Homework:

1) Prove the integral equation :

cosh(ko - (r — 5/2))
sinh(Bkg/2)

A(r) = /OOO dkoo (ko)

Show that:
1 R
o(ko) = m e PEn [6(ko + En — Em) — 0(ko + Em — En)] |<n|q|m>|2

Hint : use relation between o(kg) and D~<(kg) and insert a
complete set of energy eigenstates into D-~><(t))

3) Prove the sum rule

O
/ koo (ko)dko = 1
O



Euclidean correlators and spectral functions

Lattice QCD is formulated in imaginary time Physical processes take place in real time
G(z, p.T) =jd3xei5'?<JH (T,Q)JH+(0,0)>, D”(t, p,T) =jd3xe‘“<JH (t, ) J} (0,0)>,
3,,(0,%) =z, )L (7, %) D(t, p.T) = [d*xe™™(3,,(0,0) 3, (t,%))
D>(w)2_ 2Oy, Dy (@) = o(w)
Ly =Ly 7. 7507, - () 7 g
R(w) = ¢ e_—hadrons
0-6+e*—>pu+p,* w2

G(z,T)=D"(—i7)
Z

G(zr,T) = jowdwa(w,T)

cosh(aw(r —1/(2T))
sinh(w /(2T))

if 7=0and o(w)=> And(w— En) BB G(r) = Age P07 4 AjeF17 4 .

fit the large distance behavior of the lattice correlation functions

This is not possible for 7" > 0, 74 = 1/T B Maximum Entropy Method (MEM)



Spectral functions at T>0 and physical observables

Heavy meson spectral functions:

Jn=yTyw =

Quarkonium suppression (Raa)
Open charm/beauty suppression ( Raa)

Light vector meson spectral

functions:
J,=vv,v =)

Thermal photons and dileptons provide
information about the temperature of

the medium produced in heavy ion collisions
Low mass dileptons are sensitive probes

of chiral symmetry restoration at T>0

quarkonia properties at T>0
heavy quark diffusion in QGP: D

thermal dilepton production rate
(# of dileptons/photons per unit 4-volume )

dw 502, 1  ouu(w,p,T)
dwd3p  27m2ew/T — 1 w2 —p2

thermal photon production rate :

dW . 5Qiem 1
d3p  9r /T _1

D oup(w =p,p,T)

2 massless quark (u and d) flavors are
assumed; for arbitrary number of flavors
5/9 — Zf sz

electric conductivity C :



Meson spectral functions and lattice QCD

In-medium properties and/or dissolution of quarkonium states are encoded in the spectral
functions

I."
e f './ "\__ R .'I \\x
/ (Y

Melting is seen as progressive broadening aind disappearance of the bound staté peaks

Need to have detailed information on meson correlation functions — large temporal extent N,
Good control of discretization effects — small lattice spacing a

a

Computationally very demanding — use quenched approximation (quark loops are neglected)

time ar = as = a ar < as, £ = as/ar > 1
— 1
= Niay
Isotropic Cn;:srp‘rroplc
I Lattice attice
a
t +—> at X ¢ >
Qs space Qg space




An example: charmonium spectral functions in lattice QCD

vs : Pseudo — scalar(PS) — 7. (15p) 1: Scalar(SC) — v.0 CPp)
vu - Vector(VC) — J/1 (3571) v5y7u - Axial — Vector(AX) — x.1 (3P;)
Asakawa, Hatsuda, PRL 92 (2004) 01200 Datta, et al, PRD 69 (04) 094507
8 ! "0.9T, —
- (a) T=078Tc -—- - o(®)/w? 2_12-2% E—
6F T=138Tc —=-- - 0.8 f 3Ty ——
B T=1.62Tc
Al o | vector
2t i'| N . 0.4 }
0 - LA}JL/#{HHH S 0.2
L (b) T=187Tc '
]! T=233Tc ---- | o _ .
- 0 5 10 15 20 25 30
4l Pseudo-scalar
| 1S state charmonia may survive at lease up to 1.67, ??
2t .. 1 seealso
O eme . Umeda et al, EPJ C39S1 (05) 9, lida et al, PRD 74 (2006) 074502
. N (05) (2006)




