure of hadrons is larger than that of the QCD vacuum by the bag
pressure 𝐵, so one can write for the QGP

At 𝑇; the curves cross and the QGP takes over.
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Lattice QCD provides the most precise calculations to date.

Works well for 𝜇! ≈ 0.

S890 P Sorensen
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Figure 1. Left: lattice QCD calculations of the dependence of the energy density ! scaled by T 4 on
T/Tc. Right: lattice QCD calculations of the running coupling of static, heavy quark–anti-quark
pairs at finite temperature as a function of their separation r.

12 Tc. High-statistics lattice results from [4] for the coupling at T = 0 are shown on the figure
as a thick, black line.

Measurements indicate that in Au+Au collisions at top RHIC energy, the energy density
reaches values well above the critical energy density for deconfinement [5]. The fireball
formed in these collisions rapidly expands and cools. If matter is formed with T > Tc, these
calculations suggest that as the matter cools and approaches Tc from above, the forces of
confinement will turn on gradually. In this case, the process by which quarks and gluons
become confined i.e. hadronization) may be significantly modified in comparison to cases
where a deconfined matter is not formed—in which case hadronization will take place in
vacuum and "qq(r) will have the form corresponding to the T = 0 case shown as a thick, black
line in figure 1. Although the finite temperature calculations have only been made for static,
heavy quark–anti-quark pairs, the modifications to "(r, T /Tc) are likely to be robust and also
present in the case of light quarks. As such, the best way to detect the presence of deconfined,
coloured matter in ultra-relativistic nuclear collisions may be to study how hadron formation
is modified in Au+Au collisions compared to more elementary collisions (e.g. e++e! or p + p
collisions).

According to de Broglie’s relation (p = h/#) the momentum p of a probe and the
corresponding length scale that it can resolve (i.e. the wavelength #) are inversely related. As
the momentum transfer involved in scatterings increases, the resolution with which matter can
be probed also increases. In nucleus–nucleus collisions at RHIC, it is not feasible to probe the
collision system with an external probe (as in scattering electrons or protons off the system
formed after the gold ions collide). Instead, we rely on the particles produced by the collision
to probe the matter formed.

For particles produced with sufficiently large momentum, a picture of the collision system
as being composed of point-like particles (partons) should hold. Most particles produced in
nucleus–nucleus collisions, however, are at much lower momentum and their long wavelengths
probe the bulk characteristics of the produced matter i.e. temperature, collective velocity,
system sizes, etc [6, 7]. For momenta between the two extremes e.g. above 1 GeV/c), one
might expect to probe length scales that are commensurate with the systems constituents—
whether hadrons, ‘remnants of confinement’, or constituent quarks —without yet reaching the
limit where the most appropriate description of the system is that of point-like partons. If the
momentum is too high, we will probe the region of "(r, T /Tc) that, according to figure 1, is
independent of temperature. If the momentum is too low, we may not have sensitivity to the

F. Karsch (2002)

𝑇; 𝑁7 = 2 ≈ 175 MeV
𝑇; 𝑁7 = 3 ≈ 155 MeV

à 𝜀; ≈ 1 GeV/fm1 ≈ 10 H 𝜀3
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Lattice QCD allows also to calculate the order of the phase transition

„Columbia Plot“
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Vacuum

Tc=155 MeV

μB≈1.5 GeVμ0≈0.94 GeV

Critical Point

T

μB

QCD phase diagram
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QGP can be found in

• the early universe
• the interior of neutron stars
• heavy-ion collisions

4) exploration of the QCD phase diagram
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QGP in the early universe

10 –6 sec     10 –4 sec       3 min         380000 Jahre                               14 Milliarden Jahre

1012 K        1010 K        109 K       3000 K                                                 3 K

Up to a few microseconds after the Big Bang temperatures exceeded 𝑇; and the
universe was filled with QGP
In the early universe matter and antimatter existed in equal amount, therefore it
was QGP at 𝜇! = 0
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QGP in the early universe

Quantum Chromodynamics is Born

John Harris (Yale)                                                   Fest-Kolloquium, Frankfurt                          31 October 2018

David Gross, Frank Wilczek and David Politzer…...

D. Gross
H.D. Politzer
F. Wilczek

QCD Asymptotic Freedom (1973)

Nobel Prize 2004

“Before [QCD] we could not go back further than 200,000 years after the 
Big Bang.  Today…since QCD simplifies at high energy, we can 
extrapolate to very early times when nucleons melted…to form a quark-
gluon plasma.”  David Gross, Nobel Lecture (RMP 05)
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QGP in neutron stars

In the interior of neutron stars QGP can
be formed due to the large
gravitational pressure.

Such QGP is rather cold (𝑇 < 1 MeV) 
but has large 𝜇!.

