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The reactions ep~peZ; an/ ep~pv8' are investigated, where Z; and 8' are a generic neu-
tralino and the lightest chargino eigenstate, respectively. We present both exact results and a
modified effective-photon approximation. We show that ten fully measured eZ& events with
e~eZ, decay, where the Z, escape detection, are enough to determine m- and mz with statisticale

1

errors of 2 GeV; the detection of the outgoing proton in a forward proton spectrometer is crucial.
eZ2 and v& production, resulting mostly in final states with one or three charged leptons plus
missing pT, are also discussed. Within the framework of minimal supergravity models, these elastic
processes make the DESY ep collider HERA competitive with or even superior to the contern-

porary colliders CERN LEP I and Fermilab Tevatron as far as searches for supersymmetry are con-
cerned.

I. INTRODUCTION

An important task for any new collider is to search for
new physics, i.e., the missing parts of the standard model
(SM) such as the top quark or physics beyond the stan-
dard model. One of the most attractive extensions of the
SM is supersymmetry, ' since it may allow us to solve the
problem of the naturalness of the SM.

Among the machines that will be running in the next
few years, the Fermilab Tevatron and LEP at CERN
are usually considered to be most promising as far as
searches for supersymmetry are concerned. The most
thoroughly investigated ' supersymmetric processes for
ep colliders, such as HERA at DESY, are associated
slepton-squark production: ep ~eqX and ep ~vqL. The
limit of sensitivity for these processes is reached for
m +m =140—160 GeV, whereas the Tevatron should

be able to detect squarks up to m =150—180 GeV and
q

thus cover the whole region where lq production can be
detected at HERA. The only other supersymmetric pro-
cess that has so far been discussed for ep colliders is the
deep-inelastic production of a selectron and a photino,
ep~eyX. Based on the fact that after one year (corre-
sponding to an integrated luminosity of 200 pb ') HERA
can only probe the region below m =45 GeV even if
m =0 the authors of Ref. 8 concluded that this process
is not expected to produce very useful limits.

In this paper we study the elastic production of slep-
tons and gauginos via the processes ep ~eZ, p and
ep~v, 8' p, where Z,. and 8' denote a generic neu-
tralino eigenstate and the lightest chargino, respectively.
Elastic selectron-photino production is an important spe-
cial case of the first class of processes considered. In this
case we find the cross section for the elastic process to be

very similar to the deep-inelastic one. ' In general we
use the minimal supersymmetric model' as an example
for "realistic" masses and mixings of the produced gaugi-
nos.

Elastic selectron-gaugino production at HERA has
several nice features. The potential mass reach is quite
high. Even though after one year one can only probe the
region below m, m ~ -45 —50 GeV, this limit can be

considerably improved as more data are accumulated, go-
ing up to about 80 GeV after 5 years. Furthermore the
total cross sections turn out to depend rather mildly on
the mass of the neutral superparticle produced. Already
after one year HERA can hence probe the region below
mz -60 GeV and m =70 GeV if m, =M~ =25 GeV.

i

In most cases the final states are very clean and essen-
tially free of background: eZ& production with subse-
quent e~eZ& decay, as well as 8' v, production fol-
lowed by the decay 8' ~v, e, result in one electron and
missing energy/momentum, whereas eZ2 production can
lead to three charged leptons via e~eZ& Z2~l I Z].

The energy of the outgoing proton can be measured in
a forward proton spectrometer. The center-of-mass ener-

gy of the slepton-gaugino system will thus be known. For
eeZ; and ev, 8' production at e+e colliders this will
only be true around &s =Mz, where annihilation dia-
grams are strongly enhanced. " At other beam energies
the outgoing electron will usually be lost. ' ' We will
see that the measurement of the proton energy greatly
simplifies the event reconstruction. In the simplest case
of eZ, production ten fully measured events should
suffice to determine both m and mz with an error ofe

1

about 2 GeV.
The remainder of this paper is organized as follows. In

Sec. II we give the exact tree-level cross sections for
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ep —+eZ;p and ep ~v, 8' p, properly taking into account
all form factors of the proton. We also derive a modified
equivalent-photon (Weizsacker-Williams) approxima-
tion' which reproduces the exact results to better than
30%. In Sec. III we discuss in detail the signal and event
reconstruction for the simplest and perhaps most in-
teresting of the processes considered, eZ, production
with e~eZ& decay. In Sec. IV the various signals that
can emerge from eZ2 and v8' production are discussed.
In Sec. V we show how the total cross sections depend on
the parameters of the minimal supersymmetric model
and try to assess the discovery potential of the HERA
collider. Finally, Sec. VI contains our conclusions.

