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implemented exploiting the entanglement of K°K® pairs produced at a ¢-factory.
A data sample collected by the KLOE experiment at DA®NE corresponding to an integrated luminosity
of about 1.7 fb~! is analysed to study the At distributions of the ¢ — KsK — mwtmw~ 7*eFv and ¢ —

Keywords: KsKi — m*eFv3m0 processes, with At the difference of the kaon decay times. A comparison of the
Discrete and finite symmetries measured At distributions in the asymptotic region At > 75 allows to test for the first time T and CPT
Kaon physics symmetries in kaon transitions with a precision of few percent, and to observe CP violation with this
CP violation novel method.
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are also of maximal relevance. The breaking of Parity - P, Charge
Conjugation - C, and the combined CP symmetries has oriented
the understanding of the electroweak and flavour sectors of par-
ticle physics. Whereas P, C and CP are implemented by unitary
operators, Time Reversal — T and CPT transformations are antiuni-
tary [1]. This fact implies that, besides the transformation of initial
and final states in a given process, the two states have to be ex-
changed for a genuine direct test of the symmetry. For unstable
particles this requirement, being the decay irreversible for all prac-
tical purposes, seems to lead to a no-go argument [2,3]. The latter
can be bypassed considering that the reversal-in-time does not in-
clude the decay products, but only the motion-reversal before the
decay, the decay being instrumental for tagging the initial meson
state and filtering the final state [4,5]. This is made possible by ex-
ploiting the maximal entanglement of meson-antimeson pairs, as

BYB? produced at B-factories, or K’K® produced at ¢-factories. This
conceptual basis for the search of Time Reversal Violation (TRV) ef-
fects was immediately recognised [2] as being a genuine test. The
methodology for the entire procedure was developed in Ref. [6]
for the BO-system, yielding the first direct observation of TRV by
the BABAR Collaboration [7] (additional information can be found
in Refs. [8,9]). For the K-system, the methodology for the test in
transitions involving meson decays into specific flavour or CP final
states was described in Refs. [10,11].

For the KO — K9 system, the CPLEAR Collaboration obtained a
40 evidence of the asymmetry between the process K® — K° and
its inverse KO — K° [12]. However, its interpretation in terms of a
genuine TRV effect is controversial, raising some issues [2,3,13] re-
lated to the decay as essential ingredient. In fact, an initial state
absorptive interaction between K° and K° is needed to generate
the TRV effect in this case, leading to an asymmetry constant in
time, due to the non-orthogonality of K; and Ks. Moreover, for the
K® — K° transition its CPT transformed is the identity, not distin-
guishing T and CP conjugate transitions, even if CPT is violated.
The related CPT test performed by CPLEAR is based on the com-
parison of the K% — K® and K° — KO processes, i.e. the K° and K°
survival probabilities [14].

In this letter we present the results of the first direct T, CP, CPT
tests performed in the KO —K° system, obtained analysing the data
collected by the KLOE experiment at the DA®NE ¢-factory, and
according to the methodology described in Refs. [10,11]. The tran-
sitions involved are those between the states tagged and filtered by
the CP and flavour eigenstate decay products. In different combina-
tions, they allow to build direct, genuine and separate observables
for T, CP and CPT asymmetries. In particular, the test based on the
measurement of a double CPT ratio is very clean, free from approx-
imations and model independent, and constitutes an excellent tool
to advance the search for CPT violation. In fact, CPT invariance has
a very solid theoretical justification in the CPT theorem [15-18],
valid for quantum field theories satisfying Lorentz invariance, local
interaction and unitarity, and an unambiguous observation of its
violation would have grave consequences for our understanding of
particle physics. Probing CPT in transitions selects a different sen-
sitivity to violating effects with respect to the test [14] based on
survival probabilities for K® and K° involving diagonal terms of the
Hamiltonian.

2. Transition probabilities and double decay intensities

In order to implement the T, CP and CPT tests, the entangle-
ment of neutral kaons produced at DA®NE (see recent experimen-
tal [19] and theoretical studies [20] on this subject) is exploited.
In fact, in this case the initial state of the neutral kaon pair pro-
duced in ¢ — K°KC decay can be rewritten in terms of any pair of
orthogonal states |K;) and [K_) as:
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1 _ _ 1
i) = —{|K%)K®) — KO KO} = — {|K)|K_) — [K_)KL)Y . (1
i) ﬁ“ MKT) — [K7)[K™)} ﬁ{l LKD) = [KO) K4} . (1)

In order to formulate the test, it is necessary to precisely define
the different states involved as in and out states in the consid-
ered transition process. First, let us consider the states |K_), |K;)
defined as follows: |[K_), |[K;) are the states tagged by the obser-
vation of the partner decay into the CP = +, — eigenstate decay
products w+mw~ (or equivalently 7%7%) and 370! respectively.
They are explicitly identified as the states not decaying to these
channels:

IK_) o< [KL) — 04— [Ks)
IK+) o< [Ks) — no0olKL) (2)

with 1y = (m 7~ |T|K) /(w7 = | T|Ks) and nooo = (37°| T [Ks)/
(37°|T|Ky). Thus their orthogonal states [K%), |[K:) are those fil-
tered by their observed decays. The orthogonality condition |I($) =
|[K1) corresponds to the assumption of negligible direct CP (and
CPT) violation contributions, an assumption well satisfied for neu-
tral kaons in general, and fully satisfied for the specific observables
we are going to discuss in the following [11]. As a second orthog-
onal basis we consider the two flavour eigenstates |K°) and |K°).
The validity of the AS = AQ rule is also assumed [21], so that
these states are identified by the charge of the lepton in semilep-
tonic decays, i.e. a |K) can decay into 7 ety (or #~utv) and
not into e~V (or w+ V), and vice versa for a |KO).

Thus, exploiting the perfect anticorrelation of the states implied
by Eq. (1), it is possible to have a “flavour-tag”or a “CP-tag”, i.e. to
infer the flavour (K° or K°) or the CP (K, or K_) state of the
still alive kaon by observing a specific flavour decay (7w ~e*v or
7te V) or CP decay (w+m~ or m%7%70) of the other (and first
decaying) kaon in the pair.

In this way one can experimentally access - for instance - the
transition K® — K, taken as reference, and K, — K%, K% — K,
and K, — K9, i.e. the T, CP and CPT conjugated transitions, respec-
tively. All possible transitions can be divided into four categories of
events, corresponding to independent T, CP and CPT tests. One can
directly compare the probabilities for the reference transition and
the conjugated transition defining the following ratios of probabil-
ities as a function of the evolution time At of the initial kaon state
at At =0 for the T test:

Ry7(At) = P [1@(0) - KO(At)] /P [KO(O) — I(+(At)]

Ry 1(At) = P [KO(O) - K_(At)] /P [I(_ 0) — I(O(At)]

R31(At) = P [K+(O) = I(O(At)] /P [I(O(O) - I(+(At)]

R4T(At) = P [KO(O) - K_(At)] /P [I(_(O) - KO(At)] )
for the CP test:

Ri.cp(AL) = P [1<+(0) N KO(At)] /P [1<+(0) N I(O(At)]
Ro.cp(AL) = P [1(0(0) - K_(At)] /P [KO(O) - K_(At)]
R3.cp(AL) = P [KO(O) = K+(At)] /P [1(0(0) = K+(At)]
Racp(AL) = P [K_(O) - I(O(At)] /P [K_(O) N KO(At)] (@)

or for the CPT test:

1 The wtmw~m° final state, even though dominated by the S-wave contribution,
is not a pure CP = —1 state, and is therefore not appropriate for precision tests of
discrete symmetries.
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R1.cpr(At) = P [I(+(0)—>KO(At) P|K°(0) — Ky (At)

Jre]
Ro.cor(AL) = P [1(0(0) = K_(Ar)] /P [K_ 0) — K°(Ab)
Jre]

| IS Dy IS ) E—

Rg,cpr(At):P[KJr(O)—)I(O(At) P|K°(0) — K4 (At)
R4,cm(At)=P[K°(0)—> l(_(At)]/P[l(_(O)—>KO(At)] . (5)

The measurement of any deviation from the prediction
Ris(At) =1 imposed by the symmetry invariance (with s=T, CP
or CPT and i =1,4) is a direct and genuine signal of the corre-
sponding symmetry violation. It is worth noting that for At =0:

R1,5(0) = R2,5(0) = R3,5(0)

i.e. the T, CP, CPT violating effects are built in the time evolution of
the system, and are absent at At =0, within our approximations.
For At > ts all ratios, including the symmetry violating effects,
reach an asymptotic regime (i.e. constant in At).

At a ¢-factory one can define two observable ratios as a func-
tion of the difference At of the two kaon decay times for each
symmetry test [10,11,22]:

=R45(0)=1, (6)

I(wte v,319; At
RIT(AD) = ( );
I(mtm—, m—etv; At)
I(—etv, 379 Af)
RGT(A) = ————= (7)
I(mtm—,mTe~v; At)
R (AD) = I(rre™v,37% Ar)
Raco I(m—etv,37m0; At)
I(mtn =, m~etv; Ab)
Ryop(AD) = —————— (8)
I(mTm—,mte v; At)
R (A = I(rev,37% AD)
Ra.cor I(m+m—, mtev; At)’
I(—etv, 379 At)
Ry Gpr(AD) = 9)

I(rrm—,wetv; At)’
where [(f1, f2; At) is the double decay rate into final states f;
and f, as a function of At =t, —tq [23], with f; occurring before
f> decay for At > 0, and vice versa for At <O0.
These ratios are related to the R; s(At) ratios defined in Egs. (3),
(4), (5) as follows, for At >0 [10,11]:
RYT(AD) = Ry.1(A) x D
RyT(AD) = Ra1(A) x D
RY Cp(A) = Ry cp(Al)
Ry ep(AD) = Ra,cp(A)
Ry Cpr(At) = Ra,cpr(At) x D
Ry cpr(AL) = Ra,cpr(AL) x D, (10)

whereas for At <0 one has:

RSP (AD) = Ry 1(|AL]) x D
REF(AD) = R31(|AL]) x D
SXEP(At) = Ry,cp(|AL])
ZXgP(At) = R3 cp(|AL])
ngﬂ(At) = Ry,crr(JAL]) x D
R$Eor(AD) = R3,cor(|AL]) x D, a1

with D a constant factor given by [10,11,22]:

Physics Letters B 845 (2023) 138164

|30 TIK ) |
|+ = TR )

_ BR(KL—37°) Ty
T BR(Ks > 7w ) Ts

D= (12)

The last right hand side equality holds with a high degree of ac-
curacy, at least O(10~7). The value of D can be therefore directly
evaluated from branching ratios and lifetimes of Ks states. They
were all directly measured by the KLOE experiment with the high-
est precision [24-28], and we consistently use them for the evalu-
ation of D = (0.5076 £ 0.0059) x 1073,

For the processes under study for large differences of the two

kaon decay times (asymptotic regime), it can be shown that the
early and the late decaying kaon states correspond in practice to
Ks and K states [20], respectively.” Intuitively, under this condi-
tion, the K. — K%/K° transitions are highly suppressed requiring a
Ks — 379 as an early decay, with a branching fraction of ©(10~9).
Also K9/K® — K, transitions are largely suppressed requiring a
Ks semileptonic decay as the early decay, and a K CP-violating
decay into two pions as the late decay, with an overall suppres-
sion factor of O(10~%). All these transitions involving a K, state
correspond to the observable ratios with At < 0 (11). Transitions
involving a K_ state are less suppressed having more favourable
branching fractions, and correspond to the observable ratios with
At >0 (10).
This is more quantitatively studied with a Monte Carlo simulation,
confirming that in the case of the KLOE and KLOE-2 experiments
with an integrated luminosity of @(10 fb~') the statistically most
populated region for our observable ratios (7)-(9) is the At > 0 re-
gion and in particular with At > 75 (the asymptotic region), while
the region for At < 0 has few or no events [10].

Therefore we define eight observables (six ratios and two dou-
ble ratios) that are experimentally accessible at KLOE with At >0
in the asymptotic regime, i.e. constants in At (as can be experi-
mentally verified)?:

Re"P(Ar > Ts)

Ryr= 5 =1—4%e + (4NRxy +4Ry),  (13)
REP (At > T5)
Ryr= “# =1+ 4%€ + (4%x; —4%y),  (14)

Ra.cp = Ry Gp(AL > T5) =1 — 4des + (4%y —4%x_),  (15)
Ra.cp = Ry G (AL > T5) =1+ 4% — (40y +4%x_),  (16)

exp
(At > T5)
Rycpr = Rocr(Ar>15) 5 =1— 4908+ (40x; —4%x_), (17)
exp
(At > T5)
Ra.cpr = % = 144908 + (4%x; +4%x_), (18)
Ryt _ Rocp
DRrcp= —2L = — 8% + (8%y), (19)
Rat  Racr (83ty)
R
DRepr = -2 =1 —8%5 — (8%x_), (20)
4,CPT

where € and § are the usual T and CPT violation parameters in
the neutral kaon mixing, respectively, and €5 =€ £§ the CP im-
purities in the physical states Ks and Ki; the small parameter y
describes a possible CPT violation in the AS = AQ semileptonic
decay amplitudes, while x4 and x_ describe AS # AQ semilep-
tonic decay amplitudes with CPT invariance and CPT violation,

2 The states filtered by the decays are in general different from the decaying
states, i.e. the states soon before the decays; moreover due to the entanglement
each decaying state is undefined until the measurement of its entangled part-
ner [20].

3 See Ref. [29] for more general formulae valid for At > 0.
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respectively. Double ratios defined in Eq. (19) and (20) are inde-
pendent from the D factor.

The right hand side in Egs. (13)-(20) are therefore assuming

the presence of symmetry violations only in the effective Hamil-
tonian of the Weisskopf-Wigner approach [30] and no other pos-
sible symmetry violation effect. The terms in the brackets show
the small possible spurious effects (to first order in small param-
eters) due to the release of the assumptions of the validity of
the AS = AQ rule and of negligible CPT violation in semilep-
tonic decays. Therefore for each of the eight observables the terms
in brackets precisely specify under which assumptions the corre-
sponding symmetry test holds.
Attention must also be paid to the presence of direct CP and
CPT violation contributions in the 7w and 37° decay ampli-
tudes that could mimic T or CPT violation effects. However they
turn out to be fully negligible for all observables (13)-(20) in the
asymptotic region At > ts (a detailed description can be found
in Refs. [10,11,29]). The CPT test with the double ratio DRcpr is
also not affected in the same region by possible violation of the
AS = AQ rule, because x_ signals also CPT violation. Therefore
the double ratio (20) constitutes one of the most robust observ-
ables of our CPT test. It is independent of D, and in the limit
At > Ts it exhibits a pure and genuine CPT violating effect, even
without the assumptions of the validity of the AS = AQ rule and
with negligible contaminations from direct CP violation.

