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48 Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., Ilha do Fundão 21945-970 Rio de Janeiro, Brazil
49 Department of Radiation Sciences, University of Uppsala, P.O. Box 535, 751 21 Uppsala, Sweden
50 IFIC, Valencia-CSIC, and D.F.A.M.N., U. de Valencia, Avda. Dr. Moliner 50, 46100 Burjassot (Valencia), Spain
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Abstract. The DELPHI experiment at the LEP e+e− collider collected almost 700 pb−1 at centre-of-mass
energies above the Z0 mass pole and up to 208 GeV. Those data were used to search for SUSY in the
Anomaly Mediated SUSY Breaking (AMSB) scenario with a flavour independent common sfermion mass
parameter. The searches covered several possible signatures experimentally accessible at LEP, with either
the neutralino, the sneutrino or the stau being the Lightest Supersymmetric Particle (LSP). They included:
the search for nearly mass-degenerate chargino and neutralino, which is a typical feature of AMSB; the
search for Standard-Model-like or invisibly decaying Higgs boson; the search for stable staus; the search
for cascade decays of SUSY particles resulting in the LSP and a low multiplicity final state containing
neutrinos. No evidence of a signal was found, and thus constraints were set in the space of the parameters
of the model.
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1 Introduction

There are several theoretical motivations to believe that na-
ture could be supersymmetric. However, after many years
of searching in collider experiments, no evidence was found
for the existence of supersymmetric particles. The negative
results of the searches constrains the spectrum of the SUSY
particles and of the parameters of the model. The mech-
anism of SUSY breaking itself is unclear. In the gravity
mediated scenario (SUGRA) [1], SUSY is broken in a hid-
den sector and the breaking is transmitted gravitationally
to the observable sector. This mechanism is elegant, since
it only requires already existing fields and interactions,
like gravity. It suffers, however, from the so called SUSY
flavour problem, since it requires a large amount of fine
tuning in the squark and slepton mass matriced to avoid
unobserved large flavour-changing neutral current effects.

To cope with the SUSY flavour problem, different SUSY
breaking mechanisms have been proposed. In the Gauge
Mediated SUSY Breaking scenario (GMSB) [2] the break-
ing is transmitted via gauge forces. This model predicts a
very characteristic mass spectrum, with a light gravitino
as the lightest supersymmetric particle (LSP), and typi-
cally long-lived next-to-lightest supersymmetric particles
(NLSP).

Anomaly Mediated Supersymmetry Breaking (AMSB)
[3,4] is another interesting solution to the flavour problem
of mSUGRA. Rescaling anomalies in the supergravity La-
grangian always give rise to soft mass parameters in the
observable sector. It follows that anomalies contribute to
SUSY breaking in any case, irrespective of the main sym-
metry breaking mechanism. We shall refer to AMSB as
the model in which all other components that mediate the
SUSY breaking are suppressed and the anomaly mediation
is the dominant mechanism.

The minimal AMSB is very predictive: all the low en-
ergy phenomenology can be derived by adding to the Stan-
dard Model (SM) only two extra parameters and one sign.
Unfortunately, the minimal AMSB model would imply neg-
ative squared masses (tachyons) for the sleptons at the elec-
troweak scale. One way of getting rid of tachyons is to sup-
pose additional, non-anomaly, contributions to the SUSY
breaking which can generate a positive contribution to the
soft masses squared. There are a few string-motivated so-
lutions that generate such a positive contribution without

spoiling the renormalization group (RG) invariance of the
soft terms. In most cases, such a contribution is universal
for all sfermion masses and, in practice, it is enough to
add just one extra parameter to the model. This arises, for
instance, when the visible and the hidden sectors lie in sep-
arate branes that communicate only through gravity [3].
There are other solutions [5] that lead to flavour depen-
dent mass terms; such possibilities are less predictive, since
the sfermion spectrum depends on more parameters, and
they will not be investigated further in this paper. In the
following, the minimal AMSB with a single, flavour inde-
pendent, sfermion mass parameter will be considered, as
implemented in version 7.63 of the program ISAJET (see
below). However, the characteristic gaugino spectrum of
AMSB is the same even for models without such an uni-
versal sfermion mass term, and most of the considerations
that follow can be applied also to them.

The paper is organized as follows. In Sect. 2 the phe-
nomenology of AMSB relevant to the search at LEP is
shortly reviewed. Section 3 lists the data and the event
generators used to simulate the signal. Section 4 describes
the results of the searches for the AMSB signatures in
DELPHI. In some cases, searches already performed in
DELPHI were just reinterpreted in the context of AMSB.
The descriptions of those searches can be found in the rele-
vant papers cited in that section. In other cases, which are
described here in more detail, it was necessary to adapt
the original techniques to the requirements specific to the
AMSB scenarios. With no evidence of excesses above the
SM expectations, in Sect. 5 the results of the searches are
combined to constrain the parameters of the model and
the spectrum of some SUSY particles.

2 Phenomenology of AMSB

If there is only one common squared mass term for all
scalars, all masses and couplings can be derived in terms
of just three parameters and one sign:

– the mass of the gravitino, m3/2;
– the ratio of the vacuum expectation values of the Higgs

fields, tanβ;
– the common scalar mass parameter m0;
– the sign of the Higgs term, sign(µ).
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In this context, m0 can even be considered as a phenomeno-
logical term that parameterizes the lack of knowledge of the
method with which the sleptons acquire physical masses.

