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Is there a critical point in the
QCD phase diagram?
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Where is the transition line

K Run 2019:

Collider: Vsyy=14.6, 19.6, 200 GeV
Fixed target: Vsyy=3.2 GeV

*  Run 2020:

Collider: Vsy,=9.2, 11.5 GeV
Fixed target: Vsy,=3.5, 3.9, 4.5, 5.2,
6.2,7.2,7.7 GeV

* Run 2021:

K * Collider: Vs\\=7.7 GeV /

N

at high density?

What are the phases of QCD
at high density?

Million Events
g 8 8

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 NICA SIS-100  |J-PARC HI
SIS-300

Exp.: |STAR NA61 |/MPD CBM JHITS
+FXT + BM@N

Start:  5019.2021/| 2009 2023 2022 2025

Energy: |7.7-19.6 ||4.9-17.3(/2.7-11 |[2.7-8.2  |2.0-6.2

Vsuw (GeV) [ 2.5-7.7 2.0-3.5

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

At 8 GeV 2000 Hz

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

Fixed target

Lighter ion
collisions
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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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GW170817

Demonstrated the ability of mergers to advance Nuclear Physics

Lightcurve from Fermi/GBM (50 — 300 keV)
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Gravitational-wave time-frequency map
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LIGO/Virgo PRL (2017) S V- N S
P.S. Cowperthwaite et al., Astrophys. J. Lett. (2017) MD - 57982.529
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Simulating strongly interacting matter

<-Analytic solutions of QCD are not possible in the non-perturbative regime
<-Numerical approach to solve QCD: discretization of 4D space-time
<-Uncertainties:
» Statistical: finite sample
» Systematic: finite box size, unphysical quark masses
» Results from different groups, adopting different discretizations, must converge to consistent results
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Fundamental fields
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QCD Equation of State
at finite density
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QCD EoS at pg=0

2|

WB: PLB (2014); HotQCD: PRD (2014)
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T [MeV]

WB: Nature (2016)
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* EoS for N.=2+1 known in the continuum limit since 2013

* Good agreement with the HRG model at low temperature

100 200 300 400 500 600 700 800 900 1000

T [MeV]

* Charm quark relevant degree of freedom already at T~250 MeV
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Constraints on the EoS from the
experiments

S. Pratt et al., PRL (2015)

150 200 250 300 150 200 250 300 350
T (MeV)

e Comparison of data from RHIC and LHC to theoretical models through Bayesian analysis
* The posterior distribution of EoS is consistent with the lattice QCD one
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Fermionic sign problem

»The QCD path integral is computed by Monte Carlo algorithms which sample field
configurations with a weight proportional to the exponential of the action

_Hqgcp-#BNB

Z(up,T) =Tr (e T ) — / DUe %V det M[U, pp)

»detM[pug] complex = Monte Carlo simulations are not feasible i V J V

»We can rely on a few approximate methods, viable for small uB/T: U U
» Taylor expansion of physical quantities around uB=0
Bielefeld-Swansea collaboration 2002; R. Gavai, S. Gupta 2003

»Simulations at imaginary chemical potentials
Alford, Kapustin, Wilczek, 1999; de Forcrand, Philipsen, 2002; D’Elia, Lombardo 2003
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Taylor expansion of EoS

* Taylor expansion of the pressure:

B
X2n
00 2n 4 2n 00 2n
p(T',pp) _ p(1,0) 1 Z 1 |d™(p/T7) (NB) _ Z Con(T) (MB)
4 o 4 | KB \2n o n
T T & el de | \T) T & T
Simulations at imaginary p:
Continuum, O(10%) configurations, errors include systematics WB: NPA (2017)
0.3 T T T T T 0.09 T T T T 0.1 T T - .
[wB 1607.02}:3%! : 0.08 | [wB 1607.02;3%! : [wB 1607.02;{13%! :
0.25 | 007 I 0.05 |
0.2 o 0.06
C | e 4000 | | €6 of HH FTHHBUTEE
0.5 | 1 0.04 | - } 1}
0.1 | . 1 0.03 | 1 005 ¢ “
0.05—/// - g:gf: HHHHHHH R oty
1;10 1;30 1‘80 260 2.20 2;10 260 280 0 1;1»0 160 1‘80 260 2I20 2;10 2;30 280 1;10 1I60 1I80 2I00 2I20 2;10 2I60 280
T MeV] T [MeV] T [MeV]

See also: HotQCD, PRD (2017), PRD (2022)
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Taylor expansion of EoS
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Range of validity of equation of state

7 We now have the equation of state for ug/T<2 or in terms of the RHIC energy scan:

Vs = 200, 62.4, 39, 27. 19.6, 14.5GeV

The Phases of QCD

Quark-Gluon Plasma

Temperature (MeV)

"< color
Superconductor

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)
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AT THIS POINT, YOU'RE PROBABLY
THINKING, “T LOVE THIS EQUATION
AND WISH IT \,JOU\LD NEVER END!"

