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Total KLOE  ∫L dt ~ 2.5 fb-1 
(2001 - 05) →  ~2.5×109  KSKL pairs 

Integrated luminosity  (KLOE) 

The KLOE detector at the Frascati φ-factory DAΦNE 

Lead/scintillating fiber calorimeter 
 drift chamber 
4 m diameter × 3.3 m length 
helium based gas mixture  

KLOE detector 
DAFNE  
collider 

2 
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LET 

HET  11 m da IP 

CCALT 

QCALT 

IT KLOE-2 at DAΦNE 

3 

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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KLOE-2 run  

Total L delivered: 6.8 fb-1 

Total L acquired: 5.5 fb-1 

KLOE-2 goal accomplished:  L acquired > 5 fb-1   =>  L delivered > ~ 6.2 fb-1 

17 November 2014 30 March 2018 
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KLOE-2 run  

Total L delivered: 6.8 fb-1 

Total L acquired: 5.5 fb-1 

KLOE-2 goal accomplished:  L acquired > 5 fb-1   =>  L delivered > ~ 6.2 fb-1 

17 November 2014 30 March 2018 

KLOE + KLOE-2 
L = 8 fb-1  =>  ~ 2.4 x1010  φ decays 
                    ~ 8 x109  KSKL pairs 
Worldwide unique data sample  

for typology and statistical relevance 
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Mode Test Param. KLOE measurement 
KL→π+π-  CP BR  (1.963 ± 0.012± 0.017) × 10−3 

KS→3π0 CP BR < 2.6 × 10-8 

KS→πeν CP AS (1.5 ± 10) × 10-3 

KS→πeν CPT Re(x-) (-0.8 ± 2.5) × 10-3    

KS→πeν CPT Re(y) (0.4 ± 2.5) × 10-3  

All KS,L BRs, η’s etc...
(unitarity) 

CP 
CPT 

Re(ε) 
Im(δ) 

(159.6 ± 1.3) × 10-5 

(0.4 ± 2.1) × 10-5  

KSKL→π+π- ,π+π-  CPT & QM α  (-10 ± 37) × 10-17 GeV  

KSKL→π+π- ,π+π-  CPT & QM β (1.8 ± 3.6) × 10-19 GeV  

KSKL→π+π- ,π+π-  CPT & QM γ (0.4 ± 4.6) × 10-21 GeV  
compl. pos. hyp.  

(0.7 ± 1.2) × 10-21 GeV 

KSKL→π+π- ,π+π-  CPT & QM Re(ω) (-1.6 ± 2.6) × 10-4 

KSKL→π+π- ,π+π-  CPT & QM Im(ω) (-1.7 ± 3.4) × 10-4 

KSKL→π+π- ,π+π-  CPT & Lorentz Δa0 (-6.2 ± 8.8) × 10-18 GeV 

KSKL→π+π- ,π+π-  CPT & Lorentz ΔaZ (-0.7 ± 1.0) × 10-18 GeV 

KSKL→π+π- ,π+π-  CPT & Lorentz ΔaX (3.3 ± 2.2) × 10-18 GeV 

KSKL→π+π- ,π+π-  CPT & Lorentz ΔaY (-0.7 ± 2.0) × 10-18 GeV 

List of KLOE CP/CPT tests with neutral kaons 
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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 → ππγ, µµγ

•  Higgstrahlung 
e+e-→ Uhʹ′→µ+µ- + miss. energy 

•  Leptophobic B boson search 
φ→ηB, B→π0γ, η→γγ  
η→Bγ, B→π0γ, η→π0γγ  

•  Search for U invisible decays 

Light meson Physics: 
•  η decays, ω decays, TFF φ → ηe+e- 
•  C,P,CP violation:  

improve limits on η → γγγ, π+π-, π0π0, π0π0γ 
•  improve η → π+π-e+e-  
•  χpT :  η → π0γγ 
•  Light scalar mesons: φ → KSKSγ 
•  γγ Physics: γγ → π0 and π0 TFF 
•  light-by-light scattering 
•  axion-like particles 
 
 

