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We list all possible dimension-sixCP-violating SUc(3)3SUL(2)3UY(1)-invariant operators involving the
third-family quarks, which can be generated by new physics at a higher energy scale. The expressions of these

operators after electroweak symmetry breaking and the induced effective couplingsWt b̄, Xb b̄, andXt t̄ (X
5Z,g,g,H) are also presented. We evaluate sample contributions of these operators toCP-odd asymmetries
of transverse polarization of the top quark in single top quark production at the upgraded Fermilab Tevatron,
the same polarization effect in top-quark–top-antiquark pair production at the NLC, and theCP-odd observ-
ables of momentum correlations among the top quark decay products at the NLC. The energy and luminosity
sensitivity in probing thisCP-violating new physics is also studied.@S0556-2821~97!03921-0#

PACS number~s!: 14.65.Ha, 11.30.Er, 12.60.Cn

I. INTRODUCTION

As is well known, for more than 30 years after the dis-
covery of theCP-violating decays of theKL

0 meson@1#, the
origin of this phenomenon remains a mystery. The standard
model~SM! gives a natural explanation for this phenomenon
assuming the existence of a phase in the Kobayashi-
Maskawa mixing matrix@2#. In models beyond the SM, ad-
ditional CP-violating effects can appear rather naturally and
such nonstandardCP violations are necessary in order to
account for baryogenesis@3#. In Ref. @4#, possible effects of
non-SM CP-violating interactions have been studied in de-
tail in the form of momentum space representation and in-
volving only weak bosons. In this paper we will focus on
CP-violation effects in the model-independent effective La-
grangian approach. So we assume that the new physics terms
in Eq. ~1! contain bothCP-conserving andCP-violating op-
erators.

It has been shown@5# that the Kobayashi-Maskawa~KM !
mechanism ofCP violation predicts a negligibly small effect
for the top quark in the SM, and thus the standard
CP-violation effects in top quark production and decays will
be unobservable in collider experiments. Therefore, the top
quark system will be sensitive to new source ofCP violation
and may serve as a powerful probe to nonstandardCP vio-
lation in association with new physics effects. Nonstandard
CP violation in the top quark system as predicted by various
new physics models and the strategy for observing these ef-
fects have been studied by many authors@6–14#. In this work
we initiate a model-independent study of possible
dimension-sixCP-violating operators in the effective La-
grangian approach to new physics, which involve the third-
family quarks and are invariant under the SM transformation.
The effects of these operators can be studied at future linear
and hadron colliders, and thus their strengths can be con-
strained. We will evaluate the effects of some of these

CP-violating operators possibly measurable at the Fermilab
Tevatron and the Next Linear Collider~NLC!. Any nonzero
value of theseCP asymmetries will suggest the existence of
new physics as well as newCP-violation effects.

The motivation of new physics and the use of the effec-
tive Lagrangian approach have been discussed widely. We
refer to, for example,@15# for a brief discussion. Before the
electroweak symmetry breaking, we can write the effective
Lagrangian as

Leff5L01
1

L2(i
CiOi1OS 1

L4D , ~1!

whereL0 is the SM Lagrangian,L is the new physics scale,
and Oi are SUc(3)3SUL(2)3UY(1)-invariant dimension-
six operators, andCi are constants which represent the cou-
pling strengths ofOi . The expansion in Eq.~1! was first
discussed in Ref.@16#. Recently, many authors further clas-
sified suchCP-conserving operators and analyzed their phe-
nomenological implications at current and future colliders
@15,17–19#.

This paper is organized as follows. In Sec. II we list all
possible dimension-six CP-violating SUc(3)3SUL(2)
3UY(1)-invariant operators. The expressions of these opera-
tors after electroweak gauge symmetry breaking are given in
the Appendix. In Sec. III we give the inducedCP-violating
effective couplingsWt b̄, Xb b̄, andXt t̄ (X5Z,g,g,H). In
Sec. IV we evaluate the contributions to someCP-odd quan-
tities at the Tevatron and the NLC. And finally in Sec. V we
present the summary.

II. DIMENSION-SIX CP-VIOLATING GAUGE-INVARIANT
OPERATORS

The remarkably heavy top quark indicates a significant
coupling to the symmetry-breaking sector which may open a
new window to physics beyond the standard model. There-
fore it is likely that new physics effects can be more readily
reveled in processes involving the top quark. Here we as-
sume that the new physics in the quark sector resides in the
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third-quark family. Although new physics can give rise to
four-quark operators involving only the third family, such
operators are not experimentally relevant here. New physics
may also occur in the gauge boson and Higgs sectors, they
are not, however, our attention here. Therefore, the operators
we are interested in are those containing third-family quarks
coupling to gauge and Higgs bosons.

To restrict ourselves to the lowest order, we consider only
tree diagrams and to the order of 1/L2. Therefore, only one
vertex in a given diagram can contain anomalous couplings.
Under these conditions, operators which are allowed to be
related by the field equations are not independent. As dis-
cussed in@15#, to which we refer for the details, the fermion
and the Higgs boson equations of motion can be used but the
equations of motion of the gauge bosons cannot when writ-
ing down the operators in Eq.~1!.

We assume all the operatorsOi to be Hermitian. Because
of our assumption that the available energies are below the
unitarity cuts of new-physics particles, no imaginary part can
be generated by the new physics effect. Therefore the coef-
ficientsCi in Eq. ~1! are real.

