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• e+e-® f      sf~3 µb
W = mf = 1019.4 MeV

• BR(f ® K0K0)   ~ 34%
• ~106 neutral kaon pairs per 
pb-1 produced in an 
antisymmetric quantum state  
with JPC = 1-- :

Neutral kaons at a f-factory

  

€ 

i =
1
2

K 0  p ( ) K 0 −  p ( ) − K 0  p ( ) K 0 −
 p ( )[ ]

=
N
2

KS
 p ( ) KL −

 p ( ) − KL
 p ( ) KS −

 p ( )[ ]pK = 110 MeV/c     
lS = 6 mm     lL = 3.5 m

Production of the vector meson f
in e+e- annihilations:

KL,S

KS,L
e-e+

f

€ 

N = 1+ εS
2( ) 1+ εL

2( ) 1−εSεL( ) ≅1

2



A. Di Domenico KAON 2022 - September 13-15, 2022  - Osaka, Japan

Studies on the “strange” entanglement 
of neutral kaons
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Entangled neutral kaons

CP states basis
(with CP=±1) 

Physical states basis
(non-orthogonal basis)

In QM the entangled state can be expressed in any base:

Flavor basis
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state (5): (i) the generic interference region and (ii) the
decoherence region, with the relative weight of the KS
component negligible when the following condition is
satisfied:

jη1je−ΔΓΔt=2 ≪ 1 ½KL − tag": ð6Þ

At long enough Δt—depending on what f1 was—the
living partner is always a jKLi. This property is well
understood, and it has been used in the past in order to have
KL beams “for all practical purposes” (FAPP) in Bell’s
terminology [59].

B. Time history (TH)

It is worth it to point out that the result (5) for the living
partner is in agreement with the EPR instantaneous
information due to the first decay when following the time
history of strange entanglement, which we are now going to
study in detail.
We first notice that in the case of decay processes, any

initial state has some probability per unit time to decay to a
given decay channel f except that with zero probability. In
particular, the linear combination,

jK↛fi ¼ N↛f½jKLi − ηfjKSi"; ð7Þ

having a vanishing decay amplitude hfjTjK↛fi ¼ 0, can-
not decay to f. This state is the one tagged for the
unmeasured particle as a consequence of the projection
imposed by the decay of the observed particle. For the first
decay to f1 at time t1, the tagged state of the surviving
partner is given by Eq. (7), with f ¼ f1. In other words, the
measured decay on one side prepares, in the quantum
mechanical sense, its partner on the other side as a single
kaon particle at a starting time t ¼ t1. Then the jK↛fi state
freely evolves in time—and in this sense, the information is
from past to future—until its decay time at t2; see Eq. (4).
We may ask whether this information constrains the past
state of the decayed particle at t1, which was undefined in
the entangled system. This is a question that, for different
scenarios, is being debated in the literature—see, for
example, Refs. [66–69]. In our case, any state linearly
independent to Eq. (7), orthogonal or not, leads to the same
decay probability. This “filtering identity” [70] is saying
that the orthogonal component jK⊥

↛fi is filtered from the
past undefined state by the decay. The decay acts as a
filtering measurement and, for calculation purposes, it is

convenient to rewrite the entangled state at t1, in terms of
these two orthogonal states, as

jii ¼ 1ffiffiffi
2

p fjK⊥
↛fijK↛fi − jK↛fijK⊥

↛fig: ð8Þ

In this way, we may use the concept of transition proba-
bilities at the different relevant times in the history of the
system.
In summary, four sequential steps are present in the time

history of the entangled state jii:
(1) The time evolution of the state jii from time t ¼ 0 to

time t ¼ t1, with definite total width Γ;
(2) The projection of the state jiðt ¼ t1Þi onto the

orthogonal pair jK⊥
↛f1

ijK↛f1i, filtered by the decay
f1, times the decay amplitude of the state jK⊥

↛f1
i

into the f1 channel;
(3) The time evolution of the surviving (single) kaon

state jK↛f1i from time t ¼ t1 to time t ¼ t2;
(4) The projection at time t ¼ t2 of the evolved state

jK↛f1ðΔtÞi onto the state jK⊥
↛f2

i filtered by the
decay f2, times the decay amplitude of the state
jK⊥

↛f2
i into the f2 channel.

These steps straightforwardly lead to the calculation of the
observable double differential decay rate by factorizing the
amplitudes as follows:

Iðf1; t1;f2; t2ÞTH ¼ jhf2jTjK⊥
↛f2

ihK⊥
↛f2

jK↛f1ðΔtÞi

× hf1jTjK⊥
↛f1

ihK⊥
↛f1

K↛f1 jiðt ¼ t1Þij2:

ð9Þ

One can easily verify that the TH approach is fully
consistent with the LY approach [71]: Iðf1; t1; f2; t2ÞTH ¼
Iðf1; t1; f2; t2ÞLY ≡ Iðf1; t1; f2; t2Þ.

