arXiv:hep-ph/0206248 v2 16 Aug 2002

RESCEU–3/02 KEK–TH–817 TU–649 hep–ph/0206248

3- and 2-body supersymmetric processes: predictions, challenges and prospectives

Francesca Borzumati^{a,b}, Jae Sik Lee^b, and Fumihiro Takayama^c

aResearch Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan bTheory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan cDepartment of Physics, Tohoku University, Sendai 980-8578,Japan

ABSTRACT

The processes subject of this talk are: 1) the 2 → 3 processes contributing, together with the 2 → 2 one, to the hadron-collider production of a charged Higgs boson in association with a t-quark; 2) the 2 → 2 and 2 → 3 processes giving rise to the hadron-collider strahlung of a charged slepton from a t-quark in R_p-violating models in which lepton-number-violating trilinear couplings largely dominate over bilinear ones; 3) 3-body neutralino and chargino decays in similar R_p-violating scenarios. The significance of the R_p-violating processes is critically assessed against implications from neutrino physics. Contributions to neutrino masses arising at the tree level, at the one- and two-loop levels are reviewed. Comments are also made on the production of sneutrinos via gluon fusion and on the decay of sneutrinos into photons pairs, and on the influence that constraints from neutrino physics have on these processes.

Contributed by F. Borzumati to Appi2002, Accelerator and Particle Physics Institute Appi, Iwate, Japan, February 13–16 2002

3- and 2-body supersymmetric processes: predictions, challenges and prospectives

Francesca Borzumati^{a,b}, Jae Sik Lee^b, and Fumihiro Takayama^c

a Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan b Theory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan c Department of Physics, Tohoku University, Sendai 980-8578,Japan

ABSTRACT

The processes subject of this talk are: 1) the 2 → 3 processes contributing, together with the 2 → 2 one, to the hadron-collider production of a charged Higgs boson in association with a t-quark; 2) the 2 → 2 and 2 → 3 processes giving rise to the hadron-collider strahlung of a charged slepton from a t-quark in R_p-violating models in which lepton-number-violating trilinear couplings largely dominate over bilinear ones; 3) 3-body neutralino and chargino decays in similar R_p-violating scenarios. The significance of the R_p-violating processes is critically assessed against implications from neutrino physics. Contributions to neutrino masses arising at the tree level, at the one- and two-loop levels are reviewed. Comments are also made on the production of sneutrinos via gluon fusion and on the decay of sneutrinos into photons pairs, and on the influence that constraints from neutrino physics have on these processes.

1 Introduction

Now that LEP has been shut down, the upgraded Tevatron, with √ s = 2 TeV and, possibly, a luminosity of 10 − 30 fb^{−1} by the end of the experiment [1], and soon the LHC, with √ s = 14 TeV and a luminosity of 100 fb^{−1} per year [2], will be the next machines to probe physics beyond the Standard Model and to search for new particles. Possible discoveries will then be confirmed and thoroughly studied at hopefully incoming Linear Colliders [3]. The discovery reach of hadron machines, however, may not be very high for particles that carry only weak charges. Typically these particles are produced through the Drell-Yan mechanism or through cascade decays. At the LHC the former mechanism suffers from being quark-initiated instead than gluon-initiated. The latter is, in general, penalized at both machines by the fact that the energy of the decaying particle may be substantially reduced with respect to that of the initial beam. The discovery reach for sleptons, for example, is only ∼< 350 GeV at the LHC [4]. Nevertheless, a sufficient production cross section may be achieved through the enhancement of some large parameter, or if an alternative production mechanism is possible.

In the case of the charged Higgs there are two such large parameters: y_t and tan β. The alternative mechanism is the Higgs strahlung, i.e. the production in association with a t- and a b-quark [5, 6, 7, 8], or in association with a t-quark only [9, 6, 8]. The former possibility is described by the elementary 2 → 3 processes gg, qq → tH^−b̄, the latter, by the 2 → 2 process gb → tH^−. Both types of elementary processes are discussed in Section 2. Predictions for the production cross sections are also given, in the case in which the subsequent decay of the charged Higgs gives rise to an overall multi-b’s topology, as well as in the case in which at most two b-quarks are present in the final state. In the first case, the need of minimizing the number of b-quarks to be tagged requires the combination of the 2 → 3 and the 2 → 2 cross sections.

The discovery of a charged Higgs boson will imply the existence of a second Higgs doublet and, possibly, of a supersymmetric underlying structure of the world [10]. Charged Higgs bosons give potentially large contributions to flavour-changing-neutral-current processes. Indeed, there are quite strong constraints on their mass coming from these processes, in particular b → sγ [11]. The constraint is even stronger in a non-supersymmetric 2 Higgs Doublet Model (2HDM) [12], since it is not plagued by the model dependence that it has in supersymmetric models. However, it was shown that, even in this case, this bound can be evaded if the 2HDM is the remnant of a multiHiggs doublet model, with all doublets, except two, very heavy [13]. The cross section for the strahlung production mechanism, as well as the branching ratios for the decays of the resulting charged Higgs are, in such a model, the same as in the 2HDM. Therefore, it is reasonable to keep separated limits from virtual effects and limits from direct production (as indeed it was/is already assumed in direct searches at LEP and at the Tevatron). They are complementary and they possibly reinforce each other. We assume only the current limits on the charged Higgs bosons mass coming from LEP (≃ 78.6 GeV) and the Tevatron (∼ 160 GeV) (see for example [14]), although these limits were challenged as model dependent [15].

From charged-Higgs strahlung, the step to slepton strahlung in R_p-violating models [16, 17] is quite small. If R_p is violated, or more properly, if the lepton number L is violated, the charged Higgs has all the quantum numbers of a charged slepton, say τ̃ . This can then be singly produced in association with a t- and a b-quark, or only a t-quark, exactly like the charged Higgs. (Note that the single production of charged sleptons is impossible if R_p is conserved.) The corresponding cross section can be obtained generalizing the calculation for the associated production of the charged Higgs. The role of y_b · tan β is plaid in this case by the L-violating parameter λ^′_{333}, but there is no counterpart for the parameter y_t. The yield of τ̃’s turns out to be considerable even for modest values of λ^′_{333}.

The same production mechanism holds also for first and second generation sleptons, μ̃ and ẽ. The corresponding cross sections are in these cases proportional to the square of λ^′_{233} and λ^′_{133}. As in the case of the charged Higgs, the identification of all decay modes for these singly produced sleptons is very important in that it may affect the way the production cross section must be calculated. These issues are discussed in Section 3. One of the slepton decay modes, induced by the same L-violating coupling λ^′_{i33} responsible for its production, bt̄, is exactly one of the decay modes of the charged Higgs. For this decay mode the combination of the 2 → 3 and 2 → 2 elementary processes is mandatory. The other decay modes of the charged slepton are into a charged lepton and the lightest neutralino, ℓ̃^− → ℓ^−χ̃^0_1, or into a neutral lepton and the lightest chargino, ℓ̃^− → ν_ℓχ̃^−_1 . The relevance for slepton production of other R_p-violating couplings involving at least one third generation index, such as λ^′_{i3j} and λ^′_{ij3} is also discussed. Moreover, it is emphasized that the simultaneous presence of couplings of type λ^′_{i33} and of type λ_{i33} may have important consequences for charged Higgs searches.

It is therefore crucial to know whether among the final states obtained after the decays of χ̃^0_1 and χ̃^−_1 , there are any distinguishable from those obtained from charged Higgs decays. A discussion of the 3-body decays of χ̃^0_1 and χ̃^−_1 , due to the R_p-violating coupling λ^′_{i33}, λ^′_{332}, and λ^′_{323}, is found in Section 4. It follows closely Refs. [18, 19] and it is rather general, i.e. valid for any kinematical region for the lightest neutralino and chargino, and independent of the assumption on gaugino mass unification at some large scale. Some guidelines on the distinguishability of a charged slepton from a charged Higgs boson, both produced via strahlung from a quark line, are given in Section 3.

In the same spirit as in the discussion on charged Higgs boson strahlung, also in the case of slepton strahlung and neutralino/chargino decays, no constraints from virtual effects are included in this analysis. As before, the rational is that these constraints can, in general, be evaded by some (more or less) specific choices of the different parameters contributing to these effects. An exception is made for neutrino physics in Section 5. The smallness of their masses, makes in general neutrino spectra very sensitive to all L-number violating couplings. We review in Section 5 the main contributions to neutrino masses in R_p-violating models, at the tree level, at the one- and at the two-loop level. The latter ones were recently analyzed in Ref. [20]. In general, imposing that R_p-violating couplings are compatible with neutrino physics jeopardizes the visibility of some of the collider signals discussed here. Moreover, the constraints from the two-loop contributions, if those from the tree- and one-loop level are evaded, may affect also searches for single sneutrino ν̃ production [6, 21, 22] as well as the decay ν̃ → γγ. We discuss how these constraints can still be evaded if, for example, R_p-violating couplings have nontrivial phases. We single out the R_p-violating parameters that remain unsuppressed after imposing constraints from neutrino physics and the relevance that they may have not only for slepton searches, but for Higgs searches as well. In any case, it is clear that an independent collider probe of the lepton structure of these couplings may become a precious tool for model building, in that it may help individuating the real mechanism of generation of neutrino masses.

Finally, we comment on the possibility of having very tiny violation of the lepton number L. In general, it is assumed that this would affect only the phenomenology of the lightest neutralino and possibly neutrino physics. We conclude our discussion in Section 5, by pointing out that in models in which χ̃^0_1 and χ̃^−_1 are nearly degenerate, such small violation of R_p would have dramatic consequences also for the phenomenology of the lightest chargino.

2 Charged Higgs strahlung

Charged Higgs strahlung is induced by the 2 → 3 elementary processes gg, qq̄ → tH^−b̄, which get contributions from the Feynman diagrams in Figs. 1 and 2. The production

Figure 1: Charged Higgs strahlung from the quark-initiated 2 → 3 elementary process.

