PHYSICAL REVIEW D VOLUME 56, NUMBER 9 1 NOVEMBER 1997
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We list all possible dimension-sig P-violating SU.(3) X SU, (2) X Uy(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 coUNirE@(bF, andXtt_(X
=Z,7,0,H) are also presented. We evaluate sample contributions of these operafdPsoiidd 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, a@Ptueld observ-
ables of momentum correlations among the top quark decay products at the NLC. The energy and luminosity
sensitivity in probing thisC P-violating new physics is also studief50556-282(97)03921-Q

PACS numbd(s): 14.65.Ha, 11.30.Er, 12.60.Cn

I. INTRODUCTION CP-violating operators possibly measurable at the Fermilab
Tevatron and the Next Linear CollidéNLC). Any nonzero

As is well known, for more than 30 years after the dis-value of theseC P asymmetries will suggest the existence of
covery of theCP-violating decays of th&? meson[1], the ~ new physics as well as ne@P-violation effects.
origin of this phenomenon remains a mystery. The standard The motivation of new physics and the use of the effec-
model(SM) gives a natural explanation for this phenomenontive Lagrangian approach have been discussed widely. We
assuming the existence of a phase in the Kobayashi€fer to, for example]15] for a brief discussion. Before the
Maskawa mixing matri§2]. In models beyond the SM, ad- electroweak symmetry breaking, we can write the effective

ditional CP-violating effects can appear rather naturally andLagranglan as
such nonstandar€P violations are necessary in order to
account for baryogen_es[g]. Ir_1 Ref.[4], possible ef_fect; of Log=Lo+ iE C.0+0
non-SM C P-violating interactions have been studied in de- A2T
tail in the form of momentum space representation and in-
volving only weak bosons. In this paper we will focus on where£, is the SM LagrangianA is the new physics scale,
CP-violation effects in the model-independent effective La-and O; are SU(3)X SU, (2)X Uy(1)-invariant dimension-
grangian approach. So we assume that the new physics terraix operators, an€; are constants which represent the cou-
in Eq. (1) contain bothC P-conserving andC P-violating op-  pling strengths ofO;. The expansion in Eq(l) was first
erators. discussed in Ref.16]. Recently, many authors further clas-
It has been showfb] that the Kobayashi-Maskaw#&M ) sified suchC P-conserving operators and analyzed their phe-
mechanism o€ P violation predicts a negligibly small effect nomenological implications at current and future colliders
for the top quark in the SM, and thus the standard15,17-19.
C P-violation effects in top quark production and decays will ~ This paper is organized as follows. In Sec. Il we list all
be unobservable in collider experiments. Therefore, the topossible dimension-six CP-violating  SU,(3)X SU_(2)
quark system will be sensitive to new sourcedd® violation X Uy(1)-invariant operators. The expressions of these opera-
and may serve as a powerful probe to nonstan@dvio- tors after electroweak gauge symmetry breaking are given in
lation in association with new physics effects. Nonstandardhe Appendix. In Sec. Ill we give the induc&iP-violating
CP violation in the top quark system as predicted by variouseffective couplingsVtb, Xbb, andXtt (X=2Z,y,9,H). In
new physics models and the strategy for observing these efec. IV we evaluate the contributions to so@B-odd quan-
fects have been studied by many autH@rs14]. In this work tities at the Tevatron and the NLC. And finally in Sec. V we
we initiate a model-independent study of possiblepresent the summary.
dimension-sixC P-violating operators in the effective La-
grangian approach to new physics, which involve the thirdy, 1, e \siON-SIX CP-VIOLATING GAUGE-INVARIANT
family quarks and are invariant under the SM transformation. OPERATORS
The effects of these operators can be studied at future linear
and hadron colliders, and thus their strengths can be con- The remarkably heavy top quark indicates a significant
strained. We will evaluate the effects of some of thesecoupling 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
*On leave from Physics Department, Henan Normal University,reveled in processes involving the top quark. Here we as-
China. 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 O.v=ild v D"a —D"a, v*ra, TW' 12
four-quark operators involving only the third family, such aw=1lauy*7D"a AWy AW, (12
operators are not experimentally relevant here. New physics — . — ) ——
may also occur in the gauge boson and Higgs sectors, they Oge=ilaLy*D"aL—D"aLy*ailBy,, (13
are not, however, our attention here. Therefore, the operators - A —_ A
we are interested in are those containing third-family quarks Ope=i[bry*T"D"br—D"bry*T"br]G,,, (14
coupling to gauge and Higgs bosons.
To _restrict ourselves to the lowest order, we consider only o_sz i [b_R)/”D”bR— D*bry*brIB,, . (15)
tree diagrams and to the order ofAZ/ Therefore, only one
vertex in a given diagram can contain anomalous couplings. oW =1®d'D ®+(D ®) PTq, v 16
Under these conditions, operators which are allowed to be éq=1 P+ (D ) RIaY a, (16)
related by the field equations are not independent. As dis- —3) ot T ]
cussed if15], to which we refer for the details, the fermion Ogq=[®'7D,®+(D,P)' 7 ®lqy*rq., (17)
and the Higgs boson equations of motion can be used but the _ _
equations of motion of the gauge bosons cannot when writ- Ogp=[®'D,®+(D,®)"®]bry"bg, (18
ing down the operators in EqL).
We assume all the operatd@s to be Hermitian. Because — v?| — i
of our assumption that the available energies are below the Opy=i| @'~ = |[qLbr®P — P brq,], (19
unitarity cuts of new-physics particles, no imaginary part can
be generated by the new physics effect. Therefore the coef- it iy (Med T
ficientsC; in Eq. (1) are real. Opp=iL(dLD,bp)D*® = (D*®) (D bray)],  (20)
The expressions of thé P-violating operators are parallel — = ) FT |
to their correspondingC P-conserving ones given ifil5] Opwo=i[(qLo*"7br) P~ P (bra*"7q ) ]W,,,
[Egs.(2)—(23), [15]], and a similar classification of the op- (21)