Low-energy gaugino masses (Mλ), scalar masses (MQ̃),
and trilinear couplings (Ay) in AMSB are given by:

Mλ =
βg

g
m3/2 (1)

M2
Q̃

= −1
4

(
∂γ

∂g
βg +

∂γ

∂y
βy

)
m3/2

2 + m0
2 (2)

Ay = −βy

y
m3/2 (3)

where g are the gauge couplings, y the Yukawa couplings
and γ and β are RG functions. This soft mass spectrum
has distinctive features [4] which can differ from the usual
SUGRA or GMSB scenarios.

– The gravitino is heavy (this has several advantages for
cosmology [4]).

– The ratios of gaugino masses at the electroweak scale
are determined by the ratios of the corresponding β
functions. Therefore, they assume in a natural way dif-
ferent values with respect to the theories with gaugino
mass unification at a Grand Unification (GUT) Scale:

M1 : M2 : M3 � 2.8 : 1 : −8 (4)

These ratios have been computed by including the
largest next-to-leading corrections [4]. Small deviations
from these ratios can occur as a result of varying the
parameters of the model. Typical values of µ allowed
by the model imply M2 < M1 < |µ|. As a consequence,
the chargino (χ̃±

i , i = 1, 2) and neutralino (χ̃0
j , j = 1, 4)

mass eigenstates are rather well approximated by ei-
ther pure gaugino or pure higgsino states, with Mχ̃0

1
∼

Mχ̃±
1

∼ M2, Mχ̃0
2

∼ M1, Mχ̃0
3,4

∼ Mχ̃±
2

∼ |µ|. There-
fore, the lightest chargino and neutralino are always a
nearly mass-degenerate doublet of gauginos, with nev-
ertheless Mχ̃0

1
< Mχ̃±

1
; the second lightest neutralino

is a gaugino of intermediate mass; and the heaviest
chargino and neutralinos are heavy and higgsino-like.

– Squark masses are rather insensitive to m0. AMSB im-
plies squarks and gluinos much heavier than the LSP,
and completely out of reach at LEP.

– In the slepton sector, if both the right and the left
chiral states receive the same m0

2 contribution, the
diagonal entries of the mass matrix are accidentally
highly degenerate. Nearly mass-degenerate and highly
mixed same flavour sleptons are a distinctive feature of
the minimal AMSB with a flavour-independent m0. The
lightest stau is always the lightest charged slepton. The
sneutrinos can be lighter than all charged sleptons, and
typically the stau sneutrino is the lightest sneutrino.

– The CP-odd neutral Higgs, A, is usually much heavier
than the Z, and the lightest CP-even neutral Higgs, h0

is analogous to the SM one [6]. Also the mass of the h0

is still more tightly bound than in the usual SUSY sce-
narios, since it should lie below 120 GeV/c2 [6]. There-
fore, the lower limit obtained at LEP for the SM Higgs

mass already strongly constrains the AMSB parameter
space. Moreover, if such a light Higgs is not to be found
at the Tevatron or, later, at the LHC, the AMSB model
itself will be completely ruled out.

In the model considered here, only the slepton mass
spectrum and, to some extent, the Higgs depend on the as-
sumptions of a common scalar term m0. All other features
are characteristic of any AMSB scenario, independently of
the procedure used to cope with the tachyonic masses of
the sleptons.

Since m0 is a free parameter, according to its value
there are three possible candidates for the LSP: the nearly
mass-degenerate χ̃0

1/χ̃±
1 , the ν̃ (for relatively small values

of tanβ and m3/2) or the τ̃ . Scenarios with any of the
above as LSP are explored in the following.

3 Data and simulation samples

The results listed in this paper come from searches per-
formed in the DELPHI experiment [7] at the electron-
positron collider LEP of CERN, and interpreted in the
context of AMSB. Some of these searches were originally
prepared for different analyses and used unmodified here.
Others, were instead optimized to search specifically for the
AMSB signatures. If not otherwise specified in the text,
the reader should refer to the papers cited for the descrip-
tion of the samples of the data and of the SM background
simulation used in the different analyses.

DELPHI collected a total of approximately 116 pb−1

while running at the Z0 pole in the years from 1989 to
1995 (LEP1). About 694 pb−1 of integrated luminosity
were harvested in the LEP2 phase, with centre-of-mass
energies ranging from 130 to 208 GeV.

SUSYGEN [8] was used for the simulation of the signal.
As it does not allow for the calculation of the particle spec-
trum of the AMSB models, the input parameters were set
so as to correspond to a spectrum close to the one result-
ing from the precise calculations in the AMSB framework
of [4].

ISAJET [9], since version 7.47, allows the calculation
of the particle masses and decay branching modes of the
AMSB model of [3,4] as a function of the four parameters
m0, m3/2, tanβ and sign(µ). To constrain the allowed space
of the parameters, the result of the searches were compared
with the prediction of mass spectra, cross-sections and
decay modes as given by ISAJET 7.63 1. In that version of
ISAJET only one loop contributions are considered in the
Higgs sector, while all two loops terms are included for the
running of the gauge couplings. The program was run with
the following SM parameters in input: αs(MZ) = 0.118 and
the mass of the top quark at the mean value of [11], i.e.
mt = 174.3 GeV/c2. Since mt is relevant in the definition
of the Higgs mass spectrum, also samples with mt = 169.2
and mt = 179.4 GeV/c2 were generated, which corresponds

1 In the code used for the scan some of the later correc-
tions were applied by hand, as implemented in the subsequent
versions of the program [10]



The DELPHI Collaboration: Search for SUSY in the AMSB scenario with the DELPHI detector 149

to plus and minus one standard deviation of the value
of [11].