3. The KLOE detector

The KLOE detector is located at the DA®NE ¢-factory [31],
an ete™ collider operating at center-of-mass energy of my, ~
1.020 GeV. Collisions predominantly produce ¢ mesons nearly at

rest, which decay into an entangled KoK’ pair in 34% of cases.

The main components of the detector are a large cylindri-
cal drift chamber (DC) and an electromagnetic calorimeter (EMC),
immersed in the axial magnetic field of 0.52 T produced by a
superconducting coil. The DC [32] uses a low-Z gas mixture of
isobutane (10%) and helium (90%) assuring transparency to low-
energy photons. The inner wall of the chamber is made of light
carbon fibre composite and thin (0.1 mm) aluminum foil to min-
imise K — Ks regeneration. Vertex reconstruction resolution of
the DC is about 3 mm while track momentum is reconstructed
with o(pr)/pr =~ 0.4%. The large outer radius of the chamber
(2 m) allows for recording about 40% of all decays of K, produced
in KLOE.

The EMC [33] consists of a barrel surrounding the DC and two
endcaps, together covering 98% of the solid angle. It contains a to-
tal of 2440 cells of 4.4x4.4 cm? cross section, built of lead foils
alternated with scintillating fibres of 1 mm diameter. Each cell is
read out by photomultipliers at both ends. Energy deposits along
the cells are localised using time difference between photomulti-
plier signals. Deposits in adjacent cells are grouped into clusters for
which energy and time resolutions are o (E)/E = 0.057//E(GeV)
and o (t) =54 ps/~/E(GeV) & 100 ps and position is resolved with
o =1.4 cm/+/E (GeV) along the fibres and o, = 1.3 cm in the
orthogonal direction. The acceptance of the EMC is complemented
with additional tile calorimeters covering the two final focusing
quadrupole magnets of the beam line [34].

The detector operates with two different triggers [35]; the
calorimeter trigger which requires at least two clusters with
E > 50 MeV in the barrel or E > 150 MeV in the endcaps, and the
DC trigger based on multiplicity and topology of hits in the DC. Ei-
ther of the two triggers is sufficient to start the acquisition of an
event. Subsequently, recorded events are subject to an on-line ma-
chine background filter based on calorimeter information only [36].
Finally, stored events are classified into physics categories based on
a preliminary analysis of their topology.
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4. Data analysis

The analysis was performed on a dataset collected in the years
2004-2005 with an integrated luminosity of 1.7 fb~! correspond-
ing to about 1.7 x 10° produced KsK; pairs and on a sample
of Monte Carlo (MC) simulated events of the same size. In this
period the instantaneous luminosity reached 1.5x10%2cm™2s7!,
while trigger rates were at the level of 5 kHz.

As we are interested to select time ordered pairs of kaon de-
cays, in the following we introduce the notation K; for the early
decaying kaon state to final state fi at time t1, and K; for the late
decaying kaon state to final state f, at time t,. Even though in
the asymptotic region, At > ts, K; and K, correspond in practice
to Ks and K states [20], respectively, for sake of clarity we keep
the more general K; » notation, avoiding at this stage any specific
identification of the decaying states.

4.1. Selection of K1Ky — (m*eTv)(37°) events

KO — K_ and K° — K_ transitions are experimentally identified
by events with an early semileptonic decay of a neutral kaon and a
later decay of its entangled partner into 37°. Presence of a vertex
formed by two tracks of opposite charge is required in a cylindrical
volume limited by p = /x2 + y2 <3 cm and |z| < 4.5 cm around
the average ete™ interaction point (IP) where z is the longitudinal
and x, y are the transverse coordinates.

The Ky — w7~ decays constitute the predominant source of
background for semileptonic events. In order to remove this back-
ground we assume that both charged particles are pions, calculate
the invariant mass and reject events with my;,; > 490 MeV.

After the reduction of data volume with the preselection based
on K; — m*e¥Fv vertex identification, the K; — 37% — 6y decay
is reconstructed. Presence of at least six clusters in the calorime-
ter not associated to tracks in the DC each with E > 20 MeV is
required. The location and time of the K, decay are reconstructed
using trilateration [37]. While four recorded photons are sufficient
for vertex reconstruction, only events with exclusive detection of
all six photons are used in the analysis to minimise background
from K; — 2% which results in a four-photon final state. More-
over, the requirement of six recorded photons provides additional
information used for enhancing the resolution of vertex recon-
struction.

