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Anomalous W*W~tt couplings at thee*e™ linear collider
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We study production ott via WrwW~ fusion, including the initial state radiation background at the
proposed Linear Collidetan e*e™ collider with \'S= 1.5 Te\) in the context of a standard modeM)
without a Higgs boson, i.e., a nonlinear SU(X)U(1)y chiral Lagrangian, including dimension five
W*W"tt interactions. Deviation from the SM total cross section can be used to constrain the coefficients of
these operators to an order of @divided by the cutoff scalé. =3.1 Te\) 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
thett 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 [S0556-282(0198)02805-1

PACS numbe(s): 14.65.Ha, 12.39.Fe, 12.66i

. INTRODUCTION ity (L=200 fb 1), it is expected that there will be a few

) L thousands oft_pairs and single-(or singleﬂ events pro-
~ The standard mod&BM) of particle physics is an amaz- ,ced via vector boson fusion processes. Thus, the LC will
ingly successful model, accurately predicting all availableyqy, the couplings of the longitudinally polarized weak vec-
experimental data; however the model is still incompletey, hosons to the top quark to be very accurately determined.
The details of the electroweak symmetry break{BEyVSB) In this article, we expand upon previous wdi by in-

thha"e continued tot lelubde exE)erim]ce;;[al velrificgyion. bunt"cluding an analysis of signal and initial state radiation back-
re is experimen rvation r Hi n . — .
ere 1S experimental observation of the scalar Higgs boso dground for the production oft through fusion of vector

the generation of masses for th¢ and Z bosons, and the ) : ; .
fermions, will remain a mystery. If the answer to these uesppsons, including the effects of possible ano_malous dlmen—
; L ystery 9 five operatorS At this stage we are not doing a detailed
tions is to be found at a high energy scale, we may still he'on P ge we 9
able to gain insight into the mechanism of the symmetry-study of the decay products of thé system; the purpose of
breaking by studying the couplings of the known vectorour work is to learn about the sensitivity of the LC to these
bosons and fermions at a somewhat lower energy scale, f@omalous operators along with the possible strategies to
deviations from what is predicted by the SM. measure their effects. We show that at the LC the coeffi-
In particular, the top quarkl], with its heavy mass of cients of these operators can be measured to orde' (-
~175 GeV, the same order as the EWSB scéle vided by the cutoff scaleA =47v=3.1 Te\). As a com-
=(\2Gg)  Y2=246 Ge\l, may provide answers to these parison, the coefficients of the next-to-leading-or(éL0O)
guestions. As the heaviest of the fermions, the top quark i®osonic operators are usually determined to about an order of
unique, and may provide a useful probe of the EWSB sectorl0* or 1 (divided byA?) viaV,V, —V, V, processef7,8].

particularly if there is a connection between the generation ofjance the scattering procesSQS/L—>tt_tb_or bt at high

mass for the fermions and the EWSB. In this case, one ©Xanergy may provide a more sensitive probe of some symme-

pects some residual effects of this mechanism could appe : - -
in accordance with the mass hierarcf~4]. Thus, new ?Zi\tl)ée;g;%Sr?::;a::;zz(gg&;/ta XCL)I\QE assuming that

physics effects could be much more apparent in the top The paper is organized as follows. In Sec. Il we present

quark than in the othemuch lightey fermions of the theory. the relevant part of the effective Lagrangian used in our

For this reason, it is very important to study the top quark’s

interactions, as they may provide information on new phys_study, and provide limits on the coefficients of the dimension

ics effects[5]. five operators from partial wave perturbative unitarity. In
One of the reasons for the proposed Linear Collide?) Sec. lll, we present a study of the productiontdf with

is to shed light upon these questions. With a high center ofnissing Pro in the SM without a Higgs boson, including

mass energy\(S= 1.5 Te\) and a large integrated luminos-

] 1in the context of this study there is no Higgs resonance that can
*Also at the Departamento desfga, CINVESTAV, Apdo. Postal  cure the high energy behavior of the longitudinal vector boson fu-

