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Abstract. Mass limits are presented for various super-
symmetric particles: scalar partners of electrons,
muons, taus and quarks; photinos, winos and zinos.
They were obtained from the analysis of an exposure
of 48.6 pb~* of the CELLO detector at the PETRA
e*e” storage ring up to a center of mass energy of
46.8 GeV. Special attention has been given to the case
where the photino is assumed to be the lightest super-
symmetric particle, but other possibilities have also
been considered.

1 Introduction

1.1 Theoretical Framework

The Standard Model of electroweak and strong inter-
actions, based on the SU3)®@SU)®U (1) gauge
group with spontaneous SU(2)Q U (1) breaking, has
been confirmed by a vast amount of experimental
data. However, for a number of reasons both aesthetic
and theoretical, it is commonly accepted that this
model cannot be the ultimate theory of elementary
particles and of their interactions. This has led to
various attempts at extension schemes among which
one of the most promising seems to be supersym-
metry. In particular, supersymmetric theories have
improved convergence propertics which may help to
stabilize the low scale of electroweak symmetry break-
ing in the presence of other large scales in the theory
(this is the so-called “hierarchy problem” inherent
in Grand Unified Theories). Also, they shed a new
light on the nature of the still mysterious Higgs sector
and, in their local form, they provide a natural con-
nection with gravitation.

One of the most striking features of supersymmet-
ric models [1] is the prediction of multiplets of parti-
cles containing both bosons and fermions [2]. The
minimal particle content of any supersymmetric model
is displayed in Table 1. The equality of the numbers
of bosonic and fermionic degrees of freedom within
each supermultiplet is at the origin of the belief that
supersymmetry may solve the gauge hierarchy pro-
blem [3]. More precisely, in the matter multiplets a
scalar partner (4, dg, Ip, Ig), often improperly called
“left” or “right handed”, is associated with each heli-
city state of the ordinary quarks or leptons. In the
gauge multiplets, with each neutral massless gauge
boson will be associated one Majorana gauge fer-
mion, for instance the photino § with the photon,
or a gluino g with a gluon; with a neutral massive
gauge boson, the Z°, will be associated two Majorana
gauge fermions, the zinos 29 and 23, and one Higgs
scalar, the h?; with a charged massive gauge boson,

Table 1. Minimal particle content of a supersymmetric theory

Spin 0 172 1 3/2 2
Matter [ !
multiplets Gr, dr q

g g

¥ ¥
Gauge * Wi, Wi w*
multiplets K £9, 89 z°

K, A° "
G G

the W=, will be associated two Dirac gauge fermions,
the winos Wi and Wi, and a charged Higgs scalar,
the h?. Supersymmetry therefore provides a frame-
work for the unification between the gauge and Higgs
sectors [4] within which zinos and winos are expected
to have electroweak properties “half way” between
those of gauge and Higgs bosons. In addition, since
at least two Higgs doublets are needed within super-
symmetry to give masses to both up and down-type
quarks [5], resulting in three neutral and one charged
physical states after the Z° and the W= have become
massive, there still remain at least two neutral Higgs
bosons, a scalar h° and an axion-like pseudoscalar
A°, which together are associated with a Majorana
fermion, the higgsino A°. Finally, when gravitation
is taken into account, with the massless spin 2 gravi-
ton is associated a spin 3/2 gravitino G.

Supersymmetry, however, cannot be an exact sym-
metry in nature since we know, for instance, that there
is no scalar particle degenerate in mass with the elec-
tron. Unfortunately, nothing is known a priori about
the details of the symmetry breaking mechanism, and
therefore about the mass splittings within the super-
multiplets except that, if the hierarchy problem is ac-
tually to be solved, they cannot be very much in ex-
cess of the weak scale. If supersymmetry is realized
globally, its spontaneous breaking will lead to a mass-
less Goldstone fermion, the goldstino. If supersym-
metry is realized locally in the framework of supergra-
vity [6], the goldstino will be absorbed to give the
+1/2 polarization states of the gravitino when the
latter acquires a mass as a result of the super-Higgs
mechanism. Since the phenomenology of the gold-
stino is practically identical to that of a light gravitino
[73, we will not consider the goldstino further in the
rest of this article.

When supersymmetry is broken, not only are the
supermultiplets split but mixing occurs between the
electroweak eigenstates to form mass eigenstates [1].
Except perhaps for the supersymmetric partners of
the top quark, it is usually expected that the amount
of mixing is small between the “left” and “right-
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Fig. 1a, b. Feynman diagrams for the interaction of photinos with
matter

handed” scalars, so that in practice they can be treat-
ed as mass eigenstates. This is an assumption that
we will make throughout this article. As the mass
differences between the “right” and “left-handed”
scalars depend on the details of the supersymmetry
breaking mechanism, we have considered in practice
the two extreme possibilities, namely mass degeneracy
(Mg=M,) and very large splitting (Mg <M,). As the
two winos acquire different masses, the relative
amounts of gaugino and higgsino components within
them will be modified, and similarly for the two zinos.
For convenience, we will simply call wino W (zino
%) the lighter of the two winos (zinos), even when
it is more higgsino than gaugino-like. Furthermore,
mixing may occur, but normally to a lesser extent,
between photino, zinos, and higgsino [8]. This addi-
tional mixing will be neglected throughout this article,
which means in particular that we will always consid-
er that the physical photino is purely the supersym-
metric partner of the photon. This hypothesis is found
to be verified in a large class of broken supergravity
models.

No freedom remains beyond that involved in the
choice of a supersymmetry breaking mechanism. In
particular, the couplings of the supersymmetric par-
ticles are completely determined by the field contents
of the mass eigenstates.

For phenomenological studies, a very important
feature present in most supersymmetric models is the
absolute conservation of a multiplicative quantum
number, R-parity [9]. Since R=(—1)*5*32"L all or-
dinary particles have R=1, whereas their supersym-
metric partners have R=—1. As a consequence of
R-parity conservation supersymmetric particles (SP’s)
are always produced in pairs and the decay of an
SP always leads to an odd number of SP’s, of which
the lightest supersymmetric particle (LSP) is absolute-
ly stable. In this article, we will always assume R-
parity conservation.

Cosmological arguments lead to the conjecture
that the LSP should be neutral and colorless [10],
in which case the LSP can be the gravitino, the pho-
tino, the zino, the higgsino, or a scalar neutrino. Un-
less otherwise specified, we will assume that the LSP
is one of these. The interaction of the LSP with ordi-
nary matter then always turns out to be weak. For
instance, if the LSP is a photino, this results from
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the fact that its interaction with a quark (lepton) is
mediated by the exchange of a high mass scalar quark
(lepton) [11], as depicted in Fig, 1. This is the reason
for the universal line of search for supersymmetry:
missing energy and momentum.

1.2 The Experiment

In this article, we report on extensive searches for
supersymmetric particles performed using data col-
lected with the CELLO detector at the et e™ storage
ring PETRA operating at center of mass energies of
up to 46.8 Gev. This is the highest value to date at
which et e™ collisions have been analysed.

A detailed description of the CELLO detector can
be found in [12]. Here, we recall only the main fea-
tures, emphasizing those particularly relevant for su-
persymmetric particle searches.

As we have seen, the distinctive signature of super-
symmetry is the missing energy and momentum car-
ried away by the LSP’s. CELLO features hermetic
calorimetry down to a polar angle of 50 mrad with
respect to the beam axis. For this purpose, the main
component is a 20 radiation length thick lead liquid
argon calorimeter, with fine lateral and longitudinal
segmentation and sixfold sampling in depth. The 16
modules of the barrel part, located in a single cryostat,
cover the polar angle domain |cos()| < 0.86 while the
4 end cap modules span the range 0.92<|cos(6)]
<0.99. The energy resolution for electromagnetic
showers can be parametrized as OJOE/E=5%
+10%/]/E (GeV).

