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Da𝛟ne: the 𝛟 factory  
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KLOE and KLOE-2 
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Total KLOE ò Lacquired dt ~ 2.5 fb-1 Total KLOE-2 ò Lacquired dt ~ 5.5 fb-1



The KLOE/KLOE-2 Apparatus
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Superconducting coil   B = 0.52 T  

Vertical cross-section view
of the KLOE detector

Multi-purpose detector  

KLOE DC



The KLOE/KLOE-2 Apparatus
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Entangled neutral Kaons at Da𝛟ne
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𝜙 mesons are produced at Da𝜙ne nearly at rest with 
sf~3 µb and decay in KSKL the 34% of the times

About 106 KSKL per pb-1 are produced as collinear couples in 
a pure coherent, entangled and antisymmetric quantum state 
JPC=1-- with pK=110 MeV/c, lS = 6 mm and  lL = 3.5 m

Ideal system to study fundamental discrete symmetries and quantum mechanics 
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KAON TAGGING (t1<< t2)
Study single kaon property:
-Branching fractions
-Form factors
-Lifetimes

INTERFERENCE (t1~ t2)
Study of Kaon system time 
evolution → tests of :
-T/CPT in transitions
-CPT & Lorentz Invariance
-QM coherence

∆𝑡 = 𝑡2 − 𝑡1



Entangled neutral Kaons at Da𝛟ne
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The observation of a KS in an event signals (tags) the presence of a KL , with known p and 
direction, and vice-versa→
highly pure, almost monochromatic, back-to-back,  mutual-tagging KS  and KL beams 

KS tagged by the KL interaction in 
the KLOE EMC → unique signature 
𝜀 ~ 30% (mainly geometrical)

KL tagged by the KS  → 𝜋𝜋 vertex at 
the IP, 𝜀 ~ 70% (mainly geometrical)

KS/KL 𝜎𝜗 ~ 1° , KS/KL 𝜎p ~ 2MeV
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𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

Δt = |tg − th|

Most precise test of quantum coherence in an 
entangled system. 

𝜻𝟎𝟎 decoherence parameter in the 𝐾kl𝐾k basis ( 𝜁kk = 0 → no decoherence, 𝜁kk = 1 →
fully decoherence) 
[ or 𝜁qr in the 𝐾q𝐾r basis].

f p

p

p

p t2=t1 t1

EPR: no simultaneous 
decays (∆t=0) in the same
final state due to the
fully destructive 
quantum interference

f1 = f2 = p+p- CP violating process: CP violation in kaon mixing acts as 
amplification mechanism → high sensitivity to z00 due to terms z00/|h+-|2
with |h+-|2 ~ |e|2 ~ 10-6

f p
p

p
p t2 t1
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𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

Decoherence effects might arise in a quantum gravity picture implying  CPT violation
[Ellis et. al, NP B241 (1984) 381; Ellis, Mavromatos et al. PRD53 (1996)3846 ]:
• Relevant parameter in the modified time evolution of neutral kaons:

𝛾 parameter (at most 𝛾=𝑂(𝑚w
h /𝑀yz{|}~)≈ 2×10�hk GeV).

• Initial entangled state modified adding a tiny symmetric part → 𝜔 effect
(at most 𝜔 = 𝑂(𝑚w

h /𝑀yz{|}~/ΔΓ) ~1×10��)

[in the 𝐾kl𝐾k basis]

[in the 𝐾q𝐾r basis] 𝑖 ∝ 𝐾q 𝐾r − |𝐾r⟩|𝐾q⟩] + 𝜔 𝐾q 𝐾q − |𝐾r⟩|𝐾r⟩ ]

Previous KLOE measurement 𝐿 = 380 𝑝𝑏�g
KLOE PLB 642 (2006) 315
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𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

Statistics: KLOE data corresponding to 𝐿 = 1.7 fb�g

Event selection: 

• 2 vertices with 2 opposite curvature tracks each

• At least one vertex in a  cylindrical fiducial volume with 𝜌 < 10 cm and 𝑧 < 20 cm

• For each of the 2 vertices (i=1,2) :

•

• with          pion momenta of the vertex i and 

kaon momenta in the 𝜙 rest frame

• , 

with 

Kin Fit to improve resolution on Kaon decay vertices 

Main improvements wrt past analysis: 