Meson spectral functions in the free theory

At high energy w and high T the meson spectral functions can be calculated using perturbation
theory

LO (free theory) :

1 AM? AM?
o;i(w) = 9(w2—4M2)4—W2w2\/ 1— 7(Ai—|—Bi7) tanh(w/4T)+x;wd (w)

. 6 [ M? 2 on f i
X' (T) = ﬁ/o dpp” (ai b+ q%) (——F) zero mode contribution
p p — transport coefficients

Age — O, Qqr — 1, Ayec — 0, aps = O,

bsc = 1, bax = 2, byc =0, bpS =0, 0.12 '
NT
csc =0, cax =0, cve =1, cps =0; 16 ——
0.10 1 o
Karsch et al, PRD 68 (03) 014504 0.08 | 32—

cont

Aarts, Martinez Resco NPB 726 (05) 93 0.06 |

aps(w,T)/w2

lat

0.04 1

The free spectral functions can also be 00 | |
calculated on the lattice using Wilson '
type fermions 0.00 ' ' ' '

0 20 40 60 80 100
w/T




Heavy quark diffusion, linear response and Euclidean correlatots

Linear response
H = HO—/d?’ﬂ?M(ﬁUat)N(CUat)r N(Cli,t) — 5(58;15)70(1(37375% ,u,(a:,t) — eetg(—t)ﬂ(i??)

(N (z,t)) = /_o:o dt' DR\ (z,t' — t)p(z, t) t=20
onn(k,w) = %ImDII\%fN(kaw) - ;?0;0, )
& g
Rw(k w) = (5ij_LIZ ¥ ki JJL(k w) cz ‘. Cj Lo ?a@jt
ijNN(k w) = DY 1 (k,w)
Euclidean correlators: P.P., Teaney, PRD 73 (06) 014508

GOk, 7) = [ dBae™(J%(z, 7)J%(0,0)) = —Dyn(k, —ir) = — [ d kW) K(r,w, T
3 — E aT) E( 3 )>_ NN( ) r”_)_ 0 wJNN( aw) (Tawa )

G (k,7) :/d%eikX(JéE(x,T)Jg(o,O)) = D (k,—ir) =fO°°dwoj$'J(k,w)K(T,w,T)

cosh(w(r —1/(27T))
sinh(w/(2T))

K(r,w,T) =



Correlators and diffusion

P.P., Teaney, PRD 73 (06) 014508
onNnN,jJ(k,w) = O-R]I(j:]\frjjj(kaw) + o N 7 (e, w)

dw

1—2(;)2+w2;(7—5/z)2+...l

L, 1 3 3 1
GHPM ) = [at( )DNN(k £) + 24T23§ DR (k6 — 0P DR D) 2 (7 - 5/2)2 +...L=O
B=1/T
k-p
Collisionless Boltzmann equation : Bare 1-loop :
k
( +z )f(mp,)—o S .

—

fo(lxfp) kevyd(w—k-vp) p

low
NN (k@) = T/(Q )3

T
low
k = v— wo
| w3 1 w2 / JJJ( ,W) XMw (LU)
o 7 (k,w) = x 5 exp | —=—57 k—0
IC QWkQ% 2k M \ L |0W
(k,w) = xywd(w)

GV (k,w) = Tx— G (k,w) = Tx



Correlators and diffusion

ttran ~ M/T2 > 1

i ¥ 18f
Moore, Teaney, PRC 71 (05) 064904 % 16:_535
z 14‘ %E:o.s — k=0.0
d? v dp’ _ _ 3 Fi
d—ﬁ = pﬂ, d—i = £'(t) —np’, A
(€ (DE () = r6'I5(t — 1) N
n"=2MT> ~ = My 0] /NN k=40
> e T N T
t>1/n:0N(x,t) + DV-N(z,t) =0 ®
R — —
k<< M/T : % Dypn(k = 0,w) = xwé(w)
R xDk? yDk?
DNN(k’w):_q;w—l—kQD_—iw—l—n ~_ R 17T n
DJJ(k — Oaw) — XW_M 2 _I_ 2
™ M w n

