PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: November 9, 2021
ACCEPTED: March 15, 2022
PUBLISHED: April 8, 2022

Precision tests of quantum mechanics and CPT
symmetry with entangled neutral kaons at KLOE

The KLOE-2 collaboration

. Babusci,© M. Berlowski,* C. Bloise,c F. Bossi,© P. Branchini,” A. Budano,?"
Cao,! F. Ceradini,?” P. Ciambrone,® F. Curciarello,”’ E. Czerwinski,’
D’Agostini,”»" R. D’Amico,”" E. Dane,” V. De Leo,”"" E. De Lucia,*

De Santis,® P. De Simone,® A. Di Cicco,?” A. Di Domenico,”™!? E. Diociaiuti,’
. Domenici,® A. D’Uffizi,© A. Fantini,”? G. Fantini,”>" P. Fermani,® S. Fiore,*"
Gajos,” P. Gauzzi,”™" S. Giovannella,® E. Graziani,” V.L. lvanov,”9 T. Johansson,’
. Kang,®? D. Kisielewska-Kaminska,” E.A. Kozyrev,”9 W. Krzemien,* A. Kupsc,’
P.A. Lukin,”9 G. Mandaglio,>* M. Martini,>' R. Messi,*”? S. Miscetti,® D. Moricciani,*
P. Moskal,” A. Passeri,” V. Patera,”" E. Perez del Rio,”" P. Santangelo,*

M. Schioppa,”’ A. Selce,?” M. Silarski,’ F. Sirghi,>¢ E.P. Solodov,”¢ L. Tortora,”

G. Venanzoni,” W. Wislicki* and M. Wolke'

@INFN Sezione di Catania, Catania, Italy

b Institute of Physics, Jagiellonian University,
Cracow, Poland

¢Laboratori Nazionali di Frascati dell’ INFN, Frascati, Italy

¢ Horia Hulubei National Institute of Physics and Nuclear Engineering,
Magurele, Romania

XPOPO®O

¢ Dipartimento di Scienze Matematiche e Informatiche,
Scienze Fisiche e Scienze della Terra dell’Universita di Messina, Messina, Italy
f Budker Institute of Nuclear Physics,
Nowosibirsk, Russia
9 Nowvosibirsk State University,
Novosibirsk, Russia
hINFN Sezione di Pisa, Pisa, Italy
i Dipartimento di Fisica dell’Universita della Calabria,
Arcavacata di Rende, Italy
JINFN Gruppo collegato di Cosenza,
Arcavacata di Rende, Italy

!Corresponding author.

2Due to a typesetting error, in the originally published article the affiliations of author A. Di Domenico
were wrong. The correct affiliations for author A. Di Domenico are “m” and “n”. The original online version
of this article was revised.

OPEN AccCESS, © The Authors.
Article funded by SCOAP?. https://doi.org/10.1007/JHEP04(2022)059
Corrected publication 2022


https://doi.org/10.1007/JHEP04(2022)059

k Dipartimento di Scienze di Base ed Applicate per UIngegneria dell’Universita “Sapienza”,
Roma, Italy
! Dipartimento di Scienze e Tecnologie applicate, Universita “Guglielmo Marconi”,

Roma, Italy

™ Dipartimento di Fisica dell’Universita “Sapienza”,
Roma, Italy

"INFN Sezione di Roma,
Roma, Italy

° Dipartimento di Fisica dell’Universita “Tor Vergata”,
Roma, Italy

PINFN Sezione di Roma “Tor Vergata”,
Roma, Italy

9 Dipartimento di Matematica e Fisica dell’Universita “Roma Tre”,
Roma, Italy

"INFN Sezione di “Roma Tre”,
Roma, Italy

SENFEA, Department of Fusion and Technology for Nuclear Safety and Security,
Frascati, Italy

t Department of Physics and Astronomy, Uppsala University,
Uppsala, Sweden

“ National Centre for Nuclear Research,
Warsaw, Poland

v School of Mathematics and Physics, China University of Geosciences,
Wuhan, China

E-mail: antonio.didomenico@romal.infn.it

ABSTRACT: The quantum interference between the decays of entangled neutral kaons is
studied in the process ¢ — KsKj, — 777~ 77—, which exhibits the characteristic Einstein-
Podolsky-Rosen correlations that prevent both kaons to decay into 77~ at the same time.
This constitutes a very powerful tool for testing at the utmost precision the quantum
coherence of the entangled kaon pair state, and to search for tiny decoherence and CPT
violation effects, which may be justified in a quantum gravity framework.

The analysed data sample was collected with the KLOE detector at DA®NE, the Fras-
cati ¢-factory, and corresponds to an integrated luminosity of about 1.7fb~!, i.e. to about
1.7 x 10° ¢ — KgKj, decays produced. From the fit of the observed At distribution, being
At the difference of the kaon decay times, the decoherence and CPT violation parameters
of various phenomenological models are measured with a largely improved accuracy with
respect to previous analyses.

