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Abstract

An update of the searches for charginos and gravitinos is presented, based on a
data sample corresponding to the 158 pb~! recorded by the DELPHI detector in
1998, at a centre-of-mass energy of 189 GeV. No evidence for a signal was found.
The lower mass limits are 4-5 GeV /c? higher than those obtained at a centre-of-
mass energy of 183 GeV. The (u,Ms) MSSM domain excluded by combining the
chargino searches with neutralino searches at the Z resonance implies a limit on
the mass of the lightest neutralino which, for a heavy sneutrino, is constrained
to be above 31.0 GeV/c? for tan 3 > 1.
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1 Introduction

In 1998, the LEP centre-of-mass energy reached 189 GeV, and the DELPHI experi-
ment collected an integrated luminosity of 158 pb™!. These data have been analysed to
search for charginos, supersymmetric partners of Higgs and gauge bosons, predicted by
supersymmetric (SUSY) models [I]].

A description of the parts of the DELPHI detector relevant to the present paper can
be found in [P, while a complete description is given in [f].

The results obtained at the same centre-of-mass energy by other LEP collaborations,
on similar searches, are described in [d].

The conservation of R-parity, implying a stable lightest supersymmetric particle (LSP),
is assumed. This also means that charginos are pair produced in ete™ collisions. The
analysis was performed in the framework of the Minimal Supersymmetric extension of
the Standard Model (MSSM), with universal parameters at the high mass scale typical
of Grand Unified Theories (GUT’s) [l]. The parameters of this model relevant to the
present searches are the masses M; and M, of the gaugino sector (which are assumed
to satisfy the GUT relation M; = gtaHQ OwMsy =~ 0.5M, at the electroweak scale), the
universal mass mq of the scalar fermion sector, the Higgs mass parameter p, and the
ratio tan 3 of the vacuum expectation values of the two Higgs doublets. In this paper it
is assumed that my =1 TeV. Scalar mass unification is assumed, except for the sneutrino
mass which is considered to be a free parameter. As in Ref. [} both cases where either
the lightest neutralino (¥3) or the gravitino (G) is the LSP are considered.

In the former case, the decay of the charginos is i — X ff’ (ff’ can be quarks or leptons)
and the events are characterised by missing energy carried by the escaping Y . In some
areas of the parameter space, the charginos can decay to heavier neutralinos giving rise to
a cascade effect: Y —X9ff]—x0 £1f] fofy (f1f] fof; can be quarks or leptons). The decay
X9—x17 may occur for small y ~ —M,. So the following decay channels were defined:

e The leptonic channel (¢¢): the decay products are only leptons and the LSPs.

e The hadronic channel (jets): the decay products are only quarks and the LSPs.

e The semi-leptonic channel (jjf): the decay products are quarks, leptons and the
LSPs.

e The radiative channel (rad): there is at least one isolated photon among the decay
products.

In this scenario the likelihood ratio method [§] was used to optimize the search for
charginos. An overview of this method and details of the implementation are given
in B.1]. .

If the gravitino is the LSP, the decay x9 — G~ is possible [f]. If the gravitino is
sufficiently light (with a mass below about 10 eV /c? [§]), this decay takes place within
the detector. As gravitinos escape detection, the typical signature of these SUSY events
is missing energy and isolated photons. The selection criteria already used at a centre-
of-mass energy of 183 GeV are applied in this scenario. The detailed description of the
analysis can be found in Ref. [J].

2 Event generators

To evaluate the signal efficiencies and background contaminations, events were gener-
ated using several different programs. All relied on JETSET 7.4 [P], tuned to LEP 1 data
[L0], for quark fragmentation.



The program SUSYGEN [[[1]] was used to generate events with chargino production and
decay in both the neutralino LSP and the gravitino LSP scenarios, and to calculate
masses, cross-sections and branching ratios for each adopted parameter set. These agree
with the calculations of Ref. [[J]. Details of the signal samples generated are given in
section [

The background process ete™ — qq(ny) was generated with PYTHIA 5.7 [f], while
DYMU3 [[3] and KORALZ 4.2 [I4] were used for utp=(v) and 777 (v), respectively. The
generator of Ref. [[J was used for efe™ — eTe™ events. Processes leading to four-fermion
final states, (Z/7)*(Z/v)*, WrW~, Wev, and ZeTe™, were generated using EXCALIBUR [[L{]
and GRCAF [[[7].

