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Disentangling violations ofCPT from other new-physics effects
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We analyze the prospects for observingCPT violation using neutral-mesonP0-P0̄ systems. Before one can
claim a measurement ofCPT violation, one must be able to rule out the possibility that its result is due to
simpler new-physics effects. In particular, one must be able to separate theCPT-violating quantities from
parameters violating theDP5DQ rule of semileptonic decays, and from new-physics contributions to the
production mechanism of the neutral mesons. One can isolateCPT violation using the semileptonic decays of

single, tagged neutral mesons; unfortunately, this situation cannot be implemented at theY(4S). For P0P0̄

pairs produced in a correlated parity-odd state we show that, by combining the di-lepton with the single-lepton
decays, it is in principle possible to extract unambiguously oneCPT-violating parameter. Finally, we develop
the formalism necessary for describing new-physics effects in the production mechanism; this includes both
cascade decays and violations of the rule of associated production.@S0556-2821~99!04617-2#

PACS number~s!: 11.30.Er, 12.60.2i, 13.20.2v
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I. INTRODUCTION

The ‘‘CPT theorem’’ states that any local field theo
with Hermitian, Lorentz-invariant interactions obeying th
spin-statistics connection is necessarilyCPT invariant @1#.
Although the assumptions of this theorem—and thus the
lidity of its conclusion—are generally taken for granted, t
question of whetherCPT is violated or not should ultimately
be settled through accurate, high-precision experiments.

The most elementary consequences ofCPT invariance
are the equal values of the masses and lifetimes, and
symmetrical values of the magnetic moments, of a part
and its antiparticle. Unfortunately, in these cases the pros
tive CPT violation is expected to be a small perturbation
quantities which are dominated by much stronger inter
tions. For instance, the difference between the masses oK1

and K2 has an experimental bound@2# umK12mK2u/(mK1

1mK2)&1024; however, this bound is not very meaningfu
sincemK1 andmK2 are dominated by the strong interactio
while one would expectCPT violation to be at best of mi-
liweak or even superweak strength.

In contrast, the mixing between a neutral mesonP0 and

its antiparticleP0̄ ~hereP0 may be eitherK0, D0, Bd
0 , or Bs

0)
is a second-order electroweak effect. The smallness of
mixing makes it an ideal setting to look for small violation
of the symmetriesCP, T, and CPT. In fact, CP violation

was first established@3# in the K0-K 0̄ system, and has thu
far eluded experimental detection in any other system.
cently, the CPLEAR Collaboration has presented the res
of its search for T violation@4# and CPT violation @5# in

K0-K 0̄ mixing, and the OPAL Collaboration has looked f
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CPT-violating effects in theBd
0-Bd

0̄ system@6#. Detailed ex-

periments on theK0-K 0̄ and Bd
0-Bd

0̄ systems are planned a
the f- andY(4S)-factories, respectively.

Most of these experiments involve one or both of t
following crucial steps:~1! determining the flavor of the ini-
tial meson~this procedure is called ‘‘tagging’’!; ~2! deter-
mining the flavor of the meson at decay time, which is us
ally done by looking for semileptonic final states. When o
is searching forCPT violation one must face the possibilit
that both steps are affected by new physics; one must m
sure that what is assumed to be a measurement ofCPT
violation is not, in reality, a measurement of a much le
revolutionary new-physics effect.

The semileptonic decays of the mesons obey, in the s
dard model~SM! and to first order in the electroweak inte
action, theDP5DQ rule (Q is the hadrons’ charge, andP
the flavor quantum number of the heaviest quark in the
caying meson!. That is, in the SM, the decaysP0

˜X2l 1n l and P0̄
˜X1l 2n̄ l are allowed, while the decay

P0
˜X1l 2n̄ l and P0̄

˜X2l 1n l ~which haveDP52DQ)
are only possible at second order in the electroweak inte
tion. ~Here, X6 denotes a pair of arbitraryCP-conjugate
hadronic states.! It is usual to define the parameters

xl5
^X2l 1n l uTuP0̄&

^X2l 1n l uTuP0&
,

x̄l5
^X1l 2n̄ l uTuP0&*

^X1l 2n̄ l uTuP0̄&*
. ~1!

Their phases are not rephasing-invariant and, therefore,
are physically meaningless. On the other hand, the ma
©1999 The American Physical Society03-1
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tudes ofxl and of x̄l are physically meaningful, and they a
generally assumed to be small. Ifxl and x̄l do not vanish,
then they will obscure the identification ofCPT violation.

The tagging strategies used in most experiments ass
that, for any given event, there is a clear signal of the ini
flavor of the neutral meson. The basic idea is rooted in
fact that the interactions of the gluon, photon, andZ0 are
flavor-conserving. For example, in the CPLEAR experim
@4,5# the neutral kaons are produced by the strong interac

through the reactionspp̄˜K2p1K0 and pp̄˜K1p2K 0̄;
the sign of the charge of the charged kaon identifies
initial flavor of the associated neutral meson. This is kno
as the rule of associated production. Another example oc
at theZ0 pole, whenB0 is produced in association withB2

and a set of particles with total charge11. Detecting the
B2, either by reconstruction or through its subsequent se
leptonic decay—assuming theDB5DQ rule—one tags the
initial flavor of the neutral meson. This was the strategy f
lowed by the OPAL Collaboration@6#. In these cases, th
production of the ‘‘wrong’’ neutral meson would mean th
existence of auDPu52 interaction. However, given that suc

an interaction would also contribute toP0-P0̄ mixing, its
contribution to the production process is usually assume
be negligibly small.

