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Anomalous W1W2t t̄ couplings at thee1e2 linear collider

F. Larios,* Tim Tait,† and C.-P. Yuan
Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824

~Received 12 September 1997; published 2 February 1998!

We study production oft t̄ via W1W2 fusion, including the initial state radiation background at the
proposed Linear Collider~an e1e2 collider with AS5 1.5 TeV! in the context of a standard model~SM!
without a Higgs boson, i.e., a nonlinear SU(2)L3U(1)Y chiral Lagrangian, including dimension five

W1W2t t̄ interactions. Deviation from the SM total cross section can be used to constrain the coefficients of
these operators to an order of 0.2~divided by the cutoff scaleL53.1 TeV! with a 95% C.L. However, there
are three ways in which this sensitivity can be improved by a factor of two. First, by studying the deviation of

the t t̄ kinematics from what is predicted by the SM; second, by polarizing the collider electron beam; and
third, by studying the polarization of the produced top quarks. In this way, we show that it is also possible to
attempt to disentangle the contributions from different anomalous operators, isolating the form of new physics
contributions.@S0556-2821~98!02805-7#

PACS number~s!: 14.65.Ha, 12.39.Fe, 12.60.2i
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I. INTRODUCTION

The standard model~SM! of particle physics is an amaz
ingly successful model, accurately predicting all availa
experimental data; however the model is still incomple
The details of the electroweak symmetry breaking~EWSB!
have continued to elude experimental verification. Un
there is experimental observation of the scalar Higgs bos
the generation of masses for theW and Z bosons, and the
fermions, will remain a mystery. If the answer to these qu
tions is to be found at a high energy scale, we may still
able to gain insight into the mechanism of the symmet
breaking by studying the couplings of the known vec
bosons and fermions at a somewhat lower energy scale
deviations from what is predicted by the SM.

In particular, the top quark@1#, with its heavy mass of
;175 GeV, the same order as the EWSB scale@v
5(A2GF)21/25246 GeV#, may provide answers to thes
questions. As the heaviest of the fermions, the top quar
unique, and may provide a useful probe of the EWSB sec
particularly if there is a connection between the generation
mass for the fermions and the EWSB. In this case, one
pects some residual effects of this mechanism could ap
in accordance with the mass hierarchy@2–4#. Thus, new
physics effects could be much more apparent in the
quark than in the other~much lighter! fermions of the theory.
For this reason, it is very important to study the top quar
interactions, as they may provide information on new ph
ics effects@5#.

One of the reasons for the proposed Linear Collider~LC!
is to shed light upon these questions. With a high cente
mass energy (AS5 1.5 TeV! and a large integrated luminos

*Also at the Departamento de Fı´sica, CINVESTAV, Apdo. Postal
14-740, 07000 Me´xico, D. F., Mexico.

†Also at the HEP division, 9700 South Cass Avenue, Argonne
60439.
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ity (L5200 fb21), it is expected that there will be a few

thousands oft t̄ pairs and single-t ~or single-t̄ ) events pro-
duced via vector boson fusion processes. Thus, the LC
allow the couplings of the longitudinally polarized weak ve
tor bosons to the top quark to be very accurately determin

In this article, we expand upon previous work@6# by in-
cluding an analysis of signal and initial state radiation ba

ground for the production oft t̄ through fusion of vector
bosons, including the effects of possible anomalous dim
sion five operators.1 At this stage we are not doing a detaile

study of the decay products of thet t̄ system; the purpose o
our work is to learn about the sensitivity of the LC to the
anomalous operators along with the possible strategie
measure their effects. We show that at the LC the coe
cients of these operators can be measured to order 1021 ~di-
vided by the cutoff scale,L54pv53.1 TeV!. As a com-
parison, the coefficients of the next-to-leading-order~NLO!
bosonic operators are usually determined to about an orde
1021 or 1 ~divided byL2) via VLVL→VLVL processes@7,8#.

Hence, the scattering processesVLVL→t t̄ ,t b̄ , or b t̄ at high
energy may provide a more sensitive probe of some sym
try breaking mechanisms thanVLVL→VLVL , assuming that
naive dimensional analysis~NDA! @9# holds.

The paper is organized as follows. In Sec. II we pres
the relevant part of the effective Lagrangian used in o
study, and provide limits on the coefficients of the dimens
five operators from partial wave perturbative unitarity.

