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= Theory goal: 1t principles insight into in-medium QQ,in heavy-ion collisions
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= Dynamical information e.g. spectral functions not directly accessible on the lattice

D(t) = dwe " p(w)
—2Myg
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= Two Bayesian approaches on the market: Maximum Entropy and BR method

= Differ in the regulator functional P[p|l] and how to find the most probable spectrum

P P
PLOIN=Exp[See] ~ SBR = ch dw(1— — +log|—])
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= Two Bayesian approaches on the market: Maximum Entropy and BR method

= Differ in the regulator functional P[p|l] and how to find the most probable spectrum

P P
PLOIN=Exp[See] ~ SBR = ch dw(1— — +log|—])

= Systematic errors different: MEM extra smoothing, BR prone to ringing artifacts
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= pNRQCD Effective field theory:
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= pNRQCD Effective field theory:

= Describes QQ as singlet and octet wavefunctions: s (R,t), Vo (R,t)

dabs = (VAP(R) + O(mg') s
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= Robust lattice determination of Re[V]&Im[V]

= AtT~0 Re[V] on the lattice well described by
naive Cornell ansatz: V= -a/r + or + ¢
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Robust lattice determination of Re[V]&Im[V]

At T~0 Re[V] on the lattice well described by
naive Cornell ansatz: V= -a/r + or + ¢

Analytic parametrization from a generalized
gauss law with a single T-dep. Parameter mg
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At T~0 Re[V] on the lattice well described by

naive Cornell ansatz: V= -a/r + or + ¢

Analytic parametrization from a generalized
gauss law with a single T-dep. Parameter mg
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= |n absence of a true continuum extrapolation of the potential, combine:
phenomenological T=0 Cornell potential & T>0 lattice QCD m
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= |n absence of a true continuum extrapolation of the potential, combine:
phenomenological T=0 Cornell potential & T>0 lattice QCD m

= Zero angular momentum radial Schrodinger equation (not for the WF!)

. 1 d?
latD>(t,T) = (ZmQ — RF + VQQ(T))D>(t) T)
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= Zero angular momentum radial Schrodinger equation (not for the WF!)

2 .
0:D” (t,7) = (ZmQ 211]1 i.z +Vaalr ))D> (t,) ®» hdewe“"tD>(t, 1) = p(w)
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S-wave spectral functions

= |n absence of a true continuum extrapolation of the potential, combine:
phenomenological T=0 Cornell potential & T>0 lattice QCD m

= Zero angular momentum radial Schrodinger equation (not for the WF!)
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= |n absence of a true continuum extrapolation of the potential, combine:
phenomenological T=0 Cornell potential & T>0 lattice QCD m

= Zero angular momentum radial Schrodinger equation (not for the WF!)
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9.5 10.0 105 11.0 28 30 32 34 36 238 40 42
w [GeV] w [GeV]

= Quarkonium melting is a gradual process, peaks do not suddenly disappear
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¢ to J/Y ratio from T>0 spectra

30¢
25¢

20¢

plwf
o

10}

[¢)]

T=0

= T=155MeV

3.0

3.2

34 36 38 40
w[GeV]

ISOQUANT

SFB1225

= Assume instantaneous freezeout: T>0 states
convert to real vacuum particles at around T
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¢ to J/Y ratio from T>0 spectra

ISOQUANT

SFB1225

30y = Assume instantaneous freezeout: T>0 states
25 convert to real vacuum particles at around T
20 =0 ® [n-medium dilepton emission from area under
= T=155MeV
2 15} spectral resonance peaks
. d’p p(P)
10
Reg ox | d n

| x| apo | s o)

A (to leading order p(P) = p(p3 — p?) )
030 382 34 36 38 40

w[GeV]
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¢ to J/Y ratio from T>0 spectra

ISOQUANT

SFB1225

30y = Assume instantaneous freezeout: T>0 states
25 convert to real vacuum particles at around T
20 =0 ® [n-medium dilepton emission from area under
= T=155MeV
2 15} spectral resonance peaks
. d’p p(P)
10
Reg ox | d n

| x| apo | s o)

A (to leading order p(P) = p(p3 — p?) )
030 382 34 36 38 40

w[GeV]

= ”How many vacuum states do the

in-medium peaks correspond to?”
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¢ to J/Y ratio from T>0 spectra

NelellZ\Ni§

SFB1225

30 = Assume instantaneous freezeout: T>0 states
25 convert to real vacuum particles at around T
! =0 ® [n-medium dilepton emission from area under
= T=155MeV
215} spectral resonance peaks
d’p p(P)
10}
Ry ox | d ng
| . Po | Zn3 P2 (Po)
. N (to leading order p(P) = p(p3 — p?) )
3.0 3.2 3.4 3.6 3.8 4.0
w [GeV]

"How many vacuum states do the
in-medium peaks correspond to?”

