arXiv:hep-ph/0506142 v1 14 Jun 2005

IFT-P.017/2005, IFUSP-1612/2005, UH-511-1072-05

Using b-tagging to enhance the SUSY reach of the CERN Large Hadron Collider

P. G. Mercadante,^{1, ∗} J. K. Mizukoshi,^{2, †} and Xerxes Tata^{3, ‡} 1Instituto de Física Teórica, Universidade Estadual Paulista, São Paulo – SP, Brazil.

2Instituto de Física, Universidade de São Paulo, São Paulo – SP, Brazil. 3Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822

Abstract

Assuming that supersymmetry is realized with parameters in the hyperbolic branch/focus point (HB/FP) region of the minimal supergravity (mSUGRA) model, we show that by searching for multijet + E^{miss}_T events with tagged b jets the reach of experiments at the LHC may be extended by as much as 20% from current projections. The reason for this is that gluino decays to third generation quarks are enhanced because the lightest neutralino has substantial higgsino components. Although we were motivated to perform this analysis because the HB/FP region is compatible with the recent determination of the relic density of cold dark matter, our considerations may well have a wider applicability since decays of gluinos to third generation quarks are favoured in a wide variety of models.

PACS numbers: PACS numbers: 14.80.Ly, 13.85.Qk, 11.30.Pb

∗Electronic address: mercadan@fnal.gov †Electronic address: mizuka@fma.if.usp.br ‡Electronic address: tata@phys.hawaii.edu

Typeset by REVTEX 1

The WMAP collaboration [1] has determined the cosmological density of cold dark matter (CDM) to be, Ω_{CDM} h^2 = 0.1126^{+0.008}_{−0.009} . (1) This measured value is of the same order of magnitude as the density expected from the production in the Big Bang of a stable, weakly interacting particle with a mass O(100 GeV), assuming only that it was in thermal equilibrium at some point in the past [2]. Hence, the precise WMAP measurement provides a stringent constraint on all models that include heavy, stable weakly interacting particles. However, since the dark matter may well be made of several components, strictly speaking (1) only implies an upper bound on the density of such particles. In particular this bound applies to the stable lightest supersymmetric particle (LSP), frequently the lightest neutralino ~Z_1, of R-parity conserving supersymmetric models that have been the focus of much attention during the last twenty-five years [3], and leads us to conclude that, Ω ~_{Z1} h^2 ≤ 0.129 (2σ) . (2) Compatibility with (2) is possible only if the neutralinos can annihilate efficiently which, in turn, is possible only if one of the following holds:

i. The lightest neutralino is hypercharge gaugino-like and annihilates via t-channel exchanges of relatively light (∼ 300 GeV) sfermions [4].

ii. The neutralino mass m ~_{Z1} ≃^1_2 m_{A,H} so that it annihilates resonantly via the exchange of the neutral Higgs bosons A or H in the s-channel [5]. Since these heavier Higgs bosons are typically quite broad, and because the neutralinos have thermal motions, resonant Higgs annihilation occurs over a rather large range of parameters. There is also a small range of parameters where resonant annihilation via the lightest scalar Higgs boson h leads to efficient neutralino annihilation [6].

iii. The neutralino mass is close to that of a charged or coloured particle; since this latter particle can annihilate efficiently, the neutralino density is correspondingly reduced as long as its interactions maintain it in thermal equilibrium with the co-annihilating charged particle [7].

iv. The parameter |μ| is small compared to the gaugino masses so that the lightest neutralino has significant higgsino components and annihilates effectively via couplings to electroweak gauge bosons [8].

v. The neutralino has significant SU(2) gaugino components, and so annihilates to W^+W^− via large isotriplet SU(2) couplings. In this case, the lighter chargino tends to be close in mass to ~Z_1, so co-annihilations may also be important [9].

Most SUSY analyses of the implications of the WMAP measurement have been performed within the framework of the mSUGRA model [10] which, assuming radiative electroweak symmetry breaking, is specified by the well known parameter set,

m_0, m_{1/2}, A_0, tan β, sign(μ).

