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ABSTRACT 

We analyze the manifestations of new matter particles predicted by models of new 

physics beyond the Standard Model, at present and future high-energy colliders. 

We consider both the production of these new particles and some of their indi- 

rect signatures at pp and eP colliders as well as TeV e+e- colliders with their 

e+e-, ey, yy and e-e- modes. The report is arranged into four main sections plus 

an overivew. These sections will deal separately with exotic and excited fermions, 

difermions, and new interactions. 

To appear as a chapter in Electroweak Symmetry Breaking and Beyond the Stan- 

dard Model, edited by T. Barklow, S. Dawson, H.E. Haber and S. Siegrist, World 

Scientific. 
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1 Overview 

Many theories beyond the Standard Model (SM) of the electroweak and strong 

interactions, predict the existence of new matter particles. These new particles can 

be cast into three categories: exotic fermions, excited fermions and difermions. A 

fourth category will consist in supersymmetric particles but these will be discussed 

in a different report. 

a) Exotic Fermions. New fermions are predicted by many gauge extensions of 

the SM and often, they have the usual lepton and baryon quantum number but 

non-canonical Sum X U( 1)~ q uantum numbers, e.g. the left-handed (LH) com- 

ponents are in weak isosinglets and/or the right-handed (RH) components in weak 

isodoublets. Examples of these exotic fermions are the following [l]. 

;) Sequential fermions: they exist in the simplest extension of the SM where 

one simply has to add to the known fermionic spectrum with its three-fold replica 

a fourth family with the same quantum numbers. The existence of a fourth gen- 

eration is still allowed by experimental data, if the associated neutrino is heavy 

enough [a]. This h eav neutrino should have a RH component in order that one y 

can generate its mass, using the Higgs mechanism, in a gauge invariant way. 

ii) Vector fermions: these occur for instance in the Es group [3], which is sug- 

gested as a low energy limit-of superstring theories. In Es, each fermion generation 

lies in the representation of dimension 27, and in addition to the fifteen SM chiral 

fields, twelve new fields are needed to complete this representation. Among these, 

there will be two weak isodoublets of heavy leptons, a RI-I and a LH one. 

ii;) Mirror fermions: they have chiral properties which are opposite to those 

of ordinary fermions, i.e. the RH components are in weak isodoublets and the LH 

ones are in weak isosinglets; there is also a LH heavy neutrino [4]. These fermions 

appear in many extensions of the SM and provide a possible way to restore left- 

right symmetry at the scale of the electroweak symmetry breaking; they naturally 

occur in lattice gauge theories [5]. 

iv) Singlet fermions: these a.re the most discussed fermions in the literature, a 

prominent example being the SO(l0) neutrino [6, 7, 81. Indeed, in this unifying 

group, which is one of the simplest and most economic extensions of the SM, 

the smallest anomaly-free fermion representation has dimension 16. It contains 

a. RH neutrino in addition to the 15 Weyl fermions in one fermion generation; 

this neutrino is of the Majorana type. Singlet neutrinos, which can be either of 

Majorana or Dirac type, and new singlet quarks also occur in Es [3]. 

It is conceivable that these fermions, if for instance they are protected by some 

symmetry, acquire masses not much larger than the Fermi scale. This is very 

likely and even necessary, if the new gauge bosons which are generic predictions 

of the unified theories are relatively light [9]. In th e case of sequential and mirror 
fermions (at least in the simplest versions of the models where the symmetry and 

c the symmetry breaking pattern is the same as in the SM), theoretical arguments 
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based on the unitarity of scattering amplitudes suggest that the masses should not 

exceed a few hundred GeV [lo]. Th ese particles could be therefore accessible at 

the next generation of colliders [I, 7, 8, 11, 121. 

b) Excited Fermions. The existence of excited particles is a characteristic signal 

of substructure in the fermionic sector [13]. Indeed, if the known fermions are 

composite, they should be regarded as the ground state to a rich spectrum of 

excited states; the latter tumble down via a magnetic type de-excitation to the 

fundamental particles. In analogy with systems of substructure spanning from 

molecular to atomic then hadronic classifications, one hopes to explain in this 

way the well-ordered pattern of the fermionic spectrum with its three-fold replica, 

although there is not yet a satisfactory and predictive dynamical model. 

In the simplest phenomenological models, excited fermions are assumed to have 

spin and isospin l/2, and that both their LH and RH components are in weak 

isodoublets so that they acquire their masses prior to SU(2)~xU(l)y breaking. 

The transition between the excited and the fundamental states consisting of the 

ordinary SM particles can be described by an SU(3)c xSu(2)~ xU( 1)~ invariant 

effective interaction of the ma.gnetic type. Hence, the excited particles will have 

full couplings to the gauge bosons and therefore can be pair produced at colliders, 

and also magnetic-type couplings to ordina,ry fermions and gauge bosons (that are 

inversely proportional to the compositeness scale A) which will determine the decay 
of the excited states and allow for a new production mechanism: single production 

in association with their light partners; see Refs. [14, 151. 

The search for excited fermions has been systematically pursued for more than 

thirty years without any sucess [16]. However, this situation is not in conflict 

with the motivation behind the introduction of excited particles: compositeness is 

often invoked as a possible alternative to the SM description of the electroweak 

symmetry breaking and it is conceivable that the first excitations from the new 

physics would only be felt at, or above, the Fermi scale. Therefore, future colliders 

operating at such energies will play an important role in testing this possibility. 

c) Difermions. These are scalar or vector particles (spin l/2 difermions are also 

discussed in the context of supersymmetric theories) which have unusual baryon 

and/or lepton quantum numbers. Examples of these particles are as follows. 

;) Leptoquarks (LQ): with B= &l/3 and L= fl [17]. These particles are 

expected in Technicolor models in composite models (where quarks and leptons are 

made of the same subconstituents) as bound states of quark-lepton pairs and also in 

Grand Unified models (for instance in the Es model, the supersymmetric partner of 

the exotic colored particle which lies in the 27 representation, can have leptoquark 

quantum numbers). The leptoquarks will have the usual gauge couplings to the 

photon, the W/Z bosons and gluons (for spin-l LQ’s an anomalous magnetic 

moment can be added) and also Yukawa couplings to lepton-quark pairs which 

determine their decays. For not too heavy LQ’s, this Yukawa coupling should be 
.- 
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chiral in order to avoid that leptons acquire a too large magnetic moment [18]. 

A systematic description of leptoquarks quantum numbers and interactions 

can be made, starting from an effective Lagrangian with general dimensionless 

su(3)~xsu(2)~xu(1) y invariant couplings and conserved lepton and baryon num- 

bers [19]. With f ermion number F = 3B + L = 0 (the LQ couples to lepton-quark 

pairs) or 2 (the LQ couples to lepton-antiquark pairs), there are 10 leptoquarks: 

5 scalars and 5 vectors (plus their charge conjugate states), with electric charges 

ranging from l/3 to 5/3 in absolute value. The full set of these leptoquarks is 

present in a SU(15) b ased model of strong-electroweak unification [20]. 

ii) Diquarks: with B= f2/3 and L= 0. They are also predicted in composite 

models as bound states of quark pairs, and in Grand Unified models (in the model 

based on the Es symmetry group, the supersymmetric partner of the exotic colored 

particle can also have diquark quantum numbers [3]). 

ii;) Dileptons with B= 0 a.nd L= f2 [al]. Th ese particles occur in theories 

where the electroweak gauge group for leptons is extended from Sum xU(l)y 

to SU(3) and baryon and lepton numbers are conserved. They can appear both 

as scalar and as vector gauge particles and can be singly or doubly charged; for 

instance, doubly charged dilepton gauge bosons appear in a SU(15) grand unifica- 

tion model. Dileptons have couplings to (ordinary) gauge bosons which are fixed 

by gauge invariance, and Yukawa couplings to leptons which mediate the decays. 

All these difermions can have masses not too much larger than the electroweak 

symmetry breaking scale and therefore could be accessible at future colliders. 

The presence of new physics beyond the Standard Model can manifest itself 

not only through the discovery of new particles but also, if the latter are too heavy 

to be directly produced, through new interactions which alter the SM predictions 

for conventional processes involving the known particles. One can then have an 

indirect evidence for new physics at a mass scale higher than the one being probed 

directly. In many cases, these new interactions can be expressed as higher dimen- 

sional; non-renormalizable, operators written in terms of the SM fields. In dealing 

with exotica, there is no limit to what new interactions may exist so any summary 

must necessarily be limited in scope. 

One of the best known examples of this type is the possibility that the top quark 

may have anomalous interactions with the gauge bosons of the SM. Indeed, due 

to its large mass, the top quark may play a special role and may be the first place 

where non-standard effects will appear. These new interactions for top naturally 

divide themselves into those associated with QCD (i.e., modified tfg and tfgg 

vertices) and new electroweak couplings with IV, 2, y. In the QCD case, assuming 

CP conservation, the lowest dimension operator representing new physics is the 

anomalous chromomagnetic moment, K. A non-zero K at hadron colliders can lead 

to a significantly modified top pair production cross section with little effect on 

various distributions; the influence of h: on single top production is quite small. 

.- At the NLC, this new coupling induces a high energy tail in the gluon energy 
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distribution for the process e+e- + ttg. Both hadron and e+e- colliders can 

probe these new top quark QCD interactions. In the electroweak sector, one can 

look for the effects of a finite charge radius and magnetic dipole moment for the 

top quark in both yy -+ tf or e-e+ + tf with very high sensitivity. 

New four-point interactions between the SM fermions and gauge bosons can 

occur in a number of ways in addition to those required by gauge invariance. The 

simplest example is a dimension-8 qqyy operator which can lead to an excess of 

central diphoton pairs at large invariant mass at proton colliders. Searches for such 

interactions can probe compositeness scales of order several TeV. 

The existence of Technicolor-like vector particles that are strongly coupled to 

the SM gauge fields may also make their presence felt at scales below their direct 

production thresholds. Precision measurements at a 1 TeV e+e- linear collider can 

reveal the effects of such particles with masses in the few TeV region. 

In this report we will analyze the manifestations of these new particles and 

interactions at future high-energy colliders. We will consider both the production 

of these new particles and some of their indirect signatures, at pp colliders [LHC 

with fi = 14 TeV], eP colliders [LEPxLHC with fi = 1.2 TeV] and e+e- colliders 

[NLC with fi = 0.5-l TeV] with its e+e-, ey, yy and e-e- modes. The report is 

arranged into four main sections plus the Introduction. These sections will deal 

separately with exotic and excited fermions, difermions, and new interactions. 



2 Exotic Fermions 

2.1 Introduction 

Except for singlet neutrinos which have no electromagnetic and weak charges, the 

new fermions couple to the photon and/or to the electroweak gauge bosons W/Z 

(and for heavy quarks, to gluons as well) with full strength. These couplings allow 

for the pair production of heavy leptons and quarks; in units of the proton charge, 

they are given by (e F is the electric charge of the fermion F, I,“,/I,“, the third 

components of LH/RH isospin and s& = 1 - CL G sin2 t9,) 

UF =eF F 
’ % =o,+VF= 

2I,F, + 2I,F, - 4eFs& 2I5 - aI& 
Y 

4swcw 
,+aF= 

4swcw 
(1) 

If they have unconventional qua.ntum numbers, the new fermions will mix with the 

SM fermions which have the same U( 1)~ and SU(3)c assignments. This mixing will 

give rise to new currents which determine to a large extent their decay properties 

and allow for a new production mechanism: single production in association with 

their light partners. The mixing pattern depends sensitively on the considered 

model and, in general, is rather complicated especially if one includes the mixing 

between different generations. However, this inter-generational mixing should be 

very small since it would induce at the tree level, flavor changing neutral currents 

which are severely constrained by existing data [22]. 

In the present analysis, we will neglect the inter-generational mixing and treat 

the few remaining mixing angles as phenomenological parameters. To describe our 

parameterization, let us explicitly write down the interaction of the electron and 

its associated neutrino with exotic charged and neutral heavy leptons. Allowing 

for both LH and RH mixing, and assuming small angles so that one can write 

sin [L,R CY ~L,R, the Lagrangian describing the transitions between e, Y, and the 

heavy.leptons N, E of the first generation is (gw = e/&&w and gz = e/2swcw) 

l 
(2) 

+ gw [@Q~ + C&N~r,NR] w” + gz [(;%7pMI, + c?%-hN~] ” + ‘*‘* 

The generalization to the other lepton families and to quarks is obvious. 

Let us now summarize the present experimental constraints on the masses of the 

new fermions and on their mixing with the ordinary ones. First, we will assume that 

the new gauge bosons predicted by the Grand Unified Models, will be too heavy 

[23] to affect the decays and the production of the exotic fermions. As previously 

discussed, we will only allow for a flavor-diagonal mixing; the latter will alter the 

couplings of the electroweak gauge bosons to light quarks and leptons from their 

SM values. Since these couplings have been very accurately determined at LEPl 

(through the measurement of total and partial decay widths as well as forward- 

* backward and polarization asymmetries) a.nd in various low-energy experiments 
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Table 1: 90% C.L. upper limits on the ordinary-exotic flavor diagonal mixing angles for 
individual fits (one angle at a time is allowed to vary) and joint fits (all angles allowed 
to vary simultaneously). Only the results corresponding to neutrinos mixed with heavy 
singlet leptons are shown. In most of the cases, LI3P measurements of partial widths 
and asymmetries give the most effective constraints. s; corresponds to sin& etc..; 
m, = 170 GeV and MH = 200 GeV are assumed. 

r 
Individual Joint Individual Joint 

(si 1” 0.0016 0.0054 (s;)” 0.0022 0.012 

&>” 0.0020 0.0018 (Sk)” 0.010 0.023 

(4 1” 0.0013 0.0049 (s;)” 0.0026 0.016 

(4” 0.0019 0.0040 (s$ 0.0066 0.019 

(S;, 1” 0.0011 0.0037 (s;y 0.0036 0.019 

(43 1” 0.0018 0.0034 (sky 0.021 0.059 

(G2 0.0044 0.024 

(s2 1” 0.0053 0.0053 (.Q2 0.0097 0.043 

(s2 1” 0.0020 0.0052 (s;)~ 0.0017 0.031 

(s? 1” 0.0055 0.017 (Sk)” 0.0091 0.015 1 

and found to agree with the SM predictions up to the level of one percent, the 

mixing angles are constrained to be smaller than 0(10-l) [22]; these constraints 

are summarized in Table 1. In the case of leptons, if the LH and RH mixing angles 

have the same size, the precise measurement of (g-2),,, leads to even more stringent 

constraints, C < 0(10p2) [24], so one has to set <L,R >> <R,L. 

