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COMPOSITENESS IN EP COLLISIONS AT LEP-LHC
F. Cornet and R. Riickl

Deutsches Elektronen-Synchrotron DESY, Hamburg, Fed. Rep. of Germany

ABSTRACT

If leptons and quarks are composite one expects, among other signals, the occurrence
of excited states and non-renormalizable residual interactions. We have studied electron
quark contact interactions and the production of excited electrons in collisions of an electron
(or positron) beam of LEP with a proton beam of the LEC. Estimates are presented for the
sensitivity to the effective scale A., of contact terms with varying heliaty structure, and for
the detection limit in the mass m.. of a heavy replica of the ground state electron.

1. INTRODUCTION

Composite Models [1,2] are motivated by the mass problem and the generation puzzle
of the Standard Model which find expression in many unexplained parameters. Several lev-
els of compositeness have been considered: composite Higgs scalars, composite leptons and
quarks, and even composite weak bosons. Here, we focus on the possibility that leptons and
quarks are bound states of more fundamental constituents. The binding force should proba-
bly be confining at a scale A in which case the bound state radius 7 is expected to be of order
1/A. Clearly, A cannot be too small without running into contradictions with experimental
results [3]. It seems, however, that values of A in the T'eV range are not yet excluded by
experiment if one assumes that pitfalls such as the very stringent bounds on lepton number
and flavor violating processes [4] can somehow be avoided. In addition, a consistent theory
must explain why the known leptons and quarks are so light, that is why my, K A ~ 1 /T
quite in contrast to our experience with ordinary QC D bound states such as the p meson and
the nucleon. Notwithstanding the problems and short-comings of present Composite Models,
searches for a new substructure obviously belong to the main tasks at future colliders.

At energies E > A the composite nature of leptons and guarks should become evident
through break-up of the bound states in hard scattering processes, and through the production
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of excited states with masses m = O(A). However, one may also observe some indications
already at energies E < A, such as deviations from the Standard Model predictions due
to form factors and residual interactions induced by the binding force. The present study
deals with possibilities of unveiling compositeness in electron-proton collisions at energles
just above 1 TeV. We have concentrated our attention on effects from electron-quark contact
interactions and the production of excited electrons. Searches for these signals are sensitive
to relatively large values of the compositeness scale A and thus provide favorable tests at
high-energy ep colliders [5].

The ep machine envisaged is a combination of LEP and LHC, the hadron collider in
the LEP tunnel. As discussed at this workshop [6], it would be possible to provide collisions
of a (50 — 100) GeV electron or positron beam of LEP with a 8 TeV proton beam of LHC
yielding the typical c.m. energies and luminosities,

(1) 5=14TeV and L=10%em 2577,

(II) /5=18TeV and L=10%em 57" (1)

We give priority to option (I) for two reasons: the higher luminosity and the possibility to
have longitudinally polarized e* beams at LEP L. These virtues increase the discovery poten-
tial for option (I} quite considerably as compared to the higher energy option. A summary
of our results has been presented in the report by J. Ellis and F. Pauss [7].

2. ELECTRON-QUARK CONTACT INTERACTIONS

An essentially unavoidable consequence of compositeness are residual interactions de-
scribed by non-renormalizable operators in the effective low-energy lagrangian [8,9]. The
most important ones are four-fermion operators which have dimensionful coupling constants
proportional to g2,/ A? where A is the binding scale. Furthermore, since the binding force 1s
expected to be strong, it is plausible to assume that the effective coupling gfff/ﬁlvr = O(1).
Interferences between such contact interactions and conventional gauge interactions lead to
deviations from Standard Model expectations which are observable at energies considerably
below A. In fact, from Bhabha scattering at PETRA and PEP one has obtained limits on ee

contact terms in the range (3]
Aee 21 - 3TeV, (2)

while high-pr jet production at the CERN pp Collider [10] has constrained possible gg contact
interactions to

Ay > 450 GeV. (3)

We are not aware of published bounds for lepton-quark contact terms which could be tested in
ete annihilation into hadrons, Drell-Yan processes, and lepton-nucleon scattering. In order
to keep the effects on neutrino cross-sections below 10% one roughly needs A,, 2 2 TeV.
Future experiments at HERA are expected [11,12] to be sensitive to values of A, up to

A, = 5TeV. (4)

