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Data Reconstruction
• Second round of Data reconstruction DBV-40 

=> completed
• Total integrated luminosity L = 5.1 fb-1

MC production 
• Simulation of the main ϕ(1020) decays with

Luminosity Scale Factor = 1 
=> completed

• Total integrated luminosity L = 4.7 fb-1

ROOT output production 
• Compression factor (ratio Datarec/ROOT) ~ 8 

depending on run conditions
• => in progress
• DATA  L = 4.1 fb-1

• MC L = 0.3 fb-1

• Goal: keep all ROOT files on disk for faster
accessibility => 400 TB needed

• (already funded by INFN-CSN1)

Status of offline activities 
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Status of offline activities 
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Data Migration

Status of Data Migration

Data Preservation

Scientific Committee 
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Recent results with entangled neutral kaons
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T, CP, CPT tests in neutral kaon transitions at KLOE

Figure 6: Ratios of double decay rates of entangled K0K̄0 pairs as defined in ... for the T-

violation sensitive (left) and CPT-violation sensitive (right) cases. Dashed lines denote levels

obtained with the fit.

Figure 7: Top: Ratio of the rates of (⇡+⇡�)(⇡±e⌥⌫) events with a positron and an electron

sensitive to CP-violation e↵ects. Bottom: Double ratio of CPT-violation sensitive double

kaon decay rates as defined in .... Dashed lines denote levels obtained with the fit.
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KLOE-2 result (2022)

First direct T and CPT tests 
in kaon transitions

T/CPT Tests with ; → üôü† → ° djd¢£, dd d¢£

19

TBD

RT
2 = 0.991 ±0.017stat ± 0.014syst ± 0.012D,

RT
4 = 1.015 ±0.018stat ± 0.015syst ± 0.012D,

RCPT
2 = 1.004 ±0.017stat ± 0.014syst ± 0.012D,

RCPT
4 = 1.002 ±0.017stat ± 0.015syst ± 0.012D,

RCP
2 = 0.992 ±0.028stat ± 0.019syst,

RCP
4 = 1.00665 ±0.00093stat ± 0.00089syst,

RT
2 /R

T
4 = 0.979 ±0.028stat ± 0.019syst,

RCPT
2 /RCPT

4 = 1.005 ±0.029stat ± 0.019syst.
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First T and CPT test in kaon transitions

KLOE-2 result (2022)
Paper in preparation
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T, CP, CPT tests in neutral kaon transitions at KLOE

Direct tests of T, CP, CPT symmetries in transitions of

neutral K mesons with the KLOE experiment

Abstract

Tests of the T, CP and CPT symmetries in the neutral kaon system are
performed by the direct comparison of the probabilities of a kaon transition
process to its symmetry-conjugate. The exchange of in and out states re-
quired for a genuine test involving an anti-unitary transformation implied
by time-reversal is implemented exploiting the entanglement of K0K

0
pairs

produced at a �-factory.
A data sample collected by the KLOE experiment at DA�NE correspond-

ing to an integrated luminosity of about 1.7 fb�1 is analysed to study the �t
distributions of the � ! KSKL ! ⇡+⇡� ⇡±e⌥⌫ and � ! KSKL ! ⇡±e⌥⌫ 3⇡0

processes, with �t the di↵erence of the kaon decay times. A comparison
of the measured �t distributions in the asymptotic region �t � ⌧S allows
to test for the first time T and CPT symmetries in kaon transitions with a
precision of few percent, and to observe CP violation with this novel method.

Keywords: Discrete and Finite Symmetries, Kaon Physics, CP violation

1. Introduction

Symmetries and their breaking in the physical laws play a crucial role in
fundamental physics and other fields. Besides local gauge symmetries gener-
ated by charges the discrete symmetries are also of maximal relevance. The
breaking of Parity – P, Charge Conjugation – C, and the combined CP sym-
metries has oriented the understanding of the electroweak and flavour sectors
of particle physics. Whereas P, C and CP are implemented by unitary oper-
ators, Time Reversal T and CPT transformations are antiunitary [1]. This
fact implies that, besides the transformation of initial and final states in a
given process, the two states have to be exchanged for a genuine direct test of
the symmetry. For unstable particles this requirement, being the decay irre-
versible for all practical purposes, seems to lead to a NO-GO argument [2, 3].

