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from lattice QCD




Motivation — PHENIX/STAR results for the dilepton rates

pp-data well understood by hadronic cocktail
large enhancement in Au+Au between 150-750 MeV

indications for thermal effects!?

Need to understand the contribution from QGP— spectral functions from lattice QCD
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Dileptonrate directly related to vector spectral function:
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Transport Coefficients

Transport Coefficients are important 1.8 [ ]
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Need to be determined from QCD ST L e T
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using first principle lattice calculations! P, [GeVic]

[PHENIX Collaboration, Adare et al.,arXiv:1005.1627 & PRL98(2007)172301]



Motivation

Vector meson correlation function on the lattice (light quarks)
Temporal correlators vs. free correlators
Volume and cut-off dependence
Thermal moments of the spectral function
Continuum extrapolation

Electrical conductivity and low mass dilepton rates at T~ 1.5 T_

using an Ansatz for the spectral function in the continuum

Preliminary results at 1.1 T

Transport coefficients from effective field theory on the lattice

Heavy quark momentum diffusion constant



Vector correlation functions at high temperature

a 0\
=
Lattice observables: tn C ) '
0.0) —§ (7.X)
GMV(T7 :E) — <J,u(7_7 f)JJ(076>> \ /
S - s 2\ < local, non-conserved current
— ) )
JM(T’ a:) QHZWD(T’ x)r“¢(7’ :1;) needs to be renormalized
Gu(T,p) = Z G (T, f)eiﬁf <«—— only p =0 used here

How to extract spectral properties from correlation functions?



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

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

Pl (W) = 2rTwé(w)
3

plr¢(w) = 27TT2w5(w)+2—w2tanh(w/4T)
T

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



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

free non-interacting vector spectral function (infinite temperature):
Pl (w) = 2rT wi(w)

pl7(w)

17

2T wd(w) + 23 w? tanh(w/4T)

7

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

With interactions (but without bound states):

s
while p_, is protected, the j-funtion in p,, gets smeared: k= ?
Ansatz: at leading order

poo(w) = 2mxqwd(w)
wl'/2 3 )
i = 2 1 tanh(w /4T
pii(w) XqCBW ~5+ (T/2)? + 27T( + k) w® tanh(w/4T)

Ansatz with 3-4 parameters: (xq),cBw, L, K

_ _ [“Thermal dilepton rate and electrical conductivity...”,
works fine for light quarks at 1.5 Tc H.T.-Ding, OK et al., PRD83 (2011) 034504]



Electrical Conductivity

Electrical Conductivity «——> slope of spectral function at w=0 (Kubo formula)

o Cem I Pii (waﬁ: 07 T)
— = 1m
T 6 w—0 Wl
o 5/9 > for nj =2
Cem — 62 Q?‘ —
f; 6/9 e* for n; =3
Using our Ansatz for p,,(w):
o 2 x, T
T =3 12 T % Cem

previous studies using staggered fermions (need to distinguish p,,., and p,;,):

S.Gupta, PLB 597 (2004) 57: N.=8-14, N < 44
G.Aarts et al., PRL 99 (2007) 022002: N.=16,24, N_=64



Vector correlation function on large & fine lattices

Quenched SU(3) gauge configurations at T/T.=1.5 (separated by 500 updates)

Lattice size N> N_with N, =32 —128

N_= 16, 24, 32, 48 Temperature: T = —

Non-perturbatively O(a) clover improved Wilson fermions
Non-perturbative renormalization constants

Quark masses close to the chiral limit, « ~ k., & my/T[r=2GeV]~ 0.1

|_Volume dependence |

N, [N, B CSW K Zyv | 1/a|GeV] | alfm] | #conf

16 || 32 || 6.872 | 1.4124 | 0.13495 | 0.829 6.43 0.031 60
16 || 48 || 6.872 | 1.4124 | 0.13495 | 0.829 6.43 0.031 62
16 || 64 || 6.872 | 1.4124 | 0.13495 | 0.829 6.43 0.031 7
16 || 128 J| 6.872 | 1.4124 | 0.13495 | 0.829 6.43 0.031 129

24 || 128 | 7.192 | 1.3673 | 0.13440 | 0.842 9.65 0.020 156

22 || 128 | 7.457 | 1.3389 | 0.13390 | 0.851 12.86 0.015 255

48 )| 128 | 7.793 | 1.3104 | 0.13340 | 0.861 19.30 0.010)| 431

cut-off dependence & continuum extrapolation close to continuum




Vector Correlation Function — volume & cut-off dependence

free
1 35 | Gy(tTYGy () only small volume dependence
1.3
1.25 | 12%)( !
128°x24(1l) —*—
128 x32 —=—
1.2r 128°x48 —=— ]
1.15 |
1.1+
1.05 | 1
1 | | | | TT
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Vector correlation function normalized by free (non-interacting) correlator

analytic in the continuum (for massless quarks):

