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What?

Strong nuclear interactions under extreme conditions
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[N. Cabibbo and G. Parisi, 1975], [J. C. Collins and M. J. Perry, 1975]
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model

ift

Tt 10 S | 5 )2


http://inspirehep.net/search?p=Muller:2013dea
http://inspirehep.net/search?p=Shuryak:2008eq

Why?

@ An important test of QCD, one of the building blocks of the Standard Model

. THE ONE THAT GIVES
YOU MORE THAN 4sx OF
YOUR MASS, BY THE WAY:!
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model

@ Temperatures > 200 MeV realized in nature until about 10~° s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)
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@ An important test of QCD, one of the building blocks of the Standard Model

@ Temperatures > 200 MeV realized in nature until about 10~° s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
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An important test of QCD, one of the building blocks of the Standard Model

Temperatures > 200 MeV realized in nature until about 10~° s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

Cold and dense QCD matter probably exists in compact stars

The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]
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An important test of QCD, one of the building blocks of the Standard Model

Temperatures > 200 MeV realized in nature until about 10~ s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

Cold and dense QCD matter probably exists in compact stars
The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]
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ift

Tt 10 S || 5 )


http://inspirehep.net/search?p=Muller:2013dea
http://inspirehep.net/search?p=Policastro:2001yc
http://inspirehep.net/search?p=Policastro:2001yc
http://inspirehep.net/search?p=Shuryak:2008eq

Why?

An important test of QCD, one of the building blocks of the Standard Model

Temperatures > 200 MeV realized in nature until about 10~ s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

Cold and dense QCD matter probably exists in compact stars
The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

> Simultaneously relativistic and strongly coupled
> A liquid that cools into a gas
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Why?

An important test of QCD, one of the building blocks of the Standard Model

Temperatures > 200 MeV realized in nature until about 10~ s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

Cold and dense QCD matter probably exists in compact stars

The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]
> Simultaneously relativistic and strongly coupled
> A liquid that cools into a gas

> “The most perfect” liquid—shear viscosity close to its quantum limit [G. Policastro, D. T. Son and
A. O. Starinets, 2001]
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model
o Temperatures > 200 MeV realized in nature until about 1079 s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
@ The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

> Simultaneously relativistic and strongly coupled

> A liquid that cools into a gas
> “The most perfect” liquid—shear viscosity close to its quantum limit [G. Policastro, D. T. Son and

A. O. Starinets, 2001]
> Fast thermalization—close to limit set by causality
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model

o Temperatures > 200 MeV realized in nature until about 1079 s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
@ The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

> Simultaneously relativistic and strongly coupled

> A liquid that cools into a gas

> “The most perfect” liquid—shear viscosity close to its quantum limit [G. Policastro, D. T. Son and
A. O. Starinets, 2001]

> Fast thermalization—close to limit set by causality

It creates its own vacuum state to exist

v
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model

@ Temperatures > 200 MeV realized in nature until about 10~° s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
@ The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

o Connections to seemingly distant physical systems: superfluids, ultracold atoms, fermionic
condensed matter systems, black holes, ... [E. Shuryak, 2009]
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@ An important test of QCD, one of the building blocks of the Standard Model

o Temperatures > 200 MeV realized in nature until about 1079 s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
@ The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

@ Connections to seemingly distant physical systems: superfluids, ultracold atoms, fermionic
condensed matter systems, black holes, ... [E. Shuryak, 2009]

@ Very rich physics, involving several non-trivial theoretical problems = Calls for a
combination of different tools: weak-coupling, lattice, holography, effective theories,
phenomenological models, ...
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@ Connections to seemingly distant physical systems: superfluids, ultracold atoms, fermionic
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model

o Temperatures > 200 MeV realized in nature until about 1079 s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
@ The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

@ Connections to seemingly distant physical systems: superfluids, ultracold atoms, fermionic
condensed matter systems, black holes, ... [E. Shuryak, 2009]

@ Very rich physics, involving several non-trivial theoretical problems = Calls for a
combination of different tools: weak-coupling, lattice, holography, effective theories,
phenomenological models, ...—Inspiring

@ The focus of a large, successful and long-lasting experimental programme (BNL, LHC, GSI,
JINR) through heavy-ion collisions
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Why?

