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Signals for CPT and Lorentz violation in neutral-meson oscillations
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Experimental signals for indire@PT violation in the neutral-meson systems are studied in the context of a
generalCPT- and Lorentz-violating standard-model extension. In this explicit theory, S0RiEobservables
depend on the meson momentum and exhibit diurnal variations. The consequenc®q fests vary signifi-
cantly with the specific experimental scenario. The wide range of possible effects is illustrated for two types of
CPT experiments presently underway, one involving boosted uncorrelated kaons and the other involving
unboosted correlated kaon pairs.

PACS numbd(s): 11.30.Er, 11.30.Cp, 14.40n

I. INTRODUCTION field theory, and it leads to a general standard-model exten-
sion preserving gauge invariance and renormalizability that

The notion of studyingCPT symmetry to high precision can be used as a basis for the phenomenolog@Rit and
by using the interferometric sensitivity of neutral-meson os-Lorentz violation[14,15. The possibility therefore exists of
cillations to compare properties of mesons and their antipamsing CPT tests as a quantitative probe of nature at the
ticles dates from several decades d4dd In recent years, Planck scale.
experiments with neutral kaons have constrained G An important feature of the standard-model extension is
figure of meritr c=|my — mi]/my to about one part in 26, its applicability to a broad class of experiments. It provides a
The most recent published resultrig<<1.3x 10" '€ at the quantitative microscopic framework fa€PT and Lorentz
90% confidence level from the experiment E773 at Fermilatviolation at the level of the standard model, allowing the
[2]. A preliminary result corresponding to a valuergf be-  prediction of signals and the comparison and evaluation of
low one part in 1% has been announced by the CPLEAR experimental bounds. Investigations related to this theory
Collaboration at CERN[3]. Experiments now underway have to date been conducted for neutral-meson systems
such as KTeM[4] at Fermilab or KLOE[5] at Frascati, as [7,8,14,16,17, tests of QED in Penning trapp&8—22, pho-
well as other future possibilitiefs], are likely to improve ton birefringence and radiative QED effe¢tss,23—25, hy-
these bounds. High-precisiddPT tests have also been per- drogen and antihydrogen spectroscopg6,27, clock-
formed with the neutraB system by the OPAL[7] and comparison experiment$28,29, muon properties[30],
DELPHI [8] Collaborations at CERN, and oth@PT mea- cosmic-ray and neutrino tesf81], and baryogenes|82].
surements in thé®, By, and Bg systems are likely to be The strength of th€PTtheorem 10] makes it difficult to
feasible in experiments at the various charm Brfdctories.  create a theoretical framework f@PT violation that is plau-

On the theoretical front, a purely phenomenological treatsible and avoids radical revisions of established quantum
ment of CPT violation in the neutral-kaon system has alsofield theory[9,33]. It is therefore unsurprising that in the
existed for decadeldl]. It allows for indirectCPT violation  context of the standard-model extension the phenomenologi-
by adding a complex parameter in the standard expressiortal parameters fo€PT violation turn out to have properties
relating the physical meson states to the strong-interactiobeyond those normally assumed. Indeed, it has been shown
eigenstates. that previously unexpected effects appear, including momen-

Although a purely phenomenological treatment of thistum dependencén both magnitude and orientatipof the
type is necessary in the absence of a convincing framewor&xperimental observables fa€PT violation. The conse-
for CPT violation, it is unsatisfactory from the theoretical quences for experimental signals can be substantial and in-
perspective. IdeallyCPT violation should be studied within clude, for example, the possibility that diurnal variations ex-
a plausible theoretical framework allowing its existefi@e st in observable quantitigd7].

