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Bound states of cc or bb: Heavy quarkonium Mo>T ed

In vacuum: mY=9.460GeV, I'" = 54(1)keV; m'¥=3.096 GeV, /¥ = 93(3)keV
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Bound states of c¢ or bb: Heavy quarkonium Mo>T ed

In vacuum: mY=9.460GeV, I'" = 54(1)keV; m'¥=3.096 GeV, /¥ = 93(3)keV
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bb: sampling the full QGP evolution

COST - THOR WG| Workshop - Swansea University - September 12-14 3



ISOQUANT

SFB1225

Bound states of c¢ or bb: Heavy quarkonium Mo>T ed

In vacuum: mY=9.460GeV, I'" = 54(1)keV; m'¥=3.096 GeV, /¥ = 93(3)keV

PbPb 351 ub™ (5.02 TeV)

o - L L I B E >

o E = =< - W ALICE (ly|<0.9, 26% syst.), \s=2.76 TeV B
S 4500 - py <30 GeVie CMS - Fatin o } -
3 ) - bb Iy i< 2.4 Preliminary o - ® PHENIX (ly|<0.35, 12% syst), \/Spn=0-2 TeV ]
S %% pr>4Gevic - 12F .
‘\U: 3500? Centrality 0-100% ,; r ]
< = ¢ PoPbdata r N
S 8000F — PbPb fit E r ]
2500 -- pp overlayed I ]
- ] 0.8 4
2000 = i 1
1500 = 0.6h H B H ]
1000 = r Iﬂ 1
500 E 4 / L E
ot — 0ol W CIE
R I D S SR N PR - mid-rapidity ]
& -2 1' L] ° ° * * . oe® .. ... ..é 0 L L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ]

= 5 15 = = 3 =2 0 50 100 150 200 250 300 350 400
m,, (GeV/c?) Npart

bb: sampling the full QGP evolution cc: a probe of the late stages

COST - THOR WG| Workshop - Swansea University - September 12-14 4



ISOQUANT

SFB1225

Bound states of c¢ or bb: Heavy quarkonium Mo>T ed

In vacuum: mY=9.460GeV, I'" = 54(1)keV; m'¥=3.096 GeV, /¥ = 93(3)keV

PbPb 351 ub™ (5.02 TeV)

o - L L I B E >
o E = =< - W ALICE (ly|<0.9, 26% syst.), \s=2.76 TeV B
> 4500 @ - p}'< 30 GeVic CMS S A PHENIX % 0.2 TeV p
& g bb Iy i< 2.4 Preliminary o e (Iyl<0.35, 12% syst.), \Sy=0.2Te ]
= 4000F- p' >4 GeVic 3 1oL b
< 3500 Centrality 0-100% = T 1
(%)) — -

< = ¢ PoPbdata r N
S 8000F — PbPb fit E 1 ]
2500 -- pp overlayed + 1
2000 = B
1500 = H B H ]
1000 b Iﬂ 1
/ LI I
0t . — J Ll) @ ]
§ si.".. ORI '.-.o.o... s 0%y o® .. ._c-.; mld-rapldlty 7
,2: ® L] A ° b L] . ® .. M .é L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 \7

"‘8‘ 5 ) 12 13 T4 50 100 150 200 250 300 350 400
m,,, (GeV/c) Npart

bb: sampling the full QGP evolution cc: a probe of the late stages

= Goal: first principles insight into heavy-quarkonium in heavy-ion collisions
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Theory answer to T>0 S-wave!?
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= What is the theory status of in-medium Quarkonium ground state modification ?
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= Motivation

= Coherent picture of in-medium heavy-quarkonium from the lattice

= |n-medium quarkonium from a lattice EFT (NRQCD)
= Numerical setup and spectral reconstruction

= Current T>0 results from realistic full QCD simulations

= Towards improved spectral information from thermal fields

= Derivation of a novel simulation prescription

= Current exploratory results from toy models to quenched QCD

= Conclusion
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= |n-medium quarkonium from a lattice EFT (NRQCD)
= Numerical setup and spectral reconstruction

= Current T>0 results from realistic full QCD simulations
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Relativistic treatment of light
and heavy d.o.f.
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Full Lattice QCD simulation incl. QQ
(still too costly)
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Relativistic treatment of light
and heavy d.o.f.
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Full Lattice QCD simulation incl. QQ
(still too costly) Lattice QCD simulation without QQ
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Relativistic treatment of light Kin. eq. non-relativistic QQ in a
and heavy d.o.f. background of light medium d.o.f.
Aocp QQ in NRQCD effective theory
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(still too costly) Lattice QCD simulation without QQ
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Kin. eq. non-relativistic QQ in a
background of light medium d.o.f.

Relativistic treatment of light
and heavy d.o.f.

QQ in NRQCD effective theory
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(still too costly) Lattice QCD simulation without QQ

= [attice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0
= no modeling, systematic expansion of QCD action in 1/Mgan, includes v#0 contributions
Thacker, Lepage Phys.Rev. D43 (1991) 196-208

= adaptive discretization in temporal direction: Lepage parameter n (bb n=4, ¢ n=8)
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Kin. eq. non-relativistic QQ in a
background of light medium d.o.f.

Relativistic treatment of light
and heavy d.o.f.

QQ in NRQCD effective theory
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(still too costly) Lattice QCD simulation without QQ

= [attice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0
= no modeling, systematic expansion of QCD action in 1/Mgan, includes v#0 contributions

= adaptive discretization in temporal direction: Lepage parameter n (bb n=4, ¢ n=8)

= Realistic simulations of the QCD medium by HotQCD with extended T range

. 48%12 m_=161MeV  M,a=[2.759 — 0.954 ] M.a= [ 0.757 — 0.42]
(B=6.664-7.825) T=[ 140 — 407] MeV T=1[ 140 — 251] MeV
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Non-rel. propagator of
a single heavy quark G
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O

Euclidean time

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

,correlator of QQ wavefct.
D (1) = <y, (MW, (0)>°
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= |nversion of Laplace transform required to obtain spectra from correlators

D(T) :Joon dwe " p(w)
—2Mq
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= |nversion of Laplace transform required to obtain spectra from correlators

N L]
= 1. N, parameters p, >> N, datapoints
Di =) expl~wimil pr Awy X o
1—1 2. data D, has finite precision
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= |nversion of Laplace transform required to obtain spectra from correlators
N

D; = Z expl—wTi] p1 Awy
=1

1. N, parameters p, >> N, datapoints

2. data D, has finite precision

= Give meaning to problem by incorporating prior knowledge: Bayesian approach
M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