Sec. III, we present a study of the production oft t̄ with
missingpT(t t̄ )

in the SM without a Higgs boson, includin

L

1In the context of this study there is no Higgs resonance that
cure the high energy behavior of the longitudinal vector boson
sion processes, thus we expect the effects of some strong cou
scenario to manifest themselves through deviations from the
couplings.
3106 © 1998 The American Physical Society
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57 3107ANOMALOUS W1W2t t̄ COUPLINGS AT THEe1e2 . . .
the effects of theW1W2t t̄ operators under study. We sho
how one can use the total rate of this process, a study o
shape of rapidity distributions, and the polarization of the

quarks to constrain theW1W2t t̄ operators to order 1021.
We also examine the gains one can arrive upon by polariz
the electron or positron beams, and find that an improvem
of up to 50% can be obtained from a highly polarized el
tron beam.

II. DIMENSION FIVE ANOMALOUS COUPLINGS

We wish to study new physics effects tot t̄ production
at the LC in a model-independent way, using the elec
weak chiral Lagrangian~EWCL!. In the EWCL, the SU~2!L

3U(1)Y gauge symmetry is realized nonlinearly, and a s
lar Higgs boson is not required for a gauge-invariant the
@2–4#. Thus, we may study the couplings of the top quark
the gauge bosons without assuming that a Higgs boson
ists. For this reason, we refer to the theory without any ‘‘n
physics’’ effects included as the SM without a Higgs boso

We include terms of dimension five in our effective L
grangian, and thus NDA@9# requires a cutoff scale,L, below
which the effective theory is valid. This scale could be ide
tified with the lowest new heavy mass scale, or someth
around 4pv.3.1 TeV if no new resonances exist belowL.
For the purposes of our study, we will assumeL53.1 TeV,
and obtain constraints on the coefficients of the dimens
five operators.

As discussed previously@6#, there are 19 independent d
mension five operators~not including flavor-changing neu
tral current operators! that involve the top quark and th
gauge bosons in the nonlinear chiral Lagrangian, fourtee

which can contribute to theWL
1WL

2→t t̄ process. However

in the expansion in powers ofE ~the energy of thet t̄ sys-
tem! of the helicity amplitudes, only seven actually contri
ute to the leading terms; all the others contribute at mos
terms that are two powers below the leading ones. T
means that in the high energy region, where the longitud
components ofW andZ play the leading role, the effects o
these operators are more likely to be observed. In the lea
terms in theE expansion, there are two types of contrib

tions to the partial waves of theWL
1WL

2→t t̄ amplitudes: the
S-wave and the P-wave. Except for thederivative-on-
fermionoperator@6#, every operator contributes to either th
S-wave or P-wave, but not to both.

Based on the previous discussion, and without any los
generality, we will simplify our study of anomalous effec

of dimension five operators on the production oft t̄ pairs at

the LC by considering the twoW1W2t t̄ contact operators
of our previous work@6#. These two operators can serve
good representatives of each class of operators, the s

W1W2t t̄ coupling~i.e., OgWW
(5) ) for those that contribute to

the S-wave, and the tensorW1W2t t̄ coupling~i.e.,OsWW
(5) )

for those that contribute to the P-wave.
Therefore, the part of the effective nonlinear SU~2)L3

U~1)Y chiral Lagrangian that is relevant for our study is
he
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Le f f5L~4!1OgWW
~5! 1OsWW

~5!

5 i t̄ gmS ]m1 i
2sw

2

3
AmD t

1 i b̄ gmS ]m2 i
sw

2

3
AmDb2S 1

2
2

2sw
2

3 D t L̄gmtLZm

1
2sw

2

3
t R̄gmtRZm1S 1

2
2

sw
2

3 DbL̄gmbLZm

2
sw

2

3
bR̄gmbRZm2

1

A2
t L̄gmbLWm

1

2
1

A2
bL̄gmtLWm

22mt t̄ t

2mbb̄b1
a1

L
t̄ tWm

1W2m1
a2

L
i t̄ smntWm

1Wn
2 , ~1!

where a1 is the parameter which characterizes the scal
W1W2t t̄ coupling, and a2 characterizes the tensor
W1W2t t̄ coupling.

The leading terms in theE expansion of theW1W2

→t t̄ helicity amplitudes~including both the contributions
from the SM without a Higgs boson and the anomalous
mension five terms! are

T115
mtE

v2 2
2E3

v2L
~a11a2cosu!

T2252T11 ,

T125
mt

2

v2
cot

u

2
1

4 E2mtsinu

v2L
a2

T215
mb

2

v2
cot

u

2
1

4 E2mtsinu

v2L
a2. ~2!

