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1 DAO®NE Operation and KLOE-2 Run

KLOE-2 data taking campaign ended successfully on March 30 2018, with the total acquired
luminosity milestone of at least 5 fb~? fulfilled thanks to the combined effort of both KLOE-2 and
DA®NE teams (Fig.1). A total delivered luminosity of 6.8 fb~! was achieved with a total acquired
luminosity of 5.5 fb~!, a daily record of 13.7 (11.1) pb~? delivered (acquired) and a peak luminosity
of 2.28x103? cm~2 s~! . Together with the data set of its predecessor KLOE, the acquired data
sample of 8 fb~! corresponds to 2.4x10'° ¢-meson produced: the largest sample ever collected at
the ¢(1020) at e™e colliders.
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Figure 1: Total integrated luminosity: the blue curve shows DA®NE delivered luminosity and the
red curve KLOE-2 acquired luminosity respectively.

Data Quality was continuously monitored along the KLOE-2 run with benchmark analysis
(e.g. ¢ — ny with n — 370 | Kg lifetime with Kg — 7#F7~ , K, invariant mass etc.). While the
whole data offline reconstruction is being completed, a plan for data preservation is being prepared



and first tests for ROOT compatible output are already available, exploiting contacts with CERN
experts.

KLOE-2 collaboration activities are now focused on data reconstruction and analysis towards
Precise Measurements in both kaon and hadron sectors. The physics program is mainly focused
on Kg, n and 77' meson rare decays as well as on kaon interferometry, fundamental symmetry tests
and physics beyond the Standard Model, including searches for new exotic particles that could
constitute the dark matter.

Latest results published in 2018 are: i) Combination of KLOE o(ete — "7~ (7)) measure-

ments and determination of a, (777 7) in the energy range 0.10 < s < 0.95 GeV? 1) ii) Combined
limit on the production of a light gauge boson decaying into putu~ and 77~ 2) and iil) Mea-
surement of the charge asymmetry for the Kg — mer decay and test of CPT symmetry with the
KLOE detector 3).

2 Physics achievements

The integrated luminosity collected by KLOE and KLOE-2 experiments represents a unique data
sample which is very rich in physics and will allow the deep investigation and exploitation of one
of the most peculiar character of neutral kaons produced at a ¢-factory, the strange entanglement
specific to two neutral kaon systems in a coherent quantum state, together with light mesons to
be studied and tested with unprecedented statistics.

2.1 Kg semileptonic charge asymmetry

A test of CPT symmetry can be performed by comparing the value of the lepton charge asymmetry
Ag, 1, for short- and long-lived neutral kaons. The KLOE-2 Collaboration has recently published a

new measurement 3) based on a data sample corresponding to an integrated luminosity of 1.7 fb—1:
Ag = (—4.9£5. 7514t £2.65y5t) X 10~3 , which improves the statistical accuracy of previous KLOE

determination ) by almost a factor of two. The best separation between signal and background
components is obtained with the variable:

M?(e) = [Bxs — B(r) - E,J* = p*(e), (1)

with Ex, computed from the kinematics of ¢ — KgKj two-body decay, knowing the ¢-meson
momentum (from Bhabha scattering events) and the reconstructed K, direction, E(w) evaluated
from the measured track momentum in the pion mass hypothesis, and E, = |px, — ple) — p(7)].
M?(e) is calculated according to the TOF particle identification and for the signal events peaks to
zero. Fig.2 shows the M?2(e) distribution used for signal counting.

The combination of KLOE and KLOE-2 results is As = (—3.8 £ 5.05tat & 2.65ys5¢) x 1073,
taking into account the correlation between both measurements, and represents )the most precise
4

measurement of Ag up to date. This value, combined with KTeV result on Ay, and is also pro-

viding Re(d) 5) and Re(e) 6) as external inputs, allows to extract the CPT -violating parameters
[10]: Re(x_) = (Ag - Az)/4 - Re(d) = (-2.0 £1.4) x 1072 and Re(y)=Re(e)-(As + Ar)/4=(1.7
+1.4) x 1073 which are consistent with CPT invariance and improve by almost a factor of two the
previous results 7). With the analysis of the full KLOE-2 data set, the uncertainty on Ag can be
further reduced at the level of ~ 3x1073.
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Figure 2: M?(e) distribution for data (black points) and MC simulation (dotted histogram) for both
final charge states (mTe™ — left side, 7~ e — right side) after the fit. Individual MC contributions
are shown. Bottom row: corresponding data-MC residual distributions after the fit.

2.2 Direct test of T and CPT symmetries in neutral kaon transitions

Comparing neutral meson transition rates between flavour and CP eigenstates allows direct and

model independent tests of time-reversal T and CPT symmetries 8) to be performed. Quantum
entangled kaon pairs are used to identify the initial state of a particle transition by the decay of
its entangled partner, while the final state is tagged by semileptonic and hadronic decays into two
and three pions. Two T-violating observables are determined as ratios of the rates of two classes
of processes identified in the dataset KsK; — n¥e¥r, 37 and KK — ntn—, nfeTv:

P[KY(0) — K_(At)] I(mTe~ i, 370 At)

_ (

Ro(AD) = PK_(0) — KO9(At)] ~ I(rtn—,metv; At)’ @
_ P[K°(0) — K_(A?)] I(m~etv, 3m0; At)

R4(At) - P[Ki (0) N KO(At)] ~ I(7T+7T_77T+€_D;At), (3)

where I(f1,f2;At) denotes the number of recorded events characterized by a time-ordered pair of

kaon decays f; and fo separated by an interval of proper kaon decay times At 8). A deviation
of the asymptotic level of these ratios from unity for large transition times would be a T-violation
manifestation.
Moreover CPT symmetry can be tested through the determination of the asymptotic level of
the following double ratio:
R2CPT

CPT —
R4

P[K°(0) — K_(At)]/P[K_(0) — KO(AH)] arsrs
P[KO — K_(At)]/P[K_(0) — KO(At)] 1~ 80 — 8, @)

where the 65 and z_ are parameters violating the CPT symmetry in K°K? mixing and the AS =

AQ rule, respectively. This double ratio represents a robust CPT-violation sensitive observable 8)
which has never been measured to date. A percent level accuracy was obtained on the double
ratio measurement with 1.7 fbl KLOE data sample and presented st ICHEP 2018 conference.The
accuracy is expected to be reduced down to the 1073 level of precision adding KLOE-2 data set.



