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)  Equation of State at uz > 0 and cumulants of conserved charges
- thermal conditions at freeze-out
—> radius of convergence and critical point
- skewness and kurtosis of net-baryon number
[I) Spectral and Transport properties in the QGP
- thermal dilepton and photon rates
—> electrical conductivity and heavy-quark diffusion



QCD phase diagram 2
QCD phase diagram in the temperature (T) and baryon chemical potential () plane
T A
o ©

® /00N ® O
@) Quark Gluon Plasma
~155MeV | = = = = = N @ O
“~oa CEP
@)
© o
@)
@ O/000 ®

@ Hadron Gas @
® o

Nuclei

At small n; not a phase transition but a continuous crossover HB
- how does the physics change from Hadron Gas to QGP

At 15 > 0 second order critical end point may exist, followed by line of 1st-order transitions
- location of the CEP? Critical behavior close to the CEP?



Pseudo critical temperature at ;. ,/T = 0

Well defined pseudo-critical temperature

consistent results from continuum
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extrapolated results of different
lattice discretizations
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Combined continuum extrapolation
HISQf/tree: quadratic in N;z

-
.

145 [ Asqtad: quadratic in N2 T
140 2 .
0 N’C
135 | | | | | | |
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[A. Bazavov et al. (hotQCD), PRD85 (2012) 054503]

from location of the peak in the
fluctuations of the chiral condensate

T 0%logZ
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Equation of state of (2+1)-flavor QCD - u5/T =0

thermodynamic quantities obtained from derivatives of the partition function

Z(B, Ny, N;) = /H AU, e~ %)

T,

using trace of the energy momentum tensor:

HISQ: [A. Bazavov et al. (hotQCD), PRD90 (2014) 094503]

""""""""""" N.=6 v
2 l(e-3p)/T% N=8
% N.=10 =
6l % N.=12 ‘e
g7 asqtainl1 =]
o
s5r 2 P
i
4 r ﬁ éi,*iftﬁ
3 % % 5o
- b
2+ & %
v oW,
B TMev] 7 ‘o
200 300 400 500 600

pressure calculated using integral method:

S(U) = BSa(U) = Sp(U)

T dinZ
O ===~ g

e—3p _ Og'(T) N O (T)

T4 T T4 T4 ’
@C}AET) = Rg [(s6)0 — (sa)-]| Ny ,
% = —RgRpm [2my (V)10 — (V¥)1,r)

+m (<TL¢>S,O - <@E¢>s,r>]N;—l .

need the beta-function:
(on a line of constant physics)

dg 1

Ry(B)=a=—  Rn(8)= dms (6)

ms (6) dp




Scale setting and the beta function S

i d
Sommer scale from heavy quark potential: r2d—v —=1.0
r T
HISQ: [A. Bazavov et al. (hotQCD), PRD90 (2014) 094563]
0.5 E_r1 V(r)l S ’:_»_ 56 | | spli'ne interpolagi;g -
0Ff 54 | global fit —
05 | # po6.740 5 |
=6.880
AL 4 B=6.950 =+ ; 50
1 : Ef B=7.030
: p=7.150 48 |
A5F 7 B=7.280 '
e B=7.373 ‘e 46
2 B=7.596 - ]
S B=7.825 44
25f o 4o L | B . |
0O 02 04 06 08 1 12 6 6.5 7 7.5
3
Interpolation of r,: a _ cof(B) +c2(10/5)f°(B)
r1 1+ d2(10/5) f*(B)
—by /(2b2)
100 Lo
)= (T52)  ewl-p/@om)  bo=9/0167) b= 1/(4r

_1
- beta-function: Rs(B) = 7; (d(zlﬁ/a))



Improved actions 6

- improve thermodynamics and flavor symmetry:

Pressure of the ideal quark gas

2.4

2.2

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

wT=0.0, m/T=0.0 —v—
wT=1.0,m/T=0.0 —~—
wT=0.0, m/T=1.0 ——
wT=1.0,m/T=1.0 —e—

6 8 10 12 14 16 18 20

Root mean square mass
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p4, asqtad, HISQ, stout



Equation of state of (2+1)-flavor QCD - u,/T =0

Continuum extrapolated results of pressure & energy density & entropy density

T T T 17T 17T 17T 17T T 17T 17T 17T 17T 17T 17T 17T 1T T T 1T 17T T T T T1 1T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T T T T T T T T T T T T T1
non-int. limit 4
- chiral crossover

To=154+9 MeV ———
g

12 1

g ” 3
’l—— i
’ 3p/T4- 21
g/T4 N ]
3s/4T3 . 1 ”
il ||’
T [MeV] T [MeV]
0IIIIIIIIIIIIIIIIIIIIIIIIII OIIIIIIIIIIIIIIIIIIIIIII|||
130 170 210 250 290 330 370 13 170 210 250 290 330 370

HISQ: [A. Bazavov et al. (hotQCD), PRD90 (2014) 094503] stout: [S. Borsanyi et al. (BMW), PLB730, 99 (2014)]

consistent results from hotQCD (HISQ) and Budapest-Wuppertal (stout)

Hadron resonance gas (HRG) model using all known hadronic resonances from PDG
describes the EoS quite well up to cross-over region
QCD results systematically above HRG
QCD is quite different from HRG thermodynamics at T > 160MeV



QCD phase diagram 8

Experimental studies of the QCD phase diagram

Temperature

Hadron-Gas

vacuum

Quark-
Gluon-
Plasma

NICA@]INR

color

nuclear matter conductor?

mneutron stars

Density

Most quantities are measured
at freeze-out

- Hadronic fluctuations
- Hadronic abundances

Hadron resonance gas (HRG)
a good description of the
hadronic phase?

Compare HRG to QCD

Use QCD to describe
physics at freeze-out



Hadron yields at the freeze-out 9

Heavy lon Collision QGP Expansion+Cooling Hadronization

Hadron Resonance Gas (HRG)

to describe
hadron yields at the freeze-out
1;3" X Au-Au |5,,=200 GeV ] !
©
2% & hadrons measured
S | fe ] in the detectors
= o T o %o —
' o
O]
;| Data -2 e
- O STAF N [ &
- [J PHENIX - . ! _
| A BRAHMS observed” mainly at the
10'F — E
- Thermal model fit, 32/N,=35.8/12 ] freeze-out stage of the HIC
T=1 eg MeV, 1 = 24 MeV, V=2100 fma'CD‘ '

— T

TTK'KpPAREZEZ Qo dd KE A
[Andronic et.al., Nucl.Phys.A904(2013)535c¢]



Hadron yields at the freeze-out

Heavy lon Collision QGP Expansion+Cooling Hadronization
e R T ’
) f}“ﬁ ";:‘t/’::;'?é
;“':V > ‘;«l 2
L AR ”.',.'f‘;i’
| oS
Te 1,
Hadron Resonance Gas (HRG)
to describe HRG: thermal gas of uncorrelated hadrons
hadron yields at the freeze-out
g (a8 Au-Au |5,=200 GeV | partial pressure of each hadron:
Sl _
:é‘ o § 2 A A A A A
g | sa& | Py ~ f(mp)cosh [Bpiiy, + Qritq + Shits + Chiic]
£ 0 Bgo i ‘
s 10} 820 S ) 1 total pressure given by the sum over all (known) hadrons
i 0 :
- Data 99‘ | p P
3 e —
O staR o (F.@.é total E h
- [ PHENIX : all hadrons
o £ oA & are we sensitive to this?
r—— Thermal model fit, ¥?/N,=35.8/12 . {
[ T=1 62 MeV 1 = 24 MeV, V=2100 fma'CD‘ ] _ _
‘ - use thermodynamics instead of HRG

T K*K'p PARZZ QO d d K*I* A%Ferre
[Andronic et.al., Nucl.Phys.A904(2013)535¢] to describe freeze-out



Hadron resonance gas 11

Quark Model predicts

HRG: thermal gas of uncorrelated hadrons more strange baryons:
) _ 2.4 ——— i —
partial pressure of each hadron: sol o AlGeV] B B B =
R EEEE i mmmm :::: ulilln
A A A A 20 F [ L] ] ==== EEER
Pp, ~ f(mp) cosh [Bpjin + Qnfiq + Shfts] ol T
allls ol
total pressure given by the sum over all (known) hadrons e -
14 sllla J
Ptotal = E Ph x 1ol - PDG states m |
all hadrons are we sensitive to this? 1/2% 3/2* 5/2* 7/2* 9/2* 127 3/2° 527 7/2°

[Capstick-Isgur, PRD34 (1986) 2809]

I I T | | | T I | |
13 | PS’QM/PS’PDG
E— P%tQM/PtSc;tPDG
- PI\S/l,QM/PI\S/I,PDG

S, X _ pS,X S, X
Ptot - PM + PB

_ [ QM resonances
1.2 X=

PDG resonances

1.1

“n““.-l“'“ — T4 M 2
e S N X — (2
- 1 Pyyp(Tiji) = 5.2 > g ( T ) Ko(m;/T)
1 . 0 uIII"IIILIIII= i E X

1 1 ] 1 1 1 ] 1 1 1 X h B.“ y y
120 130 140 150 160 170 cosh (Bifip + Qifiq + Sifts)

[Bielefeld-BNL-CCNU, PRL113(2014)072001]
large enhancement of the partial baryonic pressure from additional strange baryons

PDG-HRG uses states listed in the particle data tables

D therm nami
QM-HRG uses states calculated in the quark model use QCD the Ody amics

instead of HRG to describe
[see also P.Alba, R.Bellwied et al., PRD 96 (2017) 034517] physics at freeze-out



Equation of state of (2+1)-flavor QCD — strange sector

Taylor expansion of pressure in terms of chemical potentials related to conserved charges

P < 1 pos PB\" (HQ\! (s
ﬁ_.;oi!j!k!xij’f (T)(T) (T) (T)
1,],KR—

QUITR) [ P(T., g, fio, fig) /T
defines generalized susceptibilities: xwfs = il HB; BQ frs) /17

~ioand ik
I OriQifis 7=0
correlations of strangeness second cumulant of net
with baryon number fluctuations: strangeness fluctuations:
2 Ao s 4 2 A 4
Bs _ 0 P(T, B, g, its)/T"] s_ 0 \P(T, jip, fig, fis)/T"]
X11 — a/\ a/\ XQ - aAQ
HBOWS i=0 Hs =0
‘ suitable ratios like
03 | BS/ S &= @ lﬁé
3 - x11 e = o S__~ strange baryon density
| é X11

m¢/m=27 (filled) (in a hadron gas)

0.25 | 20 (open) X2 ™ dominated by strange mesons
A continuum extrap.
PDG-HRG — L
02 | 3 Qu-HRG — are sensitive probes of the strangeness
A " om carrying degrees of freedom
A
0.15 | .
[Bielefeld-BNL-CCNU, 2017]
T [MeV] Hs _ XU + O(u?)