As mentioned before, NDA gives an estimate for the sc
L to be of order 4pv and the coefficientsa1,2 to be of order
one.2 Given the strong dependence on the energy of the p
cess (E3) it is natural to ask for the limits on the strength
the couplings to prevent violation of perturbative unitarity

A. Constraints from partial wave unitarity

As can be seen from Eq.~2!, the couplinga1 contributes
only to the S-wave, whereasa2 contributes to the P-wave
Applying the method given in Refs.@10,11# for partial wave
analysis, we consider the leading contributions~that grow

2NDA countsS asL0, Dm as 1/L, and fermion fields as 1/vAL.
Hence,W6, Z andA are also counted as 1/L. After this counting,
one should multiply the result byv2L2. Notice that up to the order
of intent, the kinetic term of the gauge boson fields and the m
term of the fermion fields are two exceptions to the NDA, and
of orderL0.
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3108 57F. LARIOS, TIM TAIT, AND C.-P. YUAN
with any power ofE) to the coupled channel matrices fo
J50 andJ51 in order to obtain perturbative unitarity con
straints ona1 anda2, respectively. The best constraints w
come from the highest eigenvalues. Writing the coup
channels in the order@11# t(1) t̄ (1), t(2) t̄ (2) and
W1W2, theJ50 coupled channel partial wave matrix is

M05AF 0 0 21

0 0 1

21 1 0
G , ~3!

where

A5
a1E3

8pv2L
2

mtE

16pv2
, ~4!

and the largest eigenvalues are6A2A. Similarly, if we
write the coupled channels in the order@11# t(1) t̄ (2),
t~1! t̄ ~1!, t(2) t̄ (2), W1W2, and t(2) t̄ (1), then the
coupled channel partial wave matrix forJ51 is

M15F 0 0 0 C 0

0 0 0 B 0

0 0 0 2B 0

C B 2B 0 2C

0 0 0 2C 0

G , ~5!

where

B52
a2E3

24pv2L

C5
a2mtE

2

A26pv2L
,

and the largest eigenvalues are6A2B212C2.
From the largest eigenvalues, we derive the most string

constraints by requiring the magnitude of each eigenvalu
be less than unity. The resulting bounds are

ua1u<A24p
v2L

E3 S 11
A2mtE

16pv2 D .1,

ua2u<
24pv2L

E2A2E2116mt
2

.2.8, ~6!

where we have usedL53.1 TeV andE51.5 TeV for a
175 GeV top quark. Hence, in our numerical analysis,

FIG. 1. Diagram for e2e1→n n̄ t t̄ through anomalous

W1W2t t̄ couplings.
d
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to
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restrict the magnitude of the anomalous couplingsa1,2 to be
within 1.0 so that the tree level perturbative calculation do
not violate the unitarity condition.

III. SIGNATURE OF THE ANOMALOUS COUPLINGS:
t t̄ WITH MISSING PT

„t t̄ …

The W1W2t t̄ coupling, appearing in theW1W2 fusion
process will generate at t̄ pair in the central region of the
detector with missing transverse momentum carried away
the neutrinos produced by the charged leptonic current@cf.
Fig. 1#.

As this process also appears in the SM without a Hig
boson, what we hope to observe is actually an interfere
between the diagrams containing the anomalous coupl
and those from SM without a Higgs boson. Let us analy
the latter for the moment, and then examine the effects of
W1W2t t̄ operators in Sec. III B.

A. t t̄ with missing pT
„t t̄ …

in the SM without a Higgs boson

The SM without a Higgs boson prediction for the proce
e1e2→t t̄ with missing pT(t t̄ )

consists dominantly of two

subprocesses: one in which the missingpT(t t̄ )
is carried by

two neutrinos, and the other where it is carried by a parti
~i.e., a hard photon! which escapes detection.

In the SM without a Higgs boson there are 19 tree le
diagrams for the processe2e1→n n̄ t t̄ . There are three
W1W2 fusion diagrams which, at high energies3 are the
most important contributions, along with sixW exchange
diagrams of a lower magnitude@cf. Fig. 2~a! and~b! respec-
tively#. ~These nine diagrams form a gauge invariant subs!

3AS51.5 TeV @MZ ,MW , the masses of theZ andW bosons.

FIG. 2. Representative diagrams for SM without a Higgs bos

e2e1→n n̄ t t̄ : ~a! W1W2 fusion, ~b! W exchange, and~c! e2e1

anihilation.
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57 3109ANOMALOUS W1W2t t̄ COUPLINGS AT THEe1e2 . . .
The set of 10 diagrams in Fig. 2~c! contribute to less than
about one percent of the totalt t̄ n n̄ rate after imposing the
kinematic cuts @cf. Eq. ~7!# for suppressing thegt t̄
background.4

Since our signal consists of at t̄ pair with missing trans-
verse momentum~carried by the neutrinos!, we also must
consider the background process~at orderaem

2 ) e2e1→gt t̄
@cf. Fig. 3#, where the photon escapes the range covered
the detector,5 but is sufficiently hard to generate the requir
missing pT(t t̄ )

