INFN - Laboratori Nazionali di Frascati, May 1995
From: The Second Da®ne Physics Handbook'
Chapter 1: CP and CPT Violation

Eds. L. Maiani, G. Pancheri, N. Paver

CP and CPT Measurements at DAONE

G. D’Ambrosio
INFN - Sezione di Napoli, Naples, Italy

G. Isidori and A. Pugliese
Dipartimento di Fisica, Universita di Roma ”La Sapienza”
and

INFN - Sezione di Roma, Rome, Italy

Abstract

Starting from the time evolution of the C-odd KYK° system, we analyze the
asymmetries measurable at DA®NE and their implications on CP violation and on
the possible tests of T and CPT symmetries. In particular the ratio EE—/ can be
measured with high precision (up to about 10~* for the real part). The CP-, T-
and CPT-violating parameters can be explored in Kg semileptonic decays with an
accuracy of the order of 1073. The possibility to detect Ks — 37 and Kj — nry

decays is also discussed.

1 Introduction

The K° K° state produced in the decay of the ¢ resonance is odd under charge conjugation
and is therefore an antisymmetric K, Kg state. This characteristic makes a ¢ factory very
suitable to study CP violation and to test CPT symmetry in K meson decays [1, 2.

For a long time it has been stressed that the presence in the same detector of K7,
and Kg beams, produced without regeneration and thus with the relative fluxes perfectly
known, will allow a very clean determination of the ratio % [3]. A non-zero value for EE—I is
an unambiguous signal of the existence of direct CP violation, which is naturally expected

1Supported by the INFN, by the EC under the HCM contract number CHRX-CT920026 and by the
authors home institutions
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in the Standard Model. The present experimental situation is:

R(£) =(23£0.7) x 107
R (£) = (0.74 £ 0.60) x 107

3(¢) =(-12£17) x 107 NA31[4]

3 (%) = (+47£35) x 1072, E731[5]

still consistent with ¢ = 0. The theoretical calculation of % in the Standard Model is
strongly affected by QCD corrections and, for large values of the top mass, large cancel-
lations are expected [6]. The present estimate is ﬂ?(i—l) = (2.8 £2.4) x 107*, [7] thus a
fundamental goal of DA®NE is certainly to reach the sensitivity of 107* in the measure-
ment of this ratio. Independent information about direct CP violation could be obtained
also by charge asymmetries in K* — 37 [8] and K* — 277 [9] decays.

Beyond the study of direct CP violation, the presence of a pure Kg beam will allow
the observation at DA®NE of some suppressed Ks decays, such as the semileptonic and
the three-pion ones. The theoretical predictions for semileptonic decays are not strongly
affected by QCD corrections and, as we will discuss later, the measurement of the semilep-
tonic rates and charge asymmetries in Kgj, decays can give many interesting tests of CPT
and of the AS = AQ) rule. Moreover, due to the coherence of the initial state, T and CPT
symmetries can be directly tested in events with two leptons in the final state [10, 11].

Some time ago it was pointed out that the radiative decay ¢ — v fo — v (K°K%)c—4
could have a non-negligible branching ratio [12] and therefore a dangerous background,
namely a K°K° component even under charge conjugation, could be present. New de-
terminations of the ¢ — v (K°K°)c—y branching ratio [13] turn out to be much smaller,
then, as we will show, the inclusion of the C-even background does not sensibly affect the
measurements of % and Ks suppressed decays.

It has been suggested that quantum mechanics violations may be generated by non-
local theories at the Planck scale [14]. As a consequence CP- and CPT-violating effects
of non quantum-mechanical origin could be induced [15, 16]. In [16] it was proposed to
investigate such effects in quantum correlated particle systems, such as the K° K9 system.
The coherence of the ¢-factory initial state will help in disentangling these effects, and
quite stringent bounds could be obtained for the quantum mechanics violating parameters
[17, 18]. It is worth while to note that the quantum mechanics violation induces a loss of
the initial state coherence which can somehow simulate the effect of a C-even background.

The plan of the paper is the following: in section 2 we recall the time evolution of
the initial state. In section 3 we report its implications on the determination of real and
imaginary parts of % . In section 4 the semileptonic decays, with possible direct tests of T
and CPT symmetry, are discussed. Sections 5 and 6 are devoted, respectively, to Kg — 37
and Kj — mmy decays. In section 7 we study the effect of the C-even background. In
section 8 we discuss the implications of possible quantum mechanics violations. Finally, in
the appendix, the relation between time and distance measurements are discussed.
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2 Time evolution

The antisymmetric K°K° state produced in the ¢ decay can be written as

U 1ot oo _ o) o] — 1 [pe) go=0) _ o) gl
¢—>ﬁ[h VKTV — KWWK q}_ﬁ[[xs K; " — K;"Kg }, (1)
where q and —q indicate the spatial momenta of the two-kaons and the normalization
factor h is

1+ [ef?
1 — ¢
The decay amplitude of the two-kaon system into the final state |a(?(¢;), b(=9)(t,)) is given
by:

h =

~ 1. (2)

h | ,
A(a(10),659(t2)) = % [A(Ks = a)e™s" A(Ky, — b)e™ ™t
—A(Ky — a)e™ M A(Ks — b)em™5), (3)

where Ay = mgr) — iFS(L)/Q. As usual we define also:

I's+1
2

If |a) # |b) the two states |aD(t;), (=D (ty)) and |a(=9(1;),b?)(13)) are physically dif-

ferent for any value of ¢; and ¢, therefore the double differential rate is:

I' =

\ Al'=Tg -1y and Am = my — mg. (4)

F(a(t ) b t2 = |h| /{|A | |Ab |2 -(Tsti+lrt2) + |A | |Ab |2 —(Trt14T gt2)
_9R {AgAi*A%Ag*e—F(t1+t2)+iAm t—t3 } }d%d%, (5)

where ¢, and ¢, are the phase spaces of the final states. Integrating eq. (5) on ¢; and 1,
one obtains the probability for the decay into the |a,b) state with both the decay vertices
inside the detector:

I'sl'y,
2 + Am?

h 2
Plab) = A [(rgrg+rgrg) S —2

e / R (AATALAY) do, d¢b] (6)

where Sy, = (1 — e~P/41) is the K7, acceptance of the detector: the KLOE project quotes
for the fiducial length D ~ 120 c¢m [3] (dr, = 340 cm is the K mean decay path), thus
SL ~ 0.3.

For |a) = |b) the interchange of q » —q is equivalent to ¢; < 3, thus:
rery I'sl'g,

§p— L | (7)

P(a,a) = |h]?
(a:0) = 115 7, 2+ Am?

