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Heavy Ion Collisions
DynamiCS Ta HICS (LHC,RHIC) figure taken from http://alice-j.org/

nuclei collision equilibration QGP hadronization
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observed

Observables reflect the properties of QGP

*JET QUENCHING - stopping power
*ELIPTIC FLOW —> shear viscosity

*QUARKONIUM SUPPRESSION - screening length
(focused in this talk)



Quarkonium in Heavy Ion Collisions

Quarkonium yield suppression (CMS collaboration]
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Quarkonium in Heavy Ion Collisions

Dynamics in HICs

nuclei collision equilibration QGP hadronization
Quarkonium dynamics Iinteraction l
production » observed

How does quarkonium evolve in QGP?



Quarkonium:Theoryl

Matsui & Satz Scenario [Matsui, Satz(86)]

J/w asa probe of color charge screening

confined phase T <« T, QGP phase T > T,
Q
V:———I—O"I" V:_ge-mDr
r r
Confinement potential Debye screening potential

by liberated colors

V
@ bound at low T

>

I N
\‘g) In QGP, no bound state at high T

Quarkonium dissociation based on potential change



Quarkonium:Theory?2
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Real-time potential v(r) =

t—00

* From perturbation theory [Laine+(08),Beraudo+(08),etc.]
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* From lattice QCD results [Rothkopf+(12-), Petreczky+(18),etc.]
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Schrodinger equation with complex potential
—application to phenomenology  [Krouppa+(17),Islam+(20)etc.] ¢



Quarkonium:Theory3

Langevin dynamics [Blaizot+(16,18)]

Interference between HQ and anti HQ is included

. HQ  Mi+ BTQQ(H(OV — H(s)7) — g?VV(s) = £(s, t)
_antiHQ M7+ %92(%(0)? — H(s)7) + g°VV(s) = (s, t)
(E(s,1)E (s,1")) = g°H(0)d (t —t')
(E(s,1)€ (s,t")) = —g"H(s)S (t — 1)

S=r-—r

relative distance

Quarkonium as two interacting random walking particles



Quarkonium as Open System

PrOblemS in descriptions figure taken form Rothkopf(20)

* Debye screening phenomenon
static picture of quarkonium s

 Complex potential

not unitary evolution 10 = [—M + ReV + i ImV ]y

* Langevin equation

) ) .. QGP medium
in classical limit F\r'
guarkonium

To overcome, apply OPEN QUANTUM SYSTEMS framework
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Open Quantum Systems

We describe quarkonium in QGP just by quarkonium variables

von Neumann equation

d :
%ptotal — _1[Htotala }Ototal] QGP |-

Hiotal = HQGP + HQQ + Hipg Hqap Hing Hoq

Hiny = ZSZ' ® F;

integrate out QGP “reduced” density matrix
oo = 1rqap ptotal

master equation

d

What form of the master equation is derived?



Time Scale Hierarchies in OQSs

Three time scales 7s, T , Tr are involved

Here 7 < 75, Tp < TR are assumed for QBM

system is slow

e System time scale
1
AFEg

TS

* Environmental relaxation time scale

t

(A(t)A(0)) ~ e~ 75

* System relaxation time scale

(p(t)) o e 7r

- Quarkonium(=S) in QGP(=E)

TG ~ AES_I ~ 2fm

from Coulombic binding energy

TE ~~ T_l ~ 0.5fm

QGP temperature ~ 400MeV

TR~ M/T? M>T

kinetic equilibration
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Lindblad Master Equation

Following conditions are imposed

—

* Trace conservation Trps =1
* Hermicity Pg = pPS
|- Positive Vi|a), (a] ps|a) >0
¢ Markov No memory effect 7Tg < TR

.

1 |
—ps = —i[Hs, ps] +ka [ Lrps LM = 3 {L“Lkaps}‘] Ve >0

d

mathematically proven [Lindblad(76)]
Equivalent form

d , . . 1 L
—ips = i Hs,ps| + Zaz’j [F psF7T — 5 {FITF ,ps}] a;; positive
1,J
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Forces in Lindblad Master Equation

Quantum descriptions of forces in Brownian Motion

—

—

1. Debye screening potential between heavy quarks V(x)

+ 2.Random force |

Previous study, i.e. stochastic potential
2

H:—V—+V(r)(t“®t“*)+9a(f)(ta®1)—9a(—i)(1®ta*)
+ 3. Drag force M ’ imot
g [Kajimoto+(18)]

— Essential for equilibration [Akamatsu+(18), Miura+(19)]

so far U(1) only / SU(3) in progress

How does quantum dissipation affect quarkonium dynamics in QGP?
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Remark: What about Caldeira Leggett?

