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Using a data sample corresponding to 10 000 hadronic Z° decays, we have searched for the production of sleptons and gauginos 
in the two-prong decays of Z °. No candidate remains after straightforward selections. For neutralinos, we use selection methods 
developed in our previous search for neutral Higgs particles. The negative results are translated into improved mass limits and 
parameter constraints on the minimal supersymmetric extension of the standard model. 

1. Introduction 

This paper presents a systematic search for heavy 
supersymmetric partners of charged leptons, gauge 
bosons and Higgs particles. The data have been col- 
lected during the energy scan of the Z ° performed at 
LEP at the end of 1989. In this introduction,  we re- 
view the supersymmetry concepts relevant to our 

analysis and outline our selection methods to elimi- 
nate the background. 

In the supersymmetric scheme [ 1 ], one expects two 
charged and three neutral Higgs particles. Accord- 
ingly there should be four neutralinos, the spin ½ mass 
eigenstates formed by mixing the weak eigenstates 
associated to Z ° and 7 and to the neutral Higgs sca- 
lars. Similarly, there are two pairs of charginos formed 
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by mixing the weak eigenstates associated to W bo- 
son (winos) and to charged Higgs particles (higgsi- 
nos). The lightest chargino pair is called g-+, and Z, 
~' and E" are the three lightest neutralinos ordered 
by mass. In the minimal supersymmetric extension 
of the standard model, the so-called MSSM scheme 
[ 1 ], all relevant physical quantities, masses and mix- 
ing angles of charginos and neutralinos, can be ex- 
pressed in terms of two mass parameters, # and M, 
and of the angle fl, tan fl being the ratio of vacuum 
expectations generated in the two Higgs doublet 
model. In particular, this model predicts a sizeable 
coupling of Z ° into ~Z', Z' Z' and even EZ" states. The 
coupling of Z ° into Z+Z - is predicted to be large for 
all masses accessible to Z ° decays. 

In this model, there are two heavy scalar particles, 
called sleptons, associated with the standard chiral 
leptonic states which are denoted ~ and ~ .  QR is 
expected to be the lightest but we will also test the 
case of degenerate masses. 

In the simplest scenario, Z is the lightest supersym- 
metric particle and one foresees the following decays: 

~+--,Z W*-+ with W*+---,~-+v, 

~ + ~ + -  , 

Z ' ~ g  Z* w i t h Z * ~ + ~  - , 

The latter decay is dominant when the neutral Higgs 
boson is heavier than 10 GeV/c ~. The lightest neu- 
tralino, ~, is assumed to be stable and to go unde- 
tected since it has only weak interactions. 

The Z ° decays into heavy sleptons, chargino and 
neutralino states can give acollinear two prong events 
with large missing energy. To improve the efficiency 
for the neutralino channel, we have also considered 
the hadronic decays of the virtual Z which give final 
states very similar to the qftv9 and q~l~+~ - channels 
previously studied in our Higgs search [2,3 ]. 

If the lightest supersymmetric particle is not neu- 
tral, one could observe Z°'s decaying into two heavy 
stable charged particles. The final state is identified 
kinematically by looking for elastic two prongs with 
a measured momentum which differs significantly 
from the beam momentum: 

5p =Pbeam --P~-- m~ /2p .  

With a magnetic field of 1.23 T the momentum mea- 

surement error in DELPHI is Ap/p2=2>(lO -3 
(GeV/c ) -  ~ which allows us to set limits for m~ > 25 
GeV/c 2. 

After specifying in section 2 the production cross 
sections used and describing the apparatus in section 
3, the details of event selection are given in section 4. 
In section 5 the corresponding efficiencies are given 
and the results are presented in section 6 for sleptons, 
charginos and neutralinos - as well as the limits ob- 
tained on the minimal supersymmetric standard 
model (MSSM) parameters. 

