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Motivating
science goals

* |sthere a critical point in the
QCD phase diagram?

 What are the degrees of
freedom in the vicinity of the
phase transition?

e Where is the transition line
at high density?

 What are the phases of QCD
at high density?

* Are we creating a thermal
medium in experiments?
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Comparison of the facilities

CP=Critical Point

OD= Onset of
Deconfinement

DHM=Dense
Hadronic Matter

Compilation by D. Cebra

Facilty |RHICBESII ||SPS SIS-100  |J-PARCHI
SIS-300

Exp.: |STAR NA61 CBM JHITS
+FXT

Start:  15019-2021//2009 || 2025 2025

Energy: 17.7-19.6 |/4.9-17.3(/2.7-82 |2.0-6.2

Vsw (GeV) |2 5-7.7

Rate: |100HZ 100HZ || <10 MHZ |100 MHZ

At 8 GeV 2000 Hz

Physics: | CP&OD CP&OD || OD&DHM |OD&DHM
Collider Fixed target  Fixed target  Fixed target

Fixed target

Lighter ion
collisions
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objectives:
o constraints on the existence of a critical point in the QCD phase diagram
o properties of baryon-rich QGP
© probe chiral symmetry restoration through chiral anomaly induced phenomena

path:
~ construct a theoretical framework for interpreting the results from the BES @ RHIC




Hot and dense lattice QCD L UL

Major goals:

* QCD crossover temperature T ()
* switching temperature/energy density for fluid-dynamical modeling

* QCD equation of state (EoS) for pz>0
* input for fluid-dynamical modeling & EoS with critical point

* skewness and kurtosis of conserved charge fluctuations for uz;>0
e equilibrium QCD baseline for the experimentally measured higher order cumulants of net proton,
electric charge and kaon fluctuation
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S. Borsanyi, C. R. et al., PRL (2020)
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QCD Equation of state for pug>0

* Taylor expansion of the pressure:

p(T,pp)  p(T,0) +i 1 d*(p/T?)
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Range of validity of Taylor-expanded
equation of state

o Taylor-expanded equation of state covers the range ug/T<2 or in terms of the RHIC

energy sean: Vs = 200, 62.4, 39, 27. 19.6, 14.5GeV

The Phases of QCD

Quark-Gluon Plasma

Temperature (MeV)

"< color
Superconductor
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N Ove ‘ eX p a n S i O n m et h O d WB: S. Borsanyi, C. R. et al, PRL (2021), PRD (2022)

Observation: the temperature-dependence of baryonic density
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New range of validity of equation of state

o New expansion scheme provides the equation of state for pg/T<3.5
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Net-proton fluctuations at the critical point

M. Stephanov, PRL (2009).

Ky * Fluctuations are expected to diverge at the critical point
basels HotQCD, PRD (2020) WB, JHEP (2018)
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Moving forward

* Push simulations of all observables to larger p;

* First simulations at finite (real) puz; on small lattices
M. Giordano et al., JHEP 05, 088; Borsanyi et al., PRD (2022)

* Alternative ways to resum the Taylor series
S. Mondal et al., PRL (2022); S. Mukherjee et al., PRD (2022); S. Mitra et al., PRD (2022)

* Progress in alternative methods (Langevin, Lefschetz Thimbles)
Aarts et al, 2010; Cristoforetti et al, 2012; Alexandru et al, 2016
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Computational Nuclear Physics Workshop Resolution

6-7 September 2022 at SURA in Washington, DC
60 registered participants (40 in person, 20 on line), including DOE representation

High-performance computing is essential to advance nuclear physics on the experimental and theory frontiers.
Increased investments in computational nuclear physics will facilitate discoveries and capitalize on previous progress.
Thus, we recommend a targeted program to ensure the utilization of ever-evolving HPC hardware via software and
algorithmic development, which includes taking advantage of novel capabilities offered by AI/ML.

The key elements of this program are to:

1)  Strengthen and expand programs and partnerships to support immediate needs in HPC and Al/ML, and also to
target development of emerging technologies, such as quantum computing, and other opportunities.

2)  Take full advantage of exciting possibilities offered by new hardware and software and Al/ML within the nuclear
physics community through educational and training activities.

3) Establish programs to support cutting-edge developments of a multi-disciplinary workforce and cross-disciplinary
collaborations in high-performance computing and Al/ML.

Expand access to computational hardware through dedicated and high-performance computing resources.

COMPUTATIONAL NP WORKSHOP 12/22




BEST Report: NPA (2022)
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WB: S. Borsanyi, C. R. et al, PRL (29521) PRD (2022) BEST Report: NPA (2022)
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C.Shen, B. Schenke, PRC(2018)
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C. Shen, B. Schenke, PRC (2018)

L. Du et al., NPA (2019) ot () oe‘%'."”‘Ei"&Q)"eL'lls%'m‘_i”&c‘)”ié.'zé%”'E BEST Report: NPA (2022)
E T T T 1 2021), PRD 2022
C_shen, 5. Alzhrani, PRC2G20) ; ! | WB: S. Borsanyl C.R.etal, PRL (202 'Laﬂ D ( )
Sl r [t pgT=1
%250: 35 :%ﬁé: '!!,: ]
‘ ; e Lol ¥ ilatiiziier 1 HotQCD: PRD (2017)
: ! ot | x T LY
300; A I I+ 200|GeVﬂ ] ‘@ D N 1.: !ﬁiiif;;ii"
§200- T T+ 624GV L {%S;Ii:
5 F T T+ 196GV ] il
L e fo COLLABORATION o3 ol
Faln s AN Y ] 04 120 140 160 180 200 220 240

