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Probing top-quark couplings at polarized NLC

Bohdan Grza¸dkowski*
Institute for Theoretical Physics, Warsaw University, Hoz˙a 69, PL-00-681 Warsaw, Poland
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The energy spectrum of the lepton~s! in e1e2→t t̄→ l 6
¯/ l 1l 2

¯ at next linear colliders~NLC’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 assumed forgt t̄ , Zt t̄, 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 number~s!: 14.65.Ha, 12.60.Cn, 13.88.1e
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I. INTRODUCTION

The discovery of the top quark has completed the ferm
spectrum required by the electroweak standard model~SM!.
It is still an open question, however, if the top-quark inte
actions obey the SM scheme or if there exists any n
physics contribution. The top quark decays immediately a
being produced @1# since its huge massmt

exp5175.6
65.5 GeV @2# leads to a decay widthG t much larger than
LQCD. Therefore the decay process is not influenced by
fragmentation effects and the decay products carry lots
information on the top-quark properties.

The energy distribution of the final lepton~s! in e1e2

→t t̄→ l 6
¯/ l 1l 2

¯ turns out to be a useful tool to analyz
top-quark couplings@3#. Indeed it has been frequently stu
ied in the literature over the past several years@4–11# in
order to find observables sensitive toCP violation. To illus-
trate this point, it will be instructive to see how the spectru
is affected by nonconservation ofCP in the production pro-
cess:

Since t t̄ are produced mainly throughg/Z exchange, their
helicities would be only~12! or ~21! if mt were much
smaller thanAs. Fortunately, however, this is not the ca
and we can expect copious~11! and ~22! productions as
well even atAs5500 GeV.1 These states transform into ea
other under CP operation asĈP̂u77&5u66&, which
means that the differenceN(22)2N(11) could be a use-
ful measure ofCP violation @3–6#. This important informa-
tion cannot be drawn directly since the top decays too r
idly as mentioned, but is transferred to the final-lepto
energy distributions as follows:
~1! The heavy top requires a large fraction~;70%! of W
bosons are longitudinally polarized int→bW since

*Email address: bohdan.grzadkowski@fuw.edu.pl
†Email address: hioki@ias.tokushima-u.ac.jp
1A rough estimate within the SM givesN(21):N(12):

N(22):N(11) is 5:3.5:1:1, whereN(¯) denotes the number o

t t̄ pairs with the indicated helicities.
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b̄gmg5t•«m;mtb̄g5t when«m5«L
m;km ~« andk are the po-

larization and the four-momentum ofW, respectively!.

~2! The producedb(b̄) is left-handed~right-handed! in the
SM sincemb /As!1.
~3! Because of~1! and~2!, W1’s three-momentum prefers t
be parallel~antiparallel! to that oft(1)@ t(2)#, wheret(¯)
expresses a top with the indicated helicity. Consequentlyl 1

in the t(1) decay becomes more energetic than in tht
(2) decay, while it is just opposite for thet̄ decay, i.e.,t̄
(2) produces more energeticl 2 than t̄ (1) does.
~4! Therefore, we expect larger number of energeticl 1 ( l 2)
for N(22),N(11) @for N(22).N(11)#.

In realistic analyses, one should take into account t
other source of non-SM effects may also exist. Howev
most of the above-mentioned articles focused
CP-violating effects ing/Zt t̄ vertices~production! only and
did not assume the most general form for the interactions
gt t̄ , Zt t̄, andWtb. Therefore, in our previous paper@9#, we
have performed a comprehensive analysis taking into
count CP-violating and CP-conserving nonstandard top
quark couplings contributing both to the production and d
cay process.

In this paper, extending that work for arbitrary longitud
nal e6 polarizations, we present a systematic way to de
mine the non-SM parameters describing the generalg/Zt t̄
andWtb couplings. In our another recent paper@10# we have
discussed how the same process receives non-SM cont
tions from effective four-Fermi interactions. Therefore, wi
the present work we will complete a full analysis of anom
lous effects in top-quark interactions for polarizede1e2

beams in a model-independent way, where beyond-the-
physics is parametrized by the SU~3!3SU~2!3U~1! symmet-
ric effective Lagrangian@12#.

This paper is organized as follows. First in Sec. II w
describe the basic framework of our analysis, and give
normalized single- and double-lepton-energy distributio
Then, in Sec. III, we estimate to what precision all the no
standard parameters can be measured using the opt
observable method@13#. Adopting two sets of non-SM-
parameter values we show in detail how effective the use
©1999 The American Physical Society13-1
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polarized beams could be for achieving better precision.
nally, we summarize our results in Sec. IV. In the Append
we collect several functions used in the main text for co
pleteness, though they could also be found in our previ
papers@7,9,10#.

II. THE LEPTON-ENERGY DISTRIBUTIONS

In this section we briefly present our formalism, and th
derive thereby the single- and double-lepton-energy distr
tions.

We will treat all the fermions except the top quark
massless and adopt the technique developed in Ref.@14#.
This is a useful method to calculate distributions of fin
particles appearing in a production process of on-shell p
ticles and their subsequent decays. This technique is a
cable when the narrow-width approximation

U 1

p22m21 imGU
2

.
p

mG
d~p22m2!

can be adopted for the decaying intermediate particles
fact, this is very well satisfied for botht and W since G t
.175(mt /MW)3 MeV!mt andGW.2 GeV!MW .

Adopting this method, one can derive the following fo
mulas for the inclusive distributions of the single-leptonl 1

and double-leptonl 1l 2 in the reactione1e2→t t̄ @5#:

d3s

d3pl /~2pl
0!

~e1e2→ l 11¯ !

5
4

G t
E dV t

ds

dV t
~n,0!

d3G l

d3pl /~2pl
0!

~ t→bl1n!,

~1!

d6s

d3pl /~2pl
0!d3pl8/~2pl

08!
~e1e2→ l 1l 21¯ !

5
4

G t
2 E dV t

ds

dV t
~n,m!

d3G l

d3pl /~2pl
0!

~ t→bl1n!

3
d3G l

d3pl8/~2pl
08!

~ t̄→b̄l 2n̄ !, ~2!

whereG l and G t are the leptonic and total widths of unpo
larized top, respectively, andds(n,m)/dV t is obtained from
the angular distribution oft t̄ with spins s1 and s2 in
e1e2→t t̄ , ds(s1 ,s2)/dV t , by the following replacement

s1
m →nm51S gmn2

pt
mpt

n

mt
2 D mt

ptpl
pln ,

s2
m →mm52S gmn2

p
t̄

m
p

t̄

n

mt
2 D mt

pt̄pl8
pln8 . ~3!

