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We study how to probe the anomaloG&-violating couplings of the top quark witly, Z, andg in thett
threshold region at future*e™ colliders. These couplings contribute to the difference oftthadt_polariza-
tion vectorséP and to theCP-odd spin-correlation tensaiQ;; . We find that typical sizes ofP and 6Q;; are
5-20 % times the couplinggl(, ,d;z,dyg) in the threshold region. ExperimentaldP can be measured effi-
ciently using theCP-odd combination of th&® momenta or of thé™ directions. We have similar sensitivities
to both the real and imaginary parts of the couplings independently using the two componéRtsTaiking
advantage of different dependencesd8fon thee™ polarizations and on the c.m. energy, we will be able to
disentangle the effects of the three couplings,d;z ,dq in thett threshold region. We give rough estimates
of sensitivities to the anomalous couplings expected at fugties colliders. The sensitivities td;, andd,;
are comparable to those attainable in the open-top regieheit colliders. The sensitivity tdg is worse than
that expected at a hadron collider but exceeds the sensitivity in the open-top regioa atolliders.

PACS numbd(s): 14.65.Ha, 11.30.Er, 13.88e

[. INTRODUCTION d quarks can also be applied to the top quark, one may esti-
mate the top quark EDM as-10 3°ecm. One may also
Among all the fermions included in the standard modelestimate theZ-EDM and chromo-EDM of top quark as
(SM), the top quark plays a very unique role. The mass of~ 10 *° ecm and~10"% gscm, respectively, since there
the top quark is by far the largest and approximates the eleS€€MS to be no reason that these two EDM's are much sup-

troweak symmetry-breaking scale. In fact the top quark is thé;)ressed or enhanced. All these EDM's of top quark are quite

heaviest of all the elementary particles discovered up to nowSmall compared to those corresponding to th&(1) cou-

NH ” —_ — 16 ~ — 16
It means that in the SM Lagrangian the top quark mass terrﬁlmg& e/m~10 "’ecm and gs/m~10 *gscm. On

x _ e other hand, the top quark EDMs are induced at one loop
breaks the SU(2)<U(1)y symmetry maximally. This fact i many models, including multi-Higgs-multiplet models and

suggests that the top quark couples strongly to the physic§ysy models. In the two-Higgs-doublet models, a neutral

that breaks the electroweak symmetry. Itis, therefore, imporyjggs hosong can violateCP through the Yukawa interac-
tant to investigate the properties of the top quark in detail for. = —

. X ) tion y(a—ays) o [2—8]. The size of the induced EDM is
the purpose of probing the symmetry-breaking physics a8 stimated ds ~eGme’/(4w2mfb)=3><lO*18ecm

¥;/ell as tto ?am qr?]epe; uréde(rjstandmg of tr;e qngmtpf f[.he m,/100 GeV) 2. The explicit calculations show somewhat
avor structure. The standard procedures for investigating 20\ aiues 101%-10"2 ecm, depending on/s and

top quark properties are measurements of fundamental quar_1m-¢_ In the minimal SUSY standard mod€P can be vio-

tities such as Its mass an_d decay width, and deta_lled €XaMbted in the soft SUSY breaking sectp8,8—11. It was
nations of various interactions of top quark to see if there are

signs of new physics. Among them testing fBE-violatin Shown that the top quark EDM of 10" ' ecm can be in-
Sig . PNYSICS. 9 . 9 ang_ duced by gluino and chargino exchanges, assuming a univer-
interactions of the top quark is particularly interesting. This

is because of the following1) CP-violation in the top quark sal gaugino mass and nonuniversal other soft-breaking pa-

sector is extremely small within the SM. If ail@P-violating rameters. . _ ,
effect is detected in the top sector in a near-future experiéreprﬁz?n;t?iﬁgirrmigal 'Iol\m:itrsni(t)not:e tEENCI:Erg;E)?FIJESIl\J/Iark
ment, it immediately signals new physid¢®) There can be =108 g_cm is obtaiﬁed from the analvses usi —
many sources ofP violation in models that extend the SM, — — 9s S y og(PP )
such as supersymmetriSUSY) models, leptoquark models —ttX) and pr dlstrlbutlons_ of prompt photons produced in
(including R-parity-violating SUSY models multi-Higgs-  49—d7; etc., at the Fermilab Tevat.ror) and from the analy-
doublet models, extra dimensions, et8) In a relatively ~ S€S using Bi— Xsy) at CLEO. The limit on the EDM from
wide class of models beyond the SKIP violation emerges the prompt photon distribution is  similar:  EDM
especially sizably in the top quark sector. =10 " ecm.

Predictions of certain models are as follows. In the SM,
the lowest-order contributions to the electric dipole moment
(EDM) of a quark come from three-loop diagrams and are Here, one power ofn, is necessary to flip chirality. The extra
proportional toG2ag [1]. Assuming that the results forand  two powers ofm, come from the Yukawa interaction.
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There have been a number of sensitivity studies on the to@00% by adjusting longitudinal polarization & beam
quark EDM’s expected at future hadron colliders and in thg 36,30.
open-top region {s>2m,) at futuree™ e~ and yy colliders. (i) Since top quarks are produced almost at rest, one can
In hadron collider studief3,4,10,13—1§ it is claimed that reconstruct the spin information of top quarks from distribu-
with the observablésmade of elaborated combinations of tions of their decay products without solving detailed kine-
momenta of charged leptonis,quarks, etc., experiments at Matics[31].

/5=500GeV and with an integrated luminosity 10 ftcan (i) The QCD interaction is enhanced in this region, so
probe the chromo-EDM down to a feal0 Y the cross section is sensitive to the top-glytm) couplings.

