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Motivation — PHENIX/STAR results for the low-mass 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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[PHENIX PRC81, 034911 (2010)] [STAR preliminary, arXiv:1210.5549]
Dileptonrate directly related to vector spectral function:
dW ha 1

— p, T
dwd3p  54n3 w2(ew/T —1) pov(w,p, T)



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

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

With interactions (but without bound states):

while p_, is protected, the j-funtion in p,, gets smeared:

at leading order

Ansatz:
poo(w) = 2mywi(w)
wl'/2 3 o
pii(w) = 2quBWw2 (/2 + 27T(l + k) w® tanh(w/4T)

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

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




Light Quarks - Vector Correlation Function — continuum extrapolation

Use our Ansatz for the spectral function

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

Dileptonrate directly related to vector spectral function:
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[“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
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Preliminary results at 1.1 T,

[M.Mdller et al., arXiv:1301.7436]
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:
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Light Quarks - Spectral function and electrical conductivity

. [“Thermal dilepton rate and electrical conductivity...”,
Use our Ansatz for the spectral function H 7-Ding, OK et al., PRD83 (2011) 034504 ,

arXiv:1301.7436]

poo(w) = 2myxqwi(w)
wl'/2 3 9
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o Cem 1i pii(waﬁ: 07 T)
— = 1m
T 6 w—0 wT
. T2 Gy(tT) /Xq Gvfree,cont. (xT) 6

Hard thermal loop (HTL)
[E.Braaten, R.D.Pisarski, NP B337 (1990) 569]
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Light Quarks - Dilepton rates and electrical conductivity

[“Thermal dilepton rate and electrical conductivity...”,
H.T.-Ding, OK et al., PRD83 (2011) 034504 ,
arXiv:1301.7436]

Dileptonrate directly related to vector spectral function:
dWw 5o 1
dwd3p 5473 w2(ew/T — 1
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Non-zero momentum

[M.Mdller et al., preliminary 2012]
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indications for non-trivial behaviour of spectral functions at small frequencies:
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Motivation - Quarkonium in Heavy lon Collisions

Heavy lon Collision QGP Expansion+Cooling Hadronization

a« " @ * " -
. '-—'- ¢
[

& G -‘ oe
U e, N [S.Bass]
Charmonium+Bottmonium is produced (mainly) in the early stage of the collision

Depending on the Dissociation Temperature
- remain as bound states in the whole evolution

- release their constituents in the plasma

[Kaczmarek, Zantow]
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Motivation - Transport Coefficients

Transport Coefficients are important
ingredients into hydro models

for the evolution of the system.

Usually determined by matching to

experiment (see right plot)

here: Heavy Quark Diffusion Constant D

later: Heavy Quark Momentum Diffusion

Need to be determined from QCD

using first principle lattice calculations!

Armesto et al. (l)

[ ] vanHeesetal. (ll)

% 3/(2rT) Moore &
- 112/(2nT) Teaney (lll)

Au+Au @\[sy, = 200
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[PHENIX Collaboration, Adare et al.,arXiv:1005.1627 & PRL98(2007)172301]



Quarkonium spectral function — What do we expect!?

T=00

L =/

+ zero-mode contribution at w=0: P(w) = 27Xo00 wd(w)




Quarkonium spectral function — What do we expect!?

™>T,
T=00

+ zero-mode contribution at w=0: P(w) = 27Xo00 wd(w)
T wn T

M2tz T MD

+ transport peak at small w: p(w < T) ~ 2x00



Quarkonium spectral function — What do we expect!?

w2 T>Tc
™>T,
T=00

+ zero-mode contribution at w=0: P(w) = 27Xo00 wd(w)
T wn T
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+ transport peak at small w: pw < T) = 2x00



Quarkonium spectral function — What do we expect!?

p(w) T<T,
w2 T>Tc
™>T,

+ zero-mode contribution at w=0: P(w) = 27Xo00 w5(w)
T wn T

Morrn2’ T MD

+ transport peak at small w: pw < T) = 2x00



Quarkonium spectral function — What do we expect!?

+ zero-mode contribution at w=0: P(w) = 27Xo00 w5(w)
T wn T

Morrn2’ T MD

+ transport peak at small w: pw < T) = 2x00



Quarkonium spectral function — What do we expect!?

+ zero-mode contribution at w=0: P(w) = 27Xo00 w5(w)
T wn T

Morrn2’ T MD

+ transport peak at small w: pw < T) = 2x00



Spatial Correlation Function and Screening Masses

Correlation functions along the spatial direction

1/T
G(zT) = / ol / dr(J(z,y, 2,7)7(0,0,0,0))
0

are related to the meson spectral function at non-zero spatial momentum

O - ©. @) z)T
)= [~ dpues [~ a,paD
0

W

— O

exponential decay defines screening mass M_, : — e Mserz
z>1/T
bound state contribution high-T limit (non-interacting free limit)
2 2 2
U(wapsz) ~ 5(&) — D, — M ) U(wapzaT) ~ O-free(wapon)

M. =M s indications for medium _ M. =92/ (7T)2 + m.2
et modifications/dissociation ser V()2 + me



Spatial Correlation Function and Screening Masses

1.5

1.4

1.3

1.2

1.1

2+1-flavor (p4-improved staggered)

Mp(T)Mpg(T=0)

N.=8 —m—
N=12 +—e—

323xN, with N,=8,12 and 32
physical mg and m=ms/10(m_~220MeV)

anti-periodic boundary conditions
(closed symbols)

M,y = 2/ (rT)? g2

periodic boundary conditions

1.0
5% o= @ . - _ (open symbols)
TT
0.9 : ' ' ' S Mger = 2m,
1.0 1.5 2.0 2.5 3.0
M. — M screening masses for bound states insensitive to boundary
scr

conditions due to bosonic nature of the basic degrees of freedom

“... the change in the behavior of the charmonium screening masses
around T=1.5T, is likely due to the melting of the meson states.”

