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apeNEXT

Installation in Bielefeld

1999/2001 144 Gflops APEmille (2 crates)
2005/2006 5 Tflops apeNEXT (6 racks)



Quarkonium suppression as a probe for thermal properties of hot and dense matter [Matsui and Satz]
- heavy quark potential gets screened

- screening radius related to parton density

1

gvn/T

- at high T screening radius smaller than size of a quarkonium state

p ~

Typical length scales of heavy quark bound states: 1/Agcp ~ 1 fm
- screening has to be strong enough to modify short distance behaviour
- detailed analysis of "heavy quark potentials”
- temperature and r dependence
- screening properties above deconfinement
- What is the correct effective potential at finite temperature ?

Fo(r,T)=U1(r,T) =T S(r,T)



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



The lattice set-up

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,...])

z(T) z(T)
o || 2 _FeltD)
N~ N~ . T
e s QQ =1, 8 av

Lattice data used in our analysis:

Ni = O: Ni = 2. Ni = 3. N =2+ 1.

32° x 4,8, 16-lattices 16° x 4-lattices 16° x 4-lattices 24* x 4-lattices

( Symanzik ) ( Symanzik, p4-stagg. ) ( stagg., Asqtad )  ( Symanzik, p4fat3)

hybrid-R hybrid-R RHMC

g.}i(aczrg\arek, Mr/Mp =~ 0.7 (M/T = 0.4) Mr/Mp ~ 0.4 My ~ 220MeV, phys. ms
. 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)  preliminary
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Polyakov loop correlation function and free energy:
L. McLerran, B. Svetitsky (1981)

% ~ %/Q)A... L(x) LT(y) exp(—/ol/Tdt/d?’XL [A,...])

e——2O0 —_— N = _ T
~ ~ QR =128 av

O. Philipsen (2002)
O. Jahn, O. Philipsen (2004)

a
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UT=N_a _In <<-|-I’L(X) LT(y)>> _ Fl(_'l’_aT)
<« VB —> GF
~In (g (FrL 0L ) — 5 (FLOOLTy) ) S
GF
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Renormalization of F(r,T)

by
matching with T=0 potential

1000

500
e L TT — (Z,(62)) ™™ (Tr (LeLD)

T-independent

r<1/4/0
F(rLT) ~g?(r)/r

-200 r
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String breaking
T <Te
F(ry/o>1T)<ow

1.98T_1500.] F
4.01T, —

-500

T-independent

r<1/y/0
F(LT) ~g?(r)/r
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String breaking

6 | T<Te

F(ry/o>1T)<ow

1000

500 0.81T, —=— |
0.90T, : :
0.96T, high-T physics
1.02T. —o—

0 ¢ T > 1; screening
1237, (T) ~ g(T)T
1.987.1500.f £ mev) | F(T)~—T
4.01T, —

-500 '
231000 | ~,
; 500 r F
T-independent %@j
r<1/y/o ",
F(r,T) ~g?(r)/r 0t iR .
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String breaking
T <Te
F(ry/o>1T)<ow

1000

500

high-T physics

rT > 1; screening
W(T) ~g(T)T

-500

T-independent
r<1/y/0 -500 |
F(r,T) ~g(r)/r
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-1000
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090 —=— / |
15} 096 - i
1.02 —— . |
Ll 123 oYy
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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
Fo(r,T) ~ _§¥ ~Mo (N for rm>1

QCD running coupling in the gg-scheme

3 L dR(rT
O‘qq(rfl'):—rz—c(Ir )

— 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
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— definition of the T-dependent coupling



25

aqq(T)

non-perturbative large values near Tc

not a large Coulombic coupling

remnants of confinement at T>T¢

define Ggq(T) by maximum of ogq(r, T):

Ogq(T) = dgg(rmax T)

perturbative behaviour at high T:

Oz 100p(T) = ZBOIn< ) E; <2|n</i\1|\js))’

Using Tc/Ays = 0.77(21) we find p= 1.14(2)mt

= At which distance do T-effects set in ?