The expressions of theCP-violating operators are parallel
to their correspondingCP-conserving ones given in@15#
@Eqs. ~2!–~23!, @15##, and a similar classification of the op-
erators can be made. We list all possible dimension-six
CP-odd SUc(3)3SUL(2)3UY(1)-invariant operators in-
volving third-family quarks but no four-fermion interactions.
We follow the standard notation:qL denotes the third-family
left-handed doublet quarks,F andF̃ are the Higgs field and
its equivalent complex conjugate representation,Gmn , Wmn ,
and Bmn are the SU~3!, SU~2!, and U~1! gauge boson field
tensors in the appropriate matrix forms, andDm denotes the
appropriate covariant derivatives. For more details of the no-
tation we refer to@15#.

~1! Class 1~contains atR field!

Ōt15 i S F†F2
v2

2 D @ q̄ LtRF̃2F̃† t̄ RqL#, ~2!

Ōt25@F†DmF1~DmF!†F# t̄ RgmtR , ~3!

Ōt35~F̃†DmF!~ t̄ RgmbR!1~DmF!†F̃~ b̄RgmtR!, ~4!

ŌDt5 i @~ q̄ LDmtR!DmF̃2~DmF̃!†~DmtRqL!#, ~5!

ŌtWF5 i @~ q̄ Lsmnt I tR!F̃2F̃†~ t̄ Rsmnt IqL!#Wmn
I , ~6!

ŌtBF5 i @~ q̄ LsmntR!F̃2F̃†~ t̄ RsmnqL!#Bmn , ~7!

ŌtGF5 i @~ q̄ LsmnTAtR!F̃2F̃†~ t̄ RsmnTAqL!#Gmn
A , ~8!

ŌtG5 i @ t̄ RgmTADntR2DntRgmTAtR#Gmn
A , ~9!

ŌtB5 i @ t̄ RgmDntR2DntRgmtR#Bmn . ~10!

~2! Class 2~contains notR field!

ŌqG5 i @ q̄ LgmTADnqL2DnqLgmTAqL#Gmn
A , ~11!

ŌqW5 i @ q̄ Lgmt IDnqL2DnqLgmt IqL#Wmn
I , ~12!

ŌqB5 i @ q̄ LgmDnqL2DnqLgmqL#Bmn , ~13!

ŌbG5 i @ b̄RgmTADnbR2DnbRgmTAbR#Gmn
A , ~14!

ŌbB5 i @ b̄RgmDnbR2DnbRgmbR#Bmn , ~15!

ŌFq
~1!5@F†DmF1~DmF!†F# q̄ LgmqL , ~16!

ŌFq
~3!5@F†t IDmF1~DmF!†t IF# q̄ Lgmt IqL , ~17!

ŌFb5@F†DmF1~DmF!†F# b̄RgmbR , ~18!

Ōb15 i S F†F2
v2

2 D @ q̄ LbRF2F† b̄RqL#, ~19!

ŌDb5 i @~ q̄ LDmbR!DmF2~DmF!†~DmbRqL!#, ~20!

ŌbWF5 i @~ q̄ Lsmnt IbR!F2F†~ b̄Rsmnt IqL!#Wmn
I ,

~21!

ŌbBF5 i @~ q̄ LsmnbR!F2F†~ b̄RsmnqL!#Bmn , ~22!

ŌbGF5 i @~ q̄ LsmnTAbR!F2F†~ b̄RsmnTAqL!#Gmn
A .

~23!

Note that inŌt1 andŌb1 we subtract the vacuum expectation
value,v2/2, fromF†F, to avoid the additional mass term for
the third-family quarks.

There are nine additional operators which we shall not list
here. These operators are not independent of those given in
Eqs.~2!–~23! upon the use of the equations of motion of the
Higgs boson and fermion fields. The form of these omitted
operators can be obtained from the corresponding case of
CP-conserving operators treated in@15# by converting them
into the correspondingCP-violating ones@see Eqs.~24!–
~32!, @15## and the proof of the dependence also parallel to
that given in@15#.

The expressions of theseCP-violating operators Eqs.
~2!–~23! after electroweak symmetry breaking are presented
in the Appendix. Note that most of the operators clearly
show the Uem(1) gauge invariance. But some of them do not
manifest the electroweak gauge invariance straightforwardly,
for example,ŌDt in Eq. ~A4!. We have checked that the
operator gives indeed a Uem(1) gauge-invariant expression.

III. EFFECTIVE LAGRANGIAN FOR SOME COUPLINGS

We consider the contribution ofCP-violating operators to
top quark couplingsWt b̄, Zt t̄ , gt t̄ , Ht t̄ , gt t̄ and the
bottom quark couplingZb b̄,gb b̄. These couplings can be
meaningfully investigated at the CERNe1e2 collider LEP,
Tevatron, NLC, and the CERN Large Hadron Collider
~LHC!. The status of the contributions of the dimension-six
CP-violating operators to these couplings are shown in
Table I.
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Collecting all the relevant terms we get theCP-violating effective couplings as

L̃Wtb52 i
CFq

~3!

L2

g2

A2
v2Wm

1~ t̄ gmPLb!2 i
Ct3

L2

v2

2

g2

A2
Wm

1~ t̄ gmPRb!2 i
CDt

L2

v

A2

g2

A2
Wm

1~ i ]m t̄ !PLb

2 i
CDb

L2

v

A2

g2

A2
Wm

1 t̄ PR~ i ]mb!2 i
CtWF

L2

v
2

Wmn
1 ~ t̄ smnPLb!1 i

CbWF

L2

v
2

Wmn
1 ~ t̄ smnPRb!

