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Abstract. We present results obtained by the KLOE Collaboration at the
DA®NE e¢'e” collider located in Frascati Laboratories, Italy. The results
concern precise measurements of several n meson decays such as Dalitz
slope parameters and charge asymmetries for n—n'n n°, branching ratio
and plane asymmetry for n—n'me'e, and first observation of
n—e'e e'e” along with its branching ratio determination. Also preliminary
studies of n—mn°yy decay channel are presented as well as physics
perspectives for many different processes for the ongoing KLOE—2 data
taking.

1 Introduction

The KLOE experiment operates at DA®NE, the Frascati ¢-factory. DA®NE is an e'e”
collider running at the center of mass energy of the ¢ meson (1020 MeV) that is produced
nearly at rest. The first data campaign between 2001 and 2006 collected ~2.5 fb™' on peak
data and ~0.26 fb' at 20 MeV below the mass of the ¢ meson. The data taking period
started on November 2014 [1], after several accelerator and detector upgrades [2], aims to
collect more than 5 b for the end of March 2018.

The detector consists of a large cylindrical Drift Chamber, surrounded by a lead-
scintillating fiber Electromagnetic Calorimeter embedded both in magnetic field of ~0.52 T.
The 4 m in diameter and 3.3 m long drift chamber filled with a mixture of 90% Helium and
10% Isobutane provides the position with resolutions of 6., ~ 150um and 6, ~ 2mm. The

momentum resolution % is below the 0.4% for the charged tracks with a scattering angle

between 45° and 135° [3]. The calorimeter is divided into a barrel and two endcaps

covering 98% of the solid angle providing energy and time resolution GE—E = \/% and

57 .
or = \/Wz;sv) @ 140ps, respectively [4].
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The isospin violating n—n'n ° decay can be used as a test bench in several topics such as:
Chiral Perturbation Theory (ChPT), for a low-energy QCD effective field theory, and as a
precise probe of the u-d quark mass difference. The decay amplitude is proportional to light
quark mass ratio (in ChPT " ~ Q*):
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The Eq. 1 is valid up to NLO ChPT. After correcting for the electromagnetic effects at the
lowest order by using a combination of kaon and pion masses, a Q value=24.2 is obtained.
The theoretical calculations show a very slow convergence of the ChPT effective field
theory decay widths [5]: T'Lo = 66 eV and 'y o = 160-210 eV. Those values can be
compared to the experimental results I'e,, = 300 £ 12 eV showing discrepancy that could
originate from higher order contributions to the decay amplitude or from corrections to the
Q value. In order to provide input for the dispersive calculations and to clarify the
discrepancy between theory [6-8] and the experiments [9-14], more high statistic

measurements are required.
The Dalitz plot density in the n meson rest frame can be parametrized using Taylor

expansion around X=Y=0:
|AX,Y) 1>~ 1+aY +bY?2 +cX +dX? + eXY + V3 + gX?Y + - )

T4 —Tp— 3T
whereX=\/§”+T",Y= Q"

the final state ™ particles. Moreover C-invariance excludes terms with odd powers of X.
The parameters a, b, ... in the Eq. 2 are going to be extracted by fitting the experimental
Dalitz plot distribution.

—1,Q =Ty + T, + Tyo. Tpew are the kinetic energies of
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Fig. 1. Left: background-subtracted Dalitz plot of data. Right: acceptance corrected Dalitz plot
data together with the result of the fit. Only statistical uncertainties are shown.

