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ABSTRACT

An update of the searches for charginos and neutratinos in DELPHI is presented, based mainly on recent
data collected at centre-of-mass energies of 161 GeV and 172 GeV. No signal is found. For a sneutrino
with mass above 300 GeV/c 2 and a mass difference between the chargino and the lightest neutralino
above 10 GeV/e 2, the lower limit at 95% confidence level on the chargino mass ranges from 84.3 GeV/e 2
to the kinematical limit (86.0 GeV/c2), depending on the mixing parameters. The limit decreases for lower
chargino-neutralino mass differences. The limit in the case of a light sneutrino is 67.6 GeV/c 2, provided
that that there is no light sneutrino with a mass within 10 GeV/e 2 below the chargino mass. Upper limits on
neutralino pair production cross-sections of about a pieobarn are derived. The (#, M2) domain excluded in
the MSSM-GUT scenario is determined by combining the neutralino and chargino searches. These results
imply a limit on the mass of the lightest neutralino which, for a heavy sneutrino, is constrained to be above
24.9 GeV/c 2 for tan~ >_ 1. The search has also been extended to the case where the lightest neutralino
is unstable and decays into a photon and a gravitino.
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Abstract. An update of the searches for charginos and neutratinos in DELPHI is presented, based mainly on 

recent data collected at centre-of-mass energies of 161 GeV and 172 GeV. No signal is found. For a sneutrino 

with mass above 300 GeV/c 2 and a mass difference between the chargino and the lightest neutralino above 

10 GeV/e 2, the lower limit at 95% confidence level on the chargino mass ranges from 84.3 GeV/e 2 to 

the kinematical limit (86.0 GeV/c2), depending on the mixing parameters. The limit decreases for lower 

chargino-neutralino mass differences. The limit in the case of a light sneutrino is 67.6 GeV/c 2 , provided that 

that there is no light sneutrino with a mass within 10 GeV/e 2 below the chargino mass. Upper limits on 

neutralino pair production cross-sections of about a pieobarn are derived. The (#, M2) domain excluded in 

the MSSM-GUT scenario is determined by combining the neutralino and chargino searches. These results 

imply a limit on the mass of the lightest neutralino which, for a heavy sneutrino, is constrained to be above 

24.9 GeV/c 2 for tan~ >_ 1. The search has also been extended to the case where the lightest neutralino is 

unstable and decays into a photon and a gravitino. 

1 Introduction 

In 1996, the LEP centre-of-mass energy reached 172 GeV, 

and the DELPHI experiment collected integrated lumi- 

nosities of 9.7 pb -1 and 10.0 pb -1 at 161 GeV and 

172 GeV, respectively. These data have been analysed 

to search for the supersymmetric partners of Higgs and 

gauge borons, the charginos, neutralinos and gravitinos, 

predicted by supersymmetric (SUSY) models [1]. 

The methods used to search for charginos and neutrali- 

nor presented in [2-5] have remained almost unchanged. 

Minor modifications have been introduced in order to re- 

ject the additional W pair background present at the 

higher energies, and to scale certain of the energy, mo- 

mentum and mass values used in the selection criteria in 

proportion to the centre-of-mass energy. 

The conservation of R-parity, implying a stable light- 

est supersymmetric particle (LSP), is also assumed in the 

present paper. While the previous papers assumed the 

LSP to be the lightest neutralino (2°), the present anal- 

ysis also treats the ease where the LSP is a very light 

gravitino (G). In the former case, events are characterised 

by missing momentum carried by the escaping neutrali- 

nor, while in the latter case the decay 2 o -~ G~ is pos- 

sible [6-8]. If the gravitino is sufficiently light (with a 

mass below about 250 eV/c 2 [8]), this decay takes place 

within the detector. As gravitinos escape detection, the 

typical signature of these SUSY events is missing momen- 

tum and isolated photons. Unless the contrary is explic- 

itly stated, the Minimal Supersymmetric Standard Model 

(MSSM) scheme with universal parameters at the high 

mass scale typical of Grand Unified Theories (GUT's) is 

assumed [I]. The parameters of this model relevant to the 

present searches are the masses MI and M2 of the gaug- 

ino sector (which are assumed to satisfy the GUT relation 

MI = -~ tan 20wM2 ~ 0.5M2 at the electroweak scale), the 

universal mass rn0 of the scalar lepton sector (which enters 

mainly via the sneutrino mass), the Higgs mass parameter 

#, and the ratio tanfl of the vacuum expectation values 

of the two Higgs doublets. In this scheme, the chargino 

production cross-section at a given energy can be greatly 

reduced by destructive interference between the s-channel 

and t-channel contributions if the sneutrino mass is below 

300 GeV/c 2 and the SUSY parameters take particular val- 

ues [9]. 

2 Detector description 

DELPHI is a general purpose detector with a magnetic 

field of i. 2 T provided by a large superconducting solenoid. 

The detector and its performance are described in [10]. 
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The main tracking device is the Time Projection 

Chamber (TPC).  Other tracking devices used to recon- 

struct charged particle tracks at large angles with respect 

to the beam axis ('barrel region') are the Vertex Detector, 

the Inner Detector (ID) and the Outer Detector. For par- 

ticles emerging at smaller angles ('forward region'), the 

forward drift chambers (FCA and FCB) supplement the 

TPC and the ID for track reconstruction. 

The electromagnetic calorimeters in the forward region 

are the Forward Electromagnetic Calorimeter (FEMC), an 

array of lead glass blocks covering the polar angular re- 

gions 8 ° < 0 < 35 ° and 145 ° < 0 < 172 °, and the STIC, a 

sampling electromagnetic calorimeter which covers the an- 

gular regions 1.7 ° < 0 < 10.6 ° and 169.4 ° < 0 < 178.3 °. 

The High density Projection Chamber (HPC), the elec- 

tromagnetic calorimeter in the barrel, covers the angular 

range 43.1 ° < 0 < 88.7 ° and 91.3 ° < 0 < 136.9 ° . The 

HPC has a total of 144 modules, each radially segmented 

into 9 layers. 

Photon detection in the regions between the electro- 

magnetic calorimeters is achieved using information from 

dedicated taggers and other detectors. The 40 ° taggers are 

a series of photon counters, each consisting of 2 cm of lead 

followed by a layer of scintillator, used to veto photons 

that  could otherwise be missed in the 0 regions neat" 40 ° 

and 140 ° between the HPC and FEMC. Similar taggers 

are installed at polar angles 88 ° - 92 °, between the two 

halves of the HPC. The Time of Flight detector (TOF), 

consisting of a single layer of 172 scintillation counters 

just outside the solenoid and covering the polar angular 

region 41 ° < 0 < 139 °, helps to increase the hermeticity 

in the regions in azimuthal angle between the modules of 

the HPC. The few azimuthal regions not covered by the 

TO F  are equipped with another set of counters similar to 

the 40 ° taggers. 

The hadron calorimeter (HCAL) is segmented radially 

into 4 layers and covers 98% of the solid angle. Muon iden- 

tification uses chambers placed between the third and the 

fourth HCAL layer and outside the fourth layer, covering 

nearly all the solid angle. 

3 Data samples and event generators 

The data samples accumulated at centre-of-mass ener- 

gies of 161 GeV and 172 GeV were used in the search 

for chargino and neutralino production as described in 

Sects. 4.1 to 4.6. The 1995 data [2,5,11] amounting to 

2.92 pb -I and 3.01 pb -I at centre-of-mass energies of 

130.4 GeV and 136.3 GeV respectively, were also used 

in the search for charginos and neutralinos in the scenario 

where )~0 _+ GV. The results obtained at the Z resonance 

were also included in the search for )~0~ production. To 

evaluate the signal efficiencies and background contami- 

nations, events were generated using several different pro- 

grams. All relied on JETSET 7.4 [12], tuned to LEP 1 data 

[13], for quark fragmentation. 

The program SUSYGEN [14] was used to generate chargi- 

no and neutralino signal events and to calculate cross- 

sections and branching ratios. These agree with the cal- 

culations of [15]. A modified version of the same program 

was used to generate signal events in the scenario with a 

light gravitino. 

The background process e + e - - ~  qC:l(nT) was gener- 

ated with PYTHIA 5.7 [12], while DYMU3 [16] and KORALZ 

[17] were used for # + # - ( @  and T+~--(@, respectively. 

The generator of [18] was used for e + e - - ~  e+e - events. 