One can thus anticipate that ep collisions at TeV energies should allow to search for egq
contact interactions in the range A, = O(10 TeV'). This assertion is substantiated and made
more quantitative in the following.
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2.1  Definition of Models
Restricting ourselves to the neutral current (NC) processes e*p — e*X, we have
considered models based on the effective lagrangian

Lej;=Lsu+ L, (5)

where

N fH(vs —apvs)f 2, (6)

Lo = Fak A -
SM e;f’?’ Q.ff “+Sin9WC039W r

and

L= 9% e/ AL ) (Ery er)(Gry ar) + (nrr/ Akr)(ErYer)(Tr71"9R) o
. : 7

+(nLr/ALr) (€LY eL)(@rr"ar) + (mrL/ AR )(ERV eR)(Tr v a1 )]}

Lsar is the standard NC lagrangian which , at low energies, describes the gauge interactions of
the photon and the Z boson with the electron and the quarks. At momenium scales Q% < A?
the fermions appear pointlike and hence one may neglect modifications of the gauge couplings
due to form factors. The following notation is used in eq.(6): el.magn. coupling e, Weinberg
angle Oy, el. magn. charge ; with the convention Q. = —1, third component of weak isospin
Ts; with the convention Ty, = —1/2, vector coupling v; = T35/2 — @; sin’ fw and axial vector
coupling a; = T3;/2. For consistency, the values of the electroweak parameters should be
determined in the present models by confronting L.y with the low-energy CC and NC' data
and with W and Z mass measurements. However, if A > few TeV, the result will practically
be the same as for the Standard Model. It is therefore justified to assign the usual values
to the NC parameters in the later applications of £.;;. We have taken « = /47 = 1/137,
myz = 93.3 GeV and sin’ 8y = (1 — (1 — 4u?/m%)V/?)/2 with u = 38.65 GeV.

New in eq.(5) is the effective lagrangian £ describing residual four-fermion interactions
which conserve helicity and flavor, and are therefore expected to be only suppressed by the
binding scale A.,. (For simplicity, we often use the shorthand A., for the different scales Arz,
Agg, etc...) Following ref.[8], where the form of £’ assumed in eq.(7) was suggested, we use
the conventions g2;;/4m = 1 and 7a, = +1 or 0 for a,b = L, R. As illustrative examples, we
have investigated the simple cases defined in Table 1. Our study is guided by ref.[11] where
these models are discussed in detail in the context of searches for eq contact terms at HERA.

Table 1

Models for eq contact terms considered in the present study

e==+1|LL|LR|RL:RR|VV | AA
7LL € 0 0 0 € €
LR 0 € 0 0 € —€
NRL 0 0 € 0 ¢ —€
NRR 0 0 0 € € €




For clarity, we should remark that inclusive observables are calculated throughout this
paper by summing over u, d, s and ¢ quark flavors in the proton, using set I of the Duke-
Owens quark distribution functions [13]. Since contact terms can be interpretated as being
induced by interchange of common subconstituents of leptons and quarks, it may be more
conservative to restrict such interactions in the case of ep scattering to u and d quark flavors
8,11). While in any sensible Composite Model the members of one and the same fermion
family should be made of common building blocks, the substructure and binding scales could
be very different for the different families. In fact, in view of the extremely severe bounds on
flavor violating transitions from rare processes [4] this possibility appears quite likely. The
conclusions which can be drawn from our estimates would however not change if we omitted
es and ec contact terms.

2.2 Cross-Sections and Asymmetries

From the effective lagrangian L.s; given in eq.(5) one readily derives the differential
cross-sections do(e*p)/dzdQ? for polarized e=p scattering. Here, Q* = —k?and z = —k?/2pk,
where k denotes the four-momentum exchanged in eq — eq and p is the incoming proton
momentum. The relevant cross-section formulas can be found in ref.[14] of these Proceedings
(see egs.(14-16) and (20)). Here, it is therefore sufficient to provide the effective charge
coeflicients ﬁ‘;‘jR and F’;’R which are to be substituted in equations (15) and (16) of ref.[14].
These coefficients read

B = VERQOP + 477 (@), (
)
Fi7 =2V N@) 47 @),

3f
with : ) , )
LR A2\ _ (v Eac)vy Q tr_ €
V(@) =@y cos? Oy sin® Gy (Q2 + mzz) e 20 A )
e X ac)a Q* Q*
ALRO2) = (v ! tgbR_x 10
;@ ) :Fcosz Bw sin’ Oy \ Q% + m% 200 A* (10)

The numbers ¢ and d&'F are given in Table 2 for the models specified in Table 1, while the
remaiming parameters are explained in paragraph 2.1.