1 i
CqW

L2

1

A2
Wmn

1 @ t̄ gmPL~]nb!2~]n t̄ !gmPLb#1H.c., ~24!

L̃Zb b̄5 i S CbWF

L2

cW

A2
1

CbBF

L2

v

A2
sWD Zmn~ b̄smng5b!1 i S CqW

L2

cW

2
1

CqB

L2
sWD Zmn~ b̄gmPL]nb2]n b̄gmPLb!

1 i
CbB

L2
sWZmn~ b̄gmPR]nb2]n b̄gmPRb!2 i

mZ

2
ZmF i ~ b̄g5]mb2]m b̄g5b!

CDb

L2
1 i ]m~ b̄b!

CDb

L2 G , ~25!

L̃gb b̄5 i S CqB

L2
cW2

CqW

L2

sW

2 D Amn~ b̄gmPL]nb2]n b̄gmPLb!1 i
CbB

L2
cWAmn~ b̄gmPR]nb2]n b̄gmPRb!

1 i S CbBF

L2
cW2

CbWF

L2

sW

2 D v

A2
Amn~ b̄smng5b!, ~26!

TABLE I. The contribution status of dimension-sixCP-violating operators to electroweak andgt t̄
couplings. The contribution of a CP-violating operator to a particular vertex is marked by3.

Wt b̄ Zt t̄ gt t̄ Ht t̄ gt t̄ Zb b̄ gb b̄ Hb b̄

Ōt1
3

Ōt2
3

Ōt3
3

ŌDt
3 3 3

ŌtWF
3 3 3

ŌtBF
3 3

ŌtGF
3

ŌtG
3

ŌtB
3 3

ŌqG
3

ŌqW
3 3 3 3 3

ŌqB
3 3 3 3

ŌbB
3 3

ŌFq
(1) 3 3

ŌFq
(3) 3 3 3

ŌFb
3

Ōb1
3

ŌDb
3 3 3

ŌbWF
3 3 3

ŌbBF
3 3
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L̃Zt t̄ 5 i
CDt

L2

1

A2

mZ

2
Zm@ i ]m~ t̄ t !#1 i

CDt

L2

1

A2

mZ

2
Zm~ i t̄ g5]mt2 i ]m t̄ g5t !1 i S CtBF

L2
sW2

CtWF

L2

cW

2 D v

A2
Zmn~ t̄ smng5t !

1 i
CtB

L2
sWZmn~ t̄ gmPR]nt2]n t̄ gmPRt !1 i S CqB

L2
sW2

CqW

L2

cW

2 D Zmn~ t̄ gmPL]nt2]n t̄ gmPLt !, ~27!

L̃gt t̄ 5 i S CtWF

L2

sW

2
1

CtBF

L2
cWD v

A2
Amn~ t̄ smng5t !1 i

CtB

L2
cWAmn~ t̄ gmPR]nt2]n t̄ gmPRt !

1 i S CqB

L2
cW1

CqW

L2

sW

2 D Amn~ t̄ gmPL]nt2]n t̄ gmPLt !, ~28!

L̃Ht t̄ 5 i
Ct1

L2

v2

A2
H~ t̄ g5t !1 i

CDt

L2

1

2A2
]mH@]m~ t̄ g5t !1 t̄ ]mt2~]m t̄ !t#2 i

Ct2

L2
v~ i ]mH !~ t̄ gmPRt !

2 i S CFq
~1!

L2
2

CFq
~3!

L2 D v~ i ]mH !~ t̄ gmPLt !, ~29!

L̃gt t̄ 5 i
CtG

L2
@ t̄ gmPRTA]nt2]n t̄ gmPRTAt#Gmn

A 1 i
CqG

L2
@ t̄ gmPLTA]nt2]n t̄ gmPLTAt#Gmn

A 1 i
CtGF

L2

v

A2
~ t̄ smng5TAt !Gmn

A ,

~30!

L̃Hb b̄52 i
1

L2
~CFq

~1!1CFq
~3! !v~ i ]mH ! b̄gmPLb2 i

CFb

L2
v~ i ]mH ! b̄gmPRb1 i

Cb1

L2

v2

A2
H~ b̄g5b!

1 i
CDb

L2

1

2A2
]mH@ b̄]mb2~]m b̄ !b1]m~ b̄g5b!#, ~31!

wheresW[sinuW, cW[cosuW andPL,R[(17g5)/2.

IV. THE CONTRIBUTIONS TO CP-ODD QUANTITIES
OF TOP QUARK AT COLLIDERS

Various experiments have been suggested to measure
CP-violating couplings of the top quark. They include
CP-odd quantities such as the polarization asymmetries
@7–9# andCP-odd momentum correlations among the decay
products@10,11#.

In this section we will evaluate the contributions of some
of the CP-violating new physics operators to theseCP
asymmetries. By taking an individual operator as an ex-
ample, we present numerical results to show at what level of
Ci /L2 theCP-violating effect may be visible. We will only
consider theCP-odd operators listed in Sec. III and do not
include their correspondingCP-even operators whose phe-
nomenologies are different and have been systematically

analyzed in@15,17–19#. Furthermore, we restrict ourselves

to the electroweak vertices, i.e.,Wtb, Zt t̄ , andgt t̄ .

