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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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The Open Quantum System framework

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)) ~ e /e
d_Ptot = —i[Hrot, Prot)
t
L ] probe system scale 7s:
Dlssmajuve s~ 1/|w — o]
. dynamics -
d ?
Epprobe = f probe relaxation scale Trel:
_t/TreI
Pprobe = TrM[ptot] <p(t)> x €

=l In case of Markovian time evolution ( 7e < 7«1 ) leads to a Lindblad equation:
d s 1y 1y (nlpog|n) >0,Vn
JpPee = ~ilHog poal + g’Yk (LkPQQLk — 5LkLkPoo ZPQQLkLk) oo = Pog. Trlogal = 1
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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
5e O%° ' v 9t x!
EJ‘: ' Q(X)'Q(X) ' X X d)S(R)t))d)O(R)t)
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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, arXiv: 2508.11743

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

motion limit”
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weak coup
“gquantum Bro
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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

¢ approximation dt

Deterministic Schrodinger
2
+ Re[V](R, T) — iIm[V](R, T)] " |
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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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Tom Magorsch
in collaboration with
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Open Quantum Systems:
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Recent progress Il: semiclassical limit

KOREA
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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.
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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

Pbe1 61nb", pp soo pb 5. 02 TeV)
II\\l IIIIIIII |I\II| \\\\\\\\\\\\\\\\

120, <30 Gevic CMS _; . = How to exploit optimally existing data
|yT|<2-4 Supplementary 1 ... |
[#]Y(1S) (2015 PbPb/pp) 1 0-90% | ) .
BYeS  oosspnmacD | m| Key challenge Il: QGP properties are not
YOS mvas) ] direct observables
H EY(S) T ]
- & =Y@E9) i ] ) _
8 k 2 g 1 = How to exploit OQS approach to achieve a
-y I (thermo-), (viscosi-), (diffusi-) meter?
0.25 — oo 4 _
i 2 m om L, . ] e ..
050" 100150200250 300 350 400 m| Key challenge lll: limited resources
(N

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

Heavy-ion Collisions

[CMS Collaboration]
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Hard-probes in
heavy-ion collisions
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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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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

RRRRRRRRRRRRRRR

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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¥ |mportant insight:

by adding / removing observables
change in QFI indicates

gain/loss in information about
medium properties.
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Towards OQS insight in quarkonium

m Constructing SLD for pNRQCD Lindblad equation with transport coefficients x & y

Pbe 1 61 nb”, pp 300 pb (5. 02 TeV)

RARRRRRRNRERRERARE BARRIRARSRRARANRARE T ]
1.2 pT<30 GeVic CMS 1 ]
Lgnees Supplementary 1 e | ®| Restricted basis: Y(1S) Y(2S) Y(3S) Xpo12(1P)
L 1 0-90% | . . .
_ iy (z0rs oo I (so far only qualitative assessment possible)
08| = 0QS + pNRQCD —+ T
< I [v(@s) EY(1S) il ]
el H EY(29) I ]
I E le- o =YE9) T ]
0.4f - T8 _ . ,
s g voeEr ¥ Y(1S) survival most sensitive to quarkonium
T e = .ol te diffusion (k) while potential modification (y)
11 llIIJlllJlIlI\lIlJllll\ll ‘ ‘ _J " L] L] -
050 100 150 20 250 300 350 400 requires excites state information.
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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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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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H| As a first step: optimal estimation of local properties — transport coefficients

d )
JR— 5 = —|/
dthQ

Non-perturbative medium but Coulombic bound states

hs 0 r? 1 0
H = ( Y ) + 5 NZ—2
0 ho ) 27\ 0 oy
560 _ K i 0 1\ jowo_ [(NZ—4)k ; ( 00 )
i = Ngfl \/Ng,1 0 ! 2(N2 —1) 01 +%Z
governed by two (static) transport coefficients: —(4,)
J
1 *° . . ,
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
ke 6N, ,/0 dt ([E'(r,0), E*'(r,0)]) correction “
A; =
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K

Tr [898,;;3(15, 6) /Alj] =Tr [8t89ﬁ(t’ 0) AJ]
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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)

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

[ —bteat) ~2b(p2) 0 0 0
) nph)-HT . . . 0.08 — o
+ri{zpl)  eloph)
0.06 -d7
o o ablayeph) —4b(p?)({z.p}) —8b(a?) (%) 25 : S S P
: 2 an(gaph)? -
< 0.04
0 0 4e(@?) ({0} 89(p%)? - 57 (5?) 8e(a?) (p)+2¢+2e({z.p})? SL';
+2y({aph)? +4e(p*){ap}) +8y(r?) ({w.p)— 9T ({z.p})
Seleh)® —8b(p?)2 ~2e+47(p) ({z,p}) g.,(zz)(,z),s_'gz(z:),z,, squeezed Gaussian —=—
0 0 +2b el BT gy ) m D800 () m 3
+4y(@2) ({z.p}) v +2y({z.p})? | 0.00
squeezed Gaussian
-0.02 .
0 5 10 15 20 25 30 0 5 10 15 20

<{x,p}>#0 time tm <{x,p}>=0 <{x,p}>#0 time tm <{x,p}>=0




