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A violation of local Lorentz invariancéVLI) and hence the special theory of relativity or a violation of the
equivalence principléVEP) in the kaon system can, in principle, induce oscillations betwetandKP. 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 whel€ P T is conserved. PossibleP violation of the superweak type induced by VEP or VLI is
introduced and discussed. We show that the general VEP mechémisime VLI mechanism, but not both
simultaneously, with or without conserved P T, could be clearly tested experimentally through the energy
dependence of thi€, — Kg mass difference and of, _, 7qg, 6. Constraints imposed by present experiments
are calculated.S0556-282(198)05212-9

PACS numbeps): 03.30+p, 11.30.Cp, 11.30.Er, 14.40.Aq

[. INTRODUCTION ery species of matter has its own maximum attainable speed.
This yields several novel effects in various sectors of the

A few of the basic building blocks of particle physics are standard modef3], including vacuum Cherenkov radiation
the assumptions that nature preserves local Lorentz invar[4], photon decay5] and neutrino oscillation$6—8|. Re-
ance and hence the special theory of relativity, the product ofently we extended these arguments and pointed out that
the discrete symmetrigSPT and the equivalence principle. Violation of special relativity will in general induce an en-

It is also true that to date we have not seen any violation oergy dependenk, —Kg mass differencd9]; an empirical
any of these laws. In recent times many new attempts haveearch for such effects can therefore be used to obtain
been made to obtain new and quantifiable information on th@ounds on VLI in the kaon sector of the standard model. As
degree of validity of these basic laws. It is in this connectionwe shall discuss later VLI in the kaon sector can occur in a
that we plan to investigate the kaon system. manner that may or may not viola@PT.

Many experiments have tested the special theory of rela- The EEP implies universality of gravitational coupling for
tivity to a high degree of precisiofil]. These experiments all forms of mass-energy, thereby ensuring that spacetime is
probe for any dependence of tki@ongravitationdl laws of  described by a unique operational geometry. An extreme
physics on a laboratory’s position, orientation or velocity converse of this principle is that every form of stress-energy
relative to some preferred frame of reference, such as theouples to its own metric, so that the Lagrangian for the
frame in which the cosmic microwave background is isotro-standard model is modified to be one of the form
pic. Failure to observe such dependence further enhances the
validity of (respectively local position invariance and local
Lorentz invariancéLLl), and hence of the Einstein equiva- L=Ls(g)+ 2 Lu(g', @)+ Le 1)
lence principle(EEP [2]. However, these empirical results !
have been obtained primarily in the baryon-photon sector of
the standard model. There is no logically necessary reason #here each matter fiel®; couples to its own metrig),, .
conclude from these results that the special theory of relativihe gravitational Lagrangian densif; describes the be-
ity must be valid in all sectors of the standard model ofhavior of all of these metrics in the absence of any matter
elementary particle physics. Its validity must be empiricallyfields. The Lagrangian densit§c describes the interaction
checked for each sect¢gauge boson, neutrino, massive lep- between the different matter fields; it will in general include
ton, etc) separately3]. at least some subset of the metric flegjg Although such

A characteristic feature of LLI violatioQVLI) is that ev- a Lagrangian is generally covariant, spacetime no longer has

a unique operational geometry, since clocks and measuring
rods constructed out of different types of matter fields will in

*Email address: hambye@hall.physik.uni-dortmund.de general yield different results for a given set of experiments
"Email address: mann@avatar.uwaterloo.ca that depend on the choice of coordinate frame. Furthermore,
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0556-2821/98/58)/0250038)/$15.00 58 025003-1 © 1998 The American Physical Society



