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Abstract

A search for charginos nearly mass degenerate with the lightest neutralino is
performed with the data collected by the ALEPH detector at LEP, at centre-of-
mass energies between 189 and 209 GeV, corresponding to an integrated luminosity
of 628 pb~!. The analysis is based on the detection of isolated and energetic initial
state radiation photons, produced in association with chargino pairs whose decay
products have little visible energy. The number of candidate events observed is in
agreement with that expected from Standard Model background sources. These
results are combined with those of other direct searches for charginos, and a lower
limit of 88 GeV/c? at 95% confidence level is derived for the chargino mass in the
case of heavy sfermions, irrespective of the chargino-neutralino mass difference.
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1 Introduction

During its last three years of running (1998-2000), the ALEPH detector at LEP
collected data from ete™ collisions at centre-of-mass energies between 189 and 209 GeV,
corresponding to an integrated luminosity of 628 pb~' (Table 1). In this letter, a search
is performed on these data for the pair production of charginos, efe™ — x*x~, in the
framework of supersymmetric models with R-parity conservation and with the lightest
neutralino x as the lightest supersymmetric particle (LSP). In particular, the configuration
in which the mass difference Am between the charginos and the LSP is less than 5 GeV /c?
is studied.

The small-Am configuration is possible in the MSSM, the minimal supersymmetric
extension of the Standard Model [1], although it requires unusual assumptions to be made
for the gaugino mass terms, M; and M. Indeed, with the usual gaugino-mass unification
relation, charginos and neutralinos are nearly mass degenerate only in the deep higgsino
region, i.e., for very large My values. However, it happens for more natural values of the
MSSM parameters if the gaugino-mass unification assumption is relaxed. It even becomes
common in models with anomaly-mediated supersymmetry breaking [2], in which M is
naturally much larger than Ms.

Charginos generally decay into the stable LSP and a pair of fermions (xqq’ or x{vy).
In the small-Am configuration, three different final state topologies may occur according
to the value of Am.

1. The mass difference, and therefore the phase space available for the chargino
decay, is so small that charginos are long-lived. A search for heavy stable charged
particles [3, 4] is efficient for this topology.

2. The mass difference is sufficiently large for the chargino decay products to trigger
the data acquisition. In this case, the final state is characterized by the large amount
of missing energy carried by the invisible LSPs, as searched for in Refs. [5, 6].

3. The mass difference is in between, i.e., large enough for the charginos to decay
before leaving the detector, but too small for the decay products to trigger the data
acquisition.

The last, intermediate, situation is analysed in this letter. As suggested in Ref. [7], a
search for radiative chargino pair production, ete™ — ~ x*x~, was performed, where the
initial state radiation (ISR) photon is emitted at sufficiently large angle with respect to the
incoming beam to be detected, and with sufficiently large energy to activate the trigger
system. The relevant topology is therefore an energetic, isolated photon accompanied
by a few low-momentum particles from the chargino decays and large missing energy
carried by the two neutralinos. This topology has also been searched for by other LEP
collaborations [8, 9] with lower energy data.

This letter is organized as follows. In Section 2, the ALEPH detector elements directly
related to the ISR photon search are described, followed by a summary of the signal and



background simulation in Section 3. The event selection developed for the ISR photon
final state is explained in Section 4, the results are presented in Section 5, and their
interpretation in the MSSM, combined with those of the other two topological searches
mentioned above, is given in Section 6.

Table 1: Integrated luminosities collected between 1997 and 2000, average centre-of-mass energies, and

data samples used by the analyses mentioned in the text.

| Year | 1997 | 1998 | 1999 | 2000 |
Vs (GeV) 182.7 | 188.6 | 191.6 | 195.5 | 199.5 | 201.6 | 203.2 | 205.0 | 206.5 | 208.0
L (pb_l) 56.8 | 174.2 | 289 | 79.8 | 86.2 | 42.0 116 | 716 | 126.3 | 7.3
Stable charginos Ref. [3] | Ref. [4]
Missing energy Ref. [5] | Ref. [6]
ISR photons — | This analysis

2 The ALEPH detector

A complete and detailed description of the ALEPH detector and its performance, as well
as of the standard reconstruction and analysis algorithms, can be found in Refs. [10, 11].
Only those items relevant for the final state under study in this letter (an ISR photon
accompanied by a few low-momentum particles and substantial missing energy) are
described below.

