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ABSTRACT

We list all possible dimension-six CP-violating SU_(3) x SU,(2) x Uy-(1) invari-
ant operators involving the third-family quarks, which can be generated by new
physics at a higher energy scale. The expressions of these operators after elec-
troweak symmetry breaking and the induced effective couplings Wb, Xbb and
Xtt (X = Z,v,g,H) are also presented. We evaluate sample contributions of
these operators to CP-odd asymmetries of transverse polarization of top quark
in single top production at the upgraded Tevatron, the similar effect in top-
antitop pair production at the NLC, and the CP-odd observables of momentum
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correlations among the top quark decay products at the NLC. The energy and
luminosity sensitivity in probing these CP-violating new physics effects has also
been studied.

1. Introduction

It is widely believed that the Standard Model (SM) is only an effective theory
at the electroweak scale and that some new physics should exist in higher en-
ergy regimes. Collider experiments have been searching for the new particles
predicted by various models, but no direct signal has been observed. So, it is
likely that the new particles are too heavy to be detectable at current colliders,
and the only observable effects at energies not too far above the SM energy scale
may appear only in the form of new interactions. However, the new interactions
will affect the couplings of third-family quarks, the Higgs and gauge bosons. In
this spirit, the new physics effects can be expressed as non-standard terms in
an effective Lagrangian involving the interactions of third-family quarks, the
Higgs and gauge bosons. Before electroweak symmetry breaking, we can write
the effective Lagrangian as

Gi
’Ceﬂ == ’CO + Z EO’L

where £ is the SM Lagrangian, A is the new physics scale and O, are SU,(3) x
SU(2) x Uy (1) invariant dimension-six operators, and C; are constants which
represent the coupling strengths of ©,. The expansion in Eq.(1) was first dis-
cussed in Ref. [1]. Recently, many authors further classified such CP-conserving
operators and analyzed their phenomenological implications at current and fu-
ture colliders [2-5].

As is well-known, for more than 30 years after the discovery of the CP-violating
decays of the K? meson [6], the origin of this phenomenon remains a mystery.
The SM gives a natural explanation for this phenomenon assuming the existence
of a phase in the Kobayashi-Maskawa mixing matrix [7]. In models beyond the
SM, additional CP-violating effects can appear rather naturally and such non-
standard CP-violations are necessary in order to account for baryogenesis [8]. In
Ref. [9], possible effects of non-SM CP-violating interactions have been studied
in detail in the form of momentum space representation and involving only
weak bosons. In this paper we will focus on CP-violation effects in the model-
independent effective Lagrangian approach. So we assume that the new physics
terms in Eq.(1) contain both CP-conserving and CP-violating operators.

It has been shown [10] that the KM mechanism of CP-violation predicts a
negligibly small effect for the top quark in the SM, and thus the standard CP-
violation effects in top production and decays will be unobservable in collider
experiments. Therefore, the top quark system will be sensitive to new sources of
CP-violation and may serve as a powerful probe to non-standard CP-violation
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in association with new physics effects. Non-standard CP-violation in the top
quark system as predicted by various new physics models and the strategy for
observing these effects have been studied by many authors [11-19]. Here we
provide a model-independent study of all possible dimension-6 CP-violating
operators 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 constrained. We will
evaluate some of the effects of these CP-violating operators at the Tevatron and
the NLC. Any nonzero value of these CP asymmetries will suggest the existence
of new physics as well as new CP-violation effects.

This paper is organized as follows. In Sec. 2 we list all possible dimension-six CP-
violating SU,(3) x SU,(2) x Uy (1) invariant operators. The expressions of these
operators after electroweak gauge symmetry breaking are given in Appendix A.
In Sec. 3 we give the induced CP-violating effective couplings Wtb, Xbb and
Xtt (X = Z,v,9,H). In Sec. 4 we evaluate the contributions to some CP-
odd quantities at the Tevatron and the NLC. Finally, in Sec. 5 we present the
summary.

