
PHYSICAL REVIEW D, VOLUME 58, 025003
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A violation of local Lorentz invariance~VLI ! and hence the special theory of relativity or a violation of the

equivalence principle~VEP! in the kaon system can, in principle, induce oscillations betweenK0 andK̄0. We
construct a general formulation in which simultaneous pairwise diagonalization of mass, momentum, weak or
gravitational eigenstates is not assumed. We discuss this problem in a general way and point out that, as
expected, the VEP and VLI contributions are indistinguishable. We then insist on the fact that VEP or VLI can
occur even whenCPT is conserved. PossibleCP violation of the superweak type induced by VEP or VLI is
introduced and discussed. We show that the general VEP mechanism~or the VLI mechanism, but not both
simultaneously!, with or without conservedCPT, could be clearly tested experimentally through the energy
dependence of theKL2KS mass difference and ofh12 , h00, d. Constraints imposed by present experiments
are calculated.@S0556-2821~98!05212-6#

PACS number~s!: 03.30.1p, 11.30.Cp, 11.30.Er, 14.40.Aq
re
a
t
.
o

a
th

io

el

ity
t

ro
s
l
-

ts
r o
n
ti
o
lly
p-

eed.
the
n

that
-

tain
As

n a

r
e is
me
rgy
he

-
tter

e

has
ring
in
nts
ore,
I. INTRODUCTION

A few of the basic building blocks of particle physics a
the assumptions that nature preserves local Lorentz inv
ance and hence the special theory of relativity, the produc
the discrete symmetriesCPT and the equivalence principle
It is also true that to date we have not seen any violation
any of these laws. In recent times many new attempts h
been made to obtain new and quantifiable information on
degree of validity of these basic laws. It is in this connect
that we plan to investigate the kaon system.

Many experiments have tested the special theory of r
tivity to a high degree of precision@1#. These experiments
probe for any dependence of the~nongravitational! laws of
physics on a laboratory’s position, orientation or veloc
relative to some preferred frame of reference, such as
frame in which the cosmic microwave background is isot
pic. Failure to observe such dependence further enhance
validity of ~respectively! local position invariance and loca
Lorentz invariance~LLI !, and hence of the Einstein equiva
lence principle~EEP! @2#. However, these empirical resul
have been obtained primarily in the baryon-photon secto
the standard model. There is no logically necessary reaso
conclude from these results that the special theory of rela
ity must be valid in all sectors of the standard model
elementary particle physics. Its validity must be empirica
checked for each sector~gauge boson, neutrino, massive le
ton, etc.! separately@3#.

A characteristic feature of LLI violation~VLI ! is that ev-
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ery species of matter has its own maximum attainable sp
This yields several novel effects in various sectors of
standard model@3#, including vacuum Cherenkov radiatio
@4#, photon decay@5# and neutrino oscillations@6–8#. Re-
cently we extended these arguments and pointed out
violation of special relativity will in general induce an en
ergy dependentKL2KS mass difference@9#; an empirical
search for such effects can therefore be used to ob
bounds on VLI in the kaon sector of the standard model.
we shall discuss later VLI in the kaon sector can occur i
manner that may or may not violateCPT.

The EEP implies universality of gravitational coupling fo
all forms of mass-energy, thereby ensuring that spacetim
described by a unique operational geometry. An extre
converse of this principle is that every form of stress-ene
couples to its own metric, so that the Lagrangian for t
standard model is modified to be one of the form

L5LG~gI !1(
I
LM~gI ,F I !1LC ~1!

where each matter fieldF I couples to its own metricgmn
I .

