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I. Motivation



QCD Phase Diagram

» The strongly interacting matter present in heavy-ion collisions carries a multitude of
conserved quantum numbers: baryon number, strangeness and electric charge

> This effects thermodynamics since each charge has an associated chemical potential
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Lattice QCD Predictions

» The equation of state (EoS) for QCD has been calculated on the lattice under
strangeness neutrality and fixed ratio of baryon number to electric charge, matching

the heavy-ion situation
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QCD Phenomenology

» All stages of heavy-ion collision modeling should seek to investigate the same slice
of the phase diagram as the experiments
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Chemical Freeze-out Parameters

» Experimental particle yields and fluctuations tell us about the system at chemical
freeze-out

Particle yields Fluctuations
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Chemical Freeze-out Parameters

» Utilize Hadron Resonance Gas Model to perform thermal fits of yields and analyses
of net-particle fluctuations including strangeness neutrality

» Investigate influence of number of states on freeze-out parameters

Particle yields Fluctuations
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Hadronic States in HRG Model

» Pressure in HRG model depends on resonances included in the calculation:
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HRG Partial Pressures Confront LQCD

» Determine which particle list best matches Lattice QCD (LQCD) by breaking
pressure into various sectors of baryon number and strangeness
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Yield

Thermal Fit Analyses

» Systematic study: chemical freeze-out dependence on number of resonances

» Flavor hierarchy investigation

> Single freeze-out (1FO): simultaneous fit of all particles

> Two flavor freeze-out (2FO): fit light and strange particles separately

10° 5
- PDG2005
102 ]
] KN
- .
. e
1 | momom
10 T e
] STAR 200 GeV
| — 1FO PDG2005: 2/ Ngo=42.9/9 .= o
100 J| oo 2FO PDG2005: (XZ/Ndof)L:?).1/3;()(2/Nd0f)s:42.8/5
| ¢ exp o
4_ L ]
2_ asas AAS
0 i . -m-——ﬁ————————————————:.:———0-0-0-0———.—_.—_: ————————
_2—
-4 . - .
A Y, V7,
A R S RN YD R YD XQ’
o

See also: R. Bellwied et al,
arXiv: 2009.14781

Yield

- HRG (o)

10° 5

102€

101'E

-~ PDG2016
o e
Y = e
Calnlad ..:...
o=l
] STAR 200 GeV
| — 1FO PDG2016: x?/Ngo=32.0/9 B
esee 2F0 PDG2016: (x2/Ngo)1=3.1/3;(x?/Ngof)s=28.4/5
¢ exp o
jsReNele) =
T ) T T / T / // T /
{\,@%«EQvi&//QXQ

Yield

103

102'E

1()1'E

-~ - PDG2016+
v v
g
e,
..
S

] STAR 200 GeV
| —— 1FOPDG2016+: X?/Ngo=14.5/9 o
eeee 2F0 PDG2016+: (x2/Ngo)1=2.9/3;(x?/Ngof)s=12.7/5

¢ exp .
L XX ) .._“ uu rm

) T T ) T / T / T / T

<\x A «;x . Q /Q > > R f’/QxQ‘

Yield

10° ;

102€

101'E

] STAR 200 GeV
| = 1FO QM: Xz/Ndof:18.4/9 ‘e =
ese 2FO QMZ (X2/Ndof)L:2-9/3;(Xz/Ndof)S:17-8/5

B =

P. Alba, JS et al, PRC (2020) 8/20



Yield

10° 5
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Thermal Fit Analyses

» Systematic study: chemical freeze-out dependence on number of resonances

» Flavor hierarchy investigation

> Single freeze-out (1FO): simultaneous fit of all particles

> Two flavor freeze-out (2FO): fit light and strange particles separately

STAR 200 GeV

| — 1FO PDG2005: x?/Nyo=42.9/9
- 2F0 PDG2005: (x2/Naof)1=3.1/3;(x/Naop)s=42.8/5

PDG2005

See also: R. Bellwied et al,
arXiv: 2009.14781

Yield

- HRG (o)

10° 5
102€

101€

-~ PDG2016
o e
Y = e
Calnlad ..:...
o=l
] STAR 200 GeV
| — 1FO PDG2016: x?/Ngo=32.0/9 B
esee 2F0 PDG2016: (x2/Ngo)1=3.1/3;(x?/Ngof)s=28.4/5
¢ exp o
jsReNele) =
T ) T T / T / // T /
{\,@%«EQvi&//QXQ

103 5

- PDG2016+
v v
g
e,
..
S
] STAR 200 GeV
| — 1FO PDG2016+: x?/Ngot=14.5/9 o
eeee 2F0 PDG2016+: (x2/Ngo)1=2.9/3;(x?/Ngof)s=12.7/5
¢ exp v
L XX ) .._“ uu rm
) T T ) T T T / T / T
AT Q;< . Q <§ > Y R <>()5€>

