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Motivation: Heavy-lon Collisions
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= From RHIC to LHC: golden age of relativistic heavy-ion collision experiments
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= Theory goal: 1%t principles insight into in-medium QQ,in heavy-ion collisions
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Two limits for in-medium QQ
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T. Matsui and H. Satz: Phys.Lett. B178 (1986) 416
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Two limits for in-medium QQ

T. Matsui and H. Satz: Phys.Lett. BI78 (1986) 416
Static: Kinetically equilibrated heavy quarks

presence of in-medium bound eigenstates!?

modern approach: LATTICE QCD meson spectra

S.Kim, P. Petreczky, A.R.: Phys.Rev. D91 (2015) 05451 |
compare also G.Aarts et. al.: JHEP 1407 (2014) 097
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) Quarkonium as Open-Quantum System
T. Matsui and H. Satz: Phys.Lett. BI78 (|986) 416 see e.g.Y.Akamatsu,A.R. PRDS85 (20 [ 2) 10501 |

Static: Kinetically equilibrated heavy quarks

presence of in-medium bound eigenstates!?

modern approach: LATTICE QCD meson spectra

S.Kim, P. Petreczky, A.R.: Phys.Rev. D91 (2015) 05451 |
compare also G.Aarts et. al.: JHEP 1407 (2014) 097
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Two limits for in-medium QQ
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) ' Quarkonium as Open-Quantum System
T. Matsui and H. Satz: Ph)’SLett BI78 (|986) 416 see ngAkamatSU,AR PRDS85 (20|2) 10501 |
Static: Kinetically equilibrated heavy quarks Dynamical: real-time approach to equilibrium
presence of in-medium bound eigenstates!? redistribution of states over time!?

modern approach: LATTICE QCD meson spectra  LATTICE QCD based potential description

S.Kim, P. Petreczky, A.R.: Phys.Rev. D91 (2015) 05451 | Y. Burnier, O. Kaczmarek, A.R.: Phys. Rev. Lett. | 14,082001 (2015)
compare also G.Aarts et. al.: JHEP 1407 (2014) 097 A.R.,T. Hatsuda, S. Sasaki: Phys.Rev.Lett. 108 162001 (2012)
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A robust tool: Lattice QCD

= Successful at T=0: Quarkonium spectra

= No modeling: starting point is discretized QCD action
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° UNIVERSITA(';I'
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A robust tool: Lattice QCD it
10.8
= Successful at T=0: Quarkonium spectra el e
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A robust tool: Lattice QCD

10.8

= Successful at T=0: Quarkonium spectra

= No modeling: starting point is discretized QCD action _04f

= Experimental input required for setting the scale 5‘;10'2
= Bridge between microscopic QFT and experiment E
Lattice QCD in 2011: m,,s = 9988+3 MeV -

. +2. 9.4

Belle in 2012: M, pos = 9999£3.577F MeV N
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A robust tool: Lattice QCD
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10.8

= Successful at T=0: Quarkonium spectra o -
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= Successful at T>0: QCD medium properties T T
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

In-medium QQ part |

LATTICE QCD Bottomonium spectra
S.Kim, P. Petreczky, A.R.: Phys.Rev. D91 (2015) 05451 |
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In-medium QQ part |
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PRACTICAL CHALLENGE: High cost if light and
heavy d.o.f share the same spacetime grid

for a direct approach see e.g. H.T. Ding et. al. Phys.Rev. D86 (2012) 014509

1
a << ~ 0.02fm T = N.a~1fm

Zmb

LATTICE QCD Bottomonium spectra
S.Kim, P. Petreczky, A.R.: Phys.Rev. D91 (2015) 05451 |
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In-medium QQ part |

LATTICE QCD Bottomonium spectra
S.Kim, P. Petreczky, A.R.: Phys.Rev. D91 (2015) 05451 |
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PRACTICAL CHALLENGE: High cost if light and
heavy d.o.f share the same spacetime grid

for a direct approach see e.g. H.T. Ding et. al. Phys.Rev. D86 (2012) 014509

1
a << ~ 0.02fm T = N.a~1fm

Zmb

Turn separation of scales into an advantage:
effective field theory NRQCD

Thacker, Lepage Phys.Rev. D43 (1991) 196-208
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° UNIVERSITAT
Heavy Quarks on the Lattice
SEIT 1386
= Effective field theory f I ion: \acp T P
u y from scale separation: <1, — <1, £ <«
maq mqQ mqQ

