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A tale of two measurements

Hot Medium

Measurement Detector

Heavy-lon Collision

various medium scales
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Open Quantum Systems

®| Demystifying the measurement process: coupling to environment

Environment

B Measurement is a dynamical
process: focus on real-time
evolution

®| |n presence of separation of
scales: simplification
(close relation to EFTs)
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RRRRRRRRRRRRRRR

Htot — Hprobe ® Im + Iprobe ® Hm + Hint — H’:rot
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The Open Quantum System framework

Hiot = Hprobe @ IMm + Iprobe ® Hm + Hine = HtTot Separation of time-scales
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H| Separation of inherent energy scales (EFT) mirrored in timescales (OQS)

Aqcp

H| Exploit mLQ <1, <1 to treat heavy quarks non-relativistically

Q@ see Brambilla et. al. Rev.Mod.Phys. 77 (2005) 142
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The EFT approach to heavy quarkonium o 4
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H| Separation of inherent energy scales (EFT) mirrored in timescales (OQS)

LT A o
= Exploit —-<1. anZD <1 to treat heavy quarks non-relativistically
o E ~ mq
/AN
=5 Qcp
22 Dirac fields
2D
§ = Q(x), Q(x)
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M| Separation of inherent energy scales (EFT) mirrored in timescales (OQS)

. T A
5 Exploit — <1, =2

<1 to treat heavy quarks non-relativistically
mg mg

E ~ mQ E ~ va
QCD NRQCD
Dirac fields Pauli fields

Q(x), Q(x) R

Relativistic T>0
field theory
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The EFT approach to heavy quarkonium

H| Separation of inherent energy scales (EFT) mirrored in timescales (OQS)

: T A .

" Exploit - <1 anZD <1 to treat heavy quarks non-relativistically
o ENmQ ENva ENva2
=2 O‘ggﬁ QcD NRQCD PNRQCD
=2 % Dirac fields Pauli fields Color singlet and
S = o octet wavefunctions
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OPEN QUANTUM SYSTEMS APPROACHES FOR HEAVY-ION COLLISIONS

Recent progress I: range of validity

®| Traditional OQS approaches cover only a limited range of relevant scales
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Recent progress I: range of validity

®| Traditional OQS approaches cover only a limited range of relevant scales
SUBATECH group: Towards a Universal
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Open Quantum Systems: Dissipative Dynamics from Quarks to ] expanSion: Non- Lind blad maSter
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Tom Magorsch
in collaboration with
Nora Brambilla, Arthur Lin and Antonio Vairo
Open Quantum Systems:

Dissipative Dynamics from Quarks to the Cosmos nmtmu
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Recent progress Il: semiclassical limit
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®| Fully quantum approaches suffer from curse of dimensionality for multiple QQ
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Promising results providing
uncertainty quantification
for the semiclassical approx.




Motivation: exploring the properties of hot nuclear matter

The Quarkonium OQS ecosystem in heavy-ion collisions

B OQS for discovery in heavy-ion collisions — optimal observables

Conclusion & Outlook
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OQS for discovery in heavy-ion collisions -
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®/ Need to translate methods development into physics opportunities

PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)
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OQS for discovery in heavy-ion collisions

®/ Need to translate methods development into physics opportunities

m| Key challenge |: scarcity of existing observables
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= How to decide which observable provides
best ROI?
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A fruitful analog: impurity physics

Heavy-ion Collisions

[CMS Collaboration]

ALEXANDER ROTHKOPF - KU

? ’ J .
Hard-probes in
heavy-ion collisions

SQM 2026 — MARCH 27TH — UCLA — Los ANGELES, USA
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mpurity physics: metrology at extremes o

T=10"2K T=10°K
A
color decoherence of decoherence of a qubit
heavy quarkonium in HIC in @ quantum gas
see e.g. S. Kajimoto, Y.Akamatsu, M. T. Mitchison et.al.
M. Asakawa, A.R., PRD97 (2018), 014003 PRL 125, 080402 (2020)
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B/ The study of optimizing the measurement process exploiting quantum features
see e.g. M. Mehboudi et.al. J. Phys. A52 (2019) 303001
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B/ The study of optimizing the measurement process exploiting quantum features
see e.g. M. Mehboudi et.al. J. Phys. A52 (2019) 303001

errorin T spread in impurity property

oy 00
V/Nx2[0]

