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We survey the variety of reactions probing physics beyond the standard model which might be ob-
served at an e-p collider with center-of-mass energy of order 1 TeV. We display cross sections for
numerous such reactions and assess the reach in mass or distance scale of such a collider.

INTRODUCTION

The successes of the standard gauge theory of the
strong, weak, and electromagnetic interactions have
tempted high-energy physicists to look beyond this model
and to ask what physics will correct or supercede it as we
push to still smaller distances. This question has prompt-
ed plans for new accelerators capable of probing such new
physics, up to energy scales of order l TeV. The most
ambitious of these proposals has been for the construction
of the Superconducting Super Collider' (SSC), which
would provide colliding proton beams of energy 20 TeV.
The physics opportunities of such a high-energy p-p col-
lider have been reviewed in impressive detail in a recent
paper by Eichten, Hinchliffe, Lane, and Quigg (EHLQ).
At the same time that one investigates the physics of
proton-proton collisions, however, it is worth examining
other elementary-particle reactions, to see if there are oth-
er methods for accessing the next stage of fundamental
physics.

In this paper, we focus on the question of exploring the
TeV energy scale through electron-proton collisions. Such
collisions might be produced, for example, at the intersec-
tion of a relatively low-energy electron ring with a high-
energy proton synchrotron. In such a scenario, the
center-of-mass energy of the e-p collisions would be lower
than the energy available in p-p collisions. It is not un-
reasonable, however, that this lowering of the available
energy might be compensated by the relative cleanliness of
the final states produced in e-p collisions, by the relative
ease of producing novel leptonic states, and by the fact
that the electron, unlike the proton, is an elementary ob-
ject at the level of the standard model.

The question which we address in this paper is that of
precisely how far e-p colliders of various center-of-mass
energies reach into the energy regions where new physics
can be found. Our method of attacking this issue is sys-
tematic but prosaic. We begin by enumerating the various
reactions that might produce exotic particles or other ef-
fects which would signal the breakdown of the standard
model. We then compute the cross sections for these pro-
cesses, and establish a general picture of what new physics
might be accessible with an e-p collider of fixed center-
of-mass energy. None of the processes considered here are
actually new, although some have been discussed previ-
ously only at the 1982 Snowmass summer study. Our
contribution in this paper will be to indicate the full

breadth of new physics available at a high-energy e-p col-
lider, and to provide realistic estimates of the rates that
would be available at an e-p facility constructed at the
SSC. After completing this work, we learned of an analo-
gous and, in many ways, complementary, survey of e-p
physics by Altarelli, Mele, and Ruckl.

This paper is organized as follows: Section II is devot-
ed to a discussion of a number of preliminaries, including
the somewhat unusual kinematics of e-p scattering and
the rates of the dominant conventional-physics processes.
The remainder of the paper treats various exotic reactions,
classified by parton subchannel. Section III discusses
direct electron-quark reactions: reactions mediated by
right-handed currents, processes producing supersym-
metric partners of the electron and quark via gaugino ex-
change, and fusion of the electron and quark into a lepto-
quark boson. Section IV examines processes which occur
in photon-quark or photon-electron reactions: excited-
quark and -electron production as well as production of
supersymmetric partners via off-shell. quark or electron
intermediate states. We also discuss the possibility of
lepton-gluon fusion into a color-octet leptonic state. Sec-
tion V treats new-particle production via photon-gluon
fusion. Section VI discusses the effects of the contact in-
teractions which might result from composite quarks and
leptons; our discussion follows the work of Ruckl. Sec-
tion VII presents some general conclusions.

II. SOME PRELIMINARIES

Before we can begin to discuss the magnitudes of vari-
ous exotic reactions at a high-energy e-p collider, we
should first clarify the energy region we will examine and
the rates of conventional-physics processes in this region.
We will also need to discuss the special kinematics of e-p
scattering.