~Exchanging the roles ofs1 ands2 and reversing the sign o
nm in Eq. ~1!, we get the single distribution ofl 2.) In order
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to obtain the lepton spectra according to the above formu
we shall first calculate thet t̄ -production cross section an
their decay rates.

t t̄ production

Let us start with thet t̄ production. We can represent th
most generalt t̄ couplings to the photon andZ boson as

G
vt t̄

m
5

g

2
ū~pt!Fgm$Av1dAv2~Bv1dBv!g5%

1
~pt2pt̄ !

m

2mt
~dCv2dDvg5!Gv~pt̄ !, ~4!

where g denotes the SU~2! gauge coupling constant,v
5g,Z, and

Ag5
4

3
sinuW , Bg50,

AZ5
1

2 cosuW
S 12

8

3
sin2 uWD , BZ5

1

2 cosuW
.

Among the above form factors,dAg,Z , dBg,Z , dCg,Z , and
dDg,Z are parametrizingCP-conserving andCP-violating
nonstandard interactions, respectively. Note that we drop
two other independent terms proportional to (pt1pt̄)

m since
their effects vanish in the limit of zero electron mass.

On the other hand, interactions of initiale1e2 have been
assumed untouched by nonstandard interactions since
structures are well described within the SM:

ge1e2 vertex

Gge1e2
m

52ev̄~pe1!gmu~pe2!, ~5!

Ze1e2 vertex

GZe1e2
m

5
g

4 cosuW
v̄~pe1!gm~ve1g5!u~pe2!, ~6!

whereve[2114 sin2 uW.
The angular distribution of polarizedt t̄ pair in presence

of the above nonstandard interactions is obtained after a
dious but straightforward calculation. The result is, howev
a bit too lengthy, so we give the explicit form in the Appe
dix and here instead we describe its structure rather qua
tively:
First, the invariant amplitude can be expressed as

M5(
i ,I

CiI j m
i JIm, ~7!

where

j m
i [ v̄~pe1!Gm

i u~pe2! ~ i 5V,A!,

Jm
I [ū~pt!Gm

I v~pt̄ ! ~ I 5V,A,S,P!
3-2
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and

Gm
V,A,S,P[gm ,gmg5 ,qm ,qmg5 ~q[pt2pt̄ !.

ThereforeuMu2 consists of a number of terms whose co
ficients areCiI* Ci 8I 8 . In the explicit formula in the Appendix
we expressCiI* CiI 8 (I ,I 85V,A), CiI* Ci 8I 8 ( iÞ i 8 and I ,I 8
5V,A), CiI* Ci 8P ( i ,i 8,I 5V,A), andCiI* Ci 8S ( i ,i 8,I 5V,A)
as D, E, F and G respectively, and moreover we attac
subscriptsV, A and VA to D and E according to@ I 5I 8
5V#, @ I 5I 85A#, and @ I 5V, I 85A#, while F and G are
classified byi 51 – 4 according to theirV/A structure.2

It is worth to notice that onlyDV,A,VA andEV,A,VA remain
and allFi5Gi50 in the SM limit, nonzeroFi ’s are gener-
ated by theCP-violating form factorsdDg,Z , and contribu-
tions toGi ’s are created by theCP-conserving form factors
dCg,Z .

For the initial beam-polarization we follow the conve
tion by Tsai@16#:

Pe251@N~e2,11!2N~e2,21!#/@N~e2,11!

1N~e2,21!#, ~8!

Pe152@N~e1,11!2N~e1,21!#/@N~e1,11!

1N~e1,21!#, ~9!

whereN(e2(1),h) is the number ofe2(e1) with helicity h
in each beam.3 When the initiale2 ande1 get polarized,j m

V

and j m
A mix with each other since the spin~helicity! projec-

tion operator foru(pe2) andv(pe1) in the massless limit is
(16g5)/2. Then we obtain the cross section for arbitrari
polarized e1e2 beams by replacingDV , DA , DVA , EV ,
EA , EVA , Fi , and Gi ( i 51;4) with DV

(* ) , DA
(* ) , DVA

(* ) ,
EV

(* ) , EA
(* ) , EVA

(* ) , Fi
(* ) , andGi

(* ) , where

DV,A,VA
~* ! 5~11Pe2Pe1!DV,A,VA2~Pe21Pe1!EV,A,VA ,

EV,A,VA
~* ! 5~11Pe2Pe1!EV,A,VA2~Pe21Pe1!DV,A,VA ,

F1,2,3,4
~* ! 5~11Pe2Pe1!F1,2,3,42~Pe21Pe1!F2,1,4,3,

G1,2,3,4
~* ! 5~11Pe2Pe1!G1,2,3,42~Pe21Pe1!G2,1,4,3.

t and t̄ decays

We will adopt the following parametrization of theWtb

vertex suitable for thet→W1b and t̄→W2b̄ decays:

GWtb
m 52

g

&
Vtbū~pb!Fgm~ f 1

LPL1 f 1
RPR!2

ismnkn

MW

3~ f 2
LPL1 f 2

RPR!Gu~pt!, ~10!

2More explicit formulas will appear in a separate paper@15#.
3Note thatPe1 is defined with the opposite overall sign in som

other papers~see, e.g., Ref.@17#!.
01401
-

ḠWtb
m 52

g

&
Vtb* v̄~pt̄ !Fgm~ f̄ 1

LPL1 f̄ 1
RPR!2

ismnkn

MW

3~ f̄ 2
LPL1 f̄ 2

RPR!Gv~pb̄!, ~11!

where PL/R5(17g5)/2, Vtb is the (tb) element of the
Kobayashi-Maskawa matrix andk is the momentum ofW.
BecauseW is on shell,4 the two additional form factors were
not taken into account. It is worth to mention that the abo
form factors satisfy the following relations@18#:

f 1
L,R56 f̄ 1

L,R , f 2
L,R56 f̄ 2

R,L , ~12!

where the upper~lower! signs are those forCP-conserving
~-violating! contributions.5

Wln couplings are treated within the SM asg/Ze1e2

couplings:

GWln
m 52

g

2&
ū~pn!gm~12g5!v~pl 1!, ~13!

ḠWln
m 52

g

2&
ū~pl 2!gm~12g5!v~pn̄ !. ~14!

Assuming that fh1
L21, fh1

R , fh2
L and fh2

R are small and
keeping only their linear terms, we obtain for the different
spectrum the following result:

1

G t

d2G l

dxdv
~ t→bl1n!5

11b

b

3Bl

W
vF112 Re~ f 2

R!Ar

3S 1

12v
2

3

112r D G , ~15!

wherex is the rescaled lepton-energy introduced in@5#

x[
2El

mt
S 12b

11b D 1/2

,

with El being the energy ofl in e1e2 c.m. frame,v is
defined as

v[~pt2pl !
2/mt

2,

Bl is the leptonic branching ratio oft ~.0.22 for l 5e,m),
and

W[~12r !2~112r !, r[~MW /mt!
2.