@ An important test of QCD, one of the building blocks of the Standard Model

o Temperatures > 200 MeV realized in nature until about 1079 s after the Big Bang; cooling
rate of early Universe depends on QCD equation of state (EoS)

@ Cold and dense QCD matter probably exists in compact stars
@ The quark-gluon plasma (QGP) has very peculiar properties [B. Miiller, 2013]

@ Connections to seemingly distant physical systems: superfluids, ultracold atoms, fermionic
condensed matter systems, black holes, ... [E. Shuryak, 2009]

@ Very rich physics, involving several non-trivial theoretical problems = Calls for a
combination of different tools: weak-coupling, lattice, holography, effective theories,
phenomenological models, ...—Inspiring

@ The focus of a large, successful and long-lasting experimental programme (BNL, LHC, GSI,
JINR) through heavy-ion collisions: The quark-gluon plasma is here to stay
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How?

A minimal summary of experimental QGP production — The stages

[m] = - =
M. Panero (IFT)




How?

A minimal summary of experimental QGP production — The stages

© Heavy nuclei (Au, Pb) accelerated to ultra-relativistic energies; initial, “cold nuclear matter”
conditions modelled as a color-glass-condensate (CGC)

initial state

CGC
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A minimal summary of experimental QGP production — The stages

© Heavy nuclei (Au, Pb) accelerated to ultra-relativistic energies; initial, “cold nuclear matter”
conditions modelled as a color-glass-condensate (CGC)

@ Collision (central/peripheral); formation of a “glasma”
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How?

A minimal summary of experimental QGP production — The stages

© Heavy nuclei (Au, Pb) accelerated to ultra-relativistic energies; initial, “cold nuclear matter”

conditions modelled as a color-glass-condensate (CGC)
@ Collision (central/peripheral); formation of a “glasma”

© Thermalization: the QGP is formed

initial state QGP
. ‘ pre-equilibrium
CGC “Glasma”
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How?

A minimal summary of experimental QGP production — The stages

© Heavy nuclei (Au, Pb) accelerated to ultra-relativistic energies; initial, “cold nuclear matter”
conditions modelled as a color-glass-condensate (CGC)

@ Collision (central/peripheral); formation of a “glasma”

© Thermalization: the QGP is formed

© Hydrodynamic expansion governed by EoS and transport coefficients

QGP and
hydrod i i
initial state A ynamic expansion
pre-equilibrium

CGC “Glasma” Hydrodynamics
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How?

A minimal summary of experimental QGP production — The stages

© Heavy nuclei (Au, Pb) accelerated to ultra-relativistic energies; initial, “cold nuclear matter”
conditions modelled as a color-glass-condensate (CGC)

@ Collision (central/peripheral); formation of a “glasma”

© Thermalization: the QGP is formed

© Hydrodynamic expansion governed by EoS and transport coefficients

@ Hadronization

QGP and
hydrodynamic expansion

initial state
. . pre-equilibrium
CGC “Glasma” Hydrodynamics
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How?

A minimal summary of experimental QGP production — The stages

© Heavy nuclei (Au, Pb) accelerated to ultra-relativistic energies; initial, “cold nuclear matter”
conditions modelled as a color-glass-condensate (CGC)

Collision (central/peripheral); formation of a “glasma”

Thermalization: the QGP is formed

Hydrodynamic expansion governed by EoS and transport coefficients

Hadronization

©00600O0

Freeze-out; flight to detectors

hadronic phase

QGP and and freeze-out

hydrodynamic expansion

initial state
. . pre-equilibrium
CGC “Glasma” Hydrodynamics Hadronic gas
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How?

A minimal summary of experimental QGP production — Observations and challenges for theorists
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A minimal summary of experimental QGP production — Observations and challenges for theorists

o Elliptic flow [ALICE Collaboration, 2010]
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A minimal summary of experimental QGP production — Observations and challenges for theorists

o Elliptic flow [ALICE Collaboration, 2010]
@ Photon and dilepton spectra [PHENIX Collaboration, 2010]
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How?

A minimal summary of experimental QGP production — Observations and challenges for theorists

o Elliptic flow [ALICE Collaboration, 2010]
@ Photon and dilepton spectra [PHENIX Collaboration, 2010]
@ Quarkonium melting [CMS Collaboration, 2012]
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How?

