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Abstract. General expressions for single and pair 
production cross sections of excited leptons (e*, #*, v*) 
are presented. Specific results are shown for a realistic 
S U(2) x U(1) invariant model. Pair production in 
e + e- annihilation can measure anomalous magnetic 
moments of excited leptons. Single production of e* is 
dominated by the t-channel 7 exchange contribution 
which makes its detection feasible up to masses just 
below the e+e - c.m. energy. Due to this small I t[ 
enhancement effect, contributions from elastic and 
resonance scattering in ep production of e* are sub- 
stantial. Realistic estimates of the excited lepton pro- 
duction cross section at HERA are given 

I. Introduction 

Composite models of quarks and leptons have at- 
tracted physicists for quite some time [1], because they 
have the potentiality of explaining the family problem 
and making the fermion masses and weak mixing 
angles calculable parameters. One clear signal for a 
composite structure of fermions would be the produc- 
tion of excited leptons or quarks, either pairwise, due to 
their normal gauge couplings, or singly, due to radia- 
tive transitions between normal and excited fermions. 
Searches for either mode have been performed in the 
past at PETRA [2], with negative results. This may 
have been expected since excited fermions should not 
be much lighter than the scale of compositeness, which 
according to present experimental constraints cannot 
be much lower than 1 TeV [3]. With the availability of 
higher center of mass energies in e + e- and ep collisions 
in the near future, the prospects for finding the lowest 
excited states of the spectrum become much better, if 
they exist at all. This has motivated us to reanalyze 
excited lepton production at LEP and HERA. 

The highest excited lepton masses are accessible in 
single production searches. Excited electron (e*) 
searches performed as a byproduct of analyzing radia- 

tive Bhabha scattering [2] are insensitive to e* produc- 
tion at small scattering angles. The total production 
cross section, however, is completely dominated by 
very small angle scattering due to t-channel photon 
exchange. By identifying the e7 decay products of e* 
only, both of which typically have large transverse 
momentum of around me./2 about the beam axis, use 
can be made of this large cross section. We find that 
e +e- machines are in fact sensitive to e* masses very 
close to the center of mass energy. 

Similar results hold for ep collisions where a major 
part of the cross section is due to elastic and resonance 
scattering off the proton, while deep inelastic scattering 
gives a minor contribution to the full cross section at 
HERA energies. 

The paper is organized as follows: in Sect. II we 
introduce the model and define the couplings to be 
used later. In Sect. III we give complete differential 
cross sections for single and pair production of excited 
leptons in e + e- collisions. For a number of representa- 
tive cases we show total cross sections and demonstrate 
the effect of anomalous magnetic moments on pair 
production at both LEP I and LEP II energies. In Sect. 
IV we study the single production of e* and v* at ep 
coliders. A general framework of exploiting low energy 
lepton production structure functions to evaluate the 
cross section is presented and some representative 
cross sections are shown. The last section is reserved to 
some concluding remarks. 

II. Couplings and Models 

We study the production of excited spin 1/2 fermions F 
assuming magnetic transitions to ordinary fermions f, 
which we describe by an effective Lagrangian of the 
form 

~ e f f  = 
e _ 

~Fa~*(Cvfy  - dvry75)fOu V v + h.c.. 
V= % Z , W  +- 

(2.1) 



t16 K. Hagiwara et al.: Excited Lepton Production at LEP and HERA 

We use the compositeness scale A instead of the excited 
fermion mass me for setting the scale of 5v~ff: we see no 
reason why the magnetic transition couplings should 
be particularly large for small my. Although the 
compositeness scale should not be much smaller than 1 
TeV [3-], it could well be that the lowest mass of the 
excited fermion spectrum is somewhat lower than A. 
This is the possibility which can be tested at LEP and 
HERA. 

There are several experimental bounds on the coup- 
lings c and d, the most stringent one being derived 
from g -  2 measurements and the absence of electric 
dipole moments for the electron and muon [4]. To a 
high degree of accuracy 9 -  2 measurements imply 
Ic,F.:[ = Id~vrl while the absence of electric dipole 
moments requires c :y  and dz, l~ f to  be relatively real if A 
is of the order of 1 TeV. 