erators can be made. We list all possible dimension-six

CP-odd SU(3)XSU (2)XUy(1)-invariant operators in-
volving third-family quarks but no four-fermion interactions.
We follow the standard notation; denotes the third-family

left-handed doublet quarkd and® are the Higgs field and
its equivalent complex conjugate representat®p, , W, ,

andB,, are the SB), SU(2), and U1) gauge boson field
tensors in the appropriate matrix forms, abg denotes the

appropriate covariant derivatives. For more details of the no

tation we refer td 15].
(1) Class 1(contains &g field)

— v —
Otlzl(q)T(D_?)[thR‘D_q’TtRQL]' 2

Op=[®'D, &+ (D,®) 0]t gy tg, (3)
O=(®'D,®)(try*br)+(D,®) ®(bry*tr), (4)
Op=i[(q.D,tr)D*®—(D*®)' (D, tra)], (5
Owmo=i[(d o' TR D~ D (tro* 7'q ) IW,,,, (6)
Owo=i[(aLo*tR) @~ D (tre*"q)]B,,, (7
Owo=i[(qLo"' TAtR)®— BT (tro* Tq,)1GS,, (8)
Owe=i[ tRY*TAD"tr— D try*TAtR]GS,,  (9)
Ow=i[ trY*D’tg—D"try"tr]B,,, . (10

(2) Class 2(contains nap field)

Oqe=i[a y*TAD*q —D"q y*Tq 1G,,, (1)

Obee=i[(q 0" br)®—d'(bga#"q)1B,,, (22)

o—be@=i[@WTAbRxD—@*(EWTW]@L-( )
23

Note that inO;; andO,; we subtract the vacuum expectation
value,v?/2, from®'d, 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
Egs.(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[it5] by converting them
into the corresponding P-violating ones[see Eqgs.(24)—

(32), [15]] and the proof of the dependence also parallel to
that given in[15].

The expressions of thes€P-violating operators Egs.
(2)—(23) after electroweak symmetry breaking are presented
in the Appendix. Note that most of the operators clearly
show the |,(1) gauge invariance. But some of them do not
manifest the electroweak gauge invariance straightforwardly,

for example,Op, in Eq. (A4). We have checked that the
operator gives indeed a.l{1) gauge-invariant expression.

Ill. EFFECTIVE LAGRANGIAN FOR SOME COUPLINGS

We consider the contribution & P-violating operators to
top quark couplingsWtb,_Ztt,_ytt, Htt, gtt and the
bottom quark couplingZbb,ybb. These couplings can be
meaningfully investigated at the CER& e~ 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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TABLE I. The contribution status of dimension-si2 P-violating operators to electroweak argit_
couplings. The contribution of a CP-violating operator to a particular vertex is marked. by

Wtb Ztt ytt Htt gtt Zbb ybb Hbb

Ou .
O X

o
=4
X
X
X

O
©
o
X X X X X

Collecting all the relevant terms we get t@dP-violating effective couplings as

(3)

