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ABSTRACT 
We study the physics of electron-proton collisions in the range of 
centre-of-mass energies between vs - 0.3 TeV (HERA) and /i =¡ (1-2) TeV. 
The latter energies would be achieved if the electron or positron beam 
of LEP [E e - (50-100) GeV] is made to collide with the proton beam of 
LHC [E = (5-10) TeVJ. 

1. INTRODUCTION 

In the present study we consider e*p reactions such as can be obtained by colliding an 
electron beam of LEP with a proton beam of the hadron collider in the LEP tunnel (LHC). We 
may assume, for the electron and proton energies, the values 

E ai {so- loo) GeV 

E f - (s-\o) T c V , 

so that the centre-of-mass energy of the ep system amounts to 

•ff * 2 . V £ e £ f - ( l - O TeV. (2) 

For comparison we recall that for HERA 

-Vs * 0 .3 TeV (3) 

corresponding to E =30 GeV, E = 800 GeV. In preparing this report we have greatly profited 
from the extensive work that has been done on the physics at HERA1'2-'. The interested reader 
can also refer to related articles3). 

The pp* e+e~ and ep facilities have complementary virtues. Although an ep collider may 
not be comparable in potentiality and flexibility with LEP or LHC, there are still three 
broad domains of physics where ep processes are competitive with or even superior to e +e 
and pp°. 

The first important area is that of the study of proton structure and of CCD*). In 
particular, one can measure the strong coupling constant a s(Q a) and the quark and gluon 
densities following their Q 2 evolution up to a scale of order Q ̂  (102-103) GeV. This is 
interesting in itself and is an important input for predictions on (super-) collider exper^ 
iments. The exciting possibility of unveiling a substructure for electrons and quarks also 
exists. 

*) Permanent address: Department of Physics, University of Rome, Italy, and INFN, Sezione 
di Roma, Italy. 
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The second main subject (although partly related to the first one) is the search for 
new gauge bosons or any new effective four-fermion interaction involving quarks and electrons. 
For example, we can think of excited W's coupled to left-handed currents; of vector bosons 
connecting light fermions to heavy, still undiscovered fermions; of gauge mediators of left-
right symmetric models and of their neutral analogues, and of others as well. Or we can 
imagine discovering new effective non-renormalizable interactions induced by forces whose 
explicit dynamics will only manifest itself at much larger energy scales. An example is 
provided by residual forces between electrons and quarks which are present in composite 
models for fermions. 

Finally, the spectroscopy of the electron tower can be studied; that is, the sector of 
particles with electronic lepton number. Here the list of possible candidates includes ex
cited electrons typical of composite models, scalar electrons or neutrinos, as predicted to 
exist by supersymmetric theories, heavy neutral leptons, and in particular Majorana neutrinos. 
Of course in many cases also the corresponding quark counterparts are expected to exist. 
Therefore one can, in principle, think of a similar analysis at the hadronic vertex. However, 
the detection of signals and the interpretation of results is much simpler for the lepton 
sector, and this is why we focus attention on this case. 

In the following sections we shall develop a fairly detailed quantitative analysis of 
the three main chapters of ep physics which have been briefly introduced here. As our pur
poses are purely indicative, we do not aim to give a review of all possibilities that have 
been contemplated in the literature in connection with HERA. Rather, we restrict our atten
tion to a few typical or particularly interesting examples. 