T. HAMBYE, R. B. MANN, AND U. SARKAR PHYSICAL REVIEW D 58 025003

diffeomorphism of the manifold as a gauge transformation ofVLI and VEP induce in the mass differenog —mg. Con-
the linearized tensdr’, =g' —g' whereg' is some ref- Straints on VEP parametefand hence on VLI parametgrs
y7az y7a 2% 2%

erence metrictypically chosen to be a flat metjichis can- ~ fTom experiments om,_ —ms are discussed. We also give
not be done simultaneously for all the metriggiless they ~Cconstraints on the interesting maximafP T-violating case

are all the same This means that the spin modes of all the Where matter or antimatter states are the velocity or gravita-

other metrics will in general be excited. It is then a theoret—t'ong.I elgents;atefsf W'tth fdt'rf]fe”ﬂg e|gen\éalues. dThen Itn Setc. v
ical challenge to ensure that the excitations of the additiona\(f)vﬁvggujr? d VeL(Iepg(r:ar?]ete?spfrigga:/?oIzﬁoinex(;)%?ﬁnr:mss
degrees of freedom of the other metric do not yield unaccept: e point out that theS P violation induced by VEP or VLI

able pathologies SUCh. as runaway ne_gativg energ.y.solutionlss, of the superweak type and has an inherent energy depen-
tachyons_, etc. One T"'ght imagine domg this by 9VINg, SaYyyance. Consequently, although this mechanism cannot fully
the gravitons associated with the metrics a tiny mass, sav ccount for the observe@P violation in the kaon system, it

for the metric associated with ordinary stable matter. Morg ;o <" 5 gefinite testable prediction for the energy depen-
general theoretical mechanisms than that given in(Bican c{ence ofCP violation parameters. This can then be used to

also be considered: for example some of the metrics may ng ut a qualitatively new bound on VEP or VLI. We summa-

be describable by second rank tensor fleIQS, or some sectol?r%e our results in Sec. VI.
of the theory may not even be Lagrangian based. For an

overview and further discussion of the different possibilities,
see Ref[2]. Il. VIOLATION OF LLI

From an empirical perspective, the validity of the EEP  The maximum attainable velocities of particles and anti-
must therefore be checked sector by sector in the standaghrticles can differ if there is violation of LLJ5]. Here we
model, since it cannot be imposed on grounds of logic. Altake a phenomenological approach to this problem and as-
though the EEP has been tested to impressive levels of prgume that neither the mass nor the weak eigenstatea are
cision, virtually all such tests have been carried out withpriori simultaneously diagonalizable with the momentum
matter fields. The possibility that matter and antimatter mayijgenstates.

have different gravitational couplings remains a fascinating Then the general form of the effective Hamiltonian asso-
open question. The strongest bound on matter-antima’[t%riated with the Lagrangian in thé(@fo) basis will be
gravitational universality comes from tte?-K° system. Re-

cent studies of this system have considered a straightforward H=UyH SE\,\LJ;V1+ UUHUUU’l 2
violation of the weak equivalence princip(&/EP) in which

it is assumed thalk®-K° mass and gravitational eigenstatesWith

can be simultaneously diagonalized but with differing eigen- r 2
values(i.e., differingK® andK°® massels[10—-14, in which ) m;—i 71 0

case violation of gravitational universality also means viola- HSEW:(MSEV‘) - i 3
tion of CPT. 2p 2p I

However, more generally, a violation of the EBFEP) in
the kaon system will not assume simultaneous pairwise di-
agonalization of mass, gravitational or weak eigenstates. Wand
shall consider in this article the consequences of such a gen-
eral VEP mechanism, showing that it can provide a source of vy O
CP violation while conservindCPT. In this context, previ- ( )p )
ously investigated mechanisms of EEP violation in the kaon

system may be considered either as special cases of maximgl |eading order inm?/p? with p the momentum andan
CPT violation in the grayita?ional SGCtC[I‘lO—lZ or else :(m1+ mZ)IZ the average mass. From now on we define
CPT-conserved VEP, which is the other extreme dds<d. SX=(X1—X,) ,YE(X1+X2)/2 for any quantityX. Hsgy,re-