~ Coq 92 — Ciz 0% 0y CDt v
L= —i— —=v®W (t y*P b)—i— — ~=W (t y*Pgb i9“t)P b
Wtb A2 \/E ,u( Y L) A2 2 \/5 ( Y R) 2 \/—\/— ,u( )
Cop v 02— thqn +
—i— —=—=W_ t Pg(id*b)— —W to tO”U‘VPb
Cow 1 — _
+i =L W [T y#P(0"b) — (0"1) y*P b]+H.c., (24)
A2 2

qu Cw CqB
2 A2

C o C v
bwd Cw be>_ ) ,w(bU Vyeh) +

+
AZ 2 AZ\/E

Lzvp=

)Zw(b_y”P,_aVb—a”b_y”P,_b)

11 86,7 By Prd"b— "By Pab) —i 2zH i(Bysd,b— 3, B ysh) -2 +i4,(bb) 2 (25
2 SwZu(DYPr 7'PRb) =15 e OO

~ [ CqB Cqw Sw — — . Cos — —
Eyble FCW_ ?? A#y(b‘)/#PLo"Vb—ayb’}/MPLb)+lFCWAM,,(b’y’U“PRﬁVb—O"Vb v*Pgb)
[ Cobeo Cowa SW v
+1 A2 Cw— A2 \/— ;Lv(bo- ’}/Sb) (26)
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~ Coo 1m0 — Cpe 1l my_ — Lo [ Cigo Ciwo Cw| v —
= — — —=7HK +j|— — —7H — +il —— - | — MV
[’Ztt | A2 \/E 2 Z [I(;M( t)] | A2 \/E 2 Z (|t’)/5(9lut I&Mt75t) I A2 Sw Az 2 \/EZ#V(tO- '}/5t)
Cis — T [ CqB Cqw Cw — v T
+IFSWZMV(t’y’“PRL7 t—9"t y*Pgrt) +i FS\N—?? ZM,,(ty“PL& t—a"t y*PL 1), (27

Ciwa Sw = Cigo v —

. o Ce
,Cy“:I ?7+?CW —ZAMV(tO'P“ 75t)+IFCWAp.V(t7MPR(9 t—0"t y*Pgt)
[ CqB Cqw Sw — T
+i A—“zcw+ﬁ? AL (L y*PLI"t— 0"t y*P 1), (28)

T i Cu UZHt_t+'CD‘ ! “H t—t+?9t—at_t—'% i 9“H) (T y,Pgrt
Htt_IA__Z ( 75) IF_(? [alu,( 75) " (,u )] IAZU(I )( 7,; R)

2 2\/5
ciy_Cy -
—i A—Z‘*—A—z“ v(id"H)(ty,PLY), (29)

~ Cie — — . Cqe, — o Cigo v —
Loir=i— [t y*PrTA9"t— 3"t yﬂPRTAt]Gf}Vﬂ—qz[t PP TAPt= 0"t y*P TAIG), +i—— —=(t o*"ysTA) G,
A A A? 2
(30)
~ A 1 ) e . Ccl)b . — . Cbl 1)2 —_—
Lhpp=—1i P(Cg}éntcﬁﬁé)v(laMH)by"P,_b—l Fv(lﬂMH)byf‘PRbﬂ 2 E|—|(|o«y5|o)
Cpp 1 —
|—2ﬁa”H[baMb—(&#b)b+ﬁﬂ(by5b)], (31
|
wheresy,=sinf, cyw=cosfy andP g= (1% ys)/2. analyzed in[15,17-19. Furthermore, we restrict ourselves
to the electroweak vertices, i.&\th, Ztt, andytt.
IV. THE CONTRIBUTIONS TO CP-ODD QUANTITIES A. Transverse polarization* asymimetry
OF TOP QUARK AT COLLIDERS of top quark in single top

. . rk pr ion he Tevatron
Various experiments have been suggested to measure quark production at the Tevatro

CP-violating couplings of the top quark. They include I

CP-odd quantities such as the polarization asymmetries 1h€ reactionpp—tbX at the Tevatron can be used to

[7-9] andC P-odd momentum correlations among the decaylnvestigate several different types 0f° asymmetrie10].

