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Abstract
A short review of two measurements recently published by KLOE/KLOE–2 collaborations is presented. Namely
the most stringent limits of the CPT-violating parameters Δaμ for neutral kaons, and the absolute branching ratio of
K + → π+ π− π+ (γ) decay. In addition a discussion of starting KLOE–2 project is performed.
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1. Introduction
The K LOng Experiment completed its data taking
campaign in 2006. The detector designed for neutral
and charged kaons studies operated at the DAΦNE e+ e−
collider [1] with a c.m. energy working point equal to
the φ meson mass, where kaons were produced in pairs
from the φ meson decay (BR(φ → KK) ≈ 83%). Total data sample corresponding to 2.5fb−1 of integrated
luminosity allowed to study discrete symmetries and to
precisely measure dominant kaon branching ratios. Recently an upgraded KLOE detector started operation to
extend KLOE physics program (KLOE–2).
2. KLOE detection setup
The KLOE system consists mainly of two detectors:
a cylindrical drift chamber with diameter of 4m [2] surrounded by an electromagnetic calorimeter [3], both immersed in 0.5T magnetic ﬁeld. High performance of
drift chamber for momentum and vertex reconstruction
(σ p⊥ /p⊥ < 0.4% for θ > 45◦ ; ∼150 μm in transverse plane) and excellent time and
√ energy resolution
E(GeV) ⊕ 100ps;
of the calorimeter
(σ
=
57ps/
t
√
σE /E = 5.7%/ E(GeV)) ensure high quality of collected data. The φ meson produced in e+ e− collisions
has only a small momentum in z direction (∼ 15MeV).
Since kaons are always produced in pairs from φ decay, identiﬁcation of only one of them allows for fourhttp://dx.doi.org/10.1016/j.nuclphysbps.2015.09.235
2405-6014/© 2015 Elsevier B.V. All rights reserved.

momentum determination of the second one. This is the
so called tagging technique.

3. CPT symmetry and Lorentz invariance test
The CPT symmetry as a simultaneous composition
of charged conjugation (C), parity (P) and time reversal
(T) appears to be the only respected discrete symmetry
in Nature. Tiny CPT symmetry violations might appear
in conjunction with Lorentz symmetry breaking [4]. In
view of an eﬀective ﬁeld theory (Standard Model Extension) [5–7] for neutral kaons the CPT violation is introduced in the mixing parameter δK , with an additional
dependence on the four-momentum of kaon:
δK ≈ i sinφS W eiφS W γK (Δa0 − βK · Δa)/Δm,

(1)

where γK and βK are the boost factor and velocity of
the kaon in the observer rest frame, respectively, φS W =
arctan(2Δm/ΔΓ) is the superweak phase with Δm and
ΔΓ the diﬀerences of mass and width between KS and
KL , respectively, and Δaμ are four CPT and Lorentz violating coeﬃcients [5–7]. Determination of these parameters are naturally performed in the reference frame
of ﬁxed stars. Since φ meson is produced at DAΦNE
almost at rest p1 ∼ −p2 and δK (p1 )  δK (p2 ), where pi
denotes momentum of each kaon. On the other side the
K mesons produced in φ meson decays are in a coherent

E. Czerwiński / Nuclear and Particle Physics Proceedings 273–275 (2016) 1455–1458

1456

quantum state (J PC = 1−− ) and the initial state can be
written as:


N 
|i = √ KS (p1 ) KL (p2 )
2
(2)



− KL (p1 ) KS (p2 ) ,



1 + | S |2 1 + | L |2 /(1 − S L ) ≈ 1 is a
where N =
normalization factor, and S ,L = K ± δK . The known
contribution from CP symmetry violation is introduced
as K . The experimental observable from the integration of equation (2) over the sum of proper decay times
τ1 + τ2 at ﬁxed time diﬀerence Δτ = τ1 − τ2 is the following [8]:

1
1
I f1 f2 (Δτ) ∝ e−Γ|Δτ| |η1 |2 e 2 ΔΓΔτ + |η2 |2 e 2 ΔΓΔτ
 (3)
−2Re η1 η∗2 e−iΔmΔτ
where η j = f j | T |KL / f j | T |KS
p j , t s ), f1
K − δK (
and f2 denote kaon ﬁnal states, Γ = ΓS + ΓL . In the
reported measurement f1 = f2 = π+ π− and due to the
fully destructive quantum interference at Δτ = 0 the
distribution (3) is sensitive to changes of η1 /η2 ratio.
At KLOE the measurement of φ → KS KL →
π+ π− π+ π− reaction has been performed in order to obtain the Δaμ parameters from the ﬁt of equation (3) to
experimental data. The selection criteria are based on:
• the invariant mass of the tracks connected to a vertex,
• two-body kinematics,
• missing momentum and energy.
The total contamination of signal is 1.5% mostly from
kaons regenerated on the beam pipe, whereas the average signal eﬃciency is ∼25%. Taking into account detector localization on Earth as well as rotation and movement of Earth itself the space-time coordinates of selected events are transformed to the sidereal frame. A
proper ﬁt of the experimental I(Δτ) distribution yields
the following values of the four parameters of Standard
Model Extension at KLOE are [9]:
Δa0 = (−6.0
Δa x = ( 0.9
Δay = (−2.0
Δaz = ( 3.1

