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Abstract

Searches for spontaneousR-parity-violating signals at
√
s = 183 GeV and

√
s = 189 GeV have been performed using the

1997 and 1998 DELPHI data, under the assumption ofR-parity breaking in the third lepton family. The expected topology
for the decay of a pair of charginos into two acoplanar taus plus missing energy was investigated and no evidence for a signal
was found. The results were used to derive a limit on the chargino mass and to constrain the allowed domains of the MSSM
parameter space. 2001 Elsevier Science B.V. All rights reserved.

E-mail address:clara.matteuzzi@cern.ch (C. Matteuzzi).
1 Currently at DPNC, University of Geneva, Quai Ernest-

Ansermet 24, CH-1211, Geneva, Switzerland.
2 Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuthen,

Germany.

1. Introduction

R-parity is a discrete symmetry assigned asRp =
(−1)3B+L+2S , whereB is the baryon number,L is
the lepton number andS is the particle spin. In the
Minimal Supersymmetric Standard Model (MSSM)
theR-parity symmetry is assumed to be conserved [1].
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Under this assumption the supersymmetric particles
must be produced in pairs, every SUSY particle decays
into another SUSY particle and the lightest of them is
absolutely stable. These features underlie most of the
experimental searches for supersymmetric states.

One alternative supersymmetric scenario is to con-
sider theR-parity as an exact Lagrangian symme-
try, broken spontaneously through the Higgs mecha-
nism [2]. This may take place via nonzero vacuum ex-
pectation values (VEVs) for scalar neutrinos, such as
for the scalar tau-neutrinos:

(1)vR = 〈ν̃Rτ 〉, vL = 〈ν̃Lτ 〉.
In this case there are two main scenarios depending
on whether the lepton number is a gauge symmetry
or not [3–7]. In the absence of an additional gauge
symmetry, it leads to the existence of a physical
massless Nambu–Goldstone boson, called the majoron
(J) [4]. In this context the majoron remains massless
and therefore stable provided that there are no explicit
R-parity-violating terms.

1.1. Spontaneous R-parity violation

In the present work we consider the simplest version
of theR-parity spontaneous violation model described
in Ref. [4,5]. In this model the Lagrangian is specified
by the superpotential

(2)W = W1 + hνν
cLHu + hΦνc S+ h.c.

that conserves the total lepton number andR-parity.
The first part of this equation contains the basic MSSM
superpotential terms, including an isosinglet scalarΦ

with a linear superpotential coupling, written as:

W1 = huQuc Hu + hdQdc Hd + hee
cLHd

(3)+ (
h0 Hu Hd − µ′2)Φ.

The couplingshu, hd, he, hν , h0, h are described
by arbitrary matrices in the generation space and
explicitly break flavour conservation. The additional
chiral superfieldsνc, S [8] and Φ [9] are singlets
under SU(2) ⊗ U(1) and carry a conserved lepton
number assigned as−1, 1 and 0, respectively. These
superfields may induce the spontaneous violation of
R-parity, given by the imaginary part of:

(4)
v2

L

V v2 (vu Hu − vd Hd)+ vL

V
ν̃τ − vR

V
ν̃c
τ + vS

V
S̃τ ,

leading to anR-odd majoron. The isosinglet VEVs

vR = 〈ν̃Rτ 〉 and vS = 〈S̃τ 〉, with V =
√
v2

R + v2
S,

characterise theR-parity breaking and the isodoublet
VEVs vu = 〈Hu〉, vd = 〈Hd〉 and vL = 〈ν̃Lτ 〉 induce
the electroweak breaking and generate the fermion
masses. For theoretical reasons theR-parity break-
ing was introduced only in the third family, since the
largest Yukawa couplings are those of the third gener-
ation. In that case theR-parity breaking is effectively
parameterised by a bilinear superpotential term given
by:

(5)εi ≡ hνi3vR3.