Two-photon interactions leading to hadronic final states were generated using
TWOGAM [[L§], separating the VDM (Vector Dominance Model) and QCD components.
The generators of Berends, Daverveldt and Kleiss [I[9] were used for the QPM (Quark
Parton Model) component and for leptonic final states.

The generated signal and background events were passed through the detailed simu-
lation of the DELPHI detector [J] and then processed with the same reconstruction and
analysis programs as real data events. The number of simulated events from different
background processes was several times (a factor varying from 2 to 140 depending on the
background process) the number of real events recorded.

3 Event selections

The criteria used to select events were defined on the basis of the simulated signal
and background events. The selections for charged and neutral particles were similar to
those presented in [, requiring charged particles to have momentum above 100 MeV /¢
and to extrapolate back to within 5 cm of the main vertex in the transverse plane, and
to within twice this distance in the longitudinal direction. Calorimeter energy clusters
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
signal topologies considered in the application of the likelihood ratio method, which was
used in the stable ¥ case. The detailed description of the analysis done in the unstable
XY case can be found in Ref. [].

3.1 The likelihood ratio method

In the likelihood ratio method used, several discriminating variables are combined
into one on the basis of their one-dimensional probability density functions (pdf). If
the variables used are independent, this gives the best possible background suppression
for a given signal efficiency [{]. For a set of variables {x;}, the pdfs of these variables
are estimated by normalised frequency distributions for the signal and the background
samples. We denote the pdfs of these variables f(x;) for the signal events and f(x;)
for the background events submitted to the same selection criteria. The likelihood ratio
function is defined as L = 4]@[1 J{i((z))
signal events. The optimal set of variables and the value of LRy, Were defined in order
to minimise the excluded cross-section expected in the absence of a signal (at 95% con-
fidence level). The variables {z;} used to build the Lz functions in the present analysis
were [B0): the visible energy (FE.is), visible mass (M), missing transverse momentum

miss

(p2*°), polar angle of the missing momentum, number of charged particles, total number

. Events with L > Lg,,,, are selected as candidate



of particles, acoplanarity, acollinearity, ratio of electromagnetic energy to total energy,
percentage of total energy within 30° of the beam axis, kinematic information concerning
the isolated photons, leptons and two most energetic charged particles and finally the jet
characteristics.

3.2 Chargino analysis
The signal and background events were divided into four mutually exclusive topologies:

e The ¢/ topology with no more than five charged particles and no isolated photons.

e The jj¢ topology with more than five charged particles and at least one isolated
lepton and no isolated photons.

e The jets topology with more than five charged particles and no isolated photons or
leptons.

e The rad topology with at least one isolated photon.

The events in a given topology are mostly events of the corresponding decay channel, but
events from other channels may also contribute. For instance, for low mass difference,
AM, between the chargino and the lightest neutralino (and thus low visible energy)
some events with hadronic decays are selected in the leptonic topology, and some mixed
decay events with the isolated lepton unidentified enter into the hadronic topology. This
migration effect tends to disappear as AM increases. This effect was taken into account
in the final efficiency and limit computations.

The properties of the chargino decay products are mainly governed by the AM value.
For low AM, the signal events are similar to v+ events, for high AM to four-fermion final
states (WTW~, ZZ,..) while for intermediate AM values, the background is composed
of many SM processes in comparable proportions.

The signal events were simulated for 76 combinations of ¥i and ¥} masses for five
chargino mass values (M)al: ~ 94, 85, 70, 50 and 45 GeV/c?) and with AM ranging from

3 GeV/c? to 70 GeV/c?. A total of 152000 chargino events (2000 per combination) was
generated and passed through the complete simulation of the DELPHI detector. The
kinematic properties (acoplanarity, Eyi, p2...) of the signal events were studied in
terms of their mean value and standard deviation, and six AM regions were defined in
order to have signal events with similar properties (table[l).