10° 5

102€

PP (:Ell\zlr
v
Ly
] STAR 200 GeV
| = 1FO QM: Xz/Ndof:18.4/9 e =
esse 2FO QMZ (X2/Ndof)L:2-9/3;(Xz/Ndof)S:17-8/5
¢ exp -
117 S e, nane
T T T / T / T
& K L IR > ™ R 2 x€>
Q8

P. Alba, JS et al, PRC (2020) 8/20




Light v. Strangeness Freeze-out: Yields

» Unique chemical freeze-out parameters for light and strange even with many states

» Separating into light and strange particles produces an overall better fit
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Light v. Strangeness Freeze-out: Fluctuations

» Freeze-out parameters calculated via net-particle fluctuations are different for p and K

> Light freeze-out determined by combined fit of y7/y; and )(IQ/ )(2Q

> (Calculate )(IK / )(ZK along the Lattice QCD isentropes

See also: M. Bluhm and M. Nahrgang,
Eur. J. Phys. (2019)
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Light v. Strangeness Freeze-out: Fluctuations

» Freeze-out curves for light particles and net-kaons compared to net-A fluctuations
shows this strange baryon prefers to freeze-out with strange particles
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III. Cross-correlators




BQ
X11

Off-diagonal Correlators of Conserved Charges

» The contribution of individual species to correlators on the lattice can be determined
by comparing to the HRG model

» Main goal: develop proxies for correlators of conserved charges that can be measured

experimentally
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Off-diagonal Correlators of Conserved Charges

> In reality, there are only a few terms that makeup the overwhelming majority of a
correlator

» Determine proxy by constructing ratios with the most dominate species
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Proxy to measure baryon-strangeness




Cross-correlators at Freeze-out

» The baryon-strangeness correlator can test the flavor hierarchy

> Lines show parametrization of proxy on upper and lower bounds of crossover

> Experimental data favor higher temperature
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BQS Initial Conditions

» Initial densities for each conserved charge
can be constructed by re-sampling the initial

energy density to map gluon density to gg

12
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> Baryon and charge densities largely
mirror energy density
» Strangeness density is related to

distribution of hot spots
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BQS EoS

» Reconstruct the QCD equation of state from all diagonal and oft-diagonal Taylor
expansion coefficients up to O(uj;)

P(T, up, pg, its) 1 Bos
=2 ARGL

T4
i7j7k
0.02
0 0
) 002 | ] -0.05
o -0.1 |
mg -0.04 mm
2 ?12 '015 B
_006 B IaHttIi{CCea |—V_|_ _02 B
-0.08 Parameterization * -0.25 +
SB limit
-0.1 ' ' ' ' ' -0.3 | | | | |
O 0.1 0.2 0.3 04 0.5 0.6 O 0.1 0.2 0.3 04 0.5 0.6
T [GeV] T [GeV]

See also: A. Monnai et al, PRC (2019)

BS

XKoo

0.12

0.1
0.08 r
0.06 r
0.04 r
0.02 r

0

o (F) (F) (7

0 01 02 0.3 0.4 05 0.6
T [GeV]

BQS

X121

y

-0.005
-0.01
-0.015 ¢
-0.02
-0.025
-0.03
-0.035

-0.04

0 0.1 0.2 0.3 0.4 05 0.6
T [GeV]

J. Noronha-Hostler, JS et al, PRC (2019) 16/20



BQS EoS

» Charge conservation conditions can be applied in BQS EoS
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BQS EoS

» Full dynamical modeling with successive
additions of charge conservation _
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BQS Conserved Fluctuations

» Using the subensemble acceptance method, the conservation effects can be studied
for all QCD charges

(a) Subensemble acceptance
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V. Conclusions




Conclusions

» Evidence for a light v. strange flavor hierarchy at chemical freeze-out from:
> Thermal fits with separate light and strange freeze-out parameters,

> Net-K and net-A fluctuations yield higher freeze-out temperatures
» Many models can now incorporate all BQS conserved charges:
> JCCING provides initial densities for all charges
> BQS EoS provides strangeness neutrality, matching experimental situation

> Charge conservation effects for BQS can now be corrected for any EoS

> ...more exciting developments out there!
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Strangeness neutrality on the lattice
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Indications of Flavor Hierarchy

2.9 |

strange quark x4/x, -
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Thermal Fits tor ALICE

Yield
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Net-particle Fluctuations from STAR
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Cross-correlators

» Diagonal correlators

> Effect of acceptance cuts on the proxies .,
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ICCING Sampling Algorithm

External Input:

e(Tr)

Qs (fT)

Randomly Seed “Gluon” Position and Energy

U

|

Sample G — gg Splitting Outcome

Y

[ Remains a Gluon ]

Y

U

Splits into Quarks of a Given Flavor

Sample g, g Displacement

[ Transfer Energy Without Modification }

Redistribute Energy and Charge

N
Below Threshold
&

Final Output:

e(zr) p(Zr)
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