The results are consistent with no deviation from quantum mechanics and CP7T sym-
metry, while for some parameters the precision reaches the interesting level at which — in
the most optimistic scenarios — quantum gravity effects might show up. They provide the
most stringent limits up to date on the considered models.
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1 Introduction

Entanglement is one of the most striking features of quantum mechanics. Schrédinger, in
reply to the famous argument by Einstein, Podolsky and Rosen (EPR) [1], named entan-
glement the (non-local) correlations among the parts of a composite quantum system, and
wrote: “I would call this not one but rather the characteristic trait of quantum mechanics,
the one that enforces its entire departure from classical lines of thought” [2].

Correlations in K'K? pairs produced in a C = —1 state, where C represents charge con-
jugation, were firstly recognised to be of the EPR-type by Lee and Yang in 1960 [3-5].1 The
entanglement of KK pairs produced in ¢-meson decays, in combination with the unique
properties of the neutral kaon system — such as flavour oscillations, charge-parity (CP)
and time-reversal (7") violation — opens up new horizons in testing the basic principles of
quantum mechanics and its fundamental discrete symmetries 7, CP, CPT [6-12].

Neutral kaon pairs are produced in ¢ decays into a fully anti-symmetric entangled
state with JP¢ =17

) = 5 (KDY — KO0} = o (sl i) - [kulKe)} . ()

with A" = /(1 + [es[?)(1 + |eL]?) /(1 — eser) ~ 1 a normalization factor, and eg 1, the small
CP impurities in the mixing of the physical states (Kg1,) with definite widths (I'sy,) and

masses (mg1,). It is worth noting that Bose statistics and angular momentum conservation
forbid the appearance in state (1.1) and its time evolution of terms with two identical
bosons, like KgKg or K Kf,.

!See text and footnotes in refs. [4, 5].



In this paper we focus on the study of the CP violating process ¢ — KsKy, — ntn~ 7wt~
described by the following decay intensity as a function of the kaon decay proper times ¢y

and to:
_ |N‘2 +,. — 4 2 —I'pt1—Tsto —I'st1 —T'pt2
I(t1,t2) = ——{m"7 |T|Ks)|"Int—[" Je te
(Ts+T'7)
—2e” Tz (i) cos[Am(ty —tg)]} , (1.2)

with ny— = (7 |T|Ky)/(r7 " |T|Ks) the ratio of K, g decay amplitudes into 7™,
and Am = mj, — mg. The decay intensity (1.2) exhibits a fully destructive quantum
interference phenomenon that prevents both kaons to decay into 777~ at the same time,
even when the two decays are space-like separated events. This EPR-type correlation
constitutes a very powerful tool for testing the quantum coherence of state (1.1) at the
utmost precision, and to search for possible decoherence effects. In fact, the key feature
of the entangled state (1.1) resides in its non-separability. It has been suggested [13]
that, according to Furry’s hypothesis [14], soon after the ¢-meson decays the state might
spontaneously factorize to an equally weighted statistical mixture of states |Kg)|Ky,) or
IKp)|Ks) (or also — depending on the decoherence mechanism — |K%)|K°) or |K%)|K°)),
loosing its coherence.

A way to describe such deviations from quantum mechanics [13, 15] is to introduce a
decoherence parameter (g1, and a factor (1 — (gr,) multiplying the interference term in the
quantum mechanical expression (1.2) in the {Kg, Ky} basis:

I(t17t2;CSL) o e—FLtl—Fstz + e—Fstl—FLtz

~ (g+I'p)

—2(1 — (gn)e” 7 MF) cos[Am(ty — to)] . (1.3)

The case (s1, = 0 corresponds to quantum mechanics, while for (s;, = 1 the case of spon-
taneous factorization of the state is obtained, i.e. total decoherence. Different (g1, values
correspond to intermediate situations between these two. Analogously, for a decoherence
mechanism acting in the {K° K°} basis [13], the modified decay intensity I(t1,t2;(y5) can
be defined by introducing a decoherence parameter (5 and a factor (1 — (,5) multiplying
the interference term in this basis (see appendix A).

In another phenomenological model [16] decoherence is introduced at a more funda-
mental level via a simple dissipative term in the Liouville-von Neumann equation for the
density matrix of the state, assuming CP and CPT invariance. Decoherence in this model is
predicted to become stronger with increasing distance between the kaons, and is governed
by a parameter \. This parameter is still in simple correspondence with the decoherence
parameter (g1, mentioned above by A ~ (g1, I's (see appendix A).

