arXiv:hep-ph/0508169 v2 20 Aug 2005

2005 International Linear Collider Workshop - Stanford, U.S.A.

Sensitivities to the SUSY Scale from Electroweak Precision Observables

J. Ellis, S. Heinemeyer TH Division, Physics Department, CERN, Geneva, Switzerland K. Olive William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, USA G. Weiglein Institute for Particle Physics Phenomenology, University of Durham, UK

Precision measurements, now and at a future linear electron-positron collider (ILC), can provide indirect information about the possible scale of supersymmetry. Performing a χ^2 analysis, we illustrate the present-day and possible future ILC sensitivities within the constrained minimal supersymmetric extension of the Standard Model (CMSSM), varying the parameters so as to obtain the cold dark matter density allowed by WMAP and other cosmological data. The current data are in very good agreement with the CMSSM prediction for tan β = 10, with a clear preference for relatively small values of the universal gaugino mass, m_{1/2} ∼ 300 GeV. In this case, there would be good prospects for observing supersymmetry directly at both the LHC and the ILC, and some chance already at the Tevatron collider. For tan β = 50, the quality of the fit is worse, and somewhat larger m_{1/2} values are favoured. With the prospective ILC accuracies the sensitivity to indirect effects of supersymmetry greatly improves. This may provide indirect access to supersymmetry even at scales beyond the direct reach of the LHC or the ILC.

1. INTRODUCTION

Measurements at low energies may provide interesting indirect information about the masses of particles that are too heavy to be produced directly. A prime example is the use of precision electroweak data from LEP, the SLC, the Tevatron and elsewhere to predict (successfully) the mass of the top quark and to provide an indication of the possible mass of the hypothetical Higgs boson [1]. Predicting the masses of supersymmetric particles is much more difficult than for the top quark or even the Higgs boson, because the renormalizability of the Standard Model and the decoupling theorem imply that many low-energy observables are insensitive to heavy sparticles. Nevertheless, present data on observables such as M_W , sin^2 θ_{eff} , (g − 2)_μ and BR(b → sγ) already provide interesting information on the scale of supersymmetry (SUSY), as we discuss in this paper, and have a great potential in view of prospective improvements of experimental and theoretical accuracies [2].

In the future, a linear e^+e^− collider (ILC) will be the best available tool for making many precision measurements [3]. It is important to understand what information ILC measurements may provide about supersymmetry, both for the part of the spectrum directly accessible at the LHC or the ILC and for sparticles that would be too heavy to be produced directly. Comparing the indirect indications with the direct measurements would be an important consistency check on the theoretical framework of supersymmetry.

Improved and more complete calculations of the supersymmetric contributions to a number of low-energy observables such as M_W and sin^2 θ_{eff} have recently become available [4]. These, combined with estimates of the experimental accuracies attainable at the ILC and future theoretical uncertainties from unknown higher-order corrections, make now an opportune moment to assess the current sensitivities and the projection to the situation at the ILC [2], see Ref. [5] for previous studies. In order to reduce the large dimensionality of even the minimal supersymmetric extension of the Standard Model, we work here in the framework of the constrained MSSM (CMSSM), in which the soft supersymmetry-breaking scalar and gaugino masses are each assumed to be equal at some GUT input scale. In this case, only four new parameters are needed: the universal gaugino mass m_{1/2}, the scalar mass m_0, the trilinear soft supersymmetry-breaking parameter A_0, and the ratio tan β of Higgs vacuum expectation values. The pseudoscalar Higgs mass M_A and the magnitude of the Higgs mixing parameter μ can be determined by using the electroweak

PSN 0221 vacuum conditions, leaving the sign of μ as a residual ambiguity.

