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Resistivity p (arbitrary units)

Superconductivity

v

Specific heat ¢_ (arbitrary units)

Order Parameter p

T/Tc

Order parameter in QCD?
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Lattice results for phase transition in QCD (from Karsch’s review)
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QCD phase transition, heavy quark

system and nuclear matter

K.Morita, SHL: PRL 100, 022301 (08)
K.Morita, SHL: PRC 77, 064904 (08)
SHL, K. Morita: PRD 79, 011501 (09)
Y.Song, SHL, K.Morita: PRC 79, 014907 (09)
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Early work on J/ l//at finite T (Hashimoto, Miyamura, Hirose, Kanki)

VOLUME 57, NUMBER 17

PHYSICAL REVIEW LETTERS

27 OCTOBER 1986

Mass Shift of Charmonium near Deconfining Temperature and Possible

QCD order parameter

} o small
/ > I
V(r):—%as—(r)+axr
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Detection in Lepton-Pair Production
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Jhy in Quark-gluon plasma

. Matsui and Satz: J/y will dissolve at Tc due to color screening

. Lattice MEM : Asakawa, Hatsuda, Karsch, Petreczky ....
Jhy will survive Tc and dissolve at 2 Tc

. Potential models (Wong ...) :

Consistent with MEM Wong.

. Refined Potential models with lattice (Mocsy, Petreczky...)
. J/y will dissolve slightly above Tc

. Perturbative approaches: Blaizot et al... Imaginary potential
. PNRQCD: N. Brambial et al.

. Lattice after zero mode subtraction (WHOT-QCD)
. Jy wave function hardly changes at 2.3 Tc

. AdS/QCD (Kim, Lee, Fukushima ..)
Jhy mass change by Y. Kim, J. Lee, SHLee

. Wiki page ...https://wiki.bnl.gov/gpg/index.php/Quarkonia.
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Lattice result on singlet potential

e Kaczmarek, Zantow 05
1000

500

e What should one use? F(T,r) =V(T,r) -TS(T,r)

1000

Kaczmarek , Zantow hep-lat/0510094

S H Lee: HIM10-02

V(r) atT=0

MeV

*++|-HH+++H+

V(T,r) at1.3Tc

F(T,r) at 1.3 Tc



J/ v from potential models

F(T,r) =V(T,r) -TS(T,r)

1000
MeV

500 +

V(r) atT=0

*++|-HH+++H+

r [fm]

V(Tr) at1.3Tc

F(T,r) at1.3Tc

05

15

Kaczmarek , Zantow hep-lat/0510094

Quarkonium dissociation temperature for different potentials

state J/y Xe Y’ T X Y % Y
E;[GSV] 0.64 0.20 0.005 1.10 0.67 0.54 0.31 0.20
/1 1.1 0.74 0.1-0.2 231 1.13 1.1 0.83 0.75
1/ T ~ 1.42 ~ 1.05 unbound || ~3.3 | ~1.22 ~1.18 - -
1/ T, 1.78-1.92 | 1.14-1.15 | 1.11-1.12 || =44 | 1.60-1.65 [ 14-15 | ~1.2 | ~ 1.2

S H Lee: HIM10-02

Another model independent approach ?

Using F(T,r)
Wong 04
Using V(T,r)



rFew things to note about J/ v near Tc

e Tcregion is important in HIC

e Large non-perturbative change at Tc

e Resumed perturbation fails

S H Lee: HIM10-02

Karsch hep-lat/0106019
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Comparison with experimental data of RHIC (v/s=200 GeV at

midrapidity)

T. Song (preliminary)

Melting
. of v’ ycC
| / With g=1.82

- Slope: 'y,

.-~
--

Nuclear absorption &

Recombination

Melting T
of Jhy

Thermal decay in QGP & HG~ -

— o
-
-
===

0 100 200

No. of participants

10



Lattice dataon (¢ , p)

! 5/T‘_.1--j = ' |

it Sudden increase in ¢
T /p/T RO : :
L zh L i Slow increase in p

A 1 1 1

Lattice result for purge gauge (Boyd et al 96)

1.0 18
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08 r 1 14|
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08 | e —
o4 o o | (" —
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0.2 - .
TiTe 0.0 : : : : : <
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1.0 15 20 25 30 3.5 4.0
Rescaled pressure (Karsch 01) Karsch hep-lat/0106019
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Local operator related to confinement? Gluon Operators near Tc

e Two independent operators

o
Gluon condensate <—GZ> =G,

T
or

1
Twist-2 Gluon <&GWG&I> = [Uauﬂ —Zg“ﬁsz

T

e At finite temperature: from Go:_%(g_gp), Gzzﬁ(ﬁ p)

o
=]
jrd
(4]