These constraints are a natural consequence of 
models which preserve S U(2) x U(1) invariance: since 
FL and F~ must have the same SU(2) x U(1) quantum 
numbers (if a mass term is assumed prior to S U(2) x 
U(1) breaking, which can in fact be taken as the 
definition of an "excited" fermion in composite models 
with chiral protection) only one of them can couple to 
light fermions. 

For  the purpose of presenting results we choose a 
specific model [5] which greatly reduces the number of 
independent couplings. We assume that the excited 
electron and neutrino form a weak doublet 

\ e*]  

which couples to the electron doublet 

I z = ( v ; ) r - 1 2 Y s ( v ; )  (2.3) 

by the interaction Lagrangian 

9,f, 
_gf~- ~,~Y-- ~ 7~-Lau~YILO~,B~+h.c.. 

(2.4) 

Here 0 and 0' are the standard model S U(2) and U(1) 
coupling constants respectively, u denotes the Pauli 
matrices and Y = - �89 is the hypercharge. In this model 
the coupling constants in (2.1) all satisfy Cvv:=dvv: 
and more specifically we have 

c~:e = --�88 + f'), 
l 

c~,,~ = ~(f  -- f ), 
Cz:~ = -- �88 Ow --f '  tan Ow), 
Cz:~ = �88 Ow +f '  tan Ow), 

f (2.5) 
cw+ :~ = cw-:" -- 2 x/~ sin Ow" 

In the next section we compare single production 
with pair production of excited leptons. For the coupl- 
ings of the gauge bosons to excited leptons we use the 

S U(2) x U(1) invariant Lagrangian 

=;~ # 4  

t - -  It Itv +9 L Y  7 Bu+~---a OuB ~ L. (2.6) 
2rn z 

and x' are the S U(2) and U(1) anomalous magnetic 
moments of the excited leptons respectively, which 
could in general be large*. In analogy to the 
Lagrangian (2.1) we obtain from (2.6) 

~eff = v=~,ze F[ (AvF + BvF , 5)7" V u 

~mva o u r , j r  (2.7) 

with Bvv = 0, since left and right components of 
the excited leptons are assumed to have the same 
S U(2) x U(1) quantum numbers, and 

2 sin 20w - 1 

A~e,= - 1, Az:=2sinOwcosOw, 

1 
A~: = 0, Az~, = 2sinOwcosOw' (2.8a) 

x~, = - �89 + x'), ~Cze* =�89 - ~cot0w), 

~z:  = :(~c tan Ow + ~c cot Ow). = _ 1 , 

(2.8b) 

In order to specify the gauge couplings of normal 
leptons ( f  and f ') ,  we use the following notation for the 
standard electroweak Lagrangian 

s = ~ e)"y"(av:,: - bv::,ys)fV u. (2.9) 
V= y ,Z ,W + 

When presenting numerical results we always use 
the specific couplings of the model Lagrangians (2.4) 
and (2.6) and the standard model couplings for normal 
leptons. For  all formulas, however, we use the more 
general notation introduced in (2.1), (2.7) and (2.9). 

III. e + e - C o l l i s i o n s  

Using the effective Lagrangians of the last section we 
now calculate the production cross-section for excited 
leptons to lowest order in e = e2/4zc. Single produc- 
tion, i.e. the process eY-- ,Ff(F denotes the excited 
lepton and f is an ordinary light lepton) proceeds via 
the Feynman diagrams of Fig. 1 and the differential 
cross-section reads** 

* Here we choose m~ rather than A to set the scale for the 
anomalous couplings so that they correspond to conventional 
anomalous magnetic moments 
** For the special case of e* production by photon exchange only, 
our result agrees with the formula given in [6] except for an overall 
normalization factor of 4 
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e F 

F V i" 

(a) (b) 
Fig. l a a n d b .  Feynman diagrams for the process e ~ F f .  The 
excited fermion F is denoted by thick solid lines. Wavy lines 
correspond to V = ?, Z, or W 