This effective parameter leads to theR-parity-violat-
ing gauge couplings and contributes to the mixing be-
tween the charged (neutral) leptons and the charginos
(neutralinos), as can be seen from the fermion mass
matrices in Ref. [10].

By construction, neutrinos are massless at the La-
grangian level but get mass from the mixing with
neutralinos [6,10]. As a result, allR-parity-violating
observables are directly correlated to theτ neutrino
mass:

(6)mντ ∼ ξε2

mχ̃

,

wheremχ̃ is the neutralino mass,ε is theR-parity-
violation parameter andξ is an effective parame-
ter [11] given as a function ofM2, µ and tanβ .

1.2. Chargino decay modes

At LEP2 the chargino can be pair produced from
e+ e− via exchange ofγ , Z or ν̃. In the present analysis
it is assumed that all sfermions are sufficiently heavy
(M ν̃ � 300 GeV/c2) not to influence the chargino
production or decay. Therefore, only theγ and Z
s-channels contribute to the chargino cross section.
In the spontaneousR-parity-violation model withR-
parity breaking in the third generation, the lightest
chargino (̃χ±) can undergo a two-body decay mode
with a majoron (J) in the final state

(7)χ̃± → τ± J

in addition to the “conventional” chargino channels

(8)χ̃± → ντW± → ντ qq̄′, ντ l±i νi and

(9)χ̃± → χ̃0W± → χ̃0 qq̄′, χ̃0 l±i νi .
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Fig. 1. Chargino decay branching ratios as a function of the effective
R-parity-violation parameterε for tanβ = 2, µ = 100 GeV/c2 and
M2 = 400 GeV/c2.

Both the two-body decay (7) and the decay with a
neutralino in the final state (9) areR-parity conserv-
ing, while in Eq. (8) the chargino decays through an
R-parity-violating vertex. The decay branching ratios
depend strongly on the effectiveR-parity-violation pa-
rameter (ε), as can be observed in Fig. 1. Note that in
a large range ofε the new two-body decay mode is the
dominant channel and, since it isR-parity conserving,
it can be large.

1.3. Parameter values

All the results discussed in the following sections
were achieved by assuming that the chargino decays
mainly via the new two body decay mode, described
in Eq. (7). As was already mentioned, all sfermi-
ons are considered to be sufficiently heavy (Mν̃ �
300 GeV/c2) not to influence the chargino production
or decay. Typical ranges of values for the SUSY para-
metersµ ≡ h0〈Φ〉 andM2 are assumed:

(10)−200 GeV/c2 � µ � 200 GeV/c2,

(11)40 GeV/c2 � M2 � 400 GeV/c2,

which can be covered by the chargino production at
LEP. Also assumed are the GUT relationM1/M2 =

5/3 tan2 θW and that tanβ (= vu/vd) lies in the range

(12)2� tanβ � 40.

2. Detector description

The following is a summary of the properties of
the DELPHI detector [12] relevant to this analysis.
Charged particle tracks were reconstructed in the 1.2 T
solenoidal magnetic field by a system of cylindrical
tracking detectors. These were the microVertex De-
tector (VD), the Inner Detector (ID), the Time Pro-
jection Chamber (TPC), and the Outer Detector (OD).
In addition, two planes of drift chambers aligned per-
pendicular to the beam axis (Forward Chambers A
and B) tracked particles in the forward and backward
directions, covering polar angles 11◦ < θ < 33◦ and
147◦ < θ < 169◦ with respect to the beam (z) direc-
tion.