From the negative search of new states and from the measurement of 2 decay 

widths at LEPl, one can infer a bound of the order of Ailz/2 on the masses of 

the new fermions [2] independently of their mixing, except for singlet neutrinos. 

Masses up to mF - A!w can be probed at LEP2. In the case of heavy neutrinos, 

including the gauge singlets, an additional constraint is provided by the negative 

search [25] of these states through single production in 2 decays: if the vN mixing 

angle is of the order of N 0.1 or larger, mN should be la.rger than &!w [25]; a 

similar mass bound can be established for the heavy charged lepton. Note that for 

mixing angles much smaller than 0( 10e2), no bound can be derived on the singlet 

neutrinos masses: the production cross section is small and/or the heavy neutrino 

escapes detection because of its too long decay length. 

The heavy fermions decay through mixing into massive gauge bosons plus their 

ordinary light partners; for masses larger than Mw/A!z the vector bosons will be 

on-shell. Using the scaled masses av = M&,z/mg, the deca,y widths are [la] 

qQ? --+ Vf) = 32;fL2 (c&)” $1 - “v)2(l + 2W) (3) 
ww 

with SV = l(2) for Z(W). F or small mixing angles, the heavy fermions have very 

* narrow widths: for -[L/CR - 0.1 and masses around 100 GeV the partial decay 
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widths are less than 10 MeV. The decay widths increase rapidly for increasing 

fermion masses, I - rn$ , but for allowed values of the mixing angles, they do 

not exceed the 10 GeV range even for mF N O(1 TeV). The charged current 

decay mode is always dominant and for fermion masses much larger than Mz, 

the branching ratios are l/3 and 2/3 for th e neutral and charged current decays, 

respectively. For Majorana neutrinos [7], both the I-W+/vlZ and Z+W-/ylZ are 

possible; this makes its total decay width twice as large as for Dirac neutrinos. To 

fully reconstruct the heavy leptons from their final decay products one needs the 

branching ratio of their decays into visible particles, for large rnL they are given 

by (N is a Dirac neutrino) 

Br(E* + Z-Z* -+ jjZ*) 21 0.23 

Br(N + W+Z- -+jjZ-) p" 0.43 (4) 

In the case of E, one can also include the cleaner 2 + e+e- + p+pL- decays, but 

the branching ratio is rather small: - 6% compared to - 70% for 2 --+ hadrons. 

Finally, we note that cascade decays are also possible: either two leptons are in 

the same isodoublet and the heaviest one can decay into the lighter, or the mixing 

between heavy leptons is much larger that the heavy-light lepton mixing in which 

case, the decay of a heavy lepton into a lighter one first will be favored; these 

cascade decays will not be considered here; for some details see ref. [la]. 

A possibility that should not be overlooked is that a heavy charged lepton could 

be quite long-lived, with a lifetime long enough to leave a visible track in a detector 

[26] (for long-lived q uarks, see e.g. Ref. [27]). A simple model with such a lepton 

would be a model in which the heavy leptons form a vectorlike doublet, and in 

which mixing with the lighter generations is either absent or suppressed by ratios 

of neutrino masses (which then would give a mixing angle less than 10-i’). In 

this case, the charged lepton and neutrino are degenerate in mass at tree level. 

Radiative corrections will break this degeneracy, and will give a mass splitting of 

between 270 and 330 MeV (as the lepton mass ranges from 100 GeV to 800 GeV) 

; this remarkable insensitivity to the lepton mass is reflected in the lepton lifetime, 

which ranges from 1.2 to 2.0 nanoseconds. Such a particle would leave a visible 

track, then decay into neutra,ls plus a low energy electron or muon pair. With such 

a clear signature, the discovery reach at a hadron collider would be much higher 

than for conventional heavy leptons, and would be at the kinematic limit for e+e- 

colliders. It turns out that if one a.ssumes that this doublet lies in a supersymmetric 

theory, then the resulting lifetime is virtually independent of the supersymmetry 

parameter space, and is unchanged from the non-supersymmetric case. 

Such a model is not particularly unusual [as]. F or example, the leptonic exten- 
sion of Frampton and Kephart aspon model (which offers a solution to the strong 

CP problem) has such a doublet with small mixing. In the model of Griest and 

Sher, extra generations of Higgs doublets in SUSY were considered. Assuming 

c only that a symmetry suppresses FCNC at tree level, it has been shown that the 
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additional Higgsinos form a doublet like the ahovc model. The extra II&s bosons -. -_I 
themselves have the unusual property that the second lightest (neutral) is a few 

hundrrd MeV heavier than the lightest (neutral), leading to a low energy electron 

or muon pair coming from a point detached from the interaction; here backgrounds 

may br considerable, a.nd are under investigation [2G]. 

C0nstraint.s on a fourth generation SM quarks (t’, b’) and leptons ( JV, E) requires 

a special discussion 1291. We assume that ml! > mt and that there is np Majorana 

mass for the RH neutrino. First, one needs to parameterize the CKM matrix for 

four grnerations; for a real 4x4 matrix, one has to introduce three new parameters 

I& z c, \/,bt 5 6 and Vtb, E sin 0, and one has 

f 1 x ApX3 t \ 

1. -A 1 AX2 6 Y Ax”(l - p)cosB- (t - 6X)sinB -AX’cosB-6sinB cos 0 sin 0 (5) 

-.4X3(1 -p)sinf?-(r-6X)cosB AX’sin@-6cosB -sin0 ros@ 

which prescrvrs milch of the Wolfenstein parameterization for the 3x3 case. ‘The 

prrsent experimental data const.rain the Wolfenst,ein parameters to X = 0.22, A = 

O.i!l i 0.12 and IpI = 0.36 & 0.09, and the upper bounds for t.hp nrw paramrtrrs, 

obt,ainrd from unit arity. arc given as ICI < 0.077 and 16) < 0.594. From the precision 

I,EP data (mainly from the p parameter and the ratio of the Z + hi, to the hadronic 

widths). one obtains for ml = 150 GcV and IIIH = BOO GeV, 711~’ N m,, for sin 0 w 0 

and mb’ > 100 GeV, ml, < 300 GeV for sin0 - l/A. The LEP experiment tell 

IIS in addition that rn,v > 45 GeV. CLEO’s experimental hound on h + sy as 

well as the differences Bd - ??d and B, - w, would constrain 0, mt, and also 6 (for 

CLlKI). Thr branching ratio for the decay Ii+ + a+vfi would also place bounds 

on B and ml, as well as t and 6; D-o mixing would give better ronstraint on the 

last two parameters. Finally, the heavy-light lepton mixing angles are constrained 

at the level of - 0.1 for thr t.hird generation (mainly from lepton universality) and 

at, a lrvcl of - IO-‘- 10e3 for the two other generations (from FCNC procrsses like 

jr + f-y.11 + Je and p-e conversion in nuclei, etc..). 

‘I’hc fourt,h generation Ipptons I%’ and E will decay into leptons and massive 

gat~gr bosons (the decay widths, up to mixing angles, are given in q. 3). Because 

sin0 is not necessary small, the decays of t’, b’ as well as t depend on rnb,. If 

mt, < TUT,, t’ will be produced first and will then mainly decay int,o b+ W or s + W 

dcppnding on the parameters sin 0 and 6 (since the constraints on 6 are not, very 

st.ringrnt, t’ + SW’ is not, nercssary suppressed). In the opposite case, rnb, < mt,, 

thprp arr two possibilities: if rnbt > ml + mn~, the main decays will be b’ -+ tW 
and h’ + (c,u)II’ (if sin0 > 6,~ the former mode is dominant,, Icading to a nice 

signature-); if mbr < ml + mw, the FCNC decays b’ -+ h(g,y, Z) can be important 

(if 6 and t arc small, say Icss than lo-“) compared to thr CC drcays h’ -3 (c, IL)W, 

and b’ -+ hi: --t bl+l- would provide a spertacular signature. 
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2.2 Production in e+e- Colliders 

If their masses are smaller than the beam energy, the new fermions can be pair 
produced in e+e- collisions: through s-channel y and 2 exchange for charged 
fermions, and only 2 exchange for heavy neutrinos. The differential cross section 
(with 8 specifying the direction of the fermion F with respect to the e-) is [la] 

da 
~ = z~owF [(1+ 
dcos0 8 

cm2 O)(~VV + L$~AA) + (1 - P”) sin2 6avv •t 2p, cos 8avA] , 

(6) 
where N, is a color factor, 00 = 47r02/3s th e point-like QED cross section and 

,6F = (1 - 4m$/s)li2 is the velocity of the fermion in the final state; in terms of 
the FFy and FFZ couplings and z = Mi/s; ~VV, ~I/A and cAA are 

uvv = efeg + 
2wFvevF 

1-Z (7) 

%eFwF 4veaevFaF 
OVA = 

1-Z + (1 -z)” 

The total production cross sections and forward-backward asymmetries are then 

OF = aoN, ~P~(:I-Pibvv +D%AA] 7 AF= ~~~~~~~~~~~~~~~~~~~ (8) 
F 

The cross sections for mirror (which are the same for sequential) and vector isodou- 

blet heavy leptons are displayed in Fig. la for a c.m. energy of 1 TeV; the cross 

sections for heavy quarks are of the same order of magnitude as the one for E. As 

one can see, they are rather large: with J-C = 100 k-l one can expect - lo3 - lo4 

events. The backgrounds (mainly from three vector boson production) have been 

discussed in [la], and are small compared to the signal. It is therefore clear that 

the detection of pair-produced heavy leptons with masses close to the kinemat- 

ical limit should be straightforward at e+e- colliders. The angular distributions 

are shown in Fig. lb, and one notes that they are symmetric for vector fermions 

leading to AFB = 0; for mirror fermions, AFB is sizeable and has opposite sign 

compared to sequential fermions. The polarization 4-vectors of the heavy fermions 

can be measured and would also allow to discriminate between mirror, vector and 

sequential fermions [ 121. 

Charged fermions can also be pair-produced at yy colliders, the total cross 

section for unpolarized photon beams is given by 

a=3Nfe4aP 
1 - p” 1+P 

c FOF I+/$+ -----log- 
w 1-P 1 (9) 

It is shown in Fig. lc for the charged lepton, assuming a fixed c.m energy of 0.8 

TeV. Although smaller lepton masses can be probed because of the loss in energy, 

? the yy mode is interesting since the rates can be much larger than in e+e- for low 

mF. For quarks, the charge is penalizing and the rates are NJe: times smaller. 
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Figure 1: Total production cross sections (a) and angular distributions (b) for the pair 

production of vector and mirror leptons in e+e- collisions at fi = 1 TeV, and cross 
section for charged lepton production in yy collisions at fixed fi = 0.8 TeV (c). 
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Figure 2: Total production cross sections (a), angular distributions (b) and the longitudi- 

nal and transverse components of the polarization vectors (c,d) for the single production 

of heavy leptons with LH and RH mixings in e+e- collisions at ,/5 = 1 TeV. 
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In e+e- collisions one can also have access to the new fermions via single pro- 

duction in association with their light partners if the mixing is not too small [la]. 

The process proceeds only via s-channel 2 exchange in the case of quarks and sec- 

ond/third generation leptons (if inter-generational mixing is neglected); because 

<L,R < 0.1, the cross sections are very small and make these states unlikely to 

be found this way. But for the first generation heavy leptons, one has additional 

t-channel exchanges: W exchange for N and 2 exchange for E, which increase the 

cross sections by several orders of magnitude. The analytical expressions are quite 

involved [la], h owever, at very high energies, w = M&/s and z = Mg/s can be 

neglected and if one uses s2W z l/4 and assumes CL”, = <ENR = <L,R, one obtains 

simple formulae which are good approximations. Using the scaled mass a = mi/s, 

one has for g(L) E a(e+e- -+ LI) 

4hR) = 3ao (CL,R)2 (1 - U)K(LL,R) 
la-4 

+k) = ; + 3r 1% 
1-a+w 

, WR) = 
-1 

1+w-a 
+ 

1-a+w 

a W &log w 

K(EL) = K(ER) = 1 
[ 

1-U 1-a+,? 

9 *(l-a+z) -410g 2 1 (10) 

The total cross sections are the same for the charge conjugate states, and for Ma- 

jorana neutrinos it is 0 = a(L) +a(L) [7]. Th e y are shown in Fig. 2a for all mixing 

angles taken to be <L,R = 0.1. The cross sections are very large, especially for NL 

where they reach the picobarn level. For EL,R they are one order of magnitude 

smaller, a consequence of the smaller NC couplings compared to CC couplings. 

For NR, the cross section is approximately 10 fb across the entire mass range. For 

smaller mixing angles the rates have to be scaled correspondingly; even for E and 

NR, requiring 10 events with JL = 100 fb’ f or rn~ = 800 GeV, one can probe 5 

values one order of magnitude smaller. 

The angular distributions are shown in Fig. 2b, and one clearly sees that one can 

distinguish between neutrinos with LH and RH mixing, and of Dirac or Majorana 

type. A further distinction can be made by measuring the final polarization; for 

instance the longitudinal and transverse components of the polarization vectors 

of EL and ER (which cannot be discriminated by the angular distributions) are 

practically equal in magnitude but opposite in sign as shown in Fig. 2c/2d. 

To fully reconstruct the heavy lepton masses, the best signals consist of an 

e+e- pair and two jets for the charged lepton and an e*, a pair of jets and missing 

momentum for the neutral lepton; the branching ratios are 23% and 43% respec- 

tively. In the case of E, the main backgrounds are: e+e- -+ e+e-2 + e+e-jj, 

e+e- ---f 22 e+e- ---+ tt + W+W-jj and yy + e+e-qij. In the case of N, the 3 
backgrounds are: e+e- + evW e+e- --+ WW + e*vjj and yy + e(e)qij. These 

backgrounds can be eliminated or reduced by applying the following cuts for N(E) 

production: 1) q re uire one and only one e* (e+e- pair), 2) the invariant mass of 

.- the two jets should reconstruct to A!lw (Mz), 3) the invariant mass of the e+e- pair 
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should be large (different from Mz), 4) th e momentum of the neutrino and charged 

leptons (two charged leptons) should be large, 5) cuts on the angle between the 

initial electron and the W (2) b oson, and 6) a cut cos 81, (cos 811) < 0.5. Optimiz- 

ing these cuts, no events from heavy flavor production or from the yy backgrounds 

would survive; the backgrounds from vector boson production can be suppressed 

to a very low level, while those from single W/Z production can be a bit higher. 

