Published by Institute of Physics Publishing for SISSA/ISAS Received: March 12, 2004 Revised: May 26, 2004 Accepted: May 27, 2004

Constraining SUSY Dark Matter with the ATLAS detector at the LHC

Giacomo Polesello

INFN, Sezione di Pavia Via Bassi 6, I-27100 Pavia, Italy E-mail: giacomo.polesello@cern.ch

Daniel R. Tovey

Department of Physics and Astronomy, University of Sheffield Hounsfield Road, Sheffield S3 7RH, U.K. E-mail: d.r.tovey@sheffield.ac.uk

Abstract: In the event that R-Parity conserving supersymmetry (SUSY) is discovered at the LHC, a key issue which will need to be addressed will be the consistency of that signal with astrophysical and non-accelerator constraints on SUSY Dark Matter. This issue is studied for the SPS1a mSUGRA benchmark model by using measurements of end-points and thresholds in the invariant mass spectra of various combinations of leptons and jets in ATLAS to constrain the model parameters. These constraints are then used to assess the statistical accuracy with which quantities such as the Dark Matter relic density and direct detection cross-section can be measured. Systematic effects arising from the use of different mSUGRA RGE codes are also estimated. Results indicate that for SPS1a a statistical(systematic) precision on the relic abundance ∼ 2.8 % (3 %) can be obtained given 300 fb^{−1} of data.

Keywords: Supersymmetry Phenomenology, Dark Matter, Supersymmetric Standard Model.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep052004071 /jhep052004071 .pdf

Contents

1. Introduction 1

2. Extraction of mSUGRA parameters 2

3. Calculation of Dark Matter characteristics 5

4. Results 7

5. Discussion and conclusions 9

1. Introduction

The complementarity of LHC SUSY measurements and direct and indirect searches for neutralino Dark Matter is an important topic to study given the increasingly strong astrophysical evidence for cold Dark Matter in the universe [1]–[3]. Assuming that R-Parity conserving SUSY is discovered at the LHC, an interesting question will arise regarding the compatibility of that signal with existing relic density constraints (e.g. 0.094 < Ω_χh^2 < 0.129 at 2σ from WMAP data [1]–[3]), and the implications it has for terrestrial Dark Matter searches.

In this paper we address these issues within the context of the minimal supergravity (mSUGRA) class of SUSY models incorporating gravity-mediated SUSY breaking [4]. A great advantage of mSUGRA models when studying SUSY phenomenology is that they can be described with only five independent paramters, namely the common scalar mass at the GUT scale (m_0), the common gaugino mass (m_{1/2}), the common trilinear coupling parameter A_0, the value of the ratio of the SUSY higgs vacuum expectation values (tan β) and the sign of the higgsino mass parameter (sgn(μ)). We choose to study one particular model referred to as ‘SPS1a’ (m_0 = 100 GeV, m_{1/2} = 250 GeV, A_0 = −100 GeV, tan β = 10, μ > 0), which was defined in ref. [5] and studied in detail in ref. [6] (from which we take most of the experimental analyses described below). This model lies in the ‘bulk’ region of the m_0 − m_{1/2} mSUGRA plane where the relic density is reduced to a small value by χ̃^0_1 annihilation to leptons or neutrinos via t-channel slepton, stau and sneutrino exchange.

The SPS1a model point was defined prior to the latest WMAP data and consequently possesses a relic density rather larger than that now favoured, however the analysis described in this paper remains valid and provides an interesting case study of the techniques which can be used when bulk region SUSY models are chosen by Nature. In particular, when m_0 is reduced to ∼ 60 GeV to bring Ω_χh^2 inside the WMAP bounds the number of events containing the SUSY decay chain g̃ → b̃_1b → χ̃^0_2bb̄ → l̃_Rl^{+(−)}bb̄ → χ̃^0_1l^{+(−)}l^{−(+)}bb̄

– 1 – used by this analysis does not change significantly. The mass of the l̃_R appearing in this chain decreases by 18%, but this does not significantly affect the result. The only significant effect on the measurements described in [6] is on the ditau invariant mass, which yields information on the τ̃_1 mass. This measurement would be significantly more difficult or even impossible due to a reduced τ̃_1 − χ̃^0_1 mass difference of only 13 GeV. However, when mSUGRA mass unification is assumed, the ditau invariant mass measurement has very little effect on the measurement of Ω_χh^2, and is in any case systematically limited even at SPS1a. Note that some elements of the method employed should also be applicable in the stau co-annihilation region where again many of the experimental signatures are similar to those described here.

