
:deM-LPN-TH-1l5-92\1I~"'''~~~I\U"''\iI'\I\1o 1160 0019247 0 

P H YSICS BEYOND THE STANDARD M ODEL 

AT e+e- LINEAR COLLIDERS:5 2 
A. DJOUADI 

Deutsches Elektronen-Synchrotron DESY, D- 2000 Hamburg 52, Germany 


and 


Laboratoire de Physique Nucleaire, Universite de Montreal, H3C 3J7 Canada 


and 

P. M. ZERWAS 

Deuhches Elektronen-Synchrotron DESY, D- 2000 Hamburg 52, Germany. 

ABSTRACT 

The physics potential of e+e- linear colliders which in a first phase will operate in the 
energy range between 300 and 500 GeV, is described in this report. Two aspects are 
emphasized: (i) Precision measurements in the heavy particle sector of the Standard 
Model can hold clues to the physics beyond the Standard Model, in particular the 
electroweak properties and rare decay modes of the top quark, and the triple and 
quartic selC--couplings of the electroweak bosons. (ii) New vector bosons and novel 
matter particles which are predicted by extended gauge theories, can be searched for\ \ 
and studied in detail. The machines are ideal for exploring supersynunetric extensions 
of the Standard Model, the SUSy Higgs spectrum and the supersyrnmetric partners 
of (non-colored] gauge/Higgs bosons and leptonic matter particles. 



1 Introduction 

1.1 The Physical Basis 

The e+ e- colliders which have operated over the past two decades have been outstandingly 
successful in searching for the fundamental constituents of matter, and in exploring their 
interactions. T he charm quark and the T lepton were established at SPEAR, completing 
the second family and opening up the third. The gluons were identified as the force 
quanta. of the st rong interactions at P ETRA. Besides the discovery of these new particles, 
the copious production of quarks &Ild leptons in a clean experimental environment has 
allowed precise studies oftheir eledrowea.k properties. Crowning an exciting experimental 
evolution over many years, the present high-precision analysis of the Z boson and its decay 
modes a.t LEP has laid a solid base £Or both the electrowea.k as well as the strong sector 
of the Standard Model. 

The next generation e+e- colliders [11 will be important instrument. for the search of 
new particles which are predicted by all theoretical approaches to the physics beyond the 
Standard Model (8M) (2,3). Even the particles in the SM may hold important clues to 
this new physics domain. In particular the interadions of the heavy particles, the top 
quark and the eledroweak vector bosons, could be sensit ive to non-SM effects (2, 3}. 

Top quark. The mass of the top quark is apparently greater than that of the dectroweak 
gauge bosons. Understanding the role of this particle in Nature is therefore a.n important 
goal for the future. A scan of the tl threshold region will allow the measurement of the 
top quark mass to better than 500 MeV. This is a particularly desirable goal since we 
expect future theories of flavor dynamics to predict relations among the fermion masses in 
which the heavy top quark plays a key role. Helicity analyses of the tl production vertex 
an d of the t decay vertex will lead to constraints of a few percent on the magnetic dipole 
moments of the top quark and the chirality of the charged (tb) decay current. The CP 
violating electric dipole moments can be probed to less than 3 x 10-18 ecm. Last but not 
leas t, the top quark may have unusual decay modes in extensions of the Standard Model, 
decays to charged Higgs bosons or top decays to stop. These decay modes are expected 
to be rare, yet frequent enough to be analyzed thoroughly in e+e- colliders. 

W, Z B osons. To study the dynamics of the electroweak gauge bosons is another impor­
tant task of high energy e+e- colliders. The form and the strength ofthe triple and quartic 
couplings of these particles are uniquely prescribed by the gauge symmetries. The. triple 
gauge boson couplings define the electrowea.k charges, the ma.gnetic dipole moments and 
the electric quadrupole moments of the W bosons in the static limit. Anomalous couplings 
would appear, for example, in scenarios with non-pointlike and dynamically generated W 
and Z bosons. By destroying the unitarity cancellations which in the SM are associated 
with the longitudinal degrees of freedom of the gauge bosons, any small deviations from 
the SM values will be magnified with increasing energies and the bounds will tighten . 
If all parameters are allowed to vary freely, the anomalous magnetic dipole and electric 
quadrupole moments can be probed to less than about ± 0.02 . 
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Even though present experimental data support the Standard Model to unprecedented 
levels of accuracy, extensions can nevertheless be anticipated theoretically, Two directions 
are particularly important. 

Extended Gauge M odels. It is physically plausible that the Standard Model, based 
on the gauge symmetry group SU(3)c x SU(2)L x U(l )y, will be embedded into a grand 
unified theory at very high energies'" lOul GeV. The symmetry groups of these theories 
may be broken down to the SM group in several steps. In this case new gauge bosons are 
predicted with masses which eventually may not be far away from the scale of electroweak 
symmetry breaking. If the e+e- energy can be raised high enough, t he machine will 
operate as a Z' factory. If the masses are above the maximum energy, the exchange 
of virtual Z' particles affects t he production cross sections and the forward- backward 
asymmetries. At ...;; = 500 GeV, thelle observables are sensitive to any Z' exchange up to 
masses of order 3 to 4 TeV. The various models can be discriminated and their parameters 
can be measured with sufficiently high accuracy for boson masses up to '" 2 TeV. In 
most of the unifying groups additional new fermions are predicted wit h masses which 
may not be much larger than the Fermi scale. Among these novel leptons and quarks 
with exotic SM quantum numbers, heavy neutrinos, possibly of Majorana type, are a 
prominent example. T hese particles can either be produced pairwise or, if t he mixing is 
strong enough, in association with ordinary chiral SM particles. While masses up to the 
beam energy are accessible in pair production, the total energy can be fully exploited in 
associated production of heavy new fermions with light 8M fermionli. Many other novel 
particle species, if realized in Nature, can be investigated in e+ e- colliders, lep toquarks, 
particles associated with non-conventional electroweak symmetry breaking, etc. 

Su p ersymm etry. An attractive extension of the Standard Model is provided by super­
symmetry (Susy), which stabilizes moderate masses of Higgs particles in the context of 
high energy scales demanded by grand unified theories. Supersymmetric theories predict 
a greatly extended Higgs sector, scalar partners of the SM fermions as well as spin 1/2 
partners to the gauge bosons and Higgs particles. While the colored susy partners, 
squarks and gluinos, can be produced at high rates in hadron colliders , e+e- colliders are 
ideal machines to seatch for the Higgs particles, the sleptons and the non-colored gauginos 
and Higgsinos. If R parity is conserved - an assumption which may be relaxed - sleptons 
and gauginos/Higgsinos are produced pairwise in e+ e- collisions so that mass spectra up 
to the beam energy can be covered. Besides the Higgs particles, gauginos and Higgsinos 
are expected to be the lightest among the susy particles, followed by the sleptons. The 
search for these SUSy states therefore provides one of the prime motivations for operating 
e+e- linear colliders. 

While new high-mass vector bosons and particles carrying color quantum numbers can 
be searched for in hadron colliders, e+ e- colliders are in many ways unique in their 
ability to detect and explore non-colored particles such as novel leptons and non-colored 
supersymmetric particles, sleptons and gauginos / Higgsinos. In add ition, e+ e- colliders 
are ideal machines for the search of Higgs particles in the intermediate mass ran~e and 
the exploration of their properties . If new neutral gauge bosons were within the reach of 
the collider, the machine would naturally develop into a factory for these particles . 



1.2 Characteristics of t he Colliders 

Since the synchrotron radiation in circular machines rises as the fourth power of the energy, 
e+ e- coWden beyond LEP200 must be linear machines to avoid prohibitive energy losses. 
This type of accelerator that has been pioneered by the SLC. The machines will probably 
be realized in two phaaes. In the first phase the energy range above LEP200 up to '" 500 
GeV will be covered, in the aecond phase an energy of about 1 to 2 TeV will be reached. 
The physics potential of e+e- linear colli den in the fird phase between 300 and 500 GeV 
is complementary to that of the high-energy proton colliden, covering areas in an ideal 
manner, which are very difficuh to explore in hadron colliders. In the second phase the 
energy of the machines becomes effectively equivalent to the proton colliders. Various 
reference designs are being studied at DESY- Darmstadt, SLAC, KEK and Novosibirsk 
based on convention&! accelerat ion techniques, while TESLA exploits superconducting 
technologies and CLIC is a novel two- beam linear accelerator [1). 