10 8 g_cm, or even to a few 10~ 1° g, cm by raising the We can stydy anomaloug cou_pllngs in a clean environment
: in comparison to hadron colliders.
complexity of the observables. However, none of them per- (iv) There are less backgrounds from multipléZ pro-

forms detector simulations, which seem to be indispensablg,, tions compared to the open-top region
for a serious sensitivity studyAmong sever;:l proposeaP- (v) In certain modelge.g., those in which a neutral Higgs
\(/)v?)iIgT)Ze:\r::bsl?riblfgctz?[éfggr% ElltsiysmcrITz]iimée,z ?1;;'5(3 boson is exchanged betweerand t [2]), the induced top
sensitive to the imaginary p’ér(b’f th.e chromo-EDM dovxE/n to quark EDM andZ-EDM are en.hance_d near tlne_threshpld.
1018 . i Hici 10% Thus, for the sake of comparison with other kinematical re-
Also stu?jsigéno?stiimérgMagn?CIEegI\z/ilngfetgpIzﬁgﬁf o t(;{e gions, we would like to know sensitivities tGP-violation

- . . + —_— . .
open-top region a¢* e~ colliders are given if5-8,11,16— Zg?/fr:/tgzlss”:}eeta;:ihr;c}r:fcégijensthom region when these
20]. We take as a reference the result$kf], which is based In Sec. Il we present a qualitative picture of the effects of

on simulation studies incorporating experimental conditionsthe anomalou€P-violating interactions in the threshold re-
expected at aqure*_e‘ Iinear_collider. Itis shown that, by gion. We derive the top-quark vertices including the QCD
using the modét—bbWW—bbqq'lv (I=e,u), sensitivi-  enhancement in Sec. Ill. The formulas for the polarization
ties to(the real and imaginary parts)dhe EDM andZ-EDM  yectors and the spin-correlation tensortoind t are pre-

are ~10 " ecm at s=500GeV, assuming an integrated sented in Sec. IV, followed by their numerical analyses in
luminosity of 10 fib'* and electron-beam polarization of Sec. V. Section VI discusses the observables to be measured
+80%. Sensitivity to the top chromo-EDM in the open-top in experiments and gives rough estimates of sensitivities to
region ate™e™ colliders is studied if21]; they estimate a the anomalous couplings. We summarize and conclude our
sensitivity ~ 10~ % g;cm at/s=500 GeV, assuming an in- analyses in Sec. VII. Some of the notations used in this paper
tegrated luminosity 50 fb!, an identification efficiency for are collected in the Appendix.

top-pair production events:100%, andeg"=25GeV. The
last entry is a cut for the minimum gluon-jet energy, on

) o . - Il. PHYSICAL PICTURE
which the sensitivity depends crucially. No detector simula-

t.ion is pel’formed .in this Study. The sensitivities ‘Q‘f’ ?Ol- Let us first review the time evolution d_'fandt_, pair-
liders are studied i7,8,22; they are shown to be similar to created ine*e™ collision just below threshold, within the
those ofe™e™ colliders. SM. They are created close to each other at a relative dis-

Certainly it is desirable to probe the top quark anomalousance r~1/m; and then spread apart nonrelativistically.
interactions at highest possible energy where we have moM/hen their relative distance becomes of the order of the
resolving power, which motivated the above studies. On th&ohr radius,r ~(a.m,) "1, they start to form a Coulombic
other hand, it is known that studying various top quark prop-bound state. When the relative distance becontes
erties in thett threshold region at future*e™ colliders is ~(mT')~ Y% whereT is the decay width of top quark,
promising and interesting; particularly the top quark massithert or t decays via electroweak interaction, and accord-
will be determined to unmatched precision. A number ofingly the bound state decays. Numerically these two scales
analyses elucidated physics potential of experiments itthe have similar magpnitudes,agm;) ~*~(m) " and are

threshold regioi23—35. Most of them, however, dealt only Much smaller than the hadronization scal@/Aqcp. Since
with the SM interactions. In this paper we extend thesedluons which have wavelengths much longer than the size of

analyses and study how to probe anomal@®violating  thett system cannot couple to this color singlet system, the
interactions of top quark in thit threshold region. We note Strong interaction participating in the formation of the

that there are some specific advantages in this region: ~ boundstate is dictated by the perturbative domain of QCD.
(i) The polarization of top quark can be raised to close tol he spin andPC of the dominantly prodﬂced bound state are
JP€=1""" Inside this bound statéandt are in theS-wave
state (=0); the spins oft andt are aligned to each other
*They include the so-called “optimal observablefl’3,18). and pointing tee~ beam direction|1) or toe™ beam direc-
SFor instance, it is important to study the effects of misassignmention |ll> or they are in a linear combination of the two states
of jets to partons in event reconstructions. (S=1).
“Note thatAg. probes absorptive part of an amplitudé, since it In this paper we consider anomaloG®-violating inter-
is CPT odd. actions of top quark withy, Z, andg. In particular, we con-
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t— 8 T the stage of the pair creation, i.e., wheandt are very close
:gc :gc to eeEh other. The generated bound stateJRfs-1"~, sot
: : and t are in theP-wave (L=1) and spin-0 statg]])
§—L— I —R— —|1 7). On the other handZP violation originating from the

t lin k I fter th nd-state formation when
FIG. 1. The diagrams which contribute to the spin-dependentg coupling takes place after the bound-state formatio €

CP-violating potential between nonrelativistiandt. The vertex® mul’ﬂ)le gluons are exchan.ged betwdeandt, i.e., Whent
represents th€P-odd interaction of top quark with gluon; cf. Eq. @ndt are separated at a distance of the Bohr radius. There-
(1). An exchange of the Coulomb glugf gives the leading con- fore, first the bound state is formed in tB€°=1"" (L
tribution of theCP-odd interaction to the potential. =0 andS=1) state and after interacting via the potential
Vep.ogq it turns into theJP¢=1%" (L=1 andS=0) state.
sider the lowest dimension effective operators which violateSince we are interested in the dependences of observables on
CP: the couplingsd,, ,d;z,d;g Up to linear terms, we are inter-
ested in the interference of the leading SM amplitude and the
amplitude including these couplings. The strong phases of
these amplitudes that arise from QCD hinding effects can be
) calculated reliably using perturbative QCD.
_ gS_dt@l(ﬁUW Tot)9,G?, gh'= '_[ oy Which CP-odd observables are sensitive to the abote
2m & e 217 violating couplings? For the proces;s*e‘ﬂtt_, we may
(1) conceive of following expectation values of combinations of

kinematical variables fo€P-odd observables:
wheree= g,y Sin 6,y andg = gy/cosé,,. These represent the

edt T uv gZdtZ T uv
[’CP—Odd: - 2_|'n:/(tl at 75t)(9#Av_ 2_mt(t| at ’)/51')(9#2,,

