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Observation of quantum entanglement in top-quark
pair production using p p collisions of Vs = 13 TeV
with the ATLAS detector
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scale. However, entanglement remains largely unexplored above low energy scales. Particle colliders
such as the Large Hadron Collider at CERN, probe fundamental particles and their interactions at th
highest energies accessible in the laboratory, exceeded only by astrophysical sources. Recently, the heavies
fundamental particle known to exist, the top quark, was proposed as a new laboratory to study quantu
entanglement and quantum information [ 17-24].

[17] Y. Afik and J. R. M. de Nova, Entanglement and quantum tomography with top quarks at the LHC,
Eur. Phys. J. Plus 136 (2021) 907, arXiv: 2003.02280 [quant-ph] (cit. on pp. 2—4).
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Measurements of polarization, spin correlations, and
entanglement in top quark pairs using lepton+jets events
from pp collisions at /s = 13 TeV

The CMS Collaboration
The top quark polarization and spin correlations measurement is interesting in its own right as
a test of the standard model (SM), but it also provides new opportunities for testing quantum
mechanics (QM) at high energies using the decay products of unstable particles as probes. This
is not possible in experiments with stable particles, i.e., electrons and photons. One of the
important predictions of QM is quantum entanglement which has been studied in connection
with particle physics at high energies only in recent years [18-21].

[18] Y. Afik and J. R. M. de Nova, “Entanglement and quantum tomography with top quarks
at the LHC”, Eur. Phys. ]. Plus 136 (2021) 907,

doi:10.1140/epjp/s13360-021-01902-1,arXiv:2003.02280.
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Entanglement and quantum tomography with top
quarks at the LHC

Yoav Afik'?, Juan Ramén Muiioz de Nova>"

l Experimental Physics Department, CERN, 1211 Geneva, Switzerland
2 Departamento de Fisica de Materiales, Universidad Complutense de Madrid, 28040 Madrid, Spain

The standard model (SM) of particle physics is a quantum field theory, based on special
relativity and quantum mechanics. Therefore, it allows to test fundamental properties of
quantum mechanics. For instance, entanglement has been studied in the context of particle

physics [17-20] and is currently a hot topic of research in the field [21-25].
8. Yu. Shi, Entanglement in relativistic quantum field theory. Phys. Rev. D 70, 105001 (2004)

21. Yu. Shi, J.-C. Yang, Entangled baryons: violation of inequalities based on local realism assuming depen-
dence of decays on hidden variables. Eur. Phys. J. C 80(2), 116 (2020)
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Map of Quantum Physics

Areas occupied by quantum information

High energy
physics
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Areas occupied by quantum information
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Towards high energy quantum information:
guantum teleportation using neutral kaons
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Is quantum information relevant

!|_ to particle physics?
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Fudan University
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| Conclusion

= Quantum information can be discussed in the
setting of particle physics.
= Like that QI stimulates researches on quantum

coherence in other areas, similar works could be
done for particle physics.

= Such studies could reveal some new features
unavailable in nonrelativistic regime, and deep
connections between matter and information,
provide new insights on particle physics!
Thank you for yeur attention!
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Some theoretical consideration of
measuring CP and CPT violating
parameters using quantum entanglement
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Historic background

- Ref:

- EER. EFUEZ: NEBREMER20225FF I /RYBZIE[)]. BARAE, 2022,

44(6): 455-465;

to 2022 Nobel Prize in Physics[J]

455-465.
- it BB . RIFHPIE

A

Yu SHI. The road of quantum entanglement: from Einstein

. Chinese Journal of Nature, 2022, 44(6):

i

NE YRR SRR [J]. #PIES

g, 2023, 43(3): 57-67;

- Yu Shi. Historic Origin of Quantum Entanglement in Particle Physics[J].
Progress in Physics, 2023, 43(3): 57-67.
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The Angular Correlation of Scattered
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- First noted by Lee and Yang 1in 1960.
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Two dimensional Hilbert space

1E SR A0 Rl 2 4
7H1a], ZRAULHE JiE-1/2.
M:K,B,D. M, M

o F|MP) = [M°), FIM®) = —|M°):
o CP|M®) = |MP), CP|M°) = |M°),
o |My) = J5(IMP) + [M°)).

o CP|My) = +|My).
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Vb)),

produced from a source of J7¢ =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

1

Vo) = —=(M)aMp)p —[My)alM_)p).

V2
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Experimental confirmation (1)

* K of 0 produced in pp- annihilation in the CPLEAR
detector 1n CERN (1998).

