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Charmonium at T>0

% The suppression of the charmonium production can be a signature of the
formation of the Quark Gluon Plasma [Matsui & Satz '86]

Non-perturbative Vacuum

Debye screening
picture R
Perturbative Vacuum Color Screening
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% Sequential suppression of quarkonium states: QGP thermometer [F Karsch,
D. Kharzeev & H.Satz ’06 ]
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The interpretation of experimental data

e p
. o . NAS0D, Scompann'’s talk at QMO6, O<y<1
@ Two different classes of effects on the modification ‘31 i > e §;i°m;'f*:"1-*:f’:*f*;g::9§
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The interpretation of experimental data

@ Two different classes of effects on the modification

of the charmonium production O35 WGy & Iy 2060%
0.3} SESR Ereiiary : 213;3 Oe{; hadrons 20-60%
* Cold nuclear effects: nuclear shadowing... 0.25E g ; ’
. E_ -o__O;O-‘O'Lo_. T
* Hot medium effects: color screening effects... 0.2 oo°+
0.15F  ©
@ Crucial to disentangle these two classes of effects 0.1 < 4 +
to understand experimental pictures 0.05F" - I $ *
0; T l
* Dissociation temperatures from lattice QCD -0.05F * {
. . . o . -0-1% . 1 ' non-flow estimation
* Examine the sequential dissociation picture T Y S T

paT (GeVIc}o
@ Rapidity & pt dependences of Raa

* What happens to charmonia when moving with respect to the hot thermal
medium ? Will they see more energetic gluons and dissolve earlier ?

* Model & Effective theory calculations indicate that survival possibility of |/

becomes lower at finite p

[K. Haglin & C. Gale, PRC 63(2001)065201, M. Escobedo, M. Mannarelli & J. Soto, PRD84(2011)016008, H. Liu, K. Rajagopla and U. Wiedman
PRL98(2007)182301]

% Lattice QCD: charmonium spectral functions, screening masses etc.
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Temporal correlation and spectral functions

Ju(7,7) = q(7,2) U'm q(7, 7)
Channel | Ty | 25t1L; | JFC cé | M(c¢)|GeV]
PS o LSo 0~ Ne 2.980(1)
\'& o =5 1= | J/ | 3.097(1)
S 1 3P, ot X c0 3.415(1)
AV Y5 P, R IV 3.510(1)

p(w) = 2ImD*(w) = DT (w) — D™ (w)

7y Cosh(r = 5r) J

sinh(57)
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Spatial correlation function and screening mass

* Spatial correlation functions: sum over transverse plane (x,y) and
temporal direction T
G(ZaﬁJ_apT) — Z eXp(_Zﬁ | ‘%) <JH(07 6)‘];—[(7-7 f)>

T7aj7y

e Relation to the spectral function

dp. (i )/OO dw 2w (.5 T)
exXplipz < W, yMzy Py .
on CPUP=2) | o s P L p

G2 FL.ps) = /

 Spatial correlator G(z) decays exponentially with Esc at large distances

G(z) ~exp(—Fse2), E2. =p°* +M*+11(p,T)

’

At p=0, Es. gives the screening mass
At p=0 and T=0, Es gives the pole mass

e Temperature effects might be absorbed into M(T) and A(T)
B2, ~ A*(T)p* + M*(T)
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M aXi mum E ntl"O Py M Eth O d [Asakawa, Hatsuda & Nakahara,’01]

e Difficult to extract spectral function (spf) T T )

2 .
d :
G(r,T) :/ 2_‘*’ K(r.w.T) p(w.T)" 1X fitting Inconclusw‘e’x,
7T Y
Discretized 0 Continucae |~ T
O(10) O(10%)

® Maximum Entropy Method (MEM) €—— Bayesian theorem

® A method to obtain the most probable image from insufficient data

® Ingredients of MEM: Plp|GH| x P|G|pH| P|p|H]