The properties of this matter can be
studied from the gravitational wave
signal of neutron star mergers.
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QGP in heavy-ion collisions

Proposal dates back to T.D. Lee (1975)

Became reality in the early 1980s (US DoE
Long Range Plan)

G. Baym (1983)

Nuclear Phase Diagram (1983)

G. Baym 1983
US DoE Long Range Plan
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QGP in heavy-ion collisions

Proposal dates back to T.D. Lee (1975)

Became reality in the early 1980s (US DoE
Long Range Plan)

G. Baym (1983)

Nuclear Phase Diagram (1983)

G. Baym 1983
US DoE Long Range Plan

High energy

Low energy
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recipe for QGP

Study of the QCD phase diagram requires variation of the beam energy over a wide
range

Left:
at moderate collision energies
( 𝑠 ≈ 1 − 10 GeV) nuclei get
compressed, QGP at large 𝜇! and
moderate 𝑇 is formed

Right: 
at high collision energies ( 𝑠 ≈
0.1 − 10 TeV) nuclei
interpenetrate each other, hot and
baryon-free QGP is formed
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heavy-ion experiments

Complementary heavy-ion experiments to study QGP and the QCD phase diagram
are being performed at colliders and in fixed-target experiments.

Fixed-target (BNL-AGS, CERN-SPS, FAIR-SIS100)                     Collider (BNL-RHIC, CERN-LHC)

𝜇! > 0

𝜇! = 0
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ALICE at the CERN LHC

The largest heavy-ion experiment
today is ALICE:

• 175 institutes
• 39 countries
• 1917 members
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stages of a heavy-ion collision

equilibration
~1 fm/c

QGP
~3-4fm/c

T = 300-400 MeV(?)

phase transition
Tc= ca. 155 MeV

hadronic interactions

thermal freeze-out
~10 fm/c

Tfo= ca. 120 MeV (?)
„Free-streaming“ to detectors
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stages of a heavy-ion collision

equilibration
~1 fm/c

QGP
~3-4fm/c

T = 300-400 MeV(?)

phase transition
Tc= ca. 155 MeV

hadronic interactions

thermal freeze-out
~10 fm/c

Tfo= ca. 120 MeV (?)
„Free-streaming“ to detectors

?
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• Pb-Pb collision at √sNN=5.02 TeV
• ca. 20,000 charged particles (plus about 10,000 neutrals) in a single collision event
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particle production - 𝑇 and 𝜇!

M. Tanabashi et al. (Particle Data Group), 
Phys. Rev. D 98, 030001 (2018)

Measurement of particle production allows test of equilibration and eventually
determination of state variables such as 𝑇 and 𝜇!. 
Characterization of complete hadronic final state requires excellent PID 
capabilities at low 𝑝E.



In a statistical particle production model, the number density of particle species i is
given by

characterized by a chemical freeze-out temperature 𝑇;F and the relevant chemical 
potential 𝜇2 for particle i (B, S, ...). At high energies, chemical potential play little or no
role. 

𝑑2 is the spin degeneracy factor.
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𝑛2 = 𝑑2J
𝑑1𝑝
2𝜋 1

1
exp 𝐸2 − 𝜇2 /𝑇ch ± 1



Very good description of observed particle
yields over 9 orders of magnitude with a 
single set of freeze-out parameters in the
statistical model:

Strong indication of equilibration

The freeze-out parameters are at the LHC:

• Tch = 156.5 ± 1.5 MeV
• 𝜇B = 0.7 ± 3.8 MeV
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FIG. 2. Mass dependence of hadron yields compared with
predictions of the statistical hadronization model. Only par-
ticles, no anti-particles, are included and the yields are di-
vided by the spin degeneracy factor (2J + 1). Data are from
the ALICE collaboration for central Pb–Pb collisions at the
LHC. For the statistical hadronization approach, plotted are
the “total” yields, including all contributions from high-mass
resonances (for the ⇤ hyperon, the contribution from the elec-
tromagnetic decay ⌃0

! ⇤�, which cannot be resolved ex-
perimentally, is also included), and the (“primordial”) yields
prior to strong and electromagnetic decays. For more details
see text.

temperature leads to a large variation of the yield, result-
ing in a relatively precise determination of the freeze-out
temperature Tnuclei = 159± 5 MeV, well consistent with
the value of TCF extracted above.

The incomplete knowledge of the structure and de-
cay probabilities of heavy mesonic and baryonic reso-
nances discussed above leads to systematic uncertainties
in the statistical hadronization approach. We note, from
Fig. 2, that the yields of the measured lightest mesons
and baryons, (⇡,K, p,⇤) are substantially increased rela-
tive to their primordial thermal production by such decay
contributions. For pions, e.g., the resonance decay con-
tribution amounts to 70%. For resonance masses larger
than 1.5 GeV the individual states start to strongly over-
lap [23]. Consequently, neither their number density nor
their decay probabilities can be determined well. Indeed,
recent LQCD results indicate that there are missing res-
onances compared to what is listed in [23]. The result-
ing theoretical uncertainties are di�cult to estimate but
are expected to be small since TCF is very small com-
pared to their mass. A conservative estimate is that
the resulting systematic uncertainty in TCF is at most
3%. This is consistent with the determination of TCF

using only particles whose yields are not influenced by

resonance decays, see above. Until now none of these
systematic uncertainties are taken into account in the
statistical hadronization analysis described here.

The rapidity densities of light (anti)-nuclei and hy-
pernuclei were actually predicted [64], based on the sys-
tematics of hadron production at lower energies. It is
nevertheless remarkable that such loosely bound objects
(the deuteron binding energy is 2.2 MeV, much less than
Tnuclei ⇡ 159 or TCF ⇡ Tc ⇡ 155 MeV) are produced
with temperatures very close to that of the phase bound-
ary at LHC energy, implying any further evolution of
the fireball has to be close to isentropic. For the (anti-
)hypertriton the situation is even more dramatic: this
object consists of a bound state of (p, n, ⇤), with a value
of only 130 ± 30 keV for the energy needed to remove
the ⇤ from it. This implies that the ⇤ particle is very
weakly bound to a deuteron, resulting in a value for the
root-mean-square size for this bound state of close to 10
fm, about the same size as that of the fireball formed in
the Pb–Pb collision.