Processes leading to four-fermion final states, (Zff/)* 

(Z/7)*, W + W  - ,  W e ~  and Ze+e - ,  were also generated 

using PYTHIA. The calculation of the four-fermion back- 

ground was verified using the program EXCALIBUR [19], 

which consistently takes into account all amplitudes lead- 

ing to a given four-fermion final state. EXCALIBUR does 

not, however, include the transverse momentum of initial 

state radiation. 

Two-photon interactions leading to hadronic final states 

were generated using TW[}GAM [20], separating the VDM, 

QPM, and QCD components. The generators of Berends, 

Daverveldt and Kleiss [21] were used for the leptonic final 

states. 

The generated signal and background events were 

passed through the detailed simulation of the DELPHI 

detector [I0] and then processed with the same reconstruc- 

tion and analysis programs as the real data. The simulated 

number of events from different background processes was 

several times the number in the real data; details of the 

signal samples generated are given in Sects. 5, 6. 

4 Event selections 

The criteria used to select events were defined on the ba- 

sis of the simulated signal and background events. The 

selections for charged and neutral particles were similar 

to those presented in [2,3,5] requiring charged particles 

to have momentum above 100 MeV/c and to extrapolate 

back to within 5 cm of the main vertex in the transverse 

plane, and to within twice this distance in the longitudi- 

nal direction. Calorimeter energy dusters above 100 MeV 

were taken as neutral particles if not associated to any 

charged particle track. The particle selection was followed 

by different event selections for the different signa! topolo- 

gies. 

Topologies with a stable neutralino 
For ;~+;~- chargino pair production with ; ~  --~ )~0f~,, 

the relevant visible topologies with a stable neutralino are 

j jg  (two jets, one isolated lepton, and missing momen- 

turn), jets (multijet events with missing momentmn), and 

g~ (two leptons and missing momentum). The search for 

neutralino production in the case of a stable ;~0 concen- 

t ra ted on the most significant visible final states, X1X2,-° ~o 
-o~o and -0-0 -0 X1X3 X1X4, with Xk __~ )~0 + f f ;k  = 2,3,4. These 

lead to j j  events (two jets and missing momentum) and 

gg events. A characteristic feature of all of these topolo- 

gies is the presence of jets or leptons which are acopla- 

nar with the beam, missing momentum transverse to the 
beam (p~iss), and missing mass due to escaping neutrali- 

nos. The distribution of cos 0, where 0 is the polar angle 
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of a jet or lepton, is nearly uniform. In addition to the 

neutralino 2°f f  modes, D E L P H I  results on single-photon 

production at LEP 1 [22] were interpreted as limits on 
z- 2020- 20 0, 

The mass difference A M  = M2~ -M2o in 2+2~ - events 

or A M  = M2o - M 2 o  in -0-0 X~X1 events, plays an impor- 

tant  r61e as the typical p~iSS and visible mass grow with 

AM.  For low A M  the major  background consists of two- 

photon events, whereas W + W  - and ff events with initial 

state radiation are the background for large AM. Several 

analyses were performed to optimise the selection for dif- 

ferent ranges of AM. The range of accessible mass differ- 

ences is larger in the neutralino case than  in the chargino 

case, which leads to different analyses for neutralinos and 

charginos. Note also tha t  the chargino jets events appear 

as four-jet events for high A M  and as two-jet events for 

low A M ,  whereas the two jets in neutralino j j  events tend 

to merge for low A M .  The LUCLUS algorithm [12] was 

used to reconstruct jets in both  chargino and r~eutralino 

searches. In the chargino search a forced two jet recon- 

struction was applied. In the neutralino search it was re- 

quired that at least two jets were reconstructed and that 

there were no more than  two jets with a minimum trans- 

verse jet separation, djoin = 10 GeV/c.  In chargino pro- 

duction an additional complication may arise if' there is a 

sneutrino lighter than  the chargino in which case the de- 

cay 2 + ~ #g dominates (with P decaying invisibly). The 

relevant A M  is then M2~ - M ~ ,  but because of the two- 

body decay the sensitivity to low A M  is actually higher 

than  for 2 +--~2°~g. 

Two-photon events are eharacterised by large missing 

momentum and energy, and low visible mass. However, 

p~iS~ is small, the jet  or lepton system tends to be copla- 

nar with the beam direction, and there are often jets in 

the forward-backward region of the detector. These events 

can thus be rejected by requiring significant transverse 

momentum and acoplanarity and a small jet activity in 

the forward-backward region. In the hadronic topologies 

(j j, jjg, and jets), the 'scaled acoplanarity '  was used in 

the selection. This is the acoplanarity between the planes 

containing each jet and the beam, when exactly two jets 

were reconstructed with the LUCLUS algorithm [12], multi- 

plied by the lower value of sin 0je t to account for the worse 

definition of acoplanarity for forward jets. 

In ff events with initial state radiation ('radiative re- 

turn  to the Z') there is a high energy photon which is usu- 

ally lost in the beam pipe. Such events are characterised by 

large visible mass (~  Mz) and large missing momentum 

aligned with the beam direction. They may be rejected by 

requiring significant p~iss or aeoplanarity. For 2°2 ° there 
/~ 1 

is a loss of efficiency when A M  = M2o-M2o = Mz, because 

of the need to reject this particular background. The back- 

ground from ff  events with initial state radiation emitted 

at larger polar angles was reduced by vetoing events with 

energetic isolated photons in the detector. In this case 

both  the acoplanarity and the PT of the ff system can be 

large and radiative events with photons missing the elec- 

t romagnetic  calorimeters were a potentially serious back- 

groundl To reduce it, events were rejected if the hermetic- 

ity detectors gave a signal which coincided in azimuth with 

the missing momentum.  Using data  taken at the Z reso- 

nance (LEP 1 data),  it has been shown [5] that  the total 

photon detection efficiency of DELPHI  is above 99% for 

photons of more than 5 GeV in the range 20 ° < 0 < 160 °. 

W + W  - events constitute a practically irreducible back- 

ground to the 2+2~ - topologies listed above when A M  = 
Mw. For large A M  < M w  there is a loss of efficiency 

for these topologies because of the need to reject W + W  - 

background. For large AM, however, the charginos tend to 

decay via 2°ff 2%ff' so the W+W - background 
can be reduced by requiring the presence of photons (see 

Topologies with an unstable neutralino, below). 

Figure 1 shows the distribution of variables relevant for 

the selection of topologies with a stable neutralino, namely 

multiplicity, visible mass, and acoplanarity, for real and 

simulated events. The distributions to the left in Fig. 1 

(qeptonic selection') refer to events selected by requir- 

ing a pair of oppositely charged particles with transverse 
pair 

momentum PT > 3 GeV/c.  The total  number  of recon- 

structed charged particle tracks had to be below ten, and 

the energy in the forward-backward 30°cones had to be 

less than half the visible energy. The 'hadronic selection' 

(right in figure) required five or more charged particles 

with a total  energy above 4 GeV, p~iSs > 3 GeV/c,  and the 

same requirement on the energy in the forward-backward 

regions. The agreement between real and simulated data 

is reasonable; the normalization is absolute. 

Topologies with an unstable neutraIino 
If the lightest neutralino is not stable but decays within 

the detector into a photon and a gravitino, then the 2 + 2 i  - 

topologies described above change by the addition of iso- 

lated energetic photons coming from the neutralino decay. 

Searches for such events were conducted in the chargino 

channels (the 77X topologies, where X stands for jj~, jets 
or gg) in a way similar to the search in the stable neutralino 

scenario. In this case, however, events with isolated pho- 

tons were not rejected. Instead, the presence of at least 

one isolated photon was required in the selection criteria, 
as described in Sect. 4.4. 

In the search for neutralinos in the case of an unstable 

2 o decaying into 76 ,  different processes than  in the sta- 

ble neutralino case were considered, namely e + e -  --~ 2°G 
- 0  ~0 and e + e - - ~  X1X1- These would produce, respectively, a 

single-photon or two acoplanar photons in the final state 
and will be referred to as single-~, and 0'7 topologies in 

the following. The reaction e+e - --+ 2°G derives from the 

possibility of direct 2°G~, and 2°GZ couplings [6], which 

are also responsible for the 20 decay. 