Relativistic thermal
field theory

Brambilla et. al.
Rev.Mod.Phys. 77 (2005) 1423
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Heavy Quarks on the Lattice
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= Effective field theory from scale separation: Aacp <1, T <1, P <1
Q Q Q
5 Relativistic thermal
o field theory Qcb
53 Dirac fields
2t Qx),Q(x)
@3
%
&
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Heavy Quarks on the Lattice
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= Effective field theory from scale separation: Aqgco <1, T <1, -P

— <1
5 Relativistic thermal
= field theory QcCb NR.Q.CD . B
58 Dirac fields Pauli fields NRQCD =
° = ; ,
z - x'(x),x(x) . D
24 Q(x), Q(x) . XT((De+ o+ )x HE (L0 )E
53 £1(x), £(x) Q
&
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Heavy Quarks on the Lattice

= Effective field theory from scale separation: Aacp <1, — <1,

S Relativistic thermal

= field theory QcCb NR.Q.CD . B
58 Dirac fields Pauli fields NRQCD =
5 < T )
=5 - X' (x),x(x) . D;
g2 Q(x),Q(x) ; ’ x'(iD¢ + I
: 9'; &' (x), &(x) Q

2 - ]

: q(x), q(x), A*(x) — 7R +a(
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Heavy Quarks on the Lattice

= Effective field theory from scale separation:

Relativistic thermal

é field theory Qcb NRQCD
w9 Dirac fields Pauli fields
1) = :
=0 . x'(x),x(x)
1 QU Q)

53 £1x), £(x)

&

q(x),q(x), A*(x)

A

ANE) | UNIVERSITAT
ft758)% | HEIDELBERG
ZUKUNFT
SEIT 1386

QD 1 L 1, P g
mQ mQ mq
LNROCD =
i D{ ;
X (lDt+2M1Q +.)x+E(.)E
1
N ZFMFW +4q(...)q

= Individual Q or anti-Q in a medium background: Initial value problem G(T)=<x(T)x(0)>

2
Pia
G(x, T+ a) = U] (x,7)(1 —ﬁ +...)G(x,7)

XV Strangeness in Quark Matter — JINR, Dubna, Russian Federation — July 9th 2015

well behaved if MQa > |.5



IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Heavy Quarks on the Lattice
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= Effective field theory from scale separation: '@ 1, L 1, P«

5 Relativistic thermal
= field theory QCD NR.Q.CD . B
58 Dirac fields Pauli fields NRQCD =
° = ; ,
3 : x! (%), x(x) D2
24 Q(x), Q(x) . XT((De+ o+ )x HE (L0 )E
53 £1(x), £(x) Q
: a(x),q(x), A*(x) — P +a(--)q

= Individual Q or anti-Q in a medium background: Initial value problem G(T)=<x(T)x(0)>

2
G(x, T+ a) = Ul (x,7)(1 - 4]5[% +...)G(x,7) well behaved if Mga > 1.5

= 3S, (Y) and 3P, (x,,) channel correlators D(t) from heavy quark propagators G(t)

D(1) = ) (006T)GxcO (X0, T0)Gle)mea  OCS1%,7) =03, OCP1;x,7) = Aoy — Ajos

X
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T>0 QCD with N=2+] HISQ flavors
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= Light d.o.f. (gluons, u d s quarks) represented by realistic HotQCD lattices

A. Bazavov et. al., Phys. Rev. D 85 (2012) 054503

HotQCD HISQ/tree action 483 x N my a/ms =0.05 Tc = 154(9)MeV

B 6.664 6.700 6.740 6.770 6.800 6.840 6.880

alfm] 0.1169  0.1130 0.1087 0.1057  0.1027  0.09893 0.09528
Mpa 2.759 2.667 2.566 2.495 2.424 2.335 2.249
T/Tc(Ne=12) | 0911 0.944 0.980 1.008 1.038 1.078 1.119
B 6.910 6.950 6.990 7.030 7.100 7.150 7.280

alfm] 0.09264 0.08925 0.086 0.08288 0.07772 0.07426 0.06603
Mpa 2.187 2.107 2.030 1.956 1.835 1.753 1.559
T/Tc(Ne=12) | 1.151 1.194 1.240 1.286 1.371 1.436 1.614
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T>0 QCD with N=2+] HISQ flavors

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

= Light d.o.f. (gluons, u d s quarks) represented by realistic HotQCD lattices

A. Bazavov et. al., Phys. Rev. D 85 (2012) 054503

HotQCD HISQ/tree action 483 x N my a/ms =0.05 Tc = 154(9)MeV

B 6.664 6.700 6.740 6.770 6.800 6.840 6.880

alfm] 0.1169  0.1130 0.1087 0.1057  0.1027  0.09893 0.09528
Mpa 2.759 2.667 2.566 2.495 2.424 2.335 2.249
T/Tc(Ne=12) | 0911 0.944 0.980 1.008 1.038 1.078 1.119
B 6.910 6.950 6.990 7.030 7.100 7.150 7.280

alfm] 0.09264 0.08925 0.086 0.08288 0.07772 0.07426 0.06603
Mpa 2.187 2.107 2.030 1.956 1.835 1.753 1.559
T/Tc(Ne=12) | 1.151 1.194 1.240 1.286 1.371 1.436 1.614