A full simulation [12, 301 of th e SI na and backgrounds has been performed ‘g 1 

using PYTHIA, f or a model detector (an upgraded LEP detector) to quantify 

the discovery limits that can be obtained. This simulation was done assuming 

a c.m. energy of 500 GeV and an integrated luminosity of 50 fb-l. The signal 

and background cross sections after applying cuts are shown in Table 2 (note that 

at fi = 500 GeV, the cross sections are practically the same at 1 TeV, because 

the dominant contribution comes from the t-channel exchange). The output for 

heavy leptons with masses of 250, 350 and 450 GeV and with < = 0.05 for E 

and &, = 0.025 for N is shown in Fig. 3. For these 5 values, one can see that 

the signal peaks stand out clearly from the background events, especially for rnL 

not too ClOSe to &. For mE - 450 GeV, only slightly smaller c values can be 

probed, while for rnE - 350 GeV one can go down by at least a factor of two. 

The situation is much more favorable for N L, the cross section being one order 

of magnitude larger. For mu = 350 GeV and requiring that the signal over the 

square-root of the background is larger than unity, one ca.n probe mixing angles 

down to 5 - 0.005 for neutral leptons and 5 - 0.03 for charged leptons. At ,,/Z = 1 

TeV, these numbers for rnL a.nd c2 values can be improved by a factor of two. 

Finally, we note that heavy fermions cannot be produced singly at yy colliders 

(at least in a 2 + 2 process); heavy neutral and charged leptons can be produced 

in ey collisions in association with massive gauge bosons [31], however only smaller 

masses can-be probed and the rates are not much larger than in ese- collisions. 

Table 2: Cross sections for heavy lepton single production and for the main backgrounds 

at fi = 0.5 TeV after successive applications of cuts; mL = 350 GeV and < = 0.025(0.05) 

are chosen for N(E) and the masses are in GeV. 

Process 

fY PI 
x B.R. 

one e+e- pair 

330 < ME < 370 

85 < M, < 105 

I& - &I > 12 
cos& < 0.5 

f(ME, cos 02) 
kinem. cuts 

E*er e+e- Z z-z 
9.5 4960 615 

2.19 3470 28.8 

1.74 93.0 23.0 

1.56 11.7 5.30 
1.41 5.84 2.87 

1.39 5.18 1.02 

1.33 4.32 0.56 
1.30 1.90 0.43 

1.30 1.55 0.39 

330 < M&r < 370 

70 < iklw < 90 

NU evW ww 
490 8610 2600 

13.7 5823 1140 

13.2 198 883 
12.5 11.9 100 

12.3 10.3 70.3 
11.8 10.0 7.93 
11.7 10.0 7.80 
11.7 10.0 7.80 
11.7 10.0 4.13 
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Figure 3: Reconstructed masses for the singly produced heavy leptons in e+e- + e+e-jj 

(a) and in e+e- + v,ejj (b) at fi = 0.5 TeV, and for the main backgrounds after the 

application of the cuts displayed in Tab. 2. - _ 

15 



2.3 New particles in Left-Right and Extended Models 

In this subsection, we will discuss separately the case of the new particles predicted 

by Left-Right Models (LRM) based on the symmetry SU(~)LXSU(~)RXU(I)B-L 

[32]. In these models, the LH and RH fermions transform as doublets under SU(2), 

and SU(2)R respectively, and therefore each generation contains a RH neutrino. 

The extended symmetry leads also to new neutral and charged interactions medi- 

ated by heavy 2’ and WR gauge bosons. These new gauge bosons will mix with 

the SM 2 and W bosons, but the mixing is rather small and can be neglected 

here. The masses of the new gauge bosons are constrained to be larger than - 0.5 

TeV; however, in models with arbitrary Yukawa couplings Mw, can be as low as 

300 GeV [23]. Th e minimal Higgs sector contains doublet and triplet scalar fields 

which leads to the existence of neutral, charged and also doubly charged (A++) 

Higgs bosons. Supersymmetric versions of the LRM have also been considered, 

and their particle content is much richer than that of the Minimal Supersymmetric 

SM. In particular, there is a doubly charged fermion, the Higgsino A++. We will 

discuss the manifestation of some of these new particles a,t e+e- colliders. 

The heavy RH neutrinos can be produced in pairs at e+e- colliders e+e- + 

NN, through the s-channel exchange of a heavy 2’ and the t-channel ex’change of 

the RH boson WR; for Majorana neutrinos, one has also a u-channel WR exchange. 

This process has been discussed in [8] w h ere the expressions for the cross sections 

can be found. At a 500 GeV e+e- collider, they are shown in Fig. 4 for gL = gR 

and Mzt=Mw,=l and 1.5 TeV and for Dirac and Majorana neutrinos. The cross 

section for Dirac is slightly larger than for Majorana neutrinos, especially close to 

the kinematical limit due the well-known p” suppression factor for the latter. 

50 

20 

10 

5 

l-.-.s.-.m i 

w,=1.5 TeV 

Figure 4: Total cross sections for e+e- + NN production at a 500 GeV e+e- collider. 
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To probe the Majorana or Dirac nature of the heavy neutrino, one can use 

the angular distributions, which are different. N will decay through RH charged 

currents into a charged lepton and two-jets. Requiring 20 events with ,C = 20 fb-r, 

one can probe masses of the order of 230 (200) for D irac (Majorana) neutrinos for 

nilw, = 1.5 TeV. Note that heavy neutrinos can be also singly produced in eP 

collisions [8] through WR exchange, as will be discussed later. 

One can look at the situation the other way around, and try to produce W 

bosons through the exchange of the heavy neutrinos. An interesting possibility 

is the production of like sign W pairs in e-e- collisions[33]. This process, if it 

exists would signal the existence of new ]AL] = 2 . t m eractions which may manifest 

themselves as Majorana masses for neutrinos. However, it is difficult to generate a 

large cross section for this reaction while simultaneously satisfying the constraint 

of tree-level unitarity at large values of s and the bounds on the effective neutrino 

mass arising from the lack of observation of neutrinoless double beta decay. In 

the LRM [32], as a result of the see-saw mechanism used to generate small masses 

for the ordinary LH neutrinos, these difficulties can be easily circumvented by 

considering the reaction e-e- + WE I+‘,. 

The amplitude for e-e- -+ WiWi gets both t- and u-channel contributions 

from the exchange of the heavy RH neutrino N, as well as an s-channel contri- 

bution from the exchange of the doubly-cha,rged Higgs boson A with mass MA 

(W-WR mixing is neglected here). Since the e-e-A coupling is proportional to 

MN and the e-NWR coupling is chiral, the total amplitude is proportional to MN. 

Thus, as the Majorana mass of N vanishes so does the amplitude; this is expected 

since the ]AL] = 2 interaction is generated by the Majorana mass term. 

At energies of fi = 0.5-1.5 TeV, the cross section for e-e- t Wk Wi is quite 

large, of order a few picobarns, is fairly sensitive to the values of MN and n/l,, and 

has a rather flat angular distribution. The A boson may appear as an s-channel 

resonance depending upon the value of fi. Unfortunately, the “reach” is rather 

limited since we are restricted to M W, < G/2 values, and since MwR is heavier 

than 0.5 TeV and WR pair production would be not kinematically accessible at 

these energies. One has therefore to consider [34] the possibility of single production 

of W, via the reaction e-e- t Wi(Wk)* + Wijj. We limit ourselves to this jj 

mode to allow for the possibility that MN > Ajar in which case the WR can only 

decay to jets barring the existence of exotic particles. 

Allowing one of the WR’S to be off-shell results in a substantial reduction in 

the cross section from the on-shell case to the level of a few fb, which implies that 

machine luminosities in the range of fZ = 100 - 200 fb-’ are required to make use of 

this channel. The total event rates for the reaction is shown in Fig. 5, in which we 

have set K = gR/gL = 1 and scaled by an integrated luminosity of 100 k-i. Fig. 5a 

shows the number of expected WR + jj events, as a function of Mw,, at a 6 = 1 

TeV e-e- collider for different choices of MN and MA. The results are seen to be 

- quite sensitive to the values of these masses. In Fig. 5b(c), we fix MwR = 700 C&V 
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and plot the event rate as a function of MN(M~) for various values of MA(MN). 

Typically, we see that one can obtain rates of the order of several hundred events 

a year, except near the A resonance (where the rates are very large) or when MN 

is small (the cross section va,nishes for MN = 0). For most choices of the input 

masses, one obtains extremely flat angular distributions, except when N is light in 

which case a significant angular dependence is observed as a result of the t- and 

U- channel poles which develop as MN + 0. 

-i e 
x 
z 

10’ a ’ * ’ m n c a ’ ’ ’ j ’ ’ a ’ ’ 3 
0 500 1000 1500 2000 

4 (Ge-4 

Figure 5: Event rates per 100 fh-’ for W, + jj production at a 1 TeV e-e- collider a) 

as a function of AIR for MN = MA = 1 TeV (dots), MA = 1.2 TeV and AIN = 0.4 TeV 

(dashes), MA = 0.3 and MN = 0.1 TeV (dash-dots), MA = 2, MN = 0.6 TeV (solid), or 
MA = 1.8 and MN = 0.6 TeV (square dots); (b) with AIR = 700 GeV fixed as a function of 

MN for MA = 0.3(0.6,1.2,1.5,2) TeV corresponding to the dotted(dashed, dash-dotted, 
solid, square-dotted) curve; (c) as a function of iMA for MN = 0.2(0.5,0.8,1.2,1.5) TeV 

corresponding to the dotted(dashed, dash-dotted, solid, square-dotted) curve. 
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As mentioned previously, heavy neutrinos may be observed indirectly outside 

the LRM. One could assume the spontaneous breakdown of e.g. the Es group 

via the chain & + SO(10) -+ . . . down to the SM group, where the RH WR 

bosons (and the doubly charged Higgs bosons) are too heavy but the two additional 

isosinglet neutrinos have masses in the l-10 TeV range. These Majorana neutrinos 

will mix with light neutrinos, and could yield the presently observed mass spectrum 

[36]. It has been shown [36] that this scenario is open to experimental detection 

through the process e-e- --+ W-W-, where at least the lightest of the two heavy 

neutrinos is exchanged. In contrast to the case where ~WR are produced, this 

process can be observed even at a 0.5 TeV electron-electron collider. 

In the kinematic regime well above the W mass, but below that of the heavy 

neutrino, where no doubly-charged Higgs contribution is needed for unitarity rea- 

sons (letting us avoid the uncertain couplings of an L = 2 state to a flavorless 

boson), a characteristic energy dependence N s2 is shown in Fig. 6. The cross- 

section band displayed there is bounded by the known limits on heavy-neutrino 

mixing from rare decay processes and on lepton universality evidence. 

0.5 1.0 1.5 2.0 

,a. -5 C-V) T7.sA1 

Figure 6: Cross-section range for the process e-e- + W-W- via TeV-mass Majorana 
neutrino exchange. The curves indicate extreme values of the neutrino mixing parameters 
allowed by present data. 

Note that the spectacular back-to-back W pair decays permit effective back- 

ground suppression [37, 381, so that even a moderate signa,l may well lead to a 

convincing discovery; in particular, a change in incoming electron helicity will 

eliminate any signal, providing a further test for its legitimacy. This is in contrast 

to the classic discovery channel for light Ma,jorana neutrinos, neutrinoless double 

beta decay: here, the heavy masses lead to severe signal suppression, and there is 

no criterion telling a signal due to light-neutrino exchange frcm one due to heavy 
.- neutrinos [36]. - 
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Finally, let us consider the Higgs sector and the supersymmetric version of the 

LRM [355. A p ar icularly suitable signal of the model is offered by the triplet t 

higgsino A++, a Dirac fermion consisting of the fermion components of the triplet 

Higgs fields. As being doubly charged it does not mix with other particles, and 

consequently its mass is given by a single parameter. The decay modes of the A++ 

are very limited, since it carries two units of lepton number and it does not couple 

to quarks. The nonconservation of the separate lepton numbers L,, L,, and L, of 

the Ai++ couplings is a very special signature which can be studied in slepton pair 

production where one of the reaction amplitudes includes A-- exchange. 

The allowed decay modes of the triplet higgsino are A++ + A++x’, A+X+, 

A’W;, and 1’+1+, where X’s represent the fields in the LRM bi-doublet represen- 

tation. In large regions of the parameter space, the kinematically favoured decay 

mode is A++ -+ 1’+1+ (this is of course the case only when my+ < mg++, at least 

for some slepton flavour, which we will assume in the following). If the mass of the 

triplet Higgs A is of the order of the Sum breaking scale, the first two decay 

channels are forbidden energetically in the case of relatively light triplet higgsinos. 

For the same reason the channel A+ WL is kinematically disfavoured, since the W, 

mass is expected to be above 0.5 TeV [23]. Th e eta c annel n+W+ is supressed d y h 

by the small W - WR mixing. In the following we will assume that A++ and its 

charge conjugate state A-Y decay 100% of the time into the 11 final states. The 

charged sleptons 1” can decay either to a charged lepton of the same flavour plus 

a neutralino, to a neutrino plus a chargino, or to a charged gauge boson plus a 

sneutrino: 
17 + I+ + gp ) 17 4 v + 2; ) I+ t w+ + v (11) 

Which of the various decay channels is the dominant one depends on the mass of 

the decaying slepton. The triplet higgsinos can be produced in the next generation 

linear electron colliders in the e+e-, e-e-, e-y and yy collision modes: 

e+e- j A++A--, e-e- j go&-, ye- t [+A--, yy --$ @-- 
(12) 

All these reactions have a clean experimental signature: a few hard leptons and 

missing energy, the background from other processes are thus rather small. The 

largest cross section is obtained for the yy + A++A-- process; the expression is 

given in eq. (9) and because of the double charge, it is enhanced by a factor 16 

compared to the case of a heavy charged lepton for which it is shown in Fig. lc. 

