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Freeze-out parameters

Motivation

[] We live in a very exciting era to understand the fundamental constituents of matter and the
evolution of the Universe

[1 We can create the deconfined phase of QCD in the laboratory

[] Lattice QCD simulations have reached unprecedented levels of accuracy
[1 physical quark masses

[1 several lattice spacings — continuum limit

[] The joint information between theory and experiment can help us to shed light on QCD
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Susceptibilities of conserved charges

[1 The chemical potentials are related:

J— 1 _|_ 2 .
Hu = 3 IB 3 Q>
—_— 1 1 .
Hd — 3 uB 3 HQ s
1 1
Bs = GHB T 3HQ —Hs:
[] susceptibilities are defined as follows:
BSQ _ gltmtnp/Td

Ximn' = 5(up /T) (s /T)™0(pg /T)™

Claudia Ratti



Freeze-out parameters

Relating lattice results to experimental measurement

[] the first four cumulants are:

x1 = ((0)) x2 = ((62)%)
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[] we can relate them to higher moments of multiplicity distributions:

2

mean : M = x1 variance : 0 = x2
skewness : S = X3/Xg/2 kurtosis : kK = X4/X%
So = x3/x2 Ko? = xa/X2
M/o® = x1/x2 So° /M = x3/x1

F. Karsch (2012)
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Caveats

[] Effects due to volume variation because of finite centrality bin width

[] Finite reconstruction efficiency

[] Spallation protons

[ 1 Canonical vs Gran Canonical ensemble

[1 Proton multiplicity distributions vs baryon number fluctuations

[] Final-state interactions in the hadronic phase J.Steinheimer et al., PRL (2013)
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Caveats

[] Effects due to volume variation because of finite centrality bin width

[1 Experimentally corrected by centrality-bin-width correction method

[] Finite reconstruction efficiency

[ Experimentally corrected based on binomial distribution A. Bzdak, V. Koch, PRC (2012)

[] Spallation protons

[1 Experimentally removed with proper cuts in pr

[ 1 Canonical vs Gran Canonical ensemble

[1 Experimental cuts in the kinematics and acceptance V. Koch, S. Jeon, PRL (2000)

[1 Proton multiplicity distributions vs baryon number fluctuations
[ Numerically very similar once protons are properly treated M. Asakawa and M. Kitazawa, PRC
(2012), M. Nahrgang et al., 1402.1238
[] Final-state interactions in the hadronic phase J.Steinheimer et al., PRL (2013)

[] Consistency between different charges = fundamental test
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Relations between chemical potentials

L pup, ps and g are NOT independent:

A
(n5> = (nQ> = %(n3> = Z =0.4
[1 By expanding npg, ng and g up to ,u3B we get:
pQ(Tipg) = ai(Dps +a(T)up + ..
ps(T,pp) = si(Tpp+ s3(T)up + ...
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Taylor coefficients: results
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WB Collaboration: PRL (2013)
L] pg turns out to be very small
[] Agreement between WB and BNL-Bielefeld collaborations
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Thermometer and Baryometer

[ RZ: thermometer

+ O(p%)

BBy X3 (Tus) _ XZ(T,0) + x5, °(T,0)q1(T) + xE5 (T, 0)s1(T)
X1 (T’ 'uB) X3 (T, 0) + X711 (T, 0)611 (T) + X711 (T7 O)Sl(T)

[1 Expand numerator and denominator around it = 0: ratio is independent of (i3

[ RE,: baryometer

B
BB (p oy X2(Toup) x5 (T,0) + X1 (T,0)q1 (T) + x B3 (T,0)s1(T) pg O3
12( 7:uB) — B - B + (,U,B)
X35 (T7 :uB) X35 (T7 O) T

[1 Expand numerator and denominator around (1 = 0: ratio is proportional to 1.3

A. Bazavov et al., PRL (2012). WB Collaboration, PRL (2013).
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Extracting freeze-out parameters from baryon number
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WB Collaboration: arXiv 1403.4576; STAR data from 1309.5681

[ STAR data for R, : 0-10% centrality, av-
erage of \/s = 27, 39, 62.4, 200 GeV
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Extracting freeze-out parameters from electric charge
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[1 1tis of fundamental importance to test the consistency between the freeze-out parameters

obtained with different conserved charges

[] This consistency check validates the method and shows equilibration of the medium

Claudia Ratti

11



Freeze-out parameters

Consistency is found!
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Lattice: WB Collaboration: arXiv 1403.4576; SHM: Andronic et al., NPA (2006)
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Ratio of ratios
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Conclusions

L] Itis possible to extract freeze-out parameters from first principles

[1 Higher order fluctuations of baryon number:

B
O R (T, pup) = i%gzz Thermometer

B
0 RE(T, ug) = i;BgZi% Baryometer

[1 Higher order fluctuations of electric charge:

[1 independent measurement

Q . X?(T,MB)_
O RS(T, up) = O Toun)’ Baryometer

[1 The freeze-out parameter sets obtained from B and () are consistent with each other

[] Looking forward to strangeness fluctuation datal!
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