= Bayes theorem: Regularize the naive X2 functional P[D|p] through a prior P[p|l]

Plp/D, 1] oc P[Dlp] Plpll]
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= |nversion of Laplace transform required to obtain spectra from correlators
N

D; = Z expl—wTi] p1 Awy
=1

1. N, parameters p, >> N, datapoints

2. data D, has finite precision

= Give meaning to problem by incorporating prior knowledge: Bayesian approach
M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

= Bayes theorem: Regularize the naive X2 functional P[D|p] through a prior P[p|l]
Plp|D, I] o P[DIp] PlplI]

= Qur prior enforces: p positive definite, smoothness of p, result independent of units

N
S S — X A(U <] . & lO [&]) Y.Burnier, A.R.
P[plﬂ X e ; 1 m + log - PRL 111 (2013) 18, 182003
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= |nversion of Laplace transform required to obtain spectra from correlators

N L]
= 1. N, parameters p, >> N, datapoints
Di =) expl~wimil pr Awy X o
1—1 2. data D, has finite precision

= Give meaning to problem by incorporating prior knowledge: Bayesian approach
M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

= Bayes theorem: Regularize the naive X2 functional P[D|p] through a prior P[p|l]
Plp|D, I] o P[DIp] PlplI]

= Qur prior enforces: p positive definite, smoothness of p, result independent of units

P[p|I] X eS S = (XZ Awr <1 — = —|- log [ml]) PRL ||Y|'B(l;rtl;:§r)'ﬁl\érj'|82003

= Different from Maximum Entropy Method: S not entropy, no more flat directions
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= |nversion of Laplace transform required to obtain spectra from correlators

N L]
= 1. N, parameters p, >> N, datapoints
Di =) expl~wimil pr Awy X o
1—1 2. data D, has finite precision

= Give meaning to problem by incorporating prior knowledge: Bayesian approach
M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

= Bayes theorem: Regularize the naive X2 functional P[D|p] through a prior P[p|l]
Plp|D, I] o P[DIp] PlplI]

= Qur prior enforces: p positive definite, smoothness of p, result independent of units

P[p|I] X €S S = (XZ Awr <1 — = —|- log [ml]) PRL ||Y|'B(l;rtl;:e3r)'ﬁl\$'|szoo3

= Different from Maximum Entropy Method: S not entropy, no more flat directions

&
—_Plp|D, 1 —0
5o lpID, 1]

p=pBR
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= Improvement |: incorporate both Euclidean and imaginary frequency data in unfolding

D(T) :ron dwe " p(w)
—2Mq
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= Improvement |: incorporate both Euclidean and imaginary frequency data in unfolding

D(T) = J dwe " p(w) Fourier D(u) = J dew,)
_ZMQ —ZMQ w — 1“’
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= Improvement |: incorporate both Euclidean and imaginary frequency data in unfolding

D(T) = J dwe " p(w) Fourier D(u) = J dew,)
_ZMQ —ZMQ w — 1“’

= Improvement IlI: Use different regulators to crosscheck the systematics
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= Improvement |: incorporate both Euclidean and imaginary frequency data in unfolding

D(t) = J dwe " p(w) Fourier D(u) = J dew,)
_ZMQ —ZMQ w — 1”

= Improvement II: Use different regulators to crosscheck the systematics

Standard BR method ©&rF1)

P P
SBR = OCJd(U(] — n_1 —|—109 [ﬂ_l])

= Resolves narrow peaked structures
with high accuracy

= Ringing in broad structures if recon-
structed from small # of datapoints
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SPECTRAL PROPERTIES FROM THE LATTICE: QQBAR & IMAGINARY FREQUENCY SIMULATIONS Wfﬁ%fﬁ’i-
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D(7) :J dwe " p(w) Fourier D(u) = J dw p(w,)
_ZMQ —ZMQ w — 1”

= Improvement II: Use different regulators to crosscheck the systematics

Standard BR method BrrFT) New low ringing BR method
SEr = ochwU _ +log[£}) slr dw( (Q)Z 1P i [ﬁ} )
m m BR dw m Im
= Resolves narrow peaked structures = Introduces penalty on arc length of
with high accuracy reconstruction (dL/dw)2=1+(dp/dw)?

= Efficiently removes ringing but may

= Ringing in broad structures if recon-
lead to overestimated peak widths

structed from small # of datapoints

COST - THOR WG| Workshop - Swansea University - September 12-14 28



SPECTRAL PROPERTIES FROM THE LATTICE: QQBAR & IMAGINARY FREQUENCY SIMULATIONS 47

$e d (I AN

IA
|mlA ""
N

NelellZ\Ni§

SFB1225

‘‘‘‘‘

D(7) :J dwe " p(w) Fourier D(u) = J dw p(w,)
_ZMQ —ZMQ w — ll’t

= Improvement II: Use different regulators to crosscheck the systematics

Standard BR method BrrFT) New low ringing BR method
SEr = ochw(1 _ +log[£}) slr dw( (Q)Z 1P i [ﬁ} )
m m BR dw m Im
= Resolves narrow peaked structures = Introduces penalty on arc length of
with high accuracy reconstruction (dL/dw)2=1+(dp/dw)?

= Efficiently removes ringing but may

= Ringing in broad structures if recon-
lead to overestimated peak widths

structed from small # of datapoints

,high gain — high noise” ,low gain — low noise”
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= BR reconstruction exhibits strong ground state signal, shows signs of excited state

10, 10y
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= BR reconstruction exhibits strong ground state signal, shows signs of excited state

10, 10y
Y(SS1) BRFT @ T=0, n=4 Xb (3P1) BRFT @ T=0, n=4
8t — p=6.664 — B=7.150 8t — [3=6.664 — B=7.150
— B=6.740 — B=7.280 — B=6.740 — p=7.280
— $=6.800 — B=7.373 — $=6.800 — B=7.373
— p=6.880 B=7.596 — [3=6.880 B=7.596
—~ 6} — =6.950 B8=7.825 =~ 06} BX, B=7.825
3 — B=7.030 3
ok ok
& 4 & 4
2t 2t
0 0
8 9

= How to interpret the Bayesian T=0 spectral reconstructions: simple fit model

two peaks and a continuum reproduce correlators within statistical errors
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= BR reconstruction exhibits strong ground state signal, shows signs of excited state
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= How to interpret the Bayesian T=0 spectral reconstructions: simple fit model

two peaks and a continuum reproduce correlators within statistical errors
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20,
= Full T=0 1.0} Full T=0
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= The “high-gain” BR method resolves T=0 ground state very well from N.=48-64 points
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20,
= Full T=0 1.0} Full T=0

157 0.8
~ 3=6.664 - B=7.825
S Bottomonium 03 0.6 Bottomonium
<. 10 S
=& 04

5.