The acceptance gap 0.86 <|cos(6)| <0.92 between
the barrel and end cap regions of the calorimeter was
covered in the spring of 1984 with a lead scintillator
sandwich, called the “hole tagger”, segmented eight-
fold in azimuth, with two samplings after 4 and 8
radiation lengths. Although its energy resolution is
rather poor, it can efficiently be used for vetoing pur-
poses. Finally, at small angles, a lcad glass array ex-
tends the electromagnetic calorimetry from 120 mrad,
at the end of the end cap acceptance, down to
50 mrad.

The barrel calorimeter is located outside a thin
superconducing solenoidal coil which providesa 1.3 T
magnetic field, allowing charged particle momentum
measurment by a set of interleaved drift and propor-
tional chambers. The precision achieved with interac-
tion vertex constraint is 0P/P,=1% P, (GeV/c) for
|cos(6)]| <0.91.

Electrons are identified by an energy deposition
in the calorimeter compatible with their momentum
measurement, and with a pattern characteristic of an
electromagnetic shower. Muons are minimum ioniz-
ing in the calorimeter and, if above 1.4 GeV/c, they
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Table 2. Data samples used in this analysis. Energies are in GeV,
integrated luminosities in pb~!

V<s> Vs [Ldt

Remarks

41.2 40.09-43.18 42 no hole tagger

442 43.15-4522 34

46.0 45.19-46.78 34

44.2 442 9.2 hole tagger installed
46.6 46.6 1.1

43.6 43.6 17.0

4345 4345 14

38.28 38.28 8.9

430 >'48.6

penetrate the 80 cm thick iron absorber surrounding
the detector and are detected in large planar drift
chambers covering 92% of the solid angle.
A summary of the data samples used in the analy-
ses presented in this article can be found in Table 2.
The main elements entering the trigger logic are:

@ charged particle tracks in the central detector iden-
tified by a fast pattern recognition system,

® the energy depositions in each of the calorimeter
modules, and

@ a hit pattern from the barrel muon chambers.

The combinations relevant for the SP searches re-
ported here were:

@ one charged particle track and at least 2 GeV ener-
gy deposition in one barrel calorimeter module or

® an energy deposition of at least 2 GeV in each of
two barrel modules separated by at least 45° in azi-
muth or

@ an energy deposition of at least 3 GeV in one of
the barrel modules or

® two charged particle tracks separated by at least
20° in azimuth and of which at least one is spatially
correlated with a hit muon chamber. This trigger has
been in operation only since the summer of 1985,
in particular for the 17 pb~™! accumulated at
43.6 GeV.

The calorimeter trigger efficiencies were determined
using electrons from radiative Bhabha scattering
events independently triggered by a tag in the small
angle or end cap calorimeters. The charged particle
track trigger efficiency was measured using large angle
Bhabha scattering events independently triggered in
the calorimeter. The muon trigger efficiency was de-
termined using the muon pair sample, as obtained
from an independent trigger on collinear charged
tracks.

2 Overall Strategy for Supersymmetric
Particle Searches

Given a limited center of mass energy, the natural
SP to search for in the first place is the LSP. However,
if it is neutral as commonly expected, its pair produc-
tion will lead to an undetectable final state, unless
the technique of initial state radiation tagging is used,
as first suggested for neutrino counting [13]. A de-
tailed account of this search has already been pub-
lished [14]. Since a charged SP usually has to be
exchanged in such a reaction, as shown for example
in Fig. 2e, the limits obtained this way on the LSP
mass depend on the mass of the exchanged SP. There-
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Fig. 2a-n. Diagrams for the production of supersymmetric particles
in e*e” collisions



fore one may present the same results rather as limits
on the masses of the exchanged particles, and this
is the choice made in this article.

Unless otherwise specified, we make the usual as-
sumption that the photino is the LSP, but will devote
at the end a specific section to the discussion of the
consequences of other choices. In addition, unless ex-
plicitly otherwise stated, we will assume that all de-
cays cascading to the LSP are prompt, which is actu-
ally true if the photino is the L.SP and if no particular
phase space restriction occurs [15].

The search is then naturally directed toward the
next-to-lightest supersymmetric particle (NLSP). If
charged, it can be easily pair produced via one photon
annihilation (see Figs. 2a and 2g). At PETRA ener-
gies, the corresponding production mechanism with
Z° exchange can still be neglected in comparison. If
the NLSP is either a gluino or a scalar neutrino, it
will be very difficult to detect and, in such a case,
the search will rather be directed toward the NNLSP
(the next-to-next-to-lightest supersymmetric parti-
cle!). In practice, the exact hierarchy between photino
and scalar neutrino as LSP and NLSP does not really
matter since the decay will be invisible [16] in both
cases (T — vy or §—¥7).

We first investigate the production of charged
matter scalars. Scalar electrons can be produced in
pairs (see Figs. 2a,b), or singly in association with
a photino (see Figs. 2c, d), or can affect the rate of
radiative production of pairs of photinos (see Figs.
2¢, ). All these cases are considered in Sect. 3. In con-
trast, scalar muons and taus can be produced at an
observable rate omly in pairs (see Fig. 2a). Their
search is described in Sect. 4. Finally, scalar quark
production (see Fig. 2a) is investigated in Sect. 5. Here
the possibility that the gluino mass may be intermedi-
ate between the photino and the scalar quark masses
plays a role in the analysis.

Having shown that the matter scalars are out of
reach, we next turn to the search for the supersymmetric
partners of the weak gauge bosons. These might well
be lighter than their ordinary partners, as suggested
by some supergravity inspired models [17]. Winos
can be produced in pairs (see Figs. 2g, h), or singly
in association with a scalar neutrino (see Figs. 21i, j),
or can affect the rate of radiative scalar neutrino pair
production (see Figs. 2k, 1). Of course, the two latter
cases are of interest only if the NLSP is a scalar neu-
trino. These wino searches are presented in Sect. 6.
The threshold for zino production might be lower
than that of wino pair production since zinos can
be produced in association with photinos (see
Fig. 2m). This is investigated in Sect. 7. In both the
wino and the zino searches, the influence of the rela-
tive amounts of gaugino and higgsino within them
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is taken into account, and the possibility of a gluino
mass intermediate between those of the photino and
the wino or zino is considered.

Having failed to detect supersymmetric particles
under the assumption that the photino is the LSP,
we drop this hypothesis and consider the other possi-
bilities in Sect. 8. If the LSP were a charged particle,
it could be pair produced (see Figs. 2a and 2g), with
a final state consisting of a pair of stable charged
particles. This is investigated for completeness in 8.1
but, as mentioned in 1.1, it is unlikely that the LSP
be charged. With a neutral LSP other than the pho-
tino, the possibility arises that the photino be the
NLSP; since it would then decay, its production
might be detected. The search for such unstable pho-
tinos is presented in 8.2. Given this unsuccessful
search, it remains to investigate how the conclusions
previously drawn in Sects. 3 to 7 under the hypothesis
that the photino is the LSP are affected if the photino
is neither the LSP nor the NLSP. This discussion
is done in 8.3. If the LSP is the higgsino, a new reac-
tion can take place: associated zino-higgsino produc-
tion via s-channel Z° exchange (see Fig. 2n), the analy-
sis of which is described in 8.4.

This completes our searches for supersymmetric
particles, the results of which are summarized and
compared with others in Sect. 9.

Typical SP production cross sections [18] are dis-
played in Fig. 3 in the case where the photino is the
LSP. One can see that pair production of charged
particles is copious, but with a mass limited to the
beam energy; that associated production may give
access to higher masses, but with smaller cross sec-
tions; and that this is even more the case for radiative
production.

The following considerations apply to all the analy-
ses discussed in this article:

® As already stated, the distinctive signature for su-
persymmetry is missing energy and momentum; how-
ever, since initial state radiation and gamma-gamma
interactions tend to produce final states with missing
momentum along the beam direction because of parti-
cles escaping undetected in the beam pipe, we made
use of the missing transverse momentum, with respect
to the beam axis, in order to enhance any signal of
supersymmetry.

