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Motivation: Osaka/Stavanger approach

®! Main goal: derive a potential based e.o.m.
for quarkonium wavefunctions from QCD

i0:9(t) = F[$, Re[V], Im[V], .. ]

= conceptual: connect imaginary part of the EFT
potential to microscopic quarkonium dynamics

= technical: range of validity of phenomenological
models

= practical: provide path for incremental
improvement of current approaches

¥} Based on open-quantum-systems picture
(no semiclassical approximation)
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The open quantum systems picture

®| Need a general approach to describe quarkonium coupled to a thermal medium

"I Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ X Imed + IQQ X Hmed + Hint E — —I[H, P]

Hint — sz ® =m
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®| Need a general approach to describe quarkonium coupled to a thermal medium

"I Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ ® Imed + IQQ ® Hmed + Hint dt = —i[H, p]
O S Hint = 3_Em ® Erm
O ° * o. m
d
= Dynamics of the reduced QQbar system: PG = Ifmed [P} EPQC) = VPog
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®| Need a general approach to describe quarkonium coupled to a thermal medium

"I Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ ® Imed + IQC_? ® Hmed + Hint dr —i[H, p]
. S 4 “
O L M AL
O 0o o. m
d

= Dynamics of the reduced QQbar system: PG = Ifmed [P} EPQC) = VPog

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

Environment relaxation scale 7k : QQ system scale Ts : QQ relaxation scale Tyq|:
(Em(t)Em(0)) ~ e~/ Ts ~ 1/|w — /| (p(t)) oc €™/
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The open quantum systems picture

®| Need a general approach to describe quarkonium coupled to a thermal medium

"I Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :

H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]

Q "t 0l @GR Q  He=) Tn®En
O O y o. m
d

= Dynamics of the reduced QQbar system: PG = Ifmed [P} EPQC) = VPog

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

Environment relaxation scale 7k : QQ system scale Ts : QQ relaxation scale Tyq|:
(Em(t)=m(0)) ~ e/ Ts ~ 1/|w — '] (p(t)) oc &=/

B/ |n case of Markovian time evolution (Te < Trel ) leads to a Lindblad equation

d - 1 1
—-Paq = —ilHaq: poal + 3 (LkPQQLL — 5 Lilkpga - EPQ@LLLk)
k

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

The open quantum systems picture

®| Need a general approach to describe quarkonium coupled to a thermal medium

"I Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :

H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]

Q “Huo Qi OBUGRQ  Hm=) Tn®E.
O 0o o. m
d

= Dynamics of the reduced QQbar system: PG = Ifmed [P} EPQC) = VPog

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

Environment relaxation scale 7k : QQ system scale Ts : QQ relaxation scale Tyq|:
(Em(t)Em(0)) ~ e~/ Ts ~ 1/|w — o' (p(t)) oc €™/

B/ |n case of Markovian time evolution (Te < Trel ) leads to a Lindblad equation

d (nlpggIn) > 0,vn

- 1 1
a : f f f
P = —ilHoq: Peal + 2k (LkPQQLk — 5LkLkpoq — —PQéLkLk)
dt ; 2 2 Pog = Pea:  Trlpgal =1
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Quarkonium Lindblad eq. at high T of Stavanger

Weak-coupling

N.s
d [ N 1/\ ~ 1 N A
= poo(t) = —i[Hoo: Poo -(L- LT — 21l ops — =poolill &
7-Paa(t) i[Hoa: PQa) +_217' iPQQLI — 5LitiPQQ — 5PQQLIL TE < Trel
= &
_ D(k) k 1 ik-r a D(k) k I —ik-r a TE << TS
hea = 5 [1_4mQT'(§PCM+p)]ek A= 2 [1_4mQT'(§PCM_p>]e P (1eT) quantum Brownian
motion

- =~ - a -
V(F)3up = —g°ReGay00(0,7),  D(F)3,, = _nga—a)o-ab,OO(O’ r),
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d [ N 1 AN 1 N A
= poo(t) = —i[Hoo: Poc -(L- 1= 1l ppg — = —L-LT) &
dthQ() i[Hoa: Pag) +Zl% iPQREI — 5EitiPRQ T 5PQRQNIL, TE & Toel
= &
_ D(k) k 1 ik-r a D(k) k I —ik-r a TE << TS
hea = 5 [1_4mQT'(§PCM+p)]ek H(ren) /= [1_4mQT'<§PCM_p>]e P (1eT) quantum Brownian
motion
S\s  _ _ 2pacR - s 2m O E
V(7)0ap = —9°ReGp 00(0.7),  D(7)0 = —g Ta—a)%b,oo((), r), Re[V] =
e—mpr
s
p
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Nie Weak-coupling

d [ N 1 AN 1 N A
L po5(t) = —i[Hoo: Pos -(L- R Y P —L-LT) &
dthQ( ) [Hoa: Poa) + _217/ iPQREI — 5EitiPRQ T 5PQRQNIL, TE & Toel
= &
_ D(k) k 1 ik-r/2 (Ta D(k) k 1 —ik-r/2 a TE << TS
hea = 5 [1_4mQT'(§PCM+p>]e (T*&1)—y/ =, [1_4mQT'(§PCM_p)]e (17°) quantum Brownian
fluctuations dissipation fluctuations dissipation motion
- 2 ~R - - _ 2 a -
V(7)0ap = —9°ReGp 00(0.7),  D(7)0 = —g Ta—a)%b,oo((), r), Re[V] =
e—mDr
o
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Quarkonium Lindblad eq. at high T