4 Searches used to investigate
the AMSB scenario

In this section, the searches for topologies predicted by the
AMSB model at LEP are reviewed.

4.1 LEP1 limits

The precise measurement of the Z0 width at LEP1 [11]
was used to place severe constraints on all possible non-
SM contributions. Given the good agreement between the
measured total width and the one predicted by the SM,
non-standard contributions are expected to be smaller than
3.2 MeV/c2 at the 95% confidence level (CL). In particular,
this rules out charginos with mass smaller than 45 GeV/c2at
the same CL, independently of their field composition and
decay modes. Such lower bound on the mass of the chargino
is not going to be affected even if the more conservative
method of [12] is used to fit the amount of allowed non-SM
Z width. The upper limit on the non-SM invisible width is
more model independent, and evaluated to be 2.0 MeV/c2

at the 95% CL [11]. Sneutrinos with mass below 43 GeV/c2

are incompatible with that limit. Limits for other sparticles
depend both on mass and couplings.

4.2 Search for nearly mass-degenerate
chargino-neutralino

One of the key features of AMSB is the very small dif-
ference between the masses of the lightest chargino and
neutralino. Therefore, the results of the search for nearly
mass-degenerate chargino and neutralino [13] can be used
to investigate AMSB.

When the masses of the lightest chargino and neutralino
are very close, the visible products of the decay χ̃±

1 →
χ̃0

1ff ′ carry little momentum. Therefore, they are both
difficult to select and trigger on, and they can become
almost indistinguishable from the huge background of two-
photon events at LEP2. Dedicated techniques were used
for this search. If there is a sneutrino lighter than the
chargino two-body leptonic decay modes dominate: this
case is treated in Sect. 4.3.

For ∆M=Mχ̃±
1
−Mχ̃0

1
below approximately 200 MeV/c2,

the phase space available for the decay is limited, and the
lifetime can be so long that the chargino produced at the
interaction point is seen as either a heavy stable charged
particle in the detector, or as a kink in the reconstructed
track. Long-lived charginos are searched for in DELPHI
as single tracks with no signal (veto) in the gas or liq-
uid radiator of the Cherenkov counter, and/or with an
anomalously high ionization loss in the Time Projection
Chamber (TPC). Kinks with both the mother chargino
and the daughter charged decay particle reconstructed in
the tracking devices were also searched for.

For ∆M larger than about 200 MeV/c2, or even less if
there are light sneutrinos which increase the leptonic de-
cay width of the chargino, the lifetime tags are no longer
effective. It was however observed that the signature of
a photon with high transverse momentum radiated from
the initial state (ISR), together with the few soft parti-
cles from the decay of the chargino, improves both the
trigger efficiency of the signal and the rejection of the two-
photon background.

Nearly mass-degenerate chargino and neutralino are
possible in SUSY only if M2 � |µ|, that is χ̃±

1 and χ̃0
1

are both almost pure higgsinos, but this case does not
concern AMSB, or if M2 � |µ|, that is χ̃±

1 and χ̃0
1 are

both almost pure gauginos. To maximize the sensitivity
to AMSB scenarios, the analysis of [13] was redone taking
further into account additional scenarios with light sneutri-
nos. The search was done under the following hypotheses:
heavy sneutrinos, that is Mν̃ ≥ 500 GeV/c2; 100 GeV/c2

sneutrinos; sneutrinos with mass between Mχ̃±
1

+1 GeV/c2

and 100 GeV/c2; sneutrinos lighter than Mχ̃±
1
+1 GeV/c2. In

the last case, where all charginos decay promptly, a stricter
requirement on the extrapolation to the main event vertex
of the charged particle tracks was required: the event was
accepted only if at least two charged particles in it were
compatible with coming from the primary e+e− interac-
tion vertex.

With respect to the scenario explored in [13], if there
is a light sneutrino, either lighter than the chargino or
not more than a couple of GeV/c2 heavier, the leptonic
width gets strongly enhanced, and the lifetime shortens.
In that case, the efficiencies at the smallest ∆M explored
with the ISR tag, turned out to be larger than the ones
computed in [13] for the same ∆M . On the other hand, as
the lifetime shortens, the searches that explicitly rely on
it (stable particles and kinks) lose efficiency.

Since there was no evidence of an excess in the num-
ber of events observed above the SM expectations, regions
in the plane (Mχ̃±

1
,∆M) could be excluded at the 95%

CL. Figure 1 shows the regions excluded by the different
techniques used in the search for degenerate charginos. Fig-
ure 1a is the same plot with the gaugino exclusion as in [13],
and includes AMSB scenarios when Mν̃ ≥ 500 GeV/c2. In
Fig. 1b the exclusion was computed for Mν̃ = 100 GeV/c2,
and therefore it gives conservative predictions in case of
heavier sneutrinos. Figure 1c was obtained with the mini-
mal chargino cross-section (with respect to Mν̃) and with
the lifetime corresponding to Mν̃ = Mχ̃±

1
+ 1 GeV/c2.