0.1 ! ! ! ! !
130 140 150 160 170 180 190 200 KB X?



Thermodynamic contributions of strange baryons

BQS _ O [P(T i, fig, fts)/T?] individual pressure-observables
flm Opl 0L 0 1o Toropen strange mesons (Pyin HRG):
I I T T I I I T T T .|_ Mis — Xg . X2BQS
0.30 g m B 1 1
S S S
pi 1My = 5 (G +103) + 5 (ar +xad)
0.25 cont. est. W 5
PDG-HRG sweeer 4 for strange baryons (Pg in HRG):
0.20 QM-HRG — .
N,=6: bols | S S S
015 7~ NZ:S:zﬁsg gﬁbgé 1 By = G (11x35° + 6x35 + x15)
o I | | I I I | | | I S 1 S 5 1 B B
1 By = E(X4_X2)—§(4X11 _X13>
0.45 o °°
0.35 A A al allgive identical results in a gas of
4 uncorrelated hadrons
0.25 4 . : :
| yield widely different results when the
015 e TIMeVE 1 degrees of freedom are quarks
140 150 160 170 180 190

- QM-HRG model calculations are in good agreement with LQCD up to the chiral crossover region
—> evidence for the existence of additional strange baryons

and their thermodynamic importance below the QCD crossover



Implications for strangeness freeze-out

initial nuclei in a heavy ion collision are net strangeness free + iso-spin asymmetry

(nq@) =rns)
- the HRG at the chemical freeze-out must also be strangeness neutral

—> thermal parameters T, u; and ug are related
Hs UB > 4
— =s51(T) +s3(T) (=) +O(up)
KB T
small for up<S200M eV

BS QS
(:LL_S) :Sl(T)_—Xll _Xll /’LQ
— o S S
LO X2 X2 HB \
small correction from nonzero
electric charge chemical potential

| .I_ .
0.30 o i gl =T Lattice QCD results well reproduced

cont.est. 5 7 hy QM-HRG in the crossover region
0.25 PDG-HRG === -

QM-HRG — |
0.20 QM-HRG: 854S - - | foragiven ug/py

N.=6: open symbols _|
3 N.=8: filled symbols _|
-, TiMevi | 4 temperature compared to PDG-HRG
140 150 160 170 180 190

QM-HRG would give a smaller

0.15




Implications for strangeness freeze-out

relative yields of strange anti-baryons (H,) to baryons (Hg) can be used to determine

freeze-out parameters ,ué / T/ and uﬁ/ Mé from experiment

Ry = 18 _ (=20l /1) (1=l /1ih)1S1)

2.0

2.5

39 GeV (STAR prlim) #
17.3 GeV (NAS7) @ -

only assumes that
hadron yields are thermal

compare results for g/ T and pdlpy
to Lattice QCD
to obtain freeze-out T



Implications for strangeness freeze-out

relative yields of strange anti-baryons (H,) to baryons (Hg) can be used to determine

freeze-out parameters ué / T/ and ué/ Mé from experiment

o 2(up /TT (1=l /up)1S1)

and compared to Lattice QCD or HRG to determine freeze-out temperature T

Hs
Ry=—=
H e

00 ——T—T—TT T T T T T T T T T T 1
Hg/H
B S8 T=161 MeVv T=170 MeV |
W= MeV
0.25 T=158 Mo el T=166
' To155 g el T-162 MeV
= e
B T-—149 MeV’.—l" ------
LQCD: T=155(5) MeV 3
0.20 - LQCD: T=145(2) MeV T=147 MeV
EY ] emwmne- PDG-HRG T=145 MeV
— QM-HRG
— @)= 39 GeV (STAR prlim.)
-~ 17.3 GeV (NA57)
0.15 AN AN TN NN NN NN NN B W B
0.0

02 04 06 0.8\ 1.0 /\.2 1.4

Experiment STAR/NAS7



Implications for strangeness freeze-out

relative yields of strange anti-baryons (HS) to baryons (Hg) can be used to determine

freeze-out parameters u{; / T/ and Mé/ Mé from experiment

Hs
Ry=—=
H e

o 2(up /TT (1=l /up)1S1)

and compared to Lattice QCD or HRG to determine freeze-out temperature TAf:

T=145(2) MeV

Lattice QCD
00 ——T—T—T T T T T T T T T T T T 1
Hg/H
| S'VB T=161 Moy T=170 MeV -
- Y
O 25 N T=158 Mev ------- T 166 Me |
' To155 g el T=162 MeV N
= e
B T=14 s
LQCD: T=155(5) MeV 9 MeV e A
0.20 - LQCD: T=145(2) MeV T=147 MeV
EY ] emwmne- PDG-HRG T=145 MeV
— QM-HRG
— @)= 39 GeV (STAR prlim.)
-~ 17.3 GeV (NA57)
0.15 AN N NN NN NN NN (N B W
0.0

02 04 06 0.8\ 1.0 /\.2 1.4

Experiment STAR/NAS7

freeze-out temperature obtained
from a comparison of
experimental data
and
Lattice QCD results



Implications for strangeness freeze-out

relative yields of strange anti-baryons (H,) to baryons (Hg) can be used to determine

freeze-out parameters ué / T/ and ué/ Mé from experiment

Ry = 1S _ (—20id/m) (1=l /1S

and compared to Lattice QCD or HRG to determine freeze-out temperature TAf:

QM-HRG Lattice QCD
T=158(3) MeV
T=147(2) MeV T=145(2) MeV
030 | | \I I | | | | J | | | ] | |
Hs/Mp freeze-out temperature obtained
B T=161 Mev P
B T=158 ME V/ el - -
0.25 o Meev SO g2 eV from QM-HRG
- T=149 Moy agrees well with
LQOD: T=155(5) MeV e
020 F it | v Lattice QCD results
— QM-HRG
— @)~ 39 GeV (STAR prlim.)
l-.-l 17.3 GeV (NA57)
015 | | | | | | ] |
00 02 04 06 0.8\ 1.0 /\.2 1.4 important to include so-far

Experiment STAR/NAS7

undiscovered strange baryons
in HRG



What do we know of the hadron spectrum?

40 |

35

3.0 f

25

2.0

charm baryons

Quark Model Quark Model
o Ac [GeV] I 40 | Yo [GeV]
[ | - — - I N -
- e mmEm  EEEE - — 35 F - = = — E S e
- - 30 T = - — -
ol - ==
- 25t m
wllls
PDG states = PDG states =
T 2.0 —

1/2* 3/2*5/2* 7/2% 9/2* 1/2° 3/2° 5/2° 7/2° 9/2711/2°

[Capstick-Isgur, Phys.Rev.D34 (1986) 2809]

1/2*3/2*5/2* 7/2* 9/2H11/2*

1/2°

3/2° 5/2° 7/2° 9/2°

PDG will denote results using states listed in the particle data tables

QM will denote results using states calculated in the quark model

in the following

QM-3 all resonances up to 3.0 GeV

QM-3.5 all resonances up to 3.5 GeV




What do we know of the hadron spectrum?

Quark Model Lattice QCD
T T T T 24
40 o AC [GeV] "l == A
- wmmn  EEER =
— — 20 g fane ]
35 - - - = 1 EEM AT
re— 3 - . =2 — :
30 F — —— & Lal
— 1 LEE_] .......
s
25 F =
- PDG states = 3
2.0 L L L L 1 L L L L 1 | 061" o
1/2*3/2* 5/2* 7/2* 9/2* 1/27 3/2° 5/2° 7/2° 9/2°11/2 oAt st w3 sy

charm baryons

[Capstick-Isgur, Phys.Rev.D34 (1986) 2809] [Padmanath et al., arXiv 1311.4806]
PDG will denote results using states listed in the particle data tables
QM will denote results using states calculated in the quark model
QM-3
QM-3.5 all resonances up to 3.5 GeV

in the following
all resonances up to 3.0 GeV



Hadron Resonance Gas - contributions of additional states - charm 21

partial pressure P of all open charm hadrons

can be separated into mesonic P,, and baryonic Pz components

X  pO.X O, X
Ptot - - M + PB

C.X S
P]\,]/B(Ta ,U)

0.4000
0.3000
0.2000
0.1000 F

0.0004
0.0003
0.0002
0.0001

0.0020
0.0015
0.0010
0.0005

— QM-HRG
= QM-HRG-3.5
QM-HRG-3

T[MeV] T

170

180 190

X =

cosh (Bifip + Qiftg + Sifts + Cific)

QM resonances
QM-3.5 resonances up to 3.5 GeV
QM-3 resonances up to 3.0 GeV

PDG resonances



Correlations of conserved charges — open charm sector

Taylor expansion of pressure in terms of chemical potentials related to conserved charges

D S O NN N ES)

k,l,m,n=0

generalized susceptibilities of conserved charges

4 BQSC _ AP (fp, Lo, s, fic)/T4]
e 810 g 191

ji=0
are sensitive to the underlying degrees of freedom

charm contributions to pressure in a hadron gas:
PC = P cosh(fic) + Z PS=F cosh(Bfig + kjic)

T~ k=123 N

partial pressure of open-charm mesons and charmed baryons depends on hadron spectra

X = B™P5~" + B"2"PE=? + B"3"P5 =% ~ B" P~
relative contribution of C=2 and C=3 baryons negligible

ratios independent of the detailed spectrum and sensitive to special sectors:

Xﬁg _1 =1 when DoF are hadronic Xﬁg

charmed baryon — B To = 1 always

sector Xﬁgq n—1 =3 when DoF are quarks Xm.n+2




Correlations of conserved charges — open charm sector
[A.Bazavov, H.T.Ding, P.Hegde, OK et al., PLB737 (2014) 210]
2+1 flavor HISQ with almost physical quark masses

323x 8 and 243x 6 lattices with m, = m /20 and physical m, and quenched charm quarks

generalized susceptibilities of conserved charges

Xklmn

posc  OWTHMIMIP (g, g, s, fic)/T4]

are sensitive to the underlying degrees of freedom

3.0

25

2.0

1.5

1.0

140

160 180 200 220 240 260

280

A k A l A m A n .
a’U“Ba'uQ'u“S Ipic pn=0
charmed baryon sector
non—int_ IIIIIIIIIIIIIIIIIIIIIIII'EGI
N.:8 6 quarks
555 @ B i :
BC, BC =
Xi1/x13 @ © n
— ] BC
Xmn -1
— =B
BC
7 Xm—i—l,n—l
. BC
an 1
un-corr. @ QUL T, BOC
hadrons X 0
] ] ] | T ['|V|ev|] m,n+