This is no longer the case when the production proces
due to theuDPu51 interaction of theW boson, such as in
cascade decays. For example, one may wish to study

K0-K 0̄ system in the decay chainBd
0
˜J/cK0

˜J/c f . In the
SM, the analysis of this decay@7# is based on the fact that th

decay Bd
0
˜J/cK 0̄ does not exist at tree level: there a

DB52DS transitions, but noDB5DS transitions. How-
ever, new-physics effects might alter this situation. One m
be able to rule out such effects before these processes c
used to look for violations ofCPT. Similarly @8#, one has

access to theD0-D 0̄ system through the decay chainB2

˜K2$D0,D 0̄%˜K2 f . Here the situation is more compl
cated because both amplitudesB2

˜K2D0 and B2

˜K2D 0̄ exist, even within the SM@8,9#.
Measurements ofCPT violation in tagged decays of neu

tral kaons have been discussed in the literature, somet
including the possibility that theDS5DQ rule is violated
@10–14#. The subject has resurfaced in recent analy
@15,16# of the claim of an observation ofT violation by the
CPLEAR Collaboration@4#. The possibility of a measure
ment ofCPT-violating effects in the regeneration of neutr
kaons has also been discussed@14,17#. Measurements o
CPT violation at theY(4S)-factories have been considere
either assuming theDB5DQ rule @18–20#, or making some
simplifying assumptions about the nature of theDB5
2DQ amplitudes@21#. Conversely, the experimental sear
for DS52DQ amplitudes in neutral-kaon decays@22#, and
the theoretical discussion of a search forDB52DQ ampli-
tudes at theY(4S)-factories@23#, have been made assumin
CPT invariance. Xing@24# has recently shown that it is im
possible to disentangle the violation ofCPT from DB5
2DQ transitions by using exclusively di-lepton decays
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the Y(4S); we confirm his result here.
In this article we present a study of the measurement

CPT violation enabled by semileptonic decays, and of th
impediment due to new-physics effects. We assume throu
out that the CP- andCPT-violating parameters are Lorentz
invariant, i.e., that they do not depend on the 4-moment
of the neutral mesons. This assumption is hidden,
present, in the overwhelming majority of previous pheno
enological analyses, as well as in all previous experime
work on CPT violation. Some of the conclusions which w
~and most other people! draw are strictly valid only within
this scenario, and are likely to be revised in theories ofCPT
violation which are not Lorentz-invariant. In particular, o
analysis does not apply to the string-inspired theories
cently proposed by Kostelecky´ and collaborators@25#, since
those theories violate Lorentz invariance together withCPT.
In any case, the results of our analysis must be taken
account, as well as the general point that we make, that
must be able to rule out any simpler new-physics effe
before one may claim the experimental detection ofCPT
violation.

We consider for the first time the impact of mis-taggin
in the production process, and we relate our results to Xin
conclusion on the impossibility to disentangleCPT-violating
amplitudes fromDB52DQ amplitudes in di-lepton event
at the Y(4S). However, we also consider single-lepto
events, and we show that that separation is in principle p
sible through a combination of single- and di-lepton even
We stress that the situation described by tagged decays
not be implemented at theY(4S), if we allow for violations
of the DP5DQ rule.

We define our notation in Sec. II. In Sec. III we discu
decays in which one has tagged the initial flavor of the n
tral meson through the rule of associated production. In S
IV we focus on neutral-meson pairs produced in a parity-o

state, such as theK0K 0̄ pairs from the decay of thef reso-

nance, and theBd
0Bd

0̄ pairs produced at theY(4S). In Sec. V
we show that the presence of new physics in the produc
process will impede the extraction of theCPT-violating pa-
rameters. We draw our conclusions in Sec. VI.

II. MIXING FORMALISM

We start by discussing the mixing ofP0 and P0̄ in the
Wigner-Weisskopf formalism, whenCPT violation is al-
lowed for. We do this in order to introduce a convenie
parametrization of the violation ofT andCPT in the mixing,
and to establish our notation.All equations in this section are
exact, and we are careful to identify the reparametrizatio
invariant quantities; only those quantities are physica
meaningful.

The time evolution of

uc~ t !&5c1~ t !uP0&1c2~ t !uP0̄& ~2!

is given by
3-2
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i
d

dt S c1~ t !

c2~ t !
D 5S R11 R12

R21 R22
D S c1~ t !

c2~ t !
D . ~3!

The eigenvalues ofR are denotedma andmb . Their sum is
given by the trace ofR:

ma1mb5R111R22. ~4!

The right-eigenvectors ofR corresponding to the eigenvalue
ma andmb are (pa ,qa)T and (pb ,2qb)T, respectively:

S R11 R12

R21 R22
D S pa

qa
D 5maS pa

qa
D ,

S R11 R12

R21 R22
D S pb

2qb
D 5mbS pb

2qb
D . ~5!

Therefore,

qa

pa
5

ma2R11

R12
5

R21

ma2R22
,

qb

pb
5

R112mb

R12
5

R21

R222mb
. ~6!

Equations~4! and ~6! imply

u5S qa

pa
2

qb

pb
D Y S qa

pa
1

qb

pb
D5

R222R11

ma2mb
. ~7!

In order to avoid using the three non-independent quant
qa /pa , qb /pb , andu, it is convenient to introduce

q

p
5Aqaqb

papb
5AR21

R12
. ~8!

Notice that we do not define the quantitiesq and p sepa-
rately; we only define the ratioq/p. From Eqs.~7! and~8! it
follows that

A12u252
q

pY S qa

pa
1

qb

pb
D . ~9!

The CPT-violating parameteru will later be assumed to be
small. We shall then make the approximationA12u2'1.

It follows from Eqs.~2!, ~3!, and~5! that the states

uPa&5pauP0&1qauP0̄&,

uPb&5pbuP0&2qbuP0̄& ~10!

evolve in time as

uPa~ t !&5e2 imatuPa&,

uPb~ t !&5e2 imbtuPb&. ~11!

We do not have to make any assumption about the norm
ization of uPa& and ofuPb&. We also do not have to make an
assumption either about the relative phase ofuPa& and uPb&,
05600
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or about the relative phase ofuP0& and uP0̄&. Indeed, one is

free to change the phase of the ketsuP0& and uP0̄&:

uP0&˜eiguP0&,

uP0̄&˜ei ḡuP0̄&. ~12!