[“Signatures of charmonium modification in spatial correlation functions®,
F.Karsch, E.Laermann, S.Mukherjee, P.Petreczky PRD85(2012)114501]



Charmonium spectral function in quenched QCD
[H.T.Ding, OK et al., PRD86(2012)014509]

Quenched SU(3) gauge configurations (separated by 500 updates) at 4 temperatures

Lattice size N> N_with N_= 128
N_= 16, 24, 32, 48, 96

Non-perturbatively O(a) clover improved Wilson fermions

Non-perturbative renormalization constants s e ""’j:c“' . )
6.872 3.1127(8) 3.048(2] 3_6’2»1(1”) 3.5-10:':5]

7.457 3.147(1)(25) 3.082(2)(21) 3574(8) 3.486(4)

Quark masses close to charm quark mass - " v o SV
7.793 3.472(2)(114) 3.341(2)(104) 4.02(2)(23) 4.52(2)(37)

cut-off dependence || volume dependence
8 a '[GeV] L,lfm] c=w % NZ x N; T/T. Neomy
68740081 6432 [593)]1.412488 0.13035 128" « 32 0.74 128
128" x 16 1.49 198
7.457 0.015]| 12864 || 1.96 | 1.338927 0.13179 128" x 64 074 179

128" 32 149 250

7.711 0.010] 18574 1.33 ) 1.310381 0.13200 128" x 96| .93 |234

. =
. 28" % 4B 461
close to continuum ! -
128" « 321 220 |106
(ma < 1)

128" « 24\ 288 ) 81
Temperature dependence




Charmonium Correlators vs Reconstructed Correlators
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* main T-effect due to zero-mode contribution
o(w, T)K(w,7,T)

Q
=
3
I
—

* well described by small w-part of o, (w,T)

Greo(T,T) = o(w, 0.75T) K (w,7,T) explains the rise in the vector channel
* no zero-mode contribution in PS-channel
wa (7.7 T) — Gz‘i(T, T) = Gao (7.’ T) (similar to discussions by Umeda, Petreczky)



Charmonium Correlators vs Reconstructed Correlators

0.1

N T 3 146 T, —a—
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> n 9 D}& % T % } { } } }

-0.2 | 1 } } % % %_
03 1 | ) %

04 | .

tT

0.5 ' ' ' ' '

0.25 0.3 0.35 0.4 0.45 0.5

 negative difference for all T

« indications for thermal modifications
in the bound state frequency region

* remember: no transport contribution

in this channel

0.5

04

03 r

02 r

01 r

-0.1

(G(tT) - G o (xTHT>

0.25 0.3 0.35 0.4 0.45 0.5

» positive diff. due to small-w contr.

» positive slope indicates modifications
in the bound state frequency region

* remember: small-w contribution

determines transport coefficient

First estimate from fit to vector channel: 27T D ~ 0.6 - 3.4



Charmonium Spectral function

[H.T.Ding, OK et al., PRD86(2012)014509]
from sophisticated Maximum Entropy Method analysis:

0.4 I | I | I | I
0((10)/002 0.73 TC -
35 - P .
Uoh = 1.46 T,
03 220 T —
293T, —
0.25 _

0.2

0.15

0.1

0.05

statistical error band from Jackknife analysis
no clear signal for bound states at and above 1.46 T

study of the interesting region closer to T, on the way!



Charmonium Spectral function

[H.T.Ding, OK et al., PRD86(2012)014509]
from sophisticated Maximum Entropy Method analysis:

0.2 T I I
o(w)/wz 073 T, —
Vi 1.46 T, ——
220 T, ——
0.15 = 293T, — |
0.1
0.05

statistical error band from Jackknife analysis
no clear signal for bound states at and above 1.46 T

study of the interesting region closer to T, on the way!



Charmonium Spectral function — Transport Peak
[H.T.Ding, OK et al., PRD86(2012)014509]

0.35 I I 4 ,
o(w)/(wT) Vi 146 T, —— 271D
03 [ 220T, — | 35
o5 [ 293T — | 31
25 rm T
0.2 |
2 r ®
0.15 g ®
15
0.1 |
=
0.05 ] 05 |
w/T T/Tc
0 I - O 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 14 16 1.8 2 22 24 26 28 3
T .. piilw,p=0,T)
D=—lim
3X00 w—0 Wi’
Perturbative estimate («,~0.2, g~1.6): Strong coupling limit:
LO: 27TD ~ 71.2 271D =1
NLO: 271D ~ 8.4
[Moore&Teaney, PRD71(2005)064904, [Kovtun, Son & Starinets,JHEP 0310(2004)064]

Caron-Huot&Moore, PRL100(2008)052301]



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]

ATt T
k /

<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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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
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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?



Conclusions

Charmonium:

[F.Karsch, E.Laermann, S.Mukherjee, P.Petreczky, PRD85(2012)114501]:

“... the change in the behavior of the charmonium screening masses
around T=1.5T_ is likely due to the melting of the meson states.”

[H.T.Ding, OK et al., PRD86(2012)014509]:
Detailed knowledge of the vector correlation function at various T in quenched QCD

———> continuum extrapolation of correlation function still needed!
Results so far depend on MEM analysis > Ansatze more difficult due to m, dependence
———> Heavy quark diffusion constant: 27 DT ~ 2

—> No signs for bound states at and above 1.46 T