A minimal summary of experimental QGP production — Observations and challenges for theorists

o Elliptic flow [ALICE Collaboration, 2010]

@ Photon and dilepton spectra [PHENIX Collaboration, 2010]
@ Quarkonium melting [CMS Collaboration, 2012]

@ Strangeness enhancement [STAR Collaboration, 2009]
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How?

A minimal summary of experimental QGP production — Observations and challenges for theorists
o Elliptic flow [ALICE Collaboration, 2010]
@ Photon and dilepton spectra [PHENIX Collaboration, 2010]
@ Quarkonium melting [CMS Collaboration, 2012]
@ Strangeness enhancement [STAR Collaboration, 2009]
@ Jet quenching [CMS Collaboration, 2012]
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© Lattice QCD generalities
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Basic ideas

Regularize the QCD path integrals by discretizing the theory on a Euclidean lattice of spacing a
[K. G. Wilson, 1974]
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Basic ideas

Regularize the QCD path integrals by discretizing the theory on a Euclidean lattice of spacing a
[K. G. Wilson, 1974]

Define gauge and matter fields on lattice elements, build a gauge-invariant lattice action and
observables

5= —é ST + U+ 3 ot ML ()
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Basic ideas

Regularize the QCD path integrals by discretizing the theory on a Euclidean lattice of spacing a
[K. G. Wilson, 1974]

Define gauge and matter fields on lattice elements, build a gauge-invariant lattice action and
observables

Continuum QCD action recovered for a — 0
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Regularize the QCD path integrals by discretizing the theory on a Euclidean lattice of spacing a
[K. G. Wilson, 1974]

Define gauge and matter fields on lattice elements, build a gauge-invariant lattice action and
observables

Continuum QCD action recovered for a — 0

A gauge-invariant, non-perturbative regularization
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Basic ideas

Regularize the QCD path integrals by discretizing the theory on a Euclidean lattice of spacing a
[K. G. Wilson, 1974]

Define gauge and matter fields on lattice elements, build a gauge-invariant lattice action and
observables

Continuum QCD action recovered for a — 0
A gauge-invariant, non-perturbative regularization

Suitable for numerical simulation: Sample configuration space according to a statistical weight
proportional to exp(—S), compute expectation values

_ JTTd9(x)d(x) TTdUp(x)O exp(-S)

O = T TTaw(x)ad0) T[40 () xp(~S)
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Basic ideas

Regularize the QCD path integrals by discretizing the theory on a Euclidean lattice of spacing a
[K. G. Wilson, 1974]

Define gauge and matter fields on lattice elements, build a gauge-invariant lattice action and
observables

Continuum QCD action recovered for a — 0
A gauge-invariant, non-perturbative regularization

Suitable for numerical simulation: Sample configuration space according to a statistical weight
proportional to exp(—S), compute expectation values

Note: Importance sampling made possible by real positive statistical weight
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD”
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Debunking some common misconceptions

o ‘“Lattice QCD is only an approximation of QCD" — False

> In the physical, large-volume and continuum limits, it is the mathematically rigorous
non-perturbative definition of QCD
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD” — False

@ "“The results depend on the details of your discretization”
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD" — False
@ “The results depend on the details of your discretization”— False

> The intermediate results do depend on the discretization details, those extrapolated to the
continuum limit do not
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD” — False
@ "“The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory”
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD" — False

@ “The results depend on the details of your discretization” — False
@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

> When the lattice spacing a — 0 the continuum theory, with its full symmetries, emerges as a good
low-energy effective theory of the lattice theory
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD” — False
@ "“The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)”
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD” — False

@ “The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)’— False

> They are easily removed e.g. by adding a Wilson term (or in more sophisticated ways)
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD” — False

@ “The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)’— False

@ “It only works / it is only defined at strong coupling”— False

> |t is defined at any value of the coupling; the continuum limit a — 0 is taken at weak coupling
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Debunking some common misconceptions

o ‘“Lattice QCD is only an approximation of QCD" — False

@ "“The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)’— False

@ “It only works / it is only defined at strong coupling”— False

@ "It is numerically untractable: you can never be able to deal with those large Dirac operators
/ you are bound to neglect quark dynamics (quenched approximation)”
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Debunking some common misconceptions

o “Lattice QCD is only an approximation of QCD" — False

@ “The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)’ — False

@ “It only works / it is only defined at strong coupling” — False

@ "It is numerically untractable: you can never be able to deal with those large Dirac operators
/ you are bound to neglect quark dynamics (quenched approximation)’— False