The cross sections of most of the reactions which will be investigated at e+ e- linear colli­
den, are of the order of the I'-pair cross section e+e- -+ 1'+1'- . Giv~n a luminosity [, = 
1033 em - 3 sec- 1 and an effective year of running time taken as lOT lec, the accumulated 
luminosity f [, = 10 fb- ' leads to the production of about 5,000 I' pairs at a c.m. energy 
of 500 Ge V. Such an integrated luminosity proves sufficient to allow for thorough data 
analyses, including cuis on the event samples and allowing for acceptance losses in the 
detectors. To generate the same number of events at higher e+e- energies, the luminosity 
must be scaled up as the square of the energy. 

The required high luminosity will be achieved by squeezing the electrons and positrons 
into bunches of extremely smlill transverse dimensions . Due to the large electromagnetic 
fields at these small distances, the trajectories of the electrons traversing t he positron 
bunch - and vice versa - are bent so that the particles emit synchrotron light during 
the bunch collisions (beamstrahlung ). As a result, a fraction of the beam energy is lost 
and the in it ially sharp e+e- c.m. energy is smeared out. However, in narrow-band-beam 
designs, t hese effects can be reduced to the level of a percent and less [4]. The colliding 
beamslrahlung photons produce background e+ e- pairs, concentrated to cones of half­
aperture'" 100 about the beam pipe. The colliding photons will also produce hadrons, 
but at a level in narrow-band-beam designs that is of the same order as the rate induced 
hy the ordinary 'Y bremsstrahlung. Only a very small fraction of e+ e- annihilation events 
need ~ventually be discarded due t.o contamination by underlying 'Y'Y events. 

By illuminating t he incoming electron and positron bunches by laser light, hard Compton 
back-scattering of the laser photons off the electrons and positrons can be exploited to 
transform e+e- colliders into e'Y and 'Y'Y colliders (5). With the overlillluminosity in size 
co mparable to the original e+e- luminosity, the e'Y spectrum is strongly peaked at about 
90% of the to ta l e+ e- energy. The distribution of the 'Y'Y invariant energies is broader, yet 
by using polarized beams it can be strongly enhanced near the maximum of 80% of the 
total e+ e - energy. T here is a broad spectrum of physics problems which can be addressed 
in q an d 'Y'Y colliders. Prominent examples are the measurement of the Higgs coupling 
to two photons, precision studies of the electromagnetic couplings of the W bosons and 
the production of selectrons with masses beyond the e± beam energies. 

2 Non-Standard Physics of Standard Particles 

2.1 T op Q uark 

Top quarks are the heaviest matter particles in the 3-family Standard Model. The non­
observation of top quarks at the Tevatron leads to a lower limit of 91 GeV for the t mass, 
while the evaluation of radiative corrections for the electroweak observables measured 
with high precision at LEP and elsewhere, suggests a top mass in the range me == 140 ± 30 
GeV. 

Since t he top quark is a particle of exceptionally large mass. many interesting channels 
could open for phenomena. beyond the 8 M domain. Helicity and polarization analyses 
[6, 7, 8) can shed light on anomalous magnetic [and electric] dipole moments of the top 
quark, as well as on non-standard RB current admixtures to the decay amplitude. In 
the supersymmetric extension of the SM, top decays to charged Higgs (9), t ..... b + H+ , 
and top decays to stop plu. the lightest neutralino [10], t -+ i +1. could be of interest . 
Additiona.l non-standard heavy quark multiplets could lead to FCNC decays of top quarks 
[11 ). t -+ c + Z for instance, as the mixing between quarks increases with the mass. thus 
favoring the heavy (t ,c) pair sector. Naturally, this listing cannot be complete and other 
exciting phenomena may emerge in t he future. 

The main production mechanism for top quarks in e+ e- collisions [12] is the annihilation 
channel e+e- ..... Z,"Y ..... ft. For a top mass m, = 150 GeV t he maximum of the cross 
section is reached about 25 Ge V above the threshold a.nd a rate of '" 10, 000 top quark 
pairs is generated for an integrated luminosity f [, = 10 (b - I. This is just about the same 
number of top quarks that can be used for physics analyses in pp colliders like LHC 113] 
after filtering t he top quarks out of the background. In the clean environment of e+ e­

colliders, the top quarks are easily isolated [8J . The sharp rise of the tt cross section at 
threshold, caused by the production of toponia and their remnants, will allow a high­
precision measurement of the top mass to better than 500 MeV. 
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2.1.1 Static t Parameters 

Because of the large t mass, deviations from the 8M may manifest themselves in the 
top quark sector first. Examples in which the large mass is cruci&l, are provided by 
multi-Higgs doublet models, models of dynamical symmetry breaking and compositeness. 
These effects can glob&lly be described by (orm factors parametrizing the electro weak tt 
product ion current (4 :;: 7, Z) and the weak (f ,b) decay current (4 :;: - ) 17], 

i; = F~L7,.PL +F:R7"PR + i0'2,..,q" [FiLPL+r,RPR] (1)
mt 

[PL,R project on the left and right chirality components of the wave functions.] In the 
8M, FIL = 1 while all other Fi- vanish; F;'L :;: F1"R = 1 and F2l = FiR = 0, analogously 
for the Z current . CP invariance requires F2"'l = F2"'RZ in the tt production current, and 
equal phases for F1L and F2R etc. in the decay current. The static v&lues of the form 
factors F,"" z are the anomalous magnetic and electric dipole moments of the top quark. 
The form factors are determined experimentally by meuuring the anKUJar distribution of 
the tl decay products, e+e- -+ tt, t ...... bW+. W+ -+ 17 dc. The corresponding helicity 
amplitudes have been given in [7} at the quark level. This requires that the top quark 
can he t reated as a free particle, the polarization of which not being affected by non­
perturbative hadronic binding effects. T his assumption is justified by the short lifetime 
of the top quark. While the general helicity analysis can be found in the literature, we 
shall focus here on a few physically interesting specific examples. 

(a) Anomalous magnetic dipole moments of the top quark 

If the electrons in e+e- -. tl are left-handedly polarized, the top quarks are preferentially 
produced as left-handed particles in the forward direction and only a small fraction is 
produced as right-handed particles in the backward direction. As a consequence of this 
8M prediction, the backward direction is most sensitive to small anomalous magnetic 
moments of the top quarks. This is demonstrated quantitatively in Fig. 2 where the an ­
gular distribution of the top quarks is broken down to various helicity contributions. It is 
apparent that the anomalous magnetic moments can be probed to a few percent through 
the measurement of the angular dependence of the t quark cross section. 
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Fig. 2 Angular distributions 
"() of the t production cross sec­""'V:·:) .' tion for fixed t and i helici­

t ies in polarized ei.e'k annihi· 
lation. The parameter 6 mea­
sures the anomalous magnetic ~~~~~~LEF;~Y, b, Z) dipole moment of the 

-o.~ O.S case top quark; from Ref. [14] . 
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( b) Electric d ipole m oments of t he top quark 

A term'" F20',..,q,,76 can only be generated in a CP non-invariant electromagnetic or 
Z interaction. The static limit d of F2 is the electric dipole moment of the top quark. 
Independently of the CP properties of the t ...-.+ bW decay amplitude, such a contribution 
would be signalled by a non-zero expectation value of the CP-odd momentum tensor (15) 
Tij :;: (q+ - q- };(q+ X q-)j/lq+ x q-I· The greatest sensitivity is achieved by choosing the 
unit momentum vectors of the charged W -decay leptons for q± 

(T;j) :;: Vi (c.,d"' +czdZ
] . diag [-~. -~, +iJ (2)e 

where the coefficient c." for instance, falls rapidly from zero at threshold to '" - 0.4 at 
..ji = 500 GeV for mt = 150 GeV. Correlations between q+ x q_ and the initial e+e­
beam direction can be exploited to disentangle d'" from dZ • For a top mass m l :;: 150 
GeV, the sensitivity limits to the eleeitic dipole momenta are arIz < 2.8 x 10-111 e em at 
Vi = 500 GeV. Other correlations, like q ... lq.+ x ~ - q._ x 9j;] , and energy asymmetries 
can be defined that are sensitive to CP violation in the decay current (15). 

(c) Chirality of the (t, b) decay corrent 

The precise determination of the weak isospin quantum numbers of the b quark /16) 
does not allow for large deviations of the (t , b) decay current from the left - handed 8M 
prescription . Nevertheless, since V + A admixtures may grow with the masses of the 
quarks involved , it is necessary to check the chirality of the decay current directly. The 
1+ energy distribution in the semileptonic decay t -+ bW+ -+ 1+/ll depends sensitively on 
the chirality of the current: 

dr {:I:/ (1 - :l:l) for V - A 

dZ l '" (z/ - 1L' )(1 - :1:/ + 1L2) for V + A (3) 


where 1L2 :;: m~1m: and 1L2 < :l:l :;: 2E,fm, < 1 denotes the scaled 1+ energy. Since the 
b-quark mass has been neglected, the two distributions add up incoherently, weighted 
with the probabilities for the V =t= A mixture. Any deviation from the standard V - A 
current would lead to a stiffening of the 1+ energy spectrum and, in particular, to a non ­
zero distribution at the upper end- point . V +A admixtures of about 10% can be probed 
experimentally. 

