
Latest results on 
Kaon Physics at KLOE-2

Antonio Di Domenico
Dipartimento di Fisica, Sapienza Università di Roma 

and INFN sezione di Roma, Italy
on behalf of the KLOE-2 collaboration

65th ICFA Advanced Beam Dynamics Workshop on High Luminosity Circular 
e+e- Colliders (eeFACT2022), 13 September 2022, INFN-LNF



A. Di Domenico 65th ICFA Advanced Beam Dynamics Workshop (eeFACT2022), 13 September 2022, INFN-LNF

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
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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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LET

HET  11 m from IP

CCALT

QCALT

ITKLOE-2 at DAFNE

LYSO Crystal w SiPM
Low polar angle

Tungsten / Scintillating Tiles w SiPM
Quadrupole Instrumentation

calorimeters LYSO+SiPMs
at ~ 1 m from IP

Scintillator hodoscope +PMTs

Inner Tracker – 4 layers of 
Cylindrical GEM detectors 
Improve track and vtx reconstr.  

First CGEM in HEP expt.
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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
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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
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EPR correlations in entangled neutral kaons
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EPR correlations in entangled neutral kaons
Same final state for both kaons: f1 = f2 = p+p-
(this specific channel is suppressed by CP viol.
|h+-|2=|A(KL->p+p-)/A(KS->p+p-)|2 ~ |e|2 ~ 10-6  )
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no simultaneous decays 
(Dt=0) in the same
final state due to the
fully destructive 
quantum interference

EPR correlation:
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EPR correlations in entangled neutral kaons
Same final state for both kaons: f1 = f2 = p+p-
(this specific channel is suppressed by CP viol.
|h+-|2=|A(KL->p+p-)/A(KS->p+p-)|2 ~ |e|2 ~ 10-6  )
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Search for decoherence and CPT violation effects
in the entangled neutral kaon system
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ζ00 = 0    →    QM
ζ00 =1    →    total decoherence

Decoherence parameter:

(also known as Furry's hypothesis 
or spontaneous factorization) 
W.Furry, PR 49 (1936) 393

Bertlmann, Grimus, Hiesmayr PR D60 (1999) 114032
Bertlmann, Durstberger, Hiesmayr PRA 68 012111 (2003)
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Decoherence parameter:

(also known as Furry's hypothesis 
or spontaneous factorization) 
W.Furry, PR 49 (1936) 393

Bertlmann, Grimus, Hiesmayr PR D60 (1999) 114032
Bertlmann, Durstberger, Hiesmayr PRA 68 012111 (2003)
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KLOE-2 Collaboration / Physics Letters B 730 (2014) 89–94 93

Fig. 2. Left: resolution on !τ variable evaluated from MC simulation as the difference between true values and data-like reconstructed values. The effect of the cut on the
opening angle between tracks is shown. Right: total detection efficiency as a function of true !τ as observed from MC simulation. The dip around !τ ∼ 0 is discussed in
the text.

Table 1
Fit results. Errors include all source of the statistical fluctuations. The fit χ2/NDoF is
211.7/187 corresponding to a probability of 10%. The table contains the correlation
coefficient matrix between the parameters.

Fit output (10−18 GeV units) Correlation matrix

!a0 = −6.0 ± 7.7 1.000 0.304 −0.187 0.483
!aX = 0.9 ± 1.5 0.304 1.000 −0.045 0.069
!aY = −2.0 ± 1.5 −0.187 −0.045 1.000 −0.104
!aZ = 3.1 ± 1.7 0.483 0.069 −0.104 1.000

The purity of the control sample is 95%, the background being
dominated by Ke3 decay. The efficiency correction has been evalu-
ated as the ratio between data and MC distributions of I Kµ3± (!τ ).
The decay time ordering criterion is the same used in the main
analysis.