= 483x12 with relatively light pions
M, ~ 161MeV and a T;=159t3MeV
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T>0 QCD with N=2+] HISQ flavors
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= Light d.o.f. (gluons, u d s quarks) represented by realistic HotQCD lattices

A. Bazavov et. al., Phys. Rev. D 85 (2012) 054503

HotQCD HISQ/tree action 483 x N my a/ms =0.05 Tc = 154(9)MeV

B 6.664 6.700 6.740 6.770 6.800 6.840 6.880
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Mpa 2.187 2.107 2.030 1.956 1.835 1.753 1.559
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= 483x12 with relatively light pions
M, ~ 161MeV and a T;=159t3MeV
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T>0 QCD with N=2+1 HISQ flavors
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= Light d.o.f. (gluons, u d s quarks) represented by realistic HotQCD lattices

A. Bazavov et. al., Phys. Rev. D 85 (2012) 054503

HotQCD HISQ/tree action 483 x N my a/ms =0.05 Tc = 154(9)MeV

B 6.664 6.700 6.740 6.770 6.800 6.840 6.880

alfm] 0.1169  0.1130 0.1087 0.1057  0.1027  0.09893 0.09528
Mpa 2.759 2.667 2.566 2.495 2.424 2.335 2.249
T/Tc(Ne=12) | 0911 0.944 0.980 1.008 1.038 1.078 1.119
B 6.910 6.950 6.990 7.030 7.100 7.150 7.280

alfm] 0.09264 0.08925 0.086 0.08288 0.07772 0.07426 0.06603
Mpa 2.187 2.107 2.030 1.956 1.835 1.753 1.559
T/Tc(Ne=12) | 1.151 1.194 1.240 1.286 1.371 1.436 1.614

= 483x12 with relatively light pions
M, ~ 161MeV and a T;=159t3MeV

= Important for the use with lattice NRQCD:
2.759 > M, a > 1.559

= Temperature changed by variation of the lattice spacing 140MeV < T < 249MeV

For a study based on the fixed scale approach see: FASTSUM G. Aarts et. al. JHEP 1407 (2014) 097,JHEP 1111 (2011) 103
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS
UNIVERSITAT
M — HEIDELBERG
T>0 QCD with Nf—2+ | HISQ flavors ZUKUNFT
= Light d.o.f. (gluons, u d s quarks) represented by realistic HotQCD lattices
A. Bazavov et. al., Phys. Rev. D 85 (2012) 054503
HotQCD HISQ/tree action 483 x N my a/ms =0.05 Tc = 154(9)MeV
B 6.664 6700 6740 6770 6800 6840  6.880
alfm] 01169 0.1130 0.1087 0.1057  0.1027 0.09893 0.09528
Mya 2759 2667 2566 2495 2424 2335 2249
T/Te(Ne=12) | 0911 0944 0980 1.008  1.038 1078  1.119
B 6910 6950 6990 7.030 7.100 7.150  7.280
alfm] 0.09264 0.08925 0.086 0.08288 0.07772 0.07426 0.06603
Mpa 2187 2107 2030 1956  1.835  1.753  1.559
T/Te(Ne=12) | 1151 1194 1240 1286 1371 1436 1614
= 483x12 with relatively light pions = Important for the use with lattice NRQCD:

M, ~ 161MeV and a T.=159+3MeV 2.759 > M,a > 1.559

= Temperature changed by variation of the lattice spacing 140MeV < T < 249MeV

For a study based on the fixed scale approach see: FASTSUM G. Aarts et. al. JHEP 1407 (2014) 097,JHEP 1111 (2011) 103

= For calibration T=0 configurations available at b=6.664, 6.8, 6.95, 7.28 (483x32,64)
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A Novel Bayesian Approach

il |
o i

) \ | UNIVERSITAT

&1 ;’"'&N" :f N

HEIDELBERG
ZUKUNFT
SEIT 1386

= |nversion of Laplace transform required to obtain spectra from correlators

D(T) :Joon dwe " p(w)
—2Mq
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A Novel Bayesian Approach

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

= |nversion of Laplace transform required to obtain spectra from correlators

N

D; = Z exp—wTi] p1 Awy
1—1
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A Novel Bayesian Approach