II. FORMALISM

A. Exact cross sections

2

I. .H~,
(Q2)2 P~ (2.1)

The Feynman diagrams for ep ~eZ;p and ep ~v, 8' p
are shown in Figs. 1 and 2, respectively. From these
figures it is obvious that the squared matrix element,
averaged/summed over spins, can be factorized in the
form

+(q'g„. q„q—.) ,'GM(-Q') (2.2)

The familiar electric and magnetic form factors Gz(Q )

and GM(Q ) only depend on the squared four-momentum
of the exchanged photon q = —Q & 0 and are well
parametrized by the dipole form

G~(Q )=(1+Q /0. 71 GeV )

GM(Q )=2.796~(Q ) .

(2.3a)

(2.3b)

The leptonic tensor L„does obviously depend on the
process considered. Let us denote by p& and p2 the mo-
menta of the incoming electron and the outgoing charged
sparticles, respectively, and by s, t=(p, —pz) and u the
Mandelstam variables of the ey*~ sparticles subpro-
cess. For selectron photino production we find

where &„describes the photon-proton interaction and

L„ the hard-photon —electron scattering. H„ is process
independent and can conveniently be written in trms of
the sum p = r

&
+ r 2 and the difference q = r

&

—r 2 of the
momenta of the incoming (r, ) and outgoing (rz) protons:

2
1

G& Q')+
2

GM(Q')
4m„ 1+Q /4m

L,-" =se' ~~a i, +&~&S2
I —M

S

2 2 2 2m —M q + 1 „z+q (
z Mz)

(u —M ) s(u —M ) 45

2 2 2+, ( „, „)q +2(m —M )
2 P1P2 P2P1 (2.4)

Here terms proportional to q" or q have been neglected, since they vanish upon contraction with the hadronic tensor
H . m—:m and M=M are the neutralino and the selectron mass, respectively. For a general neutralino state only

y
the prefactor has to be changed (see Sec. IV).

For chargino-sneutrino production we find (I=m, , M=M~ )

4 2

L1~ =4
sin Oz

2 2M —m
P&P&

S

2 2 2 2
q p M —I q

s(u —M) (u —M) s(u —M)
2

1 1 M —m —
q+ —,'g"'[qz(M2 —m )+s(u —M )] —+ +(p~1pz+p~zp1)

s u —M
(2.5)
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FIG. 1. Feynman diagrams for the process ep ~peZ;. FIG. 2. Feynman diagrams for the process ep ~pv, W
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where f+ describes W-ino —Higgsino mixing.
Note that the 1/Q dependence of the cross section is

spurious; electromagnetic gauge invariance ensures that
I.„H" vanishes as Q for Q ~0. Unlike cases in which
the photon is radiated by the electron, in our case the
cancellations that ensure this behavior are not so strong
to require a special way to write the matrix elements for
numerical evaluations. The reason is that the lowest pos-
sible Q of the photon is proportional to the squared
mass of the emitting particle, which in our case is the
proton. Equations (2.1)—(2.5) can thus directly be used
for a computer code.

B. The modi6ed equivalent-photon approximation

o (ep ~pX) = f fr ~

(z )&(ye ~X),
min

(2.6)

where frI~(z) is the density of photons inside the proton
carrying the energy fraction z and & is the cross section
for the production of X in real ye scattering, evaluated at
a squared center-of-mass-system (cms) energy s =zs. The
relevant expressions for & can be found in Refs. 12 and
13.

Note that f~~~(z) cannot be obtained by the well-
known' form of the photon density inside an electron by
just replacing the electron mass with the proton mass;
this would overestimate the cross section by a factor of 2
or more, since all form factor effects would be neglected.
Instead we used

Unfortunately the exact computation of the total cross
sections using Eqs. (2.1)—(2.5) necessitates the evaluation
of a four-dimensional phase-space integral. This can be-
come very time consuming if one wants to scan the
parameter space of supersymmetry (see Sec. V). We
therefore developed a modified equivalent-photon
(Weiszacker-Williams' ) approximation. In this approxi-
mation the cross section for ep ~pX can be written as

f (z)= [1+(1—z) ] lnA — +CX 11 3
2~z 6

3 1

2+2 3+3

where 3 = 1+(0.71 GeV ) /Q;„and

(2.7)

Q;„=—2m„+ [(s+m )(s —s+m )
—(s —m )Q(s s m) —4m—s ]—1 (2.8)

is the minimal possible Q for the production of a final
state with squared invariant mass s. The result (2.7) has
been obtained by integrating over the product of the pho-
ton propagator 1/Q and a typical squared form factor
(1+Q /0. 71 GeV )'

In Figs. 3 and 4 we compare exact and approximate re-
sults for selectron-photino and 8'-ino —sneutrino produc-

tion. One sees that in the former case the error of the ap-
proximation is at most 20% for all interesting combina-
tions of parameters, and at most 30% in the latter case.
The approximation is thus good enough to perform scans
of parameter space, since the overestimate of the total
cross section corresponds to a shift in the selectron or
chargino mass of 5 GeV or less. '
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FIG. 3. Total cross section for the reaction ep —+pey at
&s =314 GeV (HERA) and &s =1.4 TeV (ep collider in the
LEP tunnel). The solid curves are the exact results according to
Eqs. (2.1)—(2.4), whereas the dashed curves have been obtained
with the modified equivalent-photon (Weizsacker-Williams) ap-
proximation, Eqs. (2.6)—(2.8).