Hadronic cross section 
•  Measurement of aµ

HLO in the space-like  
region using Bhabha process 

•  ISR studies with 3π, 4π final states 
•  Fπ with increased statistics 
 
 EPJC (2010) 68, 619,  EPJ WoC 166 (2018) 
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1.  KS semileptonic charge asymmetry 

2.  Direct test of T and CPT in neutral kaon transitions 

3.  Search for the CP violating KS→ π0π0π0 decay  
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KS semileptonic charge asymmetry

AS = ( 1.5 ± 9.6 ± 2.9 ) × 10-3 

AS≠AL  signals CPT violation 

AL=( 3.322 ± 0.058 ± 0.047 ) × 10-3 

KTEV PRL88,181601(2002) 

( ) ( )
( ) ( ) −−++−

−++−

ℜ±ℜ−ℜ±ℜ=
→Γ+→Γ

→Γ−→Γ
= xy

eKeK
eKeK

A
LSLS

LSLS
LS 2222

,,

,,
, δε

νπνπ

νπνπ

KS and KL semileptonic charge asymmetry 

CPTV in ΔS=ΔQ  ΔS≠ΔQ decays 
   

T  CPT viol. in mixing 

KLOE PLB 636(2006) 173 

KLOE PLB 636(2006) 173 

ℜx- = ( -0.8 ± 2.5) × 10-3

ℜy = ( 0.4 ± 2.5) × 10-3

( )−ℜ+ℜ=− xAA LS δ4

( )yAA LS ℜ−ℜ=+ ε4

CPT & ΔS=ΔQ viol.  

CPT viol. 

input from other experiments 

AS,L≠0  signals CP violation 

Data sample: L=410 pb-1 
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calorimeter (tcl ≠ T0), and the time calculated from the DC measurement of track length
L and particle momentum p under the mX mass hypothesis:

”t(X) = (tcl ≠ T0)≠
L

c · —(X) , —(X) =
p

Ò
p

2 +m2X
. (3.3)

Since at this stage the „ decay time (T0) is not known with suÖcient precision, the following
diÄerence is introduced:

”t(X,Y ) = ”t(X)1 ≠ ”t(Y )2 , (3.4)

where the mass hypothesis mX(Y ) is used for track 1(2). Since for the correct mass assign-
ments the value of ”t(X,Y ) is close to zero, the condition |”t(fi,fi)| > 1.5 ns is applied for
further KS æ fi+fi≠ rejection. The remaining pairs of tracks are tested under pion-electron
”t(fi, e) and electron-pion ”t(e,fi) hypothesis (see Figure 2). Once particle identification has
been performed, the T0 and the time diÄerences ”t(e) and ”t(fi) are reevaluated accordingly.
Events are then selected within the circle in the ”t(e)≠ ”t(fi) plane as shown in Figure 3.
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Figure 2. Distribution of TOF diÄerences ”
t

(fi, e) vs ”
t

(e,fi) for simulated K
S

æ fie‹ events
(left plot), all simulated events (center plot) and data (right plot). The signal events are se-
lected in the regions delimited by the dashed lines: (|”

t

(e,fi)| < 1.3 ns, ”
t

(fi, e) < ≠3.4 ns) or
(”
t

(e,fi) > 3.4 ns, |”
t

(fi, e)| < 1.3 ns).

The best separation between the signal and background components is obtained with
the variable:

M

2(e) = [EKS ≠ E(fi)≠ E‹ ]
2 ≠ p2(e), (3.5)

where E‹ = |p̨KS ≠ p̨(e)≠ p̨(fi)|. M2(e) is calculated according to the TOF particle identi-
fication. For the signal events M2(e) peaks close to zero (see Figure 4).

3.5 Signal extraction

The signal yield is obtained by fitting the M2(e) distribution with a superposition of
the corresponding simulated distributions for signal and residual background components,
with free normalizations, separately for each final charge state, and taking into account
the statistical uncertainty of the Monte Carlo sample [22, 23]. The remaining residual
background components are:

– 6 –
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Figure 3. Distribution of the time diÄerences ”
t

(fi) vs ”
t

(e) for data events (top-left), all simulated
events (top-right), simulated K

S

æ fie‹ events (bottom-left) and simulated background events
(bottom-right). Events within the circle [(”

t

(e)≠ 0.07 ns)]2 + [(”
t

(fi)≠ 0.13 ns)]2 = (0.6 ns)2 are
retained for the analysis.

