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“H e g —iER R BTSN (1935), 3% Einstein-Poldosky
-Rosen (1935) i3I JE %

o 7E 1935 RT3k, BEETS HIHE:

“When two systems, of which we know the states by their
respective representatives, enter into temporary physical
interaction due to known forces between them, and when
after a time of mutual influence the systems separate again,
then they can no longer be described in the same way as
before, viz. by endowing each of them which a
representative of its own. I would not call that one
but rather the characteristic trait of quantum
mechanics, the one that enforce its entire
departure from classical lines of thought.”
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Wolfgang Mittig (MSU, John A. Hannah Distinguished Professor)
* M. Lamehi-Rachti and W. Mittig, Quantum mechanics and hidden variables: A test of

Bell's inequality by the ement of the spin correlation in low-energy proton-proton
Y Sscattering, Phys. Rev. D 14, 2543 (1976).
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o M. Lamehi-Rachti FiI W. Mittig (1976): | F it - B B 856
DURANER #55] 300+ Ik, 4 RZH B T15 BRI .

Wolfgang Mittig (MSU, John A. Hannah Distinguished Professor) :

* M. Lamehi-Rachti and W. Mittig, Quantum mechanics and hidden
variables: A test of Bells inequality by the measurement of the spin :
correlation in low-energy proton-proton scattering, Phys. Rev. D 14,

S 2543 (1976).

“= « Citation: 300+, less known in nuclear physics.

Hideyuki Sakai JBH RIT (RRAXZF)

« H. Sakai, T. Saito, T. Ikeda, K. Itoh, T. Kawabata, H. Kuboki, Y. :
Maeda, N. Matsui, C. Rangacharyulu, M. Sasano, Y. Satou, K. :
Sekiguchi, K. Suda, A. Tamii, T. Uesaka, and K. Yako, Spin E
Correlations of Strongly Interacting Massive Fermion Pairs as a Test of
Bell's Inequality, Phys. Rev. Lett. 97, 150405 (2006).

« Citation: 60+, less known in nuclear physics.
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m Wigner % #5fk:
¥ N = (nyg, ni,pT,pQT A& SU(4) #ERYZE iR R

N — SU(4)N.
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o MR 5L i I S. R. Beane et al., Phys. Rev. Lett. 122, 102001 (2019).
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Experimental determination of entanglement with a|
single measurement

Quantum
0ptics S. P. Walborn &, P. H. Souto Ribeiro, L. Davidovich, F. Mintert & A. Buchleitner

Nature 440, 1022-1024 (2006) \ Cite this article

'Measuring entanglemént entropy in aquantum many-
Condensed (Dody system

Matter Rajibul Islam, Ruichao Ma, Philipp M. Preiss, M. Eric Tai, Alexander Lukin, Matthew Rispoli & Markus
PhySlcs Greiner &

Nature 528, 77-83 (2015) | Cite this article

'Observation of quantum entanglement with top

High |quarks atthe ATLAS detector
Energy

Physics

The ATLAS Collaboration

Nature 633, 542-547 (2024) \ Cite this article

Nuclear' Nuclear entanglement in two-proton radioactivity, fission,
Physics | collective motion, knockout reaction? 23




s BT REAARS, SRS
[1) <> |spin-down) 9K ik o

two-qubit system three-qubit system

Concurrence

Genume tripartite entanglement

Cip(¥12)) = /2 [1 - tl‘(pf)] | Comc(¥1z) = mn(cl|23’czll3’F3|12)
Copc(¥123) = |@‘2|1303|12]§ s

P1: reduced density matrix of the 1st qubit Py: reduced density matrix of the 1st qubit

I
trace out ; m
D °

3
\ \

Quantum state tomography

| pi= —(1 + (0 ix) Oix +(Tiy) Tiy + (07i2) T)

) —> measure three spin polarizations of the ith nucleon along the x, y, z axes

] | |0) <> |spin-up) F
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left detector,

(a) transverse polarizations recording the events

N
entangled . . 2nd proton .’
’ X

diproton ~ _-*

.I ¥ -
1st proton - T N.(0) = Na©O)
P LR - =_7—i
® el o N 2° () = 2@ V@) + Nu®)
[ OW® (o S transverse ..
.’. Teell .‘ polarization
decaying ." N
Be, alpha-particle detector, -
with known measuring momenta right detector,

momenta & energy & energy of the alpha particle recording the events
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(b) longitudinal polarization )
left
detector
N »
entangled R . 2nd proton . )
diproton - , right
. A detector
RN
Ist profouﬂ
. . longitudinal
.’. - @R polarization
decaying ."
‘Be, . alpha-particle detector,
with known measuring momenta
momenta & energy & energy of the alpha particle
‘ (o12) = (K,f(g){(trw) [1+(o1y) AG)] — (1) KT O)}]
|
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(o) = L £
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recording the events

momenta & energy & energy of the triton
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N
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(b) longitudinal polarization '
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recording the events
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=7 right
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EE
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| H. Sakai et al., Phys. Rev. Lett. 97, 150405 (2006)

| Itis very impressive that the experimental data follow
| the quantum mechanical prediction faithfully for the entire
| angular region and they exceed Bell’s limit over a wide
| angular range. We obtained Sy, (7/4) = 2.83 = 0.24¢, *
0.07,y,, which violates the inequality at a confidence level
of 99.3%. It is to be noted that the entanglement of the spin-
singlet state was retained even when the two protons
traversed through large amounts of material media
(50 cm thick argon + ethane gas in wire chambers, 1 cm
thick plastic scintillators, and up to 5 cm thick graphite
slab). It is indeed remarkable that the strongly interacting
pairs maintain the correlations for distances greater than
10'3-10'“ times their coherence length, which was esti-
mated to be 107'% m (the size of a wave packet of two
LLprotons at production).