The schemes envisioned for achieving very high center-
of-mass energies in e-p collisions involve the interaction
of an electron beam in a conventional electron synchrot-
ron with a proton beam of much higher energy. The
DESY HERA proposal calls for 30-GeV electrons collid-
ing with 800-GeV protons. The reach of the HERA
machine has been studied in specific reactions; it gen-
erally does not exceed 200 GeV for new-particle masses.
The various options that have been proposed for the SSC
are more asymmetrical than HERA, since they make use
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of the 20-TeV circulating proton beam available there. '

This asymmetry implies that, even though a typical quark
carries only a fraction of the total momentum of the pro-
ton, the kinematics of electron-quark reactions is skewed
severely toward the quark direction. Figure 1 shows the
result of this asymmetry; it indicates the shape of the el-
lipses in momentum space locating the final states of
electron-quark elastic scattering, for quarks with momen-
tum fractions x =0.5 and x =1.

The forward nature of the kinematics makes it difficult
to identify specific final states, since such detection would
be possible only if the produced particles are sufficiently
well separated from the beam direction. In our computa-
tions, we have modeled this effect in a relatively crude
way by restricting the products of the elementary parton
reactions to be separated from the beam direction by more
than a fixed laboratory-frame angle. The calculations re-
ported here set this minimum angle at 2 and 10'.

The bulk of the cross section for any high-energy e-p
facility will be made up of processes already present in the
standard model. Figure 2 shows the three most important
of these standard processes: neutral- and charged-current
deep-inelastic scattering and quark pair production via the
photon-gluon fusion process. The expected luminosity for
an e-p collider associated with the SSC is of the order of
10 cm sec ' (according to the design considerations of
Ref. 10); this corresponds to 1000 events per year result-
ing from a cross section of 1 pb. We should therefore
make clear what cuts on Q or transverse momentum are
necessary to reduce these background processes to the pi-
cobarn level.

For unpolarized e-p scattering, the neutral-current
cross section is given by

g jxff(x)[Af(Q')+(1 —y)'Bf(Q )]
dxdy sx y

(b)

(c)

FIG. 1. Ellipses locating the products of electron-quark elas-
tic scattering, for 20-TeV protons colliding with electrons of 5,
15, 70, and 250 GeV, from Ref. 10. The two curves in each plot
correspond to x =0.5 and x = 1.

(a)

+xff(x)[Bf(Q )+(1—y)' lf(Q')]]

(2.1)

where the sum runs over quark flavors, ff(x) and ff-(x)
are the quark and antiquark distribution functions,
respectively, and Q =xys. The functions Af and Bf are
given by

~f(Q') = &f+gLfgL. —
Q +mz

+ f +gRfgRe
Q +mz

2

Bf(Q ) @f+gRfgLe
Q +mz

2

2

(2.2)

(c)

2

+ +f+«f&~e—
Q +mz

Here Pf denotes the quark electric charge, and «; and

FIG. 2. Processes present in the standard gauge theory of
strong, weak, and electromagnetic interactions which dominate
the e-p cross section at high energies: (a) e-q neutral-current
scattering; (b) e-q charged-current scattering; and (c) quark-pair
production by photon-gluon fusion.
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FIG. 5. Cross section for quark-pair production in high-
energy e-p collisions via the photon-gluon fusion process. The
three sets of curves represent the cross sections for producing
quark jets with transverse momentum greater than 25, 50, and
100 GeV, respectively. The solid and dashed curves include an-
gle cuts at 2' and 10', respectively, as in Fig. 3.

FIG. 6. Total cross section for reactions mediated by new- 8'
exchange. The three sets of curves refer to various energies as-
sumed for the electron beam colliding with a 20-TeV proton
beam. Solid and dashed curves refer, as before, to angle cuts at
2 and 10', respectively. The electron beam is assumed to be un-
polarized.

of new quarks and leptons by the exchange of new,
heavier 8' bosons, perhaps with right-handed couplings,
and the production of the supersymmetric partners of the
e and q by exchange of the fermionic partners of the pho-
ton and Z . One might also consider an s-channel lepto-
quark resonance which couples directly to e-q. Let us dis-
cuss each of these various possibilities in turn.