The non-discovery of supersymmetric particles and the Higgs boson at LEP and other present-day colliders imposes significant lower bounds on m_{1/2} and m_0. An important further constraint is provided by the density of dark matter in the Universe, which is tightly constrained by WMAP and other astrophysical and cosmological data [6]. These have the effect within the CMSSM, assuming that the dark matter consists largely of neutralinos [7], of restricting m_0 to very narrow allowed strips for any specific choice of A_0, tan β and the sign of μ [8]. Thus, the dimensionality of the supersymmetric parameter space is further reduced, and one may explore supersymmetric phenomenology along these ‘WMAP strips’, as has already been done for the direct detection of supersymmetric particles at the LHC and linear colliders of varying energies [9]. A full likelihood analysis of the CMSSM planes incorporating uncertainties in the cosmological relic density was performed in Ref. [10]. We extend this analysis to indirect effects of supersymmetry.

We consider the following observables: the W boson mass, M_W , the effective weak mixing angle at the Z boson resonance, sin^2 θ_{eff} , the anomalous magnetic moment of the muon, (g − 2)_μ (we use the SM prediction based on the e^+e^− data for the hadronic vacuum polarization contribution, see the discussion in Ref. [2]) and the rare b decays BR(b → sγ) and BR(B_s → μ^+μ^−), as well as the mass of the lightest CP-even Higgs boson, M_h, and the Higgs branching ratios BR(h → bb̄)/BR(h → W W^∗). A detailed analysis of the sensitivity of each observable to indirect effects of supersymmetry, taking into account the present and prospective future experimental and theoretical uncertainties, can be found in Ref. [2]. We briefly summarize here the main results on the combined sensitivities at present and for the ILC and update some of the results of Ref. [2], which were obtained for m_t = 178.0 ± 4.3 GeV, using the current experimental central value of m_t = 172.7 ± 2.9 GeV [11].

2. PRESENT SITUATION

We first investigate the combined sensitivity of the four low-energy observables for which experimental measurements exist at present, namely M_W , sin^2 θ_{eff} , (g − 2)_μ and BR(b → sγ). The branching ratio BR(B_s → μ^+μ^−), for which at present only an upper bound exists, has been discussed separately in Ref. [2]. We begin with an analysis of the sensitivity to m_{1/2} moving along the WMAP strips with fixed values of A_0 and tan β. The experimental central values, the present experimental errors and theoretical uncertainties are as described in Ref. [2]. The experimental uncertainties, the intrinsic errors from unknown higher-order corrections and the parametric uncertainties have been added quadratically, except for BR(b → sγ), where they have been added linearly. Assuming that the four observables are uncorrelated, a χ^2 fit has been performed with χ^2 ≡ ∑_N n=1 ( R^{exp}_n − R^{theo}_n

)_2 / (σ_n)^2. Here R^{exp}_n denotes the experimental central value of the nth observable, so that N = 4 for the set of observables included in this fit, R^{theo}_n is the corresponding CMSSM prediction and σ_n denotes the combined error, as specified above. We have rejected all points of the CMSSM parameter space with either M_h < 111 GeV [12, 13] (taking into account theoretical uncertainties from unknown higher orders) or a chargino mass lighter than 103 GeV [14].

The results for tan β = 10 are shown in Fig. 1 using m_t = 178±4.3 GeV (left) and m_t = 172.7±2.9 GeV [11] (right). They indicate that, already at the present level of experimental accuracies, the electroweak precision observables combined with the WMAP constraint provide a sensitive probe of the CMSSM, yielding interesting information about its parameter space. For tan β = 10, the CMSSM provides a very good description of the data, resulting in a remarkably small minimum χ^2 value. The fit shows a clear preference for relatively small values of m_{1/2}, with a best-fit value of about m_{1/2} = 300 GeV. This minimum is even more pronounced and located at slightly lower m_{1/2} values for the lower top-quark mass value, where especially M_W and sin^2 θ_{eff} favour lower m_{1/2} values. The best fit is obtained for A_0 ≤ 0, while positive values of A_0 result in a somewhat lower fit quality. The fit yields an upper bound on m_{1/2} of about 600 (450) GeV at the 90% C.L. (corresponding to Δχ^2 ≤ 4.61) for m_t = 178.0 ± 4.3 GeV (m_t = 172.7 ± 2.9 GeV). Some of the principal contributions to the increase in χ^2 when m_{1/2} increases for tan β = 10 are as follows (evaluated for m_t = 178.0 ± 4.3 GeV). For A_0 = −m_{1/2}, m_{1/2} = 900 GeV, we find that (g − 2)_μ contributes about 5 to Δχ^2, M_W nearly 1 and sin^2 θ_{eff} about 0.2, whereas the contribution of BR(b → sγ) is negligible. On the other hand, for A_0 = +2m_{1/2}, which is disfavoured for tan β = 10, the minimum in χ^2 is due to a combination of the four observables, but (g − 2)_μ again gives the largest contribution for large m_{1/2}. For