As will be discussed in the following, the choice of appropriate time integration intervals
supplies a powerful tagging of K7, or Kg decays.
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Finally we define also the so-called “time difference distribution”:

T(a,b;t) = / diydta| Ala(ty), b(t2)|25(t — Ly — 1)

B |h|2€—F|t|

S UASPIAG e 4 AT PSP T — 2R [ASAT AL AT e ] | (8)

6I

3 Real and imaginary parts of

As extensively discussed, for example in Refs. [3, 19, 20], the study of the time difference
distribution, for 7*7~, 7% final states, leads to the determination of both % (%) and
ntroducing as usual the amplitudes
A(Kp — ntr™) A (K — 77

- = = ! d 00 — =¢e—2¢ 9
n A ([&,S — 7T+7T_) ¢ —I_ ¢ an g A ([/(S — 7T07TO) ‘ < ( )

eq. (8), integrated over the pion phase space, gives:

Pt) = [dés doo I(x¥7™,70n%1)
F+_F00
S °5 Tl

QF “ n+— |2 €+%t—|— | 7700 |2 e—%t . 2% (n+—(n00)*e—iAmt)} ) (10)

If € # 0 there is an asymmetry between the events with positive and negative values
of t:

1

F () — F (<[t ¢ o (e
A(t) = FOVTFCD Ap(t) xR (2) = A (1) x 3 (<), (11)

"2 .
neglecting in eq. (11) terms proportional to (%) , the Ar (t) and Ay (t) coefficients, shown
in Fig.1, are given by:
Il _ IS

Ap(t) = 3€—|t|FL + e I0s — 2 cos (Amlt|) =TT

(12)
2sin (Am|t|) e "N
el + e=tls — 2 cos (Amlt]) e-TIH"

Ar(t)

It can be seen that Ag(?) becomes nearly independent of ¢, and equal to 3, for t >> 7g;
on the other hand A;(t) is strongly dependent on ¢ and vanishes for ¢t >> 7s.
Therefore a measurement of the asymptotic value of A(t) or of the value of the integrated

Ft>0)-F(t<0) ¢
F(t>0)+F(t<0) 3R (?) (13)

asymmetry

Y

A=
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Al(t)

Ag(t)
s

Figure 1: Coefficients of (i—/) (full line) and & (i—/) (dashed line) defined in eq.(11).

allows a clean determination of R (%) The statistical error on A is given by:

UA:\/(1—|—A)><(1—A) (14)

N )
where NV is the number of ¢ — 777~ 770 events. At the reference DA®NE luminosity
the statistical error on R (i—l) is then:

TA 1 _4

O o\~ — 0~ ——~17x 107" 15
()53 TR )
The integrated asymmetry A allows a precise determination of R (%) but gives no
information on the imaginary part of EE—I . To overcome this problem a further method can
be exploited to measure both R (i—/) and & (%) from the K1 Kg — n%7°% nt7n~ decay time

difference: the experimental distribution F' (d)? can be fitted by the theoretical distribution

of eq. (10), and R (i—/) and & (%) can be used as free parameters of the fit.
It must be stressed that this procedure is very sensitive to the experimental resolution on
the measurement of d. The information contained in the shape of the F' (d) distribution can

?The decay times are measured through the decay paths, and the time difference ¢ is given by t =
(dy — d1)7s/ds = dTg/dg , where dy (d2) is the decay path into charged (neutral) pions and dg ~ 0.6 cm
is the mean decay path of the Kg (see the appendix).
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Figure 2: Comparison between the theoretical F(d) distribution for (%) =28 x 1074
and that obtained with an experimental vertex resolution ¢ = hmm.

be easily washed out, in particular in the region of interest for the determination of & (%),
where d ~ dg. In fact only in this range of d values A;(d) is different from zero and the
strongly varying behaviour of Aj(d) can be smeared out by a bad vertex reconstruction.
This effect is shown in Fig. 2, where the theoretical distribution is compared with a
simulated experimental distribution with a Gaussian error on the d measurement equal to
5 mm.?

The effects of the finite experimental resolution have been discussed, for example in
[20], to which we refer. The results of the quoted analysis are that the determination of

R (%) is practically unaffected by the experimental resolution, while the statistical error

on (%) increases by more than a factor 2. This analysis estimates that the accuracy

achievable for a realistic detector is:

U%(i) =1.8x107* ; Jg(i) =3.4x107°. (16)

€ €

3We acknowledge V. Patera for providing us with the simulation of Fig. 2.
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These numbers have to be compared with the present experimental situation shown in the
introduction.

4 Semileptonic Decays

4.1 Theoretical introduction

We will discuss the semileptonic decays of neutral kaons in a very general framework,
without assuming the AS = A(Q) rule and the CPT symmetry.

The AS = AQ rule is well supported by experimental data and is naturally accounted
for by the Standard Model, where the AS = —A() transitions are possible only with two
effective weak vertices. Explicit calculations give a suppression factor of about 1076-10-"
[21]. Furthermore in any quark model, AS = —AQ transitions can be induced only by
operators with dimension higher than 6 and therefore are suppressed [22].

Although it is very unlikely to have a theory with a large violation of the AS = AQ)
rule, this does not conflict with any general principle. On the contrary CPT symmetry
must hold in any Lorentz-invariant local field theory. The problem of possible sources of
CPT violation has recently received much attention. Attempts to include also gravitation
in the unification of fundamental interactions lead to non-local theories, like superstrings,
which suggest possible CPT violation above the Planck mass, which turns out to be the
natural suppression scale [23].

We neglect for the moment quantum mechanics violating effects [16], which will be
discussed later, introducing CPT violation through an “ad hoc” parametrization of the
decay amplitudes and the mass matrix elements.

Following the notations of Ref. [22] we define:

) = a+b

) = c+d
K=l vat) = a* - b

) = & =d" (17)
CPT implies b = d = 0, CP implies S(a) = S(e) = R(b) = R(d) = 0, T requires real
amplitudes and AS = AQ implies ¢ = d = 0.

Writing the mass matrix for the K°K° system in the form:

My —il'1 /2 Mg —il'12/2

My —il'91/2 Mg —il'52/2
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the eigenstates are given by:

1

Ks = ———|(1+e5) K*+ (1 —es) K7
K = ——— |:(1 + GL) KY — (1 — GL) R’O} s
2(1 + [ec]?)
where the ¢; parameters are:
—iS (Miy) = 33 (I'12) — & [Miy — My — £ (Tyy — ')
€s = . =enw+ A
myp —ms + Z(FS — FL)/Q
(20)
_ —1¥ (Mya) — %S(FIQ) + % {Mu — My, — %(Fu — FQQ)} B A
‘L= mL—mS—I—i(FS—FL)/Q - M '
Then the masses and widths are:
My + M. I'y+7T
ms(r) = = B =+ R(M2), Usiy = mEL L L} 5 2+ R(T42). (21)

CPT symmetry would require My = My, and I'y; = 'y, recovering the relation eg = €7, =
€A
Using egs. (17) and (19) the semileptonic partial rates are given by:

2T * %\ ]
s = g%-112%@@12%(9)+2%(5)¢2%<1>

a a a
(22)
2T b * d* 7
pe _ lel 1imqui2%(—)—2%<i)i2%<—>;
2 | a a a /|
thus the charge asymmetries for Ks and K7, are:
ry —rk b d*
s =ty e+ () - = (%)
(23)
e —r b d*
6, = L L —9 2R -] +2R [ —].
L Ff —|—Ff %(GL)—I- %(CL) + %(a)

A non-vanishing value of the difference ds—d7, would be an evidence of CPT violation, either
in the mass matrix or in the AS = —AQ amplitudes (A and d*/a cannot be disentangled
by semileptonic decays alone). The sum ds + 0z, has CPT-conserving (R(eps)) and CPT-
violating (R(a/b)) contributions that cannot be disentangled.
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The ratio of Ks and K7, semileptonic widths

l *
n—F5:1+4ﬂ%<c—), (24)

= ﬁ -
where Fg(L) = F{S-‘I-(L) + Fg(L), allows us to determine the CPT-conserving part of the am-
plitudes with AS = —AQ.

All imaginary parts disappear from the rates and only the time evolution can potentially
give some information on them.