0.2
9095 100 05 10 415 930 08595 100 105 110 15 12.0
w [GeV] w [GeV]

= The “high-gain” BR method resolves T=0 ground state very well from N.=48-64 points

= How does accuracy suffer from limited available information at T>0 (N,=12) ?
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20,
== Full T=0 1.0 Full T=0
Truncated T=0 Truncated T=0
157 0.8
A B=6.664 - B=7.825
2 Bottomonium 5 06 Bottomonium
~_ 10} < :
5§ €04
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| 0.2
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= The “high-gain” BR method resolves T=0 ground state very well from N.=48-64 points

= How does accuracy suffer from limited available information at T>0 (N,=12) ?
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Taking control of systematics |
SFB1225
20,
== Full T=0 1.0 Full T=0
Truncated T=0 Truncated T=0
157 0.8
A B=6.664 - B=7.825
2 Bottomonium 5 06 Bottomonium
~_ 10} < :
5§ €04
]
| 0.2
8595 m_o 00695 100 105 110 115 2.0
w [GeV] w [GeV]
AMg ¢6,=9.3(2)MeV AM, 5,5=159(1)MeV

= The “high-gain” BR method resolves T=0 ground state very well from N.=48-64 points

= How does accuracy suffer from limited available information at T>0 (N,=12) ?

Systematic shift of peaks to higher frequencies, as well as broadening.
needs to be accounted for when analyzing T>0 spectra
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Free =6.664 Bottomonium

— BRFT
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m Standard “high-gain” BR on small (N,=12) simulation datasets suffers from ringing
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Free =6.664 Bottomonium

— BRFT 'low-gain'
2.0t Analytic
3 15/
z
id
s 1.0
<
0.5¢
0-% 2 4 6 8 10

w [GeV]

m Standard “high-gain” BR on small (N,=12) simulation datasets suffers from ringing

= New “low-gain” BR removes ringing from reconstructed analytic free spectra at low w
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Free =6.664 Bottomonium 0 T=0 B=6.664 Bottomonium
— BRFT 'low-gain'

2.0 Analytic sl ,high-gain“ BRFT
3 15l — low-gain“ BRFT
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n ok
m u C
ﬁ& 1.0f ~E 4l q

0.5 2|

0.0 s - , — ‘ . ,
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m Standard “high-gain” BR on small (N,=12) simulation datasets suffers from ringing

= New “low-gain” BR removes ringing from reconstructed analytic free spectra at low w

= New "low-gain” BR method still identifies presence of peaks encoded in data
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Free =6.664 Bottomonium 0 T=0 B=6.664 Bottomonium
— BRFT 'low-gain'

2.0 Analytic sl ,high-gain“ BRFT
3 15l — low-gain“ BRFT
2 3
n ok
m u C
ﬁé\: 1.0 l\CgE‘ 41} ”

0.5 2|

0.0 s - , — ‘ . ,

0 2 4 6 8 10 % 10 12 14 16
w [GeV] w [GeV]

m Standard “high-gain” BR on small (N,=12) simulation datasets suffers from ringing

= New “low-gain” BR removes ringing from reconstructed analytic free spectra at low w
= New "low-gain” BR method still identifies presence of peaks encoded in data

m  Strategy: - Test with “low-gain” reconstruction whether peaks are genuine
- Use “high-gain” reconstruction to extract peak features, e.g. position
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= |n-medium quarkonium from a lattice EFT (NRQCD)

= Current T>0 results from realistic full QCD simulations
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NRQCD S-wave spectra at T>0

10¢

P|§E?=T(w)

Y(S;) BRFT @ T>0, n=4

— T=140MeV — T=333MeV
— T=151MeV — T=407MeV
— T=160MeV
— T=173MeV
— T=185MeV
T=199MeV
T=223MeV
— T=251MeV
— T=273MeV

12 13 14 15
w [GeV]

2.0y

1.5¢

PlgﬁgT(w)

0.5}

0.8.

1.0}
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JIw(S1) BRFT @ T>0, n=8

— T=140MeV — T=178MeV

— T=145MeV — T=185MeV
— T=151MeV T=192MeV
— T=155MeV T=199MeV
— T=160MeV T=212MeV
— T=166MeV T=223MeV
— T=173MeV — T=251MeV

5

3.0

3.5 4.0
w [GeV]

=  Ground state well resolved and well separated from higher lying structures
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Y(S;) BRFT @ T>0, n=4

— T=140MeV — T=333MeV
— T=151MeV — T=407MeV
— T=160MeV
— T=173MeV
— T=185MeV

T=199MeV

T=223MeV

T=251MeV
— T=273MeV

15

2.0y

1.5¢

PlgﬁgT(w)

0.5}

0.8.

1.0}

JIw(S1) BRFT @ T>0, n=8

— T=140MeV — T=178MeV

— T=145MeV — T=185MeV
— T=151MeV T=192MeV
— T=155MeV T=199MeV

— T=160MeV T=212MeV
— T=166MeV T=223MeV
— T=173MeV T=251MeV

o —

40 45 50 55 6.0
w [GeV]

=  Ground state well resolved and well separated from higher lying structures

= Combining Euclidean and imaginary frequency data reduces ringing at large w
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Y(S;) BRFT @ T>0, n=4

— T=140MeV — T=333MeV
— T=151MeV — T=407MeV
— T=160MeV
— T=173MeV
— T=185MeV

T=199MeV

T=223MeV

T=251MeV
— T=273MeV

15

2.0y

1.5¢

PlgﬁgT(w)

0.5}

0.8.