interactions ofy,Z,g with the EDM, Z-EDM, chromo-EDM ((Pe=Pe) - (5—)),

of top quark, respectively.Each of these interactions has o

C=+1 andP=—1. We assume that generally the anoma- ((p= P (8—%)),

lous couplingsd,, ,d;z,diq are complex where their imagi- _ _

nary parts may be induced from some absorptive processes ([(Pe=Pe) X (Pt—PV)]- (8~ %)), (4)

beyond the SM. For a nonrelativistid pair produced in \yhere the spins and momenta are defined in the c.m.
e"e” collision, the anomalous couplings of to y andZ  frame. (The initial state isSCP even if we assume the SM

reduce to interactions ofe™ with yandz.) Generally, one may think
ed a,d of other combinations involving, ands; as well. However,

t, . zUtz T, . in di i = i i -
yA'Xt_(—IV)Xt‘*' Z Xt (=iV)x, ) the spin d!rect!ons (o)) are not mdependgnt of their mo

m; m; mentum directions for longitudinally polarized or unpolar-

h d v~ denote the t ¢ lativisti ized beams. Therefore, we would like to measure the differ-
WREre xp anc xy denote e awo-component nonrelativistic ence of the spingor the polarization vectoysof t and t.

fields oft andt, respectively. The anomalous top-gluon Cou_Practically we can measure theandt polarization vectors

pling generates effectively a spin-dependent potential beéfficiently usingl = angular distributions. It is known that the

tweent andt angular distribution of the charged leptbh from the decay
d of top quark is maximally sensitive to the top quark polar-
VCP_Oddzﬁ(g—@.vvc(r) (3)  ization vector. In the rest frame of top quark, theangular
t distribution is given by[37]
through the diagrams shown in Fig. 1. Heseands, denote 1 dl'(t—bl*v) 1+Pcosf-
the spins of nonrelativistid and t, respectively;Vc(r) T, dcosd. 5 ()

= —Cgas/r is the Coulomb potential with the color factor

Cg=4/3. Whend;;>0, the potentiaVcp.qqq tends to align  at tree level, wher® is the top quark polarization argj+ is

both chromo-EDM's in the direction of the chromoelectric the angle of * measured from the direction of the top quark

field, or, aligns in the direction ofr=r,—r; ands in the  polarization vectof. Furthermore, we may think oEP-odd

direction of —r. observables bilinear is, ands;, which require more com-
Let us consider the effeCtS_Of these anomalous interactiorﬁicated ana|yses for their reconstructions from decay prod_

on the time evolution of theét system. Assuming that the ucts.

anomalous couplingd,, ,d; ,d;4 are small, we consider the

effects which arise in linear perturbation in these couplings:

CP violation originating from they or tZ coupling occurs at ey geeq the * distribution is ideal for extractingP violation in

the tt production process; the above angular distribution is un-
changed even if anomalous interactions are included intfiké
SThe magnitudes of these EDM's are given B, /m, decay vertex, up to the terms linear in the decay anomalous cou-
gzdiz/my, gsdig/my, respectively. plings and within the approximatiom,=0 [38].
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We may anticipate following aspects of t#-odd quan- i Cras| |
tity sP=(P—P)/2, (a half of the difference of thé andt I'a= ( 1- T) v vsF(E,p)X
polarization vectors. It will be directly proportional to the
couplingd,, or diz or dig when only one of the couplingsis [
turned on at a timedP will include a suppression factgs 'Y eom= _WE’F F(E,p) X
=|p,//m;, the top quark velocity, since these couplings are t
accompanied by the top quark momentum; cf. E@$.and
(3). Thus, this factor will be larger at higher c.m. energy.
Apart from thisg, energy dependence 6P originating from
the anomalousg coupling will be different from that origi-

hating from the anomalousy andiZ couplings. The contri- the potential-subtracted mass of the top quamk;denotes

bution of the couplingd;g to 5P will be suppressed if the o 1016 mass of top quark and it is expressed in terms of the
energies of andt are too large to allow for enhancement of potential-subtracted mass by

QCD due to Coulomb binding effects. This happens if the
c.m. energy measured from the threshdlet \s—2m; is Crag(u) [ ag( )
1
f

p .
E—(Eﬂl’t)),

2
%—(Eﬂrt)). ®)

p=p:=—p; denotes the top quark momentum in the c.m.
frame, andp=|p|. We work in the potential-subtracted-mass
scheme[39] instead of the pole-mass scheme, dhd /s
—2mpd 1) represents the c.m. energy measured from twice

much larger than the Coulomb binding ener§; am,. On M= Mpd pr) + yp=

the other hand, the contribution df,, or d;z coupling would

not have such energy dependence siG€eviolation occurs /_sz

at the first stage of the top pair production. Dependences of Xral_ﬁo( |09F_2) H (C)
6P on thee™ longitudinal polarization will be different be-

tween the photon-induced effect and tBenduced effect, ith

sincee, andeg couple differently toy andZ. These differ-

ences in the energy ara polarization dependences can be 31 20

1 4
used to disentangle the effects of the three anomats a1=5 Cam g TeNt, Bo=35 Ca—3Tens, (10
violating interactions in thet threshold regior.
where u¢ and u denote the renormalization scale of the
lll. THE TOP PRODUCTION VERTICES potential-subtracted mass and ¥& coupling, respectively;
_ _ Cr=4/3C,=3,Tg=1/2 are the color factors angk=5 is
In this section we present thiéy andttZ vertices when the number of active flavors.

the QCD bhinding effects and th€P-violating anomalous G(E,p) andF(E,p) are theSwave andP-wave Green’s
couplings are included. At tree levnd without anomalous  functions, respectively, defined by

interactiony, the electroweakt vertices are given by 5

\Y . ~
—E+V(r;Mf)—(E+|Ft)}G(E,x)=é"’(x), (12

(['=v"Ty=a"T,, Ty=7, Th=7'7 (X=%2),

(6)
VZ
times —igy. Since the vertexI{*)* is contracted with the [— —+V(r;Mf)—(E+iFt)}ﬁk(E,x)= —d*8%(x),
wave functions ofy and Z produced bye*e™ annihilation, my
only the space components dff)* are relevant. Here and (12)
hereafter, the Latin indices refer to the space components,
See the Appendix for the definition of the electroweak cou-
plings gy, v'%, anda™®. These vertices are modified by the o
QCD binding effects and by the anomalous interactions as G(E,p)=J d®xe P XG(E, x), (13
(T%) =0T, —a* T+ dix I epu 7
ka(E,p)zf d3xe™"PFEK(E, ). (14)
where
i 2Crag| P V(r;u¢) is the Fourier transform of the two-loop
ry=|{1- y'G(E,p)+|ySHdth(E,p) renormalization-group-improved QCD potential, where the
t infrared renormalon pole is subtracted and absorbed into the
p? _ definition of mpq ;). See[34] for details. One may also
X E_(E"i_lrt))y write conveniently as
G(E’p):<p‘ p2im+V—(E+iTy) X:0>’ (15)
"Use of thee™ longitudinal polarization for decomposing the