The invariance of the state vectoruc(t)& under this rephasing
implies that

c1~ t !˜e2 igc1~ t !,

c2~ t !˜e2 i ḡc2~ t !. ~13!

Therefore, from Eq.~3!,

R12˜ei (ḡ2g)R12,

R21˜ei (g2ḡ)R21, ~14!

while R11 andR22 do not change. The trace and the determ
nant ofR are invariant under the transformation in Eqs.~14!.
Therefore,ma andmb are invariant too. Thus,u is invariant

under a rephasing ofuP0& and uP0̄&. Both the real and the
imaginary parts ofu are physically meaningful. They violat
CP and CPT. On the contrary, the phase of the parame
q/p in Eq. ~8! is not invariant under the rephasing in Eq
~14!; as a result, it is physically meaningless. However,
modulus ofq/p is physically meaningful; the real paramet

d5S 12UqpU
2D Y S 11UqpU

2D5
uR12u2uR21u
uR12u1uR21u

~15!

violatesCP andT.

In summary, theP0-P0̄ mass matrix has twoCP- and
CPT-violating parameters (Reu and Imu), and oneCP-
andT-violating parameter (d). In addition, it has fourC-, P-
andT-invariant quantities:

ma5Rema , Ga522 Imma ,

mb5Remb , Gb522 Immb . ~16!

These are sometimes traded for

m5
ma1mb

2
, G5

Ga1Gb

2
, ~17!

and

x5
ma2mb

G
, y5

Ga2Gb

2G
. ~18!

In Appendix A we have collected some formulas relati
our parametrization ofCPT andT violation in the mixing of
neutral mesons to other parametrizations found in the lite
ture.
3-3
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III. TAGGED DECAYS

Let us consider a neutral meson which is identified a

P0 (P0̄) at time t50. Using Eqs.~7!–~11!, one finds that
this state is given at timet by

uP0~ t !&5g1~ t !uP0&1g2~ t !S q

p
A12u2 uP0̄&2uuP0& D ,

uP0̄~ t !&5g1~ t !uP0̄&1g2~ t !S p

q
A12u2 uP0&1uuP0̄& D ,

~19!

respectively. Here,

g6~ t !5 1
2 ~e2 imat6e2 imbt!. ~20!

We now seek the quantities which can be measured w

uP0(t)& and uP0̄(t)& decay into a final statef. We define

Af5^ f uTuP0&, Āf5^ f uTuP0̄&. ~21!

Equations~19! depend on two independent functions of t
decay time,g1(t) and g2(t). Therefore, one will in prin-
ciple be able to measure the ratio of the coefficients of
two functions,

E5
q

p

Āf

Af
A12u22u,

Ē5
p

q

Af

Āf

A12u21u. ~22!

We cannot compare the normalization of the decay rates
responding to different final states unless simplifying
sumptions are made. For example, some authors assum
there are no electromagnetic final-state interactions, or
CPT violation is absent in the decay process, or that ther
no T violation in the mixing of the neutral mesons. W
would argue that all these effects must be considered w
looking for CPT violation, which is in itself dramatically
non-standard.

We stress that the observables in Eqs.~22! contain the
maximal informationthat may be extracted from the tim
dependence of the decay rate. It is possible that partic
phenomenological or experimental conditions only allow
extraction of part of this information from the actual dec
curves. In order to see this, consider the explicit decay ra

G@P0~ t !˜ f #5uAf u2$ug1~ t !u21uEu2ug2~ t !u2

12 Re@Eg1* ~ t !g2~ t !#%,

G@P0̄~ t !˜ f #5uĀf u2$ug1~ t !u21uĒu2ug2~ t !u2

12 Re@Ēg1* ~ t !g2~ t !#%. ~23!

Since the functionsug1(t)u2, ug2(t)u2, Re@g1* (t)g2(t)#, and
Im@g1* (t)g2(t)# are linearly independent, one can meas
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the quantities in Eqs.~22! by tracing the time dependence o

the decays of single, taggedP0 or P0̄. However, if for in-
stance the two eigenstates have equal decay widths, i.e
Ga5Gb , then the function Re@g1* (t)g2(t)# will vanish and
less information will be available. Thus, in the ensuing d
cussions we address the best possible scenario. Actua
periments may be considerably more problematic.

A. Decays into semileptonic final states

Consider the particular case of the semileptonic deca
The parametersxl and x̄l were defined in Eqs.~1!. We shall
not need to assume any relationship betweenxl and x̄l ; in
particular, we shall not assumeCPT invariance of the decay
amplitudes. Now,xl and x̄l are not invariant under the

rephasing ofuP0& and uP0̄& in Eqs. ~12!. The rephasing-
invariant, physically meaningful quantities are

l l5
q

p
xl , l̄ l5

p

q
x̄l* . ~24!

They will be assumed to be small. If one observes the tag
decays to the semileptonic stateX2l 1n l , one can in prin-
ciple measure the corresponding parametersE and Ē,
namely,

A12u2l l2u'l l2u,

A12u2~l l !
211u'~l l !

21. ~25!

If one observes the tagged decays toX1l 2n̄ l , one measures

A12u2~ l̄ l !
212u'~l̄ l !

21,

A12u2l̄ l1u'l̄ l1u. ~26!

In both Eqs.~25! and~26! we have made the approximatio
of neglecting the products of any two small parameters l
u, l l , or l̄ l . One sees that, by using the decays of sin
tagged mesons, one can in principle separate
CPT-violating parameteru from theDP52DQ parameters
l l and l̄ l . Thus, one can measure CPT violation wit
tagged decays.

Unfortunately, as will be shown in section 5.1, this stra
egy cannot be implemented at theY(4S).