14-740, 07000 Mxeico, D. F., Mexico. sion processes, thus we expect the effects of some strong coupling
TAlso at the HEP division, 9700 South Cass Avenue, Argonne, ILscenario to manifest themselves through deviations from the SM
60439. couplings.
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the effects of theW* W tt operators under study. We show Leg= L@ +0),,+ 0%,
how one can use the total rate of this process, a study of the )
shape of rapidity distributions, and the polarization of the top ~ _ it—yﬂ g +i ﬁA )t
quarks to constrain th&V*W tt operators to order 1¢. a 3
We also examine the gains one can arrive upon by polarizing o
the electron or positron beams, and find that an improvement +iby*
of up to 50% can be obtained from a highly polarized elec-
tron beam. 252
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II. DIMENSION FIVE ANOMALOUS COUPLINGS s? 1
] ) - ] - EbR’}/#bRZM_ _tL’}/’ubLW;
We wish to study new physics effects tdé production V2

at the LC in a model-independent way, using the electro-
weak chiral LagrangiatEWCL). In the EWCL, the S(2), — i@"“tg/\/——mtﬁ
xXU(1)y gauge symmetry is realized nonlinearly, and a sca- NA .
lar Higgs boson is not required for a gauge-invariant theory
[2—4]. Thus, we may study the couplings of the top quark to —mybb+ ﬁﬁy\ﬁw—m_ ﬁiﬁr“”twﬂ/\/‘ .
the gauge bosons without assuming that a Higgs boson ex- A . A e

ists. For this reason, we refer to the theory without any “new
. . . . wherea1 is the parameter which characterizes the scalar

physics” effects included as the SM without a Higgs boson. W

We include terms of dimension five in our effective La- W W tt coupling, and a, characterizes the tensor
grangian, and thus NDA9] requires a cutoff scaley, below W W tt coupling.
which the effective theory is valid. This scale could be iden- The leading terms in thé& expansion of thew" W~
tified with the lowest new heavy mass scale, or something-tt helicity amplitudes(including both the contributions
around 4rv=3.1 TeV if no new resonances exist beldgw  from the SM without a Higgs boson and the anomalous di-
For the purposes of our study, we will assuhe=3.1 Tev, — mension five termsare
and obtain constraints on the coefficients of the dimension mE  2E°
five operators. a, -+ a,cosd

As discussed previoush6], there are 19 independent di- I _2_( e )
mension five operatoréot including flavor-changing neu-
tral current operatojsthat involve the top quark and the
gauge bosons in the nonlinear chiral Lagrangian, fourteen of

4 Ezmtsma

which can contribute to the/, W, —tt process. However, :_{;otE —_——ay

in the expansion in powers & (the energy of thét sys-
tem) of the helicity amplitudes, only seven actually contrib- ) _
ute to the leading terms; all the others contribute at most to T L n 4 E’mising
terms that are two powers below the leading ones. This **_UZCOIE v2A
means that in the high energy region, where the longitudinal
components otV andZ play the leading role, the effects of  As mentioned before, NDA gives an estimate for the scale
these operators are more likely to be observed. In the leading to be of order 4rv and the coefficienta, , to be of order
terms in theE expansion, there are two 0 types of contribu- one? Given the strong dependence on the energy of the pro-
tions to the partial waves of tha/]" W —tt amplltudes. the Ce€ss E3 _|t is natural to as!< for_ the limits on th.e strength of
S-wave and the P-wave. Except for thterivative-on- the couplings to prevent violation of perturbative unitarity.
fermionoperatoi{ 6], every operator contributes to either the
S-wave or P-wave, but not to both. A. Constraints from partial wave unitarity

Based on the previous discussion, and without any loss of As can be seen from E@2), the couplinga; contributes
generality, we will simplify our study of anomalous effects only to the S-wave, whereas, contributes to the P-wave.
of dimension five operators on the productiontof pairs at ~ Applying the method given in Ref§10,11] for partial wave
the LC by considering the twaVT Wt T contact operators analysis, we consider the leading contributidtizat grow

of our previous worl{6]. These two operators can serve as
good representatives of each class of operators the scalar

Hence W=, Z and.A are also counted asAl/ After this counting
~ + (5) ’ ’ ’
the S-wave, and the tenS(W Wit Coupllng(l.e., Ommm one should multiply the result by?A 2. Notice that up to the order

for those that contribute to the P-wave. _ of intent, the kinetic term of the gauge boson fields and the mass
Therefore, the part of the effective nonlinear @) X term of the fermion fields are two exceptions to the NDA, and are
U(1)y chiral Lagrangian that is relevant for our study is of orderA°.