The hermetic electromagnetic calorimeter, a 22-radiation-length-thick sandwich of
lead planes and proportional wire chambers with fine readout segmentation, consists
of 36 modules, twelve in the barrel and twelve in each endcap. It is used to identify
photons and to measure their energies, with a relative resolution of 0.18/ VE + 0.009
(E in GeV), and their positions down to 13° from the beam axis. Unconverted photons
are reconstructed as localized energy deposits (clusters) within groups of neighbouring
cells in at least two of the three segments in depth of the calorimeter. The longitudinal
and transverse distributions of these deposits are required to be consistent with those of
an electromagnetic shower. The impact parameter with respect to the interaction point is
calculated for a given cluster from the barycentres of its energy deposits in each segment.
The compactness of a cluster is calculated by taking an energy-weighted average of the
angle subtended at the interaction point between the barycentre of the whole cluster and
the barycentre of its deposit in each segment.

Only those photons with a polar angle such that | cosf,| < 0.95, with an energy in
excess of 1 GeV, with an interaction time relative to a beam crossing smaller than 100 ns,
with an impact parameter smaller than 80 cm and with a compactness smaller than 1° are
considered as ISR photon candidates in this letter. The energy deposits associated with
photons from bremsstrahlung of high energy particles in cosmic ray events are rejected by
the requirements on interaction time, impact parameter and compactness. Finally, ISR



photon candidates are required to be isolated from any reconstructed charged particle by
more than 30°.

Charged particles are detected in the central tracking system, which consists of a
silicon vertex detector, a cylindrical multiwire inner drift chamber (ITC) and a large time
projection chamber (TPC). It is immersed in a 1.5 T axial magnetic field provided by a
superconducting solenoidal coil surrounding the electromagnetic calorimeter. Photons
traversing the tracking material may convert into electron-positron pairs (in 6% of
the cases at normal incidence) and can therefore not be identified as depicted above.
To identify these photons, pairs are formed of two oppositely charged particle tracks
reconstructed with at least four hits in the TPC and extrapolated to a common vertex; at
this position the momenta are computed and the invariant mass of the pair is determined
assuming electron masses. Photon conversions are identified if this invariant mass is
smaller than 100 MeV/c?. The same acceptance, energy and isolation criteria are applied
as to unconverted photons to define an ISR photon candidate.

Other charged particles in the event are called good tracks if they are reconstructed
with at least four hits in either the I'TC or the TPC, and if they originate from within a
cylinder of length 10 cm (for tracks reconstructed with at least four TPC hits) and radius
2cm (4 cm for tracks reconstructed with no TPC hits) coaxial with the beam and centred
at the nominal interaction point.

Global event quantities such as total energy (and therefore missing energy) are
determined from an energy-flow algorithm which combines the above measurements
supplemented by those of the iron return yoke instrumented as a hadron calorimeter,
the surrounding two double layers of muon chambers, and the luminosity monitors, which
extend the calorimetric coverage down to 34 mrad. This algorithm provides, in addition,
a list of energy-flow particles, classified as photons, electrons, muons, and charged and
neutral hadrons, which are the basic objects used in the selection presented in this letter.

Finally, use is made of the hadron calorimeter to improve the energy resolution of
photons pointing to cracks between modules of the electromagnetic calorimeter. To do
so, the energy of any neutral energy-flow particle is added to that of an ISR photon
candidate if it is within 11.5° of the photon direction.

The trigger condition relevant for this analysis consists of a deposit of at least
1GeV (2.3GeV) in any single module of the barrel (the endcaps) of the electromagnetic
calorimeter. This trigger is fully efficient for ISR photons within the acceptance of the
present search.

3 Event simulation

Background events expected from Standard Model processes were generated with statistics
corresponding to at least 20 times the integrated luminosity of the data. The event
generators used for the present analysis are listed in Table 2.