III. FROM FUTURE TO PAST

As already pointed out, the state (5) evaluated from
expression (4) in the LY approach coincides with the state
jK↛f1i of the surviving kaon after the first decay in the TH
approach. The t1, t2 symmetry of the correlated state in the
LY approach—Eq. (2)—with no special role of one of the
two decay times, demands the exploration of its implica-
tions when projecting it instead onto the f2 channel at time
t2. With this information, the resulting past decayed state at
time t1 is

jKð1Þðt ¼ t1Þi ¼ hf2jTjit1;t2i ¼
Nffiffiffi
2

p hf2jTjKSife−iλSt1 ½η2e−iλLt2 jKSi" − e−iλLt1 ½e−iλSt2 jKLi"g: ð10Þ
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linear combination110

|K9fi = N9f [|KLi � ⌘f |KSi] , (13)

having a vanishing decay amplitude hf |T |K9fi = 0, cannot decay to f . Thus the orthogonal state111

to (13), |K?
9fi, is filtered by the decay. From the entangled system |ii, which can be rewritten for112

convenience in terms of these two orthogonal states as:113

|ii =
1p
2
{|K?

9fi|K9fi � |K9fi|K?
9fi} , (14)

the first decay to f1 at time t1 tags the state of the surviving partner as given by Eq.(13) with f = f1114

and filters at the same time – on an event-by-event basis – the state |K?
9f1i in the decayed kaon, as115

a result of the observation of the f1 channel. The “filtering identity” 25 defines the precise meaning116

of the last statement in terms of the decay probability of the decayed state into f1. Here it is worth117

underlining that physically this corresponds to an irreversible process where the entangled state |ii118

ceases its existence as a two-body state, with an immediate information from the decayed kaon to119

the survived one, leaving the system in a definite single particle state. In other words, the f1 decay120

of a kaon on one side prepares (tags), in the quantum mechanical sense, its partner kaon in the state121

|K9f1i at a starting time t = t1. Then the |K9f1i state freely evolves in time – and in this sense122

the information is from past to future – until its decay time at t2, see Eq.(10).123

In summary four sequential steps are present in the time history of the entangled state |ii:124

1. the time evolution of the state |ii from time t = 0 to time t = t1, with definite total width �;125
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with

In QM the entangled state can be expressed in any base:

Flavor basis

• In maximally entangled systems the complete knowledge of the system as a whole is
encoded in the entangled state, the single subsystems are undefined.

• When the decay measurement to f is performed, the partner is instantaneously informed 
and tagged as 𝐾↛" and the decay filters (projects) its orthogonal for the decayed meson.
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PAST FUTURE
The past (kaon decay at t1) tags
the future partner kaon state at t2
before its decay
(on which the discussed T, CPT test 
in transitions at KLOE are based, 
see talk given last Wednesday)
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2. the projection of the state |i(t = t1)i onto the orthogonal pair |K?
9f1i|K9f1i, filtered by the126

decay f1, times the decay amplitude of the state |K?
9f1i into the f1 channel;127

3. the time evolution of the surviving (single) kaon state |K9f1i from time t = t1 to time t = t2;128

4. the projection at time t = t2 of the evolved state |K9f1(�t)i onto the state |K?
9f2i filtered129

by the decay f2, times the decay amplitude of the state |K?
9f2i into the f2 channel.130

These steps straightforwardly lead to the calculation of the observable double differential decay131

rate by factorising the amplitudes as follows:132

I(f1, t1; f2, t2)TH =
��hf2|T |K?

9f2ihK
?
9f2 |K9f1(�t)ihf1|T |K?

9f1ihK
?
9f1K9f1 |i(t = t1)i

��2

=
1

2
e��t1P

�
K9f1(0) ! K?

9f2(�t)
� ��hf2|T |K?

9f2ihf1|T |K
?
9f1i

��2

= e��t1 C12 {|⌘1|2e��S�t + |⌘2|2e��L�t

�2|⌘1||⌘2|e�
(�S+�L)

2 �t cos[�m�t+ �1 � �2]} (15)

with133

��hK?
9f1K9f1 |i(t = t1)i

��2 = 1

2
e��t1 (16)

and the probability associated to the transition K9f1 ! K?
9f2 defined as30, 31:134

P
�
K9f1(0) ! K?

9f2(�t)
�
=

��hK?
9f2 |K9f1(�t)i

��2 . (17)

One can easily verify that the TH approach is fully consistent with the LY approach:135

I(f1, t1; f2, t2)TH = I(f1, t1; f2, t2)LY ⌘ I(f1, t1; f2, t2) . (18)
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state (5): (i) the generic interference region and (ii) the
decoherence region, with the relative weight of the KS
component negligible when the following condition is
satisfied:

jη1je−ΔΓΔt=2 ≪ 1 ½KL − tag": ð6Þ

At long enough Δt—depending on what f1 was—the
living partner is always a jKLi. This property is well
understood, and it has been used in the past in order to have
KL beams “for all practical purposes” (FAPP) in Bell’s
terminology [59].

