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Bound states of cc or bb: Heavy quarkonium Mg>>T o4
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= A hard probe in heavy-ion collisions: early production, samples full QGP evolution
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= From runl and ongoing run2 at LHC: unprecedented amount of precision data
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= Theory goal: 15t principles insight into in-medium QQ in heavy-ion collisions
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Static medium from
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In-medium meson spectra
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A two-pronged approach to QQ
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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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= Dynamical information e.g. spectral functions not directly accessible on the lattice
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|. Ny, parameters p, >> N; datapoints

2. simulated D; has finite precision

= Bayes theorem: Regularize the naive x? functional P[D|p] through a prior P[p]I]
5Plp/D, 1]
Op1

Plp/D, 1] o P[D|p] Plp|I] =0

= 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

= Systematic errors different: MEM extra smoothing, BR prone to ringing artifacts

= Bayesian continuum limit N = oo, AD/D — 0 exponentially hard to reach
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= Instead of using Euclidean correlators change to imaginary frequencies
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In-medium quarkonium spectral
functions from lattice QCD
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Full Lattice QCD simulation incl. QQ

(still too costly)
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|. Direct determination: NRQCD 1

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

Relativistic treatment of light
and heavy d.of.

AQCD QQ in NRQCD effective theory
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(still too costly) Lattice QCD simulation without QQ
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Relativistic treatment of light Kin. equil. non-relativistic QQ in a

and heavy d.of.

background of light medium d.o.f.
QQ in NRQCD effective theory
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(still too costly) Lattice QCD simulation without QQ

e

= 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
Thacker, Lepage Phys.Rev. D43 (1991) 196-208
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Relativistic treatment of light Kin. equil. non-relativistic QQ in a

and heavy d.of.

background of light medium d.o.f.
QQ in NRQCD effective theory
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Full Lattice QCD simulation incl. QQ / /J /] / /
(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 NF=2+1 HISQ action m;=161MeV T=[ 140 — 407 ] MeV mya= [ 2.759 — 0.954]

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

ISOQUANT

Correlation functions in NRQCD (i

T A
O
(0]
£
c
8
5 \ QCD
o \\medium

Non-rel. propagator of
a single heavy quark G

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

ISOQUANT

Correlation functions in NRQCD thisit.

T A
O

(0]

£ /

e |

c |

o {

_‘JU-’ |

= QCD

0 medium
\\

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

,,correlator of QQ wavefct.
Dy () = <y (T)LIJTJ/qJ (0)>“

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Ol 1SOQUANT
Correlation functions in NRQCD s |
O SFB1225
1.02 : : :
¥ Y Correlator ratio T>0
1.015 | ¥ v T=0 -
1.01 | v ¥ -
v v
1.005 |- S p ¥ o .
e i
Ta . *x’x'::: ;*** "
T=140MeV =HT=249MeV @ T=407MeV ma
O 0-995 I T=160MeV w6T=273MeV i
T=184MeV EXT=333MeV
o 099 1 1 1 1 1 1
£ 0 0.2 0.4 0.6 0.8 1 1.2
k=
c
«
©
2 QCD
] medium
@
Non-rel. propagator of QQ propagator
a single heavy quark G projected to a certain channel

,,correlator of QQ wavefct.

DJ/llJ(t) = <'~|JJ/¢ (T)LIJTJ/QJ (o)> “ Ratio of T>0 and T=0 correlators:

estimate of overall in-medium effects

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Ol 1SOQUANT
Correlation functions in NRQCD s |
O SFB1225
1.02 T T T
max =~ ¥ YcCorrelator ratio I>0
1.015 | v T=0 -
1,75% ¥
101} fory w ¥ i
v v
1.005 |- S p ¥ o .
e i
Ta . *x’x'::: ;*** "
T=140MeV =HT=249MeV @ T=407MeV ma
O 0-995 I T=160MeV w6T=273MeV i
T=184MeV EXT=333MeV
o 099 1 1 1 1 1 1
£ 0 0.2 0.4 0.6 0.8 1 1.2
k=
S
2
2 QCD
] medium
@
Non-rel. propagator of QQ propagator
a single heavy quark G projected to a certain channel

,,correlator of QQ wavefct.