photon-induced effect and thé&induced effect was advocated in 1 .
[20] pF(E:p):<p‘ p2/mt+v_(E+|Ft)p X:O> (16)
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The Green’s function associated with the gluon anomalous g*\ 1+4° i
coupling is given by Se| Kt S =5 g7 KO TK[ZI(2m) + 1T 2"
D(E,p)=G(E,p)—F(E,p). 17 " 0 :
q 1-vy |
We can see from Eq$8) that the effects of all the anoma- SF( k= 7) T g2—Kko— [k|Z/(2my) +iT /2’
lous CP-violating interactions are suppressed hyl/m;
= . Thus, for consistency we have incorporated@(kx,)
=O(p) corrections in the SM vertices. whereg#= (2m,+&,0) andk*=(k°k) in the c.m. frame, a
A sketch of derivations of these vertices goes as followsself-consistent equation for the vector vertex, similar to that
Using nonrelativistic forms of theandt propagators, given in[24], reads

_ | i i
i HY — A/ i 2
TVEp*)=7+Ce(~igs) f(277)4 12+ KO— [K[Z(2my) + 1T 2 E12— KO— [K[2I(2my) +1 T /2

S I e

X

1+4° 1—49° d 1
P TUER) =57 =| 5| Pys(p—K)

+

dtg) 01-1—3/0 i 1—4°
YO

‘ : i
2 jo — k)
2m, 2 r'y(€k) a"ys(p—k) Lp_k|2 (19

Since there is nq»f’ dependence on the right-hand side, con- p? _
sistency require\,(£,p*) =T'\,(€,p). Thus we can trivially (& p)= (H_ (5+|Ft)) F(Ep),
integrate ovep® and obtain ‘

2

d3%k —Cgg? 1 p _
s FD(S,p)=(E—(5+|Ft) digD(E,p).

i [
MEP=Y= | oy |p—k|2 [K[Z7me— (€T

" yo (22)

2

X Ty(&, k)— (p K){olOysI(€,K)

ThenG, F, andD satisfy

1—70

(20

+IY(EK) s} ,
p

_ (__(5+|Ft))G(5p J—ch(lp kG(& k)
We decompose the vertex functidi,(&,p) into different

SpinOf structures as

=1, (23
1+ 70 ) 1- 70
5 TV(EPp)

(p2 i ) i LR kDK'F(Ek
) E—(EJFIFO DF(5,D)+IWVC(|D— DK'F(EK)

1+y p'p
- {7%(5 p)+ 7

1 .
—|—§5")FB(5,D)

=p, (24)
i 0

i . P 1-vy
+y YSFF(&D)‘H?’SEFD(S,D)

(21)

p? _ . d3k - .
(H—(EJFIFJ)D'D(&DHJ(ZT)svc(lp—kl)k'D(E.k)
By plugging this expression into the integral equation above, '
one obtains integral equations for scalar functibigs, p) B ~ i

etc. One can see thilp(&,p) = O(dg), Ts(£,p) = O(d3y). —f @y Vellp=kD(k=p)'G(£k) (25)

Thus, we neglect’s(&,p) hereafter. Let us write

with V() = — Crdmag/g?. Comparing the third equation

2

Is(Ep)= (p__ (8+|Ft))G(8,p), with the first two equations, we find thBt=G—F. The first
two equations are equivalent to Eq4.1)—(16) apart from
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the fact that the Coulomb potentialCra/r is replaced by
V(r;us;) and that the renormalization-group-improved
potential-subtracted-mass schefB4] is used instead of the
pole-mass scheme.

The axial-vector vertex was derived [i&7]:
2

rL=(%—<E+irt>)yinHE.p)- (26)

The hard-vertex factor for the vector vertex was derived in  d°P: a

[41] and that for the axial-vector vertex jd2]. We may also
deriveT'y_gpy in @ similar manner.

Two comments would be in order here. One might think
that including the nonrenormalizable interactions @g.into
loop integralg[e.g., Eq.(19)] causes ultraviolet divergences

PHYSICAL REVIEW D 62 014034

do(8,%) _ do 1+P-8+PSHO®Q 0

d°p, d>p, 4 '
Here, |s|=[s/=1. On the right-hand-sidejo/d>p, repre-
sents the production cross section when the spirtsaoi t
are summed over

do ACrag) Nea?l'y 1—Po+Po-

2
(1 T >2Wmf 2 |G(Evpt)|
F(Evpt)
X(a;+xay)i1l+2R C,:BG(TtI) B oSO,

(29

and leads to unpredictability. We note that only nonrelativ-where g=|p;//m; and cos9.=pe-p:/(|Pellpi]); a is the
istic domains of the loop integrals are relevant in resummafine-structure constanhj.= 3 is the number of colorgy is a
tions of the Coulomb singularities. In fact high momentumfunction of the initiale™ longitudinal polarization$-:
regions are effectively cut off in the self-consistent equations
due to our nonrelativistic approximation. Thus, we can cal-
culate unambiguously the leading contributions of these ef-
fective interactions. In this regard, in E(8) the hard-vertex
correction factors are associated only with the SM contribuif the positron beam is unpolarized®{+=0), y=—Pe-.
tions. We cannot determine hard-vertex corrections to therhe coefficientCrg and the constants, ,a, are defined be-
vertices including the anomalous interactions since the nonow.

renormalizability of these interactions matters at this order. |, Eq.(28) P andErepresent the polarization vectorstof

The simple form of the Green function including tkge . .
anomalous interaction E@17) is a consequence of the fol- e_mdt, resp_ectlvely. Both the_ SM angl the anomalous interac-
tions contribute to the polarizations:

lowing fact. The effect oV p.oqq integrated over the time
interval fromt=0 to t=T can be written asd;q/m;)(s
—5)-[p(0)—p(T)] using the equation of motionp

= —VV.. Namely, the difference of the top quark momenta
att=0 and att=T carries the net effect of the chromoelec-
tric field which aligns the EDM’s during €t<T. Con-
cisely, forH=p?/m,+ V¢ and6H =V¢p.oqq, the variation of

the time evolution of thet system is expressed as

Per —Pe-

X 1oPo P (30

P=Pgy+ 6P, P=Pgy+ 6P. (32)

The SM contributions aréCP even (except for tiny CP-
violating effects which we neglecand are equal forandt.

