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Probing top-quark couplings at polarized NLC
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The energy spectrum of the leptshin efe —tt—I*-/I*1--- at next linear colliderSNLC's) is
studied for arbitrary longitudinal beam polarizations as a test of possible new physics in top-quark couplings.
The most general nonstandard form factors are assum@d?oZtT, andWtb vertices to analyze new-physics
effects in a model-independent way. The expected precision in determining these form factors is estimated
applying the optimal-observable procedure to the spectrum.

PACS numbes): 14.65.Ha, 12.60.Cn, 13.88e

I INTRODUCTION by, yst-e#~mbyst whene#=g/'~k* (¢ andk are the po-

The discovery of the top quark has completed the fermior%anzeltlon and the four-momentum ¥, respectively.

spectrum required by the electroweak standard megiel). (2 The producedd(b) is left-handed(right-handedl in the

It is still an open question, however, if the top-quark inter-SM sincem, //s<1. .
actions obey the SM scheme or if there exists any new!3 Because ofl) and(2), W™’s three-momentum prefers to

physics contribution. The top quark decays immediately afteP€ Parallel@ntiparalle} to that oft(+)[t(—)], wheret(:--)
being produced[1] since its huge massme®=175.6 expresses a top with the indicated helicity. Qonsequ_éﬁ’tly
+5.5GeV|[2] leads to a decay widtlh', much larger than in the t(+) def:ay. l:.)ec.omes mor.e energetic than. in the
Aqcp- Therefore the decay process is not influenced by any ) decay, while it is just ogposne_for the decay, i.e.t
fragmentation effects and the decay products carry lots of —) produces more energetic thant(+) does.

The energy distribution of the final lepte in ete~  for N(——)<N(++) [for N(——)>N(++)].
T 1*--/1*1--- turns out to be a useful tool to analyze In realistic analyses, one should take into account that

top-quark coupling$3]. Indeed it has been frequently stud- other source of non-SM effects may also exist. However,

S ) ) most of the above-mentioned articles focused on
ied in the literature over the past several yepfts1]] in — . — .
. e o . CP-violating effects iny/Ztt vertices(production only and
order to find observables sensitive@d violation. To illus- . ‘ :
. L : . did not assume the most general form for the interactions of
trate this point, it will be instructive to see how the spectrum™ —

is affected by nonconservation 6fP in the production pro- Yt Ztt, andWtb. Therefore, in our previous papd], we
cess: have performed a comprehensive analysis taking into ac-

) — , . count CP-violating and CP-conserving nonstandard top-
Sincett are produced mainly through/Z exchange, their

Ao : quark couplings contributing both to the production and de-
helicities would be only(+—) or (—+) if m, were much cay process.
smaller thany/s. Fortunately, however, this is not the case |n this paper, extending that work for arbitrary longitudi-
and we can expect copious-+) and (——) productions as nal e* polarizations, we present a systematic way to deter-
well even at/s=500 GeV?! These states transform into each mine the non-SM parameters describing the geanItT

other underCP operation asCP|+=)=|£*), which  andwtb couplings. In our another recent papef] we have
means that the differendé(— —) —N(+ +) could be a use- discussed how the same process receives non-SM contribu-
ful measure ofCP violation [3—6]. This important informa-  tions from effective four-Fermi interactions. Therefore, with
tion cannot be drawn directly since the top decays too rapthe present work we will complete a full analysis of anoma-
idly as mentioned, but is transferred to the final-lepton-jous effects in top-quark interactions for polarizede™
energy distributions as follows: beams in a model-independent way, where beyond-the-SM
(1) The heavy top requires a large fraction70%) of W physics is parametrized by the 8)x SU(2) x U(1) symmet-
bosons are longitudinally polarized it—bW since ric effective Lagrangiafil2].
This paper is organized as follows. First in Sec. Il we
describe the basic framework of our analysis, and give the
*Email address: bohdan.grzadkowski@fuw.edu.pl normalized single- and double-lepton-energy distributions.
"Email address: hioki@ias.tokushima-u.ac.jp Then, in Sec. lll, we estimate to what precision all the non-
'A rough estimate within the SM givedN(—+):N(+—):  standard parameters can be measured using the optimal-
N(——):N(++) is 5:3.5:1:1, wher@(---) denotes the number of observable method13]. Adopting two sets of non-SM-
tt pairs with the indicated helicities. parameter values we show in detail how effective the use of
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polarized beams could be for achieving better precision. Fito obtain the lepton spectra according to the above formulas
nally, we summarize our results in Sec. IV. In the Appendixwe shall first calculate thet-production cross section and
we collect several functions used in the main text for com-heijr decay rates.

pleteness, though they could also be found in our previous
paperd7,9,10. tt production

Il. THE LEPTON-ENERGY DISTRIBUTIONS Let us start with thet_production. We can represent the

In this section we briefly present our formalism, and then™MOSt generatt couplings to the photon and boson as

derive thereby the single- and double-lepton-energy distribu-

. g__
tions. FC‘“——E u(py)| YA, + 6A,— (B, + 6B,) ys}
We will treat all the fermions except the top quark as
massless and adopt the technique developed in [Rdf. (pe— P
This is a useful method to calculate distributions of final +2—mt(5Cv—5Dv75) v(py), (4)

particles appearing in a production process of on-shell par-

ticles and their subsequent decays. This technique is appliyhere g denotes the S(2) gauge coupling constany
cable when the narrow-width approximation

=v,Z, and
1 2

- 2_ 2 4

p2—m?+imI’|  ml &(p”—m") Ay=3sinbw, B,=0,
can be adopted for the decaying intermediate particles. In 1 8 1
fact, this is very well satisfied for both and W sinceI'; Ar=— | 1——sir* @ B=——

272 cost 3 Wi P27 2 cosh

=175(m,/My)3MeV<m, andT'\,=2 GeV<M,,. w w

Adopting this method, one can derive the following for-

mulas for the inclusive distributions of the single-lepion Among the above form factor$iA, z, 0B, z, 6C,z, and

oD, ; are parametrizingC P-conserving andC P-violating

and double-leptoh”| ~ in the reactiore”e” —tt [5]: nonstandard interactions, respectively. Note that we dropped
o two other indepe_nde_nt terms _proportional m+ py)* since
5 —(eTe =T+ their effects vanish in the limit of zero electron mass.
d°pi/(2py) On the other hand, interactions of initiaf e~ have been

assumed untouched by nonstandard interactions since their

4 T structures are well described within the SM:

3
g
- - +
FJ WG, ™0 Gy .
ye e vertex

1
déor . I ot e-= —€V(Pe+) Y*U(Pe-), (5
dp /(2p!)d%p//(2pY") (8761174 Ze'e  vertex
4 do dr,
B r_ff d0qq, (MM G720 (P17 Do = 7aosg V(Per) Y (Vet v5)U(Pe ), (©
d°l’ (T, (9 Whereve=—1+4 Sir? Gy