• the KS æ fi+fi≠ decays with one of the pion tracks not correctly reconstructed and
classified as an electron by the TOF algorithm (1.6% of the sample after the fit,
summing on the two final charge states);

• the KS æ fi+fi≠ decays where one of the pions decays into a muon before entering
the drift chamber (18.7%);

• radiative KS æ fi+fi≠“ decays (2.5%);

• other decays mainly originating from „æ K+K≠ (6.7%) .

– 7 –

12 

KS tagged by KL interaction in EmC 
Efficiency ~ 30% (largely geometrical) 

KL “crash” 
β= 0.22 (TOF)

KS → π-e+ν

KS semileptonic charge asymmetry
•  Pure KS sample selected exploiting entanglement 
•  L=1.6 fb-1;  ~ 4 × statistics w.r.t. previous 

measurement 
•  Pre-selection: 1 vtx close to IP with Minv(π,π)<MK  

+ KL crash 
•  PID with time of flight technique 

data 

i ∝ KS KL − KL KS
#$ %&

δt X( ) = tcl −T0( )− L
cβ X( )

      ;      X = e,π

δt X,Y( ) = δt X( )1 −δt Y( )2
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KS semileptonic charge asymmetry

•  Fit of M2(e) distribution varying MC 
normalizations of signal and bkg 
contributions.  

•  Total χ2/ndf = 118/109 
•  Total efficiencies: 

ε+=(7.39±0.03)% and ε-=(7.81±0.03)% 

•  Control sample:   
KL → πeν close to IP tagged by  
KS → π0π0 

•  track to EMC cluster and TOF efficiency 
correction from control sample 

Daria Kisielewska � ! KLKS ! KL(crash)⇡e⌫ 03.07.2017 17 / 37

Control sample selection - Time of Flight analysis

)
KL !
⇡e⌫

δt(π,π) [ns]

E
n

tr
ie

s

1

10

10
2

10
3

10
4

10
5

-15 -10 -5 0 5 10 15
1

10

10
2

10
3

δt(π,e) [ns]

δ
t(

e
,π

) 
[n

s
]

-14

-12

-10

-8

-6

-4

-2

0

2

4

-4 -2 0 2 4 6 8 10 12 14
1

10

10
2

10
3

δt(e) [ns]

δ
t(

π
) 

[n
s

]

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

)
KS !
⇡e⌫

δt(π,π) [ns]

E
n

tr
ie

s

1

10

10
2

10
3

10
4

10
5

10
6

-15 -10 -5 0 5 10 15
1

10

10
2

10
3

10
4

δt(e,π) [ns]

δ
t(

π
,e

) 
[n

s
]

-14

-12

-10

-8

-6

-4

-2

0

2

4

-4 -2 0 2 4 6 8 10 12 14
1

10

10 2

10 3

δt(e) [ns]

δ t
(π

) [
ns
]

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

KL→ πeν  

data data 

The result of the fit for the signal events is 34579±251 forKS æ fi≠e+‹ and 36874±255
for KS æ fi+e≠‹̄, with total ‰2/ndof = 118/109, summing on the two final charge states
(see Figure 4).
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Figure 4. M2(e) distribution for data (black points) and MC simulation (dotted histogram) for
both final charge states (fi+e≠ – left side, fi≠e+ – right side) after the fit. The individual MC
contributions are shown superimposed in the plots (colored points – see legend in the plots). Bottom
row: corresponding data-MC residual distributions after the fit.

– 8 –
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KS semileptonic charge asymmetry

•  Fit of M2(e) distribution varying MC 
normalizations of signal and bkg 
contributions.  

