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ABSTRACT ited to those shown in Fig. 1a, then the total ¢itogde would
be proportional ton /s, wherem; is the mass of the fermion
and./s is the f f center of mass energy. For a sufficiently large
center of mass energy the total amplitude would violate unitar-
ity. This problematic high energy behavior is due to the he-
l. INTRODUCTION licity combinationsfy f; — W W; andfrfp — Wi W,
Processes witf¥” and Z bosons in the final state have reWheref. andfr denote left and right-handed fermions, respec-
ceived most of the attention in studies of strongly interactiriyely: andW7 denotes a longitudinally polarized” boson. In
Higgs sectors at future colliders. Such studies have shown th Standard Model the s—channel Higgs exchangeiarde of
the LHC and are* e~ linear collider with a center of mass entig. 1D is proportional torm ¢ /s and therefore cancels the con-
ergy of 1000-1500 GeV (the NLC) have comparable sensitiffioution from the graphs of Fig. 1a, as long as the Higgs boson
ties to a strongly interacting Higgs sector. In this paper we taR¥SS is not too large. . .
a different tact and study the reactiohe= — v#tf. The LHC ~ Fore"e” — W+W~, a collider with ane*e™ center of
cannot take advantage &+ W~ — 7 because of the large Mass energy of at least 500 TeV w_ould be required to detect
background fronyg — tt. the presence or absence of a light Higgs boson from this effect.
We begin by examining what would happen to Standafdowever, fortt — W*W= (or WHW~ — t?) the necessary
Model phenomenology if there were no light Higgs boson resgeNter of mass energy is much less, due to the large top quark
nance. mass.

The potential of the reactiosi™ e~ — vwitt for the study of
strong electroweak symmetry breaking is reviewed.

. THE STANDARD MODEL WITHOUT A B. The Reactiot* W — W*W~
LIGHT HIGGS BOSON

We review two processesff — WHW— andWtw— —
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@) Figure 2: Standard Model Feynman diagramsWor W~ —

f wt W+W—. All diagrams except for s-channel Higgs boson ex-
change are shown in (a). The s-channel Higgs boson exchange
-——- diagram is shown in (b).
h
f w™
(b)

The Standard Model arlifudes forW+W— — W+W— are
displayed in Fig. 2. If the amplitudes fé¥ tW— — WHtW—
were limited to those shown in Fig. 2a, then the total hiuge
Figure 1: Standard Model Feynman diagrams fof — would be proportional te. In the Standard Model the s—channel
W+w—: (a) all diagrams except for s-channel Higgs bosddiggs exchange antipude of Fig. 2b is proportional tos-and
exchange; (b) the s-channel Higgs boson exchange diagramtherefore cancels the contribution from the graphs of Fig. 2a.
The total amplitude is then proportional #e?,, wheremy is
the Higgs mass. Unitarity is not violated so long as the Higgs
boson mass is not too large.

Because the sum of the afitpdes in Fig. 2a diverges asit
*Work supported by Department of Energy contract DE-AC03-76SF0051S. customarily assumed that the first indication of the absence
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The Standard Model antifudes forif — WtW— are dis-
played in Fig. 1. If the amjgudes forf f — W+ W~ were lim-
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of a light Higgs boson would appear W+ W~ — WHtW~ the gauge boson decajB* — jij» andZ — jij». A fairly
orinW+W= — ZZ (orin a crossed reaction). Considerableonservative jet energy resolution&f£; /E; = 50%/@@
attention has therefore been paid to these reactions in studie8%fis assumed which results inW&W/Z Z misidentification
the physics of future dbders. probability of a few percent aldW/W Z, Z Z /W Z misiden-
tification probabilities of oughly 20%. These misidentification
Ill. THE REACTION probabilities are included in their analysis.
ete = vIWHW—, vwZZ ItEvents of the typete= — WHW~ are removed with the
cu
The analysis by Bargest al.[1] of the the gauge boson scat-
tering processe®/t Wi — Wi Wi andWi Wy — Zp7;
will serve as a model for our analysis B, W~ — tZ. where M, is the missing mass defined by

Bargeret al. use several models to test the effectiveness of ) )
their analysis: Mycon = 8+ My —2Vs(Ew+ + Ew-) . (2)

Miecon > 200 GeV (1)

1. Standard Model Higgs Boson with Magsg = 1 TeV. Here My is the mass of thé&/+ W — system andzy, « are

) the energies of the individu&/ bosons.
2. Chirally-Coupled Scalar (CCS) Model (Techw)- A Next, cuts are applied which require that thetW—- —

scalar mass and width of 1 TeV and 0.35 GeV, respectivebf,+W_ events have a large/s and are produced at a large
are used.
angle:

3. Chirally-Coupled Vector (CCV) Model (Techmi}= A _ .
technirho mass and width of 1 TeV and 0.03 TeV, respecMww > 500 GeV; pr (W) > 150 GeV; | cos O < 0.8 (3)

tively, are used. . . .
y With these cuts applied Barget al. observed that signal—-to-

background would be optimized if ther of the WW or ZZ
system were in the range

4. Low—Energy Theorem (LET) Model.

50 GeV < pr(WW) < 300 GeV

10%E w
i . ] 20 GeV < pp(Z7Z) < 300 GeV . (4)
- ee-~> .
103 —my=0 3 Finally, with the above minimumpy(WW), pr(ZZ) cuts
E ——my=1TeV 3 applied, e* tagging becomes effective in removing events of

the typeete™ — eTe=WTW— andete™ — e oW T Z. The
e* tagging cuts are

== _———3

T IIIII|T| T

e -
—= -
= —
= —

= v no e* with E, > 50 GeV and | cos .| < cos(0.15tad) . (5)

=
o
-

Total Cross Section (fb)
S
N

Fig. 4 shows theMy -y and Mz distributions after all

10° cuts. The 1 TeV Higgs scalar resonance stands out in both the
05 10 15 20 voWW andvvZ Z final states. The LET signal is larger for the
' ' ' ' final statevwZ Z than it is forrvWW.
12-95 /g (TeV) 8110A3

Table I: Signal and background ferre~ — vovW*+W— and
Figure 3: Total cross section verstise~ center of mass energy o+e¢— 1727 at V5 = 1.5 TeV with 100 b~ ! and 80% inital
for processes of the foret e~ — 1,1, V1 V> wherel; denotes an state electron polarization.
electron or electron-neutrino and denotes &=+ or Z gauge

boson. Signal(S) or SM Vector LET
BackgroundB) Mgy =1TeV My =1TeV

The total cross section for processes of the farha— s SWIW W) 149 a1 o8

1,15V, V5, wherel; denotes an electron or electron-neutrino and
i . L B 129 3.3 129

V; denotes @V = or Z gauge boson, is shown in Fig. 3 as a $/VB 13 23 05
function ofet e~ center of mass energy. The cross sections for / '
the Standard Model Higgs witlh; = 1 TeV are given by the _
dashed curves and are representative of the cross sections fcf'r(’/ vZ2) 1{_3008 2(2) gé
the strongly interacting models we have been discussing. Th
signal is the difference between the dashed and solid curves. S/\/E 15 4.6 5.7

Bargeret al. utilize a series of cuts to pduce an event sample
thatisrich in the final state§WLJr Wy andvvZp Zg. They use
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Figure 4: Expected numbers 8V tW—. ZZ — (55)(57)
signal and background events after all cuts 266 b ! lu-
minosity atv/s = 1.5 TeV: (@) ete — vvWTW—, (b)
ete™ — vwvZZ. Dijet branching fractions an*/Z iden-

The statistical significance of the signals for the different
models is given in Table | assuming 80% left—handedpo-
larization at,/s = 1.5 TeV and 10¢»~* luminosity. The sig-
nal and background counts are the number of events remaining
following all of the cuts described above.

Table II: Signal and background fer e~ — v7W+W— and
ete vwZZ at\/s = 1.5 TeV with 100 b, 90% inital state
electron polarization and 65% initial state positron polarization.

Signal(.S) or SM Vector LET
BackgroundB) Mgy =1TeV My =1TeV

S(TWHW ) 259 72 49
B 202 7.1 202
S/VB 18 32 3.4
S(wvZ7) 188 56 71
B 82 82 82
S/VB 21 6.2 7.8

It might be possible to increase the electron polarization to
90% and to produce positrons with 65% polarization. The sig-
nals and background with these polarizations are given in Ta-
ble Il. The statistical significances are larger by a factor of 1.4,
so that this polarization upgrade is equivalent to a factor of two
improvement in luminosity. Note that the statistical significance
of the LET signal is7.8¢ in thevwZ Z channel.

IV. THE REACTION eTe™ — vwit

If there is no light Higgs boson then the process —
W+ W~ violates unitarity at the multi-TeV scale. It is natural
then to ask if strong symmetry breaking can be detected through
the proces$¥+ W~ — ¢t. This process would be studied at the
NLC by observing the reactioni e~ — vwtt.

