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Areas occupied by quantum information

High energy
physics
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EPR 1935

MAY 15, 1935

PHYSICAL REVIEW

VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsSTEIN, B. PopoLsky AND N. RoOSEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

OCTOBER 15, 1935

PHYSICAL REVIEW

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.

VOLUME 48

Can Quantum-Mechanical Description of Physical Reality be Considered Complete?

N. BoHR, Institute for Theoretical Physics, University, Copznhagen
(Received July 13, 1935)

It is shown that a certain “‘criterion of physical reality” formulated in a recent article with
the above title by A. Einstein, B. Podolsky and N. Rosen contains an essential ambiguity
when it is applied to quantum phenomena. In this connection a viewpoint termed “comple-
mentarity” is explained from which quantum-mechanical deseription of physical phenomena
would seem to fulfill, within its scope, all rational demands of completeness.



Schrodinger 1935
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* 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...l 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

» Schrodinger (and EPR) thought entanglement
unreasonable, speculated it might become
nonentangled when particles are separated.

* W. Furry thought such a speculation unreasonable.

MARCH 1, 1936 PHYSICAL REVIEW VOLUME 49

Note on the Quantum-Mechanical Theory of Measurement

W. H. Furry, Department of Physics, Harvard University
(Received November 12, 1935)

In recent notes by Einstein, Podolsky and Rosen and by
Bohr, attention has been called to the fact that certain
results of quantum mechanics are not to be reconciled with
the assumption that a system has independently real
properties as soon as it is free from mechanical interference.
We here investigate in general, and in abstract terms, the
extent of this disagreement. When suitably formulated,
such an assumption gives to certain types of questions the

same answers as does quantum mechanics; this is true of
the formulas usually given in discussions of the theory of
measurement. There exists, however, a general class of
cases in which contradictions occur. That such contradic-
tions are not restricted to the abstract mathematical
theory, but can be realized in the commonest physical
terms, is shown by the working out of an example. .
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Electron-positron
annihilation and
gquantum entanglement

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




The Angular Correlation of Scattered
Wu, Shaknov, 1950 Annihilation Radiation*
C. S. Wu AND 1. SHAKNOV

Pupin Physics Laboratories, Columbsa University, New York, New York
Test QED, Wheeler proposed to study electron- November 21, 1949
ositron annihilation. Further calculations by

ard-Price, and by Snyder-Pasternack-Hornbostel. %
Two photons created in electron-positron /
annihilation, polarizations are always perpendicular, N v %Q

scattered by electrons respectively. e IR LA

For different scattering angles, measure the s §7////////§
7

asymmetries between the two situations of

moving directions being perpendicular and parallel. 7\7;(: /A

Maximum=2.85, when the scattering angle=82° S Q2

The polarization determines the scattering R
distribution. RCA 5819 Crystols
Previous experiments not satisfactory.

Sensitivity of the y detector by Wu and Shaknov o

was 10 times that of previous ones. ) 2 34 5 6"
Positron source Cub4 was activated by deuterium .y :
bombardment in Columbia cyclotron. FiG. 1. Schematic diagram of experiment.

RGSUlt: 204$008 (Theory: 200) 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 qguantum mechanics 1s iIncomplete.

* In the same year, Schrodinger coined quantum entanglement, noting
that It Is a characteristic of guantum 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).

g_uantum entangled states violate Bell's inequality, but polarization needs to be measured in a
Irection 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
%/6A1RIABLES, KASDAY, LR; ULLMAN, JD, d WU, CS, 1975 | NUOVO CIMENTO B 25 (2) , pp.633-

The results are consistent with the entangled state and contradict the non-entangled state.

However, it cannot be used to prove that Bell's inequ_al_ity s 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
de:lc,troy polarizers). The polarization of low-energy photons can be measured directly wit
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
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Scientific Spirit of Chien-Shiung Wu:
From Quantum Entanglement
to Parity Nonconservation

YUl Skl
(Fudan University)

International Symposium Commemorating the
110th Birth Anniversary of Chien-Shiung Wu

Southeast University
2022531...

Chien-Shiung Wu: A great experimental physicist

Intelligent, guiet, diliégent, hardworking, focused, undaunted by
difficulties, dedicated to science. (at her childhood, her father said:
"Don't be afraid of difficulties, work hard, and move forward")

Accurate experiments. Elements of Chinese girls' specialties, and
embodiment of the scientific integrity.

Research areas and achievements are closely related to years of
experiences and expertise.