1.0}

JIw(S1) BRFT @ T>0, n=8

— T=140MeV — T=178MeV

— T=145MeV — T=185MeV
— T=151MeV T=192MeV
— T=155MeV T=199MeV

— T=160MeV T=212MeV
— T=166MeV T=223MeV
— T=173MeV T=251MeV

o —

40 45 50 55 6.0
w [GeV]

=  Ground state well resolved and well separated from higher lying structures

= Combining Euclidean and imaginary frequency data reduces ringing at large w

= Gradual broadening and shifting of lowest lying peak visible
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B=6.664 Y (3S;) T>0, n=4

T=140MeV

9 10 11 12 13 14 15 16
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B=6.664 J/y (3Sy) T>0, n=8

1.5}
T=140MeV
3 1.0t
o
28
Q
0.5
0.0 3 4 5 6 7 8
w [GeV]
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B=6.95 Y (3S;) T>0, n=4 B=6.95 J/y (3S;) T>0, n=8
0.4
1.5¢
T=185MeV 0.3 T=185MeV
3
§1.0- OTI
1 nﬁc%o.z
0.5} \
/ 0.1
e ——
00967772 73 14 15 16 0.0~ 4 5 6 7 8
w [GeV] w [GeV]
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B=7.28 Y (3S;) T>0, n=4 B=7.28 Jly (3S;) T>0, n=8
1.0 0.20}
0.8}
0.15}
T=251MeV T=251MeV
0.6} 3
3 ok 0.10
Q Iim
0.4} Q
0.05|
0.2}
00—=6 37T 72 33 14 15 16 0.00==3 4 5 6 7 8
w [GeV] w [GeV]
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B=7.825 Y (3S;) T>0, n=4 B=7.28 Jiy (3S;) T>0, n=8
0.20}
0.5}
0.4 0.15¢
T=407MeV T=251MeV
309 % 0.10
< | g
02 | A | <
U 0.05]
0.1} ‘\ |
I ——
N~ e . . . . . . : .
0.0 9 10 11 12 13 14 15 16 0.00 3 4 5 6 7 8
w [GeV] w [GeV]
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B=7.825 Y (3S;) T>0, n=4 B=7.28 Jiy (3S;) T>0, n=8
0.20}
0.5}
0.4 0.15¢
T=407MeV T=251MeV
309 % 0.10
< | g
02 | A | =
U 0.05]
0.1 ‘\ |
I ——
0.0 9 10 11 12 13 14 15 16 0.00 3 4 5 6 7 8
w [GeV] w [GeV]

= New “low-gain” BR method shows gradual weakening of ground state signal
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B=7.825 Y (3S;) T>0, n=4 B=7.28 Jiy (3S;) T>0, n=8
0.20}
0.5}
0.4 0.15¢
T=407MeV T=251MeV
309 % 0.10
< | g
02 | A | <
U 0.05]
0.1} ‘\‘ |
I ——
Y e , , . . . . . ,
0.0 9 10 11 12 13 14 15 16 0.00 3 4 5 6 7 8
w [GeV] w [GeV]

= New “low-gain” BR method shows gradual weakening of ground state signal

m At highest T in individual channels: weak ground state remnants remain visible

Upsilon signal up to T=407MeV Faint J/p signal up to T=251MeV
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In-medium S-wave mass shifts
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3.30;
Y(S)) @ T>0, n=4 3 _
9.60} ! Jw(S1) @ T>0, n=8
3.25|
[ }
; ayes | > <
(3. 9.55} @ NRQCD Bayes T>0 E 3,20l NRQCD Bayes T>0
L o L
HJE mE
o
o ¢
® ®
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= Naive inspection of in-medium modification appears to show increasing masses
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3.30¢
0 60l Y(S1) @ T>0, n=4 JwS) @ T>0, n=8
@ NRQCD Bayes T~0 3.251 @ NRQCD Bayes T=0
= NRQCD Bayes T~0 Truncated _ NRQCD Bayes T=0 Truncated
© 9.55| 2
o} (3‘ 3.20
S S
9-50_ 3.1 5 "
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1 B L . . '6 . .
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= Naive inspection of in-medium modification appears to show increasing masses

= BR method systematics: Low number of datapoints introduces shifts to larger masses
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3.30;
JIy(®S,) @ T>0, n=8
3.25}
@ NRQCD Bayes T=0
; NRQCD Bayes T=0 Truncated
NRQCD Bayes T>0
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s
o
E 3.15}
oa?
RN I A S S— stes e
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= Naive inspection of in-medium modification appears to show increasing masses

= BR method systematics: Low number of datapoints introduces shifts to larger masses
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3.30;
JIy(®S,) @ T>0, n=8
3.25}
@ NRQCD Bayes T=0
; NRQCD Bayes T=0 Truncated
NRQCD Bayes T>0
é 3.20}
L
& 3 15_AM|40Mev=-|7(|)MeV
AT XISl S — gtes e
=m PDG T=0
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| B
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T [MeV]

= Naive inspection of in-medium modification appears to show increasing masses

= BR method systematics: Low number of datapoints introduces shifts to larger masses

= Actual in-medium effect: lowering of bound state mass, consistent with potential studies
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= Towards improved spectral information from thermal fields

= Derivation of a novel simulation prescription

= Current exploratory results from toy models to quenched QCD
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= |ntrinsic problem of standard spectral reconstruction: exponential information loss

J°° coshlw(t—/2)]

D(Tt) = dw

5 simhjwp/z P
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The underlying difficulty
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= |ntrinsic problem of standard spectral reconstruction: exponential information loss

J°° coshlw(t—/2)]

D(t) = dw

>0 2
oSO S bw) mh Dlwa) = | dw o plw

0 w2—|—w2p

= 1st part of the remedy: go over to imaginary frequencies (hint of possible exp. improvement)
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The underlying difficulty
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= |ntrinsic problem of standard spectral reconstruction: exponential information loss

D(T) :J

coshlw(t—p/2)]

sinh[wf /2]

p(w)

> 2w
(wn) = | do = p(w

= 1st part of the remedy: go over to imaginary frequencies (hint of possible exp. improvement)

1.00

0.95

= 0.90

0.85

0.80

N=8 0.500}

__0.100}
3 0.050}
[m]

0.010}
0.005}

0.001

= Standard lattice simulation access only Matsubara frequencies: w,, =2mnl, n e Z
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= |ntrinsic problem of standard spectral reconstruction: exponential information loss

D(1) = JOO deo coshlw(t—p/2)]

) simhjwp/z P

D(wq,) = d
(w) JO ww2+w2p

= 1st part of the remedy: go over to imaginary frequencies (hint of possible exp. improvement)

Most relevant regime

for the inverse problem:

w~T=1/p orw~E,,,

1.00
N,=8 0.500}
0.95
__0.100}
£ 0.90 3 0.050}
[m) o
0.85 0.010}
0.005|
0.80
0.001
1 1 3 0
0 B 1 B B

= Standard lattice simulation access only Matsubara frequencies: w,, =2mnl, n e Z
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The underlying difficulty
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= |ntrinsic problem of standard spectral reconstruction: exponential information loss

