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ABSTRACT: Based on an integrated luminosity of 1.61fb~! ete™ collision data collected
with the KLOE detector at DA®NE, the Frascati ¢-factory, a search for the P- and C'P-
violating decay n — 77~ has been performed. Radiative ¢ — 17y decay is exploited to
access the 1 mesons. No signal is observed in the 77~ invariant mass spectrum, and the
upper limit on the branching fraction at 90% confidence level is determined to be B(n —
7t77) < 4.9 x 1079, which is approximately three times smaller than the previous KLOE
result. From the combination of these two measurements we get B(n — 7+7~) < 4.4x 1076
at 90% confidence level.
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1 Introduction

Violation of C' P symmetry is a crucial ingredient in understanding the origin of the Baryon
Asymmetry in the Universe (BAU). Although the Standard Model (SM) can explicitly
accommodate C'P violation through a single relevant phase in the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix, this source of C'P violation appears largely insuf-
ficient to explain the observed value of the BAU.

In the SM the P and CP violating decay n — w7~ can proceed only through CP
violating weak interactions via a virtual Kg meson, with an expected branching fraction
less than 2 x 10727 [1]. Introducing C'P violation in strong interactions through a possible
f-term in the QCD Lagrangian [2] would enhance this limit at the level of ~ 3 x 10717,
Allowing additional C'P violation phases in the extended Higgs sector of the electroweak
theory could generate the decay with a branching fraction up to 1.2 x 1071 [3, 4]. By
taking into account the higher-order chiral Lagrangian, the couplings of n(n’)wm can be
connected with the neutron electric dipole moment (nREDM) [5]. A recent work using the
present upper bound on the nEDM indicates an upper limit for n — 777~ of 5.3x 10717 [6].

A branching fraction larger than the above mentioned levels would be an indication
of unconventional sources of C'P violation, which would possibly help solving the prob-
lem of the origin of the BAU, and making the search for the  — 77~ decay worth of
experimental investigation at any accessible level at present experimental facilities.

The best upper limit to date on this branching fraction is from the KLOE experiment,
B(n — 7t77) < 1.3 x 107° at 90% confidence level (CL) [7], based on the analysis of 350
pb~! of data collected at the ¢ resonance peak in years 2001 and 2002. A recent upper limit
has been obtained by the LHCb Collaboration [8], B(n — nt7~) < 1.6 x 107° at 90% CL,
searching for the signal in DT — 75 and D — 71 decays produced in proton-proton
collisions. The result of a new search for the decay n — 77~ based on an integrated
luminosity of 1.61fb™! of data collected by the KLOE experiment in years 2004 and 2005
is reported in the following, together with its combination with the previous KLOE result.



2 The KLOE detector at DA®PNE

DA®NE [9] is an eTe™ collider operated at center-of-mass energy of the ¢ meson peak,
~1.020 GeV, with a beam energy spread of (0.302 + 0.001) MeV. Positron and electron
beams collide with a period of 2.7 ns at an angle of ~25 mrad, producing ¢ mesons with
a small transverse momentum ~ 13MeV/c. The longitudinal and horizontal width of
the beam-beam collision region is Az ~12 mm and Az ~1.2 mm respectively. All these
quantities are measured run-by-run to obtain a good precision of the integrated luminos-
ity [10]. The KLOE detector at DA®NE is composed of a large cylindrical drift chamber
(DC) [11] and an electromagnetic calorimeter (EMC) [12] made of lead and scintillating
fibres surrounded by a superconducting coil providing a 0.52 T axial magnetic field. The
cylindrical drift chamber, 2 m radius and 3.3 m length, is operated with a 90% helium
and 10% isobutane gas mixture; its spatial resolution is o4y ~ 150 pm and o, ~ 2 mm in
the transverse and longitudinal projections, respectively. The transverse-momentum reso-
lution for large-angle tracks is op,./pr ~ 0.4%. Vertices are reconstructed with a spatial
resolution of ~ 3 mm. The calorimeter made by lead and scintillating fibers consists of a
cylindrical barrel and two end-caps providing a solid angle coverage of ~ 98%. The energy
resolution for photons is op/F = 0.057/\/E(GeV) and the time resolution is oy = 54
ps//E(GeV) @ 100 ps. The spatial resolution is 1.4 cm/+/E(GeV') along the fibers and
1.3 cm in the orthogonal direction.

