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1. Introduction

CPT theorem is based deeply on our understanding of quantum fielg.tlheowre shall see we
can test this symmetry to a very meaningful level in the kaon system. Actually tpuhp®se we
will use the Bell Steinberger relations, where unitarity is assumed. We wilifimt®duce briefly
CPT theorem and possible violations to motivate a bit the experimental seatbka we will
analyze the kaon decays that are involved. Recently thanks to NA48YKJIEDE and CPLEAR
the experimental situation is substantially improved.

2. CPT violation

Relativistic quantum field theories predict a very important property: Crdriance [[L[]2[]3,
A] (see also for notations reviews {i [5]), which holds under the followfimge hypotheses:

e Lorentz invariance
e Hermiticity of the Hamiltonian

e Locality.

CTP-violation and/or the accuracy on which we test CPT is fundamental yeigshand
searched in several experimerjis [6]. A theoretical acceptable frarfévgenerate CPT-violation
is the one suggested in Ref] [7], where departures from Lorentzame generate CPT-even and
CPT-odd terms: small non-invariant terms are added to the Standard Maglalngian, these are
assumed renormalizable (dimensio ), invariant unde8UJ (3) x SJ (2). x U (1)y and rotation-
ally and translationally invariant in a preferred frame (then fixed to be tleewdrere the cosmic
microwave background is isotropic). String theory is presumably valid upet®tanck scale and
argued to be CPT-conserving. But spontaneous CPT-violation is still @llo®-matrix elements
may violate CPT according to the details of the low energy limit. In fact string yhemm generate
Lorentz and CPT violating term§][8]. Actually there are also explicit quantetd fheory exam-
ples of spontaneous CPT-violatidd [9]. Just to give an explicit exampleontz violation we
mention the one particularly used in cosmic rays and neutrino tests. We ctiengeefficient of
the square of the magnetic field in the Lagrangian of quantum electrodynamics

B2 — (14 ¢)B? (2.1)
This will cause the velocity of light, given byc® = 1+ ¢ to differ from the maximum velocity
of particles, which remains equal to one. This is just one of the terms to leeladdhe Standard
Model Lagrangian[]7], invoking an explicit violation of Lorentz invari@nc
In principle we could think to challenge CPT by giving up locality but not lndzenvariance.
For instance we could add to the usual Dirac term the following non-logaiidaic action [Ip]

S= %/d3x/dtdt’4_/(t,x) P(t',x).

t—t/

In order to prove that a})Pflagrangian can generate physical amplitudes it is important to check
causality: however it is still disputed if this model produces a satisfactorfv@ating model

(L3, [L2].
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I recall, as | will show later, that kaon physics maybe sensitive to Plaratk ptysics[[13, 74].
Bell-Steinberger relations, dictated by the unitarity conditions, are the mairidaoiprove the
CPT kaon physics bounds. Now these bounds are limited bil the it measurements, so it is
compulsory to improve these experimental results.

/QPf in the K’s mass and width matrix

We can describe mass and decay eigenstates of the kaon system by tmalizatjon [IL[P,
[8] of the matrices

ig K_O - Mi1—il11/2  Mia—il12/2 K_O
dt | KO o’

Mgl—iF21/2 Mzz—irzz/z

where the relative signs of the matridesindM are fixed by the requirement of the correct expo-
nential fall-off of kaon wave function. The eigenvectors are foundeto b

[(1+ &) KO+ (1— &5 ) KO

KS,L:
2(1+[esL|?)
—i0(My) — 20T
£l — ( 12)' 50(M12) A
m|_—ms+|(F5—FL)/2
=€eFA

where we are encoding tathe CPT violating contributions

1 i
1My —Mop— S (M —T
A~ 3 [M11 22- 5(M11—T22)] 2.2)
m —ms+i(Fs—T)/2
We are using here the conventiaf(l 12) = O; then we determine the mass CP violation phase
2(m. — mg)
Fs—Te
If we would have used the Wu-Yang phase conventiafi(4p) = 0 ), we would have obtained the
same up tar'(g'/¢).
If CPT is not conserved iK — it decays, new amplitudds’s appear:

e=|eld®™  tanggy = (2.3)

AK® — (1)) = (A +B))€? (2.4)