- indications that charmed baryons start to dissolve already close to the chiral crossover



Correlations of conserved charges — open charm sector

Taylor expansion of pressure in terms of chemical potentials related to conserved charges

D S O NN N ES)

k,l,m,n=0

generalized susceptibilities of conserved charges

4 BQSC _ AP (fp, Lo, s, fic)/T4]
e 810 g 191

ji=0
are sensitive to the underlying degrees of freedom

charm contributions to pressure in a hadron gas:
PC = P cosh(fic) + Z PS=F cosh(Bfig + kjic)

T~ k=123 N

partial pressure of open-charm mesons and charmed baryons depends on hadron spectra
X O =Pp =" +2"Pg =2 +3"Pg 0 ~ Pg~"
Xy = Py +2"P5=2 43" PS=3 ~ P, 4+ PS!

ratios independent of the detailed spectrum and sensitive to special sectors:
partial pressure of open-charm mesons:

C
C C BC C BC X4
PM:XZ_XQQ — X4 — X13 —C

XS

open charm
meson sector



Correlations of conserved charges — open charm sector
[A.Bazavov, H.T.Ding, P.Hegde, OK et al., PLB737 (2014) 210]
2+1 flavor HISQ with almost physical quark masses

323x 8 and 243x 6 lattices with m, = m /20 and physical m, and quenched charm quarks

generalized susceptibilities of conserved charges

4 BQSC _ gUH MM P (fip, g, s, fuc) /T
. Ol ATDLLL ji=0

are sensitive to the underlying degrees of freedom

open charm meson sector

non-int.IIIIIIIlIIIIIIIlIIIIIIIlI‘
13 k quarks i _
' - m partial pressure of open-charm mesons:
- - -
c _ . C BC _  C BC
ol .. Nos 6 | Pyr=Xxo —Xae = X4 X3
*i (X5-12)/0G-155) =™ B |
S & ©
7 C
® o X4 _ 1
un-corr. LTS | _C p—
hadrons T [MeV] X2
| | | 1 | | | | | 1 | | | |

140 160 180 200 220 240 260 280
-> indications that open charm mesons start to dissolve already close to the chiral crossover



Signatures for deconfinement of light/strange/charm baryons

ratios of BC, BS, and BQ correlations
unity in a gas of uncorrelated hadrons

/

10 i un-cofrr. ]
- hadrons ]
i S5 m €—— charm sector
08 G @ «—1— strange sector
B B
06 H B X3 /ATy e € light quark sector
- Al y ]
04 + - ] m m
0.0 i + .0. uncorrelated quark gas
. + o .
: — —
00F , A . . ., , TIMev]
140 180 220 260 300 340

A. Bazavov et al., Phys.Lett.B 737 (2014) 210]

- charmed hadrons start to deconfine around the chiral crossover region

-> strange hadrons start to deconfine around the chiral crossover region



Signatures for additional charm baryons

charmed pressure ratios are sensitive to the charm hadron spectrum

05 F BC, C BC LTI L
i X13/(Xa-X13) "
m BN

0.4 F . .
i QM-HRG-3 o |
0a L QM-HRG — _

- . PDG-HRG - -
0.2 “““‘I“ 1 [ R R S S B
BQC,,.QC . BQC -i y
05 X112 /(X13 -X1 192 ) r(]qour;t!l?; T
n u -

[ |

0.4 ﬂn' . -
0.3 - : e -

AT I A T T S S S S N N

BSC,,. SC _BSC
0.7 X112 /(X13-X112)

"B B B
05 k Ni:8 6 -

= B
0.3 P T MeV] _

. L™ e T

140 150 160 170 180 190 200 210

A. Bazavov et al., Phys.Lett.B 737 (2014) 210]

charmed baryon to meson ratio

RBC _ X%C _ Be
13 MC MC

Mc ~ X7 — x5

charged charmed baryon to meson ratio

BQC
RQC _ Xi12
13 MQC

C BQC
Mgc ~ X% - X11622

strange charmed baryon to meson ratio

BSC
RSC _ _ X112
13 —
Msc

L SC BSC
Mgsc ~ X13 — X112

—> important to include so-far undiscovered
open charm hadrons in HRG



Equation of state of (2+1)-flavor QCD - u /T > 0

Taylor expansion of pressure in terms of chemical potentials related to conserved charges

P < 1 pos PB\® (HQ\ (Hs\*
A= 2 i ik (1) (7) (?) (?)

1,7,k=0

oli+i+k) [ p T, iig, fio, i) /T4
defines generalized susceptibilities: Xﬁ-gs = [ (Z lfj M,i hs)/ T
O Ofig OfLs

- - ic Qi ifi variance of net-baryon e 2
for Hq= Hs 0 this simplifies to number distribution kurtosis™variance K0

AP(T) _ P(T,up) — P(T,0) _ x¥ <u_B)2 <1+ L X7 (u3>2> £ O (u8,)

T4 T4 2 \T 123\ T
0.35 T T T T T T T 0.2 T T
B free quark gas XB
0.3 [ X2 ] 2
g ©
© 0.15
0.25 oD A -
%@ PDG-HRG —
02 | & cont. extrap. ]
2 [ sa o vev [ gB No=16 % cont. extrap. M
12 @ 0.1+ mg/m=27, N;=6 & 1
0.15 | — 8
12 @
0.1 [ 6 4] 0.05 | 16 % |
mg/m=20 g;)lrl)eg)) ; PDG-HRG —
0.05 | 27 (filled)
QM-HRG —
0 | | T [MeV] | 0 T [MeV]
140 160 180 200 220 240 260 280 130 140 150 160 170 180

[Bielefeld-BNL-CCNU, PRD 95 (2017) 054504]
good agreement with HRG in crossover region using the extended QM-HRG model



Equation of state of (2+1)-flavor QCD - u /T > 0

Taylor expansion of pressure in terms of chemical potentials related to conserved charges

P < 1 pos PB\® (HQ\ (Hs\*
= 2 e Xk (1) (T) (T) (?)
i.3,k=0
8(i+j+k>PT7ﬂBaﬂ 71&8 T4
defines generalized susceptibilities: Xﬁ-gsz [A(Z. y f,i /]
Of'pOfigOfis 0
variance of net-baryon 2

for 1y = g = 0 this simplifies to kurtosis*variance ko

number distribution

AP(T)  P(T,ug)— P(T,0) & (HB)Q 1 x7 (pB)?
SR I () (1 3 () o
T4 T4 2 \'T "s\T) )T (15)
contr. est. | 3| ContNiig A
Ni=6 & 8 W
8 | m¢/m=20 (open)

mg/m=20 (open)

mao h
= 27 (filled
0y 06 . fllod)
= &
0.4 .ﬁ
0.2 = |
free quark gas
BN =
O I I I I I I I
140 160 180 200 220 240 260 280

27 (filled)

AL

—p——
——
%
1]
b

140

160 180 200

T [MeV] [Bielefeld-BNL-CCNU, PRD 95 (2017) 054504] T [MeV]
good agreement with HRG up to crossover region

220

240 260

280

deviations from HRG in crossover region



Equation of state of (2+1)-flavor QCD - u /T > 0

n
: oy =04
ng

strangeness neutrality and fixed electric charge to baryon-number ratio

Constraints in heavy-ion collisions: ng =0

— contraints for the chemical potentials p,, 1 and py

N _ A ~3 ~5
po(T pe) = a(T)pp+a(T)ig+q(T)ip + ...
A A ~3 ~5
ps(T,pg) = s1(T)ipp+s3(T)ig+ss(T)ap + ...
0.045 | ‘nS=‘0, n‘()/né=0.‘4 free quérk ‘as{ 0.35 | ‘ns=0, n‘Q/n§=0-4 @freequark gas |
: A = I AD
0.04 | - ] ; ﬁ@q}@ -
f f 0.3 1 ]
0.035 i PDG-HRG — | : “ PDG.HAG
— 003! QM-HRG - - | 0.25 | QM'HRG ]
¢ i cont. est. : ; con:[ ot
0.025 | N=16 ¢ | ' T
| | 0.2 B = B
: | 12 e | , N=16 =
0.02 | mg/m=27 (filled) 8 W — mg/m=27 (filled) 12 @
f 20 (open) | 0.15 | 20 (open 8 W |
0.015 | 64 ' toper) 6 A
0.01 ¢ ‘ ‘ ‘ ‘ ‘ ' 0.1 £— ‘ ‘ ‘ ‘ ‘ ‘
180 200 220 240 260 280 140 160 180 200 220 240 260 280

TIM

eV
][Bielefeld-BNL-CCNU, PRD 95 (2017) 054504]

T[MeV]



Equation of state of (2+1)-flavor QCD - u,/T > 0

n—Q:r:OA
np

strangeness neutrality and fixed electric charge to baryon-number ratio

Constraints in heavy-ion collisions: ng =0

~

Continuum estimated results of pressure & energy density up to 6t-order:

T T T T T T T T T T T T T T 14 T T T T T T T T
—— _ /T=2.5
06 b ng=0, ng/ng=0.4 UB,——:: _ " ng=0, ng/ng=04
: m—— ] 12 | )
C === stout, imag. Ug
< L ] i
= 05 | ] 0L
=04 Mp/T=2 s 8 I
o L ]
< o] O ™ ] ~ 1
5 I O(ud) 6 - /f HISQ, real yg |
3 . ‘ ]
'n:_’ 0.2 [ Olug) = 4 e/T4 ug/T= 2.0 Wl |
— ; 0 mm
/T=1 .
0.1 Ha 5 3P/T4 pg/T= 2.0 Wl |
0
0 I I I IR NI R

140 160 180 200 220 240 260 280
T [MeV] 140 160 180 '|?([)|?/|eV]220 240 260 280
Parametrization of the EoS for Te [1 30M9V,280M9V] HISQ: [Blelefeld-BNL-CCNU, PRD95(2017)054504]

& ug/T > 0in [Bielefeld-BNL-CCNU, PRD 95(2017)054504] stout: [Wuppertal-Budapest, arXiv:1607.02493]