— 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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mp/T

N~=O —=— 4

Nf=2 —e—

TIT,
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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




\ +mD/T |

N~=O —=— 1

‘Qb Nf=2 —e—
+ Nf:2+1 —A
4 t - .
3 &@N
—— ——

o m
An;—2:1 = 1.89(2)
1t An—p =1.42(2)
L | Avo =19 | o
1 1.5 3.5 4

T depencence qualitatively
described by perturbation theory
ButAx~14-15 = non-perturbative effects
A — 1in the (very) high temperature limit

Difference between Nt = 0,2 disappears
when converting to physical units
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Screening masses obtained from fits to:

4a (T) e~ (T)r

Fl(raT)_Fl(r :007T) - 3r

at large distances rT > 1

leading order perturbation theory:

= A(1+ %)1/29(1_)

perturbative limit reached very slowly

Mp (T)
T

mp/T
3 L

°

. An,—o0 = 1.39(2)
2% °
1 L

TIT,
0 1 1 1 1
0 5 10 15 20 25



leading order perturbation theory:

Mo (T b) :g(T)\/1+ﬁ+— (?)

Taylor expansion:

2 B m%/T —e—i i
}} 120m3IT e

| |
iR | =l

3.5+

15}

0.5 %ﬁ
10 E
‘
05 L _ 0 _\ﬁﬁl . P 4@7_
0 1 1 1 IT/TC 1 1 1 1 1 1 IT/TC 1 1 1
1 15 2 2.5 3 3.5 4 1 1.5 2 2.5 3 3.5 4

mp(T ) agrees with perturbation theory for T>1.5T;

non-perturbative effects dominated by gluonic sector
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r [fm] ‘med —* bound states above deconfinement?
1.5 t
I first estimate:
fffffffffffff ,
1L . | mean charge radii of charmonium states
e compared to screening radius
05 | % | thermal modifications on /' and X already at T
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[ J
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"med —® 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

r [fm]
15 +
I
1 N [ )
++¥' g’
05 | %
90 o -
¢ [ ]
O 1 1
0 1 2 3 T, 4

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
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1500  F,, [MeV] fog T Free energies not only determined
=< — & _
N=3 —— by potential energy
1000 l % .
JDrJ:. Foo — Uoo — TSO
[ ]
o
500 @%ﬁi Entropy contributions play a role at finite T
Yoo ~ 0F
o IR i S =57
[ ]
—— 1 1
0 1 2 3 TIT, 4



U, [MeV]
4000 | 11
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2000 ++ © oT
[ ]
,,,,,,,,,,,,,, "
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The large distance behavior of the finite
temperature energiesis rather related to
screeningthan to t he temperature depen-
dence of masses of corresponding heavyg-
light mesons!

High temperatures:

Fo(T) ~ —émD(T)a(T) ~ —0(g%T)
TSe(T) = —ng(T)a(T)
Uo(T) =~ —4mD(T)a(T)E%2
~ —o(g°T)

4000 | O MV | I N .
N=3 ———

3000 | +1E'
0F

2000 | w So = T 9T

1000 +++ f%




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



Fi(r, T) = Uy(r,T)—=T&S(r,T
4000 1(r,T) allZ((r _I)_) S(r,T)
1\l
rT =
3000 e or
' OF1(r,T)/T
Ui(r,T) = -T2
1(7 ) oT
2000 f
Entropy contributions vanish in the limitr — 0
1000
F(r<1,T)=Usi(r<1T)=Vi(r)
O -
0 0.5 1 1.5 2 2.5 3 Important at intermediate/large distances
U, [MeV]
1500
1000 + —> Implications on heavy quark bound states?
G000t 2oy ggr —> What is the correct Vet¢(r,T)?
500 o' 11375 ]
1.19T, =
1.29T, =
ol 1.43T, —+— |
r [fm] 1.89T; —e—
0 1 1.5 2
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V(1. T) [MeV]

1000 | — =

500

r [fm]

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)



Schrddinger equation for heavy quarks:

