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Study of Quark-Gluon Plasma
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http://www.gsi.de/fair/experiments/

QCD phase diagram in (Temperature, density)QCD phase diagram in (Temperature, density)
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Heavy Ion Collision experiments

SPSSPS : CERN ( : CERN ( –– 2005)2005)
Super Proton SynchrotronSuper Proton Synchrotron

RHICRHIC: BNL (2000 : BNL (2000 –– ))
Relativistic Heavy Ion ColliderRelativistic Heavy Ion Collider

LHCLHC : CERN (2009 : CERN (2009 -- ))
Large Large HadronHadron ColliderCollider

from the Phenix group web-site
/14
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Lattice QCD simulations
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Lattice QCD Lattice QCD 
-- First principle (First principle (nonperturbativenonperturbative) ) 

calculation of QCD calculation of QCD 

-- QCD action is defined on the lattice QCD action is defined on the lattice 
((discretizeddiscretized spacespace--time)time)

-- Path integral is carried out by Path integral is carried out by 
Monte Carlo IntegrationMonte Carlo Integration

Contents of this talkContents of this talk

IntroductionIntroduction

Problems in theProblems in the
conventional approach conventional approach 

A new approach forA new approach for
QCD ThermodynamicsQCD Thermodynamics
on latticeson lattices

The EOS calculation byThe EOS calculation by
““TT--integration methodintegration method””

SummarySummary
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Hot QCD on the lattice
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Finite T Field Theory on the latticeFinite T Field Theory on the lattice
4dim. Euclidean lattice ( 4dim. Euclidean lattice ( NNss

33xNxNtt ))
gauge field Ugauge field Uμμ(x) (x) periodic B.C.periodic B.C.
quark field quark field q(xq(x) ) antianti--periodic B.C.periodic B.C.
Temperature T=1/(NTemperature T=1/(Ntta)a)

Input parametersInput parameters :  :  ββ(=6/g(=6/g22)   (lattice gauge coupling))   (lattice gauge coupling)
((NfNf=2+1 QCD)=2+1 QCD) amamudud (light (up & down) quark masses)(light (up & down) quark masses)

amamss (strange quark mass)(strange quark mass)
NNtt (temperature)(temperature)

(*) lattice spacing (*) lattice spacing ““aa”” is not an input parameteris not an input parameter
a=a(a=a(ββ, , amamudud, , amamss ))

Temperature Temperature T=1/(NT=1/(Ntta)a) is varied by is varied by a a at fixed at fixed NNtt

e.g. (ame.g. (amρρ))latlat/(0.77GeV)=a[GeV/(0.77GeV)=a[GeV--11]]

NNtt

NNss

NNss
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Fermions on the lattice
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Lattice QCD Lattice QCD 
QCD action is defined on the latticeQCD action is defined on the lattice

Fermion doubling problemFermion doubling problem
•• naive naive discretizationdiscretization causes 2causes 244 doublersdoublers
•• NielsenNielsen--NinomiyaNinomiya’’ss NoNo--go theoremgo theorem

Doublers appear unless Doublers appear unless chiralchiral symmetry is brokensymmetry is broken

Staggered (KS) fermion  Staggered (KS) fermion  Low costLow cost
16 doublers = 4 16 doublers = 4 spinorsspinors x 4 flavorsx 4 flavors
Fourth root trick : still debatedFourth root trick : still debated

Wilson fermion               Wilson fermion               Moderate costModerate cost
adds the Wilson term to kill extra 2adds the Wilson term to kill extra 244--1 doublers1 doublers

Domain Wall fermion       Domain Wall fermion       High costHigh cost
Overlap fermion              Overlap fermion              High costHigh cost
......
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Problems in QCD Thermo. with KS fermions 
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Many QCD thermo. calc. were done with KS fermions.Many QCD thermo. calc. were done with KS fermions.

Phase diagramPhase diagram
NNff=2 =2 masslessmassless QCD QCD O(4) critical O(4) critical exponetsexponets
KS fermion does not exhibit expected O(4) scalingKS fermion does not exhibit expected O(4) scaling
(Wilson fermion shows O(4), but at rather heavy masses)(Wilson fermion shows O(4), but at rather heavy masses)

Transition temperature (crossover transition in KS studies)Transition temperature (crossover transition in KS studies)
Equation of State ( p/TEquation of State ( p/T44, e/T, e/T44, s/T, s/T44, ... ), ... )
KS results are not consistent with each otherKS results are not consistent with each other

NNff=2, 2+1 is not 4 !!!=2, 2+1 is not 4 !!!
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for large volume system

Lattice QCD can not directly calculate the partition function

however its derivative is possible

high temp.

low temp.
with p⋍0

One can obtain p as the integral of derivative of p

Integral method to calculate pressure p/T4

T=0 subtractionT=0 subtraction

/14
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In case of Nf=2+1 QCD
there are three (bare) parameters:  β, (amud) and (ams)

β

mq

Line of Constant Physics (LCP) defined at T=0

QCD Thermodynamics requires huge computational cost !!