4.2 Determination of semileptonic branching ratios at DA®PNE

The semileptonic branching ratios of the K's can be measured at DA®NE by selecting the
following final states [[7Fv(t,), 21 (t2)), where t; < 1075, t, > 1075 and |z,) is one of the
allowed final states in Kj, decays (|7T7n~ 7% or |[¥7¥v)). The probability of such events is
obtained by integrating eq. (5)* in the appropriate time intervals®. Therefore the number
of events for Ny initial Kg K7, pairs is given by:

Ns(li) = NO{BI’(KS — linFz/)Br(KL — x1,)S51
+Br(K7, = [F7%0)Br(Ks = ©1)S: — R[S / A(Ks — FaFv) x  (25)
dqbwh/dqbrL}}

XA (K = FaF)A(Kp — 21)A*(Ks — z1)

I'sl'y,
where
IN
Si= (1—e) <e‘10ﬁ - e‘%) =0.28 ~ Sy,
T

Sy = <1 - 6_10%) e~ 10 =7.8x%x 107" (26)

2lsI'y, _1pllt:am) . _5
S3 = —_ r = (0.3 — 4.8 107>,

TRt AmpES (03 —i4.8) x

As can be seen, Sy is by far the dominant contribution; the branching ratio products in
eq. (25) are predicted to be of the same order, while the interference term should be
further suppressed by large cancellations. Therefore inserting the experimental value [24]

Br(Kp — z1) = (78.1 £ 0.7)% eq. (25) becomes:
Ns(IF) = 0.22 x Ny x Br(Ks — [¥7¥v). (27)

The project luminosity of DA®NE (£ = 5 x 10°* cm?s™!) gives about 8.6 x 10° K, K5 /year.
Using eq. (22) and the present upper limit on the violation of the AS = AQ rule [24], we

*If CPT is not conserved the only change in time evolution equations concerns the normalization factor,
which becomes h = /(1 + |e£|2)(1 + |es|2)/(1 — epes) ~ 1.

>The general constraints on the time intervals for Ks tagging are: t; < #7°%% and t, > 3"
75 K 19T <4 < . A good choice is given by #7°9% = ¢7*" = 107g.

with

)
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Parameter PDG CPLEAR DAONE
o('93) ‘ a('95) o(1 yr)
o, (3.27+0.12) x 1072 — 0.04 x 1073
ds — — 0.9 x 1073
Res — 0.7x107% | 0.4 x 1073 —
R(c*/a) = Rz (6 £18) x 1072 8 x 1072 | 5x 1073 3 x107°
Ar — 2x107% | 1x1073 2x 1073
Acpr — 2x107% | 1x1073 2% 1073

Table 1: Comparison between the present experimental data [24], CPLEAR present and
expected sensitivity [25] and the achievable sensitivity in 1 year at DA®NE, for the semilep-
tonic parameters. For both CPLEAR and DA®NE only the statistical error has been re-
ported. Note that Ar and Agpr asymmetries have different theoretical expressions, for
CPLEAR and DA®NE, if one considers CPT violation in the decay amplitudes.

estimate Br(Ks — pfa¥v) = 4.66 x 107* and Br(Ks — efnFv) = 6.68 x 107*, therefore
2.1 x 10° events/year are expected.

With these numbers we can estimate the sensitivity of DA®NE to CP, CPT and the
AS = AQ rule violating parameters defined in eqs. (23) and (24). Since the y*7~v final
state can hardly be distinguished from the y~ 7> one, we conservatively assume that only
electrons can be used to derive Kg charge asymmetry. In this case the number of event is
1.2 x 10°/year and the statistical error on ds turns out to be o5, = 9.0 x 10™*. Since the
experimental value of K, charge asymmetry is 6, = (3.27 £ 0.12) x 1072 [24], we expect
0s54—s,/0r, =~ 0.28, testing the CPT prediction ds = §;, at a significant level.

Eq. (24) (test of AS = AQ rule) involves the semileptonic rates of Ks and Kp; thus
to estimate the error on n one has to take into account also the experimental errors on
tagging branching ratios and on Kgj widths. Using the values in Ref. [24], these effects
give a large contribution to the total error, which turns out to be o, = 1.1 x 1072, whereas
the pure statistical contribution would give only = 1.4 x 107>, This large value for o,
will perhaps be lowered by measuring all the quantities involved in the same experimental
set-up.

In Table 1 we report the predicted sensitivity of DA®NE in comparison with other
experiments. As one can see, DAONE is very powerful to test AS = AQ) rule.

4.3 Direct tests of T and CPT symmetries

The dilepton events allow direct tests of T and CPT symmetries [2, 11]. A long time
ago Kabir [26] showed that T violation implies different probabilities for K° — K° and
K° — K° transitions, while CPT requires equal probabilities for K° — K° and K° — K°
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transitions. Then a T-violating asymmetry:

P (K°— K°) — P (K®— K°)
Ar =1 = (28)
P (K°— K°) + P (K9 — K°)

and a CPT-violating one:
P(K° — K° — P (K° = K°)
P (K° = K°) + P (K% — K°)

can be defined.

Both these tests can be done at a ¢ factory, where the initial state is an antisymmetric
KOK?O state, if the AS = AQ rule holds.

If a neutral kaon decays into a positive lepton at a time ¢, the other neutral kaon is at
the same time a K© and the sign of the lepton, emitted in a subsequent semileptonic decay,
signals if the K has changed or conserved its own flavour. Therefore, if |A(K° — [*z)|? =
|A(K® — [~z)|?, the charge asymmetry in equal-sign dilepton pairs measured at the ¢
factory will be equal to A7r. On the other hand, time asymmetry in opposite-sign dilepton
pairs signals CPT violation.

In the more general case, taking into account also possible violations of the AS = AQ)
rule one gets®:

Ap= LT o w(%) =515
e e T Rt e) H IR (G ) =0t b o
and
L=t — Lt d’ a
ACPT = m:Q?R(GL—Gs)—I—ZL%(;)—|—4§R(6L—|—65>§R<;)
4 c* c* Aml'y,
by Bl -5 (D) v ar (D) miam 6

where LT~ (L™7%) is the number of dilepton pairs with the positive lepton emitted before
(after) the negative one. The number of equal-sign electron pairs (L™+ 4+ L77) and that of
opposite-sign (LT~ + L™1) expected at DA®NE is about 3.3 x 10° events/year, therefore
the T- and CPT-violating asymmetries can be measured with a statistical error of about
1.7 x 1072,

Violation of the AS = AQ rule does not affect eq. (30) but the CPT violation in the
decay amplitude contributes together with the true T-violating term (ez, + €s). On the
contrary in eq. (31) the effects of CPT violation and AS = —AQ transitions cannot be
disentangled. In the CPT limit the time asymmetry can be written as:

- * S(E) 2% es R (£ )
R

a

(32)

In the following equations we include also the CPT-conserving higher-order terms, namely the ones
proportional to epr <.
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and inserting the experimental limits on ¢*/a [24] one has:
|ACPT| < 1.1 x 1073, (33)

Thus a value of Agpr larger than 1072 indicates an actual CPT violation either in the
kaon mass matrix or in AS = —A(Q) transition amplitudes.