±
±
±
±

7.7 stat
1.5 stat
1.5 stat
1.7 stat

±
±
±
±

3.1 syst ) × 10−18 GeV,
0.6 syst ) × 10−18 GeV,
0.5 syst ) × 10−18 GeV,
0.5 syst ) × 10−18 GeV.

At present the reported values are the most precise
measurement of these parameters in the quark sector
of Standard Model Extension and the ﬁrst independent
measurement of all four parameters in the kaon sector.

4. BR(K + → π+ π− π+ (γ)) measurement
The last measurement of BR(K ± → π± π+ π− ) was
performed in 1972 without information about the radiation cut-oﬀ [10] whereas value reported in PDG [11] is
obtained from a global ﬁt that does not use any of the
available BR(K ± → π± π+ π− ) measurements but the rate
measurement Γ(π+ π+ π− ) = (4.511 ± 0.024) × 106 s−1
published in 1970 [12]. In the π0 π0 invariant mass distribution of data collected by NA48 a cusp-like anomaly
at M00 = 2mπ+ can be observed [13]. The interpretation
is the ﬁnal state charge-exchange reaction π+ π− → π0 π0
in K ± → π± π+ π− decay [14, 15]. Based on the ﬁt of
2
distrimodels [16] and [17, 18] to experimental M00
bution the diﬀerence between the S-wave ππ scattering
lengths in the isospin I=0 and I=2 states was determined [19], where the main source of uncertainty was
due to the ratio of the branching ratios K ± → π± π− π+
and K ± → π± π0 π0 .
New measurement performed at KLOE [20] is based
on the two samples selected with the usage of K± →
μ± ν(γ) (Kμ2 tags) and K± → π± π0 (γ) (Kπ2 tags) events.
These independent samples of pure kaons for the signal
selection are useful for systematic uncertainties evaluation and cross-checks [21]. The above mentioned decays are identiﬁed from the momentum of the charged
secondary track in the kaon rest frame evaluated using the pion mass hypothesis, the selection eﬃciency
of the two tagging normalization samples are similar
and about 36%. In order to reduce inﬂuence of the trigger eﬃciency on the signal side a normalization sample of Kμ2 or Kπ2 tags is selected. In addition K − is
used as the tagging kaon (Kμ2 or Kπ2 ) and K + as the
tagged kaon (signal) due to factor of ∼ 103 lower the
nuclear cross section for positive kaons with momenta
∼100MeV with respect to that of negative kaons [22].
To evaluate the momentum of the tagged kaon at the
interaction point (IP) the momentum of the tagging kaon
at the IP (backward extrapolated from its ﬁrst hit in
the drift chamber (DC)) and momentum of the φ-meson
measured run by run with Bhabha scattering events are
used. Then momentum of K + is extrapolated inside
the DC (path of the signal kaon). Requirement of the
position of K + decay vertex inside inner radius of the
drift chamber is applied in order to decrease number of
charged track in the DC, since both kaon and pions have
momenta lower than ∼ 200MeV and therefore curl up
in the KLOE magnetic ﬁeld, which increases number of
tracks reconstructed with low quality. Additionally only
two of the pion tracks are reconstructed to search for a
vertex along the signal kaon path.
The number of K + → π+ π− π+ (γ) is extracted from
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the comparison of the MC-predicted shapes for the signal and the background and the experimental missing
2
− (pK + − p1 − p2 )2 where
mass spectrum m2miss = Emiss
p1 and p2 are the momenta of the selected tracks.
The branching ratio is given by:
BR(K + → π+ π− π+ (γ)) =

NK→3π 1
×
Ntag

Extension parameters with application of kaon interferometry, and completes the KLOE program of precision
measurements of the dominant kaon branching ratios.
The new KLOE–2 setup started operations at an upgraded DAΦNE collider for an extension of the original
KLOE physics program.

