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eavy Quarkonium as prooe o Wy oo

QQbar pairs created in the partonic stage of a collision

Non-thermal bound states traverse the bulk as probe
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Heavy Quarkonium as probe of the QGP
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= Goal: Real-time in-medium evolution of quarkonium T T e e e

Strong and Electroweak Matter (SEWM14)



J QQ potential Trom lattice C ) e

SEIT 1386

= Complex in-medium heavy QQ potential from effective field theory in real-time: NRQCD

A T ~ . la W T t or a brief review see
QCD <K ], — < 1 VQQ (T) = lim t ( ) ) A.RTMPL'ZZL (2013) 133000
mQ mQ t—o0 W(T, t) and references therein
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= Complex in-medium heavy QQ potential from effective field theory in real-time: NRQCD

Aocp 1, L VQ(r) = lim 10 W(r, t)
mQ mQ t—oo  W(r, 1)

® Connection to Euclidean lattice QCD via spectral functions:

W(r,t) :J dwe *lo(r,w) == W(r 1) :J dwe™

— — 0
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for a brief review see
A.R. MPLA 28 (2013) 133000
and references therein
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= Complex in-medium heavy QQ potential from effective field theory in real-time: NRQCD

/\ T ~ . 16 W T t or a brief review see
QCD <K 1, — < 1 VQQ (T) = lim t ( 2 ) A.RTMPLIi\z; (2013) 133000
mQ mQ t—oo W(T’) t) and references therein

® Connection to Euclidean lattice QCD via spectral functions:

(e.@)

W(r,t) :J dw e_i“’tp(r,w) S W(r,T) :J dwe “Tp(r, w)

— 0

N T
V(1) = lim J oo dw w e p(r, w) <I': Bayesian spectral
et fiooo dw eiwtp(r, w) reconstruction

A.R., T.Hatsuda & S.Sasaki PRL 108 (2012) 162001
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= Complex in-medium heavy QQ potential from effective field theory in real-time: NRQCD

/\ T ~ . 16 W T t or a brief review see
QCD <K 1, — < 1 VQQ (T) = lim t ( 2 ) A.RTMPLITL\Z; (2013) 133000
mQ mQ t—oo W(T’) t) and references therein

® Connection to Euclidean lattice QCD via spectral functions:

(e.@)

W(r,t) :J dwe *lo(r,w) == W(r 1) :J dwe “Tp(r, w)

— 0

N T
V(1) = lim J oo dw w e p(r, w) <Ir: Bayesian spectral
et fiooo dw eiwtp(r, w) reconstruction

A.R., T.Hatsuda & S.Sasaki PRL 108 (2012) 162001

= Potential from fit of lowest lying peak (skewed Lorentzian) position = Re[V] width = Im[V]
Y. Burnier, A.R. PRD86 (2012) 051503
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= Complex in-medium heavy QQ potential from effective field theory in real-time: NRQCD

/\ T ~ . 16 W T t or a brief review see
QCD <K 1, — < 1 VQQ (T) = lim t ( ) ) A.RTMPLli\zzf; (2013) 133000
mQ mQ t—oo W(T’) t) and references therein

® Connection to Euclidean lattice QCD via spectral functions:

(e.@)

W(r,t) :J dwe *lo(r,w) == W(r 1) :J dwe “Tp(r, w)

— 0

N 7
V(1) = lim J 7o dw w e tp(r, w) <I': Bayesian spectral
T 500 fiooo dw eiwtp(r, w) reconstruction

A.R., T.Hatsuda & S.Sasaki PRL 108 (2012) 162001

= Potential from fit of lowest lying peak (skewed Lorentzian) position = Re[V] width = Im[V]
Y. Burnier, A.R. PRD86 (2012) 051503

= Bayesian reconstruction challenging: Need prior information to regularize ill-defined ¥ fit
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The T>0 QQ potential from lattice QCD %H ? i