4.1 Chargino decays giving jj~ final states 

Two different sets of selection criteria were used, opti- 

raised for different ranges of the mass difference between 

the chargino and the lightest neutralino, AM.  
In the 'non-degenerate '  case, A M  > 10 GeV/c  2, events 

were required to have at least three charged particles, a 



6 DELPHI Collaboration: Search for charginos, neutralinos and gravitinos at LEP 

160 

140 

120 

100 

80 

60 

40 

20 

0 

L E P T O N I C  S E L E C T I O N  

~t~ Bhabha+Compton  
2-nhntnn 

2 3 4 5 6 7 8 9 10 

Multiplicity 

180 
160 
140 
120 
100 
80 
60 
40 
20 

0 

H A D R O N I C  S E L E C T I O N  

10 20 30 40 50 60 

Charged Multiplicity 

40 

35 

30 

25 

20 

15 

10 

5 

0 

35 

30 

25 

20 

15 

10 

5 

0 

10 -1 

30 

25 

20 

15 

10 

5 

0 

20 40 60 80 100 120 140 160 180 

Visible mass  (GeV/c 2) 

20 40 60 80 100 120 140 160 180 

Visible mass  (GeWc 2) 

1 10 10 2 10 -1 1 10 

A c o p l a n a r i t y  (°) S c a l e d  A e o p l a n a r i t y  (°) 

; -, .Acoplanarity > 3 ° 
i 

i 

20 40 60 80 100 120 140 160 180 

Visible mass  (GeV/c 2) 

2 
10 

20 40 60 80 100 120 140 160 180 

Visible mass  (GeV/c 2) 

Fig. 1. Distributions of multiplicities, visible 

mass, and acoplanarities for real data events 

(points) and simulated events (histograms) at 

172 GeV, selected by typical 'leptonie' and 

'hadronic' selections (see text). The scaled 

acoplanarity was calculated only for events 

where two jets were reconstructed using the 

LUCLUS algorithm with djoin = 10 GeV/c. 
For the visible mass distributions at the bot- 

tom of the figure, acoplanar events were se- 

lected as indicated. The background is decom- 

posed into its components (thin-bordered his- 
tograms with different shadings as shown in 

the first sub-figure). The fat-dashed unshaded 
histograms show the distributions expected 
fo r  a 2o2 0 signal with M~0=60 GeV/C 2, 

M20=105 GeV/c2, and an arbitrarily chosen 

cross-section of 10 pb 

total multiplicity of at least 10 and a scaled acoplanarity 

of at least 15 °. The presence of a loosely identified electron 

or muon [10] of at least 3 OeV/c  was required. This lepton 

had to be emitted at an angle of at least 20 ° from both 

jets. To reduce the W + W  - background, events with an 

isolated lepton with a momentum greater than 30 GeV/c  

were rejected. Moreover, the events were required to have 

either an invariant mass Mjj of the hadronic system (ex- 

cluding the lepton) smaller than 40 GeV/c  2, or an in- 

variant mass Mz. reconstructed using the lepton and the 

missing momentum (assumed to be due to an unseen neu- 

trino) smaller than 60 × (1 - M~v ~ OeV/c  2. The miss- 
65 ] 

ing transverse momentum of the event was required to 

be larger than 4 GeV/c. Furthermore, in order to reduce 

the two-photon background, events were rejected if more 

than 50% of the visible energy was contained within the 

forward and backward 20 ° cones around the beam. To re- 

ject e+e---* e+e - events the electromagnetic energy was 

required to be smaller than 90% of the visible energy. 

For the 'degenerate' case, A M  < 10 GeV/c  2, the re- 

quirement of a minimum total multiplicity was removed, 

the minimum momentum of the isolated lepton was re- 

duced to 1 GeV/c, and the minimum missing transverse 

momentum with respect to the beam axis to 3 GeV/c. In 

order to compensate for the loss of purity caused by re- 

laxing these criteria, the maximum allowed energy in the 

forward and backward 20 ° cones was reduced to 40% of 

the visible energy, and events with a visible energy larger 

than 30 GeV or with an isolated lepton with a momentum 

greater than 20 GeV/c  were rejected. 

4.2 Chargino decays giving j e t s  final states 

In the non-degenerate case (AM > 10 GeV/c2), events 

were selected by requiring charged and total multiplici- 

ties of at least 3 and 10 respectively, and the absence of 

isolated leptons as defined in Sect. 4.1. Bhabha events 

were rejected by requiring the electromagnetic energy to 

be smaller than 90% of the visible energy. The scaled 
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acoplanarity was required to be greater than  20 °, while 

both  jet axes had to point in the polar angular region 

24 ° < 0 < 156 °. The energy in the forward and backward 

20 ° cones was required to be below 30% of the visible 

energy. The missing transverse momentum of the event 

(relative to the beam axis) had to be above 5 GeV/c  and 

the polar angle of the missing momentum had to be in the 

region 30 ° < 0pmis s < 150 °. Finally, a total  Visible mass 

below 68 GeV/c  2 was required. 

In the degenerate case ( A M  <_ 10 GeV/c2), events were 

required to have at least five charged particles, with no 

additional requirement of a minimum total  multiplicity. 

There should be no isolated lepton with momentum above 

3 GeV/c.  The scaled acoplanarity had to be above 40 °. 

The energy in the forward and backward 20 ° cones had to 

be below 25% of the visible energy. The missing transverse 

momentum of the event had to be above 5 GeV/c  and the 

polar angle of the missing momentum had to be in the 

region 30 ° < Opmis s < 150 °. The energy deposited in the 

electromagnetic calorimeters had to be below 90% of the 

visible energy, and the visible mass below 25 GeV/c% 

4.3 Chargino decays giving ~ final states 

The first steps in the selection were identical for the de- 

generate and non-degenerate cases. At least two well re- 

constructed charged particle tracks originating from the 

vertex region were required and the total multiplicity had 

to be eight or less. If neither of the two most energetic 

charged particles had associated hits in the muon cham- 

bers the difference in 0 between these two particles had to 

be at least 5 ° . The energy detected in the electromagnetic 

and hadronic calorimeters had to be less than 50 GeV and 

40 GeV, respectively, and the energy in the forward and 

backward 30 ° cones was required to be below 50~0 of the 

visible energy. The visible energy was required to be less 

than 62.5 GeV and 12 GeV in the non-degenerate and 

degenerate cases, respectively, and in the degenerate case 

the visible mass was required to be less than 8 GeV. 

In order to reduce the W pair background, the most 

energetic well reconstructed particle originating from the 

vertex region was required to have a momentum below 

30 GeV/c and 6 GeV/c in the non-degenerate case and 

degenerate case, respectively. 

Background 77 -+ T+T- events with 1-prong decays 

of the T's give two nearly back-to-back tracks in the trans- 

verse plane because of the low Q-value of the T decay. To 

reject such background, the momenta of the two most en- 

ergetic particles were projected onto the plane transverse 

to the beam. The projected momenta were used to de- 

fine a thrust axis, and their vector sum perpendicular to 

this axis was calculated. Its square was required to exceed 

0.4 (CeV/c)  2. 

In the case of more than  two charged particles, the 

selection was completed by requirements on acoplanarity, 

visible mass, and missing transverse momentum.  The aco- 

planari ty of the two most energetic particles was required 

to be between 10 ° and 160 ° and the visible mass had to 

be greater than  4 GeV/c  2. The missing transverse too- 

mentum, finally, was required to exceed 5 GeV/c  in the 

non-degenerate case and 4 GeV/c  in the degenerate case. 

In the case of exactly two charged particles, the acopla- 

narity had to be at least 20 °, and the azimuthal angle of 

the missing momentum had to be outside ±5  ° of any en- 

ergy deposit in the STIC. This was to reject background 

arising from the poor energy measurement for low-angle 

hadrons in that  detector. The invariant mass of the two 

charged particles had also to be above 4 GeV/c  2 and the 

missing transverse momentum above 5 GeV/c.  The mo- 

mentum of the second most energetic particle was required 

to be greater than  0.5 GeV/c  and the energy in the for- 

ward and backward 30 ° cones had to be smaller than  20% 

of the visible energy. 

4.4 Chargino production giving ~ X  final states 

A special analysis was developed to search for an unsta- 

ble ;~0, decaying into a photon and a light gravitino. The 

selection is also sensitive to cascade decays of ;~ into ;~0 

which in turn decays into ;~° 3, where ;~0 is stable. Since 

the presence of one or two isolated photons is a very dis- 

criminating signal, no distinction was made between the 

different ehargino decay topologies (JS, jets, and gg). In 

a first step, events were selected if they contained at least 

one charged particle and at least one energetic isolated 

photon and 

- the photon polar angles, 0~, satisfied 15 ° < 0~ < 165 ° 

and the photon energies exceeded 5 GeV, 

- the angles of isolation between each photon and any 

other well reconstructed neutral or charged particle 

were greater than 15 ° . 

