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ABSTRACT 

We discuss future e+e- linear colliders and new particle searches that can be done 
with them. In the discussion of new particle searches we examine the following topics: 
searches for gauge boson structure, searches for a strongly interacting Higgs sector, top 
quark studies, Higgs searches, supersymmetric particle searches and measurements of 
soft supersymmetry breaking parameters. 

1. Introduction 

Physicists from many institutions around the world are currently in the process 
of defining the physics, machine parameters and machine design of a future e+e- 
linear collider. We will first discuss ideas for future e+e- linear collider design and 
say a few words about the experimental environment at an e+e- linear collider. 
We will begin the discussion of physics topics with the process e+e- + W+W-. 
This is an important topic in its own right, but it will also serve to illustrate many 
of the techniques used in analyzing final states at e+e- linear colliders. We will 
then briefly discuss the physics of top quarks. The remainder of the paper will be 
devoted to Higgs physics and supersymmetry (SUSY). 

Fig. 1 is a schematic of a future e + - e linear collider. We shall refer to such a 
collider as the next linear collider or NLC. All NLC designs share the schematic 
shown in Fig. 1. Looking at Fig. 1 we see that there are damping rings to reduce 
the beam emittance, compressors to shorten the length of the e+e- bunches, two 
main accelerators, and two final focus sections. 

The initial center-of-mass energy (Ecm) of all NLC designs is 500 GeV. Of 
course the E,, can be lowered to study, for example, the tf threshold region. The 
design luminosity at E,, = 500 GeV is about 6 x 1O33 cmS2s-l. It will hopefully 
become clear as we discuss various physics topics why the initial Ecm is a good 
choice and why the luminosity is a good match for this Ecm. 

The E,, is upgraded by lengthening the accelerator sections, increasing the 
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Fig. 1. Schematic diagram of an NLC. 

accelerating gradient, or both. The only collider parts which must be moved when 
lengthening the main accelerators are the bunch compressors at the top and bottom 
of Fig. 1. These compressors move outward so that the collider is lengthened like 
a trombone. Most designs envisage an energy upgrade from EC, = 500 GeV to 
Ecm = 1500 GeV. Th’ f t 1s ac or of 3 increase in NLC energy can be compared to 
the factor of 2.5 increase in the SLAC energy during its first 20 years of operation, 
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where the increase at SLAC was accomplished solely by upgrading the accelerating 
gradient. 

Vigorous research and development programs in eSe- linear collider design 
have been under way for many years at SLAC, KEK, DESY and other institutions. 
With the exception of the main accelerator, there is general agreement on all 
aspects of NLC design. Three approaches to e+e- acceleration have emerged. 

SLAC, KEK, and Novosibirsk are proposing1*2 to extend the Stanford Linear 
Accelerator technology from the present RF frequency of 3 GHz (S-Band) to an 
RF frequency of 11.4 GHz (X-Band). When operating at a center-of-mass energy 
of 500 GeV the X-Band Linac would have an accelerating gradient of 50 MV/m 
which is to be compared to an accelerating gradient of 17 MV/m for the present 
S-Band Linac. It is thought that the gradient could be increased to 100 MV/m for 
operation of the collider at center-of-mass energies of 1.0 to 1.5 TeV The SLAC 
X-Band design has a repetition rate of 180 Hz with 0.65 x 1Oro electrons per bunch 
and 90 bunches per RF pulse. 

- 
A group at DESY is proposing3 to use the current S-Band technology. The 

DESY design would therefore have an accelerating gradient of 17 MV/m. The 
DESY S-Band repetition rate is 50 Hz and there are 0.70 x lOlo electrons per 
bunch and 172 bunches per RF pulse. 

TESLA, a collaboration of physicists from Cornell, CEBAF, DESY, and other 
institutions, is proposing4 to use superconducting RF technology. The highest 
gradient attainable today in a working superconducting RF accelerator is 7 MV/m. 
The TESLA collabortion believes they can achieve 25 MV/m eventually. The 
TESLA acclerator would operate at a frequency of 1.5 GHz (L-Band) so that the 
accelerator structure would be quite large. A larger structure reduces wakefield 
effects and is therefore an advantage. The TESLA collider has a repetition rate of 
10 Hz with 5 x 1Oro electrons per bunch and 800 bunches per RF pulse. 

The luminosity of all three designs is about 6x 1O33 cms2 s-l at EC, = 500 GeV. 
At 1 TeV the TESLA and X-Band d esigns have a luminosity of 1 to 2 x 1O34 cme2 s-l 
but the S-Band design is having trouble keeping up at a luminosity of 0.3 x 
1O34 crnv2 s-l. 

Most of the analyses which we present assume EC, = 500 GeV and an inte- 
grated luminosity of 10 jb-I. Such an integrated luminosity would correspond to a 
10’ second run at 16% of the design differential luminosity at EC, = 500 GeV. We 
note that the SLAC linear collider (SLC), an add-on to a 30 year old accelerator, 
currently operates at 15% of its design luminosity. 

