UG-FT-68 DFTT 25/96 Cavendish-HEP-96/6

hep-ph/9609295

Gluino signals in 4jet events and vertex tagging at LEP I

Stefano Moretti^{a,b}, Ramon Muñoz-Tapia^c, and Kosuke Odagiri^b

a) Dipartimento di Fisica Teorica, Università di Torino, and I.N.F.N., Sezione di Torino, Via Pietro Giuria 1, 10125 Torino, Italy.

b) Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, UK.

c) Dpto Física Teórica y del Cosmos, Universidad de Granada, Granada 18071, Spain

Abstract

Heavy flavour tagging provides a broad range of possibilities in testing QCD features at LEP. We present here a study of 4jets events at LEP I where the so-called light gluinos could be directly produced. We show that microvertex techniques offer a unique chance to exploit simple kinematical distributions in order to optimise the signal coming from gluino production with respect to the background of ordinary QCD events. Our results indicate that experimental analyses along the lines suggested here can exclude or reveal the presence of a gluino for masses up to 10 GeV and lifetimes below 10^{−9} sec. We also point out that a large fraction of gluino events could decay in configurations carrying large missing energy, so to escape the usual selection criteria of 4jet samples. In our study, mass effects of quarks and gluinos have been taken into account exactly. Our results are independent from both the jet algorithm and its resolution parameter.

Electronic mails: moretti@hep.phy.cam.ac.uk, rmt@ugr.es, odagiri@hep.phy.cam.ac.uk.

1 Introduction

Supersymmetry (SUSY) predicts the existence of a spin 1/2 partner of the gluon g, the so-called gluino g̃. Like the QCD gauge boson, it is neutral, it is its own anti-particle (i.e., it is a Majorana fermion) and its coupling to ordinary matter is precisely determined in terms of the usual QCD colour matrices and the strong coupling constant α_s [1]. However, in contrast to the gluon, whose mass is predicted to be zero by the theory, that of the gluino m_{g̃} is a priori an arbitrary parameter, and so is its lifetime τ_{g̃}.

Many searches have been carried out in order to detect or rule out such a particle. A detailed survey, including the description of various experiments, can be found in Ref. [2]. In particular, light gluinos should be directly produced in 4jet events at LEP I.

Motivated by the advances in 4jet analyses based on heavy flavour identification, we further elaborate the study of Ref. [3] to cater for a wider range of light gluino masses and lifetimes. The use of μ-vertex devices [4, 5] provides an independent procedure to settle the ongoing controversy around the light gluino scenario, if one considers that long-lived gluinos might produce 4jet events with detectable secondary vertices [6, 7]. We assume them to be long-lived enough to be tagged by present experimental vertex tagging methods. With simple invariant mass cuts based on the different kinematics of the partons in the final state, one can obtain a signal identifiable as a clear excess in the total number of vertex tagged 4jet events, in percentage well beyond the uncertainties related to non-perturbative as well as to higher order perturbative effects. We also consider the possibility of ‘loopholes’ in recent analysis carried out by the ALEPH collaboration [8] and by de Gouvêa and Murayama [9], which could undermine the validity of the results obtained there. We are especially concerned with the fact that gluinos might decay mainly into missing energy, so that the qq̄g̃g̃ events are not recognised as 4jet events. As a matter of fact, the ALEPH analysis explicitly assumes that this is not the case whereas Ref. [9] only considers the case in which the gluino does not decay inside the LEP detectors.

The plan of the paper is as follows. In next Section we review the status of the light gluino window and put our work into context. Next we describe our calculations, and in Section 4 we devote some space to discuss possible tagging procedures of SUSY events. In Section 5 we present our results and Section 6 contains some brief conclusions.

2 The light gluino window

Our present knowledge about gluinos is summarised in Fig. 1, which shows the excluded regions in mass and lifetime of the SUSY fermion as they stood in 1993-1994^1. At that time, it was clear that relatively long-lived and light gluinos (decaying into a ‘photino’, or more correctly, into the lightest neutralino) were not yet excluded by the experiment.

In the theory it is natural for gluinos to be much lighter than squarks if their mass is induced radiatively [11]. Furthermore, gluino and lightest neutralino masses are naturally less than few

1We would like to thank the authors of Ref. [10] for their kind permission of exploiting here one of the figures of their paper.

GeV if dimension-3 SUSY-breaking operators are absent from the low energy theory [12], although the compatibility with a light gluino window in Supergravity models is strongly dependent on the dynamics of the breaking mechanism of the electroweak symmetry [13, 14]. Since these values of m_{g̃} and τ_{g̃} were within the reach of already operating accelerators [15], the regions identified by the white areas in Fig. 1 started receiving some attention in those years [16]. In particular, it was noted that if the gluino is so light, it should be directly produced at LEP I: either in 2jet [17] or in 4jet events [18].

An immediate interest in this possibility raised. This was also motivated by the ‘historical’ discrepancy between the value of α_s determined by low energy deep-inelastic lepton-nucleon scattering and that measured by the e^+ e^− CERN experiments [19]. In this respect, although the discrepancy between the two values of α_s was statistically small [20] and also has slightly decreased in the latest measurements [21], it was speculated that the evolution of the strong coupling can be slowed down by a contribution to the β function of a new, coloured, neutral fermion: indeed, a light gluino.

The search for SUSY-signals intensified then at LEP I. Studies in other contexts, such as the influence in the Altarelli-Parisi evolution of the structure functions [22] or the so-called ‘3+1’ jet events at HERA [23], were also pursued. However, the effects are there too small to be tested using the present experimental data. More recently, extensive searches for light gluino signals have been carried out at the Tevatron [24]. As for LEP I, the strategy adopted was to search for light gluinos in the context of the so-called QCD colour factor analyses in 4jet samples [25]. The basic idea is to measure the fundamental colour factors of QCD, that is, C_A, C_F (the Casimir operators of the fundamental and adjoint representations of the gauge group SU(N_C)) and T_F (the normalisation of the generators of the fundamental representation). In QCD (i.e., N_C = 3), one gets C_A = 3 and C_F = 4/3. The factors C_A, C_F and T_F represent the relative strength of the couplings of the processes q → qg, g → gg and g → qq̄, respectively (see, e.g., Ref. [26]). The analytical formulae of the cross section σ(e^+e^− → 4jet) for massless particles were computed long ago in Ref. [27]. The strategy is to compare the theoretical predictions to the data, by leaving the colour factors as free parameters to be determined by the fit. In practice, one of these, e.g., C_F , is absorbed in the normalisation of the cross sections leaving two independent ratios C_A/C_F and T_R/C_F , with T_R = N_F T_F , being N_F the number of active flavours.