Within this framework, which has also been the paradigm for many phenomenological analyses of supersymmetry (SUSY), neutralino annihilation as in item i. occurs in the so-called bulk region with small values of m_0 and m_{1/2}; as in ii. in the A or H funnels which occur only if tan β is large; as in iii. only close to the boundary of parameter space where τ̃_1 becomes the LSP [11], or for special values of A_0, where t̃_1 becomes the LSP [12]; and as in iv. in the hyperbolic branch/focus point (HB/FP) region with large values of m_0 and modest to large values of m_{1/2} [13]. The last option v. is not realized within mSUGRA or for that matter in any model with unification of gaugino masses, or in any SUSY Grand Unified Theory (GUT) unless the field that breaks SUSY also breaks the GUT gauge symmetry [14]. In the recently studied non-universal Higgs masses (NUHM) extensions of mSUGRA [15], the Higgs funnel occurs for any value of tan β while the low |μ| region is accessible even for relatively low values of m_0 [16].

Within the mSUGRA framework that we adopt for this study, it has been shown that, with an integrated luminosity of 100 fb^{−1}, experiments at the Large Hadron Collider (LHC) will probe all of the bulk region, most of the Higgs funnel and, except for the largest values of tan β, all of the stau co-annihilation region allowed by the WMAP data [17]. The reach in the low |μ| HB/FP region, however, cuts off around m_{g̃} ∼ 1.6 − 1.8 TeV, where the signal from gluino pair production becomes rate limited. Although ~W_1 and ~Z_2 are relatively light and will be abundantly produced at the LHC, if |μ| is indeed small the efficiency for the well studied trilepton signal from ~W_1 ~Z_2 production [18] is reduced, especially if we are deep in the HB/FP region where the mass gap between ~W_1 (or ~Z_2) and ~Z_1 becomes rather small and the daughter leptons as well as E^{miss}_T from charginos and neutralinos are soft. In this case, it has been shown [19] that by implementing specially designed cuts to separate the chargino pair production soft decay products from Standard Model (SM) background, experiments at an e^+e^− linear collider operating at √ s = 500 − 1000 GeV will be able to probe portions of the HB/FP region not accessible at the LHC. Since the LHC is scheduled to commence operations in 2007, while a linear collider is even very optimistically at least a decade away, it is clearly worthwhile to explore all strategies that can potentially expand the LHC reach, especially in this low |μ| region favoured by the WMAP measurements.

An obvious option would be to re-examine the trilepton signal to see whether it is possible to separate it from SM background processes.^1 In this paper, however, we follow a completely different strategy and focus on the signal from gluino pair production (since squarks are very heavy). Our starting point is the observation that since the lighter higgsino-like neutralinos and charginos couple much more strongly to the third generation than to the first two generations, decays of gluino into third generation fermions will be strongly enhanced so that the signal may be expected to be rich in high E_T b-jets [21]. In contrast, the dominant SM backgrounds to multijet + E^{miss}_T channels which give the largest SUSY reach at the LHC come from tt̄ production, from V + jet production (V = W, Z) and from QCD processes. Since the latter two backgrounds are not expected to be especially rich in hard bottom quark jets, and because experiments at the LHC are expected to have good b tagging capability, we explore whether requiring the presence of tagged b-jets in the signal allows us to probe portions of the hyperbolic branch that are inaccessible using the by now standard analyses [22, 23, 24] of the various multijet + E^{miss}_T channels at the LHC. While b-tagging has been suggested before to explore the nature of the underlying model [25], to our knowledge it has never been proposed as a tool for SUSY discovery. We remark that although the b-tagged signal will be rate limited, unlike the trilepton signal from ~W_1 ~Z_2 production, this signal will be relatively insensitive to how deep we are in the HB/FP region.

We use the program ISAJET 7.69 [26] with a toy calorimeter described in Ref. [22] for our analysis. Jets are found using a cone algorithm with a cone size ΔR = √ Δη^2 + Δϕ^2 = 0.7.

Clusters with E_T > 40 GeV and |η(jet)| < 3 are defined to be jets. Muons (electrons) are classified as isolated if they have E_T > 10 GeV (20 GeV) and visible activity in a cone with

1 While we were preparing this manuscript, we learnt that the reach via the trilepton channel has recently been re-examined in Ref. [20], and found to be smaller or comparable to the reach in other leptonic and the E^{miss}_T channels even when |μ| < M_{1,2}.