Consistent results from two different actions, HISQ and stout, in the continuum

- Equation of state well controlled for ug/T<2 €= /snn > 14.5 GeV



Equation of state of (2+1)-flavor QCD - u,/T > 0

Constraints in heavy-ion collisions:

n—Q:r:O.ZL
np

nszo

~

strangeness neutrality and fixed electric charge to baryon-number ratio

Continuum estimated results of pressure & energy density up to 6t-order:

.f L:]l“;i ) nB/T3 ,U,B/ T=2 |

IT=15

140 160 180 200 220 240 260 280

T [MeV]

stout: [Wuppertal-Budapest]

14 I T I T I T T I
ng=0, ng/ng=0,4
=== stout, imag. Ug

12 -

10 -

/’{SQ, real ug |
/T4 ug/T= 2.0 WA |
oM |
3P/T4 ug/T= 2.0 Il _
0
| ! | ! | ! |
140 160 180 200 220 240 260 280
T [MeV]
HISQ: [Bielefeld-BNL-CCNU, arXiv:1701.04325]

stout: [Wuppertal-Budapest, arXiv:1607.02493]

Consistent results from two different actions, HISQ and stout, in the continuum

- Equation of state well controlled for ug/T<2 €= /snn > 14.5 GeV



Lines of constant physics and chemical freeze-out / hadronization

Thermal conditions at chemical freeze-out / hadronization characterized

by lines of constant pressure, energy and densities?
) A 0.0064 < k3 < 0.0101
Te(up)=To (1—w] (B2} — k] [LEE 0.0087 < k§ < 0.012
To To

0.0074 < k5 < 0.011

T=165 MeV -
e = 0.556(57) GeV/fm?3 .
T=155 MeV - ]
e = 0.346(41) GeV/fm® 2 . msTAR 2017
o W ALICE 1
2 ini Te(pB)
T=145 MeV 3 = 145 @ Becattini et -al.2016 |
e = 0.203(27) GeV/fm ‘R‘\"'E"‘h-
140 constant P mm ~|.|.|. .
€ mm
135} s = T
crossover lines — Ug [MeV]
130 ' '

0 50 100 150 200 250° 300 350 400 450

2
compare well with estimates of the crossover line: T.(ug) = T.(0) <1 — K5 <“—B> )

T.(0)
[Bielefeld-BNL-CCNU (2011), Endrodi et a. (2011),
Bellwied et al. (2015), Cea et al. (2016), Bonati et al. (2015)]  0.0066 < k5 < 0.020



o
o
T

—
o
T

Radius of convergence

o
[
T

Radius of convergence and the critical point

estimated from Taylor expansion of pressure or baryon-number susceptibilty

N

—
T

[Blelefeld -BNL- CCNU arXiv: 1701 04325]

o/&  2/6  2/8 46
methods

[S.Datta, R.V. Gavai, S. Gupta, arXiv:1612.06673]

N w & o
T T T

; crit
rk -- estimator for ug'/T

—

o

Fodor, Katz, 2004 @

Datta et al., 2016 ©

D’Elia et al., 2016, r% A

this work: lower bound for r¥ Wl
estimator rk

- disfavored region for the
location of a critical pomt

135 140 145
T [MeV]

9
7
5
3
1k
9
7
5
3
1

g 4]

Pm L 2 —— Y

P ,_;_'._L.hL._‘L P P 3
. x ~»

o T =135 MeV4 ¢ T = 143 MeV-
i { @ —
2 .

4 T—pmMW-k** T = 155 MeV

2/4 2/6 2/8 4/6 4/8 6/8

X

2/4 2/6 2/8 4/6 4/8 6/8

[M.D’Elia, G.Gagliardi, F.Sanfilippo, arXiv:1611.08285]

1/2

T2n —

B
X2n—|—2

A critical point at ;5 < 2T is disfavored

for 135 MeV < T < 155 MeV

and seems to be ruled out at T>155 MeV

Higher order cumulants required
for the search of a critical point




Cumulants of net-charge fluctuations
Taylor expansion of pressure in terms of chemical potentials related to conserved charges

P < 1 pgs BB\" (HQ\! (s
ﬁ_.;oi!j!kzxijk (T)(T) (T) (T)
1,],KR—

8(i+j+k) P T7 1 ’ 1 ’ AS T4
defines generalized susceptibilities: XZJSS = | (Z Mf “i is)/ T
Op'pOfigOfig

fi=0
with fix = px /T

generalized susceptibilities cumulants of net-charge fluctuations
calculated at zero u measured at the freeze out

Lattice QCD Experiment

—15((5NX N{(6Nx)?)
+30((6Nx)?)”

SNx = Nx — (N,)



Cumulants of net-charge fluctuations

higher order cumulants characterize the

shape of conserved charge distributions mean: <5NQ> = <N - N67>
q
X3 variance: 0 ON,
SqO'q = X_g > < >
_ . _ 3\ /.3
q q=DB,Q,S skewness: S, = <(5Nq) )/ o,
2 _ X4
Rq0q = X_g kurtosis: kg = <(5]\7q)4>/0;1 -3
generalized susceptibilities cumulants of net-charge fluctuations
calculated at zero u measured at the freeze out

((6Nx)?)
((6Nx)*) = 3((6Nx)?)"
(0Nx)°)

Lattice QCD Experiment

((6Nx)°
—15((0Nx)*)((6Nx)?)
+30((6Nx)?)”

SNx = Nx — (N,)



Cumulants of net-baryon number and freeze-out

(Mg=mean o z=variance Sg=skewness xz=kurtosis)  s\iGeV]:200 62.4 39 27 19.6 14511.57.7
1_6 B T T T T T T
B kooo = STAR: 0.4 GeV<pi<2.0 GeV
L X1 (T7 IMB) L MB 1.4 | 3 i preliminary
R12<T7 MB) = B = —5 Spcp/ Mp ==
X2 (T, ,UB) o= 1.2 | HRG —
1 -
B 3 |
x5 (T,pB)  Spo ]
RE (T, up) = ?]B( . 1B) = 7 5 o8> b = = —g _ o o
XP(T, up) B o6l __—7 " = g
= -~
B 04 r ~
X4 (T’ ILLB) 2 / N
Rp(T ) = =5 T = KBOB 0.2 | SPGE::; __
X2 ( Y IU’B) Kpop MP/GP
0 1 | | 1
0 0.2 0.4 0.6 0.8
Leading order expansion coefficients:
1 ' - ' ' ' ' 1.2
371 Ng=0, Ny/Np=0.4
r s=Y, Ng/Np=Y. |
0.95 12 continuum extrap. N 1
PDG-HRG —
i N~ QM-HRG = -
0.9 N Nob 0.8
. N ~ 8 i o
i~ 0.85 | - g
A 0.6 B,O
08 | P42
0.4 | .
my/m=27 (filled) I’Eéoi continuum est. 1l
0.75 L 20 (open) fit to prel. STAR data
0.2 |
0.7 ' ' ' ' ' ' 130 140 150 160 170 180 190 200
130 140 150 160 170 180 190 200
T[MeV]

T [MeV]

[HotQCD Collaboration, arXiv:1708.04897]



Cumulants of net-baryon number and freeze-out

(Mg=mean o z=variance Sg=skewness xz=kurtosis)  s\{iGev]:200 62.4 39 27 19.6 14511577
1_6 B T T T T T T ]
B koo - STAR: 0.4 GeV<p<2.0 GeV
X1 (T IMB) Mp 1.4 i reliminar
Rio(T, pB) = B : = 3 Spop/ Mp 0= g /
Xz (T, pB) 0R 12t HRG —
1 -
B 3 i
31( 7II’LB) _ B T _ M i 08 - = = = :¢- — - -0 (0]
xt (1, 1) B oo | - - g
B 04 ~
X1 (1L, 1B -
R42(T7 NB) - %(T’ ) = HJBO% 02 | Spsgﬁ.t - |
X2 ( 7:U’B) kpop fit = = Mp/0|23
0 Il
0 0.2 0.4 0.6 0.8 1

Leading order expansion coefficients: for u/T— 0 > Tio = 153(5) MeV
1 ' ! ' ' ' ' T T T T T

1.2
B,1 0 , Ney/Np=0.4
trb 7 ns— ,no nB— .
0.95 12 continuum extrap. N 1
PDG-HRG —
- S QM-HRG - -
0.9 S Ny=6 A 0.8
- S 8 +Hi
i~ 0.85 | -0~ oY
[ 2 06 B B’O
08 | T'49
04 r Bo. )
mg/m=27 (filled) rgs - continuum est. Il
0.75 | 20 (open) fit to prel. STAR data
0.2 r
07 I I I I L ] 1 . 1 1 1
130 140 150 160 170 180 190 200 30 140 150 160 170 180 190 200

T (MeV] [HotQCD Collaboration, arXiv:1708.04897] TIMeV]



Cumulants of net-baryon number and freeze-out

NLO expansion of ratios of cumulants suK(GeV]: 200 624 39 2719614511577
1.6 | ' .
. P 2 STAR 0. 4GeV<p <2.0 GeV
on lines of constant physics: ial Spcﬁtpl\jg . oreliminary ‘-
B _ Bl B,3 ~3 1.2 | HRG —
R(T, up) =115 fip + T12, B 1 {

1
B.,0 B.,2 -
R?%(TMB) =T3y + T3 fNQB 08 = 'i == ¢ - j - -0 °
B,2
of

06
B 7 -~
Rf2(T, pp) = 7“420 + Ty ILQB 0.4 [ <
o2 | SPGB fit = = |
i ' KpOp fit = =
Ratio of slopes from STAR = 3.9(2.1) . . PP | Mpfop
0 0.2 0.4 0.6 0.8 1
. . a0} 554/ 151 KE:S -
compares well with QCD predictions i % :
I KS Il

B.2

Tao f 35

=3.1 — 4.1

31,1
3.0
on lines of constant physics

) Tt (Hp=0) [MeV]
[HotQCD Collaboration, arXiv:1708.04897] 145 150 155 160 16"




Conclusions — part | 40

- Equation of state well controlled for x5 /T'<2 using expansion up to 6t"-order

- A critical point at 5 < 2T is disfavored for 135 MeV < T < 155 MeV

and seems to be ruled out at T>155 MeV

- Higher order cumulants required for the search of a critical point

- Decrease of skewness and kurtosis for \/syny > 19.6 GeV

in accordance with QCD

- Physics above 160MeV much different from a hadron gas



Spectral and transport properties in the QGP

Part Il: Spectral and transport properties in the QGP

Thermal dilepton rate Thermal photon rate

dW 5o 1 dN, 3e 1

—= ) : — ; W (W = E . T
dwd3p 5473 w2(ew/T — 1) oy, T) “dizddq 62 ew/T — 1 ( %1, T)

Transport coefficients are encoded Diffusion coefficients:
in the same spectral function T pii (W)
DT = — lim ==
- Kubo formulae 2xq w—0  w

Need to determine vector-meson spectral functions

On the lattice only correlation functions can be calculated

—> spectral reconstruction required



Motivation — electromagnetic probes

Dilepton rates Photon rates

large enhancement between 150-750 MeV possible window for photons from QGP
indications for thermal effects!?

