Quantum mechanical description of heavy quark transport

Yukinao Akamatsu (Osaka)

ExHIC-p workshop

Institute of Physics, Academia Sinica Taipei
March 15, 2024

1/29



Contents

1. Introduction

2. Minimum of open quantum system

3. Heavy quark as an open quantum system

4. Quarkonium as an open quantum system

5. Discussion on heavy quark spin from the open system perspective

2/29



Introduction
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Quarkonium production in experiments

Proton collisions hard collision

» Pair production in parton collisions P .\ Dpyn
> S bound > 7 B
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fragmentation

Nuclear collisions A
. . . . hard collision hydro expansion
» Pair production in parton collisions
> Bound states formed after traversing hot p
environment “O D" yn
) 7 B
K 1y
thermalization freezeout
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Experimental test of how color forces are modified in the QGP
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Experimental data of T

Sequential melting is observed

» Almost no pr dependence
» T (1S) suppression at STAR ~ CMS ?
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Experimental data of .J/v

Recombination begins to dominate at LHC
» Recombination of (initially independent) charm quark pairs at low pr
» Collective flow at low to intermediate pp supports this picture
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Many-body problem of charm and anticharm quarks
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Simulations

T is simpler, but there exist many models, some of which are based on open quantum systems

» Not all the models use the same initial conditions or hydro backgrounds

» Detailed descriptions are given in [Andronic et al 2402.04366]
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Minimum of open quantum system

[reviewed in Akamatsu (22), §2]
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Basics of open quantum system
System + environment setup H = Hgs @ Hg
ps(t) =Trg[p(t)], pt)=—i[H,p] : von-Neumann equation

Gorini-Kossakowski-Sudarshan-Lindblad (or Lindblad) equation for pg(t)
» If the evolution is Markovian, trace-preserving, and completely positive

. . 1
ps(t) = —i[Hg, ps] + ZLMPSLL -3 {LiL,.ps}
m

dissipator D[ps]

» |t can also be written by

. . . (3
ps(t) = —iHeips +ipsHlg+ Y LupsL], . Her=Hg— 5> LiL,
N—_—— L

i . Iz .
non-Hermitian evolution quantum jump

Derivation of the Lindblad equation when system-environment coupling is weak
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Born-Markov approximation

0. Notations and assumptions

H=Hs®Ig+IgoHp+ Y V@V, p0)=ps(0)® pg(0)

=V no initial correlation

1. Formally solve the von Neumann equation in the interaction picture

= —z/ ds[V
o) = =iV (O p(0)] = =iV (). p0)] = [ aslV(O). [V (s).ps)]

2. Trace out environment + Born approx. (weak coupling) + Markov approx. (see any textbook)

L pslt) = /m ds (Vs (5)Vio(0)) [ Vs (¢ — $)os(0)Vs (1) — Vs (0)Vis(t — )os(0)] + he. + O(V?)
Jo N——’

env. correlator

> If one point function Tre(pr(0)VE(t)) = c(t) exists, reshuffle ¢(t)Vs(t) in H
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Derivative expansion in quantum Brownian regime

3. Derivative expansion

Gos)= [ " ds (Ve () Vi (0))[Vs(t = ) ps(OVs(t) = Vs (O)Vis(t — 9)ps (8] + hc. + O(V?)
0 fast decay slow
Vs(t —s) = Vs(t) — sVs(t) + - - = Vs(t) — is[Hs, Vs(t)] + - -

4. Lindblad operator (c.f. Caldeira-Leggett model L o z + =)

fy:/_oodt(VE(t)VE(O))>0 - L:ﬁ(Vs—i—Z&Vs—&---)

approximate detailed balance

5. Hamiltonian part (omitted in this talk)
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Heavy quark as an open quantum system

[reviewed in Akamatsu (22), §3.2]
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Effective field theory for a heavy quark in medium

Heavy quark effective theory with v# = (1,0,0,0) in a thermal rest frame
> Lagrangian with 1/M expansion

D?  ¢3-B
iD + -2

Luqer = ¢

+O(M‘2)1 Y

» Power counting near equilibrium A ~ T and 0y ~ T,V ~ v MT for 1

—

2

v
i0 + 517 — gAo+ )

2M v

Luqer =~ P!

Born-Markov approximation requires weak coupling g < 1
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Lindblad equation for a heavy quark [akamatsu (15, 20)]

Non-relativistic quantum mechanics

2

2 . ~
Hle.p) = g7 +odo(o) = Tz + [ 0 0d3(h)

=2, [, Vi) @ Vg (k)

Environmental correlator

/Oo dt {9 Ag(t,K)aA(0.K) ) = 3(k)(2m)*5°(k — K)o

— 00

perturbatively with HTL

Lindblad operator

o — mg*T'mi, eikz/2 (1 _ kp eike/2pa o
b k(k2 +m3)? AMT
—_———
_ \/W scattering with color rotation
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Evolution in color space