The gravitational Lagrangian densityLG describes the be
havior of all of these metrics in the absence of any ma
fields. The Lagrangian densityLC describes the interaction
between the different matter fields; it will in general includ
at least some subset of the metric fieldsgmn

I . Although such
a Lagrangian is generally covariant, spacetime no longer
a unique operational geometry, since clocks and measu
rods constructed out of different types of matter fields will
general yield different results for a given set of experime
that depend on the choice of coordinate frame. Furtherm
while it is possible for any given metricgmn

I to interpret a
© 1998 The American Physical Society03-1
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diffeomorphism of the manifold as a gauge transformation

the linearized tensorhmn
I 5gmn

I 2ḡmn
I whereḡmn

I is some ref-
erence metric~typically chosen to be a flat metric!, this can-
not be done simultaneously for all the metrics~unless they
are all the same!. This means that the spin modes of all t
other metrics will in general be excited. It is then a theor
ical challenge to ensure that the excitations of the additio
degrees of freedom of the other metric do not yield unacc
able pathologies such as runaway negative energy solut
tachyons, etc. One might imagine doing this by giving, s
the gravitons associated with the metrics a tiny mass, s
for the metric associated with ordinary stable matter. M
general theoretical mechanisms than that given in Eq.~1! can
also be considered: for example some of the metrics may
be describable by second rank tensor fields, or some se
of the theory may not even be Lagrangian based. For
overview and further discussion of the different possibilitie
see Ref.@2#.

From an empirical perspective, the validity of the EE
must therefore be checked sector by sector in the stan
model, since it cannot be imposed on grounds of logic.
though the EEP has been tested to impressive levels of
cision, virtually all such tests have been carried out w
matter fields. The possibility that matter and antimatter m
have different gravitational couplings remains a fascinat
open question. The strongest bound on matter-antima
gravitational universality comes from theK0-K̄0 system. Re-
cent studies of this system have considered a straightforw
violation of the weak equivalence principle~WEP! in which
it is assumed thatK0-K̄0 mass and gravitational eigenstat
can be simultaneously diagonalized but with differing eige
values~i.e., differing K0 and K̄0 masses! @10–14#, in which
case violation of gravitational universality also means vio
tion of CPT.

However, more generally, a violation of the EEP~VEP! in
the kaon system will not assume simultaneous pairwise
agonalization of mass, gravitational or weak eigenstates.
shall consider in this article the consequences of such a
eral VEP mechanism, showing that it can provide a sourc
CP violation while conservingCPT. In this context, previ-
ously investigated mechanisms of EEP violation in the ka
system may be considered either as special cases of max
CPT violation in the gravitational sector@10–12# or else
CPT-conserved VEP, which is the other extreme case@13#.
Our analysis is more general, including all the earlier ana
ses as special cases, and in addition allows us to com
with the VLI bounds. We consider constraints imposed
this general VEP mechanism by present experiments.

In Secs. II and III we derive the general mass mat
including VLI and VEP effects respectively. In both sectio
we point out that VLI~VEP! allows for a phaseav (aG)
responsible forCP violation while conservingCPT. At the
end of Sec. III we compare both general mass matrices
ticing that VEP and VLI effects are indistinguishable as e
pected@2# ~for the neutrino sector this similarity was pointe
out in Ref.@6#!. In Sec. IV we discuss the general case wh
these phases are taken to be 0. We consider first
CPT-conserving case and examine the energy depend
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VLI and VEP induce in the mass differencemL2mS . Con-
straints on VEP parameters~and hence on VLI parameters!
from experiments onmL2mS are discussed. We also giv
constraints on the interesting maximallyCPT-violating case
where matter or antimatter states are the velocity or grav
tional eigenstates with differing eigenvalues. Then in Sec
we discuss the effect of the phasesav andaG and constraints
on VEP and VLI parameters fromCP violation experiments.
We point out that theCP violation induced by VEP or VLI
is of the superweak type and has an inherent energy de
dence. Consequently, although this mechanism cannot f
account for the observedCP violation in the kaon system, i
yields a definite testable prediction for the energy dep
dence ofCP violation parameters. This can then be used
put a qualitatively new bound on VEP or VLI. We summ
rize our results in Sec. VI.

II. VIOLATION OF LLI

The maximum attainable velocities of particles and an
particles can differ if there is violation of LLI@5#. Here we
take a phenomenological approach to this problem and
sume that neither the mass nor the weak eigenstates aa
priori simultaneously diagonalizable with the momentu
eigenstates.