B. About the searches forDP52DQ amplitudes

The primary aim of this article is to stress the impact th
simple new-physics effects may have on experiments se
ing to measure violations ofCPT. We now want to point out
that the converse is also true. In particular, the experime
performed in the 1970s in order to measure violations of
DS5DQ rule in the semileptonic decays of the neutral kao
have disregarded the possibility ofCPT violation. Let us

takeP0 to beK0 andP0̄ to beK 0̄. For the subscripts which
3-4
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label the eigenstates of propagation we usea˜L and b
˜S, referring to the long-lived and to the short-lived neut
kaon, respectively. Denoting

le5
q

p

^p2e1nuTuK 0̄&

^p2e1nuTuK0&
,

l̄e5
p

q

^p1e2nuTuK0&

^p1e2nuTuK 0̄&
, ~27!

one easily finds

G@K0~ t !˜p2e1n#5
u^p2e1nuTuK0&u2

4

3 u~12A12u2le1u!e2 imSt

1~11A12u2le2u!e2 imLtu2,

G@K0~ t !˜p1e2n#5
u^p1e2nuTuK 0̄&u2

4

3u~A12u22l̄e2ul̄e!e
2 imSt

2~A12u21l̄e2ul̄e!

3e2 imLtu2
12d

11d
. ~28!

These expressions should be compared with those use
fitting the experimental data@22#,

G@K0~ t !˜p7e6n#}u~11xe!e
2 imSt6~12xe!e

2 imLtu2.
~29!

It is seen that the parameterxe to which the decay curve
have been fitted becomes ill-defined when one allows
CPT violation; in one case one hasxe'u2le , in the other
one it isxe'2l̄e .

Anyway, we may state that the search forDS52DQ
amplitudes has provided a loose, indirect bound onCPT

violation in K0-K 0̄ mixing; since one has obtainedxe
&1022, one can also state thatu&1022. Indeed, ifu were
much larger than this, its effect should be visible in t
analysis of the decay curves in Eqs.~28!.

Similarly, the search forDB52DQ amplitudes at the
Y(4S)-factories has been discussed assumingCPT invari-
ance@23#.

IV. DECAYS FROM A CORRELATED STATE

Let us consider the correlated state withP- andC-parity
21 which, at timet50, is

f25
1

A2
@ uP0~kW !&uP0̄~2kW !&2uP0̄~kW !&uP0~2kW !&],

~30!
05600
l
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wherekW and 2kW denote the opposite three-momenta of t
two mesons. Consider what can be measured using the
related state in Eq.~30!. Let the meson with momentumkW
decay at timet1 into a statef, and the meson with momentum
2kW decay at timet2 into a stateg. Using Eqs.~19! one finds
that the decay amplitude may be written in the form

^ f ,t1 ;g,t2uTuf2&5a@g1~ t1!g1~ t2!2g2~ t1!g2~ t2!#

1b@g1~ t1!g2~ t2!2g2~ t1!g1~ t2!#,

~31!

where

a5AfĀg2ĀfAg ,

b5A12u2S p

q
AfAg2

q

p
ĀfĀgD

1u~AfĀg1ĀfAg!. ~32!

Since the decay amplitude in Eq.~31! depends on two inde
pendent time functions, we may in principle extract the ra
of their coefficients:

F5
b

a
5

uAfĀg1uĀfAg1
p

q
A12u2AfAg2

q

p
A12u2Āf Āg

AfĀg2ĀfAg

.

~33!

Indeed, by observing the shape of the dependence ont1 and
on t2 of the decay rate,

u^ f ,t1 ;g,t2uTuf2&u25uau2e2G(t11t2)

3H 11uFu2

2
cosh@Gy~ t12t2!#

1ReF sinh@Gy~ t12t2!#

2Im F sin@Gx~ t12t2!#

1
12uFu2

2
cos@Gx~ t12t2!#J ,

~34!

one can determineF. It turns out that, as a matter of fact, on
can measureF even if one integrates the decay rate overt1
1t2, as long as one still follows its dependence ont12t2.
Indeed,

E
ut12t2u

1`
1
2 d~ t11t2!^ f ,t1 ;g,t2uTuf2&u2 ~35!

is identical with the right-hand side of Eq.~34! but for the
overall factor, which isuau2exp(2Gut12t2u)/(2G) instead of
uau2exp@2G(t11t2)#.
3-5
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A. Di-lepton decays

In the measurable quantity of Eq.~33!, let us suppose tha
f is the semileptonic stateX2l 1n l , while g is another semi-
leptonic state, which has a charged lepton with the sa
electric charge,X82l 81n l 8 . The quantityF in Eq. ~33! then
reads

uxl 81uxl1
p

q
A12u22

q

p
A12u2xlxl 8

xl 82xl

'~l l 82l l !
21.

~36!

We have once again made the approximation of neglec
the products of any two small parameters likeu, l l , and
l l 8 . Let us now suppose thatf is the semileptonic state
X1l 2n̄ l , while g is the semileptonic stateX81 l 82n̄ l 8 , with
a charged lepton with the same electric charge. The qua
F then reads

u x̄l* 1u x̄l 8
* 1

p

q
A12u2x̄l* x̄l 8

* 2
q

p
A12u2

x̄l* 2 x̄l 8
*

'~l̄ l 82l̄ l !
21.

~37!

If, instead, the two semileptonic states detected in oppo
sides of the detector have charged leptons with opposite e
tric charge, then the quantity in Eq.~33! is either

u1uxl x̄l 8
* 1

p

q
A12u2x̄l 8

* 2
q

p
A12u2xl

12xl x̄l 8
*

'u1l̄ l 82l l

~38!

or, with l↔ l 8,

u1uxl 8x̄l* 1
p

q
A12u2x̄l* 2

q

p
A12u2xl 8

12xl 8x̄l*
'u1l̄ l2l l 8 .