In each of these 24 windows (four topologies, six AM regions), a likelihood ratio

function was defined. The generation of these 24 functions was performed in five steps:

e The signal distributions of all the variables used in this analysis (see section B.1])
were built with signal events generated with parameter sets giving rise to charginos
and neutralinos with masses in the corresponding AM region. For each AM region
the events were classified according to the above topological cuts. The background
distributions were built with background events passing the same topological cuts.

e Different preselection cuts, for each AM region, were applied in order to reduce the
high cross-section backgrounds (two-photon interactions and Bhabha events) and to
generate the pdfs. Fig. [l.a shows the distribution of the visible energy for AM >
50 GeV/c? in the £/ topology for real and simulated events. The agreement is satis-
factory, the normalization is absolute. The pdfs were then generated as mentioned
in B

e Then, to reduce statistical fluctuations a smoothing was performed by passing the
24 sets of pdfs for signal and background through a triangular filter [R1].



e In each window all the combinations of the pdfs were tested, starting from a minimal
set of four variables. Every combination defined a L function (see section B.J]) and
a Lrg,, computed in order to have the minimal expected excluded cross-section at
95% C.L. (Fig. [.b) using the monochannel Bayesian formula [P3]. The parameters
entering this computation were the number of expected background events and the
efficiency of the chargino selection. The efficiency of the chargino selection was
defined in this case, as the number of events satisfying Lr > Lg,,,, divided by the
total number of chargino events satisfying the topological cuts. Fig. [l.c shows the
dependence of the optimum likelihood ratio cut on the integrated luminosity, which
demonstrates the importance of adjusting the cut to the luminosity. Fig. fil.d shows
the good agreement obtained between real and simulated events as a function of the
likelihood ratio cut, for 35 < AM < 50 GeV/c? in the jj¢ topology.

e The combination of variables corresponding to the lowest excluded cross-section
defined the L% function and the Lz, of this window.

Finally, the selection to be applied for SUSY models with AM inside one such window
was defined as a logical OR of the criteria for several windows, chosen to minimise the
excluded cross-section expected in the absence of a signal [2].

ADM regions
3<AM< 5 GeV/c?
5<AM< 10 GeV/c?
10<AM< 25 GeV/c?

25<AM< 35 GeV/c?
35<AM< 50 GeV/c?
50 GeV/’<AM

| Y b= | W DO =

Table 1: Definitions of the AM regions.

4 Results

4.1 Stable ! case
4.1.1 Efficiencies and selected events

The total number of background events expected in the different topologies is shown
in table P, together with the number of events selected in the data.

The efficiencies of the chargino selection in the four topologies were computed sepa-
rately for the 76 MSSM points using the Lz function and the L%, , of the corresponding
topology and AM region. To pass from the efficiencies of the chargino selection in the
four topologies to the efficiencies in the four decay channels, all the migration effects
were computed for all the generated points of the signal simulation. Then the efficiencies
of the selection in the four decay channels were interpolated in the (Mﬁ,Mﬁ)) plane
using the same method as in Ref. [ff]. When the interpolation was not possible (for
Mgz ~ 80 GeV/ ¢? and My ~ 0 GeV/c?) an extrapolation was used. These efficiencies
as functlons of Mg+ and M o are shown in Fig. [}

All the selected events in the real data are compatible with the expectation from the
background simulation. As no evidence for a signal is found, exclusion limits are set at



Stable y¥

Topology: Jg¢ o jets rad Total

3<AM <5 GeV/c?
Obs. events: 0 46 1 4 51
Expect. events: ||0.26 T00543.2 75710.81 *5.6,12.85 T80 147.1 T3¢
5 < AM < 10 GeV/c?
Obs. events: 0 14 4 4 22
Expect. events: || 0.26 1002 114.3 35(2.27 T18112.85 7161 19.7 £33
10 < AM < 25 GeV/c?
Obs. events: 0 25 9 4 38
Expect. events: ||0.48 7005 |25.2 7271536 *:9712.85 T8 133.9 T2
25 < AM < 35 GeV/c?
Obs. events: 0 11 4 4 19
Expect. events: | 0.26 T302113.0 T3.2(5.81 73:372.85 1153 (21.9 155
35 < AM < 50 GeV/c?
Obs. events: 0 24 21 2 47
Expect. events: | 0.94 T033125.8 ¥39| 17.5 57 |1.71 T135 ] 45.9 734
50 GeV/c®* < AM
Obs. events: 1 24 27 2 54
Expect. events: || 1.32 T095/19.7 7291 21.8 *1-9 | 1.71 158 |144.8 T35
TOTAL (logical OR between different AM windows)
Obs. events: 1 70 36 5 112

Expect. events: || 1.32 T035166.7 T52| 25.6 722 |3.57 1053 |97.2 754

Table 2: The number of events observed in data and the expected number of background
events in the different chargino search topologies under the hypothesis of a stable x!