Xd3p{/(2p|°’) The angular distribution of polarizett pair in presence
of the above nonstandard interactions is obtained after a te-
wherel'; andI'; are the leptonic and total widths of unpo- dious but straightforward calculation. The result is, however,
larized top, respectively, ardbr(n,m)/d{}, is obtained from 4 hit too lengthy, so we give the explicit form in the Appen-
the angular distribution oftt with spinss, and s_ in  dix and here instead we describe its structure rather qualita-
ee”—tt, do(s, ,5_)/dQ,, by the following replacement: tively:

First, the invariant amplitude can be expressed as

p#pt,,) m
SM—>n'u:+ Ky — v i
: T o M=3] Cyjj, %, @
I,
( PP m where
st —mt=— ”“V——Tt t)—_t, L. (3
J my ) PP Pis

JL=V(Ppen)TLu(pe-)  (1=V,A),
(Exchanging the roles &f, ands_ and reversing the sign of - |
n* in Eq. (1), we get the single distribution ¢f .) In order J,=u(pl'v(py) (I1=V,ASP)
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and

FX,A,S,P: YurYu¥5:U,:9,75

(9=p;—pPy)-

Therefore| M|? consists of a number of terms whose coef-

ficients areCj; C;/,. . In the explicit formula in the Appendix,
we expressC;iC;: (I,1'=V,A), CiCi,, (i#i" andl,l’
=V,A), CiCip (i,i’,1=V,A), andC;;iC;s (i,i’,1=V,A)

asD, E, F and G respectively, and moreover we attach
subscriptsV, A and VA to D and E according to[I=1'
=V], [I=1"=A], and[I=V, |'=A], while F and G are
classified byi=1-4 according to theiW/A structure?

It is worth to notice that onlfDy s yva @aNdEy o va remain
and allF;=G;=0 in the SM limit, nonzerd~;’s are gener-
ated by theC P-violating form factorséD,, ,, and contribu-
tions toG;’s are created by th€ P-conserving form factors
o6C,z.

For the initial beam-polarization we follow the conven-
tion by Tsai[16]:

Pe-=+[N(e",+1)—N(e",—1)J/[N(e",+1)

+N(e™,—1)], 8
Per=—[N(e",+1)=N(e*,~1)J/[N(e*,+1)
+N(et,—1)], 9

whereN(e™ (") h) is the number o~ (e™) with helicity h

in each beam.When the initiale™ ande™ get polarizedjx
andj,’j mix with each other since the spihelicity) projec-
tion operator foru(pe-) andv(pe+) in the massless limit is
(1= vys5)/2. Then we obtain the cross section for arbitrarily-
polarizede*e™ beams by replacind,, Ds, Dya, Ev,
Ea, Eva, Fi, andG; (i=1~4) with D{), D& D&Y
EGF), EX), ER), F®) andG™*), where

DUAva=(1+Pe-Pe+)Dy ava—(Pe-+Pe+)Ey ava
EVAva=(1+Pe-Pet)Eyava—(Pe+Per)Dyava,
Fis (1+Pe-Pes)F1o34 (P +Pet)Fo14
G377 (1+PePer)Gyo34 (Pe-+Pe+)Goyas

t and t decays

We will adopt the following parametrization of th&'tb
vertex suitable for the—W*b andt—W b decays:

Pl = — L Vglipe)| y#(1EPy+ fRPg) — LK
Wth V3 th b 17L 1R MW
X (f5PL+f5Pg) |U(py), (10)

>More explicit formulas will appear in a separate pafis].
3Note thatP,+ is defined with the opposite overall sign in some
other papergsee, e.g., Ref.17)).
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— o - - - ok,
F\;/Lth:_%thV(p?) YH(FIPL+f1PRr) — Moy
X (f5PL+f5PR) [V(Pp), (1D)

where P ,r=(1F y5)/2, Vi, Is the (b) element of the
Kobayashi-Maskawa matrix arklis the momentum of\.
BecauseéN is on shell* the two additional form factors were
not taken into account. It is worth to mention that the above
form factors satisfy the following relatiori48]:

, (12

’

RoafER, fpReafpr
where the uppetlower) signs are those fo€ P-conserving
(-violating) contributions>

WIlv couplings are treated within the SM agZe"e”
couplings:

e Z%U(py) P (-yov(pe), (13
— g .
= — ——T(p)y*(1-yov(ps). (14

2v2

) (—)L (—)R (—)L (—)R
Assuming thatf 1—1, f7, f5 and f5 are small and
keeping only their linear terms, we obtain for the differential
spectrum the following result:

1 d°T, 1+ 3B,
- +oy_— 2= R
. Txde (12017 w) 5w 1+2 RefHVr
1 3 15
“\1T=e 172r) ) (19
wherex is the rescaled lepton-energy introduced 5
2B/ [1-pB\'
REREEY

with E, being the energy of in e"e” c.m. frame,w is
defined as

w=(p—p)Amg,

B, is the leptonic branching ratio df(=0.22 forl=e,u),
and

W=(1-r)2(1+2r), r=(My/m)2.
An analogous formula holds far— bl ~7 with f? replaced
by f5.

“Remember that we use the narrow-width approximation also for
the W propagator.
SAssumingC P-conserving Kobayashi-Maskawa matrix.
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Lepton-energy distributions 77(*)54a§/*A)D§/0A*)

Now let us give the lepton-energy spectra in terms.of . o

Since we are going to apply the method of optimal observ{=0-2074 in case of no beam polarizatio©n the other

ables[13] in order to isolate various nonstandard contribu-hand, the functions;(x) are

tions, it is convenient to express the spectrum as a sum of _ () _

known independent functions multiplied by coefficients pa- F100=F0)+77g(x),  T2(x)=9(0),

rametrizing nonstandarq physics to be determined. In the fol- f4(x) = 8F(x) + ) 8g(x), (17)

lowing, we use as input datdM,=80.43GeV, M,

=91.1863 GeV,m=175.6 GeV, siRf,y=0.2315[2], and  where f(x) and g(x) are functions introduced in Ref5],

\/s=500 GeV. while 6f(x) and 8g(x) are functions derived in our previous
work [7], which satisfy the following normalization condi-
tions:

1. Single distribution

Adopting the formulas Eqg1), (A1), (15), keeping only f f(x)dx=1
linear terms in nonstandard form factors, and integrating
over(); and the necessary top-quark-decay phase space, oggq
obtains the following normalized single-lepton-energy spec-
frum: f g(x)dx=f 5f(x)dx=f 59(x)dx=0.