~39!
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We thus conclude that, by using the decays of the co
lated statef2, one can—at least in principle—measure t
four linear combinations of small parameters

l l 82l l ,

l̄ l 82l̄ l ,

~40!

u1l̄ l 82l l ,

u1l̄ l2l l 8 .

This means that it is impossible to disentangle th
CPT-violating parameteru from the DP52DQ param-

etersl l and l̄ l by using di-lepton events alone. This conclu-
sion was also arrived at by Xing@24#.

B. Single-lepton events

Let us consider again the correlated state in Eq.~30!. We
shall now study events in which the final statef is observed
in one side of the detector, irrespectively of the decay occ
ring in the opposite side. This corresponds to integrat
over t2 and summing over all final statesg. Using the uni-
tarity conditions in Eqs.~B5! and~B6! of the Appendix, one
easily shows@26# that

G@f2
˜ f #~ t1!5E

0

1`

dt2(
g

~ u^ f ,t1 ;g,t2uTuf2&u2

1u^g,t2 ; f ,t1uTuf2&u2!

5G@P0~ t1!˜ f #1G@P0̄~ t1!˜ f #, ~41!

whereG@P0(t1)˜ f # is the rate for a single, taggedP0 to

decay into the final statef at time t1, while G@P0̄(t1)˜ f # is

the decay rate for a single taggedP0̄. These rates have bee
given in Eqs.~23!. One finds
G@f2
˜ f #~ t !5ug1~ t !u2~ uAf u21uĀf u2!1ug2~ t !u2H S uuu21u12u2u

11d2

12d2D ~ uAf u21uĀf u2!1u12u2u
2d

12d2
~ uAf u22uĀf u2!

12 ReFu* A12u2S p

q
AfĀf* 2

q

p
Af* Āf D G J 12 ReH g1* ~ t !g2~ t !Fu~ uĀf u22uAf u2!

1A12u2S q

p
Af* Āf1

p

q
AfĀf* D G J . ~42!

Consider the particular case in whichf is the semileptonic stateX2l 1n l . The small parameters ared ~which violatesT and
CP), u ~which violatesCPT andCP), andl l ~which violates theDP5DQ rule!. Working out Eq.~42! to subleading order
in those parameters, one finds
3-6
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G@f2
˜X2l 1n l #~ t !

u^X2l 1n l uTuP0&u2
'ug1~ t !u21ug2~ t !u2~112d!

12 Re@g1* ~ t !g2~ t !#@2Reu

12~11d!Rel l #

12 Im@g1* ~ t !g2~ t !#

3~ Im u12d Im l l !. ~43!

Let us instead takef to be the semileptonic final stat
X1l 2n̄ l . We find

G@f2
˜X1l 2n̄ l #~ t !

u^X1l 2n̄ l uTuP0̄&u2
'ug1~ t !u21ug2~ t !u2~122d!

12 Re@g1* ~ t !g2~ t !#@Reu12~1

2d!Rel̄ l #22 Im@g1* ~ t !g2~ t !#

3~ Im u12d Im l̄ l !. ~44!

The functions of timeug1(t)u2, ug2(t)u2, Re@g1* (t)g2(t)#,
and Im@g1* (t)g2(t)# are independent. Therefore, the thr
ratios of their coefficients may in principle be extracted fro
experiment. One sees that, if one neglects the sublea
terms, then the coefficients of the time functio
Im@g1* (t)g2(t)# yield the CPT-violating parameter Imu.
On the other hand, Reu cannot, even in this approximation
be separated from Rel l or Rel̄ l .

If one does not neglect the subleading terms, then one
determine theT-violating parameterd from the coefficients
of the function ug2(t)u2. On the other hand, even if on
measures a non-zero coefficient of Im@g1* (t)g2(t)#, one
cannot ascertain that one has foundCPT violation. This is
because of the subleading termsd Im l l or d Im l̄ l , which
areCPT-invariant.

C. Combining single-lepton and di-lepton events

So far, we have separately discussed the impact thatCPT
violation and wrong-charge semileptonic decays have
correlated decays into two semileptonic and into one se
leptonic final state. Schematically, we have found that

f2
˜ l 1l 2⇒H Reu1Rel̄ l2Rel l ,

Im u1Im l̄ l2Im l l ,
~45!

f2
˜ l 1⇒H 2 Rel l2Reu,

2d Im l l1Im u,
~46!

f2
˜ l 2⇒H 2 Rel̄ l1Reu,

2d Im l̄ l1Im u.
~47!
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Combining the first lines of Eqs.~46! and ~47! we may ex-
tract 2 Re(u1l̄ l2l l), which is the same information as i
the first line of Eq.~45!. Thus, Reu cannot be disentangled

from Re(l̄ l2l l).
On the other hand, one can combine the di-lepton a

single-lepton events to extract Imu. In fact, we may combine
the second lines of Eqs.~46! and ~47! to extractd Im(l̄ l

2l l). This yields Im(l̄ l2l l), provided one is able to deter
mine d from the coefficients ofug2(t)u2 in the single-lepton
events. Then, by comparing Im(l̄ l2l l) with the second line
of Eq. ~45!, one can determine Imu unambiguously.

We conclude that the decays of the correlated stateuf2&
can, in principle, be used to disentangle violations ofCPT
from violations of theDP5DQ rule in semileptonic decays
However, this only happens in the imaginary parts of t
parameters; the real parts remain un-separated, even if
takes into account both di-lepton and single-lepton event

It is important to observe that this determination of Imu
is possible even in the caseGa5Gb , which is expected to

hold to a good approximation in theBd
0-Bd

0̄ system. Indeed,
in that case the measurement of the first lines of Eqs.~45!–
~47! will be impossible, but the measurement of their seco
lines will still be feasible. Thus, the extraction of Imu will
not be impeded by an approximate equality of the de
widths of the two eigenstates of mixing.

