arXiv:hep-ph/0512172 v1 14 Dec 2005

UCI-TR-2005-40

Minimal Supergravity with m^2_0 < 0

Jonathan L. Feng, Arvind Rajaraman, and Bryan T. Smith

Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

Abstract

We extend the parameter space of minimal supergravity to negative values of m^2_0, the universal scalar mass parameter defined at the grand unified scale. After evolving to the weak scale, all scalars can be non-tachyonic with masses consistent with collider constraints. This region of parameter space is typically considered excluded by searches for charged dark matter, since the lightest standard model superpartner is a charged slepton. However, if the gravitino is the lightest supersymmetric particle, the charged slepton decays, and this region is allowed. This region provides qualitatively new possibilities for minimal supergravity, including spectra with light sleptons and very heavy squarks, and models in which the lightest slepton is the selectron. We show that the m^2_0 < 0 region is consistent with low energy precision data and discuss its implications for particle colliders. These models may provide signals of supersymmetry in even the first year of operation at the Large Hadron Collider.

PACS numbers: 04.65.+e, 12.60.Jv, 13.85.-t

I. INTRODUCTION

Supersymmetric models are theoretically motivated extensions of the standard model (SM) of particle physics that predict both direct and indirect signals in particle physics experiments. Most analyses of supersymmetric models assume the minimal supersymmetric standard model (MSSM), the supersymmetric extension of the SM that contains the minimal number of superpartners. Supersymmetry (SUSY) must also be broken. To make phenomenological analyses tractable, a moderately simple model for soft supersymmetrybreaking terms must be chosen.

By far the most studied supersymmetric model is minimal supergravity (mSUGRA) [1], which is specified by 6 parameters:

m^2_0, M_{1/2}, A_0, tan β, sign(μ), and m_{3/2} . (1)

Here m^2_0 is the universal soft scalar mass squared, M_{1/2} is the universal soft gaugino mass, A_0 is the universal soft trilinear term, tan β is the ratio of the vacuum expectation values of the up and down type Higgs bosons, μ is the supersymmetric Higgs mass parameter, and m_{3/2} is the gravitino mass. The first three terms are defined at the grand unified theory (GUT) scale M_{GUT} ≃ 2.4 × 10^{16} GeV, where the gauge couplings unify. All superpartner masses and couplings are determined by these 6 parameters and renormalization group equations (RGEs). The lightest SM superpartner is typically either the lighter stau or the lightest neutralino.

Note that mSUGRA is typically thought to be determined by the first 5 parameters. When the gravitino is not the lightest supersymmetric particle (LSP), much of cosmology and all of particle phenomenology is insensitive to m_{3/2}. However, if the gravitino is the LSP, both cosmology and particle phenomenology are sensitive to the gravitino mass, and m_{3/2} is an essential parameter of mSUGRA.

When R-parity is conserved, as we assume throughout this study, the LSP is stable. Commonly it is (implicitly) assumed that the gravitino is not the LSP. In this case, the region of parameter space in which the stau is the lightest SM superpartner is strongly disfavored, as it predicts an absolutely stable charged massive particle (CHAMP), which has not been found [2, 3]. Results of mSUGRA analyses are often displayed in the (m^2_0, M_{1/2}) plane. Null results from CHAMP searches then exclude from consideration a thin triangular wedge in this plane with small m^2_0 > 0 and, a fortiori, the entire half plane with m^2_0 < 0.

As emphasized above, however, this line of reasoning relies on the assumption that the gravitino is not the LSP. There are no theoretical motivations for this assumption — the gravitino mass is a free parameter in mSUGRA. In this, as well as in other scenarios with high-scale supersymmetry breaking, it is naturally of the same order of magnitude as other superpartner masses, but it is not necessarily larger. In addition, recent work has established that there are also no phenomenological or cosmological reasons to exclude the gravitino LSP scenario [4–11]. In fact, high-scale supersymmetry breaking with a gravitino LSP has a number of novel implications and virtues. For example, if the gravitino is the LSP and the next-lightest supersymmetric particle (NLSP) is charged, the signal of SUSY at colliders will be metastable charged particles. Such particles have spectacular signatures [12–15]. They also make possible the investigation of gravitational interactions and the quantitative verification of supergravity in high energy physics experiments [16–20]. Cosmologically, gravitinos produced through decays naturally have the correct relic density to be superweakly-interacting massive particle (superWIMP) dark matter. For some parameters, gravitino dark matter produced in this way has features usually associated with warm dark matter and may resolve controversial discrepancies in halo profiles and the formation of small scale structure [21–25]. Last, the late decays that produce gravitino dark matter also release electromagnetic and hadronic energy, with (possibly felicitous) implications for Big Bang nucleosynthesis [4, 6, 9, 11, 26–29] and the cosmic microwave background [4, 6, 30].