The purely phenomenological treatment GPT violation The present work investigates the theoretical underpin-
can be contrasted with the situation for conventiddBlvio- nings of experimental signals f@PT violation in the con-
lation, where a nonzero value of the phenomenological patext of the general standard-model extension. One goal is to
rameterep for T violation can be understood in the context illustrate how disparate the implications of the momentum
of the usual standard model of particle phydit6—12. and time dependence can be for different experimental sce-

Over the past decade, a promising theoretical possibilitynarios and thereby to encourage the detailed realistic simu-
for CPT violation has been developed. It is based on sponfations and data analyses required for a satisfactory extrac-
taneous breaking aZPT and Lorentz symmetry in an under- tion of CPT bounds from any specific experiment.
lying theory [13], perhaps at the Planck scale where one Some theoretical considerations applicable to all relevant
might plausibly expect modifications to the conventional the-neutral-meson systems are presented in Sec. Il, along with
oretical framework arising from string theory or some othersome results specific to the kaon system. ExperimentSRn
guantum theory of gravity. It appears to be compatible bothviolation using neutral mesons can be classified according to
with experimental constraints and with established quantumvhether the mesons involved are heavily boosted or not and
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whether they appear as uncorrelated events or as correlated In the context of the general standard-model extension,
pairs. The possibility o£PT-violating effects dependent on the dominantCPT-violating contributions toA can be ob-
the momentum magnitude or orientation implies substantained in perturbation theory, arising as expectation values of
tially different sensitivities taCPT violation for these various interaction terms in the standard-model Hamilton[ds3)].
classes of experiment. In Sec. Ill, some consequences afidhe appropriate states for the expectation values are the
developed for two illustrative cases. One is exemplified bywave functions for thé®® and P° mesons in the absence of
the KTeV experimenf4] at Fermilab, in which a collimated CPT violation. Since the perturbing Hamiltonian is Hermit-
beam of highly boosted uncorrelated mesons is studied. Thian, the leading-order contributions to the diagonal terms of
other is exemplified by the KLOE experimed6] at A are necessarily real, which mean$ =0. The dominant
DAPHNE in Frascati, which involves correlated meson pairsCPT signal therefore necessarily resides only in the differ-
with a wide angular distribution at relatively low boost. The ence of diagonal elements of the mass mabix For the
results obtained provide intuition about effects to be ex-general standard-model extension, it follows that the figure
pected in various types of experiment, including ones involv-of merit
ing other neutral-meson systems.
[mp—mp| _|AM|
rp =

Il. THEORY Mp mp

4

This section begins with some theoretical considerationgrovides a complete description of the magnitude of the
aboutCPT violation and its description in the context of the dominantCPT-violating effects. This can be contrasted with
general standard-model extension, applicable to any of thghe usual phenomenological description, for which the ef-
four relevant types of neutral meson. In what follows, thefects of AT'+# 0 should also be considered. For example, con-
strong-interaction eigenstates are denoted generical®%y  tributions involving the diagonal elementsBicould in prin-
where P° is one of K°, D° B, BJ. The corresponding ciple play an important role.
opposite-flavor antiparticle is denot&y. To make further progress, it is useful to have an explicit

A general neutral-meson state is a linear combination oexpression forAM in terms of quantities appearing in the
the Schrdinger wave function foP° and@, which can be standard-model extension. This has been obtained in Refs.
represented by a two-component objdtt The time evolu- [14,17. Several factors combine to yield a surprisingly

tion of the state is determined by an equation of the Schrosimple expression foAM. Since the eigenstates of both the
dinger form[1]: strong interactions and the effective Hamiltonign are

eigenstates of the parity operator, and since charge conjuga-
i, V=AY, (1)  tion is violated by the flavor mixing, an¢PT-violating ef-
fects must arise from terms in the standard-model extension
whereA is a 2x 2 effective Hamiltonian. The eigenstates of that violateC while preservingP. Also, only contributions
this Hamiltonian represent the physical propagating statenear in the parameters foEPT violation are of interest

and are generically denoté®s and P, . The corresponding Pecause all such parameters are expected to be minuscule.
eigenvalues are Moreover, flavor-nondiagonaCPT-violating effects can be

neglected since they are suppressed relative to flavor-
1 1 diagonal ones.
Ag=Mg— Ei Ys, AN =M — Ei VU 2 The result of the derivation is