Figure 2: Charged Higgs strahlung from the gluon-initiated 2 → 3 elementary process.

cross section for a pp̄ (pp) collider is obtained by convoluting the hard-scattering cross sections of the quark- and gluon-initiated processes with the quark- and gluon-distribution functions inside p and/or p̄: σ = 1 2s ∫_1

τ_{min} dτ τ ∫_1 τ dx x ∫ dPS(q_1 +q_2; p_1,p_2,p_3) × { ∑ q [ q(x, μ_f )q̄(τ /x, μ_f ) + q ↔ q̄ ] |M|^2_{qq̄} + g(x, μ_f )g(τ /x, μ_f )|M|^2_{gg} } , (1)

where q_i (p_i) are the four-momenta of the initial partons (final-state particles); s is the hadron center-of-mass energy squared, whereas the parton center-of-mass energy squared is indicated, as usual, by ŝ = x_1x_2 s ≡ τ s; the functions q(x, μ_f ), q̄(x, μ_f ) and g(x, μ_f ) designate respectively the quark-, antiquark- and gluon-density functions with momentum fraction x at the factorization scale μ_f , and the index q in the sum, runs over the five flavors u, d, c, s, b; and dPS(q_1 + q_2; p_1, p_2, p_3) is an element of phase space of the 3-body final state. The square amplitudes |M|^2_{gg} and |M|^2_{qq̄} can be decomposed as: |M|^2_{qq̄} = ( 4 G_F √ 2 M^2_W ) (4πα_S )^2 |V_{tb}|^2 ( v^2 V^{qq̄} + a^2 A^{qq̄} )

|M|^2_{gg} = ( 4 G_F √ 2 M^2_W ) (4πα_S )^2 |V_{tb}|^2 ( v^2 V^{gg} + a^2 A^{gg} ) , (2) where color factors are included in the reduced squared amplitudes V^{qq̄}, A^{qq̄} and V^{gg}, A^{gg}, and where v and a are: v = 1 2 ( m_b M_W tanβ + m_t M_W cotβ ) ; a = 1 2 ( m_b M_W tanβ − m_t M_W cotβ ) . (3)

In the kinematical region m_t > m_H ± + m_b the above cross section could be well approximated by the much simpler resonant production cross section, as given by the on-shell tt̄ production cross section times the branching fraction for the decay t̄ → H^−b̄. It was shown, however, that in the region m_t ∼ m_H ± + m_b, this description fails to account for the correct mechanism of production and decay of the charged Higgs boson [23].

Figure 3: Charged Higgs strahlung from the 2 → 2 elementary process.

The 2 → 2 process gb → tH^− giving also rise to strahlung of charged Higgs bosons has Feynman diagrams shown in Fig. 3. The hard-scattering cross section is, in this case: σ(g b → H^− t) = 1 2ŝ ( 4 G_F √ 2 M^2_W ) (4πα_s) |V_{tb}|^2 ( v^2V^{gb} + a^2A^{gb} ) (4) where the functions V^{gb} and A^{gb} include in this case the reduced squared amplitudes as well as a phase-space integration factor. Note that, since the initial b-quark is contained in the proton or antiproton via a gluon, the 2 → 2 process is actually of the same order in α_s as the 2 → 3 ones.

When the decay of the charged Higgs does not give rise to third-generation quarks, the two production mechanisms are clearly independent. They require the reconstruction of two b-quarks, in the case of the 2 → 3 processes, or of only one, in the case of the 2 → 2 process. This is the case of the channel H^− → τ^−ν_τ , suitable for the discovery of the charged Higgs in the region of large tan β, and possibly bound to play a key-role also in the region of intermediate tan β since it is not plagued by QCD background as the H^− → bt̄ mode [14]. The two production mechanisms can be experimentally distinguished and studied separately.

Leading-order predictions for the two production cross sections are given in Fig. 4 for the Tevatron and LHC energies as a function of the charged-Higgs mass for three different values of tan β, tan β = 2, 10, and 50. The cross sections σ(pp̄, pp → tH^−b̄X) are shown by the solid lines, those for σ(pp̄, pp → tH^−X) by dashed lines. The leadingorder parton distribution functions CTEQ4L [24] are used, and the renormalization (μ_R) and factorization (μ_f ) scales are fixed to the threshold value m_t + m_H ± . A variation of these scales in the interval between (m_t+m_H ± )/2 and 2(m_t+m_H ± ) results in changes up to

Figure 4: Cross section σ(pp̄ → t(b̄)H^−X) versus m_H − , for √ s = 2 and 14 TeV, for tanβ = 2, 10, 50. The solid lines indicate the cross sections due to the 2 → 3 processes; the dashed lines, those due to the 2 → 2 process. Renormalization and factorization scales are fixed as μ_R =μ_f =m_t + m_H − . From Ref. [6].

±30% in both cross sections. QCD corrections, therefore, may be important, as was shown in the case of associate production of the neutral Higgs [25], but they are unfortunately not yet available. Part of these corrections is captured by the QCD correction to the bquark mass from which these cross sections depend. A study of their variation for different values of the b-quark mass can be found in Ref. [26].

As expected, the production cross section due to the 2 → 3 processes is enhanced in the resonance region m_H ± < m_t − m_b, when H^± is obtained as a decay product of one of the two t-quarks produced on shell. The resonant t-quark propagator is regularized by the width of the t-quark, calculated from the SM decay t → bW^+ and from the decay t → H^+b. Away from the resonance region, the cross section diminishes rather rapidly and becomes negligible at the Tevatron energy. In this region, the relative size of the two classes of cross section depends on √ s and m_H ± . Indeed, at high energies, where the gluon-initiated 2 → 3 processes dominate over the quark-initiated ones, the cross section arising from the elementary process gb → tH^− is larger than that from gg → tH^−b, which is penalized by a 3-body phase space suppression. At the Tevatron center-of-mass energy, the quark-initiated 2 → 3 processes still have the dominant role up to intermediate values of m_H ± . For the particular choice of scales μ_R and μ_f made here, the cross-over for the two cross sections is at about m_H ± ∼ 265 GeV. Both classes of cross sections show the typical behaviour as a function of tan β, with a minimum at around (m_t/m_b)^{1/2}.

When the charged Higgs, decaying, gives rise to at least two b-quarks, the final state to be identified contains at least three b’s for the 2 → 2 production mechanism, and at least four for the 2 → 3 one. This is the case of the decay channel H^+ → tb̄, particularly important in the region of small tan β, when the rate for H^− → τ^−ν_τ vanishes. Since tagging more than three b’s seems quite difficult even at the LHC (see, however, Ref. [27]), the two production mechanisms result into final states that are indistinguishable and a sum of the two cross sections is necessary. As shown in Fig. 5, the kinematical region in

Figure 5: Term of the gluon-initiated 2 → 3 process overlapping with a contribution from the 2 → 2 one.

which one of the two initial gluons in the 2 → 3 processes produces a pair bb̄ collinear to the initial p or p̄, is, by definition, also kept into account by the 2 → 2 process with the initial b-quark collinear to the colliding p or p̄, in which it is contained via a gluon. A large factor α_s(μ_R) log(μ_f /m_b) (μ_f is O(m_H ± )), is induced in this kinematical region in the cross section from the 2 → 3 processes. This same factor is contained in the cross section from the 2 → 2 process and it is resummed to all orders, (α_s(μ_R) log(μ_f /m_b))^n, when making use of the phenomenological b-distribution function. The first order, n = 1, must then be subtracted from the sum of the two cross sections [6].

Figure 6: The cross section σ(pp̄ → tH^−X) obtained by adding the contributions from the 2 → 2 and 2 → 3 processes shown in Fig. 4, and subtracting overlapping terms. From Ref. [6].

Predictions for the appropriately summed inclusive cross section are shown in Fig. 6, both for the Tevatron and the LHC. These cross sections have the same theoretical uncertainty of the individual cross sections of Fig. 4, as well as the same tan β dependence. Once again, the inclusion of QCD corrections is awaited for. (The dependence of these cross sections on the value of m_b, which may be most strongly affected by QCD corrections, is shown in Ref. [26].) Similarly, at least in the region of large tan β, supersymmetric corrections should be nonnegligible. These have been calculated for the 2 → 3 processes, see [28] and references therein. Recently also a calculation of the gluino corrections for the 2 → 2 process [29] had appeared, but no complete estimate exists, as yet, for the summed cross sections.

3 Charged slepton strahlung

As the charged Higgs boson, a charged slepton can be radiated from a t-quark thanks to the couplings λ^′_{i3j} in the superpotential W ⊃ −λ^′_{lmn}L_lQ_mD^c_n − 1 2 λ_{lmn}L_lL_mE^c_n , (5) where, for completeness also the operators with couplings λ_{lmn} are shown. In particular, for the coupling λ^′_{333}, both the 2 → 3 partonic processes, qq̄, gg → tb̄τ̃ and the 2 → 2 process gb → tτ̃ contribute to the strahlung of a τ̃ -slepton. The corresponding Feynman diagrams are obtained from those in Figs. 1, 2, and 3 by replacing H^− with τ̃ . The inclusive cross section induced by the 2 → 3 processes is that of Eq. (1) with the square amplitudes |M|^2_{gg} and |M|^2_{qq̄} given by: |M|^2_{qq̄} = 1 4 |λ^′_{333}|^2 (4πα_S )^2 |V_{tb}|^2 (V^{qq̄} + A^{qq̄}) |M|^2_{gg} = 1 4 |λ^′_{333}|^2 (4πα_S )^2 |V_{tb}|^2 (V^{gg} + A^{gg}) , (6)

where the values v = a = 1/2 were already substituted in. The reduced square amplitudes V^{qq̄}, A^{qq̄} and V^{gg}, A^{gg} coincide with those obtained for the 2 → 3 charged-Higgs-production processes, once the replacement m_H ± → m_{τ̃} is made. The partonic cross section for gb → tτ̃ can also be obtained from that for charged Higgs production, with obvious changes, i.e. by replacing 4G_F M^2_W / √ 2 with |λ^′_{333}|^2 and m_H − with m_{τ̃} .