P.P., Teaney, PRD 73 (06) 014508



Transport contribution to the Euclidean correlators

Interactions smear out the valid only for w < n < T but
ywd(w) term K(w,7,T) — 2L has support for w ~ T
width ~ n

G!?}V(T) #* const but has a small curvature around = = 1/(27T)

low 17T U,
oy (W) = xw— ) 2 0.015

M we + 1 Glow 3 D=AT ——

0.014 D=0.5T ——

D=0.25/T ——

A 0.013 D=1/2xT) ——

. D=infinity ——
XIn 0.012 -

0.011 |

0.01

0.009 r

01 02 03 04 05 06 07 08 0.9

/ ﬁi _ T

n~g4T;}i;ﬁ; ' 2M o
P.P., Teaney, PRD 73 (06) 014508




Reconstruction of the spectral functions : MEM

G(r,T) = /Ooo dwo(w, T) - K(w,T)

O(10) data and O(100) degrees of freedom to reconstruct

1 Bayes’ theorem :
P[X|Y]=P[Y|X]P[X]/P[Y]

Bayesian techniques: find o (w, 7") which maximizes

N P[XY]=P[X|Y]P[Y]
Ploc|DH] ~ P[D|cH] E@H] =P[Y|X]P[X]

data Prior knowledge prior probability

H: o(w,T) >0 =) Maximum Entropy Method (MEM): Plo|H] = e*°
Asakawa, Hatsuda, Nakahara, PRD 60 (99) 091503, Prog. Part. Nucl. Phys. 46 (01) 459
1

Plo|DH] = Plo|Dam] = exp(—ix2 + «aS)
o i 1
Likelihood function Shannon-Janes entropy:
I o(w)
S = /O dwolo(w) = m(w) — o) In 73]

m(w) -default model  m(w > Agep) = mow?  -perturbation theory



Procedure for calculating the spectral functions

How to find numerically a global maximum in the parameters space of O(100)
dimenisons for fixed o ?

N
o(w) = m(w) exp {Z siui(w)] , N < N;/2
1=1

Find the basis u;(w) through Bryan, Europ. Biophys. J. 18 (1990) 165
SVD of K =UXV, uj(w;) = Uj; (Bryan algorithm)

Jakovac, P.P. , Petrov, Velytsky,

or use u;(w) = K(w, ;)
. PRD 75 (2007) 014506 (J-algorithm)

maximization of Plo|Dam] reduces to minimization of

— Z 5;Cij8; + Z o(w)Aw — Z G(7;)s;

Jl

covariance matrix ensemble average
which can be done using Levenberg-Marquardt algorithm q O oy



Procedure for calculating the spectral functions (cont'd)

How to deal with the a-dependence of the result ?

o(w) = /da 50 (w) Pla|Dm]

For good data Plo|Dam] is sharply peak around o(w) = Ga(w) and
using Bayes' theorem

Pla|Dm] ~ /[da]P[mmm]Pja|am]P[a\m]

1
~ P[a|m]/[da] exp —§X2—I—ozS
Pla|m] exp 12 2+ aS(5a) . %(6a)
~ a|m — (87 o — = o
2 L Oé—|—>\k “ 2X “
. 1 ox?
A, are the eigenvalues of Ay = —\/0; VOp'lo=5, and common
2 0o 0oy “

choices for Pla|m] are Pla|lm] = const and Pla|lm] = 1/a.

In practice Pla|Dm] is peaked at some amaqz.



o(0)/0?