At a microscopic level, in a quantum gravity framework, space-time might be sub-
ject to inherent non-trivial quantum metric and topology fluctuations at the Planck scale
(~ 10733 cm), called generically space-time foam, with associated microscopic event hori-
zons. This space-time structure might induce a pure state to evolve into a mixed state,
i.e. Decoherence of apparently isolated matter systems [17]. A theorem proves that this



kind of decoherence necessarily implies CP7 violation, i.e. that the quantum mechanical
operator generating CP7T transformations is ill-defined [18].

The above mentioned decoherence mechanism due to quantum gravity effects inspired
the formulation of a phenomenological model consistent with this hypothesis [19, 20], in
which a single kaon is described by a density matrix p that obeys a specifically modified
Liouville-von Neumann equation:

dp

o = “iHp+ipH' +L(p; 0. 5,7), (1.4)

where H is the effective Hamiltonian describing the kaon system (not assuming 7, CP
or CPT invariance), and the extra term L(p;«, 3,7) induces decoherence in the system,
and depends on three real parameters, «, and -, which violate CP7T symmetry and
quantum mechanics (and satisfy the relations o, v > 0 and ay > ?). They have mass
dimension and are supposed to be at most of O(m%(/Mplanck) ~ 2 x 10720 GeV [21, 22],
where Mpianac = 1/v/Gn = 1.22 x 10'® GeV is the Planck mass. In the entangled kaon
system at a ¢-factory [23] this decoherence model can be tested in the channel ¢ — KgKy, —
ata~wTr™ and in the simplifying hypothesis of complete positivity [24], i.e. a = v and
8 = 0, with v as the parameter describing the phenomenon through the corresponding
decay intensity I(t1,t2;y) — see appendix A.

As mentioned above, in a quantum gravity framework inducing decoherence, the CP7T
operator is ill-defined. This might have a consequence in correlated neutral kaon states,
where the resulting loss of particle-antiparticle identity could induce a breakdown of the
correlation of state (1.1) imposed by Bose statistics [25-27]. As a result the initial state (1.1)
can acquire a small symmetric KK component and be parametrized as:

i) = \}5 [IK?)[K®) — [KO)|K®) +w ([KO)K) + [K)[K))]
o [|Ks)[Kr) — [Kp)|Ks) +w ([Ks)|Ks) - [Kp)[Kr))] | (15)

where w = |w|e?® is a complex parameter describing this particular CP7T violation phe-
nomenon, and I (t1, t2; w) the corresponding modified decay intensity (see appendix A). The
order of magnitude of w is expected to be at most |w| ~ [(m%(/Mplaan)/AP]l/Q ~ 1073
with AI' =T'g —I'y,.

As an ancillary consideration, from the measurement of w one can extract the ratio of
the branching ratios of the ¢-meson decay into a symmetric/anti-symmetric K°K? state:

BR(¢ — KsKg, K1 Ky,)
BR((b — KSKL) ’

wf? = (1.6)
where BR(¢ — KgKg, KpKy,) is intended as the branching fraction of the ¢ decay into a
KsKg or KKy, pair,?2 and BR(¢ — KgKp,) is the known branching fraction into a KgKp,
pair in state (1.1) [28].

2The C-even K°K° background produced in two photon processes or in fo, ao decays is very small in gen-
eral and can be considered negligible also in this context [7, 29]. It would be anyhow experimentally distin-
guishable from the w-effect due to different kinematics [29] or /s dependence across the ¢-resonance [10, 25].



The theoretical decay times distributions of the phenomenological models mentioned
above, after integration on the sum (t; + t2), are used to fit the experimental distribution
obtained with the KLOE experiment at DA®NE as a function of the absolute difference
of times At = [t; — t2|. In the following, the experimental set-up is briefly described in
section 2. The event selection (section 3), the residual background evaluation due to the
non-resonant 77~ 77~ production and kaon regeneration processes (section 4), and the
evaluation of efficiency as a function of At (section 5) are then presented. The adopted fit
procedure is detailed in section 6. After the study of the different sources of systematic
uncertainties in section 7, the final results on the various decoherence and CPT-violating
parameters are presented in section 8.

These results are obtained from the analysis of a data sample larger by about a factor
four, statistically independent, and with an improved background evaluation and signal
selection criteria with respect to previous KLOE analyses [30]. They are complementary
to the results on the test of CPT and Lorentz symmetry obtained studying the same
process [31].

2 The KLOE detector at DA®NE

The data were collected with the KLOE detector at the DA®NE ete™ collider [32-34],
that operates at a center-of-mass energy corresponding to the mass of the ¢ meson, i.e.
1019.4 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, py ~ 13 MeV,
and decaying about 34% of the time into nearly collinear KgKy, pairs. The data sample
analyzed in the present work corresponds to an integrated luminosity of about 1.7 b1, i.e.
to about 1.7 x 10° ¢ — KgKj, decays produced.