CPLEAR Detector

Magnst\coil
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Experimental confirmation (2)

v

« K% ° producedin A decay (1GeV) in
the KLOE detector mDA©NE (2003).
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Experimental confirmation (3)

- B98¢ produced 1n y decay (10GeV)
from ee+ annihilation i1n the BELLE
detector 1n KEKB (2004).

Belle Detector

A rogel Cherenkov cnt.
=1.015~1. 030

i "luq"‘ o [ T cking + dEldx
: small cell + He/C,Hj
\\
b _:\- =
3 H ~ et 5
Sivik. det. Sl ok

3lyr. DSSD = 14/15 lyr. RPC+Fe
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Experimental confirmation (4)

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

A Quantum entanglement in HEP



Our Work
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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).
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* Generation of an EPR pair

= At t=0, a and b is created as
Vo (0)) 75 (KO K%)p — |K°)a K°)p)
5([K2)| K1) — | K1) K2))
(

5 (KL)alKs)o — [Ks)alKL)b),

r=(|pl* + lq*)/2pq = (1 + [e[*)/(1 — €)

= Decay under weak interaction:
Wap(t)) = M(t)[¥—)ab,

M()—eXp[ (AS—I—)\L)Abt Ab—]./\/].—?)b

S

S




* The third koan

= A third koan c is generated at ¢. in an
unknown state
V(1)) = ol K% + B|K°)..

= Naturally decays
Te(t)) = F(t)|K°)e + G(t)|K).,

(

F(t)
G

)

(o + Bp/q)e=shell=t) 4 (o — Bp/q)ePeleli=t2)] /2,
[

t
1) = [(ag/p + B)e™?h(75) — (aq/p — B)e”MeAlimt=)] /2,




i Let ¢ and a collide!

*—— o ®
z X y (%t,)

Spacetime diagram:




Eigenstates of P, S and I of

* c+a

= P, S, I are conserved by strong
interaction, which governs c-a collision.

D1)ca = |K'K®) with P =1, S =2, T =1;

$2)ca = |[K'K?) with P =1, § = -2, I = 1;

¢3)ca = Vi) = %(IK‘))!KO) + [KY)c[K")), with P =1, § =0, = L;
Pa)ea = |¥-) = = (|K)|K?) — |[K")c|K?) with P =—1,5=0,=0.




Three-kaon state before

collision,decomposed in the strong
* interaction basis

Cen(t)) = 100) ®[Ta()
— Mg(t){\/iF(t)‘Cbﬂca‘KO)b
_\/§G(t)‘¢2>ca‘K0> B
~[@3)ca F ()| K”)p — G(t)| K
~|01)caF(E)|K)p + G(2)|KO)p]}.

It 1s not a Bell basis. This basis 1s
physical, while Bell basis 1s not.




* Collision

= [he collision effects a unitary
transformation S in a negligible time

interval

Wean(ts)) = 2ELIVIF(E,)S|61) 00l KO
_ﬂG(t$)8|¢2>ca|K0>b
=105 cal F (t2) K — G(t2) | )y
_S|¢4>Ca[ ( )|K0>b+G(t$)| >b]}-

B As S is governed by strong interaction,
S|pi)ea (1 =1,2,3,4) is still an eigenstate of 5,
P and I, with the same eigenvalues as for |¢;)cq.




Detection of outgoing particles of
c-a collision

|!smg strong interaction with nuclear matter, the
detection completes Alice’s two-particle
projection in the basis {S|®i)ca} .

= Probabilities: )2 ($)| /2’

t.)|*|G(t.)[? /2.
[ () +1G(t)]°] /4,
P[IF () +1G(t)]%] /4
= Corresponding prOJected state of b:
(K)o, [K)p, [F(ta)|K°)y — G(t)[K°)o] [/ |F ()] + |G (t2)]2,
[F(t )IK°>b+G )IK?) /\/!F )12+ [G(ta) ]

it
M (t
M (t

= Decay affects the probabilities.




* Adopt a stochastic strategy

= This is because it is hard to implement
subsequent unitary transformation on b.

= Bob chooses to retain or abandon b
particle, based on the projection result
of c-a.

= Teleportation of r(.)k°), + G(.) k),

IS made if projection result of c-a is
ST _Y e




* Verification scheme (1)

= Different projection results lead to
different values of strangeness ratio &.