ΔR = 0.3 about the lepton direction smaller than E_T < 5 GeV. We identify a hadronic cluster with E_T ≥ 40 GeV and |η(j)| < 1.5 as a b jet if it also has a B hadron, with p_T (B) > 15 GeV and |η(B)| < 3, within a cone with ΔR = 0.5 of the jet axis. We take the tagging efficiency ϵ_b = 0.5, and assume that gluon and other quark jets can be rejected as b jets by a factor R_b = 150 (50) if E_T < 100 GeV (E_T > 250 GeV) and a linear interpolation in between [27]. While we make no representation about the tagging efficiency and rejection against light quark and gluon jets that will be finally achieved, especially at high LHC luminosity and in the jetty environment of SUSY events, we felt that an exploratory study of just how much b-jet tagging helps with the LHC reach would be worthwhile.

Rather than perform time consuming scans over the WMAP favoured HP/FB regions of the m_0 − m_{1/2} planes of the mSUGRA model for several values of tan β, we have chosen three diverse model lines for our analysis. For each of these model lines, we take μ > 0 (the sign favoured by the result of experiment E821 at Brookhaven [28]) and fix A_0 = 0 — our results are largely insensitive to this choice — and

• m_{1/2} = 0.295m_0 − 477.5 GeV with tan β = 30 for Model Line 1,

• m_{1/2} = 0.295m_0 − 401.25 GeV with tan β = 30 for Model Line 2, and

• m_{1/2} =^{17}_{60} m_0 − 390 GeV with tan β = 52 for Model Line 3.

For values of m_0 >∼ 1500 GeV, these model lines all lie in the WMAP allowed HB/FP region of the mSUGRA parameter space delineated in Ref. [17]. The first two model lines have an intermediate value of tan β with Model Line 1 being deep in the HB/FP region while Model Line 2 closer to the periphery of the corresponding WMAP region. We choose Model Line 3 again deep in the HB/FP region, but with a very large value of tan β to examine any effects from a very large bottom quark Yukawa coupling. We take m_t = 175 GeV throughout this analysis.

The branching fractions for the decays of the gluino with a mass ∼ 1650 GeV (close to the limit that can be probed at the LHC via the usual multijet + multilepton +E^{miss}_T analyses) into third generation fermions are shown in Table I for the three model lines introduced above. The following features of Table I are worth noting.

1. In all three cases, almost 90% of the gluino decays are to the third generation, so that we expect very hard top and bottom quark jets in SUSY events.

TABLE I: The branching fractions for the decays of the gluino with m_{g̃} ≃ 1650 GeV to third generation quarks in the three WMAP allowed model lines introduced in the text, together with the corresponding values of the hypercharge gaugino mass parameter M_1, and the superpotential Higgs mass parameter μ.

Model Line 1 Model Line 2 Model Line 3 m_{g̃} (GeV) 1637 1665 1665 μ (GeV) 181 335 164 M_1 (GeV) 269 278 275 g̃ → ~W^−_1 tb̄ + ~W^+_1 t̄b 37% 34% 39% g̃ → ~W^−_2 tb̄ + ~W^+_2 t̄b 8% 11% 8% g̃ → ~Z_1tt̄ + ~Z_1bb̄ 15% 5% 17% g̃ → ~Z_2tt̄ + ~Z_2bb̄ 19% 16% 20% g̃ → ~Z_3tt̄ + ~Z_3bb̄ 6% 17% 4% g̃ → ~Z_4tt̄ + ~Z_4bb̄ 4% 5% 4%

2. In Model Lines 1 and 3 that are deep in the HB/FP region, the gluino mainly decays to the higgsino-like lighter chargino and the two lightest neutralinos; in Model Line 2, ~Z_1 is dominantly the hypercharge gaugino, so that gluino decays to ~Z_2 and to ~Z_3 are favoured.

3. The main difference due to the large tan β value for Model Line 3 is the increased branching ratio for the decays g̃ → bb̄ ~Z_i relative to g̃ → tt̄ ~Z_i. Although we have not separated these out in the Table, we have checked that while the direct decays to bottom comprise just about 10% of all gluino decays to neutralinos for Model Lines 1 and 2, these decays constitute about a third of all gluino to neutralino decays for Model Line 3. This is, of course, due to the increased Yukawa coupling of the bottom quark [29].

4. In each of these cases, we see that decays of the gluino to the wino-like charginos and neutralinos have relatively small branching fractions despite their large SU(2) gauge couplings. This is because decays mediated by lighter third generation squarks that have large Yukawa couplings dominate because these are dynamically as well as kinematically favoured.