In section 2 we describe the measurement of mSUGRA parameters at point SPS1a using fits to measurements of end-points and thresholds in the invariant mass spectra of various combinations of leptons and jets observed in ATLAS [9]. In section 3 we discuss the use of these parameter measurements to calculate both the χ̃^0_1 relic density and quantities of relevance to direct and indirect search Dark Matter experiments. Finally in section 4 we review the results and discuss the circumstances under which the measurements can be considered to be model-independent.

2. Extraction of mSUGRA parameters

The development of techniques for measuring parameters characterising SUSY models has been the subject of much investigation in the last few years, as documented in ref. [7]–[12], and is still a very active field of investigation.

The basic issue is that the presence of two invisible particles in the final state renders the direct measurement of sparticle masses through the detection of invariant mass peaks impossible. Alternative techniques have therefore been developed, based on the exclusive identification of long cascades of two body-decays. It was demonstrated [11] that if a sufficiently long chain can be identified (at least three successive two-body decays), the thresholds and end-points of the various possible invariant mass combinations among the identified products can be used to achieve a model-independent measurement of the masses of the involved sparticles. Once the masses of the lighter sparticles are obtained with this procedure, in particular the mass of the Lightest Supersymmetric Particle (LSP), additional sparticle masses can be measured through the identification of other shorter decay chains. This program has been carried out recently for SPS1a [6], resulting in a number of measurements of observables which are related to the masses of the sparticles by known algebraic relations (table 1). The meaning of the different observables, and their expression in terms of sparticle masses is given in ref. [12]. An additional measurement used in this analysis is the mass of the light higgs boson from the decay h → γγ which for 100 fb^{−1}, and for m_h = 114 GeV, has a statistical uncertainty of ∼ 0.5 GeV [13].

Two approaches are possible in order to extract model constraints from these measurements:

– 2 –

Errors Variable Value (GeV) Stat+Sys (GeV) Scale (GeV) Total m^{max}_{ℓℓ} 83.37 0.03 0.08 0.09 m^{max}_{ℓℓq} 457.55 1.4 4.6 4.8 m^{low}_{ℓq} 321.28 0.9 3.2 3.3 m^{high}_{ℓq} 400.63 1.0 4.0 4.1 m^{min}_{ℓℓq} 220.81 1.6 2.2 2.7 m^{min}_{ℓℓb} 199.48 3.6 2.0 4.2 m(ℓ_L) − m(χ̃^0_1) 109.18 1.5 0.1 1.5 m^{max}_{ℓℓ} (χ̃^0_4) 279.07 2.3 0.3 2.3 m^{max}_{τ τ} 86.03 5.0 0.9 5.1 m(g̃) − 0.99 × m(χ̃^0_1) 517.22 2.3 5.2 5.7 m(q̃_R) − m(χ̃^0_1) 452.62 10.0 4.5 11.0 m(g̃) − m(b̃_1) 96.98 1.5 1.0 1.8 m(g̃) − m(b̃_2) 72.75 2.5 0.7 2.6

Table 1: Summary table of the SUSY measurements which can be performed at the LHC with the ATLAS detector. The central values are calculated for ISAJET 7.69. The statistical errors are given for the integrated luminosity of 300 fb^{−1}. The uncertainty in the energy scale is taken to result in an error of 1% for measurements including jets, and of 0.1% for purely leptonic mesurements. The values quoted here differ somewhat from those quoted in ref. [6] due to the use of an earlier version of ISASUGRA in that work.

