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Neutral kaons provide one of the most sensitive systems to test quantum mechanics and CPT
violation. In the first part of this report I review the results on CPT violation searches in the
kaon system from the CPLEAR, KLOE and KTeV experiments. In the second part, I report tests
of quantum coherence related to CPT violation, performed at CPLEAR and KLOE by studying
the time evolution of the kaon system. The results show no deviations from the expectations of
quantum mechanics and CPT symmetry, and the accuracy reaches the interesting region of the
Planck’s scale.
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1. Introduction

The time evolution of the neutral kaon system is described by

0 (KO i KO
2(8)-mown().

where M and I" are the 2 x 2 mass and decay matrices.
(Mo — MKO) +1/2(Fgo — rKo)

Fs—TL

CPT violation in the time evolution is parametrized by

5= cos(qay )€ BV (1.2)

where gy is the superweak phase, defined by tan gy =2(Ms— M )/(Fs—T) and Mg and I's.
are the mass and decay width of Kg .

The O parameter has been directly determined by measuring the time-dependent semileptonic
asymmetry, and has been indirectly measured by comparing the Ks and K| semileptonic asym-
metry and using the Bell-Steinberger relation (sec. P} ).

CPT violation has been also searched for in the kaon decay to 71" 7T~ and in semileptonic decay.
CPT tests in the decay to 71771~ are based on the phase differences @, — @y and @y — @, _,
AKL — O (0))

I®:—00) —
where |17, oo [ €% A(Ks — -0 - 0))

and have been performed measuring interference

patterns (sec. ).

Semileptonic amplitudes are parametrized by X, describing violation of the AS= AQ rule, and X_
and Yy, describing CPT violation in the AS= AQ and AS= AQ decay amplitudes, respectively. The
Xt — and y parameters have been obtained by measuring the semileptonic asymmetries (sec. P).
Different experimental approaches giving access to complementary information have been used
to test CPT symmetry in the kaon system: tagging of kaon strangeness at CPLEAR, regenerator
technique at KTeV and coherent KsK production at KLOE.

2. CPT testsat CPLEAR

The CPLEAR experiment used low-energy antiprotons stopped in a gaseous hydrogen target.
Single and two neutral kaons were provided by the processes:

pp— KOK—m™ KK+ 2.1
KK, (2.2)

In latter reaction the K’K® system is mostly produced in a J?¢ = 1=~ state [[]:

i) OIKO(+0)) R (=1)) — [K°(+P)) K" (~P)) (2.3)

A direct measurement of [10 has been performed at CPLEAR using the reaction by measuring
the time-dependent semileptonic asymmetry [[I]]:

Ri()-R (1) R (D)-R(1)

AR R0 TRORO

=406+ .7 (00d,y,0x_,0x;) 2.4
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where Re-(T) (R:(T)) is the decay rate at proper time T to €F 7r-v for events tagged as K°(K0) at
T =0 . The asymmetry depends, beside the CPT-violating parameter d, on the parameters Yy and
X+. The strangeness of the kaon at T = 0 is identified by the accompanying charged kaon. The
measured asymmetry is shown in fig. |l| and the results are:

06 = (0.304+0.33+£0.06) x 1073
06 = (-1.54£2.3+0.3) x 1072
Ox. = (02+£1.3+£0.3) x 1072
Ox; = (1.24£2.2+0.3) x 1072 (2.5)
consistent with CPT symmetry.
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Figure 1. Semileptonic asymmetry as a function of the kaon decay times (in Ts units). The solid line
represents the fit result.

This latter result is improved by adding as a constraint the KLOE measurement [f]] As— A =
4[08+0x_] = (—1.8410.0) x 1073 to the original CPLEAR fit, obtaining [Ix; = (0.8 £0.7) x
1072, whose reduced uncertainty improves the determination of (& and O through the Bell-
Steinberger relation (B.2) (sec. B.1))

3. CPT testsat KLOE

The KLOE detector operates at the Frascati ¢-factory DA®NE, an ete™ collider working at
the center of mass energy W ~ mg ~ 1.02 GeV. The K mesons are produced from the ¢ decay in a
JPC = 17~ state:

i) OIK(+0)) IR (=B)) — [K°(+9)) K (~P)) 3.1
O Ks(+P)) KL(=P)) — IKL(+P))[Ks(—B))

so that observation of a Ks in an event signals the presence of a K| and vice-versa. In particular,
the unique possibility to select a pure and monochromatic Ks beam, not possible in a fixed tar-

get experiment, allows to perform CPT tests by measuring the semileptonic charge asymmetry:

(K metv)—T(K me v
AsL = FEKzt : n-e+v; n rEKzt : n+e—\7;' The difference between the charge asymmetries
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As — AL =4(0d+ Ox_) signals CPT violation either in the mass matrix or in the decay am-
plitudes with AS # AQ, while the sum As+ A_ = 4(0& — Oy) allows to test CPT violation in
the AS= AQ decay amplitude. As has been measured for the first time by KLOE [P]]. Its value,
As=(1.5£9.6+£2.9) x 1073, is compatible with the measurement of A_ [f]. By comparing Ag and
A, KLOE has also obtained (x_ = (—0.8 £2.4+0.7) x 10~? and Oy = (0.4£2.4+£0.7) x 1073,
The results are consistent with CPT symmetry.