. The pictured diagrams correspond to initi
state radiation~ISR!. There are also contributions due to fin
state radiation~FSR!, where a photon is radiated from thet

or t̄ in the final state, but these contributions are suppres
by the heavy top mass and thus provide a negligible effe

Using a Monte-Carlo program to calculate the total cro
section for thee2e1→n n̄ t t̄ process, we compare the re
sults with the ones obtained in Ref.@6#, in which the effec-
tive W approximation method was applied and a total cr
sectionsW1

LW2
L→t t̄ 52 fb was obtained. In that calculatio

only the longitudinal components of the massiveW bosons
were considered, as well as the leading terms in powersE

for the helicity amplitudesW1
LW2

L→t t̄ . By applying the
same requirements as used in the effectiveW study, we can
compare our exact calculations to see how well the effec
W approximation works in this process. Namely, we requ
the invariant mass of thet t̄ system to beMt t̄ .500 GeV
and the rapidity and the transverse momentum oft and t̄ to
be uyu<2 andpT>20 GeV, respectively. From the comple
matrix element calculation, we obtain a similar value of 2
fb for the total cross section. Comparing this with the 2
obtained from the effectiveW approximation, we conclude
that the effectiveW approximation provides an accurate e
timate of the total cross section in this kinematic region
about 10%.

In order to suppress the background from the ISR subp
cess ofe1e2→gt t̄ , we have found it essential to requir

4In principle, one can impose a cut on the invariant ma

M inv(n n̄ ) of the invisible particle system~i.e. then n̄ pair! to fur-
ther suppress the background at the expense of some signal
However, in our analysis, we shall not impose such a cut to re
enough statistics.

5One of the current design proposals for the LC estimates
0.15 rad about the beam axis will not be covered by the dete
@12#.

FIG. 3. Diagrams for the ISR subprocess,e2e1→gt t̄ .
by
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that thet t̄ system have a minimum of transverse mome
tum, pT(t t̄ )

>20 GeV. Because this ISR subprocess dom
nantly produces photons approximately colinear with
beam axis, this constraint will remove much of the bac
ground. Any photon with polar angleu less than 0.15 rad and
energy more than 20/0.15.130 GeV will not be removed by
this cut. Roughly speaking, only 10% of the initial state r
diation carries this~or more! energy@13#. Thus we are effec-
tively cutting out most of the ISR background, which non
theless remains the order of theW1W2 fusion SM without a
Higgs boson cross section (sgt t̄ 51.8 fb!.

After imposing the minimal set of constraints:

uytu,uy t̄ u<2,

pT~ t !
,pT~ t̄ !

>20 GeV,

pT~ t t̄ !
>20 GeV, ~7!

we find that the cross section fore1e2→n n̄ t t̄ is about 4.0
fb in the SM without a Higgs boson. This indicates that t
effectiveW approximation used in@6# estimated the total rate
for t t̄ production viaW1W2 fusion at the LC by about a
factor of 2 too small.6 However, as we shall show, this wi
not have a large effect on the limits which can be obtain
on a1,2 by studying the total rate fort t̄ with missingpT(t t̄ )

at
the LC, particularly when the ISR contribution to the bac
ground is included.

The two types of processes,n n̄ t t̄ by W1W2 fusion, and
gt t̄ by e1e2 annihilation, have different distributions in
several kinematical variables. For instance, in Fig. 4
show the rapidity (yt t̄ ) of the t t̄ system for each subpro
cess. For the ISR process, which is a two-to-three proc
the rapidity has a minimum absolute value of about 0.18; t

s

te.
in

at
or

6Roughly speaking, only half of thet t̄ pairs meet the requiremen
Mt t̄ .500 GeV associated with the effective W approximation. T
transverseW boson contributions were not included in the previo
work @6#, but are included here using the exact scattering am
tudes.

FIG. 4. Distribution of yt t̄ for SM without a Higgs boson

e2e1→n n̄ t t̄ ~solid line!, and fore2e1→gt t̄ ~dashed line!.
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3110 57F. LARIOS, TIM TAIT, AND C.-P. YUAN
means that thet t̄ pair must have a minimum thrust towar
the beam axis. This can be easily understood from the
that the emitted photon, which must be directed close to
beam axis in order to escape detection, must carry eno
energy in order to generate the required missingpT(t t̄ )

, and

consequently thet t̄ system is boosted. On the other han
the W1W2 fusion mechanism prefers thet and t̄ to be
produced in the rapidity region close to zero.