2. QCD AND PROTON STRUCTURE 

Leptoproduction structure functions remain unchallenged as the most appropriate ob
servables for a systematic test of QCD through the pattern of scaling violations, for the 
accurate determination of ots(Q2) at large values of the scale Q, and finally for the precise 
measurement of the quark densities and, though less directly, of the gluon density as well. 
An objection against going to very high energies which is often brought up in this connection 
is that since scaling violations are determined by ots(Q2), their relative importance decreases 
with Q 2. Thus the detection of scaling violations becomes more difficult as the energy in
creases. First of all, this argument only holds if QCD and the whole picture is true down 
to very small distances, which is something one would like to test. In fact, in the following 
we shall exemplify what could happen because of new interactions, substructure in the quarks 
and so on. Secondly, it must be recalled that c»s(Q2) is expected to decrease by only a 
factor of 2 between Q 2 <v 10 2 GeV2 and Q 2 = 10 s GeV2, as can be seen from Fig. 1. Moreover, 
whilst it is true that the signal of QCD scaling violations decreases with energy, it is 
also true that its significance increases. In fact, the background to the QCD scaling 
violations from non-perturbative effects, mass terms, higher twist operators, heavy-flavour 

. thresholds, and so on, is still the main uncertainty in all quantitative QCD tests at present 
energies. All these spurious sources of scaling violations are expected to disappear with 
increasing energy much faster than the QCD signal. Thus, data on structure functions at the 
largest possible values of Q 2, when combined with data at intermediate energies are quite 
important in order to single out the genuine QCD signal. 
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At sufficiently large values of Q 2 the running coupling becomes essentially independent 
of Açpy We see from Fig. 1 that even a very rough determination of a s at small Q 2 almost 
completely fixes a g at Q 2 = 10 6 GeV2. To be specific, we find that for ^ 40 GeV and 
AQCD b e t w e e n 5 0 3 1 x 1 5 0 0 M e V » as^Z = 1 0 6 G e v 2 ^ = °- 0 8 7 ± 0.011. On the one hand, this means 
that we cannot hope to directly improve the precision on by simply going to high energy. 
The only advantage in this respect is the check, provided by high-energy data, on the rel
evance of those at lower energies in the sense just explained. On the other hand, it would 
be of great importance to prove experimentally that the value of a s at large Q 2 indeed coin
cides with the theoretical prediction. This would provide us with direct evidence in favour 
of (or against) the correct running of a s(Q 2). 

Fig. 1 The running coupling constant of QCD in two-loop precision for various values of the 
scale A: a g ( Q 2 ) = a 0(Q 2)[l - b ' a 0 ( Q 2 ) In In Q 2 / A 2 ] with a 0 ( Q 2 ) = 1/b In Q 2 / A 2 ; b and b' 
depend on the number nf of excited flavours. The charm, bottom, and top thresholds 
(m t ^ 40 GeV) are approximately taken into account by defining A at 210^ < Q < 2m t, where we 
set a s ( Q 2 ) = a s( 5)(Q ) Ca(5) meaning that b and b' are evaluated with n £ = 5J" and continuing 
to 2m c < Q < 2m b'by setting a g ( Q 2 ) = [l/a( 5) (4m2) + l / a ^ t Q 2 ) - l/a^ (4mg)] - 1, and so forth, 
that the continuity of a and the correct large Q 2 behaviour is ensured at each step. 

Another conventional task of considerable importance is the precise measurement of quark 
and gluon densities in the proton. The knowledge of these quantities is essential for all 
theoretical calculations on processes such as Drell-Yan and W~/Z° production, large-angle 
jet production in hadron-hadron collisions, other large p T phenomena, heavy-flavour creation, 
and many more. In particular, it is highly desirable to measure parton densities in lepto-
production at the energy scale which is directly relevant to experiments at colliders and 
super-colliders. 

