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i Introduction

= Quantum information (information processing
based on guantum resources, especially
guantum entanglement) has been discussed
In almost all areas reigned by quantum
mechanics, probably with the exception of
particle physics.

= There have been related researches, e.g. Bell
Inequalities In particle physics.



i QI as a fundamental concept

= Quantum Information is not just useful.

= As a fundamental concept, it should be
connected to particle physics and relativistic
gquantum field theory, which is the only

consistent combination of QM and special
relativity.

= In this talk, we will describe an attempt in
this direction.



S

High energy quantum teleportation
using neutral kaons.



A neutral Kaon as a two-state

i system

N Pseudoscalars with J¥ = 0.

" P|K®%) =-|K°), PIK?) = —|K°). I3|K°) = 3|K°), I|K°) = —3|K°).

" SIK%) =|K?), S|K®) = —|K").

m C|K%) =-|K"), CIK?) = —|K").

CP|K®) = |K%), CP|R®) = |K°).
CP eigenstates: )
K1) = LK) + [K)), with CP =1
|Ky) = %(U{O) — |K?)), with CP = —1.



Mass (weak interaction) eigenstates

|Ks) = 1Jlr‘e|2(|K1> + €| Ky)) = \/m(?u(% +q|K°))
KL) = g (1K) + el K1) = —mes (1K) — gl K7))

Eigenvalues: \g = mg —il'g/2 and A\, = mp —il'p /2.

“S?, “L’: short and long life times of weak decaysl/I's and 1/I'.
e ~ 1072 characterizes CP violation, p=1+4¢€,g=1—e.
For our purpose, € = 0.
mr, —mg ~ 3.483 x 10712 MeV is negligible,
as mr, ~ mg ~ 497.648MeV .

Lifetimes differ significantly:
1/T's ~ 0.8953 x 10710, 1/T';, ~ 5.114 x 10~ 85

€_i>\ST‘K5>

e T K ) T: proper time. h =c = 1.

[Ks(7))
[Kr(T))



* Two dimensional Hilbert space




EPR entangled state of
i neutral kaons

W) = 5 (IK°)|K®) — |[K°)|K?)).

1
V2

m JPC =1

= Generated from the strong decay of vector
meson (J , which can be created in ee+ annihilation
at 1GeV,; or from pp- annihilation at rest.

= Similar for neutral B mesons, from Upsilon (45)
resonance, generated in ee+ annihilation at 10GeV.



i Why entangled

= They must satisfy bose statistics under
exchange.

= Exchange: C combines with coordinate
permutation (-1,

= Thus C=-1 implies antisymmetry under
coordinate permutation.



First noted by Lee and Yang in 1960.

REVIEWS OF
MODERN PHYSICS

January, 1961

Vorume 33, Numser 1

Completeness of Quantum Mechanics and Charge-
Conjugation Correlations of Theta Particles”
D. R. IncLIs

Argonne National Laberatory, Argonne, Illinois

ment of spin. Lee and Yangﬁ. have suggested an experi-
ment involving thetas that is related to the EPR
uestion. The possibility of investigating in more detail

®T. D. Lee and C. N. Yang (unpublished);



Previous works on entangled

i kaons

= A lot of discussions have been made on
using entangle kaons to test QM against
local hidden variable models (Bell theorem).

= It was claimed that this system may close
the locality loophole and detection loophole
In testing Bell theorem.




Experimental confirmations of
EPR correlation (1)

s K°K? produced in pp- annihilation in the
CPLEAR detector in CERN (1998).

CPLEAR Detector PLB 42, 339(98)
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Experimental confirmations of

i EPR correlation (2)

= K°K9 producedin ¢ decay in the KLOE
detector in DA®NE (2003, 2006)
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Experimental confirmations of
EPR correlation (3)

s B°BY produced in ee+ annihilation in the
BELLE detector in KEKB (2004.2007).

