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We systematically investigate the possibility of findingCP or T violation in thet sector at thet-charm
factory.CP or T violation may occur in thet pair production process, expressed as an electric dipole moment,
and int decay processes. By assuming that an electric dipole moment as large as 10219 e cm andCP or T
violation effects originating fromt decay as large as 1023 are observable at thet-charm factory, we study all
the possible extensions of the SM which are relevant for generatingCP or T violation in thet sector. And we
point out, there are a few kinds of models which are hopeful candidates for generating suchCP or T violation.
For these models we consider all the theoretical and current experimental constraints and find that there exists
some parameter space which will result in a measurableCP or T violation. Therefore we conclude that the
t-charm factory is a hopeful place to discoverCP or T violation in thet sector.@S0556-2821~97!00703-3#

PACS number~s!: 14.60.Fg, 11.30.Er, 12.60.2i

I. INTRODUCTION

The origin of CP violation has remained an unsolved
problem since the discovery ofCP violation in theK meson
system a quarter of a century ago@1#. Although the observed
CP violation in theK meson system can be accommodated
in the standard model~SM! of electroweak interactions by
virtue of a physical complex phase in the 333 Cabibbo-
Kobayashi-Maskawa~CKM! matrix @2#, it is not clear if the
CKM mechanism is really correct or the only source for
CP or T violation @3#. To verify the CKM mechanism one
needs not only information on theK meson mixing and de-
cay, but also that from theB meson system or other systems.
The main physical purpose of theB factory is to test the
CKM mechanism. However, even if the CKM method is the
correct mechanism to describeCP violation in K and B
meson mixing and decay, it is not necessary that CKM ma-
trix be the only source ofCP or T violation in nature@4#. As
pointed out by Weinberg@5#, unless the Higgs sector is ex-
tremely simple, it would be unnatural for Higgs-boson ex-
change not to contribute toCP or T nonconservation. The
CKM matrix may explain the observedCP violation in the
K meson system and possiblyCP violation in theB meson
system, while other new sources ofCP or T violation may
occur everywhere they can. In fact there are some physical
motivations for people to seek new sources ofCP or T vio-
lation. One motivation is from the strongCP problem in the
SM @6#. For most of the scenarios to solve this problem they
need a more complex vacuum structure and therefore a new
CP nonconservation origin. Another motivation is from cos-
mology; most astrophysical investigations show that addi-
tional sources ofCP violation are needed to account for the
baryon asymmetry of universe at present@7#. The third mo-
tivation is from supersymmetry. Even in the minimal super-
symmetrical standard model~MSSM!, there are some addi-
tionalCP nonconservation sources beyond the CKM matrix
@8#. Now the question is at what places the possible new
CP or T violation effects may show up and what is the
potential to search for those effects. In this work we are
going to study systematically the possibility to find new

CP or T violation effects at thet-charm factory~TCF!.
The TCF is a very good place to test the SM and search

for new physics phenomena because of its high luminosity
and precision@9#. Especially thet sector is a good place to
seek for non-SMCP or T violation effects because in the
SMCP violation in the lepton sector occurs only at the multi
loop level and is way below any measurable level in high
energy experiments; only non-SM sources ofCP or T non-
conservation may contribute, and another reason is thatt has
abundant decay channels with sizable branching ratios,
which can be used to measureCP or T violation. Further-
more, production-decay sequences oft pairs by electron-
positron annihilation are also favored. The reason is that~i!
t pair production by electron-positron annihilation is a
purely electroweak process and can be perturbatively calcu-
lated; ~ii ! for the unpolarized electron-positron collision, its
initial state isCP invariant in the c.m. frame;~iii ! when the
electron and/or positron beams are longitudinally polarized,
the initial state is still effectivelyCP even, which presents
extra chances to detect possibleCP violation. To detect pos-
sibleCP or T violation, one can either compare certain de-
cay properties oft2 with the correspondingCP or T conju-
gations, or measure someCP- or T-odd correlation of
momentum or spin of the final state particles fromt pair
decay. TheseCP or T-violating observables can and should
be constructed model independently, since normally these
observables are not well predicted due to the complexity and
many free parameters in non-SM. The sensitivity of the ex-
perimental measurement on possibleCP or T violation is
determined by the sensitivity of the measurement on momen-
tum, spin, or other physical quantities of the final state par-
ticles, and from them the physicalCP- or T-violating ob-
servables are constructed. The better one can measure these
quantities, the momenta, for example, the smaller theCP
violation phase can be reached. In the TCF, we can expect
about 107 t pairs in 1 year, and the precision of measure-
ments on kinematic parameters at 1023. The statistical and
systematic errors can be around or below this level. There-
fore generally aCP or T violation phase as small as order
1023 can be reached at the TCF@9#. In a non-SM theCP- or
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T-violating phase may appear in various stages of the pro-
cess of production-decay chain, e1e2→t1t2

→final particles. We sort them in three cases.
~i! CP or T violation is generated in the tree-level pro-

duction process,e1e2→g,Z,X→t1t2, whereX is some
new Higgs or gauge boson, aCP- or T-violating phase ap-
pears either in the propagator ofX or in the coupling to
lepton pairs, and the simplest possibility isX, being a neutral
Higgs boson in two- or multi-Higgs-doublet models. In this
case the size ofCP or T violation is proportional to the
interference between theX exchange andg, Z exchange pro-
cesses. Unfortunately,X, being a Higgs doublet this interfer-
ence term is proportional to the initial and final state fermion
massesmemt as a result of chirality conservation. This factor
alone contributes a suppression factorme /mt;331024 to
all CP- or T-violating observables in these kinds of pro-
cesses at the TCF besides other possible suppression factors,
like the large mass ofX, and small coupling betweenX and
leptons. We conclude that it is hopeless to search forCP
nonconservation from the tree-level production process at the
TCF.

