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Heavy Quarkonium

Theory advantage: separation of scales
enables powerful effective field theory tools
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Experiment advantage: clean signals
via enhanced dilepton decay channels
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Quarkonium in HIC challenge
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An intuitive non-relativistic picture
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T=0 Hamitlonian T>0 Hamiltonian
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® changes QQ Hamiltonian atsuizsat: s6)
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T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

® changes QQ Hamiltonian atsuizsat: s6)

®| acts as a radiation field: inducing
absorption & stimulated emission
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An intuitive non-relativistic picture (1) ofstavanger of Norway

color singlet color octet
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thermal equilibrium

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

changes QQ Hamiltonian watsuizsat: ‘s6)

acts as a radiation field: inducing
absorption & stimulated emission
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Equilibrium QQ from lattice QCD
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simulations in artificial Euclidean time &
temporal extent related to temperature

m| Lattice QCD acts as a very imperfect detector for spectral functions: ill-posed unfolding problem
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Equilibrium QQ from lattice QCD
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> W simulations in artificial Euclidean time & 12T > T
quarkonium spectral function temporal extent related to temperature Euclidean time correlation function

m| Lattice QCD acts as a very imperfect detector for spectral functions: ill-posed unfolding problem

®| Exploit generic QCD domain knowledge (e.g. positivity) to regularize inversion: Bayesian inference (MEM,BR)

® Model the spectral function using EFT and perturbation theory and extract parameters
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Recent progress from the lattice (1) ofstavanger of Norway
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B, consistent among Bayesian methods:
stability estimate & sequential melting
(beware melting # suppression)

®, recent NRQCD: negative mass shifts

B, No excited states result: exponentially hard
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Recent progress from the lattice
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(beware melting # suppression)

®, recent NRQCD: negative mass shifts

B, No excited states result: exponentially hard
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Recent progress from the lattice (1) ofstavanger of Norway
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Talk: R. Larsen 06/11/2019, 17:00

H, non-relativistic heavy quarks
| consistent among Bayesian methods: on realistic medium background

stability estimate & sequential melting mj extend techniques from T=0

lattice QCD to finite T.
®, recent NRQCD: negative mass shifts

B, No excited states result: exponentially hard
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Talk: R. Larsen 06/11/2019, 17:00

H, non-relativistic heavy quarks
| consistent among Bayesian methods: on realistic medium background

stability estimate & sequential melting mj extend techniques from T=0

lattice QCD to finite T.

®, recent NRQCD: negative mass shifts ] )
m| new lattice NRQCD estimate of

B, No excited states result: exponentially hard width of GS and excited states
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H, non-relativistic heavy quarks
on realistic medium background

®; continuum extrapolated relativistic heavy

m| consistent among Bayesian methods: quarks in a gluonic medium

stability estimate & sequential melting mj extend techniques from T=0

M, spectral function model using perturbation
lattice QCD to finite T.

theory and pNRQCD: negative mass shift
®, recent NRQCD: negative mass shifts ] )
H, new lattice NRQCD estimate of

B, No excited states result: exponentially hard width of GS and excited states
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University CX) The Research Council

Recent progress from the lattice (1) ofstavanger of Norway

...... 0.4 (w)
04 b ‘ 095 — e
03} 34 //“ L0
02t WS 0.3
= 01f { /\/ Bottomonium
R — 11T,
< ol o] [y T| [ s [ ] [y ] [ ] Y(1S) = Y(2S) - Y(39) 0.2
03} T ] - M ;
8 133 ]
02} 3 1 1 500
o :n \n 1ha A AT < 0.1
L z ° AREL — . SR AN ] e
0 ‘W . 12 15 mk A i 4 12 15 18 % 400 +
10 G0 0.0 1= a5
Pseudoscalar, T = @an
eudoscalar % o | YBB: - 200 . 3 8.0
= — * ' w
< aso - E™° i
E n=4 bottomonium 3S; o 1 el
[BR T>0] calib. [BR T=0 trunc.] 150 200 250 300
P L . . 3]
ST T—— 33 407 T (MeV) 010 015 020 025 030 035 040 045 050
T [MeV]
r
Talk: R. Larsen 06/11/2019, 17:00 Talk: O. Kaczmarek 05/11/2019, 14:40

®; non-relativistic heavy quarks ®; continuum extrapolated relativistic heavy
| consistent among Bayesian methods: on realistic medium background quarks in a gluonic medium

stability estimate & sequential melting u extend techniques from T=0 ®, spectral function model using perturbation

lattice QCD to finite T. theory and pNRQCD: negative mass shift

®; recent NRQCD: negative mass shifts . . L .
H, new lattice NRQCD estimate of B, relativistic correlator gives access to

B, No excited states result: exponentially hard width of GS and excited states transport physics (D>2/21T)
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

Aqcp

iy QcD
. Dirac fields
Senv 1 _
me S Qx),0(x)
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University CX) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

A
o <! acp NRQCD

. Dirac fields Pauli fields
Seny 1 _

mo <1 Q0,000 ¥ xx!
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University CX The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

Aqcp

me <1 QCD NRQCD pNRQCD
. Dirac fields Paulifields  Singlet/Octet WF
me <1 Q.00 ¥t oxx!t ¥s(R t),vo(R 1)
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University CX) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

A

o <1 acp NRQCD pNRQCD

. Dirac fields Paulifields  Singlet/Octet WF
me <l 0.0k w¥haxx’ ws(R.t). Yo(R. 1)