• cos(𝜃���� ) > -0.975 cut to improve Δ𝑡 resolution 
• improved 𝑒�𝑒� → 𝜋�𝜋�𝜋�𝜋� background evaluation

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.
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𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

𝑒�𝑒� → 𝜋�𝜋�𝜋�𝜋� background evaluated from 2D
unbinned ML fit in bins  of       in the bkg region          
and then extrapolated to sig region 

Two main background sources survive above selection: 
- non-resonant production of 4 𝜋, 0.5% in the range                         , mainly concentrated at                          
- kaon regeneration on spherical beam pipe, it peaks at                            rejected by restricting the fit  in the     range 

sig

4𝜋 bkg

Residual regeneration bkg from thin pipe cylinder dominated by 
incoherent regeneration and evaluated through MC

Sphere: 500 µm 62-38% Be-Al r=10 cm (~17 tS)
Cylinder: 50 µm Be, r=4.4 cm (~7.5 tS) 

e+ e-
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𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

Fit including Δ𝑡 resolution and efficiency effects + regeneration;
Statistical uncertainty reduced by half
Central values consistent with zero

90% CL Upper limits

Results on decoherence parameters

KLOE-2 JHEP 04 (2022) 059
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𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

Results on decoherence parameters
KLOE-2 JHEP 04 (2022) 059𝝎 model contour plots

𝑺𝐲𝐬𝐭𝐞𝐦𝐚𝐭𝐢𝐜 𝐬𝐨𝐮𝐫𝐜𝐞𝐬



T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆
Concept: J. Bernabeu et al., Nucl. Phys. B 868 (2013) 102, JHEP 1510 (2015) 139 First such measurement with kaons
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Flavor states

CP states

Direct, model independent  test of the  T and CPT symmetry => observe a given Kaon state and its T and CPT 
conjugates =>  transitions between pure-flavor and  CP-definite eigenstates

transition-entanglement used to identify initial state

We focus on the asymptotic region ∆𝑡 ≫ 𝜏𝑠:

Asymptotic region

~
Transition probabilities           Experimental observables

~ Sim
ula

tio
n

Asymptotic region

Re 𝜖 ≠ 0 implies TV



T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆

T-violation sensitive CPT-violation sensitive

Double ratios (independent from the D factor)
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In general, four
independent  T, CP 
and  CPT tests 
are possible:

→ from past KLOE measurements

Each process is experimentally identified by a time-ordered pair of kaon decays into the corresponding final states



T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆
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Sample Statistics: 1.7 fb-1 of KLOE data, two classes of events, four processes

Scheme of the two classes of events in a cross-sec view of KLOE 

Pre-selection:
• vtx with 2 tracks close to IP (cutting close to IP to reject KS→ππ→πμ )
• 6 neutral clusters’ set
• Reconstructing KL→3π0

• Reconstruction of kaon decay times and Δt
Analysis:
• KS→πeν selection cuts
• TCA requirement for 2 tracks
• Time of flight analysis and cuts
• Cut on R/(T*c) for neutral clusters to reject KS→π0π0

• Kinematic fit
• ANN-based classification of e/π and e/μ EMC clusters and tracks
S/B ~ 20

Pre-selection: 
• vtx with 2 tracks close to IP
• M(ππ) and |p| cuts for 2 tracks
• Exactly 1 other vtx with 2 tracks passing a missing mass cut
• Reconstruction of kaon decay times and Δt
Analysis:
• TCA requirement for 2 tracks from KL decay vertex
• Time of flight analysis and cuts
S/B ~ 70



T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆
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Time of flight technique to identify semi-leptonic decays

⇡+⇡� 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
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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±� 

Measured double kaon 
decay intensities

Signal events Data (S+B) 
Efficiency

KL → 3𝜋0 identi«ication: reconstructing KL decay 
point for all 6-cluster candidate sets
(trilateration method to find KL decay point and time) 
and choosing  the most likely candidate set

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

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

Horizontal dashed lines denote expected values:
CPT invariance and TV extrapolated from observed CPV (PDG)
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Measurement of the KS® pen branching ratio
|Vus| CKM matrix element  is best measured from Kaon meson semi-leptonic decays