(4)

where NK→3π is the number of signal events, Ntag is the
number of tagged events and is the overall signal selection eﬃciency (detector acceptance, reconstruction
eﬃciency, tag bias, corrections for the machine and
cosmic-ray background).
The eﬀect of the inﬂuence of the charged kaon lifetime through the detector acceptance on the BR(K + →
π+ π+ π− (γ)) was also evaluated based on the MC simulation and then applied as weight to the MC events, both
for the signal and the control sample selection procedures.
Averaging two results for K − → μ− ν̄(γ) and K − →
− 0
π π (γ) samples, accounting for correlations, the ﬁnal
result of the measurement is [20]:
BR(K + → π+ π− π+ (γ)) = 0.05565
±0.00031 stat ± 0.00025 syst ,

1457

(5)

which is fully inclusive of ﬁnal-state radiation and has a
0.72% accuracy, which makes it a factor 5 better with
respect to the previous measurement [10].
5. KLOE–2 project
The KLOE detection system is now upgraded with
the Inner Tracker detector [23], which will improve resolution on the vertex position and acceptance for tracks
with low transverse momentum; with two pairs of small
angle tagging devices to detect low (Low Energy Tagger
- LET [24]) and high (High Energy Tagger - HET [25])
energy e+ e− originated from e+ e− → e+ e− X reactions;
new crystal calorimeters (CCALT) to cover the low polar angle region to increase acceptance for very forward electrons and photons down to 8◦ [26]; and a tile
calorimeter (QCALT) used for the detection of photons coming from KL decays in the drift chamber [27].
These upgrades will improve systematic uncertainties
for KLOE–2 measurements [28], while statistical uncertainties will be improved due to higher luminosity of
the DAΦNE collider.
6. Conclusions
Recent results of KLOE explore fundamental symmetries with 10−18 GeV sensitivity on Standard Model

7. Acknowledgments
This work was supported in part by the EU Integrated Infrastructure Initiative Hadron Physics Project
under contract number RII3-CT-2004-506078; by
the European Commission under the 7th Framework
Programme through the ‘Research Infrastructures’
action of the ‘Capacities’ Programme, Call: FP7INFRASTRUCTURES-2008-1, Grant Agreement
No. 227431; by the Polish National Science Centre through the Grants No. 2011/03/N/ST2/02641,
2011/01/D/ST2/00748,
2011/03/N/ST2/02652,
2013/08/M/ST2/00323, and by the Foundation for
Polish Science through the MPD programme and the
project HOMING PLUS BIS/2011-4/3.
8. Bibliography
[1] The φ-factory Study Group Proposal for a φ-factory, LNF90/031 (R) (1991).
[2] M. Adinolﬁ, F. Ambrosino, A. Andryakov, A. Antonelli, M. Antonelli, C. Bacci, R. Baldini-Ferroli and A. Bankamp et al.,
Nucl. Instrum. Meth. A 488 (2002) 51.
[3] M. Adinolﬁ, F. Ambrosino, A. Antonelli, M. Antonelli, F. Anulli, G. Barbiellini, G. Bencivenni and S. Bertolucci et al., Nucl.
Instrum. Meth. A 482 (2002) 364.
[4] O. W. Greenberg, Phys. Rev. Lett. 89 (2002) 231602 [hepph/0201258].
[5] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55 (1997) 6760
[hep-ph/9703464].
[6] D. Colladay and V. A. Kostelecky, Phys. Rev. D 58 (1998)
116002 [hep-ph/9809521].
[7] V. A. Kostelecky and R. Potting, Phys. Rev. D 51 (1995) 3923
[hep-ph/9501341].
[8] Handbook on neutral kaon interferometry at a Phi-factory, editor: A. Di Domenico, Frascati Physics Series 43 (2007)
[9] D. Babusci et al. [KLOE-2 Collaboration], Phys. Lett. B 730
(2014) 89 [arXiv:1312.6818 [hep-ex]].
[10] I.H. Chiang, et al., Phys. Rev. D 6 (1972) 1254.
[11] PDG, Phys. Rev. D 86 (2012) 010001.
[12] W.T. Ford, et al., Phys. Rev. Lett. 25 (1970) 1370.
[13] NA48 coll., J.R. Batley, et al., Phys. Lett. B 633 (2006) 173.
[14] P. Budini, L. Fonda, Phys. Rev. Lett. 6 (1961) 419.
[15] N. Cabibbo, Phys. Rev. Lett. 93 (2004) 121801.
[16] N. Cabibbo and G. Isidori, JHEP 0503 (2005) 21.
[17] G. Colangelo, J. Gasser, B. Kubis, A. Rusetsky, Phys. Lett. B
638 (2006) 187.
[18] M. Bissegger, A. Fuhrer, J. Gasser, B. Kubis, A. Rusetsky, Nucl.
Phys. B 806 (2009) 178.
[19] NA48 coll., J.R. Batley, et al., EPJ B 64 (2009) 589.
[20] D. Babusci et al. [KLOE/KLOE-2 Collaboration], Phys. Lett. B
738 (2014) 128 [arXiv:1407.2028 [hep-ex]].

1458
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