. P2 1 ) P2
LpNRQCD = /d3rTr [’([)]; [:00 = (m aF VS(O) aF O(m—Q))]‘lIJs + TIJTO [IDO — (—

© 1
VS + O(m—Q))]¢o]

FVa(r)Tr [¢grge¢s - zp;rg&po] +0(r, mio)
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

A

o <1 acp NRQCD pNRQCD

. Dirac fields Paulifields  Singlet/Octet WF
me <l 0.0k w¥haxx’ ws(R.t). Yo(R. 1)

L :/d3rTr[1/;T [i6o — (P—2+V(°)+O(L))]1I/ + 95 [iDo — (P—2
PNRQCD slO =5y TVs mg /17 T TolFe T oy

FVa(r)Tr [¢grge¢s - zp;rg&po] +0(r, mio)

= EFT & QCD matching via Wilson loop for static quarks
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University

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

A

o <1 acp NRQCD pNRQCD

. Dirac fields Paulifields  Singlet/Octet WF
me <l 0.0k w¥haxx’ ws(R.t). Yo(R. 1)

L :/d3rTr[1/;T [i6o — (P—2+V(°)+O(L))]1I/ + 95 [iDo — (P—2
PNRQCD slO =5y TVs mg /17 T TolFe T oy

FVa(r)Tr [¢grgs¢s - zp;rg&po] +0(r, mio)

= EFT & QCD matching via Wilson loop for static quarks

e

The Research Council
of Norway

ALEXANDER ROTHKOPF - UIS XXVIIITH INTERNATIONAL CONFERENCE ON ULTRARELATIVISTIC NUCLEUS-NUCLEUS COLLISIONS — Nov. 8TH 2019 — WUHAN — CHINA



University

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger

In-medium heavy-quark potential

m| systematic expansion of QCD heavy quark Lagrangian

A

o <1 acp NRQCD pNRQCD

. Dirac fields Paulifields  Singlet/Octet WF
me <l 0.0k w¥haxx’ ws(R.t). Yo(R. 1)

2 2
LonracD = / orTe [ yh[ido - (:—M +VE9 + O(miQ))]ws + b [iDo — (2P—M +V§) + O(miQ))]%]

FVa(r)Tr [¢grgE¢s - zp;rg&po] +0(r, mio)

= EFT & QCD matching via Wilson loop for static quarks

VR = i e R )

e
198MeV (Nt=16) -1
T=354MeV (Nt=16)

Re[VI(0) [GeV] (shifted in')

eC

5 V(R) non-perturbatively via lattice QCD spectral functions: unique QCD result

( see also poster: N. Barnard (V(R) in AdS/CFT))

ALEXANDER ROTHKOPF - UIS

e

The Research Council
of Norway
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

In-medium heavy-quark potential

University CV) The Research Council
of Stavanger A of Norway

m| systematic expansion of QCD heavy quark Lagrangian =, sets out to describe physics of

light and heavy quarks

Aqco
— <1

mq ~Qcb NRQCD _PNRQCD H=Y <o) (oWilp)+

. Dirac fields Pauli fields  Singlet/Octet WF LB @S g
env 1 _ ¥ (5 =P (5 V(S +P)Ui(5 — P
me <1 QA dhxxt ¥s(R. ). Yo(R, t) e r

=, Re[VT] fitted by comparison to
e.g. lattice QCD free energy

3 1 P2
[ —— /d rTr[d)s (i — (5

© | oL 100 — (P2 V0 Lo L

Va(r)Tr [¢grge¢5 i ¢;rgE¢o] Lo L)

mQ
j 1.0
®| EFT & QCD matching via Wilson loop for static quarks £ B
) o 0.0
s © —V
IatWD(R, t) g — -05 —F
V(R) = | eC -1.0 «+ Flattice)
t—oo WD(R' t) 0.0 0.2 04 06 0.8 1.0 1.2 14
r (fm)
=, V(R) non-perturbatively via lattice QCD spectral functions: unique QCD result = deviation from EFT potential OK,

( see also poster: N. Barnard (V(R) in AdS/CFT)) tWO diffel'e nt quantities
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

Necessity of 1st principles dynamics

1.4 < L
[ Inclusive Jiy — i, Pb-Pb Y= 276 TeV n:‘( I ALICE, Pb-Pb |5, =5.02 TeV
1.2 H“ W ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15% 12 [ B Inclusive Y(1S) = p'w,25<y <4, p < 15 GeV/c
1} 1k I
[ K Transport models
0.8 A\ Du etal. (TM1) with 7 without regeneration
TENNC Zhou etal. (TM2) [Jwith S without regeneration
N 2
06 N\
[ NN
N
- \\
0.4 N
[ odel (A. Andronic & al., JPG 3¢ L \‘\\ 2 7 =
0.2 1(Y-P. Liv & al, PLB 678 (2009) 72) e 27 e
[ I (X. Zhao & al., NPA 859 (2011) 114) 0.2 [ Hydro-dynamicalmodel T T=~——__ _
Qb TS e —g e o0 L e 2 custpoma ety ™" ==~
ol b b b b b b
0
0 50 100 150 200 250 300 35(;\/ 4;)0 o 50 100 50 200 250 300 350
part (N,
d N¢ eq ) —Vv? ) 1
5 = —Ty(T)| Ny — N¢ (T) 0 = |5— + Re[V](R,T) — iIm[V](R,T)|¥
t Q |