What is Caldeira Legette model?  [Caldeira-Leggett(83)]

* Prototype of quantum Brownian motion

environment system
(thermal bath) (particle)

* Limited application
* Particles are localized, i.e. wave packet limit

e Notin Lindblad from

More general description is required

[Akamatsu(14,15), Blaizot(16,18), Brambilla+(17),etc]
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Steps in Derivation

d

%ptotal(t) =—1 [Z Si(t) ® Ei(t);ptotal(t)] in interaction picture

after iteratively solving ptotal(t) with Born-Markov approximation

1. Trace QGP part @ij in Lindblad master equation
d e 4 -
& () = — d T NEL(HVET (4 — correlation decays
ar’ee?) /o SZM raor (poar BB (t = 5)) 00

x [S9(t — 8)poo (t)S*(t) — S*(t)S(t — 8)pga(t)] + h.c.

2. Gradient Expansion | TQaP K TQ4g

SI(t +1oap) ~ S’ (t) + 0.5 (t)Toap + - - -

leading next to leading

Lindblad master equation with Lindblad operator L' ~ S* + ész
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Lindblad Operator for Quarkonium

Interaction Hamiltonian

Hing = Z S;i @ E; = /d3x [5 (T —Zq)thH — 9o (7~ f@) %*] ® gAj (T)
1 | J

i = position quarkonium QGP

Following the steps, Lindblad master equation for quarkonium is derived
d / a a a a
0aq = i [Hyguraa] + [ dstvate - ) [F(0)paaF*(2) — § {F* (2)F* (). pac)

<‘ Fourier transform to momentum space

d o ot
—Pea = —ilHgg ol + /dk{QL ool — Ly Liroq — raoLi Li}

{ potential  V(zqg —wg) € HéQQ
a*

Lindblad operator L% = Lp(Zq,pq, t); 7g,Pg:tg )

Lindblad operator is represented by both HQ and anti HQ d.o.f. 15



Our study vs related studies

Two approaches to Lindblad equation

dissipation NRQCD PNRQCD
No Kajimoto+(18) Brambilla+(18,19)
LO grad. exp. J ’

i stochastic Schroedinger eq.

Yes

' ' Ak 2
NLO grad. exp. Miura+(in progress) amatsu(20)

P¢De Boni(17) not in Lindblad form ¢ Yao+(19) in quantum optical & classical limit
Blaizot+(18) in classical limit

oo u o0
small r

spread
Dipole approximation

Is quarkonium dipole in whole process?
16



Interpretation of Lindblad Operator

* LO gradient expansion(relative motion)

D(k R il (01
LllC — ##1 [ek /2—6 k /2} (O O) + other transitions

ratel/2  momentum transfer  color rotation(octet—>singlet)

note: D function is related to imaginary potential [Akamatsu+(12),Rothkopf(13)]

Hcomplex — —Z—J + V( ) + ?’[D(T) o D(O)]

—imaginary potential

Mpl 17



Interpretation of Lindblad Operator

* LO gradient expansion(relative motion)

(-
O
= | D P _ 0 1
S Ll — #1 RT[2 gk 7’/2:| (0 0) + other transitions
2 \
+ ratel/2 momentum transfer  color rotation(octet—>singlet)
* NLO gradient expansion +anti HQ part
+ other transitions
D(k) , .z k-p k> NJV(F
Ll = D(F) )#1e*’“"“/2 [1 A + (T)] 01
k 2 AMT  S8MT 8T 0 O
Meaning® @ @
Collision rate depends on HQ momentum
p—p+k/2 Eptiy2 k)2
Including NLO, energy difference AR
L miii)o AE
T ~ EXP| — _T Ep
p+k/2—p

Detailed balance approximately holds 18



Interpretation of Lindblad Operator

* LO gradient expansion(relative motion)

(-
O
= | D P 0 1
K- —ik-
S Ll — #1 RS2 o 7’/2:| (0 0) + other transitions
G \
+ rate1/2 momentum transfer  color rotation(octet—>singlet)
* NLO gradient expansion +anti HQ part
+ other transitions
D(k) , .z k-p k> NJV(F
Ll = D(F) )#1e”“"“/2 [1 A + (T)] 01
k 2 AMT  S8MT 8T 0 O
Meaning® @ ®
Different color state transition
_ octet
singlet & octet Vo
Including NLO, potential difference
I
—° Nexp[——{V Vs}
FO_>S singlet

Detailed balance approximately holds Vs 19



NUMERICAL ANALYSIS

SOLVE RELATIVE MOTION WITH LINDBLAD OPERATORS
IN U(1)/SU(3)



Quantum State Diffusion(QSD) method

* Stochastic unravelling [Gisin, Persival (92)]

via QSD -
Lindblad master eq. < > nonlinear

| | equivalent .
density matrix poo (z,y,t) wave function

= (P(,t)y"(y,1))

nonlinear stochastic Schrodinger eq. form

stochastic Schrodinger eq.