The detailed production mechanism for loosely bound
states remains an open question. One, admittedly specu-
lative, possibility is that such objects, at QGP hadroniza-
tion, are produced as compact, colorless droplets of quark
matter with quantum numbers of the final state hadrons.
The concept of possible excitations of nuclear matter into
colorless quark droplets was considered already in [65].
In our context, these states should have a lifetime of 5
fm or longer, excitation energies of 40 MeV or less, for
evolution into the final state hadrons which are measured
in the detector. Since by construction they are initially
compact they would survive also a possible short-lived
hadronic phase after hadronization. This would be a
natural explanation for the striking observation of the
thermal pattern for these nuclear bound states emerging
from Figs. 1 and 2. Note that the observed thermal
nature of their production yields is very di�cult to rec-
oncile with the assumption that these states are formed
by coalescence of baryons, where the yield is proportional
to a coalescence factor introduced as the square of the
nuclear wave function, which actually di↵ers strongly for
the various nuclei [66, 67]. For a recent discussion of
the application of coalescence models to production of
loosely bound states, see [68].

One might argue that composite particles such as light
nuclei and hypernuclei should not be included in the
hadronic partition function described in Eq. 2. We note,
however, that all nuclei, including light, loosely bound
states, should result from the interaction of the funda-
mental QCD constituents. This is confirmed by recent
LQCD calculations, see [69].

The thermal nature of particle production in ultra-
relativistic nuclear collisions has been experimentally
verified not only at LHC energy, but also at the lower
energies of the RHIC, SPS and AGS accelerators. The
essential di↵erence is that, at these lower energies, the
matter-antimatter symmetry observed at the LHC is
lifted, implying non-vanishing values of the chemical po-

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, 
Nature 561 (2018) no.7723, 321



Such analysis have been performed at many
different collision energies:

• Monotonic decrease of 𝜇!, reaches ≈ 0 at 
collider energies

• Strong increase of 𝑇;F until about 160 MeV, 
then saturation. Riminiscent of Hagedorn‘s
limiting temperature for hadronic systems.
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FIG. 3. Energy dependence of chemical freeze-out param-
eters TCF and µB . The results are obtained from the sta-
tistical hadronization analysis of hadron yields (at midra-
pidity, dN/dy, and in full phase space, 4⇡) for central col-
lisions at di↵erent energies. The parametrizations shown
are: TCF = T lim

CF /(1 + exp(2.60 � ln(
p
sNN)/0.45)), µB =

a/(1 + 0.288
p
sNN), with

p
sNN in GeV and T lim

CF = 158.4
MeV and a = 1307.5 MeV; the uncertainty of the ’limiting
temperature’, T lim

CF , determined from the fit of the 5 points
for the highest energies, is 1.4 MeV.

tentials. Furthermore, in central collisions at energies
below

p
sNN ⇡ 6 GeV the cross section for the produc-

tion of strange hadrons decreases rapidly, with the result
that the average strange hadron yields per collision can
be significantly below unity. In this situation, one needs
to implement exact strangeness conservation in the sta-
tistical sum in Eq. 2 and apply the canonical ensemble
for the conservation laws [70, 71]. Similar considerations
apply for the description of particle yields in peripheral
nuclear and elementary collisions. An interesting conse-
quence of exact strangeness conservation is a suppression
of strange particle yields when going from central to pe-
ripheral nucleus-nucleus collisions or from high multiplic-
ity to low multiplicity events in proton-proton or proton-
nucleus collisions. In all cases the suppression is further
enhanced with increasing strangeness content of hadron.
Sometimes, additional fugacity parameters gf are intro-
duced to account for possible non-equilibrium e↵ects of
strange and heavy flavor hadrons [44, 72]. These param-
eters modify the thermal yields of particles by factors

g
nf

f , where the power nf denotes the number of strange
or heavy quarks and anti-quarks in the hadron.
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as a function of energy shown in Fig. 3.

Experimental consequences of canonical thermody-
namics and strangeness conservation laws have been first
seen at SPS energy [75]. All above predictions are quali-
tatively confirmed by the striking new results from high
multiplicity proton-proton and p-Pb collisions from the
ALICE collaboration at LHC energy [63]. The data also
explicitly exhibit the plateau in strangeness production
when reaching Pb-Pb collisions which is expected when
the grand-canonical region is reached, further buttressing
the thermal analysis discussed above.

