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Outline

 Motivation

» Spectral properties of heavy quarks

[H.-T. Ding, O. Kaczmarek, A.-L. Lorenz, R. Larsen, S. Mukherjee, H. Ohno, H. Sandmeyer, HTS, work in progress]

* Transport properties of heavy quarks

[L. Altenkort, A. M. Eller, O. Kaczmarek, L. Mazur, G. D. Moore, HTS, 2009.13553]

 Conclusion & Outlook



Motivation

Heavy lon Collision QGP Expansion+Cooling Hadronization

Quarkonia produced in the early stage of coII|S|ons
* Remain as bound state in the whole evolution
* Release constituents and form open charm/bottom mesons

Dissociation temperatures * Heavy quark diffusion
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Hadron spectral functions

o Carry all information about the in-medium properties of quarkonia
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* Deformation of SPF —
—> dissociation temperature

— T << Tc

—-,_z Tc
—T>>T. /
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—> heavy quark diffusion coefficient

* Transport peak: K

Y
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* Analytic continuation and spectral reconstruction
Jr(0,0) 8 @ Jr (7, x)

(r.9) = Y eaxp(—i p-&)(Ju(0,0)J ] (1, &) = / ;li: COSh(;I(ﬂw/;T/)WT) pr(w,p,T)
\ T,Y,z /
New Bayesian Method ¥ Bumierand A Rothkopf, PRL 111,18,182003
Backus-Gilbert Method & 8 Brandt etal, PRD93, 054510(2016)
Maximum Entropy Method V. Asakawa, et al., PPNP. 46(2001) 445-508
Stochastic Approaches 1.1 bing et al., PRD97, 094503
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Fit with theoretically inspired ansatz
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Lattice setup

8 k |my[GeV]| B K m,, GeV]
0.13194| 3.21(1) 0.132008| 3.38(2)
0.1315 | 3.59(1) 0.1315 | 3.94(2)

7 192 0.131 | 4.01(1) |[7.394| 0.131 | 4.47(2)
0.13 | 4.81(1) 0.129 | 6.50(2)
0.128 | 6.34(1) 0.124772| 10.04(1)
0.12257| 10.11(1)
0.13236| 3.06(2) 0.13221 | 3.37(1)
0.1322 | 3.28(1) 0.13209 | 3.59(1)

7 514 0.1318 | 3.82(2) 7 793 0.13181 | 4.11(1)
0.131 | 4.86(2) 0.13125 | 5.11(1)
0.1295 | 6.70(2) 0.13019 | 6.92(1)
0.12641| 10.23(2) 0.12798 | 10.42(1)

B |ro/ala[fm](a”'[GeV])| N, | N, |T/T.|# confs
48(0.75 | 237
32| 1.1 | 476
7.192/126.6| 0.018(11.19) |96 |28| 1.3 | 336
24| 1.5 | 336
16 [ 2.25 | 237
60|0.75| 171
7.394(33.8| 0.014(14.24) |[120/40| 1.1 | 141
30| 1.5 | 247
20|2.25| 226
72| 0.75 | 221
48| 1.1 | 462
7.544(40.4| 0.012(17.01) |[144|42| 1.3 | 660
36| 1.5 | 288
24|2.25| 237
96 | 0.75 | 224
64| 1.1 | 291
7.793|54.1| 0.009(22.78) [192|56| 1.3 | 291
48| 1.5 | 348
32(2.25| 235

guenched approximation

Five different temperatures

Large, fine, isotropic lattices in the

e Clover improved Wilson fermions
 Wide quark mass range




Meson correlators — mass interpolation

my |GeV
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Meson correlators — mass interpolation

my |GeV
R AT
84 o 7.192 0.75Tc
v 7.394 . v
67 © 7544
4 - 7.793 © v
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2 | | | | |
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e \ector meson masses at different
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 Mass interpolation:

Gz‘i(TT7 %) ~ eXP

(PCF ) a7 +7)




Meson correlators — mass interpolation
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Meson correlators — continuum extrapolation

3.50 - G (TT)T/Q/Gfree(TT) é
3.25 7 Charmonium, 1.57. Y §%$ %
3.00 - 0 967 x 24 ;| %
Y 120° x 30 3 f :
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¢ Continuum @§$ :
2.25 - ¢
3 @ 5 Y@ 4 z % ’
2004 o L ¥ ol :
T % 3
1754 6 ¢ Tt
011 of2 073 of4 015

* Well controlled continuum extrapolation via ansatz:



Meson correlators — temperature dependence
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dw cosh(w(tT —1/2)/T)
27 sinh(w/2T)

—

pH(wap7 T)

* UV part from “ultraviolet asymptotics + pNRQCD”:

piet(w) =

ert
Apt;

(w—B)

* |R part in the vector channel from ettective Langevin theory:

trans

Pii

(w)

:qu

T  wn
M w? + n?