Then the general form of the effective Hamiltonian ass
ciated with the Lagrangian in the (K0K̄0) basis will be

H5UWHSEWUW
211UvHvUv

21 ~2!

with

HSEW5
~MSEW!2

2p
5

1

2pS m12 i
G1

2
0

0 m22 i
G2

2

D 2

~3!

and

Hv5S v1 0

0 v2
D p ~4!

to leading order inm̄2/p2 with p the momentum andm̄
5(m11m2)/2 the average mass. From now on we defi
dX[(X12X2),X̄[(X11X2)/2 for any quantityX. HSEWre-
fers to the strong and electroweak part of the Hamiltoni
The constantsv1 andv2 correspond to the maximum attain
able speeds of each eigenstate. If special relativity is v
within the kaon sector, these are both equal to their aver

v̄5(v11v2)/2, which we normalize to unity. Hencev1

2v25dv is a measure of VLI in the kaon sector. Ifv̄ cor-
responds to the speed of electromagnetic radiation, then
cial relativity is valid within the kaon-photon sector of th
standard model. In the limitv15v2, m1,2 andG1,2 are inter-
preted as the masses and the decay widths of the phy
statesK̃1,2. These states are usually denoted asKL,S , but
since we shall be representing the physical states includ
VLI effects with the same notation, we shall refer to them
3-2
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K̃1,2. The transformation matrixUW which relates the state
K̃1,2 to the statesK0,K̄0 can be written as

UW5
1

A2~11u«̃u2!
eixWS ~11 «̃ ! ~11 «̃ !

2~12 «̃ ! ~12 «̃ !
D

3S e2 ibW 0

0 eibW
D . ~5!

We have assumed that there is noCPT violation in the non-
VLI part of the Hamiltonian, but only thatCP is violated,
parametrized by«̃. The phasesxW andbW can be eliminated
by a redefinition of theK̃1,2 states in such a way that we hav
the usual formula

K̃1
2

5
1

A2~11u«̃u2!
@~11 «̃ !K07~12 «̃ !K̄0#. ~6!

For the VLI part, if we assume that the velocity eigensta
are orthogonal, they are related to theK0,K̄0 by a unitary
matrix Uv which can be written in the general form

Uv5eixvS e2 iav 0

0 eiav
D S cosuv sin uv

2sin uv cosuv
D S e2 ibv 0

0 eibv
D .

~7!

The phasesxv and bv can be absorbed in a redefinition
the velocity eigenstates. The phaseav @which is similar to
Im «̃ in Eq. ~5! which to this order in«̃ can be written in the
form of such a phase# cannot be absorbed becauseK0-K̄0 are
by definition charge conjugate states. The phaseav is a new
source ofCP violation which can be present even though t
velocity states are still orthogonal.

From the form of the transformation matrixUW andUv ,
the total Hamiltonian in theK0-K̄0 basis is

H5pI1
1

2pS M 1 M12

M21 M 2
D 2

with

M 65m̄2 i
Ḡ

2
6

p2

m̄

cos 2uv

2
dv

M1252
1

2

11 «̃

12 «̃
S dm2 i

dG

2 D
2e22iav

p2

m̄

sin 2uv

2
dv

M2152
1

2

12 «̃

11 «̃
S dm2 i

dG

2 D

02500
s

2e2iav
p2

m̄

sin 2uv

2
dv. ~8!

The mass matrix above is the general formula from wh
we will discuss different special cases.

III. GENERAL MASS MATRIX FOR VEP

To formulate the VEP mechanism in the kaon system,
first study the energy of the particles under considerati
taking the kaons to be relativistic. The gravitational part
the Lagrangian to first order~linearized theory! in a weak
gravitational field gmn5hmn1hmn @where hmn

52(f/c2)diag(1,1,1,1)# can be written asL52 1
2 (1

1gi)hmnTmn whereTmn is the stress-energy in the gravita
tional eigenbasis. The principle of equivalence says that
gravitational couplingsgi are equal.