An analogous formula holds fort̄→b̄l 2n̄ with f 2
R replaced

by f̄ 2
L .

4Remember that we use the narrow-width approximation also
the W propagator.

5AssumingCP-conserving Kobayashi-Maskawa matrix.
3-3
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Lepton-energy distributions

Now let us give the lepton-energy spectra in terms ox.
Since we are going to apply the method of optimal obse
ables@13# in order to isolate various nonstandard contrib
tions, it is convenient to express the spectrum as a sum
known independent functions multiplied by coefficients p
rametrizing nonstandard physics to be determined. In the
lowing, we use as input dataMW580.43 GeV, MZ
591.1863 GeV,mt5175.6 GeV, sin2 uW50.2315 @2#, and
As5500 GeV.

1. Single distribution

Adopting the formulas Eqs.~1!, ~A1!, ~15!, keeping only
linear terms in nonstandard form factors, and integrat
overV t and the necessary top-quark-decay phase space
obtains the following normalized single-lepton-energy sp
trum:

1

Blseē→t t̄

ds6

dx
5(

i 51

3

ci
6 f i~x!, ~16!

where seē→t t̄[s tot(e
1 e2→tt̄) and 6 corresponds tol 6.

The first term comes from the SM and the coefficients a

c1
651,

the second term originates from the anomalousg/Zt t̄ cou-
plings @see Eq.~4!# contributing to the production process

c2
65a1dDV

~* !2a2@dDA
~* !2Re~G1

~* !!#1a3 Re~dDVA
~* !!

7j (* ),

and the third term comes from the non-SMWtb couplings
@see Eqs.~10!, ~11!# which influence the top-quark deca
distribution @see Eq.~15!#

c3
15Re~ f 2

R!, c3
25Re~ f̄ 2

L!.

Here,dDV,A,VA
(* ) are the non-SM parts ofDV,A,VA

(* ) , j (* ) is a
CP-violating parameter in the production process which
defined in a similar way asj used in Refs.@5,7#:

j (* )[2 Re~F1
~* !!aVA

~* ! ,

andai are defined as

a1[2h (* )~32b2!aVA
~* ! , a2[2h (* )b2aVA

~* ! ,

a3[4aVA
~* ! ,

with aVA
(* )[1/@(32b2)DV

(0,* )12b2DA
(0,* )# @the superscript

‘‘ ~0!’’ denotes the SM-part# and
01401
-
-
of
-
l-

g
ne
-

s

h (* )[4aVA
~* !DVA

~0,* !

~50.2074 in case of no beam polarization!. On the other
hand, the functionsf i(x) are

f 1~x!5 f ~x!1h (* )g~x!, f 2~x!5g~x!,

f 3~x!5d f ~x!1h (* )dg~x!, ~17!

where f (x) and g(x) are functions introduced in Ref.@5#,
while d f (x) anddg(x) are functions derived in our previou
work @7#, which satisfy the following normalization condi
tions:

E f ~x!dx51

and

E g~x!dx5E d f ~x!dx5E dg~x!dx50.

f (x) and g(x) describe the process with the standard t
decays whiled f (x) and dg(x) come from the nonstandar
contribution to the decay process. Here let us remind rea
that thec2

6 term in Eq.~16!, which is proportional tog(x),
originates in the spin dependent part of the lepton spect
and would vanish if, for instance, hadronization effec
would dilute the top-quark polarization. As explained in t
introduction the lepton-energy spectrum should depend
the polarization of the parent top quark, that is the rea
why all the nonstandard effects in the production proc
manifest themselves as modification of the coefficient
front of g(x) for the normalized spectrum. We recapitula
these functions in the Appendix.

It should be emphasized that the coefficientsci
6 contain

both contributions fromCP-conserving andCP-violating in-
teractions, therefore their determination does not provid
direct test ofCP invariance. However, as was discussed

FIG. 1. The functionsf i(x) defined in Eq.~17! for Pe15Pe2

50.
3-4
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PROBING TOP-QUARK COUPLINGS AT POLARIZED NLC PHYSICAL REVIEW D61 014013
Ref. @7# one can easy combine measurements of the spe
for l 1 and l 2 in order to construct purelyCP-violating ob-
servables such asds1/dx2ds2/dx. It is also worth to no-
tice here that even though measurement ofci does not dis-
entangle CP-conserving andCP-violating interactions it
allows for discrimination between nonstandard effects or
nating from the production and those from the decay.

The functionsf i(x) are shown in Fig. 1 for unpolarize
beams. Sincef 1,3(x) havePe6 dependence throughh (* ), we
also present them in Figs. 2 and 3, respectively, forPe25

FIG. 2. The functionf 1(x) for Pe2511 vs Pe150/11 ~solid
line!, for Pe2521 vs Pe150/21 ~dashed line!, and for no polar-
ization ~dotted line!.

FIG. 3. The functionf 3(x) for Pe2511 vs Pe150/11 ~solid
line!, for Pe2521 vs Pe150/21 ~dashed line!, and for no polar-
ization ~dotted line!.
01401
tra

i-

11 vs Pe150/11 and for Pe2521 vs Pe150/21 as
examples.6

2. Double distribution

Applying the same algorithm as for the single spectru
one finds for the normalized double-lepton-energy spectr
the following formula:

1

Bl
2seē→t t̄

d2s

dxdx̄
5(

i 51

6

ci f i~x,x̄!, ~18!

where the first term comes from the SM

c151,

the second and third terms areCP-violating non-SM contri-
butions ofg/Zt t̄ andWtb couplings, respectively,

c25j (* ), c35
1

2
Re~ f 2

R2 f̄ 2
L!,

the fourth and fifth terms are bothCP-conserving non-SM
g/Zt t̄ contributions

c45a18dDV
~* !1a28dDA

~* !1a38 Re~G1
~* !!,

c55a1dDV
~* !2a2@dDA

~* !2Re~G1
~* !!#1a3 Re~dDVA

~* !!,

while the last term isCP-conserving non-SMWtb contribu-
tion

c65
1

2
Re~ f 2

R1 f̄ 2
L!.

The corresponding functions are

f 1~x,x̄!5 f ~x! f ~ x̄!1h (* )@ f ~x!g~ x̄!1g~x! f ~ x̄!#

1h8(* )g~x!g~ x̄!,

f 2~x,x̄!5 f ~x!g~ x̄!2g~x! f ~ x̄!,

f 3~x,x̄!5d f ~x! f ~ x̄!2 f ~x!d f ~ x̄!1h (* )@d f ~x!g~ x̄!

2 f ~x!dg~ x̄!1dg~x! f ~ x̄!2g~x!d f ~ x̄!#

1h8(* )@dg~x!g~ x̄!2g~x!dg~ x̄!#,

f 4~x,x̄!5g~x!g~ x̄!,

f 5~x,x̄!5 f ~x!g~ x̄!1g~x! f ~ x̄!,

f 6~x,x̄!5d f ~x! f ~ x̄!1 f ~x!d f ~ x̄!1h (* )@d f ~x!g~ x̄!

