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Abstract
The LEP energy upgrade up to

√
s =189 GeV has allowed to extend substan-

tially the potential of searches for new physics. Results on searches for Higgs bosons
and supersymmetric particles obtained by the ALEPH, DELPHI, L3 and OPAL ex-
periments are reported. No evidence of any signal is observed. Therefore new limits
on the Higgs boson masses as well as on the masses of the various supersymmetric
particles are derived. They significantly improve those obtained either at LEP1 or
LEP1.5. The LEP200 discovery potential for the neutral Higgs bosons is also shown

1 Introduction

A wide range of searches for new particles has been performed at LEP and no deviation
with respect to the Standard Model predictions was observed yet, unfortunately. There-
fore new limits on the masses of these particles, assuming different models, are set by the
various experiments. In what follows, all the presented limits are derived at 95 % C.L..
We present first the results of Higgs searches, which are interpreted in the framework of
the standard and Minimal Supersymmetric Models. Then the searches for supersymmet-
ric particles are reviewed. In latter case, results are interpreted within Supersymmetric
Models like gravity SUSY breaking models or gauge mediated SUSY breaking models.
After collecting ∼ 150 pb−1 at LEP1 (1989 → 1995), each experiment (ALEPH, DELPHI,
L3, OPAL) has accumulated data at LEP2: ∼ 5.5 pb−1 at

√
s = 133 GeV (1995),

∼ 10 pb−1 at
√

s = 161 GeV (1996), ∼ 10 pb−1 at
√

s = 172 GeV (1996) and ∼ 55 pb−1

at
√

s = 183 GeV (1997). This year, an amount of ∼ 175 pb−1 at
√

s = 189 GeV
(November 1998) is already recorded by each experiment, but the results including all
the statistics for 1998 are not yet available; a fraction of the overall integrated luminosity
is only used corresponding to the statistics collected just before the summer conference
time (up to July 1998 : 30− 40 pb−1 ).

2 The Higgs bosons

2.1 The Standard Model Higgs Boson

The search for the Standard Model Higgs boson is presently only performed at LEP.
The current experimental lower limit for it mass mH , obtained from large samples of



Z boson decays at LEP1 is 63.9 GeV/c2 as reported in [2]. The accurate electroweak
measurements, sensitive to the Higgs mass via the radiative corrections, exclude at 95 %
C.L. a Higgs boson heavier than 280 GeV/c2 [1].
At LEP, the Higgs boson is expected to be produced through the ”Higgs-strahlung” pro-
cess e+e− → ZH , the e+e− → WW and e+e− → ZZ contributions being still negligible
at those centre-of-mass of energies. For a Higgs mass of 85 GeV, an amount of ∼ 20
events is expected per experiment at

√
s=183 GeV.

The background sources are distributed into three subsamples: the γγ interactions, the
four fermion processes including in particular the WW, Weν, ZZ final states and the two
fermion processes. The environments at LEP1 and LEP2 are different as summarized
below:

• the fraction
Signal(HZ)
background

increases from 10−6 at LEP1 to ∼ 10−2 at LEP2 as both the

Higgs boson production cross section increases and ,above all, the main background
from e+e− → Z → qq̄ decreases by a factor three in magnitude, allowing to search
for Higgs boson through all the possible channels including the four jets channel.

• for MH <
√

s−MZ , on shell Z boson are produced. This is an additional constraint
very useful for the background rejection.

• However, compared to LEP1, background sources arising from the four fermion
processes become more important, bringing in new irreducible background contam-
inations to the HZ search.

In this new context, the strategy for the Higgs boson searches changed compared to what
was performed at LEP1. This search consists of four different channels, determined by the
Higgs decay channels together with the Z decay channels. They are presented hereafter
sorted according to their branching ratio.
”The four jet channel” : e+e− → HZ → bb̄bb̄ is produced with the highest rate (∼ 60%).
The signal in this channel consists in four hadronic jets, b flavoured, is the signature for
this channel. The key point for this topology is the b-tagging technic which allows to
eliminate most of the background arising from e+e− → qq̄,WW and ZZ. In addition the
invariant mass of two of the four jets has to be consistent with the Z boson mass.
The ”missing energy channel” due to the reaction e+e− → HZ → bb̄νν̄ is characterized
by a large missing energy and acoplanar b jets. The best hermeticity and an effective b-
tagging are required in order to reduce the background arising from Weν or WW (through
W semileptonic decay). This channel is useful due to the relative high branching fraction
(∼ 17 %) and the good sensitivity achieved.
The ” tau channel” e+e− → HZ → qq̄τ+τ− in which two isolated taus and two jets are
required in the final state. It represents ∼ 9 % of the overall decays.
The ”electron and muon channels” from e+e− → HZ → qq̄e+e−, qq̄µ+µ− provide a clean
signal consisting of two isolated leptons with an invariant mass equal to mZ . With this
channel, the best resolution on the Higgs mass is achieved (∼ 2 %) as the well as the best
sensitivity. Unfortunately, the branching fraction is low and is equal to 6 %.