We can now write down the effective Hamiltonian inclu
ing the strong, electromagnetic, weak, and gravitational
teractions in the (K0,K̄0) basis:

H5pI1UWHSEWUW
211UGHGUG

21 ~9!

with I the identity matrix,

HSEW5
~MSEW!2

2p
5

1

2pS m12 i
G1

2
0

0 m22 i
G2

2

D 2

~10!

and

HG5S G1 0

0 G2
D

5S 22~11g1!fS p1
m̄2

2p
D 0

0 22~11g2!fS p1
m̄2

2p
D D
~11!

in physical time and length units@12# to first order inm̄2/p2

with p the momentum. In formalisms where the we
equivalence principle is assumed@11,12#, one starts withUG
proportional to UW ~in the case considered wher
CP-violating effects inUW are taken to be 0!, which leads to
a violation ofCPT if VEP is operative, that is to say ifg1
Þg2. More generally when VEP is operative,UG is not nec-
essarily proportional toUW . Note that in the gravitationa
Hamiltonian HG we have neglected terms proportional
dm, and f is the gravitational potential on the surface
Earth, which is constant over the range of terrestrial exp
ments.

In the absence of gravity,m1,2 andG1,2 are interpreted as
the masses and the decay widths of the physical statesK̃1,2
3-3
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defined by Eq.~6! as in Sec. II. For the gravitational part,
we assume that the gravitational states are orthogonal,
are related to theK0,K̄0 by a unitary matrixUG which can be
written in the general form

UG5eixGS e2 iaG 0

0 eiaG
D S cosuG sin uG

2sin uG cosuG
D

3S e2 ibG 0

0 eibG
D . ~12!

The phasesxG andbG can be absorbed in a redefinition
the gravitational states but the phaseaG cannot like in the
VLI case1 and is a new source ofCP violation such asav .

From UW andUG we then get

M 65m̄2 i
Ḡ

2
1

p

m̄
Ḡ6

p

m̄

cos 2uG

2
dG

M1252
1

2

11 «̃

12 «̃
S dm2 i

dG

2 D2e22iaG
p

m̄

sin 2uG

2
dG

M2152
1

2

12 «̃

11 «̃
S dm2 i

dG

2 D2e2iaG
p

m̄

sin 2uG

2
dG.

~13!

The mass matrix above is the general formula from wh
we will discuss different cases such as Eq.~8! in the VLI
case.

Comparing Eq.~8! and Eq.~13! we see that both the VL
and VEP mass matrices are similar. Puttinguv5uG andav
5aG , VLI and VEP effects are indistinguishable to lowe
order in m̄2/p2 providing one identifies the VLI paramete
dv with the VEP parameter22fdg. From now on we will
discuss the VEP case knowing that any corresponding
formula can be obtained straightforwardly from this ident
cation.

IV. TESTING THE EQUIVALENCE PRINCIPLE
IN THE CASE a50

In this section we restrict ourselves to tests of the equ
lence principle frommL2mS data in the case where gravita
tional states are related to the statesK0-K̄0 by a simple or-
thogonal matrix~i.e., aG50!. In a first step we neglect th
decay widths in Eqs.~10!–~13!. In the basis of the physica
statesKL andKS , the Hamiltonian of Eq.~13! becomes

1This is in contrast with the VEP mechanism for neutrin
@7,15,16# where charge conjugation plays no role. Relative phasea
between neutrino flavor eigenstates can be absorbed in at leas
sector, e.g.. the weak sector@16#.
02500
ey

h
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H5S p1
mL

2

2p
0

0 p1
mS

2

2p

D ~14!

with (mL1mS)/25m̄1(p/m)Ḡ and

mL2mS5H ~dm!21F2fdg
p

m̄
S p1

m̄2

2p
D G 2

24dmfdg
p

m̄
S p1

m̄2

2p
D cosS p

2
22uGD J 1/2

~15!

wheremL andmS are the experimentally measured masses
KL andKS respectively. From this expression it is clear th
the mass differencemL2mS is energy dependent.~The pos-
sibility of energy dependence of the various parameters
the kaon system has been previously considered in diffe
contexts@3,9–14#.!

From Eq.~13! we can define the amount ofCPT violation
induced by VEP as follows:

DCPT5M 12M 252cos~2uG!2fdg
p

m̄
S p1

m̄2

2p
D .