1 f ~x!dg~ x̄!1dg~x! f ~ x̄!1g~x!d f ~ x̄!#

1h8(* )@dg~x!g~ x̄!1g~x!dg~ x̄!#, ~19!

6Pe150 and11~21! give the sameh (* ) and consequently the
samef 1,3(x) whenPe2511(21).
3-5
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FIG. 4. The functionsf i(x,x̄)
defined in Eq.~19! for Pe25Pe1
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with h8(* )[b22aVA
(* )@(11b2)DV

(0,* )12b2DA
(0,* )# ~51.2720

for Pe25Pe150) andai8 being defined as

a18[@b22~11b2!2~32b2!h8(* )#aVA
~* ! ,

a28[2~12b2h8(* )!aVA
~* ! , a38[2~11b2h8(* )!aVA

~* ! .

f 1,4,5,6(x,x̄) and f 2,3(x,x̄) are, respectively, symmetric an
antisymmetric in (x,x̄), which are signals ofCP conserva-
tion and CP violation. Sincef 4 and f 5 are both from the
CP-conserving parts of the production process, we may
combine them, but we chose the above combination so
only f 5 remains in computing the single distributions.

Here, as for the single spectrum, since for a givenci there
is no mixing between the production and decay proces
01401
-
at

s,

we will be able to judge if the nonstandard contributio
originate from the production or from the decay of to
quarks. Furthermore, in contrast with the single spectru
the coefficients ci receive contributions either from
CP-conserving (i 51,4,5,6) orCP-violating (i 52,3) inter-
actions. Therefore determination of the coefficients provid
a direct test ofCP invariance.

The functionsf i(x,x̄) are plotted in Fig. 4 for unpolarized
case. Sincef 1,3,6(x,x̄) depend onPe6 throughh (* ) and/or
h8(* ), we also show them in Fig. 5 forPe2511 vs Pe1

50/11 ~on the left side! and for Pe2521 vs Pe150/21
~on the right side! as examples. It can be observed from t
figures that the shapes of the functionsf 1,3(x) and f 1,3,6(x,x̄)
vary substantially with the polarization of the initial beam
Therefore it is justified to consider determination of the c
efficientsci through energy-spectrum measurements for v
3-6
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FIG. 5. The functions
f 1,3,6(x,x̄) for Pe2511 vs Pe1

50/11 ~on the left side! and for
Pe2521 vs Pe150/21 ~on the
right side!.
st
.

le
b
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ltant

ize
ous polarizations since one can hope that carefully adju
beam polarization may increase precision of the analysis7

III. THE OPTIMAL OBSERVABLES

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

ds

df
@[S~f!#5(

i
ci f i~f!,

7Getting higher statistics is also a reason for considering polar
beams.
01401
ed

t
le

where f i(f) are known functions of the location in fina
state phase spacef and ci ’s are model-dependent coeffi
cients. The goal would be to determineci ’s. It can be done
by using appropriate weighting functionswi(f) such that
*wi(f)S(f)df5ci . Generally, different choices forwi(f)
are possible, but there is a unique choice so that the resu
statistical error is minimized. Such functions are given by

wi~f!5(
j

Xi j f j~f!/S~f!, ~20!

whereXi j is the inverse matrix ofMi j which is defined as

Mi j [E f i~f! f j~f!

S~f!
df. ~21!d
3-7
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TABLE I. Expected statistical errors inc2,3
6 measurements and the number of the single-lepton-inclu

eventsNl for beam polarization~1! Pe150 vsPe250, 60.5,60.8, and61, ~2! Pe15Pe2([Pe)50, 60.5,
60.8, and61 at As5500 GeV.Nl has been estimated within the SM fore l50.6 andL5100 fb21.

~1! Pe2 0 10.5 10.8 11.0 20.5 20.8 21.0
Dc2

6 0.13 0.16 0.12 0.09 0.09 0.08 0.0
Dc3

6 0.08 0.10 0.08 0.06 0.06 0.05 0.0
Nl 7676 6259 5409 4843 9093 9943 1050

~2! Pe 0 10.5 10.8 11.0 20.5 20.8 21.0
Dc2

6 0.13 0.11 0.08 0.07 0.07 0.05 0.0
Dc3

6 0.08 0.07 0.05 0.04 0.05 0.04 0.0
Nl 7676 6762 8055 9685 12429 17122 210
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When we take these weighting functions, the statistical
certainty of ci determination throughds/df measuremen
becomes

Dci5AXii sT /N, ~22!

where sT[*(ds/df)df and N is the total number of
events. It is clear from the definition of the matrixMi j , Eq.
~21!, that Mi j has no inverse if the functionsf i(f) are lin-
early dependent, and then we cannot perform any meanin
analysis. One can see it more intuitively as follows: wh
f i(f)5 f j (f) the splitting betweenci and cj would be to-
tally arbitrary and onlyci1cj could be determined.

Numerical analysis

We apply the above procedure to the normalized lept
energy distributions derived in Sec. II, Eqs.~16!,~18!. From
the theoretical point of view, perfectly polarized initia
beams (Pe15Pe2561) are the most attractive. Howeve
those are difficult to realize in practice, especially for t
positron beam. We shall therefore discuss the following t
cases:

~1! Pe150 vs Pe250, 60.5, 60.8 and 61,

~2! Pe15Pe2~[Pe!50, 60.5, 60.8 and 61.

Before carrying out detailed computations, we sh
briefly discuss how the statistical errorsDci depend onPe6.
For this aim we have to check polarization effects in t
lepton spectra. These spectra depend onPe6 through the
coefficientsci and the functionsf i in Eqs.~17!, ~19! as well,
but the strongest dependence comes from the normaliza
factor since it is proportional toseē→t t̄ which is

seē→t t̄'~32b2!@~11Pe2Pe1!DV
~0!2~Pe21Pe1!EV

~0!#

12b2@~11Pe2Pe1!DA
~0!2~Pe21Pe1!EA

~0!#,

~23!

whereDV,A
(0) andEV,A

(0) are the SM parts ofDV,A andEV,A in
Eq. ~A2!. Neglecting the vector-type part ofge1e2 coupling
(ve52114 sin2 uW is tiny for sin2 uW50.2315), we have
01401
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DV
~0!5C~Ag

21AZ
2d82!, DA

~0!5CBZ
2d82,

EV
~0!52CAgAZd8, EA

~0!50.