. AM~pg*Aa,, . (5)
wheremg,m_ are the propagating masses ang y, are the
associated decay rates. For simplicity, here and in what foln this expressiong* is the four-velocity of the meson state
lows the subscript® are suppressed.on all these.quanntlesin the observer frameg*=1y(1,8). Also, Aa,=r, g%
and on the components of the effective Hamiltonian a0 4 meow
Flavor oscillations betweeR® and P° are governed by a8, wherea ', a.* are CPT- and Lorentz-violating
the off-diagonal components @. It can be showrj1] that ~ coupling constants for the two valence quarks in fleme-
this system exhibits indire@PT violation[34] if and only if ~ son, and where the factons, andr,, allow for quark-
the difference of diagonal elements df is nonzero,A;;  binding or other normalization effec{d4]. The coupling
—A»#0. The effective Hamiltonian\ can be written as constantsa™, a% have dimensions of mass and are associ-
A=M—3iT', whereM andT" are Hermitian 22 matrices  ated with terms in the standard-model extension of the form
called the mass and decay matrices, respectively. The condi- a%gy*q, whereq is a quark field of a specific flavdBs].

tion for CPT violation therefore can in general be written It isﬂ perhaps worth noting that the flavor-changing experi-

ments on neutral mesons discussed here are the only tests
AM— E iAT#0, 3) identified to date that are sensitive to the paramei%r,sso
2 bounds from these experiments are of interest independently
of any other tests o€PT and Lorentz symmetry. Note also
where AM=M;,—M,, and AI'=I";;,—I'5,. Note that the that the dependence &M on the meson four-velocity and
elementsM,,M,,,I'11,T"5, are real by definition. hence on the meson four-momentum is difficult to anticipate
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in the context of the usual purely phenomenological descrip- A

tion of CPT violation, where it seems reasonalle@riori to re=2x10"" 5|<|22,3”1 G:;J' (11)
take AM as independent of momentum. However, the mo-

mentum dependence is compatible with the significant 4
changes expected in the conventional picture if @eT A bound on|sy| of about 10 therefore corresponds to a
theorem is to be violated. constraint or{3#Aa,,| of about 10 '8GeV.

In the next section, a few experimental consequences of N the above expressions, the explicit momentum depen-
the dependence on the meson four-momentum magnitudd&nce arises from the dependence\dd on g, . Since the
and orientation are considered, and illustrations of these corftigenfunctions and eigenvalues 4f depend onMy; and
sequences for specific experiments are given. These efz2. the possibility exists that there is also hidden momen-
amples involve kaons, for which a widely used variable fortum dependence in the parameégr, in the masses and de-
CPTviolation is denotedb, [1]. It can be introduced through €8y ratesms,m.,ys,y., and in the associated quantities
the exact relation between the eigenstates of the strong intedm, Ay, ¢. However, all such dependence is suppressed

action and those of the effective Hamiltonian: relative to that explicitly displayed above because @l
violating contribution toM ,, is the negative of the contribu-
0 o 0 tion to M ;. The sole linearly independent source of varia-
IKg)= (1t et 0IKD) T (1~ ek~ d)IK >, tion with momentum is therefore the differendeM, and
V2(1+]ex+ 6¢l%) only the parameter foEPT violation & is sensitive taAM
at leading order. For examplex depends om\M at most
(1+ ex— 8 KO — (1— e + 5K)|@> through correction factors involving the square of the ratio
KL )= = . (6) AM/ANX, which is of orders?, so for all practical purposes
V2(1+|ex— k%) conventional indirecEP (T) violation displays no momen-

tum dependence in the present framew@X|. The same is
In the kaon system, indiregtviolation is small and anZPT  true of the other quantities, basically because a small differ-
violation must also be small. This ensures thatis effec-  ence between diagonal elements of a matrix changes its ei-
tively a phase-independent quantity. Howewgy,does vary  genvalues only by amounts proportional to the square of that
with the choice of phase convention. difference.
Under the assumption th&@PT and T violation are both

small, 8¢ can in general be expressed as
. EXPERIMENT

Sk~AAI2AN, (7) The implications of the four-velocity and hence momen-
tum dependence in the parameters @RT violation can be

where A\ is the difference of the eigenvalu¢®) of A. In  substantial for experiments witR® mesons. The possible

terms of the mass and decay-rate differentes=m,—mg effects include ones arising from the dependence on the mag-
andA y=ys— ., one has nitude of the momentum and ones arising from the variation

with orientation of the meson bookt7]. Consequences of
the dependence on the momentum magnitude include the
AN=Ng—A =—Am-— EiA'}/: —i A_me—i;s_ (8) momgntum dependence of obsgrvables, the possibility of in-
sing creasing the&CPT reach by changing the boost of the mesons
studied, and even the possibility of increasing sensitivity by
a restriction to a subset of the data limited to a portion of the
| meson-momentum spectrum. Consequences of the variation
the superweak angle. Note that a subsckips understood \yith momentum orientation include a dependence on the di-
on all the above quantities. _ rection of the beam for collimated mesons, a dependence on
In the context of the standard-model extensidn\  he gngular distribution for other situations, and diurnal ef-
=AM is given by Eq.(5). For a meson with velocit and  fects arising from the rotation of the Earth relative to the

