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Areas occupied by quantum information

New Map of Quantum Physics



EPR 1935 



Schrödinger 1935

• Another way of expressing the peculiar situation is: 
the best possible knowledge of the a whole does 
not necessarily include the best possible knowledge 
of its parts…I would not call that one but rather the 
characteristic trait of quantum mechanics, the one 
that enforces its entire departure from classical lines 
of thought . By the interaction the two 
representatives become entangled. 



W. Furry 1936
• Schrödinger (and EPR) thought entanglement 

unreasonable, speculated it might become 
nonentangled when particles are separated. 

• W. Furry thought such a speculation unreasonable. 



Different context: 
Testing QED

• Wheeler: asymmetry in 
coincident measurement of 
photons produced from the 
e+e-  annihilation. Got the 
quantitative result wrong.

• Price-Ward, Snyder-
Pasternack-Hornbostel got the 
correct result. 



Electron-positron 
annihilation and 
quantum entanglement

Yu Shi，Scientific spirit of C. S. Wu: from quantum 
entanglement to parity nonconservation



Wu, Shaknov, 1950 

• Test QED，Wheeler proposed to study electron-
positron annihilation.   Further calculations by 
Ward-Price, and by Snyder-Pasternack-Hornbostel. 

• Two photons created in electron-positron 
annihilation, polarizations are always perpendicular, 
scattered by electrons respectively. 

• For different scattering angles, measure the 
asymmetries between  the  two situations of 
moving directions being perpendicular and parallel. 

• Maximum=2.85, when the scattering angle=82°

• The polarization determines the scattering 
distribution.  

• Previous experiments not satisfactory. 

• Sensitivity of the γ detector by Wu and Shaknov 
was 10 times that of previous ones. 

• Positron source Cu64 was activated by deuterium 
bombardment in Columbia cyclotron.  

• Result: 2.04∓0.08.  (Theory: 2.00) Yu Shi，Scientific spirit of C. S. Wu: from quantum 
entanglement to parity nonconservation



Quantum Entanglement
• In 1935, Einstein-Podolsky-Rosen demonstrated the conflict  between 

local realism and quantum mechanics using quantum entangled 

states. They claimed that quantum mechanics is incomplete.

• In the same year, Schrödinger coined quantum entanglement, noting 

that it is a characteristic of quantum mechanics.

• In 1957, Bohm-Aharonov noted that Wu-Shaknov achieved photon 

polarization correlation (Bohm-Aharonov did not use the word 

"entanglement"). They proved that the non-entangled state could not 

give the experimental results of Wu-Shaknov.

• For the first time, Wu-Shaknov experimentally achieved a clearly 

spatially separated quantum entangled state. 
Yu Shi，Scientific spirit of C. S. Wu: from quantum 

entanglement to parity nonconservation



1975, Wu's group attempted to test Bell's inequality
• In 1964, Bell proposed the inequality satisfied by local realism (hidden variables).
• Quantum entangled states violate Bell's inequality, but polarization needs to be measured in a 

direction that is neither parallel nor perpendicular.
• In 1950 Wu-Shaknov experiment, the azimuth angles of the two photons detected were always 

perpendicular.
• In 1975, Chien-Shiung Wu and his students Kasday and Ullman measured the coincidence 

probability of two photons in a wide range of polar and azimuthal angles.
• ANGULAR-CORRELATION OF COMPTON-SCATTERED ANNIHILATION PHOTONS AND HIDDEN 

VARIABLES，KASDAY, LR; ULLMAN, JD，d WU, CS，1975 | NUOVO CIMENTO B 25 (2) , pp.633-
661.

• The results are consistent with the entangled state and contradict the non-entangled state.
• However, it cannot be used to prove that Bell's inequality is violated, because local realism can 

also calculate Compton scattering, and it cannot explicitly lock the direction of photon detection 
and polarization in a certain direction.

• Here are high-energy photons, which are not easy for direct polarization measurements (can 
destroy polarizers). The polarization of low-energy photons can be measured directly with 
polarizers. 

• Contemporary quantum information science is booming by using the entangled states of low-
energy photons and other agents.