1
2m; + m—A2+Veff<r,T)] cpif = Eif (T)CD-f , f =charm, bottom
f

T-dependent color singlet heavy quark potential mimics in-medium modifications of qq interaction

reduction to 2-particle interaction clearly too simple, in particular close to T

recent analysis:

using Ve = F1: S.Digal, P.Petreczky, H.Satz, Phys. Lett. B514 (2001)57

using Vet = V1: C.-Y. Wong, hep-ph/0408020
using Vef = V1: W.M. Alberico, A. Beraudo, A. De Pace, A. Molinari, hep-ph/0507084

state J/y Xc g/ Y Xb Y Xp Y’
El[GeV| 0.64 0.20 0.005 1.10 0.67 0.54 0.31 | 0.20
Tq/Te 1.1 0.74 0.1-0.2 2.31 1.13 1.1 0.83 0.74
Ta/Te ~ 2.1 ~ 1.2 ~ 12 ~ 5.0 ~ 1.95 ~ 1.65 - -
Tq/Te 1.75-1.95 | 1.13-1.15 | 1.10-1.11 44-47 | 15-16 | 1.4-15 | ~12 | ~12
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Coloured bound states speculated just above T. (SQGP) [E.V. Shuryak,|. Zahed (2004/05)]
- Is the interaction strong enough to support diquarks?
- Potential models for coloured bound states

- Diquark free and internal energies

Colour antitriplet (anti-symmetric) or color sextet (symmetric) state:

393 = 3&6
CuRT) = g<Tr L(O)Tr L(R)) %(Tr LOL(R))
Co(RT) = 2<Tr L(0)Tr L(R)) + %(Tr L(OL(R))
Fel(RT) = -~TInCEERT)
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Diguark free energies aq vs.qdin the deconfifee B

15

1.0

0.5

0.0

-0.5

-1.0

m F(lga(r,T)lollz

® 0 2R3 T)-Fo(M)ia™?

9 ol/2

v perturbative relation between diquark

L ]
1 and quark-antiquark free energies
TIT, 3 1 1
1f8% e | qu(r,T) = éFq(j(raT)

123 —e— good approximation above Te.

0.5 1.0 15 2.0 2.5 3.0
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€
TIT, 3 1 1
0.0 1.002 — B - -
m Fl=(rT)ot? 1.02 —e— qu(r,T) — EFch(raT)
QQY» 1.07 — A
5 111 —w»—
os| @ 1 2(Fa(nT)-Fo(M)ie™? 116 — & | o
e 123 —e— good approximation above T.
9 ro*/? igg ——
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0.5 1.0 15 2.0 2.5 3.0 35 4.0 4.5
2.5 T T T T
. ﬁii s n
5l ~ EE -] "GQ@"“ @é’“ e e  J | )
B o Of Toee” temperature dependence for all separations
. ®M£. AMAMMAAMAA AMA A A A
I y kst |
b A Al‘A VYWY WY VW v : :
N Ly VWYY —> entropy contributions play a role for all r.
o AwY
1t v 4
” _ _
T o s SRS IS ¢ @ o same asymptotic value for qgand qq
o5 ¢ - ]
Cc
 remam——— e ¢ R —> quarks in both systems are screened
0 Fa% T/ 1/2 0.96 —A— 4 . .
" Fooln Do - 1002 v independently by the medium
. DIFQQ(r,T)/c | gl2 1.:98 -
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1.5 ,
E!!_ m i |
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0.0 | . i 1.002 —m—
Fas(r, /o 1.02 —@—
® 5 2(F3 o T)-Fo(T))/o™2 1
05 (Foo(r T)-Fo(T))/o 1.16 &
C) 1.23 &
1.36 —&—
1.65 —@—
10 @ . | | | ro'llzl , |198 ’—Q—‘I
' 05 10 15 20 25 30 35 40 45

perturbative relation between diquark

and quark-antiquark free energies

3 1
Fon(r,T) = éFqlq(r,T)

good approximation above T.