The experimental analyses are preferentially based on angular correlations between jets [28], as they are sensitive to differences between the 2q2g (Fig. 2a–c) and the 4q (Fig. 2d) component of 4jet events. Light gluinos would enter in 4jet events via diagrams of the type depicted in Fig. 3, in the process e^+e^− → qq̄g̃g̃ (through a g^∗ → g̃g̃ splitting). Note that gluino production in 4jet events via squarks splitting into quark-gluino pairs is very suppressed due to the large value of the lower limits on the squark masses, so is also the case in 2jet production through squark loops [17]. As gluinos are coloured fermions, their contribution would enhance the part of the 4jet cross section with angular structure similar to that of 4q events. Naively then, one could say that the total number of flavours N_F of the theory is apparently increased, such that, a SUSY-signal can be revealed in the form of an enhancement of T_R, with respect to the predictions of pure QCD. The results of those analyses were that, although the experimental measurements were in good agreement with QCD, it is was not possible to exclude the existence of a light g̃ (see, e.g., Ref. [29]).

In particular, gluinos with a mass of at least 2 GeV yield an expectation value for T_F /C_F that was within one standard deviation of the measured one. Even the extreme case of a massless gluino (for which T_F /C_F ≈ 0.6) would have brought the predictions only slightly beyond the upper experimental region of 68% confidence level (CL) given in Ref. [29]. Therefore, after those studies, the experimental constraints on the gluino mass and lifetime could still be summarised by the plot in Fig. 1.

The reason why the LEP analyses showed a limitation in putting stringent bounds on the existence of light gluinos was that contributions to the total cross section of SUSY events are small and further reduced with respect to the ordinary QCD rates when mass suppression is taken into account. In particular, gluino effects on the total number of 4jet events were comparable in percentage to the systematic uncertainties related to jet hadronisation process and the uncalculated next-to-leading order (NLO) corrections through the order O(α^3_s).

To overcome these systematic limitations, it was recently proposed in Ref. [9] to consider the colour factor C_A/C_F sufficiently well known as to be taken for its QCD value, 9/4. The other factor is also partially constrained, by the fact that there are clearly five quark flavours which are active in the di-jet Z decays. Therefore, if one wants to pin down possible gluino effects, one should allow variations of T_F /C_F only above the value 3/8. Armed with these two new constraints, Ref. [9] obtained an improved bound on m_{g̃}. In particular, it was shown that a gluino mass ¡¸ 1.5 GeV is apparently excluded at more than 90% CL by the 1991-92 OPAL data [29]. A new experimental analysis carried out by ALEPH in Ref. [8] obtains results along the same lines. They give new measurements of the QCD colour factors using all the data collected from 1992 to 1995 and obtain excellent agreement with ordinary QCD along with a new 95% CL constraint m_{g̃} > 6.3 GeV on the gluino mass^2. This stringent limit was achieved thanks to a dedicated treatment to reduce Monte Carlo (MC) uncertainties related to the hadronisation process of the partons and to the fact that meanwhile preliminary results of the NLO corrections to the 4jet rate had become available (the complete calculation has been presented very recently [31]). On the one hand, several different models of parton fragmentation were compared to each other with different parameter settings, on the other hand, it was clear that NLO results have a strong impact on the 4jet rate, but very small influence on the shape of the angular distributions used in Ref. [8].

Although these results represent a clear improvement, the analyses of Refs. [8, 9] are still based on the traditional method [25] of ordering the jets in energy and identifying the two most energetic ones with those originated by the quarks produced in the Z decay. In fact, the angles which are generally used (see Ref. [28] for the exact definitions) in measuring the colour factors of QCD require in principle the identification of primary and secondary partons. In practice, the above assumption is often incorrect and the sensitivity of the experimental distributions to the QCD colour factors is considerably reduced. In this respect, it is worth recalling that, e.g., in Z → qq̄gg events the percentage of events in which the two lowest energy partons are both gluons is only ≈ 53% [32].

A possible improvement of the ‘energy ordering’ procedure was advocated in Ref. [33], where

2Further indications towards the exclusion of somewhat lighter gluino masses come from studies of the running

of ffs at higher orders [30].

samples of 4jets with two jets tagged as heavy flavour jets (i.e., c- and especially b-quarks) [4] are considered. In this way, one gets a greater discrimination power between qq̄gg and qq̄q^′q̄^′ events, for two reasons. First, one is able to distinguish between (heavy) quark and gluon jets, thus assigning the momenta of the final states to the various particles in a more correct way, as heavy quarks are mainly produced as primary partons. Second, qq̄gg event rates are reduced by the heavy flavour selection by a factor of 3/5 with respect to the qq̄q^′q̄^′ ones. Therefore, the 4q signal is enhanced by almost a factor of two and the differences between the quark and the gluon components can be more easily studied.

The DELPHI collaboration is the only one to date (to our knowledge) that has resorted to flavour identification techniques to analyse 4jet events [34] (similar studies in the case of 3jet events are performed in Ref. [35]). They examined the data collected in the years 1991-1994 , from which a total of 11,000 4jet events with at least two heavy quark jets were selected. The typical efficiency was 12% with a purity of events where all jets are correctly assigned of about 70%. Note that neural networks were employed to combine the information on high transverse momentum leptons, large impact parameters and energy ordering of the jets (see, e.g., Ref. [4] for a review about techniques of heavy flavour identification). Their results have been presented recently [36]. The important outcome is that with the new selection strategy the errors are substantially reduced compared to previous analyses [25, 29], especially for T_R/C_F . In general, the result was found to be in good agreement with the QCD expectations, but no new constraint on the mass of a possible light gluino was given at that time. Further analyses along the same lines are currently in progress [37]. As we shall see later on, our findings further support the relevance of such approaches.

3 Calculation

The Feynman diagrams describing at tree-level the reactions

e^+ + e^− → q + q̄ + g + g, (1)

e^+ + e^− → q + q̄ + q^′ + q̄^′, (2)

e^+ + e^− → q + q̄ + g̃ + g̃, (3)

are shown in Figs. 2–3. In the present analysis we have computed the matrix elements of processes (1)–(3) with the same FORTRAN generator used in Refs. [33, 38], which takes exactly into account all masses and both the γ^∗ and Z intermediate contributions. Mass effects in 4jet events are important, as repeatedly recalled in the literature [33, 38, 39, 40], especially if heavy flavour selection is performed. For this study, the above program has been also checked against the one used in Ref. [39] in the appropriate limit (i.e., when the masses along the fermion lines attached to the γ^∗, Z propagator are neglected). For the details of the numerical computation as well as the explicit helicity amplitude formulae, see Ref. [38].