products[10,11]. The complicated coordinate representation of the effective
In this section we will evaluate the contributions of somelagrangian equation24)—(31) can be simplified in the mo-

of the CP-violating new physics operators to the@P  mentum space whenandb are on shell. The P-violating

asymmetries. By taking an individual operator as an ex<ontribution to theWtb vertex, Eqs(24), can be written in

ample, we present numerical results to show at what level ofhe momentum space as

C;/A? the CP-violating effect may be visible. We will only

consider theCP-odd operators listed in Sec. Ill and do not

include their corresponding P-even operators whose phe- lIn this paper the transverse polarization direction is the one

nomenologies are different and have been systematicallyhich is perpendicular to the scattering plane.
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- s 92 -+ " " .GL Y32
thb—|EW#t FL')/ PL+FR’)/ PR_IEU kVPL

t

i SR gk, palb— i W BT ELyiPy 4 FrytP
m vFR \/5 “ L LTFR R

—iﬂa"“’k P —i%o-’”k Pt (32
m; vI'R m L
whereP| g=(1% v5)/2, k=p;+pp, and
2
v Cot My
F=—f| —C®+ —— 33
. A2( P22 v %9
_ Cot mt+ \/E my 1 mtz (34)
“atl2z v WP v TV, )
2
v Cop My
Fr=——| Cet—=—]|, 35
R 2A2< t3 \/E v ) ( )
. v2 CDb mt+ \/Emt (36)

We have neglected the scalar and pseudoscalar coupkings,

andk,, ys, which, in the process d—W—th, give contri-
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wherell(y) andII(y) are, respectively, the polarizations of

the top quark and top antiquark in the directipnarising
from the interference of the SM and ti&P-violating verti-
ces. Only the terms proportional By contribute. The polar-
izations are given by

1y NV =N(=9)
Ni(+Y)+N(=Y)’

(39

- Ni(+y)=N(=y)
II(y)= < —, 40
Y N N =) 0

whereNy(+y) [NT(xy)] is the number of(t) quarks po-

larized in the directionty.

Let us comment briefly on the identification of the mo-
mentum direction®,,, Py, andP,. At the TevatronP, is
in the direction of the incoming proton. The identification of
5b and 5;are more complicated. Take the single top quark
productions as an example. Assuming W& 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 thequark.

With b tagging, a better identification of theand b direc-
tion can be made with the price of a reduced number of
events to about one-quarter of the number beforebtiag-

butions proportional to the initial parton mass. It should beging. However, the sign of the quark jet, i.e.,b vs b, is
pointed out that in contrast §d.0], where the form factors difficult to obtain even through tagging.

F_, etc., can be complex, form factors in £E§2) are all real

becauseC(), etc., are real as noted in Sec. Il above.

The spin of the top quark allows three types of

CP-violating polarization asymmetrig4.0] in the single top
quark production via

u+d—t+b, u+d—t+b. (37)

Introducing the coordinate system in the top quémk top
anthuark rest frame W|th the unit vectoreZ Pb, ey

The asymmetry\(y) in the parton level is proportional to
the real part of the form factds, , which is given by[10]

- 3 —X)
AD oo 2 G

4 (2+x)\/— (4

where x= mt/s 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 parinakes

P X Py andex—eyx e,, the transverse polarization asym- no contribution to polarization asymmetries.

metry is defined as

~ 1 aAl —n
Aly)= 5 [(y)~IL(y)], (38)

A=,

N

f A(9)|parton [fﬁ(xl wU«)fJB(XZ )+ (A= B)Jdxdx=

The measured asymmetry is obtained by folding the par-
ton level asymmetry41) in the evolution integral. Using the

CTEQ3L parton distribution function0] with = \/g and
assumingm;= 175 GeV, we obtain the asymmetry as

Cow—2Ciwa—92Cp¢/2

—0.4% AL T2 at Js=2 TeV,
Cow—2Cwa— 92Cpi/2
~0.84 % (A/tlwiev?; ot at \s=4 TeV

(42
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whereA andB denote the incident hadrons and the functiondligible [5]. Since we are interested in tkEP-violation effect,
 andf® are the parton distribution functions, , denoting  we neglect the SM loop contributions to all form factors.
the longitudinal momentum fractions of the two initial par- Thus we have

tons.
_As analyz_e(_j iM10], such an asymmetry of a few percent ASM=_g,, AgM:i( 1— §SSV) , (45)
might be within the reach of experiment at the upgraded Y 3 2Cy 3
Tevatron with\/s=2 TeV and an integrated luminosity 3—10
fb~1. As the results in Eq(42) show, theCP asymmetry BSM_ g BSM—L (46)
caused by new physics will be more significant at higher YT T7 20
energies, say/s=4 TeV. Hence, if the collider can be fur-
ther upgraded to 4 TeV and/or with increased luminosity C?M:DiMz cM=p3M=o. 47)