" For [W(0)y = F(O)[K ) + g(t) K, £() = 7O /g(0)]*
= NoO projection/teleportation: (1

= Successful teleportation:

é’(t) _ |F(tzc)(e*T‘sT/2_|_e*T‘LT/2)_|_G(tm)(e—FST/Z_ef[‘LT/g)|2
X |(F(t;c)(e—F%’S/Q_e—FLT/2)+G(tm)(e—I‘ST/Q_'_e_pLT/g)|2 ,
T = b t T t;c - .

very different from 1




* Verification scheme (2)

= Different projection results lead to different values of
CP ratio .

n For [W(1))p = wi(t)[K1)p + uz(t)[K2)p, () = [ui(t)]*/ua(t) |,

= No projection/teleportation: <) =1.

= Successful teleportation: significantly different from 1.
= Advantage 1: valid no matter whether CP is violated.

= Advantage 2: easy experimental implementation,
using non-leptonic decays (CP=1: decay to 2 pions;
CP=-1: decay to 3 pions).




Another informational process:
* Entanglement swapping

= A and B are entangled, C and D are
entangled.

= A and C are subject to a measurement
(projection).

= Then B and D become entangled,
though they never meet.

= Entangling partners are swapped.




i Preparation

In addition to |W_),;, generated at t = 0,

another kaon pair d and c is generated as |V_) . at time t,.
Wac(t) = M'(t —12)| V),

M'(t —t,) = exp[—i(Ag + Ar)Aq(t —t.,)].

Wacap(t)) = M'(t =t )ME)|V_)ac|¥_)ab

_ M (t—v;z)M(t) (1 ea Tap — ¥ Yeal T )ap

KKl KOK) — [KORO)ca KK ).




Collision

Let ¢ and a collide at %,
d ¢ a b

[ ] @
Z X y

Spacetime diagram:




Detection

lision:

icar(ts +0) = HEZRHED (ST o[ T )ay
_S|qj—>ca’q]—>db
—SIK'KY) | K°KYY 4
—S|KYKY) 0| KYK®) ).

In detecting outgoing particles from the collision, ¢ and a

are projected to: S|¥y)ea, S|¥_)eq, S|KK?) .y or S|IK°KY) ...

Correspondingly d and b are projected to:

U ) eas WY eas [KYKY) ey and |[KYK") .., respectively,

cach with probability |[M’(t, —t,)M(t,)[*/4. .

The projection result is revealed by P, S and I of the outcomes of

¢ — a collision, according to which b and d are retained or abandoned.




*Verification scheme (1)

= Measure the S asymmetry of b and d

A(t) = [pairs(t) — Psame(t)]/[Paiff (t) + Psame ()]

pdiff(t) (Psame(t)):
probability to have different (same) strangeness values

= Many runs are needed.

= No entanglement swapping (all runs are
considered): A(t)=0

= Entanglement swapping succeeds (consider
those runs in which c-a project to s|v_).. :
A(t)=1




*Verification scheme (2)

= Measure the CP asymmetry of b and d
A(t) = [paif(t) = Psame()]/[Pdif s (t) + Psame(t)]

Paiff(t) (Psame(t)):
probability to have different (same) values of CP.

= Many runs (events) are needed.

= No entanglement swapping (all runs are considered):
A(t)=-1

= Entanglement swapping succeeds (consider those runs
in which c-a projectto S|v_).s A(t)=1




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).
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Time evolution and joint decay of |W-.)

N

Ve(tats)) = 5(IM(ta))alMO(ts))s F IMO(ta))a| MO(ts)) )

o For state |W(t,, tp)), the joint rate that Alice decays to [i,)
at t, while Bob decays to |1p) at tp is

I(Qw/)aa ta: d)ba tb) — ‘(d)aa d)b‘%a?—lb‘w$(tm tb)>‘2
<1/)aa ﬁ)b‘%a%b‘w$(taa tb)>

= 5 ((aHaMO(ta)) (Wn|Hs| Mo(ts))
— (V| Ha|Mo(ta)) (Vs Hb|M°(tb))).



Integrated rates and asymmetries

Integrated rate
l’(z/)l,z/)2,At):/ (V1 ta; 2, ty + At)dt,,
0

which is simply /(11, t,; ¥?, t, + At) with e~ (Ts*T0)% replaced as
1/(FTs+1Ty).

I'(pY, 02, At) — I'(3, %, At)
l,(djla sza At) + l,(l/)Ba d)4a At) |
We use notation Ax for |V ).

Theorem 1: For At = 0, any unequal-state asymmetry

A;(z/)ag/)b, WP At = 0) always vanishes no matter whether there
is CP or CPT violation.