Yu Shi，Scientific spirit of C. S. Wu: from quantum 
entanglement to parity nonconservation





My articles and talks on C. S. Wu’s contributions
• Video: https://www.koushare.com/video/details/164531

• Chinese slides:https://mp.weixin.qq.com/s/lilZY3ClxvfP9Q8DSt2j_A

• Chinese transcript:  Micius Forum (墨子沙龙)，June 2, 2023, 
https://mp.weixin.qq.com/s/inwKeaTyI9FxT-qEEgsKDA

• English version: arXiv:2504.16978

• YS, Chien-Shiung Wu as the experimental pioneerin quantum entanglement: A 
2022 note, Mod. Phys. Lett. A 40,  2530001 (2025), arXiv:2502.06458

https://www.koushare.com/video/details/164531
https://mp.weixin.qq.com/s/lilZY3ClxvfP9Q8DSt2j_A
https://mp.weixin.qq.com/s/inwKeaTyI9FxT-qEEgsKDA


施郁 量子纠缠之路



施郁 量子纠缠之路

•Wu-Shaknov: first experimental 
realization of  clearly spatially separated 
quantum entanglement.

•Early work on quantum entanglement 
in particle physics has historically 
promoted entanglement study.



施郁 Quantum entanglement in HEP

Entanglement between pseudoscalar 
mesons 

•First noted by Lee and Yang in 1960 in 
an unpublished work. 



施郁 Quantum entanglement in HEP

Two dimensional Hilbert space

M0

¹M0

MSML

𝑀+𝑀−

⚫ Particle and 

antiparticle form 

a 2D Hilbert 

space. 

⚫ similar to qubit.

M=K,B,D. 



施郁 Quantum entanglement in HEP

e+e-collision，resonant state decays to 

entangled pair of partile s and antiparticle。



施郁 Quantum entanglement in HEP

Experimental confirmation (1)

• K0ഥK0 produced in  p+p- annihilation in the CPLEAR 

detector in CERN (1998).



施郁 Quantum entanglement in HEP

Experimental confirmation (2)
• K0ഥK0 produced  in φ decay (1GeV) in the 
KLOE detector in  2003.



施郁 Quantum entanglement in HEP

Experimental confirmation (3)

•  𝐵0 ത𝐵0 meson entangled states     
produced in γ decay (10GeV) from e-e+ 
annihilation in the BELLE detector in 
KEKB (2004).



施郁 Quantum entanglement in HEP

Experimental confirmation (4)

•    𝐷0ഥD0      produced in decay of ψ at 
3.773GeV from ee+ annihilation in 
the BESIII  detector (2015).



施郁 Quantum entanglement in HEP

Our Work



施郁 Quantum entanglement in HEP

1. 1st Proposal for a High Enegy 
Quantum Information Process:  
quantum teleportation 
in terms of entangled mesons 

•YS, Phys. Lett. B 641, 75 (06); 641 (2006) 492. 

•YS and Y. L. Wu, EPJC 55, 477 (08).



施郁 Quantum entanglement in HEP

2. Using Quantum Entanglement 
to Study CP and CPT Violations 

• Z. Huang,  YS,  Euro. Phys. J. C 72, 1900 (2012).  

• YS, Euro. Phys. J. C 73, 2506 (2013.

• Z. Huang, YS, Phys. Rev. D 89, 016018 (2014).



施郁 Quantum entanglement in HEP

3. Genuine T Violation Signal in 
terms of entangled D mesons 

•YS, JC Yang, Time reversal symmetry violation 
in entangled pseudoscalar neutral charmed 
mesons, Phys. Rev. D 98, 075079 (2018).



施郁 Quantum entanglement in HEP

Inequalities from Hidden 
variables, violated by QM



施郁 量子纠缠之路

Bell Inequality

•In 1964, Bell proposed the inequality which the 
theory of local hidden variables satisfies 
A(a,λ)=±1, B(b,λ)=±1, P(a,b)=∫dλρ(λ)A(a,λ)B(b,λ)    

• Perfect anticorrelation: 1+P(a,b)≥|P(a,b)–P(a,c)|

•QM： P(a,b)=<σ·a σ·b>= –a·b，violates BI。



施郁 量子纠缠之路

1969
Clauser, Holt, Shimony, Hone

•More realistic.