In this paper we consider the possibility of mSUGRA with a gravitino LSP and m^2_0 < 0. We define m_0 ≡ sign(m^2_0) √ |m^2_0| . (2)

We show that the region with m_0 < 0 contains models consistent with all collider limits. We also consider precision measurements, analyzing the anomalous magnetic moment of the muon a_μ, B(b → sγ), and B^0_s → μ^+μ^−. We find that the current discrepancy in a_μ between experiment and the SM prediction may be resolved for m_0 < 0 without disrupting the agreement for B(b → sγ), and near future probes of B^0_s → μ^+μ^− will have significant reach in m_0 < 0 model space. Precision data do not currently favor one sign of m_0 over the other.

The simple modification of taking m_0 < 0 therefore “doubles” the viable mSUGRA parameter space and leads to qualitatively new possibilities. For example, in some regions of parameter space, the NLSP is not the stau, but the selectron. This overturns the common lore that Yukawa couplings in RGEs lower soft masses; when some scalars are tachyonic in part of the RG evolution, Yukawa terms may increase scalar masses. We also find that light charged sleptons can be produced for any value of M_{1/2}. This produces spectra where the charged sleptons have masses around 100 GeV, but all other superpartner masses are above 1 TeV, with squark and gluino masses around 3 − 4 TeV. Such spectra are not found for m_0 > 0 and have novel implications for the Large Hadron Collider (LHC) and International Linear Collider (ILC). Although all of these features may be found in general MSSM models, it is striking that we find them here in a framework with universal scalar and gaugino masses, motivated as these features are by simplicity, the SUSY flavor and CP problems, and gauge coupling unification.

Cosmologically, these models differ from conventional models with m_0 > 0 in several ways. As noted above, the m_0 < 0 models have superWIMP dark matter, as opposed to the conventional neutralino WIMP dark matter, with the implications mentioned above for Big Bang nucleosynthesis, the cosmic microwave background, and structure formation. In addition, there are possibly novel implications for vacuum stability [11] and gauge symmetry breaking at high temperatures. We defer discussion of cosmological issues [31], and focus here on implications for particle physics.

This study is organized as follows. In Sec. II we show that, even given m_0 < 0 at the GUT scale, all superpartner masses, when evolved to the weak scale, can have values consistent with current experimental bounds. We delineate the allowed regions and determine which regions of parameter space have stau and selectron NLSPs. The resulting superpartner masses in the m_0 < 0 region are discussed in Sec. III. Low-energy observables are analyzed in Sec. IV. In Sec. V, we show two representative superpartner spectra and briefly discuss the implications for the LHC and ILC. In Sec. VI, we conclude and indicate interesting avenues for further investigation.

FIG. 1: Regions of the (m_0, M_{1/2}) plane, extended to m_0 < 0, for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). The green (medium shaded) region is experimentally excluded, and the unshaded region is the conventional neutralino (N)LSP region. In the remaining regions, the gravitino is the LSP: in the yellow (light shaded) region, the stau is the NLSP, and in the thin magenta (dark shaded) region of the tan β = 60 plot, the selectron is the NLSP. The present Higgs mass bound m_h > 114.1 GeV excludes regions below the solid contours. The symbols ⊕ mark the location of benchmark Models A and B; their RG evolution is shown in Fig. 2.

II. REGIONS OF MSUGRA PARAMETER SPACE FOR m_0 < 0

In this section, we determine the allowed regions of mSUGRA parameter space with m_0 < 0, and further classify the allowed parameter space according to what particles are the LSP and NLSP, since these play a large role in determining experimental signatures.

For m_0 < 0, an immediate worry is that scalar masses will remain tachyonic even after RG evolution to the weak scale. As usual, gauge interactions raise the soft masses, and so the most problematic scalars are the right-handed sleptons, since these have only hypercharge interactions. The RGEs for conventional mSUGRA have been studied in great detail. A well-known approximate relation for the weak-scale right-handed selectron mass in terms of GUT-scale parameters is [37] m^2_{ẽR} = m^2_0 + 0.15 M^2_{1/2} . (3)

This remains valid for m_0 < 0. From this, we see that negative m^2_0 can always be compensated by large M_{1/2} to make the right-handed sleptons, and with them the entire superpartner spectrum, non-tachyonic.

Allowed regions of the (m_0, M_{1/2}) plane are shown for two values of tan β in Fig. 1. The SUSY spectra have been calculated with the software package ISAJET v7.71 [32], modified to accommodate m_0 < 0. ISAJET includes 2-loop RGEs and 1-loop corrections to superpartner masses, and we choose a top quark mass of 175 GeV. The green (medium shaded) region is excluded. For m_0 > 0 the boundary is determined by the LEP chargino mass limit m_{χ̃}± > 103.5 GeV [33]. For m_0 < 0, it is essentially determined by null searches for long-lived charged sleptons at LEP, leading to limits m~_{lR} > 99 GeV [34]. For tan β = 10, the border for m_0 < 0 follows to a reasonable approximation the tachyonic slepton line m_0 = −2.6M_{1/2} one can derive from Eq. (3). For tan β = 60, the excluded region has a more complicated shape because large 1-loop corrections play an important role, as discussed below.