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

= |nversion of Laplace transform required to obtain spectra from correlators

N .
< |. N, , parameters p, >> N. datapoints
D; = Z exp—wTi] p1 Awy wP , A ! P
— 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 X ? functional P[D|p] through a prior P[p]|l]

Plp/D, 1] oc P[Dlp] Plpll]
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A Novel Bayesian Approach

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

= |nversion of Laplace transform required to obtain spectra from correlators

N :
= |.N,, parameters p, >> N. datapoints
Di; = Y expl—witi] p1 Aw; ®
' ; P ' 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 X ? functional P[D|p] through a prior P[p]l]
PlpID, I} o< P[Dlp] Plpl1]

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

P[p|I] x €S S = O(Z Awq (1 — —|— log [m1]> PRL |:{iB(l12rg:E!3r)'?§|2,.|82003
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A Novel Bayesian Approach

M2\ | UNIVERSITAT
i HEIDELBERG
ZUKUNFT
SEIT 1386

= |nversion of Laplace transform required to obtain spectra from correlators
N

D; = Z exp—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 X ? functional P[D|p] through a prior P[p]l]
PlpID, I} o< P[Dlp] Plpl1]

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

N
P[pm o eS S = ocZ Awq (1 — :1—11 + log [%]) PRL ||Y|'B(uzrg||e3r)'ﬁl\éR,'|82003
=1

= Different from Maximum Entropy Method: S not entropy, no more flat directions
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

A Novel Bayesian Approach

\ | UNIVERSITAT
i HEIDELBERG
ZUKUNFT
SEIT 1386

= |nversion of Laplace transform required to obtain spectra from correlators
N

D; = Z exp—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 X ? functional P[D|p] through a prior P[p]l]
PlpID, 1] o< P[Dlp] Plpll]

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

N
P[pm o eS S = ocZ Awq (1 — :1—11 + log [%]) PRL ||Y|'B(uzrg||e3r)'ﬁl\§R,'|82003
=1

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

o = No apriori restriction on the search space

—Plp|D, 1 =0
dp oD, 1 o= pBR = |n the following: constant default model m=const

XV Strangeness in Quark Matter — JINR, Dubna, Russian Federation — July 9th 2015
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- . o UNIVERSITAT
T=0 Bayesian Bottomonium Spectra

1000 ¢ \ \ \ \ . T T T T T T
i B=6.664 32 —  PB=6.95032% — | B=6.664 32¢ — B=6.95032*  —
100 - B=6.800 32 —  PB=7.28048%x64 — 10 £ B=6.800 32% — PB=7.280483x64(44) — 3
] N 1 ¢ 5
I ] <8
10 — ;E;
—~ i ] e~ U 8
3 0\?’ 1 98
% 1r @ g o
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Q Q o -
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i P-wave T=0
0.001 7 : ‘ \ \ \ ] 0.01 ! w ! ! | ! |
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS
- . o UNIVERSITAT
T=0 Bayesian Bottomonium Spectra

1000 ¢ \ \ \ \ . T T T T T T
i B=6.664 32 —  PB=6.95032% — | B=6.664 32¢ — B=6.95032*  —
100 - B=6.80032* —  B=7.28048%64 — | 10 ¢ B=6.80032* — PB=7.28048%64(44) — 3§
i ] r 1 e¢nm
I ] < D
10 | . S
- - x m
. - ] 3 1E g8
\3/ Nl E E oS
04 1k o g -
m [ (<)}
> 2 & A
[o% Q o -
01 F ES
i 0.1 | ¥ 4
vz
r o
0.01 - S-wave T=0
- P-wave T=0
0.001 1 ‘ w | | ’ 0.01
95 10 105 11 115 12 9.5 10 10.5 11 11.5 12 12.5 13
W [GeV] w [GeV]

= S-wave ground state peak well resolved, next peak mostly from Y(2S)
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T=0 Bayesian Bottomonium Spectra

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

1000 ¢ \ \ \ \ . T T T T T T
i B=6.66432* —  B=6.95032% — | B=6.664 32¢ — B=6.95032*  —
100 - B=6.800 32* —  B=7.28048%64 — | 10 ¢ B=6.80032* — PB=7.28048%64(44) — 3§
i ] r 1 e¢nm
I ] < §
10 = 3:"
I ] ~ N A
3 St o8
04 1k o0 *5 -
om - (<)}
> 2 & A
Q— L Q_ m. >.
0.1 - § 1
i 01k < G
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r r [~ %
0.01 - S-wave T=0 I
- I P-wave T=0
0.001 7 : ‘ \ \ \ ] 0.01 ! w ! ! | ! |
95 10 105 11 115 12 9.5 10 10.5 11 11.5 12 12.5 13
W [GeV] w [GeV]