An intriguing observation, first made in [76], is that
the overall features of hadron production in e+e� annihi-
lations resemble that expected from a thermal ensemble
with temperature T ⇡ 160 MeV, once exact quantum
number conservation is taken into account. In these col-
lisions, quark-antiquark pairs are produced with produc-
tion yields that are not thermal but are well explained
by the electro-weak standard model, see, e.g., Table II
in [77]. Hadrons from these quark pairs (and some-
times gluons) appear as jets in the data. The underlying
hadronisation process can be well described using sta-
tistical hadronisation model ideas [77, 78]. These stud-
ies revealed further that strangeness production deviates

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, 
Nature 561 (2018) no.7723, 321

AGS

SPS
RHIC LHC



Freeze-out parameters can be put in the QCD 
phase diagram:

• Asymptotic 𝑇;F coincides with critical
temperature from lattice QCD

• Interpretation: with increasing collision energy, 
the energy density is increased until 𝜀; is
reached and QGP is produced. Hadrons are
produced in equilibrium at the phase boundary
(from QGP to HG). 

• Further elastic interactions do not change the
particle yields.
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A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, 
Nature 561 (2018) no.7723, 321
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significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e� collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters TCF and
µB has been determined [41, 51, 74, 79–82]. While µB de-
creases smoothly with increasing energy, the dependence
of TCF on energy exhibits a striking feature which is il-
lustrated in Fig. 3: TCF increases with increasing energy
(decreasing µB) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

p
sNN > 20 GeV. The

slight increase of this value compared to TCF = 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small di↵erence are currently not fully understood.

The saturation of TCF observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental e↵ort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of TCF and µB there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly di↵erent c.m. energies in
the K+/⇡+ and ⇤/⇡+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µB , T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µB , T ) / exp(BµB/T ). Consequently, the
ratios p/⇡+ and d/p scale as exp(µB/T ), whereas the
corresponding anti-particle ratios scale as exp(�µB/T ).
From Fig. 3, it is apparent that µB/TCF decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K� increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the ⇤/⇡+ and K+/⇡+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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QGP studies in HI collisions
A number of phenomena are observed that are connected to QGP formation in 
heavy-ion collisions:

- Quarkonia suppression à color deconfinement

- Jet quenching à QGP transport coefficient

- Dilepton enhancement à Chiral symmetry restoration, QGP electric conductivity

- QCD Mach cone formation à QGP index of refraction

- EM Black-body radiation à initial temperature, QGP equation of state

- Critical fluctuations à order of phase transition, critical point

- ...
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If high energy heavy ion collisions lead to the formation of a hot quark-gluon plasma, then colour screening prevents ce binding 
in the deconfined interior of  the interaction region. To study this effect, the temperature dependence of  the screening radius, as 
obtained from lattice QCD, is compared with the J/q/radius calculated in charmonium models. The feasibility to detect this effect 
clearly in the dilepton mass spectrum is examined. It is concluded that J/~, suppression in nuclear collisions should provide an 
unambiguous signature ofquark-gluon plasma formation. 

Statistical QCD predicts that strongly interacting 
matter should at sufficiently high density undergo a 
transition from hadronic matter to quark-gluon 
plasma ~ . It is hoped that energetic nuclear colli- 
sions will allow us to study this transition in the lab- 
oratory :2. The experimental detection of plasma 
formation thus becomes crucial: what observable sig- 
natures does the predicted new form of matter 
provide? 

Signatures proposed so far include ~3 real or virtual 
photons, the Pa- distribution of secondary hadrons, 
and the relative production rate of strange particles. 
Non-thermal processes as well as uncertainties in the 
plasma evolution do, however, lead to considerable 
ambiguity for the signals considered up to now. We 
want to present here another type of signature for 
plasma formation, which directly reflects deconfine- 
ment and appears to provide a rather clear and 
model-independent test. 

* This manuscript has been authored under contract number DE- 
AC02-76CH00016 with the US Department of Energy. 

:~ For a recent survey see ref. [ 1 ]. 
:2 Fora recent survey see ref. [2]. 
:3 For surveys see ref. [ 3 ]. 

416 

The basic mechanism for deconfinement in dense 
matter is the Debye screening of the quark colour 
charge [4]. When the screening radius rD becomes 
less than the binding radius rH of the quark system, 
i.e., less than the hadron radius, the confining force 
can no longer hold the quarks together and hence 
deconfinement sets in. We shall investigate here the 
effect of such a deconfining medium on the binding 
ofc  and e quarks into J/~u mesons. 
The temperature dependence of the colour screening 
radius was recently studied in SU (2) [ 5 ] and SU (3) 
[6] gauge theory. There, one considers the interac- 
tion of a static quark-antiquark system in a purely 
gluonic thermal environment. The absence of 
dynamical quarks does, of course, change the screen- 
ing phenomenon considerably [ 5 ]: since the quarks 
transform according to the fundamental representa- 
tion of the colour gauge group and the gluons accord- 
ing to the adjoint, the quark colour charge cannot be 
screened directly. Nevertheless, the quark interac- 
tion is mediated by gluons, and at high temperature 
the dominant contribution will come from the 
exchange of one gluon, made massive by gluonic col- 
our screening. Moreover, we expect that the intro- 

0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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5) quarkonia as a probe for deconfinement
Suppression of ⁄𝐽 𝜓 as a probe for deconfinement was proposed by Matsui and Satz 
in 1986. Most cited theory paper in the field.

3199 Zitate (Juli 2021) 



QGP is domininated by gluons and light quarks with 𝑚G ≪ 𝑇 (up and down) and

𝑚G ≈ 𝑇 (strange). 

In QGP, there are no hadrons made of only light quarks.

Heavy quark pairs (𝑚H IH ≫ 𝑇) can not be produced thermally (𝑚; ≈ 1.5 GeV/c2, 
𝑚J ≈ 4.5 GeV/c2). 