The main message of this Table is that in the WMAP favoured HB/FP regions of the mSUGRA model, decays to third generation quarks dominate gluino decays. Moreover, although detailed decay patterns depend on both tan β and the value of μ/M_1 ( i.e. on how deep we are in the HB/FP region), the total branching fraction for decays to third generation quarks is relatively insensitive to these details. Motivated by these observations we begin our examination of the inclusive b-jet signal for each of the model lines introduced above.

The major SM backgrounds to the multijet plus E^{miss}_T signal, with or without b-jets, come from W or Z + jet production, from tt̄ production and from QCD production of light quarks and gluons. In the last case, the E^{miss}_T arises from neutrinos from c and b quarks, from showering of W, Z bosons and their subsequent decays to neutrinos, and from energy mismeasurement. The backgrounds from these sources are shown in Table II for two representative choices of cuts discussed below. Here S_T is the transverse sphericity, m_{eff} is the scalar sum of the E_T of the four hardest jets and E^{miss}_T , Δϕ is the azimuthal angle between E^{miss}_T and the hardest jet, and Δϕ_b is the azimuthal opening angle between the two hardest b jets in events with N_b ≥ 2. Since we do not require multileptons in our analysis, backgrounds from W W, W Z and ZZ as well as three vector bosons processes are expected to be much smaller [22].

We see that for both sets of cuts the SM background is dominated by QCD. This differs from earlier results where it is argued that the QCD background can be reduced to negligible levels by requiring the signal to be sufficiently hard. Indeed, to track the reason for this difference, we have done a very high statistics analysis of the QCD background that was not possible in Ref. [22]. Specifically, we took particular care to divide the event generation into a large number (50 bins for QCD, fewer for other backgrounds) of finely spaced hard scattering p_T bins, especially for lower values of the hard scattering p_T where the event weights are very large, even if the efficiency for passing the cuts is low.^2 We have checked that our

2 If, for any set of cuts, we find no events in our simulation of a particular background, we set this background cross section to a value corresponding to the single event level in the smallest weight bin in our simulation.

TABLE II: Cross sections for the dominant SM backgrounds to SUSY processes at the CERN LHC for two representative choices of cuts, together with signal cross sections for three cases along the model lines introduced in the text.

Variables Cut 1 (cut 2) N_j ≥ 4 (5) E^{miss}_T (GeV) > 400 (500) E^{j1}_T (GeV) > 400 (400) E^{j2}_T (GeV) > 250 (250) E^{j3}_T (GeV) > 150 (175) E^{j4}_T (GeV) > 100 (125) m_{eff} (GeV) > 1500 (2250) S_T > 0.0 (0.0) Δϕ < 180^∘ (140^∘) Δϕ_b < 180^∘ (180^∘) N_b ≥ 0 1 2 Source σ (fb) QCD 27.71 (0.636) 8.95 (0.112) 1.72 (0.009) tt̄ 5.17 (0.043) 3.42 (0.034) 1.10 (0.005) W + jets 13.60 (0.462) 1.42 (0.045) 0.13 (0.002) Z + jets 5.68 (0.180) 0.65 (0.018) 0.05 (0.001) Total 52.16 (1.32) 14.44 (0.209) 3.00 (0.017) Case 1: m_{g̃} = 1054 GeV 12.1 (0.667) 9.25 (0.537) 4.58 (0.290) Case 2: m_{g̃} = 1436 GeV 3.81 (0.541) 3.10 (0.47) 1.68 (0.24) Case 3: m_{g̃} = 1705 GeV 1.11 (0.230) 0.90 (0.185) 0.50 (0.106)

backgrounds levels from W + jets, Z + jets and tt̄ processes are in agreement with those in Ref. [22] and attribute the difference in the QCD background to statistics of the background simulation.^3 Since QCD typically contributes about half the background in Table II, we

3 In passing, we mention that we also found a significant QCD contribution to the background in the

may expect a small degradation of the LHC reach from these earlier projections.^4 Also shown in Table II is the SUSY signal for three points along model lines. In our analysis, we consider a signal to be observable with a given integrated luminosity if, (a) its statistical significance N_S / √ N_B ≥ 5, (b) N_S /N_B ≥ 0.25, and (c) N_S ≥ 10. We see that Case 1 with m_{g̃} ≃ 1 TeV which by early analyses should be easily observable at the LHC is also observable using cuts 1 with an integrated luminosity of just 10 fb^{−1}, and moreover, the significance of the signal improves with increasing b multiplicity. For Case 2, the SM background with the softer cuts 1 is too large except in the 2b channel, where the signal is observable for an integrated luminosity ≥ 26 fb^{−1}. However with the harder cuts of set 2 the signal, though unobservable without b-tagging, should be observable in the 1b (2b) channel for an integrated luminosity exceeding 26 fb^{−1} (41 fb^{−1}). For Case 3, both b-tagging capability and an integrated luminosity of at least 72 fb^{−1} are essential for the observability of the signal. It is clear that b-tagging improves the reach of the LHC for points in the HB/FP region.

