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Introduction

The study of CP violation in neutral K decays has been, from the outset, the
primary goal of a high-luminosity ®-factory, like DAFNE. At the beginning, attention
was focussed almost exclusively on the measurement of the direct CP-violation
parameter, €'/€. Due to the very interesting work of Buchanan et al.l1], it has been
realized that, in addition, a ®-factory offers the unique possibility to make a clean test of
the CPT symmetry, at the level of precision of 10-4 or so, and which is independent from
possible conspiracies, still allowed in the presently measured quantities.

The aim of the present article is to provide a self-consistent introduction to the
phenomenology of CP and CPT violation in neutral Kaon decays and to give a first
illustration of the impact of DAFNE on the issue of the CPT symmetry. More details are
provided in the subsequent papers in this Chapter{2.3]. Present calculations of €'/ in the
Standard Theory are also reviewed here, while CP violation in charged Kaon decays is
deferred to a later part of this Report (4],

Of course, there exist in the literature many excellent reviews of the subject, starting
from the classical and influential article of Lee and Wu [31. In the more recent literature,
CPT symmetry in Kaon decays has been analyzed by Barmin et al.[6] and, with reference
to the experiments at a d-factory, in reff.l7.11.

1. Hamiltonian matrix, eigenvalues and mixing

The hamiltonian of the neutral Kaon system, in the particle rest frame, is a
complex, 2x2 matrix:



u=[h L] -mir (1.1)

We are in the basis: up =K%, down =IK0>; h, 1, m, n are complex numbers
(so that H depends upon 8 real parameters), and M and I" hermitian matrices.

The sign of the antthermitian part of H is determined by the requirement that it must
lead to exponential damping of the wave-function, for t — +eo. With the sign given in

Eq.(1.1), the time-dependent factor of the wave-function is: exp(-iEt) = exp(-iMt - % 'Y,

which is correct, provided that T has eigenvalues 20.
We shall also write:

_[M11 M2 r_fT11 T12

M'[Mlz* M22 ’ r'[l"lz* r22

Symmetries:

CP: IK0> — IKO0>, IK0> — 1KO> (1.2)
T : makes the complex conjugate (1.3)

it follows (t;= Pauli matrices):

CP: M->tM1, I ->1tl 1y, (1.4)
T: Mo M* - TI* (1.5)

If we develop both M and I' in the basis of the Pauli matrices plus the idenaty,
X=c01+citi; cg,..,3 real

we are lead to the following Table, which gives the sign taken by each component under
CP, T and CPT transformations.

Tab.1

€0, €1, €2, C3
CP: + + - -
T: + + -+
CPT: + + + -

We recover the familiar result that CPT implies equal diagonal elements. Also, CP
conservation implies CPT conservation (unlike in 2 decay amplitudes, see below).

There is some freedom to redefine the phases of the states IK0> and IK0>.
Strangeness is conserved by strong and e.m. interactions, so we can make the change:

ln, S> — e-iaS |n, S>



ie.:
IKO>— e-10KO> ; |RO> — e*io [RO> (1.6)

In the new basis, the CP transformations would not be given by (1.2) anymore,
and the matrix H would not satisfy the rules given above, even if CP is conserved. All
this amounts to say that CP is conserved if there exists a change of phase of the form
(1.6) such that, in the new basis, M and I" have vanishing components along 12 and 13.
This happens when M2 and I'12 have the same phase and we conclude that the phase-
invariant condition for CP conservation is:

arg(Mlz) 0 (CP symmetry) , (1.7)

Diagonal elements are not affected by the phase change, so that the condition for
CPT symmetry is always:

Mj1=M2
{ Ty1= Ty (CPT symmetry) (1.8)

Eigenvalue equation:

det[}:r;)' n-)l\ ] =0 leads to:

-

+=x={h+nxV(h-n)2 +4lm |; (1.9)

N

note: (A+-h)(A.-h)=-Im.
Eigenvectors:
P
"[q ]
(A+-h) _n-ht v (h-n)2+4lm

(p)- 1 7 (1.10)

The identification of Ky and Kg states is obtained by going to the symmetric limit
of exact CP (and CPT). In this limit, see (1.7) and (1.8):

A+ =hxVim

1
Mi2- 5012 :
= 2i = ISIA 12* = phase factor =pgF e-iZa
Mi2* - 5T2* 12

1
m



so that:

1 i [€02 N
V+ =P+ [eia :] = p4elc [eia/Z ] = CP- even (after phase redefinition)

e-ia . e‘ialz .e
v.= -q-[ 1 } = -q-e“aﬂ[ eict/2 ] = CP- odd (after phase redefinition)
Therefore, by continuity, we identify:
IKs>=v,; IKp>=v. (1.1D)

Conventionally, the eigenvectors are written in terms of two complex numbers,
€L,S, defined by:

IKs>=vy =Ng (IK;> +€e51K2>); Ng2 =1 +legl? (1.12)
IKL>=v.=NL (Ky>+e IK1>); NL2=1+lgf2 (1.13)
with:
1 _
1Ky 9> =— (IKg> £ IKO> 1.14
1,2 2 (Ko ) (1.14)