Figure 7: Same as in Fig. 6, for τ̃ production, when the coupling λ^′_{333} is dominant among all other R_p-violating couplings. The production cross section is shown for different values of λ^′_{333}. From Ref. [6].

The same coupling λ^′_{333} inducing the radiation of the charged slepton from a third generation quark line, is also responsible for the decay τ̃ → bt̄. In this case, the charged slepton behaves exactly like a charged Higgs decaying into the same final state, and has only the effect of increasing the number of tt̄bb̄ events from 2 → 3 processes, or of tt̄b events from the 2 → 2 one. In this case, the evaluation of the slepton production cross section requires the combination of the 2 → 3 and the 2 → 2 cross sections, as outlined in Section 2. Predictions for this cross section are shown in Fig. 7 for the Tevatron and the LHC, where in the kinematical region of a resonant t-quark, only the two decay modes t → W^+b and t → τ̃^+b are considered. It is assumed that the charged Higgs H^± is sufficiently heavy, as to kinematically forbid the decay mode t → H^+b.

The large cross section obtained in the case of √ s = 14 TeV implies that at the LHC, with a luminosity of 100 fb^{−1} per year, light τ̃ ’s may be produced in abundance even for couplings as small as 0.01. Charged sleptons are, therefore, potentially more accessible (for not too small values of λ^′_{333}) than in models with lepton-number conservation, where their direct production relies on the Drell–Yan process. As it is known, this allows a discovery reach for sleptons only up to m~_l ∼< 350 GeV at the LHC [4]. Cascade decays may provide the bulk of slepton production in the lepton-number-conserving models, but such processes are highly model-dependent. They also complement slepton production in the lepton-number-violating case studied here. The potential reach at the Tevatron is limited to large couplings and/or light τ̃ ’s, i.e. to τ̃ lighter than the t-quark [30]. In the resonant part of the curves, where the cross section can be approximated by the production cross section of a pair of t-quarks times the branching ratio for the decay of one of the two t’s, the direct decay t → τ̃^+b can significantly constrain the values of λ^′_{333} [31]. For m_{τ̃} = 70 GeV, only values up to ∼ 0.2 will remain allowed, if charged slepton searches have a negative outcome at Run II with an integrated luminosity of 10 fb^{−1 ∗}.

Besides the decay τ̃ → t̄b, two additional 2-body decays, due to gauge interactions, are possible for τ̃ : τ̃ → χ̃^0τ^− and τ̃ → χ̃^−ν_τ . Whether the 2 → 3 processes and the 2 → 2 one must be combined also in this case, depends on the final states produced by the decays of charginos and neutralinos. A list of all the final states produced by the couplings λ^′_{i33} and λ_{i33} can be found in Table 1, in which also the final states obtained from charged Higgs decays are listed. In first approximation, let us assume that the coupling λ^′_{333} is dominant among all R_p-violating couplings. In such a case, the lightest neutralino decays as (see Section 4):

χ̃^0_1 → bb̄ν_τ , χ̃^0_1 → tb̄τ^− , χ̃^0_1 → t̄bτ^+ , (7)

with the second and third decay mode allowed only for a heavy χ̃^0_1, i.e. for m_{χ̃}0_1 > m_t + m_b + m_τ . The 2-body decays due to tree-level mixing of Higgs–slepton, χ̃^−–τ^−, and χ̃^0–ν_τ are neglected here. They become competitive with the 3-body decays only when the values of the trilinear couplings are rather small, and therefore no slepton strahlung signal is expected. For a discussion of the decays due to these mixings, see for example Ref. [34]. In the same approximation, the lightest chargino decays via gauge interactions as: χ̃^−_1 → W^−χ̃^0_1 . (8) The R_p-violating chargino decays,

χ̃^−_1 → bb̄τ^− , χ̃^−_1 → bt̄ν_τ , χ̃^−_1 → tt̄τ^− , (9)

∗The analysis of Ref. [31] neglects the decay τ̃ → ν_τ χ̃^−_1 , with the subsequent chargino decay χ̃^−_1 → bb̄τ^−, which may be nonnegligible for the values of λ^′_{333} considered

with the second and third decays allowed only if m_{χ̃}−_1 > m_t + m_b and m_{χ̃}−_1 > 2m_t + m_τ , respectively, are competitive with the decay mediated by gauge interactions only if λ^′_{333} is relatively large. The possible final states that can be produced through these decays contain all at least 3 b’s. The 2 → 3 and 2 → 2 processes should, then, be combined, if the number of b-quarks that can be detected has to be minimized.

H^−/ℓ̃^−_i Decay mode Decay final state

bt̄ b(b̄ℓ^−_i ν_i) τ^−ν_τ τ^−ν_τ H^− hW^− (bb̄)(ℓ^−_i ν_i) (τ^−τ^+)(ℓ^−_i ν_i)

χ̃^−χ̃^0 W^−χ̃^0χ̃^0

bt̄ b(b̄ℓ^−_i ν_i) τ^−ν_τ τ^−ν_τ

ℓ^−_i (bb̄ν_i) ℓ^−_i (τ^−τ^+ν_i) ℓ̃^−_i ℓ^−_i χ̃0 ℓ^−_i (tb̄ℓ^−_i ) ℓ^−_i (ν_τ τ +ℓ^−_i ) ℓ^−_i (t̄bℓ^+_i ) ℓ^−_i (ν_τ τ^−ℓ^+_i )

ν_i(bb̄ℓ^−_i ) ν_i(τ^−τ^+ℓ^−_i ) ν_iχ̃^− ν_i(bt̄ν_i) ν_i(τ^−ν_τ ν_i) ν_i(tt̄ℓ^−_i ) ν_i(ν_τ ν_τ ℓ^−_i ) ν_iχ̃^0W^− ν_iχ̃^0W^−

Table 1: Comparison between decay modes and final states obtained from a charged Higgs boson in a R_p-conserving scenario and those obtained from a charged slepton of generation i in a R_p-violating one, in which the couplings λ^′_{i33} and λ_{i33}, (i ≠ 3), are the dominant one.

In this case, distinguishing a light τ̃ (with also light neutral gauginos) from a charged Higgs will be difficult. The final states from τ̃ production and decay are very similar to those obtained from charged Higgs bosons: compare for example t(b̄)bb̄τ^−ν_τ X obtained from sleptons, versus the states t(b̄)t̄bX, t(b̄)τ^−ν_τ X, obtained from the charged Higgs boson decays into t̄b and τ^−ν_τ , or versus the state t(b̄)bb̄τ^−ν_τ X obtained, for example, from the decay of the charged Higgs boson into hW^−.

For heavier sleptons and at least one of the two neutral gauginos heavier than the t-quark, it is possible to obtain the interesting final state (2t)b̄(2τ^−)X. When the two t’s decay hadronically, the resulting signature is that of two equal-sign leptons, jets and no missing energy. Note that the two equal-sign leptons may be two μ’s if the coupling λ^′_{233} is the one considered. In this case, the strahlung-produced sleptons are μ̃’s. The production cross sections shown in Fig. 7 apply also to this case, when λ^′_{333} is substituted by λ^′_{233} and m_{τ̃} by m_{μ̃}.

The couplings λ^′_{i3j} give also rise to strahlung of the slepton ℓ̃_i in association with a t- and an s-quark, when j = 2, or in association with a t- and a d-quark when j = 1. At the partonic level these production mechanisms are described by the elementary processes qq̄, gg → ts̄ℓ̃_i, gs → tℓ̃_i, and qq̄, gg → td̄ℓ̃_i, gd → tℓ̃_i. Some representative diagrams for the strahlung associated with a t- and an s-quarks are shown in Fig. 8. For these couplings, at most 2 b’s are present in the final states and they can be easily tagged at the LHC. The 2 → 3 and 2 → 2 processes can therefore be disentangled and studied separately.

Figure 8: Strahlung of a charged slepton associated with a t- and an s-quark.

Note that the cross sections for the 2 → 3 processes qq̄, gg → ts̄ℓ̃_i, and qq̄, gg → td̄ℓ̃_i are as those obtained for qq̄, gg → tb̄τ̃ . The states tt̄ss̄ and tt̄dd̄, obtained when the radiated sleptons decay as ℓ̃_i → st̄ and ℓ̃_i → dt̄, cannot be mimicked by charged Higgs bosons production and decays, which are penalized by CKM suppression and by the practically vanishing mass of the s- and d-quark.

The production through the 2 → 2 processes gs → tℓ̃_i and gd → tℓ̃_i (in particular also τ̃ production) is larger than the production through gb → tℓ̃_i because of the larger content of the s- and d-quarks in the proton. The possibility of distinguishing which coupling has induced the production of ℓ̃_i, i.e. whether λ^′_{i33}, λ^′_{i32}, or λ^′_{i31}, strongly depends on how accurately the final states can be studied. The final states induced by the coupling λ^′_{i3j} through 2 → 2 processes are: tt̄d_j (ℓ̃_i → d_jt̄) tℓ^−_i bd̄_j ν_i (ℓ̃_i → ℓ^−_i χ̃^0_1 → ℓ^−_i bd̄_j ν_i / ℓ̃_i → ν_iχ̃^−_1 → ν_ibd̄_j ℓ^−_i ) 2(tℓ^−_i )d̄_j (ℓ̃_i → ℓ^−_i χ̃^0_1 → ℓ^−_i td̄_j ℓ^−_i ) tt̄d_j ν_iν_i (ℓ̃_i → ν_iχ̃^−_1 → ν_it̄d_j ν_i) .