1 do* 2
———=> ¢ fi(x), (16)  f(x) and g(x) describe the process with the standard top
Bioge.w dx =1 decays whilesf(x) and 6g(x) come from the nonstandard
o contribution to the decay process. Here let us remind readers
where o¢s (=0 (€" € —tt) and = corresponds td ™. that thec, term in Eq.(16), which is proportional tay(x),
The first term comes from the SM and the coefficients are originates in the spin dependent part of the lepton spectrum
and would vanish if, for instance, hadronization effects
cr =1, would dilute the top-quark polarization. As explained in the
introduction the lepton-energy spectrum should depend on
the polarization of the parent top quark, that is the reason
why all the nonstandard effects in the production process
manifest themselves as modification of the coefficient in
. front of g(x) for the normalized spectrum. We recapitulate
c; =a; 6D —ay[ 5D ~Re(Gi*))] +a; Re(SDVY) these functions in the Appendix.
T ) It should be emphasized that the coefficiegfs contain
’ both contributions fronC P-conserving and P-violating in-
teractions, therefore their determination does not provide a
direct test ofCP invariance. However, as was discussed in

the second term originates from the anomaluigtt cou-
plings[see Eq.4)] contributing to the production process

and the third term comes from the non-SMtb couplings
[see Egs.(10), (11)] which influence the top-quark decay

distribution[see Eq(15)] 3
R, R 5 7

; @) £
Here, 5D{ ) y are the non-SM parts d{ ) y», &) is a A
CP-violating parameter in the production process which is 15
defined in a similar way a§ used in Refs[5,7]:

§MI=2RaF)aly,

anda; are defined as 0

4

|
o
o

a;=—7*)(3-pHaly, a,=27*)p%{,

&)

-1 v b b b b B B b B B

a354a{/*A), 01 02 03 04 05 06 07 08 09 1

SpgTTTTITIIT

X

with agA)E1/[(3_BZ)DS/O’*)+2/32D(AO'*)] [the superscript FIG. 1. The functiond;(x) defined in Eq.(17) for Pg:+=P,-
“(0)” denotes the SM-paftand =0.

014013-4



PROBING TOP-QUARK COUPLINGS AT POLARIZED NLC PHYSICAL REVIEW B1 014013

+1 vs Pg+=0/+1 and for Pe-=—1 vs P,+=0/—-1 as

3.5 -
- ) £ examples.
s b
C foN 2. Double distribution
25 [ g; ﬁ{:; Applying the same algorithm as for the single spectrum
F® G Pr-= 0 one finds for the normalized double-lepton-energy spectrum
, b k ‘ the following formula:
ny L do § f(x%) (18
5o ——— ——==2, Gfi(x,x),
E i Bloee dxdx =4 Ot
' E o where the first term comes from the SM
os [ @) c=1,
:I i plev b b b b b ry \\| \\|\|\|‘|’|71$ & | the Second and thlrd terms ﬁ)'v'()lat'ng non'SM Cont”'
© of o0z 03 04 05 06 07 °: 08 1 butions of y/Ztt and Wtb couplings, respectively,
FIG. 2. The functionf (x) for Pe-=+1 vs Po+=0/+1 (solid _ e(%) _ 1 R_FL
i _ _ ; C=¢&", =5 Refy—13),
line), for P.-=—1 vs P.+=0/—1 (dashed ling and for no polar- 2
ization (dotted ling.
the fourth and fifth terms are bot®P-conserving non-SM

yIZtt contributions

. —a/sp*) L a’ Sp*) 4 a’ (%)
Ref.[7] one can easy combine measurements of the spectra C4= 219DV '+ @D+ a3 RE(G™ ),
for I andl~ in order to construct purel€ P-violating ob- B (%) (%) (%) (%)
servables such ao*/dx—do~/dx. It is also worth to no- Cs=2a,0Dy ' —ay[ 0D —Re(GY" )]+ a3 Ra(SDyy),
tice here that even though measqrem_enti(_)tﬂoes not d's_' while the last term i€ P-conserving non-SMVth contribu-
entangle CP-conserving andC P-violating interactions it tion
allows for discrimination between nonstandard effects origi-
nating from the production and those from the decay. 1 R =T

The functionsf;(x) are shown in Fig. 1 for unpolarized C6:§Re(f2+fz)-

beams. Sincé; x) haveP.: dependence through™), we
also present them in Figs. 2 and 3, respectively,Hgr= The corresponding functions are

F1063)=F ) F 0+ ™[ F ()90 +g(x) F(X)]
+7'™g(x)g(x),

2 3 1) F(3) = () g(x) = g0 (¥,
= Ei We = F(xX) = O (X)F(X) ~ F(X) oK) + 7% [ 51 ()9
: @ =-1 () 69(x) + 8g(x)F(x) = g(x) 5 (X7
i3 wren? + 7' ®)[89(x)9(x)~9(x) 89(X)],
os [ Fa(xX)1=9()9(X),
B 15060 = (0 g() +9 (1 (),
T o, (x50 =3f )T (X)+ F(X) 8T (R + 7= [ 6T ()9 (%)
-05 |- + (%) 89(x) + 69(x) f(x) +9(x) 6 (X) ]
o on o3 0a 08 os or 08 s + 7' ®[8g(0g(X0 +9(x) 891, (19)

0 01 02 03 04 05 06 07 08 09 1
X

FIG. 3. The functionf(x) for Pe-=+1 vs Po+=0/+1 (solid
line), for P.-=—1 vs P.+=0/—1 (dashed ling and for no polar-

ization (dotted ling.

5p,+=0 and +1(—1) give the samey™) and consequently the
samef; y(x) whenPg-=+1(—1).
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FIG. 4. The functiondf;(x,X)
defined in Eq.(19) for Pg-=Pg+
=0.

|

W

ol

T TR e

\\“‘“““i"”l =
NS
i

with 7' )= p=2a(*)[(1+8%)D{’*)+282DP*)] (=1.2720 we will be able to judge if the nonstandard contributions

for P,-=P.+=0) anda/ being defined as originate from the production or from the decay of top
quarks. Furthermore, in contrast with the single spectrum,
a15[372(1+52)_(3_32)7]%*)]61{/*/\), the coefficients ¢; receive contributions either from

CP-conserving {(=1,4,5,6) orCP-violating (i=2,3) inter-
actions. Therefore determination of the coefficients provides
a;,=2(1-p%n'™aly, ay=2(1+p%y *)ayy. a direct test ofC P invariance.