WELL, GOOD NEWS!

L QN

TAYLOR SERIES EXPANSION 15 THE WORST.
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Problems with Taylor series
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[ Poor convergence of Taylor series: need to sum many terms to reach high p;

[ Oscillatory/non-monotonic behavior in some observables at high p;

Uy

» Unphysical, due to truncation of Taylor series
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Novel expansion method o, oL 0m)

Observation: the temperature-dependence of baryonic density
ng(T)/ip = xi(T,iB)/iB N
at finite imaginary chemical potential is iust a shift in temperature from the up = 0 results for X2 :

B A
X T, B
(T ):XZB(T’aO),

iip
T'(T, i) =T (1+ k37 ()% + k5 ° (T) s + O(ip))

T uB =I.0‘":/8 T T I H,B =I. n/s | I I |
= =1 = - = -
03 1 . ﬁ§=§2n/8 =335% ? 0.3 —— ﬁ§==2n/s e
ug =i3n/8 gBIstiien ug =i 3u/8 e
0.25 [ —+— pg=i4n8 N EE RN T N 1 0.25 " ——i ppg =i 47/8 o 1
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Results for the coefficients

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

Our initial guess was not far-oft: ; l | . | . .

0.07 K, cont. est. 7
e Fairly constant x2(T") over a large T-range 0.06 ko, Eg cont. est. il

bt Ky fit
0.05 | +—+— x, HRG .

e Clear separation in magnitude between k2 (7)) i © HRG
and x4(T) hints at better convergence = 0.04 - II{_
= 003} ;III -
e Agreement with the HRG model results at mf 002 lmasz333353375555FE2 i i
low temperatures 0.01 -
S EE EEE S p——— 31 % ¥ % £ 3
e Polynomial fits of k2(7") and k4(T') before use O == {iiii wEmmE
: : " -0.01 .
in thermodynamics (good fit qualities) 0.02 L . | . | . .
120 140 160 180 200 220 240

T [MeV]




Novel expansion method

Once ng is determined, we have everything we need to extract the other quantities

AB
pes,T) . . . N s, T
%=p(uB,T)=p(O,T)+ / diy g (i, T) s(us,T) = p(g; )
0 _ iz
WB, PRL (2021)
- !§§§2;;
:;:!: | ;;;%;;;iii
E;;il i iii! |

120 140 160 180 200 220 240 120 140 160 180 200 220 240
T [MeV] T [MeV]
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New range of validity of equation of state

o We now have the equation of state for pg/T<3.5

Temperature (MeV)

300
'ne Phases of QCD
250
Quark-Gluon Plasma
200
150
100 - .

;s . Color
50 Superconductor
0 .

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)
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Other interesting results

»Recent development in reweighting schemes
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., 2205.08517

»Recent improvement on Taylor expansion at finite p;

D. Bollweg 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 F : =

2

®
=
@
-
i
5
st

%))
o

(=

Lattice QCD: WB: PRL (2021)
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Lattice QCD

e Phases of QCD

Quark-Gluon Plasma

< Color
Superconductor

200 400 600 1000 1200 1400

Baryon Chemical Potential p_ (MeV)




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

®
=
@
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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: WB: PRL (2021)

Interacting HRG: V. Vovchenko et al., PRL (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

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: WB: PRL (2021)
Interacting HRG: V. Vovchenko et al., PRL (2017)
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)

§uperr:o uctor

Lattice QCD: WB: PRL (2021)

Interacting HRG: V. Vovchenko et al., PRL (2017)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)
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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: WB: PRL (2021)

Interacting HRG: V. Vovchenko et al., PRL (2017)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)
Holography: see e.g. R. Critelli 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: WB: PRL (2021) pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)

Interacting HRG: V. Vovchenko et al., PRL (2017)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)
Chiral EFT: see e.g. Holt, Kaiser, PRD (2017)
Holography: see e.g. R. Critelli et al., PRD (2017)
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What happens Perturbative QCD
at large

densities? > Holography

=

o

—
We need to merge the lattice ©
QCD equation of state with E_
other effective theories qE>
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: WB: PRL (2021) pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)

Interacting HRG: V. Vovchenko et al., PRL (2017) quarks: Dexheimer et al., PRC (2009); Baym et al., Astr. J. (2019)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)

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

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

:':'I", Holography

=

S
We need to merge the lattice ©
QCD equation of state with E_
other effective theories qE>
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: WB: PRL (2021) pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)