We will not talk about detectors at future e+e- linear colliders. For most 
physics analyses the features and resolution of existing e+e- collider detectors, such 
as SLD and the LEP detectors, are sufficient. Indeed, the resolution of SLD/LEP 
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detectors is assumed for all the analyses described in this article. That is not to 
say that these detectors can be transplanted without modification to the inter- 
action point of an NLC. There are new sources of backgrounds at an NLC, such 
as muons created upstream of the interaction point, and a large number of e+e- 
pairs produced each bunch crossing due to the large luminosity per bunch crossing. 
However, even with these and other constraints on detector design, it is felt that 
all of the features of SLD/LEP detectors can be retained and that the existing 
resolution specifications can be met or exceeded5 
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Fig. 2. e+e- luminosity spectra. 

One important difference between the experimental environments at e+e- stor- 
age rings and future e e -I- - linear colliders is the presence of beamstrahlung at linear 
colliders. Beamstrahlung is the radiation by particles of one bunch as they bend in 
the intense collective magnetic field of the opposing bunch. Fig. 2 shows the one- 
dimensional luminosity-weighted e+e- E,, distributions6 for the three types of 
.- 
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accelerators. The extent to which each distribution deviates from a delta function 
reflects the amount of beamstrahlung radiation emitted during a bunch crossing. 
Also shown is the e+e- EC, distribution for a machine without beamstrahlung 
but with the effects of initial state radiation included. We see that the magni- 
tude of the beamstrahlung radiation is equal to or less than the bremsstrahlung 
radiation we are accustomed to. Beamstrahlung radiation modifies the irreducible 
bremsstrahlung radiation spectrum but does not introduce anything new. 

-I 
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Fig. 3. e+e- luminosity spectrum as a function of the fractional electron energy (e- z) 
and the fractional positron energy (e+ z), for a machine design with an exceptionally 
large amount of beamstrahlung radiation (no design currently being considered has this 
much radiation). Loss from beamstrahlung radiation only is included. 

In Fig. 3 we show the two-dimensional luminosity-weighted e+e- fractional 
energy distribution with beamstrahlung included but bremsstrahlung excluded. 
Note that the vertical scale is logarithmic. The highest bin is for the case where 
neither e+ or e- radiates a beamstrahlung photon. The second most likely case 
is that one, but not both, of the e+ and e- radiate a photon. The least likely 
case is when both the e+ and e- radiate a beamstrahlung photon. This means, 
for example, that it is a pretty good approximation to assume that neither the e+ 
. . 
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or e- has radiated when performing beam energy-momemtum constraints on the 
final state momenta, that it is a better approximation to assume that only one of 
the e+e- has radiated, and that it is only necessary for very high precision analyses 
to allow for radiation by both the e+ and e-. 

2. Gauge Boson Compositeness 

Remarkably little is known about the interactions of the electroweak gauge 
bosons with each other. There are two distinct aspects of these interactions which 
are of interest. First, the triple and quartic gauge boson vertices need to be tested 
for any structure beyond what is produced by Standard Model radiative correc- 
tions. Such anomalous structure would appear, for example, if the W and Z bosons 
were themselves composite objects. Second, gauge boson scattering processes such 
as W+W- + W+W- can help us understand the mechanism responsible for elec- 
troweak symmetry breaking. W+W- scattering processes can be studied at an 

+- collider either by radiating virtual W’s off of the e- and eS, or by studying 
y,- rescattering in e+e- + W+W-. 

2.1 Parameterization of Three Gauge Boson Vertex 

We use the formalism of Ref. 7 to describe the general WsW-V vertex, where 
V = r,Z. The effective Lagrangian for the general WsW-V vertex as given in 
Eq.(2.1) of Ref. 7 is: 

Lwwvlgwwv = igy(W,t,WpV” - W,‘VvWpy) + ifcvW,tW,Vp” 

+ 
iXv 
-wlpwp JVX - g~w,tw,(aPv” + d”V) 
4v 

+ g~EPVPa( WJ& W,)V, + iEv WJ WvVp” (1) 

+ iXv -W~,W~ vvvA . mtv 
The terms with the coupling parameters gy, KV, Xv separately conserve C, P, and 
T, while the others violate C or P, or both. We will concentrate in this article on 
measurements of the coupling parameters K-,, A,, KZ, and AZ. 

In the standard model, at tree-level, g: = gf = 1, K-, = KZ = 1 and all other 
coupling parameters in Eq. (1) are 0. There is currently much discussion in the 
literature8yg regarding the extent to which present day electroweak measurements, 
especially precision LEP measurements, constrain rev and Xv. In order to set the 
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stage for our discussion of the limits obtainable with the NLC, we quote the results 
of Kane et al8 who considered loop effects and unitarity constraints: 

IX,1 2 0.6 1~~ - 11 5 1.0 

lXzl < 0.6 - 0.8 5 KZ - 1 F 0.0 

where TV - 1 E ICV - 1. These authors also estimated that the SSC should achieve 
limits on A, and ICY of 

IX,1 5 0.02 IIcy - 11 5 0.1 

with 10 fb-I. 