Qur analysis_ is more genere}l, i”C"!‘?””g all the earlier analy1‘ers to the strong and electroweak part of the Hamiltonian.
Ses as special cases, and in gddltlon aIIovys us to compaig, o constants; andv, correspond to the maximum attain-
with the VLI bounds. We consider constraints imposed OMable speeds of each eigenstate. If special relativity is valid

this general VEP mechanism _by present experiments.  \yithin the kaon sector, these are both equal to their average
In Secs. Il and Ill we derive the general mass matrix—

including VLI and VEP effects respectively. In both sections? = (V17v2)/2, which we normalize to unity. Hence,

we point out that V|_|(VEP) allows for a phasel,v (aG) —Up= év is a measure of VLI in the ka(?n Se(::tqr.dfcor'
responsible folC P violation while conservingCPT. At the ~ responds to the speed of electromagnetic radiation, then spe-
end of Sec. Il we compare both genera] mass matrices ndlial relatiVity is valid within the kaon-photon sector of the
ticing that VEP and VLI effects are indistinguishable as ex-standard model. In the limit; =v,, m; ; andI'; ; are inter-
pected 2] (for the neutrino sector this similarity was pointed Preted as the masses and the decay widths of the physical
out in Ref.[6]). In Sec. IV we discuss the general case wherestatesK; ,. These states are usually denotedKass, but
these phases are taken to be 0. We consider first th&ince we shall be representing the physical states including
CPT-conserving case and examine the energy dependend4 | effects with the same notation, we shall refer to them as
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Rlyz. The transformation matrikl,y which relates the states
Ky, to the state°,K° can be written as

1 .
UW:—eU(W
V2(1+]el?)

e hw 0 )

X 0 ei Bw

©)
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2 .
Zi%p: sin 20,

m 2

—e ov. (8)

The mass matrix above is the general formula from which
we will discuss different special cases.
Ill. GENERAL MASS MATRIX FOR VEP

To formulate the VEP mechanism in the kaon system, we
first study the energy of the particles under consideration,

We have assumed that there is@®T violation in the non- taking the kaons to be relativistic. The gravitational part of
VLI part of the Hamiltonian, but only tha€P is violated, the Lagrangian to first ordeflinearized theoryin a weak
parametrized b§. The phasegy, and B, can be eliminated 9gravitational  field g,,=#,,+h,, [where h,,

by a redefinition of th&lyz states in such a way that we have

the usual formula

1

V2(1+(e]?)

For the VLI part, if we assume that the velocity eigenstates

are orthogonal, they are related to tk8,K° by a unitary
matrix U, which can be written in the general form

[(1+2)K°F (1-2)K].

=2(¢/c?)diag(1,1,1,1) can be written asf=-3(1
+g)h,, T*" whereT#" is the stress-energy in the gravita-
tional eigenbasis. The principle of equivalence says that the
gravitational couplingg; are equal.

6) We can now write down the effective Hamiltonian includ-

ing the strong, electromagnetic, weak, and gravitational in-
teractions in the K% K°) basis:

H=pl+UyHsewyu'+UgHgUg! 9)

with | the identity matrix,

y ixv(e‘% 0 )( cos b, ) T, 0 2
v e 0 €/\—sing, ' (Megw? 1] ™ '2
HSEV\/_ 2p - 2p 0 . FZ
m —_ —
The phaseg, and 8, can be absorbed in a redefinition of 2" 2
the velocity eigenstates. The phagg [which is similar to (10
Im e in Eq. (5) which to this order ire can be written in the and
form of such a phageannot be absorbed becaws®K® are
by definition charge conjugate states. The phasé a new G, O
source ofC P violation which can be present even though the HG=( )
velocity states are still orthogonal. 0 Gy
From the form of the transformation matrix, andU,, 2
the total Hamiltonian in th&°-K° basis is —2(1+9y) | p+ 2 0
1/ My Mg, 2
= — 0 — —
e M) 2(1+2)4| P+ 55
with (11
_ in physical time and length unifd2] to first order inm?/p?
— I p?cosd, with p the momentum. In formalisms where the weak
M +=M—-Ilz*x= ov . L. . X
2" m 2 equivalence principle is assumgtl, 12, one starts withJ g
proportional to Uy, (in the case considered where
~ CP-violating effects inUyy, are taken to be)Qwhich leads to
M o= — 1 1+f a violation of CPT if VEP is operative, that is to say @
21-% #J,. More generally when VEP is operativdg is not nec-
essarily proportional tdJ,,. Note that in the gravitational
i p? sin 24, Hamiltonian H; we have neglected terms proportional to
e " om, and ¢ is the gravitational potential on the surface of
Earth, which is constant over the range of terrestrial experi-
- ments.
} 1__8 In the absence of gravityn, , andI'; , are interpreted as
2 1+e the masses and the decay widths of the physical sfﬁ;_gs
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defined by Eq(6) as in Sec. Il. For the gravitational part, if m?