2
GIre(r) = 6T <7r(1 _ 2T 1 + cos*(2n7T) ; cos(2m7T) )

_|_
sin® (277T) sin?(277T)



Vector Correlation Function — volume & cut-off dependence

1 35 | GUETYGU(eT) | only small volume dependence
3 . .
A e A ] fix lattice volume V=1283
) 3
128,x32 + & .
1 128’48 vary N, at fixed T=1.5T,
25 | .
L
12} \ | cut-off effects are more severe
1.15 \‘\
1T e e, L A et e e b large N, needed
1.05 | . .
- continuum extrapolation
1 | | | |
0 0.1 0.2 0.3 0.4 0.5
GV (7-72?) — _GOO (7-72?) + Gm (7-715)

incomplete cancelation between G,,(7T) and
BW-contribution to G;(7T) ?

——> information on transport properties?



Vector Correlation Function — continuum extrapolation

16 | G<THG =T I
s .’éif./:ig;,_,:i:%::::::;ir-f-/-fﬂji T G i (7', T)
éooG{/ree (7‘, T)

B 0.5 1.701(11)
s | 0.375 | 1.527(9)
14l I 0.25 1.288(7)
1.3¢»9T0030|f 1 normalization with Gy,= X,/ T? defines
12l EES%ES EEE | §§EEE ] renormalization invariant quantity

0 0.001 0.002 0.003 0.004

extrapolation in (aT)?=(1/N_)? under control for 7 T> 0.2
extrapolation is independent of the chosen normalization

extrapolation at other values use spline interpolation at fixed cut-off

———> well defined continuum extrapolated values for this ratio



Vector Correlation Function — curvature at 77'=1/2

Taylor expansion around the mid-point 77'= 1/2 : Thermal moments of

o0 (2n) (1 )(Zn) the spectral function

Gy(tT) = G(O) Z — — 7T /

G(O)

o _ 1 dGv(rT) _ 1 [Fdw (_)" pv (w)
v nl d(rT)" | poyp nlJo 2m \T/ sinh(w/2T)
a1 12824 <
Ratio of midpoint subtracted correlator: '°°[ ! 12832 %
; fit [0.2(?8?5}]:
A(TT) _ fv(TT)—Gv(1/2) 3+
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Vector Correlation Function — curvature at 77'=1/2

Quadratic fit to A(7T) with varying lower fit range [(7T)min,1/2}

G&/(v)),free _ 973
Gg)afree _ 287T2 T3
5
12474
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v 21
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normalized curvature close to that
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Vector Correlation Function — continuum extrapolation

[“Thermal dilepton rate and electrical conductivity...”,

Use our Ansatz for the spectral function

H.T.-Ding, OK et al., PRD83 (2011) 034504]
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Spectral function and electrical conductivity

5

Use our Ansatz for the spectral function

poo(w) =

pii(w) =

2T x qwd (W)
wl'/2

3

2XaBW r g T an

shaded area by varying ITT within its errorband

pii (O))/(XI)T

T/T, = 1.5

BW+continuum
free

/T

10

1+ k) w? tanh(w/47T)

2
CEwXe  _ 1 098(27)
T
L 993505)
T - .
k= 0.0465(27)

|

electrical conductivity

o
— = (0.37+£0.01)Ck,n,
T (0.37 £0.01)C



Light Quarks - Spectral function and electrical conductivity

[“Thermal dilepton rate and electrical conductivity...”,
H.T.-Ding, OK et al., PRD83 (2011) 034504]

Use our Ansatz for the spectral function

27X qwd (w)
wl'/2

poo(w)

3

ii 2

T3

7T(1 + k) w? tanh(w/4T)* O (wy, A)

Analysis of the
systematic errors

(00/T=0, AO)/T=0
0g/T=1.5, A,/T=0.5
HTL
free

using truncation of the
large w contribution

O(wo, A) = (1 + e@%—ﬁvm)‘

pii(w,p=0,T)
w1

electrical conductivity

Hard thermal loop (HTL) ]_
0 [E.Braaten, R.D.Pisarski, NP B337 (1990) 569] o/T 1 / 3 < E <1
T T T T Cem T
0 2 4 6 8 10