# of measurements how sensitiveisOto T
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Quantum Metrology Y
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¥ The study of optimizing the measurement process exploiting quantum features

errorin T spread in impurity property

o 010
\/ NxF[O]

# of measurements how sensitiveisOto T

Optimum sensitivity X7 (O] = O Tr[pprobe(§)Ole=T reached via unigue quantity /A\T ;
/\Tﬁprobe + ﬁprobe/\T — 2aT)aprobe

“symmetric logarithmic derivative” (SLD)
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Quantum Metrology

5| The study of optimizing the measurement process exploiting quantum features

(0%) — (0)?
\/NxZ[O]

5T[0] =

Optimum sensitivity XT [O] = ¢ Trpprobe(§)Ole=T reached via unique quantity /A\T ;
ATﬁprobe + lb\probe/\T — 26‘Tf/5probe

“symmetric logarithmic derivative” (SLD)

® Fisher information Jfg = Tr[,ﬁ(é’)f\g] (“how much can we learn about 6”)
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Explicit construction of SLD now possible i
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m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

d 2mykg T ~

R oA A . Ta Ve ra A
Epprobe — _E[Hprober pprobe] - 2 [X, [X; pprobe]] - F[X; {P, pprobe}]
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Explicit construction of SLD now possible
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m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

d N I~ N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = — [ Hprobe, Porobe] — h—[X [X, Pprobe]] — [X 1P, Pprobe ] Leggett: Physica

coherent dynamics
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Explicit construction o

WE ARE THE NEXXT
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m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

d N I~ N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = — [ Hprobe, Porobe] — h—[X [X, Pprobe]] — [X 1P, Pprobe ] Leggett: Physica
coherent dynamics fluctuations dissipation
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Explicit construction of SLD now possible i
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m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

d . I~ . 2mykgT .. . . Yo cn A
Epprobe — _E[Hprober pprobe] - T[X, [X; pprobe]] - F[X; {P, pprobe}]
coherent dynamics L. ations dissipation
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Explicit construction of SLD now possible i
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m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

d [~ ~ 2mykgT .. . . Yo cn A
Epprobe — _E[Hprober pprobe] - T[X, [X; pprobe]] - F[X; {P, pprobe}]
coherent dynamics L. ations dissipation

out of equilibrium  time equilibriun

—
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Explicit construction of SLD now possible i
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m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

d . I~ . 2mykgT iy
Epprobe — _E[Hprober pprobe] - T[X1 [X; pprobe]] - F[X; {P, pprobe}]
T . . .
coherent dynamics HBEiations dissipation
7\ A A A2 A2 AA
AJ S {pr)x » P ,{Cﬂ,p}}
T—
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S 004 ~
(&) s
0.02
0.00
squeezed Gaussian
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¥ |mportant insight:

by adding / removing observables
change in QFI indicates

gain/loss in information about
medium properties.




OPEN QUANTUM SYSTEMS APPROACHES FOR HEAVY-ION COLLISIONS

Towards OQS insight in quarkonium

m Constructing SLD for pNRQCD Lindblad equation with transport coefficients x & y
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Towards OQS insight in quarkonium

m Constructing SLD for pNRQCD Lindblad equation with transport coefficients x & y
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® OQS ecosystem for heavy quarkonium mature with steady progress

H QOptimal observables defined in OQS metrology: Symmetric Logarithmic Derivative
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H QOptimal observables defined in OQS metrology: Symmetric Logarithmic Derivative

®| Explicit construction of SLD gives access to QFI: key insights into sensitivity
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® Open Quantum Systems: versatile framework for a probe coupled to environment

® OQS ecosystem for heavy quarkonium mature with steady progress

¥/ Optimal observables defined in OQS metrology: Symmetric Logarithmic Derivative
u| Explicit construction of SLD gives access to QFI: key insights into sensitivity

B Work in progress: application to quarkonium master equations
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Conclusion & Outlook

® Open Quantum Systems: versatile framework for a probe coupled to environment

® OQS ecosystem for heavy quarkonium mature with steady progress

¥/ Optimal observables defined in OQS metrology: Symmetric Logarithmic Derivative
u| Explicit construction of SLD gives access to QFI: key insights into sensitivity