The functionsf;(x,X) are plotted in Fig. 4 for unpolarized
f145dX,X) and f,4(x,X) are, respectively, symmetric and case. Since; ;¢x,X) depend onP.: through 7*) and/or
antisymmetric in k,X), which are signals o€ P conserva- 7'®*), we also show them in Fig. 5 fdP,-=+1 vs Pg+
tion and CP violation. Sincef, and f5 are both from the =0/+1 (on the left sid¢ and forP,-=—1 vs Pe+=0/—1
CP-conserving parts of the production process, we may refon the right sidgeas examples. It can be observed from the
combine them, but we chose the above combination so thdigures that the shapes of the functidng(x) andf; 3 ¢(X,X)
only f5 remains in computing the single distributions. vary substantially with the polarization of the initial beams.

Here, as for the single spectrum, since for a gigethere  Therefore it is justified to consider determination of the co-
is no mixing between the production and decay processegfficientsc; through energy-spectrum measurements for vari-
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Thesse ——] 1
st 0K i
%7/77////7,;:, FIG. 5. The functions
%’/l/% f136X,X) for Po-=+1 vs Pg-

] =0/+1 (on the left sidg and for
Pe-=—1 vs Pe+=0/—1 (on the

right side.

2
//,““\\\\\\\\\\“““‘
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il 4

LTI
\vii4

Ny ooy
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\u\\\\-.-’-’-”f’!”’llr

g

i

W
N\ .
s i
’ll///////I,‘{“ W\

““\“\\\\\\\“

0.4

o 92 X

P-=+1

5%

ous polarizations since one can hope that carefully adjustedhere f;(¢) are known functions of the location in final-
beam polarization may increase precision of the analysis. state phase spac¢ and c;'s are model-dependent coeffi-
cients. The goal would be to determings. It can be done
lll. THE OPTIMAL OBSERVABLES by using appropriate weighting functions (4) such that
elfwi(¢)2_(¢)d¢=ci . ngerally, different choices fav;( ¢)
are possible, but there is a unique choice so that the resultant
Statistical error is minimized. Such functions are given by

We are now ready to perform a numerical analysis, but |
us first summarize the main points of the optimal-observabl
technique[13]. Suppose we have a cross section

3";[:2<¢>1=2 cifi(), wi(@)=2 X;fi()/Z(¢), (20

whereX;; is the inverse matrix oM;; which is defined as

’Getting higher statistics is also a reason for considering polarized By Ef fi(¢)fi(¢) do (21)
beams. . ()
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TABLE |. Expected statistical errors ia:nzf3 measurements and the number of the single-lepton-inclusive
eventsN, for beam polarizatiotil) Po+ =0 vsP,-=0, £0.5,+0.8, and*+1, (2) P.+=P.-(=P,) =0, £0.5,
+0.8, and+1 at s=500 GeV.N, has been estimated within the SM fgr=0.6 andL =100 fb %,

(1) Pe- 0 +0.5 +0.8 +1.0 —-0.5 -0.8 -1.0
Acy 0.13 0.16 0.12 0.09 0.09 0.08 0.07
Acy 0.08 0.10 0.08 0.06 0.06 0.05 0.05
N, 7676 6259 5409 4843 9093 9943 10509
(2) Pe 0 +0.5 +0.8 +1.0 -0.5 -0.8 -1.0
Acy 0.13 0.11 0.08 0.07 0.07 0.05 0.05
Acy 0.08 0.07 0.05 0.04 0.05 0.04 0.03
N, 7676 6762 8055 9685 12429 17122 21019

When we take these weighting functions, the statistical un- D\Y=C(A2+A3d'?), DY'=CBzd'?

certainty ofc; determination throughlo/d¢ measurement 7

becomes EQY= 2CA AL’ EQ=0.

Aci=VXjior/N, (22)  sinceE{">0 for sirf 4,=0.2315, negative polarizations in-

) Creaseogg - The matrix My; is proportional tooge i
where ogr=J(do/d$)d¢ and N is the total number of through the normalization factor, which means that negative
events. It is clear from the definition of the matik;;, Eq.  polarizations would reduce statistical errors, E2@), since
(21), thatM;; has no inverse if the function(¢) are lin-  the matrix Xij*1logg 1. As it has been mentionedy;;
early dependent, and then we cannot perform any mea”i”gf'dfepends, to a certain extent, Bg: also througtc; and 77(*5
analysis. One can see it more intuitively as follows: whenj, the functionsf; , therefore even for nearly the same num-
fi(#)=1;(¢) the spliting betweert; andc; would be t0-  per of detected eventéhe sameoqs ;) Statistical errors
tally arbitrary and onlyc; +c; could be determined. may differ. However, the general tendency is consistent with

this naive expectation as will be observed later in tables pre-

Numerical analysis senting our results.
We apply the above procedure to the normalized lepton- _ . .
energy distributions derived in Sec. I, Eq46),(18). From 1. Single-distribution analysis

the theoretical point of view, perfectly polarized initial  First, we shall consider the single distribution. Using Eq.
beams P.+=P.-=*1) are the most attractive. However, (22) for do*/dx we can obtairAczs, the statistical errors
those are difficult to realize in practice, especially for thefor the determination 0533, as a function of the expected
positron beam. We shall therefore discuss the following twohumber of detected single-lepton eveNis For a given in-
cases: tegrated luminosityL and lepton-tagging efficiency, one
hasN,=B,oes_itLey, WhereLLy=¢L (in fb™ 1 units) is the
effective luminosity. In the following we usg=0.6 andL
=100fb! as an example of realistic experimental
constrain and estimatessg_;; within the SM by using
a(s)(=1/126).