The Hamiltonian matrix is determined by 8 real parameters, which we can substitute
with the 2 complex eigenvalues and the 2 complex mixing parameters, €s 1. The relevant
formulae are:

(ms+mg) - % (Cs+IL)=h+n (1.15)
(mL-ms) + 5 (Cs-TL) = - V(h-n)2 + 4Im (1.16)
l-es _n-h +\/m 1)
1+€g 2l

1+eL _n-h +3(hn)2+dlm. (118)

1'9[‘ 2m

In the CPT symmetric limit, h=n and there is only one mixing parameter, €= €5=€[,
determined by:

i
Mi2-5T12
1+e /ii‘f , 21 (CPT exact)
1-e Mip* - 5T12*




To keep contact with the CPT-invariant limit, the €'s are conveniently written as:
€s = EM+ A (1.19)

EL=EM - A (1.20)

2. K— 2n decay amplitudes, I

The strong interaction, S-wave, phase shifts for n-n scattering are defined as:

2x, I; out| 2;, I; in> = €218l Q2.1

where I denotes the total isospin (I=0, 2) and a c.0.m. energy equal to the Kaon mass is
understood. In fact, since 2n-5 3rn and 4r states are excluded by energy conservation,
(2.1) can be rewritten as:

| 21, I; in> = e2i81 121, I; out> (2.2)

2n decay amplitudes of KO and KO are defined according to:

A(KO= 2, I) = <2r, I; out | Hw IKO> =pgF ‘\/ %(AH—B[) eldl 2.3
AKO- 2m, I) = <2x, I; out | Hw | KO> =pgF \/ % (Ar*-Br*) eidl (2.4)

(The factor V2/3 is inserted to simplify later formulae, amplitudes are normalized as in
ref [Lusign. etal]y Symmetry relations are as follows.

CP: <27, [; out | Hw IKO> = <2, I; out | CP-!(Hy )CP | R0> (2.5)
T: <2, L out! Hy IKO>* = <2r, [ in | T-/(Hw )T | K0> =
=e-2i81 2r, I; out | T-1(Hw )T | KO> (2.6)

Writing, for fixed I:
A=A +iA®@

B=B(+iB®@)

the symmetry properties of the various components of the amplitude are those given in
the Table.



Tab.2

A, A@), B(1), B(2)
CP: + - - +
T: + - + -
CPT: + + - -

In this case, we may have CP conserved and CPT violated or viceversa. B is exclusively
a signal of CPT violation.

3. The Wu-Yang phase convention

It is very important (and helpful!) to keep track of the phase arbitrariness embodied
by Eq.(1.6). Frome the formulae above, one has:

X — e Qi X 3.1)
with:
Q=0;-2;+2, for X=horn;I;m (3.2)
Q=1, for X = Ajor Bg 3.3)

We can use the phase arbitrarihess to make one of the quantities in (3.2) and (3.3)
to bereal . The Wu-Yang conventionl8! requires:

Ag=real 20 (3.4)

This convention is phenomenologically very useful, as we shall see presently. It
corresponds to shift as much T violation as possible away from the (dominant) Al=1/2
non leptonic amplitude into the (suppressed) Al=3/2 one.

In the usual parametrization of the KM matrix, precisely the opposite happens,
namely T-violation appears, predominantly, in AI=1/2 amplitude, due to t-quark
exchange in penguin diagrams, while the Al=3/2 amplitude is predominantly real (except
for electroweak penguin effects, which may become important for large values of the t-
quark mass, see Sect.5). Of course, amplitudes computed in the latter (KM) convention
can be transformed back in the Wu-Yang phase convention by the transformation (3.1)
with:

a=- 0 (3.5)

We adopt the Wu-Yang convention in the following.



4. K— 2n decay amplitudes, II

From Egs.(2.3) and (2.4) and the isospin Clebsch-Gordan coefficients, one finds
the decay amplitudes in the n*n- and n0n0 channels!:

AKO—TE) = (Ag+Bo) 80 + = (Az+By) 2 (4.1)
A(KO—-n0n0) = (Ag+Bp) €130 V2 (A2+B3) ei®2 (4.2)

For KO amplitudes, A— A*, B—-B*. Also:

AK*+—ntr0) = % (Ar+B>) eid2 (4.3)

We can derive, from these formulae and from the experimental Kg and K+ decay
rates, the values of the CP and CPT-conserving amplitudes:

Ag=27107GeV (4.4)

0= ‘:—g = 0.045 ' (4.5)
as well as:

cos(82-8g) =0.52;  182-¢l = 590 (4.6)

The value of the phase is in reasonable agreement with the one found from pion
production in T-Nucleon scattering and in Keq4 decay:

§0-82 = (41.448.1)0 (Devlin &Dickeyl9])

80-82 = (463 ¥2])0 (Shenk(10]) 4.7

After these preliminaries, we proceed to derive the formulae for the 2r decays of
KL. One defines:

_AKLoTT) | _ A(KL—nOn0)

Tl - ) ﬂ -
T AKsomw), 07 AKs—0n0)

(4.8)

and finds, from Eqs.(1.13) and (4.1-2) (Wu-Yanglconvention used throughout, terms of
second order in CP/CPT violation and first order multiplied by @? are neglected):

1The decay rates in n*x- or n*n0 are given by: Rate = pﬁ% 112, For n0x0 there is an additional
n:

factor of 1/2, for the identical particles.