Although standard physics at future ep accelerators will be interesting it is certainly 
the possibility of discovering deviations from the now established framework for present 
energies that makes these new projects so exciting. As implied by their name, the proton 
structure functions are sensitive to all manifestations of compositeness for quarks. Here 
we shall discuss two main aspects of this important issue: residual interactions and the 
transition to the subconstituent regime. 
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Compositeness of quarks and leptons requires a new strong force responsible for the 
binding. The compositeness scale A (vaguely analogous to A Q Q J ) must in fact be rather large 
because quarks and leptons appear as point-like down to very short distances. An important 
limit or A 5) arises from the muon (g - 2). A composite structure of the muon would contri
bute to the correction to the muon (g - 2) with terms of order <5â  = 0(m 2/A 2), the extra 
power of m^ being due to chiral suppression. From the experimental bound 

6ar < 1.2 - | o " f (4) 

one thus obtains 

A > CT(lTeV) . (5) 

A further model-independent bound6) arises from the absence of deviations from the standard 
prediction for Bhabha scattering at the highest available energies, which again suggests 
A •>» 0(1 TeV). Even more restrictive are the bounds on A if one assumes that, for example, 
e and u have comnon subconstituents. In this case one would have a u e transition ampli
tude with the same dependence on A as <Sâ , implying that A > 0(100 TeV) in order to be 
compatible with the absence of u -»• ey and u 3e. Considering only the former more conser
vative cases and the ambiguities in the definition of the scale A which refers to an unknown 
dynamics, one cannot exclude a relatively small effective value of A. Nevertheless, it seems 
that the really interesting region where one should look starts in the few TeV domain. 

In leptoproduction, compositeness becomes directly evident when Q > A because of the 
drastic change of the structure functions. This change is mainly due to two effects. First, 
the momentum fraction of the proton carried by a single quark is divided among several preons 
and this produces a shrinking of F2 towards small x. This is illustrated by an indicative 
example in Fig. 2. Assume that the quark density in a proton (at some given scale) is 

Q ( x ) = Z llZlî, (6) 
X 

so that the total fraction of momentum carried by the quarks is \. Further assume that 
exactly the same distribution holds for preons inside Q. Then the preon density in the 
nucleón (also plotted in Fig. 2) is the convolution of the two: 

PU) - £ J'dyil=̂  ('-*)*. (7) 

In addition, it usually happens that, in going from the compound to its components, the 
average value of the electric charge squared decreases (for example, for a proton Qp = 1, 
but for p ̂  uud one obtains <Q*> = V3). The consequence in electroproduction is a decrease . 
of F 2. 

Figure 3 presents a model study of the transition from the present regime to the onset 
of the preon description which takes place at Q <v A. The transition is, of course, accompanied 
by a corresponding drastic change of the topology and the nature of the final state. We 
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Fig. 3 Transition of the proton structure function F2(x,Q 2) from the quark to the subquark 
scaling region for a compositness scale A = 0.7 TeV and various values of x. The arrows 
indicate the maximum Q 2 allowed kinematically at HERA (̂  t ~ = 0.3 TeV) and at LEP/LHC 
(• : / s « 2 TeV). The numbers in the circles indicate the number of events per day, under 
the conditions specified in the text [Eq. (10)]. 
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have chosen A ̂  0.7 TeV, and initial and final parton distributions described by Q(x) and 
P(x) as given by Eqs. (6) and (7), respectively. The transition between the two regimes is 
tentatively assumed to be mediated by a dipole form factor, 

f ( # / A l ) = ( ! + - filVA')"1. es) 

Then F 2 is approximately given by 

Fz(x,GLfc) « - f i f (a*/A*) xQGO + < Ç > [ l - f ( * / A a ) ] * P ( x V (9) 

with <Q2> = 1 or Actually there is no solid argument against a more rapid transition 
than that given by Eqs. (8) and (9), so that our choice is rather conservative. From Fig. 3 
we see that at all x the departure from the low-energy regime takes place at about the same 
value of Q 2, i.e. Q 2 ^ A 2. Since for a given Q 2 we get more events at low x (the number of 
events per day at fixed luminosity is independent of the energy of the accelerator in the 
scaling limit and within the allowed kinematical limits), the main advantage of increasing 
}/s is the possibility of reaching smaller values of x for a given Q 2 (recall that Q 2 < xs). 
Throughout this paper we assume a luminosity of 

oL = 10 (ym s . (io) 

Whilst direct resolution of quarks into preons might be inaccessible, one may still be 
able to detect new forces between ordinary quarks and leptons. These forces are due to resi
dual interactions induced by the confining force at the scale A. In the previous example 
we have considered the effect of the standard electroweak interactions on a target which, 
at a given large scale, reveals a new structure. Now we discuss the impact of the presence 
of new forces implied by compositeness. Of course in the real situation both the effects of 
the target structure and of new forces may be important at the same time. 