B Work in progress: application to quarkonium master equations

Thank you for your attention
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master equation definition of SLD

aups(t,0) = LI0ps(t,0)  200(0) = 5 (Rep(6) + 5(0)As) — p(6) (Ro)
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SLD from the master equation

master equation definition of SLD

0ips(t,0) = LI0)ps(t,0) | a00(0) = 5 (Rep(6) + p(6)R9) — p(6) (Ao)

89 (875,6(?5, 0)) — 875 (aﬁﬁ(ty 0)) Schwarz’ theorem: symmetry

of second partial derivatives
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SLD from the master equation

master equation definition of SLD

0ips(t,0) = LI0)ps(t,0) | a00(0) = 5 (Rep(6) + p(6)R9) — p(6) (Ao)

89 (815,6(?5, 0)) — at (aﬁﬁ(ty 0)) Schwarz’ theorem: symmetry

of second partial derivatives

choice of experimentally accessible operators

Ag = Z Cg:)/ii Tr [89('9,5,5(15, 6) /Alj] = Ir [8t80,5(t7 0) AJ]
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SLD from the master equation

master equation definition of SLD

0ips(t,0) = LI0)ps(t,0) | a00(0) = 5 (Rep(6) + p(6)R9) — p(6) (Ao)

89 (815,6(?57 0)) — at (aﬁﬁ(ty 0)) Schwarz’ theorem: symmetry

of second partial derivatives

choice of experimentally accessible operators

Ag = Z céi)ﬁi Tr [895’,5,5(15, 6) /Alj] = Ir [87580,5(757 0) AJ]

(i) Explicit construction of SLD
E Mj;cy’ = D;
(

via solution of linear system
of equations
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Quarkonium — pNRGC

® As a first step: optimal estimation of local properties — transport coefficients

d R T TS S
pNRQCD & strongly coupled medium qiPea = ~ilHoeq Pogl + ;'Y" (L"pQQLk — 5Lilkpog — EPQQL"L")

Non-perturbative medium but Coulombic bound states
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OPEN QUANTUM SYSTEMS APPROACHES FOR HEAVY-ION COLLISIONS

® As a first step: optimal estimation of local properties — transport coefficients
d .

~ 1 1
JiPea = ~ilHoa Poal + Z’Yk(LkPQQLL ~ 5 LkLkpao ~ EPQ@LLLk)
k
Non-perturbative medium but Coulombic bound states
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governed by two (static) transport coefficients:

1 *° . . ,
L dt ({E>i(t,0), E*i(t,0 heavy quarkonium
o 6N, /0 <{ (t.0) ( )}> diffusion constant

x —
" 6N, correction

/ /oo dt {[E*/(t,0), E*(t,0)]) potential
0
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H| As a first step: optimal estimation of local properties — transport coefficients

d - 1 1
JiPea = ~ilHoa Poal + Z’Yk(LkPQQLL ~ 5 LkLkpao ~ EPQ@LLLk)
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Non-perturbative medium but Coulombic bound states
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H| As a first step: optimal estimation of local properties — transport coefficients
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L dt ({E>i(t,0), E*i(t,0 heavy quarkonium
o 6N, /0 <{ (t.0) ( )}> diffusion constant
Dj=—
_ i « a,i a,i potential
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B/ Using the assumptions of singlet dominance and no off-diagonal contributions

First PRELIMINARY insights

WE ARE THE NEXXT

RRRRRRRRRRRRR

®| Highly restricted basis: Y(1S) Y(2S) Y(3S) Xpo12(1P): system matrix Mij degenerate
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B/ Using the assumptions of singlet dominance and no off-diagonal contributions

®| Highly restricted basis: Y(1S) Y(2S) Y(3S) Xpo12(1P): system matrix Mij degenerate

SLD for transport coefficient y

{{cY1S > 0. - 0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}
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®| Highly restricted basis: Y(1S) Y(2S) Y(3S) Xpo12(1P): system matrix Mij degenerate

SLD for transport coefficient y

{cY1S > 0.4-0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}
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OPEN QUANTUM SYSTEMS APPROACHES FOR HEAVY-ION COLLISIONS

