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Bounding CPT violation in the neutral B system
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The feasibility of placing bounds o8P T violation from experiments with neutr® mesons is examined.
We consider situations with uncorrelated mesons and ones with either unboosted or boosted correlated mesons.
Analytical expressions valid for small- andC P T-violating parameters are presented for time-dependent and
time-integrated decay rates, and various relevant asymmetries are derived. We use Monte Carlo simulations to
model experimental conditions for a plausible rang€&T-violating parameters. The treatment uses realistic
data incorporating background effects, resolutions, and acceptances for typical detectors at CERN LEP, CESR,
and the futureB factories. Presently, there are no bound<GdnT violation in theB system. We demonstrate
that limits of order 10% orCPT violation can be obtained from data already extant, and we determine the
CPT reach attainable within the next few yeaS0556-282(196)00321-9

PACS numbgs): 11.30.Er, 13.20.Fc, 13.20.Gd

I. INTRODUCTION correlatedB events have also been collected at the Fermilab
Tevatron[24]. A symmetric B factory using the Cornell
With the advent of experiments capable of reconstructingslectron Storage RinCESR has produced relatively large
relatively large numbers of decays of neutBalmesons, a numbers of correlateth-Bg pairs from the decay of the
new window has opened for high-precision tests using thé’(4S) resonance, with about 2®6L0° reconstructed
interferometric nature of the neutrBl system in analogy to Y (4S) decay events obtained in CLE[5]. Asymmetric
the neutral-kaon system. A particularly interesting possibilityB factories, which generate boosted correlaBegairs, are
is testingCP T invariance, which is believed to be a funda- under construction at SLAC and KEK. The corresponding
mental symmetry of local relativistic particle field theories detectors BaBar and BELLE should provide approximately
[1-7] and therefore also of the standard model. The possil0’ reconstructed® pairs in a year at design luminos{g6].
bility that CP T invariance might be spontaneously violated N the present work, we investigate the practicability of
in string theory at observable levels via a mechanism arisin§*tracting bounds o€PT violation from a variety of real-
as an indirect effect of string nonlocality has been suggestel§tic experimental situations. We obtain analytical expres-
in Refs.[8—10]. CPT violation might also arise if quantum SIONS for tlme-depen_dent and time-integrated decay rates that
mechanics is modified by gravif 1-13, including perhaps hold under general circumstances for uncorrelated, correlated

in the context of string theory with unconventional quantumunbOOSted’ and correllated boos&dnesc_ms. In each case,
mechanicg14]. we use Monte Carlo simulations to provide a measure of the

. Lo level at whichCPT violation can be bounded. For definite-
At present,_ the _tlghtest bounds @PT violation come ness, we perform simulations assuming a typieaé~ col-
from observations in the neutral-kaon systgi—18. How- lider such as the LEP detecté®@PAL) at CERN[27], the
ever, experimental bounds could also be obtained using Oth%iretector CLEO at CESR28], and the detector Ba,Bar at
neutral-meson systems. This possibility is of interest becausg| pc [29]. '
the magnitudes o€PT violation could be different in the oy pasic notation and conventions are presented in Sec.
various systems. For example, in the string scenario with ajong with an outline of the procedure we adopt for the
spontaneou PT violation, effects of different magnitude \onte Carlo simulations. We begin the detailed analysis in
could appear at levels accessible to future and perhaps evefpc. |11, which treats the case of uncorrelaBchesons. The
present experiments not only in thesystem but also in the  theory for this situation is in Sec. Il A, while the experimen-
B andD systemg10]. It has recently been demonstrated thatta| simulation involving the detector OPAL at CERN is in
CPT signals can in principle be separated from other effectsec, 111 B. Section IV discusses the case with correldied
in the neutraB system usingB factories[19] and in the  mesons. The theoretical analysis is in Sec. IV A, and the
neutralD system using both correlated and uncorrelated deexperimental simulations for the unboost@LEO at CESR
cays[20]. These analyses were purely theoretical, disregardang the boostedBaBar at SLAG situations are in Secs.

ing background effects and detector acceptances. Otherwisgs B and IV C, respectively. Section V contains a summary.
with a few notable exceptiong21,22, the issue ofCPT

violation in theB system has received relatively little atten-
tion in the literature. At present, there are no experimental
limits on CPT violation in either theB or theD systems. This section contains basic definitions underlying our
Several types of experiments collectiBgevents are pres- analyses and an outline of our simulation procedures. Most
ently underway or under construction. Close td® t8con-  of our conventions are related to canonical ones for the kaon
structed uncorrelate® events are already available from system and are discussed in more detail in Réf3,19. Our
each of the LEP collaboratior23]. Large numbers of un- analysis assumes throughout that & violation is small,

Il. PRELIMINARIES
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which implies smallT and CPT violation and it disregards weak process allowing a significant contamination of

terms that are higher order in small quantities. eitherB°—f or B~ f. Observed semileptonic-type decays
The effective Hamiltonian for theB%-B° system has include B°—~D D/, B’ —J/yK" 7, B®—J/yK*°(892),
eigenvectors given by B— y(29)K*°(892), and similar decays into excited states
— [30]. Observed modes other than those listed incorporate a
IBs)=[(1+ g+ 8p)|B°) +(1— eg— 35)[BO)]/ V2, Cabibbo-Kobayashi-MaskawdCKM-) suppressed process

— excluding them from the semileptonic-type class. The theo-
IBL)=[(1+€a—3s)|B%) — (1— e+ 3p)[BDI/V2. (1)  retical analyses in the present work are general enough to
allow for this special grouping, but for simplicity we disre-
gard it in our Monte Carlo simulations. Incorporating it
should result in some improvement over the bounds we ob-
tain.
The analyses in the sections below involve transition am-

The quantitieseg and 6z are complex and parametrifeP
violation. The former measures indire€t violation, while
the latter measures indire@PT violation. The analogous
parametergy and Sy for theK system are defined by EQL)

but with the replacemer —K. plitudes for the decay into a final statetaken to be either a

The time evolution of the physical statBg, B, is gov-  semjleptonic-type state orHyK® (or conjugate state. Fol-
erned by the corresponding eigenvalues of the effectivgying standard procedure, we disregard possible effects

Hamiltonian: from penguin diagrams or other loop contributions and pa-
IBs(t)) =exp( —imet— yt/2)|Bg), rametrize these amplitudes g6—-3§
0\ _ _ RO\ — _
IBL(1))=exp(—im, t—y.t/2)|BL), ) (fITB%) =F(1=yp), (fITIB")=xF(1-yy),
where the physical masses amg, m, and the decay rates (fITIBY=FF(1+yf), (fITIBY=xFFf(1+y7).
arevyg, 7y, . Itis convenient to introduce definitions for cer- (4)
tain frequently occurring combinations of these quantities. . e —
We setq y g q The independent complex quantities, x;, F;, andy; are
assumed small in what follows. Any possible violation of the
m=mg+m_, y=vyst+7y., AB=AQ rule is parametrized by; andx;, both of which
vanish if the rule is exact. Invariance underimplies X,
Am=m —mg, Ay=1vys— 7y, X, F¢, andy; are real. Invariance undeCPT implies
x¢;=X; andy;=0. The quantityy; parametrizes dired@PT
a’=Am?+Avy%4, b%>=Am?+ 4?4, violation in the decay td.