Number density: divide in-medium
by T=0 dimuon emission rate:

Ny, RE M, D ,4(0)

Njw — RI/Y MZ 0w (0)2
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¢ to J/Y ratio from T>0 spectra

NelellZ\Ni§

SFB1225

30¢ = Assume instantaneous freezeout: T>0 states
25 convert to real vacuum particles at around T
! =0 ® [n-medium dilepton emission from area under
= T=155MeV
215} spectral resonance peaks
3
J . (2m)3 P2
Al (to leading order p(P) = p(pé — pz) )
=30 32 34 36 38 40
w[GeV] <007
._.<;: [ —#—— ALICE \s\=2.76TeV , 2.5<y<4, 0<p <3 GeV/c
r — CE ysy=2. ,2.5<y<4,3<p <8 G
= ”How many vacuum states do the 5 oop T o asaeve
in-medium peaks correspond to?” @ oosp T SHemee ssvct.
. e . = oo04f
Number density: divide in-medium : asvcL
. . 0.03}
by T=0 dimuon emission rate: : >0
0.02 |
Yy’ 2 2 spectra oft
_ r — e
N]/\y R]ZWMZ/Wl(D\y/(O”Z O*HH|HH\!H\HH\HH\HHEH‘\HH
00 J 50 100 150 200 250 300 350 400
(N
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Il. Direct determination: NRQCD

Relativistic treatment of light
and heavy d.of.

N /[ N/ D ]/
v (777 ST T 77
o TN INSININIINN,
& "”ﬂ""""

WSS INN /7)<
o o e o 0 T

Full Lattice QCD simulation incl. QQ
(still too costly)
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HEAVY QUARKONIUM AT T>0 FROM LATTICE EFFECTIVE FIELD THEORIES

ISOQUANT

ll. Direct determination: NRQCD ¢} " A

Relativistic treatment of light
and heavy d.of.

YL L L) 2L/ [ /
""""'ﬂﬂ'

S N [ LN/ [/
AN w2 T
&° (LT 77E LLI LTI 77 ¢ T s/ / )/ /e / /
ENSSO!. 9: GV
(777

Full Lattice QCD simulation incl. QQ
(still too costly) Lattice QCD simulation without QQ
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ISOQUANT

ll. Direct determination: NRQCD ¢t " A

Kin. eq. non-relativistic QQ in a
background of light medium d.o.f.

Relativistic treatment of light
and heavy d.of.

QQ in NRQCD effective theory

A
mo <\ ST T T T T 7
« =777

N /[ N/ D ]/
v /AT TN T T

eI ITII7T 7777777
3 IIIIEIIIIIIII

v /(L L[] l"ﬂ [/
([ L L L)) )/ [/

&
N
/

o 50///};/ 717/
; S

Lattice QCD simulation without QQ

Full Lattice QCD simulation incl. QQ
(still too costly)
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ISOQUANT

Il. Direct determination: NRQCD " o

Kin. eq. non-relativistic QQ in a
background of light medium d.o.f.

Relativistic treatment of light
and heavy d.of.

QQ in NRQCD effective theory

N /[ N/ D ]/
v (777 ST T 77
o TN INSININIINN,
& "”ﬂ""""

WIS INN, [/
""""'ﬂ”’

Full Lattice QCD simulation incl. QQ

(still too costly) Lattice QCD simulation without QQ

= Lattice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0

= no modeling, systematic expansion of QCD action in 1/mqa, iTrgclludLes vP¢hORcoQ4glziglﬂ)tligc.zr21(§8
acker, Lepage Phys.Rev. -
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ISOQUANT

ll. Direct determination: NRQCD (. . —

Kin. eq. non-relativistic QQ in a
background of light medium d.o.f.

Relativistic treatment of light
and heavy d.of.

QQ in NRQCD effective theory

N /L DN [/
v LIS T T T 77/,
o SAALLLLT L L L)L) /)X
& "”ﬂ"""" 4

WSS INN /7)<
o o e o 0 T

Full Lattice QCD simulation incl. QQ
(still too costly) Lattice QCD simulation without QQ

= Lattice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0

= no modeling, systematic expansion of QCD action in 1/mqa, includes v#0 contributions

= State-of-the-art: realistic simulations of the QCD medium by the HotQCD collab.