The allowed regions may be further divided according to what particles are the LSP and NLSP. The unshaded regions of Fig. 1 are the conventional regions in which the lightest SM superpartner is the lightest neutralino. It is either the LSP or, if the gravitino is the LSP, the NLSP.

In the rest of the allowed regions shown, the gravitino must be the LSP to avoid having charged dark matter, and the NLSP is a charged slepton. To determine which charged slepton is the NLSP, consider the RGEs for their soft mass parameters. At 1-loop, these are dm^2_{ẽR} dt = 2 16π^2 [ − 12 5 g^2_1M^2_1 ] (4) dm^2_{τ̃R} dt = 2 16π^2 [ − 12 5 g^2_1M^2_1 + 2λ^2_τ ( m^2_{τ̃L} + m^2_{τ̃R} + m^2_{Hd} + A^2_{τ̃} )] , (5)

where t = ln (Q^2/M^2_{GUT} ). As is well-known, when all mass parameters are non-tachyonic, Yukawa interactions lower soft masses, leading to the common lore that, given universal scalar boundary conditions, the lightest slepton is always the stau. In the present case, however, m_0 < 0, and so in evolving from the GUT scale, selectron masses initially rise slower than stau masses. Of course, for the spectrum to be viable, all physical scalar masses must eventually become non-tachyonic, and so will exert the conventional effect of Yukawa couplings as one approaches the weak scale. (The Higgs scalar mass parameters may remain negative.) The competition between the new and the conventional effects determines whether the NLSP is the selectron or the stau.

These effects are shown in Fig. 2 for the two benchmark models highlighted in Fig. 1. In the left panel, all scalar masses of Model A quickly become positive as they evolve from the GUT scale, and so the stau becomes the NLSP, as usual. In the right panel, however, the scalar masses of Model B are negative for much of the RG evolution, and m^2_{Hd} becomes negative, leading to an inverted flavor spectrum with a selectron NLSP.

In Fig. 1, the τ̃_1 is the NLSP in the yellow (light shaded) region, and ẽ_R is the NLSP in the magenta (dark shaded) region. The current experimental limits force sleptons to be not just non-tachyonic, but significantly so, and so the viable selectron NLSP region is reduced to a thin sliver near the upper, left-hand corner in the tan β = 60 plot. Its exact location is therefore rather sensitive to small corrections and depends on the implementation of RG evolution and loop-level corrections to the superpartner mass spectrum. The mere possibility that universal slepton masses can lead to selectrons lighter than staus, however, is a robust physics effect; it is novel and never realized in conventional mSUGRA. The selectron NLSP region may be much larger in even slightly more general models. For example, motivated by SO(10) unification, one may consider models in which the matter scalar masses are determined by the parameter m^2_0, but the Higgs scalar masses are unified at a different GUT-scale parameter m^2_H . In these non-universal Higgs mass models [35], by choosing m^2_H < m^2_0 < 0, the stau mass will receive large positive contributions from m^2_{Hd} that are absent for the selectron, as can be seen in Eq. (5), and the selectron NLSP region will be much larger. Last, we note that in the mSUGRA models considered here, the possibility of a non-tachyonic sneutrino (N)LSP also exists at low M_{1/2}, but this lies entirely in the excluded region.

As noted above, the excluded region can have a rather complicated shape. For tan β = 60, for example, as can be seen in the right-hand panel of Fig. 1, the excluded region has an interesting shape. This results from the remarkable fact that the light charged slepton masses do not increase monotonically as one increases M_{1/2} for constant m_0. In fact, this is

FIG. 2: The RG evolution of soft scalar masses in Model A, the stau NLSP point with m_0 = −40 GeV, M_{1/2} = 300 GeV, tan β = 10 (left) and in Model B, the selectron NLSP point with m_0 = −700 GeV, M_{1/2} = 1900 GeV, tan β = 60 (right). In both cases, A_0 = 0 and μ > 0.

FIG. 3: Regions of the (m_0, M_{1/2}) plane, extended to m_0 < 0, for A_0 = 0, μ > 0, and tan β = 60 as in the right-hand panel of Fig. 1, but with 1-loop corrections to sparticle masses neglected.

not peculiar to m_0 < 0, as it occurs even for positive constant m_0.

