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1. Introduction

The three discrete symmetries of quantum mechanics, C (charge conjugation), P (parity), and
T (time reversal) are known to be violated in nature, both singly and in any bilinear combination.
Only the combination of the three — CPT (in any order) — appears to be an exact symmetry of
nature.

A rigorous proof of the CPT theorem can be found in Refs [1, 2, 3, 4]; it ensures that exact CPT
invariance holds for any quantum field theory assuming (1) Lorentz invariance, (2) Locality, and (3)
Unitarity (i.e. conservation of probability). Testing the validity of CPT invariance therefore probes
the most fundamental assumptions of our present understanding of particles and their interactions,
thus strongly motivating both theoretical and experimental investigations on this subject.

The neutral kaon doublet is one of the most intriguing systems in nature. During its time
evolution a neutral kaon oscillates between its particle and antiparticle states with a beat frequency
Am ~ 5.3 x 10° s~!, where Am is the small mass difference between the exponentially decaying
states Kp and Kg. The fortunate coincidence that Am is about half the decay width of Kg makes
it possible to observe a variety of intricate interference phenomena in the production and decay
of neutral kaons. In turn, such observations enable us to test quantum mechanics, the interplay
of different conservation laws and the validity of various symmetry principles. In particular the
extreme sensitivity of the neutral kaon system to a variety of CPT-violating effects makes it one
of the best candidates for an accurate experimental test of this symmetry [5]. As a figure of merit,
the fractional mass difference (myo — mgo) /mgo can be considered: it can be measured at the level
of ¢(10~'8) for neutral kaons, while, for comparison, a limit of ¢'(10~!#) can be reached on the
corresponding quantity for the B — B? system, and only of ¢/(10~%) for proton-antiproton [6].

2. CPT test from unitarity

The real part of the complex parameter 8, describing CPT violation in K — K° mixing, has
been measured by the CPLEAR collaboration studying the time behaviour of semileptonic decays
from initially tagged K° and K® mesons [7]:

RE = (0.30£0.335¢a¢ £0.065y5¢) x 107 . 2.1

One of the most precise and significant tests of the CPT symmetry comes from the unitarity
relation, originally derived by Bell and Steinberger [8]:

s+ . Re .
<FS T, +ltan¢sw> [1 P —135}
1 *
= T T, ;A (KS — f)A(KL — f)
=Y oy, (2.2)
f

where ¢ is the usual complex parameter describing CP violation in K® — K® mixing; I's and I’y
are the widths of the physical states Kg and K ; ¢sw is the superweak phase; A(K; — f) is the
decay amplitude of the state K; into final state f, and the sum runs over all possible final states.
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The above relationship can be used to bound the parameter 30, after having provided all the o;
parameters, I's, I'7, and @sw as inputs. Using several measurements from different experiments
(KLOE, CPLEAR, NA48, KTEV etc.) the following result is obtained [6, 9]:

36 =(-0.74+1.4)x107°, (2.3)

which is the most stringent limit on 3. The main limiting factors of this result are the uncertainties
on 717 and semileptonic decay amplitudes.

The limits on 38 and RS can be used to constrain the mass and width difference between K°
and K°. In the limit T'xo — ['go = 0, i.e. neglecting CPT-violating effects in the decay amplitudes,
the best bound on the neutral kaon mass difference is obtained [6]:

Imyo —mgo| <4.0x 107" GeV  at 95 % CL .

3. Quantum coherence and CPT tests

DA®NE, the Frascati ¢-factory [10], is an e" e~ collider working at a center of mass energy of
/s ~ 1020 MeV, corresponding to the peak of the ¢ resonance. The ¢ production cross section is
~ 3ub, and its decay into KK has a branching fraction of 34%. The neutral kaon pair is produced
in a coherent quantum state with quantum numbers J7¢ = 1~

i) [K%)[K?) — [K%)[K®)} = sz{KsHKO —[KL)[Ks)} 3.1)

1
v
where 4" = /(1 +|es|?)(1+|€L|?)/(1 — es€L) ~ 1 is a normalization factor, and &5, = € + 8.

The observable quantity is the double differential decay rate of the state |i) into decay products
/1 and f; at proper times #; and 1,, respectively. After integration on (7] +1,) at fixed time difference

At = 1| — 1y, the decay intensity can be written as follows [5]:

I(fi, fr:At > 0) = Cpp{ |0y [Pe T 4o [P 15
+T

(T, )
—2|m|male” T A cos[AmAr + ¢y — 1]} - (3.2)

This expression is valid for Az > 0, while for Az < 0 the substitutions Az — |Az| and 1 > 2 have to
be applied, and with Am = m; — msg,

e JAITIKL) 33

nl - ’nl|e <ﬁ|T|IiS> 9 ( . )

Cn = P [(AAITIKs) (/| T[Ks)|? (3.4)
12 2(Ts+T7) 1 s) 2 s)|” - .