= 483x12 N=2+I| HISQ action m =161MeV  T=] 140 — 407 ] MeV m,a= [ 2.8 — 0.96]
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ISOQUANT

Correlation functions in NRQCD st

LN
o
(0]
£
S
o
= QCD
o ~ medium
A\

Non-rel. propagator of
a single heavy quark G
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ISOQUANT

Correlation functions in NRQCD st

O

Euclidean time

Non-rel. propagator of QQ propagator
a single heavy quark G projected to a certain channel

,,correlator of QQ wavefct.
Dy (1) = <y, (7 (0)>
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NelellZ\Ni§

Correlation functions in NRQCD & .= ¢

—~
o

QCD

medium

Euclidean time

Non-rel. propagator of QQ propagator
a single heavy quark G projected to a certain channel

,,correlator of QQ wavefct.
Dy (t) = <y (D7, (0)>

1.02 : : .
¥ Y Correlator ratio 1>0
1.015 | v T=0
) 4
1.01 F v ¥ i
v
v
1.005 | v b/ III ﬂ -

'v
¥ J-x)x'::t ;***

T=140MeV =HT=249MeV & T=407MeV mn
0.995 I T=160MeV w6T=273MeV
T=184MeV ET=333MeV

099 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Ratio of T>0 and T=0 correlators:
estimate of overall in-medium effects
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NelellZ\Ni§

Correlation functions in NRQCD & .= ¢

—~
o

QCD

medium

Euclidean time

Non-rel. propagator of QQ propagator
a single heavy quark G projected to a certain channel

,,correlator of QQ wavefct.
Dy (t) = <y (D7, (0)>

1.02 , , .
— ¥ Y Correlator ratio 1>0

1015 | MaX v T=0 -
1,75% ¥

101 fory ¥ ¥ .
v v

1.005 |- S p ¥ o -

e i

¥ J-x)x'::t ;***

T=140MeV =HT=249MeV & T=407MeV mn
0.995 I T=160MeV w6T=273MeV
T=184MeV ET=333MeV

099 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Ratio of T>0 and T=0 correlators:
estimate of overall in-medium effects
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ISOQUANT
Correlation functions in NRQCD |
SFB1225
1.02 . . .
max = ¥ Y Correlator ratio Lio
1.015 | v T=0 -
[,75% ¥
101F fory & ¥ -
v ¥
1.005 |- S p ¥ o -
\ S8
'
Ty . J’x’x': s % ; ‘** "
Q T=140MeV H4T=249MeV ©T=407MeV ma
— 0995 I T=160MeV #T=273MeV T
T=184MeV E¥T=333MeV
o 099 1 1 1 1 1 1
= 0O 02 04 06 08 1 12
= 1.07 . . . . . .
= v
9 1.06 - ¥ ¥, Correlator ratio 1
'—g QC.D 1.05 | v -
o medium 104 L v . |
' i Yy i
® 1.03 o
1.02 vy m -
1.01 ;v g “ } i
e -] ¥
1@,“!!]“’)“:: o = & ¥ i
T=140MeV =HT=249MeV 3 T=407MeV W
0.99 - T=160MeV #iT=273MeV .
Non-rel. propagator of QQ propagator 09g L_T-18iMev ET=33Mey 1
. . . 0O 02 04 06 08 1 12
a single heavy quark G projected to a certain channel -
T|Im

,,correlator of QQ wavefct.

i > = .
Dy (1) 2 <y, (DT, (0)> Ratio of T>0 and T=0 correlators:

estimate of overall in-medium effects
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ISOQUANT
Correlation functions in NRQCD |
SFB1225
1.02 . . .
max = ¥ Y Correlator ratio Lio
1.015 v T=0 -
[,75% ¥
101F fory v ¥ -
v ¥
1.005 |- S p ¥ o .
\ S8
'
Ty L J’x’x': s % ; ‘** "
Q T=140MeV H4T=249MeV ©T=407MeV ma
o’ 0995 I T=160MeV #T=273MeV T
T=184MeV E¥T=333MeV
o 099 1 1 1 1 1 1
= 0O 02 04 06 08 1 12
= 1.07 . ’ . : . .
S v
9 106 | max =~ = ¥ y,, Correlator ratio
S QCD 1.05 F 6.5% -
o medium vy
1.04 | for Xb1 o -
' i Yy i
® 1.03 o
1.02 Yv m i
1.01 M Sl “ } {
e n ¥
umdhfxox o 8§ #
T=140MeV =HT=249MeV 3 T=407MeV W
0.99 - T=160MeV #iT=273MeV .
Non-rel. propagator of QQ propagator 09g L_T-18iMev ET=33Mey 1
. . . 0O 02 04 06 08 1 12
a single heavy quark G projected to a certain channel -
T|Im

,,correlator of QQ wavefct.

i > = .
Dy (1) 2 <y, (DT, (0)> Ratio of T>0 and T=0 correlators:

estimate of overall in-medium effects
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Bottomonium NRQCD S-wave spectrat:

ISOQUANT

SFB1225

33, Channel @ T>0, r

p(w)
10}
1| " N <
{/ ‘
//y
0.100} e
/ =
0.010 — T=140MeV—= T=173MeV — T=223MeV
— T=145MeV — T=178MeV — T=251MeV
0.001! — T=151MeV — T=185MeV — T=273MeV
) — T=155MeV — T=192MeV =— T=333MeV

‘ — T=160MeV ~— T=199MeV = T=407MeV
1 0‘4 — T=166MeV — T=212MeV

10 11 12 13 17 wlGeV]

Vllth Workshop of the APS Topical Group on Hadronic Physics —Washington D.C., USA — February Ist 2017
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Bottomonium NRQCD S-wave spectragy s

ISOQUANT

SFB1225

33, Channel @ T>0, r

p(w)
10}
10
0.100}
0.010 — T=140MeV—= T=173MeV — T=223MeV
— T=145MeV — T=178MleV — T=251MeV
0.001| — T=151MeV — T=185MeV — T=273MeV

— T=155MeV ~— T=192MeV = T=333MeV
] — T=160MeV -~ T=199MeV = T=407MeV
10‘4 — T=166MeV — T=212MeV

10 11 12 13 17 wlGeV]

= Small number of simualtion data N_.=12: only ground state reliably captured
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Bottomonium NRQCD S-wave spectragy s

ISOQUANT

SFB1225

33, Channel @ T>0, r

p(w)
10}
1. & F 2 A et
0.100}
0.010 — T=140MeV—= T=173MeV — T=223MeV
— T=145MeV — T=178MleV — T=251MeV
0.001| — T=151MeV — T=185MeV — T=273MeV

— T=155MeV ~— T=192MeV = T=333MeV
] — T=160MeV -~ T=199MeV = T=407MeV
10‘4 — T=166MeV — T=212MeV

10 11 12 13 17 wlGeV]

= Small number of simualtion data N_=12: only ground state reliably captured

= BR method shows ground state feature at all temperatures T<407MeV
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Bottomonium NRQCD S-wave spectra 0‘

ISOQUANT

SFB1225

33, Channel comparison to rec. free

33, Channel @ T>0, r

p(w) fw
10}
1| 1’
0.100}
0.10¢f
0.010 — T=140MeéV — T=173MeV - T=223MeV
— T=145MeV — T=178MeV — T=251MeV
0.001 — T=151MeV — T=185MeV = T=273MeV
) — T=155MeV T=192MeV — T=333MeV shifted rec. free
] — T=160MeV — T=199MeV — T=407MeV 0.01}
10‘4 ; — T=166MeV ~— T=212MeV
. | | | | o . . . - w [GeV
10 11 12 13 17 wieevl 10 12 14 16 [GeV]

= Small number of simualtion data N_=12: only ground state reliably captured

= BR method shows ground state feature at all temperatures T<407MeV

= Check whether peaks are physical: comparison to reconstructed free spectra
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Bottomonium NRQCD S-wave spectra o

ISOQUANT

SFB1225

3S, Channel @ T>0, r 38, Channel comparison to rec. free

p(w) [

10}
1| i |
0.100} / ,/
10}
0.010 — T=140MeV—— T=173MeV -~ T=223MeV 0-10
— T=145MeV — T=178MeV — T=251MeV
0.001} : ::z;x:z . Izzzmzz : ::z;zm:z == T=407MeV interacting
] — T=160MeV — T=199MeV = T=407MeV 0.01} shifted rec. free
10‘4 — T=166MeV — T=212MeV ) ) ) )
0 11 12 13 14 wlGeV] 10 12 14 76— w[GeV]

= Small number of simualtion data N_=12: only ground state reliably captured

= BR method shows ground state feature at all temperatures T<407MeV

= Check whether peaks are physical: comparison to reconstructed free spectra
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ISOQUANT

Bottomonium NRQCD P-wave spectra

SFB1225

3P, Channel @ T>0, n=4
p(w)

= 140MeV = 166MeV 199MeV = 333MeV

0.001 — 145MeV — 173MeV — 212MeV — 407MeV
' g — 151MeV — 178MeV — 223MeV
— 155MeV — 185MeV — 251MeV
10‘4 — 160MeV — 192MeV — 273MeV

10 11 12 13 14

w[GeV]

= Naive inspection by eye:also at T=407MeV lowest lying peak visible
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Bottomonium NRQCD P-wave spectral it

3P, Channel @ T>0, n=4

p(w)

= 140MeV

= 166MeV

199MeV = 333MeV

f

0.010}

w[GeV]

0.001! — 145MeV — 173MeV — 212MeV — 407MeV
' — 151MeV — 178MeV — 223MeV
— 155MeV — 185MeV — 251MeV
10‘4 — 160MeV 192MeV  — 273MeV
10 11 12 13 14