T =-T:4,

a,. 2
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FIG. 1. Diagram fore e"—wvvtt through anomalous
W*W~tt couplings.

with any power ofE) to the coupled channel matrices for
J=0 andJ=1 in order to obtain perturbative unitarity con-
straints ona, anda,, respectively. The best constraints will
come from the highest eigenvalues. Writing the coupled
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channels in the ordef11] t(+)t(+), t(—=)t(—) and
W*W~, theJ=0 coupled channel partial wave matrix is

0O 0 -1
Mo=A 0O 0 1], 3
-1 1 O
where
a,E3 mE

= _— y 4

8mv?A  16mv? @
and the largest eigenvalues are\2A. Similarly,j we
write the coupled channels in the ordEéIr_l] t(+)t(-),
t(+H)t(+), t(=)t(=), W'W~, andt(—) t(+), then the
coupled channel partial wave matrix fée=1 is

ro O 0 C 0 T
0 O 0 B 0
M;=|0 0 0 -B 0 [, (5)
CcC B -B O -C
Lo 0 0 -C 0|
where
%L
24702\
a,mE?
\/567702/\'

and the largest eigenvalues are/2B?+ 2C?2.
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FIG. 2. Representative diagrams for SM without a Higgs boson
e et —vrtt: (@) WW~ fusion, (b) W exchange, andc) e e
anihilation.

restrict the magnitude of the anomalous coupliags to be
within 1.0 so that the tree level perturbative calculation does
not violate the unitarity condition.

lll. SIGNATURE OF THE ANOMALOUS COUPLINGS:
tt WITH MISSING Pre

The WHW~tt coupling, appearing in the&/* W~ fusion
process will generate &t pair in the central region of the
detector with missing transverse momentum carried away by
the neutrinos produced by the charged leptonic curfefit
Fig. 1].

As this process also appears in the SM without a Higgs
boson, what we hope to observe is actually an interference
between the diagrams containing the anomalous couplings
and those from SM without a Higgs boson. Let us analyze
the latter for the moment, and then examine the effects of the

W*W~tt operators in Sec. Il B.

A. tt with missing Prs in the SM without a Higgs boson

The SM without a Higgs boson prediction for the process
e"e —tt with missing PTeo consists dominantly of two

From the largest eigenvalues, we derive the most stringergubprocesses: one in which the missimg“f) is carried by
constraints by requiring the magnitude of each eigenvalue tgyo neutrinos, and the other where it is carried by a particle

be less than unity. The resulting bounds are

2

VA \/EmtE
a)|< 24— 1+

2] E3< 16702

layl < 24mv°A
QS F/———
E2\2E2+ 16m?

where we have usedh=3.1TeV andE=1.5TeV for a

~2.8, (6)

(i.e., a hard photgnwhich escapes detection.
In the SM without a Higgs boson there are 19 tree level

diagrams for the process e —wvwvtt. There are three
W*™W~ fusion diagrams which, at high energfeare the
most important contributions, along with sW exchange
diagrams of a lower magnitudef. Fig. 2a) and(b) respec-
tively]. (These nine diagrams form a gauge invariant supset.

175 GeV top quark. Hence, in our numerical analysis, we 3/S=1.5 TeV>M,,M,,, the masses of th& andW bosons.
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FIG. 3. Diagrams for the ISR subprocee§,e*ﬂytr

The set of 10 diagrams in Fig.(@ contribute to less than
about one percent of the totat » v rate after imposing the
kinematic cuts[cf. Eq. (7)] for suppressing theytt FIG. 4. Distribution ofy, for SM without a Higgs boson
background' e e’ —wvrtt (solid line), and fore"e"— ytt (dashed ling
Since our signal consists ofta_pair with missing trans- _ o

verse momentungcarried by the neutringswe also must that thett system have a minimum of transverse momen-
consider the background procdss ordera?,) e et —ytt WM, pr ;=20 GeV. Because th|§ ISR subprocess'doml-
[cf. Fig. 3], where the photon escapes the range covered byantly produces photons approximately colinear with the
the detectoP, but is sufficiently hard to generate the requiredbeam axis, this constraint will remove much of the back-
missing pr,—. The pictured diagrams correspond to initial ground. Any photon with polar angiéless than 0.15 rad and
state radiatioflSR). There are also contributions due to final €N€rgy more than 20/0.25130 GeV will not be removed by