B. Time history (TH)

It is worth it to point out that the result (5) for the living
partner is in agreement with the EPR instantaneous
information due to the first decay when following the time
history of strange entanglement, which we are now going to
study in detail.
We first notice that in the case of decay processes, any

initial state has some probability per unit time to decay to a
given decay channel f except that with zero probability. In
particular, the linear combination,

jK↛fi ¼ N↛f½jKLi − ηfjKSi"; ð7Þ

having a vanishing decay amplitude hfjTjK↛fi ¼ 0, can-
not decay to f. This state is the one tagged for the
unmeasured particle as a consequence of the projection
imposed by the decay of the observed particle. For the first
decay to f1 at time t1, the tagged state of the surviving
partner is given by Eq. (7), with f ¼ f1. In other words, the
measured decay on one side prepares, in the quantum
mechanical sense, its partner on the other side as a single
kaon particle at a starting time t ¼ t1. Then the jK↛fi state
freely evolves in time—and in this sense, the information is
from past to future—until its decay time at t2; see Eq. (4).
We may ask whether this information constrains the past
state of the decayed particle at t1, which was undefined in
the entangled system. This is a question that, for different
scenarios, is being debated in the literature—see, for
example, Refs. [66–69]. In our case, any state linearly
independent to Eq. (7), orthogonal or not, leads to the same
decay probability. This “filtering identity” [70] is saying
that the orthogonal component jK⊥

↛fi is filtered from the
past undefined state by the decay. The decay acts as a
filtering measurement and, for calculation purposes, it is

convenient to rewrite the entangled state at t1, in terms of
these two orthogonal states, as

jii ¼ 1ffiffiffi
2

p fjK⊥
↛fijK↛fi − jK↛fijK⊥

↛fig: ð8Þ

In this way, we may use the concept of transition proba-
bilities at the different relevant times in the history of the
system.
In summary, four sequential steps are present in the time

history of the entangled state jii:
(1) The time evolution of the state jii from time t ¼ 0 to

time t ¼ t1, with definite total width Γ;
(2) The projection of the state jiðt ¼ t1Þi onto the

orthogonal pair jK⊥
↛f1

ijK↛f1i, filtered by the decay
f1, times the decay amplitude of the state jK⊥

↛f1
i

into the f1 channel;
(3) The time evolution of the surviving (single) kaon

state jK↛f1i from time t ¼ t1 to time t ¼ t2;
(4) The projection at time t ¼ t2 of the evolved state

jK↛f1ðΔtÞi onto the state jK⊥
↛f2

i filtered by the
decay f2, times the decay amplitude of the state
jK⊥

↛f2
i into the f2 channel.

These steps straightforwardly lead to the calculation of the
observable double differential decay rate by factorizing the
amplitudes as follows:

Iðf1; t1;f2; t2ÞTH ¼ jhf2jTjK⊥
↛f2

ihK⊥
↛f2

jK↛f1ðΔtÞi

× hf1jTjK⊥
↛f1

ihK⊥
↛f1

K↛f1 jiðt ¼ t1Þij2:

ð9Þ

One can easily verify that the TH approach is fully
consistent with the LY approach [71]: Iðf1; t1; f2; t2ÞTH ¼
Iðf1; t1; f2; t2ÞLY ≡ Iðf1; t1; f2; t2Þ.

III. FROM FUTURE TO PAST

As already pointed out, the state (5) evaluated from
expression (4) in the LY approach coincides with the state
jK↛f1i of the surviving kaon after the first decay in the TH
approach. The t1, t2 symmetry of the correlated state in the
LY approach—Eq. (2)—with no special role of one of the
two decay times, demands the exploration of its implica-
tions when projecting it instead onto the f2 channel at time
t2. With this information, the resulting past decayed state at
time t1 is

jKð1Þðt ¼ t1Þi ¼ hf2jTjit1;t2i ¼
Nffiffiffi
2

p hf2jTjKSife−iλSt1 ½η2e−iλLt2 jKSi" − e−iλLt1 ½e−iλSt2 jKLi"g: ð10Þ
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with |N |2 = (1� |hKS|KLi|2)�1 ' 1 . As a consequence, the entangled state |ii at any time t after71

its production remains unaltered, even in presence of K0 � K̄0 mixing:72

|i(t)i =
Np
2
{|KSie�i�St|KLie�i�Lt � |KLie�i�Lt|KSie�i�St}

= e�i(�S+�L)t|ii . (4)

If nothing is registered after the observation of the first decay at time t1 (i.e. integrating over73

all subsequent decays at times t2 of particle-2), the survival probability of the entangled state is74

necessarily characterised by the total width � = �S + �L of the system:75

P (t1) = k |i(t = t1)i k2 = e��t1 . (5)

This property holds only for the C = �1 antisymmetric state, but not for the C = +176

symmetric state in which the time evolution would induce K0K0 and K̄0K̄0 terms due to K0 � K̄0
77

mixing by weak interactions.78

Two decay times state formalism (LY) Following the LY approach of the two decay times entan-79

gled state (4), the correlated state of the two partners decaying at times t1 and t2 can be formally80

written as19–22:81

|it1,t2i =
Np
2
{|KSie�i�St1 |KLie�i�Lt2 � |KLie�i�Lt1 |KSie�i�St2} . (6)

The two decay times formalism defines in the combined two terms of the entangled state (4) what82

one calls particle 1 – the first one to decay – and particle 2 – the second one to decay. The (formal)83

use as evolution times is justified because they are disjoint and there is no overlap between them:84

5

t1 before, and t2 after, the performed measurement and its associated projection. Accordingly, the85

decay amplitude of the initial state |ii to channel f1 at time t1 for particle-1 and channel f2 at time86

t2 for particle-2, and the corresponding observable double differential decay rate I(f1, t1; f2, t2)87

can be readily calculated24:88

I(f1, t1; f2, t2)LY = |hf1(t1)f2(t2)|T |i(t)i|2 = |hf1f2|T |it1,t2i|
2

=

����
Np
2
{hf1|T |KSihf2|T |KLie�i�St1e�i�Lt2 � hf1|T |KLihf2|T |KSie�i�Lt1e�i�St2}