= S-wave ground state peak well resolved, next peak mostly from Y(2S)
= PDG Upsilon mass for calibration of absolute energy scale:

M P =9.917(3)GeV > MJP 1, =9.89278(26)(31)GeV

Xb1
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T=0 Bayesian Bottomonium Spectra

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

1000 ¢ \ \ \ \ . T T T T T T
i B=6.66432* —  B=6.95032% — | B=6.664 32¢ — B=6.95032*  —
100 - B=6.800 32* —  B=7.28048%64 — | 10 ¢ B=6.80032* — PB=7.28048%64(44) — 3§
i ] r 1 e¢nm
I ] < §
10 = 3:"
I ] ~ N A
3 St o8
04 1k o0 *5 -
om - (<)}
> 2 & A
Q— L Q_ m. >.
0.1 - § 1
i 01k < G
r 7
r r [~ %
0.01 - S-wave T=0 I
- I P-wave T=0
0.001 7 : ‘ \ \ \ ] 0.01 ! w ! ! | ! |
95 10 105 11 115 12 9.5 10 10.5 11 11.5 12 12.5 13
W [GeV] w [GeV]

= S-wave ground state peak well resolved, next peak mostly from Y(2S)

= PDG Upsilon mass for calibration of absolute energy scale:

M P =9.917(3)GeV > MJP 1, =9.89278(26)(31)GeV

Xb1

= P-wave ground state broader: worse s/n ratio and smaller physical peak size
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Reconstruction Accuracy: S-wave

104 ¢
108 |

Lat]

—_

w)

S 101 ¢

l l N
T=0 N{=31 — |
T=0 N¢=11 - ~

9.3 9.6 99 10.210.5

w [GeV]

Am=4 MeV

Aﬁ=6 Mey

9.6

9.9 10.2
w [GeV]

Am=7 MeV
(Ar=8 Mev -

9.6 9.9 102
w [GeV]

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

S.Kim, P.Petreczky, A.R.
Phys.Rev. D 91 (2015) 054511

B=7.280 -
Am=31 MeV -
AT=21 MeV

9.3

96 99

w [GeV]

= High precision of the improved Bayesian reconstruction (narrow width resolved)

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

= One of the tests we ran: truncate T=0 dataset (Nt=32/64) to Nt=12
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Reconstruction Accuracy: S-wave

104 ¢
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S 10t F
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[ [ i
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9.3 96 9.9 10.2 105
w [GeV]

B=6.800

Am=4 MeV
Aﬁ:6 Mey

9.3

9.6

99 10.2

w [GeV]

Am=7 MeV

| AF:S‘ MeV | ]

93 96 99 102

w [GeV]

M2\ | UNIVERSITAT
i HEIDELBERG
ZUKUNFT
SEIT 1386

S.Kim, P.Petreczky, A.R
Phys.Rev. D 91 (2015) 054511

B=7.280 -
Am=31 MeV -
AT=21MeV -

9

9.3

96 99

w [GeV]

= High precision of the improved Bayesian reconstruction (narrow width resolved)

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

= One of the tests we ran: truncate T=0 dataset (Nt=32/64) to Nt=12

Overall Limits:

B = 6.664:
B =7.280:

Amr < 2MeV, Al < 5MeV
Amt < 40MeV, Alr < 21MeV
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Spectral Functions At T>0

o | 2

A
NRIE

ZUKUNFT
SEIT 1386

1000 . . . . .
(00 | S-wave _
New Bayes 10 |
10 —_
) g
: &
N 1 ;;30- 1t
0.1
~0 —0.98T —1.08T¢ —1.19T; —1.37T¢ T=0 —0.98T¢ —1.08T¢ —1.19T¢ —1.37T¢
p.91Tc —1.01Tc —1.12Tc —1.24Tc —1.44T¢ — 01 L]091Te —1.01T¢ —1.12T¢ —1.24T¢ —1.44T¢ — |
0.01 f |804TE —1.04T5 —1.15T¢ —1.29T¢ —1.61Tg — | 1PN 0.94TE —1.04T¢ —1.45T¢ —1.29T¢ — 1.61T5 —
10 11 12 13 14 10 11 12 13 14
o [GeV] o [GeV]

N,=12001,=[-1,25] Bm=20 N, =10

= Bayesian reconstruction:
y m=const 512 bit precision, A tol=10"%°

= Worse signal to noise ratio leads to larger Jackknife errors in P-wave
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Spectral Functions At T>0