The beam pipe at the interaction region of DA®NE has a spherical shape, with a
radius of 10cm, and is made of a 62% beryllium-38% aluminum alloy, 500 ym thick. A
thin beryllium cylinder, 50 pm thick, with 4.4 cm radius, and coaxial with the beam, ensures
electrical continuity.

The detector consists of a large cylindrical drift chamber (DC), surrounded by a
lead/scintillating-fiber sampling calorimeter (EMC). A superconducting coil surrounding
the calorimeter provides a 0.52T magnetic field. The DC [35] is 4m in diameter and
3.3m long. The chamber shell is made of carbon-fiber/epoxy composite, and the gas used
is a 90% helium-10% isobutane mixture. These features maximize transparency to pho-
tons and reduce Ki, — Kg regeneration and multiple scattering. The spatial resolution is
Ozy =~ 150 pm and o, ~ 2mm in the transverse and longitudinal projections, respectively.
Vertices are reconstructed with a spatial resolution of 3mm. The momentum resolution
is o(p1)/pL = 0.4%, and the Kg — 77~ invariant mass is reconstructed with a reso-
lution of 1MeV. The calorimeter [36] is divided into a barrel and two endcaps, covering
98% of the solid angle. The modules are read out at both ends by photomultiplier tubes
with a read-out granularity of about 4.4 x 4.4cm?. The arrival times of particles and the
three-dimensional positions of the energy deposits are determined from the signals at the
two ends; fired cells close in space and time are grouped into an energy cluster. For each



cluster, the energy F is the sum of the cell energies, the time ¢ and the position r are cal-
culated as energy-weighted averages over the fired cells. The energy and time resolutions
are op/E =5.7%/+/E(GeV) and o = 54ps/+/E(GeV) & 100 ps, respectively.

The trigger [37] 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 [38]. 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 17fb~! for
the signal, and to 3.4fb~! for all main ¢ decay channels.

3 Event selection

The following scheme is adopted for the event sample selection. Candidate signal events
are topologically identified requiring the reconstruction of two vertices with two opposite
curvature tracks each. At least one vertex is required within a cylindrical fiducial volume
(p = 22 +y% < 10cm and |z| < 20 cm) centered at the collision point. The latter is evalu-
ated run-by-run from Bhabha scattering events. For vertex i (i = 1,2) the kaon momentum
p; and energy E; are evaluated from the pion momenta p;+ and p;_ as p; = p;4+ + p;— and

E; = \/|p:]? + m¥%. Afterwards the following selection criteria are applied (preselection):

o |mi(ntn™) —mk| < 5MeV, with m;(7t7~) the invariant mass calculated from p;
and assuming the charged pion mass hypothesis;

< 10MeV, with p;} the pion momenta of vertex ¢ calculated in the

o |17y + B —pg
¢ rest frame, pi; = /7 — mx? the kaon momentum calculated from the kinematics
of the ¢ — KgKp, decay, where /s, the ete™ C.M. energy, is obtained run-by-run

from Bhabha scattering events;

e —50< E2

miss

—|Prmiss|? < 10 MeV? | with Piniss = Py —p1 — P2 and Eniss = Ey— E1— Ea ;

E2 iss + |ﬁmiss’2 < 10MeV .

m

A kinematic fit is then performed in order to improve the resolution on the kaon decay
vertices. The two decay vertices are parametrized as:

‘sz(ﬁ-l-)\iﬁi, (3.1)

where XZ are the positions of the vertices, ‘7¢ is the ¢ decay position, \; are the decay
lengths, and 7; = p;/|p;| are unit vectors identifying the kaon directions as reconstructed



from tracks. A global kinematic fit solves for A; and 17¢ maximizing the log-likelihood
function:
o —(rec) —(fit) —(rec) —(fit)
L= P (V" - V) pmp, (V0 - v (3.2)
i=1,2

where P; and Py are the probability density functions representing the resolutions for V; and
17(,5, as obtained from MC. As the main uncertainty in the vertex position is in the direction
orthogonal to the kaon line of flight (due to the large opening angle of the two pions),
the kinematic fit takes into account separately the vertex resolution projected along this

(fit) (rec)
=\
< 10

(A1)
are retained. From the decay lengths \; the proper times are evaluated: t; = I%ImK .

direction and in the transverse plane. All events with —21In L < 30 and

The resolution on the difference At = |ty — t1] is strongly correlated with the opening
angle 0., of the pion tracks, and is worsening for large values of 6,,. A final selection cut
is therefore applied to candidate events, requiring both vertices with cos(0,,) > —0.975,
obtaining a further improvement on the At resolution with a moderate loss in efficiency.
The core width of the At resolution at the end of the selection is approximately 0.7 5.

4 Background evaluation

There are two main background sources after the selection for the signal described above:
the non-resonant production of four pions, eTe™ — 7t7 77—, and kaon regeneration on
the beam pipe. The remaining background due to semileptonic K1, decays can be considered
negligible, being uniformly distributed in At, and amounting in total from MC to less than
0.2% in the range 0 < At < 12 75.