2.1.2 Non-Standard Top Decays 

The theoretical analysis of non- standard top decays is motivated by the large top quark 
mass which could allow for exciting novel decay modes. A few illustrative yet charac. 
teristic examples will be discussed below. They demonstrate the great potential of top 
production in e+ e- collisions, even if the novel decay processes are fairly rare . 
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(a ) Charged Higgs decay 

Cha.rged Higgs states H± appear in 2-doublet Higgs models in which out of the eight 
degrees of freedom three Goldstone bOions build up the longitudinal states of the vector 
boson, and three neutral and two charged states correspond to real physical particles. A 
strong motivation for such an extended Higgs sector 191 is provided by supersymmetry 
which requires the SM Higgs sedor to be doubled in order to generate masses for the up 
and down- type fermions. In the minimal version of t hat model the masses of the charged 
Higgs particles are predicted to be larger t han the W mass J mod. radiative corrections, 
m(H±) > m(W+}. 

If the charged Higgs mas. ill lighter than the top mass, the top quark may decay into H+ 
plus a b quark [9, 17], 

t -+ b+ H+ (4) 

The coupling ofthe charged Higgs to the scalar (t, b) current is defined by the quark masses 
and the parameter tgP, J (b , t ) ,... ~tg.B ± m,ctgf3. Motivated by grand unification, the 
parameter tgP, rdio ofthe vacuum expectation values of the Higgs fields giving masses to 
up and down- type iermions, will be assumed to be bounded by I < 'SP< m,/mll '" 30. 

The branching ratio of this novel Higgs decay mode is compared with the standard W 
decay mode in Fig. 3a.. In the GUT motivated parameter range, the W decay mode is 
dominant; the Higg. deay branching ratio is in ~enera.l small, yet large enough to be 
clearly observable [8]. The detect ion of this scalar decay channel is facilitated by the 
characteristic decay pattern of the charged Higgs bosons H+ -+ r +v.. and ci. Since H± 
bosons couple preferentially to down-type fermions for tgJ3 > 1, the r decay mode wins 
over the quark decay mode thus providing a clear experimental signature. A first signal 
of top decays into charged Higgs particles would therefore be the breakdown of Il-, e VB. T 

unjversality in semileptonic top decays, Fig. 3b. 
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Fig . 38 Branching rat ios for the decays 
t --. bW-t and t -> bH+ in two-doublet 
Higgs models [12] . 
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Fig. Sb Inclusive branching ratios for t ~ 
I + X and breaking of lepton universali ty. 
The value BRt(t) =1/9 in the SM is in­
dicated by the broken line [12]. 

(b) Top decay t o stop 

Another exciting decay mode in supersymmetry models is the decay of the top to the 
SUS y scalar partner stop plus neutra.linos, mixtures of neutral gauginos and higgsinos 
[10] . This possibility is intimately related to the large top mass which lea.ds to novel 
phenomena induced by the sbong Yukawa interact ions. These effects do not occur in 
light--quark systems but are special to the top system. 

The mass matrix ofthe scalar SUSy partners (tL,tR) to the left- and right-handed top­
quark components (tL, til ) is built- up by the elements 

M~ = II m~J._~ m: ~mlR ,11
6mLR m iR +m, 

Large Yukawa interactions lower the diagonal matrix elemenb ,.... -m~ with respect to the 
common squark m ass value in supergravity models, and they mix the tL and t R states 
with the strength ", me to form the mass eigenstates tilt,. Unlike the five light quark 
species, these Yukawa interactions of O(m, ) can be so large in the top sector that after 
diagonalizing the mass mlLtrix, the $maller eigenvalue ma.y fall below the top quark mass, 
m El < m,. The decay modes, t ..... l+ neutraJ.i.nos then compete with the ordinary W 
decay mode. The ra.tio ofthe partial widths, ret --t ti?) /r(t -+ bW+) are in general less 
than 10% [10]. The subsequent t decays 

t -+ bi t , i t --t Wi~ or lii or i -+ ci~ etc. (5) 

lead to an overall softer I spectrum and , as a result of the escaping phot inos , to an increase 
of the missing energy, characteristic signature for SUSy induced phenomena [8 ]. 

(c) FCNC Decays 

Within the S M , FONO decays like t -+ cZ are forbidden at the tree level by the GIM 
mechanism. However, they do occur in principle at the one-loop level, though strongly 
suppressed. The suppression is particularly severe for top decays since the quarks building 
up the loops, must be down-type quarks with m~ setting the scale of the decay amplitude, 
r FCNC '" aG}mtm" leading to branching ratios below 10-7 

• At this level, no S M 
generated t decays can be observed. On the other hand, if these decay modes were 
detected, they would be an undisput ed sjgnal of new physics. From such options we 
select one illustrative example for direct GIM breaking [11 ]. 

The GIM mechanism requires all L and R quark components of the same electric charge 
in diff~rent families to carry identical isospin quantum numbers, respectively. This rule 
is broken by adding quarks in LR symmetric vector represen tations to the "light" chiral 
representations or mirror quarks. Depending on the specific form of the mass matrix, 
mixing between the normal chiral states and the new states m ay occur at the level ~ 
(m/ M )1/\ so that FONO (t,c) couplings of the order ", (mrmc/Ml)l/l can be induced. 
FONO decays of top quarks, for example, with BR(t -+ cZ) '" fraction of % are therefore 
not excluded. Such bra.nching ratios would be at the lower edge of t he range accessible 
at e-t e- colliders. 
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Fig. 48 Projections onto the (~,A.,) and (ltZ' ~z) planes of the 95% CL joint probability 
ellipsoid for a four parameter fit . ..r. = 500 GeV and £. =10 fb- 1 are alsumed; from Ref. (18J. 
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These bounds, F ig. 4a, follow from the combined analysis of the W pair production cross 
section and the angular distribution s of the W decay products which allow to separate 
the various W helicity components. To disentangle I from Z couplings in this reaction, 
longitudinal beam polarization is essential. With beamstrahlung included properly, the 
bounds are based on an integrated luminosity of 10 fb- 1 

. 

The bounds on I",", - 11 and P • ..,I that can be reached a.t e+e- linear colliders are compared 
with the values expected a.t t he sse from t he measurement of the WI cross section in 
Fig.4b. The e+e- linear colliders, even at ..(i = 500 GeV, are apparently more powerful 
by not only probing ".., and ~.., to a higher accuracy, but by providing also stringent 
bounds on the Z coulings ICZ and ~z. 

2.2.2 Quartic Couplings 

While the measurements of the triple couplings probe possible deviations from the non­
abelian gauge symmetries due to novel interactions, the quartic couplings can provide a 
window to mechanisms of the eledrowealc symmetry breaking other than the ligh t Higgs 
scenario of the SM . New WWWW couplings, for instance, can be induced by the ex­
change of heavy scalar particles. 

The analysis of quartic couplings is st ill in the fust phase of theoretical-phenomenological 
estimates [29J. Possible deviations from the quartic couplings prescribed by the gauge 
sym metries. are in general rest ricted to globally SU(2)w invariant interactions. For ex­
ample, 

1. 0 ' -- 3 c 1 '--2
(A) dun = 4 : Cot = 4'909W( W" W,.) , C" = 4'9c9w(W,.W,,) 

These interactions give rise to WWWW.WW ZZ and ZZZZ couplings which can be 
probed in the reactions 

e+e- --+ W+W- Z and ZZZ (12) 

Since these 3-particle cross sections are much smaller than those for W pair production, 
the bounds on quartic anomalies are correspondingly weaker, 1901 S; 0.2 and 1ge1 S; 0.3. 