1000 . . . . .
(00 | S-wave _
New Bayes 10 |
10 | 5
) g
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N 1} ;;30- 1t
0.1
~0 —0.98T —1.08T¢ —1.19T; —1.37T¢ T=0 —0.98T¢ —1.08T¢ —1.19T¢ —1.37T¢
p.91Tc —1.01Tc —1.12Tc —1.24Tc —1.44T¢ — 01 L]091Te —1.01T¢ —1.12T¢ —1.24T¢ —1.44T¢ — |
0.01 f |804TE —1.04T5 —1.15T¢ —1.29T¢ —1.61Tg — | 1PN 0.94TE —1.04T¢ —1.45T¢ —1.29T¢ — 1.61T5 —
10 11 12 13 14 10 11 12 13 14
o [GeV] o [GeV]

N,=1200 1 =[-1,25] B™m=20 N._ =10

jack ™
= Bayesian reconstruction:
y m=const 512 bit precision, A tol=10%°

= Worse signal to noise ratio leads to larger Jackknife errors in P-wave

= Naive inspection by eye: S-wave ground state peak present up to 249MeV
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P-wave survival at T=249MeV

= Qur strategy: systematic comparison to non-interacting spectra
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

P-wave survival at T=249MeV Bl o

= Qur strategy: systematic comparison to non-interacting spectra

akEp = —109(1 — LZ"“)

Analytically known, no peaked features 8Mypas
47N
ps(w) = Ngc D d(w—2E)
P
G.Aartset. al., JHEP 1111 (2011) 103
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

P-wave survival at T=249MeV Bl o

= Qur strategy: systematic comparison to non-interacting spectra

akEp = —109(1 — LZ"“)

Analytically known, no peaked features 8Mypas
Numerically: Reconstruct from free NRQCD (U =1) ps(w) = 4@]6 D 8w —2Ey)
G.Aarts et. aI.,F;HEP 1111 (2011) 103

= Expectation: Presence of wiggly features due to numerical Gibbs ringing
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P-wave survival at T=249MeV

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

= Qur strategy: systematic comparison to non-interacting spectra

akEp = —109(1 — LZ"“)

Analytically known, no peaked features 8Mypas

47[N

Numerically: Reconstruct from free NRQCD (U =1) Ps

G.Aarts et. al. jHEP 1111 (2011) 103

= Expectation: Presence of wiggly features due to numerical Gibbs ringing

10 , , .
F fully interacting — ] .
shifted free — v
P-wave € <
- <3
T=249MeV -2
1t = i
E E| =,
£ ] (S =]
o
s
a 0O
0.1 F €3
i g«
“
a

0.01

9 10 11 12 13 14
w [GeV]

= At T=249 MeV: Ground state peak stronger than numerical ringing by factor 3
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In-medium QQ part

CONCEPTUAL CHALLENGE: How to define

the potential at finite temperature?

QQbar as Open-Quantum System

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

LATTICE QCD based potential description
Y. Burnier, O. Kaczmarek, A.R.: Phys.Rev. Lett. | 14,082001 (2015)

A.R., T. Hatsuda, S. Sasaki:
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS
° ° ° |2 UNIVERSITAT
Defining the heavy quark potential
SEIT 1386
= Effective field theory
Relativistic thermal Quantum
field theory Qcb NR_Q.CD mechanics
Dirac fields Pauli fields

A(x),Q(x)  x'(x),x(x)

q(x), alx), A¥(x)

Brambilla et. al.
Rev.Mod.Phys. 77 (2005) 1423
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Defining the heavy quark potential -

i \ | UNIVERSITAT

HEIDELBERG
ZUKUNFT
SEIT 1386
= Effective field theory Brambilla, Ghiglieri, Vairo
and Petreczky PRD 78 (2008) 014017
S Relativistic thermal Quantum
= field theory ) QCI_) NR_Q.CD . RNROGD mechanics
ek Dirac fields Pauli fields Singlet/Octet
- . f
%; Q(X),Q(X) X (X),X(X) lpS(R)t))ll)O(R>t)
£ 2
< n. —
@3 a(x), q(x), A*(x) 0hs = (VQCD(R) +O(myg! ))q)s
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o o . Bl s \E) | UNIVERSITAT
Defining the heavy quark potential {2/ 5o