2.2 Final State Helicity Analysis of e+e- --f W+W- 
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Fig. 4. The three tree-level Feynman diagrams for the process e+e- + W+ W-. 

We start our discussion of e+e- t W+W- with some definitions. Following 
Ref. 7 we define our z-axis to be the direction of the W- in the e+e- rest frame. 
The W- production angle 0 is defined to be the angle between the initial state 
e- and the W- in the e+e- rest frame. The W- and W+ decay according to 
W- --f fiJ2 and Ws -+ fsTJ. We define 8 and 4 to be the polar and azimuthal 
angles, respectively, of the fermion fr in the W- rest frame, while 3 and 7 are the 
polar and azimuthal angles, respectively, of the anti-fermion f4 in the Ws rest 
frame. We assume that the e- beam has the polarization P, where P, = 1 is 100% 
right-handed and P, = -1 is 100% left-handed. 

e+e- + W+W- proceeds through the three Feynman diagrams shown in 
Fig. 4. The differential cross-section dcr/ cos 0 is shown in Fig. 5, with the cross- 
section decomposed into different W+W- helicity combinations. Our notation 
is such that (X,x) indicates that the W- has helicity A, the W+ has helicity 1, .” 
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Fig. 5. The differential cross-section da/ cos 0 for e+e- + W+W- with the cross- 
section decomposed into different W+W- helicity combinations. 

and that X= +, -, 0 refers to right-handed transverse, left-handed transverse, and 
logitudinal W’s, respectively. At forward angles the t-channel neutrino exchange 
diagram dominates and the cross-section consists almost entirely of left-handed 
transverse IV- and right-handed transverse Ws gauge bosons. Transverse W’s 
continue to dominate the cross-section at central angles. Only when cos 0 drops 
below -0.9 do helicity combinations with at least one longitudinal gauge boson 
become important. The production angle 8 therefore provides only limited infor- 
mation about individual W+W- helicity combinations. 

- . 

The decay angles 8 and 4 can be used to improve the W+W- helicity analysis. 
To understand in detail how the decay angles reflect the helicity of the parent W 
we must look at the multi-differential cross-section for W+W- production and 
decay. The expression for the multi-differential cross-section depends on the event 
topology we are analyzing. Throughout this chapter we will concentrate on events 
where one W decays leptonically and the other decays hadronically. This topology 
has good statistics, can be separated from background with a high degree of purity, 
is rich in helicity information, and allows us to reconstruct all final state variables 
on an event-by-event basis. For events where the W- decays leptonically and the 
W+ decays hadronically (topology A events) the multi-differential cross section is 
.” 
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given by: 

d+ 
-- 

y,~y,~z,~z;co~~,co~~,~,co~~,~,~e) 
dcosO dcos0 d4 dcos8dq = 

gP&h 
c e;;+,, A,, 

-- (2) 
819273s 

KZ, xz; cos 0, P,)D~,(cos 8, $)&cos 0, $) 

&v,X,X’ 

where 

Q;;f ~(1 + Pe) c &(+,a, X,1;; O)M;(+,a, A’$; 0) 
i? 

+(l - Pe) c M&q, X,x;; O)M;(--,i~, A’,$@) . 
i 

and 
-- $+os8,~~ - B&ose,$) +~$(-cos~,~+~) 

C 1 . 
The W+W- p ro UC ion amplitude Ml, the IV- decay tensor DC and the IV+ d t’ 

decay tensor i$ are defined in Ref. 7. We note that 

P$ = &ii, I&() 
where Pi,;, is the WsW- production tensor defined in Eq. 4.11 of Ref. 7. In 

Eq. (2), fi is the e+e- center-of-mass energy, p = 
7 

1 - 4mw/s and Blh is the 
product of the leptonic and hadronic branching ratios for the W boson. The sum 

-- 
?$(cos 0, 4) appears in Eq. (2) ’ 

-- 
, instead of the single term $(cos 8, c$), because we 

assume that we cannot tag the flavor of the the quark jets in the decay of the IV+. 
When the IV+ decays leptonically and the IV- decays hadronically (topology B) 
we use the cross-section 

diT(K: y, A,, Kz, xz; cog 0, cosS,~, cos e,4, pe) 
dcosO dcos8 d4 dcos8 d? = 

9PBlh c -- -- (3) 
819273s 

$$,, x,, Kz, xz; cos 0, p,)~~,(cos e, &+os e,$) 
x,xq,~ 

where 
-- 

~-I&(cos 44) - [ z$(cos e,4) + D;,(- cos8,$+Ir)] - 
- , ,” 
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The IV- decay tensor Di,(cos 0, 4) is given explicitly by 

q = f(1 - cos8)2, 271 = f(i + cos ej2, 

2) 0’ = -$(l - cos e) sin Be’“, 

q- = - &Cl + cos 0) sin Be-+, 

2>t = i sin2 ee2+, 

V,O = sin2 8, 

(4) 

and Di’ = (Di,)* . We also show explicitly the expression for the W- hadronic 
decay tensor 3-1$ (cos O,C$): 