Need to understand the contribution from QGP

T Direct and fragmentation photon relative contribution
£ min. bias Au+Au \ s, = 200 GeV Rate

- * DATA 70— yee Jiy — ee
_y|<0.35 e n- vee V' —ee

pe>02Gevc—— W —yee T cT - ee (PYTHIA) Hadron Gas Thermal T,
p—ee — sum f
© - ee & e " G — ee (random correlation)

—0—ee&nee bb — ee (PYTHIA)

DY — ee (PYTHIA)

QGP Thermal T,

dN/dmy, (c?/GeV) IN PHENIX ACCEPTANCE
IS}

“Pre-equilibrium”
(“secondary” or “cascading”

Jet Re-interaction ( Tixxfs)

R . T T S S — —
g f T [Fleuret 2009] PQCD Prompt x\s
TR S > E7
[PHENIX PRC81 034911 (Zomfeo(%ewc) ‘l!lll!l!ElllUIIﬂﬂﬂl!lllll!llll!.ﬂll!ﬂ%ll!lﬂl

Emission time

both directly related to vector-meson spectral function:

dw 507 1 , dN 5o 1
_ T v -
dwd3p 5473 (w2 — p?)(ew/T — 1) pv(w,p,T) wd4xd3q = 6n2 /T — IUV(W = [p,T)




Motivation - Transport Coefficients

Transport Coefficients are important

e QLR I B B B B B B RN

ingredients into hydro/transport models o 1_63_ (a)  0-10% central — — Armesto et al. (I) _f
for the evolution of the system. 1aF [] vanHeesetal. (Il =
12: LTIy 4 3/(27CT) Moore & _:

. . Al ot e 12/(2xT) T m

Usually determined by matching to 12 ™7} Teaney (1D —
experiment (see right plot) 0.8 =
0.6 —]

Need to be determined from QCD 0.4— -
using first principle lattice calculations! 02 pueAu @\ = 200 GeV SR _.?.ﬁg...?..... {) {%
w o2+ e e e e e e

I« C i

for heavy flavour: > £ ® H ° 7R -
0.15— minimum bias EI a 7o Va, P> 2 GeV/e| 4

Heavy Quark Diffusion Constant D - H.} o R, et viF ]
[H.T.Ding, OK et al., PRD86(2012)014509] %1 9 B

Heavy Quark Momentum Diffusion « 0.05F- ' ) .. =

[A Francis, OK, et al., PRD92(2015)116003] mil i 7l | S A -

for light quarks: o]
0 1 2 3 4 5 6 7 8 9

Light quark flavour diffusion / p, [GeVi/c]

[PHENIX Collaboration, Adare et al.,PRC84(2011)044905 & PRL98(2007)172301]

Electrical conductivity

[A.Francis, OK et al., PRD83(2011)034504
H-T.Ding, F.Meyer, OK, PRD94 (2016) 034504]



Vector-meson spectral function — hard to separate different scales

Different contributions and scales enter

oo
G(r,p,T) = / g_wp(w’ﬁ, TYK(t,w,T) in the spectral function
T
0 - continuum at large frequencies
K ) cosh (w(T _ %) - possible bound states at intermediate frequencies
7-7 w) — . w . . .
sinh (ﬁ) - transport contributions at small frequencies
Spectral functions in the QGP notoriously difficult to extract from correlation functions
AP(w)
W G (T, @) = (Ju(7,2)}(0,0))
J(7, %) = 2kZyi(r,T)T (T, %)

—> large lattices and continuum extrapolation needed

—> still only possible in the quenched approximation

—> use perturbation theory to constrain the UV behavior

W

t >
2my

T wn T
M w? +n2’ =

(narrow) transport peak at small w: p(w <K< T') =~ 2x00 D



Vector-meson correlation function for light quarks on large & fine lattice®
[H-T.Ding, F.Meyer, OK, PRD94(2016)034504, H.T.Ding, A.Francis, OK et al., PRD83(2011)034504]

quenched SU(3) gauge configurations (separated by 500 updates)
non-perturbatively O(a) clover improved Wilson fermion valence quarks

non-perturbative renormalization constants and quark masses close to the chiral limit

N. | Ny B K Tty | T/T.|,, | Tro | T/T¢|,, | confs
32 | 96 | 7.192 | 0.13440 | 0.2796 1.12 0.8164 1.09 314
14T, 48 | 144 | 7544 | 013383 [ 02843 | 114 | 08169 | 110 | 358

64 | 192 | 7.793 | 0.13345 | 0.2862 1.15 0.8127 1.09 242
28 | 96 | 7.192 | 0.13440 | 0.3195 1.28 0.9330 1.25 232
1.3 Tc 42 | 144 | 7.544 | 0.13383 | 0.3249 1.31 0.9336 1.25 417

56 | 192 | 7.793 | 0.13345 | 0.3271 1.31 0.9288 1.25 273
24 | 128 | 7.192 | 0.13440 | 0.3728 1.50 1.0886 1.46 340
1.5 Tc 32 | 128 | 7.457 | 0.13390 | 0.3846 1.55 1.1093 1.49 255
48 | 128 | 7.793 | 0.13340 | 0.3817 1.53 1.0836 1.45 456

Scale setting using r_ 0 and t_0 [A.Francis, M.Laine, T.Neuhaus, H.Ohno PRD92(2015)116003]

fixed aspect ratio N_/N_= 3 and 3.43 to allow continuum limit at finite momentum:

ﬁ _’NT
Y o T
T~ "N

constant physical volume (1.9fm)3



Vector-meson correlation function

1e+07 ¢ 3 . ’ :
:Gn(TT)/T free — ]
1e+06 ¢ 1.1 TC Nt=64 —%— .
| 1.2 T N=56 -
10000 ¢
1000 ¢
100 |
10 |
1 :_ 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

compared to free (non-interacting) correlator:

1 2(2n1T (27T
G{/ree(T) :6T2 (71'(1 —27'T) -+ cos ( T ) 2COb( T ))

sin®(277T) " sin(277T)
hard to distinguish differences due to different orders of magnitude in the correlator

- in the following we will use G{/TC“(T) as a normalization



Continuum extrapolation 47

1.9

1.9 I

' ' ' ' ' ' ’ Nt=64 NT=48 I " Nt=3
96x32 —e—i 5 f
1.8 F144x48 o T Gii/[XqGV €] - S 1.8 —:/_5/v‘/%
192x64 + «
L7+ Cont mmmm B} L7~ : |
1.6 + 1.6 PI/_"_;_’"/;////-—
TG;; Gy'ree
15 | 15 L i/ [XqGv' =°1] |
1.4 B ] 1-4 ;4/"/_’_’//._
1.3 | - - i R S
——
1.2 .I | | | | | | T 1.2 l l l l l 1/NT2
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.0002 0.0004 0.0006 0.0008 0.00

correlators normalized by quark number susceptibility X4 independent of renormalization
and by the free non-interacting correlator G/ ““(r)

we interpolate the correlator for each lattice spacing

and perform the continuum limit a->0 at each distance 7T

cut-off effects are visible at all distances on finite lattices



Continuum extrapolation

1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1

| | | |
96x28 = 2~ free
- 144x42 + - T GiillXqGv ] .
_ 192x56 - |
continuum normalized by free correlator
" T2/xq cont. F—— y
| free 1 + cos?(2n7T) cos(2w7T)
Gy (1) = 67" (W(l 2rT) sin3(27r7'T) Sin2(27TTT))

B | and quark number susceptibility
- =1.3T, -
¢ |

| | | | | LI

0 0.1 0.2 0.3 0.4 0.5

cut-off effects are visible at all distances on finite lattices but
well defined continuum limit on the correlator level
well behaved continuum correlator down to small distances

approaching the correct asymptotic limit for - — 0



Continuum extrapolation

1.8
1.7

1.6

1.5
1.4
1.3
1.2
1.1

I I I I I I
128x24 +——— f
o 128%32 - T Gii/[XqGV ree]
128x48
continuum _
" _| normalized by free correlator
T2/Xq cont. —
ree, \ 1 + cos?(2n7T) cos(2m7rT)
B G{/ (r) = 6T° (W(l —2rT) sin®(277T) Sin2(27TTT))
- - and quark number susceptibility
T=1.5T,
¢ _
I I I I I TT I
0) 0.1 0.2 0.3 0.4 0.5

cut-off effects are visible at all distances on finite lattices but

well defined continuum limit on the correlator level

well behaved continuum correlator down to small distances

approaching the correct asymptotic limit for - — 0



Continuum extrapolated vector-meson correlation function

continuum extrapolated results available for three temperatures in the QGP

0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8
0.78
0.76

} Xq/T? i

_1|'5TC —%— 1/NTZ |

0 0.0004 0.0008 0.0012 0.0016 0.002

similar behavior in this temperature region

1.6

1.5

1.4

1.3

1.2

1.1

1

T T T T T
T=1.1T,
T=1.3T, + - iizﬁﬁ :
T=1.5T + 11111
. free ; # -
&
L Gii/GVfree,cont II?IE _
"
L . Eﬁ _
L — * _
i g
* | | | | | | | TT|

0.1 0.15 0.2 0.25 0.3 035 0.4 0.45 0.5

main difference due to different quark number susceptibility xq/T2

- indications for a weak T-dependence of the temperature scaled

electrical conductivity and thermal dilepton rates



Spectral functions at high temperature
Free theory (massless case):

free non-interacting vector spectral function (infinite temperature):

ploc(w) = 2rTPwi(w)
3

plT(w) = 2nT?wé(w) + . w? tanh(w/4T)
T

o-functions exactly cancel in py (w)=-p,,(w)*p;;(w)

With interactions (but without bound states):

while p_, is protected, the J-funtion in p,; gets smeared > transport peak:

Ansatz: / K = &s
A
poo(w) = 2mxqwd(w) /at leading order

2 _6:1;142/2)2 + 2:;(1 + k) w? tanh(w/4T)