����
2

= C12{|⌘1|2e��Lt1��St2 + |⌘2|2e��St1��Lt2

�2|⌘1||⌘2|e�
(�S+�L)

2 (t1+t2) cos[�m(t2 � t1) + �1 � �2]} , (7)

with hfi|T |KSi and hfi|T |KLi the decay amplitudes to the fi channel of KS and KL, and89

⌘i ⌘ |⌘i|ei�i =
hfi|T |KLi
hfi|T |KSi

, (8)

90

C12 =
|N |2

2
|hf1|T |KSihf2|T |KSi|2 . (9)

As a corollary of the above approach one can notice that at an intermediate step of the cal-91

culation – after the first decay at time t1 – the state of the surviving kaon (particle-2) immediately92

before its decay at time t2 is expressed as:93

|K(2)(t = t2)i = hf1|T |it1,t2i

=
Np
2
{hf1|T |KSie�i�St1e�i�Lt2 |KLi � hf1|T |KLie�i�Lt1e�i�St2 |KSi}

=
Np
2
hf1|T |KSie�i(�S+�L)t1

⇥
e�i�L�t|KLi � ⌘1e

�i�S�t|KSi
⇤
. (10)

6

t1 before, and t2 after, the performed measurement and its associated projection. Accordingly, the85

decay amplitude of the initial state |ii to channel f1 at time t1 for particle-1 and channel f2 at time86

t2 for particle-2, and the corresponding observable double differential decay rate I(f1, t1; f2, t2)87

can be readily calculated24:88

I(f1, t1; f2, t2)LY = |hf1(t1)f2(t2)|T |i(t)i|2 = |hf1f2|T |it1,t2i|
2

=

����
Np
2
{hf1|T |KSihf2|T |KLie�i�St1e�i�Lt2 � hf1|T |KLihf2|T |KSie�i�Lt1e�i�St2}

����
2

= C12{|⌘1|2e��Lt1��St2 + |⌘2|2e��St1��Lt2

�2|⌘1||⌘2|e�
(�S+�L)

2 (t1+t2) cos[�m(t2 � t1) + �1 � �2]} , (7)

with hfi|T |KSi and hfi|T |KLi the decay amplitudes to the fi channel of KS and KL, and89

⌘i ⌘ |⌘i|ei�i =
hfi|T |KLi
hfi|T |KSi

, (8)

90

C12 =
|N |2

2
|hf1|T |KSihf2|T |KSi|2 . (9)

As a corollary of the above approach one can notice that at an intermediate step of the cal-91

culation – after the first decay at time t1 – the state of the surviving kaon (particle-2) immediately92

before its decay at time t2 is expressed as:93

|K(2)(t = t2)i = hf1|T |it1,t2i

=
Np
2
{hf1|T |KSie�i�St1e�i�Lt2 |KLi � hf1|T |KLie�i�Lt1e�i�St2 |KSi}

=
Np
2
hf1|T |KSie�i(�S+�L)t1

⇥
e�i�L�t|KLi � ⌘1e

�i�S�t|KSi
⇤
. (10)

6

Double decay intensity calculation

with |N |2 = (1� |hKS|KLi|2)�1 ' 1 . As a consequence, the entangled state |ii at any time t after71

its production remains unaltered, even in presence of K0 � K̄0 mixing:72

|i(t)i =
Np
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{|KSie�i�St|KLie�i�Lt � |KLie�i�Lt|KSie�i�St}

= e�i(�S+�L)t|ii . (4)

If nothing is registered after the observation of the first decay at time t1 (i.e. integrating over73

all subsequent decays at times t2 of particle-2), the survival probability of the entangled state is74

necessarily characterised by the total width � = �S + �L of the system:75

P (t1) = k |i(t = t1)i k2 = e��t1 . (5)

This property holds only for the C = �1 antisymmetric state, but not for the C = +176

symmetric state in which the time evolution would induce K0K0 and K̄0K̄0 terms due to K0 � K̄0
77

mixing by weak interactions.78

Two decay times state formalism (LY) Following the LY approach of the two decay times entan-79

gled state (4), the correlated state of the two partners decaying at times t1 and t2 can be formally80

written as19–22:81

|it1,t2i =
Np
2
{|KSie�i�St1 |KLie�i�Lt2 � |KLie�i�Lt1 |KSie�i�St2} . (6)

The two decay times formalism defines in the combined two terms of the entangled state (4) what82

one calls particle 1 – the first one to decay – and particle 2 – the second one to decay. The (formal)83

use as evolution times is justified because they are disjoint and there is no overlap between them:84
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2. the projection of the state |i(t = t1)i onto the orthogonal pair |K?
9f1i|K9f1i, filtered by the126

decay f1, times the decay amplitude of the state |K?
9f1i into the f1 channel;127

3. the time evolution of the surviving (single) kaon state |K9f1i from time t = t1 to time t = t2;128

4. the projection at time t = t2 of the evolved state |K9f1(�t)i onto the state |K?
9f2i filtered129

by the decay f2, times the decay amplitude of the state |K?
9f2i into the f2 channel.130

These steps straightforwardly lead to the calculation of the observable double differential decay131

rate by factorising the amplitudes as follows:132

I(f1, t1; f2, t2)TH =
��hf2|T |K?