state radiatio(FSR), where a photon is radiated from the this cut. Roughly speaking, only 10% of the initial state ra-
ation carries thigor more energy[13]. Thus we are effec-

j _ o di
or t in the final state, but these contributions are suppresseﬁ{,ely cutting out most of the ISR background, which none-
by the heavy top mass and thus provide a negligible effecty 1o ooin the order of té" W~ fusion SM without a
Using a Monte-Carlo program to calculate the total Crosﬁ-ﬁggs boson cross sectiow (;=1.8 fb)
tt - . .

section for thee‘e+—>v1_/tt process, we compare the re-  “after imposing the minimal set of constraints:
sults with the ones obtained in R¢6], in which the effec-

tive W approximation method was applied and a total cross Iy, lyif=<2,

sectionawnwfﬁn—: 2 fb was obtained. In that calculation

only the longitudinal components of the massiebosons Pr, Pr ;=20 GeV,

were considered, as well as the leading terms in poweks of

for the helicity amplitudesv*", W~ —tt . By applying the P =20 GeV, (7)

same requirements as used in the effectetudy, we can
compare our exact calculations to see how well the effectivgye fing that the cross section fef e~ — v vtt is about 4.0

W approximation works in this process. Namely, we requirefy jn the SM without a Higgs boson. This indicates that the
the invariant mass of thet system to beM,>500 GeV effectiveW approximation used i[6] estimated the total rate

and the rapidity and the transverse momenturh afdt to  for tt_production viaW*W~ fusion at the LC by about a
be|y|<2 andp;=20 GeV, respectively. From the complete factor of 2 too smalf. However, as we shall show, this will
matrix element calculation, we obtain a similar value of 2.2not have a large effect on the limits which can be obtained

fb for the total cross section. Comparing this with the 2 fbgp a, , by studying the total rate fart with missingpy o at
obtained from_ the eﬁect|v§1v approximation, we conclude the LC, particularly when the ISR contribution to the back-
that the effectiveV approximation provides an accurate es- o
. L N ) . ground is included.
timate of the total cross section in this kinematic region to — A g
about 10%. The two types of processesytt by W"W™ fusion, and

In order to suppress the background from the ISR subproytt by e"e” annihilation, have different distributions in
cess ofe*e’—wtt_ we have found it essential to require several kinematical variables. For instance, in Fig. 4 we
show the rapidity y,;) of thett system for each subpro-
cess. For the ISR process, which is a two-to-three process,

4 . . L the rapidity has a minimum absolute value of about 0.18; this
In prlnC|pIe, one can Impose a cut on the invariant mass

Min(vv) of the invisible particle systerti.e. thev v pair) to fur-

ther suppress the background at the expense of some signal rate. .

However, in our analysis, we shall not impose such a cut to retain ®Roughly speaking, only half of thet pairs meet the requirement

enough statistics. M7=>500 GeV associated with the effective W approximation. The
SOne of the current design proposals for the LC estimates tharansversaV boson contributions were not included in the previous

0.15 rad about the beam axis will not be covered by the detectowork [6], but are included here using the exact scattering ampli-

[12]. tudes.
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FIG. 5. Ratio 0foe-¢+ (1, andoe-e+ ., 17 @s a function of the 0 0.2 0.4 0.6 0.8 1
left handed polarization of the electron beam and for three different Pp-
values ofP;+ right handed polarization of the positron beam: 0, 0.5
and 1 for the upper, middle and lower curves respectively. FIG. 6. Improvement on the upper and lower bounds.péind

a, (solid and dashed lines respectivelgr an unpolarized positron

means that thét pair must have a minimum thrust toward Peam but a left-handed polarized electron beam.