¢ The efficiency of each search was determined using
a Monte-Carlo simulation of the reaction under in-
vestigation. Initial state radiation has been taken into
account [197], which is particularly important for the
pair production of particles with thresholds close to
the beam energy. The Lund string fragmentation
scheme [20] was used to model the hadronization
of quarks and gluons. The response of the detector
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Fig. 3a—c. Supersymmetric particle production cross sections, rela-
tive to the p pair cross section, for a beam energy of 22 GeV: a Pair
production of scalar electrons and muons (&, fi), scalar quarks with
charge 2/3 (f), and winos (W). b Associated production. ¢ Radiative
production, with a photon acceptance as in our previous publication
[14]. For comparison, the dashed line indicates the level of radiative
production of neutrino pairs, for three flavours of neutrino. Photinos
and scalar neutrinos are assumed massless where relevant. For §Z
production, M, =M,, =50 GeV is assumed

and of the reconstruction algorithms, the trigger re-
quirements and the selection cuts were simulated in
detail.

@ All limits are given at the 95% confidence level.

3 Search for Scalar Electrons

3.1 Introduction

It is assumed in this section that the LSP is the pho-
tino and that the scalar electron decays promptly into
an electron and a photino.

If the mass of a scalar electron is below the beam
energy, it can be pair produced (see Figs. 2a, b) [21],
the final state consisting of acoplanar clectron pairs

with missing energy and momentum carried away by
the photinos. This search is described in Sect. 3.2.

Scalar electrons can also be produced singly in
association with a photino and an electron (see
Figs. 2¢c, d) [22]. In contrast to pair production, this
process is sensitive to scalar electron masses above
the beam energy. Here the dominant configuration
is that where one of the beam electrons radiates a
quasi real photon which interacts with an electron
of the opposite beam, the radiating electron being
scattered at very small angle and remaining unde-
tected in the beam pipe. The decay of the scalar elec-
tron gives rise to an energetic electron which, for high
scalar electron masses, is distributed fairly isotropi-
cally, and to an undetected photino. The observable
final state will therefore consist of a single electron.
This search is described in Sect. 3.3.

Finally, scalar electrons of even higher mass could
be detected by their effect on the rate of the radiative
production of photino pairs (see Figs. 2e, f) [23],
where the detectable final state only consists of a sin-
gle photon. We refer to our previous publication [14]
for a report on this search.

3.2 Search for Acoplanar Electron Pairs

The following criteria were applied to select acoplanar
electron pairs:

CI1. Two tracks in the inner detector within
|cos(#)| <0.85, and originating from the interaction
vertex.

C2. Either the track momentum or the associated
shower energy above 2.5 GeV for both tracks, or
above 6 GeV for one track and above 1 GeV for the
other.

C3. Acoplanarity of the two tracks between 35° and
170°, The acoplanarity is 180°—¢, where ¢ is the
angle between the momenta of the two particles pro-
jected on the plane transverse to the beam direction.
If the visible transverse momentum is conserved, the
acoplanarity is 0.

C4. A missing transverse momentum above 3 GeV/c.

C35. No other shower visible in the barrel or end cap
calorimeter.

C6. No hit in the hole tagger, or, for the data sample
taken before the installation of the hole tagger, the
missing momentum vector not pointing to the |cos(0)|
range between 0.85 and 0.93.

Cut C3 removes Bhabha scattering and cuts C2,
C3, and C4 efficiently remove electron pairs from
yy collisions. Radiative Bhabha scattering events are
removed by the veto against additional photons (cuts
C5 and C6).

No event was found satisfying these cuts.



3.3 Search for Single Electrons

The following criteria were applied to select single
electron events:

C1. One track within |cos()]<0.85.

C2. An associated shower with transverse energy
E,>03E, ..m-

C3. No other track, and no other shower in the bar-
rel or in the end cap calorimeters.

C4. No signal in a hole tagger octant opposite to
the track in azimuth.

C35. The track must not point in the transverse pro-
jection to the boundary between two calorimeter
modules within + 15 mrad.

Background from radiative Bhabha scattering
with only one electron visible in the detector is re-
moved efficiently by cut C2 which forces either the
other electron or the photon into the end cap accep-
tance in order to balance the transverse momentum.
Another potentially dangerous background comes
from the “virtual Compton” configuration e*e”
—eY(e) where the spectator electron remains in the
beam pipe and the photon goes into the gap between
the barrel and the end cap calorimeters. This QED
process can be removed either by kinematic recon-
struction of the photon direction from the electron
direction and energy, assuming that the second elec-
tron is scattered at zero degree, or by using the hole
tagger as a veto against additional photons (cut C4).
Without the hole tagger veto we would expect ~ 700
events with this kinematic configuration. For this rea-
som, in this analysis we use only the data sample taken
after the installation of the hole tagger. Cut C5 re-
moves 3 “virtual Compton” events where the photon
escapes through one of the 2 cm wide gaps between
the barrel calorimeter modules.

After these cuts there is no candidate event left
containing a single energetic clectron.

3.4 Results

Using the cross section for the pair production of
scalar electrons as given in [24] for arbitrary photino
masses, the null result of the search for acoplanar
electrons translates into the excluded domains limited
by the contours labelled A in Figs. 4a and 4b, for
M,.<M,, and M, =M, , respectively.

To turn the result of the search for single electrons
into limits on SP masses, we took the cross section
for ye — 7€, as computed in [25] for arbitrary photino
masses, and used the equivalent photon approxima-
tion [26]. The scalar electron and photino mass do-
mains excluded by this analysis are limited by the
contours labelled B in Fig. 4.
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The domains excluded by our search for single
photons are limited by the contours labelled C in
Fig. 4.

Altogether, we exclude M,, =M, <34.2 GeV and
M, <268 GeV<M,, for massless photinos, and
M,,=M,, <261 GeV and M,,<23.2 GeV <M,, for
M,;=10 GeV.

8 Search for Scalar Muons and Scalar Taus
4.1 Introduction

It is assumed in this section that the LSP is the pho-
tino and that the scalar muon or tau decays promptly
into its ordinary partner and a photino.

Scalar muons or taus can be pair produced as
shown in Fig. 2a, leading to a final state consisting
of a pair of acoplanar muons or taus with missing
energy and momentum carried away by the photinos.

4.2 Search for Acoplanar Muon Pairs

The following criteria were applied to select acoplanar
muon pairs from 17 pb~?! collected at 43.6 GeV after
the installation of the muon trigger:
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CIl. Two tracks in the inner detector within
|cos(0)]<0.85, and originating from the interaction
vertex.

C2. Momentum above 3 GeV/c and associated
shower energy less than 1.3 GeV for both tracks.

C3. At least one track identified as a muon in the
muon chambers.

C4. Acoplanarity of the two tracks between 20 and
160°.

C5. A missing transverse momentum of more than
4 GeV/c.

C6. No other shower visible in the barrel or end cap
calorimeter, and no hit in the hole tagger.

Cuts C2, C4, and CS5 reject the background from
the two photon process e*e” —{(ee)uu. Radiative
muon pair production e*e” —puy is vetoed by cut
Ceé.

4.3. Search for Acoplanar Tau Pairs

We have searched for acoplanar taus in the two prong
topology which covers 75% of tau pair decays [27].
The cuts are similar to those used in 3.2 for the selec-
tion of acoplanar electrons:

Cl. Two tracks in the inner detector within
|cos(#)]<0.85, and originating from the interaction
vertex.

C2. A momentum above 2.5 GeV for both tracks,
or above 6 GeV for one track and above 1 GeV for
the other.

C3. Acoplanarity of the two tracks between 35° and
170°.

C4. A missing transverse momentum, calculated
from the two charged particles only, larger than
3 GeV/e.

C5. No additional photon in the barrel or end cap
calorimeter, except if its invariant mass with any of
the charged particles was smaller than 2 GeV, nor
in the hole tagger.

Cé6. Acoplanarity of the jet axes, obtained by using
both the tracks and the neutral particles, greater than
20°.