3.1 Bell Steinberger Relation

The most powerful test of CPT invariance in the neutral kaon system is presently obtained by
means of the Bell-Steinberger relation [f]], which relates CPT and CP violating parameters, [0
and U¢, to the decay amplitudes of K| and Ks into the same final state:

Fit Ft + i tan @y D18+ ’;‘Dzé _ rsi - Zag(f)al_(f) = Z of; (3.2)
where ag () are the Kg| decay amplitudes to the final state f. KLOE has recently determined [J&
and 06 from (B.2). Details of the experimental inputs can be found in ref. []]. The main improve-
ments are due to the KLOE upper limit on the BR(Ks — ° nono)[E] and the KLOE measurement
of the semileptonic Kg charge asymmetry Ag []], which allows to calculate the semileptonic contri-
bution ayj3 = 2Tk / Tk, B(KI3)(Oe — Oy —i(00 + Ox4)) = 2Tks/ Tk B(KI3) ((As+AL) /4 —i(0d +
[0x)) independently from the y parameter and to determine [IX; from a combined fit of Ag with

the semileptonic time dependent decay rate asymmetry measured by CPLEAR [[l]j(sec. P).

The results are Re(€) = (159.641.3) x 107 and Im(&) = (0.4 £2.1) x 1073, resulting in an im-
provement to the CPLEAR measurement [[[Jl: Re(€) = (164.9 £2.5) x 107> and Im(8) = (2.4 +
5.0) x 1075,

The limits on (16 and [J& can be used to constrain the mass and width difference between K and
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Figure 2: Allowed region at 68% and 95% CL in the (&, (Jd plane and in the AM, Al plane.

KO from eq.[.J. The allowed region in the (Myo — Myo), (Tko — o) plane is shown in the right
panel of fig. B.1. Assuming no CPT violation in kaon decay (i. e. Mo = I'z0) KLOE has obtained
the following best limits on the neutral kaon mass difference:
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—53x107"" <Myo —Mgo <6.3x 107" GeV  at95% C.L.

4. CPT testsat KTeV

The KTeV experiment used a regenerator to provide a source of Ks decays . The Ks-K| inter-
ference pattern downstream the regenerator allows to perform CPT tests based on phase measure-
ments. The @;_, o and @w phases have been measured by fitting the time decay distribution of
Ks. — m'm and 171 events in the regenerator beam decay (fig.f) with

R(t) O (|In|2e™V™ +|p|*e Vs +-2|p[|n| cos(Amt + g — gy )e /(154 T)) 4.1)

where p = |p|ei"’p is the coherent regeneration amplitude and N = N4 _ go.
The results are[ff]]:

@ — sy = +0.61+0.6241.01 (4.2)
@o— @ = +0.394+0.22+£0.45 (4.3)

where the latter result benefits from the cancellation of uncertainties due to the regeneration phase.
Both results are consistent with CPT symmetry.
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Figure3: zdecay distribution of K — 777 77~ in the regenerator beam for data (black point) and MC (dashed)
without the interference term.

5. Testsof quantum coherence

Tests of quantum coherence have been performed at CPLEAR and KLOE by studying the time
evolution of the entangled states (£.3)) and (B.I)), respectively. In particular, according to quantum
mechanics (QM) the double differential time distribution into final states f; and f; at proper times
t; and t; for the state (@) is

1(f1 e fauto) O |02 THi=Tst 4 |, 2eTsti—Tte
=2/ ||nale” TsHTIOHRI2 cog[am(t; — t) + @ — @] (5.1)
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One of the most direct ways to search for deviations from QM is to introduce a decoherence pa-
rameter { [[§], i.e. multiplying by a factor (1 — ) the interference term in (F.I). The definition
of ¢ depends on the basis in which the initial state (B.I]) is written [f]. The case { =1 (i.e. total
decoherence) corresponds to the spontaneous factorization of states (known as Furry’s hypothesis
([Lan.

At CPLEAR the spontaneous factorization of the state (2.3) has been tested by measuring the
asymmetry between the intensities for like- and unlike strangeness kaons as a function of the kaon
decay times [f]]. According to QM, this asymmetry is given by

2e(MsHM+0)/2 cog(Am(t; —ty))
e Tsi—Tith 4 @ Tsh—TLh

At ) =

while according to the separability hypothesis A(t},t;) = 0. The kaon strangeness is determined via
strong interaction processes KO +N — K+ +X, KO +N — K~ 4+X and K+ N — A(— p+m ) +X
with two absorbers, placed around the target. The like (unlike) strangeness events are defined as
K~A (K*A) events. The asymmetry is measured in two configurations: in the first (second) one
the time difference of the interaction is t; —t; ~ 0 (t; —t; ~ 1.27s). The results are shown in fig. .
The measured asymmetries are consistent with QM predictions and the separability hypothesis is

Asymmetry

0.6
0.4

0.2

Separable wave function

L L L L L L L L
0 2 4 6 8 10 12 14
Al [em]

Figure 4: Asymmetry for like- and unlike strangeness events in the two experimental configurations. The
solid and dashed curve represent the QM prediction and that for a separable wave function, respectively.

excluded with CL > 99.99%.