To quantify the improvement b-tagging makes to the capabilities of the LHC for the detection of SUSY, we have re-computed the reach of the LHC for each of the three model lines introduced above. Towards this end, for every mSUGRA parameter point that we examined, we generated a set of SUSY events using ISAJET. We also generated large samples of SM background events. We passed these events through the toy calorimeter simulation mentioned previously, and then analysed both the signal and the background for the entire set of cuts (5 × 5 × 6 × 5 × 3^4 = 60750 choices in all) listed in Table III. We regard the signal as observable if it satisfies the observability criteria (a)–(c) listed above for at least

multijets + 1ℓ + E^{miss}_T channel. This is in contrast to the result in Ref. [30] which was obtained using PYTHIA. We attribute this difference to the fact that PYTHIA does not include showering of W and Z bosons in QCD events. While this may result in some double counting of “Drell-Yan” W and Z production, we note that showering of vector bosons from the final state quarks will, in general tend to populate a different region of phase space.

4 A more significant background issue may be that the showering algorithms appear to obtain a significantly softer distribution of the variable m_{eff} (introduced below) relative to evaluations using exact multijet plus W, Z production matrix elements [31]. We have nothing to say about this, except that requiring additional b’s (and in the case of W , also requiring a transverse mass cut) will reduce this background considerably. At the very least, our analysis will indicate the extent to which the presence of tagged b’s increases the LHC reach. We may add that the E^c_T analysis of Ref.[22] that requires E^{miss}_T together with just two (rather than four) additional hard jets, with just one of these jets from showering, may be more robust to these matrix element corrections.

TABLE III: The set of cuts used to optimize the SUSY signal at the LHC along the hyperbolic branch of the mSUGRA model.

Variable Values N_j ≥ 4, 5, 6, 7, 8 E^{miss}_T (GeV) > 400, 500, 600, 700, 800 (E^{j1}_T , E^{j2}_T , E^{j3}_T , E^{j4}_T ) (GeV) > (400, 250, 150, 100), (400, 250, 175, 125), (400, 250, 200, 150), (500, 350, 150, 100), (500, 350, 175, 125), (500, 350, 200, 150) m_{eff} (GeV) > [E^{miss}_T +

∑_4 i=1 E^{ji}_T ]_{min} + 200 × n, n = 0, 1, 2, 3, 4 S_T > 0.0, 0.1, 0.2 Δϕ < 180^∘, 160^∘, 140^∘ Δϕ_b < 180^∘, 160^∘, 140^∘ N_b ≥ 0, 1, 2

one choice of cuts.

Notice that the cuts in this Table are much harder than those used in a recent analysis of the LHC SUSY signal [17]. This is because, unlike in Ref. [17] where the cuts were designed to extract the signal for a wide range of squark and gluino masses, here we focus on the optimization of the signal in the portion of the HB/FP region with heavy gluinos where the previous strategy fails. Note also that cut 1 in Table II corresponds to the softest of these cuts. Since, as we saw earlier, the signal for Case 1 (with m_{g̃} ≃ 1 TeV) is comfortably observable with the present set of cuts as well as those in Ref. [17], there is no danger that there will be a gap in the HB/FP region of parameter space where the signal is unobservable with either strategy.

Our results for the LHC reach are shown in Fig. 1, where we plot the largest statistical significance of the signal as we run over the cuts in Table III for a) Model Line 1, b) Model Line 2, and c) Model Line 3. The solid curves, from lowest to highest, denote this maximum

FIG. 1: The maximum value of the statistical significance for the multijet + E^{miss}_T SUSY signal at the LHC as we run over the cuts listed in Table III for the three model lines introduced in the text, requiring in addition that N_S ≥ 10 events and that N_S ≥ 0.25N_B. The solid lines from bottom to top denote this statistical significance without any b tagging requirement, with at least one tagged b-jet, and with at least two tagged b-jets respectively, assuming an integrated luminosity of 100 fb^{−1} and a tagging efficiency of 50%. The dotted lines show the corresponding result for an integrated luminosity of 300 fb^{−1}.