We assume an effective low-energy Lagrangian, given by the standard model Lagrangian 
with the addition of a number of non-standard four-fermion interactions ' 1 , to wit 

a 

Here the indices a, b label the left and right components of fermions, and f refers to quark 
flavours. Since the preon binding force is strong we further assume that 

i ; (12) 

which amounts to a particular definition of A. The scale A so defined is in general only 
very loosely related to that used in deriving the bound in Eq. (5) from the muon (g - 2). 
As already mentioned, one cannot do better without a dynamical theory of the binding forces. 
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The sensitivity to A that one may expect at HERA and LEP-LHC (/s = 2 TeV) can be estimated 
from Figs. 4, 5, and 6. The calculations which go into these figures as well as into all 
others in the present study are based on the set of parton densities in the proton specified 
in Ref. 9 (set 1 with A^^ -V 200 MeV). The standard model predictions are indicated by a 
dashed line, and the number of events per day refers to this case. The solid lines are the 
resulting cross-sections 

J - dxty I a* 2. C13) 

Fig. 4 The cross-section dcr/dxdy normalized 
as in Eq. (13) for x = 0.25 versus Q 2 . The 
dashed curves indicate the standard model 
(Y,Z°) predictions, the full curves include 
residual contact interactions. The numbers 
labelling the curves refer to the composi
teness scale A in TeV. Also given are the 
event rates per day corresponding to the 
standard model cross-sections and Eq. (10). 

10p 

10" w 
a 2 IGCV2) 

/s=0.314 T e V (HERA) 

(LL) CONTACT INTERACTION 

/s = 2 T e V 

10 Event-s/day. 

a 2 [GeV 2) 

Fig. 5 The cross-section do/dxdy normalized 
as in Eq. (13) for x = 0.1 versus Q 2 (see 
explanations in Fig. 4). 

Fig. 6 The cross-section do/dxdy normalized 
as in Eq. (13) for x = 0.05 versus Q 2 (see 
explanations in Fig. 4). 
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when a left-left operator is added to the standard model Lagrangian as in Eq. (11) with the 
indicated values of A and the relative sign chosen in such a way as to maximize the effect. 
Already at HERA, deviations corresponding to A <v 1-2 TeV can easily be discerned, whilst at 
LEP-LHC one could easily go up to A ̂  5 TeV. Actually, one can achieve an even higher sen
sitivity if polarization or charge asymmetries can be precisely measured, as is discussed in 
detail in Ref. 8. Thus one can certainly probe the structure of quarks down to distances 
which are small enough to be of great physical interest. The virtue of ep reactions with 
respect to lip'coll isions is that for the former the standard prediction are more precisely 
known, whilst in the latter1°) the relative effect of the interference of new and standard 
interactions is generally smaller by a factor of a/ag and hence would be to some extent 
swamped by the rather large CCD uncertainties. 

NEW GAUGE BOSONS 

Before discussing in detail the possible interesting examples of new currents and vector 
bosons, we evaluate the range of Q 2 values that can be explored at a centre-of-mass energy of 
/s = (1-2) TeV. As a first indication , we consider in Fig. 7 the average Q 2 value as a func
tion of /s for a standard charged current process e~p •+ vX. In the scaling limit, one would 
have a linear relation between <Q2> and s: 

< G f > « < x y > s (14) 

However, scaling violations in the structure functions and, more importantly, W-propagator 
effects decrease <xy>. Some indicative values of <xy> are 

0 . 0 8 2 

< X ) / > * j 0 . 0 3 3 

Ö. 0 0 3 

a t TeV (15) 

J 

10* 

Fig. 7 Average momentum transfer squared of 
charged-current processes as a function of 
the ep centre-of-mass energy. In the scaling 
limit this log-log plot would show a straight 
line. 

