Received: June 5, 2001, Accepted: June 6, 2001

HYPER VERSION

Indication for light sneutrinos and gauginos from precision electroweak data

Guido Altarelli, Gian Francesco Giudice and Paolo Gambino

Theoretical Physics Division, CERN CH–1211 Geneva 23, Switzerland E-mail: guido.altarelli@cern.ch, gian.giudice@cern.ch,

paolo.gambino@cern.ch

Giovanni Ridolfi

Theoretical Physics Division, CERN CH–1211 Geneva 23, Switzerland and On leave from INFN, Sezione di Genova Via Dodecaneso 33, I–16146 Genova, Italy E-mail: giovanni.ridolfi@cern.ch

Francesco Caravaglios

Dipartimento di Fisica, Università di Milano Via Celoria 16, I–20133 Milan, Italy E-mail: francesco.caravaglios@unimi.it

Abstract: The present standard model fit of precision data has a low confidence level, and is characterized by a few inconsistencies. We look for supersymmetric effects that could improve the agreement among the electroweak precision measurements and with the direct lower bound on the Higgs mass. We find that this is the case particularly if the 3.6 σ discrepancy between sin^2 θ_{eff} from leptonic and hadronic asymmetries is finally settled more on the side of the leptonic ones. After the inclusion of all experimental constraints, our analysis selects light sneutrinos, with masses in the range 55 − 80 GeV, and charged sleptons with masses just above their experimental limit, possibly with additional effects from light gauginos. The phenomenological implications of this scenario are discussed.

Keywords: Standard Model, Supersymmetric Standard Model, LEP HERA and SLC Physics.

Contents

1. Introduction 1

2. The data and their comparison with the standard model 4

3. Supersymmetric contributions 8

4. Phenomenological implications 13

5. Conclusions 16

1. Introduction

The results of the electroweak precision tests as well as of the searches for the Higgs boson and for new particles performed at LEP and SLC have now been presented in a close to final form. Taken together with the measurements of m_t, m_W and the searches for new physics at the Tevatron, and with some other data from low energy experiments, they form a very stringent set of precise constraints to compare with the Standard Model (SM) or with any of its conceivable extensions. When confronted with these results, on the whole the SM performs rather well, so that it is fair to say that no clear indication for new physics emerges from the data. However, if we look at the results in detail, there are a number of features that are either not satisfactory or could indicate the presence of small new physics effects. We will describe in quantitative terms the experimental results and their consistency among themselves and with the SM in the next section. Here we anticipate a qualitative discussion.

One problem is that the two most precise measurements of sin^2 θ_{eff} from A_{LR} and A^b_{F B} differ by 3.5 σ [1]. More in general, there appears to be a discrepancy between sin^2 θ_{eff} measured from leptonic asymmetries and from hadronic asymmetries. The result from A_{LR} is actually in good agreement with the leptonic asymmetries measured at LEP, while all hadronic asymmetries are better compatible with the result of A^b_{F B}. It is well known that this discrepancy is not likely to be explained by some new physics effect in the bb̄Z vertex. In fact A^b_{F B} is the product of lepton- and b-asymmetry factors: A^b_{F B} ∝ A_ℓA_b, where A_f = 2g^f_Ag^f_V /(g^f_A^2 + g^f_V^2). The sensitivity of A^b_{F B} to A_b is limited, because the A_ℓ factor is small, so that, in order to reproduce the measured discrepancy, the new effect should induce a large change of the b couplings with respect to the SM. But then this effect should be clearly visible in the direct measurement of A_b performed at SLD using the LR polarized b asymmetry, even within the moderate precision of this result, and it should also appear in the accurate measurement of R_b ∝ g^b_A^2 + g^b_V^2. Neither A_b nor R_b show deviations of the expected size. One concludes that most probably the observed discrepancy is due to a large statistical fluctuation and/or to an experimental problem. Indeed, the measurement of A^b_{F B} not only requires b identification, but also distinguishing b from b̄, and therefore the systematics involved are different than in the measurement of R_b. At any rate, the disagreement between A^b_{F B} and A_{LR} implies that the ambiguity in the measured value of sin^2 θ_{eff} is larger than the nominal error obtained from averaging all the existing determinations.

Another point of focus is the relation between the fitted Higgs mass and the lower limit on this mass from direct searches, m_H > 113 GeV, as it was recently stressed in ref. [2]. The central value of the fitted mass is systematically below the limit. In particular, given the experimental value of the top mass, the measured results for m_W (with perfect agreement between LEP and the Tevatron) and sin^2 θ_{eff} measured from leptonic asymmetries, taken together with the results on the Z_0 partial widths, push the central value of m_H very much down. In fact, if one arbitrarily excludes sin^2 θ_{eff} measured from the hadronic asymmetries, the fitted value of m_H becomes only marginally consistent with the direct limit, to a level that depends on the adopted value and the error for α_{QED}(m_Z ). Consistency is reinstated if the results from hadronic asymmetries are also included, because they drive the fitted m_H value towards somewhat larger values.

In conclusion, if one takes all available measurements into account the χ^2 of the SM fit is not good, with a probability of about 4%, partly because the measurements of sin^2 θ_{eff} are not in good agreement among them. If, on the other hand, one only takes the results on sin^2 θ_{eff} from the leptonic asymmetries, then the χ^2 of the SM fit considerably improves, but the consistency with the direct limit on m_H becomes marginal.