• 0 11'0 - 2 2 c 11'0 - )2
(B ) dIm = 6 : C" = - 4A, 40W,. F"p , C" = - 4A2ac(W"Fj.<p 

{F is the electromagnetic field]. These anomalous couplings can be measured in reactions 
such as 

e+e- -+ W+W- I and ZZI (13) 

The highest sensitivity however, can be achiev('d in the colliding II process 

11-+ ZZ (14) 

[which is forbidden in the S M at tree level]: laol < 3 x 10-3 and lacl < 6 x 10- for 
A = Mw. The energy scale which can effectively be probed, Mw / Va, is of the order of a 
TeV. 
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2.2 W, Z Interactions 

The gauge symmetries of the Standard Model determine the form and the strength of the 
self-interactions of tbe eleciroweak bosons, triple couplings W W'1, W W Z and quartic 
COUplinSI WWWW,WWZZ &nd WWn. Deviations from the gauge symmetry values 
of these vertices, AS well as novel couplings like Z Z Z or ZZn in addition to tbe canonical 
SM couplings could be expected in more generallcenarios. In modell with composite 
W, Z boson, for instance, correctiolUl could alter tbe vertices to order Mw / A.,omp and 
induce new types of couplings. Other enmplea are provided by models in which the 
W, Z bo.ons are generated dynamically or interact Itrongly with each other. While the 
experimental anuy.is of the seJ1'-coupling. of the electroweak boaons can be carried out at 
collider energies of 500 GeV "jth high accuracy (18, 19, 20), WW scattering can only be 
studied at O(TeV) energies [6, 18, 21}. This it a very important process to be investigated 
when ligh t Higgs particJea do not exilt and W bOions become .trongly interacting particles 
at high energies. We shall not discus, this alternative to the canonical SM in the present 
context but refer the reader to recent reviews on the subject. 

2.2.1 Triple C ouplings 

The couplings W+W-1 and W+W- Z are, in general, described by seve.n parameters each. 
Assuming C, 1> and 7 invariance in the pure boson sector, the number of parameters can 
be reduced to three, which may be defined as 

. lW+W"A" h . W+W-F. . ).,. W+W F.£,./9.., 19,. IW + .c. + l lC.., ,.. ., jW + 1 Mar jW "P1>11 

. lW+ W"'Z" h . W+W-Z . ).z W+W Z (6)£Z/9Z 19z jW + .c. + lltz ,.. " jW + 1 M2 P" jW "P 
W 

While g~ and 91 are the electric and Z charges of the W bosons, the coefficients It..,.z and 
..\.,.z are related to the corresponding magnetic dipole moments and electric quadrupole 
moments of the W bosoDS, 

e 
p..., 2Mw (1 + It.., + ..\..,) and b -. Z} 

e 
Q.., - MW (IC.., - ..\..,) and b -. Z} (7) 

The gauge symmetries of the S M demand g.."Z = 1, and It.."z = 1 and ..\.."Z = 0 for the 
anomalous moments at tree level. 

Symmetries of the underlying dynamical interactions may constrain the generalized cou­
plings. For example (22] 

(A) local SU(2)1 symmetry : ..\ ,. = ~z = ..\ and It., = ~z = 1 

(8) no intrinsic SU(2h violation and no quadratic energy terms : It-, t- 1 and 

g~ = 1, >..., = AZ = 0, ~z = 1 - (It,. - 1)tg8w,g1 = -tg28W + It.,/ cos2 8w 

Bounds On the anomalous moments can be derived from high-precision measurements 
of electroweak observables which are affed.ed by W -loop corrections. These effects have 

10 

been discussed for the Z boson parameters [23}and for atomic padty violation (24).-While 
some combinations of the couplings can be studied very well, blind directions prevent a. 
general and comprehensive analysis. 

The magnetic dipole and the electric quadrupole moments can be measured directly 
through the production of electroweak bosons at W/pp and e+e- calliders. Modifications 
of the self-coupling vertices destroy the unitarity cancell&tions in the SM between inter­
fering boson and fermion exchange amplitudes for longitudinal gauge boson production. 
As a result, &mall deviationa of the moments from their SM values are magnmed by a 
coefficien t fJlv$/M'/v , so that 11.500 GeV e+e- collider will have a sensit ivity which is more 
than one order of magnitude greater than LEP200. The clean experimental environment 
of e+ e- caUiders allows for a very high reconst ruction efficiency of W bosons, so tha.t e+ e­

linear colliders are competitive even with multi-TeV hadron colliders. 

The analysis of W7 final states at W colliders led to bounds of O( 1) for the anomalous 
photonic couplings. From the W-yproduction cross sections at the future proton coUiders 
LHC/SSC, bounds of order 1.t,.1 ~ 0.02 and lit.., - 11 ~ 0.1 are expected [25}, while 
information on ~z and Itz from W Z final states is more difficult to extract. 

High energy e+ e- colliders are ideal machines (or probing the self-in teractions of the 
electroweak gauge bosona. T he main reaction to be exploited is W pair production [IB, 
22, 26] 

e+e- --t W+W- (B) 

A large number 0(10') of W pairs will be produced in a clean environment for the machine 
parameters specified above, so that high W reconstruction efficiencies can he achieved . 
Additional and complementary information can be obtained from the WW fusion to Z 
bosons [27} 

e+e- -. jiJ,l (WW) -+ iivZ (9) 

and, in particular if laser induced.., beams are available, from [2BJ 

e-.., -. vW­

11 W+W- (10) 

These processes are sensitive separately to .., and Z couplings so that they can help 
disentangle It.." A,. from ~z , ~z. Outstandingly tight bounds on the anomalous moments 
can be obtained [22, 26Jif deviations from the SM values are constrained by the symmetry 
requirements (A ) and (B ) introduced above 

(A) A., = Az = -0.010 +0.002 

(B) It., - 1 = -0.014 +0.000 

if all It, and Ai are allowed to vary freely, the anoma.lous moments can be probed 118] to 
an accuracy of 

lit., - 11, lfi:z - 11, IA ..,I , IAzl s 0.02 (11 ) 
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3 Extensions of the Standard Mod el 

3.1 Extended Gauge Theories 

Despite of its tremendous success in describing the experimental data within the range of 
energies available today, the Standard Model based on the gauge symmetry SU(3) x SU(2) 
x U(I ) is widely believed not to be the ultima ratio. Besides the fact that it has too many 
parameters which are merely incorpora.ted by hand, the S M does not unify the electroweak 
and strong forces in a satisfactory way since the coupling constants of these interactions 
are different and appear to be independent. Therefore one would expect that a more 
fundamental theory exids which describes the three forces within the context of a single 
gauge group and hence, with only one coupling constant [30J. This grand unified theory 
will be based on a gauge group containing SU(3)c x SU(2)L x U(I)v as a subgroup and 
will reduce to this symmetry at low energies . 

T wo predictions of grand unified theories can have dramatic phenomenological conse­
quences in the energy range of & few hundred GeV: 

i} The unifying group must be spontaneously broken at the unification scale, AGUT > 
IOU GeV in order to be compatible with the experimental bounda on the proton lifetime. 
However, it is possible that the breaking to the 8M group occurs in several steps and 
that some subgroups remain unbroken down to a scale of order 1 TeV. In this case the 
surviving group factors allow for new gauge bosons with musel not far from the scale of 
electroweak symmetry breaking. 

ii} The grand unified groups incorporate fermion representations in which a complete 
generation of 8M quarks and leptons can be naturally embedded. In most of the cases 
these representations are large enough to accomodate additional new fermions which are 
needed to have anomaly-free theories. It is conceivable that these new fermions [for 
instance, if they are protected by symmetries] acquire masses not much larger than the 
Fermi scale. This is very likely, and even necessary if the predicted new gauge bosons are 
relatively light. 

The direct search for these new fermions and gauge bosons and tests of indirect effects 
[31] will be a major goal of the next generation of accelerators. 

Besides the SU(5) group which ha.s no room for "light" new gauge bosons or new fermions 
[the simplest Lie group containing SU(3)x SU(2) x U(l) as a subgroup and two representa­
tions to accomodate the 15 SM fermionsl, two other unifying groups have received much 
attention in recent years, S0(10) [32J and the exceptional group Ee [331. . 

SO( 10) is the simplest group in which the 15 Weyl spinors of each 8M generation of 
fermions can be embedded into a single multiplet. This representation has dimension 16 
and, in order to be anomaly-free, contains a right-handed neutrino 

UR 
II.R 	 (IS)[:. L [~ LfR dR 

The gauge group can be spontaneously broken to the SM group at an intermediate scale, 
two interesting chains of breaking patterns being via SU(S)x U(l) or SU( 4) X SU(2)x SU(2), 
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leading to the intermediate symmetries [32] 

SO(10) -+ SU(3)c x SU(2)L x U(l)y x U(l)l( -+ SU(3)c x SU(2)L x U(l)y 

SU(3)c x SU(2)L x SU(2)R X U(l)B-L -+ SU(3)c X SU(2)L x U(l}y (16) 

These chains would induce new right-handed charged currents and/or neutral curren ts 
which could eventually be studied at TeV energies . 