Nie Weak-coupling

d [ N 1 AN 1 N A
L po5(t) = —i[Hoo: Pos -(L- R Y P —L-LT) &
dthQ() [Hoa: Pog)] +;% iPQREI — 5EitiPRQ T 5PQRQNIL, TE & Toel
= &
_ D(k) k 1 ik-r/2 (Ta D(k) k 1 —ik-r/2 a TE << TS
hea =/ 5 [1_4mQT'(§PCM+p>]e (T*e1) -/ =, [1_4mQT'(§PCM_p)]e (17°) quantum Brownian
fluctuations dissipation fluctuations dissipation motion
- 2 ~R - - _ 2 a -
V(7)0ap = —9°ReGp 00(0.7),  D(7)0 = —g Ta—a)%b,oo((), r), Re[V] =
e—mDr
o
p
D(k) =
7rm2D

k(k? + mp)*
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Quarkonium Lindblad eq. at high T 1) ofstavanger
d Nie 1 1 Weak-coupling
= ona(t) = —i[Hams 0ns AL onsll — ZLit o nr — Zo <[.[1 &
J.Pea(t) = i[Hoa: Pqa) + ;7'<L'pQQL/ SLilirgo 2pQQL1L/> e < T
= &
_ D(k) k 1 ik-r a D(k) k 1 —ik-r a TE << TS
hea =/ 5 [1_4mQT'(§PCM+p>]ek A= 2 [1_4mQT'(§PCM_p)]e P (1eT) quantum Brownian
fluctuations dissipation fluctuations dissipation motion
- _ 2 ~R - - _ 2 a -
V(7)0ap = —9°ReGp 00(0.7),  D(7)0 = —g Ta—wGab,oo(O, r), Re[V] = )
e—mDr %
—as - 7
Dk)= o
Tm? %03
ngk(k2+iq%))2‘ =:

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

D(r) = Im[V](r) — Im[V](o0)

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Quarkonium Lindblad eq. at high T

d Nie R . 1. > 1 o ot Weak-coupling
L po5(t) = —i[Hoo: Pos -(L- B 1 P &
dthQ( ) [Hoa: Pag)] + ;7/ iPQREI — 5EitiPRQ T 5PQRQNIL, TE & Toel
= &
_ D(k) k 1 ik-r/2 (Ta D(k) k 1 —ik-r/2 a TE << TS
hea =/ 5 [1_4mQT'(§PCM+p>]e (T*e1) -/ =, [1_4mQT'(§PCM_p)]e (17°) quantum Brownian
fluctuations dissipation fluctuations dissipation motion
- 2 ~R - - _ 2 a -
V(7)0ap = —9°ReGp 00(0.7),  D(7)0 = —g Ta—wGab,oo(O, r), Re[V] =
e—mDr E
_aS r o
0_5# corr
D(k) — 0.4 HTL mp=0.1...1GeV
2 7rm2D a03
g Tk(k2+m2D)2 0.2
0.1 \

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

D(r) = Im[V](r) — Im[V](o0)
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Quarkonium Lindblad eq. at high T 1) ofstavanger
Nie Weak-coupling
9 poa(t) = —i[Haorpaa) + S i (Livoal! — SLillogo — = poolil] &
grlPealt) = QQ' PQQ Vi\HiPQQEI T 5 EiItiPRQ T 5PQQEIE TE < Trl
_ |/ D(k) k 1 ik-r/2 (Ta D(k) k 1 —ik-r/2 R TE < Ts
hea =/ 5 [1_4mQT'(§PCM+p>]e (T*e1) -/ =, [1_4mQT'(§PCM_p)]e (17°) quantum Brownian
fluctuations dissipation fluctuations dissipation motion
- _ 2 R - - _ 2 - 10 Real-part of the heavy-quark potential from the Gauss-Law
V(7)8u = —g"ReGp0(0,7),  D(7)d, = —g Ta—a)%b,oo((), r), Re[V] =
"/ Interplay between screening (mp) —as e
& decoherence (ls) r Ul
0 1 r[f2m] 3 4
\ ,' AT g ‘I\J i \ ;\f(' ¥ In 25
I\ gl Ak g N A RSkl
AP AN Gl i O S S S
” ~N--7 | T ’ T T o)
/, N 7 ,I \\\ _r’| l: { ;\,;\i (\,; <>
=7 Losi 4 1@ M e off O
s Y N . Yo AN T
Y “ a2 L AT ’\ 31 { AN D(k) = 04 HTL mp=0.1..1GeV
& I g BN ’ LR T /\,}\-" ) 0=0-1...
P, leorr N N TN g7 T e
\ /N = 7 ~__" L\’( U B X 2 2\2 0.2
RN e Ve T T KEEmo)E PN
Q . 1> = TEN \
lcorr > l’l/) lcorr ~ l'(,b corr K lr(/; %80 05 10 15 20 25 30
r [fm]