In this article we enlarge the discussion of the data from the SM to the Minimal Supersymmetric Standard Model (MSSM). We look for regions of the MSSM parameter space where the corrections are sufficiently large and act in the direction of improving the quality of the fit and the consistency with the direct limit on m_H with respect to the SM, especially in the most unfavourable case for the SM that the results on sin^2 θ_{eff} from the hadronic asymmetries are discarded. We will show that, if sleptons (and, to a lesser extent, charginos and neutralinos) have masses close to their present experimental limits, it is possible to considerably improve the overall picture. In particular the possible MSSM effects become sizeable if we allow the sneutrino masses to be as small as allowed by the direct limits on m^2_{ν̃} and by those on charged slepton masses, which are related by m^2_{ℓ̃±L} = m^2_{ν̃} + m^2_W | cos 2β|. At moderately large values of tan β (i.e. for | cos 2β| ∼ 1), light sneutrinos with masses as low as 55 GeV are not excluded by present limits, while charged sleptons must be heavier than 96 GeV. These low values of the sneutrino mass can still be compatible with the neutralino being the lightest supersymmetric particle. This region of parameter space was not emphasized in some past analyses [3, 4, 5]. We recall that tan β ≳ 2 − 3 is required by LEP, and large tan β and light sleptons are indicated by the possible deviation observed by the recent Brookhaven result [6] on the muon g − 2, if this discrepancy is to be explained by a MSSM effect. We find it interesting that, by taking seriously the small hints that appear in the present data, one can pinpoint a region of the MSSM which match the data better than the SM, and is likely to be within reach of the present run of the Tevatron and, of course, of the LHC.

For this analysis in the MSSM we use the technique of the epsilon parameters ϵ_1, ϵ_2, ϵ_3 and ϵ_b, introduced in ref. [7]. The variations of ϵ_1, ϵ_2 and ϵ_3 due to new physics contributions are proportional to the shifts in the T , U, and S parameters [8], respectively, if one keeps only oblique contributions (i.e. terms arising from vacuum polarization diagrams), expanded up to the first power in the external momentum squared. But in the MSSM not all important contributions are of this kind [5]. We recall that the starting point of the epsilon analysis is the unambiguous definition of the ϵ_i in terms of four basic observables that were chosen to be sin^2 θ_{eff} from A^μ_{F B}, Γ_μ, m_W and R_b. Given the experimental values of these quantities, the corresponding experimental values of the ϵ_i follow, independent of m_t and m_H , with an error that, in addition to the propagation of the experimental errors, also includes the effect of the present ambiguities in α_s(m_Z ) and α_{QED}(m_Z ).

If one assumes lepton universality, which is well supported by the data within the present accuracy, then the combined results on sin^2 θ_{eff} from all leptonic asymmetries can be adopted together with the combined leptonic partial width Γ_ℓ. At this level the epsilon analysis is model-independent within the stated lepton universality assumption. As a further step we can observe that by including the information on the hadronic widths arising from Γ_Z , σ_h, R_ℓ, the central values of the ϵ_i are not much changed (with respect to the error size) and the errors are slightly decreased. Thus one may decide of including or not including these data in the determination of the ϵ_i, without affecting the results.

Different is the case of including the results from the hadronic asymmetries in the combined value of sin^2 θ_{eff} . In this case, obviously, the determination of ϵ_i is sizeably affected and one remains with the alternative between an experimental problem or a bizarre effect of some new physics in the b coupling (not present in the MSSM). But if we remain within the first stage of purely leptonic measurements plus m_W and R_b, the ϵ_i analysis is quite general and, in particular, is independent of an assumption of oblique correction dominance.

The comparison with the SM can be repeated in the context of the ϵ_i. The predicted theoretical values of the ϵ_i in the SM depend on m_H and m_t, while they are practically independent of α_s(m_Z ) and α_{QED}(m_Z ). If we only take the leptonic measurements of sin^2 θ_{eff} , for m_H = 113 GeV and m_t = 174.3 GeV one finds that the experimental value of ϵ_1 agrees within the error with the prediction, while both ϵ_2 and ϵ_3 are below the theoretical expectation by about 1 σ. We recall that m_W is related to ϵ_2 and the fact that the experimental value is below the prediction for this quantity corresponds to the statement that m_W would prefer a value of m_H much smaller than m_H = 113 GeV. Similarly the smallness of the fitted value of ϵ_3 with respect to the prediction has to do with the marked preference for a light m_H of sin^2 θ_{eff} from all leptonic asymmetries. The agreement between fitted value and prediction for ϵ_1, which, contrary to ϵ_2 and ϵ_3, contains a quadratic dependence on m_t, reflects the fact that the fitted value of m_t is in agreement with the measured value. The other variable that depends quadratically on m_t is ϵ_b. The agreement of the fitted and predicted values of ϵ_b reflects the corresponding present normality of the results for R_b.

2. The data and their comparison with the standard model

We start by summarising the different existing determinations of sin^2 θ_{eff} and their mutual consistency. The two most precise measurements from A_{LR} by SLD and A^b_{F B} by LEP lead to

sin^2 θ_{eff} = 0.23098 ± 0.00026 (A_{LR}) (2.1) sin^2 θ_{eff} = 0.23240 ± 0.00031 (A^b_{FB}) . (2.2)

As already mentioned these two measurements differ by 3.5σ. If we take sin^2 θ_{eff} from the combined LEP/SLD leptonic or hadronic asymmetries we have

sin^2 θ_{eff} = 0.23114 ± 0.00020 (all leptonic asymmetries) (2.3) sin^2 θ_{eff} = 0.23240 ± 0.00029 (all hadronic asymmetries) . (2.4)

The resulting discrepancy is at 3.6 σ, thus at about the same level. By combining all the above measurements one obtains

sin^2 θ_{eff} = 0.23156 ± 0.00017 (all asymmetries) . (2.5)

We see that the dispersion between the results from leptonic and hadronic asymmetries is much larger than the nominal error in the combination.

The experimental values [1] of the most important electroweak observables which are used in our analysis are collected in table 1.

A quantity which plays a Quantity Data (March 2001)

m_Z (GeV) 91.1875(21) Γ_Z (GeV) 2.4952(23) σ_h (nb) 41.540(37) R_ℓ 20.767(25) R_b 0.21664(68) Γ_ℓ (MeV) 83.984(86) A^ℓ_{F B} 0.01714(95) A_τ 0.1439(41) A_e 0.1498(48) A^b_{F B} 0.0982(17) A^c_{F B} 0.0689(35) A_b (SLD direct) 0.921(20) sin^2 θ_{eff} (all lept. asym.) 0.23114(20) sin^2 θ_{eff} (all hadr. asym.) 0.23240(29) m_W (GeV) (LEP2+pp̄) 80.448(34) m_t (GeV) 174.3(5.1) α_s(m_Z ) 0.119(3)

Table 1: Observables included in our global fit.

very important role in the interpretation of the electroweak precision tests is the value of α_{QED}(m_Z ), the QED coupling at the scale m_Z or, equivalently, Δα_h, the hadronic contribution to the shift Δα, with α_{QED}(m_Z ) = α/(1 − Δα). We adopt here as our main reference values those recently derived in ref. [9]:

Δα_h = 0.02761 ± 0.00036 , α^{−1}_{QED}(m_Z ) = 128.936 ± 0.049 (BP01) . (2.6)

A larger set of recent determinations of Δα_h will also be used for comparison (see table 2).