1



Light Quarks - Dilepton rates and electrical conductivity

Dileptonrate directly related to vector spectral function:

1e-05 :
16-06 |
1e-07 ;

1e-08 :

1e-09

1e-10

1e-11

1e-12 |

[“Thermal dilepton rate and electrical conductivity...”,
H.T.-Ding, OK et al., PRD83 (2011) 034504]

diw 5o’ 1 (0,5, T)
dwd3p 5473 W2(ew/T — 1) ALl
p=0 -

BW+continuum:wy/T=0, A,/T=0
oo/T=1.5, A,/T=0.5
HTL
Born

Hard thermal loop (HTL)
[E.Braaten, R.D.Pisarski, NP B337 (1990) 569]

ol/T

10



Preliminary results at 1.1 T,

[M.Mdller et al., preliminary 2012]
PRACE-Project:
Thermal Dilepton Rates and
Electrical Conductivity in the QGP

(JUGENE Bluegene/P in Julich)

PRACE

1.097. Lattices (all A /N = 3)

1)T=a-N.
N.TN. | B £ [1/3GeV] [=a #conf
329 (7192013480 965 | 0020 | 223
48 | 144 | 7544 | 013383 | 1421 | 0015 | 226
64 | 192 | 7.793 | 013345 | 1930 | 0010 | 165

study of T-dependence of dilepton rates and electrical conductivity

fixed aspect ratio to allow continuum limit at finite momentum:

p
T

- N.

— Ik ——

No




Preliminary results at 1.1 T,

. [M.Mdller et al., preliminary 2012]
Use our Ansatz for the spectral function

poo(w) = 2mxqwi(w)

wl'/2 3 0
pii(w) = 2x.cBW o7 1 (T2 + 27T(1 + k) w tanh(w/4T)

Gv(T, T)

: : (2)
and fit to the continuum extrapolated values GooGEee (7, T) & Gy

1.6 T T T T

I\\\ T2 Gv(TT) /Xq Gvfree,cont. (TT)

reconstructed from fitted SP F
N. =64 —+—

1.1 N, =48 1+ 1
N, =32 —+—
il | continuum exltrapolationHH

0 0.1 0.2 0.3 04 0.5



Preliminary results at 1.1 T,

. [M.Mdller et al., preliminary 2012]
Use our Ansatz for the spectral function

poo(w) = 2mxqwi(w)
wl'/2 3 0
pii(w) = 2x.cBW o7 1 (T2 + 27T(1 + k) w tanh(w/4T)
° ' | | " T=145T
pi(w) / oT 21:00T ¢ _
" e Analysis of the

11T, systematic errors

in progress

electrical conductivity

g Ocr, B pii(waﬁ: OaT)
T 6 w0 wT




Preliminary results at 1.1 T,

[M.Mdller et al., preliminary 2012]
Dileptonrate directly related to vector spectral function:

dw  5a? 1
dwd3p  54m3 w2(ew/T — 1

) pV(waﬁa T)

1e-05 r T T T T
[ T=1.09T, ]
T=1.46T, ——
3 HTL —— |
dW/dwd
16-06 | p Bom Rate __

1e-07
1e-08
1e-09
1e-10

1e-11

o/T

1e-12 ' ' ' '



Non-zero momentum

[M.Mdller et al., preliminary 2012]

145 - 2~ free/lat. o 1.35 ' 2~ free/lat. —51
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14+ p/T = 4.188 B 13| pIT = 4.188 B
1.35 1.25
13 12 F
1.25 - o - {}H—} - }% 1.15 |
1.2 1.1 |
115 | — 1.05 -
11 F N, =64 i o 1k N, =64 i
i p— NZ$
'E= —[=
105 <T ) ) ) continuum extrapolation—&— 0.95 T ) ) ) continuum extrapolation —&—
o 01 02 03 04 05 "o 01 02 03 04 05

indications for non-trivial behaviour of spectral functions at small frequencies:
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02
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[Hong+Teaney, PRC82 (2010)044908]