AKO — (1)) = (A —B))€d
Defining as usual
A(KL — 7T+7T_) . o . A(KL — TlOT[O)
AKs— mrm) 745 Moo= A(Ks — 1070

and noticing thatgy in ([2.3) is approximately equal, in the CPT limit, to the phase’pthen the
n’'s phases must be equal in the CPT limit. In fact the following CPT bound das bstablished
experimentally [5]

Ny = = |Noo|€®°

@;_ — (o= 0.023 +0.020
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3. BELL-STEINBERGER RELATIONS

If we think that the probability conservation is valid up to shorter distances@fal then even
if CPT is violated we can impose that unitarity must be velid [16,[1L7,]1, 18]nThee consider
the time evolution of an initial kaon statg¥), which is an arbitrary quantum superposition of the
mass and width eigenstati€sg, K :

W) = alKs) +b|K.)

decaying in a final statk, we have to impose for arggyandb

d
ZHF!TWHZ:—EIWIZ

Terms proportional tha |> and| b |? lead to the definition of the width

FL_Z/dI'\(I'|T|KL>\2 FS_Z/dFHHT]KSHZ

Mixed terms, proportional t@b* lead to the Bell-Steinberger relatioh J18] connecting CP and
CPT violation in the mass matrix to CP and CPT violation in the decay; in fact negie€iia)
corrections to the coefficient of the CPT violating parameiewe can write [19]

1

+itan(psw] [1D+(|?2—i D(é)} S ST TR @)

Ms+TL
Fs—TL

Some considerations are useful

e Historically this relation was used by Bell and Steinberger to put a boung, clese to
experiments, ta [fL]: in fact using Schwartz inequality

20(8) _ 591072
1+ | €2

MNlrs—

whereAM = m_ — mg,

e The advantage of the neutral kaon system is that only a few decay mivgesignificant
contributions to the r.h.s. i (3.1);

e our major quantitative results will be to determinge), without the assumption of CPT
invariance, andl(9), to a very good accuracy. The level of precision will be determined by
our experimental knowledge of the right-hand side

e The quantity in square brackets is phase convention independent; this idmntmince we
want to relate our final output to previous determinations with differenteations.

¢ the sum on the right-hand side involves products of amplitud€§, | T | K._s), and here the
interferometry measurements from experiments like KLOE and CPLEAR ayeuseful;
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Channel | B(Ks) B(KL) 10° apM
e (y) 0.69 2.1x10°% | 1108+ 1051i
P 0.31 9.3x10°% | 49.2+46.6i
ety | 6.7x10°4 0.39 0.22+0.00i
muty | 47x10°4 0.27 0.17+0.00i
O | 1.9x10°° 0.21 0.06+ 0.06i
| 27x10°7 0.12 0.04+ 0.04i
T T VoE 10°° 10°° <0.01

Table 1: Actual SM expectations for Bell Steinberger relations

actually to this purpose we divide the final stafe's, into semileptonic and hadronic states.
For hadronic states,

= S (A (A ()) = BKs— 1),  i=10m0, (1), 370, O (). (3.2)

s

The experimental knowledge of theags generate directly the contributions to the right-
hand side in[(3]1) while for semileptonic modes we have to work hard thedhetiza
experimentally to determine this contribution. To show the relative size of theusacon-
tributions we show in Tablf 1 the Standard Model expectations for thesgitips'.

o the recent data from CPLEAR, KLOE, KTeV and NA48 have led the follgndetermina-
tions (the analysis described in rgf.][19] has been updated by usingdéetmmeasurements
of K. branching ratios from KTeY[21] and NA4B[R2])

O = ((1.112£0.013) +i(1.061+£0.014)) x 103,
0o = ((0.493+0.007) +i(0.471+0.007)) x 1073,
O o = ((0£2)+i(0£2)) x 10°°,
|0 om0m0] < 7x10°° at95% CL

We stress that this determination does not require the knowledge Bf'thie (2.4)

/QPf in semileptonic decays

We will discuss the semileptonic decays of neutral kaons without assumidtaelQ rule
and the CPT symmetry|[] B,]15].