Since the observed states &8¢ and B, it is useful to
_ 2Am Ay obtain the associated transition amplitudes analogous to
= YR (3 those in Eq.(4). Combining the definition¢1) and (4) and
keeping only terms to first order in small quantities gives
Experimental data are available for some of these quanti-
ties [30], specifically for theBY meson[31]. The mass dif- 1
ference is|Amgy|=(3.4+0.3)x 10" GeV, and the mean (f[T/Bg)= EFf(1+€B+5B_yf+Xf)*
lifetime is 7go=(1.50+0.11)X 10" 2 s. These values deter-
mine the magnitude of the mixing parameter as 1
|x4|=0.71+0.06. We introduce the inequality here to allow (f|T|B )= —=F(
for nonzeroC P T violation, which affects the standard analy- V2
sis[21] and increases the numerical value|xf|.
In contrast, no experimental limit exists on the scaled rate — 1
differencey. It is theoretically plausible to take the magni- (f[TIBg)= EF?(l_ eg— dg+ Y7 +X7),
tude ofy as|y|=10"2<|x|. This estimate is based on the
box diagram in perturbation theory, where the dominant in- 1
termediate states are the top and charm quarks. It is likely to I T pxa_ x T
be a good approximation since short-distance effects are (fTBL) \/EFf (1= eat datyr —X7). ©
larger than dispersive ones in the neuBabkystem. More
details about this analysis and references to the literature can The theoretical analyses in the following sections incor-
be found in, for example, the reviey32-35. porate the possibility of indirec and CPT violation
For the purposes of the present work, we focus on twdhrough the parametersg and 6z and allow for various
types of B%-decay modes: the semileptonic modessources ofT and CPT violation through the parameters
B°—D®)/» with / being e or u only, and the mode F¢, X, X;, andy;. This level of generality has been kept
B°—J/yKg. These are particularly attractive from the ex- for completeness. However, it is probable that some of these
perimental viewpoint. In principle, ol PT analyses could parameters are much smaller than others. For example, if
be further enhanced by grouping together certain sp&ial CPT breaking does occur, general theoretical prejudice sug-
decays, calledemileptonic-typelecays[19]. These include gests that the magnitude of any indiréePT violation is
the standard semileptonic decays above, together with a subkely to be substantially larger than that of the dir€PT
set of other modeB®— f for which there is no lowest-order violation in any given channel. This is becauég is an

1+eg—Sg—Yi—X1),
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interferometric parameter, and moreover one that resultggjs quantities for an antimeson a@} at t=0 and
from the combined effects over all channels of sources ofg(t)) at timet.

CPT violation. These ideas are supported by analysis in the T¢ obtain the time-dependent decay amplitudes, we pro-
strlng. scenario with spontaneously brok&@PT, where ceed by inverting Eq(1) to find the statet8°) and|B%) and
quantities such as Re are suppressed by many orders ofjn.,rnorating the time evolution via E?). Using Eq.(4),

magnitude relative todg [10]. Note that in the standard g5 algebra then leads to the following time-dependent de-
purely phenomenological description the parameterssgRe cay probabilities:

and ImSg are undetermined and independent. In contrast, in
the string scenario they are determined in terms of other P(t)=|(f|T|B(t))|?

guantities in the theory and are related through an additional e (2
constraint: =3|F|*{(1+4 Resg— 2 Rey;+2 Rex;)exp(— yst)

+(1—4 Redg—2 Reys—2 Rexg)exp( — . t)

x ImSg =y Resg=0. 6)
B =Y "% +2[(1—2 Rey;)cosAmt

For generality, we dmot impose this condition in what fol- —(4 ImSg+2 Imx;)sinAmt]exp( — yt/2)},
lows.
A Monte Carlo simulation of a realistic experimental situ-
ation allowing for the full parameter range of all the avail- p_f—(t)z|(WT|B_(t)>|2
able T- and CPT-violating parameters produces unwieldy o
results. For the illustrative purposes of the present work, we =P(Sg— — 85, Yi— — Y . Xt—X} ),
have therefore chosen to restrict the multiplicity of available
variables as much as possible compatible with our goal of
demonstrating the feasibility of extracti@P T bounds from pfjt)z|<ﬁ-r| B(t))|?
realistic experimental data. In our simulations, we have taken .
advantage of the likely hierarchy in the magnitude of the =7IF¢|*{(1-4 Reeg+2 Rey;+2 Rexp)exp( — yst)
various parameters, as described above, and have kept only —
quantities affecting indirecT and CPT violation. This re- (14 Reeg+2 Reyy—2 Rexp)exp(—n.t)

striction provides a meaningful approximation for extracting —2[(1-4 Reeg+ 2 Reys)cosAmt
CPT bounds from experimental data. _
As described in the Introduction, the present work con- +2 ImxgsinAmt]exp(— yt/2)},

tains Monte Carlo simulations of uncorrelated decays at a

collider and of correlated decays at both symmetric and __ _

asymmetridB factories. We obtain four-vectors f@& events Pi(t)=|(f|T|B(t))|?’=Pileg— —€g,Yi— — Y . Xi—= X} ).

from Z° decays and’ (4S) decays using theeTSET7.3 pro- (7)
gram[39] that models jet fragmentation, particle decays, and

final-state parton showers. The full chain of detector simula- . .

tion and event reconstruction is complex and unnecessary fdrhe decay probabilitieB7 andP; are obtained by substitut-
our present purposes, so instead we statistically smear theg as indicated in the expressions f8f and P;. These
four-vectors obtained fromeTSET 7.3 according to the en- probabilities are used in Sec. Il B as input for our Monte
ergy and momentum resolutions outlined for the OPAL de-Carlo simulations.

tector[27], the CLEO Il detectof28], and the BaBar detec- Intuition about the physical content of the decay prob-
tor [29]. Detector geometric acceptances are incorporated iabilities can be obtained by considering the fully time-
all cases, as are typical reconstruction efficiencies estimatadtegrated rates and constructing various asymmetries. Ex-
from existing publications or projected values. The possibil-plicitly, the time-integrated decay rates are

ity of measurement of various asymmetries as a function of
proper decay time is considered, and typical resolutions of
decay lengths anB°-meson boosts are taken for each of the _
detectors mentioned. Additional details of the simulationst=J
are described in the relevant sections below.

dtP;
0

(1-2 Reyy)

L[ 11
=:ilFl Yo T2
I1l. UNCORRELATED SYSTEMS VsVl

A. Theory 2Ay

(2 Redg+ Rexs)— ﬂQT(Z Imég+ Imx;) |,
This subsection provides the theoretical derivation of Ysh b
time-dependent and time-integrated amplitudes and rates for
relevant decays of uncorrelated neuBamesons.