Another important difference between these processe
their dependence on the polarization of the initial elect
and positron beams. ForW1W2 fusion the only nonzero
contribution comes from a purely left-handed electron an
purely right-handed positron.7 The rate for polarizede1 or
e2 beams can be written in terms of the rate for unpolariz
beams by using the relation

se2e1→n n̄ t t̄ 5se2e1→n n̄ t t̄
~0!

3~11Pe2
2

!3~11Pe1
1

! ~8!

wherese2e1→n n̄ t t̄
(0) is the unpolarized beam rate~determined

to be 4 fb after imposing the minimal cuts described abov!,
and Pe2

2 (Pe1
1 ) are the fractional left~right! polarization of

the electron~positron! beams respectively. On the oth
hand, fort t̄ g production the vector coupling also allows fo
contribution from a right~left! handed electron~positron!.
Therefore, to enhance the signal-to-background ratio
should consider the possibility of enhancing theW1W2 fu-
sion with ane2 (e1) beam with some degree of left~right!
handed polarization. In Fig. 5 we show the ratio of the to
cross sections of these two processes as a function o
left-handed polarization of the electron beam, and for th
different values of right-handed polarization of the positr
beam.

Apart from the expected reduction ofse2e1→t t̄ g relative
to the size ofse2e1→n n̄ t t̄ for higher degrees of polarization

7This is due to the left-handed nature of theW coupling and the
fact that the electron can be treated as massless atAS51.5 TeV.

FIG. 5. Ratio ofse2e1→t t̄ g andse2e1→n n̄ t t̄ as a function of the
left handed polarization of the electron beam and for three diffe
values ofPe1

1 right handed polarization of the positron beam: 0, 0
and 1 for the upper, middle and lower curves respectively.
ct
e
gh

,
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n

a

d

e
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there are two things that can be noticed from Fig. 5. First,
higher degrees of~left-handed! polarization of the electron
beam there is no substantial reduction in the ra
se2e1→t t̄ g /se2e1→n n̄ t t̄ if we also increase the positron’
right-handed polarization. Second, for the case of an un
larized positron beam the rate of reduction of the ratio fa
off as one polarizes the electron beam more and more
other words, there is more progress in the relative reduc
of se2e1→t t̄ g as one sets the electron’s polarization from
to 0.5 than from 0.5 to 1.0. As a consequence of this, the b
improvements in the bounds of the anomalous couplingsa1
and a2 take place in the lower degrees of polarization~as-
suming that no significant deviation from the SM predicti
is observed!. In Fig. 6 we show the improvement of th
bounds fora1 and a2 depending on the polarization of th
electron beam~assuming an unpolarized positron beam!.
From this study we see that an improvement of about 4
for a1 and 11% fora2 results when one considers the co
straint obtained from an unpolarized beam compared to
which is possible from a completely polarized beam. The
results lead us to conclude that a polarized electron beam
be an important and useful tool in probing this type of ne
physics effect at the LC.

One more feature that distinguishes the two subproce
is the polarization of thet and t̄ quarks. Should it turn out to
be experimentally feasible to measure the polarizations
the t and t̄ , this information can also be used to separate
two subprocesses. InW1W2 fusion we find the parallel he
licities ~equal sign! final states to dominate over the antipa
allel ones. On the other hand, for the ISR subprocess we
that the opposite is true. To illustrate this point, we show
Fig. 7 the contributions to the rapidity distributions from th
varioust and t̄ polarization combinations.

B. Effects from the anomalous W1W2t t̄ couplings

As demonstrated in@6#, the anomalous couplings may b
discovered or constrained by examining their effect upon

nt

FIG. 6. Improvement on the upper and lower bounds ofa1 and
a2 ~solid and dashed lines respectively! for an unpolarized positron
beam but a left-handed polarized electron beam.
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total production rate oft t̄ pairs at the LC. In Fig. 8 we show
the total number ofW1W2 fusion events expected at the L
with integrated luminosityL5200 fb21, as a function of the
anomalous operator couplings,a1 anda2. We can use these

FIG. 7. Distribution ofyt t̄ for SM e2e1→n n̄ t t̄ ~lower figure!,

and fore2e1→gt t̄ ~upper figure!. Parallel helicities:t(1) t̄ (1),

solid line; t(2) t̄ (2), long-dashed line. Antiparallel helicities

t~1! t̄ (2), short-dash line;t(2) t̄ (1), dotted line.

FIG. 8. Number ofW1W2 fusion t t̄ pairs as a function of the
anomalous couplingsa1 ~solid line! and a2 ~dash-dot line!. The
point a15a250 corresponds to the prediction of the SM without
Higgs boson.
results to obtain bounds ona1 anda2 at the 95% C.L., pro-
vided no new physics effects are observed at the LC.
Table I, we present the constraints ona1 and a2 from the
total rate estimated in@6#, as well as the more realisti
bounds obtained in this work, including the ISR processt t̄ g
discussed above, and the intrinsic SM without a Higgs bo
background processes. We find that the two results ar
agreement to within a factor of two, though the more realis
estimation does suffer in some cases when thet t̄ g back-
ground is included.