The process ete™ — ntn~ w7, although not dominant (about 0.5% in the range
0 < At < 1271g), is concentrated at At ~ 0, which is the most sensitive region to de-
coherence effects described in section 1. This background is evaluated by studying the
two-dimensional invariant mass distribution of the reconstructed kaon decay vertices® in
bins of At. In the distribution corresponding to the first bin (0 < At < 17g) shown in
figure 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 clearly identified. An unbinned maximum likelihood fit is performed
in order to evaluate the number of background events. The model used to fit the observed
distribution is:

Nobs(xhy):NS‘S('ray)—’_NB‘G(Z;NZ20703)7 (41)

with z,y = [m(rT7n™) — mK]S,L the invariant mass shift for reconstructed Kg, vertices,
S(z,y) the template for the signal shape obtained from MC after the selection, not imposing
the invariant mass constraint, G(z; u, = 0,0p) a Gaussian distribution as a function of the
variable z = z 4+ y with zero mean (z = —y) and standard deviation op (free parameter in
the fit) to model the background along the second diagonal, Ng and Np two normalization

3In the following we conventionally name Kgs (Ki) the kaon with its reconstructed decay closest to
(farthest from) the ¢ production point, even though actual Ks and K, decays close in time would be
quantum mechanically indistinguishable due to the overlap (Kg|Kr) # 0 originated by CP violation.
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Figure 1. Invariant mass distribution of Ky, vs. Kg vertices for four At bins: 0 < At < 175 (top
left), 1 < At < 275 (top right), 2 < At < 375 (bottom left), and 3 < At < 47g (bottom right).
The histograms of data have superimposed the result of the unbinned fit (red).

factors for signal and background, respectively. The background events are then extrapo-
lated from the |z, y| < 10 MeV region to the nominal signal region |z, y| < 5 MeV. The result
is np1 = 39 £ 5 events for the first bin (0 < At < 17g). The consistency of this result is
checked against different extrapolating regions, from |z,y| < 6 MeV to |z, y| < 10 MeV. The
fit is independently repeated for the (1 < At < 27g), (2 < At < 37g), and (3 < At < 471%)
bins yielding as result npo = 6 £2, np3 = 6 £ 2, and np4 = 3 £ 1 events, respectively.
From these results we conclude that the ete™ — 777~ 77~ background can be considered
negligible for At > 3 7g.

The regeneration background peaks in the region at At ~ 17719 due to the spherical
beam pipe [30]. In the present analysis the fit to the At distribution is restricted in the range
0 < At < 1279 to avoid this background, while keeping the maximum sensitivity to the
various decoherence and CPT violation parameters, which is mainly in the region At < 6 7g.
The remaining regeneration background is due to the small contribution from the thin
beryllium cylinder, largely dominated by the incoherent over the coherent regeneration [39,
40]. The latter can be therefore neglected. The At distribution of the residual incoherent
regeneration background is spread out over the region 5 < At < 127g, as an effect of the
cylindrical geometry, and is evaluated with Monte Carlo. The Kg regeneration probability,
Pr‘gg, is extrapolated from the measured regeneration probability on the spherical beam
pipe [30], Prsepgh, knowing the incoherent regeneration cross-section ratio for beryllium and



aluminum, r = 2229 214 using the relation:
) Oinc (Al) ’

P = Dyeom - P2 - £(r), (4.2)

reg — reg

where Dgeom is a factor depending on the beam pipe geometry, and f(r) a function of the
ratio 7:

(pBe/ABe) T

)
WRe w
PAlBe (TB -+ TAi)

f(r) = (4.3)

with page the density of the spherical beam pipe, wpe and wya; the Be/Al proportion
by weight. The large uncertainty on r (from ref. [40] r ~ 2, while a preliminary KLOE
measurement yields r &~ 0.3 [41]) reflects on f(r), which is anyhow smoothly varying with r
reaching a plateau for r 2 2, and dominates the uncertainty on Prceygl. This quantity is used
as input to the MC evaluation of the true At distribution with and without the effect of
regeneration. The ratio between the two corresponding histograms provides the correction
factors R; to account for regeneration background as a function of At in the fit procedure

described in section 6.

5 Efficiency evaluation

The total selection efficiency can be parametrized as the product:

€tot = €trig €reco €cuts » (51)

with €ig the efficiency due to the trigger, €reco the efficiency of the reconstruction procedure
and equts the efficiency due to the selection cuts. The latter is derived from the MC,
while the MC efficiencies of the first two are corrected using data from an independent
control sample, as described in the following. It has to be underlined that for the present
analysis only the dependence of €, on At is crucial, while its absolute global value is
not relevant. The efficiency €t as obtained from MC is shown in figure 2 as a function
of At, before and after the application of the kinematic fit and the cut on the opening
angle. The efficiency is in average ~ 25% with a small reduction at At =~ 0 that is due
to two concurrent effects: (i) longer extrapolation length for both tracks originating in the
interaction point that enhances the probability to fail the reconstruction; (ii) the possible
swap of tracks associated to two different kaon decay vertices, when the two vertices are
close in time At ~ 0.