If an event contains seven or more candidate clusters, all com-
binatorial choices of six are considered and sets of six photons
detected are accepted if the total energy of six clusters is between
350 MeV and 700 MeV and the calculated 6y invariant mass is
greater than 350 MeV. Moreover, for each 6-cluster set the decay
vertex is reconstructed independently for each choice of 4y sub-
sets and results are compared providing a test sensitive to presence
of photons not originating from the K, decay point. In case of more
than one set of six clusters surviving the cuts, the spread of ver-
tices reconstructed from each of its 4y subsets is calculated and
the set of six clusters providing the least spread is selected. The
accuracy of the path length and decay time (in terms of proper
time) of K; flight is 1.3 cm and 1.6 s, respectively, for the vertices
up to 160 cm distance from the IP.

At this stage, 98% of selected K, decays are 379 but the early
decays are still dominated by s+ ~, therefore a time of flight
analysis is applied to the tracks of the early decay. The two tracks
are extrapolated from the DC to the EMC and differences 6t(X) be-
tween their recorded time of flight TOF and time expected from
the track length L assuming particle mass my are calculated as
follows:

p
5t(X)=TOF — B(X)= —F 1)
Vp?+m5

cBX)’
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Fig. 1. Distribution of dst(r,e) vs dst(e, w) for KiK; — (w*eFv)(3w%) MC-simulated events (left) and all data events (right). Solid lines denote accepted regions, each
corresponding to one possible assignment of pion and electron mass hypotheses to the two DC tracks in an event.

2 )
10?
1 |
B
g o .
P . 10
1k
-2k . L . ;
-2 -1 0 1 2 !
ot(e) [ns]

i A "'-._..- 10°
1 g k
ER
g .8
23] :-. 10
N
20 ...\.."..

dt(e) [ns]

Fig. 2. Distribution of 8t(7r) vs St(e) after particle identification for MC-simulated K;K; — (r=e¥v)(37°) events (left) and all data events (right). Events inside the region

marked with black solid line are accepted.

Comparison of the differences of 8t between the two tracks,
dét(X,Y) = Styp1 (X) — Steria(Y), in case of two possible assign-
ments of particle masses allows for efficient rejection of 7+~
background as well as for identification of pion and electron
tracks. Events are accepted if they satisfy the following condition,
|dst(m, )| € (1.5, 10) ns, and the selection in the dét(r,e) vs
dét(e, ) plane, as shown in Fig. 1.

After the pion and electron tracks are identified, a second cut
is applied in the 8t(;r) vs 8t(e) plane as shown in Fig. 2 to fur-
ther discriminate the remaining 7w +7~ events. After these cuts,
background remains (amounting to about 12% of the event sample)
constituted by the K; — 7979 and K; — mev processes where the
K; decay along with additional clusters had been misidentified as
a Ky — 379 decay. This background is suppressed by removing
events containing more than one cluster for which R/(cTy,) > 0.9
where R is the distance between the IP and the cluster (corre-
sponding to photons emitted close to the IP).

The remaining background (in the order of decreasing contribu-
tion) is composed of:

o Ky — T~ with imperfect track reconstruction,

e Ky - mTm~ — muv decay chain where one of the charged
pions decays into a muon and a neutrino before entering the
DC,

o radiative K; — w7~y decays dominated by inner brems-
strahlung [38,39].

As all these events are characterised by a pion or muon track
misidentified as e™/e~, two particle binary classifiers based on Ar-
tificial Neural Networks (ANNs) (using Multilayer Perceptron from
the TMVA package [40]) and acting on an ensemble constituted

by a track and its associated cluster are prepared for e/m and
/7 discrimination in subsequent steps. Classification is based on
the different structure of the energy deposited in the EMC cells
by electrons, pions, and muons, in combination with the informa-
tion of the particle momentum from the associated DC track. The
ANNs are trained using data control samples of K — 7w *e¥v and
Ky — m*uFv decays tagged by K1 — 7 +t7~ identified with a 98%
purity according to MC simulations.

After the e/ and e/p particle discrimination for lepton track
candidates, the signal to background ratio amounts to 22.5 with
residual background dominated by K; — mtm~ (55%), K; —
7tm~y (19%) and events with K, decays to other than 37% (12%).
The distribution of the residual background as a function of At
is modelled with an exponential function presented in Fig. 3. Pa-
rameters of the exponential models are obtained with a fit to MC
residual background separately for event samples with an electron
and positron with x2/NDF of 2.1 and 0.99 respectively. These mod-
els are used to subtract the expected background contamination
from the data distributions shown in black points in Fig. 3.

4.2. Selection of K1Kp — (w T ) (w*eFv) events

As K_ — KO and K_ — K transitions are characterised by an
early kaon decay into two pions (the 77~ final state is chosen
in this analysis) followed by a later semileptonic decay, the event
selection requires the presence of a DC vertex associated to 2 op-
posite curvature tracks within a cylindrical volume of p <15 cm
and |z| < 10 cm around the IP and with |mz;; —mgo| < 10 MeV.