~16!

Recent studies of VEP in the kaon system@11,12# assumed
CPT violation in the gravitational sector, from which it wa
argued that empirical bounds can be placed on the differe
between the gravitational couplings touK0& and uK̄0&. The
difference in gravitational eigenvalues then corresponds
difference (DMg) in the masses ofuK0& and uK̄0&,

uM 12M 2u5fDMg52fudgu
p

m̄
S p1

m̄2

2p
D , ~17!

and is entirely attributable to the amount ofCPT violation.
The first equality in Eq.~17! was given by Kenyon@11# and
the second by Hughes@12#, who specified the energy depen
dence of DMg . From the experimental upper bound o
M 12M 2 @17# the bound udgu,2.5310218 may be ob-
tained, where the potentialf is taken to be that due to th
local supercluster (f.331025) and p.100 GeV @17#. In
this approachCPT conservation implies no gravitationa
mass difference and hence no VEP. However, it is clear fr
the expression~16! for DCPT that the bound obtained o
DMg is actually on some combination of VEP paramete
and not ondg and cos(2uG) separately. WhenuG50, Eq.
~17! agrees with Eq.~16!. More recent experiments@18# find
uM 12M 2u/mK,9310219, yielding the boundudgu,3.8
310219 for the same values off andp.

In the case of VLI withuv50, the amount ofCPT vio-
lation associated with VLI is given by

one
3-4
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uM 12M 2u5udvu
p2

m̄
. ~18!

The same experimental results can be used to constrain
VLI parameter:udvu,2.3310223. To leading order this has
exactly the same energy dependence as the VEP mecha

Next we shall consider a scenario in whichCPT is con-
served, so thatDCPT50. From the above it is clear that, eve
if CPT is conserved, there is still a VEP-induced differen
between the masses of the physical states. As a result bo
can be placed on the VEP parameterfdg without the as-
sumption that locality in quantum field theory is violated.

From the expression ofDCPT it is clear that it is possible
to conserve CPT for all momentum taking uG5p/4
~modulop/2!. In this case the mass difference is

mL2mS5dm22fdg
p

m
S p1

m̄2

2p
D ~19!

which as noted above is energy dependent and to the lea
order similar to the VLI expression in the caseuv5p/4:
mL2mS5dm1dvp2/m. It is possible to put a bound on th
VEP parameterdg if we know the value off and the mass
difference at various given energies. Alternatively, if ma
measurements at two different energies were different,
differing values formL2mS could be used to extract a valu
for the VEP parameterdg.

We now proceed to find constraints on the parametersdm
anddg ~or dv). In the review of particle properties@18# six
experiments were taken into account. Two of them@19,20#
are with the kaon momentumpK between 20 GeV and 16
GeV. The weighted average of these two experiments is@20#
DmLS5mL2mS5(0.528260.0030)31010\s21. The four
other experiments@21–24# are at lower energy, withpK'5
GeV, or less with a weighted averageDmLS5(0.5322
60.0018)1010\s21. A fit of Eq. ~19! with the high and low
energy value ofDmLS gives dm5(3.50360.012)310212

MeV and fdg5(8.067.0)3102223(90/Eav)2 ~whereEav
is the average energy for the high energy experiment!. All
these bounds on the VEP parameterfdg are also bounds o
the VLI parameter2dv/2 with the same energy dependenc
We shall not explicitly present the VLI bounds.

Taking f to be Earth’s potential (f.0.6931029), we
find dg5(1.261.0)310212, whereas iff is due to the local
supercluster, thendg5(2.762.3)310217. These values dif-
fer from zero by 1.15 standard deviations. A precise fit of
mass difference per energy bin in present and future h
energy experiments would be extremely useful in constra
ing the energy dependent VEP or VLI parameters. Impro
ment on the low energy experiments can also change
bounds. One of the low energy experiments published
year found DmLS5(0.527460.002960.0005)31010\s21

@24#; when fitted with the high energy experiments, a va
of dg consistent with 0 at less than 1 standard deviation
obtained. On the other hand, without this new experimen
similar fit of the other five experiments yieldsfdg5(1.38
60.77)310221(90/Eav)2. In this casedg is different from 0
by 1.8 standard deviations.
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In the above analysis we have not included the effect
the absorptive part of the Hamiltonian, i.e., of the dec
widths in Eqs.~10!–~13!. Including them we now obtain

mL2mS5
1

A2
@AF21G21F#1/2 ~20!