0.100}

ISOQUANT

SFB1225

3P, Channel comparison to rec. free

NS

== T=407MeV interacting

shifted rec. free

10

15

20 5o [GeV]

= Naive inspection by eye:also at T=407MeV lowest lying peak visible

= Comparison to reconstructed free spectra: No bound state signal at T=407MeV
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Bottomonium NRQCD P-wave spectral it

3P, Channel @ T>0, n=4

p(w) _{36
11
0.100}
/ — 140MeV — 166MeV 199MeV — 333MeV 0.010
— 145MeV — 173MeV — 212MeV — 407MeV ) i
0.001}
— 151MeV — 178MeV — 223MeV
— 155MeV — 185MeV — 251MeV
10‘4 — 160MeV 192MeV  — 273MeV (GeV]
- : - - : w[Ge
10 11 12 13 14

ISOQUANT

SFB1225

3P, Channel comparison to rec. free

NS

== T=407MeV interacting

shifted rec. free

10

15

20 5o [GeV]

= Naive inspection by eye:also at T=407MeV lowest lying peak visible

= Comparison to reconstructed free spectra: No bound state signal at T=407MeV

= @QM2017: New Bottomonium results with reduced ringing due to improved
Bayesian strategy and first T>0 results on Charmonium spectra.
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ISOQUANT

How to improve spectral accuracy?ts

SFB1225

= Intrinsic problem of standard spectral reconstruction: exponential information loss

J’°° coshlw(t—p/2)]

D(Tt) = dw

0 sinh[wf/2] plw)
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ISOQUANT

How to improve spectral accuracy?ti s

SFB1225

= Intrinsic problem of standard spectral reconstruction: exponential information loss

°°d coshlw(t—p/2)]
Jo Y sinhiwp/2)

D(t) — o) D(u)=ro dw—2Y o(w)

= |t part of the remedy: go over to imaginary frequencies

Vlith Workshop of the APS Topical Group on Hadronic Physics —VWashington D.C., USA — February Ist 2017



HEAVY QUARKONIUM AT T>0 FROM LATTICE EFFECTIVE FIELD THEORIES

How to improve spectral accuracy

NelellZ\Ni§

SFB1225

= Intrinsic problem of standard spectral reconstruction: exponential information loss

D(1) = J’°° deo coshlw(t— p/2)]

0 sinh[wf/2]

o) D(u)=ro dw—22 p(w)

= |5t part of the remedy: go over to imaginary frequencies

1.00
1l
N,=8 0.500}
0.95
0.100|
©0.90 = 0.050}
[m)] ()]
0.85 0.010|
0.005|
0.80 N,=8
ooofb— o . . . .
0 I I 3 0 2z 4z &7 & 07 n iin 1Bx
4B 2B 2B B 5 B B B B B B B
T y

= Standard lattice simulation access only Matsubara frequencies: 1 =2l neZ
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How to improve spectral accuracy

ISOQUANT

SFB1225

= Intrinsic problem of standard spectral reconstruction: exponential information loss

D(1) = J’°° deo coshlw(t— p/2)]

0 sinh[wf/2]

o(w) D(u)=J dw—=2 o)

= |t part of the remedy: go over to imaginary frequencies

1.00 .
1} Most relevant regime
0.95 Ne=8 0-500} for the inverse problem:
0.100| W-T=1/B or u~Eyp
£0.90 = 0.050}
() o
0.85 0.010¢
0.005}
0.80 N.=8
0001
1 1 3 0 2n  4nm 6m 8m 10w 12w 14nm 16¢
0 4[3 2B 4'3 A B B B B B B B B
T y

= Standard lattice simulation access only Matsubara frequencies: 1 =2l neZ
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How to improve spectral accuracy

ISOQUANT

SFB1225

= Intrinsic problem of standard spectral reconstruction: exponential information loss

D(1) = J’°° deo coshlw(t— p/2)]

0 sinh[wf/2]

o(w) D(u)=J dw—=2 o)

= |t part of the remedy: go over to imaginary frequencies

1.00p D :
o N6 1] Most relevant regime
0.95 =8 0500 for the inverse problem:
° ° 0.100} W-T=1/B  or u-Eypg
£0.90 Soo0s0, ©
(@) ] 1)
o © o
0.85 0.010} °
¢ ¢ 0.005} ° o
© © N;=16 o N=8 ® o
0.80 ° ° ® Ne= =
0 ig .10. 3g B 0001 ——2r 27 7 &r Dz ©r Br Bz
2 4 B B B B B B B B
T M

= Standard lattice simulation access only Matsubara frequencies: 1 =2l neZ
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A new simulation approach

ISOQUANT

SFB1225

= How can we overcome this limitation? Simulate directly in imaginary frequency.