N4 = €L + AT ot (4.9)
- A(Kj—1+r) '
A(Kp—n0r0)
=g +_—'—‘—_=8-2€' 4'10
n00 = €L A (K -7070) (4.10)
with:
e=eM-(A-R§£0) .11
_ 1ei(®2-50) ImA2 ReB2 _ReBy
Ng [ ( A — )] (4.12)

Eqgs.(4.9) and (4.10) are formally identical to those of the exact CPT limit, but with
a different relation between € and the mass mixing parameters, and with an additional
contribution of the B's to €'.

In the limit of vanishing A and B, one obtains in (4.12) the usual expression for
€', in the notation appropriate to the Wu-Yang convention. As noted before, given the
amplitudes computed with a different phase convention, e.g. with the usual KM phases,
we obtain the amplitudes in the Wu-Yang frame by making, for any AS=-1 amplitude X,
the replacement:

ImX— ImX - ReX ~220 ImAO

In this way, we obtain from Eq.(4.12) the phase-convention independent expression:

iei(82-80)
_le m[ImAz ) ImAQ Lid ReB2 ReB())] @.14)
V2 A2 AQ A2

The structure of Eq.(4.14) can be read very simply, with reference to the definition
of €' given in Eq.(4.9). The factor ¢i(82-80) arises from the final state interaction, the
dominant final states being I=2 and =0 for the numerator and denominator of the ratio in
Eq.(4.9). The further factor of i arises because €', being CP violating, must violate T-
reversal (i.e. be imaginary, apart from the final state interaction phases) in a CPT
conserving theory. CPT violation, indeed, appears as a further, T-conserving imaginary
contribution to the square bracket in (4.14).



5. Standard Theory prediction of €'/e

The parameter €' is uniquely related to CP (and CPT) violation in the transition
amplitude, see Eq.(4.14). In the usual terminology, €'#0 characterizes "milli-weak"
theories, i.e. theories in which the weak interaction itself has a small but detectable CP
(CPT) violating component(l1], The mass mixing parameter, €, arises as a 2°d order
weak effect, in which the CP-odd and CP-even parts combine to give the AS=+2
quantities, M7 and I"q7.

Another, logically independent, possibility is that the observed CP-violation is the
15t order manifestation of a new interaction with a AS=+2 component. In the mass
matrix, the new interaction competes with the 214 order weak contribution. Therefore
even a very weak interaction, of strenght 10-3 (G Mp)2 = 10-13 would give rise to the
observed CP violation. The latter type of theory is called "superweak"[lzl, and it has the
obvious prediction that no CP-violation is visible in channels where 15t order weak
interactions occur, i.e. it predicts ¢'=0.

Milliweak theories are in danger (1] to contradict the very tight experimental limits
to the electric dipole of the neutron, a T and P-violating, AS=0, effect. Unless a special

cancellation occurs, we expect any hadron to have an e.d.m. of the order of:
HE = e rp (GE Mp) lel = e-10-21cm 5.1

rp = 10-13cm is the proton radius, which gives the general dimension, G, the Fermi
constant, is associated to P-violation while lel, in a milliweak theory, characterizes the

generic strenght of T-violation. The present experimental upper bound to the neutron
e.d.m. is(13.14):

(KE Jneutron < 1.2: 1025 e cm (5.2)

much too small to be compatible with (5.1), which therefore calls for a very special
cancellation. '

The Standard, six flavour, Theory[!3] is a milliweak theory in which such a special
cancellation does occur{16l, CP-violation (rather, T-violation) arises because different
components of the weak charged current have non-vanishing relative phases. However,
the one-loop correction to the electromagnetic current of a given quark, e.g. the d-quark,
is given by a sum of terms in which each complex entry, corresponding to, say, d—c
(Vca) is multiplied by the amplitude for the inverse process c—d (V¢g*). To this order,
the correction is real and the e.d.m vanishes to one loop, which brings already the
estimate (5.1) down to 10-24, A further suppression is due to the fact that any CP-
violating effect, in the Standard theory, must involve the light quark mass differences,
which brings in powers of mgyari/mw. This is because one could rotate away the CP-
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violating phase when any two quark of the same charge are degenerate in mass. Finally,
as shown by Shabalinll7], the e.d.m. of the quark vanishes also at two-loops, which
brings in another factor of 10-3.