CPLEAR data have been re-analysed by Bertlmann et al. [P} [1]] to measure the decoherence
parameter . From the fit to the asymmetry data, they found {s; = 0. 131’8:}2 and {po=0.4£0.7
in the KK and K°K©? basis respectively.

In the KLOE experiment, tests of QM have been performed by studying the interference pat-
tern of the decay K Ks — " m " m ]. The decoherence parameter { has been measured by
fitting the distribution | (At; 71" 11, Tt 117), where At is the difference between the proper time of
the Ks and K| decays into the final state 71" 77, 71" 77 The fit of the At distribution is shown in
fig. §: the peak at At ~ 17 Ts is due to the coherent and incoherent regeneration on the spherical
beam pipe. The results are {si = 0.018 £0.040£0.007 and {po = (0.10 £0.21 +£0.04) x 1073,
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Figure 5: Fit of the At distribution. The black points with errors are data and the solid histogram is the fit
result to obtain {s| . The uncertainty arising from the efficiency correction is shown as the hatched area. The
peak at At ~ 17 Ts is due to the coherent and incoherent regeneration on the beam pipe.

The results are consistent with QM. Since decoherence in the K°K® basis would result in the CP
allowed KsKs — 1" 11~ 11" 11 decays, the value for {00 is naturally much smaller.

6. Decoherence and CPT violation dueto quantum gravity effects

In a quantum gravity framework, space-time fluctuations at the Planck scale (~ 10733 cm),
might induce a pure state to evolve into a mixed one [[3]]. This decoherence, in turn, necessarily
implies CPT violation [[[4]. QM and CPT violation related to this decoherence mechanism could
be observed in the decay time distribution of the K°K® system [[[3]. In ref. [[3] three new CPT-
and QM-violating real parameters o, 3 and y having mass dimension are introduced to parametrize
the decoherence effects. They satisfy the conditions o, y > 0 and ay > B2 and are expected to
be at most &(MZ /Mp) ~ 2 x 10~20GeV[[[3, [d], where Mp = 1//Gy = 1.22 x 10! GeV is the
Planck scale. For an entangled system the further conditions a = y and 3 = 0 (complete positivity
of the density matrix) ensure the conservation of probability [[[7] [[§, [9].

At CPLEAR measurements of the o, 3 and y parameters have been obtained using the time
evolution of single kaons from the processes (R.1)) [RQ]. The strangeness of the kaon is identi-
fied by the accompanying charged kaon. A combined fit of the asymmetries obtained from the
time distributions of the K®(K®) — m" = and K®(K®) — €7 rt* v decays gives a = (—0.5+2.8) x
10717 GeV, B=(2.542.3) x 107°GeV and y = (1.1+2.5) x 10~2! GeV. The fit to the asymme-
try obtained with K®(K®) — 7 11~ decays is shown in fig. f.

At KLOE the y parameter has been measured for the first time in the entangled kaon state
by fitting the | (At; T" 77 17t 17 distribution [[[J]. The resultis: y= (1.1733 £0.4) x 1072 GeV,
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Figure 6: Asymmetry for K°(K®) — 11~ events. The solid (dashed) line represents the fit result (expec-
tation with 0 =4 x 1071 GeV, B =2.3x 107 GeV and y=3.7 x 10720 GeV )

competitive with that obtained by CPLEAR using single kaon beams.
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Figure 7: Contour plot of [Jw versus [ w at 68% and 95% C.L.

A new type of CPT violation for correlated kaon states is also expected in this context [21] 2]
As a result, the initial entangled state (B.1]) can be parametrized in general as:

i) O K (+9) K (=P)) — [K°(+9)) K (~P))
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+w (K (+B) K (=B)) + [K*(+B) [K°(~P)))
0 [Ks(+P)) KL(=P)) — [KL(+P))[Ks(—B))
+0(|Ks(+8))[Ks(=P)) — [KL(+P)) [KL(=P))) (6.1)
where w is a complex parameter describing CPT violation. Its order of magnitude might be at most
|| ~ 1/ (MZ/Mp) /AT ~ 1073, with AT =T's—T.

At KLOE the complex parameter  has been measured for the first time [[[7]. The KsK; —

mhm - decay is the most sensitive channel to search for this kind of CPT violation, as the
leading KsK| terms are CP suppressed (eq. p.1])
The results, obtained by fitting the | (At; " 7r 1m 1) distribution, are Ow = (l.lfgg :|:0.9) X
10~* and Dw = (3.41@':(8) j:0.6) x 1074, consistent with QM and CPT symmetry. The regions al-
lowed at 68 and 95% C.L. in the plane (0w, Jw) are shown in fig. ] The upper limit |w| <
2.1 x 1073 at 95% C.L. is obtained.
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