A. Transverse polarization1 asymimetry
of top quark in single top

quark production at the Tevatron

The reactionp p̄→t b̄X at the Tevatron can be used to
investigate several different types ofCP asymmetries@10#.
The complicated coordinate representation of the effective
Lagrangian equations~24!–~31! can be simplified in the mo-
mentum space whent andb are on shell. TheCP-violating
contribution to theWtb vertex, Eqs.~24!, can be written in
the momentum space as

1In this paper the transverse polarization direction is the one
which is perpendicular to the scattering plane.
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L̃Wtb5 i
g2

A2
Wm

1 t̄ FFLgmPL1FRgmPR2 i
GL

mt
smnknPL

2 i
GR

mt
smnknPRGb2 i

g2

A2
Wm

2 b̄ FFLgmPL1FRgmPR

2 i
GL

mt
smnknPR2 i

GR

mt
smnknPLG t, ~32!

wherePL,R[(17g5)/2, k5pt1pb̄ , and

FL5
v2

L2S 2CFq
~3!1

CDt

2A2

mt

v D , ~33!

GL5
v2

L2S CDt

2A2

mt

v
1CtWF

A2

g2

mt

v
2CqW

1

g2

mt
2

v2 D , ~34!

FR52
v2

2L2S Ct31
CDb

A2

mt

v D , ~35!

GR52
v2

L2S CDb

2A2

mt

v
1CtWF

A2

g2

mt

v D . ~36!

We have neglected the scalar and pseudoscalar couplings,km

and kmg5, which, in the processu d̄→W→t b̄ , give contri-
butions proportional to the initial parton mass. It should be
pointed out that in contrast to@10#, where the form factors
FL , etc., can be complex, form factors in Eq.~32! are all real
becauseCFq

(3) , etc., are real as noted in Sec. II above.
The spin of the top quark allows three types of

CP-violating polarization asymmetries@10# in the single top
quark production via

u1 d̄→t1 b̄ , ū1d→ t̄ 1b. ~37!

Introducing the coordinate system in the top quark~or top
antiquark! rest frame with the unit vectorseW z}2PW b̄ , eW y

}PW u3PW b̄ andeW x5eW y3eW z , the transverse polarization asym-
metry is defined as

A~ ŷ!5
1

2
@P~ ŷ!2P̄~ ŷ!#, ~38!

whereP( ŷ) andP̄( ŷ) are, respectively, the polarizations of
the top quark and top antiquark in the directionŷ, arising
from the interference of the SM and theCP-violating verti-
ces. Only the terms proportional toPL contribute. The polar-
izations are given by

P~ ŷ!5
Nt~1 ŷ!2Nt~2 ŷ!

Nt~1 ŷ!1Nt~2 ŷ!
, ~39!

P̄~ ŷ!5
N t̄ ~1 ŷ!2N t̄ ~2 ŷ!

N t̄ ~1 ŷ!1N t̄ ~2 ŷ!
, ~40!

whereNt(6 ŷ) @N t̄ (6 ŷ)# is the number oft( t̄ ) quarks po-
larized in the direction6 ŷ.

Let us comment briefly on the identification of the mo-
mentum directionsPW b , PW b̄ , andPW u . At the TevatronPW u is
in the direction of the incoming proton. The identification of
PW b andPW b̄ are more complicated. Take the single top quark
productions as an example. Assuming theW1 in the top
quark decay is identified by a positive charged lepton, the
associated hadron jet with which to form the top quark will
be theb quark and the accompanying jet will be theb̄ quark.
With b tagging, a better identification of theb and b̄ direc-
tion can be made with the price of a reduced number of
events to about one-quarter of the number before theb tag-
ging. However, the sign of theb quark jet, i.e.,b vs b̄ , is
difficult to obtain even throughb tagging.

The asymmetryA( ŷ) in the parton level is proportional to
the real part of the form factorGL , which is given by@10#

A~ ŷ!uparton5
3p

4

~12x!

~21x!Ax
Re GL , ~41!

where x5mt
2/ ŝ. This parton level asymmetry can be con-

verted to the hadron level asymmetry by folding in the struc-
ture functions. In the absence of an imaginary partFL makes
no contribution to polarization asymmetries.

The measured asymmetry is obtained by folding the par-
ton level asymmetry~41! in the evolution integral. Using the

CTEQ3L parton distribution functions@20# with m5Aŝ and
assumingmt5175 GeV, we obtain the asymmetry as

A~ ŷ!5(
i , j

E A~ ŷ!uparton @ f i
A~x1 ,m! f j

B~x2 ,m!1~A↔B!#dx1dx255 20.41
CqW22CtWF2g2CDt/2

~L/1 TeV!2
at As52 TeV,

20.84
CqW22CtWF2g2CDt/2

~L/1 TeV!2
at As54 TeV

~42!
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whereA andB denote the incident hadrons and the functions
f i

A and f j
B are the parton distribution functions.x1,2 denoting

the longitudinal momentum fractions of the two initial par-
tons.