D(r) = Im[V](r) — Im[V](o0)
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH : ‘
- = . University
Quarkonium Lindblad eq. at high T 1) ofstavanger
Nie Weak-coupling
9 poa(t) = —i[Haorpaa) + S i (Livoal! — SLillogo — = poolil] &
grlPealt) = QQ' PQQ Vi\HiPQQEI T 5 EiItiPRQ T 5PQQEIE TE < Trl
_ |/ D(k) k 1 ik-r/2 (Ta D(k) k 1 —ik-r/2 R TE < Ts
hea =/ 5 [1_4mQT'(§PCM+p>]e (T*e1) -/ =, [1_4mQT'(§PCM_p)]e (17°) quantum Brownian
fluctuations dissipation fluctuations dissipation motion
V(—>)5 —_ 2R GR O b d D(—))6 — _ ZTE (0 - 10 Real-part of the heavy-quark potential from the Gauss-Law
F)Ogp = —g"RC ab,00< 7, F)Ogp = —9 aw%b,oo ), Re[V] =
"/ Interplay between screening (mp) —as e
& decoherence (ls) r Ul
0 1 r[f2m] 3 4
\ ,' AT g ‘I\J i \ ;\f(' ¥ In 25
I\ gl Ak g N A RSkl
AP AN Gl i O S S S
P ~- -7 L7 g /:i \ ~’ 1 A3
- N A N il G >
=7 Losi 4 1@ M e off O
s Y N . Yo AN T
Y “ a2 L AT ’\ 31 { AN D(k) = 04 HTL mp=0.1..1GeV
\ 1y L2 L=~ ol T Nt e VA by 2 D o
1\ “Corr 7 RN ~\ I, \\\ ’/l ! L\’( ‘\’;\,;“ “ g T 5 212 0.2
RN e Ve T T K(EEmp)lE PN
< I 1 e S .
lcorr > l’l/) lcorr ~ l'(,b corr K lr(/; %80 05 10 15 20 25 30
r [fm]

p(x1, X2, t) ~ p(x1, X2, 0)exp [ — (D(O) — D(x; — x2)) t] D(r) = Im[V](r) — Im[V](co)

decay of off-diagonal terms = decoherence
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Solving in the coordinate basis

Quantum state diffusion:
unravel any Lindblad into a nonlinear stochastic Schroédinger equation

[d9) = |d(t + dt)) — |9(2))

2(LV Ly —LTL,
= —iH[y(t)) dt+Z( (L>T¢> Iy )|¢(t)>dt

+ Z(L — (Lp)y) [¥(1))dEn,
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH

Solving in the coordinate basis

Quantum state diffusion:

unravel any Lindblad into a nonlinear stochastic Schroédinger equation

|d9) = [%(t + dt)) — [¥(1))
(LY L, —
= —iH|y(t) dt+Z (
+—j£:(L -

Ln)y) [9(t))d&n,

> <Ln>1l/

—LTL,
) (1)) dt

Colored Stochastic Potential:

without dissipation dynamics unravel into linear stochastic Schrédinger

1
H(r, t) = o

O(r,t) =0°(R+r/2,t)(t® 1) — 0°(R

(67(x, t)8° (X', t')) =

— V2 V() (t? ® t7) + O(r, 1)

D(x — x)é(t — t')é2P

—r/2,t)(1® t7)

ALEXANDER ROTHKOPF - UIS

™

University
of Stavanger
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH _ _
University

Solving in the coordinate basis (1) of Stavanger

Quantum state diffusion:
unravel any Lindblad into a nonlinear stochastic Schroédinger equation

[dy) = [$(t + dt)) — |(2))
LT byln—LIL, _ x
— —iH[Y(t) dt+z AT L pog(r.s) = (4(r, t)P*(s, t))
n/y
+ 2 (Lo = (Laly) |¢(t)>ds,,, paglmm) = [ drds g0 (e, %" (5. £) (o)

Colored Stochastic Potential:
without dissipation dynamics unravel into linear stochast

H(r, t) = —in + V(r)(t? @ t7*) + O(r, t)

2[1, thermal equilibrium

O(r,t) =0(R+r/2,t)(t?®1) —0°(R—r/2,t)(1 ® t7) Transitions among basis states well defined from
matrix elements of Lindblad operators L
(02(x, t)0° (X', t')) = D(x — x')&(t — t/)62°
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Conclusion

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

®m| Athigh T - derivation of quarkonium Lindblad equation from QCD

®| Fully quantum evolution based on Re[V] and Im[V]

®| Reveals interplay of screening (mp) and decoherence (l.)

m| Straight forward simulation prescriptions in coordinate space available

®| Transition rates well defined with respect to a certain basis from L,
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Feynman Vernon influence functional