In this expressiong=tan (2Am/Ay) is sometimes called

corresponding boost factar, Egs.(5), (7), and(8) imply constant vectoAa.
i Since in real experiments the momentum and angular de-
S¢~isinge'®y(Aay— B-Aa)/Am. (9)  pendence are often used experimentally to establish detector

properties and systematics, particular care is required to
avoid subtracting or averaging aw&PT-violating effects.
However, observation of signals with momentum depen-
dence would represent a striking effect that could help estab-
lish the existence o€PT violation. It can also suggest new
ways of analyzing data to increase the sensitivity of tests. For
example, data taken with time stamps can be binned accord-
ing to siderealnot solaj time and used to constrain possible
Using the known experimental valug36] for Am, m, and  time variations of observables as the Earth rotfias

sin¢ gives The previous section established the momentum depen-

The figure of meritr in Eq. (4) becomes

|m —mg] 2Am |B*Aa,|
~ —|o|~——=. (10
Mk mg Sin ¢ My

Mk
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dence of various observables. From the experimental per-
spective, the expressions obtained can be regarded as defined
in the laboratory frame. To display explicitly the time depen-
dence arising from the rotation of the Earth, it is useful to
exhibit the relevant expressions in terms of parameters for
CPT violation expressed in a nonrotating frame. In what fol-
lows, the notation and conventions of RE19] are adopted,

with the spatial basis in the nonrotating frame denoted

(X,Y,2) and that in the laboratory frame denotedy(,2).

In this coordinate choice, the basi,{,Z) for the non-
rotating frame is defined in terms of celestial equatorial co-
ordinates[38]. The rotation axis of the Earth defines tie FIG. 1. Bases in the laboratory and nonrotating frames.
axis, while X has declination and right ascension 0° and
has declination 0° and right ascension 90°. This right-handetPry Z may lie at a non-normal angle to the Earth’s surface.
orthonormal basis is independent of any particular experiSimilarly, the angley is unrelated to the colatitude of the
ment. It can be regarded as constant in time because tfXperiment unless the axis happens to be normal to the
Earth’s precession can be neglected on the time scale of moggrth’s surface in the laboratory.
experiments, although care might be required in comparing Conversion between the two bases can be implemented
results between experiments performed at times separated M§th a nonrelativistic transformation, given by E(.6) of
several years or by decades. Ref.[29]. This assumes relativistic effects due to the rotation

In the laboratory frame, the most convenient choice of thedf the Earth can be disregarded, an assumption valid to about
Z axis depends on the experiment but typ|Ca||y is a|ong theone part in 16 on the Earth’s equator. The time variation of
beam direction. For example, if the experiment involves @@ parametea=(a‘,a? a®) for Lorentz violation can then be
collimated beam of mesons tfiedirection can be taken as directly obtained in terms of its nonrotating-frame compo-
the direction of the beam. If instead the experiment involvedients 6*.a",a%:
detecting mesons produced in a symmetric collider, Zhe
direction can be taken along the direction of the colliding
beams at the intersection point. Since time-varying signals

are absent or reducedifis aligned withZ, in what follows
these two unit vectors are taken to be different. Tizepre- as(t) =ay siny cosQt+ay siny sinQt+a, cosy.
cesses about with the Earth’s sidereal frequen€y, and the (12
angle y e (0,77) between the two unit vectors given by
cosy=2-Z is nonzero. For definiteness, choose the origin o
time t=0 such thaiz(t=0) lies in the first quadrant of the

servables to be extracted.

