
III. Excited Fermions.
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1 In t roduc t ion , Lagrangians and Couplings

The search for excited electrons has been systematically pursued for more than a quarter of a century
now [1] but has not met with any success yet. This could perhaps be due to the fact that, should
"an excited world" exist, it would only be felt at or above an energy intimately related to the Fermi
scale which, with our present understanding, is the common scale behind the masses of all particles.
The existence of excited particles is the most unambiguous characterizing signal of substructure. If
the known particles are composite, they should be regarded as the low-lying states of a rich tower of
excited states. The latter tumble down via de-excitation to the fundamental states consisting of the
usual particles. In view of the success of the Standard Model one should generalize the "classic" [2]
electromagnetic interactions of the excited electron to include a doublet of excited states having full
weak couplings. Furthermore, to accomodate the fact that the excited states are much heavier than the
ordinary fermions we will assume that they get their masses prior to SU(2) X U(I) breaking and hence,
their couplings to the gauge fields are vector-like. Therefore, denoting the excited fermion doublet by
F* — Ff1+ FJ1, the interaction Lagrangian is

CM* = F* r \9^ + 9'^B11 + g.-GJ F* (1)

where f are the Pauli matrices, Y the weak hypercharge (Y = — 1 for leptons and Y = 1/3 for quarks)
and g,g' the usual weak couplings constants g = eo/sw and g' = eo/cw (eo is the proton charge and
Syy = 1 — c'y,- = e\n2 Bw)- A are the Gell-Mann matrices and g, the strong coupling constant. [Note
that form factors and contact interactions may be present, but they will not be discussed here.]

The Lagrangian describing the transition between excited fermions and ordinary fermions should respect
a chiral symmetry in order to protect the light leptons from radiatively acquiring a large anomalous
magnetic moment. This means that only the right-Landed part of the excited fermions takes part in
the generalized magnetic de-excitation and we have [3, 4]:

^ + h.c (2)

A is to be understood as the scale of substructure while the / 's are weight factors associated to the three
gauge groups and can be interpreted as parametrizing different scales Aj = A/fi for the three groups.
The tensors V1n, represent the fully gauge-invariant field tensors. The non-abelian part of the weak
tensor W1n, has interesting phenomenological consequences at very high-energies (as is the case for the
NLC) since it gives rise to a contact term with an (excited fermion)-(ordinary fermion)-boson-boson.
We will set / , / ' and / , to be equal. 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 [4]. Therefore, apart from the masses of the excited fermions,
the only other parameter is the strength of the de-excitation / /A.

2 Decay Modes

In the present analysis we will only consider masser for the excited fermions above 100 GeV, since
smaller masses will have been ruled out by the time the NLC is running (at LEP200 for instance).
In this case the two body decays into W/Z bosons and light fermions are kinematically allowed. The
decay widths for / —> V/O where V = 7, Z or W are given by:
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with / , = QtI Jw =

For excited quarks, there is also the decay q* —> qg. The width is given by eq.(3) with ft —> 4a,/3 and
Sv — I- The excited fermions have very narrow widths: for a mass of 500 GeV and A / / =1 TeV the
total width of the e* is less than 1 GeV. For masses much larger than Mw/z-itne branching ratios are
unambiguously predicted since they do not depend on m* and A. In % they are:
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As one can see, the electromagnetic decay of charged excited fermions is not the dominant one. For
instance, in the case of the e*, it is just about 30% compared to almost 100% for low masses. 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 other exotic fermions (e.g. stemming from extended gauge groups [5]).

3 Pair Production

If kinematically allowed, excited fermions can be pair-produced without any suppression due to the
transition scale factor / / A .

a) e+e~ annihilation

In e+e~ collisions the reaction proceeds through 7 and Z «-channel exchange for charged fermions,
whereas for excited neutrinos there is only a Z exchange for / = / ' . The total cross section writes

QlQt + 1 - 2
(5)

where /3 = (1 — Am2,./s)1/2 is trc velocity of the final fermion, Ni the colour factor, cr0 the point-like
QED cross section for muon pair production 00 = 4ira2/3s, z = M\js and w/,a/ are given by

Vf =
+ IjR) -

a = 4s w cyy

Note that there is no forward-backward asymmetry due to the vectorial couplings assumed; the differ-
ential cross section der/dcos Û is simply given by eq.(5) with (3 - /32) -* 3/4(2 - /32 + fP cos2 6).
In Fig. Ia we display the total cross section for the production of excited fermions at a center of mass
energy -Js = 500 GeV. In the case of the e*, the cross section is ~ 500 fb for me. arround 150 GeV.
Taking both e* to decay electromagnetically and assaming an integrated luminosity of 10 fb"1, one has
about 500 events with two very hard and large angle photons: a quite distinctive signature. For the
excited neutrino, for which the cross section is about three times smaller because of the absence of the
dominant photon exchange, a clear signature would be the one where a u* goes into a light neutrino and
a Z which then decays invisibly while the other v* decays via the W which subsequently decays into
hadrons. We would then have a topology with one empty hemisphere (large missing energy) while the
other hemisphere would contain an isolated energetic electron (or positron) and jets with an invariant
mass equal to Mw- This, though, would account for only 3% of all the events (35 for mv* = 150 GeV).
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b) 77 collisions