1| thank KLOE Coll. and Gino Isidori for helping in evaluating this table
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TheAS= AQrule is well supported by experimental data and is naturally accounteg toeb
Standard Model, where th&S = —AQ transitions are possible only with two effective weak ver-
tices. Explicit calculations in the SM give a suppression factor of orde?410~/ [R3]. Further-
more in any quark modefA\S = —AQ transitions can be induced only by operators with dimension
higher than 6 and therefore should be suppred$dd][1, 24]. Hoteegerviolation of theAS= AQ
rule does not conflict with any general principle. We can wifitd][1, 2]

KO—Ilfvm) =a+b=a(l-y)
=

( )

( ) =ctd=a"(xy —x )"
AKP = 17vr") = a* —b" =a’(1+y)*

( )

CPT impliesb =d = 0, CP implies’l(a) = 0(c) = O(b) = O(d) = 0, T requires real ampli-
tudes andAS= AQ impliesc = d = 0. Thenx, (x_) describes the violation of thdS= AQ rule
in CPT conserving (violating) decay amplitudes, angdarametrize€PT violation for AS= AQ
transitions.Then

rse— s, b d

sL—!sL

As = ——>>=20(es ) +20 () F20 ()
rgLJrr'SL a a

As— A 00(8), O(d*) (3.3)

Thus a non-vanishing value of the differendg— A_ would be an evidence of CPT violation,
either in the mass matrix or in tl&S= —AQ amplitudes § andd*/a cannot be disentangled by
semileptonic decays alone). The suw+ A_ has CPT-conserving{(&v)) and CPT-violating
(O(b/a)) contributions that cannot be disentangled.

Taking advantage of their taggid(K9)- beams CPLEAR has measurétk, ), 0(x_), 0(35),

0(5) [23. 28].

value Correlation coefficients
(6) | (30+3.4)x104 1
0(8) | (—1.54+23)x1072 | 0.44 1

(x_)| (02+13)x102 |-0.56 -0.97 1
O(x.) | (L2+£22)x102 |-0.60 -091 096 1

Table2: CPLEAR determination|[25]

These determinations have been improved in Réf.[19] by including the infiam?s — A, =
4 [0(8) +O(x-)], whereA_s, are theK_ andKs semileptonic charge asymmetries, respectively
from the PDG [[F] and KLOE[[A7]As— AL = (—2+10) x 10-3. The results, referred to as the
K3 average, are given in Talflp 3
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value Correlation coefficients
() (34+28)x 104 1
0(5) (-1.0£0.7)x10? |-027 1
O(x.) | (-0.07+£0.25 x1072 | -0.23 -058 1
O(x,) (0.840.7)x102 |-0.35 -0.12 057 1
As+A_ | (05+10)x102% |-0.12 -0.62 0.99 054 1

Table3: Determination after KLOE measureme@ [19]

The valueAs+ A, in Tab.[3 can be directly included in the semileptonic contributions to the
Bell Steinberger relations if (3.1)

ZWL(HEV)%*(HEV)) = 2r (K. — mv) (O(g) = O(y) —i(B(x+) +0(5)))
= 2r (KL — 1tv) ((As+AL) /4—i(0(x1) +0(9))) -

So that now defining

Uy = — S (A (T0V) 2 (7)) + 212K (K, — 10v)I(B) (3.4)
rsn v Tke

we find:
Oy = ((0.3+£0.6) + (~1.84+1.8i))x 10°°.

This value can be used in the Bell Steinberger relation§ Th (3.1) to detefffinieand 0(d)
91 :
KLOE [(g)=(1596+1.3)x107°  [(5) = (0.4+2.1)x 107>, (3.5)
improving CPLEAR [2b[ 2],

CPLEAR [(g) = (1649+25)x107°,  [(d) = (24+5.0) x107°. (3.6)
Since L
i(Mgo —Mgo) + 5 (Mo — Mg ;
5= (Mo~ Mko) + 5(Tko ko) cospsy€®[1+ 0(g)],
Fs—TL
KLOE gets

—5.3x 10 GeV < m—mgo < 6.3x1019GeV at95 % CL

improving CPLEAR result,|meo — Mgo| < 12.7 x 10719 GeV at 90% CL.

4. Outlook

A further improvement can be obtained by including Theiolating asymmetry measurement
from CPLEAR without any assumption on tA& = —AQ transitions, i.e. relaxing the constraint on
O(x-) = 0(x;) = 0 imposed in the original papdr ]28] to evaluate th@\) andJ(A) parameters.
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