Signal events were simulated with the program SUSYGEN [17]. Charginos were produced
with masses ranging from 45 GeV/c? up to the kinematic limit, for mass differences with
the LSP between m, and 5GeV/c? and with proper decay length A = ¢7 up to 80 cm.
Hadronic decays were modelled as suggested in Ref. [18]. For Am < 2 GeV/c?, the model
of Ref. [19] was used for the spectral functions, with parameters tuned to agree with the
measured hadronic 7 decays [20]. In this case, chargino decays to evex, pv,x and nmy
(n = 1,2,3) were simulated. For larger Am values, the Lund fragmentation scheme was
applied, as implemented in SUSYGEN. Initial state radiation was simulated according to
the treatment described in Ref. [21].

Table 2: Standard Model background processes and the generators used to simulate them in the present
analysis.

H Standard Model processes ‘ Generators H
ete™ — y(v)vi KORALZ [12]
ete”™ — ete” BHWIDE [13]
ete” - putp~, 7t~ KORALZ
ete” — qq KORALZ
efe” — WHW- KORALW [14]
ete” — Wev, ZZ, Ze*e™, Zvv | PYTHIA [15]
vy —ete, utpm, vHT PHOTO2 [16]
vy — qq PHOTO2

4 Event selection

Events are selected if they contain at least one ISR photon candidate (a calorimeter photon
or a photon conversion) reconstructed with transverse momentum pJ. with respect to the
beam axis greater than 0.035y/s. This requirement effectively rejects the background from
~7 interactions, further reduced by requiring that no energy be detected within 14° of the
beam axis. This last cut is also useful to suppress background from Bhabha scattering.

At least two charged particle tracks with a minimum of four I'TC or four TPC hits are
required, and at most ten good tracks. The latter cut efficiently reduces the backgrounds
from hadronic two- and four-fermion processes. In events from ete™ — yyvi, a photon
may convert at the ITC/TPC boundary, but fail to be identified by the criteria of Section 2
while still being reconstructed as two charged particles. This background is rejected by
requiring that at least one track be reconstructed with at least one I'TC hit.

Advantage is taken of the characteristic kinematic features of radiative chargino pair
production. The ISR photon energy is required to be smaller than the maximum energy
allowed in the process ete™ — ~vxTx ™, and the leading charged particle momentum is
limited to the maximum allowed chargino momentum. The mass recoiling against the ISR
photon must be larger than 100 GeV/c?. Sliding upper cuts are applied to the missing

4



transverse momentum and to the energy of the chargino decay products as a function
of the hypothetical chargino mass and mass difference with the LSP; these cuts were
determined from the simulation of promptly decaying charginos.

5 Results and systematic uncertainties

The selection efficiency is shown in Fig. la as a function of the generated p}. For pt
in excess of 15GeV/c, the selection efficiency is above 45%. The photon identification
criteria described in Section 2 (acceptance, reconstruction, isolation, timing and pointing)
are responsible for an efficiency loss of 40%, and the remaining loss is due to the event
selection of Section 4. Because the pl spectrum is peaked at small values, the total
selection efficiency is at most 3%.

The dependence of the selection efficiency on pl is qualitatively identical for all
chargino masses studied, but the absolute efficiency level depends also on the chargino
decay length and on the available phase space () = Am — >, m;, where the sum runs over
the chargino decay products.

For instance, the efficiency for promptly-decaying charginos with mass 87 GeV/c? is
shown in Fig. 1b as a function of Am for the single pion final state, and is compared to
that for charginos with a proper decay length A of 30 cm. The higher efficiency for larger
decay lengths for very low () is due to the detection of the chargino tracks. For the same
A, at larger Am, the chargino detection efficiency is lower with respect to the case A =0
because of the cuts on the reconstructed energy in addition to the photon and on the total
visible momentum of the event. The dependence on the proper decay length is displayed
in Fig. 1c, for Am = 140, 150 and 200 MeV /c?.

The dependence of the absolute efficiency on the chargino mass (through its effect on
the pl spectrum) is shown in Fig. 1d, for three different final states (electron, muon and
single pion), for fixed @) values and A = 0. At the same @, the decay into an electron
is reconstructed less efficiently than the decay into a muon due to the mass of the final
state lepton, and the efficiency for the three-body decays is smaller than for the two-body
decay to a single pion.