To find the semileptonic decay vertex, all vertices formed by
two opposite curvature tracks in the DC are considered, exclud-
ing the previously identified K; — 77~ vertex and its related
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Fig. 3. K1K; — (meFv)(37%) sample: exponential model of residual background distribution as a function of At for events with an electron (top) and positron (bottom) in
the early kaon semileptonic decay. The modelled expected background is obtained in a fit to MC residual background and subtracted from the respective data distributions.
The uncertainty of the fitted models (magenta band) is taken into account as a source of systematic uncertainty.

tracks. For each candidate semileptonic vertex the following invari-
ant mass (which for correct e/m identification should correspond
to the electron mass) is evaluated separately for each track:

mi = (Ex — E(0) % — |Pmiss)? — [P+ /%, (22)

with Ex being the energy of the decaying kaon, E(); the en-
ergy attributed to the track of negative (positive) charge assuming
the charged pion mass, p+ the momentum corresponding to the
positive (negative) charge track, and Pmiss = Px — P+ — P—. In the
dominant background sources (7t ~70 and semileptonic decays
with a muon) both tracks are characterised by significant m? val-
ues whereas for genuine w*eFv decays m? ~ 0 for one of the
tracks, making the sum of m? for both tracks in the event sensitive
to a difference between K, — w¥e¥Fv vertices and other decays as
shown in Fig. 4. Vertex candidates with m% +m?2 > 0.015 (GeV)?
are rejected and only events with one remaining vertex candidate
are considered in further analysis.

Further selection of semileptonic decays of K, as well as identi-
fication of the e* and 7w tracks is performed with a time of flight
analysis similarly as in the case of K; — w*e¥v, resulting in signal
to background ratio of 75. The remaining background is neglected
in further analysis.

4.3. Determination of efficiencies

For each of the two classes of processes, selected events are
split by charge of the electron and positron from the semileptonic
decay. At-dependent efficiencies are evaluated separately for each
of the obtained four samples of events as:

Etotal (AL) = ETEC X ESEL(AL), (23)

where ergc is the combination of At-independent efficiencies
of trigger, machine background filter and event classification de-

105 E == total (MC) : |
'~ signal (MC) :
— background (MC) H

10° b —— data I |

10

—-0.05 0.00 0.05
m?2 + m? [GeV?]

Fig. 4. Sum of invariant masses of two decay product tracks assuming their electron
mass hypotheses and a semileptonic decay. Background and data distributions con-
tain contributions from different decay vertex choices. K, decay vertex candidates
with m%r +m? > 0.015 (GeV)? (i.e. right of the dashed vertical line) are rejected.

scribed in Section 3 and esg; (At) represents the efficiency of event
selection (cuts) for a particular At interval.

For evaluation of the trigger efficiency, rates of events with ei-
ther one - EMC or DC based - or both triggers for events passing
the entire event selection, are used to obtain the total probability
of at least one of the triggers fulfilled on a signal event. Efficiency
of the machine background filter is estimated by counting events
passing the signal selection criteria among 10% of all events ac-
quired independently of the filter decision. Similarly, a subsample
of 5% of all events stored independently of their classification is
used to evaluate the probability of misclassification of a signal
event and thus the classification efficiency. Table 1 summarises the
erec efficiencies combining these three factors for each class of
signal events.
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Table 1
Combined efficiencies of trigger, machine background filter and event classification
for the four event samples.

event sample

KiKy — (mTev) 37%)
KKy — (m—etv) 379)

erec [%]

99.487 & 0.071
99.453 £ 0.074

KiKy — (7 ™) (rre™v)
KiKy — (wtm™) (m—etv)

99.597 & 0.007
99.589 + 0.010

Table 2
Numbers of events identified for each of the four event classes. The background
contamination is 4% for the first event sample, and 1% for the second one.

event sample events
KKy — (e~ v) 379) 4750
KiKy — (m~etv) 37%) 4652
KiKy — (™) (rte~v) 15924863
KiKy — (mtx =) (mr—etv) 15708190

Event selection efficiencies are estimated using Monte Carlo
simulations of the respective event classes. Due to the relatively
low branching ratio of the semileptonic K; — mwev decay, the ef-
ficiencies for identifying KiK, — mev 370 events are affected by
large fluctuations caused by low statistics of MC events per bin.
Therefore, a smoothing procedure is applied to the efficiency At
distributions. In case of semileptonic decays, MC-based efficiencies
esgr(At) are corrected using an independent data control sam-
ple of KiKy — (%70 (r*eFv) events. The selection efficiency
for K — 370 decays is estimated with MC and corrected with
a KiKy — (mtw~)(37%) data control sample. The Ky — w*eFv
decays from the control sample are selected in the same manner
as signal events, but from the sample selected with 7°70 decays.
These neutral K; decays are selected based on the sum of the en-
ergies of four clusters and their timing as well as the reconstructed
invariant mass of the kaon. Selection of K, — 379 decays from the
second control sample is performed in an analogous way as for sig-
nal events, but the sample selected with 777~ decays. These K;
decays are identified within a fiducial volume around the IP se-
lecting a single vertex constructed with exactly two tracks with
opposite charge and a total momentum and an invariant mass for
these two tracks inside the kinematic cut.

