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Properties of strongly interacting matter from
Lattice QCD calculations

Frithjof Karsch

Brookhaven National Laboratory & Bielefeld University

– current understanding of the QCD phase diagram based on 
   lattice QCD calculations

– the search for a critical point

– heavy quarks at high temperature

– current and future challenges

– from petascale to exascale to zettascale calculations
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Towards an understanding of the phase diagram
of strongly interacting matter

- SPS
- Run 1&2 at LHC
- RHIC (beam
  energy scan)

– exploring the transition from hadrons to quarks& gluons
   deconfinement, chiral symmetry restorationchiral symmetry restoration, axial anomalyaxial anomaly

– search for the existence of the chiral critical point (RHIC) 

– – establish the imprint of the establish the imprint of the chiral PHASE transitionchiral PHASE transition of QCD on of QCD on
      properties of QCD matter with its physical quark mass spectrum (properties of QCD matter with its physical quark mass spectrum (LHCLHC))
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Equation of state of (2+1)-flavor QCD:Equation of state of (2+1)-flavor QCD:

The EoS is well controlled for
 or equivalently   

(10-30)% contribution to total 
pressure at  

HISQ: Bielefeld-BNL-CCNU, arXiv:1701.04325             

stout: Wuppertal-Budapest, arXiv:1607.02493             
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A new determination of the chiral crossover temperature
P. Steinbrecher (hotQCD), arXiv;1807.05607

– (2+1)-flavor QCD
– physical quark masses
– continuum extrapolation
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The crossover line at non-zero baryon chemical potential
STAR, arXiv:1701.07065
ALICE, arXiv:1408.6403

Taylor-expansion of physical observables, e.g. the chiral susceptibility:

                                              up to 

P. Steinbrecher (hotQCD), arXiv;1807.05607
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A. Rustamov (ALICE Collaboration), 
Nucl. Phys. A967 (2017) 453, arXiv:1704.05329

Net proton number fluctuations 
at LHC:  

probing the chiral phase transition    

Lattice QCD experience:Lattice QCD experience:
each order requires abouteach order requires about
a factor 100 increase in a factor 100 increase in 
statisticsstatistics

FCCFCC
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Critical behavior and higher order cumulants Critical behavior and higher order cumulants 

many 8th order cumulants turn negative for

plausible scenario:

Lattice QCD experience:Lattice QCD experience:
each order requires abouteach order requires about
a factor 100 increase in a factor 100 increase in 
statisticsstatistics
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S. Borsanyi et al, arXiv:1805.04445

Critical behavior and higher order cumulants Critical behavior and higher order cumulants 
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    The radius of convergence of Taylor expansions
constraints on the location of a possible critical point

update of:
A. Bazavov et al. (hotQCD), arXiv:1701.04325

disfavored as
expansion
coefficients are
no longer 
strictly positive
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Cumulants of net-baryon number fluctuationsCumulants of net-baryon number fluctuations
                                                            from Lattice QCDfrom Lattice QCD
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Computing speed will increase byComputing speed will increase by

a factor         before the start of the a factor         before the start of the 
FCC eraFCC era Piz Daint

based on: A. Ukawa, HPC summer school, 2013

up to 10th order of net
baryon-number cumulants
will be known soon;
next step about 5 years

Summit

Zetascale
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              Different contributions and scales enter

in the spectral function

- continuum at large frequencies 

- possible bound states at intermediate frequencies

- transport contributions at small frequencies

- in addition cut-off effects on the lattice

              notoriously difficult to extract from correlation functions

 large lattices and continuum extrapolation needed

 still only possible in the quenched approximation

 use perturbation theory to constrain the UV behavior 

 Spectral functions in the QGP

Transport and bound state properties from thermal hadron correlation functions



  

12F. Karsch, HIC town meeting, CERN 2018F. Karsch, HIC town meeting, CERN 2018

Transport and bound state properties from thermal hadron correlation functions

7 Light quarks in thecontinuum fromquenched lattices

Note that for the two lowest temperatures the aspect ratio is fixed to = 3 and
= 342 for all lattices, respectively, ensuring a constant physical volume, while

for the = 14 lattices theaspect ratio decreases with decreasing cutoff . However,
finitevolumeeffects wereverified to besmall in thecorresponding study [130].

7.1.2 Extrapolation to the continuum

In order to be able to compare the correlation functions on differently spaced lattices,
we adopt a normalization of the euclidean time [0 1], as done in the study
of thedynamical lattices. Thecontinuum extrapolation itself contains several technical
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Figure7.1: The extrapolation shown for a choice of temporal slices and the corre-
sponding result.

steps to ensurea high quality extrapolation, faciliatea robust and reliableestimation of
theinitial MonteCarlo error carrying over to thefinal statistical error of thecontinuum
data, and also extract information about the statistical correlation of the continuum
data between different lattice distances . As such, for each temperature

1. we form bootstrap samples of each of the original datasets at different lattice
spacings , as described in Sec. 2.5. Each bootstrap sample, labelled , has the
samesize data as theoriginal dataset.