More information can be obtained by the study of the time dependence of opposite sign
dilepton events. Choosing for the final states of eq. (8) |a) = |eTn~v) and |b) = |e" 7T D)
and integrating over the phase space one gets:

I{e",e5t) = %e‘”” { ll +ARA — 4R (d ) _ 8Rey R <C_)] Ly
a a

+ ll —4RA + 4R (d ) + 8RearR ( )] et + 2 cos(Amt)

3 [ A+S (—) 2SR ( a)] sin(Amt)}

re e AT AT
= L S-Tl [ ( 5 ) + cos(Amt) — 4ApR Slﬂh( 9 ) —4A; sin(Amt)] (34)

4T
where

d*

a a

Ap=RA-R ( ) — 2ReuR (c—) Ar=SA+S (c—) —2SeuR (c—) . (35)
a a

The difference in the asymptotic limits (|¢| > 7¢) leads to the determination of Ag, while
the interference term singles out A;. The higher-order terms can be neglected (their upper
bound is about 0.6 x 107*, smaller than the DA®NE sensitivity), but the CPT-violating
parameter A and the AS = —AQ contributions are still mixed. An exact determination of
the statistical error on Ar and A; would require a simulation of the experimental appara-

tus, which is beyond the purpose of this work. To give an idea of the DA®NE sensitivity
we report in Fig. 3 the asymmetry in opposite-sign dileptons as a function of the time

difference
I e7;t]) = I(e*,e7; —t])
I(et e |t]) + I(et, e —t])’

for Ay = 0 and A; = £5AR. As can be seen the asymptotic value is reached very soon and
the three curves are clearly distinct. Therefore we estimate oa, ~ oa.p./4 ~ 5 x 1072,

Acpr(t) =

(36)

The value of o4, depends critically on the experimental resolution. We estimate that, as
happens for the real and the imaginary parts of EE—/ , oa, will be about 20 times larger than
OAR-

As shown in Ref. [22], the inclusion in the analysis of the K — w7 decays allows us to
disentangle almost all the amplitudes. Indeed, in the Wu-Yang phase convention,” unitarity

"The nm decay amplitudes are parametrized in each isospin channel like the semileptonic ones, A is
the CPT-conserving part and By the CPT-violating one. The Wu-Yang convention is S(Ag) = 0.

74



| T T T T | T T T T
~
~
7
Ve
1 1 1 1 | 1 1 1 1

Acpn(t)
|
|
|
|
|

|
—_

-
B

'—‘||||||||||||

OII|III
V]
IS .
(o]
@
)

t/7g

Figure 3: The asymmetry Acpr(t) as a function of the time difference for Ag = 1/4. The
full, dashed and dot-dashed lines correspond to A; = 0, Ay = 5Agr and A; = —5ApR

respectively.

implies that the phase of ey is equal to ¢sw = arctan(2Am/AT') = (43.64 + 0.15)° and
the phase of [A — R(Bg)/Ao] is [(bgw + ﬂ, therefore, one has [11, 22]:

R By

1 . ,
207+ 0%) = Jenle? £i]A - —= et (37)
3 Ao
The present experimental data on n*~ and % [24] give:
ERBO -5 -3
|A — 1 | =(1.7+2.8) x 10 and lexs| = (2.266 +£0.017) x 107", (38)
0

As can be seen, the CPT constraint is at present very well satisfied and, assuming CPT
conservation in decay amplitudes, the limit in K°K° mass difference is
| My — My,
mg

< 107", (39)

close to the natural scale factor mg /Mpjapncr -
In addition, from the measured value of Ky, charge asymmetry one gets:

b d*

—RA+ R (—) + R (—) = (—0.06 & 0.6) x 107*. (40)
a a

The future measurement of §s at DA®NE would lead also to the determination of R(b/a),

while the CPLEAR experiment will give direct measurement of Reg and of I(¢*/a). There-

fore all the parameters that appear in the observables introduced above can be disentangled,
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Equations Parameters o
RA = Res — Rens RA 4 x 1074
EPo = Reg — Reyr — Ru £Po 4x107*
R(L) = 1(61 + 6s) — Rem R(2) 2x 1074
R(L) = Res — Remr + 2(6,. —0s) | R(L)  [5x107*
10+ 6s) — 3A7 =0 — 6 x 1074
(0L —ds)+Ar=0 — 6 x 1074
J(S)+Sw—A;=0 — ~ 1072

Table 2: Table 2: Statistical errors on parameters and consistency relations, using present
experimental data [24] (for n™~, n° and d;,) together with DA®NE (for ds, A7, Ag and
Ay) and CPLEAR (for Res and S(c¢*/a)) future results. The o of the last equation in the

table is only a guess.

and some consistency relations must be satisfied. The preliminary data of the CPLEAR
collaboration [25] have large errors and still do not give significant bounds. We report
in Table 2 the relations between the observables and the theoretical parameters with the
corresponding statistical errors from present and future experiments, together with the

consistency equations and the corresponding sensitivity. To simplify the notations of the

table we define R B |
w=A—""2=¢y— (20t + ). (41)

5 Kg¢—3m

The Ks — 37° decay is a pure CP-violating transition, while the Kg — 7t7~ 7% decay
receives both CP-conserving and CP-violating contributions.

The CP-conserving K — 37 decay amplitudes are well described by Chiral Pertur-
bation Theory (ChPT). They have been calculated, including the next-to-leading-order
corrections, in Ref. [27] and turn out to be in good agreement with the experimental
data. The CP-conserving Ks — mt7~ 7% decay amplitude is odd under 7t — 7~ momenta
exchange and thus, neglecting final states with high angular momenta, it is induced by a

AT = 3/2 transition. The ChPT calculation of Ref. [27] leads to the prediction:
Br(Ks — 7tn 7% op+ = (24 £0.7) x 1077, (42)
consistent with the recent data:

Br(Ks = ntnn%cps = (3.917%

2) x 1077, E621[28] (43)
Br(Ks = ntn~n%cps = (78537 173

+0.
—0.
e x 1077 CPLEAR[25] (44)
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As in K — 27 decays, for the CP-violating amplitudes it is convenient to define the
ratios:

AT p-
gt = (SA% = es+¢ g, (45)
L
000 _ %00 _ ! 46
n = AOLOO = €5 + €gpo- ( )

The direct CP-violating parameters ¢/, _, and ¢y, have been evaluated at lowest order in
ChPT [29] and turn out to be of the same order as €. As shown in [30], higher-order terms
can substantially enhance €/, _; and ¢}y,, which are nevertheless negligible® compared to e.
The predicted branching ratios are:

Br(Ks — (n*7m 7% cp-) ~1.06 x 1077, (47)
Br(Ks — 37°) ~1.94 % 1079, (48)

much smaller then the present upper limits [24, 25, 31].

Due to the smallness of the branching ratios it is very hard to detect Ks — 37 decays,
especially the CP-violating ones. Tagging the Kg as in the case of the semileptonic decays
(egs. (25) and (26)) and inserting the numerical values, one gets for 37° final state:

Ns(37°%) = NoBr(K7, — 37°)[3.8 x 107*|n°°)? + 8.9 x 107'% — 1.8 x 107"°S(n*?)]. (49)

The total number of events is very small (~ 6 per year) and the ratio of right events (those
with a Ks — 37° decay) to wrong ones (those with a K7, — 37° decay) is only 2.2.

In the case of the CP-conserving Ks — 777~ 7° decay, the expected number of events
is about 440 with a negligible background.

A more promising way to detect the CP-violating Ks — 37 decays is to study the
interference terms of I(a,b;t), in eq. (8), choosing |a) = |37) and [b) = [[T7Fv), as
suggested in Refs. [32, 33]. For the Ks — 37° it is useful to define the asymmetry:

B rrwst) — I(37°, It t)] ddse ddin,

4000, 50
(*) SHBr Fr=vit) + 1370, [—ntv;t)| désr ddim, (50)
which, integrating over the 37 and wlv Dalitz plots, becomes:
IReet St — IR (n000€+iAmt)

etSt 4 |77000|26—%t

For positive and large values of the time difference ¢, eq. (51) reads: A%° ~ 2Re; on the
other hand, for negative value of ¢, one gets an interesting interference effect between € and
n%, as shown in Fig. 4. The asymmetry for { < 0 is quite large, but the total number of

events is small, about 2 x 10® per year.