First PRELIMINARY insights

B/ Using the assumptions of singlet dominance and no off-diagonal contributions

®| Highly restricted basis: Y(1S) Y(2S) Y(3S) Xpo12(1P): system matrix Mij degenerate

SLD for transport coefficient y
— 0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}

SLD for transport coefficient

{{cY1lS - 20.4013 - 0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}
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B/ Using the assumptions of singlet dominance and no off-diagonal contributions
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SLD for transport coefficient y
— 0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}
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OPEN QUANTUM SYSTEMS APPROACHES FOR HEAVY-ION COLLISIONS

First PRELIMINARY insights

B/ Using the assumptions of singlet dominance and no off-diagonal contributions

®| Highly restricted basis: Y(1S) Y(2S) Y(3S) Xpo12(1P): system matrix Mij degenerate
SLD for transport coefficient y

{cY1S > 0.4-0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}

SLD for transport coefficient

{cY1lS > 20.4013 f 0.00348522 cC10 - 0.00348522 cC11 - 0.00348522 cC12 - 0.261354 cY2S - 0.216845 cY3S}}

m Y(1S) survival sensitive to k but determination of y requires excited states survival
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Quantum Brownian motion (equilibrium

WE ARE THE NEXXT

RRRRRRRRRRRRR

u SLD for temperature T from the Caldeira-Leggett master equation

d N [N N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = = - [Hprobe, Porobe] — h—[x [X, Pprobe]] — [X 1P, Pprobe }] Leggett: Physica
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Brownian motion (equilik

WE ARE THE NEXXT

xxxxxxxxxxxxx

u SLD for temperature T from the Caldeira-Leggett master equation

d N [N N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = = - [Hprobe, Porobe] — h—[x [X, Pprobe]] — [X 1P, Pprobe }] Leggett: Physica

coherent dynamics
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u SLD for temperature T from the Caldeira-Leggett master equation

d N [N N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = = - [Hprobe, Porobe] — h—[x [X, Pprobe]] — [X 1P, Pprobe }] Leggett: Physica
coherent dynamics fluctuations dissipation
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Quantum Brownian motion (equilibrium

WE ARE THE NEXXT
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u SLD for temperature T from the Caldeira-Leggett master equation

d N [N N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = = - [Hprobe, Porobe] — h—[x [X, Pprobe]] — [X 1P, Pprobe }] Leggett: Physica
coherent dynamics fluctuations dissipation

AJE{ L, P 7A27A2 {:Ep}}
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Brownian motion (equilik

WE ARE THE NEXXT

xxxxxxxxxxxxx

u SLD for temperature T from the Caldeira-Leggett master equation

d N [N N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = = - [Hprobe, Porobe] — h—[x [X, Pprobe]] — [X 1P, Pprobe }] Leggett: Physica
coherent dynamics fluctuations dissipation

A€ (.. 8% 7 &I B [po02]
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Quantum Brownian motion (equilibrium) i

KKKKKKKKKKK

u SLD for temperature T from the Caldeira-Leggett master equation

dA | A R 2m kBT

Epprobe = _E[Hprobe: pprobe] h—[X [X pprobe]] [)?: {ﬁ: ll)\probe}]
j coherent dynamics fluctuations dissipation
A; e {&,p, 2% 92 {2,p}} D= [0,0,0,—27,0
¥ ) 7 X 7 X p T sy Uy Uy T ga

0 —2b(p?) 0 0 0

2e(a?) D) 0 0 0
Lol 0 0 n —8b (p?) (a?) — 2
0 0 0 fzég&) 8¢ (p?) (z?) + 2¢
0 0 2 —sh(p?) M)
+8c(z?)* —92 18y (p2>< 2>
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u SLD for temperature T from the Caldeira-Leggett master equation

dA | A R 2m kBT
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j coherent dynamics fluctuations dissipation
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Lol o 0 0 n —8b (p?) (a?) — 2
0 0 0 fzég&) 8¢ (p?) (z?) + 2¢
0 0 2 —sh(p?) M)
+8c(z?)* —92 18y (p2>< 2>

ALEXANDER ROTHKOPF - KU SQM 2026 — MARCH 27TH — UCLA — Los ANGELESi USA



KOREA

Quantum Brownian motion (equilibrium

WE ARE THE NEXXT

RRRRRRRRRRRRR

u SLD for temperature T from the Caldeira-Leggett master equation

dA | A R 2m kBT

A.O. Caldeira and A.J.