As analyzed in@10#, such an asymmetry of a few percent
might be within the reach of experiment at the upgraded
Tevatron withAs52 TeV and an integrated luminosity 3–10
fb 21. As the results in Eq.~42! show, theCP asymmetry
caused by new physics will be more significant at higher
energies, sayAs54 TeV. Hence, if the collider can be fur-
ther upgraded to 4 TeV and/or with increased luminosity
@21#, it can serve as a more powerful tool for probing
CP-violating new physics. It should be noted that the signal
for this process is unobservable at the LHC because of the
background fromt t̄ production and single top production
via W-gluon fusion, which are much larger than the signal in
comparison with the case of Tevatron. At the LHC the signal
of single top production due to quark-antiquark annihilation
is severely suppressed in comparion with the gluon-W boson
fusion process. This is due the fact that the initial antiquarks
d̄ and ū are from the sea, while the gluon struction function
increases at LHC. More details can be found in@22#.

If we assume an observable level of 10%, we see from
Eq. ~42! that the upgraded Tevatron will probe (CqW

22CtWF2g2CDt/2)/(L/1 TeV)2 to 1/4 and 1/8 forAs52
TeV andAs54 TeV, respectively. This means that with a
new physics scale at the order of 1 TeV, the further upgraded
Tevatron can probe the coupling strength down to the level
of 0.1.

B. Transverse polarization asymmetry
of top quark pair production at the NLC

From the polarizations of the top quark and top antiquark
in e1e2→t t̄ , one can constructCP-odd quantities which
can be measured through the energy asymmetry of the
charged leptons in thet and t̄ decays as well as the up-down
asymmetry of these leptons with respect to thet t̄ production
plane@7,8#.

Including both the SM couplings and new physics effects,
we can write theVt t̄ (V5Z,g) vertices as

GVt t̄
m

5 i
g

2
FgmAV2gmg5BV1

pt
m2p t̄

m

2
~CV2 iD Vg5!G ,

~43!

wherept and p t̄ are the momenta of the top quark and top
antiquark. We neglect the scalar and pseudoscalar couplings
km andkmg5 with k5pt1p t̄ , since these terms give contri-
butions proportional to the electron mass. We note that some
of these neglected terms are needed to maintain the electro-
magnetic gauge invariance for the axial vector couplings in
Eq. ~43!. The form factors can be written as

XV5XV
SM1dXV ~X5A,B,C,D and V5Z,g!, ~44!

whereXV
SM anddXV represent the SM and the new physics

contributions, respectively. In the SM, onlyAg,Z andBZ ex-
ist at the tree level. Beyond the tree level, all of them except
the CP-violating form factorD get contributions from loop
diagrams. The SM loop contribution toD is completely neg-

ligible @5#. Since we are interested in theCP-violation effect,
we neglect the SM loop contributions to all form factors.
Thus we have

Ag
SM5

4

3
sW , AZ

SM5
1

2cW
S 12

8

3
sW

2 D , ~45!

Bg
SM50, BZ

SM5
1

2cW
, ~46!

Cg
SM5Dg

SM5CZ
SM5DZ

SM50. ~47!

For new physics effects, only the form factorD receives
CP-violating contributions. Then we obtain

dAg,Z5dBg,Z5dCg,Z50, ~48!

dDg52
v

L2

4

gS ~CqB2CtB!
cWmt

v
1CqW

sWmt

2v
2CtWF

sW

A2

2CtBFA2cWD , ~49!

dDZ5
v

L2

4

gS ~CqB2CtB!
sWmt

v
2CqW

cWmt

2v
1CtWF

cW

A2

2CtBFA2sW1CDt

mZ

2A2v
D . ~50!

The nonvanishing real parts ofD can give rise to the
following asymmetry@9#:

AT5P'sina2 P̄'sinā , ~51!

whereP'sina ( P̄'sinā) is the degree of polarization of thet
( t̄ ) quark perpendicular to the scattering plane of
e1e2→t t̄ . The anglea depends on the top quark polariza-
tion direction as follows: We denote the top quark unit mo-
mentum in the center-of-mass frame of thet t̄ pair as p̂
5(sinutcosft ,sinutsinft ,cosut), and the polarization vector
of the top quarksm5P'(0,ŝ)1(Pimt)(upW u,Etp̂). P'(Pi) is
the degree of top quark transverse~longitudinal! polariza-
tion, ŝ is a unit three-vector perpendicular top̂, andEt is the
energy of the top quark. We chooseŝ:

ŝ5~sinc tsinf t1cosc tcosu tcosf t ,2sinc tcosf t

1cosc tcosu tsinf t ,2sinu tcosf t!. ~52!

Thena is given bya5f t2c t . For more details we refer to
Appendix C of the first article of@9#. The ā in Eq. ~51! is
defined similarly for a top antiquark.

P'sina and P̄'sinā are given by@9#

P'sina5
T'

G
, P̄'sinā5

T̄'

G
, ~53!

where
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G5 u~1211 !u21u~1212 !u21u~1221 !u2

1u~1222 !u21u~2111 !u21u~2112 !u2

1u~2121 !u21u~2122 !u2, ~54!

T'52Im@~1211 !* ~1221 !1~1212 !* ~1222 !

1~2111 !* ~2121 !1~2112 !* ~2122 !#,

~55!

T̄'52Im@~1211 !* ~1212 !1~1221 !* ~1222 !

1~2111 !* ~2112 !1~2121 !* ~2122 !].
~56!

Here the helicity amplitudes (he2,he1,ht ,h t̄ ), wherehe25
2,1, etc., indicate, respectively, a left- and right-handed
electron, etc., are given by

~he2,he1,ht ,h t̄ !52g2EF ~he2,he1,ht ,h t̄ !Z

s2MZ
2

1
~he2,he1,ht ,h t̄ !g

s G . ~57!