We have analysed processes (1)–(3) adopting four different jet-resolution criteria for resolvable partons. We have done so in order to investigate the independence of our conclusions from the actual criteria employed and to check whether any of these shows better features for the analysis of light gluino contributions. The jet algorithms are identified through their clustering variable y_{ij} . They are ( √ s = M_Z ): the JADE scheme (J) [41] based on the ‘measure’ y^J_{ij} = 2E_iE_j (1 − cos θ_{ij}) s , (4)

and its ‘E’ variation (E) y^E_{ij} = (p_i + p_j) · (p_i + p_j) s , (5)

the Durham scheme (D) [42] y^D_{ij} = 2 min(E^2_i , E^2_j )(1 − cos θ_{ij} ) s (6) and the Geneva algorithm (G) [43] y^G_{ij} = 8 9 E_iE_j(1 − cos θ_{ij} )

(E_i + E_j)^2

. (7)

For all of them the two (pseudo)particles i and j (with energy E_i and E_j, respectively) for which y_{ij} is minimum are combined into a single (pseudo)particle k of momentum P_k given by the formula

P_k = P_i + P_j . (8)

The procedure is iterated until all (pseudo)particle pairs satisfy y_{ij} ≥ y_{cut}. The various characteristics of these algorithms are summarised in Ref. [43]. In our lowest order calculation, the 4jet cross section for a given algorithm is simply equal to the four parton cross section with a cut y_{ij} ≥ y_{cut} on all pairs of partons (i, j).

It is worth noticing that, in the recently calculated NLO corrections to the 4jet rates [31], the much forgotten Geneva scheme has been shown to be particularly sensitive to the number of light flavours as well as to exhibit a small scale dependence. In this respect, the G scheme may be more suitable than others in enlightening possible gluino contributions in the experimental sample.

Concerning the numerical part of our work, we have taken α_{em} = 1/128 and sin^2 θ_W = 0.23, while for the Z boson mass and width we have adopted the values M_Z = 91.1 GeV and Γ_Z = 2.5 GeV, respectively. For the quarks we have: m_c = 1.7 GeV and m_b = 5.0 GeV while the flavours u, d and s have been considered massless. We have varied the gluino mass m_{g̃} in the range between 0 and 20 GeV. Finally, the strong coupling constant has been set equal to 0.115^3.

4 Tagging procedure

In this Section we describe possible signatures of long-lived gluinos in 4jet events at LEP I. We will resort to the fact that gluinos should produce displaced vertices and offer a complementary tool to the ALEPH study [8]. We also single out those combinations of SUSY parameters which could induce gluino decays into a large amount of missing energy. In this situation, the contribution of

3Our results will not be affected by the actual value of ffs, as we will be interested in the end in relative differences between ordinary QCD and QCD+SUSY event rates.

SUSY events to the 4jet rate as selected in the ALEPH analysis would be considerably reduced. Since we are implying that gluinos decay inside the LEP detectors, our considerations will only apply to the case of lifetimes less than 10^{−9} sec or so. In terms of mass, we will focus our attention on the two regions: (i) 0 ¡¸ m_{g̃} ¡¸ 1.5 GeV; (ii) m_{g̃} ¿¸ 3.5 GeV.

Long-lived gluinos can be operationally defined as those which hadronise before decaying. An inevitable consequence is that they live confined into bound states, generically called R-hadrons [16]. The lightest of these would probably be the neutral, flavour singlet (g̃g) and (g̃uds) hadrons.

If the gluino mass falls in the range (i), decays into the minimum hadronic mass, i.e., (g̃g) → γ̃ππ and/or (g̃uds) → γ̃Λ, maximize the missing energy and, therefore, the SUSY signal in the ALEPH analysis can be well attenuated. If τ_{g̃} ≫ τ_b, SUSY events should show displaced vertices at a distance d significantly larger than the decay length produced by a b-quark (i.e., 300 μm or so). If τ_{g̃} ≈ τ_b then the ‘degeneracy’ discussed in Ref. [3] would occur between heavy quarks and gluinos, so that the double vertex tagging procedure combined with appropriate kinematic cuts (see Section 4) should help to disentangle the gluino contribution. If τ_{g̃} ≪ τ_b, then it may not be useful to look for detached vertices, since these would not be detectable for (g̃uds) → γ̃Λ and would be too close to the interaction region. In general, for a gluino with mass below 1.5 GeV, the fragmentation function should be similar to that for the charm quark, i.e., with ⟨z⟩ < 0.5, or even softer if the mass is very light. Hence, there is a maximum missing energy possible, and it may be that this whole region is excluded by the ALEPH analysis. If not, there must be significant missing energy correlated with the directions of the soft visible gluino jets. A combination of a suitable missing energy distribution with the ALEPH analysis should be able to find or exclude such a light gluino.

In the second regime (ii), the gluino would presumably fragment into a (g̃g) or (g̃uds) hadron with a fragmentation function perhaps similar to a b-hadron, i.e., with ⟨z⟩ ∼ 0.75. This hadron would then decay into a γ̃ plus hadrons with a distribution similar to that for g̃ → γ̃qq̄. The missing energy would be maximized if the mass of the γ̃ is close to that of the g̃, but a limit to the mass difference is set by the requirements that the decay occurs inside the tracking volume and that the squark masses be reasonable. The charged multiplicity distribution should be similar to that for e^+e^− → qq̄ at the same qq̄ mass, and events occurring inside R ∼ 0.5 m with non-zero charged multiplicity should be observed with high probability. Such events would have two hard jets, two soft jets, missing energy, and two largely detached vertices with d ≫ 0.3 mm in the directions of the soft jets. If the rate corresponding to these events is rather poor, then it is conceivable that the LEP collaborations might not have noticed them so far.

5 Results

5.1 Production rates In this Section we compare the production rates of SUSY events, as a function of the gluino mass in the range between 0 and 20 GeV, to the yield of ordinary QCD events. We do this with and without assuming vertex tagging (the titles e^+ e^− → VVjj and e^+ e^− → jjjj in the forthcoming plots will refer to these two cases, respectively). In the results of the cross sections for the untagged case a summation over all the quark flavours (massless and massive) is implicit, whereas for the tagged case we will consider the detached vertices as produced by gluinos and b-quarks only, thus neglecting the case of c-decays^4, and sum over the remaining quark flavours.

In principle, one should also retain c-quark events among those producing a detached vertex, eventually combining the corresponding rates with those for b-quarks, according to the values of efficiency and purity of the experimental analyses. In fact, the lifetime of c-quarks is finite (around 1/3 of that of the b’s) and is thus responsible for secondary vertices. Therefore, one should expect that, for values of the gluino lifetime around 1/3τ_b (and below), charmed hadrons can represent an additional background from ordinary QCD to the SUSY signal and the actual positions of the decay vertices of c- and b-quarks can partially overlap. This is the reason why the algorithms determining the efficiency/purity of flavour tagging used by the LEP I collaborations contain a multiplicity selection rule (the number of tracks produced being higher for b’s than for c’s) [44]. The values of purity obtained in a single b-tag at LEP I, around 95% or more [4, 5, 44], imply that above the b-selection cuts (in multiplicity and decay distance) the ordinary QCD contribution is indeed almost entirely due to decaying bottom hadrons, whereas below those cuts charmed hadrons are mainly responsible for secondary vertices. In other terms, the c- and b-contributions would enter in our analysis ‘separately’ from each other into the QCD background to SUSY signals, the relative small contamination being eventually established by the experimental tagging strategy. For reasons of space, in the following we will illustrate the interplay between gluinos and bottom quarks only. However, it must always be intended that in presence of a short decay distance and/or a low secondary vertex multiplicity the actual rates from ordinary QCD events will in the end need the inclusion of the mentioned corrections due to the differences between c- and b-quarks.