Due to the huge difference in the lifetimes of the physical states (7, > Ts), for t; > t,, Tg (or
ty > t1,Ts) the decay intensity in eq.(3.2) behaves like the initial state were an incoherent mixture
of states |Ks)|Kr) and |Kp)|Ks). Hence the detection of a kaon at large times fags a Kg in the
opposite direction. This is a unique feature at a ¢-factory, not possible at fixed target experiments,
that can be exploited to select very pure Kg beams.
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The KLOE experiment at DAPNE completed its first data taking campaign in March 2006
with a total integrated luminosity L ~ 2.5 fb~!, corresponding to ~ 7.5 x 10° ¢-mesons produced.

The KLOE detector consists mainly of a large volume drift chamber [11] surrounded by an
electromagnetic calorimeter [12]. A superconducting coil provides a 0.52 T solenoidal magnetic
field. At KLOE a Kg is tagged by identifying the interaction of the Kt in the calorimeter (Kj -
crash), while a K| is tagged by detecting a Ks — 7" 7~ decay near the interaction point (IP).

The quantum interference between the two kaons initially in the entangled state in eq.(3.1)
and decaying in the CP violating channel ¢ — KsKy — 77~ 2" 7, has been observed for the
first time by the KLOE collaboration [13]. The measured |Ar| distribution can be fitted with the
distribution:

(Cg+Iy)

It mr ;| Ar]) oc e THN o TN 21 — £ )e™ 2 Wl cos(Am|At]),  (3.5)

where the quantum mechanical expression in the {Kg, Ky } basis has been modified with the intro-
duction of a decoherence parameter {s;, and a factor (1 — {g;) multiplying the interference term.
Analogously, a {5 parameter can be defined in the {K° K°} basis [14]. After having included res-
olution and detection efficiency effects, having taken into account the background due to coherent
and incoherent Kg-regeneration on the beam pipe wall, the small contamination of non-resonant
ete” — T w7 events, and keeping Am, I's and I'; fixed to the PDG values, the fit is per-
formed on the |Az| distribution. The analysis of a data sample corresponding to L ~ 1.5 fo~! yields
the following results [13, 15, 16]:

Cs. = (0.34 1855t £0.6gy5¢) x 107
Goo = (1449 55 +3.8gyst) x 1077, (3.6)

compatible with the prediction of quantum mechanics, i.e. {s. = {y; = 0, and no decoherence
effect. In particular the result on {y; has a high precision, & (107%), due to the CP suppression
present in the specific decay channel; it is an improvement by five orders of magnitude over the
previous limit, obtained by Bertlmann and co-workers [14] in a re-analysis of CPLEAR data [17].
This result can also be compared to a similar one recently obtained in the B meson system [18],
where an accuracy of ¢’(102) has been reached.

At a microscopic level, in a quantum gravity picture, space-time might be subjected to inher-
ent non-trivial quantum metric and topology fluctuations at the Planck scale (~ 10733 c¢m), called
generically space-time foam, with associated microscopic event horizons. This space-time struc-
ture would lead to pure states evolving to mixed states, i.e. the decoherence of apparently isolated
matter systems [19]. This decoherence, in turn, necessarily implies, by means of a theorem [20],
CPT violation, in the sense that the quantum mechanical operator generating CPT transformations
is ill-defined.

A model for decoherence can be formulated [21, 22] in which neutral kaons are described by
a density matrix p that obeys a modified Liouville-von Neumann equation. In this context y is one
of the relevant parameters signalling decoherence and CPT violation. It has mass units and in a
Quantum Gravity scenario it is presumed to be at most of & (m% /Mpigner) ~ 2 x 1072°GeV. The
KLOE collaboration, studying the same (77—, #"7~;|A¢|) distribution as in the { parameters
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analysis, obtained the following result [13, 15, 16]:
¥ = <O.7i 1.2stati0.3syst> %1021 GeV | (3.7)

compatible with no CPT violation, improving the previous result by CPLEAR [23], while the
sensitivity reaches the interesting region.