•  Total χ2/ndf = 118/109 
•  Total efficiencies: 

ε+=(7.39±0.03)% and ε-=(7.81±0.03)% 

•  Control sample:   
KL → πeν close to IP tagged by  
KS → π0π0 

•  track to EMC cluster and TOF efficiency 
correction from control sample 
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Control sample selection - Time of Flight analysis
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data 

AS =
N π −e+( ) ε+ − N π +e−( ) ε−
N π −e+( ) ε+ + N π +e−( ) ε−Daria Kisielewska 11.06.2018 9 / 17

Charge asymmetry measurement for KS

Tag: KL crash

Preliminary selection

Time of Flight

MC to data
normalization

N±

AS = N+/✏+�N�/✏�

N+/✏++N�/✏�

✏±

E�ciency (%)
KS !
⇡�e+⌫

KS !
⇡+e�⌫̄

trigger and event classification (✏TEC ) 99.80±0.02 99.80±0.02
KS tagging (✏TAG ) 36.54±0.05 36.67±0.05

kinematical cuts (✏KC ) 75.60±0.08 75.62±0.07
Track to Cluster Association (✏TCA) 42.22±0.08 41.85±0.08

Time of Flight (✏TOF ) 64.03±0.19 67.96±0.18
Fit range (✏FR ) 99.16±0.03 99.17±0.02

Contribution
Systematic
uncertainty
(10�3)

Trigger and event
classification

�TEC 0.28

Tagging and
preselection

Eclu(crash) 0.55

” �⇤ 0.67
” zvtx 0.01
” ⇢vtx 0.05
” ↵ 0.46
” Minv (⇡,⇡) 0.20

Time of flight
selection

�t(⇡,⇡) 0.71

”
�t(e,⇡) vs
�t(⇡, e)

0.87

”
�t(e) vs
�t(⇡)

1.82

Momenta smearing �MS 0.58
Fit procedure �HBW 0.61

” Fit range 0.49

Total 2.6

The new KLOE AS analysis has been finalized with 1.63 fb�1 data sample

AS = (�4.8± 5.7stat ± 2.6syst)⇥ 10�3

data 

Systematic uncertainties on AS 
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KLOE (2018) 

ℜx- = ( -2.0 ±1.4) × 10-3

ℜy = ( 1.7 ± 1.4) × 10-3

Data sample: L=1.7 fb-1 

( )−ℜ+ℜ=− xAA LS δ4

( )yAA LS ℜ−ℜ=+ ε4

CPT & ΔS=ΔQ viol.  

CPT viol. 

input from other experiments 

KS semileptonic charge asymmetry

with KLOE-2 data: δAS(stat) → ~ 3×10-3 

It will improve the CPT test ( Imδ ) 
using Bell-Steinberger relationship  

Taking into account the correlations of the systematical uncertainties of both measure-
ments, based on similar analysis schemes, their combination provides:

AS = (≠3.8± 5.0stat ± 2.6syst)◊ 10≠3 . (7.2)

A comparison of these results is shown in Figure 5.
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KTeV
AL = (3.322 ± 0.058 ± 0.047) × 10-3

Charge asymmetry
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AS = (-3.8 ± 5.0 ± 2.6) × 10-3

Charge asymmetry
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KLOE 2018
AS = (-4.9 ± 5.7 ± 2.6) × 10-3 

Charge asymmetry
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KLOE 2006
AS = (1.5 ± 9.6 ± 2.9) × 10-3

Charge asymmetry

Figure 5. Comparison of the previous result for A
S

(KLOE 2006 [17]), the result presented in this
paper (KLOE 2018) and the combination of the two. The KTeV result for A

L

[14] is also shown.
The uncertainties of the points correspond to the statistical and systematic uncertainties summed
in quadrature.

The combined result 7.2 together with the KTeV result on AL [14] yields for the sum
and diÄerence of asymmetries:

(AS ≠AL)/4 = Re(”K) +Re(x≠) = (≠1.8± 1.4)◊ 10≠3, (7.3)

(AS +AL)/4 = Re(‘K)≠Re(y) = (≠0.1± 1.4)◊ 10≠3. (7.4)

Using Re(”K) = (2.5± 2.3)◊ 10≠4 [13] and Re(‘K) = (1.596± 0.013)◊ 10≠3 [12] the CPT
violating parameters Re(x≠) and Re(y) are extracted:

Re(x≠) = (≠2.0± 1.4)◊ 10≠3, (7.5)

Re(y) = (1.7± 1.4)◊ 10≠3, (7.6)

which are consistent with CPT invariance and improve by almost a factor of two the
previous results [17].
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Any deviation from Ri,/T/CPT=1 constitutes a violation of T/CPT symmetry 

One can define the following ratios of probabilities: 

22 

Direct test of T and CPT in neutral kaon transitions 

J. Bernabeu, A.D.D., P. Villanueva JHEP 10 (2015) 139, NPB 868 (2013) 102,  A.D.D., APPB 48 (2017) 1919  

Unique direct CPT and T test in  
kaon transitions, theoretically  
very clean and model independent. 
Negligible spurious effects from  
ΔS≠ΔQ or direct CP violation. 