Experimental data distributions have been analyzed for differ-
ent intervals of sidereal time and kaon emission angle using the
function in Eq. (7). The !τ range is !τ ∈ [−12;12]τS with 1τS
bin width, while sidereal time has 4 bins, 6 hours each, and two
angular bins have been used: p⃗1 · p⃗φ ≷ 0 resulting in a total of
192 experimental points simultaneously fit. The fit χ2/NDoF is
211.7/187 corresponding to a probability of 10%, numerical val-
ues of the fit are reported in Table 1 and the experimental data
distributions are shown in Fig. 3.

Systematic effects are listed in Table 2. The full analysis chain
has been repeated several times varying all the cuts values accord-
ing to the MC resolution (σMC) of the selection variables. Positive
and negative variations (± σMC) have been considered. The results
of the fits are stable and the RMS of the distribution of obtained
results is taken as systematic uncertainty.

The accuracy on the determination of the !a0 parameter
strongly depends on the stability of the observed I± (!τ ) distribu-
tion for |!τ | > 5τS. For this reason the fit range has been varied
of ± 1τS around the reference value enlarging or reducing the !τ
range. Correspondingly the event yield varies of ∼10% and the RMS
of the fit results has been chosen as the related systematic error.
The largest effect, as expected, has been observed on !a0.

The 4π background events is concentrated in the two bins
around !τ ∼ 0, resulting in a bin-by-bin contribution of ∼3
events, while the amount of observed data events in the same bins
is around ∼10 events. Being the amount of subtracted events sim-
ilar to the statistical uncertainty of the observed data the system-
atic effect of the subtraction has been obtained as the difference
between results with and without subtraction.

The effect of the orientation of the KLOE reference frame with
respect to the terrestrial coordinate system has been taken into

Table 2
Summary of the systematic uncertainty in 10−18 GeV units.

Analysis cut !τ range 4π subtr. Ref. frame Total

!a0 1.1 2.4 1.3 1.0 3.1
!aX 0.3 0.3 0.4 0.2 0.6
!aY 0.2 0.3 0.2 0.2 0.5
!aZ 0.2 0.2 0.4 0.4 0.6

account in the fit function. The measurement of the relative align-
ment between our reference frame with respect to the geograph-
ical frame has been performed with a compass and the effect
of displacement between magnetic and true North pole has been
taken into account and corrected for. The angle between the lab-
oratory ẑ axis and the North direction is (130 ± 2)◦ on the local
tangent plane. The fit function has been evaluated with angle vari-
ations up to 10◦ showing stable results. The RMS of the results has
been taken as systematic uncertainty.

The kaon regeneration correction in Eq. (7) has been varied
according to its relative uncertainty (∼35%). The corresponding re-
sults fluctuation is negligible with respect to the other systematic
uncertainty.

The effect of mismatch in !τ resolution between experimen-
tal data and MC simulation has been found negligible inside the
maximum allowable error of 5% on !τ resolution width.

The final systematics uncertainty is the sum in quadrature of all
the discussed effects and is reported in the last column of Table 2.
In all cases the total systematic uncertainty ranges between 30%
and 40% of the corresponding statistical uncertainty.

4. Results and conclusions

The results for the !aµ parameters are:

!a0 = (−6.0 ± 7.7stat ± 3.1syst)× 10−18 GeV,

!aX = ( 0.9 ± 1.5stat ± 0.6syst)× 10−18 GeV,

!aY = (−2.0 ± 1.5stat ± 0.5syst)× 10−18 GeV,

!aZ = ( 3.1 ± 1.7stat ± 0.5syst)× 10−18 GeV.

The systematic uncertainty is smaller than the corresponding
statistical error implying that the main limitation of the present
measurement is the available statistics. To this respect the continu-
ation of the KLOE physics program in the framework of the KLOE-2
experiment [12] at upgraded DA&NE machine [14] is important to
further improve the results.

• Analysed data: 1.7 fb-1

• Fit of Dt distribution taking into account resolution,  
efficiency and background effects.