0.004

_________________

0.01

0.002

=
-
-
o -
——————— ==

Gyr tgq -~

0.005

E and B Condensates [GE-'U'4]

Gluon condensates [Ge'u"4]

S H Lee: HIM10-02

Gy & - 0
Gg, Vacuum --- <a/7 EZ >T/
0 b S -0.002
G, T | [ emey —
0.005 | | T -0.004 lognlB
0.9 0.95 1 1.05 1.1 08 09 ! H 12
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<E?>, <B?> vs confinement potential

° Local vs non local behavior

Time

a

W(ST)=
exp(-oc ST)
S

/ W(SS)= /
exp(-oc SS)
Space

° Behavior at T>Tc

» Space

W(SS)=exp(-c SS)

W(ST)=exp(- g(1/S) S)

S H Lee: HIM10-02

OPE for Wilson lines: Shifman NPB73 (80)

W(S-T) = 1- Ka/nt E® (ST)? +...
W(S-S) = 1- <a/n B2 (SS)? +...

oo L 1T 7]
<a/m|B2 > /

0.002 /
0
-0.002 ~
// (0m)EZ —
(og/m)B” ---

"0.004,3 0.9 1 1.1 1.2

E and B Condensates [GeV4]
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Local operators in Nuclear Medium

e Linear density approximation
(op), = <Op>0+2/r)nN (NJOpIN),  AG, o (N|TZ(Chiral) |N)=m} —750 MeV

N

G, o 2mNIdxxG(x,,u2) — 0.9m,
Apy) o« =, — 45MeV

e Condensate at finite density

A<ﬁ E2> = (@,x0.2 + 0.167)p
P

Go(p)=Go—§m§p=G0 1-0.061-2
{ 9 Pam { 7
a - . B
G,(p)=-=09p A<;B >p = (,x0.2 - 0.167)p
T
<'7W>,,=<97w>0(1—0.2pp }
* Alp=5Xpam <QGZ> = 0_7X<sz> z<362>
4 5pn.m. a 0 4 Tc
<!/7l//>5/on.m. ~ 0 = <‘7‘//>TC

S H Lee: HIM10-02 14



Approach based on OPE (K. Morita and S. H. Lee)

° Vacuum

° Medium corrections

S H Lee: HIM10-02

Finite temperature

- Lattice calculation

“— Finite density <n| |n> X P,

Nucleon expectation value

15



Jhy near T,

QCD vacuum

QCD at T, <

S H Lee: HIM10-02

o
ZG?
T

16



Nuclear medium: 20% deconfinement

T

QCD vacuum <EGZ> =2<352> =2<3E2> =(0.35GeV)'
7 0 0 0

T

22 (%G |1-0061-L A<3E2> = (a,x0.2 + 0.167)p
Medium 0 . 4 Medium

T T
A<ﬁ BZ> = (o, x0.2 — 0.167)p
Medium

S H Lee: HIM10-02
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Approaches to Heavy quark
system in medium

OPE, QCD Stark Effect, and
QCD sum rules
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Approach based on OPE

e Separation of scale in this approach

perturbative

0.004

0.002

-0.002

e In this work,

E and B Condensates [Ge‘v"]

-0.004

________

B2 S

0.8 0.

1 1.1

J/y mass shift (Am) near Tc: QCD 2nd order Stark effect

J/y width (T") near Tc : perturbative QCD + lattice

1
2
3. check consistency of Am , T at Tc :QCD sum rules
4

Application to nuclear matter

S H Lee: HIM10-02

// (oJmEZ —
(or/m)B>  ---
9

1.2
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Mass'shift: QCD 2" order Stark Effect : Peskin 79 ¢ > A ocq

> OPE for bound state: m- infinity

e,*o:m(Nch/lG;z)2 — O(mg"), k| — O(mg?)

%/ _ % gz Tg4(n41,92)3 — - O(l)
-8 (mg*)(mg*)(mg®)

(i[2E|n)
LE; — Ey

a
x< E2>
T Medium

S H Lee: HIM10-02 20

»  Attractive for ground state




2"d order Stark effect from pNRQCD

» LO Singlet potential from pNRQCD : Brambilla et al.