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

®| Derivation via path integral formalism: Feynman-Vernon influence functional

Z = /D[Q, A, q)1,2(Q1, A1, Q1|P;(gi? ® Phed|Q2, A2, g2)e—0exp|iS[Q1, A1, q1] — iS[Q2, Az, qo]]
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Feynman Vernon influence functional

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

®| Derivation via path integral formalism: Feynman-Vernon influence functional

Z= / DIQ]1.2(Q1]0%%1Q2) e—0exp[iSkin Q1] — iSkin[Q2] + |ISTEDAMR]] medium - QQ interaction
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Feynman Vernon influence functional

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

®| Derivation via path integral formalism: Feynman-Vernon influence functional
Z = / DIQ11.2(@s10371Q2) e=0exp [iSiin[ Q1] — iSiin[ Q2] + ISTEUMMEI ™e<ivm - QQ interaction

e’>1r = /D[A, ql12(A1, q11P53 1| A2, G2) t—0exp [iS[A1, 1] — iS[A2, g2] — i/ (g0i°AP + gp3°A3) ]
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional

Z= / DIQ]1.2(Q1]0%%1Q2) e—0exp[iSkin Q1] — iSkin[Q2] + |ISTEDAMR]] medium - QQ interaction

2 F < b
. g 444 ( a a Gapoo  —Gaboo P1
lSIF:__/dXdY(pvP)X[ ' o ] ( b)
2 /4 1270 ~Gopo0  Ganoo P2/ (y)

(x—y)
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Feynman Vernon influence functional

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

®| Derivation via path integral formalism: Feynman-Vernon influence functional

Z= / DIQ]1.2(Q1]0%%1Q2) e—0exp[iSkin Q1] — iSkinQ2] + | ISIEDmIR]] medium - QQ interaction

(%)
P2/ (y)

= After Markov approx. & time coarse graining & Ladder approx. two relevant quantities emerge:

- g 2 a G -G
ISIF = —7/ d4Xd4y(p1,p2)(X) [ _G[;OO Gﬁab,OO ]
to ab,00 ab,00 (x—y)

Sip = Spot + Stiuct + Sdiss

, i s 4w L 07 /pf
S0 =—5[ dr/d3xd3yV<x—y><p1,p2><t,;>[O _1] (pg)( ;
0 ry
_ 1 .o ol N S
(S uct = _5/ dt/d3xd3yD(x—y)(,0?,Pg)(;,})[ i 1] <pi> ,
) - 2/ (1y)

. i 3., 13 >0 a ,a -1 -l ’0?
iSaiss = — = [ dt | &*xdyD(x =) (p{.p3) ) ca :
4T tO 1 1 pz (ts;])
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional

Z= / DIQ]1.2(Q1]0%%1Q2) e—0exp[iSkin Q1] — iSkinQ2] + | ISIEDmIR]] medium - QQ interaction

(%)
P2/ (y)

= After Markov approx. & time coarse graining & Ladder approx. two relevant quantities emerge:

- g 2 a G -G
ISIF = —7/ d4Xd4y(p1,p2)(X) [ _G[;OO Gﬁab,OO ]
to ab,00 ab,00 (x—y)

Sip = Spot + Stiuct + Sdiss V(F)S,, = —ngeél;b’Oo(O, 7),
iSpor = — % /to dt / PxdyV(x=3) (P, p3) 5 [(1) _01] (ﬁg ) . GRy00(0,7) = — i:;r
iSfiuce = —% [O dt / dxd’yD(x = ¥)(p{. p5)(15) [_11 _11] </p)§>w)’ D(¥)5,, = —ng%aab’OO(O, 7),
S = — 1 / [ xyiE =59 [_11 _11] (2)() sunsor¥=3) = [ a2 AR

0 Bk awde
— 0,7) = b
5 b0 (0:7) / (20 k(K + )2
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University

Color stochastic potential (1) of Stavanger

Stochastic SE in the recoilless limit including SU(3) color d.o.f.:

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

Based on single gluon exchange: noise governed by D function
always corresponds to a singlet <-> octet transition.
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH : ‘
University

Color stochastic potential 1) of Stavanger

Stochastic SE in the recoilless limit including SU(3) color d.o.f.:

Hir, t) = —ivf V(£ ® %) + O(r, )
O(r,t) =0°(R+r/2,t)(t°®1) —0*(R—r/2,t)(1® t*)
(07(x, t)0°(x', ")) = D(x — x')§(t — t')6%P

Based on single gluon exchange: noise governed by D function
always corresponds to a singlet <-> octet transition.

color singlet density matrix color octet density matrix

0.0008
0.0007
0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

0
-200 -100 0 . 108, 3%rr=0.48fm
X
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH : ‘
University

Color stochastic potential 1) of Stavanger

Stochastic SE in the recoilless limit including SU(3) color d.o.f.:

Hir, t) = —ivf V(£ ® %) + O(r, )
O(r,t) =0°(R+r/2,t)(t°®1) —0*(R—r/2,t)(1® t*)
(07(x, t)0°(x', ")) = D(x — x')§(t — t')6%P

