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The KLOE experiment at the DRNE ¢-factory of the INFN Frascati Laboratory collected data
corresponding to 2.5 fo' of integrated luminosity. Neutral kaon pairs producedpimeson
decays offers a unique possibility to perform tests of funelatal discrete symmetries.

The entanglement of the two kaons is exploited to searchdssiple violation oCPT symmetry
and Lorentz invariance in the context of the Standard-Méat&nsion (SME) framework. A new
approach to the analysis gf— KsK| — mhmm, m" m— events has been adopted to independently
measure all fouCPT violating parameterda,, for kaons in the SME. The final results of the
analysis om\ay, are:

Nag = (—6.04 7.7ga +3.1g) x 1078 GeV,

Nax = ( 0.9+ 1544 +0.655) x 10718 GeV,

Nay = (—2.04 1.544 +0.5q4) x 107 GeV,

Naz = ( 3.1+ 1.7¢a +0.55) x 10718 GeV.

TheKs — n°r°m® decay is a pur€P violating process which, assumi@T invariance, allows
direct CP violation to be investigated. This decay has not been obseso far. The new best
upper limitBR(Ks — m°r°m®) < 2.6 x 10°8 at 90% C.L. has been set with the KLOE detector.
This result improved by a factor of five the previous limit andne order of magnitude larger
than the Standard Model prediction.

Perspectives on these measurements using the KLOE-2 &ppapgraded with an Inner Tracker
and low-theta angle calorimeters will be discussed.
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1. The KLOE experiment

The KLOE experiment has collected 2.5 fhof integrated luminosity at DRNE theete™
®-factory at the INFN Laboratori Nazionali di Frascati, fulfilling a vastgram of precision kaon
and hadron physics measurements [1]. With its general purpose detamasisting of a large
cylindrical drift chamber surrounded by a lead-scintillating fiber electgmetic calorimeter en-
tirely immersed in an axial magnetic field, KLOE produced the most comprateessi of results
on kaon physics from a single experiment using the unique availability & iggirK, and K*
beams at —factory .

2. CPTand Lorentz Symmetry: @ — KK — mmhm, mhm

At DA®NE the ¢ -meson is produced almost at rest and decays mostly in kaon pairs: 34%
of decays are neutral kaons. The initial state of the kaon pair produited™ = 1~ quantum
numbers is:|i) = (|Ko)[Ko) — [Ko)|Ko))/v/2 = -4 (IKs(B))|KL(—P)) — [Ks(—B))[KL(P))). with
|Ks/KL) the kaon mass eigenstates artd a normalization factor. The neutral kaon mass eigen-
states can be written as:

Ks) = [(1+ &) |Ko) + (1 - &5)[Ko)] /Ns 2.1)
[KL) = [(1+&)|Ko) — (1 —&)[Ko)] /NL '

with &5/ = & + & whereg is theCP violation parameter in the neutral kaon mixing ahdis
theCPT violation parameter. Assuming I@PT violation es = &, .

The time evolution of the initial staté) decaying into|f1, fz) final state can expressed as a
function of the proper decay time differenfie = 1, — 11:

i, (87) D718 [|ng [2e% 871 g 26~ %7 — 20e(n, njye o) (2.2)

with n¢; = (fj[KL)/(fj|Ks), T =Ts+T, AT =Ts—T, showing the time interference term
correlating thef; and f, decays even if the kaons are distant in space. Moreover complete de-
structive quantum interference prevents the two kaons from decayiogha same final state

fi = f, = f at the same tim@Ar| = 0. Assumingf; = " the resulting ratio of amplitudes
becomes); = Ny ~ &k +€ — .

According to the Standard Model Extension (SME)@HT violation should appear together with
Lorentz Invariance breaking thus implying a direction dependent moduldtichis SME frame-
work thed¢ parameter is expected to be modulated by kaon momentum and direction:

O ~ i singane® yi (Mag — B - AZ) /Am, (2.3)

with y andpx the kaon Lorentz factorgsy the super-weak phase and,, the SME parameters
for the kaon system. At KLOE the two kaons are produced almost babkk- due to thep-
meson momentum, and therefore evolve with two diffednparametersdy (Py) # & (P.)). The
effect produced bZPT violation can be observed in the distribution of equation 2.2 provided the
two kaon final states are tagged with respect to some privileged reéeframse.
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Accounting for the Earth motion with respect to fixed stars, @RI violation parameter
becomes:

i singgy e v
Am
—Bxax sind sing sinweTyg

+ Bk Aax (cosd siny + sind cosg cosy ) coswe Tsqg
+BxAay (cosd siny + sind cosg cosy) sinwe Tgqg
+BxAay sindg sing coswEng} (2.4)

& (Fc, Tsa) = Yk [Aao+BKAaz(cosv.9 cosx — sind cosg siny)

with we the Earth angular velocitylgq the sidereal timey the angle between the axis of the
laboratory frameg’ag and the Earth rotation axis adtland ¢ are the polar and azimuthal angle
in the laboratory, respectively. Theax and Aay parameters are sensitive to the sidereal time
dependence od¢. TheAag parameter, coupled tg only, will be the most difficult to observe,
considering the 2-3% variation ¢f at KLOE.