FIG. 4. Total cross section for the process ep~pe8' at
&s =314 GeV and &s =1.4 TeV where the chargino is as-
sumed to be a pure 8'-ino. Exact and approximate results are
again shown separately.
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III. FZ i PRODUCTION AT HERA go
—8 eyp, me=40 ceV

1 1
]

I I I I
[

t I I 1

In this section e +Z I production with subsequent
e ~e+Z, decay is discussed in detail for the forthcom-
ing HERA collider (Vs =314 GeV). We will assume the
Zi to be a photinolike state (y) which is either stable or
decays invisibly into v+v. Since HERA can only probe
the region below m =50 GeV, it is reasonable ' to as-
sume 100 Jo branching ratio for the e+Z& decay mode of
the selectron. The situation might be more complicated'
for higher selectron masses, which can be probed, e.g. , at
the proposed collider using LEP I and the Large Hadron
Collider (LEP I X LHC) with &s = 1.4 TeV.

A. Signal

~ ~o
—3

a

t~
+ 0-4
b
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Pe = m m2 2

F

2m
(3.1)

In the process ep~yep~yyep both photinos escape
unobserved, and the event thus consists of one hard elec-
tron plus missing energy-momentum in the main detec-
tor. In addition, the outgoing proton might be detected
in the forward proton spectrometer, since it is less ener-
getic than the other beam protons and will thus be bent
out of the beam by the bending magnets. The eSciency
for this detection has been estimated' to be around 50%
for a "generic" event, but may well be higher for certain
spectacular types of events (as the ones under discussion),
since in this case it might be possible to use less severe re-
quirements for the proton detection.

Even if the proton is not detected the signal should be
easily recognizable, since the standard-model background
is very small. The only physics backgrounds arise from
elastic v, + 8' or e+Z production with subsequent

~ev, and Z ~vv decays. The corresponding cross
sections are estimated ' to be smaller than 0.01 pb at
v's =314 GeV. Furthermore these backgrounds are in
principle subtractable, since the total v, W and e+Z
cross sections can be measured, making use of other de-
cay modes of the gauge bosons. This approach might be
necessary at LEP I X LHC, where the SM background
reaches -0. 1 pb.

In Fig. 5 we show the transverse-momentum (pTe)
spectrum of the electron that results from the decay of
the selectron. All curves have a pronounced peak at the
value p,' of the electron momentum in the rest frame of
the selectron:

FIG. 5. The transverse-momentum spectrum of the electron
that results from F decay in elastic Fy events at HERA. Since
the transverse momentum of the outgoing proton is very small,
this spectrum is practically identical to the missing pT spec-
trum. This and all subsequent figures are at HERA energy
(&s =314GeV).

(m, +m )
(3.3)

0.5 e p -+ e y p, rn; = 40 GeV
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t
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t
I I

e 0.4
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self is not lost in the beam pipe. In Fig. 6 we show the
polar-angle distribution of the decay electron in the labo-
ratory frame for m =40 GeV and various values of m

y
(8, is measured with respect to the proton beam). Obvi-
ously a restriction such as 3 ~ 0, ~ 176' (for the ZEUS
detector' ) will not reduce the signal significantly.

The only other visible particle in the signal events is
the outgoing, "slow" proton. In Fig. 7 the cross section
is shown as a function of the relative energy loss of the
proton, z:—(E'" E'"')/E'", w—hich is equivalent to the
energy of the transmitted photon. All curves clearly
show the threshold at

Note that the suppression of QED background from
ep~eyp where the y goes down the beam pipe necessi-
tates a cut

I Te — e beamS t res ~ (3 2)

where 0„, is the angle down to which photons can be
detected and E, b„ is the energy of the electron beam.
For the ZEUS detector, ' 0„,=3', which leads to a pT,
cut at 1.6 CxeV. From Fig. 5 it is obvious that such a cut
would only affect the signal for very small values of
m —m, below 5 GeV.

Another requirement is, of course, that the electron it-

0.8

g@ 0.1+
b

0.0 e i i & I

50 100 150
e, [ deg ]

FIG. 6. The polar-angle distribution in the laboratory frame
of the decay electron in elastic Fy events. L9, =0 corresponds to
the proton beam direction.
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FIG. 7. The elastic e y cross section as a function of
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'

FIG. 8. The average transverse momentum of the decay elec-
tron in elastic ey events. The value p,

* of the electron momen-
tum in the selectron rest frame [see Eq. (3.1)] is also shown

(dashed curves).