8In K — 37 we will neglect possible CPT-violating effects, thus in the following we will assume
€ = €], = €.
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Figure 4: The asymmetries A°°(¢) (full line) and A*~°(¢) ( dashed line). We have fixed

n0%0 = pt-0 = |€|e’i¢sW_

In the case of the 77~ 7 final state, the CP-violating and CP-conserving amplitudes
have opposite symmetry under 7+ — 7~ momentum exchange. Therefore it is possible to
select the CP-violating and the CP-conserving part of the interference term in eq.(8) with
an even or an odd integration over the 37 Dalitz plot. Analogously to the 37° case, for the
CP-violating part we define the asymmetry:

[ (rta=a T r~wt) — I(mta~ 7% "7t t)] désr ddin,
[I(mta=a9 tr=v;t) + [t 70 I=atv;t)| ddsx ddir,’

AT -
2(Re)et= " — 2R <n+_oe+mmt)
- AT rt=° _ar ’
€+ 5t + Fi‘_oe 5t
L

AT0(1)

while the CP-conserving part can be singled out by the ratio:

B (1) = n I(mt7=x", r¥uy; ) dpar drn, — [ (7T~ 70, Itn¥uy; ) ddsr ddiry
B JI(mta=—70 ¥ 7Fv;t)] ddsr ddin, ’

[y R (A770AT) dés -
QFE_OG-}_%]’L N Fg_oe_%t {cos(Amt) + 5s1n(Amt)} , (53)

where [, d¢s, indicates the integration in the region E,+ > F, =.
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Figure 5: The ratio R* (1) defined in eq.(53). The full, dashed and dotted lines correspond
tod =0, =0.2 and § = 0.4 respectively.

The behaviour of AT7%(¢) is completely analogous to the one of A°°(¢) (Fig. 4). As
discussed in refs. [32, 33] the study of R*(¢) will certainly lead to a determination of the
(AE7%)op+ amplitude, performing an interesting test of ChPT in the Al = 3/2 transitions,
and perhaps could also lead to a direct measurement of the 7+ 7~ 7" rescattering functions.
The phase § of eq. (53) can be written as:

g ~ g — (SO, (54)

where ag and dg are the first terms in the expansion of the 37 rescattering functions of
the I = 2 and of the symmetric I = 1 final states, respectively. The ChPT prediction is
§ = (10 + 1)° [33] and the first measurement [28] gives § = (59 + 48)°. With a different
integration over the Dalitz plot, also the rescattering function of the non-symmetric I = 1
final state could be selected [32, 33]. Figure 5 shows the behaviour of R* for different
values of 4.

6 Interference in K — 7wy
In this section we will discuss the possibility to detect CP violation through the study of
the time difference distribution I(a,b;t), defined in eq. (8), choosing |a) = |7+*7~v) and

b) = |7*IFv) [32]. To this purpose we recall some useful decomposition of the K — m+m =y
decay amplitude, referring to [9] for a more detailed discussion of these decays.
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The amplitude for K(p,.) — 7" (py)7~(p-)7(q,e) decays can be generally decomposed
as the sum of two terms: the inner bremsstrahlung (A;g) and the direct emission (Apg)
[9]. The first term, which has a pole at zero photon energy, is completely predicted by
QED in terms of the K — 7F7~ amplitude [34]:

e-p- &P+

q-p- 4P+

A[B([(SJJ — ’,’T+7T_")/) =€ ( ) A([X’&L — 7T+7T_). (55)
The second term, which is obtained by subtracting A;g from the total amplitude, depends
on the structure of the K — mt7~ v eflective vertex and provides a test for mesonic
interaction models.

The K — nt7~~ amplitude is usually decomposed also in a different way, separating
the electric and the magnetic terms. Defining the dimensionless amplitudes £ and M as
in [35], we can write:

A(Ksy = ntn™y) = ,(q) [E(z)(p+ - qp" — p= - qpy) + M(2)e"" pyup_,q.) [ mi,
(56)

where

zy = ) and 23 = pKQ. 7_ Z4 + 2. (57)
mi

As can be seen from eq. (55), the inner bremsstrahlung amplitude can contribute only to
the F(z;) term, while the direct emission amplitude can contribute to both the F(z;) and
the M(z;) terms. Summing over photon helicities there is no interference between electric
and magnetic terms:

mg
(47)?
electric

(rm = my/mg). Thus the two contributions A;p and A9%"*° can interfere in the F(z;)

dI' =

((E(z) 2+ M (2)?) [0z (1 = 225 — 202) =12 (52 4 22)] dzgdze (58)

amplitude, contrary to the case of the amplitude M(z;) where only a direct emission
contribution appears:

A(Kst = ma )2 = | Arsl? + 2R{A75 AR + [AZ e 4 |ARE™ [ (59)

Finally the magnetic and the electric direct emission amplitudes can be decomposed in
a multipole expansion (see Refs. [9, 36]). Since higher multipoles are suppressed by angular
momentum barrier, in the following we will consider only the lowest multipole component
(the dipole one). In this approximation the electric amplitude is CP-conserving in the Kg
decay and CP-violating in the K7, one, while the magnetic amplitude is CP-conserving in
the Kj decay and CP-violating in the Kg one. For this reason, since A;g is enhanced
by the pole at zero photon energy, the Kg decay is completely dominated by the electric
transition, while electric and magnetic contributions are of the same order in the K7, decay.

Similar to K’ — 27 and K — 37 cases it is convenient to introduce the CP-violating

parameter:

A(Ky = 7t 17 7)1B+E1

=2 , 60
= A([Xs—>7T+7T_’)/)[B+E1 ( )
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where the subscript F; indicates that only the lowest multipole component of the electric
direct emission amplitude has been considered. Using eq. (55) we can write:
A(Ks = 7nt779)m
77+—’V = N+ —I_ 6;r7r'y e o —

A([XS — T 7)1B+E1

~n 4l A(Ks = 717 9)m
— +_

61
WWWA(A’S — 7T+7T_")/)]B’ ( )

where n*~ is the usual K — 27 CP-violating parameter. The term proportional to ¢, in

eq. (61) is a direct CP-violating contribution, not related to the K — 7m amplitude and
consequently not suppressed by the 1/22 factor of the Al = 1/2 rule. However, although

¢/ could be much larger than €/, the second term in eq. (61) is suppressed by the factor

Ty
Ap /A < 1.

The n4_, parameter has already been measured at Fermilab obtaining for the IB con-
tribution [37]

T

[XL—>7T T ’)/[B

4| = ‘A rep——— IB\ = (2.414 £ 0.065 + 0.062) x 107, (62)

¢+—W(IB) = arg(m__W(IB)) = (4547 + 3.61 + 240) . (63)

DA®NE should improve these limits by studying the time evolution of the decay.

Referring to [32] for an extensive analysis, here we show how to take advantage of the
¢-factories possibilities to measure ny_,. Choosing as final states f; = 7¥(Fv, fo = 7¥7 7y
and following the notation of Section 2, the time difference distribution, integrated over
final phase space, is given by?:

[(7*F v, atn~y;t < 0) =

. + - -

I'(Kp = 7 Fv)[(Kg — ntm 7){RL6_FLIL‘| 1+ e Tsl
or

2 el

I'(Ks — mtm—)

[R(E) it cos(Amlt]) + S(E)ine sin(Amlt])|},  (64)
where Ry, = I'(K, — ntn~v)/T'(Ks — mt7~~) and
mg

i //dzleQ ES, 4 ESY(EY, + EY) x

><[z+z_(1 — 223 = 2r2) — o (25 + 22)). (65)

(E)ine =

Neglecting the phase space dependence of ni_, one should have (F)i,; = ny_['(Ks —
mtn~v), and therefore the interference term of eq. (64) measures the CP-violating Ky, —
mtmn~~ amplitude. The expression for ¢ > 0 is obtained by interchanging I's <+ I'z, and
changing the sign of the sin(Am|t|) term. By fitting the experimental data with the
theoretical expression of eq. (64), one should be able to measure the interference term and
then improve the measurement of ny_.. Very useful to this purpose will be the difference
among the fluxes defined in eq. (64) with positive and negative lepton charges, as discussed
for Kg — 37 decays.