_ _ [P - 1 - To=6=0 ®*(t)
Z= J'[d(pg][d@o]<@8r|e B g >J " DeeSmie I iSule] I - >t
1 1 (pO
initial conditions : ‘)

quantum dynamics

J. Pawlowski and A.R.
arXiv:1610.09531
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A new simulation approach

ISOQUANT

SFB1225

= How can we overcome this limitation? Simulate directly in imaginary frequency.

o . . _ Tp=to=0 @*(t)
initial conditions : < =
quantum dynamics
. o . + . J. Pawlowski and A.R.
= Only in thermal equilibrium: p depends solely on @™ correlations arXiv:1610.09531

Vlith Workshop of the APS Topical Group on Hadronic Physics —VWashington D.C., USA — February Ist 2017



HEAVY QUARKONIUM AT T>0 FROM LATTICE EFFECTIVE FIELD THEORIES

A new simulation approach

ISOQUANT

SFB1225

= How can we overcome this limitation? Simulate directly in imaginary frequency.

o . . _ Tp=to=0 @*(t)
initial conditions : < =
quantum dynamics
. o . + . J. Pawlowski and A.R.
= Only in thermal equilibrium: p depends solely on @™ correlations arXiv:1610.09531

= Rotate real-time contour into an additional
non-compact Euclidean time ( ¢*(t=0)=¢*(T’=0) )
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= How can we overcome this limitation? Simulate directly in imaginary frequency.

o . . _ Tp=to=0 @*(t)
initial conditions : < =
quantum dynamics
. o . + . J. Pawlowski and A.R.
= Only in thermal equilibrium: p depends solely on @™ correlations arXiv:1610.09531

= Rotate real-time contour into an additional
non-compact Euclidean time ( ¢*(t=0)=¢*(T’=0) )

= To decouple forward and backward branch, extend
T —oo.Then Fourier transform T — L.
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= How can we overcome this limitation? Simulate directly in imaginary frequency.

o . . _ Tp=to=0 @*(t)
initial conditions : < =
quantum dynamics
. o . + . J. Pawlowski and A.R.
= Only in thermal equilibrium: p depends solely on @™ correlations arXiv:1610.09531

= Rotate real-time contour into an additional
non-compact Euclidean time ( ¢*(t=0)=¢*(T’=0) )

= To decouple forward and backward branch, extend
T —oo.Then Fourier transform T — L.

= Discretize the imaginary frequency domain
with higher resolution N, >> N..
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= How can we overcome this limitation? Simulate directly in imaginary frequency.

+ — +1,—BA, . — Po iSmleT1—iSmle ]
Z = |[doglldey (g le ™ logy) Deye
I initial conditions '

Che

quantum dynamics

U

To=1tp=0

__
>

= Only in thermal equilibrium: p depends solely on @™ correlations

= Rotate real-time contour into an additional
non-compact Euclidean time ( ¢*(t=0)=¢*(T’=0) )

= To decouple forward and backward branch, extend
T —oo.Then Fourier transform T — L.

= Discretize the imaginary frequency domain
with higher resolution N, >> N..

<Q(L)P(-1)>

D(u)=

o
N

@*(t)
» t

J. Pawlowski and A.R.
arXiv:1610.09531

°

o+Id
scalar

Matsubara N,=16 @ |

Vlith Workshop of the APS Topical Group on Hadronic Physics —VWashington D.C., USA — February Ist 2017



HEAVY QUARKONIUM AT T>0 FROM LATTICE EFFECTIVE FIELD THEORIES

A new simulation approach

NelellZ\Ni§

SFB1225

= How can we overcome this limitation? Simulate directly in imaginary frequency.

_ _ L [® : 1 — To=t=0 ®*(t)
sz[dmé][d@o]woﬂe B‘q|<po>J DepetSmie IiSmle = >
l II (PO+ | )
initial conditions quantum dynamics S =
. o . + . J. Pawlowski and A.R.
= Only in thermal equilibrium: p depends solely on @™ correlations arXiv:1610.09531
Q I I I I I I i
. . .. % Matsubara N,=16 @
= Rotate real-time contour into an additional % N 2512 ror
w
i i *(t=0\=p*(T’= 1F = E
non-compact Euclidean time ( ¢*(t=0)=¢*(T’=0) ) IO A 1 Ny=128 = 3
" S Ny,=32 " ]
= To decouple forward and backward branch, extend 2 | ‘% Ny=16 /1 |
. Vv 7—
T —oo.Then Fourier transform T — L. L %‘
= &
S oo . 3
= Discretize the imaginary frequency domain E 0+1d Ry 5
. . . B I . 1\7-, - b
with higher resolution N, >> N.. SR —
0 5 10 15 20 25 30
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= How can we overcome this limitation? Simulate directly in imaginary frequency.