T [MeV]

P. Paro!to, C.R.etal., PRC(2020)

chiral anomaly
& EM fields:

T (GeV)

Stephanov, Yin, PRD (2018)
Nahrgang et al., PRD (2019) 12

dynamics C. Shen, B 6 HAITREC RPA (2018)
Akamatsu et al, PRC (2017, 2018
Martinez, Schaefer, PRC (2019) s

0.08%
vs. (7,7)
An et al., PRC (2020) £

Pratt, Plumberg, PRC (2019, zozcé)1 particlization

e one I(zngc'; o ' global analysis

of expt. data

hadronic
phenomenology dynamics

CLAUDIA RATTI



C. Shen, B. Schenke, PRC (2018)
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C. Shen, B. Schenke, PRC (2018)
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C. Shen, B. Schenke, PRC (2018)
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Future opportunities
The BEST Framework

e BEST has made tremendous
] ] Femtoscopy
strides towards a dynamical Py
framework for a quantitative

Dynamical correlations
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35_ PartchIIEig_artion cumulants E e

* The design will accommodate a  McCGlauber iSS % %

global Bayesian analysis of  model Micro-canonical Soectra £8

BESII data Stochastic Fluctuations P o €
Anomalous hydrodynamics SMASH flow

+
Electromagnetic fields potential

* This framework can be applied analysis

to data from future low-energy
HIC experiments K 5 N e —
<\ L B ~

Spectators

« Some BEST members are still working together on these topics, joining forces with low-energy nuclear theorists (FRIB
physics)=> proposed topical collaboration dense Quantum Chromo-Dynamics from the lab to neutron stars and back (d-QCD)

» Jaki Noronha-Hostler (Pl), M. Alford, V. Dexheimer, S. Gandolfi, G. Hagen, A. Lovato, J. Noronha, T. Papenbrock, S. Pastore, M.
Piarulli, K. Rajagopal, C. Ratti, T. Schaefer, S. Sen, C. Shen, M. Stephanov, I. Thews, V. Vovchenko
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Science possibilities with CBM

1. Is there a critical point on the QCD phase diagram? 2. Hyperon-hyperon interactions

* Net-proton quctuatlons explore the range 2.9 Gev <sqrt(s)< 4.9 GeV
ue .

] T T LEL L B I B B T T T T T T T T T T 7]

Au + Au Colllsmns 10

g A i - = A o] 1.0~ [ @  Au+Au0-40% (STAR Preliminary) T
T sz - o -
Nb 3 i . STAR (0 - 5%) — 2 107 *He T a u = :(u;m ?H10/,)(2856:)
3 | @ net-proton i = '_ 3 x » . __ 0.8 LT ne b ) =20% ]
§2] 2 i ks k \ {o.u?,(s-wc)(z) — —_ 10-3 5 & n4 e e g A\ . >\ B T
c Il BES-Il projection I o AH, Ang .y 4 A* ()
) 7 © . = ot roeg o e, He 4 T o6+ Thermal Model (CE)—|
L _ - - o - - - ﬂ ]
E 0 N N SR LA S S 1 10‘7 — ’ —] Ub< 0 4 I Hybrld UrQMD p—
= | ] 5 [ me®®ee o0 | ’ o ¢
(@)] > 10° = °H ©~ — ™ ™ e o
= 14 o HRG —— T &F — =z B e ~©~ ] n ( ]
T = ¢ _prot o - o ~- — 0.2 AMPT+coalescence —f
L % URQUD o B 101 ) HA?A} 44 A ©_ L _
2k | I R | L — ;@ # ~~‘?~\ __
2 5 10 20 50 100 200 107 ‘_ ‘tl o T ] 0.0 —
Collision Energy \'sy, (GeV) 5 6 20 30 3 5 o 20 30
CoIhsnon Energy \/sNN (GeV) CoII|S|on Energy \/sNN (GeV)
Theory:
Theory:

* Propagate critical fluctuations beyond second order

* Understand and model non-thermal effects

e Bayesian analysis to narrow down critical point
location and strength

Uy

* Link measurements to models
* Hyperon-nucleon and hyperon-hyperon interactions
e Can constrain the equation of state of compact stars
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Science possibilities with CBM

3. Dilepton spectra and collective flow 4. Global polarization
w200 196 & 0o 9 ei— Au + Au Collisions at RHIC - - Theory:
ot | + i
B 1 | ¢ Study of strong vorticity
N N . ] field
) % 2 ) |
S - . § 0 :___-—;::_’_Jf________: * Baryon stopping effects?
— no 1st-order PT +—+ ———————++ —————+——++
o3 200 700 500 500 8 o4l ® (¢ == ¢-meson Field _ e Connections between
Baryon Chemical Potential ii_ (MeV) S M0 vk I i , . _
. B s ;¢ 1 fields and vorticity at high
Theory: g A ] densit
 Interplay between chiral symmetry restoration and 5 %0 ,y; ir | ] enstty
deconfinement = | R ",Ir
« Can investigate the quarkyonic phase & 03 I 1
* First order phase transition can manifest itself in an increase T T e —Tor
of the low-mass di-lepton yield Baryon Chemical Potential y_(MeV)
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Neutron stars and mergers