ZUKUNFT
SEIT 1386

= Effective field theory Brambilla, Ghiglieri, Vairo

and Petreczky PRD 78 (2008) 014017

S Relativistic thermal Quantum
= field theory Qcb NR_QFD . RNROGD mechanics
ek Dirac fields Pauli fields Singlet/Octet
%E Q(X),Q(X) XT(X)’X(X) ﬂ)g(R,t),ﬂ)o(R,t)
£ 2
=3 q(x), q(x), A¥(x) dubs = (VIP(R) + O(mg) )ws
: ;t\ R
= Matching between QCD and pNRQCD in the static limit @
(s (R, )05 (R, 0)) e = WoIR 1) = Tr(exp [~ axtA,x))
QO Q
X,Y,Z .
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Defining the heavy quark potential M '
= Effective field theory Brambilla, Ghiglieri, Vairo

and Petreczky PRD 78 (2008) 014017

S Relativistic thermal Quantum
= field theory Qcb NR_QFD ) RNRQCD m:charl:ics
w8 Dirac fields Pauli fields Singlet/Octet
Q0. QM) X () x(x) Ps (R, 1), bo (R, 1)
3
53 G(x), q(x), A" (x) abs = (VR 4 0lmg!) )
(-4 ;t‘ R
= Matching between QCD and pNRQCD in the static limit @
(Ws (R, t)WE(R,0)) pnroep = Wa(R, ) = Tr(exp [ — iJD dX”Au(X)D
QO Q
. t>>tme R
0 Wa(R,t) =" VP (R)W(R, t) e
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Defining the heavy quark potential {1

= Effective field theory

\ | UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Brambilla, Ghiglieri, Vairo

and Petreczky PRD 78 (2008) 014017

S Relativistic thermal Quant
= field theory Qcb NR_QFD . RNRQCD m:caf?arl:ir:s
w8 Dirac fields Pauli fields Singlet/Octet
Q0. Qb X (x),x() Ps(R, 1), bo (R,
3
53 G(x), q(x), A" (x) abs = (VR 4 0lmg!) )
= Matching between QCD and pNRQCD in the static limit @ R .
(Ws (R, t)WE(R,0)) pnroep = Wa(R, ) = Tr(exp [ — iJD dX”Au(X)D
QO Q
. t>>tme R
0 Wa(R,t) =" VP (R)W(R, t) e

. 10eW(R, t)
VQCD (R — | e VWO R,
(R) ti)l’l(;lo Wna(R, t)
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Defining the heavy quark potential i 7

= Effective field theory

\ | UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Brambilla, Ghiglieri, Vairo
and Petreczky PRD 78 (2008) 014017

S Relativistic thermal Quant
= field theory Qcb NR_QFD . RNRQCD m(:Ica:arl:ir:s
w8 Dirac fields Pauli fields Singlet/Octet
Q0. Q) X' (dx(x) Ps(R 1), o (R, 1)
3
53 G(x), q(x), A" (x) abs = (VR 4 0lmg!) )
= Matching between QCD and pNRQCD in the static limit @ R G
(Ws (R, t)WE(R,0)) pnroep = Wa(R, ) = Tr(exp [ — iJD dX”Au(X)D
QO Q
. t>>tme R
0 Wa(R,t) =" VP (R)W(R, t) e

. 10eW(R, t)
VQCD (R — | e VWO R,
(R) tg’?o Wna(R, t)
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Extracting VPP from lattice QCD

= On the lattice real-time observables not directly accessible!
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Extracting VPP from lattice QCD

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

= How to connect to the Euclidean domain: spectral functions

Wo (R, ) = J da e oy (R, w)

—00
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Extracting VPP from lattice QCD

N2\ | UNIVERSITAT
i HEIDELBERG

ZUKUNFT

SEIT 1386

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

= How to connect to the Euclidean domain: spectral functions

O

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

— 00

(©.@)

Wao(R, t) =J

—00
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Extracting VR<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

0

dasie=1 o (R, o) o WD(R,T)zj dw e=Yon(R, w)

— o0

(©.@)

WolR,t) = |

—00

I, dwwe 't py(R, w) j Bayesian spectral

QCD (DY _ 1:
\% (R) = lim reconstruction

tooo [ dwe it pn(R, w)
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Extracting VR<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

0

dasie=1 o (R, o) o WD(R,T)zj dw e

— o0

(©.@)

WolR,t) = |

—00
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pD(R> (U)

VQED (R) = lim

I, dwwe 't py(R, w) Bayesian spectral
<\: reconstruction

tooo [ dwe it pn(R, w)

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

Po(R,w)
—>
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Extracting VR<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

0
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pD(R> (U)

VQED (R) = lim

I, dwwe 't py(R, w) Bayesian spectral
<\: reconstruction

tooo [ dwe it pn(R, w)

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

Po(R,w)
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Extracting VR<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
WD(R)t) — J dw e—iwt pl:l(R> (.U) $—) WD(R> T) — J dwe " pD(R> (U)
© _dwwe *t po(R,w Bayesian spectral
VQED (R) = lim f—gg . Po(R, @) <: y Pe
t=oo [* _dwe vt py(R, w) reconstruction