The VD consisted of three cylindrical layers of sili-
con detectors, at radii 6.3 cm, 9.0 cm and 11.0 cm. All
three layers measured coordinates in the plane trans-
verse to the beam. The closest (6.3 cm) and the outer
(11.0 cm) layers contained double-sided detectors to
measure alsoz coordinates. The polar angle coverage
of the VD was from 25◦ to 155◦. Ministrips and pixel
detectors making up the Very Forward Tracker (VFT)
have been added to the ends of the VD increasing the
angular acceptance to include the regions from 10◦ to
25◦ and from 155◦ to 170◦ [13]. The ID, covering po-
lar angles between 15◦ and 165◦, was composed of
a cylindrical drift chamber (inner radius 12 cm and
outer radius 22 cm) surrounded by 5 layers of straw
drift tubes with inner radius of 23 cm and outer ra-
dius of 28 cm. The TPC, the principal tracking de-
vice of DELPHI, was a cylinder of 30 cm inner radius,
122 cm outer radius and length 2.7 m. Each end-plate
was divided into 6 sectors, with 192 sense wires and 16
circular pad rows used for 3-dimensional space-point
reconstruction. The OD consisted of 5 layers of drift
cells at radii between 198 cm and 206 cm, covering
polar angles between 43◦ and 137◦.

The average momentum resolution for the charged
particles in hadronic final states was in the range
$p/p2 � 0.001 to 0.01 (GeV/c)−1, depending on
which detectors were used in the track fit [12].
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The electromagnetic calorimeters were the High
density Projection Chamber (HPC) covering the barrel
region of 40◦ < θ < 140◦, the Forward ElectroMag-
netic Calorimeter (FEMC) covering 11◦ < θ < 36◦
and 144◦ < θ < 169◦, and the STIC, a Scintillator TIle
Calorimeter which extended coverage down to 1.66◦
from the beam axis in either direction. The 40◦ taggers
were a series of single layer scintillator-lead counters
used to veto electromagnetic particles that would oth-
erwise have been missed in the region between the
HPC and FEMC. A similar set of taggers was arranged
at 90◦ to cover the gap between the two halves of the
HPC. The efficiency to register a photon with energy
above 5 GeV, measured with the LEP1 data, was above
99%. The hadron calorimeter (HCAL) covered 98% of
the solid angle. Muons with momenta above 2 GeV/c

penetrated the HCAL and were recorded in a set of
muon drift chambers.

3. Data samples

The data collected by the DELPHI detector during
1997 at

√
s � 183 GeV and 1998 at

√
s � 189 GeV,

corresponding to integrated luminosities of 53 pb−1

and 158 pb−1, respectively, were analysed.
To evaluate background contaminations, different

contributions from the Standard Model processes were
considered. The background processes WW, Weνe,
ZZ, Z e+e− and Z/γ → qq̄(γ ) were generated us-
ing PYTHIA [14], while the events Z/γ → τ+τ−(γ ),
µ+µ−(γ ) were produced by KORALZ [15] and
DYMU3 [16], respectively. A cross-check was per-
formed using the four-fermion final states generated
with EXCALIBUR [17]. The generator BABAMC
[18] was used for the Bhabha scattering. Two-photon
interactions leading to leptonic and hadronic final
states were produced by the BDK [19] and TWOGAM
[20] programs, respectively. All the background events
were passed through a detailed detector response
simulation (DELSIM) and reconstructed as the real
data [12].

The program RP-generator II, described in Ref. [5],
was used to calculate the masses, production cross
sections and decay branching ratios of the chargino.
The chargino pair production was considered for
different values of theR-parity-violation parameter
(ε) and at several points of the MSSM parameter

(a)

(b)

Fig. 2. Efficiency correction factors for SGV simulated signals.
(a) Selection efficiency ratio between the DELSIM simulated events
and the SGV simulated events, if the taggers are not considered
in the DELSIM simulated events. (b) Ratio between the selection
efficiencies for the DELSIM simulated events with and without
the tagger cut. The dashed line shows the average value for the
efficiency correction factor that is equal to 1, if we compare
DELSIM and SGV efficiencies (a) and equal to 0.97, if we use the
tagger cut for the DELSIM simulated events (b).
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space (tanβ,µ,M2). For the signal, a faster simulation
program SGV3 was used to check the points that
were not generated by the full DELPHI simulation
program (DELSIM). The SGV program does not
simulate the DELPHI taggers. To correct for this
effect, ten chargino mass points, with 1000 events
each, were simulated by DELSIM and the selection
efficiencies4 calculated from the two simulations were
compared. Any differences between the two were used
as a correction factor, shown in Fig. 2.