• Improvements wrt previous analysis:
• more precise 𝑒!𝑒" → 𝜋!𝜋"𝜋!𝜋" background 
determination from a 2D fit of KS,L invariant mass 
distribution
• fiducial volume chosen to avoid regeneration 
background from the spherical beam pipe
• cut on 𝜋!𝜋" opening angle to reduce tails in Dt
resolution 
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f ®KSKL®p+p- p+p- : test of quantum coherence
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KLOE-2 JHEP 04 (2022) 059
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CP violating process:
terms z00/|h+-|2 with |h+-|2 ~ |e|2 ~ 10-6

=> high sensitivity to z00 ;
CP violation in kaon mixing acts as 
amplification mechanism

𝜁!"! = −0.5 ± 8.0#$%$ ± 3.7#&#$ ×10'(
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CP violating process:
terms z00/|h+-|2 with |h+-|2 ~ |e|2 ~ 10-6

=> high sensitivity to z00 ;
CP violation in kaon mixing acts as 
amplification mechanism

𝜁!"! = −0.5 ± 8.0#$%$ ± 3.7#&#$ ×10'(

Possible decoherence due quantum gravity 
effects (apparent loss of unitarity) implying
also CPT violation => modified Liouville – von 
Neumann equation for the density matrix of the 
kaon system depends on a CPTV parameter g
[ J. Ellis et al. PRD53 (1996) 3846 ]

𝛾 = 1.3 ± 9.4#$%$ ± 4.2#&#$ ×10')) GeV

In this scenario g can be at most: 
𝑂 ⁄𝑚#

$ 𝑀%&'()# = 2×10"$* 𝐺𝑒𝑉

KLOE-2 result
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i ∝ K 0 K 0 − K 0 K 0( )+ω K 0 K 0 + K 0 K 0( )

In presence of decoherence and CPT violation induced by quantum gravity (CPT operator 
“ill-defined”) the definition of the particle-antiparticle states could be modified. This in turn 
could induce a breakdown of the correlations imposed by Bose statistics (EPR correlations) 
to the kaon state:

[Bernabeu, et al. PRL 92 (2004) 131601, NPB744 (2006) 180].

f ®KSKL®p+p- p+p- : CPT violation in entangled K states

at most one 
expects:
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The maximum sensitivity to w is expected for f1=f2=p+p- (terms: |w|/|h+-|) 
All CPTV effects induced by QG (a,b,g,w) could be simultaneously disentangled.

In some microscopic models of space-time foam arising from non-critical string theory 
[Bernabeu, Mavromatos, Sarkar PRD 74 (2006) 045014] : 54 1010~ -- ÷w

I(p+p-, p+p-;Dt)  (a.u.)

Dt/tS

€ 

ω = 3 ×10−3

φω = 0
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f ®KSKL®p+p- p+p- : CPT violation in entangled K states

The fit with I(p+p-,p+p-;Dt,w) yields (1.7 fb-1):

In the B system:  

Alvarez, Bernabeu, Nebot JHEP 11 (2006) 087 
(see also Bernabeu et al, EPJC (2017) 77:865) 

C.L. 95%at     0100.00084.0 £Â£- w
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KLOE-2 JHEP 04 (2022) 059

ℜ𝜔 = −2.3!".$%".&
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f ®KSKL®p+p- p+p- : summary of results
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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)..01..2