Based on single gluon exchange: noise governed by D function
always corresponds to a singlet <-> octet transition.

color singlet density matrix color octet density matrix

0.0008

200 0.0007
0.0006
100
0.0005
> 0 0.0004
0.0003

-100
0.0002

~200 0.0001

0
-200 -100 0 . 108, 3%rr=0.48fm
X

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

Genuine quantum nature of quarkonium remains relevant
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LI of Stavanger

¥ |n-medium effects: mod. Hamiltonian + radiation field (not necessarily in form of a potential)

color singlet color singlet color octet

vacuum
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LI of Stavanger

¥ |n-medium effects: mod. Hamiltonian + radiation field (not necessarily in form of a potential)

color singlet color singlet color octet

vacuum
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH _ '
University

LI of Stavanger

¥ |n-medium effects: mod. Hamiltonian + radiation field (not necessarily in form of a potential)

color singlet color singlet color octet

vacuum thermal equilibrium

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany
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University

LI of Stavanger

¥ |n-medium effects: mod. Hamiltonian + radiation field (not necessarily in form of a potential)

color singlet color singlet color octet psinglet(w)
A
>
> " QCD spectral function
vacuum thermal equilibrium (fully non-perturbative)
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University

LI of Stavanger

¥ |n-medium effects: mod. Hamiltonian + radiation field (not necessarily in form of a potential)

e

> = QCD spectral function
vacuum thermal equilibrium (fully non-perturbative)

color singlet color singlet color octet psinglet(w)
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From QCD towards phenomenology

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g
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Rate equation
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

From QCD towards phenomenology

Tr[ybreEds + wirgEyo

—_

weak coupling T,
Ym = Re[(¥s(R, t)|ri|¥d(R. 1)) =, =,/ -FgE(R, 1)

d3K/ . K’ ) K’
fn,(X,K,t)E/WeK X<K+?,n/,1|pQC—,

—~
~
=

P
|
S
-
—
~

dNy _

L = —Ty(T) [Ny — NG (T)]
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

From QCD towards phenomenology

Tr[ybreEds + wirgEyo

—_

weak coupling T,
Ym = Re[(¥s(R, t)|ri|¥d(R. 1)) =, =,/ -FgE(R, 1)

d3K/ ; . K/ . K/
fur(X, K, t) E/WGK XK+ 5l 1lPog

—~
~
=

P
|
S
-
—
~

gradient expansion &
"quantum optical limit”

;tfn,(x, K, t) +v- Vxfa(X, K, t) =CU* (X K, t) — C9*9)(X K, t)

My o) [y — W)

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

From QCD towards phenomenology

—_

Tr|9hreEys + yhrgEdo

weak coupling T,

zm = Re[<¢S(Rr t)’fih/’?)(R: t)> Em = N—gEf(R, t)
C
d3K/ o K/ K/
(X, K, t) E/WG'K XK + -l 1poo(t)|K — -0l 1)

gradient expansion &
"quantum optical limit”

;tfn,(x, K, t) +v- Vxfa(X, K, t) =CU* (X K, t) — C9*9)(X K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

My o) [y — W)
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

From QCD towards phenomenology

—_

Tr|9hreEys + yhrgEdo

weak coupling T,
Ym = Re[(¥s(R, t)|ri|¥d(R. 1)) =, =,/ -FgE(R, 1)

d3K/ ; . K/ . K/
fur(X, K, t) E/WGK XK+ 5l 1lPog

—~
~
=

P
|
S
-
—
~

gradient expansion &
"quantum optical limit”

;tfn,(x, K, t) +v- Vxfa(X, K, t) =CU* (X K, t) — C9*9)(X K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

time scale separation
close to equilibrium

My o) [y — W)
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Tm = Re[(¥s(R )In¥3(R, 1)) =, = \/,C:ZgE?(R, t)

d3KI el K’ . K’
f,,/(X, K, t) = / WGIK X(K + ?, n/, 1|pQQ(t)|K — ?, n/, 1>

X. Yao, T. Mehen PRD99 (2019) 096028

gradient expansion &

Boltzmann equation [mesgseniymer

%fn,(x, K, t) + v Vxfu(X, K, t) = CU°V(X, K, t) — C9*9)(X K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

time scale separation
close to equilibrium
Rate equation

Deterministic Schrodinger dn,
. = Tu(T) [’V¢ - Niq(T)]
+ Re[VI(R,T) — iIm[V](R, T)] 4

0 = [2

mqQ
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Tm = Re[(¥s(R )In¥3(R, 1)) =, = \/,C:ZgE?(R, t)

weak coupling
ian motion limit’

Lindblad equation

d3KI el K’ . K’
f,,/(X, K, t) = / WGIK X(K + ?, n/, 1|pQQ(t)|K — ?, n/, 1>

X. Yao, T. Mehen PRD99 (2019) 096028

gradient expansion &

Boltzmann equation [mesgseniymer

%fn,(x, K, t) + v Vxfu(X, K, t) = CU°V(X, K, t) — C9*9)(X K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

time scale separation
close to equilibrium
Rate equation

Deterministic Schrodinger dn,
. = Tu(T) [’V¢ - Niq(T)]
+ Re[VI(R,T) — iIm[V](R, T)] 4