4. Chargino searches

With theR-parity spontaneous breaking, the chargino
can decay through anR-parity conserving vertex into
τ±J events. Due to the undetectable majoron, such
events have the topology of two taus acoplanar with
the beam axis plus missing energy. To select events
with this signature it was required that the charged and
neutral particles were well reconstructed and that the
total momentum transverse to the beam was greater
than 4 GeV/c. A particle was considered as well re-
constructed if it had a momentum between 1 GeV/c

and the beam momentum and a polar angle between
30◦ and 150◦. As a result 4006 events at 183 GeV
and 11350 at 189 GeV were selected. The efficiency
of detecting signal events at this level of selection was
around 47%. The simulated remaining backgrounds
are detailed in Table 1.

Events were also required to have less than 7
charged particles and no signal in the 40◦ or 90◦ tag-
gers. It was further required that the events consisted
of two clusters of charged and neutral particles, each
cluster with invariant mass below 5.5 GeV/c2 and
with an acoplanarity5 between 5◦ and 176◦. The clus-
ters were constructed by considering all combinations
of assigning the charged particles in the event into
two groups. Neutral particles were then added to the

3 The program “Simulation à Grande Vitesse” (SGV) is de-
scribed in http://delphiwww.cern.ch/∼berggren/sgv.html.

4 The efficiency of the chargino selection is defined as the
number of events satisfying the cuts defined in Secion 4.1 divided
by the total number of generated chargino events.

5 The acoplanarity is defined as the complement of the angle
between the clusters when projected onto the plane perpendicular
to the beam.

groups such that the mass remains below the cut value
and a neutral that can not be added to either of the two
groups is considered as isolated.

Events with forward going secondaries were avoid-
ed by rejecting any with energy measured in a 30◦
cone around the beam axis. Some of the energy in
the forward cone resulted from noise and other back-
grounds which were not included in the simulation of
the signal. It was estimated that∼ 20% of any signal
would be rejected by this selection and the efficiency
was appropriately corrected. This preliminary selec-
tion resulted in 152 observed events at 183 GeV and
415 at 189 GeV, as shown in Table 1, with a typical
efficiency for the signal of∼ 37%.

4.1. Event selection at 183 GeV

To reject the radiative return to the Z background,
no events with isolated photons with more than 5 GeV
were accepted. Theγ γ andµ+µ−(γ ) backgrounds
were reduced by requiring that the events had at
least one charged particle with momentum between
5 GeV/c and 60 GeV/c. To reduce theτ+τ−(γ )

background the square of transverse momentum with
respect to the thrust axis divided by the thrust had to
be above 0.75 (GeV/c)2.

To reduce theγ γ background further, events with
momentum of their most energetic charged particle
(Pmax) below 10 GeV/c had to have total momentum
transverse to the beam above 10.5 GeV/c. For events
with Pmax> 10 GeV/c, the main remaining contami-
nation comes from Z/γ → τ+τ− and WW. For those,
if the acoplanarity was below 15◦, the angle between
the missing momentum and the beam had to be greater
than 30◦. On the other hand, if the acoplanarity was
above 15◦, it was required that the momentum of the
most energetic particle was below 23.5 GeV/c and the
angle between the missing momentum and the beam
was greater than 34.5◦.