On the other hand, the anomaloG®-odd contributions are
opposite in sign:

Psu=Psy, 8P=—&P. (32)

—iHTy dtg —iHT
s(e”") =il —=(s—5)-pe | (27 _ _ :
my Note that we are working up to linear terms in the anomalous
) ) ) ) couplings. Hereafter we express these vectors by compo-
Thus, the propagation at a fixed energy is given bypents:
(idig/m)(s—s)-p(G—F); cf. Egs.(15) and(16).
P=Pin+P.n +Pyny, s=sn+s.n;+syny,

IV. THE POLARIZATION VECTORS AND THE (33

SPIN-CORRELATION TENSOR OF t AND t L. .
where the orthonormal basis is defined from #e beam

Using the vertices derived in the previous section we maydirection and the top momentum direction:
write down the production cross section ottapair in the

threshold region. The cross section, whetgt ) have mo- ”\\E&y nNE&, n, =nyXxn;. (34)
menta @,,—p;) and the spinst+1/2 along the quantization |Pel |peX pil
axes &,s) in the c.m. frame, is given by o o
Then the polarization of is given by
0 F

®The replacement is justified: In Coulomb gauge ¥x,) cor- (Psw;=C;j+R Cna B cosbe, (35
rections to the potential come solely from the vacuum polarization
of the Coulomb gluorj40]. Hence, the net effect is to replace the E
fixed-coupling constantag(x) in the leading-order by the P —Rd C,—|Bsing 36
V-scheme running coupling constamf(|p—k|). (Psw).s LG B te’ (36)
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F . 0 a2+/\/a1
(Psw)n=1Im Cng |Bsinbre (37 Cix)=- at xa,’
for the contributions from the SM interactiohsnd 1 0 5 283~ a8y
CH(X):ZCHCN"'CLZZ(]-_X )m,
5P”:0, (38)
a4+Xa3 a3+Xa4
D F C.(x)=- ) N(X) = =Crs.
_ a;+ya a;+ya
oP, = Im(detga) +1m Bjdwa) 1T X4 1T X4 44
;. F . The coefficients for th&€P-odd contributions are given by
+Im BLdtZE B Sin by, (39
as+ xag
5 . BY(0)du, +BE (=5 5 2,
SPn= Re( Bﬁldtgg + Re( B%dtyg)
ag+ xa
. BY(x) iyt BRI =, (45
z ; a;txa;
+ R Bthza B Sin 019’ (40)
and
for the contributions from the anomalous interactions. TheBg( )=—
coefficientsC?, etc. are defined below.
There is also a term bilinear & ands;, which represents
the correlation ot andt spins: BY(x)= al+Xa2{([vevt]*vey+[aevt]*aey)
(2)i(3);Qij = (2)i(8)(Qij g, + Qi) (41 +x([ve']*a®’+[a%'*v®?)}
where — ata ([vevt]*ve«y_‘_X[(,:levt]*Uey)7
1 2
_ F\
(St)i@jQijSM:SSII+(SSL+SLS)Re( CNE)Bsm Ore BZ(y)= sy {([v®']* v+ [a%']*a%?)
1 2
_ _ F .
+ (55N+5N5)|m( CLE)B Sinb, (42 +x([v®']*a®%+[a%v']*v®9)}d(s),
and BR(x)=CP(x), (46)
D F — e t1x e e t1x 5e
(919,99, = (551 -5, Im| Biag | i Bﬁdwa) B gy, (L0 TTo L 72
E +([Uevt]*a9y+[aevt]*Uey)}
+1Im Bf,dtZa) B'Sin e+ (S;5y— SnS))
— al+Xa2(X[vevt]*vey+[aevt]*vey),
D F
Re( B?_ dtga + R€< B}_,dwa)
c BYOO = g g, ([0 P02+ [a%'T*a™)
+Re( BZd —) B sin b, (43)
TG te +([v0']* a2+ [a%'T* D) }d(s).
The coefficients C’s and B{s included in Symbolsa, ¢ denote combinations of the electroweak pa-

Psm, 6P, Qjj,, 0Qi; are defined as follows. For the SM rameters:

contributions:’

a,=|[v%'][*+[[a%"|?,

a,=2 Re[v'T*[a%']),

83: [vevt]* [aeat] + [aevt]* [Ueat],

“These results were derived [[B0—32.

00ur notations are similar to those §81,37. There are two
differences:(i) our a; anda, are a factor two smaller than theirs;
(ii) our Cy is defined in opposite sign to theirs. and

014034-7
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3 T T 3 T T E =-2 GeV ; RG-improved NLO ; He= 3GeV
’ < T T T RG]
2 1 2 25 e Im[G] -
Re[F] -
1 2t Im[F] -~ .
15 h |
0 1t 1
05 F T
-1
o L
ol 0.5 | 1
A F 4
3 A5 . . . . .
0 10 20 30 40 50 60
) (a) p[GeV]
FIG. 2. The electroweak coefficien®&’s and Bix's (for P, 5 E =2 GeV ; RG-improved NLO ; ;= 3GeV
andQ;;) vs the initiale™ polarization parametey. In the figures, 15 i i i i i
Cpar=Ci+ Cper=C. » Cnorm=Cn ., €tc.(a) The coefficients for the RelG] ——
SM contributions.(b) The coefficients for the contributions from 1t oo J

the anomalous couplings.
ag= [Uevt]* [Uedt] + [aevt]* [aedt]
=[v%"T*v®dy, +[v% '] v°%d(s)dy,

+[a%v']*a%%d(s)d,z,

ag= [vevt]* [aedt] + [aevt]* [Uedt]

=[v°']*a%Zd(s)diz +[a% ' v®d, 15 SR - - -
0 10 20 30 40 50 60
+[a%'T*v*%d(s)d; . 48 ) p[GeV]
Symbols[v®a'], etc. are defined in the Appendix, E@\4), FIG. 3. The Swave andP-wave Green functions vs the top

andd(s) is the ratio of theZ propagator to they propagator ~ duark momentunp at (a) E= —2 GeV, (b) E= +2 GeV.
[Eqg. (A5)].