the beam axis. This can be easily understood from the fac[]’lere are two things that can be noticed from Fig. 5. First, for

that the emitted photon, which must be directed close to thT:Iigher degrees ofleft-handed polarization of the electron
beam axis in order to escape detection, must carry enoug(gleam there is no substantial reduction in the ratio

energy in order to generate the required misPhg.;, and e ettt/ Te e _ypir if We also increase the positron’s

consequently thét system is boosted. On the other hand,right-handed polarization. Second, for the case of an unpo-
the WW~ fusion mechanism prefers thteand t to be larized positron beam the rate of reduction of the ratio falls
produced in the rapidity region close to zero. off as one polarizes the electron beam more and more. In
Another important difference between these processes Rther words, there is more progress in the relative reduction
their dependence on the polarization of the initial electrorPf oe-e+ .11, as one sets the electron’s polarization from 0
and positron beams. FAN"W~ fusion the only nonzero t0 0.5 than from 0.5to 1.0. As a consequence of this, the best
contribution comes from a purely left-handed electron and amprovements in the bounds of the anomalous couplangs
purely right-handed positrohThe rate for polarize&™ or ~ anda, take place in the lower degrees of polarizati@s-
e~ beams can be written in terms of the rate for unpolarizeduming that no significant deviation from the SM prediction

beams by using the relation is observedl In Fig. 6 we show the improvement of the
bounds fora; anda, depending on the polarization of the
Oeetpii = ggo_)fﬂﬁx( 1+P )X (1+ P;) (8)  electron beam(assuming an unpolarized positron bgam
From this study we see that an improvement of about 43%
Whereo-(e()’)e+~>vvtt is the unp0|arized beam ratdetermined for a; and 11% fora2 results when one considers the con-

to be 4 fb after imposing the minimal cuts described ahove Straint obtained from an unpolarized beam compared to that

andp— (P++) are the fractional leftright) polarization of which is possible from a completely pplanzed beam. These
e e . . results lead us to conclude that a polarized electron beam can
the electron(positron beams respectively. On the other

- ' i be an important and useful tool in probing this type of new
hand, fort t y production the vector coupling also allows for physics effect at the LC.
contribution from a right(left) handed electroripositron. One more feature that distinguishes the two subprocesses

Trr]lerleéore, t% er;rr]lance t_kgt;l_t5|g?al-trt])-bapkg;(r)‘ér:;lrr?tlo W the polarization of the and t quarks. Should it turn out to
should consider the possibility of enhancing u- be experimentally feasible to measure the polarizations of

sion with ane™ (e™) beam with some degree of Igftight) — _
handed polarization. In Fig. 5 we show the ratio of the totaltn€t and t, this information can also be used to separate the
0 subprocesses. W"W~ fusion we find the parallel he-

cross sections of these two processes as a function of tH}é’

left-handed polarization of the electron beam, and for thredCities (équal sign final states to dominate over the antipar-

different values of right-handed polarization of the positron@//€l 0nes. On the other hand, for the ISR subprocess we find
beam. that the opposite is true. To illustrate this point, we show in

Apart from the expected reduction of,- o+ 1, relative Fig. 7 the contributions to the rapidity distributions from the
er—itly . - . . . .
to the size ofre-o+_, ;¢ fOr higher degrees of polarization, varioust and t polarization combinations.

B. Effects from the anomalous W*W‘tt_couplings

"This is due to the left-handed nature of técoupling and the As demonstrated if6], the anomalous couplings may be
fact that the electron can be treated as massle§Satl.5 TeV. discovered or constrained by examining their effect upon the
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FIG. 7. Distribution ofy, for SMe~e* —vwtt (lower figure,
and fore"e"— ytt (upper figuré. Parallel helicitiest(+)t (+),

solid line; t(—)t_(—), long-dashed line. Antiparallel helicities:

t(+)t (—), short-dash linet(—) t (+), dotted line.

total production rate dft_pairs at the LC. In Fig. 8 we show
the total number oW* W~ fusion events expected at the LC

with integrated luminosity. =200 fb !, as a function of the

anomalous operator couplings, anda,. We can use these

2000
1800

1600

No. of Events

1400

1200

1000 M TR S| — . —l PR " N

FIG. 8. Number ofW* W~ fusiontTpairs as a function of the
anomalous couplings; (solid line) and a, (dash-dot ling The

3111

TABLE I. The 95% C.L. limits ona; and a, obtained from

studying the totalt_production rate at the LC and frogt analysis
of the effects on the distributions gf; andy,— vyt