The KLOE trigger system [13] uses a two level scheme. The first level trigger is a fast
trigger with a minimal delay which starts the acquisition of the EMC front-end-electronics.
The second level trigger is based on the energy deposits in the EMC (at least 50 MeV in
the barrel and 150 MeV in the end-caps) or on the hit multiplicity information from the
DC. The trigger conditions are chosen to minimise the machine background, and recognise
Bhabha scattering or cosmic-ray events. Both the calorimeter and drift chamber triggers
are used for recording physical events.

The GEANFI Monte Carlo (MC) [14] simulation describes the geometry and material
of the KLOE detector, as well as the detector response. Run-by-run machine background
conditions are taken into account; the calorimeter energy deposits and drift chamber hits
from beam background events triggered at random are overlaid onto the simulated events.
The simulated events are processed with the same reconstruction algorithms as the data.
The MC production includes all the relevant ¢ decay channels, and continuum processes
ete™ —eTe vy, utpu vy, 7w 7 to estimate the background contributions. Proper scaling
due to the different integrated luminosity of the samples is taken into account when the
different MC contributions are merged together. A sample of the signal ¢ — 7y with
n — wtw~ is generated to optimise the event selection criteria and to determine the
detector efficiency.

3 Data sample and event selection

For the selection of signal candidate events ¢ — 1y with n — 77—, two opposite charged
tracks with a vertex near the eTe™ interaction point (IP) are required together with an



energy deposit (cluster) in the EMC compatible with the photon recoiling against the n
meson from the IP. The tracks are reconstructed from hits in drift chamber within the
polar angle range 45° < 6 < 135°. The vertex is required to be within a cylinder, 20 cm
long and 8 cm of radius, centered on the IP. To evaluate the time of flight of particles
both tracks are required to be associated to a cluster in the EMC. The transverse and
three-dimensional distances between the centroid of the associated cluster and the track
extrapolation point to the calorimeter front surface are required to be less than 30 cm and
100 cm, respectively (track-to-cluster association). The cluster energy is required to be
greater than 10 MeV. If there is more than one cluster satisfying the above requirements,
the cluster with the lowest transverse distance is assigned as the associated cluster. The
scalar sum of the momenta of the two tracks must lie in the range [0.15,1.03] GeV/c.
Selected ¢ — pm events are used to study the tracking and vertex efficiencies on data
and MC. Efficiency corrections as a function of transverse and longitudinal momenta for
charged pions reconstruction are applied to all MC samples. The correction for the vertex
efficiency is negligible. A background filter algorithm [14] based only on information from
the EMC is used to reject cosmic rays and Bhabha scattering background events.

The recoil photon candidate is selected by requiring an isolated energy cluster in
the EMC not associated to any track. The condition on cluster time [Ty — Rgy/c| <
min(50¢(Ee), 2ns) is used to identify a photon originating from the IP (prompt photon),
where T, is the cluster time, R is the distance from the IP, o; is the energy-dependent
time resolution. To suppress background from eTe™ — w77~ process, the cluster is also
required to be at large polar angle 45° < 6, < 135°. As for the two body decay ¢ — 7y the
recoil photon has an energy of 363 MeV in the ¢ rest frame, the selected candidate photon
is required to have an energy in the range [250,470] MeV. To match the missing energy and
momentum obtained from the two tracks with the photon kinematics, the angle 1) between
the direction of the missing momentum of the two tracks and the direction of the recoil
photon, shown in the left panel of figure 1, is required to be less than 0.05 rad.

The remaining background originates from the processes ete™ — ete ™y, utu 7,
¢ — prrT with pt — 7ty, and ¢ — 777 7% with an undetected photon. To separate

Tr~v and eTe”y events, particle identification with a time of flight technique is used.

T
The difference between the time of the cluster associated to the track (7,;) and the time
calculated from the track length L and particle momentum p under different mass hypothe-
ses is defined as dtx = T — L/(cBx), where Bx = p/y/p* + m% and my is the pion or
electron mass, the scatter plots of dt. vs dt, for data and MC simulated signal are shown
in figure 2. A track with 0.2 < 0t, < 2.5 ns and —0.4 < §t; < 1.5 ns is identified as a pion.
Events with at least one pion are retained. The cuts have been chosen to optimize the
rejection of the ete™ v background, while keeping almost unaltered efficiency on the signal.