DJ/llJ(t) = <'~|JJ/¢ (T)LIJTJ/QJ (o)> “ Ratio of T>0 and T=0 correlators:

estimate of overall in-medium effects

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

ISOQUANT
Correlation functions in NRQCD |
SFB1225
1.02 . . ;
max = ¥ Y Correlator ratio T_io
1.015 | v T=0 -
[,75% ¥
101} fory w ¥ i
v ¥
1.005 |- S p ¥ o .
\ 0
'
Ta o J-x’x': s % 4 *** !
Q T=140MeV #4T=249MeV ©T=407MeV mn
— 0995 I 1=160MeV #eiT=273MeV T
T=184MeV EHT=333MeV
o 099 1 1 1 1 1 1
= 0O 02 04 06 08 1 12
‘2 1.07 T T T T T T
= v
3 1.06 ¥  Xp Correlator ratio 1
T; QC.D 1.05 |- v .
o medium 104 L v |
® 1.03 | Yv o ® i
1.02 vy m -
1.01 M Sl “ 3t {
. - . .
1@,“!!]“’)“:: ot ¥
T=140MeV =HT=249MeV 3 T=407MeV W
0.99 | T=160MeV #iT=273MeV .
Non-rel. propagator of QQ propagator 0.0 L_T=18{MeV EIT=333Mey 1 . .
. . . 0O 02 04 06 08 1 12
a single heavy quark G projected to a certain channel
T [fm]

,,correlator of QQ wavefct.

DJ/llJ(t) = <'~|JJ/¢ (T)LIJTJ/QJ (o)> “ Ratio of T>0 and T=0 correlators:

estimate of overall in-medium effects

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

ISOQUANT
Correlation functions in NRQCD |
SFB1225
1.02 : : :
max = ¥ Y Correlator ratio T_io
1.015 - T=0
1,75% ¥
101} fory w ¥ i
v ¥
1.005 | v b/ III ﬂ -
\ S8
'
Ta . *x’x'::: ;*** "
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
‘2 1.07 T T T T T T
g v
v 106 F max =~ = ¥ Xo1 Correlator ratio 1
9
5 QCD 105 - 6.5% -
3 medium vy
1.04 for Xbl w -
® 1.03 | Yv o -
1.02 v o -
1.01 M Sl “ 3t {
a |
umdhfxox e & ¥ ¥
T=140MeV =HT=249MeV 3 T=407MeV W
0.99 - T=160MeV #iT=273MeV -
Non-rel. propagator of QQ propagator 0.0 L_T=18{MeV EIT=333Mey 1 . .
. . . 0O 02 04 06 08 1 12
a single heavy quark G projected to a certain channel
T [fm]

,,correlator of QQ wavefct.

DJ/llJ(t) = <'~|JJ/¢ (T)LIJTJ/QJ (o)> “ Ratio of T>0 and T=0 correlators:

estimate of overall in-medium effects

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Bottomonium NRQCD S-wave spectrat:
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= Due to small N.=12: Bayesian reconstruction captures only ground state reliably
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Bottomonium NRQCD S-wave spectraiis.
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= Due to small N.=12: Bayesian reconstruction captures only ground state reliably

= BR method shows ground state feature at all temperatures T<407MeV
= MEM: around T=333 MeV only washed out bump visible
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Bottomonium NRQCD S-wave spectra s
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Due to small N.=12: Bayesian reconstruction captures only ground state reliably

BR method shows ground state feature at all temperatures T<407MeV
MEM: around T=333 MeV only washed out bump visible

= Systematics: MEM over smoothing, BR ringing — use both methods to bracket
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Bottomonium NRQCD P-wave spectrat:
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Bottomonium NRQCD P-wave spectraliiis
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s 3P, Channel @ T>0,
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= BR Method: Lowest lying wiggly feature up to T=407MeV (bound state remnant?)

= Standard MEM consistent with FASTSUM study: at T~210 MeV no more remnant
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Bottomonium NRQCD P-wave spectragiisi:
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= BR Method: Lowest lying wiggly feature up to T=407MeV (bound state remnant?)
= Standard MEM consistent with FASTSUM study: at T~210 MeV no more remnant

= BR:Can we disentangle numerical ringing from actual physics at T=407MeV
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How to identify BR method artifacts?