This behavior results from 1-loop corrections present in the slepton mass matrix ( M^2_{LL} + δM^2_{LL} M^2_{LR} + δM^2_{LR} M^2_{RL} + δM^2_{RL} M^2_{RR} + δM^2_{RR} ) , (6)

where M^2 are tree-level contributions and δM^2 are 1-loop corrections. If 1-loop corrections are neglected, the slepton mass monotonically increases for increasing m_0 and fixed M_{1/2} (or vice versa), as illustrated in Fig. 3. However, for large tan β the loop corrections have the proper sign and magnitude to lower the mass eigenvalues of the stau below the experimental bounds in part of the parameter space. Of course, the 1-loop corrections are physical, and we include them in all plots and results below.

To conclude this section, the impression that neutralinos are the lightest SM superpartners in most of mSUGRA parameter space is artificial: it follows only if one requires m_0 > 0. Allowing m_0 < 0 extends the viable region of mSUGRA parameter space significantly and shows that staus are the lightest SM superpartners in much of mSUGRA parameter space.

FIG. 4: Squark masses for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). The up-type squarks (top) are ũ_L (solid black), ũ_R (dotted black), t̃_1 (dot dashed black), and t̃_2 (dashed black). Similarly the down-type squarks (bottom) are d̃_L (solid black), d̃_R (dotted black), b̃_1 (dot dashed black), and b̃_2 (dashed black). The gluino mass (cyan, solid light) is presented on all 4 plots. The contours are for masses 1 TeV, 2 TeV, and 3 TeV from bottom to top.

In addition, allowing m_0 < 0 leads to other new phenomena, such as the possibility that the selectron is the lightest SM superpartner. In the next section, we explore the implications of m_0 < 0 for the sparticle spectrum more fully.

III. SUSY MASS SPECTRA FOR m_0 < 0

The squark and gluino masses are presented in the (m_0, M_{1/2}) plane in Fig. 4. In the allowed region with m_0 < 0, they are relatively insensitive to m_0, since they are dominated by the RG contributions of the gaugino masses. The left-handed down and up squarks are approximately degenerate, as are the right-handed up and down squarks. The gluino is always heavier than all squarks in the m_0 < 0 allowed region.

Slepton masses are shown in Fig. 5. In contrast to squark masses, slepton masses are extremely sensitive to m_0 in the allowed m_0 < 0 region. Contours of constant slepton mass switch from concave down for m_0 > 0 to concave up for m_0 < 0. As a result, light sleptons near their experimental limit may be found for any value of M_{1/2}. This is true even though

FIG. 5: Slepton masses for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). The contours are for τ̃_1 (dashed), ẽ_L (solid) and ẽ_R (dotted). The contours are for masses 200 GeV, 500 GeV, and 1 TeV from bottom left to top right, with the exception that in the right panel, because the slepton masses drop and then rise again for fixed M_{1/2} and increasing m_0, there are two sets of 200 GeV contours for both ẽ_R and τ̃_1. For both of these particles, the leftmost 200 GeV contour is barely visible in the selectron NLSP region. Throughout the parameter space, the sneutrinos and τ̃_2 are almost degenerate with the ẽ_L.

FIG. 6: Neutralino and chargino masses for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). The lightest neutralino χ̃^0_1 (dashed) has values from bottom to top of 200 GeV, 500 GeV, and 800 GeV. The lightest chargino χ̃^+_1 (dotted) has values from bottom to top of 500 GeV, 1 TeV, and 1.5 TeV, while μ (solid) has values 500 GeV, 1 TeV, and 2 TeV from bottom to top.

the masses of all other superpartners becomes large for large M_{1/2}, as may be seen in Model B, the selectron NLSP model shown in the right panel of Fig. 2.

In Fig. 6, we present contours for neutralino and chargino masses and for the Higgsino mass parameter μ. In the m_0 < 0 region, |μ| is always much larger than the electroweak gaugino masses M_1 and M_2. As a result, the lighter chargino and lighter two neutralinos are nearly pure gauginos, with χ̃^0_1 ≈ B̃, χ̃^0_2 ≈ W̃^0, χ̃^±_1 ≈ W̃^±, and m_{χ̃}0_1 ≈ M_1 and m_{χ̃}0_2 ≈ m_{χ̃}±_1 ≈ M_2 ≈ 2M_1.

Last, Higgs boson masses are given in Fig. 7. The masses of the Higgs bosons, h^0, A^0, H^0,

FIG. 7: Higgs boson masses for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). The SM-like Higgs boson h^0 mass contours (solid) have values 114 GeV, 118 GeV, and 122 GeV from bottom to top. The A^0 mass contours (dashed) have values 500 GeV, 1 TeV, and 1.5 TeV from bottom to top. The heavy CP-even and charged Higgs scalars are approximately degenerate with the A^0.

and H^± are all insensitive to m_0 for m_0 < 0. The predicted value of m_h0 is above 114 GeV throughout the allowed m_0 < 0 region, and so consistent with current bounds. It increases with increasing M_{1/2}, rising to approximately 122 GeV for M_{1/2} = 1 TeV. A^0, H^0, and H^± are all approximately degenerate for m_0 < 0.