V. NEW-PHYSICS EFFECTS
IN THE PRODUCTION MECHANISM

We have shown in Sec. III that one may in principle sep
rate theCPT-violating parameteru from the DP52DQ

parametersl l and l̄ l by following the time dependence o
the semileptonic decays of single tagged mesons. We re
that by ‘‘tagged meson’’ we mean a neutral meson who
flavor has been unequivocally determined at timet50. This
is normally done by evoking the rule of associated prod
tion, which is based on the flavor-conserving nature of
interactions of the gluon, photon, orZ0, that are responsible
for most production mechanisms. It states that, if an ini
statei decays into a neutral meson together with a tagg
staten, then the flavor ofn is opposite to the one of the
neutral meson.

To be specific, let us consider the conditions at CPLEA
There one starts withi 5pp̄ and one looks for the charge o
the kaon in the staten5K2p1. Since the strong interaction
preserves flavor, this will identify asK0 the neutral meson
produced in association withn. Conversely, if the charged
kaon has positive charge, thenn5K1p2 and the neutral

meson isK 0̄. In reality, there could be a smalluDSu52 in-
teraction enabling the production processpp̄˜K1p2K0.
This would destroy the rule of associated production, a
one would lose the notion of tagged decays. However,

uDSu52 effect would also contribute toK0-K 0̄ mixing and,
thus, one would expect it to be negligibly small.

On the contrary, new-physics effects in the producti
mechanism may be important when the production is due
3-7
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the interaction of theW boson. Here we should consider tw
cases, depending on whether the leading-order SM pro
tion mechanism allows for only one~say, P0) or both (P0

andP0̄) neutral mesons to be produced in the final state
The decayBd

0
˜J/cK0 constitutes an example of the fir

case. To leading order in the SM this decay takes pla

while Bd
0
˜J/cK 0̄ does not.~These processes are calle

‘‘semileptonic-type decays’’ by Kostelecky´ and collabora-
tors @21#.! In principle one could use the subsequent evo
tion of the neutral kaon in order to test its properties;
practice, since those properties are rather well tested in d
decays of neutral kaons, these cascade decays should be

instead to probe the properties of theBd
0-Bd

0̄ system@7#. In
this particular case, the initial state can evolve into itsCP
conjugate. We shall not consider such cases any further
we stress that even a small new-physics amplitude to

processBd
0
˜J/cK 0̄ will affect those analyses.

There are also cascade decays in which both neutral
sons can arise in the intermediate state, even within the
For example, one may want to use the copious productio
B2 at the Y(4S), together with a subsequent decayB2

˜K2D0, in order to probe the decays of theD0 into some
final statef. However, in this case there is another possibili
Although suppressed by about an order of magnitude in

plitude, the processB2
˜K2D 0̄ is also allowed in the SM.

Thus, if bothD0
˜ f andD 0̄

˜ f are allowed, there are two
interfering decay paths:B2

˜K2D0
˜K2 f and B2

˜K2D 0̄
˜K2 f .

This is actually at the root of the Gronau-London-Wyl
@27# and Atwood-Dunietz-Soni@28# methods to determine
theCP-violating phaseg. In those methods one assumes th

there is noD0-D 0̄ mixing; in that case, there is no interfe

ence effect for those final statesf into which eitherD 0̄ or D0

cannot decay. Recently, Meca and Silva@8# have shown that

the presence ofD0-D 0̄ mixing gives rise to a new interfer
ence effect, between the amplitudes of the decays into

D0-D 0̄ system, on the one hand, and the mixing in that s
tem, on the other hand. One of the consequences of

result is that, even if we look for a final statef into whichD 0̄

cannot decay, there will be two interfering paths: the u
mixed decay pathB2

˜K2D0
˜K2 f ; and the mixed decay

pathB2
˜K2D 0̄

˜K2D0
˜K2 f . This effect makes it pos

sible to test new sources ofCP violation, and might provide

a handle onDm in the D0-D 0̄ system@8,9#.
We shall consider the general situation in which the init

statei can lead both to the staten together withP0, and to

the staten together withP0̄. That is, we assume that

ci5^nP0uTu i & and c̄i5^nP0̄uTu i & ~48!

are both non-vanishing. Then, the production process le

to the superposition ofP0 andP0̄ given by
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uc i&5ci uP0&1 c̄i uP0̄&. ~49!

Using Eqs.~19!, we find that this state evolves into

uc i~ t !&5g1~ t !~ci uP0&1 c̄i uP0̄&)1g2~ t !Fci S q

p
A12u2 uP0̄&

2uuP0& D1 c̄i S p

q
A12u2 uP0&1uuP0̄& D G ~50!

at timet. Suppose that one observes experimentally the t
dependence of the overall process

i˜n$P0,P0̄%˜n f . ~51!

Recalling thatg1(t) and g2(t) are independent functions
we conclude that this allows in principle the determination

Ê5

ci S q

p
A12u2Āf2uAf D1 c̄i S p

q
A12u2Af1uĀf D

ciAf1 c̄i Āf

.

~52!

Clearly, if the staten correctly tagsP0, i.e., if c̄i50, thenÊ
coincides withE in Eq. ~22!. Conversely, ifn really identifies

P0̄, i.e., if ci50, thenÊ5Ē.
Let us define@8,9#

j i5
c̄i

ci

p

q
5

^nP0̄uTu i &

^nP0uTu i &

p

q
~53!

and j̄ i51/j i . The parameterj i describes the interferenc
between the production process, represented by the two

plitudes ci and c̄i , and the subsequentP0-P0̄ mixing, de-
scribed byq/p. We want to consider cases in which, a

though n is not a perfect tag forP0 ~or for P0̄), the mis-
tagging is small. Then, we may treatj i ~or j̄ i) as a small
parameter.

Whenf is the semileptonic stateX2l 1n l , we may in prin-
ciple measure, ifj i is small,

Ê5
A12u2l l2u1A12u2j i1uj il l

11j il l
'l l2u1j i ;

~54!

or, if j̄ i is small,

Ê5
A12u2j̄ il l2uj̄ i1A12u21ul l

j̄ i1l l

'~j̄ i1l l !
21.