Dissociation temperatures for heavy gq and qg bound states:

state cc(I/W) | cc || bb(Y) | bb
El [GeV] 0.06 0 0.3 | 0.07
Tais/ T 1.5 1.0 3.2 2.1
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Net quark number induced by a qg-pair:

i NgLEL (r,T)
N(S()Q(F,T) = <N0I>QQ = <<ES:ZZ’,I:|-)>> ;

where Nq is the quark number operator,
Ng = =Tt | D~2(,0) (M) .
2 ol U=0

Net quark number induced by a single static
guark source,

No(T) = <NOI>Q -

<NqTr P(6)>

(Tr (D))
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Net quark number induced by a qg-pair:

i NgLEL (r,T)
N(S()Q(F,T) = <N0I>QQ = <<ESZZ’,I:|-)>> ;

where Nq is the quark number operator,
Ng = =Tt | D~2(,0) (m) .
2 ol U=0

Net quark number induced by a single static
guark source,

No(T) = <NOI>Q -

<NqTr P(6)>
(TrP@)

Diquark is neutralized by quarks or antiquarks

from the vacuum to be color neutral overall

: 1 ,r<r
lim NQQ(r,T) = ’ )
T—0 —2 ,r>rg



F, [MeV]

Using short distance behaviour of free energies 1000 |

Renormalization of F(r,T) at short distances

500 |
e FUETIT = (7,(62)) " (Tr (Lel)))
0 n
L -500
Renormalization of the Polyakov loop
N 1500 [ F_ [MeV] N0 o
Lren= (ZR(92)> Liattice NI;%
1000 I .
Lren defined by long distance behaviour of F(r, T) E,
500 .
F(r :OO’T) 0t %$+.+D .
I—ren = EeXp| — T N | | .
0 1 2 3 T, 4
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T T T T T T T 1000
Lren
° 500
1 o ] _
O
g’ :
0o @
°
2F-QCD:N=4 o | o
05  ge SUB:N=4 = |
| oy N;=8 —= . . . .
1500 r F_ [MeV] foO —a—
° ® NF=2 —eo—
[ ] Nf=3 —_—
. N |
o TIT, %
0 1 1 1 1 1 1 1 +.
0.5 1 1.5 2 2.5 3 3.5 4 ﬁ
500 | %@i i
Yoo ,
L = exp —F(r:oo7T> 0r 40 0 -
ren 2T B | | .
0 1 2 3 T/T 4
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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 :
| | | | Renormalized Polyakov loop
- well defined in quenched and full QCD

0
5 10 15 2(
- non-zero for finite quark mass
- strong increase near T
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Renormalization constants obtained from heavy quark free energies

N

T
oA

2
1 1 1 g :6/B 1 8|
0.6 0.8 1 1.2 1.4 1.6

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)



Instead of renormalizing heavy quark free energies
Use Polyakov loops obtained at different N;
Assume no volume dependence (T > T)

The renormalization constants only depend on coupling, i.e. Z(g?)

A
O O i
o LR(T) o 7 T g/flxed
© (ILoD(@ Nl .o fr ' Ny
"l/ ', ': 4_N_l_,z
Tl I I Tstart
o
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Instead of renormalizing heavy quark free energies
Use Polyakov loops obtained at different N;
Assume no volume dependence (T > T)

The renormalization constants only depend on coupling, i.e. Z(g?)

A
0 m| . 12 - T T T . T T T . . T
O LB (T) ? A T g)/ﬂxed . eu § N HE E = [
o (Loh(@No)| .o Lo LoD Ny ) A |

/;rr,/ o:/ 08 | I L§ e

* 4 04 N=4 —m—

:/ " / ,' ' | N::G —

'l y < <—N-l-,2 0.6 _: N;=8 —m—

,' :' :' |
T1
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Instead of renormalizing heavy quark free energies
Use Polyakov loops obtained at different N;
Assume no volume dependence (T > T)

The renormalization constants only depend on coupling, i.e. Z(g?)