The analysis was based on 1.7 fb™' data collected. The events containing two oppositely
charged tracks and three neutral clusters originating from the interaction point were
selected. The highest-energy photon coming from the 2-body ¢ decay ¢—ny, were selected
by requiring E, >250 MeV. Discrimination against electron contamination from Bhabha
scattering were achieved by the time-of-flight measurement of the clusters connected to the
charged tracks in the electromagnetic calorimeter. Additional cuts have been applied in
order to reduce the remaining background: a) on the angle between m" or ©_ and the closest
photon from n° decay, b) on the angle between clusters in the n° rest frame, and c) on the
reconstructed n° invariant mass squared. Signal selection efficiency of 37.6% was obtained
with signal to background ratio S/N = 133 in the final data sample with less than 1% of
residual background. The Dalitz plot distribution was constructed using 31 and 20 bins for
X and Y respectively and consisted of ~4.7-10° events in total. The bin width of the Dalitz
plot was determined both by the resolution in X and Y and the number of events in each of
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the bins yielding to the 371 bins in the final plot. Left panel of the Fig.1 shows data
distribution after background subtraction and the acceptance corrected data are presented on
the right panel of Fig. 1.
The final results for the Dalitz plot parameters, including influence of systematic
effects, are:
a = —1.095+0.003*35%3
b =+0.145 £+ 0.003 £ 0.005
d = 4+0.08140.003+3:9¢
f =+40.141+0.007%3:393
g = —0.044+0.009+5:01%
This results are in agreement with the previous KLOE results [11] improving the accuracy
up to a factor 3. On top of that this is the first statistically significant measurement of the
YX term (g parameter). In addition tests of C conservation in the decay were performed by
studying asymmetries for the unbinned data. All the results are consistent with zero. For
example the asymmetry between kinetic energies of positively and negatively charged
pions, A, was found to be:
Ajg = (-5.0+45530) x 107*
The new KLOE-2 data, at the moment the most precise available, are being used as

input for the dispersive analyses, for example in determination of the quark mass ratio Q =
22.0 £ 0.7 by the Bern group [15].

3 n—e'ee’e”

The n—e'e e'e decay has been observed for the first time [16]. The theoretical values for
the branching ratio (BR) for the decay are based on the triangle anomaly [17, 18], which
predicts them to be in the range 2.4-2.6 x 107°. The left panel of Fig. 2 shows that the
decay is also important to constrain the transition form factor of the n meson [19]. The
measurement is based on an integrated luminosity of 1.7 fb™' ¢ decays analyzing the chain
dp—n(—e’e e'e")y, with the monochromatic photon of energy E, ~ 363 MeV. The selection
required exactly one high energy photon with E > 250 MeV and at least four charged tracks
coming from the point of the beams collision. Monte Carlo signal simulations were made
according to Bijnens and Persson [19] and included Final State Radiation calculations. In
order to reduce the background coming from the photon conversion for the decays such as
n—ye'e or n—yy the rejection method based on the invariant mass and the distance
between e'e tracks at the beam pipe or at the drift chamber walls was implemented.
Processes with a ' pair misidentified as e’e” (e.g. p—n'n m°(—ye'e)) are reduced by
measuring the time of flight of the charged particles with the electromagnetic calorimeter.
The remaining residual background is mainly due to radiative Bhabha events with photon
conversion: e'e —e’e yy(—e'e).

The right panel of Fig. 2 shows the two components fit of the data spectrum after
selection. Background and signal are parametrized by a third order polynomial function and
by two Gauss functions respectively.

The fit result yields to 362+29 signal events, with y*/ndf = 43.9/34, with a confidence
level of 12%. Taking into account the signal efficiency of 20% together with systematic
effects we obtain:

BR(m—e'e e'e (1)) = (2.4 £ 024, % 0.144) x 107
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where the main systematic errors are due to photon conversion effects and the stability of
results with different fit binning.
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Fig. 2. Left: Feynman diagram for the n—e'e e’e” decay. Right: fit to the e’e e'e” invariant mass.

4 non'mwe’e”