SinceEV
(0).0 for sin2 uW50.2315, negative polarizations in

creaseseē→t t̄ . The matrix Mi j is proportional toseē→t t̄
through the normalization factor, which means that nega
polarizations would reduce statistical errors, Eq.~22!, since
the matrix Xi j }1/seē→t t̄ . As it has been mentioned,Mi j

depends, to a certain extent, onPe6 also throughci andh (* )

in the functionsf i , therefore even for nearly the same num
ber of detected events~the sameseē→t t̄) statistical errors
may differ. However, the general tendency is consistent w
this naive expectation as will be observed later in tables p
senting our results.

1. Single-distribution analysis

First, we shall consider the single distribution. Using E
~22! for ds6/dx we can obtainDc2,3

6 , the statistical errors
for the determination ofc2,3

6 , as a function of the expecte
number of detected single-lepton eventsNl . For a given in-
tegrated luminosityL and lepton-tagging efficiencye l one
hasNl5Blseē→t t̄Leff

l , whereLeff
l [elL ~in fb21 units! is the

effective luminosity. In the following we usee l50.6 andL
5100 fb21 as an example of realistic experiment
constraint,8 and estimateseē→t t̄ within the SM by using
a(s)(.1/126).

In Table I we presentDc2,3
6 andNl for the abovee l andL

with the described configurations of beam polarization. Fr
Table I, readers might conclude that the use of polariz
beam~s! is quite effective for providing higher precision, e
pecially negatively polarized beams seem to be most suit
since we have smallerDc2,3

6 as anticipated in the above dis
cussion. Indeed, this is the case forc3

6 measurement. Fo

instance, when Re(f2
R), Re(f̄2

L)560.1, then NSD

5uc3
6u/Dc3

6 , statistical significances for an observation

8Assuming L5100 fb21 is in fact quite conservative since th
integrated luminosity as high as 500 fb21 is being recently dis-
cussed@19# as a realistic possibility in the context of the TeV E
ergy Superconducting Linear Accelerator~TESLA! design forAs
5500 GeV.
3-8
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TABLE II. Statistical significance ofc2
6 measurement for beam polarization~1! Pe150 vsPe250, 60.5,

60.8, and61, and ~2! Pe15Pe2([Pe)50, 60.5, 60.8, and61, and the parameter set~a! Re(dAg)
5Re(dAZ)5Re(dBg)5Re(dBZ)5Re(dCg)5Re(dCZ)5Re(dDg)5Re(dDZ)50.1 atAs5500 GeV.

~1! Pe2 0 10.5 10.8 11.0 20.5 20.8 21.0
c2

1 0.39 0.36 0.28 0.17 0.38 0.36 0.3
c2

2 0.14 0.16 0.12 0.05 0.09 0.06 0.0
uc2

1u/Dc2
6 3.03 2.31 2.25 1.83 4.10 4.65 4.9

uc2
2u/Dc2

6 1.11 1.04 1.01 0.58 1.00 0.75 0.4

~2! Pe 0 10.5 10.8 11.0 20.5 20.8 21.0
c2

1 0.39 0.28 0.19 0.17 0.36 0.35 0.3
c2

2 0.14 0.12 0.06 0.05 0.06 0.04 0.0
uc2

1u/Dc2
6 3.03 2.52 2.47 2.59 5.20 6.30 7.0

uc2
2u/Dc2

6 1.11 1.13 0.86 0.81 0.83 0.68 0.7

TABLE III. Statistical significance ofc2
6 measurement for beam polarization~1! Pe150 vs Pe250,

60.5, 60.8 and61, and~2! Pe15Pe2([Pe)50, 60.5, 60.8 and61, and the parameter set~b! Re(dAg)
52Re(dAZ)5Re(dBg)52Re(dBZ)5Re(dCg)52Re(dCZ)5Re(dDg)52Re(dDZ)50.1 atAs5500 GeV.

~1! Pe2 0 10.5 10.8 11.0 20.5 20.8 21.0
c2

1 0.17 0.31 0.46 0.61 0.11 0.08 0.0
c2

2 2431023 0.04 0.11 0.19 20.01 1023 0.01
uc2

1u/Dc2
6 1.33 1.97 3.70 6.63 1.15 1.07 1.0

uc2
2u/Dc2

6 0.03 0.24 0.86 2.09 0.06 0.02 0.1

~2! Pe 0 10.5 10.8 11.0 20.5 20.8 21.0
c2

1 0.17 0.46 0.59 0.61 0.08 0.07 0.0
c2

2 2431023 0.11 0.18 0.19 1023 0.01 0.01
uc2

1u/Dc2
6 1.33 4.14 7.86 9.38 1.20 1.31 1.4

uc2
2u/Dc2

6 0.03 0.97 2.40 2.95 0.02 0.12 0.1

TABLE IV. Expected statistical errors inc2,3,4,5,6 measurements and the expected observed numbe
the double-lepton-inclusive eventsNll for beam polarization~1! Pe150 vsPe250, 60.5,60.8, and61, ~2!
Pe15Pe2([Pe)50, 60.5, 60.8, and61 at As5500 GeV. Nll has been estimated within the SM fore l

50.6 andL5100 fb21.

~1! Pe2 0 10.5 10.8 11.0 20.5 20.8 21.0
Dc2 0.20 0.23 0.21 0.17 0.16 0.14 0.1
Dc3 0.13 0.15 0.14 0.11 0.11 0.09 0.0
Dc4 0.31 0.35 0.39 0.41 0.30 0.29 0.2
Dc5 0.22 0.25 0.22 0.17 0.17 0.14 0.1
Dc6 0.14 0.16 0.14 0.12 0.11 0.09 0.0
Nll 1013 826 714 639 1200 1312 138

~2! Pe 0 10.5 10.8 11.0 20.5 20.8 21.0
Dc2 0.20 0.19 0.14 0.12 0.12 0.10 0.0
Dc3 0.13 0.12 0.09 0.08 0.08 0.07 0.0
Dc4 0.31 0.34 0.32 0.29 0.26 0.22 0.2
Dc5 0.22 0.19 0.14 0.12 0.13 0.10 0.0
Dc6 0.14 0.12 0.09 0.08 0.08 0.07 0.0
Nll 1013 893 1063 1278 1641 2260 277
014013-9
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c3
6 , becomes 2.0 forPe2521 and 3.3 forPe521, which

means we can expect 2s and 3s confidence level, respec
tively. However, for a given set of nonstandard couplin
the coefficientsc2

6 vary with polarization. Therefore we
should discuss theirNSD inevitably instead of statistical er
rors only. We will consider the following two sets of th
couplings~of the order of 15% of the SM strength! in Tables
II and III:9

~a! Re~dAg,Z!5Re~dBg,Z!5Re~dCg,Z!5Re~dDg,Z!50.1,

~b! Re~dAg!5Re~dBg!5Re~dCg!5Re~dDg!50.1,

Re~dAZ!5Re~dBZ!5Re~dCZ!5Re~dDZ!520.1.