7-t: = i + cos2 8, 7~ = i + cos2 8, 
3-1: = J~COS 8 sin Be”” 

?ii = -A cos 8 sin Be+ 

X2 = sin2 t9e 2i4 

7-f: = 2 sin2 8, 

(5) 

Although the W- hadronic decay tensor 7fi,(cos 8, q5) does not contain as much he- 
licity information as the leptonic decay tensor Di,(cos 8, $), its information content 
is nevertheless non-negligible. 

5 
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Fig. 6. Distributions in du/ cos 0 for various values of cos 0. 

- , 

The decay tensor components ‘D++, DI, and Di f or pure left-handed transverse, 
pure right-handed transverse, and pure longitudinal W- gauge bosons, respec- 
tively, have distinctive polar angle distributions, and do not exhibit an azimuthal 
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angle dependence. Distributions in do/ cos 8 are shown in Fig. 6 for various values 
of cos 0. At cos 0 = +0.5 we can see from the cos 19 distribution that the IV- is 
almost entirely left-handed. On the other hand, at cos 0 = 0 and cos 0 = -0.5 
the W- is a mixture of various polarizations. 

The interference terms in Eq. (4) do depend on the decay azimuthal angle. For 
example, the decay tensor component 29: for the pure longitudinal W- boson is 
indistinguishable from the component @ for the interference between left-handed 
and right-handed transverse IV- bosons, except for the azimuthal angle factor ezi$. 
Our set of experimental observables therefore includes not only the cosines of the 
polar angles, cos 0, cos 8, and cos 8, but also the azimuthal angles 4 and 7. Our 
full helicity analysis then consists of a maximum likelihood fit of the form 

ln +,, A,, KZ, AZ; Lk) = 

riliziaihi5k ln(/%i,i,i,i,k) - hliZisihiSk (6) 

il=l iz=l is=1 ir=l is=1 k=l 

STilizi3ili5k ln(pili,i,i,isk) - piliZizi,iSk 1 
where riliZi3i4iSk and pilizi3idisk are the measured number of topology A events 
and the expected number of topology A events, respectively, in the bin centered 
at COS Oi, , COS e;, , $i3, COS gi4, i,, when the e- pOlarization iS p.k. ~i~?;ili,i,i,i,k 

and pilizi3&i5k are the measured and expected number of topology B events. The 
volume of a bin is 

AR= 
167r2 

No Ne N4 NgNT ’ 

we define /LiliZi3iliSk as follows: 

Pili2i3i4&,k(Kyy A,, KZT AZ, Lk) - Lk j:,cos~~~cos~~~~~~cos~Jd~ 

‘1,; ‘1; rl- ‘I,; ‘3 rl- ‘5 

d<(COS 
-- 

0, COS 8, $, COS 8, $, Pek) 
dcosO dcos0 d$ dcos8 d$ 

+ 

[ 

jdcos, jdcosB’ jrdd, jdcos$Td$ 

-1 -1 0 0 0 
-- 

qcos 0, cos 8, 4, cos e,$; cos of, cos e', $1, C~S if, 3’) 

. W% x,7 Kz,xz;COS~‘,COSe’,~‘,COS~,~‘,Pek) 

d COS 0’ d COS 8’ d# d COS 8’ d$ 
.” 
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where 

r,$ = case;, f 2-e 
NO’ 

77: = (hi3 f YL 
5 

7: = COS8ii;, f L* 

2NF1 
q&q. :5 15 &a 

NT 

and -- 
dt(cos 0, cos 8, 4, cos e,d, pe) 

dcosO dcos8 dq5 dcos8 d$ 

is the multi-differential cross-section for background processes that pass all the 
W+W- analysis cuts. The function 