We consider now different SM fits to the observables m_t, m_W , Γ_ℓ, R_b, α_s(m_Z ), α_{QED}, with different assumptions on the input value of sin^2 θ_{eff} . These fits are based on up-to-date theoretical calculations [10]. We start by considering sin^2 θ_{eff} from all leptonic asymmetries, eq. (2.3), and sin^2 θ_{eff} from all hadronic asymmetries, eq. (2.4), as two distinct inputs in the same fit. In this case, we find χ^2/d.o.f. = 18.4/4, corresponding to C.L.=0.001. When a more complete analysis is performed, including all 20 observables in the global fit, the situation is still not satisfying, although less dramatic: ref. [1] reports χ^2/d.o.f. = 26/15, with C.L.=0.04. If we now exclude sin^2 θ_{eff} from all hadronic asymmetries, the quality of the fit of our seven observables significantly improves, giving χ^2/d.o.f. = 2.5/3, C.L.=0.48, while the fit to all observables except A^b_{F B} gives [2] χ^2/d.o.f. = 15.8/14, C.L.=0.33. Finally, if we instead exclude sin^2 θ_{eff} from all leptonic asymmetries, we find χ^2/d.o.f. = 15.3/3, C.L.=0.0016. Thus it appears that the leptonic value of sin^2 θ_{eff} leads to the best overall consistency in terms of C.L..

We now consider the corresponding fitted values of the Higgs mass, and the 95% C.L. upper limits. In the first case studied above, namely when sin^2 θ_{eff} from both hadronic and leptonic asymmetries are included, with Δα^{BP01}_h given in eq. (2.6), we obtain a central value for the Higgs mass of m_H = 100 GeV, with a 95% C.L. limit m_H < 212 GeV. These values are indeed in complete agreement with the SM fit results presented by the LEP Electroweak Group [1], based on the complete set

Ref. Δα_h m_H (GeV) 95% C.L. limit (GeV) BP01 [9] 0.02761(36) 42 109 J01 [11] 0.027896(395) 34 91 Jeucl01 [11] 0.027730(209) 40 98 MOR00 [12] 0.02738(20) 52 124 DH98 [13] 0.02763(16) 42 104 KS98 [14] 0.02775(17) 38 96 EJ95 [15] 0.02804(65) 28 90

Table 2: Different determinations of Δα_h and their influence on the fitted Higgs mass.

of observables: m_H = 98 GeV and m_H < 212 GeV. Neglecting the fact that the dispersion of the various measurements corresponds to a very poor χ^2, there is no significant contradiction with the direct limit on m_H . However, it is well known and was recently emphasized in ref. [2] that, if instead we use sin^2 θ_{eff} measured from leptonic asymmetries only, see eq. (2.3), which leads to the best value of χ^2/d.o.f., then the fitted value of m_H markedly drops and the consistency with the direct limit becomes marginal. In fact, in this case, all other inputs being the same, we find m_H = 42 GeV and m_H < 109 GeV. In table 2 we report the corresponding results for some other determinations of Δα_h. We see that, while there is some sensitivity to this choice, the conclusion that the compatibility of the fitted value of m_H with the direct limit becomes marginal is quite stable. Similarly, we believe that uncalculated higher order effects cannot have a serious impact, as they can be estimated [17] to shift the 95% C.L. up by at most 10-15 GeV.

It must however be recalled that the level of compatibility is sensitive to the top mass, and is increased if m_t is moved up within its error bar: for a shift up by 1σ we find, using Δα^{BP01}_h , m_H = 58 GeV and m_H < 156 GeV.

We now consider the epsilon analysis. As already mentioned, the predicted values of the epsilon variables in the SM depend on m_t and m_H , while they are practically insensitive to small variations of α_s(m_Z ) and α_{QED}(m_Z ). We report here the values of ϵ_i for m_H = 113 GeV and m_t = 174.3 − 5.1, 174.3, 174.3 + 5.1 GeV, respectively:

ϵ_1 = 5.1 × 10^{−3}, 5.6 × 10^{−3}, 6.0 × 10^{−3} ϵ_2 = −7.2 × 10^{−3}, −7.4 × 10^{−3}, −7.6 × 10^{−3} ϵ_3 = 5.4 × 10^{−3}, 5.4 × 10^{−3}, 5.3 × 10^{−3} ϵ_b = −6.2 × 10^{−3}, −6.6 × 10^{−3}, −7.1 × 10^{−3} . (2.7)

We first consider the observables sin^2 θ_{eff} measured from leptonic asymmetries, see eq. (2.3), Γ_ℓ, m_W , and R_b. From these observables we obtain the following values of the ϵ_i:

ϵ_1 = (5.1 ± 1.0) × 10^{−3} ϵ_2 = (−9.0 ± 1.2) × 10^{−3} ϵ_3 = (4.2 ± 1.0) × 10^{−3} ϵ_b = (−4.2 ± 1.8) × 10^{−3} . (2.8)

(in our fits, the value of α_s was kept fixed). The errors also include the effect of the quoted errors on α_s(m_Z ) and α_{QED}(m_Z ). At this stage we have only assumed lepton universality and the derivation of the ϵ_i is otherwise completely model independent. For example, no assumption of oblique corrections dominance is to be made. It is interesting to observe that if we add to the previous set of observables the information on the hadronic widths arising from Γ_Z , σ_h, R_ℓ we obtain for the ϵ_i

ϵ_1 = (5.0 ± 1.0) × 10^{−3} ϵ_2 = (−9.1 ± 1.2) × 10^{−3} ϵ_3 = (4.2 ± 1.0) × 10^{−3} ϵ_b = (−5.7 ± 1.6) × 10^{−3} . (2.9)

The central values are only changed by a small amount (in comparison with the error size) with respect to the previous fit. We interpret this result by concluding that the hadronic Z_0 widths are perfectly compatible with the leptonic widths. Thus, if there are new physics corrections in the widths, these must be mostly of universal type like from vacuum polarization diagrams. A posteriori we can add this information in the epsilon analysis which allows to slightly reduce the errors on the individual ϵ_i.