~t  ( e ~  F f )  - 27t~2 s2a 2 Z {s([m2( s -  m2) + 2tu]A1 
V,V' 

+ mZ(t - u)Az)Dv(s)Dv,(S)* 

+ stu Re[(A~ + A3)Dv(s)Dv,(t)* ] 
+ t([m2(t - m 2) + 2su]A4 

+ m~(s - u)As)Dv(t)Dv,(t)* + Avv,}. 
(3.1) 

Here s, t and u denote the usual Mandelstam variables, 
m r is the mass of the excited lepton, and the sum over 
gauge bosons runs over 7, Z, and W. The gauge boson 
propagator factor is 

Dv(q2) = [q2 _ m2v + im  v FvO(q2)] - 1 (3.2) 

(0 being the step function) and the coefficients A, can be 
expressed in terms of the coupling constants defined in 
the previous section as 

A 1 * , = (aveeav,~e + bveebv,ee) 
�9 * * (Cvryev,v: + dvv:dv,vy), 

A 2 = (aveebv,ee + bveeav,ee) 
�9 * * (evv:dv,r: + dvv:ev,v:), 

h a  = (ave e -I- bvee)(CVF f -1- dvr:) 

"(a*,ey + bv,ey)(Cv,Fe + d*,Fe), 

A 4 = (avefav ,ey  + bvefbv,ef) 
�9 (CVFe s ~"Fe "~ dvFe dv'Fe), 

A s - (ave:by,e: + bve:av,e:) 
�9 * * (Cvvedv,ve + dveeev,ve). (3.3) 

In (3.1) terms proportional to light fermion masses 
have been neglected. This is a very good approxim- 
ation except for e* production via t-channel photon 
exchange, where a term proportional to mZe/t 2 should 
be added. This is achieved by setting 

4 
~ 2me 2 2 

d~r = --me~--(lCre,el + Idle*el ) (3.4) 

while for all other cases d vv' can safely be neglected. 

This additional term gives a finite contribution to the 
total cross-section in the m e ~ 0 limit since train is also 

2.  proportional to me. 

[tlmin=m2s(s_m2 ~ 1 + O  . (3.5) 

This low value of tmi, implies that the e* production 
cross-section, being a linear combination of 1/t and 
m2/t 2, is extremely peaked in the forward direction. 
Most likely the accompanying e § will therefore be lost 
in the beam pipe, the signal for e* production being its 
e-  ? decay products. 

The angular distribution of this electron photon pair 
is fairly fiat�9 In the e* rest frame with 0 being the angle 
between incoming and outgoing electron we find at 
t in0  

d c o s ~  1 + \lc[ 2 + [ ~ / I  cos0. (3.6) 

For c = ___ d, as implied by our model Lagrangian, this 
gives a 1 + cos 0 dependence�9 For d = 0, as often used in 
the literature [2, 6], the angular distribution is flat�9 In 
either case, the transverse momentum of the final 
electron and photon with respect to the beam axis 
should exhibit a Jacobian peak at m:/2.  The 1 + cos 0 
angular distribution predicted by models with chiral 
protection makes the final electron prefer the initial 
electron momentum direction; this is opposite to the 
angular distribution arising from the QED Compton 
process�9 

The _P production cross-section is obtained by 
exchanging t and u in (3.1) when CP is conserved�9 In the 
following we show the F production cross-section only. 
For single production the total cross-section for both F 
and/v  is just double the rate presented in the figures�9 

The size of the t-channel enhancement can best be 
appreciated by comparing total cross-sections for e* 
and #* production. In Fig. 2 we show total cross- 
sections for x//~ = 200 GeV, corresponding to the pro- 
posed energy of LEP II, for a range of excited lepton 
masses*. For the couplings we choose f / A  = f ' / A  = 
(1 TeV)-1 in this and all further plots**�9 e* produc- 
tion is larger than /~* production by two orders of 
magnitude! And most importantly the e* cross-section 
remains large for me, very close to the center of mass 
energy, even up to 199 GeV. The t-channel enhance- 
ment is also important for v* production via W 
exchange as can be seen by comparing the v* and v* 
curves in Fig. 2. 