9f2ihK
?
9f2 |K9f1(�t)ihf1|T |K?

9f1ihK
?
9f1K9f1 |i(t = t1)i

��2

=
1

2
e��t1P

�
K9f1(0) ! K?

9f2(�t)
� ��hf2|T |K?

9f2ihf1|T |K
?
9f1i

��2

= e��t1 C12 {|⌘1|2e��S�t + |⌘2|2e��L�t

�2|⌘1||⌘2|e�
(�S+�L)

2 �t cos[�m�t+ �1 � �2]} (15)

with133

��hK?
9f1K9f1 |i(t = t1)i

��2 = 1

2
e��t1 (16)

and the probability associated to the transition K9f1 ! K?
9f2 defined as30, 31:134

P
�
K9f1(0) ! K?

9f2(�t)
�
=

��hK?
9f2 |K9f1(�t)i

��2 . (17)

One can easily verify that the TH approach is fully consistent with the LY approach:135

I(f1, t1; f2, t2)TH = I(f1, t1; f2, t2)LY ⌘ I(f1, t1; f2, t2) . (18)

9

TH and LY approaches 
are fully equivalent
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Can Future post-tag the Past?

FUTUREPAST

The future (kaon decay at t2) post-tags
the past partner kaon state at t1,before the 
decay, when it was entangled !

If past tags the future, the t1 , t2 symmetry 
of the correlated state in the LY approach 
demands the exploration of the question: 
can future post-tag the past?
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Can Future post-tag the Past?

FUTUREPAST

PAST

FUTURE

From future to past

As already pointed out, the state (11) evaluated from expression (10) in the LY approach coincides
with the state |K9f1i of the surviving kaon after the first decay in the TH approach. The t1, t2
symmetry of the correlated state in the LY approach – Eq.(6) – with no special role of one of the two
decay times, demands the exploration of its implications when projecting it onto the f2 channel at
time t2. The resulting past decayed state at time t1 is:

|K(1)(t = t1)i =hf2|T |it1,t2i

=
Np
2
{hf2|T |KLie�i�Lt2e�i�St1 |KSi � hf2|T |KSie�i�St2e�i�Lt1 |KLi}

=
Np
2
hf2|T |KSi{e�i�St1

⇥
⌘2 e�i�Lt2 |KSi

⇤
� e�i�Lt1

⇥
e�i�St2 |KLi

⇤
} .

(19)

Expression (19) corresponds to the state of the decayed kaon (particle-1) immediately before its decay
at time t1, once t2 and f2 are fixed – the future “fate” of its partner. Keeping t2 and f2 fixed – the
observation – and varying the first decay time t1, it corresponds to the single kaon evolved state, before
the first decay, from time t = 0 to time t = t1 of the state

|K(1)(t = 0)i = N1{⌘2e�i�Lt2 |KSi � e�i�St2 |KLi} , (20)

with N1 a suitable renormalization factor. Contrary to eq.(11) which is independent on the past t1
decay time, eq.(20) shows a dependence not only on the decay channel f2, but also on the future t2
decay time.

This is a striking result which clearly involves an information transfer from the future observation
at time t2 to the past, inferring the initial kaon state before its first decay at t1, therefore tagging it
during the time evolution of the entangled state |ii described by eq.(4) when the state of particle-1
(and particle-2) should have been undefined in the absence of any observation. We insist that the
post-diction implied by Eq.(19) is not an artefact of the formalism but a factual observable accessible
to experimental studies and thus it is fully physical. The reader may check, for consistency, that the
particular case of t1 = t2 leads to the state |K(1)(t = t1 = t2)i not decaying to f2, as demanded by
antisymmetry.

The interference and decoherence regimes: the KS tag

As a counterpart of the observability of the pre-dicted Eq. (10) through the t2 time distribution of the
second decay, once the first decay to the f1 decay channel at t1 is fixed, the t1 time distribution of the
first decay as post-dicted in Eq. (19) is also observable, once the second decay channel f2 and the decay
time t2 are fixed. As function of t1, two di↵erent regimes can be identified: the generic interference
region, in which the t2 dependence of eq.(20) is apparent, and the decoherence region, in which the
relative weight of the KL component is negligible. Decoherence is reached for large �t satisfying the
condition:

e����t/2/|⌘2| ⌧ 1 [KS-tag] , (21)

consistent with having a pure KS beam before the first decay. Due to CP violation and the non-
orthogonality of the stationary states hKL|KSi 6= 0, there is no decay channel able to tag either
KS or KL on an event-by-event basis. While it is relatively easy to prepare FAPP pure KL beams,
fulfilment of condition (21) constitutes the only known FAPP method to actually post-pare a KS beam
(i.e. the short-lived stationary state) with arbitrary high purity (depending on �t and ⌘2), preparation
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Can Future post-tag the Past?