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

50 o [GeV]

= Distinguish ringing and actual bound state signal via free spectral functions

= Hints at disappearance of genuine bound state feature above T=333MeV
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How to identify BR method artifacts?
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= Distinguish ringing and actual bound state signal via free spectral functions

= Hints at disappearance of genuine bound state feature above T=333MeV

= Better understanding of Bayesian systematics (MEM,BR) but remains a challenge:

increasing statistics

or increasing N,
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ll. Indirect determination: pNRQCD/::

IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS
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A T
= pNRQCD Effective field theory: LD «1, — <1, P
maq maq maq
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ll. Indirect determination: pNRQCD 5

ISOQUANT

SFB1225

A T
= pNRQCD Effective field theory: LD «1, — <1, P
maq maq maq

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

dabs = (VAP(R) + O(mg') s
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ll. Indirect determination: pNRQCD¢} &

A T
= pNRQCD Effective field theory: LD «1, — <1, P
maq maq maq

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

dabs = (VAP(R) + O(mg') s

= Derived from QCD: V<P as Wilson coefficient determined via matching at m=oo
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ll. Indirect determination: pNRQCD¥j "

A T
= pNRQCD Effective field theory: AL 1, — <1, 2«1
maq maQ maQ

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

s = (VRP(R) +0(mg") ) s

= Derived from QCD: V<P as Wilson coefficient determined via matching at m=oo
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. 10Wo(R, 1) @
QCD(R) — | 10t Vv,
v (R) ti{{olo Wna(R, t)
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ll. Indirect determination: pNRQCD¥j "

A T
= pNRQCD Effective field theory: AL 1, — <1, 2«1
maq maQ maQ

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

s = (VRP(R) +0(mg") ) s

= Derived from QCD: V<P as Wilson coefficient determined via matching at m=oo
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ll. Indirect determination: pNRQCD¥j "

NelellZ\Ni§

SFB1225

A T
= pNRQCD Effective field theory: AL 1, — <1, 2«1
maq maQ maQ

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

s = (VRP(R) +0(mg") ) s

= Derived from QCD: V<P as Wilson coefficient determined via matching at m=oo
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= Challenge: real-time definition not directly evaluable in lattice QCD simulations
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ll. Indirect determination: pNRQCD "
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= Challenge: real-time definition not directly evaluable in lattice QCD simulations

= Spectral functions as bridge between the Euclidean and real-time Wilson loop
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T>0 static potential from the lattice
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T>0 static potential from the lattice

reyy QCD medium with

u,d,s quarks
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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 + ¢
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T>0 static potential from the lattice

reyy QCD medium with
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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 mp

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



A
il

A i
il ﬁgl'"‘lﬂh il
pinia || R

IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

T>0 static potential from the lattice
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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 mp
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T>0 static potential from the lattice

rey; QCD medium with
u,d,s quarks 138

i
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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 mp
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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

S-wave spectral functions

ISOQUANT

SFB1225

= |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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S-wave spectral functions
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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 VWF!)

. 1 a?
latD>(t,T) = (ZmQ — RF + VQQ(T))D>(t) T)
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S-wave spectral functions

ISOQUANT

SFB1225

= |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 VWF!)

2 .
0D~ (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 VWF!)

1 d?

iatD>(t,r)=(2mQ Zm 2

127 4l
10t
— T=0
3t
8l = T=147MeV
= T=163MeV

T=184MeV N§ ol
a
— T=257MeV

— T=0

= T=147MeV

= T=163MeV
T=184MeV
T=218MeV

— T=257MeV

w [GeV] w[GeV]
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S-wave spectral functions
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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 VWF!)

. 1 dz —1fwtmyy >
D7 (t,7) = (2mq — 5~ + Vq (1)) D7 (t,1) ® lim | dwe "D~ (t,7) = p(w)
Zm dr
12 4l
10l - =0
- T=0 al — T=147MeV
8l = T=147MeV —— T=163MeV
N — T=163MeV o T=184MeV
% 6 T=184MeV 3 2} T=218MeV
— T=257MeV
— T=257MeV
4t
1l
2.
0 N 0 N N
9.5 10.0 10.5 11.0 28 30 32 34 36 38 40 42
w [GeV] w [GeV]

= Hierarchical modification of states according to their vacuum binding energy
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Melting Temperatures: S-wave
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3507 - - . :
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Melting Temperatures: S-wave
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® In-medium modified Re[V]: threshold from confinement moves to lower energies
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Melting Temperatures: S-wave
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350
300} — Y(18)
250} - Y(2S)
200f . y@3s)
150F |~

100}/ .
50 .