/ s (GeV) 
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Thus <Q2> only increases by a factor of 2-3 between HERA and LEP-LHC, as can be seen from 
Fig. 7 which clearly shows the departure from linearity owing to scaling violations. For
tunately, although <Q2> « s, one can capitalize on the tail of the distribution. One still 
obtains a reasonable number of events up to much higher Q 2 values. This is illustrated in 
Fig. 8, where the differential cross-section for charged- and neutral-current deep-inelastic 
scattering is plotted as a function of Q 2 at different values of Note that the differ
ence between charged and neutral currents is only .important at small Q 2 because of photon 
exchange. Also shown is the number of events per day for neutral currents for the refer
ence luminosity [Eq. (10)J and for Q 2 larger than a given value. A practicable rate of 
events is obtained at LEP-LHC up to values of Q ̂  0 (1 TeV). 

New gauge bosons could be detected in ep collisions at LEP-LHC up to masses of the 
same order, Myyi ̂ -0(1 TeV). This is already evident from the study of four-fermion operators 
in Eq. (11). We have seen that, for strong couplings as assumed in Eq. (12), we can get to 
A ̂  5 TeV. If the coupling g2/4ir is reduced to the size of a normal weak coupling, the 
previous mass scale is correspondingly decreased to 

This estimate is fully confirmed by the more detailed analyses presented below for a number 
of particular cases of interest. For simplicity the discussion will be restricted to charged 
currents, but most of the arguments and estimates also hold, with minor modifications, for 
neutral currents. 

Fig. 8 Momentum transfer distributions for charged- and neutral-current processes at 
/s = 0.3 TeV (HERA) and at /s = 1.41 and 2 TeV (LEP-LHC). Also given are the neutral-current 
event rates per day corresponding to the integrated cross-section o(Q 2 > Q 2,), where Q2, can 
be read off from the dashed curves. 
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We first consider the possibility that the single W~ of the standard model is replaced 
by a sequence of weak bosons W, W', W", ... . This would naturally be the case if the W is 
a composite1l)(similarly to the p, p', ... sequence in CCD). All W's are supposed to be 
coupled to the same V-A current. For indicative purposes it is sufficient to restrict our 
attention to two W's, Wi, 2, with masses m 1 > 2 and couplings gi,2- An amplitude in the stan
dard model, arising from single W exchange, 

A ( a l ) 
«(a.N-i>£) 

(17) 

(where the relation Gp//2 % g2/8m2
r was used) is then modified to 

A , , ( a 1 ) - — * (18) 

Correspondingly the definition of Gp changes into 

Z — (19) 

Furthermore we now know from experiment that mi ^ m^. Thus it can be concluded, that for 
rates : 

R = 
r a t e QM) 

r a t e . C 'W) 

z 

+ r 

A,. f c(tf) 
A (a1) 

mj, r t a 2 / (20) 

where 

- Hi a/wc¿ H s mz . (2i) 

In Figure 9 we plot R as a function of Q 2 for different values of M when r is set to the 
representative value r ̂  1. It can be seen that effects of excited W's with masses up to 
1-2 TeV can be detected and studied. 
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2 . 5 
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=• 2 . 0 
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1.0 

M(TeV) ,0.« 0.6 

/ 2e/c // r=1 

2 0 e / d / 
70 e / d A 

' 1 . 0 

1 1 

/\f> Fig. 9 Ratio of the charged-current cross-
section in a model with two W bosons to the 
charged-current cross-section of the standard 
model (as described in the text) for various 
masses of the second W. Also given are the 
event rates per day expected in the standard 
model at /s = 2 TeV and for Q 2 > Q 2 , where Q 2 

is indicated by the vertical lines. 
10 s 

a2 (GeV2) 