= Complex in-medium heavy QQ potential from effective field theory in real-time: NRQCD
A CD T = . 16 W T, t or a brief review see
Q < 1, — <1 VQQ (T) = hm t ( ) ) A.RTMPLE’AZ;(ZOIS) 133000
mq mq t—oo W(T) t) and references therein
® Connection to Euclidean lattice QCD via spectral functions:
o0 o0
W(r,t) :J dwe *Clp(r,w) = W(r 1) —J dw e_“”p(r,w)
—
o0 d 1wt
VQ(y) = lim J dwwe <I’: Bayesian spectral
{ oo f dw etwtp( reconstruction
A.R., T.Hatsuda & S.Sasaki PRL 108 (2012) 162001
= Potential from fit of lowest lying peak (skewed Lorentzian) position = Re[V] width = Im[V]
Y. Burnier, A.R. PRD86 (2012) 051503
|

= Bayesian reconstruction challenging: Need prior information to regularize ill-defined ¥ fit
= Recent improvement over Maximum Entropy Method: new prior, analytic treatment of a

for more details see
S=u« E Awq (] - — -|— 109[ ]) Y.Burnier, A.R. PRL 111 (2013) 18, 182003
my

and POSTER by Y. Burnier
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= From Euclidean lattice QCD correlators to the complex heavy quark potential

log[W(r, )] p(r, w) VT(")
A
Re[V(r)]
- | @ -
ro Peak Fit ,c‘\./ =
* e > K4
°
o ' Te.q =\ Im[V(r)]
[ ] ° ' - - — rA =
L Y ';_ >R

A.R. Mod. Phys. Lett. A, 28, 1330005 (2013)

= Technical detail: Wilson Line correlators in Coulomb gauge instead of Wilson loops
Practical reason: Absence of cusp divergences, hence less suppression along t
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= Quenched lattice QCD: anisotropic lattices with naive Wilson action 323xN,
with Y. Burnier
Fixed scale approach: B=7.0 ¢&=a/a=4 a.=0.039fm

-mnmmmmmm

T. 311 233 186 155 133 117 104 093 0.78
2750 1570 1680 1110 760 1110 700 940 690

N

meas

Focus: Achieve a large number of time steps for accurate spectral width reconstruction
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Two projects for V22 from the lattice

= Quenched lattice QCD: anisotropic lattices with naive Wilson action 323xN,

with Y. Burnier

Fixed scale approach: B=7.0 ¢&=a/a=4 a.=0.039fm

-mnmmmmmm

T. 311 233 186 155 133 117 104 093 0.78
N 2750 1570 1680 1110 760 1110 700 940 690

meas

Focus: Achieve a large number of time steps for accurate spectral width reconstruction

= Dynamical lattice QCD: isotropic lattices with asqtad action 483x12 (HotQCD)

with O. Kaczmarek

B | 680 | 650 | 7.00 | 7.125 | 7.5 | 7.30 | 7.48_

32 T 085 094 104 118 133 139  1.64
i% alfm] 0111 0100 009 0080 0071 0.068 0.057
N 1295 1340 1015 840 1620 1150 1130

meas

= Focus: Effect of light fermion on in-medium QQ interactions i.e. Re[V]

Strong and Electroweak Matter (SEWM14)
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= |dentify the lowest lying peak and fit its shape over the Full-Width at Half Maximum
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3.2 e
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= Transition from a confining to a Debye screened behavior
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3.2
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= Transition from a confining to a Debye screened behavior

= Comparison to color singlet free energies F'(r): agreement within errorbars

1 Indication for this behavior seen in HTL
F(1 ) (1‘) = — —109 |:W|| (T, T = [3 )] cG Y. Burnier, M. Laine and M. Vepsalainen,

6 JHEP 1001, 054 (2010)
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16 [ « 279.6 MeV = 419.4 MeV = 838.8 MeV ] 15 o 279.6MeV = 419.4MeV -~ 8388 MeV o
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r [fm] r [fm]

= Transition from a confining to a Debye screened behavior

= Comparison to color singlet free energies F'(r): agreement within errorbars

1 Indication for this behavior seen in HTL
F (1) (1‘) —— 10 g |:W ( [3 )] Y. Burnier, M. Laine and M. Vepsalainen,
I CG
3 JHEP 1001, 054 (2010)