Quantity

Bounds foil, Bounds fora,

—0.06<a;<0.07 —0.56<a,<0.24

EventsfV*W™—tt)

Eventse'e  —ttpy) —0.13<a;<0.18 —0.9<a,<0.2
X2y ~0.10<a,<0.12 —0.78<a,<0.18
X (Yi—y0) ~0.18<a;<0.3  —0.3<a,<0.2

results to obtain bounds an, anda, at the 95% C.L., pro-
vided no new physics effects are observed at the LC. In
Table |, we present the constraints ap and a, from the
total rate estimated in6], as well as the more realistic

bounds obtained in this work, including the ISR procesy
discussed above, and the intrinsic SM without a Higgs boson
background processes. We find that the two results are in
agreement to within a factor of two, though the more realistic

estimation does suffer in some cases Whenttt_w back-
ground is included.
However, as we have discussed above, the background

from tty has different rapidity distributions from the
W*W~ fusion process we wish to study. In Figs. 9, 10, and

11 we show that the effects ofW"W™tt operators can
modify the shape of these distributions. Thus, by examining
the effect on the shape of the rapidity distributions, we find
that it is possible to improve the bounds obtained by study-
ing the total cross section. Because the contribution of the
scalar operatord;) is largely S-wave, as is the SM contri-
bution, the scalar operator does not have a large effect on the

rapidity distributions of, t, or thett system. Thus we find
that the bounds oa; improve only slightly. For the tensor
operator(which contributes to the P-wayeve find a larger
effect, and there is a significant improvement on the lower
constraint ona,. In particular, we find that the effect of the

3

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

bosonW*W~ fusion process, thét y process, and th&v W~
fusion process including one value af and a,. The solid line

corresponds to SM without a Higgs bosene™ — v vt t. The long-
dashed line i® e" — yt t. The short-dashed line s e - vwtt

pointa;=a,=0 corresponds to the prediction of the SM without a with a;=—0.4 and the dotted line correspondseoe* —vvtt

Higgs boson.

with a,=0.6.
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tensor operator is to shift the rapidity distribution of thend T

t in opposite directiongcf. Figs. 9, 10, and 11 For this
reason it is useful to look at the distribution gf—y7 in
order to constraira,. [

We analyze the/,—y7 andy,; distributions by comput- do 2l
ing the x? deviation between the distribution including the dyz
anomalous effects and that predicted by the SM without a
Higgs boson, according to the formula

(NA=NPM)2
XZ:EL#' ©) [
N] B _I
o bu
. . . . . -2 1 0 1 2
whereK is the total number of bins in the hlstogram(; is Y

the number of events in bijp including the anomalous ef-

fects, andN™ is the number of events predicted by the SM FIG. 10. Same as Fig. 9, but fgr.

without a Higgs boson in bij. We find that given the sta- _

tistics available at the LC, for thganalysis it is optimal to  the two W"W"tt operators under study. In this way one
use 3(equally sizedl bins in the region-0.6<y,;=<0.6, and  could identify whether an observe&/*W~tt new physics

4 bins for they,—yy analysis(in the region Gsy,—y;  effect at the LC was due to the scalar operator or the tensor
<2). In Figs. 12 and 13 we show the dependencg®bn  operator in Eq.(1). As we have shown in Fig. 11, thg

the size of the anomalous couplings. Carrying through this- y1distribution shape can be considerably modified by the
analysis and extracting the 95% C.L. bouhds a; anda,, effect of a tensor operator, whereas the scalar operator shows
we find, as expected, that the limits @ show a small a distribution much more like that predicted by the SM with-
improvement, while the limits om, may be improved by out a Higgs boson. Thus if a signal is observed at the LC, the
about a factor of 2 by considering thg—y7 distribution.  rapidity distribution can serve to help identify which opera-
These results are summarized in Table I. tor is responsible.