[21], it can serve as a more powerful tool for probing
CP-violating new physics. It should be noted that the signalFor new physics effects, only the form factbr receives
for this process is unobservable at the LHC because of th€ P-violating contributions. Then we obtain

background frorrtt_production and single top production

via W-gluon fusion, which are much larger than the signal in OAyz= 0By z=3C, 7=0, (48)
comparison with the case of Tevatron. At the LHC the signal

of single top production due to quark-antiquark annihilation SD = — v f (Cop—C )M+C M—C Sw
is severely suppressed in comparion with the glWéivoson Y p2gl| B B, awW 2y tWo 2

fusion process. This is due the fact that the initial antiquarks

d andu are from the sea, while the gluon struction function 2
increases at LHC. More details can be found2a]. ~CisaV2Cw |, (49

If we assume an observable level of 10%, we see from
Eq. (42 that the upgraded Tevatron will probeCdy 4 sem com c
—2Cywao—92Cpi/2)/(A/1 TeV)? to 1/4 and 1/8 fory/s=2 5DZ:L_((CqB_ Cip) t—qu M Cove —
TeV and\s=4 TeV, respectively. This means that with a A9 v 2v V2
new physics scale at the order of 1 TeV, the further upgraded
Tevatron can probe the coupling strength down to the level _ mz
of 0.1. Cipo2su+ CDt—Z\/EU : (50

B. Transverse polarization asymmetry The nonvanishing real parts @ can give rise to the
of top quark pair production at the NLC following asymmetry{9]:
From the polarizations of the top quark and top antiquark . S —
Ar=P, sina— P, sina, (51

in e*e"—tt, one can construcE P-odd guantities which
can be measured through the energy asymmetry of the

> whereP | sina (P, sina) is the degree of polarization of the
charged leptons in theand t decays as well aEthe up-down sina (P, sina) g P

. ) (t_) quark perpendicular to the scattering plane of
asymmetry of these leptons with respect totthgroduction T .
plane[7.8]. e"e” —tt. The anglex depends on the top quark polariza-

Including both the SM couplings and new physics effects,t'on d|recF|on as follows: We denote the top_quar.k umE mo-
mentum in the center-of-mass frame of the pair asp

we can write theVtt (V=2Z,v) vertices as ; ° e =P
( 7) = (singcosp,,singsing;,cos;), and the polarization vector

pl— pk _ of the top quarks*=P, (0,5)+(Pym,)(|p|.E:p). P, (P) is
5 (Cy—iDyys) |, the degree of top quark transverflengitudina) polariza-

(43) tion, s is a unit three-vector perpendicularﬁ)o andE; is the

energy of the top quark. We choose
wherep; and p7;are the momenta of the top quark and top

antiquark. We neglect the scalar and pseudoscalar couplings — 2_ (i : i

k, andk,,vs with k=p,+py, since these terms give contri- S= (SInySind + COSHCOBCOSPy , — SiNYCOShy
butions proportional to the electron mass. We note that some + c0osp;coh,Sing; , — SiNG,COSPy). (52
of these neglected terms are needed to maintain the electro-

magnetic gauge invariance for the axial vector couplings inThena is given bya= ¢~y . For more details we refer to
Eq. (43). The form factors can be written as Appendix C of the first article of9]. The « in Eq. (51) is

defined similarly for a top antiquark.
SM
Xv=Xy Xv (X=ABC, nd V=27, (44 P, sina and P, sina are given by[9]

.9
Toa=i5] YuAv— YuysByt

whereX{M and 56Xy, represent the SM and the new physics
contributions, respectively. In the SM, ondy, ; andB; 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 @ is completely neg- where

. T — — T
Plsma=6, Pisma=€, (53
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G= [(+—++H)[P+]|(+—+ ) P+|(+——+)[?

F(+ == )P+ + )P (- ++ o))
H(=+ =) P+ =) (54)
T =2Im(+—++)*(+——+)+(+—+ ) (+———)

H(— ) (— ) H(— ) (— )],
(55

T, =2Im[(+ =+ +)*(+ =+ =)+ (+——+)*(+———)

F(—F++H)(—++)H(—+— ) (—+— )]
(56)

Here the helicity amplitudesh¢-,he+,h;,h7), wherehg-=

5913

0 <\\ . A=2Tev_ 227
N A=T5F S /
» L \ A= e eV //
— RN /
e —4 - o
: S /
2 AN /

S S S I T I L L
8] 20 40 60 20 100 120 140 160

¥, (degree)

FIG. 1. The asymmetry between the degrees of transverse po-
larization of the top quark and top antiquark inducedyy as a

—,+, etc., indicate, respectively, a left- and right-handedsynction of 6, in top pair production at the NLC fofs=500 GeV.

electron, etc., are given by
(he-,he+,he,hy)z
s—M3

. <he,he+,ht,hml
. .