Figs. 3a and 3b show the agreement between data
and simulated background events after a preliminary
selection, while Fig. 4a shows the dependence of
the signal detection efficiency on the chargino mass.
The selection criteria result in 6 observed events
detected with a signal detection efficiency of around
18%.
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Table 1
Observed events (first row of each part) and the expected backgrounds (second to sixth row) at centre-of-mass energies of 183 GeV and 189 GeV

Centre-of-mass energy 183 GeV 189 GeV

Well reconstructed charged and neutral particles

Observed events 4006 11350

Total expected background 3769± 7 11511± 16

Bhabha scattering and Z/γ → ee,µµ, ττ,qq̄ 3241± 4 9858± 2

4-fermion events except WW 14± 1 82± 2

γ γ → ee,µµ, ττ 458± 5 1393± 16

W+W− 56± 1 178± 2

Preselection

Observed events 152 415

Total expected background 158± 4 494± 9

Bhabha scattering and Z/γ → ee,µµ, ττ,qq̄ 65± 3 207± 6

4-fermion events except WW 3± 1 10± 1

γ γ → ee,µµ, ττ 53± 2 158± 7

W+W− 37± 1 119± 2

Final selection

Observed events 6 9

Total background 6.3±0.4 9.6± 0.4

Bhabha scattering and Z/γ → ee,µµ, ττ,qq̄ 1.0±0.3 0.6± 0.1

4-fermion events except WW 0.6±0.1 1.2± 0.2

γ γ → ee,µµ, ττ 0.3±0.1 0.2± 0.2

W+W− 4.4±0.3 7.6± 0.3

The preselection corresponds to the selection criteria described in the introduction of Section 4. The errors quoted on the background correspond
to the statistical uncertainties.

4.2. Event selection at 189 GeV

Since LEP delivered a higher luminosity for this
energy and the WW background increased, tighter
cuts were applied. The required acoplanarity had to be
between 10◦ and 176◦ and no events with an isolated
photon were accepted. The momentum of each of
the two particle clusters had to be above 5 GeV/c

and below 55 GeV/c and the square of transverse
momentum with respect to the thrust axis divided by
the thrust had to be above 1.0 (GeV/c)2. All the events
had to have the angle between the missing momentum
and the beam greater than 35◦.

Theγ γ background was mainly reduced by requir-
ing a total momentum transverse to the beam greater
than 9 GeV/c. Events from WW processes were re-
duced by requiring that the momentum of the most en-
ergetic particle was below 23 GeV/c.

If one cluster had a momentum above 10 GeV/c and
the acoplanarity was less than 15◦ it was also required
that the value of the effective centre-of-mass energy
after any initial state radiation (

√
s′) [21] did not fall

in the region between 90 GeV and 94 GeV. For an
acoplanarity above 15◦, the angle between the missing
momentum and the beam was required to be greater
than 40◦ and the visible mass lower than 70 GeV/c2.
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(a) (b)

(c) (d)

Fig. 3. Distribution of (a) acoplanarity, (b) energy of the most energetic isolated photon, (c) angle between the missing momentum and the
beam-axis and (d) square of transverse momentum with respect to the thrust axis divided by the thrust, requiring that the events had two clusters
of well reconstructed neutral and charged particles, less than 7 charged particles and a total transverse momentum above 4 GeV/c. For the
acoplanarity and the missing momentum polar angle distributions it was also required that the square of the transverse momentum with respect
to the thrust axis divided by the thrust was above 0.75 (GeV/c)2 and above 1 (GeV/c)2, respectively. The points with error bars show the real
data, while the white histograms show the total simulated background. The distributions corresponding to theγ γ background and the Bhabha
scattering are shown as dark and hatched histograms, respectively. An example of the two-body decay modeχ̃± → τ± + J behaviour for
tanβ = 2,µ = 100 GeV/c2 andM2 = 400 GeV/c2 is shown in the inserts for each plot.
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(a) (b)

Fig. 4. Chargino detection efficiency as a function of the chargino mass for (a)
√
s = 183 GeV and (b)

√
s = 189 GeV, considering

only the two-body decay modẽχ± → τ± + J. The bands correspond to the statistical uncertainties combined with the effect of
generating events with different MSSM parametersM2 andµ, which have been varied in the ranges 40GeV/c2 � M2 � 400GeV/c2 and
−200 GeV/c2 � µ � 200 GeV/c2, for tanβ = 2.

