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We propose a rather general description of residual new physics~NP! effects on the top quark couplings.
These effects are described in terms of 20 gauge-invariant dim56 operators involving gauge and Higgs bosons
as well as quarks of the third family. We compute their implications for thegt t̄, Ztt̄, and tbW vertices and
study their observability in the processe2e1→t t̄ with t→bW→bl 1n l . We present results for the integrated
cross section, the angular distribution, and various decay distribution and polarization asymmetries for NLC
energies of 0.522 TeV. Observability limits are discussed and interpreted in terms of the NP scales associated
with each operator through the unitarity constraints. The general landscape of the residual NP effects in the
heavy quark and bosonic sectors is also presented.@S0556-2821~96!03623-5#

PACS number~s!: 14.65.Ha, 12.15.Ji, 13.38.Dg, 14.70.Hp
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I. INTRODUCTION

It is commonly hoped that the high value of the top qua
mass may open a window towards understanding the m
generation mechanism. It is then important to look at the t
quark interactions in a very accurate way, searching for po
sible departures from universality, which are somehow as
ciated with the heavyt mass, i.e., differences from the prop
erties of the light quarks and leptons. This is particularly tru
if no new particles are lying within the reach of the contem
plated colliders. Such top-quark-mass effects are of cou
well known for certain standard model~SM! electroweak
radiative corrections. They increase likemt

2, as, e.g., in the
so-calleddr or e1 parameters@1#. Our search for new phys-
ics ~NP! will then concentrate on whether there exist an
additional effects, somehow related to the scalar sector a
the large top-quark-massmt , which are beyond those ex-
pected in the SM.

The most intriguing hint towards this kind of NP is pro
vided by the present situation concerning theZbb̄ vertex.
This vertex receives a well-known SM contribution@2# pro-
portional tomt

2, which does not seem sufficient though, t
explain the data. Indeed, the experimental results at
CERN e1e2 collider LEP 1 and at the SLAC Linear Col-
lider ~SLC! suggest that the SM top quark effect ine1 agrees
with the top quark mass value found at Fermilab, while n
corresponding agreement is observed forG(Z→bb̄) @3#.
Thus, if the present experimental result onG(Z→bb̄) is cor-
rect, it probably indicates the appearance of a mechani
whose origin must lie beyond the SM. Various types of ide
for this new physics are possible, partially stemming fro
the fact that the left-versus-right structure of theZbb̄ vertex
is not yet completely established@4–6#.

An additional measurement allowing one to determine t
asymmetry factorAb is required to clarify theZ→bb̄ situa-
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tion. This can be achieved either by measuring the forwar
backward asymmetry at LEP 1 or, more directly, from th
measurement at SLC of the polarized forward-backwa
asymmetry@3#. At present there exists some disagreeme
between these two measurements. But in any case, the
seem to suggest that if a NP effect is present, then it sho
predominantly be affecting the right-handedZbb̄ amplitude.
The situation is further complicated by the observation of
~weaker! anomalous effect in theZcc̄ vertex, which cannot
be associated with an obvious virtual top quark contributio
and requires a more direct NP source affecting light quar
also @7#.

We assume here that in the foreseeable future no n
particles will be found, beyond those present in1 SM. In such
a case, NP could only appear in the form of residual intera
tions generated at a very large scale, i.e.,LNP@MW . It may
turn out that these residual interactions stem from the sca
sector and affect only the Higgs boson and its ‘‘partners
i.e., the fermions coupled most strongly to the scalar sec
and the gauge bosons. Under these conditions, NP should
described by an effective Lagrangian expressed in terms
SU(3)c3SU(2)3 U(1) gauge-invariant dim56 operators,
involving the Higgs boson together withW, Z, g, the
quarks of the third family, and the gluon. To somewhat r
strict the number of such operators, we impose the constra
that the quark-dependent operators should necessarily
volve at least onetR field @5#. We do this motivated by the
form of the SM Yukawa couplings in the limit where al
fermion masses, except the top quark, are neglected. In
present work we also imposeCP invariance for NP, and
disregard operators which~after the use of the equations o
motion! would have rendered four-quark operators involvin
leptons or light quarks of the first two families.

1The Higgs boson is an old particle in this sense.
6861 © 1996 The American Physical Society
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There exist 14 suchCP-conserving ‘‘top’’ operators
which have been classified in@5#. In addition, there exist 6
CP-conserving purely bosonic ones, which are ‘‘blind’’ with
respect to LEP 1 physics and have been studied in@8,9#. The
indirect constraints on these operators from the LEP 1 a
SLC measurements~including those fromZ→bb̄) have been
established in@5# for the ‘‘top’’ operators and in@9,8,4# for
the bosonic ones. These constraints appear to be quite m
calling for a more detailed study in a higher energy collide
Towards this aim, the observable signatures of the boso
NP operators through the high energy process
e1e2→W1W2 @10,11#, e1e2→HZ, and e1e2→Hg
@12,13# have already been studied.

In the present work we are interested in the moredirect
testsof the above operators that will be provided by the rea
top quark production processe1e2→t t̄ and the decay
t→Wb→bl1n. Such a study should considerably improve
the existing sensitivity limits on this kind of NP. Since we
expect the NP effects to be rather small, it is sufficient for th
calculation to restrict ourselves to the leading contribution
Thus, we either restrict ourselves to the tree-level contrib
tion, whenever this is nonvanishing or~if it vanishes! retain
only the leading-logarithmic one-loop effect, provided it is
enhanced by a power of the large top quark massmt . Under
these conditions, box diagrams are never important in o
studies. Thus, we just need to determine the NP effects
thegt t̄, Ztt̄, andtbW vertices.

The interesting physical quantities are the integrated cro
section, the density matrix of the producedt quark, and vari-
ous angular distributions. We show how the density matr
elements can be measured through decay distributions w
or without e6-beam polarization. The sensitivities of the
various observables to each operator are presented and
observability limits for the associated couplings are esta
lished. With the help of unitarity relations, these limits ar
translated into lower bounds on the scale of correspondi
new physics. Finally we draw the panorama of the know
edge that one can reach on the whole set of top and boso
operators through these tests, as well as through the previ
indirect ones.

The paper is organized as follows. In Sec. II we enume
ate the dim56 operators used to construct the effective N
Lagrangian, and define their couplings and associated N
scales. In Sec. III we compute the corresponding gene
e1e2→t t̄ helicity amplitude and the top quark density ma
trix. Section IV is devoted to thet→bW→bl 1n l decay of
the produced top quark. In Sec. V we compute the SM on
loopmt

2-enhanced contributions to these amplitudes, and
Sec. VI the leading NP contributions for all operators ar
considered. The resulting panorama of residual NP effects
discussed in Sec. VII. Two appendixes give details about t
computations of the NP effects and the decay distributio
and asymmetries.

II. EFFECTIVE LAGRANGIAN

The list of the dim56, SU(3)c3SU(2)3U(1) gauge-
invariant andCP-conserving operators involving the third
nd
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family of quarks with at least onetR field,2 together with
gauge and scalar boson fields, has been established in@5#.
These operators are divided into two groups containing four
and two quark fields, respectively.

~1! Four-quark operators:

Oqt5~ q̄LtR!~ t̄RqL!, ~1!

Oqt
~8!5~ q̄LlW tR!~ t̄RlWqL!, ~2!

Ott5
1
2 ~ t̄RgmtR!~ t̄RgmtR!, ~3!

Otb5~ t̄RgmtR!~ b̄RgmbR!, ~4!

Otb
~8!5~ t̄RgmlW tR!~ b̄RgmlWbR!, ~5!

Oqq5~ t̄RtL!~ b̄RbL!1~ t̄ LtR!~ b̄LbR!2~ t̄RbL!~ b̄RtL!

2~ b̄LtR!~ t̄ LbR!, ~6!

Oqq
~8!5~ t̄RlW tL!~bRlWbL!1~ t̄ LlW tR!~ b̄LlWbR!2~ t̄RlWbL!~ b̄RlW tL!

2~ b̄LlW tR!~ t̄ LlWbR!. ~7!

~2! Two-quark operators:

Ot15~F†F!~ q̄LtRF̃1 t̄RF̃†qL!, ~8!

Ot25 i @F†~DmF!2~DmF†!F#~ t̄RgmtR!, ~9!

Ot35 i ~F̃†DmF!~ t̄RgmbR!2 i ~DmF†F̃!~ b̄RgmtR!,
~10!

ODt5~ q̄LDmtR!DmF̃1DmF̃†@~Dm t̄R!qL#, ~11!

OtWF5~ q̄Ls
mntW tR!F̃•WW mn1F̃†~ t̄RsmntWqL!•WW mn,

~12!

OtBF5~ q̄Ls
mntR!F̃Bmn1F̃†~ t̄RsmnqL!Bmn , ~13!

OtGF5@~ q̄Ls
mnlatR!F̃1F̃†~ t̄RsmnlaqL!#Gmn

a , ~14!

wherela(a51, . . . ,8) are theusual eight color matrices.
In the preceding formulas the definitions

F5S ix1

1

A2
~v1H2 ix3!D , ~15!

Dm5S ]m1 ig8YBm1 i
g

2
tW•WW m1 i

gs
2

lW •GW mD ~16!

are used wherev.246 GeV,Y is the hypercharge of the
field on which the covariant derivative acts, andtW andlW are
the isospin and color matrices applicable wheneverDm acts

2These quark fields are of course understood as the weak eigen-
state fields. They are related to the fields creating or absorbing the
mass eigenstates through the usual unitary transformations leading
to the Cabibbo-Kobayashi-Maskawa~CKM! matrix.
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on isodoublet fermions and quarks, respectively. As alrea
stated, in writing Eqs.~1!–~14!, we have used the equation
of motion. If these latter equations were not used, then tw
more operators are met which contain additional derivativ
@14#.

~3! Bosonic operators:In addition to the above fermionic
dim56 operators, NP may also be hiding in purely boson
ones. ProvidedCP invariance is imposed, this kind of NP is
described by 11 dim56 purely bosonic operators first clas
sified in @8#. Here, we retain only the six ‘‘blind’’ or ‘‘super-
blind’’ ones @15#, which are not severely constrained by th
Z-peak experiments@16#. They are

OW5
1

3!
~WW m

n 3WW n
l!•WW l

m , ~17!

OWF5 i ~DmF!†tW•WW mn~DnF!, ~18!

OBF5 i ~DmF!†Bmn~DnF!, ~19!