we assume that the gravitational states are orthogonal, they p+ % 0

are related to th&° K° by a unitary matrix g which can be H= ) (14)

written in the general form 0 + Ms
p 2p

Uz it e 0 \( cosfs sinfg . -
= G . H —
c=¢€ 0 /| —singg cosbg with (m_ +mg)/2=m+ (p/m)G and
e_iBG 0 ) p EZ 2
X 0 oibc ) (12 m_—mg=4 (dm)“+ 2¢5ga p+ %

_2 1/2

The phaseg ¢ and Bg can be absorbed in a redefinition of —46m¢5gg p+ m- cos(z—za )

the gravitational states but the phasg cannot like in the m 2p 2 ¢

VLI casé€ and is a new source @ P violation such asy, .

FromU,, andUg we then get (19

wherem_ andmg are the experimentally measured masses of

— _F p— p cos Pg K, andKg respectively. From this expression it is clear that
Me=m-iz+ Eeiﬁ 5 9G the mass differencen, —mg is energy dependentThe pos-
sibility of energy dependence of the various parameters in
the kaon system has been previously considered in different
11+% or i P SN 205 contexts[3,9-14.) _ o
M1=— > = om—i > —e ‘%= 5 oG From Eq.(13) we can define the amount 6fP T violation
1-e m induced by VEP as follows:
~ . _2
11-¢ or . p sin 26g E( m
=___ —j—|—gliec =2 Acpr=M,—M_=-c0920¢)2¢69=| p+ =—].
Mg 21+E(5m i 2) e —— 5G. cpT=My 26c) ¢gm p 2p

(13 (16)

The mass matrix above is the general formula from whichE?DCTenF Tt'i.d'es. OtthEP 'r?tt?.e ka}on ss/st{?m,lﬂ ﬂ?S#Ted
we will discuss different cases such as K8). in the VLI vioiation in the gravitational sector, from which It was

case argued that empirical bounds can be placed on the difference

Comparing Eq(8) and Eq.(13) we see that both the VLI between the gravitational couplings i§°) and [K°). The
and VEP mass matrices are similar. Puttifig- 6 anda,  difference in gravitational eigenvalues then corresponds to a
=ag, VLI and VEP effects are indistinguishable to lowest difference AM) in the masses gK®) and|K?),

order inm?/p? providing one identifies the VLI parameter o
év with the VEP parameter-2¢45g. From now on we will p m?
discuss the VEP case knowing that any corresponding VLI M =M_|=pAMy=24| 59| ﬁ( p+ 2p)’
formula can be obtained straightforwardly from this identifi-

cation.

17

and is entirely attributable to the amount©PT violation.

