Overview of Lattice QCD Calculations on QCD Thermodynarmics

relevance for heavy ion experiments and phenomenology

Swagato Mukherjee

BROOKHFEAVEN

NATIONAL LABORATORY

April 2013, LQCD workshop, ORNL



Quarks, Gluons and QCD

05 April 2012
0'rs((l) v T decays (N3LO)
® s-a‘a: QCD (NNLO)
Atom Nucleus Proton 04| a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e Z pole fit N3LO)

pp — jets (NLO)
03}

02

! 0.1 / ey
/ =QCD o03;(Mz)=0.1184+0.0007

electrons quarks gluoD i 0 (Gev]
strong interaction asymptotically free
Quantum Chromo Dynamics coupling strength

decrease with
Increasing energy



Ordinary T> Ug > 7LQCD

nucl
matter \ Quark Gluon Plasma
a new state of matter

quarks & gluons get
liberated from nucleons

final detected

RE'GﬂViSﬂC HEGVY‘IOH Collisions particles distributions
Kinetic
freeze-out

HudronW..
Initial energy : !‘,

density

z

»
.

~ 0

Inflation
i

dJep 3|qiss

-~

TS
S 6
®lqrs,
s
“A Uoneipey sxemoil WSO°
& 93 &9

S ks

&
@

gumbrium ; hvdrod -
ynamics_ viscous ydrodynamics | fpee streaming

_ collision evolution
Particle Data Group, LBNL, © 2000. Supported by DOE and NSF
t~0fm/c t~1fm/c t~10 fm/c

t~ 101 fm/c

early universe heavy-ion collision expt.




QGP frorn First principle QCD

need non-perturbative technique

s (hacp) is not small
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L attice QOCD

QCD Lagrangian

I il . fa pra : ) i
L= _-IIM -",u- + ¥ qy [{),, - :_q.-l.J,] = Ty ]

g il 5,000

Oquark  Agluon

QCD on a discretized
(Euclidean) space-time lattice

ab-initio and non-perturbative

equilibrium & near-equilibrium
properties of QCD

temperature: space =/= time
(breaking Lorentz symmetry)

density: chemical potential
in QCD Lagrangian

no free parameter
bare parameters of QCD Lagrangian
fixed by reproducing physics at T=0

perform path integral numerically
using Monte-Carlo technique

numerous inversions of
very large fermion matrices

computationally intensive

need large scale supercomputing
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Exploring QCD phase diagrarm
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Exploring QCD phase diagram in HIC
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phase boundary



Exploring QCD phase diagram in HIC

present and future HIC expt.
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Pnase boundary: chiral crossover
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Pnase boundary: deconfinernent

0.30 non-int. quarks
o
0.25 A % -
WA g

0.20 - &' 1 deconfinement seems to
0is | 'y 248« | takesplacein the chiral
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hadron masses
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Pnase boundary: towards chiral (dornain wall) Ferrnions
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crosscheck using chiral fermions

program just started

Domain Wall Fermions: exact chiral symmetry & correct anomaly
even at non-zero lattice spacings
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freeze-out: [T"" u

traditionally determined by fitting

ase boundary and freeze-out in HIC

LQCD: T, (ug)
Cleymans: PRC 73, 034905 (2006)
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Andronic: PLB 673, 142 (2009)
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Freeze-out in HIC frorm LQCD

f,ch f,ch f,ch f,ch
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higher order cumulants of electric charge
fluctuations
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Freeze-out in HIC frorm LQCD

3.0 o ugT=t = N.=6 . 1 014 "RY,  T=158(7) MeV =
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Freeze-out in HIC frorm LQCD
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LQCD: T,(1g)

4l STAR charge flucn. + LQCD
@ PHENIX charge fluecn. + LQCD

f
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some tension between
STAR and PHENIX
preliminary (QM-12)
data at present

large errors for
both expt. & LQCD

to do:

continuum extrapolations
extend to larger
precision

0 25 50 75 100 125 150 175 200 225 250 275

freeze-out on HIC takes place
close to the phase boundary

required:
sarge lattices
higher order cummulnats
huge statistics

ideally suited for GPU
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Search for the QCD critical point