2. Wecompute theaverage for each bootstrap sampleper lattice distance
( )( ) 3 ( )( ) 3 (7.7)

and ( )
00 ( ) 3 ( )

00 ( ) 3 (7.8)

where [1 data] numbers the configurations drawn within a boostrap sample,
then perform a constant fit to the latter to obtain theconstant ( )( ) 2,

3. and compose the ratio

( ) =
1

free,lat( )

( )( )
( )( ) 2

(7.9)
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– state of the art lattice calculations with continuum extrapolated correlation functions
   are done in quenched QCD (no dynamical quarks)

– electrical conductivity:

– heavy quark diffusion:

J.Casalderrey-Solana, D.Teaney, PRD74(2006) 085012
S.Caron-Huot,M.Laine,G.D. Moore,JHEP04(2009) 053
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heavy quark diffusionheavy quark diffusion electrical conductivity

thermal dilepton rate
thermal photon rate

H-T.Ding et al., PRD94(2016)034504 J.Ghiglieri et al., PRD94(2016)016005

A.Francis et al., PRD92(2015)116003 B.B. Brandt et al., PRD93 (2016) 054510
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Thermal bottomonium meltingThermal bottomonium melting

A.M. Sirunyan et al. (CMS), 
arXiv:1706.05984

bottomonium melting

S. Chatrchyan et al. (CMS), 
PRL 109 (2012) 222301

Y. Burnier, O. Kaczmarek, A. Rothkopf, JHEP 1512  (2015) 101

Lattice QCD spectral functions

G. Aarts et al., JHEP 1407 (2014) 097
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direct photon yield at LHC 
and RHIC

J. Adam, Phys. Lett. B754 (2016) 235
arXiv:1509.07324

quarkonium formation time:

temperature at 

will melt at the FCC
does melt at
RHIC&LHC

FCC: high temperatures
even after quarkonium
formation time scale



  

16F. Karsch, HIC town meeting, CERN 2018F. Karsch, HIC town meeting, CERN 2018

Transport and bound state properties from thermal hadron correlation functions

7 Light quarks in thecontinuum fromquenched lattices

Note that for the two lowest temperatures the aspect ratio is fixed to = 3 and
= 342 for all lattices, respectively, ensuring a constant physical volume, while

for the = 14 lattices theaspect ratio decreases with decreasing cutoff . However,
finitevolumeeffects wereverified to besmall in thecorresponding study [130].

7.1.2 Extrapolation to the continuum

In order to be able to compare the correlation functions on differently spaced lattices,
we adopt a normalization of the euclidean time [0 1], as done in the study
of thedynamical lattices. Thecontinuum extrapolation itself contains several technical
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Figure7.1: The extrapolation shown for a choice of temporal slices and the corre-
sponding result.

steps to ensurea high quality extrapolation, faciliatea robust and reliableestimation of
theinitial MonteCarlo error carrying over to thefinal statistical error of thecontinuum
data, and also extract information about the statistical correlation of the continuum
data between different lattice distances . As such, for each temperature

1. we form bootstrap samples of each of the original datasets at different lattice
spacings , as described in Sec. 2.5. Each bootstrap sample, labelled , has the
samesize data as theoriginal dataset.

2. Wecompute theaverage for each bootstrap sampleper lattice distance
( )( ) 3 ( )( ) 3 (7.7)

and ( )
00 ( ) 3 ( )

00 ( ) 3 (7.8)

where [1 data] numbers the configurations drawn within a boostrap sample,
then perform a constant fit to the latter to obtain theconstant ( )( ) 2,

3. and compose the ratio

( ) =
1

free,lat( )

( )( )
( )( ) 2

(7.9)
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– state of the art lattice calculations with continuum extrapolated correlation functions
   are done in quenched QCD (no dynamical quarks)

– quenched QCD, state-of-the-art lattices:

– QCD with physical light quarks, state-of-the-art lattices:

about a factor 100 in compute
performance is needed in order
to do todays quenched studies in 
QCD with physical quark masses
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A. Bazavov et al., Phys.Lett. B737 (2014) 210

Evidence for many charmed baryons in Evidence for many charmed baryons in 
QCD thermodynamicsQCD thermodynamics close to Tc charmed baryon fluctuations 

are about 50% larger than expected in a 
HRG based on known charmed baryon 
resonances (PDG-HRG); missing states of QCD

observation of 
5 new charmed baryons
by LHCb
arXiv:1703.04639all charmed baryons/mesons

strange charmed baryons/mesons

R. Aaij (LHCb), 
Phys. Rev. Lett. 118 (2017) 182001
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ConclusionsConclusions

– lattice QCD have provided important input to the interpretation
   and modeling of heavy ion collisions (EoS, Tc, transport and diffusion constants)

– some of them are still lattice results and still need to be promoted to
   become QCD results: calculations with physical quark masses, continuum
                                      extrapolated

– the steady improvement of compute resources as well as new, more 
   sophisticated simulation software guarantees steady improvements  
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