JOO deo coshlw(t—p/2)]
0 sinh[wf3/2]

o° 2
D(t) = o(w) D(wn)zj dw —=2 o(w)

0 w2+w2p

= 1st part of the remedy: go over to imaginary frequencies (hint of possible exp. improvement)

1.00p D :
o N.ot6 1} Most relevant regime
0.95 =8 0-500; for the inverse problem:
° o __o.100} w~T=1/B or w ~ By
=0.90 Soo0s0] ©
(m] a ®
el o °
0.85 0.010} ®
¢ ¢ 0.005} ° o
o. QO N.=16 o N.=8 ® o
0.80 Cece® oo ..r_. e
1 1 3 70 2m 4m 6m 8m 10m 12w 14m 16W
0 4[3 ZB 4B p B B B B B B B B
T jw

= Standard lattice simulation access only Matsubara frequencies: w,, =2mnl, n e Z
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The Schwinger-Keldysh contour ﬁf.b
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= The thermal scalar field as real-time initial value problem Z=Tr[p(0)=e*H]
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= The thermal scalar field as real-time initial value problem Z=Tr[p(0)=e*H]

z J Ao 1ldes (oL 10(0)l3 ) (@313 )

initial conditions
\t
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= The thermal scalar field as real-time initial value problem Z=Tr[p(0)=e*H]

Z = J[dwg][dcpg]«pélp(o)lcpﬂ J[d(Pt]<(P5|eth|(Pt><(Pt|e_th|(P(J)r>

initial conditions

= quantum dynamics

N
t
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The Schwinger-Keldysh contour "":fb

SFB1225

= The thermal scalar field as real-time initial value problem Z=Tr[p(0)=e*H]
Po

2 = (143 liaoslogle PPiop) [ Detsule 1-tomte
®o

initial conditions

= quantum dynamics

N
t
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The Schwinger-Keldysh contour ’";wn

= The thermal scalar field as real-time initial value problem Z=Tr[p(0)=e*H]
(P_(to,x):(PE(B) .
@t (to,x)=¢e(0)

z T—iSmle ]

J(PE(O)Z(PE(B)

initial conditions

== quantum dynamics

\('D“L(t)
B=|/I/ )

T
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The Schwinger-Keldysh contour ({3
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= The thermal scalar field as real-time initial value problem Z=Tr[p(0)=e*H]
(P_(to,x):(PE(B) .
@t (to,x)=¢e(0)

z F—iSmle ]

J(PE(O)Z(PE(B)

initial conditions

== quantum dynamics

\('D“L(t)
B=|/I/ )

T

= At this stage: Euclidean time as a mathematical tool to sample ¢*(t;) and ¢(t,)
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= Thermal equilibrium is special: G**=<@*@*> correlator alone suffices to compute p

dq® p(q°%p)
0 L )
G, p) _J 2mi p® —q° +ie

initial conditions

== quantum dynamics

\(f(t)
B=|/I/ )

T

COST - THOR WG| Workshop - Swansea University - September 12-14 67



ISOQUANT

SFB1225

= Thermal equilibrium is special: G**=<@*@*> correlator alone suffices to compute p

dq® p(q°%p)
0 L )
G, p) _J 2mi p® —q° +ie

= |n thermal equilibrium: time translational invariance to — —00

initial conditions

== quantum dynamics
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= Thermal equilibrium is special: G**=<@*@*> correlator alone suffices to compute p

dq® p(q°%p)
0 L )
G, p) _J 2mi p® —q° +ie

= |n thermal equilibrium: time translational invariance to — —00

= Correlations between any finite time t on forward branch and endpoint are damped

initial conditions

== quantum dynamics
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= Thermal equilibrium is special: G**=<@*@*> correlator alone suffices to compute p

dq® p(q°%p)
0 L )
G, p) _J 2mi p® —q° +ie

= |n thermal equilibrium: time translational invariance to — —00

= Correlations between any finite time t on forward branch and endpoint are damped

initial conditions

== quantum dynamics

= Focus on treating the forward branch with ¢+ in the following
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= Qur idea: rotate branches of the real-time contour into noncompact imaginary time

© (to,x)=@e(B) . I —
D(pEeSE[(PE]J DpetSmle I -iSmle ]
@t (to,x)=@e(0)

z :J
e (0)=@e(B)

initial conditions

= quantum dynamics

\qﬁ(t)
B=|/I/ Tag,, .

T
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= Qur idea: rotate branches of the real-time contour into noncompact imaginary time

I

o) @ (Tto)=9¢e(B)

P
z_ JD@Ee—sE[@EJ J DeteStle] J D¢ Stle ]
0+ ()= (0) ¢~ (o0)
N
(p+(T) . TO=TO=t0

initial conditions

analytic = quantum dynamics
continuation

N"(t)
B=|/I/ ag,, .

T
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= Qur idea: rotate branches of the real-time contour into noncompact imaginary time

I

o) @ (Tto)=9¢e(B)

P
z_ JD@Ee—sE[@EJ J DeteStle] J D¢ Stle ]
0+ ()= (0) ¢~ (o0)
N
(p+(T) . TO=TO=t0

initial conditions

analytic = quantum dynamics
continuation

N"(t)
B=|/I/ ag,, .

T

dq° p(q°, p)
2t ip® —(°

= After analytic continuation p from G**; G (ip°,p) :J —n(p°) p(ip°, p)
=0
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Simulating @™ in (0+1) dimensions
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= Combine standard simulation of ¢g(T) with additional simulation of ¢*(1)

dS
ats(PE(’f):—E—[(PlE] n(t) =e€lo,p=1/T]
s.— [4 1 5 P e dE(T)
E_J T(z( T(pE) +§m (pE+47(pE) m(t(t)) = 28(t — 1)
5t SE° 5Se o]
; ‘ 0.0t (1) =——E2 4 (1) T€0,00)
L@ (1) == ()

= We use standard stochastic quantization in an artificial Langevin time t;

N

To=Tp=1p

analytic
continuation

N‘F(t)
B= I/'I"/

T
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= Combine standard simulation of ¢g(T) with additional simulation of ¢*(1)

dS
ats(PE(’f):—E—[(PlE] n(t) =e€lo,p=1/T]
S—d1a P e dE(T)
E_J T(z( T(pE) +§m (pE+47(pE) m(t(t)) = 28(t — 1)
5t SE° 5Se o]
; ‘ 0.0t (1) =——E2 4 (1) T€0,00)
L@ (1) == ()