Could be used to confirm the entanglement of the pair.

A( 2, 3yt At)




Joint decays of C = —1 entangled state |W_)

Semileptonic decays of |W_) into flavor eigenstates |/=)

o Examples for |I7):
M~Iv, D-DF}, D-K*, 7= D, 7~ K% from B°;

D-nt, Do D+, K-rn", K-D* from B2.

e Examples for |/7): )
M*iz, DYD;, DYK™, at Dy, 7t K~ from BY;
Dfn=, DXD~, Ktm=, KTD~ from BY.

@ Define:

:U
+

(IT|H|MO) = a+ b,

(I|H|MP®) = a* — b*,
(/+’H’M0> =c* — d

(I7|H|My) = c+ d.

a, b, c, d: quantities defined in Iiterature

e Direct CP conservation = RT = R~ and St =56".
e Direct CPT conservation = (R+) “and (ST)*=5".
o AF =AQ rule = ST =0.
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Joint decays of C = —1 entangled state |W_)

Equal-flavor asymmetry for |W_)

A_(++,—,At) =

[xs(5T)2—x H(RTP+H(L-Q)RTST12—|xs(R™)*—x, '(§7)*+(1-2)R™ S |?

|X5(5+)2—XE1(R+)2+(1—Q)R+S+|2+|X5(R_)Z—Xfl(s_)2+(1—Q)R_S_|2 '
@ Theorem 2: A_(++,——, At) is always a constant

independent of At.

@ Theorem 3: If A_(++,——,At) # 0, then there exists one

or two of the following violations: (1) CP is violated indirectly,
(2) both CP and CPT are violated directly.

e Theorem 4: If A_(++,——, At) # 0 while CPT is assumed
to be conserved both directly ((RT™)* = R, (St)*=5_) and
indirectly (xs = x¢ = q/p, 0 = 1), then in addition to indirect
CP violation (q/p # 1), we can draw the following
conclusions:

(1) |g/p| # 1, i.e. T must also be violated indirectly;
(2) [R*| £ 15|

Yu Shi Using Quantum Entanglement to Study CP and CPT Violations




Joint decays of C = —1 entangled state |W_)

Unequal-flavor asymmetry for |W_)

- _(JUP=|VP) (e TtAt—e=TSAY) 4 43(U* V) sin(AmAL)
A_(—|_ ’ —l_’At) — (JUPRH| V2 (e TLAt e TSAY) 1 4R(U* V) cos(AmAL) |

@ Theorem 5 A_(+—,—+,At =0) =0.
@ Theorem 6 If A_(+—,—+, At) # 0, then CP must be
violated, directly or indirectly or both.

@ Theorem 7 If A_(+—,—+, At) # 0 for At # 0 while CPT is
assumed to be conserved both directly and indirectly, then we
can draw the following conclusions:

(1) IRT|=IR™| #|ST|=1S"1,
(2) ST £0, i.e. AF = AQ rule must be violated.
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Joint decays of C = —1 entangled state |W_)

Hadronic decays of |W_) into CP eigenstates |h™)

o Examples of |hT): ntn—, w070,

o Examples of |h~): w0790,

@ Define:
Q* = (h=|H|Mz),
XE = (W |H|M<),
_ X*

@ They are related to n's usually defined:
(WP HIM) _ & +e

ht = (¥ H|Msy — Tteset:
_ (T |H|Ms) _ & +es
h= = h=HM,) ~ 1+e—"

o If CP is conserved directly = X* = 0.

o If CPT is conserved directly = X is purely imaginary, i.e.
XE = —X=7,

@ One can, of course, calculate using basis |[M°) and |M°),
rather than M.).
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Joint decays of C = —1 entangled state |W_)

Equal-CP asymmetry for |W_)

Asymmetry:
XY LY Lx R tash) ta+ At]—I[hS tas b ta+ At]
B—(hahbaha hbDAt) RSt ) ta - At] R ta; B ta+ At
_U[RS R AE—1[RY By A
 U[hx by At]+ 1 [hy by At
. P Q+7X+ _P X_aQ_
Equal-CP asymmetry: B_(++, ——, At) = PE ) (X_ Q_)

Q+7X+)_|_P( : )7
P(B,7) =
| = (L= x x5 = Q)87 20t x5) By + (L4 T —xs — Q)7
Theorem 9: B_(++, ——, At) is always a constant independent
of At.
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Joint decays of C = +1 entangled state |V )

Simple results concerning joint decays of |V )

We have also calculated joint decays of |W. ). Here are some
simple results:

@ Theorem 10: If A, (/T/=,/~IT; At) is nonzero, then CP
must be violated indirectly.