𝑠𝑡𝑎𝑡 ± 0.6𝑠𝑦𝑠𝑡 ×10)3

ℑ𝜔 = −4.1)-.41-.5
𝑠𝑡𝑎𝑡 ± 0.9𝑠𝑦𝑠𝑡 ×10)3

𝜔 = 4.7 ± 2.9𝑠𝑡𝑎𝑡 ± 1.0𝑠𝑦𝑠𝑡 ×10)3
𝜙6 = −2.1 ± 0.2𝑠𝑡𝑎𝑡 ± 0.1𝑠𝑦𝑠𝑡 rad

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

J
H
E
P
0
4
(
2
0
2
2
)
0
5
9

δζSL δζ00̄ δγ δℜω δℑω δ|ω| δφω

·102 ·107 ·1021GeV ·104 ·104 ·104 (rad)
Cut stability 0.56 2.9 0.33 0.53 0.65 0.78 0.07
4π background 0.37 1.9 0.22 0.32 0.19 0.32 0.04
Regeneration 0.17 0.9 0.10 0.06 0.63 0.58 0.05
∆t resolution 0.18 0.9 0.10 0.15 0.09 0.15 0.02

Input phys. const. 0.04 0.2 0.02 0.03 0.09 0.07 0.01
Total 0.71 3.7 0.42 0.64 0.93 1.04 0.10

Table 1. Systematic uncertainties on all decoherence and CPT -violating parameters.

For the decoherence parameters ζSL, ζ00̄, and γ they are:

ζSL = (0.1± 1.6stat ± 0.7syst) · 10−2 with χ2/dof = 11.2/10 ,
ζ00̄ = (−0.05± 0.80stat ± 0.37syst) · 10−6 with χ2/dof = 11.2/10 ,

γ = (0.13± 0.94stat ± 0.42syst) · 10−21GeV with χ2/dof = 11.2/10 .

The high precision of the ζ00̄ result with respect to ζSL can be intuitively explained by
considering that the overall decay, in which both kaons decay into π+π−, is suppressed by
CP violation. In quantum mechanics this conclusion is independent on the basis used in the
calculation of the decay intensity (1.2), while in case of a decoherence mechanism it depends
on the basis into which the initial state tends to factorize. The decay KSKL → π+π−π+π−

is still suppressed by CP violation, while the decay K0K̄0 ∝ (KLKS − KSKL + KSKS −
KLKL) → π+π−π+π− has a contribution from KSKS → π+π−π+π− that it is not CP
suppressed, and is copious in the region at ∆t ≈ 0. Consequently a larger sensitivity on
the ζ00̄ parameter is achieved.

The λ parameter derived from ζSL [16] is:

λ = (0.1± 1.2stat ± 0.5syst) · 10−16GeV .

As these parameters are constrained to be positive, the results can be translated into 90%
confidence level (C.L.) upper limits [43]:

ζSL < 0.030 ,
ζ00̄ < 1.4 · 10−6 ,

γ < 1.8 · 10−21GeV ,

λ < 2.2 · 10−16GeV .

The results on the complex ω parameter have been obtained by performing the fit in
Cartesian {ℜω,ℑω} coordinates:

ℜω =
(
−2.3+1.9

−1.5stat ± 0.6syst
)
· 10−4 ,

ℑω =
(
−4.1+2.8

−2.6stat ± 0.9syst
)
· 10−4 ,

– 13 –

𝜆 ≅ +!"
,!
= 0.1 ± 1.2𝑠𝑡𝑎𝑡 ± 0.5𝑠𝑦𝑠𝑡 ×10"-. GeV

Systematic uncertainties
[improvement x2 wrt
KLOE PLB 642(2006) 315]
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Entanglement of neutral kaons as a tool 
for testing discrete symmetries
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Direct CPT test in transitions 

• Is it possible to test the CPT symmetry directly in transition processes between 
kaon states, rather than comparing masses, lifetimes, or other intrinsic 
properties of particle and anti-particle states?

• CPT violating effects may not appear at first order in diagonal mass terms 
(survival probabilities) while they can manifest at first order in transitions (non-
diagonal terms).

• Clean formulation required. Possible spurious effects induced by CP violation 
in the decay and/or a violation of the ∆S = ∆Q rule have to be well under 
control.

• In standard WWA the test is related to Red, a genuine CPT violating effect 
independent of ∆Γ, i.e. not requiring the decay as an essential ingredient. 