Hard Probes in Heavy lon Collisions - Photons

Direct and fragmentation photon relative contribution « 10E T
> B 1 Thermal Photons in Au+Au aty s, = 200 GeV
Rate 8 N * DATA 0-20%
= A ... D. d'Enterria & D. Peressounko: T, = 590 MeV,t, = 0.15 fm/c
(@] o ‘:‘_ Y ) _ _
Hadron Gas Thermal T, n;—f 1 = \\._‘-'.“ ......S. Rasanen et al.: T, = 580 MeV,7, = 0.17 fm/c
o r R --- D. K. Srivastava: T, = 450-600 MeV, 1, = 0.2 fm/c
g . NI\ - S.Turbideetal: T, = 370 MeV.t, = 0.33 fmic
i , )
c-zc Al -F.M. Liuetal.: T, = 370 MeV,t, = 0.6 fm/c + LO pQCD
QGP Thermal T' LIJ10 § - - J. Alamet al.: T, = 300 MeV,z, = 0.5 fm/c
: f — W. Vogelsang: Prompty NLO pQCDxT (0 20%)
“Pre-equilibrium” 102
(“secondary” or “cascading” =
Jet Re-interaction V(T xVs) 10%E
pQCD Prompt xVs i
>E, 10*E
<IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIII =
Emission time -
10°F
[Fleuret 2009] g
_ [PHENIX 2009, PRC81, 034911 (.2010)]
IIII|IIII|IIII|IIII|\III—‘I]JI|IIII

107, 1 2 3 4 5 6 7
P, (GeV/c)

Photonrate directly related to vector spectral function (at finite momentum):

y dN, b« 1
d4zd3q 672 ew/T —1

pv(w = |p|, T)



Heavy Quark Momentum Diffusion Constant
[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941]

Heavy Quark Effective Theory (HQET) in the large quark mass limit

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]

U T O
T T

<Re Tr [U(%; 7)gE;(7,0) U(7;0) gE;(0, O)] >
i=1 <Re TY[U(%§ 0)]>

. 2Tpg(w 27
Heavy quark (momentum) diffusion: k = lim pu(w) . D="—
w—0 w K




Heavy Quark Momentum Diffusion Constant
[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941]

tree-level improved

unimproved data
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e O
= | %
Cr
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Fa |
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O T=3.0T,p=7793 64 x 24
R SR R RS
0.0 0.1 0.2 0.3 04 0.5
T T

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

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

—> tree-level improvement (right figure) to reduce discretization effects

[similar studies by H.B.Meyer, New J.Phys.13 (2011) 035008 and

D.Banerjee,S.Datta,R.Gavai,P.Majumdar,PRD85(2012)014510]



Heavy Quark Momentum Diffusion Constant

[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941]

. 3
tree-level improved X renorm. factor, 64~ x 24

. 3
tree-level improved X renorm. factor, 64~ X 24

4 T | T | T | T | | 2.0 T | T | T I T I T I
o) T=l.5TC ® T=1.5TC
' |—— NLO i -l o T=2.25 TC
o T=225T, ) o T-30T
---- NLO 151 i
g il
g T=30T = 1T
og i < NLO c §§§ | @E ]I:D:E K=1T
g oI < ﬁfgﬂﬁﬁ k=2 T
\ 1T N ! :.:E
, == £ . 3 * T Y7 3
<= o) - oo k[=3T
1.0 _"- ................................................. :‘:* = M o _ \
K 3 K=4T
" D~ (0.5—08)/T |
P R R SR T S R

L [ L l L | ! | ! I
090 01 02 03 04 05
Model spectral function: transport contribution + NLO [v.Burnier et al. JHEP 1008 (2010) 094)]

WK
Prodel (W) = maX{pNLo (w), ﬁ}

> dw cosh (2 — 7T) &
Gmodel(T) E/ _pmodel(w) (Zhi ) -
o T SINN 57

Still large uncertainties but very promising

- thermodynamic+continuum limit needed

- more constraints on the spectral function

- other operators and observables from EFT?



Heavy Quark Diffusion constant

a4q

24

16 |+

9 . . .
27TD —
8 NLO PACth 1 estimate from HQ momentum diffusion
7 Charm ——e— 1
6 PHENIX 1 .
Francis et al. estimate from charmonium correlation fct.
5 1 Ding, Francis, OK, Karsch, Satz, Soeldner,
4 | arXiv:1107.0311
3 1 estimate from light quark correlation fct.
2 } 1 Ding, Francis, OK, Karsch, Laermann, Soeldner,
PRD83 (2011) 014504
1 —AdS/CFT 1 OK, Francis, arXiv:1109.4054
0 | | TlfI'C (see also Aarts et al. PRL 99 (2007) 022002)
1.5 2.5 3
025 LonT similar calculation on HQ momentum diffusion by

PHENIX

Banerjee, Datta, Gavai, Majumdar, PRD85(2012)014510
(see also Meyer, New J.Phys. 13 (2011) 035008 )

There is improvement in extracting transport coefficients from LQCD!

still more improvement needed to reduce systematic uncertainties

1.5
T/,

> and to move from estimates to real numbers!