Charmonium spectral functions at T=0

Anisotropic lattices: 163 x 64,£ =2 163 x 96,¢ = 4, 243 x 160,£{ =4
Ls = 1.35—1.54fm, #configs=500-930;
Wilson gauge action and Fermilab heavy quark action

Pseudo-scalar (PS) — S-states

Jakovac, P.P. , Petrov, Velytsky, PRD 75 (2007) 014506

04 4 T T T T 04 !
0=10 -------- nc(1S) .
035 F | i =1 —— | 0.35 a; =4.11GeV,&=2
' =0.01 —— P
03+ 0=0.001 -eeeeveeee 1 03 3y =8.186€V,§=4
a '=14.12GeV &=4 ——
025 | ¢ 1 0.25 | : :
] N
02| | i 3 027
¢ ©
015 | { & 0.15 r
01 F ‘I 0.1 25+35+4S
0.05 f 0.05 ﬁi
0 BTN N . l 0 & \
5 10 15 20 5 10 15 20
w[GeV] 0[GeV]

For w > 5 GeV the spectral function is sensitive to lattice cut-off ;
good agreement with 2-exponential fit for peak position and amplitude



55

50 r

-log(P[o|Dm])

30 F\

25

Charmonium spectral functions at T=0 (cont’'d)

PS, 163 x 96, a; ! =8.18 GeV, ¢ =4

45 |
40

'

\

.\

Y
35 -‘l .

o[GeV]

Pla|Dm] has a well defined maximum at some aynax

Bryan algorithm and the J-algorithm give similar results, but the use

of the former is limited mmar = 24.

0.4 . .
tmax=48, 0=Olmay -~~~
tnax=48 ------- 0.35
o4 tmax=24, 0=00p .
tmax=24 —— 0.3 |
e Bryan, t, =24, 0=0, -
=24, Bryan - ] |
y o 0.25 Bryan, t,,,,=24, P[a|Dm] -
§ 0.2
o
0.15 I
" 0.1 i
0.05
1 1 1 I 1 1 1 0 L ' L 1 1 1 L L
0 0.5 1 1.5 2 2.5 3 3.5 4 0 2 4 6 8 10 12 14 16

18



Charmonium spectral functions at T=0 (cont’'d)

What states can be resolved and what is the dependence on the default model ?

Reconstruction of an input spectral function :

Lattice data in PS channel for:

a; 1 = 14.12GeV, N; = 160

0.3
0.25 | m(w)=31.5GeV? ——
m(®)=.0315 GeV? ——
0.2t m(®)=0.004 »°
A m(®)=0.038 o’
E 0.15 m(w)=0.4 ®°
2 ‘
0.1}
0.05 | |
0

o [GeV]

0'((1))/032

0.4

0.35

03

0.25 |

0.2 r

0.15

0.1 r

0.05

0.1
0.08
0.06
0.04 ¢

.

m(m)/m2

0 5 10 15 20 25 30 |
» [GeV]

5 10 15 20
© [GeV]

Ground states is well resolved, no default model dependence;

Excited states are not resolved individually, moderate dependence on the default model;
Strong default model dependence in the continuum region, w > 5 GeV



temperature dependene of

Charmonia correlators at T>0

(. T) = f dw\zy (1) cosh(a(>-1/(2T))

sinh(@/(2T))

G/G recon
o
(o)
(&)

0.95

G/Grecon

09 r

oo
Grecon('l—} T) — /0 dwa(w, T — O)

G(z,T)

If there is no T-dependence in the spectral

funct|0n, G(T, T)/Grecon('T, T) — 1

cosh(w - (T — 57))
sinh(w/(2T)

Jakovac, P.P. , Petrov, Velytsky, PRD 75 (2007) 014506

PS, g =15
!ifg:iiiif 0.87T, —+—
' - ° o 1.07Tg —x—
- v 4 3 1.16T, —=— 1
v 1.39T, —e—
v 1.73T A
Y p=6.1 2.31T; —v—i-
e s g 1.20T, —t—
Mo XERRrsosssess 1 50T: s
e By . 1.99T, —=—
La °. .l.. 2.39T, —e—
s e 2.99T; —a
oy
e B=6.5
0.1 0.2 0.3 0.4
T [fm]