OUW[
1

v2 S F†F2
v2

2 DWW mn
•WW mn , ~20!

OUB[
4

v2 S F†F2
v2

2 DBmnBmn , ~21!

OF254]m~F†F!]m~F†F!. ~22!

The remaining five operators~calledODW ,ODB ,OBW ,OF1,
and OF3) @8# are ignored here, since they are either to
severely constrained or they give no contribution~up to the
one-loop level! to the processes we study.3

The resulting effective Lagrangian describing the residu
NP interactions is written as

L5Lt1Lbos, ~23!

where the contribution from the 14 (i51, . . .,14) ‘‘top’’
operators is

Lt5(
i

f i
mt
2Oi , ~24!

while the purely bosonic ones give

Lbos5lW

g

MW
2 OW1 fW

g

2MW
2 OWF1 f B

g8

2MW
2 OBF1dOUW

1
dB
4
OUB1

fF2

v2
OF2. ~25!

As a whole we have 20 independent operators that we sh
occasionally globally label asOi , with i51, . . .,20.

To each of the coupling constantsf i ~or lW , d, dB) ap-
pearing in this Lagrangian, a corresponding new phys
scaleLNP is associated through the unitarity relations esta
lished in @18,12,14#. ObviouslyLNP generally depends on

3For a possibly less strong constraint onODW and ODB see
@16,17#.
dy
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the operatorOi considered. Thus for the purely bosonic op-
erators we have found@18,12#

ulWu.19
MW

2

LNP
2 , u f Bu.98

MW
2

LNP
2 , u fWu.31

MW
2

LNP
2 , ~26!

d.
104.5~MW /LNP!

2

116.5~MW/LNP!
for d.0,

d.2
104.5~MW /LNP!

2

124~MW /LNP!
for d,0, ~27!

dB.
195.8~MW /LNP!

2

11200~MW /LNP!2
for dB.0,

dB.2
195.8~MW /LNP!

2

1150~MW /LNP!
2 for dB,0, ~28!

while for OF2 andLNP;3.7 TeV we have no constraint for
fF2.0, and

fF2.
2162aw1Aaw~aw132!

128
for fF2,0, ~29!

whereaw5aA3LNP
2 /(4sW

2 MW
2 ) @12#.

On the other hand, for the 14 ‘‘top’’ operators, unitarity
gives4 @14#

u f qtu.
16p

3 S mt
2

LNP
2 D , ~30!

u f qt
~8!u.

9p

A2 S mt
2

LNP
2 D , ~31!

u f ttu.6pS mt
2

LNP
2 D , ~32!

u f tbu.8pS mt
2

LNP
2 D , ~33!

u f tb
~8!u.

9p

2 S mt
2

LNP
2 D , ~34!

u f qqu.
32p

7 S mt
2

LNP
2 D , ~35!

u f qq
~8!u.6pS mt

2

LNP
2 D , ~36!

4In the expression forOtGF we assumedLNP;10 TeV. Our re-
sults are derived by considering four-body amplitudes at the tree
approximation. This may not be adequate forOt1 which is given by
the standard top Yukawa interaction multiplied byF†F. This prob-
lem is not further investigated though, sinceOt1 never contributes
to the processes studied here.
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u f t1u.
16p

3A2
S mt

2

vLNP
D , ~37!

u f t2u.8pA3S mt
2

LNP
2 D , ~38!

u f t3u.8pA6S mt
2

LNP
2 D , ~39!

u f Dtu.10.4S mt
2

LNP
2 D for f Dt.0,

u f Dtu.26.4S mt
2

LNP
2 D for f Dt,0, ~40!

u f tWFu.
61.6

A11645~mt
2/LNP

2 !
S mt

2

LNP
2 D , ~41!

u f tBFu.
61.6

A11645mt
2/LNP

2 S mt
2

LNP
2 D , ~42!

u f tGFu.
mt
2Ap

vLNPA11 2
3 as

. ~43!

At present the most important constraints on these co
plings arise from theZ-peak experiments at LEP 1 and SLC
@20,16#. In the near future the processe1e2→W1W2 at
LEP 2, is expected to give direct constraints on the boso
operators in Eqs.~17!–~19! @11,10#. In addition, if the Higgs
boson is light enough, the processese1e2→HZ and
e1e2→Hg will also produce constraints on the three othe
bosonic operators~20!–~22! @12#. In Sec. VI, all these con-
straints will be presented together with the observability lim
its that could be derived from thee2e1→t t̄ and t→bW
processes.

III. e2e1
˜t t̄ AMPLITUDE

As has been mentioned in the Introduction, box diagram
are never important for calculating the leading NP effects
e2e1→t t̄. The amplitude has therefore a tree-level structu
with g andZ exchange in thes channel. Therefore, we only
need to determine theVtt̄ (V5g,Z) vertex, whose most gen-
eralCP-conserving form is

2 i em
VJV

m52 ieVem
Vut~p!@gmd1

V~q2!1gmg5d2
V~q2!

1~p2p8!md3
V~q2!#v t̄ ~p8!, ~44!

whereem
V is the polarization of the vector bosonV. The out-

going momenta (p,p8) refer to (t, t̄), respectively, and sat-
isfy q[p1p8. The normalizations are determined b
eg[e andeZ[e/(2sWcW). The couplingsdi

V are in general
q2-dependent form factors. The contributions to thesefrom
the SM at the tree levelare
u-

nic

r

-

s
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d1
g,SM05 2

3 , d1
Z,SM05gVt5

1
22 4

3sW
2 ,

d2
Z,SM052gAt52 1

2 . ~45!

In addition, there exist SM contributions to these couplings
at the one-loop level,di

V,SM1, whose leading largemt part is
computed in Sec. V. Finally in Sec. VI we calculate the
leading NP contributions todi

V . For the operators (Ot2,
ODt , OtWF , OtBF), these arise at the tree level. For (Oqt ,
Oqt
(8) , Ott , Otb , OtGF) and the six purely bosonic operators

(OW , OWF , OBF , OUW , OUB , OF2) we need to go to
the one-loop level in order to find a nonvanishing leading-
logarithmic contribution which is also enhanced by a power
of mt

2 . Finally, for the operatorsOtb
(8) , Oqq , Oqq

(8) , Ot1 ,
andOt3 we get no such leading NP contribution, up to the
one-loop order.

The e2e1→t t̄ helicity amplitude is written asFl,t,t8,
where l[l(e2)52l8(e1)561/2 denote thee2, e1

helicities, whilet andt8 represent, respectively, thet and t̄
helicities. For completeness we also mention that the
(e2, e1) incoming momenta are denoted as (k,k8), while
the (t, t̄) outgoing momenta are (p,p8). Using the couplings
defined in Eq.~44!, we write

Fl,t,t85 (
V5g,Z

2le2As~AV22lBV!$d1
V@2mtsinudtt8

1Ascosu~t82t!22lAsdt,2t8#

2d2
V2upW u@cosudt,2t812l~t2t8!#

2d3
V4upW u2sinudtt8%, ~46!

with Ag521/s, AZ5gVe /(4sW
2 cW

2 DZ), Bg50, BZ5gAe /
(4sW

2 cW
2 DZ), gVe521/212sW

2 , gAe521/2, and DZ5s
2MZ

21 iM ZGZ . In Eq. ~46!, u is the (e2,t) scattering angle
in the (e2,e1) c.m. frame. The amplitude is normalized so
that the unpolarizede2e1→t t̄ differential cross section is
given by

ds~e2e1→t t̄ !

dcosu
5

3b t

128ps (
l,t,t8

uFl,t,t8u
2, ~47!

whereb t5(124mt
2/s)1/2 and the color factor has been in-

cluded. We note thatCP invariance implies@21#

Fl,t,t85Fl,2t8,2t , ~48!

which is of course satisfied by Eq.~46!. In fact, at the level
of approximations used in constructing Eq.~46!, CPT im-
plies also

Fl,t,t85Fl,2t8,2t
* , ~49!

which indicates that all helicity amplitudes must be real.
Because ofCP andCPT symmetries, it turns out that the

simplet ~or t̄! decay distribution contains all the information
that can be extracted from the amplitudes in Eq.~46!. Thus,
nothing more can be learned by considering the combined
decay distributions oft and t̄ simultaneously. It is, therefore,
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sufficient to consider only the simple spin density matrix
the producedt or t̄. For the top quark, this is

rt1t2
L,R 5(

t8
Fl,t1 ,t8Fl,t2 ,t8

* , ~50!

where L,R correspond, respectively, to
l[l(e2)52l8(e1)571/2. There are only six indepen
dent elements ~real in our case! r11

L,R , r22
L,R , and

r12
L,R5r21

L,R , which can be measured through the top qua
production and decay distributions. Eachr element has a
typical angular distribution given in terms of the form
(11cos2u), sin2u, and cosu, producing symmetrical and
asymmetricalu distributions. Combining this with the deca
angular information, variousr elements can be isolated. Pe
forming such measurements at a fewe2e1 energies, even
for unpolarized beams, one can define a sufficient numbe
independent quantities that can be used to determine the
couplingsdi

V , V5g,Z, i51,3. Many of these quantities~and
in particular those of interest here! are forward-backward
asymmetries in the angular distribution of physical obse
ables concerning the produced top quark. QCD effects
these observables are probably small@19,22#, and in any case
they should be incorporated in our formalism in the future

Electron beam polarization should provide an independ
and maybe cleaner way to disentangle these couplin
through the separation of left-handed (L⇔l521/2) and
right-handed (R⇔l511/2) contributions. Thus, in addition
to the unpolarized quantities, we would then also have
L2R ones. This way, the information from the usual unp
larizedL1R integrated cross sections(e2e1→t t̄) will be
augmented by the availability of alsosL andsR, allowing us
to measure the integrated left-right asymmetryALR defined
as (sL2sR)/(sL1sR). Similarly, any forward-backward
asymmetry constructed for the unpolarized (L1R) case will
be accompanied by the corresponding one in the polari
(L2R) case. Details are given in Appendix B, where w
thus define the six forward-backward asymmetriesAFB ,
AFB,pol, HFB , HFB,pol, TFB, andTFB,pol.

