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ABSTRACT

I present a recent study made in collaboration with M.E. Peskin, on the time
dependence of a kaon beam propagating according to the “afy” generalization
of qiiantum mechanics due to Ellis, Hagelin, Nanopoulos and Srednicki, in which
CP- and CPT-violating signatures arise from the evolution of pure states to mixed
states. The magnitude of two of its parameters 8 and + are constrained on the
basis of existing experimental data. New facilities such as ¢-Factories are shown
to be particularly adequate to study this generalization from quantum mechanics
and to disentangle its parameters from other CPT violating perturbations of the

kaon system.
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In the early 70’s, unitary evolution predicted by quantum mechanics had already

been given an experimental scrutiny.2® Theoretical motivations arose from develop-
ments in the quantum theory of gravity which led S. Hawking to propose a generaliza-
tion of quantum mechanics which allows the evolution of pure states to mixed states.*
This formulation was shown by D. Page to conflict with CPT conservation.’ Sub-
sequently, Ellis, Hagelin, Nanopoulos, and Srednicki (EHNS)® observed that systems
which exhibit quantum coherence over a macroscopic distance are most appropriate to
probe the violation of quantum mechanics of the type proposed by S. Hawking. One of
the simplest system exhibiting this property is a beam of neutral kaons. EHNS set up
a generalized evolution equation for the Ko-Kj system in the space of density matrices
which contains three new CPT violating parameters «,8 and . These parameters have
dimension of mass and could be as large as m% /mp; ~ 107'° GeV. This equation was
subsequently used by Ellis, Mavromatos, and Nanopoulos” who exploited experimental
data on K and K to delineate an allowed region in the space of the parameters «,
B, and ~. This region is compatible with the expected order of magnitude above and
with the possibility that violation of quantum mechanics accounts for all CP violation
observed in the Ko—Kj system.
' The present talk is a brief outline of a recent work,! which develops a general
parameterization to incorporate CPT violation from both within and outside quantum
mechanics and uses it to analyze past, present and future experiments on the Ko—Ko
system. Studies of the time dependence of the kaon system of the early 1970’s are
combined with recent results from CPLEAR to constrain the EHNS parameters 3 and
~, limiting the contribution of violation of quantum mechanics to no more than 10%
of the CP violation observed in the Ko-Kj system.

¢ factories are new facilities® dedicated to the study of the properties of the
kaon system; they are expected to give particularly incisive tests of CPT violation.®
It is shown that these future facilities are especially suitable to test violation of quan-
tum mechanics and to disentangle the EHNS parameters from other CPT violating
perturbations. - - ‘

1. Violation of quantum mechanics: the formalism.

The composition of a beam of neutral kaons is uniquely characterized by the
density matrix px(7) as function of the proper time 7. The value of the density matrix
pk (7) is obtained from its value at the source — given a certain production mechanism,
an effective Hamiltonian H = M — %F, which incorporates the natural width of the
system,* and the laws of generalized quantum mechanics

.d
i——pk = Hpx — px H' + &} px- (1)

The first term of the RHS of this equation accounts for the quantum mechanical evo-
lution, while the second term accounts for the loss of coherence in the evolution of the

*as well as CP and CPT perturbations compatible with quantum mechanics.
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beam and is written so to preserve the linearity of the time-evolution. This term was
written by EHNS so to require that it does not break conservation of probability and
does not decrease the entropy of the system; that makes 6§ expressible in terms of six
parameters. In order to lower this number to a more tractable one, EHNS further as-
sumed that this term conserves strangeness, reducing 8§ to three unknown parameters
a, B and 4. These parameters have the dimensions of mass and might be as large as
m¥% /mp; ~ 1071° GeV.

The solution of Eq. (1) is generally expressible in terms of two real eigenvectors
pL, ps and one complex eigenvector pr and its complex conjugate py, as

PK(T) — ALPE,O) e—l"Lf + Asng)e—st + AIpsO)e—I-"re-iAm'r + ATP(IO) e—f"re+iAm‘r. (2)

In the absence of the quantum mechanics violating term 6k px in Eq. (1), the
eigenmodes pr, ps and pI are expressible in terms of the pure states |K.) and |Ks)
ast pf*) = |KL)(Kil, p” = |Ks)(Ks| and pi® = |Ks)(Kyl, while T = (Tz +T5)/2,
Al = Fs —T't and Am = mp — ms.

In presence of the quantum mechanics violating term 6} pk, the eigenmodes are
changed to, in first order in small quantities (d = Am +iAI'/2)

=0 4 L0y Ber | B ©_ 2B B g
_ 0 _B o) B o)t (o) _ s
Pr=pr — 5Ps +GPL = 5 —Pr pPI="p1- (4)

The corresponding eigenvalues are corrected by the shifts 't s — I't,s +1, I'-T+a
and Am — Am-(1—1(8/AT)?). The experimental relevance of these shifts is discussed
in Ref. 1.

Any observable of the kaon beam can be computed by tracing px with an appro-
priate operator P, we write (P) = Tr[px Op]. The major effect of violation of quantum
mechanics is embodied in the eigenmodes pr, ps, pr. These density matrices are no
longer pure density matrices in contrast to their quantum mechanical counterparts.
This loss of purity alters the decay properties of the beam. For example, the proper-
ties of the beam at large time, 7 3> 1/T's, are dominated by the properties of pr. The
second term on the RHS of the equation for py as given in Eq. (3) is proportional to
pgo) and is even under CP conjugation. That results in an enhancement of the rate of
decay into two pions at late time in the evolution of the beam, proportional to g=. A
similar argument leads to expect an enhancement by an amount o 3/|d| cos ¢sw and
B/|d| sin ¢sw in the intermediate time region, 7 ~ 1/ T.

