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Strong interactions in the deconfined phase T>T;
Possibility of heavy quark bound states?
Suppression patterns of charmonium/bottomonium
Charmonium (Xc,J/y) as thermometer above T
—> Potential models

— heavy quark potential (T=0)

Vi(r) = —%@Jror

— heavy quark free energies (T > Tg)

— heavy quark internal energies (T #0)
Fl(r7T) - Ul(raT) —T S.I.(r7T)

—> Charmonium correlation functions/spectral functions



Zero temperature potential ar=2+1
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highly improved p4-staggered
almost realistic quark masses
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Large distance behaviour
consistent with string model prediction:
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Polyakov loop correlation function and free energy:
L. McLerran, B. Svetitsky (1981)

Zqg N i/@Am L(x) LT(y) exp(_/ol/Tdt/d3XL [A,...])

The lattice set-up

z(T) z(T)
I Fos(r. T
|og() — oe——0 | — ~ = QQ_f_ )
T T QQ = 1, 8, av

Lattice data used in our analysis:

Ni = O: Nf = 2: Ni = 3: Ni =24 1.
32° x 4,8, 16 lattices 16° x 4-lattices 16° x 4-lattices 24* x 6-lattices
( Symanzik ) ( Symanzik, p4-stagg. ) ( stagg., Asqtad ) ( Symanzik, p4fat3)
hybrid-R hybrid-R RHMC
I(:).lgaczrg\arek, Mr/Mp > 0.7 (M/T = 0.4) My/Mp ~ 0.4 My ~ 220MeV, phys. mg
. Karsch,
P. Petreczky, O. Kaczmarek, F. Zantow (2005), P. Petreczky, OK, RBC-Bielefeld
F. Zantow (2002, 2004) O. Kaczmarek et al. (2003) K. Petrov (2004)  arXiv:0710.0498,0710.0:
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Polyakov loop correlation function and free energy:
L. McLerran, B. Svetitsky (1981)
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D N Fos(r,T
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- - QQ = 1, 8, av
O. Philipsen (2002)
O. Jahn, O. Philipsen (2004)
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Renormalization of F(r,T)

using Zren(g?) obtained at T=0

e FLtT)/T _ (Zr(gz))ZNT (Tr (LXL§)>

alternative renormalization procedures
(PLB543(2002)41, PoS(Lattice2007)195)
all equivalent



1000

F(r,T) [MeV] i N | ot
% % % H Renormalization of F(r,T)

TMeV] {  USINg Zren(g?) obtained at T=0

200 e—Fl(l‘,T)/T _ (ZI’ (92))2NT

(Tr (LXL;»

alternative renormalization procedures
(PLB543(2002)41, PoS(Lattice2007)195)
all equivalent

N
iy
REEEEEE

}

548
r| 400

F(r,T)I[MeV] |

2 200 |

-200

T-independent
r < 1/\/6 -400
F(rT) ~g*(r)/r 600 ¢

-800

-1000

-1200

005 01 015 02 025 03 035 04 045 05

Free energy of static quarks in lattice QCD




1000

F(r T) [MeV] | — : i
(nT) MeV] LR ! String breaking
T <Te
500 eVl F(rv/o>1T) <o
186 <
197
200 - :
ol 203 -
203 high-T physics
226 o
%4518 N rT > 1; screening
500 | | 281 WT) ~g(T)T
365 - F(o,T)~~T
424
459
21000 | | 548 o]
l . . . r {200 revevy
0 0.5 1 15 1000 "
é SU(3): N,=4 s
wl % SUNT
| - SiiFOcONZE o
T-independent > 5 T
< 1/\/6 400 + ?{.
F(r,T) ~ QZ(r)/r 200 t u,"v'
N P o
-200 : * ° :
¢ TIT,
-400 : ' '
0 1 2 3 4 5

Free energy of static quarks in lattice QCD




1000 T T T
F(,T) [MeV] 7 H }
Using short distance behaviour of free energies %ﬁé . J%
0 e e
Renormalization of F(r,T) at short distances ) ;:)(76) =
0 203
y . 215 ren
7~ .
R (RT))T _ 21\ 2N t - -
e 1(nT)/ = (Zr(g )) (TI’ (LXLy)> -500 fi gg? .
326 v
{ 5
459
-1000 | | 548 re+
_ _ ! . r [fm]
Renormalization of the Polyakov loop 0 05 1 15 2 25
" 1200 F_[MeV]
2
Lren= (Zr(97)) " Liattice 1000 "; SU): N4
>r LSRN
600 | . 2+41F-QCD' N;=6 =
'l
Lren defined by long distance behaviour of F(r, T) 400 3-{
200 | ‘."\q”
' A
0r ‘- a A
1 exp F(r=o,T) s ., .
ren — EXP| — 200 | .
2T R V)
400 0 1 2 3 4 5

