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® Motivation: exploring the properties of hot nuclear matter

H| The quarkonium OQS ecosystem in heavy-ion collisions

H| Towards optimal quantum metrology for in-medium heavy quarkonium

B Conclusion and Outlook
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TOWARDS OPTIMAL QUANTUM METROLOGY FOR HEAVY-QUARKONIUM

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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TOWARDS OPTIMAL QUANTUM METROLOGY FOR HEAVY-QUARKONIUM

The Open Quantum System framework

WE ARE THE NEXXT

uuuuuuuuuuuuuuu

Hiot = Hprobe @ IMm + Iprobe ® Hm + Hine = HtTot Separation of time-scales
determines nature of e.o.m. :
Unitary time

evolution Environment relaxation scale TE:

d (Em(t)Zm(0)) ~ e7t/™e

Eptot = —i[Htot, Ptot]

—
=
<

probe system scale 7s:

Dissipative s ~ 1/|w — |

. dynamics -
d ?
Epprobe = probe relaxation scale Trel:
—t re
pprobe — TrM[ptot] <p(t)> X € /T |

=l In case of Markovian time evolution ( 7e < 7«1 ) leads to a Lindblad equation:
d s 1y 1y (nlpog|n) >0,Vn
7:Pea = ~ilHag: Poql + g’Yk (LkPQQLk > LibkPag ZPQQLkLk) oo = Pog. Trlogal = 1
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In-medium heavy quarkonlum

‘GG Quarkonium separation of scales: Mq>Aqcp, Mo>T med
In vacuum: mY=9.460GeV, ' = 54(1)keV; mv=3.096 GeV, "V = 93(3)keV

m| Different Quarkonium species form an ideal set of standard candles

Y(13) Xo(1P) Jw(s)  X(1P) Y(23)
Epina  1.1GeV 630MeV  640MeV ~ 220MeV  60MeV
EE == .

estimated temperature range realized in LHC collisions

degree of thermalization

non-equilibrium theory, equilibrium theory,
resolves history of collision informs of late stages
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The EFT approach to heavy quarkonium "R

WE ARE THE NEXXT

uuuuuuuuuuuuuuu

H| Separation of time-scales mirrored in a separation of energy scales

L. T A o

=) Exploit - <1 ;;D <1 to treat heavy quarks non-relativistically
o E ~ mg E ~ mgv E ~ moVv?
A\ 9
=2 O“g@fQ Qcb NRQCD pNRQCD
= 2 @) Dirac fields Pauli fields Color singlet and
= 5 & o ; ; octet wavefunctions
s T QW0 il Ps(R, 1), o (R, )

vZ
Lso =S"(ido + oy~ VO 4 )S + VuTr[Or - ES]
Ly =91 (i(80 — igAo) + cr(V — igA)?/2mq

_ . . . V2
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QD DT apovimaton

Dynamics in terms of non-perturbative

transport coefficients
N. Brambilla et.al. PRD99 (2019) 096028, PRD 104 (2021) 9,

NRQCD Lindblad equation 094049, PRD 108 (2023) 1, L011502 & JHEP 04 (2026) 007

Y. Akamatsu PRD91 (2015) 056002
. Miura et.al. PRD 106 (2022) 7, 074001 ”

motion limit”

non-relativis ks weak ¢

weak coup
“gquantum Bro

qua ical limit”

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

Lindblad equation Boltzmann equation X. Yao et.al. JHEP 01 (2021) 046
COlOf' Singl .On T. Miura et.al. a

Non Iineatocti - o (X K1) v (X, K, 1) = CE9(X, K, 1) = G (XK, 1) |

Schrodinger time scale separation
o Y. Akamatsu, AR. close to equilibrium
PRD85 (2012) 105011

Stochastic Schrodinger Rate equation

= —am) [y — e |

Semi-classical
Langevin

J.P. Blaizot, M. Escobedo
JHEP 1806 (2018) 034
A. Daddi-Hammou et.al.
PRD 113 (2026) 1, 014017
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Deterministic Schrodinger
2
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OQS for discovery in heavy-ion collisions

®/ Need to translate methods development into physics opportunities

m| Key challenge I: scarcity of existing observables

Pbe1 61nb™, pp 300 pb (5. 02 TeV)
[T RN EEnA RN RS I ] . . _r
120, <30 Gevic CMS + = How to exploit optimally existing data
|yT|<2-4 Supplementary 1 ... |
(1S) (2015 PbPb/pp) 0-90% )
v soos':ppNRQCD I m| Key challenge II: QGP properties are not
HYES  myas) 1 ] direct observables
H EY(2s) I ]
- # =YES) T ] ) )
8 - Q tg = How to exploit OQS approach to achieve a
-y T & 3 } (thermo-), (viscosi-), (diffusi-) meter?
0.2? — oo 4 _
i 2 m om L, . ] e ..
O s s B e e a5 W Key challenge llI: limited resources
(N

= How to decide which observable provides
best ROI?
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A fruitful analog: impurity physics

Heavy-ion Collisions Ultracold atoms

Bosonic or Fermionic
Polarons

Hard-probes:
Quarkonium

Joint Quantum Institute, UMD

[CMS Collaboration]
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Quantum Metrology

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

<02> B <é>2 1 quantum 1

classically -

N — Cramer-Rao >
\/NX%- 0] random var. \/N bound NF[T]

5T[0] =

Optimum sensitivity XT [O] = ¢ Trpprobe(§)Ole=T reached via unique quantity /A\T ;
/\T)/O\probe + ,b\probe/\T — 2an\probe

“symmetric logarithmic derivative” (SLD)

®| Fisher information F¢ = Tr[ﬁ(f)f&?] (“how much can we learn about £”)
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State-of-the-art — SLD in thermometry

//\Tﬁprobe + ﬁprobe//\\T — 2aT//jprobe

Laser cool Kicks from
environment
together with decohere two-level

minority gas 174Yb system impurity.