Figs. 3c and 3d show the agreement between data
and simulated background events after a preliminary
selection, while Fig. 4b shows the dependence of
the signal detection efficiency on the chargino mass.
The selection criteria result in 9 observed events with
a signal detection efficiency of around 14%.

5. Results

As a result of the selection procedure, 6 candidates
of χ̃± → τ± + J were selected at 183 GeV, with
a background estimation of 6.3 ± 0.4 and a signal
detection efficiency of 18%. At 189 GeV, 9 candidates
were found, with an expected background of 9.6± 0.4
and a signal detection efficiency of 14%. Table 1
summarises the number of accepted events in the data,
together with the predicted number of events from
background sources. The systematic and statistical
errors on the simulated background calculation are
insignificant compared to the experimental statistical
accuracy.

Assuming the chargino decays exclusively toτ± J,
the data at 183 GeV and 189 GeV, mentioned in the

previous paragraph, were combined and the standard
procedure described in [22] was used to obtain a
95% confidence level upper limit on the allowed
cross section and a corresponding lower limit on the
chargino mass; both are shown in Fig. 5. Although the
signal detection efficiency varies inside a certain band,
as shown in Fig. 4, the lower limit on the chargino
mass is not sensitive to this variation. The excluded
domains of the MSSM parameter space for tanβ = 2
and tanβ = 40 are shown in Fig. 6. The limit obtained
with this χ̃± → τ± J search substantially extends the
limit derived from the Z0 line shape measured at
LEP1 [23].

6. Conclusion

Searches for spontaneousR-parity-violating signals
used a data sample of about 211 pb−1 collected by the
DELPHI detector during 1997 and 1998 at centre-of-
mass energies of 183 GeV and 189 GeV. In the present
analysis it was assumed that theR-parity breaking
occurs in the third generation and, as a consequence,
the lightest chargino decays mainly through the two-
body decay modẽχ± → τ± + J. No evidence for
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Fig. 5. Expected e+e− → χ̃+χ̃− cross-section at 189 GeV (dots) as a function of the chargino mass, assuming a heavy sneutrino
(Mν̃ � 300 GeV/c2). The dots correspond to the generated events at different chargino masses for the MSSM parameter ranges:
40 GeV/c2 � M2 � 400 GeV/c2, −200 GeV/c2 � µ � 200 GeV/c2 and 2� tanβ � 40. At the 95% confidence level, assuming the chargino
decays mainly toτ±J, the maximum allowed chargino-production cross section in the excluded mass region is 0.3 pb and the corresponding
lower mass limit is 94.3 GeV/c2.

(a) (b)

Fig. 6. Regions in theµ, M2 parameter space excluded at the 95% confidence level for (a) tanβ = 2 and (b) tanβ = 40, assuming
Mν̃ � 300 GeV/c2. The exclusion area obtained with theχ̃± → τ± J search is shown in dark grey and the corresponding area excluded
by the LEP1 data [23] is shown in light grey. The hole seen on plot (a) aroundM2 = 50 GeV/c2 andµ = −120 GeV/c2 is due to the low
branching ratio (below 5%) for thẽχ± → τ± J.
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R-parity spontaneously breaking has been observed,
assuming a sneutrino mass above 300 GeV/c2.

In the search forχ̃± → τ± + J, 15 candidates
were selected, with 15.9 ± 0.6 expected from SM
processes. This allowed an upper limit on the chargino
production cross-section of 0.3 pb and a lower limit
on the chargino mass of 94.3 GeV/c2 to be obtained
at 95% confidence level. The limit obtained with the
present search substantially extends the general LEP1
limit [23].
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