The typical overall signal efficiency reached is of the order of 30 % for an expectation
of 6 to 11 events from standard processes; no excess in any channel for any experiment
is observed, as illustrated on the mass distribution of the candidate events observed by
the OPAL experiment (Fig.1). The agreement between the observation and the Standard
Model expectations allowed to extract a limit on the Higgs boson mass. The ranges of
the limits obtained by each experiment are listed in Tab. 1. Since the limit results do not
reach the kinematic limit, more luminosity will be useful. Therefore, in the framework of
the LEP Higgs Working Group [3], an effort has be done to combine the results of the
four LEP experiments. The combination leads to a gain of about 3–4 GeV with respect
to the individual experiments. The 95 % confidence level upper limit obtained for each
statistical method is shown on Fig.2 as a function of the Higgs mass. The four different
combinations all agree within a spread of ± 0.15 GeV; conservatively the lowest limit
(method C) is quoted in Tab. 1; It has to be noticed that the limits have been improved,
for each LEP experiment, by almost 4 GeV/c2 with the recent data collected at 189
GeV [11], reaching therefore the level of the combined limit at 183 GeV. In reference [4],
prospect studies show that Higgs boson with a mass up to 107 GeV/c2 could be discovered
at LEP200 when running at

√
s=200 GeV and assuming an integrated luminosity of 200

pb−1 collected by each experiment.

MHSM
lower limit (GeV/c2)

Range of lower
Individual Limit LEP combined

(ADLO)
H (Obs.) 85.7–88.3 89.8

(Exp.) 85.0–86.5 90.4

Table 1: Individual and LEP combined Observed and expected mass limits for the Stan-
dard Model Higgs boson [3], up to

√
s = 183 GeV

2.2 The MSSM Higgs bosons

In the MSSM, all SUSY particle masses, their couplings and their production cross sections
and decay widths are predicted in terms of only six free independent parameters: m1/2

(the common gaugino mass parameter at the GUT scale), m0 (the common mass for
scalar fermions at the GUT scale), µ (the higgsino mixing parameter), tanβ (the ratio of
the vacuum expectation values of the two Higgs doublets), mA (the mass of the neutral
CP-odd Higgs boson A) and A(the trilinear coupling in the Higgs sector at the GUT
scale); the renormalization group equations are used to determine the parameters at low
energies. Instead of m1/2, the LEP experiments usually derive their results as a function
of the parameter M2, the SUSY breaking mass term associated with the SU(2)L gauge
group (m1/2 ≈ M2/0.81).

Presently, only the lightest neutral Higgs bosons h and A can be discovered at LEP2 [2],
since the CP–even Higgs boson H and the charged Higgs bosons H± are expected to be
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Figure 1: Mass distribution for the candidate events selected by the OPAL experiment in
the searches for e+e− → HZ at center-of-mass energies up to 183 GeV [3]

too heavy. However searches for charged Higgs bosons are also performed at LEP2 in the
framework of a non–SUSY two–Higgs doublet model.

The lightest neutral Higgs bosons

The lightest neutral Higgs bosons (h and A) could be observed at LEP through the two
following processes:

• The Standard Model–like Higgs–strahlung process, e+e− → hZ; the cross section
for this process is equal to its SM analogue, reduced by a factor sin2(α − β) which
means that this process occurs mainly at low tanβ values.

• The associated pair production process, e+e− → hA, with a cross section propor-
tional to cos2(β − α); this process is dominant at large tanβ values.

In the first channel, searches are similar to those performed for the SM Higgs boson. For
tanβ >1 the main decay modes of the h and A bosons are into bb̄, and to a lesser extent
τ+τ−. Most of the experimental analyses required therefore at least two b quarks in the
final states, as detailed in Tab. 2. Clearly, b–tagging plays a crucial role in all the Higgs
searches at LEP; it allows to reach very high sensitivities by rejecting most of the WW
background. Peculiar decays such as h → AA or h → χ0

1χ
0
1 have been also considered; the

sensitivities achieved in the latter case are better compared to those obtained with the
standard decay channels at LEP1 but worse at LEP2. Typical efficiencies and background
expectations are listed in Tab. 3, where observation and expectation from SM processes
agree very well.
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Figure 2: Average expected (dashed lines) and observed (solid lines) con�dence levels, CLs, obtained

from combining the results of the four LEP Collaborations using the four statistical methods. The

intersections of the curves with the horizontal lines at 0.05 de�ne the 95% con�dence level lower

bounds, expected and observed, for the mass of the SM Higgs boson.



Therefore, limits have been extracted [5]– [10], for two “benchmark” sets of the MSSM
parameters where Msusy, representing the stop mass mean value is fixed to 1 TeV and
mt = 175 GeV, as shown in Figs. 3; MA varies up to 2 TeV and tanβ from 0.5 to 50, and
either minimal or no stop mixing [A = 0 TeV, µ = −0.1 TeV] or maximal squark mixing
[A =

√
6 TeV, µ = −0.1 TeV] is assumed.

√
s (GeV) hA hZ

161,172,183 hA→ bb̄bb̄ Zh→ νν̄(h → all)
hA→ bb̄τ−τ+, τ−τ+ bb̄ Zh→ l−l+(h→ all)
AAA→ bb̄bb̄bb̄ Zh→ τ−τ+(h → all)

Zh→ (h → all) τ−τ+

Zh→ qq̄bb̄
Zh→ qq̄ or l−l+(h→ χ0

1 χ0
1)

Table 2: Search channels for the neutral Higgs bosons at LEP.