We can now consider the sensitivity of the ϵ_i to the different determinations of sin^2 θ_{eff} . We take the same set of observables as in the previous fit in eqs. (2.9), but replace sin^2 θ_{eff} from leptonic asymmetries with that obtained from all combined measurements, as given in eq. (2.5). The corresponding values of the ϵ_i are given by

ϵ_1 = (5.4 ± 1.0) × 10^{−3} ϵ_2 = (−9.7 ± 1.2) × 10^{−3} ϵ_3 = (5.4 ± 0.9) × 10^{−3} ϵ_b = (−5.5 ± 1.6) × 10^{−3} . (2.10)

We see that the most sensitive variable to sin^2 θ_{eff} is ϵ_3 that changes by more than 1σ in the direction of a better agreement with the SM prediction for m_H = 113 GeV, but the value of ϵ_2 is even further away from the SM prediction. This is in agreement with the results obtained in the direct analysis of the data in the SM.

The results of the above fits of the ϵ_i, including the error correlations among different variables, are shown in figure 1. In these figures we display the 1σ ellipses in the ϵ_i-ϵ_j plane that correspond to the fits in eqs. (2.8),(2.9) and (2.10). Note that these ellipses project ±1σ errors on either axis. As such the probability for both ϵ_i and ϵ_j to fall inside the ellipse is only about 39%. The ellipses that correspond to

Figure 1: One-sigma ellipses in the ϵ_3 − ϵ_2 (left) and in the ϵ_1 − ϵ_3 (right) planes obtained from: a. m_W , Γ_ℓ, sin^2 θ_{eff} from all leptonic asymmetries, and R_b; b. the same observables, plus the hadronic partial widths derived from Γ_Z , σ_h and R_ℓ; c. as in b., but with sin^2 θ_{eff} also including the hadronic asymmetry results. The solid straight lines represent the SM predictions for m_H = 113 GeV and m_t in the range 174.3 ± 5.1 GeV. The dotted curves represent the SM predictions for m_t = 174.3 GeV and m_H in the range 113 to 500 GeV.

other significance levels can be obtained by scaling the ellipse axes by suitable well known factors. We note the following salient features. The fitted values of ϵ_1 are in all cases perfectly compatible with the predicted value in the SM. This corresponds to the fact that the fitted and the measured values of m_t coincide. The fitted values of ϵ_2 are always below the prediction, reflecting the fact that the measured value of m_W would prefer smaller m_H and/or larger m_t. The ϵ_2 deviation is larger when also the measurement of sin^2 θ_{eff} from the hadronic asymmetries is included. The fitted values of ϵ_3 are below the prediction if the value of sin^2 θ_{eff} from leptonic asymmetries is used, while the agreement is restored if the measurement of sin^2 θ_{eff} from the hadronic asymmetries is included.

In conclusion, the epsilon analysis reproduces the results obtained from the direct comparison of the data with the SM. The most important features are that both m_W and sin^2 θ_{eff} from leptonic asymmetries appear to favour small m_H and/or large m_t. In the following we will discuss the effect of supersymmetry and the choice of MSSM parameters that this trend suggests.

3. Supersymmetric contributions

Now we want to investigate whether low-energy supersymmetry can reconcile a Higgs mass above the direct experimental limit with a good χ^2 fit of the electroweak data, in the case of sin^2 θ_{eff} near the value obtained from leptonic asymmetries. Our approach

Figure 2: Measured values (cross) of ϵ_3 and ϵ_2 (left) and of ϵ_1 and ϵ_3 (right), with their 1 σ region (solid ellipses), corresponding to case (a) of figure 1. The area inside the dashed curves represents the MSSM prediction for m_{ẽL} between 96 and 300 GeV, m_χ+ between 105 and 300 GeV, −1000 GeV < μ < 1000 GeV, tan β = 10, m_{ẽR} = 1 TeV. and m_A = 1 TeV.

is to discard the measurement of A^b_{F B} , which cannot be reproduced by conventional new physics effects, fix the Higgs mass above its present limit, and look for supersymmetric corrections that can fake a very light SM Higgs boson. As we have discussed in the previous section and as summarized in figure 1, this can be achieved if the new physics contributions to the ϵ parameters amount to shifting ϵ_2 and ϵ_3 down by slightly more than 1 σ, while leaving ϵ_1 essentially unchanged.

Squark loops cannot induce this kind of shifts in the ϵ parameters, since their leading effect is a positive contribution to ϵ_1. Thus, we will assume that all squarks are heavy, with masses of the order of one TeV. Since the mass of the lightest Higgs m_H receives a significant contribution from stop loops, we can treat m_H as an independent parameter and, in our analysis, we fix m_H = 113 GeV. Varying the pseudoscalar Higgs mass m_A does not modify the results of our fit, and therefore we fix m_A = 1 TeV. The choice of the right-handed slepton mass has also an insignificant effect on the fit. Therefore, we are left with four relevant supersymmetric free parameters: the weak gaugino mass M_2, the higgsino mass μ, the ratio of the Higgs vacuum expectation values tan β (which are needed to describe the chargino–neutralino sector), and a supersymmetry-breaking mass for the left-handed sleptons, m̃_{ℓL} (lepton flavour universality is assumed). The choice of the B-ino mass parameter M_1 does not significantly affect our results and, for simplicity, we have assumed the gaugino unification relation M_1 = 5/3M_2 tan^2 θ_W .