We begin by considering decays into semileptonic-typ R__Efwth_
final statesf. Suppose an uncorrelated meson st&® is " Jo f
produced at timé=0 and evolves to the sta}B(t)) after a —
time t measured in the rest frame of the meson. The analo- = Ri(d8—— 8. Yi— — Y. Xi—=X}),
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o The other is
Ri= f dtPy
O —_—
e o 1 1 A,ERf—R?
=a|Fyl 7@‘@(1—4 Reeg+2 Reyy) "R+R;
28Y o 4Am|_) 4 Reeg—2 R L Ayb? Relx—x7)
- eX¢— mx; |, =4 Reeg— i Xg—X
VSTl f~ Tp2 f B &t va? Y £ Xt
Ri= f “dtp, —2Amysy, Im(X;+%7)]. (10
0
=Rileg— —€g,Yi— — Y . Xi—=XF ). (8)  These asymmetries provide insight about the information

) . , ___available from a complete analysis. As an example, in the
Two interesting independent asymmetries can be defined,gq wherg; , x;, andx; are taken to be negligible, the first

from these rates. One is asymmetry gives information about indire€P T violation

R_R-— while the second reduces & =4 Rexg.
A= f f_ We next consider decays into the final states of the form
Ri+ Ry J/yK, which lie outside the semileptonic-type class. The
1 o physical final states involve the linear combinatidts and
=—-2 Reys— b2+—{A yb?[4 Redg+ Re(Xs—X;)] K, given by the kaon equivalent of EQL). They are denoted
Y(b"Fysy) by (J/ K| and(J/yK,|.
+2Amygy [4 ImSg+ Im(X;+Xx;)]}. 9) The four possible time-dependent decay probabilities,

Ps(t)=[(J/yKgT|B(1))|?

:(RG:J/L//)Z([%_ Reeg+ Redg+3( Rexyyy+ Re(_y;a)]exﬂ_?’st)

J’_

[Reey + Reeg+ Redy— Redg— Reyy,— 3 Re(Xy,—Xy,)]cosimt

|mFJ/,J,
ReF

ImEK_ ImEB+ Im5K+ |m55+% Im(XJ/‘p"'X_‘]/w)_

sinAmt] exp— yt/2)) ,
Ps(t)=|(J/yK ¢ TIB(1))[?
=Pg(€x— —€x,€g— — €,0k— — Ok, 08— — I8, Yay— — Yy VXJ/l/l(_)X_j/l//VFJ/l/l_) Fj/(//)!

PL()=[(I/ K| TIB(1))|?

:(Rd:J/¢)2[ 3— Reeg— Redg— 3( Rexy,+ Rexy,) lexp(— v t)

+{[Reex+ Reeg— Redc+ Resg— Reyy,+ 3 Re(Xy,—Xy,)Jcosimt
L _ ImFJ,w .
+|Imex— Imeg— IMdx— IMdg— 3 IM(Xyy+Xyy) — 5= [SINAMt exp(— yt/2) |,
ReF

PL(t)=|(IyK | T|B(1))?

=P (ek— —€x,€g— —€g,0k— — I, 98— — 8, Yuy— — Yy vXJ/w‘_’Yf/l//vFle—’Fj/;b)v (11

can be found by a procedure analogous to that yielding BqgThe above expressions fBig andPg are used as input to our
Monte Carlo simulations in Sec. Il B.

As in the semileptonic-type case, insight can be obtained from the fully integrated rates. The four time-integrated rates
corresponding to the above decay probabilities are
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RS:f dtps
0
o 1 Y Y
=(ReF ) 2vs | 7s  2b2 (Reeg— Resg— 3 Rexy,) + 3 +2b Re(J/lp"‘ b2 ( Reex+ Redsy— Reyyy)
— o Imec— Imeg+ IMSx+ IMSg+ 3 IM(Xy+Xa1) — AP a1y
Bz | Mmex B K Bt 2 WX T ReE
Re [t
0

=Rg(ex— — €k ,€g— — €,0k— — Ok, Og— — I8, Yay— ~Yaiy vXJ/W_)X_j/zpi FJ/zﬂ*)Fg/zp)’

RL:] dtPL
0

1 1
=(ReFW>2(——[——
2y n

Y

. Y| y

1 J— |mFJ/¢,
+F |mEK_ |mEB_ Im&K_ IméB_i Im(XJ/¢+XJ/¢)_ Rd:J/w ,
Ri= | atee
0
:RL(GK_’_EKlfB_}_EBaéK_)_éK158_)_5Bry.]/a,b_’_yJ/z//rXJ/W_’YJ{/z//'FJ/gb_’Fj/z//)' (12)

The replacements indicated by a double-headed arrow involve parameter interchange rather than substitution.
Two theoretically interesting asymmetries can be constructed from the above decay rates. One is

Rs—Rs
Rs+Rg

SE

YVs
_2(1_ 2b2) Re(eg— 5B)+ b2 RdXJ/;b Xyp)— b2 °Re( e+ S~ Yy

ZA mys 1 J— ImFJ/l//
™ Imex— Imeg+ IMdg+ IMdg+ 3 IM(Xy+Xy7y) — Ry (13
The other is the analogous quantity for the decays involng
R —-R
ALE L L
R +R.
=As(Ys— YL, €k— €k €— €5,k — — 6k ,dg— — I Xary— _Xf/(/, ,X_J/lp—’ _X_37¢,FJ/¢—> Ff/,p)- (14
|
Of these two asymmetries, only the one involvidgis con- The JETSET 7.3[39] event generator is used to simulate
sidered because detection of ke is difficult with current  both Bg signal events and background events fidhdecays
experimental techniques. into light-quark pairs and into oth& hadrons. As discussed

in Sec. Il, we restrict the variables in our simulation to pa-
rameters controlling indirect and indirectCPT violation.
This simplifies many of the relevant equations in the previ-

In this subsection, we describe the results of a Monteus subsection. The time-dependent mixing probabilities for
Carlo simulation involving uncorrelatel decays observed the signal are sampled from the probability distributions
by a typical detector at a high-energy collider. For definite-given for B°—~D®)/v decays in Eq.(7) and for
ness, we use a detector simulation that smears four-vectoB’—J/yKs in Eq. (11). The decay lengtt. is found from
according to the resolutions for charged-track and neutralthe magnitudepg of the generated momentum of the signal
energy measurements of the OPAL dete¢ff] at LEP. B® meson.