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

0

dasie=1 o (R, o) o WD(R,T)zj dw e=Yon(R, w)

— o0

(©.@)

WolR,t) = |

—00

VREP(R) = lim == ,
( ) tLI{olo Jﬁ_oo dw e—twt p[](R,(U)

I, dwwe 't py(R, w) Bayesian spectral
<i reconstruction

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

—~ W 1 iy To(R)eosly2 (R)] — (wo(R) — w)sinly2(R)]
%7 b Wo po(R, w) =—e RN R
< r + Ko (R) + k1 (R) (o (R) — w) + ...

ullL, " VACP(R) = wo(R) + il (R)
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Summary: VQCP from the lattice
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= From lattice QCD correlators to the complex heavy quark potential

log[W(R, 1)] P(R, w) VAQCD(R)
A T Re[VOO(R)]
OO
R, «® Bayes . s Peak Fit PR ’
o / w )
, R S Ry = | Im[VRCP(R)]

e *I / - - - mm Ay =
Ry ° g p —#: + + >
2 L TN . y I R, R, R, r
B R /

i \ | UNIVERSITAT
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= 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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VQCD in quenched lattice QCD
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VQCD in quenched lattice QCD
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I I I I I 04 I TTT1 l [ [ [
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= Re[VQCP]: smooth transition from confining to Debye screened behavior
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VQCD in quenched lattice QCD
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I I I I I 04 I TTT1 l [ [ [
1) o W o % 105 MeV k4 315 MeV B¢ 629 MeV B¢
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| | | | | | 0 s | } 5 3 - | el v
0 0.1 0.2 0.3 0.4 0.5 0.6 rffm] 0 0.5 1 1.5 2 2.5 3 r[fm]

= Re[VQCP]: smooth transition from confining to Debye screened behavior

= First principles check: Color singlet free energies lie close to Re[VQ<P]
FIU(R) = —%log[WH(R,T = B)]

CG
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VQCD in quenched lattice QCD ) e

I I I I I 04 l l l T T
) o W 0% 105 MeV 14 315MeV b 629 MeV
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= Re[VQCP]: smooth transition from confining to Debye screened behavior

= First principles check: Color singlet free energies lie close to Re[VQ<P]

FI(R) = —%109[W||(R>T = B)]

= Im[VQCP] for small R: same order of magnitude as in HTL perturbation theory

CG
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Re[VQCPT in full lattice QCD
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| N,_=I2

=a/a, =
Re[V] [GeV]
w
\

Y.Burnier, O. Kaczmarek,A.R.:
Phys. Rev. Lett. 1 14 (2015) 082001

148 MeV b4 205 MeV i 286 MeV el

HotQCD Nf=2+1 lattices asqtad action
A. Bazavov et.al. PRD 85 (2012) 054503

3 =6.664 —7.480 &

1 - 164 MeV 1= 232 MeV = ]
\ \ \ \ \ \

0 0.2 0.4 0.6 0.8 1 1.2 rffm]

= Potential in the confining regime reliably extracted up to r=I1fm (string breaking?)

= Qualitatively similar to quenched case (confinement to Debye screening)
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Conclusions
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= QCD Spectral functions provide multiple windows to in-medium QQ physics

= New Bayesian spectral reconstruction improves their lattice QCD determination

= Bottomonium in a realistic thermal medium (HISQ - HotQCD)

= N_=12 l|attices give upper limits on in-medium modification
= A systematic comparison between free and interacting spectra suggests:

S-wave and P-wave ground state survive up to at least T=249MeV

= Effective field theory based potential for static quarks from T>0 QCD

= No more need for modeling: QCD derived complex potential available

= New Bayesian method makes quantitative evaluation on the lattice possible:

Re[V] smooth transition: confining to Debye screening, Im[V] of same order than HTL
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= QCD Spectral functions provide multiple windows to in-medium QQ physics

= New Bayesian spectral reconstruction improves their lattice QCD determination

= Bottomonium in a realistic thermal medium (HISQ - HotQCD)

= N_=12 l|attices give upper limits on in-medium modification
= A systematic comparison between free and interacting spectra suggests:

S-wave and P-wave ground state survive up to at least T=249MeV

= Effective field theory based potential for static quarks from T>0 QCD
= No more need for modeling: QCD derived complex potential available

= New Bayesian method makes quantitative evaluation on the lattice possible:

Re[V] smooth transition: confining to Debye screening, Im[V] of same order than HTL

bnarogapto Bac 3a BHMMaHue - Thank you for your attention
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