The threshold is not quite as pronounced for light pho-
tinos. This can most easily be understood in the
equivalent-photon approximation. In the threshold re-
gion the cross section for the ye~ye subprocess goes
as' (1 —I /s) for I =0, where s=zs, whereas in the
limit m =m, this cross section is only suppressed by a
factor (1—4m /s)'~, leading to a much steeper thresh-

old behavior.
It is also interesting to note that the curves of Fig. 7

peak at values of z where the detection efficiency for the
proton is maximal, '" around 50% if one uses the "gener-
ic" cuts. Recall, however, that in the case under con-
sideration milder requirements might suffice.

Finally we should mention that the transverse rnomen-
turn of the outgoing proton is typically only 100 MeV,
and almost never more than 1 GeV. The reason is, of
course, that the form factors (2.3) strongly suppress the
cross section at high Q . [Note that Q =(pT~)/(1 —z)
for pT ))Q;„;see Eq. (2.8).] These values of the proton
transverse momentum are too small to interfere with the
proton detection in the forward spectrometer; they also
mean that the missing pT spectrum of the signal events is
practically indistinguishable from the p„, spectrum
shown in Fig. 5.

B. Event reconstruction

Next we turn to simple methods to determine both m

and m from a limited number of events.
y.

In principle the transverse-momentum and polar-angle
distributions of the decay electron are sufficient for this
reconstruction. We have already seen (Fig. 5) that the

pT, spectrum peaks near the value p,* of the electron
momentum in the selectron rest frame, Eq. (3.1). What is
more, Fig. 8 shows that the expectation value of pT, is
also very close to p,'. Be generating samples of signal
events with a Monte Carlo generator we found that ten
events should be enough to determine p,* with an error of

roughly 15%%uo, assuming perfect measurement ofp7;.
Figure 6 shows that the angular distribution of the

electron has a mild peak in the proton direction, which
becomes more pronounced as m +m increases. This isy.
a purely kinematic efFect: larger sparticle masses imply
that the proton has to lose more energy, see Eq. (3.3),
which in turn leads to a stronger boost of the selectron-
photino system into the proton direction. By measuring
the angular distribution of the electron one should thus
be able to determine m +m

A much more direct and simpler determination of this
sum becomes possible if the energy of the outgoing pro-
ton is measured. %'e have already seen in Fig. 7 that in
most events the relative energy loss z of the proton is not
much larger than its kinematic minimum z;„. The
smallest observed z should therefore be a reasonable ap-
proximation for z;„. Indeed we find that with this sim-

ple method one usually overestimates the sum m +m
y

by less than 5 GeV if 10 fully measured events are ob-
served. (This error increases to about 8 GeV in the some-
what pathologic case m =0, due to the difFerent thresh-
old behavior in this case; see our discussion in Sec. III A.)

If one combines this measurement with the measurement
of (pT, ) =p,* as discussed above, one can determine both

m, and m with an error of around 5 —7 GeV, again as-

suming a sample of 10 fully reconstructed events. Given
the simplicity or even crudeness of this method, this is
not too bad a result.

This result can certainly be improved by performing a
maximum-likelihood fit to the actual data with m and

m as free parameters. In between these two extremes
we have devised a method which does take into account
the major correlations between observables, but which
still is based on kinematic considerations only. The basic
observation is that in the center-of-mass, frame of the
e y ~e y subprocess the selectron energy E is fixed,
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s+m —m

2&s
(3.4)

ep ~earp, m-, =40GeV,
2.5 I I I f

)
I I I I

)
I 1 I

m~ = 15 GeV
I i I I

and hence the end points E,—+ of the electron energy spec-
trum arising from e —+ey decay are fixed:

m~ m2 2

E+
2(E, +p, )

(3.5)

o=m +m
y ' (3.6a)

(3.6b)

The end-point energies are a function of the subprocess
invariant mass +s and of the sum and the difference of
the sparticle masses
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where E is either of the two end-point energies. Instead
of using the unknown end-point energies E,— for fixed
+s one can determine b, +(F) where E is the measured
electron energy in the subprocess rest frame for any par-
ticular event. The resulting 6+ spectra for m =40 GeV,
m =15 GeV are shown in Fig. 9. For illustration the ex-

y
act value o =55 GeV was used in Eq. (3.7). Clearly the

(b, +) spectrum is bounded from above (below) by
m —m, and even for a small number of events the in-

formation contained in these two spectra is a powerful
tool to determine the selectron-photino mass difference.
When, for a small number of events, m +m is identifiedy-
with the minimal observed value of &zs = t/2, one often
encounters an unphysical overlap of the 6+ and 6 spec-
tra, which in turn allows a better estimate for the sum of
sparticle masses. Using this trick and correcting for the
systematic shift to larger m +m values due to the limit-
ed statistics we have estimated that for m =40 GeV and
m =5, 15, 25, 35 GeV, ten well-reconstructed events al-

low a reconstruction of m with a statistical error of
1.3—1.8 GeV and of m with a statistical error of 1.2-2.0

y
GeV (both increasing with decreasing photino mass).
Hence even with the observation of only a handful of
elastic ey events a rather precise determination of sparti-