The cross section for reactions mediated by new-W-
boson exchange is readily obtained from the considera-
tions of the previous section: For unpolarized e-p scatter-
ing, and ignoring the masses of the produced fermions,
the cross section is the same as that given in Eq. (2.3),
with m~ replaced by the mass of the new boson and
g~ ——e/sin t9~ replaced by the new coupling constant.
Figure 6 shows an estimate of the total rate for reactions
involving heavy-8' exchange, estimated using g~ as the
coupling constant (assuming, for example, an underlying
left-right symmetry), The fraction of heavy- W events can
be enhanced by a Q cut at Q of order m ~ . One can
increase the signal still further by-polarizing the electron
beam; 80%%uo polarization would be adequate to raise the
signal over background. We should note that rather
stringent constraints already exist on the possible masses
and couplings of right-handed 8"s. A Berkeley-
TRIUMF experiment' restricts the mass of any right-
handed 8' that mediates p decay to be greater than 380
GeV. Analyses of the EI -Ez system' ' rule out any
right-handed exchanges among conventional quarks medi-
ated by bosons with mass less than several TeV. These
constraints do not eliminate the possibility that right-
handed 8"s might mediate the production of new quarks
and leptons. It is entirely possible that these new particles
might lie within the energy range accessible to a high-
energy e-p facility.

Supersymmetric partners of the electron and quark may
be produced through direct electron-quark interactions of
the type shown in Fig. 7, a process studied for lower-
energy applications by Hinchliffe and Leveille, ' Jones

mz 0 (3.l)

e

FIG. 7. Diagrams contributing to production of supersym-
metric partners of quarks and leptons: (a) diagrams for
e.+q~e+q; (b) diagrams for e+q~v+q. The exchanged
particles are the fermionic partners of y, Z, and 8'.

and Llewellyn Smith, and Salati and Walet. The values
of the various diagrams shown in this figure are strongly
affected by the relative masses assumed for the bosonic
and fermionic superpartners and by the pattern of mixing
assumed between the gauge fermions and the super-
partners of the Higgs bosons. We have chosen to estimate
the cross section by choosing the simplest possible form
for this mixing: We assume that the Z mixes with only
one linear combination of the Higgs-boson superpartners,
and that this linear combination has the following Ma-
jorana mass matrix:

T

0
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We also assume a similar mixing for the W. The Z and
8' then acquire masses equal to mz and m~, respective-
ly. We consider the mass of the photino to be, to a good
approximation, zero. This pattern of mixing is can actu-
ally be realized, with a choice of parameters, in some
phenomenological models of supergravity it is, in any
event, a representative case among more complex mixing
patterns. ' We should note that in this particular scheme
of mixing, left-handed electrons interact only with right-
handed quarks and with the antiquarks of left-handed
quarks.

Under these assumptions, the elementary cross section
for e+q —+e+q is given by

102
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O
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do
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E„(t)[—st —(m, '—t )(m, ' —t )],
S

(3.2)

where m, and mq are, respectively, the masses of the e
and q, and E~q is given by

2@f gLegRf
A

t —mz
E,q(t) =

@f gRegLf
A A 2

(3.3)

The cross section for the corresponding reaction involving
e +q is obtained by interchanging gLf and gRf in the def-
inition of E(t). These two processes are of course experi-
mentally indistinguishable. Both, though, should be quite
characteristic, since the decay of the two superpartners
into ordinary fermions plus two uncorrelated photinos
should create a transverse momentum imbalance of the
same order as the transverse momentum actually visible in
the event. Figures 8 and 9 display the cross section for
this process for two extreme cases of the ratio of e and q
masses: first, setting m, =mq and, secondly, setting
Pl~ ((721q.