As discussed above, in a quantum gravity framework inducing decoherence, the CPT opera-
tor is ill-defined. This consideration has intriguing consequences in correlated neutral kaon states,
where the resulting loss of particle-antiparticle identity could induce a breakdown of the corre-
lation in state (3.1) imposed by Bose statistics [24, 25]. As a result the initial state (3.1) can be
parametrized in general as:

o
V2

where @ is a complex parameter describing a novel CPT violation phenomenon, and in this sce-

/i) [IK%)[K?) — K% |K%) + o (K [K®) + [K%) [K?)] , (3.8)

nario its order of magnitude is expected to be at most:

21072

|o] ~ [(m%(/MPlanck)/AF}
with AI' =1's —I'z. An analysis performed by the KLOE collaboration on the CP violating ¢ —
KsKp, — "2~ 7~ events, including in the fit of the Ar distribution the modified initial state
eq.(3.8), yields the most precise measurement of the complex parameter w [13, 15, 16]:

R(w) = (—1.6t§;?statio.4syst) 1074

(@) = (17 3 £ 1 25yst) ¥ 1074, (3.9)

with an accuracy that already reaches the interesting Planck scale region.

4. CPT- and Lorentz-symmetry tests

CPT invariance holds for any realistic Lorentz-invariant quantum field theory. However a
very general theoretical possibility for CPT violation is based on spontaneous breaking of Lorentz
symmetry [26, 27, 28], which appears to be compatible with the basic tenets of quantum field theory
and retains the property of gauge invariance and renormalizability (Standard Model Extensions -
SME). In the SME for neutral kaons, CPT violation manifests to lowest order only in the mixing
parameter 9, (e.g., vanishes at first order in the decay amplitudes), and exhibits a dependence on
the 4-momentum of the kaon:

8 ~ isin dgw ¥ yi (Aao — By - Ad) /Am, (4.1)

where Yk and Bk are the kaon boost factor and velocity in the observer frame, ¢gw is the so called
superweak phase, and Aay, are four CPT- and Lorentz-violating coefficients for the two valence
quarks in the kaon.
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By studying the Ar interference pattern of the entangled neutral kaon pairs in the decay chan-
nel ¢ — KsKy — atx~ 7wt x~, as a function of sidereal time and particle direction in celestial
coordinates, the KLOE collaboration obtained the following results [29]:

Aap = (—6.04 7 T £ 3. 1gyst) X 1078 GeV,
Aay = (0.9 1.5 £0.655) x 107" GeV,
Aay = (—2.04+ 1.5 0.55) x 10718 GeV,
Aaz = ( 3.14 1. 74 £0.545) x 107'% GeV. (4.2)

These results constitute the most sensitive measurements in the quark sector of the SME, and can
be compared to similar results obtained in the B and D meson systems, where an accuracy of
0(10715 GeV) and (10713 GeV), respectively, has been reached [30, 31].

5. Direct CPT tests in transitions

In Sect.2 the best limits on the § parameter expressing CPT violation in the K%-K° mixing ma-
trix, i.e. in the standard Weisskopf-Wigner approach [32], have been reviewed, yielding a stringent
limit on the difference of masses (mgo —mgo) . However the CPT violating probe is often limited
to such a difference (of masses or other intrinsic properties) for a particle and its anti-particle, i.e.
to diagonal mass terms. In many physical phenomena the perturbing effect does not appear at first
order in perturbation theory: it would be sufficient that the perturbation breaks a symmetry of the
non-perturbed states. This vanishing effect at first order for the diagonal elements, like e.g. the case
of the electric dipole moment for 7" violation, is not present for transitions (non-diagonal elements)
[33].

Recently a novel kind of CPT test for transitions in the neutral kaon system has been pro-
posed [34], where the exchange of in and out states (and CP conjugation), required for a direct
and genuine CPT test, is performed exploiting the entanglement of the kaon pair produced at a
¢-factory. This methodology has been proposed for a direct test of the 7" symmetry in the same
context [35], similarly to the one adopted for the performed test in the B meson system at B-
factories [33, 36, 37]. The decay is not an essential ingredient for a non-vanishing effect and it
is only used for filtering the appropriate initial and final states of the neutral kaon transition [38].
Explicitly, in the standard Weisskopf-Wigner approach to this system, the CPT -violating effects
can be connected to the RS parameter, a genuine CPT -violating effect independent of ATL.

In order to implement this test, the Einstein-Podolsky-Rosen (EPR) entanglement of neutral
mesons produced at a ¢-factory must be exploited. In fact the perfect anticorrelation of the state
in Eq. (3.1), implies that it is possible to have a “flavor-tag”or a “CP-tag”, i.e. to infer the flavor
(K? or K°) or the CP (K, or K_) state of the still alive kaon by observing a specific flavor decay
(w4~ vorr £*tV) or CP decay (77 or 7°7979) 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 the K, — K%, K® — K, and K, — KO transitions, i.e. the 7, CP and CPT conjugated
transitions, respectively. Specifically for the CPT symmetry test, one can directly compare the
probabilities for the reference transition and the CPT conjugated one through the following ratios
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of probabilities:
Ricpr(At) = P[Ky(0) = K°(Ar)] /P [K°(0) — K. (A1)]
Rocpr(At) = P [K%(0) — K_(Ar)] /P [K_(0) — K°(Ar)]
Rscpr(At) = P[K(0) — K°(Ar)] /P [K°(0) — K. (A1)]
Rycpr(At) = P[K°(0) — K_(Ar)] /P [K_(0) — K°(Ar)] . (5.1)