Using equation 2.4 in the time evolution of the kaon system and ordering the tws lee-
cording to the?, component of their momentum, gives:

(8, Tea, O, brs) 0 €747 e — & (o) 247
|£K_a<(|3(ﬂ_l3l)|ze_%AT— (25)
2006 (e — & (Py) (e — & (B — Py))"e 47 |

with Jk,, ¢k, the polar and azimuthal angle of the first kaon. Treneson momentum and the
angular distribution of kaon decays, allowing almost all the direction in sfmabe explored, are
the key to accurate measurements of allAagparameters at KLOE.

In order to measure&a,, parameters, 1.7 fit of the KLOE data-set have been analized as a
function of sidereal time and kaon direction. The signal selection, extpslescribed in Ref.[3],
requires two vertices with two tracks and kinematical cuts are applied toedzhakground con-
tamination. Then a global fit is performed to improve the resolution on the dieaaydifference.

To enhance the sensitivity to tii&g parameter, the data sample has been divided according to
kaon direction with respect tp-meson momentum (e.@ > 0 or B < 0) and the observable has
been defined as:

S(ATi,ATSidj,AQh) = th = / dAT/ deid dQKlp(QKlaTsid) I (AT,ng,QKl) (2.6)
AT, ATsidj AQp

with p(Qk,, Tsd) the angular and sidereal time density distribution for the first K&gmproduced
with P, > 0. The number of differerit distributions used for the measurements is eight: 4 sidereal
time binsx the two angular bins cd, > 0 cospk, > 0 (sel. “I-1ll") and cosdk, > 0 cospk, < 0
(sel. “lI-IV"). The rangeArt € [—12 : 1215, has been chosen to limit the effect of regeneration on
the spherical beam pipe. To fit the data distributions, efficiency anduté&so corrections have
been applied to the theoretical expression of equation 2.6. To this putpdgmted Monte Carlo
simulations and data control samples have been used.

The final results ol\a,, parameters, obtained from the simultanoeus fit of the eight data dis-
tributions, are reported in table 1. The total uncertainty is statistically dominated.
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Figure 1: Fit results: Top (Bottom) plots are for the angular selectielll”(“lI-1V”) . Black points are data
and colored bands are the fit output. The errors on data drgtistl only, while the fit result band includes
uncertainty from Monte Carlo statistics and efficiency eotion.

Table 1: Fit results. Errors include the statistical fluctuationd are in the expected range. Theyfft/nd f
is 2117/184 corresponding to a p-value of 8%.

Par. | Fit output (10 GeV) Correlation matrix

Aag Aax Day Aaz

Nag | (—6.0E£7.7¢a £3.15) 1.000 0.304 -0.187 0.483

Nax | ( 0.941.5g44 +0.6g4) 0.304 1.000 -0.045 0.069

Nay | (—2.041544+0544) || -0.187 -0.045 1.000 -0.104
( 3141744 +0.6gs) 0.483 0.069 -0.104 1.00¢

Aay

3. CP Symmetry: Kg— mrPn®

The Ks— 3 1° decay is a pur€P violating process. The relaté@P violation parameter is
defined as the ratio dfs to K decay amplitudegjooo = A(Ks — 31°)/A(KL — 3m%) = &s+
€500 With €5 = € + & related to the Ks CP impurity and ey, to directCP violation. In Chiral
Pertubation Theory at the lowest ordlégo: —2¢' [4, 5], with € the direciCP violation parameter
in 1it decays. Thu$)ooo ~ €s and BR(K5—>3n°) ~ 1.9x 1079 to an accuracy of a few %, in
the Standard Model and assumi@BT invariancess = €. Therefore the direct observation of this
decay would unambiguously si@P violation in the mixing and/or in the decay. The previous best
upper limit on BR(Ks—3m°) was obtained with the KLOE experiment using 450 pintegrated
luminosity, exploting the unique feature ofkg beam available at g@-factory and provided by
events tagged bi{, interactions in the EMC, hereaft&y -crash [6]. This limit has been updated
using the entire 1.7 fot KLOE data set and improving thés tagging algorithm hardening the
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B*(Kp) cut for theK_ -crash identification [7]. The signal selection requires six neutral cluste
coming from the IP. The main background originates fromKie+ 2r° events with two spurious
clusters from fragmentation of the electromagnetic showers, herealittngpor accidental acti-
vity. The analysis performed on the entire KLOE data set has improved tbeghg procedure
to reject splitting. A second source of background comes from téke-crash identification from
@ — KK — mtm,3m° events. In these events, charged pions fikgdecays interact in the
DA®NE low-f intersection quadrupoles simulating g interaction in the calorimeter, an¢
decays close to the IP produce the six photons required from the sajealisn. This background
is suppressed rejecting events with charged particles coming from the viofrite 1P, and then
cutting on the reconstructed velocity and energy of the taging