We next consider vector bosons connecting light and heavy fermions. Clearly, if the 
new leptons L° and quarks Q are sufficiently heavy, only mild experimental constraints on 
the W£ mass can be derived (such as M w{ £ 20 GeV from their non-observation in e +e colli
sions at PETRA and PEP). Models of this sort are perhaps not very attractive but they are 
worth mentioning here because such a light/heavy W' would not be produced in pp collisions 
or even in e+e~ annihilation at LEP for masses above the ordinary W mass. We studied, as 
an example, the case of approximately degenerate quarks and leptons: 

ftt^o ~ K U ß (22) 

assuming the existence of heavy partners (all with the same mass) for all quark flavours. 
Our results are shown in Fig. 10. For 5 1 TeV at /s ^ 2 TeV one can observe heavy fer-
mions of masses up to m^ 0 ^ m q ^ 0.5 TeV. 

Perhaps the most interesting possibility of new gauge bosons is related to left-right 
symmetry12). The motivation for left-right symmetric models is the attempt to understand P 
and C violations in weak interactions. In these theories the electroweak Lagrangian is P 
and C conserving before spontaneous symmetry breaking, and the observed violations of P and C 
are attributed to the non-invariance of the vacuum. 

The electroweak group SU2 L '® Ui is replaced by SU"2 ̂  ® SU 2 R ® Ui, with a discrete 
symmetry under left-right interchange, so that g^ 
couplings. The right-handed quarks and leptons which are singlets under SU, 

g R, where g L^ R are the SU 2 l^ R gauge 

doublets under SU 
2,L now become 

The complete assignments of quarks and leptons are thus given by 

(23) 
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The electric charge becomes 

Q " J 3 L " * V 1 ( 2 4 ) 

where B and L are the baryon and lepton numbers, respectively. Note that the Ui generator 
now acquires an elegant physical meaning, being proportional to B-L. 

After spontaneous breaking, the charged-W mass eigenstates are mixtures of WT and W_: 
L H 

Wx a cos S W t . i- sin $ W R ; W ^ » - sin $ W L + c o s t W R . C 2 5 ) 

In order to agree with observations we need m ^ <\» m^, m^ » m^, and ç « 1. The last condi
tion is expected to hold if the second one is valid. Once these constraints are satisfied, 
the neutral current sector also does not deviate much from the standard situation. There are 
two Z 0 ,s, the light one approximately satisfying m^ /(m^ cos2 8^ ^ 1 and the heavy one ac
quiring a mass m ^ of the same order as m^. The observed neutral-current phenomenology is 
reproduced within the accuracy of the data, provided that13) 

W 7 £ T t t l Z , (26) 

which in the minimal Higgs configuration implies that 

Vrx^ z ¿10 GeV . (27) 
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These bounds also ensure agreement within errors with the measured value of m^ and m^o • 
A precision of order II in m^ and m^o is, in fact, necessary in order to detect the deviations 
from the standard values if the above bounds are satisfied. 

The bounds on m^ and ç that can be obtained from charged-current data depend on the mass 
of the right-handed neutrino. If v R is allowed by phase space in p decay, then1") 

W W l > 3 S O GeV (28) 

and 

^ 5 0.05- . (29) 
However, the v R mass could be large, as seems theoretically more resonable, and in this case 
one goes back to the limit of Eq. (27), whilst ç must be small anyway [ç á 0.095 l s ) ; also 
if only three families are assumed then10) ç < 0.005]. 

Stringent bounds on m^ have recently been obtained from non-leptonic amplitudes, which, 
however, necessarily include some model dependence. In particular, the K^-Kg mass difference 
leads17) to an important bound with the assumptions that 

a) the box diagram approximation is reasonable; 

b) the K-M mixing matrices for left and right quarks are the same, or one is the complex 
conjugate of the other. 