However, as we have discussed above, the backgro
from t t̄ g has different rapidity distributions from th
W1W2 fusion process we wish to study. In Figs. 9, 10, a
11 we show that the effects ofW1W2t t̄ operators can
modify the shape of these distributions. Thus, by examin
the effect on the shape of the rapidity distributions, we fi
that it is possible to improve the bounds obtained by stu
ing the total cross section. Because the contribution of
scalar operator (a1) is largely S-wave, as is the SM contr
bution, the scalar operator does not have a large effect on
rapidity distributions oft, t̄ , or thet t̄ system. Thus we find
that the bounds ona1 improve only slightly. For the tenso
operator~which contributes to the P-wave! we find a larger
effect, and there is a significant improvement on the low
constraint ona2. In particular, we find that the effect of th

FIG. 9. Distribution of rapidity oft for the SM without a Higgs

bosonW1W2 fusion process, thet t̄ g process, and theW1W2

fusion process including one value ofa1 and a2. The solid line

corresponds to SM without a Higgs bosone2e1→n n̄ t t̄ . The long-

dashed line ise2e1→gt t̄ . The short-dashed line ise2e1→n n̄ t t̄

with a1520.4 and the dotted line corresponds toe2e1→n n̄ t t̄
with a250.6.

TABLE I. The 95% C.L. limits ona1 and a2 obtained from

studying the totalt t̄ production rate at the LC and fromx2 analysis
of the effects on the distributions ofyt t̄ andyt2y t̄ .

Quantity Bounds fora1 Bounds fora2

Events(W1W2→t t̄ ) 20.06<a1<0.07 20.56<a2<0.24

Events(e1e2→t t̄ n n̄ ) 20.13<a1<0.18 20.9<a2<0.2

x2(yt t̄ ) 20.10<a1<0.12 20.78<a2<0.18
x2(yt2y t̄ ) 20.18<a1<0.3 20.3<a2<0.2
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tensor operator is to shift the rapidity distribution of thet and
t̄ in opposite directions@cf. Figs. 9, 10, and 11#. For this
reason it is useful to look at the distribution ofyt2y t̄ in
order to constraina2.

We analyze theyt2y t̄ and yt t̄ distributions by comput-
ing the x2 deviation between the distribution including th
anomalous effects and that predicted by the SM withou
Higgs boson, according to the formula

x25S j 51
K

~Nj
A2Nj

SM!2

Nj
SM

, ~9!

whereK is the total number of bins in the histogram,Nj
A is

the number of events in binj including the anomalous ef
fects, andNj

SM is the number of events predicted by the S
without a Higgs boson in binj . We find that given the sta
tistics available at the LC, for theyt t̄ analysis it is optimal to
use 3~equally sized! bins in the region20.6<yt t̄ <0.6, and
4 bins for the yt2y t̄ analysis ~in the region 0<yt2y t̄
<2!. In Figs. 12 and 13 we show the dependence ofx2 on
the size of the anomalous couplings. Carrying through
analysis and extracting the 95% C.L. bounds8 on a1 anda2,
we find, as expected, that the limits ona1 show a small
improvement, while the limits ona2 may be improved by
about a factor of 2 by considering theyt2y t̄ distribution.
These results are summarized in Table I.

The x2 deviation function foryt t̄ shows an interesting
behavior at positive~negative! values ofa1 (a2). Instead of
growing continually for greater values of the anomalous c
pling, it turns over at about a value of 0.5~20.3!, falls to a
minimum at 0.85~20.6!, and then rises again as the anom
lous coupling is increased. This can easily be underst
from Fig. 8, which shows the total number of events e
pected as a function ofa1 anda2. Since the shape of theyt t̄
distribution for the SM without a Higgs boson and anom
lous cases are very similar, thex2 is largely a measure of th
effect of the anomalous couplings on the total product
rate. For positive~negative! values ofa1 (a2) the interfer-
ence between the SM without a Higgs boson and anoma
amplitudes is destructive, and thus the rate diminishes. H
ever, as a1 (a2) becomes more positive~negative! the
anomalous amplitude begins to dominate the SM withou
Higgs boson one and the rate returns to the SM withou
Higgs boson value, thus causing a local minimum in thex2

function. As the magnitude of the anomalous coupling c
tinues to rise, the production rate rises monotonically ab
the SM without a Higgs boson value, and thus thex2 in-
creases. This feature is generic to any such analysis w
the process under study receives both SM and anoma
contributions to the total rate~and thus can interfere at th
amplitude level! and the distribution under study does n
undergo a large change in shape due to the effect of
anomalous operator.

