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Abstract

We have searched for neutralinos produced via the reactions e™e™— yx' and e*e ™= x'y’, where the next-to lightest
neutralino, y’, decays into the lightest neutralino, y, and either a photon or a fermion pair. Based on 1.8 X 10° hadronic Z
decays collected with the L3 detector at LEP, no signal has been observed. We present upper limits of a few times 107> on
the branching ratios Z = yx' and Z — y'y’. In the framework of the Minimial Supersymmetric Standard Model, we exclude
a lightest y with m, less than 18 GeV, if either tan > 2 or the gluino mass m; > 100 GeV.
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1. Introduction

The Standard Model [1] has been very successful
in describing data concerning electroweak interac-
tions. However, 1t leaves many fundamental parame-
ters unexplained such as the electroweak mixing
parameter sin’fy,. The quadratic divergences of
scalar masses at the one-loop level and the large
difference between the electroweak and grand unifi-

cation scales (hierarchy problem) are further prob-
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lems of the Standard Model. Supersymmetry (SUSY)
addresses some of these questions. For every particle
it predicts the existence of a partner particle with
spin differing by half a unit. SUSY models in gen-
eral require at least two higgs doublets. The partners
of the W* and H* mix to form two mass eigen-
states, the charginos ¥,%. The partners of the vy, Z
and the neutral higgs mix to form at least four mass
eigenstates, the neutralinos [2] y, x’, ¥” and ¥, in
order of increasing mass.

In the Minimal Supersymmetric Standard Model
(MSSM) [3], the Lagrangian at the unification scale
15 globally supersymmetric, except for a set of ¢“soft
breaking’’ mass terms. Among these are the gaugino
masses M;, M, and M, associated with the U(1),,
SU(2), and SU(3). gauge groups, respectively.
These mass terms are assumed to be equal at the
unification scale, leading to M, = 2M, tan%0,, at
the electroweak scale [4]. From naturalness argu-
ments [5] it is expected that the gaugino mass param-
eter, M =M,, 1s in the range 0 <M < 250 GeV, the
higgsino mass parameters, u, is boundedto 0 < | w |
<200 GeV and the ratio of the vacuum expectation
values of the two higgs doublets, tan B=uv,/v,, is
constrained to 1<tan 8 <m,/m, ~ 50, where v,
gives mass to quarks of charge 2/3¢ and U, gives
mass to charged leptons and quarks of charge
—1/3e. In the MSSM, the masses and interactions
of the neutralinos and charginos are entirely de-
scribed in terms of tan B and the two mass parame-
ters M and u. We will make the usual assumption
that y is the lightest supersymmetric particle (LSP),
which is stable by R-parity conservation and escapes
detection due to its weakly interacting nature.

Many experiments have looked for supersymmet-
ric particles, but so far no signature has been found.
There exist mass limits up to 45 GeV for most of the
supersymmetric particles [6] except for neutralinos.
The other LEP experiments derived lower mass lim-
its of 20 GeV and 40 GeV for the two lightest
neutralinos if tan B > 2 and no limit for tan B8 < 1.6
[7]. The production cross section of neutralinos not
only depends on their masses but also on their
particle content and varies from almost 0, if one of
the produced neutralinos is a photino, to several
hundred picobarns. The analysis of a high statistics
event sample, as presented here, is needed to derive

conclusions.

We present the event selection and results of our
search, which are based on 1.8 X 10° hadronic Z
decays collected in 1991-1993. These results are
interpreted in the MSSM context as well as in a
more general way.

2. The L3 detector

The L3 detector [8,9] covers 99% of the 47 solid
angle. It consists of a central tracking chamber (TEC),
a forward—backward tracking chamber, a high reso-
lution electromagnetic calorimeter (ECAL) com-
posed of Bismuth Germanium Oxide (BGO) crystals,
a ring of scintillation counters, a uranium brass
hadron calorimeter with proportional wire chambers
(HCAL), and a high-precision muon chamber spec-
trometer (MUCH). These detectors are located in a
12 m diameter magnet providing a uniform field of
0.5 T along the beam direction. Forward BGO arrays
(LUMI) on each side of the detector measure the
luminosity by detecting the energy deposit of small
angle Bhabha events.

3. Event selection

We searched for neutralinos produced in the reac-
tion

e’ T —— Z—— xx' or xX’

with ' decaying via

X > XL’ > xffor ¥ > XY

The signature is missing energy due to the unde-
tected y and one or two photons, two or four
acollinear and acoplanar leptons, or one to four
hadronic jets from the primary quarks.