• solve the system of measurements for the masses of the involved sparticles, and fit the model parameters to them;

• perform a direct fit of the parameters of the model to the measured observables.

As discussed in detail in [11, 12], the mass values resulting from solving the experimental constraints are strongly correlated. This is due to the fact that the measured constraints are typically expressed as differences of masses. Therefore the first approach, using uncorrelated mass errors, as is e.g. done in ref. [14] will result in a very inaccurate estimate of the constraints on the model.

We rely therefore in this work on the direct fit of the observable to the mSUGRA model as embodied in a RGE evolution code. A detailed study of the theoretical uncertainties based on the study of different implementations of the RGE running of the SUSY masses from the GUT scale to the TeV scale is given in ref. [15]. Addressing this theoretical uncertainty is outside the scope of this work. We limit ourselves to perform the fit on two different models, namely ISASUGRA v.7.69, and SUSPECT v.2.102, with the aim of studying the impact of the use of different SUSY spectrum generators on the determination of the Dark Matter characteristics.

Two different types of uncertainties are quoted in table 1: the combined statistical and systematic uncertainties estimated for each measurement, and general errors on the scales of lepton and hadron energy measurement, which affect all the measured quantities in the same way. Since in many cases the scale uncertainties are dominant it is necessary

– 3 – to take into account the correlations between the different measurements when extracting the constraints on the model parameters. A technique often found in the literature (see e.g. ref. [15]) to estimate the error in parameter determination may be described as follows:

1. the central value d(i) and measurement error σ(i) is obtained for each of the measured quantities, where i runs over the number N_d of available measurements;

2. a scan is performed over a grid of SUSY models, with the nominal value dm(i, j) of each of the measurements i being calculated for each model j;

3. the total χ^2 is calculated for each point j on the grid using

χ^2_j = ∑ i d^2(i)^2 − dm^2(i, j) σ^2(i) ;

4. the uncertainty in the hyperspace of SUSY parameters is evaluated using the properties of the χ^2 function.

This approach relies on the assumption that the calculated χ^2 function is correctly normalised, and the uncertainties in the measurements are independent, however we know that this last assumption is at best very approximate. We therefore use a Monte Carlo technique relying on the generation of simulated experiments sampling the probability density functions of the measured observables. In frequentist statistics, confidence bands describe the probability that an experiment in a set of identical experiments yields a given value for the measured quantities.

We proceed in the following way:

1. an ‘experiment’ is defined as a set of 14 measurements, each of which is generated by picking a value from a gaussian distribution with mean given by the central value given in table 1. The correlation due to energy scale is taken into account by using a second gaussian distribution for the energy scale, and using the same random number for all the measurements sharing the same scale;

2. for each experiment, the point in mSUGRA parameter space minimising the χ^2 is calculated.

We obtain as a result of this calculation a set of mSUGRA models, each of which is the “best” estimate for a Monte Carlo experiment of the mSUGRA model generating the observed measurement pattern. For each of these models the properties of the LSP Dark Matter candidate can then be calculated and the spread of obtained results interpreted as the level of precision with which these properties can be measured by the LHC. For 300 fb^{−1} of data the distributions of fitted mSUGRA parameter values are all approximately gaussian in form with widths ∼ 2% (m_0), 0.6% (m_{1/2}), 9% (tanβ) and 16% (A_0) respectively. For 100 fb^{−1} of data the main differences are that the width of the A_0 distribution increases to 28% due to the poorer precision on the χ̃^0_4 mass and (more importantly) that the tanβ distribution acquires a significant tail to large values of tanβ (figure 1) due to the fact that

– 4 –

Figure 1: Distributions of fitted tanβ values obtained using ISASUGRA v.7.69 assuming 100 fb^{−1} of data (full histogram) and 300 fb^{−1} of data (dashed histogram). The former distribution displays a significant tail to large values of tanβ.

for 100 fb^{−1} the masses of the two sbottom squarks can not be measured separately, and are therefore not included in the fit. This tail has a significant impact on the precision with which Dark Matter properties can be calculated. Therefore most results quoted below assume 300 fb^{−1} of data.