B. Experiment
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For B>~D™)/ v decays, a typical decay-length resolu- 10
tion o, =200 um is taken[40]. We assume the boost of the
B° could be estimated with techniques using sc@ed mo-
menta, producing a resultant fractional resolution
op, /Pe=0.11[41]. Rather than reconstructing vertices with 04 + 414
the smeared four-vectors, the reconstructed proper time |
simply smeared according to 02

e +++ ﬂ Jf
-

For the fully exclusiveB®— J/¢Kg decay, an estimated o6fl | T g‘g&fé’ﬂzboun 8
decay-length resolution ofs, =300 um is used. The -

0.8 -
0.6 , -+

-02H

-+

Difference in Asymmetries D(f,t)

0.4 [

-0.8 H
smeared decay length is first found, and the momentum re-
constructed from the sum of the smeared four-vectors of the 0 00 20 40 80 80 100
decay products is subsequently used to determine the proper Proper time (ps)

decay time.

We first discuss in detail our analysis of semileptonic de- FIG. 1. Simulated data and bound for the uncorrelated case in
cays. In this case, a useful quantity f6iP T studies is the the semileptonic channel. The points with error bars represent the
time-dependent asymmetry of decay probabilities given by typical observed difference of asymmetrig¢f,t) as a function of

time for 1500B°—~D®)/ v decays generated in a Monte Carlo

P(t)— Ps(1) simulation with Imsg=0. Superimposed as a solid line is the pre-
A(ff )ys——— dicted shape oD(f,t) for Im&g=0.12, which for this sample is
P+ P(t) the upper bound at the 95% C.L. determined from the difference of
sinAmt likelihood in binned likelihood fits.
~4 Imdg . (16)
(1+cosAmt) time distribution of these events is taken to be an exponential

. . i consistent with the averag@-hadron lifetime[30] convo-
In deriving this result, we have neglected dir€PT and |yted with a Gaussian of widter,, but without the mixing
AB=AQ violations and have approximategs=vy, . The  {me dependence of Eq7).

latter implies thatA y can be treated as small over the range  For g perfect detector and with the approximations we

of time scales considered. ) ) have made, the form of E@16) contains a pole structure at
Another key quantity is the difference of time-dependent.oAmi=—1. The observed magnitude of this asymmetry

asymmetries of decay probabilities, given by would be sensitive to the precise knowledge of the detector
resolution, mistag probabilities, and backgrounds. We there-

D(f.t)= P —Ps(t) Py(t)—P5(D) fore focus instead on the difference of asymmetries given in
’ PT(t)+Ps(t) Ps(t)+P7(t) Eg. (17) as an experimental observable for the semileptonic
case.
~ —4 Reeg(1—cosAmt) +4 Im&gsinAmt, To test the prospect for measuring or boundingsgmvia

17 semileptonic decays, we generated large Monte Carlo
samples of 1®events each that included all the above effects
where the same approximations have been made. for a range of values of I#y. For definiteness in this and
To construct these asymmetries experimentally kifila-  all other analyses described beld43], we seteg to the
vor of the B meson at both the decay and the productionvalue [44] eg=0.045. For each sample, the difference in
times must be determined. The flavor at the decay time i@symmetries of Eq(17) was constructed.
tagged by the charge of the lepton. The flavor at the produc- For Imég=0, we then generated an ensemble of 200
tion time can be identified using a jet-charge technigtld.  datasets of Monte Carlo events. Each such dataset contained
It is assumed that this method is incorrect 20% of the timel500 B®—~D®*)/» decays, a statistical sample that could
[41,42. This mistag probability, the proper time resolution possibly be reconstructed by combining the present data
discussed above, and the backgrounds to the signal all dilufeom all the LEP Collaborations. For the observedf,t)
the magnitude of the experimentally observed asymmetry. distribution in each of these simulated datasets, we per-
The expected levels of various backgrounds are estimateidrmed binned maximum-likelihood fits to the expected
from previous experimental measurementsAafy [41,42. shape for a particular value of 8. This determined the
Approximately 20% of the selected sample can be expectedverage bound that could be set ondin Subsequently, we
to be combinatorial background without lifetime informa- repeated the same process for dataset ensembles with
tion, arising from the primary vertex of the event. This frac- Imdz=0.1 and Imdz=0.2.
tion of events is folded in with a distribution in the proper = From the ensemble of 200 datasets for the semileptonic
decay time consistent with a Gaussian distribution of widthcase that were generated using sk 0, the average value
oy . About another 10% of the selected sample is expected tof the 95%-confidence-levelC.L.) upper bound on Ifig
arise from other genuinB-hadron decays with lifetime in- that can be placed on a single dataset is5dm0.12. Figure
formation that are misidentified &°—D®*)/v. The decay- 1 shows the result from a typical dataset that gives rise to
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FIG. 2. Simulated data and fits for the uncorrelated case in the FIG. 3. Simulated data for the uncorrelated case it

semileptonic channel fofa) Imdg=0.1, (b) IMdz=0.2. In each  pannel (a) The points with error bars represent the typical ob-
plot, the points with error bars represent the typical observed difggpeq asymmetryA(J/yKo) as a function of time for 500

feorence of asymmetrie®(f,t) as a function of time for 1500 pgo_, 37,k decays generated in a Monte Carlo simulation with
B°—D™)/v decays generated in a Monte Carlo simulation with Im&g=0. Superimposed as a solid line is the predicted shape for

the indicated value of I . Superimposed as solid lines are the |5 — .22, which for this sample is the upper bound at the 95%

predicted shapes dd(f,t) found from binned likelihood fits. The ¢ | getermined from the difference of likelihood in binned likeli-

fit results and associated precisions are also indicated. hood fits.(b) Same as ir(@) but for 1500B°— J/yK s decays gen-
erated in a Monte Carlo simulation with Bg=0.2. The solid line
is the predicted shape. The fit result and associated precisions are
also indicated.

this limit. For the dataset illustrated, the probability is 25%

that the data are from a parent distribution with dga0.

Assuming indirectCPT violation indeed exists, Fig. 2

shows typical fits and precisions to simulated data generateg deriving this expression, approximations similar to those
with Imdg=0.10 and Indz=0.20. In the samples indicated, in Eq. (16) have been made. If Rg and Imdg are to be
the probabilities that the simulated datasets are from paremjounded at levels greater than known limits on the other
Qistlributions with 1msg=0 are 0.5% and 0.1%, respec- parameters, then this expression effectively reduces to
tively.