The rate for the process of superpartner production by
8' exchange can be estimated in the same way as the
neutral-current process we have just considered. In our

FIG. 9. Cross section for ep ~e+q, assuming that the mass
of the q is much larger than the mass of the e. The notation is
as in Fig. 6.

simple pattern of 8' Hmixin-g, this process proceeds only
in the electron-antiquark reaction. The elementary cross
section is given again by Eq. (3.2), with the function

r

E ~(t)=
2sin 8~(t —mz )

(3.4)

r=
Mg

Mg +4E,
4E,Mg

(3.5)

where E, is the energy of the electron beam and MR is
the mass of the resonance. The resonance will be recon-

considered to be nonzero for down-type antiquarks only.
The corresponding e-p cross section is shown in Fig. 10.

In addition to t-channel exchanges, one should also
consider the possibility of s-channel resonances in e-q re-
actions. If such a resonance could be reconstructed, it
would show up in a very striking way: The constraint
that the resonance have fixed mass requires that the elec-
tron pick out a quark or antiquark with a fixed value of
x. This implies that resonance is produced with a charac-
teristic energy and momentum relative to the laboratory
frame:

102
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I—
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D
10 2

0 200 400 600
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800

FIG. 8. Cross section for ep~e+q, assuming that the pro-
duced superpartners have equal masses. The three sets of curves
refer, as in Fig. 6, to three different energies assumed for the
electron beam. The solid and dashed curves refer to different
angle cuts, as before.
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FICi. 10. Cross section for ep —+v+q. The notation is as in
Fig. 6.
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structible provided that that. it is narrow (we expect I -1
GeV), and that its boost y is not too large: Eq. (3.5) gives
as a rough criterion MR )40E, . The cross section for
production of such a resonance R is given by

4 2

cr(e+q~R)= (2J~+1)I R, 5(s Mg—),
R

(3.6)

where I R,—is the partial width for the decay of R to eq.
Technicolor theories which contain a full generation of

technifermions' predict the existence of a set of spinless
bosons with lepton + antiquark (and possibly also
lepton+ quark) quantum numbers. These particles are
technifermion-antitechnifermion bound states (techni-
pions); they decay via the interactions which connect tech-
nifermions with ordinary fermions. Since these are also
the interactions responsible for generating the masses of
the ordinary fermions, technipion decays are expected to
favor the heaviest fermions available. The optimal pro-
cess for technipion production in e-p reactions should be
the fusion of an electron with a top antiquark in the pro-
ton. The leptoquark cross section can be computed from
the estimate of the partial width:

3 2
GFMR m,

sinp (3.7)
4~ 2 Mg

—IO I
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where GF is the Fermi constant and p is a mixing angle
reflecting the limited tendency for such a boson to decay
to an electron rather than, say, a r lepton. p should prop-
erly be considered an unknown parameter, although it is
unlikely to be large. Setting sinp=0. 1 and m, =40 GeV,
and integrating over the top-quark distribution given by
EHLQ, we find the cross section displayed in Fig. 11.
(The EHLQ top-quark distribution is obtained for m, = 30
GeV; however, changing m, to 40 GeV would give only a
small correction. ) For the canonical value of 160 GeV
for the leptoquark mass, the cross section seems large
enough to be observable even with a relatively-low-energy
electron beam; this conclusion, however, depends strongly
on the actual value of P.

IV. PHOTON-QUARK
AND PHOTON-ELECTRON PROCESSES

For q production, this may be converted to a physical
cross section by integrating with the Weizsacker-Williams
distribution of photons in the electron,

xfr(x)= [I+(I—x) ]In(s/4m, ),2' (4.2)

(where s is the square of the electron-quark subenergy)
and with the relevant quark distribution function. For e*
production, the analog of (4.2) for the proton should be
used. The results, computed using the value 2 TeV for A,

= eQ a&"qAlp
f p

Exotic final states with the quantum numbers of a sin-

gle lepton or quark can be reached by the interaction of
electrons or quarks with photons radiated by the opposite
beam. This process is not as efficient for producing
high-mass states as the e-q subprocess, but it has the ad-
vantage that it can access, in principle, any possible
higher-mass state of a quark or electron. Two typical
processes, which may occur either on the quark side or on
the lepton side, are the promotion of a fermion f to an ex-

cited state f*, which might be expected if the fermion is
composite, and the associated production of supersym-
metric partners of the fermion and a gauge boson. One
might also imagine the production of a resonance in
electron-gluon processes. We will consider each of these
various possibilities in turn.

