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Section 1

Introduction



Locality and quantum nonlocality

@ In 1935, Einstein, Podolsky, and Rosen (EPR) posed the question of whether
or not quantum mechanics offers a complete description of reality.

@ They assumed the which states that interference effects
should travel at the speed of light or slower between two objects.

Why perform such tests in neutral
kaons system
@ the entanglement between Ks
and K; whose decay products are
easy to distinguish
@ the large statictics in charm
(BESIII, CLEO-c), phi (KLOE),

The measurement of one particle in an and B-meson (Belle-1l, LHCb)
entangled system has an factories with decay channel

. 03¢0

instantaneous effect on the other due V — K°K?®

to
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Hidden-variable theory and Bell inequality

Bell Inequality

Original form:

|Ch(a, b) — Ch(a, c)| <1+ Cp(b,c) o Y X DOGE¢
CHSH form: e N N D O ¢
o / /
Ch(aa b) Ch (a7b)+ Ch (87b)+ 3 (@ A i J B0 ¢
Cp(a,b)<2
1 @O @ X N
s @ O @ X N

Experimental loophole-free violation of
Bell inequality precludes the N A A A A
explanation of hidden-variable theory.
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https://arxiv.org/abs/1508.05949
https://arxiv.org/abs/1511.03190

Communication between entangled particles

Alternative local explanations of QM correlations could be possible assuming some
communication between entangled particles. arXiv:1006.2697

Space-time diagram in the privileged Bound obtained for @ as a function of
reference frame. arXjv:1110.3795 the speed § (relative to the Earth frame).
arXiv:0808.3316
At. b. 10°
1me future

Bound on V/c

past o : I I I
; - - - =] 0
space B
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Section 2

The calculation based on locality hypothesis



Entangled neutral kaons system

" b
V\KS ‘ a(t) ()

/ tl t‘Z g

™

In the reaction V — K°KO, where V is a vector meson (¢, /9, T...) with
quantum numbers JPC¢ =1-—.

[KOKT) = % {IKs), |KL)y — |KL), |Ks), )

quantum mechanics

t, = t; The insterference effect is instantaneous.

locality principle

tp = (14 5)/(1 — B)t1 The insterference effect should travel at the speed of light
in the rest frame of K°KO.
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A(fas ta; o, tn) = J5[(al TIKs (ta)) (o] TIKL (ts)) — (G TIKL (ta)) (o] TIKs (t))]
For KOKO — anything, we have
Cent(ta, ts) = NXg g, |A(F, ta; fo, ty))* =

%rLrS {e—rsta—rLtb L e—rstb—rLta — 2cos [('nL o rr75) (tb o ta)] efﬁ(m Fta)(Ms+ I'L)}

—1 —Ista—Tt —Istp—Tt
rnon,ent(ta-,tb)—errS{e Stamith e 5% La}

Fa(ta) = [y dtsFnonent (tay th) + [ dtol ent (ta, tb)
Decay rate of the first decay at time t:

M(t) =2 [, dtolent (11, 12)

Decay rate of the second decay at time t5:

M2(t) = 2 [, dtiT non_ent (11, t2)

Fa(t) =p(t) =T1(t)/2 4+ To(t)/2
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Decay process
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When kaon a decays first at time ty,

@ the decay rate of kaon b changes instantaneously from I';(t1)/2 to ['2(t1)/2
(quantum mechanics).

@ the decay rate of kaon b remains I'1(t)/2 until t, =+t = (1 + 3)/(1 — B)ts
(locality principle).

Pei-Cheng Jiang (Peking University) Test of quantum nonlocality via vector meson decays to K¢ K¢ August 17, 2021

7/15



The yield of KsKs

The KOKO state consists of the
incoherent states |Ks); |Ks),,

|Ks)1 |KL)o, |KL)y [Ks),, and

|K1); |KL), with equal weights in the
time window (t1, tp).

> >

Tz Tss TsrTrs
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The calculation
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The ratio of double Ks events to single Ks events will be given by

R = PW (KsKs) / [PQM (KsK/_) + PW (KSKL)]

Py (KsK;) and Pou(KsK,) is the probability of single Ks events during the time window and
outside the time window, respectively.

Py (KsKs) is the probability of the state |Ks), |Ks), during the time window (t2/7/, t2).
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Section 3

Experimental effects and correction



Experimental effects - CP violation

7r+

K,
+ ,L\»ﬂ_,

™
~ a(t) b(t) 3
K < —_—— ik
o h t to "
_

Only considering the Ks decay mode Ks — w7, the final state of reaction
V = KsKs is ttr—ntn—.