GL2GS5A2@AF21G22F#1/2 ~21!

F5~dm!21F2fdg
p

m̄
S p1

m̄2

2p
D G 2

24dmfdg
p

m
S p1

m̄2

2p
D cosS p

2
22uGD2S dG

2 D 2

G52~dmdG!12 cosS p

2
22uGD

3FdGfdg
p

m̄
S p1

m̄2

2p
D G .

In deriving these equations we neglected terms indmG,
dmdG, andG2 with respect to the terms inmdm or mdG. It
can be shown that in theCPT-conserving case the mas
difference given in Eq.~20! reduces to Eq.~19!. So in the
CPT-conserving case the results above are not affected
inclusion of the widths. In this case the differenceGS2GL
5dG is independent of energy. This is consistent with e
periment, which indicates that the low and high energy m
surements ofGS2GL are fully compatible@18#. For uG
Þp/4, an examination of Eq.~21! indicates thatGS2GL is
energy dependent; however, this is small and measurem
of GS2GL do not constraindg more than measurements o
DmLS even though they are relatively more precise. We n
that measurements ofGS2GL would more strongly constrain
a possible absorptive part coming from the gravitational s
tor which presumably would induce a larger energy dep
dence. We shall not consider this possibility here. ForuG
Þp/4, width effects in Eq.~20! are small and Eq.~15! re-
mains valid to within a few percent.

In Fig. 1, for completeness, we plot as a function
cos(2uG) the upper bounds we get onufdgu by fixing dm to
the central value of the world average@18#, DmLS
5(0.531060.0019)31010\s21 and requiring thatmL2mS
in Eq. ~15! does not differ fromdm by more than62 stan-
dard deviations. Note that in the case of maximalCPT vio-
lation (uG50), mL2mS can only increase with energy, as
clear from Eq.~15! or Eq. ~20!. The actual difference be
tween low and high energy experiments, if valid, could n
be explained in this case except for complex values ofdg
~and similarly for values ofuG very close to 0!.

In Fig. 1 we also show the bound coming from Eq.~16!,
requiring that at high experimental energy (p.100 GeV)
the experimental upper bounduM 12M 2u/mK,9310219

@18# on CPT violation be satisfied.
3-5
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V. TESTING THE EQUIVALENCE PRINCIPLE FROM CP
VIOLATION EXPERIMENTS

Now we consider the effect of theCP-violating phase
aG . Let us note first that in the maximalCPT-violating
case,uG50, there is no effect of the phaseaG in the mass
matrix, Eq. ~13!, and consequently noCP-violating effect
coming from this phase~similarly in the VLI case when mat
ter and antimatter states are the velocity eigenstates!. In the
following we will restrict ourself to the most interestin
CPT-conserving case withuG5p/4. The total Hamiltonian
can then be diagonalized:

H5S p1
1

2pS mL2 i
GL

2 D 2

0

0 p1
1

2pS mS2 i
GS

2 D 2D
~22!

with the physical eigenstatesKL andKS being given by

KL
S

5
1

A2~11u«u2!
@~11«!K07~12«!K̄0#. ~23!

Defining

Gc5
p

m̄
dGcos2aG522gcS p2

m̄
1

m̄

2 D , gc5fdgcos2aG ,

Gs5
p

m̄
dGsin2aG522gsS p2

m̄
1

m̄

2 D , gs5fdgsin2aG ,

the newCP-violating parameter« is now defined in terms o
the CP-violating parameters«̃ andGs via

«5

«̃S dm2 i
dG

2 D2
i

2
Gs

~dm1Gc!2 i
dG

2

~24!