= At T=T_ extraction V92 benefits from using all datapoints instead of just W, (t=B)
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= Since close to continuum (T.=270MeV) attempt extraction of Debye mass
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T mp=0.77+0.13 GeV
et Mp=0.73+0.10 GeV
+ 1119 mp=0.6140.09 GeV
P mp=0.50£0.09 GeV
{1 {mp=0.46+0.03 GeV
mp=0.33+0.09 GeV
. 1mp=0.34+0.05 GeV
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0=0.25+0.01 5
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= Since close to continuum (T.=270MeV) attempt extraction of Debye mass

= Phenomenological fit form for Coulomb and string screening s.igai et.al. eps a3 (2005) 7175

o [ I'(1/4) mp(T)r

DH — -
) = o m G T A

Ky /a(m (T12)] = =

. e ™o (T 4 mp (T)r]
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Debye-Hiickel Fit of the Debye mass
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Ng=3, Nj=0, B=7, £=3.5
a=0.039fm

02 03 04 05 06 07 08 09
T [GeV]

= Since close to continuum (T.=270MeV) attempt extraction of Debye mass

Phenomenological fit form for Coulomb and string screening s.igai et.al. eps a3 (2005) 7175

FPH(r, T) =

o I'(1/4) mp(T)r
mp (T) [23/2r(3/4) ~ 23/4T(3/4)

Ky a(m (T1r2)| = =

? [e_mD (" + mp (T)r]

= Within the error bars, reasonable agreement with 1-loop HTL
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Imaginary part at finite temperature

0.6 | 279.6MeV =
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= Im[VQQ] related to width: need large # of datapoints and high signal/noise

Strong and Electroweak Matter (SEWM14)



Imaginary part at finite temperature R o

07 | 3576 Mov ~ PRELIMINARY 1
0.6 | 279.6MeV = Pobeom
O 3146 MeV = T
359.5 MeV = o
S 0.5 | 419.4 MeV = oLy
® 503.3 MeV = wo
S 04 629.1 MeV « O D I T B
= 838.8MeV - 1 obb b
= Y
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= Im[VQQ] related to width: need large # of datapoints and high signal/noise

= Rise above the HTL values might be related to diminishing number of datapoints

Strong and Electroweak Matter (SEWM14)
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Imaginary part at finite temperature % Il E OO
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0.7 | 209.7 MeV

- i ¥ g 0.2 ' ' L U B/ S R -
251.6 MeV = iHINA 209.7MeV = 1 Lo g e T
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0.6 I 314, pod il 279.6 MeV = i
314.6 MeV = povis h vV i
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E
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Im[VQQ] related to width: need large # of datapoints and high signal/noise

Rise above the HTL values might be related to diminishing number of datapoints

For small r: good agreement with HTL prediction down to 1.17T.
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Imaginary part at finite temperature
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Im[VQQ] related to width: need large # of datapoints and high signal/noise

Rise above the HTL values might be related to diminishing number of datapoints

For small r: good agreement with HTL prediction down to 1.17T.

To improve the width reconstruction: better default model m(w)#const.
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Towards VQ(r) on dynamical lattices [ fil ) e

! SEIT 1386
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= |dentify the lowest lying peak and fit its shape over the Full-Width at Half Maximum
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= Potential in the confining regime reliably extracted up to r=1fm (string breaking?)
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= Potential in the confining regime reliably extracted up to r=1fm (string breaking?)

= (Clear transition from confining to Debye screened behavior
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= Potential in the confining regime reliably extracted up to r=1fm (string breaking?)

= Clear transition from confining to Debye screened behavior

= Also here agreement with color singlet free energies (at high T: VAQ(r) S Fi(r) )
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= Potential in the confining regime reliably extracted up to r=1fm (string breaking?)

= Clear transition from confining to Debye screened behavior

= Also here agreement with color singlet free energies (at high T: VAQ(r) S Fi(r) )

= At T=T. Re[V] benefits from using all datapoints instead of just W,,(t=B)
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= Established approach to the static in-medium heavy quark potential VA(r):

Definition from QCD via effective field theory NRQCD: Wilson loops/lines at late real-time

= Connection to lattice QCD: Re[VAQ] and Im[VAQ] from the position and width of a
A.R., T. Hatsuda, S.Sasaki PRL 108 (2012) 162001 . . . .
Y. Burnier, A.R. PRD26 (2012) 051503 skewed Lorentzian in Wilson loop/line spectra