_ _ L [® : s — To=t=0 ®*(t)
l II (p(_)F | )
initial conditions quantum dynamics S =
. o . + . J. Pawlowski and A.R.
= Only in thermal equilibrium: p depends solely on @™ correlations arXiv:1610.09531
! ! ! !
QM X256 =
= Rotate real-time contour into an additional N,=16 —
: : N=32 —
non-compact Euclidean time ( ¢*(t=0)=¢*(T’=0) ) el No=64 — |
: N, =128 — 1
= To decouple forward and backward branch, extend = N, =256

. N,=512
T —oo.Then Fourier transform T — L. ©

, : , : : 107 ¢
= Discretize the imaginary frequency domain :

with higher resolution N, >> N..

1.9 2 2.1 2.2

= 0+1d scalar: significantly improved spectral reconstructions
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®m Heavy quarkonium matured into a precision probe in heavy-ion collisions

m Direct and indirect lattice QCD approaches to in-medium quarkonium spectra

* pNRQCD: V44 does not contain velocity corrections yet but spectra not resolution limited
hierarchical modification of spectra: states broaden and shift to lower masses
Spectra precise enough to estimate ‘ to J/{ ratio assuming an instantaneous
freezeout scenario

= NRQCD: includes finite velocity corrections but still limited by simulation data

correlation functions show hierarchical in-medium modification
spectra challenging but show reasonable disappearance of bound state features

= A new approach to tackling the exponential hardness of spectral reconstructions

= Simulating directly in imaginary frequencies improves accuracy of spectral reconstruction

= Generalization of the simulation method to gauge theories work in progress
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Thank you for your attention
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HEAVY QUARKONIUM AT T>0 FROM LATTICE EFFECTIVE FIELD THEORIES

Extracting V<P from lattice QCD
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= On the lattice real-time observables not directly accessible!
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Extracting V<P from lattice QCD
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= On the lattice real-time observables not directly accessible!

= How to connect to the Euclidean domain: spectral functions

Wo (R, ) = J dav e (R, w)

— OO
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= On the lattice real-time observables not directly accessible!

= How to connect to the Euclidean domain: spectral functions

O

dwe P po(Ryw) emmm WH(R,T) = J dwe “" pg(R, w)

— 00

(©.@)

Wo(R, t) =J

—00
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= On the lattice real-time observables not directly accessible!

= How to connect to the Euclidean domain: spectral functions

(©.@)

Wo(R, t) =J

—00

= dwwe 't po(R, w)

VREP(R) = lim == ,
( ) tl)ngo .[_oo dw e—twt p[j(R,(U)

das e~ oo (R, 0) o WD(R,T)zj dw =Yoo (R, w)

0

— 00

<=

Improved Bayesian
spectral reconstruction
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Extracting V<P from lattice QCD

= On the lattice real-time observables not directly accessible!

= How to connect to the Euclidean domain: spectral functions

0

das e~ oo (R, 0) o WD(R,T)zj dw e

— 00

(©.@)

Wo(R, t) =J

—00
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pD(R> (U)

VOED(R) = lim

fiooo dw w e pn(R, w) Improved Bayesian
<r: spectral reconstruction

tooo [ dwe it pn(R, w)

= Relation between spectrum and potential from the symetries of W(R,t)

Po(R,w)
>

b,
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= On the lattice real-time observables not directly accessible!

= How to connect to the Euclidean domain: spectral functions

(©.@)

Wo(R, t) =J

—00

= dwwe 't po(R, w)

das e~ oo (R, 0) o WD(R,T)zj dw =Yoo (R, w)

VREP(R) = lim == ,
( ) tl)ngo Jﬁ_oo dw e—twt p[j(R,(U)

0

— 00

Improved Bayesian
<\,: spectral reconstruction

= Relation between spectrum and potential from the symetries of W(R,t)

Mo

I|I|Ill >

b,

g - ‘1’ Wy oo (R, w) :;[e% Ry To(R)cos[y2(R)] — (wo(R) — w)sin[y2(R)]

[Z(R) + (wo(R) — w)?

+ ko(R) + k1 (R)(wo(R) — w) +..
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= On the lattice real-time observables not directly accessible!

= How to connect to the Euclidean domain: spectral functions

0

das e~ oo (R, 0) o WD(R,T)zj dw =Yoo (R, w)

— 00

(©.@)

WolR,t) = |

—00

VQED (R) = lim

tooo [ dwe it pn(R, w)

fiooo dw w e pn(R, w) Improved Bayesian
<\,: spectral reconstruction

= Relation between spectrum and potential from the symetries of W(R,t)

W _ 1 yi®yTo(R)eoslyz (R)] — (wo(R) — w)sinlyz(R)]
¢ 0 pD(R>w) —T[ey Fg(R) + (wo(R) _ w)Z

+ ko(R) + k1 (R)(wo(R) — w) +..