M[GeV]
I'[MeV]

0
150 200 250 300 350 400 450 500
T[MeV]

200 300 400 500
T[MeV]

® In-medium modified Re[V]: threshold from confinement moves to lower energies
m Meaningful definition of melting in the presence of Im[V]: usel =E,, 4

state | J/W(1S) | W/(2S) | Y(1S) | Y(2S) | Y(3S) | Y(4S)
Tmetr | 213777 | <147 | 412795 1 19312° | 15717 | <147 [MeV]

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Quarkonium phenomenology
from in-medium spectral functions

Caveat I: We do not measure in-medium di-lepton emission in experiment
instead the decay of vacuum states long after the QGP ceased to exist

Caveat Il: The assumption of full kinetic thermalization is (if at all) only
appropriate for Charmonium (at low pt and at mid-rapidity y~0)
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Quarkonium phenomenology
from in-medium spectral functions

Caveat I: We do not measure in-medium di-lepton emission in experiment
instead the decay of vacuum states long after the QGP ceased to exist

Caveat Il: The assumption of full kinetic thermalization is (if at all) only
appropriate for Charmonium (at low pt and at mid-rapidity y~0)

> Estimating the ° to J/{ ratio
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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

¢ to J/U 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]
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% Assume instantaneous freezeout: T>0 states
convert to real vacuum particles at around T
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\¢ to J/ ratio from T>0 spectra () S
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30y % Assume instantaneous freezeout: T>0 states
25| convert to real vacuum particles at around T
20t T=0 [ |

In-medium dilepton emission from area under

= T=155MeV

ERE spectral resonance peaks
| d°p p(P)
10
Ry7 d n
| x| apo | s o)
A (to leading order p(P) = p(p3 — p?) )
=30 32 34 36 38 40

w [GeV]
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\¢ to J/ ratio from T>0 spectra () S

SFB1225

30y % Assume instantaneous freezeout: T>0 states
25| convert to real vacuum particles at around T
20t T=0 [ |

In-medium dilepton emission from area under

ERE T spectral resonance peaks
| d°p p(P)
10
Ry o | d n
| x| apo | s o)
: o 2.2
N (to leading order p(P) = p(p; — P*) )
O=30 32 34 36 38 40
w [GeV]
[ |

"How many vacuum states do the
in-medium peaks correspond to?”
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: '! SNl ISOQUANT
LIJ‘ to J/LIJ I"atiO fl"0m T>O Spectra ~‘, SOQUANT
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30y % Assume instantaneous freezeout: T>0 states
25| convert to real vacuum particles at around T
20t T=0 [ |

In-medium dilepton emission from area under

= T=155MeV

ERE spectral resonance peaks
| d’p p(P)
10
Regox | d n
| x| apo | s o)
. A (to leading order p(P) = p(pé — pz) )
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)

Nijw — RIZY Mf |0y (0)2
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¢ to J/U ratio from T>0 spectra

NelellZ\Ni§
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30y = 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 ¢ (2mr)3 P2
Al (to leading order p(P) = p(pé — pz) )
=30 32 34 36 38 40
w[GeV] «<0.07
._.<;: [ —#—— ALICE \s\=2.76TeV , 2.5<y<4, 0<p <3 GeV/c
= ”How many vacuum states do the 3 ooep T e oot
in-medium peaks correspond to?” @ oosp T SHemee -
. e : = oosf-
Number density: divide in-medium : asicL
. .. 0.03 -
by T=0 dimuon emission rate: : >0
0.02|
Yo g2 2 ; spectra s«
T C —— _ET_
N]/\{l R]ZWMzwl(D\y/(O”Z oloe L vbh Wl e W
0L J/ 50 100 150 200 250 300 350 400
(N
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Summary
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m Heavy quarkonium matured into a precision probe in heavy-ion collisions
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Summary

ISOQUANT

SFB1225

m Heavy quarkonium matured into a precision probe in heavy-ion collisions
m Direct and indirect lattice QCD approaches to in-medium quarkonium spectra

= NRQCD: includes finite velocity corrections but still limited by simulation data quality
correlation functions show hierarchical in-medium modification
spectra challenging but show reasonable disappearance of bound state features

= pNRQCD: Vo does not contain velocity corrections yet but spectra not resolution limited
hierarchical modification of spectra: states broaden and shift to lower masses
meaningful determination of melting temperatures possible
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Summary
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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

= NRQCD: includes finite velocity corrections but still limited by simulation data quality
correlation functions show hierarchical in-medium modification
spectra challenging but show reasonable disappearance of bound state features

= pNRQCD: Vo does not contain velocity corrections yet but spectra not resolution limited
hierarchical modification of spectra: states broaden and shift to lower masses
meaningful determination of melting temperatures possible

®  Assuming full kinetic thermalization at T and instantaneous freezeout

= Estimate of Y to J/ ratio from T>0 spectra larger than statistical hadronization model
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Summary
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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