To conclude, we remark that not only the semileptonic tagging but also the K’ — 27

one can be used to measure ny_, [32].

9In the following we neglect possible violations of CPT and of the AS = AQ rule.
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7 C-even background

Some years ago it was pointed out that the radiative ¢ decay (¢ — vfo(980) — v(K°K®)o—y)
could have a non-negligible branching ratio and therefore could spoil the power of a ¢
factory in measuring % and to single out the suppressed Kg decays [12]. More recent
determinations of the resonant contribution consider also the a(980), fo(980) interference
effect and give a much lower value: the ratio

_ Bi(¢ = 7 (K'K)0s)
" Br(é = (K°K%)_)

(66)

is estimated to be in the range (3 x 1077)—(5 x 107%) [13].

These predictions are strongly model-dependent and larger values could perhaps be
obtained; however we can trust that r is certainly smaller than 10™*. The non-resonant
contribution to ¢ — v K°K° has been evaluated in the current algebra framework [38]
to be of the order of 1072, comparable to the lower predictions of [13]. As we will show,
the effects of the C-even background on the DA®NE measurements are negligible also for
unrealistically large values of r.

The C-even K°K?° state can be written as:

1 _ _
_[Ko(q)KO(—q) + KO(q)KO(—q)]
V2

1 _ _ _ _
~ ﬁ[KgﬂKg D KORED _oANKPKED 4 KO REDY), (67)

where terms of order ¢? have been neglected but the effect of possible CPT violation has
been included.

The KsKs component has a CP-conserving decay into the |27,27) final states and
could be a dangerous background in the % measurement. However, the time difference

distribution of these events,
+- 00
F(t) — FS FS e—l“s|7f|7
2l's

is symmetric and cannot simulate the effect of ¢’. Furthermore, it vanishes very rapidly for

(68)

large values of |t|, and therefore it does not affect the determination of ﬂ?(i—l) In effect, as
shown in [39], by means of a suitable cut the background contribution can be eliminated
in the event sample used to determine ﬁ?(%), also for very large values of r.

The background contribution overlaps the signal just in the interference zone, d ~ dg,

worsening the resolution on & (i—l) However the signal (K7, Ks — 7°7°% 7t7~) and the

background (KsKs — 77% nt7~) have different spatial behaviour, which is of help in

disentangling the signal contribution from the background. The C-even background has
been added to the signal in the fitting procedure of [20] and the accuracy achievable on

R (%) has been estimated again. The result is that for a realistic vertex resolution the

worsening is around 5%, even if r would be as large as 1074,
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The K Kj component can affect the determination of the suppressed Kg branching
ratios and the corresponding CP-violating asymmetries, as we will discuss in the following.

If the K's semileptonic decays are tagged as in eq. (25), the number of events generated
by a single C-even K°K? pair is:

N(I%) = Br(Ky, — I*7T0)Br(Ky, — 21)S;(1 — e 10Te/Ts), (69)
then eq. (27) is modified in:
10T,

S

Ns(li)ezp = 0.22 x Ny |Br(Ks — l:tﬂ':Fl/) +7r Br(Kp — liwﬂ/) , (70)

and the measured charge asymmetry becomes:

(5 ) — NS(Z+)61'Z) — NS(Z_)ezp . (SS + 107"5L
i o NS(Z+>61'Z7 —I_ NS(Z_)ezp N 1 ‘|‘ 107“

(71)

As can be seen the correction is absolutely negligible and cannot simulate CPT violation,
in fact (55)61329 — (SL = (55 — (SL)/(l + 107“) B
The number of equal-sign dilepton events generated by (K°K?)c— is:

- 1
[+t = §BI’(I(L — l+7T_I/)B1“(KL — 1+7T_I/)SL - St,, (72)

and that of opposite sign is:

=1+ = %Br([(L — ITn7v)Br(Ky, — 1"710)Sy, - Syp.. (73)

Therefore the experimentally measured T- and CPT-violating asymmetries are:

55+5L+87T(2(SL)
A ewp = 74
(Ar)ay = S (74)
and 4
A . CPT
(AcPT)eap T8t (75)

Also in this case the effect of the C-even background is negligible and the CPT prediction
Ar = 267 1s still valid.

Finally we discuss the effect of C-even background in Ks — 37 decays, where the
largest influence is expected.

The inclusion of the background contribution in eq. (49) gives:

(Ns(37°))ezp = NoBr(K7, — 37°) x
% [3.8 5 10770 +8.9 x 1071 — 1.8 x 107°S(5°®) + 3.8 x 107 . (76)

Therefore, for » > 1077 the background is comparable to the signal, enforcing the conclu-
sion that the direct tag of the K is not useful to determine Br(Ks — (37)cp-). On the
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Figure 6: The effect of the C-even background on A°°(¢). The full line corresponds to
r = 0 and the dashed one to r =3 x 1077,

contrary, if the Kg — (777~ 7%)cpy branching ratio is ~ 1077, in agreement with ChPT
predictions and preliminary CPLEAR results, the background contribution to this decay
can be neglected and the corresponding branching ratio can be measured.

The modifications induced in interference measurements require a more detailed study.
The analogue of the time difference distribution defined in eq. (8) for an initial Ky, K7,
state 1s

1
I(a,b;t) = E|AL(a)AL(b)|2@_FL|t|(1 — 2D ALy (77)

where the last factor accounts for having both Kp decays inside the detector. Thus the

+

C-even background, which is symmetric in 7¥7~ momenta, modifies eqs. (51, 52) in the

following way:

e L 5 - 1Am
(A%0()). = 2Re [e+ PR Tﬁ€+ 2101 — e 2D/dL+2FL|t|)} _ R (77000€+ A t)
erp —

AT AT AT
et 2t 4 |nooofze= 5 4 r%e+7|tl(1 — e=2D/dr+20 L]t

and

+4L¢ T +A4C0 1 —2D/d+20)tN\] +-0_+iAmt
oy BT E e ] o (yr-oeran)

+40¢ | TE7° —ary 1 44Ty —2D/dp+2T L]t i
eT 2 _|_F_I|:_Oe 2 —|—TH€ 2 (1—6 )

The contribution of the C-even background becomes important (especially in the numer-
ator) for large and negative values of the time difference, where the number of events
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is absolutely negligible, but, as can be seen from Fig. 6, does not affect the results for
t Z —107’5.

In the CP-conserving ratio R*(¢) the C-even background contributes in the denominator
only and can be safely neglected.

8 Quantum mechanics violations

Research in the theory of quantum gravity [14] led to a proposal for a modification of
quantum mechanics time evolution, which might transform a pure initial state into an
incoherent mixture [16]. This effect becomes particularly interesting in the kaon system,
where quantum oscillations can be accurately measured. Moreover the ¢-factory, where
the initial K°KY is an antisymmetric coherent state, is a very suitable facility to test this
idea. We will not discuss the theoretical models of quantum mechanics violations, which
are discussed elsewhere in this handbook [40], but, following the analysis of Ref. [18], we
shall analyze some examples of observable effects at DA®NE.