The first equality in Eq(17) was given by Kenyofl1] and
IV. TESTING THE EQUIVALENCE PRINCIPLE the second by Hughd42], who specified the energy depen-
IN THE CASE a=0 dence of AM,. From the experimental upper bound on

hi . . I  th . M,—M_ [17] the bound|&g|<2.5x10 ¥ may be ob-
In this section we restrict ourselves to tests of the equivagained where the potentiab is taken to be that due to the

lence principle fromm; —mg data in the case where gravita- local supercluster =3 10~5) and p=100 GeV[17]. In

tional states are related to the stakésK® by a simple or-  this approachCPT conservation implies no gravitational
thogonal matrix(i.e., ag=0). In a first step we neglect the mass difference and hence no VEP. However, it is clear from
decay widths in Eqs(10)—(13). In the basis of the physical the expression(16) for Acpr that the bound obtained on
statesK | andKs, the Hamiltonian of Eq(13) becomes AM, is actually on some combination of VEP parameters
and not onég and cos(Zg) separately. Wherd;=0, Eq.
(17) agrees with Eq(16). More recent experimenf4d 8] find
“This is in contrast with the VEP mechanism for neutrinos|M+—M _|/m¢<9Xx107* yielding the bound|sg|<3.8
[7,15,16 where charge conjugation plays no role. Relative phases <X 10~ 19 for the same values ap andp.
between neutrino flavor eigenstates can be absorbed in at least one In the case of VLI withd,=0, the amount oCPT vio-
sector, e.g.. the weak sec{d6]. lation associated with VLI is given by
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p2 In the above analysis we have not included the effect of
M, —=M_|=|6v|=. (18)  the absorptive part of the Hamiltonian, i.e., of the decay
m widths in Egs.(10)—(13). Including them we now obtain

The same experimental resulg can be used to constrain the L

VLI parameter:|sv|<2.3x10” %% To leading order this has _ =77 w2

exactly the same energy dependence as the VEP mechanisnt: Ms= ﬁ[ Fo+ G+ Fl
Next we shall consider a scenario in whi€PT is con-

served, so thah -pt=0. From the above it is clear that, even

if CPT is conserved, there is still a VEP-induced difference I —Ts= V2[F?+G?-F]"2 (21

between the masses of the physical states. As a result bounds

can be placed on the VEP parametkfg without the as-

sumption that locality in quantum field theory is violated. F=(6m)%+
From the expression df¢p it is clear that it is possible

to conserve CPT for all momentum taking 6= /4

(modulo #/2). In this case the mass difference is —46m¢5g£

(20

2

2¢5ﬂ( L
gm P 2p

2

m 772 ST\ 2
pCOE—lgG—7

P+ 55

m
Pt oo

2p (19

m_—Mmg= 5m—2¢59R
m T
G=—(émél')+2 cos{E—ZaG)
which as noted above is energy dependent and to the leading
order similar to the VLI expression in the cagg=m/4: p m?2
m_—ms= ém-+ Svp?/m. It is possible to put a bound on the X| oI ¢5g:( p+ oT
VEP parametepg if we know the value of$ and the mass m P
difference at various given energies. Alternatively, if mass
measurements at two different energies were different, thén deriving these equations we neglected termséml’,
differing values form, —mg could be used to extract a value méTl’, andI'? with respect to the terms imsm or méT". It
for the VEP parametefg. can be shown that in th€ PT-conserving case the mass
We now proceed to find constraints on the paramatars difference given in Eq(20) reduces to Eq(19). So in the
and 8g (or &v). In the review of particle propertigd8] six =~ CPT-conserving case the results above are not affected by
experiments were taken into account. Two of thgi,20]  inclusion of the widths. In this case the differencg—1I",
are with the kaon momentumy between 20 GeV and 160 =4I is independent of energy. This is consistent with ex-
GeV. The weighted average of these two experimer{idds  periment, which indicates that the low and high energy mea-
Am_s=m_ —mg=(0.5282+0.0030)x 10'% s 1. The four surements ofls—I'| are fully compatible[18]. For 6g
other experiment§21—-24 are at lower energy, witpx~5  # w/4, an examination of Eq21) indicates thal’'s—1I' is
GeV, or less with a weighted averagkm, =(0.5322 energy dependent; however, this is small and measurements
+0.0018)16%s 1. A fit of Eq. (19) with the high and low of I's—T'| do not constrainsg more than measurements of
energy value ofAm g gives Sm=(3.503-0.012)x10 2  Am_ s even though they are relatively more precise. We note
MeV and ¢8g=(8.0+7.0)x 107 %2x (90/E,,)? (WwhereE,,  that measurements &%—I'| would more strongly constrain
is the average energy for the high energy experipngkit ~ a possible absorptive part coming from the gravitational sec-
these bounds on the VEP paramefaiy are also bounds of tor which presumably would induce a larger energy depen-
the VLI parameter- 6v/2 with the same energy dependence.dence. We shall not consider this possibility here. Pgr