FUTUREPAST

PAST

FUTURE

From future to past

As already pointed out, the state (11) evaluated from expression (10) in the LY approach coincides
with the state |K9f1i of the surviving kaon after the first decay in the TH approach. The t1, t2
symmetry of the correlated state in the LY approach – Eq.(6) – with no special role of one of the two
decay times, demands the exploration of its implications when projecting it onto the f2 channel at
time t2. The resulting past decayed state at time t1 is:

|K(1)(t = t1)i =hf2|T |it1,t2i

=
Np
2
{hf2|T |KLie�i�Lt2e�i�St1 |KSi � hf2|T |KSie�i�St2e�i�Lt1 |KLi}

=
Np
2
hf2|T |KSi{e�i�St1

⇥
⌘2 e�i�Lt2 |KSi

⇤
� e�i�Lt1

⇥
e�i�St2 |KLi

⇤
} .

(19)

Expression (19) corresponds to the state of the decayed kaon (particle-1) immediately before its decay
at time t1, once t2 and f2 are fixed – the future “fate” of its partner. Keeping t2 and f2 fixed – the
observation – and varying the first decay time t1, it corresponds to the single kaon evolved state, before
the first decay, from time t = 0 to time t = t1 of the state

|K(1)(t = 0)i = N1{⌘2e�i�Lt2 |KSi � e�i�St2 |KLi} , (20)

with N1 a suitable renormalization factor. Contrary to eq.(11) which is independent on the past t1
decay time, eq.(20) shows a dependence not only on the decay channel f2, but also on the future t2
decay time.

This is a striking result which clearly involves an information transfer from the future observation
at time t2 to the past, inferring the initial kaon state before its first decay at t1, therefore tagging it
during the time evolution of the entangled state |ii described by eq.(4) when the state of particle-1
(and particle-2) should have been undefined in the absence of any observation. We insist that the
post-diction implied by Eq.(19) is not an artefact of the formalism but a factual observable accessible
to experimental studies and thus it is fully physical. The reader may check, for consistency, that the
particular case of t1 = t2 leads to the state |K(1)(t = t1 = t2)i not decaying to f2, as demanded by
antisymmetry.

The interference and decoherence regimes: the KS tag

As a counterpart of the observability of the pre-dicted Eq. (10) through the t2 time distribution of the
second decay, once the first decay to the f1 decay channel at t1 is fixed, the t1 time distribution of the
first decay as post-dicted in Eq. (19) is also observable, once the second decay channel f2 and the decay
time t2 are fixed. As function of t1, two di↵erent regimes can be identified: the generic interference
region, in which the t2 dependence of eq.(20) is apparent, and the decoherence region, in which the
relative weight of the KL component is negligible. Decoherence is reached for large �t satisfying the
condition:

e����t/2/|⌘2| ⌧ 1 [KS-tag] , (21)

consistent with having a pure KS beam before the first decay. Due to CP violation and the non-
orthogonality of the stationary states hKL|KSi 6= 0, there is no decay channel able to tag either
KS or KL on an event-by-event basis. While it is relatively easy to prepare FAPP pure KL beams,
fulfilment of condition (21) constitutes the only known FAPP method to actually post-pare a KS beam
(i.e. the short-lived stationary state) with arbitrary high purity (depending on �t and ⌘2), preparation
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The explicit dependence on the “future” time t2, and the other unique features of neutral 
kaons with respect to other physical systems, like DG ≠0 and <KL|KS>≠0, naturally lead to 
this peculiar quantum effect: 
a definite time correlation (not symmetric comparing “from past to future” to “from future to 
past”) between the outcome at a given time of the observed decay and the state of the 
unobserved partner. 
This correlation also survives when the observation is made in the future, when the system 
is no longer entangled after the first decay, post-tagging the past state. 

“Future post-tags the past” effect: summary

The state of the last decaying particle (particle-2) is prepared at 𝑡 = 𝑡# as:

a state which depends on 𝜂# of particle-1. 

From past to future:

From future to past:
The state of the first decaying particle (particle-1) is post-pared at 𝑡 = 0 as:

Keeping t1 and f1 fixed – the observation – and renormalising the state at time t2 = t1, it corre-94

sponds to the evolution from time t1 to time t2 of the pure state95

|K(2)(t = t1)i = N2 [|KLi � ⌘1|KSi] , (11)

with N2 a suitable normalization factor. This is precisely the state of the living particle-2 which96

cannot decay to f1, as a result of the projection by the decay of particle-1 at t1 as a filtering97

measurement – see eqs.(13) and (14) below.98

It is worth noting here that due to �� = �S � �L 6= 0 two regimes can be identified in the99

time evolution of state (11): (i) the generic interference region and (ii) the decoherence region,100

with the relative weight of the KS component negligible when the following condition is satisfied:101

|⌘1|e����t/2 ⌧ 1 [KL-tag]. (12)

At long enough �t – depending on what f1 was – the living partner is always a |KLi. This property102

is well understood and it has been used in the past in order to have KL beams “for all practical103

purposes” (FAPP) in Bell’s terminology23.104

Time history (TH) It is worth to point out that the result (11) for the living partner is in agreement105

with the EPR instantaneous information due to the first decay when following the time history of106

strange entanglement, which we are now going to study in detail.107

We first notice that in the case of decay processes, any initial state has some probability per108

unit time to decay to a given decay channel f except that with zero probability. In particular the109
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decay at time t1, once t2 and f2 are fixed – the future “fate” of its partner. Keeping t2 and f2 fixed153