These tables show that the use of negatively polari
beam~s! is not always optimal: for the parameter set~a! a
good precision inc2

1 measurement is realized whenPe,0,
but even in this case the precision inc2

2 measurement be
comes better forPe.0 or evenPe50 ~Table II!. Moreover
in case~b! both c2

1 andc2
2 get the highest precision forPe

511 ~Table III!. Therefore one should carefully adjust o
timal polarization to test any given model of physics beyo
the SM. One can conclude~as far as the coefficient se
discussed here are concerned! that the appropriate beam po
larization for the set~a! provides measurements ofc2

1 at
5.0s and 7.0s level for Pe2521.0 andPe521.0, respec-
tively. For the set~b! maximal statistical significance forc2

1

determination is 6.6 and 9.4 forPe2511.0 andPe511.0,
respectively. Sincec2

2!c2
1 it is seen that the maximal sta

tistical significance forc2
2 is much lower: 1.1 for the set~a!

and 3.0 for the set~b!.

2. Double-distribution analysis

We can perform similar computations for the doub
lepton distribution. Results are presented in Tables IV–
We find again in Table IV that negative polarizations gi
smallerDci . As a result,uc3,6u/Dc3,6 can be easily estimate
from this table once Re(f2

R) and Re(f̄2
L) are fixed. On the othe

hand,c2,4,5 have polarization dependence themselves, so
need Tables V and VI in order to draw a meaningful conc
sion, where the statistical significance forc2,4,5 has been pre-
sented. Again some ofci in Tables V and VI are identical a
in the case of the single lepton channel.

Among the coefficients for the double-leptonic spectru
c2,3 areCP-violating parameters. Sincec3 does not depend
on the beam polarization as already mentioned, one can
say ~from Table IV! that 3s effects could be observed fo
Pe521.0 if Re(f2

R2 f̄2
L)/2.0.18. Onc2 one has to conclude

9One may notice that certain entries~some ofci coefficients! in
Tables II and III are identical. Indeed two polarization scenar
considered here provide for these cases exactly same values foci .
Therefore, comparing statistical significances for them one can
the net effect of different statistics, as the expected numbe
events is different for the cases. The same will also apply to Ta
V and VI.
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from Tables V and VI that for both sets of nonstandard co
plings its determination would not be easy for the assum
luminosity, as its statistical significance reaches at most
This is due to the smaller number of detected events in
channel as it could have been anticipated. Still we can
that the use of polarized beams is very helpful to incre
precision. Indeed, if we are able to achieveL5500 fb21 as
discussed in Ref.@19#, then uc2u/Dc2 would reach 3.8 for
Pe521 in case~a! @the same value could be obtained f
Pe511 in case~b!#, while we have onlyuc2u/Dc251.4 if
the beams were unpolarized.

c4,5,6 areCP-conserving coefficients. Concerningc6 , 3s-
level measurement is possible forPe521.0 when Re(f2

R

1 f̄2
L)/2.0.18. Onc4 we are also led to a similar conclusio

to c2 , butc5 determination is different. That is, the statistic
significance forc5 measurement can reach 2.0 forPe521
@case~a!# and 3.3 forPe511 @case~b!#. This is quite in
contrast with that forc4 , which is less than 2 as one can s
from Tables V and VI.

IV. SUMMARY AND COMMENTS

Next-generation linear colliders ofe1e2, NLC, will pro-
vide a cleanest environment for studying top-quark inter
tions. There, we shall be able to perform detailed tests of
top-quark couplings to the vector bosons and either confi
the SM simple generation-repetition pattern or discover so
nonstandard interactions. In this paper, assuming the m
general (CP-violating and CP-conserving! couplings for
gt t̄ , Zt t̄, andWtb, we have studied in a model-independe
way the single- and the double-leptonic spectra for arbitr
longitudinal beam polarizations. Then, the optima
observable technique@13# has been adopted to determin
nonstandard couplings through measurements of these s
tra.

The method applied here, the optimal observables, allo
us to disentangle various nonstandard contributions to
production process (e1e2→t t̄ ) and to the decay (t→Wb).
Using the single-leptonic-energy spectrum forl 6 and assum-
ing nonstandard couplings of the order of 15% of the S
strength, we have found that an appropriate selection of
initial-beam polarization may provide observable effects
nonstandard corrections to the production process,NSD

5uc2
1u/Dc2

1 , even at 9.4s level when bothe2 and e1

beams are polarized and at 6.6s when onlye2 beam is po-
larized. On the other hand, from the same spectrum meas
ment one can expect on nonstandard contributions to
top-quark decay the statistical significance of the sign
NSD5uc3

6u/Dc3
6, of the order of 3.0 and 2.0 for both beam

polarized and only electron beam polarized, respectively
The direct application of the optimal method for th

single spectrum does not allow for discrimination betwe
CP-violating and CP-conserving nonstandard interaction
since their effects mix in coefficients of the spectrumci

6 .
However, as it was discussed in Ref.@7# one can easily com-
bine measurements of the spectrum forl 1 andl 2 in order to
construct purelyCP-violating observables.

In contrast with the single spectrum, utilizing the meth

s

ee
of
s
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TABLE V. Statistical significance ofc2,4,5 measurement for beam polarization~1! Pe150 vs Pe25
60.5, 60.8 and61, and ~2! Pe15Pe2([Pe)560.5, 60.8 and61, and the parameter set~a! Re(dAg)
5Re(dAZ)5Re(dBg)5Re(dBZ)5Re(dCg)5Re(dCZ)5Re(dDg)5Re(dDZ)50.1 atAs5500 GeV.

~1! Pe2 0 10.5 10.8 11.0 20.5 20.8 21.0
c2 20.12 20.10 20.08 20.06 20.14 20.15 20.16
c4 0.21 0.15 0.10 0.06 0.25 0.27 0.2
c5 0.27 0.26 0.20 0.11 0.23 0.21 0.1
uc2u/Dc2 0.61 0.42 0.37 0.34 0.89 1.08 1.2
uc4u/Dc4 0.67 0.43 0.25 0.14 0.84 0.93 0.9
uc5u/Dc5 1.24 1.05 0.92 0.63 1.41 1.45 1.4

~2! Pe 0 10.5 10.8 11.0 20.5 20.8 21.0
c2 20.12 20.08 20.06 20.06 20.15 20.15 20.16
c4 0.21 0.10 0.06 0.06 0.27 0.28 0.2
c5 0.27 0.20 0.13 0.11 0.21 0.19 0.1
uc2u/Dc2 0.61 0.41 0.44 0.48 1.21 1.53 1.7
uc4u/Dc4 0.67 0.28 0.19 0.19 1.04 1.26 1.4
uc5u/Dc5 1.24 1.03 0.89 0.90 1.62 1.85 2.0
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d be
of optimal observables directly for the double-lepton
energy spectrum one can separately determine and d
tangle theCP-violating coupling from the production oft t̄
pairs (c2) and the one from the top-quark decay (c3). For
the typical strength of the nonstandard couplings discus
here, the highest statistical significance forCP violation in
the production and/or in the decay was estimated to be
for both beams polarized, while we found that the maxim
signal from CP-conserving interactions in the productio
process (uc5u/Dc5) could reach 3.3 and 2.3 for both and on
electron beam polarized, respectively. ForCP-conserving
interactions in the decay the expected effect is low
namely, 1.6 for the statistical significance for both cons
ered cases of maximal polarization.