Po(R,w)
>

Mo

ulll, 9 VOCD(R) = wy(R) 4 il (R)
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Summary: V<P from the lattice
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log[W(R, 7)] P(R, w) VQCD(R)
A A Re[VRCP(R)]
] F——!.F-'
Ro o Bayes ) > Peak Fit ‘ll'\
® / w
° R o’ = RI-;-R}/ - I' Im[V2<P(R)]
T . Yy _'Jv' — =y —)
2 m— $ $
LI ) B) I f H r

R .Ro R R, /

= 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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_ x
Vg% = Vel(r) + Vs(r) = —— + or+c Strategy:
T a,,0 and c are vacuum prop.
and do not change with T

At r's relevant for bb and cc
running of o is not essential
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Generalized Gauss law and VQ¢DP
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_ x
Vg = Vel(r) + Vs(r) = _ B L or+ec Strategy:
T a,,0 and c are vacuum prop.

and do not change with T
= . a
= (VV(r) . — Vir)=aqr At r's relevant for bb and cc
V| e | = mas® relevant for bb and cc
E=_VV(r) running of a. is not essentia
Coulombic: a=-1 g=a, String-like: a=+1 g=0
. . - (VV .
Vv (VVC (T)) = —4n Xs 6(1’) Vv (r—SZ(T)> = —47’[0‘5(1‘)
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- 1‘ In the classical theory of Debye: Boltzmann distr. backgr. charges <p>
\Y (§V T > = —4mtx (8(7) + (p(7
- - c(r) (8(¥) + (p()))
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X 'T‘ In the classical theory of Debye: Boltzmann distr. backgr. charges <p>
¥ (VVer) = —4ma (8(7) + (olF
(__ o c(r) (8(F) + (p(¥)))
. ¥ . Here instead: Introduce medium via weak coupling HTL permittivity €
U Ve 1 : pm,
C = = “(p = ————> —inT
P e(pymp) ¢ P T Lry T  ay
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In the classical theory of Debye: Boltzmann distr. backgr. charges <p>

—

1 V (VVelr) = —4me (3(F) + (p())
" Here instead: Introduce medium via weak coupling HTL permittivity €

L .

— 2 z
PIVElP) =4n s N Bimo) = T T P
linear response form
where my->0 is possible —V?Ve(r) + sz Ve(r) = as (47{6(?) — iTmZD g(mDT))
glx) = ZJ:O dp‘“"“;(}fx) S
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In the classical theory of Debye: Boltzmann distr. backgr. charges <p>

—

1 V (VVelr) = —4me (3(F) + (p())
" Here instead: Introduce medium via weak coupling HTL permittivity €

L .

2 2

PIVelp) =4 o ) = T T P
linear response form
where m,->0 is possible — V2V (r) + sz Ve (1) = o (47{6(?) — iTmZD g(mDT))
glx) = ZJ:O dpSiI;(EX) pzp+1

solving for Re[V(] and Im[V]: reproduces Laine’s HTL potential
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In the classical theory of Debye: Boltzmann distr. backgr. charges <p>

—

1 V (VVelr) = —4me (3(F) + (p())
" Here instead: Introduce medium via weak coupling HTL permittivity €

L .

— 2 z
PIVElP) =4n s N Bimo) = T T P
linear response form
where my->0 is possible —V?Ve(r) + sz Ve(r) = as (4%5(?) — iTmZD g(mDT))
g(x) = ZJ';>o dp Sh;(zx) pzz 1

solving for Re[V(] and Im[V]: reproduces Laine’s HTL potential

Vi(r): Gauss Law operator not diagonal in Fourier space: assume validity of linear response

~1.d%Vs(n)
2 dr?

- . o)
+ u*Vs(r) = G<47T5(1’) — 1Tm2Dg(mDr)) u4 = sz (X—S
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In the classical theory of Debye: Boltzmann distr. backgr. charges <p>

—

1 V (VVelr) = —4me (3(F) + (p())
" Here instead: Introduce medium via weak coupling HTL permittivity €

L .

— 2 z
PIVElP) =4n s N Bimo) = T T P
linear response form
where my->0 is possible —V?Ve(r) + sz Ve(r) = as (4%5(?) — iTmZD g(mDT))
g(x) = ZJ';>o dp Sh;(zx) pzz 1

solving for Re[V(] and Im[V]: reproduces Laine’s HTL potential

Vi(r): Gauss Law operator not diagonal in Fourier space: assume validity of linear response

1 d?Vs(r)
2 dr?
r[4] ryl o : : : :
4 (V2ur) + =% = Im[V(] as integral expression using Wronskian
27/l ZF[%] L D, parabolic cylinder function
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