2. Cross sections, angular distributions 

2.1. Sleptons 

The cross section for the production of slepton pairs 
of mass m~ is 

1 3 
~ -~ ~ ~ ~fl~ ~v~, 

where 

/~ = 1 m ~ 0  " 

avv is the resonant neutrino pair production cross 
section, and mzo is the Z ° mass. 

The distribution of the polar angle of the outgoing 
~- with respect to the e -  incoming direction is pro- 
portional to sin:0. The scalar ~ decays into its partner 
lepton and a Z with an isotopic angular distribution. 

2. 2. Charginos 

For charginos, the vector and axial couplings de- 
pend on two mixing angles ~+ and ~ :  

Cv = ¼ (cos:~+ + cos2¢_ ) - ½ + sinZ0w, 

CA = ¼ (cos2~+ -cos2~ ) , 

and the cross section is 

=8f l z [Cv .~ (a_ f l~  ) 2 2 0.Z +~_ 2 1 ..~_ C A f l x  ] 0-v9 ' 

where 

~ /  4rn~ 
flz= 1 m2 ° 
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m~ is the chargino mass, and 0w is the weak mixing 
angle. 

0+ = 0 -  = 0 corresponds to the production of a pure 
wino while the minimal cross section is reached for 
the pure higgsino case 0+ = 0 -  = ½n: 

O')~min+ X - =c°s2( ZOw) flx( 3 - fl2)av~ 

In both cases, the axial term is zero and the angular 
distribution of Z- with respect to the e -  incoming 
direction is given by 

da 
1 +cos20+ (1 - f l ~ )  sin20, 

d cos 0 

2. 3. Neutralinos 

The decay rates of Z ° to ~g', ~ '~ '  and Zg" are es- 
sentially unknown since they not only depend on the 
masses of the two neutralinos but also on their com- 
position in terms of the gaugino and higgsino fields. 
In the favourable cases for which the higgsino com- 
ponent dominates, F ( Z ~ g g '  ) can be very large, of 
the order of  the width F ( Z - , v g ) ,  thus allowing a 
meaningful search in the two prong channel. 

The angular distribution of the final state fermions 
is fairly complicated. Following ref. [ 1 ], we have ig- 
nored the correlations due to the spin of  the decaying 
g' and used the simplified matrix element given in 
ref. [ 1 ]. This approximation has a negligible effect 
on the computed acceptance. 

We assume that ~' and g" dominantly decay into 
~ff through a virtual Z °, as is true in the MSSM 
scheme except, possibly, for particular values of the 
(#, M) parameters for which the process g' ~g7  can 
contribute substantially [ 4 ]. 

3. Apparatus 

A detailed description of the DELPHI detector, of  
the triggering conditions and of the analysis chain can 
be found in ref. [ 5 ]. Here, only the specific proper- 
ties relevant to the following analysis are summarized. 

The charged tracks are measured in the 1.23 T 
magnetic field by a set of  three cylindrical tracking 
detectors: the Inner Detector ( ID)  covers radii 12- 
28 cm, the Time Projection Chamber (TPC) covers 
radii 30-122 cm, and the Outer Detector (OD) cov- 

ers radii between 198 and 206 cm. The end caps are 
covered by the Forward Chambers A and B, at polar 
angles 10°-36 ° on each side. A layer of Time-of- 
Flight (TOF) counters is installed for triggering pur- 
poses beyond the magnet coil. 

The electromagnetic energy is measured in the High 
Density Projection Chamber (HPC),  and by the 
Forward Electromagnetic Calorimeter (FEMC) in 
the end caps. The HPC is a high granularity gaseous 
calorimeter covering polar angles 40 ° -  140 °. For fast 
triggering a scintillating layer is installed after the first 
5 radiation lengths of  lead. The FEMC consists of 
2 × 4500 lead glass blocks (granularity 1 ° × 1 ° ), cov- 
ering polar angles 10°-36 ° on each side. 