This exclusion is conservative for all AMSB scenarios with
Mχ̃±

1
+ 1 GeV/c2 < Mν̃ < 100 GeV/c2, since as Mν̃ in-

creases the s-t channels interference weakens and the cross-
section gets larger; moreover, also the lifetime increases,
thus improving the sensitivity of all searches for long-lived
charginos. Finally, Fig. 1d was computed using the mini-
mal chargino cross-section (again with respect to Mν̃) and
for short lived charginos. It can be used to constrain AMSB
scenarios with Mν̃ < Mχ̃±

1
+ 1 GeV/c2 (see also Sect. 4.3).

To compute these excluded regions, the different
channels were combined using the multichannel Bayesian
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Fig. 1a–d. Regions in the plane
(M

χ̃±
1

, ∆M = M
χ̃±
1

− Mχ̃0
1
) ex-

cluded by DELPHI at the 95% CL
when the chargino is gaugino-like,
as in AMSB. The standard search
for high ∆M charginos, the search
for soft particles accompanied by
ISR, and the search for long-lived
charginos were used. The scenar-
ios constrained in the four plots
are: a Mν̃ ≥ 500 GeV/c2; b Mν̃ ≥
100 GeV/c2; c Mν̃ ≥ M

χ̃±
1

+

1 GeV/c2 (long-lived charginos);
d Mν̃ < M

χ̃±
1

+ 1 GeV/c2 (short-
lived charginos). The exclusions in
a, b, and c hold conservatively also
for heavier sneutrinos. Charginos
lighter that 45 GeV/c2 were already
excluded at LEP1

method of [14]. The effect of the systematics uncertainties
on the signal efficiency and on the expected background
content was taken into account according to [15].

4.3 Search for χ̃±
1 → ν̃l± decays

If the sneutrino is lighter than the chargino, the chargino
decays with practically 100% branching ratio into a sneu-
trino and a charged lepton. Since the upper limits on the
chargino cross-section in the SUGRA scenario were ob-
tained assuming the chargino decaying into χ̃0

1W
∗± [13],

those limits cannot be translated directly into limits in
the AMSB scenario. Hence, only the “leptonic” search for
charginos described in [13] was used to explore the region
with ∆Mν̃ = Mχ̃±

1
− Mν̃ larger than 3 GeV/c2.

The analysis selected events with low charged multiplic-
ity and without any reconstructed isolated photon: events
were discarded if they had more than five reconstructed
charged particles and if there was a photon with more
than 5 GeV, and isolated by more than 15 degrees from
any other charged or neutral particle. After a preselection
obtained with sequential cuts, the final selection was per-
formed using likelihood ratio functions [16] LR({xi}) built
as follows: for a set of variables {xi} (e.g. multiplicities,

visible energy, acoplanarity 2, total transverse momentum,
fraction of energy in the forward cone, etc.), the probabil-
ity distribution functions of these variables were estimated
by normalized frequency distributions for the signal (with
a χ̃0

1 LSP) and the background samples. These probability
distribution functions were denoted fS

i (xi) for the signal,
and fB

i (xi) for the background events that passed the same
selection criteria. Six likelihood ratio functions, one per
∆Mν̃ region defined as in Table 1, were defined as

LR =
n∏

i=1

fS
i (xi)

fB
i (xi)

. (5)

Events with LR > LRCUT
were selected as candidate sig-

nal events. The choice of variables and the value of LRCUT

were optimized using samples of simulated events, by min-
imizing the signal cross-section that was expected to be
excluded at 95% CL in the absence of a signal. This pro-
cedure was repeated for every investigated centre-of-mass
energy. Basically after the final selection, the remaining
set of events consisted of low-multiplicity events with high
acoplanarity and high missing energy.

2 Acoplanarity is defined as the complement to 180◦ of the
difference in the azimuthal angle of the two charged particles,
or of the two forced jets in case of larger multiplicity.
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Table 1. The number of events observed in data and the expected number of background events in the
search for a pair of charginos both decaying into a sneutrino and a charged lepton, at the centre-of-mass
energies collected by DELPHI in 1999 and 2000. The last column corresponds to the data collected in the
year 2000 with the TPC not fully operational (at their mean centre-of-mass energy)

191.6 195.6 199.6 201.7 204.9 206.7 208.2 207
∫L (pb−1) 25.8 76.8 84.3 40.5 78.3 78.8 7.2 60.2