We comment here why there is mp component inSP  section. We use the input parametemgq us) =175 GeV,
[Eqg. (38)] or why there are only a few componentsd@;;  #1=3 GeV, u=20 GeV, m;=91.19 GeV,as(mz) =0.118,
[Eqg. (43)]. 6P and 6Q;; originate from interferences of the and sirf 6=0.2312.
leading SM amplitudéV, and the amplitude proportional to  First we examine the coefficien;’s and B{"s, which
the anomalous couplingdM. The SM amplitudeV is in a

linear combination of spinS=+1 states ¢.|11) RG-improved NLO ; p; = 3GeV

+c_|[1])), whereas theCP-reversed amplitude’M is in 1000 ' ' ' ' T E= 2Gev —

spin S,=0 state (1|)—|/])); see Sec. Il. In order to pro- 900 r I E=+2GeV ~— 1
duce a nonzero interference between the two amplitudes, ei 800 | "\\ -
ther one of the spins of and t must be flipped. This is 700 \ .
possible only by sandwiching the spin opera8 or S{)  « 600 | N -
(i=tort). 2 500 | \ ]

4

We can understand from symmetry considerations the= 400 | .
combinations of the electroweak couplings and the Greer g9 | 1
functions in each term of the production cross section 200 | \
do(s,5)/d%p;. This provides a nontrivial cross check of the 100 | / |
formulas presented in this section; the argument is presente 0 s . . S :
in [43]. 0O 10 20 30 40 50 60 70 80

p [GeV]

V. NUMERICAL ANALYSES OF 6P AND 6Q;;
. FIG. 4. p?|G(E,p)|? vs the top quark momentumat fixed c.m.

In this section we study numerically the polarization vec-energies. These are proportional to the leading-order momentum
tors and the spin-correlation tensor derived in the previouslistributions of top quark.
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RG-improved NLO ; Hp= 3GeV Atp = Ppeak » RG-improved NLO ; He= 3GeV
35 T T T T T 0.2 T T T = [F/G] " T
p _— e pim ———
peak 0.18 | —Im[FIG] pim ——

0.16 1 Re[D/G] pim - ]

10

5 -

0 1 1 1 1 1

-4 -2 0 2 4 (a) E[GeV]
E [GeV]
Atp= ppeak;RG-improved NLO; pf=3GeV
FIG. 5. The peak momentum,e. of the momentum distribu- 0 T T T e —
tion do/dpe|p|?|G|? vs the c.m. energy measured from twice the g 002} i E=-5Gev _DIG *Z/m ______ |
pot_ential-subtracted mas& = \s—2mpg( ;). I_t represents the & -0.04 "
typical momentum of the top quark as a functiontof g 0.06 X E=—1GeV
%b V. B \\\

represent combinations of electroweak couplings. They are& -0.08 | oo Bl s Gy
given as a function of; cf. Eq. (30). Figure Za) shows the 0.1 , , X . .
coefficients for the SM contributiorBsy andQ;;, . Except 01 -005 Y 0.05 0.1 0.15 0.2
for Cl, typical sizes of the coefficients are order one. Figure Real part

2(b) shows the coefficients for theP-violating contributions
6P and 6Qj; . Typical sizes of all these coefficients are order
one. We see that their dependencesyare different.

Next we examine th&wave andP-wave Green'’s func-
tions. In Figs. 8a) and 3b) are shown the Green’s functions
atE=—2 GeV andE= +2 GeV, respectively. They depend

FIG. 6. The ratios of the Green’s functions times the “velocity”
of top quark evaluated at the peak momentoyy,, of the momen-
tum distributiondo/dp; see Fig. 5(a) These are given as a func-
tion of E. (b) These are plotted on a complex planekais varied.

on both the energ¥ and the top momenturp,. The mo- ) pf )

mentum distribution of top quarkia/d®p,p?|G(E,py)|? lim E_a'Hrt F(E,py)

has a peak,=Ppead at a given c.m. energj26], see Figs. 0 V=V¢

4 and 5. Then we may plot the ratigg=/G and BD/G, B pi/my

included inéP and5Qy; , as a function of the enerdyalone D p P

by choosing the top momentum to be the peak momentum =[1-i2Blexg —2 |l 1+i 28 51
1 ( )

Ppeak- These are shown in Figs. 6. We see that the size of Pt 2py t

|BFIG| is 5—-20%, while the size of8D/G| is 5-10 %.

Clearly their energy dependences are different. Also it can be i

seen that the strong phases are quite sizable. where pg=Crasm/2=20GeV. Thus, we may find a sen-
One may understand these behaviors of the Green’s fun&ible approximation formula

tions semiquantitatively using analytic formulas. The relation

ppeakzl\/mt(E+lGev+iFt)| (49) E Ps
~1-i — . (52)
b= Poea Jm(E+1GeV+il,)

agrees qualitatively with Fig. 5, in particulathE>0. Here,
1 GeV=2m;,—Ms="'binding energy.’’ For a stable quark
pair with the Coulomb potentialG and F can be obtained

analytically for on-shell kinematicgt4]: This agrees qualitatively well with Figs. 6. It follows that

_ e D/G—0 andF/G—1 when|E+il|>aim;.
lim | E——+il't|G(E,py) Combining the analyses of the electroweak coefficients
Fﬁzo t V=V¢ and the Green functions, we find that the typical sizes of the
E—py/my CP-odd quantitiessP and 5Q;; are 5-20 % times the cou-

plings (d;,,d;z,dg) in the threshold region. Using the dif-
, (50)  ferent dependences on teé polarizations and on the c.m.
energy, we will be able to disentangle the effects of the three
anomalous couplings in thet threshold region. A more
comprehensive numerical study of the coefficients and the
YFor V—0, ppea [ Vm(E+iTy)| holds exactly. Green'’s functions is presented [i#43].