Before carrying out detailed computations, we shall 'In Table | we presenfﬁcz—’s '?mdN| for the abovge| "?‘”dL
briefly discuss how the statistical erraks; depend orP,:. with the described c_onflguratlons of beam polarization. F_rom
For this aim we have to check polarization effects in theTable I’_ readers mlg_ht concludg fchat t_he use Of. polanzed
lepton spectra. These spectra dependPaa through the bea_mjs) IS quite effect|ve_ for providing higher precision, es-
coefficientsc; and the functions; in Egs.(17), (19) as well, pecially negatively polarized beams seem to be most suitable

but the strongest dependence comes from the normalizatici"ce We have smallekc; ; as anticipated in the above dis-

(1) Pg+=0 vs P,-=0, 0.5, =0.8 and *1,

(2) Pg+r=Pg-(=Pg)=0, 0.5, =0.8 and *1.

factor since it is proportional to¢5 .y which is cussion. Indeed, this is the case ff measurement. For
instance, when R&), Ref))=+0.1, then Ngp
Oee it~ (3= BA)[(1+Pe-Pe)D{Y = (Pe-+ P+ )EY] =|c5|/Acy , statistical significances for an observation of

+2B7[(14 Pe-Pe+)DY = (Pe-+ P ) EXT,

(23 8AssumingL=100fb ! is in fact quite conservative since the
integrated luminosity as high as 500 fhis being recently dis-
WhereD(v(?’A and E%\ are the SM parts oDy 5 andEy 4 in cussed 19] as a realistic possibility in the context of the TeV En-
Eqg. (A2). Neglecting the vector-type part 9" e~ coupling  ergy Superconducting Linear Accelerat@iESLA) design fory/s
(Ve=—1+4 sir? @, is tiny for sirf 4,=0.2315), we have =500 GeV.
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TABLE Il. Statistical significance of, measurement for beam polarizatid Po+=0 vsP,-=0, +0.5,
+0.8, and*1, and(2) Po+=P.-(=P.)=0, 0.5, 0.8, and*1, and the parameter s¢) Re(5A,)
=Re(0A)=Re(8B,)=Re(sB)=Re(C,)=Re(0C,)=Re(D,)=Re(D,)=0.1 at Js=500 GeV.

(1) Pe- 0 +0.5 +0.8 +1.0 -0.5 -0.8 -1.0

s 0.39 0.36 0.28 0.17 0.38 0.36 0.34
c, 0.14 0.16 0.12 0.05 0.09 0.06 0.03
les|/ACy 3.03 2.31 2.25 1.83 4.10 4.65 4.96
lc,|/Acy 1.11 1.04 1.01 0.58 1.00 0.75 0.49
) P, 0 +0.5 +0.8 +1.0 -0.5 -0.8 -1.0

s 0.39 0.28 0.19 0.17 0.36 0.35 0.34
c, 0.14 0.12 0.06 0.05 0.06 0.04 0.03
les|/Acy 3.03 2.52 2.47 2.59 5.20 6.30 7.01
e, [/ACs 1.11 1.13 0.86 0.81 0.83 0.68 0.70

TABLE IlI. Statistical significance o, measurement for beam polarizati¢t) Po+=0 vs Po-=0,
+0.5, 0.8 and=+1, and(2) Pg+=P.-(=P¢)=0, 0.5, £0.8 and+1, and the parameter s@i) Re(5A,)
=—Re(6A)=Re(B,)=—Re(sB,)=Re(C,)=—Re(C,)=Re(@D,)=—Re(D,)=0.1 at\s=500 GeV.

(1) Pe- 0 +0.5 +0.8 +1.0 -0.5 -0.8 -1.0
cs 0.17 0.31 0.46 0.61 0.11 0.08 0.07
cy —-4x10°3 0.04 0.11 0.19 -0.01 103 0.01
lcs|/Acy 1.33 1.97 3.70 6.63 1.15 1.07 1.02
lc; [/Acy 0.03 0.24 0.86 2.09 0.06 0.02 0.10
(2 Pe 0 +0.5 +0.8 +1.0 -0.5 -0.8 -1.0
cs 0.17 0.46 0.59 0.61 0.08 0.07 0.07
cy -4x1073 0.11 0.18 0.19 10° 0.01 0.01
lc3 [/Acy 1.33 4.14 7.86 9.38 1.20 1.31 1.44
lcy|/Ac, 0.03 0.97 2.40 2.95 0.02 0.12 0.14

TABLE IV. Expected statistical errors in, 3 4 5 s measurements and the expected observed numbers of
the double-lepton-inclusive everity, for beam polarizatioiil) P.+=0 vsP,-=0, +0.5,+0.8, and*1, (2)
Per=P. (=P =0, +0.5, 0.8, and+1 at \'s=500 GeV. N, has been estimated within the SM fer
=0.6 andL=100fb"*.

(1) Pe- 0 +0.5 +0.8 +1.0 -05 -0.8 -1.0

Ac, 0.20 0.23 0.21 0.17 0.16 0.14 0.13
Acg 0.13 0.15 0.14 0.11 0.11 0.09 0.09
Acy 0.31 0.35 0.39 0.41 0.30 0.29 0.28
Acs 0.22 0.25 0.22 0.17 0.17 0.14 0.13
Acg 0.14 0.16 0.14 0.12 0.11 0.09 0.09
Ny, 1013 826 714 639 1200 1312 1387
(2) Pe 0 +0.5 +0.8 +1.0 -05 -0.8 -1.0

Ac, 0.20 0.19 0.14 0.12 0.12 0.10 0.09
Acs 0.13 0.12 0.09 0.08 0.08 0.07 0.06
Acy 0.31 0.34 0.32 0.29 0.26 0.22 0.20
Acg 0.22 0.19 0.14 0.12 0.13 0.10 0.09
Acg 0.14 0.12 0.09 0.08 0.08 0.07 0.06
Ny, 1013 893 1063 1278 1641 2260 2775
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c; , becomes 2.0 foP,-=—1 and 3.3 forP,=—1, which  from Tables V and VI that for both sets of nonstandard cou-
means we can expeci2and 3r confidence level, respec- plings its determination would not be easy for the assumed
tively. However, for a given set of nonstandard couplings,luminosity, as its statistical significance reaches at most 1.7.
the coefficientsc, vary with polarization. Therefore we This is due to the smaller number of detected events in this
should discuss theiNsp inevitably instead of statistical er- channel as it could have been anticipated. Still we can say
rors only. We will consider the following two sets of the that the use of polarized beams is very helpful to increase

couplings(of the order of 15% of the SM strengtin Tables  Precision. Indeed, if we are able to achieve-500fb * as
Il and II:° discussed in Refl19], then|c,|/Ac, would reach 3.8 for

P.=—1 in case(a) [the same value could be obtained for
(a) Re(/A, 7)=RedB,;)=ReC,;)=ReD,,)=0.1, P,=+1 in case(b)], while we have onlyc,|/Ac,=1.4 if
the beams were unpolarized.
(b) Re(6A,)=Re(6B,)=Re6C,)=Reg(6D,)=0.1, C4.56 areCP-conserving coefficients. Concerniog, 30-
level measurement is possible fé,=—1.0 when Ref