statistical significance without any b tagging requirement, requiring ≥ 1 tagged b-jet, and ≥ 2 tagged b-jets respectively, for an integrated luminosity of 100 fb^{−1}, while the dotted curves show the corresponding results for 300 fb^{−1} of integrated luminosity that may be expected from three years of LHC operation with the high design luminosity. While, without b-tagging, our reach for gluinos is ∼ 200 GeV smaller than earlier projections [17, 23, 24], presumably because of differences in the background levels discussed above, we see that b-tagging will improve the mass reach of gluinos by 15-20%, provided that LHC experiments can accumulate an integrated luminosity of 100-300 fb^{−1} and that b-tagging with an efficiency of ∼ 50% remains possible even in the high luminosity environment.

A few remarks appear to be in order at this point:

• The statistical significance in Fig. 1 is not significantly improved if the b-tagging efficiency improves to 60%. The reason is that before tagging the signal typically contains (on average) 3-4 b quark jets while the background typically contains (at most) just two b quark jets. As a result, the increased efficiency enhances the btagged background more than the signal, and the statistical significance is essentially unchanged.

• We have also checked that with a b-tagging efficiency of 50% and an integrated luminosity of 100 fb^{−1}, the signal with ≥ 3 tagged b-jets is rate limited and no increase in the reach is obtained from that shown in the Figure.^5

• The search strategy proposed here does not use lepton information at all. We have checked that a transverse mass cut M_T (ℓ, E^{miss}_T ) >∼ 100 GeV on events with at least one isolated lepton does not increase the significance of the signal because the fraction of signal events (after our cuts) with an isolated lepton is not especially large.

• Although we have not shown this explicitly, we have checked that requiring the presence of additional isolated leptons does not lead to an increase in the reach relative to the ≥ 2b channel.

In summary, we have shown that in the HB/FP region of the mSUGRA model the reach of the LHC as measured in terms of gluino masses may be increased by 15-20% by requiring the presence of hard, tagged b-jets in SUSY events. While we were mainly motivated in our investigation by the fact that this part of parameter space is one of the regions compatible with the WMAP data, our considerations may have wider applicability since decays of heavy gluinos to third generation fermions are favoured in all models with common masses for sfermions with the same gauge quantum numbers. This is in part because the large top Yukawa coupling and, if tan β is large, also the bottom quark Yukawa coupling, cause the third generation squarks to be lighter than their siblings in the first two generations, and

5 It is possible that a slightly increased reach may be obtained if the tagging efficiency is significantly larger than 50% or if the integrated luminosity is considerably higher than 100 fb^{−1}. It would, however, be necessary to evaluate backgrounds from 4b, 4t and tt̄bb̄ production processes before a definitive conclusion can be made.

in part because of new contributions to gluino decay amplitudes from these large Yukawa couplings [29]. Specifically, we may expect that signals with tagged b-jets may also be useful in models with an inverted squark mass hierarchy [32], in models with unification of Yukawa couplings (because they require large tan β), and possibly also in models with non-universal Higgs mass parameters that have recently been re-examined in light of the WMAP data [16]. Since the CMS and ATLAS experiments are expected to ultimately have good b-tagging capability, we urge that it be utilised to maximize the SUSY reach of the LHC.

Acknowledgments

We thank F. Gianotto and F. Paige for discussions about b tagging at the LHC, and H. Baer and M. Drees for comments on the manuscript. This research was supported in part by the U. S. Department of Energy under contract number DE-FG-03-94ER40833 and by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP).

[1] D. N. Spergel et al., Astrophys. J. 148, 175 (2003). [2] See e.g. S. Dodelson, Modern Cosmology, Academic Press (2003).

[3] For recent reviews, see e.g. S. Martin, in Perspectives on Supersymmetry, edited by G. Kane (World Scientific), hep-ph/9709356; M. Drees, hep-ph/9611409; J. Bagger, hep-ph/9604232; X. Tata, Proc. IX J. Swieca Summer School, J. Barata, A. Malbousson and S. Novaes, Eds., hep-ph/9706307; S. Dawson, Proc. TASI 97, J. Bagger, Ed., hep-ph/9712464; for a text book review of supersymmetry phenomenology, see M. Drees, R. Godbole and P. Roy, Theory and Phenomenology of Sparticles, (World Scientific, 2004).