The total cross sections [2] fer e~ — eTe~tt andete™ —
vwtt, as well as the gauge boson helicity components of these
cross sections are displayed in Fig. 5. The cross sections are
shown as a function of top quark mass assuming that the

tification/misidentification factors are included. The dotted hisenter of mass energy is 2 TeV. The cross sections /for=
togram shows total SM background including misidentifica-.5 TeV are similar.

tions. The solid, dashed and dot—dashed histograms show signéfe have used the work of Barget al. as a guide in devel-
plus background for the LET, SM, and CCV models, respeoping selection criteria for™e~ — »wtt. We have also made

tively; CCS model results are close to the SM case.

similar assumptions regarding detector performance. Specifi-
cally, we assume that the quantitiég;, pr(t), andpr(¢t) are
measured well foff cos ©;] < 0.8 when both top quarks de-
cay hadronically. We do not have an issue analogous to the
W /Z misidentification problem since the top and bottom quark
masses are so different. Consequently we assume that hadron-
ically decaying top quarks are reconstructed with 100% effi-
ciency for| cos ©;] < 0.8.

We shall also consider events in which one top quark decays
hadronically and the other decays semi-leptonically. We must
alter our selection criteria for these events since the quantities
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(E,,p,) and (Ey, p,) be the four—vectors for the charged lep-
ton, neutrino, and quark, respectively, that are produced by

=
o
N
T T
L

the semi-leptonically decaying top quark. L(ét ¢) be the po-
lar and azimuthal angles of the neutrino produced by the semi-
102 E = leptonically decaying top quark.
s _ 3 If we impose thd? boson mass and top mass constraints and
C L W, W, (M=1000) 7 : )
_ - NT T = A assume that the charged lepton is massless, then the neutrino
21073 E 3 energykE, satisfies the equation
o Z e \WLWL My=100) ~ ~ ] AE2 4+ BE, +C =0, (10)
10~ E ~<wqwr Sl ?
=) T~ S ] where
s T SRS
107° ¢ o e~ 3 A = (B—p.)
E S T Z127 T m2
- S T e . - 2
10—6 i1 | | | | | “I‘""-' B = T‘/;V [Ebpbz_ (¢2+pbz)] +G(Eb_pbz)
0 100 200 300 400 1 ) m2. [m2., ) )
12-95 my (GeV) 8101A5 Cc = Z |:G + FVIV [E_‘T (1/) +pbz) + 2prG:|:|
Y = po, oS+ pp, sing
Figure 5: Contributions from various subprocesses to the total G = m3 + m?, + 2(E,E — py E) —m? . (11)

cross sections foete~ — e¢Te~tf andete™ — vwtt. The
contributions are plotted as a function of the top quark mass/Ve allow ¢ to vary betweerd < ¢ < 27 and solve forE,.

ms. TheeTe™ center of mass energy is 2 TeV. GivenE,, cosf can be calculated using th# boson mass con-
straint: )
My
s =(1- —=%-) . 12
cos ( 2EVE1> (12)

M,; andpr(tt) cannot be fully reconstructed due to the unde-
tected neutrino produced by the semi-leptonically decaying tofhe two—fold ambiquity in the solution to Eq. (10) can often be
a resolved by recognizing that all solutions to Eq. (10) satisfy the

A. Selection Criteria fott — (bj7)(bjj) relation

Our selection criteria when both top quarks decay hadroni- (20 E, sin8)? = (G + 2B, E, — 2py. B, o8 6)° (13)
cally are almost identical to the criteria imposed by Barger : ’
al. for WHW= — W*W~. We require whereas only solutions of interest satisfy the more restrictive

condition
Mrecnil > 200 GeV: (6)

20F,sinf = G+ 2E,E, —2py, . E, cosf 14
Mg > 500 GeV: pr(t) > 150 GeV; [cos @ < 0.8, (7) ¥ By sin b S (14)
30 GeV < pr(tf) < 300 GeV, 8 that f(_)llows directly from the top mass constraint. _
Variables such a#/,...; andpr(tf) become functions of
and when this method is employed. In order to impose selection

criteria we define the following variables:
no e* with E, > 50 GeV and | cosf,| < cos(0.15rad) . (9) g

. ) . _ — Mrecoil = min Mrecoil(¢)
B. Selection Criteria fott — (blv)(bj7) Osg<2m
. . . _ My = min M ()
In this section we consider the event topologye= — 0<4<2m
VD tt — v T, (blvy)(bjj) wherel = e, u. We would like to Pr(t) = min pr(t)(¢)
reconstruct the momentum three—vector of the neutrino from B Osés2m
the top decayz(). These 3 unknowns are one more in number Pr(tt) = o i pr(tt)(})
than the two available constraints (ofi€ boson mass and one _ —=
top quark mass constraint). We deal with this deficit by allowing Co = oA |cos O (g) . (15)

one of the unknowns to vary over all possible values as we solve

for the two remaining unknowns. In this way we obtain a seriesThe following cuts are applied:

of solutions for quantites such &¢,;, pr(¢t) andcos ©;. Cuts

are then applied to the maxima and minima of these quantities. Miecoit > 10 GeV, (16)
We work in the rest frame of the initialt e~ with the z-

axis pointing in the direction of the charged leptioproduced Mz > 450 GeVs Pr(t) > 65 GeV; Co <09, (17)

by the semi-leptonically decaying top quark. L€k, p7), 15 GeV < Pr(tt), (18)
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no et with E, > 50 GeV and | cosf.| < cos(0.15rad) .
(19)