Gauge invariance prohibits a direct vector coupling of a
light fermion f t'o an excited state f*. A suitable form for
this coupling is of the magnetic moment form, as indicat-
ed in Fig. 12. The interaction term has a dimensionful
coefficient, which we parametrize in the following way:
Since the magnetic moment operator flips helicity, its
coefficient should be proportional to the strength of chiral
symmetry violation in the theory; a relatively conservative
measure of this symmetry breaking is the value of the f"
mass I, . The remaining dimensions are assigned to a
parameter A, which, in composite models, is roughly the
inverse size of the composite structure. ' It is not at all
certain what value one should assign for A. One should
note that an analogous composite-state size parameter is
constrained by Bhabha scattering to have a value greater
than about 1.2 TeV.

The magnetic-moment coupling shown in Fig. 12 leads
to an elementary production cross section

-4
fPZ ~o.(y+f~f*)=4~ Bf a 5(s —m, ) . (4.1)
A

FIG. 11. Cross section for the production of the leptoquark
boson predicted by technicolor models in high-energy e-p reac-
tions. The three curves refer to three values of the electron-
beam energy.

FICx. 12. Vertex leading to the photoexcitation of a light fer-
mion
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4naa, Bf.
3A. 2

(s —2M')r r(r+M')
s(t M') (t M—')'—

(4.3)

where M is the mass of the q. (This formula agrees with
that of Ref. 16 up to some minor misprints there. ) We
can obtain an idea of the numerical importance of this
cross section by considering all quark partners to have the
same mass [so that we can sum over helicities by multi-
plying (4.3) by 2], and then integrating this cross section
over the quark and photon distribution functions. The re-
sult is shown in Fig. 16. The cross section for
e+y~e+y can be obtained from the formula (4.3) by
simply replacing the factor ( —,a, Zf ) by (a). Integrating
over the Weiszacker-Williams photon spectrum of the

are shown in Figs. 13 and 14. Events in which such excit-
ed fermions are produced should have a very characteris-
tic signature —a single photon recoiling against an elec-
tron or a hadron jet with fixed combined invariant
mass —but the figures indicate that the cross-sections for
these processes are very low for reasonable values of A.

In addition to directly producing new particles which
are excited states of light fermions, y-q and y-e collisions
can produce off-shell states of the original light fermions,
which can then decay into new particles. This reaction
provides a second mechanism for producing supersym-
metric particles in e-p reactions, ' ' leading to the process-
es ep~qg and ep~ey (where g and y are the gluino and
photino, respectively) through the Feynman diagrams of
Fig. 15. Both processes may be observed as reactions with
an apparent unbalanced transverse momentum; although
the effect should be neither as large nor as characteristic
as for the process producing both q and e. The diagrams
of Fig. 15(a) lead to the elementary cross section for the
production of a gluino and the superpartner of a quark of
given helicity, in the limit in which the g is very light
compared to the q

do
('Y+qf ~qf+g)

10.o

D
}0—

}

LJJ

}0-2

I—
O

}0
0 200 400 600 800 1000

e MASS (GeV)

FIG. 14. Cross section for e* production in high-energy e-p
reactions. The notation is as in Fig. 13.

4
m,

o(g+e~W8) =4' a, 5(s —m„),
A

(4.4)

proton yields the result shown in Fig. 17. Both of these
cross sections are relatively small compared to the cross
section for e-q production considered in the previous sec-
tion.

