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A Direct Search for
Neutralino Production at LEP

The OPAL Collaboration

Abstract

A search has been performed for the production of neutralinos (x, x') in e*e~ annihilation at
energies near the Z° pole. No evidence for these particles was found either in searches for events
with two acoplanar jets, low visible energy, and missing p; (sensitive to Z° — xx' — xxff) or in
searches for single-photon events (sensitive to Z® — xx' — xx7v). Model independent upper limits
(at the 95% C. L.) on the branching ratio for the decay mode Z® — xx’ of a few 10~* are obtained
for most of the range of neutralino masses that is kinematically accessible at LEP energies. Upper
limits on th¢ mixing factor of neutralinos are also placed as a function of the neutralino masses.
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Introduction

In supersymmetric theories[1], the super-partners of the v, Z° and Higgs bosons mix to form four
mass eigenstates that are called neutralinos [2,3,4]. Since the Z° is expected to have a sizeable
coupling strength to a pair of neutralinos, the LEP ete~ collider at CERN provides an excellent
opportunity to ‘sea.rch for neutralinos produced in Z°® decay.

In this analysis, we assume that the lightest neutralino (x) is the lightest supersymmetric
particle. The heavier neutralinos (x’) can decay into the x through

x = xff

x = x7.

We assume that these are the only decay modes of the x’, and that the masses of the h® (Higgs) and
x* (chargino) are sufficiently large so that x' — xh® and x' — x* f f* are kinematically forbidden.
If R-parity is conserved, the x is stable; and if the super-partners of the quarks and leptons are
heavy, the x has an interaction cross-section in matter comparable to that of weak interactions.
The x will therefore not be directly observed in the detector.

The aim of this study is a direct search for the production of xx' pairs. The relevant processes
are ete™ — xx — xxff and ete” = xx' — xx7v. In calculating decays, we assume that x’
decays into x f f are mediated by only the Z° which is expected if the mass of the Higgs and the
scalar leptons and scalar quarks are assumed to be heavy (> 100 GeV/c ). In this paper, upper
limits on the branching ratios BR(Z° — xx' — xxff) and BR(Z° — xx' — xx7v) are presented as
a function of the masses M, and M,,. These results are combined to give an upper limit on the
branching ratio BR(Z° — xx') that is independent of any assumption about the relative strengths
of the x' — x f\f and x' — xv decays. The limits on these branching ratios are interpreted in the
context of the minimal supersymmetric standard model[5], and limits are placed on the mixing
factor of the neutralinos.

Apparatus

The data were! recorded with the OPAL detector during the 1989 and 1990 LEP runs (through
May 1990) durmg scans of the Z° resonance. The center of mass energies ranged from 88.3 to
95.0 GeV. Theseidata correspond to an integrated luminosity of 2.1 pb~*. The OPAL detector is a
multipurpose apparatus consisting of a system of central tracking chambers inside a solenoid that
provides a uniform magnetic field of 0.436 T. The most important tracking element for this analysis
is a cylindrical ‘drift chamber, four meters in length and two meters in radius, containing 159 layers
of sense wires in 24 azimuthal sectors. The solenoid is surrounded by time-of-flight scintillation-
counters, and a lead-glass electromagnetic calorimeter, Similar calorimetry covers the two endcaps
of the detectorL The electromagnetic calorimeter consists of a cylindrical array of 9,440 lead-glass
blocks, each 10.cm X 10 cm in cross-section with 24.6 radiation lengths thickness, oriented to point
approximately towards the interaction point, and two endcaps of 1,132 lead glass blocks each, with
20.0 radiation lengths thickness, oriented parallel to the beam direction. The iron return yoke
of the magnet is instrumented with 9 layers of streamer tubes, which provide hadron calorimetry
and muon identification over nearly the whole solid angle. Signals of the hadron calorimeter are
read from pads and strips in each layer. Muons are also identified in four layers of drift chambers
surrounding the hadron calorimeter. A small-angle calorimeter and proportional tube chambers,
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called the forward detector, serves as a luminosity monitor. The components of the OPAL detector
are described in more detail elsewhere.[6]

Analysis
The xx' — xxff mode

The cleanest signature of this process is an event topology of large missing momentum and large
acoplanarity due to the two undetected neutralinos {x); hence we searched for acoplanar two-
Jet events with small visible energy. Jets were defined using the JADE algorithm(9]; since a jet
could consist of a single charged particle, lepton-pair events were classified as two- jet events in this
analysis. Thus quarks and leptons were treated inclusively for the final state fermion pair.