In conclusion, current estimates are that the e.d.m. of the neutron in the Standard
Theory is predicted at a completely unobservable levell17]:

(LE neutron = €.10-31cm (Standard Theory) (5.3)

The above discussion underlines the importance of a positive measurement of ¢'/e.
The first calculation of €'/e in the Standard Theory is due to Gilman and Wisel18], We
summarize here the most recent analyses(19.20],

The calculation of €'/e goes through several steps.
i) Determination of the effective weak, non-leptonic Hamiltonian, Hefs. This is dominated
by short-distance, QCD effects. Different terms in Hegf can be classified according to their
transformation properties under chiral SU(3)xSU(3)[21]. The dominant term transforms
as (8.,1R), corresponding to the so-called octet-enhancement, while AI=3/2 transitions
are produced by a (271,1r) component. The (8(,1r) component has a complex coefficent
which arises, in the usual KM phase convention, because of t-quark exchange in the so-
called penguin diagrams. Electroweak penguin diagrams give rise instead to (8,8r)
components, also with a complex coefficient.
ii) The (8L,1R) term gives rise to a non-vanishing value of ImAy, thus giving a first
contribution to Eq.(4.14). Contributions to ImA» arise from two different sources. The
first is due to isospin breaking: the octet component contributes to ImA, a term
proportional to the quark mass difference, mg-my. Although this difference is small:

(mg-my)  3MeV
mg  150MeV

=0.02

it is partly compensated by the fact that such a term appears in Eq.(4.14) divided by ReA,
and is therefore enhanced by a factor of w-! with respect to the previous one, see
Eq.(4.5). A second contribution to ImA> arises from the (8,8r) component. The small
Wilson coefficient with which it appears in Hefg is partly compensated by the factor w1
and also by the fact that chiral symmetry does not require the matrix element of the
(8L,8R) to vanish for vanishing external momenta, as is the case for both the (81 ,1r) and
(27L,1R). The raising of the Wilson coefficient of the (81 ,8r) term is responsible for the
decrease of €'/e at the increase of the t-quark mass.

iii) Matrix elements of the effective Hamiltonian are parametrized in terms of the so-called
B-factors, scale factors which measure the deviation of the true matrix element from the
one computed in the vacuum insertion approximation. At present, systematic calculations
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of the B-factors have been carried on with lattice QCD, QCD sum-rules and the 1/N¢
expansion. '

The resulting predictions of €'/e vs. m; are shown in Figs.1 and 2, for B-factors
computed in the 1/N¢ expansion or with lattice QCD, respectively. Very good agreement
of the two calculations is indicated. e'/e is generally expected in the 10-3 range, with the

possibility of it being very small for m; = 200 GeV, due to the electroweak penguin effect
mentioned before.

£'/e (107

10 . . A A .
100.0 150.0 200.0 125.0 175.0 225.0

m, (GaV) m (Gev)

-1.0

Fig.1. Upper and lower limits of €'/¢ vs. my, in the first and second
quadrant of the CP-violating phase, 8, second paper of ref.[19]. Parameter
ranges used: 0.09< IV p/Vpi<0.17, 0.036 < 1Vcbl < 0.046, 0.1GeV <
AQCD £ 0.3GeV, 125 < mg < 200MeV. Other quantities are taken in the
leading 1/N expansion.

I ! 1 { T 1 I Ml 1 M ¥ ]
— 0.00¢ |— -
- cost<o )
[ NAgt
- 0.008 — -
/e 3
[ 4
0.000
! trat
- -9.008 {— —
| I P | I | NS BV | N I |
100 123 130 173 200 100 129 190 119 200
Meop Yeop

Fig.2. Upper and lower limits of €'/e vs. my, in the first and second
quadrant of the CP-violating phase, 9, ref.[20]. Parameter ranges used: 0.08<
IVub/Vcpl<0.14, 0.042 < IVcebi £ 0.051, 0.1GeV < AQCD < 0.3GeV, 140 <
mg < 200MeV. Other quantitics arc taken from lattice QCD calculations.
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6. Semileptonic amplitudes

We focuse on Ke3 decays of KO and KO. On general grounds, there are 4
independent matrix elements, related to the (complex) form factors of the transitions:

KO 5 et ve n-
5 _- (AS =AQ) (6.1)
KO — e-ve nt
KO > e vent
) (AS=-AQ) (6.2)
KO — e+ ve -

Time-reversal relates each form factor to its complex conjugate, CP relates KO0 to KO
form factors. This suggests to parametrize the amplitudes according to:

<etvem IHWIKO> =a +b (6.3)
<e Ve tt IHwWIKO> = a* -b* (6.4)
<e Vet IHWIKO>=c +d (6.5)
< et ve - IHwIKO> = ¢* - g* (6.6)

a and b (c and d) obey the same symmetry properties as the non-leptonic amplitudes Aj
and By (see Tab. 2), i.e.: b and d are CPT violating, imaginary parts are all T-violating. ¢
and d describe possible violations of the AS = AQ rule.We consider Re a of order unity
and keep first order terms in all the other quantities.
_ One should introduce analogous amplitudes for muonic decays, but we will leave
this understood, in the following, to avoid a too heavy notation.