In addition to photon-fermion reactions, we might also
consider the possibility that a gluon contained in the pro-
ton will excite the electron to some novel state. It is not
at all unlikely that, if electrons and quarks are composite
structures, their constituents carry color. Then the
ground state configurations should carry the minimal
color and belong to singlet or triplet representations.
Higher excited states, however, could have a different
internal color configuration. This would allow the same
constituents to sum to a color 8 or 10, for leptons, or a
color 6 or 15, for quarks. If the electron has a color-octet
excited state W8, this state might be produced through a
magnetic-moment interaction such as that shown in Fig.
12 but involving an external gluon rather than an external
photon. The elementary cross section for W8 production
which follows from this hypothesis is a simple variation
on Eq. (4.1):

ioo

A=2TeV

I
}

I y~~q
Z
O
}

—io }

LL1
Cf)

C/)

o lo

D
IO ~

200 GeV

0 200 400 600 800 l 000
c}* MASS (GeV)

(b)
yW~-

FIG. 13. Cross section for q* production in high-energy e-p
reactions. The three curves refer to three different values of the
electron-beam energy, as in Fig. 6. All three curves are comput-
ed setting A=2 TeV.

FIG. 15. Feynman diagrams contributing to super-
symmetric-particle production in e-p collisions via {a)
y+q~q+g; (b) y+e —+e+y.
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FIG. 16. Cross section for the associated production of q and
g in high-energy e-p reactions, assuming m «m . The nota-
tion is as in Fig. 6.

FIG. 18. Cross section for production of a color-octet lepton
Z8 in high-energy e-p collisions. The notation is as in Fig. 13,
and, as in that figure, we have set 6=2 TeV.

where m~ is now the mass of the Ws. The physical cross
section following from (4.4), shown in Fig. 18, is quite
substantial. The production of the W8 should be clearly
visible as a class of events containing an electron-jet sys-
tem with definite mass and definite energy (3.5) with
respect to the laboratory.

V. PHOTON-CxLUON PROCESSES
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Continuing in the direction of reactions successively
less constrained by quantum numbers, we now discuss the
production of exotic particles in photon-gluon fusion.
This reaction can, in principle, produce any particle which
has both strong and electromagnetic interactions, irrespec-
tive of its other quantum numbers. Qne pays a price, of
course, in that normally a y-g reaction involves only a
small fraction of the total e-p center-of-mass energy.

We should first survey the results of the simple
photon-gluon fusion process, the production of some
new species of fermion or boson via the diagrams of Fig.
19. For the production of new fermions, the elementary
cross section is given precisely by Eq. (2.4), setting m
equal to the mass of the new species. The analogous ele-

2m''
(t —m )(u —m )

(5.1)

To estimate the size of the physical cross sections which
follow from these results, we have evaluated the corivolu-
tion of these cross sections with the photon and gluon dis-
tribution functions. We have considered the pair produc-
tion of a new heavy quark with charge +—', , as well as the
pair production of the supersymmetric partner of such a
heavy quark (counting one charged boson for each helici-
ty, and assigning each of these bosons the same mass m).
The results are shown in Figs. 20 and 21.

In technicolor theories which predict a rich comple-
ment of Goldstone bosons, many of these bosons carry
both color and electric charge' and can be produced by
the photon-gluon fusion mechanism. In Fig. 22, we show
the cross section for the production of technipions for a
technicolor model with one generation of technifermions,
assumed to belong to a complex representation of the
technicolor group. These bosons have been assigned the
masses computed in Ref. 20. At very high center-of-mass
energies for the elementary process, the production of

mentary cross-section for the production of a boson pair
1S

do' mob C(r)aa,
(y+g b+b) =

dt

x 2' s

(t —m )(u —m )

FIG. 17. Cross section for the associated production of e and

y in high-energy e-p reactions. The notation is as in Fig. 6.
FIG. 19. Diagrams contributing to pair production via the

photon-gluon fusion process.
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where I R rg is the partial width for the decay of R to
yg. In the model of Ref. 19, the width of the appropriate
technipion into a photon and a gluon is given by

GFMg NTc &o's3 2

4~~Z
(5.3)yg=

where XTc denotes the number of technicolors. The cor-
responding physical cross section is displayed in Fig. 23.
Just as we saw in the case of the single production of the
leptoquark boson, the cross section for producing this
technipion, at the canonical value of its mass, is small,
but not unreasonably so.