For the calc,_ula.tionlof the quantities used in the following selection, both charged tracks and
electromagnetic clusters were used. Tracks were required to satisfy the following conditions:

* The impact parameter (dy) in the plane transverse to the beam was required to be less than
lcm,

« the magnitude of z;, the z coordinate of the point of closest approach to the beam, was
required to be less than 35 cm, and

¢ the number of hits associated to the track was required to be 50 or more,

: The energy of each electromagnetic cluster was required to be larger than 100 MeV in the barrel
region and 200 MeV in the endcap region. To avoid the double counting of particle energy, clusters
in the electromagnetic calorimeter with an associated charged track were eliminated, provided their
energy was less than 1.5 GeV, or the ratio between the energy of the cluster and the momentum of
the associated track was greater than 0.7 but less than 1.5. If an electromagnetic cluster did not
satisfy these conditions, then the cluster was retained and included in the energy and momentum
calculations described below.

The visible energy (E,;,) was defined as the sum of the energy of charged tracks (assuming zero
mass) and neutral clusters. Figure 1(a) comparess the distributions of a sample of 7 events (dots)
‘and KORALZ[7] Monte Carlo events (histogram)., The distributions of a sample of multihadronic
.. events (dots) and LUND([8] Mente Carlo events (histogram) are shown.in Figure 1(b). Satisfactory
- agreement of the visible energy distributions between the real events and the Monte Carlo events

is obtained for both the 77 events and the multihadronic events.

é Tﬁe follow‘ing‘ cuts were applied to select the events in the data:

(1) Thé_ehergj' degoéitgd in the forward detectors had to be less than 5 GeV.

©(2) |eosby| < 0.7, "w.'here-‘orl is the angle between the thrust axis of the event and the beam
' direction. - =~ S - ' ' : ‘

.- 43) |zvixl £ 10 ¢cm, where 2, is the average 29 of the charged tracks selected by the criteria of
+ .the dp and the number of hits described above. ' : ‘

Cuts (1)-(3) stfox1gly ;ejected- the backgrounds ffom beam-wall and beam-gas events.
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(4) Eyis € Epeam; Where Eycam is the beam energy.

This cut rejected multihadronic background, Bhabha and pu events. Figure 2(a) shows the observed
visible energy distribution. The peak in the data at low E,;, comes from two-photon events.

The follow-ing selection criteria were required to select two-jet events.

(5) A jet a.nalysls was performed using the JADE method[9) W1th the parameter Yy, of 0.035.
The nu.mber of “jets” was required to be equal to two.

(6) At least 1 charged particle with momentum larger than 1 GeV/c was required in each jet.

(7) | cos@jeri| < 0.8 ( i=1,2),

whete 8je.,; is the angle between the direction of the sum of the momenta in the i-th jet (Fjet,i)
and the beam direction.

(8) A¢ > 25°, where the acoplanarity A¢ is defined by

cos(Ad)) (p_ut 1 X Pe) (ﬁ;el 3 X ﬁe)
|pJ=¢.l X Pel « lPJet 2 X Pel

and 7, is the momentum of the incoming electron.

Figure 2(b) shows the observed acoplanarity angle distribution after cuts 1-7. The xxf f events
tend to have large acoplanarity angles due to the large missing momentum carried by the two
undetected neutralinos. This cut eliminates the backgrounds from the e*e~ — 7T process and
reduces two-photon backgrounds.

