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DADAFFNE: The Frascati NE: The Frascati ff-factory-factory
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Drift Drift ChamberChamber
p/p  0.4 % 

(tracks with  > 45°)

hit  150 m (xy), 2 mm (z)

vertex ~ 1 mm

CalorimeterCalorimeter e.m. e.m.
Both side readout (PM)
solid angle coverage

E/E  5.7% /E(GeV)

t      54 ps /E(GeV)  100 ps

Interaction point (IP)Interaction point (IP)
Sphere Al-Be  (Ø 20 cm)

SC Magnet
B = 0.52 T

Barrel

End Cap

KLOE-2: main detectorsKLOE-2: main detectors

General purpose 
detector
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KLOE-2: interaction region detectorsKLOE-2: interaction region detectors
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KLOE-2 datasetKLOE-2 dataset

KLOE dataset:
2.5 fb-1

L
peak

 = 1.52x1032 cm-2s-1

KLOE-2 dataset:

5.5 fb5.5 fb-1-1(2014/18)(2014/18)

L
peak

 = 2.38x1032 cm-2 s-1

(Crab-Waist)

KLOE+KLOE-2 data sample: KLOE+KLOE-2 data sample: 
8 fb8 fb-1-1 → 2.4 x 10 → 2.4 x 101010  ff(1020)(1020) mesons decay recorded  mesons decay recorded 
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Neutral kaons at KLOE-2Neutral kaons at KLOE-2
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Correlation in two kaon stateCorrelation in two kaon state

The antisymmetry of the state is preserved in 
its time evolution; the decay amplitude for the 
state into final states f1, f2 at time t1, t2 is:

The antisymmetry of the state is preserved in 
its time evolution; the decay amplitude for the 
state into final states f1, f2 at time t1, t2 is:

The f meson decay in entangled pair of neutral kaons with JPC= 1  
quantum numbers: 
The f meson decay in entangled pair of neutral kaons with JPC= 1  
quantum numbers: 

Interference termInterference term



27 Nov 18 A. De Santis - Discrete18 -  KLOE-2

Time dependent Kaon taggingTime dependent Kaon tagging

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.
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Time dependent Kaon taggingTime dependent Kaon tagging

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

The “first kaon” (K
a
) decays (f

1
a) is observed at t

1
. This decay 

reveal the state of the kaon system at the time t
1
. 

The “first kaon” (K
a
) decays (f

1
a) is observed at t

1
. This decay 

reveal the state of the kaon system at the time t
1
. 
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Time dependent Kaon taggingTime dependent Kaon tagging

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

The “second kaon” evolve from the tagged initial stateThe “second kaon” evolve from the tagged initial state



27 Nov 18 A. De Santis - Discrete18 -  KLOE-2

Time dependent Kaon taggingTime dependent Kaon tagging

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

Entanglement allows to “prepare” 
the initial state desired by “tagging” 
the other kaon decay.

The f
2
b decay is observed at t

2
. In this way we have to possibility 

to observe the                     transition probability as a function of 
the time difference Dt.

The f
2
b decay is observed at t

2
. In this way we have to possibility 

to observe the                     transition probability as a function of 
the time difference Dt.
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Transition amplitudes transformationsTransition amplitudes transformations

Transformations under discrete symmetry connect different 
transitions between CP and Flavor eigenstates.
Transformations under discrete symmetry connect different 
transitions between CP and Flavor eigenstates.

Flavor eigenstate CP eigenstate

Direct and model independent tests of time-reversal (T) and CPT 
symmetry → comparison of transition rates between flavor and 
CP eigenstates 

Direct and model independent tests of time-reversal (T) and CPT 
symmetry → comparison of transition rates between flavor and 
CP eigenstates 

Bernabeu et al Nucl.Phys. B 868 (2013) 102
Bernabeu et al. JHEP 10 (2015) 139
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Direct T and CPT tests in transitions of neutral kaonsDirect T and CPT tests in transitions of neutral kaons
Eigenstate

A decay in the semileptonic channel 
select the opposite flavor state.  
A decay in the semileptonic channel 
select the opposite flavor state.  

Amplitude ratio Observable

T symmetryT symmetryT symmetryT symmetry

RR22
RR22 RR44

RR44

Experimentally
 accesible

Experimentally
 accesible
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CPT symmetryCPT symmetryCPT symmetryCPT symmetry

Direct T and CPT tests in transitions of neutral kaonsDirect T and CPT tests in transitions of neutral kaons
Eigenstate Entanglement allows to “prepare” the 

initial state desired by “tagging” the other 
kaon decay.