3 ≤ ∆Mν̃ < 5 GeV/c2

Data 2 13 17 7 8 11 1 10
MC 6.0 +0.7

−0.4 17.4 +1.9
−1.2 17.9 +1.7

−1.2 8.7 +0.8
−0.6 9.8 +1.3

−0.8 9.9 +1.3
−0.8 0.9 +0.1

−0.1 18.8 +1.5
−1.1

5 ≤ ∆Mν̃ < 10 GeV/c2

Data 2 2 4 5 0 0 0 4
MC 1.3 +0.4

−0.2 3.8 +1.1
−0.5 4.2 +1.0

−0.4 2.1 +0.5
−0.2 1.0 +0.7

−0.2 1.0 +0.7
−0.2 0.1 +0.1

−0.1 3.6 +0.8
−0.4

10 ≤ ∆Mν̃ < 25 GeV/c2

Data 1 5 7 1 5 3 0 3
MC 1.6 +0.4

−0.1 5.0 +1.0
−0.3 5.1 +0.9

−0.3 2.5 +0.5
−0.2 3.7 +0.8

−0.3 3.7 +0.8
−0.3 0.3 +0.1

−0.1 2.3 +0.6
−0.2

25 ≤ ∆Mν̃ < 35 GeV/c2

Data 2 11 5 3 5 8 0 3
MC 2.8 +0.4

−0.2 9.0 +1.1
−0.4 8.5 +0.9

−0.3 4.1 +0.5
−0.2 5.5 +0.8

−0.3 5.6 +0.8
−0.3 0.5 +0.1

−0.1 5.3 +0.7
−0.2

35 ≤ ∆Mν̃ < 50 GeV/c2

Data 6 20 10 4 11 10 2 10
MC 5.5 +0.4

−0.2 16.0 +1.1
−0.5 15.5 +0.9

−0.4 7.3 +0.5
−0.2 12.8 +0.8

−0.3 12.9 +0.8
−0.3 1.2 +0.1

−0.1 11.7 +0.7
−0.3

50 GeV/c2 ≤ ∆Mν̃

Data 9 32 14 5 22 18 0 16
MC 8.4 +0.5

−0.2 23.8 +1.2
−0.6 24.0 +1.1

−0.5 11.5 +0.6
−0.3 18.6 +0.8

−0.3 18.7 +0.8
−0.3 1.7 +0.1

−0.1 14.2 +0.6
−0.3

TOTAL (logical .OR. between different ∆Mν̃ windows)
Data 10 52 34 13 37 36 3 31
MC 15.7 +0.8

−0.5 46.2 +2.2
−1.6 43.9 +1.9

−1.3 21.2 +0.9
−0.7 33.2 +1.5

−1.0 33.4 +1.5
−0.9 3.1 +0.1

−0.1 38.8 +1.7
−1.2

Table 1 summarizes the number of events observed and
expected, and the luminosities used at the different centre-
of-mass energies. The data collected during the year 2000
with and without the TPC fully operational (see [13]) were
treated as different channels in the analyses.

The efficiencies at the centre-of-mass energy of 208 GeV
of the fully leptonic selection are plotted in Fig. 2a as func-
tion of the chargino and sneutrino masses. Since up to five
visible charged particles were allowed and no leptonic iden-
tification was required, those efficiencies had only very little
dependence on the flavour of the charged lepton in the fi-
nal state. The efficiencies of Fig. 2a were computed using
events simulated with three body χ̃+

1 → l+νχ̃0
1 decays. It

was however verified with samples of fully simulated events
with the two body decay χ̃+

1 → l+ν̃ searched for in AMSB,
that the efficiencies used in the analysis were never larger
than the ones expected for the two body decays. This was
expected, since the momentum of the visible charged par-
ticles is on average larger in the two body sample than in
the three body one. In particular, the efficiencies used are
fully compatible with the true ones at large ∆Mν̃ , and they
become up to one and a half times smaller when ∆Mν̃ ap-
proaches 3 GeV/c2. Therefore, the limits obtained are never
overestimated, and possibly conservative at small ∆Mν̃ .

No significant excess was observed above the SM ex-
pectations. After having combined all channels with the

multichannel Bayesian method of [14], Fig. 2b displays the
95% CL upper limit of the chargino cross-section at the ref-
erence centre-of-mass energy of 208 GeV, as function of the
masses of the chargino and of the sneutrino, and assuming
BR(χ̃±

1 → ν̃l±) = 1. If that exclusion is compared with the
theoretical expectation of the same cross-section (in Fig. 2c
the minimal expected e+e− →χ̃+

1 χ̃−
1 cross-section is shown

as function of Mχ̃±
1
), a region in the plane (Mχ̃±

1
, Mν̃) can

be excluded at the same confidence level. Such excluded
region is shown in Fig. 2d.

The exclusion when 0 < ∆Mν̃ < 3 GeV/c2, as obtained
with the results of the search for nearly mass-degenerate
charginos, can be derived from Fig. 1d, by simply substitut-
ing ∆M with ∆Mν̃ in the ordinate. The same observation
on the conservativeness of the limits obtained when the
chargino decays into two bodies also holds for the search
at ∆Mν̃ < 3 GeV/c2, since the efficiencies are estimated
from samples of three body decays. For Mχ̃±

1
< 55 GeV/c2,

only the narrow band 0 < ∆Mν̃ < 200 MeV/c2 cannot
be excluded.