The trigger and reconstruction efficiencies provided by the MC are checked with data,
using an independent control sample of KKy, — 77~ muv 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 KsKj, — 7 7~ mer
decay. The efficiency correction has been evaluated as the ratio between data and MC At
distributions of KsKi, — nTn~mur events. A fit with a constant indicates a quite small
average correction, as shown in figure 3.
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Figure 2. Efficiency evaluated from the Monte Carlo, after the preselection criteria applied (grey),
the kinematic fit (brown), and the cut on the 6, angle (red). The vertical error bars indicate the
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- 1
| I I I l l ‘ ‘ ‘

2 4 6 8 10 12 14 16 18 20
At/ 1g

o

Figure 3. Data/MC efficiency correction as a function of At. The superimposed line is the result
of a fit with a constant.

6 Fit

As already pointed out in section 4, the fit is performed on the measured At distribution
in the range 0 < At < 127g, in order to minimize the regeneration background. The bin



width of the data histogram is At = 17g, of the same size of the At resolution. The fit
function in the j-th true At bin is evaluated integrating the decay intensities described in
section 1 over the sum (¢; + t2), at fixed At, and over the bin width:

jE 00

@ = [ _dan) [ I tala) din ). (61
(j—1)At At

with q the vector of the decoherence and CP7T violation parameters. Then the following

expression for the expected number of events in the i-th reconstructed At bin is used to

fit the observed At distribution:

DAT
N(qQ)i* = NEMC " 5; je; Rl (q)}" (6.2)
J

DAT
with E;MY the data/MC efficiency correction discussed in section 5, S;; the smearing

matrix describing the At resolution obtained from MC, €; the MC efficiency, R; a factor
describing the regeneration contribution according to (4.2) and taking into account its
At shape, and N a global normalization factor. Finally the 47 background evaluated as
described in section 4 is subtracted from the data histogram, with Nfl‘erta the resulting
number of observed events in the i-th bin. The following x? function is minimized by

the fit: ,
Nzgtlata - N q gh
fzz( “Nai) (6.3)

i )

with o; evaluated by summing in quadrature the statistical uncertainty of data and the
subtracted 47 background, and including the uncertainties for MC efficiency and data/MC
corrections. The measured At distribution and, as an example, the result of the fit for the
(s1, decoherence model, are shown in figure 4; the total number of signal events from this
fit is 10278 £ 105.

7 Systematic uncertainties

In order to evaluate the systematic uncertainty on the fit results, the whole fitting procedure
is repeated varying the selection cuts, the number of background events, the At resolution,
and the physical constants given in input to the theoretical models, as described in the
following.

e Selection Cut Stability — The selection cuts are all varied in order to test the MC
in evaluating the corresponding efficiency variation. The cuts are varied according to
their resolution o in steps of £1¢ and 420 to check the stability of the results. For the
evaluation of the systematic uncertainty only the +1c variation is considered. The
uncertainties from the various cuts are added in quadrature, with the exception of the
uncertainty due to the variation of the cut on the invariant mass of the two vertices,
which is not considered. In fact the latter is strongly correlated with the variation of
the 47 background contamination, which is the dominant effect in this case, and has to
be correspondingly rescaled for each invariant mass cut (see section 4). Therefore the
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Figure 4. Data and fit distribution for the (g1, decoherence model with background contributions
displayed.

effect of the invariant mass cut variation is automatically included in the evaluation
of the systematic uncertainty of the 47 background described below.

e 47 Background — To vary the number of background events originated from the
non-resonant pion production ete”™ — 77~ 7T~ process, the fit procedure is re-
peated rescaling the np; background yield according to the uncertainty of the total
4m background contribution np = np1 +np2+npz =951.0£5.7.

» Regeneration — The factors R; describing the regeneration background as a func-
tion of At are varied according to the R; = R;j +a (R; — 1) relation (no regeneration
corresponds to R; = 1), where a parametrizes the fractional variation due to the
uncertainty on the regeneration process. The latter is dominated by the uncertainty
on the knowledge of the cross-section ratio r through the function f(r), as discussed
in section 4. A variation of r in the range ~ 0.3 < r < 0o corresponds to a fractional
variation in the range —35% < a < 410%, which is therefore considered for the
evaluation of the systematic uncertainty due to regeneration.