We shall not explicitly present the VLI bounds. # /4, width effects in Eq(20) are small and Eq(15) re-
Taking ¢ to be Earth’s potential =0.69x10"°), we  mains valid to within a few percent.
find 8g=(1.2+1.0)x 10 2, whereas if¢ is due to the local In Fig. 1, for completeness, we plot as a function of

supercluster, thedg= (2.7+2.3)x 10" *”. These values dif- €0s(%g) the upper bounds we get ¢ 5g| by fixing m to
fer from zero by 1.15 standard deviations. A precise fit of thethe central value of the world averaggl8], Am g
mass difference per energy bin in present and future high (0.531Q=0.0019)x 10!%s~! and requiring tham_—mg
energy experiments would be extremely useful in constrainin Eq. (15) does not differ fromém by more thant2 stan-
ing the energy dependent VEP or VLI parameters. Improvedard deviations. Note that in the case of maxii@& T vio-
ment on the low energy experiments can also change thiation (6g=0), m_ —mg can only increase with energy, as is
bounds. One of the low energy experiments published lastlear from Eq.(15) or Eq. (20). The actual difference be-
year found Am, _s=(0.52740.0029+0.0005)x 10%s~*  tween low and high energy experiments, if valid, could not
[24]; when fitted with the high energy experiments, a valuebe explained in this case except for complex values$of
of 8g consistent with 0 at less than 1 standard deviation igand similarly for values o#s very close to 0.

obtained. On the other hand, without this new experiment, a In Fig. 1 we also show the bound coming from E®6),
similar fit of the other five experiments yieldssg=(1.38 requiring that at high experimental energg=¢100 GeV)
+0.77)x 107 2Y(90/E,,)?. In this casedq is different from 0  the experimental upper bounjdl . —M _|/mc<9x1071°

by 1.8 standard deviations. [18] on CPT violation be satisfied.

025003-5



T. HAMBYE, R. B. MANN, AND U. SARKAR
-19 T T T
-20
2
g 21 B i
& "\‘
K] N
22 | i
231 ‘ . . ------------ ]
0.0 0.2 04 0.6 08 1.0
1c0s(26g)!

FIG. 1. Upper bounds ofpdg| (for p=90 Ge\) obtained from
Eq. (15) (solid line), Eq. (16) (dashed lingas explained in the text.

V. TESTING THE EQUIVALENCE PRINCIPLE FROM CP
VIOLATION EXPERIMENTS

Now we consider the effect of th€P-violating phase
acg. Let us note first that in the maximal P T-violating
case,f;=0, there is no effect of the phase; in the mass
matrix, Eqg.(13), and consequently n@ P-violating effect
coming from this phasésimilarly in the VLI case when mat-
ter and antimatter states are the velocity eigenstateshe

following we will restrict ourself to the most interesting

CPT-conserving case witlg= /4. The total Hamiltonian
can then be diagonalized:
1 FL) 2

2

0 1
P+%

Ts|?
ms—i—

(22

with the physical eigenstaté§, andKg being given by

[(1+&)K°F(1-£)K°]. (23

1
K -
S V2(1+]¢])

Defining

p p?
G.==06Gcosug=—29,| =+ =
m m 2

gc= ¢ogcosg,

P p> m .
Gg==06Gsin2ag=—2g9s| =+ 5|, 0s=¢dgsin2ag,
m m 2

the newC P-violating parametet is now defined in terms of
the C P-violating parameters and G, via