Table 2

Model parameters of contact ternis to be substituted in eqs.(9) and (10)

e=-+1|LL|LR|RL|RR | VV | AA
et e | e | 0] 0 | 2| O
dr e | —e | 0 0 0 Q¢
cF 0 0 e | e | 2| 0
df 0 0 € —€ 0 Ze.




Besides cross-sections, we have also investigated the NC asymmetries

g(e1) — a(e2)

R IO

(11)
where (e;) denotes either the doubly differential cross-section do(e;p)/ dzd@? or the cross-
section do(e;p)/dQ? obtained after integration over z. With the four polarization states
e; = e} p one can construct six different asymmetries: the polarization asymmetries A(ep —eg)
and A(e} — e}), the charge asymmetries A(ef — e7) and A{eg — e},), and the mixed asym-
metries A(e; — e}) and A(eg — €f).

2.3 Signals and Detection Limits

2.3.1 Unpolarized cross-sections

The simplest way to test eq contact interactions is to compare Q?*-distributions mea-
sured in unpolarized eT p collisions with the predictions of the Standard Model. Figs. 1 and
2 illustrate possible deviations in the cross-sections

L% do(e¥p)
i(e¥p) = Q* s 12
osletp)= [ [ dQ Lo = i (12)

for some selected contact terms, considering suitable bins in Q*. Qualitatively, we find that
the changes due to LL (LR) terms are similar to the changes due to RR (RL) terms. Fur-
thermore, e p scattering is somewhat more sensitive to LL (and RR) contact interactions,
whereas RL (and LR) contact terms show up more clearly in e’ p scatiering. Finally, VV-
and AA- type contact interactions produce the largest effects and can be best probed in
et p scattering except in the case of VV(e = +1) terms where the e” p cross-section 1s more

sensitive.

Indicative estimates for the semsitivity of searches for effects in inclusive NC cross-
sections can be obtained by considering the statistical errors on o;;(e¥p). For this purpose
we assume a one-year run at /s = 1.4 TeV yielding an integrated luminosity of 1 fFbl
shared equally between e* beams. The corresponding statistical errors are displayed in Figs.
1 and 2. At lower values of Q? the Standard Model is expected to agree with experiment to
a rather high accuracy. A comparison in this region should thus allow to reduce theoretical
uncertainties and systematic errors (e.g. in luminosity measurements and determinations of
Q?). The data at higher values of @* could then be used to test the presence of contact
interactions. Instead of performing a full x2-analysis, we shall only look at the highest Q*-
bin shown in Figs. 1 and 2, where the statistical error on the Standard Model cross-sections
amounts to §o;;(e¥p)/oi;(eTp) =~ 4%. Requiring possible deviations to be at least as large as
the statistical error, one can reach the values of A., summarized in Table 3 for the models
under consideration. With the same criterion but for an experimental uncertainty which is
arbitrarily increased by a factor 2 in order to allow for some systematic errors, the sensitivity
to A., decreases as also indicated in Table 3.
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Fig. 1 Neutral current cross-sections integrated over x for contact interactions with ¢ = +1 in
comparison to the Standard Model predictions (full lines). The numbers labelling the curves give the
scales A, in TeV. The statistical errors refer to a total integrated luminosity of 1fb7! shared equally
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Table 3

Estimates for the sensitivity to eq contact interactions in measurements
of unpolarized NC cross-sections at /s = 1.4 TeV. The experimental
errors assumed refer to the Q*-bin from
6 x 104 GeV? to 10°GeV?

Model A (TeV)
(e =+1)  (60/0)sar =~ 4% | b /0 ~ 8%
LL 9 7
LR 9 7
RL 10 8
RR 10 7
\'A% 16 12
AA 11 9

We have only quoted estimates for models with € = +1, that is for positive values of
the effective couplings 7,5 in eq.(7). For ¢ = —1 one has to perform a more involved analysis
since the deviations may change the sign at some value of Q* due to a more complicated
interference pattern. As a consequence, if one only looks at a particular bin in Q?, there may
be no effect for a given value of A, and a sizable effect for another, larger value of A.,. This
actually happens in some of the cases illustrated in Fig. 2. Generally, one can say that the
values of A., which can be reached for € = —1 are markedly lower than the ones for e = +1.