(section B.9).



95% C.L. using the multichannel Bayesian formula [PJ] taking into account the branching
ratio and the efficiency of each decay channel.

4.1.2 Limits

Limits on chargino production

The simulated points were used to parametrize the efficiencies of the chargino selection
criteria described in section B.2 in terms of AM and the mass of the chargino (see section
ETT). Then a large number of SUSY points were investigated and the values of AM,
the chargino and neutralino masses and the various decay branching ratios were deter-
mined for each point. By applying the appropriate efficiency (from the interpolation) and
branching ratios and cross-sections for each channel decay (computed by SUSYGEN), the
number of expected signal events can be calculated. Taking into account the expected
background and the number of observed events, the corresponding point in the MSSM
parameter space (u, Ms, tan 3) can be excluded if the number of expected signal events
is greater than the upper limit at 95% C.L. on the number of observed events of the
corresponding AM region.

Fig. B shows the chargino production cross-sections as obtained in the MSSM at
V/$ = 189 GeV for different chargino masses for the non-degenerate (AM > 10 GeV/c?)
and degenerate cases (AM = 3 GeV /c?) . The parameters M, and u were varied randomly
in the ranges 0 GeV/c? < M, < 3000 GeV/c? and —200 GeV/c* < pu < 200 GeV/c? for
three fixed different values of tan 3, namely 1, 1.5 and 35. The random generation of the
parameters led to an accuracy on the mass limit computation of the order of 10 MeV /c?.
Two different cases were considered for the sneutrino mass: M; > 300 GeV/c? (in the
non-degenerate case) and M; > M= (in the degenerate case).

To derive the chargino mass limits, constraints on the process Z — %9 — x{x}7v were
also included. These were derived from the DELPHI results on single-photon production
at LEP 1 3.

The chargino mass limits are summarized in Table f. The table also gives, for each
case, the minimal MSSM cross-section for which M + is below the corresponding mass
limit. These cross-section values are also displayed in Fig. B The chargino mass limits
versus AM and versus M,, assuming a heavy sneutrino, are shown in Figs. f] and [,
respectively. The behaviour of the curve in Fig. f] depends very weakly on the relation
between M; and M. Note that in Fig. ], for a fixed high value of M,, the chargino mass
limit is lower for positive p than for negative p. This is due to higher degeneracy for
positive y than for negative pu, for a fixed value of M.

In the non-degenerate case (AM > 10 GeV/c?) with a large sneutrino mass
(> 300 GeV/c?), the lower limit for the chargino ranges between 93.9 GeV/c? (for a
mostly higgsino-like chargino) and 94.2 GeV/c? (for a mostly wino-like chargino). The
minimal excluded MSSM cross-section at /s = 189 GeV is 0.23 pb, deriving from a
chargino mass limit of 93.9 GeV/c?>. For AM > 20 GeV/c?, the lower limit for the
chargino mass ranges between 94.1 GeV/c? and 94.2 GeV /c?. In this case the minimum
excluded MSSM cross-section at /s = 189 GeV is 0.13 pb.

In the degenerate case (AM = 3 GeV/c?), the cross-section does not depend signif-
icantly on the sneutrino mass, since the chargino is higgsino-like under the assumption
of gaugino mass unification. The lower limit for the chargino mass, shown in Fig. B, is
88.4 GeV/c%. The minimal excluded cross-section is in this case 1.42 pb.

The systematic error on the given mass limits is less than 0.5% for AM = 3 GeV/c?
and less than 0.1% for AM > 20 GeV/c?.



min max

Case mp Noso,

(GeV/c*) || (GeV/c*) | (pb)

Stable X!