Ansatz with 3-4 parameters: (Xq)> cw, L,k

Pii (Cd ) = 2 XqCBW

—> electrical conductivity: % = lim



Spectral function and electrical conductivity

use our Ansatz for the spectral function and fit to the continuum extrapolated correlators

poo(@) = 2mywd(w)
B wl'/2 3 9
pii(w) = 2xchWw2 T (T/2)? + 277(1 + k) w” tanh(w/47T)
. T dw .
G(r,p,T) =/%p(w,p,T)K(T,w,T)
0
1.8 |_ I | [ I
continuum T=1.1T, ———
1.7 - reconstr. ——
1.6 -
1.5 - -
1.4 | TZGII/(XqGVfree) _
1.3 -
| | | | | | il

1.2

0.1 0.15 0.2 0.25 0.3 035 04 0.45 0.5

T 0/(ComT) /T cewT /T k x?/dof

all three temperatures well described | 1.17. || 0.302(88) | 2.86(1.16) | 0.528(154) | 0.038(8) | 1.15
1.37, || 0.254(51) | 3.91(1.25) | 0.425(85) | 0.029(9) | 0.52
)

by this rather simple Ansatz 157, || 0.266(48) | 3.33(89) | 0.445(80) | 0.040(7) | 1.13




Spectral function and electrical conductivity

Use our Ansatz for the spectral function

poo(@) = 2mywd(w)

wl'/2 3 , |
T r/aE T a1 @ tanh(w/AT) <O w, Au)

i = 2

' Pans/(Tw) Analysis of the

3:3 systematic errors
3
> 5 using truncation of the
'2 large w contribution
1.5 O(wo, Aw) = (1 + b/ )
’ C 7 T
0.5 | E — —" lim p’i’i(w7p = 0, )
T 6 w—0 wl’
0 L L | | | | | , W/t

0 1 2 3 4 5 6 7 8 electrical conductivity

systematic uncertainties (within this Ansatz) estimated by varying the truncation

with similar y?/dof ~ 0.5-1.1

1



Spectral function and electrical conductivity

Use a flat transport Ansatz for the spectral function

~

pﬂat(w) = aXqW (1 - é(w()v AO)) + (1 + k)pfree(w)@(wla A1)

_ w2 — w2\
i)Ai =11 ‘
O(w,w ) ( + exp ( A ))

4
1.1TCI — | Analysis of the
3- 13T —— systematic errors
3 L1.5T, _
25 . using a flat behavior
| Prat/(WT) at small w
2 _
1.5 _
1 ] N —
0.5 0 _ Cem lim pii(w,p=0,T)
. ] N T 6 w—0 wT
0 | | | | | | . W/T

0 1 2 3 4 5 6 7 8 electrical conductivity

systematic uncertainties (within this Ansatz) estimated by varying the truncation

with similar y?/dof ~ 0.5-1.1 still consistent with our data - lower limit for o/T



perturbation theory — vacuum spectral function
Improve the UV behavior of the spectral function using perturbation theory:

At very high energies, due to asymptotic freedom
—> perturbation should be working

- thermal effects should be suppressed
T=145T, T =125Ag

- “vacuum physics” 1.06 —— @
5-loop vacuum spectral function:
3w2 B T T
- 2 AT T T T = T -
7 LgET T e
2 5 1.04 ,,'.". ....... —]
R(w®) = rog+7ri00as+ (7“2,0 + 7o () aZ Ao
+ (73,0 +r31 84713, ?) a? :é@: I / Al
+ (7“4,0 +ryal+1y0 0? + T43 63) at + O(a?) ~_ [/ a;
O 1o2f a|
using 3-loop «, and I=log(pu2/w?) e &
S
i N
_ 3 O u
using a renormalization scale p=(1..5)max(nT,w) ’
1.00 a
S

taking leading order thermal effect into account 1 L 1 T
0.0 0.1 0.2 0.3 0.4 0.5

(T) 3(,02 TT

w
Py (W) = E[l - 2”F(§)]R(W2) + X °w(W)  [v.Burnier and M.Laine, arXiv 1201.1994]




Spectral function and electrical conductivity — light quark sector

I'/2
Ansatz for the (non-perturbative) transport contribution: ,sw(w) = 2xecEw i (é E
and perturbative constraints for the UV part of the spectral function
2
pr(w) = peww)+ 34i[1 - 2nF(%)]R(w2) (5-loop vacuum + LO thermal correction)
T

Fit to continuum extrapolated vector-meson correlation function G;(7,T)

1.9 4 | : | I T 4 T T
96x32 i 2 f Phat/ W)
1.8 L 14448 TG;il[XqGv'"¢] 3.5 pa:il(wT)
1.7 192x64 + - PRAWT)
continuum 3 |

1.6 - T2/xq cont.
15
1.4 ~
1.3
1.2

[}
1.1 b | ' |




Electrical conductivity of the QGP

continuum estimate for the
of the electrical conductivity

lower and upper limits from analysis of
different classes of spectral functions:

0.9 T T T T T
0.8
0.7
0.6
0.5
0.4
0.3
0.2

I i

O | | | | |
1 1.1 1.2 1.3 1.4 1.5 1.6

[H-T.Ding, F.Meyer, OK, PRD94(2016)034504]

S
~
&3
:
3

I I
—
|

comparison of different lattice results
(Plot courtesy of A.Francis)

F I I T T I T I I ]
0.7 -oe/(TCem) T N=0, (Aarts,2007) +—m— -
i : N¢=0, cont., (Ding,2016) +—— 1
06 L Ni=2, (Brandt,2012) ]
- : Ni=2, (Brandt,2015) I |
I : N=2+1, (Amato,2013) [ ] |
0.5 : T .
0.4 [ @ -
03 0 | ? ]
02 [ 5 0 o ]
0.1 | d .
: % | e |
0 \ I ! \ \ | \ \

06 08 1 12 14 16 18 2 22
[G.Aarts et al., PRL 99 (2007) 022002,
H-T.Ding, F.Meyer, OK, PRD94(2016)034504,

Brandt et al., PRD93 (2016) 054510,
A.Amato et al., PRL 111 (2013) 172001]



Electrical conductivity of the QGP 58

compared to calculations in comparison of different lattice results
partonic transport approaches (Plot courtesy of A.Francis)
0.7 ' 6g/(TCom) T NeO, (Aats2007) i
0.1 . ~ . i N¢=0, cont., (Ding,2016) +—— 1
' 06 | Nr=2, (Brandt,2012) i
Tt Ni=2, (Brandt,2015) N |
I : N=2+1, (Amato,2013) [ ] |
0.5 : . ]
‘N, 0.4 | n f
S oot} o -} 4‘] This work . i z T 1
© BAMPS ] i ;
o Aarts et al., IQCD —— ] — :
Brandt et al., IQCD ——=— | 0.3 : ? ]
“““ i Bielefeld quench. conti. IQCD 1 I E
““““ < % SKM =m mm m : 0
"CHPT =+ == | 02 | 0 " )
PHSD v 7
0.001 : : : ‘
0.5 1 1.5 2 2.5 0.1 R l { @ ]
e i : T/T,
[M.Greif, C.Greiner, G.Denicol, PRD93 (2016) 096012] O 06 08 1 12 14 18 18 2 oo
[G.Aarts et al., PRL 99 (2007) 022002,
H-T.Ding, F.Meyer, OK, PRD94(2016)034504,
Progress in determining transport Brandt et al., PRD93 (2016) 054510,

coefficients, although systematic A-Amato etal., PRL 111 (2013) 172001]

uncertainties still need to be reduced in the future.



Thermal dilepton rates

Dileptonrate directly related to vector spectral function:

1.0e-05 -

1.0e-06

1.0e-07

1.0e-08 |

1.0e-09

1.0e-10

1.0e-11

dW 52

1

dwd3p ~ 5dr? w2 (ew/T —1)

pv(w, T)

I I I
dW/dwd3p

: [H-T.Ding, F.Meyer, OK, PRD94(2016)034504] (.n])/T

I
1.1T,
1.3T,
1.5T,

HTL |
Born i}

Hard thermal loop (HTL) —:
[E.Braaten, R.D.Pisarski (1990)] -

0 1 2 3

4
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Hard Probes in Heavy lon Collisions - Photons

AutAu—»y+X [0-10% central]
= m Prompt: NLO pQCD = T, [0-20%]

D.d'Enterria-D. T, =590 MeV. ;=015 fm/c
— S.Rasanen et al. T, = 580 MeV. ;=017 fm/c
D.K.Srivastava. T, = 450--600 MeV, 1,=0.2 fmic

s 8. Turbidle et al. T, = 370 MeV, 1,=0.33 fm/c

J.Alam et al. T, = 300 MeV, 1,=0.5 fmic

@  PHENIX AutAu [0-10%] Preliminary

—— Thermaly (D.d'Enterria-Peressounko) + pQCD y

Direct and fragmentation photon relative contribution o 10g
o =
> -

Rate é 1L

Hadron Gas Thermal T, E ;
S 107

= =

QGP Thermal T, g -
=2 102 =

“Pre-equilibrium” 3|
” € H " 10 E

(“secondary” or “cascading -
Jet Re-interaction V(T xVs) 104
- sl

[Fleuret 2009] pQCD Prompt xVs 107
B EY -
‘l!ﬂllﬂl!tll!ﬂilﬂﬂﬁl!l!lllﬂl!llﬂ!ﬂilﬂﬂﬁll!lll 10-6 I
Emission time 0

Photonrate directly related to vector spectral functio

" dN, b« 1
d4zd3q 6m2ew/T — 1

1 2 3 4 5
p; (GeVic)

n (at finite momentum):

ov(w = k|, T)




Perturbative knowledge on the vector spectral function

Non-interacting limit, “Born rate” for large invariant mass M>>#T, with M2=w?+k?

oy = NI [N w0,

27k cosh( “’4Tk ) 2T

[G. Aarts and J.M. Martinez Resco, NPB 726 (2005) 93]

Leading-log order for invariant mass M=0:  [J.I. Kapusta et al.,PRD44 (1991) 2774,
R. Baier et al. Z.Phys.C53 (1992) 433]

pv(k, k) =

2
CYchfFT ln(i) [1 — 2np(k)] + O(Q’ST2) )

g

Complete leading order for invariant mass M=0:
[Arnold, Moore, Yaffe, JHEP11(2001)57 and JHEP12(2001)9]

NLO at M = O: [J.Ghiglieri et al., JHEP 1305 (2013) 010]
NLO at M ~ gT: [J.Ghiglieri and G.D.Moore, JHEP 1412 (2014) 029]
NLO atM ~ =T: [M.Laine, JHEP 1311 (2013) 120]

N4LO at M >> «T: [S. Caron-Huot, PRD79 (2009) 125009, P.A.Baikov et al. PRL101 (2008) 012002 ]