In the non-degenerate case, the total visible mass had 

to be smaller than 130 GeV/c 2, the energy of the most 

energetic isolated photon smaller than 45 GeV, and the 

momentum of the most energetic charged particle smaller 

than 30 GeV/c. Then, different selection criteria were ap- 

plied depending on whether one photon or two (or more) 

isolated photons were detected. In the latter case, the only 

further requirement was that the scaled acoplanarity had 

to be greater than 5 ° . If only one isolated photon was de- 

tected, the scaled acoplanarity had to be greater than 15 °, 

the missing transverse momentum greater than 5 GeV/c, 

and the electromagnetic energy less than 90~ of the total 

calorimetric energy. 

In the degenerate case, the missing transverse momen- 

tum had to be greater than 5 GeV/c, the scaled acopla- 

narity greater than 5 °, and the polar angle of the miss- 

ing momentum had to satisfy 10 ° < Opmis s < 170 °. The 

momentum of the most energetic charged particle was 

required to be smaller than  30 GeV/c.  In addition, the 

energy of the most energetic isolated photon, as defined 

above, had to lie between 15 GeV and 45 GeV. The visi- 

ble mass of the event, excluding the isolated photons, had 

to be smaller than 50 GeV/c  2. The percentage of energy 

in the forward and backward 30 ° cones had to be smaller 

than  70% and the total  electromagnetic energy, excluding 

the energy of the most energetic isolated photon, had to 

be below 70 GeV. 
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4.5 Neutralino decays giving j j  final states 

In order to select hadronic events at least five particles 

were required, and at least two of these had to be charged. 

Two jets were required, each satisfying 20 ° < Oj¢~ < 160 ° 

and containing at least one charged particle reconstructed 

with small momentum error. To reject background from 

W + W  - production, no isolated charged particle with en- 

ergy greater than  3 GeV and at an angle of more than  10 ° 

away from the nearest jet was allowed. 

To reject Z7 and two-photon background, several crite- 

ria were used. The total  energy of particles emit ted within 

30 ° of the beam was required to be smaller than  40% of 

the total  visible energy, the polar angle of the missing 

momentum had to satisfy 20 ° < '0Pmis s < 160 °, and the 

missing transverse momentum had to exceed 5.5 GeV/c.  

The invariant mass of visible particles was required to 

be less than  0.55V~/c 2, and the missing mass to exceed 

0.25, /~/c 2. The scaled acoplanarity had to exceed 10 °. 

In addition, events were required to satisfy at least one 

of the following three sets of criteria, sensitive to different 

ranges of A M  = M2o - M2o: 

reject e+e --+ e+e - events, the acoplanarity between the 

two selected particles was required to exceed 10 ° . 

In order to reject background from e + e - - ~  qCt(7) 

events and two-photon interactions, the total  multiplic- 

ity of the event was required to be seven or smaller and 

the energy deposited in the STIC had to be less than 12 

GeV. 

Requirements for different missing energy regions were 

optimised for different M2~ - M2o. If the missing energy 

of the event was greater than  130 GeV, the two particles 

were required to have a total  transverse momentum above 

5.5 GeV/c,  and an acoplanarity in excess t5 °. If  the miss- 

ing energy was between 0 .3v~ and 130 GeV, the trans- 

verse momentum had to be at least 7 GeV/c  while the 

minimum acoplanarity was 40 °. Pairs with smaller missing 

energy had to have transverse momentum above 25 GeV/c  

and acoplanari ty above 40 °. 

Finally, W + W  - events were rejected by requiring the 

momentum of the more energetic of the two particles to be 

outside the range from 33 GeV/c  to 47 GeV/c  for the data  

taken at 161 GeV, and outside the range from 40 GeV/c  

to 60 GeV/c  for the da ta  taken at 172 GeV. 

- Low A M  (~ 10 GeV/c2): The invariant mass of visible 

particles was required to be less than  0.1~d~/c 2, the 

missing mass had to exceed 0.7x/~/c 2, and the scaled 

acoplanari ty had to be greater than  40 °. 

Intermediate  A M  (~ 40 GeV/c2): More than  six par- 

t ides  were required. The invariant mass of visible par- 

ticles was required to be less than  0.4~/s/c 2, and the 

missing mass had to exceed 0.hv/s/c 2. The total  energy 

of particles in the forward and backward 30 ° cones was 

required to be smaller than  25% of the total  visible 

energy. The polar angle of missing momentum should 

satisfy 30 ° < 0pmis s < 150 °. In addition, the scaled 

acoplanari ty had to exceed 30 ° and missing transverse 

momentum had to exceed 7.5 GeV/c.  

- Large AM (~ 90 GeV/c2): More than  eight particles 

were required, the polar angle of the missing momen- 

tum was required to satisfy 30 ° < @miss < 150°' and 

the missing transverse momentum to be greater than  

15 GeV/c.  

4.6 Neutralino decays giving gf final states 

To select the di-lepton topology, two and only two iso- 

lated, oppositely charged, particles with momenta  above 

1 GeV/c,  relative momentum error smaller than  30 %, 

and polar angles in the range 20°< 0 < 160 ° were re- 

quired. One particle or both  had to be at least loosely 

identified as an electron or muon according to [10], and 

no more than  40% of the centre-of-mass energy was al- 

lowed to be associated with either particle. Events with 

more than  three charged particles with momenta  greater 

than  1 GeV/e  were rejected. The total  energy of parti- 

cles in the forward and backward 30 ° cones had to be less 

than  30% of the visible energy, and the polar angle of the 

missing momen tum had to satisfy 20 ° < 0pmis  s < 160 °. To 

4.7 Neutralino decays giving single 7 final states 

Anomalous production of single-photon events in DEL- 

PHI  has been searched for at centre-of-mass energies ~ /s~  

91 GeV, 130 GeV, 136 GeV, 161 GeV, and 172 GeV. The 

data  taken at the peak of the Z resonance are included 

because of the large integrated luminosity collected at 

this energy. When interpreted in terms of -0-0 )/1X2 produc- 

tion with 2 o ~ 207 these da ta  improve the exclusion in 

the #,M2 plane for low #, M2, and tan/3 and improve the 

lower limits on neutralino and chargino masses. 

The analyses of the da ta  collected at ,~/s~ 91 GeV and 

at 130 GeV and 136 GeV are described in [22] and [4]. The 

analysis of the 161 GeV and 172 GeV data  is similar to 

that  of [4]. 

For all these centre-of-mass energies, the main Stan- 

dard Model background is photons from initial s tate radi- 

ation in e+e - --~ yP7 events As this background is strongly 

peaked in the forward region, only single-photon events 

with the photon detected in the barrel part  of the electro- 

magnetic calorimeter (HPC) were considered in the search 

for the e+e---~ )~0~ process. The distribution of recoil 

mass in the selected single-photon events at 161 GeV and 

172 GeV is shown in Fig. 2, together with that  expected 

for the background. 

4.8 Neutralino decays giving 701 final states 

Events with two photons and missing energy could be a 
N0 N0 

signature for the process e+e - --~ X1;~1 with both neutralP 

nos decaying to 0'G. In this analysis the neutralino is as- 

sumed to be dominantly gaugino-like, and hence not to 

couple to the Z. In this case, if the gravitino is light, the 

photons wilt tend to be eollinear for a light neutralino, 

while for large M20 they will be acollinear and acoplanar. 
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T a b l e  1. The number of events observed and the expected number of background events in the 

different chargino search channels under the hypothesis of a stable neutralino (Sects. 4.1 to 4.3). For 

172 GeV, in the low I#1 and M2 region where ; ~  -+ )~0f{ __+ )~0f~y decays were important,  events 

with one or two isolated photons were also included. This led to an additional expected background 

of 0.41±0.12 events which is not included in this table 

Chargino channels 

Non-degenerate selection 

Sect ion: 4.1 4.2 4.3 4.1 

Topology: j j £ jets ~£ j j g 

161 GeV 

Obs. events: 0 2 0 0 

Background: 0.03 ± 0.01 1.8 _k 0.3 0.39 4- 0.06 0.47 ± 0.07 

172 OeV 

Obs. events: 0 0 1 0 

Background: 0.20 4- 0.05 1.4 ± 0.2 0.8 ± 0.2 0.28 4- 0.04 

Degenerate selection 

4.2 4.3 

jets gg 

0 0 

0.53 ± 0.08 0.51 ± 0.08 

1 0 

0.27 4- 0.05 0.32 = 0.07 

> 

E- 

z 
> 

5 

4.5 

4 

3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 

60 

SINGLE PHOTON 161+172 GeV 

' I ' ' ' 

DELPHI 

80 100 120 

i , , , I , , , I , , , l ~ ' J  

140 160 180 

Mrec(GeV/c 2) 