Cuts C2, C3, and C4 reject the background from
the two photon process ¢t e — (e€)tt. Radiative lep-
ton pair production e*e” > 17y, puy and eey is ve-
toed by cut C5. In order to reject these events effi-
ciently, we used only the data sample taken after the
installation of the hole tagger. Cut C6 removes events
from tau pair production with two very acoplanar
tracks of which one has a low momentum.

After these cuts, no candidate event remains.
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Fig. 5. Scalar muon and photino mass domains excluded at the
95% CL for M, =M, _ (full curve) and M, > M, (dashed curve)
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CL for M, =M, (full curve) and M;, > M,_ (dashed curve)

4.4 Results

The results of our searches for acoplanar muons(taus),
with an efficiency of ~20% (~ 10%) for masses around
20 GeV, translate into excluded mass domains as
shown in Fig. 5 (Fig. 6).

In particular, for scalar muons 2.8 <My, =M,
<20.5GeV and 34<M,, <194 GeV<KM,;, are ex-
cluded for M;=0. Similarly, for scalar taus 5.3
<M, =M, <20.6 GeV and 56<M;, <19.5GeV
<M., are excluded.

5 Search for Scalar Quarks
5.1 Introduction

In this Section, we assume that the LSP is the photino,
and investigate the pair production of scalar quarks
(see Fig. 2a). The scalar quark will normally decay
to a quark and a photino, in which case the final
state will consist of hadron jets with missing energy
and momentum. However, if the gluino is the NLSP,
the scalar quark will rather decay to a quark and
a gluino, because the GqZ strong coupling is large
compared to the g7 electromagnetic coupling. With
the subsequent decay § — ¢ g7, the final state will then



consist of 6 “jets” with relatively little missing energy,
leading to rather spherical multihadronic events.

5.2 Search for Jets with Missing Energy
and Momentum

The following requirements have been made:

C1. At least 5 charged particle tracks within
|cos(f)| <0.85, originating from the interaction point
and with a transverse momentum p, > 120 MeV/c.

C2. A total visible energy (from charged and neutral
particles) larger than 0.15 ]/g, and an energy deposited

in the barrel calorimeter larger than 0.07 1/;

C3. A total missing energy larger than 0.45 ]/;, and
a transverse missing momentum larger than 0.18 ]/;

C4. A missing momentum vector and a sphericity
axis both within |cos(6)|<0.80.

C5. The opening angle between the transverse missing
momentum vector and the transverse momentum of
any particle (charged or neutral) > 30°.

Cuts C3 and C5 efficiently reduce the background
from tau pair production, from yy interactions and
inelastic Compton scattering, and from e” ¢~ annihi-
lation into multihadrons. Events produced with a
hard radiated photon are removed by cut C4. All
the events satisfying the above cuts were scanned and
those obviously from an interaction of a beam particle
with the residual gas or with the beam pipe were
removed. One “monojet” like event, shown in Fig. 7,
remains, with all tracks concentrated in a narrow
cone. It may be interpreted as resulting from quark
pair production with hard initial state radiation, the
photon escaping through one of the 2 cm wide gaps
between the barrel calorimeter lead modules. In our
data sample we expect ~0.6 event of this type. This
event was kept as a candidate for limit calculations.

5.3 Search for an Excess of Spherical Events

The CELLO standard multihadronic event selection
procedure is described in [28]. We choose to charac-
terize spherical events by their large aplanarity 4
=3 x E,/2, where E, is the smallest eigenvalue of the

sphericity tensor. For ]/; above 34 GeV the fraction
of events with 4 > 0.1 was found to be rather constant
(~4%).

5.4 Results and Discussion

We present results for the two decay scenarios dis-
cussed in Sect. 5.1, distinguishing whether the gluino
is heavier or lighter than the scalar quark. Only one
flavour of charge 2/3 scalar quarks was assumed to
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Fig. 7. The “monojet” candidate event. Its most likely origin is
radiative quark pair production, with the photon escaping through
a gap between two of the calorimeter modules

be produced. We have considered the case of mass
degenerate “left” and “right handed” scalar quarks,
and that of a lighter “right handed” scalar quark
only. The latter possibility is expected in some super-
gravity models [29] where the lightest scalar quark
is actually the “right handed” scalar top, possibly
lighter than its ordinary partner. In this case, the di-
rect decay to t§(g) is kinematically forbidden and the
dominant decay mode is expected to be to ¢5(g) [30].

5.4.1 Heavy Gluino. In this case the topology to inves-
tigate is that of jets with missing energy and momen-
tum. For light photinos, the detection efficiency de-
creases from 35% for a scalar quark mass of 20 GeV
to 2% for a mass of 8 GeV. For larger photino
masses, the efficiency decreases because of the lower
visible energy. We have systematically assumed that
the scalar quark electromagnetic decay occurs before
its hadronization. However, this assumption is of little
consequence since the R-hadron formed during the
fragmentation process would anyway keep most of
the initial scalar quark momentum, which implies that
the missing momentum carried away by the photino
would be essentially unaffected.

We exclude the following domains: for M;=0, 2.1
<Mz, =M, <21.5GeV and 22<M, <212 GeV
<M, on the one hand; and, for M;=10 GeV, 12.5
<My =M, <213 GeV and 133<M, <208
GeV <M, on the other.

5.4.2 Light Gluino. In this case the relevant search
is for spherical events. The detection efficiency for
events resulting from scalar quark pair production
turns out to be similar to the one of normal multihad-
ronic events for masses around 20 GeV. This is be-
cause the gain in acceptance due to the sin?(§) angular
distribution of spin 0 particle pair production, as com-
pared to the 1+ cos®(6) distribution for normal spin
1/2 quarks, is compensated by a radiative correction
factor which is smaller when the center of mass energy
is not too far above the scalar quark threshold.

The variable used in this search, namely the aplan-
arity, simply measures the average momentum out
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of the event plane. The aplanarity is therefore rather
insensitive to the fraction of 3-jet events. On the other
hand, it does depend on the fraction of n-jet events
(n>3) and, as our Monte-Carlo program generates
jets only up to the second order of QCD, we have
no reliable estimate for the contribution to the aplan-
arity from higher order QCD processes.
Thus, we have used the following strategy:

@ light scalar quarks could be detected as an excess
in the total hadronic cross section; this will allow
us to exclude any scalar quark production up to a
certain center of mass energy;

o we then use the data at that energy to obtain an
estimate of the higher order QCD contribution, and
conservatively use this estimate at higher center of
mass energies;

o this will then allow us to set an upper limit to any
abnormal contribution to the sample of aplanar
events.

From a fit to the combined results from various
PEP and PETRA experiments [28] on the total ha-
dronic cross section in the center of mass range be-
tween 14 and 46.8 GeV, a single “right handed” scalar
quark was excluded up to 13.7 GeV, assuming, to be
conservative, a small value for a; (Agcp =10 MeV) so
that most of the excess over the quark parton model
prediction be attributed to scalar quark production.
Knowing then that no scalar quark threshold could
have occured below 27 GeV, we proceeded to search
for a threshold effect at a higher energy by fitting
simultaneously the strong coupling constant o and
the scalar quark mass, fixing sin” 8, at its world aver-
age value of 0.23. Scalar quark masses up to 15.5 GeV
could be excluded this way. The correlation between
o, and the scalar quark mass was found to be weak
(0.1), as expected since the QCD contribution de-
creases with increasing energy while the scalar quark
contribution would increase. If two mass degenerate
scalar quarks contribute, the limit becomes 18.5 GeV.
Knowing that a light scalar quark with a mass below
~15 GeV is excluded, we used the CELLO high ener-
gy data to perform in an analogous way a fit to the
cross section for events with an aplanarity larger than
0.1, as a function of the center of mass encrgy.

The scalar quark mass lower limit then improves
to 203 GeV if My, =M,_, and to 19.2 GeV if M,
>MTIR'

6 Search for Winos
6.1 Introduction

Winos can be pair produced by one photon exchange
(see Fig. 2g) irrespective of their gaugino-higgsino

content. The contribution from z-channel scalar neu-
trino exchange (see Fig. 2h) which depends on the
scalar neutrino mass and, because of the small elec-
tron mass, only involves the gaugino component of
the wino at the e¥W vertices, always increases the
cross section [31]. Neglecting it can therefore only
yield safer limits.