®| For quantitative inference of physics: need first principles

based control on range of validity and parameters of models pi
dx; = Edt, dp; = —Tp;dt + Cijnj\/%

®! Theory goal: derive more accurate real-time descriptions from QCD
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
LI of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium

overall system is closed, hermitean Hamiltonian
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
LI of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium

H= HQC_? ® Imed + IQQ X Hmed + Hint Hint = Z Zm & Em

overall system is closed, hermitean Hamiltonian 2 (in QQ spfance) = (in medium)
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
LI of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium

- dp .
H=Hqg ® Imed + Igg ® Hmed + Hint Hine = Z Ym®Zm = —i[H, p]
overall system is closed, hermitean Hamiltonian 2 (in QQ spénce) = (in medium) von Neumann equation
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
LI of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium

dp

H = Hqg ® Imed + Igg ® Hmed + Hint Hine = Z Y1m®Zm = —i[H, p]

overall system is closed, hermitean Hamiltonian 2 (in QQ spénce) = (in medium) von Neumann equation

0F V() +?

= o Pag = Trmed |p)
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
u of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium
dp

H = Hqg ® Imed + Igg ® Hmed + Hint Hine = Z Y1m®Zm = —i[H, p]

overall system is closed, hermitean Hamiltonian 2 (in QQ spgce) = (in medium) von Neumann equation
| Trmed ] - !
° ot0y o Poa = Trmed [P P
OREE() SOV vo-7 (0] oQ dt

Goal: Dynamics of reduced density matrix
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University CX) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
u of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium
dp

H=Hqg ® Imed + Igg ® Hmed + Hint Hine = Z Ym®Zm = —i[H, p]
overall system is closed, hermitean Hamiltonian 2 (in QQ spgce) = (in medium) von Neumann equation
Q) Ho - 0N ©OF04 0 dt
O 54 O Goal: Dynamics of reduced density matrix

coarse graining leads to non-reversible dynamics from QCD
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University CX) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
u of Stavanger of Norway

Open-quantum-systems

=, Require general real-time approach for quarkonium coupled to a thermal medium
dp

H = Hgg ® Imed + 1gg @ Hmed + Hint Hine = Z Y ® 2, = —i[H, o]
overall system is closed, hermitean Hamiltonian 2 (in QQ spgce) = (in medium) von Neumann equation
d
Qa6 = Trmed [P] EPQQ =7

Goal: Dynamics of reduced density matrix

coarse graining leads to non-reversible dynamics from QCD

m, Separation of time-scales determines the nature of the e.o.m. :

Environment relaxation scale TE : QQ system scale Ts: QQ relaxation scale Trel:
(Em(t)Em(0)) ~ et/ 75 ~ 1/|w — | (p(t)) oc et/
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ( ;

Open-quantum-systems

University CV) The Research Council
of Stavanger A of Norway

=, Require general real-time approach for quarkonium coupled to a thermal medium

- dp .
H = HQC_?®Imed+IQQ®Hmed+Hint Hint - sz®:m E = _I[H, p]
overall system is closed, hermitean Hamiltonian 2 (in QQ spgce) = (in medium) von Neumann equation
d

" e0,% © | o :Tme 1. 5 =7
mm@ Tr, e 1 V(r) + 2 @ PQQ r d[P] dthQ

Goal: Dynamics of reduced density matrix

coarse graining leads to non-reversible dynamics from QCD

m, Separation of time-scales determines the nature of the e.o.m. :
Environment relaxation scale TE : QQ system scale Ts: QQ relaxation scale Trel:

(Em(t)Em(0)) ~ e H/7E Ts ~ 1/|w — | (p(t)) o et/

= In case of Markovian time evolution ( 7e < 7« ) leads to a Lindblad equation:

JpPee = ~ilHoq poal + ;W (LkPQ@Lk — 5hilkpog - §PQéLkLk) phs = Pog: Trlpgal = 1
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
u of Stavanger of Norway

Current real-time approaches

ALEXANDER ROTHKOPF - UIS XXVIIITH INTERNATIONAL CONFERENCE ON ULTRARELATIVISTIC NUCLEUS-NUCLEUS COLLISIONS — Nov. 8TH 2019 — WUHAN — CHINA



urrent real-time approaches (1) oswanger a7 ofNoway
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I!Iull-rran re"a"F— |mela".plpllIr"o""a'"c"He|| Isll"IIlllllll‘mswvanger A7 ofNorway

gradient expansion & additional time-scale M e
"quantum optical limit” separation b e ‘
. 4 Boltzmann e Rate

equation

equation

200

Lindblad equations
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I!Iull-rran re"a"F— |mela".plpllIr"o""a'"c"He|| Isll"IIlllllll‘mswvanger A7 ofNorway

gradient expansion & additional time-scale M

Boltzmann
equation

Master equation w/
transport coefficients

“quantum optical limit” separation

Rate

equation

200

7))
C
o
r—
©
>
o
@
©
®©
o)
©
£
i

ALEXANDER ROTHKOPF - UIS XXVIITH INTERNATIONAL CONFERENCE ON ULTRARELATIVISTIC NUCLEUS-NUCLEUS COLLISIONS — Nov. 8TH 2019 — WUHAN — CHINA 9
I R I TR R R R R RO R R I TR R RO R R R R R RO R RO IR I RO R R RO R R R R R R I R R R R R R R R R I R RO R R R R R R I R R R R R R R R RO R RO R R R R R ORISR I,