Finally, the relative MC-based efficiencies entering the observ-
able ratios in Eqs. (7)-(9) for the selection of K; — 7w te™ 7V, K; —
w~etv, and Ky — w7~ decays, are modified with a constant
correction factor, using independent control samples containing
the relevant K; decays tagged by a K, interaction in the KLOE
calorimeter.

5. Ratios of double kaon decay rates

After the event selection, the counts of events identified for
each class are presented in Table 2. The differences in the number
of events among the different classes are due to the differences of
branching ratios for given channels. Fig. 5 shows a summary of the
corresponding data At distributions entering the probability ratios
along with their respective €sg; (At) event selection efficiencies in
the range 0 < At < 320 7, with a bin width of 12 5.

The T and CPT-violation sensitive single ratios defined in
Egs. (7) and (9) are shown in Figs. 6 and 7. Each point of the
single ratio graphs is defined through the counts of the respective
double kaon decays N; and le in the i-th interval of At and their
corresponding event identification efficiencies &; and &] as:

NiSI{‘l

Ri=R(At) = — i 24
=R =5 (24)
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where D is the factor defined in Eq. (12).

Due to the limited statistics of the process entering the numer-
ator of the ratios, a value of the single ratios is evaluated in the
range of high and relatively stable efficiency of At € (47,275)ts
using a maximum likelihood fit for the constant ratio Rs:

LRy =[]

p <N,-, RSN{D8—1,> , (25)
i in fit limits i

where p(n, A) is the Poissonian probability of observing n counts
with the distribution mean of A.

Counts of the KiKy — (wtmw ) (w*eFv) events with a positron
and an electron are also used to construct transition rate ratios
sensitive to CP-violation (Eq. (8)) shown in Fig. 8. Finally, double
ratios sensitive to T and CP violation (Eq. (19)) and CPT violation
(Eq. (20)) are constructed and their asymptotic levels are estimated
as presented in Fig. 9.

6. Systematic uncertainties

The stability of the results is checked by varying the event se-
lection cut values by +50¢ in steps of 10 where o denotes the
resolution on the variable subject to the cut, repeating the analysis
for each cut value and observing the impact of variation on each
of the eight observables of the tests. For evaluation of the corre-
sponding systematic uncertainties absolute deviations of each of
the observables for 10 cut variation are averaged.

The uncertainty due to the model of subtracted background is
estimated by varying the two model parameters within their er-
rors. Effects from 10 variations of each parameter of the model
are added in quadrature.

Event selection efficiencies based on MC simulations with lim-
ited statistics are subject to a smoothing procedure. The corre-
sponding systematic uncertainty is quantified by comparing analy-
sis results with and without efficiency smoothing.

The choice of At bin width for the final ratio distributions and
the fit limits account for another source of systematic uncertainty.
Stability of the fit results is tested for bin widths ranging from 3 g
to 24 75 and an average of the observables’ deviations obtained
with the extreme bin widths from the result with 12 s is used as
an estimate of the systematic effect. The fitting range is varied by
424 75 in steps of +6 ts as a shift as well as total width. Changes
of the fitted ratio levels for variations of one bin width (+12 ts)
are averaged and added in quadrature.

Table 3 summarises all identified systematic effects on each of
the eight observables of the tests. All contributions are added in
quadrature to obtain the total systematic uncertainties indicated in
bold. In case of single ratios, the results are additionally affected
by the total error on the D factor (quoted separately due to con-
taining both statistical and systematic contributions) obtained from
previous KLOE measurements.

7. Results and conclusions

We presented the first direct tests of T, CP, CPT symmetries in
transitions of neutral kaons, obtained analysing 1.7 fb~! of data
collected by the KLOE experiment at DA®NE. The T and CPT tests
involving time-reversal implement the necessary exchange of in
and out states, as required for a genuine test, exploiting the entan-
glement of the K°KY pairs. The decay intensities of the processes
¢ — KK - mtmw—mev and ¢ — KsKi — mwev 370 as a function
of At are measured in the asymptotic region At > ts, statistically
the most significant. We get results for all eight observables de-
fined in Eqs. (13)-(20):
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Fig. 5. Left column: Rates of double kaon decays as a function of At for the two studied classes of processes and two lepton charge subsamples. Right column: corresponding

espr(At) efficiencies.

Table 3

Systematic uncertainties on all of the symmetry test observables. In case of Ry cp and R4 cp, each ratio is obtained using
only one class of events and thus not affected by effects of selection of the other class. The uncertainty of the D factor

comprises both statistical and systematic errors.