= We use standard stochastic quantization in an artificial Langevin time t;

T
A
= Temperature in ¢g via compact Euclidean domain T =T.=t
Temperature in @* via initial condition ¢*(1,) o
analytic
continuation

N‘F(t)
B= I/'I"/

T
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= Combine standard simulation of ¢g(T) with additional simulation of ¢*(1)

dS
ats(PE(’f):—E—[(PlE] n(t) =e€lo,p=1/T]
S—d1a P e dE(T)
E_J T(z( T(pE) +§m (pE+47(pE) m(t(t)) = 28(t — 1)
5t SE° 5Se o]
; ‘ 0.0t (1) =——E2 4 (1) T€0,00)
L@ (1) == ()

= We use standard stochastic quantization in an artificial Langevin time t;

T
4
= Temperature in ¢g via compact Euclidean domain T =T.=t
Temperature in @* via initial condition ¢*(1,) o
= Finite T extent in simulation introduces boundary B e
artefacts: G** converges slowly to correct

infinite temporal extent result NYO
p= |//

T
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= Combine standard simulation of ¢g(T) with additional simulation of ¢*(1)

dS
ats(PE(’f):—E—[(PlE] n(t) =e€lo,p=1/T]
S—d1a P e dE(T)
E_J T(z( T(pE) +§m (pE+47(pE) m(t(t)) = 28(t — 1)
5t SE° 5Se o]
; ‘ 0.0t (1) =——E2 4 (1) T€0,00)
L@ (1) == ()

= We use standard stochastic quantization in an artificial Langevin time t;

T
4
= Temperature in ¢g via compact Euclidean domain T =T.=t
Temperature in @* via initial condition ¢*(1,) o
= Finite T extent in simulation introduces boundary B e
artefacts: G** converges slowly to correct

= Can this convergence be improved? - t

infinite temporal extent result NYO
p= |//
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= The kinetic term becomes diagonal after Fourier transform
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= |t does not receive contributions from initial conditions (in the free theory T indep. G**)

@ (w)
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Forier space implementation
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= The kinetic term becomes diagonal after Fourier transform

= |t does not receive contributions from initial conditions (in the free theory T indep. G**)

= Mixed representation: T enters only via interaction term, which is diagonal in T
B dSo B 5Sint d¢p ™ (T;)
dp*(wi)  d™(T5) dp™(w)

= Strategy: when evaluating 0S:"/d¢*(T) replace ¢+(1=0) = ¢g(0)

Ot @ (wy) = +n(wr)

w T
+ 4 A
(p ((U) . . —
u (p+(.c) " TO:TO:tO
Fourier
analytic
. continuation

v m \ga*(t)
B=|// Tua,, .
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SFB1225

= The kinetic term becomes diagonal after Fourier transform
= |t does not receive contributions from initial conditions (in the free theory T indep. G**)
= Mixed representation: T enters only via interaction term, which is diagonal in T
dSo 5SSt (1;)
T _+_ T _+_IE _+_ J _4_- ‘r] ( (;l)<l )
dpT(wi) ST (Ty)de™(wi)

at5 (p+(w1) —

= Strategy: when evaluating 0S:"/d¢*(T) replace ¢+(1=0) = ¢g(0)

. Aw T
= Actual numerical setup: ¢*(w) . 4
. (p+(T) . to:rozto
= Standard update of ¢ along N, steps
Fourier It
i . , analytic
Compute dS/d¢+(w) in Fourier space (N,#N;) _ ol i
= Evaluate 0S"/d¢+ using current @ (1=0) v " \m’
- Update ¢*(w) B=|/./ . .
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Outline

SFB1225

= Towards improved spectral information from thermal fields

= Current exploratory results from toy models to quenched QCD
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= Standard update for ¢ with N.=16 m=1 A=24 N.dr1=1 (compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1
dSo 5SEE 3T (T4)

01, @ (wy) = — — +1n(w)
5
dpt(wy) O™ (T5) o™ (wr)
‘ | | | | | | |
A %)
3 *g 0.035 . . . . .
:6--/ 1 a NMB=16 . Nw=16 S]] Q Ooogg N(If)ree:16 e Nw:16 e :
3 "2 002 -
hagt £ 0.015 -
N Q@ oo .
o  0.005
JIR ® g 0 @ @ (] ® ) @ @ g
2 @ -0.005 U : : : : :
+ p
b 0 10 20 30 40 50
w/m
01 F @ .
| | | | | | L]
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= Standard update for ¢ with N.=16 m=1 A=24 N.dr1=1 (compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1

B dSo B 5SEE 3T (T4)
do*(wi) bt (Tj) dep™(w)

01, @ (W) = +1n(w)

‘ T T T T T I I | 1000 F T T T T T T
F QM tr,xM=8x10° s
) NMB=16 ...........
A N,=16 ———
- MB— =
o1k NYB=16 @ N,=16 1 __ 100 F .
=S < s
I ®
5 :
I 10 - E
O
01 F @ E
R i | | | N s 1
! ' ! ' : : ' -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
0 2 4 6 8 10 12 14 (Il'lli(?t )/Hi(?t
w/m
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= Standard update for ¢ with N.=16 m=1 A=24 N.dr1=1 (compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1

B dSo B 5SEE 3T (T4)
do*(wi) bt (Tj) dep™(w)

01, @ (W) = +1n(w)

é T T T T T T ] 1000 F— T T T T T
i QM tr,M=8x10° s

] NMB=16 ...........
N
3 NVMB=16 @ N,=16 IO i Ny=16 =
—~ e = Y —
! N,=32 1O l 100 b N,=32
3 —~
S =
£ . 10 £ .
01 F () .
B : | | | s |
—_ 0.04 -0.02 0 002 0.04 0.06 0.08 0.1
0 2 4 6 N n? 10 12 14 (BB
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= Standard update for ¢ with N.=16 m=1 A=24 N.dr1=1 (compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1

B dSo B 5SEE 3T (T4)
do*(wi) bt (Tj) dep™(w)

01, @ (W) = +1n(w)

é T T T T I I o 1000 : T T T T
F QM tr,5xM=8x10° e
e NJCEE T R—
AN
3 NMB=16 @ N,=32 & Ny,=16 =
T; | L e N,=64 1©1 N, =16 1S __ 100 | Np=32 = |
2 . N,,=64 :
= e =
o c 5
it ©
3 F 1
T-\/ © 10 E
O e :
° ()
01 F - %
X e ] 1 |5 1= 1
: : ' ' ' ' ' -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
0 2 4 6 8 10 12 14 (u-yié‘t)//.li(?t
w/m
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= Standard update for ¢ with N.=16 m=1 A=24 N.dr1=1 (compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1

