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QGP Hypothesis

• System size < 20 fm,  lifespan 
< 20 fm/c (10-22 s), 


• Up to 10000 particles 
produced per collision — 
hadrons, leptons, photons, 
even gauge bosons … 
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Known knowns and known unknowns…

Fast Equilibration/Thermalization: 

•Enormous Energy Density

•Large Spatial Anisotropy
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Rapid thermalization

Isenstropic Expansion???
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Anisotropic Pressure Gradients

            

• Longitudinal/Isentropic Expansion

• Anisotropic Transverse Expansion

⃗∇ Pz ≫ ⃗∇ Px ≫ ⃗∇ Py

Have we fully vetted this model?
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Hadron Resonance Gas Model(s)
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Thermalization !?!

HRG Model w/ parameters T, , V;    w/ “feed-downs”: E&M, Strong Decays:  e.g.,   ,  , …     

Fit to ratios: Volume V cancels out

μB Δ → p(n) + π ρ → π + π

After chemical freeze-out

Elastic & Quasi-elastic scatterings 
e.g.,  
        , etc

ππ → ρ → ππ
pπ → Δ → pπ
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importantly, also non-resonant components [18]. In this approach, currently
implemented only for µB ' 0 (and here for the non-strange sector), the ef-
fect of multi-pion-nucleon interactions is estimated using LQCD.

2. Statistical hadronization of light quarks

In practice, TCF , µB, and V , the parameters at chemical freeze-out are
determined from a fit to the experimental data. For the most-central (0-
10%) Pb–Pb collisions at the LHC, the best description of the ALICE data
(see [19] and ref. therein) on yields of particles in one unit of rapidity
at midrapidity, is obtained with TCF = 156.6 ± 1.7 MeV, µB = 0.7 ± 3.8
MeV, and V = 4175 ± 380 fm3 (corresponding to a slice of one unit of
rapidity, centered at mid-rapidity) [18], shown in Fig. 1. The standard
deviations quoted here are exclusively due to experimental uncertainties
and do not reflect the systematic uncertainties connected with the model
implementation.
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Fig. 1. Left: Hadron yields dN/dy measured in central Pb–Pb collisions at the LHC
and the best fit with SHM. The lower panel shows the ratio of data and model with
uncertainties (statistical and systematic added in quadrature) of the data. Right:
Mass dependence of hadron yields divided by the spin degeneracy factor (2J + 1).
For SHM, plotted are the “total” yields, including all contributions from high-
mass resonances (for the ⇤ hyperon, the contribution from the electromagnetic
decay ⌃0

! ⇤�, which cannot be resolved experimentally, is also included), and
the (“primordial”) yields prior to strong and electromagnetic decays.

Very good agreement is obtained between the measured particle yields
and SHM over nine orders of magnitude in abundance values and encom-

Thermal HG models predict 
observed abundances with 

spectacular precision!!
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more than 50 years ago, by Hagedorn [34] that hadronic matter cannot
be heated beyond this limit. The parametrizations shown in Fig. 2 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 the ’limiting temperature’ T lim

CF = 158.4± 1.4 MeV
and a = 1307.5 MeV.

To illustrate how well the thermal description of particle production in
central nuclear collisions works we show, in Fig. 2 (right), the energy de-
pendence (excitation function) of the relative abundance of several hadron
species along with the prediction using the SHM and the parametrized evo-
lution of the parameters. In particular, the maxima (occuring at slightly
di↵erent c.m. energies) in the K+/⇡+ and ⇤/⇡+ ratios are naturally ex-
plained [33] as the interplay between the energy dependence of TCF and µB

and the consequence of strangeness conservation.
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Fig. 3. Phenomenological phase di-
agram of strongly interacting matter
constructed from chemical freeze-out
points for central collisions at di↵er-
ent energies, extracted from experi-
mental data sets in our own analy-
sis (squares) and other similar analyses
[35, 36, 37, 25] are compared to predic-
tions from LQCD [10, 11] shown as a
band. The inverted triangle marks the
value for ground state nuclear matter
(atomic nuclei).

Since the statistical hadronization analysis at each collision energy yields
a pair of (TCF ,µB) values, these points can be used to construct a T vs. µB

diagram, shown in Fig. 3. Note that the points at low temperature seem
to converge towards the value for ground state nuclear matter (µB = 931
MeV). As argued in [38] 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 calcula-
tions, the high temperature, high collision energy limit allows a quantitative
interpretation in terms of fundamental QCD predictions.

3. Statistical hadronization of charm quarks

An interesting question is whether the production of hadrons with heavy
quarks can be described with similar statistical hadronization concepts. We

A. Andronic et al. Phys.Lett.B 792 (2019) 304; A. Andronic, et al., Nature, 561 (7723) (2018), p. 321

[1] A. Bazavov, et al. PLB 795 (2019) 15
[2] S. Borsanyi, et al., PRL 125 (2020) 052001

[1,2]

But do not account for …

• Quantum number conservation

• Long range longitudinal  

correlations

• Non vanishing balance functions

• Non vanishing integral 

correlations


Why does it work so well?