The n—n'w e'e decay allows to probe the electromagnetic structure of the 1 meson and to
compare the predictions of the branching ratio values based on different theoretical models
such as Vector Meson Dominance, Chiral Perturbation Theory or chiral effective
Lagrangian [17, 20-22]. It also allows to search for a possible CP violation beyond the
Standard Model predictions by measuring the angular asymmetry between pions and
electrons decay planes [23]. The analysis has been performed on 1.7 fb data collected on
the ¢ meson peak and 0.26 fb™' off-peak data used for continuous background estimation.
Effects of Final State Radiation have been taken into account using dedicated simulation
package at the event generation level in order to fully account for radiative decays.
Moreover the signal MC has been generated according to the matrix element described in
[23] assuming null A, value. Only events containing two pairs of oppositely charged pairs
and one neutral calorimeter cluster of energy greater than 250 MeV were selected. In order
to distinguish between pions and electron time-of-flight measurement using the time
information from the calorimeter was used. To improve the energy and momentum
resolution even further the kinematic fit is performed imposing the four-momentum
conservation and the time-of-flight of the monochromatic photon of 363 MeV. Background
contribution was evaluated performing a fit on the sidebands of the n'n e'e” invariant mass
with background shapes. To reject the events due to photon conversion the e'e  pairs were
extrapolated down to the intersection with the beam pipe and rejected based on their
invariant mass and their distance from the interaction point. For the signal estimate the n
mass region between 535 and 555 MeV was considered (the left panel of Fig. 3),
performing the event counting after background subtraction. The resulting number of signal
events, N .. = 1555 = 52, was used to extract the branching ratio [24]:
BR(—T' ee (7)) = ((26.8 % 094 % 0.7, ¥ 107

The decay plane asymmetry A, was defined as the sign asymmetry of the quantity
sing-cosd, were ¢ here is the angle between the pion and the electron planes in the 1 meson
rest frame. It has been evaluated for the events in the signal region after background
subtraction. The value obtained is:

Ap=(-0.6+2.5,% 1.8, x 107

https://doi.org/10.1051/epjconf/201921808003
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This is the first measurement of this asymmetry. The distribution of the sin¢-cos¢ variable

is shown in the right panel of Fig. 3.
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Fig. 3. Right: n'n e'e” invariant mass spectrum zoomed around the 1 meson mass. Left:
distribution of the sind-cos¢ variable in the signal region. For both histograms dots represent
data, the black histogram is the expected distribution, i.e. signal simulation (dark grey), ¢
background (light grey) and continuum background (white).

S n—onyy

The n—n°yy decay is very interesting both from the experimental and theoretical point of
view. The theory made impressive progress since last 40 years when the first very large
values for the branching ratio were obtained [25]. The experimental value of this branching
fraction [26-28] has been decreasing with time, along with the increase of machine
luminosities and the available statistics of the 1 meson samples produced, showing that the
main issue in the measurement of the branching fraction is the correct background estimate.

At KLOE this decay proceeds via ¢—mny,
therefore we are looking for the final state with
5 prompt (aligned in time) photons and no
charged tracks in the same time window. The
analysis was based on 450 pb’' data sample
collected during 2001-2002. The main
background processes are radiative decays of
the ¢ meson with either a, or f; in the final state,
direct production of ® meson e¢'e —m(—n°y)T°
and 1 meson decay into 3n°, when some of the
photons are lost or merged into another clusters.
The composition of the background in the data
sample is determined at an early stage of the
analysis when the signal contribution is
negligible, by fitting the spectrum of the
invariant mass of all photon pairs (m,,). Further
selection criteria include constrained kinematic
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Fig. 4. The my, distribution: the dots with
error bars show the data; simulated signal
and backgrounds are normalized according
to the fit results.

fits to reject the background and likelihood function to identify merged clusters. As a last
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step of the analysis the spectrum of my, is used to extract the number of signal events N, =
68+23. The spectrum, shown in Fig. 4, is fitted with the Monte Carlo expected distributions
for signal and backgrounds. Using MC evaluated efficiency of (4.63+0.09)% as well as
n—3n°® as normalization channel we obtain the preliminary result for the n—n°yy
branching ratio [29]:

BR(N—7yy) = (8.4 £ 2.7+ 1.4, ) x 107

6 Conclusions and outlook

KLOE-2 data taking at DAQNE is in progress, since November 2014 and 4 fb™' of data has
been already integrated. By the end of the experiment data taking in March 2018, an
acquired luminosity of 5 pb™ will be easily collected. This will allow us to continue with
increased statistics the precision study of the light meson properties such as precise
measurement of the Dalitz plot parameters of n—n'm n° or Branching Ratios of rare n
meson decays exploiting a sample of ~2.5-10° eta’s collected.
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