Shown in Fig. 3 are the excited lepton production 
cross-sections in e+e - annihilation at x /~=  93GeV 

* In our numerical calculations we set ~t = 1/128,sin20w = 0.22 
mw= 82 GeV, rn z = 93 GeV and F z = 3 GeV 
** This value for f / A  is quite conservative. Present limits from 
9 - 2  measurements 1-4] or e* exchange in e+e - ~ y y  [2] allow 
the cross-sections to be larger by two orders of magnitude or more 
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Fig. 2. Total production cross-section of excited fermions (F 
~ ge e ,/1 , v~, and v*) via the process e ~ - * F f  at x / s  = 200 GeV. For  

the magnetic transition couplings, we take f /A = f'/A = 1 TeV-1 

i i I I I I I 

i o =  

f / A  = f ' /A -- 1 TeV "1 

0 . 1 - -  

I I I 1 I 1 
20 &0 60 80 

m F (GeV) 

Fig. 3. Same as Fig. 2 at v / s  = 93 GeV(  = mz) 

100 

( = mz). Even on top of the Z-peak, t-channel photon 
exchange gives a nonnegligible contribution to e* 
production, especially for the high mass region�9 This is 
clearly seen in Fig. 3 by comparing the e* and p* 
curves. 

The cross-sections for single production should be 
compared to the pair production cross-section when 
2m F < x/s. Since excited fermions could have large 

100 I I I I I I I 

. e~--,..FF (e F = -1):,r~ =200GeV 

0.1 
20 ~.0 60 80 100 

m F ( GeV ) 

Fig. 4. Total  pair product ion cross-section of excited charged 

fermions (e.g., p*) in e + e- annihilation at x/s = 200 GeV for various 
values of anomalous magnetic moments • and ~c'. The standard 
sequential heavy lepton production cross-section is shown as a 
dashed line 

anomalous magnetic moments, we include them by 
using the effective Lagrangian (2.7). The F F  pair 
production cross-section in the center of mass frame is 
found to be 

da(e~-* F F-) = ~a2 fls(Bo + B1 cosO + B2 cos2 0), 
d cos 0 

(3.6) 

where fl = x / 1 -  4m~/s and 0 is the polar angle be- 
tween the electron beam direction and F. Leaving out 
the fermion indices, the coefficients Bi are expressed in 
terms of the coupling constants defined in the previous 
section, as 

B o = y' Dv(s)Dv,(S)*(ava*, + bvb*, ) 
V,V" 

[ �9 ( A v  + + - y ( A v A * ,  - 

4 rn2F tcV tcV" ], 

B1 = fl ~ Dv(s)Dv,(S)*(avb*, + bva*.) 
V,V' 

�9 [(A v + xv)B*, + Bv(A ~, + ~c~,)], 

B2 = ~ ~ Dv(s)Dv,(S)*(ava*, + bvb*,) 
V,V' 

S , 

In Fig. 4 we show the resulting total cross-section at 
x / s = 2 0 0 G e V  for ~c=~c'=0,+_0.5 and _+1 in the 



K. Hagiwara et al.: Excited Lepton Production at LEP and HERA 119 

0.! 

I:D 

m 

-0.5 //~/ e~--,-FF (eF---l): 
/ 4"9 = 2 0 0 G e V  

-1 I I I I I I I 
20 ~0 60  80 100 

m F [ G e V )  

Fig. 5. Angular distribution parameter B2/B o for pair production of 
excited charged leptons in e + e- annihilation at x/s = 200GeV for 
various values of anomalous magnetic moments. The standard 
sequential heavy lepton case is again shown by a dash line 

model  Lagrang ian  (2.6). Several comments  are in 
order: 

i) Fo r  s >> m 2 the cross-section is considerably en- 
hanced by a large magnet ic  moment ,  as is to be 
expected f rom the dimension 5 opera to r  in the effective 
Lagrangian  (2.7). In general, however,  we should 
expect all the excited fermion couplings (A, B and to) to 
exhibit form factor damping  at high energies. The  
rising cross-section for m 2 <<s observed in Fig. 4 is an 
artifact of our  choice of  large constant  anomalous  
momen t s  for very light (rn F << A) excited leptons. 