IV. t˜Wb DECAY AMPLITUDES
AND INDUCED ASYMMETRIES

The t(pt)→W1(pW)b(pb) decay, where (pt ,pW ,pb) are
the related momenta, will be used to construct the asymm
tries mentioned in the last paragraph of the previous sec
which are sensitive to the NP couplings affecting th
e2e1→t t̄ and to ~a lesser extent! the ones determining
t→bW. To describe the NP effects in thet decay, we write
the generalt→W1b vertex in terms of four invariant cou-
plings, related throughCPT invariance to the other four in-
variant couplings fort̄→W2b̄. These couplings are given b

2 i em
W* JW

m 52 i
gVtb*

2A2
em
W* ūb~pb!@gmd1

W1gmg5d2
W

1~pt1pb!
md3

W1~pt1pb!
mg5d4

W#ut~pt!,

~51!
of
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whereem
W* is theW polarization vector andVtb* is the appro-

priate CKM matrix element. The couplingsdi
W receive con-

tributions from SM and NP. Thetree level SM contribution
is

d1
W,SM052d2

W,SM051, d3
W,SM05d4

W,SM050. ~52!

The one-loop mt
2-enhanced SM contributions di

W,SM1 are
computed in Sec. V and they also satisfy the relations

d1
W,SM52d2

W,SM, d3
W,SM5d4

W,SM. ~53!

Finally the NP contributions to top quark decay are also
given in Appendix B and collected in Sec. VI. Here we only
note that the operators (Ot3 , ODt , OtWF) contribute al-
ready at the tree level, whileOqq , Oqq

(8) , OtGF ,
OWF , OBF , OUW , and OF2 supply one-loop ‘‘leading-
logarithmic’’ contributions, enhanced by powers ofmt

2 . The
remainingOqt , Oqt

(8) , Ott , Otb , Otb
(8) , Ot1, Ot2, OtBF ,

OW , andOUB give no such contribution tot→bW, up to this
order.

In Appendix B we give the explicit forms of the asymme-
try observables, sensitive to the production couplings defined
in Eq. ~44! and the decay ones in Eq.~51!. Since we expect
the NP effects to be small, we are only interested in observ
ables that are sensitive to the interferences between the N
and the tree-level SM effects. Below, we first comment on
the asymmetries sensitive to the decay couplings and then o
the production ones.

The t→bW1→bl1n observables which are interesting to
measure are those sensitive to the interference between th
NP and the tree-level SM effects. It turns out that these de
pend only on the combinations (d1

W,NP2d2
W,NP) and

(d3
W,NP1d4

W,NP). The d3,4
W couplings have the peculiarity of

leading only to aW, longitudinally polarized along thet
quark momentum, whereasd1,2

W contribute to both the trans-
verse and longitudinalW’s. Because of this, only the combi-
nation (d3

W,NP1d4
W,NP) can contribute linearly to the asym-

metries relevant for the top quark decay distribution. In
Appendix B, two versions of such an asymmetry are given,
referring to the angular distribution of the lepton coming
from the semileptonict or t̄ decay.

The other combination (d1
W,NP2d2

W,NP) cannot be seen at
linear order through asymmetries. For a physical quantity
sensitive to it, we have to look at the partial width
G(t→Wb):

G~ t→Wb!5
GFuVtb* u2~mt

22MW
2 !2

16pA2mt
3

3$@~d1
W!21~d2

W!2#~mt
212MW

2 !

1@~d3
W!21~d4

W!2#~mt
22MW

2 !2

12@d3
Wd1

W2d4
Wd2

W!#mt~mt
22MW

2 !%, ~54!

where it appears multiplied by the CKM matrix element also.
Unfortunately, the widthG(t→Wb) cannot be directly mea-
sured to the necessary accuracy. Only indirectly can this be
done, either using the fusion processWg→tb accessible at
ane2e1 collider in theeg mode~through laser backscatter-



-
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ing! or using reactions such asqq̄8→tb̄ andWg→tb̄ acces-
sible at the Fermilab Tevatron and CERN Large Hadron Co
lider ~LHC! colliders, respectively. For such a measuremen
one can expect an accuracy of only about 20–30 % f
(d1

W,NP2d2
W,NP) @23,24#.

We next turn to the asymmetries sensitive to the produ
tion couplings defined in Eq.~44!. For constructing them, we
need a description of the angular distribution of top quar
production and decay. Below, we only give expressions f
completely longitudinally polarized beams. In such a cas
the angular distribution fore2e1→ t̄ t(t→bW→bln l) can be
written as

dsL,R

dcosu
5

3b t

32ps (
t1t2t8

Flt1t8Flt2t8
* tt1t2

, ~55!

where (L,R) correspond tol[l(e2)52l8(e1)571/2,
respectively, andtt1t2

is the t-quark-decay matrix con-
structed in terms of the helicity amplitude
Mt(t→bW1→bl1n), with t being the top quark helicity.
We thus have

tt1t2
5

~2p!4

2mtG t
(
spins
Mt1
Mt2
* dF3~bln l !, ~56!

whereG t is the total top quark width,(spinsmeans summa-
tion over the final (b,l1,n l) spins, anddF3(bln l) is the
usual three-body phase space describingt quark decay in its
rest frame@25#.

It is convenient to express the three-body phase space
terms of the Euler angles determining thet-quark-decay
plane. We start from the processe2(k)e1(k8)→t(p) t̄(p8)
in the center-of-mass frame, where withu we denote the
(e2,t) scattering angle. Thet quark rest frame~called thet
frame hereafter! is then defined with itsz axis along the top
quark momentum; thex axis is taken in the (t t̄) production
plane, so that they axis is perpendicular to it and along the
direction ofkW3pW of the e2 and t momenta. In thist frame
we define the top quark decay plane through the Euler ang
(w1 ,q1 ,c1) described in Appendix B. In addition, within
the top quark decay plane we defineu l as the angle between
the lepton momentum and the top quark momentum, aft
having boosted to theW rest frame@19#. It is related to the
l1 energy in thet frame by

El5upW l u5
mt
21MW

2 2cosu l~mt
22MW

2 !

4mt
, ~57!

where the (b,l1) masses are neglected. In terms of the Eule
angles, the three-body phase space becomes@25#

d@~pl1pn!22MW
2 #dF3~bln l !

⇒ ~mt
22MW

2 !

64mt
2~2p!9

dw1dcosq1dc1dcosu l , ~58!

after including the constraint that theln pair lie at theW
mass shell. Liker, the matrixtt1t2

also involves three real

independent elements (t1t2)5(11), (22), and (12).
They are explicitly written in terms of the above angles i
l-
t,
or

c-

k
or
e,

in

les

er

r

n

Appendix B. Using these, we construct the three forward-
backward asymmetries for the unpolarized case (L1R) and
another three for the polarized one (L2R), which can be
used to measure the production couplings in Eq.~44!.

V. LEADING mt-ENHANCED SM CONTRIBUTIONS
AT ONE LOOP

In the present section we study the one-loop,
mt-enhanced SM contributions toe2e1→t t̄ and t→bW.
Technically this means that we consider the large-mt limit of
the one-loop diagrams, keepingmH /mt and s/mt

2[q2/mt
2

finite. Such a study is useful for checking the possible ap-
pearance of any large-mt effect. It is also instructive for com-
parison with the corresponding NP effects. The relevant dia-
grams supplying suchmt

2 enhancements consist of triangular
vertex diagrams for thegt t̄, Ztt̄, andWtb vertices, and also
of the t andb self-energy diagrams, involving exchanges of
Goldstone bosons and physical Higgs bosons. Diagrams in
volving gauge boson exchanges, or box diagrams, canno
generatemt

2 enhancements. We have checked that these con
tributions to the form factors in Eqs.~44! and~51! are gauge
invariant and determine the complete SM large-q2, large-
mt effect ine

2e1→t t̄ andt→bW. Note that we leave aside
the gauge boson (g,Z,W) self-energy contributions which
are universal~i.e., not related to thet t̄ channel! and are taken
into account in the usual renormalization procedure@26#. For
q2;4mt

2 , the resulting one-loop contributions to the form
factors defined in Eq.~44! are given by

d1
g,SM1~q2!52CF81I se

3
1
1

3
I 02

1

6
J11

1

3
~ I 21I 2H!

2
2

3
J4HG , ~59!

d2
g,SM1~q2!52C@ 1

31 1
3 I 01

1
6J1#, ~60!

d3
g,SM1~q2!5

2C

3mt
@ 1
2J2H2J0#, ~61!

d1
Z,SM1~q2!5CF2

31I se
4

1
2sW

2

3
~81I se!1

2sW
2

3
I 0

1
1

2 S 12
2sW

2

3 D J12 1

4 S 12
8sW

2

3 D
3~ I 21I 2H22J4H!G , ~62!

d2
Z,SM1~q2!5CF31I se

4
1
2sW

2

3
1
2sW

2

3
I 02

1

2 S 12
2sW

2

3 D J1
1I 1H2

1

4
~ I 21I 2H!1

1

2
J3HG , ~63!

d3
Z,SM1~q2!5

C

mt
F14 S 12

8sW
2

3 D J2H2S 12
4sW

2

3 D J0G ,
~64!
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with C5g2mt
2/(64p2MW

2 ), and

I se522E
0

1

dx~12x!ln@x21z~12x!#

5322zS 12
z

4D ln~z!2z2~z22!Az~z24!2 i e

3 arccoshSAz

2
2 i e D , ~65!

I 052E
0

1

dx1E
0

12x1
dx2ln@~x11x2!~x11x221!24hx1x2#,

~66!

I 1H52E E dx1dx2ln@~x11x221!224hx1x21zx1#,

~67!

I 252E E dx1dx2ln@~x11x2!
224hx1x2#, ~68!

I 2H52E E dx1dx2ln@~x11x2!
224hx1x2

1z~12x12x2!#, ~69!

J052E E dx1dx2
~x11x2!~x11x221!

~x11x2!~x11x221!24hx1x2
,

~70!

J152E E dx1dx2
~x11x221!

~x11x2!~x11x221!24hx1x2
,

~71!

J2H52E E dx1dx2F ~x11x2!~x11x222!

~x11x2!
224hx1x21z~12x12x2!

1
~x11x2!

2

~x11x2!
224hx1x2

G , ~72!

J3H52E E dx1dx2
2@12~z/4!~x11x221!#

~x11x2!
224hx1x21z~12x12x2!

,

~73!

J4H52E E dx1dx2
22~z/2!~x11x221!

~x11x2!
224hx1x21z~12x12x2!

