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Introduction: Heavy lon Collisions

e Relativistic heavy ion collisions: study deconfined phase of nuclear matter,
quark-gluon plasma (QGP): 150 < 7' < 500 MeV, 7 ~ 10 fm/c

Spectators -~

\/%
. -

e Heavy quarks produced from hard scatterings

e Differences from DM thermal freeze-out
e Heavy quarks/quarkonia not in thermal equilibrium
e |nterested in nonequilibrium evolution for fixed time
e Annihilation negligible, only dissociation/bound state

formation >



Quarkonium as Probe of QGP
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e More important: Radiative/scattering-induced dissociation and recombination
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Contents

e One framework + two limits + three examples
e Open quantum system framework

e Quantum Brownian motion and quantum optical limits
 Three temperature ranges

e Why to bother?

 Nonperturbative definition of transport coefficients/mediator
distribution in plasma

e Relation between quantum and semiclassical evolutions,
quantum correction, e.g., to Boltzmann equation
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Open Quantum System

* Total system = subsystem + environment: H = Hg + Hp + Hj

U(t,0) = T~ Jo dt'Hi(t)

'O(t — O) = PS O PE Unitary evolution U(t7 O) (/OS Y IOE)U]L (t7 O)

i =
SUbsyStem & environment Time reversible Subsystem & environment
(Heavy quark pairs & QGP)
l Trace out (integrate out) environment l
Ps (t — O) Non-unitary
| 1T {U(ta O)(IOS & IOE)UJr (tv O)}
Subsystem Time irreversible

XY, 2102.01736



Open Quantum System

e A finite difference equation from weak coupling between subsystem/environment

H=Hq¢+ Hp +HHjy

Hr =Y 0y @0

ps(t) = ps(0) — i[tHs + 3" 0w () Lavs p5(0)] + 3 analt) (Lavps(0)LLy = S{LLLavs p5(0)})
a,b a,b,c,d

t t
Yabed(t) = ) /O dtl/o dtsCap(tr, t2)(alO” (£2)[0) (|0 (¢1)]d)”
o

Cap(tr,tz) = Tre(0) (41)05 (t2)pe)  Lap = |a)(b

Environment correlator 8 XY, 2102.01736



Open Quantum System

: 1 _
ps(t) = ps(0) = i |tHs H D oan(t)Lav, s (0)| + D Aabealt) (ILabpsm)Lid ~ ALY Lav, ps(0)})
a,b a,b,c,d

Cut diagram
Imaginary H;

« Show dynamical semigroup: py(?) = % ,ps(0), U, ., = U U,

Finite difference equation —> well-defined differential equation (Lindblad)
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Physical Pictures of Two Limits

e Quantum optical limit (low T) e Quantum Brownian motion (high T)
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power of QGP power of QGP
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29 Wavefunction decoherence
—> dissociation
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Two Limits and Hierarchy of Time Scales

Quantum optical limit (low T) e Quantum Brownian motion (high T)

Tp > Tp, Tp > Tg Tp > Tp, Tq S T

1

7. environment correlation time, 7, ~ — for QGP at equilibrium

1

7¢. subsystem intrinsic time scale, 7¢ ~ , inverse of subsystem energy gap

L

Tp: subsystem relaxation time, depends on coupling strength between subsystem
and environment

Tp > 7. Markovian dynamics, environment correlation lost during subsystem
evolution, often true in weak coupling limit

11 XY, 2102.01736



Markovian and Coarse Graining

Markovian limit: 7, > 1 > 7

t t o0
[ > L . / dtl/ dtQCE(tl — tg) s — t/ dtCE(t) s
0 0 — 00

> 1: ps(t) = ps(0) + ps(0) » P _pp

Optical limit 7, > 7, — using H eigenbasis — energy conservation
In dynamical process

Brownian motion limit 7 > 7, — T > AE binding energy effect small

Only zero frequency of environment correlator matters

dps(t)
dt

19 XY, 2102.01736



Example 1

M > Mv> My > T

e pNRQCD and quantum optical limit

L NRQCD = / d>r Tr(sT(iao — H,)S+ O"(iDy — H))O HV4(OTr - gES + h.c.)|+

| |

Heavy quark pairs in color sing

Bound/unbound transition —> singlet/octet transition

Vs
2

OT{’P-gE,O}—I—'--)

et (S) or octet (O)

v 1
Dipole interaction 7 ~ ———

M

When at rest in medium, 7T ~ v is weak

V, has no large log from Mv to T  at one loop

At leading (nontrivial) order in v, sum D, to all orders

~

O(R7 r, t) — W[(R,t),(R,to)] O(Ra r, t)
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From Open Quantum System to Boltzmann