0.5

SC, I_H =1
24 ——
FY ® -

5 2r Y " x : 1.07T, ——— -
§ A ® | | - 1.16TC ——
o 16 7 : 1.39T, —o— |
3 ' . *  m 1.73TC —a

1.2 M A b B X B 231TC i
LY L ° ! v =61 |
aafn”
2.4
s 27 1.20T, — %
g IR LI 1507 —m—
o 16 7' w % 1.99T. —o—
S POL I I 2.39T,
1.2 -‘ii;!;:XXXX B=65 299TC ——
0.1 0.2 0.3 0.4 05
T [fm]

in agreement with calculations on isotropic lattice: Datta et al, PRD 69 (04) 094507



Temperature dependence of quarkonium

Pseudo-scalar Scalar
1.15 ; ; 1.8 :
G(t,T)/G (T, T)
G(T,T)/G,o0(t,T) I rec 3
11} . Ne (150) - 17 xco (CFo) o
1.6 f ﬁ
1.05 T 15t ¢
IR RS EEEE R S
¢
0.95 | t ¢ t 13 é L
t ] t
e " 45T
o é —l—
0.9 ;g¥§ e 1.1 g [ ] 2.2T§ —
3'OTC A ‘ m m u 3'OTC — A
0.85 ' ' ' ' 1@ ' ' '
0.02 0.06 0.1 0.14 0.18 0.22 0.02 0.06 0.1 0.14 0.18 0.22
T [fm] T [fm]

Datta, Karsch, P.P , Wetzorke, PRD 69 (2004) 094507

zero mode contribution is not present in the time derivative of the correlator
Umeda, PRD 75 (2007) 094502



Temperature dependence of quarkonium

Pseudo-scalar

G(*c,T)/GrIeC(*c,T)
1.1}
1.05
ISR EEEREERE
0.95 | % * +
t
09 r 1.5T, —m—
22T, —e—
3.0T, —a—
0.85 ' ' ' '
0.02 0.06 0.1 0.14 0.18

T [fm]

Scalar
1.15 .
G'(t,T)/G'1ge(T,T)
11}
1.05 | + "
[ |

0.95 +

09 1.5T, —m—
2'2TC —@—
3OTC —hA—

0.85 ! ! . '

0.02 0.06 0.1 0.14 0.18 0.22
T [fm]

No change in the derivative of the scalar quarkonium

correlator up to 37, |
Almost the entire temperature dependence of the scalar
correlators is given by the zero mode contribution !

In agreement with previous findings:

Mocsy, P.P, PRD 77 (2008) 014501
Umeda, PRD 75 (2007) 094502



Temperature dependence of quarkonium

AXxial-vector Scalar
1.15 : 1.15 :
G'(7,T)/G’ (T, T) G'(t,T)/G’ (T, T) i
1.1 ¢ - 1.1 ¢ _
1.05 | ] 1.05 | "
N . !
0.95 ' 1 0.95 | +
1.5T, —m—
09 22T, —eo— 09 t 1.5T, —=—
3-0TC A 2'2TC —e—
3'0TC —A—
0.85 : : : : 0.85 : : : '
0.02 0.06 0.1 0.14 0.18 0.22 0.02 0.06 0.1 0.14 0.18
T [fm] T [fm]

The situation is the same in the axial-vector correlator

In agreement with previous findings: Mocsy, P.P, PRD 77 (2008) 014501

Umeda, PRD 75 (2007) 094502

0.22



0.04

0.036 |

0.032

0.028 |

0.024 |

Estimating the zero mode contribution

GIOW(T, T) =G(7,T) — Gree(r,T)

vector
D=1/(2n T)
—s | i
= |
0 v -
. . . . oot
0.32 0.36 0.4 0.44 0.48

1.57¢

0.18

017 ¢
0.16 r
0.15 r
0.14 +
0.13 r
0.12 ¢
0.11 ¢
0.1 ¢

axial-vector

[ GOy

T 17

0.25

0.3

0.35

0.4

0.45

The curvature of GI°W(r,T) is governed by heavy quark diffusion
No diffusion (D = oo «» n = 0): GIOW = const = Tx;(T)