2.3 70 production from v+ scattering

The precision measurement of the 7° — ~~v width allows to gain insights into the low-energy

QCD dynamics. A way to achieve the O(1%) precision needed in order to test theory predictions
is to study the 7° production through ~+v fusion in the ete™ — ete y*y* — ete 70 reaction.

KLOE-2 has the possibility to perform this measurement 9). In order to reduce the background

coming from ¢-meson decays, two High Energy Tagger (HET) stations 10) are used to measure
the deviation of final state leptons from their main orbit by determining their position and timing.

The HET detectors composed of 28 plastic scintillators are placed in roman pots just at the
exit of the DA®PNE dipole magnets, 11 m away from the IP, both on positron and electron sides.
The measured time resolution of 550 ps allows the identification of the correct bunch crossing
(ATyunch ~ 2.7 ns). The counting rate is dominated by low-angle radiative Bhabha scattering
events and their effective cross-section as a function of the data-taking period has been used to
determine the detector acceptancexefficiency and for data quality purposes. An effective cross
section of the order of 10 mb has been measured, with big fluctuations for the scintillators closest
to the beam.

For the 7% search a sub-set of HET plastic scintillators has been used, showing operational
stability over a time scale of years. Candidates of single-7° production from v+ scattering have been
pre-filtered recording information on the hit in the tagger, trigger, DA®NE operational parameters,
clusters and tracks reconstructed in the KLOE central detector. Data are classified as single-arm
(SA) or double-arm (DA) events. DA events are selected requiring the time coincidence of the two
HET stations within a proper time window, while for SA events, we select hits in one HET station
and at least one bunch in KLOE central detector associated with only 2 clusters in the EMC, in
a given time window around the trigger signal. A statistical evidence of correlated coincidence
events between the tagger station hits and KLOE calorimeter clusters has been observed for the
first time, after an event-by-event subtraction of the registered amount of accidentals. New data
reconstruction is ongoing in order to study in more detail the tagged sample.

2.4 n— ntr limit

The n — w+t7~ decay is a P- and CP-violating process. According to SM, this decay can occur
only through CP-violating weak interaction mediated by a virtual K meson and has a branching

ratio Br(n — 7t7~) < 2 x 107% 11, 12) " This upper limit (UL) can increase of an order of

11, 12)

magnitude by introducing a possible QCD-violating term contribution to the decay and

reach 1019 if CP violation is allowed also in an extended Higgs sector 11l 12), Any detection of
a larger branching fraction would indicate a new source of CP violation in the strong interaction,
beyond any considerable extension of the SM.

The collaboration already set the best UL on the branching ratio of the di-pion decay of
the 1 meson by using 350pb~! of KLOE data: Br(n — 7ntn~) < 1.3 x 1075 at 90% CL 13),
A new preliminary limit has been extracted by the KLOE-2 collaboration increasing the sample
statistic to 1.6fb~! of KLOE data. The selection of ¢ — 7y, 7 — 7tn~ events requires: i)
one vertex reconstructed in the tracking detector with two opposite charge tracks reaching the
calorimeter and required to be at large polar angle 45° < 6 < 135° and ii) the prompt photon
in time in order to suppress initial state radiation background. The angle 2 between the missing
momentum of the di-pion system and the prompt photon direction has to be €2 < 0.03 rad to reject
the background from 7t7~ 7% decays. Main background contamination originates from radiative
Bhabha scattering events, yu* ™~ and p(7m)m with a lost photon decays. Time of flight techniques
are use to separate yeTe™ from selected ym 7~ events while yuT ™ events can be rejected using
the track-mass variable, computed assuming the ¢-meson decays to two particles of identical mass
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Figure 3: Left panel: track mass distributions. Data are shown in black, all MC background
contributions in the hypothesis of no n — 777~ signal are in red (p7 in blue, y7+7~ in green,
~yut ™ in cyan), while the expected signal is shown in violet. Right panel: 777~ invariant mass
distribution for data (black points). The curve is a third polynomial function with superimposed
a MC signal shape in arbitrary units

and one photon, as shown in Fig. 3 left panel. Candidates surviving the above selection are mainly
(v)ymT 7~ events. The n-meson resonance should appear over the (y)yn 7~ continuum spectrum.
No signal is observed around the 7-meson mass in the 77~ mass spectrum as shown in the right
panel of Fig. 3. The upper limit on number of signal events is extracted by using a Bayesian
approach. The irreducible background is evaluated performing a fit to the observed 77~ mass
spectrum with a third-order polynomial function while the signal is described with a dedicated
MC simulated shape. The preliminary UL on the branching ratio is 6.3 x 1076 at 90% CL and was
presented at the DISCRETE 2018 conference. With the KLOE /KLOE-2 data samples the upper
limit is expected to reach 2.7 x 1076,
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