> Moore's law and algorithmic progress came to the rescue: for standard lattice QCD computations,
quenched calculations are now obsolete
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Debunking some common misconceptions

o ‘“Lattice QCD is only an approximation of QCD" — False

@ "“The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)’— False

@ “It only works / it is only defined at strong coupling”— False

@ "It is numerically untractable: you can never be able to deal with those large Dirac operators
/ you are bound to neglect quark dynamics (quenched approximation)’ — False

@ "It is dumb: you only get numbers, you don't learn anything”
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Debunking some common misconceptions

@ “Lattice QCD is only an approximation of QCD"— False

@ “The results depend on the details of your discretization”— False

@ “You can never recover the correct rotational and translational symmetries of the original
continuum theory” — False

@ “You always have undesired additional quark species (doublers)’ — False

@ “It only works / it is only defined at strong coupling” — False

@ "It is numerically untractable: you can never be able to deal with those large Dirac operators
/ you are bound to neglect quark dynamics (quenched approximation)”’— False

@ "It is dumb: you only get numbers, you don't learn anything”

> [I'll try to prove you wrong in the rest of this talk
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Examples of applications

Some lattice QCD results at zero temperature
@ Hadron spectrum

2000~ B
" b
150 " -
3 "*-q.g
2 -
1000 - % Lol E
o~ -
500 i = a
-
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
T P K g 1 n © ¢ N A =z = 2 3 = @

Adapted from [A. Kronfeld, 2012]
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Examples of applications

Some lattice QCD results at zero temperature

@ Hadron spectrum

@ 7-, K-, D- and B-meson matrix elements
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Examples of applications

Some lattice QCD results at zero temperature

@ Hadron spectrum
@ m, K-, D- and B-meson matrix elements

o Light quark masses (combining lattice QCD and chiral extrapolation)
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Examples of applications

Some lattice QCD results at zero temperature

Hadron spectrum
-, K-, D- and B-meson matrix elements

°
°
o Light quark masses (combining lattice QCD and chiral extrapolation)
°

o (combining lattice QCD and perturbation theory)
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Examples of applications

Some lattice QCD results at zero temperature

Hadron spectrum

7-, K-, D- and B-meson matrix elements

°
°
o Light quark masses (combining lattice QCD and chiral extrapolation)
@ a; (combining lattice QCD and perturbation theory)

°

K — 7 transitions
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Examples of applications

Some lattice QCD results at zero temperature
@ Hadron spectrum
@ m, K-, D- and B-meson matrix elements
o Light quark masses (combining lattice QCD and chiral extrapolation)
@ a; (combining lattice QCD and perturbation theory)
o K — 7 transitions
°

Nonleptonic B and D decays
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Examples of applications

Some lattice QCD results at zero temperature

Hadron spectrum

-, K-, D- and B-meson matrix elements

Light quark masses (combining lattice QCD and chiral extrapolation)
o (combining lattice QCD and perturbation theory)

K — 7 transitions

Nonleptonic B and D decays

and more ...
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Outline

© Some lattice results in finite-temperature QCD
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Thermodynamics

@ Equation of state in QCD

6 T T T T T T
I H |attice continuum limit
5 [
1 A S b
< L
]S
Q- .
2 [
HTL NNLO -----
1 z
HRG ———
O | L | L |
200 300 400
T[MeV]

[S. Borsanyi et al., 2013]
See also [A. Bazavov et al., 2012] and [T. Bhattacharya et al., 2014]

M. Panero (IFT)

Torino, 19 September 2014
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Thermodynamics

@ Equation of state in QCD and in QCD-like theories: the large-N limit
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Thermodynamics
@ Equation of state in QCD and in QCD-like theories: the large-N limit

QCD at large N: Why bother?
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Thermodynamics
@ Equation of state in QCD and in QCD-like theories: the large-N limit

QCD at large N: Why bother?

The large-N limit of QCD (at fixed A = g?N) has interesting implications [G. 't Hooft, 1974]
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Thermodynamics
o Equation of state in QCD and in QCD-like theories: the large-N limit

QCD at large N: Why bother?

The large-N limit of QCD (at fixed A = g2N) has interesting implications [G. 't Hooft, 1974]
It plays a crucial réle in the holographic gauge/string duality [J. Maldacena, 1998]

)\—E N—47'rgs
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Thermodynamics
@ Equation of state in QCD and in QCD-like theories: the large-N limit

QCD at large N: Why bother?