GIoW(r,T) is T-idependent within errors and
xi(T) ~= G (r = 1/(2T),T)

0.5



Numerical results on the zero mode contribution

Fit x(T) using quasi-particle

model with T-dependent effective quark mass

X(T)——/ dpp ( Z?;I;

By =p°+ mgff(T)

2 m.=2.00GeV —a—
0.3 | Vin(T) °_1 70GeV —e— 1
—1 34GeV —a—

0.2

0.15

0.1

0.05

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

T/ meff(T)

2
low / d3p%e_Ep/T
GV“L’L/GOO a

P
[ d3pe=Ep/T

2

0.7

0.6

W(TYT?

m.=2.00GeV —=— |
my,=1.70GeV —e— ]
me=1.34GeV —a— |
m.=0.95GeV —v— ]
bottom —&—

0.

0.4

0.35
0.3 f
0.25
0.2
0.15
0.1 F
0.05

0

P.P. EPJC 62 (09) 85

1 015 0.2 025 03 035 04 045 05 0.55
T/mgy(T)

Y (T)T?

L]

m,=2.00GeV —=— ]
m,=1.70GeV —e— ]
m=1.34GeV —a— ]
m,=0.95GeV —a— ]

bottom —&—

0.1 015 0.2 025 0.3 0.35 04 045 0.5 0.55
T/meff(T)



0(0))/(02

012 |

01 f

0.08

0.06

0.04 -

0.02 -

Charmonia spectral functions at T>0

T =1/(Nea) <
PS, 243 x Ny, a;

T =0, N;= 160

Ngata= 80, Tmax=1.12fm ——
Ngata= 40, Tyay=0.56fm ———
Ngata= 20, Tray=0.28fm ——
Ngata= 16, Tray=0.22fm ——

5 10 15 20
w[GeV]

|

ground state peak is shifted, excited

states are not resolved when mmaz,

become small

N, data

Tmax — 1/(2T)

1 —1412 Gev, ¢ =4

T = 1.5T,, N;= 32
0.14 T . .

T=1.5T, ——

0.1 r

0.08 r At

0(0))/(02

0.06

0.04 -

0.02

5 10 15 20
0[GeV]

|

no temperature dependence in the
PS spectral functions within errors

Jakovac, P.P. , Petrov, Velytsky, PRD 75 (2007) 014506



Using default model from the high energy part of the T=0 spectral functions :

resonances appears as small structures on top of the continuum,

little T-dependence in the PS spectral functions till

but no clear peak structrure

0.07
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Charmonia spectral functions at T>0 (cont’'d)

Jakovac, P.P. , Petrov, Velytsky, PRD 75 (2007) 014506 Ding et al arXiv:1011.0695 [hep-lat]
PS, 243 x 40, a; ! = 14.12 GeV, ¢ = 4, 1283 x Nr, Ny = 96 — 24
a;l=a;l=0a"1=18.97 GeV
012 04 T i T T T T I
: lattice input o(w)/w? 073 T, ——
0.1 r i free lattice ----------- 7 035 - PS 1.46 T, £
- 220 T, ——
0.08 | 03 2937, 1
Ns 0.25
> 006
© 0.2 |
0.04 +
0.15
0.02 0.1
0 ¢ 0.05
0[GeV] 0 L&

there is a strong dependence on the
default model m(w) at finite temperature free lattice spectral functions

with realistic choices of the default model no peaks can be seen in the
spectral functions in the deconfined phase !