,

~74!

with h5(q21 i e)/(4mt
2) and z5mH

2 /mt
2 . The double inte-

gration runs over the interval@0,1# for x1 and @0,12x1# for
x2. These integrals have been computed partially analytica
and partially numerically.5

It can be noted from these results that close to thresh
~i.e., q2;4mt

2), there is a rather strongmt
2/mH

2 dependence
arising from the triangle diagrams involving physical Higg
boson exchange. If we putmt@mH , then the SM contribu-

5We thank N.D. Vlachos for his help in this numerical comput
tion.
lly

old

s

tion acquires infrared-type singularities, which are obviously
related to the stability of scalar sector requiringmt;mH for
physically acceptablemt masses@27#.

In Fig. 1 we plot ~in units of the coefficientC.0.003)
these SM contributions to the six form factors, as functions
of Aq2[(2Ee), for mH50.1 TeV and q2.4mt

2 . For
q2;(0.5 TeV! 2 we find from this figure an effect of the
order of 1% for the vectorgt t̄ coupling and of the order of 3
per mille for the other vector and axial couplings. The ‘‘de-
rivative’’ d3

g,Z couplings are somewhat weaker.
We next turn to themt

2-enhanced SM corrections to the
t→bW decay. The resulting one-loop contributions, ex-
pressed in terms of the decay couplings defined in Eq.~51!,
is

d1
W,SM152d2

W,SM152C@ 5
41 1

4 I se1
1
2H1#, ~75!

d3
W,SM15d4

W,SM152
C

2mt
@11H2#, ~76!

where

H152E E dx1dx2ln@x1~x11x2!2z~x11x221!#,

~77!

H252E E dx1dx2
x1~x11x222!

x1~x11x2!2z~x11x221!
. ~78!

FormH50.1 TeV these equations give

d1
W,SM152d2

W,SM15C~20.92!, ~79!

d3
W,SM15d4

W,SM15CS 0.07282mt
D . ~80!

Comparing the definition of the various couplings given in
-

FIG. 1. One-loop SM contributions to thedj
g anddj

Z form fac-
tors defined in Eq.~44!, as functions ofAq252Ee .
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Eq. ~51!, with relations~75! and~76!, we remark that the SM
mt
2-enhanced couplings only affect the left-handedbL field.

This is also obvious from the structure of the relevant di
grams.

VI. NP EFFECTS

In Appendix A we enumerate the relevant diagrams gi
ing the leading NP contribution toe2e1→t t̄ andt→bW, for
each kind of operator. Since box diagrams are never imp
tant, the leading NP contribution toe2e1→t t̄ can be ex-
pressed in terms of the NP contributions to the form facto
introduced in Eq.~44!. Here,s5q2>4mt

2 is understood. As
already stated, the operators (Ot2 , ODt , OtWF , OtBF)
give tree-level contributions, which are

d1
g,NP~s!52

4A2MW

e2mt
~sW

2 f tWF1sWcWf tBF!, ~81!

d3
g,NP~s!5

2A2MW

e2mt
2 ~sW

2 f tWF1sWcWf tBF!, ~82!

d1
Z,NP~s!52

2MW
2

g2mt
2 f t21

8A2MW

g2mt
~2cW

2 f tWF1sWcWf tBF!,

~83!

d2
Z,NP~s!52

2MW
2

g2mt
2 f t2, ~84!

d3
Z,NP~s!52

MW

A2gmt
2
f Dt1

4A2MW

g2mt
2 ~cW

2 f tWF2sWcWf tBF!.

~85!

We next turn to the operators contributing only at th
one-loop level. As explained above, we consider only t
leading NP effect determined by the divergent part6 of the
Feynman integrals, provided it is enhanced by some pow
of mt

2. The contributions from the ‘‘top’’-involving opera-
tors are then expressed in terms of

Fi[
1

16p2 lnS L2

m2D f i
mt
2 , ~86!

with L being the divergent integral cutoff identified with the
NP scaleLNP andm;As being the scale where the effective
coupling is measured. For the purely bosonic operators, d
to their different normalization implied by~24! and~25!, we
should replace in Eq. ~86! f i /mt

2→(lW /MW
2 ,

fW /MW
2 , f B /MW

2 , d/v2, dB /v
2, fF2 /v

2) for (OW ,
OWF , OBF , OUW , OUB , OF2), respectively. We thus get

6We always use dimensional regularization.
a-

v-

or-

rs

e
he

er

ue

d1
g,NP~s!5

s

6
Fqt1

8s

9
Fqt~8!2

8s

9
Ftt1

s

3
Ftb

1
256A2gsmtMW

9g
FtGF1

g2s

4
FW2

g2mt
2s

32MW
2

3@FWF1FBF#22mt
2FUW2

10mt
2

3
FUB , ~87!

d2
g,NP~s!52

s

18
Fqt2

8s

27
Fqt~8!2

8s

9
Ftt1

s

3
Ftb2

g2s

4
FW

1
g2mt

2s

32MW
2 @FWF23FBF#, ~88!

d3
g,NP~s!52

128A2gsMW

9g
FtGF1mtFUW1

5mt

3
FUB ,

~89!

d1
Z,NP~s!52

ssW
2

3
Fqt2

16ssW
2

9
Fqt~8!24Smt

22
4ssW

2

9 DFtt

2
2ssW

2

3
Ftb1

64A2gs~328sW
2 !mtMW

9g
FtGF

1
scW

2 g2

2
FW2

g2mt
2s

16MW
2 @cW

2 FWF2sW
2 FBF#

24mt
2cW

2 FUW1
20mt

2sW
2

3
FUB , ~90!

d2
Z,NP~s!52Smt

22
ssW

2

9 DFqt2S 163 D Smt
22

ssW
2

9 DFqt~8!

24Smt
22

4ssW
2

9 DFtt2
2ssW

2

3
Ftb2

scW
2 g2

2
FW

1
g2mt

2s

16MW
2 @cW

2 FWF13sW
2 FBF#24mt

2FF2 ,

~91!

d3
Z~s!52

32A2gs~328sW
2 !MW

9g
FtGF12mtcW

2 FUW

2
10mtsW

2

3
FUB . ~92!

Similarly, for the t→bW couplings defined in Eq.~51!,
the nonvanishing tree-level NP contributions are

d1
W,NP5

2MW
2

g2mt
2 f t32

4A2MW

g2mt
f tWF , ~93!

d2
W,NP5

2MW
2

g2mt
2 f t31

4A2MW

g2mt
f tWF , ~94!
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TABLE I. NP couplings and effects on production and decay observables.

Oi f i ,d,dB ,lW e2e1→t t̄ G(t→bW) DFB
1 DFB

2

SM Yes 1.5581 0.2210 20.5384
1Oqt (1,2)1.8 Loop No No No
1Oqt

(8) (1,2)0.34 Loop No No No
1Ott (1,2)0.27 Loop No No No
1Otb (1,2)0.6 Loop No No No
1Otb

(8) No No No No
1Oqq (1,2)3 No 1.5583 0.2210 20.5384
1Oqq

(8) (1,2)3 No 1.5644 0.2210 20.5384, 20.5383
1Ot1 No No No No
1Ot2 (1,2)0.12 Tree No No No
1Ot3 (1,2)0.9 No 2.7910 0.2211 20.5385, 20.5388
1ODt (1,2)0.51 Tree 0.9373, 5.4581 0.2211 20.5385
1OtWF (2,1)0.012 Tree 1.6619, 1.4597 0.2407, 0.2030 20.6720, 20.4491
1OtBF (2,1)0.009 Tree No No No
1OtGF (1,2)0.24 Loop 1.5041, 1.6136 0.2117, 0.2313 20.4860, 20.6034
1OW (1,2)0.40 Loop No No No
1OWF (2,1)0.63 Loop 1.5523, 1.5639 0.2219, 0.2202 20.5433, 20.5336
1OBF (2,1)0.75 Loop 1.5600, 1.5561 0.2207, 0.2214 20.5365, 0.5404
1OUW (2,1)5.94 Loop 1.6770, 1.4463 0.2437, 0.2022 20.6964, 20.4388
1OUB (2,1)5.35 Loop No No No
1OF2 (1,2)11.9 Loop 2.1235 0.2210 20.5384
d3
W,NP5

4A2MW

g2mt
2 f tWF2

MW

gA2mt
2
f Dt , ~95!

d4
W,NP5

4A2MW

g2mt
2 f tWF2

MW

gA2mt
2
f Dt . ~96!

Correspondingly, the nonvanishing one-loopmt
2-enhanced

NP contributions~for the operators which do not have a
tree-level ones! are

d1
W,NP5

mt
2

2
Fqq1

8mt
2

3
Fqq~8!1

32A2mtMWgs
3g

FtGF

1
g2mt

2~13sW
2 23!

48cW
2 FWF1

g2mt
2sW

2

48cW
2 FBF22mt

2FUW

12mt
2FF2, ~97!

d2
W,NP5

mt
2

2
Fqq1

8mt
2

3
Fqq~8!2

32A2mtMWgs
3g

FtGF

2
g2mt

2~13sW
2 23!

48cW
2 FWF2

g2mt
2sW

2

48cW
2 FBF12mt

2FUW

22mt
2FF2, ~98!

d3
W,NP52

mt

2
Fqq2

8mt

3
Fqq~8!2

32A2MWgs
3g

FtGF

2
g2mt~11sW

2 26!

24cW
2 FWF2

5g2mtsW
2

24cW
2 FBF12mtFUW ,

~99!
ny

d4
W,NP5

mt

2
Fqq1

8mt

3
Fqq~8!2

32A2MWgs
3g

FtGF

2
g2mt~11sW

2 26!

24cW
2 FWF2

5g2mtsW
2

24cW
2 FBF12mtFUW .

~100!

We now review the NP effects of each operator on the
various observables. First note that the operatorsOtb

(8) and
Ot1 give no contribution~within our approximations! to ei-
ther production or decay. The effects of the rest are illus-
trated in Table I, where we give the NP couplings used and
the implications for thet→bW decay observables. The ef-
fects on top quark production throughe2e1→t t̄ are pre-
sented in7 Figs. 2–9.

In order to make the production effects clearly visible in
the figures, we have chosen the NP couplings such that the
NP effect is about630% of the SM prediction on the inte-
grated cross section. A corresponding choice with respect to
the NP contribution toG(t→bW) has also been made for
those operators which contribute only to decay and not to
production. The third column in Table I identifies the opera-
tors giving a nonvanishing contribution to top quark produc-
tion either at the tree or the one-loop level. The rest of the
columns in Table I describe the NP effects onG(t→bW)
and the two forward-backward asymmetries constructed in
Appendix B for the semileptonic top quark decay.