I!Iull-rran re"a"F— |mela".plpllIr"o""a'"c"He|| Isll"IIlllllll‘mswvanger A7 ofNorway

gradient expansion & additional time-scale M

Boltzmann
equation

Master equation w/
transport coefficients

“quantum optical limit” separation

Rate

equation

200

Lindblad equations

trace out
environment

directly

(influence functional)
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I!Iull-rran re"a"F— |mela".plpllIr"o""a'"c"He|| Isll"IIlllllll‘mswvanger A7 ofNorway

additional time-scale M

Rate

gradient expansion &
"quantum optical limit”
d P Boltzmann

equation

Master equation w/
transport coefficients

separation

equation

200

quantum state diffusion

weak coupling
“quantum Brownian

motion limit”

Non Iinear recoilless limit
Stochastic Deterministic

R Schrodinger Schrédinger
Schrodinger e

Lindblad equations

trace out
environment

directly

(influence functional)
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I!Iull-rran re"a"F— |mela".plpllIr"o""a'"c"He|| Isll"IIlllllll‘mswvanger A7 ofNorway

gradient expansion & additional time-scale M e
"quantum optical limit” separation b e ‘
. 4 Boltzmann e Rate

NRQCD equation
nrace [
Master equation w/
transport coefficients

quantum state diffusion

equation

200

weak coupling
“quantum Brownian
motion limit”

recoilless limit adiabatic approximation
Stochastic Deterministic

Non-linear
stochastic

Lindblad equations

trace out o Schrodinger Schrodinger
environment SChrOdInger BT T
directly

(influence functional) Langevin for

fast loss of quantum superposition QQ and Q
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!u rlre nl!l Ireal-! |“m|| e approacHes u‘ — ”!A—ofworway

gradient expansion & additional time-scale M

Boltzmann
equation

Master equation w/
transport coefficients

“quantum optical limit” separation

Rate

equation
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

Tr[whrgEys + wrgEdo]

% = Re[(Ws(R O)lrl(R.8) =, = \/EgE?(R, )

Talk: X. Yao 05/11/2019, 17:20

ALEXANDER ROTHKOPF - UIS

color singlet color octet

-,

(®,q)

(Ex, k,nl)

(Ep, pam, prei)

k,nl Pem: Prel, b

u

University
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e

The Research Council
of Norway
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

-,

Tr[whrgEys + wrgEdo]

% = Re[(Ws(R O)lrl(R.8) =, = \/EgE?(R, )

Talk: X. Yao 05/11/2019, 17:20

(®,q)

BPK K’ R K’
fr(X, K, t) = / (277)35'K XK+ 5l 1pgo(t) K = - nl, 1)

(Ex, k,nl)

(Ep. Pam, prel)
Wigner transform: from density matrix to singlet distribution function P

k,nl Pem: Prel, b

u

University
of Stavanger

e

The Research Council
of Norway
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

-,

Tr[whrgEys + wrgEdo]

% = Re[(Ws(R O)lrl(R.8) =, = \/EgE?(R, )

Talk: X. Yao 05/11/2019, 17:20

(®,q)

BPK K’ R K’
fr(X, K, t) = / (277)35'K XK+ 5l 1pgo(t) K = - nl, 1)

(Ex, k,nl)

(Ep. Pam, prel)
Wigner transform: from density matrix to singlet distribution function P

%fn,(x, K, t) + v Vxf(X, K, t) = C7°V (X, K, t) — C19")(X, K, t)

k,nl Pem: Prel, b

u

University
of Stavanger

e

The Research Council
of Norway
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

-,

Tr[whrgEys + wrgEdo]

% = Re[(Ws(R O)lrl(R.8) =, = \/EgE?(R, )

Talk: X. Yao 05/11/2019, 17:20

(®,q)

BPK K’ R K’
fr(X, K, t) = / (277)35'K XK+ 5l 1pgo(t) K = - nl, 1)

(Ex, k,nl)

(Ep. Pam, prel)
Wigner transform: from density matrix to singlet distribution function P

%fn,(x, K, t) + v Vxf(X, K, t) = C7°V (X, K, t) — C19")(X, K, t)

k,nl Pem: Prel, b

need to keep track of octet  only needs singlet
distribution distribution

u

University
of Stavanger

e

The Research Council
of Norway
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

Tr [dJTOrgEl/)s + 1[;Zr9rgE1/;o] ;%

i

Tm = Re[(¥s(R, t)|ri|yd(R 1) =, = \/EgE?(R, t) ‘;;
P

Talk: X. Yao 05/11/2019, 17:20

(®,q)

BPK K’ R K’
fr(X, K, t) = / (277)35'K XK+ 5l 1pgo(t) K = - nl, 1)

(Ex, k,nl)

(Ep, Pan. Pra)
Wigner transform: from density matrix to singlet distribution function P

%fn,(x, K, t) + v Vxf(X, K, t) = C7°V (X, K, t) — C19")(X, K, t)

k,nl Pem: Prel, b

need to keep track of octet  only needs singlet

distribution distribution Implemented as Langevin

1 U
foo (X, Pem, ¥, Prei, a, t) = §fQ(x1, p1. t)f5(x2, po,t)  diffusion for heavy quarks

u

University
of Stavanger

e

The Research Council
of Norway
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

Tr[whrgEys + wrgEdo]

Tm = Re[(¥s(R, t)|ri|93(R, 1))

Talk: X. Yao 05/11/2019, 17:20

_ [ PK wx K’ N K’
(X, K, t) = / Gy K+l Uoa (0K — ol 1)