Finally, we have also considered ep collisions at /s = 1.8 TeV and L = 103 em 2571
and find considerable lower semsitivity limits for A., than at /s = 1.4 TeV and L =
1032 ¢m~2s~!. This shows that luminosity plays a more important role in searches for contact
terms than energy.

2.3.2 Asymmetries

It is not unlikely that longitudinal e* polarization can be attained at LEP L. In that
case, the LEP-LHC ep option could provide polarized e¥p collisions at /s = 1.4 TeV.
Therefore, we have also studied the prospects for disclosing contact interactions in asymmetry
measurements. Figs. 3 and 4 illustrate the changes in NC asymumetries due to eq contact
terms for all types of asymmetries introduced in eq.(11), and for all models defined in Tables
1 and 2. We have chosen A, = 5 TeV, since this value characterizes the limit of observability
at HERA. From Figs. 3 and 4 one can learn several interesting facts:
(1) NC asymmetries are very sensitive to the heliaty structure of contact interactions and
are therefore useful for determining the residual couplings, if a signal is observed.
(2) For each model considered one can find one or several asymimetries which are particularly
sensitive. Reversely, a measurement of all asymmetries guarantees an appreciable sensitivity
to contact terms for any helicity combination.
(3) The influence of contact terms depends crucially on the relative sign (parameterized by
¢ = +1) of the residual lagrangian £' and the lagrangian Ly describing the standard gauge
interactions. This underlines that the signals mainly come from interferences.
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Next we select, from Fig. 3, the most sensitive asymmetry (called "best” further
on) for each model, considering only the favorable case ¢ = +1. We then increase A in
order to get an approximate idea of the maximum values of A., which may be reached. This
exercise is shown in Fig: 5. One can see that for A., in the range (7 — 13) TeV the best
asymmetries deviate at the largest values of Q by roughly (10 — 30)% from the Standard
Model expectations.

Table 4

Estimates for the sensitivity to eq contact interactions in asymmetry measurements
at /s = 1.4 TeV. The statistical error refers to the @*-bin from
6 x 10* GeV? to 10°GeV?

Model | most sensitive | A., (TeV)
e =+1| asymmetry |84 >~ 0.04

LL er —€n 8

LR €L — €x 9

RL el — e} 13

RR €p — €h 13

\'A% ef — ef 14

AA €p — €k 11

As in the previous analysis for the NC cross-sections, we have estimated the sensitivity to
contact terms by comparing possible deviations to statistical errors. Again, we refer to an
integrated luminosity of 1 fb~! assuming 250pb" for each of the four polarization states ef p.
In Fig. 6 expectations for the different contact interactions (taking ¢ = +1) are confronted
with the predictions of the Standard Model including the statistical errors. In all cases we
have considered the most sensitive asymmetry as suggested by Fig. 5. In order to increase
the number of events in the @*-bins, the ef p cross-sections entering in eq.(11} have been
integrated over z. The values of A.; chosen in Fig. 6 are supposed to indicate the expected
sensitivity limits. Imposing the requirement that the deviations are at least as large as the
statistical error at Q? ~ 6 x 10* GeV? to 10°GeV?, one can hope to probe contact interactions
in asymmetry measurements up to the values of A., summarized in Table 4. Unfortunately
we do not know the systematic errors. We believe, however, that some systematic errors
cancel in asymmetries, which are basically cross-section ratios, while other uncertainties may
be removed by comparing the Standard Model predictions with the data in the low Q? region
where good agreement can be expected. Moreover, a complete x%-analysis would make the
tests more significant than what can be inferred from Fig. 6.