3. Calculation of Dark Matter characteristics

Best fit values of m_0, m_{1/2}, A_0 and tan(β) obtained from each fit to the 14 sampled measurements were passed to dedicated codes in order to calculate the implied characteristics of the χ̃^0_1 Dark Matter candidate. As a result of the generally poor best fit χ^2 values obtained from the μ < 0 fits, the correct μ > 0 assumption was made throughout. The input top mass values used for each model were randomly sampled from a gaussian distribution of mean 175 GeV and (conservative) σ = 2 GeV, to represent the uncertainty arising from ATLAS measurements [16].

The χ̃^0_1 relic density Ω_χh^2 was calculated using MICROMEGAS v.1.1.1 [17] interfaced to either the ISASUGRA v.7.69 [18] or SUSPECT v.2.102 [19] RGE codes. MICROMEGAS incorporates exact tree-level calculations of all annihilation and co-annihilation processes together with one- and two-loop corrections to the higgs width and mass. MICROMEGAS is hence well suited to this task at SPS1a where stau annihilation processes dominate the relic

– 5 –

Figure 2: Values for Ω_χh^2 calculated from mSUGRA fits to the SPS1a invariant mass spectrum end-points described in the text. The distribution in figure (a) was calculated by using results from ISASUGRA v.7.69 fits as input to MICROMEGAS v.1.1.1 interfaced to ISASUGRA v.7.69. The distribution in figure (b) was calculated by using results from SUSPECT v.2.102 fits as input to

MICROMEGAS v.1.1.1 interfaced to SUSPECT v.2.102.

density calculation. Nevertheless an estimated 2 % systematic error must be assigned to the relic density due to uncertainties in solving the Boltzmann equation [20]. An additional systematic uncertainty ≲ 1 % is estimated from higher order corrections to the calculated cross-sections. In general such corrections can be much larger but for models in the low mass ‘bulk’ annihilation region, of which SPS1a is typical, it is expected that one-loop corrections to the cross-section will be small [20]. Potential systematic uncertainties arising from differences in the RGE codes were estimated from the mean separation between the predicted Ω_χh^2 distributions obtained from the two codes.

Characteristics of potential Dark Matter detection signatures implied by the ATLAS measurements were assessed using DarkSUSY v.3.14.02 [21, 22], again interfaced to the

ISASUGRA v.7.69 or SUSPECT v.2.102 RGE codes. DarkSUSY v.3.14.02 is a relatively

mature code which is in general unsuitable for detailed relic density calculations due to its lack of an implementation of e.g. stau co-annihilation processes.^1 Nevertheless it is one of only a few publicly available codes which can calculate quantities relevant to direct and indirect detection. Three such quantities were chosen for study in this paper, namely the spin-independent χ̃^0_1-nucleon scattering cross-section σ_{si} (equivalent to the scalar scattering cross-section for Majorana neutralinos) governing the rate of elastic nuclear recoils observed in direct search experiments [24], the flux ϕ_{sun} of high energy neutrinos generated by annihilation of relic χ̃^0_1 trapped in the solar core, and the flux ϕ_{earth} of neutrinos generated

1A new version of DarkSUSY incorporating co-annihilation processes is under development [23].

– 6 –

Figure 3: Values for Ω_χh^2 calculated with ISASUGRA and MICROMEGAS in the same manner as for figure 2(a), except using mSUGRA parameter distributions expected for 100 fb^{−1} of data.

by similar processes occurring within the earth [25]. The last two quantities were calculated by integrating over all neutrino energies for neutrinos emerging within a half-aperture angle of 30^o from the centre of sun/earth.

In all of the above cases care was taken to ensure that when using the ISASUGRA RGE code interfaced to a given Dark Matter code, input best fit mSUGRA parameters were obtained using ISASUGRA fits. Similarly all results obtained using SUSPECT made use of

SUSPECT-derived input parameters.