@ Theorem 11: If A, (/T/—,/7/T; At) depends on the first
order of €y, then CP must be violated directly and the
AF = AQ rule must be violated.

© Theorem 12: The deviation of I (h™,t,; h™,t,) or
I (h—, ts; hT, t;) from zero implies CP violation, direct or
indirect or both. [Immediately implied by

Vi) = J5(IMp) M) — [M_)[M-)).]

@ Theorem 13: If [ (ht, ty; h—,ty) or I (h—, ta; ht, ts) or
both are of the order of O(Ap) and O(ep), then CP is
violated directly.
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3. Genuine T Violation Signal in
terms of entangled D mesons

-YS, JC Yang, Time reversal symmetry violation
1n entangled pseudoscalar neutral charmed
mesons, Phys. Rev. D 98, 075079 (2018).
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T-conjugate processes
from C=-1 entangled

state (1)
D() ‘ _Q— & DO DO
[~ At
D_O 5. P-@

W_) = |M°) @ |MP) — [M?) @ |MP)
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T-conjugate processes
from C=-1 entangled

state (2)
D—I—‘ _Q— o D D_
S_|_ At
Do O 1+ be e

Vo) =IMy)®|M_) = |M_) ®[My)
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T-conjugate processes from
=-1 entangled state
D° D_
Transition rates can be
Al At calculated from joint

decay rates of the
D_o o po entangled state.

transition of | final state | final state || T-conjugate | final state | final state
meson b of meson & | of meson & || transition of meson a | of meson &
B =5 - i B, =" Sy g
B -5 Dy = Sy Dy — DY 5. I
M. [ iz B —s " Sy I~
DY D [ Sy Di — 5.4 8. |~




T-violation Slgnals

— +
Ay~ BU0S A = R(S,, 17, An)
R_(I=,5_,At)+ R_ (S+,l+ At)
R_(I=,S.,At) — R_(S_,I*, At)
A% (At) =
A = = 5. A + R_(5_ z+ At
_|_ —
A3 (At) _ R—(l 7S—7 t) R_ (S-i-vl t)
R_(It,S_,At) + R_(S., 1, At)
_|_ —
A4 (At) _ R—(l 7S-|-7 t) R_ (S—vl t)
R_(IF,S., Al + R_(S_,1-, At)
Al . R_(l_,S_) o R—(l_l_?S—l-) A2 . R_(l_,S_|_) o R—(l+75—)
- R_(Im,S)+R_(I+,8y) "~ R_(I",8.)+R_(I",S.)
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Results within Standard model

- Calculations come down to a few parameters:

Am AT

lq/p| = 0.91, arg(q/p)/2 = 0.91.

- The time-dependent T-asymmetries
for At =1/I'" , and time-independent T-
asymmetries are found to be of the order of

10—°
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CPT wviolation

- Local quantum field theory (Lorentz invariance,
local interaction,unitarity) ) CPT.

- In some quantum gravity theories, because of
okg ects unaccessible to low energy observers
T may be violated.

- Such CPTYV leads to “omega effect”. (Ellis et al).

W) = W) + w0y

S Quantum entanglement in HEP




T-violating signals 1n presence of
omega etfect

107
T

09

w = |w|expif.
For |w| = 104, T-violation
signals in D system are changed
as large as 27%

_-]25 1 1 1 1 1 1 1 1 1
0 p1 02 03 04 05 06 07 08 09 1
] %104
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4. 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).
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AB(u,v,a,b) = / A, o an (M)A, v,a(A), b(X), A) B(v,u,b(X),a(X), ),

where g, , o p(A) = puv(A)@A(A) — a)d(b(A) — b) is a shorthand.

AFEH T Hab 7l e E Y, B3R Malus Law.
XA
Ela,b) = /dudvF(u, v)AB(u,v,a,b),

] ! ]
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ES ‘:)J‘Ef% i,
Ui(0.05) = (cos 823 — 4 sin 6;3 (cos(pa)o® + Sin(pa)ay)) . (10)

Suppose that following the evolution U(#,,pa), & 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

(O — |(1]U]w) -

AW = TR EFTE ~ ™




BArFAERESR BB (CERT) BT,
5 Malus Law, € XSV “ =7 [A]”

For a By 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],

Lo EUOME - (BUOWE_
AW = TErenErEroeE Y (12)

where al(t) = (sin(28) sin(z't), — cos(2/3) sin(xI't), cos(zT't)).