Preprint submitted to Physics Letters B November 13, 2022

Paper reviewed by the 
collaboration
=> ready to be submitted
to PLB by this week. 
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Ks ! ⇡e⌫ 6.1. SELECTION

After the applied selection, both the ⇡–e and e–⇡ hypotheses are tested:

�DTOF (⇡e) = DTOF1(⇡) � DTOF2(e)

�DTOF (e⇡) = DTOF1(e) � DTOF2(⇡)

where the assignment as track–1 and track–2 is chosen at random. The two-dimensional
distribution of �DTOF (⇡e) ⇥ �DTOF (e⇡) is shown in Figure 6.10, where the signal
populates either band around �DTOF ⇠ 0 ns. A combined cut is chosen as

|�DTOF (⇡e)| < 1 ns |�DTOF (e⇡)| < 1 ns
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Figure 6.10: Two-dimensional distribution �DTOF (⇡e) ⇥ �DTOF (e⇡) for data (a), MC
signal and background (b), and for signal MC only (c); Min|�DTOF (⇡e), �DTOF (e⇡)|
(d), which is the correct mass hypotesis.

The two-dimensional distribution allows for e–⇡ separation: the lower of the two
�DTOF values corresponds to the correct mass hypothesis. The particle identification
is made in this way: if |�DTOF (⇡e)| < |�DTOF (e⇡)|, the first particle is the pion and
the second is the electron, otherwise if |�DTOF (e⇡)| < |�DTOF (⇡e)| the opposite mass
assignment is assumed.

45

Figure 12: Two-dimensional distribution �t(⇡e) ⇥ �t(e⇡) for (a) data, (b) MC signal and
background, (c) signal MC only. (d) Distribution of min[|�t(⇡e)|, |�t(e⇡)|] which defines
the correct mass hypothesis.

is:397

N⇡e⌫ = 49647 ± 316 events [rel = 6.36 10�3] (17)

fraction events
⇡e⌫ 0.8651 ± 0.0055 49 647 ± 316
⇡+⇡� 0.0763 ± 0.0068 4 379 ± 390
all others 0.0586 ± 0.0067 3 363 ± 384
Total 57 389
�2/ndf 76/97

Table 7: Fit output.

7 Determination of the e�ciencies398

The agreement between data and simulation is not good enough to use the MC for eval-399

uating the e�ciencies for most of the selections. Then only few e�ciencies are derived400

from simulation. Most of the e�ciencies are obtained from KL ! ⇡e⌫ control samples401

(CS). In each case the e�ciency used in the analysis is calculated using Eq. (2).402

20

Figure 5: Two dimensional distribution (�t⇡e, �te⇡) for (a) data, (b) MC all, (c) MC signal.
TO BE DONE: EQUALIZZARE le scale orizzontale e verticale

Sarebbe bello avere la distribuzione �te – anche se non necessario – ma
occorre fare smearing della curva rossa. Cos̀ı non è presentabile

Ks ! ⇡e⌫ 6.1. SELECTION

30000− 20000− 10000− 0 10000 20000 30000
]2 [MeV2

eM

1

10

210

310

2
En

tri
es

/2
00

M
eV

Entries  50000
DATA

MC_all

MC_pipi

MC_pi0

MC_kse3

MC_ksmu3

MC_ppee

MC_K+K-

MC_phi->pippimpi0

MC_others

(a)

30000− 20000− 10000− 0 10000 20000 30000
]2 [MeV2

eM

8−

6−

4−

2−

0

2

4)/s
ig

m
a

M
C

 fi
t

-N
da

ta
(N

(b)

Figure 6.11: (a) Distribution of m2

e after applying the correction of Eq. (6.3) for the data
and MC signal events, background events and their sum; (b) significance defined as the
di↵erence between data and MC divided by the statistical error.

shows the fitted m2

e distribution and the distribution of the residuals. The number of
signal events resulting from the fit is:

N⇡e⌫ = 49647 ± 316 events (6.4)
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Figure 6.12: (a) Distribution of m2

e with the fit superimposed, (b) distribution of the
di↵erence between data and fit divided by the stastitical errors.