2. Dimension-six CP-violating gauge invariant operators

We assume that the new physics in the quark sector resides in the 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, but they are not,
however, our focus 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
work to order 1/A2. 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 discussed in Ref. [5],
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 writing down the operators in Eq.(1).

We assume all the operators O, 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
coefficients C; in Eq.(1) are real.

Now we list all possible dimension-six CP-odd SU,(3) xSU (2) xUy-(1) invariant
operators involving third-family quarks but no four-fermion interactions. We
follow the standard notation.
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Class 1 (contain t5 field)

O, = i(®Td — Zj)(va“bR)(q)*D#q) +(D,®)i®)

Op = (®VRar)(qrtr)

O3 = (27D, @+ (D,2)'®)(bpy"tp)

Opt = i(fLDMtR)DWI)T — iD“@T(ERDqu)

Oywe = i(qLot ity @TW],

Z(QLUWtR)‘I)TBW
Uth, i(qLo*TAt )@TGA

Oy = i(tpy"TAD "t g — D"t gy Tt )G,
Oy = i(tpgy" D'ty — DVtpy¥tR) B,

Class 2 (contain no t5 field)
OqG = i(‘iLV”TADV‘IL - DV@L’Y“TAQL)GZ?V
OqW = i((jL'YNTIquL - DV‘]L’Y“TIQL)W;{V
OqB = i(q "D qp, — DV@L’V“QL)BW
Opg = i(bpy*TAD b — Dby T4by)G1L,
Oy = i(bpy"D"bg — D*bpy"b) B

Opy = 1741 (B1D, @ + (D, @)!®) + bpy"b (91D, + (D, )1 ®)
2
Oy = i(®10 — L)@ 1"bR) D, + hc.

i
Oy = i3, D, b) DM¥t — DM (5D, 0,)
0bW<I> :Z( oMY Ib )@TWI
(G, ) B,
(Lo TAD )@TGﬁV

Oype =1

Opga =1
Note that in ¢@,; and ,; we subtract the vacuum expectation value, v?/2, from
®TP, to avoid additional mass terms for the third family quarks.

If we do not use the field equations of the Higgs boson and the quarks, we would
have the following additional operators:
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Class 3
Op = i(D,qtp) DH®T —iDH®Y(teD ,q;)
O’y = i(D MquR)D/“IJT —z'DWI)T(bRD qr)
02G = Z(ER’}/‘“TADVtR + DVtR'}“uTAtR)GﬁV
07/53 = i(tgy"D"tp + D"t gy*tR)B,,
Oh = i@y TADY qp + D" g " TG,
O = i(qy"* ' DYy, + D gy q )WL,
Oup = (@ y"D"qr + D"q " q1) B,
Oy = i(bpy"TAD by + DVbpy"T4bR)GY,
b5 = i(bpy" D by + Dbe’Y“bR)B
where X = %e‘“’)‘pX/\p for X = G,B,W and e**** is the anti-symmetric
tensor.

These Class 3 operators can be rewritten as:

bt = Opy — ildLtp D*®T — D*®Tt g, |
O/Db =0py — [QLbRDQ‘l)T DQ(I’TBRQL]

(x =1t,b)

/ 1 v
Oux =0,x + E(xRUM TA$R>G;?V?

’ L v
OqX = OqX + é(qLU# X;U/QL)a (X = B7 G7 W)

They become dependent upon the use of the field equations of the Higgs boson
and the quarks.

It should also be noted that those CP-violating operators which are ob-
tained from Egs.(6-8) and (21-23) by replacing the field tensors by their

duals, Wﬁw etc., and changing the relative sign of the fermion operators
are not independent due to the identity e””‘”a/\p = 2i0"y5. For example,

(qpotr'tg)®'(tgo,, ™ qr) obtained from Eq.(6) is proportional to Eq.(6).