1 O ] Two-nucleon force ; Three-nucleon force Four-nucleon force

o X - -

z 10 we XHHWE - -
3 om HEL MO -
U e OCHE - DX T
= oo fetpe etk - W K LI B

1073 /1.1ns

Chiral effective theory

Tews et al. PRL 110 (2013) D AP T
Hebeler, Lattimer et.al. APJ 773 (2013) 10 10 . 10
Drischler, Furnstahl et.al. PRL 125 (2020) Energy den5|ty: 3 [GeV/fm3]
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Neutron stars and mergers

101g
] ’ Perturbative QCD
| ‘3 Andersen et al., PRD (2002);
0 @ @ N 40”5 Kurkela, Vuorinen PRL 117 (2016)
— 10" - " Annala et al., Nat. Ph. (2020)
E | & dpdpdap Qﬁﬁ
% .
O 101 Hard Loop EFT: O
Q ]
.. L h h 2 h 3
v _ P = PFD T P1QstPy + P3x
S
0 -2 s 2 s 3
g 10 ] T Doy + P30
o ' m 3
+ D3
1077 4P~ 1.1n,
Chiral effective theory -, — - -
101 109 101

Energy density: € [GeV/fm?3]
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Strobe-X

-
100‘3 -
ﬁ'i—l : 0'75'E
£ 10 [
% 0 5OE
O O
';'_ 102 ¥
0.254
1073 =

i ' ' ' ' . 0.00

1071 100 101 100 1071 10°

€ [GeV/fm?3] € [GeV/fm?3] € [GeV/fm?3]

Slide adapted from talk by A. Kurkela
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Neutron stars and mergerse=

* Post-merger signal sensitive to order of the phase transition
* Next generation observatories will be able to detect it!
* Need to combine the nuclear physics input and simulations

—22
4 xllol 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 Ll 1 l 1 Ll L I I 1 Ll 1 I I ] ] ] I I 12
M =28 M, —— hadronic ]
) —10
2 - with quarks -
2, I‘l n ]
— . 8 ——
= 1" =
0 1 X
S 16 2
: u U 16X 10~ _ aligned ringdown { =
= -9 S T T T 1 .5
a4+ ™
< 0.0 ]
—4 Jd9
—1.5 | | | :
0.00 025 05 075 100]
| l l 1 L l PR | L 0
| 1 I I I I I ot | '_
T phase difference ]
PR AT ST W T S VT ST W N N SR SUN SN N S
20 -5 0 5 10 15 20

t — tmer [ms]

E. Most et al., PRL (2019)
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NpaM Nuclear Physics from Multi-Messenger Mergers @
The Problem is Too Big For One Group

Progress needs a close, coordinated, and sustained collaboration across different research groups

NSF Observational Facilities:
High Densities . . Advanced LIGO, Cosmic
and QCD Simulations for Explorer, LSST, etc.
Nuclear t

Astrophysics

Experimental
Nuclear

opudlear Multi-Messenger
Astrophysics of
Parameter Neutron Stars
Measurement
F|n|te Modeling the
Tempera’fureS Physics of Dense
Matter End to-end
observables
Neutron star
Chiral Tldes

Effective Field
Theory

Neutrln

Neutron star
Opacrtles

mergers Post -merger
Remnants
EM

Counterparts
Disk and jet
srmulatrons

Nucleosynthesis

Nuclear
Heating

N3AS
Collaboration

Kilonovae
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e

Modular U nified Solver of the Equation of State CO‘ ‘a bO ratIO N

» Funded by NSF through CSSI program

o muses

» Developers and Users are working together
to create a sustainable software to generate
equations of state in the whole phase space

Cold
Nuclear
Matter

Heavy lons &
Hydrodynamics

»Modular: Different models (""modules”) to \\ ~
describe the EoS in different regimes of ;:s,"sj ,4\¢ame*::“\°
/ W u\e

phase space _ Observables

Package

NumRelHolo
Module

» Unified: Modules smoothly integrated to (i)
ensure maximal coverage of phase space,
and (ii) respects constraints

Effective
Models
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Conclusions

»Need for quantitative results at finite-density to support the experimental programs

» Lattice needs computational support to provide a larger coverage for
o Equation of state
o Phase transition line
o Fluctuations of conserved charges

»BEST framework needs to be extended and applied to analysis of data from low-
energy heavy-ion collision

» Connections to astrophysics and future terrestrial facilities will allow to map out the
phase diagram
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Computational
Organized by: Nuclear Physics
and AI/ML
Alessandro Lovato (ANL) Workshop
> Joe Carlson (LANL) , -
> Phiala Shanahan (M IT) 6-7 September, 2022 / SURA headquarters
© Bronson Messer (ORN L) Aolregsas'a‘:;?o!:_yo‘vato —Joe Carlson (LANL), Phiala Shanahan (MIT), Bronson Messer (ORNL)

Witold Nazarewicz (FRIB/MSU), Amber Boehnlein (JLab), Peter Petreczky (BNL)
o W|t0|d Naza reWiCZ (FRI B/M S U ) Robert Edwards (JLab), David Dean (JLab)

. Admin support: Jae Cho jcho@jlab.org Tea Jojua tjojua@sura.org Sherry Thomas sthomas@jlab.org
> Amber Boehnlein (JLab)

Schedule

o Peter Petl’eCZky (B N L) Registration, schedule, and other information can be found at: https://indico.jlab.org/event/581/
Tuesday, 6 September