3. EXCITED ELECTRONS

The interpretation of the known leptons and quarks as the ground state of a bound
system naturally implies the existence of excited states. As a matter of fact, Composite
Models usually predict excited leptons and quarks with both conventional and exotic quantum
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numbers (such as color-octet leptons and color-sextet quarks) [1,2]. Normally, these particles
should have masses of the order of the binding scale A. Hence, if A > few T'eV as we assume,
excited states would be out of experimental reach in ep collisions at LEP-LHC. However,
it may well be that a similar mechanism which keeps the ground state fermions light as
compared to the scale A, also leads to some relatively light excited states. This possibility is
not excluded, at least, not experimentally. On the contrary, the current limits on the masses
of excited fermions are rather weak. From e*e” annihilation, for example, one has obtained
bounds in the range [3] \
e > (23 - 70) GeV, (13)
where only the lower limit is independent of assumptions on the coupling strength of the
excited to the ground state electron. ‘

The dominant sources of excited leptons and quarks in high-energy ep collisions are
the single production processes ep — *X and ep — lg*X. Most promising is the search for
an e* because of relatively comfortable production rates and clean decay signatures [5,15,16].
For illustration of the discovery potential at LEP-LHC, we have considered an e* state with
the quantum numbers spin 1/2, T3« = —1/2 and Q.. = —1, which belongs to a weak isospin
doublet (v*,e*). Production in ep — e*X proceeds through v and Z exchange and thus
involves the unknown ee*y and ee*Z couplings. Gauge invariance requires these couplings
to have the form of magnetic transitions, while dangerous contributions to the g — 2 of the
electron can be avoided if the couplings are restricted to one helicity component of the electron
(17]. Hence, we assume the effective lagrangian [5,7,15]

e 1 — 2sin® By

L= -Z—A—E T €L (A'uy‘i’

where A“* and Z#* denote the photon and Z-boson field strengths, respectively, and A*
characterizes the typical excitation scale. For consistency with studies for other machines in
these Proceedings [7], we shall take A* = m,. when presenting numerical results, although
the two parameters may be different as mentioned above.

ZH), 14
sin 28w ) : (14)

Straightforward calculation of the differential cross-section for e”g — e’g yields [5,15]

%(e*q — €"q;8) = “';ff{[(ls — ml N ml —t) - 25’

‘] 93 N 4Qgvg(1—-2 sin? fy) 1 N 4(v§+a3)(1—2sin2t?w)2 ¢
t sin? 26y t—m2Z sin? 26y (1‘—m22)2

] .
(15)
+ami (mi — 1 — 25)

sin® 26y t—mQZ sin? 20y (twrnzz)2

x|

The notation is as in egs.(6) and (14) wherefrom the relevant couplings to the v and Z can
be read off. Furthermore, § and ¢ are the usual Mandelstam variables for the subprocess
eq — €*gq, and the plus (minus) sign refers to quarks (antiquarks). The integrated production
cross-section is then given by

1
Jineg(e_p — e'X) = /

Tmin

tm?n
d;c/ dth (e g — e"g;xs), (16)
tmd:
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where g(z,Q?) are the quark distribution functions of the proton, and the sum runs over
quarks and antiquarks. As parametrizations we have used set I of ref.[13] with Q* = —t as
the evolution scale. For the integration boundaries in eq.(15) we take

tm'in = _Qg b tma:r = _(S:E - mg') k) Lrnin = (mg‘ + Q%)/S (17)

The cut-off Q2 = 5 GeV? is imposed in order to stay within the region of validity of the parton
model. Correspondingly, eq.(15) provides an estimate for inelastic e* production (X # P).

However,since the photon is massless, the low-t region may also yield a sizeable contri-
bution to the total cross-section. Indeed, it has been shown in ref.[15] that at HERA energies
elastic production ep — €*p is as strong as inelastic production. We have therefore estimated
elastic production in the energy range of LEP-LHC. Using the formulas provided in ref.{15],
the differential cross-section for ep — e*p can be written in the form

o rol 2m2, +1)(t—m2,
ﬁg_t(ep —€'p) = 5147 (S#:ng)z {GM(1) S 3( ) 2
4m2m2* 4m
+[GE(t) - gi“fGﬁa(t)][(mﬁ- - 1)(4s 4+t —4m2 — —E—) — 4(s - mi)ﬂmpjg},
’ (18)
where
Gp(t) o~ Gup(8)/2.79 ~ (1 — £/0.71 GeV?)™? (19)

are the measured electric and magnetic form factors Gg and Gy of the proton. The elastic
production cross-section is then obtained by integrating eq.(18) over t with the boundaries