The expressions of these CP-violating operators (Egs. 2-23) after electroweak
symmetry breaking are presented in Appendix A. Note that most of the op-
erators clearly show the U,,, (1) gauge invariance. But some of them do not
manifest the electroweak gauge invariance straightforwardly, for example, Op,
in Eq.(A.4). We have checked that the operator gives indeed a U,,,(1) gauge
invariant expression.

3. Effective Lagrangian for some couplings

We consider the contribution of CP-violating operators to top quark couplings
Wtb, Ztt, vtt, Hit, gtt and the bottom quark coupling Zbb, vbb. These cou-
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plings can be meaningfully investigated at LEP, Tevatron, NLC and LHC. The
status of the contributions of the dimension-six CP-violating operators to these

couplings is shown in Table 1 .

Collecting all the relevant terms we get the CP-violating effective couplings as:

0(3) 2 C C
Ly = j\‘/‘g@ 1)2 Wi, (ty" PLb) + ZMQ/@ v(i0,t) PLb + A2 —Btot(ta,, Prb)

Chy C
A2 —BLEPp(i0,b) + %0’1 (to,,, Prb)

- ZCZW(I) (ty" PRb) +

B B _
+ L 50 [fy, PL(0,5) — (0,07, Prb] + b

0(3) C _
Ao (0, H) (b PLb) + =5 sy Z,,, (bo y5h)
UL Y 0 2 (07 PLOD — 9T Pyb)
C(l) C _
+ ZFU(Za H) (b’YMPRb) + jbxgqj CWZHV(bO’HV/yE)b)
* C/bé@ :2 ew 2y, (b7 Pr*b — 0" by" Prb)
Cj’\gq’ A, L(boHy5b) +

Lo =155

_|_

C v - -
f\g@ 12 A (07" PRO"b — 0"by" PRb)

(1)

C _
= 00, H) (b7 Pb) + 282 A, (bt h)

C v - -
+ =35 2z A (07" PLO"b — 07by"Pyb)

£

cy C .

+ ZF’U(Za H) (b'}“uPRb> + jb\gq) Auy(bgll‘u’y\Gb)
C v - 7

+ Zg‘? 224 (07" Prd”b — 9"by" Prb)

0(3)
A2
CYtVV‘I> v 7 v Iy

A2 A2 55w, (YH PLo"t — 0"ty Prt)

o) o
+ zﬁv(zﬁ H)(ty" Prt) + /téq) le(ta‘“’%t)

C v _ -
+ /té‘b 22w 2 (01 PR0”t — 0" 89" Prt)

C -
Lo = iy 00, H) (I Put) + {5 s 2, (fo ys1)

+
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<1>
L.z C (z@ H)(ty* P, t) + CtB‘I’A L(toHVyet)
~tt = A2 YL A2 a5
C v _ _
+ Xﬁq’ 1z A (7 PLO"E— 071y Pyt)
C(3> - C -
+zﬁv(za H)(ty" Prt) + j@’@ A, (to 5t
C v _ _
+ X;‘I’ 12 A (01" Pr0"t — 0"t7" Ppt)
O<3> o ) O(l)
L =155 A2 v(i0, H)(ty" st) + X/g(b H(tyst) + Az (10, H)(t#t)
(3)
£ C 0, H)(ty" PLTAt) + Ci6e (Gouvn, TApGA
gtt_z A2 (Z )(7 L ) A2 (U Vs ) nv
C v
+ o (VP T — iy PRT AN G,
C<3) c C(l)
Ly =155 A2 v(i0, H) (by"v5b) + ZVQVQH@%b) lﬁv(la H)(by"b)

where sy, = sinfy,, ey, = cosfy, and Pp p = (1F 75)/2.

4. 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 asym-
metries [12-14] and CP-odd momentum correlations among the decay products
[15,16].