1 ay
_ o g 3 i f =
r— ——F W _‘_Z%EB% /d r Tr{S {?6&,4—(; ]5—!—0 {EDO_}ZAC " ]O}

VT {O’f-?- gES +8t7. gF 0} + %BTI- {O*F- gE 0+ OtoF gET} Fo (55

2

T T = fp AT — —
_ 2 lF N arey 1r 0 L BP0
[5Vs(Ml = ~ia" 5 75 ﬁ dt e KE (£)b(t, 0)us E (0;>TLI,

1/r > Binding > A ocp,

» Derivation

. CadE —i dgp e
. SE 11 = —ia>
Take expectation value ! CNTT / @ o £y,
 Large Nc limit av=Lifove Cravg | =~ Nea,
r\ 2N. & 2r

- Static condensate KE ‘3t3”+""“*03ﬂb‘§b(0:’>r]

— KE_'“{{I}E_'“{U}> ]
11 7111

* Energy Ejpp = 2m.—e¢
EFo = 2m.+ pg;f;rn.v_,
1 o0 . C)?..‘I: kj ke a,
: = 5/ ¥ : (Zap?)
K 18 Jo ‘ ok k2/mp +e \ 7w T

S H Lee: HIM10-02

e

[0 (p)|? {<Ea(f)ff’(t‘0)ab-§b(0)> }

O

Tl11
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Thermal width from NLO QCD + confinement model

e Elementary o;,, in pert QCD, LO (Peskin + others) and NLO (Song, Lee 05)

LO NLO

e Thermal width: o5, @thermal gluon (Park, Song, Lee, Wong 08,09)

Feff d J. ) p)vrel O-J ly

S H Lee: HIM10-02 22



Confinement model: Schneider, Weise

i K
* PN =g s Jok[CM) (BB
£(T) = =2 [dk[C(T) T, (E)KE, + B(T)
2

g, 5, p (normalized)

T Be
. C(I'):CO([1+5C]—?C)

T B
mg(T):GOU1+5]—?C)T 5

0.5

0.002 4
e E,B Condensate

0.000 4

-0.002 4

Condensates (GeV4)

-0.004

S H Lee: HIM10-02

Y v
1.00

T v
1.05

v T v
1.15

T J
1.20
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Mass and width of J/\yy near Tc (morita, Lee 08, M, L & Song 09)

-0.25 L : - - - :
09 0.95 1 1.05 14 115 1.2
T,
0.16
0.14
0.12
0.1 ®
I, $ow o
JI v S ) * e
~ 0.06 . N
° - >
GeV oo T o
a ¢ X
002} -5 ¢ XV/
00.-.3 ........ PARRRLILLL i -
096 098 1 102 104  1.06
T

S H Lee: HIM10-02

Am from QCD Stark Effect

I' =pert QCD + confinement model
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Constraints from QCD sum rules for Heavy quark system

» sum rule at T=0 : can take any Q2 >=0, 4m°+Q° >> <G>Vacuum =A2QCD
d ) p(s)
M, = -
; [szj <J(Q).3(0)>=[ds 5107
Phenomenological side OPE
Ap J/ ,
G
Y Mn=a{l+a+(n;|4)! < 2>2..]
74 ) (4mc)
N
. «— with (G*)

w

1 m?, ) '
Mn: fJ/ +CJ—/l/l s -
e, L Ume
my,, v R R i T

£
2
3. °°ooo°oo<—<G>=O

n 1 i i i A, i i L L A »
2 2 2
M - ) (my/- _ mJ Iy ){ mJ/W J 3 4 5 6 7 8 2 10 11 12 13 14 15
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QCD sum rule constraint (Morita, Lee 08)

o) [ds—P)
@)= [ (HQZ)M'i

n!
150 : : : : : :
- TT=1.00 — TT=1.00 —
> 0.015 = “ 101 A o
1.02 --- 102 ---
o, O 100 1.03 R
@ 001 = Jhy, £=1.0 ) neE=10
E g O - L‘ 50 y g :II.'I L
S 0.005 :
2 Gg, Vacuum --- \ 5 , , e , ,
Q N — ) B0 =R S0 — TT=1.00 —
st el U 1.01 1.01
S RO - 1.02 - . 1.02 -
S Ry > 00 1.03 - P! 103 - .
=2 .0.005 @ o e .
o ' : ' = Xeos 5=2.5 /N te 25 -
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50 S St
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- e S
. y

0 N : Irf L L . L 0 L
-500  -400 -300 -200 -100 -500 -400  -300
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Canal Borel I
an also use Borel sum rule B(M) = IdSp(S)eXp(—S/ M 2)
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Mass and width of J/\yy near Tc (morita, Lee 08, M, L & Song 09)

(] — —_—
TrETTreey SumruI:tgzr‘; °
-0.05 £=2

&=3 Am from QCD Stark Effect

02 | -« — QCD sum rule limit with A" =0

0.9 095 1 1.05 11 115 1.2

0.1 ® 1
FJ/V/ go_og s . ' =constraint-Am (Stark effect)

. . )
GeV 0.04 A M X_..-X' - I' =pert QCD + confinement model
0.02 | 5 ><V/ .