In associated wino-scalar neutrino production (see
Figs. 21, j), only the gaugino component of the wino
contributes. This is also the case for the radiative pro-
duction of pairs of scalar neutrinos by wino exchange
(see Fig. 2k, 1).

6.2 Wino Decay Scenarios and Search Strategy

The decay of the wino will depend both on its gau-
gino-higgsino content and on the detailed SP mass
hierarchy. We assume in this section that the photino
is the LSP. Three scenarios are then to be considered.

6.2.1 Heavy Gluino, Heavy Scalar Neutrino. If the
wino is the NLSP, it will decay to a photino and
a virtual W (see Figs. 8a and 8b) or to a neutrino
and a virtual scalar lepton (see Fig. 8¢) or to a quark
and a virtual scalar quark (see Fig. 8d). In all cases,
this will result in a lepton or a ¢g pair with missing
momentum. Within this scenario, searches for aco-
planar pair of leptons (possibly not of the same fla-
vour) or jets are relevant to investigate wino pair pro-
duction.

6.2.2 Light Gluino. If the gluino is the NLSP and the
wino the NNLSP, the dominant decay mechanism
will be to gg g (see Fig. 8¢), unless the exchanged sca-
lar quark is substantially heavier than the W. This
is because the g g strong coupling is large compared
to the g7 electromagnetic coupling. With the subse-
quent decay §— qq7, the result will be 4 “jets” for
each wino, with small missing momentum. A search
for spherical multihadronic events is relevant in this
case to investigate wino pair production.

q{
le) (f)

Fig. 8a—{. Diagrams for wino decays



6.2.3 Light Scalar Neutrino. If the scalar neutrino is
the NLSP and the wino the NNLSP, the wino will
exclusively decay to a scalar neutrino and its associat-
ed lepton (see Fig. 8f). As the scalar neutrino decays
invisibly to §v, the final state will consist of a lepton
with missing momentum, and, if the wino has a large
higgsino component this lepton will preferentially be
a tau. Searches for acoplanar lepton pairs are also
relevant in this case to investigate wino pair produc-
tion.

For light enough scalar neutrinos, and if the gau-
gino content of the wino is substantial, associated
wino-scalar neutrino production may give access to
wino masses higher than the beam energy, in contrast
to wino pair production. As already explained in 3.1
for associated photino-scalar electron production,
this is accompanied by an undetected spectator elec-
tron and will therefore lead to a single lepton in the
final state. With the CELLO trigger conditions given
in Sect. 1.2, a search for single electrons is practical
in this case.

The radiative production of pairs of scalar neu-
trinos via wino exchange may give access to still higher
wino masses, again only if the gaugino content in
the wino is substantial. Here the final state will consist
of a single photon, and we refer to our previous
publication for this analysis [14].

6.3 Event Selections

We first list the Sections in which event selections
relevant to the wino searches have already been de-
scribed:

® Acoplanar electron pairs in 3.2.
e Acoplanar muon pairs in 4.2.

® Acoplanar tau pairs in 4.3.

® Spherical events in 5.3.

@ Single electrons in 3.3.

The search for acoplanar electron pairs is actually
also sensitive to acoplanar ey pairs.

The search for jets with missing energy and mo-
mentum described in Sect. 5.2 is well adapted to a
two body decay (4 — ¢7), but it would lead to a lower
efficiency in the present case of a three body decay
(W — q49) because of the smaller missing energy. In-
stead, the following specific search has been per-
formed, with more emphasis on the jet acoplanarity
than on the missing energy. The following require-
ments were first made:

C1. A total energy of a least 2 GeV in the barrel
liquid argon calorimeter.

C2. At least one track within |cos(8)| <0.85 origina-
ting from the interaction point and with a transverse

19

CELLO

Fig. 9. An acoplanar jet event, rejected as a candidate for supersym-
metric particle production, because of an additional hard photon
in the hole tagger (wiggled line), suggesting radiative quark pair
production

momentum p,>400 MeV/c, and one additional track
with p,> 120 MeV/c, and a total energy of the charged

particle tracks above 0.05 ]/§

All particle momenta were then projected onto
the plane perpendicular to the beam axis (R— ¢ pro-
jection). The event was divided into two half planes
in the R— ¢ projection by a line passing through the
interaction point and normal to the thrust axis of
the projected momenta.

The following cuts were then applied:

C3. At least two charged particles in each half plane.
C4. A total visible energy from charged and neutral
particles larger than 0.30]/;.

C5. An acoplanarity above 50°, of the vectorial sums
of the transverse momenta of the particles belonging
to each half plane.

C6. No hard photon in the hole tagger. (Fig. 9 shows
such an acoplanar jet event rejected because of an
additional hard photon hitting the hole tagger.)

Residual background events from beam gas inter-
actions were removed by scanning, After the scan,
we are left with one candidate event, recorded before
the installation of the hole tagger. A Monte Carlo
study shows that in our data sample we expect ~1.2
such events from normal quark pair production. We
kept this event as a candidate for limit calculations.

6.4 Results and Discussion

In this Section, we follow the scheme outlined in
Sect. 6.2.

6.4.1 Heavy Gluino, Heavy Scalar Neutrino. In this
case, only pair production is relevant, and in order
to get results valid irrespective of the gaugino-higg-
sino content within the wino we considered only the
contribution from one photon annihilation.

To interpret the result of our searches for acoplan-
ar lepton pairs, we took into account both W ex-
change (see Fig. 8a) and scalar lepton exchange (see
Fig. 8c) in the wino decay. In the latter case we as-
sumed a scalar lepton mass of 100 GeV, and modified



192

1 [T T T T T T T 0
- acoplanar Leptons
~ [ | =
g ] %
r 05 acoplanar jets 05 tL
2 i o«
o - @
m L.
R mv=o
0 I 1
a 0 5 10 15 200 25
1 LA N LB I B L | 0
r acoplanar Leptons
~ ] | =
{ osr- . Hos |
| acoplanar jets 3
z | =
x - il
| My =4 GeV
/) TR N N R R 1
b 0 5 10 15 20 25
1 LASMRANILEN BELEN B A el o 72 B B e 0
3 acoplangr :
- Leptons =
—_ | i
z g
05 0!
! L mg =10 GeV > ri
2 Y z
x - o
- acoplanar 7
- Jjets
[J) I N e |
(o] 0 5 10 15 20 25
mg;[GeV]

Fig. 10a—c. Wino masses excluded at the 95% CIL, as a function
of the leptonic branching ratio, for the case where both g and ¥
are heavy: a M;=0 GeV, b M;=4 GeV, ¢ M;=10 GeV. The hori-
zontal line in a indicates a leptonic branching ratio of 3x11%
as expected for a wino decaying via W exchange

the Z decay matrix element given in [36]. For small
photino masses the detection efficiency for acoplanar
ee and ey events from W decays rises continuously
from ~2.5% for M,=4GeV to ~45% for M,
=21 GeV and turns out to be independent of the
wino decaying via W or scalar lepton exchange. The
efficiency decreases for photino masses close to the
wino mass because the decay leptons in this case have
little energy. Figure 10 shows the wino masses ex-
cluded as a function of the leptonic branching ratio
assuming equal decay widths into e, y, and 1, for M,
=0, 4, and 10 GeV. If the wino decay proceeds do-
minantly via W exchange, a branching ratio of
3x11% into leptons is expected (horizontal line in
Fig. 10a). If the decay via scalar quark or lepton ex-
changeisdominantoneexpects BR(W — [¥§)~3 x 16%
for the case of equal scalar quark and lepton masses.

The result of the acoplanar jet search is interpret-
ed similarly in terms of the mechanisms shown in
Figs. 8b—d. The detection efficiency rises from 1.6%
at My;=10GeV to 13% for M, =21GeV (M,
=4 GeV). Again, the detection efficiency is insensitive
to the wino decaying via W or via scalar quark ex-
change. Wino mass domains excluded by these
searches are also shown in Fig. 10.