Finally, the enlarged particle content of the Supersymmetric LRM also effects 

other processes such as the production of slepton pairs. First, the number of 
neutralinos in the t-channel production is larger because of the additional neutral 

fermions in both the gauge and Higgs sectors. A second difference with the Minimal 

Supersymmetric SM case is that there is a new u-channel diagram due to the doubly 

charged higgsino discussed above. The combination of these new contributions 
leads to an increase in the production cross section for slepton pairs in e+e- in 

* comparison to the Minimal Supersymmetric SM results [35]. 
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2.4 Production in eP Collisions 

Heavy leptons of the first generation can be singly produced in eP collisions [39,40] 
through t-channel exchange of a W boson for the neutral and a 2 boson for the 
charged leptons. One can also ha.ve heavy quark production but the backgrounds 
are stronger and this process will not be considered here. For polarized e beams 
beams, the differential cross section dc/dzdy for eL,RP + LX (u = mi/.i) is 

da G;M& 
- = ---g-S c rj” [A~q&mM 
dxdy 

2, z&(x, Q”) t ~~q(Q2)~jqk Y)& Q’)] (13) 
j,q=L,R 

I-I&, y) = fiLR(x, y) = ffRR(? !/) = HRL(2, Y> = t1 - ‘1 

H&x, y) = &,(x, y) = HRL(x, y) = ffRR(x~ Y) = (l - Y - ‘)(l - y) 

Using a, = 21:’ and vq = (21:L - 4Q,s2,) the expressions of AL and AL are 

Aj”P = AjN, = (Q" t M;)-“, A;,@;,) = A;,(A;,) = (Q” -t- M;)-‘(uq f ~,)~/(16c$,) 

The cross sections are shown in Fig. 7 for N and E production with [L,R = 0.1, 

at a c.m energy fi = 1.2 TeV. The largest cross section is obtained in the case of 

NL, closely followed by the one for NR production; the cross sections for EL,R are a 

bit less than one order of magnitude smaller. The best signature is e--jet-jet (see 

the branching ratios above); for Majorana neutrinos, also e+W- final states would 

be observed [7]. R e q uiring 20 events and assuming a luminosity of 2 fb-l, one can 

probe masses up to 700 GeV for N and 550 GeV for E, assuming 5 = 0.1. Note 

that, together with the y distributions, the difference between the longitudinal and 

transverse components of the polarizations vectors of the final leptons can be used 

to discrimina,te between particles with LH or RH mixing [39]. 

For the neutral leptons, the main backgrounds are W/Z production, heavy 

flavor production and higher order QCD radiation; beam polarization cannot be 

used to reduce them. A detailed analysis [40] h as b een performed to obtain allowed 

regions in the mN-5 plane. For [ = 0.1 it has been found tha.t the search reaches 

- 800 GeV at LEPxLHC (with fi = 1.3 TeV and ,C = 2 k-l). For HERA 

(& = 314 GeV and C = 200 pb-‘) and a HERA upgrade (& = 450 GeV and 

,C = 4 k-l), one reaches the limits 160 and 320 GeV respectively. 

In the Left-Right symmetric models discussed previously, heavy neutrinos of 

the first generation can be produced in eP collisions via, t-channel W, exchange 

(this process is somewhat complementary to searches for Wn at the Tevatron in 

which WR -+ Ne and the N decays within the detector). The reach for this 

process was explored in a detailed Monte Carlo study [40] under the assumptions 

that gR = gL and that the CKM matrices in the LH and RH sectors are the 

same. RH beam polarization can be used to reduce backgrounds, and Majorana 

decay signatures for N are required as tags. For HERA, a HERA upgrade and 

LEPxLHC, the discovery reach that has been found approximately corresponds 

to the following regions in the mN - Mw, plane: ?nN + 0.34MwR < 276 GeV, 

c mN i- 0.20MwR < 394 GeV, and m&I + 0.38MwR < 1090 GeV. 
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Figure 7: Total production cross sections for the single production of heavy leptons in 
eP collisions at fi = 1.2 TeV. 

2.5 Production at pp Colliders 

Proton colliders are ideal machines to search for hea.vy quarks [41]. The pair 

production subprocesses are gluon-gluon fusion, gg + QQ and quark-antiquark 

annihilation, qq + QQ, with the gluon fusion subprocess being by far dominant. 

The tree-level partonic cross sections are well-known [43] 

p,,G) = ~[(1+n+~)log~-@(;+$)I 

-Pm = (14) 

with ,8 the velocity of the quark, p2 = 1 - a = 1 - 4nzil.i. The total cross sections 

are obtained by integrating over the gluon and quark luminosities. One can use the 

previous tree level formulae in a way so as to reproduce the full one-loop corrected 

QQ cross-section [43] in the limit where the I’$ of the additional jet tends to zero. 

The shower approximation can be used for this purpose [44] and the tree-level 

QQ + 1 jet differential cross-section can be replaced by 

da(QQj) f da(QQj) x [l - exp (-CP~)] (15) 

with the constant C properly chosen to reproduce the cross section at O(cy:). The 

obtained result is shown in Fig. 8 at the LHC for two cm. energies: fi = 10 and 

c 14 TeV. The HMRS(B) structure functions [45] a.re used and the scale Q2 in the 
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evaluation of the structure functions and CX~S is chosen to be equal to Q” = Eg = 

m; + p;(Q). 
The cross section is very large, and one sees that at fi = 14 TeV, even for 

mQ - 1 TeV, it is at the level of 0.1 pb which leads to 1000 events even at 

a moderate luminosity of 10 k-l. The best signature makes use of the “gold- 

platted” decay mode where the heavy quark decays into its light partner and a 

2 boson, with the latter subsequently decaying into two charged leptons I = e,p. 

This leads to the spectacular final state 

PP + QQ + (G)(G) + (jl+l-)(jz+z-) (16) 

which has a somewhat small branching ratio: - 5.10m4 for large quark masses. 

Allowing one of the 2 bosons to decay into jets or neutrinos, or one of the Q’s 

to decay into a quark and a W boson (which then decays into jets or leptons) 

will drastically enhance the cross section times branching ratio rate. The obtained 

signals involve at least two leptons and are still very interesting. It is therefore 

very likely that heavy quarks, with masses up to - 1 TeV can be found at LHC. 

Heavy leptons can also be produced in pp collisions. The processes are: the 

Drell-Yan mechanism qij --+ LE with y/Z exchange for E and only 2 exchange 

for N, the gluon-fusion mechanism gg -+ LE which proceeds through quark loops 

and Z+ Higgs boson exchange, and for the charged lepton the yy fusion process 

yy + L+L-X. In addition, one has associated production of N and E in the 

DrelllYan process qq t W* --+ NE. For singlet neutrinos, since they have no 

weak charges, none of these processes is at work; one has therefore to produce 

them through mixing and since the angles are small, it is rather difficult to find 

these states at pp colliders. The total cross sections for the charged leptons [41] are 

shown in Fig. 9 at LHC with 6 = 14 TeV as a function of mL; the ones for neutral 

leptons (excluding the yy process) which fully couple to the 2 should be of the 

same order of magnitude. They have been obtained using the HMRS(B) structure 

functions at the scale p2 = i/4; QS is evaluated at the two loop level in the nils 

scheme with A&=0.19 GeV. For the gg fusion, we assumed only three generations 

of quarks, and set mt = 175 and MI~ = 300 GeV. Fig. 9 shows that the Drell-Yan 

process has the largest cross section for small rnL, N 1 pb for rnL = 100 GeV, 

but it falls to - 0.1 pb for rnL = 700 GeV. The gg fusion cross section falls less 

rapidly and dominates for rnL > 500 GeV. Requiring 100 events for J ,!Z = lO( 100) 

k-i, one can reach lepton masses of the order of 400 (700) GeV. The lower curves 

represent the inelastic (solid), elastic (dashed) and semi-elastic (dot-dashed) yy 

cross sections; they are three orders of magnitude smaller. However, these processes 

might prove useful in confirming the signal. 
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Figure 8: Total production cross sections (in nb) for heavy quarks at LHC for two c.m. 
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Figure 9: Total production cross sections for heavy charged leptons at LHC with fi = 

14 TeV, in the Drell-Yan, the gluon-fusion and the yy fusion mechanisms. 
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3 Excited Fermions 

3.1 Introduction, Lagrangians and Decay Modes 

In this study, we will assume that the excited fermions [14, 151 have spin and 

isospin l/2 to limit the number of parameters (higher spin and isospin have been 

discussed in [46]). Furth ermore, to accommodate the fact that the excited states are 

much heavier than the ordinary fermions we will assume that they get their masses 

prior to SU(~)LXU( 1)1~ b rea m k’ g and hence, their couplings to the gauge fields are 

vector-like. Therefore, denoting the excited fermion doublet by F* = FL + Fg, the 

F*F*-gauge boson interaction Lagrangian is 

Jcf*f* = 7-y [g(?/2)@ + g’(Y/2)B, + gs(i/2)c;,,] F” (17) 

where ? are the Pauli matrices, Y the weak hypercharge (-1 for leptons and l/3 

for quarks) and g, g’ the usual weak couplings constants g = e/ sin 8w and g’ = 

e/ cos 0~; x’ are the Gell-Mann matrices and gs the strong coupling constant. Note 

that form factors and contact interactions may be present, they will be discussed 

in the context of hadron colliders where they play an important role. 

The Lagrangian describing the transition between excited fermions and ordi- 

nary fermions should respect a chiral symmetry in order to protect the light leptons 

from radiatively acquiring a large anomalous magnetic moment [47]. This means 

that only the right-handed part of the excited fermions takes part in the generalized 

magnetic de-excitation and we have [14, 151: 

.cj,* = (1/2A)F”afi” [sf(T/z)%w + s’f’(Yb’)& + ssfs( x-/2)&] f~ + h.c (18) 

A is the scale of substructure which we will take of the order of 1 TeV, while the f’s 

are weight factors associated with the three gauge groups; the tensors VP, are the 

fully gauge-invariant field tensors. We will set f = f’ = fs: this not only reduces 

the number of parameters so that a more predictive analysis can be conducted, 

but also is more natural since for f = f’ the excited neutrino has no tree-level 

electromagnetic couplings [ 14, 151. Th ere ore, f apart from the masses of the excited 

fermions, the only other parameter is the strength of the de-excitation f/A. 

We will only consider masses for the excited fermions above AJz since smaller 

masses will be probed at LEP2. In this case the two body decays into W/Z bosons 

and light fermions are kinematically allowed. The decay widths for f’ --+ Vf where 

V = y , 2, W are given by 

qf* + f”‘V) III ;;I* -f:(l-g2(1+~) (19) 

with f, = eff , fw = f/(fi3w) and fi = (41; - 4efs&)f/(4swcw). For excited 

.- quarks, there is also the very important decay q* + qg; the width is given by 
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the previous equation with Q -+ 4cus/3 and fv = f. The f” have very narrow 

widths: for rnf* = 500 GeV and A/f =l TeV the total width of the e* is less than 

1 GeV. For masses much larger than Mz, the branching ratios are unambiguously 

predicted since they do not depend on rnf* and A; they are given in Table 3. 

Table 3: Branching ratios for the decays of excited fermions (in %) for large masses. 

As one can see, the electromagnetic decay of charged excited fermions is not the 

dominant one. For e*, it is just about 3070 compared to almost 100% for masses 

smaller than Mw. For quarks, this electromagnetic decay, which would constitute 

the cleanest way for “tracking” these particles, is a very small fraction of all decays; 

therefore, relying on this mode leads to a considerable loss of events. Nevertheless, 

it constitutes a very characteristic signature of excited fermions and could help to 

disentangle them from the exotic fermions discussed previously. 

3.2 Production at ese- Colliders 

Pair Production. If kinematically allowed, excited fermions can be pair-produced 

without any suppression due to the factor f/A (form fa,ctors might be present, 

though). In e+e- collisions the reaction proceeds through y and 2 s-channel 

exchange for charged fermions, whereas for excited neutrinos there is only a 2 

exchange for f = f’; the charged excited fermions can also be pair produced in 

the yy mode of the collider. The differential and total cross sections are the same 

as for .the vector-like exotic fermions discussed previously. The only difference 

will be in the decay modes: while exotic fermions will decay only to W/Z and 

light fermions, excited charged fermions have the electromagnetic decay and ex- 

cited quarks will dominantly decay into quarks plus gluons; see Tab. 3. Since the 

production rates are rather large (see the previous discussion on exotic fermions, 

in particular Figs. l), all th ese final states can be easily searched for in the clean 
environment of e+e- colliders, and the discovery limits that can be reached will be 

nearly the kinematical limit of rnf* - G/2 [15]. 

Single Production. Owing to the special coupling of the excited fermions to their 

light partners, one can also have single production of the excited particles. Hence, 

in principle, f’ masses up to the total c.m. energy of the collider can be probed. 