EHEBIT T, PR AR B B e it AR P
(IEﬂi‘ﬁ) CPRIAE — M AHALB.
xI'Je o B - AL B8 L AR 2 72




Bfl\ F1ECPHR: 4R, 75 Malus Law,
E TNV &y [m) 7

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,

c o BV~ (BT OmE _
AW = B T E L BT (&) (13)

where a®(t) = (sin®(28) cos(zl't) + cos?(28),sin(48) sin® (2I't/2) , — sin(28) sin(zI't)).




1 ARN] M.HH)

((/f jj

0,=28

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

al(¢;) is on zy plane, a®(f,, ¢) is on a cone. For By mesons, ¢, = zI't,



7N NSRA

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 () as E=(0,,&, @), where & =
(o + D8) /2, ¢ = D0 — Db Eﬁ(@,ﬁ ¢, ) and EL (0., €, ) are similarly defined. Furthermore,

A\

we consider the averages over &, ES] (Gl = | %E’S} (6s,€, ) and so on.
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PR

mwcos(81(6,, 1)) L1(6.,01) -

EAS_.:: (93:' 901) ¥ E.;E(Qs'; (:02)

4cos(£2) (26)
T COS (91 (95: 991))L1 (Qsa (pl)
<2 (1 5 £cos(%2) — cos(01(0s, 1)) L1(0s, 1),
where L;1(0s, ) = |a® + a'| = /2 + 2 cos(¢) sin(8s), 6;(0,,¢) = cos™? costfs) . With

\/2-|—2 cos{p) sin(fs)
0 < 6, < /2, we have sin(6,) > 0, cos(6,) > 0.
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PR

We find two lower bounds. The first is given as
m cos(8a(bs, ¢1)) La(bs, 1)
4 Sin(%—%)l

> =211+ WCOS(QZ(QS’-(FDIQLZ(@S: ©1)
4 ‘SIH(?)I

EA’;E (93: 901) T E’,E}- (93; 992)

) + cos(02(0s, 1)) La(0s, 1)

where Ls(8,, ) = /2 — 2 cos() sin(8,), 05(8,, ©) = cos™? 560 :
2( ? (IO) /\/ ((p) ( )? 2( 7 ({O) \/Q—QCOS((P’J) SiIl(QS)

The second lower bound is given as

?’TCOS(gz(@s, 901))112(93; %91) E+ )
45in(0,) [sin(2)| -

s P (1 e WCOS(QZ(QSa (FQI))LQ(QQ; 991)

EA’:E(QSﬂ 901) T+

4 sin(6;) ]sin(%)l ) + cos(62) L2, 1).
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YS and JC Yang, Entangled baryons: violation of
1inequalities based on local realism assuming

dependence of decays on hidden variables, European
Physical Journal C 80, 116 (2020).
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Entanglement in relativistic quantum field theory

Yu Shi

Center for Advanced Study, Tsinghua University, Beijing 100084, China

Department of Physics, University of [llinois at Urbana-Champaign, Urbana, Illinois 61891, USA
(Received 24 May 2004; published 2 November 2004)

[ present some general ideas about quantum entanglement in relativistic quantum field theory,
especially entanglement in the physical vacuum. Here, entanglement is defined between different single
particle states (or modes), parametrized either by energy-momentum together with internal degrees of
freedom, or by spacetime coordinate together with the component index in the case of a vector or spinor
field. In this approach, the notion of entanglement between different spacetime points can be established.

Some entanglement properties are obtained as constraints from symmetries, e.g., under Lorentz
transformation, space inversion, time reverse, and charge conjugation.

® This paper also contains an early discussion on entanglement

in Unruh/Hawking radiation.
S Quantum entanglement in HEP
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Unruh/Hawking radiation
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Yue Dai and Yu Shi, Entanglement and quantum teleportation in terms
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of Modern Physics D 32 (16), 2350104 (2023).

Yue Dai1 and Yu Shi, Kinematic spin decoherence of a wave packet in a
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1950104 (2019).
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Summary

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

Using Quantum Entanglement to Study CP and CPT
Violations.

Genuine T Violation Signal in terms of entangled D mesons.

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

Entangled hyperons violated aogeneraliz.ed Bell inequality, 1n
which decays also depend on hidden variables.

General methodology of entanglement 1n QF'T.
Entanglement in Unruh/Hawking radiation.

Quantum simulation of gauge theories.
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