A kinematic fit with 11 constraints is performed with energy and momentum cacatsamy
the kaon mass and the velocity of the six photons. In order to reject evéhtsluster splittings
and accidentals, the correlations between jéeike discriminating variablesy3, and x3,, is
used. Thex3, variable verifies the signal hypothesis by looking at the reconstructedesas
three pions. Thg3, variable is calculated selecting four out of the six clusters providing the bes
kinematic agreement with thés— m°m® — 4y hypothesis. The pairing of the clusters is based on
the requirementn,, = M, and on the opening angle of the reconstructed pions trajectories in the
Ks center of mass frame. To improve the quality of the photon selection we dMEeaAM,/2 —
> Ey /0 summing over the four photons chosen to calcu}é;g andog is the energy resolution.
For signal events the missing impliesAE ~ M0 /cg. To refine the rejection of events with split
clusters, a cut on the minimal distance between photon clusters is appliedieNts eere found
on data in the signal region and no background events were found imtiéated Monte Carlo
sample with twice the data statistics. In the conservative assumption of norbaoklgthe upper
limit UL(N3,0) = 2.3 at 90% C.L. on the expected signal events has been obtainedct@uyfer
the signal selection efficiena@g,o = 0.23+0.01 and normalizing fof1.142+0.005) x 10° Ks—
m°rPevents found in th&s tagged sample, the upper limit [6].

BR(Ks — 3m°) < 2.6 x 10 8at 90% CL.

has been set, almost five times lower than our previous result [6]. This limibealirectly trans-
lated in|nooo| < 0.0088 at 90% C.L. [6].

4. The upgraded apparatus. KLOE-2

KLOE-2 represents the continuation of KLOE, at an upgrade®B& machine, with a new
physics program mainly focused &, n andn’ rare decays as well as on kaon interferometry
and search for physics beyond the Standard Model [8]. To stugbhysics, two pairs of electron-
positron taggers have been installed: the Low Energy Tagger (LETingdle the KLOE apparatus,
and the High Energy Tagger (HET) [10] along the beam lines outside tl@EKdetector. More
recently the detector has been upgraded with: i) CCALT, a pair of crgatatimeters positioned
near the interaction region to improve the angular acceptance fo6 Ipthwetons [11], 2) QCALT,

a pair of tile calorimeters [12], covering the quadrupoles inside the KLQé&ctle and along the
beam pipe, to improve the angular coverage for particles coming from thve &olume of the
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Drift Chamber, iii) Inner Tracker, four layers of cylindrical triple-GEMsed detectors to improve
the vertex reconstruction near the interaction point [13].

TheKs — mPrPm° search at KLOE-2 will benefit from new low-theta calorimeters insertion,
improving acceptance coverage and reducing backgrounds, and withdfeased statistics the
first observation of this decay at KLOE-2 seems feasible.

The sensitivity ofCPT and Lorentz Invariance tests at KLOE-2 will improve both with the
increased statistics and the IT insertion on the new interaction region (). TTwill improve the
resolution on the vertex position and the new IR with a larger beam crossglg @rom 25 to 60
mrad) will enhance the effect of asymmetry between the two kaons anddieethe difference
betweendy (Py) andd (B.). The expected sensitivity should increase up to'#@eV for all the
Aay, parameters.

5. Conclusions

The Kaon sector proves to be still a powerful tool to explore fundamegitaietries. The
expected sensitivity of 138 GeV on Standard Model Extension parametsaig from Kaon
sector has been reached exploting kaon interferometry. The newdmstlimit on
BR(Ks — m°r°m®) and|nooo| has been set.

KLOE-2 physics run is in preparation. New detectors have been intelgrate
DA®NE beam-pipe. Both KLOE-2 and BBNE commissioning have then started.
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