The limits obtained by each experiments within these assumptions are listed in Tab. 4.
The combined limit, obtained as described in Ref. [3] leads to a gain of about 3–4 GeV with
respect to the individual experiments. All the methods used for the combination agree
within a spread of ± 1.9 GeV; conservatively the lowest limit is quoted in Tab. 4 (method
C of Ref. [3]), while the highest limits (with method D) are given in Figs. 3. These limits
are valid for tanβ greater than 0.8, irrespectively of the mixing value or of the method
used for the combination. For the no mixing scenario, the range of tanβ between 0.8 and
2.1 is excluded independently of the method. It has to be noticed that the limits have been
improved, for each LEP experiment, by almost 4 GeV/c2 with the recent data collected
at 189 GeV [11], reaching therefore the level of the combined limit at 183 GeV. It has
been pointed out recently in Refs. [10], [8], [6], that selected sets of the MSSM parameters
lead to less stringent exclusions, either because of an unexpectedly small bremsstrahlung
cross section or because of a reduced decay branching ratio into bb̄. The theoretical status
of these pathological parameter sets is currently under investigation. Meanwhile, the
limits obtained in the benchmark cases can be regarded as sufficiently robust for practical
purposes as demonstrated in Ref. [6].

The charged Higgs Boson

The H± bosons can be produced in e+e− interactions via the process e+e− → γ∗, Z∗ →
H+H− and are expected to decay mainly into the heaviest lepton kinematically allowed
and its associated neutrino, or into the heaviest kinematically allowed quark pair whose
decay widths are not Cabibbo suppressed; the relative branching ratios are model de-
pendent. Therefore searches are performed in the three possible decay modes: e+e− →
H+H− → τ−ν̄ττ

+ντ , τ+ντsc̄ and cs̄sc̄. For each experiment [13]– [16] and each decay
channel, the number of selected events in the data is consistent, with the number of ex-
pected events from SM processes, as can be seen in Tab. 5. Compared to the neutral
Higgs boson searches, the sensitivities achieved are lower; this is due to the high WW
background contamination. The 95 % C.L. individual limits on the charged Higgs boson



Selection ε(%) for hZ Nexp
signal Nexp

Bkg Nobs

Mh=80 GeV/c2

hl+l− 78.3 1.1 2 3
hνν̄ 20.9 0.8 0.16 0
bb̄qq̄ 23.6 3.6 1.4 1

bb̄τ+τ− 22.7 0.14 0.17 0
τ+τ−qq̄ 9.8 0.16 0.16 0
Selection ε(%) for hA Nexp

signal Nexp
Bkg Nobs

Mh = MA=75 GeV/c2

bb̄bb̄ 60.5 3.1 2.4 2
bb̄τ+τ− 28.6 0.27 0.07 0

Table 3: Typical efficiencies and expected/observed number of events for the neutral Higgs
bosons searches performed by the ALEPH experiment [5] at

√
s=183 GeV.

Mh,A lower limit (GeV/c2)
Range of lower

Individual Limit LEP combined
(ADLO)

h (Obs.) 70.7–74.4 78.8
(Exp.) 67.4–70.3 76.3

A (Obs.) 71.0–76.1 79.1
(Exp.) 68.4–72.0 76.3

Table 4: Individual and LEP combined mass limits for the neutral h and A bosons [3].

MH±=60 GeV/c2 τ+ν̄ττ
+ντ τ+ντsc̄ cs̄sc̄

Efficiency 24 % 42 % 40 %
Expected events 9.2 30.1 99.4
Observed events 6 28 93

Table 5: Typical efficiencies, number of expected and observed events obtained by the L3
experiment in the charged Higgs boson searches at c.m. energy of 183 GeV [15].

MH± Lower limit (GeV/c2)
Range of Lower

Individual Limit (ADLO) LEP combined
H± (Obs.) 56.6–59.0 68.0

(Exp.) 56.0–62.0 69.0

Table 6: Individual and LEP combined mass limits for the charged Higgs bosons.
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(Mh, tanβ ) (bottom) by the LEP direct searches for e+e− → hZ and hA at center-of-mass
energies up to 183 GeV assuming either a maximal mixing or no mixing [3] and [12].



mass is shown as a function of the branching ratio Br(H± → τ±ντ ) in Fig. 4. Combining
all LEP results, a lower limit on the charged Higgs boson mass of 68 GeV is established
at the 95 % C.L., assuming that the sum BR(H+ → τ+ντ ) + Br(H+ → cs̄) is equal to
one. It represents a gain of almost 10 GeV with respect to the individual limits, Tab. 6.
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Figure 4: LEP combined exclusion domains in the plane (MH± , Br(H± → τντ )) by the
LEP direct searches for e+e− → H+H− at center-of-mass energies up to 183 GeV [3].