— = —— H , — | X, X, Leggett: Physica
dtpprobe ﬁ[ probe pprobe] A2 [ [ pprobe]] [ {P pprobe}] 121A(1983)y58l7
coherent dynamics fluctuations dissipation
2 A A A2 AD A A gl
A; e{z,p,2°,p ,{w,p}}» D= [0,0,0, —25,0]
= =
0 —2b(p%) 0 0 0
2e(a?) V) 0 0 0
M 0 0 0 272 2 —8b(p?) (z2) — 2b
0 0 0 fz'érp(;?ﬂ 8¢ (p?) (z?) + 2¢
0 0 2 -8 o)
+8c(z?) —2¢ +8y <p2) <x2>
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Brownian motion (equilik i

u SLD for temperature T from the Caldeira-Leggett master equation

d N [N N 2m kBT ' A.O. Caldeira and A.J.
3 Porobe = = - [Hprobe, Porobe] — h—[X [X, Pprobe]] — [X 1P, Pprobe }] Leggett: Physica
coherent dynamics fluctuations dissipation

Ay € .22 % @I o= poosl]

0 —2b(p?) 0 0 0 0,
2y (p?) 0,
2c (z? 0 0 0
(%) _2_~1bz o 4c (a*b? + 4(bc + 7?))
M- 0 0 0 2y —8b(p?) (z*) — 2b bt — 16622
- 8 (p2)2 2\ /2 4
0 0 0 syr(p?)  8c(p?) (@?) +2c " ath—4c’
2 - b2 2 8T (x — 16#
0 0 . —8b (p?) J—z "~ aB8b3 — 16bc?’
+8c¢ (%) —2c +8y <p2) (x2>

V. Lépez-Pardo, A.R. arXiv:2506.23600
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Quantum Brownian motion (equilibrium)

m| SLD for temperature T from the Caldeira-Leggett master equation

d A i o A 2m’kaT A A A i'y A A A
Epprobe — _E[Hprobef pprobe] - T[X, [X; pprobe]] - F[X; {P, pprobe}]
A; e {&,p,2°,p%,{2,p}}| D = [0,0,0,—25,0]
0 —2b(p? 0 0 0 4 =,
2 ) _ reproduces the
2¢(z?) 21§_gi> 0 0 0 o 47 432 2 k § It
Y P ERe) known resu
ve| O 0 0 2y —8b(p") (%) 2 TS TTER  from explicit
8y (p?)° 2 (02 @) ___4 density matrix
0 0 0 2 8c @ 2c c )
o) S @ Lol e (T in equilibrium)
% _8b <p2>2 T 2 C(T{z,p}) = 3160’Y .
0 0 +8¢ <x2>2 9 +8’y?p2> <w2) a®b® — 16bc
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Quantum Brownian motion (equilibrium)

m| SLD for temperature T from the Caldeira-Leggett master equation

d . I~ . 2mykgT . .. . Yo cn A
Epplﬁ: _E[Hprobef pprobe] - T[X’ [X, pprobe]] - F[Xv {P, Pprobe}]

A; € {&,p,2°, P {(2,p}}] D= [0,0, 0,—2%,0]

0 —2b(p? 0 0 0 7 4 =,
(e 2y (p?) . . . &P =, reproduces the
2 R AT o) known result
ol O 0 0 2y —8b(p?) (x?) — 2b ST  from explicit
- 8y (p2)” 2y (2 w4 density matrix
0 0 0 syr(?) 8l ){a®) +2¢ T ath—4c’ : ——
-5 16 (T in equilibrium)
2b 2\2 89T (22) ({ep}) _ 10y
0 0 A e et ¢ °r ¥t — 16bc2’
+8c(2?) —2c +87(p?) (z?)

need to include the {x,p} operator to obtain a well-posed linear system even though <{x,p}>., =0
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Quantum Brownian motion (squeezed Gaussian) -

xxxxxxxxxxxxx

m SLD for temperature T & relaxation rate y from Caldeira-Leggett master equation

A

A; € {8, 8%, 7%, {:f:,ﬁ}}|
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