[4] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983); J. Ellis, J. Hagelin, D. Nanopoulos, and M. Srednicki, Phys. Lett. B 127, 233 (1983).

[5] M. Drees and M. Nojiri, Phys. Rev. D 47, 376 (1993); H. Baer and M. Brhlik, Phys. Rev. D 57, 567 (1998); H. Baer, M. Brhlik, M. Diaz, J. Ferrandis, P. G. Mercadante, P. Quintana, and X. Tata, Phys. Rev. D 63, 015007 (2001); A. Djouadi, M. Drees, and J. Kneur, JHEP 0108, 055 (2001); J. Ellis, T. Falk, G. Ganis, K. Olive, and M. Srednicki, Phys. Lett. B 510, 236

(2001); L. Roszkowski, R. Ruiz de Austri, and T. Nihei, JHEP 0108, 024 (2001); A. Lahanas and V. Spanos, Eur. Phys. J C23, 185 (2002).

[6] R. Arnowitt and P. Nath, Phys. Lett. B 99, 58 (1993); H. Baer and M. Brhlik, Phys. Rev. D 53, 597 (1996). The viability of the light Higgs region is sensitive to constraints from LEP, but the existence of this region has been noted in many analyses since, including, e.g. Ref. [19] below, and most recently has been emphasized by A. Djouadi, M. Drees and J-L. Kneur, hep-ph/0504090.

[7] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991); J. McDonald, K. Olive, and M. Srednicki, Phys. Lett. B 283, 80 (1992); S. Mizuta and M. Yamaguchi, Phys. Lett. B 298, 120 (1993).

[8] J. Feng, K. Matchev and F. Wilczek, Phys. Lett. B 482, 388 (2000); Phys. Rev. D 63, 045024 (2001).

[9] For recent analyses, see A. Birkedal-Hansen and B. Nelson, Phys. Rev. D 64, 015008 (2001);

Phys. Rev. D 67, 095006 (2003); H. Baer, A. Mustafayev, E-K. Park, and S. Profumo, hep-ph/0505227.

[10] A. Chamseddine, R. Arnowitt, and P. Nath, Phys. Rev. Lett. 49, 970 (1982); R. Barbieri, S. Ferrara, and C. Savoy, Phys. Lett. B 119, 343 (1982); N. Ohta, Prog. Theor. Phys. 70, 542 (1983); L. J. Hall, J. Lykken, and S. Weinberg, Phys. Rev. D 27, 2359 (1983).

[11] J. Ellis, T. Falk, and K. Olive, Phys. Lett. B 444, 367 (1998); J. Ellis, T. Falk, K. Olive, and M. Srednicki, Astropart. Phys. 13, 181 (2000); M. E. Gómez, G. Lazarides, and C. Pallis, Phys. Rev. D 61, 123512 (2000); Phys. Lett. B 487, 313 (2000); R. Arnowitt, B. Dutta, and Y. Santoso, Nucl. Phys. B606, 59 (2001); H. Baer, C. Balazs and A. Belyaev, JHEP 0203, 042 (2002).

[12] C. Boehm, A. Djouadi, and M. Drees, Phys. Rev. D 62, 035012 (2002); J. Ellis, K. Olive, and Y. Santoso, Astropart. Phys. 18, 395 (2003); J. Edsjö et al., JCAP 04, 001 (2003).

[13] K. Chan, U. Chattopadhyay, and P. Nath, Phys. Rev. D 58, 096004 (1998); J. Feng, K. Matchev, and T. Moroi, Phys. Rev. Lett. 84, 2322 (2000) and Phys. Rev. D 61, 075005 (2000). The HB/FP region also appears in H. Baer, C-H. Chen, F. Paige, and X. Tata, Ref. [22] below, and in H. Baer, C-H. Chen, C. Kao, and X. Tata, Phys. Rev. D 52, 1565 (1995).

[14] G. Anderson, H. Baer, C-H. Chen, and X. Tata, Phys. Rev. D 61, 095005 (2000). [15] V. Berezinsky, A. Bottino, J. Ellis, N. Fornengo, G. Mignola, and S. Scopel, Astropart. Phys.

5, 1 (1996); R. Arnowitt and P. Nath, Phys. Rev. D 56, 2820 (1997); A. Bottino, F. Donato, N. Fornengo and S. Scopel, Phys. Rev. D 59, 095004 (1999), and Phys. Rev. D 63, 125003 (2001); J. Ellis, K. Olive, and Y. Santoso, Phys. Lett. B 539, 107 (2002); J. Ellis, T. Falk, K. Olive, and Y. Santoso, Nucl. Phys. B652, 259 (2003).