(he-,he+,hy ,h7)=20%E

(57)

The nonvanishingHe-,he+,h; ,h7)y (V= ,Z) can be found
in [9] and are listed below:

(—+——)y=¢/sing(mA,—K2Cy+iEKDy), (58

(—+—+)y=—¢€/(1+cost)(EAy+KBy), (59
(—++-)y=¢/(1-cost)(EAy—KBy), (60
(—+++)y=¢/sing,(—mA,+K3C,+iEKDy),
(61)
(+———)y=epsing(mA,—K2Cy+iEKDy), (62
(+——+)y=ex(1—cosh)(EA,+KBy), (63
(+—+—)y=—ex(1+cost)(EAy—KBy), (64
(+—+ +)y=egsing(—mAy+K2Cy+iEKDy), o

1 1 1
Z_ — | _ = 2 Z=_ 2
e = Cw( 5 +swl|, €r Cw Sw (66)
e/=et=—sy (67)

In the present case the expression of the asymnAetrig
quite involved and an explicit expression such as @4) 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
operatorOgy, alone and assun@,y, = 0.1. The numerical
value of the asymmetn; can then be calculated.

The asymmetryA; as a function ofé; in the top pair
production at the NLC is plotted in Figs. 1 and 2 fgs
=500 GeV andys=1 TeV, respectively. Figure 1 shows
that if the scale of new physics which generates the operators
is below 1.5 TeV, theéA; induced can exceed 1%. Compar-
ing Fig. 1 with Fig. 2, we find that the asymmetay for

o1 L L L I I L I
Q 20 40 60 80 160 120 140 160

¥, (degree)

whered, is the angle between the top quark and the electron, FIG. 2. The asymmetry between the degrees of transverse po-
E=\s/2, K=\E?—m} and e/ » are the form factors in larization of the top quark and top antiquark inducedQyy as a

Ve e’ vertexigy*(e/P_+e}Pg), which are given by

function of 6, in top pair production at the NLC foy/s=1 TeV.



5914 JIN MIN YANG AND BING-LIN YOUNG 56
\/521 TeV is larger than that fOR/§= 500 GeV. To see C. Momentum correlations among the decay products
more clearly, we compare the values corresponding;to of top quark at the NLC

=120° In the processete™ —y*,Z*—tt with t—W*b and

't —W~ b, someC P-odd momentum correlations among the
decay products can be constructelD,11. One of them,

A(Tev) 0-5 ! 15 2 which is CPT even and sensitive to the real part of the
At (%) —-9.97 —-250 —-1.11 —-0.62 dipole moment factob in Eq. (43), is

(V/s=0.5 TeV) .

At (%) —-36.87 -—934 —415 -234 O1=(PpXPp)- €, (68)
(Vs=1 Tev)

wheree, is the unit vector along the incoming positron beam

Here we see that thAT for 5= 1 TeV is four times larger direction However this observable is not sensitive to pos-
a 1 TeV machine is about four imes smaller than a 500 Ge\f10.11]. Thus we consider ~only th€P-violating new phys-
machine, the net effect is tha 1 TeV machine cannot pro- ics effects in the vertice¥'t t (V v,Z). In terms of the ex-
vide a better measurement unless it has a higher luminosityression Eq(43), one gets the average vall2]

—_g _ 2 o)1 Yy, 27 Lzyyz Z_EZ
(0y)= 483m(1 x)e?ps 1 C (vd)v{ReD, +S(S—m§)c Veve| Vr T 3 ReD,
1 VA v, Z .y 1 Z7] Z\2 Z\2 VA B zZ
———- Ik iReD+ ——— CP(v])?+(ad)?]| v~ 3 af |ReD (69)
s(s—m3) (s—m3)
|
where
= 1+ (vy)z(v )Z-F#<l+i)vyvy
s(s—m3) 2) et
4m? . mg, 1
s T X(vg=pa)oi+ 55 [(v0)*+ (a0’
t (s—m3)
2
_ i~ 2miy ~2poZaZ]l | 1+ 5| AP+ A-x @2 (7D
mZ+ 2mg,

