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1. Introduction

In the context of a local quantum field theory with Lorentz invariance and Hermiticity, as in
the Standard Model, the validity of the CPT theorem ensures an automatic theoretical connection
between any source of CP violation and a corresponding T (time reversal) violation. Even though
CPT invariance has been confirmed by all present experimental tests, particularly in the neutral
kaon system with stringent limits to possible CPT violation effects [1, 3, 4, 5, 6], the theoreti-
cal connection between CP and T symmetries does not imply an experimental identity between
them. In fact a direct evidence of T violation should result from an experiment clearly showing the
violation, independently from the results of CP violation and without any connection with them.

In case of a transition process, due to the antiunitarity of the operator implementing the sym-
metry transformation, T invariance requires that the rate for the reaction i — f equals that of the
reaction fr — iy, with in and out states exchanged and T inverted (for spinless particles this corre-
sponds to the reaction f — i).

In the past the measurement of a non-zero value of the Kabir asymmetry [7], comparing the
rates of the process K — K and its T conjugated one K® — KO, has been presented as a proof for
T violation [8, 9]. However, this process has the feature that K° — KY is a CPT even transition,
so that T and CP transformations are identical in this case, and the corresponding observables are
not independent. Therefore it is impossible to separate T violation from CP violation in the Kabir
asymmetry.

Another subtle drawback is the one discussed in Ref. [10], where it is pointed out that the T-
violation contribution in the Kabir asymmetry is constant in time and directly proportional to AL,
the width difference of the Kg 1 mass eigenstates. Therefore T non-invariance would not be present
in the limit AT’ — 0, as one might like in a direct genuine test. In the B” — B system no asymmetry
is expected to be found, since in this case AI" almost vanishes (within the SM).

In order to overcome these difficulties it has been suggested to exploit the Einstein-Podolsky-
Rosen (EPR) [11] entanglement of neutral mesons produced at a ¢-factory (or B-factory) [12, 13,
14]. In fact in this case other transitions than K® — K° or K® — K" can be observed, independently
from CP or CPT test results, thus implementing a genuine test of the T symmetry.

Recently, the first direct observation of T violation, in this sense, has been accomplished in
the neutral B meson system [15]. In the present paper the methodology to perform a direct test of
T symmetry in the neutral kaon system at a ¢-factory is described!, which presents some notable
differences with respect to the B meson case [16]. The statistical significance of the test achievable
with the KLOE-2 experiment at DA®NE, the Frascati ¢-factory [17], is also briefly discussed,
together with the possibility to perform a novel CPT test, similarly to the proposed T test (see
detailed discussion in Appendix A of Ref. [16], and also Ref.[18]).

2. Observables at a ¢-factory

The initial state of the neutral kaon pair produced in ¢ — K°K decay can be rewritten in terms
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of any pair of orthogonal states |K, ) and |[K_):

i) = AIK)R) — R K} = (K. [K) KK )) @.1)

V2 V2
Here one can consider the states |K ), |[K_) defined as follows: |K.) is the state filtered by the
decay into 77 (z+ 7t or 7°7%), a pure CP = +1 state; analogously |K_) is the state filtered by
the decay into 37, a pure CP = —1 state. Their orthogonal states correspond to the states which
cannot decay into 77 or 371°, defined, respectively, as

II;<2> o< [|KL) — Nzzx|Ks)]
Ky) o< [|Ks) = (m5,0) IKL)] 2.2)

with Mgz = (27| T|KL) /(77| T [Ks) and (n35) = (37°|T[Ks)/(37°|T|KL). With these definitions
of states, it can be shown that the condition of orthogonality (K_|K.) =0, (ie. |K,) = |K,) and
K_) = \IZ_>) corresponds to assume negligible direct CP violation (or CPT violation in decay)
contributions (i.e. €', ¢&),, < €), assumption quite well satisfied for neutral kaons (see detailed
discussion in Appendix A of Ref. [16]). The validity of the AS = AQ rule is also assumed, so that
the two flavor orthogonal eigenstates |K°) and |[K) are identified by the charge of the lepton in
semileptonic decays, i.e. a |[K®) can decay into £~ ¢*v and not into 77¢~V, and vice-versa for a
).