X-Z pIarle. Also, requiré to be perpeAndlcuIar and to lie The explicit form of the momentum and time dependence
in the z-Z plane for allt: X:=Zcoty—Zcscy. Completing a  of the parametesy in the kaon system can be found in the
right-handed orthonormal basis W|§h=2><$( means tha§/ genera| case of a kaon with three-ve|ocitﬁ
moves in the plgne of the Earth’s equator and so is always- g(sin 6 cose,sin 6 sin$,cosé) in the laboratory. Hereg
perpendicular tZ. and ¢ are conventional polar coordinates defined in the labo-

Figure 1 shows the relation between the two sets of basisatory frame about th2 axis. If theZ axis is the beam axis,
vectors. For ease of visualization only, the basig/(z) has these polar coordinates can be identified with the usual polar
been translated from the laboratory location to the center ofoordinates for a detector. In terms of these quantities, the
the globe. Note, however, that at the location of the laboraabove expressions yield

a,(t)=ay cosy cosQot+ay cosy sinQdt—a, siny,

a,(t)=—aysinQt+ay cost,

fThe above expressions permit the time variation of the quan-
tity B-Aa and hence the time variation of vario@PT ob-

i sinei® . .
ok(p,t)= Am v(p){Aay+ B(p)Aaz(cosh cosy—sind cose siny)

+ B(p)[—Aaysingsingd+ Aay(cosh sin y+sin cos¢ cosy)]sin)t
+ B(p)[ Aax(cosé sin y+sin 6 cos¢ cosy) +Aay sin 6 sin ¢ ]cos)t}, (13

where y(p) = 1+ |p|?/mZ and B(p) =|p|/my(p), as usual.

The expressionil3) is directly relevant for specific experimental and theoretical analyses, including those in the following

subsections. One feature of this expression is that the complex phageiotletermined by exp@f{;), which is independent
of momentum and time. The real and imaginary parts,pftherefore exhibit the same momentum and time dependence. For
instance, R& and Imdy scale together if a meson is boosted. Another feature is that the nature ©PiReiolating effects
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eXperienced by a meson varies with its boost. For instance, WhereﬁandVare the We|ghted averagesﬁhnd v, respec-
Aa=0 in the laboratory frame then a boosted meson expetively, taken over the momentum spectrum of the data.
riences aCPT-VIOIatIng effect greater by the boost faCt@r In many experimentS, inc|uding KTeV&K is indirecﬂy
relative to a meson at rest. In contrast,AB,=0 in the  reconstructed from other observables. It is therefore of inter-
laboratory frame then there is r@PT-violating effect for a  est to identify the momentum and time dependence of the
meson at rest but there can be effects for a boosted mesoguantities measured experimentally. These include, for ex-
The angular dependence in H43) plays an important role  ample, the mass differencem, the K lifetime 7= 1/ys,

in the latter case. The variation of the sizeffaccordingto  and the ratiosy. _, 70, of amplitudes for 2 decays, de-
sidereal timet adds further complications, including the pos- fined as usual by

sibility of effects averaging to zero if, as usual, data are taken

over extended time periods and no time analysis is per- AK —77) i .

formed. n+75m5|7]+7|e t-=~et+e€,
Evidently, the momentum and time dependence displayed

in Eq. (13) implies that details of the experimental setup play A(K, — 7070) ,

a crucial role in the analysis of data f@PT-violating ef- 77oofm5| 7ool€' P00~ e—2¢". (16)

fects. Next, some issues relevant to two specific and substan-

tially different experiments are discussed. Section Ill A eX-|n the Wu-Yang phase conventi§®9], it can be shown that
amines some aspects of an experiment involving collimated ~ ex— 8¢ [40,41). Note that|e|=2X 103 [36] and that
uncorrelated kaons with a nontrivial momentum spectrun ¢’ |=6x 106 [42].

and high mean boost. Section Il B considers a few issues for consider first the case whefec|>|8«|>|€’|. This cor-
an experiment producing correlated kaon pairs fipmlecay  responds to the current experimental situation, siidig is

in a symmetric collider. The discussions are intended as ilpresently constrained to about 10 Neglecting e’ then
lustrative rather than comprehensive, since a complete treagjyes

ment of each case would require detailed simulation of the X
experimental conditions and lies beyond the scope of this |, |ei¢+-~| 5 lei%00~ e~ e, — S~ (| ex| +i| 5k|) €,
work. The examples provided are chosen to improve intu-

ition about the disparate consequences of the momentum and 17
time dependence of the tyg#3) in CPT observables and to where the last expression follows because the phaseg of
motivate their careful experimental study. and S differ by 90°[43]. Then, it follows that