Simplified in the M — oo limit
p3(t,x,y) = (x,ilps(t)]y,j) : Nex N, matrix
Oips(t,z,y) = —y(z — y)t*p(t, z,y)t" + Cry(0)p(t, z,y)

Equivalent to random color rotation

ps(t,z,y) = (W(t,2)Y*(t,y))e : 1 = wave function with N. components
it + dt, ) = eI WD ) (991, 2)0 (7)) = (o — y)S(E— )5

Time scale of color relaxation

2
g2T 1 1
= color ™~ electric ™
10 =" Teolor ™~ g > Telectric ™

O-expansion justified when g < 1
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Evolution in phase space
Master equation in full space is complicated, so trace out the color space
ps (ta z, y) = TGCS (ta z, y)

Turns out to be equivalent to

= ; kp -
Le L. — ikx /2 1— ikx /2
koo Lk Cry(k)e < 4MT) e

(color averaged) scattering

Master equation for quantum Brownian motion (truncating from the full Lindblad equation)

o vi-v Vy(z —y) _
aps(tx,y) = Zwﬂs(t z,y) — Cp [7(0) -y —y) - —aMT (Ve — Vy)}ps(t,x,y)
decoherence
dissipation

> Wave packet limit v(z — y) ~ v(0) + 4 (= — y)?7"/(0) reproduces Caldeira-Leggett master equation
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Quarkonium as an open quantum system

[reviewed in Akamatsu (22), §4.2]
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Effective field theory for quarkonium

Potential non-relativistic QCD
» Lagrangian with 1/M and dipole expansion (p; ~ Mv, w ~ P; ~ Mv?)

V2 Cra V2 o
— T Mo MF%s T, Yro_ _Os .
L"pNRQCD /TTIC [S <Z(9t + i + , + > S+0 (ZDt + Vi ON- + > O:|

. . 1 . .
F Tre [OTF. gBS + 87 gEo} + 5 Tre [o*f- gEO + OfOF- gE} TR
St Rur)

JN,

> Gauge interaction of octet quarkonium is absorbed in field redefinition (D; — ;)

S(t,R,7) = O(t, R,7) = V20°%(t, R, r)t%
O(t, R,7) = Qg (t, —00)O'(t, R, 7)QL(t, —c0), E(t, R) = Qp(t, —00)E'(t, R) (t, —00)

t
Qp(t,—00) = Pexp [—ig/

—00

dt’ A3 (¢, R)t“F] ,

Born-Markov approximation requires r to be short, but not necessarily g < 1
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Lindblad equation for quarkonium [Brambilia et al (17,18)]

Non-relativistic quantum mechanics (s = singlet, a,b, ¢, - -- = octet)
2
p C’FOZS (% 1 1 ube -
=3~ sl gladal = [\/;(|a><s| +[s){al) + 5d* |b><c|]gEi (R)
c c 2
singlet <+ octet octet <> octet

Environmental correlator

/d@%@%ﬁ@mzmm

— 00

gauge invariant?

Lindblad operator

Lui = Vrs [\ g ()51 + Is)al) + Sdanelo)el] +--

™ ;M

—_ o r
=

self-anevsy (aH-£1L)  ellisas (Lo1*)  gmall dipole self - emergy collisions
SN

Q &
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Careful treatment of field redefinition

Gauge invariant correlator for singlet-octet rate [Yao (22)]

VYso =

s | OB RO 0B, R))

> 45, vanishes in strong coupling limit by AdS/CFT [Nijs-ScheihingHitschfeld-Yao (23)]

P> s is similar to but different from heavy quark momentum diffusion constant
[CasalderreySolana-Teaney (06), CaronHuot-Moore (08)]

1
3N,

R =

/_00 dt (TrQp(—o0,t)gE;(t, R)Qr(t,0)gE; (0, R)Qr (0, —c0))

Octet-octet rate is also different from 75, [Akamatsu, in progress]

Yoo = # /Oo dt <TrCQA(—oo,t)g(d © Ei)(ta R)QA(ta O)Q(d o Ei)(oa R)QA(Oa _OO)>

3(NZ = 1)
d**Ef =: (d o E;)pe

— 00
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Transitions of quarkonium

Lindblad operators

» Color dynamics inside octet is fast in a fixed basis — trace out the octet sector

S = F 0
ps = (slosls),  p% = (alpsla), ps= ("5 &
Ps

» Lindblad operators split into three
0 0 T 0 1
Li,s%oz\/ﬁ{ CF’“""] (1 O)a Li,o—)s: Yso |:+:| (O 0)7

N,
T 0 0
Li,o%o = v/Yoo |:§ + - j| (0 1)

> Terms “---” are responsible for satisfying the approximate detailed balance relation

21/29



Discussion on heavy quark spin from the open system perspective

[Akamatsu, in progress]
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Heavy quark spin as an open quantum system

Heavy quark effective theory with v* = (1,0,0,0) in a thermal rest frame
> Lagrangian with 1/M expansion

D2 go - B
L =T |iDy + —— — O(M~2
HQET = ¢ WDet or — T T ( )]1/’
» Focus on spin dynamics of a static heavy quark
: &-B
Luqer ~ ' lZDt — g2M »

Gauge interaction of the heavy quark is absorbed in field redefinition

w(t#’?) = QF(ta 700)7/}/(1571‘)3 é(tax) = QF(tv 700)3'/(1571’)9;(157 *OO)

t
Qp(t,—c0) = Pexp [—ig/

—0Q0

dt’ Ag (¢, R)taF} ,

Born-Markov approximation requires M > T', but not necessarily g < 1
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Lindblad equation for heavy quark spin

Only non-relativistic spin remains

1
H = mdita‘ & gB;a(I)
Environmental correlator

/ dt (gB;*(t, a;)gB}b(O, z)) = Y505 0an

— 00

gauge invariant?