Another popular unifying group is Ee. It contains SU(5) and SO( lO) as subgroups and is 
t he next anomaly- free choice after SO(10). T he interest in this group is mainly due the 
fact that superstring theories, which attempt to unify all fundamental forces including 
gravity, suggest this theory as a possible four dimensional field theoretic limit [34] . In 
Ee, each quark-lepton generation lies in a representation of dimension 27. To complete 
this representation, twelve new fields are needed in addition the SM fermion fields. For 
each family one has two additional isodoublets of leptons, two isosinglet neutrinos and an 
isosinglet quark with charge - 1/3, 

(17)[ 1 L[1 Ln n' DL DR 

In the breaking of Ee down to the S M gauge group , two additional U( 1) symmetry factors 
may survive at low energies [33J 

Ee -+ SO(10) X U(l).; 	 SU(5) X U(l)" x U(l)", (18) 

SU(3)c x SU(2)L x U(l)y x U(1)l( x U(l) ", 

leading to two new neutral gauge bosons. Assuming that only one of them is light, the 
relevant neutral gauge boson would be Z' = Zl( cos {3 + Z", sin {3, where {3=O and 7r /2 

correspond to pure Z)( and Z", while {3 = arctg( - j5i3) corresponds to the model 1] in 
which Ee is directly broken to a rank-5 group at the unification scale in superstings models 
[341 · 

Several other gauge groups have been considered, based on various theoretical motiva­
tions. For instance, schemes of grand unification built-up on large orthogonal groups 
have been proposed to explain the origin of parity violation in weak interactions [35J . In 
these models, weak interactions are P invariant but fermions with left-handed and right­
handed couplings aquire different masses. They predict a new spectrum of fermions, 
mirror fermions [36], which have chiral properties opposite to the ordinary particles. In 
the simplest version of these models, the gauge symmetry and the symmetry breaking 
pattern are the same as in the Standard Model; three families of heavy fermions with 
opposite chiralities are simply added to the SM spectrum 

(19)[~= ] NL 
EL [~: ] UL 

DL 

T heoretical arguments based on [weak coupling] unitarity [37] suggest that the masses of 
these mirror fermions should not exceed a few hundred GeV. 
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S.1.1 New Gauge Bosons 

The existence of an extra neutral gauge boson with a mass below the maximal energy of 
the e+e- collider wiD provide a new resonance which will increase t he e+ e- annihilation 
cross section by several orders of magnitude. In this case, an e+ e- collider operating at 
the resonance pea.lt would be a ..Z' factory" allowing to measure the couplings of the Z' 
to other conventional and new particles with very high precision, a situation comparable 
to the LEP experiments exploring the Z peak. High-energy e+e- colliders would then be 
ideal instruments to study the properties of the new gauge bosons and to constrain the 
theories predicting their origin. 

Even if a new vector boson is too heavy to be produced as a resonance, it could give rise 
to virtual effects which are meuu.r&ble. Indeed, besides mixing with the Z , a new heavy 
Z' will participate in the production process of ordinary fermions (38, 39] 

e+e- --+ 7, Z,Z' --+ 11 (20) 

and it wiD affect the cro" lectionl and the various asymmetriel through its propagator 
effects. The dean environment of e+ e- colliders allows to probe these virtual effects with 
high precision and therefore provides a sensit ivity to Z' masses considerably higher than 
the ava.i1able cen ter of mass energy. In addition, because of t he number of observables 
wlUch can be measured precisely, a detailed investigation of the properties of the new Z' 
boson can be performed and itl; origin can be identified. 

The virtual effects of a new Z' associated with the most general effective theories which 
arise from the breaking of Ee, SU(3)c x SU(2)L x U( l )y x U(l)y, and SU(2)L x SU(2)RX 
U(I) , have been investiga.ted in Ref. [39J. Assuming that t he Z' is heavier than the c.m. 
energy, its propagator effects on various observables of the process e+ e- -+ 11 have been 
studied. Since the effects oft he new Z' are expected to be rather small, one has to include 
radiati ve corrections which can mimic the signal. Taking into account t he backgrounds 
[e.g. from W pair production e+e- -+ W+ W- and two photon-events e+e- -+ e+e- If], 
a number of observables which are most sensitive to the new Z' effects were selected . T he 
lept onic cross section and the forward-backward asymmetry qUP and A~~, the ratio of the 
hadronic and leptonic cross section R == qkp / qhad as well as the polarization asymmetries 
A~it and A~~ were shown to be best suited to probe high Z' masses and to discriminate 
bel ween various models. 

Assuming an integrated luminosity of 20 fb-1 and a cut on the final state fermion energy 
Ll = 0.7, Fig. Sa demonstrates that when combining the measurements of qlep , A~~ and 
R = u l<P/ q ha4, the effects of t he new Z' can be probed for masses up to 3 TeV at the 
95% confidence level without polarization [thick solid curve]. Assuming that longitudinal 
polarization is available, this value can be extended up to 3.5 TeV for certain values 
of the model parameters [thick dotted curve]. In the ideal case of vanishing systematic 
errors [thin curves], Z' masses up to 4 TeV can be probed for certain parameter values. 
An excellent dis t inction between extra U(l) and left-right models can be obtained for 
Z' masses below 1.5 TeV. Fig. 5b shows that only a small confusion region [the hatched 
area] remains in this case. T he increase of the sensitivy if polarization is available, is 
very important since in this case the confusion region [cross hatched area] becomes much 
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smaller . Finally, the determination of the model parameters themselves is also possible 
up to masses of similar size. 

At pp colliders , Z' discovery limit& range up to 3-5 TeV at t he LBC and up to 5-6 TeV 
at the SSC [40). However, due to the difficult environment, the ident ification of the origin 
of the Z' will probably be limited to masses below 1 t o 2 TeV. If a new Z' with such a 

mass is found at LBC/SSC, a 500 GeV e+e- collider would give valuable complementary 
information on its detailed properties. 
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Fig. 6a Z' mass limits in models with an ex­ F ig. 6b Dist inct ion between models with 
tra U(1) and left- right models. Solid (dot­ an extra U( l ) and left- right models. Top 
ted) lines: without (with) polarization. (bottom): Mz' =1.6 (2) TeV. 

3.1.2 N ew Fermions 

The new leptons and quarks wiD mix with the ordinary fermions of the Standard Model. 
T he mixing wiD give rise to new currents which determine to a large extent their decay 
properties, and allow for new production mechanisms [41] . LE P data restrict the mixing 
angles to values smaller than O( 10-1 ) [42J and the masses of new st ates [except for the 
singlet neutrinosJ to values larger Mz/2 [43]. For mixing angles close to t he upper limit, 
the ma.:;s range between Mz/2 and Mz is also excluded. [This range will also be probed 
through pair production at LEP200.] 

If t he new particles have non - zero electromagnetic and weak cha.rges, they call be pair 
produced if their masses are smaller than the beam energy of the e+e- collider [41 , 44 , 
45J. In general , t he reactions are built-up by a superposition of '"1 and Z exchange, but 
add itional contributions could come from the extra neutral bosons if their masses are not 
much la.rger than the c.m. energy. At a. 500 GeV collider, the cross sections are fairly 
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large [44, 45J, up to phase space suppression factors, of the order of the point-like QED 
cross section u(e+ e- -+ FF) '" Uo ~ 400 lb. This leads to samples of several thousa.nds 

1033events for a luminosity C = cm - 2S - I . The large number of events allows to probe 
masses up to the kinematical limit of 250 GeV. In some cases, the singlet neutrinos can 
be produced with sufficient rates if a Z/ boson with a mass below 1 TeV exists. The cross 
sections for Eo lepton pair production at fi = 500 GeV are shown in Fig. 6a in units 
of Uo, RL = u(e+e- -+ LI:)/uo ; t he solid lines are the predictions in the limit of a very 
heavy Z' [t he erosl sections for mirror leptons are of similar size) while the dashed lines 
include the contribution of the extra SO(lO) Z' with a mass of 700 GeV. For a heavy Z', 
the zero-values of t he forward-backward asymmetries of Eo leptons clearly indicate the 
vectorial nature of their couplings; the forward-backward asymmetries of mirror leptons 
are of opposite sign to those of fourt h generation leptons. . 

Fermion mixing allows an additional production mechanism for the new fermions: single 
production in association with their ligh t partners. In this case, masses very close to the 
total energy of the e+e- collider can be reached. For the second and third generation 
of lepton6 [if inter-generat ional mixing is neglected1 and for quarks, the process proceeds 
only through ,,-channel Z exchange and leads to relatively small cross sections. But 
in the case of the first generation leptons, addit ional t-channd exchanges [W exchange 
for neutral leptons and Z exchange for charged leptonsl are present, increasing the cross 
sections by several orders of magnitude. The cross sections [441are shown in Fig. 6b 
for Eo leptons at ,j4 = 500 GeV, with the left and right-handed mixing angles set to 
(L , (R = 0.1 i.e. close to the upper limit. In the case of the first generation neutral and 
charged leptons, the important contributions of the t-channel Z or W exchanges result 
in large production cross sections, allowing the discovery of these particles up to masses 
close to 500 GeV. T he production cross sections for the leptons of the second and third 
generations L2.3 [and for quarks] are much smaller; they will nevertheless provide direct 
information, for t he firs t time, on the mixing angles in these families. 