PSN 0221 m_t = 172.7 ± 2.9 GeV the relative contribution of M_W and sin^2 θ_{eff} to Δχ^2 increases, so that also for A_0 = −m_{1/2} the Δχ^2 is more evenly distributed between the observables.

Figure 1: The results of χ^2 fits based on the current experimental results for the precision observables MW , sin^2 θeff , (g − 2)μ and BR(b → sγ) are shown as functions of m_{1/2} in the CMSSM parameter space with CDM constraints for tan β = 10 and different values of A0. The left plot shows the results for mt = 178.0 ± 4.3 GeV, and the right plot shows the results for mt = 172.7 ± 2.9 GeV.

Figure 2: The χ^2 contours in the CMSSM with tan β = 10 for the mass of the lighter chargino (left), m_{χ̃}+_1 ≈ m_{χ̃}0_2 , and the lighter stau (right), mτ̃_1 , based on the fits to the parameter space shown in the right plot of Fig. 1 (updated from Ref. [2] for mt = 172.7 ± 2.9 GeV).

In Fig. 2 the fit results of Fig. 1 (right plot, m_t = 172.7 ± 2.9 GeV) for tan β = 10 are expressed in terms of the masses of the lighter chargino, m_{χ̃}+_1 ≈ m_{χ̃}0_2 , and the mass of the lighter stau, m_{τ̃1} (updated from Ref. [2]). The best-fit value for m_{χ̃}+_1 is about 200 GeV, while for m_{τ̃1} the best-fit value is even below 150 GeV. The best-fit values for the masses of the neutralinos, charginos and sleptons [2] offer good prospects of direct sparticle detection at both the ILC [3] and the LHC [15], allowing a detailed determination of their properties [16]. There are also some prospects for detecting the associated production of charginos and neutralinos at the Tevatron collider, via their trilepton decay signature, in particular. This is estimated to be sensitive to m_{1/2} <∼ 250 GeV [17], covering much of the region below the best-fit value of m_{1/2} that we find for tan β = 10.

For tan β = 50 the overall fit quality is worse than for tan β = 10, and the sensitivity to m_{1/2} from the precision observables is lower, as is shown in Fig. 3 (left). This is related to the fact that, whereas M_W and sin^2 θ_{eff} prefer small values of m_{1/2} also for tan β = 50, the CMSSM predictions for (g − 2)_μ and BR(b → sγ) for high tan β are in better agreement with the data for larger m_{1/2} values, see the discussion in Ref. [2]. Also in this case the best fit is obtained for negative values of A_0, but the preferred values for m_{1/2} are 200–300 GeV higher than for tan β = 10.

PSN 0221

Figure 3: The results of a χ^2 fit based on the current experimental results for the precision observables MW , sin^2 θeff , (g − 2)μ and BR(b → sγ) are shown as functions of m_{1/2} in the CMSSM parameter space with CDM constraints for different values of A0, mt = 178.0 ± 4.3 GeV and tan β = 50 (left). The corresponding χ^2 contours for the mass of the lighter stau, mτ̃_1 , are shown in the right plot.