Attach importance to the development of experimental techniques and
instruments, but also to physical significance, master important theories,
and verify theories with experiments.

Her experimental work has great theoretical significance, e.g. the
verification of Fermi theory, the prediction of quantum electrodynamics
on photon coincidence and quantum entanglement, parity
nonconservation, vector current conservation, and double 3 decay.

Whether it's overthrowing or verification, do it.

| think the most valuable is: prioritizing scientific ri%(or over competition
and honor, even when priority and merit are at stake (indeed there was
some damage, althou ublication is respected, may be one of the
factors in missing the Nobel Prize). Another manifestation of her
scientific spirit.




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

* Chinese slides:https://mp.weixin.qg.com/s/lilZY3CIxvfP9O8DSt2| A

* Chinese transcript: Micius Forum (27 ), June 2, 2023,
https://mp.weixin.gg.com/s/iInwKeaTyl9FxT -qEEgsKDA

* English version: arXiv:2504.16978

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

www.koushare.com/space/331582/home

029 NNAFARPFEXRN

........

2022-05-31

® 29 2022-11-19

EFMUEZER: NEREEF|202 SfRERRIFES: NEF4EE
2FE RIS (The road... FFFRASFE (Yu Shi. Scientifi...


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

AFIEFEFHENRERER: REE. BikT. FTEELINREMDS
EIK

=0
F43E FHIH S/ - Vol.43 No.3
2023 & 6 H PROCRESS IN PHYSICS Jun. 2023

RT3 8 FERH SRR

ﬁ{ﬁ ﬁ]z 1, 2m

1. P EEREAE AR, SR 230026

2. W ERFEAREAR: Bl RE, b EREERE S R Y e PR BE ., il 201315

WE: AT ZAZENME TR FYEFEFAER T RRE. 1957 &, WAL ES k

T, 1949 FEREEMPE G RNEESLI T2 FAEHE- 2 RETE-TH R, FL Lk, X2
it L — IR FRAMELINT M T EHEFME, BHFEFWXANEE, EANETH
MAERRE, HETER R, EROEISITEREREMS G, DEEE, miE=
R EEETR R, WRFEHIRT 1949 FaksEmEll. 1964 F N RAEARTRE, MIBE, ©
T A LT R -pE i RS LG . IX R TAZ A R R, RN T BT A0EEES . 1957
#, FEOE. BEABIETRLL T K A TRE T AR FEAIRE K AR NS RS
1958 &, ETE57RT 1949 FiRFENEDR7E, LiEg IUR, ZEENFRT&RREE T K
PR RIMES, HdaA K A Frf b s, WarblEFE. XEIRE B F UM E e 8y
NEREHEEASE. 1960 F, {ERNEERRRLE, ZE0EMZIRT XTe 7 K P ag4
W, RSCWIRENBT ISR, Fral 2 iRkE.




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

-KBarly work on quantum entanglement
1n particle physics has historically
promoted entanglement study.

AR B2 P B



Entanglement between pseudoscalar
mesons

-First noted by Lee and Yang 1n 1960 1n
an unpublished work.

AR Quantum entanglement in HEP



Two dimensional Hilbert space

® Particle and
antiparticle form
a 2D Hilbert
space.
® similar to qubit. M My
M_ < .

|V|O
A

M=K,B,D.
o FIMP®) = |M®), FIM®) = —|MO)
o CP|MP°) = |MP), CP|MP°) = |M°),
o |My) = %(\M% + |M°)).
o CP|My) = +|My).

AR Quantum entanglement in HEP



ete-collision, resonant state decays to
entangled pair of partile s and antiparticle.

1
V2

produced from a source of JF¢ =177, e.;g. K°K? produced
at ¢ decay in the KLOE, and BjB) produced at T(4s) in the
BELLE detector.

o |W_) is also exactly

e V) (IM°)a| M) 5 — [M°)5|M°) ),

vy = \%(\M_>3\M+>b—\M+>3\M_>b).

AR Quantum entanglement in HEP




Experimental confirmation (1)

-KYK® produced in p+p- annihilation in the CPLEAR
detector 1n CERN (1998).

CPLEAR Detector

\ Magnicoil ‘
(T FETE TSR S |
EDD Electromagnetic calorimeter ﬂﬂﬁ
B — it aisls iiininiia ')A .,
rift chambers im
eam monitor 16 atm H, tar
7
{4 1 1)
eVic
L i 3 1
|

AR Quantum entanglement in HEP



Experimental confirmation (2)
-KK® produced in ¢ decay (1GeV) in the
KLOE detector 1n 2003.

