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The quantum interference between entangled neutral kaons from decays ¢(1020) — K; Ks —
(r*n~)(n*n~) was measured in the KLOE detector at the DA®NE electron-positron collider.
Shape of the interference pattern exhibits very high sensitivity to possible decoherence of kaons
and violation of the fundamental C#7 symmetry. This pattern was analysed in the At variable,
being the difference of times of kaon decays, using 1.7 x 10° decays of ¢° — K K [1]. Fits of
models of decoherence and CP 7 violation significantly improves accuracy of their parameters

with respect to earlier measurements [2].
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1. Introduction

Testing quantum entanglement by using pairs of neutral kaons was first proposed in early
1960’s when the authors of refs [3—5] recognized how to use such pairs in the C-odd state (C stands
for charge conjugation) for research on the Einstein-Podolsky-Rosen paradox. Coherent pairs of
neutral kaons, in the basis of their mass eigenstates K; and Ky, are produced in ¢° decays in the
JPC =17~ state

N
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where N depends on the CP-violation parameters. The decay intensity of ) to the final state
|f) = |n*n~ n*n~) as a function of kaons’ proper decay times 1 » is equal to
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where I'y, s are decay widths and Am = m, — mg is the mass difference, where indexes j, s refer to
K1 s, and At = |t, — t1]|. Explicit dependence on decay amplitudes is factored out in eq. (2).

Possible loss of entanglement of the state (1) may lead to a factorizable state of the kaon pair.
Without further assumptions on its physical mechanism such transition was first considered in ref.
[6] and is called Furry hypothesis. Its simplest parametrization was proposed in ref. [7] which in
the {Ky, Kg} basis reads

[ Flw (12, Es))] ~
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The real parameter 0 < {rs < 1 quantifies the degree of coherence: (s = 0 corresponds
to the coherent state and {rs = 1 to the factorized state, i.e. completly destroyed coherence.
Expressions similar to eq. (3) can be found in the {K°, K°} basis using parameter {o5. Where
dependence on the amplitudes cannot be factored out. Another model incorporates a time-dependent
lrs(ti, 1) = exp[—Amin(zy,1,)] [1, 7]. In this case a simple relation between {7 s and A can be

found after integration over | + f,
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Another approach, called the y-model henceforth, incorporates the mechanism of environ-
mental decoherence to description of the decay spectrum. Theoretical framework is based on
modification of the classical Liouville - von Neumann dynamics for dissipative systems in terms of
density matrix, as presenterd by authors of refs [8, 9] and adopted for the neutral kaon pair in refs
[10, 11]

ap

o = l[p,H]+L(PaCY’ﬁ’7)’ (5)

where H stands for the effictive Hamiltonian of the kaon pairs and L for a dissipative term,
parametrized with real parameters «, 3, y that may induce decoherence and violate the 7 and CPT~
symmetry (7 is time reversal and # space inversion) due to dissipative arrow of time. Posing
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requirement of the completly positive evolution [12] implies @ = y and 8 = 0 and thus simplifies
the model to one parameter.

In a trial to set a limit on the explicit CP7 violation, a proposal of ref. [13] assumes that the
initial state (1) contains also admixture of states with a wrong CP 7 and reads

) ~ |Ks)IKL) — |KL)Ks) + w(|Ks)|Ks) — |KL)KL)), (6)

where w is a complex parameter quantifying it. This approach is further called the w-model. Both
the y- and w-models constitute frameworks capable to connect experimental data to theoretical
proposals of physics extending beyond the Standard Model of interactions, e.g. to quantum-
gravitational concepts of space-time backgrounds at the Planck scale (cf. ref. [14] and references
therein).

2. The KLOE detector at DAONE

The data were collected with the KLOE detector at the DA®NE e* e~ collider [15], that operates
at a center-of-mass energy corresponding to the mass of the ¢° meson, i.e. 1019 MeV. Positron and
electron beams of equal energy collide at an angle of (7 — 0.025) rad, producing ¢° mesons with a
small momentum in the horizontal plane, p4 ~ 13 MeV, and decaying 34% of the time into nearly
collinear Ky, K pairs.

The data sample analyzed in the present work corresponds to an integrated luminosity of
1.7 fb=! corresponding to 1.7 x 10° ¢° — K; K decays.

The detector consists of a large cylindrical drift chamber surrounded by a lead/scintillating-
fiber sampling calorimeter (EMC). A superconducting coil surrounding the calorimeter provides a
0.52 T magnetic field. Details of the KLOE spectrometer are given in refs [16, 17].

The momentum resolution of the spectrometer is equal to o-(p,)/p. = 0.4%, and the Kg —
m*n~ invariant mass is reconstructed with a resolution of 1 MeV. The calorimeter is divided into
a barrel and two endcaps, covering 98% of the solid angle. The energy and time resolutions are
0g/E =5.7%/+E(GeV) and gy = 54 ps/+/E(GeV) & 100 ps, respectively.

The trigger [18] 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 interesting events.

The response of the detector to the decays of interest and the various backgrounds are studied
by using the KLOE Monte Carlo (MC) simulation program [19]. Changes in the machine operation
and background conditions are taken into account. The MC samples used in the present analysis
amount to an equivalent integrated luminosity of 17 fb~! for the signal, and to 3.4 fb~! for all main
#° decay channels.

3. Event selection and background

Selection of events is based on reconstructed two vertices of decays into 7* 7~ pairs. For each
vertex, preselection criteria on the invariant mass of the pion pair and its total energy were applied,
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and then an overall kinematic fit was performed, including the ¢ and kaon vertices. For each 77~
vertes an opening angle 6., was required cos 6,, > —0.975. The resolution on At amounts to
0.77s.