~ii ! CP or T violation is also generated at the production
stage, but through the loop level. The most hopeful cases are
that there may exist large electric or weak dipole moments
~EDM’s or WDM’s! for the t lepton; i.e., there are sizable
CP or T violation phases at the vertext22g,Z2t1. For
this situation the new physical particles beyond the SM only
appear as virtual particles through loops and the size of
CP violation is proportional to EDM’s or WDM’s and is not
suppressed by other factors; so the point is just whether the
EDM’s or WDM’s of t are large enough to be observed.
Generally the Lagrangian describingCP or T violation in
t pair production related to EDM’s and WDM’s is

LCP521/2i t̄smng5t@dt
E~q2!Fmn1dt

W~q2!Zmn#. ~1!

Fmn andZmn are the electromagnetic and weak field tensors.
The momentum transfer at the TCF is around 4 GeV, and in
experiments at the CERNe1e2 collider LEP it is around the
mass of theZ boson. Therefore at the TCF we expect the
contribution from WDM’s to be a factor of
4mt

2/MZ
2.231023 smaller than the contribution from

EDM’s, if EDM’s and WDM’s are at the same order of the
magnitude. On the other hand, the EDM term is less impor-
tant at LEP energy. That is the reason why the LEP data
constrain more strictly on WDM’s than EDM’s oft @10,11#.
We will neglect the WDM contribution from now on in this
work.

~iii ! It is possible that theCP or T violation phase is small
in the production process but it is relatively large in thet
pair decay processes. The processes liket to neutrino plus
light leptons or hadrons through some new boson exchange
at the tree level can contribute significantly toCP or T vio-
lation observables. Obviously in this situation anyCP or T
violation effect from the loop level is negligible, since
any loop effect is at least suppressed by a factor
(1/16p2)(mt

2/M2), whereM is the mass of some new heavy
particles appearing in the loops. This factor is smaller than
1024 if M is heavier than about 20 GeV.

Now let us recall that how one detectsCP violation in
K meson decays: One measures the partial widths for a de-

cay channel and compares it with that for the corresponding
CP-conjugate decay process. Underlying such a philosophy
is the interference between aCP-violating phase and a
CP-conserving strong interaction phase; i.e., theCP viola-
tion effect is only manifest in the process with a strong final
state interaction. To observe possible non-CKMCP viola-
tion effects int decays, however, one has to invoke a new
methodology in most cases. The basic reason is that both in
the production vertex of at pair ~EDM of t) and in some
t decay channels~like pure leptonic decay,pn, rn decay
channels, etc.!, there is no strong interaction phase, caused
by a hadronic final state interaction, to interfere with a pos-
sible CP-violating phase. So far some efforts have been
made to investigate theCP or T violation effects at the TCF.
Mainly those works try to find various ways to measure pos-
sibleCP or T violation. A simple and very useful method is
to construct observables which areCP- or T-odd operators
being made from momenta of final state particles coming
from t pair decay or polarization vector of the initial electron
~or both electron and positron! beam@12#. These operators
can be used very conveniently to test anyCP or T violation
from either EDM’s oft leptons or from the decay of thet
pair without much model dependence. Some of the operators
are constructed by considering the reactions

e1~p!1e2~2p!→t11t2→A~q2!1B̄~q1!1X ~2!

in the laboratory system, whereA (B̄) can be identified as a
charged particle coming fromt2 (t1) decay. SomeCP- or
T-odd operators~so CPT even; we will not consider the
CPT-odd operator in this work since it is certainly much
smaller violation effect! can be expressed as@12#

O15 p̂•
q̂13q̂2

uq̂13q̂2u
,

Ti j5~ q̂12q̂2! i•
~ q̂13q̂2! j

uq̂13q̂2u
1~ i↔ j !, ~3!

where p̂,q̂ denote the unit momenta. If the initial electron
and/or positron beams are polarized, one can construct some
more observables making use of the initial polarization vec-
tor. For example aT-violating operator

O25sW •
q̂13q̂2

uq̂13q̂2u
~4!

can be constructed from the electron polarization vectorsW
and momenta of final state particles. If there exists any siz-
ableCP or T violation from EDM’s of t or in the t pair
decay vertex, in principle the experimental expectation val-
ues of these operators are nonzero. For EDM’s oft leptons,
dt , the theoretical expectation values of these operators are
worked out and expressed only as a function ofdt @13#.
Since at the TCF the precision of measurement for these
operators is at the 1023 level, one expects to probedt as
small as 1023/2mt.10217 e cm. An example is the mea-
surement ofdt or dt

W in LEP experiments. The expectation
value of theTi j operator is directly related todt @10#:
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^TAB
i j &5

Ec.m.

e
dtCABdiag~21/6,21/6,1/3!. ~5!

The term ‘‘diag’’ means a diagonal matrix with diagonal
elements given above, andEc.m. is the energy at the c.m.
frame. The proportional constantsCAB depend on thet de-
cay modes, but generally this constant is order 1 for all the
decay models@12#. The decay channels, which can be mea-
sured in experiments, may be classified asl -l , l -h, andh-h
classes, wherel is the lighter leptons, andh is a charged
hadron likep, r, and a1. Very impressively, if the initial
electron~or both electron and positron! is polarized, one may
use the polarization-asymmetrized distribution. The distribu-
tion is defined as the differential cross section difference be-
tween two different polarizations. With this method, adt as
small as 10219 e cm can be reached at the TCF@13#; this
corresponds to a sensitivity of 1025 of CP or T violation. Up
to now the best experimental bound ondt is from LEP ex-
perimental data, which are used to exclude indirectlydt as
large as 10217 e cm @11#, and so a two orders of magnitude
improvement ondt measurements can be achieved at the
TCF.

Besides theCP- or T-odd operator method, several other
useful strategies were proposed to test these violations int
decay.