A. Boosted uncorrelated kaons |74~ |~ m0d =~ e|[1+O(| 5/ ex|)],

In this subsection, a few implications of the momentum o
and time dependence are considered for a particular experi- b+~ boo =+ [/ e (18)
mental scenario involvingCPT tests with boosted uncorre- The above expressions and the results in the previous sec-
lated kaons. Among possible experiments of this type is thgion show that at leading order i@PT-violating parameters
KTeV experiment presently underway at Fermile). The  the only observable quantities exhibiting leading-order mo-
kaon beam in this experiment is highly collimated and has gnentum and time dependence are the phases and ¢.
momentum spectrum with an average boost fagtof order |y terms of experimental observables and parameters for
100, soB=1. The geometry is such thatZ=cosy=0.6. CPT violation, one finds

In experiments of this type, expressi¢h3) for the mo-

mentum and time dependence &f simplifies because the ¢+ -~ oo
kaon three-velocity reduces {®=(0,0,8) in the laboratory sinfz)
frame. One finds ~ht T
A b+ 7. JAm v[Aay+ BAaz cosy
i singe'? . .

The other experimental observables, _|, |7od, €', Am,

&S, 7s= 1/vg either have no momentum and time dependence
All four terms in this expression depend on momentumor have it suppressed by the square of the parameters for
through the relativistic factoy. The first two exhibit no time CPT violation.

dependence, while the last two oscillate about zero with the The result(19) shows that an experiment using collimated
Earth’s sidereal frequend). Note that a conventional analy- kaons with a momentum spectrum can in principle place
sis seeking to constrain the magnitydi| while disregard- independent bounds on each of the componarig, Aay,

ing the momentum and time dependence would typically be\ay, Aa,. The variation with sidereal time in E¢L9) is a
sensitive to the average value sum of sine and cosine terms, equivalent to a pure sinusoidal
variation of the formA . _ sin(QQt+«) with amplitudeA , _

proportional toa, =+/(Aay)?+ (Aay)? and phasex deter-
mined by the ratidday/Aay:

+ Bsiny(AaysinQt+Aay cosQt)]. (14)

—  sing —
|5K|=mﬂAaO+ﬂAazcosX|, (15)
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sinf;&sinx ing. In contrast, significant implications for the experiment
+_=By—————a,, tana=Aay/Aay, (200 arise from the wide angular distribution of the kaon momenta
|7+ -|Am in the laboratory frame.

Consider first the general situation of a quarkonium state
Binning in time would in principle allow independent con- \jth JP6=1""— decaying at time in its rest frame into a
straints onAay andAay. A time-averaged analysis would ¢orrelatedP— P pair. Since the laboratory frame coincides
provide a bound on the combinatidray+ SAa; CoS, from  yith the quarkonium rest frame, the timean be identified
which Aa, and Aa; could be separated if the momentum ith the sidereal time introduced earlier. FREK the rel-
spectrum is sufficiently broad to permit useful binningdn  eyant quarkonium is thes meson, while forP=By it is
In the specific case of the KTeV experiment, it may be fea-y (4s), for P=B, it is Y(5S), and forP=D it is ¥{3770.

A

sible to disentanglday and Aay, but separation of\a, Immediately following the strong decay of the quarko-

andAaz may be difficult to achieve. nium, the normalized initial stat@) has the forn{45]
Although the derivation of Eq(19) neglects the role of

