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BEST highlights

DOZE topical collaboration: 2016-2020

2 national laboratories and 11 universities,

Lattice QCD+Ising EOS (~100 citations) - University of Houston,
Unversity of Illinois Urbana-Champaign, University of Illinois

Chicago, MI'l] and North Carolina State University as well as
external collaborators at SUBATECH

Highlights: Baryon stopping initial conditions, Hydro with baryon
conservation, Hadronic afterburner with potentials, criticality

=QT

e
~ 200 papers, 500+ talks, 50+ plenaries COLLABORATION

2 bridge hires+5 postdocs — faculty positions

2 DOE ECA winners: JNH & Shen
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Where are we now? What 1s left?

Summary document

[BEST] Nucl.Phys.A 1017 (2022) 122343, 2108.13867 [nucl-th]

The BEST Framework

Femtoscopy
&
cormrelations
BES-hydro .
article
: Fartelzation cu?nulants

3D- BEST
MCGlauber iISS

model Micro-canonical o
Stochastic Fluctuations pe;tra

Anomalous hydrodynamics flow
analysis

Dynamical
initialization

Experimental
measurements

Electromagnetic fields

1. Large number of theoretical tools developed

2 Still waiting on BES 11 data

3. Ist-order transition 1s the next frontier

4.  Connections to neutron stars (mergers) begging to be made!


https://arxiv.org/abs/2108.13867
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Standard Model of HIC:
It all needs to change at large !

Equation of State

Initial Rf_:ag‘r’fgi"n;’:f‘f:sus Fludto | Hadronic | New
State y . _y . Particles /| Afterburner Observables
4 Criticality

Transport Coefficients
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Initial R?_:;g:) d;:na:if:sus Fluid to | Hadronic New E t f S t t
State Criticality Particles | Afterburner Observables ql l a 10 l l S O a 6

Transport Coefficients

o Lattice QCD 1n 4D (baryon, strangeness, and electric charge 1.e.

CCBSQ?)

https://bitbucket.org/bestcollaboration/neos/src/master/
https://github.com/cratti/EoS BQS

* In progress: Lattice QCGD with new expansion scheme

To appear soon on https://musestramework.i0/

e Lattice QCD + Ciritical point (3D Ising)

https://bitbucket.org/bestcollaboration/eos with critical point/src/master/

e Non-conformal Holographic EOS (tuned to lattice QCD, has a

critical point) See Mauricio Hippert Thurs
To appear soon on https://musesframework.io/
« SMASH with flexible potentials SRty liEVA AN S NGl Dy

Version 1.8 https://github.com/smash-transport/smash



https://bitbucket.org/bestcollaboration/neos/src/master/
https://github.com/cratti/EoS_BQS
https://bitbucket.org/bestcollaboration/eos_with_critical_point/src/master/
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4D EOS: baryon, strangeness, electric
charge
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» Up to O(u/T)* only

o Functional form of Xk
across all T’

O(u/T)* + some O(u/T)®
e Hadron gas matched

BSQ
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Lattice QCD new resumption
scheme + higher orders

New resummation

scheme to reach larger pp
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Waiting on open-source EOS codes

reaches ug ~ 525MeV

J. Noronha-Hostler

7


https://arxiv.org/abs/2202.09184
https://arxiv.org/abs/2202.05574
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Current limits of Lattice QCGD?

300

L IT=135 . he Phases of QCD
B — o

250

S Quark-Gluon Plasma
< 200
o
2 150
©
Q
Q
& 100
O
|_
50
zrchar
acuum atter
| f\\\

1 I | 1 1 | . I | 1 1 1 1 I 1 1
400 600 800 1000 1200

Baryon Chemical Potential p (MeV)

0 ll ] 1 111
1400 1600

0 200

New resumption scheme can get us far, but still need other EOS
beyond what lattice QCD can give to probe low energy heavy-ion
collisions
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Critical point in the EOS