Free energy of static quarks in lattice QCD




Lren .
03 04 05 06 07 08 09 10 1t . ! *im :
10 T T T T T T — - o
Tro ? S *
L 7 -
ren 0 ; ¢A}.0
081 ve - 7 N
05 | t +2F-QCDE Ne=4 o
o e * 21IF-OCD N6 &
0.6 B D] é | ;
®
Te 0 j . . . . TIT,
04 + NT:4 — g i 0.5 1 15 2 2.5 3 3.5 4
@ 6 o 1200 Feme
E 8 1000 %
0.2 r = . é SUB):N=4 &
o wof ABINE
. 1 1 1 1 1 1 '.
100 150 200 250 300 350 400 450 400 ﬁ-i
200 ‘...y‘-.’
'8-A
o i
Lren = EXP Fr=c,T) T,
ren — — -200 o °
2T R V)
-400 - -
0 1 2 3 4

Free energy of static quarks in lattice QCD




1.5 T T T T
Lren
11 High temperature limit, L™" =1,
@D reached from above as expected from PT
N=4 —&—
5 Ni=8 —e— Clearly non-perturbative effects below 5T,
05 :
0 ! ! ! ! T/TC
0 5 10 15 20 25
F(r=o,T)
Lren= EXp (_ T :

Free energy of static quarks in lattice QCD



Renormalization constants obtained from heavy quark free energies

N
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The renormalization constants depend on the bare coupling, i.&r(g?)

Zr(?) ~ exp(F(N? ~1)/NQ? +¢'Q¥ + 0(¢?))

with Q? = 0.059713) consistent with lattice perturbation theory (Heller + Karsch, 1985)

Free energy of static quarks in lattice QCD




| Oegr(r,T)  T[MeV]
1.4 156
186 ~=
L 197
1.2 200
203
1} 215 re
226 re
240 v
0.8 b 259
281
326 rvi
0.6 | 365
424
459
04 548 e ___ca¥ey
0.2
O 1 1 -
0.1 0.2 0.3 04 05 06 0.7

non-perturbative confining part for r>0.4 fm
Oqq(r) ~ 3/4r%c

present below and just above T;

remnants of confinement at T>T¢

Free energy in perturbation theory:

4 af(r
F(r,T)=V(r) ~ ~3 ¥ for  rAgep <1
4a(T
Fu(r,T)~—— Qe—”ﬂD(T)r for rm>1

3 r

QCD running coupling in the gg-scheme

3 L dR(rT
Agq(r,T) = 31° d(r )

— At which distance do T-effects setin ?

—> definition of the screening radius/mass

temperature effects set in at smaller r with increasing T

maximum due to screening

Free energy of static quarks in lattice QCD

— definition of the T-dependent coupling



1.2 T T T
Upax(T) ng A
1 nf=2+1Nt6 —e— | define Ggq(T) by maximum of ogq(r, T):

Ogq(T) = Agg(rmax T)

perturbative behaviour at high T:

m =2 (1) g (2 ()

non-perturbative large values near Tc

not a large Coulombic couplin
J Ping = At which distance do T-effects set in ?

remnants of confinement at T>T¢
: : . . — calculation of the screening mass/radius
string breaking and screening difficult to separate

slope at high T well described by perturbation theory
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3.5 4

Screening masses obtained from fits to:

F]_(r,T) — Fl(r — oo)T) — 4a3(rT) e—mD(T)r

at large distances rT > 1

leading order perturbation theory:

1/2
LN AR




Screening masses obtained from fits to:

Fl(raT) - Fl(r = OO,T) = —4{13—(:-)e_mD(T)r

at large distances rT > 1

leading order perturbation theory:

1/2
mDT(T) :A(1+ %) o(T)

perturbative limit reached very slowly
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T depencence qualitatively
described by perturbation theory

ButAx~14-15 = non-perturbative effects

A — 1in the (very) high temperature limit
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Screening masses obtained from fits to:

4a (T) e~ (T)r

Fl(l’,T)—Fl(I' =00,T) = 3r

at large distances rT > 1

leading order perturbation theory:

1/2
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perturbative limit reached very slowly
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leading order perturbation theory:
mp (T, Nt
Mo (T, Hq) _ g(T)\/1+ LS (%)

Taylor expansion:
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mp(T ) agrees with perturbation theory for T>1.5T;
non-perturbative effects dominated by gluonic sector
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bound states above deconfinement?

first estimate;:

mean charge radii of charmonium states
compared to screening radius

thermal modifications on /' and x. already at T

J/W may survive above deconfinement

<|"> [
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0.1 r




r [fm] Tmed bound states above deconfinement?
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1L . mean charge radii of charmonium states
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Better estimates:

effective potentials in Schrodinger Equation Potential models, effective potential Vet (r, T)

But: Free energies vs. internal energies F(r,T)=U(r,T)-TYr,T)

direct calculation using correlation functions Maximum entropy method — spectral function