~ _or i
& 5m—|7 _E s
= 5T (29
(ém+ GC)—i 7

PHYSICAL REVIEW D 58 025003

to first order ine andG,. Similarly we have, to first order in
e and Gg,

Am=m_—mg=(m+G,) (25

Al'=T| —T'g=4T. (26)

Since in the mechanism considered here there i%'no
type CP violation coming from VEP, we will neglect other
possibles’ effects and the relevar@ P-violating quantities
are

3 'K =7 1"v)-T(K =7l "v)

= =2Ree
MK =7 1" +T(K —=7"1"v)
AK —at77) | | i
== _|e'P+-=¢
7+ A(KS—>7T+777) 7+
A(K — 7070 | 70 i $00
= ——————=|ppge'oo=¢.
700 A(K s 707) 7700

Consider first the case=0; i.e., there is n& P violation
induced from the weak interaction. Can we interpret the ob-
servedCP violation parameters above as originating purely
due to the relative phase;? In other words does the super-
weak mechanism have a gravitational origin? Equatitf),
with =0, can be written as

[ Gq

2 _AF) ' @7

E=—

Am—IT

Equating the real and the imaginary parts we get

R GG AT A2 -1
ee=7 5 |(AM™ %) |
e GSA A2 AT\2]71
mS——? m| ( m)<+ 7 .

The above equations reproduce the results of the superweak
theory, ¢, = ¢pgo= —2Am/AT'=43.5°, and also conse-
quently | 7, _|=| 70 =6/\2. The fact that the superweak
phase is obtained is due to the fact that the VEP mechanism
considered here respects the Hermiticity of the interaction
between theCP eigenstate«; andK, [i.e., the numerator

of Eq. (24) is purely imaginary Interestingly, we see that by
assuming that the gravitational, weak and mass eigenstates
are all related by unitary transformations, the physical states

2Note that insofar as there is no gravitational coupling to the
imaginary part of the energyas we have assumed hgra CP
violation of the Res type coming from gravitatiofwhich would
render Ug nonunitary does not respect the Hermiticity of the
K;-K, interaction and is consequently experimentally suppressed.
We do not consider the possibility of such an effect here.
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are still of the superweak type; in particular they are no |p6g|<9x10 %2,
longer related to the other states by a unitary transformation
and are no longer orthogonal. d: can also be bounded fror@P violation. Indeed the

Taking the experimental valué=(0.327+0.012% [18] CP-conserving parametey, is present in Re and a bound
as input we obtails,= — 2x 10" '* This value ofG, yields ~ on it can be obtained by considering the phase,of
a consistent fit to all th€ P violation parameters above, as
with any superweak mechanism. However, this does not pro-
vide us with positive evidence for VEP-induc&P viola-
tion becausd#, | and|7q have been observed experi-
mentally with good accuracy to be constant over a largevhich does not depend ap,. Taking the low energy value
energy rang¢18]. Hence it is not possible to reproduce the of ¢, _ to equal its central value above we similarly obtain
data for all energies with=0 sinceGg is proportional top?>.  (requiring thaté, _ not differ at high energy by more than
An observed energy dependence in these parameters thattigo standard deviations from its low energy value
consistent with Eq(24) would be a definitive signature of a
VEP-mechanism operative in this sector. |gel<7x 1072,

We now demonstrate how a bound on the VEP parameter ) .
$5g can be obtained independently of the phage. We This value is of the same order of magnitude as the upper
can extract a bound og, from the experimental constraint Pound obtained above by looking for energy dependence in
on the energy dependencedin, Eq. (25), in the same way Am. CP violation measurements conseq.uently are a useful
as that for $6g above in Eq.(19), substituting g by  means for searching for botﬁP—conserylng VEP effects
89 cos 2vg . The bound obtained o#dg in Fig. 1 is now a (through the parametey.) and CP-violating VEP effects