Lattice QCD+3D Ising Model

Holography

Karthien et al, Eur.Phys.]J.Plus 136 (2021) 6, 621; Parotto et 18

érefa et ;11,
al Phys.Rev.C 101 (2020) 3, 034901 16} Phys ReoD> 104 (2021)
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Machine learning:
Constraining the 4 free parameters

Using active learning+machine learning to label viable EOS

Stable Unstable
e Y0
" o ¢ 1
T IMeNT 150 J=*:t _— P :E?@[uavl
. . PDF - Stability
USlng the BEST EOS g maChlne Mroczek, et al 2203.13876_ [

learning, demonstrate range of |

validity - J_,_/—/_‘

See Mauricio Hippert Thurs s

T

Bayesian with holography

0.000 l : e [Me
10 250 300 350 00 HecIMeV]

fJ Noronha-Hostler


https://arxiv.org/abs/2203.13876

- >> Physics of 1/s = 3 — 20

eV collisions

Small

e Lorentz contracted (2D)

Baryon
capture

* Nuclei1 pass through

instantaneousl
: * 3D nucle1 pass slowly

* oo quick to capture

baryons * ]1me to capture baryons



Initial conditions: 7" and J#

Finite ny Fluctuations in BSQ
50— e ICCING: gluon splitting
o C=0.0  —mm Cp=1.2 -
PP i ('z=0.14 —#— STAR data B 10/ r=0.60fm/c 200
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Also possible to use hadron transport codes like SMASH

Inghirami, FurPhys.FC 82 (2022) 9, 796


https://inspirehep.net/authors/1272202
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Need tull 77, J#

Out-of-equilibrium initial state
Dore et al, Phys.Rev.D 102 (2020) 7, 074017; 2207.04086 [nucl-th]

Fluctuations in Z./A 1n the I1C?

Rapidity dependence?
D.od. vs {/syy? Initial 7T, pg?

Baryon stopping: €, ng
BSQ fluctuations: €, ny, Ny g
+flow: €, ng, Ny, ng, u”
+dissipative: €, B¥, S¥, Q¥, ##*, 11

IP-Glasma: &, u,,

Shen & Schenk Phys. Rer. (97 (2018) 2, 024907

[ICCING] Carzon et al, Phys.Rev.C 105 (2022) 3, 034908

Fluctuations only, no net-ng

Hadron transport possible [SMASH, UROMD, etc.],

not used in practice


https://arxiv.org/abs/2207.04086
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F e Far-from-equilibrium
ol /> > > hydro (@ BESII

Hydro should break Iéydro ﬁpgr(t)a]s }llt
down at the CP R s

Phydro = Pequilibrium — § V * v s m

Stephanov, Yin Phys. Rev. D 98, 036006 (2018) Almaalol et al, 2209.11210 [hep-th]

hydro micro scale Attractors

breakdown Cnips T, - - . Israel-Stewart, DNMR,
hydro | g0y | BDNK?
i =’

Critical fluctuations: compare to data/theory

constraints+metastable? i

theory? Slow modes?
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Equatior of State

Hydrodynamics
Criticality

Transport Coefficients

Relativistic Viscous " Yidto | Hadronic New
“ rticles | Afterburner Observables
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Almaalol, Carzon, Cruz Gamacho, Dore, Espino Mroczek, Plumberg,
Salinas san Martin, Spychalla, Sievert, JNH to appear soon



——

. b —

16/22

Equation of State

Unique feature of

QCD: BSQ Dattusion «;

Y

Inifial | R&A0VIStic VISGOUS | £y 4 | Hadronic | New
S, Particles | Afterburner | Observables
icients
: (4

State HYd"’.d."‘i‘m'cs

Currently, only kg5 1n

Q-I-l/ 3+1 hydro Codes

T d ........ e MakeAGIF.com
o QGP: KSQ,T e/ : .
o Loy | b0y - | |« BSQ diffusion generates
g =600 MeV --.- ug = 600 MeV —.=.. e . .
»- | fluctuations i1n charge