In xxff events, the vector sum of the transverse momenta in the event (Prum) may be large
due to the undetected neutralinos. Two-photon events without energy deposited in the forward
detector tend to have small Prgum. Since the forward detector covers the region 6 > 50 mrad, the
largest Pr which can be carried away by an unobserved electron or photon is about 2 GeV/e. To
eliminate two-photon background, the following cut was applied:

(9) Proum = 5 GeV/c

No events surwved these cuts. Figure 2(c) shows the event Pr,,m distribution after the cuts (1)
through (8) (solid histogram).

In order te estimate the significance of this null result, a Monte Carlo simulation of this process
was performed. The four-particle final state (xxf f) was generated according to the following
matrix element [2};

‘da(e* (pr)e™(pa) = x(k1)x'(g2) = x(k1)x(ka}f(p3)F(p4))
« [(pa + pa)? — M3]*(pr-k1p3-qa + Pr-qapa- k1 — 10'P1-PaMy My )
x (P3-kagz-Pa + P3-@apa-ka + ' pa- paMy M, )d @),
where py, P2, 43, k1, k3, D3, py are the 4-momenta of the particles. Mgz is the mass of the Z° and

d®(4) is the four-body phase space; 7 and n' are the uignu in the Majorana condition on x and X/,
respectively (77’ = £1)[{4]. The partial decay width of x' into a particular fermion spec1es is given

by (2]
T(x' = xfH«{(Ta—Q sm’ﬂw)’ +Q? sm‘Bw],
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where T3, Q and 8w are the third component of the weak isospin of the fermion, the electric charge
of the fermion and the weak mixing angle, respectively,. We have used our measured value of Mz
given.in [10] (91.1 GeV/c?) and sin?0y was taken, to be 0.23. The branching ratios. for + decay
‘were taken from [11], and the quark pair fragmentation into hadrons was modelled using the LUND
Monte Carlo program JETSET?.2. The Monte Carlo events were passed through the detector
simulation[12], and then through the same analysis program as the real data to determine the

efficiencies of the selection criteria. Figure 2 also shows all the relevant distributions of the simulated

o events for M, =15 GeV /c3; M,i=60 GeV/c? and 7n’ = —1'(dotted histograms).:For both ' = +1

and np' = —1, the detection efficiencies were estimated by Monte Carlo simulation for various
points on the (M,, M,/) plane. The region My — My < 3 GeV/c? was not considered because
of the limitations of the fragmentation model. 'The efficiency of every point on the (M, M)
plane was obtained using the interpolation of the Monte Carlo results. The trigger efficiency was
estimated to be greater than 95% from studies of the trigger efficiencies for multihadronic events
- and lepton-pair events. A systematic error of 10% was folded into the detection efficiency to take
into account the uncertainties in the luminosity measurement, the detector simulation and the

fragmentation model.

The upper limit (at the 95% confidence level) on the product of the branching ratios BR(Z° —
xX' — xxff) was calculated from the number of the multihadronic events in the data sample used
in this analysis (55150 events), the Z® total width (Tz), the partial width into hadrons (T'had) and
the detection efficiencies estimated above. For I'; and I'jpq we have used again the values given in
(10] (2.54 GeV and 1.84 GeV, respectively )- Multihadronic events were selected according to [10].
The limits for ny' = +1 and ' = -1 were calculated independently. The difference of these two
limits is small, and at each point on the M, versus M, plane we used the larger value to place
the upper limit on the branching ratio. The limit on the branching ratio is shown in Figure 3 as a
function of the neutralino masses.

The xx' ‘—-r;,x‘x'y mode

Since the lightest neutralino x is invisible, events from this process would be observed as “single
photon” events. In order to select such events, the following selection cuts were applied.

(1) The energy deposited in the forward calorimeter had to be less than 5 GeV.
(2) There had to be no gdbd track in the central detector.

(3) The event was vetoed if it contained more than one electromagnetic cluster consisting of more
than one lead glass block and with a total cluster energy exceeding 2 GeV..