F ig .  2. The distr ibution of recoil mass for the single-photon 

events selected in the da ta  accumulated at 161 GeV and 

172 GeV (points) and the expected background distribution 

(histogram). The shaded part of the histogram represents the 

e+e - --+ ~p'y background, while the unshaded part corresponds 

to e+e - -~ e + e - 7  where the final state electrons are lost along 

the beam 

Photons reaching the calorimeters without convert- 

ing were recognised as energy clusters in electromagnetic 

calorimeters not associated to charged particle tracks 

(~neutral clusters'). For efficient rejection of charged parti- 

cles, no hits in the Vertex Detector aligned with calorime- 

ter energy clusters were allowed. These criteria were com- 

plemented by the requirement that neutral clusters be- 

low 44 ° or above 136 ° in polar angle did not coincide in 

azimuth with TPC sector boundaries. Neutral clusters in 

T a b l e  2. The number of events observed and the expected 

number of background events in the different neutralino search 

channels under the hypothesis of a stable neutralino (Sects. 4.5 

and 4.6). The two events selected in the j j  topology at 161 GeV 

are the same as in the non-degenerate selection of the chargino 

jets topology. The background is larger than for the chargino 

analysis (Table 1) because of the larger range of mass differ- 

ences covered. It is dominated by qgt(7), W + W  , and Were 

events 

Neutralino channels 

Section: 4.5 4.6 

Topology: j j  gg 

161 GeV 

Obs. events: 2 1 

Background: 2.6 = 0.2 1.7 ~: 0.7 

172 GeV 

Obs. events: 2 1 

Background: 4.2 ± 0.3 1.9 ± 0.3 

the  H P C  not  coinciding wi th  modu le  bounda r i e s  to wi th in  

1 °, were requi red  to  have signals  from three  layers,  each 

exceeding 5% of the  shower energy. Assoc ia t ed  energy de- 

pos i t s  in the  hadron ic  ca lor imete r  were included,  b u t  were 

requi red  not  to  exceed 15% of the  e l ec t romagne t i c  c lus ter  

energy if not  coincident  w i th  H P C  modu le  boundar ies ,  

o therwise  the  pho ton  cand ida t e  was re jected.  

Conver ted  pho tons  were recognised by  the  absence  of 

hits in the Vertex Detector, and the requirement that the 

ratio between the energy deposited in the electromagnetic 

calorimeter and the momentum of charged particles be 

greater than 0.2. There had to be eight or less recon- 

structed charged particle tracks associated to the energy 

cluster. 

Events were selected if they had two such reconstructed 

photons in the polar angle range between 25 ° and 155 ° 

(30 ° and 150 ° for converted photons) and no reconstructed 

charged particle tracks which were not associated with any 

of the photons. Any additional calorimetric clusters were 

required to have a iota] energy below 3 GeV. To reject cos- 
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hance the signal. Two different sets of criteria were used, 

optimised for a light neutralino and a heavy neutralino, 

respectively. 

The region of low neutralino mass was probed using 

photons detected in the HPC.  It  was required that  the 

acollinearity between the two photons was below 20 °, tha t  

the total  energy in the event was less than 75% of the 

centre-of-mass energy, and that  neither photon was within 

1 ° of an HPC module boundary. The last condition serves 

to optimise the energy reconstruction. 

For the high mass region, the acoplanarity had to ex- 

ceed 3 ° , and the total  energy was required to be less than 

90% of the centre-of-mass energy. To eliminate events with 

photons from initial s tate radiation or with poorly recon- 

structed photons, the missing momentum was required to 

be less than  0.1~/s/c if its polar angle was within 10 ° of 

the beam axis. 

130 + 136 + 161 + 172 GeV 

25 

~a 

20 

I5 

IO 

DELPHI 

v v ' ~ h ' +  Q E D  

0 0.2 0.4 0.6 0.8 l 1.2 1.4 

(E 1 + E 2 )/qS 

Fig. 3. The distribution of acoplanarity and total energy nor- 

malised to the centre-of-mass energy for the selected events 

with two-photon final states for all energies. The data were 

collected in 1995 and 1996 at centre-of-mass energies between 

130 GeV and 172 GeV. The histograms show the sum of the 

expected backgrounds from 77u~ and QED e+e - --~ 77 events 

mie ray events it was required that  clusters in the hadron 

calorimeter above 3 GeV had at least 90% of the energy 

detected in the first layer. Finally, events were eliminated 

if the missing momen tum pointed in the direction of a 40 ° 

tagger giving a signal. 

A total  of 141 events passed this preselection, while 

the expectat ion from the dominant background, the QED 

process e+e---+ "yy, is 150±2 events. Figure 3 shows the 

distribution of acoplanari ty versus energy for this data  

sample. 
Following the preselection, additional criteria were im- 

posed to eliminate the dominant QED background and en- 

5 Results in the case of a stable neutralino 

5.1 Efficiencies and selected events 

The total  numbers of background events expected in the 

different topologies are shown in Tables 1 and 2, together 

with the numbers of events selected in the data  at V~ = 161 

GeV and 172 GeV. 

The efficieneies of the chargino selections in Sects. 4.1 

to 4.3 were est imated using 22 combinations of ) ~  and )~0 

masses in three chargino mass ranges (M2~ ~ 80 GeV/c  2, 

M2~ ~ 70 GeV/c  2, and M2~ ~ 60 GeV/c  2) and with 

A M  ranging from 3 GeV/c  2 to 77 GeV/c% A total  of 

86000 chargino events was generated and passed through 

the complete simulation of the DELPHI  detector. 

In addition, 126000 such events were simulated for 63 

different parameter  combinations in the region of low I#t 

and M2, for which a special s tudy was carried out (see 

Sect. 5.2). In this region, the decay ; ~  --+ )~0f~ __+ ;~0f~.y 

is important ,  and events with one or two isolated photons 

were therefore also included. Such events were selected 

by the analysis of Sect. 4.4, leading to an increase of the 

efficiency for large AM.  
Figure 4 shows the detection efficieneies at 172 GeV 

for the three channels, considering for each channel all 

the searches in Sects. 4.1 to 4.4. The jets search gives 

a large contribution to the efficiency for the jjg channel, 

increasing the efficiency for it by ~30% [5 I. The contri- 

bution of the j jg channel to the efficiency of the jets and 

gg searches is small. The overall detection efficiencies are 

shown in Fig. 4d. 

For the neutralino analysis, a total  of 120000 X1X2-°-° 
events was generated for 39 different combinations of M20 

and M2o masses with M2o ranging from 23 GeV/c  2 to 

(qqx1, 150 GeV/c  2, and for different 2 o decay modes -~0 

# + # - 2  °, e+e -~° ) .  The efficiencies for the neutralino se- 

lections in Sects. 4.5 and 4.6 are shown in Fig. 5. 

In the 161 GeV data, two hadronic events and one 

event in the neutralino gg topology were selected. Both 

hadronic events satisfied both  the chargino jets selection 
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F i g .  4. Chargino detect ion efficiencies for the three 

modes a j i g ,  b j e t s  and c gg. (including also photons 

from cascade decays via 2o), obta ined by combin- 

ing four sets of selection cri teria (Sects. 4.1 to 4.4). 

d Overal l  efficiency obtained by summing  the  three 

modes. The  bands correspond to the stat is t ical  error 

in the s imulat ion of about  2% absolute, combined 

with  the  effect of varying the  assumed chargino mass 

between 60 and 80 G e V / c  2 
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F i g .  5. Neutral ino pair product ion  detect ion efficiency for the  j j  and gg topologies at 

172 GeV as functions of M2o - M2o. The  efficiency drop around 90 GeV/C 2 is caused 

by the  need to reject Z(~/) events. The  bands correspond to the  stat is t ical  error in 

the s imulat ion of about  2% absolute, combined wi th  the effect of varying the.;~° mass 

between 23 and 150 G e V / c  2 
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Fig. 6. A selected chargino/neutralino 

candidate event in the jets and j j  topolo- 

gies viewed in the projection perpendic- 

ular to the beam direction. The arrow 

indicates the missing momentum direc- 

tion. The polar angle of the missing too- 

mentum is 81 ± 1 °. Charged particle 

trajectories are shown as solid curves in 

the regions of the tracking detectors and 

neutral particles as dashed lines. Both 

are shown as short dashes When extrap- 
olated. Energy deposits in the electro- 

magnetic and hadronic calorimeters are 

shown as bootes, and long dashes indicate 

such showers interpreted as neutral par- 

ticles 

criteria for the non-degenerate case and the neutralino j j  

criteria. One of these events is shown in Fig. 6. The best 

est imate for the invariant mass of the two-jet system in 

this event, corrected for particle losses, is (72-4-11) GeV/c  2, 

with a recoil mass of (59+19) GeV/c  2. The most proba- 

ble explanation of this event is t-channel We~ production 

where the electron is lost. The expected number of such 

events selected is 0.6. In the second event selected, both  

jets point to the regions of incomplete calorimeter cover- 

age at 0 ~ 40 °. Hence the missing transverse momentum 

is likely to be an instrumental  effect. The transverse mo- 

mentum of the third event, selected in the neutralino gg 

topology, is just above the minimum accepted by the se- 

lection, and it is most  likely a two-photon interaction. 