P[G|pH] o exp(—x*/2) : likelihood function p: spectral function
- G: lattice data
Plp|H| < exp(a.S) : prior probability H: prior information on p
i ~dw p(w)
Information entropy: — il _ . 1
o io opy: S /0 o [p(w) m(w) — p(w) In <—m(w)>]

Default Model (DM): m(w), includes the prior information on p, e.g. p is positive-definite

DM is the only input parameter in the MEM analysis

® |mportant to check the dependence of output spf on DMs
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Lattice setup

Ly

0.73
1.46
2.20

* non-perturbatively clover improved Wilson fermions
* isotropic quenched lattice
* very fine lattice close to continuum
*  simulation parameters tuned to reproduce nearly physical J/\p mass
* large Nt makes the extraction of spf more reliable
3 a [fm] a '[GeV] L, [fm] CSW K N3 x N,
7.793 0.010  18.974 1.33  1.310381 0.13200 128° x 96
128° x 48
128° x 32
128° x 24

DO b
© b
(WA

* momentum of meson p on the lattice in units of P =2T1/aNg=0.93 GeV

p=(0, I, v/2,v5,2+/2,3,...)P
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Prior information in the default model

® high frequency behavior of spf should resemble

the spf in the free case

* free lattice spf rather than free continuum spf [HTD ecal, 09]

low frequency behavior of spf

| Non-interacting CaASeE. [Karsch et al., 03, Aarts et al., '05]

p(w,0) = QWNC[< (4 a(3>) I + ( (2) ag)) Iz}wcS(w)

* WO(W) term corresponds to a T independent constant in the
correlator, i.e. zero mode contribution [Umeda, '07]

e No zero mode contribution in the PS channel
e Zero mode contribution exists in the Vector, Scalar and Axial Vector channels

lim Z pii W

XOO w—0

”: Inte I”aCtI ng CASE. [Aarts & Martinez-Resco ‘02, Petreczky & Teaney '06]

. 1 1)
()(VU) B 5

AR _'_//

2

O(w) is smeared into a transport peak
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D «x 1/n

spf in vector channel
should be linear
in W at wW~0
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vector spectral function with p=0 at T<Tc
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® Small default model dependence in the interesting physics region
® Ground state peak remains robust and its peak location corres. to physical J/\) mass

® The width of the ground state peak cannot be interpreted as the J/y width

® Signals for the dissociation of bound states: the shift of the peak location and the
reduction of the amplitude
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DM dependence (varying reson.) in Vjjwith p=0 at T>T.

resonance part peak location at T<T.
16 '

IIIIIIIIIIII
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* At T=1.46 T, peak location is shifted to energy region larger than physical J/y mass
and the default model dep. is small

e At 2.20 and 2.93 T, the default model dep. are relatively strong

* At 2.20 and 2.93 T, there are no clear peaks
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Charmonium spf at vanishing momentum

1.2

2.5

0(00)/ 2 ’ 073 T, —— p(W)/w? 0.73T, ——
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HTD, A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012)

S wave states (J/\P and Nc) are dissociated at T>=1.46 T,

-® the location of the first peak at 0.73T. corresponds to meson mass in the
vacuum, and width of the peak at 0.73T.is too large to be physical

-® “peak location” shifted to large w region by ~I GeV from 0.73 to 1.46 T,

-»- different from previous lattice calculations: S wave states survive up to Tz2T.

-®" isotropic lattices with larger N+ used in the current study
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Charmonium spf at vanishing momentum

2.5 . . 1.2 . .
p(W)/W? 073T, —— P(W)/w? 073T, ——
SC Ajj
7‘4 146 T, —— 1k 146 T, —— -
2 - —
0 220T, —— | 220Te —
XC 293T, — 0.8 XC 293Te — 1
15 ]

HTD, A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012)

P wave states (yc0 and 7ci) are dissociated at T>1.46 T,

-®" consistent with previous lattice calculations
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charm diffusion coefficient
VvV

L wT)
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HTD, A.Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012)