In the above equationss is the center-of-mass energy
squared ang is the degree of longitudinal polarization of
g the initial electron withp= =1 corresponding to the right-
C”=-p, C¥=—-p, and left-handed helicities, respectively. Note that in our
e analyses we neglect both the radiative corrections to the cou-
plingsVe"e™ (V=1,Z) and the electron mass, thus only the
- left-right and right-left combinatiorfsof electron and posi-
27_ 2agv, _ tron helicities couple to ther andZ.
(v3?2+(@%h2 ' Again we take the equivalence of opera@®gy, for Cqy
=1 as an example to show the numerical results. The values
of (O,) for different polarizations of the electron beam with

v. 1 v, v v_ Av new physics scale of 1 TeV are found to be
ve=5—(g'teRr), vi{=5—,
2sy 2sy
By 1 Hard collinear emission of a photon from the electron and posi-
aV:_ aV:_(eV—eV) (70) . . . . .
e 2sy’ Ut 2sy - RY tron beams can flip helicities. This gives rise to nonz€re-odd

correlations even in the absence @P-violating interactions and
this background should be subtracted. However, as analyzed in
and [12], there will be no such background at tree level @r;).
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efel eter efe” Now we compare the value qfO,) with the expected
5 variance(O?) to see what luminosity is needed for the ob-
(Oy) [(Gevy’] —3.67 -10 ~255  gervation to be statistically significant. To observe a devia-
(Vs=0.5 TeVv) tion from the SM expectation with better than one standard
(01) [(Gevy] —272.3 -1.7 —183.4  deviation(at the 68% confidence leyelwe need
(Vs=1 Tev)
(0)
Here we find that the left- i i (0)= ’ (72)
polarized electron beam yields Lok

the most significant results fofO,) and in this case the

result h a 1 TeV accelerator is eight times larger than a 500vhereL is the integrated luminositys is the overallb- and
GeV accelerator. In the following analyses we will only con- W-tagging efficiency. The varianc{@f) and the production
sider the left-polarized electron beam. cross sectiorr at lowest order are given HyL2]

o=4m7a’s\y1—x3, (73

snfe?

2
(OD=—ggo> " é(vg)z(v3)2[24+2x—11x2+4,32(1—x)2]+ S(S_—mzv;’vg{v{’vtz[24+2x—11x2+4,82(1—x)2]
Z
—2v3a$(1—x><6—x>ﬁ}+ﬁ[(vé)%(a@ﬂ{(vbzmﬂ2x—11x2+4ﬁ2(1—x>2]
sS—mg
+(af)[ 24— 14x—4B%(1—x)](1—x) —dvfaf(1—x)(6—x) B} | . (74)

For a negative helicity electron beam considered in ouiSo, if the new physics scale is 1 TeV, we need a luminosity
analyses, the production rate is of 100 fb~ 1 (30 fb~1) to probe the coupling strengBgy
down to 0.5 with a confidence level of 68% ¢&=500 GeV
(1 TeV). If a conservative overalb- 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
775 fb for Js=500 GeV, assumed, the required luminosity will be increased by a fac-
232 fb  fors=1 TeV. tor of 9.
(75) 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(@f;) at
Js=1 TeV is eight times larger than gs=500 GeV, while
Assuming the coupling strength of the order of unity andthe production rate af/s=1 TeV is only about four times
an overallb- and W-tagging efficiency of 50%, then the smaller than at/s=500 GeV. Thus the net effect is that a 1
luminosity required to observe th@P-violating effects of ~ TeV accelerator can do a better measurement than a 500

a(e+e,fﬂtt_)=

Oqw at 68% confidence level is found to be GeV accelerator.
V. SUMMARY
AJLTeW) In this paper we listed all possible dimension-six
25( ev) 1 at Vs=05 TeV, _CP—vipIating SL.JC(3)><S'UL(2)>< UY(l)' invariant operators

SW involving the third-family quarks, which may be generated
L= 4 by new physics at a higher scale. The expressions of these
8(A/1 Tev) fb-1 at Js=1 TeV operators after the electroweak symmetry breaking and the

ng induced effective couplings fowtb, Vbb, and Vtt (V

(76) =Z,v,9,H) were presented.
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The contributions of some of these operators to themeasurement, we need a luminosity of 30 foat a 1 TeV
CP-odd asymmetries of the transverse polarization of topaccelerator.
quark and top antiquark in single top production at the Teva- Let us conclude by noting that although the measurements
tron and top pair production at the NLC are evaluated. Thef the CP-violating observable are challenging, they are not
numerical results showed that if the new physics scale i$empered by SM background as already noted that the KM
around 1 TeV, then both colliders can be used to probe thgyechanism ofCP violation which may enter our consider-

asymmetry of the transverse polarization can be measured ).

a level of a few percent.

We also calculated the effects onCP-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 J.M.Y. thanks C.-P. Yuan for discussions. This work was
that with a luminosity of 100 fb!, a 500 GeV accelerator supported in part by the U.S. Department of Energy, Divi-
can probe the coupling strength to 0.5, assuming that the nesion of High Energy Physics, under Grant No. DE-FGO02-
physics scale is of the order of 1 TeV. Achieving the same94ER40817.

