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Mapping out the QCD phase diagram

Outline

e The search for the QCD critical point and related observables
e Experimental data and the role of sitmulations

e (Critical behavior in hadronic transport
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The conjectured phase diagram of QCD
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The conjectured phase diagram of QCD

... and what we really know about it
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The conjectured phase diagram of QCD
... and what we really know about it
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The conjectured phase diagram of QCD
... and what we really know about it
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+ cross sections from experiment
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The conjectured phase diagram of QCD
... and what we really know about it
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+ cross sections from experiment extrapolations of well-tested nuclear forces

+ experiments on nuclear fragmentation
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The conjectured phase diagram of QCD
... and what we really know about it
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Why do we think we may see something interesting in BES-1I?
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Why do we think we may see something interesting in BES-1I?
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= finite net baryon density at midrapity

Higher rapidity window
(ITPC upgrade:
rapidity coverage from 1.0 to 1.5)

C. Shen and B. Schenke, 0-5% AuAu@19.6 GeV
Nucl. Phys. A 982, 411-414 (2019) |
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What are possible signatures of a critical point?

Enhanced fluctuations of conserved charges in the vicinity of a CP

A. Bzdak et al., “Mapping the Phases of Quantum Chromodynamics with Beam Energy Scan”,
Physics Reports 853 (2020) 1-87”
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What are possible signatures of a critical point?

Enhanced fluctuations of conserved charges in the vicinity of a CP

A. Bzdak et al., “Mapping the Phases of Quantum Chromodynamics with Beam Energy Scan”,
Physics Reports 853 (2020) 1-87”
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What are possible signatures of a critical point?

Enhanced fluctuations of conserved charges in the vicinity of a CP

A. Bzdak et al., “Mapping the Phases of Quantum Chromodynamics with Beam Energy Scan”,
Physics Reports 853 (2020) 1-87”
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What are possible signatures of a critical point?
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STAR, arXiv:2001.02852
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Multi-stage simulations of heavy-ion collisions
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Multi-stage simulations of heavy-ion collisions
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Multi-stage simulations of heavy-ion collisions

hydroaiynamic.euion_ «— EO0S: x Lacd + #R& We need a simulation framework

T *\D (Bjorcen (2a) | 2> ¥ LOCD + oifican. point designed for studying critical behavior
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A The role of nuclear interactions in hadronic
" afterburners is largely unexplored!
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Hadronic transport with mean-field potentials
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Relativistic density functional with vector-density—based interactions

G. Baym and S. A. Chin, “Landau Theory of Relativistic Fermi Liquids,” Nucl. Phys. A 262, 527 (1976)

Energy density of the system:

& =8&[f] = J n Syt Z Ci(hd”) 290 — ¢ j,j*| <—like Skyrme energy,

E€kin
(27)’ b, but Lorentz covariant
S C
& —J €1ir fp 2_1an «— mean field interactions
rest frame (27)’ b, parameterized by C; and b,
Quasiparticle energy: SELf,) .
gp = = €Lin + 2 Cn :
of,
Equations of motion:  dx' _ O€,, dp'  0g, o input to
dt  dp; dt  ox, transport code
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Relativistic DF: two 1st order phase transitions

Systems with two 1st order phase transitions: nuclear and “quark/hadron”, or “QGP-like”

e Degrees of freedom: nucleons
e “Quark” matter coexists with dense nuclear matter, not vacuum
e 4 interactions terms = 8 parameters to fix:

ED ppaf1 g eterm] ¢ el
Pressure: P = T In|1+ e P& Hs)| + C.— n’i
g,[ (271’)3 : _ Z b.

40
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Phase diagram in the (7, ny) and (7, pz) plane
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* J. Cleymans, H. Oeschler, K. Redlich and S. Wheaton,

“Comparison of chemical freeze-out criteria in heavy-ion collisions,”
Phys. Rev. C 73, 034905 (2006)
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Relativistic DF: two 1st order phase transitions

Properties of ordinary nuclear matter are well known, but few constraints for nz > 1.5n,
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Cumulants diagrams in the (7, ng) and (7, yp) plane
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SMASH: spinodal region of the nuclear liquid-gas phase transition

We simulate dense nuclear matter in a box with periodic boundary conditions = “infinite matter”

Initialization inside the spinodal region: nuclear spinodal decomposition occurs.

Nuclear matter 1s well described!

