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@ deconfinement properties
strange hadrons

charmonia & bottomonia

@ transport properties
heavy quark diffusion coefficient & electrical conductivity

jet quenching parameter

@ electromagnetic properties

thermal dilepton rate

thermal photon rate




temperature required to form a QGP
RHIC: Tag=221£19+£19 MeV

0-40% Pb-Pb, (S = 2.76 TeV
ALICE PHENIX: Phys.Rev.Lett.104:132301,2010

B Direct photons PRELIMINARY

—— Direct photon NLO for u = 0.5 to 2.0 p_ (scaled pp) L H C: Tavg= 3 04 i 5 I M ev

Do . e ) T= g 1sﬁat0sys‘l
¢ SRS RS ALICE: Nucl. Phys. A904-905 (2013) 573c
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Are these temperatures high
enough to form
L e S U P a Quark Gluon Plasma !

P, (GeVic)

M.W/ilde, Nucl. Phys. A904-905 (2013) 573c
| I T (B BEo) FORY BEY A |

Physicalm/ms  + VVuppertal-Budapest,’ |10
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Combined continuum extrapolation
HISQ/tree: quadratic in Nf
Asqtad: linear in N;z
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Deconfinement of hadrons carrying strangeness

In HRG, strange mesons and baryons follow Boltzmann statistics
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and behaviors like light quark d.o.f.

deconfinement of hadrons carrying ‘
strangeness seems to take place in  T=sTc strangeness carrying d.of.

the chiral crossover region (sDoF) comes with integer baryon

numbers
BNL-Bielefeld, Phys.Rev. Lett. 1 11(2013)082301 4 20




Thermometer of QGP

See more in A. Mocsy’s talk today

* Dissociation of the quarkonia signals of the formation of QGP
[MatSUi & SatZ ,86] Non-perturbative Vacuum ' ‘ ' .

=

Perturbative Vacuum

% Charmonium system
% potential models: ambiguity to define potential: V=F? U? or ...

% spectral functions from lattice QCD

% screening masses from lattice QCD

% Bottomonium system

% potential models: appropriateV from Wilson loop

% spectral functions from effective theories, e.g. NRQCD on the lattice

% screening masses from lattice QCD




Meson correlation & spectral functions

Meson properties are all enclosed in Spectral functions:
p(w,p) = D" (w,p) — D™ (w,p) = 2ImDg(w, p)

Euclidean temporal correlator channel §

Gy (7’7 T) — Z <JH ((), 6) JIJEI (7-, j’)> pseudo-scalar | 73

— vector Vu

x

JH(Ta f) — Q_(T, f) FH Q(Ta f)

scalar 1

axial-vector | sy,

Spectral representation  G(r,p) = /dS:z; e P T DT (—ir, T)

> dw cosh(w(r —1/2T))
G T)= T
u(r.T) /0 2w sinh(w/2T) pr(w, T)
Discretized in T, O(10) Continuous in W, O(10°)

Difficulties on the lattice:

4 certain techniques, e.g. Maximum Entropy Method, are needed to
circumvent the ill-posed problem

4 large number of points in the temporal direction, i.e. Nt , required

4 small lattice spacing & large volume: a << I/mq & aN;s>1/mn



Charmonium spectral functions

. ' (w)/ul)z
current state of the art calculation p

N=96, 48,32,24 with Ns=128
at 1=0.73, 1.46,2.20,2.93 Tc

0.8 r

0.6 [

lattice spacing a ~ 0.0 fm
a''~19 GeV >> m.~I.5 GeV

04 r

so far the quenched calculations are most reliable

spectral functions obtained using
detailed Maximum Entropy Method
analyses suggest that
both S wave states (J/\P and n¢) and P
wave states (yco0 and Y1) melt
at T=1.5T,

Need to perform continuum = \ |
extrapolation and take into account 5 4+ 5 8 7 8

the dynamic hght quarks HTD et al., Phys. Rev. D 86 (2012) 014509
7 120




Bottomonium system -- NRQCD

Non-l"e|atIVIStIC QCD: Bodwin, Braaten, Lepage "95
expand £ in v=|p|/M, correct up to O(v?)

match the coefficients in £ assuming the hierarchy of scales
Lattice version of NRQCD:

calculation of correlator is an initial problem: no costly matrix
inversion, no restriction by thermal boundary conditions

> dw cosh(w(rT —1/2T))

QCD G (r,T)= / 27 sinh(w /2T) pr(w, T)

0

NRQCD:  Gulr)= @i‘; exp(—w'r) pra (0. )

No continuum limit as aM is required to be small

Not applicable to calculate HQ diffusion as contribution
from w<2M is absent




Bottomonium spectral functions from NRQCD
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G.Aarts etal,,JHEP 1111(2011)103 G.Aarts et al., arXiv: 1310.5467

S wave states (Y,Nb) remain up to 2T,
P waves states(yo, Y1) melt immediately above T.?