FIG. 1. Upper bounds onufdgu ~for p.90 GeV! obtained from
Eq. ~15! ~solid line!, Eq. ~16! ~dashed line! as explained in the text
02500
to first order in«̃ andGs . Similarly we have, to first order in
«̃ andGs ,

Dm[mL2mS5~dm1Gc! ~25!

DG[GL2GS5dG. ~26!

Since in the mechanism considered here there is no«8
type CP violation coming from VEP, we will neglect othe
possible«8 effects and the relevantCP-violating quantities
are

d5
G~KL→p2l 1n!2G~KL→p1l 2n!

G~KL→p2l 1n!1G~KL→p1l 2n!
52Re«

h125
A~KL→p1p2!

A~KS→p1p2!
5uh12ueif125«

h005
A~KL→p0p0!

A~KS→p0p0!
5uh00ueif005«.

Consider first the case«̃50; i.e., there is noCP violation
induced from the weak interaction. Can we interpret the
servedCP violation parameters above as originating pure
due to the relative phaseaG? In other words does the supe
weak mechanism have a gravitational origin? Equation~24!,
with «̃50, can be written as

«52
i

2

Gs

S Dm2 i
DG

2 D . ~27!

Equating the real and the imaginary parts we get

Re «5
Gs

2

DG

2 F ~Dm!21S DG

2 D 2G21

,

Im «52
Gs

2
DmF ~Dm!21S DG

2 D 2G21

.

The above equations reproduce the results of the superw
theory, f125f00522Dm/DG.43.5°, and also conse
quently uh12u5uh00u.d/A2. The fact that the superwea
phase is obtained is due to the fact that the VEP mechan
considered here respects the Hermiticity of the interact
between theCP eigenstatesK1 and K2 @i.e., the numerator
of Eq. ~24! is purely imaginary2 Interestingly, we see that by
assuming that the gravitational, weak and mass eigens
are all related by unitary transformations, the physical sta

2Note that insofar as there is no gravitational coupling to
imaginary part of the energy~as we have assumed here!, a CP
violation of the Re« type coming from gravitation~which would
render UG nonunitary! does not respect the Hermiticity of th
K1-K2 interaction and is consequently experimentally suppress
We do not consider the possibility of such an effect here.
3-6
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are still of the superweak type; in particular they are
longer related to the other states by a unitary transforma
and are no longer orthogonal.

Taking the experimental valued5~0.32760.012!% @18#
as input we obtainGs.22310214. This value ofGs yields
a consistent fit to all theCP violation parameters above, a
with any superweak mechanism. However, this does not
vide us with positive evidence for VEP-inducedCP viola-
tion becauseuh12u and uh00u have been observed exper
mentally with good accuracy to be constant over a la
energy range@18#. Hence it is not possible to reproduce th
data for all energies with«̃50 sinceGs is proportional top2.
An observed energy dependence in these parameters th
consistent with Eq.~24! would be a definitive signature of
VEP-mechanism operative in this sector.

We now demonstrate how a bound on the VEP param
fdg can be obtained independently of the phaseaG . We
can extract a bound ongc from the experimental constrain
on the energy dependence ofDm, Eq. ~25!, in the same way
as that for fdg above in Eq. ~19!, substituting dg by
dg cos 2aG . The bound obtained onfdg in Fig. 1 is now a
bound ongc :

ugcu,9310222. ~28!

From CP violation parameter data we can also obtain
bound ongs . Defining

A5
Gc

dm
, B5

Re «

Im «
21, C52

dG

2dm
21

where the magnitudes ofA, B, andC are all much smaller
than unity, implies, from Eq.~24!,

Re «5Re «̃~12A!1
1

2
Gs

dG

2

~dm!21S dG

2 D 2 ~29!

Im «5Im «̃2
1

2
Gs

dm

~dm!21S dG

2 D 2 ~30!

where only terms linear inA, B and C have been retained
We observe thatgs changes the value ofu«u but not the phase
of «. In addition, Im« depends ongs but not ongc . From
the experimental values off12543.7°60.6° and uh12u
5(2.28460.018)31023 @18# we obtain Im«5(1.58
60.02)31023. Fixing Im «̃ to the central value of Im« and
requiring that Im« in Eq. ~30! differ from the central value
by no more than 2 standard deviations at high experime
energies (p.70 GeV @18#! yields

ugsu,3310223.