~1! Nelson@14# investigated systematically the feasibility
of using the so-called stage-2 spin-correlation functions to
detect possible non-CKMCP violation in the t-pair
production-decay sequence and the corresponding
CP-conjugate sequence. The two-variable energy-correlation
distributionI (EA ,EB ,C), whereC is the opening angle be-
tween the finalA andB particles, is essentially a kinematic
consequence of thet-pair spin correlation which depends on
the dynamics ofZ0 or g*→t2t1 amplitude, and of the
t2→A2XA and t1→B1XB amplitudes. By includingue
andfe which specify the initial electron beam direction rela-
tive to the final stateA andB momentum directions in the
c.m. frame ofe2e1 system, one obtains the so-called beam-
referenced stage-2 spin-correlation function
I (ue ,fe ,EA ,EB ,C). For theg*→t2t1 vertex, there are
four complex helicity amplitudes. Hence, the
beam-referenced stage-2 spin-correlation function constructs
four distinct tests for possibleCP violation in
e2e1→t2t1. To illustrate the discovery limit in using the
beam-referenced stage-2 spin-correlation function, Goozovat
and Nelson@15# calculated the ideal statistical errors corre-
sponding to the four tests. An advantage of detectingCP
violation by use of the stage-2 spin-correlation function is
that the model independence and amplitude significance of
the results are manifest. It is complementary to the greater
dynamical information that can be obtained through other
approaches, such as from higher-order diagrammatic calcu-
lations in the multi-Higgs-doublet extensions of the SM.

~2! Another strategy to testCP violation in the two-pion
channels oft decay is due to Tsai@16#, the basic ingredient
of which is to invoke a highly polarizedt pair. Consider the
t pair production by electron-positron annihilation near
threshold. If the initial electron and positron beams are po-
larized longitudinally~along the same direction!, the t pair
will be produced mainly in theSwave, resulting in polariza-

tions oft6 both pointing in the same direction as that of the
initial beams. Such a polarization is independent of the pro-
duction angle and the corresponding polarization vector sup-
plies us with an important block to form products with the
final particle momenta. By comparing such polarization-
vector-momentum products for a specifict decay channel
with those for the correspondingCP-conjugate process, one
can perform a series of tests for possibleCP violation effects
in t decay. However, it is impossible to detectCP violation
in t→pnt decay without violatingCPT symmetry. As for
the two-pion channel, the existence of a complex phase due
to the hadronic final state interactions, given by the Breit-
Wigner formula for theP-wave resonancer, enables detect-
ing possible non-CKM violation by measuring the asymme-
try of (w3q1)•q2 without violating theCPT symmetry,
wherew is thet polarization vector andqi ( i51,2) are the
final pion momenta. By limiting the weak interaction to be
transmitted only by exchange of spin-1 and spin-0 particles,
one can know that only theS-wave part of the amplitude for
the exchange of the extra spin-1 particle makes contributions
to CP-violating observables. A very generic conclusion is
that unless two diagrams have different strong interaction
phases, one cannot observe the existence of a weak phase
using terms involvingw–q1. Tsai @17# also points out that
T violation cannot be detected in pure leptonic decay without
detecting the polarization of the decay lepton, because it is
impossible to construct aT-odd operator by the momenta of
the initial and final state particles in pure leptonic three-body
decays. This also implies that withCPT symmetry, one can
not detectCP violation in t decay processes with unpolar-
ized t. On the other hand, however, with polarized initial
electron and positron beams, one can constructT-odd opera-
tors using the momenta and polarization vector oft and the
decay lepton. Therefore polarization of initial electron and
positron is very desirable for detecting ofCP or T violation
at the TCF.

~3! As for thet→(3p)nt decay, it can proceed either via
JP511 resonancea1 and theJP502 resonancep8. Choi,
Hagiwara, and Tanabashi@18# investigated the possibility
that the large width-mass ratios of these resonances enhance
CP violation effects in the multi-Higgs-doublet extensions
of the SM. To detect possibleCP violation effects, these
authors compare the differential decay width for the
t2→p1p2p2nt with that for the corresponding
CP-conjugate decay process. To optimize the experimental
limit, they suggested considering severalCP-violating
forward-backward asymmetries of differential decay widths,
with appropriate real weight functions.

~4! To probe possibleCP-violating effects int decay
with K2p2p1 or K2p2K1 final states, Kilianet al. @19#
partitioned the final state phase space into several sectors and
constructed some asymmetries of the differential decay
widths. As a result, they showed thatT-odd triple momen-
tum correlations are connected to certain asymmetries, and
so their nonvanishing would indicate a possible non-CKM
CP violation in exclusive semileptonic t→three
pseudoscalar-meson decays.

With this knowledge and the results obtained in the pre-
vious papers in mind, now the crucial question, which is also
the motivation of this work, is whether forCP or T violation
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appearing in EDM’s close todt;10219 e cm andCP or T
violation effects int decay as 1023 are possible values theo-
retically. If for all possible extensions of the SM, which
people can visualize now, with natural parameter choices,
these values are much smaller than the theoretically pre-
dicted ones, then the effort to search for such smallCP or
T violation signals at the TCF would be not very meaningful,
at least from the theoretical point of view. In this paper we
are trying to answer this question by investigating various
possible mechanisms for generating large EDM’s oft, CP
or T violation in t decay. This paper is organized as follows.
In Sec. II we review the generation of EDM’s oft lepton’s
in various popular models beyond the standard model and
stress what models can produce possible large EDM’s oft.
Following the discussion of EDM’s, in Sec. III we concen-
trate onCP or T violation effects fromt decay in the mod-
els beyond the standard model. The last section is reserved
for some further discussion, and the conclusion on the pos-
sibility of finding CP or T violation at the TCF is given.