In the 172 GeV data, three hadronic and two leptonic 

events were selected, consistent with the expected Stan- 

dard Model background. One is a likely W + W  - event, 

with one W decaying hadronically and the other into r~; 

the other two hadronic events and one leptonic event have 

low transverse momenta  and are most likely due to two- 

photon interactions. The remaining leptonic event has high 

visible mass and could be due to a W + W  - pair with both  

bosons decaying leptonically. 

5.2 Limits 

Limits on chargino production 

The simulated data  points were used to parametr ise  the 

efficiencies of the chargino selection criteria described in 

Sects. 4.1 to 4.4 in terms of A M  and the mass of the 

chargino. Then a large number  of SUSY points were in- 

vestigated and the values of A M ,  the chargino and neu- 

tralino masses and the various decay branching ratios were 

determined for each point. By applying the appropriate  ef- 

ficiency and branching ratios for each channel, the number 

of expected signal events for a given cross-section can be 

calculated. Taking also the expected background and the 

number  of events actually observed into account, the 95 

% confidence level upper  limit on the number of observed 

signal events can be calculated [23] and certain cross sec- 

tions, or the corresponding points in the MSSM parameter  

space (#, 2~/2, tan/3), male" be excluded. 

Figures 7 and 8 show the chargino production cross- 

sections as obtained in the MSSM at vG = 172 GeV for 

different chargino masses for the non-degenerate and de- 

generate cases. The parameters  M2 and # were varied ran- 

domly in the ranges 0 GeV/c  2 < M2 < 800 GeV/c  2 and 

-400 GeV/c  2 < # < 400 GeV/c  2 for three different values 

of tan/3, namely 1, 1.5 and 35. Since the expected c r o s s -  
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Fig. 7. Expected cross-sections at 172 OeV 
versus the chargino mass (dots) in the non- 
degenerate scenario (AM> 10 GeV/c 2) for 

different MSSM parameters. A heavy sneu- 
trino (mr> 300 GeV/e 2) has been assumed 

in the upper plot and a light snentrino 
(41 GeV/c 2 < m r <  100 GeV/c 2) in the lower 

one. The cross-sections indicated are the min- 

imum ones in the excluded mass region. The 

case of small I#1 and M2 for tan/3 = 1 is dis- 
cussed in detail in Sect. 5.2 

section depends strongly on the sneutrino mass, two differ- 

ent cases were considered: 41 OeV/c 2 < Mr < 100 OeV/c 2 

(light sneutrino) and Mr  > 300 GeV/c  2 (heavy sneutrino). 

Applying the appropriate  efficiency for each of the points 

shown the minimum non-excluded M21~ was determined. 

As already mentioned, a special s tudy was made of 

the region of small I#1, M2 and tanf l  in order to derive 

mass limits for M2o , in particular. Whenever A M  is large, 

the cascade decay 25  --* 2 °f~ --+ 2°7 f~ becomes impor- 

tant,  giving an energetic photon. The analysis described 

in Sect. 4.4, developed for the case of an unstable 2 o de- 

caying to 67 ,  then complements the analyses of Sects. 4.1 

to 4.3, which have low efficiencies for large AM. However, 

close to # = 3//2 = 0, both  analyses fail since A M  is large 

while the neutralino mass difference, and hence the pho- 

ton energy, is small. In this case the chargino events would 

resemble W + W  - events and, from the observed rate of 

W + W  - events in DELPHI  [24], an absolute upper  limit 

at 95% confidence level on the chargino production cross- 

section of 3.1 pb was derived for those points not otherwise 

excluded. Since the predicted chargino cross-section in all 

these points is above 3.5 pb, the entire region of small I#1 

and 3//2 can be excluded for a heavy sneutrino. 

To derive the chargino mass limits, constraints on the 
process Z -+ -0-0 XlX2 --* 2o2o7 were also included. These 

were derived from the DELPHI  results on single-photon 

production at LEP 1 [221 mentioned in Sect. 4.7 and dis- 

cussed below in Sect. 6.1. For each (#,M2) combination the 

number of single-photon events compatible with M20 and 

3//2o, the number expected from the Standard Model back- 

ground, and the energy-dependent efficiency were used in 

order to establish an upper  limit on the cross-section times 

branching ratio, excluding certain MSSM parameter  com- 

binations. 
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DELPHI ~Z~ limits at 172 GeV 
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F i g .  8. Scat ter  plot for different MSSM parameters  

of the  expected cross-sections at 172 GeV versus the 

chargino mass (dots) in the highly degenerate  scenario 

( A M  = 5 G e V / c  2 for a stable ;~o, A M  = 1 G e V / c  2 

for 2 o --~ GT). Two different assumptions  on the  sneu- 

t r ino mass are made, a light sneutr ino (41 G e V / c  2 < 

m r <  100 G e V / c  2) and a heavy sneutr ino (m~> 

300 GeV/c2) .  The  da ta  are pract ical ly  indistinguish- 

able for these two cases. The  corresponding limits on 

the  ehargino mass and cross-section are shown. These 

are independent  of the  assumed sneutr ino mass 

F i g .  9. Regions excluded at 95% confidence level in 

the plane of the mass of the l ightest  neutral ino versus 

tha t  of the  l ightest  chargino under the  assumpt ion of 

a heavy sneutrino. The  th in  lines show the k inemat ic  

l imits in the  product ion  and the  decay. The  lightly 

shaded region is not  allowed in the  MSSM. The  l imit  

applies in the  case of a stable neutral ino 
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Table  3. 95% confidence level limits for the chargino mass and 

the corresponding pair production cross-sections at 172 GeV ~.m0 

for the non-degenerate and a highly degenerate scenarios. The > 

cases of a stable 2 o and )~1 ° -~ GT, as well as a light (41 GeV/c 2 ~ so 

< ms < 100 GeV/e 2) and a heavy (ms > 300 GeV/c 2) sneu- 

trino, are considered ~ 60 

Scenario Light sneutrino Heavy sneutrino 
40 

•/•xrn*n 
(~max Mm~n (~max 

± X± 

20 
(GeV/c 2) (pb) (GeV/e 2) (pb) 

Stable neutralino 

AM > 10 GeV/c 2 67.6 0.65 84.3 0.82 d--,100 

AM = 5 GeV/c 2 80.3 1.84 80.3 1.84 80 

Unstable neutralino ~ 60 

AM > 10 GeV/c 2 71.8 0.44 84.5 0,75 

AM = 1 GeV/c ~ 84.5 0.75 84.5 0,75 

The chargino mass limits are summarized in Table 3. 

The table also gives, for each case, the minimum MSSM 

cross-section excluded by the requirement tha t  M2~ be  

above the appropriate  limit. These cross-section values are 

also displayed in Figs. 7 and 8. The excluded region in the 

plane of neutralino mass versus chargino mass, assuming 

a heavy sneutrino, is shown in Fig. 9. 

Chargino mass limits in the non-degenerate case 

In the non-degenerate case with a large sneutrino mass 

(>300 GeV/c2), the lower limit for the chargino using only 

da ta  taken at v/s = 172 GeV ranges between 84.3 GeV/c  2 

(for a mostly higgsino-like chargino) and the kinematic 

limit (for a mostly wino-like chargino). This limit, shown 

in Fig. 7, is beyond the kinematic limit for the 161 GeV 

data. 

For low sneutrino mass, a combination of da ta  from 

different energies, taking into account the different effi- 

ciencies and the different dependence of the cross-section 

on the chargino and on the sneutrino masses, gives a bet- 

ter limit than  172 GeV data  alone. Using the number of 

expected signal and background events in the combined 

data  from 130 GeV to 172 GeV together with the experi- 

mental  upper  bound of 4.96 events, the lower limit on the 

chargino mass of 67.6 GeV/c  2 shown in Fig. 7 was derived. 