In this section we evaluate the contributions of some of the CP-violating new
physics operators to these CP asymmetries. By taking individual operators
as examples, we present numerical results to show at what level of C;/A? the
CP-violating effect may be visible. We will only consider the CP-odd operators
listed in Sec. 3 and do not include their corresponding CP-even operators whose
phenomenologies are different and have been systematically analyzed in Refs. [3-
5]. Furthermore, we restrict ourselves to the electroweak vertices, i.e., Wtb, Ztt
and ~ytt.
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4.1 Transverse polarization asymmetry of top quark in single top
production at the Tevatron

The reaction pp — tbX at the Tevatron can be used to investigate several differ-
ent types of CP asymmetries [15]. The complicated coordinate representation of
the effective Lagrangian in Eqs. (38-45) can be simplified in momentum space
when ¢ and b are on-shell. The CP-violating contribution to the Wtb vertex in
Egs. (38) can be written in momentum space as:

Ly = it | Fpy" Pp, + Fpy# Pp — @U’“’k‘VPL — @J”Vk,,PR bW +hec.
2m, 2m,

Where PL,R = (1¥’Y5)/27 k:pt +pi)’ and

Fr = % [Cil?:l)/q: + Cth)]

2m v?
Gp = Tgt [Cts + thq>2]
v
Fr = ECbW<I>
2m
GR = TQtCDt

We have neglected the scalar and pseudoscalar couplings, k* and k#-y;, which,
in the process tb, give contributions proportional to the initial parton mass. It
should be pointed out that in contrast to Ref. [15], where the form factors F,
etc., can be complex, form factors in Eq. (46) are all real because C,4, etc., are
real as noted in Sec. 2 above.

The spin of the top quark allows three types of CP-violating polarization asym-
metries [15] in the single top quark production via u+d — t+b, u+d — t+0.

Introducing the coordinate system in the top quark (or top antiquark) rest frame
with the unit vectors €, oc —p; and €, o< p,, X Py, the transverse polarization
asymmetry is defined as

A(y) =T(y) — TL(g)

where TI(7) and II(j) are, respectively, the polarizations of the top quark and
top antiquark in the direction ¢, arising from the interference of the SM and
the CP-violating vertices. Only the terms proportional to P; contribute. The
polarizations are given by

NG =N e ()
0 =8 me) "9 F,G)e8 o
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where N,(7) [IN,(9)] is the number of ¢(t) quarks polarized in the direction 3.

The asymmetry A(g) is proportional to the real part of the form factor G,
which is given by [15]

A = ZF NV e,

where x = m? /3. This parton level asymmetry can be converted to the hadron
level asymmetry by folding in the structure functions. In the absence of an
imaginary part, F; makes no contribution to polarization asymmetries.

Using the CTEQ3L parton distribution functions [20] with p = V5 and assuming
m, = 175 GeV, we obtain the asymmetry as

_0.84C 1 —2Cpe — 92C /2

A(g) = (/1 TeV)? at /s = 2TeV

_ 1.2C, —2:8C,wg — 0.89,Cp,

A(y) (/1 TeV)? at /s = 4TeV

As analyzed in Ref. [15], such an asymmetry of a few percent might be within
the reach of experiment at the upgraded Tevatron with /s = 2 TeV and an
integrated luminosity of 3-10 fb~1. As the results in Eq. (56) show, the CP
asymmetry caused by new physics will be more significant at higher energies,
say v/s = 4 TeV. Hence, if the collider can be further 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 large background from ¢t production
and single top production via W-gluon fusion [22].

Let’ s take O,y as an example. If we assume an observable level of ten percent,
we see from Eq. (56) that the upgraded Tevatron will probe (A/1TeV)? to 1/4
and 1/8 for /s = 2 TeV and /s = 4 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.

4.2 Transverse polarization asymmetry of top quark pair production
at the NLC

From the polarizations of the top quark and top antiquark in eTe™ — tt, one
can construct CP-odd quantities which can be measured through the energy
asymmetry of the charged leptons in the ¢ and ¢ decays as well as the up-down
asymmetry of these leptons with respect to the t¢ production plane [12,13].