II. EDM’S OF t LEPTONS

The EDM of the leptondl is a dimension-5 operator. It
can only be generated from the loop level. Because this op-
erator changes the chirality of the lepton, it must be propor-
tional to a fermion mass. In the SM the EDM of the lepton is
generated from three-loop diagrams and is proportional to
the lepton mass itself; sodl is very small @20#. However,
generally,dl can be produced from one-loop diagrams in
models beyond the standard model. At the one-loop level,
thedl can be expressed as

dl;
el

16p2

MF

V2 sinf;10218S l

1D S MF

100 GeVD
3S 100 GeV

V D 2sinf e cm, ~6!

whereMF is some fermion mass,V is a large scale from
intermediate states in the loops, andl denotes other cou-
plings.f is aCP or T violation phase. In the following part
we assume maximalCP or T violation phases, i.e.,
sinf.1. From this equation one sees thatdl can be at most
as large as 10218–10219 e cm if l is between 1.0 and 0.1.
SinceV is a scale around or larger than the weak scale, in
order to obtain a largedl , MF must be a large fermion mass
such as thet quark mass or new heavy fermion masses. For
example, ifM is the t mass, thendt is smaller than 10220

e cm which is not detectable at the TCF. The same is true for
the scaleV. If V is at the TeV scale,dl is smaller than
10220 e cm. Although, in principle,dt is possibly as large as
10219 e cm , one has to avoid too large an EDM of the
electronde at the same time. The current experimental upper
limit on de is about 10

226 e cm. This is a very strong con-
straint especially when one is expecting a largedt . So in any
model beyond the standard model, two requirements must be
satisfied in order to obtain a measurabledt . The first one is
that the model must providedt at the one-loop level and that
dt be not suppressed by a small fermion mass term; the
fermion mass term should be a top quark mass, supersym-

metric partner of bosons, or other exotic fermion masses.
The second one is that the predictedde associated with large
dt is below its current experimental bound. These two con-
ditions altogether exclude most of the models beyond the
standard model which can provide large enoughdt observ-
ables for the TCF. We will see from the following discussion
that many models beyond the standard model do not satisfy
the two requirements.

Usually the EDM of the lepton is generated from one-
loop diagrams as an extension of the SM. Figure 1 is a typi-
cal one-loop diagram for the lepton EDM. The virtual par-
ticles are scalar or vector bosonS and fermionF in the loop.
A photon is attached to the charged intermediate particles.
The dl from this diagram is approximately proportional to
the fermion massMF and it is divided by a scaleV, which is
larger or equal toMF . Besides, there are two more couplings
at the vertexl -S-F. In a practical model there could be many
possible virtual bosons and fermions in the loop, but we only
consider the dominant contribution here as an order of mag-
nitude estimation. The diagram in Fig. 1 is evaluated as

di /Q.
ul il i8* u
16p2

MF

V2 j sinf, ~7!

where i5e,m,t denotes three-generation leptons andQ is
the electric charge of the virtual particles.j is an order of 1
factor from the loop integral. Equation~7! is true up to a
factor of order 1. And there should be a logarithmic depen-
dence onMF /V in j, which is slowly varying.

In order to obtain measurabledt and avoid too large
de , one needs a largeMF as discussed before andl, l8 must
be around order of 1 fort but much smaller~smaller than
about 1023) for electrons. We systematically investigate and
review most of the popular extensions of the standard model
and point out that the following types of models can fulfill
the requirements.

Scalar leptoquark models@21#. TheCP violation effects
in t sector for the models have been recently discussed ex-
tensively by some authors@18,22#. It is particularly interest-
ing for generating a largedl . These are the models which do
not need to introduce additional fermions. Because the top
quark mass is large, it is possible to generate a largedt
through the coupling of thet, top quark, and the correspond-
ing leptoquark.de could be small enough due to the coupling
of the electron, top quark, and leptoquark being independent

FIG. 1. One-loop diagram for lepton EDM generation, whereF
is the heavy fermion andS is the new boson. The photon line is
attached to charged particles in the loop.
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of that for dt . As long as there is a relative large hierarchy
for the couplings for different generations, the two require-
ments can be satisfied.

There are five types of scalar leptoquarks which can
couple to leptons and quarks. We denote them byS1, S2,
S3, S4, and SW 5. Their quantum numbers under a standard
gauge group transformation are (3,2,7

3), (3,1,2
2
3), (3,2,

1
3),

(3,1,2 7
3), and (3,3,2

2
3), respectively. The Yukawa coupling

terms are therefore given by

L15~l1
i j Q̄Li i t2ERj1l18

i j ŪRil L j !S11H.c.,

L25~l2
i j Q̄Li i t2l L j

c 1l28
i j ŪRiER j

c !S21H.c.,

L35l3
i j D̄Ril L jS31H.c.,

L45l4
i j D̄RiER j

C S41H.c.,

L55~l5
i j Q̄Li i t2tW l L j

c !•SW 51H.c.

Here l L andQL are lepton and quark doublets, respectively,
andUR , DR , andER are singlet quarks and leptons, respec-
tively. Individually onlyS1 andS2 contribute to the EDM of
leptons.

The j factor in Eq. ~7! is evaluated as j
52

3ln(MF
2/V2)111

6 @22#. Currently the constraints on mass and
coupling of leptoquarks are relatively weak@23#. For lepto-
quarks coupled only to a third generation, its lower mass
bound is about 45 GeV with order of unit coupling@23#. This
bound is from a leptoquark pair production from LEP experi-
ments. On the other hand, with the leptoquark mass at the
weak scale, the coupling is very weakly bounded too. In fact
the coupling could be as large as order of 1. If we takel33

andl833 as 0.5 and the mass of leptoquark as 200 GeV and
assume a maximalCP or T violation phase, we estimate that
dt.2310219 e cm, while de is determined by other cou-
pling components, and so a smallde is not necessary in
conflict with a largedt in this model.

Models with the fourth generation or other exotic leptons.
The SM with a fourth generation is another possible model
to generate a largedt . The heavy fourth-generation leptons
may play a role of the heavy fermionF in the loop. How-
ever, it is well known that if the fourth generation exists, it
must satisfy the constraints from LEP experiments@24#. Here
we propose a realistic model for this purpose.