The x? deviation function fory,; shows an interesting Moreover, there is a correlation between tpeanalysis
behavior at positivénegative values ofa; (a,). Instead of and the total production rate. For instance, assume that
growing continually for greater values of the anomalous cou-a there are a total of 1400 ever&bout 200 greater than the
pling, it turns over at about a value of 0(50.3), fallsto a SM without a Higgs boson predictipnthen according to
minimum at 0.85—0.6), and then rises again as the anoma-Fig. 8 this effect is due to either; being of order-0.3 ora,
lous coupling is increased. This can easily be understoodeing of order 0.5. I, = — 0.3 we expect thep@trto be of
from Fig. 8, which shows the total number of events ex-y.qar 168 andXi—yTto be of order 30. On the other hand, if

pected as a function @f; anda,. Since the shape of thg~ 5 2
distribution for the SM without a Higgs boson and anoma-82=0-5 We also expecgy -to be of order 18 butyy, —to
lous cases are very similar, thé is largely a measure of the be of order 903 times higher than the other case
effect of the anomalous couplings on the total production

rate. For positivelnegative values ofa; (a,) the interfer- C. Polarization of t and t

ence between the SM without a Higgs boson and anomalous Should i ibl h larizati
amplitudes is destructive, and thus the rate diminishes. How- ou_ It prove possible to reconstruct the po arlza'_uon
anomalous amplitude begins to dominate the SM without anformation could be useful in both improving the bounds on
Higgs boson one and the rate returns to the SM without &1, and in identifying the operator responsible if a new
Higgs boson value, thus causing a local minimum in ghe  Physics signal is observed at the £C.

function. As the magnitude of the anomalous coupling con- N Eq. (2) we presented the dependence on the anomal-

tinues to rise, the production rate rises monotonically above@us couplings of the proceSN*W*—>tt_for the four pos-

the SM without a Higgs boson value, and thus ffein-  sible polarizations of thet and t final state. Since the
creases. This feature is generic to any such analysis whe{@r)t—(_) andt(—)t_(+) matrix elements do not depend on

the process under study receives both SM and anomalmésl, it could be possible to use their rates to pr@beinde-
contributions to the total ratéand thus can interfere at the . .
pendently froma;. In the full calculation ofe™e™ —tt v,

amplitude level and the distribution under study does not find that this is indeed th If a | deviation i
undergo a large change in shape due to the effect of th@® Tin at this 1s indeed the casg. .a arge deviation 1S
anomalous operator. observed only for parallett polarizations[t(+)t(+)

It may be possible to use the information of the rapidityor t(—) t (—)], with no corresponding effect in the antipar-
distributions under consideration to disentangle the effects ddillel rate, one could thus be sure that the tensor operator,

8For the three bin analysis gf;, a 95% C.L. corresponds toy& Here we do not propose any method to measure the polarization
of 7.8, while for the four bin analysis of,—yi, a x? of 9.8 cor-  of the top quark producechia W fusion process; we assume that
responds to a 95% deviatiga4]. this is possible.
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FIG. 11. Same as Fig. 9, but fgr—y-.
100

03, is not responsible. As discussed above, the rapidity
ldlstrlbutlotny(t)—(s))/t coul?hfurther be L::St(;d tg |d.ert1.t|fy thesca- oo 43 x? function fory,—yt~. The solid line shows thg? as
ar operatorUgyy, as the source o ] € deviation. ) a function ofa,, while the dash-dotted line showg as a function

The total number of events for variotisand t polariza-  of couplinga,.
tions at the LQassuming an integrated luminosity lo&=200
fo~*) are shown in Fig. 14. As noted above, we see that th@resented in Fig. 15 and Fig. 16 respectively. At the 95%
t(+) t (—) rate is independent af;. Thus, by studying the C.L., we find that the constraints @3 do not change appre-
t(+)t (+) rate we find that we can improve the bounds onciably, because the scalar operator does not have a large
ized electron and positron beanfsf. Table Ii]. We also find 0N a; are improved somewhat by tlye—yi-analysis. These
a substantial improvement in the lower bound ap by  results are summarized in Table II.
studying thet(+) t (=) rate, due to the fact that the SM
without a Higgs boson contribution to this channel is small, IV. CONCLUSIONS
thus making new effects from the tensor operator more |, this paper, we present a complete tree level calculation

promlnent. i — o i . of the rate for producingt pairs at the LC, are"e™ col-
Finally, we combine thét polarization information with

the effects upon the shape of the rapidity distributiops,
—y7 andy,;, for two separate choices ot_polarizations:
t(+)t_(~|—) andt(+)t_(—), thus combining all of thépos- I
sibly in the case of polarization measurable quantities con- 1000