We have computed the supersymmetric one-loop contributions to ϵ_1, ϵ_2 and ϵ_3 using the results presented in ref. [4, 3], and the package LoopTools [16] for the numerical computation of loop integrals. Figure 2 shows the range of the ϵ parameters that can be spanned by varying M_2, μ, tan β, and m̃_{ℓL} , consistently with the present experimental constraints. We have imposed a limit on charged slepton masses of 96 GeV [18], on chargino masses of 103 GeV [18], and on the cross section for neutralino production σ(e^+e^− → χ^0_1χ^0_2 → μ^+μ^−/E) < 0.1 pb. We have also required that the supersymmetric contribution to the muon anomalous magnetic moment, a_μ = (g − 2)/2, lie within the range 0 < δa_μ < 7.5 × 10^{−9}. As apparent from figure 2, light particles in the chargino-neutralino sector and light left-handed sleptons shift the values of ϵ_i in the favoured direction, and by a sufficient amount to obtain a satisfactory fit.

In figure 3 we show an alternative presentation of our results directly in terms of the shifts in the observables m_W , sin^2 θ_{eff} and Γ_ℓ induced by supersymmetry.^1 For reference, we also display in figure 3 the difference between the measured values of the observables (excluding the hadronic asymmetries) and the corresponding SM predictions for m_H = 113 GeV, m_t = 174.3 GeV. Supersymmetric contributions can bring the theoretical predictions in perfect agreement with the data. An interesting observation is that sparticle effects can increase m_W by δm_W up to ∼ 100 MeV, which corresponds to approximately three standard deviations, and decrease sin^2 θ_{eff} by δ sin^2 θ_{eff} up to about −8×10^{−4} (∼ 4 σ). Note the marked anticorrelation between δm_W and δ sin^2 θ_{eff} . Γ_ℓ is moved upwards, but only by less than 90 keV, or about 1 σ.

Let us now analyse in detail the mass spectrum responsible for this effects on the ϵ parameters. The most significant contribution is coming from light sneutrinos. The effect is maximal when tan β is large since this allows the smallest possible sneutrino mass compatible with the charged slepton mass bound,

m^2_{ẽL} = m^2_{ν̃} + m^2_W |cos 2β| . (3.1)

Figure 4 shows the supersymmetric contributions to the ϵ parameters as functions of the charged slepton (or sneutrino) mass, for a (purely gaugino) chargino of 105 GeV and for tan β = 10. The steep functional dependence of the ϵ’s on m_{ν̃} illustrates why very light sneutrinos are required to improve significantly the electroweak fit. The dependence of the ϵ’s on the lightest chargino mass (again for a purely gaugino state) is shown in figure 5. This dependence is quite milder than in the sneutrino case. Notice from figure 5 that, even in the limit of heavy charginos, in which all the effect is coming from slepton vacuum polarization contributions, we can obtain a significant improvement over the SM fit of electroweak data. Light charginos (mostly because of their contributions to vertex and box diagrams) can improve the situation, especially by making |δϵ_3| ≲ |δϵ_2|, as it seems suggested by the data. Next, we show in figure 6 how the supersymmetric contributions to ϵ’s vary with the

1A good approximation of the relations between shifts in the physical observables and in the ϵ parameters is given by δm_W = (0.53δϵ_1 − 0.37δϵ_2 − 0.32δϵ_3) × 10^5 MeV; δΓ_ℓ = (1.01δϵ_1 − 0.22δϵ_3) × 10^5 keV; δ sin^2 θ_{eff} = −0.33δϵ_1 + 0.43δϵ_3.

Figure 3: The area inside the dotted curves represents the shifts in the values of sin^2 θ_{eff} , m_W and Γ_ℓ induced by supersymmetric corrections, for the same parameter region as in figure 2. The shifts necessary to reproduce the central values of the data with m_t = 174.3 GeV and m_H = 113 GeV are also shown, together with the corresponding experimental errors. The dot-dashed lines are obtained by varying the left slepton masses, with all other supersymmetric particle decoupled. The solid curve is obtained analogously, but also keeping a gaugino-like chargino of 105 GeV. In each curve, the circles correspond to m_{ν̃} = 60, 70, 80 GeV from left to right.

lightest chargino composition (or, in other words, with the parameter μ, for a fixed value of the chargino mass m_χ+ = 105 GeV). Part of the region where the lightest chargino is dominantly a gaugino state (i.e. large μ) is preferred by the requirements δϵ_1 ≲ 0 and |δϵ_3| ≲ |δϵ_2|, suggested by the data. For illustration purposes, the bound 0 < δa_μ < 7.5 × 10^{−9} has not been imposed in figure 6. It would have the effect of excluding the region of negative μ, and the region where the lightest chargino is dominantly a higgsino (small |μ|).

The effect of the light sneutrinos on the electroweak observables is also explicitly shown in figure 3. The dot-dashed lines show the contribution of light left sleptons, when all other supersymmetric particles are decoupled. It is apparent that left sleptons alone are responsible for the largest part of the effect. When light gauginos are added to the spectrum (see solid lines of figure 3) sin^2 θ_{eff} increases, Γ_ℓ decreases, and m_W remains constant, bringing the theoretical prediction to an even better agreement with the data. On the other hand, light higgsinos (which appear only in vacuum polarization diagrams) further decrease sin^2 θ_{eff} and increase m_W with respect to the sneutrino contribution.

To summarize, the request of an improved electroweak data fit is making precise demands on the supersymmetric mass spectrum. The left-handed charged sleptons have to be very close to their experimental bounds, the sneutrino mass is selected to be below about 80 GeV, the squarks are in the TeV range, and tan β ≳ 4, while there

Figure 4: Supersymmetric contributions to the ϵ parameters as functions of the charged slepton (or sneutrino) mass, for a (purely gaugino) chargino mass of 105 GeV and tan β = 10.