Besides the fourth-generation fermions, we also introduce
a right-handed neutrinonR and a singlet scalarh2 with one
unit electric charge@25#. The new interaction terms are

L5l i j l i
Ti t2l jh

21l i8ERi
T nRh21MRnR

TnR1Mi
Dn̄LinR

1H.c., ~8!

wherel i j is antisymmetric due to the Fermi statistics.MD is
the Dirac neutrino mass from the standard Higgs vacuum
expectation value. In this model three light neutrinos remain
massless and the fourth neutrino is massive@26#. The con-
straints from LEP experiments and other low-energy data
can be satisfied providedMR is at weak scale or higher and
Mi

D is not much smaller thanMR . In the one-loop diagram
contribution todt , h2 appears as the scalarS. The fermion

line is two massive neutrinosn4 and nH in the mass basis
and they are related to each other:

nL45cosun42sinunH ,

nR5sinun41cosunH . ~9!

We assume thatn4 is the lighter neutrino and that the domi-
nant contribution is from eithernH or n4 depending on
whethernH is heavier than the mass ofh, Mh . Heredt is
evaluated as in Eq.~7! with MF5MHcosu sinu andV.Mh
if Mh>MH and with MF5M n4

cosu sinu and V.MH if

Mh<MH . Choosing l345l3851.0 and MF550 GeV,
V5200 GeV, we have the numerical resultdt.10219

e cm. Also in this model a hierarchy on the couplingl and
l8 for different generations is needed to keep a small enough
de , i.e., l34@l14 andl38@l18 .

The existence of exotic leptons provides another possibil-
ity to generate a measurabledt . It can be realized in hori-
zontal models@27#. With only three standard leptons, it is
impossible to obtain a large enoughdt , because the largest
fermion mass in the loop ismt . However, with some new
heavy leptons this model can provide a largedt . The con-
straints from low-energy data can be avoided if one assumes
that the horizontal interaction is strong betweent and the
exotic lepton, but it is much weaker in other sectors. A simi-
lar result ondt as for the case with the fourth generation can
be obtained.

Finally, we should point out that for our purpose it is clear
that some new exotic heavy leptons are needed in the new
physics models; however, even though there exist some
kinds of models with some new heavy leptons, they are able
to generatedl only from two-loop diagrams@28#, and so they
may result in interestingde but notdt .

Generic MSSM. The generic MSSM contains 63 param-
eters not including the parameters in the non-SUSY SM.
Fermionic superpartners of the ordinary bosons can be the
heavy fermions in the loop diagrams fordl . It provides some
new sources forCP or T violation. It is well known that the
electron and neutron can acquire large EDM’s@29# in this
model. In fact, in order to obey the experimental bounds on
dn and de , some parameters in the model are strongly re-
stricted@30#. Fordl generation, it is dominated by a photino-
mediated one-loop diagram. Both left- and right-handed
sleptons also appear in the loop. The contribution todl from
this diagram is proportional to left- and right-handed slepton
mixing matricesMLR5(Al2m tanb)Ml . Al is the matrix of
soft-SUSY-breaking parameters that appears in the SUSY
Yukawa terms of slepton coupling to Higgs doublets. Here
Ml is diagonal mass matrix of lepton mass. Usually it is
assumed thatAl is diagonal and the diagonal elements are
not much different for different generation; for example, in
supergravity-inspired modelsAl is universal for three gen-
erations@8#, and therefore one can getdt /de.mt /me . Us-
ing the experimental limitde<10226 e cm, one concludes
that dt<4310223 e cm @31#. However, in the generic
MSSM all the elements ofAl are free parameters, and so the
above constraint is not necessarily true. For example, if for
some unknown reason the 33 component ofAl is much larger
than other elements, and them term is much smaller than the
SUSY-breaking scale, thendt still can be larger than 10222
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e cm andde is in the allowed region. In this casedt can also
be expressed as Eq.~7!, but with MF5m̃g , V5m̃t

2/MLR ,
l335l338 5e, andf5arg(MLR

2 m̃g). The loop integralj was
4 times the function calculated some years ago in dealing
with de in the MSSM known as the Polchinski-Wise function
@32#. Here m̃g and m̃t are photino and the third slepton
masses, respectively. We estimate thatdt.10219 e cm with
m̃g5100 GeV andV5200 GeV.

As for other popular extensions of the SM, we would like
to point out here that, although they have some new sources
of CP or T violation, they cannot offer an observabledt at
the TCF. These include multi-Higgs doublet models~includ-
ing a two-Higgs-doublet model! @3,33#, left-right symmetric
models @34#, mirror fermion models@35#, universal soft
breaking SUSY models@8#, etc. In multi-Higgs-doublet
models electrons@36# and neutrons@5# may obtain a large
EDM close to current experimental bounds through two-loop
diagrams, butdt generated in the model is quite below the
TCF observable value. The reason is thatdt is proportional
mt instead of a large fermion mass. We estimate
dt<4310221 e cm @37# in this model. For left-right sym-
metric models, Nieves, Chang, and Pal@38# find that the
upper bound fordt is 2.4310222 e cm. It is the right- or
left-handed gauge boson in the loop as the role of theS
particle, while the right-handed neutrino is the virtual ferm-
ion particle in the loop.dt in this model is proportional to
left- and right-handed gauge boson mixing angle. Though it
is not suppressed by the small fermion mass (MF is a large
right-handed neutrino mass!, the mixing angle is constrained
to be smaller than 0.004@Don2# from purely nonleptonic
strange decays. It leads to about a three orders of magnitude
suppression. In the mirror fermion model, standard gauge
bosons couple to ordinary leptons and the mirror lepton with
a mixing angle. It isZ andW bosons in the one-loop dia-
grams, and the heavy fermion line is the mirror lepton. How-
ever, the mixing angle in this model is constrained by vari-
ous experiments@40# and, most stringently, by LEP data on
Z→t1t2 @41#. The constraint from LEP data on the mixing
angle is less than about 0.3. The resulting bound is
dt<2.1310220 e cm, which is a few times smaller than the
TCF measurable value. As we have mentioned above in the
universal soft breaking SUSY model,dt<4310223 e cm
due to the constraint onde . The only alternative situation is
discussed above on the generic MSSM in this section.