We next turn to an investigation of decays idt@/Ks. In
this case, a useful quantity is the time-dependent asymmetry A(J/#Kg,t)~ —2 Redg(1—coshmt) +2 ImdgsinAmt.

of decay probabilities given by (19
p_s(t)_ps(t) We find that the small branching ratio for the hadronic
A(J/szs,t)Eﬁ decayB®— J/ K g and the relatively small reconstruction ef-
s(h+Ps(t) ficiency make it unlikely that current LEP data can bound
~2 Reeg— 2 Redg CPT effects in this channel. As an example, ALEPH has a

sample of only four events of this type among the B0°
—2( Reex+ Reeg+ Redy— Redg)cosAmt 70 decays used to measure tB8 lifetime [45]. Samples of
B°—J/yKs in uncorrelated3® events collected by the Col-
lider Detector at FermilalflCDF) Collaboration at the Teva-
(18 tron are larger, but still insufficient. However, there are more

+2( Imex— Imeg+ ImSc+ Imsg)sinAmt.
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promising prospects for larger samples in approximately IThis produces a rate dependent only on the time difference,

fb~! of data to be obtained after the Fermilab main injectorwhich reduces some experimental systematics. Thus, inte-

[46] begins operation. grating overt with At fixed yields the once-integrated rate
For illustrative purposes and using the asymmetry of Eq.

(19) as the experimental observable wigg=0.045 as be- o

fore, Fig. 3a) shows the bound that could be placed on |(f1,f2-At):%f dt| Aty ,t2)]?

Imé&g from samples of 500 reconstruct@&f— J/yKg de- a1

cays including resolutions outlined previously. The back- |aydad® -

ground levels are much smaller since this channel is particu- =2, © NAUZ = AyAUZ Y |y 12@A7AL2
larly clean. Even with these large samples, the limits at the

95% C.L. are Indg<<0.22. Figure &) shows the feasibility —2 Ra »,Co0AMAL—2 Imr;SinAmALt],

for a typical measurement of indireGtP T violation, assum-
ing an even larger sample of 1500 reconstructagK g de-
cays.

(23

wherer ;1= 7,/ 7.
Other useful once-integrated rates are produced by inte-

IV. CORRELATED SYSTEMS grating over the orthogonal linear combination

A. Theory

In this subsection, we summarize some key formulas for
the situation where correlated pairs of neuBainesons are ! . I
produced. Since our Monte Carlo simulations neglect effectdith t held fixed. The natural possibilities are
other than from indirecT andCPT violation, and since the .
general analysis is already available in the literafli@ 19, _1 2
we restrict ourselves here to consideration only of those ERERY zf—tdAtMlZ(tl’tZ)'
asymmetries directly useful for the simulations. A more
complete theoretical analysis is given in R¢f,19, where
the reader can also find additional details of some of the
derivations below. For simplicity in what follows, we take

. 2 Reay .
the correlated mesons Bg-By pairs formed from the decay X (eANM2_g=A2)_ T Zgimamt|,
of the'Y (4S). Much of the discussion can be extended to the Am
case ofBg pairs, along the lines suggested in R@f0]. (25)

We work in the rest frame of th& (4S) resonance,
choosing to align the-coordinate axis with the momenta of i
the B pair. Since theY (4S) hasJ”®=1"", the initial state J*(fl,fz,t)z%f dAt] Ao(ty,t5)]?

li) of the B-meson pair immediately following the decay is 0

1
=3laj axq/%e” WZ[A_),(“‘ Ir21%)

1
=3laj axsl’e” Wz[ A_y( 1—e 47M2—|ry?

1 . . - .
|iy= E['BS(Z)BL(_Z)>_|BL(Z)BS(_Z)>]r (20

1
where the argument¥(?) indicates the direction of the mo- +[r %) — Amk REraisinAmt
mentum. To simplify notation, we label the two mesons by
an indexa=1,2 and suppose they decay at tihginto final
states/f,). + Imr21(1—cosAmt)]}, (26)
The amplitudeA,(t;,t5) for the decay can be written in
terms of the transition amplitudesa,s=(f,|T|Bs),

0
a,.=(f,|T|B.) and their ratiosp,=a, /a,s. The result is J*(fl,fz,t):%f dAt| Aty ty)]2
-t

Aoty to) =—e "JT(f,f,,—1). (27)

1 .

= Ealsazs( moexd —i(msti+mity) —z(ysti+7t2)]  These two once-integrated rates are used for the simulations
in the next two subsections.
; Integration over the remaining variable to produce twice-
—mexd —i(mity+mgty) =3 (vt +yst)]). (2D . ; :
meXH i (Mt mgly) =2 (ntat ysta) ). (2D integrated rates independent of the timgsandt, can be

This expression is the basic input for the Monte Carlo simu-Performed with several different integration limits. If the
lations in the next two subsections. range is complete, this procedure produces the fully time-

The presence of two time variables implies the existencéltegrated ratel’(fy,f;) for the double-meson decay into
of several types of time integrated rates. One useful case final statesf; andf,. However, it is useful to introduce also

obtained by integration over the linear combination the partial rated" " (f,,f,) for which the decay intd; oc-
curs first andl’ ™ (f,,f,) for which it occurs second. This

t=t,+1t,. (22)  yields the expressions
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% The above formula assumes that=X; andxy, =Xy, i.€.,
I(fy,f2)= j_mdAt [(fy,f2,AL) that violations of theAB=AQ rule are independent of vio-
lations of CPT invariance. The kaon-system parameters and
1 eg are of order 10° or less, so this latter asymmetry pro-
_ 2 2. Ysh B e .
= m |a1saaL|*+|ar 8z “— 2 vides a means of limiting or measuring &gat levels larger
than this, under the assumption of negligible dir€®T

violation.

' Once Réjg is known, the extraction of the imaginary part
of 6z can be performed using another asymmetry involving
double-semileptonic decay, given by

* *
X(ajsaz g @stcC.C)

F+(f1,f2)=fwdAt 1(fy,f0,A1) o o
0 r*f,f)—T(f,f)

:i |alsa2L|2+|alLaZS|2 Ar ElﬁJr(f,f)+F7(f,f)
v n s _b’AyResg+2Amygy, Im3g .
B ( ailcsaichalLazs+ C.c.) 1 | y(b*+ys1)
zy—iAm In this case, the derivation assumes=x} i.e., that any
violation of AB=AQ is independent o€ P violation.
r—(fl,f2)=f0wdm I(f,,f2,A1)

B. Experiment: Unboosted case

=T"(f1,12)|me SO (28
brilimgeme v In this subsection, we describe the results of a Monte

Given these integrated rates, we can form asymmetrieg@rlo simulation involving correlateB decays observed by
containing the essential information. An asymmetry usefup detector at a symmetri factory, where the energies of

for extracting theT-violation parameter Re is the colliding electron and positron beams are equal. For defi-
o niteness, we use a detector simulation equivalent to the per-

ot T(F,1)=T(f,f) formance of the upgraded CLEO experiment at CESR, for

= =4 Re(eg— V). (29 which luminosity upgrades should allow the collection of

LF T (f YLT(F )
L(f.6)+I(1.1) large samples of data comparable in size and rate to those

We remark in passing that the incorporation of inclusive@ccumulated by the factories at SLAC and KEK.

rates permits the extraction of tHE-violation parameter Four-vectors are smeared as described in the previous sec-

Reeg independently of Rg [19]. tion, except that we use appropriate resolutions for charged-