° RObert EdwardS (J Lab) 1:00-1:05 Welcome, David Dean and Sean Hearne
1:05-1:20 DOE remarks, Tim Hallman

o DaV|d Dean (J Lab) 1:20-2:00 QCD, William Detmold (JLab) and Swagato Mukherjee (BNL)

2:00—-2:40 Quantum many-body problems, Thomas Papenbrock (UT/ORNL)
2:40-3:00 BREAK
. . 3:00-3:40 Fundamental Symmetries,Emanuele Mereghetti (LANL)
6-7 Septem ber 2022 at SURA in Washlngton, DC 3:40-4:20 Astrophysics, George Fuller (UCSD)
4:20—-5:00 AI/ML, Amber Boehnlein (JLab)
5:00—-5:40 Preliminary list of recommendations discussion (Peter Petreczky, lead)

60 registered participants (40 in person, 20 on line), including DOE representation 3:40-7:30 Reception
Wednesday, 7 Septemb
. . . 7:45-8:30 Conti | Breakf:
https://indico.jlab.org/event/581/ £30- 1000 Breakont sessions
. 1. QCD (Phiala Shanahan, lead)
o A" talkS arChlved 2. Nuclear Structure and fundamental symmetries (Alessandro Lovato, lead)

3. Astrophysics (Bronson Messer, lead)

o Short white paper being prepared for the LRP it g;:;;;mm
12:00-1:00 Lunch

1:00-2:30 Recommendations discussion and next steps

s Jefferson National Accelerator Facility

COMPUTATIONAL NP WORKSHOP




What happens
at large
densities?

We need to merge the lattice
QCD equation of state with
other effective theories

Careful study of their
respective range of validity

Constrain the parameters to
reproduce known limits

Test different possibilities
and validate/exclude them

S

e Phases of QCD

Lattic‘eQ.CD
- Quark-Gluon Plasma

1

2

< Color
Superconductor

®
=
@
-
i
5
st

%))
o

(=

200 400 600 1000 1200 1400
Baryon Chemical Potential p_ (MeV)

Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)
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What happens 8J200) 5 = 62.4 G e Phases of QCD
at large Lattice QCD
densities?

Quark-Gluon Plasma

We need to merge the lattice
QCD equation of state with
other effective theories

®
=
@
-
i
5
st

Careful study of their Interacting

respective range of validity Hadron Gas

Constrain the parameters to

reproduce known limits 200 400 600 1000 1200 1400
Test different possibilities Baryon Chemical Potential p_ (MeV)
and validate/exclude them Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)

Interacting HRG: J. Karthein, C. R. et al., PRD (2022)
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What happens
at large
densities?

We need to merge the lattice
QCD equation of state with
other effective theories

Careful study of their
respective range of validity

Constrain the parameters to
reproduce known limits

Test different possibilities
and validate/exclude them

e Phases of QCD

Lattice QCD
Quark-Gluon Plasma

2

3

®
=
@
-
i
5
st

Interacting
Hadron Gas

o
o

Superconductor

Liquid-Gas, Nuclei |
200 400 600 1000 1200 1400

Baryon Chemical Potential p_ (MeV)

Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)
Interacting HRG: J. Karthein, C. R. et al., PRD (2022)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
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What happens
at large
densities?

We need to merge the lattice
QCD equation of state with
other effective theories

Careful study of their
respective range of validity

Constrain the parameters to
reproduce known limits

Test different possibilities
and validate/exclude them

e Phases of QCD

Lattice QCD
3.6 Quark-Gluon Plasma

®
=
@
-
i
5
st

Interacting
Hadron Gas
«Chiral EFT < .
Liquid-Gas, Nuclei
200 400 600 800 1000 1200 1400
Baryon Chemical Potential p_ (MeV)

Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)
Interacting HRG: J. Karthein, C. R. et al., PRD (2022)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)

§uperr:o uctor
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What happens

at large
den5|t|e5? %’, Holography
=
o
—
We need to merge the lattice 1_'3_
QCD equation of state with =
other effective theories nE)
Careful study of their - Interacting
respective range of validity Had[?” Gas
Constrain the parameters to 8. Liquid-Gas, Nuclei
reproduce known limits 200 400
Test different possibilities Baryon Chemical Potential p_ (MeV)
and validate/exclude them Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)

Interacting HRG: J. Karthein, C. R. et al., PRD (2022)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)
Holography: R. Critelli, C. R. et al., PRD (2017)
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What happens Perturbative QCD

at large
den5|t|e5? % Holography
=
o
—
We need to merge the lattice ©
QCD equation of state with E_
other effective theories qE>
Careful study of their = Interacting
respective range of validity Hadron GS -
<Chiral EFT NUCRRL
Constrain the parameters to - 3 Liquid-Gas, Nuclei 0
reproduce known limits 200 400 800 1000 1200 1400 1600
Test different possibilities Baryon Chemical Potential p_ (MeV)
and validate/exclude them Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)  pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)

Interacting HRG: J. Karthein, C. R. et al., PRD (2022)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)
Holography: R. Critelli, C. R. et al., PRD (2017)
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What happens Perturbative QCD
at large
densities?