However, the rates depend on the parameter f/A which measures the strength of 

the transition. We will consider single production at e+e- colliders in the three 

< modes: e+e-, e-y, yy. We will ta.ke A/f = 1 TeV in our numerical analysis. 
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In e+e- annihilation, the single production proceeds through s-channel y and 

2 exchange for all excited fermions. For the first generation of excited leptons, one 

has substantial contributions due to additional t-channel diagrams: W exchange 

in the case of the u*; 2 and the important y exchange in the case of the e’. These 

processes should be compared to the single production of exotic heavy fermions; 

however, in the latter case, there is no photon exchange and the couplings are not 

of the magnetic type. The total section for the single production of vz, which is 

the same for V,V* is [15] 

(au, + P) log(l + ;, - v3 1 
+ ;) log(1 + 3 - f(P + 24) (20) 

where p = (1 - rn$ /s), ‘w = M&/s, z = Mi/s and Af (with f = v) is given by 

Af = eze; + 
2wefrfi + (4 + $>fi 

1-Z (1 - 2)” (21) 

These formulae may be used for all other flavours (except for the e*) by setting 

fw = 0 and by including the colour factor for quarks. For the e*, the expression 

of the total cross section is quite involved and can be found in [15]; a very good 

approximation is to consider only the s and t channel photon exchange, where the 

much simpler expression is given by [15] 

o=ocJ-g/:/i (I-+-3+y 
[ 

1% (gl ii&)] ca2) 

In Figs. lOa/b we show the total cross sections .at a cm. energy of 1 TeV. The 

largest production rate occurs for the e* due to the t-channel photon exchange: 

compared to the other charged leptons this has a two-order of magnitude enhance- 

ment. The same is true for the v,* as compared to the other excited neutrinos as 

a result of the W exchange. Charged excited fermions should be looked for by ex- 

ploiting their electromagnetic decays; requiring a cut on the transverse momentum 

of the photon to be larger than - 20 GeV together with a rapidity cut of - 2 should 

be sufficient to suppress potential backgrounds from radiative QED processes. For 

the e*, slightly more severe cuts should be applied to further reduce the Bhabha 

background; one can also use the e+e-jj final states, similarly to what has been 

discussed in the case of heavy charged leptons. For excited neutrinos, the situation 

is also similar to that of exotic neutrinos (although the distributions are different) 

and one has to look for evjj events. A detailed analysis of the background has not 

been performed here; requiring 20 events to establish a signal for J L = 100 fb-l, 

one would reach masses close to the c.m. energy for first generation leptons and 
.- slightly smaller masses for the other fermions. 
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In ey collisions, excited leptons of the first generation can be also singly pro- 

duced. In fact, a motivation for running in this mode would be the production 

of e” as a resonance, thus (if this particle exists) turning the machine into an e” 

factory. The cross-section after integrating over the Breit-Wigner resonance is[48] 

8n2 I’(e* t ey) 
a(ye + e*) = 2 

me* me* 
(23) 

The best channel to detect this particle is the electromagnetic decay, although 

there is a potential large background from Compton scattering. However, the bulk 

of these background events is along the beam direction. Moreover, the produced 

electron from Compton scattering flies opposite to the initial electron from the 

beam whereas the electron from the signal has a spherical distribution. Requiring 

an observation of 20 events over the background ey --+ ey, one can reach a limit 

on the scale A of about 200 TeV, provided that the mass is below the kinematical 

limit which is approximately 900 GeV for a 1 TeV e+e- collider. 

In the ey mode, one can also search for the v,* which can be produced in 

association with a W, e-y --+ v,W-. Therefore one can in principle reach masses 

of the order of 800 GeV. Fig. 1Oc shows the total cross section for various values of 

me* (which can be exchanged in the s-channel) and even for infinite me*, where it 

is the smallest, the cross section is larger than in e+e- collisions. For the signature, 

one can use the decay into e-W+ and by letting both the primary W- and the 

decay W+ go into jets which seems to be background-free. The bounds on A which 

can be reached when requiring 20 events, are O(100 TeV) for m,,: smaller than 

- 800 GeV, assuming the same luminosity as in the e+e- mode. 

In yy collisions, all charged excited fermions can be singly produced through 
two t-channel exchanges: one involving f* and the other f. The latter gives a 
very large contribution, similarly to the t-channel enhancement with e” production 
in e+e.- collisions. The differential cross-section is forward/ba.ckward peaked, an 
effect which is more pronounced for the lightest ordinary fermions; this mass effect 
however disappears when we keep to scattering a,ngles ] cos 81 5 0.8. In terms of 
a = my,/,, the total cross section for f* production is [15] 

u = uoN,e~f2~ a(2a2 -2~tl)log(~;;~2 t"(',;,'"3)Iog"til-0)(3+Ci')] 
f 

(24) 
Even in the case where the particles are produced a.t small angles, which accounts 

for a large part of the cross section, the events are not lost since the decay products 

of the f” are at large angles. As Fig. 10d shows, c increases with mp up to nearly 

the kinematical limit where it starts bending over. The importance of the yy 

mode compared to e+e- is that single production (even for d-type quarks where 

the charge is penalizing, and for a cut ] cos 81 < 0.8) is larger for all flavours except 
< for the e* with me* -< 700 GeV. The signals are quite clean: for q*, one can rely 

29 



on the dominant decay Q* -+ qg, where the very energetic q and g jets are emitted 

at large angles (two hard QCD jet-events can be eliminated by imposing the cut 

1 cos 81 < 0.8) h’l f w 1 e or e* one can use the e* --+ ey mode. Therefore, one can probe 

excited fermion masses of the order of 800 GeV, for reasonable A values. 

3.3 Production in eP Collisions 

Due to the special couplings of the electron to the excited leptons of the first gen- 

eration, one can have single production of e* through t-channel y and 2 exchange, 

and v* through t-channel W exchange in eP collisions. Excited quarks of the 

first generation can also be produced in the same way, however background prob- 

lems make this possibility less interesting than the production of excited leptons 

to which we stick here [49]. Using the scaled mass a = m&/i, the deep inelastic 

differential cross section for the process eP -+ 1*X reads [15] 

& = 2an2$ C [Al(Q2)R(x, y)q(z, Q”) + A(Q2)+> dQk Q’)] (25) 
S?S 

with R(z,y)=2-(2-a)(y+a), R(z,y)=a(2-y-a) (26) 

and in terms of the quark couplings to the gauge bosons, Al and Al are defined by 

.f$ 1 
A, = A, = - 

4$v (Q” + M&)Z 
eif$ 

A, = - %%f-Jz (v," + a,">fi 

(Q2)2 + Q"(Q" + M;) + (~2 + ~;)2 
%%f,fi 

A, = Q2(Q2 + M;) + (Q2 + M;)2 
2%%fZ (27) 

In addition to the previous contribution (with a Q” cut of 5 GeV2), one has two 

other contributions for the e*: one due to low Q” deep inelastic scattering and 

another due to the elastic process eP + e*P. The integrated total cross sections 

for e* and v* production are shown in Fig. lla for A/f = 1 TeV. For e* the three 

different contributions discussed above are shown separately. Due to the low Q” t- 

channel photon exchange, the e* total cross section is about an order of magnitude 

larger than for v*. A clean detection channel will be provided by the wide angle 

electron-photon pair final state in the case of the e’, and the electronW final 

state in the case of the v*. Requiring 20 such events and assuming an integrated 

luminosity of 1 k-l, masses up to 800 GeV for v* and e’ can be probed. 

The excited leptons (for e’ those produced in the deep inelastic process) have 

larger PT than exotic leptons; Fig. llb. This feature, in addition to the different y 

distributions, can help to disentangle between the two sorts of new leptons which 

have the same decay modes and branching ratios (for the new electrons the distinc- 

tion can easily be made because the e” can decay into a photon). An additional 

way to disentangle between the two different sorts of neutral heavy leptons, is the 

completely different final polarization as shown in Fig. llc for the 1” (it is almost 

c the same for e* and-v,‘).. 
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3.4 Production in pp Collisions 

Excited quarks can be produced in pp collisions through a variety of mechanisms 

[50, 391. Th e d ominant production channels are the gluonic excitation of quarks 

g + q -+ q* which occurs through the q*qg “gauge” interaction described previously, 

and the excitation through preon interactions qq -+ qq* and q*q*; through contact 

interactions excited leptons, too, could eventually be produced at observable rates, 

qij + ee* and e*e*. The signatures of excited quarks are bumps in the invariant 

energies of jets, jet + gauge boson and jet + lepton pair combinations. Excited 

leptons would reveal themselves in bumps of leptons, leptons + gauge particles 

or leptons + quark jets. The first indication for the production of novel excited 

fermions could be the copious production of leptons, at large rates unexpected in 

the framework of the Standard Model. 

The cross section for the gluonic excitation of quarks gq -+ q* in pp colliders is 

given by (we have taken A = m, in the numerical analysis) [50] 

ag2 d,!Zgq m2 

a=sTT ’ 
7x2 

s (28) 

where dLgq/dr is the quark-gluon luminosity for the pp beams. The production 

cross section is shown by the full line in Fig. 12a, for the LIIC at fi = 14 TeV. 

Given an integrated luminosity of 10 k-r, a mass range of 5-6 TeV can be reached 

in this channel, based on 100 to 1000 events. The signals for singly produced 

excited quarks are large transverse momentum jj, jy, jZ or jW pairs peaking at 

the mass of the resonance. Because the final states of the signal consist of large & 

jets with large angles 19jj between the jets of each pair, we introduced the following 

cuts to reduce the background: 

Bjj > 30” ) PT > 100 GeV , q < 2.5 , Et’ > m*/2 

The mass resolution is determined by the decay width of the resonance and the 

experimental jet resolution, which is taken to be AE/E = 0.35/&I?+ 0.02. 

Excited quarks of the first generation can also be produced via contact in- 

teractions (which for large masses can overwhelm the gauge interactions) in the 

processes qq --+ qq* and qq + q*q*; for the value A = m, one can reach q* masses 

of the order of 6 TeV and 4 TeV respectively; Fig. 12b. The backgrounds, which 

together with the cross sections have been ca,lculated in [50], are well under control 

as shown in the figure. Through contact interactions, excited leptons could also be 

produced copiously in the processes qij -+ ee* and qij t e*e*. The cross sections, 

which are shown in Fig. 12c, are large and the signals, consisting of pure leptonic 

channels, would provide very clear signatures for the experimental identification of 

these novel states [the backgrounds are very rare in the SM]. For a luminosity of 

10 k-l e* masses up to N 4 TeV could be accessible for A = m, [39]. 
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4 Difermions 

4.1 Leptoquark Production at ese- Colliders 

There is much interest in the study of leptoquarks (LQ), colour (anti-)triplet, spin- 

0 or spin1 particles, which carry both baryon and lepton quantum numbers. As 

discussed in the introduction, such objects appear in a large number of extensions 

of the SM such as GUT’s, Technicolour, and composite models. Quite generally, 

the signature for leptoquarks is striking: a high pt lepton balanced by a jet, or 

missing pt balanced by a jet, for the VQ decay mode, if applicable. 

Single and pair production of scalar LQ’s at a linear e+e- collider of ,/Z = 1 TeV 

was summarized by [51]. All three modes of the collider - e+e-, ey and yy - were 

analyzed. We consider first the quark-level contribution to the process e-y -+ s,S’, 

where S is the LQ [51]. (Th’ p is recess was first considered by [52].) We parameterize 

the strength of the LQ coupling by comparing it to the electromagnetic interaction, 
2 i.e., g,, = 4.rka.a,, and allow k to vary. The cross section is 

a(s) = 
rka2 
y(Qs + 1)2(1 - 2a + 2cu2)ln s 

4rni 
( +a] cy 2 + . . . (29) 

where ‘...’ indicates additional [subdominant) terms, Qs is the LQ charge and 

ct f 1 - (A[: - mg)/s , /3” E 1 - 2(Mi + mz)/s + (Mz - mi)2/s2 (30) 

Note that, due to the factor (Qs + 1) 2 in eq. 29, the production cross sections for 

LQ’s of charge -5/3 and -l/3 are equal, as are those for Qs = -4/3 and -2/3 (up 

to subdominant terms). The apparent divergence in the ca.se of massless quarks is 

removed when detector cuts are imposed. 

There are additional contributions to LQ production due to the hadronic con- 

tent of the photon [53]. Th ese can be taken into account by using a resolved photon, 

i.e. a photon distribution function. In Fig. 13 we compare the two contributions for 

&,, = 1 TeV, for Qs = -5/3 and k = 1, using the GRV distribution functions [54] 

with Q” = i’~!z. In this figure we have folded in the photon energy spectrum due 

to the backscattered laser light. One sees that the resolved photon contribution 

is larger than the direct contribution for all LQ masses. This is easily understood 

physically: when one uses a resolved photon, one is actually considering the process 

e-y + SX, where X is not simply 4 (as was the case above), but rather includes 

all sorts of soft hadronic products. Since more final states are included, relative 

to the direct process, it is only natural that the cross section should be larger. It 

should be pointed out, however, that, except for very light LQ’s, the enhancement 

is only a factor of 2-3. In what follows we will consider only the resolved photon 

contributions to the different processes. 

The dominant contribution to single LQ production in e+e- collisions comes 

c from the sub-process e:y + Sg, in which the photon is radiated from the e+. 
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The cross section for eSe- + e+Sq is then calculated using the effective photon 

approximation. In addition, a.n e+e- collider can be turned into an ey or yy collider 

by backscattering laser light from one or both of the beams. In calculating cross 

sections for processes at such colliders, we take into account the energy spectrum 

of the backscattered photons. 

2. 
lozl, 

a 
&,,=I TeV 

x ey+s,o,=-5/3 

0 100 200300 400 500 600 700800900 

M,(GeV) 

Figure 13: Single LQ p ro UC d t ion cross sections for direct (‘large log’) and resolved 

photon contributions. 

In Fig. 14 we compare the single-LQ production cross sections for all LQ 

charges, for k = 1, at e+e-, ey and yy colliders. There are several features to 

these figures. First, just as was the case for the direct contributions, the cross 

sections for LQ’s of charge -5/3 and -l/3 are equal, and similarly for Qs = -4/3 

and -2/3. Second, at e+e- and ey colliders, only those LQ’s which couple to the 

first generation (eu or ed LQ’ ) s can be produced, but LQ’s of all three generations 

can be produced at yy colliders. Note that, since the t-quark distribution function 

is unknown, for the third-generation LQ with Qs = -5/3 we calculated the direct 

contribution only. 

As a figure of merit, we assume a luminosity of 60 fb-I, and require 25 events 

for discovery. This implies that a LQ is observable if its production cross section is 

larger than 0.4 fb. It is clear from Fig. 15 that the ey mode is the best way to look 

for LQ’s. For all charges, LQ’s of mass up to about, 900 GeV are observable. For 

Qs = -5/3, one can go slightly beyond this limit in the e+e- mode. yy colliders 

are clearly not competitive for first-generation LQ’s. However, second- and third- 

generation LQ’s are visible for certain ranges of masses. For other coupling, one 

simply scales the curves linearly in k. Thus, at ey colliders, first-generation LQ’s 

will be observable even for couplings as weak as k s 10-2-10-3. 

For all three colliders, the bulk of the cross section comes from those processes 

in which all particles go directly down the beam pipe. However, the LQ will 

subsequently decay, and its decay products will be seen in the detector. The signal 
.- will therefore simply-consist of a lepton and a jet with a negligible SM background. 
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Figure 14: Single LQ production cross sections at e+e-, ey 
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Figure 15: LQ pair-production cross sections at e+e- and yy colliders. 

For very weak LQ couplings, a better signal rate may be obtained from pair 

production of LQ’s at e+e- or yy colliders. Of course, the search is limited to LQ’s 

of mass less than half of the c.m. energy of the collision. The cross sections for such 

a process are presented in Fig. 15. At e+e- colliders, there are two contributing 

diagrams, one of which depends on the LQ coupling k. The other diagram depends 

on the LQ’s charge and weak isospin (in what follows, we assume 1s = -l/2 for 

LQ’s with Qs = -5/3 and 4 = 0 for Qs = -l/3). 