= NRQCD: includes finite velocity corrections but still limited by simulation data quality
correlation functions show hierarchical in-medium modification
spectra challenging but show reasonable disappearance of bound state features

= pNRQCD: Vo does not contain velocity corrections yet but spectra not resolution limited
hierarchical modification of spectra: states broaden and shift to lower masses
meaningful determination of melting temperatures possible

®  Assuming full kinetic thermalization at T and instantaneous freezeout

= Estimate of Y to J/ ratio from T>0 spectra larger than statistical hadronization model

Significant improvement of spectral reconstructions on the horizon

a new simulation prescription in imaginary frequencies (arXiv:1610.09531)
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Thank you for your attention
bnaarogapto Bac 3a BHMMaHue
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Defining the T>0 QQ potential
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.
AQCD<<1, <1, 2«

maq maq maQ

= Effective field theory
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Defining the T>0 QQ potential

.
AQCD<<1, <1, 2«

maq maq maQ

= Effective field theory

Relativistic thermal
field theory

Brambilla et. al.
Rev.Mod.Phys. 77 (2005) 1423
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Defining the T>0 QQ potential

. T
= Effective field theory Aqco <1, —<«I1, P < 1
m m m
Q Q Q
Relativistic thermal
field theory Qcb
Dirac fields
Q(x),Q(x)

Brambilla et. al.
Rev.Mod.Phys. 77 (2005) 1423
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Defining the T>0 QQ potential
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T
= Effective field theory Aqco <1, —<«I1, P < 1
maqQ maq maqQ

Relativistic thermal
field theory

aco NRQCD mechanics
Dirac fields Pauli fields

A(x),Q(x)  x'(x),x(x) ‘

Brambilla et. al.
Rev.Mod.Phys. 77 (2005) 1423

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Defining the T>0 QQ potential

T
= Effective field theory Aqco <1, —<«I1, P < 1
maqQ maq maqQ

Relativistic thermal
field theory Qcb NRQCD

Dirac fields Pauli fields

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

q(x),q(x), A"(x)

Brambilla et. al.
Rev.Mod.Phys. 77 (2005) 1423
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Defining the T>0 QQ potential
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L T
= Effective field theory P <1, —— <1, P ooq
ma maqQ maQ and Petreczky PRD 78 (2008) 014017

5 Relativistic thermal Quantum

~ field theory . QCI.) NR.Q.CD . PNRQCD mechanics
=8 Dirac fields Pauli fields Singlet/Octet
8 - f ‘
%: Q(X),Q(X) X (X),X(X) IPS(R)t))q)O(R)t)
€2
¥ a(x), ql(x), A¥(x) 0s = (VQCD(R) +O(mg' ))¢S
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Defining the T>0 QQ potential
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T
= Effective field theory Aqco <1, —<«I1, P < 1

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

& Relativistic thermal Quantum
A field theory Qcb NR.Q.CD . PNRQCD mechanics
=8 Dirac fields Pauli fields Singlet/Octet
: * |
'.=E; Q(X),Q(X) X (X)’X(X) II)S(R)t))q)O(R)t)
£ 2
,;E- g(x), q(x), A*(x) s = (VQCD(R) + O(m51)>1|)s

= Matching between QCD and pNRQCD in the static limit

(Ws (R, )WE (R, 0))pnrqep = D7 (R, 1)
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Defining the T>0 QQ potential
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T
= Effective field theory Aqco <1, —<«I1, P < 1

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

o Relativistic thermal Quantum
z : QcCD NRQCD pPNRQCD :
%S fleld theory Dirac fields Pauli fields Singlet/Octet mechanics
: : |

'.=EE Q(X))Q(X) X (X)’X(X) ﬂ)g(R,t),ﬂ)o(R,t)
€ £
'ZE g(x), q(x), A*(x) s = (VQCD(R) + O(mg))tl)s
3 t
= Matching between QCD and pNRQCD in the static limit Q@

(s (R, D% (R, 0))pnracn = WalR, ) = Tr(exp [ _ iJD dxHAu(x)D
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Defining the T>0 QQ potential
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T
= Effective field theory Aqco <1, —<«I1, P < 1

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

o Relativistic thermal Quantum
z : QcCD NRQCD pPNRQCD :
%S field theory Dirac fields Pauli fields Singlet/Octet mechanics
5 < - i \

Q(x),Q(x) X' (x),x(x) s (R, 1), b0 (R, t)
€ £
’EE g(x), q(x), A*(x) s = (VQCD(R) + O(mg))tl)s
3 t
= Matching between QCD and pNRQCD in the static limit Q@