The yy and 8 +8' reactions are worth some atten-
tion, since they provide the only mechanism for producing
the standard Higgs boson in e-p collisions. The rates,
however, are disappointingly small. We have examined
Higgs-boson production via yy fusion, using formulas
given by Leveille. We have also considered Higgs-boson
production via 8'+8' fusion, a process studied some
time ago by Jones and Petcov, and more recently by

technipion pairs should be enhanced by coupling to reso-
nances of the strong technicolor dynamics. However,
this effect is not important for the range of e-p center-of-
mass energies we consider here. There are two reasons for
this. First, only reactions in which the parton center-of-
mass energy is below 750 GeV contribute significantly to
the physical cross sections shown in Figs. 20—22. Second,
because the group matrices with which the photon and the
gluon couple to fermions commute with one another, the
technipions are produced only in even partial waves so the
prominent techni-p resonance does not contribute to ep re-
actions.

In addition to pair-production processes, the photon-
gluon channel might also include single production of
color-octet boson resonances. Technicolor models, again,
contain technipions with the correct quantum numbers to
appear in this reaction. The general formula for the rate
of resonance production in y-g processes is

4m.
o(y+g R) = (21++1)I~ rg5(s —Mz ), (5.2)

Mg

i02
I

f
I

Cahn and Dawson. Our energy region for e-p collisions
corresponds closely to the energy region of the e-q reac-
tions discussed by Jones and Petcov. Unfortunately, the
yy and 8'+8' processes give cross sections for single-
Higgs-boson production of less than 10 pb for Higgs-
boson masses above 100 CxeV.

VI. CONTACT INTERACTIONS

Thus far, we have considered only exotic processes
which involve the production of new particles. There is, ,

however, one important process which probes physics
beyond the standard model that involves only the two-
body scattering of familiar light fermions. Eichten, Lane,
and Peskin have pointed out that, if quarks and leptons
are composite, they should possess additional interactions
beyond those of the standard model, which result from
the exchange or interaction of their constituents in very
short-range encounters. The natural range for such an in-
teraction is the inverse of the compositeness scale A, de-
fined above Eq. (4.1). If the center-of-mass energy of the
fermion-fermion process is much less than this scale
(s &&A ), the new interaction may be considered to be ap-
proximately pointlike, and may be parametrized as a
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FIG. 21. Cross section for the production of the heavy-boson
superpartners of a charge + 3 quark. Partners of both helicities
are counted. The notation is as in Fig. 6.
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FIG. 20. Cross section for the production of a heavy quark
of charge + 3 in high-energy e-p reactions. The notation is as
in Fig. 6.

FIG. 22. Cross section for the production of technipion pairs
in the technicolor model of Ref. 19. The solid and dashed
curves represent 2 and 10 angular cuts, as before.
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careful experiments could be sensitive to A of order 2
TeV. In this section, we extend Riickl s analysis to the re-
gion of TeV center-of-mass energies.

The most general e-q four-fermion helicity-conserving
interaction which preserves both electron and quark num-
ber contains 12 distinct terms, even for a single flavor of
quark. In a complete phenomenological analysis, each
term should be given an independent coefficient. Our
purpose here, however, is only to ascertain the magnitude
of the effects of such contact interactions; for that pur-
pose, it suffices to explore in detail a few representative
examples. We choose, then, to examine the effects of con-
tact interactions of the two forms:

FIG. 23. Cross section for the single production of a color-
octet technipion in high-energy e-p collisions. The notation is
as in Fig. 11. The arrow denotes the value of the mass given in
Ref. 20.

four-fermion contact interaction with coupling constant
set (by dimensional analysis) to be of order A . Riickl
studied the effects of such contact interactions with some
care for the energy range of HERA, and claimed that

4m 4~
A

ex'-eL, ql. yI ql. a d
2 e1.7 eLqzlI qz .