In Fig. 4 we study the effect of a non–zero gluino mass in the total cross section of the process e^+ e^− → qqg̃g̃ for the schemes described in Section 2 and for different values of the y_{cut} parameter. For m_{g̃} ¿¸ 5 GeV the cross section falls exponentially in the J and D schemes. For the G scheme the exponential behaviour starts somewhat earlier, at m_{g̃} ¿¸ 2 GeV, and for the E scheme later, when m_{g̃} ¿¸ 7 GeV. We already know that SUSY rates certainly compare rather poorly to both the qq̄gg and qq̄q^′q̄^′ contributions, if all quark flavours are retained and energy ordering is adopted [39]. Nonetheless, one of the salient features in Fig. 4 is that for m_{g̃} ¡¸ 10 GeV the mass suppression on the SUSY rates is always less than one order of magnitude. This is true independently of jet algorithm and for three typical values of the resolution parameter y_{cut}. In any case the contribution for m_{g̃} > 10 GeV begins to be very small. Therefore, in the remainder of the paper we will confine ourselves to gluino masses up to 10 GeV only. At this point, one should recall that the ordinary QCD production rates are much larger than the SUSY ones displayed in Fig. 4. For example, when no vertex tagging is exploited and all flavours are retained in the sample, at the minimum of the y_{cut}’s used there, one gets σ(qq̄gg) = 4153(4498)[5862]{9312} pb and σ(qq̄QQ̄) = 187(217)[300]{548} pb, in correspondence of the J(E)[D]{G} scheme. A similar pattern in the relative composition of 4jet events persists also at larger values of the resolution parameter.

4We assume the rate due to misidentification of gluons and massless quarks as heavy partons negligible [4].

The cross sections as a function of y_{cut} for the different subprocesses yielding two displaced vertices are presented in Fig. 5. The ratio between SUSY and pure QCD events is clearly improved, so that bb̄qq̄ and gluino rates now compare to each other. The largest contribution still comes from the subprocess e^+ e^− → bb̄gg, which is almost one order of magnitude larger than the other two in the whole range of y_{cut} . How to ameliorate this situation will be discussed below. The gluino rates are shown for three reference masses, m_{g̃} = 1, 5, 10 GeV. The pattern recognised in Fig. 4 as a function of the gluino mass is also visible in Fig. 5 for the y_{cut} dependence. That is, as the gluino mass increases the production rates get smaller, however still remaining within the same order of magnitude if m_{g̃} ¡¸ 10 GeV. In practice, gluinos in the mass range up to 10 GeV have all sizeable production rates at LEP I in the jet schemes considered for usual values of the jet resolution parameters. This is indeed encouraging, as this means that the 4jet sample could well be sensible to values of m_{g̃} larger than those usually considered (i.e., of the order of the b-mass or below).

Fig. 6 shows the improvements that can be achieved with heavy flavour tagging combined with the typical kinematic behaviour of gluino events, see Ref. [3]. For reference, the gluino mass has been fixed at 5 GeV, though the main features of the plots do not depend on m_{g̃} as these are connected only to the fact that gluinos are always secondary products. Only the D scheme is shown, for the other schemes exhibit very similar behaviour. The variable Y_{ij} is the invariant scaled mass Y_{ij} = (p_i + p_j)^2 s , (9)

where s is the center of mass energy (s = M^2_Z ) and the indices ij label the jets as follows: (12) refer to the two vertex tagged jets, and to the most energetic jets in the case of energy ordering; (34) corresponds to the two remaining jets. The distributions are normalised to one. Note that in Fig. 6a the 2g̃2q and 2b2q events are peaked at low Y_{12} while the 2b2g events are evenly distributed. The peak in the first two cases is easily understood as it comes from the propagator g^∗ → bb̄/g̃g̃, which is not present in the third case (the tagged jets there come always from the Z decay). The long tail of the 2b2q spectra comes from the fact that there can be ‘mis–tags’ of b’s coming from the Z propagator. The peak for 2q2g̃ is even narrower, as the two gluinos are always produced through gluon splitting, apart from a small contamination of mis-tags coming from 2b2g̃. The strategy is now clear: for Y_{12} < 0.2 most of the SUSY signal is retained while 2b2q(2b2g) events are reduced roughly by a factor of two(four). In contrast, when energy ordering is performed (Fig. 6b) this effect is washed out, as all the distributions have a similar shape and no useful cut can be devised. Note that the distributions are finite due to the masses of the tagged jets so that loop corrections will not change significantly the behaviour presented here. The situation is even better if we look at Fig. 6c: the distribution for 2q2g̃ is flat and the other two distributions are peaked at Y_{34} = 0. This effect is just the complementary of Fig. 6a: the (34) jets come from the Z propagator in the 2q2g̃ events while show the peak of the gluon splitting for the other two cases. Again, when energy ordering is performed, Fig. 6d, the effect is wiped off. Therefore, we adopt the following requirements to optimise the SUSY signal over the ordinary QCD background: Y_{12} < 0.2 and Y_{34} > 0.1. Note that the use of the tagging procedure has been crucial for such an achievement.

These simple invariant mass distributions serve the purpose of reducing the ordinary QCD rates in case of τ_{g̃} ¡¸ τ_b, as it can happen when m_{g̃} ¡¸ 1.5 GeV. For m_{g̃} ¿¸ 3.5 GeV, where τ_{g̃} ≫ τ_b and the gluino and quark vertices are in principle well distinguishable, the kinematic distributions would clearly help to elucidate the underlying SUSY dynamics.

In Fig. 7 we show the different contributions to the total cross section in our tagging procedure like in Fig. 5, but with the improved sample. The 2b2g event rates, which were one order of magnitude larger than those of the other two partonic components, have been greatly reduced. All contributions are now comparable (at least for m_{g̃} = 1 ÷ 5 GeV). For m_{g̃} ¿¸ 5 GeV the ordinary QCD events can be most likely eliminated from the sample already on a displaced vertex basis, by asking, e.g., that the decay length is much longer than 0.3 mm. However, for completeness we report the rates for large gluino masses too, as the tagging procedure could be complicated by the fact that a large part of the vertex tagged hadronic sample at LEP I has been collected via a bi-dimensional tagging [45]. Therefore, projections of different decay lengths d could well appear the same on the reproduced event plane. It is also worth recalling that the fact that gluinos are electrically neutral whereas quarks are charged can hardly be useful in 4jet analyses as there is extremely low efficiency in measuring the total jet charge, especially in multijet events. That explains why, for instance, this difference is not used to discriminate partonic compositions in ordinary 4jet events (as gluons too are neutral). In summary, we have shown that it is feasible to significantly enhance the signal of possible light gluino species over the QCD background using tagged samples with the help of elementary kinematical distributions.