174y p

Ap x cos(p) &) +sin(p) 61

Equilibrium Thermometry

hr = €, (2= @9) + G, (5 - 7)) tongy = 1L~ 01209
b2 org
o — HP*) xr(#) + Bxr (5?) o
T T T ()2 (p2)2 — KA/2

Non-equilibrium Thermometry

6T|’U| 8Tq5 X

o(0) = o Tr[p(0)0) XK

u| Challenge: construction of SLD requires explicit solution of Lindblad equation
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SLD from the master equation

master equation definition of SLD

Oep(t, 0) = LIO]p(t, 6) 20(6) = 5 (R00(®) + p(6)As) — 2(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 céi)ﬁi Tr [898,5,5(15, 6) /Alj] = Ir [8t80,5(t7 0) AJ]

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

via solution of linear system
of equations
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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

ALEXANDER ROTHKOPF - KU OPEN QUANTUM SYSTEMS: DISSIPATION & DECOHERENCE FROM SUBATOMIC TO COSMIC SCALES — APR. 20TH — MITP — MAINZ



KOREA

D = [o, 0,0, —2%, o] b D= [o, 0,0, —2% +a(p?),2((a, p})]

=) ~2b(p2) 0 0 o '
2c(z?) 2y(p?)- 2T o o o 0.08
rllenl)  elfapd
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() o)) b +2yi{ap))? ] 0.00 A\ AN ) \/t-, -
: w
v \ 4 squeezed Gaussian —:5
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-0.02 -0.5
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Crosscheck QFI:

B As expected: temperature sensitivity highest after full thermalization, relaxation rate
becomes inaccessible since equilibrium time translation invariant

5 y .g
K w 4
‘.\ squeezed Gaussian —=—
1 ' m 3
0.500f %
L v, e
EEm F
C 0.100f LI v
0.050F A
“'
| |
0.010f A
: -
0.005k 5 10 15 >0 . =5
time tm
squeezed state <{x,p}>#0 equilibrium <{x,p}>=0
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o heavy quarkonium i

T=10°K T=10"2K
4

decoherence of a qubit color decoherence of
in @ quantum gas heavy quarkonium in HIC
M. T. Mitchison et.al. see e.g. S. Kajimoto, Y.Akamatsu,

PRL 125, 080402 (2020) M. Asakawa, A.R., PRD97 (2018), 014003




Adressing observable scarcity §) P

EEEEEEEEEEEEEEE

B Goal: can we find an SLD based on the available data?

PoP 1161 p 3000 (.02 Te) | 8n1I3é m$k2e Sref\e(rgréce to Iovnczst lying states
IARRERARRE REARN RARAREEE REER AR [ ]

12 pT<3OGeV/c CMS + ] ( )’ ( )’ ( )’ Xb012( )
A Supplementary 1 cen:. |
§ [$]Y(1S) (2015 PbPb/pp) 0-90%

: ®YES  ogs.pNRacD | m| Operator basis for SLD is set of projection
BIYES) =y 1 ]

i B 1 operators { [n><n] }.

- & B = Y(3S) 1

1", by

- [gm ™ a2 @ 1 ]

S S 1 e ] ®| End result: determine linear combination of
i ®= m = e o= @ ] o ee .
Oy 0500150 200" 550 300 380400 Raas that exhibits most sensitivity to certain

No) medium property (e.g. T)
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TOWARDS OPTIMAL QUANTUM METROLOGY FOR HEAVY-QUARKONIUM

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

Non-perturbative medium but Coulombic bound states

h 0 r2 ]. 0
(58 (0
. (0 1Y jee0_ [(N-ax (0 0
L7 O:\/Ngk—lr<\/N§fl 0>L? °- 2(N371)’<0 1)

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

/ /oo dt {[E*/(t,0), E*(t,0)]) potential
0

x —
" 6N correction

d - 1 1
JiPea = ~ilHoa: Pool + Z'Yk(LkPQQLL — 5 LkLkpao EPQ@LLLk)
k

Tr [898t,5(t, 6) /Alj] =Tr [8t89ﬁ(t’ 0) AJ]

D= (<[Aj,f2]> 0 )

0 <[A;,f=2}>szo

A = {[Y (18))(Y (18)], [Y (25))(Y (25)],
Y (35)) (Y (39)], [xi(1P)){xi(LP)|}
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TOWARDS OPTIMAL QUANTUM METROLOGY FOR HEAVY-QUARKONIUM

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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Conclusion & Outlook

¥ Quarkonium is a powerful QCD laboratory with potential as precision QGP probe
¥ Open quantum systems ecosystem for quarkonium mature & extensive
® Quantum Metrology: Optimal observables via SLD — but requires analytic solution

® Recent progress:Exploit symmetry of mixed partial derivatives to construct SLD
from master equation directly.

®| Proof of principle: explicit form of SLD from Caldeira-Leggett master equation
for environment temperature & relaxation rate (non-equilibrium).

® Work in progress: application to pNRQCD quarkonium master equation

Thank you for your attention
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