At yy colliders, on the other hand, the cross section is k-independent, depending 

solely on Qs. In Fig. 15a, we show the pair-production cross sections for a LQ of 

charge -5/3. At e+e- colliders, we see that one loses about an order of magnitude 

in cross section as one passes from k = 1 to k = 0. However, regardless of the 

coupling, pair production of LQ’s is observable for LQ masses essentially up to 

c &/a. For comparison We also show the single-LQ production cross section. Both 

36 



single- and pair-production cross sections are roughly of the same size for k = 1, 

within the given LQ mass range, but the pair-production cross section wins out 

for smaller values of k. (Note that, in pair production, there may be more SM 

background). We also show the cross section at yy colliders, including both the 

yy- and yg-initiated pair production. Unless k is significantly bigger than 1, the 

LQ pair-production rate is greater at yy colliders than at e+e- colliders for the 

smaller values of the LQ mass. In Fig. 15b we present the cross sections for the 

smallest value of the LQ charge, QS = .-l/3. H ere we see that LQ pair production 

proceeds at a much greater rate at e+e- colliders, for k = 1. For k = 0, on the 

other hand, the yy collider is better for smaller LQ masses. Again, LQ’s of any 

generation are observable in this process for masses up to a bit less than G/2. 

We conclude that it will be necessary to use all three modes of the linear e+e- 

collider, and to consider both single and pair production, in order to perform a 

complete search for LQ’s. 

Although th e d iscovery of a leptoquark would be drama.tic evidence for physics 

beyond the SM, it would lead to the question of which model the leptoquark origi- 

nated from. Given the large number of leptoquark types it would be imperative to 

measure its properties to answer this question. Following the notation of, Ref. [19], 

the complete set of possible LQ are: Sr, ,Sr (scalar, iso-singlet); R2, $2 (scalar, 

iso-doublet); Ss ( scalar, iso-triplet); Ur, Ur ( vector, iso-singlet); V2, V2 (vector, 

iso-doublet); U 3 vector, iso-triplet). The production and corresponding decay sig- ( 

natures are quite similar, though not identical, and have been extensively studied. 

Even focussing only on the NLC (e+e-, ey and yy modes), there is a already a con- 

siderable amount of work in the literature [55]. The possibility of using a polarized 

ey collider to differentiate the LQ type (i.e., a polarized e beam in conjunction with 

a polarized-laser backscattered photon beam) was analyzed here [56] including the 

contributions due to the hadronic content of the photon. An integrated luminosity 

of 50 fl-i was assumed. 

Table 2 of Ref. [ 191 g ives information on the couplings to various quark and 

lepton combinations; note that both the quark and lepton have the same helicity 

(RR or LL) for scalar LQ production while they have opposite helicity (RL or LR) 

for vector LQ production. Denoting the various helicity cross sections as c@q, 

X; = + for R helicity, X; = - for L helicity and ~TOT = cr++ + c+- + K+ + u--, 

it is useful to introduce the double longitudinal spin asymmetry ALL: 

ALL = 
(CT++ + CT--) - (CT+- + CT-+> 

(CT++ + a--) + (a+- + a-+> 
(31) 

which can be calculated for each LQ species. 100% polarization of both beams 
is assumed. In the analysis [56], th e asymptotic polarized photon distribution 

functions [57] were used, and it is assumed that Q” and z are large enough that 

the Vector Meson Dominance part of the photon structure is not important, but 

c rather the behavior is dominated by the point-like YQQ coupling. 
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Figure 16: ALL vs. M for (a) LQ s which couple only to LH electrons for a 1 TeV collider. 
The (solid, dashed, dotted, dot-dashed) curves are for (S’s, &, Ua, &) L&s. (b) Same 
as (a) but for L&s which couple only to both LH and RH electrons; here KL = 1 = KR. 
The (solid, dashed, dotted, dot-dashed) curves are for (A’,, V,, U1, R2) LQs. 

LQ’s were identified only in the ej mode. LQ’s of spin-O( 1) were found to have 

positive(negative) values of A LL; for LQ’s which couple in a RII manner to e’s, 

this is sufficient to separate all cases. For the case of a 1 TeV collider, Figs. 16a- 

b show ALL as a function of the LQ ma.ss including statisticad errors for several 

LQ species. When LB couplings are present, then the values of ALL must be 

carefully examined. With statistical errors only, an NLC working in the ye mode 

could separate all LQ types up to approximately 80% of the center of mass energy 

assuming LQ Yukawa couplings of order electromagnetic strength. The largest 

uncertainty in the calculation is the reliability of the asymptotic approximation 

used to determine the photon distribution functions and those associated with the 

quark content of polarized photons. 

The effects of QED and QCD corrections on the production of both vector (V) 

and scalar (S) LQ pairs in e+e- collisions at the NLC were considered [58]. These 

corrections were found to be critical, if one is to differentiate the different LQ 

species, since they significantly modify total cross sections and asymmetries. The 

vector LQ’s were assumed to have minimal gauge boson couplings in this analysis 

so that the possibility that vector LQ are gauge particles wa.s not covered. Ini- 

tial state QED corrections were performed using the structure function approach 

including terms up to order (ly2 with soft photons exponentiation. Beamstrahlung 

corrections were also taken into account. The full set of QED corrections were 

found to be only weakly sensitive to variations in 6 in the range 0.5-l TeV. How- 

ever, bremsstrahlung corrections were found to be quite important in the threshold 

region, being of order 30 - 50% depending on the LQ spin. 

For the scalar case, the QCD final state corrections were large and positive 
? 
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increasing dramatically near threshold indicating possible bound state formation. 

The QCD corrections were always in excess of 40% and determined to be more 

than 100% for LQ velocities below 0.2 due to the possible production of bound 

states and the well known Coulomb singularity. 
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Figure 17: 95% C.L. discovery region (to the left of the curves) in the lepto- 
quark coupling-mass plane for (a) LEP II (200 GeV) and an integrated luminosity 
of 100,200,500 pb-l corresponding to the da,shed, dash-dotted, and solid curves, re- 
spectively. (b) NLC with a center of mass energy of 0.5(1.0) TeV and 50( 100) pb-‘, 
corresponding to the solid (dashed) curves, respectively. 

Leptoquarks can participate in the process e+e- + qQ via virtual u- or t- 

channel exehanges and can produce deviations from the SM predictions for cross 

sections and asymmetries [59]; th us indirect limits on LQ properties can be ob- 

tained. If one allows for the general form of leptoquark-fermion interactions of 

L = l(A $ By,)q.LQ, the leptoquark couplings can be parameterized in terms of 

two constants, K = ( IAl2 t ]B12)/e2 and K’ = 2% (A*B/e2). Here we examine the 

case K’ = K and limit our discussion to the exchange of charge -l/3 leptoquarks 

present in Es theories, which mediate the reactions e+e- -+ UU, CC, tE 

The results are not found to be qualitatively different for Q = +2/3 leptoquark 

exchange or for considering the other extreme case of the parameters 6’ = -K. The 

95% C.L. discovery reach in the leptoquark coupling-mass plane is presented in 

Fig. 17 for LEP II with fi = 200 GeV, and the NLC for fi = 0.5,l.O TeV. These 

search regions are obtained via a combined analysis of production cross sections, 

forward-backward asymmetries, and left-right polarization asymmetries (for the 

NLC only), assuming a beam polarization of 90% and a 50% efficiency for the 

identification of final state charm particles. Clearly, this process offers a good tool 

* in the exploration of indirect leptoquark effects. 
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4.2 Leptoquark Production at Hadron Colliders 

The calculations for the production of scalar and vector LQ’s at hadron colliders, 

both singly and in pairs has been updated [60] for this report. The results in the 

scalar case were obtained long ago [61], so we briefly discuss the intricacies of the 

vector case below. 

In order to determine the qij, gg + VV cross sections we need to determine 

both the trilinear gVV and quartic ggVV couplings, which may naively at first 

appear to be unknown. However, in any realistic model wherein vector leptoquarks 

appear and are fundamental objects, they will be the gauge bosons of an extended 

gauge group. In this case the gVV and ggVV couplings are completely fixed by 

gauge invariance. These particular couplings will also insure that the subprocess 

cross section obeys tree-level unitarity, as is the hallmark of all gauge theories. Of 

course, it might be that the appearance of vector leptoquarks is simply some low 

energy manifestation of a more fundamental theory at a higher scale and that these 

particles may even be composite, in which case so-called ‘anomalous’ couplings in 

both the gVV and ggVV vertices can appear. One such possible coupling is an 

‘anomalous magnetic moment’, usually described in the literature by the parameter 

K [62], which takes the value of unity in the gauge theory case. 
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Figure 18: Production cross section for a pair of vector leptoquarks at the Tevatron: (a) 
as a function of the LQ mass with K = 1. The dotted(dashed, solid)curve corresponds 
to the @(gg, total) contribution. The dash-dotted curve is the total S-LQ result. (brc 
dependence of the qij (dots), gg(dashes), and total(solid) V pair production cross sections 
at the Tevatron for a vector leptoquark mass of 200 GeV. 
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Figure 19: Sa,me as the previous figure but for the LHC. In (b), a vector leptoquark 
mass of 1 TeV is assumed. 

Among these ‘anomalous couplings’, the term which induces K is special in that it 

is the only one that conserves CP and is of dimension 4. As values of K differing 

from one have been entertained in the literature, we will generally assume K = 1 or 

0, with the latter value corresponding to ‘minima,l’ coupling, in order to probe the 

sensitivity of our results to the assumed gauge nature of V. We will also describe 

the results in the more general case where K is arbitrary. 

If LQ’s are first observed at hadron colliders it will become necessary to be 

able identify which one [19] h as b een found. The simplest probe of LQ properties 

is the cross section itself. The two individual subprocess result in the total cross 

sections displayed in Figs. 18a-b and 19a-b at the Tevatron and LHC and are 

compared with the scalar LQ case. As we see from these figures, the production 

rate for spin-l LQs can be substantially larger tha.n in the spin-0 case and there 

exists a reasonable sensitivity to the choice of K. At the LHC with 100 fb-’ the 

search reach for scalar(S)/vector(V) LQ’s is 1.4/2.2(1.8) TeV for K = l(0). At the 

Tevatron with 200(2000) pb-‘, the V-LQ reaches a,re 300(385) GeV for K = 1 and 

250(330) GeV f or K = 0. The corresponding results for S-LQ limits are 170(250). 

At a 4 TeV pjj collider with 1 k-i the V-LQ reach is 850 GeV with K = 1, while 

for scalars it is 620 GeV. Correspondingly, at a 100 TeV pp collider with 100 ft-’ 

the V-LQ limit is 8.2 TeV with K = 1, while for S-LQ’s it is 5.0 TeV. All these 

results assume a branching fraction of unity for the ej final state. 
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Single LQ production has the advantage of a larger available phase space but 

has the disadvantage associated with the fact that cross sections are proportional to 

an unknown Yukawa coupling, which is expected to be order electroweak strength 

or less. In the V-LQ case, the arbitrariness of h: still enters the calculation and 

care must be taken to distinguish possible gu from gd production. (For example, 

the Es type LQ with Q = -l/3 is produced via gu + LQ + e+ and gd t LQ + v 

with different Yukawa couplings.) Figs. 20 and 21 show the single LQ rates for 

both the LHC and Tevatron for either production process; K = 0,l are considered 

in the V-LQ case. It is assumed that all Yukawa couplings are exactly equal to LY 

in these figures. Clearly, if the Yukawa’s are significantly smaller pair production 

will generally win out over single production for the entire mass range. 

3 

4 

b 

Figure 20: Single (a)S-LQ (b)V-LQ production at the Tevatron for unit scaled Yukawa 
coupling. In (a) the dotted(dashdotted) curve is for gu(gd) production. In (b), the 
upper(lower) pair of curves corresponds to gu(gd) production with K = 1,0 respectively. 

There are other mechanisms that produce LQ’s at hadron colliders. In an al- 

ternative supersymmetric version of the LRM [63], which takes advantage of a well 

known ambiguity in the fermion quantum number assignments within the 27 rep- 

resentation of Es, WR’S can only be produced in association with leptoquarks(LQ) 

at hadron colliders. The basic process is gu + WR + LQ. The discovery limit 

of order 1.2-2.5 TeV is obtained in the background-free case at the LHC for an 

integrated luminosity of 100 k-i. 
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Figure 21: Same as the previous figure but for the LHC. 

A detailed study has been performed for this report [64], in order to ascertain 

the extent to which the backgrounds from top and SM W boson leptonic decays 

masked the signal at the LHC. It was assumed that the final state neutral lepton 

appears as missing energy and that the signals a.nd backgrounds are well modeled 

via PYTHIA. 

If one completely ignores the associated LQ, the signal corresponds to an in- 

crease in the overall lepton pt distribution in the region corresponding to the WR’S 

Jacobian peak. For pt > MwR, the signal surpasses the backgrounds from tt 
production with rates of order lo-100 events a yea,r assuming MwR=l TeV and 

Apt=100 GeV. However, this signal is overwhelmed by the inclusive lepton spec- 

trum from the decay of the SM W boson (due to the fact that at large pt associated 

WL + j dominates) by an order of magnitude. 

This situation was found to be somewhat improved if the leptonic decay modes 

of the LQ were included, i.e., LQ + ue + x0, de +x+, where x+(x”) is a chargino 

(neutralino or LSP). Th e signal now corresponds to a charged lepton pair plus 

a jet plus missing energy. Unfortunately, although the background from WL is 

now removed, that from tt still remains and swamps the signal by two orders of 

magnitude for a 1 TeV WR and typical SUSY partner masses. 

The conclusion of the analysis is that this final state is not suitable for WR 

discovery for small LQ masses (i.e., below those of the SUSY particles) due to the 
tiny leptonic branching fraction possessed by the LQ in this case. < 
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4.3 Single Dilepton Production at e+e- Colliders 

Dileptons arise in theories where the gauge group for leptons is expanded from the 

SU(2), of the SM to SU(3). Th e can appear as both scalars and as vector gauge y 

particles, and can be singly- or doubly-charged. The production of doubly-charged 

scalar and vector dileptons in e+e-, yy and ey colliders is summarized for this 

report [65]; f or original references, see [al, 661. 