III. CP- OR T-VIOLATED t DECAYS

As we have pointed out in the Introduction,CP or T
violation effects int decays, if observed, must occur at tree-
level diagrams. That is the interference between the SMt
decay processes and new tree-level processes oft decays, in
which CP or T violation phases appear at the interaction
vertexes, provides the information ofCP or T violation in
the t sector. Feynman diagrams of these processes can be
shown as in Fig. 2, wheref i , f j , and f k are light fermions.
X is a new particle~scalar or vector boson! which mediates
CP- or T-violating interactions. The size ofCP or T viola-
tion is always proportional to the interference of the tree-
level diagrams. We denote the amplitudes for these diagrams
asA1 for theW boson exchange diagram,A2 for the other
X boson exchange diagrams. The size ofCP or T violation

in thet decay can be characterized by a dimensionless quan-
tity

e5
Im~A1*A2!

uA1u21uA2u2
. ~10!

Practically, physical quantity expectation values which are
used to reflectCP or T violation, like the expectation values
of CP- or T-odd operators, the difference between a partial
decay width of at2 decay channel and its conjugatet1

decay channel, are model dependent and generally quite
complicated. It needs detailed information on the new phys-
ics model and a lot of parameters enter into the expression.
This makes it a very much involved task to write down these
quantities in a specific model beyond the SM. And the exact
CP or T violation quantity expression written down from a
model should be different from thee defined above. How-
ever, as a simple and reasonable estimation, the quantitye in
Eq. ~11! can be used as an indication of how large aCP or
T violation may happen at varioust decays. Moreover, the
amplitudeA2 is usually much smaller thanA1 because so far
all the experimental data agree with the SM prediction very
well. So anA2 term in the denominator can be neglected.
UsingA1 as the amplitude fromW boson exchange andA2
from the new bosonX exchange, we estimate its size,

e;~4A2GF!21
Im~ll8* !

MX
2 . ~11!

HereGF is Fermi constant andl, l8 are couplings inA2.
From Eq.~12! one sees that the size ofCP or T violation is
determined by the parameter Im(ll8* )/MX

2 . For different
models, this parameter is constrained by some other physical
processes. So the possible size ofCP or T violation depends
on the parameter region which is restricted in a specific
model.

In Fig. 2 the final state fermions can be a pair of leptons
and quarks besidesnt . It corresponds to pure leptonic and
hadronic decays respectively. At the quark level, the dia-
grams with a pair of quarks in the final states denote an
inclusive process; it includes all possible hadronic channels
originating from quark pair hadronization. Some useful had-
ronic final states such as 2p, 3p, Kp, Kpp, KKp, and
r,a1 can be used to measure the properties oft. However, it
is often difficult to make a reliable quantitative prediction for
CP or T violation in exclusive hadronic decay modes, be-
cause of the uncertainty in the hadronic matrix elements. On
the other hand, for the inclusive cases, one may make a more

FIG. 2. The diagrams fort decay.~a! is the contribution from
the SM and~b! is the contribution from new boson exchange.
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reliable quantitative estimation due to the fact that one has
no need to deal with the hadronization of quarks in this case.
In addition, a QCD correction should not change the order of
the tree-level diagram evaluation as the energy scale fort
decay processes is around 1 GeV. In this section we only
deal with the diagrams containing quark pairs inclusive. So
theCP or T violation size we estimate below is for all the
possible hadronic decay channels. In the last section we will
comment on our results in exclusive processes. Because of
the scale of thet mass, its decay products can only be neu-
trinos, electrons, muons, and hadrons containing only light
u, d, ands quarks as other heavy quarks are kinematically
forbidden. Therefore there are not many possibilities for the
X particle being the candidate for mediatingCP or T viola-
tion in Fig. 2. In fact all possible choices are the following:
X being a leptoquark, charged Higgs singlet, doublet and
triplet, and double charged singlet. Now we come to discuss
these different cases separately.

Scalar leptoquark models. At the tree level it is obvious
that onlyS1, S2, andSW 5 contribute tot decays. There are two
types of decay processes at the quark level,t→ntūd and
t→ntūs. The e parameter is determined byl31l831* and
l32l831* for these two types of decays, respectively, in mod-
els 1 and 2 in Eq.~8!. For model 5 there isCP or T violation
effect only in the second type process, which is determined
by l32l831* . A direct constraint on these parameters can be
obtained through comparing the theoretical value
G th(t→pnt)5(2.48060.025)310213 GeV and the mea-
surement value ofGexpt(t→pnt)5(2.60560.093)310213

GeV @42#. Assuming that the real and imaginary parts of the
coupling ll8* are approximately equal, one has, from
t→pnt @18#,

uIm~l31l831* !u
MX

2 ;
uRe~l31l831* !u

MX
2 ,331026 GeV

~12!

at the 2s level for models 1 and 2. And fromt→Knt a
similar result can be obtained for all three models. Using the
theoretical value G th(t→Knt)5(0.16460.036)310213

GeV @42,43# and the measurement value
Gexpt(t→Knt)5(0.14960.051)310213 GeV for the
t→Knt decay width we obtain

uIm~l32l831* !u
MX

2 ;
uRe~l32l831* !u

MX
2 ,731026 GeV

~13!

at the 2s level. This constraint is less stringent due to the
large uncertainties inGexpt(t→Knt). With these constraints,
one estimates the upper bound of thee value for the two
types of processes as

e~t2→ntūd!.~4A2GF!21
Im~l31l831* !

MX
2 <431022

~14!

and

e~t2→ntūs!.~4A2GF!21sinuC
Im~l32l831* !

MX
2 <231022,

~15!

whereuC is the Cabibbo angle.e(t
2→ntūs) is proportional

to sinuC and is smaller thane(t→ntūd) because this pro-
cess is Cabibbo suppressed, even though the coupling is less
constrained than that of the Cabibbo-unsuppressed process.
From this estimation we expect thatCP or T violation in
these models could be large enough for the TCF or in the
other words TCF data can put a stronger direct restriction on
the parameters of the model. However, if one assumes that
all the couplingsl andl8 are at the same size irrespective of
the generation indexes, then much more stringent bounds
exist. These bounds are obtained from experimental bounds
of B(KL→me), B„p→ene(g)…, B„p→mnm(g)…, and
G(mTi→eTi)/G(mTi→capture) @18#. They are generally
about five orders of magnitude smaller than the direct
bounds. Therefore the size of theCP or T violation is
e<431027 which is far below the capability of the TCF.