. 1
ps(t) = ps(0) =i |tHs + Y 0us(t)Lans ps(0)| + D Vavea (Lavps (0)LLy = S{LL Lav ps})
CL,b CL,b,C,d

e Octet energy spectrum is continuum —> Lindblad in optical limit not exists

e Cured by taking semiclassical limit: Wigner transform + gradient expansion
XY, 2102.01736
d>3 k' k' k'

(ke t) = k2l + — nl,1ps(t)|k — =, nl,1
. k.t) = [ oo™ = e Tl Aps (Ol = 5ol 1)

P1irel T P2rel P1irel T P2rel t)

8 8
fégg (wcma Pcms Lrel, 9 t) — éngg (wcmy Pems L0,

2 2
8 Pire +p re
‘I‘(wrel — wO) ) vwofég?(wcnhpcm? L0, Lrel 9 2 17t)

 Taking leading term in gradient expansion gives Boltzmann equation

T.Mehen, XY, 1811.07027, 2009.02408
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From Open Quantum System to Boltzmann

ps(t) = ps(0) — i[tHs +[3" 0w Lanlps )] + 32 v ca (Larps O L3 (Ll ps})

a,b a,b,c,d
e Boltzmann equation
9 k Y Y
Ef”l(w’ k,t) T Vefulz, k,t)=C(x,k,t)—C (x,k,t)

Recombination Dissociation

~ anl(a;, k, t)

T d’ d’ d*
_ 94 F Pcm A Prel q 4¢3 Drel
Cnl(w7 k7 t) =49 E Z / (27T)3 (27_(_)3 (27_‘_)4 (27T) 0 (k — Dem T q)é(Enl — - QO)

X <¢nl ‘ril |\:[jprel><\:[jprel ‘Ti2 \¢nl> [gg+]7l>1i2 (QO7 q)fnl(ma k? t)

T d? d’ d*
4+ 924 F Pcm G Prel q 4¢3 Drel
Cnl(w7 k? t) =9 E Z / (27’(’)3 (27_‘_)3 (27_‘_)4 (27T) 0 (k — Pcm — q)é(Enl — T QO)

11,22

X <wnl |Ti1 |\ijrel><\ljprel |Ti2 ‘wnl> [95_]?2’&1 (QOa CI)fO (:B, Pen, T = 07 Dyels t)

Factorization-like formulas 5 T.Mehen, XY, 1811.07027, 2009.02408



Generalized Gluon Distribution

A > P t (31300) (Ra2, +00)
E; (Ri,t1) A
fi F;(t, R)
E;,(R2,t2) PT invariant state Inclusive A
ﬂ < . > E. (R t ) >
KMS relation 12\ 12 b2
4
E; (Rq,t
) >y (1, ) . r E;(0,R)
(Rb _OO) (RQa _OO)
—— ++ . .
9E initial state interaction 9 final state interaction
in bound state formation In dissociation

T.Binder, K.Mukaida, B.Hitschfeld, XY, 2107.03945

 Perturbative calculations of GGD ;%%: @

LO reproduces Peskin-Bhanot (octet resum)

NLO reproduces scattering-off —%: >
* Nonperturbative calculations of GGD % 2§ 7 IR safe

Lattice QCD, holography See talks by Viljami Leino, Bruno Scheihing Hitschfeld
16 2205.04477, 2306.13127, 2304.03298, 2310.09325




Calculations and Implications

 Holographic result for super Yang-Mills: GGDs vanish in relevant domains
No quarkonia dissociation/recombination at low temperature?

Non-Markovian description for quarkonium production

(nl| poa(7r) |nl) / dr / dT2 9aq; ] 72,71)("/”LZ|U“°’mglet riUpS S o) ((n [|Usnelet,. groctet

[7- 57-2] Z [7-277-%

¢0>)

Regeneration probability Y(1S), Bjorken flow
0.10

e Lattice QCD for GGD

0.08 A

T(z) = T; X (5;/7)'?
Ty = 155MeV

7;=0.6fm/c
Tf - 10 fm/C

Want finite frequency! w 2 | Ep]

0.06 A1

0.04 A

Requires more involved spectral
reconstruction?