These cut values were chosen so that background proceésg

would have the same detection efficiencies in the —
(blv)(bjj) andtt — (bjj)(bjj) topologies. The detection effi-
ciency for signal processes with the— (biv)(bjj) topology
is then 94% of thef — (b;j7)(b;j4) detection efficiency.

Table V: Signal and background fer e~ — vwtt at \/s =
JeV with 100 fb~1, 90% inital state electron polarization
and 65% initial state positron polarization. The contributions
from the event topologie§ — (b54)(bj4) andtt — (blv)(Dj7)

are summed together.

Signal(S) or SM Vector LET
i Background B) My =1TeV My =1TeV
C. Signal and Background
S(vott) 26 - 15
B B 8.1 - 8.1
Table IlI: Signal and background ferte~ — vwitt at /s = S/VB 9.2 _ 51

1.5 TeV with 100 fb ' and 80% inital state electron polar-
ization. The contributions from the event topologigs —
(b77)(bj7) andtt — (blv)(bjj) are summed together.

SlgnkaI(S) orB M E'\f TeV M VECIO_I[ Vv LET Even at\/s = 1.0 TeV there are interesting signals for a
ackgroundB) H=11€ v=17€ mg = 1 TeV standard model Higgs and for the LET model.
- The statistical significanes of signals fofs = 1.0 TeV are

}_S;(th) 13?%2 - gg shown in Table V assuming 1¢6~" luminosity, 90% polariza-
B tion for the electron beam, and 65% polarization for the positron
S/VB 22 - 8.8  peam.

D. Final State Helicity Analysis afzit

The strong symmetry breaking signal can perhaps be further
) _ enhanced by performing a helicity analysis on thénal state
Table IV: Signal anglbackgrc.)u.nd ferre™ — vwtt at /s = (g isolate the helicity combinatiorig?, and¢z?z. Recall from
1.5 TeV with 100 fb™, 90% inital state electron polarizationgec || A that these were the helicity combinations responsible
and 65% initial state positron polarization. _The contributiong, themy+/5 growth in the amplitude foW+ W= — ¢7. Pro-
from the event topologie$ — (0;7)(bj7) andtt — (W) (0j7)  jecting out these helicity combinations would be the analog of
are summed together. projecting out thé¥;" W;~ and 7, Z; final states in gauge bo-
son scattering.

Signal(S) or SM Vector LET
Background B) Mgz =1TeV My =1TeV

V. CONCLUSION
S(vwtt) 229 B 92 The procesgte~ — vtt appears to be an effective means
B o1 B o1 to study strong symmetry breaking in the fermion sector. Even
S/VB 32 - 13

in a scenario with no resonances, this process gives good sig-
nals at are* ¢~ linear collider with,/s = 1000 — 1500 GeV. It
remains to be seen how well the helicity-flipped final states can
be isolated. In addition, a full Monte Carlo study with beam-
strahlung and detectors effects included is required to verify the
parton level estimates given here.

The signals and background fowtt are given in Table llI
assuming 80% ™ polarization and 0% polarization at/s =
1.5 TeV and 10¢»~! luminosity. The hadronic and semi-
leptonic branching fractions of the top quark are properly ac-
counted for, and the 6% loss in detection efficiency for signals VI REFERENCES
in thett — (blv)(bj7) topology,! = e, u, relative to thef —  [1] V. Barger, K. Cheung, T. Han, and R.J.N.iltps, Phys. RevD52,
(b74)(bj4) topology is included. We also make the assumption 3815 (1995).
that thett — (blv)(bjj) topology withl = 7 can be utilized [2] R p. KauffmanPhys. RevD41, 3343 (1990).
with a 50% loss in efficiency relative 3 — (b57)(bjj); we
have not demonstrated that this can be accomplished in this pa-
per, but we are confident that future studies of top quark decays
to tau leptons will obtain efficiencies at least this good.

The signals and background for 90% polarization and 65%
et polarization are shown in Table IV. Just as @ W~ —

WTW—, we see that there is considerable improvement when
both the electron and positron beams are polarized.
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