It should be emphasized that we have used in this st
very conservative integrated luminosity, namely,L
5100 fb21. That is, the luminosity considered now as re
01401
n-

ed

.7
l

r,
-

y

-

istic is by factor 5 larger. Therefore one may expect that e
though we have not considered any background here and
analysis does not take into account any detector details~to a
large extent they are not available yet!, the results presente
here should serve as a fair estimation of real signals
beyond-the-SM physics.

To summary, we found~i! the use of longitudinal beam
could be very effective in order to increase precision of
determination of non-SM couplings, however,~ii ! optimal
polarization depends on the model of new physics under c
sideration, therefore polarization of the initial beams sho
be carefully adjusted for each tested model. For such opti
polarization the maximal nonstandard signal should be
servable in the single-leptonic spectrum on the effects g
erated by contributions ~both CP-conserving and
CP-violating! to the production mechanism oft t̄ pairs. On
the other hand, the most challenging measurement woul
6
4
5
0
0

6
4
5
9
2

TABLE VI. Statistical significance ofc2,4,5 measurement for beam polarization~1! Pe150 vs Pe25
60.5, 60.8 and61, and~2! Pe15Pe2([Pe)560.5, 60.8 and61, and the parameter set~b! Re(dAg)5
2Re(dAZ)5Re(dBg)52Re(dBZ)5Re(dCg)52Re(dCZ)5Re(dDg)52Re(dDZ)50.1 atAs5500 GeV.

~1! Pe2 0 10.5 10.8 11.0 20.5 20.8 21.0
c2 20.09 20.14 20.18 20.21 20.06 20.04 20.03
c4 0.11 0.14 0.18 0.20 0.08 0.07 0.0
c5 0.08 0.17 0.28 0.40 0.05 0.04 0.0
uc2u/Dc2 0.43 0.58 0.84 1.22 0.35 0.29 0.2
uc4u/Dc4 0.34 0.42 0.45 0.50 0.26 0.23 0.2
uc5u/Dc5 0.39 0.69 1.29 2.30 0.30 0.29 0.3

~2! Pe 0 10.5 10.8 11.0 20.5 20.8 21.0
c2 20.09 20.18 20.21 20.21 20.04 20.03 20.03
c4 0.11 0.18 0.20 0.20 0.07 0.06 0.0
c5 0.08 0.28 0.38 0.40 0.04 0.04 0.0
uc2u/Dc2 0.43 0.94 1.49 1.73 0.33 0.33 0.3
uc4u/Dc4 0.34 0.51 0.63 0.70 0.25 0.26 0.2
uc5u/Dc5 0.39 1.45 2.72 3.25 0.33 0.38 0.4
3-11
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the determination ofCP conserving contributions to the de
cay process. Since we have already carried out a sim
analysis of possible consequences emerging from effec
four-Fermi interactionseē→t t̄ and t( t̄ )→bl1n(b̄l 2n̄) in
Ref. @10#, this paper completes a full analysis of modific
tions for lepton-energy distributions by nonstandard inter
tions of the top quark in a model-independent way for pol
ized e1e2 experiments.

The results presented here are the most precise
which could be obtained from the single or double ene
distribution alone. It will of course be possible to achieve
higher precision by combing our results with other statis
cally independent data. Among them, lepton angular dis
butions are very promising. Indeed what one could meas
via the energy spectra are the real parts of the nonstan
form factors, while we would be able to determine th
imaginary parts by using, e.g., an up-down asymmetry to
top direction as shown in Ref.@4#. However, non-SM effects
in the decay process were not taken into account in
study. The lepton angular distributions relative to the init
beam direction will also give us valuable information. Som
analysis focusing on theCP violation in the production ver-
tices has been made in Ref.@20#. However, comprehensiv
analysis including nonstandard effects both in the produc
and in the decay process for all measurable distribution
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the t t̄ decay products seems to be needed@21#.
Finally, let us give a brief comment on the effects

radiative corrections. All the nonstandard couplings cons
ered here may be generated at the multiloop level within
SM. In fact, CP-violating couplingsdDg,Z and Re(f2

R2 f̄2
L)

requires at least two loops of the SM, so they are negligib
However, CP-conserving couplingsdAg,Z , dBg,Z , dCg,Z

and Re(f2
R1 f̄2

L) could be generated already at the one-lo
level approximation of QCD. Therefore, in order to dise
tangle non-SM interactions and the one-loop QCD effect
is important to calculate and subtract the QCD contributio
from the lepton-energy spectrum, this is, however, beyo
the scope of this paper.
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APPENDIX

The angular distribution of polarizedt t̄ pair is given by
the following formula:
ds

dV t
@e1e2→t~s1! t̄ ~s2!#

5
3ba2

16s3 XDV@$4mt
2s1~ lq !2%~12s1s2!1s2~11s1s2!12s~ ls1ls22Ps1Ps2!12lq~ ls1Ps22 ls2Ps1!#

1DA@~ lq !2~11s1s2!2~4mt
2s2s2!~12s1s2!22~s24mt

2!~ ls1ls22Ps1Ps2!22lq~ ls1Ps22 ls2Ps1!#

24 Re~DVA!mt@s~Ps12Ps2!1 lq~ ls11 ls2!#12 Im~DVA!@ lqe~s1 ,s2 ,q,l !1 ls2e~s1 ,P,q,l !1 ls1e~s2 ,P,q,l !#

14EVmts~ ls11 ls2!14EAmtlq~Ps12Ps2!14 Re~EVA!@2mt
2~ ls1Ps22 ls2Ps1!2 lqs#

14 Im~EVA!mt@e~s1 ,P,q,l !1e~s2 ,P,q,l !#2Re~F1!
1

mt
@ lqs~ ls12 ls2!2$~ lq !214mt

2s%~Ps11Ps2!#

12 Im~F1!@se~s1 ,s2 ,P,q!1 lqe~s1 ,s2 ,P,l !#12 Re~F2!s~Ps1ls21Ps2ls1!

2Im~F2!
s

mt
@e~s1 ,P,q,l !2e~s2 ,P,q,l !#22 Re~F3!lq~Ps1ls21Ps2ls1!1Im~F3!

lq

mt
@e~s1 ,P,q,l !