IV. PRECISION EXPERIMENTAL CONSTRAINTS

We now consider constraints on these models from precision experimental data. We focus on three processes that are well-known to have significant sensitivity to supersymmetric contributions: the anomalous magnetic moment of the muon a_μ and the rare decays b → sγ and B^0_s → μ^+μ^−. These contributions have been calculated using the software package micrOMEGAs, v1.3.6 [38].

A. Anomalous Magnetic Moment of the Muon

Determining the SM value of the anomalous magnetic moment of the muon is not straightforward because of hadronic contributions to higher order loop processes. These hadronic loop contributions are usually estimated from measurements of e^+e^− → hadrons or τ → hadrons. The resulting SM predictions for a_μ are a_μ = 116 592 018 (63) × 10^{−11} if the τ data are used, and a_μ = 116 591 835 (69) × 10^{−11} if the e^+e^− data are used [39, 40]. Given theoretical assumptions required to use the τ data, the e^+e^− value is generally judged to be more reliable [41]. These should be compared to the measured value a_μ = 116 592 080 (60) × 10^{−11} from the Muon (g − 2) Collaboration [42, 43]. Taking the SM value for a_μ using the e^+e^− data, there is a discrepancy between theory and experiment of δa_μ = 245×10^{−11} , a deviation of approximately 3σ.

The SUSY contribution to a_μ in mSUGRA with m_0 < 0 is shown in Fig. 8. A deviation consistent with the discrepancy between experiment and the e^+e^− SM prediction may be

FIG. 8: The SUSY contribution to a_μ for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). From bottom to top the contour values are 300, 250, 200, 150, and 100 in units of 10^{−11}.

obtained for μ > 0 and light neutralinos and sleptons or light charginos and sneutrinos. As noted in Sec. III, sleptons are light along the entire m_0 < 0 experimentally excluded border, but the gauginos increase in mass as M_{1/2} increases. A large SUSY contribution to a_μ is therefore found only for relatively small M_{1/2}. The 3σ deviation mentioned above may be explained, for example, for tan β = 10 and M_{1/2} ∼ 300 GeV. B. B(b → sγ) The flavor changing neutral current transition b → sγ has a branching fraction measured to be B(b → sγ) = 3.21 ± 0.43 ± 0.27^{+0.18}_{−0.10} × 10^{−4} (CLEO) [44] 3.88 ± 0.36 ± 0.37^{+0.43}_{−0.23} × 10^{−4} (BABAR) [45] 3.55 ± 0.32 ± 0.30^{+0.11}_{−0.07} × 10^{−4} (BELLE) [46]

. (7)

The SM prediction is 3.79^{+0.36}_{−0.53} × 10^{−4} [47]. The m_0 < 0 mSUGRA predictions for B(b → sγ) are shown in Fig. 9. The experimental and SM theory values agree within errors, and so b → sγ may, in principle, eliminate models with light squarks and gauginos. As can be seen in Fig. 9, however, supersymmetric effects in the plotted m_0 < 0 region are never large enough to create a discrepancy between these mSUGRA models and experiment.

C. B(B^0_s → μ^+μ^−)

The branching fraction for B^0_s decaying to two leptons is an important measurement for constraining supersymmetric models with large tan β [48–52]. The decay is enhanced by (tan β)^6 for large tan β. The current experimental bound is B(B^0_s → μ^+μ^−) < 1.5 × 10^{−7} from CDF II, based on 364 pb^{−1} of data [53], while the SM prediction is 3.42(54)×10^{−9} [54]. For small tan β, mSUGRA with m_0 < 0, along with other SUSY models, predicts deviations far below current experimental bounds. These deviations will not be probed until the LHC. However, for large tan β, observable deviations are predicted even in Tevatron data. As shown in Fig. 10, the current Tevatron data do not exclude additional parameter space.

FIG. 9: B(b → sγ) for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 10 (left) and tan β = 60 (right). The values from bottom to top are 3.10, 3.25, 3.40, and 3.55 in units of 10^{−4}. In the tan β = 10 panel, B(b → sγ) does not exceed 3.59 × 10^{−4}.

FIG. 10: B(B^0_s → μ^+μ^−) for mSUGRA extended to m_0 < 0 for A_0 = 0, μ > 0, and tan β = 60. The lower contour is CDF II’s experimental upper bound 1.5 × 10^{−7}, and the upper contour is for B(B^0_s → μ^+μ^−) = 1.0 × 10^{−8}.

Nevertheless, future improvements to sensitivities of ∼ 10^{−8} will probe the m_0 < 0 region all the way up to M_{1/2} ∼ 1.8 TeV for tan β = 60, and will also be sensitive to models with more moderate values of tan β.