; ; . P track and neutral-energy measurements for the CLEO II de-
To obtain the real part ofg, which parametrizes indirect . :
P B P tector [28]. A decay-length resolution ofr =150 um is

CPT violation, it is useful to consider double-meson decays . ;
into a semileptonic-type staté in one channel and into taoken (I())r/ the reconstruoct|on of vertices from both
JIyKs in the second. We disregard decays idtgK, in B P /v decays andB’—J/yKs decays. Difficulties
what follows because they are difficult to observe experi-W'th th time resolution can immediately be ant|C|pated since
mentally. The relevant ratio of matrix elements is the B® mesons are produced almost at rest, which leads to
short average decay lengths. Simulations confirm that mea-

(I K4 T|B) suring the time dependence of the decay-time asymmetries is
7]J/¢KSEW infeasible using either the CLEO Il detector or even the fu-
ture CLEO Il [47] detector. Indeed, the planned silicon-
=€x+egt O — Og— Reyyy microvertex detectors for CLEO will primarily be used for
e background rejection rather than for the measurement of life-
1 — o IMEgy times.
~2(Xyy = Xyy) ReFy, (30 Despite these difficulties, total-rate asymmetries can still

be considered. Note, for example, that Theiolation param-
Here, the quantities, andx are measures of indire€tand  eter eg can be measured using the asymmetry of &§).
CPT violation in the kaon system, analogousetpand 6z in More relevant for our present purposes is that the time-
the B system. We have assumed that Hyy, is a small  integrated asymmetry presented in E8l) can be used at a
guantity, which is reasonable since it governs difeeiola-  symmetricB factory to extract Rég.
tion. This ratio of matrix elements enters the rate asymmetry For our simulations, we take typical CLEO reconstruction

useful for the extraction of the real part 6§, which is efficiencies and backgrounds for the dec&y—D*)/v
_ (see Refs[48]) and B°—J/yKg (see Ref[49]). With an
_ I(f,dyKg) =T'(,I/yKs) integrated luminosity of 100 fb! equivalent to about 54
BRSTT(F, 31K )+ T (F,d/ 4K o) million correlatedB®-B° events, we estimate that reconstruc-
tion is possible for approximately 3200 signal events in
2ysyL which oneB° meson decays int®*)/v while the other

=2 Releg—Yr—d8) = 7= Remyukg. (3 decays intod//Ks. The sign of the electric charge of the
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lepton in the semileptonic decay can be used to determinand
whether anf or f state is present.
As discussed in Sec. Il, we restrict the variables in our

simulation to parameters controlling indireEtand indirect J+(f,f_,t)—J+(f,f_,t)

A(f,f,t)=

CPT violation. Takingeg=0.045 as before, the asymmetry JT(F,E,0)+3T(F,,0)
of Eg. (31) can be used to set an estimated limit of
Resz<0.03 at the 95% C.L. Present integrated luminosities (1—cosAmt)
at CLEO of about 2.0 fo* would give weak bounds of =4 IméB(AmH—sinAmt)' 34
Resg=0.35.
C. Experiment: Boosted case In these equations, dire@P T andAB=AQ violations have

More confidence in the limits on or measurementsSgf beer|1| q_i]glﬁcifd’harllg " an(;ihA 7;“ hav? been t_r(;aateéd an .
obtained through its effects on the observed time evolutiop &’ M€ latter nolds over the ime scales considered and 1S
of the correlatedB system can be obtained in asymmetricjus'[Ifled because the I|fet|me—d|fference paramgtqsmall.
machines presently under construction. The plarBeidc- For a perfect detector and with the approximations made,

. . . - ) Eq. (33) contains a pole structure at ¢dost=—1. This sug-
+
tories at SLAC and KEK will collidee™ ande™ at different gests the measured magnitude of the asymmetry is sensitive

energies. The result is a moving(4S) that subsequently 4 precise details of the detector resolution and backgrounds.
decays intoB°B°. EachB® then eventually decays, produc- For this reason, we consider only the asymmé®4) as an
ing a secondary vertex that can be reconstructed. experimental observable for the double-semileptonic case.
_ Since bothB mesons are boosted along the beam direc- The f and f states are identified from the sign of the
tion and have little transverse momentum, the difference inyjectric charge of the lepton in each semileptonic decay. No
decay points is primarily along the beamzndirection. Fora gjjytion of the asymmetry is incurred through flavor mistag-
9 GeVe beam colliding with a 3.1 Ge¢” beam as being  4ing. \We take background levels and reconstruction efficien-
planned for thed factory at SLAC, the average separation in ¢jes from prior workg48]. With an integrated luminosity of
z between the two decay vertices is approximately 20009 th-1, we expect a sample size of about 2000 recon-
um. With a sufficiently sophisticated vertex detector, preci-gircted correlated events with boBP mesons decaying
sions can be attained allowing the measurement of the timgemjieptonically.
evolution of theB®-B® system. The goal of thB factory is To examine the feasibility of measuring or bounding
to measure the time-dependent asymmetry in decagRo  Ims using the double-semileptonic channel, we followed a
eigenstates, but the effects GfPT violation can also be Monte Carlo procedure similar to that used in Sec. Il B.
elucidated. Setting eg=0.045 and for a range of values of &, we
Here, we describe the results of a Monte Carlo simulatiorproduced large samples of @l@vents incorporating the
involving correlatedB decays observed by a representativeghove experimental effects. We then obtained the asymmetry
detector at a typical asymmetri factory. For definiteness, of Eq. (34) for each sample, allowing for effects due to
we use a detector simulation approximating the future BaBagecay-time resolution resulting in incorrect determination of
detector[29] at SLAC. With minor changes, our results which B meson decayed first.
should also be valid for the BELLE experiment at KEK. As  Assuming first that Iiiz=0, we created an ensemble of
before, we restrict the variables in our simulation to param-200 datasets of Monte Carlo events, each containing 2000
eters controlling indirecT and indirectCP T violation. decays. For the observwf’f_,t) distribution in each case,
_ We again employ smeared four-vectors for these simulage then performed binned maximum-likelihood fits to the
tions. The correlated decay timesandt, are sampled ac- expected shape for a given value of dgn We thereby ob-
cording to the relations given in Eq(521),_(23), and(25.  tained an average bound that can be set obglm
From the generated momentum of each sigfameson, two From the ensemble of 200 datasets that were generated
decay lengthd. anq L, are found. We assume a typical using Imsz=0, the average value of the upper bound on
decay-length resolution af, =60 um [29]. The proper de- 5, that can be placed at the 95% C.L. on a single dataset
cay timest; andt, are then extracted for thBs andB_.  is Imgz<0.08. Figure 4 shows a typical dataset that gives
decays via the experimentally accessible channelgise to this limit. For the dataset illustrated, the probability is
B°—D®™)/v and/orB®—J/yKs, using the techniques de- 86% that the data are from a parent distribution with
scribed in Sec. Il B. Im&g=0.
We consider first the case where bdhmesons decay Next, we address the more interesting case for which one
semileptonically intd®*)/v. The following two usefut-or B meson decays semileptonically while the other decays into
At-dependent asymmetries of once-integrated decay proly/¢Kg. This is one of the most attractiB-factory channels

abilities can be obtained: to determine the anglgd in the CKM triangle, using an
— — asymmetry arising between events where the semileptoni-
ACFT A= L(f,f,+[At]) =1 (f,f,—[At]) cally taggedB meson decays first and those where the decay
" L(f,f,+|At)+1(f,f,—|At]) into J/¢Kg occurs first[29]. The exclusived/yKg decay
) allows for full reconstruction of th& momentum.
sinAmt For this situation, we can examine two useful asymme-