Dilepton interactions are described by the Lagrangian 

J% = -= X,” eTCyp”y5e + 9 X++ eTC(l - XyS)e + h.c. 
Jz Jz 

(32) 

where X++ (X++) is th 

jugation ‘matrix. 

e vector (scalar) dilepton field, and C is the charge con- 

The vector coupling of the vector dilepton vanishes by Fermi 

statistics. The coupling of the scalar dilepton is chiral, so that X = fl. The 

coupling constants g and g31 are considered as free parameters. 

The cross sections for the processes e-y + X;;e’, using g$ E 47r&oYem and 

g2 G 47rTTJis~,, is given by (a and p are given in eq: 30). 

%(S> = .‘yi,, [@(;+fil3+f3!!5(5~-4 

O”(S) = 
A&, 

s 

The explicit electron mass regulates the logarithmic collinear divergence occur- 

ring in that region of phase space in which all particles go down the beam pipe. 

(The apparent divergence in the massless electron limit can be removed by detector 

cuts since these will be present in any real cross section determination.) Thus, the 

bulk of the above cross sections are due to those events in which the only particles 

detected are the decay products of the XS,; (e-e-, p-p- or r-r-). This results 

in an unmistakable signature with virtually no SM background. 

For the process e+e- + X,;e+e+, an energetic virtual photon is emitted from 

the e+ beam, which then becomes part of an e-y collision. To calculate this cross 

section, we use a photon distribution function for the virtual photon, and fold it 

together with the previously determined cross section of e-y -+ X;;e’, using 

numerical integration. The process yy -+ X;;e+e+ proceeds along similar lines as 

above, except that a virtual electron is emitted from the y beam, and a fermion 

distribution function is used. 

In this summary, we show the production cross sections for vector and scalar 

* dileptons in each process, at 1 TeV. Assuming a luminosity of 60 fb-i, we suppose 
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that 25 events, i.e. a cross section of 0.4 fb, are required for discovery. We take the 

coupling constants, 931 and g, to be of electromagnetic strength, i.e. k, = 1 and 

k, = 1. Of course, since the cross sections are linear in k, and k,, these graphs 

can easily be scaled to other parametric values of the couplings. 

In Fig. 22a we see that the cross section for scalar dilepton production in ey 

collisions is huge, orders of magnitude above the discovery limit. Thus, scalar 

dileptons with masses virtually up to the kinematic limit are observable, even for 

couplings as small as k, = 5-7 x 10p4. The cross sections in e+e- and yy collisions 

are smaller, but still large enough for the observation of dileptons with masses 

approaching the kinematic limit. Fig. 22b shows the production cross sections 

for vector dileptons. Once again, the cross section in the ey process is clearly 

much larger than that of the other two processes, so that dileptons of masses up 

to the kinematic limit and couplings as small as k, = 3-4 x 10m4 can be detected. 

Dileptons can be observed in e+e- and yy collisions for k, as low as N 0.01. 

This analysis shows that both scalar and vector dileptons can be easily observed 

in all three modes of the e+e- collider. The bulk of the cross sections comes from 

those events in which the only particles detected are the two leptons coming from 

the decay of the dilepton, an unmistakable signature. 
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Figure 22: Production cross section for (a) scalar (left) and (b) vector (right) dileptons 
in the processes e-y -+ X,-e+ (solid line), e-e+ + X,-e+e+ (dashed line) and yy + 
X&y-e+e+ (dash-dot line), f or a 1 TeV NLC with k, = 1. The horizontal line is the 
assumed discovery cross section of 0.4 fb. 
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5 New Interactions 

5.1 Top Quark Anomalous Chromomagnetic Moments 

The discovery of the top quark at the Tevatron [67] by the CDF and DO Collab- 

orations has renewed thinking about what may be learned from a detailed study 

of the properties of this particle. One point of view is that this discovery repre- 

sents a great triumph and confirmation of the predictions of the SM, in that the 

top quark lies in the mass range anticipated by precision electroweak data [68]. 

Another viewpoint is that the subtleties of top quark physics itself may shed some 

light on new physics beyond the Standard Model. 

Amongst others, one set of the top quark properties which deserve study are 

its couplings to the various gauge bosons; up until recently such analyses [69] 

have concentrated on the electroweak couplings of the top, i.e., its interactions 

with the W, 2 and y. In what follows, we consider the possible existence of 

an anomalous chromomagnetic moment, a dimension-5 coupling, K, at the ttg 

vertex and we explore the ca,pability of the Tevatron, LHC and NLC to probe 

this coupling. Such anomalous interactions may arise with a reasonable strength 

in extended technicolor or compositeness scenarios [70] and, e.g., may lead to 

significant alterations in the top production cross section at the Tevatron and 

other colliders. In such scenarios, the chromomagnetic moment is usually induced 

as a natural by-product of the top quark mass generation process. At the present 

time the CDF and DO top cross section results seem to be in rough agreement with, 

although still somewhat larger than, the expectations of QCD [71]. The original 

version of this analysis was motivated by this somewhat larger than expected result 

first obtained by CDF last year. Previous to the present analysis, only rather weak 

limits on K (of order 10) existed, in particular, from operator mixing contributions 

to the b --+-sy decay; see the last paper in [69]). Data from the Tevatron, LHC, 

and NLC will be able to improve this sensitivity by two orders of magnitude. For 

details of the analyses presented below, see ref. [72]. 

The piece of the Lagrangian which governs the tcg and ttgg couplings is: 

L = gsfTa y,Gi + i&o,,,,Giv t , 
t > 

(34) 

where gs and T, are the usual SU(3) c coupling and generators, mt is the top quark 

mass, Gf(GE”) is the gluon field (strength tensor), and K is the anomalous chro- 

momagnetic moment which is zero in the SM. Note that SU(3)c gauge invariance 

requires that both vertices be modified when K is present. 
Turning first to the examination of the effects of non-zero K on tt production at 

hadron colliders, we present the parton-level q?j + tt and gg --+ tf differential cross 
sections. (For single top production at these machines, we need the corresponding 
gW + tb result.) We note in passing that the qij process dominates (about 90%) at 

‘- the Tevatron while the gS one is similarly dominant at the LHC. This analysis has 
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shown that the total top cross section is the most sensitive quantity in probing K 
at hadron colliders provided it is not too large. For @j + tf, which occurs through 
s-channel gluon exchange, one obtains 

with s^ being the parton level c.m. energy and z the cosine of the corresponding 

scattering angle. The case of the gg --+ tf is more complicated since it proceeds 

through s-, t-, and u-channel diagrams as well as a contact term which is present 

due to gauge invariance; defining the kinematic abbreviations x = m,2/2, Ii’ = 

~/(2fi) and d = 1 - z2 + 4xz2, the resulting differential cross section can be 

written as n %w 
x= 2 [To + T,K + T2 K2 + T3K3 + T4K4] , (36) 

which is a quartic polynomial in K, where the T; coefficients can be written as 

To = 4(36xz2 - 7 - 9z2)( z4 - 8xz4 + 16x2z4 - 32x2z2 + 8xz2 - 8x - 1)/3d2, 

Tl = -32(36xz2 - 7 - 9z2)&i/3d, 

T2 = -16(72x2z2 - 46xz2 + 7z2 - 16x - 7)/3d, (37) 

T3 = 32(-7z2 + 28xz2 L 5x + 7)&/3d, 

T4 = 16(-8xz4 + 16x2z4 + z4 - 4x2z2 + 9xz2 - 2z2 + 1 - x + 4x2)/3&. 
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Figure 23: (a) NLO cross sections for the qij + tt (dash-dotted) and gg + tf (dotted) 

subprocesses as well as the total cross section (solid) at the Tevatron as functions of K 

for m, = 170 GeV using the CTEQ parton distribution functions. The horizontal dashed 
lines provide the fla CDF cross section determination while the horizontal dotted line 

is the DO 95% CL upper limit. (b) S ame as (a) but for the LIIC and with the roles of 
gg and qq interchanged. 
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Figure 24: Single top cross section at the (a) Tevatron and (b) LHC. From top to 
bottom, the curves correspond to K = 2, -2,1, -l,O. 

As in the qij case, the gg t tt cross section increases as K increases in the 

positive direction. These cross sections the for Tevatron and LHC are shown in 

Fig. 23a-b, respectively. If the SM cross section is realized, accounting for various 

uncertainties (parton densities, NNLO terms, scales, luminosity, statistics, etc.) 

the 95% CL ranges for K assuming Tevatron luminosities of L = 100(250,500,1000) 

pb-i are -0.14 to 0.15, -0.11 to 0.12, -0.09 to 0.11, and -0.08 to 0.11, respectively, 

i.e., they are systematics limited at large luminosity. The Tevatron analysis was 

then extended to the LHC case where it was found that the results were clearly 

systematics limited at the level of K N fO.10 due to the uncertainties from higher 

order QCD corrections and parton density variations. 

In the case of single production of top, we expect low sensitivity to K due to 

the dominance of the light b-quark exchange diagram. This is clearly the case as 

shown- in Figs. 24a-b for the Tevatron and LHC. 

At the NLC, the t@ vertex can only be directly explored via the QCD radiative 

process e+ e- + ttg. Relative to the LHC and Tevatron, this results in a substantial 

loss in statistics which can be compensated for by the cleanliness of the environment 

as well as a reduction in the associated theoretical uncertainties. Since the new 

K-dependent interaction is proportional to the gluon 4-momentum, one is lead to 

a study of the gluon energy distribution associated with tf production. 

To leading order in CYS one can factorize this cross section into separate con- 

tributions due to the vector and axial-vector couplings of the top quark to the 

s-channel exchanged gauge bosons a.s 

d2W/dzldz2 = F, d2WJdzldz2 + F, d2W,/dzldz2, (38) 

where F,,+ are the ‘weighting’ factors. This result is scaled to the lowest order tf 

F production cross section; i.e., W = g/go, where co = a(e+e- t tt), and 
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fiR(3 - P”>& 

Fv = p3Aa + $?(3 - p2)A, ’ 

P3-& 

Fa = p3Aa + $?(3 - P2)AV ’ 
(39) 

with p = V(1 - 4&/s), and 

Au = c (wj + w&(wj)tRj , A, = c (u;q + a;aj)e(a;uj)tPij, 
ij ij 

Pij = S2 
[(s - Mf>(s - Mf) + (rM);(rM)j] 

[(s - My + (mf)f][(s - My + (lx);] * 
(40) 

The sum in the expression above is over the s-channel y (i, j = 1) and 2 (i, j = 2) 

gauge boson exchanges. Defining the overall normalization coefficients 

N, = ~(2mjs2xfx~)-‘[~/?(3 - ,b”)]-’ , N, = $(2m:s2xfx~)-‘[/33]e1, (41) 

where x; = 1 - z;, we obtain the complete ttg double differential cross section: 

d2W, 
~ = 
dzl dz2 

N, [-8m;(xl + x2)2 - 4sm; [xf( 1 + 2x2) + xi( 1 + 2x*)] 

+2s24w2[(1 - x1)2 + (1 - x2)2 + K(Xr - x2)“] 

+K2s3x;x;(l - xi - x2) ) 1 
d2 W, 

~ = 
dzl dz2 

Na [164x1 + ~2)~ + 2S4(K2 + 2K + 2)X1X2(X1 + x2)2 

+8x1x2(x1 + x2) - 2(x’f + xi + 6x1x2)] + 2mfs2x1x2[(1 - ~1)” 
+(1 - x2)2 + K(X:: + x; - 4) + ~2x1x2(x1 + 22 - 3)] 

+K?s3x~x;(1 - x1)(1 - x2)] (42) 

The dominant effect of K: # 0 is to induce an increase in the high energy tail of 

this distribution. This same energy dependence leads to the observation that the 

finite K contributions grow rapidly with increasing &/am,, implying increased 

sensitivity at an NLC with fi = 1 TeV instead of 500 GeV. In this first study, we 

ignore effects from top decay (except in the statistics) and perform a LO analysis. 

Estimates of contributions from higher order are lumped into the uncertainties 

when obtaining limits. Fig. 25 shows this distribution for the case of fi = 1 

TeV for CYS = 0.10 while Fig. 26a shows the result of integrating this distribution 

for values of z = 2E,~,,,/& > 0.4. A ssuming that the SM results are realized, 

bounds on K may be obtainable by either (i) counting excess events with high 

energy gluon jets or (ii) by a fit to the gluon energy distribution via a Monte Carlo 

analysis. Events are selected with at least one b-tag as well as one high pt lepton 

and gluon jet energies larger tha.n 200 GeV. Such large jet energies will allow a 
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clean separation from the top decays and will simultaneously place us in the region 

of greatest K sensitivity. For a luminosity of 200 k-l the resulting 95% CL allowed 

range is found to be -1.0 5 K 5 0.25. Substantial improvement is obtained by 

fitting the spectrum itself; Fig. 26b shows the Monte Carlo generated spectrum 

and best fit( K = 0.06) assuming that the SM is realized. At 95% CL, one now 

obtains the allowed range of -0.12 5 K 5 0.21 for the same luminosity as above. 

The LHC, Tevatron and NLC provide complementary windows on the possible 

anomalous chromomagnetic couplings of the top with different systematics. 
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Figure 25: Gluon jet energy spectrum assuming o, = 0.10 for m, = 175 GeV at a 1 TeV 

NLC. The upper(lower) dotted, dashed, and dot-dashed curves correspond to K values of 

3(-3), 2(-a), and 1(-l) respectively while the solid curve is conventional QCD with K = 0. 
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Figure 26: (a)Integrated gluon energy spectrum for the same input parameters and 
labeling as in the previous figure as a function of K assuming z,,~ = 0.4. (b)Best fit gluon 
spectrum through the points generated by the Monte Carlo analysis for 6 = 0.06. 
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5.2 Top quark radius and anomalous magnetic moment 

One of the most natural consequences of substructure in the fermionic sector is the 

appearance of an intrinsic finite size of quarks and leptons due to the interaction 

of the preens, the more elementary constituents [73]. The search for non-zero 

radii and anomalous magnetic moments has been pursuit since a long time and 

stringent bounds on the size of electrons and muons have been set by measurements 

of (g - a>,,, [47]. Any non point-like structure of these particles is restricted to 

energy scales above 1 TeV. Similar limits can be obtained for light quarks from 

analyses of quark-quark scattering in pji colliders [74] and for 7 leptons and b 

quarks from the high-precision LEP measurements [75]. 