Hydrodynamic regime

Vector spectral function in the hydrodynamic regime for w, k& < agT ;

pv(wv k) w? — K
_ 2)x.D
% (w2 T D2 7)) Xa

B
with the quark number susceptibility:  x, E/ dT/<V0(’7', x)VY(0))
0 X
3 ..

and the diffusion coefficient: D=_1 Jim p'(w,0)
3Xq w—0t — w

N¢
which relate to the electric conductivity: o= e? Z Q?Xq D
f=1

dl'y (k) ¥S T 2To
d3k T (2n)3k

In this limit the (soft) photon rate becomes:

In the AdS/CFT framework the vector spectral function has the same infrared structure

and here numerical result can make predictions beyond the hydro regime
[S.Caron-Huot, JHEP12 (2006) 015]

Although not QCD, it may give qualitative insight into the structures at small w and k



perturbation theory — thermal corrections

Thermal corrections in the intermediate frequency regime required [Altherr+Aurenche 1989]

and proper treatment of the small frequency regime [Ghiglieri+Moore 2014] [Moore+Robert 2006]

T=0.5GeV, Nf=3 T=0.5GeV, Nf=3
1035 T T T T ITTT] T T T T TTITT] T T T 1 |||E 1035 T LI B R R T LR T T "7"'5
C k=0.01T . - k=0[9] ]
e k=03T i L k=0.01T / -
> —==-k=1.5T 1 A k=03T /
107°E |- == k=3T E 107 | ———- k=151 / E
. k=6T . Eol--- k=3T .
“ - |- == k=0T 1 = - k=6T ,/ :
y I 1T = [ |-== k=9T i
a4 27
= 10'F 3 E 10'F / E
C ] C / 3
.E C ] E C 4 ]
I L i I L ‘,;/ 4
- NLO ] .- -7 ]
0E TS & oz 7
1077 ~Tos o E W07 g iz 3
_. ___________________ "'j,'/:'l': - I NLO - LPMexpanded + LPN[full |
L / 7 LO i L i
-1 ot L1 -1 Lol Lol L
10— 10—
10" 10 10' 10° 10” 10 10' 10°
M/T M/T

interpolation between different regimes [I. Ghisoiu and M.Laine, JHEP 10 (2014) 84, arXiv:1407.7955 ]

progress in perturbation theory in the past years - compare to lattice QCD results



Lattice constraints on thermal photon rates
Photonrate directly related to vector spectral function (at finite momentum):

AN, 5o 1

W = —— — oy (w
dizd3q 672 ew/T — 17! (

| = |k[,T)

T=11T_,k=4.189T
3

105 T T T T T T T T T T

pQCD spectral function used to constrain the UV

-+ "vacuum" /

interpolation between different (perturbative) regimes: 102;— - /

3T < w < 10T: [J.Ghiglieri, G.D.Moore, JHEP 1412 (2014) 029] o [ /
= /
= - /

w>10T: [I. Ghisoiu, M.Laine, JHEP 10 (2014) 84] 5 03 ki
10 F A

w>>10T: [M.Laine, JHEP 1311 (2013) 120] i LemT
107 F e lightcone

to allow for non-perturbative effects

2 | IIIIIII| | IIIIIII| | |

L |=—= LPM/NLO/ "vacuum" P

107
107" 10° 10"

and to analyze how far pQCD can be trusted ®/T
we model the infrared behavior assuming smoothness at the light cone

and fit to continuum extrapolated lattice correlators

10



Modeling the spectral function

(5+2 n. )" order polynomial Ansatz at small w:
Buw3 32 ~y w3 w2 nmax § witan w2\ 2
e = 5 (- ) - oz (1= )+ > T (1
2wy wh 2w§ wy — W wp
with the constraints to match smoothly with pQCD at w,
pv(w()?k) = /67 pif(w()ak) =7,

and n__. +1 free parameters

max

starting with a linear behaviorat w < T

smoothly matched to the perturbative spectral function at wg ~ \/k2 + (7T')2

In the following we willuse n__. =0 and n__ = 1 for the fits to the lattice data

max max

and to estimate the systematic uncertainties



Lattice constraints on photon rates 66
[J.Ghiglieri, OK, M.Laine, F.Meyer, PRD94(2016)016005]

Fixed aspect ratio used to perform
continuum extrapolation at finite p

By N3 x N_ confs T./%, T/Tc|t0 Tr, T/TC|T0

7.192 963 x 32 314 0.2796 1.12 0.816 1.09
7] SN, 7.544 144% x 48 358  0.2843 1.14 0.817 1.10
T = QWkF 7.793 1923 x 64 242 0.2862 1.15 0.813 1.09
o 7.192 963 x28 232 0.3195 1.28 0.933 1.25
] 7.544 1443 x 42 417 0.3249 1.31 0.934 1.25
use perturbation theory atlarge w 7793 1923 x56 273 03271 1.31 0.929 1.25
and fit a polynomial at small w to extract the spectral function
T=1IT, T=1IT,
i 1 1 | 1 | T I 1 | 2.0 1 I 1 | 1 1
___________ — — best estimate from pQCD
1.0~ pa= =TT — polynomial interpolation
i PR [ |-+ AdS/CFT
0.8
>
g 1.0+
g S~< =
O s T 3
&) Z
~ 0.6 < |
O -
04| O lattice ’ - T~ LTI —'—“—_______
— — Dbest estimate from pQCD = S - 0.0—::::::::'E:-” :::: T N
|~ | — polynomial interpolation k:6~283T_ 3
021 ! | ! | ] | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.0 2.0 4.0 6.0 8.0



Lattice constraints on photon rates 67
[J.Ghiglieri, OK, M.Laine, F.Meyer, PRD94(2016)016005]

Fixed aspect ratio used to perform
continuum extrapolation at finite p

By N3 x N_ confs T./%, T/Tc|t0 Tr, T/TC|T0

7.192 963 x 32 314 0.2796 1.12 0.816 1.09
D - N, 7.544 1443 x 48 358  0.2843 1.14 0.817 1.10
T = QWkF 7.793 1923 x 64 242 0.2862 1.15 0.813 1.09
o 7.192 963 x28 232 0.3195 1.28 0.933 1.25
] 7.544 1443 x 42 417 0.3249 1.31 0.934 1.25
use perturbation theory at large w 7793 1923 x56 273 03271 1.31 0.929 1.25
and fit a polynomial at small w to extract the spectral function
T=1.3T, T=1.3T,
T T | T | T | T 2.0 T | T | T T
— — best estimate from pQCD
1.0~ RS S S 5SSt T — polynomial interpolation
i [ |-+ AdS/CFT
08 BN T Smg---_
>t I | - W & — S
g 1.0
@) ~
\> 0.6 B [af i
(D - S e
04 —D— Le;tzitc:stimate from > : | —_::?; ..... RO —
pQCD 0.0
|~ | — polynomial interpolation 1 ey
021 ! | ! | ] : | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.0 2.0 4.0 6.0 8.0

TtT ®/T



Lattice constraints on thermal photon rates 68
[J.Ghiglieri, OK, M.Laine, F.Meyer, PRD94(2016)016005]

The spectral function at the photon point w = k 0'64:)::"‘ ot T
il
. 0_5_55 1 ~- T=LIT| _
doa _
Degi(k) = Xa ii 0.4 B A _
. p"(w,0) | W
11m+ 3 , k=0 e oA
/T
can be used to calculate the photon rate ool N |
AdS/CFT | Mg T
dI’ (k) 20tem X : ST P »
2l — q 2 0.1 L A = B S T e
B3k 32 (k) Deit(k) + O <aem) - H <~ O NLO prediction]
00 | 1 p 1 |-.- 1 | 1
0 2 4 6 8

k/T
becomes more perturbative at larger k, approaching the NLO prediction (valid for k>>gT)

[J. Ghiglieri, G.D. Moore, JHEP12 (2014) 029]
but non-perturbative for k/T < 3

Electrical conductivity obtained in the limit k=0 between the results from

AdS/CFT: DT = QL LO perturbation theory [Amold, Moore Yaffe, JHEP 05 (2003)]
T

. | | | )
iepoaizonzona O-Stamets using lattice value for x,/7T*: DT = 2.9 — 3.1




Heavy Quark Momentum Diffusion Constant «

Heavy Quark Effective Theory (HQET) in the large quark mass limit
for a single quark in medium

leads to a (pure gluonic) “color-electric correlator”

[J.Casalderrey-Solana, D.Teaney, PRD74(2006)085012,
S.Caron-Huot,M.Laine,G.D. Moore, JHEP04(2009)053]

o) _% 23: <ReTr[U(%;T)gEi(T 0) U (r;0) g E;(0, _»_»_»ﬁ_. ..._.h_’_.f

= <ReTr[U(%;O)]>
2T Y [T " Next-to-leading ord
ext-to-leading order
kK = lim PE (w) 0.5 |- Leading order ------ _
w—0 W Truncated leading order ---------

NLO perturbative calculation:

[Caron-Huot, G. Moore, JHEP 0802 (2008) 081] - \\‘\?;:\

0 | ) | |

—> large correction towards strong interactions
—> non-perturbative lattice methods required



Heavy Quark Momentum Diffusion Constant — Perturbation Theory 70

NLO spectral function in perturbation theory: [caron-Huot, M.Laine, G.Moore, JHEP 0904 (2009) 053]

4 T T T T |
—3L full re sult |
S
~ i
~
R
D _
(a\]
> 1 |
% Landau cuts
| .
30 -
X 2
full result - 2 (w/mD) ]
_1 1 1 1 1 |

0 1 2
® / my
in contrast to a narrow transport peak, from this a smooth limit
2T pg (w
k/T° = lim pE(W)
w—0 W

is expected

qualitatively similar behavior also found in AdS/CFT [s.Gubser, Nucl.Phys.B790 (2008)175]



Heavy Quark Momentum Diffusion Constant — Lattice algorithms
[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941 and arXiv:1311.3759]

T=225T_B="7457, 64" x 24 T=225T. B=7457, 64" x 24
I T o 7- T I T I T I T I T I-
ok . © o .
[ ] o o i T
B o ] -] . S5+ -]
o o o ° e = i E O T
20+ , 8 o olegf o5 4 At H
° o - -} 7o e B 4
L L 0 et e af opq 3+ e A
. .4 n.", ;'- On fﬂooll i I:'° °-°ﬂ° ot n | E [ o #nz{ =i j i
S s E e v el © a2 -
T Lo S ol g o0ed 9P, . g8 T ol

ng o B
Pa o 05 e, w %Y ¢ ire -
_20.-:' do © o © . no " o 0+ | |
dard - 7
o : ;ts: 1+ O  standard |
multi i A multi + link
-0 o — multi + link -2 __ L
@ | . N R R R R

100 150 01 02 03 04 05

configuration tT

oL

due to the gluonic nature of the operator, signal is extremely noisy

- multilevel combined with link-integration techniques to improve the signal

[Luscher,Weisz JHEP 0109 (2001)010 [Parisi,Petronzio,Rapuano PLB 128 (1983) 418,
and H.B.Meyer PRD (2007) 101701] and de Forcrand PLB 151 (1985) 77]



Heavy Quark Momentum Diffusion Constant — Tree-Level Improvement 72
[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941 and arXiv:1311.3759]

unimproved data

+
¢
+

G,/G

T= 15T, B=6.87248 x 16

T=15T, p=7.192, 64" x24

T=3.0T, B=7.793, 64" x24
0.3 0.4 0.5
T

([
@)
o @ T=30T,Pp=7457,48x 16
1— c —
<o
0.2

normalized by the LO-perturbative correlation function:

GLO (rT) cos? (7T 1 N2 1
Gn rm TT = cont = 7'(-2T4 —|— C = &
orm(7T) 9°Cr sin*(77T)  3sin?(n7T) "7 2N

and renormalized using NLO renormalization constants Z(g?)