:':'I", Holography

=

=
We need to merge the lattice ©
QCD equation of state with E_
other effective theories =

© .
Careful study of their - IntEraca.
respective range of validity Hadron Gas |

<Chiral EFT NUCRRL

Constrain the parameters to . 3 Liquid-Gas, Nuclei
reproduce known limits 200 400
Test different possibilities Baryon Chemical Potential p_ (MeV)
and validate/exclude them Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)  pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)

Interacting HRG: J. Karthein, C. R. et al., PRD (2022)quarks: C. R. et al., PRD (2006), Dexheimer et al., PRC (2009);
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)  Baym et al., Astr. J. (2019)

Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)

Holography: R. Critelli, C. R. et al., PRD (2017)
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What happens Perturbative QCD
at large
densities?

:':'I", Holography

=

=
We need to merge the lattice ©
QCD equation of state with E_
other effective theories =

D .
Careful study of their - IntEraca.
respective range of validity Hadron Gas |

<Chiral EFT NUCRRL

Constrain the parameters to . 3 Liquid-Gas, Nuclei Q. | |
reproduce known limits 200 400 1400 1600
Test different possibilities Baryon Chemical Potential p (MeV)
and validate/exclude them Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021)  pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)

Interacting HRG: J. Karthein, C. R. et al., PRD (2022)quarks: C. R. et al., PRD (2006), Dexheimer et al., PRC (2009);
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)  Baym et al., Astr. J. (2019)

Chiral EFT: see e.g. Holt, Kaiser, PRD (2017) quarkyonic: McLerran, Pisarski NPA (2007)
Holography: R. Critelli, C. R. et al., PRD (2017)
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What happens
at large
densities?

We need to merge the lattice
QCD equation of state with
other effective theories

Careful study of their
respective range of validity

Constrain the parameters to
reproduce known limits

Test different possibilities
and validate/exclude them

Perturbative QCD

Holography

=
@
i
@
S
i
5
e

Interacting
Hadron Gas

«Chiral EFT SIS

. J Liquid-Gas, Nua_é;i
200 400
Baryon Chemical Potential p_ (MeV)

Lattice QCD: S. Borsanyi, C. R. et al, PRL (2021) pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)
Interacting HRG: J. Karthein, C. R. et al., PRD (2022uarks: C. R. et al., PRD (2006), Dexheimer et al., PRC (2009);
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)  Baym et al., Astr. J. (2019)

Chiral EFT: see e.g. Holt, Kaiser, PRD (2017) quarkyonic: McLerran, Pisarski NPA (2007)

Holography: R. Critelli, C. R. et al., PRD (2017)  CSC: Alford et al., PLB (1998); Rapp et al., PRL (1998), S. Rossner,

C.R. et al, PRD (2007), .
CLAUDIA RATTI 40/45



QCD matter under extreme conditions

To address these questions, we need fundamental theory and experiment

Theory: Quantum Chromodynamics Experiment: heavy-ion collisions

» QCD is the fundamental theory of strong interactions

» It describes interactions among quarks and gluons

< — Y ‘ A- — l o o
LQCD -2\"17,4(16, _gA: B )W; -mvyy; - 4 EFZ F::

2
L.s-"\k » Quark-Gluon Plasma (QGP) discovery at RHIC and LHC:
D Confinement
o\ S ) » SURPRISE!!! QGP is a PERFECT FLUID

» Changes our idea of QGP SC'ENT'F'C

e ST T
000 0Oge X

of Deepretnstcucatenr
LADoe Quge Tt y

2 -
E ‘ ; f §, o (no weak coupling) AMER'CAN
2o ¥ E 3 f » Microscopic origin still unknown
E ’ ’ - B
‘ ) 1+ .\;\ M‘t‘~
(Alymptohc Freedom =» )
" FounR M-Atr“-..l TRANGHE R '4I').¥\“‘-'
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Anatomy of a heavy-ion collision

e - - final detected
Relativistic Heavy-Ion Collisions particle_dfstributions
Kinetic =
frceze-oul-__,/"
N Hadronization /// »
Initial energy e ¢
density ~—
et SRS

|

pre-.
eﬁ“:émé‘;n viscous hydrodynamics
e — — =]
] T —_—

collision evelution 1 L
t~0fm/c t~1fm/c t ~ 10 fm/c T ~ 1013 fm/c

free streaming




How can lattice QCD support the
experiments?

Equation of state
o Needed for hydrodynamic description of the QGP

QCD phase diagram
o Transition line at finite density

o Constraints on the location of the critical point

Fluctuations of conserved charges
o Can be simulated on the lattice and measured in experiments

o Can give information on the evolution of heavy-ion collisions
o Can give information on the critical point

CLAUDIA RATTI 47/25




Formulation

e We have observed the [ig-dependence seems to amount to a simple 7T- rescaling

S. Borsanyi, C. R. et al., PRL (2021)

e A simplistic scenario with a single 7T- independent parameter x does not provide a,
systematic treatment which can serve as an alternative expansion scheme

e We allow for more than O( i?) expansion of 7" and let the coefficients be
T'—dependent:

XlB (T7 :a’B)
iB

=x2(T",0), T' =T (1+ke(T) %+ ka(T) 5 + O(%))

e Important: we are simply re-organizing the Taylor expansion via an expansion in the
shift

AT =T — T' = (k2(T) i + £a(T) i + O(13))

e Comparing the (Taylor) expansion in jip and our expansion in AT order by order, we
can relate x2(T) and &, (T)
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Scientific goals

 Model the fluctuating initial conditions for the baryon-asymmetric matter for baryon,
electric charge, and strangeness

10.0¢ \/m:joo Gev | \/sN;q ~19.6 GeV |
()