Fotakls et al P/gzsReleOl (2020) 7,0 007 =
! Requlres BSQ EOS initia 3

{ conditions, partlcahzatlon }

200 100 200
Rougemont et al, Phys.Rev.
D96 (2017) no.1, 014032
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Greif et al, Phys.Rev. Lett. 120
(2018) no.24, 242301
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Equation of State

o What will transport
< Hhoconana” | 2 ;;:f;z::;> > coeflicients teach us about

n - =
I

~——

phase transitions?
Transport Coefficient |Critical Point 1st-order |{Comments
HRG may T with nB, QGP
Shear viscosity Critical scaling negligable |jump may \, with nB
Bulk viscosity Diverges (peak) jump Complicated with cs2->1
HRG may Tt with nB, QGP
Baryon Diffusion Opalesence (=0) jump may |, with nB
Models give different
BSQ diffusion 777 jump results

=gl

scal

esian analysis in 3+1 model §

¢ Need tull
Holography Grefa et al, Phys.Rev.D 106 (2022) 3, 034024; Critical Scaling Phys. Rev.C' 95 (2017) 3, 034902 ; Bulk/
shear Dore et al, 2207.04086 [nucl-th]; Shear viscosity across 1-st order phase transition Soloveva et al,

Phys.Re.C 103 (2021) 5, 054901

e Bay



https://arxiv.org/abs/2207.04086
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State

Out-of-equilibrium corrections to

f=

Cnticality at FO: Pradeep et al, PRD 106 (2022) 3, 036017
See Maneesha Sushama

Sampling routine to conserve BSQ) See Agnieszka
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Equation of State

How 1s hadron transport

Relativistic Ve us |

aftected at large ny?

Transport Coefficients

~ Potentials in SMASH
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Pradeep ’s Talk
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New physical Insights using BES'T

tools

E w  BOINRVINeE iR Rl Non-Gaussian fluctuations near
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Comparisons to experimental data
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https://arxiv.org/abs/2112.08724

l

A r
i O

&

1 : |
GP, Prior ' L==""/ [NICER]
a8 GP A Astrophys.J Lett. 918 (
' —opectral . .," f," 2021) 2,1.28
Polvtrope ’ _, ' ‘,' " i
oeh e Looking for a
Q‘ . '.'. 1 b .
iy / arge ump 111 C
0.4 — ;o
02 Ry Y4 1) cbora Mroczek
R
4 0.5 1
log,, (n/n,)
IF —— SYMI ¢[34]=006 1"
| —— SYM2 c[3,4]--0.08 *
oRl -~ SYM3 [3,4]=-0.22
 ——  ASYMI ¢/[3,4] = 0.06, L= 86.8 MeV
06l ASYM3 ¢l[3,4] =-0.22, L= 30.6 McV
; 04+
02}
e :
[ Oliinychenko et al, — l\.: 300 MeV |
~0.2}2208.11996 [nucl-th] (i @317 047
0 1 2 3 4 5 6
baryon density ng[n,]

2

S

21/22

onnections to neutron stars

Relativistic viscous fluid

dynamics comparisons

between HIC to NS

l l |
Most et al,

10~ = Mon.Not. Roy.Astron. Soc. 5097
- (2021) 1, 1096-1108 -

10 3 = hcavy — ion collision
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https://arxiv.org/abs/2208.11996
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Summary and Outlook

Through the BEST collaborations, large number of theoretical
tools for the mitial state, EOS, hydrodynamics codes with
baryon diffusion, theoretical work on critical fluctuations, BSQ
conservation at freeze-out, SMASH with potentials are now
available

T'heoretical work on the Chiral Magnetic Eftect and spin hydro
was also accomplished

Further work is needed to connect these tools, extend to BSQ)
first-order phase transition, and connections to neutron stars

Dense Matter T'heory for the Long Range Plan:
https://arxiv.org/pdf/2211.02224 pdf



https://arxiv.org/pdf/2211.02224.pdf