Figure 5: Supersymmetric contributions to the ϵ parameters as functions of the mass of a (purely gaugino) chargino, for a charged slepton mass of 96 GeV and tan β = 10.

is no information on right-handed slepton masses. The lightest chargino, preferably a gaugino state with mass below about 150 GeV, further improves the fit. This range of supersymmetric parameters is very adequate in explaining the alleged discrepancy between the experimental and theoretical values of the muon anomalous magnetic moment [6]. In practice, requiring the supersymmetric contribution to g − 2 to be in the range indicated by the data amounts to selecting a sign (positive in our

Figure 6: Supersymmetric contributions to the ϵ parameters as functions of the higgsino mass μ, for a charged slepton mass of 96 GeV, a chargino mass of 105 GeV, and tan β = 10.

conventions) of the parameter μ. We recall that, for moderately large tan β, the negative sign of μ is disfavoured by the present measurements of the B → X_sγ branching ratio.

4. Phenomenological implications

It is interesting to consider if the requirements obtained in the previous section on the mass spectrum are consistent with predictions from the various theoretical schemes proposed for supersymmetry breaking. Squarks much heavier than sleptons, heavy higgsino states, and large values of tan β are fairly generic consequences of supersymmetric models with heavy gluinos and radiative electroweak symmetry breaking. More unusual is the existence of a sneutrino with mass less than about 80 GeV. For instance, in the supergravity-inspired scheme, in which all sleptons have a common supersymmetry-breaking mass at the GUT scale and gaugino masses are unified, we find m^2_{ẽL} − m^2_{ẽR} = 0.56M^2_2 + m^2_Z 2 (1 − 4 sin^2 θ_W ) |cos 2β| . (4.1)

This relation, together with eq. (3.1), implies that m_{ν̃} ≳ m_{ẽR} , once we use the chargino mass limit M_2 ≳ 100 GeV. The experimental limit on m_{ẽR} rules out the possibility of a very light sneutrino. Therefore, m_{ν̃} < 80 GeV requires different supersymmetry-breaking masses for left and right sleptons. This could be achieved in supergravity GUT schemes with non-universal soft masses, by giving different scalar mass terms to matter fields in the ¯5 and in the 10 representations of SU(5). If we call m_0 the left slepton soft mass at the GUT scale, the sneutrino mass is approximately given by

m^2_{ν̃} = m^2_0 + 0.78M^2_2 − m^2_Z 2 |cos 2β| . (4.2)

If we impose m^2_0 > 0, the requirement m_{ν̃} < 80 GeV implies M_2 < 116 GeV, and therefore the chargino should lie just beyond its experimental limit.

Gauge-mediated supersymmetry breaking models [19] always predict m~_{ℓR} < m~_{ℓL} , and exclude the existence of a very light sneutrino. On the other hand, this is a possibility in anomaly-mediated models [20] with an additional universal supersymmetrybreaking scalar mass, since the right and left charged sleptons turn out to be nearly degenerate in mass [21]:

m^2_{ẽL} − m^2_{ẽR} ≃ 0.04 ( m^2_Z |cos 2β| + M^2_2 ln m_{ẽR} m_Z ) . (4.3)

In the case of anomaly mediation, the relation between gaugino masses is M_1 = 11M_2 tan^2 θ_W , but this does not give any sizeable modification of the results shown in figures 2–6. Therefore, both GUT supergravity schemes with non-universal mass terms and anomaly mediation can give mass spectra compatible with the requirements discussed in the previous section.

The selected supersymmetric mass spectrum, with sleptons and possibly charginos just beyond the present experimental bounds, is certainly very encouraging for the next generation of experiments. Future hadron and linear colliders can fully probe this parameter region. However, the phenomenology may be slightly unconventional. Indeed, the lightest supersymmetric particle (LSP) is either a neutralino (most probably a B-ino state) or the sneutrino. In gravity mediation with gaugino unification, the neutralino can be the LSP only if m_χ± < 110–120 GeV. In anomaly mediation, there is the possibility that an almost mass-degenerate SU(2) triplet of gaugino states is the LSP, and the LEP bound on chargino masses is evaded. Otherwise, the sneutrino is the LSP.

A light spectrum of electroweak interacting sparticles is promising for early discovery. Hard leptons generated from the decay chains of supersymmetric particles are the generic signature of our scenario with light sleptons. This is particularly promising for searches at the Tevatron that rely on trilepton events. The trilepton topology is generated by production of a χ^±_1 χ^0_2 pair with a subsequent fully leptonic decay. In our case, we expect that the dominant decay modes of the (W -ino like) next-to-lightest neutralino are χ^0_2 → ℓ̃^±_L ℓ^∓ and χ^0_2 → ν̃ν and, for the chargino, χ^±_1 → ν̃ℓ^± and χ^±_1 → ℓ̃^±_L ν. The decay modes into ℓ̃_R are strongly suppressed in the pure W -ino limit, while an excess of τ in the final state is present for a significant gaugino–higgsino mixing.

The slepton decay modes depend on the nature of the LSP. However in either case (ℓ̃^±_L → ℓ^±χ^0_1 and ν̃ → νχ^0_1 for χ^0_1 LSP or ℓ̃^±_L → ν̃^′ℓ^{±′}ν, ℓ̃^±_L → ν̃f̄f^′ for ν̃ LSP), the final states are rather similar. Notice however that, for a sneutrino LSP, the charged slepton can decay also into a charged lepton of a different flavour, ℓ̃^±_L → ℓ^{±′}/E, or into quarks. The branching ratio into a single trilepton channel is approximately

BR(χ^0_2 → μ^+μ^−/E) × BR(χ^±_1 → μ^±/E) = 1 9 1 + ( m^2_{χ02} − m^2_{ν̃} m^2_{χ02} − m^2_{ℓ̃L} )_2 −1 . (4.4)

At present the experimental limit on the cross section of a single trilepton channel is σ(3μ) < 0.05 pb for m_χ±_1 = 100–120 GeV [22]. Since the cross section for production of gaugino-like χ^±_1 χ^0_2 at √ s = 2 TeV is 0.3 pb (0.2 pb) for m_χ±_{1 ,χ}0_2 = 100 GeV (120 GeV), the signal rate (which is obtained by multiplying eq. (4.4) by the cross section) is not far beyond the present limit, and within reach of the Tevatron upgrading.^2