B dSo B 5SEE 3T (T4)
do*(wi) bt (Tj) dep™(w)

01, @ (W) = +1n(w)

é T I T I I ' T 1000 g T T I T I
F QM t1,5M=8X10° e

© - : V=P
A NMB=16 @ N,=32 11 1 i Ne==16
3 N,=128 N,=16 11 i Ny,=16 ——
e 1k © No=04 1 - 100 | Np=32 = |
> 1 ; Ny=64 ——— i
= e E) N,=128
¥ °
3
&= © 10 | .
o e ; :
(] ® :
01 » -] H -‘=
X (S ] I | = 1= I
—_— 0.04 -002 0 0.02 0.04 0.06 0.08 0.1
0 2 4 6 y n? 10 12 14 o
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= Standard update for ¢ with N.=16 m=1 A=24 N.dr1=1 (compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1

) 5So St St (1)
et(wy)  dpt (1) det(wr)
@} T T T T T T T 1000 T T T T T T
g K i QM t,M=8x10° s
MB=4R rrerererns
AT ) NMB=16 @ N,=64 & Ny==16
3 € Nu=512 11 N,=32 &1 N,=16
:e’ 1 L N,=128 N,=16 1©i i 100 | N,=32 = il
= 2 _ : N, =64 —— ]
2 % 3 N,=128
IS <
Y x Ny=512 ——
3 Ry
il % - 10 | s
2 % F
01 \: .
% I : 1
! | ! ! ! | ' -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
0 2 4 6 8 10 12 14 (H-l—l'(?t)/ﬂglt
w/m
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= Standard update for ¢ with N.=16 m=1 A=24 N.d1=1
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(compare to QM of A.H.O.)

= Mixed update for ¢+ in imaginary frequencies w and imaginary time 1

<¢"(w)p*(-w)>

G++((l))

0.1 F

dSo

5Sp

S (

%) 4 n(w)

at5 (P+(wl) —

NVMB=16 @ N,=64 1S
N,=512 &1  N,=32 &
N,=128 N,=16 11

G**(w)

(Gimag'Gmats)/Gmats
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= SU(2) Yang-Mills fields in 3+1d B=2/g>=1.8 N.=4 N,=4 N =4...256

2
SeW == > > Rell—Upuy(x)] z
g X v " _
- '[O:'Eozto
= Direct simulations in non-compact Euclidean time
= Fully gauge invariant formulation, no Fourier transform analytic
_ _ _ _ _ continuation

= Thermal information via staples at 1, from standard simulation

T

B=|/:/ N‘
t
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= SU(2) Yang-Mills fields in 3+1d B=2/g>=1.8 N.=4 N,=4 N =4...256

2
SeW == > > Rell—Upuy(x)] z
g X v " _
- '[O:'Eozto
= Direct simulations in non-compact Euclidean time
= Fully gauge invariant formulation, no Fourier transform analytic
_ _ _ _ _ continuation

= Thermal information via staples at 1, from standard simulation

(t
0.45 B=1/T N..(, .)
0.44 % = ® z t

€] t
0.43

0.42

<P>

0.41

0.4

Naive approach appears to converge slowly but

039 monotonously to correct results for N, — oo

0.38

Euclidean time —A—
Imgginary time ==
8 16 32 64 128 256
N

T

0.37
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0.65

0.6

0.55

0.5

1, o)l

0.45

0.4

W(R

0.35

0.3

0.25 @Eei RS

-4 -3 -2 -1 0 1 2 3 4
Imaginary frequency o

= Wilson loop at Nt=128 agrees very well with Matsubara data for w >0
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Observables in SU(2)
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= Gauge invariant observables of interest: Wilson loop (left) and EMT correlator (right)

-4
1.16x10™
0.65
0.6 1.15x107* +
0.55 4
1.14x10™
0.5 A
= = -4
s 0.45 S 1.13x10°
I 3
(qV]
% 0.4 = 1a2xa0t
= Vv
0.35 4
1.1x10 Matsubara +—&—
0.3 N, =8 —o—
.4 N_=16 —O—
-4 - T
0.25 EEs 1x10 e N, =32 —o—
S N, = 64 —O—
0.2 9 10_5 : : N‘l? = 128 —o—
B ~ B B X 1 1 1 1 1 J
4 82 402 s 4 3 =2 4 0o 1 2 3 4

Imaginary frequenc
ginary freq ye Imaginary frequency w

= Wilson loop at Nt=128 agrees very well with Matsubara data for w >0

= EMT correlator converges more slowly and requires extremely high statistics
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Observables in SU(2)
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= Gauge invariant observables of interest: Wilson loop (left) and EMT correlator (right)

-4
1.16x10™
0.65
0.6 1.15x107* +
0.55 4
1.14x10™
0.5 A
= = -4
s 0.45 S 1.13x10°
I 3
(qV]
% 0.4 = 1a2xa0t
= Vv
0.35 4
1.1x10 Matsubara +—&—
0.3 N, =8 —o—
.4 N_=16 —O—
-4 - T
0.25 EEs 1x10 e N, =32 —o—
S N, = 64 —O—
0.2 9 10_5 : : N‘l? = 128 —o—
B ~ B B X 1 1 1 1 1 J
4 82 402 s 4 3 =2 4 0o 1 2 3 4

Imaginary frequenc
ginary freq ye Imaginary frequency w

= Wilson loop at Nt=128 agrees very well with Matsubara data for w >0

= EMT correlator converges more slowly and requires extremely high statistics

= Stay tuned for more results in the near future...
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Conclusion
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m Consistent theory answer to in-medium quarkonium spectra needed

m Updated results from the EFT NRQCD on realistic Nf=2+1 lattices
= Tech progress: New Bayesian spectral reconstruction reduces methods uncertainties
= First quantitative determination of in-medium shifts to lower masses

= Indications of sequential in-medium modification according to vacuum E; 4

m Towards improved spectral information from thermal fields
= Initial value problem on real-time SK contour continued to noncompact Euclidean time
= Discretization in imaginary frequencies gives access to correlators between Matsubaras

= Promising results in a toy model (0+1d) and ongoing work on (3+1)d SU(2) Yang-Mills
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Conclusion

SFB1225

m Consistent theory answer to in-medium quarkonium spectra needed
m Updated results from the EFT NRQCD on realistic Nf=2+1 lattices

