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Motivation - why partial chemical equilibrium?

@ Statistical production can be used to describe hadron abundances and also their spectra
e (Simple) statistical model of interacting hadrons: interactions via inclusion of (free)

resonance states [R. Dashen, S.K. Ma, H.J. Bernstein, Phys. Rev. 187 (1969) 345]

Chemical freeze-out Kinetic freeze-out

@ Hadron abundances set by three (four) @ Sets the pt spectra
parameters: V', Tep, 1B, (7s) @ need transverse expansion
o T ~ 140 — 160 MeV @ slope due to Ty and (v;)
(v/snn dependent, above 7.7 GeV) o Ty ~ 80— 120 MeV (also higher)

How to build a scenario with chemical and kinetic freeze-out?

@ need to freeze the effective numbers of stable hadrons—projected numbers after decays of
all resonances NET =" p,,p(N,)
@ Assumption: at chemical freeze-out inelastic collisions stop and elastic continue
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The chemical potentials

@ ground state species do not change one into other =
chemical potential for each

[H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B 378 (1992) 95]
Boris Tomdsik (UMB & CTU) Partial chemical equilibrium 7.12.2021 3/19



The chemical potentials

ground state species do not change one into other =
chemical potential for each

towers of resonances above every stable hadron species

resonances always in equilibrium with ground state
= it does not cost extra energy to produce or decay

resonance into stable species . N
w

resonance chemical potentials from those of stable P

hadrons, e.g. 11, = 2pr, flo, = 3pix K
T

[H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B 378 (1992) 95]
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The chemical potentials

@ ground state species do not change one into other =
chemical potential for each

@ towers of resonances above every stable hadron species N(1440)
@ resonances always in equilibrium with ground state A
= it does not cost extra energy to produce or decay
resonance into stable species . N K(892)
w
@ resonance chemical potentials from those of stable P
hadrons, e.g. 11, = 2pr, flo, = 3pix K

@ resonances that decay into two different stable species,
€8 [A = UN T Hr, HK(892) = Hx + UK

=]

[H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B 378 (1992) 95]
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The chemical potentials

@ ground state species do not change one into other =
chemical potential for each

@ towers of resonances above every stable hadron species N(1440)
@ resonances always in equilibrium with ground state A
= it does not cost extra energy to produce or decay
resonance into stable species . N K(892)
w
@ resonance chemical potentials from those of stable P
hadrons, e.g. 11, = 2pr, flo, = 3pix K

@ resonances that decay into two different stable species,
€8 [A = UN T Hr, HK(892) = Hx + UK

=]

@ Resonances with more decay channels, chain decays:
HR= ) PRhlih
h

[H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B 378 (1992) 95]
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Evolution of chemical potentials
Keep the (effective stable) particle numbers constant, as a function of temperature!
d(Ng")

NE) = 3PV (T T (D), log

_% ZPr—)hnr Zpr—mdnr

Obtain the derivative of volume from entropy conservation: 0 =dS/dT =d(sV)/dT

Equations for the evolution of chemical potentials
S b hdnr(Tv{u(T)}) 1
T = L peoan(TAM(T)
7.12.2021
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Evolution of chemical potentials: results

Start the evolution of chemical potentials at the chemical freeze-out
[STAR collab., Phys. Rev. C 96 (2017) 044904 and ALICE collab., Nucl. Phys. A 904-905 (2013) 531c]
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Fluctuations of net-baryon number

Cumulants of the net-baryon number distribution from derivatives of log Z
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Combinations of cumulants

variance, skewness, kurtosis, hyperskewness, hyperkurtosis

g - H2 ) 5 = ) K 2 ) 5 = ) = 3 )
3/2 K 5/2 K
Ko 2 Ko 2

These cumulants, moments, and their combinations still depend on volume
= construct volume-independent combinations

2
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Boris Tomasik (UMB & CTU) Partial chemical equilibrium 7.12.2021

7/19



Connection to the phase diagram
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point X, <0
24
X3>0 (< contours
[llustration:
Susceptibilities from the Ising model Scaling
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[J.W. Chen et al.: Phys. Rev. D 95 (2017) 014038]
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Data: enhanced net-proton number fluctuations at /syy = 7.7 GeV