7Note that in the figures, the signatures ofOqt
(8) are never shown

explicitly, since they are identical to those fromOqt , apart from an
overall normalization factor of 16/3.
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In Fig. 2 we give the NP results for the integrated unp
larized cross sections(e2e1→t t̄) for theOqt case. Similar
results would appear for all other operators if the associa
coupling constants take the values given in Table I. The p
ticular characteristics of each operator may then be stud
by looking at the other observables appearing in the fourth
sixth columns of Table I and in Figs. 3–9. In detail, fo
unpolarized beams, the forward-backward asymmetryAFB is
illustrated in Fig. 3, the asymmetryHFB in Fig. 4 and the
asymmetryTFB in Fig. 5. Correspondingly, for longitudinally
polarizede7 beams, the asymmetryALR is illustrated in Fig.
6, while the forward-backward asymmetryAFB,pol is in Fig.
7, the asymmetryHFB,pol in Fig. 8 andTFB,pol in Fig. 9. Here,
the ~a! part of the figures refer to the four-quark operato
the ~b! parts to the two-quark ones, and the~c! parts to the
bosonic operators. Occasionally in the figures, the results
some operators or observables almost coincide for the c
plings chosen above. Whenever this happens, it is just in
cated in the figure caption.

The values for the coupling constants used in Table I,
often unacceptably large, either because of the existing in
rect experimental constraints or because they would imp
through unitarity, a very low NP scale. Nevertheless, w
used them in order to make the NP effects in the figu
clearly visible.

The expected luminosity for a future linear collider
commonly taken as 80(s/TeV2) fb21/yr. Since the SM cross
section fore1e2→t t̄ is about 170 (TeV2/s) fb, we expect a
rate of more than 104 events/yr, implying a statistical accu
racy of ;1% for the various physical quantities. The im
plied observability limits to various NP couplings are pr
sented in Table II, where we also give the present constra
@20#. In getting them, we have always assumed that only o
NP operator acts at a time. Moreover, we have conser

FIG. 2. NP effects forOqt as seen in the unpolarized cros
sections(e2e1→t t̄), as a function of the c.m. energy 2Ee . The
indicated value of thef qt coupling is chosen to create a 30% effec
Similar results are obtained for the contributing operatorsOt2,
ODt , OtWF , OtBF , Oqt

(8) , Ott , Otb , OtGF , and OW , OWF ,
OBF , OUW , OUB, andOF2, using the NP couplings shown in the
second column of Table I.
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FIG. 3. NP effects on the unpolarized forward-backward asym-
metry in the differential cross sectionAFB(e

2e1→t t̄), as a function
of the c.m. energy 2Ee , for the NP couplings in Table I.~a! Four-
quark NP operators; theOtt effect is similar toOtb . ~b! Two-quark
NP operators;OtBF gives similar effects toOtWF . ~c! Purely
bosonic NP operators; the effects ofOWF andOUB are similar to
those fromOW andOUW , respectively.



d

.

.

54 6871EFFECTIVE LAGRANGIAN DESCRIPTION OF TOP . . .
FIG. 4. NP effects on the unpolarized forward-backward asymmetry
the top quark average helicityHFB(e

2e1→t t̄), as a function of the c.m.
energy 2Ee , for the NP couplings in Table I.~a! Four-quark NP operators.
~b! Two-quark NP operators; theOtBF effect is similar to 1/3 the one from
OtWF , while the effect fromODt is very small.~c! Purely bosonic operators;
OWF behaves similarly toOW , while OUB gives a very small contribution.
tively assumed a total~statistical1 systematical! relative
accuracy of 5% on the integrated cross section for unpolar-
ized e6 beams and an absolute 5% accuracy on the asym-
metries defined in Appendix B. More precise numbers re-
quire, of course, detailed Monte Carlo analyses, taking into
account the precise experimental conditions. Finally, using
the unitarity relations presented in Sec. II, we translate the
observability limits on the various NP couplings to bounds
on the highest related NP scalesLNP to which the specific
measurements are sensitive. These bounds are also indicate
in Table II. In the last three columns we have indicated, for
each operator separately, the constraints established in Ref
@5# and the expected LEP 2 sensitivity. In all cases except for
theZ→bb̄ case, the absolute value of the coupling constant
is meant.

The following comments should now be made concerning
the properties of the various operators and the observability
limits presented in Table II.

A. Four-quark operators

Oqt and Oqt
(8) . Both operators lead to the same effects

~apart from an overall normalization factor 16/3!. They both
contribute, at one loop, only to the vector and axial vector
form factorsd1,2

g andd1,2
Z . They do not contribute to the top

quark decay. So their modifications of the SM predictions
are always rather uniform as one can see in the figures. The
observability limits obtained either from the integrated cross
section or fromHFB appear to be just marginally compatible
with the LEP 1 constraint fromZ→bb̄, to which they also
contribute at one loop@5#.
Ott . It induces~through one loop! a purely right-handed

NP effect to thegt t̄ and Ztt̄ couplings. There exists no
Z-peak constraint onOtt . The observability limit mainly
comes fromHFB . No effect is generated in top quark decay.
Otb . Its effect is similar to theOtt one. However, it also

gives a purely right-handed contribution toZ→bb̄, which is
thus providing a LEP 1 constraint. Its observability limit in
Table II is just allowed by the present LEP 1 results. No
effect is generated in top quark decay.
Otb
(8) . This operator produces no effect in the processes

studied here or inZ-peak physics.
Oqq andOqq

(8) . They contribute~at the one-loop level! to
the t→bW decay couplingsdj

W giving asmn-type contribu-
tion affecting only the right-handedbR field. They also give
asmn contribution toZ→bb. Both effects are too small to be
observable for reasonable values of the coupling constants
They give no contribution to thegt t̄ or Ztt̄ vertices.

B. Two-quark operators

Ot1. No effect is generated in top quark production or
decay or inZ-peak physics.
Ot2. It gives a purely right-handed tree-level contribution

to theZtt̄ coupling. At the one-loop level, it also contributes
to e1 and to theZbb̄ vertex in a purely left-handed way.
Present constraints frome1 are marginal. There is no effect
on thegt t̄ and tbW vertices at the tree level.
Ot3. At the tree level, it produces a right-handed contri-

bution to the tbW vertex. Its most important constraint

in
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FIG. 5. NP effects on the unpolarized forward-backward asymmetry in the top quark transverse polarizationTFB(e
2e1→t t̄), as a function of the c.m.

energy 2Ee , for the NP couplings in Table I.~a! Four-quark NP operators.~b!, ~c! Two-quark NP operators.~d! Purely bosonic operators;OWF behaves
similarly toOW andOUW gives a very small effect ford525.94, while ford55.94 the effect is similar to the one fromOF2 for fF2511.9.
-
.

should come fromG(t→bW). There exists no constraint
from Z-peak physics.
ODt . At the tree level, it contributes a derivative couplin

to the Ztt̄ vertex, and has a right-handed contribution t
tbW. At the one-loop level, it contributes toe1 and toZbb̄ in
a left-handed way@5#. Present constraints fromZ-peak phys-
ics are rather marginal. In the linear colliders, the domina
effect should come fromAFB, pol(e

2e1→t t̄). Finally we also
note that the two values of the NP scales appearing in Ta
II correspond to positive and negativef Dt values, respec-
tively.
OtWF . It produces genuine tree-level magnetic-typesmn

couplings to thegt t̄, Ztt̄, andtbW vertices. ThetbW vertex
has the additional characteristic that it only involves the le
handedbL field. OtWF is presently constrained only by its
one-loop contribution toe3 @5#. The observability limit in the
linear colliders arises from the integrated production cro
section, the top-quark-decay width, and the decay asymm
tries ~mainly theDFB

2 ). This observability limit will supply
g
o

nt

ble

ft-

ss
e-

only a very minor improvement to the present one frome3.
This operator could further be checked by looking for an
enhancement in the decayt→WZb, with theZ decaying into
lepton pairs@24#. It can also contribute tot→WHb, provided
H is sufficiently light.
OtBF . It produces similar tree-level effects to thegt t̄ and

Ztt̄ vertices, but no contribution totbW. The effect in the
integrated cross section is similar to the one due toOtWF ,
but the effect one3 is weaker, leaving more chance for ob-
servability.
OtGF . At the one-loop level, it produces genuine

magnetic-typesmn couplings to thegt t̄, Ztt̄, and tbW ver-
tices. ThetbW vertex has the additional characteristic that it
only involves the left-handedbL field. These properties are
like those forOtWF , but appearing at one loop, rather than at
the tree level. As a result, there is now no contribution to
e3 at one loop. Future constraints toOtGF from linear col-
liders should arise from studies of the integrated cross sec
tion, the decay width, and the top-quark-decay asymmetries
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FIG. 6. NP effects, for longitudinally polarized beams, on the
left-right asymmetryALR , for the NP couplings in Table I.~a!
Four-quark NP operators; theOtt effect is similar toOtb . ~b! Two-
quark NP operators; theOtGf effect is very small.~c! Purely
bosonic NP operators; the effect ofOWF is of similar magnitude but
opposite sign to the one fromOW , while theOF2 effect is very
small.
FIG. 7. NP effects on the polarized forward-backward asymme
try in the differential cross sectionAFB, pol(e

2e1→t t̄), as a function
of the c.m. energy 2Ee , for the NP couplings in Table I.~a! Four-
quark NP operators; theOtt effect is similar toOtb . ~b! Two-quark
NP operators; theOt2 effect is similar toOtGF . ~c! Purely bosonic
NP operators;OWF andOW effects are of equal magnitude but of
opposite sign to theOBF effect.
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FIG. 8. NP effects on the polarized forward-backward asymmetry in
top quark average helicityHFB, pol(e

2e1→t t̄), as a function of the c.m.
energy 2Ee , for the NP couplings in Table I.~a! Four-quark NP operators
~b! Two-quark NP operators;OtBF and OtWF behave similarly and the
ODt effect is very small.~c! Purely bosonic operators;OUB behaves simi-
larly to OUW and theOWF effect is similar toOW .
the
FIG. 9. NP effects on the polarized forward-backward asymmetry in th

top quark transverse polarizationTFB, pol(e
2e1→t t̄), as a function of the

c.m. energy 2Ee , for the NP couplings in Table I.~a! Four-quark NP op-
erators. ~b! Two-quark NP operators; the size of theOtGF effect
;(

1
22

1
3)Ot2, while the effect fromOtWF is a rough average of theOtBF and

ODt ones. ~c! Purely bosonic operators; the effects ofOW , OWF , and
OBF are not shown since they are small.
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TABLE II. Sensitivity limits to ‘‘top’’ and ‘‘bosonic’’operators in terms of NP couplings and related NP
scalesLNP ~TeV!.