The possibility of having intense energy photon beams, effectively turning the e+e~ collider into a 77
collider, can be exploited to investigate the production of charged heavy fermions. The differential cross
section for 77 —+ / • / * , assuming initial photon polarization reads

dcr
dcosfl (1-/32COS2O)2 [(I - P) - ( 1 " 2

A l A 2 ) ( l + P2cos2O)(I - P\2 - cos2<?))] (6)

where Ai^ stand for the degix w circular polarization of photons (A1(2 = 1 is for a right-handed
photon). Since the excited fermions are rather, heavy there is only a very slight forward/backward
peak. The total cross section may be written as

(7)

The unpolarized cross section is obtained by setting both Ax and A2 to zero. It is shown in Fig. Ib
together with the cross sections in the Jz = 0 (where both photons have equal polarization) and the
Jz = 2 (with opposite polarization) channels in the case of excited charged leptons assuming a fixed
center of mass energy of 400 GeV for the 77 collider. One can see that the cross sections are larger
than in the e+e~ mode (for me* = 150 GeV, the enhancement factor is ~ 2 in the unpolarized cross
section and almost a factor of 3 for Jz = 0) although smaller masses are probed due to the loss in
energy. For quarks, the charge assignment is a penalizing factor and the cross sections are NiQ* times
smaller than for a charged lepton with the same mass. However one can make full use of the decays
into the ordinary partner quark and a gluon, which can probably not be used in the e+e~ mode as the
hadronic cross section is large. This will lead to four very energetic, large angle and well separated jets
(which will have very little background from light quark production once a loose cut on the transverse
momentum of the latter is applied). This will more then compensate for the smaller cross sections.
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4 Single P roduc t ion

Owing to the special couplings of the excited fermions to their light fermions partners, one can also
have single production of excited fermions. Hence, in principle, /* with masses up to the total energy
of the collider can be probed. However the rate depends on one extra parameter / /A which measures
the strength of the transition. We will take / /A = 1 TeV"1 in our numerical analysis.

a) e+e~ annihilation

In e+e~ annihilation the single production proceeds through s channel 7 and Z exchange for all excited
fermions. For the first generation of excited leptons, one has substantial contributions due to additional
<-channel diagrams: W exchange in the case of the 1/*; Z and the all important photon exchange in the
case of the e*. These processes should be compared to the single production of exotic heavy fermions
predicted by extended gauge models [5]. 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 1/*, which is
the same for V^u* obtains (the differential cross section can be found in [6, 7])

where 0 = (1 — mj./s), w = M^r/s, z = M%/s and Af (with / = v) is given by

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 excited electron, the expression of the total cross section is quite
involved and will not be given here. A very good approximation is to consider only the s and t channel
photon exchange, where the much simpler expression is given by [7] (one has to keep the electron mass
in the t-channel)

» 3 +

In Fig.2a/b we show the total cross sections. The largest production rate occurs for ihe excited electron
due to the ^-channel photon exchange: compared to the other charged leptons this has a two-order of
magnitude enhancement. The same is true for the electronic excited neutrino as compared to the other
excited neutrinos: there is about a factor 10 enhancement due to the ^-channel W exchange. We also
show the rates which one obtains at LEP200: the improvement is dramatic. Charged excited fermions
should be looked for by exploiting their electromagnetic decays. Requiring a cut on the transverse
momentum of the photon to be larger than 15 GeV together with a rapidity cut of two (photons away
from the beam by about 15°) 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. For a thourough analysis of the background, one could refer to the proceedings of the
LEP200 Workshop [8]. For the excited neutrinos when their masses are not of the order of the total
energy so that they are sufficiently boosted, the signature should be unmistaken as these would lead
to a one-sided event topology: large missing energy in one hemisphere and jets plus a well separated
energetic lepton in the opposite hemisphere. For larger masses, one hat> to rely on the decay into a
large angle electron and jets (from W) plus a large amount of missing energy. For excited quarks,
unless there is a large number of three-jet events (qq* -• qqg), one should stick to the search of isolated
energetic final state photons. The bounds we show in Table 1 are based on the observation of 20 events
for the e*, 10 for v*,l*,q* (with the topologies described above).
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b) <7 collisions

High-energy linear colliders can be made to run in the e-y mode by converting only one of the electron
or positron to a very energetic photon using laser beams, without losing in luminosity. Tho produced
photon can be highly polarized. There could hardly be a better motivation for running in this mode
than the production of e* as a resonance, thus (if this particle exists) turning the machine into an c*
factory. Moreover, if the photon is circularly polarized, it can directly project out the handedness of
the e*. The total cross-section after integrating over the Breit-Wigner resonance is [9]

a(fe -* e )
8TT2

m*. ( H )

The best channel to UBe 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. Because such an e-j collider
is an asymmetric machine (different energies for the photon and electron beams), most final products
will be carried in the direction of the initial electron. Therefore, and especially to eliminate the Comp-
ton background, one should apply stricter cuts on the backward direction than the forward one (e.g.
—0.7 < cos# < 0.8). Requiring an observation of 10 events over the background e*y —> ey, (which
should be easy if a scan is made) one can reach a limit on the scale A of about 200 TeV (!), provided
that the mass is below the kinematical limit of course (450 GeV for a 500 GeV e+e~ collider).