3 Other SUSY particles

The searches for supersymmetric particles, but the Higgs bosons, at LEP2 concern slep-
tons, stops, sbottoms, charginos and neutralinos as detailed in [18] and [19]. The most
popular SUSY breaking mechanisms are the gravity and the gauge mediated SUSY break-
ing models (GMSB). The results of SUSY searches at LEP are interpreted in the frame-
work of these two models. In general to avoid lepton and baryon number violations,
induced by SUSY loops, the conservation of a new quantum number is invoked: R=(-
1)L+2B+2J ,=1 for standard particles and =-1 for SUSY particles. Within this assumption,
the lightest SUSY particle (LSP) is stable and escapes detection since it is supposed to be
neutral and weakly interacting. In particular in gravity SUSY breaking models, the LSP
is the lightest neutralino (χ̃0

1) while in GMSB models it is the gravitino (G̃, with MG̃ ∼
1 eV)



3.1 χ̃0
1 LSP scenario

The various pair produced SUSY particles decay to SM particles and LSPs. SUSY signa-
tures consist of some combination of jets or/and leptons and missing energy carried out
by the LSP. The signal topology and the background conditions are in practice affected
by the SUSY particle and the LSP mass difference (∆M = mSUSY − mχ0

1
) which con-

trols the visible energy. In the low ∆M(= 5 − 10 GeV) range, the expected topologies
for the signals are characterized by a low multiplicity and a low visible energy and the
background is dominated by two–photon interactions. For large ∆M(= 50 − 60 GeV)
values, the signal signatures are very similar to those of W–pair production. Since all the
background sources are due to well calculable processes with reasonable production cross
sections compared to the signal, most of the decay channels are studied at LEP2.

Scalar leptons

LEP experiments excluded scalar neutrinos with masses up to 43 GeV, from the compar-
ison of the measured Z widths with the SM expectations [20].

In e+e− collisions, the production of scalar muons µ̃, scalar taus τ̃ proceeds via γ or
Z exchange in the s–channel only, whereas scalar electrons ẽ can also be produced by
exchanging neutralinos in the t–channel.

The scalar leptons dominantly decay into their SM partners and the lightest neu-
tralino χ0

1. If the scalar lepton is not the next–to–light SUSY particle (NLSP), cas-
cade decays via χ0

2 or via the lightest chargino χ+
1 [for l̃L only for a pure gaugino–type

chargino] may be possible. The topologies arising from scalar lepton production are
then usually, acoplanar leptons plus missing energy. As already explained in the in-
troduction, the sensitivities for these searches depend strongly on the mass difference,
∆M, betweenthescalarleptonandtheχ0

1 . Typical efficiencies and expected events from SM
processes for different ∆M ranges are given in Tab. 7.

ml̃± = 75 GeV
ẽR µ̃R τ̃R

∆M (GeV) ε (%) N exp
sign N exp

back ε (%) N exp
sign N exp

back ε (%) N exp
sign N exp

back

75 65 33.8 7.6 66 4.5 6.9 43 2.9 5.9
15 57 7.4 0.5 45 4.3 0.15 38 2.4 3.2
5 11 0.9 0.7 13 0.9 0.9 7 0.5 1.5

Table 7: Scalar electron, scalar muon and scalar tau sensitivities. Results are obtained at√
s = 183 GeV by the ALEPH experiment [21] as a function of ∆M for ml̃± = 75 GeV.

No excess with respect to the number of events expected from SM processes was
observed at LEP up to

√
s=183 GeV [21]– [25]. Since in general, the cross section for the

pair production of l̃R is smaller than for l̃L, limits on masses are given by default taking
into account l̃Ll̃R production only. The expected background from W–pair production is
subtracted for all LEP analyses. All limits are derived in the plane (mχ0

1
, ml̃R

). These



ml̃R
lower limit (GeV/c2)

Individual Limit (ADLO) LEP combined
ẽR (Obs.) 79–83 85

(Exp.) 78–83 85
µ̃R (Obs.) 55–62 71

(Exp.) 56–67 75
τ̃R (Obs.) 45–63 75

(Exp.) 45–56 67

Table 8: Individual and LEP combined mass limits for ẽR, µ̃R, τ̃R up to
√

s = 183 GeV
for ∆M greater than 20 GeV, and assuming tanβ = 2 and µ = −200 GeV for ẽR.

limits depend only slightly on µ or tanβ for µ̃R and τ̃R, since these parameters may just
change their couplings to χ0

2 [relevant only for low masses of χ0
1 in the region covered

anyway by the χ+
1 searches] but do not affect their cross section for pair–production.

For ẽR, the production cross section in the χ0
1 t–channel exchange depends on these

parameters. The combined exclusion contours of all LEP analyses [17] up to 183 GeV are
shown in Figs. 5. The individual limits are derived for different tanβ values 1.4 → 2, and
for µ = −200 GeV.

Since we are far from the kinematical limit, more luminosity helps and a gain ranging
from 2 to 10 GeV, depending on the scalar lepton flavor, is obtained in the combination
as shown in Tab. 8. We should mention also that the individual limits obtained recently
at
√

s=189 GeV with an integrated luminosity of 30–40 pb−1 for each experiment reach
the level of the LEP combined [up to 183 GeV] limit [17].

Assuming a common scalar lepton mass at the GUT scale, the relation between the
masses of right– and left–handed sleptons can be used to combine results of the searches
for acoplanar leptons (muons, electrons together) [21] coming from the ẽRẽL process when
the ẽR and the χ0

1 are mass degenerate (∆M below 3 GeV). The result is shown in Fig. 5
(bottom right), for tanβ = 2 and µ = 100 GeV; this value of µ minimizes the product
of cross section times branching fraction for the process e+e− → ẽRẽL with ẽL → eχ0

1 for
vanishing ∆M . In this case, a scalar lepton mass limit of 65 GeV/c2 is set independently
of ∆M ; this limit holds for higher values of tanβ .