To describe the time evolution to incoherent states, one has to introduce the formalism
of the density matrix. In Ref. [16] it has been proposed to modify the quantum mechanics
time evolution equation in the following way:

d
ip=Hp—pH"+Hp, (80)

where p is the 2 x 2 kaon density matrix, H = M —:I'/2 is the usual non-Hermitian kaon
Hamiltonian (see eq. (18)) and Hp is the quantum mechanics violating term. For H =0
the eigenmatrices of eq. (80) are the usual matrices:

prr = |Kp)(KLl, pss = |Ks)(Ks|,
pst = |Ks){KL], prs = |Kr){Ks|. (81)
Under reasonable assumptions (probability conservation, not decreasing entropy and stran-

geness conservation) H can be expressed in terms of the three real parameters a, 8 and v
of Ref. [16]. With this parametrization the new eigenmatrices become:

. v Am < ez, ) B e
= —— 44 R — Ky)(h

%|[x’1><[{2|—|— ) (K|

AN

" 0% Am < €s ) o5 g
= — =44 3 — Ky)(h

pss Pss [AF + ﬁAF N A [AN2 | K) (K|

|[X1><[X2| + /\|[(2><[(1|

A/\*
. o a
psL = pPSL— A)\*|]‘l1><[‘¥1|Jr |[‘2><[‘2|—1m|[‘2><[‘1|

ﬁLS = pLs—A/\|]X1><[X1|—|—A/\*|[X2><[X2| m|[(1><[(2|, (82)
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where |K7 2) are the usual CP eigenstates and
AT :
AN =Am i = | AN /(2= ¢sw), (83)

The analysis of fixed target experiments has led the authors of Ref. [18] to put stringent
bounds on the quantum mechanics violating parameters 3 and ~:

B = (0.32+0.29) x 10-18GeV,

v = (—0.2+£2.2) x 1072'GeV. (84)
Quite similar results were already obtained in [17]. In [41] also a bound for a (a <
4.8 x 10716 GeV) is derived. It is interesting to note that, using the values in eq. (84), the
limits on 3/my and v/mg turn out to be of the order of my /Mpaner, which could be the
natural suppression factor for these parameters.

These limits have been obtained assuming that there is no CPT violation in the decay
amplitudes. In the more general case the effects of 3, v and those of the conventional
CPT-violating terms are mixed together.

This situation could be improved at DA®NE. In effect, quantum mechanics predicts a
vanishing amplitude for the transition to the final state | f(¢1), f(t2)), with ¢; = {5, indepen-
dently from possible CPT violations. Therefore, as pointed out in [18], any measurement
of equal time f; = f; = f events can give a bound for pure quantum mechanics violations.
It should be stressed however that the finite experimental resolution will partially wash
out these effects (see Fig. 2). Moreover, also the C-even background gives rise to equal
time events. Thus only the time distribution, which is different for C-even background and
quantum mechanics violations, could help in disentangling them.

In Ref. [18] the consequences of quantum mechanics violation to several DA®NE ob-
servables have been analyzed. In particular the explicit formula of the |7T7~, 7%7%) time
difference distribution has been derived, discussing the quantum mechanics violating effects
in the measurement of % For ¢ > 75 the time asymmetry of eq. (11) becomes:

> e _ ~ _ /8 _ qox( e /8
AW 25 3R |1 - = zdel 3J(6)[2|MH6|]. (85)

In Fig. 7 we have plotted A(¢) in the usual quantum mechanics case and in the quantum
mechanics violating case (following the analysis of [18]), for ﬂ‘ﬁ(%) =5 x 107" and %(%) =
—4 x 1072, 0 and +4 x 107 (close to the predicted DA®NE sensitivity). The quantum
mechanics violating parameters have been chosen to be: 3 = 0.71 x 107'¥GeV and v =
2.2 x 1072'GeV, in order to maximize their effects. As one can see, for very small values of
the time difference ¢ the effects of quantum mechanics violations are striking, but probably
beyond any realistic experimental resolution. The determination of %(%) should not be
affected, but an effect could be present in the asymptotic value of the asymmetry where,
contrary to the usual quantum mechanics case, also %(i—/) contributes.
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Figure 7: The time asymmetry A() for ﬂ‘ﬁ(%) = 5 x 107*. The full lines correspond to
quantum mechanics predictions of eqs. (11) and (12), with S(%) = —4 x 1072 (a), 0 (b)
and 4 x 1073 (c). The dashed lines correspond to the upper bounds of quantum mechanics

violating parameters 3 = 0.71 x 107*¥GeV and v = 2.2 x 10721 GeV, for the previous values
of ().

Using the expressions of Ref. [18] and neglecting a possible violation of the AS = AQ
rule, we have calculated also the quantum mechanics violating effects for eq. (25). The
measured charge asymmetry for Kg semileptonic decays would become:

(Ns(*))ery = (N5 )) ey _
(N5 () )ewy + (V57w T+ 205

Newy _ 05 = 2R (&5) + 42y + 20550

(05 )ep = (86)

where dgy, are the usual asymmetries, as defined in eq. (23). The effect of the v term
simulates a C-even background and interestingly, with the limit of eq. (84), this correction
turns out to be of the order of the one estimated in the previous section (for r ~ 1077).
The 3 term simulates a CPT violation, however, using the bound in eq. (84), this effect
turns out to be smaller than the DA®NE sensitivity.

Concluding, we can say that quantum mechanics violating effects can be neglected
in integrated asymmetries at DA®NE. Nevertheless, if o, # and v were suppressed only
linearly by mg /Mpjancr, some effects in time-dependent distributions could be observable.
An estimate of DA®NE sensitivity on these effects would require an accurate simulation
of the experimental apparatus, which is beyond the purpose of this work.
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9 Conclusions

From the previous analysis it is clear that a ¢ factory is very suitable for an accurate
study of the origin of CP violation in Kg and K7, decays and to test the Standard Model
predictions.

The real part of the ratio E—E/, which is a clear signal of direct CP violation, can be
measured with high precision, about 10™*. A non-vanishing value of the imaginary part
of %, which would imply CPT violation, can be detected up to some units in 1072, Even
if the fixed target experiments will reach a similar sensitivity, the KLOE apparatus has a
completely different systematics and such experimental result will be very important.

The presence of a pure Ks beam will allow, for the first time, the direct detection of
CP violation in Kg decays. Moreover many interesting tests of T and CPT symmetries (in
addition to S(%)) can be performed.

The combined analysis of DA®NE, CPLEAR, E731 and NA31 experiments will allow
to disentangle the CPT-violating contributions in decay amplitudes from those in mass
matrix and also the AS = —A(Q) transitions can be singled out. All the real parts of the
parameters could be bounded up to ~ 5 x 10™* while a lower sensitivity (~ 107°-1072) is
expected for the imaginary parts.

More doubtful is the situation for Ks — 37 decays. We think that the CP-conserving
decays will certainly be measured and some information on the rescattering phases could
be obtained. For the CP-violating ones we observe, without doing a complete statistical
analysis, that the shape of the interference effect of Fig. 4 is very characteristic and could
easily be detected over a flat background. The analysis of the possibility to measure n4_.,
leads to similar conclusions.

Also the recent suggestions on possible quantum mechanics violations might be tested

at DAONE.

Appendix

The KLOE detector measures the positions x; and x; of the two decay vertices. To
compare the theoretical expressions of time dependent asymmetries with the experimental
distributions, the decay times ¢; and #, introduced in the text!®
the corresponding decay distances. Usually this was simply done by using the classical

must be transformed to

equations of motion, i.e. through the identity
tig = dia/v, (A.1)

where v is the mean velocity of the two kaons and d; 2 = |x32|. This leads to the replace-
ment I's ;712 — dy2/ds 1, as in [20].