These bounds for the light fermions cannot be readily extrapolated to the heavy 

top quark. Indeed, as its large mass seems to indicate, the top quark could play a 

special role and it may be the first place where non-standard effects will appear. 

(In models where the standard gauge symmetry is dynamically broken by ft con- 

densates, anomalous couplings are also expected to occur [76].) Here, we discuss 

the potential of a 0.5 TeV e+e- collider in probing anomalous couplings of the top 

quark to electroweak gauge bosons. 

The general coupling of a gauge boson 0 = y, 2 to fermions can be written as 

ie0 

[ 

f?h + &-;w” + f&-/5 + &- .f:qlYY5Q” 

f 1 (43) 

with co being the proton charge and q the momentum carried by the gauge bo- 

son. In principle, there are also q@ and qpy5 couplings, but they give vanishing 

contributions if the gauge boson is on shell or couples to massless fermions. In 

the point-like limit, the form factors fi-f4 reduce to the usual standard model 

couplings: the CP violating terms f:” are absent and at the tree level j;lz are 

equal to zero, while fc = ef, fz = 0 and ff = VT, f$’ = ~7. The form factors 

fr,s are related to the radius R which is proportional to the compositeness scale 

R = @: f& N (ftJsM(l + s/A2) ; th ey could in principle be different for y 

and 2 couplings. Note that the radius used here is the physical particle radius 

which is not plagued by the ambiguities due to the unknown coupling constants as 

it is the case in contact terms. f:” are the anomalous magnetic moments which, 

in chiral theories as suggested by (g - 2),+, are proportional to m;/A2. 

With the general form given above, one can write the most general expres- 

sion for the differential cross section do/dcos 6’ in the processes e+e- + ff and 

yy -+ ff [77]. In e+e- annihilation, this cross section allows three independent 

measurements and one may choose Rf the total cross section normalized to cro, 

the forward-backward asymmetry Af of the fermion and the parameter af defined 

by da/dcos 0 c( 1 + of cos2 19; the expressions are given in [77]. These observables 

have to be compared to the experimental data once the radiative corrections of 
* the SM have been properly taken into account. At a 0.5 TeV e+e- collider and for 
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mt = 175 GeV, we show in Fig. 27 the deviations of the three observables from 

SM expectations as a function of the compositeness scale A. We have set the 

violating terms f4 to zero. 
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Figure 27: Deviations of the normalized cross section R,, the forwaad-backward asym- 
metry A, and the CY, parameter from SM expectations in e+e- + tt at fi = 0.5 TeV, 
for different values of the form-factors fi. 

Fig. 27a shows the deviations in the case where Sff3 = Sfc = s/R2 and ff = 

f; = m:/A2. Th e s 1 h’ft s can be very large especially for relatively small values of 

A. The ratio Rt is the most sensitive quantity and an experimental accuracy of 

2% in its measurement allows to probe values of A slightly larger than 5 TeV. The 

forward-backward asymmetry as well as the ot parameter are less sensitive to this 

choice, as shown in Fig. 27b where we have set Sfi = Sf3 = 0. Indeed, they are 

* much more sensitive-to the anomalous magnetic moments than to the change in the 
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fi and f3 form factors contrary to Rt. In Fig. 27c the same three observables are 

shown when the anomalous couplings to the photon are switched off (this happens 

for instance in dynamical symmetry breaking models where only the couplings to 

the 2 boson are expected to be non-universal). The deviations are much smaller 

in Rt than in the previous case (this is due to the fact that the photon exchange 

dominates in the cross section) but they are much larger in At. Scales of the order 

of 2 TeV can be probed in this case. 

The possibility of turning the e+e- collider intto a yy collider using back- 

scattered laser beams, can be exploited to measure the yf f couplings indepen- 

dently of the Zff couplings. Assuming the total energy of the yy collider to be 

0.4 TeV, we show in Fig. 28 the deviations in the total cross section as a func- 

tion of A in the three cases: Sfi = s/A2, fi = mf/A2; Sfl = slA2, f2 = 0 and 

Sfl = 0, f2 = mt/A2. A s 1 can be seen, they are larger than in the e+e- case and ‘t 

the sensitivity to the a,nomalous magnetic moments is slightly better. 
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Figure 28: Deviations of the total cross section yy + tf from the SM value for different 

values of the form-factors fi; at fiy, is fixed to 400 GeV. 

Hence, a 500 GeV c.m. energy e+e- collider is a unique facility to probe the 

static properties of the top quark. A measurement of the total cross section in 

the e+e- or yy modes with an accuracy of 2% allows to probe compositeness 

scale values up to 10 TeV. Th is corresponds to a radius of the order of lo-l6 cm. 

Furthermore, for light fermions the present limits can be greatly improved. 
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5.3 @-yy Contact Interactions and Diphoton Production 

Instead of the direct production of new particles, physics beyond the SM may first 

appear as deviations in observables away from SM expectations, such as in the 

rates for rare processes or in precision electroweak tests. Another possibility is 

that deviations in cross sections of order unity may be observed once sufficiently 

high energy scales are probed. This kind of new physics can generally be param- 

eterized via a finite set of non-renormalizable contact interactions, an approach 

which is quite popular in the literature [78]. In fact, limits already exist from a 

number of experiments on the scales associated with contact interactions of various 

types [79]. Here [80], we explore the capability of both the Tevatron and LHC to 

probe the existence of flavor-independent (apart from electric charge), qqyr contact 

interactions of dimension-8. Searches for such operators, with the quarks replaced 

by electrons, have already been performed at TRISTAN and LEP [81] and have 

resulted in a lower bound of approximately 140 GeV on the associated mass scale. 

To be definitive, we will follow the notation employed by [82] as well as by 

the ALEPH Collaboration [81] and assume that these new interactions are parity 

conserving. In this case we can parameterize the ~yyy contact interaction as 

,!Z = 2ie2Q; K4 Fp”” F,“qy,&q , (44) 

where Q4 is the quark charge and A is the associated mass scale. The most obvious 

manifestation of this new operator is to modify the conventional Born-level partonic 

qtj + yy differential cross section so that it now takes the form 

d& 
-= 
dz 

where 2, z are the partonic c.m. energy and cosine of the c.m. scattering angle, 

o*, respectively. Note that we have written A* in place of A in the equation above 

to indicate that the limits we obtain below will depend upon whether the new 

operator constructively or destructively interferes with the SM contribution. 

There are two major effects due to finite A: (i) Clearly, once .? becomes com- 

parable to A2, the parton-level differential cross section becomes less peaked in the 

forward and backward directions implying that the photon pair will generally be 

more central and will occur with higher average pt’s. (ii) When integrated over 

parton distributions the resulting cross section will lead to an increased rate for 

photon pairs with large yy invariant masses. Thus we employ strict 7 and pt cuts 

on both photons to reduce backgrounds from SM processes. 

In presenting numerical results, we integrate the invariant diphoton mass distri- 

bution above a given fixed minimum value of the diphoton mass, M$“, subsequent 

to making all the other cuts. In order to get an estimate for the event rates in- 

_ volved, we scale this integrated cross section by a luminosity appropriate to the 
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Tevatron or the LHC, i.e., 20 pb-l and 100 fb’, respectively. Figs. 29a-b com- 

pare the SM diphoton cross section as a function of iWz” with the constructive 

interference scenario for various values of the A parameter. 

Assuming that no event excesses are observed, we can ask for the limits that 

can be placed on A f as the Tevatron integrated luminosity is increased. To do 

this we perform a Monte Carlo study, first dividing the Mz” range above 100 

GeV into nine steps of 50 GeV. Events are generated using the SM as input and 

are then fit to the resulting A* dependent fitting function. For a luminosity of 

100(250,500,1000,2000) pb-’ we obtain the bounds A+ > 487(535,575,622,671) 

GeV and A- > 384(465,520,577,635) GeV, respectively, at 95% CL. Correspond- 

ingly, for a similar analysis at the LHC, we find with an integrated luminosity of 

100 k-r, the 95% CL bounds of A+ > 2.83 TeV and A- > 2.88 TeV. 
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Figure 29: (a) Diphoton pair event rate, scaled to a luminosity of 20 pb-l, as a function 
of MYYi,i” at the Tevatron subject to the cuts discussed in the text. The solid curve is 
the QCD prediction, while from top to bottom the dash dotted curves correspond to 
constructive interference with the SM and a compositeness scale associated with the 
~Qyy operator of A+ = 0.2, 0.3, 0.4, 0.5, and 0.6 TeV respectively. (b) Same as (a), but 
for the LHC scaling to a lumonosity of 100 fb-l. From top to bottom the dash dotted 
curves now correspond to A+ = 0.75, 1.0, 1.25, 1.5, 1.75 and 2.0 TeV respectively. 

5.4 New resonant structures 

In this subsection we will discuss the indirect effects of Technicolour-like vector 

particles that are strongly coupled to the SM gauge bosons in the process e+e- --+ 

ff. The high-p recision LEPl data have already set rather stringent bounds on 

Technicolour models [83], b ased on their effect to the quantity 5’ [83] a combination 

of the one-loop SM vector boson self-energies. Recently, a general formalism has 

been established [84] which 11 a ows to calculate the relevant one-loop self-energy 

- corrections to processes at high energies e+e- colliders. 
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The main idea is that of expressing the various effects in the form of a once- 

subtracted dispersion integral, and of fixing the necessary subtraction constants 

by suitable model-independent LEPl results. In this way, one is led to a compact 

representation of several observables which presents two main advantages. The 

first one is that it allows to express new physics contributions through convergent 

integrals. The second one is that LEPl constraints are automatically incorporated 

in the expressions of the observables. For example, the cross section for muon 

production at a c.m. energy #, a,(q2), at th e oneeloop level takes the form 

Oq2) = F { iy1v + 24(q”)] + (42 _ M2 ,i + M2r2 
Z z z 

[ 2 I” [l - 20z(q2) - f+l,,(q’)] } 
1 

(46) 

where Il is the leptonic 2 width, o(Mi) = [l f 0.001]/128.87 a.nd 

Dy(q2) = -(q2 - M;),‘7$f ds Im FJs)(s - q2)-l(s - M;)-” 

Dz(q2) = (y” - M;)/T Plrn dssIm Fzz(s)(s - q2)-‘(s - M;)” 

Dyz(q2) = (q” - M;)/n Plrn ds Im F,I(s)(s - q2)-2(s - M;)-’ (47) 

with FL = cr/sr, Fz,, sfcf = ra/(fiG,Mi) and sf = 1 - cf N 0.217, ~1 = 1 - 4s;. 

The imaginary parts which appear in these expressions are constructed from the 

self-energies; for Technicolour models, they are separately gauge-invariant. Sim- 

ilar representations can be established for several other observables like forward- 

backward and polarization asymmetries, etc.. For each observable, one finally ob- 

tains an expression that include the full effect of the oblique correction at one-loop 

in the-form: 0(q2) = cu[l + crD,(q2) + czDz(q2) + c~ZD,Z(Q~)], where the analytic 

expressions of the various coefficients can be found in [84]. 

One can use this formalism to calculate the possible effects of a pair of vector 

(V) and axial vector (A) resonances strongly coupled to the photon and to the 2 

boson. The parameters which enter the expressions of the imaginary parts of the 

various spectral functions are the couplings FV,A and the masses Mv,, (assumed 

to be larger than @). T wo different theoretical models have been considered: 

(I) A Technicolour-like framework in which the validity of the two Weinberg 

sum rules [85] are exploited. Only their very general consequence, i.e. the positivity 

of S are retained. In a zero-width approximation (in practice, one needs to use 

a finite width description of the V,A resonances) one ha.s: S = 4r[FG/M$ - 

Fj/Mj] = 4n(F,/M;)[l + M;/Mj]. Th e p resent constraint on S is -0.9 5 S < 

0.4 [86]. In th is model only the positive upper bound is effective. 

(II) The constraints due to the Weinberg sum rules are relea.sed, a choice which 

- has the consequenceof introducing one more degree of freedom since it eliminates 
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the theoretical relation between F” and FA. As a consequence, S can now take 

negative values, and in addition the strength of the ratios F”/M” and FA/MA is 

no more bounded. The limiting case of a strongly interacting regime for which the 

value of Fv/Mv is twice the QCD value, Fv/M” = 2fp/m, = l/a, has been 

considered. Then, for every choice of Fs/M$, Fi/M’j is allowed to saturate both 

limits imposed by the bounds on S. 

Mea (ct=v) :lf;l (Ccl’) 

3J,r (CPI’) “‘~7 (Gel’) 

Figure 30: (a) L’ ‘t rmr s on MA us AI” at 1 TeV from a,(dots) ALR (dot-dash) and A, 

(dashes) using the Weinberg sum rules and data on 5’. The lighter shaded region is the 

result of quadratically combining the two leptonic limits and the darker region combines 

afl constraints. The two solid lines correspond to MA = (1.1, 1.6)Mv. (b) Limits obtained 

when released from the Weinberg sum rules but imposing the Fv/Mr, limitation from 

~7~ (VerticaLdotted), A, (vertical dashed), ALR (dotdashed), Rb,p (shortdashed), Rc5) 

(dotted), AFB,~ (long dashed). Th e solid lines show MA = (1.0,1.6)M,. 

Assuming a certain accuracy for the measurement of each observable, one ac- 

cordingly obtains the observability limit of the self-energy effect that is translated 

in an upper bound on the masses MV,A . For a 1 TeV e+e- collider the assumed 

accuracies are of a relative one percent for gp, AFB,~, ALR,~ ,R(5), two percent for 

Rb,fi and five percent for A,. Results are shown in Fig. 30 for both models, the 

different curves corresponding to the various observables, and the shaded area to 

the combined overall mass bounds. In model (I) the resulting bounds on Mv,A are 

located in the 2 TeV range, and are rather strongly correlated; the only hadronic 

observable which contributes appreciably is A LR,h and allows to improve the pure 

leptonic result by about 200 GeV. In model (II) the effect of releasing the validity 

of the Weinberg sum rule is roughly that of increasing the bounds on (Mv, MA) 

from the 2 TeV to the 4 TeV region. Compared to the results obtained in [84], 

an improvement by a factor 6-8 as compared to the LEP2 case. The explored 

mass range of Mv/M A should be able to give a definite hint of the existence of 

_ Technicolour-like resonances or of any other strongly coupled vector boson. 
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