Fit error correction

As explained in Ref. [23], the error calculation in the software package TFractionFitter
could be a↵ected by a bug. This is related to the fact that in this software the identity

47

Figure 6: The m2

e distribution for data, MC signal and background before the fit (left)
and comparison of data with the result of the fit (right).
TO BE DONE: UPDATE PLOT ON THE RIGHT

170

The KS ! ⇡+⇡� normalisation sample is selected requiring KL–crash, two opposite171

curvature tracks, the vertex in Eq. (2) and 140 < p < 280 MeV for both tracks (Fig-172

ure 2(a)). A total of N⇡⇡ = (282.314 ± 0.017) ⇥ 106 events are selected with an e�ciency173

of 97.4% and a purity of 99.9% as determined by simulation.174

9
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• Signal count from fit to M2(e) distribution 

• 49647±316 KSe3 events

• Selection efficiency from KS➝ π+π- KLe3
close to IP data control sample 

• ε =(19.38±0.04)% 

Measurement of the KS®pen branching ratio

Figure 4: Distributions of �⇡⇡ (left) for data and simulated signal and background events.

is applied. Then, the ⇡e hypothesis is tested by assigning the pion and electron mass to150

either track defining151

�t⇡e = �t1,⇡ � �t2,e and �te⇡ = �t1,e � �t2,⇡,

where the label as track-1 and track-2 is chosen at random. Figure 5 shows the two-152

dimensional (�t⇡e, �te⇡) distribution for data and MC where signal events populate either153

band around �t = 0. The mass assignment is based on the comparison of two hypotheses:154

if |�t1,⇡ � �t2,e| < |�t1,e � �t2,⇡| track-1 is assigned to the pion and track-2 to the electron,155

otherwise the other solution is taken; the corresponding time di↵erence, �te, is the value156

defined by min[|�t⇡e|, |�te⇡|]. A cut is applied on this variable157

|�te| < 1 ns. (7)

The number of events selected by the time-of-flight requirements is 57577 and the158

composition as predicted by MC is listed in Table 2. The background comprises KS !159

⇡+⇡�, K+K� and KS ! ⇡µ⌫ the other contributions being small.160

The mass of the charged secondary identified as the electron is evaluated as161

m2

e = (EKS � E⇡ � pmiss)
2 � p2

e

with p2

miss
= (~pKS �~p⇡ �~pe)2, EKS and ~pKS being the energy and momentum reconstructed162

using the tagging KL, and ~p⇡, ~pe, the momenta of the pion and electron tracks respectively.163

A fit to the m2

e distribution with the MC shapes of three components, KS ! ⇡e⌫,164

KS ! ⇡+⇡� and the sum of all other backgrounds, allows the number of signal events165

to be extracted. The fit is performed in 100 bins in the range �30000 < m2

e < +30000166

MeV2. Figure 6 shows the m2

e distribution for data and simulated events before the fit,167

and the comparison of the fit output with the data. The fit result is reported in Table 3.168

The number of signal events is169

N⇡e⌫ = 49647 ± 316 with �2/ndf = 76/97. . . . 76/96?

8

• Combination with the previous KLOE result (0.41 fb-1): 

=>  0.8% precision

BR 𝐾! → 𝜋𝑒𝜈
= 7.211 ± 0.046"#$# ± 0.052"%"# ×10&'

𝑓( 0 |𝑉)"| = 0.2170 ± 0.0009

• From BR we derive:

vertex is computed for data and simulation and the ratio r(pL, pT) = ✏Data

✏MC is parameterised295

as function of the longitudinal and transverse momentum. The ratios relative to the signal296

and normalisation events, r⇡e⌫ and r⇡+⇡� , are obtained as convolution of r(pL, pT) with297

the respective momentum distribution after preselection. The ratio
r⇡+⇡�
r⇡e⌫

deviates from298

one by 0.45% with an uncertainty of ⇠0.2% due to the knowledge of the parameterisation299

of the r(pL, pT) function.300

The R✏ total systematic uncertainty is estimated by combining the di↵erences from301

one of the data over MC ratios. Including the systematic uncertainties the factors in302

Eq. (1) are:303

✏⇡+⇡� = (96.657 ± 0.002sim ± 0.088syst)%,
✏⇡e⌫ = (19.38 ± 0.04sim ± 0.09syst)%,
and R✏ = 1.1882 ± 0.0012sim ± 0.0058syst.