These cuts select events with a single neutral cluster. To select events well:contained in the batrel

region and to reduce cosmic-ray backgrounds, the cluster was required to satisfy the following

conditions: . . - . v S : -

(4) The corrected energy of the cluster had to be greater than 10 GeV. This energy correction was

-performed assumiing the incident particle to be a photon. The distribution of the corrected

© ... -energy is shown in Figure'4(a). - ‘ - e e

4 (5) The number of lead glass blocks of the cluster had to be greater than two, but less than or
equal to 20. R : o - g



(6) | cosfy| < 0.7 where 6, is the angle between the cluster and the beam direction. Figure 4(b)
shows the polar angular distribution of the neutral cluster. :

To reject cosmic-ray backgrounds, the following selection criteria were required.

(7) There had to be no muon track in either the hadron calorimeter or in the muon chambers.
. | . . o '

(8) The total énergy deposit in the hadron calorimeter was required to be less than 8 GeV.
The number of total hits of the hadron calorimeter strips in the layers from 3 to 9 had to be
less than 2.

Some cosmic-ray backgrounds survived these cuts. Since the cluster shape from cosmic-rays
was quite different from that of photons, a shower shape fit was performed on all remaining events.
We defined the shower shape parameter x3p as

1 Ny (E‘meﬂ' — E:xp(e, ¢))2

2 _

=1 7

where Ny is the Aumber of blocks in the cluster, E/**® and E;*® are the measured and expected
energies in the i-th block, and o; is the error on the measured energy. The incident angles of the
photon (6, ) were iteratively determined to minimize the summation., The expected energy was
calculated by numerical integration of the three dimensional shower profile function[13). The x2;
distribution is shown in Figure 4(c), The distribution of x4 of ete™ — 77 events is also shown by
the dotted line; ia similar xZp distribution is expected for 10 GeV < E, < 46 GeV. The following
cut was therefore applied to the remaining events:

(9) x%p < 4.0.

The 8 events surviving this cut were visually scanned. Seven of these had one charged track
far away from the beam interaction point associated to the electromagnetic cluster, and were
identified as cosmic-ray backgrounds. One event had no charged track in the central detector and
was identified as a single photon event. The energy of the photon in this event was 11 GeV.

The backgroujid from ete~ — viy was calculated using the cross section as described in [14].
The expected numbef of events including detection efficiency for E, > 10 GeV and jcosf,| < 0.7
is 0.6, consistent with the single observed event. In the calculation of limits, this event was treated
as a possible signal.

The detection efficiency was estimated by Monte Carlo study. Final state particles xxy were
generated by the matrix element(2];

" do(e(pr)e(p2) = x(ka)x (g2) = x(k)x(k2)7(ps))
| o (p1-k1pa-gs + p1-Gapa-ky — 1'py-pa My My )8,

where py, pa, g2, k1, k2, p3 are 4-momenta and d®(3) is the three-body phase space. 7 and n’ are again
the signs in the Majorana condition of x and x'. The energy and the polar angle of the photon
were smeared according to the characteristics of the lead-glass calorimeter. The distributions of the
photon energy and the polar angle of the Monte Carlo events (M, = 15 GeV/c?, M,» = 60 GeV/c?
and 7’ = —1) are shown in Figure 4(a) and (b) by dotted lines. The inefficiency due to photon
conversion in the inner part of the detector was estimated to be 16% from ete” — v events. Using
the ete- — ete— events, the selection efficiencies of the cuts (5), (8) and (9) were estimated to
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be 0.98, 0.91 and 0.98, respectively. The effects of initial state radiation reduce the acceptance by
4%. Since the energy deposited in the barrel electromagnetic calorimeter is expected to be greater
than 8 GeV for the selected events, the trigger efficiency was estimated to be larger than 99,9%,

The systematic error in efficiency was taken to be 5%, including the uncertainties on the lumi-
nosity measurement and the Monte Carlo study. Contour plots of the upper limit of the branching
ratio BR(Z® — xx' — xx7 are shown in Figure 5. Again we took the larger value of the two limjts
on the branching ratio for 77" = +1 and 4y = —1.

Conclusions

Since the analyses of the decay modes x' — yf fand x' — xv are independent, we have combined
these results to obtain an upper limit on the branching ratio BR(Z° - xx'). Figure 6 shows the
contour of the upper limit on BR(Z? — xx') as a function of M, and M,:. In order to quote limits
that are independent of the ' branching ratio and the sign of 01, at each point on the (M, M)
plane we have chosen the values of these parameters to give the maximum (worst-case) limit.