0.0 fm/c 50.0 fm/c 100.0 fm/ 150.0 fm/ 200.0 fm/c

—
—
—

Co_ MW o N ®©®O©Oo
N WA TN 0 OO

—

Test particles are necessary
for the density calculation

L=101m, ng =0.25n9, T =1 MeV, Nist =200 <
No scattering or decays
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SMASH: spinodal region of the “GQP-like” phase transition

T=1MeV ns=3no The distribution becomes bimodal

Cell (bin) length L = 2 fm as the system separates!

t=0fm/c t=25fm/c t =50 fm/c
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SMASH: spinodal region of the “GQP-like” phase transition

T=1MeV ns=3no The distribution becomes bimodal

Cell (bin) length L = 2 fm as the system separates!
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SMASH: critical behavior above the “GQP-like” phase transition
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SMASH: critical behavior above the “GQP-like” phase transition
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SMASH: critical behavior above the “GQP like” phase transition
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SMASH: critical behavior above the “GQP like” phase transition
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Summary

e Hadronic transport is sensitive to critical behavior if critical behavior is implemented
e Comparisons of different EOSs are possible

e The framework is ready to be used as the BEST afterburner!
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Summary

e Hadronic transport is sensitive to critical behavior if critical behavior is implemented
e Comparisons of different EOSs are possible
e The framework is ready to be used as the BEST afterburner!

Thank you for your attention
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Relativistic density functional with vector-density—based interactions

G. Baym and S. A. Chin, “Landau Theory of Relativistic Fermi Liquids,” Nucl. Phys. A 262, 527 (1976)

o 5ELf,]
1) The energy density of the system: & = &[] Quasiparticle energy: ¢, = 5f :
p
. . Uy
2) Collisionless Boltzmann equation: ” | (Vpgp) - (V i fp) _ (Vrgp) . (Vp fp) — ()
. 3
3) Energy-momentum tensor: 700 _ o T0i — _ J d’p ﬁ f 70i — 7i0
(2z)> Pop; *
. 10 _ l Jy — _ - — 5 —

Transforms like a tensor should 1" = J (27)} P fp 1Y = [ (27)3 P apj fp 0’| € J(2ﬂ)2 €p fp
4) Equations of motion: - = — P P’ _ %

) Equations of motion: a - op dr - ox
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Relativistic density functional with vector-density—based interactions

G. Baym and S. A. Chin, “Landau Theory of Relativistic Fermi Liquids,” Nucl. Phys. A 262, 527 (1976)

5) Obtain pressure from the energy-momentum tensor: p — 1 Z i
3 “~
l

rest frame
Up to this point the distribution function could have been anything.
In particular, 1t could be { N
_ 53 . . .
Jo > lzzl (p p,) as in hadronic transport.
6) 1st law of thermodynamics: 08 =T 05 + pip ong
Number densit J o
. -
umber density: B 2n)3 P
L [P, V(1 ‘
Entropy density in a system of Fermi particles: s = — o | Solnf, + ( — fp) n( _fp) _
=  f, = :
p=8 eﬂ (gp_'“B) ]
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Relativistic density functional with vector-density—based interactions

G. Baym and S. A. Chin, “Landau Theory of Relativistic Fermi Liquids,” Nucl. Phys. A 262, 527 (1976)

r d3p
One interaction term: &1\ =
A NOPE
h A .o b—21—1 .]
where AYbyx) = Ci(j ") )
2
and € =\/<p—A> +m
. [dp p-A
J= Jo
d (271-)3 €kin
dxi I Ai d l
EOMSI —_— = P , i —
dt €kin dt

b, — 1

Ckin fp + AOjO_ ( 2
1

)AM, b ER,

(““generalized interaction current™)

E.. — €kin +AO

Y

(P =A%) 0A, oA,

€ kin axi axi

we check that EOMs + Boltzmann equation
reproduce energy-momentum tensor

Putting b; =2 reproduces vector interactions known e.g. from the Walecka model:

AMb, = 2;x) = Cij",
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Relativistic DF: two 1st order phase transitions

Properties of ordinary nuclear matter are well known, but few constraints for nz > 1.5n,

120 ' 7= = Z: 22,4
Our model: | Our model: " Z 7,
Experiment | Walecka | Quantum oF Ot ) LU TOTEL .' 12 /g I / /
* only nuclear ; Z e~ //
[1] [2] vdW [2] /s = 2=
100 - nuclear PT | + quark PT ;/ 2 =/
I(N) 18 18 7 5.??%
¢ 17904 18.9 19.7 . : 7 =
[MeV] (input) (input) T
g 80 | , == SN
= n.(N e .,
S gN)e 006+001 0070 0.072 ?if 6ut) DRLe e ) =] —
- AN = o A AT s a7, Y
S e M p =i J
— - — — '
- T  _—— === == --// '
T Pe 031007 048 /
M~ [MeV fm-3]
s 40
O
5 Ko 250-315 553
7 [MeV]
0}
S 20
al
[1] J. B. Elliott, P. T. Lake, L. G. Moretto, and L.
0 Phair, Phys. Rev. C 87, no. 5, 054622 (2013)
"""""""""""" [2] R. V. Poberezhnyuk, V. Vovchenko, D. V.
The model yields values of critical pressure P, and Anchishkin and M. 1. Gorenstein. Int. J. Mod.
o | incompressibility K, consistent with experimental data Phys. £ 26, no. 10,1750061 (2017)
0 1 2 3 4 5 6
ng [no]
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SMASH: critical behavior above the “GQP- hke phase transition

llllllllllllllllllllllll
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The correlation develops within a short time
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baryon number density ng [ny]
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