Probing CPT:  J. Bernabeu, A.D.D., P. Villanueva, JHEP 10 (2015) 139
Time-reversal violation: J. Bernabeu, A.D.D., P. Villanueva, NPB 868 (2013) 102
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•The transformation of a system corresponding to the inversion of events in time, or 
reversed dynamics, with the formal substitution Dt → −Dt, is usually called ‘time 
reversal’, but a more appropriate name would actually be motion reversal.

•Exchange of in ↔ out states and reversal of all momenta and spins tests time 
reversal, i.e. the symmetry of the responsible dynamics for the observed process 
under time reversal (transformation implemented in QM by an antiunitary operator)

•Similarly for CPT tests: the exchange of in ↔ out states etc.. is required.

Time Reversal

24
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•EPR correlations at a f-factory can be exploited to study transitions involving 
orthogonal “CP states” K+ and K-
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•decay as filtering 
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•entanglement ->
preparation of state
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Entanglement in neutral kaon pairs
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Entanglement in neutral kaon pairs
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   CPT and T tests with neutral 
kaons 

•  Observables (for Δt >> τS): T and CPT sensitive 

12 P.Gauzzi 60 LNF SC meeting 

•  First direct test with kaons, model independent  

[J.Bernabeu, A.Di Domenico,  
P.Villanueva-Perez:NPB868(2013)102, 
                            JHEP1510(2015)139]  
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CPT   T CP      observables

Corresponding to study the following processes at KLOE:
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and the following relations among the D factors:
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1.1 KLOE results

Analysing a data sample collected at DA�NE corresponding to ⇠ 1.7fb�1
, the KLOE

collaboration obtained the preliminary results for all ratios above in the limit �t � ⌧S , and

the double ratios (see Fig.1):
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Summary of the analysis
● Event selection of K

S
K

L
→πe±ν 3π0 and K

S
K

L
→π+π– πe±ν done with the following parameters:

● Event selection efficiencies estimated with data and 4 independent control samples:

● exception: efficiency of a cut on d
PCA

 vs. ΔE(π,e) was based on MC

● T-violation sensitive observables were obtained 
with the following result: 

● problems:

● a “slope” in R
2
(Δt)

● large systematic effects also due to 
certain K

S
→πeν selection cuts

Process total ε
SIG

S/B

K
S
K

L
→πe±

ν 3π0 ~ 13 % 33.5

K
S
K

L
→π+π– πe±

ν ~ 15 % 64.5

KSKL⌅⇧0⇧0 ⇧e KSKL ⌅ ⇧+⇧– 3⇧0 KS⌅ ⇧e Klcrash KS⌅⇧+⇧-Klcrash

K
S
K

L 
→ ⇧e±� 3⇧0 KSKL ⌅ ⇧+⇧– ⇧e±� 
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• Analysed data L=1.7 fb-1

• Four processes studied:
ϕ→KSKL→πe±ν 3π0 and π+π− πe±ν
in the asympotic regime: Δ𝑡 ≫ 𝜏/
• Time of flight technique to identify
semileptonic decays

• residual background subtraction for πe±ν 3π0 channel
• MC selection efficiencies corrected from data with 4 independent control samples

sample.

4. Ratios of double kaon decay rates

Figure 5 presents a summary of the data distributions for the 4 charge sub-

samples of two event classes entering the probability ratios along with their

corresponding total identification e�ciencies obtained as described in Sec. 3.3.
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Figure 5: Left column: Intensities of double kaon decays as a function of the di↵erence of kaon

proper decay times for the two studied classes of processes and two lepton charge subsamples.

Right column: corresponding total event identification e�ciencies.

The T and CPT-violation sensitive single ratios defined in ... were evaluated

in subsequent intervals of the di↵erence of kaons’ proper decay times �t. Each

point of the single ratio graphs presented in Fig. 6 is defined through the counts

of the respective double kaon decays Ni and N 0
i in the i-th interval of �t and

their corresponding event identification e�ciencies "i and "0i as:

Ri ⌘ R(�ti) =
Ni

N 0
i

"0i
"i

1

D
, (4)

where D is the factor described in Sec. 1.