APPENDIX CP-VIOLATING OPERATORS AFTER ELECTROWEAK SYMMETRY BREAKING
(1) Class 1:

ACKNOWLEDGMENTS

_ 1 _
Otl=mH(H+20)(H+0)(tiy5t), (A1)
Op=(H+0)d*H(try,tR), (A2)
_ 1 _ _
Ogz=1 ﬁgz(H +v)4 — W} (try"br) + W, (bry*tr)], (A3)

1
- =0z(H )2

442

— 2 S

Opi=i I*H 9, (T + tysd,t—(, 1) yst

1 _ _ _ 4
72 ta,t— (3, )+, (tyst) =i 50:B, tt

_ 2 _
(P TR)by+i 5 01B* tgby |,

1 +

1 _

-
_I§ngMt 75t

(A4)

— 1 — 1 _
_ v 3 W W WEY T v - “WB— W3 W
OtWtb_lﬁ(H"'U)(tU” YsOIW,,, = 192(W, W, =W, W) ]+i 5 (H+v)(bLo" ) [W,,, —192(W, W, = W,W, )]

H 1 T y1a% + H 3 + + 3
—|§(H+v)(tR(r b [W,, —iga( W W, —W, W))], (A5)
Ogop=I ! (H+v)(t o*yst)B (A6)
=i—= v)(tot? v
tBd \/E Yst)B,
O =i i(H +0)(t o ysTAGA (A7)
V2 .

Owe=il Ry TA9"te= " rY* TMRIGH, + 05 TrRY{G" G uutat 5 LrY*G,, B R, (A8)

. _ _ 4
Ow=i[ try*d"tg— 9"t g¥*tr]B,, + 205t Y*G"tgB,,,+ §glt RYtrB,,B". (A9)

(2) Class 2:

_ _ _ _ 1
Oge=i[aLy*TA9"aL— 3" a L y*TAqL G, + 950 ¥*{G".G ., }aL + 20,0 Y*W'G,, .0, + §91QL3’”GMBVQ|_, (A10)
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i — — — _ i — _
_W,iv[ Ly "t — 0"t Lyt — b yd" b+ 0" by b ]+ —=[W,,(t L y*d"b — " t Ly*by)

2 2

+ W;:V(b_L’y'uthL_ avb_L ’yMtL)] + gZa’yﬂ[W,u, vwv][?qu_ gZava '}/M[W,u 1WV]qL + nga ’yMGVWp,VqL

O_qw:

1 . I 1 _
+ EQZ(W,U,V'WV)qL’y'qu—’— §ngVQLYMW;LVqL ' (All)
Ry H P 14 V_ P v v 1 v
Oge=IB .| qLy*d"aL—d"qry*aL—2iq y*| 9sG"+g,W "‘6915 a. | (A12)
o —irTh_ A qv vh A A T v Zgl— v
Opc=i[bry*T"3"bgr—d"bry*T" br]G),,dsbry*{G",G .} br— ?bRY“GWB br, (AL13)
_ _ _ 2 _
Opg=i[bry*d"br— 3" bRy br]B,,+29sbry*G"brB,,— §gle7’“bRBWBy, (Al4)
Ofy=(H+v)d,H[ t y“t+b y*b.], (A15)
Of)=-0f)+2(H By yib, — - 2(WEt y*b — W, b y*
oq= ~ Opgt2(H+v)d, Hb y*b. E%(H%—v) (W, t L y*b =W, b y*t,), (A16)
Ogp=(H+v)d,Hbgy"bg, (A17)
Opy=— H(H+v)(H+2v)biysb (A18)
= v v)biysgb,
b1 2\/5 Vs

ODb:|_(9’uH

242

2 —
+ §915M( biysb)

_ 2 11
07,b—(3,0)b+3,(bysb) +i 501B,(bb) |+ F0z(H+0)Z*

i _
ap.bRtL_gng,ubRtL) , (A19)

92
+?(H+U)

_ i _ -
W;( t d,brt 301B,t LbR) +W,

—_ 1 _ o 1 _ _ _
Ot =175 (H+0)| W, (1L0""be) =W, (bro'ty) = =W, (b ysb) +iga(W, W) ~WoW, ) (TL0%"bg)
. _ T .02 _ _ —
+iga (W, Wo =W W, ) (Dot ) +i E(W;W” ~W,W;)(bo**ysb) |, (A20)
ol i(H+ )B,,(ba*"ysb) (A21)
m—— v v o ’
bBd \/5 “w Vs
_ i _
Oqu):E(H—i—v)Gﬁv(b(r’”ySTAb). (A22)
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