If also the stau, or some other charged slepton, has
a mass which is intermediate between the mass of the
chargino and that of the sneutrino, Fig. 2b should be in-
terpreted as the 95% CL upper limit of the chargino cross-
section times its branching ratio into l±ν̃.
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Fig. 2. a Chargino pair production detection efficiencies (%) for the fully leptonic decay channel at
√

s=208.2 GeV in the
(M

χ̃±
1

,Mν̃) plane; a 100% branching ratio of χ̃±
1 → ν̃l± is assumed. b Equivalent excluded cross-section at the 95% CL (in pb)

at 208.2 GeV. c Minimal expected e+e− →χ̃+
1 χ̃−

1 cross-section in AMSB, as function of the mass of the chargino. d Region
excluded at the 95% CL in the plane (M

χ̃±
1

,Mν̃) by the search described in the text. Sneutrinos lighter than 43 GeV/c2 were
already excluded at LEP1. The dotted lines in figures a and b bound the range of ∆M = M

χ̃±
1

−Mν̃ searched for by this channel
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4.4 Search for e+e− →χ̃0
1χ̃0

2

Searches for χ̃0
1χ̃

0
2 production with χ̃0

2 → qq̄χ̃0
1, χ̃0

2 →
µ+µ−χ̃0

1, χ̃0
2 → e+e−χ̃0

1, χ̃0
2 → Zχ̃0

1, and χ̃0
2 → τ̃ τ decays

have been presented in [13]. Limits for production cross-
section times branching ratio to the corresponding final
state ranged typically from 0.05 pb to 0.2 pb, depending
primarily on the mass difference Mχ̃0

2
− Mχ̃0

1
.

Since in AMSB M1/M2 ∼ 2.8, and Mχ̃0
1

∼ Mχ̃±
1

∼ M2

and Mχ̃0
2

∼ M1, there is relatively little phase space avail-
able for the production of χ̃0

1χ̃
0
2 at LEP energies. Only if

χ̃0
1 is sufficiently light a χ̃0

2, which is almost three times
as heavy as the χ̃0

1, can be produced in association, as
Mχ̃0

1
+Mχ̃0

2
must be below the centre-of-mass energy avail-

able in the e+e− collision. In this case, the χ̃0
2 decays mainly

to χ̃0
1 Z and χ̃±

1 W∓ [9]. For the χ̃0
2 → χ̃0

1 Z decay, the results
of the neutralino searches presented in [13] can be directly
used. Since in AMSB scenarios the chargino is nearly mass-
degenerate with the neutralino, the decay χ̃0

2 → χ̃±
1 W∓,

with χ̃±
1 → π±χ̃0

1 and W → qq̄′, results in the same visi-
ble final state as χ̃0

2 → χ̃0
1qq̄. Also in this case, the limits

on χ̃0
1χ̃

0
2 production with the above final state presented

in [13] can be used. On the other hand, when the W de-
cays leptonically, the visible objects in the final states are
different from those of the standard search for neutrali-
nos, because of the soft particles from the chargino decay,
which can be relevant in a low-multiplicity environment.
A dedicated search would be needed, but is not considered
in the present paper.

If there are sleptons with a mass between Mχ̃0
1

and
Mχ̃0

2
, cascade decays of χ̃0

2 can take place: χ̃0
2 → l̃l, l̃ →

χ̃0
1l. In this case there are two mass differences (∆M�̃)

characterizing the process: Mχ̃0
2

− M
l̃

and M
l̃
− Mχ̃0

1
. It

was verified that if l̃ = (µ̃, ẽ) the results of the searches for
e+e− →χ̃0

2χ̃
0
1, where χ̃0

2 → µ+µ−χ̃0
1 or χ̃0

2 → e+e−χ̃0
1, can

be used, provided that from the ∆M�̃ definitions above the
one giving the more conservative result is used in place of
Mχ̃0

2
− Mχ̃0

1
.

The lightest stau, τ̃1, is typically the lightest charged
slepton in AMSB. For τ̃1 as the intermediate slepton, the
tau cascade search described in [13] was studied in a wider
range of Mτ̃1 −Mχ̃0

1
. The tau cascade search is sensitive to

χ̃0
1χ̃

0
2 production with χ̃0

2 → τ̃ τ and τ̃ → χ̃0
1τ , where the

second τ produced has very low energy. At the preselec-
tion level, well reconstructed low-multiplicity events with
missing energy, missing mass, and no more than two recon-
structed jets were selected. In particular, the total visible
energy including badly reconstructed tracks was required
to be less than 140 GeV, the number of charged particles
was required to be at least two and at most eight, and the
number of neutral particles to be less than five. Two or
more of the charged particles also had to satisfy stricter
criteria on reconstruction and impact parameters. There
was no evidence of excess above the SM expectations after
the selection (see [13]). The resulting cross-section upper
limits at the 95% CL are shown in Fig. 3.

Light sneutrinos lead to an undetectable χ̃0
2 → ν̃ν̄ and

ν̃ → χ̃0
1ν decay chain.
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Fig. 3. Cross-section limits at the 95% CL for the χ̃0
1χ̃

0
2 produc-

tion when χ̃0
2 decays entirely to τ̃1τ . The upper limits are shown

for several ranges of ∆M=Mτ̃1 -Mχ̃0
1

in GeV/c2. The widths of
the bands are due to dependence of the limit on ∆M and to
statistical fluctuations of the efficiency due to limited Monte
Carlo statistics

4.5 Search for a charged slepton as the LSP

In a scan of the parameter space performed with ISAJET
7.63 [9] no points were obtained whera a charged slepton
is lighter than the χ̃0

1. However, the calculations in [4] still
allow a small region in the space of the AMSB parameters
with the τ̃1 being the LSP. In this case, if R-parity is
conserved, the stau must be stable. The DELPHI results of
the search for heavy stable charged particles were presented
in [17], together with the description of the method used
in the analysis.

The left and right-handed staus are expected to be
almost maximally mixed in AMSB [4]. [17] showed that the
results of the search for heavy stable charged particles in
DELPHI can exclude a stable τ̃1 with mass below 96 GeV/c2

at the 95% CL, even at the level of mixing that gives the
lowest τ̃1

+τ̃1
− production cross-section.