Heavy quarks can only be produced in primary hard collisions, in small numbers,
and experience the full system evolution.
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𝒄I𝒄 per Pb-Pb
collision

𝒃M𝒃 per Pb-Pb
collision

SPS 𝑠$$ = 20 GeV 0.13 -

RHIC 𝑠$$ = 200 GeV 13 0.03

LHC 𝑠$$ = 5 TeV 125 1



About 1% of the heavy quarks form Quarkonia, i.e. 𝑄 W𝑄 bound states, rest goes into
open heavy-flavour particles (D, B mesons, Λ; baryons etc...)

Quarkonia do not necessarily melt at 𝑇 > 𝑇; because 𝑇; is valid for 2+1 light quarks, 
therefore quarkonia can serve as probes of the QGP.

At which temperature do quarkonia melt?
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Charmonia 𝒄I𝒄 Bottomonia 𝒃M𝒃
1S J/𝜓 (3097) 𝛶 (9460)

2S 𝜓‘ (3686) 𝛶‘ (10023)

3S 𝛶‘‘ (10355)

1P 𝜒% (3415)



Quarkonia bound states can be described in a non-relativistic potential model.

More deeply bound states have more compact wave functions (smaller radii). 
Therefore different quarkonium states probe different regions of the potential.

QGP physics SS2017 | K. Reygers | 10. Quarkonia

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: 

2

V (r) = �↵

r
+ �r

σ ≈1 GeV/fm, α ≈ π/12 

Quarkonia: tightly 
bound, smaller radius 
than light mesons

J/𝜓 𝜒c   𝜓‘  

ϒ ϒ‘     ϒ‘‘   ϒ‘‘‘
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Matsui and Satz: At 𝑇 > 𝑇; there are free color charges that screen the 𝑄 W𝑄-potential. 

The relevant length scale is the Debye radius 𝜆R
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At 𝑇 > 𝑇; the confining potential ~𝑘𝑟
vanishes and the Coulomb-like part is
damped (Yukawa-like):

The Debye radius decreases with 𝑇:

𝑉 𝑟, 𝑇 → −
4
3
𝛼!
𝑟 𝑒

" #$ %!

𝜆& = 𝑔𝑇 .𝑁'
3 + .𝑁(

6

")



Bound states will only be possible if 𝑟H IH < 𝜆R. States with larger radii will be
suppressed.

In analogy to the Bohr radius

one can estimate for quarkonia

𝑟H IH > 𝜆R yields for 𝑁7 = 𝑁; = 3:
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Quarkonia states will dissolve as a consequence of colour Debye screening in QGP.
The melting temperature will depend on 𝑟H IH.

Since 𝑄 W𝑄-pairs are rare they will, once dissolved, not recombine during
hadronization. Therefore Quarkonia suppression is a signal for deconfinement and
QGP formation.
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Quarkonia suppression was first observed
in Pb-Pb at 𝑠bb = 17 GeV by NA50 at 
the SPS. 

Specific pattern reveals sequential melting
of heavier states (2S, 1P) before melting of
⁄𝐽 𝜓.
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NA50 Coll., Phys. Lett. B 477 (2000) 28

pp, pA,
peripheral AA central AA
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quarkonium regeneration
At larger beam energy, new phenomena
arise.

Despite larger energy density, 
suppression does not further increase at 
midrapidity.

Nuclear modification factor:

QGP physics SS2017 | K. Reygers | 10. Quarkonia

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

9

RAB =
dN/dpT |A+B

hTABi ⇥ d�inv/dpT|p+p

,

where hTABi = hNcolli /�NN
inel

𝑅++ =
𝑁,/.++

𝑁'/00 E 𝑁,/.
11
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A new twist: 
J/ψ might form again from deconfined charm 

■ Requires large number of initially produced c cbar pairs: 

■ Expect J/ψ suppression at SPS, RHIC and J/ψ enhancement at high 
energies (LHC)

6

Low 
(RHIC) 
energy

Start of collision
Development of 

quark–gluon plasma Hadronization

High
(LHC) 
energy

c–
c

c–
c

D–

D

D–

D
D

D–

D–D–

D

D–

D

J!

D

D
J!

NJ/ / N2
cc̄

Braun-Munzinger, Stachel, Nature 448 (2007) 302
The number of produced 𝑐 ̅𝑐 pairs depends strongly on beam energy (factor 100-
1000 between SPS and LHC).

Charm quarks can recombine to quarkonia at the phase boundary, governed by
statistical hadronization.
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<Ncc> ~100
High 
(LHC) 
energy

Low
(SPS) 
energy

<Ncc> <1

P. Braun-Munzinger, J. Stachel, 
Nature 448 (2007) 302
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QGP physics SS2017 | K. Reygers | 10. Quarkonia

Expected J/ψ signal with or without statistical 
recombination of charm quarks

7
J/
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n 
Pr
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ty

s

1

Energy Density

thermal dissociation

statistical recombination

Kluberg, Satz, 0901.3831

Statistical hadronization models
predict charmonium regeneration
that can exceed the primordial
yield.
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identical suppression and an unexpected peaking at mid-
rapidity [129] which could not be reconciled with the pre-
dictions using the color screening model. Both observa-
tions on the energy and rapidity dependence of RAA for
J/ mesons were, however, consistent with their thermal
origin [110, 130], albeit with the qualification of a rather
poorly known charm production cross section.
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FIG. 7. The nuclear modification factor RAA for inclusive
J/ production. The dependence of RAA on the multiplicity
density (at ⌘=0) for midrapidity (upper panel) and at forward
rapidity (lower panel). The data are for Au–Au collisions
from the PHENIX collaboration (blue) [131, 132] and STAR
collaboration (green) [133] at RHIC and for Pb–Pb collisions
from the ALICE collaboration (red) [134, 135] at the LHC.