) = —itpq W(0) dt + [ dR@ID L~ LLLg — (LD (L)) [9(0) dt

+ / dk(Li — (L)) [6(1)) gz

—nonlinearity

complex noise property  d¢ d&r, = 5(/; - /;/)

Apply QSD method to Lindblad master equation
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QSD Simulation Setups

For simplicity, in one spatial dimension

Parameter setups in heavy quark mass unit

Ax At N, T vy leorr | @ mp e
1/M  0.1M(Az)? 254 T/x 1T |03 2T 1/M
correlation function Debye screening potential
Q —mprT
D(T) — Vexp(_TQ/lgorr) V(T) - me

. note: in SU(3) CpV (r)
* Fixed temperature case

T =0.1M, 0.3M

* Bjorken expanding QGP case

t 1/3 B /
t+ 1o to = 0.84fm
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QSD Simulation Outline

For simplicity, in one spatial dimension

Outline of numerical calculations

Vs

initial state

J\

-

~N

J

singlet eigenstate ¢;(x)

H=—

p2

M

+ VDebye

Vs

QSD evolution

event by event

\\

~N

J

v’ Bjorken expanding QGP case

r

\\

initial state

J\

~

J

H =

r

QSD evolution

event by event

\\

~

vacuum eigenstate ¢;(x)

2
p
H————
M, 7“+UT
o = 0.01M7

p
M

N; = / dxdy ¢; (x)p(x,y)di(y)
+ VDebye ] J

occupations

occupations
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Fixed temperature case



Results - Equilibration(U1)

B Time evolution of occupation number of eigenstates H = pM + VDebye

Initial state
ground/1st excited state

15 -
g N(O)1N0(t)l—|—|_
i N4 (Mt) —x—
\ initial No N1(0)=1, No(Mt) — % —
g K N4(Mt) — B - |
E S ‘N SRS
S = 01LE nitial Ny initial 1oy ¢ ground state N,
o ;
S ]
4 1st excited state N;
X initial N
X
0.01 .— ' ' '
0 1000 2000 3000 4000

Mt time
Each occupation approaches the value independent of initial state
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Results - Distribution at Equmbrlum(Ul)

B Eigenstate steady distribution at Mt=4650 (T/M=0.1) H = ﬁ + VDebye
at Mt=900 (T/M=0.3)

0.5 I I |
S No(0)=1, T/M=0.1 ——
= Ng(0)=1, T/M=0.3 +—x—
0
g‘ T/M=0.099 ——
v 0.1 temperature slope TM=01 — — — -
2 o
c o F Ti/M=0.288 ——
2  TIM=03 — -
© 4
o
>
O
O
O

0.01 l ' | | I | |

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

Ei/M eigen energy

Eigenstate distribution approches the Boltzmann distribution
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Results - Dissipative Effect(Ul)

occupation

2
. . . . P
B Time evolution of occupation number of eigenstates H = i + VDebye
Initial state
ground state
1 =5 | ]
[ ... No
0.1 L <. N, anasas, S .
g N, w/ diss
Z_ i ‘~\‘~: i ﬂ‘:;Tj_":fxfu;i:f;;::“‘;_,h' i gy A A LT
0.01 3 ;f N Wﬁ%f*%ﬂw;mﬁ w/o diss
v with dissipasion, Ng(0)=1, Ng(Mt) —+— 1
% N1 (Mt) ——x—
0.001 ¢ / without dissipasion, Ng(0)=1, Ng(Mt) —%— -
3i l l N1(MY
0 1‘ 1000 2000 3000 4000
about QGP life time 10fm Mt time

Without dissipation, occupations are underestimated

Dissipation can be effective in QGP life time e



Bjorken expanding QGP case



Results - Bjorken Expanding QGP(U1)

B Time evolution of occupations of eigenstates

occupation

1.4

1.2

0.8

0.6

0.4

0.2

Teonst/M=0.1 = bottom mass
=0.3 > charm mass

H—p————l—ar

Mb r

Initial state
ground/1st excited state

t[fm]

I I I I I I I I
| bottominum charmonium _
with dissipation, NO(O) 1, No(t) —+— No(0)=1, No(t) = A -
B N1(0)=1, N¢(t) —><X—- N1(0)=1, N¢(t) - © - |
without dissipation, NO(O) 1, No(t) —+— No(0)=1, No(t) - A -
N1(0)=1, Ni(t) N1(0)=1, Nq(t) = © -
N oy e A A R N, w/ diss
\A L e e e o AR .
—\\A - bottomonium
L VN Ny w/o diss
| L BAL N i
@ A A A
" A AAAA‘AA A A NO W/d|SS
- AA AADASA Ap A 7
“\\ A& AL AA-Ap Adode 4 charmonium
IECEON BAAAAAAA AL o _
a o Ny w/o diss
@ —\ O
®€ S22 QIclﬁralaYﬁ!Q'a!a!:lata!_s!ava'a‘!‘slaustaz_«!agh;
0 2 4 6 8 10 12 14 16

1‘—T’“17OI\/IeV

Dissipative effect is not negligible in short lived QGP
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Summary

e Quarkonium as an open system

- It is described by Lindblad master equation with positivity

- Lindblad operator with heavy quark color is derived

e Numerical Simulations via Quantum State Diffusion

- We confirmed thermalization with dissipation

- Dissipation affects even in short time scale, in Bjorken expanding QGP

Outlook
3D analysis

Comparison to semi-classical description
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