Multi-Higgs doublet ~MHD! models. With the natural
suppression of flavor-changing neutral current, it is neces-
sary to have more than two Higgs doublets, so that there are
at least two physical charged Higgs particles.CP or T vio-
lation may generally happen through the mixing of these
charged Higgs particles. We consider a multi-Higgs-doublet
model, say,n Higgs doublets. In this model there are
2(n21) charged and (2n21) neutral physical scalars, since
only the Yukawa interactions of the charged scalars with
fermions are relevant for our purpose. Following Grossman
@44# we write down the Yukawa interactions in fermion mass
eigenstates as

LMHD5A2A2GF(
i52

n

@Xi~ŪLVMDDR!1Yi~ŪRMUVDL!

1Zi~ l̄ LMEER!#Hi
11H.c. ~16!

HereMU , MD , andME denote the diagonal mass matrices
of up-type quarks, down-type quarks, and charged leptons,
respectively.V is the Kobayashi-Maskawa~KM ! matrix. X,
Y, andZ are complex couplings which arise from the mixing
of the charged scalars andCP or T violation in t decay
processes is due to these couplings. How large thee is for
various t decay channels depends on the values of these
parameters. More precisely, in the pure leptonic decays the
size ofCP or T violation is determined by Im(ZiZj* ) with
iÞ j and in hadronic decays it is determined by Im(XiZj* )
and Im(YiZj* ). The three combinations of parameters are
constrained by various experiments@44#. The strongest con-
straint onZ is frome-m universality int decay, which gives
uZu<1.93MH GeV21 for a Higgs boson massMH of around
100 GeV. Im(XZ* ) is bounded from above from the mea-
surement of the branching ratio B(B→Xtnt),
Im(XZ* )<uXZu<0.23MH

2 GeV22 if MH<440 GeV. Fi-
nally an upper bound is given as Im(YZ* )<uYZu<110 from
the experimental data of the processK1→p1nn̄. This
bound is obtained fort quark mass at 140 GeV@44# and
MH545 GeV; however, for a differentMH , say, 100 GeV,
this bound is expected not to change much. With these
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bounds we can estimate theCP or T violation size of the
t leptonic and hadronic decays. For the leptonic decay
t→mnn̄, we have the quantity

e.
1

2

Im~ZZ* !mmmt

MH
2

mm

mt
5
1

2

mm
2

MH
2 Im~ZZ* !<231022.

~17!

Here the additional factormm /mt comes from the interfer-
ence of left- and right-handed muon lines in the final states.
So we expect that theCP or T violation effect in the process
t→enn̄ is suppressed by a factorme /mm and is negligible.
For the hadronic decayt→ūdn we have

e.
1

2

mdm̄d

MH
2 Im~XZ* !<331024. ~18!

With the currentd quark massmd57 MeV and the dynami-
cal d quark massm̄d5300 MeV. For hadronic decay
t→ūsn a similar result is obtained:

e.
1

2

msm̄s

MH
2 Im~XZ* !<1.531023. ~19!

Here we use current and dynamicals quark masses as 150
MeV and 400 MeV, respectively. In summary, in the multi-
Higgs-doublet modelCP or T violation effect is possibly as
large as the order of 1023 for exclusive hadronic decays and
it could be even close to 1022 in pure leptonic decay tom
and neutrinos.

Other extensions of the SM for pure leptonic decays. Be-
sides leptoquarks and Higgs doublets, there are three other
kinds of scalars which can couple to leptons. We denotel as
a lepton doublet andE as a singlet lepton. Twol can com-
bine to a charged singlet or a triplet. TwoE can combine to
a double charged singlet. Corresponding to these three cases
one can introduce a charged singlet scalarh2, triplet scalar
D, and double charged scalarK22. However,K22 only
induces a lepton family-number-violating processt→3l .
There is no diagram corresponding SM contribution, and so
there is noCP or T violation mediated by this particle. Also
the branching ratio (<1025) for this decay is much smaller
than the TCF reachableCP or T violation precision 1023. In
principle, if there exists more than oneh or D, CP or T
violation can be induced by the interference of theW ex-
change diagram andh or D exchange diagram in the process
t→ l n̄n with l5e,m. Now let us discuss these two possibili-
ties in detail. We can write down the new interaction terms
which couple the new scalar particles to leptons as

Lh5
1
2 f i j l

T
iCit2l jh1H.c., ~20!

LD5 1
2 gi j l

TiCi t2tW l jDW 1H.c., ~21!

whereC is the Dirac charge conjugation matrix,f i j is anti-
symmetric, andgi j is symmetric due to Fermi statistics. The
e parameters for these singlet and triplet models are given by

eh.~4A2GF!21
Im~ f t l f l t* !

Mh
2 ~22!

in the singlet model and

eD.~4A2GF!21
Im~gt lgl t* !

MD
2 ~23!

in the triplet model, respectively.
For the singlet model we assume thatf em is considerably

smaller thanf t l , so that one does not need to readjust the
Fermi constantGF . This assumption is also consistent with
the constraint set by the universality betweenb andm decay
@25,45#. The parameter Im(f t l f l t* )/Mh

2 is constrained only by
the measurement oft leptonic decays. At the 2s level
~which is about 2–3 % precision! we estimate approximately
Im( f t l f l t* )/Mh

2<1026 GeV22 @46#. It implies that

eh.~4A2GF!21
Im~ f t l f l t* !

Mh
2 <1.431022, ~24!

with Mh5100 GeV. Therefore in this model there is a pos-
sibility that theCP or T violation effect may show up with a
size reachable at the TCF in pure leptonic decay channels.