+1f5 5)/2>0.18. Onc, we are also led to a similar conclusion

These tables show that the use of negatively polanze&o C,, butcs determination is different. That is, the statistical
beants) is not always optimal: for the parameter det a significance forc; measurement can reach 2.0 g=—1
good precision irc; measurement is realized whén<0, ~ Lcasé(@] and 3.3 forP,=+1 [case(b)]. This is quite in
but even in this case the precision 3 measurement be- contrast with that foc,, WhICh is less than 2 as one can see
comes better foP.>0 or evenP.=0 (Table Il). Moreover from Tables V and V.
in case(b) bothc, andc, get the highest precision fd?,
=+1 (Table Ill). Therefore one should carefully adjust op- IV. SUMMARY AND COMMENTS
timal polarization to test any given model of physics beyond
the SM. One can concludé@s far as the coefficient sets
discussed here are concerpéuat the appropriate beam po-
larization for the set(@) provides measurements of at

Re(5A,) = Re(8B,) = Re(5C,) =R 8D,) = —0.1.

Next-generation linear colliders @e~, NLC, will pro-

vide a cleanest environment for studying top-quark interac-

tions. There, we shall be able to perform detailed tests of the
top-quark couplings to the vector bosons and either confirm

5_'0" and 7.Gr level for P?’: - 1'9 gndPe_z f_l'o' resp(ic— the SM simple generation-repetition pattern or discover some
tively. For the setb) maximal statistical significance f@,  honstandard interactions. In this paper, assuming the most
determination is 6.6 and 9.4 fét.- =+ 1.0 andP.=+1.0, general CP-violating and CP-conserving couplings for

X R .
r_es.pectn_/el)./.. Since, <c, itis seen that the maximal sta- ytt, Ztt, andWtb, we have studied in a model-independent
tistical significance foc, is much lower: 1.1 for the sé8) 5y the single- and the double-leptonic spectra for arbitrary
and 3.0 for the sefb). longitudinal beam polarizations. Then, the optimal-
observable techniqugl3] has been adopted to determine
nonstandard couplings through measurements of these spec-
We can perform similar computations for the double-tra.

lepton distribution. Results are presented in Tables IV-VI. The method applied here, the optimal observables, allows
We find again in Table IV that negative polarizations giveus to disentangle various nonstandard contributions to the

smallerAc;. As a result|cz ¢/Acz g can be easily estimated production processe(*e‘—>tt_) and to the decayt(~Whb).
from this table once R@ and Refg) are fixed. On the other Using the single-leptonic-energy spectrum férand assum-
hand,c, 4 5 have polarization dependence themselves, so wing nonstandard couplings of the order of 15% of the SM
need Tables V and VI in order to draw a meaningful conclu-strength, we have found that an appropriate selection of the
sion, where the statistical significance for, s has been pre- initial-beam polarization may provide observable effects for
sented. Again some @f in Tables V and VI are identical as nonstandard corrections to the production procedsp
in the case of the single lepton channel. =|c;|/Acy , even at 9.4 level when bothe™ and e*
Among the coefficients for the double-leptonic spectrum,beams are polarized and at &.@&/hen onlye™ beam is po-
C, 3 are CP-violating parameters. Sinog; does not depend larized. On the other hand, from the same spectrum measure-
on the beam polarization as already mentioned, one can justent one can expect on nonstandard contributions to the
say (from Table IV) that 3r effects could be observed for top-quark decay the statistical significance of the signal,
P.=—1.0 if RefS—f5)/2>0.18. Onc, one has to conclude Nsp=|c3|/Ac3, of the order of 3.0 and 2.0 for both beams
polarized and only electron beam polarized, respectively.
The direct application of the optimal method for the
%0ne may notice that certain entriésome ofc; coefficients in single spectrum does not allow for discrimination between
Tables Il and Il are identical. Indeed two polarization scenariosC P-violating and CP-conserving nonstandard interactions
considered here provide for these cases exactly same values for since their effects mix in coefficients of the spectmﬁ].
Therefore, comparing statistical significances for them one can seédowever, as it was discussed in Rf] one can easily com-
the net effect of different statistics, as the expected number obine measurements of the spectrumlforand! ~ in order to
events is different for the cases. The same will also apply to Tablesonstruct purelyC P-violating observables.
V and VI. In contrast with the single spectrum, utilizing the method

2. Double-distribution analysis
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TABLE V. Statistical significance ot, 45 measurement for beam polarizatioh) Po+=0 vs Pg-=
+0.5, #0.8 and*1, and(2) Pe+=P.-(=P¢)==0.5, 0.8 and+1, and the parameter s¢) Re(sA,)
=Re(6A7)=Re(@B,)=Re($B,) =Re(5C,) =Re(6C,) =Re(sD,)=Re(D,)=0.1 at Js=500 GeV.

(1) Pe- 0 +0.5 +0.8 +1.0 -0.5 -0.8 ~1.0

c, -0.12 -0.10 ~0.08 ~0.06 -0.14 -0.15 ~0.16

Ca 0.21 0.15 0.10 0.06 0.25 0.27 0.28
Cs 0.27 0.26 0.20 0.11 0.23 0.21 0.19
|c,|/Ac, 0.61 0.42 0.37 0.34 0.89 1.08 1.21
|ca/Ac, 0.67 0.43 0.25 0.14 0.84 0.93 0.99
|cs)/Acs 1.24 1.05 0.92 0.63 1.41 1.45 1.44
() P 0 +0.5 +0.8 +1.0 -0.5 -0.8 ~1.0

c -0.12 -0.08 ~0.06 ~0.06 -0.15 -0.15 -0.16

Cs 0.21 0.10 0.06 0.06 0.27 0.28 0.28
Cs 0.27 0.20 0.13 0.11 0.21 0.19 0.19
|c,|/Ac, 0.61 0.41 0.44 0.48 1.21 1.53 1.71
|ca/Ac, 0.67 0.28 0.19 0.19 1.04 1.26 1.40
|cs)/Acs 1.24 1.03 0.89 0.90 1.62 1.85 2.04