-

()

W

1
D= —1lim
3Xq w—0

*  Almost constant transport contribution for narrow transport peak (high T limit)

pii(w)

trans

= Pii

(w) + P (w)

Gy (TT) = Ggans (TT) —+ G?Od(TT)




Meson correlators — IR subtraction

* TJaking the difference of adjacent correlators effectively removes the IR contribution:
GUIT (1 /a) = Gis(T/a +1) — Gis(1/a)
e Small modifications needed for the perturbative model to describe lattice data:
PN w) = AplF™ (w — B)

- ngiz' f fT/2 / G Zfiree,dz' f fX; 200 - foffT’Q /G{iree,diff X;
Charmonium 175 Bottomonium
2.4 - $ 1.1T. ¢ 1.17.
$ 1.3T. 150 - $ 1.3T.
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16 I I I I I I ITT I I I I I ITT
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Ct i Bott i . .
T ;"‘rmo’;‘;’; 01 Om"f;;;‘ The possible source for the difference between
1.1 |1.09(2)[0.37(d) | 1.03(2) | 0.04(2) perturbative and lattice calculations:
1.3 |11.07(2)| 0.16(5) ||1.01(1)|-0.05(2) * uncertainties in perturbative renormalization
1.5 111.03(2) 0.01(6) 111.00(2)|-0.12(2) * uncertainties in pole mass determination
2.25 ||0.99(3)|-0.27(9) ||0.99(2) |-0.23(4)




UV parts of spectral functions of Jiw and Y

0.4
d 2
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* For J/y no resonance peak is needed to describe the lattice data even at 1.1T¢
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* For Y the the resonance peak persists to 1.5T¢
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Meson correlators — transport contribution

 Compare the model correlators to the full lattice correlators

pii(w) = pii " (W) + pi " (w)  Gu(rT) = G (rT) + G (7T)

T/Q/Gf""ee / T/Q/Gfme /

g5 250 -
x = lat x = mod x = lat x = mod
¢ 1.17¢ =117, 500 - ¢ 1.17¢ =117,
304 & 1.37T. == 1.3T.. $ 1.3T. === 1.3T,
1.5T, 1.57T, b ¢ 1.57T, 1.5T,

$ 2.25T. ==225T, . ¢ 150 4 & 2.25T.  ==2.25T.

2.5

100 -

D
2.0 =
. 237,
—la,
_ D

Charmonium Bottomonium

7T 50 7T

I I I I I I I I I I I I I I
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Deviation between lattice correlators and model correlators
—> small transport contribution exists and needs careful examination
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Heavy quark diffusion from transport peak

* |Lorentzian transport peak enters the description of full lattice correlators

T wn 1 tvjans( )
trans . P W T
.. w j— 3 - — (& = —
Pii ( ) Xq M w2 + n2 D 3Xq ul)l_% W Ui MD
, - dw cosh(w(tT —1/2)/T) .
— — 7 DT T r — T
Gulr) = 3 capl=i72)(Ju(0.0)} () [ G o T
5 5 :
Girens(rT) )G (1T = 0.5) + shift Girens(rT) /G (1T = 0.5) + shift
i ; : % : i | : ; % : %
3 - 3 -
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04 ¢ 1.1T¢ h 2.257, —27TD =1 21TD =3 04 ¢ 117, h 2.257, — 27T D =1 21TD =3
Y 1.37. —2xTD =02 —2xTD =2 2T D =4 v 1.37T. —27TD =02 —27TD =2 2T D =4
1.5T. 7T 15T, 7T
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T T T T T T T T T T T T T T T T
0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50

* Tiny curvature in transport contribution
x Difficult to resolve D from mesonic correlators for now

* Easier in the heavy quark mass limit
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—-rom mesonic corr. to color-electric corr.