The large-N limit of QCD (at fixed A = g?N) has interesting implications [G. 't Hooft, 1974]
It plays a crucial réle in the holographic gauge/string duality [J. Maldacena, 1998]: classical string limit
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Thermodynamics
@ Equation of state in QCD and in QCD-like theories: the large-N limit

QCD at large N: Why bother?

The large-N limit of QCD (at fixed A = g?N) has interesting implications [G. 't Hooft, 1974]
It plays a crucial réle in the holographic gauge/string duality [J. Maldacena, 1998]: classical string limit

Important applications at finite temperature [J. Casalderrey-Solana et al., 2014]
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Thermodynamics

@ Equation of state in QCD and in QCD-like theories: the large-N limit
QCD at large N: Why bother?

The large-N limit of QCD (at fixed A = g?N) has interesting implications [G. 't Hooft, 1974]

It plays a crucial réle in the holographic gauge/string duality [J. Maldacena, 1998]: classical string limit
Important applications at finite temperature [J. Casalderrey-Solana et al., 2014]

What can the lattice say? [M. P., 2012], [B. Lucini and M. P., 2013]

ift

Tore S SeptemEer 20 RT3



http://inspirehep.net/search?p='tHooft:1973jz
http://inspirehep.net/search?p=Maldacena:1997re
http://inspirehep.net/search?p=CasalderreySolana:2011us
http://inspirehep.net/search?p=Panero:2012qx
http://inspirehep.net/search?p=Lucini:2012gg

Thermodynamics
@ Equation of state in QCD and in QCD-like theories: the large-N limit

1 T
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b improved holographic QCD model q
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N N B S R B ‘
05 1 15 2 2.5 3 3.5
T/T,
[M. P, 2009]
See also:
> Polyakov loops [A. Mykk&nen, K. Rummukainen and M. P., 2012] (relevant for phenomenological
models [C. Ratti, M. A. Thaler and W. Wiese, 2006], [H. Hansen et al., 2007])
> EoS in G, gauge theory [M. Caselle et al., 2014] 'f{
> EoS in 2+1 dimensions [M. Caselle et al., 2011], [M. Caselle et al., 2012]
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Thermodynamics

@ Equation of state in QCD and in QCD-like theories

o Dependence on (electro)magnetic fields: relevant
for electro-weak phase transition in early Universe / peripheral heavy-ion collisions / magnetars
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= ¢
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1
Y
:: n _early _
i n universe
1l l 11 I I I

02 04 06 08
eB (GeV?)
[G. S. Bali et al., 2011] 'fl
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Thermodynamics

@ Equation of state in QCD and in QCD-like theories
@ Dependence on (electro)magnetic fields
°

Freeze-out conditions from fluctuations of conserved charges (baryon number B, electric
charge Q, strangeness S) [F. Karsch, 2012]

i j k
Bes _ 1 1o} o4 19} InZ
ik = T3 - .
Y VT3 s/ T) O/ TY O(us/T)*
Q 2 S 2
Xz ~((6Q)%) Xz ~ ((65)%)
0.8 -
SB limit
0.7 SB limit 1 -
06 08
0.5 e o
0.4 Neg v 0.6
03 e 4 04
0.2 N=16 O <]
cont. B 0.2 cont. B
0.1 HRG HRG
0 0
150 200 250 300 350 400 150 200 250 300 350 400 150 200 250 300 350 400
T [MeV] T [MeV] T [MeV]

[S. Borsanyi et al., 2011]
See also [A. Bazavov et al., 2012]

Consistent determination of freeze-out conditions: Ty, = 144(10) MeV, pgf = 102(6) MeV at
RHIC (STAR, /s = 39 GeV) [S. Borsényi et al., 2014]

Comparison with hadron resonance gas model [P. Alba et al., 2014] and with statistical lfl
hadronization model [A. Andronic, P. Braun-Munzinger and J. Stachel, 2009]
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Quarkonium melting

A QGP “thermometer” [T. Matsui and H. Satz, 1986]

[m] = = =
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Quarkonium melting
A QGP “thermometer” [T. Matsui and H. Satz, 1986]