– the observation – and varying the first decay time t1, it corresponds to the single kaon evolved154

state, before the first decay, from time t = 0 to time t = t1 of the state155

|K(1)(t = 0)i = N1{⌘2e�i�Lt2 |KSi � e�i�St2 |KLi} , (20)

with N1 a suitable renormalization factor. Contrary to eq.(11) which is independent on the past t1156

decay time, eq.(20) shows a dependence not only on the decay channel f2, but also on the future t2157

decay time.158

This is a striking result which clearly involves a correlation-in-time from the future obser-159

vation at time t2 to the past, inferring the initial kaon state before its first decay at t1, therefore160

tagging it during the time evolution of the entangled state |ii described by eq.(4) when the state of161

particle-1 (and particle-2) should have been undefined in the absence of any observation. We insist162

that the post-diction implied by Eq.(19) is not an artefact of the formalism but a factual observable163

accessible to experimental studies and thus it is fully physical. In a time history from future to164

past, the future observation at time t2 tags particle-1 at the time t1 = t2 into the state proportional165

to {⌘2|KSi � |KLi}, the state not decaying to f2. Keeping t2 and ⌘2 fixed – the observation –, the166

backward evolution of the tagged state to t1 < t2 leads to Eq.(19).167

The interference and decoherence regimes: the KS tag As a counterpart of the observability of168

the pre-dicted Eq. (10) through the t2 time distribution of the second decay, once the first decay169

to the f1 decay channel at t1 is fixed, the t1 time distribution of the first decay as post-dicted in170

Eq. (19) is also observable, once the second decay channel f2 and the decay time t2 are fixed. As171
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a state which depends on 𝜂$ and 𝒕𝟐 of particle-2.  

J. Bernabeu and A.D.D., Phys. Rev. D 105, 116004 (2022) 
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Solution of the KS tag problem:
Due to CP violation and the non-orthogonality of the stationary states: 

there is no decay channel able to tag either KS or KL on an event-by-event basis. 

While it is relatively easy to prepare pure KL beams for all practical purposes, the time 
correlation “from future to past” under the condition:

constitutes the only known practical method to post-tag a KS beam with arbitrary high purity, 
preparation otherwise impossible with other methods.

Fulfilment of this condition allows the study of KS state and its properties at KLOE/KLOE-2.

From future to past

As already pointed out, the state (11) evaluated from expression (10) in the LY approach coincides
with the state |K9f1i of the surviving kaon after the first decay in the TH approach. The t1, t2
symmetry of the correlated state in the LY approach – Eq.(6) – with no special role of one of the two
decay times, demands the exploration of its implications when projecting it onto the f2 channel at
time t2. The resulting past decayed state at time t1 is:

|K(1)(t = t1)i =hf2|T |it1,t2i

=
Np
2
{hf2|T |KLie�i�Lt2e�i�St1 |KSi � hf2|T |KSie�i�St2e�i�Lt1 |KLi}

=
Np
2
hf2|T |KSi{e�i�St1

⇥
⌘2 e�i�Lt2 |KSi

⇤
� e�i�Lt1

⇥
e�i�St2 |KLi

⇤
} .

(19)

Expression (19) corresponds to the state of the decayed kaon (particle-1) immediately before its decay
at time t1, once t2 and f2 are fixed – the future “fate” of its partner. Keeping t2 and f2 fixed – the
observation – and varying the first decay time t1, it corresponds to the single kaon evolved state, before
the first decay, from time t = 0 to time t = t1 of the state

|K(1)(t = 0)i = N1{⌘2e�i�Lt2 |KSi � e�i�St2 |KLi} , (20)

with N1 a suitable renormalization factor. Contrary to eq.(11) which is independent on the past t1
decay time, eq.(20) shows a dependence not only on the decay channel f2, but also on the future t2
decay time.

This is a striking result which clearly involves an information transfer from the future observation
at time t2 to the past, inferring the initial kaon state before its first decay at t1, therefore tagging it
during the time evolution of the entangled state |ii described by eq.(4) when the state of particle-1
(and particle-2) should have been undefined in the absence of any observation. We insist that the
post-diction implied by Eq.(19) is not an artefact of the formalism but a factual observable accessible
to experimental studies and thus it is fully physical. The reader may check, for consistency, that the
particular case of t1 = t2 leads to the state |K(1)(t = t1 = t2)i not decaying to f2, as demanded by
antisymmetry.

The interference and decoherence regimes: the KS tag

As a counterpart of the observability of the pre-dicted Eq. (10) through the t2 time distribution of the
second decay, once the first decay to the f1 decay channel at t1 is fixed, the t1 time distribution of the
first decay as post-dicted in Eq. (19) is also observable, once the second decay channel f2 and the decay
time t2 are fixed. As function of t1, two di↵erent regimes can be identified: the generic interference
region, in which the t2 dependence of eq.(20) is apparent, and the decoherence region, in which the
relative weight of the KL component is negligible. Decoherence is reached for large �t satisfying the
condition:

e����t/2/|⌘2| ⌧ 1 [KS-tag] , (21)

consistent with having a pure KS beam before the first decay. Due to CP violation and the non-
orthogonality of the stationary states hKL|KSi 6= 0, there is no decay channel able to tag either
KS or KL on an event-by-event basis. While it is relatively easy to prepare FAPP pure KL beams,
fulfilment of condition (21) constitutes the only known FAPP method to actually post-pare a KS beam
(i.e. the short-lived stationary state) with arbitrary high purity (depending on �t and ⌘2), preparation
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J. Bernabeu and A.D.D., Phys. Rev. D 105, 116004 (2022) 