It may be possible to use the information of the rapid
distributions under consideration to disentangle the effect

8For the three bin analysis ofyt t̄ , a 95% C.L. corresponds to ax2

of 7.8, while for the four bin analysis ofyt2y t̄ , a x2 of 9.8 cor-
responds to a 95% deviation@14#.
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the two W1W2t t̄ operators under study. In this way on
could identify whether an observedW1W2t t̄ new physics
effect at the LC was due to the scalar operator or the ten
operator in Eq.~1!. As we have shown in Fig. 11, theyt
2y t̄ distribution shape can be considerably modified by
effect of a tensor operator, whereas the scalar operator sh
a distribution much more like that predicted by the SM wit
out a Higgs boson. Thus if a signal is observed at the LC,
rapidity distribution can serve to help identify which oper
tor is responsible.

Moreover, there is a correlation between thex2 analysis
and the total production rate. For instance, assume
a there are a total of 1400 events~about 200 greater than th
SM without a Higgs boson prediction!, then according to
Fig. 8 this effect is due to eithera1 being of order20.3 ora2

being of order 0.5. Ifa1520.3 we expect thenxyt t̄

2 to be of

order 102 andxyt2y t̄

2 to be of order 30. On the other hand,

a250.5 we also expectxyt t̄

2 to be of order 102, butxyt2y t̄

2 to

be of order 90~3 times higher than the other case!.

C. Polarization of t and t̄

Should it prove possible to reconstruct the polarizat
information of thet and t̄ at the LC, we expect that this
information could be useful in both improving the bounds
a1,2 and in identifying the operator responsible if a ne
physics signal is observed at the LC.9

In Eq. ~2! we presented the dependence on the anom
ous couplings of the processW1W2→t t̄ for the four pos-
sible polarizations of thet and t̄ final state. Since the
t~1! t̄ (2) andt(2) t̄ ~1! matrix elements do not depend o
a1, it could be possible to use their rates to probea2 inde-
pendently froma1. In the full calculation ofe1e2→t t̄ n n̄ ,
we find that this is indeed the case. If a large deviation
observed only for parallelt t̄ polarizations @ t(1) t̄ (1)
or t(2) t̄ (2)], with no corresponding effect in the antipa
allel rate, one could thus be sure that the tensor opera

9Here we do not propose any method to measure the polariza
of the top quark produced in a W fusion process; we assume th
this is possible.

FIG. 10. Same as Fig. 9, but fory t̄ .
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OsWW
(5) , is not responsible. As discussed above, the rapi

distributionyt2y t̄ could further be used to identify the sc
lar operator,OgWW

(5) , as the source of the deviation.

The total number of events for varioust and t̄ polariza-
tions at the LC~assuming an integrated luminosity ofL5200
fb21) are shown in Fig. 14. As noted above, we see that
t(1) t̄ (2) rate is independent ofa1. Thus, by studying the
t(1) t̄ (1) rate we find that we can improve the bounds
a1 by about a factor of 2~here, we are considering unpola
ized electron and positron beams! @cf. Table II#. We also find
a substantial improvement in the lower bound ona2 by
studying thet(1) t̄ (2) rate, due to the fact that the SM
without a Higgs boson contribution to this channel is sm
thus making new effects from the tensor operator m
prominent.

Finally, we combine thet t̄ polarization information with
the effects upon the shape of the rapidity distributions,yt

2y t̄ andyt t̄ , for two separate choices oft t̄ polarizations:
t(1) t̄ (1) and t(1) t̄ (2), thus combining all of the~pos-
sibly in the case oft polarization! measurable quantities con
sidered in this study. The results for thex2 functions are

FIG. 11. Same as Fig. 9, but foryt2y t̄ .

FIG. 12. x2 function for yt t̄ as a function ofa1 ~solid line! and
a2 ~dash-dotted line!.
ty

e

l,
e

presented in Fig. 15 and Fig. 16 respectively. At the 95
C.L., we find that the constraints ona1 do not change appre-
ciably, because the scalar operator does not have a la
effect on the shape of the rapidity distributions, while tho
on a2 are improved somewhat by theyt2y t̄ analysis. These
results are summarized in Table II.

IV. CONCLUSIONS

In this paper, we present a complete tree level calculat
of the rate for producingt t̄ pairs at the LC, ane1e2 col-

FIG. 13. x2 function foryt2y t̄ . The solid line shows thex2 as
a function ofa1, while the dash-dotted line showsx2 as a function
of couplinga2.