It can be seen in Fig. 10a that, from the combined
search for leptonic and hadronic final states, 7.5
<M, <22.4 GeV can be excluded for massless photin-
os, independently of the leptonic branching ratio. Be-
cause they are essentially restricted by phase space,
no improvement of these limits is obtained by consi-
dering the cases where one of the winos decays leptoni-
cally and the other hadronically. The upper bound
of the excluded domain shows little sensitivity to the
photino mass.

6.4.2 Light Gluino. Here also, only pair production
is relevant. For W masses close to the beam energy,
the efficiency of wino detection in our search for mul-
tihadronic events is ~87%. From the total hadronic
cross section one can exclude wino masses below
21 GeV in the same way as explained in the search
for scalar quarks (Sect. 5.4.2). Similarly, the absence
of an excess of spherical events at the highest PETRA
energy (see Sect. 5.3), sets a mass lower limit of
22.4 GeV for winos decaying mostly to qgg (see
Fig. 8¢). This limit is not sensitive to the gluino mass
and does not depend on the QCD background of
spherical events, as explained in Sect. 5.4.2.

6.4.3 Light Scalar Neutrino. Here the only decay
mechanism to consider is that shown in Fig. 81f.

Our searches for acoplanar lepton pairs, relevant
for wino pair production, exclude the domain of wino
and scalar neutrino masses limited by the contour
labelled A in Fig. 11 for a wino predominantly gau-
gino-like, assuming equal decay widths into e, y, and
7. If the wino is mostly higgsino-like, only acoplanar
taus are to be taken into account and the contour
limiting the excluded domain becomes that labelled
H in Fig. 11.

To interpret the result of the search for single elec-
trons, we used the cross section for ye— WV given
in [32] and the equivalent photon approximation
[26]. A conservative estimate is obtained this way,
since a full calculation taking into account all possible
diagrams [33] systematically leads to a higher cross
section. Our detection efficiency is around 70% for
W masses above the beam energy. For a wino purely
gaugino and assuming an electronic branching ratio
of 1/3, as expected if the three flavours of scalar neu-
trinos are mass degenerate, the domain limited by
the contour labelled B in Fig. 11 could be excluded.
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Fig. 11. Wino and scalar neutrino mass domains excluded at the
95% CL for the case of a light scalar neutrino. Contours A, B,
C limit the domains excluded by W pair production, by associated
W7 production, and by radiative ¥ pair production, all in the case
of a wino mostly gaugino-like, and with equal decay widths into
e, u and 7. Contour H limits the domain excluded by W pair produc-
tion, for a wino decaying exclusively to 77, as expected if it is mostly
higgsino-like

Any higgsino admixture will reduce this domain.

A similar statement holds for the domain limited
by the contour labelled C, excluded by our search
for single photons [14] which is relevant for radiative
scalar neutrino pair production by wino exchange.

Altogether, for massless scalar neutrinos, we ex-
clude winos purely gaugino-like with M, <37.3 GeV,
and winos purely higgsino-like with 39<M,
<21.5 GeV.

7 Search for Zinos
7.1 Introduction

Zinos can be produced by t-channel exchange of sca-
lar eclectrons in association with photinos (see
Fig. 2m). Because of the small electron mass, only
the gaugino component of the zino contributes to
this reaction.

As in the case of the wino, the zino decay will
depend both on its gaugino-higgsino content and on
the detailed SP mass hierarchy. We assume in this
section that the photino is the LSP. The zino may
then decay to a pair of acoplanar leptons of the same
flavour (see Fig. 12a) or of jets (see Fig. 12b). The
two jets may even merge to form a “monojet” if the
zino is sufficiently light. If the gluino is lighter than
the zino, the dominant decay will be to ggg (see
Fig. 12¢) followed by §— qq7, as already discussed
in the case of the wino. Finally, if the scalar neutrino
is lighter than the zino, the latter will decay exclusive-
ly to invisible final states (see Fig. 12d), and the initial
state radiation tagging technique has again to be used

[14].
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Fig. 12a—d. Diagrams for
zino decays

e 5 d)

Therefore, to investigate this reaction we can use
the results of our searches for acoplanar electrons
(Sect. 3.2) and for acoplanar jets (Sect. 6.3). In addi-
tion, a specific search for monojet topologies has been
carried out to study this channel.

7.2 Search for Monojets

After performing the preselection defined by criteria
C1 and C2 in Sect. 6.3 (search for acoplanar jets),
single jets were selected by requiring:

C3. One half of the R—¢ projection plane without
charged particles and with at most 0.5 GeV in the
electromagnetic calorimeter.

C4. A missing transverse momentum exceeding

0.15)/s.

C5. No hard photon in the hole tagger.

Multihadronic final states from e ¢~ — gg(g) and
from yy collisions tend to be balanced in p, and are
efficiently removed by cut C4. More details can be
found in our previous publication on monojet
searches [34]. Residual background from beam gas
interactions was removed by scanning. After the scan
we are left with one candidate, already shown in
Fig. 7. This event was kept as a candidate for limit
calculations.

7.3 Results and Discussion

We assume here that the zino is a pure gaugino. Any
higgsino admixture will lower the production cross-
section and degrade the limits obtained accordingly.
We also assume M,, =M, _; if M, > M,_, the cross
section should be reduced by a factor of ~2. We
used the production cross-section as given in [35]
and, for the zino decay, the matrix element given in

[36].

7.3.1 Heavy Gluino, Heavy Scalar Neutrino. For sca-
lar electron masses above the zino mass and for small
photino masses, the detection efficiency for acoplanar
electron pairs rises from ~28% at M,=35 GeV to
~40% for zino masses above 15 GeV. It varies only
slowly with the scalar electron mass. For M,<M,
the zino can decay into an electron and a real scalar
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Fig. 13a—c. Zino and scalar electron mass domains excluded at the 95% CL, for a zino mostly gaugino-like, assuming M, =M,_. Scalar
electron masses below 34.2 GeV (26.1 GeV) are excluded for M,=0 (M;=10 GeV) by our & search. a domain excluded if Z—ee with
M;=0 (full lines) and M;=10 GeV (dashed lines) for two different branching ratios: 100% and 13%. b domain excluded if Z— ¢47 with
M, =0 (full lines) and M;=10 GeV (dashed lines for two different branching ratios: 100% and 60%. ¢ domain excluded from the combination
of Z—eej and £ — qg¥ assuming a hadronic branching ratio of 60% with M., =0 (full line) and M;=10 GeV (dashed line)

electron. This leads to a variation of the detection
efficiency for M,=M,. A scalar electron mass only
slightly smaller than the zino mass leads to a soft
clectron from the zino decay together with an energe-
tic electron from the decay of the scalar electron. Ge-
nerally, the detection efficiency is ~50% if the scalar
electron is lighter than the zino. As stated in Sect. 3.2,
no acoplanar electron pair was found. Figure 13a
shows the excluded zino and scalar electron mass do-
mains assuming M;=0 (full lines) and M,=10 GeV
{(dashed lines). Scalar electron masses below 34.2 GeV
(26.1 GeV) were already excluded for M;=0 GeV
(10 GeV) by our search for scalar electrons, as indicat-
ed by the vertical lines in Fig. 13a. Contours are
shown for 100% and 13% zino branching ratios into
electrons. If all scalar partners of quarks and leptons
have equal masses, the expected branching ratios of
the zino into quarks and leptons can be calculated
from the known couplings. One then -expects
BR(Z—eef)~13% if M,>M, and ~3.5% if M,
<M,.