Most group adopts KS fermion to study the QCD Thermodynamics.

low T (small 1/a)
p0≃0

high T (large 1/a)
p(T)

parameter space

integral path

integral path

xx

xx xx xx xx
xx

xx
xx xx xx

Line of constant physics (LCP)

/14
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Fixed scale approach to study QCD thermodynamics
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Temperature Temperature T=1/(NT=1/(Ntta)a) is varied by is varied by NNtt at fixed at fixed a(a(ββ, m, mudud, m, mss))

safe region ?safe region ?

integral method needs low T (p=0)integral method needs low T (p=0)

303033

151533

606033

757533

454533

(3fm/a)(3fm/a)33

==

fixed scale approachfixed scale approach

AdvantagesAdvantages
-- LCP is trivially exactLCP is trivially exact
-- T=0 subtraction is doneT=0 subtraction is done

with a common T=0 with a common T=0 simsim..
(T=0 high. stat. spectrum)(T=0 high. stat. spectrum)

-- easy to keep large 1/aeasy to keep large 1/a
at whole T regionat whole T region

-- easy to study T effect easy to study T effect 
without V, 1/a effectswithout V, 1/a effects

DisadvantagesDisadvantages
-- T resolution by integer NT resolution by integer Ntt
-- program for odd Nprogram for odd Ntt
-- (1/a)/T = const. is not suited (1/a)/T = const. is not suited 

for high T limit study for high T limit study 
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T-integration method to calculate the EOS
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We propose a new method (We propose a new method (““TT--integration methodintegration method””) ) 
to calculate the EOS at fixed scalesto calculate the EOS at fixed scales

Our method is based on Our method is based on the trace anomaly (interaction measure),the trace anomaly (interaction measure),

and and the thermodynamic relation.the thermodynamic relation.

T.UmedaT.Umeda et al. (WHOTet al. (WHOT--QCD) QCD) Phys. Rev. D 79, 051501(R) (2009)Phys. Rev. D 79, 051501(R) (2009)
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Trace anomaly ( e - 3p )/T4 in SU(3) gauge theory
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beta function  : beta function  : G.BoydG.Boyd et al. (et al. (’’96)96)
lattice scale rlattice scale r00 : : R.EdwardsR.Edwards et al. (et al. (’’98)98)

(1) (1) ββ=6.0, 1/a=2.1GeV, V=(1.5fm)=6.0, 1/a=2.1GeV, V=(1.5fm)33

(2) (2) ββ=6.0, 1/a=2.1GeV, V=(2.2fm)=6.0, 1/a=2.1GeV, V=(2.2fm)33

(3) (3) ββ=6.2, 1/a=2.5GeV, V=(1.5fm)=6.2, 1/a=2.5GeV, V=(1.5fm)33

dotted lines : cubic splinedotted lines : cubic spline

We present results from SU(3) gauge theory We present results from SU(3) gauge theory as a test of our methodas a test of our method
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Trace anomaly ( e - 3p )/T4 in SU(3) gauge theory
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beta function  : beta function  : G.BoydG.Boyd et al. (et al. (’’96)96)
lattice scale rlattice scale r00 : : R.EdwardsR.Edwards et al. (et al. (’’98)98)

(1) (1) ββ=6.0, 1/a=2.1GeV, V=(1.5fm)=6.0, 1/a=2.1GeV, V=(1.5fm)33

(2) (2) ββ=6.0, 1/a=2.1GeV, V=(2.2fm)=6.0, 1/a=2.1GeV, V=(2.2fm)33

(3) (3) ββ=6.2, 1/a=2.5GeV, V=(1.5fm)=6.2, 1/a=2.5GeV, V=(1.5fm)33

We present results from SU(3) gauge theory We present results from SU(3) gauge theory as a test of our methodas a test of our method

IntegrationIntegration

is performed with the cubic is performed with the cubic 
spline of (espline of (e--3p)/T4 3p)/T4 

Our fixed scale approach with Our fixed scale approach with ““TT--integration methodintegration method”” works well !!works well !!
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Summary and future plans
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A new approach to study the QCD Thermodynamics is proposed.A new approach to study the QCD Thermodynamics is proposed.
-- ““TT--integral methodintegral method”” to calculate the EOS works well.to calculate the EOS works well.
-- There are many advantages in the approach.There are many advantages in the approach.