AR Quantum entanglement in HEP



Experimental confirmation (3)

- BYBY meson entangled states
produced 1n y decay (10GeV) from e-e+
annihilation in the BELLE detector 1n
KEKB (20 Rl R e

SC solenoid “ 2 i p n=1.015~1.030
15T 3 T W L l . |

Csl(TI) 16X,

u/ K, detection
14/15 lyr. RPC+Fe

AR Quantum entanglement in HEP




Experimental confirmation (4)

- D°D?  produced in decay of  at
3.773GeV from ee+ annihilation in

AR Quantum entanglement in HEP



Our Work

AR Quantum entanglement in HEP



1. 15t Proposal for a High Enegy
Quantum Information Process:
quantum teleportation

1n terms of entangled mesons

.YS, Phys. Lett. B 641, 75 (06); 641 (2006) 492
'YS and Y. L. Wu, EPJC 55, 477 (08).

AR 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.
-7Z. Huang, YS, Phys. Rev. D 89, 016018 (2014).

AR Quantum entanglement in HEP



3. Genuine T Violation Signal 1n
terms of entangled D mesons

-YS, JC Yang, Time reversal symmetry violation

1n entangled pseudoscalar neutral charmed
mesons, Phys. Rev. D 98, 075079 (2018).

AR Quantum entanglement in HEP




Inequalities from Hidden
variables, violated by QM

AR Quantum entanglement in HEP



Bell Inequality S oS T
& 1o F

! : ‘ _— e

: — \.-\—1:

-In 1964, Bell proposed the inequality which the
theory of local hidden variables satisfies

A(a,))=*1, B(b,A))==+1, P(a,b)=/dAp(Q)A(a,A)B(b,\
- Perfect anticorrelation: 1+P(a,b)>|P(a,b)—P(a,c) |
-QM: P(a,b)=<o'a o'b>=-a'b, violates BI.

AR B2 P B



1969
Clauser, Holt, Shimony, Hone

-More realistic.
-S5=P(a,b)+P(a,b’)

+P(a’,b) —P(a’,b’)
— 2<5 <2

AR B2 P B



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

- Leggett consider crypto-nonlocal realism and derived
Leggett Inequlity (Vlolated by QM) :
The physical state 1s 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 1s local) for the average of the
hidden parameters.

A(u) = l dzp,+(4)A(a,b,2)=ua

AR Quantum entanglement in HEP




Some speclal characteristics of using
high energy particles to test
violations of Bl 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.

AR Quantum entanglement in HEP



What we did

-For the hidden variables, 1t 1s assumed that
the measurement settings are also
determined by the hidden variables; The
decay 1s determined by the hidden variables
at the particle source.

-(Generalize cryq’po non-local realism and
Leggett itnequality.

-(Generalize local realism and Bell's
1inequality

AR Quantum entanglement in HEP



4. Hyperon spin entanglement 1s
used to generalize Bell's inequality
(decay 1s 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).

AR Quantum entanglement in HEP




5. Entangled mesons violate a generalized
Leggett Inequality, 1n which decays also
depend on hidden variables

-YS and JC Yang, Particle physics violating

crypto-nonlocal realism, European Physical
Journal C 80, 861 (2020).

AR Quantum entanglement in HEP



The measurement setting (“axis") 1s also

depend on hidden variables
Average over the distribution of hidden variables

[ 36 ap N A, G, BN = Alu,2) = u-a,

[ 0360 ap VB, B, G, N) = B(v,B) = v b,

AB(u,v,a,b) = [ d)\o' MA(u,v,a(A), b(A), M) B(v,u,b()),a(\), ),
u,v,a,b
where p| , .1, (A) = puv(A)(A(A) — a)d(b(A\) —b) is a shorthand.

Average over the polarizations:

E(a,b) :/dudvF(u,V) B(u,v,a,b),
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Measurement after evolution (equivalent
to measurement using a time-dependent
basis, stmilar to a rotating polarizer.