(®,q)

(Ex, k,nl)
Wigner transform: from density matrix to singlet distribution function

(Ep, Pom, prel)

51O K 8) v - TxFo(X, K, 1) = eI (X, K, t) — Y9 (X, K, 1)

need to keep track of octet
distribution

University

CV) The Research Council
1) of Stavanger A of Norway

Non-perturbative medium but Coulombic bound states

hs 0 r2 1 0
H_<O ho>+§’)’ N2-2

0 sz

S50 _ K 0 1Y joco_ [(NE=4)k ;[0 0
ooyt U yNz=T o0 ) ave—1" Lo 1

only needs singlet
distribution

1
fa (X, Pem, ¥, Prel, a, t) = §fQ(X1. pP1. t)f5(x2, p2, t)

Implemented as Langevin
diffusion for heavy quarks

ALEXANDER ROTHKOPF - UIS
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

Tr[whrgEys + wrgEdo]

Tm = Re[(¥s(R, t)|ri|93(R, 1))

University

CV) The Research Council
1) of Stavanger A of Norway

Non-perturbative medium but Coulombic bound states

hs 0 r2 1 0
H_<O ho>+§’)’ N2-2

0 sz

Talk: X. Yao 05/11/2019, 17:20

_ [ PK wx K’ N K’
(X, K, t) = / Gy K+l Uoa (0K — ol 1)

S50 _ K__ i 0 1Y jooo _ [(NZ=4)k ; ( 00 )
VN2 VN2—-1 0 ' 2(N2 —1) 0 1
(@)

governed by two (static) transport coefficients:

(Ex, k,nl)
Wigner transform: from density matrix to singlet distribution function

(Ep, Pom, prel)

1 o0 : .
dt ({E?i(t.0), E*/(t,0 heavy quark
aca e 6N, /0 ({E>(1.0) (£.0)}) diffusion constant
5 (XKD v V(X K, 1) = eI (X, K, t) — Y9 (X, K, 1) -
_ a,i a,i potential
v 6N, /0 dt ([E'(r,0), E*'(r, 0)]) correction
k,nl Pem, Prel, b
need to keep track of octet  only needs singlet
distribution distribution :
" Implemented as Langevin
o6 (X, Pem: ¥y Prer, a, t) = §fQ(X1. p1. t)f5(x2, P2, t)

diffusion for heavy quarks
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

PNRQCD based approaches

color singlet color octet

Tr[whrgEys + wrgEdo]

Tm = Re[(¥s(R, t)|ri|93(R, 1))

Talk: X. Yao 05/11/2019, 17:20

_ [ PK wx K’ N K’
(X, K, t) = / Gy K+l Uoa (0K — ol 1)

(®,q)

(Ex, k,nl)
Wigner transform: from density matrix to singlet distribution function

(Ep, Pom, prel)

51O K 8) v - TxFo(X, K, 1) = eI (X, K, t) — Y9 (X, K, 1)

need to keep track of octet
distribution

Pem: Prel, b

only needs singlet
distribution

1
fa (X, Pem, ¥, Prel, a, t) = §fQ(X1. pP1. t)f5(x2, p2, t)

Implemented as Langevin
diffusion for heavy quarks

ALEXANDER ROTHKOPF - UIS

University

CV) The Research Council
u of Stavanger A

of Norway

Non-perturbative medium but Coulombic bound states

hs 0 r2 1 0
H_<O ho>+§’)’ N2-2

0 sz

S50 _ K 0 1Y joco_ [(NE=4)k ;[0 0
ooyt U yNz=T o0 ) ave—1" Lo 1

governed by two (static) transport coefficients:

K X

6llvc /O°° dt ({E>'(t,0), E*(t,0)})

heavy quark
diffusion constant

5o — potential
correction

6/</c /Ooo dt ([E*'(t,0), E*(t,0)])

Caveat: pPNRQCD assumes a hierarchy of scales that
needs to be ascertained for all involved states.
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!u rlre nl!l Ireal-! |“m|| e approacHes u‘ — ”!A—ofworway

quantum state diffusion

weak coupling
“quantum Brownian

motion limit”

Non Iinear recoilless limit
Stochastic Deterministic

stoqhqstlc Schrodinger Schrodinger
Schrodinger e ——

Lindblad equations

trace out
environment

directly
(influence functional) Langevin for

fast loss of quantum superposition QQ and Q

T T
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University CV) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[ of Stavanger of Norway

Lindblad equation & potential

# Lindblad equation for the quantum Brownian motion regime at high temperature

Nig
d ]. A 1 ~ A
—7raa(t) = —i[Hog. Pog] +Z%( ipqal! - EL/L,TPQQ - §PQ©/—iL,T)
i=1
e B (s 00 P g (B
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

Lindblad equation & potential

#, Lindblad equation for the quantum Brownian motion regime at high temperature

d

t
d thQ( ) =
L= —ng) [1—

ALEXANDER ROTHKOPF - UIS

4mQT

Nig
1 A 1 A A
i[H (Bipoqll = S ibloan — = poglilt)
'(EPCM+P):|€”(T/2(T2®1)— w[1-L.<EPCM_p>j|e—ik-r/2(1®7-a) e_mDr E 0.0f
2 2 1 ameT \2 —as— ‘|
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