Belle Detector

— : J.Mod.Opt. 51,991(04);
— n=1.015~1.030 PRL 99, 131802 (07)
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i Introduction to teleportation

Alice and Bob share an EPR pair a and b.

Alice also holds another qubit c in a certain
state.

Alice makes Bell measurement on qubits a
and c. (projection on Bell basis).

Depending on Alice’s result, Bob perform one
of four unitary transformation on his qubit b,
thus obtain the original state of c.



i Teleportation (continued)

[T)ab = 5 (Tads — Lats)

|\I]>c:aTc +p¢c .

‘\Ij>cab — %|(I)—|—>ca(04 ib —p Tb) + %‘(I)—>ca(04 ib +P Tb)
- %‘qj+>ca(a o —p ) — l|\Ij—> o(a T +plwz Lb),

(Taib + \LaTb)
(Taib iaTb)

(TaTb + \Laib)
(TaTb iaib)
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Teleportation using neutral kaons



i Generation of an EPR pair

s At t=0, a and b Is created as

[Wap(0)) K°)al K% — |K°)al K°)p)

= (
(|K2)| K1) — | K1)|K?2))
(IKL)alKs)b — | Ks)a|KL)b),

r = (|p|* +1ql*)/2pq = (1 + [¢[*)/(1 — €%)

= Decay under weak interaction:
Wap(t)) = M(t)|V_)ap,

M()—exp[ ()\5+)\L)Abt Ab—l/\/l—vb

E\*&\'ﬁ\



i The third koan

= A third koan c Is generated at ¢, In an
unknown state
P.(t.)) = | K%)c + BIKO)..

= Naturally decays
V(1)) = F(O)|K®)e + G(t)|KO)e,

F(t) = [(a + Bp/q)e”s"(75) 4 (o — Bp/q)e” M hli=t:)] /o,
= [(aq/p + B)ePsh(7t) — (ag/p — B)e~Arhel=t=)] /2.



i Let ¢ and a collide!

a b

r——— ° ®
z X y (x,1,)

Spacetime diagram:




Eigenstates of P, S and | of

i c+a

= P, S, | are conserved by strong
Interaction, which governs c-a collision.

P1)ee = |[K'KY) with P=1,5=2,1=1;

$2)ca = |K°K°) with P =1, 8 = -2, [ = 1;

$3)ca = |V4) = —=(|K°)|K®) + |[K°)c|K®)), with P =1, S =0, [ = 1;
Pa)ea = [¥_) = Z=(IK°)|K®) — |[K%)|K°) with P = -1, =0, 1=0.



Three-kaon state before
collision,decomposed In the strong
i Interaction basis

Ten(t)) = [T(0) @ [Tan(t)
— @{\/ﬁF(t)|¢l>ca|Ko>b
_\/ﬁG(t)‘¢2>ca’KO>b B
—|¢3)cal F'(E)| K)o — G(¢)|K°)e]
—|¢a)ca[F ()| K°)s + G()|K°)s]}-

It 1S not a Bell basis. This basis Is
physical, while Bell basis is not.



i Collision

= The collision effects a unitary
transformation S in a negligible time

Interval

Tean(te)) = ME0BF(8,)S]01)eal KO
_\/§G(t$)8‘¢2>ca‘K0>b
= 8168)cal F (t2) )y — G (t2) | K)y)
_S|¢4>ca[ ( )‘K0>b‘|‘G(t:c)‘ >b]}

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



Detection of outgoing particles of

i c-a collision
sing strong interaction with nuclear matter, the

detection completes Alice’s two-particle
projection in the basis {S|¢i)ca} .