(Chargino and neutralino decays due to the couplings λ^′_{i32} are listed in the next Section.) The identification of 3 b’s versus that of 2 b’s and one s-quark, for example, will allow to distinguish between λ^′_{i33} and λ^′_{i32}. Also in this case, the final states obtained when j = 1 or j = 2 are not likely to be induced by charged Higgs bosons and such signals would be genuine R_p-violating ones.

There is another rather interesting possibility that opens up for sleptons obtained from 2 → 2 processes, through the couplings λ^′_{i32} and λ^′_{i31}. If the sleptons ℓ̃_i produced in this way decay through the couplings λ_{ij3} or λ_{j3i}, the processes gd̄, gs̄ → tℓ̃_i → tτ^−ν_j (10) lead to the same final state obtained from charged Higgs bosons, also originating from the 2 → 2 process gb̄ → tH^−. Given the larger yield of the s- and the d-quark into the proton, the slepton production cross section may be much larger than that of the charged Higgs and a serious contamination of the charged Higgs signal may be expected even for not too large values of the relevant R_p-violating couplings. Such a possibility should be kept in mind when searching for charged Higgs bosons, through the mode τ^−ν_τ . This is especially so, when this decay mode is used to extend the region of tan β that can be probed to intermediate values such as ∼ 10, for which the Yukawa coupling of the τ is not particularly large.

Finally, the coupling λ^′_{ij3} give rise to slepton strahlung in association with a c- and a b-quark or with a u- and a b-quark, when j = 2 and j = 1. In this case, the strahlung mechanism must compete with the 2 → 1 processes, bc̄ → ℓ̃_i and bū → ℓ̃_i, which lead to final states different from those obtained from the 2 → 2 and 2 → 3 processes. Among these, the states cc̄bb̄ may substantially add up to those obtained from W -pair production. In addition, final states such as (2c)b̄(2ℓ_i), with two like-sign leptons, jets and no missing energy can be obtained, in this case, even for light neutralinos, and are distinctive of R_p-violating couplings.

4 Neutralino and chargino decays

As already mentioned in Section 3, in R_p-violating scenarios with a dominant coupling λ^′_{333}, the lightest neutralino decays as χ̃^0_1 → bb̄ν_τ , tb̄τ^−, and t̄bτ^+. A detailed analysis of these and other decays was performed in Ref. [18], where no assumption was made as to whether the final state is massive or massless, or whether gaugino masses are unified or not at some large scale. As already mentioned in the previous Section, we neglect here the 2-body decays of the lightest neutralino due to tree-level mixing Higgs–slepton, χ̃^− − τ , and χ̃^0 − ν_τ . For a discussion of these decays and further references on the topic, we refer the reader to Ref. [34].

The results may be summarized as follows, when the couplings λ^′_{333}, or λ^′_{332}, and λ^′_{323} are considered. Quite generically, if the lightest neutralino is lighter (or only slightly heavier) than the t-quark, it decays predominantly into massless fermions. Depending on the relative size of the R_p-violating couplings, the dominant decays are, e.g, χ̃^0_1 → bb̄ν_τ , due to a dominant λ^′_{333} coupling, and χ̃^0_1 → cb̄τ^−, χ̃^0_1 → sb̄ν_τ , and their CP-conjugate

Figure 9: Widths (in GeV) for the four decays χ̃^0_1 → bb̄ν_τ , tb̄τ^−, bs̄ν_τ , and cb̄ν_τ , when only the two couplings λ^′_{333} and λ^′_{323} are nonvanishing, as function of the sfermion mass m_∗, equal to m_{Q̃} = m_{Ũ c} = m_{D̃c} , and to (1.4) × m_{L̃} (with m_{L̃} = m_{Ẽc} ), for μ = 1500 GeV, m_{B̃} = 600 GeV, and m_{W̃} = 2m_{B̃}. The value of tan β is 3 and all trilinear soft terms are chosen in such a way to have vanishing left-right mixing terms in the sfermion mass matrices squared. From Ref. [18].

states, induced by λ^′_{323} and λ^′_{332}. When two such couplings are simultaneously present and of the same size, the rates for various massless states are of the same order of magnitude over a wide range of parameter values, see for example Fig. 9. In this and the following Figure, the lightest neutralino decay widths are plotted for values of λ^′_{333} and λ^′_{323} equal to 1. Widths for lower values of these couplings are obtained by scaling down those shown in these Figures.

When χ̃^0_1 is substantially heavy, decays with the t-quark in the final state, such as tb̄τ^−, ts̄τ^−, and their CP conjugated states, can become competitive. In general, for moderate/large left-right mixing terms in the sfermions virtually exchanged, and/or of substantial Bino-Higgsino mixing, these decay modes can be large at not too large values of tan β. Although in general subdominant, their rate can be comparable to those of massless modes, see Figs. 9 and 10.

Furthermore, an overall increase in the total decay width of χ̃^0_1 is observed, if χ̃^0_1 is mainly a Wino, as it may happen if gaugino mass unification is not imposed, or in anomaly-mediated supersymmetry-breaking scenarios [32], or in grand-unification models with an additional strong hypercolor group [33].

It should be noted here that, if χ̃^0_1 is lighter than the t-quark, the χ̃^0_1 decays are not suitable to study the lepton structure of the couplings λ^′_{i33}. In this case, only decays with neutrinos in the final states are possible, i.e. χ̃^0_1 → bb̄ν_i. The modes in which the charged leptons are present, χ̃^0_1 → tb̄ℓ_i and χ̃^0_1 → t̄bℓ̄_i, are kinematically forbidden. A study of the lepton structure of these couplings could reveal precious information on the origin of neutrino masses (see discussion in Section 5). Unfortunately, independent collider probes are restricted to the case of heavy neutralinos. Couplings such as λ^′_{i23}, which are far less relevant for neutrino physics, on the contrary, allow light final states, containing a charged lepton, χ̃^0_1 → cb̄ℓ_i.

Figure 10: Γ(χ̃^0_1 → bb̄ν_τ ) and Γ(χ̃^0_1 → tb̄τ^−) (in GeV), respectively solid and long-dashed lines, versus m_∗ = m_{Q̃} = m_Ũ c = m_{D̃}c , for μ = 600 GeV, m_{L̃} = m_Ẽc = 600 GeV, m_{B̃} = 600 GeV, and m_{W̃} = 2m_{B̃}. The value of tan β is 3 in the left frame, 30 in the right one. All trilinear soft terms are fixed at 350 GeV in the left frame, and at 150 GeV in the right frame. From Ref. [18].

Chargino decays could be ideal to probe the i dependence of the couplings λ^′_{i33}. The final states induced by such couplings,

χ̃^−_1 → bb̄ℓ_i , χ̃^−_1 → bt̄ν_i , χ̃^−_1 → tt̄ℓ_i , (11)

where the last one is due to nonvanishing left-right mixing terms in the sfermion mass matrix. Among these states, the first one, in particular, could easily supply the information that decays of a light neutralino cannot give. These R_p-violating 3-body decays, however, must compete with the R_p-conserving 2-body decay χ̃^−_1 → W^−χ̃^0_1. In general, for χ̃^−_0 lighter than χ̃^−_1 , their rates are much smaller than the rate of the dominant mode. For rather large R_p-violating couplings, the 3-body decays, although subleading, may be nonnegligible. They may, however, be the dominant ones, when the 2-body decay χ̃^−_1 → W^−χ̃^0_1 is suppressed. This is typically the case of models in which χ̃^−_1 and χ̃^0_1 are nearly degenerate. A sufficient condition for this to happen is that χ̃^0_1 is mainly a Wino or mainly a Higgsino. A detailed analysis of chargino decays in these scenarios will be presented elsewhere [19].

We conclude this Section by listing the chargino decays due to the coupling λ^′_{i32} and λ^′_{i23}. The coupling λ^′_{i23} gives rise to the decays:

χ̃^−_1 → bs̄ℓ_i , χ̃^−_1 → bc̄ν_i , χ̃^−_1 → tc̄ℓ_i , χ̃^−_1 → ts̄ν_i , (12)

and all the CP-conjugated ones, whereas the decays obtained through the coupling λ^′_{i32} are:

χ̃^−_1 → bs̄ℓ_i , χ̃^−_1 → ts̄ν_i , (13)

when the left-right mixing of the strange squark is assumed to be negligible.

5 Collider- neutrino-physics interplay

The reasons for dwelling on L-violating couplings of type λ^′_{ijk} with third generation indices, is that they have a particularly important role for neutrino spectra.

Figure 11: The tree-level contribution to the Majorana entry in the neutrino mass matrix, induced by sneutrino v.e.v’s.

It is well known that, additional R_p-violating interactions, specifically interactions violating L, induce Majorana masses for all neutrinos, without having to introduce new superfields in addition to those present in a Minimal Supersymmetric Standard Model. In generic R_p-violating models, neutrino may acquire mass at the tree level and at the quantum level [35]. The tree-level contributions are mainly governed by R_p-violating bilinear couplings. The radiative contributions arise at the one- or the two-loop level. At the one loop, they are controlled by trilinear superpotential R_p-violating couplings and left-right sfermion mixing mass terms. The two-loop contributions are due to trilinear superpotential R_p-violating couplings, left-right sfermion mixing terms, and to R_p-violating soft trilinear superpotential terms [20].