Including both the SM couplings and new physics effects, we can write the Vit
(V = Z,~) vertices as:
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- - 1
Vit =it |v* Ay, — 'y By + %(CV — iDV'y5)J’“’kl,] t
¢

where p, and p; are the momenta of the top quark and top antiquark. We
neglect the scalar and pseudoscalar couplings, k* and k*~v5; with k = p, + pz,
since these terms give contributions proportional to the electron mass. We note
that some of these neglected terms are needed to maintain the electromagnetic
gauge invariance for the axial vector couplings in Eq. (57). The form factors
can be written as

Xy =XM+6X,, (X=AB,C,DandV =Z,7)

where X‘S/M and 0 X, represent the SM and the new physics contributions, re-
spectively. In the SM, only A, » and B exist at tree level. Beyond the tree
level, all of them except the CP-violating form factor D get contributions from
loop diagrams. The SM loop contribution to D is completely negligible [10].
Since we are interested in CP-violation effects, we neglect the SM loop contri-
butions to all form factors. Thus we have

1 4
T e (O
e 1

-, CSM — pSM _
Swew 2 v v

SM _
BSM = _

For new physics effects, only the form factor D receives CP-violating contribu-
tions. Then we obtain

6D'Y = p [(CqB —_ CqW)SW + CtB@\/iCW]
0Dy = 55 [(CqB — Caw)ew — CopaV 25y + CDt]

The nonvanishing real parts of D can give rise to the following asymmetry [14]:

Ap =P sina— P, sina

where P, sina (P, sina) is the degree of transverse polarization of the ¢ (t)
quark perpendicular to the scattering plane of ete™ — tt. The scattering plane
is defined to be the X-Z plane where the +Z direction is the direction of the
electron and the top-quark momentum has a positive z-component. The angle «
depends on the top quark polarization direction and its definition can be found
in Appendix C of the first article of Ref. 14. P, sina and P, sina are given by
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2Im[(— + —+)*(+ + ++) + (= + +4)"(+ — ++)]
(+++PP+ I+ —HP+I(—++HP+ [+ -+
P osing < 20l = =) (F ) + (= —H) (F + =) + (F + +=)" (F + )"+ (+ + —+)"(+ + +—)]
T (F++HP+ [+ =P+ [+ ——HP +(++—H)P

P sina =

Here the helicity amplitudes (h.-,h.+,h;, h;), where h,- = 4+, etc., indicate
respectively a left- and right-handed electron, etc., are given by

(hefvheﬂhtahZ)Z + (he ’he”ht’hi)’y
s—m22+imZFZ s

(heﬂ he+7 htv hi) = 292E2 |:

The nonvanishing (h,-, ke, by, hi)y (V =7y, Z) can be found in Ref. 14 and are
listed below:

. m K
(+—+—)y = efsind, (ftAV - EBV)
eL(1 +cosb,) (EAy, + KBy)

(—+—H)y

K
2

K
(+—++)y = el (1 —cosb,) (EAy, — KBy) — & Ov +iEKDy

. m K
(+——+)y = ei} sind, (ftAV - EBV>
(+—+-)v = eff(1 —cosb,) (EAy + KBy)

K
(++4 =)y = elsing, (%AV + EBV)
2

K
(+ 4+ —+)y = eB(1 + cosb,) (EA, — KBy,) — — Cv +iEKDy

where 6, is the angle between the top quark and the electron, £ = \/s/2, K =
[B,], and ™ are the form factors in Ve et vertex igy"(eli P + el P, ), which
are given by

As in the preceding subsection, we take the operator Oy as an example to
show the numerical results. Assuming the coupling strength Cy, = 0.1, the
asymmetry Ap as a function of 6, in the top pair production at the NLC is
plotted in Fig. 1 and Fig. 2 for /s = 500 GeV and /s = 1 TeV, respectively.
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Figure 1 [Figure 1: see original paper| shows that if the scale of new physics
which generates the operator O,y is below 1.5 TeV, the Ar induced can exceed
one percent. Comparing Fig. 1 with Fig. 2, we find that the asymmetry A,
for v/s =1 TeV is larger than that for /s = 500 GeV. To see more clearly, we
compare the values corresponding to 6, = 120°:

A (TeV) Ap (%) (V5 = 0.5 TeV) Ap (%) (/5 =1 TeV)
0.5 0.5 2.0

1.0 0.03 0.13

1.5 0.003 0.02

Here we see that the A, for /s = 1 TeV is four times larger than that for
v/s = 500 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 provide a better measurement unless it has a higher luminosity.