ii) When  x = -  1, Av = -  Xv and Bv = 0 follow, 
and the cross-section is p ropor t iona l  to f15 instead of 
the phase  space factor  which is linear in ft. This 
dramat ic  suppression of the cross-section is clearly 
seen in the figure. Even when the si tuation is not  as 
unfavorable,  opposi te  signs of Xv and A v can lead to 
a considerable suppression of F F  product ion  near  
the threshold. 

iii) The  angular  distr ibutions may  also be changed 
dramatically.  Again for x = ~ ' = -  1, o r  A v + ~v = 
O = B v ,  we obta in  d a / d c o s O ~ l - c o s 2 0 ,  i.e. the 
angular  distr ibution can be identical to that  for scalar 
pair  product ion.  

iv) Since excited fermions should couple vectorially 
to W and Z bosons  (see (2.6)), the coefficient Ba always 
vanishes. We do not  expect a forward backward  
charge a symmet ry  for excited leptons. 

In order  to make  point  iii) more  t ransparent  we show 
the rat io B2/B o for/~* fi* p roduc t ion  at x / s  -- 200 GeV 
in Fig. 5. The  curves cor respond to different values of  
K = x' in the model  Lagrangian  (2.6). 

F P F X~ 

e P e P 

[a) (b) 

Fig. 6a and b. Schematic view of the excited lepton production 
process ep--* Fp (a) and ep--, F + anything (b). Wavy lines denote 
gauge bosons V = y, Z, or W 

IV. Single Production in ep Collisions 

The e § e -  cross-section (3.1) can easily be adap ted  to 
electron quark  scattering: we only have to insert the 
appropr ia te  couplings. Fo r  the deep inelastic contri-  
but ion to the process e - p  ~ F X  we thus obta in  the 
integrated cross-section 

1 sx  - m  2 . q ~  

rr(e-p--* F X ) =  ~mJ~ dx ~ d Q 2 ~ q ( x , Q  2) ;b 
�9 (eq ~ Fq';g : sx) (4.1) 

in terms of the effective quark  distr ibution q(x, Q2) in 
the p ro ton  and the pa r ton  cross-section* 

ddo~2 (eq ~ F q') 2n~2 2 - -  2 vZ{[ 
_ (Q2 -I- mZ) (2g -  mZ)]A,  

_+ m2(2~_  Q2 _ mZ)As} Dv(t)Dv,(t)*. 
(4.2) 

The plus (minus) sign has to be taken for scattering off 
quarks  (antiquarks), and the coefficients A 4 and A s can 
be expressed as before 

A 4 -- (avq,qav,q, q q- bvq,qbv,q,q)(CvFeCv,ve q.- dvvedv,ee), 

A s - (avq,qbv,q, q + bvq,qav,q,q)(Cve~dv,r~ + dw, eCv,r~), 
(4.3) 

for quarks  (exchange subscripts q and q' for 
antiquarks).  

When  folding the par ton  cross-section with the 
quark  distr ibution functions q(x, Q2), a low Q2 cut Q~ 
~ several GeV 2 must  be applied in order  to el iminate 
the phase space region where the par ton  model  is not  
reliable any more.  Q~ slightly affects the x integrat ion 
region via Smin : me 2 + Qo z- 