S H Lee: HIM10-02
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I" In NLO QCD + confinement model

 Non perturbative part at Tc: confinement model (my(T) C(T))

150 ; ' '
e NLO QCD + 0.8 : —
g - confine-model 0.7 tgq Lattice [
;' 100 . 0.6 2Hoopfit, @
2 ]
2 05 |
|_5|_ ® * 0.4
= ¢ T -
> 50 | 08 0.3
8. Constraints from 0.2
. Laaadd . Bor'ell sum rule 0.8 1 1.2 14 16 1.8
, T
0.9 0.95 1 1.05 1.1 )

From Tc to 1.05 Tc mass and width seems to rapidly change by 50 MeV ; to
probe higher temperature within this region,

1. For mass, need higher dimensional operators
2. For width, Need higher twist contribution

S H Lee: HIM10-02 28
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Three places to look

Reconstruction of Imaginary Correlator

and

Rus from RHIC

and

Mass shift at Nuclear matter

29



Reconstruction of Imaginary correlator

»  Imaginary correlator

G(r,T)= _[dWK(W,r,T)p(W,T)

cosh|w(z =T /2)]
sinh (w/ 2T )

K(w,7,T)=

> Reconstructed correlator

1.25
1.2
Grec(r,T):'fd K(w,z,T)p(w, T =0) s
[_
£ 11
e
g
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1 5
0.1 _
0.01 0.85
0.001
o 1.25
& 0.0001 2l
1805 I 1 03GeV, 1=02fm — "~ = 115
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Borel, M’=1.5 GeV? - - s o 105 |
1607 | Borel, M?=3.0 GeV? ---- % =
1e-08 5
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o [GeV] 0.9
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Morita, Lee (09) arXiv:0908.2856
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2-comp model (Rapp) Comparison with experimental data of RHIC
(Vs=200 GeV at midrapidity)

S H Lee: HIM10-02

0.9
0.8
0.7
0.6
0.5
0.4

0.3 -

0.2
0.1

T. Song, SHLee (preliminary)

Melting
of v’ ycC
/ With g=1.82

- Slope: 'y,

Melting T
of Jhy

Nuclear absorption &

Thermal decay in QGP & HG~ - B . Total
Recombination | Height: mass of Jiy
100 200 300 400

No. of participants

32



o Effects of width and mass

Assumed recombination
effect to be the same

e At LHC

S H Lee: HIM10-02
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> sum rule in medium

Phenomenological side

To
Jhy
”
N
FOEMEALL
(s m?, )+SF2
_ Ids o(8)

4m*+Q* >>(G) +A(G)

M

Matching M, _;/M,, from Phen to OPE

— Obtain constraint for Am,, and I'
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Mass and width of J/y in nuclear Matter (vorita, Lee 08)

e QCD sum rule constraint

Lyyn = <O-J/;y—NVrele > ~1.3MeV

with o, =2mb

T,=(c, Wapy)~32MeV

X
(r*)
_ Xc
O %N =031y <r2>
Jly
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Other approaches for mass shift in nuclear matter

Quantum | QCD 2nd Potential | QCD sum | Effects of
numbers | Stark eff. model rules DD loop
0+ -8 MeV -5 MeV No effect
nc (Klingl,
SHL ,Weise,
Morita)
,J/ 1-- -8 MeV -10 MeV -7 MeV <2 MeV
\V (Peskin, Luke) (Brodsky et al). (Klingl, (SHL, Ko)
SHL ,Weise,
Morita)
012+t -20 MeV -15 MeV No effect
XC r=1r (Morita, Lee) oN ¢y
- -100 MeV < 30 MeV
/(3686) 1
- -140 MeV < 30 MeV
W(3770) 1
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Observation of Am through p-A reaction

v e’
k=4 to 6 GeV/c ®
O gl ‘.—"11\
. N4 T o
Antl e

proton

A
A 4

Heavy nuclei

1 =1.2fm

0.17 fm= x5 fm?

Can be done at J-PARC

Table 2: Summary of parameters and resultant cross sections.

‘-}—f / (4 e Xco Xel X2

m|[MeV] 3097 2980 3415 3511 3556

dm[MeV] —7 —4 —15 —15 —15
ot [MeV] 0.0034 255 104 0.89 2.05
Final State ete” vy o Sy Ty Ty

(0BW)peak [Pb] 0435 107 17.0 425 188
Expected luminosity at GSI 2x 10%2cm=2s1 —  Events/day 7.5 184 204 74 326
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