Static quark potential

Wilson loop: W (r, ) :/ dw exp(—wT) o(w, )

— OO

The position and width of O are related to the real part and imaginary part
of static qual’k POtentiaI Rothkopf, Hatsuda, Sasaki ’12, Burnier, Rothkopf’13

Hard Thermal Loop inspired 2-parameter ansatz for o(W,r)

0.35

Im V(r,T) [GeV]
03t

rosomey . | | 483x12 lattices,
mn=< 160 MeV

T=250 MeV

Talk by P. Petreczky on Monday




Static quark potential

Wilson loop: W (r, ) :/ dw exp(—wT) o(w, )

— OO

The position and width of O are related to the real part and imaginary part
of static qual’k POtentiaI Rothkopf, Hatsuda, Sasaki ’12, Burnier, Rothkopf’13

Improved Maximum Entropy Method to obtain G(W,r)

Nt=16, AD/D=10"2 Nt=32, AD/D=10"* Nt=128, AD/D=10"

BR128-5 _
Py
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Y. Burnier and A. Rothkopf, 1310.0645, lattice 2013




Static quark potential

Wilson loop: W (r, ) :/ dw exp(—wT) o(w, )

— OO

The position and width of O are related to the real part and imaginary part
of static qual’k POtentiaI Rothkopf, Hatsuda, Sasaki ’12, Burnier, Rothkopf’13

Re[V] from 2-parameter ansatz

Re[V] from improved MEM

T=2.33T,

T=250 MeV _‘ From lattice QCD data [7]
‘Nf=0, B=7, ac=Q.039fm, §=4 ‘

0.1 0.2 0.3

e ne Burnier, Rothkopf, arXiv:1310.0165
Talk by P. Petreczky on Monday




Spatial correlation function and screening mass

e Spatial correlation functions:

G(z,71,p,) = Y exp(—ip- &) (Ju(0,0)1};(r, 7))

T7aj7y

spatial extent is not limited by the temperature

e Relation to the spectral function

dp

> dw 20w .
2T w2 _|_p2 p(w7pLapzapTaT).

G(z, DL, pr) :/ 2—7: exp(ip: Z)/
— 00 0

e Spatial correlator G(z) decays exponentially with Esc at large distances

G(z) ~ exp(—FEs. 2), E2. =p° + M*+11(p,T)

At p=0, Esc gives the screening mass

At p=0 and T=0, Es gives the pole mass




screening mass in quenched QCD

M(T)/M(0.8T.)
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H. Ohno, Iatctice 2013

Large modifications seen in S wave
charmonium states at 1.6 Tc

Almost no modifications in S wave
bottomonium states up to ~|.6Tc

consistent with results from
the spectral function analysis




screening masses in full QCD simulations

TIT,
09 1.0 LI 12 13 14

ccbar states: Ne and J/P almost no ¢ M(T)/M(T=0)
modification seen at T~T. and small
modifications up to 1.6T

scbar states: modifications clearly
seen at T~T.

ssbar states: strong modifications at
T~T. ,consistent with dissociation of
strange hadrons already at T.

quarkonia in full QCD bound
longer than in quenched case ! 2| :

a s
| oo 000 ”

140 160 180 200 220 240
T [MeV]

consequences of slower screening effect ?
cross over v.s. | st order transition Y. Maezawa, lattice 2013 |3 20




heavy quark diffusion constant

Brownian motion of a heavy quark in the medium can be described using
Langevin equation that needs HQ diffusion constant as an input

heavy quark diffusion D:

2 :

P(W)/(WT) 146 T, ——

220T, ——

w/T

293T, —

0
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0
HTD et al., Phys. Rev. D 86 (2012) 014509
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1)Ding et al.
2) Moore et al.
3) Francis et al.
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Banerjee et al.
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Moore &Teaney, PRC7 |
(2005) 064904

Francis et al., PoS

| LATTICE2011 (2011) 202

| Banerjee et al., PRD 85

(2012)014510

So far all the results are obtained in the quenched lattice QCD

need to calculate HQ diffusion constant in the

presence of dynamic light quarks




electrical conductivity

o Com

. . . - . pii(w)
Electrical conductivity O [ 7= e Jm J

related to the soft photon emission rate and controls the
evolution of magnetic fields

continuum extrapolated quenched lattice QCD results
Marcel Muller, PhD thesis, 201 3, Bielefeld University
O/T seems to remains constant in the range [I.l,].4] T

| | | 1.2 T 1 ]
pii(w)/wT
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strongly or weakly coupled QGP

| vector current spectral

vector current spectra . PR —

orc P Lattice results function in N=4 SUSY
coupling

left: spectral peak at
a,=0.1, 0.2, 0.3
(sharpest to broadest)
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Below: leading large q°
(Born term)
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Moore, Robert, hep-ph/0607172

Marcel Muller, PhD Thesis, 2013
Teaney, PRD74 (06) 045025

Quenched lattice QCD results favor a weakly coupled
QGPatT=I.1T.