A
(6.1)

Let us refer to these as the LL and LR interactions,
respectively. We should note that one obtains almost the
same results using, in the same notation, the RR and RL
contact interactions; the only difference arises from the
relatively small interference term between the contact in-
teraction and the Z -exchange diagram.

The interactions (6.1) lead to changes in the standard
neutral-current cross section (2.1). For LL interactions,
the functions A~(g ) and BI(g ) are modified as follows:

2

Ag(g )~Ay(g )+2a
A

Q i —i Q@f gLegLf 2 2 + )a 2g +mz
Bg(g )~By(g ) . (6.2)

For LR interactions, they become

2

A~(g )~AI(g ), B~(g )~By(g )+2a
A

Q' i i Q'Bf gl pgpf p p + z a
g +mz A

(6.3)

Note that the changes induced by the contact interactions
are of order a '(Q /A ). They are important even at en-

ergies Q &&A .
Following Riickl, we present our results in terms of the

neutral-current structure function Fz(x, g ),

io~
(

ioo =—
X

Fz(x, g )=
dx dp

(6.4) io-i =—

The normalization is such that one recovers the usual neu-
tral current structure function Eq(x, Q ) if only one-
photon exchange contributes. Some typical results for
Fz(x, g ) are shown in Figs. 24—26. The predicted devia-
tions from the standard model, even for A of order 5 TeV,
are quite large. In interpreting these figures, however, one
must remember that the available sample of events falls
rapidly with increasing Q . From Fig. 3, we can see that
there should be only about 100 events per year in the re-
gion to the right of Q =500 GeV, in Fig. 24; Q =600
GeV, in Fig. 25; or Q =800 GeV, in Fig. 26. The predict-
ed deviations, however, are sufficiently large that experi-
ments should certainly be sensitive to the effects of A at
the levels indicated by these figures.

10

0 200 400
Q (Gev)

600 800

FIG. 24. Effect on Fz(x, Q ) of the contact interactions given

by Eq. (6.1), computed for the case of 15-GeV electrons on 20-
TeV protons and A =2 TeV. The curves marked
(V —A)(V —A) and (V —A)(V+A) include, respectively, the
effects of the first and second terms of (6.1). The dot-dash line
represents the prediction of the standard model.
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FI&. 25. Effect on F2(x, Q~) of contact interactions, comput-
ed for 30-GeV electrons on 20-TeV protons and A =4 TeV. The
notation is as in Fig. 24.

FIG. 26. Effect on F2(x, Q ) of contact interactions, comput-
ed for 200-GeV electrons on 20-TeV protons and A=8 TeV.
The notation is as in Fig. 24.

VII. CONCLUSIONS

We have now completed our survey of exotic processes
to be searched for and perhaps discovered in high-energy
e-p reactions. We have attempted to systematically re-
view all of the channels which e-p collisions make avail-
able, and to evaluate representative cross sections to ascer-
tain to what values of mass or energy each channel can
probe. We have found that, in general, the elementarity
of the electron does not compensate its relatively low ener-

gy in the hypothetical machines which we have con-
sidered. In most of the reactions we have discussed, only
particles of mass up to roughly 200 GeV can be reached
effectively. The exceptions to this rule, however, are rath-
er interesting, if quite specific in their quantum numbers:
e-p machines are quite effective in producing supersym-
metric partners through the reaction e+q~e+q and in
searching for colored excited states of leptons; they are

also very sensitive to deeply suppressed contact interac-
tions which might affect e-q elastic scattering. The abili-
ty of e-p colliders to probe these quantum-number-
specific reactions might allow such colliders to provide
surprising results complementary to those of high-energy
p-p or p-p interactions.
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