-- 
~~~~~ 0, cos 8, 4, cos e,$; cos o’, cos 81, 41, cosi%, $1 

is the resolution function for our e+e- + W+W- analysis. It is defined so that 
GdR is the probability that a W+W- pair produced with the variables 

- cos O’, cos 8’, #, case’, and 4’ 

passes all the W+W- analysis cuts and is placed in a bin of volume dR centered 
at 

We shall assume that the W+l@- final state can be isolated sufficiently well 
that -- 

dt(cos 0, ~0s 4 4, ~0s 0, h pe) = o 
dcosO dcos8 dq5 dcos8d$ ’ 

is a good approximation. Although we are confident that this indeed is a good 
approximation, it remains an important topic of future study to actually prove 
that this will be the case. 

For most of the results that are presented in this chapter we assume that there 
is no initial state radiation, beamstrahlung or intrinsic linac energy spread. Fur- 
thermore, we assume that we have a perfect detector that can measure the variables -- 
cos 0, cos 8, 4, cos 8, 4 with iooY o e ffi ciency and infinite accuracy for topology A and 
B events with 1 cos 01 < 0.8: 

where we have used IR to denote the set of variabes cos 0, cos 8, 4, cosg, and 4. 
We shall also assume for most of this chapter that G(R; 0’) = 0 for topology A 

.” 
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and B events in which the W decays via W + 7~. The only source of error 
remaining after we make these assumptions is the statistical error associated with 
each bin count. At the end of the chapter we shall discuss how initial state radiation 
and beamstrahlung might be dealt with, and we investigate how our results are 
changed once detector resolution and W + 7~ decays are incorporated into a 
realistic resolution function. 

We first fix ICZ and Xz at their standard model values and do a three parameter 
log-likelihood fit of K-,, X,, and L. Here, and throughout this chapter, we use a 
binning of 

No = 20 and No = N4 = NT = NJ = 5 . 

- 

This choice was driven by computer CPU and memory considerations. We don’t 
know if a a finer binning granularity can improve our results. Fig. 7 shows 95% 
confidence level contours for three different center-of-mass energies. The luminosi- 
ties of 1.3 fb-’ at ,/Z = 200 GeV, 10 fb-’ at fi = 500 GeV, and 44 fb-’ at 
fi = 1000 GeV were chosen to give roughly 4100 detected events at each of the 
three -center-of-mass energies. Fig. 7(a) shows the 95% confidence level contours 
for fi = 200 GeV and 6 = 500 GeV; the contour for & = 1000 GeV is too 
small to appear on this scale. Also shown in Fig. 7(a) is an estimate’ of the 95% 
confidence level contour for the SSC at 10 fb-‘. There is a significant improvement 
in the limits in going from fi = 200 GeV to fi = 500 GeV. Note that the 95% 
confidence limits from a fi = 500 GeV c+e- collider at 10 fb-’ are much better 
than the limits estimated in Ref. 8 for the SSC at 10 fb-‘. Fig. 7(b) shows the 
95% confidence level contour for fi = 500 GeV in more detail, and it also shows 
the contour for fi = 1000 GeV. We can see that the individual bounds on + and 
A, at fi = 500 GeV are 1~~ - 11, X, < 0.01 . 

Next, we allow all four of our couplings parameters to be free as we perform a 

- , 

six parameter maximum log-likelihood fit of K~, X,, KZ, Xz, L+, L. The symbols 
L+ and L refer to the luminosities of two runs at different e- polarizations. We 
will first assume that Pe = 0 for both of these runs and that L+ = ,!L = 5 fb-l. 
The projection onto the (ICY, X,) and (KZ, Xz) planes of the six-dimensional 95% 
confidence level joint probability ellipsoid is shown in Fig. 8. The two-dimensional 
projection of the six-dimensional ellipsoid is not a nice contour, presumably because 
the shape of the six-dimensional object is so complicated. Each point is generated 
by first choosing a direction at random in the six-dimensional space, then traveling 
in this direction from the standard model point to the surface of the 95% confidence 
level ellipsoid, and finally projecting this point onto the plane. We interpret the 
outer boundary of the set of points in Fig. S(a) to be the 95% confidence level 
contour for K-, and X,, independent of KZ and Xz. If we compare Figs. 7(b) and 8(a) 
we see that our individual bounds on q and X, are degraded by a factor of about 
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Fig. 7. Projection onto the (K~, A,) pl ane of the 95% confidence level joint probability 
ellipsoid for a three-parameter maximum likelihood fit of n-,, A,, L. Standard model 
values are assumed for KZ and AZ. Projections for e+e- colliders with 1.3 fb-l at 
fi = 200 GeV, 10 fb-l at fi = 500 GeV, and 44 fb-l at 6 = 1000 GeV are 
plotted, as well as an estimate of the limits from the SSC with 10 fb-' (the SSC limit 
is independent of KZ and 1%). 

five when we allow all four of our coupling parameters to vary. The individual 
bounds on ICY and A, are now 1~~ - 11, A, < 0.05 . Comparing Figs. S(a) and (b) 
we see that the area of the excluded region in ( KZ, Zz) space is roughly the same 
as the excluded area in (K-,, A,) space. 