T 

CPT 

Testing Discrete Symmetries in Transitions with Entangled Neutral Kaons 1921

Thus, exploiting the perfect anticorrelation of the states implied by
Eq. (1), it is possible to have a “flavor-tag” or a “CP-tag”, i.e. to infer the
flavor (K0 or K̄

0) or the CP (K
+

or K�) state of the still alive kaon by
observing a specific flavor decay (⇡+

`

�
⌫ or ⇡

�
`

+

⌫̄) or CP decay (⇡⇡ or
⇡

0

⇡

0

⇡

0) of the other (and first decaying) kaon in the pair.
In this way, one can experimentally access — for instance — the tran-

sition K

0 ! K

+

, taken as reference, and K

+

! K

0, K̄

0 ! K

+

and
K

+

! K̄

0, i.e. the T, CP and CPT conjugated transitions, respectively.
All possible transitions can be divided into four categories of events, corre-
sponding to independent T, CP and CPT tests, as listed in Table I. One can

TABLE I

Scheme of possible reference transitions and their associated T-, CP- or CPT-
conjugated processes accessible at a �-factory.

Reference T-conjug. CP-conjug. CPT-conjug.

K

0 ! K+ K+ ! K

0
K̄

0 ! K+ K+ ! K̄

0

K

0 ! K� K� ! K

0
K̄

0 ! K� K� ! K̄

0

K+ ! K̄

0
K̄

0 ! K+ K+ ! K

0
K

0 ! K+

K� ! K̄

0
K̄

0 ! K� K� ! K

0
K

0 ! K�

directly compare the probabilities for the reference transition and the conju-
gated one defining the following ratios of probabilities for the T symmetry
test:

R

1,T(�t) = P

⇥
K

+

(0) ! K̄

0(�t)
⇤
/P

⇥
K̄

0(0) ! K

+

(�t)
⇤
,

R

2,T(�t) = P

⇥
K

0(0) ! K�(�t)
⇤
/P

⇥
K�(0) ! K

0(�t)
⇤
,

R

3,T(�t) = P

⇥
K

+

(0) ! K

0(�t)
⇤
/P

⇥
K

0(0) ! K

+

(�t)
⇤
,

R

4,T(�t) = P

⇥
K̄

0(0) ! K�(�t)
⇤
/P

⇥
K�(0) ! K̄

0(�t)
⇤
, (3)

for the CP symmetry test:

R

1,CP

(�t) = P

⇥
K

+

(0) ! K̄

0(�t)
⇤
/P

⇥
K

+

(0) ! K

0(�t)
⇤
,

R

2,CP

(�t) = P

⇥
K

0(0) ! K�(�t)
⇤
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K̄

0(0) ! K�(�t)
⇤
,

R

3,CP

(�t) = P

⇥
K̄
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+

(�t)
⇤
/P

⇥
K

0(0) ! K
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R
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⇥
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0(�t)
⇤
, (4)
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or for the CPT symmetry test:

R

1,CPT

(�t) = P

⇥
K

+

(0) ! K̄

0(�t)
⇤
/P

⇥
K

0(0) ! K

+

(�t)
⇤
,

R

2,CPT

(�t) = P

⇥
K

0(0) ! K�(�t)
⇤
/P

⇥
K�(0) ! K̄

0(�t)
⇤
,

R

3,CPT

(�t) = P

⇥
K

+

(0) ! K

0(�t)
⇤
/P

⇥
K̄

0(0) ! K

+

(�t)
⇤
,

R

4,CPT

(�t) = P

⇥
K̄

0(0) ! K�(�t)
⇤
/P

⇥
K�(0) ! K

0(�t)
⇤
. (5)

The measurement of any deviation from the prediction Ri,S(�t) = 1
imposed by the symmetry invariance (with S = T,CP, or CPT) is a clean
and direct signal of the symmetry violation.