bound ong.: (throughgs).
We shall not consider the case wheZd’ T is violated

lge| <9x 10722 (29 (0g# wl4) with ag# 0. Equations similar to Eq$24)—(26)
can be straightforwardly obtained from EG3) but they are
From CP violation parameter data we can also obtain alengthy and do not provide any new interesting physical re-
bound ong,. Defining sults which have not already been discussed above.
In Ref. [13], the effect of a tensorial field;” whose
1 c—- i—l CPT-violating interactions with the kaons are given by the
' 26m Lagrangian L= f/;"d , ¢;d, ¢; has been considered withy ()
_ the CP eigenstates antl, 4, , f{5'=f4) real parameters.
where the magnitudes &, B, andC are all much smaller yriting 4" as (f;/f)pn** and % as (f+/f)pn**, con-
than unity, implies, from Eq(24), straints on t;—f,)/f and f{/f have been obtained from
experimental energy constraints on the energy dependence of
E Am_ s and n, _ respectively. We observe that, except for a
different experimental situation, the constraints obtained on
) 2 (29 |(f,—f,)/f| and|f,/f| are similar to ours on the correspond-
(6m) +(7) ing quantities|48g cos 2vg| and|8g sin 2| respectively
with 85= /4. From our treatment, we see consequently that
provided the tensorial interaction is of gravitational origin

Ims_lms 14A 31
Res_ReE( )! ( )

tan¢, _=

G. Ree
B=
Im e

- 1
Res=Res(1-A)+ G,

Ime=Im a— }Gs ém , (30) the bounds on the parametefsﬁl—fz)/ﬂ and|f /f| are in
2 5 fact bounds on a combination of the VEP parameters, the
(om)=+ 2 difference g in the gravitational couplings and the phase
ag .
where only terms linear i\, B and C have been retained. We close this section by noting that the bounds|oy,

We observe thags changes the value ¢f| but not the phase |gs and|¢dg| above are also bounds on the corresponding
of &. In addition, Ime depends omgy but not ong,. From VLI parameters |(dv/2)cos Z,|, |(Sv/2)sin 2v,| and

the experimental values ap,  =43.7°+0.6° and|7, _| |(Svl2)| respectively.
—(2.284-0.018)x10° % [18] we obtain Ime=(1.58
+0.02)x 10 3. Fixing Imz to the central value of Ina and VI. SUMMARY AND CONCLUSION

requiring that Ime in Eq. (30) differ from the central value . ] ) ] )
by no more than 2 standard deviations at high experimental The kaon system provides us with an interesting physical

energies p=70 GeV[18]) yields situation in which we can empirically check the validity of
special relativity and/or the equivalence principle in a
|gs|<3x10" %, matter-antimatter sector of the standard model that includes

2nd generation matter. A variety of interesting combinations
This value hardly varies when we calculate énfrom the  of VLI and VEP effects exist which can be associated with
experimental value ofy and ¢qq instead of|», | and CP violation and/or CPT violation. Violations of the
¢, _ . From the bounds og, andgs we then get equivalence principle in the kaon system need not violate
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CPT (which in turn implies a loss of locality in quantum mechanism. A more systematic search for an energy depen-
field theory as considered in recent studies. dence inm_ —mg and in theC P-violating parametergsuch

A general feature of the VLI and VEP mechanisms is thatas ) will provide us with more definitive information about
they predict an energy dependencerin—mgand in theCP  the VEP (or VLI) mechanism in this sector. In addition, in
violation parameters which can be empirically tested to obour formalism, we observe that th@PT-conserving case
tain bounds on the relevant parametéssch as¢dog for  [13] and the CPT-violating case of recent VEP studies

VEP or év for VLI). Since both VEP and VL| have the same Ll]_,la are specia| cases of the same genera| mechanism.
energy dependence, although we can obtain bounds for both,

it will not be possible to experimentally distinguish between
the two mechanisms. Under the assumption that all such pa-
rameters are within two standard deviations over the energy
scales at which they have been measured, present experi- This work was supported in part by the Natural Sciences
ments provide rather stringent bounds on the (BPVLI) and Engineering Research Council of Canada.
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