e Construct a kinetic mass dependent momentum diffusion coefficient

n<|w|Swuv D 272 B (M)
= (D T=oMmT

oy - MW 3y 2Tﬂivf"(W)’
314 W

)

* Large quark mass limit in Langevin theory [s. caron-Huot et al., JHEP 0904 (2009) 053]

— 5 > M2 ~ twt 3= 7, 1
o= 52t S e [ ea (3aen 00}

=1

e Carry out large quark mass limit for the operators

= Bth lim —/ dt / 37 qﬁTgE% QTQEZQ}( ),MTQE%—@ATQE@} (076)}>]

w—0 M—>oo Xq

e Perform analytic continuation and discretize the operator on the lattice

3

1 (Re Tr[U(B, 7)gE;(r,0)U TOgE (0,0)] e =
Guelr) =3 2 (Re T{U(5,0 V —~ =

=1l

. p(w) - correlators cheap on the lattice
= K= lim 27—~ . -
w—0 W * less structure in spectral functions
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Gradient flow

e Color-electric correlators from multi-level and link-integration: [PRD92(2015)116003]

7
6_ T _
sL — 1  <Multi-level [Luscher & Weisz, JHEP09 (2001)010]
4L E o | 1 <Link-integration [Forcrand &Roiesnel, PLB151(1985)77]
L =g %ttﬁf
O, e * — | 11 However, only works in quenched approximation
5 1F o L o/ Need Gradient Flow in full QCD
I 2.25T., B =T7.457, 643 x 24 |.
0 |
5 cndard [Luscher & Weisz, JHEP1102(2011)051]
B G i [Narayanan & Neuberger, JHEP0603(2006)064]
2 T
D001 02 03 04 05 F s X
T T
: - . . BRE 1
e Gradient flow as a “diffusion” equation along t: | -1 1
> TR
0:B(z,t) = D, Gy, (x,t)  By(x,t)|i=0 = Au(x) S HHHHAEEEEE
C , 0+t
: t—0 2 —X
e Small texpansion: O(z,t)m—e=Y ¢, (t)O; (z) |8 3 Ol 5.
. . k @ rﬂrﬂrﬂﬁr’r\)‘rﬂ 1 -
® Applications: T i
. . . e
running coupling / topo. charge / scale setting T t

defining operators / noise reduction / ...

~
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Lattice set-up

3 a[fm|(a~'[GeV]) N, N, T/T. +confs.
6.83736 0.026 (7.496) 64 16 1.50 10000
7.0350  0.022 (9.119) 80 20 150 10000
71920  0.018 (11.19) 96 24 1.50 10000
7.3940  0.014 (14.21) 120 30 1.50 10000
7.0440 0.012 (17.01) 144 36  1.50 10000

* [arge quenched isotropic lattice
* Five different lattices

 Enough statistics

* Intensive discrete flow times

Data good enough for reliable a—0 extrapolation
and t—0 extrapolation !

15



Correlators under gradient flow

Grert (7) SR — 10 0;(1) tto.p5 0.08 O.|103 0.12 0.13 0.14 0.15
0.00, cont G (7r) 144° x 36 V8T
104k 0.00, latt G late” = i s s cacen
------ 0.05, cont | 35 TETN e SEEIEER S we
X 0.05, latt . A ““““ Ay
........... 0.10’ cont ! n,@
10°F + 0.10, latt | 3.0F T o
X - B— Tl =
o >0.500 ©0.250
| L T <0.472 v 0.222
; ; 2.51 N ©0.444 ©0.194
102 | N o ©0.417 ©0.167
i N . £0.389 +0.139
: P 2.01 ©0.361 =0.111
i BN & ©0.333 < 0.083
ol T ©0.306  0.056
| ~k 1.5F ©0.278 - 0.028
| Tk
0 ; 1 E I I I TT I ! I | i | | 'TFCZ_‘2
100.0 0.1 0.2 0.3 0.4 0.5 V0.0 00005 0001 00015 0002 0.0025
_ _ 54 [cos*(mtT) 1
*+ Flow destroys the signal at small distances Gromn (7T) = 7°T st (2eT) | 3sin?(weT)

<+ Large distance parts are not affected
<+ Flow reduces the error of data

[S. Caron-Huot & M. Laine & G.D. Moore]

<+ Perturbative flow time range is applicable on the lattice
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Continuum extrapolation