What are we missing?
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Measurements of  and BFνdyn
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Evidence for Incomplete or lack of Thermalization?!

ALICE, Eur.Phys.J.C 79 (2019) 3

Relative particle yield fluctuations in Pb–Pb collisions ALICE Collaboration
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Fig. 3: Results for ndyn[p,K], ndyn[p,p] and ndyn[p,K] scaled by the charged-particle density dNch/dh . The
ALICE data are shown by red markers while the coloured lines indicate the HIJING [22, 23] and AMPT [25]
model calculations. The data are shown as a function of the collision centrality, expressed in terms of dNch/dh .

rather flat in this case [27]. The overall behaviour is defined by the interplay between correlation and
fluctuation terms encoded in the definition of the ndyn observable. To disentangle these terms, one needs
a dedicated study focusing on separate charge combinations, which also makes it possible to investigate
contributions from resonance decays and global charge conservations.

An important characteristic of HIJING is that it treats nucleus-nucleus collisions as an indepen-
dent superposition of nucleon-nucleon interactions. As such, it does not incorporate mechanisms for
final-state interactions among the produced particles and therefore phenomena such as equilibrium
and collectivity do not occur. The AMPT calculations are performed with three different settings
including (i) string melting, (ii) hadronic rescattering, and (iii) string melting and hadronic rescattering.
All three versions of the AMPT model presented here use hard minijet partons and soft strings from
HIJING as initial conditions. Partonic evolution is described by Zhang’s parton cascade (ZPC) [29]
which is followed by a hadronization process. In the last step, hadronic rescattering and the decay of
resonances takes place. In the default AMPT model, after minijet partons stop interacting with other
partons, they are combined with their parent strings to form excited strings, which are then converted to
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 vs. π± pp̄

 vs. π± K±

  vs. pp̄ K±

Changes sign

NCH νdyn = D − 4
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In the analysis, we have considered events with a ver-
tex |vz| < 10 cm to ensure a uniform acceptance in the
central pseudo–rapidity region. The minimum bias trig-
ger consisted of a coincidence of at least one hit on each
of the two VZERO scintillator detectors, positioned on
both sides of the interaction point, while at the startup of
data taking period an additional requirement of having
a coincidence with a signal from the SPD was also in-
troduced. The background events coming from parasitic
beam interactions are removed by a standard offline event
selection procedure, which requires the VZERO timing
information and hits in the SPD.
We present the results as a function of centrality that

reflects the collision geometry. The collision centrality is
determined by cuts on the VZERO multiplicity [21]. A
study based on Glauber model fits [22–24] to the multi-
plicity distribution in the region corresponding to 90% of
the most central collisions, where the vertex reconstruc-
tion is fully efficient, facilitates the determination of the
cross section percentile and the number of participants.
The resolution in centrality is found to be < 0.5% RMS
for the most central (0-5%) collisions, increasing towards
2% RMS for peripheral (70-80%) collisions [21].
We require tracks in the TPC to have at least 80 re-

constructed space points with a χ2 per TPC cluster of
the momentum fit less than 4. We reject tracks with dis-
tance of closest approach (dca) to the vertex larger than
3 cm both in the transverse plane and in the longitudi-
nal direction. We have performed an alternative analysis
with tracks reconstructed using the combined tracking of
ITS and TPC. In this case, the dca cuts were 0.3 cm in
the transverse plane as well as in the longitudinal direc-
tion. The results obtained with both tracking approaches
are in agreement.
The data analysis has been performed for Pb–Pb colli-

sions at
√
sNN = 2.76 TeV and pp collisions at the same

centre–of–mass energy. An identical analysis procedure
has been followed for both the data sets. We calculate the
ν(+−,dyn) from the experimental measurements of posi-
tive and negative charged particles counted in ∆η win-
dows, defined around mid–rapidity (for example, ∆η = 1
corresponds to −0.5 ≤ η ≤ 0.5) and in the pT range from
0.2 to 5.0 GeV/c. Consistency checks had been per-
formed for another pT window, viz., 0.3 GeV/c < pT <
1.5 GeV/c. The differences in the fluctuation results are
small, and included in the systematic errors. In Figure 1,
we present the ν(+−,dyn) as a function of centrality, ex-
pressed in terms of the number of participating nucleons.
Moving from left to right along the x–axis of the figure
corresponds to moving from peripheral to central colli-
sions. The results are presented for ∆η = 1 and 1.6, for
both Pb–Pb and pp collisions. In all cases, the magni-
tude of ν(+−,dyn) is observed to be negative, indicating
the dominance of the correlation term in Eq. 2. The
absolute values of ν(+−,dyn) for pp collisions are larger
compared to those measured for Pb–Pb collisions. When
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FIG. 1. Dynamical net–charge fluctuations, ν(+−,dyn) and
their corrected values, νcorr

(+−,dyn), for charged particles pro-
duced in Pb–Pb collisions at

√
sNN = 2.76 TeV as a function

of centrality, expressed as the number of participating nu-
cleons. νcorr

(+−,dyn) points are shifted along x-axis for better
representation. Superimposed are the results for pp colli-
sions at

√
s = 2.76 TeV. The statistical (bar) and systematic

(box) errors are plotted.