For the triplet model the direct constraint is also from the
measurement of pure leptonic decays. The same result is
obtained as that in the singlet model, i.e.,
Im(gt lgl t* )/Mh

2<1026 GeV22. As a result of this constraint
one has

eh.~4A2GF!21
Im~gt lgl t* !

MD
2 <1.431022, ~25!

with MD5100 GeV. However, in this model the new inter-
actions will induce lepton family-number-violating decay
t→3l andm→3e through exchange of the double charged
scalar particleD22. Without seeing any signal, one obtains
some approximate bounds on the coupling constants as@47#

ugmegee* u
MD

2 <5310212 ~26!

and

ugt lgll* u
MD

2 <1028 ~27!

for MD5100 GeV. If one assumes that all the couplings
gi j are at the same order of magnitude, then these bounds
will restrict theCP or T violation size far below the ability
of the TCF. Again we see that some hierarchies on the cou-
plings are needed for this model to give rise to observable
CP or T violation effects. Additionally in the triplet model
one has to avoid the restriction from neutrino mass genera-
tion @48#. If a neutrino develops a mass at the tree level,
either the coupling or the vacuum expectation value of the
neutral component of the tripletD0 is extremely small. The
natural way to deal with this problem is to impose some
symmetry on this model. An example is to introduce a dis-
crete symmetry:

l→ i l , E→ iE, D→2D. ~28!
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With this symmetry,D0 will never develop a nonzero
vacuum expectation value; therefore, the couplings are not
constrained by the neutrino mass generation.

IV. DISCUSSION AND CONCLUSION

In this work we systematically investigated the possibility
of finding CP or T violation in thet sector with the TCF.
The origin ofCP or T violation is from the extensions of the
SM. We discuss most of the popular models beyond the SM
and present the models which may give rise largeCP or T
violation in thet sector through either EDM’s or decay of
thet lepton. Before making our conclusion, some interesting
points should be further discussed or emphasized.

~1! Polarization of initial electron and/or positron is very
desired for our purpose. First, with polarization the precision
of measurement of EDM’s will be increased by about two
orders of magnitude, as 10219 e cm, which is used through
this work. Without polarization, from our above discussion
one sees that we have no hope to expect a detectable EDM of
t at the TCF. Second, in some decay channels without a final
state interaction, such as pure leptonic decays, two-body de-
cayspnt , etc., polarization is needed to search forCP or
T violation occurring at thet decay vertex. With unpolarized
electron and positron beams theCP or T violation could
only be detected using channels with a final state interaction
phase, such as 2pnt , etc.

~2! For hadronic decay we only consider inclusive pro-
cesses. The advantage of inclusive processes is that one does
not need not to consider the hadronization of quarks, which
may bring in large uncertainties in the estimation. And the
event number in inclusive processes is larger than that in
certain exclusive processes. However, we should mention
that for certain exclusive decays theCP or T violation pa-
rametere can be larger than that in inclusive decay. One
example is from the multi-Higgs-double model. We estimate
that e<331024 for the decayt→ūdnt . Here we may also
consider the exclusive decayt→3pnt contributed bya1 and
p8 resonances. Compared to inclusive decay, thee param-
eter is larger by a factor of~using current algebra relation!

^ouūLdRup8&

^ouūLg0dLup8&
.

mp8
mu1md

.100. ~29!

Soe<331022 is obtained. However, on the other hand, the
event number decreases by a factor of

f p8

f p

B~t→pnt!

B~t→hadron1nt!
.1022. ~30!

Here fp8553103 GeV is used. Therefore the statistical er-
ror increases by about 10 times. In other words the measure-
ment precision at the TCF for this channel is about 1022. As
a result, at the 2s level e.331022 is observable. This es-
timation agrees with the exact result of Ref.@18#.

~3! Obviously the numerical result we obtained above is
quite crude. A more accurate estimation is necessary in the

future. For instance, through this paper we assume that
EDM’s as large as 10219 e cm ande as large as 1023 can be
observed. This of course is a rough estimation. To be more
precise, a Monte Carlo simulation is needed, which will tell
us more confidently how largeCP or T violation is able to
be observed at the TCF. Especially the Monte Carlo simula-
tion on EDM’s oft will give us a quite clear result, because
in this case thedt is the only parameter we should treat. All
the model dependence is included in it. Recently a group of
people analyzed the data from BEPC experiments to set
bounds on theT-violating effect for thet system@49#. Fol-
lowing a suggestion by Lee, they considered the pure lep-
tonic t6 decays toe6m7 plus neutrinos in the final states.
TheT-violating amplitude

A5^ p̂e•~ p̂13 p̂2!&average ~31!

is measured, wherep̂e is the unit momentum vector of the
initial electron beam, andp̂1 and p̂2 are the unit momenta of
the final state electron and muon, respectively. In total, 432
events are analyzed and it results in

A520.02760.03160.006. ~32!

This result agrees with noT violation as expected from our
previous discussion on pure leptonict decays.

~4! In order to generate detectable largeCP or T violation
effects, we know from our investigation that there must exist
new physics and the new physics scale is not far above the
weak scale. Therefore, if there is an observableCP or T
violation effect in thet sector at the TCF, the associated new
physics phenomena should be observed at high-energy ex-
periments, such as LHC and LEP II experiments. It is inter-
esting to see if the new particles predicted by the various
models we have discussed in this paper are indeed detectable
in these high-energy experiments.

~5! Precise measurement of the pure leptonic decay is
another way to test the new physics responsible forCP or
T violation. Since if there is aCP or T violation effect at the
level of 1023, thet leptonic decay width must deviate from
the SM prediction at the same level. So we expect to observe
the deviation by measuring the branching ratio of the pure
leptonic decay. However, it is not truevice versa, since a
deviation of the leptonic branching ratio from that of the SM
does not necessarily indicateCP or T violation.

Finally we come to our conclusion. There exists the pos-
sibility thatCP or T violation in thet sector is large enough
to be discovered at the TCF, although for this large violation
effect some specific new physics phenomena beyond the SM
are needed and the parameter spaces of the models are
strongly restricted.
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