•S=P(a,b)+P(a,b’)

        +P(a’,b) –P(a’,b’) 

•– 2≤S ≤2

•Violated by entangled states



施郁 Quantum entanglement in HEP

Crypto-nonlocal realism
• Which should be abandoned, locality or realism? 

• Leggett consider crypto-nonlocal realism and derived 
Leggett Inequlity (violated by QM) ：
The physical state is a statistical mixture of sub-
ensembles of various polarization directions.

Given the hidden variable, the measured quantity also 
depends on the polarizer axis on the other side (non-
local).

For each sub-ensemble, the measured quantity obeys 
Malus Law (which is local) for the average of the 
hidden parameters.



施郁 Quantum entanglement in HEP

Some special characteristics of using 
high energy particles to test 
violations of BI and LI
• Relativistic, massive, involves electroweak and 
strong interactions. 

• Decays are similar to measurements.

• The decay mode, product, and time of each particle 
may be determined by the hidden varibles of the 
particle source, so the decays of two particles may 
also be correlated. 

• Hence a measurement setup loophole.



施郁 Quantum entanglement in HEP

What we did
•For the hidden variables, it is assumed that 
the measurement settings are also 
determined by the hidden variables; The 
decay is determined by the hidden variables 
at the particle source.

•Generalize crypto non-local realism and 
Leggett inequality.

•Generalize local realism and Bell's 
inequality



施郁 Quantum entanglement in HEP

4. Hyperon spin entanglement is 
used to generalize Bell's inequality 
(decay is also determined by 
hidden variables)

YS and JC Yang, Entangled baryons: violation of 
inequalities based on local realism assuming 
dependence of decays on hidden variables, European 
Physical Journal C 80, 116 (2020).



施郁 Quantum entanglement in HEP

5. Entangled mesons violate a generalized 
Leggett Inequality，in which decays also 
depend on hidden variables 

•YS and JC Yang, Particle physics violating 
crypto-nonlocal realism, European Physical 
Journal C 80, 861 (2020).



The measurement setting (“axis") is also 
depend on hidden variables

Average over the distribution of hidden variables

Average over the polarizations：
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Measurement after evolution (equivalent 
to measurement using a time-dependent 
basis, similar to a rotating polarizer. 

Y
u

 S
h

i,
 Q

u
a

n
tu

m
 E

n
ta

n
g
le

m
e
n

t 
in

 P
a

rt
ic

le
 P

h
y
si

cs
: 
 

fr
o
m

 P
h

y
si

cs
 t

o
 Q

u
a

n
tu

m
 I

n
fo

rm
a

ti
o
n



Semileptonic decay of B meson (flavor 
basis) satisfies  Malus Law. Find the
“measurement direction”

For B介子，the two decay widths are close, β is from 

(indirect)  CP violation 。
xΓis the difference between the eigenvalues 

of mass-decay width.    
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Decay in the CP basis also satisfies Malus 
Law. Find the “measurement direction”.

Y
u

 S
h

i,
 Q

u
a

n
tu

m
 E

n
ta

n
g
le

m
e
n

t 
in

 P
a

rt
ic

le
 P

h
y
si

cs
: 
 

fr
o
m

 P
h

y
si

cs
 t

o
 Q

u
a

n
tu

m
 I

n
fo

rm
a

ti
o
n



Two decay modes’ “polarizer axes”

θs=2β
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施郁 Quantum entanglement in HEP

Correlation function



施郁 Quantum entanglement in HEP

Upper bound：



施郁 Quantum entanglement in HEP

Lower bound



LI is violated by 
particle physics

•g=（left−right）/|left|。

•condition： θs≠0 （CP 
violation）

•Indeed, CP is violated.
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施郁 Quantum entanglement in HEP

6. Recent work:
Minimal concurrence to violate LI

•YS and JC Yang,  in preparation



施郁 Quantum entanglement in HEP

Not every entangled state violate LI

•Every (pure) entangled state 
violate CHSHI. 

•We have derived the minimum 
entanglement to violate LI.

•So LI violation is stronger.



施郁 Quantum entanglement in HEP

• Wilczek Quantum Center 
(http://www.wilczekqc.net/english) recruits faculty, 
postdocs, students.  

http://www.wilczekqc.net/english


施郁 Quantum entanglement in HEP

Thank you!
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