In the case tan β = 50 (for m_t = 178 ± 4.3 GeV) the best-fit values for the LSP mass and the lighter stau are still below about 250 GeV [2]. The fit result for the stau mass is shown in the right plot of Fig. 3. The minimum χ^2 for the other masses is shifted upwards compared to the case with tan β = 10. The best-fit values are obtained in the region 400–600 GeV. Correspondingly, these sparticles would be harder to detect. At the ILC with √ s <∼ 1 TeV, the best prospects would be for the production of χ̃^0_1χ̃^0_2 or of τ̃_1¯τ̃_1. Other particles can only be produced if they turn out to be on the light side of the χ^2 function.

For the case of tan β = 10, all the coloured particles should be accessible at the LHC [2]. However, among them, only t̃_1 has a substantial part of its χ^2-favoured spectrum below 500 GeV, which would allow its detection at the ILC. The same applies for the mass of the A boson. The Tevatron collider has a sensitivity to m_{t̃1} <∼ 450 GeV [17], which is about our best-fit value for tan β = 10. For the tan β = 50 case (with m_t = 178.0 ± 4.3 GeV) the particles are mostly inaccessible at the ILC, though the LHC has good prospects. However, at the 90% C.L. the coloured sparticle masses might even exceed ∼ 3 TeV, which would render their detection difficult. Concerning the heavy Higgs bosons, their masses may well be below ∼ 1 TeV. In the case of large tan β, this might allow their detection via the process bb̄ → bb̄H/A → bb̄ τ^+τ^− [18].

While in the fits presented above we kept A_0/m_{1/2} fixed, we now analyse the combined sensitivity of the precision observables M_W , sin^2 θ_{eff} , BR(b → sγ) and (g − 2)_μ in a scan over the (m_{1/2}, A_0) parameter plane. In order to perform this scan, we have evaluated the observables for a finite grid in the (m_{1/2}, A_0, m_0) parameter space, fixing m_0 using the WMAP constraint. We restrict ourselves here to the tan β = 10 case with m_t = 178 ± 4.3 GeV. Fig. 4 (left) shows the WMAP-allowed regions in the (m_{1/2}, A_0) plane. The current best-fit value obtained via χ^2 fit is indicated.^1 The coloured regions around the best-fit value correspond to the 68% and 90% C.L. regions (corresponding to Δχ^2 ≤ 2.30, 4.61, respectively). The precision data yield sensitive constraints on the available parameter space for m_{1/2} within the WMAP-allowed region. The precision data are less sensitive to A_0. The 90% C.L. region contains all the WMAP-allowed A_0 values in this region of m_{1/2} values. As expected from the discussion above, the best fit is obtained for negative A_0 and relatively small values of m_{1/2}. At the 68% C.L., the fit yields an upper bound on m_{1/2} of about 450 GeV. This bound is weakened to about 600 GeV at the 90% C.L. As discussed above, the overall fit quality is worse for tan β = 50, and the sensitivity to m_{1/2} is less pronounced (plot not shown here). In this case the best fit is obtained for m_{1/2} ≈ 500 GeV and negative A_0. The upper bound on m_{1/2} increases

1 A similar analysis within the CMSSM as the one presented here has recently been carried out in Ref. [19], where a fit has been performed involving all CMSSM parameters. In this analysis, which did not take into account the electroweak precision observables M_W and sin^2 θ_{eff} , a preference for larger values of tan β and somewhat larger m_{1/2} has been reported.

PSN 0221 to nearly 1 TeV at the 68% C.L.

Figure 4: The results of χ^2 fits for tan β = 10 based on the current experimental results (left) and for the anticipated ILC precision (right) for MW , sin^2 θeff , (g − 2)μ and BR(b → sγ) (including also Mh and BR(h → bb̄)/BR(h → W W^∗ ) in the right plot) are shown in the (m_{1/2}, A0) planes of the CMSSM with the WMAP constraint. The current best-fit point is indicated in both plots. In the right plot two further hypothetical future ‘best-fit’ values are shown for illustration. The coloured regions correspond to the 68% and 90% C.L. regions, respectively.