The following notations are also used(2.3};

b M
y=-3 (6.7)
cFd - cFad
X=+b’ *Tab (6.8)
with:
AS = AQ exact: x=x=0, (6.9)
CPT exact : x=x,y=0, (6.10)
T exact: X, X, y = real, 6.11)

CP exact: X= X, y=imaginary. (6.12)
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For convenience, we shall also define:

rop.Red Imc
A=A i (6.13)
% = T(Kps— et +.) +T(Kps— e +.) + (€ = W) (6.14)

with A defined in Eqs.(1.19) and (1.20) and T3k = IS + s,

The following relations are immediate:

AL = F(KL—>e+ve1r;)u-rIx‘](KL—>e'\Ten+) = 2(Reep + 1[% %:_2 _

=2 (Reep - ReA'+ ﬁz: ) (6.15)
As = 2(Reey + ReA's RE2 (6.16)
Ae=r_§.;_£_£=2‘;—:§ (6.17)

There are in all four semileptonic rates, which can be expressed in terms of the three
combinations given above plus the average rate, which determines (Rea)2. In addition, to
study the correlated decays of the K -Kg pair produced at a d-factory, it is convenient to
introduce the complex quantities:

<etve IHWIKL> Rec Imd
= -2A'-2 1 1
M= et ve - IHwiKs> | “Rea” Rea (6.18)
_ <e'verm? IHWIKL> Rec ' ~: Imd
nl- = - (1- zRe +2A'-21 1 Roa (6.19)

< e ve nt IHwiKg>

In the Standard Theory, CPT and CP are conserved in semileptonic processes and
the AS=AQ rule is obeyed to a very good precision(22], with (gg=5 is the relative strenght
of the octet non-leptonic amplitude):

x| = gg% fr2 =7 107 (6.20)

In the current x current picture there is, in fact, little space for the violation of these
symmetries, given our very good knowledge of the currents themselves.
Violation of CP, CPT or of the AS=AQ rule could arise from contact interactions of

quark and leptons (e.g. in composite models) and one should keep an open mind on the
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possible presence of anomalies in the semileptonic amplitudes. However, AS=-AQ
transitions require hadronic operators transforming as 10 + 27 of flavour SU(3), see e.g.

the second paper of ref.[22], so that they can be induced by effective quark and lepton
operators of dimension higher than four. A typical example is:

AHeffJA% By(EL1 veL)] (LYY dL)(SLH dL) (6.21)

with A the compositness scale, which leads to the (rather generous) estimate:

Ix| =

4 IGCV]4
A

= 1010
GrA2 [ (

1TeV
A\ 16 (6.22)
The result (6.22) justifies the neglect of AS=-AQ amplitudes, still keeping open the
possibility of CPT violation.
For the sake of brevity, the case in which semileptonic amplitudes are assumed to
conserve both CPT and the AS=AQ rule will be called Scheme 1 in the following.
Scheme IT will be the case in which CPT is relaxed, still keeping exact the AS=AQ rule.

We shall also comment on Scheme III, where Eqs.(6.3) to (6.6) are considered in full
generality.

7. Comparison of notations

The recent analyses(6:1] of neutral Kaon mixing and decays without assumption of
CPT, do not follow a unified set of notations. To facilitate the comparison, we give below
the translation table from ours to their notations.

Tab.3
our Barmin et al. Buchanan et al.
notations ref.[6] ref.[1]
esL=EMT A esL=€t A es.L=€Kk* Ok
N4.= E+€' N4.= €0tE N4.= E+E'
g' €' g'
ReBg a ReBg
Ag Ag
a, b; Egs.(6.3-4) b=0 a,b
¢, d; Egs.(6.5-6) c=d= c=d=0

(Scheme II)
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8. Unitarity constraints.

We know little about the real part of the Hamiltonian, the mass matrix M, which is
sensitive to virtual particle, high-energy effects (this is, for instance, the case in the
Standard Theory, where T violation in M is determined by t-quark exchange). On the
other hand, unitarity relates the imaginary part of H, the matrix I', to the real decays of

the neutral Kaons, about which we have considerably more information:

Fap=Y 2n (MK - Ep) <al Hwlin><nlHwlib> 8.1
n

In particular, we know that the 27, [=0 final state is by far the most prominent one in KO
and KO decays and this simple fact gives interesting restrictions on the parameters €[ s.