General strategy for the lattice computation:
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Quarkonium melting
A QGP “thermometer” [T. Matsui and H. Satz, 1986]

General strategy for the lattice computation:

o Heavy quarks are, well, heavy
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Quarkonium melting
A QGP “thermometer” [T. Matsui and H. Satz, 1986]

General strategy for the lattice computation:

o Heavy quarks are, well, heavy = Can be treated non-relativistically (NRQCD)
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Quarkonium melting
A QGP “thermometer” [T. Matsui and H. Satz, 1986]

General strategy for the lattice computation:
o Heavy quarks are, well, heavy = Can be treated non-relativistically (NRQCD)

o Compute correlation functions of sources with desired quantum numbers;
Ge(T) ~ f—QM 52 exp(—wt)p(w)
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Quarkonium melting
A QGP “thermometer” [T. Matsui and H. Satz, 1986]

General strategy for the lattice computation:
o Heavy quarks are, well, heavy = Can be treated non-relativistically (NRQCD)

o Compute correlation functions of sources with desired quantum numbers;
Ge(T) ~ f—QM 52 exp(—wt)p(w)
@ Invert to extract spectral function p(w)
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Quarkonium melting
A QGP “thermometer” [T. Matsui and H. Satz, 1986]
General strategy for the lattice computation:

@ Heavy quarks are, well, heavy = Can be treated non-relativistically (NRQCD)

o Compute correlation functions of sources with desired quantum numbers;
Ge(7) = [op L2 exp(—wr)p(w)

@ Invert to extract spectral function p(w)

3
i o T7T=042 | —- TT=105 | —- TT=120
L — TT=1.05 77% — TT=120 | /T =1.40
A
L 1 11
I ‘\\
1 - — |
A VN
= | ‘ I 1 R e S
RN A AR AR L AR AR AR R AR R U
s+ T/T =140 + —- TT=1.68 + /T =1.86
2 — TT=168 T/T =1.86 — TT=2.09
r T T 3S ,(vector)
= - T/ \\,_ T Upsilon
! h S
L 4| N 1
ol L1 [EAP e S RS O N S

9 10 11 12 13 14 9 10 11 12 13 14 9 10 11 12 13 14 15

it

Bottomonium excitation melting [G. Aarts et al., 2011]
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Transport coefficients

Describe QGP response to long-wavelength / low-frequency perturbations in energy and
momentum density and other conserved charges [H. B. Meyer, 2011]

ift

Tore S Ser R0 TEE %


http://inspirehep.net/search?p=Meyer:2011gj

Transport coefficients

Describe QGP response to long-wavelength / low-frequency perturbations in energy and
momentum density and other conserved charges [H. B. Meyer, 2011]

Example: Shear (1) and bulk (¢) viscosities [P. Romatschke, 2010]

o 2
TH = (e+ p)uu” + pgh” — PH'PY [’7 (6:'%' + Oju; — §gij6k“k) *F Cgijakuk}
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Transport coefficients

Describe QGP response to long-wavelength / low-frequency perturbations in energy and
momentum density and other conserved charges [H. B. Meyer, 2011]

Difficult to access on Euclidean lattice = Indirectly reconstructed from Kubo formulae
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Transport coefficients

Describe QGP response to long-wavelength / low-frequency perturbations in energy and
momentum density and other conserved charges [H. B. Meyer, 2011]

Difficult to access on Euclidean lattice = Indirectly reconstructed from Kubo formulae

Example: Shear viscosity

- w, k
n=m lim lim (w, k)
w—0k—0 w

with p the spectral function, related to a suitable (e.g. T+") Euclidean correlator via

cosh [w(t — %)]

Ge(t, k) = /OOO dw p(w, k) sinh (22)
2T
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Transport coefficients

Describe QGP response to long-wavelength / low-frequency perturbations in energy and
momentum density and other conserved charges [H. B. Meyer, 2011]

Difficult to access on Euclidean lattice = Indirectly reconstructed from Kubo formulae

Numerically very challenging
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oL . . . .
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[H. B. Meyer, 2007]
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Transport coefficients

Describe QGP response to long-wavelength / low-frequency perturbations in energy and
momentum density and other conserved charges [H. B. Meyer, 2011]

Difficult to access on Euclidean lattice = Indirectly reconstructed from Kubo formulae