4.3 Momentum correlations among the decay products of top quark
at the NLC

In the process ete™ — v*, Z* — tt with t — W*b and ¢ — Wb, some CP-odd
momentum correlations among the decay products can be constructed [15,16].
One of them, which is CP T-even and sensitive to the real part of the dipole
moment factor D in Eq. (57), is

Oy = (By X Dp) - €,

where €, is the unit vector along the incoming positron beam direction. However,
this observable is not sensitive to possible CP violation of the tbW vertex in the
top quark decay [15,16]. Thus we consider only the CP-violating new physics
effects in the vertices Vit (V =, Z). In terms of the expression Eq. (57), one
gets the average value [17]

~ 3my(1—x)epyt
a 8mas

[62 (v9)?vtReD,, + 2e(v)(vy)Cy vt ReD, + CF,
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e(vg)vt (v5)% + (a%)?
C = la C = #a C Z Z 9
i )2+ (vg)? T (05)2 4 (v)?
e LoP gy AmE o Amp
1+2m?2/s’ s’ s’
1 1 1 1
e _ _1’ e _ _ = 2 ) ; e _ (_7) ,
U’Y v SWCW ( 2 * SW aZ SWCW 2
4 1 1 4
t o _ to_ -2
YTy 2T e (2 3SW>

In the above equations, s is the center-of-mass energy squared and p is the degree
of longitudinal polarization of the initial electron with p = +1 corresponding
to the right- and left-handed helicities, respectively. Note that in our analyses
we neglect both the radiative corrections to the couplings Vete™ (V = ~,Z)
and the electron mass, thus only the left-right and right-left combinations of
electron and positron helicities couple to the v and Z.

Again we take the operator Oy, as an example to show some results. The values
of (0,) for different polarizations of the electron beam with new physics scale
of 1 TeV and coupling strength of unity are found to be:

Polarizatici), ) [(GeV)?] (v/s = 0.5 TeV)

(0,) [(GeV)?’] (Vs =1 TeV)

Left 0.8 6.4
Right 0.2 1.6
Unpolarizéil3 2.4

Here we find that the left-polarized electron beam yields the most significant
results, 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 consider the
left-polarized electron beam.

Now we compare the value of (0;) with the expected variance to see what
luminosity is needed for the observation to be statistically significant. To observe
a deviation from the SM expectation with better than one standard deviation

(at the 68% confidence level), we need |(0;)| > 2

\ /0(291, where 07, is the variance
and the production cross section o at lowest order are given by [17]

o 4o T x
oh, = 57 7 T3 Vi—z [(Ufy)z(vf,)Q (1 + 5) +2(v5) (vy)vi v Cyy (1 + -

where £ is the integrated luminosity, x is the overall b- and W-tagging efficiency.
For a negative helicity electron beam considered in our analyses, the production
rate is

chinarxiv.org/items/chinaxiv-201612.00384 Machine Translation


https://chinarxiv.org/items/chinaxiv-201612.00384

ChinaRxiv [$X]

775t for /s = 500 GeV

olete” = tt) =

( ) {232fb for /s =1TeV

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 the CP-
violating effects of O,y at 68% confidence level is found to be

_ [25(A/1TeV) b at /s = 0.5TeV
T8 (A/1TeV) b at (/s =1TeV

So, if the new physics scale is 1 TeV, we need a luminosity of 100 fb=! (30 fb™1)
to probe the coupling strength C,y;, down to 0.5 with a confidence level of 68%
at /s = 500 GeV (1 TeV). If a conservative overall b- and W-tagging efficiency
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 factor of 9.