Using the correlator from holography!

P(octet, bb — Y(15))

0.02 A
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Quantum Correction to Boltzmann Equation

0 k
&fnl(makat) ! Wi

Vafn(x, k,t) =Ch(x, k,t) —C(x,k,t)

o Taking NLO term in gradient expansion gives quantum correction to CI:;
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Quantum correction proportional to
spatial gradient of 2-particle distribution

T.Mehen, XY, 2009.02408

:130:()

DM thermal relic scenario: assume homogeneity —> no such quantum correction

Bottomonium production in heavy ion collision —> gradient can be large
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Coupled Transport Equations of Heavy Flavors

5 | L
(5; T %@ Vaq + 24 Vas)foo(®a: P24 Pg: 1) = Coq — Coo + Cog

0

(8t
XY, W.Ke, Y.Xu, S.A.Bass, B.Muller, 2004.06746
Cop: HQ scattering +: recombination —: dissociation

+ & V) ful(z,p,t) =CH —C

Chemical equilibrium Phenomenology
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Example 2: M > Mv > T > My~

e pNRQCD and quantum Brownian motion

2
— prel CFaS

g
el L0 5) (5] + 5l ol

Hy =i\ 5 (el + la) (o) + ™oyl ) o (R = 0

Hg

e Lindblad equation

dps(t)
dt

| 1
= —1 [HS —+ ’yadehs, ps(t)} + Radj (LozipS(t)LLz' o i{LLiLOﬂ“ ps(t)})

See talks by Miguel Escobedo, Peter Vander Griend

e Transport coefficients

2
. I a(p\TIa
Radj + 1y = ot [ AU(TEL (W™ (1,0)E}(0))

T

See talks by Viljami Leino, Bruno Scheihing Hitschfeld

N.Brambilla, M.A.Escobedo, M.Strickland,
20 A.Vairo, PV.Griend, J.H.Weber, 2012.01240, 2205.10289



Example 3: M > T > Mv > Mv?

e NRQCD and quantum Brownian motion

pQ N pcg
2M 2M

- #
H = +Hgen + I 1P(x 1 0Q)TE! 13(x ! Bg)Te® gAG(x)

e Lindblad equation

dps(t) _
dt

. 1 d’q
—i|Hs + AHs, ps(t)] + N2 —1 / (2m)3 D~ (g0 = 0,9)

< (0%(@)ps()0" (@) — {0 (@)0" (a). ps (1)} )

\ 4
D> (x1,%2) = ¢°Tre e A3(t1, x1)AY(t2, X 2)
Zero frequency of environment correlator l

Kryung 1N S€Miclassical limit (Brownian motion)

5 TE — 29T (] —
AMT )€ F € AMT

} }

Dissipation effect, important for thermalization, p(f = c0) e PHs 4 0((,BHS)2)

0%(q) = e2T%e (1 - )e%q"f’@Tﬁa

T.Miura, Y.Akamatsu, M.Asakawa, A.Rothkopf, 1908.06293
S.Delorme, R.Katz, T.Gousset, PB. Gossiaux, J-P. Blaizot, 2402.04488



Methods of Solving Lindblad Equations

 Density matrix evolution cost v.s. wavefunction evolution cost

Master equation unraveling: Lindblad equation — stochastic Schrodinger equation

T.Miura, Y.Akamatsu, M.Asakawa, A.Rothkopf, 1908.06293

N.Brambilla, M.A.Escobedo, M.Strickland,
A.Vairo, PV.Griend, J.H.Weber, 2012.01240, 2205.10289

 Neutral density operator and machine learning
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‘ See Joshua Lin’s talk
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e Quantum computing 0) - - 10) - - 10)
W)S(O» 7 UHs “UHs“/74

W.de Jong, K.Lee, J.Mulligan, M.Ploskon,
22 FRinger, XY, 2106.08394, 2308.03878




Conclusion

e Open quantum system framework + NREFT

* Quantum optical limit —> semiclassical gradient expansion,
Boltzmann equation with GGD

* Quantum Brownian motion limit —> Lindblad equation with
transport coefficients nonperturbatively defined, Langevin
equation (semiclassical)

* Quantum correction to semiclassical equation, non-Markovian
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