* Ourformulafortheprocesseq~e*qagreeswiththeoneobtained 
by Altarelli et al. [7] up to the sign of the ./-Z interference terms. By 
taking this into account, e.g. by switching the sign of the Z-e*-e 
coupling, the curves presented in [7] are reproduced after proper 
rescaling of the couplings, e* poduction at ep colliders has also been 
studied by Bagger and Peskin [8] in the equivalent photon 
approximation with a pointlike proton, which overestimates the 
elastic contribution at high e* masses 
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Cutting away the low Q2 region is a good approxim- 
ation for v* production, where the only contribution 
comes from t-channel W exchange. For e* production, 
however, a sizable contribution at low QZ is to be 
expected due to t-channel photon exchange. Because 
the parton model is unreliable in this region, we should 
use the experimental information on the electromagne- 
tic structure function Fl(x,  Q2) and F 2 ( x ,  Q2) of the 
proton directly�9 In terms of these functions the dif- 
ferential cross-section due to photon exchange (see Fig. 
6) reads 

d2a rco~ 2 iC~e,el 2 + Id~,el 2 
d W 2 d Q 2 - A  2 (s-m2)ZQ 4 

�9 {2F  t (x, Q2)(2M2 - Q2)(M2 + Q2) 

2 [- 4(s -- m~)2Q z 
+V2(x,Q ) L ~  ~ - ( M 2 + Q  2) 

Q - mp 

�9 ( 4 s -  W 2 -  Q2_3mpZ 

)1}  44, + �9 

M and mp denote the e* and the proton mass respec- 
tively, W is the invariant mass of the final hadron 
system, Q2 = _ t, and x = QZ/(wZ + QZ _ m~) as usual. 

In order to evaluate the total e* production cross 
section, we divide phase space into three regions, which 
we treat independently: 

i) elastic region, i.e. elastic scattering off the proton: 
2 2 W -rap ,  with no restriction on Q2 apart from the 

kinematical one. 
ii) low Q2 region: Q2 < Q~, w 2 > (rnp + m~) 2. 

iii) deep inelastic region: QZ > Q~, W 2 > (rnp + m~) 2. 
Regions i) and iii) are straightforward to handle. The 
deep inelastic contribution is given in (4.1). For the 
quark distribution functions we use the set I para- 
metrization of Duke and Owens [9]. The elastic 
contribution i) as depicted in Fig. 6a is obtained by 
inserting the form factors 

& 
Vl (x, Q2)l~Ja~ti r = 6(W z - rnZp)~ - G~(Q2), 

Fz(X, Qz)lelastie = 3 ( W  2 - m~)Q 2 
-~- ~ 2  

(4.5) 

into (4.4). We use the dipole fit for the electric and 
magnetic form factors G~ and GM of the proton 

GE(Q z) "~ GM(QZ)/2.79 ,,~ [1 + Q2/0.71 GeV z] -z. (4.6) 

For evaluating the contributions from the inelastic low 

1~ ~ ep-~.e'x:C'ff=31t.GeV -~ 

!:�9 \ u^=r/^=lrev' _ l b  0 1 -  ........ ""': ................ : 

e~ 
001 

. . . . .  . - _ -_ .  --,',, \ 
02> s Gev2)\ \\ \ 

ooo1 . 

,10 "4 II I I I I I I i l  I I I [ I I I I  i t  ~J ~ 
50 100 150 200 250 300 

me- 1 BeY) 
Fig. 7. Total e* production cross-section versus e* mass in ep 
collisions at , f fs=314 GeV with magnetic transition couplings 
f/A =f'/A = 1 TeV-1. Elastic (dash-dotted line), inelastic low Q2 
(dotted line), and deep inelastic contributions (dashed line) are shown 
separately 

Q2 region ii) the optimal procedure would be to use 
directly the experimental data including the full re- 
sonance structure. An approximate calculation is suffi- 
cient for our purpose, however. We take the semilocal 
duality fit to the structure functions obtained by Brasse 
et al. [10] who exploited the rescaling variable of 
Rittenberg and Rubinstein [-11]. 