Scalar quarks

The squarks of the two first generations should be abundantly produced at the Tevatron
which places already limits far above the kinematical reach of LEP2. Due to a large
Yukawa coupling, the mass of one of the top squarks can be significantly smaller compared
to those of the other scalar quarks; the large mixing between the left and right stops,
proportional to mt, leads to a large splitting of the two mass eigenstates. The lighter
stop t̃1 could be within the discovery range of LEP2. In addition, for large tanβ values
( >∼ 30), the mixing angle in the sbottom sector can also be large and the lighter sbottom

b̃1 could also be within the reach of LEP2.
Stop and sbottom production at LEP proceed via Z/γ exchange in the s–channel; the
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production cross sections depend on the squark mass and the squark mixing angle cos θq

and at cos θq ∼ 0.57(0.39) the stop (sbottom) decouples from the Z–boson and the cross
section is minimal; the dominant decay modes of the t̃1 are expected to be t̃1 → cχ0

1 or
t̃1 → bν̃l+; both of these decay modes have been searched for at LEP. The dominant
decay mode of b̃1 is expected to be b̃1 → bχ0

1.
Under the assumption of R–parity conservation, the χ0

1 and the ν̃ are invisible in the
detector; thus stop or sbottom pair events are characterized by two acoplanar jets or two
acoplanar jets plus two leptons, with missing energy. When the t̃1 → cχ0

1 decay mode is
dominant, the corresponding decay width is small enough for the stop to hadronize into
a colorless “stop hadron” before decaying; this feature has been implemented by the LEP
experiments in their Monte Carlo programs. No excess of events was observed by any
of the four LEP experiments [26]– [29], in the searches for stop and sbottom. Typical
sensitivities obtained by the OPAL [29] experiment in the various channels, are listed in
Tab. 9. All LEP results have been combined [17] and are summarized in Tab. 10, for ∆M

mt̃1,b̃1
= 80 GeV

t̃1 → cχ0
1 b̃1 → bχ0

1 t̃1 → blν̃
∆M (GeV) ε (%) N exp

back ε (%) N exp
back ε (%) N exp

back

7 23 1.97 37 1.97 11.8 1.07
15 58 1.97 61 1.97 64 2.05
80 37 1.97 31 1.97 58 2.05

Table 9: t̃1 and b̃1 efficiencies (ε) and the number of events expected from the SM (N exp
back)

obtained at
√

s = 183 GeV by OPAL [29] as a function of ∆M for mq̃ = 80 GeV.

greater than 15 GeV/c2. Since a slight lack of events appears for sbottom searches, con-
servatively, the combination in this channel is done without any background subtraction.
The LEP combined excluded regions in the plane (mχ0

1
, mq̃) are shown in Fig. 6.

Charginos and neutralinos

We now turn to the search for charginos and neutralinos at LEP2. At e+e− colliders,
charginos χ+

1 χ−1 (neutralinos χ0
i χ

0
j with i, j = 1, . . . , 4 ordered by their masses) are pair–

produced via s–channel γ/Z (Z) boson and t–channel sneutrino ν̃ (selectron ẽ) exchange.
When the masses of the sfermions are very large, the χ±1 (χ0

j with j ≥ 2) states decay via an
exchange of a virtual W (Z) boson as follows: χ±1 → χ0

1W
∗ → χ0

1f f̄ ′ (χ0
j → χ0

kZ
∗ → χ0

kf f̄
with k < j). If the slepton and sneutrino masses are comparable to MW (MZ) the
charginos (next–to–lightest neutralinos) decay via virtual slepton or sneutrino exchange
and the leptonic branching fraction is enhanced. Finally for a slepton or sneutrino lighter
than the chargino (next to lightest neutralino), the decay modes χ±1 → l̃±ν or l±ν̃ (χ0

j →
l̃±l∓ or ν̃ν) become dominant. The radiative decays χ0

j → χ0
kγ are also possible via higher–

order diagrams. For all LEP2 studies, the gluino is supposed to be heavy, otherwise the
chargino decay patterns would be different.



mt̃1 , mb̃1
lower limits (GeV/c2)

Individual Limit (ADLO) LEP combined
or AO only: ∗ obs [exp]

t̃1 → cχ0
1, cosθt = 1 80–85 86 (85)

t̃1 → cχ0
1, cosθt = 0.57 72–81 83 (80)

t̃1 → bν̃l, cosθt = 1∗ 84–85 87 (86)
t̃1 → bν̃l, cosθt = 0.57∗ 80–82 85 (84)

b̃1 → bχ0
1, cosθb = 1 78–84 86 (83)

b̃1 → bχ0
1, cosθb = 0.39 45–68 75 (60)

Table 10: Individual and LEP combined mass limits for stop and sbottom up to
√

s = 183
GeV for ∆M > 15 GeV, assuming maximal or minimal production cross sections.
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The charginos and neutralinos are searched for at LEP2 [31]– [37], in a first time
within the large m0 scenario, i.e large scalar fermion masses. In this case, charginos and
neutralinos decay into the LSP accompanied by virtual W and Z bosons. The three pos-
sible final state topologies arising from the W and Z decays are: hadrons plus missing
energy, acoplanar lepton pairs plus missing energy and mixed final state (hadrons plus
leptons) plus missing energy. As explained before, signal topologies and the associated
background sources depend on ∆M . Therefore, for each topology, selections were opti-
mized for four different ∆M ranges: the very low (3–5 GeV), the low (5–10 GeV), the
medium (20–40 GeV) and the large (≥ 50 GeV). In addition, the DELPHI experiment
searched for topologies arising in the very small ∆M regime, with decays in flight and ISR
tags [34]. Altogether a total of 27 events was observed by the four experiments with 25±5
expected from standard processes with efficiencies ranging from 5% to 65% depending on
the analysis and the ∆M ranges as illustrated in Tab. 11.