The tree-level mass is originated by bilinear R_p-violating terms, in particular by the misalignment of superpotential bilinear terms,

W = μ_iL_iH_U (i = 1, 2, 3) , (14)

and scalar potential bilinear terms,

V = B_iL̃_iH_U + m^2_{LiH}L̃_iH_U (i = 1, 2, 3) . (15)

(The symbol H_U indicates the isospin 1/2 doublet superfield as well as its scalar component.) This misalignment is expressed by the nonvanishing value of the quantities:

ΔB_i = B_i − B μ̂_i , Δm^2_{LiH} = m^2_{LiH} − ( m^2_{HD} −m^2_{Li} ) μ̂_i , (16)

where μ̂_i = μ_i/(μ^2 + ∑ μ^2_i )^{1/2}, and μ is the usual parameter in the superpotential term μH_DH_U . They induce vacuum expectation values (v.e.v.) for the sneutrinos, v_i. Typically,

m_{SU SY}^2 · v_i ∼ ΔB_i < H_U > +Δm^2_{LiH} < H_D > , (17)

where, m_{SU SY} is, generically, the soft mass for the scalar component of the lepton doublet superfields plus D-term contributions. In a basis in which the terms μ_iL_iH_U in the superpotential are rotated away, the tree-level contributions to the neutrino mass matrix are given by: m_{ν,ii}′ ∼ 1 2 g^2_j v_iv_i′ m_{χ̃}0_j

, (18)

and are obtained by the tree-level diagrams in Fig. 11. Both SU(2) and U(1) gaugino mediate such a diagram. A suppression of these contributions is granted by rather small v.e.v’s and/or cancellations among the two terms in Eq. (18) (i.e. g^2_1 /M_1 + g^2 /M_2 = 0, with M_1 and M_2, the two gaugino masses).

Figure 12: A one-loop contribution to the Majorana neutrino mass arising from the ΔL = 1 operators of the superpotential in Eq. (5).

The remaining neutrino mass terms are induced by trilinear R_p-violating terms through loops mediated by quarks-squarks and/or leptons-sleptons. A typical quarksquark loop contribution is shown in Fig. 12. Such a contribution requires a chirality flip in the sfermion line. Choosing, for simplicity, the basis in which left- and right- components of the down quarks are diagonal, and assuming proportionality of the left-right sfermion matrices to the corresponding Yukawa matrices, i.e. (m^2_{d̃ LR})_{ij} = M^d_j (m_d)_j δ_{ij} and (m^2_{ℓ̃ LR})_{ij} = M^l_j (m_ℓ)_j δ_{ij}^†, the contributions to the neutrino mass matrix entries from quark-squark loops read: m_{ν,ii}′ ∼ 3 8π^2 ∑ kj λ^′_{ikj} λ^′_i′_{jk}(m_d)_j (m_d)_k M^d_k m^2_{d̃k} , (19)

where m~_{dk} is a squark mass eigenvalue, and both parameters M^d_k and m~_{dk} are linked to the mechanism of supersymmetry breaking. The analogous contributions from lepton-slepton loops is obtained by replacing λ^′_{ijk} with λ_{ijk} in Eq. (19), and m_d with m_l. The dominant among these contributions are those mediated by b-b̃ and by τ -τ̃ . Neutrino mass terms ∼< OeV), imply that λi33 and λ^′i33 are smaller than 10^{−3}-10^{−4} for supersymmetric masses of 100 GeV. If no special tuning among other parameters occurs, e.g. if no hierarchy such as M^d_3 ≪ M^d_1 ≃ M^d_2 is realized, trilinear couplings such as λ^′_{i23} or λ^′_{i32}, and λ_{i23} or λ_{i32}, induce loop contributions suppressed by (m_s/m_b) and (m_μ/m_τ ), with respect to the dominant ones. The suppression would be quadratic in the ratio of quark masses for the one-loop contributions due to the couplings λ^′_{i22}. Therefore, constraints obtained

†The effect of non-diagonal left-right mass matrices on neutrino mass terms was considered in F. Borzumati et al. in Ref. [35].

by imposing that the terms in Eq. (19) are ∼< O(1eV), are less powerful for couplings involving one quark index of first or second generation. It is interesting that, in general, collider physics searches act exactly in the opposite way: direct constraints are stronger for trilinear couplings with first and second generations indices, than for those containing third generation indices.

The above formulas show how the predictability of generic R_p-violating models is marred by the large number of parameters contributing to the different neutrino mass matrix entries. To cope with this difficulty, two different simplifying assumptions are in general made. They give rise to two different classes of models, which have been widely discussed in the literature.

The first is known as the class of bilinear R_p-violating models, in which only bilinear terms exist [36]. By rotating away the bilinear terms in the superpotential, the following trilinear couplings are induced: λ^′_{ijk} = y^D_{jk} μ̂_i , λ_{ijk} = y^L_{jk} μ̂_i (i ≠ j) , (20) where y^D_{jk} and y^L_{jk} are, respectively, the down-quark and charged-lepton Yukawa coupling matrices. In general, the largest neutrino mass term comes from the tree-level contribution. The second largest mass terms are due to b-b̃ loops, which give rise to entries in the neutrino mass matrix m_{ν,ii}′ proportional to

∼ (3/8π^2)λ^′_{i33}λ^′_i′_{33}m^2_b M^d_3/m^2_{b̃} = (3/8π^2)y^2_b μ̂_i μ̂_i′ m^2_b M^d_3/m^2_{b̃} .

Other large mass terms are induced by τ -τ̃ loops:

∼ (1/8π^2)λ_{i33}λ_i′_{33}m^2_τ M^d_3/m^2_{τ̃} = (1/8π^2)y^2_τ μ̂_i μ̂_i′ m^2_τ M^l_3/m^2_{τ̃} ,

with i, i^′ ≠ 3, due to the fact that the couplings λ_{ijk} are antisymmetric in the first two indices. The smallness of neutrino masses constrain the v.e.v’s to be small, and in particular the μ_i’s to be small^‡. As a consequence, the trilinear couplings are also rather small, and so are the loop contributions to neutrino masses. The lightest neutralino decays mainly as χ̃^0_1 → W^−ℓ^+ induced by the mixing χ̃^0_1 − ν proportional to a neutral slepton v.e.v.. No signal for single-production of charged sleptons is expected in these cases.

Strictly speaking, however, since the v.e.v’s are an algebraic sum of two terms, the individual contributions to the v_i’s do not have to be small. If a certain amount of tuning of the individual contributions is allowed, these v.e.v’s may be sufficiently suppressed. In principle the suppression may be even strong enough to render the tree-level mass contribution of Eq. (18) irrelevant for neutrino physics. Depending on the amount of suppression, the rates for the 3-body decays of the lightest neutralino may be comparable

‡It is often assumed that such a low-energy situation is obtained from a model in which ΔB_i, Δm^2_{LiH} and all the trilinear couplings are vanishing at some fundamental high scale. Nonvanishing ΔB_i and Δm^2_{LiH} are induced by the parameters μ_i when evolving the model down to low scale, whereas the trilinear terms remain vanishing. As explained above, these result from a rotation of the superfields L_i and H_D. It is easy to show that in such a case the neutrino mass matrix generated by the tree-level and the b-b̃-loop contributions has rank 1, and that the second heaviest neutrino is generated by τ -τ̃ loops.

to that for the 2-body decay χ̃^0_1 → W^−ℓ^+, or even larger. In such a case, the main source for neutrino mass terms are the loop contributions, which must be duly suppressed. Responsible for their suppression may be parameters other than the trilinear couplings, i.e. other than the μ_i’s. For example, nearly vanishing left-right mixing terms in the sfermion mass matrices, may be as effective as very small λ and λ^′ parameters. Moreover, it should be noted that the dominant one-loop contributions to m_{ν,ii}, i.e. those mediated by b-b̃ and τ -τ̃ are proportional to the combination of couplings (λ^′_{i33})^2 and (λ_{i33})^2, respectively, and are therefore sensitive to the phases of these couplings. Thus, it is possible that partial cancellations among the b-b̃ loops and the τ -τ̃ ones occur. Further suppression of the b-b̃ loops may come from large sbottom masses. The observation of single production of sleptons would strongly hint at any of these possibilities, i.e. at unexpectedly large sbottom masses (even for not too heavy sleptons), small left-right mixing terms in the sfermion mass matrices, and/or special relations among the couplings of type λ and those of type λ^′.

The second class of models that has been considered in the literature is that of models in which only trilinear R_p-violating terms exist at some high scale [38]. In such models, bilinear terms are induced by the trilinear couplings λ and λ^′, through the renormalization group equation. The misalignment term ΔB_i and Δm^2_{LiH} and the sneutrino v.e.v’s v_i obtained at the electroweak scale are proportional to λ^′_{ijj} and λ_{ijj} , in a basis in which down-quark Yukawa couplings are diagonal. Barring accidental cancellations among the different terms inducing the v_i’s, the smallness of the tree-level contributions to neutrino masses constrain these couplings to be small, if a nonnegligible mixing among left- and right-mass terms for sfermions exists. As a consequence, the leading loop contributions are also suppressed and no significant yield for the strahlung of charged sleptons in association with a t- (and possibly a b-) quark is expected. As in the previous class of models, this could be observed only if left-right sfermion mixing terms are efficiently suppressed, and/or squark masses are heavy, and/or phases in R_p-violation parameters induce cancellations among the different loop contributions. Other one-loop contributions to neutrino masses are due to the trilinear couplings λ_{ijk} as well as λ^′_{ijk} (i ≠ j). The constraints on these last couplings are, in general, less limiting and one can expect to observe single production of sleptons, as for example pp → tμ̃X or pp → tμ̃sX, even without having to advocate the vanishing of other parameters or the mutual cancellation of different loop contributions.

Figure 13: A two-loop contribution to the Majorana neutrino mass arising from the ΔL = 1 operators in the scalar potential in Eq. (21).