It is worth noting that for �t = 0

R

1,S(0) = R

2,S(0) = R

3,S(0) = R

4,S(0) = 1 , (6)

i.e. the S-violating effect is built in the time evolution of the system, and it
is absent at �t = 0, within our approximations.

For �t � ⌧

S

, assuming the presence of S violation only in the mass
matrix2 and nothing else, one gets

R

2,T(�t � ⌧

S

) ' 1� 4<✏ ,
R

4,T(�t � ⌧

S

) ' 1 + 4<✏ , (7)

R

2,CP

(�t � ⌧

S

) ' 1� 4<✏
S

,

R

4,CP

(�t � ⌧

S

) ' 1 + 4<✏
L

, (8)

R

2,CPT

(�t � ⌧

S

) ' 1� 4<� ,
R

4,CPT

(�t � ⌧

S

) ' 1 + 4<� , (9)

i.e. the S-violating effect built in the time evolution reaches a “plateau”
regime and dominates in this limit.

At a �-factory, one can define two observable ratios for each symmetry
test

R

exp

2,T(�t) ⌘ I

�
`

�
, 3⇡0;�t

�

I(⇡⇡, `+;�t)
; R

exp

4,T(�t) ⌘ I

�
`

+

, 3⇡0;�t

�

I(⇡⇡, `�;�t)
, (10)

R

exp

2,CP

(�t) ⌘ I

�
`

�
, 3⇡0;�t

�

I (`+, 3⇡0;�t)
; R

exp

4,CP

(�t) ⌘ I(⇡⇡, `+;�t)

I(⇡⇡, `�;�t)
, (11)

R

exp

2,CPT

(�t) ⌘ I

�
`

�
, 3⇡0;�t

�

I(⇡⇡, `�;�t)
; R

exp

4,CPT

(�t) ⌘ I

�
`

+

, 3⇡0;�t

�

I(⇡⇡, `+;�t)
, (12)

2 With ✏S,L = ✏± �, ✏ and �, the usual T- and CPT-violation parameters in the neutral
kaon mixing, respectively.
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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±� 

23 

Direct test of T and CPT in neutral kaon transitions 
•  First test of T and CPT in transitions with neutral kaons  (L=1.7 fb-1) 
•  ϕ→KSKL→πe±ν 3π0 and π+π− πe±ν          
•  Selection efficiencies estimated from data with 4 independent control samples 

σ(R2
T)=0.017 

σ(R4
T)=0.017 

preliminary 

preliminary 

T test 
R2,T Δt( ) =

P K 0 0( )→ K− Δt( )$% &'
P K− 0( )→ K 0 Δt( )$% &'

R2,T Δt >> τ S( ) =1− 4ℜε

R4,T Δt( ) =
P K

0
0( )→ K− Δt( )$

%&
'
()

P K− 0( )→ K
0
Δt( )$

%&
'
()

R4,T Δt >> τ S( ) =1+ 4ℜε

Daria Kisielewska 11.06.2018 13 / 17

Direct test of T in neutral kaon transitions

First test of T in transitions with neutral kaons (L=1.7 fb�1)

R2(�t) = P[K0(0)!K�(�t)]
P[K�(0)!K0(�t)] ⇠ I (l�,3⇡0;�t)

I (⇡⇡,l+;�t)

R2(�t >> ⌧s) ⇡
1� 4Re(✏K )

preliminary

�(R2) = 0.017

R4(�t) = P[K̄0(0)!K�(�t)]

P[K�(0)!K̄0(�t)]
⇠ I (l+,3⇡0;�t)

I (⇡⇡,l�;�t)

R4(�t >> ⌧s) ⇡
1 + 4Re(✏K )

preliminary

�(R4) = 0.017
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Direct test of T and CPT in neutral kaon transitions 

σ(DRCPT)=0.028 preliminary 

CPT test 

DRCPT =
R2,CPT Δt >> τ S( )
R4,CPT Δt >> τ S( )

=1−8ℜδ −8ℜx−

R2,CPT Δt( ) =
P K 0 0( )→ K− Δt( )$% &'

P K− 0( )→ K
0
Δt( )$

%(
&
')

R4,CPT Δt( ) =
P K

0
0( )→ K− Δt( )$

%(
&
')

P K− 0( )→ K 0 Δt( )$% &'

DRCPT
  

DRCPT =1+ 2 AL − AS( )

(L=1.7 fb-1) 

DRCPT is the cleanest CPT observable; DRCPT≠1 implies CPT violation. 
KLOE-2 can reach a precision <1%. 
  