4.6 Search for cascades from sleptons

The decay l̃
± → χ̃±

1 νl is practically undetectable, due to
the softness of the visible decay products of the chargino. It
accounts, however, for two thirds of the total decay width, if
the chargino and the neutralino are the only SUSY particles
lighter than the charged slepton. The only visible cascades
originating from that slepton (in particular a stau, since
it is expected to be the lightest) in AMSB are therefore:
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– τ̃1 → χ̃0
1τ , the same channel searched for in MSSM;

– τ̃1 → ν̃τff ′, with visible final states that can be similar
to the chargino ones.

In the case of sneutrino production, the decay ν̃ →
χ̃0

1ν is clearly invisible. On the other hand, ν̃ → χ̃+
1 l− is

observable using techniques similar to those used in the
usual searches for sleptons [13].

Limits on cross-section times branching ratio can be
derived by interpreting the results of the searches for “stan-
dard” charginos and sleptons listed in [13]. No optimization
by means of a dedicated study of those cascades was at-
tempted for the present paper.

4.7 Search for the SUSY Higgs boson

Since in the range of the AMSB parameters explored in
this paper MA � MZ, the lightest supersymmetric neutral
Higgs h0 has the same couplings as the SM Higgs boson,
and the limits obtained on the mass of the Higgs in the
SM can be translated into the same lower limits on the
mass of the h0 in AMSB, provided that the decay branch-
ing fractions of the Higgs into supersymmetric particles
are negligible.

If MA � MZ, the h0 can be produced at LEP only in
association with the Z (higgsstrahlung), and with the same
cross-section as in the SM. When there are SUSY particles
lighter than Mh0/2, decays of the h0 into those particles
are allowed. This is the case for AMSB, when there are
light winos, sneutrinos or charged sleptons. Possible SUSY
decays of the h0 are:

– h0 → χ̃0
1χ̃

0
1, χ̃+

1 χ̃−
1 , ν̃ν̃, all invisible or practically in-

visible in AMSB, apart from some possible cascades;
– h0 → l̃

+
l̃
−

, the visibility of which depends on the mass
difference between the slepton and the LSP.

The DELPHI bound on the SM Higgs mass is MH >
114.1 GeV/c2 at the 95% CL [18]. DELPHI measured also
the upper limit on the production cross-section of an in-
visibly decaying Higgs boson [19]. This leads to exclude
a Higgs boson with mass below 112.1 GeV/c2, if it has a
100% branching ratio into invisible particles. [19] shows
how the lower limit on the mass of the lightest super-
symmetric Higgs boson depends on the branching fraction
into invisible states, assuming that the production cross-
section and all other decay modes are SM-like. That limit
starts from 114.1 GeV/c2 when BR( h0 → inv.) = 0, that
is when the h0 decays as the SM Higgs; it reaches a mini-
mum of 111.8 GeV/c2 when both visible and invisible decay
modes are present simultaneously; and it goes up again to
112.1 GeV/c2 when BR( h0 → inv.) = 1. The same lim-
its on Mh0 apply in AMSB, provided there are no visible
SUSY decays with sizeable branching fractions.

5 Constraints on the AMSB spectrum

The negative results of the searches described in this paper
were used to constrain the AMSB parameter space. To do

so, the experimental exclusions measured were compared
with the mass spectra produced by ISAJET 7.63 [9]. A
scan over the AMSB parameters was carried out by vary-
ing them in the following ranges: 1 < m3/2 < 50 TeV/c2;
0 < m0 < 1000 GeV/c2; 1.5 < tanβ < 35; both posi-
tive and negative µ. 900,000 SUSY points were generated
by choosing at random the parameters within the bounds
above. 500,000 of those points were generated with the
mass of the top quark at 174.3 GeV/c2, the others having
been divided between mt = 169.2 and 179.4 GeV/c2, as ex-
plained in Sect. 3. A bigger density of points was allowed
in the regions of the space of the parameters where the
expected limits lied as well as in the regions where some
structure was observed.

With the AMSB model as implemented in that ver-
sion of ISAJET, only the negative results from the search
for nearly mass-degenerate chargino and neutralino, the
search for neutral SM-like and invisibly decaying Higgs,
the search for charginos decaying into a sneutrino and a
charged lepton, and the limit on the non-SM Z width from
LEP1 were used to constrain the model parameters. The
other searches described in this paper were found to pro-
vide no additional constraints to the model. They have
been listed all together as well, in order to allow tests of
any deviations from the implementation of AMSB as coded
in ISAJET.

The following Figs. 4, 5 and 6 refere to the scan done
for the central value of mt. Similar figures were obtained in

Fig. 4. a physically allowed m0 and m3/2 parameters in AMSB,
as obtained in a scan of the AMSB parameter space with
ISAJET, as described in the text. b points remaining after
applying the chargino and sneutrino mass bounds of LEP1.
c set of points from the scan remaining after considering all
the results of the searches described in this work
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Fig. 5. a physically allowed Mh0 and tan β in AMSB, as ob-
tained in a scan of the AMSB parameter space with ISAJET,
as described in the text. b points remaining after applying the
chargino and sneutrino mass bounds of LEP1 and the LEP2
search for SUSY particles, but the Higgses. c points remaining
after applying the chargino and sneutrino mass bounds of LEP1
and the negative results of the searches for the SM and invisibly
decaying Higgs bosons. d set of points remaining finally after
considering all the results of the searches described in this work.
No points survived for which Mh0 < 114.1 GeV/c2

correspondence of the two other values of mt considered,
and their outcomes are summarized in Table 2.