Due to the limited statistics of the process entering the numerator of the

ratios, constant level of the single ratios was evaluated in the range of high and

9

Measured double 
kaon decay intensities

⇡+⇡� events. Afterwards, about 12% of the event sample was constituted by the

KS ! ⇡0⇡0 and KL ! ⇡e⌫ processes where the KS decay along with additional

EMC clusters was misidentified as an early KL ! 3⇡0 decay. This background

was discriminated by removing events containing more than 1 EMC cluster for

which R/(cTclu) > 0.9 where R is the cluster-IP distance (corresponding to

photons emitted close to the IP).
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Figure 2: Distribution of di↵erences between particle time of flight recorded and expected

from track properties for tracks identified as pion and electron/positron for MC-simulated

KS ! ⇡±e⌥⌫ events (left) and all data events (right). Events inside the region marked with

black solid line are accepted.

The remaining background (in the order of decreasing contribution) is com-

posed of:

• KS ! ⇡+⇡� with imperfect track reconstruction,

• KS ! ⇡+⇡� ! ⇡µ⌫ decay chain where one of the charged pions decays

into a muon and a neutrino before entering the DC,

• radiative KS ! ⇡+⇡�� decays dominated by inner bremsstrahlung [6, 7].

As all these events are characterized by a pion or muon DC track misidenti-

fied as e+/e�, two particle binary classifiers based on Artificial Neural Net-

works (ANNs) (using Multilayer Perceptron from the TMVA package [8]) and

acting on an ensemble constituted by a DC track and its associated EMC cluster

were prepared for e/⇡ and µ/⇡ discrimination in subsequent steps. Classifica-

tion was based on the di↵erent structure of electromagnetic showers caused in

5

MC KS signal Data

efficiencies
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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)
(paper in preparation)

First T and CPT test 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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Entanglement of neutral kaons as a tool 
for KS studies
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KS tagging at KLOE
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For times t1 >> tS (or t2 >> tS):
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=> the state behaves like an incoherent 
mixture of states: 

the selection of a pure KS beam is possible
exploiting entanglement
(unique at a f-factory, not possible at fixed 
target experiments) KS tagged by KL interaction in EmC

Efficiency ~ 30% (largely geometrical)
KS angular resolution: ~ 1° (0.3° in f)
KS momentum resolution: ~ 2 MeV

KL “crash”
b= 0.22 (TOF)

KS® p-e+n

A recent study on this quantum effect:
J. Bernabeu, A.D.D. “Can future observation of the living 
partner post-tag the past decayed state in entangled neutral K mesons?” 
PRD 105 116004(2022)
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• Analysed L=1.63 fb-1

• 1 vtx close to IP + KL interaction in the calorimeter (KL crash)
• KS➝ π+π- as normalization sample 
• KS semileptonic signal selection:

• boosted decision tree (BDT) with kinematic 
variables to reject main background from 
KS →π+π– and f → K+K-

• PID with Time of Flight based on the comparison of 
two hypotheses: if |dt1(p) - dt2(e)| < |dt1(e) - dt2(p)|
track-1 is assigned to p and track-2 to e, 
otherwise the opposite mass assignment is chosen.
Cut on |dte|< 1 ns corresponding to min[| dt(ep)|,| dt1(pe)|]

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.
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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
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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
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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
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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
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(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.
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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
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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
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MC signal

Data

𝛿𝑡 𝑒𝜋 vs 𝛿𝑡 𝜋𝑒

Measurement of the KS®pen branching ratio

the range 0.8–1.2 ns and the half-width of the band, ±0.12%, is taken as relative systematic

uncertainty.

Figure 8. Comparison of the �te distribution for the signal (left) and for the KL ! ⇡e⌫ control
sample (right).