0 = [2

mqQ
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Tr[phreEys + YlrgEyo

Tm = Re[(¥s(R )In¥3(R, 1)) =, = \/,C:ZgE?(R, t)

weak coupling

ian motion limit” S K K
_ iK'-X A

fn/(X,K,t):/We (K+?,n/,1|pQQ(t)|K—7,n/, 1>

X. Yao, T. Mehen PRD99 (2019) 096028

gradient expansion &

Non linear stochastic Sl e FE I P quantum optical limit”

Schrodinger 5 |
o (% K1) £ v Txfor(X K ) = cre)(X, K, t) — ¢'=)(X, K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

time scale separation
close to equilibrium
Rate equation

Deterministic Schrodinger dn,
. = Tu(T) [’V¢ - Niq(T)]
+ Re[VI(R,T) — iIm[V](R, T)] 4

0 = [2

mqQ
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From QCD towards phenomenology (1) ofstavanger

Tr[phreEys + YlrgEyo

weak coupling
ian motion limit’

Tm = Re[(¥s(R )In¥3(R, 1)) =, = \/,C:ZgE?(R, t)

d3KI el K’ . K’
f,,/(X, K, t) = / WGIK X<K + ?, n/, 1|pQQ(t)|K — ?, n/, 1>

X. Yao, T. Mehen PRD99 (2019) 096028

gradient expansion &

Non linear stochastic Sl e FE I P quantum optical limit”

Schrodinger 5 |
o (% K1) £ v Txfor(X K ) = cre)(X, K, t) — ¢'=)(X, K, t)

Cre¢ connection to open HF:

Stochastic Schrodinger keep track of unbound QQ

time scale separation
close to equilibrium
Rate equation

Deterministic Schrodinger dn,
. = Tu(T) [’V¢ - Niq(T)]
+ Re[VI(R,T) — iIm[V](R, T)] 4

0 = [2

mqQ
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From QCD towards phenomenology (1) ofstavanger

Tr[phreEys + YlrgEyo

weak coupling
ian motion limit’

Tm = Re[(¥s(R )In¥3(R, 1)) =, = \/,C:ZgE?(R, t)

d3KI el K’ . K’
f,,/(X, K, t) = / WGIK X<K + ?, n/, 1|pQQ(t)|K — ?, n/, 1>

X. Yao, T. Mehen PRD99 (2019) 096028

gradient expansion &

Non linear stochastic Sl e FE I P quantum optical limit”

Schrodinger 5 |
o (% K1) £ v Txfor(X K ) = cre)(X, K, t) — ¢'=)(X, K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

time scale separation
close to equilibrium

Rate equation

: —7 = (M) [Ny = Ng(T)]
+ Re[VI(R,T) — iIm[V](R, T)] 4

0 = [2

mqQ
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From QCD towards phenomenology (1) ofstavanger

Tr[phreEys + YlrgEyo

weak coupling
ian motion limit’

Tm = Re[(¥s(R )In¥3(R, 1)) =, = \/,C:ZgE?(R, t)

d3KI el K’ . K’
f,,/(X, K, t) = / WGIK X<K + ?, n/, 1|pQQ(t)|K — ?, n/, 1>

X. Yao, T. Mehen PRD99 (2019) 096028

gradient expansion &

Non linear stochastic Sl e FE I P quantum optical limit”

Schrodinger 5 |
o (% K1) £ v Txfor(X K ) = cre)(X, K, t) — ¢'=)(X, K, t)

Cre¢ connection to open HF:
keep track of unbound QQ

time scale separation
close to equilibrium

Rate equation
Semi-classical dn,
Langevin 0 — [—V2
2

mqQ

+ Re[VI(R,T) — iIm[V](R, T)] 4

J.P. Blaizot, M. Escobedo
JHEP 1806 (2018) 034
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From QCD towards phenomenology

of Stavanger

Tr | ybrgEds + wirgEqo]
i a /?
weak coupling Xm = Re[(Ys(R, t)[ri[¥5(R 1) =, = \/A;gEﬁ(R, t)
ian motion limit” -

d*K' K’ N K’
fn/(X,K,t)/WGIK.X<K+2,H/,1PQ@(1')K2,/7/,]_>

Non linear stochastic
Schrodinger

Eifn,(x, K, t) + v Vxf(X K, t) = CU(X K, t) — C9*)(X K, t)

2

0t = [2

— Re[V](R, T) — iIm[V](R, T)] 4
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University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Lindblad equation

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d

' i I 4~ Hp5 [ Re[V
EPQQ(t) = —/[HQ@,pQ@] + Zw;(L;pQ@L}L — §LiLiPQ© — EPQQLiL}L) oa [RelV]]

Lia = ng) [1—4kaT-<%PCI\/|+P>]eik'r/z(T"@l)— D) 1 (GPau—p) e (1077)
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Lindblad equation