con{ Jr[i2
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VI. OBSERVABLES AND SENSITIVITY ESTIMATES In experiments the lepton-plus-4-jet mode can be used to
: . reconstruct the lepton momentum and the top quark three-
So far .we have considered thBD-QQd quantities related momentum simultaneous|9]. In order to detect a signal of
to the spins oft andt. These quantities are, however, not cp yiolation, it is not necessary to reconstruct the top quark
directly measurable observables in experiments. In this S€¢nree momentum with a high accuracy. One should define
tion we focus onsP and consider how to extract it. Then we the top quark momentum merely as the sum of all the visible
give rough estimates of sensitivities to tB&-violating cou-  mpementa in a top-jet cluster, so no stringent cuts are required
plings d;, ,diz,diy expected at future”e™ colliders. to reduce missing momentum. The only important point is

The top quark polarization vector can be extracted mosfnat any experimental cut should be imposed iBRsym-
efficiently using the angular distribution of charged leptonsmetric way. Later when we measure accurately the values of
from the decay of top quarks. The charged lepton angulage couplings;, ,d;z,d;, We would need to reconstruct the
distribution in thett threshold region, in the leading order, is top quark three-momentum to a reasonable accuracy.
given by In order to extractQ;; we need to measure spin correla-

tions oft and t. Instead of Eq{(53) we should consider a

T + W .
do(e’e itt%bl vbw ): daa Xi dF“b”V(P)_ double differential decay distribution ¢fandt, which can
d°p,d, d°py Iy d@y be obtained using the formula ¢#5]. We may think of
(53 observables such d$p,—py) - (p X py)) for CP-odd observ-

The left-hand-side shows that this is the differential crossables sensitive t6Q;; . Here, we do not discuss extraction of

. Q;; any further and leave the subject to future work.
section where the three momentum of parent top quark and ™! : e
o . . . Let us make rough estimates of sensitivities to €
the direction of charged lepton are fixed, while all other vari- . . ; . .
violating couplingsd,, ,d;z,diq expected in future experi-

ables are integrated over. The right-hand-side shows that it Fents. Equatior{56) shows that a statistical reconstruction

given as a product of thit production cross section EQ9)  of the top quark polarization using lepton directions is quite

and the decay angular distribution from free polarized topstficient. The top quark polarization vector projected to a
quarks. The top polarization vector is given by E8{). The  grtain directionP=(s-n) is given by
lepton angular distribution in the top rest frame is given by

Eq. (5). It coincides with the angular distribution in the labo-
i i i NT — Nl
ratory frame in the leading order, since top quarks are almost ~ ' (57)
at rest in the threshold region. Hence, the expectation value N +N;
of the lepton three-momentum projected onto an arbitrary
chosen directiom is proportional to the top quark polariza- whereN; (N,) denotes the number of top quarks with spin in

tion vector in the same approximati¢81]: the directionn (—n). Hence, the statistical error & may
Lioriar? be estimated as*®P~ 1/\/N4, whereNg stands for the
r+3r

%n-P (54) number of events used for the analysis. Assuming an inte-
' ’ grated luminosityf £=50fb ! and a detection efficiency
=0.6,
wherer = m\z,\,/mtz, and({---)) denotes an average taken for a
fixed top three-momenturp .
Taking a CP-odd combination, the contributions of the Nef= ap<f LX(2B|Bp) X €
anomalous interactions can be extracted as

<<”'P|>>2mm

2 2
2.—. =

1+2r+3r? =0.5 pbx50 fb1x 53

. 0.6
<<n~(p|+p|)>>zwmt><n-5p- (55) x

=4x10° events, (58)
By choosingn=n, andny, we can extract the components

Egs.(39) and (40) of SP. The above formula remains valid
even if we include the fullD(«ag) corrections(in particular
the final-state interactiohsn the SM parts of Eqs53) [32]
and (54) [31], since the pure SM contributions drop in the
CP-odd combination. Alternatively, we may consider a
slightly different observable

which means Ngz=1.5x10 2. The leptonic(hadroni¢
branching fractiorB,(B;,) of W= into e* andu ™ (hadron$
is given by 2/9(2/3).

Using the relations

D
6P, = Im( detgg) Bsin b,

_ 2
((n'(n|+n|)>>2§n-5p, (56)
where n;/n; denote the directions df*. This observable 5pN:Re( B%dth Bsinbie, (59)
would be useful if thd* directions can be measured more G
accurately than their three momenta, such as in the case of
™. the statistical error ofl4 is estimated to be

014034-10
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1 VIl. SUMMARY AND CONCLUSIONS
J d(cosb,)1
1 % -1 % In this paper we studied how to probe the anomalobs
|IBD/G|B fl d(cos6,)sin g N violating couplings of top quark withy, Z, andg in the tt
-1 te te threshold region at future*e™ colliders. The anomalous

couplings contribute to the difference of thandt_polariza—

tion vectors,oP= (P— P)/2, as well as to the spin-correlation
tensorsQ;; . We studied dependences of thé&fe-odd quan-
tities on thee™ beam polarizations, c.m. energy, and top
quark momentum. We find that the typical sizes&sf and
Note that we have similar sensitivities to both the real parthij are 5-20% times the couplingsl,(,d,dg) in the
and imaginary part ofl,; independently using the two com- threshold region. Experimentally we can measér effi-
ponents of the top quark polarization vector. The abovesjently using the expectation value of tiP-odd combina-
value translates to a sensitivity to the chromo-EDM of toption of thel= momenta,p;+p;, or of thel ™ directions,n,
quark at +n,. We have similar sensitivities to both the real part and
imaginary part ofd,, ,d;z,dy independently using the two
Os 5 components of the top quark polarization vec&®, and
5(Sm<ﬁtdtg) ~10*"gs cm. (61)  sp,. Taking advantage of different dependencessBfon
thee™ polarizations and on the c.m. energy, we will be able

. - to disentangle the effects of the thr nomal lin
Since all the electroweak coefficient€ (,By, etc) are of o disentangle the effects of the three anomalous couplings

similar size, and so are the ratios of the Green’s function§lty:diz.dig in thett threshold region. We made rough esti-
[Im(F/G), etc], sensitivities to the EDM an@-EDM are mates of sensitivities to the anomalous couplings expected at
estimated to be at the same order: futuree e colliders, considering as a simplest example ex-

traction of P from the |~ distributions. For an integrated
luminosity of 50 fb %, we estimated

5(sta1)dtg~

! ><4><15><1o*2
01w

=0.2~O(10%). (60)

e
(stad| _—_ ~10°17
o ( m, dty) 10 e cm, 5(staodt7 , §(stat)dtz , 5(Stal)dtg~ O(10%), (64)

when only one of the couplings is turned on at a tith&he
gstau(%dtz) ~10Yg, cm. (62) above values translate to sensitivities to the top quark EDM,
my Z-EDM, and chromo-EDM.