4. Results

The distribution of Ω_χh^2 values obtained from the best-fit mSUGRA models by MICROMEGAS interfaced to ISASUGRA or SUSPECT are shown in figure 2. As with all the other quantities investigated here the results obtained with SUSPECT give a somewhat smaller statistical scatter (∼ 2.5%) compared with those obtained with ISASUGRA (∼ 2.8%). The overall systematic uncertainty arising from the RGE codes is estimated to be ∼ 2.4%, giving an overall systematic uncertainty (adding the Boltzmann contribution in quadrature) ∼ 3%. In both cases the distributions are reasonably gaussian.

It should be noted that with 100 fb^{−1} of data the significant tail in the tanβ distribution arising from the lack of a measurement of the b̃_1 mass leads to significant non-gaussianity in the prediction for Ω_χh^2 (figure 3). The same behaviour is also observed for the other Dark Matter quantities considered below.

– 7 –

Figure 4: Values for the spin-independent χ̃^0_1-nucleon elastic scattering cross-section calculated from mSUGRA fits to the SPS1a invariant mass spectrum end-points described in the text. The distribution in figure (a) was calculated by using results from ISASUGRA v.7.69 fits as input to

DarkSUSY v.3.14.02 interfaced to ISASUGRA v.7.69. The distribution in figure (b) was calculated

by using results from SUSPECT v.2.102 fits as input to DarkSUSY v.3.14.02 interfaced to SUSPECT

v.2.102.

The distribution of log_{10}σ_{si} values (σ_{si} measured in pb) obtained from the best-fit mSUGRA models by DarkSUSY interfaced to ISASUGRA or SUSPECT are shown in figure 4. This time the statistical errors are even smaller (∼0.5%) with an RGE systematic error estimated to be ∼ 0.4%. These errors are expected to be negligible compared with the intrinsic estimated factor 2 systematic uncertainty arising from uncertainties in the strange quark content of the nucleon and approximations used when calculating higher order gluon loop contributions to the cross-section [26]. Furthermore any experimental measurement of σ_{si} is expected to be subject to considerable systematic uncertainty arising from lack of knowledge of the local Dark Matter density and velocity distribution. Consequently such measurements are not expected to agree with ATLAS predictions at the high level of accuracy quoted here.

The distribution of log_{10} ϕ_{sun} and log_{10} ϕ_{earth} values (ϕ measured in km^{−2} year^{−1}) obtained from the best-fit mSUGRA models by DarkSUSY interfaced to ISASUGRA or SUSPECT are shown in figures 5 and 6. Statistical errors ∼ 0.3% (3%) were obtained for the flux of neutrinos from the sun (earth) (SUSPECT RGE code). RGE code systematic errors were estimated to be ∼ 0.5% and 0.6% respectively. Note that for these quantities additional systematic errors in the predictions (at least a factor 2 [26]) due to uncertainties in the χ̃^0_1 density and χ̃^0_1-χ̃^0_1 annihilation rates in the earth and sun are applicable. Thus the statistical and systematic errors associated with the ATLAS predictions and RGE codes are again effectively negligible.

– 8 –

Figure 5: Values for the flux of high energy neutrinos from χ̃^0_1-χ̃^0_1 annihilation in the sun calculated from mSUGRA fits to the SPS1a invariant mass spectrum end-points described in the text. The distribution in figure (a) was calculated by using results from ISASUGRA v.7.69 fits as input to

DarkSUSY v.3.14.02 interfaced to ISASUGRA v.7.69. The distribution in figure (b) was calculated

by using results from SUSPECT v.2.102 fits as input to DarkSUSY v.3.14.02 interfaced to SUSPECT

v.2.102.

5. Discussion and conclusions

In this analysis we have studied one specific benchmark mSUGRA model with phenomenology which is nevertheless representative of that of models lying in the ‘bulk’ region of mSUGRA parameter space. We have found that under the strong assumption that the weak-scale SUSY parameters thus generated obey the mSUGRA relations it is possible using LHC data to put significant constraints on the values of several SUSY Dark Matter properties including the relic density Ω_χh^2. The study has also demonstrated the excellent agreement which now exists between RGE codes and for SPS1a at least the systematic error arising from this source is expected to be negligible compared with those from other sources of systematic error in the estimates of Dark Matter properties. Of course for higher mass scale models in e.g. the focus point, co-annihilation or rapid-annihilation regions of mSUGRA parameter space, the potentially smaller number of mass constraints may well lead to considerably increased statistical errors on mSUGRA parameters and hence the quantities calculated here. The SPS1a benchmark model considered here should therefore probably be considered to be something of a ‘best-case’ scenario. More work is clearly needed to study other more difficult cases.