= Probabilities:

M (t.)|*|F(t)]%/2,
M(t.)|?|G ()% /2,
M(t.)|*[|F(ta)|” + |G(ta)°]/4,
M(t:)|P[|F(te)]? + |G(t2)]%] /4.
= Corresponding projected state of b:
Kb, [K°)s, [ ( I — G(ta)| K%)o]/ /| F (t2)]? + |G (ta)[?,
[F(t)| K%y + G (L) K /¢|F )|? +[G(ta) >

= Decay affects the probabilities.



i 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 F(t.) k%, + G(t.)| K°),

IS made If projection result of c-a s
SI¥_)ca-



i Verification scheme (1)

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

" For [¥(t)y = FO)IK ) + g ()| K0, £(t) = [FOF /9(0)]*.
= NO projection/teleportation: -

= Successful teleportation:

—Tgt/2 —Iyr/2 —Tgr/2 _—Tgp71/2y(2
g(t) — |F(tm)(e—l—‘s'r 2+6—FLT 2)+G(tm)(e—l—‘s'r 2 e—FLT 2)| 9
|F(te)(e P s™/2—e TLT/2)+G(t, ) (e V'sT/24e~TL7/2)|2

very different from 1



Actual way of obtaining
i strangeness ratio

= Repeat many runs of the procedure.
= No projection (¢®»=1): all runs are
considered.

= Teleported state: only consider those

runs in which c-a are projected to
S¥_)ca-

= “Many runs of the procedure” can be
done simultaneously in a beam of
particles, so realized by different events.



i Verification scheme (2)

Different projection results lead to different values of
CP ratio .

For |W(t))s = w1 (t)[K1)p + ua(t)[K2)p, ((t) = [u1(t)]*/u2(t)]*.
No projection/teleportation: ¢(t) = 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 process:
i 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 |V _),; generated at ¢t = 0,

another kaon pair d and c is generated as |U_),4. at time t,.
Wac(t) = M'(T —t2)|¥-)dc,

M'(t —t,) = exp|—i(As + Ap)Aq(t — t,)].

|\decab<t)> — M/(t - tZ)M(t)|\Ij—>dC‘\IJ—>ab

MOV (10 Y [T Yy — [P ) ea| T Yap

—|KOKY) 0| KOK®) g — |[KOK?) | KO K®) ).




Collision

Let ¢ and a collide at ¢,
d c a b

Z X y

Spacetime diagram:




Detection

ollision:

Wacap(to +0)) = ML MO ()0 ) o[04 ),
_S|\Ij—>ca|qj—>db
~S|K'K?%) .| K°K°) 4
~S|KYK%) | K°K®) 3).

In detecting outgoing particles from the collision, ¢ and a

are projected to: S|V )eq, S|V _)eq, SIK°K?) ., or S|IK°KO?).,.

Correspondingly d and b are projected to:

U eas [ ) e, |[KOK?) ., and |[K°KY),, respectively,
each 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.



‘_L Verification scheme (1)

= Measure the S asymmetry of b and d

A(t) = [paigs(t) — Psame(t)]/[Pairs () + 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 SIT_)..

= Entanglement swapping succeeds (consider

those runs in which c-a project to
A(t)=1



‘_L Verification scheme (2)

Measure the CP asymmetry of b and d
A(t) = [pairf(t) — Psame )]/ [Paif £ (t) + Psame(t)]

Pdif f (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 (consigjg_ hose runs
In which c-a project to cA(D)=1



i Summary

The neutral kaon whose state is to be teleported collides with
an EPR member. The detection of the outgoing particles of the
collision completes the projection to an eigenstate of P, S and
I, which is conserved in the collision.

This basis is different from Bell basis, as used in the original
teleportation scheme.

Conditioned on the projection, teleportation can be made
stochastically.

Verification can be made based on strangeness measurements
or CP measurements. The latter is better.

Entanglement swapping can also be done.



i A new feature

= In conventional implementations of teleportation, it
Is only the “sole” (state), rather than the “body”
(matter), that is teleported.

= But in particle physics, as demonstrated in the
present scheme, the “body” (particle) itself
becomes a kind of “sole” (state of the quantum
field), and is teleported.



i Conclusion

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

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!

Jhant you fer your attention!
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