In the statistical hadronization scenario, the J/ nu-
clear modification factor RAA (see above) is obtained by
computing the yields in AA collisions while the yields
in proton-proton collisions are taken from experimental
data. The so determined RAA should increase with in-
creasing collision energy, implying reduced suppression
or even enhancement due to the rapid increase with en-
ergy of the charm production cross section. Clear evi-
dence for such a pattern was obtained with the first AL-
ICE measurements at LHC energy [134]. Since then a
large number of additional data including detailed en-
ergy, rapidity, centrality and transverse momentum de-
pendences of RAA for J/ as well as hydrodynamic flow
and  (2S)/(J/ ) ratio results have provided a firm ba-
sis for the statistical hadronization scenario [104], with
the biggest uncertainties still related to the not yet mea-

sured value of the open charm cross section in central
Pb–Pb collisions. Current results on J/ yields and
interpretation within the statistical hadronization pic-
ture are summarized in Fig. 7. A dramatic increase of
RAA with increasing collision energy is clearly observed.
Furthermore, newer measurements demonstrate, see e.g.
Fig. 16 in [135], that the increase is largely concentrated
at J/ transverse momentum values less than the mass
mJ/ = 3.1 GeV. This latter observation was first pre-
dicted in Refs. [136]. Both provide further support of
the original predictions from the statistical hadroniza-
tion approach.
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FIG. 8. Multiplicity dependence of production ratio of bot-
tomonium states ⌥(2S) and ⌥(1S). The data are measured
at the LHC in pp, p–Pb and Pb–Pb collisions [137]. The lines
are statistical hadronization predictions for Pb–Pb collisions;
the full line includes an estimate of the contribution of the
production in the corona [104] of the colliding nuclei.

Recent measurements of production of bottomonium
(bb̄) states at the LHC [137–139] and at RHIC [140]
can provide further insight into the understanding of the
production dynamics of quarkonia in nuclear collisions.
The nuclear modification factor for the ⌥ states exhibits
at LHC energies a suppression pattern [138] not unlike
that expected in the original Debye screening scenario
[115]. On the other hand the observed production ratio
⌥(2S)/⌥(1S), shown in Fig. 8, also is consistent with
a thermalization pattern as one approaches central col-
lisions. Indeed, for central Pb–Pb collisions, this ratio
is compatible, with the value predicted by the statistical
hadronization model for T ' 156 MeV. This provides
the tantalizing possibility of adding the bottom flavor as
an experimental observable to constrain even further the
QCD phase boundary with nucleus-nucleus collision data
at high energies.

An essential ingredient of the statistical hadronization
scenario for heavy quarks is that they can travel, in the

Statistical hadronization models
predict charmonium regeneration
that can exceed the primordial
yield.

Behaviour at RHIC and LHC well
explained.

Suggests that charm is equilibrated
with partonic medium.
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bottomonia
At the LHC also bottomonia can be studied.

Cross sections at the LHC as for charmonia at the
SPS.

Suppression expected, but Υ 1𝑆 more deeply
bound than ⁄𝐽 𝜓 1𝑆

𝒄I𝒄 per Pb-Pb
collision

𝒃M𝒃 per Pb-Pb
collision

SPS 𝑠$$ = 20 GeV 0.13 -

RHIC 𝑠$$ = 200 GeV 13 0.03

LHC 𝑠$$ = 5 TeV 125 1

ϒ 𝜓‘ϒ‘J/𝜓



In pp collisions, Υ 1𝑆 , Υ 2𝑆 and Υ 3𝑆 states can be precisely resolved by CMS.
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Figure 1: Invariant mass distribution of muon pairs in pp (left) and PbPb (right) collisions, for
the kinematic range p

µ+µ�

T < 30 GeV and |yµ+µ� | < 2.4. In both figures, the results of the fits to
the data are shown as solid blue lines. The separate yields for each U state in pp are shown as
dashed red lines in the left panel. The dashed red lines in the right panel are the result of the
fits in PbPb (blue solid line) but with the fitted U yield for each state scaled by the inverse of its
measured RAA.

described in Section 3. The dimuon efficiency is calculated using MC. The individual compo-
nents of the efficiency (track reconstruction, muon identification and selection, and triggering)
are also measured using single muons from J/y meson decays in both simulated and collision
data, with the tag-and-probe (T&P) method [24]. For the muons used in this analysis, data and
MC efficiencies are seen to differ only in the case of the trigger efficiency, and there only by
.1%. For this case, scaling factors (SF), calculated as the ratio of data over simulated efficien-
cies as function of p

µ
T and hµ, are applied to each dimuon on an event-by-event basis. The other

components of the T&P efficiency are used only for the estimation of systematic uncertain-
ties. The average efficiencies integrated over the full kinematic range are 73.5% (U(1S)), 74.4%
(U(2S)), and 75.0% (U(3S)) in PbPb collisions, and they are 8–9% higher for pp collisions.