Numerically very challenging

0.9
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[T=1.65T,

0.7

0.6
05 H
04 H
03 |

02
01
0

! 7‘ () K(xg=L2T, ) T*

[H. B. Meyer, 2007]

Analytical guidance e.g. from holography? [G. S. Bali et al., in progress]

M. Panero (IFT)

Torino, 19 September 2014
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Jet quenching

A hard quark moving through the QGP: average momentum broadening described by jet
quenching parameter §

<Pi_> :/dsz 2

g= L (27‘(’)2 Pl C(pL)
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Jet quenching

A hard quark moving through the QGP: average momentum broadening described by jet
quenching parameter §

C(p.), the differential parton-plasma constituents collision rate, related to two-point correlator of
light-cone Wilson lines
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Jet quenching

A hard quark moving through the QGP: average momentum broadening described by jet
quenching parameter §

C(pL ), the differential parton-plasma constituents collision rate, related to two-point correlator of
light-cone Wilson lines

Our strategy [M. P., K. Rummukainen and A. Schifer, 2014]: Compute non-perturbative soft
contribution to § from a dimensionally reduced effective theory on the lattice—exact for soft
modes [S. Caron-Huot, 2009], [M. Laine, 2012]
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Jet quenching

A hard quark moving through the QGP: average momentum broadening described by jet
quenching parameter §

C(p.), the differential parton-plasma constituents collision rate, related to two-point correlator of

light-cone Wilson lines

Our strategy [M. P., K. Rummukainen and A. Schifer, 2014]: Compute non-perturbative soft
contribution to § from a dimensionally reduced effective theory on the lattice—exact for soft
modes [S. Caron-Huot, 2009], [M. Laine, 2012]

Direct access to collision kernel in coordinate space

QCD with n,= 2 light quarks, 7'~ 400 MeV

!
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Jet quenching

A hard quark moving through the QGP: average momentum broadening described by jet
quenching parameter §

C(p.), the differential parton-plasma constituents collision rate, related to two-point correlator of
light-cone Wilson lines

Our strategy [M. P., K. Rummukainen and A. Schifer, 2014]: Compute non-perturbative soft
contribution to § from a dimensionally reduced effective theory on the lattice—exact for soft
modes [S. Caron-Huot, 2009], [M. Laine, 2012]

Direct access to collision kernel in coordinate space

Evidence for rather large non-perturbative effects: § ~ 6 GeV?/fm at RHIC
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Jet quenching

A hard quark moving through the QGP: average momentum broadening described by jet
quenching parameter §

C(p.), the differential parton-plasma constituents collision rate, related to two-point correlator of
light-cone Wilson lines

Our strategy [M. P., K. Rummukainen and A. Schifer, 2014]: Compute non-perturbative soft
contribution to § from a dimensionally reduced effective theory on the lattice—exact for soft
modes [S. Caron-Huot, 2009], [M. Laine, 2012]

Direct access to collision kernel in coordinate space
Evidence for rather large non-perturbative effects: g ~ 6 GeV2/fm at RHIC

Direct relation to non-perturbative contribution to screening masses [B. Brandt et al., 2014]
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Outline

O A look at the future
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Photon production rates

As electromagnetic probes, photon (and dilepton) rates provide important information on early

stages of the nuclear collision [Ghiglieri et al., 2013]
dar, 1
X = W< =k
d3k (27)32k| ( )
with W<(K) the photon polarization
W<(K) = /d4Xexp(iK~X) TrpJ#(0)Ju(X)

where J is the electromagnetic current and p the density operator

M. Panero (IFT)
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Photon production rates

As electromagnetic probes, photon (and dilepton) rates provide important information on early

stages of the nuclear collision [Ghiglieri et al., 2013]

dr, 1
it A ———V A (S
d3k (27)32|k| ( )

with W<(K) the photon polarization

W<(K) = /d“x exp (iK - X) TrpJ#(0)Ju(X)

where J is the electromagnetic current and p the density operator

Like for the § computation, soft QCD contributions can be computed in a dimensionally reduced

effective theory on the lattice

M. Panero (IFT)
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Real-time QQ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine
et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,
K. Nawa and T. Hatsuda, 2012]
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Real-time QQ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine
et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,

K. Nawa and T. Hatsuda, 2012]

@ Real part: Debye screening
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Real-time QQ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine
et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,