Additional 2-loop contributions to neutrino masses also exists. They are in general neglected, since assumed to be subleading with respect to the one-loop contributions. The diagram with exchange of squarks (and sleptons) in the upper loop, shown in Fig. 13, was already discussed in Ref. [39], in a framework in which hard superpotential trilinear R_p-violating couplings are vanishing, but soft trilinear R_p-violating couplings

V = A^′_{ijk}L̃_iQ̃_jD̃^c_k + 1 2 A_{ijk}L̃_iL̃_jẼ^c_k (21)

are generated by supersymmetry breaking. (See also discussion in Ref. [40].) There are also other diagrams with exchange of quarks (and leptons) in the upper loop, shown on the left side of Fig. 14, and with exchange of squarks (and sleptons) but no leftright mixing in the sfermion lines, as shown on the right side of Fig. 14. If any of the mechanisms advocated above to suppress the one-loop contribution to neutrino mass (without suppressing the λ- and λ^′-couplings) is present, these two-loop diagrams cannot be neglected any longer [20].

Figure 14: Two-loop contributions to the Majorana neutrino mass involving the same trilinear superpotential couplings λ^′_{ijk} present in the one-loop diagram of Fig. 12.

The sneutrino state ν̃ has a CP-even and a CP-odd component that are degenerate at the tree level. A splitting in the mass of these two components is induced at the quantum level [41] by the upper loops in Figs. 13 and 14. Because of this splitting, a nonvanishing contribution to neutrino mass terms is originated. The contribution coming from the diagram of Fig. 13 is: m_{ν,ii}′ ∼ 3g^2_j (16π^2)^2

A^′_{i33}A^′_i′_{33} ( m_bM^d_3

)_2

m^4_{b̃} m_{χ̃}0_j m^2_{ν̃}

. (22)

The symbol M^d_3 is that already used in Eq. (19), i.e. M^d_3 m_b is the left-right mixing terms in the sbottom mass matrix. Similarly, the diagrams in Fig. 14 yields the contribution: m_{ν,ii}′ ∼ 3g^2_j (16π^2)^2 λ^′_{i33}λ^′_i′_{33}m^2_b m_{χ̃}0_j m^2_{ν̃}

, (23)

where we have dropped a logarithmic dependence on m~_b. For the overall coefficients in Eqs. (22) and (23), see Ref. [20].

One way of suppressing the one-loop contribution to neutrino mass terms, and to evade constraints on the parameters λ^′, is to assume that M^d_3 ≃ 0. In such a case, obviously, also the contribution from the diagram in Fig. 13 nearly vanishes. The contribution in Eq. (23), however, remain unsuppressed and yield therefore a constraint on the couplings λ^′_{i33} [20]:

λ^′_{i33} ∼< 0.01 ( m_{ν̃} 100 GeV

) ( 100 GeV m_{χ̃}0 )_{1/2} , (24)

where the SU(2) gauge coupling was used for the numerical evaluation. This is quite robust since not affected by the size of squark masses. Similar constraints are obtained for the couplings λ_{i33}.

For such values of λ^′_{i33}, the possibility of observing slepton strahlung at the LHC gets restricted to the kinematical region m~_ℓ ≤ m_t − m_b, see the right frame in Fig. 7. Wider reach of values for m~_ℓ, i.e. beyond the t-quark mark, are possible if sleptons are produced through the couplings λ^′_{i32} or λ^′_{i31}. Both, the one-loop and the two-loop contributions to neutrino mass terms obtained in this case, are suppressed with respect to those of Eq. (23) by the factors (m_s/m_b) and (m_d/m_b). The corresponding constraints on these couplings get weakened by factors (m_b/m_s)^{1/2} and (m_b/m_d)^{1/2}. Similarly, also the couplings λ_{ij3} and λ_{j3i} may remain unsuppressed. As already observed in Section 3, the 2 → 2 process induced by λ^′_{i32} or λ^′_{i31} give rise to sleptons in association with a t-quark only. The subsequent decay of the sleptons through the couplings λ_{ij3} or λ_{j3i}, may give rise to an unsuppressed final state tτ^−ν_j indistinguishable from the final state tτ^−ν_τ obtained from a charged Higgs boson. Therefore, through R_p-violating couplings, sleptons may contaminate the charged Higgs signal, even when constraints from neutrino physics are imposed.

Last, but not least, it should be kept in mind that even the bounds in Eq. (24) and the corresponding one for the coupling λ_{i33} may be evaded. For this, it is sufficient that special relations among the absolute value of λ^′_{i33} and λ_{i33} and the value of their phases induce a partial cancellation between the contribution in Eq. (23) against that from the similar τ and τ̃ diagrams. In this case, the possibility of observing slepton-strahlung induced by the coupling λ^′_{i33} may remain unaffected by neutrino mass constraints.

In turn, it is possible that the one-loop contribution to neutrino masses is, indeed, reduced by the smallness of the λ^′ and λ couplings, while the left-right mixing terms in the sfermion mass matrices remain sizable. In such a case, the neutrino mass contribution from the two-loop fully scalar diagram in Fig. 13 induces strong constraints on the R_pviolating soft couplings A^′_{i33}:

A^′_{i33}M^d_3 ∼< 100 GeV^2 ( m_{ν̃} 100 GeV

) ( 100 GeV m_{χ̃}0

)_{1/2} ( m~_b 100 GeV

)_2

, (25)

and similar ones for the couplings A_{i33}. Note that this is an order of magnitude estimation. An explicit calculation, in which no approximation is made on the loop function, may attenuate this constraint.

We conclude this Section by observing that constraints such as that in Eq. (24), will also affect the possible production of sneutrinos through gluon fusion [6, 21, 22] and their subsequent decays in two photons ν̃ → γγ. It has been suggested that sneutrinos in R_p-violating models may mimic neutral Higgs bosons and spoil their observation and mass determination. They can be produced through the elementary process bb̄ → ν̃, as well as strahlung processes, or through gluon fusion, as shown in Fig. 15. The first two production mechanisms are induced by the couplings λ^′_{i33}. These same couplings are also partially responsible for the latter mechanism, as the first two diagrams in Fig. 15 show. The last diagram, on the contrary, depends only on the couplings A^′_{i33}.

Figure 15: Gluon-fusion production of sneutrinos.

For these production mechanisms to be relevant, the generic constraints from neutrino physics must be evaded. Having assumed some accidental cancellation of the tree-level neutrino contributions, vanishing left-right mixing terms in the down-squark mass matrices are enough to leave the couplings λ^′_{i33} unconstrained by the one-loop contribution to neutrino masses. The bound from the two-loop contribution given in in Eq. (24), however, may be enough to reduce the bb̄ → ν̃ and strahlung production mechanisms to negligible levels. The same is true also for the production through gluon fusion, since the first two diagrams in Fig. 15 would be affected by small couplings λ^′_{i33} and the third by a vanishing left-right mixing in the sbottom mass matrix. In this case, a clean detection of the neutral Higgs boson signal may be hoped for. If on the contrary, the one-loop contribution to neutrino mass are reduced by tiny couplings λ^′_{i33}, and the left-right mixing in the sbottom mass matrices are sizable, then single-production of sneutrinos remains possible through the third gluon fusion diagram in Fig. 15. Parameters A^′_{i33} of order ∼ 10 GeV may give smallish cross sections, but perhaps not so small not to affect the neutral Higgs boson searches. Detailed studies on this topic are lacking and are clearly called for.

It is obviously also possible that the one-loop contribution to neutrino masses are subject to other type of suppressions, such as the already mentioned cancellations among the b − b̃ and τ − τ̃ contributions. In such a case, the production of sneutrino at hadron collider may still be relevant. Once again, we can only conclude that direct and indirect searches should be pursed independently and should complement each other.

If neutrino physics constrains the R_p-violating trilinear couplings to be below the 10^{−4}-10^{−3} mark, collider signals such as charged slepton strahlung and sneutrino decays will be completely negligible. Such small couplings would still be relevant for phenomenological searches. They induce a decay of the lightest neutralino, which would be a stable particle for vanishing values of these couplings. It is in general assumed that the effect of such couplings in other sectors would be completely irrelevant. However, in models with nearly-degenerate lightest chargino and lightest neutralino, couplings as small as 10^{−5} may affect also the phenomenology of the lightest chargino. For such values of trilinear couplings, the rate for the main decay mode of the lightest chargino χ̃^−_1 → W^−χ̃^0_1 may become comparable or even smaller (depending on the actual value of the mass difference m_{χ̃}−_1 − m_{χ̃}0_1 ) than that for the R_p-violating chargino decay modes. Nearly-degenerate χ̃^−_1 and χ̃^0_1 are present in scenarios in which the lightest neutralino is mainly a Wino or a Higgsino. These scenarios are realized in specific model of supersymmetry breaking, such as anomaly-mediated supersymmetry-breaking models [32], or, for example, in grand-unification models with an additional strong hypercolor group [33]. For studies of the interesting signatures obtained in these cases, the reader is referred to Ref. [19].

6 Conclusions and outlook

In spite of the impressive confirmation that the Standard Model has obtained at LEP and at the Tevatron, the mechanism of electroweak symmetry breaking is still elusive. Searches for Higgs boson(s), which are likely to mediate it, will play a pivotal role in collider physics in the next coming years. Some of the issues that these searches will have to settle are if there exist only one neutral Higgs boson or more, and if there are charged Higgs bosons, i.e. if there are additional Higgs fields that are doublets of SU(2). The discovery of a charged Higgs boson will, undoubtedly, strengthen the case for supersymmetry. In order not to miss such an important element of the Minimal Supersymmetric Standard Model at the LHC, it is important that the cross section for its production is not too small, so that even heavy masses may be reached. As discussed in this review, the charged Higgs strahlung is a suitable production mechanism under this point of view: cross sections at the fb-level can be obtained even for charged Higgs masses of ∼ 1 TeV.