Chargino mass limits in the degenerate case 

In the degenerate case ( A M  = 5 GeV/c2), the cross- 

section does not depend significantly on the sneutrino 

mass, since the chargino is higgsino-like under the assump- 

tion of gaugino mass unification. The lower limit for the 

chargino mass, shown in Fig. 8, is 80.3 GeV/c  2. In the 

extremely degenerate case of A M  = 3 GeV/c  2, the corre- 

sponding mass limit is 52.4 GeV/c  2. 
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10. Contour plots of upper limits on the cross- 
sections at the 95% confidence level for )~0?~0 production at 

, / s  = 172 GeV. In each plot, the different shades correspond 
to regions where the cross-section limit in picobarns is below 
the indicated number. For Figs. a, b, c, )~0 decays into )~0 

and a e+e - ,  b #+#- ,  and c q~, were assumed to dominate. 

In d, the )~2 ° was assumed to decay into )~ff  with the same 

branching ratios into different fermion flavours as the Z. The 

dotted lines indicate the kinematic limit and the defining rela- 

tion M~0 > M210 

Limits on neutralino production 

Limits on neutralino production in the case of a stable 20 

were derived from the parametrised efficiencies of Sects. 4.5 

and 4.6 and the observed number of events, in the same 

way as for charginos. The limits obtained for the X1X2 N° N° 

production cross-section are shown in Figs. 10a, b and c 

assuming leptonic or hadronic decay modes. The limit ob- 

tained assuming that  the )~0 _~ )~0f~ decay is mediated by 

a Z*, including both  leptonic and hadronic modes and 20% 

of invisible final states, is presented in Fig. 10d. These lira- 
its also apply to -0 N0 X1Xk production with -0 Xk decaying into 
2 ° 

Limits on MSSM parameters and neutralino mass 

The result of the searches for charginos and neutralinos in 

the different topologies for a stable neutralino can be inter- 

preted in the MSSM with a universal GUT scale gaugino 

mass parameter.  This yields the exclusion regions in the 

(#, 3//2) plane shown in Fig. 11 for different values of t an~ ,  

assuming a heavy sneutrino and a heavy selectron (m0 = 

i TeV/c2). When different event selections contributed to 

the same physical production channel, the efficiency and 
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F ig .  11. Regions in the (#,M2) plane excluded at 95% 

confidence level for different values of tan/3, assuming 

mo = 1 TeV/c  2. The lightly shaded areas are those excluded 

by lower energy LEP1 results [26]. The intermediate shading 

shows regions excluded by the chargino search at 161 GeV and 45 

172 GeV. The darkly shaded areas show the regions excluded 

by the neutralino search at these energies. Wi th  the exception 

of a narrow strip at negative # for tan/3= 1, indicated in black, ~ 4o 

the regions excluded by the neutralino results are also excluded 

by the chargino search ~ B5 

3O 

b a c k g r o u n d  of a ' logical  or '  of the  channels  was used; o th-  

erwise,  when t hey  c o n t r i b u t e d  to  different  channels ,  the  25 

m e t h o d  of [25] was used to  combine  the  select ions.  These  

l imits ,  ba sed  on d a t a  t aken  at  v G =161 GeV and  172 GeV, 2o 

improve  on prev ious  l imi ts  from v ~ = 130-136 GeV,  and  

represen t  a s ignif icant  increase  in range  as c o m p a r e d  to  ~5 

L E P  1 resul ts  [26]. The  neu t r a l ino  analys is  i n d e p e n d e n t l y  

excludes  a subs t an t i a l  p a r t  of the  region covered by  the  10 

chargino  search,  and  marg ina l l y  ex tends  th is  reg ion  for 

low t a n  ft. 5 

Note  t h a t  the  neu t r a l ino  masses,  and  hence the  regions 

in the  (>,M2) p lane  exc luded  by  the  neu t r a l ino  search,  de- 

pend  d i rec t ly  on the  a s sumed  G U T  re la t ion  M1/M2 = 

8 t a n  2 0 w  ,~ 0.5. The  region exc luded  by  the  chargino  
3 
search,  on the  o the r  hand ,  depends  on this  r a t io  only  v ia  

t he  effect of decay  k inemat i c s  on the  efficiency. W h i l e  the  

M2o+M2o i somass  contours  re levant  to  the  presen t  neu- 

t r a l ino  search d e p e n d  only  weak ly  on this  ra t io ,  any  con- 

s ide ra t ion  a b o u t  t he  range  of M~o t h a t  can  be  exc luded  

depends  sens i t ive ly  on the  re la t ion  be tween  M1 and  M2. 

Unde r  the  a s s u m p t i o n  t h a t  M1/M2 ~ 0.5, the  ex- 

c luded regions in t he  (# ,M2) p lane  can  be t r a n s l a t e d  into 

,~  100 
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DELPHI  Neutralino mass limit 
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-100 -80 -60 -40 -20 0 

,u (GeV/J) 

Fig .  12. Excluded regions in the part  of the (#,M2) plane 

relevant for the lower limit on the mass of the lightest neu- 

tralino. The thick solid line shows the region excluded by the 

single-photon search at LEP1 [22], the thick dashed-dotted line 

indicates the exclusion from the chargino searches at 161 GeV 

- 172 GeV. The thick dashed line shows the exclusion from 

neutralino searches at the same energies. The dark region in 

the lower right corner is excluded by the limit on anoma- 

lous W + W  - production at 172 GeV. The thin lines show the 

M20 = 24.9 GeV/c 2 contour (solid) and the kinematic limit 

for 2+2~- production (dotted) 

D E L P H I  Neutral ino mass  limit 

_.C m 0 = 1 TeV/c 2 

LEP1 / / / / "  
+ 

P 2 /  LEP2 

24.9 GeV/c 2 

0 1 2 3 a 5 6 8 9 ~ 0  

tan[3 

F ig .  13. Lower limit at 95% confidence level on the mass of the 

lightest neutralino, )~, as a function of tan/3 assuming a stable 

9~0 and mo = 1 TeV/e 2. The lightly shaded region is excluded 

by the searches at x/s = 161 GeV and 172 GeV, while the dark 
region at low tan/3 is excluded by the limit on )~o)~o production 

at the Z resonance derived from the single-photon search. 
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Fig. 14. Chargino detection efficiencies in the 

case  of radiative cascade decays via ;~1 ° or ;~0 
into the LSP (G or 20). Details are given in 

Sects. 4.4 and 6.1. These efficiencies apply for 

a j jg ,  b jets,  c gg events with additional pho- 

tons. d Overall efficiency. The bands correspond 

to the statistical error in the simulation of about 

2% absolute, combined with the effect of gener- 

ating points with different chargino masses 

a limit on the mass of the lightest neutralino. This limit 

depends on tan/3, and for t a n ~  close to one it may be im- 

proved by including the DELP HI  results [22] on the pro- 
~0 N0 tess Z --+ X1X2 ~ 2o2o7 (see above and Sect. 6.1). The 

region excluded by these results for tan/3 -- 1 and large 

m0 is shown in Fig. 12, together with the regions excluded 

by the higher energy data and the M21o = 24.9 GeV/c 2 

contour corresponding to the limit on M~o for this tan/3. 

Figure 13 gives the limit on M~o as a function of tan~. 

6 Results in the  case 

of  an unstable  neut ra l ino  

6.1 Efficiencies and selected events 

Chargino 7 7  X topologies 

The efficiency of the chargino selection for an unstable 

neutralino decaying into a photon and a gravitino was 

calculated from a total  of 15000 events generated using 

the same combinations of M2~ and 3//2o as above. As 

mentioned in Sect. 4.4, the same selection applies to all 

topologies. The efficiency, as shown in Fig. 14, varies only 

weakly with A M  and is around 50%. Note that ,  due to 

the presence of the photons from the neutralino decay, the 

region of high degeneracy (down to A M  = 1 GeV/c  2) is 

fully covered. No events were found at any of the centre- 

of-mass energies (130-136 GeV, 161 GeV, and 172 GeV). 

The total  expected background is 1.5±0.4 events. 

Table  4. The number of events observed and the expected 

number of background events in the unstable neutralino single- 

7 topology. As explained in the text (Sects. 4.7 and 6.1), differ- 
ent selection criteria were applied for the data taken at different 

centre-of-mass energies 

Unstable neutralino single-7 topology 

v/s 91 GeV 130-136 GeV 161 GeV 172 GeV 

Minimum E~ 10 GeV 4 GeV 4 GeV 4 GeV 

Obs. events: 11 19 11 11 

Background: 8.2±0.6 18.5±0.5 15.64-0.4 10.84-0.4 

Neutra l ino  single-7 topology 

At ,¢/s~ 91 GeV [22], the analysis in the barrel region 

of the DELPHI  detector (I cos0~[ < 0.7, where 0~ is the 

photon polar angle) yielded 11 events with E~ > 10 GeV, 

four of which had Es  > 15 GeV. No events with photon 

energy greater than 22 GeV were found in the data. The 

expected number of events from the reaction e+e - -+ uP7 

in the case of three neutrino generations is 8.2 ± 0.6 and 

2.9±0.2 for photon energies above 10 GeV and 15 GeV, re- 

spectively. The contamination from e+e - --+ e + e - 7  events 

with the final s tate electrons escaping detection is negli- 

gible. 