There are two main background sources after the selection for the signal described above: the
non-resonant production of four pions, e*e™ — n*n~n*n~, and kaon regeneration on the beam
pipe. The remaining background due to semileptonic Ky decays can be considered negligible,
being uniformly distributed in A¢, and amounting in total from MC to less than 0.2% in the range
0 < Ar < 12715. The background from e*e™ — n*n~n*n~ is evaluated by studying the two-
dimensional invariant mass distribution of the reconstructed kaon decay vertices in bins of Az. In
the distribution corresponding to 0 < Af < 1 7s, shown in Fig. 1, the signal peak at the center and
the background contribution distributed along the second diagonal (due to a correlation introduced
by the selection and by kinematical constraints) can be identified. An unbinned maximum likelihood
fit is performed in order to evaluate the number of background events.
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Figure 1: Invariant mass distribution of Ky vs. Kg vertices for four A7 bins: 0 < Ar < ltg (top left),

1 < At < 215 (top right), 2 < At < 37g (bottom left), and 3 < At < 41g (bottom right). The histograms of
data have superimposed the result of the unbinned fit (red)

4. Efficiency and systematic uncertainties

Total efficiency of event selection was determined as a function of Af using MC simulation.
It consists of three factors: efficiency of the trigger, reconstruction and selection cuts. Fig. 2
(left) shows the efficiency as determined: after preselection cuts, after kinamatic fit and after cut
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on the opening angle of pions from kaon vertices 6,,. Drop of efficiency at small Az is due to
longer extrapolation length for both tracks originating in the interaction point that enhances the
probability to fail the reconstruction and a possible swap of tracks associated to two different kaon
decay vertices, when the two vertices are close in time.

The trigger and reconstruction efficiencies provided by MC were checked with data, using an
independent control sample of KsK; — ntn~™ mev events, selected to have high purity and to have
an overlap with the momentum distribution of the signal. The applied selection criteria ensure the
statistical independence of the control sample from the signal and a purity of 95%, with the residual

background dominated by the KsK; — n*n~ mev decay. The efficiency correction was evaluated

as the ratio between data and MC Ar distributions of KsK; — ntn~ mev events.

constant indicates a quite small average correction, as shown in Fig. 3 (right).
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Figure 2: Efficiencies as functions of Ar. Left:
preselection criteria applied (grey), the kinematic fit (brown), and the cut on the 6., angle (red). The
vertical error bars indicate the statistical uncertainty of the Monte Carlo sample. Right: Data/MC efficiency

Efficiency evaluated from the Monte Carlo, after the

correction. The superimposed line is the result of a fit with a constant.

5. Results and Conclusions

Furry hypothesis y-model

st doo y (GeV)
value | (0.1+1.6+0.7)x 1072 | (-0.05+0.80 +0.37) x 107° | 0.13 + 0.94 + 0.42) x 107!
x>/ndf 11.2/10 11.2/10

w-model
R(w) (1074 | J(w) (107 ¢ (rad) |w| (107%)

value | —2.3*19 £0.7 | —4,1"38 249 | -2.1£0.220.1 | 4729+ 1.0
y*/ndf 9.2/9

Table 1: Results of fits of three models of decoherence (3), (5) and (6) to experimental data. In each case
the first error is statistical and the second is systematic.
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Figure 3: Data and fit distribution for the {57 decoherence model with background contributions displayed.
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Figure 4: Results of a fit of the w-model to experimental data. Left: Contour plot of the Jw vs. Rw for
68% and 95% confidence levels. Right: Contour plot of the ¢, vs. |w| for 68% and 95% confidence levels.

Results of the fits of three models of decoherence, (3), (5) and (6), are summarized in Tab. 1.
Experimental distribution of A¢, together with the fit of {7 s in green, is shown in Fig. 3. Dominant
sources of background, coming from the regeneration of Kg for large Ar and from nonresonant
pion production e*te™ — n*n~n*n~ for small At, are also presented. Decoherence parameters {7s
and {5 are consistent with the null hypothesis of coherent evolution within one standard deviation.
Higher precision on ¢ is due to the fact that for small At the state K°K? has contribution from
KsKs that is not CP-suppressed and thus more likely decays into four pions, compared to K7 K.
The A parameter [7] of eq. (4) can be calculated from {7 s and it amounts to

A = (0.1%1.254 +0.5y5) % 1071 GeV. (7

Results of the fit of decoherence parameters can be also presented in terms of the upper limits at
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the 90% confidence level as

s < 0.030

Ly < 14x107°

A1 < 22x10716 Gev

y < 1.8x1072! GeV. (8)

Since the w parameter in model (6) is complex, fits of the w-model can be performed either in
the Cartesian or in polar representations. Besides Tab. 1, results of those fits are presented in
Fig. 4 where also the confidence contours corresponding to the one- and two standard deviations
are given. It is seen that all parametrs Rw, Jw, |w| and ¢,, are consistent with zero within one
standard deviation. Due to nonlinear dependence of the state (6) on ¢, in the polar representation,
the shape of contours is not elliptic and consistency of ¢, with zero within 1-o- contour is seen in
Fig. 4 and not from values of its error in the minmum of y?.

These results [1] represent an improvement with respect to the previuos KLOE [2] and earlier
CPLEAR measurements [20, 21]. All results are consistent with no decoherence and no CPT
symmetry violation. The values of parameters vy and w obtained from the fit are close to the
Planck scale where the quantum-gravitational space-time background effects may play role (cf.
contributions to ref. [14]). The Planck-scale effects on v and w should be of the order of
m%(/mp ~ 10720 and \/m%{/(mp(l“s —T1)) ~ 1073, respectively, where mp = 1.2 x 10! GeV is
the Planck mass.
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