Spatial charmonium correlators

Spatial correlation functions can be calculated for arbitrarily large separations z — oo

1/T

G(z,T) =/

0

but related to the same spectral functions G(z,7) = /

Low T limit :
o(w,p, T) =~ Amesd(w? — p? — M2,,)
Ames ~ |1(0)[? = mser(T) = Mpmes
G(z,T) = [¢(0)[Pe Mimes(T)2

p4 action, dynamical (2+1)-f 323x8 and
323x12 lattices

Significant temperature dependence
already for T=234 MeV, large T-dependence
in the deconfined phase

For small separations (z T<1/2) significant
T-dependence is seen

1.2

0.8

0.6 |

04 r
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Spatial charmonium correlators

pseudo-scalar channel => 1S state,  point sources: filled; wall sources: open
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» no T-dependence in the screening masses and amplitudes (wave functions) for T<200 MeV
« moderate T-dependence for 200<T<275 MeV => medium modification of the ground state

» Strong T-dependence of the screening masses and amplitudes for T>300 MeV, compatible
with free quark behavior assuming m.=1.2 GeV => dissolution of 1S charmonium !



Thermal dileptons and light vector meson correlators

PHENIX
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Thermal dileptons :

direct measurement of the
temperature of the produced matter,
test consequences of chiral symmetry
restoration
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Modifications of the vector spectral functions in hot hadronic
matter

R. Rapp and J. Wambach, Eur. Phys. J. A 6, 415 (1999).
R. Rapp, M. Urban, M. Buballa, and J. Wambach, Phys. Lett. B 417, 1 {1998).
R. Rapp, Phys. Rev. C 63, 054907 (2001).
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Thermal dileptons at SPS

In the low mass region (LMR) excess dileptons are due to the in-medium modivications
of the p-meson melting induced by baryon interactions
Models which incorporate this (Hess/Rapp and PHSD) can well describe the NAG60O data !

NAGO : Eur. Phys. J 59 (09) 607 Linnyk, Cassing, microscopic transport
CERN Courier. 11/2009 PHSD model, talk at Hard Probes 2010

fireball models and hydro model (Dusling/Zahed)
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There is also an excess in the intermediate mass region (IMR) which could have partonic
origin (D/Z, R/IR, PHSD) or hadronic (H/R, ra; — u*u)



dN/dm,, (c%GeV) IN PHENIX ACCEPTANCE

Thermal dileptons at RHIC and LMR puzzle

Models that described the SPS dilepton data fails for RHIC in low mass region !
Rapp, arXiV:1010.1719
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In the low mass region hadronic contribution dominates because of the larger 4-volume
but there is large uncertainty in the QGP rate

new lattice QCD based estimates are much larger than the perturbative QGP rates but

it is not yet clear if this solves the LMR dilepton puzzle

‘ more is going on in the broad transition region (~50MeV from the new IQCD results)



Thermal dileptons at RHIC and unceratinties in the QGP rates

Dusling, Zahed, arXiv:0911.2426
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Kinematic effects are important
in the low mass region
NLO QGP rate >> LO (Born) QGP rate ‘ Need to constrain the QGP yield
One needs, however, at least an order by lattice QCD
of magnitude larger QGP rate to
explain the data
Also in the IMR there is potentially
a factor 2 uncertainty in the QGP rate
Born rate ~ 2x NLO rate



Lattice calculations of the vector spectral functions

Ding et al, PRD 83 (11) 034504
Isotropic Wilson gauge action, quenched non-perturbatively improved clover fermion
action on 1283 x N, lattices, T'= 1.45T,, mé“’—s(QGeV) = 0.1/T,
Ny =24, 32,48 (a1 = 9.4 — 18.8GeV)
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Lattice calculations of the vector spectral functions

Ding et al, PRD 83 (11) 034504
Isotropic Wilson gauge action, quenched non-perturbatively improved clover fermion
action on 1283 x N, lattices, T'= 1.45T,, mfl‘/f—S(QGeV) = 0.1/T,
=24, 32,48 (a1 = 9.4 — 18.8GeV)
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*The HTL resummed perturbative result diverges for «—0 limit
*The lattice results show significant enhancement over the LO (Born) result for small w
* The lattice result is HTL result for 2<w/T<4 but is much smaller for /T<2



Strongly coupled or weakly coupled QGP ?

Weak coupling caculation of the vector current correlator in
vector current spectral function in QCD N=4 SUSY at strong coupling
Moore, Robert, hep-ph/0607172 Teaney, PRD74 (06) 045025
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lattice results are closer to the weakly coupled QGP