Mχ±1
=91 GeV/c2 χ±1 → χ0

1W
∗

∆M (GeV) ε (%) N exp
back Nobs

5 15 10.3 ± 1.1 8
20 55 17.4± 1.1 18
60 14 17.4±1.1 18

Table 11: Typical efficiencies, number of expected and observed events obtained by the
DELPHI experiment in the chargino searches at a c.m. energy of 183 GeV [33].

Depending on the neutralino–chargino field content, one distinguishes the following
cases for the determination of the lower limits on neutralino–chargino masses:

– Higgsino–like χ0
2 and χ±1 (M2 � |µ|): in this case, the production cross sections do

not depend on the scalar lepton masses, and ∆M is low and decreases with increasing M2.
Consequently, the limits on the masses of the next–to–lightest neutralino and the lightest
chargino decrease with M2. The present LEP2 combined [17] limit on the chargino mass
is shown in Fig. 7 (top left) turning into a limit on the chargino mass of 63 GeV/c2 for
∆M ≥ 3 GeV/c2 . The DELPHI experiment has excluded regions for lower ∆M ranges
as depicted in Fig. 7(bottom). Masses lower than 80 GeV/c2 are excluded by all LEP
experiments for the next–to–lightest neutralino χ0

2 assuming M2 less than 1500 GeV/c2 .
This limit holds only for higgsino–like χ0

2, since the coupling to the Z–boson vanishes for
gaugino–like neutralinos.

– Gaugino–like chargino (|µ| � M2): the cross section depends strongly on the scalar
neutrino mass. For 50 ≤ mν̃ ≤ 80 GeV/c2 the destructive interference term reduces
the cross section by one order of magnitude compared to what is expected for mν̃ ≥ 300
GeV/c2 . When the two body decay χ±1 → l±ν̃ is dominant, the relevant ∆M becomes
equal to mχ±1

− mν̃ . Therefore, the limit on the chargino mass will depend clearly on

the mν̃ value. For large mν̃ values (≥ 300 GeV/c2 ), the situation is the ideal one: we
benefit there from the best detection sensitivity and the highest cross section production.
This is the reason why the kinematical limit is reached with only a few pb−1 . Up to
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now, including the recent 189 GeV data, LEP experiments exclude a chargino mass below
94.3 GeV/c2 , irrespective of tanβ . Extending the study to all mν̃ values where the
chargino leptonic decay is enhanced for low slepton masses, dedicated analyses were then
developed by the LEP experiments. However, it appears that the chargino cannot be
directly detected when it is degenerate in mass with the sneutrino since the soft leptons
produced in the final state escape detection. In this case, the LEP1 limit of 45 GeV/c2

remains, that is deduced from the Z–boson total decay width measurement which is
insensitive to the chargino decay pattern. Recently, this limit has been improved in
two independent ways: (i) the ALEPH experiment, excludes mχ±1

below 51 GeV/c2 by

measuring the invisible W–boson width, within some model assumptions [32]; and (ii) the
L3 experiment [35] exploits the complementarity of the scalar lepton searches, excluding
chargino masses below 57.2 GeV/c2 irrespective of tanβ and m0, as depicted in Fig. 7
(top right).

Indirect limits on the χ̃0
1 mass

Finally, let us discuss the neutralino–LSP mass limits. Since the neutralino χ0
1 is the

LSP and escapes detection, direct searches for the LSP neutralino cannot be performed
at LEP2. However, indirect limits have been derived from the constraints on chargino–
neutralino and slepton searches. As detailed previously, the limits depend on the slepton
masses, in particular on mν̃ .

– Large sneutrino mass: For high tanβ values, the chargino search provides the most
stringent bound on mχ̃0

1
. For tanβ values below 2, the neutralino searches including

the processes e+e− → χ̃0
1χ̃

0
3, χ̃

0
1χ̃

0
4, χ̃0

2χ̃
0
3 but also the radiative decays χ̃0

2 → χ̃0
1γ, exclude

additional regions of the parameter space (mixed region). The LEP1 exclusion limits still
play some role, due to the fact that the neutralino search is limited in the region near the
point where the χ0

1 mass limit is set by the value of the coupling to the Z–boson rather
than by kinematics. The lower limit obtained for mχ0

1
as a function of tanβ and for heavy

sleptons is displayed in Fig. 8 for LEP center–of–mass energies increasing from 91.5 up
to 183 GeV. A summary of all limits [31]– [37] obtained both up to 183 GeV and more
recently to 189 GeV is listed in Tab. 12.