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Fig. 8. Projection onto the (a) (K?, AT) plane and (b) (KZ, A,) plane of the 95% con- 
fidence level joint probability ellipsoid for a six parameter maximum likelihood fit of 
K~, A,, KZ, AZ, L+, C-. Unpolarized beams are assumed with .C+ + .L = 10 fb-l at 
fi = 500 GeV. 

Given that the e+e-2 vertex is parity violating while the e+e-y vertex is 
parity conserving, it might seem plausible that polarized electron beams could 
help separate anomalous K-, and A, values from anomalous ICZ and AZ values. 
This indeed is the case. In Fig. 9 we show the projections of the six-dimensional 
95% confidence level joint probability ellipsoid assuming that L+ = 5 fb-’ is 
collected with 90% right-handed electrons and L = 5 fb-’ is collected with 90% 
left-handed electrons, all at fi = 500 GeV. K-, - 1 and A, are now each bounded 
by f0.02 . .- 
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Fig. 9. Projection onto the (a) (K?, A,) plane and (b) (KZ, AZ) plane of the 95% con- 
fidence level joint probability ellipsoid for a six-parameter maximum likelihood fit of 
n7, A,, KZ, AZ, L+, L-. The data set consisted of L+ = 5 fb-l of 90% right-handed 
electrons and L- = 5 fb-’ of 90% left-handed electrons at fi = 500 GeV. 

2.3 A Strongly Interacting Higgs Sector 

Final state rescattering in e+e- + W+W-, shown diagramatically in Fig. 10, 
can give us information about the J = 1 partial wave in the scattering process 
wpy + wp;, where WC denotes a longitudinally polarized W- boson. 
This is discussed, for example, in Refs. 10 and 11. The effect of a 1.8 TeV techni-p 
resonance in the WcWf t WcWc channel on the eSe- + W+W- cross-section 
.” 

16 



1-91 6797A13 

Fig. 10. Final state rescattering in e+e- -+ W+W- 
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Fig. 11. The effect of a 1.8 TeV techni-p resonance in the W’~W< + W,‘Wc channel 
on the e+e- + W+ W- cross-section. 

is shown in Fig. 11. We incorporate this effect into our analysis by multiplying the 
standard model amplitude for e+e- 
defined by 

+ wcw; by the rescattering coefficient FT 

FT E exp[b T&‘O(.s’)( ’ 
5’ - s - ie - ‘II s’ 

0 

where 

S(S) = $--> + i 
[ 

tanh( Mprp q-J+1 ’ 1 
v = 240 GeV is the Higgs vacuum expectation value, M,, is the techni-p mass 
and rP is the techni-p width. Fig. 12 shows I& and Im(F~), the real and 
imaginary parts of FT for three values of the techni-p mass M,,. The shortest curve 
corresponds to Mp = 00, the longest curve has Mp = 2 TeV, and the intermediate 
curve has Mp = 3 TeV. For each curve the values of FL(FT) and Im(F~) are shown 

.” 
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Fig. 12. Im(F~) vs. R+(FT) for three values of the techni-p mass Mp. 

0 1 2 3 
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from & = 0 to fi = 2 TeV. 

To assess our sensitivity to FL(FT) and Im( FT) we do another maximum log 
likelihood analysis. This time we parameterize the log likelihood function with 
the variables &(FT), Im(F~), and %, instead of the variables Q, X,, KZ, Xz, L. 
Our log likelihood function lnL(&(FT), Im(F~),L) is otherwise identical to the 
the one defined in Eq. (6). For the purpose of this discussion we set the cou- 
pling parameters K~, X,, KZ, Xz equal to their standard model values. We have 
found, however, that this approximation will not be necessary since the variables 

KY, x7, Kz, h %(FT>&(FT) were remarkably orthogonal when simultaneous fits 
of all 6 variables were performed. 

The 95% confidence level contours for I and Im(F~) are shown in Fig. 13 
for three different e+e- center-of-mass energies. At 6 = 1000 GeV and 1500 GeV 
we have assumed modest luminosities of 45 fb-r and of 90 fb-‘, respectively. We 
see that at these center-of-mass energies a 1.7 TeV techni-p resonance is easily 
observable. At fi = 500 GeV though, and despite the fact that we have assumed 
a hefty integrated luminosity of of 30 fb-‘, the 1.7 TeV techni-p is located right 
on the 95% confidence level contour. 

Fig. 14 shows 95% confidence level contours in &(FT), Im(F~) space for a 
larger luminosity at fi = 1000 GeV . With 200 fb-’ (Fig. 14) it appears possible 
to detect the presence of a techni-p resonance with a mass as large as 4 or 5 TeV. 

.” 
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Fig. 13. The 95% confidence level contours for I& and Im(F~) for (a) fi = 1500, 
L = 90 fb-‘; (b) fi = 1000, L = 45 fb-‘; (c) fi = 500, L = 30 fb-’ 

3. The Top Quark 

The top quark can be studied near threshold or in the continuum. An energy 
scan across tt threshold probes the ti: potential. The potential is determined mostly 
by the strong force but can also be affected by Higgs boson exchange12. Due to 
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Fig. 14. The 95% confidence level contours for &(FT) and Imp for fi = 1000, 
L. = 200 f b-’ 

the large top mass, perturbative QCD should provide an excellent description of 
the t3 potential. The unknown parameters which are measured with an an energy 