Thus, exploiting the perfect anticorrelation of the states implied by Eq. (2.1), it is possible to
have a “flavor-tag”or a “CP-tag”, i.e. to infer the flavor (K° or K°) or the CP (K4 or K_) state of
the still alive kaon by observing a specific flavor decay (t7¢~v or 7~ ¢*V) or CP decay (77 or
37%) of the other (and first decaying) kaon in the pair.

In this way one can experimentally access other transitions than K® — K° or K® — K°. These
new accessible processes can be divided into four categories of events, as summarized in Table 1.

Reference | T-conjug. | CP-conjug. | CPT-conjug.
K°'—-K, | K, K| K=K, | K, —K°
K'-K |K —K| K'—-K_ | K. —K°
K'—-K, | K, K| K°—-K, | K, —K°
KO-K_|K.—K| K-K_ | K_.—K°

Table 1: Scheme of possible reference transitions and their associated T, CP or CPT conjugated processes
accessible at a ¢-factory.

For instance, one can consider K — K as the reference process, where the initial state K°
is identified at time ¢; with the flavor tag, and the final state K is identified at a subsequent time
tp > t; with a CP decay.

I) The T transformed process is K, — K; any asymmetry in the rate between K® — K and
K, — K° would be a genuine T violating effect.

II) The CP transformed process is KY — K ; any asymmetry in the rate between K® — K and
K® — K, would be a genuine CP violating effect.
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IIT) The CPT transformed process is K — K°; any asymmetry in the rate between K® — K and
K, — K° would be a genuine CPT violating effect.

One may check that the events used for the asymmetries in I), II), and III) are completely
independent from each other. Moreover, T violating effects would depend on At =1, —#; and
would be present even in the limit AI" — O.

3. T symmetry test

For the direct T symmetry test one can define the following ratios of probabilities:

Ri(Ar) = P[K°(0) — K4 (An)] /P [K+(0) — K°(ar)]
Ro(Ar) = P [K°(0) — K_(Ar)] /P [K-(0) — K°(Ar)]
Rs(Ar) = P[K°(0) — K+(At)] /P[K+(0) — K°(Ar)]
Ry(At) = P[K°(0) — K_(Ar)] /P [K_(0) — K°(Ar)] . (3.1)

The measurement of any deviation from the prediction R;(Ar) = 1 imposed by T invariance is a
signal of T violation.

At a ¢-factory the observable quantity is the double differential decay rate of the state |i) into
decay products f| and f, at proper times #; and #,, respectively [19]:

I(fi,t1; f2,12) —C12{|771!2 T Lt g |y [em T e

2 |[male™ T 04 cos[Am(t — 1) + 62 — 1]} (3.2)
with
— |m. i¢,-:<fi|T‘KL> 33
=Imle™ = Ty G-
2
o =L TR BT IRS) P
and

AP = [0+ [es®) (1 + [e )] /(1 eser)® ~ 1

a normalization factor.

Let us consider two generic orthogonal basis, {Kx,Kx } and {Ky, Ky} (in our case {K°,K°} or
{K,,K_}), for which the decays Kx — f¢ and Ky — fy are forbidden while the decays Kx — fx
and Ky — fy are allowed.

After integration on #; at fixed time difference At =, —#; > 0, the decay intensity (3.2) can
be rewritten in a more suitable form, putting in evidence the probabilities we are aiming for. In
particular it will be a function of the first decay product f; = fz (which takes place at time ¢,
identifies a Kx state, and tags a Kx state on the opposite side), and the second decay product
> = fr (which takes place at time #, and identifies a Ky state):

Iy frite) = [0 i)
= e | (KRl TR v K (40) U T )

= C(fx,fr) x P[Kx(0) — Ky(A?)] , (34
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where the coefficient C(fx, fy), depending only on the final states f and fy, is given by:

Clfa fr) = |(f= T [Rx) (fy|TIKy)|* . (3.5)

2(Cg+17)

As a consequence at a ¢-factory the experimentally observable quantities corresponding to the
four ratios R;(At) are two ratios of decay intensities (3.2): Ry (Ar) and R} "(Ar) (see Fig.1). They
are are defined and connected to the ratios R;(Ar) as follows. For At > 0 one has:

1(¢,37°;Ar) 1(07,37%; Ar)
RIP(At) = "2 =Ry(At) xD , R;P(At) = —"""—2 =Ry(At)xD (3.6
2 (A1) I(mrm, 0T Ar) 2a) D Ry (A7) I(mm, 0= At) 4(41) (36)
while for Ar < 0:
RSP (Ar) = , RyP(Ar) = b (3.7
Rs(|Ar]) Ry (|At])

Here the normalization constant D, assuming no CPT violation in semileptonic decays, is D =
{BR (K — 37°) -I'}/{BR(Ks — 77) - Is}.