As50.5 TeV As51 TeV As52 TeV Other constraints from
Operator (LNP) (LNP) (LNP) e i Z→bb̄ LEP 2

Oqt 0.35~1.2! 0.3~1.3! 0.2~1.6! 20.360.2
Oqt
(8) 0.07~1.3! 0.06~1.4! 0.04~1.8! 20.0560.03
Ott 0.02~5.4! 0.015~6.2! 0.01~7.6!
Otb 0.07~3.3! 0.04~4.4! 0.03~5.1! 20.360.2
Otb
(8)

Oqq 38622
Oqq
(8) 865
Ot1

Ot2 0.011~11! 0.016~9.1! 0.017~8.9! 0.01 0.360.2
Ot3 from decay 0.045~6.5!
ODt 0.036~3.0, 2.3! 0.03~3.3, 2.6! 0.025~3.6, 2.8! 0.03 20.1260.06
OtWF 0.002~30.5! 0.002~30.5! 0.0015~35! 0.014
OtBF 0.0015~35! 0.0015~35! 0.0013~38! 0.013
OtGF 0.02~10! 0.03~6.9! 0.075~2.8!
OW 0.05~1.6! 0.04~1.7! 0.02~2.5! 0.1
OWF 0.08~1.6! 0.06~1.8! 0.04~2.2! 0.1
OBF 0.025~5.0! 0.02~5.6! 0.01~7.9! 0.1
OUW 0.5(;1) 0.8(;1) 1.6(;1) 0.015
OUB 0.5(;1) 0.6(;1) 1.2(;1) 0.05
OF2 0.5 1.0 2.4 0.01
e

C. Bosonic operators

The effects of these operators on thegt t̄, Ztt̄, or tbW
vertices arise only at the one-loop level.
OW . It contributes only to the left-handedgt t̄ and Ztt̄

form factors. A visible effect from them at a linear collide
could appear inHFB and in the cross section. The neede
value of the coupling falls just below the visibility domain o
LEP 2. No effect is generated in the decay.
OWF . It contributes to the vector and axial vector form

factors for thegt t̄ and Ztt̄ vertices. For thetbW vertex,
OWF creates a left-handed and a derivative coupling, su
that a left-handedbL field is only involved. The visible ef-
fects from these couplings at a linear collider are similar
those expected fromOW , and the same situation with respe
to LEP 2 is valid. The expected effects ont→bW seem to be
below the observability level.
OBF . It induces the same type of couplings asOWF . The

sensitivity inHFB is now somewhat better though, so th
there exists the possibility of a visible effect from thegt t̄ and
Ztt̄ vertices, which will not be already excluded by LEP
The effects on thet→bW decay are still unobservable.
OUW . As in theOtGF case, it produces genuine magneti

type smn-type couplings to thegt t̄, Ztt̄, and tbW vertices.
The tbW vertex has the additional characteristic that it on
involves a left-handedbL field. Note that these same prope
ties also arise in theOtWF case, where they are induced
the tree level though. Another thing to note is thatOUW is
very mildly constrained byZ-peak physics, which is also
valid for OtGF , but not true forOtWF . A most distinctive
signature discriminatingOUW from the other two operators
may be obtained by studyinge2e1→ZH,gH @12#.
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OUB . As far as thegt t̄ andZtt̄ vertices are concerned,
the results are similar to theOUW ones, but their ratio is
different. ForOUB we havedj

Z/dj
g522sW

2 , while in the
OUW case we have insteaddj

Z/dj
g522cW

2 . No effect ap-
pears in thet→bW decay.
OF2. This operator produces a purely axialZtt̄ vertex and

a left-handedtbW one. There is nogt t̄ vertex induced. Vis-
ible effects fromZtt̄ could be obtained by looking atHFB
and the integrated cross section. The study ofG(t→bW)
should also help. Like the two previous operators, it could,
however, be more strongly constrained by direct Higgs bo-
son production. We also note that thefF2 couplings appear-
ing in Table II are consistent with unitarity only if they are
positive. As mentioned above, no constrain on the NP phys-
ics is implied in this case@12#.

VII. PANORAMA OF RESIDUAL NP EFFECTS
IN THE HEAVY QUARK AND BOSONIC SECTORS

We have considered the possibility of anomalous top
quark couplings induced by residual NP effects, described by
20 dim56 gauge-invariant operators. Fourteen of them in-
volve the top quark, and the other six are purely bosonic. The
couplings of these operators are associated with a NP scal
through unitarity relations.

We have computed the effects of these operators in
e1e2→t t̄ and t→bW decay. Fore1e2→t t̄, these effects
are described in terms of six independent form factors for the
generalgt t̄ and Ztt̄ vertices. Correspondingly, thet→bW
decay is described in terms of four couplings denoted as
dj
W . The top quark density matrix can thus be expressed in
terms of these form factors and couplings. We have shown
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how one can analyze this density matrix in order to get
formation on the possible forms of NP induced by the va
ous operators. The extra information brought by polariz
e6 beams is also considered.

Thus, in addition to the integrated unpolarized cross s
tion and theL-R asymmetry, it is possible for polarize
beams to construct six different forward-backward asymm
tries which should allow one to disentangle the effects of
six form factorsdj

g , dj
Z . It is more difficult to disentangle

the NP effects on thet→bW decay, as no accurate measur
ment ofG(t→bW) is expected, and only one particular com
bination of decay couplings can easily be measured thro
an asymmetry with respect to the final lepton, in a semile
tonic top quark decay.8

The consequences of the NP operators on the above f
factors anddj

W couplings were calculated to first order in th
NP couplings. The calculation was done at the tree lev
whenever this gave a nonvanishing contribution. In ca
there was no such contribution, we performed a calculat
at the one-loop level, keeping only the leading-logarithm
mt-enhanced part. Numerical illustrations have been giv
for the various observables, which reflect the specific pr
erties of each operator. We have then established the co
sponding observability limits for each operator in terms
the associated coupling constant and identified the rela
NP scale. The results can be summarized as follows.

A. Four-quark operators

Among the seven four-quark operators, four of the
Oqt , Oqt

(8), Ott , andOtb , could give sizable one-loop effect
in e1e2→t t̄. Ott is not constrained byZ-peak physics,
which means thate1e2→t t̄ would provide a completely
new test. The three other operators produce one-loop eff
also inZ→bb̄, which have been studied in@5#. The depar-
ture from the SM presently observed inG(Z→bb̄), if attrib-
uted to one of these three operators, could produce eff
which should be easily visible in theOtb case, but would
only be marginally observable forOqt andOqt

(8) .
Concerning the remaining three four-quark operators,

note thatOqq andOqq
(8) are constrained essentially only b

t→bW @5#, while Otb
(8) is not sensitive toZ-peak physics or

e2e1→t t̄, t→bW.

B. Two-quark operators

Four of the seven two-quark operators,Ot2, ODt ,
OtWF , andOtBF , produce tree-level effects ine1e2→t t̄,
while Ot3 produces a tree-level effect only int→bW.
OtGF contributes at the one-loop level to both producti
and decay. However, the above four operatorsOt2, ODt ,
OtWF, and OtBF generate also somee j contribution to
Z-peak physics. This seems to already exclude an observ
effect fromOt2 andODt , but leaves some range for obser
ability to OtWF andOtBF .

Concerning the rest of the two-quark operators, we
mark thatOt3 and OtGF are presently unconstrained; s
e2e1→t t̄ and t→bW→bl1n would provided genuine new

8The same is also true if a hadronic mode is considered.
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tests of them.Ot1 is not observable through these process
though, and its study requirest t̄H production@28#.

C. Bosonic operators

All six bosonic operators contribute at one loop t
e1e2→t t̄. Moreover,OWF , OUW , andOF2 could also sig-
nificantly contribute tot→bW. The operatorsOW , OWF ,
andOBF should have an observability level which would no
be excluded by LEP 2. Notice thatOWF has a one-loop
effect inZ→bb̄ which could explain the observed anomal
there@4#. In this case large effects should be observed int t̄
production. However, a direct study of these operators
e1e2→W1W2 at NLC should be even more stringent.

The three other bosonic operators involving a Higgs fie
are almost unconstrained at present. So nothing exclu
their appearance. However, if the Higgs boson mass is l
enough to allow fore1e2→HZ or e1e2→Hg at LEP 2
and/or at NLC, then these processes would improve the s
sitivity limits on these operators by two orders of magnitud

In conclusion the processe1e2→t t̄ should bring essen-
tial information on residual NP effects affecting the heav
quark sector as well as the bosonic~gauge and scalar! sector.
Its main interest is that it provides direct tests of the presen
of genuine operators involving the third family of quarks. I
could give hints about the origin of the anomalies recent
observed in theZbb̄ couplings.
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APPENDIX A: NEW PHYSICS VERTICES GENERATED
BY THE EFFECTIVE LAGRANGIAN

It is easy to see that the leading-logarithmicmt
2- enhanced

NP contributions toe2e1→t t̄ ~up to one-loop order! come
exclusively from vertex diagrams for theg→t t̄ andZ→t t̄
vertices and from self-energies. The same is of course t
for the diagrams affectingt→bW. Thus, box diagrams never
appear. Below we enumerate these contributions for the va
ous operators.

1. Four-quark operators

They contribute to the verticesgt t̄, Ztt̄, tbW through
one-loop diagrams involving a four-quark interaction. Th
interaction can be read off the following extended expre
sions. Thus,

Oqt5~ t̄ LtR!~ t̄RtL!1~ b̄LtR!~ t̄RbL! ~A1!

contributes throught andb loops to thegt t̄ andZtt̄ vertices,
but not to thetbW one;

Oqt
~8!5~ t̄ LlW tR!•~ t̄RlW tL!1~ b̄LlW tR!•~ t̄RlWbL! ~A2!
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contributes through ab loop only to thegt t̄ andZtt̄ vertices,
but not to thetbW one;

Ott5
1
2 ~ t̄RgmtR!~ t̄RgmtR! ~A3!

contributes through at loop to gt t̄ and Ztt̄, but not to
tbW;

Otb5~ t̄RgmtR!~ b̄RgmbR! ~A4!

contributes through ab loop to gt t̄ and Ztt̄, but not to
t→bW;
Otb
~8!5~ t̄RgmlW tR!~ b̄RgmlWbR! ~A5!

gives no contribution;

Oqq5~ t̄RtL!~ b̄RbL!1~ t̄ LtR!~ b̄LbR!2~ t̄RbL!~ b̄RtL!