Let us now make some remarks on the relic abundance of the LSP in the scenario discussed here. Sneutrinos rapidly annihilate with antisneutrinos in the early universe through Z^0 exchange in the s-channel. Even in case of a cosmic lepton asymmetry, their number density would still be depleted by the process ν̃ν̃ → νν via neutralino t-channel exchange. This annihilation process is efficient, having an s-wave contribution, and it leads to a present sneutrino relic density

Ω_{ν̃} h^2 ≃ 10^{−3} ( M_2 100 GeV

)_2 ( 1 + m^2_{ν̃} M^2_2 ) . (4.5)

Values of Ω_{ν̃} interesting for the dark matter problem would require M_2 ≳ 1 TeV. At any rate, since the sneutrino-nucleon scattering cross section, in the non-relativistic regime, is 4 times larger than the cross section for a Dirac neutrino of the same mass, the case of a sneutrino with halo density in our galaxy has been ruled out by nuclear recoil detection searches. Nevertheless, it has been suggested [23] that a cold dark matter sneutrino could be resurrected in presence of a lepton-number violating interaction that splits the real and imaginary parts of the sneutrino field, since this would lead to a vanishing coupling of the LSP to the Z^0 boson.

Cosmologically more interesting is the case of a neutralino LSP. For a B-ino LSP and for m_{ẽR} ≲ 2m_{ν̃} , the neutralino annihilation rate in the early universe is dominated by ℓ̃_R exchange, and its relic abundance is approximately given by [24]

Ω_χh^2 ≃ m^4_{ẽR} TeV^2 m^2_{χ01} f ( m^2_{χ01} m^2_{ẽR} ) , (4.6)

where f(x) = (1+x)^4/(1+x^2). For instance, for m_χ0_1 = 60 GeV and m_{ẽR} = 130 GeV, we obtain Ω_χ = 0.3 (for a Hubble constant h = 0.7). If m_{ẽR} ≳ 2m_{ν̃} , then t-channel sneutrino and left charged slepton exchange dominate the annihilation cross section.

2We thank G. Polesello for help in the numerical calculation.

Since the hypercharge of left sleptons is half the hypercharge of right sleptons, even in this case we obtain an appropriate value of the neutralino relic abundance. For instance, for m_χ0_1 = 60 GeV and m_{ν̃} = 70 GeV, we find Ω_χ = 0.5. However, we recall that coannihilation effects [25] between ν̃ and χ^0_1 could significantly reduce the estimate of the relic abundance given here. Nevertheless, we can conclude that the supersymmetric mass spectrum selected by our analysis of electroweak data can predict the correct χ^0_1 relic density to explain dark matter.

5. Conclusions

The long era of precision tests of the SM is now essentially completed. The result has been a confirmation of the SM to a level that was hardly believable apriori. In fact, on conceptual grounds, we expect new physics near the electroweak scale. The fitted Higgs mass from the radiative corrections is remarkably light. This fact is in favour of a picture of electroweak symmetry breaking in terms of fundamental Higgs fields like in supersymmetric extensions of the SM. A light Higgs in the MSSM should be accompanied by a relatively light spectrum of sparticles so that it would be natural to expect some of the lightest supersymmetric particles to be close to their present experimental limits. Although it is well known that the supersymmetric corrections to the relevant electroweak observables are rather small for sparticles that obey present experimental limits, still it is possible that some of these effects distort the SM quantitative description with shifts of a magnitude of the order of the present experimental errors. So it is interesting to look at small discrepancies in the data that could be attributed to supersymmetric effects. One such effect is the small excess of the measured value of m_W with respect to the SM prediction for the observed value of m_t and m_H in agreement with the present direct lower bound. Alternatively, the same effect is manifested by a corresponding deficit of the ϵ_2 parameter. Another effect could be hidden by the fact that unfortunately there is an experimental discrepancy between the values of sin^2 θ_{eff} measured from leptonic and hadronic asymmetries. If eventually the true value will be established to be more on the side of the leptonic asymmetries, then an effect of the same order of that present in ϵ_2 will also be needed in ϵ_3 to better reconcile the fitted value of m_H with the direct limits on the Higgs mass.

We have shown in this note that negative shifts in ϵ_2 and ϵ_3 of a comparable size would indeed be induced by light sleptons and moderately large tan β. Charged sleptons near their experimental limit of about 100 GeV could well be compatible at large tan β with sneutrinos of masses as low as 55 − 80 GeV. If accompanied by light charginos and neutralinos one can obtain shifts in the radiative corrections of precisely the right pattern and magnitude to reproduce the description of the data that we discussed. Light sleptons and large tan β are also compatible with the recent indication of a deviation in the muon g −2. We have discussed the phenomenological implications of this situation. Interestingly, the discovery of supersymmetric particles at the Tevatron in the next few years could be possible in channels with three hard isolated leptons.

Acknowledgments

We thank Anna Lipniacka for useful information, and Giacomo Polesello for his precious help. This work was supported in part by EU TMR contract FMRX-CT98- 0194 (DG 12-MIHT).

References

[1] LEP Electroweak Working Group, LEPEWWG/2001-01.

[2] M.S. Chanowitz, The Z → b̄b decay asymmetry: lose-lose for the standard model,

hep-ph/0104024.

[3] R. Barbieri, M. Frigeni and F. Caravaglios, Supersymmetry signals in electroweak precision tests at LEP, Phys. Lett. B 279 (1992) 169;

G. Altarelli, R. Barbieri and F. Caravaglios, The minimal supersymmetric standard model and electroweak precision data, Phys. Lett. B 314 (1993) 357; G.-C. Cho and K. Hagiwara, Supersymmetric contributions to muon g − 2 and the electroweak precision measurements, hep-ph/0105037;

J. Ellis, G.L. Fogli and E. Lisi, Global analysis of precision electroweak data within the minimal supersymmetric extension of the standard model, Nucl. Phys. B 393 (1993) 3; P.H. Chankowski et al., Δr in the MSSM, Nucl. Phys. B 417 (1994) 101; W. de Boer, A. Dabelstein, W. Hollik, W. Mosle and U. Schwickerath, Global fits of the SM and MSSM to electroweak precision data, Z. Physik C 75 (1997) 627 [hep-ph/9607286];

P.H. Chankowski and S. Pokorski, Precision tests of the MSSM, Phys. Lett. B 366 (1996) 188 [hep-ph/9505304].