(9)

5 The result304

Using Eq. (1) with N⇡e⌫ = 49647±316 events, ✏⇡e⌫ = (19.38±0.10)%, N⇡⇡/✏⇡⇡ = (292.08±305

0.27) ⇥ 106, R✏ = 1.1882 ± 0.0059, and the value B(KS ! ⇡+⇡�) = 0.69196 ± 0.00051306

measured by KLOE [17], we derive the branching fraction307

B(KS ! ⇡e⌫) = (7.211 ± 0.046stat ± 0.052syst) ⇥ 10�4 = (7.211 ± 0.069) ⇥ 10�4.

The previous result from KLOE [6], based on an independent data sample correspond-308

ing to 0.41 fb�1 of e+e� integrated luminosity, is B(KS ! ⇡e⌫) = (7.046 ± 0.076stat ±309

0.049syst)⇥10�4. The combination of the two results, accounting for correlations between310

the two measurements, gives311

B(KS ! ⇡e⌫) = (7.153 ± 0.037stat ± 0.043syst) ⇥ 10�4 = (7.153 ± 0.057) ⇥ 10�4.

The value of |Vus| is related to the KS semileptonic branching fraction by the equation312

B(KS ! ⇡`⌫) =
G2(f+(0)|Vus|)2

192⇡3
⌧Sm5

KI`
KSEW(1 + �K`

EM
), (10)

where I`
K is the phase-space integral, which depends on measured semileptonic form fac-313

tors, SEW is the short-distance electro-weak correction, �K`
EM

is the mode-dependent long-314

distance radiative correction, and f+(0) is the form factor at zero momentum transfer for315

the `⌫ system. Using the values SEW = 1.0232 ± 0.0003 [19], Ie
K = 0.15470 ± 0.00015 and316

�Ke
EM

= (1.16 ± 0.03) 10�2 from Ref. [5] we derive 1 2
317

f+(0)|Vus| = 0.2170 ± 0.0009.

The KLOE experiment has measured the branching fraction B⇡+⇡� for the decay318

KS ! ⇡+⇡�(�) [17] and for the hadronic and semileptonic decays normalised to B⇡+⇡�3:319

1 Ratio = (151.917 ± 0.171) ⇥ 10�4

2 0.21699 ± 0.00087
3 0.69196 ± 0.00051 0.30671 ± 0.00073 (0.7153 ± 0.0057) 10�3 (0.456 ± 0.020) 10�3

15

BR 𝐾! → 𝜋𝑒𝜈
= 7.153 ± 0.037"#$# ± 0.043"%"# ×10&'

• Analysed L=1.63 fb-1

• KS➝ π+π- as normalization sample 
• KS semileptonic signal selection
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KLOE-2 JHEP 04 (2022) 059

𝜁!"! = −0.5 ± 8.0𝑠𝑡𝑎𝑡 ± 3.7𝑠𝑦𝑠𝑡 ×10#$
𝜁%& = 0.1 ± 1.6𝑠𝑡𝑎𝑡 ± 0.7𝑠𝑦𝑠𝑡 ×10#'
𝛾 = 1.3 ± 9.4𝑠𝑡𝑎𝑡 ± 4.2𝑠𝑦𝑠𝑡 ×10#'' GeV
ℜ𝜔 = −2.3#(.*+(.,

𝑠𝑡𝑎𝑡 ± 0.6𝑠𝑦𝑠𝑡 ×10#-

ℑ𝜔 = −4.1#'..+'./
𝑠𝑡𝑎𝑡 ± 0.9𝑠𝑦𝑠𝑡 ×10#-

𝜔 = 4.7 ± 2.9𝑠𝑡𝑎𝑡 ± 1.0𝑠𝑦𝑠𝑡 ×10#-
𝜙0 = −2.1 ± 0.2𝑠𝑡𝑎𝑡 ± 0.1𝑠𝑦𝑠𝑡 rad

BR 𝜙 → 𝐾!𝐾! , 𝐾"𝐾" < 2.4×10#$
at 90% C.L.