5.2 Missing energy distributions In this section we study the decays rates of SUSY events, for three representative values of the gluino mass which yield sizeable production rates. In particular, we will investigate the spectrum in missing energy inside the gluino jets, trying to establish the quantitative relevance in the total SUSY sample of hadronic events carrying an energetic imbalance that does not meet the usual trigger thresholds of the LEP I detectors.

In discussing the possible decay modes of the gluino, two assumptions need to be made. The first is the condition of R-parity conservation. The second is the choice of the lowest mass Supersymmetric particle. R-parity, defined to be even for ordinary particles and odd for their Supersymmetric counterparts, needs to be preserved if lepton and baryon numbers are exactly conserved. This implies that the lightest Supersymmetric particle is exactly stable. In this paper we shall take it for granted that the neutralino (photino) is the lowest mass Supersymmetric particle. Failing this condition, the next likely choice would be the case where the scalar neutrinos are lower in mass. However, very light doublet sneutrinos are excluded by the Z width constraints [15].

The choice of the scalar quark masses M̃_L and M̃_R [1] affects the gluino branching ratios. In particular, considering only one flavour of massless quarks and assuming that the photino is massless, the ratio between the widths of the two dominant gluino decay modes is given by: Γ(g̃ → gγ̃) Γ(g̃ → qq̄γ̃) = 3α_s 4π (M̃^2_R − M̃^2_L)^2 (M̃^4_L + M̃^4_R)

. (10)

Therefore, the quark-antiquark-neutralino decay channel is dominant over the gluon-neutralino one. However, in some SUSY models the L and R mass eigenstates may differ by a factor of two or even more, such that (M̃^2_R − M̃^2_L)^2/(M̃^4_L + M̃^4_R) ¿¸ 1/2 [46]. Furthermore, as the photino mass approaches that of the gluino, m_{γ̃} /m_{g̃} → 1, the three-body decay mode suffers a further suppression, which goes as (1 − m_{γ̃} /m_{g̃})^2. A more extensive review of the gluino decay channels can be found, for example, in Section 3.4 of Haber and Kane [46] (see also references therein).

We have computed the relevant decay currents by using helicity amplitude techniques, and incorporated these into a complete matrix element for gluino production and decay, over the appropriate phase space. In doing so, two different formalisms were employed: the usual helicity projector method [47] and the techniques of Ref. [48]. The results obtained with the two methods agree for any polarisation state if in the latter formalism one modifies the helicity projections to coincide with the physical choice along the direction of the final partons.

Before studying the decay spectra, a few comments are in order concerning the fragmentation of a gluino. As already mentioned, a gluino would appear at the end of a hadronisation process confined into a bound state. Now, the decay kinematics of R-hadrons is in principle different from that of free g̃’s. However, if the gluino is sufficiently heavy (say, m_{g̃} ¿¸ 3.5 GeV [46]), the phenomenology of the decay products of such R-hadrons would be similar to that of unbounded gluinos. In particular, the basic result is that the γ̃ energy spectrum roughly agrees with that produced by a freely decaying g̃ as long as m_{γ̃} /m_{g̃} is not too close to one [49]. For lighter gluinos the analysis is less straightforward. However, according to Ref. [50], it is reasonable to expect that these SUSY hadrons would again decay similarly to free gluinos, provided that m_{g̃} is replaced by an ‘effective’ R-hadron mass equal to ≈ 0.75 m_{g̃} . For our purposes, we assume that the mass appearing in the decay spectra is in fact that of the SUSY parton in the mass range (ii), whereas in the interval (i) it represents the mentioned effective mass. Furthermore, on the one hand, we confine ourselves to values of m_{γ̃} strictly smaller than m_{g̃} in order to maintain valid our approximation over the range m_{g̃} ¡¸ 1.5 GeV; on the other hand, we will push the ratio m_{γ̃} /m_{g̃} up to 3/4 in order to maximise the amount of missing energy carried away by the undetected photino.

The results we have obtained for the energy distribution of the missing energy after the two decays are displayed in Figs. 8a–c and Figs. 9a–c (in correspondence of the two possible decays). The crucial point is that the amount of missing energies produced could be so large that SUSY events of the type qq̄g̃g̃ are not recognised as 4jet events. In fact, experimental analyses have a minimal hadronic energy cut on each of the four jets, in order to reduce the background due to poorly reconstructed events.

The E_{miss} spectra are shown for four kinematical decay configurations: a massless photino, and a massive one with m_{γ̃} = n/4m_{g̃}, with n = 1, 2, 3, and for three gluino masses m_{g̃} = 1, 5, 10 GeV. It is clear from both Fig. 8a–c and 9a–c that the missing energy spectrum gets harder as m_{g̃} and m_{γ̃} increase in both decay channels considered. The effect is common to all algorithms. For m_{g̃} = 1 GeV the mean value of the missing energy is always below 10 GeV in both decay channels, and it can grow up to more than 15 GeV if m_{g̃} = 10 GeV and m_{γ̃} = 7.5 GeV. Under such conditions, it could be argued that qq̄g̃g̃ events can pass unobserved as actual 4jet events if tight constraints are implemented on the missing mass energy of the hadronic event sample.

6 Summary and conclusions

In this paper we have studied the production and decay rates of e^+ e^− → qq̄g̃g̃ events at LEP I, where g̃ represents a relatively light (up to 10 GeV in mass) and long-lived (up to 10^{−9} sec in lifetime) gluino, and compared these to the yield of ordinary QCD events of the type e^+ e^− → qq̄gg and e^+e^− → qq̄q^′q̄^′, involving quarks q and gluons g. The presence of such SUSY events in 4jet samples at LEP I has been advocated in the past years to explain the disagreement between the values of the strong coupling constant α_s as measured from the deep-inelastic scattering and the Z-peak data. This was further motivated by the initial discrepancy between the QCD predictions for the colour factors C_A, C_F and T_F and their actual measurements obtained in earlier analyses [25] by the LEP collaborations, as these constants are sensitive to additional SUSY contributions. The claim about the possible existence of gluinos in LEP I data has apparently become less convincing during the recent two or three years, as the experimental and theoretical analyses of the data have reached a higher level of sophistication and precision. Very recent studies seem to exclude gluinos with masses up to 6.3 GeV. Although such results represent clear progress towards settling the ongoing dispute about the existence of SUSY signals at LEP I, we have outlined here a complementary approach guided by two considerations.