2e~s2 ,P,q,l !#2Re~F4!
s

mt
@ lq~Ps11Ps2!2~s24mt

2!~ ls12 ls2!#22 Im~F4!@Ps1e~s2 ,P,q,l !

1Ps2e~s1 ,P,q,l !#12 Re~G1!@$4mt
2s1~ lq !22s2%~12s1s2!22sPs1Ps21 lq~ ls1Ps22 ls2Ps1!#

2Im~G1!
lq

mt
@e~s1 ,P,q,l !1e~s2 ,P,q,l !#2Re~G2!

s

mt
@~s24mt

2!~ ls11 ls2!2 lq~Ps12Ps2!#

22 Im~G2!@Ps1e~s2 ,P,q,l !2Ps2e~s1 ,P,q,l !#2Re~G3!
lq

mt
@ lq~Ps12Ps2!2~s24mt

2!~ ls11 ls2!#

22 Im~G3!lqe~s1 ,s2 ,q,l !12 Re~G4!@~s24mt
2!~Ps1ls22Ps2ls1!12lqPs1Ps2#

1Im~G4!
1

mt
~s24mt

2!@e~s1 ,P,q,l !1e~s2 ,P,q,l !#C, ~A1!

whereb([A124mt
2/s) is the velocity oft in e1e2 c.m. frame,
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P[pe1pē~5pt1pt̄ !, l[pe2pē , q[pt2pt̄ ,

the symbole(a,b,c,d) meansemnrsambncrds for e0123511,

DV[C@Ag
222AgAZved81AZ

2~11ve
2!d8212~Ag2AZved8!Re~dAg!22$Agved82AZ~11ve

2!d82%Re~dAZ!#,

DA[C@BZ
2~11ve

2!d8222BZved8 Re~dBg!12BZ~11ve
2!d82 Re~dBZ!#,

DVA[C@2AgBZved81AZBZ~11ve
2!d822BZved8~dAg!* 1~Ag2ved8AZ!dBg1BZ~11ve

2!d82~dAZ!*

2$Agved82AZ~11ve
2!d82%dBZ#,

EV[2C@AgAZd82AZ
2ved821AZd8 Re~dAg!1~Agd822AZved82!Re~dAZ!#,

EA[2C@2BZ
2ved821BZd8 Re~dBg!22BZved82 Re~dBZ!#,

EVA[C@AgBZd822AZBZved821BZd8~dAg!* 1AZd8dBg22BZved82~dAZ!* 1~Agd822AZved82!dBZ#,

F1[C@2~Ag2AZved8!dDg1$Agved82AZ~11ve
2!d82%dDZ#,

F2[C@2AZd8dDg2~Agd822AZved82!dDZ#,

F3[C@BZved8dDg2BZ~11ve
2!d82dDZ#,

F4[C@2BZd8dDg12BZved82dDZ#,

G1[C@~Ag2AZved8!dCg2$Agved82AZ~11ve
2!d82%dCZ#,

G2[C@AZd8dCg1~Agd822AZved82!dCZ#,

G3[C@2BZved8dCg1BZ~11ve
2!d82dCZ#,

G4[C@BZd8dCg22BZved82dCZ#, ~A2!

and

C[1/~4 sin2 uW!, d8[s/@4 sinuW cosuW~s2MZ
2!#.

In the above formulas, only linear terms in nonstandard couplings have been kept.
The functionsf (x), g(x), d f (x), anddg(x) in Eqs.~17! and ~19! are given as

f ~x!5C1H r ~r 22!12x
11b

12b
2x2S 11b

12b D 2J ~ for the interval I 1 , I 4!,

5C1~12r !2 ~ for the interval I 2!,

5C1~12x!2 ~ for the interval I 3 , I 6!,

5C1xH x1
4b

12b
2xS 11b

12b D 2J ~ for the interval I 5!,

~A3!

g~x!5C2F2rx1x2
11b

12b
2x ln

x~11b!

r ~12b!
1

1

2~11b! H r ~r 22!12x
11b

12b
2x2S 11b

12b D 2J G ~ for the interval I 1 , I 4!,

5C2H ~12r 1 ln r !x1
1

2~11b!
~12r !2J ~ for the interval I 2!,

5C2H ~12x1 ln x!x1
1

2~11b!
~12x!2J ~ for the interval I 3 , I 6!,
014013-13
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5C2xF 2bx

12b
2 ln

11b

12b
1

1

2~11b! H x1
4b

12b
2xS 11b

12b D 2J G ~ for the interval I 5!, ~A4!

where

C1[
3

2W

11b

b
, C2[

3

W

~11b!2

b
,

andW[(12r )2(112r ) with r[(MW /mt)
2 as defined in the main text,

d f ~x!5C3H 1

2
r ~r 18!22x~r 12!

11b

12b
1

3

2
x2S 11b

12b D 2

1~112r !ln
x~11b!

r ~12b! J ~ for the interval I 1 , I 4!

5C3H 1

2
~r 21!~r 15!2~112r !ln r J ~ for the interval I 2!

5C3H 1

2
~x21!~514r 23x!2~112r !ln xJ ~ for the interval I 3 , I 6!

5C3H ~112r !ln
11b

12b
2

4bx

12b
~r 12!1

6b

~12b!2 x2J ~ for the interval I 5!,

~A5!

dg~x!5C3F12b12~32b!r 1
1

2
r 22

3

2
~122b!S 11b

12b D 2

x21~11b!xH 1

r
~r 21!~3r 11!2

2~r 12!

12b J
1$112r 12~11b!~r 12!x% ln

x~11b!

r ~12b! G ~ for the interval I 1 , I 4!

5C3F1

2
~r 21!~r 15!2~112r !ln r 1~11b!xH 1

r
~r 21!~5r 11!22~r 12!ln r J G ~ for the interval I 2!,

5C3F2
7

2
24r 2b~2r 11!12x$12b1r ~21b!%1

3

2
~112b!x2

2$2r 1112~11b!~r 12!x% ln xG ~ for the interval I 3 , I 6!,

5C3F2~112r !S 2b2 ln
11b

12b D1
6b3

~12b!2 x222~r 12!xH 2b

12b
2~11b!ln

11b

12bJ G ~ for the interval I 5!,

~A6!

where

C3[
6

W

11b

b

Ar

112r
.

The intervalsI i ( i 51;6) of x are given by

I 1 : r ~12b!/~11b!<x<~12b!/~11b!,

I 2 : ~12b!/~11b!<x<r ,

I 3 : r<x<1 @ I 1,2,3 are for r>~12b!/~11b!#,

I 4 : r ~12b!/~11b!<x<r ,

I 5 : r<x<~12b!/~11b!,

I 6 : ~12b!/~11b!<x<1 @ I 4,5,6 are for r<~12b!/~11b!#.
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