DRCPT= 1.016 ± 0.011   Using KTeV result on AL and KLOE on AS:  (preliminary) 

There exists a connection between DRCPT and the AS,L charge asymmetries : 
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3π0 is a pure CP=-1 state; observation of KS → 3π0 is an unambiguous  sign of CP 
violation in mixing and/or in decay.  
Standard Model prediction:   BR(KS	  →	  3π0)	  =	  1.9	  ∙	  10-‐9	  

 BR(KS→3π0)< 2.6 × 10-8  @ 90% CL Best upper limit by KLOE with 1.7 fb-1 
 

KLOE-2 data analysis (L ≈ 300  pb-1): with old analysis scheme 1 event selected as 
a signal (ε3π ~ 19 %)   ⇒ Br(KS→ 3π0 ) ≲ 2.5×10-7  @90% CL   (preliminary) 
Full KLOE-2 statistics + optimized analysis can reach ≲ 10-8  

PLB 723 (2013) 54 

Daria Kisielewska 11.06.2018 15 / 17

Search for a CP violating decay KS ! ⇡0⇡0⇡0

3⇡0 is a pure CP=-1 state; observation of KS ! 3⇡0 is an unambiguous sign of CP
violation in mixing and/or in decay.
Standard Model prediction: BR(KS ! 3⇡0) = 1.9⇥ 10�9

Best upper limit by KLOE with 1.7 fb�1 (PLB 723 (2013) 54)
BR(KS ! 3⇡0) < 2.6⇥ 10�8 @ 90% CL

the analysis is based on �
counting and kinematic fit (in

the 2⇡0 and 3⇡0 hypothesis)

searching for ”KL crash” (KL
in the EMC) + 6 prompt
photons

Main bckg: KS ! 2⇡0 (4
prompt photons), also used
for normalization

at KLOE-2: Selection criteria
hardened to face the larger
machine background ⇠10
times better background
rejection

KLOE-2 data analysis (L=300 pb�1): With the old analysis scheme 1 event selected as a
signal: ) Br(KS ! 3⇡0) < 2.5⇥ 10�7 @ 90% CL (preliminary)
Full KLOE-2 statistics+optimized analysis could reach  10�8

Search for the CP violating KS→ π0π0π0 decay 

- “KL crash” (KL in the EMC)   
  + 6 prompt photons 
-  Analysis based on γ counting and  
   kinematic fit in the 2π0 and 3π0  
   hypothesis 
- Main bckg: KS→2π0 (4 prompt  
   photons), also used  for  
   normalization 
- KLOE-2: selection criteria hardened  
  to face the larger machine bkg:  
  ~ 10x better bkg rejection  
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Conclusions
•  The KLOE-2 experiment at the upgraded DAΦNE successfully completed its data 

taking campaign collecting L=5.5 fb-1 by the end of March 2018. 
•  The KLOE+KLOE-2 data sample (~ 8 fb-1)  is worldwide unique for typology and 

statistical relevance.  
 
•  The entangled neutral kaon system at a φ-factory is an excellent laboratory for the 

study of discrete symmetries. 
•  The analysis of the full KLOE data set is being completed: 

- new measurement of the KS semileptonic charge asymmetry (paper submitted) 
- first test of T and CPT in neutral kaon transitions: analysis in advanced phase; 
the connection of the CPT test with AS,L opens new interesting possibilities. 

•  The study of discrete symmetries with neutral kaons is one of the key issues at 
KLOE-2. Several KLOE results will be significantly improved. 

•  The analysis of KLOE-2 data already started on several benchmark processes 
(KS->πlν, KS->π+π-, KS->π0π0, KL->π+π-, KL->3π0, etc.) 

•  Among them a preliminary study searching for the CP violating KS->3π0 decay 

shows the possibility to further improve the limit on this BR. 

 