First, in all the mentioned analyses no vertex tagging was exploited in assigning the momenta of the jets to the corresponding partons from which the former originate. The study of 4jet events showing two secondary vertices produced in the decay of c- and b-quarks has in fact been proved to be successful in reducing the error on the QCD colour factor which is most sensitive to the possible presence of light gluinos (that is, T_R = N_F T_F ). Furthermore, we have also shown that simple kinematic distributions (such as the invariant masses of the two vertex tagged jets and of the remaining two) can effectively help to enrich significantly the 4jet samples of gluino events (if existing). In fact, the latter, on the one hand, should yield displaced vertices and, on the other hand, are always produced as secondary partons (contrary to heavy quarks).

Second, the validity of the result quoted by the ALEPH collaboration (the most constraining one) could be undermined by the fact that, in their procedure of selecting candidate 4jet samples, events carrying a large fraction of missing energy were not included. As a matter of fact, gluinos (or better, R-hadrons, in which the SUSY partner of the gluon is confined) should predominantly decay into ‘photinos’, which escape detection. Indeed, there are kinematic configurations in which the ratio between the gluino and photino mass is such that the missing energy is rather large and, conversely, the left-over one for the hadronic system arising from the SUSY decay is rather small, such that these events might not pass the experimental 4jet resolution and selection criteria.

In the above context, we believe to have obtained interesting results for future studies. In fact, we have shown that, in the vertex tagged sample of 4jets, SUSY events become comparable to the rates of ordinary QCD events for gluino masses up to about 10 GeV, thus well beyond the bounds presently set on this quantity. Furthermore, we have indicated that the latter cannot be reliable if the photino mass is not negligible compared to that of the gluino. Therefore, we conclude that experimental analyses based on our approach should help in clarifying the present debate, either contradicting the present bounds on the gluino mass or improving these by extending the experimental coverage of the so-called ‘light gluino window’. For example, over the mass region m_b < m_{g̃} ¡¸ 10 GeV, SUSY rates should still be sizable and yield an unmistakable signature with two hard jets, two soft ones, large missing energy, two detached vertices with cτ ¿¸ 0.3 mm, a neat peak in the invariant mass of the vertex tagged dijet system and a very flat distribution in the mass of the other two jets.

In carrying out our study we have resorted to parton level calculations, which include all masses of primary and secondary partons exactly. Although we have not implemented a full Monte Carlo procedure including the fragmentation of the gluinos into hadrons or the decay of the latter into jets and missing particles, we have used analytic approximations which should mimic well the actual gluino phenomenology to a degree of accuracy compatible with that of the current experimental analyses. In this respect, we have indicated possible signatures of gluinos decaying inside the LEP detectors, as a function of both the mass and the lifetime of the SUSY particle.

Before closing, we would like to point out a few crucial aspects of our work. First, contrary to many previous studies (which did not exploit vertex tagging and/or kinematical cuts) in which the gluino component represents an effect of just a few percent (thereby being of the same order as next-to-leading and/or hadronisation corrections), we have been concerned with SUSY rates that are always comparable or even larger than those produced by pure QCD events. Therefore, the inclusion of the mentioned corrections will not spoil our results. Second, for values of gluino masses up to 10 GeV or so, our conclusions are essentially the same independently of the jet algorithm and of the value used for y_{cut} (although the actual cross sections and the behaviour of the distributions do certainly depend on them). In the end, the magnitude of higher order and hadronisation effects as well as experimental considerations will determine which algorithm and which resolution parameter are the most suitable to use, though the Geneva algorithm seems to be slightly favoured due to its special sensitivity to the actual number of active flavours and a smaller scale dependence in NLO corrections. Third, by adopting the current LEP I values of vertex tagging efficiency and luminosity, we should expect a statistically significant analysis, based on several thousands of doubly tagged 4jet events. Fourth, since those presented here are theoretical results from parton level calculations, they will necessarily have to be folded with detailed experimental simulations (including both fragmentation/hadronization and detector effects), such that one could even improve at that stage our procedure: for example, by exploiting various differences (in charge, mass, lifetime) that occur between heavy quarks and gluinos.

We finally remark that in the long term our arguments could well be of interest also to the SLC experiment at SLAC, as microvertex devices are installed there and they are known to have achieved by now a considerable tagging efficiency, so to hopefully compensate for the present lack of statistics of their data with respect to the LEP ones.

Acknowledgements

We thank Bas Tausk and Val Gibson for valuable discussions. We are also grateful to Ben Bullock for carefully reading the manuscript. This work is supported in part by the Ministero dell’ Università e della Ricerca Scientifica, the UK PPARC, the Spanish CICYT project AEN 94-0936, and the EC Programme “Human Capital and Mobility”, Network “Physics at High Energy Colliders”, contracts CHRX-CT93-0357 DG 12 COMA (SM) and ERBCHBICHT (RMT). KO is grateful to Trinity College and the Committee of Vice-Chancellors and Principals of the Universities of the United Kingdom for financial support.

References

[1] For review papers, see for example:

P. Fayet and S. Ferrara, Phys. Rep. 32, 249 (1977); H.P. Nilles, Phys. Rep. 110, 1 (1984); H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985); A.B. Lahanas and D.V. Nanopoulos, Phys. Rep. 145, 1 (1987); R. Barbieri, Riv. Nuo. Cim. Vol. 11 No. 4, 1 (1988); W. de Boer, Prog. Nucl. Part. Phys. 33, 447 (1994).

[2] G.R. Farrar, Phys. Rev. D51, 3904 (1995).

[3] S. Moretti, R. Muñoz-Tapia and K. Odagiri, Phys. Lett. B389, 545 (1996). [4] A. De Angelis, Invited Talk at the XXIV Symposium on Multiparticle Dynamics, Vietri sul Mare, Italy, September 1994, preprint UDPHIR 95/01/AA, January 1995 (and references therein).

[5] S. Squarcia, Invited Talk to the 22nd INS International Symposium on ‘Physics with High Energy Colliders’, Tokyo, March 8-10, 1994, preprint CERN-PPE/94-69 (and references therein).

[6] J. Ellis, D.V. Nanopoulos and D.A. Ross, in Ref. [19]. [7] F. Cuypers, Phys. Rev. D49, 3075 (1994).

[8] ALEPH collaboration, preprint CERN-PPE/97-002, January 1997. [9] A. de Gouvêa and H. Murayama, Phys. Lett. B400, 117 (1997).

[10] B. Kileng and P. Osland, Contributed to 9th International Workshop on High Energy Physics and Quantum Field Theory (NPI MSU 94), Moscow, Russia, 16-22 September 1994.