C. Shen, B. Schenke, PRC (2018)
C. Shen, B. Schenke, NPA (2019)

X (fm)
o
o

%
-10.0l 0-5% Au+Au

10 00 1.0 10 00 1.0
z (fm) z (fm)

e Develop (3+1)D viscous hydrodynamic code which includes all conserved currents and
connect it to model for initial conditions G. Denicol et al., PRC (2018)

L. Du et al., NPA (2019)
* Extract fransport properties of nuclear matter at finite baryon density

M. Li, C. Shen, PRC (2018)
C. Gale et al., NPA (2019)




Hydrodynamics evolution

 The sequential collisions between nucleons contribute
as energy-momentum and net-baryon density sources
to the hydrodynamic fields

C. Shen, B. Schenke, PRC (2018)
L. Du et al., NPA (2019)

For recent developments and an alternative method based
on a minimal extension of the Glauber model see
C. Shen, S. Alzhrani, PRC (2020)

Relativistic viscous hydrodynamic simulations extended to
include the propagation of net baryon current including its
dissipative diffusion

C. Shen, B. Schenke, NPA (2018)

no yloss fluct
200 GeV
62.4 GeV
19.6 GeV

0-5% AuAu@©19.6 GeV



Hydrodynamics evolution

* The sequential collisions between nucleons contribute
as energy-momentum and net-baryon density sources
to the hydrodynamic fields

no yloss fluct ]
200 GeV
62.4 GeV
19.6 GeV
7.7 GeV

C. Shen, B. Schenke, PRC (2018);
L. Du et al., NPA (2019)

* For recent developments and an alternative method based

on a minimal extension of the Glauber model see g
C. Shen, S. Alzhrani, PRC (2020); : .
[ — with critical point
0.25F =7 no critical point .
e Relativistic viscous hydrodynamic simulations extended to o0t <05 ]
include the propagation of net baryon current including its s Q s
dissipative diffusion s L T s -
0.05F -
C. Shen, B. Schenke, NPA (2018) L O ANAICI06 GV
0.005. 0.1 0.2 0.3 0.4 0.5
up (GeV)




Approaches

One of the central goals of the BEST collaboration is to develop quantitative understanding
of fluctuations near the CP

e Stochastic approach with noise
M. Nahrgang et al., PRD (2019)

* Deterministic approach in which correlation functions are treated as additional variables

with the hydrodynamics ones (Hydro+)
M. Stephanov and Yi Ying, PRD (2018)

* So far only applicable to crossover side of phase boundary

* So far limited to two-point functions

See also Y. Akamatsu et al, PRC (2017 and 2018); M. Martinez and T. Schaefer, PRC (2019); X. An et al., PRC (2020)
S. Pratt and C. Plumberg, PRC (2019 and 2020)




Implementation

* Solution of stochastic hydro equations using a momentum filter by which fluctuating modes
above a cutoff given by a microscopic scale are removed
M. Singh et al., QM2018 proceedings
e Solution of full stochastic diffusive equation in a finite-size system with Gaussian white
noise: critical slowing down is observed M. Nahrgang et al., 1804.05728

* Hydro+ implemented in two main simulations |
T (GeV) vs. (1,71) 'O/F'Q, Q= 12fm |

0.357
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\ 0.105

0oz s 01 234567 [ooss
K. Rajagopal et al., 1908.08539 " (fm) r [fm] L. Du et al., 2004.02719
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Scientific goals and achievements

sph

[y |
* Model fluctuating initial conditions for axial charges Q

Mace et al., PRD (2016) \ 5
Shi et al., PRL (2020) s s
N . aT*

\

. ) |Equi|ibration;—
Non-equilibrium, 1 Quantum + Thermal
classical regime y regime 1\ equilibrium

.

Q=1 Qlqun=cie” Time
* Develop magneto-hydro code and incorporate anomalous hydro terms,

studying the co-evolution of the dynamical magnetic field with the

medium .~ U.Gursoyetal, PRC(2018)
lf 0 4 Au+Au 200 GeV 10_|(|)SSS|||_
I 1) I/'N — [ - ¢‘
Ea_ } STAR % S o0sk VRu-zr Fipf -
b x 1
* Quantitatively characterize the experimental %7 g oo ==
5 L
signals of CME ! € 09} os-ss
1 H - u-Zr
Shi et al., Annals of Physics (2018) & ek
Pt E— i — 000 005 010 015 020
Centrality nsls
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Particlization

 Develop the interface between the hydrodynamic evolution and hadronic transport, such that it
preserves fluctuations

* micro-canonical Metropolis sampling algorithm: conserves all the charges as well as energy and
momentum as given by hydrodynamics

D. Oliinychenko, V. Koch, PRL (2019)

* Particlization of hydro+: projects fluctuations from hydro+ onto the represented hadrons

Pradeep et al., 2109.1318
* Hadronic transport with tunable potentials

A. Sorensen, V. Koch, 2011.06635




Things to keep in mind

» Effects due to volume variation because of finite centrality bin width

o Experimentally corrected by centrallvy -bin-width correction method
Skokov et al., PRC (2013), P. Braun-Munzinger et al., NPA (2017),

* Finite reconstruction efficiency V. Begun and M. Mackowiak-Pawlowska (2017)
o Experimentally corrected based on binomial distribution A Bzdak,V.Koch, PRC (2012)
e Spallation protons
o Experimentally removed with proper cuts in p;
e Canonical vs Gran Canonical ensemble
o Experimental cuts in the kinematics and acceptance

e Baryon number conservation
o Experimental data need to be corrected for this effect