= Tech progress: New Bayesian spectral reconstruction reduces methods uncertainties

= First quantitative determination of in-medium shifts to lower masses

= Indications of sequential in-medium modification according to vacuum E; 4

m Towards improved spectral information from thermal fields
= Initial value problem on real-time SK contour continued to noncompact Euclidean time
= Discretization in imaginary frequencies gives access to correlators between Matsubaras

= Promising results in a toy model (0+1d) and ongoing work on (3+1)d SU(2) Yang-Mills

Thank you for your attention

COST - THOR WG| Workshop - Swansea University - September 12-14 95



ISOQUANT

T>0 effects in QQ correlators
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Ebind (T=0)~1 1 GeV

1.020 @ T=140MeV  T=223MeV
@& T=151MeV T=251MeV
CI) V T=160MeV T=273MeV
<« T=173MeV T=333MeV
1 01 5 [} T=185MZV T=407M:V
<I> <h T=199MeV
? it
= 1.010 ¥ é
Q ®
¥ Ty d
)
2 1.005 o ”I’{uq}cb s 24
it gy ¥ 4, ¢

4
O 1oV 5, Soag X e ’n’ﬂ
1.000 M o Yo Yoy
Y(S)) @ T>0, n=4

00 02 04 06 08 10 12 14
7 [fm]
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T>0 effects in QQ correlators
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Ebind (T=0)~1 1 GeV

1.020 @ T=140MeV  T=223MeV
@& T=151MeV T=251MeV
CI) V T=160MeV T=273MeV
<« T=173MeV T=333MeV
1 01 5 [} T=185MZV T=407M:V
<I> <h T=199MeV
? it
= 1.010 ¥ é
Q ®
¥ Ty d
)
2 1.005 o ”I’{uq}cb s 24
it gy ¥ 4, ¢

4
O 1oV 5, Soag X e ’n’ﬂ
1.000 M o Yo Yoy
Y(S)) @ T>0, n=4

00 02 04 06 08 10 12 14
7 [fm]

= Upsilon shows non-monoto-
nous behavior around T~T;

(bb 3S1 channel contains most excited states)
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T>0 effects in QQ correlators
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Ebind (T=0)~1 1 GeV

1 020 @ T=140MeV T=223MeV
@& T=151MeV T=251MeV
/ CI) V T=160MeV T=273MeV
T=173MeV T=333MeV
1.015 < e e

I .75% @ [} T=185MeV T=407MeV

# T=199MeV

° T=407MeV
= 1.010 5 L3 ¥ é
> 2 ! ®
a L F S $
1.005
d>q><b§<l> Dy ¥ s ¢

¢ 4
O V5 Loag ¥ @ ‘l'“’ﬂi
1.000 M""'“
Y(S)) @ T>0, n=4
00 02 04 06 08 10 12 1.4
T [fm]

= Upsilon shows non-monoto-
nous behavior around T~T;

(bb 3S1 channel contains most excited states)
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T>0 effects in QQ correlators
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Ebind (T=0)~1 1 GeV Ebind (T=0)~640M9V
1 020 @ T=140MeV T=223MeV 1 07 )
o 9 Tieomev o7y 1.06 ®
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1asn@ Fo T e | .,
o T=407MeVy 5104 2
> 1.010
2 @y ;’ 3109 ®r 4 $
>
2 1.005 O 4 5 24 8 102 > g CD(P x
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= Upsilon shows non-monoto-
nous behavior around T~T;

(bb 3S1 channel contains most excited states)
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T>0 effects in QQ correlators
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Ebind (T=0)~1 1 GeV Ebind (T=0)~640M9V
1.07
1 020 @ T=140MeV T=223MeV )
_xd & Tioomey 3 Taramev 1.06 / I+
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= Upsilon shows non-monoto-
nous behavior around T~T;

(bb 3S1 channel contains most excited states)
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T>0 effects in QQ correlators
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Ebind (T=O)~1 1GeV Ebind (T=0)~640MeV
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T>0 effects in QQ correlators
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Ebind (T=O)~1 1GeV Ebind (T=0)~640MeV
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T>0 effects in QQ correlators

Ebind (T=O)~1 1 GeV
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= Upsilon shows non-monoto-
nous behavior around T~T
(bb 3S1 channel contains most excited states)
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T>0 effects in QQ correlators

Ebind (T=O)~1 1 GeV
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= Upsilon shows non-monoto-
nous behavior around T~T

(bb 3S1 channel contains most excited states)

= Hierarchical T>0 modification
w.r.t. vacuum binding energy
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m Lower signal to noise ratio in underlying correlators makes reconstruction less precise
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m Lower signal to noise ratio in underlying correlators makes reconstruction less precise
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=  Ground state well resolved and well separated from higher lying structures
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m Lower signal to noise ratio in underlying correlators makes reconstruction less precise
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=  Ground state well resolved and well separated from higher lying structures

= Gradual broadening and shifting of lowest lying peak visible
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SPECTRAL PROPERTIES FROM THE LATTICE: QQBAR & IMAGINARY FREQUENCY SIMULATIONS
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= New “low-gain” BR method shows gradual weakening of ground state signal

COST - THOR WG| Workshop - Swansea University - September 12-14 112



ISOQUANT

SFB1225
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= New “low-gain” BR method shows gradual weakening of ground state signal
=  Genuine bound state signal lost at intermediate temperatures

Xp Signal up to T=273MeV X Signal up to T=185MeV
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1047 No T>0 bound
x» CPy) @ T>0, n=4 state signal
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3.9 No T>0 bound
Xe P1) @ T>0, n=8 state signal
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= Naive inspection of in-medium modification appears to show increasing masses

= BR method systematics: Low number of datapoints introduces shifts to larger masses

= Actual in-medium effect: lowering of bound state mass, consistent with potential studies
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= Standard update for ¢ with N,=16 m=1 A=24 N.d1=1  (compare to QM of A.H.O.)
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= Standard update for ¢ with N,=16 m=1 A=24 N.d1=1  (compare to QM of A.H.O.)

= | et us check, whether we can improve spectral reconstruction by increasing N,

. . o _ OSel@E] _
ts PE = :
= Decreasing dT increases drift in 0, @ (T) Soe () +n(T) : need to reduce dt;
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= Standard update for ¢ with N,=16 m=1 A=24 N.d1=1  (compare to QM of A.H.O.)

= | et us check, whether we can improve spectral reconstruction by increasing N,
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