[4] D.M. Pierce, J.A. Bagger, K. Matchev and R. jie Zhang, Precision corrections in the minimal supersymmetric standard model, Nucl. Phys. B 491 (1997) 3 [hep-ph/9606211];

J.D. Wells, C. Kolda and G.L. Kane, Implications of Γ(Z → bb̄) for supersymmetry searches and model building, Phys. Lett. B 338 (1994) 219 [hep-ph/9408228]; M. Boulware and D. Finnell, Radiative corrections to BR(Z → bb̄) in the minimal supersymmetric standard model, Phys. Rev. D 44 (1991) 2054;

P.H. Chankowski and S. Pokorski, Chargino mass and R_b anomaly, Nucl. Phys. B 475 (1996) 3 [hep-ph/9603310].

[5] J. Erler and D.M. Pierce, Bounds on supersymmetry from electroweak precision analysis, Nucl. Phys. B 526 (1998) 53 [hep-ph/9801238].

[6] Muon g-2 collaboration, H.N. Brown et al., Precise measurement of the positive muon anomalous magnetic moment, Phys. Rev. Lett. 86 (2001) 2227 [hep-ex/0102017].

[7] G. Altarelli and R. Barbieri, Vacuum polarization effects of new physics on electroweak processes, Phys. Lett. B 253 (1991) 161;

G. Altarelli, R. Barbieri and S. Jadach, Toward a model independent analysis of electroweak data, Nucl. Phys. B 369 (1992) 3;

G. Altarelli, R. Barbieri and F. Caravaglios, Nonstandard analysis of electroweak precision data, Nucl. Phys. B 405 (1993) 3; Electroweak precision tests: a concise review, Int. J. Mod. Phys. A 13 (1998) 1031, [hep-ph/9712368].

[8] M.E. Peskin and T. Takeuchi, A new constraint on a strongly interacting Higgs sector, Phys. Rev. Lett. 65 (1990) 964.

[9] H. Burkhardt and B. Pietrzyk, LAPP-EXP-2001-03.

[10] G. Degrassi and P. Gambino, Two-loop heavy top corrections to the Z^0 boson partial widths, Nucl. Phys. B 567 (2000) 3 [hep-ph/9905472];

G. Degrassi, P. Gambino and A. Sirlin, Precise calculation of M_W , sin^2 θ_w(M_Z ) and sin^2 θ^{lept}_{eff} , Phys. Lett. B 394 (1997) 188 [hep-ph/9611363];

G. Degrassi, P. Gambino and A. Vicini, Two-loop heavy top effects on the m_Z − m_W interdependence, Phys. Lett. B 383 (1996) 219 [hep-ph/9603374].

[11] F. Jegerlehner, The effective fine structure constant at tesla energies, hep-ph/0105283.

[12] A.D. Martin, J. Outhwaite and M.G. Ryskin, A new determination of the QED coupling α(M^2_Z ) lets the Higgs off the hook, Phys. Lett. B 492 (2000) 69 [hep-ph/0008078].

[13] M. Davier and A. Hocker, New results on the hadronic contributions to α(M^2_Z ) and to (g − 2)_μ, Phys. Lett. B 435 (1998) 427 [hep-ph/9805470].

[14] J.H. Kuhn and M. Steinhauser, A theory driven analysis of the effective QED coupling at M_Z , Phys. Lett. B 437 (1998) 425 [hep-ph/9802241].

[15] S. Eidelman and F. Jegerlehner, Hadronic contributions to g − 2 of the leptons and to the effective fine structure constant α(M^2_Z ), Z. Physik C 67 (1995) 585 [hep-ph/9502298].

[16] G.J. van Oldenborgh and J.A. M. Vermaseren, New algorithms for one loop integrals, Z. Physik C 46 (1990) 425;

T. Hahn and M. Perez-Victoria, Automatized one-loop calculations in four and d dimensions, Comput. Phys. Commun. 118 (1999) 153 [hep-ph/9807565].

[17] P. Gambino, Precision tests of the standard model: higher order corrections and the Higgs mass, hep-ph/9812332.

[18] K. Jakobs, talk given at the XXXVI Rencontres de Moriond on Electroweak Interactions and Unified Theories, Les Arcs, March 2001.

[19] M. Dine and A.E. Nelson, Dynamical supersymmetry breaking at low-energies, Phys.

Rev. D 48 (1993) 1277 [hep-ph/9303230];

M. Dine, A.E. Nelson and Y. Shirman, Low-energy dynamical supersymmetry breaking simplified, Phys. Rev. D 51 (1995) 1362 [hep-ph/9408384];

G.F. Giudice and R. Rattazzi, Theories with gauge-mediated supersymmetry breaking, Phys. Rep. 322 (1999) 419 [hep-ph/9801271].

[20] L. Randall and R. Sundrum, Out of this world supersymmetry breaking, Nucl. Phys.

B 557 (1999) 79 [hep-th/9810155];

G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, Gaugino mass without singlets, J. High Energy Phys. 12 (1998) 027 [hep-ph/9810442].

[21] T. Gherghetta, G.F. Giudice and J.D. Wells, Phenomenological consequences of supersymmetry with anomaly-induced masses, Nucl. Phys. B 559 (1999) 27 [hep-ph/9904378].

[22] D0 collaboration, B. Abbott et al., Search for the trilepton signature from the associated production of SUSY χ^±_1 χ^0_2 gauginos, Phys. Rev. Lett. 80 (1998) 1591 [hep-ex/9705015];

CDF collaboration, F. Abe et al., Search for chargino neutralino associated production at the Fermilab Tevatron collider, Phys. Rev. Lett. 80 (1998) 5275 [hep-ex/9803015].

[23] L.J. Hall, T. Moroi and H. Murayama, Sneutrino cold dark matter with lepton-number violation, Phys. Lett. B 424 (1998) 305 [hep-ph/9712515].

[24] M. Drees, Particle dark matter physics: an update, Pramana 51 (1998) 87 [hep-ph/9804231].

[25] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances, Phys.

Rev. D 43 (1991) 3191.