€', the small size of the latter ensures that the results remain [i(Y=N[|Ps(+)P.(=))—=|PL(+)Ps(—))], (22

valid to leading order inCPT-violating quantities provided

| 8| is not too small. Since the observalfl®T violation is ~ where N is a normalization. In this expression, the eigen-
predicted to occur only in the mixing matrix, itself is not  states of the effective Hamiltonian are denoted|By(=*))
directly affected. This restricts its role to momentum- andand|P (*)), where(+) means the particle is moving in a
time-independent corrections to the above equations or tepecified direction an¢—) means it is moving in the oppo-

suppressed contributions controlled by the prodecéy . site direction.
For example, ife’ is included one finds Eq19) acquires a Suppose at timé+t, in the quarkonium rest frame the
correction—Ag¢/3: meson moving in thé+) direction decays intéf,), while

the other decays int¢f,) att+t,. Define for eacha the
1 sin&S ratio of amplitudes

bi-~p— AP+ ———y[Aay+ BAazcosy

3 |7 —|Am w APL—fL)
+ Bsiny(Aay sinQt+Aay cosQt)], (21) 7a=|mal€% = 3 =5 @3
where A = oo— ¢, _ . However, this difference contains Note that some of these quantitiee may depend on the mo-
at most higher-orde€PT-violating effects[44]. mentum and time through a possible dependence\ bh

The occurrence of momentum and time dependence in th€hen, the net amplituded,(p,t,t;,t;) for the correlated

observables foEPT violation has a variety of consequences double-meson decay intiy andf, is
for the analysis of data in experiments of the type considered
in this subsectio17]. These range from direct implications APty 1) =N( 7, (Mstitmita) = (rsti+ 9 12)/2
such as distinctiveCPT signals correlated with the momen-
tum spectrum and time stamps to more indirect conse-
guences such as@PTreach proportional to the boost factor (24)
v under suitable circumstances. There are also some more
exotic .implications, such as the pqssipility in principle of WhereN=NA(PS—>f1)A(PS—>fZ). In this expression, the
improving theCPTreeeh under certain circumstances by &X-possible dependence on the three-momenta—p,=p of
amining only a specific momentum range of a subset of thene two mesons and on the sidereal titnBas been sup-

ava_ilable data. Evidently, a ca_reful experimental anelysis alpressed in the right-hand side of E@4), but if present it
lowing for the effects of possible momentum and time de-

! A . would reside inz, andN.
pendence has the potential to yield interesting results. Taking the modulus squared oflhe amplitu@d) gives

the double-decay rate. In terms of=t;+t, and At=t,
—1t,, the double-decay rat@;,(p,t,t,At) is

In this subsection, some effects of the momentum and
time dependence are conS|d_ered in an experiment testing Ryo(p,t, 1, AL = |N[2e "V | 5|26 278121 | 5 | 268 YAV
CPT using correlated kaon pairs froghdecay in a symmet-
ric collider. The KLOE experimeris] at DAPHNE in Fras- —2| n1m,|cofAmAt+A )], (25)
cati provides an example of this kind. These experimental
circumstances differ substantially from those of the examplevherey= ys+ y, andA¢d=¢,— d,.
in the previous subsection, and as a result@RT reach is A detailed study of theCPT signals from symmetric-
controlled by different factors. The origin of the kaon pairs collider experiments with correlated mesons requires simula-
in the decay from theb quarkonium state just above thresh- tion with expressions of the typ@5) for various final states
old implies a line spectrum in the laboratory-frame momen-f;,f,. Given sufficient experimental resolution, the depen-
tum of about 0.1 GeV for each kaon, so the momentundence of certain decays on the two meson momenta,
dependence of th€PT observables is relatively uninterest- and on the time could be exhibited experimentally by ap-

— e i(mpty+mgty) = (y ty+ Ystz)/z) ,

B. Unboosted correlated kaon pairs
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propriate data binning and analysis. However, some caution 1 (2=
is required because different asymmetries can be sensitive to  8g’ (||, 6.t)= EJ déok(p,t)
distinct components oA M. 0

Consider, for example, the case of double-semileptonic

decays of correlated kaon pairs in a symmetric collider. Ne- = M y[Aag+ BAay cosy cosé
glecting violations of theAS=AQ rule, for the statef Am

=|"7"v one finds 7 +~1—28¢, while for f_=1"7"v + BAay siny cosdsinQt

one findszy -~ —1—25 . Inspection of Eq(25) shows that

the double-decay rat,+,- can be regarded as proportional + BAay siny cosd cos()t]. (27

to an expression depending on the ratio

Inspection shows that by binning thand int an experiment

- with asymmetric double-decay modes can in principle ex-

‘_ ~1-2Red(+)—2Redc(—) tract separate bounds on each of the three components of the
- parameterAa for CPT violation. This result holds indepen-