(Ws (R, )PE(R,0))pxrqep = WolR 1) = TT(eXP [ — iJD dX”Au(X)D

0 Wo(R,t) = VROD(RYWq (R, 1) .
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Defining the T>0 QQ potential
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A T
= Effective field theory —22 <1, — <1, <1
ma maqQ maQ and Petreczky PRD 78 (2008) 014017
S Relativistic thermal Quantum
E . QCD NRQCD PNRQCD ,
.k field theory Dirac fields Pauli fields Singlet/Octet mechanics
Q). Qkx) X! x(X) Ps(R, 1), bo (R, 1
£ 2
¥ qa(x),q(x), A*(x) D = (VQCD(R) +O(mg' )>1|)5
;s t
. . Ce 4 R
= Matching between QCD and pNRQCD in the static limit @,
(WPs(R, )% (R,0))pnroep = Wo(R 1) = Tr(exp [ — iJD dx“Au(x)D
QO Q
. t>>tme R
W Wo(Rt) =" VAP (RIWG (R, 1) v

. 10¢Wn(R,t)
VQCD (R — | ¢ VWO R,
(R) tl>nc;lo Wna(R, t)

Theory of Hadronic Matter under Extreme Conditions — JINR, Dubna, Russian federation — Nov. Ist 2016



IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Defining the T>0 QQ potential
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A T
= Effective field theory —22 <1, — <1, <1
ma maqQ maQ and Petreczky PRD 78 (2008) 014017
S Relativistic thermal Quantum
E . QCD NRQCD PNRQCD ,
.k field theory Dirac fields Pauli fields Singlet/Octet mechanics
Q). Qkx) X! x(X) Ps(R, 1), bo (R, 1
£ 2
¥ qa(x),q(x), A*(x) D = (VQCD(R) +O(mg' )>1|)5
;s t
. . Ce 4 R
= Matching between QCD and pNRQCD in the static limit @,
(WPs(R, )% (R,0))pnroep = Wo(R 1) = Tr(exp [ — iJD dx“Au(x)D
QO Q
. t>>tme R
W Wo(Rt) =" VAP (RIWG (R, 1) v

VOCD(R) — fjm VDR Y

eC
t—oo W (R> t)
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Defining the T>0 QQ potential
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A T
= Effective field theory —22 <1, — <1, <1
ma maqQ maQ and Petreczky PRD 78 (2008) 014017
S Relativistic thermal Quantum
E . Qcb NRQCD pNRQCD _
.k field theory Dirac fields Pauli fields Singlet/Octet mechanics
Q0. Q0 X' x() Ps(R, 1), o (R, t)
£ 2
¥ a(x), ql(x), A¥(x) 0s = (VQCD(R) + (’)(m61)>1|)g
g t
= Matching between QCD and pNRQCD in the static limit Q i ¢
(WPs(R, )% (R,0))pnroep = Wo(R 1) = Tr(exp [ — iJD dx“Au(X)D
QO Q
DWo (R, 1) =" VAP (R)WG(R, 1) e
Cr e~ MDR ngCF
VQEP(R) = —2=F {m + —] —i=——¢(mpR
i HTL ( ) AT D R ATt (b( D )

¢(x):[ a2~ [‘*““[’“W

Jo (z2 +1)? zX
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Extracting VQCP from lattice QC
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= On the lattice real-time observables not directly accessible!
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Extracting VRCP from lattice QCE5
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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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VOED(R) = lim

fiooo dw w e 't po(R, w) Improved Bayesian
<l,: spectral reconstruction

tooo [ dwe it pn(R, w)
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Extracting VR<P from lattice QCE} .

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

= How to connect to the Euclidean domain: spectral functions
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pD(R> (U)

VOED(R) = lim

fiooo dw w e 't po(R, w) Improved Bayesian
<l,: spectral reconstruction

tooo [ dwe it pn(R, w)

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

pD(R’w)
>
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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Extracting VOCP from lattice QCE},
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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~ o (R, 0) o WD(R,T)=j dw e=*Yon(R, w)

— 00

(©.@)

WolR,t) = |

—00

VOED(R) = | o ,
( ) ti)ngo Jﬁ_oo dw e—twt p[](R,(U)

fiooo dw w e 't po(R, w) Improved Bayesian
<l,: spectral reconstruction

= Relation between spectrum and potential from the symetries of W(R,t)
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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Summary: VO©P from the lattice
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log[W(R, 1)] P(R, w) VQCD(R)
A T A Re[VRCD(R)]
LU
R, .o Bayes 1 5 Peakc Fit| oo )
[ / W
R fw - Av mm
R; ‘e ¢ 3 —H ' ' '
2 I ) > ¢ ?/ I >

f R R RR 4

= 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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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