The determination of the charged Higgs mass is also crucial to nail down the parameters responsible for supersymmetry breaking. The cleanliness of this measurement, however, depends strongly on the fact that there are no other particles mimicking the signals that charged Higgs bosons produce. In R_p-violating models, charged and neutral sleptons may lead to an incorrect determination of the charged and neutral Higgs boson masses. The trilinear superpotential couplings λ^′_{i33} and λ_{i33} can give LHC production cross sections for charged and neutral sleptons very similar to that of the corresponding charged and neutral Higgs bosons.

When the lepton index i is of the third generation, they also give rise to the same final states induced by the decays of Higgs bosons. This is true, however, if these couplings are not much smaller than numbers of O(1). In the case of charged Higgs bosons and sleptons radiated from a quark line, then, searches of final states such as (2t)b̄(2τ^−)X, obtained for heavy χ̃^0_1 are necessary to establish whether the charged Higgs signal was contaminated by charged sleptons through sizable violation of the lepton number. Moreover, when the leptonic indices are of first or second generation, the presence of like-sign e’s and μ’s in possible final states such as (2t)b̄(2μ^−)X or (2t)b̄(2e^−)X, will unambiguously indicate that charged sleptons have been produced. In addition, also first and second generation quark jets, induced for example by couplings λ^′_{ij3} or λ^′_{i3j} , are likely to arise from charged sleptons and not from charged Higgs bosons. Interesting final states due to charged Higgs radiated from t-quark or c-quark lines are, for example, tt̄s, (2t)s̄(2ℓ^−_i )X, and (2c)b̄(2ℓ^−_i )X, with ℓ^−_i = τ^−, μ^−, e^−.

The neutral Higgs bosons at the LHC will be mainly produced through gluon fusion, as well as strahlung off a top quark line. Sneutrino may also be produced in similar ways and with similar values of cross sections thanks to O(1) couplings λ^′_{i33} [21] as well as electroweak scale massive couplings A^′_{i33}. Also in this case, final states overlapping with those of the neutral Higgs boson may be obtained.

Contaminations between the Higgs bosons and sleptons signals become negligible if λ_{333}, λ^′_{333}, and A^′_{i33} are sufficiently small. In general, no strong upper bounds have been obtained so far from direct searches of sparticle production and/or particle/sparticle decays. Neutrino physics, however, may play a crucial role in constraining such couplings. It has been widely discussed in the literature how one-loop contributions to neutrino masses impose that λ^′_{i33} and λ_{i33} are not lareger than 10^{−4}-10^{−3}. Since other unknown parameters enter the one-loop calculation, however, it is simple to evade these constraints. Several possible ways have been listed in this review. In addition, there exist two-loops contributions to neutrino masses that are in general left out of discussion, since considered subleading. Nevertheless, the combinations of various parameters entering in the calculation of the two-loop diagrams are different from those encountered in the calculation of the one-loop diagrams. Therefore, the two-loop diagrams may not be affected by the one-loop constraints. Although suffering a stronger loop-suppression with respect to the one-loop diagrams, they may still give too large contributions to neutrino masses. As it is explicitly shown in this review, they yield constraints on the couplings λ^′_{i33} and λ_{i33} that are more difficult to evade (although not impossible), once specific choices of parameters are made to cancel the one-loop contributions. It turns out that λ^′_{i33} and λ_{i33} are constrained to be a few %, whereas the couplings A^′_{i33} should not exceed the 10 GeV order of magnitude.

Values of λ^′_{i33} at the percent level, can still allow nonnegligible yields of charged sleptons at the LHC, although the production cross section is considerably smaller than that for a charged Higgs boson of equal mass. Their detection, challenging, relies on the search for final states different than those produced by charged Higgs bosons. Sneutrinos may still be produced at the LHC, through gluon fusion and/or strahlung off a quark line. Detailed studies of the impact of the parameters A^′_{i33} and of the distinguishability of sneutrinos from Higgs bosons are still missing.

Lepton violating couplings λ^′_{i3j} , λ^′_{ij3}, with the quark index j of second and especially first generation, are much less affected by neutrino physics. The same is true for the couplings λ_{ij3} and λ_{j3i}. As it was extensively discussed in Sections 2 and 3, it should be noted that the 2 → 2 elementary processes gs̄, gd̄ → tℓ̃_i induced by the couplings λ^′_{i3j} , do not need to be combined with the 2 → 3 processes qq̄, gg → ts̄ℓ̃_i or qq̄, gg → td̄ℓ̃_i if the produced sleptons ℓ̃_i decay leptonically. This is exactly the same situation encountered in the case of strahlung-produced charged Higgs bosons that decay into τ^−ν_τ . Moreover the 2 → 2 cross section for slepton-strahlung due to the quark-flavour violating couplings λ^′_{i3j} , is bound to be larger than that obtained from a coupling λ^′_{i33} of equal strengh, due to the larger content of the d- and the s-quark in the proton. Therefore the subsequent decay of such sleptons into τ^−ν_j induced by the couplings λ_{ij3} and λ_{j3i} will provide a final state identical to that obtained from the charged Higgs. Sleptons of mass very close to that of the charged Higgs, would therefore affect the search of charged Higgs. A considerable splitting among the mass of these particles may lead to exciting results at the LHC.

Acknowledgements Discussions with K. Hagiwara and W. Porod, as well as collaborations with R. Godbole, J.L. Kneur, and N. Polonsky are acknowledged. F. B. thanks KEK, in particular K. Hagiwara and S. Choi for partial financial support for this conference. F. T. acknowledges the hospitality of the Theory Groups at KEK and at the Physics Department of the University of Tokyo, where parts of the work reported here were carried out. The work of J.S. L. was supported by the Japanese Society for Promotion of Science, that of F. B. was partially supported by a Japanese Monbusho Fellowship and partially by the Japanese Society for Promotion of Science. Last, but not least, Y. Fujii, K. Hagiwara and R. Yahata are gratefully thanked for the impeccable organization of the conference, and for taking care of many “last moment” problems.

References

[1] G. Bellettini [CDF Collaboration], “The Tevatron Collider run II: Prospects for discoveries in particle physics,” FERMILAB-CONF-02-037-E.

[2] F. Gianotti, M. L. Mangano and T. Virdee, “Physics potential and experimental challenges of the LHC luminosity upgrade,” arXiv:hep-ph/0204087.

[3] E. Accomando et al. [ECFA/DESY LC Physics Working Group Collaboration], “Physics with e+ e- linear colliders,” Phys. Rept. 299 (1998) 1;

T. Abe et al. [American Linear Collider Working Group Collaboration], “Linear collider physics resource book for Snowmass 2001. 1: Introduction,” in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. R. Davidson and C. Quigg [arXiv:hep-ex/0106055];

J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], “TESLA Technical Design Report Part III: Physics at an e+e- Linear Collider,” arXiv:hepph/0106315.

K. Abe et al. [ACFA Linear Collider Working Group Collaboration], “Particle physics experiments at JLC,” arXiv:hep-ph/0109166;

[4] S. I. Bityukov and N. V. Krasnikov, “The search for sleptons and lepton-flavor-number violation at LHC (CMS),” Phys. Atom. Nucl. 62 (1999) 1213 [Yad. Fiz. 62 (1999) 1288].

[5] J. L. Diaz-Cruz and O. A. Sampayo, “Contribution of gluon fusion to the production of charged Higgs at hadron colliders,” Phys. Rev. D 50 (1994) 6820;

J. F. Gunion, “Detecting the t b decays of a charged Higgs boson at a hadron supercollider,” Phys. Lett. B 322 (1994) 125.

[6] F. Borzumati, J. Kneur and N. Polonsky, “Higgs- and R-parity violating slepton-strahlung at hadron colliders”, Phys. Rev. D60 (1999) 115011.

[7] D. J. Miller, S. Moretti, D. P. Roy and W. J. Stirling, “Detecting heavy charged Higgs bosons at the LHC with four b quark tags,” Phys. Rev. D 61 (2000) 055011.

[8] S. Moretti and D. P. Roy, “Detecting heavy charged Higgs bosons at the LHC with triple b-tagging,” Phys. Lett. B 470 (1999) 209.

[9] A. C. Bawa, C. S. Kim and A. D. Martin, “Charged Higgs Production At Hadron Colliders,” Z. Phys. C 47 (1990) 75;

V. D. Barger, R. J. Phillips and D. P. Roy, “Heavy charged Higgs signals at the LHC,” Phys. Lett. B 324 (1994) 236;

C. S. Huang and S. H. Zhu, “Supersymmetric Higgs bosons discovery potential at hadron colliders through b g channel,” Phys. Rev. D 60 (1999) 075012.

[10] For reviews, see, for example: H. E. Haber and G. L. Kane, “The Search For Supersymmetry: Probing Physics Beyond The Standard Model,” Phys. Rept. 117 (1985) 75; K. Hikasa, Lecture Notes “Supersymmetric Standard Model for Collider Physicists” (1996) (unpublished); A. Djouadi et al. [MSSM Working Group Collaboration], “The minimal supersymmetric standard model: Group summary report,” arXiv:hep-ph/9901246; N. Polonsky, “Supersymmetry: Structure and phenomena. Extensions of the standard model,” Lect. Notes Phys. M68 (2001) 1 [arXiv:hep-ph/0108236].

[11] S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, “Effects of supergravity induced electroweak breaking on rare B decays and mixings,” Nucl. Phys. B 353 (1991) 591; F. M. Borzumati, “The Decay b → s gamma in the MSSM revisited,” Z. Phys. C 63 (1994) 291 and “On the minimal messenger model,” arXiv:hep-ph/9702307; S. Bertolini and F. Vissani, “Supersymmetric predictions for the inclusive b → s gamma decay,” Z. Phys. C 67 (1995) 513;

F. M. Borzumati, M. Drees and M. M. Nojiri, “Implications for supersymmetric dark matter detection from radiative b decays,” Phys. Rev. D 51 (1995) 341;

T. Goto and Y. Okada, “Charged Higgs mass bound from the b → s gamma process in the minimal supergravity model,” Prog. Theor. Phys. 94 (1995) 407;

F. M. Borzumati, M. Olechowski and S. Pokorski, “Constraints on the minimal SUSY SO(10) model from cosmology and the b → s gamma decay,” Phys. Lett. B 349 (1995) 311; M. Ciuchini, G. Degrassi, P. Gambino and G. F. Giudice, “Next-to-leading QCD corrections to B → X/s gamma in supersymmetry,” Nucl. Phys. B 534 (1998) 3.