3. ILC PRECISION

We now turn to the analysis of the future sensitivities of the precision observables, based on the prospective experimental accuracies at the ILC and the estimates of future theoretical uncertainties discussed in Ref. [2]. We perform a χ^2 fit for the combined sensitivity of the observables M_W , sin^2 θ_{eff} , (g − 2)_μ, BR(b → sγ), M_h and BR(h → bb̄)/BR(h → W W^∗) in the (m_{1/2}, A_0) plane of the CMSSM assuming ILC accuracies. The right plot of Fig. 4 shows the corresponding fit results for tan β = 10. The WMAP-allowed region and the best-fit point according to the current situation (see the left plot of Fig. 4) are indicated. Two further hypothetical future ‘best-fit’ points have been chosen for illustration. For all the ‘best-fit’ points, the assumed central experimental values of the observables have been chosen such that they precisely coincide with the ‘best-fit’ points^2. The coloured regions correspond to the 68% and 90% C.L. regions around each of the ‘best-fit’ points according to the ILC accuracies.

The comparison of Fig. 4 (right) with the result of the current fit (left) shows that the ILC experimental precision will lead to a drastic improvement in the sensitivity to m_{1/2} and A_0 when confronting precision data with the CMSSM predictions. The comparison of these indirect predictions for m_{1/2} and A_0 with the information from the direct detection of supersymmetric particles would provide a stringent test of the CMSSM framework at the loop level. A discrepancy could indicate that supersymmetry is realised in a more complicated way than is assumed in the CMSSM. For the best-fit values of the current fit the ILC precision would allow one to narrow down the allowed CMSSM parameter space to very small regions in the (m_{1/2}, A_0) plane. For the example shown here with best-fit values around m_{1/2} = 300 GeV it is possible to constrain particle masses within about ±10% at the 95% C.L. from the comparison of the precision data with the theory predictions. Because of the decoupling property of supersymmetric theories, the indirect constraints become weaker for increasing m_{1/2}. The additional hypothetical ‘best-fit’ points shown in Fig. 4 (right) illustrate the indirect sensitivity to the CMSSM parameters in scenarios where the precision observables prefer larger values of m_{1/2}. We find that for a ‘best-fit’ value of m_{1/2} as large as 1 TeV, which would lie close to the LHC limit and beyond the direct-detection reach of the ILC, the precision data would still allow one to

2 We have checked explicitly that assuming future experimental values of the observables with values distributed statistically around the present ‘best-fit’ points with the estimated future errors does not degrade significantly the qualities of the fits.

PSN 0221 establish an upper bound on m_{1/2} within the WMAP-allowed region. Thus, this indirect sensitivity to m_{1/2} could give important hints for supersymmetry searches at higher-energy colliders. For ‘best-fit’ values of m_{1/2} in excess of 1.5 TeV, on the other hand, the indirect effects of heavy sparticles become so small that they are difficult to resolve even with ILC accuracies [2]. Whilst the present analysis has been restricted to the CMSSM, similar conclusions are expected to apply also in models beyond the CMSSM. Such an analysis is currently in preparation.

References

[1] G. Altarelli and M. Grünewald, hep-ph/0404165; see also: lepewwg.web.cern.ch/LEPEWWG/Welcome.html . [2] J. Ellis, S. Heinemeyer, K. Olive and G. Weiglein, JHEP 0502 (2005) 013, hep-ph/0411216. [3] J. Aguilar-Saavedra et al., hep-ph/0106315; T. Abe et al. hep-ex/0106056; K. Abe et al. hep-ph/0109166. [4] S. Heinemeyer, W. Hollik and G. Weiglein, hep-ph/0412214; J. Haestier, S. Heinemeyer, D. Stöckinger and G. Weiglein, hep-ph/0508139.