Lindblad equation & potential

University CV) The Research Council
of Stavanger A of Norway

#, Lindblad equation for the quantum Brownian motion regime at high temperature

NrB

d 2 ~ ]. AR 1 ~ oA
9 () = —i[Hom, poa] 4 -(L- I G Y PO —L-LT)
dthQ() [Hag: Poa) ;’Yf PRI — S LiiPQQ T 5PQQIT Re[V] = ]
_ D(k) k 1 ik-r/2 a D(k) k 1 —ik-r/2 a e_mDr E 0.0
Lo = 5 (1 g (gPaER) |<"* (7e1) | = (-G (GPawsm) |« (o) | —ag
fluctuations dissipation fluctuations dissipation mneer
0 1 [f2m] 3 4
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

Lindblad equation & potential

University CV) The Research Council
of Stavanger A of Norway

#, Lindblad equation for the quantum Brownian motion regime at high temperature

NrB

d 2 ~ ]. AR 1 ~ oA
9 () = —i[Hom, poa] 4 -(L- I G Y PO —L-LT)
dthQ() [Hag: Poa) ;’Yf PRI — S LiiPQQ T 5PQQIT Re[V] = ]
_ D(k) k 1 ik-r/2 a D(k) k 1 —ik-r/2 a e_mDr E 0.0
e = 5 (1 g (gPaER) " (7e1) 5 (-G (GPawsm) |« (o) | —ag
fluctuations dissipation fluctuations dissipation mneer
0 1 [f2m] 3 4

D(k) =

2
2 Tmp
g
&kt my )

ALEXANDER ROTHKOPF - UIS XXVIIITH INTERNATIONAL CONFERENCE ON ULTRARELATIVISTIC NUCLEUS-NUCLEUS COLLISIONS — Nov. 8TH 2019 — WUHAN — CHINA



QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

Lindblad equation & potential

University CV) The Research Council
of Stavanger A of Norway

# Lindblad equation for the quantum Brownian motion regime at high temperature

NrB

d A N 1 A ont
- — t — _I' H = _ + . (L_ _L' . _LL _ _LL) 1] Real-partof the neavy-quark potental from the Gauss-Law
dthQ( ) [Hog: Pag) ;% PRI — S LiiPQQ T 5PQQIT Re[V] = ]
_ D(k) k 1 ik-r/2 a D(k) k 1 —ik-r/2 a e_mDr E 0.0
La =15~ [1—4mQT.(§Pcm+p)}e (T°®1)- - [1_4mQT.(§PCM—p)]e (1eT7) —as Ny "
fluctuations dissipation fluctuations dissipation mneer
0 1 r[f2m] 3 4
~ 0.5 HTL mp=0.1...1GeV
DI ..
2 _
5 7|'mD %03

T— M
k(T mp)E e

0'8.0 0.5 1.0 1.5 2.0 25 3.0
r [fm]

D(r) = Im[V](r) — Im[V](c0)
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

Lindblad equation & potential

University CV) The Research Council
of Stavanger A of Norway

# Lindblad equation for the quantum Brownian motion regime at high temperature

NrB

d ~ - 1. - 1 A ont
- — t — _I' H = _ + . (L_ _L' . _LL _ _LL) 1] Real-partof the neavy-quark potental from the Gauss-Law
dthQ( ) [ QQ pQQ] ;% PRI — S LiiPQQ T 5PQQIT Re[V] = ]
_ D(k) k 1 ik-r/2 a D(k) k 1 —ik-r/2 a e_mDr E 0.0
ta= 75" I mar Aaront®) |« (7o)~ =" |- graaReuse)| <" (™) | —as— iy g .
fluctuations dissipation fluctuations dissipation mneer
0 ] r[fzml 3 4
<>
D(k) B os corr
- 0.4 HTL mp=0.1...1GeV
2
2 7|'mD D0A3
gT——F=5—
AkSSamplE

0'8.0 0.5 1.0 15 2.0 25 3.0
r [fm]

D(r) = Im[V](r) — Im[V](c0)
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

Lindblad equation & potential

University

™

of Stavanger

&

" Lindblad equation for the quantum Brownian motion regime at high temperature

Nig
d . ~ AT 1 ~ /\T 1 ~ AT
p t I H _, p _ —|— Z ,y, (Lip _ L | LI L p L,L ) 10l Real-part of the heavy-quark potential from the Gauss-Law
irea(t) = =ilHoa Peal + eoli = 5Lilirge — 5 ; RelV] =
=1 S 05
D(k) kK /1 . D(k) kK /1 _ e~ mpr $ o0
L _ |:1 ( P ):| ik-r/2 T21)— |:1 ( P )] —ik-r/2 172 . T
o=\ Ty |1 T g etR) | (T701) —/ == |1 goeae (GPew—p (1&77) as e o
fluctuations dissipation fluctuations dissipation ‘ T
1% 1 2 3 4
r [fm]
"l Interplay between screening (mp) & decoherence (l.or)
\ " N7 SRS = =
AN 3 i "\ 7 1\1“‘{\}\,}1(’13“’:, - os = lcorr
L - _ 4 Y:"\q\ ,::-:\'\ -’(\J\i}"i\ }( /\'1/ }‘ D(k) — A
7 ~- -7 Y 3\ X, < T et }\J"‘( 04 HTL mp=0.1...1GeV
Sy ',7 l \\l, il @~ ’ 1\’(\—‘\ A1 :\,’\ 2 e
N A DR i
U S G D o G K2+ mb)2 o
AN LN T CN A [ T~ 0.1 i
VRN =% \\ _ R K] ‘\,L‘-Q [ : ~——_
7 - =No ,/ A S\ e 1\’;‘( FAS ”I‘.: \ 0,8
lcorr > lq/) lco,rr ~ l¢ lcorr < l’/’ 0 05 10 r1[f.:]] 20 25 30
D(r) = Im[V](r) — Im[V](c0)

