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BEST highlights

• DOE topical collaboration: 2016-2020


•  2 national laboratories and 11 universities,


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


• 2 bridge hires+5 postdocs  faculty positions


• 2 DOE ECA winners: JNH & Shen


•  papers, 500+ talks, 50+ plenaries

→

∼ 200
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1. Large number of  theoretical tools developed


2. Still waiting on BES II data


3. 1st-order transition is the next frontier


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

Summary document

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

3Where are we now? What is left?

https://arxiv.org/abs/2108.13867
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+

4

Standard Model of  HIC:

It all needs to change at large !μB
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Equations of  State

• Lattice QCD in 4D (baryon, strangeness, and electric charge i.e. 
“BSQ”)  
https://bitbucket.org/bestcollaboration/neos/src/master/ 
https://github.com/cratti/EoS_BQS


• In progress: Lattice QCD with new expansion scheme 
To appear soon on https://musesframework.io/


• Lattice QCD + Critical point (3D Ising) 
https://bitbucket.org/bestcollaboration/eos_with_critical_point/src/master/


• Non-conformal Holographic EOS (tuned to lattice QCD, has a 
critical point) 
To appear soon on https://musesframework.io/


• SMASH with flexible potentials 
Version 1.8 https://github.com/smash-transport/smash

See Agnieszka Sorensen Fri 

See Mauricio Hippert Thurs 

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

6
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JNH et al, 
Phys.Rev.C 100 


(2019) 6, 064910 

• Up to  only

• Functional form of   

across all T

𝒪(μ/T )4

χBSQ
ijk

•  + some 

• Hadron gas matched

𝒪(μ/T )4 𝒪(μ/T )6

Monnai et al, 
Phys.Rev.C 100 (2019)

 2, 024907
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Lattice QCD new resumption 
scheme + higher orders

7

For MeV 

reaches MeV

T ∼ 150
μB ∼ 525

New resummation 
scheme to reach larger μB

Lattice QCD up to 
𝒪(μB/T )8

[HOT QCD] 2202.09184 [hep-lat]

[WB] 
PRL126 (2021) 23, 232001; 

2202.05574 [hep-lat], 

Waiting on open-source EOS codes 

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

μB/T = 3.5

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 



Critical point in the EOS

Grefa et al, 
Phys.Rev.D 104 (2021) 

3, 034002 

Holography

Predicts CP at 
 MeV{Tc = 89,μB = 724}

Lattice QCD+3D Ising Model

Movable location of  the CP

4 free parameters

Karthien et al, Eur.Phys.J.Plus 136 (2021) 6, 621; Parotto et 
al Phys.Rev.C 101 (2020) 3, 034901 
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Machine learning: 

Constraining the 4 free parameters

10

Using active learning+machine learning to label viable EOS

Using the BEST EOS + machine 
learning, demonstrate range of  

validity

Mroczek, et al 2203.13876 

See Mauricio Hippert Thurs

Bayesian with holography

https://arxiv.org/abs/2203.13876


Physics of   
GeV collisions

s = 3 − 20

• Lorentz contracted (2D)


• Nuclei pass through 
instantaneously


• Too quick to capture 
baryons

Large sNN Small sNN

Baryon 
capture

• 3D nuclei pass slowly


• Time to capture baryons



Initial conditions:   and Tμν Jμ

Denicol et al, Phys.Rev.C 98 (2018) 3, 034916

Baryon Stopping 
Carzon et al, 

Phys.Rev.C 105 (2022) 3, 034908

ICCING: gluon splitting

Finite nB Fluctuations in BSQ

Also possible to use hadron transport codes like SMASH 
Inghirami, Eur.Phys.J.C 82 (2022) 9, 796

https://inspirehep.net/authors/1272202
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Baryon stopping: 

BSQ fluctuations: 


+flow: 

+dissipative: 

ε, nB
ε, nB, nQ, nS

ε, nB, nQ, nS, uμ

ε, Bμ, Sμ, Qμ, πμν, Π

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

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

Fluctuations only, no net-nB

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

not used in practice

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

Fluctuations in Z/A in the IC?