The fit to the m2
e distribution in Figure 6 is repeated varying the range and the bin

size. The fit is also done using two separate components for KS ! ⇡µ⌫ and � ! K+K�,

the �2 is good but the statistical error is slightly increased. Half of the di↵erence between

maximum and minimum result of the di↵erent fits, 0.15%, is taken as relative systematic

uncertainty. The systematic uncertainties are listed in Table 6.

Table 6. Systematic uncertainties of e�ciencies.

Selection �✏syst⇡e⌫ [ 10�4 ] �✏syst⇡+⇡� [ 10�4 ]

BDT selection 5.3

TCA & TOF selection 6.0

Fit parameters 3.0

KS ! ⇡+⇡� e�ciency 8.8

Total 8.5 8.8

The dependence of R✏ on systematic e↵ects has been studied in previous analyses

for di↵erent KS decays selected with the KL–crash tagging method: KS ! ⇡+⇡� and

KS ! ⇡0⇡0 [17], and KS ! ⇡e⌫ [18]. The systematic uncertainties are evaluated by a

comparison of data with simulation, the di↵erence from one of the ratio Data

MC
is taken as

systematic uncertainty.

Trigger – Two triggers are used for recording the events, the calorimeter trigger and

the drift chamber trigger. The validation of the MC relative e�ciency is derived from the

comparison of the single-trigger and coincidence rates with the data. The data over MC

ratio is 0.999 with negligible error.

On-line filter – The on-line filter rejects events triggered by beam background, de-

tector noise, and events surviving the cosmic-ray veto. A fraction of non-filtered events

– 13 –

Figure 3. Distribution of the BDT classifier output for data and simulated signal and background
events.

hidden under a large KS ! ⇡+⇡� background, therefore a cut

2.5 ns < |�t⇡⇡| < 10 ns (3.6)

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

Figure 4. Distributions of �⇡⇡ for data and simulated signal and background events.

either track defining

�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-

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

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

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

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

– 7 –

BDT
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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

15− 10− 5− 0 5 10
dDTOF(pie) [ns]

10−

5−

0

5

10

15

dD
TO

F(
ep

i) 
[n

s]

Entries  70000

0

10

20

30

40

50

60

70

80

Entries  70000

(a)

15− 10− 5− 0 5 10
dDTOF(pie) [ns]

10−

5−

0

5

10

15

dD
TO

F(
ep

i) 
[n

s]

Entries  70000

0

20

40

60

80

100
Entries  70000

(b)

15− 10− 5− 0 5 10
dDTOF(pie) [ns]

10−

5−

0

5

10

15

dD
TO

F(
ep

i) 
[n

s]

Entries  53471

0

20

40

60

80

100
Entries  53471

(c)

10− 5− 0 5 10
dDTOF(e) [ns]

1

10

210

310

410

En
tri

es
/0

.1
 n

s Entries  73031
all
pipi
pi0
kse3
ksmu3
ppee
phi->pi+pi-pi0
K+K-
others

(d)

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.
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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
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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
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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
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37

• 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)% 

• Study of systematic uncertainties from: 
BDT and TOF selection cuts, fit range, trigger, 
on-line filter, event classification, T0 determination, 
KL-crash and β∗ selection, KS identification 

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

Systematic uncertainties of efficiencies

BR 𝐾* → 𝜋𝑒𝜈
= 7.211 ± 0.046#$%$ ± 0.052#&#$ ×10'0

the range 0.8–1.2 ns and the half-width of the band, ±0.12%, is taken as relative systematic

uncertainty.

Figure 8. Comparison of the �te distribution for the signal (left) and for the KL ! ⇡e⌫ control
sample (right).

The fit to the m2
e distribution in Figure 6 is repeated varying the range and the bin

size. The fit is also done using two separate components for KS ! ⇡µ⌫ and � ! K+K�,

the �2 is good but the statistical error is slightly increased. Half of the di↵erence between

maximum and minimum result of the di↵erent fits, 0.15%, is taken as relative systematic

uncertainty. The systematic uncertainties are listed in Table 6.