The KLOE-2 experiment at DA®NE with an integrated luminosity of &'(10 fb~1) [17] could
make a statistically significant T test, measuring the ratios R5'"(At) and R} " (At) integrated in the
statistically most populated A region, 0 < Ar < 300 75 [16]. In this region the uncertainty on the
knowledge of the ( n;ﬂlo) parameter, which corresponds to the main uncertainty on the validity of the
orthogonality condition (K_|K.) = 0, is negligible, as shown in Figs.1,2 (see detailed discussion
in Ref.[16]). Moreover in this region R5'"(At) and R} (At) are expected to be constant (see Fig. 2),
and a precise knowledge of the normalization D is needed in order to detect T violation. This also
implies that T violation in this A¢ region is constant, proportional to Re, i.e. directly proportional
to AI'. Therefore, in this Az region, T violation would not be present in the limit AI' — 0.

4. CPT symmetry test

Similarly to the proposed T test, one can define the following ratios of probabilities for a CPT

test:
Ricpr(At) = P[K%(0) — K. (Ar)] /P [K.(0) — K°(Ar)]
Ry cpr(At) = P[K%(0) — K_(Ar)] /P [K_(0) — K°(Ar)]
Ry cpr(At) = P [K%(0) — K. (Ar)] /P [K(0) — K°(Ar)]
Rycpr(At) = P[K°(0) — K_(Ar)] /P [K_(0) — K°(Ar)] . 4.1

The measurement of any deviation from the prediction R; cpr(A?) = 1 imposed by CPT invariance
is a signal of CPT violation.
At a ¢-factory the corresponding observable quantities are, for Ar > 0:

1(0~,37% Ar)
R (Af) = 2277 p D
2,CPT( 1) 1(zm, A7) 2,cpT(At) X Dcpr
1(¢0+,370; Ar)
ROP (At = — "~ =R At) x D, 4.2
4,cpr (A1) (7, 0V A7) 4,cpT(Ar) X Depr (4.2)
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Figure 1: The expected ratios R5" (At) (top) and R; " (At) (bottom) as a function of At (solid line); dashed
lines correspond to £10% uncertainty on modulus and +10° on phase of (n;ﬂlo); the constant D has been
fixed to one for simplicity.

while for Ar < 0:

Dcpr
R3 cpr(|Ae])

Dcpr

R Epr(A) = —————
2,CPT( ) R17CPT(|At|)

, Ry&pr(Ar) = (4.3)
Here the normalization constant Dcpr is Dcpr = {BR (KL — 37'[0) . FL}/{BR (KS — 7'[717) -Fs}
without any assumption on CPT violation in semileptonic decays.

The KLOE-2 experiment could make a statistically significant CPT test, measuring the ratios
R;‘CPPT (At) and RZ%PT (Ar) integrated in the statistically most populated Az region, 0 < Az < 300 7
[16, 18]. In this region RZTSPT(AI) and RZTCPPT (Ar) are expected to be constant, and in particular one
has:

R;TCPPT(AI > Ts) = (] —49{5) X Dcpr 4.4)
RZ),((I;PT(AI > 15) = (1+4R8) x Depr , 4.5)
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Figure 2: Same as in Fig. 1 but with zoomed plots in the region Az > 0.

with & the usual CPT violation parameter in the effective Hamiltonian of the neutral kaon system.
In this case CPT violation is proportional to RS, which do not vanish in the limit AT" — 0, escaping
the previous controversy for the T test. Moreover the impact of the uncertainty on the knowl-
edge of (n;ﬂlo) is negligible in this Ar region (see Figs.3, 4), and would not appreciably affect the
significance of the CPT test.
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