4RI sin&ei‘}’) dent of qtherCP parameters that may appear, since _th_e latter
=1-————— " y(p)Aay. (26) have neither an_gular nor time dependence. Combining data

Am from asymmetric double-decay modes and from double-

semileptonic modes therefore permits in principle the extrac-

. . . L tion of independent bounds on each of the four components
In the first line of the above expression, tB®T-violating P P

- a,.
contributions from each of the two kaons have been kept ”

. e . The same reasoning applies to other experimental observ-
distinct because they differ in general for mesons traveling iNples. For example, one can consider the standard rate asym-
different directions. All the angular and time dependence i ’

"metry forkK ileptoni
Eq. (13) cancels from the second line because in the present etry forK, semileptonic decay6)

case of a symmetric collidgB,- Aa=—B,-Aa.

The proportionality factor for the double-decay r&e - = T(K =" ) -T(K =" 7")
is [N77,-|2, which depends on the full expressi¢h3) for F(Ki=1"m )+ T (K =" 7"p)
Ok - However, this factor plays the role of a normalization. ~2 Reex—2 Redc(p,t) (28)

Unless it is carefully tracked, which could be a potentially

challenging experimental task, no angular or time depen- }

dence would be manifest in the double-semileptonic decayhere the symbol’ denotes a partial decay rate and

mode. For instance, the normalization factor would play no=AQ has been assumed. In principle, this asymmetry could

role in a conventional analysis to extract the physics using aAlSO be_ studied for angular and time variation, leading to

asymmetry, for which normalizations cancel. Moreover, asconstraints oma,, .

mentioned above, the line spectrum in the momentum means

that the dependence dp| is also unobservable. Indeed,

v(p)=1. The double-semileptonic decay is therefore well

suited to placing a clean constraint on the timelike parameter This paper has considered some issues involving

Aagy for CPT violation, and the experimental data can bemomentum- and time-dependent experimental signals for in-

collected for analysis without regard to their angular loca-direct CPT violation in a neutral-meson system. Effects of

tions in the detector or their sidereal time stamps. this type are predicted in the context of a general standard-
In contrast, certain mixed double-decay modes are sensimodel extension allowing foCPT and Lorentz violation.

tive to 6 only in one of the two decays. This is the case, forTheir consequences for data analysis vary substantially with

instance, for double-decay modes with one semileptonithe specifics of a given experiment.

prong and one double-pion prong. In these situations, the Following a theoretical description of the momentum and

double-decay ratR;, in Eq. (25) can be directly sensitive to time dependence applicable to any neutral-meson system,

the angular and time dependence exhibited in #§), and  specific theoretical results are obtained for kaons. SORIE

in particular it can provide sensitivity to the parametas  observables depend explicitly on the magnitude and orienta-

for CPT violation. In a conventional analysi€PT violation  tion of the meson momentum, which leads to diurnal varia-

in a given double-decay mode of this type is inextricablytions in observables.

linked with other parameters fo€P violation [43,46,47. lllustrations of the consequences of these results for ex-

However, in the present case the possibility of binning forperiments are provided using two types of scenario already

angular and time dependence means that clean te€®®f adopted at Fermilab and Frascati, one with collimated

violation are feasible even for these mixed modes. boosted uncorrelated kaons and the other with uncollimated
Consider, for example, a detector with acceptance indeecorrelated kaon pairs fronp decay at rest. The implications

pendent of the azimuthal angle The distribution of mesons described for these scenarios also provide intuition about

from the quarkonium decay is symmetric i so the & possible effects in other experiments with kaons and in ex-

dependence of @-averaged data set is governed by the ex{periments withD or B mesons.

pression The primary message of this work is that a complete ex-

IV. SUMMARY
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traction of CPT bounds from any experiment allowing for variations of ¢, _ with sidereal time, corresponding to a
possible momentum dependence and diurnal variation of theonstrainta, <10 2°GeV.
observables is a worthwhile undertaking and one that has the

potential to yield further surprises from the enigmatic ACKNOWLEDGMENTS
neutral-meson systems.
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