V. COLLIDER SIGNALS

As is well-known, the LHC will provide an extremely powerful probe of weak-scale supersymmetry in the next few years. Here we discuss the implications of m_0 < 0 mSUGRA for the LHC and the proposed ILC.

The prototypical signature of (R-parity conserving) supersymmetry at hadron colliders is missing transverse energy. In the case of mSUGRA with m_0 < 0, however, all SUSY events result in the production of two metastable charged sleptons. These have lifetimes of seconds to months, and so pass through collider detectors without decaying. These models

FIG. 11: Superpartner spectra for Model A, the stau NLSP point m_0 = −40 GeV, M_{1/2} = 300 GeV, tan β = 10 (left) and for Model B, the selectron NLSP point m_0 = −700 GeV, M_{1/2} = 1900 GeV, tan β = 60 (right). In both cases, A_0 = 0 and μ > 0. These models correspond to the parameter points highlighted with ⊕ symbols in Fig. 1; the RGEs of their scalars are displayed in Fig. 2, and their weak-scale parameters are given in Table I.

ISAJET Specification Parameter Model A Model B MSSMA m_{g̃} μ 720.70 395.95 3964.95 1994.33 m_A0 tan β 436.09 10.00 1274.81 60.00 MSSMB m_{q̃1} m_{d̃R} m_{ũR} 652.21 601.12 603.80 3352.61 3178.77 3198.46 m_{l̃1} m_{ẽR} 199.04 103.81 1027.84 67.57 MSSMC m_{q̃3} m_{b̃R} m_{t̃R} 578.76 598.21 502.38 2987.96 2860.45 2727.32 m_{l̃3} m_{τ̃R} 198.49 101.56 1040.40 255.73 A_t A_b A_τ 548.08 805.29 186.50 2788.73 3147.17 14.15 MSSMD m_{q̃2} m_{s̃R} m_{c̃R} Same as MSSMB (default) Same as MSSMB (default) m_{l̃2} m_{μ̃R} MSSME M_1 M_2 120.17 231.47 831.43 1527.66 δa_μ 296 × 10^{−11} 78.1 × 10^{−11} B (b → sγ) 3.49 × 10^{−4} 3.57 × 10^{−4} B ( B^0_s → μ^+μ^− ) 3.21 × 10^{−9} 8.84 × 10^{−9}

TABLE I: Mass parameters in GeV and the predicted values for precision observables for benchmark Models A and B. The masses in category MSSMA are physical masses; all other masses listed are soft SUSY-breaking parameters specified at the electroweak scale.

therefore provide a conventional setting for what might otherwise be considered to be rather exotic signals, such as highly ionizing tracks and time-of-flight signatures [12–15]. Even a few events will provide unmistakable signals.

As examples, let us consider the benchmark models indicated in Fig. 1. The RGEs for scalars in these models were shown in Fig. 2. In Fig. 11, we display the full superpartner spectrum for each of these models, and in Table I we list all mass parameters, which define these models at the electroweak scale.

In Model A, the stau NLSP model of the right panel in Fig. 11, all superpartners have masses under 1 TeV. This model is an excellent benchmark model. It explains the 3σ deviation in a_μ, and preserves the agreement between the SM and experimental values of B(b → sγ). In addition, electroweak symmetry is broken radiatively and naturally, with μ ∼ 400 GeV.

This stau NLSP model has a total SUSY cross section at the LHC of σ_{LHC}(14 TeV) = 13.6 pb, as determined by ISAJET [32]. Even with an integrated luminosity of 100 pb^{−1}, this implies over 1000 SUSY events, each with two metastable sleptons. In many of these, the sleptons will be slow enough to be seen as highly-ionizing tracks, providing a spectacular signal of new physics in even the first year of LHC operation. With more luminosity, large numbers of sleptons may be collected and their decays studied, making possible a variety of measurements with implications for cosmology, astrophysics and supergravity [4, 6, 9, 11, 16– 28, 30].

Model B, the selectron NLSP model indicated in Fig. 1, is a complementary benchmark model. As seen in Fig. 11, the model has squarks and gluinos around 3 − 4 TeV, neutralinos, sneutrinos, non-SM type Higgs bosons, and left-handed sleptons around 1−2 TeV, a 210 GeV stau, 160 GeV selectron and smuon, and finally a 124 GeV Higgs boson. The squarks and gluinos are too heavy to be produced with large cross section at the LHC. The biggest sources of SUSY particles at the LHC are direct Drell-Yan production of NLSP pairs, leading to 2 metastable charged sleptons, and Drell-Yan production of the heavier sleptons, leading to even more unusual events with 2 taus, 2 muons/electrons, and 2 metastable charged sleptons. The total SUSY production cross section for this model is σ_{LHC}(14 TeV) = 41 fb. This signal will be challenging to find in the first year of LHC running, but at the target luminosity of 100 fb^{−1}/yr, the LHC will produce 4100 SUSY events per year.