AM > 20 GeV/c*| > 300 94.1 0.13]10.6
AM > 10 GeV/c*| > 300 93.9 10.23|13.2

AM =3GeV/® | > Mz | 884 142|123

AM > 10 GeV/c*| > 300 94.1 0.11| 8.6

AM =1GeV/? | > M= 94.2 0.08] 7.1

Table 3: 95% confidence level lower limits for the chargino mass, the corresponding pair
production cross-sections at 189 GeV and the 95% confidence level upper limit on number
of observed events, for the non-degenerate and a highly degenerate cases. The scenarios
of a stable x? and Y? — Gy are considered.

Limits on MSSM parameters and neutralino mass

The exclusion regions in the (u, Ms) plane for tan 5 = 1, 1.5 and 35 are shown in
Fig. B-a, B.b, and f.c, assuming a heavy sneutrino (m;> 300 GeV/c?). These limits,
based on data taken at /s =189 GeV, improve on previous limits at lower energies, and
represent a significant increase in range as compared to LEP 1 results [27].

DELPHI limits on the process Z — %9 — x{x%y were derived from the single-photon
search at LEP 1 RJ]. These limits marginally extends part of the region covered by the
chargino search at low tan 3 for small M, and negative p (Fig. fJ.d). The exclusion region
obtained depends strongly on the the assumed GUT relation between M; and Ms.

The exclusion regions in the (u,Ms) plane can be translated into a limit on the mass
of the lightest neutralino also shown in the (MXI:,MXQ)-plane in Fig. [. A lower limit of
31.0 GeV/c? on the lighest neutralino mass is obtained, valid for tan 3 > 1 and a heavy
sneutrino. This limit is reached for tan 3 =1, p = —57.8 GeV/c?, My = 52.05 GeV /2.
The small excluded region outside the chargino kinematic limit in Fig. [] derives from the
single-photon search at LEP 1 [B3]. In the same figure, the vertical dotted line (partly
hidden by the shading) shows the expected exclusion limit.



4.2 Unstable ! case
4.2.1 Efficiencies and selected events

The efficiency of the chargino selection for an unstable Y? decaying into a photon
and a gravitino was calculated from a total of 78000 events generated using the same
combinations of Mg+ and Mgo as in the stable XY scenario. As mentioned in [J], the
same selection applies to all topologies. The efficiency, as shown in Fig. B, varies only
weakly with AM so only three AM windows were used in this case. Note that, due to the
presence of the photons from the neutralino decay, the region of high degeneracy (down
to AM =1 GeV/c?) is fully covered.

The total number of background events expected in the three different AM ranges is
shown in table [, together with the number of events selected in the data. 24 events were
found in the data, with a total expected background of 19.9 +1.9. Since no evidence for
a signal was found, exclusion limits were set.

4.2.2 Limits

The chargino cross-section limits corresponding to the case where the neutralino is
unstable and decays via Y9 — G were computed as explained in section [E1.9 and are
shown in Fig. B and in table . In the non-degenerate case the chargino mass limit
at 95% C.L. is 94.1 GeV/c? for a heavy sneutrino, while in the ultra-degenerate case
(AM =1 GeV/c?) the limit is 94.2 GeV /c?. The minimal MSSM cross-sections excluded
by the above mass limits are 0.109 pb in the non-degenerate case and 0.081 pb in the

ultra-degenerate case.

Unstable x!

AM > 10 GeV/c?|5 < AM < 10 GeV/c*|AM < 5 GeV /c?

Obs. events: 14 6 4

Expect. events: 15.1 738 2.6 50 2.2 T8

Table 4: The number of events observed and the expected number of background events
in the different AM cases under the hypothesis of an unstable 9 (section B-2).

5 Summary

Searches for charginos at /s = 189 GeV allow the exclusion of a large domain of SUSY
parameters, cross-sections, and masses, at 95% confidence level.

Assuming a difference in mass between chargino and neutralino, AM, of 10 GeV/c? or
more, and a sneutrino heavier than 300 GeV /c?, the existence of a chargino lighter than
93.9 GeV/c? can be excluded. If a gaugino-dominated chargino is assumed in addition,
the kinematic limit is reached. If AM is 3 GeV/c?, the lower limit on the chargino mass
becomes 88.4 GeV/c?, assuming a sneutrino heavier than the chargino.