Quark-Gluon Plasma
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Hadronic Gas

qualitatively different features
from hadronic description

BES@RHIC

signature of criticality in

QCD phase diagram,

higher order cumulants of
conserved charge fluctuations

higher order cumulants are
iIncreasingly sensitive to the large
correlation lengths encountered
near criticality

for example:
near the QCD ciritical point

variance ~ &°
skewness ~ £*°
kurtosis ~ £’
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e QCD critical point
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6th cumulant < 0

N Friman, Karsch, Redlich, Skokov
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small (non-diverging) 2nd cumulant
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Stephanov
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———» non-monotonic behavior ?

%a<0, T~T,
vo>0(large), T<T,
need precise determination

of sixth order cumulant of
baryon number fluctuations

ideally suited for GPU
Talk: C. Schmidt

+ ...
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baryon-strangeness correlations

strangeness can be clearly
associated with baryon number
1/3 and charge -1/3 only for

T=2T,

| charge-strangeness correlations

T.T=<2T,
a strongly coupled medium ?
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early universe

Angular scale

90" 18° 1 0.2° 0.1° 0.07°

Plank: CMBR |
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Multipole moment, ¢

Heinz, arXiv:1304.3634

v, (2pant, |An| >2)

CMS preliminary
PBPb Vs, = 2.76 TeV
P 0-0.2% centrality
= — AR
——— MCHKLN, n/s = 0.20
0.02 ! ' CMS @ LHC:
e flow harmonics
0.01 ry
|
oo fo3cmezowe T
2 4r 6

initial momentum anisotropy 'carries' the
initial fluctuations to the final state 22
through collective flow of the medium



10004 S
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0.10 F
need continuum extrapolation 0057 e [GeV/im?]
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ATLAS 20-30%, EP
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o T T ' © IQCD: Nakamura et al.
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viscosity of QGP
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Hot QGP and Flowing photons: phnoton/dilepton ernissivity

— Direct photon NLO for p = 051.02.0 P iscaled pp)
Exponential fit: A = Expi-p_r.-'TJ: T =304 £ 51 MeW

T | L T T | T T L]
0-40% Pb-Pb, {5,y = 2.76 TeV .

> 10

o

E'__ 1 —4— Direct photons
= 107

=

oy

ALICE

PRELIMINARY
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0.15 |
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2 F [] 8 10 12 14
N Gevic)
| PHENIX dir ¥ (BBC) ——
- PHENIX dir ¥ (RXN) s
[ model (a)
- model (b)
$
t l |
1 2 4 5

RHIC: T,_,=221+19+19 MeV

avg

PHENIX: Phys. Rev. Lett. 104, 132301 (2010)

LHC: T,,,=305+52 MeV

ALICE: arXiv:1212.3995

from photon emission spectra

photons are produced early early,
before complete development of
collective flow

but large photon (elliptic) flow

a puzzle !

enhanced dilepton/photon
emission at later states ?
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Hot QGP and Flowing photons: pnoton/dilepton ermissivity

®* DATA ° — yee Jy — ee

> @ |lyl<035  ----- n — yee v — ee

pS >0.2 GeV/c—— M — vee === cC — ee (PYTHIA)
T
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w — ee & w ee

----- bb — ee (PYTHIA)
¢ — ee & mee DY — ee (PYTHIA)

Data/Cocktail

1 J_I_
3.5 4 4.5
mg, (GeV/c%)

no evidence for enhancement so far,
however were performed without taking
into effects of dynamical quarks
(quenched simuations)

need full dynamical calculations

with large lattices required

Talk: P. Petreczky

PHENIX @ RHIC:
dilepton enhancement

PHENIX: Phys. Rev. C81, 034911 (2010)

LQCD: thermal dilepton emissivity
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Screenad QGP: quarkonia melting
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sequential melting of bottomonia in LHC the medium when the screening length
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0.4
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surnrnary

LQCD is essential for understanding and interpretation
of results from heavy-ion collision experiments

Hadronic Gas
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PRELIMINARY
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