* Strong coupling limit: 2TTTD=1 Kovtun, Son & Starinets, JHEP 0310(2003)064
Moore & Teaney, PRD71(2005)064904

* pQCD: 0s ~ 0.2, LO2TITD =71, NLO: 2TTTD=8 (. 01 Huot & Moore, PRL 100(2008)05230]
o -I-Ma_trlx (U-Pot );T/Tcz I ,5’ 21TTDZ8 M. He, R. Rapp, arXiv: 1204.4442
° HQET(IQCD)TC <T<2Tc 2-n-TD ~ 6 D. Banerjee, S. Datta, R. Gavai & P. Majumdar, PRD 85(2012)014510

A. Francis, O. Kaczmarek, M. Laine & ]. Langelage, PoSLAT (201 1)202
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Dispersion relation in the PS channel

45

40 T E(p) [GeV"] 1 46k E(T>T,, p)/E(T=0.73T,, p)
35 'v i 15 L
_— ' p=0.00 GeV —e—
1.4 L p=1 32 GeV —=—
' p=1.86 GeV -+ —
13+ p=264 GeV v —
1.2 r
1.1 g
5 L L I L L I ! O 9 I L L I A | |
° ° ) ° p) | o 10 12 14 16 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
p- [GeVT] .

-® The dispersion relation E2=A2(T) p2+ M%(T) changes only in the intercept
i.e. M(T)

-® The slope of dispersion relation, A(T), has minor dependence on T

-®Ratio of E at T>T. to that at T<T. approach to the free field theory as
expected
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Polarized vector correlation functions
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e G is always larger than Gt

e Ratios can be reproduced by the free theory in short distances
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Ratio of G/Gy,ec in the vector channel

d
G(7,T,p) _ f ﬁ ‘!!!7!7! !lpE (W, T, T)l Deviation of the ratio from unity

GreC(T, T, p) B f (21—; %(w,p, T’jL}((wﬂ-7 T) indicates thermal modifications

@ Evaluate G(T,T,p)/Grec(T,T,p) directly from correlator data without knowing p(w,p,T’)

155 [T [HTD etal.,’12]
1.5 - GT(T’T’p)/GT,rec('C’T’p)
1454 1.46 T,
1.4 %
| 35 - p=0.00 GeV —— {,
7 | p=0.93 GeV —ea— v
/ 1.3 | p=1.86 GeV —a— ¥
J LI)T 1.25 | p=2.79 GeV —v— ; ‘}‘H‘
12 F i

f_ ‘1’%
| i
gé g

1uuutnlii¥¥¥¥¥ [frri]’ "'lliéﬁ
0.95 ¢

O 0.05 0.1 0.15 0.2 0.250 005 01 0150 005 01
HTD, arXiv:1210.5442

+®" G/Grec grows with momentum at large distance
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Ratio of G/Gy,ec in the vector channel

d
G(t,T,p) _ f ﬁ ‘!!!7!7! !lpE (W, T, T)l Deviation of the ratio from unity

GreC(T, T, p) B f (21—; %(w,p, T’jL}((wﬂ-7 T) indicates thermal modifications

@ Evaluate G(T,T,p)/Grec(T,T,p) directly from correlator data without knowing p(w,p,T’)
[HTD etal,’12]

1.2 + GL(r,T,p)/GL’reC(r,T,p) + + .

| I 220T, I 2937, 3

115 . p=0.00 GeV —+— 1 éé %%

- p=0.93 GeV —&— i i -

J /WL | p=1.86 GeV —s— %t % %
14 | p=2.79 GeV —v— 1 1

1.05 |

0 005 01 0415 0.2 0.250 0.05 0.1 0.150 0.05 0.1

HTD, arXiv:1210.5442

*®" G/Grec are almost independent on momenta
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Ratio of G/Gyec in the pseudo scalar channel

d
G(7,T,p) _ f ﬁ ‘!!!7!7! !lpE (W, T, T)l Deviation of the ratio from unity

GreC(T, T, p) B f % %(w,p, T/ju((wﬂ'v T) indicates thermal modifications

@ Evaluate G(T,T,p)/Grec(T,T,p) directly from correlator data without knowing p(w,p,T’)

[HTD etal,’12]
1.2 e N R —— _
- G(t,T,p)/Giec(T, T,P) i i 1
1.15 | PS @ 1.46 T, H 1 PS@220T, {7—}38 @ 2.93 T
- p=0.00 GeV —+— ‘{' ! # !