(33

=4 Im§‘3(1+c09Amt)’ tries:
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~ 05 = 05
w - Simulated data o Simulated data with
T 04 with Im 8= 0.0 Soal @ Resg-00
£ 03 i
GE) ] % 03 |
% 0.2 2 Redg=0.035
< 01 2 0o | (95% C.L. bound)
Eo
-0.1 + ++ o1 r
0.2 0 f
0.3
0.1 |
0.4 imdg= 0.08 (95% C.L. bound) |
05 . ; , ‘ ‘ oo
20 00 20 40 60 80 100 00 40 80 120 160 200
Sum of Proper times (ps) Reconstructed Sum of Proper times (ps)
< 0.7
FIG. 4. Simulated data and bound in the double-semileptonic ¥ osf| ® gg“'f‘g"an'a with
channel at an asymmetrifactory. Points with error bars represent 2 e
the typical asymmetnA(f,f,t) as a function of total time ob- g
tained in a Monte Carlo simulation with 16g=0 using 2000 cor- g
relatedB°B° decays with both mesons decaying i&*)/ v. Su- g e 94 0.02
perimposed as a solid line is the predicted shap@(df f,t) for 5 \
Imdz=0.08, which for this sample is the upper bound at the 95%
C.L. determined from the difference of likelihood in binned likeli-
hood fits.
A(f,f,J/yKg,At)

_ 02 a0 80 120 160 200
B | (f 1‘]/‘/’KS ,At) —1 (f ’J/ l,bKS,At) Reconstructed Sum of Proper times (ps)

L1 JYKs, AD (T, I/ YKs, AL) FIG. 5. Simulated data for the semileptoribsK 5 channel at
~2 Reeg— 2 Redg—2( Ree + Reeg+ Redc— Redg) an asymmetriB factory. (a) Points with error bars represent the
) typical asymmetnA(f,f,J/Kg,t) as a function of total time for
XcosAmt+2( Imex— Imeg+Imdc+Imdg)sinAmt, 3 set of 230B°— /K, B—D™)/ v correlated decays gener-
(35) ated in a Monte Carlo simulation with Rg=0. Superimposed as
a solid line is the predicted shape for &e=0.035, which for this
and sample is the upper bound at the 95% C.L. determined from the
difference of likelihood in binned likelihood fitgb) Same as ifa)
but for 2300 events generated in a Monte-Carlo simulation with
Redg=0.2. The solid line is the predicted shape. The fit result and

AFL I PK s, 1)

J(f,J/(ﬂKS,t)—J(rlepKS,t) associated precisions are also indicated.
J(f, I yKg,t)+I(f, I yKg,t)
~2 Reeg— 2 Redg
_ ity by fiFting simultanepusly to the. asymmetll(§85.) or by _
—2(Reeq+ Reeg+ Redy— R@B)%- (36) {)le;fg(rjr?:g a full two-dimensional fit to the distributions in

In our experimental simulations, we use the asymmea6y
because it allows a study of Bgindependent of ;.
The procedure we follow is similar to that for the double-  In this paper, we have examined the feasibility of bound-
semileptonic case. Here, an integrated luminosity ofing CPT violation in the neutraB system. The type of vio-
100 fb~! should result in 2300 reconstructed tagged eventation allowed might occur in a string scenario within the
[29]. The results of our simulations are illustrated in Fig. 5.context of conventional quantum mechanics. Our analysis
If Redg=0, an average limit of R&<0.035 at the 95% includes the cases where the mesons are uncorrelated and
C.L. can be obtained with a data sample of this size, as ithose where the mesons are correlated and either unboosted
shown in Fig. %a). Under the assumption that indirect or boosted.
CPT violation with ReSg=0.20 indeed exists, a typical fit On the purely theoretical side, we have provided analyti-
and the associated precisions are illustrated in Filg).3n  cal expressions for both time-dependent and time-integrated
the sample indicated, the probability that the simulateddecay rates for all these cases, allowing for direct and indi-
dataset is from a parent distribution with &e=0 is less rectT andCPT violation. Asymmetries are defined that per-
than 0.05%. It may be possible to attain even better sensitivit the extraction of the parameters for indir€P T viola-

V. SUMMARY
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tion. To address the issue of experimental testing of these Given the role ofCPT invariance as a fundamental sym-
effects, we have performed Monte Carlo simulations tometry of the standard model, testing it is vital.GfP T vio-

model various plausible experimental situations. Both dataation were discovered, it could provide a test of string
already taken and data likely to be available within a feWtheory and in any event would have far-reaching implica-

years are considered. Our treatment incorporates backgrouigns for our understanding of nature.
effects and acceptances appropriate for the detectors OPAL

at CERN, CLEO at CESR, and BaBar at SLAC.
At present, no bounds exist dBPT violation in theB

ACKNOWLEDGMENTS

system. Our analysis suggests that under reasonable assump-

tions andwith data already availabl@ bound of order 10%
can be placed o€ P T-violation parametebg. Our simula-
tions also suggest that tHePT reach of planned experi-

ments is likely to attain the level of a few percent within the

near future.

We thank Don Colladay, J. R. Patterson, and Art Snyder

for discussion. This work was supported in part by the

United States Department of Energy under Grant No. DE-
FG02-91ER40661.

[1] J. Schwinger, Phys. Re®2, 914 (1951)).
[2] G. Luders, Det. K. Dan. Vidensk. Selsk. Mat.-Fys. Me@@.
(5) (1959; Ann. Phys.(N.Y.) 2, 1 (1957.

[3] J.S. Bell, thesis, Birmingham University 1954; Proc. R. Soc.

LondonA231, 479 (1955.

[4] W. Pauli, inNiels Bohr and the Development of Physied-
ited by W. Pauli(McGraw-Hill, New York, 1953, p. 30.

[5] G. Luders and B. Zumino, Phys. Re06, 385(1957).

[6] R.F. Streater and A.S. WightmaRCT, Spin and Statistics,
and All That(Benjamin Cummings, Reading, 1964

[7] R. Jost,The General Theory of Quantized Fiel@sMS, Provi-
dence, 196b

[8] V.A. Kostelecky and R. Potting, Nucl. PhysB359, 545
(1991); Phys. Lett. B381, 89 (1996.