The nonvanishing (he2,he1,ht ,h t̄ )V (V5g,Z) can be found
in @9# and are listed below:

~2122 !V5eL
Vsinu t~mtAV2K2CV1 iEKDV!, ~58!

~2121 !V52eL
V~11cosu t!~EAV1KBV!, ~59!

~2112 !V5eL
V~12cosu t!~EAV2KBV!, ~60!

~2111 !V5eL
Vsinu t~2mtAV1K2CV1 iEKDV!,

~61!

~1222 !V5eR
Vsinu t~mtAV2K2CV1 iEKDV!, ~62!

~1221 !V5eR
V~12cosu t!~EAV1KBV!, ~63!

~1212 !V52eR
V~11cosu t!~EAV2KBV!, ~64!

~1211 !V5eR
Vsinu t~2mtAV1K2CV1 iEKDV!,

~65!

whereu t is the angle between the top quark and the electron,
E5As/2, K5AE22mt

2 and eL,R
V are the form factors in

Ve2e1 vertex iggm(eL
VPL1eR

VPR), which are given by

eL
Z5

1

cW
S 2

1

2
1sW

2 D , eR
Z5

1

cW
sW

2 , ~66!

eL
g5eR

g52sW . ~67!

In the present case the expression of the asymmetryAT is
quite involved and an explicit expression such as Eq.~42! is
not available. In order to see the size of the asymmetry we
have to resort to numerical demonstration. We do not know,
a priori, the size of the strength of the various couplings
entering in Eqs.~49! and~50!. For the purpose of demonstra-
tion, we take the couplings to be equivalent to that of the
operatorŌqW alone and assumeCqW 5 0.1. The numerical
value of the asymmetryAT can then be calculated.

The asymmetryAT as a function ofu t in the top pair
production at the NLC is plotted in Figs. 1 and 2 forAs
5500 GeV andAs51 TeV, respectively. Figure 1 shows
that if the scale of new physics which generates the operators
is below 1.5 TeV, theAT induced can exceed 1%. Compar-
ing Fig. 1 with Fig. 2, we find that the asymmetryAT for

FIG. 1. The asymmetry between the degrees of transverse po-

larization of the top quark and top antiquark induced byŌqW as a
function ofu t in top pair production at the NLC forAs5500 GeV.

FIG. 2. The asymmetry between the degrees of transverse po-

larization of the top quark and top antiquark induced byŌqW as a
function of u t in top pair production at the NLC forAs51 TeV.
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As51 TeV is larger than that forAs5500 GeV. To see
more clearly, we compare the values corresponding tou t

5120°

L(TeV) 0.5 1 1.5 2

AT (%) 29.97 22.50 21.11 20.62
(As50.5 TeV)
AT (%) 236.87 29.34 24.15 22.34
(As51 TeV)

Here we see that theAT for As51 TeV is four times larger
than that forAs5500 GeV. But since the total event rate at
a 1 TeV machine is about four times smaller than a 500 GeV
machine, the net effect is that a 1 TeV machine cannot pro-
vide a better measurement unless it has a higher luminosity.

C. Momentum correlations among the decay products
of top quark at the NLC

In the processe1e2→g* ,Z*→t t̄ with t→W1b and
t̄→W2 b̄ , someCP-odd momentum correlations among the
decay products can be constructed@10,11#. One of them,
which is CPT even and sensitive to the real part of the
dipole moment factorD in Eq. ~43!, is

O15~pW b3pW b̄ !•êz , ~68!

whereêz is the unit vector along the incoming positron beam
direction. However, this observable is not sensitive to pos-
sibleCP violation of thet b̄W vertex in the top quark decay
@10,11#. Thus we consider only theCP-violating new phys-
ics effects in the verticesVt t̄ (V5g,Z). In terms of the ex-
pression Eq.~43!, one gets the average value@12#

^O1&52
g

48
smt~12x!e2bS21H 1

s2
Cgg~ve

g!2v t
gReDg1

1

s~s2mZ
2!

CZgve
gve

ZS v t
Z2

b

3
at

ZDReDg

1
1

s~s2mZ
2!

CZgve
gve

Zv t
gReDZ1

1

~s2mZ
2!2

CZZ@~ve
Z!21~ae

Z!2#S v t
Z2

b

3
at

ZDReDZJ , ~69!

where

x5
4mt

2

s
, e512

mW
2

mt
2

,

b5
mt

222mW
2

mt
212mW

2
,

Cgg52p, CZg5
ae

Z

ve
Z

2p,

CZZ5
2ae

Zve
Z

~ve
Z!21~ae

Z!2
2p,

ve
V5

1

2sW
~eL

V1eR
V!, v t

V5
AV

2sW
,

ae
V5

BV

2sW
, at

V5
1

2sW
~eL

V2eR
V!, ~70!

and

S5
1

s2S 11
x

2D ~ve
g!2~v t

g!21
2

s~s2mZ
2!

S 11
x

2D ve
gv t

g

3~ve
Z2pae

Z!v t
Z1

1

~s2mZ
2!2

@~ve
Z!21~ae

Z!2

22pve
Zae

Z#F S 11
x

2D ~v t
Z!21~12x!~at

Z!2G . ~71!

In the above equations,s is the center-of-mass energy
squared andp is the degree of longitudinal polarization of
the initial electron withp561 corresponding to the right-
and left-handed helicities, respectively. Note that in our
analyses we neglect both the radiative corrections to the cou-
plingsVe1e2 (V5g,Z) and the electron mass, thus only the
left-right and right-left combinations2 of electron and posi-
tron helicities couple to theg andZ.