111 p=0.93 Gev —e— #’
- p=1.86 GeV —=a— \{7

r]c 1.05 1 h079 GeV —v— 1 ‘{’H %‘H‘

1...;.@* %...ﬁ T
bl %ﬂﬂﬂ] ghfﬁg}%m

085 ........................................................
0 005 01 015 02 0250 0.05 0.1 0.150 0.05 0.1

-® The temperature effects bring the ratio down while the momentum
effects bring the ratio up at the large distance
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Charmonium spf at nonzero momenta

2.5
2 PS @ 0.73 Tc P~0-00GeV T
p=0.93 GeV —
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505
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§: 2.5
M T2 PS @ 1.46 T
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1
0.5 /
O —
2 4 6 8

w [GeV] HTD, arXiv:1210.5442

-® At T=0.73T.:The shape of . peak persists at finite momenta

-® The peak locations at T<T. are consistent with the dispersion relation
obtained from spatial correlators

&' At T=1.46 T. spf gets closer to the free theory with larger p
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Charmonium spf at nonzero momenta

0.5
T 073 T p=0.00 GeV —
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HTD, arXiv:1210.544?2

-»-Similar as the PS channel
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Conclusion

*We have calculated charmonium correlation functions on large and fine
isotropic lattices: 128*xN+, Nt=96,48,32,24 for 0.73, 1.46,2.20 and 2.93 T.

* Through MEM analysis, all the charmonium ground states at vanishing
momenta are dissociated at T=1.46 T,

e Simulations at temperature region 0.73 T. <T <1.46 T are crucially
needed to examine the sequential dissociation picture of charmonia.
Calculations are on the way

* The dispersion relation in the PS channel changes only in the thermal
mass term

* The spectral functions of S wave states persist at finite momenta at T<T.
and suffer more modifications at T>T.
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Previous lattices studies on charmonium spf

\ﬂ{ x N; T/T. | #conf ur,[l() ""fm] s /0,

ag: lattice spacing in the spatial direction

Umeda0?2 202 x 32 ().88 1000 ) ] . ) )
epicarsions | 209x26 | 108 | 1000 | 96 4 ar: lattice spacing in the temporal direction
293 o OG ~< a.
Asakawa03 J-, X0 WEES 154 _
323 x 54 1.38 150 39 |

PRL 92(04)012001

323 x 46 1.62 182
323 % 40 By 181

e Redefinition of the kernel to cure the

399 %32 | 233 | 141 divergence at w~0 is needed
40% x 40 0.9 85 . .
Dattats ool Rl I i 1 * Detailed default model dep. analysis as well
o 18°x 16 | 225 | 100 as systematic uncertainty study are important
48° x 12 3 90
24° x 44 1.09 110
Jakovac06 e : e .
24° x 40 1.20 16R0) 56 4

PRD 75(2007)014506

24-32x32| 1.50 | 1000
243 x 24 1.99 300
243 x 20 2.39 640
24% x 16 2.99 310
122 x 80 0.42 250

AartsO7 2 ,
8 x 32 1.05 1000 162 6
PRD 76(07)004513 X
8% x 24 1.40 1000
8 x 16 2.09 1000

e Lattice cutoff effects are much larger on anisotropic lattices

* N+ used in the current study on isotropic lattices is doubled compared to
Datta03, and comparable to the study on anisotropic lattices (Asakawa03), and
at least 1.5 times larger than other studies on anisotropic lattices (Umeda02,
Jakovac06, Aarts07) at similar temperatures

HTD, A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012)
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