As far as the searches for hadronic final states
are concerned, the efficiency of the monojet selection
has a maximum of ~45% for M;~ 10 GeV and drops
to ~18% for M,;=40 GeV. The acoplanar jet selec-
tion efficiency rises from ~3% at M,=15GeV to
13% at M, =40 GeV. The combined efficiency varies
between 30% and 45% and is insensitive to the scalar
electron and scalar quark masses. Zino masses ex-
cluded by this analysis are shown in Fig. 13b as a
function of the scalar electron mass for branching ra-
tios into gg47 of 100% and 60%, the latter being ex-

pected if all scalar quarks and leptons have equal
masses. The full and dashed lines correspond to a
massless and to a 10 GeV mass photino, respectively.
Figure 13¢ shows the combined limit for £ — g4
and 7 — ee¥, assuming a leptonic branching ratio of
13% per lepton generation. Since we consider both
leptonic and hadronic final states this result is insensi-
tive to variations in the leptonic branching ratio. For
M,, =M, <70 GeV, zino masses below ~31 GeV are
excluded, with little dependence on M, < ~10 GeV.

7.3.2 Light Gluino. In this case, the detection effi-
ciency of the single jet selection drops rapidly from
~50% at low zino masses to below 4% for zino
masses above 25 GeV while the acoplanar jet selec-
tion starts to become sensitive for zino masses above
beam enery. The combined detection probability var-
ies between 50% at low zino masses and ~20% for
zino masses above the beam energy and is almost
independent of the scalar quark and lepton masses.
Figure 14 shows zino mass domains excluded by this
analysis for gluino mass assignments of 5 and 10 GeV.
In both cases we have taken M,=0. The contours
are shown for a 100% branching ratio into ¢4¢ since
this decay, if kinematically possible, is expected to
be dominant. Again, for M, =M, <70 GeV, zino
masses below ~ 30 GeV are excluded.

7.3.3 Light Scalar Neutrino. In this case, as the zino
decays invisibly (see Fig. 12d), radiative zino pair pro-
duction has to be used: our single photon search [14]
excludes mass domains as shown in Fig. 15. For mass-
less photinos, no domain in zino and scalar electron
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Fig. 14. Zino and scalar electron mass domains excluded at the
95% CL, for a zino mostly gaugino-like, if 7 —» g g g with M, =5 GeV
(full line) and M, =10 GeV (dashed line) for a 100% branching ratio
into qgg. M, =M, is assumed. Scalar electron masses below
34.2 GeV are excluded for M;=0 by our & search

5\02
20 éLé &
e/\v
5 —
& excluded i
g« ok 95%CL.
Mg=10Gev

50

Fig. 15, Zino and scalar electron mass domains excluded at the
95% CL, for a zino mostly gaugino-like, if Z— v¥ for M;=10 GeV.
M., = M,, is assumed. Scalar electron masses below 26.1 GeV are
excluded for M; =10 GeV by our & search

masses extends in the region not already excluded
by the scalar electron search. For M;=10 GeV, zino
masses below ~22 GeV are excluded for M,, =M,
=26 GeV, but no excluded region remains for scalar
electron masses above 30 GeV.

8 What if the Photino is not the
Lightest Supersymmetric Particle?

Having failed to detect any signal for supersymmetry
under the assumption that the photino is the LSP,
-we are led to contemplate the other possibilities. We
will consider in turn:

® a charged LSP.

o a neutral LSP, with the photino as NLSP.

e a neutral LSP, with a heavy photino.
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8.1 Search for Charged Stable
Supersymmetric Particles

In this section, we investigate the possibility that the
LSP be a charged stable particle. As for any charged
SP, the dominant production mechanism will be pair
production via s-channel one photon exchange (see
Fig. 2a and 2g). In addition, if the produced LSP
is a scalar electron, t-channel photino exchange will
also contribute (see Fig. 2b); and similarly scalar neu-
trino exchange for wino pair production (see Fig. 2h).
However, in the latter case, because of the small elec-
tron mass, the t-channel exchange contribution is re-
duced by the a priori arbitrary amount of higgsino
component within the wino. Since the interference be-
tween the diagrams shown in Figs. 2g and 2h is al-
ways constructive [31], we will ignore the contribu-
tion from scalar neutrino exchange to obtain safe lim-
its on wino production, independent of its gaugino
content.

Pair production of new charged stable particles
will appear in CELLO as an excess in the muon pair
production cross section. We have measured [37]

R,,=0,,/00e0=098+0.0440.04 at |/s=43.0 GeV,
where oggp=4no?/3s. The momentum and accep-
tance cuts applied in this analysis were p> 10 GeV/c
and |cos(6)| <0.85 for both tracks.

This result translates into a lower limit of 19.6 GeV
for the mass of a stable wino, and of 154 GeV or
17.6 GeV for a stable scalar muon (or tau ), depending
whether Mp<M; or Mg=M,. Using the production
cross section given in [24], scalar electron and pho-
tino mass domains can be excluded, bounded by the
contours labelled D in Figs. 4a and 4b for M,, <M,
and M, =M, , respectively.

Although the possibility exists that a scalar quark,
in particular a scalar top, be the LSP, we did not
perform this analysis, the result of which would
strongly depend on the scalar quark hadronization
model.

8.2 Search for Unstable Photinos

In almost all the cases where the photino is considered
unstable, its dominant decay is to a photon accompa-
nied by an escaping LSP. Particularly noteworthy ex-
amples are 7— Gy [38] and §— %y [39]. There is
an important exception if the LSP is a scalar neutrino
but, as already indicated, the phenomenology would
then be the same as for the opposite mass hierarchy.
The case of a light zino is very similar to that of
a light higgsino.

8.2.1 Promptly Decaying Photinos. We will first as-
sume that the photino lifetime is sufficiently short for
its flight path to be negligible.
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Photinos can be pair produced via t-channel sca-
lar electron exchange (see Fig. 16a). The final state
is then two photons with missing energy. Depending
on the photino mass, one expects two different types
of event topologies. As their mass is increased, the
photinos tend to decay more and more isotropically
in the center of mass system, giving rise to two acop-
lanar photons; if the photinos are light, the decay
products are boosted in the photino directions, which
results in two nearly collinear photons, however with
missing energy.

To select these topologies, the following selection
criteria were applied to a 33.7 pb~! data sample:

C1. No track in the inner detector.

C2. Two showers with an opening angle exceeding
15°.

C3. Each shower with an energy >2 GeV, within

|cos(0)| <0.85 and fiducial cuts at the calorimeter
module edges.

C4. No hit in the hole tagger.

Cosmic showers have been suppressed by timing
cuts on the calorimeter energy signals and by cuts

on the shower direction and longitudinal develop-
ment. A more detailed description of these cuts can
be found in [14, 40]. The losses related to the cosmic
rejection procedure were determined using as control
sample the collinear photon pairs.

After the cosmic rejection, two classes of events
were selected, one for heavy photinos (a) and one
for light photinos (b):
® (a) acoplanarity between 10° and 165°
® (b) acoplanarity <10° and acollinearity <20° and

the sum of the cnergies of the two photons
<1.5E;.um-

No candidate event remains.

The region in photino and scalar electron masses
excluded by this analysis is shown in Fig. 17a, for
M,, =M, and using the cross section given in [41].

‘For M, =M, =100 GeV, photino masses below

15 GeV are excluded.

8.2.2 The Role of the Scale of Supersymmetry Break-
ing. We now take explicitly into account the finite
lifetime of the produced photinos, restricting our anal-
ysis to the case where the LSP is the gravitino (if
the LSP is the higgsino, the effects of finite lifetime
become noticeable for photino masses lower than a
few hundred MeV [39]).