We assume that the masses of the lightest higgs,
h® or A%, are charginos, ¥,*, are sufficiently large
[10] so that the decays y' — yh°, yA? and Y -
¥, are kinematically forbidden. However, the
signature of such decays would be very similar to
X = XZ" — xyqq and could lead to even higher
detection efficiencies. Because the SUSY partner of
the electron, the selectron, is assumed to be heavier
than 45 GeV [6], we neglect neutralino production
via t-channel exchange, which is of the order of
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1073 relative to the s-channel contribution in the
MSSM, if the neutralino is not a pure photino.

We used Monte Carlo generators to estimate the
background arising from all Standard Model reac-
tions. The main background sources for the fermionic
neutralino decays are fermion pair production e” ¢~
— qq(y) [12], ee ™= 77 77 (y) [13] and four-ferm-
ion processes e e —e” e~ ff [14]. The backgrounds
for the radiative neutralino decays are e*e™ — vvy
[15] and e*e™ — yy(y) [16]. The detector response
of the final state particles is simulated with the
GEANT package using the GHEISHA program for
hadronic interactions [17]. The simulated events are
reconstructed and analyzed in the same way as the
real data.

To determine the efficiency for neutralino detec-
tion, we have simulated the neutralino production
and decay based on the formulae given in Ref. [11].
The detection efficiency for neutralinos depends on
their masses, their relative CP-sign and their decay
mode. A finite set of neutralino mass combinations
was fully simulated as described above. To interpo-
late between these points in the m,—m ., mass plane,
a fast simulation has been developed. Based on
particle momenta, the detector response is evaluated
taking detector (including trigger) efficiencies and
resolutions into account. The agreement between the
fast and full simulation is found to be better than 3%.

We have looked for the electroweak neutralino
decay y' — yif, where f=q, u, e and for the
radiative decay y' — yy. Due to the low visible
energy and the small branching fraction, we did not

investigate decays involving 7 leptons.

3.1. Hadronic final state

We select events with one or two jets in the final
state, which may be interpreted as Z — yx' — xxqq,
Z— XX — xqqxvw, or Z—- xx% = xqqxqq
events. Calorimetric jets are reconstructed using the
Durham clustering algorithm [19] with y_, = 0.04
and are required to have at least one associated TEC
track. Depending on the kinematics of the reaction,
the two initial decay quarks may be constructed as
one or two jets. We did not study the three and
four-jet topology, because of the large background
arising from Standard Model qq(g) events. Also,
their relative fraction compared to one and two-jet
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Fig. 1. Acoplanarity distribution of the hadronic two-jet events,
The points correspond to the data, while the solid lines indicate
the results of the Standard Model Monte Carlo simulation (MC).

The dotted line shows a possible signal for y —x' production with
ncutralinos of mass m, =0 Gev and m,s =85 GeV and a 2.5 nb
cross section of production, while the dashed line corresponds to

m, =35 Gev, m,» = 50 GeV and a 0.5 nb cross section.

events was found to be small. For hadronic one-jet
events we require:

(1) The jet to have at least 10 GeV transverse
momentum in order to reject four-fermion back-
ground.

(2) The event to contain at least 4 TEC tracks to
remove single jets originating from one or three
prong T decays, where the other 7 remains unde-
tected.

(3) There to be no TEC track in the r—¢ plane in
the hemisphere opposite to the jet direction, and the
total calorimeter energy deposited in a cone of half
opening angle of 30° around the missing energy
direction to be less than 500 MeV. The contribution
of most standard Z decays is therefore eliminated.

For hadronic two-jet events we require:

(1) The acoplanarity and acollinearity angle of
the two jets to exceed 40° to remove most standard Z
decays (Fig. 1).

(2) The total calorimetric energy deposited in a
cone of half opening angle of 30° around the missing
energy direction to be less than 500 MeV. There
must be no TEC track within 30° of the missing
energy direction in the r—¢ plane. These require-
ments remove any remaining qq or 77 7~ events.

(3) We reduce the four-fermion background by
requiring that the direction of the missing energy
points more than 25° away from the beam axis, that
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each jet has at least 3 GeV transverse momentum
and that no more than 10 GeV is deposited in the
luminosity monitors.

No events survive the one-jet selection, while
three events are left after applying the two-jet selec-
tion cuts comsistent with an expected background

from Standard Model four-fermion processes of 0.9
+ 0.4 events, °

3.2. Muon final state

In order to select candidates of the type Z — y
- xxM1 1~ , one of the two muons must be identi-
fied in the muon chambers and the other one either
in the muon chambers or as an isolated TEC track.
We reject cosmic rays as described in Ref. [20].
Further selection criteria are:

(1) The acoplanarity between the two muons has
to exceed 40°, and the TEC track multiplicity has to
be at most 2 to suppress the four-fermion back-
ground.

(2) The most energetic ECAL or LUMI cluster
should not exceed 2 GeV in order to remove radia-
tive dimuons and four-fermion events respectively.
This requirement also ensures that a muon candidate
which 1s only identified by a TEC track corresponds
to a real muon.