scan across the tS threshold region are the top mass Mt, the top decay width I’t, 
the strong coupling constant a~, and, possibly, the Higgs boson mass MAO and the 
top quark Yukawa coupling. 

It has been estimated2 that an energy scan can measure Mt, crs, and rt with 
errors of AM, = 0.1 to 0.2 GeV, Acrs = 0.001 to 0.005, Art/I’, < 0.2, and that 
Standard Model Higgs boson exchange can be detected if the Higgs mass is less 
than 120 GeV or if the top Yukawa coupling is anomalously large. 

Additional top physics studies can be made above the tS threshold region. 
An independent measurement of the top mass can be made with an accuracy of 
AM, = 0.2 GeV using beam energy-momentum constraints on the t? final state 
momenta. Such a measurement can be used, for example, to increase the precision 
of threshold measurements of crs and I’ t. Rare top quark decays can be searched 
for very effectively by selecting events in which at least one of the top quark decays 
via t -+ b I+ v. Such a selection procedure at an e+e- linear collider produces 
a very high purity t? sample. Examples of rare t quark decays are t + s W+ 
(thought to be visible if lVts12 < O.l), t -+ b H+ where H+ is a charged Higgs 
boson, and t -+ J@ where 2; is the lightest neutralino and t” is the stop squark. 

A final state helicity analysis of the t? final state can be performed to search 
for structure in the t&y and ti; 2 production vertices and in the t b W+ decay 
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vertex. A study of the t b W+ vertex would test the expected ratio of longitudinal 
and transverse W gauge bosons produced in top decay and would be sensitive to 
a right-handed charged current. The tt helicity analysis would be very similar to 
the W+W- helicity analysis described earlier. 

4. Higgs Bosons 

We denote the standard model Higgs boson by 4’. Large mass standard model 
Higgs bosons (MAO > 200 GeV) will be detected through the WW fusion process 
e+e- + v’L;$‘. The 4’ decays via 4’ + W+W- or 22. Higgs boson with masses 
as as large as 500 GeV can be detected13 with 30 fb-’ at a Ecm = 1 TeV. 

Intermediate mass Higgs bosons will be detected using the reaction e+e- + 
,Z’$O where the 4’ decays via 4’ + bz and the 2 decays via 2 --) 1+1-, qij, or 
v’i7. This is how LEP searches for the standard model Higgs boson and the same 
methods work at NLC. 

Qf greater interest is how the NLC can be used to measure the branching ratios 
of various Higgs decay modes. For example, the branching ratios for 4’ + b& 

$O ---t ww*, (iso + r+r-, and 4’ + cz + gg can be be measured14 with the 
errors shown in Fig. 15. The error bars are superimposed on a plot of the branching 
ratios of the lightest Higgs boson ho of the minimal supersymmetric extension to 
the standard model (MSSM). The b ranching ratios of the ho are plotted as a 
function of tanp, the ratio of the .vacuum expectation values of the two Higgs 
doublets of the MSSM. The branching ratios of the ho with small tan/? coincide 
with the branching ratios of the standard model Higgs boson 4’. 

The yy partial width of a Higgs boson is of special interest because it receives 
contributions from all electrically charged elementary particles which couple to the 

l5 particular Higgs boson . An elementary particle’s contribution to the yy partial 
width of the do, for example, approaches a nonzero asymptotic value as the mass 
of the elementary particle approaches infinity. A measurement of the yy partial 
width of the 4’ can therefore probe physics at very large energy scales. 

By colliding two beams of laser light which have been backscattered off the e- 
and e+ beams of an e+e- linear colliderr6, the partial width I’($’ --f 77) can be 
measured. See Ref. 17 for a discussion of this measurement. 

5. Supersymmetry 

Future e+e- linear colliders will be in a position to study all of the supersym- 
metric partners of the y, 2, and W, and of the three generations of fermions. They 
.” 
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Fig. 15. Higgs branching ratio measurement errors. 

will also be able to study in detail the Higgs bosons of supersymmetric theories. 

We list the the additional particles requiredr8trg by the MSSM: 

1. Two neutral scalar Higgs particles, ho and Ho, a neutral pseudoscalar Higgs 
particle A’, and a charged Higgs particle H+. 

2. One scalar neutrino 171 for each of the three ordinary neutrinos and a left and 
right-handed sfermion f~ and fR for each massive fermion. 

3. Four neutralinos gy, gi, g,“, and 2: . Each neutralino is a mixture of the 
SUSY partners of the photon, the 2’ and the neutral components of the 
Higgs doublets. 

4. Two charginos 2: and 2; . Each chargino is a mixture of the fermion 
partners of the W* and the charged components of the Higgs doublets. 

.” 
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5. The gluino 3, which is the fermion partner of the gluon. 

The Higgs mass spectrum of the MSSM is determined by two parameters which 
can be taken to be tanp and the mass M ~0 of the pseudoscalar Higgs. The entire 