Again we take the equivalence of operatorŌqW for CqW
51 as an example to show the numerical results. The values
of ^O1& for different polarizations of the electron beam with
new physics scale of 1 TeV are found to be

2Hard collinear emission of a photon from the electron and posi-
tron beams can flip helicities. This gives rise to nonzeroCP-odd
correlations even in the absence ofCP-violating interactions and
this background should be subtracted. However, as analyzed in
@12#, there will be no such background at tree level for^O1&.
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e1eL
2 e1eR

2 e1e2

^O1& @(GeV)2# 23.67 21.0 225.5
(As50.5 TeV)

^O1& @(GeV)2# 2272.3 21.7 2183.4
(As51 TeV)

Here we find that the left-polarized electron beam yields
the most significant results for̂O1& and in this case the
result in a 1 TeV accelerator is eight times larger than a 500
GeV accelerator. In the following analyses we will only con-
sider the left-polarized electron beam.

Now we compare the value of̂O1& with the expected
variance^O1

2& to see what luminosity is needed for the ob-
servation to be statistically significant. To observe a devia-
tion from the SM expectation with better than one standard
deviation~at the 68% confidence level!, we need

u^O1&u>A^O1
2&

Lsk
, ~72!

whereL is the integrated luminosity,k is the overallb- and
W-tagging efficiency. The variancêO1

2& and the production
cross sections at lowest order are given by@12#

s54pa2sA12xS, ~73!

^O1
2&5

smt
2e4

2880
S21S 1

s2
~ve

g!2~v t
g!2@2412x211x214b2~12x!2#1

2

s~s2mZ
2!

ve
gve

Z$v t
gv t

Z@2412x211x214b2~12x!2#

22v t
gat

Z~12x!~62x!b%1
1

~s2mZ
2!2

@~ve
Z!21~ae

Z!2#$~v t
Z!2@2412x211x214b2~12x!2#

1~at
Z!2@24214x24b2~12x!#~12x!24v t

Zat
Z~12x!~62x!b% D . ~74!

For a negative helicity electron beam considered in our
analyses, the production rate is

s~e1eL
2→t t̄ !5H 775 fb for As5500 GeV,

232 fb for As51 TeV.
~75!

Assuming the coupling strength of the order of unity and
an overall b- and W-tagging efficiency of 50%, then the
luminosity required to observe theCP-violating effects of
ŌqW at 68% confidence level is found to be

L55 25
~L/1 TeV!4

CqW
2

fb21 at As50.5 TeV,

8
~L/1 TeV!4

CqW
2

fb21 at As51 TeV.

~76!

So, if the new physics scale is 1 TeV, we need a luminosity
of 100 fb21 (30 fb21) to probe the coupling strengthCqW

down to 0.5 with a confidence level of 68% atAs5500 GeV
~1 TeV!. If a conservative overallb- and W-tagging effi-
ciency of 10% is assumed, the required luminosity will be
increased by a factor of 5. If a confidence level of 99.7% is
assumed, the required luminosity will be increased by a fac-
tor of 9.

From the above results we find that for the same luminos-
ity a 1 TeV collider can do a better measurement than a 500
GeV collider. This is due to the fact that the size of^O1& at
As51 TeV is eight times larger than atAs5500 GeV, while
the production rate atAs51 TeV is only about four times
smaller than atAs5500 GeV. Thus the net effect is that a 1
TeV accelerator can do a better measurement than a 500
GeV accelerator.

V. SUMMARY

In this paper we listed all possible dimension-six
CP-violating SUc(3)3SUL(2)3UY(1) invariant operators
involving the third-family quarks, which may be generated
by new physics at a higher scale. The expressions of these
operators after the electroweak symmetry breaking and the
induced effective couplings forWt b̄, Vb b̄, and Vt t̄ (V
5Z,g,g,H) were presented.
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The contributions of some of these operators to the
CP-odd asymmetries of the transverse polarization of top
quark and top antiquark in single top production at the Teva-
tron and top pair production at the NLC are evaluated. The
numerical results showed that if the new physics scale is
around 1 TeV, then both colliders can be used to probe the
couplings with a confined strength of 0.1 provided that the
asymmetry of the transverse polarization can be measured at
a level of a few percent.

We also calculated the effects on aCP-odd observable,
which involves momentum correlations among the decay
products of the top quark, at the NLC and studied the depen-
dence on the energy and luminosity of the NLC. We found
that with a luminosity of 100 fb21, a 500 GeV accelerator
can probe the coupling strength to 0.5, assuming that the new
physics scale is of the order of 1 TeV. Achieving the same

measurement, we need a luminosity of 30 fb21 at a 1 TeV
accelerator.

Let us conclude by noting that although the measurements
of the CP-violating observable are challenging, they are not
tempered by SM background as already noted that the KM
mechanism ofCP violation which may enter our consider-
ation in loop order is very small for the top quark process
@5#.
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APPENDIX CP-VIOLATING OPERATORS AFTER ELECTROWEAK SYMMETRY BREAKING

~1! Class 1:

Ōt15
1

2A2
H~H12v !~H1v !~ t̄ ig5t !, ~A1!

Ōt25~H1v !]mH~ t̄ RgmtR!, ~A2!