* Proton mUItip“City diStribUtionﬁl.\A%a '?wr!gnrélu rpaQaGVCaﬂHIggéZ%ggrﬁ Nahrgang et al., 1402.1238

o Recipes for treating proton fluctuations

» Final-state interactions in the hadronic phase J.Steinheimer et al., PRL (2013)
o Consistency between different charges = fundamental test

V. Koch, S. Jeon, PRL (2000)
P. Braun-Munzinger et al., NPA (2017)
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Nearly perfect fluidity

_ Calibrated to:
. Ultra-Cold Heli Quark-Gluon Pb—Pb 2.76 and 5.02 TeV
102 Atoms L Plasma —— Posterior median
E 90% credible region
103 : 0.2
g
w
g 100 =
o :
l_i i 0.1 -
1 String Theory Limit
E 1 | PO Nyl | STy L L 0 1 1 1 /11 1 1 .
0 4 8 " 4 8 12 "4 8 12 g 2 3 Bernhard et al, Nature Physics (2019)
x107 x10° x10? x10" 0 | ; :
Temperature (K) 150 200 250 300

Temperature (MeV)

Kovtun, Son, Starinets,
PRL (2005)

nls = 1/4n

» Hydrodynamic description of the system created
in heavy-ion collisions works extremely well

» It needs an equation of state as input
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Phase Diagram from Lattice QCD

The transition at pg=0 is a smooth crossover

chiral susceptibility

012 |

01 |
0.08 |
0.06 | g‘?
004 | &

0.02

3 “P }5 iﬁ* il
f 3

\

0 1

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

chiral condensate
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0.5

Aoki et al., Nature (2006)
Borsanyi et al., JHEP (2010)

Bazavov et al., PRD (2012)
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QCD transition temperature and curvature

* Latest results on T, from WB

collaboration based on subtracted chiral _ 155 F
condensate and chiral susceptibility E 150 1 ;
= 145 Dyson-Schwinger: hep-ph/1906.11644 ——

2 145 |
_ 140 | Chemical freezeout: NUCHh/0511071v3 —e—
nucl-th/1212.2431 ——

135 f hep-ph/1403.4903 ——
130 f nucl-th/1512.08025 +——
— — 125 | nuck-ex/1701.07065 ——
— Borsanyi et al., 2002.02821 (2020) ¥ : : ' ' . ' . . - :
0 50 100 150 200 250 300
Bazavov:2018mes, yx, & g [MeV]
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Limit on the location of the critical point

For a genuine phase transition, the height of the peak of the chiral susceptibility diverges and the width shrinks to zero

Height of chiral susceptibility peak Width of chiral susceptibility peak
0.14 , , , : ‘ . . . . .
x(Tg) —=— 6o | <r[MeV]0.14
0.12 |
0.135 50 | 0.10 |
0.08
0.13 B 40 ggi : o
002} 5 5
i 0.00
0.125 | %
20 |
0.12 | : ]
ol W\\}%
Proxy to the half width of the transition
0.115 : : : : : o 0215<pbp<0.355 kg [MeV]|
-8 -6 -4 é2 0 2 4 0 50 100 150 200 250 300
(ug/T)
No sign of criticality for pg<300 MeV
Borsanyi, C. R. et al. PRL (2020)
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Fluctuations of conserved charges

Definition:

B5Q _ glrmtny /4
mn J(up/T)0(us/T)m0(ng/T)™

Relationship between chemical potentials:

— 1 1 .
Hd = SHB SMQ’
1 1
ps = SHB— SHQ — HS-

3 3
They can be calculated on the lattice and compared to experiment
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Evolution of a

\ \ Freefstrea ming
Q

heavy-ion
collision

inelastic reactions cease: the
chemical composition of the
system is fixed (particle
yields and fluctuations)

. elastic
reactions cease: spectra and
correlations are frozen (free
streaming of hadrons)

Hadrons reach the detector
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Evolution of a

heavy—lon Hp e The Phases of QCD
collision
S Quark-Gluon Plasma
@
3
: : : @®
inelastic reactions cease: the =
chemical composition of the ©
system is fixed (particle E
yields and fluctuations) e
@
=
. elastic
reactions cease: spectra and
correlations are frozen (free | 1000 1200

streaming of hadrons)

Baryon Chemical Potential p(MeV)

Hadrons reach the detector
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Consider the number of
electrically charged

particles Nq

Its average value over the
whole ensemble of events

Is <Ng>

In experiments it is
possible to measure its

Wy



Connection to experiment

Fluctuations of conserved charges are the cumulants of their event-by-event distribution

mean : M = x1 variance : 0% = xo
_ 3/2 . 2
skewness : S = x3/Xx5 kurtosis : K = x4/X3
So = x3/x2 Kko? = Xa/X2
M/o? = x1/x2 So® /M =x3/x1

F. Karsch: Centr. Eur. J. Phys. (2012)
The chemical potentials are not independent: fixed to match the experimental conditions:

<ng>=0 <ng>=0.4<ng>
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“Baryometer and Thermometer”

Let us look at the Taylor expansion of RB3;