@ Not all baryons are measurable

@ net-proton number as proxy for
the net baryon number

@ enhanced k4 /K7 at

\/SNN = 7.7 GeV

@ not reproduced by theoretical
calculations

What would be the prediction of
statistical model with PCE?
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Net-proton number fluctuations from PCE

@ Not calculable as derivatives of the partition function!

e derivatives of log Z only contain fluctuations due to exchange with the heat bath
e decays of resonances are random and may randomize proton number (even at fixed B)

@ cumulants of proton and antiproton number via derivatives of the generating function

'K (i
(), = ey

K(i§) = In> eNP(N)=>"In{ >~ Pr(Ng) (e"pr +(1— pR)> e
N=0

R Ng=0

L:o

@ Pr(Ng): number probability of resonance R, furnished by statistical model
@ Net-proton number cumulants obtained via

(BN5)) = ((aN,)) + (1) ((aNp))
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Net-proton number fluctuations from PCE, part 2

@ Cumulants of the resonance number distributions

gRV 2 :Fl)f IT e (JMR
N = T E R/ T K,

gRV - i—1-—2 ij
((ame)) = BT S 1y 1y 2 Tho (128
=1

o first terms in the sums correspond to Boltzmann approximation (not BE or FD)

@ In Boltzmann approximation, cumulants of all orders are the same!
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Results for net-proton cumulants in PCE
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Results for K™ — K~ cumulants in PCE
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Production of resonances

Chemical equilibrium Corrections to chemical equilibrium
@ chemical potentials due to conserved @ resonances decay, but their daughter
quantum numbers (B, S, Q) particles are not reconstructed
@ resonance abundance suppressed due to @ by interactions, resonances are restored
their higher mass (to what extent?)

Observed abundance of resonances bears information about the microscopic dynamics
within the hadronic fireball.

Partial chemical equilibrium

o At every temperature, resonances are in equilibrium with their own daughter hadrons
@ specific predictions on their abundances and the ratios Nf?ff/Nﬁff; they depend on T

o effective number of resonances includes contributions from decays of heavier resonances
fF
N,‘% = Zr pr—rN;

Can Partial Chemical Equilibrium with some T reproduce data on resonance production?
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Ratio po/m (and how to read the results)

T [GeV]
0 120.07’ 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15
- T T T T T T T T
po/m ALICE 2760 GeV —@— ‘
PCE HRG calc. T
041 | i
ATkin
01 F + i
S o009l 8
< -
0.08 |- 1 % i
0.07 | 4
0.06 ! L L L L L L
3 4 5 6 7 8 9 10 11 12

{dNgyyfcn) "

[ALICE collab., Phys. Rev. C 99 (2019) 064901] [Figure: Sandor Lokds]
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Ratio K*/K

@ indicated lower freeze-out
temperature in central
collisions

@ Tyin never below 95 MeV

[ALICE collab., Phys. Rev. C 91 (2015) 024609]
[ALICE collab., Phys. Rev. C 95 (2017) 064606]
[STAR collab., Phys. Rev. C 84 (2011) 034909]
[STAR collab., Phys. Rev. Lett. 97 (2006) 032301]
[Figure: Sandor Lokos]
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Ratio ¢/ K

@ data in mid central collisions
above the PCE calculations

[ALICE collab., Phys. Rev. C 91 (2015) 024609]
[STAR collab., Phys. Rev. C 70 (2009) 064903]
[STAR collab., Phys. Rev. C 84 (2011) 034909]
[STAR collab., Phys. Rev. Lett. 97 (2006) 032301]
[Figure: Sandor Lokos]
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Summary of extracted temperatures
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Conclusions

@ Partial Chemical Equilibrium

o keeps effective numbers of stable species konstant independent of temperature
e no reactions that would change one stable species into another (off equilibrium)
e resonances in equilibrium with stable species

@ Results from Partial Chemical Equilibrium on net-proton number fluctuations
[B. Tomasik, P. Hillmann, M. Bleicher, Phys.Rev.C 104 (2021) 044907]

e volume-independent ratios of cumulants of net-proton number are almost temperature
independent = they reflect values at chemical freeze-out
e experimental data on cumulants at low energies are not reproduced
@ Results for resonance production
o p°/m and K*/K qualitatively: lower FO temperature in central collisions, quantitatively
disagreement with kinetic FO fits
e ¢/K does not follow this trend, some centralties have too many ¢s
@ Possible improvements to PCE
e take into account entropy production
e include hadron interactions via phase shifts
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