ALEXANDER ROTHKOPF - UIS
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University CX) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
LI of Stavanger of Norway

Lindblad equation & potential

" Lindblad equation for the quantum Brownian motion regime at high temperature

NrB

d . ~ AT 1 ~ /\T 1 ~ AT X ~
_p _ t - —I H _ : p _ _|_ ,y, (Lip _ L . LIL ! p - _p _ L,L ) 10 Real-part of the heavy-quark potential from the Gauss-Law
dt QQ( ) [ QQ QQ] E RQR=I 9 iFQRQ — HFQQ i Re[V] =
i=1 S 0§
D(k) k (1 k)2 D(k) k (1 e e—mpr 3 o9
Lga= — [1—m.(§PcM+P)] efkr/ (T-9®1)— > [1—4mQT-(§PCM—P)] e ikr/ (1®Ta) —as = T —— R
. PP . T r 0 [ Voossaner s Z oy
fluctuations dissipation fluctuations dissipation 0TGN e
—1.
0 1 r[f2m] 3 4
"l Interplay between screening (mp) & decoherence (l.or)
\ A N7 SR EDN =
l’\\ :‘ /l - \I\ "’ :"(L\’{ :\‘}ﬂ};“\x = corr
- P el E T Dky= "
s \\__7 R L, /:G 1 ;\‘,(} { } 29 ( ) p—
- I \\l/ ,I/ i _,:!‘ > 3\ ‘\,‘I\‘ ;\_,(}\*‘ 4 0.4 HTL mp=0.1...1GeV
AN M ‘ A NIRRT P 2
\\, x’d) “ \\'\’::( .\)):,_,,\3\ \,‘Jii}\& (‘ ‘j\ ’2\__ ng 'ITmD QO.3
&—» ‘ vy Ll -’ !
ho] ,'\\ L \"\,—_—:l‘ ) ,/1;} :\‘;\—‘/‘1 ’}\,/ k(k2 e m2D)2 02
AN oo L--x \\ /', N (L\'L\" In »“\'1;\‘ f‘ 0.1 S
P e i 2N A g g \
lcorr > l¢ lco]rr ~ l¢ lcorr < l’/’ 0 05 10 r1[f.:]] 20 25 30
p(x1, X2, t) ~ p(x1, X2, 0)exp [ — (D(0) — D(x1 — x2)) t] D(r) = Im|V](r) — Im[V](0)

decay of off-diagonal terms = decoherence
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University CV) The Research Council
of Stavanger A of Norway

Decoherence at work

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

If decoherence is efficient: classicalization possible
p(x,y) = p(R+r/2,R—r/2)5(r)
If color d.o.f. thermalizes quickly: similar to Abelian

?'r" = —yjv—V'V(r)+0'(r, t)

@'(r, )¢ (r, t') = 5ff%v2v2 (Im[V](0) + Im[V](r))

Straight forward generalization to many QQ pairs
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

Decoherence at work

If decoherence is efficient: classicalization possible
p(x,y) = p(R+r/2,R—r/2)5(r)
If color d.o.f. thermalizes quickly: similar to Abelian

?-I;' = —YijV — V'V(I’) + 6’(r, t)

@'(r, )¢ (r, t') = 5‘f%v2v2 (Im[V](0) + Im[V](r))

Straight forward generalization to many QQ pairs

ALEXANDER ROTHKOPF - UIS

University CV) The Research Council
1) of Stavanger A of Norway

Stochastic SE in the recoilless limit including SU(3) color d.o.f.:
(poster: S. Kajimoto & see also poster: A. Tiwari )

H(r, t) = —in +V(r)(t? @ t7*) + O(r, t)
O, t) = (R + 1/2, £)(t* ® 1) — 0°(R — £/2, £)(1 ® t7*)
(07(x, t)0° (X', t")) = D(x — x')§(t — t')6%P
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

Decoherence at work

If decoherence is efficient: classicalization possible
p(x.y) ~ p(R+r/2,R—r/2)d(r)
If color d.o.f. thermalizes quickly: similar to Abelian

?F' = —YijV — V’V(r) + 0’(r, t)

@'(r, )¢ (r, t') = 5"f%v2v2 (Im[V](0) + Im[V](r))

Straight forward generalization to many QQ pairs

q University W', The Research Council
u

of Stavanger A of Norway

Stochastic SE in the recoilless limit including SU(3) color d.o.f.:
(poster: S. Kajimoto & see also poster: A. Tiwari )

H(r, t) = —in +V(r)(t? @ t7*) + O(r, t)
O, t) = (R + 1/2, £)(t* ® 1) — 0°(R — £/2, £)(1 ® t7*)
(07(x, t)0° (X', t")) = D(x — x')§(t — t')6%P

color singlet density matrix color octet density matrix

0.0008
500

0.0007

400 0.0006

0.0005
00 0.0004
0.0003
200
0.0002

0.0001

0
200 -100 0 308, 3%rr=0.48fm
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY

Decoherence at work

If decoherence is efficient: classicalization possible
p(x.y) ~ p(R+r/2,R—r/2)d(r)
If color d.o.f. thermalizes quickly: similar to Abelian

?F' = —YijV — V’V(r) + 0’(r, t)