[16] H. Baer, A. Mustafayev, S. Profumo, A. Belyaev, and X. Tata, Phys. Rev. D 71, 095008 (2005), and hep-ph/0504001.

[17] H. Baer, A. Belyaev, T. Krupovnickas, and X. Tata, JHEP 0306, 054 (2003). [18] H. Baer, C-H. Chen, F. Paige, and X. Tata, Phys. Rev. D 50, 4508 (1994). [19] H. Baer, A. Belyaev, T. Krupovnickas, and X. Tata, JHEP 0402, 004 (2004); H. Baer, T. Krupovnickas, and X. Tata, JHEP 0406, 061 (2004).

[20] H. Baer, T. Krupovnickas, S. Profumo, and P. Ullio, private communication. [21] U. Chattopadhyay, A. Datta, A. Datta, A. Datta, and D. P. Roy, Phys. Lett. B 493, 127 (2000).

[22] H. Baer, C-H. Chen, F. Paige, and X. Tata, Phys. Rev. D 52, 2746 (1995); 56, 6241 (1996);

H. Baer, C-H. Chen, M. Drees, F. Paige, and X. Tata, Phys. Rev. D 59, 055014 (1999). [23] ATLAS Collaboration, Technical Design Report, CERN LHCC/99-15 (1999); B. Allanach, J. Hetherington, A. Parker, and B. Webber, JHEP 08, 017 (2000).

[24] S. Abdullin and F. Charles, Nucl. Phys. B547, 60 (1999); S. Abdullin et al. (CMS Collaboration), hep-ph/9806366.

[25] H. Baer, X. Tata, and J. Woodside, Phys. Rev. D 45, 142 (1992); H. Baer, M. Bisset, X. Tata, and J. Woodside, Phys. Rev. D 46, 303 (1992); H. Baer, M. Drees, C. Kao, M. Nojiri and X. Tata, Phys. Rev. D 50, 2148 (1994); H. Baer et al., Ref. [22]; H. Bachacou, I. Hincliffe, and F. Paige, Phys. Rev. D 62, 015009 (2000); J. Hisano, K. Kawagoe R. Kitano, and M. Nojiri, Phys. Rev. D 66, 115004 (2002); J. Hisano, K. Kawagoe, and M. Nojiri, Phys. Rev. D 68, 035007 (2003); A. Datta, A. Djouadi, M. Guchait, and F. Moortgat, Nucl. Phys. B681, 31 (2004); K. Kawagoe, M. Nojiri, and G. Polesello, Phys. Rev. D 71, 035008 (2005).

[26] F. Paige, S. Protopopescu, H. Baer, and X. Tata, hep-ph/0312045.

[27] We have been guided by ATLAS studies of b-tagging efficiencies and corresponding rejection factors in tt̄H and W H production processes. See e.g. S. Corréad, V. Kostioukhine, J. Levêque, A. Rozanov, J. B. de Vivie, ATLAS Note, ATLAS-PHYS-2004-006, and V. Kostioukhine, ATLAS Note, ATLAS-PHYS-2003-033. It appears that in the low luminosity environment

(L = 2 × 10^{33} cm^2s^{−1}), a tagging efficiency of 60% with rejection factors comparable to or better than those we have used appear possible for gluon and light quark jets. While we are not aware of correspondingly detailed studies in the high luminosity environment, there appear to be indications in these same studies that comparable tagging efficiency with a rejection rate that is reduced by a factor ≤ 2 may be possible. In our analysis, we have ignored the fact that c-jets (which should occur in backgrounds at considerably lower rates than gluon or light quark jets) will have much lower rejection rates.

[28] G. Bennett et al. (E821 Collaboration), Phys. Rev. Lett. 89, 101804 (2002); 92, 161802 (2004). [29] H. Baer, C-H. Chen, M. Drees, F. Paige, and X. Tata, Phys. Rev. Lett. 79, 986 (1997); 80, 642 (1998) (E).

[30] D. R. Tovey, SN-ATLAS-2002-020 (2002).

[31] M. L. Mangano et al., JHEP 0307, 001 (2003); F. Gianotti and M. L. Mangano, hep-ph/0504221.

[32] See e.g. H. Baer et al., Phys. Rev. D 64, 015002 (2001), and references therein.