The Gauss-Law Ansatz for VQCDP

ISOQUANT

SFB1225

= Towards phenomenology: Analytic expression for Re[V] and Im[V] necessary

V35" = Velr) + Vs(r) === +or +c
g
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The Gauss-Law Ansatz for VQCDP
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= Towards phenomenology: Analytic expression for Re[V] and Im[V] necessary

N . CX«
V3" = Velr) + Vs(r) === + ot +-c Strategy:
a,,0 and c are vacuum prop.
. ﬁV(r) . i and do not change with T
\ prEn —4mtq8(r)| V(r)=aqr r relevant for bb and cc run-
ning of coupling not essential
Coulombic: a=-1 g=a, String-like: a=+1 g=0
— — = 6\/ r —
\% (VVC (T)) = —4m g 8(T) \% (T—Sz()> = —4n o d(7)
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The Gauss-Law Ansatz for VQCDP
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= Towards phenomenology: Analytic expression for Re[V] and Im[V] necessary

L% ., . (X«
Viad = Vel(r) + Vs(r) = — = tor+c Strategy:
T a,,0 and c are vacuum prop.
= d do not change with T
v ( pa+i ) =—4nqd8(r) V(r)=aqr® r relevant for bb and cc run-
ning of coupling not essential
Coulombic: a=-1 g=a, String-like: a=+1 g=0
Sy S - [ VVs(r) L
\Y (VVC(r)) — 4 xg O(7) \Y ( 2 ) = —4m o d(T)
\,.,-'_;T:;--.,;y In the classical theory of Debye: Boltzmann distr. backgr. charges <p>

\V (ﬁvc(r)) — —4m« (8(7) + (p(7)))
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The Gauss-Law Ansatz for YQ¢cD
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= Towards phenomenology: Analytic expression for Re[V] and Im[V] necessary

_ X
Viad = Vel(r) + Vs(r) = — = tor+c Strategy:
T a,,0 and c are vacuum prop.

ﬁV(r) and do not change with T
v ( PEF ) = 8(r)| Vir)=aq re r relevant for bb and cc run-

ning of coupling not essential

Coulombic: a=-1 g=a, String-like: a=+1 g=0
L o - (VV. »
\Y (VVC (1‘)) — 4 xg O(7) \Y (T—ih)) = —4m o d(T)
I For Quarkonium: introduce medium via weak coupling HTL permittivity €
rd D2V (F) = 4t s 1 (5, mp) = o - pm%
< . " - e(p, mp) ’ p? +mp (p? +mp)?
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The Gauss-Law Ansatz for YQ¢cD
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= Towards phenomenology: Analytic expression for Re[V] and Im[V] necessary

_ (0,6
V3" = Velr) + Vs(r) === + ot +-c Strategy:

a,,0 and c are vacuum prop.

ﬁV(r) and do not change with T
v ( PEF ) = 8(r)| Vir)=aq re r relevant for bb and cc run-

ning of coupling not essential

Coulombic: a=-1 g=a, String-like: a=+1 g=0
L o - (VV. »
\% (VVC (T)) = —4m g 8(T) \% ( TSZ(T)> = —4n o d(7)
I For Quarkonium: introduce medium via weak coupling HTL permittivity €
: pzv %) = dn X 1B mp) — p2 - pma
< . " - e(p, mp) ’ p? +mp (p? +mp)?

V2V (1) + mE Ve (r) = as (47[5(?) —{Tm3 g(mDr))

5[, sin(px) p
9(”*2.[« P P
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The Gauss-Law Ansatz for YQ¢cD
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= Towards phenomenology: Analytic expression for Re[V] and Im[V] necessary

_ (0,6
V3" = Velr) + Vs(r) === + ot +-c Strategy:

a,,0 and c are vacuum prop.

ﬁV(r) and do not change with T
v ( PEF ) = 8(r)| Vir)=aq re r relevant for bb and cc run-

ning of coupling not essential

Coulombic: a=-1 g=a, String-like: a=+1 g=0
L o - (VV. »
\% (VVC (T)) = —4m g 8(T) \% ( TSZ(T)> = —4n o d(7)
I For Quarkonium: introduce medium via weak coupling HTL permittivity €
: pzv %) = dn X 1B mp) — p2 - pma
< . " - e(p, mp) ’ p? +mp (p? +mp)?