@'(r, )¢ (r, t') = 5"f%v2v2 (Im[V](0) + Im[V](r))

Straight forward generalization to many QQ pairs

of Stavanger A of Norway

g University W', The Research Council
u

Stochastic SE in the recoilless limit including SU(3) color d.o.f.:
(poster: S. Kajimoto & see also poster: A. Tiwari )

H(r, t) = —in +V(r)(t? @ t7*) + O(r, t)
O, t) = (R + 1/2, £)(t* ® 1) — 0°(R — £/2, £)(1 ® t7*)
(07(x, t)0° (X', t")) = D(x — x')§(t — t')6%P

color singlet density matrix color octet density matrix

0.0008
500

200 0.0007

400 0.0006

0.0005
0 0.0004
0.0003

-100
0.0002

~200 0.0001

0
200 -100 0 308, 3%rr=0.48fm

o 100 200 300 400 500

—ipr Wigner distribution around origin
W(R,p)= [ d P
(. p) / re(x.y)e shows non-positive contributions

Genuine quantum nature of quarkonium remains relevant
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

The full dissipative dynamics

University CV) The Research Council
of Stavanger of Norway

=! Lindblad equation equivalent to stochastic wavefunction dynamics: Quantum State Diffusion

(LYYl — LTL

|dy) = —iH[$(t)) dt+z< )yl

) ¥(t) dt+Z(L — (Ln)y) [9(t)) dn,
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QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY ‘ ;

The full dissipative dynamics

University CV) The Research Council
of Stavanger of Norway

=! Lindblad equation equivalent to stochastic wavefunction dynamics: Quantum State Diffusion

(LYYl — LTL
(LT {Ln)y

®| QCD derivation of stochastic non-linear Schrodinger equation, used in pheno. studies of dissipative dynamics

|dyp) = —iH|9(t)) dt+2< ) $(t) dt+Z(L — (Ln)y) [9(1))d&n,
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University CV) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

The full dissipative dynamics

=! Lindblad equation equivalent to stochastic wavefunction dynamics: Quantum State Diffusion

(LYYl — LTL
(LT y(Ln)y

®| QCD derivation of stochastic non-linear Schrédinger equation, used in pheno. studies of dissipative dynamics

|dyp) = —iH|9(t)) dt+Z< ) $(t) dt+Z(L )y) |())dén,

16 T T T 0.5 T T T T

No(0)=1, No(Mt) +—+— No(0)=1, TIM=0.1 +——
Ny (Mt) No(0)=1, T/M=0.3 +—x—
N1(0)=1, No(Mt) —X -

‘ Nq(Mt) —0 — Ts/M=0.099 ——
i o 01 TM=0.1 — — -

Z 01} = Ti/M=0.288 ——

TM=0.3 —
F
0.01 % | L L 0.01 1 | 1 | | L |
o 1000 2000 3000 4000 -0.1 -0.08 -0.06 -004 -002 0 0.02 0.04 006

Mt E/M

®| First potential based computation thermalizing quantum quarkonium system in one dimension (poster: T. Miura)
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University CV) The Research Council

QUARKONIUM PRODUCTION AND SUPPRESSION: THEORY
[I of Stavanger of Norway

The full dissipative dynamics

=! Lindblad equation equivalent to stochastic wavefunction dynamics: Quantum State Diffusion

(LYYl — LTL
(LT y(Ln)y

®| QCD derivation of stochastic non-linear Schrédinger equation, used in pheno. studies of dissipative dynamics

|dyp) = —iH|9(t)) dt+Z< ) $(t) dt+Z(L )y) |())dén,

19 : ; . 0.5
No(0)=1, No(Mt) +—+— ' ' ' " No(0)=1, TIM=0.1 +—+—
Ny (Mt) No(0)=1, T/M=0.3 +—x—
N1(0)=1, No(Mt) —X -
‘ Nq(Mt) —0 — Ts/M=0.099 ——
i o 01 TM=0.1 — — -
Z 01} = Ti/M=0.288 ——
TM=0.3 —
F
0.01 % | L L 0.01 1 | 1 | | L |
o 1000 2000 3000 4000 -0.1 -0.08 -0.06 -004 -002 0 0.02 0.04 006
Mt E/M

®| First potential based computation thermalizing quantum quarkonium system in one dimension (poster: T. Miura)

®| Unified framework: dynamics of a single quark governed by the same function D in its Lindblad operator (ImV)
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® Progress on in-medium quarkonium both in equilibrium & its real-time dynamics

= intricate interplay of color screening and decoherence governs quarkonium evolution
(dynamical reshuffling of states instead of static melting)

= Quarkonium in HIC tell us about QCD screening properties (mp) and correlation length (lor)

= equilibrium lattice QCD progress towards excited states spectra & transport properties
(Talk: R. Larsen 06/11/2019, 17:00) (Talk: O. Kaczmarek 05/11/2019, 14:40)

" QCD derivation of Boltzmann/rate & Schrodinger equation: range of validity & parameters
(talk: X. Yao 05/11/2019, 17:20)

" new Lindblad type master equations for accurate real-time simulations (stochastic NLSE)
(poster: T. Miura)

= improved understanding of the role of the complex heavy-quark potential in evolution
(deterministic SE only crude approximation to dissipative dynamics)

B ToDo: non-perturbative & colored OQS + early time quarkonium formation
(poster: S. Kajimoto & poster: A. Tiwari) (see e.g. talk: I. Vitev 06/11/2019, 9:00)
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