For masses larger than Mz , the new fermions will decay into ordinary fermions and on­
shell weak hosons. At e+e- colliders, t.he signals are clear and rather easy to separate 
from backgrounds due to conventional processes. Once these particles have been found, 
the clean environment allows the detailed investigation of their properties: measurement 
of their masses, determination of their couplings and quantum numbers. Angular distri· 
bu tions and the polarization of the heavy final states can be exploited to discriminate 
between particles of different nature [e.g. Majorana or Dirac neutrinosJ or with different 
c0uplings le .g. vector or standard chiral couplings in pair production, or with left or 
right-handed mixing in single production]. 

At hadron colliders, strongly interacting new particles can be produced with very large 
cross sections. However, because of large backgrounds, the detailed investigation of the 
basic properties of t hese particles is difficult, contrary to e+e- colliders which are well 
suited for such high-precision analyses. Because of the backgrounds, the search for new 
leptons with masses larger than O( Mz) is also difficult at pp colliders [46J. On the other 
hand , at e+ e- colliders new leptons can be discovered easily up to masses close to the 
beam energy, and even to the total energy if their mixing is large enough. In this respect, 
e+e- colliders are complementary to the pp colliders. 

18 

10
33 

10
1 


.3 


.1 
10

1 

.03 

100 I I I I ....... , III
.01 '" f 

100 150 200 100 200 300 400 500 

F ig. 6a Cross sections for the pair produc. F ig. 6b Cross sections for the single pro· 

tion of Ell leptons in units ofuo. The solid duction of Be leptons. N standards gener­

(dashed) lines correspond to Mz' ;: 00 ically for "E,n and n'. 

(Mz l ;: 700 GeV ). 


3.2 Supersymmet ry 

Supersymmetric theories are very attractive extensions of the Standard Model. They 
provide a theoretical framework in which the problems of naturalness a.nd hierarchy in 
the Higgs sector are solved, while retaining the Higgs bosons as elementary particles with 
moderate ma.sses in the context of high energy scales demanded by unification . The 
Minimal Supersymmetric extension of the Standard Model (M SSM) [47, 9J may serve 
as a useful guideline into this area. The model is characterized by the gauge group 
SU(3)x SU(2)x U(1) and the requirement of minimal particle content. This minimal the­
ory led to a prediction for sin2 Ow that is in very nice agreement with present high ­
precision measurements of the electroweak mixing angle [48J. 

The particle content of the model consists of the SM particles, gauge bosons, quarks 
and leptons, yet with an extended two-doublet Higgs sector, plus their supersymmetric 
partners, gauginos and Higgsinos [partly mixing to form charginos and neutralinosJ and 
the scalar squarks and sleptons. The low energy energy SUSY sector is described by five 
basic parameters if the theory is embbeded into a grand unified theory: the un iversal 
scalar mass rno , the SU(2) gaugino mass M, the llIass parameter II. in the Higgs sector, 
t he mass of the lightest Higgs boson Mh and tg{j, the ratio of the vacuum expectation 
values of the two Higgs fields. 
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3.2.1 The Biggs Sector 

Supersymmetry requires the existence of a.t least two iso-doublet scalar fields ~l and 
412, The MSSM is restricted to this minimal extension. The field 412 (with vacuum 
expectation value V 2 ) couples only to up-type quarks while .1 (with vacuwn expectat ion 
value VI) couples to down-type quarks and charged leptons. Five physical Higgs bosons 
are introduc~d in this theory : two C'P-even neutral bosons h and H (where h will be 
considered to be the lightest particle), a C'P-odd neutral boson A (usually called pseu ­
doscalar) and two charged Higgs bosons H±. Besides the four masses M h , Ma , M A and 
MH *, two additiona..l parameters define the properties of the scalar part icles and their 
interactions with gauge bosons and fermions: the ratio of the two vacuum expectation 
values tgfJ = V2/VI and a mixing angle a in the neutral CP-even sedor. Supersymmetry 
leads to scvera..l relat ions among these parameters and, in fact, only two of them are in­
dependent . These relat ions impose a st rong hierarchical structure on the mass spectrum 
[Mh < Mz, M .. < MB and Mw < Ma*) which however is broken by radia.tive corrections 
if the top quark mass is large (49] . The parameter tg/3 will in genera l be assumed in the 
range 1 < tgp < mdmb ('K/f < {J < 'K/21 , consistent with the GUT constraints on the 
model. 

(a) Parameters and Decay Modes 

Sinr.e the ligh test CP-even Higgs boson h is likely to be the particle which will be dis­
covered first, an attractive choice of the two input parameters is the set [Mh' tgfJl, with 
tgfJ parametrizing the production cross sections. Once these two parameters [as well 
as the top quark mass and the associated squark masses which enter through radia.tive 
corrections] are specified, all other masses MH , M A, MH± and the angle a ca.n be derived. 

i i' ii i i i i iii ii i i . 
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Fig. 7 Masses of t he SUS y Higgs bosons. (a) Max(Mh) as a. function of mt and (b) My,MA 

and MH± as functions of Mh for mt = 140 GeV. The squark masses Ms are fixed to 1 TeV. 
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The radiative corrections grow as t he fourth power of the top quark mass me and loga­
rithmically with the squark mass M s. T hey are positive and they shift the mass of the 
light neutral Higgs boson h upward with increasing top mass. The variation of the upper 
limit of Mh with the top quark mass is shown in Fig. 7a forMs = 1 TeV and three 
represent ative values of tgf3 = 2.5,5 and 20. The upper bound on Mh is shifted from the 
tree level va..lue Mz up to "" 130 GeV for m. = 180 GeV. Assuming [from now on] that 
me = 140 GeV and Ms = 1 TeV, t he masses MA ,MH and MR. are depicted in Fig. 7b, 
as a function of the light neutral Higgs mass for tg{3 = 20. Apart from the range near 
the upper limit of M" for fixed tgfj, the mass values clusta in characteristic bands of 100 
to 150 GeV for Ma and M H*. and up to '" 100 GeV for M A • On general grounds, the 
masses of the heavy neutra..l and charged Higgs bosons are expected to be of the order of 
the electroweak symmetry breaking scale 80 that a large part of the Higgs mass spectrum 
can be explored in e+ e- colliders with a tot a..l energy of 300 to 500 GeV [50, 51] . 

T he couplings of the various neutral Higgs bosons to fermions and gauge bosons will in 
general depend on the angles £II and (J . Normalized to the SM Higgs couplings, they are 
summarized in Tab. 1 and Fig. 8. T he pseudoscalar A does not have tree-level couplings 
to gauge bosons, and its couplings to down (up) type fermions are (inversely) proportional 
to tg{3. The couplings depend in general strongly on the input parameters tg{3 and M h • 

The couplings to down (up) type fermions are enhanced (suppressed) compared to the 
S M Higgs couplings. If M" is very close to its upper limit for a given value of tgfJ, the 
couplings to fermions and gauge bosons are S M like. If all other Higgs bosons are very 
heavy, it is very difficult to distinguish the Higgs sector of the MSSM from the SM. 

4> 9.tiu 9+Jd 9+v v 

- sin a/ cos (3 sin({3 - a) 
cos a/ cosfJ cos(fJ - a) 

tgfJ 0 

Tab.1 Higgs couplings in the MSSM to fermions and gauge bosons relative to SM couplings. 
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The lightest neut ral Higgs boson will decay mainly into fermion pairs since its mass is 
smaller than '" 130 GeV. This is also the dominant decay mode of the pseudoscalar bo­
son A which has no tree-level couplings to gauge bosons. For values of tgp larger than 
unity and for masses less than '" 140 Ge V, the main decay modes of the neutral Higgs 
bosons are decays into lib and r+T- pairs; the braaching ratios being always larger than 
.... 90% and 5%, respectively. T he decays into cc pairs aDd gluons [which proceeds through 
t and b quark loops] are strongly suppressed especially for large tgfJ. For large masses, 
the top decay channels H, A -+ tlopen up; yet this mode remains suppressed for large tgf3. 