2. Experimental constraints on g and 7.

We can exploit these facts to establish some experimental bounds on violation
of quantum mechanics. Two observables are used in the analysis. The time dependent

twe use a diamond superscript to label quantum mechanical quantities.



two—pioh decay rate

I(K(r) — nt7™) _ Trpr(7)O04-
[(K(0) = ntx~)  Trpx(0)O,4-

= 15" 4 2|n, > cos(AmT — ¢4_) + Rre™ "1™ (5)

and the semileptonic decay rate at large time 7 > 1/Ts

F(KL — r‘f"’u) - F(KL — 7r+[_l/) _ Tl‘pK(T)(Oe+ - Og-)

6L = T(Ky = 7~ £+v) + T(Kp = ntl-v)  Trpk(t)(On + Op-) ()

The relevant measurable quantities are Ry, 61, and n4—-. Ry and ép reflect the large
time properties of the beam; the complex number 74 = |n4_|exp(i#,-) is a property
of the intermediate time region. In quantum mechanics, these quantities relate accord-
ing to Ry = |n4-|* and 6./2 = Reny_. After allowance has been made for violation
of quantum mechanics, they relate according to Ry =~ |n4—|* + 7/AL + 4|n4-|B8/d],
61/2 = Re(n4+-—28/d). The geometry of these corrections is given in Fig. la . The cur-
rent experimental situation is discussed in Ref. 1 and shown on Fig. 1b. The parameter
B is proportional to the distance of the ellipse to the vertical band while the distance
of the ellipse to the arc provides a measurement of 4. This comparison leads to the
bounds 8 = (0.1240.44) x 107*® GeV and v = (—1.1£3.6) x 107*' GeV. In obtaining
these bounds, we made allowance for CP and CPT violation in the Hamiltonian time
evolution of the beam but we set to zero the CPT quantum mechanics perturbations of
the decay amplitudes in the two-pion and semi-leptonic channels. In general,! the pre-
vious constraints on B and 4 appear as constraints on combinations of CPT-violating
parameters. Unless, unnatural cancellations occur among these parameters, they can
be independently constrain, in which case, neither of them contributes more than 10%
of the total CP violation observed in the KoK, system.
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-Fig.1-
Theoretical predictions (a) and experimental data (b).

3. Tests of quantum mechanics at a ¢-factory.

At a ¢ factory, a spin-1 meson decays to an antisymmetric state of two kaons
which propagates with opposite momentum. If the kaons are neutral, the resulting
wavefunction, in the basis of CP eigenstates |K,), |K3), is ¢ — (|K1,p > ®|K2,—p >
—|K2,p > ®|Ki,~p >)v/2. The two-kaon density matrix resulting from this decay is
a 4 x 4 matrix P, which, in the context of generalized quantum mechanics, evolves
according to Eq. (1). When expressed in terms of the eigenmodes pr, ps and py, it
takes the form

1
P = 5 PS®PL+PL®PS"PI®PI—PI®PI]

B
— 2=5(ps®pr+p1®ps) — 2%(!’5 ® pr + p1 @ ps)

au

+ 2%(,01, Qpr+pr®pL)+ 2§(pL ® pr+pr® pL)

iz;Lm(PI(@PI—Pi@Pf)‘*‘ %(pwbm — ps ® ps)- (7)
The time dependence of each term is obtained from the substitutions p; ® p; —
pi ® pjexp(—Aimy — Ajp) with A\ =Tz, As =Tsand X; = T'+iAm.

The first term in the brackets has the canonical form predicted by quantum me-
chanics after the replacement pﬁ?) — pk, while the remaining terms give systematic
corrections to this result. These new terms signal the breakdown of the antisymmetry
of the final state wave function, that is, the breakdown of angular momentum conser-
vation. This is expected in the framework of density matrix evolution equations, as was
explained in Ref. 10.

The above peculiar dependence on 7; and 7, is a unique signature of violation

of quantum mechanics and provides an unambiguous method to isolate the EHNS
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parameters from the quantum mechanics CPT violating perturbations of the decay
rates. As in the one kaon system, any observable is obtained by tracing the density
matrix with a suitable hermitian operator. The basic observables computed from P are
double differential decay rates, the probabilities that the kaon with momentum p decays
into the final state f, at proper time 7y while the kaon with momentum (—p) decays
to the final state f, at proper time 7,. We denote this quantity as P(fi, 7 f2,72). A
situation of particular importance is the decay into two identical final states f; = f,.
This quantity has no dependence on the CP and CPT parameters and depends on
the two times in a manner completely fixed by quantum mechanics irrespective of
the properties of the decay amplitudes. This characteristic is lost when violation of
quantum mechanics is incorporated as in Eq. (7). One can, for instance, interpolate
the double decay rates into identical final states P(f,7; f,72) on the line of equal
time 7, = 7. This quantity vanishes identically according to the principles of quantum
mechanics and thus is of order ¢, # and 4. As an illustration, the semileptonic double
decay rate at equal time yields({* = n¥¢*v)

P&, 62, 7) [P(eE, 7;6F, 1) = —[1 e~2l="7(1— K—— sin 2Am'r)]+ [ +AlT_g=alr]

.8 | (8)
|d| = [sin(Am7 — ¢sw)e 2I"/% 4 sin(AmT + gsw)et2T7/Y. (9)
The three coefficients a, 3, and v are selected by terms which are monotonic in T,
oscillatory with frequency Am,and oscillatory with frequency 2Am.

There seems to be no difficulty in constraining CPT violation from outside quan-
tum mechanics in a ¢ factory independently of other CPT violating perturbation of
quantum mechanics . The reverse is not true: any observable at a ¢ factory is expected
to receive a, § and 7 corrections. These corrections are, however, easily computed and
can be systematically taken into account.?
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