[9] See also V.A. KosteleckyR. Potting, and S. Samuel, Pro-

[20] D. Colladay and V.A. KosteleckyPhys. Rev. D52, 6224

(1995.

[21] M. Kobayashi and A.l. Sanda, Phys. Rev. Leif, 3139
(1992.

[22] Z.-Z. Xing, Phys. Rev. 60, 2957(1994).

[23] This is taken to the official end date of the LEP program run-
ning at thezZ® resonance, October 1996.

[24] For example, CDF has collected samples of
B°—D®) /v events in a dataset of 19.3 pb[CDF Collabo-
ration, F. Abeet al, Phys. Rev. Lett76, 4307 (1996]; and
285B%— J/ K¢ events in a data set of 67.7 pb[J. Kroll, in
the Proceedings of the Symposium on Lepton-Photon Interac-
tions, Beijing, China, 199%unpublished].

[25] See, for example, CLEO Collaboration, J.E. Dubostal.,
Phys. Rev. Lett76, 3898(1996.

872

ceedings of the Joint International Lepton-Photon Symposiuni26] BELLE Collaboration, M.T. Chengt al, Letter of Intent for a

and Europhysics Conference on High Energy Physizneva,

Switzerland, 1991, edited by S. Hegarty, K. Potter, and E.

Quercigh (World Scientific, Singapore, 1992 V.A. Kos-
telecky and R. Potting, inGamma Ray-Neutrino Cosmology
and Planck Scale Physicedited by D. B. ClingWorld Sci-
entific, Singapore, 1993Report No. hep-th/9211116.

[10] V.A. Kostelecky and R. Potting, Phys. Rev. 31, 3923
(1995.

[11] S.wW. Hawking, Phys. Rev. 4, 2460 (1976; Commun.
Math. Phys.87, 395(1982; Phys. Rev. D32, 2489(1985.
[12] D. Page, Phys. Rev. Le#t4, 301(1980; Gen. Relativ. Gravit.

14, 299(1982; Phys. Rev. D32, 2496(1985.
[13] R.M. Wald, Phys. Rev. 21, 2742(1980.

Study of CP Violation in B Meson Decays, KEK-94-2, 1994
(unpublisheg¢t BaBar Collaboration, D. Boutigngt al,, Letter
of Intent for the Study ofCP Violation and Heavy Flavor
Physics at PEP-II, SLAC-0443, 1994npublished

[27] OPAL Collaboration, K. Ahmegt al,, Nucl. Instrum. Methods
Phys. Res. A305 275(1992); J. Allison et al, ibid. 317, 47
(1992.

[28] The CESR CLEO Upgrade Project, CLNS-93-1265, 1994.

[29] BaBar Collaboration, D. Boutigngt al,, BaBar Technical De-
sign Report, SLAC-R-95-457, 199&inpublished

[30] Particle Data Group, L. Montanet al,, Phys. Rev. 50, 1173
(1994, and 1995 off-year partial update for the 1996 edition
available on the PDG WWW pagé€édRL: http://pdg.lbl.gov).

[14] J. Ellis, N.E. Mavromatos, and D.V. Nanopoulos, Int. J. Mod. [31] Unless otherwise noted, all references to Blemeson in this

Phys. A1l, 1469(1996; see also J. Ellis, J.L. Lopez, N.E.
Mavromatos, and D.V. Nanopoulos, Phys. Rev5B 3846
(1996.

[15] R. Carosiet al,, Phys. Lett. B237, 303(1990.

[16] M. Karlssonet al, Phys. Rev. Lett64, 2976(1990.

[17] L.K. Gibbonset al,, Phys. Rev. Lett70, 1199(1993.

[18] CPLEAR Collaboration, T. Ruf, ifProceedings of the XXVII
International Conference on High Energy Physi€@asgow,
Scotland, 1994, edited by P.J. Bussey and |.G. KnowWl@g,
London, 1995.

[19] D. Colladay and V.A. KosteleckyPhys. Lett. B344, 259
(1995.

work refer to theB?, although much of the theoretical frame-
work applies also to th&?.

[32] L.-L. Chau, Phys. Re5, 1 (1983.

[33] P.J. Franzini, Phys. Refi73 1 (1989.

[34] E.A. Paschos and U. Turke, Phys. R&g8 145 (1989.

[35] I.I. Bigi, in CP Violation and Beauty Factoriesdited by D.B.
Cline and A. FridmarfAnn. N.Y. Acad. Sci.619 (1991)].
[36] T.D. Lee and C.S. Wu, Annu. Rev. Nucl. S&6, 511(1966.

[37] V.V. Barmin et al, Nucl. Phys.B247, 293 (1984).

[38] N.W. Tanner and R.H. Dalitz, Ann. Phy$N.Y.) 171, 463
(1986.

[39] T. Sjostrand, TheleTsET7.3 Manual, CERN-TH.6488/9@n-



54 BOUNDING CPT VIOLATION IN THE NEUTRAL B SYSTEM 5597

published; Comput. Phys. CommuiR9, 347 (1987; T. Sjos- [45] ALEPH Collaboration, D. Buskuliet al,, Improved Measure-

trand and M. Bengtssoribid. 43, 367 (1987. ment of theB® andB~ Meson Lifetimes, CERN-PPE-96-014,
[40] OPAL Collaboration, R. Akerset al, Z. Phys. C67, 379 1996 (unpublishegl
(1995. [46] C.S. Mishra, inThe Fermilab MeetingProceedings of the
[41] OPAL Collaboration, R. Akeret al, Phys. Lett. B336, 585 Meeting of the Division of Particles and Fields of the APS,
(1994). Batavia, lllinois, 1992, edited by C.H. Albrigtt al. (World
[42] ALEPH Collaboration, D. Buskuliet al, Phys. Lett. B313 Scientific, Singapore, 1993
498 (1993; 322, 441 (1994). [47] The CLEO Il Detector: Design and Physics Goals, 199d-
[43] In a complete experimental analysis, either a measured value published, available from the World Wide Web page: http://
of eg must be used or fits with varyingg must be performed. w4.Ins.cornell.edu/public/CLEO/CLEO3/CLEO3.html.
[44] This is chosen from the limitReeg|<0.045 at 90% C.L., [48] CLEO Collaboration, B. Baristet al, Phys. Rev. Lett.76,
CLEO Collaboration, J. Bartelet al, Phys. Rev. Lett.71, 1570(1996; CLEO Collaboration, B. Bariskt al, Phys. Rev.
1680(1993. Taking other values fogg below this limit would D 51, 1014(1995.

not significantly affect the bounds and fits &g obtained in  [49] CLEO Collaboration, M. Alamet al, Phys. Rev. D50, 43
the present paper. (19949.