(3) If both muons have been identified in the
MUCH, the most energetic one has to have momen-
tum p > 6 GeV, The missing transverse momentum
of the event also has to exceed 6 GeV. In the case
where one muon has been identified in the TEC, it
should have a transverse momentum p; >3 GeV,
while the other one (identified in the MUCH) should
have p> 10 GeV. These cuts further reduce the
four-fermion contribution.

No candidate events are observed after applying
these cuts.

3.3. Electron final state

Z— xx'— xx e7e" candidate events are se-
lected by requiring at most three clusters in the

° The cross section of the four-fermion Monte Carlo events has
been normalized to fit the observed distributions in hadronic
two-jet events.

ECAL. The two most energetic clusters are associ-
ated with a TEC ftrack and must have more than 3
GeV and 2 GeV of energy. The energy of a possible
third cluster has to be below 0.5 GeV. Furthermore:

(1) The acoplanarity and acollinearity angle of
the two most energetic clusters has to exceed 15° to
reduce the four-fermion and Bhabha background.

(2) The missing transverse momentum has to ex-
ceed 6 Gev and point more than 12° away from the
beam axis and more than 5° away from the closest
ECAL cluster to further reduce the v~ and four-
fermion contamination.

(3) The sum of the visible energy and missing
momentum should not exceed the center-of-mass
energy minus 5 GeV in order to suppress three-body
final states with an undetected particle.

No events are left after applying these cuts.

3.4. Photon final states

Photonic final states may result from the y' — yvy
decay. They are selected by allowing up to three
electromagnetic clusters in the ECAL and no other
significant detector activity. The selection criteria are
[21];

(1) The most energetic cluster in the LUMI should
not exceed 5> (GeV, while the most energetic cluster
in the HCAL has to be below 3 GeV. This reduces

the background from radiative Bhabha scattering.
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Fig. 2. Transverse momentum distribution of the single-photon
events, The points correspond to the data, while the solid lines
indicates the results of a Standard Model Monte Carlo simulation
(MC). The dotted line shows a possible signal for y — ¥’ produc-
tion with neutralinos of mass m, = 0 GeV and m,, = 85 GeV and
1.2 pb production cross section, while the dashed line corresponds
to m, =35 GeV, m,, =50 GeV and a 1.6 pb cross section.
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Table 1
The number of the observed events versus the number of expected
background events for different neutralino decay channels

Events

Signature
Observed Expected

one jet 0 <0.5

two jets 3 0.9+0.4
two muons 0 < 0.5

two electrons 0 < 0.5

one photon 13 15.7+£1.5
two photons 0 0.7+£0.5

-

(2) Radiative cosmic muon and four-fermion
backgrounds are removed by requiring no tracks in
the TEC or MUCH.

(3) Single-photon events are selected starting 20°
away from the beam line. The transverse momentum
of the photon has to exceed 10 GeV to suppress
events from radiative neutrino production v (7y) (Fig.
2).

(4) Events with two photons are selected allow-
ing for a third cluster. To suppress the Standard
Model yy(y) final states, we require that the two
most energetic photons have less than 40 GeV of
energy each and an acoplanarity in excess of 3.5
The missing transverse momentum has to be above 6
GeV.

No events survive the two-photon selection. 13
events survive in the one-photon sample, in good

M. Acciarri et al. / Physics Letters B 350 (1995) 109-119

agreement with the Standard Model expectation from
vy and yy(y) events of 15.7 & 1.5.

4. Results

No excess over the Standard Model expectation
has been observed (Table 1). The efficiency to detect
neutralinos is high in the case where the y—x' mass
difference is greater than 10 GeV (see Table 2 for
details). It reaches 70% for the single-photon selec-
tion and up to 30%-60% for signatures with hadronic
jets, muons, electrons or {wo photons. The trigger

efficiency for events passing all our cuts 1S more
than 90% for most of the final state configurations.

In the absence of a neutralino signal, we set limits
on the branching fractions BR(Z — xx') and BR(Z
— ¥'y"), which do not depend on the neutralino
coupling constants. We subsequently interpret these
results in the MSSM framework, excluding regions
of the parameter space as well as establishing limits
on the neutralino masses.

We present upper limits on the branching ratios
BR(Z — x¥', x'x') as a function of the neutralino
masses, using the relative neutralino CP-sign that
leads to the lowest detection efficiency. The branch-
ing ratios y' = yZ* — x(e*e”, p* ", qq, vv) are
calculated according to the Z partial width of these
channels, while the neutralino decay width to pho-

Table 2
Total neutralino detection efficiencies in percent
Particle mass Efficiency (%) B
. m, Xxqq xx e e XXHT B XXY X494 X XYXY
(GeV) (GeV) (d'q, vv)
5 0 25 50 42 50 9 37
10 5 35 50 40 43 12 43
30 0 36 31 50 60 15 61
30 25 8 24 17 9 4 14
45 0 36 53 50 71 10 67
45 35 G 30 23 20 7 53
55 0 32 31 47 73
55 35 23 49 38 64
75 0 27 45 41 76
75 15 26 34 4] 63
90 0 27 26 43 76

The quoted values correspond to the relative neutralino CP-sign with the lowest efficiency.