i REA GG (RO EK BRI » T H e
IR 2 LA R | R B RE b LS 08 I IR e AR N A
e, MILRRSRGTNETME, BEyrRETUEATS R
FIREER

_—
“event-ready"

@\ »

270 MeV deuteron
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Martin Savage: ME 22885+ 5 24P (quantum complexity,
A5 TSl BB AR 55 HIXE R )

o C. E. P. Robin and M. J. Savage, The magic in nuclear and
hypernuclear forces, arXiv:2405.10268.

o F. Brokemeier, S. M. Hengstenberg, J. W. T. Keeble, C. E. P. Robin,
F. Rocco, and M. J. Savage, Quantum magic and multi-partite
entanglement in the structure of nuclei, arXiv:2409.12064.

Many-body Quantum Magic (MBQM-
2025)

Organizers: Tobias Haug (Tll, UAE), Caroline Robin (Bielefeld University , Germany),
Emanuele Tirrito (ICTP, Trieste, Italy), and Xhek Turkeshi (University of Cologne, Germany)

Nonstabilizerness, also called “magic”, is an expensive ingredient needed to power universal
quantum computers. The resource theory of magic characterizes the cost of preparing quantum
states and running quantum algorithms. Recently, there has been tremendous interest in
understanding the complexity of quantum systems using the resource theory of magic. This
workshop aims to bring together leading researchers in the field to foster collaborations and

30

discussions.
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B ARAESPRIR% (eigenstate thermalization hypothesis)
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n+YCa WEE”, pf 7. SIHTHIGE i PR I ] ) A2 AL

6 0.010
(a) n+*Ca”
0f7/2

CcRrMWAGON®OS

(c)50Ca 0fs/2

0fz/2

(b) n+9Ca* ; 1ps/2 1pyy2
gy © O0fsz o 1pips 0.008 !
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LTA: dotted MEA: dashed 0.004

occupation number
w
"
CE,
occupation number
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FIG. 2. The emergence of nucleon thermalization. (a) The time evolution of the occupation number nq(t) = 32, 32,
(W()|éhéalw(t)) is shown for the four single-particle orbits 0f7/2 (the blue points), 1ps/ (the orange points), 0fs/2 (the green
points), and 1p o (the red points) in the n + 4®Ca* fusion process. For the microcanonical ensemble calculations, we take
AE. = 0.05 MeV. The long-time averages (LTA, the dotted lines) of nq(t) agree well with the microcanonical ensemble averages
(MEA, the dashed lines), indicating the emergence of nucleon thermalization. (b) The distribution of the coefficient C%, is
shown for the n + “°Ca* fusion process, where C%C is peaked around the average energy E. (the gray dashed line). (c) The
eigenstate expectation value nq(Ec) = EMQ me (E., Mc\éLéa[Ec, M.) is shown for the four orbits. For each orbit, nq(E:),
as a function of E., resembles a smooth curve consistent with the ETH.

o 10 Ay UK BIPCPA, 107205 JRHGE AL ~ RUEN &
Lig

£ [e] 7 Jté 4 T
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FIG. 3. The hindrance of nucleon thermalization. (a) The time evolution of the occupation number nq(t) is shown for the three
single-particle orbits Ods/s (the blue points), 1ds/» (the orange points), and 1s;/, (the green points) in the n + 2*Mg™ fusion
process. To calculate the MEA values, we take AE, = 0.1 MeV. The LTAs (the dotted lines) of nq(t) deviate significantly
with the MEAs (the dashed lines), indicating that the nucleon thermalization gets hindered in this case. (b) The coefficient
C%c is shown as a function of the eigenenergy E., where two peaks appear on both sides of E. (the gray dashed line). (c) The

cige

ate expectation value nq (E) is shown for the Ody/, orbit as a function of the eigenenergy E. of Mg, with data points

in different colors according to the Te value of |Ec, Mc). (d) na(Ec) is shown for the Ods/> orbit in the presence of isospin
symmetry breaking, where the two-body matrix clements befween protons and neutrons (TBME,ys) are rescaled by a factor
of 1.02 to break the isospin symmetry. The numerical results are colored according to the average isospin T of |E., M.). (e)
The same as Fig. 3(d) except that the TBME,ns are rescaled by a factor of 1.5. As the scaling factor is increased from 1.02 to

1.5, nq(E.) is transformed into a smooth function of E., resembling a single curve.
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