BR(Ks→ πeυ) less precise than KL and K+/K-

BR(Ks → πeυ)=(7.046 ± 0.078 stat ± 0.049 syst)×10-4

[PLB 636 (2006) 173] Measured by KLOE with 0.4 fb-1 

1.4% uncertainties level, 1.1 % stat ± 0.7 % syst

Goal: improve BR(Ks → πeυ) measurement to have a 
|Vus| evaluation from Ks → πeυ decay comparable 
with others contribution

What we measure:

Sig events
Norm events

Selection eff
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• Analyzed L=1.63 fb-1

• 1 vtx close to IP + KL interaction 
in the calorimeter (KL crash)

• KS➝ π+π- as normalization sample 

• KS semi-leptonic signal selection:
• boosted decision tree (BDT) with kinematic 
variables to reject main background from 
KS →π+π– and ϕ→ K+K-

• PID with Time of Flight comparing two hypothesis:
if                                          => track-1 assigned to 𝜋 and
track-2 to 𝑒, otherwise the opposite mass assignment is chosen.
A cut on the time difference        =                             
is applied : 

To suppress the large background contribution from KS ! ⇡+⇡� and � ! K+K�
133

events, a cut is applied on the classifier output:134

BDT > 0.15. (4)

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

135

Track pairs in the selected events are e⇡ for the signal while K⇡, ⇡⇡, µ⇡ for the main136

backgrounds. A selection based on time-of-flight measurements is performed to identify137

e⇡ pairs. For each track associated to a cluster, the di↵erence between the time-of-flight138

measured by the calorimeter and the time-of-flight measured along the particle trajectory139

�ti = tclu,i � Li/c�i i = 1, 2 (5)

is computed, where tclu,i is the time associated to track i, Li is the length of the track,140

and the velocity �i = pi/
q

p2
i + m2

i is function of the mass hypothesis for the charged141

secondary particle with track i. The times tclu,i are referred to the trigger and the same142

T0 value is assigned to both clusters. To reduce the uncertainty from the determination143

of T0 the di↵erence144

�t1,2 = �t1 � �t2

is used to determine the mass assignment. The ⇡⇡ hypothesis is tested first. Figure 4145

shows the �t⇡⇡ = �t1,⇡ ��t2,⇡ distribution. A fair agreement is observed between data and146

MC, with KS ! ⇡e⌫ and KS ! ⇡µ⌫ distributions well separated and large part of the147

K+K� background isolated in the tails of the distribution. However the signal is hidden148

under a large KS ! ⇡+⇡� background therefore the cut149

2.5 ns < |�t⇡⇡| < 10 ns (6)

7

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

Ks ! ⇡e⌫ 6.1. SELECTION
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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)

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

eM

10

210

310

410

2
En

tri
es

/6
00

M
eV

Entries  57577
h_M2e_rebin_all

(a)

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

eM

2−

1−

0

1

2)/s
ig

m
a

M
C

 fi
t

-N
da

ta
(N

(b)

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

Measurement of the KS® pen branching ratio

MC signal

Data 

BDT

𝛿𝑡 𝑒𝜋 vs 𝛿𝑡 𝜋𝑒
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• Signal count from fit to M2(e) distribution 

• 49647±316 KSe3 events

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

• 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 

BR 𝐾q → 𝜋𝑒𝜈 = 7.211 ± 0.046¶·{· ± 0.052¶¹¶· ×10�º

Measurement of the KS® pen branching ratio

KLOE new BR
Including systematic uncertainty, factors 
involved in the BR extraction are: 
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Measurement of the KS® pen branching ratio

• KLOE previous result:
BR(KSe3)=(7.046 ± 0.078± 0.049) ×10-4 [KLOE PLB636 (2006)] (independent control sample 
L=0.41 fb-1)

BR 𝐾q → 𝜋𝑒𝜈 = 7.153 ± 0.037¶·{· ± 0.043¶¹¶· ×10�º

• From

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

Using the values SEW = 1.0232±0.0003 [Marciano, Sirlin PRL 71 (1993) 3629] 
and  𝐼w¼ = 0.15470 ± 0.00015 and 𝛿½¾w¼ = 1.16 ± 0.03 ×10�h
[Seng, Galviz, Marciano, Meissner, PRD 105, (2022) 013005] 
we derive:

𝑓� 0 |𝑉Á¶| = 0.2170± 0.0009

KLOE-2 result (2022)
Paper submitted to JHEP

Combined BR
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• KLOE+KLOE-2 data sample, about 8fb-1, represents the largest sample ever 
collected at the 𝜙 1020 peak

• Entangled neutral Kaons copiously produced at DA𝜙NE are ideal to 
investigate fundamental discrete symmetries and QM 

• KLOE data have been used to test various models which predicts  QM 
decoherence and CPTV exploiting the 𝜙 →KS KL®𝜋+𝜋−𝜋+𝜋− channel and 
reaching unprecedented precision on measured quantum decoherence 
parameters (JHEP 04 (2022) 059)

• The first direct test of T and CPT symmetries with 𝜙 → 𝐾𝑆𝐾𝐿 →
3 𝜋0𝜋𝜐𝑒, 𝜋𝜋 𝜋𝜐𝑒 has also been performed using KLOE data, the paper is in 
preparation

• Moreover, a new combined measurement of the KS® pen branching ratio, 
obtained from KLOE data improving precision of a factor of two, has been 
just submitted to JHEP
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KLOE-2 Physics

KAON Physics:
• CPT and QM tests with kaon interferometry
• Direct T and CPT tests using entanglement
• CP violation and CPT test:

KS->3π0

direct measurement of Im(𝜀’/ 𝜀) (lattice calc. improved)
• CKM Vus: 

KS semileptonic decays and AS
(also CP and CPT test)
K𝜇3 form factors, K𝑙3 radiative corrections

• 𝜒pT : KS → γγ
• Search for rare KS decays

Dark forces:
• Improve limits on:

U𝛾 associate production
e+e- → U𝛾 , U → 𝜇𝜇, 𝜋𝜋, ee

• Higgstrahlung
e+e-→ Uh’→μ+μ- + miss. energy

• Leptophobic B boson search
ϕ→ηB, B→ π0γ, η → γγ
η→Bγ, B→ π0γ                           

• Search for U invisible decays

Light meson Physics:
• η decays, 𝜔 decays
• Transition Form Factors
• C,P,CP violation: improve limits on 
𝜂 → 𝛾 𝛾 𝛾, π+π-, π0π0, π0π0 γ

• improve 𝜂 → π+π-e+e-

• 𝜒pT : 𝜂 → π0  γ γ
• Light scalar mesons: f0(500) in Φ→ KSKS  γ
• γ γ Physics: γ γ → π0 and π0 TFF
• Search for axion-like particles

Hadronic cross section
• ISR studies with 3π, 4π final states
• Fp with increased statistics
• Measurement of aμHLO in the space-like 

region using Bhabha process

KLOE-2 coll. EPJC (2010) 68, 619  
http:// agenda.infn.it/event/kloe2ws  procs. EPJ WoC 166 (2018)

26



27

𝐒𝐞𝐚𝐫𝐜𝐡 𝐟𝐨𝐫 𝐝𝐞𝐜𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐚𝐧𝐝 𝐂𝐏𝐓𝐕 𝐢𝐧 𝝓 →KS KL®𝝅+𝝅−𝝅+𝝅−

Only dependence on ∆𝑡 is crucial not 𝜖𝑡𝑜𝑡 absolute global value

From MC
Data/MC corrected using 
independent control samples of high-
purity  KSKL → 𝜋+𝜋− 𝜋𝜇𝜈 with p 
distribution overlapping signal

𝜖𝑡𝑜𝑡 ~ 25% in average, small reduction at ∆𝑡 ≈ 0 due to:
- lower reconstruction probability due to longer    

extrapolation length of both tracks to IP 
- possible swap of  tracks associated to different kaon       

decay  vertices for vertices close in time 

Small correction obtained as ratio of data/MC 
∆𝑡 distributions of KSKL → 𝜋+𝜋− 𝜋𝜇𝜈 events
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T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆

Trilateration-based 
method to identify 
KL decay point and 
time
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T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆

CP-asymmetric ratios independent of D parameter: 

CP tests are performed along with T and CPT ones as cross-check and control of 
systematic effects
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T/CPT Tests with 𝛟 → 𝑲𝑺𝑲𝑳 → 𝟑 𝝅𝟎𝝅𝝊𝒆, 𝝅𝝅 𝝅𝝊𝒆
Systematics
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Measurement of the KS® pen branching ratio

Fit