V2V (1) + mE Ve (r) = as (47[5(?) —{Tm3 g(mDr))

%0 sin(px)  p
x)=2| d
9(x) _L P px pZ+1

= Explicit solutions Re[V]=Re[Vc]+Re[Vs] Im[V]=Im[V]+Im[Vs] T-dependence only via
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Heavy Quarks on the Lattice
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Heavy Quarks on the Lattice
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= Effective field theory from scale separation: Q<D 1, LS 1, P«

maq maq maq

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: Q<D 1, LS 1, P«
m m m
Q Q Q
Relativistic thermal

field theory . QC'_)
Dirac fields

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: Aqcp <1, — «1, P
m m m
Q Q Q

Q Relativistic thermal

o~ field theory . QC'_) hRQED [ B
w8 Dirac fields Pauli fields NRQCD =
ir ) o) vl 02
24 Q(x),Q(x) XT( h X0 X (D4 g x4 ()
53 &' (x), &(x) Q

z

&
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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Heavy Quarks on the Lattice

= Effective field theory from scale separation: AQep <1,

maqQ
5 Relativistic thermal
= field theory Qcb NRQCD
w8 Dirac fields Pauli fields
g ;
34 ~ x'(x),x(x) .
t5 Q(x), Q(x) ; ) XT(lDt—I—
:3 £ (x), £(x)
: 1
E q(X),q(X),AH(X) _Z
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Heavy Quarks on the Lattice

ISOQUANT
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= Effective field theory from scale separation: Q<D 1, — <1, 2 o«
maq maq mq

§ Relativistic thermal

= field theory . QC'_) NR.Q.CD L B
w8 Dirac fields Pauli fields NRQCD =
Y T 2
= - x'(x),x(x) Lo D? ;
22 Q(x), Q(x) X" (iD¢ + +. )X +HE(L)E
= £ (x), &(x) 2Mq

L

& a(x),q(x), AH(x) —4F Fuv +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) T)(] — 4]\P;llza + .. .)G(x, ) well behaved if Mga > 1.5
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Heavy Quarks on the Lattice
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= Effective field theory from scale separation: /QcD <1, T <1, 2«1

maq maq mq

§ Relativistic thermal

= field theory i QC'_) NR.Q.CD L B
w8 Dirac fields Pauli fields NRQCD =
Y T 2
=" - x ' (x)y x(x) . D?
2% Q(x),Q(x) , ’ x"(iD¢ + vt )x +E(...)E
53 £ (x), &(x) Q

v

é a(x),q(x), A" (x) — PR ral)g

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) T)(] — 4]\P;llza + .. .)G(x, ) well behaved if Mga > 1.5

3S, (Y) and 3P, (Xp1) channel correlators D(t) from products of heavy quark propagators G(t)

D(1) = Y (006T)GxcO (X0, T0)Gle)mea  OCS1i%,7) =03, OCP1;x,7T) = Aoy — Ajos

X
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IN-MEDIUM QQBAR PHENOMENOLOGY FROM LATTICE QCD SPECTRAL FUNCTIONS

Bottomonium S-wave
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BR method

p(w)

10}

1} A . e
/ ‘M”“ ” w
0.100| ‘ ” \
0.010} — T=140M8V—= 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]

Due to small N.=12: Bayesian reconstruction captures only ground state reliably

BR method shows ground state feature at all temperatures T<407MeV
MEM: above T=333 MeV only washed out bump visible

= Systematics: MEM oversmoothing, BR ringing — use both methods to bracket
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ISOQUANT
Bottomonium S-wave -
BR method BR reconstructed free vs. interacting spectrum
plw) fw)

10}

w [GeV]

0.100}
0.010} — T=140MSV—= T=173MeV — T=223MeV 0.10}
— 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
_4 0-01 |
1077 — T=166MeV — T=212MeV
10 11 12 13 14 10 12 14 16

= Due to small N.=12: Bayesian reconstruction captures only ground state reliably

MEM: above T=333 MeV only washed out bump visible

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

= Systematics: MEM oversmoothing, BR ringing — use both methods to bracket
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ISOQUANT
Bottomonium S-wave -
BR method BR reconstructed free vs. interacting spectrum
p(w) fw)
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= Due to small N.=12: Bayesian reconstruction captures only ground state reliably

MEM: above T=333 MeV only washed out bump visible

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

= Systematics: MEM oversmoothing, BR ringing — use both methods to bracket
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