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature
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University
of Stavanger

Lindblad equation

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

N.g
d _ A A 1~ 4 1 A A H,5|RelV
—7Paa(t) = —ilHog. poa) + Z’YI(L:'PC@L,T - §LiL,TPQ© - §PQQL/‘L,T) o0 |RelV]
= B(k) =
_ /DO, [k 1 ee/2 (o D(k)[, k(1 _ke/2 (1 gya 2y TMp
bea =4/ 5 [1_4mQT'<§PCM+p)]ek Ao/ [1_4mQT'(§PCM_p)]e < (1e7) S Tk(k2+m§))2
fluctuations dissipation fluctuations dissipation
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University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Lindblad equation

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : A 1 A A
—7Paa(t) = =ilHoq. Poa) + Z’YI(L:'PC@L,T —5Lilipeg — §PQQL/‘L,T)

ﬂm%
k(k? 4+ mp)?

oo 20 - R o0 PR - R er | 7

fluctuations dissipation fluctuations dissipation

= At the moment phenomenology uses 0" order approximation Sy Re[V]-i Im[V] ]
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University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Lindblad equation

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

N.g
d _ A A 1~ 4 1 A A H,5|RelV
—7Paa(t) = =ilHoq. Poa) + Z'Yi<LiPQ@L,T - §LiL:[pQ© - §PQQL/‘L,T) e@|RelV]]
i=1 D(k) _
_ /DO, [k 1 ee/2 (o D(k)[, k(1 _ke/2 (1 gya 2y TMp
bha =45 [1_4mQT'<§PCM+p)]ek (Mol = [1_4mQT'(§PCM_p)]e “er) e Tk 1 )y
fluctuations dissipation fluctuations dissipation

= At the moment phenomenology uses 0" order approximation Sy Re[V]-i Im[V] ]

4mn/s=2

1.0f ~ 1.0 lyl<24
) Vsnn =502 TeV

0 < pr <30 GeV

0.8 0.8 |'® CMS Data

Perturbative

0.6 < 0.6
p <
x X
04 + 0.4
Y(1S) Lattice—vetted
4nn/s=2 (lattice—vetted)
02} YI<05 0.2
Vsnn =200 GeV
0 < pr <20 GeV
00 STAR Data 0.0
’ 100 200 300 0 100 200 300 40
Npart N, part

H| At RHIC: bottom not equilibrated & good agreement. At LHC: underestimates yields
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

The stochastic potential

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : & i 1~ 4 1 PN
—-paa(t) = —i[Hoa Poal + ZWI'(L:‘PQ@L,T ~ 5 Lillpgq - QPQ@L:'L,T)
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

The stochastic potential

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d . A a1
—7raa(t) = —i[Hoa Poa) + Z’Yi(Lin@L:'r ~ 5 Lillpgq - QPQ@L:'L,T)

®| Include the effects of fluctuations by taking the
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The stochastic potential

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the

U= exp[— i/dt(l—Z—: + V(r)l—l—ln(t, %) —n(t, —%))}

Spot @(r't)

(n(t,x)n(t",y)) =6(t —t')D(x —y)
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of Stavanger

The stochastic potential

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the

2

U= exp[— i/dt<l—Z—Q + V(f)l+l"7(t' %) -t _%).)}

Spot @(r't)

(m(t.x)n(ty)) =6(t — ¢)D(x—y) ~ n~ A
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

The stochastic potential

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d . A a1
—7raa(t) = —i[Hoa Poa) + Z’Yi(LiPQ@L,T ~ 5 Lillpgq - §PQ@L:‘L,T)

®| Include the effects of fluctuations by taking the

U= exp[— i/dt(l—Z—: + V(r)l—l—ln(t, %) —n(t, —%))}

Spot @(r't)

(n(t,x)n(t',y)) =6(t —t')D(x —y) n ~ At L/2
i0:oa(t) = ( - 4+ V(r)+ 06— —@2)¢Q@(t)

%! Fully unitary microscopic dynamics, no thermalization
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

The stochastic potential

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

N.s
d . ~N N 1 N N 1 VA VAN
—-Pqa(t) = —i[Hoq. Poa] + ’Yi(LiPQ@L,T ~ 5 Lilipeq — 5rqa iL,T)
=1

®| Include the effects of fluctuations by taking the

U=ep[ i [ot(~ pviyene ) -ne-)]
=exp| — | e r , =) —n(t,—=
P mo o) = ME )
Spor o(rt)
/ / ~ At_l/z % 0.6 . o
(n(t, x)n(t',y)) = &(t —t')D(x —y) n -
a -‘p (t) ( v2 —l_ V( ) —I_ @ i 62)¢ (t) g 0.3 El\\wD\\ )
1 = e — r - — - .
t QQ 2mQ 2 QQ - tochast potential, 1 0.48 fm‘j:ﬁ\ R
=| Fully unitary microscopic dynamics, no thermalization T e
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

The stochastic potential

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

N.s
d . ~N N 1 N N 1 VA VAN
—-Pqa(t) = —i[Hoq. Poa] + ’Yi(LiPQ@L,T ~ 5 Lilipeq — 5rqa iL,T)
=1