It is interesting to consider whether the result of the (mSUGRA) model-dependent calculation of Ω_χh^2 performed here could be assumed to be more model-independent. This is especially relevant given that even if supersymmetry is realised in Nature, it may not

– 9 –

Figure 6: Values for the flux of high energy neutrinos from χ̃^0_1-χ̃^0_1 annihilation in the earth calculated from mSUGRA fits to the SPS1a invariant mass spectrum end-points described in the text. The distribution in figure (a) was calculated by using results from ISASUGRA v.7.69 fits as input to DarkSUSY v.3.14.02 interfaced to ISASUGRA v.7.69. The distribution in figure (b) was calculated by using results from SUSPECT v.2.102 fits as input to DarkSUSY v.3.14.02 interfaced to SUSPECT v.2.102.

be broken through gravitational interactions. This result should certainly be valid for any ‘bulk’ region SUSY model with dominant χ̃^0_1 annihilation into τ or slepton/sneutrino pairs^2 and τ̃_1, l̃_R and χ̃^0_1 masses and tan β compatible with the observed invariant mass end-point positions and branching fractions. Additional measurements would be needed however in order to perform a completely-model independent estimate of the relic density. Examples are the χ̃^0_3 mass, which would allow complete determination of the neutralino mixing matrix (if assumed real), additional information on the τ̃ sector, and a measurement of the masses of the heavy higgses [27]. Note that in generic bulk region SUSY models consistent with WMAP, as in the mSUGRA case discussed in the introduction, the τ̃_1 − χ̃^0_1 mass difference can be sufficiently low to limit/prevent measurement of the τ̃_1 mass at LHC. Without the assumption of mSUGRA mass unification this could severely affect the Ω_χh^2 measurement precision. Further work is ongoing on these topics.

Acknowledgments

D.R.T. wishes to thank Genevieve Belanger and Paolo Gondolo for discussions. D.R.T. wishes to acknowledge PPARC for support.

2At SPS1a these processes contribute ∼96% of the total (co)-annihilation cross-section according to

MICROMEGAS.

– 10 –

References

[1] C.L. Bennett et al., First year Wilkinson microwave anisotropy probe (WMAP) observations: preliminary maps and basic results, Astrophys. J. Suppl. 148 (2003) 1 [astro-ph/0302207].

[2] D.N. Spergel et al., First year Wilkinson microwave anisotropy probe (WMAP) observations: determination of cosmological parameters, Astrophys. J. Suppl. 148 (2003) 175 [astro-ph/0302209].

[3] H.V. Peiris et al., First year Wilkinson microwave anisotropy probe (WMAP) observations:

implications for inflation, Astrophys. J. Suppl. 148 (2003) 213 [astro-ph/0302225].

[4] L. Alvarez-Gaumé, J. Polchinski and M.B. Wise, Minimal low-energy supergravity, Nucl.

Phys. B 221 (1983) 495;

L.E. Ibáñez, Locally supersymmetric SU(5) grand unification, Phys. Lett. B 118 (1982) 73; J.R. Ellis, D.V. Nanopoulos and K. Tamvakis, Grand unification in simple supergravity, Phys. Lett. B 121 (1983) 123;

K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Aspects of grand unified models with softly broken supersymmetry, Prog. Theor. Phys. 68 (1982) 927;

A.H. Chamseddine, R. Arnowitt and P. Nath, Locally supersymmetric grand unification, Phys. Rev. Lett. 49 (1982) 970.

[5] B.C. Allanach et al., The snowmass points and slopes: benchmarks for SUSY searches, Eur.