We have also looked at the possibility of searching for the electronic excited neutrino in this mode.
This can be produced only together with a charged W. Therefore one can "only" hope to reach masses
below 370 GeV. However, it is not excluded that the v* is the lightest excited particle, and that the
e* is too heavy or at least out of reach. In any case the process is quite interesting to investigate as it
directly probes the non-abelian structure of the transition couplings. The diagrams contributing are:

Not only the standard VFVT7 vertex is involved, but there is also a contact term which is crucial for
gauge invariance. For large me*, the contribution of the last diagram (which is gauge invariant by
itself) vanishes. However, for masses around the total energy, this contribution can be substantial since
one is then close to the c* resonance. Fig. 3 shows the total cross section (the analytical formulae [7]
are too long to be reproduced here) for various values of me.. The lower bound is obtained in the case
of infinite m<.. and in the following we shall only discuss this pessimistic scenario. The cross-section is
slightly larger than in e+e~. It should be noted that the differential cross-section vanishes in the very
forward direction with initial photon and final W~ parallel (dominance of the W exchange). For the
signature, one should 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 given in Table.1 assume that 10
events have been observed and that we have the same luminosity as in the e+e~mode.
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c) 77 collisions

All charged excited fermions can be singly produced in 77 collisions through two t-channcl exchanges:
0110 involving the partner light fermion and the other the heavy excited fennion. Although both
contributions are needed for gauge invariance, the light fcrmion exchange gives a very large contribution.
We encountered a similar t-channel enhancement with e* production in c+c~. The 77 mode provides a
more "democratic" means, though light mass effects (necessary regulators) are discriminating as is the
charge factor. The differential cross-section is forward/backward peaked [7], an effect which is more
pronounced for the lightest ordinary fermions. This mass effect however disappears when we keep to
scattering angles with | cos#| < 0.8. In terms of a = rri^./s, the total cross section for /* production is
[7]

^r L(2aa -2a + l)log ^ - ^ + a ( 1 3 ^ log a + (1 - o)(3 + 4a2)] (12)
A I TYl * IS V ~\~ CL I

Even in the case where the particles are produced at small angles, which accounts for a large part of
the cross section, the events are not lost since the decay products of the excited fermions are at large
angles. As Fig. 4 shows, the total cross section increases with the excited fermion mass up to nearly
the kinematical limit where it starts bending over. For very large /* masses, the accompanying fermion
is soft. The importance of the 77 mode compared to e+e~ is that single production is larger for all
flavours (except for the e* with a mass below 300 GeV) even when a cut |cos#| < 0.8 is imposed.
The smallest cross-section is for <f*-type quarks due to the very penalyzing charge factor. As reflected
in the table, for masses up to 400 GeV this mode is a clear winner. Moreover, one can rely on the
dominant decay of the excited quark into a very energetic quark and a gluon emitted at large angles.
Two hard jet-events from QCD can be easily eliminated by imposing a moderate cut like | cos#| < 0.8.
Note that if the /* has been produced in the forward or backward directions, for masses not too close
to the kinematical limit, the topology of the signal will be two energetic well separed jets (for quarks)
or a lepton-photon system (for leptons) recoiling against missing energy (the accompanying fermion
at the interaction point escaping detection). In case the q* has been produced at large angle, one has
three energetic well separated jets. Therefore, the signals are quite clean. The bounds shown in Table.l
assume that 10 events have been observed with £ 7 7 = Cec — 10 fb"1. For leptons we used only the
electromagnetic decay, whereas for quarks we compared the electromagnetic and strong decays.

5 Conclus ion

Our results are summarized in Table 1. The discovery potential of the NLC at 500 GeV using the
C+e~, e~7 and 77 modes, is compared with the potential of planned and running colliders. The symbol
® means that the corresponding excited particle can not be produced, whereas D means that the
search prospects are not promising or have not been considered. The table clearly shows that for
excited leptons (especially those of the first generation) and quarks (through the 77 mode), the NLC
has by far the largest sensitivity, provided that the masses are below the kinematical limit. In the
case of quarks, the pp colliders LHC/SSC can of course reach higher q* masses (without necessarily
probing higher scales) than the NLC However, the distinction between the mass and the associated
scale becomes ambiguous for large values of these two parameters.
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