FIG. 14. Number oft t̄ pairs of various polarizations at the LC
~with L5200 pb21 of data! as a function of the anomalous cou

plings. The solid line is the number oft(1) t̄ (1) produced as a

function ofa1. The long-dashed line is the number oft(1) t̄ (2) as

a function ofa1. The short-dashed line is the number oft~1! t̄ ~1!
as a function of the couplinga2. The dotted line is the number of

t(1) t̄ (2) as a function ofa2.
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lider with As51.5 TeV and 200 fb21 of integrated luminos-

ity. We have considered botht t̄ n n̄ and t t̄ g production,
within the framework of the standard model without a Hig
boson, an effective theory in which the SU~2)L3U~1)Y
gauge symmetry is realized nonlinearly. In order to para
etrize the effect of ‘‘new physics’’ coming from a high en
ergy scale, we include the possibility of anomalous dim
sion five W1W2t t̄ local operators. We have chosen
focus on a scalar (OgWW

(5) ) and a tensor (OsWW
(5) ) operator as

representative terms in the effective Lagrangian which c
tribute to scattering amplitudes at energy orderE3, in the
S-wave and P-wave channels respectively. Comparing
rate for e1e2→t t̄ n n̄ to previous work@6#, in which the
effectiveW approximation was used to estimate this rate,
find that the effectiveW method is in good agreement wit
the full calculation~to within a factor of 2!.

We found that by studying the total production rate,
is possible to constrain a dimension five anomalo
scalarW1W2t t̄ coupling by20.13<a1<0.18, and a tenso
W1W2t t̄ coupling by 20.9<a2<0.2. However, one can

FIG. 15. x2 function for yt2y t̄ for various t t̄ polarizations.

The solid line showst(1) t̄ (1) and couplinga1. The short-dashed

line is t(1) t̄ (1) and coupling a2. The dotted line shows

t(1) t̄ (2) as a function of couplinga2.
-

-

-

he

e

t
s

hope to improve these bounds by considering the effec
the operators on the rapidity distributionsyt t̄ andyt2y t̄ to
20.10<a1<0.12 and20.3<a2<0.2. In addition, since the
deviations from the SM without a Higgs boson distributio
depend ona1 anda2, we can use thex2 analysis to decide
whether the anomalous effect comes from the scalar c
pling, the tensor coupling, or from both.

We have also studied the improvements in constrain
a1 anda2 resulting from a polarized electron and/or positr
beam. We find that an improvement of about 43% in t
bounds ona1 and 11% in the bounds ona2 result when the
electron beam is 100% polarized, and that no large furt
improvement is expected if the positron beam is also po
ized.

Should it prove experimentally feasible to reconstruct
polarization of thet and t̄ , we can hope to further improve
these bounds. By considering the rapidity distributions
t(1) t̄ (1) and t(1) t̄ (2) separately, one can hope t
achieve the constraints20.08<a1<0.08 and20.20<a2
<0.20. Finally, because the scalar operator does not con
ute to thet(1) t̄ (2) channel, one can also use measu

FIG. 16. x2 function for yt t̄ for polarizationst(1) t̄ (1) as a
function of a1 ~solid line! anda2 ~short dashed line! and for polar-

izationst(1) t̄ (2) as a function ofa2 ~dotted line!. For coupling

a1 x2 values fort(1) t̄ (2) are smaller than 1.0.
nd
TABLE II. The bounds from polarizedt and t̄ quantities (95% C.L.!. Sincea1 is not sensitive to the

t(1) t̄ (2) production, no bounds ona1 are given for that polarization. There is no 95% C.L. lower bou
on a2 from yt2y t̄ .

Quantity Bounds fora1 Bounds fora2

Events@e1e2→n n̄ t(1) t̄ (1)# 20.08<a1<0.08 20.85<a2<0.42

Events@e1e2→n n̄ t(1) t̄ (2)# 20.28<a2<0.20

x2(yt(1) t̄ (1)) 20.08<a1<0.08 20.76<a2<0.4
x2(yt(1) t̄ (2)) 20.28<a2<0.20
x2(yt(1)2y t̄ (1)) 20.15<a1<0.15 20.20<a2<0.20
x2(yt(1)2y t̄ (2)) 2<a2<0.38
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ments of the polarized production rates to determine dire
which operator is responsible for an observed new phy
effect, should an excess in thet t̄ with missingpT(t t̄ )

rate be
observed at the LC.

Thus, we conclude that the LC would provide an excell
experiment for probing anomalousW1W2t t̄ couplings,
and thus could provide key information on the details as
ciated with the electroweak symmetry breaking sec
should a light Higgs boson fail to be discovered.
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