Future post-tags KS

𝐾# 𝐾" = 2 ℜ𝜀 + 𝑖ℑ𝛿 ≠ 0

[ KS-post-tag ]
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This quantum effect is directly observable at KLOE/KLOE-2
e.g. in the channel f ®KSKL®p+p- p+p- to maximize the effect

“Future post-tags the past”: observable effects

Distributions normalized to unity at t1=0
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This quantum effect is directly observable at KLOE/KLOE-2

I(t1) with t2 >> t1 and 𝜂$% , ΔΓ
such that the KS post-tag condition 
is fulfilled => 
definite width: GS    i.e. a KS state

e.g. in the channel f ®KSKL®p+p- p+p- to maximize the effect

“Future post-tags the past”: observable effects

Distributions normalized to unity at t1=0

DECOHERENCE REGIME
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This quantum effect is directly observable at KLOE/KLOE-2

I(t1) with t2 >> t1 and 𝜂$% , ΔΓ
such that the KS post-tag condition 
is fulfilled => 
definite width: GS    i.e. a KS state

e.g. in the channel f ®KSKL®p+p- p+p- to maximize the effect

“Future post-tags the past”: observable effects

Distributions normalized to unity at t1=0

DECOHERENCE REGIME

I(t1) with t2=3tS ( > t1 )
KS post-tag condition 
is NOT fulfilled => no definite width

INTERFERENCE REGIME
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Total KLOE òL dt ~ 2.5 fb-1

(2001 - 05) ® ~2.5´109 KSKL pairs

Integrated luminosity  (KLOE)

The KLOE detector at the Frascati f-factory DAFNE

Lead/scintillating 
fiber calorimeter

drift chamber; 4 m diameter × 3.3 m length
90% He - 10% isobutane gas mixture 

KLOE detector

DAFNE 
collider

29

sE/E @ 5.7% /ÖE(GeV)
st @ 54 ps /ÖE(GeV) Å 50 ps

s(p⊥)/p⊥ ≃ 0.4 %    sxy ≃ 150 µm   sz ≃ 2 mm

Superconducting coil   B = 0.52 T 
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Goal:
5 fb-1

Run I
L = 0.8 fb-1
eff. =77%   

Run II
L = 1.6 fb-1
eff.=  82%

Run III
L = 1.7 fb-1
eff.= 82% 

Run IV
L = 1.4 fb-1
eff.=  81%

• DAFNE upgrade (2008) with a new interaction 
scheme with large Piwinski angle~(sz/sx)(q/2) 
+ crab waist sextupoles

• Dec.2012-July 2013: installation of KLOE-2 new detectors
• July 2013: DAFNE operations started for KLOE-2
• November 17, 2014: start of KLOE-2 run 
• March 30, 2018: End of KLOE-2 data-taking
⇒ 5.5 fb-1 collected @√s=Mf

• Best performance in KLOE-2  run: 
Lpeak = 2.4 × 1032 cm-2s-1 ò Ldt = 14 pb-1/day

The KLOE-2 data-taking

KLOE-2
KLOE

KLOE + KLOE-2 data sample:
~ 8 fb-1  ⇒ 2.4 × 1010 ϕ’s produced
~ 8 x109 KSKL pairs   
~ 3 x108 h’s
⇒ the largest sample ever collected at 

the ϕ(1020) peak in e+e- collisions

30
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“Future post-tags the past” effect at KLOE-2
• Analysed data: 1.7 fb-1    (same data set used to search for decoherence and 

CPT violation – see previous talk by R. D’Amico) 
• Fit of t1 distribution taking into account resolution and efficiency through a 
4-dimensional smearing matrix (𝑡!,#$%& , 𝑡!,$&'( , 𝑡) #$%& , 𝑡),$&'()

• Negligible background from 𝑒*𝑒+ → 4𝜋 process and regeneration on beam pipe.
• histogram normalization as fit parameter.

Decoherence regime:
𝑡) > 30𝜏,

Interference regime:
2.5𝜏, < 𝑡) < 3𝜏,

𝜒! = 3.4/5 𝜒! = 2.0/5 𝑡1/𝜏,𝑡1/𝜏,

KLOE-2 PRELIMINARY
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“Future post-tags the past” effect at KLOE-2
• normalizing the distributions to unity at t1=0, we get a first evidence of the effect 

KLOE-2 PRELIMINARY
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Conclusions
• A novel time quantum correlation effect in the entangled neutral kaon system at 

KLOE/KLOE-2 has been discussed: the past state of the first decayed kaon, when 
it was still entangled - before its decay - is post-tagged by the result and the time of 
the future observation of the second decay channel 
[J.Bernabeu, A.D.D. Phys. Rev. D 105, 116004 (2022)]

• This surprising “future post-tags the past” effect is fully observable. 
It naturally leads to the tagging of the KS state, an unsolved problem since the 
discovery of CP violation, and to the definition of new observables.

• A preliminary analysis of the f->KSKL -> p+p-p+p- events with KLOE data shows a 
first evidence of this effect.

• This result seems to confirm the counterintuitive feature of time in quantum 
mechanics, and goes beyond other phenomena, like delayed choice experiments 
with entangled photon systems, that are stationary at all times, and have the result 
independent on whether the choice is made in the past or in the future.