The ptp~v and 7t7n~ 70 background events can be rejected using the mass of the
charged tracks, My, computed by assuming the ¢ decays to two identical mass particles
and a photon, i.e.

55 — 51— ol = Es — /|51 + M2, — \/Ia]? + M2, (3.1)

where py, p1 and po are the three-momentum of ¢ and two charged tracks, respectively;
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Figure 1. Left: The angle v between the direction of missing momentum of 7+ 7~ and the prompt
photon. Right: Distribution of the mass My, of the charged-particle tracks. Black dots are
data; the red histogram is the sum of all background contributions evaluated from MC simulation:
¢ — pr with p — 7 (blue histogram), ete™ — wtm~v (green histogram), ete™ — putp~vy
(cyan histogram), ete™ — ete™ v (yellow histogram), and the sum of other backgrounds (violet
histogram). The expected signal is shown as the shaded histogram with the branching fraction of
n — mta~ arbitrarily fixed to 8.8 x 1073 for visualisation purposes.
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Figure 2. Scatter plot of the time difference for the pion (dt,) and electron (dt.) mass hypothesis
for data (left) and MC simulated signal (right). Events within the rectangle are retained for further
analysis, within the elliptic shapes are for systematic uncertainty studies.

Ey is the energy of the ¢-meson. Figure 1-right shows the My, distribution for data, the
MC simulated signal and contributions from different background sources. The condition
129 < My < 149MeV/ c? is required to be fulfilled for candidate events to reject most of
the backgrounds from p*p~v and 7+7 =70,

After the above selection criteria, 59,684 events remain in the 1 mass region [500,600]
MeV/c?. The w7~ invariant mass spectrum, M (7*7~), is shown as the black dots in
figure 3, which will be used to search for the decay n — 7w 7~. The survived events with

ant

7~ final state are mainly from eTe™ — 777~ accompanied by initial or final state
radiation, ¢ — fo(980)y with f5(980) — 7t7~ and ¢ — pTnT with p* — 7F+. However,
none of these backgrounds is expected to contribute as a peak in the 777~ invariant mass
near the 1 mass value.

The irreducible background in the 7 signal region [540,555] MeV /c? is evaluated by
performing a fit to the 7 side bands, [500,540] and [555,600] MeV/c?, with a third-order

polynomial function. The fit has x? = 84.9 with 81 degrees of freedom; the result is
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Figure 3. 7" 7~ invariant mass distribution for data taken in 2004/2005. The dots with error bars
are data, the red lines represent the fit result to n sidebands, the blue histogram is the 7 signal with
the branching fraction arbitrarily fixed to 8.8 x 10~° for visualisation purposes.

illustrated by the red lines in figure 3. The 7 signal is described by the corresponding MC
simulated shape, shown as the blue histogram in figure 3; to ease visualisation the signal
branching fraction has been arbitrarily fixed to 8.8 x 107°.

The M(n+n~) signal shape and resolution are validated comparing the M (7 7™)
distributions of data and MC for a pure sample of Kg — 777~ events.

The detection efficiency for the signal process ¢ — 1y with n — 777~ is evaluated
from MC to be e = (14.70 £ 0.02g¢at ) %.

4 Upper limit on the branching fraction

As no evident peak is observed in the distribution of M (7+7 ™) in the signal region, an upper
limit on the branching fraction of n — 77~ is extracted with the C'Lg technique [15, 16].
The CL; value is defined as ps1p/(1 — pp), where py is the p-value of the background only
hypothesis, ps1p is the p-value of the background plus signal hypothesis. The procedure
requires the measured M (77~ ) spectrum, the shape of the estimated background, the 7
signal shape, and the systematic uncertainties as input [17]; the latter will be described in
section 5. It yields as output the limit on the branching fraction B(n — 77 ~), with the
number of 7 — 77~ signal events evaluated as follows:

Nnp—natn")=Ny -Bln—nrn)- e, (4.1)

where N, is the number of ¢ — 1y events with N, = Ly - o(eTe™ — ¢ = 177); Lint
is the integrated luminosity, determined to be (1.61 4 0.01) fb~! from the very large-angle
Bhabha scattering events [10]. The cross section o(ete™ — ¢ — 1y) has been evaluated to
be (41.7+0.6) nb and takes into account the small variations of y/s on a run by run basis [18].