Lindblad operators

Il
o
=

Lot = L2 (gt ) = Y g (o g
o T T o

spin & color rot.
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Careful treatment of field redefinition

Gauge invariant correlator for spin relaxation rate

vy = ﬁ /jo dt (TroQp(—o0,t)gB;(t,0)Qr (¢, 0)gB;(0,0)Qx (0, —00))

Lindblad operators

» Color dynamics is fast in a fixed basis — trace out color space ps = Tr.ps

Lm' — Lz = OFP)/S

o ZL
spin rot.
» Convenient to introduce ks = Cprs
1 oo
Rg = 3N / dt <’]:‘]L'CQF(7007 t)gBZ (t, O)Qk(t, O)QBZ (O, O)QB(O, *OO)>

cf. kK= 3]1\] / dt (Tr.Qp(—o00,t)gE;(t, R)Qr(t,0)gE;(0, R)Qr (0, —00))

Can anyone measure kg on the lattice? — Yes, measured as 1/M-correction for x
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Heavy quark spin relaxation rate

Lindblad equation

0 _ Ks _ _
%P5 = e (0jpsoj —3ps)

Relaxation of the averaged spin

S =Tn (psgor) . 5080 =150

Agrees with hydrodynamic derivation [Hongo-Huang-Kaminski-Stephanov-Yee (22)]
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Heavy quark spin polarization

Equilibrium environment

> |t is tempting to think that we chose
H = [Hepin @ Heolor)s @ [Hoerle —  (B(t,z)) =0
» However, we traced out heavy quark color, which is equivalent to
H = [Hepinls @ [Heolor @ Haoaple  —  (B(t,z)) =0
It is natural because color rotation is determined by temporal Wilson line

Vortical environment & # 0
» Heavy quark color state and QGP with vorticity are correlated
Ben (@) = (B(t,2))0 = A& + O(W®),

——
u()

Recall: The effect of one point function Trg(pg(0)VE(t)) = ¢(t) in the Born-Markov approximation
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Lindblad operator with approximate detail balance

1. Reshuffle the one-point function

1 —» 1 o 1 —» S
H = oYY ®gB(z) = ma - 9Bt (0) @I + ma ® g (B(x) — Beg(0))
S — v

2. Rate in vortical environment

@) = g [ (TS (00, 11g A (1,009 (09 A B (0,000, ~50)), = s+ O(?)

3. System-environment coupling

Ly (@) =

M@ (L 0 N R igh )
Y (U+4MTgBeff(W)XO') o~ (U+ wxa)k—l—(’)(w)

=i5 /AT
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Conclusion and outlook on heavy quark spins

Theoretical description

v

In the static limit, the Lindblad equation can be derived nonperturbatively
In the weak rotation, x5 and A characterizes the dynamics
Renormalization of the Hamiltonian by coupling to environment

Matching between QCD and static HQET should be considered

>
>
> Need to examine possible interplays with and complications from other 1/M effects
>
» Collaborations welcome!

Experimental issues
» Initial spin polarization of heavy quarks?
» Hadronic phase?
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Back up
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Approximate detailed balance in quantum Brownian regime

Ratio of the rates for E; — Es and E5 — FE7 by Lindblad operator L = Vg + ﬁVs

EQ—E1>

(EliE  Balveln) (1- 22

2
FEy—FE
Lia _ [(ElLIB)P _ ll - B ] = o[- 5],

Loy [(BA|LIE2)?  |1— Lot T

1+z/4\° 1, 3

~1 - — sz e®

(1—;10/4) trtgrt ot c
~~

~1/6

Numerically, the detailed balance is satisfied with 3% level when AE < T
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Lattice simulation for «,

KE(: Ii) and KB(: Hs) [HotQCD Collaboration (24) (PRL'’s supplemental material)]

[

® kp/T? Ny=0
® kp/T% Nf=2+1
@ KE/TS, Ny =0
® kp/T3 Ny=2+1

i T/T.

15.0
12.5 1
10.0 1
2
Rtot :HE+§<’U2>I€B 7.5 1
P
~ 2L kg 5.0
2.5 1
0.0
1.0

1.5

2.0

See also [Banerjee-Datta-Laine (20), TUMQCD Collaboration (23), Altenkort-delaCruz-Kaczmarek-Moore-Shu (24)]
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