dilepton emission
eV Low mass low pt region
enhancement of the dilepton

yield@PHENIX

Not understood using
phenomenological models
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10"l (b) min. bias Au+Au \/s, = 200 GeV
* DATA  ..ct ,ee(PYTHIA) R.Rapp & H.vanHees

cC — ee (rndm corr) cocktail
ly| < 0.35 —sum w/ p vacuum

pt > 0.2 GeV/c -=-sum w/ p broadening
4l —sum/ p dropping)

—partonic yield (PY)
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O. Kaczmarek, lattice 2013,
HTD et al., PRD 83 (201 1) 034504
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dilepton emission
-4D.ﬂ€.:p.t0n SPectra in central Au-Alul(s1/2=200AGeV) LOW mass IOW Pt regi on
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— inmed had SF enhancement of the dilepton

-— LOQGP
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. . . 1e-08 |
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Hard thermal loop (HTL)
[E.Braaten, R.D.Pisarski, NP B337 (1990) 569]
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need full QCD simulation




thermal photon emission

———
0-40% Pb-Pb, \S = 2.76 TeV
ALICE

PRELIMINARY

—+4— Direct photons .
—— Direct photon NLO for p = 0.5t0 2.0 p_ (scaled pp) - RHIC: Tavg=22 I i I 9i I 9 Mev

—— Exponential fit: A x exp(-p/T), T = 304 51" MeV =
: PHENIX: Phys.Rev.Lett.104:132301,2010

LHC: Tay=304£51 MeV

ALICE: Nucl. Phys.A904-905 (2013) 573c

From photon emission rate:

E M.Wi|de, Nucl. Ph?'S.A904-905 (2013) 573c -
e BT VRN S e R S

e direct photons are produced in

| PHENIX diry (BBC) = —e— :
| PHENIX G J(RXN) e | the early stage of the evolution

- model (a)
. model (b)

...but a large photon flow

pr (GeV)
van Hees, Gale & Rapp, Phys.Rev. C84 (201 1) 054906




thermal photon emission

e No lattice QCD results on
HATR BEED W m2TO TRV thermal photon emission rate yet!

ALICE
:g:z:z:z:g:sNLOforp=O.5t02.0pT(scaIedpp) = On She” PhOton rather than

PRELIMINARY -
—— Exponential fit: A x exp(-p/T), T = 304 51" MeV

b 1 virtual photon as dileptons
— _C Qem pT(W = ﬁLT)]

M An2 exp(w/T) — 1

" M.Wilde, Nucl Phys. A904-905 (2013) 573¢ continuum extrapolated

8 10 12 4

e COrrelation functions at finite p

 PHENIX diry(BBC) @ —e— | work in progress, BNL-Bielefeld-Wuhan, 1301.7436
| PHENIX dir ¥ (RXN) —r
" model (a) | y 1.3 | T2Gr(T)/GT*(T)x, 1 S=8ggg gg\\;

. model (b) ¥ 3 . p=0.880 GeV
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pr (GeV) N
van Hees, Gale & Rapp, Phys.Rev. C84 (201 1) 054906 1 02 03 04 05
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towards the understanding of jet transport

9 -
QF(gN) — 27;Vabpé'(€4\')/2d7§7(_2)<N | Ir I:F+o(036_)£ (Oag_;6L)F+a(€_a6L)£ﬁ(Oa€_;6_)] |N>3

quark and gluon fields are separated along the light cone

* Tilt the parton into space-like or boost to the rest frame
of the probe Ji*13, Majumder ‘13

* EQCD: include soft modes, match to NLO pQCD at high T

Caron-Huot '08, Laine, Rothkopf ’| 3, Panero, Rummukainen Schafer,’ | 3
0.5 ——————1— e

0.4

dpgen ~ 0.47g%

dnaen ~ 0.559n

' : ' ' l -
9 ol 12 13 1% 15

See Marco Panero’s talk on Monday



towards the understanding of jet transport

27 ab oA

r(En) = Hew) [ gor (DY | Tr [Fa 0,016 0,730 F (67, 0)€)0,6738.)] | V),

quark and gluon fields are separated along the light cone

* Tilt the parton into space-like or boost to the rest frame
of the probe Ji*13, Majumder ‘13

* EQCD: include soft modes, match to NLO pQCD at high T

Caron-Huot '08, Laine, Rothkopf ’| 3, Panero, Rummukainen Schafer,’ | 3
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See Marco Panero’s talk on Monday Bazavov, HTD et al., arXiv: 1309.2317



Summary
Q@ deconfinement properties

strange hadrons: dissociated in the chiral crossover region
charmonia: dissociated at T>1.5T. from quenched IQCD
bottomonia: S wave: T4¢~2T. from NRQCD

static quarkV: progress made to extract both Im and Re parts

@ transport properties

heavy quark diffusion constant: quenched results w/o continuum
extrapolation

electrical conductivity: increases linearly in T from |.l to [.4Tc in
pure glue, moving forward to reliable full QCD results

jet quenching parameters: first promising attempts on the lattice

@ electromagnetic properties

thermal dilepton rate: almost unchanged from |.| to 1.4Tin pure
glue

thermal photon rate : first results from lattice QCD in progress

20/20