If the mas& is high enough, the heavy C'P~ven Higgs boson can in principle decay into 
weak gauge bOSOD8 H -+ VV, V = W or Z. Since the partial widths are proportional 
to cos'(tJ - a), they are strongly suppressed and the gold-plated ZZ signal of the heavy 
S M Higgs boson is lost in the supersymmetric extension. [If MH is large enough for these 
decay modes to be kinematically allowed, M" is very close to its maximum value so that 
cos2(fJ - a) -+ 0.) For the same reason, the cascade decay of the C'P~dd Higgs boson, 
A -+ Zh, is suppreued in general. The heavy neutral Higgs boson H can also decay into 
two tighter Higgs bosons. These modes, however, are restricted to very small domains in 
the parameter space. Decays into 77 and Z7 final states are very rare and do not playa 
significant role at e+e- coUiders. 

Other possible channels are decays into supersymmetric particles [52J. While sfermions 
are likely too heavy to affect Higgs decays in the mass range considered here, Higgs boson 
decays into charginos and neutralinos could eventually be important since some of these 
particles are expected to be of the order of Mz . These new channels are kinematically 
accessible at least for the heavy Higgs bosons H, A and H*j in fact, the branching frac­
tions can be very large and they can even be dominant in some regions of the MSSM 
parameter space. Decays of h into the lightest neutralinos and charginos are also impor­
tant, exceeding 50% in some corners of the SUSY parameter space. These decays will 
affect experimen tal searches. In particular, neutral Higgs decays into the tigh test neutrali­
nos which would be invisible, are important and they could jeopardize the search for the 
Higgs particles at hadron colliders where these decays are very difficult to find. At e+ e­
colliders however, missing mass techniques allow to isolate these events easily, at least for 
the CP~ven Higgs bosons which can be produced in association with the Z boson. 

The coupling of the charged Higgs particles to fermions is a l' violating mixture of scalar 
and pseudoscalar currents. The charged Higgs particles decay into fermions but also , if 
allowed kinematically, into the lightest neutral Higgs and a W boson. Below the tb and 
W h thresholds, the charged Higgs particles will decay mostly into TI/.. and c;' pairs, the 
former being dominant for tgfJ > 1. For large MH± and tgf3 values, the top-bottom decay 
mode H+ -+ tb becomes dominant. 

Adding up the various decay modes, the width of all five Higgs bosons remains very 
narrow, being of the order of 1 GeV even for large masses. Apart from the C'P~ven 
heavy neutral Higgs boson H and small values of tgf3, the pattern of branching ratios is 
in general qu ite simple if supersymmetric decays are ignored . The neutral Higgs bosons 
decay preferentially to bb, and to a lesser extent to r+r- pairs; the charged Higgs bosons 
to rVr and, preferentially, to tb pairs above the threshold. These decay patterns lead to 
clear signatures for the detection of these particles in e+e- colliders. 
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(b) Production 

The search for the neutral SUS )) Higgs bosons at 500 GeV e+ e- colliders will be a direct 
continuation of the search to be performed at LEP200 . This collider is expected to cover 
the mass range up to'" 85 GeV for neutral Higgs bosons. Higher energies, .;; > 240 GeV, 
are required to sweep the entire parameter sp'l,:e of the MSSM. The main production 
mechanisms of neutral Higgs bosons at e+e- colliders [53] are the bremsstrahl process and 
pair production, 

(a) bremsstrahlung 	 e+e­ (Z) -+ Z + h/H 

(b) pair production 	 e+e- (Z) -+ A + h/H 

as well as the fusion processes, 

(c) 	 fusion processes e+e­ 1/ it (WW) -+ II ii + h/H 
e+e- e+e-(Z Z) -+ e+e - + h/ H 

The C'P-odd Higgs boson A cannot be produced in fusion processes to leading order . 

The cross sections for the four brem5strahl and pair production processes can be expressed 
as [53] 

u(e+e- -+ Zh) sin2(f3 - 0) USM 

u(e+e- -+ ZH) cos'(f3 - 0) USM 

u(e+e- -+ Ah) cos'(f3 - 0) USM .x 
u(e+e - -+ AH) sin'(f3 - 0) USM .x (21) 

where USM is the SM cross section fo r Higgs bremsstrahlung and the factor ,\ accounts 
for the correct suppression of the P-wave cross sections near the threshold. The cross 
sections for the bremsstrahlung and for the pair production as well as the cross sections 
for the production of the light and the heavy neutral Higgs bosons hand H are mutually 
complementary to each other, coming either with a coefficient sin'(f3 - 0) or cos' ( f3 - 0). 
Since USM is large [54], at least the lightest C'P~ven Higgs boson can be detected 150,51] . 
Depending on the values of Mil and tgf3, the following final states will be observed [Fig. 9]: 

Mil "small" tgf3 small hZ, HZ, . hA, HA 
tgplarge HZ, hA, 

Mh "large" , tgf3 small hZ, [HAl 
tgplarge hZ, [HA] 

where" Mh small" and " large" are synonymous for "considerably below" and "close to the 
upper limit of the light C'P~ven Higgs boson" for a given value of tgf3 . If Mh is "Iarge" 
the JI, A masses can exceed the kinematical limit for H A pair production. III the part of 
the MSSM parameter space in which invisible h decays into lleutralinos are important, 
the bremstrahl cross section is large so that missing mass techniques can be applied. 

~:l 



10 

LEP200 

eo 86 eo 11& 100 106 110 
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The cross sections for the various production mechanisms of the neutral Higgs bosons 
are shown as functions of the Biggs mass in Fig. 10, for tg,8 = 20; Ref. [50, 52] . The 
cross section for h.Z is large for luge values of M" where it is of t he order of ,.", 50 fb , 
corresponding to ,." 500 events for an integrated luminosity of 10 fb- l . By contrast, the 
cross section for HZ is large for light h limplying small MH ]. In the case of h [and also 
lor B in most of the puameter space] the signal consists of a Z boson accompanied by 
Ii bb or a 1'+1'- pair. The signal is easy to separate from the background which comes 
mainly from ZZ production ifthe Higgs mass is close to Mz . For the associated channels 
e+ e- -+ Ah and AH, t he situation is opposite to the previous case: the cross section for 
Ah is large for light h whereas AH production is preferred in the complementary region. 
The sum of the two cross sections decreases from"'" 50 to 10 fb if MA increases from"'" 50 
to 200 GeV. In major :parts of the parameter space, the signals consist of four b quarks 
in the final state, requiring facilities for efficient b quark tagging. Mass constraints will 
help to eliminate the backgrounds from QeD jets as well &S Z Z final states. For the WW 
fus ion mechanism, the cross sections are larger than for the bremsstrahl process if the 
Higgs mass is moderately small - less than 160 GeV at ,;; = 500 GeV. However, since 
the final state cannot he fully reconstructed , the signal is more difficult to extract. As in 
the case of the hremsstrahl process, t he production of light h and heavy H Higgs bosons 
ate complementary. The cross sections for the ZZ fusion mechanism are about an order 
of magnitude smaller than for the WW fusic)D process. ZZ fusion will nevertheless be 
useful since the frnal state can be fully reconstructed. 

T he preceding discussion of the neutral MSSM Higgs sector a.t e+e- linear colliders ca.n 
be summarized in the following point s: 

(i) The lightest CP -even Higgs part icle h can be detected in the entire range of the 
M SSM parameter space, either through the hremsstrahl process e+ e- -t hZ or through 
pair production e+e- -t hA. In fact , this conclusion holds true even at a c.m. energy of 
300 GeV, independently o( the top and squark mass values, and also if invisible neutralino 
decays are allowed (or. 
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(ii) There is a subtantial area of the IM", tg.8J parameter space where all neutral SUS)' 
Higgs bosons C&Il be discovered at a 500 GeV coUider. This is possible if the masses of 
the heavy scalar H and the pseudoscalar A boson are less tha.n '" 230 GeV. 

(iii) In some part of the M SSM parameter space, the lightest Higgs particle h can be 
detected , but it cannot be distinguished from the S M Higgs boson. This happens if, for 
a given value of tg.8, M" is very close to its maximum and H and A are too heavy to be 
produced in association. In this case, the couplings of h to gauge bosons and fermions are 
SM like. As long as this ambiguity cannot be resolved by proceeding to higher collider 
energies, the only way to distinguish h from the S M Higgs particle is provided by Higgs 
production in 71 fusion. While this process is built-up by W and top quark loops in the 
SM, additional cont ributions in SUSY models are provided by supersymmetric particle 
loops, l uch as charginos, which alter the SM production rates. 

Some of t hese features are not specific to the minimal extension but they are expected to 
be realized also in more general SUSY models. For example, a light Higgs boson with a 
mass in t he intermediate range is predicted in supersymmetric theories quite generally. 