1200

sidered in this study. The results for thé functions are @
s |
>
[ 800
e I
o L
Z &0
102 | r
400
X’ '
200
101 L I L o
1 0.5 0 0.5 1
a
FIG. 14. Number ott_pairs of various polarizations at the LC
(with L=200 pb ! of datg as a function of the anomalous cou-
plings. The solid line is the number of+) t (+) produced as a

109 —
- function ofa;. The long-dashed line is the numbert6f-) t (—) as

a function ofa;. The short-dashed line is the numbertOf)t_(H
FIG. 12. x? function fory,;as a function of; (solid line) and ~ as aﬂnction of the coupling,. The dotted line is the number of
a, (dash-dotted ling t(+) t(—) as a function ofa,.
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10" |

109

FIG. 15. x? function for y,—y7 for varioustt polarizations. FIG. 16. x? function fory,for polarizationst(+) t (+) as a
The solid line shows(+) t (+) and couplinga,. The short-dashed function ofa, (solid line) anda; (short dashed lineand for polar-
line is t(+)t(+) and couplinga, The dotted line shows izationst(+)t(—) as a function ofa, (dotted ling. For coupling
t(+)t_(—) as a function of coupling,. a; x? values fort(+)t (—) are smaller than 1.0.

lider with \/'s=1.5 TeV and 200 fb* of integrated luminos- hope to improve these k_)o.unds by c9n5|der|ng the EﬁeCt of
. ) — i . the operators on the rapidity distributiopsandy;—y7 to
ity. We have considered botht »» andtty production,  _ g 10<a,;<0.12 and—0.3<a,<0.2. In addition, since the
within the framework of the standard model without a Higgs jeviations from the SM without a Higgs boson distributions
boson, an effective theory in which the &) XU(1l)y  depend ora, anda,, we can use thg? analysis to decide
gauge symmetry is realized nonlinearly. In order to paramynether the anomalous effect comes from the scalar cou-
etrize the effect of “new physics” coming from a high en- pling, the tensor coupling, or from both.
ergy scale, we include the possibility of anomalous dimen- \ye have also studied the improvements in constraining
sion five W"W~tt local operators. We have chosen to a; anda, resulting from a polarized electron and/or positron
focus on a scalar@(}},,) and a tensor@'3),,) operator as  beam. We find that an improvement of about 43% in the
representative terms in the effective Lagrangian which conbounds ora; and 11% in the bounds aa, result when the
tribute to scattering amplitudes at energy or@&r in the  electron beam is 100% polarized, and that no large further
S-wave and P-wave channels respectively. Comparing thisnprovement is expected if the positron beam is also polar-
rate fore*e”—tt v to previous work[6], in which the ized. _ _ _
effectiveW approximation was used to estimate this rate, we Should it prove experimentally feasible to reconstruct the
find that the effectivaV method is in good agreement with polarization of thet and t, we can hope to further improve
the full calculation(to within a factor of 2. these_bounds. By ccmsidering the rapidity distributions of
We found that by studying the total production rate, itt(+)t(+) and t(+)t(—) separately, one can hope to
is possible to constrain a dimension five anomalousachieve the constraints-0.08<a;<0.08 and —0.20<a,
scalatW* W™t t coupling by—0.13<a,=<0.18, and atensor <0.20. Finally, because the scalar operator does not contrib-

W*HW~tt coupling by —0.9<a,<0.2. However, one can ute to thet(+)t (—) channel, one can also use measure-

TABLE Il. The bounds from polarized andt_quantities (95% C.D. Sincea, is not sensitive to the

t(+)t_(—) production, no bounds oa, are given for that polarization. There is no 95% C.L. lower bound
ona, fromy,—yt.

Quantity Bounds foil, Bounds fora,

Eventgete —vwt(+)t(+)] —0.08<a;=<0.08 —0.85<a,=<0.42
Event§e* e —vut(+)t(—)] —0.28<a,=<0.20
XYyt () —0.08<a,;=<0.08 —0.76<a,<0.4
XYyt —0.28<a,<0.20
X2(Ye+) = Yi+) —0.15<a,<0.15 —0.20<a,=<0.20

Xz(yt(+)—YT(—)) —<a,<0.38
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