parameter space of tan /? versus MAO can be easily covered at an e+e- linear colliers 
with 10 fb-’ at E,, = 500 GeV by searching for e+e- + ho2 and e+e- + H’Z. 
In fact, less luminosity and less center-of-mass energy is required to cover the entire 
parameter space2’. 

An e+e- linear collider can be used to study the spectrum of Higgs bosons in su- 
persymmetric theories. An excellent example is given by Janot21. who studied the 
process e+ e- + YXYwhereX-, T+T- ,Y+ qq ,X,Y = ho, Ho, A’, Z 7 
and 7 is a beamstrahlung or initial state bremsstrahlung photon. Beam energy- 
momentum contraints are used to solve for E,, ET+, E,-, and Ey, the energies of 
four of the final state particles. The momentum of the r+ and T- are determined 
by &+ , &-, the measured directions of the r* decay products, and the r mass. 
The momentum of the Y particle is determined by Ey and the measured velocity 
of the system composed of the visible decay products of the Y. After imposing cuts 
to suppress background, the masses of the X and Y particles are plotted in the 
same histogram. A mass peak is seen at the 2 mass from the process eSe- + 22, 
but, in addition, mass peaks from the ho, Ho and A0 appear from the processes 
e+e- -+ h”Z, e+e- + H’Z, e+e- + hoA’, and e+e- + HOA’. 

If supersymmetric particles exist then - e + e linear colliders will be excellent 
facilities at which to study them. SUSY, phenomenology will be very complicated. 
In general -there will be &,-f~ mixing, intergenerational mixing, cascade decays 
of heavier SUSY particles such as squarks and the heavier neutralinos, and new 
sources of CP violation. e+e- linear colliders possess powerful tools with which to 
disentangle such a complex spectrum of states. Among the tools are initial state 
polarization of the e- beam, high analyzing power of final state polarization, full 
reconstruction of final states with multiple numbers of leptons, quark jets, W’s 
and Z’s, and beam constrained fits of the momenta of heavy particles. 

As an example we consider the process e+e- t grg: where 2: is the lightest 
chargino. Th 
f&: 

ere are three tree-level graphs contributing to the process e+e- --f 
the y s-channel annihilation, the 2 s-channel annihilation, and the ~7~ 

t-channel exchange graphs. The coupling of the 2: to the photon is just given 
by its charge. The left and right-handed couplings of the 2: to the 2, which 
we denote by 0~ and OR respectively, will be different and will depend on the 
relative amounts of wino and charged Higgsino in the 2:. The coupling at the 
e- 2: v”e vertex will depend on the polarization of the inital state e-, the SU(2) 
gauge coupling constant g, and the relative amounts of wino and charged Higgsino 
in the 2:. The coefficient at the e- 2;’ y”, vertex which depends on the relative 
amounts of wino and charged Higgsino in the it is denoted by V. 
.” 
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In the MSSM the coupling coefficients OL, OR, and V depend on the W3-ino 
Majorana mass parameter M2, the Higgs superpotential parameter p and tan ,.8: 
0~ = OL(Mz,p, tanp) OR = OR(MZ,p,tanP), and V = V(M2, p, tanp). The 
cross-section for e+e- + J?F~T will depend on the initial state e- polarization, 
OL, OR, ad V2/M& where My; is the mass of the z?~. We assume that the gt 
decays 100% via 2: + W+J$~ where 2: is the lightest neutralino and the lightest 
supersymmetric particle. This will be the case, for example, if the only SUSY 
particles lighter than the 2: are the J?! and the the right handed selectron ZR - 
a not unreasonable assumption. 

We denote the masses of the gr and the 2: by Mft and Mfy respectively. 
Within the MSSM, we have M,:=M,;(Mz,/.~,tarrP) and M&=Mil(Ml, M~,p,tanp), 
where Ml is the Bino Majorana mass parameter. The energy and angle distribu- 
tions of the IV+ and IV- bosons in the process e+e- + ~~~~ + W’W-~~~~ 
will depend on the inital state e- polarization, V2/Mse, OL, OR, M,: and Mil. By 
collecting data half the time with right-handed longitudinally polarized electrons 
in the initial state, and half the time with left-handed electrons, and by binning 
the energy and polar angle of the W l , the maximum likelihood method can be 
used to fit for V2/Mze, OL, OR, Mi: and Mil. 

If we assume that tan p has been measured using the measured Higgs boson 
mass MAO and the branching ratio for ho + WW’, then from the measured values 
of OL, OR, and Mg: we can extract M2 and p, and perform a MSSM consistency 
check since we are solving for two parameters using three measurements. Our mea- 
sured value of Mil will give us an estimate of Ml and we can check the consistency 
of the Grand Unified Theory (GUT) relation between Ml and M2. Our measured 
values of Ml and M2 can be used to predict the mass of the gluino. 

With our measured values M2, p and tan p we can solve for the parameter V. 
We can then use our fitted value of V2/Mie to estimate M,; or to put a lower limit 
on M,;. For more discussion on this topic and quantitative examples see Ref. 2. 
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