The trigger is based on the ID and OD coinci- 
dences, on the HPC and TOF scintillation counters, 
and on the forward detectors. The track trigger is 
formed using opposite quadrants of the OD in coin- 
cidence with the ID trigger layer. The counter trigger 
uses half length quadrants of TOF counters sensitive 
to penetrating charged particles, and HPC counters 
sensitive to electromagnetic showers with an energy 
greater than 2 GeV, arranged in various sets of  back- 
to-back and majority logics. The forward trigger is 
made from the same side coincidences of Chambers 
A and B, combined with the two FEMC signals in a 
majority logic. The efficiency of these various trig- 
gers is measured with the Z ° data, by analyzing the 
recorded trigger patterns, and is applied to the simu- 
lated data. 

The present analysis relies primarily on charged 
tracks reconstructed using the TPC, complemented 
by the Inner and the Outer detectors. In some small 
azimuthal regions which correspond to six bounda- 
ries of the TPC sectors, this efficiency drops for en- 
ergetic ( p > 4  GeV/c)  tracks. The electromagnetic 
calorimetry is used to veto against photons emitted 
at large angle in standard decays of  the Z ° to lepton 
pairs. 

4. Event selection 

4.1. Two prongs 

In order to accommodate the possibility of a heavy 
Z, one should choose the momentum cut on the two- 
prong final states at the smallest possible level com- 
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patible with the backgrounds coming from Z ~ z + z  - 
and yy--.£+£-. The yy process [6],  relatively unim-  
portant at the Z ° resonance, naturally peaks at low 
acoplanarity (acollinearity in the plane transverse to 
the beam)  and tends to give tracks with low trans- 
verse momenta.  It is reduced to a few picobarns with 
a cut on acoplanarity at 15°, and by demanding  at 
least one charged particle with a transverse momen-  
tum above 1.5 GeV/c  and both charged particles at 
more than 25 ° with respect to the beam axis. The 
z+z - background [7], as shown in fig. 1, also peaks 
at low acoplanarity provided momenta  above 2 GeV/  
c are selected. We thus require events with two op- 
positely charged tracks which fulfil these cuts. These 
two tracks are also required to form a vertex falling 
inside a 2 cm radius and 10 cm long cylinder around 
the beam position. To avoid any contaminat ion  from 
final state radiation with an undetected photon, the 
analysis for the two prong channel is restricted to a 
sample corresponding to 6000 hadronic Z °, for which 
the electromagnetic calorimeters were fully 

operational. 
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Fig. 1. Distribution of the acoplanarity angle for the two-prong 
events. The data are compared with the results of a Monte Carlo 
simulation of three standard leptonic channels using generators 
from ref. [ 5 ]. The triangles correspond to the x+z - Monte Carlo 
simulation, the stars give the sum ofe+e - and p+~t- Monte Carlo 
simulations and the squares are the data. The momentum and 
angular cuts are described in the text. 

After these selections, two events remain. Both have 
an energetic photon coplanar with the two charged 
tracks and at more than 30 ° from each of them. The 
Monte Carlo based on the standard leptonic genera- 
tors ~ predicts 3.0 + 0.8 events with such a large an- 
gle photon. These two events are thus rejected as due 
to standard lepton pair production with final state 

radiation. 

4.2. Stable charged particles 

For stable charged particle searches we look for 
muon-like candidates with accurately measured mo- 
menta. We therefore reject one third of the data which 
were recorded at reduced magnetic field and select 
events at I cos 01 ~< 0.65 in which both tracks are mea- 
sured by TPC and OD. We require that no shower be 
present in the HPC, which removes nearly all e+e - 
and a large fraction of z+x- final states. Finally we 
retain only events for which both momenta  are larger 
than 10 GeV/c.  Most of the remaining x+x - are 
el iminated by asking for an acollinearity angle below 
15 mrad and an acoplanarity angle below 10 mrad. 
Fig. 2 shows the correlations between p+ and p - ,  the 
measured momenta  of the two prong candidates re- 
tained by these selections. A pair of heavy charged 
particles would fall on the diagonal, below the beam 