4.00
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34 i i D SRy L R @
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4.00

Gt ()
3.75F Gio(T)
3.50F
3.25F
3.00F
&
2.75F & O cont.
Y & N, =36
I 2 N, =30
2.50 & N = 924
@ 0 N, =20
2.95F
<> = TT
| | |
2.00 0.2 0.3 0.4 05

<+ Less 7T available for larger t

<+ Flow removes the lattice effects
“ Reliable and precise continuum can
be achieved with ansatz:

m con
GTﬂ'F (N7'> — m + GT,T}E
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Flow time extrapolation

3.8 0;0 0-95 0’97 0'99 O.|10 00'11 O.'12 O.'IS
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3.6 G o
g:g ...............................................
3.4_1:% ..........................................
% .......................................
s2f
é} .......................... Bﬁﬁiﬂﬁ%
a0k
? .................... Eﬁi{iﬁg&&&%
2.8
2.6
] ] ] L I TF
0.0000  0.0005 _ 0.0010 _ 0.0015 _ 0.0020

3.9

3.0

2.9

2.0

Gcont (7_)
GRS (1)
- ++ Gradient flow method
Multi-level method
[A. Francis et al. PRD92 (2015)116003]
[C. Christensen, M. Laine, 1601.01573] 71T
0.10 0.20 0.30 0.40 0.5

<+ Linear r—0 extrapolation after a—0 extrapolation

<+ An overall shift between correlators from GF and ML
<+ Non-pert. renormalization (GF) v.s. pert. renormalization (ML)
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Spectral function reconstruction

1000 X o T L 4 0.06 G tIG dll T T | |
: 0 ) 0 cont __ s ymode (a,a)
T v #9&' 0.04 Gt oM. Prngqer O
o . B (a,b)
from pfr?o’g)el ------ ,«’.'./ from Pmodel ——
100 3 . j/// _
[ from pfr?c;d)el ........... 4’.'; 0.02 + %
i‘/
v )]
o980 K 5 9%
].O — 4."7 =] % é
| 7 1 _0.02
b 4 1 _— n
KW ¢ ] .
_____ ol =ar :
1 L 004 L ©
3 / 3 o
RS
e _ 9" (fw)CFw 1 —0.06 L
W) = 1 :
_ P dyy (W) o /T
0.1 S 4 e e ——1 _0.08 . . . . T
0.1 1 10 100 02 025 03 035 04 045 05

+ Chi-square fitting with theoretically motivated models
“+ Interpolation between different regimes is needed
* Good agreement with data for different models
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HQ momentum diffusion coefficient

BGM
3a
2pb
2Pa
2ab

model

204

1fb

lab

loa

[A. Francis et al. PRD92 (2015)116003]

T l T | T | T l T
R
A OO
&
f\+
NES:
N B C
==
N OO
& 7
o507 O s
=% O s
1 -& 1 | ! | 1 | [
1 2 3 4 5
3
K/ T

= k/T°=18-34
DT =0.59 — 1.1

(in agreement with TUMQCD Collaboration,

strategy 1 ——
strategy 1l —e—

Bb e > —o
ba —e2 o
o
ab o————— o
aaq = o
1 2 3 4
kT3
= k/T°=231-3.70 ,
5/ (this work)

DT = 0.54 — 0.87

2007.10078 : k/T° = 1.31 — 3.64)




Conclusion & Outlook

» PQCD-inspired models could well describe our lattice data at physical J/y and Y mass
= For charmonium no resonance peak is needed even at 1.17T¢
= [For bottomonium the resonance peak persists to 1.5T¢
» k has been extracted from the non-perturbatively renormalized color-electric
correlators and is consistent with other lattice studies

All results in this talk are in the continuum limit but quenched approximation!

* Extend to full QCD using large and fine 2+1-flavor HISQ lattices

* Include the O(T /M) corrections to k from color-magnetic correlators 4 soutefeux, M. Laine, 2010.07316]

AM—S ~ 255MeV AM—S’Nf::), ~ 340MeV

v =0

TC\NFO ~ 1.24\555 Te|y, g =~ 04555

ag P 0.2 ag P > 0.3
1%¢ order deconfinement transition chiral crossover
In full QCD physics is more complicated:
—> pQCD-inspired models may be not applicable
— flow of quark fields?
...but closer to the reality!
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Thanks!