𝜆 ≅ !!"
"!
= 0.1 ± 1.2𝑠𝑡𝑎𝑡 ± 0.5𝑠𝑦𝑠𝑡 ×10#$% GeV

[improvement x2 wrt
KLOE PLB 642(2006) 315]
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are measured 
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Entanglement

John Bell
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Can Future post-tag the Past?
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The past (kaon decay at t1) tags
the future partner kaon state at t2
before its decay
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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

6

K0
p+l-n

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

The past (kaon decay at t1) tags
the future partner kaon state at t2
before its decay

In maximally entangled 
systems the complete 
knowledge of the system 
as a whole is encoded in 
the entangled state, the 
single subsystems are 
undefined.
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The state of the last decaying particle (particle-2) - due to the decay
of its entangled partner in the past - 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) - due to the 
decay of its entangled partner in the future - is prepared 
at 𝑡 = 0 as:

a state which depends on 𝜂$ and 𝒕𝟐 of particle-2.  

Can future observation of the living partner post-tag the past decayed state
in entangled neutral K mesons?

Jose Bernabeu *

Department of Theoretical Physics, University of Valencia, and IFIC,
Joint Centre University of Valencia-CSIC, E-46100 Burjassot, Valencia, Spain

Antonio Di Domenico †

Department of Physics, Sapienza University of Rome, and INFN Sezione di Roma,
Piazzale Aldo Moro, 2, I-00185 Rome, Italy

(Received 6 August 2021; accepted 4 April 2022; published 3 June 2022)

Entangled neutral K mesons allow for the study of their correlated dynamics at interference and
decoherence times not accessible in any other system. We find novel quantum phenomena associated to a
correlation in time between the two partners: The past state of the first decayed kaon, when it was entangled
before its decay, is post-tagged by the result and the time of the future observation of the second decay
channel. This surprising “from future to past” effect is fully observable and leads to the unique
experimental tag of the KS state, an unsolved problem since the discovery of CP violation.

DOI: 10.1103/PhysRevD.105.116004

I. INTRODUCTION

Since long ago, several authors have stated the crucial
role that the neutral kaon system has played for under-
standing the intricacies of the quantum world. In particular,
the words of Feynman [1], Lee [2], and Okun [3] all
emphasize the uniqueness of this system as a jewel donated
to us by nature. They were referring to the peculiar
properties of single neutral kaon states, which display
several rare phenomena like the strangeness oscillation, the
tiny mass splitting and the large difference in lifetimes of
the physical states, the violation of the fundamental discrete
symmetries charge parity (CP) and time reversal (T), the
regeneration when traversing a slab of material.
The present research is related to another peculiar

character of neutral kaons: the “strange entanglement,”
i.e., the entanglement that is specific to two neutral kaon
systems with all the interconnections with the above
properties. It is worth reminding here that the entanglement
is one of the most striking features of quantum mechanics,
as stressed by Schrödinger [4], in reply to the famous
argument by Einstein, Podolsky, and Rosen [5] (EPR)
based on local realism.
Several tests of quantum mechanics and searches for

possible decoherence and CPT violation effects that can
exploit strange entanglement of neutral kaons have been
proposed [6–38]. The experimental investigation of strange
entanglement started with the CPLEAR experiment [39]

and continued with the KLOE and KLOE-2 experiments
[40–42] at DAΦNE [43–45], yielding several precision
results [46–54].
The characteristic behavior of strange entanglement,

with the peculiar properties of neutral kaons not found
in any other system, makes possible the exploration of
novel phenomena: the surviving correlation in time from
the observation of the future decay of the living partner at a
given time to the identification of the past kaon state
leading to the first decay. This from the future to the past
information in a system with nontrivial time evolution,
entering into times in which the system was still entangled,
could contribute to unveil the kind of reality to be
associated to each part of the system.
The methodology that we follow consists in comparing

the description of the double decay distribution at times t1,
t2 with Δt ¼ t2 − t1 > 0, using (i) the formalism of the two
decay times state first introduced by Lee and Yang (LY)
[55–58] with (ii) the time history (TH) of the entangled
state from the coherent correlated neutral kaon system until
its fate. The quantum consistency of the two approaches
and the t1, t2 symmetry of the first approach, with no
special role of one of the two decay times, naturally
demand the study of a novel problem: Is it possible to
infer the initial kaon state previous to the first decay at t1
from the observation of the second decay at time t2 > t1,
i.e., a correlation able to provide information from the
future to the past? Contrary to the information from the past
to the future, i.e., the prediction of the kaon state at time t2
from the observation of the first decay at time t1, the
question formulated in this paper involves information on a