A lower limit of 31.0 GeV/c? on the lightest neutralino mass is obtained assuming a
heavy sneutrino and M;/M; = 0.5, using the obtained chargino exclusion regions and
including DELPHI results [23] on the process Z — y?%5 — %0y .



A specific Y7 i production search was performed assuming the decay of the lightest
neutralino into a photon and a gravitino, giving somewhat more stringent limits on cross-
sections and masses than in the case of a stable x!: Mg+ > 94.1 GeV/c? for large AM

and Mgz > 94.2 GeV/c? for AM =1 GeV/c?.
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Figure 1: a) comparison between real data (squares), simulated background events (his-
togram) and a possible chargino signal, Mﬁ:94 GeV/c? Myo=40 GeV/c?, of 10 pb
(hatched) at the preselection level and b) choice of the best likelihood ratio cut for AM
> 50 GeV/c? in the £/ topology. The dependence of the optimum likelihood ratio cut as a
function of the luminosity is shown in ¢) and the good agreement between real (squares)
and simulated (histogram) events as a function of the likelihood ratio cut is shown in
d), for 35 < AM < 50 GeV/c? in the jj¢ topology. A possible signal, M+=94 GeV/c?
Mgyo=54 GeV/ ¢?, of 0.5 pb added to real data is shown in figure d) by the dotted curve.
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DELPHI x"x efficiencies (189 GeV)
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Figure 2: Chargino pair production detection efficiencies (%) for the four decay channels
a) jjl, b) jets, ¢) €0 and d) rad, at 189 GeV in the (Mg, M;o) plane. A stable x! is
assumed. The shaded areas are disallowed in the MSSM scheme.
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Figure 3: Expected cross-sections in pb at 189 GeV (dots) versus the chargino mass in
a) in the non-degenerate case (AM> 10 GeV/c?) and b) the degenerate case (AM~
3 GeV/c?). The spread in the dots originates from the random scan over the parameters
p and My. A heavy sneutrino (m;> 300 GeV/c?) has been assumed in a) and m; > M=

in b). The minimal cross-sections below the mass limits are indicated by the horizontal

lines.
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DELPHI x1x; limitsat 189 GeV
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Figure 4: The chargino mass limit as function of the AM value under the assumption
of a heavy sneutrino. The limit applies to the case of a stable x{. The straight horizontal
line shows the kinematic limit.
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DELPHI x1x; limitsat 189 GeV
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Figure 5: The chargino mass limit as function of M for tan 3 = 1, under the assumption
of a heavy sneutrino (m;> 300 GeV/c?). The straight horizontal line shows the kinematic
limit in the production. The limit applies in the case of a stable x?!.
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DELPHI MSSM limitsat 189 GeV
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Figure 6: a), b), and c), regions excluded at 95 % confidence level in the (u, My) plane
at /s = 189 GeV under the assumption of a heavy sneutrino for tan 5 = 1, 1.5 and 35.
The dark shading shows the region excluded by the chargino search and the light shaded
region is the one excluded by LEP1. The constant mass curve for the LSP mass limit is
shown in d) by the dashed line, for tan g = 1.
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DELPHI x;x; limitsat 189 GeV
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Figure 7: Region excluded at 95% confidence level in the plane of the mass of the lightest
neutralino versus that of the lightest chargino under the assumption of a heavy sneutrino,
for tan 6 = 1.0, 1.5 and 35. The thin lines show the kinematic limits in the production and
the decay. The dotted line (partly hidden by the shading) shows the expected exclusion
limit. The lightly shaded region is not allowed in the MSSM. The limit applies in the case
of a stable x{. The mass limit on the lightest neutralino is indicated by the horizontal
dashed line. The excluded region outside the kinematic limit is obtained from the limit
on YYx9 production at the Z resonance derived from the single-photon search.
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Figure 8: Chargino pair production detection efficiency (%) at 189 GeV in the (My=, Myo)
plane. An unstable y? is assumed. The shaded areas are disallowed by the MSSM scheme.