"J For I t+p - and e+e - channels, MUSTRAAL is used, and 
KORALZ for z+~-, see e.g. ref. [7]. 
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Fig. 2. Correlation between the measured momenta in the two- 
prong event sample used in our search for stable particles. The 
two ellipses correspond to regions that would be populated by 
stable charged objects with masses of 25 and 40 GeV/c 2. 
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m o m e n t u m  region which is popula ted  by s tandard  
muon pairs. 

The observed d is t r ibut ion  shows no clustering out- 
side the beam m o m e n t u m  region. In  fig. 2 are shown 
two 1-a contours that  would correspond to stable 
part icles with masses o f  25 G e V / c  2 and 40 G e V / c  2. 
The spread in measured  momen ta  allows us to set 
l imits  above 25 G e V / c  2 in a mass range not  covered 
by TRISTAN [8] and  P E T R A  [9] .  Fo r  a ~R with a 
mass of  25 G e V / c  2 one expects 15 events of  which 6 
are clustered inside the corresponding contour.  

4.3. Neutralinos with hadronic decays 

The three following channels have been considered: 
(a )  Z--,X~' (or  ~" ) ~qdl~X, 
(b )  Z ~ X '  ~' - , q q v v x x ,  
(c) Z-~ Z' Z' -~qC:I~+~-XX . 
A search for Z ° to H°v9 with topologies s imilar  to 

(a )  and  (b)  was repor ted  in ref. [2] .  The sample  
corresponded to 10 950 hadronic  events and  no can- 
d ida te  was found prov ided  one rejected events with 
a total  mass o f  charged part icles above 40 G e V / c  2. 
As shown below, the corresponding selection cri teria 
give a reasonable efficiency for channels (a )  and  (b)  
for the re levant / t  and  M parameters .  

Channel  (c ) ,  which gives 2 isolated leptons with 
jets,  is analyzed as in ref. [3 ] where we conclude that  
our data  do not contain any event consistent with such 
a topology. 

5. Efficiencies 

5.1. Two-prong f inal  states 

The acceptance o f  the t rack trigger for two charged 
particles,  which imposes  a loose back- to-back topol-  
ogy, is above 50% for the ~+~-  channel  for m ~ < 2 5  
G e V / c  2. For  charginos and heavy sleptons, we rely 
mostly on the counter  trigger which can be satisfied 
when two showers o f  more  than 2 GeV appear  in the 
HPC or when one shower is in coincidence with the 
TOF counters. This condit ion is well fulfilled not  only 
for ee or  txe final states but  also for ex, xz and lax final 
states since more  than half  o f  the x decays provide  
electromagnet ic  energy. 

The result is that,  with exception o f  ~+f t - ,  the 

Table 1 
Trigger and analysis efficiencies (in % ) for the sleptons channels. 

Channel masses ~+~- ~+~- ~+~- 
ms(GeV/c 2) m~=35 m~=35 m~=35 

10 54 15 15 
30 35 14 2.6 

Table 2 
Trigger and analysis efficiencies (in % ) for gauginos in two-prong 
final states. The efficiencies include the Z ° branching ratio into 
~+~- 

Channel masses Z+Z - ZX' ZZ" 
m s (GeV/c 2) ms+ =40 mx, =40 ms. =80 

10 2.8 2.2 2.7 
30 1.1 1.4 - 

Table 3 
Trigger and analysis efficiencies (in % ) for gauginos in hadronic 
final states. The efficiencies include branching ratios. 

Channel masses 7.X' ZX' X'X' 
ms(GeV/c 2 ) m s, =30 m~, =60 m s, =30 

10 29 10 14 
20 22 13 10 

global trigger efficiency for two prongs is above 40%. 
Tables 1 and 2 summar ize  the efficiencies for the 

var ious  channels taking into account  triggering and 
the var ious  selections descr ibed in the previous sec- 
tion. Due to the mildness of  the cuts used in this anal- 
ysis, the efficiencies vary only slowly with the neu- 
t ral ino masses. 