~55!

If f 5X1l 2n̄ l , then we may in principle measure, ifj i is
small,
3-8
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Ê5
A12u22ul̄ l1A12u2j i l̄ l1uj i

l̄ l1j i

'~l̄ l1j i !
21;

~56!

or, if j̄ i is small,

Ê5
A12u2j̄ i2uj̄ i l̄ l1A12u2l̄ l1u

j̄ i l̄ l11
'j̄ i1l̄ l1u.

~57!

In all cases we have made the approximation of neglec
products of small parameters.

Equations~54!–~57! should be compared with Eqs.~25!
and ~26!. We see that, if both neutral mesons can be p
duced in association withn, then we may no longer disen
tangle theCPT-violating parameteru from the effects of
both mis-tagging andDP52DQ amplitudes.

Notice that we have only considered cases in which
initial state i cannot evolve intoī . This includes cascad
decays originating in baryons or charged mesons, but
cascade decays which start from a heavier neutral-me
antimeson system. In the latter cases the analysis is m
complicated @7,9# because there are two distinct neutr
meson systems evolving in time.

A. Di-lepton decays and mis-tagging

It is instructive to view the difficulties with di-lepton de
cays, discussed in Sec. IV, as a particular case of m
tagging. Let us review the tagging strategy usually evok
for measurements at theY(4S). It is generally assumed tha
there are no violations of theDB5DQ rule in semileptonic
decays. Then the following reasoning applies:~1! although

the Bd
0 and theBd

0̄ produced at theY(4S) oscillate, the anti-
symmetry of the wave function is preserved by the linea
of the evolution; ~2! hence, if at some instant the righ
moving meson is found~from its semileptonic decay! to be
Bd

0 , then the left-moving meson at that instant is certai

Bd
0̄; ~3! that left-moving meson will evolve from that instan

onwards as a taggedBd
0̄; ~4! therefore, time-dependent ex

periments starting from the stateY(4S) and observing at
least one semileptonic decay automatically reproduce the
sults obtained with tagged decays.

If we allow for violations of theDB5DQ rule, then the
situation obtained, in Eqs.~36!–~39!, is the same as the on
in the right-hand sides of Eqs.~54!–~57!, but with the sub-
stitutions j i52l̄ l 8 and j̄ i52l l 8 . The reason is simple
since we are assuming violations of theDB5DQ rule, the
semileptonic decays do not provide a perfect tagging of
neutral mesons originated from theY(4S). If the right-
moving meson decays at some instant intoX81l 82n̄ l 8 , then
we know that the left-moving meson is, at that instant, in
state which has zero probability of decaying intoX81l 82n̄ l 8 ;
that state is

^X81l 82n̄ l 8uTuP0̄&uP0&2^X81l 82n̄ l 8uTuP0&uP0̄&. ~58!
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If one observes the decay of that left-moving meson into a
other state, at any other time, then we are effectively work
with a ~mis!tagged state having

j i5
p

q F2
^X81l 82n̄ l 8uTuP0&

^X81l 82n̄ l 8uTuP0̄&
G52l̄ l 8 . ~59!

The decays of theY(4S) into one semileptonic state an
another final statef thus become equivalent to mis-tagge
decays, i.e., to decays in which the tagging strategy does
work properly.

This analysis has a very important implication:the case of
tagged decays~which would allow us to extract unambigu
ously theCPT-violating parameteru) can never be imple-
mented at theY(4S), if one allows for the existence ofDP
ÞDQ amplitudes.

The same ‘‘no-go theorem’’ applies to almost all existin
or proposedB-physics experiments. Indeed, one looks alm
always for the decay of the mesons produced in associa
with the neutralB meson which one wishes to tag, and th
decay may also be affected by new physics. This is clea

the case for correlated or uncorrelatedB0B0̄ production, but
it also occurs for the production ofB2B0X1, if one only
identifies theB2 through the sign of the lepton in the fina
state. The exception occurs in the case ofB2B0X1 produc-
tion, if one detects theB2 by a full reconstruction of the
event. Although inefficient, this method guarantees, in pr
ciple, that the tagging meson is indeed aB2 and thus, bar-
ring new effects in the production mechanism, it identifi
the neutral meson at the time of production asB0.

We should point out that we have not discussed the p
sibility that there might be newuDBu52 effects in the decay

of theY(4S). In this case, theBd
0Bd

0̄ wave function would no
longer have the form in Eq.~30!; it would also haveBd

0Bd
0

andBd
0̄Bd

0̄ components. This possibility was hinted at~but not
explored! by Yamamoto in the first article of@26#; he pointed
out that it would invalidate Eq.~41!.

VI. CONCLUSIONS

In this article we have discussed ways to uncover a sig
of CPT violation using semileptonic decays. We ha
stressed the fact that such a signal must be disentangled
new-physics effects in the tagging procedure. These can
due to DP52DQ amplitudes in semileptonic decays; b
also to flavor-conservation violations in the producti
mechanism.

If one assumes the latter to be absent, then one concl
that:

~1! The separation between violations ofCPT and viola-
tions of theDP5DQ rule is possible using tagged decay
unfortunately, these studies cannot be implemented at
Y(4S) and are difficult to implement elsewhere.

~2! One cannot disentangle violations of theDP5DQ
rule from violations ofCPT using di-lepton decays of the
stateuf2&.

~3! This can be achieved if one uses both di-lepton a
3-9



i

a
ec
x

cu

.
n-
f

th
th

he

io
ve
m

til
o

or
ic

fo
is
rd
u

n
ll
e

ular

e-
that

o so

ey
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single-lepton decays, but even then one can only determ
the CPT-violating parameter Imu, while Reu remains un-
known.