– Any sneutrino mass: For lower slepton masses, as already discussed, the constraints
in the chargino–neutralino sectors are weaker and the limits on mχ0

1
is therefore degraded.

Constrains on mχ0
1

have been obtained by all LEP experiments with a systematic scan
of the MSSM parameter space, as a function of tanβ for all m0 values, as depicted in
Fig. 8(bottom). For low tanβ values (≤ 1.6) the minimum allowed value for mχ0

1
is found

in the parameter space where the production cross section for charginos is minimal [mν̃ ∼
90 GeV/c2 in the mixed region µ ∼ −70 GeV/c2 ] [33]– [37] and the heavy neutralino
χ0

3,4 are mostly invisible while for higher tanβ values (≥ 2) the lower χ0
1 mass limit is

found in the parameter space region where the chargino and sneutrino mass difference
is small and where the next–to–lightest neutralinos χ0

2 decay invisibly. The exclusion
limit came only from slepton searches; it is localized in the deep gaugino–like region for
charginos (µ ≤ −400 GeV/c2 ) [31]. The limits obtained by each experiment are listed
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mχ0
1

> (GeV/c2)

up to 183 Gev up to 189 GeV
Large m0, tanβ ≥ 1 ∼ 30.5 (ADLO) ∼ 32.5 (ADLO)
Any m0, tanβ ≥1
A µ up to −2000 GeV/c2 26∗ 28
D µ up to −200 GeV/c2 23.4
L µ up to −500 GeV/c2 25.9 28.2
O µ up to −500 GeV/c2 25.4

Table 12: Indirect individual mass limits for the LSP χ0
1 up to

√
s = 183, 189 GeV for

large m0 or any m0. In the latter case, the minimum value (∗) for ALEPH experiment is
found in the deep–gaugino region (up to 183 GeV data) while other experiments found
the minimum in the mixed region.

in Tab. 12 as well as the MSSM parameter ranges used in the scan. The most recent
limit on the ẽ mass obtained with 189 GeV data by ALEPH [31] and L3 [36] allows to set
the best absolute limit on the LSP mass of ∼ 28 GeV/c2 , which can be turned into an
absolute limit on M2.

3.2 Search for charginos and neutralinos assuming no R–parity

conservation

In supersymmetry, R–parity violation can occur through the following Yukawa coupling
terms in the superpotential:

λijkLiLjĒk + λ
′
ijkLiQjD̄k + λ

′′
ijkŪiD̄jD̄k

where L and Q are the SU(2) doublet lepton and quark superfields and E, U, D are the
singlet superfields with i,j,k as the generation indices. The simultaneous presence of the
last two types of term would induce fast proton decay, which is excluded experimentally.
Therefore, it is generally assumed, that among the 45 R–parity violating coupling terms
only one (or more generally only one type) dominates. The three types (λ,λ

′
,λ

′′
) have

been studied at LEP2.
The main consequence of R–parity violation is that the LSP is no longer stable. The R–
parity violating couplings under consideration are strong enough so that the LSP decays
within the detector [it requires a strength of the coupling greater than 10−3 which is
within the existing upper bound obtained from low energy experiments]. The L-violating
λ type coupling terms will give rise to multilepton final states, for instance a λijk term may
induce the decay of a neutralino LSP to final states such as ν̄il

+
j l−k (via virtual slepton

or sneutrino exchange) ; the L-violating λ
′

type coupling terms involve multijets with
leptons or with some missing energy. Finally, the B-violating λ

′′
type coupling terms lead

to events with multijets signatures and without missing energy.
In what follows the process involving chargino pair production as well as neutralino pair
production (χ̃0

1χ̃
0
1 but also χ̃0

1χ̃
0
2) have been studied in which R–parity violation manifests



itself only in the decay of the LSP. No signal above the expected standard model back-
grounds was detected at LEP [38]- [41] in any of the topologies investigated, resulting
into mass limits or constraints on the parameters of the MSSM. As shown by ALEPH
on Fig.9 [38], the kinematic limit for the chargino is reached everywhere, in particular
in the deep-higgsino region in contrast to the case of R–parity conservation. Assuming a
dominant λ133 coupling (channel providing the worst sensitivity for this type of coupling),
the LEP experiments [39]- [41] have derived a lower limit on the LSP mass equal to 26.8
GeV/c2 irrespective of tanβ .

3.3 The light gravitino scenario

A class of supersymmetric models in which the gravitino is the lightest supersymmetric
particle has recently received renewed attention, since the observation by the CDF ex-
periment [43] of one event containing two electrons, two photons and large transverse
missing energy. Within this scenario (G̃ is the LSP), the phenomenology will depend on
the nature of the next to lightest supersymmetric particle. At LEP, one distinguishes two
cases: the NLSP is either the lightest neutralino (χ0

1) or a slepton (̃l).

χ0
1 next lightest supersymmetric particle

In such scenario, the lightest neutralino is expected to decay into a photon and a gravitino,
χ̃0

1 → γG̃. For practical purposes, the neutralino lifetime is negligibly small as soon as
the gravitino mass is smaller than a few eV/c2. In the light gravitino scenario large cross
section productions are predicted at LEP2 (∼ 1pb) for the two processes: e+e− → χ̃0

1χ̃
0
1 →

γγG̃G̃ and e+e− → χ̃0
1G̃ → γG̃G̃ (the latter only for very light G̃, MG̃ ∼ 10−4 eV/c2).