The integrated luminosity of 28.0 pb�1 with an uncertainty of 2.3% [34] is used to normalize the
yields for pp data. For PbPb collisions, the number of minimum bias collision events sampled
by the trigger (NMB), together with the average nuclear overlap function (TAA), are used for
the normalization. The overlap function TAA is given by the number of binary NN collisions
divided by the inelastic NN cross section, and can be interpreted as the NN-equivalent inte-
grated luminosity per heavy ion collision. Values of TAA are calculated with a Glauber model
MC simulation [35, 36], which is also used to obtain the average number of participating nucle-
ons, hNparti. This latter number is highly correlated with the impact parameter of the collision,
and is used as the abscissa when plotting results as a function of PbPb collision centrality.

4.3 Systematic uncertainties

The systematic uncertainties arise from the choice of signal and background PDFs and the
choice of the central value in the fit constraints, from acceptance and efficiency corrections, and
from the integrated luminosity uncertainty. In general, large relative uncertainties are obtained,
in particular for the U(3S), when the absolute yield is small.

The uncertainty from the choice of signal model is estimated by fitting the data using a single

CMS Collaboration, Phys. Lett. B 790 (2019) 270



In pp collisions, Υ 1𝑆 , Υ 2𝑆 and Υ 3𝑆 states can be precisely resolved by CMS.

In Pb-Pb, the sequential melting picture is confirmed: Υ 2𝑆 and Υ 3𝑆 have
practically disappeared while Υ 1𝑆 persists, but largely reduced.
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Figure 1: Invariant mass distribution of muon pairs in pp (left) and PbPb (right) collisions, for
the kinematic range p

µ+µ�

T < 30 GeV and |yµ+µ� | < 2.4. In both figures, the results of the fits to
the data are shown as solid blue lines. The separate yields for each U state in pp are shown as
dashed red lines in the left panel. The dashed red lines in the right panel are the result of the
fits in PbPb (blue solid line) but with the fitted U yield for each state scaled by the inverse of its
measured RAA.

described in Section 3. The dimuon efficiency is calculated using MC. The individual compo-
nents of the efficiency (track reconstruction, muon identification and selection, and triggering)
are also measured using single muons from J/y meson decays in both simulated and collision
data, with the tag-and-probe (T&P) method [24]. For the muons used in this analysis, data and
MC efficiencies are seen to differ only in the case of the trigger efficiency, and there only by
.1%. For this case, scaling factors (SF), calculated as the ratio of data over simulated efficien-
cies as function of p

µ
T and hµ, are applied to each dimuon on an event-by-event basis. The other

components of the T&P efficiency are used only for the estimation of systematic uncertain-
ties. The average efficiencies integrated over the full kinematic range are 73.5% (U(1S)), 74.4%
(U(2S)), and 75.0% (U(3S)) in PbPb collisions, and they are 8–9% higher for pp collisions.

The integrated luminosity of 28.0 pb�1 with an uncertainty of 2.3% [34] is used to normalize the
yields for pp data. For PbPb collisions, the number of minimum bias collision events sampled
by the trigger (NMB), together with the average nuclear overlap function (TAA), are used for
the normalization. The overlap function TAA is given by the number of binary NN collisions
divided by the inelastic NN cross section, and can be interpreted as the NN-equivalent inte-
grated luminosity per heavy ion collision. Values of TAA are calculated with a Glauber model
MC simulation [35, 36], which is also used to obtain the average number of participating nucle-
ons, hNparti. This latter number is highly correlated with the impact parameter of the collision,
and is used as the abscissa when plotting results as a function of PbPb collision centrality.

4.3 Systematic uncertainties

The systematic uncertainties arise from the choice of signal and background PDFs and the
choice of the central value in the fit constraints, from acceptance and efficiency corrections, and
from the integrated luminosity uncertainty. In general, large relative uncertainties are obtained,
in particular for the U(3S), when the absolute yield is small.

The uncertainty from the choice of signal model is estimated by fitting the data using a single

CMS Collaboration, Phys. Lett. B 790 (2019) 270



In pp collisions, Υ 1𝑆 , Υ 2𝑆 and Υ 3𝑆 states can be precisely resolved by CMS.

In Pb-Pb, the sequential melting picture is confirmed: Υ 2𝑆 and Υ 3𝑆 have
practically disappeared while Υ 1𝑆 persists, but largely reduced.