However, one cannot exclude the possibility that there
also new interactions in the production process. Such eff
may destroy the notion of ‘‘tagged decays.’’ They are e
pected to be negligible when the production mechanism
mediated by gluons, photons, or by theZ0 boson; the rule of
associated production should then hold to sufficient ac
racy. However, if that is not the case~as, for example, in
cascade decays!, then the clear identification ofCPT viola-
tion using only semileptonic decays becomes impossible

A final word of caution is in order. Given the deep co
nections betweenCPT invariance and the foundations o
field theory, even mild assumptions on the nature of
CPT-violating phenomenology may prove inadequate in
context of a specific model ofCPT violation. Throughout
this paper we have assumed theCPT-violating parameteru
to be constant and experiment-independent; however, t
is in the literature a specific model ofCPT violation @25# in
which u is found to depend on the magnitude and orientat
of the 4-momentum of the neutral mesons used in a gi
experiment. Analogously, odd and unexpected features
characterize other models ofCPT violation, and they might
open up different avenues for experimental exploration. S
our point that any tagging strategy based on the decay of
of the neutral mesons originated in theY(4S) is bound to
fail whenever the new-physics effects destroy the flav
specific nature of that decay, is a robust conclusion wh
remains valid in all cases.

Our aim is to encourage experimentalists to search
CPT violation in as many ways as possible, and to dev
analyses that rule out other new-physics effects. Towa
this end, we have proposed a method that allows the
equivocal identification ofCPT violation, by combining
single-lepton with di-lepton events.

APPENDIX A

The way we parametrizeT andCPT violation in the mix-
ing of neutral mesons is different from the parametrizatio
used by some other authors. For ease of reference, we co
here formulas summarizing the relationships among differ
parametrizations.

Some authors~for instance@18,19#! introduce two com-
plex anglesuR andfR by writing

qa

pa
5eifR tan

uR

2
,

qb

pb
5eifR cot

uR

2
. ~A1!

Obviously then,

q

p
5eifR. ~A2!

Moreover,
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u52cosuR ,

A12u25sinuR . ~A3!

CPT is violated if and only if cosuRÞ0. T is violated if and
only if Im fRÞ0, as

d5tanh~ Im fR!. ~A4!

It should be pointed out that some authors use a partic
phase convention and claim that RefRÞ0 also corresponds
to T violation. If we take into account that physics is ind
pendent from phase conventions, however, we see that
statement is false.

Other authors~for instance@5,17#! use two complex pa-
rameters,eS anddS , and write

qa

pa
5

12eS1dS

11eS2dS
,

qb

pb
5

12eS2dS

11eS1dS
. ~A5!

Obviously then,

q

p
5A~12eS!22dS

2

~11eS!22dS
2
. ~A6!

CPT invariance corresponds todS50, as

u5
2dS

11dS
22eS

2
. ~A7!

T invariance corresponds to Re@eS* (11eS
22dS

2)#50. The
authors who use this parametrization, however, always d
in conjunction with the assumption thatdS andeS are small.
Then,

u'2dS ,

A12u2'122dS
2 ; ~A8!

moreover,

d'2 ReeS . ~A9!

It should be kept in mind that theR-parametrization is
exact and general, while theS-parametrization is interesting

only when using a phase conventionCPuP0&56uP0̄&, which
implies thatCP conservation corresponds to vanishingdS
andeS .

APPENDIX B

In this appendix we discuss the unitarity conditions. Th
are needed in order to prove Eq.~41!. We start from the
equation

2
d

dt
^c~ t !uc~ t !&5(

g
u^guTuc~ t !&u2, ~B1!
3-10
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which expresses the conservation of probability in the de
of the state in Eq.~2!. Using Eq.~3! for arbitrary values of
c1(t) andc2(t), one finds that Eq.~B1! yields

(
g

uAgu2522 ImR11,

(
g

uĀgu2522 ImR22,

(
g

Ag* Āg5 i ~R122R21* !. ~B2!

We now express the matrix elements ofR in terms of the
physical parametersma , mb , u, andd. We thus obtain the
unitarity conditions in the presence of violations ofCPT:

(
g

uAgu25G~11x Im u2y Reu!,

(
g

uĀgu25G~12x Im u1y Reu!,

(
g

q

p
Ag* Āg5G

~y1 idx!ReA12u22~x2 idy!ImA12u2

11d
.

~B3!

In Eqs.~B1!–~B3! the sums run over all the available dec
modesg.

Kenny and Sachs@29# have questioned the use of som
simpler unitarity conditions when testingCPT invariance,
on the grounds that one of the assumptions of theCPT theo-
rem is the Hermiticity of the interactions. However, our de
vation of the unitarity conditions is directly rooted on th
conservation of probability expressed by Eq.~B1!, and not
-
an

y,

-

05600
yon the Hermiticity of the Hamiltonian. We would agree wi
Tanner and Dalitz@13#, who argue that any theory whic
violates Eq.~B1! should probably be regarded as physica
unacceptable.

We need the following integrals:

E
0

1`

dtug1~ t !u25
21x22y2

2G~12y2!~11x2!
,

E
0

1`

dtug2~ t !u25
x21y2

2G~12y2!~11x2!
,

E
0

1`

dtg1* ~ t !g2~ t !5
2y~11x2!2 ix~12y2!

2G~12y2!~11x2!
.

~B4!

Remembering Eqs.~19!, one may use Eqs.~B3! and~B4!
to show that

E
0

1`

dt(
g

u^guTuP0~ t !&u251,

E
0

1`

dt(
g

u^guTuP0̄~ t !&u251, ~B5!

as one would expect. Also,

E
0

1`

dt(
g

^guTuP0~ t !&^guTuP0̄~ t !&* 50. ~B6!

Equation~41! follows from Eqs.~B5! and ~B6!. A result
similar to Eq.~41!, but with f2 substituted by the state with
P- andC-parity 11, also holds@26#, as one would expect on
the basic grounds of the conservation of probability.
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