These two reactions lead respectively to the two photon and single photon plus missing
energy signatures. For this kind of signatures, there is however an irreducible background
due to the reaction e+e− → νν̄γ(γ), which should be kept under control.
The combined result obtained by the four LEP experiment is shown in Fig.10 (left), where
is displayed the single or two photon recoil mass for data which is in perfect agreement
with the SM prediction.
In the single photon channel, upper limits on the production cross section for the process
e+e− → χ̃0

1G̃, have been derived, ranging from 0.1 to 0.7 pb, depending on the analysis
and on the mass of the lightest neutralino. In models with superlight gravitinos, the
process e+e− → G̃G̃ can be also relevant. When accompanied by initial state radiation
this reaction leads to single (or multi) photon signature. e+e− → χ̃0

1G̃. If Mχ̃0
1
≥ √

s,
this is the only accessible reaction to produce SUSY particles [42]. In the absence of
signal, lower limits on the gravitino mass ranging from 6.6 and 8.8 10−6 eV/c2 have been
[44]- [47] set; it can be translated to an upper limit on the SUSY breaking scale

√
F ≥

182.5 geV.
The two photons final state refers to the pair production of the lightest neutralinos,
e+e− → χ̃0

1χ̃
0
1. The main background from the process e+e− → νν̄γγ is reduced by the

requirement that the mass recoiling against the two photons should not be close to the Z
boson mass; in addition, a minimum energy for both photons is required. In the absence



Figure 9: Regions excluded in the (µ,M2) plane for the three λ type couplings. The dotted
line is the chargino kinematic limit



of signal, the LEP combined upper limit on the production cross section of χ̃0
1 pairs, reach

the level of 0.02-0.04 pb [17]. To turn this constraint into a χ̃0
1 mass limit, further model

requirements are needed (right or left selectron masses, χ̃0
1 field content). Values below 85

GeV/c2 are typically excluded. Finally, the resulting combined upper limit is confronted
with the kinematic region defined by the CDF event. This is shown on Fig. 10(right)
where LEP2 data exclude most of the allowed region.
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determined from the properties of the event observed by CDF [43].

l̃ next lightest supersymmetric particle

For a part of the parameter space, the slepton and in particular the stau can be the NLSP,
when the gravitino is the LSP; leading to the process:

e+e− → l̃+ l̃− → l+l−G̃G̃

The slepton may decay inside or outside the detector, since the decay length depends on
the l̃ and the G̃ masses. Three strategies are developed by the experiments depending on
this decay length: First, if the decay is prompt, at the interaction vertex, the search is
similar to the slepton search in the conventional MSSM, in the limit case of a vanishing
neutralino mass. Then for an increasing decay length, one looks for particles decaying
into the detector, characterized by events containing tracks with large impact parameters
and secondary vertices (kinks). Finally, if the particles decay outside the detector, the
particles are seen as heavy stable ionising particles (HIP). The four LEP experiments have



searched for such HIPs; since no excess of events have been observed (two events expected
and one candidate event observed) , the LEP combined results, shown on Fig. 11(left),
lead to a lower limit on the mass of the µ̃ (valid also for the τ̃ ) equal to 86.5 GeV/c2 (87
GeV/c2 ), depending if the µ̃ is the supersymmetric partner of the right (left) handed µ
respectively.
DELPHI and ALEPH experiments have developed specific analyses for all the different
signatures for each lepton flavour. Since no excess of events with respect to the Standard
Model expectation has been observed, all the analyses have been combined to derive
cross section upper limits which can be turned out in an exclusion contour in the plane
(ml̃, mG̃). For instance, the DELPHI experiment [48] derive a lower limit on the τ̃ mass
of 68 GeV/c2 irrespective of the mass of the gravitino as illustrated on Fig. 11(right).
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impact parameter search. The negative slope hatched area shows the region excluded by
the combination of the large impact parameter and kink searches.

4 Conclusions and Outlook

A wide variety of searches has been carried out at LEP2 and despite all the efforts, no
indication for new physics has been observed yet up to 189 GeV.
Higgs boson searches improve considerably previous results obtained at LEP1 and exclude
Higgs masses below 89.8 GeV/c2 . New limits in the SUSY sector have been derived, in



particular for the neutral Higgs bosons h and A , masses below 77 ,78 GeV/c2 (respectively)
are excluded for tanβ values greater than 0.8. With the coming data foreseen at

√
s ∼

200 GeV, the SM Higgs with a mass up to 100-110 GeV/c2 can be discovered at LEP2.
LEP2 is also an unique place for SUSY searches: Due to the good detector performances
and the relatively good knowledge of the background reactions, a large domain is covered
and all channels are exploited. With the absence of any signal, LEP2 excluded chargino
masses up to the kinematic limit (94.3 GeV/c2 ) for most of the SUSY parameter space
and derived an absolute limit equal to 57.2 GeV/c2 . In addition, an indirect and absolute
lower limit, equal to 28 GeV/c2 , on the Lightest Susy Particle has been derived in the
framework of the CMSSM. With future LEP runs, chargino masses up to 100 GeV/c2 will
be explored and a lower mass limit on the LSP of the order of∼ 35 GeV/c2 will be reached.
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