®| Include the effects of fluctuations by taking the

U=ep[ i [ot(~ pviyene ) -ne-)]
=exp| — 1 —— r =) —n(t,—=
P ma o) T
Spor o(rt)
/ / ~ At_1/2 g o o
(n(t, x)n(t'y)) =6é(t — t')D(x —y) n : : \
a‘(/J (t) ( V2 _|_V( )—I—@ 162)1/1 (t) g o S -
/ = _ r - — — .
t QQ 2mQ 2 QQ - tochastic potential, 1 0.48 fm‘j:ﬁ\ Ry
=| Fully unitary microscopic dynamics, no thermalization T e

Beaa(t)) = ( — 17 + RelV] — ilIm{V]|) (Yoa(t)
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Towards full Lindblad dynamics (l)
¥} Lindblad Equation for the quantum Brownian motion regime at high temperature
d

" N N N N ]_ VaS N
—-Pqa(t) = —i[Hoq. Poa] + 2 ’Yi<Li/°Qc§L,T ~ 5 Lillpgq - §PQéLiL,T>
i=1
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University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Towards full Lindblad dynamics (l)
¥} Lindblad Equation for the quantum Brownian motion regime at high temperature
d

" N N N N 1 VaS N
—-Pqa(t) = —i[Hoq. Poa] + 2 ’Yi<LiPQc:>L,T — 5 Lillpoq - EPQ@L"LD
i=1

®| Unravel dynamics in wavefunction stochastic dynamics:

d) = [(t + de)) - |¢(2t<)ZT> o YL N P e

= — " II) " nen ik-r/2 a

= —iH|y(t))dt + ; (_ <LL>¢<Ln>1/) ) [Y(t))dt - ng) [1—4kaT-(%PCM—p)]e_' 2(1eT?)
+ Z (Ln - <Ln>1/)) hb(t»dgnv D(k) :gZTk(k%%r)nzD)?' mp =gT % + %

weak coupling parameters, V(r) Debye form
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of Stavanger

Towards full Lindblad dynamics (l)

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH g

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d . A A A A 1 A
dthQ(t) [HQ@v PQ@] + Z’Yi<LiPQQL;r B ELiL:-rPQ() — EPQQLiL:'r>

®| Unravel dynamics in wavefunction stochastic dynamics:

) = [P(t + dt)) - |z/x<f)L>T> L RTINS
= —iH|y(t))dt + Z ( (L n> (Lp)y ) %(t))dt — ng) [1—4m';T-(§PCM—p)]e—"‘"/z(l@T‘”)
+Z(L - hb(t»dgnv D(k)— ZTW%%:#)? mp =gT /\?I) —I—/\éf

weak coupling parameters, V(r) Debye form

=! First “derivation” of phenomenological models based on nonlinear Schrodinger equation
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University

INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
L of Stavanger

Towards full Lindblad dynamics (l)

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

Ni g
d . ~ ~ 1 A A 1 VAV N
dthQ(t) [HQ@v PQ@] + z ’Yi<Li/9Qc:)L:-r B ELiL:-rPQ() — EPQQLiL:'r>

®| Unravel dynamics in wavefunction stochastic dynamics:

) = [P(t + dt)) - |z/x<f)L>T> L RTINS
= —iH|y(t))dt + Z ( (L n> (Lp)y ) %(t))dt — ng) [1—4m';T-(§PCM—p)]e—"‘"/z(l@T‘”)
+Z(L - hb(t»dgnv D(k)— ZTW%%:#)? mp =gT /\?I) —I—/\éf

weak coupling parameters, V(r) Debye form
=! First “derivation” of phenomenological models based on nonlinear Schrodinger equation

=! First genuine Lindblad implementation: previous works could not maintain positivity of p
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INELASTIC REACTION RATES IN THE OSAKA / STAVANGER APPROACH
LI of Stavanger

Towards full Lindblad dynamics (ll)

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

N.B
d . ~ ~ 1 A A 1 A A
—-Pqa(t) = —i[Hoq. Poa] + 2 ’Yi<Li/°Qc:>L,T — 5 Lillpoq - EPQ@L"LD
i=1

®| Unravel dynamics in wavefunction stochastic dynamics:

1H® T T T . 0.5 T T T T T T T
- No(0)=1, No(Mt) —+— ] Ng(0)=1, T/M=0.1 —+—
1 Nq(Mt) —%— | Np(0)=1, T/M=0.3 +—x—
i N1(0)=1, No(Mt) —¥ —
L Ny(Mt) — — | Ts/M=0.099 ——
g . 01 TIM=0.1 — — -
Z  01FE { Tr/M=0.288 ——
] T/IM=0.3 —
F _ ]
/;g RK4 + noise step
0.01 . . . 0.01 ' ' ! L ' ! L
0 1000 2000 3000 4000 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

Mt E/M

" Encouraging: admixtures become independent of initial conditions at late times

=/ Distribution of states at late times agrees well with Boltzmann and yields consistent T
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