5.2. Hadronic f inal  states 

For  channels (a )  and (b ) ,  the trigger efficiency is 
above 50% in the relevant  (/t, M )  domain .  Table 3 
gives a sample o f  efficiencies relevant  to the neutral-  
ino search. The efficiency drops  for heavy •' (or  Z" ) 
since the selections have been op t imized  for H°v9 as- 
suming a light neutral  Higgs. 
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Fig. 3. Mass limits for the three slepton families. The contours correspond to regions excluded at 95% CL by our analysis on acoplanar 
two prongs. The domain above the diagonal corresponds to a stable slepton. Mass limits given by TRISTAN [ 8 ], PETRA [ 9 ] and PEP 
[ 10] are also shown. Similar limits [ 11 ] from other LEP experiments are not shown. 
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6. Results 

6.1. Sleptons 

With no candidate for supersymmetric channels, 
we can derive limits in terms of  m~ and m z with two 
assumptions 

m~, -- m~L or m~L >> m~, .  

Fig. 3 shows the limits corresponding to the three lep- 
ton families. These limits reach 40 GeV/c  2 for selec- 
trons and all limits greatly improve the results from 
PEP [ 10 ] and TRISTAN [ 8 ]. At lower m~ masses, a 
remarkable improvement  comes from the absence of  
7-7 background at the Z ° peak, which makes the re- 
gion where m~ ~ m z accessible. This effect is even 
more critical for the ~ limits. Similar limits have been 
obtained by other LEP experiments [ 11 ]. 

The limits on stable ~ + are flavour independent: 
masses between 25 GeV/c  2 and 40 GeV/c  2 are 
excluded. 

6.2. Charginos 

Limits for the pure higgsino and pure gaugino cases 
are given in fig. 4. They reach the kinematical limit 

DELPHI 
I I I ~. / 1  
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40 A 

20 :: 
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Fig. 4. Same as fig. 3 for charginos. The smallest contour corre- 
sponds to the pure higgsino case while the biggest corresponds to 
the pure wino case. Similar limits [ 11 ] from other LEP experi- 
ments are not shown. The lower mass limit on stable charginos is 
deduced from ref. [8 ], the higher corresponds to our data. 

as in ref. [ 11 ]. The selection based on leptons covers 
the region mz± ~ mx, whereas an analysis based on 
hadronic decays may be more delicate to interpret. 

The limit on stable Z -+ reaches 45 GeV/c  2 and is 
complemented in the low mass region by the TRIS- 
TAN results [ 8 ]. 

6.3. Neutralinos 

As pointed out in the introduction, the rate for 
neutralinos is very model dependent. The present 
analysis excludes B R ( Z ~ z z ' ) i >  10 -3 and B R ( Z ~  
Z' Z' ) >-- 2 × 10- 3 assuming that the Z' decays into Zff 
through a virtual Z °. These limits vary slowly with 
the masses o f  the neutralinos as shown in efficiency 
tables 2 and 3. Similar results were obtained in ref. 
[12].  

6.4. L imi t s  on the M S S M  parameters 

In the MSSM scheme all quantities relevant to 
gauginos are fixed by/~, M and tan ft. We choose 
tan f l= 2 and tan f l= 4 and show in fig. 5 the (/z, M)  
region rejected by our results. The region inside the 
hatched curves is excluded by the non-observation o f  
neutralinos or charginos, with some complementar- 
ity as shown by the corresponding lines. 

The dashed lines delimit a zone where theory pre- 
dicts stable charginos with mz± ~< 20 GeV/c  2, which 
have been excluded by the TRISTAN results (fig. 4 ). 
Just outside the border lines, where charginos be- 
come unstable with mz± close to m z, there is a nar- 
row domain not excluded by our search for charginos 
(see fig. 4),  but partially excluded by our search for 
neutralinos. 