Assumption (b) is true in the simplest and most interesting versions of left-right 
symmetric models. Barring implausible cancellations with top-quark and Higgs exchanges, one 
then obtains 

In conclusion, left-right symmetric models are interesting and cannot be ruled out even 
with m and m as low as a few hundred GeV, although there are indications that the right-
handed gauge bosons, if they exist, are to be searched for above the TeV region. 

In the following we simplify the discussion by taking C = 0 and study two indicative 
cases. First, consider a heavy v R with mass equal to that of W R: 

•*\ " . t 3 1 ) 

In fact, theoretical preference goes towards heavy neutrinos with Majorana masses of the 
same order as the left-right symmetry-breaking mass scale. A Majorana neutrino offers a 
spectacular signature, since it decays with equal probability into electrons of both signs: 

£ < 0 \ - * e ~ + X ) ~ 3 ( * R - * Ô + + X ) - 5*0% . (32) 

We can then search for this mode even without initial electron polarization. Of course, 
the cross-section from polarized electrons would be twice as large. The calculated cross-
sections for e~p •*• v RX are shown in Fig. 11. It can be seen that even with the demanding 
constraint of m V R ^ it is possible to detect W R up to a mass close to 1 TeV. Remember 
that W R can easily be observed at a pp? collider with /i ̂  10-20 TeV provided that < 5 TeV 
and that the branching ratio B(WR-* evR) is large enough. However, for m ^ > Mw the direct 



electron signal would not be available for detection, making the electroproduction channel 
particularly interesting. 

To illustrate the other extreme we also consider the case of a massless v^, which is of 
course representative of a whole range of relatively light v^'s. The initial electron polar
ization is mandatory in this case for an efficient detection of small right-handed current 
contributions. On the other hand, the range of observable masses is roughly doubled in 
this case, as shown in Fig. 12. 
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SPECTROSCOPY OF THE ELECTRON SECTOR 
As pointed out in the Introduction, electroproduction is an optimal reaction for 

discovering new particles carrying the electron lepton number. We have already met some 
particles of this sort in the previous section, such as the neutral heavy lepton L° or the 
Majorana neutrino v R. Here we shall consider in detail the production of supersymmetric 
(SUSY) scalar partners of the electron and of the associated neutrino, and then turn to 
the production of excited electrons that would be present if the electron is composite. 

A scalar lepton (ë or v) must always be produced in association with a second SUSY 
particle, because of R-invariance which is normally respected in SUSY models 1 8). The second 
SUSY particle can either be a scalar quark (q) or a gaugino, i.e. a photino (y), a gluino (g), 
a w-ino, or a z-ino (W,Z). We shall consider these two possibilities successively. 

We start with the associated production of scalar leptons and quarks: 

e * c| 
(33) 

The ë channel is more easily detectable because of the decay ë •+• e + y, whilst the v is 
expected mainly to decay into neutrals: v v + y. Therefore, in the following we only 
report explicit results for ë production. The calculation of the production rate from the 
diagram in Fig. 13 was first done in Ref. 19. We have repeated the complete calculation and 
we confirm the analytic results of Ref. 19 (except for the couplings of w's which have 
to be changed) as well as their numerical results at HERA energies. Our results are shown 
in Fig. 14 for mg = m~ and m~ = 90 GeV, m~ = 0. The production rate is quite large if the 
scalar fermions are not too heavy. Scalar electron production appears to be easily measur
able even for values of m~ larger than the maximum mass accessible by pair production at 
the highest energy foreseen for LEP. 