Assuming that the proton momentum is measured in the
forward proton spectrometer, s is determined for each
event. From the complete proton energy spectrum, or
more precisely the threshold at z;„=(m, +m ) /s, the

y
sum of sparticle masses 0. mill be known as well, and
from Eq. (3.5) the only remaining unknown quantity,
5=m —m, can be isolated, albeit with a twofold ambi-

guity:

1

s
1

2E

FIG. 9. The elastic Fy cross section as a function of 5+ and
as de6ned in Eq. (3.7).

cle masses appears feasible, with errors which will soon
be dominated by the resolution of the detectors.

IV. SIGNALS FROM FZ~ AND vS' PRODUCTION

In this section we discuss the signals for the other two
potentially interesting elastic SUSY processes at HERA,
the production of a selectron plus the second-lightest
neutralino and of an electron sneutrino plus the lightest
chargino. Obviously these signals depend crucially on
how the produced gauginos decay, which is strongly
model dependent. We therefore restrict ourselves to a
more qualitative discussion.

A. Selectron-neutralino production

In Sec. III selectron-photino production mas discussed
in some detail, under the assumption that the photino es-
capes detection. Here the production of a heavier neu-
tralino is discussed, which will in general decay visibly.

We work within the framework of minimal supersym-
metry, ' where the masses and mixings of the four neu-
tralino and two chargino mass eigenstates are determined
by the values of three parameters: The gluino mass m,
ihe supersymmetric Higgsino mass p, and the ratio
co—:uz/u& of the vacuum expectation values of the two
neutral Higgs fields (the masses of up-type quarks are
proportional to u2). In general, all of these parameters
can be either positive or negative (the physical gluino
mass is given by ~m ~), but for our purposes only the sign
of the product pm ~ is relevant.

In general neither of the four neutralino states will be a
photino; in this case a factor of 2e in Eq. (2.4) will have
to be replaced by the square of the eLeLZ; or e~e+Z;
couplings given in Ref. 19. Note that the couplings are in
general different for left- and right-handed electrons.
Furthermore the masses of eL and e„can also be quite
different. In this case one expects the signal cross section
to depend strongly on the polarization of the incident
electrons.
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In Fig. 10 we show total cross sections for the produc-
tion of all four neutralino states as a function of m, for
m =m =40 GeV, p=50 GeV, and co= l. 5. The

L R

discontinuities in the curves correspond to level crossings
of the neutralino eigenstates; e.g., at m = —200 GeV the
state that formerly corresponded to the second heaviest
neutralino becomes the heaviest state.

The most remarkable result of Fig. 10 is that Z, pro-
duction is dominant only if (p~ ~

—,~m ~. Outside this re-

gion Z, is dominantly a Higgsino and thus couples only
weakly to electrons; the cross section for Z2 production
might, however, still be sizable in this region. Since the
masses of a Higgsino-like or photinolike state can be ap-
proximated by ~ p ~

and 0. 15
~
I ~, respectively, Z2 pro-

duction will become more important with decreasing
~ p ~;

in the extreme (and unrealistic') case p=O the massless
Z& will never be produced. On the other hand, we find
that at HERA energies the cross sections for the produc-
tion of the two heaviest neutralinos are almost always too
small to lead to detectable event rates.

The produced selectron will usually decay into e+Z,
as before, leading to a hard electron. In principle, the Z2
can undergo two- or three-body decays leading to a ffZi
final state where f is a quark or lepton. Recall, however,
that Z2 production at HERA will only be interesting if
m & 50 GeV, whereas from the Collider Detector at Fer-
milab (CDF) we now know that squarks are heavier
than about 80 GeV. Z decays via real or virtual slep-

tons will thus always dominate over decay modes involv-
ing (virtual) squarks, and also over those decays that
proceed' via 8'or Z exchange.

The signatures resulting from these leptonic Z2 decays

are all very clean. If sneutrinos are the lightest sleptons,
the Z2 will decay invisibly, and the signal will be very
similar to the one discussed in Sec. III. (Because of the
different kinematics, the details of the electron spectrum
will, however, be somewhat different. ) Otherwise the
final state will contain a total of three charged leptons,
one electron, and an /+l pair, where l=e,p, v.. These
three possibilities will occur with (almost) equal rates if
slepton masses are (almost) the same for all generations,
as expected in minimal supergravity. In addition, the
event will have missing pT. As discussed in Sec. III, the
SM background for the electron +gfT signal is very small.
There is no O(a ) SM process that can produce three
charged leptons plus missing pT.