Recently, the possibility that the different classical velocities of Kg and K7, could modify
Eq. (A.1) has been suggested in Ref. [42]. However, such conclusion seems to follow from

%Tn all the previous formulae ¢; 5 denote the proper times. In this appendix, 71 » indicate the proper
times and ¢; » the laboratory times.
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an incomplete account of the particle quantum properties, which ultimately overlooks the
distinction between the possible values of a quantum observable and the corresponding
classical value. Indeed, we present here the proof of Eq. (A.1) based on the description of
the K7, — K state, in terms of localized wave-packets, of Ref. [43].!!

The plane wave state |q) of eq. (1), is replaced with a wave packet peaked at p = q
and similarly for the other state, | — q):

lq) = [) : (p|) = ¢(p) = Cexp[—a(p — q)?]
| —a) = 19) ; (plg) = ¢(p) = C exp[—a(p + q)?] (A.2)

We take, for simplicity, gaussian wave packets, but any other, well-localized, function would
give similar results. At time t, one has:

vxt) = C [ dpexp[—a(p—q) +ip-x—iE(p)l

~ O/d3peXp [ —a(p—q)* +ip-x—ilE(q) — itagi}g?)‘q(p —q)i —
it *E(p)
=2 Opd, ‘q(P—Q)z(P—Q)J -]

where ellipses represent further terms in the expansion, which can be neglected for a
sufficiently narrow packet.

We have to introduce a complex F(p) to describe an unstable particle. The relativis-
tically invariant propagator for a weakly unstable particle reads:

1
~ p2—(mJ — JLJT)?

D(p?)

from which, at the pole, we derive:

p° p°

i i ml i
E(p) = {/p? J—J=-T1)? ~/p? 2~ — - Il - —
(p) \/p+(m 51) P S T 2 om T ) ( 2m2)
The gaussian integral is easily performed by completing the square, with the result:

p(x,1) o exp[—itl5(q) + iq - x]g(x — vol),

where
aE(P)‘
Vo = 5
Jp; 'd
g is a gaussian wave-packet with a time-dependent size:
(x — vot)?
g(x — vot) ~ exp{—T}

1'We are very grateful to L. Maiani for clarifying discussions, and for providing us with the appendix of

his work [43].
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and m is the particle mass. With respect to the stable particle case, there is a contribution
to the real part of A from the particle width which, in our case, turns out to be very small.

We consider now the two particle state at time ¢ = 0, replacing the plane wave state
given in eq. (1) of the text with:

0= 0) = —=[¥s)lor) — pr)lss)), (43

where the subscripts indicate which particle (K, or Kg) is in which wave packet. At later
times, the two packets evolve independently, according to the rules given above.

The amplitude!? for a 77~ pair to appear at time ¢; and location x;, and a 7°7°
pair at time ¢, and location xj, is given by:

1
A(X1,115X2,t2) = 7§ [A2 — A4]

Al - 77Z)L(X1, t1)<7T+7T_ |HW|[\]L>¢S(X2, t2)<7T07T0|HW|[(S>
o pTTn(x1,t1)ps (X, )
Ay = s, ) (mn 7| Hw | Ks)br(xa, to)(n°n° | Hw| K1)
8 UOO¢S(X17 tl)qu(X?v tQ)
(we are assuming X; and X3 to be on opposite sides of the interaction region, so that the

amplitude that, say, the particle in ¢ gives rise to an event at x5 is negligible). According
to the previous discussion:

Yr(x1,t1) = exp[—iti Er(q) +iq - x1]g(x1 — viti) (A4)
2 : 2

q ? q q

By~ B S S CUL N P

L~ my+ 2myp 2 L( Zm%)’ VL mr,

and similarly for the other cases. Numerically, in the decay & — K Ks, with ® approxi-
mately at rest:

q= 109 MeV, U= q = vL + s — ()227
myg 2
mp —ms _ Am _ v - vs _ _A_U —7.08-1071,
myg myg v v
v v
U dg =059 — =d; =34
I s cm, r, L m,

. _9 .

E; — Es = [Am + %(FL +Ts)] (1~ %) = AE + %(fL +Tg).

12We choose the final state |a,b) = |[7F 7=, 7%7°), however the results can be easily generalized to any
|a, b) final state.
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The total number of events (for one initial Ks K7, pair) with the 777~ pair in x;
and the 7°7° pair in x; is found by integrating the probability over #; and t,:

1
F(Xl,Xg) = §/dt1/dt2|A2 —A1|2

x /dtl/dt2{|’7+_|2|¢L(X17t1)|2|¢S(X2J2)|2 + 0% lbs(xr, 1) [P b (xa, o)
—2%[(U+_)*UOO¢L(X17tl)*l/)S(Xht1)¢S(X2at2)*¢L(X27tz)]}

= [dnn [ { P exp(—Tsta — Tl — ) Pla(xe + o)
+nP? exp(—Tsty — T'uta)lg(x1 — ——t1)Plg(32 + —t)|?
mgs my,

e 3 EAT )R (= ) BB ) [ e — Ly e - Dy
my, mgs

q q
X[g(x2 + —1t2) g(x2 + —1 . AL
lo0x2 + =) g2+ - )]} (4.5)
In the direct terms, we may replace each factor |g|* by a d—function, thereby obtaining,
after integration, the result of eq. (A.1). In the interference term, we can do the same,
provided that the difference in the peak position of g and ¢*, due to the different velocities
of K7, and Kg, is negligible with respect to the width of the wave-packet:

t2
Av)ty o <y L2
(Av)tiz @t dam?

The Lh.s of the inequality is less than a Fermi for ¢; ;v = dg, which is where the interfer-
ence term starts being suppressed by Ks decay. Neglecting the velocity difference in the
interference is thus justified in all the region of interest, for any reasonable value of the
size of the wave-packet. Therefore the total number of events with the 77~ (mom) pair at
distance dy(dy) from the interaction vertex is given by:

F(dl, dQ) = FE_FOLO{“]-}-— |2€—fst2—th1 4 |7700|2€_f5t1—th2

_26—%(fs-H;L)(fl‘Fh)Re[(n‘"_)*noo eiAE(tl_b)]}, (A'6)

with tLQ = dLg/@.
Considerations leading to analogous results, for the case of single Kaon and B oscilla-
tions, have been recently presented in Ref. [44].

A few comments.

i) In the case of stable particles, e.g. solar neutrino oscillations, we may reach sufficiently
large distances, where the overlap factor:

g(x1 — itl)*g(xl - itl)
mry, mg
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vanishes. In the far-distant region, coherent oscillations would disappear to gives rise to
an incoherent superposition of a K, and Ks beam.

ii) the velocity dependent terms in the exponents have reconstructed the correct Lorentz
factors. We have obtained exponents of the form:

2

AFE t = Amt(l — %) ~ Amitv1 —v? = Amr

2
- v
e =Tl - ?) ~ TV — o =17

where 7 is the particle proper time, as one could have expected on general ground.

iii) One may have preferred to assume exactly vanishing total momentum, rather then
independently distributed momenta for the two particles, as done in eq. (A.3). This,
however, is incorrect. A zero- momentum state is translation invariant. If this were the
case, the intensity F(x;,x3) would depend only upon the difference, x; — x2, which is
obviously wrong. Electrons and positrons annihilate in the interaction region and not
elsewhere, and the interaction region is small with respect to the general dimensions of the
experiment. As a consequence, F'(x;,X3) must depend from the individual distances of the
two points from the interaction region, as in eq. (A.5).

Clearly, the initial wave packet may be not in the factorized form of eq. (A.3), generally
will be a superposition of all the possible factorized forms (one possibility is to factorize the
c.m. and the relative motion). However an explicit calculation shows that the result of eq.
(A.6) holds for any form of the initial state, provided it satisfies the physical constraints:
< p; >= — < py >= q and it has reasonable widths. Should the result depend on more
particular assumptions, the outcome experiment would be entirely unpredictable.
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