We are also studying the associated production of a scalar lepton and a gaugino. If the 
natural expectation that y's are the lightest gauginos is respected, then the most promising 
channel is 

e + C j — > ê . + y * cj . C 3 4 ) 

This process becomes particularly important if scalar quarks are much heavier than scalar 
electrons and consequently the channel in formula (33) is forbidden or strongly suppressed 

e 

Ï.Z 
M 

q 

Fig. 13 Lowest-order Feynman diagram contributing to selectron-squark production. 
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/ s (TeV) 

Fig. 14 Production cross-sections and event rates of a scalar electron in association with 
a scalar quark as a function of the ep centre-of-mass energy for various scalar masses. 

by phase space. The production cross-section can be computed from the diagrams of Fig. 15. 
Numerical results up to HERA energies were obtained in Ref. 20. As no analytic formulae 
were reported there, this calculation has to be redone from the beginning in order to in
crease the energy to Ss = 2 TeV. A detailed analysis of this process and the standard 
background reactions (eq -*• eZq evvq and eq •+• vWq •* vveq), as well as the relevant analytical 
results, will be presented elsewhere. Here it can be concluded that, for m~ = 0, one can 
possibly detect at LEP-LHC scalar electrons of mass up to a few hundred GeV. 

As a last example, we shall discuss the production of an excited electron e*. Recently 
an e* of about 80 GeV has been suggested21) as a possible explanation of the apparently 
anomalous Z° -»• e+e"y events. Independently of the outcome of this particular issue, it 
seems worth while to consider the possibility of excited electrons for its own sake, as 
a signal for compositeness. In fact, in this connection the most important lesson that 
was derived, under pressure from Z° anomalous decays, was that the existence of relatively 
light excited leptons, with masses much smaller than the typical compositeness scale, does 
not conflict with any experimental fact. 

Fig. 15 Lowest-order Feynman diagrams contributing to selectron-photino production. 
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The electroweak neutral-current couplings of the e* can be written in the form: 

,1 r i 
(35) 

•e 
where g = e/sin 6 w, g' = e/cos 9 w > T3(e~) = -1, and Y(e~) = -\, with sin2 6 w ^ 0.217. The 
effective photon and Z° couplings turn out to be given by 

F R - F * F ' . 
(36) 

T h e e l e c t r o p r o d u c t i o n o f t h e e goes t h r o u g h t h e d i a g r a m s i n F i g . 16, w h i c h l e a d t o 

A T 

Sitóle,,, C O S * © * ( * - W 2 ) J V 1 ' (37) 

Here is the quark charge; a^ = x^/2 and v^ = (T^/2) - sin2 8 w are the neutral-current 
couplings of the quark; s, t, and u are the Mandelstam variables for the parton subprocess 

Fig. 16 Lowest-order Feynman diagrams contri
buting to the production of an excited elec
tron. 
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and the +(-) refers to quarks (antiquarks). The numerical results plotted in Fig. 17 are 
obtained with the values 

f r * I f f 2 * 0.5" ( 3 8 ) 

These values for the couplings in Eq. (36) are close to the upper bounds inferred from exper
imental constraints21). Taken at face value, excited electrons of masses as high as 0.5 TeV 
could be detected. However, it is important to keep in mind that this is only true for the 
maximum conceivable values of the couplings. 

5. SUMMARY AND CONCLUSIONS 

The physics program for ep collisions at centre-of-mass energies of HERA and above is 
undoubtedly an interesting one. If a hadron collider will be built in the LEP tunnel, then 
ep collisions are really a must. At i/s ̂  2 TeV and for a luminosity around £ = 10 3 2 cm - 2 s - 1, 
one can test QCD, measure the strong coupling constant, and determine the parton densities 
in the proton up to a scale Q ̂  1 TeV. Possible substructure of quarks and leptons can be 
explored down to typical distances of the order of (5 TeV) - 1. New gauge bosons can be de
tected and studied for ordinary couplings up to masses of 0 (1 TeV). Finally, one can search 
for particles with the electron lepton number up to masses of hundreds of GeV, far above the 
LEP range. 
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