T L
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Fig. 3. Contour plot of the 95% C.L. upper limits on B{Z — y ')
versus the y and y' masses. The solid lines separate the regions,
where the limit on the branching ratio is smaller than the value
shown, while the dashed lines show the kinematical limits of the
channel.

tons is assumed to be unknown. We then vary the
relative photonic branching ratio between 0 and 1
and quote the highest, most conservative, limit ob-
tained. The different channels are combined to calcu-
late limits on the Z— yx' and Z — y'y' decay
modes taking the different branching ratios, detection
efficiencies, numbers of candidates and expected
background events properly into account using Pois-
son statistics in the Bayesian approach [22]. The 95%
confidence level (C.L.) upper limits on BR(Z — yx')
and BR(Z — y'y') are shown in Figs. 3 and 4.

L3

0 | | ] .
10 20 30 40 50 60

m,. (GeV)

Fig, 4. Contour plot of the 95% C.L. upper limits on Br(Z — y'y')
versus the y and y' masses. The solid lines separate the regions,
where the limit on the branching ration is smaller than the value
shown, while the dashed lines show the kinematical limits of the

channel.
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Fig. 5. The excluded regions of the MSSM parameter space at the
95% C.L. as a function of the parameters M and uw. The kinemati-
cal limit corresponds to the sum of the lightest and next to lightest
neutralino masses being equal to the center-of-mass energy. The
exclusion coming from the lineshape measurement goes beyond
the kinematic limit of the direct search.

4.1, Limits within the MSSM

In addition to the limits on BR(Z — yx’) and
BR(Z — x'x’'), we use the constraints coming from
the precise LEP Z lineshape measurements ’

Al <23.1 MeV (95% C.L.)

AL, < 8.4 MeV (95% C.L.)

to restrict the MSSM parameter space using

Al =T'(Z-xx) +I'(Z—-xx')+I(Z- xx")
+I(Z > xx")+ I'(Z- xX')
+T'(Z- 3 X7)

ALy, =1T'(Z- xx).

" The limits on AT 7 and AL are obtained with the method
described in Ref. [9] using the results given by Ref. [23]. We have
used myo = 1000 GeV, m, =131 GeV, @, = 0.117, m, = 91,180
GeV, I'; =2490+7 McV and T, =498.2+4.2 MeV, which

are the values that give the most conservative constraints.
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Table 3

Lower neutralino mass limits (95% C.L.) in GeV

Particle tan f m; > 100 GeV
>1 >2 >3 dlanp

v 0 20 23 18

}'% 0 46 52 20

X" 60 78 84 60

X" 90 115 127 08

Changing the limits on AI, and Al , by a factor
of two does not change the excluded MSSM parame-
ter space significantly. The excluded regions for
different values of tan B are shown in Fig. 5. For
moderate or high values of tan 8, a significant part
of the accessible parameter space 1s excluded.

All neutralino masses are functions of the parame-
ters M, u and tan B. Therefore, constraints on the
MSSM parameter space translate into limits on these
masses, summarized in Table 3. The dependence on
tan B is illustrated in Fig, 6.

These neutralino mass limits can be further 1m-
proved by using a limit on the gluino mass m; > 100
GeV [24], as suggested by Hidaka [25], which limits

the parameter M via

84

m; = —sin’yM thus M =0.3m;>30 GeV.
8

This further restriction leads to mass limits for all
tan B values, which are also shown in Table 3.

.3
180 — - -
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/. ’
0 L I | | | I

tanf

Fig. 6. Neutralino lower mass limits (95% C.L.). The lines
correspond to the lower mass limit for the different neutralinos.
The regions below the lines are excluded.

5. Conclusion

Using the 1991-1993 data of the L3 experim?nt,
we have searched for neutralinos with a large variety
of event signatures. No evidence for neutralinos was
found and upper limits of a few times 107> have
been set on the branching ratio for Z decaying to
vy’ or x'x'. A significant part of the MSSM param-
eter space accessible at LEP has been excluc!ed. In
this paper the branching ratio limits are significantly
improved compared to earlier results [7] and the
dependence on assumptions on the neutralino decay
modes has been minimized. In the MSSM the light-
est neutralino is found to be heavier than 18 GeV, if

either tan B> 2 or m; > 100 GeV.
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