[11] G.R. Farrar and A. Masiero, preprint RU-94-38, October 1994. [12] G.R. Farrar, Invited Talk at Quarks-94, Vladimir, Russia, May 1994. [13] M.A. Diaz, Phys. Rev. Lett. 73, 2409 (1994).

[14] F. De Campos and J.W.F. Valle, preprint FTUV-93-9A, IFIC-93-5A, November 1993. [15] Particle Data Group, Phys. Rev. D54, 1 (1996) (and references therein). [16] G.R. Farrar and P. Fayet, Phys. Lett. 76B, 575 (1978); T. Goldman, Phys. Lett. 78B, 110 (1978); I. Antoniadis, C. Kounnas and R. Lacaze, Nucl. Phys. B211, 216 (1983); M.J. Eides and M.J. Vytovsky, Phys. Lett. 124B, 83 (1983); E. Franco, Phys. Lett. 124B, 271 (1983);

G.R. Farrar, Phys. Rev. Lett. 53, 1029 (1984); S. Dawson, E. Eichten and C. Quigg, Phys. Rev. D31, 1581 (1985); J. Ellis and H. Kowalski, Phys. Lett. 157B, 437 (1985); V. Barger, S. Jacobs, J. Woodside and K. Hagiwara, Phys. Rev. D33, 57 (1986); I. Antoniadis, J. Ellis and D.V. Nanopoulos, Phys. Lett. B262, 109 (1985); G.R. Farrar, Phys. Lett. B265, 395 (1991).

[17] B. Kileng and P. Osland, Z. Phys. C66, 503 (1995).

[18] P. Nelson and P. Osland, Phys. Lett. 115B, 407 (1982); B.A. Campbell, J. Ellis and S. Rudaz, Nucl. Phys. B198, 1 (1982); G.L. Kane and W.B. Rolnick, Nucl. Phys. B217, 117 (1983); B.A. Campbell, J.A. Scott and M.K. Sundaresan, Phys. Lett. 126B, 376 (1983).

[19] L. Clavelli, Phys. Rev. D46, 2112 (1992); L. Clavelli, P. Coulter and K. Yuan, Phys. Rev.

D47, 1973 (1993); M. Jeżabek and J.H. Kühn, Phys. Lett. B301, 121 (1993); J. Ellis, D.V. Nanopoulos and D.A. Ross, Phys. Lett. B305, 375 (1993); R.G. Roberts and W.J. Stirling, Phys. Lett. B313, 453 (1993); M. Carena, L. Clavelli, D. Matalliotakis, H.P. Nilles and C.E.M. Wagner, Phys. Lett. B317, 346 (1993); T. Hebbeker, Z. Phys. C60, 63 (1993); D.V. Shirkov and S.V. Mikhailov, Z. Phys. C63, 463 (1994); F. de Campos and J.W.F. Valle, preprint FTUV-93-9, IFIC-93-5, February 1993; J.L. Lopez, D.V. Nanopoulos and X. Wang, Phys. Lett. B313, 241 (1993).

[20] For a review, see for example:

S. Bethke, in Proceedings of the Scottish Universities Summer School on Particle Physics, St. Andrews, 1-21 August 1993, eds. K.J. Peach and L.L.J. Vick (Institute of Physics, 1994); B.R. Webber, Plenary Talk at the XXVIIth International Conference on High Energy Physics, Glasgow, Scotland, 20-27 July 1994.

[21] M. Schmelling, Proceedings of the XXVIIIth International Conference on High Energy Physics, Warsaw, Poland, 25-31 July 1996, page 91.

[22] R.G. Roberts and W.J. Stirling, Phys. Lett. B313, 453 (1993); J. Blümlein and J. Botts, Phys. Lett. B325, 190 (1994); Erratum, ibidem, B331, 450 (1994).

[23] R. Muñoz-Tapia and W.J. Stirling, Phys. Rev. D52, 3984 (1995).

[24] L. Clavelli, Talk given at International Workshop on Particle Theory and Phenomenology, Ames, Iowa, 17-19 May 1995, preprint UAHEP-953, May 1995; L. Clavelli and P.W. Coulter, preprint UAHEP-954, July 1995; P. Povinenc, B. Fenyi and L. Clavelli, Phys. Rev. D53, 4063 (1996); L. Clavelli and I. Terekhov, Phys. Lett. B385, 139 (1996); L. Clavelli and I. Terekhov, Phys. Rev. Lett. 77, 1941 (1996); Z. Bern, A.K. Grant and A.G. Morgan, Phys. Lett. B387, 804 (1996); G.R. Farrar, Phys. Rev. Lett. 76, 4111 (1996).

[25] ALEPH collaboration, Phys. Lett. B284, 151 (1992); DELPHI collaboration, Phys. Lett.

B255, 466 (1991); Z. Phys. C59, 357 (1993); L3 collaboration, Phys. Lett. B248, 227 (1990); OPAL collaboration, Z. Phys. C49, 49 (1991).

[26] C. Quigg, ‘Gauge Theories of the Strong, Weak, and Electromagnetic Interactions’ (Benjamin- Cummings, 1983).

[27] R.K. Ellis, D.A. Ross and A.E. Terrano, Nucl. Phys. B178, 421 (1981).

[28] J. Ellis and I. Karliner, Nucl. Phys. B148, 141 (1979); O. Nachtmann and A. Reiter, Z. Phys.

C16, 45 (1982); M. Bengtsson, Z. Phys. C42, 75 (1989); M. Bengtsson and P.M. Zerwas, Phys. Lett. B208, 306 (1988); J.G. Körner, G. Schierholz and J. Willrodt, Nucl. Phys. B185, 365 (1981).

[29] OPAL collaboration, Z. Phys. C65, 367 (1995).

[30] M. Schmelling and R. St.Denis, Phys. Lett. B329, 393 (1994); L. Clavelli, P.W. Coulter and L.R. Surguladze, Phys. Rev. D55, 4268 (1997); F. Csikor and Z. Fodor, Phys. Rev. Lett. 78, 4335 (1997).

[31] Z. Bern, L. Dixon, D.A. Kosower and S. Weinzier, Nucl. Phys. B489, 3 (1997); A. Signer and L. Dixon, Phys. Rev. Lett. 78, 811 (1997); A. Signer, presented at 32nd Rencontres de Moriond: QCD and High-Energy Hadronic Interactions, Les Arcs, France, 22-29 March 1997, preprint SLAC-PUB-7490, May 1997; E.W.N. Glover and D.J. Miller, Phys. Lett. B396, 257 (1997); J.M. Campbell, E.W.N. Glover and D.J. Miller, preprint DTP/97/44, RAL TR 97- 027, June 1997;

L. Dixon and A. Signer, preprint SLAC-PUB-7528, June 1997.

[32] S. Bethke, A. Ricker and P.M. Zerwas, Z. Phys. C49, 59 (1991).