going from peripheral to central events, the absolute val-
ues of ν(+−,dyn) are seen to decrease monotonically.
The values of ν(+−,dyn) have to be corrected for global

charge conservation and finite acceptance [17]. If all
charges were accepted, the global charge conservation
would lead to vanishing fluctuations. This will yield
the minimum value of ν(+−,dyn) to be -4/〈Ntotal〉, where
〈Ntotal〉 is the average total number of charged par-
ticles produced over full phase space. The corrected
ν(+−,dyn) is

νcorr(+−,dyn) = ν(+−,dyn) +
4

〈Ntotal〉
. (4)

The values of 〈Ntotal〉 for Pb–Pb collisions have been es-
timated from the experimental data [25], whereas for pp
collisions, it is taken from PYTHIA [26] event genera-
tor. As a reference, 〈Nch〉 for ∆η=1 and 〈Ntotal〉 val-
ues are 1637±61 and 17165±772 for most central (0-5%)
Pb–Pb collisions, and 4.8±0.2 and 36.0 for pp collisions.
These are systematic errors, statistical errors are neg-
ligible. The corrected values, νcorr(+−,dyn), are plotted in
Figure 1 as a function of the number of participating nu-
cleons for Pb–Pb and pp collisions. The absolute values
of νcorr(+−,dyn)are smaller compared to ν(+−,dyn)in all cases.
The differences are more apparent for pp and peripheral
Pb–Pb collisions than for central collisions.
Taking the above corrections into account, we obtain,

D′ = 〈Nch〉νcorr(+−,dyn) + 4. (5)

Alternatively, corrections to D-measure may also be ob-

ALICE, PRL 110 (2013) 152301  ALICE, PLB 833 (2022) 137338
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Iα,β̄(Ω) = −
1
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dNT
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Δη × να,β̄

dyn(Ω)
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Can we really measure susceptibilities this way?
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Thermalization and QGP Susceptibilities

GCE Partition Function: 




, w/  : System Temperature

 : Hamiltonian

: Chemical potentials

: Conserved number operators

Z(V, T, μB, μQ, μS) = Tr [e−β(H − ∑i μiNi)]
β = 1/T T
H
μi
Ni

Dimensionless pressure___:  

Quark number density_____:  

Baryon densities_________:  :

Isospin density__________:  

Electric charge density__:  

Susceptibilities_________:     w/ , 

Diagonal/Non-diagonal Cumulants..:


  

P
T4

=
1

VT3
ln [Z(V, T, μB, μQ, μS)]

⟨nq⟩ =
T
V

∂ ln Z
∂μq

⟨nB⟩ =
1
3 ∑

q

⟨nu⟩

⟨nI⟩ =
1
2 (⟨nu⟩ − ⟨nd⟩)

⟨nQ⟩ =
2
3

⟨nu⟩ −
1
3

⟨nd⟩ −
1
3

⟨ns⟩

χBQS
ijk =

∂i+j+k[P/T4]
∂ ̂μi

B∂ ̂μj
Q∂ ̂μk

S
̂μq ≡ μq /T q = B, Q, S

CBQS
ijk =

∂i+j+k

∂ ̂μi
B∂ ̂μj

Q∂ ̂μk
S

ln [Z(V, T, μB, μQ, μS)] = VT3χBQS
ijk (T, μB, μQ, μS)

To avoid ambiguities associated with the unknown 
volume V, consider ratios of cumulants:

            

          


σq
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Sq
=
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4
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4
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But  is entirely determine by charge 
conservation and the width of the acceptance…

Cq
2

, n>2,   only carries “new” information 
if  (factorial cumulants)


Make sure you check !!! [1]

Cq
n

Fn ≠ 0

[1] C.P., Phys.Rev.C 100 (2019) 3, 034905

Iα,β̄(Ω) = −
1
4

dNT

dη
Δη × να,β̄

dyn(Ω)

Might be better to measure differential 
balance functions and their integrals…

B+,− = ⟨N−|+⟩ − ⟨N+|+⟩ =
⟨N+N−⟩

⟨N+⟩
−

⟨N+(N+ − 1)⟩
⟨N+⟩
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Remember Disoriented chiral condensate (DCCs)?
• Pion sector 


• Fluctuations of neutral vs. charge 
pions [1]


• “Pulse” of low pT pions w/ neutral 
fraction  




• Probability distribution:  


•



• Kaon sector 
• Fluctuations of neutral vs. charge 

kaons [2]

• “Pulse” of low pT kaons w/ neutral 

fraction 

• PDF:  


•  

f =
Nπ0

Nπ0 + Nπ− + Nπ+

P( f ) =
1

2 f

f =
NK0 + NK̄0

NK0 + NK̄0 + NK− + NK+

P( f ) = 1

6

Chiral symmetry restored at high-T???

(1)

(2)

(3)

ALICE, PLB 832 (2022) 137242
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[1] Randrup et al, PRC 59 (1999) 3329

[2] J. Kapusta, S.M.H. Wong PRL 86 (2001) 4251

Very strong scaling violation of  vs. 
produced particle multiplicity.

νdyn[K0, K±]