e At Resolution — In order to evaluate the MC reliability on the At resolution de-
scription, the proper decay time (tg) distribution of Kg — 77~ events is obtained
selecting a sample relaxing the boundary condition Ag > 0 in the kinematic fit proce-
dure, and requiring for the Ky, a decay path of at least 12 cm. This allows to compare
the negative tail of the tg distribution for data and MC, which corresponds to those
events in which the Kg vertex is, because of resolution effects, between the ¢ and the
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Ky, vertex. The tg distribution is fit with an exponential function taking into account
resolution effects by constructing a smearing matrix from MC. The accuracy of the
MC description is evaluated by increasing or reducing the resolution by a scale factor
k according to the relation:

/
IMC _ (7.1)
oMC

where oMC = (tls\/ICtrue _ tlg/ICreco) and 0—{\/[(] _ (tls\/ICtrue _ tISMCreco)’ with tg/ICreco
and tg/lc true the MC reconstructed and true tg, respectively. The new reconstructed
time t5M1° evaluated from equation (7.1) is then used to construct a modified
smearing matrix. By fixing the normalization of the distribution to data and 7g to
its known value [42], 75 = 0.89562 x 107105, a x? scan as a function of k is performed
to find the best value of the scale factor. The result is £ = 0.9962 4+ 0.0044, which is
compatible with unity with an uncertainty of 0.4%. As a cross-check, a fit with 75 as
a free parameter (and k = 1) yields as result Ts(ﬁt) = (0.8952 4 0.0030) x 10~ 19s.

Similarly, the systematic uncertainty related to the At resolution is evaluated
by increasing or reducing the resolution and correspondingly modifying the smearing
matrix S; ; using the relation:

AtMC true _ A4/ MC reco

=1+ 6k, (7.2)

AtMC true AtMC reco

with AtMCreco and AMCtrue the MC reconstructed and true At, respectively, and
0k = £0.75%, £1.5%. The variation 6k = +0.75%, larger by almost a factor two than
the uncertainty on the scale factor k discussed above, is considered for the evaluation
of the systematic uncertainty.

e Input Physical Constants — In order to evaluate the effect induced by the uncer-
tainty on the values of the physical constants (7g, 71,, Am, and n4_) used in input
to the fit theoretical function I(t1,¢2|q), different sets of physical constants are ran-
domly generated according to their uncertainty [28], and the fit repeated for each set
of constants. The standard deviation of the whole set of results is taken as systematic
uncertainty.

The results on the various systematic uncertainty contributions are summarized in ta-
ble 1. All contributions are evaluated, except for the one on the input physical constants,
as the semi-distance between the maximum and minimum values among the results ob-
tained with positive, negative, and no variation of the considered cut or effect. The final
value of the systematic uncertainty is obtained by the sum in quadrature of the different
contributions.

8 Results

The final results for all models mentioned in section 1 are reported in the following.
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0Cst, | 0Co oy 0Rw | 6Sw | d|lw| | dou
102 | -107 | 1102 GeV | -10* | -10* | -10* | (rad)
Cut stability 0.56 | 2.9 0.33 0.53 | 0.65 | 0.78 | 0.07
47 background 037 | 1.9 0.22 0.32 | 0.19 | 0.32 | 0.04
Regeneration 0.17 | 0.9 0.10 0.06 | 0.63 | 0.58 | 0.05
At resolution 0.18 | 0.9 0.10 0.15 | 0.09 | 0.15 | 0.02
Input phys. const. | 0.04 | 0.2 0.02 0.03 | 0.09 | 0.07 | 0.01
Total 0.71 | 3.7 0.42 0.64 | 0.93 | 1.04 | 0.10

Table 1. Systematic uncertainties on all decoherence and CPT -violating parameters.

For the decoherence parameters (gy,, (y5, and 7y they are:

(st = (0.1 & 1.6tat = 0.75yst) - 1072 with x%/dof = 11.2/10,
Cop = (—0.05 % 0.80stat + 0.375yt) - 107° with x?/dof = 11.2/10,
v = (0.13 + 0.94g¢a1 & 0.424y5) - 1072 GeV with x?/dof = 11.2/10.

The high precision of the (5 result with respect to sy, can be intuitively explained by
considering that the overall decay, in which both kaons decay into 77—, is suppressed by
CP violation. In quantum mechanics this conclusion is independent on the basis used in the
calculation of the decay intensity (1.2), while in case of a decoherence mechanism it depends
on the basis into which the initial state tends to factorize. The decay KsKj, — mta 7 tn™
is still suppressed by CP violation, while the decay K'K® o (KiKg — KsKr, + KsKg —
KpKp) — 77 7tn~ has a contribution from KsKg — 77~ ntx~ that it is not CP
suppressed, and is copious in the region at At =~ 0. Consequently a larger sensitivity on
the (5 parameter is achieved.

The X\ parameter derived from (gr, [16] is:
A= (0.1 + 1.2t + 0.55y5t) - 1070 GeV .