Figure 4a shows the points in the plane (m0, m3/2)
generated with ISAJET. The region of the space with no
points was not allowed, because one or more sparticles
would be tachyonic. This implies a certain degree of corre-
lation between m0 and m3/2, since by cutting away slices at
low m3/2 the value of the lowest admissible m0 increases.
Figure 4b shows the points that remain after the applica-
tion of the model-independent bounds on the chargino and
sneutrino masses obtained at LEP1. Finally, in Fig. 4c the
points that remain after having applied all the results of
the searches described in this paper are displayed.

Since the model prefers a light Higgs, most of the ex-
clusion in the space of the AMSB parameters arises from
the negative results of the searches for the SM and the
invisibly decaying Higgs boson. The negative results of the
other searches enlarged further the rejection, especially at
low m3/2 (chargino searches) and low m0 (searches with
sleptons). The effect of the search for the standard and in-
visible Higgs can be seen in Fig. 5. Figure 5a shows all the
points generated with ISAJET in the plane (Mh0 , tanβ).
Figure 5b shows all the points remaining after the LEP1
chargino and sneutrino bounds, and the exclusions ob-

Fig. 6. a physically allowed Mχ̃0
1

and Mν̃ in AMSB, as obtained
in a scan of the AMSB parameter space with ISAJET, as
described in the text. b points remaining after applying the
chargino and sneutrino mass bounds of LEP1. c set of points
from the scan remaining after considering all the results of the
searches described in this work. No points survived for which
Mχ̃0

1
< 66 GeV/c2 or Mν̃ < 95 GeV/c2

tained with the searches for SUSY particles, but excluding
the Higgs, at LEP2. Figure 5c shows the points surviving
after the negative results of the SM and invisibly decaying
Higgs searches in DELPHI. One can notice how the search
for the Higgs boson and the search for the other SUSY
particles at LEP are complementary in excluding certain
regions in the space of the AMSB parameters. Figure 5d
shows that, after applying the full set of results presented
in this paper to constrain AMSB, no point with a mass of
the lightest Higgs below the SM limit of 114.1 GeV/c2 sur-
vived.

It is interesting to observe the impact of the searches
for AMSB on some sparticle masses. Figure 6 shows the
number of points generated by ISAJET and passing the
three steps of selection as in Fig. 4, as a function of the
mass of the lightest neutralino and of the lightest sneutrino.
Neutralinos lighter than 66 GeV/c2 and sneutrinos lighter
than 95 GeV/c2 are excluded in AMSB.

Table 2 summarizes the bounds on the AMSB param-
eters and on the mass of some sparticles obtained by ap-
plying the 95% CL exclusions from the searches described
in the previous paragraphs to the ISAJET spectra. They
are listed separately as function of the sign of µ and of the
value of the mass of the top quark used in the simulation.
Small shifts of those bounds are still possible, in principle,
when applying the full next-to-leading order corrections to
the model.
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Table 2. Bounds on the AMSB parameters and on the spar-
ticle masses, as a function of sign(µ), obtained by applying
the 95% CL limits derived in the searches for AMSB scenar-
ios. Given the small mass splitting, at the level of few hun-
dred MeV/c2, Mχ̃ can be viewed both as Mχ̃0

1
or M

χ̃±
1

. Mν̃ is
the mass of the lightest sneutrino, always the tau sneutrino in
the model. M

l̃
refers to the lightest charged slepton, which is

always the stau in AMSB. Within parenthesis are listed the
same bounds obtained with mt respectively below and above
one standard deviation, as from [11], from the central value
of 174.3 GeV/c2

µ < 0 µ > 0
m0 > 183 (211, 174) GeV/c2 > 156 (181, 147) GeV/c2

m3/2 > 26.3 (30.0, 24.5) TeV/c2 > 23.0 (26.1, 21.4) TeV/c2

tan β > 5.7 (7.0, 4.9) > 3.8 (4.6, 3.4)

Mχ̃ > 73 (83, 67) GeV/c2 > 66 (74, 63) GeV/c2

Mν̃ > 114 (131, 104) GeV/c2 > 95 (116, 85) GeV/c2

M
l̃

> 75 (90, 70) GeV/c2 > 68 (78, 66) GeV/c2

Given the bounds listed in Table 2, the possible AMSB
explanation for a light sneutrino (Mν̃ ≤ 80 GeV/c2), which
was suggested to cure some of the discrepancies in the fit
of precision electroweak data [20], is likely to be ruled out
by the results of this analysis.

6 Conclusions

The results of the searches performed using the data col-
lected with the DELPHI detector at LEP, and relevant to
explore AMSB scenarios, have been presented. An inter-
pretation of the limits obtained in searches motivated by
other SUSY breaking scenarios was used whenever appro-
priate. In addition, some of the searches were developed
specifically to improve the sensitivity to AMSB. There is no
evidence for a signal beyond the Standard Model, and limits
are set on the sparticle production in the AMSB frame-
work.
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