We start from _Eqs.(1.16) to (1.18), which are easily solved to obtain h-n, 1 and m

in terms of the physical parameters. Separating real and imaginary parts, one finds six
relations:

2Re(M12) = - (mg.-ms) (8.2)
2m(Mi2) = - (Ts-TL) (Re (5575 + tangsw Im (550)) (8.3)
2Re(l"12) = (I's-T'L) (8.4)
Im(T'12) = - (Cs-Te) [tangsw Re (55759 - 1m (S575)) (8.5)
Mi1 - Mgz = - (Ts-TL) [tangsw Re (<59 - Im (5575) (8.6)
%(rll -T22) =(Ts-TL) [Re (ES;'L) + tangsw Im (E%EL)] (8.7)

We have introduced the "superweak phase”, ¢sw , defined by:

tandsw = DEF 2(my -ms) =0.9565+0.0051
Is-I'L 7
dsw = (43.7310.15)0 (8.8)

and will denote by v and w the complex numbers:

1

vV = 1+i tandsw)
\f 1+tan2dsw
w = 1 -tanpsw+i)
\J 1+tan2psw

(8.9)
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Eqgs.(8.3) and (8.5) can be seen as specifying the components of (e5+€1) along v and w,
regarded as mutually orthogonal vectors in the complex plane, and similarly Eqgs.(8.6)
and (8.7), for the CPT violating parameter, (€ - £L).

In the first case, we use the fact that the dominant 2x, I=0 amplitude is exactly real,
in the Wu-Yang convention. Correspondingly, Im(I"{3) receives contribution from 2n
with I=2, 3% and semileptonic decay modes. In general, the scale of these contributions
is suppressed, with respect to the r.h.s. of Eq.(8.5), by a factor of I'x+/I's or ' T's.
Thus, to be competitive with the r.h.s., CP violation on the L.h.s. of Eq.(8.5) should be
of order unity, which is not the case (rather, as we have indicated in Sect.5, € effects in
21 decays are much more suppressed).

More in detail, one may classify the contribution of the most prominent intermediate
states as follows (first order terms only are retained).

2n:
Im(T12)25 = 3 I [(AoBgD)* + (Ax2-B22)*] x (phase space) =
4 rK+ ImA»> ImAg
- [ = 0 = - -3
=-1 3 B(K*— n*nV) — Rehs ]Ts=-2.0410 Rehs I's
In

We approximate 31t decay amplitudes with their value at the center of the Dalitz plot
and consider only Al=1/2 contribution to the CP-conserving transition. Defining CP-

violating parameters? according to(4}:

_AKotren; 1=1) . A(Ky—3rY; I=1)
€ : =
0 T AK ortnn0; 1=1) T 00 TA(K)-310; 1=1)

one finds:
Im(T12)37 = T(Ky-»ntnn0) Im e, g+ T(Ky-310) Im egog’ =
~2.14 10-3(Im €0+ 1L.74 Im egpo) I's

semileptonic

Im(T12)s = Im (x+ X )T} = 2.26 103 Im ("—*—5) T

2 final state interaction phases cancel in the ratios below, unlike in the case of €'. Therefore €, _¢' and
€000 » being CP-violating, are expected to violate T, i.e. be pure imaginary, if CPT is conserved.
CPT violation is introduced by a non-vanishing real part.
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(we have averaged the electron and muon contributions). The semileptonic contribution is
suppressed, since it requires AQ=-AS.

Neglecting completely the Lh.s of (8.5), we conclude that (€s+€r) is orthogonal to

Arg(es+eL) = dsw (8.10)

The component along v is determined by the short-distance sensitive quantity, Im(M17):

ESTEL _ . _ -Im(Myp) tanpsw (1+itandsw) _ - i Im(M12) (8.11)
2 mp -ms (1+[an2¢SW) mL-ms-%(I‘L-Fs)
In addition, from the result (4.7), we find:
Arg(iei(82-30)) = (43.7+4)0 = dpsw (8.12)

it follows from Eq.(4.12) that €' is approximately parallel to €y, except for CPT-
violating effects.

To make a similar analysis for the CPT-violating quantity, A=(€s-€1)/2, we first
extract the 27 contribution to the r.h.s. of Eq.(8.7). Explicitly (p4+-, poo are the 2 phase-
space factors; p4. =2p(o for exact isospin symmetry):

T -T2 = ps+- (AKO-r+m)2 - IA(KO-rtno)i2) +

+ poo (IA(KO—1t0r0)12 - 1A (RO—-n0n0)12) =

ReBg
ReAg

Re(Ar*B
+4A,2 —%—}A;ZZ] -

3
=P+-3 [4A02

= 2 T(Ks—2m) [ Rz?o ) Re(AX:BZ)} (8.13)

With this result , Eq.(8.7) becomes:

ReBg

A Y+tandpsw Im(a- I_I@Q)] (8.14)

AQ

1 ReB
5 (T11 - T22)eest8T ~5 0 = (s TL)[Re(a-

The suffix res indicates the sum over intermediate states different from 2rx, I=0, and:

8T = '(Ks—2m)-Tg+Ty =L - T8 = T - T = 0.59 10-3Ts

(assuming the semileptonic rates af Ks and K, to be approximately equal).
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The term proportional to 81" can be safely neglected3. Proceeding as before, we

write the most important contributions to the L.h.s. of Eq.(8.14) as follows.
2rn, I=2:

* *
2 (T11-T2ar =2 = B(Ks—2m) o? Re(A/_fz B2) g = 2.02 103 Re(‘t\z B2 rg

3n
% (P11-T22)3r = T(Kyontnn0) Re e, o'+ T(Ky—370) Re eggo’ =
=2.14 10-3(Re e,9'+ 1.74 Re epp0) I's

semileptonic

3 Reb

1 Reb
5 (Mi-T22)s1 = 2o Rea

Rea [T =2.26 10

I's
(electron and muon contributions averaged).