Effect Rat Rat Ra cpr Ry.cor DRrt.cp DRcpr Ra.cp Racp
x1073  x 1073 x10% x103 x10% x102% x103 x1073
Background model 2.74 4.62 2.79 443 443 441 4,37 -
Efficiency smoothing 2.46 531 243 5.26 6.70 6.83 6.76 0.17
At bin width 8.00 5.00 7.50 5.50 9.00 9.00 8.90 0.03
Fit range 733 8.88 732 8.84 7.95 7.60 7.78 0.41
Effects of cuts in the K;Ky — (rev)(37°) selection
K; vertex location cuts 0.57 231 0.58 2.27 2.36 241 2.39 -
M(r, ) cut 248 134 252 1.31 1.56 1.63 1.60 -
TOF cuts 6.08 5.32 6.19 523 6.40 6.58 6.49 -
e/m |1 classification 478 4.40 4.85 433 933 9.59 9.46 -
Effects of cuts in the K{Ky — (w7 ~)(;rev) selection
K; vertex location cuts 0.007 0.004 0.004 0.007 0.004 0.004 - 0.005
M(7r, ) and |p| cuts 214 1.68 1.67 217 0.70 0.72 - 0.74
m3 +m? cut 1.48 132 131 149 0.20 0.21 - 0.21
TOF cuts 214 1.68 1.67 217 0.70 0.72 - 0.74
Total systematic uncertainty 14 15 14 15 19 19 19 0.89
D factor total uncertainty 12 12 12 12 - - - -
Ry 1=0.991+£ 0.0175¢q¢ & 0.0145y5 +0.012p , (26) extrapolated from observed CP violation in the mixing [28]) is pre-
Rat=1.015 % 0.018;q¢ = 0.0155 £ 0.012p , 27) senFed in Fig. 10. Each ratio measu.rement should be regardedv as
an independent symmetry test on its own. However a correlation
R2,cpr =1.004 £ 0.0175¢q¢ £ 0.0145y¢ £ 0.012p , (28) among them is present because the same transitions are used in
R4.cpr = 1.002 £ 0.017¢q & 0.0154y5 = 0.012p , (29) different tests, as can be easily deduced from Egs. (3), (4), (5).
For the T and CPT single ratios a total relative error of 2.5% is
Ry,cp =0.992 £ 0.0285¢q¢ £ 0.019;ys¢ , (30) . & . i
’ reached, while for the double ratios (19) and (20) the total error
R4,cp = 1.00665 =+ 0.00093¢q: &= 0.00089sys: , (31)  increases to 3.5%, with the advantage of improved sensitivity to
DRy.cp = Ro.1/Rat = 0.979 £ 0.02844 % 0.019 (32) violation effects, and of independence from the D factor. The mea-
' ' ' surement of the single ratio R4 cp benefits of highly allowed decay
DRcpr = Ra,cpr/R4,cpr = 1.005 £ 0.02951 £ 0.019sys - (33) rates for the involved channels, reaching an error of 0.13%.

A comparison of these results with expected values (assuming
CPT invariance, the validity of the AS = AQ rule, and T violation

All tests with single ratios assume the validity of the AS = AQ
rule and CPT invariance in semileptonic decay, as specified in
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Fig. 6. T-violation sensitive ratios of double decay rates as defined in Eq. (7). Dashed
lines denote the fit of the single parameter, level of the line, to the data points
(see Eq. (13) and (14)). The obtained value together with statistical uncertainty is
presented in Eq. (26) and (27).
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Fig. 7. CPT-violation sensitive ratios of double decay rates as defined in Eq. (9).
Dashed lines denote the fit of the single parameter, level of the line, to the data
points (see Eq. (17) and (18)). The obtained value together with statistical uncer-
tainty is presented in Eq. (28) and (29).

Egs. (13)-(20).* The double ratio DRcpr is our best observable
for testing CPT, free from approximations and model independent,
while DRt cp assumes no direct CPT violation in semileptonic de-
cays and is even under a CPT transformation, therefore it does not
disentangle T and CP violation effects, contrary to the genuine T
and CP single ratios.

The results on T and CPT observables show no evidence of sym-
metry violation. They constitute the first test of these symmetries
performed in transitions of neutral kaons. We observe CP viola-
tion for the first time in K_ — K°/K° transitions in the single ratio
R4 cp with a significance of 5.20, in agreement with the known CP
violation in the K® — K° mixing, and differently from the CPLEAR
measurement involving K/K® — K. transitions [41].

4 The experimental limits on the corresponding violation parameters Sy, Rx_,
9x, are of O(1073) [28].

Physics Letters B 845 (2023) 138164

o X?/NDF = 25.9/18
1.25 - +
S 100 ++ii+__+ o +_ +++
" o) eyt + + ¥
050 160 150 200 250 300
At [rs]

1024 x?/NDF=26.5/18

o 1011 4 41 +—f + +
L)’ PR —— — PR p——
< 1004 }* + 'F+
0.99
50 100 150 200 250 300
At [Ts]

Fig. 8. CP-violation sensitive ratios of double decay rates as defined in Eq. (8).
Dashed lines denote the fit of the single parameter, level of the line, to the data
points (see Eq. (15) and (16)). The obtained value together with statistical uncer-
tainty is presented in Eq. (30) and (31).
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Fig. 9. Double ratios of double kaon decay rates sensitive to effects of T and CP vi-
olation (top) and CPT violation (bottom). Dashed lines denote the fit of the single
parameter, level of the line, to the data points (see Eq. (19) and (20)). The obtained
value together with statistical uncertainty is presented in Eq. (32) and (33).
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