100 L i i ::Jii 
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tgfj = 20 
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Fig. 10 Production cross sections of the SUSY neutral Higgs bosons in e+e- collisions as 
function of the masses lin GeVj for tgfi = 20. 

In the MSS M, the mass of the charged Biggs hosons H± is constrained to be larger than 
that of the W boson. More precisely, the lower limit Mh > 60 GeV obtained at LEPIOO 
143] implies MH * > 100 GeV. In e+e- collisions, the production of a pair of charged 
Higgs hosons proceeds through virtual photon and Z boson exch ange. The cross sect ion 
depends only on the charged Higgs mass land does not depend on any extra parameterj. 
For small Higgs masses the cross section is of order 100 fb, but it drops very quickly due 
to the P -wave suppression factor {33 near the threshold; Fig. 11. For MH * = 220 GeV, 
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the cross section has fallen to a level of === 5 fb, which for an integrated luminosity of 
10 fb- 1 corresponds to 50 events. The angular distribution of the charged Higgs bosons 
follows the sin' 8 law typical for spin~ro particle production. Charged Higgs particles 
can also be created in '"'("I collisions. Generating the '"'( beams through back-1lcattering of 
laser light, the total energy of the..,.., collider can go up to '" 80% of the original e+ e­
energy, which corresponds to ,fi;; ~ 400 GeV for a 500 GeV e+e- collider. Due to the 
reduced energy, the maximum Higgs mass which can be probed in 7'"'( collisions, is smaller 
than the limit at the original e+e- colliduj the croas section however is enhanced by a 
factor", 3 in the low mass range [Fig. 11). 

1000 .... , , .... 

300 

100 

30 

10 

3 

120 140 160 180 200 220 240 

Fig. 11 Production cross sections of the charged Higgs bosons in e+e- and 11 collisions as well 
as from top decays [for mt =140 GeV and tgfl =20J. 

The charged Higgs boson, if lighter than t he top quark, can also be produced in top decays 
as discussed above. In the range 1 < tgfJ < mdmb favored by Susy models, the branch­
ing ratio varies between", 2% and 20%. Since the cross section for top pair production 
is of order 0.5 pb at ..ji :::: 500 Ge V, this corresponds to 200 and 2000 charged Higgs 
bosons at a luminosity J£ = 10 fb- 1 • If MH± < mt +mb, the charged Higgs boson will 
decay mainly into TVT and cs pairs, the TVT mode dominating for tgf3 larger than unity. 
This results in a surplus of T final states over e, Jl final states in t decays, an apparent 
breaking of T VS . f, Jl universality. For large Higgs masses the dominant decay mode is 
the top decay H+ ---4 tb. In some part of the parameter space also the decay H+ ---4 W+ h 
is allowed , leading to cascades with heavy T and b particles in the final state. 

3.2.2 Supersymmetric Particles 

a) Charginos and Neutralinos 
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The two charginos xt and the four neutra.linos X?, mixtures of the [non- colored] gauginos 
and Higgsinos, are expected to be the lighthest supersymmetric particles [55]. To avoid 
unnatural fine-tuning in radiative corrections, the masses of the particles are expected 
in the range below the Fermi scale [55). In the M SSM with conserved R-parity, the 
neutralino X~ with the smallest mass, assumed to be the lightest supersymmetric particle 
altogether, is stable. The heavier neutralinos and the charginos decay into (possibly 
virtual) gauge and Biggs bosons plus X~, 

i~ i~ + z ; i~ + h, H or A 


it --. x~ +w ; x~ + H+ (22 ) 


or, if they are heavy enough, into cascades of neutralinos/charginos plus gauge and Higgs 
bosons. In the 6ame way the heavy charginos decay into xt and W or H± bosons, etc. 

Neutralinos and charginos are difficult to find at hadron colliders, but they are easy to 
detect at e+ e- colliders [56, 57]. They are produced in pairs 

e+e- it + i t [i,j = 1,2) 


e+e- --. i~ +x~ [i,i=I, ..,4) (23) 


through s-1:hannel '"'(, Z exchange and t-channel selectroDB or sneutrinos exchange. The 
kinematically accessible Susy parameter range in the [M,Jl) plane is shown in Fig. 12, 
for the different chargino and neutralino production processes at a 500 GeV e+ e- collider 
[58]. Compared to the region which can be explored by LEP200, a substantial extension 
can be expected. Since the ctoss sections are as large as 0(100 fb), enough events will 
be produced to discover these particles and to study their properties. It has been demon­
strated, in fact, by detailed experimental simulations that these particles can be found 
with masses up to the beam energy of e+e- colliders, if the mass difference m(x) - m(Xn 
is not less than about 20 GeV. 
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Fig. 12 Regions of the [/1, M) plane for tgj3 = 4 where the processes e+ e- -+ 5:.1 xj and 
e+e- -+ X?X? are kinematically accessible at .,fS = 500 GeV. The nwnbers ij correspond to 
XiXj combinations; from Ref. [58J. 
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b) Sleptons 

Left or right-handed scalar particles iL or jR correspond to each chiral 8 M fermion. 
Starting with a universal scalar mass m~ at the GUT scale, squark and slepton masses 
evolve differently down to low energies. Slepton masses are expected to be significantly 
smaller than squarl: muses, and they may have values near the scale of electrowealc 
symmetry breaking. 

The superpartners of the right-handed leptons decay into t he associated partner and 
neutralinos. In major parts of the SUSy pan.meter space the dominant decay mode is 
eR -+ eX~. For the liuperpartnerli of the left -handed lileptons, the decay pa.ttern is slightly 
more complicated since besides the i~ channels, decays into leptons and charginos are 
also possible [58]. In e+e- collisions, sieptons are produced pairwise 1581 

-+-- -+-- -+-- -+ -­e+e­ eLeL , e/ie/t , e£ f! /t , eJl.eL 

e+e­ VL~L 
e+e- -+-- -+-- -+-- -+-­-... ~L~L I PBP/i ) TL TL , T/tTJI. (24) 

For charged sleptons, the production proceeds via "'1, Z exchange in the ,,-channel. In the 
case o( selectrons, an addit ional t-channel neutralino exchange, which is also responsible 
(01 the creation of the mixed left and right-handed selectron states, is present. For 
sneutrinos, the process is mediated by 8-channel Z~xcha.nge and in the case of electron­
sneutrinos also by t-channel exchange of charginos. 

The cross sections for t he pair production of smuons (stau's) and their neutral partners are 
shown in Fig. 13. Again, smuons can be discovered up to the kinematical limit if the mass 
difference m(j£) - m(Xn is not smaller than a few tens of GeV [59]. Similar results have 
been obtained for selectrons for which the cross sections are larger because of additional 
contributions from t-channel neutralino exchange [60]. Though not investigated in detail 
yet, sneutrinos should also be found readily at e+e- coUiders.--:I 

Fig. 13 The total cross 
sections (in tb) for slepton 
pair production at .;s = 

500 GeVasa function of 
the mass; from [58). 
e+e- ..... il!ili (solid) 
e+e- ..... il"kili (dashed) 
e+e- ..... v",l-", (dotted). 
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Selectrons can also be produced in association with photinos I'" x~l in e"'1 collisions, 
q ~ ex~ 161J. For small photino masses, the kinematic range of the selectron mass 
extends beyond the e± beam energy. However, it seems difficult to exploit this window 
in practice, since for mas.ses beyond the e% beam energies the rates are quite low. 

While colored squarks land gluinos] can be detected up to masses of 0(1 TeV), the slepton 
search at proton colliders, on the other hand, is very difficult due to the low production 
rates and the large backgrounds so that e+e- linear colliders are unique in this sector. 

4 Conclusions 

e+ e- linear coUiders operating in the energy range of 300 to 500 GeV Ithat can be ex­
panded to 1 to 2 TeVI have a very high physics potential, complemen tary to that of 
proton colliders. High precision measurements in the top and the W, Z gauge boson sec­
tors will not only lead to a deeper understa.nding of the Standard Model and its symmetry 
principles, but anomalous properties of these particles could hold important clues to the 
mechanism of the eleciroweu symmetry breaking and to elements of the physics beyond 
the Standard Model. Extended gauge symmetries suggest new vector bosons and novel 
exotic leptons which can be explored in e+e- colliders very well . Last but not least, these 
colliders provide unique facilities to explore central aspects of supersymmetric extensions 
of the Standard Model, the Higgs spectrum and its properties , the gaugino/ Higgsino sec­
tor and the supersymrnetric partnen of the leptons. 

The clarity of view given into the energy regime characterized by the scale of electroweak 
symmetry breaking, and the opportunities for exploring new physical phenomena beyond 
the Standard Model, make e+ e- linear colliders unique facilities for addressing key issues 
at the frontier of fundamental physics. 
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