Since the decay K; — m"m~ may happen, the states |Ks), |KL),, |Ki); |Ks),,
and |K), |KL), can be misreconstructed as |Ks); |Ks),.

The branching ratio of V — KsKs should be corrected with (1+0), where

2 d[CT st () + CTis(t2) + T (t)]
Jo = dtaT ss(t2)
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Experimental effects - kaon re

The distribution of kaon regeneration in
¢ — KsK, — rmn nn™ from the
KLOE Collaboration. arXiv:0607027

Ky e Data
450 | = K Kg = ntrntn
= K, inc. regeneration
400 [ m cfe Tt

Regeneration originates from the fact that
the K® meson interacts differently with
matter (generally with protons and neutrons)
than KO. .

0 L L L L L L
) s 10 15 20 25 30 35

AUt

There are two kinds of regeneration

processes:
In BESIII, kaon regeneration can happen in

; — 1,2
® coherent regeneration pregen = |p|*Prnru the beam pipe and the inner wall of the main

@ incoherent regeneration draft chamber.
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The results of calculation

@ The corrected value of R can be expressed as R’ = (14 0)R + Pregen-

@ Knowing the branching ratio of V — KsK;, multiplied by R’ and divided by
Br(Ks — w7 ™), the branching ratio of decay V — KsKs can be obtained.
@ Input parameters:
mean lifetime of Ks and K, mass of the vector and K° meson, branching
ratio of Ks — nrm—.

@ The uncertainty of R’ value mainly comes from the uncertainty of K;'s

lifetime.

Vector meson Mass(MeV) o Dregen R’ Br(V — KsKg)
$(1020) 1019.46 £ 0.016 5.0x 10~° 1.4 x10~% 0.0005+0.0033 (0.4 £2.5) x 102
J/ 3096.90 £0.006 3.7 x 10~% 1.8 x10=¢ 0.0196 +0.0032 (5.5+1.0) x 10~
$(2S) 3686.10+£0.06 5.1 x10™* 1.8x107® 0.0275+0.0032 (2.1£0.3) x 10~

T(18) 9460.34+0.26  2.2x 1073 1.9x 1076  0.1282 4+ 0.0033 -

T (2S) 10023.26 £0.31 2.3x 1073 1.9x 1076 0.1378 £ 0.0033 -

1(39) 10355.24+0.5 24x 1073 1.9x10~%  0.1425 4 0.0035 -
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Experimental upper limits

Results from the BESIII collaboration.
arXiv:1710.05738
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B(J/Y — KsKs) (95% CL)(< 14 x 108 )
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The upper limit of Br(J/¢ — KsKs)
from the BESIII Collaboration in 2017 is
two orders of magnitude smaller than the
expected value under the locality
assumption, from which we can obtain
that the speed of quantum information
Vo > 45.1¢ in the K°KO rest frame.

The BES Collaboration has given an
upper limit at 95% C.L.

Br((2S) — KsKs) < 4.6 x 10~ in
2004. It is compatible with the calculated
value.

For T(nS), the distinction between
quantum mechanics and the locality
hypothesis may be more pronounced.
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Conclusion

@ In this work, we have estimated the branching ratios of V — KsKs under the
locality assumption.

@ The experimental result of J/1) is significantly less than the prediction and
the present upper limit of ¢)(2S) is compatible with the prediction.

@ T(nS) could also be used to test the locality hypothesis and we propose
Belle-ll and LHCb experiments to perform such studies.

@ |t is a fairly small step, but more progress is expected in this field!
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Thanks!
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Mss(tr) = (75) fF dt; exp {M} , where v is the Lorentzian factor
v =1/4/1— (3? and F; represents time interval

[t2/7 < t1 < t;0 < t; < 400;0 < t, < +0o0]. Expressions of the others are
analogously defined as that of Iss(t2).

0
Pom(KsKy) is obtained by integrating %%F,,O,Lent (;1, %) over the time-like
fiducial region F[0 < t; < to/7;0 < t1 < +00;0 < tp < +09).

At fixed time t, the probability of the first decay occurring in the space-like region

0
Pw can be obtained by integrating 2 = Mon_ent (%, g) in the time window

F [tg/’y/ <H <<t <4+0,0< < +OO].
Next we can get the fraction of events decaying in the fiducial region as KsKs is
f0+oo dtzrss(tg)

o7 dtao[[ss(t2) + Tse(ta) + Tis(t2) + Mie(t2)]

(1)

Pss =

Multiply it by Pw to get Py (KsKs) and same with Py (KsKL).
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