The photino lifetime [38] and the gravitino mass
{71 are related to the scale d of supersymmetry break-

ing: 1,=8md*/M; and Mg=]/(8nGy)d/)/6, where
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Fig. 17a—¢. a Photino and scalar electron masses excluded at the 95% CL for promptly decaying photinos. b As in a for photinos decaying
into a photon and a gravitino, but taking into account the finite lifetime, and assuming d=(300 GeV)?: Contour I is the result obtained
from pair production of photinos with both photinos decaying inside the detector. M, =M., is assumed. Contour II is the same, but
with only one photino decaying inside the detector. Contour III is the same, but with both photinos escaping the detector, thus using
the radiated photon tagging technique. The dashed contour limits the domain excluded by the combination of these results. ¢ Unstable
photino masses excluded at the 95% CL as a function of the scale parameter d or of the gravitino mass Mg. The full line results from
7 pair production for M, =M, =40 GeV. The dashed contour results from the study of associated photino-gravitino production, and

is independent of the scalar electron mass



Gy is the Newton constant. For d=(300 GeV)?, that
is Mz=1.5-10""¢V, the photino must have a mass
of at least 300 MeV to have a decay length
yBet <1 m. Figure 17b (contour T) shows the modifi-
cation to be brought to Fig. 17a when the finite pho-
tino lifetime is taken into account, and d = (300 GeV)>.

This analysis can be improved toward smaller
photino masses (i.e. longer lifetimes) by taking into
account the topology where only one of the two pho-
tinos decays inside the detector. In this case, the visi-
ble final state will consist of a single photon. The
results of our search for single photon events [14]
exclude the domain limited by contour Il in Fig. 17b.

For still longer lifetimes both photinos will escape
the detector before decaying. However this case can
still be analysed by using the initial state radiation
tagging technique [23], and our single photon search
can therefore be used to exclude the domain limited
by contour III in Fig. 17b.

Up to now we have presented our results for a
fixed value of d=(300 GeV)?. We can equally well
exclude a domain of photino masses as a function
of the scale parameter d for a given value of the scalar
electron mass. This is shown in Fig. 17¢ (full line)
for M,,=M,, =40 GeV. The upper bound is due to
phase space limitation, the lower bound to the re-
quirement that at least one photino must decay within
the detector. However, the excluded domain vanishes
for M, =M, >130 GeV.

- An interesting result can still be obtained even
in this case by studying the associated production
of a photino and a gravitino [23, 42], since this pro-
cess can proceed via s-channel one photon exchange
(see Fig. 16b, as obtained from §— Gy by crossing).
One has to distinguish again two cases: a short 7
lifetime leading to a single decay photon in the final
state, and a long 7 lifetime necessitating the use of
the initial state radiation tagging procedure. Using
once more the result of our search for single photons,
we exclude d<(80 GeV)* for M;<35GeV, and
d<(225 GeV)? for 200 MeV < M; <10 GeV. This re-
sult, which is independent of the scalar electron mass,
is shown in Fig. 17¢ as a dashed line.

8.3 The Case of Heavy Photinos

We now suppose that the photino is too heavy to
play a role in the search for supersymmetric particles
at PETRA energies, and we will consider the other
neutral colorless LSP candidates.

If the LSP is a scalar neutrino [43]:

@ Scalar leptons will decay to their associated scalar
neutrino and to a virtual W in a way very similar
to the wino decays shown in Figs. 8a and 8b. The
limits on scalar electrons, muons and taus therefore
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become similar to those obtained for the wino in
Sect. 6.4.1, slightly worse however since scalars rather
than fermions are pair produced here.

@ No attempt was made to infer from the analyses
described in Sect. 5 a scalar quark mass limit in the
unlikely case that it is the NLSP. However, the limit
derived if the gluino is the NLSP should be essentially
unaffected.

@ Naturally, the limits derived in Sects. 6.4.3 and 7.3.3
for the wino and the zino in the case of a light scalar
neutrino are unaffected.

If the LSP is the gravitino, and if it is not vanishingly
light, it practically decouples [7]. The NLSP then ef-
fectively plays the role of the LSP, and no additional
discussion is therefore needed in this case.

If the LSP is a very light gravitino, or a zino,
or a higgsino:

® The limits derived in Sects. 4 and 5 for scalar
muons, taus and quarks are practically unaltered.

® The limits obtained in Sect. 3 from associated &y
production and from photino pair production no lon-
ger apply. In addition, since in scalar electron pair
production the f-channel photino exchange is now
depressed by the higher photino mass, the mass limits
on scalar electrons become similar to those obtained
for scalar muons or taus, probably slightly better be-
cause of a higher detection efficiency.

o The limits obtained in Sect. 6 for the wino are
practically unaffected.

@ The limits obtained in Sect. 7 from the associated
production of a photino and a zino no longer apply.
However, if the 1.SP is the higgsino, a new production
mechanism for zinos, in association with higgsinos,
can take place; this is discussed in the next Section.

8.4 Associated Zino-Higgsino Production

It is assumed here that the LSP is the higgsino, in
which case associated zino-higgsino production may
be kinematically allowed, and occur via s-channel Z°
exchange as shown in Fig. 2n. The Z° decay width
into Zh° is given in [44]. With subsequent 7 —eeh®
or qgh° decays, proceeding via Z° exchange as shown
in Fig. 18, the analysis in 7.3.1 applies with minor
modifications. A zino mass lower limit of 31.3 GeV
is then set in the most favorable case where the zino

Nt
N
!
]
—
N
N
]
o
o

Fig. 18. Diagrams for Z decays, if the LSP is the higgsino
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is purely higgsino-like, and assuming M, =0. This limit
is degraded by any gaugino admixture in the zino,
or if the higgsino becomes massive.

9 Summary and Conslusions

In a broad search for supersymmetric particle produc-
tion in e* e~ reactions up to a center of mass energy
of 46.8 GeV, no positive signal has been observed,
and a comprehensive set of mass limits has been de-
rived. The results presented in this article and in [14]
supersede those reported in previous CELLO publi-
cations [45].

Given the unavoidable complexity involved in the
presentation of supersymmetric particle (SP) mass
limits if one wishes to take into account all possible
choices for the lightest supersymmetric particle (LSP),
we prefer to summarize and discuss our results under
the single but also most common assumption that
the LSP is the photino. Figure 19 shows the domains
excluded, at the 95% CL, for the masses of various

95% CL.
EXCLUDED RANGES
@D My=10GeV

My= 0GeV

= {light gluino

Cl) ML=MR
b) ML>>MR

10 20 30 40
M—=[GeV]

Fig. 19. Supersymmetric particle mass domains excluded at 95%
CL by the analyses reported here, assuming that the photino is
the LSP with two assumptions on the mass : M;=10 GeV (and
a heavy §), and for massless photinos (with a light g). The wino
mass limits have been computed, in the case of massless photinos,
for a leptonic branching ratio of 1/3. The zino mass limits have
been computed for M,, =M, =70 GeV

SPs. Our results are presented assuming a massless
photino on the one hand (with a light gluino where
relevant: §, W, 2), and for a photino mass of 10 GeV
(with a heavy gluino) on the other; the scalar neutrin-
os are assumed not to be significantly lighter than
the charged scalar leptons.

Some of these limits (f, %, §, W) are fundamentally
restricted by the available center of mass energy. As
far as e* e~ experiments are concerned, the best limits
therefore come from PETRA (this article and
[46,47]), and they should not be improved in the
near future, at least until sufficient data has been col-
lected at TRISTAN or SLC. Some others are essen-
tially limited by the accumulated luminosity, namely
those which result from the search for a t-channel
propagator effect (&€ for massless photinos). In this
case, the best present limits come from PEP [47, 48],
but the CELLO results should be significantly im-
proved with the analysis of the 1986 run at 35 GeV
center of mass energy in which a luminosity of
~90 pb~*! has been accumulated. Finally, some limits
suffer from both limitations (¢ for higher photino
masses, Z); in this case, the most constraining results
come from PETRA.

As far as non e*e” experiments are concerned,
the most stringent limits come from the UA 1 experi-
ment [49] at the CERN pp collider, but up to now
results have been presented only for scalar quarks
and gluinos. For the other supersymmetric particles,
it is unlikely that mass limits at the level of those
obtained in e e~ experiments will be obtained at
hadron colliders in the short run, except perhaps for
the wino from the search for the decay W* — 7.

Although no evidence for supersymmetric parti-
cles has been found with the present machine energies -
and luminosities, supersymmetric theories still keep
their attractive properties. Continuing the investiga-
tion will therefore remain worthwhile with the next
generation of colliders.
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