[5] W. de Boer, A. Dabelstein, W. Hollik, W. Mösle and U. Schwickerath, Z. Phys. C 75 (1997) 627, hep-ph/9607286;

hep-ph/9609209; W. de Boer, M. Huber, C. Sander and D. Kazakov, Phys. Lett. B 515 (2001) 283; W. de Boer and C. Sander, Phys. Lett. B 585 (2004) 276, hep-ph/0307049; D. Pierce and J. Erler, Nucl. Phys. Proc. Suppl. 62 (1998) 97, hep-ph/9708374; Nucl. Phys. B 526 (1998) 53, hep-ph/9801238; G. Cho, K. Hagiwara, C. Kao and R. Szalapski, hep-ph/9901351; G. Cho and K. Hagiwara, Nucl. Phys. B 574 (2000) 623, hep-ph/9912260; Phys. Lett. B 514 (2001) 123, hep-ph/0105037; J. Erler, S. Heinemeyer, W. Hollik, G. Weiglein and P.M. Zerwas, Phys. Lett. B 486 (2000) 125; hep-ph/0005024; W. de Boer, M. Huber, C. Sander and D. Kazakov, hep-ph/0106311; A. Djouadi, M. Drees and J. Kneur, JHEP 0108 (2001) 055, hep-ph/0107316; G. Belanger, F. Boudjema, A. Cottrant, A. Pukhov and A. Semenov, hep-ph/0407218.

[6] C. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1, astro-ph/0302207; D. Spergel et al. [WMAP Collaboration], Astrophys. J. Suppl. 148 (2003) 175, astro-ph/0302209.

[7] H. Goldberg, Phys. Rev. Lett. 50 (1983) 1419; J. Ellis, J. Hagelin, D. Nanopoulos, K. Olive and M. Srednicki, Nucl. Phys. B 238 (1984) 453.

[8] J. Ellis, K. Olive, Y. Santoso and V. Spanos, Phys. Lett. B 565 (2003) 176, hep-ph/0303043; U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 68 (2003) 035005, hep-ph/0303201; H. Baer and C. Balazs, JCAP 0305, 006 (2003), hep-ph/0303114; A. Lahanas and D. Nanopoulos, Phys. Lett. B 568, 55 (2003), hep-ph/0303130; R. Arnowitt, B. Dutta and B. Hu, hep-ph/0310103.

[9] M. Battaglia et al., Eur. Phys. J. C 22 (2001) 535, hep-ph/0106204; B. Allanach et al., Eur. Phys. J. C 25 (2002) 113, hep-ph/0202233; M. Battaglia, A. De Roeck, J. Ellis, F. Gianotti, K. Olive and L. Pape, Eur. Phys. J. C 33 (2004) 273, hep-ph/0306219; H. Baer, A. Belyaev, T. Krupovnickas and X. Tata, JHEP 0402 (2004) 007, hep-ph/0311351; J. Ellis, K. Olive, Y. Santoso and V. Spanos, hep-ph/0408118; B. Allanach, G. Belanger, F. Boudjema and A. Pukhov, hep-ph/0410091.

[10] J. Ellis, K. Olive, Y. Santoso and V. Spanos, Phys. Rev. D 69 (2004) 095004, hep-ph/0310356. [11] J. F. Arguin et al. [The CDF and D0 Collab. and the Tevatron Electroweak Working Group], hep-ex/0507091. [12] LEP Higgs working group, Phys. Lett. B 565 (2003) 61, hep-ex/0306033; hep-ex/0107030; hep-ex/0107031;

LHWG-Note 2004-01, see: lephiggs.web.cern.ch/LEPHIGGS/papers/ .

[13] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, G. Weiglein, Eur. Phys. J. C 28 (2003) 133, hep-ph/0212020. [14] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1. [15] ATLAS Collaboration, Detector and Physics Performance Technical Design Report, CERN/LHCC/99- 15 (1999), see: atlasinfo.cern.ch/Atlas/GROUPS/PHYSICS/TDR/access.html ; CMS Collaboration, see:

cmsinfo.cern.ch/Welcome.html/CMSdocuments/CMSplots/ .

[16] G. Weiglein et al. [LHC / ILC Study Group], hep-ph/0410364. [17] B. Heinemann and T. Kamon, private communications. [18] D. Denegri et al., hep-ph/0112045; D. Cavalli et al., hep-ph/0203056. [19] B. C. Allanach and C. G. Lester, hep-ph/0507283.

PSN 0221