2~ b̄LtR!~ t̄ LbR! ~A6!

contributes to thetbW vertex, but not togt t̄ andZtt̄; and
finally, the
later
Oqq
~8!5~ t̄RlW tL!•~ b̄RlWbL!1~ t̄ LlW tR!•~ b̄ LlWbR!2~ t̄RlWbL!•~ b̄RlW tL!2~ b̄LlW tR!•~ t̄ LlWbR! ~A7!

contributions are obtained from theOqq ones, by multiplying by the factor163 .

2. Two-quark operators

Some of the operators in this class contribute already at the tree level, while others only at the one-loop level. The
contributions arise from triangle diagrams for thegt t̄, Ztt̄, andtbW vertices, as well as from fermion self-energy ones. When
an operator contributes at the tree level, we do not care about its one-loop contributions.

For the operatorOt1 ~after subtracting irrelevant contributions to the top quark mass!, we get

Ot15@x1x21vH1 1
2 ~x3x31H2!#Fv1H

A2
~ t̄ t !1

i

A2
x3~ t̄g5t !1 ix2~ b̄LtR!2 ix1~ t̄RbL!G , ~A8!

which gives no contribution to the amplitudes we are interested in. For theg,Z→t t̄ amplitudes, this comes about from the
cancellation of the contributions from the vertex triangles involving (ttH) and (tHx3) exchanges and the (tH) self-energy,
while for the t→bW decay, the sum of the (tHx1) triangle and the (tH) self-energy vanishes. The operator

Ot25 i ~ t̄ Lg
mtR!H ~x2]mx12]mx2x1!1g~v1H !~x2Wm

12x1Wm
2!2 igx3~x2Wm

11x1Wm
2!1 igZ~122sW

2 !Zmx1x2

12ieAmx1x22 i
gZ
2
Zm@~v1H !21x3x3#1 ix3]mH2 i ~v1H !]mx3J ~A9!

contributes at the tree level tot t̄ production;

Ot35 i ~ t̄RgmbR!H i

A2
@~v1H2 ix3!]mx12x1]m~H2 ix3!#1

ig

A2
x1Wm

2x11
ig

2A2
Wm

1~v1H2 ix3!2

2
gZcW

2

A2
~v1H2 ix3!Zmx12

e

A2
~v1H2 ix3!Amx1J 2 i ~ b̄RgmtR!H 2 i

A2
@~v1H1 ix3!]mx22x2]m~H1 ix3!#

2
ig

A2
x2Wm

1x22
ig

2A2
Wm

2~v1H1 ix3!22
gZcW

2

A2
~v1H1 ix3!Zmx22

e

A2
~v1H1 ix3!Amx2J ~A10!

has no effect ont t̄ production, but contributes at the tree level to thet→bW decay;



6878 54G. J. GOUNARIS, M. KURODA, AND F. M. RENARD
ODt5 t̄ LF ]m1 ig8
2

3
~2sWZm1cWAm!1 i

gs
2

lW •GW mG tRF 1

A2
]m~H1 ix3!1

ig

2A2cW
~v1H1 ix3!Zm2

g

A2
Wm

1x2G
1b̄LF ]m1 ig8

2

3
~2sWZm1cWAm!1 i

gs
2

lW •GW mG tRF i ]mx21
g~122sW

2 !

2cW
Zmx21eAmx21

ig

A2
Wm

2
v1H1 ix3

A2 G
1 t̄RF ]Qm2 ig8

2

3
~2sWZm1cWAm!2 i

gs
2

lW •GW mG tLF 1

A2
]m~H2 ix3!2

ig

2A2cW
~v1H2 ix3!Zm2

g

A2
Wm

2x1G
1 t̄RF ]Qm2 ig8

2

3
~2sWZm1cWAm!2 i

gs
2

lW •GW mGbLF2 i ]mx11
g~122sW

2 !

2cW
Zmx11eAmx12

ig

A2
Wm

1
v1H2 ix3

A2 G
~A11!

contributes at the tree level to both production and decay; the same is true for

OtWF5~cWZmn1sWAmn!H 1

A2
~ t̄smnt !~v1H !1

i

A2
~ t̄smng5t !x32 i ~ b̄Ls

mntR!x21 i ~ t̄RsmnbL!J x11 iA2~ t̄ Ls
mntR!Wmn

1 x2

2 iA2~ t̄RsmntL!Wmn
2 x11~ b̄Ls

mntR!Wmn
2 ~v1H1 ix3!1~ t̄RsmnbL!Wmn

1 ~v1H2 ix3!, ~A12!
while

OtBF5~2sWZmn1cWAmn!H 1

A2
~ t̄smnt !~v1H !

1
i

A2
~ t̄smng5t !x31 i ~bLs

mntR!x2

2 i ~ t̄RsmnbL!x1J ~A13!

contributes at the tree level only tot t̄ production; and finally,

OtGF5Gmn
a H 1

A2
~ t̄smnlat !~v1H !1

i

A2
~ t̄smnlag5t !x3

1 i ~ b̄Ls
mnlatR!x22 i ~ t̄RsmnlabL!x1J ~A14!

contributes at one loop to production through the (ttg) tri-
angle and the (tg) self-energy; and tot→bW decay through
the (tbg) triangle and the (tg) self-energy.

3. Bosonic operators

Contributions in this class arise only at the one-loop lev
through triangle and self-energies diagrams. Thus,OW @see
Eq. ~17!# contributes toe2e1→t t̄ production through the
el,

(WWb) triangle,9 but gives no contribution tot→bW, since
the sum of themt

2-enhanced parts of the (tWg) and (tWZ)
triangles vanishes. The operatorOWF @see Eq.~18!# contrib-
utes to production through the (tHx3) and (x1x2b) tri-
angles and to decay through the (tx1g), (tx1Z), (bx1g),
and (bx1Z) triangles. In a similar wayOBF @see Eq.~19!#
contributes to production through the (tHx3) and
(x1x2b) triangles and to decay through the (tx1g),
(tx1Z), (bx1g), and (bx1Z) triangles. The operatorOUW
@see Eq.~20!# contributes to production through the (tHg)
and (tHZ) triangles and to decay through (tHW). Corre-
spondingly,OUB @see Eq.~21!# contributes to production
through the (tHg) and (tHZ) triangles ~like in the OUW
case!, but gives no contribution tot→bW decay. Finally
OF2 @see Eq.~22!# induces a renormalization of the physical
Higgs field at the tree level. This, in turn, gives contributions
to production, through thettH triangle and thetH self-
energy and to decay through thetH self-energy.

APPENDIX B: TOP QUARK DECAY DISTRIBUTIONS

As discussed in Sec. IV, it is convenient to express the
three-body phase spacedF3(bln l) in terms of the Euler
angles determining thet-quark-decay plane. We start from
the processe2(k)e1(k8)→t(p) t̄(p8) in the center-of-mass
frame, where the momenta are indicated in parentheses, and
by u we denote the (e2,t) scattering angle. Thet frame is
defined with itsz axis along the top quark momentum. The

9OW does not producemt
2 terms but it must be taken into consid-

eration since the contribution is proportional tos which is larger
than 4mt

2 for the process under consideration.
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x axis is taken in the (t t̄) production plane, so that they axis
is perpendicular to it and along the direction ofkW3pW . In
order to describe the decay plane of the proce
t→b(pb) l

1(pl)n l(pn), in the t frame ~with the momenta
indicated in parentheses!, we define the Euler rotation

Rw1q1c1
5S cosw1 2sinw1 0

sinw1 cosw1 0

0 0 1
D S cosq1 0 sinq1

0 1 0

2sinq1 0 cosq1

D
3S cosc1 2sinc1 0

sinc1 cosc1 0

0 0 1
D , ~B1!

where (w1 ,q1 ,c1) satisfy 0<w1 , c1,2p, 0<q1<p.
The meaning of these angles is given by remarking that
normal to thet-quark-decay plane, with its orientation de
fined by (pW b3pW l), is given by

n̂5Rw1q1c1S 00D 5S sinq1cosw1

sinq1sinw1

cosq1

D . ~B2!

Thus,q1 ,w1 determine then̂ orientation, while theb quark
momentum in thet rest frame is determined fromc1 through
the relation

pW b5upW buRw1q1c1S 10
0
D

5upW buS cosw1cosq1cosc12sinw1sinc1

sinw1cosq1cosc11cosw1sinc1

2sinq1cosc1

D . ~B3!

The corresponding expression for thel1 momentum is ob-
tained from Eq. ~B3! by substituting pW b→pW l and
c1→c11y12, wherey12 is the angle between theb and l1

momenta~in the t rest frame!. To summarize, it is worth-
while to remark that the above Euler rotation moves thez
axis of the t frame along the normal to thet-quark-decay
plane, while thex axis is brought along thepW b momentum,
which of course lies within the decay plane.

Finally u l is the angle between the lepton momentum a
the top quark momentum in theW rest frame, and it is re-
lated to thel1 energy in thet frame by

El5upW l u5
mt
21MW

2 2cosu l~mt
22MW

2 !

4mt
, ~B4!

where the (b,l1) masses are neglected. Using these Eu
angles, we obtain
ss

he

d

er

d@~pl1pn!22MW
2 #dF3~bln l !

⇒ ~mt
22MW

2 !

64mt
2~2p!9

dw1dcosq1dc1dcosu l , ~B5!

for the three-body phase space in the case where theln pair
is at theW mass shell@25#.

The general expression of the differential cross section f
e1e2→t t̄ with t→bW→bln l and linearly polarized
@L(R)e2# and @R(L)e1# beams is written@compare Eqs.
~55! and ~56!# as

dsL,R

dcosudw1dcosq1dc1dcosu l

5S 3b t

32~2p!5sD GF
2MW

3

GWG tmt
Smt

22MW
2

4mt
D 2rt1t2

L,RRt1t2
, ~B6!

whereb t5(124mt
2/s)1/2. In Eq. ~B6!, rL,R is the top quark

density matrix defined in Eq.~50!, whileR is related to the
top-quark-decay matrixtt1t2

introduced in Eqs.~56! and~58!
by

tt1t2

dw1dcosq1dc1dcosu l

5
GF
2MW

3

2~2p!4GWG tmt
Smt

22MW
2

4mt
D 2Rt1t2

. ~B7!