Table 6. Systematic uncertainties of e�ciencies.

Selection �✏syst⇡e⌫ [ 10�4 ] �✏syst⇡+⇡� [ 10�4 ]

BDT selection 5.3

TCA & TOF selection 6.0

Fit parameters 3.0

KS ! ⇡+⇡� e�ciency 8.8

Total 8.5 8.8

The dependence of R✏ on systematic e↵ects has been studied in previous analyses

for di↵erent KS decays selected with the KL–crash tagging method: KS ! ⇡+⇡� and

KS ! ⇡0⇡0 [17], and KS ! ⇡e⌫ [18]. The systematic uncertainties are evaluated by a

comparison of data with simulation, the di↵erence from one of the ratio Data

MC
is taken as

systematic uncertainty.

Trigger – Two triggers are used for recording the events, the calorimeter trigger and

the drift chamber trigger. The validation of the MC relative e�ciency is derived from the

comparison of the single-trigger and coincidence rates with the data. The data over MC

ratio is 0.999 with negligible error.

On-line filter – The on-line filter rejects events triggered by beam background, de-

tector noise, and events surviving the cosmic-ray veto. A fraction of non-filtered events

– 13 –

KLOE-2 result (2022)
arXiv :2208.04872v2 [hep-ex]
(submitted to JHEP)
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• Combination of the previous result from KLOE based on an independent data sample
(L=0.41 fb-1) BR(KSe3)=(7.046 ± 0.078± 0.049)x10-4 [KLOE PLB636 (2006)] 
gives:

Measurement of the KS®pen branching ratio

BR 𝐾* → 𝜋𝑒𝜈 = 7.153 ± 0.037#$%$ ± 0.043#&#$ ×10'0

KLOE-2 combined result (2022)
arXiv :2208.04872v2 [hep-ex] (submitted to JHEP)

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

• From

using the values SEW = 1.0232±0.0003 [Marciano, Sirlin PRL 71 (1993) 3629] 
and  𝐼#0 = 0.15470 ± 0.00015 and 𝛿12#0 = 1.16 ± 0.03 ×10"$
[Seng, Galviz, Marciano, Meissner, PRD 105, (2022) 013005] 
we derive:

𝑓1 0 |𝑉2#| = 0.2170 ± 0.0009



A. Di Domenico 65th ICFA Advanced Beam Dynamics Workshop (eeFACT2022), 13 September 2022, INFN-LNF 39

Conclusions
• The entangled neutral kaon system at a f-factory is a unique laboratory for the search for 

decoherence effects, the study of discrete symmetries, and KS physics
• The KLOE-2 experiment at the upgraded DAFNE successfully completed its data taking 

campaign collecting L=5.5 fb-1 by the end of March 2018.
• KLOE+KLOE-2 data sample (~ 8 fb-1) represents the largest sample ever collected at f-

meson peak 

• Latest studies on entangled neutral kaons:
• Improved search for decoherence and CPT violation effects in f ®KSKL®p+p- p+p-

in same cases with a precision reaching the interesting Planck’s scale region.
• First direct test of T and CPT symmetries in neutral kaon transitions.
• A new measurement of the 𝐾𝑆→𝜋𝑒𝜈 branching fraction, with almost a factor of two 

improvement of previous result, and a new derivation of 𝑓! 0 |𝑉34|.

• These results add up to previous studies on kaons, e.g. on 𝐾𝑆→𝜋µ𝜈, AS and CPT and 
Lorentz symmetry tests.

• Several new and improved results expected from 
the analyses of the whole dataset, see:

KLOE-2 Physics programme
KLOE-2 Collaboration: EPJ C68 (2010) 619 
Proceedings: EPJ WoC 166 (2018) 
https://agenda.infn.it/event/kloe2ws 