Ōt35 i
1

2A2
g2~H1v !2@2Wm

1~ t̄ RgmbR!1Wm
2~ b̄RgmtR!#, ~A3!

ŌDt5 i
1

2A2
]mHF t̄ ]mt2~]m t̄ !t1]m~ t̄ g5t !2 i

4

3
g1Bm t̄ t G2

1

4A2
gZ~H1v !ZmF]m~ t̄ t !1 t̄ g5]mt2~]m t̄ !g5t

2 i
4

3
g1Bm t̄ g5t G1

1

2
g2~H1v !Wm

2F b̄ L]mtR2 i
2

3
g1Bm b̄ LtRG1

1

2
g2~H1v !Wm

1F ~]m t̄ R!bL1 i
2

3
g1Bm t̄ RbLG ,

~A4!

ŌtWF5 i
1

2A2
~H1v !~ t̄ smng5t !@Wmn

3 2 ig2~Wm
1Wn

22Wm
2Wn

1!#1 i
1

2
~H1v !~ b̄ LsmntR!@Wmn

2 2 ig2~Wm
2Wn

32Wm
3 Wn

2!#

2 i
1

2
~H1v !~ t̄ RsmnbL!@Wmn

1 2 ig2~Wm
3 Wn

12Wm
1Wn

3!#, ~A5!

ŌtBF5 i
1

A2
~H1v !~ t̄ smng5t !Bmn , ~A6!

ŌtGF5 i
1

A2
~H1v !~ t̄ smng5TAt !Gmn

A , ~A7!

ŌtG5 i @ t̄ RgmTA]ntR2]n t̄ RgmTAtR#Gmn
A 1gs t̄ Rgm$Gn,Gmn%tR1

4g1

3
t̄ RgmGmnBntR , ~A8!

ŌtB5 i @ t̄ Rgm]ntR2]n t̄ RgmtR#Bmn12gs t̄ RgmGntRBmn1
4

3
g1 t̄ RgmtRBmnBn. ~A9!

~2! Class 2:

ŌqG5 i @ q̄ LgmTA]nqL2]n q̄ LgmTAqL#Gmn
A 1gsq̄Lgm$Gn,Gmn%qL12g2 q̄ LgmWnGmnqL1

1

3
g1 q̄ LgmGmnBnqL , ~A10!
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ŌqW5
i

2
Wmn

3 @ t̄ Lgm]ntL2]n t̄ LgmtL2 b̄ Lgm]nbL1]n b̄ LgmbL#1
i

A2
@Wmn

1 ~ t̄ Lgm]nbL2]n t̄ LgmbL!

1Wmn
2 ~ b̄ Lgm]ntL2]n b̄ LgmtL!#1g2 q̄ Lgm@Wm ,Wn#]nqL2g2]n q̄ Lgm@Wm ,Wn#qL12gsq̄LgmGnWmnqL

1
1

2
g2~WW mn•WW n! q̄ LgmqL1

1

3
g1Bn q̄ LgmWmnqL , ~A11!

ŌqB5 iBmnF q̄ Lgm]nqL2]n q̄ LgmqL22i q̄ LgmS gsG
n1g2Wn1

1

6
g1BnDqLG , ~A12!

ŌbG5 i @ b̄RgmTA]nbR2]n b̄RgmTAbR#Gmn
A gsb̄Rgm$Gn,Gmn%bR2

2g1

3
b̄RgmGmnBnbR , ~A13!

ŌbB5 i @ b̄Rgm]nbR2]n b̄RgmbR#Bmn12gsb̄RgmGnbRBmn2
2

3
g1 b̄RgmbRBmnBn, ~A14!

ŌFq
~1!5~H1v !]mH@ t̄ LgmtL1 b̄ LgmbL#, ~A15!

ŌFq
~3!52ŌFq

~1!12~H1v !]mH b̄LgmbL2
i

A2
g2~H1v !2~Wm

1 t̄ LgmbL2Wm
2 b̄ LgmtL!, ~A16!

ŌFb5~H1v !]mH b̄RgmbR , ~A17!

Ōb15
1

2A2
H~H1v !~H12v ! b̄ ig5b, ~A18!

ŌDb5 i
1

2A2
]mHF b̄]mb2~]m b̄ !b1]m~ b̄g5b!1 i

2

3
g1Bm~ b̄b!G1

1

4
gZ~H1v !ZmF]m~ b̄b!1 b̄g5]mb2~]m b̄ !g5b

1
2

3
g1Bm~ b̄ ig5b!G1

g2

2
~H1v !FWm

1S t̄ L]mbR1
i

3
g1Bm t̄ LbRD1Wm

2S ]m b̄RtL2
i

3
g1Bm b̄RtLD G , ~A19!

ŌbWF5 i
1

2
~H1v !FWmn

1 ~ t̄ LsmnbR!2Wmn
2 ~ b̄RsmntL!2

1

A2
Wmn

3 ~ b̄smng5b!1 ig2~Wm
1Wn

32Wm
3 Wn

1!~ t̄ LsmnbR!

1 ig2~Wm
2Wn

32Wm
3 Wn

2!~ b̄RsmntL!1 i
g2

A2
~Wm

1Wn
22Wm

2Wn
1!~ b̄smng5b!G , ~A20!

ŌbBF5
i

A2
~H1v !Bmn~ b̄smng5b!, ~A21!

ŌbGF5
i

A2
~H1v !Gmn

A ~ b̄smng5TAb!. ~A22!
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