The photon spectrum is also strongly dependent on the field content of the chargino
which is different in various regions of the MSSM parameter space. Initial state radiation
is enhanced in the gaugino region due to the relative contribution of the s-channel Z
exchange. All the plots shown in Fig. 1 were derived in the gaugino region.

The efficiency includes a (—5 £ 1)% correction for the loss due to the cut on the
energy measured within 14° of the beam axis, caused by beam-related background in
the forward calorimeters. This correction is determined with events triggered at random
beam crossings.

A systematic uncertainty of 0.6% on the efficiency, related to the algorithm of photon
reconstruction, is taken into account as described in Ref. [22]. The uncertainty on the



number of converted photons is estimated to change the total selection efficiency by up

to 0.3%.

Systematic uncertainties from the ISR photon simulation are assessed by comparing
the ISR photon transverse momentum spectrum as predicted by the SUSYGEN and KORALZ
programs. The distributions obtained from KORALZ for the mass recoiling against the
photon and for the polar angle of the photon in single photon events are in agreement
with data [22]. The systematic uncertainty on the efficiency of the present selection is
estimated by integrating the possible discrepancy of the pJ. distributions between the two
generators over the allowed range, which depends on the chargino mass. The systematic
uncertainty obtained is at most 10%.

The systematic error on the efficiency due to the limited statistics of the simulated
samples is about 3%. The total systematic uncertainty on the selection efficiency is 10%,
obtained by adding in quadrature the individual contributions.

The numbers of events observed are in agreement with those expected from Standard
Model background sources, dominated by e*e™ — 7777, vy — 7777 and ete™ — y(y)v7,
as shown in Table 3 for several chargino masses and mass differences. These numbers are
displayed in Fig. 2 in the (m,+, Am) plane. A candidate event that contributes up to
my+ = 84 GeV/c?, independent of Am, is shown in Fig. 3.

Table 3: Numbers of events observed and expected from Standard Model background sources for
my+ > 50, 65, 85 GeV/c? and Am < 2, 1, 0.3 GeV/c?, respectively. The main contributions to the
expected background are also reported.

[ Vs =189-200Gev || Data | Background |
|| my+ | Am || Nobs | ete™ = y(y)vi | vy =71t~ | 9y —mete™ | ete™ — 77— | four fermions | Nexp ||
> 50 <2 13 1.2 2.0 0.3 3.8 1.3 9.0
> 65 <1 5 0.7 1.8 0.3 1.7 0.6 5.4
> 85 < 0.3 1 0.6 1.4 0 0.5 0 2.9

6 Interpretation in the MSSM

In order to provide complete coverage of all possible chargino decay lengths, the results
of the present analysis, hereafter called the ISR analysis, were combined with those of
the search for heavy stable charged particles [3, 4], needed for very small Am values, and
the standard missing-energy search [5, 6], efficient for Am > 3 GeV/c?. No background
subtraction was performed and systematic uncertainties were taken into account according

to Ref. [23].

In the MSSM, and in the absence of the assumption of gaugino-mass unification,
four parameters are to be considered in the gaugino sector: the soft-breaking gaugino



mass terms, M; and Ms; the Higgs mixing term, p; and the ratio of the two Higgs-
doublet vacuum expectation values, tan 3. To determine 95% confidence level (C.L.)
excluded regions in the (m,=, Am) plane, a broad scan of these parameters was performed:
1 < tan3 < 300, |u| < 1TeV/c?, My < 250TeV/c?, and M, chosen so as to cover the
range Am < 5GeV/c?.

The regime in which all sfermion masses are very large is considered first. In this
case, the chargino production cross section depends only on the four above-mentioned
parameters, and charginos generically decay via y* — yW**.