Phys. J. C 25 (2002) 113 [hep-ph/0202233].

[6] B.K. Gjelste, E. Lytken, D.J. Miller, P. Osland and G. Polesello, A detailed analysis of the measurement of SUSY masses with the ATLAS detector at the LHC, ATLAS internal note ATL-PHYS-2004-007 (2004), to appear in LHC/LC Study group document, G. Weiglein ed.

[7] H. Baer, K. Hagiwara and X. Tata, Gauginos as a signal for supersymmetry at pp̄ colliders, Phys. Rev. D 35 (1987) 1598.

[8] H. Baer, D.D. Karatas and X. Tata, Gluino and squark production in association with gauginos at hadron supercolliders, Phys. Rev. D 42 (1990) 2259.

[9] ATLAS collaboration, W. W. Armstrong et al. ATLAS: technical proposal for a general-purpose pp experiment at the large hadron collider at CERN, CERN-LHCC-94-43, SPIRES entry

[10] I. Hinchliffe, F.E. Paige, M.D. Shapiro, J. Soderqvist and W. Yao, Precision SUSY measurements at LHC, Phys. Rev. D 55 (1997) 5520 [hep-ph/9610544].

[11] H. Bachacou, I. Hinchliffe and F.E. Paige, Measurements of masses in SUGRA models at LHC, Phys. Rev. D 62 (2000) 015009 [hep-ph/9907518].

[12] B.C. Allanach, C.G. Lester, M.A. Parker and B.R. Webber, Measuring sparticle masses in non-universal string inspired models at the LHC, J. High Energy Phys. 09 (2000) 004 [hep-ph/0007009].

[13] M. Hohlfeld, On the determination of Higgs parameters in the ATLAS experiment at the LHC, ATLAS internal note ATL-PHYS-2001-004 (2001).

[14] M. Battaglia et al., Updated post-WMAP benchmarks for supersymmetry, Eur. Phys. J. C 33 (2004) 273 [hep-ph/0306219].

– 11 –

[15] B.C. Allanach, S. Kraml and W. Porod, Theoretical uncertainties in sparticle mass predictions from computational tools, J. High Energy Phys. 03 (2003) 016 [hep-ph/0302102].

[16] ATLAS collaboration, ATLAS detector and physics performance technical design report:

heavy quarks and leptons, CERN/LHCC 99-14/15 (1999).

[17] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, micrOMEGAs: a program for calculating the relic density in the MSSM, Comput. Phys. Commun. 149 (2002) 103 [hep-ph/0112278].

[18] F.E. Paige, S.D. Protopescu, H. Baer and X. Tata, ISAJET 7.69: a Monte Carlo event generator for pp, p̄p and e^+e^− reactions, hep-ph/0312045.

[19] A. Djouadi, J.-L. Kneur and G. Moultaka, Suspect: a fortran code for the supersymmetric and Higgs particle spectrum in the MSSM, hep-ph/0211331.

[20] G. Belanger, private communication.

[21] P. Gondolo, J. Edsjo, L. Bergstrom, P. Ullio and E.A. Baltz, DarkSUSY: a numerical package for Dark Matter calculations in the MSSM, astro-ph/0012234.

[22] P. Gondolo et al., DarkSUSY: a numerical package for supersymmetric Dark Matter calculations, astro-ph/0211238.

[23] J. Edsjo, M. Schelke, P. Ullio and P. Gondolo, Accurate relic densities with neutralino, chargino and sfermion coannihilations in mSUGRA, JCAP 04 (2003) 001 [hep-ph/0301106].

[24] M.W. Goodman and E. Witten, Detectability of certain Dark-Matter candidates, Phys. Rev.

D 31 (1985) 3059.

[25] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric Dark Matter, Phys. Rept.

267 (1996) 195 [hep-ph/9506380].

[26] P. Gondolo, private communication.

[27] ATLAS collaboration, ATLAS detector and physics performance technical design report:

Higgs bosons, CERN/LHCC 99-14/15 (1999).

– 12 –