Rapidity dependence?


D.o.f. vs ? Initial ?sNN T, μB

13

Need full  , Tμν Jμ

IP-Glasma: ε, u0

https://arxiv.org/abs/2207.04086
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Stephanov, Yin Phys. Rev. D 98, 036006 (2018)

Hydro should break 
down at the CP

Critical fluctuations: 
theory? Slow modes? 

Hydro approach:

• Causality/stability 

 
Almaalol et al, 2209.11210 [hep-th] 


• Attractors

• Israel-Stewart, DNMR, 

BDNK?

ε + p ≥
(δq

nπ)2

2βπ(2βπβqq′￼
n − (δq

nπ)2)

Implement in hydro, run tests, 
compare to data/theory 
constraints+metastable?

14

Far-from-equilibrium 
hydro @ BESII
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Hydro with BSQ
15

Almaalol, Carzon, Cruz Camacho, Dore, Espino Mroczek, Plumberg, 
Salinas san Martin, Spychalla, Sievert, JNH to appear soon
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Greif  et al, Phys.Rev.Lett. 120 
(2018) no.24, 242301 

Rougemont et al, Phys.Rev. 
D96 (2017) no.1, 014032 

Currently, only  in 
2+1/3+1 hydro codes

κBB

Unique feature of  
QCD: BSQ Diffusion κij

• BSQ diffusion generates 
fluctuations in charge 
Fotakis et al Phys.Rev.D 101 (2020) 7, 076007


• Requires BSQ EOS, initial 
conditions, particalization
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Need full scale Bayesian analysis in 3+1 model
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.Rev.C 103 (2021) 5, 054901

17What will transport 
coefficients teach us about 

phase transitions?

https://arxiv.org/abs/2207.04086
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f = fideal + δfbulk + δfshear + δfB,S,Q

Out-of-equilibrium corrections to 
distribution function

Sampling routine to conserve BSQ 
Oliinychenko & Koch Phys.Rev.Lett. 123 (2019) 18, 182302 

B = 2,S = 0,Q = − 1

Potentials in SMASH
Sorensen & Koch 

Phys.Rev.C 104 (2021) 3, 

034904

Λ

p K−

π0

π−

n

N0

ρ−π0 Still must couple BSQ 
hydro+sampling+transport 

with potentials

18

See Agnieszka 
Sorensen’s Talk

How is hadron transport 
affected at large ?nB

Criticality at FO: Pradeep et al, PRD 106 (2022) 3, 036017

See Maneesha Sushama 
Pradeep ’s Talk
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New physical Insights using BEST 
tools

19

Du & Heinz 
PRC 104 (2021) 6, 064904 

Dore et al, 
Phys.Rev.D 106 (2022) 9, 

094024

Travis Dore Thurs

Non-Gaussian fluctuations near 
the critical point

Jamie Karthein 
Thurs Xin An WedsAlba et al, 

Phys.Rev.C 101 

(2020) 5, 054905

Light vs strange freeze-out
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Comparisons to experimental data
20

See Lipei Du Tues

3+1 MUSIC+Baryon diffusion

Shen & Schenke 
Phys.Rev.C 105 (2022)

 6, 064905

Schaefer et al, 
2112.08724 


[hep-ph]

Hydro vs Hadron transport

https://arxiv.org/abs/2112.08724
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[NICER] 
Astrophys.J.Lett. 918 (

2021) 2, L28

Connections to neutron stars
21

Most et al, 
Mon.Not.Roy.Astron.Soc. 509
 (2021) 1, 1096-1108

Oliinychenko et al, 
2208.11996 [nucl-th]

Looking for a 
large bump in c2

s

Relativistic viscous fluid 
dynamics comparisons 

between HIC to NS
Debora Mroczek 

Thurs

https://arxiv.org/abs/2208.11996
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Summary and Outlook
22

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


• Theoretical work on the Chiral Magnetic Effect 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 Theory for the Long Range Plan:  
https://arxiv.org/pdf/2211.02224.pdf

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