At V~ = 130 GeV - 136 GeV [4], the search for single- 

photon events yielded 19 events with Es  > 4 GeV in the 

barrel region, in agreement with the s tandard model ex- 

pectation of 18.5 + 0.5 events. Finally, an analysis similar 



18 DELPHI Collaboration: Search for charginos, neutralinos and gravitinos at LEP 

~ ~ 0.07 I 

t'-,I 0.06 

~D 0.05 

0.04 

0.03 

0.02 

0.01 

DELPHI acoplanar photons 

~=172 GeV 

D CompHEP 

Obs. events 

\ 

0 
60 70 80 90 100 110 120 130 140 150 160 

Missing mass (GeV/c 2) 

Fig. 15. The expected distribution of recoil mass from 77(7)u# 

final states as calculated using the CompHEP generator includ- 

ing full detector simulation. Also shown are the observed values 

with errors for the two selected events 

to [4] yielded 11 events at v/S = 161 GeV and 11 events 

at 172 OeV, while 15.6 4-0.4 and 10.8 4- 0.4 were predicted 

from Standard Model sources at these two energies. In 

summary, the searches for )~0~ production gave no signif- 

icant excess of single-photon events as shown in Table 4. 

The signal efficiency was found to be between 30% and 

48% depending on v G and M20, taking into account the 

trigger efficiency. The trigger efficiency for the sample of 

photons energy above 20 GeV used in the analysis was 80 

% for 161 GeV data taking period and 68 % for 172 GeV 

data taking period. 

If the )~0 lifetime is long enough for the decay to take 

place far from the interaction region, the efficiency could 

be considerably reduced. This is because the shower axis 

reconstructed in the HPC was required to point to within 

15 ° of the beam interaction region in order to suppress 

noise and cosmic interactions. For the process e+e - -+ )~0~ 

to occur with a significant cross-section, however, the grav- 

itino has to be lighter than about 10 -5 eV/c  2 [27], and in 

this case the neutralino lifetime is negligibly short. 

Neutralino ~/2/ topology 
-o -o with )~0 ~ /  The efficiency for the process e+e - -~ X1X1, 

(Sect. 4.8), depends on the 2 °1 mass and ranges from 32% 

for a light neutralino, to 49% for the heavy neutralino 

search, including the trigger efficiency. The trigger effi- 

ciency depended on the data taking period and was 96 

for 161 GeV data and 75% for 172 GeV data. Contrary to 
2020 the single-photon case, the efficiency for the e+e - ~ 1 1 

channel is essentially independent of the neutralino life- 
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Fig. 16. The expected distribution of recoil mass at genera- 

tor level in u#7~,(7 ) events as calculated using CompHEP. The 

lightly shaded histogram shows the distribution obtained with- 

out including the possibility of a photon from initial state ra- 

diation escaping detection at low polar angles. The dark shad- 

ing shows the increase in cross-section when such radiation is 

taken into account. The top figure shows the distribution at 

v ~ = 190 GeV as obtained using the selection of [8], the bot- 

tom figure shows the corresponding distribution for the present 

analysis at V @ = 172 GeV 

time, provided that the )~0 __~ G7 decay occurs within a 

distance of ~I m from the beam interaction point. No 

event passed the selection criteria for a light neutralino, 

while two events in the 172 GeV data were selected by the 

heavy neutralino search. These are the two events at high 

acoplanarity in Fig. 3. The expected number of events 

from ups/7(@, including a possibility of a third photon 

from initial state radiation collinear with the beam, is 

2.2±0.2. Figure 15 shows the mass of the unseen recoil 

system as calculated for the two events, compared to the 

expected distribution obtained using the CompHEP [28] pro- 

gram. The calculation of [8], based on the same program, 

gives only a small probability of observing recoil masses 

significantly above the Z mass. As is shown in Fig. 16, 

however, including the possibility of a third photon from 

initial state radiation collinear with the beam, together 

with the differences in the event selection, significantly 

increases this probability. 

6.2 Limits 

The chargino cross-section limits corresponding to the case 

where the neutralino is unstable and decays via )~o __+ ~/ 

are also shown in Figs. 7 and 8, and in Table 3. In the 

non-degenerate case the chargino mass limits at 95% con- 

fidence level are 84.5 GeV/c 2 and 71.8 GeV/c 2 for a heavy 
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Table 5. The number of events observed and the expected number of background 

events from the QED e+e - --+ 77 and vP77 reactions 

x/~ Light 2 o Heavy 2~ 

Data QED u~77 Data QED 

130-136 0 0.53 ± 0 .11  0.00÷2~6.°~0 0 0.094- 0.04 
161 0 0.804- 0.14 000 +0.03 • -0.o0 0 0.244- 0.08 

172 0 0.34 4- 0.10 0.015 4- 0.003 2 0.19 4- 0.08 

0.94 4- 0.13 

0.66 ± 0.14 

0.61 4- 0.02 

~ l O  
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Fig. 17. Upper limits at 95% confidence level on the cross- 

section for 2°16 (top) and 2o2 o (bottom) production at dif- 

ferent collision energies as functions of the mass of the light- 

est neutralino, assuming the decay 2 o -+ 67. The limits on 

2°6  production were derived from the analysis of single-photon 

events and are valid only in case of prompt 21 ° -~ G7 decay, 

while the limits on 2o2 o from two photon final states apply for 

2 o decay distances up to about 1 m. The discontinuity in the 

limit for 172 GeV arises because of the events selected in the 

high M2o analysis at this energy 

and light sneutrino, respectively, while in the degenerate 

case ( AM  = 1 GeV/c  2) the limit is 84.5 GeV/c 2. 

The upper limits at 95% confidence level on the cross- 

sections cr(e+e - --+ ;~°6) and cr(e+e - ---+ X1X1)-° -0 when 2 o -~ 

63' are shown in Fig. 17 as a function of M2o for differ- 

ent values of the centre-of-mass energy. The limits assume 

that the neutralino decays close to the beam spot and that  

the branching ratio BR0~ ° --~ 67)  is 100%. As already 

stated, the limit on ~(e+e - -0-0 -÷ XIX1) is also valid for fi- 

nite )~0 lifetimes, provided that  the decay occurs within a 

distance of ~1 m from the beam spot. 

7 Summary 

Searches for eharginos and neutralinos at v/s = 161 GeV 

and 172 GeV allow the exclusion of a large domain of 

SUSY parameters. 

Assuming a difference in mass between chargino and 

neutralino, AM, of 10 GeV/c 2 or more, and a sneutrino 

heavier than 300 GeV/e 2, the existence of a chargino 

lighter than 84.3 GeV/c 2 can be excluded. If a gaugino- 

dominated chargino is assumed in addition, the kinemat- 

ical limit of 86 GeV/c 2 is reached. If A M  is between 

5 GeV/c 2 and 10 GeV/c 2, the lower limit on the chargino 

mass becomes 80.3 GeV/c ~, independent of the sneutrino 

mass, while for AM=3 GeV/c 2 it falls to 52.4 GeV/c 2. 

For a light sneutrino and A M  1 of 10 GeV/c 2 or more, 

the lower limit on the chargino mass is 67.6 GeV/c 2. 

Limits on the cross-section for -0-0 X1X2 production of 

about 1 pb are obtained, and the excluded region in the 

(#,M2) plane is extended by the combined use of the neu- 

tralino and chargino searches. A special study of the low 

]#], 3//2, tan/3 region gives a limit on the mass of the light- 

est neutralino, valid in the case of large m0, of 24.9 GeV/c 2 

at 95% confidence level. 

A specific search was performed assuming the decay of 

the lightest neutralino into photon and gravitino, leading 

to upper limits on the ;~0;~011 and )~°6 production cross- 

sections of about 1.5 pb in this case. In the same scenario, 

a dedicated search for ;~+)~- production gives somewhat 

more stringent limits on cross-sections and masses than in 

the case of a stable )~0. 
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i If the sneutrino mass is between those of the lightest neu- 

tralino and the chargino, AM is the mass difference between 

ehargino and sneutrino 
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