We have already generated T>0 configurationsWe have already generated T>0 configurations

using CPusing CP--PACS/JLQCD parameter PACS/JLQCD parameter 
(N(Nff=2+1 =2+1 Clover+RGClover+RG, 1/a=3GeV, , 1/a=3GeV, pionpion mass ~ 500MeV) mass ~ 500MeV) 

Our final goal is to study thermodynamics onOur final goal is to study thermodynamics on

the physical point (the physical point (pionpion mass ~ 140MeV) mass ~ 140MeV) 
with Nwith Nff=2+1 Wilson quarks (PACS=2+1 Wilson quarks (PACS--CS)CS)

or    or    exact exact chiralchiral symmetry with Nsymmetry with Nff=2+1 Overlap quarks (JLQCD)=2+1 Overlap quarks (JLQCD)

We are looking for new ideas to study QGP physics in our approacWe are looking for new ideas to study QGP physics in our approach.h.

( density correlations, J/psi suppression, finite density.( density correlations, J/psi suppression, finite density...)..)
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Backup slidesBackup slides
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Recent lattice calculations of EOS

RBCRBC--Bielefeld:Bielefeld: NNtt=4,6,8      =4,6,8      Staggered (p4) quarkStaggered (p4) quark
pionpion massmass ~ ~ 220MeV,  N220MeV,  Nff=2+1=2+1
Phys. Rev. D77 (2008) 014511Phys. Rev. D77 (2008) 014511

MILC:MILC: NNtt=4,6,8       =4,6,8       Staggered (Staggered (AsqtadAsqtad) quark) quark
pionpion mass ~ 220MeV, mass ~ 220MeV, NNff=2+1=2+1
Phys. Rev. D75 (2007) 094505Phys. Rev. D75 (2007) 094505

Wuppertal:Wuppertal: NNtt=4,6         =4,6         Staggered (stout) quarkStaggered (stout) quark
pionpion mass ~ 140MeV, Nmass ~ 140MeV, Nff=2+1=2+1
JHEP 0601 (2006) 089JHEP 0601 (2006) 089

CPCP--PACS:    PACS:    NNtt=4,6     =4,6     Wilson (MFI Clover) quarkWilson (MFI Clover) quark
pionpion mass ~ 500MeV, Nmass ~ 500MeV, Nff=2=2
Phys. Rev. D64 (2001) 074510Phys. Rev. D64 (2001) 074510

/14

HotHot--QCDQCD
CollabCollab..
(2007(2007～～))
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Introduction
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Physics in Lattice QCD at finite temperaturePhysics in Lattice QCD at finite temperature

Phase diagram in (T, Phase diagram in (T, μμ, m, mudud, m, mss))

Transition temperatureTransition temperature

Equation of state ( e, p, s,...)Equation of state ( e, p, s,...)

Excitation spectrumExcitation spectrum

Transport coefficients (shear/bulk viscosity)Transport coefficients (shear/bulk viscosity)

Finite chemical potentialFinite chemical potential

etc...etc...

These are important to studyThese are important to study
-- Quark Gluon Plasma in Heavy Ion Collision exp.Quark Gluon Plasma in Heavy Ion Collision exp.
-- Early universeEarly universe
-- Neutron starNeutron star
-- etc...etc...

quantitative studiesquantitative studies

qualitative studiesqualitative studies
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Trace anomaly   ( e - 3p )/T4 on isotropic lattices
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beta function  : beta function  : G.BoydG.Boyd et al. (et al. (’’96)96)
lattice scale rlattice scale r00 : : R.EdwardsR.Edwards et al. (et al. (’’98)98)

(1) (1) ββ=6.0, 1/a=2.1GeV, V=(1.5fm)=6.0, 1/a=2.1GeV, V=(1.5fm)33

(2) (2) ββ=6.0, 1/a=2.1GeV, V=(2.2fm)=6.0, 1/a=2.1GeV, V=(2.2fm)33

(3) (3) ββ=6.2, 1/a=2.5GeV, V=(1.5fm)=6.2, 1/a=2.5GeV, V=(1.5fm)33

dotted lines : cubic splinedotted lines : cubic spline

Excellent agreement Excellent agreement 
between (1) and (3)between (1) and (3)

scale violation is smallscale violation is small
1/a=2GeV is good1/a=2GeV is good

Finite volume effectFinite volume effect
appears below & near Tappears below & near Tcc
volume size is importantvolume size is important
V=(2fm)V=(2fm)33 is necessary.is necessary.
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Simulation parameters (isotropic lattices)
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We present results from SU(3) gauge theory We present results from SU(3) gauge theory as a test of our methodas a test of our method

plaquette gauge action on plaquette gauge action on NNss
33 x Nx Ntt latticeslattices

Jackknife analysis with appropriate binJackknife analysis with appropriate bin--sizesize

To study scaleTo study scale-- & volume& volume--dependence,dependence,
we prepare 3we prepare 3--type of lattices.type of lattices.

(1)(1) ββ=6.0, V=(16a)=6.0, V=(16a)33

1/a=2.1GeV1/a=2.1GeV
(2)(2) ββ=6.0, V=(24a)=6.0, V=(24a)33

1/a=2.1GeV1/a=2.1GeV
(3)(3) ββ=6.2, V=(22a)=6.2, V=(22a)33

1/a=2.5GeV1/a=2.5GeV
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