At the ILC, the total SUSY production cross sections are σ_{ILC}(500 GeV) = 1.35 pb for the stau NLSP Model A and σ_{ILC}(500 GeV) = 137 fb for the selectron NLSP Model B. Although squarks and gluinos are out of reach, the ILC will produce large numbers of sleptons. All the usual advantages of the ILC will allow detailed studies of the SUSY parameter space. In addition, the ability to produce sleptons at low velocities implies that they may be more easily trapped and studied than at the LHC.

VI. CONCLUSIONS

In this study, we have extended the well-known framework of mSUGRA to m_0 < 0. To our knowledge, this part of parameter space has not been considered previously, perhaps because it contains a charged slepton as the lightest SM superpartner. If the gravitino is the LSP, however, cosmological difficulties with CHAMPs are avoided, and this extended parameter space is allowed. We have noted that it is consistent with all limits from direct searches and constraints from low-energy precision measurements. In addition, we find models with qualitatively novel mSUGRA superpartner spectra, which predict spectacular signals with metastable charged sleptons at future colliders.

Some of the cosmology of these models will be considered in a future work. It would be interesting to extend this work to more general models. For example, as argued above, we expect that the selectron may emerge as the NLSP generically in models with nonunified Higgs masses, and there may well be other interesting phenomena. It would also be worthwhile to determine the reach of the LHC for various luminosities in the m_0 < 0 parameter space; given how spectacular the signal of metastable charged particles will be, these models provide a welcome example in which supersymmetry may be discovered and studied in even the first year of LHC running.

Acknowledgments

The work of JLF is supported in part by NSF CAREER grant No. PHY–0239817, NASA Grant No. NNG05GG44G, and the Alfred P. Sloan Foundation. AR is supported in part by NSF Grant No. PHY–0354993.

[1] A. H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982); R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119, 343 (1982); N. Ohta, Prog. Theor. Phys. 70, 542 (1983); L. J. Hall, J. D. Lykken and S. Weinberg, Phys. Rev. D 27, 2359 (1983); L. Alvarez-Gaume, J. Polchinski and M. B. Wise, Nucl. Phys. B 221, 495 (1983).

[2] P. F. Smith and J. R. J. Bennett, Nucl. Phys. B 149, 525 (1979); P. F. Smith, J. R. J. Bennett, G. J. Homer, J. D. Lewin, H. E. Walford and W. A. Smith, Nucl. Phys. B 206, 333 (1982); T. K. Hemmick et al., Phys. Rev. D 41, 2074 (1990); P. Verkerk, G. Grynberg, B. Pichard, M. Spiro, S. Zylberajch, M. E. Goldberg and P. Fayet, Phys. Rev. Lett. 68, 1116 (1992); T. Yamagata, Y. Takamori and H. Utsunomiya, Phys. Rev. D 47, 1231 (1993).

[3] S. Dimopoulos, D. Eichler, R. Esmailzadeh and G. D. Starkman, Phys. Rev. D 41, 2388 (1990);

M. Byrne, C. F. Kolda and P. Regan, Phys. Rev. D 66, 075007 (2002) [hep-ph/0202252]. [4] J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 91, 011302 (2003) [hepph/0302215]; Phys. Rev. D 68, 063504 (2003) [hep-ph/0306024].

[5] J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 588, 7 (2004) [hepph/0312262].

[6] J. L. Feng, S. f. Su and F. Takayama, Phys. Rev. D 70, 063514 (2004) [hep-ph/0404198];

Phys. Rev. D 70, 075019 (2004) [hep-ph/0404231].

[7] F. Wang and J. M. Yang, Eur. Phys. J. C 38, 129 (2004) [hep-ph/0405186]. [8] J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 603, 51 (2004) [hepph/0408118].

[9] L. Roszkowski, R. Ruiz de Austri and K. Y. Choi, JHEP 0508, 080 (2005) [hep-ph/0408227]. [10] A. Brandenburg, L. Covi, K. Hamaguchi, L. Roszkowski and F. D. Steffen, Phys. Lett. B 617, 99 (2005) [hep-ph/0501287].

[11] D. G. Cerdeno, K. Y. Choi, K. Jedamzik, L. Roszkowski and R. Ruiz de Austri, hepph/0509275.

[12] M. Drees and X. Tata, Phys. Lett. B 252, 695 (1990).

[13] J. L. Goity, W. J. Kossler and M. Sher, Phys. Rev. D 48, 5437 (1993) [hep-ph/9305244]. [14] A. Nisati, S. Petrarca and G. Salvini, Mod. Phys. Lett. A 12, 2213 (1997) [hep-ph/9707376]. [15] J. L. Feng and T. Moroi, Phys. Rev. D 58, 035001 (1998) [hep-ph/9712499]. [16] W. Buchmuller, K. Hamaguchi, M. Ratz and T. Yanagida Phys. Rev. B 588, 90 (2004) [hepph/0402179].