1_2 T T T T T T 1.6 R 2I T T T T T
L ren oou m mE B E E = = Z (g
. - i
1 o 15 ¢ direct renormalization — = —
plc renormalization —&—
os | & |
1.4
direct renormalization — = —
0.6 1 plc renormalization —&— )
= 1.
0.4 . 3
0.2 t 11.2
| | | TIT, | | | | | | g2 | | |
0 1.1
2 4 6 8 10 12 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Both renormalization procedures are equivalent

solely based on gauge-invariant quantities
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use character property of direct product rep: Xpzq(9) = Xp(9)Xq(9)
Z(3) symmetry: Lp — €'®Lp
triality (Z(3) charge):t=p—q mod 3

adjoint link variable [UP=®],. = STr [UP=3);(UP=3)T)j]

D | (pa) | t | Cor) | dbo=Cp/Cr | Lp(X)

3 (1,0) | 1 | 4/3 1 L3

6 (2,0) | 2 | 10/3 5/2 L2 —L%

8 (L,1) | O 3 9/4 L3> —1

10 | (3,00 | O 6 9/2 LsLe —Lg

15 | (2,1) | 1 | 16/3 4 Lile — L3

15 | (4,0) | 1 | 28/3 7 LsL1o— L1s
24 | (3,1) | 2 | 25/3 25/4 Lil1o— Le
27 | (2,2) | O 8 6 ILe|> —Lg—1
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perturbation theory:

as(r)

Fo(r,T)=—-Cp for r/\QCD <1

renormalization of free energies:
e DI = (z(g?)) ™™ (Tr (LRLD)

l.e. the renormalization constants are related by Casimir [G.Bali, Phys.Rev.D62 (2000) 114503]

1, 1/2
FQSS (r,T)o

3.0

2.0 AWMA‘AM

1.0 —

0.0 AMA A A A .

-1.0 -

TIT,

-2.0 0.907 —e@—
0.959 —eo—
0.977 —@—

-3.0 1.013 — 4 7

1.031 -+
1.149 i
1682 — 4 —

-4.0

-5.0

0.5 1.0 15 2.0 2.5
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Does Casimir scaling hold beyond leading order?

Singlet free energies of static quarks in representation D=3,8:

w = —in((FrLooLh )
GF

with Lp made up of UP=% and [UP=°];; := ITr [UP=3\ (UP=3)T)|]

1.0 r

1 1/2
Fga .0 (nT)/C(D)/o
A AL A 1 Wiv
AP S At

05 - ; e??%'%'mﬁ.ﬁ Gees 99 5oy

0.0 r

-1.5
02 04 06 038 1.0 1.2 14 16 1.8 20
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1/Cg

. . 1/C
Does Casimir scaling, L3/ =~ Ll

, hold beyond two-loop order?

renormalization of the Polykov loop:
N d
(LE™ = (Zo(g®) " (LB"®),

l.e. the renormalization constants are related by Casimir [G.Bali, Phys.Rev.D62 (2000) 114503]
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string breaking expected for representations with trialityt =0

non-zero for L§ even below T
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string breaking expected for representations with triality t =0
non-zero for LY even below T

finite values of Fg(r) at large distances
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string breaking expected for representations with trialityt =0
non-zero for L even below T
finite values of Fg(r) at large distances

might be related to binding energy of gluelumps
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2-flavour QCD:
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2-flavour QCD:
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Freedom to set the scale:

Vr—o(r) —  VWqr—o(r)+C
LR — LR-exp—C/2T)
Z5 — Zg-exp(—Ca(g®)/2)

Be carefull to extract T by slope of LR
Susceptibility not renormalized in this way

Heavy quark bindings at high temperature




Conclusions

Heavy quark free energies, internal energies and entropy
Complex r and T dependence
Running coupling shows remnants of confinenement above T,
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

First estimates from potential models
Higher dissociation temperature using V¢

(directly produced) J/W exist well above T
Diquarks unlikely to exist above T.

Renormalized Polyakov loop
Two consistent renormalization procedures
Renormalization constant depend on the bare coupling
Applicable for higher representations

Casimir scaling good approximation at high T
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