The measurement of any deviation from the prediction R; cpr (At) = 1 imposed by CPT invariance
is a signal of CPT violation. It is worth noting that for At = 0:

Ri.cpr(0) = Rocpr(0) = R3,cpr(0) = Racpr(0) =1, (5.2)

i.e. the CPT-violating effect is built in the time evolution of the system, and it is absent at At = 0.
For At > 15, assuming the presence of CPT violation only in the mass matrix (6 # 0) and nothing
else, one gets:

RZ,CPT(At > TS) ~ 1 —4Ro6 (5.3)
R47CPT(AI‘ > TS> ~ 14+4%R0 , 5.4

i.e. the CPT-violating effect built in the time evolution reaches a “plateau” regime and dominates
in this limit. It is a genuine effect because R does not depend on AT as an essential ingredient
[33, 38].

At a ¢-factory one can define two observable ratios:

1(¢,37%; Ar)
RSP (A1) = —— >~ 5.5
2cer (A1) I(nm (= Ar) (-5)
1(0+,370; Ar)
RY®, (A1) = =227 56
4,CPT( ) I(TL'T[,KJr,At) ) ( )
They are related to the R; cpr (At) ratios defined in eqs (5.1) as follows, for Az > 0:
RS ¢pr (A1) = Ra cpr (Ar) X Depr
Ry ¢pr (A1) = Ry cpr(Ar) X Depr 5.7
whereas for At < 0 one has:
R Epr(At) = Ricpr(|At]) X Depr
Ry ¢pr (A1) = Ry cpr(|At]) x Depr (5.8)

with

Depr = — -k (5.9)
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where the last r.h.s. equality holds with a high degree of accuracy, at least &¢'(10~7). The value of
Dcpr can be therefore directly evaluated from branching ratios and lifetimes.

The presence of direct CP violation contributions in the decay amplitudes, even though in
principle could mimic CPT violation effects, turns out to be totally irrelevant for the plateau region
At > Tg (see detailed description in Ref. [34]). The effect of a possible violation of the AS = AQ
rule is also not affecting the CPT test in the same region with the double ratio defined as:

RS Cpr (At > 75)

— 0~ =1—8R6—8NRx_ . 5.10
R0y (81 > 15) ! 10

with x_ describing CPT violation in the AS # AQ semileptonic decay amplitudes. Therefore the
double ratio (5.10) constitutes one of the most robust observables for the proposed CPT test. It is
independent of D¢pr, and in the limit Az > Tg it exhibits a pure and genuine CPT violating effect,
even without the assumptions of the validity of the AS = AQ rule and of negligible contaminations
from direct CP violation.

KLOE and KLLOE-2 data are being analysed to get a precise measurement of the two observ-
able ratios RS (py(At) and Ry Zpr (At). A statistical sensitivity on the double ratio (5.10) of €(107?)
can be obtained for L=5 fb~! [34].

6. The KLOE-2 experiment at DA®PNE

KLOE-2 represents the continuation of the KLOE experiment with a new physics program
mainly focused on the study of Ks and 1 decays as well as on kaon interferometry and tests of
discrete symmetries [5, 39]. The new data taking campaign aims to collect more than 5 fb~!
of integrated luminosity at the upgraded DA®NE, which is implementing an innovative collision
scheme based on a crab-waist configuration [40, 41]. The major upgrade of the KLOE detector
consists in the addition of an inner tracker [42] for the improvement of the resolution of decay ver-
tices close to the interaction point, therefore improving the sensitivity on several parameters based
on kaon interferometry measurements. The KLOE-2 data taking campaign started in November
2014, an integrated luminosity of 3.5 fb~! has been collected by Spring 2017, and the goal of at
least 5 fb~! is expected to be reached by Spring 2018.

7. Conclusions

The neutral kaon system constitutes an excellent laboratory for the study of discrete symme-
tries, and a @-factory represents a unique opportunity to push forward these studies, being also an
ideal place to investigate the entanglement and correlation properties of the produced K°K? pairs.

The parameters related to several possible CPT violations effects, including decoherence and
Lorentz-symmetry breaking effects which might be justified in a quantum-gravity framework, have
been measured, in some cases with a precision that very interestingly reaches the Planck scale
region.

The KLOE physics program is continuing with the KLOE-2 experiment, presently taking data
at the DA®NE facility with an upgraded detector, and significant improvements are expected in all
these tests.
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