There is still one possibility left, however, that can lead
to a hadronic final state: The decay Z2~Z&HL, where
HL is the light Higgs boson ' of minimal supersymmetry.
If the Z

&
is dominantly a Higgsino and Z2 a gaugino, but

not a photino, this decay occurs with full gauge
strength. ' ' Notice furthermore that the HL becomes
light if either co~i (Ref. 21) or the supersymmetry-
breaking scale is small, which in our case is indicated by
m ~50 GeV; it thus seems quite likely that this decay
channel is open if the eZz cross section is sizable. The
Higgs boson would decay into a bb pair or, if mH & 2mb,

L

into t."c or ~+~ pairs, leading to a partly hadronic final
state. In this case ordinary deep-inelastic neutral-current
events might be a serious background if mismeasurement
produces some fake gfT. This might make it necessary to
include the detection of the outgoing proton into the
event definition, which in turn would reduce the detec-
tion efBciency.

B. Sneutrino-chargino production

48= 314GeV, p. = 50GeV, u =—110 I I

i
i I I I

I
I I I I

)

I I I

15, m, = 40 GeU
I I i i

i
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b Z3

—400 —200 0 200 400
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FIG. 10. Total elastic eZ; cross sections at &s =314 GeV in
minimal supersymmetry where all neutralino and chargino
masses and mixings are given by p, m, and ~. Here and in the
remaining figures the modified effective-photon approximation
has been used. The discontinuities in the curves result from lev-
el crossings of the neutralino eigenstates. Degenerate left- and
right-handed selectrons are assumed.

The signals that emerge from the production of
v, + 8 depend crucially on which of these sparticles is
the hghter one.

If m & m~, the chargino will undergo the two-body
e

decay 8' ~v, e. If, as in minimal supergravity, ' the
different sneutrino species are almost degenerate in mass,
the decays W ~V~ and W ~v,~ will occur with
similar rates. Since in this case the sneutrino is light, it
will decay invisibly. Similar to the case of eZ, produc-
tion the signal in the main detector thus consists of just
one hard lepton. Nevertheless the two cases can easily be
distinguished, since p's and w's can only originate from
8' decays; and even if for some reason m ))m so

P, 7'

that the chargino always decays into an electron, experi-
ments with polarized incident electrons should help to
distinguish eZ, from v, 8' production, since the latter
vanishes for right-handed electrons.

In the opposite case m & m~ the situation is some-
e

what more complicated. The sneutrino will now dom-
inantly decay into e+ W (the alternative decay into
v+Z, involves smaller couplings). The two charginos
will undergo three-body decays into ff'Zi, where f,f'
are two quarks or leptons. These decays proceed via f,
f', or W exchange. Since HERA can only probe the re-
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gion m ~ 70 GeV one might expect the diagrams with vV

exchange to dominate [recall that m ~ 80 GeV from the
CDF (Ref. 20)]; however, these graphs also include the
Z, vv vertex, which is very small if Z, is dominantly a
photino or Higgsino. In minimal supergravity co=1 im-
plies m =M, which means that leptonic S' decaysV

( W ~ l v, Z, with I =e,p, r) that proceed via II ex-
change should dominate in the interesting case m & 70
GeV; in this case the event contains three charged lep-
tons, one of which has to be an electron, and missing
pT —a truly striking signature. However, if co) 1 one has
m )m and hadronic 8' decays become possible. InV

this case the event contains up to two jets plus one isolat-
ed lepton, or up to four jets, in addition to the hard elec-
tron +PT. Only in the last case of only one charged lep-
ton could NC backgrounds be a problem and necessitate
the identification of the outgoing proton.

V. DISCOVERY POTENTIAL AT HERA

In this section we address the question of what regions
of parameter space of minimal supergravity' can be
covered by the search for elastic supersymmetry (SUSY)
processes at HERA. This will be compared to the reach
of the contemporary machines LEP I and Tevatron.

We have already seen (Fig. 10) that the cross sections
for e+Z, production vary strongly if the relevant pararn-
eters of the neutralino sector are changed. Because of the
occurrence of level crossings these cross sections need not
even be contiguous functions of the parameters. The sum
of all four neutralino cross sections is, however, a smooth
function of all relevant parameters.

In Fig. 11 we therefore present lines of constant
,o (ep ~peZ;) for unpolarized incident electrons,

m =m =30 GeV and co=1.5. We have excluded the
L R

region between the dotted curves, where the light chargi-
no is lighter than 25 GeV. Outside this region the total
elastic neutralino cross section does not strongly depend
on p or co', especially for cop~ (0 the cross section de-
pends mainly on m (and, of course m, ).