*jose.bernabeu@uv.es
†antonio.didomenico@roma1.infn.it

PHYSICAL REVIEW D 105, 116004 (2022)
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From this the KS tagging condition is 
derived:

“Future post-tags the Past” effect: summary
Exploiting the Lee-Yang formalism:

This effect naturally leads to the definition of new 
observables, that e.g. could be exploited in discrete 
symmetries tests.
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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



A. Di Domenico LNF Scientific Committee meeting – 14 November 2022 18

“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 slides) 
• Fit of t1 distribution with QM theory taking into account resolution and efficiency  
through a 4-dimensional smearing matrix (𝑡/,#1)2 , 𝑡/,1234 , 𝑡5 #1)2 , 𝑡5,1234)

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

Decoherence regime:
𝑡5 > 30𝜏!

Interference regime:
2.5𝜏! < 𝑡5 < 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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“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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Presented for the first time 

at KAON2022
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Hadron physics results
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h→ p0gg decay

• η→π0γγ (from ϕ→ηγ):   χPT golden mode, 
O(p2) null, O(p4) suppressed 
⇒ sensitive to O(p6) 
Br = (2.21 ± 0.24 ± 0.47)×10-4   CB@AGS( 2008) 
[PRC  78 (2008) 015206]
Br = (2.52±0.25)×10-4 CB@MAMI (2014)
[PRC  90 (2014) 025206]
Old KLOE preliminary: (8.4±2.7±1.4)×10-5

(L = 450 pb-1 ~ 70 signal events) 
[Acta Phys.Slov.56(2006)403]

• Invariant mass of non-π0 photons
can be used to test theoretical models

• Recent theoretical prediction based on LσM + VMD
Br(η→π0γγ) = (1.30 ±0.08)×10-4

[R.Escribano et al., PRD 102 (2020) 034026] 
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h→ p0gg decay
l Integrated luminosity of 1.7 fb-1 (~7·107 η’s)
l 5 prompt photons selection, no charged tracks

~ 1200 signal events
l Data distribution fit with MC components:

η→3π0, η→π0γγ signal, sum of non- 3π0

l Fit χ2/(ndf=98)=1.033 (fit prob=39%)
l Normalized with η→ 3π0 sample with 7 photons
l The main sources for systematic uncertainty come from 5 

prompt photon selection, analysis cuts and normalization
l Last checks on systematics ongoing

BR(η→π0γγ) = 
(1.21 ± 0.13stat ± 0.25syst)·10-4

M(π0γγ) 

π0 π
0

ve
to

• Separate fits in bins of  M2(γγ) 
• Second bin missing due to the veto for π0π0 events 

(from ϕ→f0(980)γ, with f0(980) →π0π0 and 
e+e−→ωπ0 with ω→π0γ)
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α B

CLS method

[Tulin, PRD89(2014)114008] • Dark Force mediator coupled to baryon number (B-boson)
with the same quantum numbers of the ω(782) ⇒ IG=0−

L =
1

3
gBq̄�

µqBµ ↵B =
g2
B

4⇡
. 10�5 ⇥ (mB/100MeV)

• Dominant decay channel (mB < 600 MeV): B→π0γ
• Can be studied in:

ϕ→ηB ⇒ ηπ0γ   ⇒ 5 prompt γ final state

Leptophobic B boson

24

• L = 1.7 fb-1 analyzed
• Background evaluation from sidebands

(fit region 5 σ with 1σ exclusion region, σ ~ 2 MeV) 

Data
Fitted Bckg

Mπ0γ [GeV]
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PrimEx-II 
Science 368 (2020) 506 

Study of gg → p0 with High Energy Tagger (HET)

• First bending dipoles of DAΦNE act as spectrometers
for the scattered e+/e− ( 420 < E < 495 MeV )

• Strong correlation between E and trajectory
• Scintillator hodoscope + PMTs, inserted in roman pots

Pitch: 5 mm,  ~ 11 m from IP  (sE~2.5 MeV st~500 ps)

25

e+e� ! e+e��?�? ! e+e�X

[C(X) = +1]