A series of statistical tests is carried out for each hypothesised B(n — #t7~) to
numerically evaluate the distribution functions for the test statistics. The upper limit on
B(n — ntn~) at 90% CL is determined by requiring the C'Ls value equals 0.1 and results



to be:
B(n— ntm) < 4.9 x 107°. (4.2)

The corresponding upper limit on the number of signal events is N(n — 7F7~) < 48.

5 Systematic uncertainty

The systematic uncertainties affecting the ¢ — n(7+ 7~ )y analysis mainly originate from
the non resonant backgrounds and the difference in variables distributions between data
and MC samples.

The estimation of non resonant backgrounds in the signal region by fitting the signal
sidebands has a relative uncertainty of 0.5%; by changing the fitting function to second- or
fourth-order polynomial or varying the fitting range by 4 2 MeV /c?, the result varies within
the quoted uncertainty, therefore 0.5% is taken as the systematic uncertainty associated
with the non resonant backgrounds.

The systematic uncertainties associated to the selection criteria on v and My, are
estimated by varying the cuts within their resolutions respectively and evaluating the cor-
responding effect on M (n 7 ~). The relative variation compared to the nominal M (7 *7 ™)
spectrum and corrected for the corresponding variation in the MC efficiency is taken as
systematic uncertainty, which is determined to be 2.0% for the ¢ cut, and 3.0% for the
M, selection.

To evaluate the systematic uncertainty associated with the time of flight selection, the
lower cuts of dt. and §t, are varied alternatively by £+ 0.1 ns. In addition, different selection
criteria adopting elliptic cuts in the (dte, dt;) plane, instead of rectangular, are checked,
i.e. (6te — 0.6)% + (0tr — 1.35)% < 1.56 ns?, or (6t — 0.5)? + (5, — 1.25)? < 1.36 ns?, as
shown in figure 2. The maximum relative variation compared to the nominal M (77 ™)
spectrum and corrected for the corresponding variation in the MC efficiency is found to be
around 1.0%, which is taken as systematic uncertainty.

The trigger efficiency has been evaluated from the comparison of the EMC and DC
single and coincidence rates. The efficiency is in agreement with the MC evaluation, with
a negligible uncertainty.

A sample of non-filtered and non-pre-selected events, prescaled by a factor of 20, is
used to validate the efficiency of the background filter and event pre-selection algorithms.
The eTe™ — wrm v process is used to estimate the differences between data and MC
associated with the two algorithms, the effect is found negligible.

All the systematic uncertainties, including the uncertainty on the integrated luminos-
ity [10] and the cross section o(ete™ — ¢ — ny) [18], are listed in table 1, where the total
systematic uncertainty is estimated as the sum in quadrature of all contributions.

6 Combination with 2001/2002 data

This section presents the procedure to combine the 2001/2002 data analysed in ref. [7] with
the 2004/2005 data sample to get a combined upper limit.



Source Relative uncertainty (%)
Background Estimate 0.5
1 cut 2.0
My, p, cut 3.0
Time of flight cuts 1.0
Integrated luminosity 0.6
olete™ = ¢ — 1Y) 1.4
Total 4.1

Table 1. Summary of the systematic uncertainties.

In ref. [7] the upper limit was determined at 90% confidence level as:

Bn—ntn) = Niy =) <1.3x107°, (6.1)
Ny -€
with N(n — 7777) < 33, ¢ = (16.6 & 0.24ar & 0.45y5¢)%, and N, = 1.55 x 107 the
normalisation determined from the observed ¢ — n(37°)7y decays with a systematic uncer-
tainty of 2%.

The upper limit for this totally independent data sample has been re-evaluated using
the same procedure described in section 4. The signal shape is kept the same as in ref. [7],
a Gaussian function centered at the 7 mass value M, = 547.874 MeV/c? measured by
KLOE [19] and a standard deviation of 1.33 MeV/c? estimated from the MC simulation.
The 90% CL upper limit on B(n — w7~) is determined to be 1.36 x 107°, which is
consistent with the published result.

The procedure described in section 4 is then used to evaluate the upper limit combining
the two data samples taking into account their differences in the 7 signal shape, the observed
M (m7~) spectra and the shape of the estimated backgrounds, similarly to the procedure
used in ref. [20]. The systematic uncertainties estimated for both 2001,/2002 and 2004,/2005
samples are given as input to the procedure. The resulting upper limit at 90% CL is:

B(n—ntn) <44x107° (6.2)

which is almost a factor of three smaller than the previous limit.
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