We also found the polarization dependence of the total
neutralino cross section to be rather mild, as long as we
assume the superpartners of left- and right-handed elec-
trons to be degenerate in mass. If the incident electrons
are right-handed, the total cross section becomes some-
what bigger for large ~m

~
and smaller for small ~mg

The reason is that for large values of ~m ~
the SU(2) gau-

gino is too heavy and the cross section is dominated by
the production of the U(1) r gaugino, which couples more
strongly to ez than to eL. [For large ~m ~

the U(1)r and
SU(2) gauginos are approximate mass eigenstates, with
m, =0.5m2. ] If ~m

~
is small, the SU(2) gaugino com-

ponents of the produced neutralinos, which couple only
to eL, become important.

In Fig. 12 we show lines of constant o(ep~pv, 8' )

for unpolarized electrons, co=1.5 and m =30 GeV.
e

Unlike in Fig. 4 we have included the mixing efFects of
the e8' v, coupling as predicted by minimal supergrav-
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FIG. 11. Lines of constant g", , o'(ep~peZ;) at HERA for
m- =m and unpolarized incident electrons. The region be-
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tween the dotted curves was excluded: it corresponds to a light
chargino with mass below 25 GeV.
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FKJ. 12. Lines of constant a(ep~pv8' ) at &s =314 CxeV
for unpolarized beam electrons.

ity for each combination of co, p, and m . Nevertheless
the cross section is mostly governed by kinematic quanti-
ties: The lines of constant cross section more or less coin-
cide with lines of constant m~ . This is not too surpris-

ing, since all cross sections considered in this paper de-
pend much more strongly on the mass of the produced
charged sparticle than on that of the neutral sparticle,
since the charged-sparticle mass does not only enter
kinematically via the phase space but also dynamically
via the propagator of the relevant u-channel diagram (see
Figs. 1 and 2).

Up to now we have assumed the parameters of the sca-
lar and neutralino/chargino sectors to be independent of
each other. In this case both neutralino and chargino
production can probe the region

~
m

~
8 400 GeV if
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m =m =30 GeV, which is close to their experimental
lower bounds. In minimal supergravity models' there
are, however, relations between gaugino and sfermion
masses. In these models one assumes that all squarks and
sleptons have the same mass mp at the Planck scale M~.
Similarly, all gauginos are assumed to have the same
mass M at M~. These simple relations are, however, al-
tered by radiative corrections, and at the physically
relevant weak scale one has

m =3M, (5.1)

m =m p+0. 15M —0.27D, (5.2)

m —m p+0. 53M —0.23D, (5.3)

m =mp+0. 53M +0.5D, (5.4)

m =m p+7M (5.5)

where D=Mz(1 —co )/(1+co )(0 for co) 1. Equation
(5.5) is an approximation for an "average" light-quark
Aavor and does not hold for t squarks.

The model thus contains four independent parameters
that are relevant in our case: m p and the three parame-
ters that enter the neutralino/chargino sector. We have
already seen, however, that the relevant cross sections be-
come independent of the supersymmetric Higgsino mass

p if ~p~ )200 GeV (see Figs. 11 and 12). We therefore
chose p=500 GeV as a representative value. To be con-
servative we also chose pM~ &0. We finally take co=1,
since values close to one are predicted by minimal su-
pergravity if the sparticle spectrum is rather light, as in
our case. The solid curves of Fig. 13 show discovery lim-
its from elastic SUSY searches at HERA after one year,
corresponding to 200 pb '. Here we require a total of
five elastic SUSY events per year, i.e.,

4

g cr(ep —+peZ, )+o(ep~pv, 8' )=0.025 pb .

searches are concerned luminosity is more important
than energy.

Note also that experiments with left- or right-handed
incident electrons would probe quite di6'erent regions of
parameter space. In the former case v8" production is
most interesting, which is ideally suited to explore the re-
gion of small M, but rather big mp, corresponding to
rather light 8' but quite heavy v. For right-handed in-
cident electrons, e~Z, production is most promising,
which can probe the region of small mp, but big M
favored by certain "no-scale" models. In this region the
e~ is fairly light (in fact one has to be careful to avoid2s
the region to the left of the dotted line, where the ez
would be stable), while the charginos and neutralinos are
rather heavy (except for the Z„of course).

What regions of parameter space can be probed by oth-
er colliders? The UA1 Collaboration has already exclud-
ed the region m ~53 GeV, corresponding to M 17
GeV. At the Fermilab Tevatron the CDF Collaboration
has announced a preliminary bound m ~ 90 GeV, i.e.,
M ~ 30 GeV. For the given combination of parameters a
very similar bound can be deduced if m~ ~40 GeV, as

indicated by studies of UA1 monojet events. The
Tevatron should eventually be able to probe the region
below m = 150—180 GeV, or M =50—60 GeV; this
would cover most of the region where left-handed polar-
ization is of advantage for elastic SUSY searches at
HERA. The forthcoming e+e colliders SLC and LEP
can easily probe the region below m =45 GeV; this is

L, R

quite similar to the region HERA can probe after one
year with right-handed beam electrons. Recall, however,
that the region that can be probed by HERA will grow
substantially with time, whereas at the e+e machines

150, ~ I I I
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I I I I
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I I I I
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I I I I
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This number of events will probably not be sufhcient for a
clear-cut event reconstruction, since in general several
types of events will contribute to the total. However, five
spectacular events of the types discussed in Secs. III and
IV should suKce to show that some new physics has been
found.