The excluded region is extended significantly when 
tan fl increases. 

Given the large branching ratios for Z ° decays into 
gauginos predicted by MSSM, one can already ex- 
clude a large (/z, M)  domain using purely inclusive 
arguments based on the measured widths of  the Z °. 
These limits are however ambiguous since, as pointed 
out in ref. [ 13 ], it is not easy to determine which 
gaugino channels contribute to the hadronic width 
and which correspond to the invisible part. Even if 
one ignores such limitations, the domain which can 
be covered by the inclusive results is narrower than 
the one covered by the present analysis. 
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s e a r c h e d  for  the  p r e s e n c e  o f  h e a v y  s l ep tons  a n d  gaug- 

inos  for  a wide  r ange  o f  masses .  S ince  n o  c a n d i d a t e  

was f o u n d ,  we are ab le  to  set l i m i t  o n  t he  Z ° b r a n c h -  

ing ra t ios  to  such  ob jec t s  at  t he  level  o f  10 -3  . T h e s e  

l imi t s  severely  c o n s t r a i n  the  p a r a m e t e r s  o f  the  M S S M  

mode l .  
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7. Conclusions 

U s i n g  v a r i o u s  se lec t ion  m e t h o d s  b a s e d  o n  aco-  

p l a n a r  l e p t o n  e v e n t s  a n d  h a d r o n i c  e v e n t s  w i t h  iso- 

l a t ed  l e p t o n s  o r  w i t h  large m i s s i n g  energy,  we h a v e  

References 

[ 1 ] R. Barbieri et al., Z ° Physics at LEP 1, Supersymmetry 
searches, CERN report CERN 89-08, Vol. 2, p. 121, and 
references therein. 

[ 2 ] DELPHI Collab., P. Abreu et al., Nucl. Phys. B 342 (1990) 
1. 

[ 3 ] DELPHI Collab., Search for pair production of neutral higgs 
bosons in Z ° decays, in preparation. 

[4] R. Barbieri, G. Gamberini, G.F. Giudice and G. Ridolfi, 
Nucl. Phys. B 296 (1988) 75; 
H.E. Haber and D. Wyler, Nucl. Phys. B 323 (1989) 267. 

[5] DELPHI Collab., P. Aarnio et al., Phys. Lett. B 231 (1989) 
539; The Delphi Detector, to be published. 

[6]F.A. Berends and P.H. Daverveldt, Comput. Phys. 
Commun. 40 (1986) 285. 

[7] R. Kleiss, Z ° Physics at LEP 1, Event generators and 
software, CERN report CERN 89-08, Vol. 3, p. 69. 

[8] TOPAZ Collab., I. Adachi et al., Phys. Lett. B 218 (1989) 
105; 
VENUS CoUab., A. Taketani et al., Phys. Lett. B 234 (1990) 
202; 
AMY Collab., Y. Sakai et al., Phys. Lett. B 234 (1990) 534. 

[9] JADE Collab., W. Barrel et al., Phys. Lett. B 152 (1987) 
385; 
CELLO Collab., H.-J. Behrend et al., Z. Phys. C 35 ( 1987 ) 
181. 

[ 10] ASP Collab., C. Hearty et al., Phys. D 39 (1989) 3207. 
[ 11 ] L3 Collab., B. Adeva et al., Phys. Lett. B 233 (1989) 530; 

ALEPH Collab., D. Decamp et al., Phys. Lett. B 236 (1990) 
86; 
OPAL Collab., M.Z. Akrawy et al., Phys. Lett. B 240 (1990) 
261. 

[ 12 ] ALEPH Collab., D. Decamp et al., Phys. Lett. B 244 (1990) 
541. 

[ 13 ] J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 237 (1990) 
423. 

166 