s — m

2
T =L~
min 2s

2
Bls+ml —ml¥ \ﬂs — Mo —m2)? — 4mi.m2}. (20)

Fig. 7 shows the total production cross-sections
Ot p — € X) = oipa(e™p o €' X) + cule™p — €'p) (21)

as a function of m.. for the two ep options specified in eq.(1). Also displayed are the elastic
and inelastic contributions. A large fraction of the e* events is expected to contain an electron
and a photon in the final state coming from the decay e¢* -— ev. The prospects for detecting
the ev signal in the background from ep — eX and ep — vX have been studied in ref.{16]
for inelastic e* production at HERA. Monte Carlo sirnulations show that it should be rather
easy to separate signal and background by appropriate cuts in various kinematical variables
such as the total visible mass of the event and the transverse momentum in the event plane.
Furthermore, the e* mass seems to be quite well reconstructable. It was concluded that
Tinet{€p — "X )x B{e* — evy) ~ 0.2 pbis the limit of observability for an integrated luminosity
of 200 pb~! yielding an statistical significance of 2 — 3 standard deviations [16]. Hence, it may
be somewhat optimistic but it is not unreasonable to consider oy:(ep — €*X) =~ 0.01(0.1) pb
as the smallest observable cross-section at the 1.4(1.8) TeV option at LEP-LHC. Under this
assumption we find from Fig. 7 that one can reach ¢* masses up to

My 1 TeV (22)
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at both ep energies. It should be emphasized, however, that the above estimate holds for A* =
m.-. For example, for A* ~ 5 TeV > m,. the detection limit drops to m.. 650(200) GeV
at /5 = 1.4(1.8) TeV and L = 10%(10°!) cm™%s7}, attributing clear preference to high
luminosity. -
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Fig- T Excited electron production in ep collisions al LEP-LHC. Shown are the cross-sections for
elastic production ep —. °p (dashed), inelastic production ep — e*X (dotted), and the sum of both (full
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4. SUMMARY

We have studied the possibilities to search for eq contact interactions and an excited
electron in ep collisions at LEP-LHC. Contact terms can be tested by measurements of
inclusive cross-sections and asymmetries in #p — €X. Concentrating on the Vs =14TeV,
L = 10% cm~%s~! ep option we have estimated the sensitivity to the compositeness A, which
governs the strength of contact terms. Our estimates are based on considerations of statistical
errors corresponding to a total integrated luminosity of 1 fb~1, that is 500pb ~' per initial
state for unpolarized e¥p collisions and 250 pb~? per initial state for polarized ¢} zp collisions.
The results can be summarized as follows. Measurements of NC cross-sections are expected
to be sensitive to contact interactions up to

Ae, > (9 - 16) TeV, (23)

depending on the helicity structure of the contact terms, and assuming the favorable case
nab = 0, Nap being the effective couplings in eq.(7). If one allows for systematic errors of the
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samme size as the statistical errors and adds both linearly, it should still be possible to reach

Ay = (7 = 12) TeV. (24)

eq —
Furthermore, asymmetry measurements are sensitive to contact interactions up to

Aeg ~ (8 — 14) TV, (25)
if statistical errors dominate. Comparison of Tables 3 and 4 indicates that cross-section
measurements are slightly more sensitive to certain helicity combinations than asymmetry
measurements. For other contact terms just the opposite is true. In addition, asymmetries
turn out to be very useful for determining the chiral structure of contact interactions which
might be discovered. We also find that luminosity is more important in these searches than
energy (similarly as in searches for Z’ bosons [14]) and hence the limits one can expect for
the /s = 1.8 TeV, L = 10° em 257! ep option are considerably lower than the ones quoted
above. '

Excited electrons are mainly produced in the process ep — ¢*X. We expect roughly
equal cross-sections for inelastic (X # p) and elastic (X = p) production. Assuming that 10
events per year are sufficient for detection, one can reach e* masses up to

mee = 1TeV (26)

at both the 1.4 and 1.8 TeV ep option. Thus, here is one case where a higher ep energy can
compensate for a lower luminosity. However, it should be noted that this trade-off is not true
generally. In particular, it depends on the relation of A* and m.- (see eq.(13)). If A* > m.,
in contrast to our assumption A* = m,-, the 1.4 TeV option is again clearly preferred.
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