No indication for bottomonium regeneration.
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5.2 Nuclear modification factor RAA 9
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Figure 5: Nuclear modification factors for the U(1S), U(2S) and U(3S) mesons as a function
of hNparti. The open box at the dashed line at unity represents the global uncertainty in the
integrated luminosity in pp collisions, and NMB in PbPb collisions, which applies to both U(1S)
and U(2S) states. The red and blue boxes show the uncertainties of pp yields for U(1S) and
U(2S) states, respectively. For the U(3S) meson, the upper limits at 68% (green box) and 95%
(green arrow) CL are shown. For the centrality-integrated results in the right sub-panel, the
systematic uncertainty values include the global uncertainties. The lines represent calculations
from Ref. [9].
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uncertainties.
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New Inner Tracking System 
- Complementary Metal-Oxide-Semiconductor (CMOS) Monolithic Active Pixel Sensor (MAPS) technology
- Improved resolution, less material, faster readout

New TPC Readout System

- ROCs with Gas Electron Multiplier (GEM) technology
- New electronics (SAMPA), continuous readout

Integrated Online-Offline System (O2)
- Record MB Pb-Pb data at 50 kHz
- EPN without trigger

TRD Readout Upgrade and Repair

- Record MB Pb-Pb data at 50 kHz

ALICE LS2 upgrades for Run 3 and 4

75Heavy-Ion Physics | HASCO 2021 | Harald Appelshäuser (Uni Frankfurt)

Goal: Pb-Pb collisions at 50 kHz, continuous readout

Run 3 and 4 physics program: Z. Citron, et al., arXiv:1812.06772
ALICE high-energy pp program: https://cds.cern.ch/record/2724925
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GEM TPC ITS 2 O2 

ALICE 3

à factor 50-100 increase in Pb-Pb
factor 100-1000 in pp
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GEM TPC ITS 2 O2 
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GEM TPC ITS 2 O2 
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ALICE 3

à factor 50-100 increase in Pb-Pb
factor 100-1000 in pp
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SIS100 at FAIR (> ca. 2025)
Beam energy: 29 GeV (p) - 11 A GeV (Au)

àAu-Au, √sNN ≤ 4,7 GeV

• Dense hadronic matter
• QCD phase structure at large 𝜇!
• Search for critical point

CBM
Compressed Baryonic Matter

fixed target: CBM at FAIR
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ALICE TPC operation at 50 kHz
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backup



Heavy-Ion Physics | HASCO 2021 | Harald Appelshäuser (Uni Frankfurt) 83

collision centrality

spectators

participants

b

Nuclei are extended objects, i.e. the collision centrality is
determined by the impact parameter b in the transverse
reaction plane.
b can not be measured experimentally, but it is correlated
with e.g. the number of produced particles:
Within model calculations (Glauber), intervals of particle
multiplicity can be related to b, the number of
participating nucleons Npart or the number of nucleon-
nucleon collisions Ncoll.
Evidence usually occurs in comparison to (properly scaled) 
pp and p-Pb collisions
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estimate of energy density

t = 0

t = 3-4 fm/c

t = 10 fm/c

Evolution of a heavy-ion collision
J.D. Bjorken, Phys. Rev. D27 (1983) 140 

At ultra-relativistic energies, strong longitudinal 
expansion occurs.
Source elements have large (relative) velocities in 
longitudinal direction
Consider only “local“ energy density:

with nuclear radius R (= 5 fm), formation time 𝜏3
(1 fm/c) and transverse energy dET/dy :

𝜀+ =
𝐸
𝑉 =

1
𝜋𝑅.𝜏+

d𝐸T
d𝑦

d𝐸T
d𝑦 ≈

1.5 d𝑁ch
d𝑦 𝐸T ≈

1.5 d𝑁ch
d𝑦 𝑝T 𝑐



In central Pb-Pb collisions at 5.02 TeV:

𝑑𝑁𝑐ℎ/𝑑𝜂 ≈ 2000 and ⟨𝑝𝑇⟩< ≈ 0.6 GeV/c

which is much larger than the estimated critical
energy density of ≈ 1 GeV/fm3.

The initial temperature 𝑇3 can then be estimated: 

which is also much higher than the estimated critical
temperature.
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Charged-particle pseudorapidity density in Pb–Pb at
p

sNN = 5.02TeV ALICE Collaboration
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Figure 4: [Colour online] Total number of charged particles as a function of
p

sNN for the most central collisions
at AGS (0–5% Au–Au) [25, 26], SPS (0–5% Pb–Pb) [27, 28], RHIC (0–5% and 0–6% Au–Au) [18, 29, 30], and
LHC (0–5% Pb–Pb) [14]. The dotted, dashed, and full lines are extrapolations from fits to lower energy results
[14], while the dash-dotted line is a fit over all energies, including

p
sNN = 5.02TeV.
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Figure 5: [Colour online] Estimate of dNch/dy in the most central (0–5%) Pb–Pb collisions at
p

sNN = 5.02TeV.
Also shown are the Landau–Wong [31], Landau–Carruthers [32], Gaussian, and double–Gaussian distributions.

dynamics i.e., based on a reaction scenario with full stopping of the reaction partners and a subsequent
thermodynamic evolution. The measurements, however, are seen to be consistent with a Gaussian dis-
tribution with a width of 4.12±0.10, much wider than the width expected from the two models. A best
parameter fit of the sum of two Gaussian distributions with means symmetric around y = 0, is indistin-
guishable from the single Gaussian case.

In the top part of Fig. 6 we compare the widths of the charged-particle or -pion rapidity density distribu-
tion extracted from measurements to the expected width s2

L-C = log(
p

sNN/2mp) from Landau-Carruthers,

7

ALICE Collaboration, Phys. Lett. B 772 (2017) 567

ALICE Coll. Phys. Rev. C101 (2020) no.4, 044907

→ 𝜀3,pqr ≈ 20 GeV/fm1

𝜀3 =
37
30
𝜋8𝑇3/ → 𝑇3,pqr ≈ 400 MeV