In the gaugino region (M, < |u|), it is possible to fine-tune tan 8 to make the x=xW=
coupling vanish, in which case the chargino decay length increases substantially, even for
large Am values. As a result, the ISR analysis is efficient independently of tan 3 only over
a limited range of Am, the extent of which depends on the xtff’ couplings. This effect
was quantitatively investigated under the assumption of a universal sfermion mass term
myg. The dependence on tan 3 of the chargino decay length is shown for m,+ = 71 GeV/¢?
in Fig. 4a, for my = 500 GeV/c? and for various Am values. The exclusion domain in the
(my=, Am) plane derived at mg = 500 GeV/c? and fixed tan 3 = 21 (which corresponds to
the maximum decay length for a chargino mass of 88 GeV/c?) is shown in Fig. 4b; the ISR
analysis covers the gap between the standard missing energy search and the stable particle
analysis. Results independent of tan 3 are also shown in Fig. 5 for my = 500 GeV /c?. The
standard missing energy search excludes Am values larger than ~ 2.3 GeV/c?, and the
ISR analysis Am values down to 1 to 1.5GeV/c?. The search for heavy stable charged
particles is fully efficient in a parameter-independent way only for Am < m,, but a
combination with the ISR analysis allows the exclusion of the intermediate Am range to
be achieved, independently of tan 3. In the end, a 95% C.L. lower limit on the chargino
mass of 88 GeV/c? is set in the gaugino region for heavy sfermions (i.e., for sfermion
masses, or my, larger than a few hundred GeV/c?).

In the Higgsino region (|u| < M), the chargino production cross section is smaller
than in the gaugino region, but this effect is compensated by a generically larger chargino
decay length, together with a reduced influence of tan 3. As a result, the ISR analysis on
its own excludes a region larger than in the former case, namely Am between 150 MeV /c?
and 3GeV/c* (Fig. 6), with only a slight dependence on mgy. The combination of the
three analyses allows a lower limit on the chargino mass to be set at 88 GeV/c? in the
Higgsino region. It was checked with a scan on the p parameter that the 88 GeV/c? mass
limit, obtained in the gaugino and Higgsino regions, is generally valid for large sfermion
masses.

For small enough sfermion (most importantly slepton) masses, the chargino lifetime
can be substantially reduced, even for very small Am values. As a result, the search
for heavy stable particles loses efficiency for some parameter configurations as soon as
Am > me, while the ISR analysis is inefficient for such small Am values. Therefore,
the only completely general chargino mass limit is my/2, as derived from the Z width
measurement at LEP 1 [24].

In a more constrained version of the MSSM, namely with gaugino- and sfermion-mass
unification, charginos degenerate in mass with the lightest neutralino are only possible in



the deep Higgsino region. For such large M, values, all sfermions are heavy. An absolute
chargino mass lower limit of 88 GeV/c? therefore holds within this framework.

7 Conclusions

A search for charginos nearly mass degenerate with the lightest neutralino has been
performed using data collected by the ALEPH detector at LEP at centre-of-mass energies
between 189 and 209 GeV. No excess of candidate events with respect to Standard Model
background predictions was found.

The results have been interpreted in terms of exclusion limits in the framework of the
MSSM; in the heavy sfermion scenario the absolute 95% C.L. chargino mass lower limit
is 88 GeV/c? for any tan 3, irrespective of the chargino field content.

In the light sfermion scenario, no Am-independent limit on the chargino mass is set
from direct searches. Chargino masses up to my/2 are excluded, indirectly, from the
measurement of the 7 total width at LEP 1.
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Figure 1: a) Selection efficiency as a function of the generated transverse momentum of the ISR photon

produced in association with charginos decaying promptly with masses between 46 and 98 GeV/c?, Am
between 0.1 and 5 GeV/c? at /s = 208 GeV. b) Signal efficiency as a function of Am at /s = 208 GeV,
my+ =87GeV/c? and A =0, 30 cm for the single-pion final state. c) Signal efficiency as a function of A
at /s = 208 GeV, m,+ = 87 GeV/c? and Am = 0.14, 0.15, 0.2 GeV/c¢?. d) Signal efficiency as a function
of the chargino mass at /s = 208 GeV for Q = 60 MeV/c?, A = 0, for the single-pion and leptonic final

states.
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500 GeV/c? and for Am
plane at 95% C.L., in the large scalar mass scenario (mg

mo =

tan 3 = 21. The top area is excluded by the standard missing energy chargino selection [5, 6] while the

bottom area is excluded by the stable particle search [3, 4].

area. The region excluded by the combination of the three analyses is bounded by the bold curve. The

region excluded at LEP 1 is also shown.
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Figure 5: Excluded region in the (m,=,Am) plane at 95% C.L., in the large scalar mass scenario
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