K. Nawa and T. Hatsuda, 2012]

@ Real part: Debye screening

o Imaginary part: Landau damping
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Real-time QQ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine
et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,
K. Nawa and T. Hatsuda, 2012]

Outline of lattice strategy:
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et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,
K. Nawa and T. Hatsuda, 2012]

Outline of lattice strategy:

o Compute Euclidean thermal Wilson loops We(r, T)
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Real-time QQ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine
et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,
K. Nawa and T. Hatsuda, 2012]

Outline of lattice strategy:

o Compute Euclidean thermal Wilson loops We(r, T)

@ Extract spectral function p(r,w) by inverting

We(r,T) :/dwexp(—wr)p(r,w)
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Real-time Q@ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine
et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,
K. Nawa and T. Hatsuda, 2012]

Outline of lattice strategy:

o Compute Euclidean thermal Wilson loops We(r, T)

@ Extract spectral function p(r,w) by inverting
We(r,7) = [ dwexpl-wrp(r.)

@ Compute the real-time potential via

s ol isttr)
V(r t) = J dw exp(—iwt)p(r,w)
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Real-time Q@ potential

The real-time static quark-antiquark potential V/(r, t) in hot QCD is generically complex [M. Laine

et al., 2007], [A. Beraudo, J.-P. Blaizot and C. Ratti, 2008] [N. Brambilla et al., 2008] [T. Hayata,
K. Nawa and T. Hatsuda, 2012]

Outline of lattice strategy:

o Compute Euclidean thermal Wilson loops We(r, T)

@ Extract spectral function p(r,w) by inverting
We(r,7) = [ dwexpl-wrp(r.)

@ Compute the real-time potential via

s ol isttr)
V(r t) = J dw exp(—iwt)p(r,w)

Results exist for SU(3) Yang-Mills [A. Rothkopf, T. Hatsuda and S. Sasaki, 2012], similar studies in

full QCD ongoing [A. Bazavov, Y. Burnier and P. Petreczky, 2014]
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential y, fermionic determinant complex
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential p, fermionic determinant complex = Goodbye
configuration importance sampling

Some traditional workarounds:
@ QCD, but not really p: expansions around p = 0, imaginary chemical potential, isospin
chemical potential, ...
@ u, but not really QCD: SU(2)-QCD, QCD with adjoint quarks, G2-QCD, ...
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential p, fermionic determinant complex = Goodbye
configuration importance sampling

Some traditional workarounds:
@ QCD, but not really u
@ u, but not really QCD

Some potentially promising new routes:
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential p, fermionic determinant complex = Goodbye
configuration importance sampling

Some traditional workarounds:
o QCD, but not really u
@ u, but not really QCD

Some potentially promising new routes:

@ Dualities and worm algorithms—still mostly limited to Abelian models [Y. Delgado Mercado,
C. Gattringer and A. Schmidt, 2013], [S. Chandrasekharan and A. Li, 2012]; see also [M. P., 2005]
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential p, fermionic determinant complex = Goodbye
configuration importance sampling
Some traditional workarounds:

o QCD, but not really u

@ u, but not really QCD

Some potentially promising new routes:
@ Dualities and worm algorithms

o Large-N orbifold dualities [A. Cherman, M. Hanada and D. Robles-Llana, 2011]; see also
[P. Kovtun, M. Unsal and L. G. Yaffe, 2005]
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential p, fermionic determinant complex = Goodbye
configuration importance sampling
Some traditional workarounds:

o QCD, but not really

@ u, but not really QCD

Some potentially promising new routes:
@ Dualities and worm algorithms
o Large-N orbifold dualities
@ Density of states’ method [K. Langfeld, B. Lucini and A. Rago, 2012]
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Marching towards lattice QCD at finite density

Sign problem: At finite quark chemical potential p, fermionic determinant complex = Goodbye
configuration importance sampling

Some traditional workarounds:
o QCD, but not really u
@ 4, but not really QCD

Some potentially promising new routes:
@ Dualities and worm algorithms
o Large-N orbifold dualities

@ Density of states’ method

A word of caution: might be a NP-hard problem [M. Troyer and U.-J. Wiese, 2005]
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Closing words: Getting social

You are welcome to download an interactive, electronic version of this presentation from
[http://www.stp.dias.ie/~panero/torino2014.pdf]

that you are encouraged to [share], [discuss] and [give feedback] about.

Thanks for your attention!
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