The perhaps most surprising result of Fig. 13 is that
the discovery reach of these elastic SUSY processes is
clearly larger than that of the "classical" SUSY processes
at HERA, associate slepton + squark production. The
dashed curve shows an optimistic discovery limit for the
(in our case) most promising of this class of processes,
ezq production, corresponding to m +m =160 GeV.

eR q

The better discovery potential of the elastic processes be-
comes even more obvious after five HERA years
(1 fb '); see the dot-dashed curve. The reason for this
big improvement is that the one-year elastic discovery
limits are still far away from the kinematic threshold, un-
like the case of slepton-squark production, where the
discovery limit after 5 years would only increase by
roughly 30%. We thus see that as far as elastic SUSY

100, 90

75

50 52

25

20 40

m, [GeV]
BO 80 100

FIG. 13. Discovery limits at HERA within the framework of
minimal supergravity where all relevant scalar masses are given
by mo, M, and co, see Eqs. (5.1)—(5.5). The solid (dot-dashed)
lines are curves of constant g;,cr(ep ~peZ; )+a(ep
~pvW ) =0.025 (0.005) pb, corresponding to 5 events/year (5
events/5 years), for different polarizations of the beam elec-
trons. The dashed line shows the discovery limit of the best of
the "classic" SUSY processes at HERA, ep~eRqX, and corre-
sponds to m, +m =160 GeV. The region to the left of the

dotted curves are excluded for the indicated reasons.
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the sensitive region can only be increased appreciably if
the beam energy is increased, as at LEP II.

VI. SUMMARY AND CONCLUSIONS

In this paper we have discussed the elastic production
of supersymmetric particles at ep colliders, such as
HERA at DESY, via the reactions ep ~peZ; and
ep ~p v W . The main advantages of these production
mechanisms are a potentially high-mass reach and very
clean final states. The main disadvantage is the smallness
of the corresponding cross sections, which are not only
of order a, but further suppressed by the form factors of
the proton as discussed in Sec. II. In Sec. II we also
presented a modified equivalent-photon approximation
that includes form-factor effects and works almost as well
as the original effective-photon approximation for e+e
collider s.

In Sec. III it was shown that ten fully measured eZ,
events where the selectron decays into e+ Z

&
and the two

neutralinos escape detection are enough to determine
both m, and mz with a statistical error of 2 GeV or less.

1

Since we assumed left- and right-handed selectrons to be
degenerate in mass, and did not allow for the contamina-
tion of the event sample either by background processes
(which should, however, not contribute more than one or
two events) or by other supersymmetric processes such as
v, W production with subsequent W —+v, e decay, our
simulation cannot be considered to be fully realistic.
However, it clearly demonstrates that the measurement
of the momentum of the outgoing proton in a forward
proton spectrometer is indeed very helpful.

In Sec. IV signals from eZ2 and v, W production
were discussed in a more qualitative manner. We found
that the Z2 decays either invisibly or leptonically, giving
rise to e+gfr and e+1+1 +PT signals (1=e,p, r) which
are practically free of background, unless the Z2 Z, HL
decay is allowed, HL being the light neutral Higgs boson
of minimal supersymmetry. Since the Hl will decay ha-

dronically, standard-model deep-inelastic neutral-current
events with fake missing pT might become a problem if
the outgoing proton is not detected. Similarly, v, W
production leads to an 1 +gfT signature if m &m~
and to e+41+pT, e+1 1 +2 jets+fr, or
e +4 jets+/ T signatures if m )m ~ (some of the jets

may coincide, so that events with a smaller number of jets
are also possible).

In Sec. V we found that, at least within the framework
of minimal supergravity models, these elastic SUSY pro-
cesses can probe a larger region of parameter space than
the "classic" SUSY reactions at ep colliders, ep~eqX
and ep~vqX. They enable HERA to compete with the
contemporary machines LEP I and Tevatron after one
year already. Furthermore, since the one-year discovery
limits are still far away from the kinematic limit, the
discovery reach at HERA is expected to grow much
more rapidly in time than that of LEP I and Tevatron.
We thus see that as far as elastic SUSY searches are con-
cerned, luminosity is more important than energy.

It is sometimes claimed that ep colliders combine the
worst properties of e+e and pp or pp colliders. Howev-
er, in the elastic SUSY processes discussed in this paper
the cleanliness and reconstructability of e+e -events are
combined with the potentially high-mass reach of pp col-
liders, thus leading to a harmonic marriage of purely lep-
tonic and hadronic colliders.
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