[33] S. Moretti and J.B. Tausk, Z. Phys. C69, 635 (1996); S. Moretti, R. Muñoz-Tapia and J.B. Tausk, Contributed paper PA04-028 to the XXVIIIth International Conference on High Energy Physics, Warsaw, Poland, 25-31 July 1996.

[34] DELPHI collaboration, Contributed paper PA01-020 to the XXVIIIth International Conference on High Energy Physics, Warsaw, Poland, 25-31 July 1996; A. Seitz, preprint IEKP- KA/95-12, June 1995.

[35] J. Fuster, S. Cabrera and S. Marti i Garcia, to appear in the Proceedings of the High Energy Physics International Euroconference on Quantum Chromodynamics (QCD ’96), Montpellier, France, 4-12th July 1996, ed. S. Narison, Nucl Phys. B (Proc. Suppl.), preprint IFIC/96-63, September 1996.

[36] K. Hamacher, Proceedings of the XXVIIIth International Conference on High Energy Physics, Warsaw, Poland, 25-31 July 1996, page 749.

[37] S. Bentvelsen, private communication.

[38] A. Ballestrero, E. Maina and S. Moretti, Phys. Lett. B294, 425 (1992); A. Ballestrero, E.

Maina and S. Moretti, Nucl. Phys. B415, 265 (1994); A. Ballestrero, E. Maina and S. Moretti, Proceedings of the XXIXth Rencontres de Moriond, Méribel, Savoie, France, March 1994.

[39] R. Muñoz-Tapia and W.J. Stirling, Phys. Rev. D49, 3736 (1994).

[40] A. Ali, J.G. Körner, Z. Kunszt, E. Pietarinen, G. Kramer, G. Schierholz and J. Willrodt, Nucl. Phys. B167, 454 (1980); J.G. Körner, G. Schierholz and J. Willrodt, Nucl. Phys. B185, 365 (1981).

[41] JADE collaboration, Z. Phys. C33, 23 (1986); JADE collaboration, Phys. Lett. B213, 235 (1988).

[42] N. Brown and W.J. Stirling, Phys. Lett. B252, 657 (1990); N. Brown and W.J. Stirling, Z.

Phys. C 53, 629 (1992).

[43] S. Bethke, Z. Kunszt, D.E. Soper and W.J. Stirling, Nucl. Phys. B370, 310 (1992). [44] T. Behnke and D.G. Charlton, Phys. Scr. 52, 133 (1995). [45] See for example:

OPAL collaboration, Nucl. Instr. Meth. A348, 409 (1994).

[46] H.E. Haber and G.L. Kane, in Ref. [1]; H.E. Haber and G.L. Kane, Nucl. Phys. B232, 333 (1984).

[47] See, for example:

C. Itzykson and J.-B. Zuber, ‘Quantum Field Theory’ (McGraw-Hill, 1985). [48] R. Kleiss and W.J. Stirling, Nucl. Phys. B262, 235 (1985).

[49] G. Altarelli, N. Cabibbo, G. Corbo, L. Maiani and G. Martinelli, Nucl. Phys. B208, 365 (1982).

[50] E. Franco, in Ref. [16].

Figure Captions

[1] Excluded regions of gluino masses and lifetimes (shaded areas), from Ref. [10].

[2] Feynman diagrams at lowest order contributing to 4jet production in e^+ e^− annihilations in ordinary QCD: 2q2g contribution (a,b and c); 4q contribution (d). All possible permutations are not shown.

[3] Additional Feynman diagrams at lowest order contributing to 4jet production in e^+e^− annihilations in QCD+SUSY: 2q2g̃ contribution. The other permutation is not shown.

[4] Cross sections for 2q2g̃ production. A sum over the quark flavours q = u, d, s, c and b is implied. Curves are given as function of the gluino mass, for the four different algorithms J, E, D and G introduced in the text and three choices of the jet-scheme resolution parameter. The combinations are: y^J_{cut} = 0.01(0.02)[0.04], y^E_{cut} = 0.01(0.02)[0.04], y^D_{cut} = 0.002(0.004)[0.008], y^G_{cut} = 0.02(0.04)[0.08], in continuous(dashed)[dotted] lines.

[5] Cross sections for the three different contributions to 4jet production in QCD+SUSY, in case of vertex tagging. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given as function of the jet-scheme resolution parameter, for the four different algorithms J, E, D and G introduced in the text and three different values of gluino mass: m_{g̃} = 1(5)[10] GeV, in dotted(chain-dashed)[chain-dotted] lines.

[6] (a) Differential distributions in the rescaled invariant mass of the vertex tagged pair of jets for the three different contributions to 4jet production in QCD+SUSY. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given for the algorithm D introduced in the text, for the minimum of the jet-scheme resolution parameter y_{cut} = 0.002. The gluino mass is set equal to 5 GeV. Distributions are normalised to unity. (b) The same distributions in case of energy ordering of the jets. Here, the invariant mass corresponds to that of the two most energetic jets. An additional sum over q^′ = u, d, s, c and b is implied. (c) Same differential distributions as (a) in the rescaled invariant mass of the ‘untagged’ pair of jets. (d) Same distributions as in (b) in the rescaled invariant mass of the ‘untagged’ pair of jets.

[7] Cross sections for the three different contributions to 4jet production in QCD+SUSY, in case of vertex tagging, after the kinematical cuts. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given as function of the jet-scheme resolution parameter, for the four different algorithms J, E, D and G introduced in the text and three different values of gluino mass: m_{g̃} = 1(5)[10] GeV, in dotted(chain-dashed)[chain-dotted] lines.

[8] Differential distributions in the missing energy of the ‘gluino jet’ after the SUSY decays g̃ → qq̄γ̃, where γ̃ represents the ‘photino’. The masses of this latter are m_{γ̃} = 0 (continuous), 1/4m_{g̃} (dashed), 1/2m_{g̃} (dotted) and 3/4m_{g̃} (chain-dotted). The gluino masses are: m_{g̃} = 1 (a), 5 (b) and 10 (c) GeV. The mass refers to the ‘effective’ mass of the bound gluino if m_{g̃} = 1 GeV. No kinematical cut is here applied.

[9] Differential distributions in the missing energy of the ‘gluino jet’ after the SUSY decays g̃ → gγ̃, where γ̃ represents the ‘photino’. The masses of this latter are m_{γ̃} = 0 (continuous), 1/4m_{g̃} (dashed), 1/2m_{g̃} (dotted) and 3/4m_{g̃} (chain-dotted). The gluino masses are: m_{g̃} = 1 (a), 5 (b) and 10 (c) GeV. The mass refers to the ‘effective’ mass of the bound gluino if m_{g̃} = 1 GeV. Normalisations are to unity. No kinematical cut is here applied.

Fig. 1

21

22

23

24

25

26

27

28