of optimal observables directly for the double-leptonic-istic is by factor 5 larger. Therefore one may expect that even
energy spectrum one can separately determine and disetihough we have not considered any background here and our
tangle theC P-violating coupling from the production dt analysis does not take into account any detector ddtaila
pairs (c,) and the one from the top-quark decay). For large extent they are not available yehe results presented
the typical strength of the nonstandard couplings discusseldere should serve as a fair estimation of real signals for
here, the highest statistical significance @P violation in  beyond-the-SM physics.
the production and/or in the decay was estimated to be 1.7 To summary, we foundi) the use of longitudinal beams
for both beams polarized, while we found that the maximalcould be very effective in order to increase precision of the
signal from CP-conserving interactions in the production determination of non-SM couplings, howevéii,) optimal
process |cs|/Acs) could reach 3.3 and 2.3 for both and only polarization depends on the model of new physics under con-
electron beam polarized, respectively. FoP-conserving sideration, therefore polarization of the initial beams should
interactions in the decay the expected effect is lowerPe carefully adjusted for each tested model. For such optimal
namely, 1.6 for the statistical significance for both consid-Polarization the maximal nonstandard signal should be ob-
ered cases of maximal polarization. servable in the single-leptonic spectrum on the effects gen-
It should be emphasized that we have used in this studgrated by contributions (both CP-conserving and
very conservative integrated luminosity, namel, CP-violating) to the production mechanism of pairs. On
=100fb*. That is, the luminosity considered now as real-the other hand, the most challenging measurement would be

TABLE VI. Statistical significance ot, 45 measurement for beam polarizatioh) Pe+=0 vs Pg-=
+0.5, 0.8 and=1, and(2) P¢+=P¢-(=P¢)==0.5, +0.8 and+1, and the parameter s@i) Re(0A,)=

—Re(5A)=Re(@B,)=—Re(@B,)=Re(C,)

—Re(5C;)=Re($D,)=—Re(sD,)=0.1 at/s=500 GeV.

(1) Pe- 0 +0.5 +0.8 +1.0 -0.5 -0.8 ~1.0

c ~0.09 ~0.14 ~0.18 -0.21 ~0.06 ~0.04 ~0.03

Ca 0.11 0.14 0.18 0.20 0.08 0.07 0.06
Cs 0.08 0.17 0.28 0.40 0.05 0.04 0.04
|c,|/Ac, 0.43 0.58 0.84 1.22 0.35 0.29 0.25
|ca/Ac, 0.34 0.42 0.45 0.50 0.26 0.23 0.20
|cs)/Acs 0.39 0.69 1.29 2.30 0.30 0.29 0.30
(2) Pe 0 +0.5 +0.8 +1.0 -0.5 -0.8 -1.0

c, ~0.09 -0.18 -0.21 -0.21 ~0.04 ~0.03 ~0.03

Ca 0.11 0.18 0.20 0.20 0.07 0.06 0.06
Cs 0.08 0.28 0.38 0.40 0.04 0.04 0.04
|cal/Ac, 0.43 0.94 1.49 1.73 0.33 0.33 0.35
|ca/Ac, 0.34 0.51 0.63 0.70 0.25 0.26 0.29
|cs)/Acs 0.39 1.45 2.72 3.25 0.33 0.38 0.42
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the determination o€ P conserving contributions to the de- thett decay products seems to be neefzH.

cay process. Since we have already carried out a similar Finally, let us give a brief comment on the effects of
analysis of possible consequences emerging from effectiveadiative corrections. All the nonstandard couplings consid-
four-Fermi interactionsee—tt and t(t)—bl* (bl %) in ered here may be generated at the multiloop level within the
Ref. [10], this paper completes a full analysis of modifica- Sm. In fact, C P-violating couplingséD,, ; and Ref3—f5
tions for lepton-energy distributions by nonstandard interacrequires at least two loops of the SM, S0 they are negligible.
tions of the top quark in a model-independent way for polarHowever, C P-conserving couplingssA,, ;, 6B, 6C,,

) 1o !
'Ze_lqﬁe erese)itpsempeesrgﬁie d here are the most precise Onand Re(?%—?%) could be generated already at the one-loop
uits p preci el approximation of QCD. Therefore, in order to disen-

e s oo S et e non- St eracions and e neloop QCD fecs
) S . possI .~ . is important to calculate and subtract the QCD contributions
higher precision by combing our results with other statisti-

cally independent data. Among them, lepton angular distri]crom the lepton-energy spectrum, this is, however, beyond

butions are very promising. Indeed what one could measurehe scope of this paper.
via the energy spectra are the real parts of the nonstandard
form factors, while we would be able to determine their

imaginary parts by using, e.g., an up-down asymmetry to the This work is supported in part by the State Committee for
top direction as shown in Reff4]. However, non-SM effects  Scientific ResearctPoland under Grant No. 2 PO3B 014 14

in the decay process were not taken into account in thaind by Maria Sklodowska-Curie Joint FundHoland-USA
study. The lepton angular distributions relative to the initialynder Grant No. MEN/NSF-96-252.

beam direction will also give us valuable information. Some

analysis focusing on th€ P violation in the production ver- APPENDIX

tices has been made in R¢20]. However, comprehensive o

analysis including nonstandard effects both in the production The angular distribution of polarizeid pair is given by
and in the decay process for all measurable distributions ahe following formula:

ACKNOWLEDGMENTS

do . _ —
d—Qt[e e —t(sy)t(s-)]
3Ba?
T 1687
+DA[(lg)%(1+s,5_)—(4m?s—s?)(1—s,5_)—2(s—4m?)(Is,Is_—Ps,Ps_)—2lq(ls.Ps_—Is_Ps,)]
—4RdDya)M[s(Ps, —Ps_)+lq(ls, +Is_)]+2Im(Dyp)[lqe(s; ,s_,q,l)+Is_e(s, ,P,q,l)+Is, e(s_,P,q,l)]
+4Eyms(ls, +1s_)+4E,miq(Ps, —Ps_)+4 Re(EVA)[thZ(Is+Ps_—Is_Ps+)—Iqs]

Dy[{4m?s+(1g)2(1—s,s_)+s*(1+s,s_)+2s(Is Is_—Ps,Ps_)+2lq(ls,Ps_—Is_Ps,)]

+41Im(Eya)mi e(s. ,P.a.l) + e(s- ,P,q,l)]—Re(Fl)%[Iqs(lsfIs_)—{(lq)2+4mfs}(Ps++Ps_)]

+21Im(F,)[se(s, ,s_,P,q)+Iqe(s, ,s_,P,1)]+2 ReF,)s(Ps,Is_+Ps_lIs,)