R (T, uB) = = O(u)
Xt (Tous) X5 (T,0) +x77°(T,0)q1(T) + xF5 (T, 0)s1(T)
® To order pu?git is independent of ug: it can be used as a thermometer
® Let us look at the Taylor expansion of RB12
B B BQ BS
xi (T,pe) x5 (T,0) +x777(T,0)q1(T) + x17° (T, 0)s1(T)
RE(T, ) = XL HE) X u E LB L O3

x5 (T,uB) XB(T,0) T

® Once we extract T from RB31, we can use RB12 to extract us
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Freeze-out parameters from B
fluctuations

B(T
1B) T,
»Thermometer: =Sg0g* /Mg  Baryometer: leg( 1) =0gz°/Mg
( ,uB) X5 (T, uB)
S BTy 08 g T
1.4 Hiai=>p %8’ Vg STAR mmmm | R Melos ...
T Nt:6 o 07 STAR, 27 GeV =i
1.2 =8 r—e— 06 |
1 . ‘ T E====z======-= STAR, 39 GeV
05t
0.8 04 f======= STAR, 62.4 GeV
0.6 F 03} i
oty
04 02 [ _ =: STAR, 200 GeV T=150 MeV |
0.2 b 01}
Sy T M) 0l ., FalMeV]
140 160 180 200 _ 220 240 0 20 40 60 80 100 120 140 160 180 200
Upper limit: ng 151+4 MeV WB: S. Borsanyi et al., PRL (2014)

STAR collaboration, PRL (2014)

Consistency between freeze-out chemical potential from electric charge and
baryon number is found.
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-reeze-out parameters from B
fluctuations

B
T,
=S40.3M;  Baryometer: X1 (T, k) =052/Mg

XQB (T7 /*LB)

XSB (T7 .U’B)

» Thermometer:

160

140

120 | Vs[GeV]|ph [MeV] (from B)|ud [MeV] (from Q)
ool 200 25.842.7 22.842.6
0| 62.4 69.7+6.4 66.6+7.9
ol 39 105411 101+10
27 - 136+13.8

40

20 WB: S. Borsanyi et al., PRL (2014)

STAR collaboration, PRL (2014)

0

Upper limit: T,< 15114 MeV

Consistency between freeze-out chemical potential from electric charge and
baryon number is found.

Uy
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XT(Tn) XT3 (T,0)+ x5 (T,0)q1(T) + x5 (T,0)s1(T) pup

RY(T, puB) = = +O(up)-
Freeze-out line | ) v )
B(T B(T,0 BR(T,0)q1(T) + xBS(T, 0)s1(T
rom T1Irs X2 (T, up) XB(T,0) T
. . WB: S. Borsanyi et al., in preparation
principles T
T [MeV]e . . .
210+ &. ¥ 3 P
Zoe S e e I w
200 + ?o é’?o ;(?. A(f}l
8 3 . o?? . /\00. @"3
190 §o % . o . Vow %\e” e
. O . - 4.’ 1o
180 o . . " o= 1 S/N=const from lattice EOS [WB 2015] +—e—
. . . - e HRG analysis [Alba et al] —&—
Use T- and pg-dependence 170 | . . . N 1 T, from lattice [WB 1507.07510]
of R,,9 and R,,B for a 160

combined fit: 150

140

130 - preliminary U [MeV]

0 50 100 150 200 25
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Pressure coefficients

Simulations at imaginary p:
Continuum, O(1O4) conflguratlons errors include systematics (WB NPA (2017)) Strangeness neutrallty

03 ' ' [WB 1607. 02:93] —— ggz ' ' ' [WB 1607. ozl_aitsa] —— 0.1 ' ' [WB 1607. 02'_?93] ——
025 | 0.07 | 0.05 |
02} ] 0.06 |

S ’ Cs 005! “ of HH HHHNHH it
0.15 |

0.04

| ﬁ gt
o1 | . - 0.03 | - | “

02 [ t 1
0.05_// | ng Hmmmu Poh 04|

1;10 1&50 1‘80 2‘00 2I20 2;10 2‘60 280 0 1;10 1I60 1I80 260 2I20 2;10 2é0 280 1;10 1I60 1I80 2;')0 2I20 2;10 2I60 280
Results for x,® =nlc, at pi;=p,=0 and Nt=12 e TMe
1 x us MQ WB, JHEP (2018)
> 0.1 0.2 . - \c
0.08 0.05
0.06
0
0.04
0.02 -0.05 |
0 | | | | TI[MeV] _01 \ , ) , | -04

120 140 160 180 200 220 240 120 140 160 180 200 220 240 120 140 160 180 200 220 240
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Anatomy of a multi-messenger merger

Inspiral Dynamical Accretion Remnant

short GRB X-ray extended
X-ray/radio emission/
precursor plateau

-seconds -ms 10 ms 100 ms mins-hrs  hrs-days days-week  month-yrs

PHASE

SIGNAL
— >
coalescence

r-process Nuclear Physics

is encoded
in all phases!

ms magnetar

EVENT

-
-
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A few Lessons learnead

»Heavy ion collisions:
»Phase transition at small p is a smooth crossover

»If a critical point exists, it is in the 3D-Ising model universality class
»Equation of state and phase diagram are known from 1%t principles at pz/T<3.5
» Quark-Gluon Plasma is a strongly coupled fluid with very small viscosity/entropy

» Neutron star mergers:
»GWs travel essentially at the speed of light

»binary neutron star mergers are progenitors of short gamma ray bursts
»they are prolific sites for the formation of heavy elements
»constrained neutron-star radii to be between 9.5 and 13 km
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