[17] J. L. Feng, A. Rajaraman and F. Takayama, Int. J. Mod. Phys. D 13, 2355 (2004) [hepth/0405248].

[18] A. De Roeck, J. R. Ellis, F. Gianotti, F. Moortgat, K. A. Olive and L. Pape, hep-ph/0508198.

[19] K. Hamaguchi, Y. Kuno, T. Nakaya and M. M. Nojiri, Phys. Rev. D 70, 115007 (2004) [hep-ph/0409248].

[20] J. L. Feng and B. T. Smith, Phys. Rev. D 71, 015004 (2005) [hep-ph/0409278]. [21] M. Kaplinghat, Phys. Rev. D 72, 063510 (2005) [astro-ph/0507300].

[22] J. A. R. Cembranos, J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 95, 181301 (2005) [hep-ph/0507150].

[23] K. Jedamzik, M. Lemoine and G. Moultaka, astro-ph/0508141.

[24] K. Sigurdson and M. Kamionkowski, Phys. Rev. Lett. 92, 171302 (2004) [astro-ph/0311486]. [25] S. Profumo, K. Sigurdson, P. Ullio and M. Kamionkowski, Phys. Rev. D 71, 023518 (2005) [astro-ph/0410714].

[26] K. Jedamzik, Phys. Rev. D 70, 063524 (2004) [astro-ph/0402344].

[27] M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 71, 083502 (2005) [astro-ph/0408426]. [28] J. R. Ellis, K. A. Olive and E. Vangioni, Phys. Lett. B 619, 30 (2005) [astro-ph/0503023]. [29] K. Jedamzik, K. Y. Choi, L. Roszkowski and R. R. de Austri, hep-ph/0512044. [30] R. Lamon and R. Durrer, hep-ph/0506229.

[31] J. L. Feng, A. Rajaraman and B. T. Smith, in preparation. [32] F. E. Paige, S. D. Protopescu, H. Baer and X. Tata, hep-ph/0312045. [33] LEP2 SUSY Working Group, ALEPH, DELPHI, L3 and OPAL experiments, note LEPSUSYWG/01-03.1, http://lepsusy.web.cern.ch/lepsusy/Welcome.html.

[34] LEP2 SUSY Working Group, ALEPH, DELPHI, L3 and OPAL experiments, note LEPSUSYWG/02-05.1, http://lepsusy.web.cern.ch/lepsusy/Welcome.html.

[35] H. Baer, A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, JHEP 0507, 065 (2005) [hepph/0504001].

[36] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, hep-ph/0405253. [37] See, for example, N. Polonsky, Lect. Notes Phys. M68, 1 (2001) [hep-ph/0108236]. [38] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 149, 103 (2002) [hep-ph/0112278]; G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, hepph/0405253.

[39] M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Eur. Phys. J. C 31, 503 (2003) [hepph/0308213].

[40] K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, Phys. Rev. D 69, 093003 (2004) [hep-ph/0312250].

[41] M. Passera, hep-ph/0509372.

[42] G. W. Bennett et al. [Muon g-2 Collaboration], Phys. Rev. Lett. 89, 101804 (2002) [Erratumibid. 89, 129903 (2002)] [hep-ex/0208001].

[43] G. W. Bennett et al. [Muon g-2 Collaboration], Phys. Rev. Lett. 92, 161802 (2004) [hepex/0401008].

[44] S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87, 251807 (2001) [hep-ex/0108032]. [45] B. Aubert et al. [BaBar Collaboration], hep-ex/0207076.

[46] P. Koppenburg et al. [Belle Collaboration], Phys. Rev. Lett. 93, 061803 (2004) [hepex/0403004].

[47] P. Gambino and M. Misiak, Nucl. Phys. B 611, 338 (2001) [hep-ph/0104034]. [48] S. R. Choudhury and N. Gaur, Phys. Lett. B 451, 86 (1999) [hep-ph/9810307]. [49] K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228 (2000) [hep-ph/9909476]. [50] P. H. Chankowski and L. Slawianowska, Phys. Rev. D 63, 054012 (2001) [hep-ph/0008046]. [51] C. Bobeth, T. Ewerth, F. Kruger and J. Urban, Phys. Rev. D 64, 074014 (2001) [hepph/0104284].

[52] C. S. Huang and X. H. Wu, Nucl. Phys. B 657, 304 (2003) [hep-ph/0212220]. [53] A. Abulencia et al. [CDF Collaboration], hep-ex/0508036. [54] G. Buchalla and A. J. Buras, Nucl. Phys. B 400, 225 (1993).