Entanglement allows to “prepare” the 
initial state desired by “tagging” the other 
kaon decay.

Amplitude ratio Observable

RR22
CPTCPTRR22
CPTCPT

Experimentally
 accesible

Experimentally
 accesible

RR44
CPTCPTRR44
CPTCPT
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ObservablesObservables

All ratios are build with the same pair of decays: 

Denominator contains a charged vertex decay without kinematic 
closure (neutrino escapes) and a decay vertex without tracks. This 
particular pair of decays has never been used before in KLOE-2 
analysis. 

All ratios are build with the same pair of decays: 

Denominator contains a charged vertex decay without kinematic 
closure (neutrino escapes) and a decay vertex without tracks. This 
particular pair of decays has never been used before in KLOE-2 
analysis. 

The numerator is the simplest case because has larger statistics in 
the Dt region of interest and has a very well studied decay, K→pp, 
tipically used for tagging. 

The numerator is the simplest case because has larger statistics in 
the Dt region of interest and has a very well studied decay, K→pp, 
tipically used for tagging. 
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KKSSKKLL →  → pp++pp-- ;  ; ppeen n event selectionevent selection

One vertex (K→pp) 
kinematically closed: 
+ Invariant mass at the vertex
+ Total momentum

 

One vertex (K→pp) 
kinematically closed: 
+ Invariant mass at the vertex
+ Total momentum

 

A second vertex is required with tracks 
associated to EMC clusters in order to perform 
PID using TOF
+ dt(pe) hypothesis 
+ lepton mass  

A second vertex is required with tracks 
associated to EMC clusters in order to perform 
PID using TOF
+ dt(pe) hypothesis 
+ lepton mass  

Preliminary

Preliminary
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Many selections are required to clean the sample and identify signal. All cuts are 
based on the neutral vertex reconstructed and imply the kinematic closure of the 
decay.

Many selections are required to clean the sample and identify signal. All cuts are 
based on the neutral vertex reconstructed and imply the kinematic closure of the 
decay.

KKSSKKLL → 3 → 3pp00 ;  ; ppeenn selection selection

Events with 6 photon candidate are selected.
And a “neutral vertex” is construct-
ted

Events with 6 photon candidate are selected.
And a “neutral vertex” is construct-
ted

GPS TechniquePreliminary

Preliminary
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KKSSKKLL → 3 → 3pp00 ;  ; ppeenn selection selection

The semileptonic decay can’t be selected as for the 
normalization sample, because the kaon momentum is 
reconstructed from the 6 photons with larger resolution. 

Time information from EMC and tracking from DCH 
have to be exploited deeply to properly select the 
semileptonic decay. 

Using different mass hypothesis for the two tracks and 
combining them the selection is performed.  

The semileptonic decay can’t be selected as for the 
normalization sample, because the kaon momentum is 
reconstructed from the 6 photons with larger resolution. 

Time information from EMC and tracking from DCH 
have to be exploited deeply to properly select the 
semileptonic decay. 

Using different mass hypothesis for the two tracks and 
combining them the selection is performed.  

Preliminary
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From observed to observablesFrom observed to observables

To construct observables we have to correct the number of observed event in 
each category by the efficiency. 

Many different control samples have to be considered in order to properly cross 
check the Monte-Carlo simulation avoiding systematical correlation and statistical 
independence between efficiency correction. 
 

To construct observables we have to correct the number of observed event in 
each category by the efficiency. 

Many different control samples have to be considered in order to properly cross 
check the Monte-Carlo simulation avoiding systematical correlation and statistical 
independence between efficiency correction. 
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Direct T symmetry test in transitions of neutral kaonsDirect T symmetry test in transitions of neutral kaons

Preliminary

Preliminary
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Direct CPT symmetry test in transitions of neutral kaonsDirect CPT symmetry test in transitions of neutral kaons

CPT invariance

Preliminary



27 Nov 18 A. De Santis - Discrete18 -  KLOE-2

Conclusions & OutlookConclusions & Outlook

● KLOE-2 data-taking has been completed with 5.5 
fb-1 acquired 

● A total sample of 8 fb−1 of data at φ peak is now 
available 

● Preliminary results on discrete symmetry tests in 
transitions are encouraging 

● Tests of discrete symmetries with neutral kaons 
are a key issues at KLOE-2 physics program and 
data analysis is in progress
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