Interacting HRG: V. Vovchenko et al., PRL (2017) quarks: Dexheimer et al., PRC (2009); Baym et al., Astr. J. (2019)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)  quarkyonic: McLerran, Pisarski NPA (2007)

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

Holography: see e.g. R. Critelli 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 Nuclags
. 7 Liquid-Gas, Nuclei
200 400

Baryon Chemical Potential p_ (MeV)

Lattice QCD: WB: PRL (2021) pQCD: Andersen et al., PRD (2002); Annala et al., Nat. Ph. (2020)
Interacting HRG: V. Vovchenko et al., PRL (2017) quarks: Dexheimer et al., PRC (2009); Baym et al., Astr. J. (2019)
Liquid-gas, Nuclei: see e.g. Du et al. PRC (2019)  quarkyonic: McLerran, Pisarski NPA (2007)

Chiral EFT: see e.g. Holt, Kaiser, PRD (2017) CSC: Alford et al., PLB (1998); Rapp et al., PRL (1998).
Holography: see e.g. R. Critelli et al., PRD (2017)
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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 and reach out to the Neutron Star merger regime

»Current lattice results for thermodynamics available up to pg/T<3.5

» Extensions to higher densities by means of effective theories
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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
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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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QCD phase diagram

TRANSITION TEMPERATURE
TRANSITION LINE
TRANSITION WIDTH
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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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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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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

COMPARISON TO EXPERIMENT

CHEMICAL FREEZE-OUT PARAMETERS




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

% CLAUDIA RATTI




[T L T T T
i - N
_ ...nuu m S
A o XX EZ S
=] m /oo o ®F 3
< 8 KIS TB -
-+ & PO O x-=< o =
[ 5 @ o©omo »mao -
<3 m P
! Z xEg o 8 9
N ' B @
" o
<
(Vp]
- >
L D
HO)
—©
[ @
”l-..::‘
I* - O
*‘*..t***. *.K*.i* n
** I*ll-
I‘II.III.I ‘l.l‘
||I||| e N ap ..nA.T....nATnun : .
[ > FRK ...w.-luuu...!. > Tee - B
- O l*ll* Q *ll'l “”
[ 2 g P E
1S N 13 2
[~ N . :
- o d [ PYTTTEPE TITTTITE TR ITTTE rm. M
© 7y) < ™ ©
© b o b 2 BB v B B2
- - - h h b ™~ L ol > ~—

®
)
nt
O g
)

O &
e.“
C o
C o
O x
QO

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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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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Conclusions

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

o Equation of state
o Phase transition line
o Fluctuations of conserved charges

»Current lattice results for thermodynamics up to pg/T<3.5
» Extensions to higher densities by means of lattice-based models

»No indication of Critical Point from lattice QCD in the explored p; range
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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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Higher order fluctuations

3 B B BS BQ
SBog X3 (T, pB) X4 t81X317 T q1X31 2\ _ B0 B,2 ~2 4
Vi = B(T =5 BS BOo T O(up) =731 + 137"l + O(up)
B Xt (TouB) x84+ s1xB5 + aixia
B B
o _ xa(T'pB) _ Xxi 2y B0 | B2:2 "
KBOB = B(T,up)  xB +O(ug) =1y +rys s+ O(up) ,
x2 (TspB) X3 WB, JHEP (2018)
1.2 . . . .
Wuppertal-Budapest STAR Preliminary data Wuppertal-Budapest ~ STAR Preliminary data
. th =12 p: 0.4 <ppr<2.0 (wer, ly| < 0.5 | 15l N, =12 _ p: 0.4 < pr<2.0 GeV, [yl <0.5 |
S
-
1.0 Q
T= 150 MeV 1.0}

So3 0.9
M

KO
0.8

osl T= 160 MeV

0.6

OO [ mm NLO

B = NNLO

T=160 MeV
0 50 100 150 200 - . . N
HB 0 50 100 150 200

0.5

See also HotQCD, PRD (2017)
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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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The highest man-made temperature

5.5x10'2 °C: 340.000 times the temperature at the center of the sun!!!

Uy
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The produced energy density is 5 GeV/fm?3

In one year in America ~102° J of energy are used

1020 J x 1eV/(1.6x1019J) = 6.6 x 1038 eV

At 5 GeV/fm3 this would correspond to a volume:

5% 10%eV
fm?

6.6 x 10°%eV =

= 1.3 x 10% fm’

Or, equivalently, to a box of size:

Im 10%um

V1.3 x 1029 fm3 =5 x 10° fm x — 5um

1015 fm S




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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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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-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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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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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