= Spectral functions reliably extracted with new Bayesian reconstruction method.
Y. Burnier, A.R. PRL 111 (2013) 18, 182003
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= Established approach to the static in-medium heavy quark potential VQX(r):

Definition from QCD via effective field theory NRQCD: Wilson loops/lines at late real-time

= Connection to lattice QCD: Re[VAQ] and Im[VAQ] from the position and width of a
A.R., T. Hatsuda, S.Sasaki PRL 108 (2012) 162001 . . . .
Y. Burnier, A.R. PRD26 (2012) 051503 skewed Lorentzian in Wilson loop/line spectra

Spectral functions reliably extracted with new Bayesian reconstruction method.
Y. Burnier, A.R. PRL 111 (2013) 18, 182003

= Findings for the real part Re[VQQ]:
= N=0 & N=2+1: Re[VA?] agrees with the color singlet free energies F! in CG within errors.

= N=0: screening masses from Debye-Huckel fit and HTL in good agreement
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Conclusion

= Established approach to the static in-medium heavy quark potential VQX(r):

Definition from QCD via effective field theory NRQCD: Wilson loops/lines at late real-time

= Connection to lattice QCD: Re[VAQ] and Im[VAQ] from the position and width of a
A.R., T. Hatsuda, S.Sasaki PRL 108 (2012) 162001 . . . .
Y. Burnier, A.R. PRD26 (2012) 051503 skewed Lorentzian in Wilson loop/line spectra

Spectral functions reliably extracted with new Bayesian reconstruction method.
Y. Burnier, A.R. PRL 111 (2013) 18, 182003

= Findings for the real part Re[VQ]:

N=0 & N=2+1: Re[V2?] agrees with the color singlet free energies F! in CG within errors.

N:=0: screening masses from Debye-Huckel fit and HTL in good agreement
= Findings for the imaginary part Im[VQQ]:

= N=0: for r<0.35fm close to HTL values down to shortly above T..
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= Established approach to the static in-medium heavy quark potential VO(r):

Definition from QCD via effective field theory NRQCD: Wilson loops/lines at late real-time

= Connection to lattice QCD: Re[VAQ] and Im[VAQ] from the position and width of a
A.R., T. Hatsuda, S.Sasaki PRL 108 (2012) 162001 k d I_ t . . WI I /I t
Y. Burnier, A.R. PRD86 (2012) 051503 sKkewe orentzian In lson Oop Ine Spec ra

Spectral functions reliably extracted with new Bayesian reconstruction method.
Y. Burnier, A.R. PRL 111 (2013) 18, 182003

= Findings for the real part Re[VQ]:

N=0 & N=2+1: Re[V2?] agrees with the color singlet free energies F! in CG within errors.

N:=0: screening masses from Debye-Huckel fit and HTL in good agreement
= Findings for the imaginary part Im[VQ?]:

= N=0: for r<0.35fm close to HTL values down to shortly above T..

= Current status of first principles lattice QCD input for QQ real-time evolution
VAQ(r) in the QGP is complex: Re[V29] close to F!, Im[V2?] close to HTL @ T>T,
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Established approach to the static in-medium heavy quark potential VA(r):

Definition from QCD via effective field theory NRQCD: Wilson loops/lines at late real-time

= Connection to lattice QCD: Re[VAQ] and Im[VAQ] from the position and width of a
A.R., T. Hatsuda, S.Sasaki PRL 108 (2012) 162001 k d I_ t . . WI I /I t
Y. Burnier, A.R. PRD86 (2012) 051503 SKewe orentzian In 11son OOp Ine Spec ra

Spectral functions reliably extracted with new Bayesian reconstruction method.
Y. Burnier, A.R. PRL 111 (2013) 18, 182003

Findings for the real part Re[VQQ]:

N=0 & N=2+1: Re[V2?] agrees with the color singlet free energies F! in CG within errors.

N.=0: screening masses from Debye-Huckel fit and HTL in good agreement

Findings for the imaginary part Im[VQQ]:

= N=0: for r<0.35fm close to HTL values down to shortly above T..

Current status of first principles lattice QCD input for QQ real-time evolution
VAQ(r) in the QGP is complex: Re[V29] close to F!, Im[V2?] close to HTL @ T>T,

Thank you for your attention
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