Heavy Quark Momentum Diffusion Constant — Tree-Level Improvement 73
[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941 and arXiv:1311.3759]

unimproved data tree-level improved
4 T T I T I T T I 4 T I T [ T I T I T
® T=-15T,B=6872,48"x16
- =.= » 3 .
> o X 3 O T=15T,B=7.192,64"x24
P L %
* O T Q
o< fox =
: + < T e : %
O ~ : I~ =
o A C e 2 o© & &5
> g T e
S - E2F —
® T=15T,B=6872,48"x16 :8: <9-
I O T=15T,B=7192,64"x24 [ _-g_g:g: |
1 ® T=30T,B=745748 x 16 | ¢ T=30T p=7457.48x16
g O T=30T,B=7.793 64 x24 O T=30T,B=779364'x24
! | L I I I I I I T | | | | | | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
T T T T

lattice cut-off effects visible at small separations (left figure)

- tree-level improvement (right figure) to reduce discretization effects
GLO (+T) = GEO(+T)

leads to an effective reduction of cut-off effect for all 7T



Heavy Quark Momentum Diffusion Constant — Lattice results
[A.Francis, OK, M.Laine, T.Neuhaus, H.Ohno, PRD92(2015)116003]

Quenched Lattice QCD on large and fine isotropic lattices at T~ 1.5 T,
- standard Wilson gauge action
- algorithmic improvements to enhance signal/noise ratio
- fixed aspect ration NJ/N, = 4, i.e. fixed physical volume (2fm)3
- perform the continuum limit,a— 0 < N, — o
- determine « in the continuum using an Ansatz for the spectral fct. p(w)

- scale setting using r, and t, scale [A.Francis,OK,M.Laine, T.Neuhaus, H.Ohno,
PRD91(2015)096002]

o NExN, confs TR /TP T RE) 1T Y T TyTy),
0]

6.872 64° x 16 172 0.3770 1.52 0.3805 1.53 1.116  1.50
7.035 80° x 20 180 0.3693 1.48 0.3739 1.50 1.086 1.46
7.192  96° x 24 160 0.3728 1.50 0.3790 1.52 1.089 1.46
7.544 144° x 36 693 0.3791 1.52 0.3896 1.57 1.089 1.46
7.793 192 x 48 223 0.3816 1.53 0.3955 1.59 1.084 1.45

similar studies by [Banerjee,Datta,Gavai,Majumdar, PRD85(2012)014510]
and [H.B.Meyer, New J.Phys.13(2011)035008]
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we performed a continuum extrapolation, a— 0 + N, — oo, at fixed T=1/a N,

T~15T, T~15T,
4 T T T T T T T T 4 T T T T

/ Gno
/G,
H
:

f O
£2F 7 E 24 Omm 7]
(Dg *‘ (Dg O O, 2O =e....
5 L 64 x16 | - § ot i
o —
N v 80°x20 N Tr=0
v 1tT=04
1+ ® o5x24 | T 1= ® 1T=03 N
| 1443x36 | 1T=0.2
[ *  192’xas| ] ¢ cTeod |
O 1 | 1 | 1 | 1 | 1 O 1 I 1 | 1
0.0 0.1 0.2 0.3 04 0.5 0.00 0.05 20.10
T T const * a

well behaved continuum extrapolation for 0.05 < 7T < 0.5
finest lattice already close to the continuum
coarser lattices at larger 7T show almost no cut-off effects

how to extract the spectral function from the correlator?

0.15
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w<T: linear behavior motivated at small frequencies

KrW
Prir ((,U) — ﬁ

w>T: vacuum perturbative results and leading order thermal correction:

poe(@) = v @], +0 (£5)

w

using a renormalization scale i, = w forw > A j75 leading order becomes
Hw S

pon @) = 20y () 140 (s )|

200 ))C rw®
W) = J (’u“é)ﬂ ik e = max(w, 7T

here we used 4-loop running of the coupling

o

UV(

model the spectral function using these asymptotics with two free parameters

WK
Pmodel (W) = maX{A(I)UV (w), ﬁ}
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4 T T T T
Zpert Gimp/Gnorm
3.5 642x16 —A—
80°x20 —v— 2/ — 3
96°x24 +—o— g (fiw)Crw
3r 144°%¢36 —=— Puv (Cd) — 6
192%¢48 n
continuum
25 F

already closer to the data

1 1 1 1 TT
0 0.1 0.2 0.3 0.4 0.5

Model spectral function: transport contribution + UV-asymptotics

WK > dw cosh (5 —77T) &
pmodel(w> maX{ApUV(w) } Gmodel(T) = / ?pmodel( ) ( ) L
0

2T sinh %
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analysis of the systematic uncertainties by

modeling corrections to p;, by a power series in w

T~1.5 Tc, Tc=1'24AM_S . T~1.5 TC, Tc=1'24AM_S
4 T [ T I T I T I T 10 E T T 1T TTT || T T 1T TTT |[ T T T TTTH
- @ ‘4
e Oy /’ i
i M " |- —-- model loa /T
2@:# 10| model 20ia / -
£ 3 4?2 _ ; model 3a / ;
5 < ~  []---- BoM ]
© ## s - _
\H -@% 3 | J
s [ == i — 10F / 3
@) _92@-'0' ~ C 3
5 & &£ f s ]
N2 #-e- <o cont. limit N _—:.—_::_—._—_..-..-.;_—_;'_‘:?:(, ]
/ - Q=+ = i =l 4 _|
), model 1aa 10 g--- v E
S e model 20ia| - K .
/ r R4 ]
/ - v 1
L , J
1 1 l 1 I 1 I 1 | 1 10'1 1 1 11 1 Jll'l | 1 1 L1 1111 [ 1 1 L1 1 111
0.0 0.1 0.2 - 0.3 0.4 0.5 10'1 100 101 1()2
T ®/T
0 1 w
dw cosh (2 —77) & 2T W
Gmodel(T) = / _pmodel(w) (.2 L ) 1 /{',/fzq'3 — hm pE( )
o 7 SN 57 w—0 W
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Heavy-quark momentum diffusion

> dw cosh (3 —77) & . 2Tpp(w)
G = - 2 T k= lim ————=
E(T) /O = ,OE((U) sinh% w—0 w

Combine continuum-extrapolated lattice results and perturbative input at large w
and model corrections in the non-perturbative low-w region by power series in w

continuum extrapolated

lattice correlator !‘Ion-perturbatlve perturbgtwe perturbative spectral function
PRk input from constraints 4——
Zpert Grat (TT) / Gnorm (77T) lattice QCD in the UV
L 3 full re s ult
;Ogaﬁ 3 3r
S | 10— o I
3k B . P/@T) e Oy /
- 16 x 64° i ---- model laa y i 2k _
_@,&?f v 20x80° T S 2233 gga A
f ° 24X963 —-.—— BGM ,l/ 1= |
2 v = 36x144° /" Landau cuts
/?/'5?: T=15T o 48x192° s /’j |
/.{/ e - c & cont. limit 10 % !7, E e”*mﬂ
. —-——- model laa 2
1 ‘ R ‘.. m‘odelz(xa _.:‘_“__:._'___h_“___,.___;-:;_j,(,x 1 fullres1‘11t-2(w/mD)
00 01 02 03 04 05 10°-=--=""" 7 T=15T, E 0 1 2
E R 3 UJ/II]D
[A.Francis, OK et al., i v [Caron-Huot, Laine, Moore,
PRD92(2015)116003] , AL . o/T, JHEPO4 (2009) 053, Burnier,
10" 10° 10' 10° Laine et al, JHEP08 (2010) 094]
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[A.Francis, OK et al., PRD92(2015)116003]  Detailed analysis of systematic uncertainties

[ ' I ! I ' [
BGM - continuum estimate of « :
| T= 15T, .
2 W
2pb Aﬂ— kT3 = hmo pu(w) =1.8...3.4
2Ba ye) ~ 2 w— w
© 2ab C_&_ . . . .
i o2 Related to diffusion coefficient D and drag
H 20a —o— O coefficient n;, (in the non-relativistic limit)
1Bb =0
16 N Q5 T3
& 2 TD = 47— = 3.7...7.0
lob o007 & strategy (i) R
loa 19: % O strategy (ii) o ai /2T
I B R I = 140
/T3 2M/€’LTLT Mkzn
K

time scale associated with the kinetic equilibration of heavy quarks:

Tkin —

D

= (1.8...3.4) (

M

T\’
T) (1.5 GeV) fm/c

- close to T, 7,,~ 1fm/c and therefore charm quark kinetic equilibration
appears to be almost as fast as that of light partons.



Conclusions — part |

using continuum extrapolated correlation functions from Lattice QCD and

using phenomenologically inspired and perturbatively constrained Ansatze
allows to extracted transport properties and spectral properties
we obtained continuum estimates for
—> Electrical conductivity / Diffusion coefficients
- Thermal dilepton rates
- Thermal photon rates

next goals: continuum extrapolation for charm and bottom correlators

- quark mass dependence of diffusion coefficient + sequential melting of quarkonia

The methodology developed in this studies within the quenched approximation

shall be extended to full QCD calculations for a realistic QGP medium

as close to T, dynamical fermion degrees of freedom will become important