From the above results we find that for the same luminosity a 1 TeV collider
can do a better measurement than a 500 GeV collider. This is due to the fact
that the size of (0;) at /s = 1 TeV is eight times larger than at /s = 500
GeV, while the production rate at /s = 1 TeV is only about four times smaller
than at /s = 500 GeV. Thus the net effect is that a 1 TeV accelerator can do
a better measurement than a 500 GeV accelerator.

5. Summary

In this paper we listed all possible dimension-six CP-violating SU,(3) x SU},(2) x
Uy (1) invariant operators involving the third-family quarks, which may be gen-
erated by new physics at a higher scale. The expressions of these operators
after electroweak symmetry breaking and the induced effective couplings for
Wtb, Vbb and Vit (V = Z,~, g, H) were presented.

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 Tevatron and top pair production at the NLC are evaluated. The nu-
merical results showed that if the new physics scale is around 1 TeV, then both
colliders can be used to probe the coupling strength to 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 a CP-odd observable, which involves momen-
tum correlations among the decay products of the top quark, at the NLC and
studied the dependence on the energy and luminosity of the NLC. We found
that with a luminosity of 100 fb=!, 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.
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Achieving the same measurement, we need a luminosity of 30 fb~! at a 1 TeV
accelerator.
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Appendix A: CP-violating operators after electroweak sym-
metry breaking
Class 1

Oy = H(H + 2v)(H + v)(tiyst)

Opp = (H +0)0"H(tg,tR)

O3 = iWH(tgy,br) + iWW(BR’YJR)

Opy = 1 [(OME)t + ty50Mt — (07t)yst — tOHE]

g g
QCW 2CW

/

(H +v) 250, + %(H + v)Brit

+ 2 (H +v) 219, (1) +

g s g b
Owe = ZE(H + o)W (bro,,tr) Jrlﬁ(H + o)W (tgo,,by)

g - 5
0tB<I> = ZE(H + U) (tO'MV")/5t)B#

-Gs n v
0tG'i> = 25(H + ’U) (tJHU’YBTAt)GAM

Oy =i [try"TA0tg — VI ' TAtR] Gib, + 29t gy GVt g G,

<[5 v vy n v g9 7 v
Oip =i [tpy" 0¥ty — 8"tp'tg] B, + 29tpy"G "t B, + EtR’yMtRB,uuB
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Class 2
OqG =1 [QL’Y“TA(?VQL - 8V§L7#TA(]L] Gfu + QQSQL’Y“GV‘JLGﬁu
Ogw =1 gm0 gy, — 0¥ gyl q,] W;{u + QQQQL’Y“WV(]LW;{V
+ 9207 W, - W 0% ar, — 920" 4,y W, - W lay
Oyp = t1apy" 0"y, — 0"y qL] By + 29209 W¥ar B,
/

~ 14 g ~ v
+ 29,47 G"q;, B, + 5qL7#qLB;wB

nv %

- 7, v v, 7 v g/_ v
ObB =1 I:bR’Y#a bR — 8 bR'}“u'bR:I BHV + 2gbbR’Y‘uG bRBuV + EbR’}/#bRB,U,VB
Opp = (H +v)0MH [tr7,ty, JFBL’)/,J’L] +2(H + v)@“HBR’y“bR

Obl = Z(H + U)za“H((jL’y“bR) + h.C.
Opp = [(0*b)b + by;0"b — (9#b)y5b — bOMb]
. g i g v
Opwao = ZE(H‘H))W M (tLo,br) +ZE(H+U)WW (brotr)
g - 5
Ovpa = Zg(H +v)(bo,,75b)B*

.Gs 7 v
Opgao = ZE(H + U)(bUW%TAb)GA“

where g, ¢’, and g, are the SU; (2), Uy (1), and SU,(3) gauge couplings, respec-
tively, and v is the Higgs vacuum expectation value.
Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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