X = ⇡0,⇡⇡, ⌘

• Precision measurement of G(π0®gg) 
(goal @ few % level)

• Transition form  factor Fπgg*(q2,0)  at space-like q2

(|q2|< 0.1 GeV2) relevant for the Light-by-Light 
scattering contribution to (g-2)μ

• Analysis based on “A+”/”A” comparison
• “A” sample used for background modelling
• Signal pdfs by MC (Ekhara) simulation, 

control samples and BDSIM transport MC
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• 𝑁*" obtained from a fit to the 𝑀++𝑣𝑠Δ𝑇++ distribution per HET channel 
(or data taking periods) with background and signal shapes

• Using 𝑀++𝑣𝑠Δ𝑇++ signal shape independent from any assumption

• Depends on KLOE calorimeter reconstruction and trigger : carefully 
checked on data (radiative Bhabha control sample)

• Pure background sample from data in a time region outside the 
coincidence interval between KLOE and HET data acquisition 

• We obtained from unweighted fits a total of 8820(570) signal events 

• Efficiency per period and per channel obtained using the simulation of 
radiative Bhabha’s at very low angle (𝜎,) and measuring the cross 
sections per channel and data taking period (𝜎,-./0).

• Q2 distribution can be obtained from the tagged sample, after 
background subtraction. We are investigating the sensitivity with our 
data set to extract TFF information.

• A detailed report is in preparation for the review by the Collaboration

Fit example: ch 10-12 HET-electrons

Search for e+e-→ e+e- g∗g → e+e- p0

Δ𝑇!!(ns)

𝑀!!(MeV)

A+ A

A+ A
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Conclusions
• Final round of Data Reconstruction and MC production completed.
• Root output is being completed both for data and MC and will be available on disk.
• Data Consolidation in progress (in background to main offline activities).

• In 2022 we are capitalizing past efforts; three papers on kaons: one published, two 
submitted to journals; two analyses at final stage, h→ p0gg and B-boson search, with final 
results and paper draft expected by the end of the year.

• Several other analysis ongoing both with KLOE and KLOE-2 samples with preliminary 
results; ideas for new analyses.

• All these results have been recently presented at several international conferences and
workshops, including ICHEP2022, QNP2022, Excited QCD, PhiPsi2022, eeFACT2022, 
KAON2022, DISCRETE2022 etc.

• Recently the collaboration discussed the possibility to open KLOE/KLOE-2 data: 
• KLOE-2 recognize the importance of opening the data
• some of the tasks are being implemented (standard data format, i.e. ROOT output)  
• however the whole operation requires a strong effort that, given the small size of the Collaboration and its commitments

in data processing and analysis, cannot be completed
• KLOE-2 is anyhow willing to stimulate the collaboration with external people interested in specific analyses, and a 

special procedure to ease and formalize it has been set up.
• KLOE-2 is available to guide and supervise the operation of “opening the data” in case of interest and support from 

outside the Collaboration (for instance dedicated postdoc positions)
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LNF Scientific Committee after the meeting on May 16-17, 2022 
From the document “Findings & Recommendations”

Recommendation KLOE:

In order to promote new analyses and attract new collaborators a dedicated 
workshop should be envisaged at LNF. 

LNF Scientific Committee
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SPARE SLIDES
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List of analyses of interest for the KLOE-2 collaboration

Ongoing Analyses: 
• γγ→π0 

• Test of T, CP, CPT in kaon transitions
(φ→KSKL→3π0 πeν, ππ πeν)

• KS→3𝛑0 

• η→π0γγ 
• Search for leptophobic B-boson
• e+e−→𝛑+𝛑−𝛑0𝛄ISR 

• 𝛟→𝛈𝛑+𝛑− / 𝛈𝛍+𝛍− 

• “From future to past” effect in 
𝛟→KSKL→𝛑+𝛑−𝛑+𝛑− 

• KS→𝛑+𝛑−𝛑0 

• Charged Kaon mass

Other analyses:
- Search for Axion Like Particles in γγ
- φ→KSKSγ
- φ→𝛑+𝛑−π0

- KS→γγ
- KL→γγ
- KS→invisibile
- KS→π0γγ
- Hadronic cross section (𝛑+𝛑−) 

with all data sample
- Measurement of Re( ε′/ε ) and Im( ε′/ε ) 