As these parameters are constrained to be positive, the results can be translated into 90%
confidence level (C.L.) upper limits [43]:

(s < 0.030,
Cop < 1.4-1079,
v <1.8-1072 GeV,
A<22-10710Gev.

The results on the complex w parameter have been obtained by performing the fit in
Cartesian {Rw, Sw} coordinates:

o = (=2.3479 0 £ 0.605s) - 1077,

Sw = (41438 £ 0.9q0) - 1077,
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and in polar {|w|, ¢} coordinates:

|w| = (4.7 4 2.9gat + 1.05yst) - 1074,
¢ = —2.1 + 0.2t £ 0.1y (rad) with x?/dof = 9.2/9.

The correlation coefficient between Rw and Sw is 68%. The contour plot of Sw vs. Rw for
the 68% and 95% confidence levels is shown in figure 5. The correlation coefficient between
lw| and ¢y, is 14%. The contour plot of |w| vs. ¢,, for the 68% and 95% confidence levels is
shown in figure 6.

These results represent a sizeable improvement with respect to previous measure-
ments [13, 44, 45], in particular by more than a factor two with respect to previous KLOE
results [30], and constitute the most stringent existing limits on the corresponding observ-
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able effects. All results are consistent with no decoherence and no CP7T violation, while
the precision in the cases of v and w parameters is reaching, or surpassing, the level of
the interesting Planck’s scale region,* the scale at which, heuristically, these effects may
appear in the most optimistic scenarios for quantum gravity [19-22, 25-27].

Finally from the result on |w|, using relation (1.6) and the measured value of
BR(¢ — KgKp) [28], an upper limit for the branching ratio of the ¢ — KgKg, Ky Ky,
decay can be derived at 90% C.L.:

BR(¢ — KsKg, KL Ky) < 2.4-1077.

A Decay intensity expressions in decoherence models

Cog model. The decay intensity I(t1,t2;(y5) is defined by introducing a factor (1 — (y5)
multiplying the interference term of the quantum mechanical decay intensity expression in
the {K° KO} basis:

_ 2 _ 2
(11,23 Gon) o [( ™ TR () ('t [TIRO (1)) |G [TIRO (1)) o (TR (1)

—2(1 = o) %[<7T+7T7\T|K0(t1))<ﬂ+f TIK  (t2))
x (7 TR0 () (7~ [ T]K (22))) ] - (A.1)
The explicit expression for I(t1,%2; (y5) to lowest order in |n;_| is:

[(tlv tQ; <0(_)) o [ (1 . Cg(_)) (efFthFstz + efl“shfFLtQ —9e (Fs;rFL) (t1+t2) COS[Am(tl _ tQ)D

_ —Is(t1+t2) ( )
+% (e|,7|2 _ 9 o= Tt (4, 445) cos|Am(t, +t2)]>} . (A.2)
+_

A model. In the model described in ref. [16] decoherence is governed by a parameter A

which is in direct correspondence to the parameter (gj, introduced in eq. (1.3). The only
difference in this case is that (g1, becomes time dependent (see eq. (3.3) in ref. [16]):

(su(tr 1) = 1 — e Aminlint2) (A.3)
Substituting expression (A.3) in eq. (1.3) one obtains the decay intensity I(1,%2; \):
I(t1,t2;\) o e Titi—T'stz | —Tsti—T'Lta
-2 (e_/\min(tl’tQ)) e S (11 +2) cos|Am(t; — t2)]. (A.4)

As in our case the decoherence parameter gy, in eq. (1.3) is measured fitting the observed
At distribution, comparing the decay intensities (1.3) and (A.4) after integration on the
sum (t; + t2), the following relationship holds:

A A
_ —~ A5
I's+TL+X Ty (A-5)

used to evaluate A from the measured (g1, parameter.

Cst, =

4 As mentioned in section 1, this corresponds to ~ 2 x 1072° GeV for v, and ~ 1072 for |w|.
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~ model. The explicit expression for I(t1,te;7) is (see ref. [23]):

2 ~Tpt1—Dst gt —Tpt
I(tl,tQ;’y)o( |:<1-|-) e Tuti-Tstz | ,—T'sti-TLt2
AT )

_(FS+FL) f)/ _
—2e7 7 H2) cos[Am(ty — ty)] — 2——=———e Ts(titt2)
AD|n4—|?

(A.6)

w model. The explicit expression for I(t1,t2;w) is (see ref. [26]):

_ (FS“’FL) (
2

I(ty,t2;w) [e_FLtl_FstQ + e tstizlutz 9 ttt2) cos[Am(ty — to)]

2 (Cg+Tp)
+|Tl(j| ’26_F8(t1+t2) + 2|77:U| | (e‘rstle_ S cos[Amty — ¢y— + du)
(Pg+Tp)
—e Tst2e=510 cos[Amt; — ¢ + qbw])] . (A.7)
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