Free energy of static quarks in lattice QCD



1200 . . . .
Fe, MeV] : :
1000 % | Free energies not only determined
SU(3):N=4 —a by potential ener
IR wgN= o | byp 9y
o 2F-QCD:N;=4 +
4 2+1F-QCD: N;=4 —e—
600 | R 2+1F-QCD:N,=6 — = _ Fo = U — TS,
'I
400 1
ill{. Entropy contributions play a role at finite T
200 | ”':‘-.‘ 1
LT
0F - n .“ 7 S)o _ aFoo
: . s oT
-200 ° 8
200 | o,
. 0 1 2 3 4 5



5000 T
UM —o— .
4500 L F Fz{mga —e— | High temperatures:
4000 ;
4
3500 | 1 Fo(T) =~ —émD(T)O((T) s —0(93T)
3000 ° T
. OF /T 4
2500 | _ 277 %
o Up=-T TSw(T) =~ +omp(T)a(T)
2000 | ¢ > oT 3
([
1500 r N I Uo(T) =~ —4mD(T)G(T)@
1000 & “o "..“ ] 9
N
500 | Veero, ) e . ~ —o(g°T)
0r * e .
500 TIT, .
0 0.5 1 1.5 2 25 3 4000 T T T TSm[MeV']
§ F.,[MeV] —e—
3500 .
(@) (b) (c)
r 2rcIoud 3000 §
—> +—>
o o ° °® o ° 2500 °
2000 . S, — oF.
The large distance behavior of the finite 1500 | o §. 9T
temperature energiesis rather related to 10008 o
screeningthan to t he temperature depen- 500 | * '-.. “Oeee ce0e 4 o
dence of masses of corresponding heavj- 0 See o, . .
light mesons! TIT, )
-500 : ; :
0 0.5 1 15 2 2.5 3

Free energy of static quarks in lattice QCD




5000 T
4500 + 3 gz{m% —e— | High temperatures:
4000 ;
4
3500 f - Fo(T) =~ —zmp(T)a(T) ~ —0(¢°T)
3000 ° .
. OF /T 4
2500 | o Up=-T? TSo(T) ~ +=mp(T)a(T)
2000 | ¢ > oT 3
([
! N 1 Ve~ —ampMa(m P9
1000 & “o "..“ . g
500 | \.....‘°°o o o ~ —o(g°T)
0r * e ° b °
TIT,
-500 '
0 0.5 1 15 2 25 3 . . .
TS, [MeV] N=0 O
@ ®) © 4000 | ; Nes
r 2rcIoud ® Nf=2+1 e
° ° ° ° ° ° 3000 + :n
. o . O
The large distance behavior of the finite 2000 r .. 9T
temperature energiesis rather related to : ¢
screeningthan to t he temperature depen- 1000 r _" i,
dence of masses of corresponding heavj- ® wmeeees o
light mesons!

Free energy of static quarks in lattice QCD



TS, [MeV] | | F(rnT) = Ui(r,T)-TS(r,T)
1000 | ' oF1(r, T)
7 = 2%l
(b) Fi(r,T)/T
U]_(I',T) _ _-|-2a 1(r7 )/
500 | . oT
*¢¢#¢¢H*++++*++o T
" Entropy contributions vanish in the limitr — 0
.“.,
[
0 Fi(r <1, T)=Ui(r < 1,T) =Vi(r)
| | r [fm]
0 0.5 1 15 Important at intermediate/large distances

Free energy of static quarks in lattice QCD




U, [MeV
4000 | 1 MeV]

3000 r
2000 r

1000 |

U, [MeV]
1500 r
1000 t
b
Gont 20022 o,
500 r 1.13T,
119T —
129T ——
ol 1.43T,
r[fm]. 1,'89TC —ol—
0 0.5 1 1.5

Free energy of static quarks in lattice QCD

Fi(r,T) = U(r,T)=TS(r,T)
seT) = 22D
Ui(r,T) = -T2 aFl(g’P/T

Entropy contributions vanish in the limitr — 0

Fr<1,T)=U(r<1,T)=Vq(r)

important at intermediate/large distances

—> Implications on heavy quark bound states?

—> What is the correct Vet¢(r,T)?



V(1. T) [MeV]

1000 | — =

500
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1.5

steeper slope of Vet¢(r, T) = U (r,T)
—> J/y stronger bound using Vet = U1 (r,T)

—> dissociation at higher temperatures compared to Ves(r,T) = F1(r, T)



Conclusions

Heavy quark free energies, internal energies and entropy
Complex r and T dependence
Running coupling shows remnants of confinenement above Tc
Entropy contributions play a role at finite T
Non-perturbative effects in mp up to high T

Non-perturbative effects dominated by gluonic sector

Bound states in the quark gluon plasma
Estimates from potential models
Higher dissociation temperature using V¢
(directly produced) J/@ may exist well above T
Full QCD calculations of correlation/spectral functions needed

What are relevant processes for charmonium?
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