It is difficult to say anything more precise about the first term in the Lh.s. of (8.14),
except that it should be very small, for the same reasons which justified the neglect of
ImI12. DAFNE can improve substantially on the present limits to the above CPT-
violating quantities and therefore lead to improved bounds to the unitarity sum (see also
ref.[2]), .

If we take the L.h.s. to vanish, Eq.(8.14) leads to the elegant result that the complex

number A- RZISO is parallel to w, i.e. it is orthogonal to €:

Arg(a- 529 = g £ 900

so that:
ReB 1
ReBg _ ’_"'AOO(mL‘mS)"’j(Ml 1-M22)

A- AQ

: (8.15)
mp-mg-5(FL-Ts)

or, equivalently:

ReBo, . . .
3 even if we want to leave open the possibility that Re(A- ——Q) is considerably smaller than its

AQ

individual componems“], we consider it very unlikely a canccllation by three orders of magnitude.
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. ReB '
1 Mi1-M22)-1 *Q(AO rs-rL) (M11-M22)-% (T11-T22)2n
A=-x T

(9]}

1 1
mp-mg-5(T'L-T's) mL-mg-5(T'L-Ts)

The situation is illustrated in Fig.3 (without paying attention to the relative proportions).

Fig.3. Schematic representation in the complex
plane of the relations between epM, €, n+. and ngo.
¢' is drawn parallel to €, but can be tilted in
presence of CPT violation, Eqs.(4.12) and (8.12).

The phases of € and A are sometime discussed, in the literature, in connection with
the Bell-Steinberger relation!231:

[-i(ms-m() +% (Ts+I'L)] <KslKL> = ? A*(Kg—f) A(KL—f) (8.16)

which can be derived directly from the conservation of probability. By substituting
Eqs.(1.12) and (1.13) in the r.h.s., it is immediate to see that the real and imaginary parts
of the Bell-Steinberger relation coincide with Eqs.(8.7) and (8.5), respectively.

It could not have been differently. The unitarity condition Eq.(8.1) is all we can
say about probability conservation. This equation involves a total of 4 real quantities:
Rel}2, ImITy2, 11 and ['27. RelM12 and the average I'11+172 are related to the CP and
CPT conserving total widths, I's and I'r; the CP-violating (CPT-conserving) ImI'12
determines the phase of ey, while the CPT and CP violating difference, I'11-I"22, fixes
the phase of the combination A-ReBg/Ag. There can be no other general restrictions.
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9. Comparison with present data

We can analyse the data at different levels, according to whether CPT symmetry
and the AS=AQ rule are kept exact or released in the semileptonic transitions. Exact CPT
and the AS=AQ rule are asssumed by Bermin et al.[6], adopting what we have called
Scheme I, while Buchanan et al.[1l adopt Scheme II. We illustrate in detail, in this
Section, the results in the scheme I, and will comment, in the next Section, on the impact
of DAFNE on the complex of Kaon parameters in Schemes II and III.

Data

Mool _ 0.9935£0.0032  ref.[14] -

{ln+_l = (2.268%0.023) 10-4 ref.[14]
In+-l

{Arg(n+-)=¢+-=(46.0il.2)0 ref.[14]

@,4.-000=(-0.1£2.0)0 (weighted av. from reff.[24,25]) ®-2)
AL = (3.2740.12) 10-3 ref [14] (9.3)
€ _[(23%7) 104 NA31 (26]
Re -{(64_-7) 104 E731 (27) ©-4)
Analysis

The smallness of ¢'/e implies that € is very close to n4.and ngo:

e = 2"_+3;*m = 2.263+0.023 103 9.5)
ATE(e) = ©4.+ 5 (G00-04.) = (46.0£1.4)0 (9.6)
The superweak phase being:

s-T'L

{tancbsw - Z%{‘LL“—S—) = 0.9565+0.0051
dsw = (43.73%£0.15)0

there is, at face value, a slight indication (at 1.5 o) for a CPT-violating difference between
¢ and eMm:

Arg(e) - Osw = Arg(e) - Arg(em) = (2.3£1.4)0
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Since A-ReBp/Agq is at right angle with respect to gy, see Fig.3, the above result
translates into:

- A+ R%Agﬂn ~ lel[Arg(e) - Arglem)] = (0.9£0.6) 104 9.7)

In Scheme I, the Kr lepton asymmetry, Eq.(9.3), allows already a separate
determination of A and ReBg/Ag. From (9.3), (9.5-6) and (6.7) we get:

BTZ—%Q = (-0.6+0.7)10-4 9.8)

and from (8.9), (8.15) and (9.7):
A = (-0.620.7)104 - (0.940.6) 104 w = (-1.2+1.1)10-4 - i (0.7£0.4)10-4 (9.9)

Using Eq.(8.6), we find a limit to the CPT-violating mass difference4, M11-Mpg:

My1-Mpo

M11-M22)
mg

= 1.48.10-14(
[s-T'L

=(3.0£2.4) 10-18 (9.10)

A last possible CPT test is given by the phase of €'/e. As seen from Eq.(4.12), the
phase of €'/ is made of two components:

£ _ 4
Arg = =0+ 0CPT/CP

= (5 +82:80 - Arge) = (0£4)0

oCPT/CP = (R e82 RZ’SO) (I"’AZ)1 ©.11)

where we have used the result (8.12).
A precise measurement of the real and imaginary parts of €'/e allows, in principle,
a determination of the CPT violating phase, ¢cpT/cp. The smallness of Ree'/g, (Eq.9.4),

implies ImA2/A2 = 104, so that we can obtain anyway an interesting bound to the CPT
violating part of €'/e. In formulae, from Eqs.(4.9), (4.10) and (4.12), one finds:

Im —=Im (271 31(1)80 % (D4.-000) =
_ @ ReBy  ReBo ImA2 _ o .,ReB2 ReBg
= [cosd'( Ay " Ap )tS )+sing’ (3551 0sd'( A Ao Yy (9.12)

4 For comparison, the results quoted by Carosi et al., ref[23], are:
Arg(e) =(47.0£2.0)%; (M -Mgo)/my < 510718 (95% c.1.).
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so that;

(ReB2 ——Q) = 4.1 104 (-0.122.0)0 = (048)10-* (9.13)

Note that the error on the strong interaction phase, 87-8¢, drops out in first order,
because ¢'= 0.

It will be difficult to make this into a much more precise test. DAFNE can produce,

. . . . €
anyway, a considerable improvement on the determination of Im—c~ and of the strong

interaction phase.

10. The impact of DAFNE on CPT violating parameters

In Schemes II and III, the presence of the new parameters b, ¢ and d, in the
semileptonic sector complicates considerably the matter, with respect to the one found in
the previous Section. In this situation, €q.(9.9) still holds for ImA:

ImA = (- 0.7+0.4)10-4 (10.1)
. . ReBg . .
but the present data give a bound only to the combination |A- T, which raises the

possibility that the smallness of the r.h.s. of (9.7) may be due to (fortuitous?)
cancellations of larger effects.

As pointed out in ref.[1], the observation of correlated KL-KS decays at DAFNE
will permit to disentangle the individual CPT violating parameters, in Scheme IL In the
last istance, this is made possible by the fact that P-decay provides a beam of tagged Ks.
With the reference integrated luminosity of the present Report (2.5 1032 cm2 sec”! times
107 sec) one estimates a yearly production of 1.7 109 Kg, which corresponds to a
statistical error on the asymmetry As, Eq.(6.16):

AAg=7 104 (10.2)

As seen from Eqgs.(6.12) to (6.16), the observation of the three possible
semileptonic asymmetries allows a separate determination of the three parameters:
Rec/Rea,Reb/Rea and ReA'. The same conclusion is reached starting from the
measurement of Il and of the CP-conserving asymmetry, Ast,

In Scheme II, ReA' = ReA, ImA is given by Eq.(10.1), and we succeed in
disentangling A from ReBg/ReAy, as anticipated. The observation of correlated
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semileptonic and hadronic decays allows, in addition, to determine the phases of n*,
which, in Scheme II, gives a further check of the imaginary part of A.

In Scheme III, the phases of N+ give /mc and /md, but the determination of
ReA' is no more sufficient to fix A, if we allow a non vanishing value of Red.

The same conclusion is reached by parameter counting. A total of 24 real
parameters have been introduced: 8 for the Hamiltonian, 8 for nn decay and 8 for
semileptonic decay amplitudes. After dropping 1 inessential phase and using the 2
unitarit* ~onditions, we reduce to a total of 21 real parameters. On the other side, there
are 16 . .ervable, with DAFNE, namely: 2 masses and 2 widths, 2 decay rates in 2,
N+- and 100, 4 semileptonic rates and 2 phases of nt. The 4 imaginary parts, Ima, Imb,
ImBg and ImB, remain indetermined, as well as one combination among ReA, ReBg,
Red.

A conspiracy between CPT-violating parameters in AS=AQ and AS=-AQ
amplitudes may seem unlikely. It remains that, in this situation, a separation of A from

the other parameters requires further experimental input. One possibility is given by

experiments like CP-LEAR, where a KO (or KO) can be tagged on the basis of
strangeness, rather than semileptonic decay. In this case, we have access to the further
experimental quantity:

_ I<e- +. /HwIKO(1)>I2
l<e* +. IHwIKO(t)>I2

R(t)

which is sensitive to Red, for small times.
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