The r matrix depends only on thee2e1→t t̄ production
and the angleu @see Eq.~50!#, whileR depends on the three
Euler anglesw1, q1, andc1 @defined in Eq.~B1!# and on the
dj
W couplings of Eq.~51! and the angleu l . To simplify the
expression forR, we only keep terms linear in the NP and
the one-loop SM contributions to the couplingsdj

W , defining
d̄ j
W[dj

W,SM11dj
W,NP. We thus get

rt1t2
L,RRt1t2

5 1
2 ~r111r22!L,R~R111R22!

1 1
2 ~r112r22!L,R~R112R22!

1r12
L,R~R121R21!, ~B8!

where

R111R225~11d̄1
W2d̄2

W!@MW
2 V11mt

2V2#1Smt
22MW

2

mt
D

3~ d̄3
W1d̄4

W!mt
2V2 , ~B9!

R112R225~11d̄1
W2d̄2

W!@mt
2V42MW

2 V312mtMWV5#

1Smt
22MW

2

mt
D ~ d̄3

W1d̄4
W!@mt

2V41mtMWV5#,

~B10!
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R121R215~11d̄1
W2d̄2

W!@MW
2 V62mt

2V722mtMWV8#

2Smt
22MW

2

mt
D ~ d̄3

W1d̄4
W!@mt

2V71mtMWV8#,

~B11!

and

V15~11cosu l !
2, V25sin2u l , ~B12!

V35~11cosu l !
2sinq1cosc1 , V45sin2u lsinq1cosc1 ,

~B13!

V55~11cosu l !sinu lsinq1sinc1 , ~B14!

V65~11cosu l !
2~cosw1cosq1cosc12sinw1sinc1!,

~B15!

V75sin2u l~cosw1cosq1cosc12sinw1sinc1!, ~B16!

V85sinu l~11cosu l !~cosw1cosq1sinc11sinw1cosc1!.
~B17!

Using the angular dependence in Eqs.~B9!–~B17! and
constructing appropriate averages overw1, q1, andc1, it is
possible to project quantities proportional to ther factors in
each of the three terms of the right-hand side~RHS! in Eq.
~B8!. More explicitly these quantities consist of products
the correspondingr elements and of functions ofu l . Re-
member that ther elements depend only onu and the NP
couplings forgt t̄ andZtt̄. Thus, the subsequent constructio
of forward-backward asymmetries with respect to eitheru or
u l , respectively, allows the isolation of either ther factor or
of the corresponding combination of thed̄ j

W couplings. To do
this we first describe ther elements entering the three term
in Eq. ~B8!. For this, it is convenient to define, fori51,2,3
@compare Eq.~44!#

di
L5di

g1
122sW

2

4sW
2 cW

2 xdi
Z , di

R5di
g2

x

2cW
2 di

Z , ~B18!

where x[s/(s2MZ
2) and the Z width is neglected for

s5q2.4mt
2 . We then have
f

n

s

~r111r22!L,R5e4sin2uS 8mt
2

s D Fd1L,R2
2upW u2

mt
d3
L,RG 2

12e4~11cos2u!F~d1L,R!21
4upW u2

s
~d2

L,R!2G
7e4cosuS 16upW u

As D d1L,Rd2L,R, ~B19!

~r112r22!L,R5e4~11cos2u!S 8upW u

As D d1L,Rd2L,R
74e4cosuF ~d1

L,R!21
4upW u2

s
~d2

L,R!2G ,
~B20!

r12
L,R5e4sinuS 4mt

As D Fd1L,R2
2upW u2

mt
d3
L,RG

3F6d1
L,R2

2upW u

As
cosud2

L,RG . ~B21!

For unpolarizede7 beams, only the (L1R)/2 combina-
tion, like, e.g., dsunpol5(dsL1dsR)/2 or (rL1rR)/2, is
measurable through forward-backward asymmetries. The
are threer andR elements that can be studied this way. If
longitudinal electron beam polarization is available, we ca
also consider the corresponding three (rL2rR) combina-
tions and their forward-backward asymmetries.

Thus, by integrating both sides of Eq.~B6! over
dw1dcosq1dc1, the first term on the RHS of Eq.~B8! is
projected. Integrating also over cosul and constructing the
forward-backward asymmetry with respect to thet t̄ produc-
tion angle u allows the study of the NP effects in
(r111r22)

L,R. This asymmetry is of course the usual
forward-backward asymmetry in the differential cross sec
tion for the top quark production throughe1e2→t t̄. We
thus have
AFB5
~3b t/2!@d1

Rd2
R2d1

Ld2
L#

~d1
L!21~d1

R!21b t
2@~d2

L!21~d2
R!2#1~2mt

2/s!$@d1
L2~2upW u2/mt!d3

L#21@d1
R2~2upW u2/mt!d3

R#2%
, ~B22!

for the unpolarized case, while for theL-R one we have

AFB,pol5
2~3b t/2!@d1

Rd2
R1d1

Ld2
L#

~d1
L!22~d1

R!21b t
2@~d2

L!22~d2
R!2#1~2mt

2/s!$@d1
L2~2upW u2/mt!d3

L#22@d1
R2~2upW uA2/mt!d3

R#2%
. ~B23!
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The preceding method for constructing the forward
backward asymmetry is just given in order to emphasize
similarity to the methods for constructing the other asymm
tries below. Consequently, by multiplying both sides of E
~B6! by either cosc1 or sinc1 and integrating over
dw1dcosq1dc1, the second term on the RHS of Eq.~B8! is
projected. Integrating then over cosul , we construct the
forward-backward asymmetry with respect tou for the quan-
tity (r112r22)

L,R controlling the angular distribution of
the average helicity of the produced top quark. Thus,
terms of the couplings defined in Eq.~44!, the forward-
backward asymmetry in the top quark average helicity is

HFB52
3$~d1

L!22~d1
R!21b t

2@~d2
L!22~d2

R!2#%

8b t@d1
Ld2

L1d1
Rd2

R#
,

~B24!

for thee6 unpolarized case, while for theL-R one we have

HFB,pol52
3$~d1

L!21~d1
R!21b t

2@~d2
L!21~d2

R!2#%

8b t@d1
Ld2

L2d1
Rd2

R#
.

~B25!

Finally the third term on the RHS of Eq.~B8! is projected
by multiplying both sides of Eq.~B6! by quantities like any
one of

cosc1sinw1 , sinc1cosw1cosq1 , ~B26!

sinc1sinw1 , cosc1cosw1cosq1 , ~B27!

and integrating overdw1dcosq1dc1. The subsequent integra-
tion over cosul allows the construction of the forward-
backward asymmetry with respect tou for the quantity
r12
L,R controlling the angular distribution of the top quar
average transverse polarization. Thus, for unpolarizede7

beams, the forward-backward asymmetry in the top qua
transverse polarization is obtained, which is given by

TFB52
4b t @d1

Ld2
L1d1

Rd2
R2~2upW u2/mt!~d3

Ld2
L1d3

Rd2
R!#

3p@~d1
L!22~d1

R!22~2upW u2/mt!~d3
Ld1

L2d3
Rd1

R!#
,

~B28!

while for polarized beams theL-R case gives

TFB,pol5
24b t@d1

Ld2
L2d1

Rd2
R2~2upW u2/mt !~d3

Ld2
L2d3

Rd2
R!#

3p@~d1
L!21~d1

R!22~2upW u2/mt!~d3
Ld1

L1d3
Rd1

R!#
.

~B29!

For any of the preceding three types of forward-backwa
asymmetries sensitive to thet t̄ production couplings, we can
construct corresponding asymmetries sensitive to the de
couplingsdj

W . This is done in all cases by integrating at th

last step over cosu ~instead of over cosul done above! and
constructing the forward-backward asymmetry with respe
to u l . As before, we always work to linear order ind̄ j

W .
Thus, for the first case which led to Eqs.~B22! and~B23! we
get
-
its
e-
q.

in

k

rk

rd

cay
e

ct

DFB
1 5

3MW
2

2~2MW
2 1mt

2! F12
mt~mt

22MW
2 !

2MW
2 1mt

2 ~ d̄3
W1d̄4

W!G .
~B30!

For the second case, we have already stated that the asym
metries~B24! and ~B25! are obtained by using either cosc1
or sinc1 to project out ther factor in the second term on the
RHS of Eq.~B8!. For theu l asymmetry though, these two
projections give different asymmetries. Thus the asymmetry
obtained through cosc1 is

DFB
2 5

23MW
2

2~mt
222MW

2 ! F12
mt~mt

22MW
2 !

mt
222MW

2 ~ d̄3
W1d̄4

W!G ,
~B31!

while the one obtained from sinc1 is independent ofd̄J
W and

equal to

DFB
3 5

4

3p
. ~B32!

Finally in the third case, we getDFB
2 for the asymmetry ob-

tained through the projector~B27! andDFB
3 for the asymme-

try obtained through Eq.~B26!.
To linear order in the NP couplings, all these asymmetries

can be expressed as a product of a factor describing the SM
contribution and another factor describing the NP correction.
For this NP correction a tree-level calculation is sufficient.
Any QCD and one-loop radiative corrections should in gen-
eral be incorporated in the SM factor only. The QCD correc-
tions have to some extent been studied in@22,19# and have
been found to be rather small. In any case this is something
which we plan to do in the future. It is also interesting to
remark that while the production asymmetries are sufficient
to determine alldj

g anddj
Z couplings even in the unpolarized

case, this is not possible for the decay couplings. To linear
order in the NP top-quark-decay couplings, the above asym-
metries are only sensitive to the combinationd̄3

W1d4
W.

Finally we should also remark that the case where thet
quark decays hadronically, whilet̄→b̄l2n̄ is very similar.
Thus, if the orientation of thet̄ rest frame is defined to be
like the one obtained from thet frame by rotating it by
180° around the perpendicular to thet t̄ production plane,
and if the new Euler angles for thet̄-quark-decay plane are
called (w2 ,q2 ,c2), and u l is defined analogously, then all
formulas in this appendix remain the same, except Eqs.
~B12!–~B17! where we should replace

w1 ,c1 ,q1⇒w2 ,c2 ,2q2 . ~B33!

This way, all forward-backward asymmetries remain for-
mally identical. Note, though, that the definition of the top
quark production angleu implies that ~forward-backward!
for t̄ means that we should subtract as

backward~ t̄ !2 forward~ t̄ !. ~B34!
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