The partial width of Z® — xx' is given by [15]

2
I GrMj A% |1 - (mmy + 7'my)? + 1 (gmy — n'my)? 1 (mi ~ mi.) J
2

> = e [ 3 2 3 s

2 ] 2 _ a2 \2
x\(1—2m"+m"' + (m" m"') .
S 8

The effect of initial state radiation was included as described in [16]. Figure 7 shows the 95% C.L.
upper limit on the mixing factor |A| for each of the two cages ' = +1.

We have found no evidence for the events of ete~ — xxX' = xxff and ete- — yy' —
XX7. Upper Llimits of a few 1074 on the branching ratio of BR(Z® — xx') were obtained model
independently for the range of neutralino masses accessible at LEP energies. Upper limits are also
placed on the mixing factor of the neutralinos as a function of M, and M,,. Similar or related
studies have been presented by the MARK II[17), ALEPH(18], and DELPHI[19] collaborations.
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Figure Captions

Figure 1. (a) Visible energy (E,i,) distribution of the real data sample and the Monte Carlo
events for the ete™ — 77 process. (b} The E,;, distributions of real data and Monte Carlo events
for the multihadronic process. Dots indicate the distribution of the data sample and the histograms
indicate the distribution of the Monte Carlo events.

Figure 2. The distributions of (a)visible energy (Evi,), (b)acoplanarity angle (facop) and (c}sum
of the transverse momenta in the event (Pr,um) before applying the corresponding cuts. Solid
histograms show the distribution for the data, while dotted histograms show those for the xxf f
Monte Carlo events (M, = 15 GeV/c?, M,, = 60 GeV/c? and n9' = —1). Arrows indicate the
selection cuts. The Monte Carlo distribution is not normalized.

Figure 3. The 95% confidence level upper limit on the branching ratio BR(Z® — xx' — xxff)
is given as functions of M, and M,s. The larger (worst case) value of the two cases gy’ = +1
has been used. Lines A,B,C, and D indicate the contours of 1.5, 2.0, 3.0, and 5.0 x 10=%, The
cross-hatched area is not considered in the analysis reported here, since we do not believe the Lund
fragmentation to be reliable when the mass difference M,, — M, is small.

Figure 4. The distributions of data (solid histogram) of (a)corrected energy deposition (Ecis),
(b)cosine of the polar angular (cos8,) and (c)shower shape fitting parameter (x2F) of the single
neutral clusters before applying the corresponding selection criteria. In figures (2) and (b), the
dotted histograms show the distribution of the same quantities of the simulated events for M, =
15 GeV/c?, M, = 60 GeV/c? and 7' = —1. In figure (c), the distribution of the shower shape
parameter of ete~ — 77 events is shown by the dotted histogram. The corresponding cuts are
displayed by arrows. The Monte Carlo distributions are not normalized.

Figure 5. The 95% confidence level upper limit on the branching ratio BR(Z® — xx' — xx71)
is shown as functions of M, and M,:. Lines A,B, and C indicate the contours of 1.5, 2.0, and
3.0 x 10~%. The larger (worst case) value of the two cases nn’ = £1 has been used. The cross-
hatched area is kinematically inaccessible to the analysis reported here, since the maximum photon
energy in this region would be less than the 10 GeV cut.

Figure 6. Upper limit on the branching ratio BR{Z® — xx') at 95% confidence level. Curves
AB,C, and D indicate the contours of 1.5, 2.0, 3.0, and 5.0 x 10~%. This limit is valid for all
branching ratios BR(x' — xv) and nn' = 1. The cross-hatched area is not considered or not
accessible to the analysis reported here.

Figure 7. The 95% confidence level upper limit on the mixing factor |4| for (a) 77’ = —1 and

(b) ny’ = +1. Curves A,B,C,D, and E indicate the contours of 0.04, 0.05, 0.075, 0.1, and 0.2. The
cross-hatched area is not considered or not accessible to the analysis presented here.
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