A Monte Carlo simulation study is also in progress incor- Sstad
porating realistic experimental conditions expected at a fu-
turee*e” collider [46]. They show that high detection effi-
ciency is possible with simple event selection criteria and
tagging. Up to now, only lepton energy asymmetty,
—E,-) for the dilepton-plus-2-jet events was studiet¥].

e
_ ~1 — 17 m
m dty) 0 *"e cm,

5(5’[&10( % dtZ) ~10 17 g,cm,
t

The 1o statistical error corresponding to 100 fowas ob- | Os e
tained as s(sta Edtg ~10" Y g cm. (65)
SB[ (E,+—E,-)]=0.65 GeV. (63)  The sensitivities to the top quark EDM a@eEDM are com-

parable to those attainable in the open-top regioe ‘a~
They studied the bounds on the anomalous couplings settin%OIIIderS [17]. The sensitivity tody, is worse than that ex-
the input values atl,,=d;»=d;;=0. Based on our calcula- eCtFT‘C.i _at a hadron coIhdeEB,é_l,lO,lS—_l}i bl.n exceeds the
tions, they obtainea RG[é¢7dti]|<1-5. | REE d,]|<1.0, sensitivity in the open-top region af_e colliders[21]. We
| R dig]l <3.9 at 95% confidence-levéstatistical errors note that there is an advantage in thehreshold region. The
only), wheree'®x's are the relevant strong phases. In fact,clean environment of as"e” collider enables accurate de-
the lepton energy asymmetry is not a good observable fofermination of the value of the top-gluon anomalous cou-
extractingsP in the threshold region. It is suppressed py Pling dig if its value happens to be larger thal(10%). On
~10% compared to th€P-odd combination of the lepton the other hand, at hadron colliders it would be difficult to
three-memontum, Eq55). Moreover, the branching fraction Measure the value of the coupling with a similar accuracy
for the lepton-plus-4-jet mode is larger than that for the
dilepton-plus-2-jet mode. Thus, we expect that the sensitivi-
ties to the anomalous EDM's will be better by a factor 10 or 2ye would be able to improve the sensitivities by using other
mOI’e_If we use the |ept0n thrge momentum or'the leptorbbservablessP can be extracted also from distributions of charm
direction. This is consistent with the naive estimates wequarks fromw= instead ofi~; 8Q;; can be extracted using correla-
made above. tions of I =, b,c distributions.
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even if aCP-violating effect is detected. Regarding the en-would like to thank S. Rindani, T. Takahashi, M. Tanabashi,
ergy upgrading scenario of a future lineslre™ collider, itis  and M. Yamaguchi for useful discussions. This work was
possible that the machine operates first in thehreshold ~Supported in part by the Japan-German Cooperative Science
region for a significant amount of time, while measuring thePromotion Program.

top quark mass precisely, etc., before the beam energies will

be increased to the open-top region. Therefore, it would be APPENDIX: CONVENTIONS AND NOTATIONS

desirable that measurements of the anomalous couplings can = )
be performed concurrently with other unique measurements !N €€ —tt, bothy andZ are exchanged in thechan-

near threshold, with sensitivities comparable to those in th&€l- Their effects can be combined in terms of effective cou-
open-top region. Unfortunately the sensitivities to te-  Plings. We denote the SM vertices for the electron and top

violating couplings achievable in the threshold region are quark by
one to three orders of magnitude larger than the predicted Ay =00y, —ay, vs),
sizes of top quark EDM'’s in the models reviewed in Sec. I. H a a

Using the results of this work, a Monte Carlo study incorpo- v X atXop _
rating realistic experimental conditions expected at a future Di=ox(v™y =a%y"ys)  (X=7.2), (A1)
e*e” linear collider is underway46]. where
N P fy_— fy—
ACKNOWLEDGMENTS g,=e=gsinfw, v7=Qr, a’=0,
We are grateful for the hospitality and stimulating atmo- _ 9 fZZET Qi 6 afzzl_l_
sphere at the Summer Institute '99, Yamanashi, Japan, where 92~ cosg,,” U 2 '3t f we 2 8t
this work was initiated. We thank K. Fujii, Z. Hioki, K. (A2)

lkematsu, and J. H. Kan for valuable discussions. Y.S. The amplitude for*e™ —tt at tree level can be written as

1 e?
2 —— (P Ax U(P)WP)T v (P) = = [[v%' 1@ (Pe) ¥,.u(Pe)) TPy ¥*v (Py))
X=y2Z S mX " S
—[v®a'](@(Pe) ¥,,U(Pe)) WP ¥ y5v (Pr)
—[a%" (@ (Pe) ¥, ¥5U(Pe)) U Py ¥*v (Py))
+[a%a" (v (Pe) 7, ¥5U(Pe)) WPy ¥ ys50 ()], (A3)
|
where with
[ve']=v® 7 +d(s)ve% ¥,
2
[vea']=v®a'"+d(s)ve%*=d(s)v%a'?, o2 (coge )
== __—5625. (A6)
[a%!]= a7+ d(s)a®ZZ=d(s)a%% 1, e’ (gsinfy)® cos Oy sir’ by
[a®a']=a"a'”+d(s)a®“a'“=d(s)a*“a"* (A4)  The widthI', of Z introduces an absorptive part. A= 2

represent energy-dependent “couplings.” Extensions to the>< 175GeV, its relatlvg magnitude 'S/(S._ Mg +imzl'z)
anomalous vertices should be obviodg¢s) is the ratio of :_1'(_)73_0'002' Thus, in the threshold region, the _Coulomb
the Z propagator to they propagator binding effecfcs ov_eryvhelm the effect df,. Also in t_he _
5 open-top region, it is known that the QCD correction is
9z S larger than the effect df ;, as far as the normal component

d(s)= e? s— m§+imzrz (A5) of the polarization of top quarky is concerned.
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