Os v

Ui(0y.0a) = (cos 6 7 sin Ea (cos(pa)o® + Sin(pa)ay)> : (10)

Suppose that following the evolution U(8,,pa.), a signal A is recorded as A = +1 if |0) is
detected, while A = —1 if |1) is detected. The QM expectation value of A is

1 = JOWUP — QU _
Al = O[T [u) 2+ (LT[>~ Y




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

For a B, meson, the measurement in the flavor basis {|B%), |B")}, corresponding to
A; = £1, can be made in the semileptonic decay channel, as the direct CP violation or
wrong sign decay is negligible [58],
Ay < LEWOWE —(BUOWE _ o -
(BIU () [w)[* + [ (B°|U(t)|w) |?
where a‘(t) = (sin(2f) sin(2't), — cos(28) sin(x['t), cos(zT't)).
For B4+, the two decay widths are close, B is from
(indirect) CP violation .

xI'is the difference between the eigenvalues
of mass-decay width.
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Decay 1n the CP basis also satisfies Malus
Law. Find the “measurement direction”.

Likewise, observing the decay product to be CP eigenstates Sy effectively measures the
meson to be |By) = (|B?) +|B?) /v/2, as the direct CP violation is negligible [55]. With
B corresponding to A, = +£1,

(B4 |U(®)u)[* — [(B_|U ) w)|*
(B4 |U@)[w) |2 + [(B-|U(t)[u)|*
where af(t) = (sin®(28)cos(al't) + cos?(28),sin(48) sin® (xI't/2) , — sin(2) sin(z['t)).

/L(u) =

=u - a®(t), (13)




3? 1.0

Two decay modes’ “polarizer a:

-1.0

0.5

0,=28

FIG. 1: The effective measuring directions a' and a®. In a certain coordinate system,

al(¢;) is on xy plane, a®(0;, ¢s) is on a cone. For By mesons, ¢ = xT't,



Correlation function

We first consider correlation functions of various combinations of a! and a® . Define
E*(a,b) = E(a,b)+ E(b, +b), and rewrite E=(a*(6,, ¢),a'(¢s)) as E=(6,,&, @), where & =
(o + Db) /2, © = dg — Db E’i:(ﬁs,f, ©) and Ef(6,, &, ) are similarly defined. Furthermore,

we consider the averages over &, E’;E (Os;0) = | %E’; (6s,€, @) and so on.

AR Quantum entanglement in HEP



Upper bound:

mwcos(81(8., 1)) L1(8s,01)

EZ(6,, 1) + : By (05, 2)
o s u (26)
71pCOS(Ql(Qm (pl))Ll(es; 901)
SRS — cos(6h (00, ¢1) Ia (00, 1),
where L;i(f0s, @) = |a® + a'| = 1/2 + 2 cos(¢) sin(8s), 61(6,, ) = cos™? %0igs) With

\/2+2 cos(y) sin{fs)
0 < 8, < /2, we have sin(68;) > 0, cos(6;) > 0.

AR Quantum entanglement in HEP



Lower bound

We find two lower bounds. The first is given as

7 cos(B2(8s, 1)) La(8s, 1) ~
4 ‘Sin -‘—D—)l

> 9 (1 4 reoslfslt, 1)) g 2 3"“)) + c08(62(8s, 1)) La(8s, 01).

4 ‘sm (&

E;E(QSa(pl) T Eg}L(‘gsa(PZ)

where Ly(6,, 0) = 1/2 — 2 cos(¢) sin(8,), 02(0, ) = cos™ \/2_2283((6:)2111(93)'

The second lower bound is given as

E+(9 901) + TCOS(QQ( 3,@1))112(93,(}91)
sl\v5)

+
4 sin(6,) |sm 5923)| E\(¢2)

s _9 (1 . WCOS(QQ(Qsawl))LQ(QSaQPI)

cos(02) La(ls, p1).
4 sin(6,) Isin(%ﬂ )+ (62) L2 (0, 01)




LI 1s violated by

particle physics
-g= (left—right) /|left|. iy et
-condition: 0Os#£0 (CP - .
violation) =

-Indeed, CP 1s violated.

(d) g*(0, 2)

02

-0.02

-0.04

-0.06

-0.08

(f) g%2(0,2)
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0. Recent work:
Minimal concurrence to violate LI

-YS and JC Yang, 1n preparation

AR 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.

-So0 LI violation 1s stronger.

AR Quantum entanglement in HEP



Gl () https://conferences.koushare.com/waqehep QA @ Wy

@ Koushare Conference
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WOC Workshop on Quantum ‘ pt™
Entanglement of High Energy Particles

&) July 19-July 232025 5l Wilczek Quantum Center e

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

AR Quantum entanglement in HEP
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Thank you!

AR Quantum entanglement in HEP
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