—Im(Fz)mit[e(er P.q,1)—e(s_,P,q,1)]—2 Reu::_g)lq(F>s,+|s_+Ps_|s,+)+|m(|:3)'Hqt[e(s+ P.q,1)

—€(s- ,P,q,l)]—Re(F4)mit[lq(PSﬁPsf)—(s—4mf)(IS+—lsf)]—2 Im(F4)[Ps,e(s-,P,q,l)

+Ps_e(s, ,P,q,1)]+2 ReGy)[{4m{s+(1g)?~s?H(1—s,s_) —2sPs, Ps_+Iq(Is, Ps_—Is_Ps,)]

—Im(Gl)IHqt[e(& P.g,1)+e(s- ,P,q,l)]—Re(Gz)%[(S—4mf)(ls++Isf)—lq(PSrPsf)]

—2Im(G,)[Ps, (s ,P,q,l)~Ps_e(s, ,P,q,l)]—Re(Ga)Iaqt[lq(PsfPs_)—(s—4mf)(ls++ls_)]

—2Im(Gy)lge(s, ,s-.,q,1)+2 REGy)[(s—4m{)(Ps,Is_—Ps_Is;)+2lgPs, Ps_]

+|m<G4>mit(s—4m$>[e(s+,P,q,l>+e(s_,P,q,|>] : (A1)
where B(=\/1—4m?/s) is the velocity oft in e*e™ c.m. frame,
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P=petPe(=pt+Pr), |=Pe=Pe, aA=Pt—Pt,
the symbole(a,b,c,d) meanse,,,,a*b"c’d” for €g1o5= +1,
Dy=C[A%—-2A Aved +AZ(1+v2)d 2+ 2(A,—Aved )RE(SA,) — 2{A ved' — Az (1+v3)d 2R 5A7)],
DA=C[B3(1+v2)d"?—2B,v.d’ Re(8B,)+2B,(1+v3)d'>Re(5B;)],
Dya=C[—A,Byved’ +A;B,(1+v2)d 2= Byved (A,)* +(A,—ved'Az) 8B+ By (1+v2)d 3 (5A,)*
—{Aved’ —Az(1+v3)d 2} B,],
Ev=2C[A,Azd" —Adv.d'2+Azd" Re(SA,) +(A,d" —2A,vd"?)Re(5A)],
Ea=2C[—B3v.d'?+B,d’ Re(8B,) —2B,v.d'>Re(8B;)],
Eva=C[A,Bzd’ —2A;B,vd'?+Bzd’ (5A,)* +Azd’ 6B, — 2B,ved'?(8A,)* +(A,d" — 2A,vd’?) 6B,
F1=C[—(A,—Azved") 3D, +{Aved —Az(1+vZ)d'?}6Dy],
F,=C[—Azd' 6D, —(A,d" —2A,vd'?) 8Dy,
F3=C[Byved' 6D, —By(1+v2)d'2sD,],
F4=C[—Bd’ 6D, +2B,v.d 25D,
G1=C[(A,—Aved")5C,—{A ved —Az(1+v2)d'?}5C,],
G,=C[Azd" 6C,+ (A, d' —2Azv.d"?)8C,],
G3=C[—Byvd' 8C,+B,(1+v2)d'25C,],
G4,=C[B,d’ 5C,—2B,v.d'?5C;], (A2)
and
C=1/(4sir? 6y), d'=sl[4sinb cosby(s—M32)].

In the above formulas, only linear terms in nonstandard couplings have been kept.
The functionsf(x), g(x), 6f(x), and8g(x) in Egs.(17) and(19) are given as

f(x)=Cl{r(r—2)+2xit—§—x2 1t§

=Cy(1-r)? (for the intervall,),

2

(for the interval |1, l,),

=Cy(1—x)? (for the intervall, lg),

2

~ 48 1+ _
=Cxyx+ m—x m (for the interval ls),
(A3)
2
g(x)=C, —rx+x211j5 X n)r(gig + 2(11,8) r(r—2)+2xii'g—x2 itﬁ) (for the interval 1y, 1,),

=C2{(1—r+lnr)x+ ﬁ(l—r)z} (for the interval l,),

=C2{(1—x+lnx)x+ ﬁ(l—x)'z] (for the interval I3, lg),
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2

28X 1+ 1 483 1+ ,
=CyX 1—,3_|n1—/3+ 21+ 8) X+ 1—/3_)( -5 (for the interval I5), (A4)
where
3 148 _3(1+p?
Tow B TTTw B

andW=(1-r)?(1+2r) with r=(My/m,)? as defined in the main text,

1 1+8 3 [1+p)\? X(1+B)
5f(x)_cs{§r(r+8)—2x(r+2)1_ﬂ+§x2<1_lg +(1+2r)|nr(1_’3)

(for the interval I 1, 1,)
l .
=Cj E(r—l)(r+5)—(1+2r)|nr (for the interval l5)

1
=C3[§(x—1)(5+4r—3x)—(1+2r)|nx] (for the interval I3, lg)

1+8 4PBx 6.3 _
=C,3 (1+2r)|n1_’8—m(r+2)+ sz (for the interval I5),
(AS)
1. 3 1+8\? 1 2(r+2)
5g(x):C3[l—,8+2(3—,8)r+Erz—i(l—ZB)(l_'B x2+(1+B)x{F(r—l)(3r+1)— 15 ]

X(1+B) :
+{1+2r+2(1+B)(r+2)x}In———-| (for the intervall, 1,)
r(l-p)
=C3B(r—1)(r+5)—(1+2r)lnr+(1+ﬁ)x %(r—l)(5r+1)—2(r+2)lnr] (for the interval l,),

:cg[ - ;—4r—,8(2r+1)+2x{1—ﬁ+r(2+ﬂ)}+ g(1+ 28)x?

—{2r+1+2(1+B)(r+2)x}Hnx

(for the interval I3, lg),

1 3 1
:C3[—(1+2r)(2,8—ln1j'g + (16_'8/8)2x2—2(r+2)x 1_'8'8—(1+ﬁ)ln£] (for the interval I5),
(A6)
where
61+ I
Co=W B Tvar

The intervalsl; (i=1~6) of x are given by
12 r(1=B)(1+B)=x=<(1-pB)/(1+p),
l,: (1—B)/(1+ B)<x<r,
l3: r<x=<1 [l,,3 are for r=(1-pB)/(1+B)],
lp: r(1=B)(1+B)=x=r,
Is: r=<x=(1-pB)/I(1+p),
le: (1—B)(1+B)<x=<1 [lss6 are for r<(1-pB)/(1+p8)].
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