This value hardly varies when we calculate Im« from the
experimental value ofuh00u and f00 instead ofuh12u and
f12 . From the bounds ongc andgs we then get
02500
n

o-

e

t is

er

al

ufdgu,9310222.

gc can also be bounded fromCP violation. Indeed the
CP-conserving parametergc is present in Re« and a bound
on it can be obtained by considering the phase of«,

tan f125
Im «

Re «
5

Im «̃

Re «̃
~11A!, ~31!

which does not depend ongs . Taking the low energy value
of f12 to equal its central value above we similarly obta
~requiring thatf12 not differ at high energy by more tha
two standard deviations from its low energy value!

ugcu,7310221.

This value is of the same order of magnitude as the up
bound obtained above by looking for energy dependenc
Dm. CP violation measurements consequently are a us
means for searching for bothCP-conserving VEP effects
~through the parametergc) and CP-violating VEP effects
~throughgs).

We shall not consider the case whereCPT is violated
(uGÞp/4) with aGÞ0. Equations similar to Eqs.~24!–~26!
can be straightforwardly obtained from Eq.~13! but they are
lengthy and do not provide any new interesting physical
sults which have not already been discussed above.

In Ref. @13#, the effect of a tensorial fieldf i j
mn whose

CPT-violating interactions with the kaons are given by t
Lagrangian L5 f i j

mndmf idnf j has been considered withf1(2)

the CP eigenstates andf 11
mn , f 22

mn , f 12
mn5 f 21

mn real parameters
Writing f i i

mn as (f i / f )fhmn and f 12
mn as (f T / f )fhmn, con-

straints on (f 12 f 2)/ f and f T / f have been obtained from
experimental energy constraints on the energy dependen
DmLS andh12 respectively. We observe that, except for
different experimental situation, the constraints obtained
u( f 12 f 2)/ f u andu f t / f u are similar to ours on the correspon
ing quantities,u4dg cos 2aGu and udg sin 2aGu respectively
with uG5p/4. From our treatment, we see consequently t
provided the tensorial interaction is of gravitational orig
the bounds on the parametersu( f 12 f 2)/ f u and u f t / f u are in
fact bounds on a combination of the VEP parameters,
differencedg in the gravitational couplings and the pha
aG .

We close this section by noting that the bounds onugcu,
ugsu and ufdgu above are also bounds on the correspond
VLI parameters u(dv/2)cos 2avu, u(dv/2)sin 2avu and
u(dv/2)u respectively.

VI. SUMMARY AND CONCLUSION

The kaon system provides us with an interesting phys
situation in which we can empirically check the validity o
special relativity and/or the equivalence principle in
matter-antimatter sector of the standard model that inclu
2nd generation matter. A variety of interesting combinatio
of VLI and VEP effects exist which can be associated w
CP violation and/or CPT violation. Violations of the
equivalence principle in the kaon system need not viol
3-7
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CPT ~which in turn implies a loss of locality in quantum
field theory! as considered in recent studies.

A general feature of the VLI and VEP mechanisms is t
they predict an energy dependence inmL2mS and in theCP
violation parameters which can be empirically tested to
tain bounds on the relevant parameters~such asfdg for
VEP ordv for VLI !. Since both VEP and VLI have the sam
energy dependence, although we can obtain bounds for b
it will not be possible to experimentally distinguish betwe
the two mechanisms. Under the assumption that all such
rameters are within two standard deviations over the ene
scales at which they have been measured, present ex
ments provide rather stringent bounds on the VEP~or VLI !
ys

n,

.

.

s
d

J

02500
t

-

th,

a-
y

eri-

mechanism. A more systematic search for an energy de
dence inmL2mS and in theCP-violating parameters~such
as«! will provide us with more definitive information abou
the VEP~or VLI ! mechanism in this sector. In addition, i
our formalism, we observe that theCPT-conserving case
@13# and the CPT-violating case of recent VEP studie
@11,12# are special cases of the same general mechanism
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