In Fig. 7 we show the resulting e* production cross- 
section for Q2 = 5 GeV2,a t  ~ s  = 314GeV. Again we 
choosef/A = f ' / A  = (1 TeV)- 1. The individual contri- 
butions of the three regions are shown separately in the 
figure�9 We find that due to t-channel enhancement the 
elastic cross-section is as large as or even larger than 
the deep inelastic contribution, and clearly low Q2 
dominates e* production. This means that, even at 
HERA, the signa! for e* production will typically be a 
high PT ey pair plus nothing, because with high proba- 
bility the hadrons will be lost in the beam pipe. The 
absolute size of the signal completely depends on the 
values o f f / A  and f ' /A  which are realized in nature. We 
emphasize that the value (1 TeV)-1, which we use, is 
highly arbitrary�9 Present experimental bounds o n f / A  
I-2, 4] allow cross-sections to be three to four orders of 
magnitude larger than the curves shown in the figures. 
Even when relaxing to f / A ~ f '  / A ~ m r 1 only, experi- 
ments at HERA are able to detect excited electrons 
with masses as high as 250 GeV (at a rate of 11 events 
with an integrated luminosity of 100 pb-1). 

In Fig. 8 we show the total production cross-section 
of v* as compared to e* in ep collisions at x/~ = 

* For the low Q2 parametrization of [10] we choose the one 
obtained by assuming R = 0. t8 
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Fig. 8. Total production cross-section for e* and v* versus their 
masses in ep collision at ~ s =  314GeV with magnetic transition 
couplings f /A =f'/A = 1 TeV i 

314GeV. Roughly speaking the v* production 
cross-section is one order of magnitude smaller than 
the e* production rate for the range of accessible 
masses. 

Finally, we remark that the total e* production cross- 
section in Fig. 8 essentially is a function of me./x/s only, 
because the dominant contribution arises from photon 
exchange at low Q2. The curve can be used for center of 
mass energies different from x/~ = 314 GeV by a simple 
rescaling of the e* mass. We have checked that the 
resulting curve at x//~ = 2TeV agrees to the exact 
calculation within 50~o. The additional contribution at 
higher w/~ is due to Z boson exchange which becomes 
more and more important as mz becomes negligible. 

V. Conclusions 

We have calculated complete differential cross-sections 
for single and pair production of excited leptons in 
e § e- and e- p collisions. Interference between different 
gauge bosons, between s and t channel exchange, and 
between vector and tensor couplings in the case of pair 
production has been included. Our cross-sections are 
hence reliable for the full range of energies available in 
the near future including the vicinity of the Z-peak. 

The largest signals are expected for single produc- 
tion of an excited electron in e § e- collisions when only 
the e 7 decay products of the e* are required to be seen 
in the detector. This procedure allows the detection of 
excited electrons with masses almost as large as the 
center of mass energy of the colliding beams, even with 
fairly small magnetic couplings to normal electrons. 

Prospects for ep collisions are not quite as good, but 
also there excited electrons with masses well above half 
the center of mass energy of the colliding beams can be 

detected for magnetic couplings of the order of 
(1 TeV)- 1. 

Due to these large cross-sections we expect that 
excited electrons will probably first be seen in single 
production. Other excited leptons, if their mass is not 
too close to the compositeness scale, may first be 
detected in the pair production mode in e § e- annihil- 
ation. It should be noted, however, that the pair 
production cross-section can be quite different from 
the one of a fourth generation lepton if excited leptons 
possess large anomalous magnetic moments. Devi- 
ations should be particularly large close to threshold. 
The uncertainties in the couplings of excited leptons 
therefore forbid definite predictions for the production 
cross-sections in the case of pair production, even 
though the situation is not as uncertain as in single 
production, where the normalization of the cross- 
section is essentially a free parameter. 

Finally we make brief comments on decay modes of 
excited leptons: In the S U(2) x U(I) model introduced 
in Sect. II we expect all the excited leptons to decay 
into their normal lepton partners and a photon below 
W and Z threshold except for very particular choices of 
the coupling constantsf andf ' .  For example, i f f  = f '  
exactly, the excited neutrinos cannot decay via photon 
emission. Instead they will decay via virtual W or Z 
emission giving final states similar to heavy sequential 
neutrinos. When excited fermion masses exceed W and 
Z masses, the branching fractions for various decay 
modes are determined by the couplings f and f '  and 
phase space factors. 

ARer essentially completing the present work we 
received a preprint by Courau and Kessler [12] where 
e* production in e + e- collision has been studied in the 
equivalent photon approximation. 
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