[12] J. L. Hewett, “Can b → s gamma close the supersymmetric Higgs production window?,” Phys. Rev. Lett. 70 (1993) 1045;

V. D. Barger, M. S. Berger and R. J. Phillips, “Implications of b → s gamma decay measurements in testing the MSSM Higgs sector,” Phys. Rev. Lett. 70 (1993) 1368; Y. Grossman and Y. Nir, “Implications of b → s gamma for CP violation in charged scalar exchange,” Phys. Lett. B 313 (1993) 126;

M. Ciuchini, G. Degrassi, P. Gambino and G. F. Giudice, “Next-to-leading QCD corrections to B → X/s gamma: Standard model and two-Higgs doublet model,” Nucl. Phys. B 527 (1998) 21;

F. M. Borzumati and C. Greub, “2HDMs predictions for anti-B → X/s gamma in NLO QCD,” Phys. Rev. D 58 (1998) 074004,

“Two Higgs doublet model predictions for anti-B → X/s gamma in NLO QCD. (Addendum),” Phys. Rev. D 59 (1999) 057501, and “Lessons from anti-B → X/s gamma in two Higgs doublet models,” arXiv:hep-ph/9810240;

P. Gambino and M. Misiak, “Quark mass effects in anti-B → X/s gamma,” Nucl. Phys. B 611 (2001) 338.

[13] See Grossman and Nir, and Borzumati and Greub in Ref. [12].

[14] D. Cavalli et al. “The Higgs working group: Summary report,” arXiv:hep-ph/0203056;

K. A. Assamagan, Y. Coadou and A. Deandrea, “ATLAS discovery potential for a heavy charged Higgs boson,” arXiv:hep-ph/0203121.

[15] F. M. Borzumati and A. Djouadi, “Lower bounds on charged Higgs bosons from LEP and Tevatron,” arXiv:hep-ph/9806301.

[16] G. R. Farrar and P. Fayet, “Phenomenology Of The Production, Decay, And Detection Of New Hadronic States Associated With Supersymmetry,” Phys. Lett. B 76 (1978) 575; C. S. Aulakh and R. N. Mohapatra, “Neutrino As The Supersymmetric Partner Of The Majoron,” Phys. Lett. B 119 (1982) 136;

F. Zwirner, “Observable Delta B = 2 Transitions Without Nucleon Decay In A Minimal Supersymmetric Extension Of The Standard Model,” Phys. Lett. B 132 (1983) 103; I. H. Lee, “Lepton Number Violation In Softly Broken Supersymmetry. 2,” Nucl. Phys. B 246 (1984) 120;

J. R. Ellis, G. Gelmini, C. Jarlskog, G. G. Ross and J. W. Valle, “Phenomenology Of Supersymmetry With Broken R Parity,” Phys. Lett. B 150 (1985) 142; G. G. Ross and J. W. Valle, “Supersymmetric Models Without R Parity,” Phys. Lett. B 151 (1985) 375;

S. Dawson, “R Parity Breaking In Supersymmetric Theories,” Nucl. Phys. B 261 (1985) 297;

R. Barbieri and A. Masiero, “Supersymmetric Models With Low-Energy Baryon Number Violation,” Nucl. Phys. B 267 (1986) 679;

S. Dimopoulos and L. J. Hall, “Lepton And Baryon Number Violating Collider Signatures From Supersymmetry,” Phys. Lett. B 207 (1988) 210.

[17] For recent reviews, see, for example: G. Bhattacharyya, “R-parity-violating supersymmetric Yukawa couplings: A mini-review,” Nucl. Phys. Proc. Suppl. 52A (1997) 83; H. K. Dreiner, “An introduction to explicit R-parity violation,” arXiv:hep-ph/9707435. G. Bhattacharyya, “A brief review of R-parity-violating couplings,” arXiv:hep-ph/9709395. R. Barbier et al., “Report of the group on the R-parity violation,” arXiv:hep-ph/9810232; O. C. Kong, “The generic supersymmetric standard model as the complete theory of supersymmetry without R-parity,” Nucl. Phys. Proc. Suppl. 101 (2001) 421.

[18] F. Borzumati, R. M. Godbole, J. L. Kneur and F. Takayama, “Lightest-neutralino decays in R(p)-violating models with dominant lambda’ and lambda couplings,” JHEP 0207 (2002) 037 [arXiv:hep-ph/0108244].

[19] F. Borzumati et al, in preparation.

[20] F. Borzumati and J. S. Lee, “Novel constraints on Delta(L) = 1 interactions from neutrino masses,” arXiv:hep-ph/0207184.

[21] S. Bar-Shalom, G. Eilam, J. Wudka and A. Soni, “R-parity violation and uses of the rare decay sneutrino → gamma gamma in hadron and photon colliders,” Phys. Rev. D 59 (1999) 035010;

S. Bar-Shalom, G. Eilam and A. Soni, “R-parity violation and CP-violating and CPconserving spin asymmetries in l+ l- → sneutrino → tau+ tau-: Probing sneutrino mixing at LEP2, NLC and mu mu colliders,” Phys. Rev. Lett. 80 (1998) 4629;

[22] M. Chaichian, K. Huitu and Z. H. Yu, “Single superparticle production via gamma gamma collision with explicit R-parity violation,” Phys. Lett. B 508 (2001) 317; M. Chaichian, K. Huitu, S. Roy and Z. H. Yu, “Single sneutrino production in gamma gamma collisions,” Phys. Lett. B 518 (2001) 261.

[23] M. Guchait and S. Moretti, “Improving the discovery potential of charged Higgs bosons at Tevatron run 2,” JHEP 0201 (2002) 001.

[24] H. L. Lai et al., “Improved parton distributions from global analysis of recent deep inelastic scattering and inclusive jet data,” Phys. Rev. D 55 (1997) 1280.

[25] L. Reina and S. Dawson, “Next-to-leading order results for t anti-t h production at the Tevatron,” Phys. Rev. Lett. 87 (2001) 201804.

W. Beenakker, S. Dittmaier, M. Kramer, B. Plumper, M. Spira and P. M. Zerwas, “Higgs radiation off top quarks at the Tevatron and the LHC,” Phys. Rev. Lett. 87 (2001) 201805;

[26] M. Carena et al., “Report of the Tevatron Higgs working group,” arXiv:hep-ph/0010338.

[27] D. J. Miller, S. Moretti, D. P. Roy and W. J. Stirling, “Detecting heavy charged Higgs bosons at the LHC with four b quark tags,” Phys. Rev. D 61 (2000) 055011.

[28] A. Belyaev, D. Garcia, J. Guasch and J. Sola, “Prospects for heavy supersymmetric charged Higgs boson searches at hadron colliders,” arXiv:hep-ph/0203031.

[29] G. P. Gao, G. R. Lu, Z. H. Xiong and J. M. Yang, “Loop effects and non-decoupling property of SUSY QCD in g b → t H-,” arXiv:hep-ph/0202016.

[30] H. K. Dreiner and R. J. Phillips, “Top Searches And R-Parity Violation At Hadron Colliders,” Nucl. Phys. B 367 (1991) 591;

V. D. Barger, M. S. Berger, R. J. Phillips and T. Wohrmann, “Renormalization group evolution of R-parity-violating Yukawa couplings,” Phys. Rev. D 53 (1996) 6407; J. Erler, J. L. Feng and N. Polonsky, “A wide scalar neutrino resonance and b anti-b production at LEP,” Phys. Rev. Lett. 78 (1997) 3063;

L. Navarro, W. Porod and J. W. Valle, “Top-quark phenomenology in models with bilinearly and spontaneously broken R-parity,” Phys. Lett. B 459 (1999) 615.

[31] T. Han and M. B. Magro, “Top quark decay via R-parity violating interactions at the Tevatron,” Phys. Lett. B 476 (2000) 79.

[32] T. Gherghetta, G. F. Giudice and J. D. Wells, “Phenomenological consequences of supersymmetry with anomaly-induced masses,” Nucl. Phys. B 559 (1999) 27; J. L. Feng and T. Moroi, “Supernatural supersymmetry: Phenomenological implications of anomaly-mediated supersymmetry breaking,” Phys. Rev. D 61 (2000) 095004.

[33] T. Yanagida, “Naturally light Higgs doublets in the supersymmetric grand unified theories with dynamical symmetry breaking,” Phys. Lett. B 344 (1995) 211;

T. Hotta, K. I. Izawa and T. Yanagida, “Dynamical Models for Light Higgs Doublets in Supersymmetric Grand Unified Theories,” Phys. Rev. D 53 (1996) 3913, and “Nonabelian Duality and Higgs Multiplets in Supersymmetric Grand Unified Theories,” Prog. Theor. Phys. 95 (1996) 949;

N. Arkani-Hamed, H. Cheng and T. Moroi, “Non-unified gaugino masses in supersymmetric missing partner models with hypercolor,” Phys. Lett. B 387 (1996) 529.

[34] S. Roy and B. Mukhopadhyaya, “Some implications of a supersymmetric model with Rparity breaking bilinear interactions,” Phys. Rev. D 55 (1997) 7020; B. Mukhopadhyaya, S. Roy and F. Vissani, “Correlation between neutrino oscillations and collider signals of supersymmetry in an R-parity violating model,” Phys. Lett. B 443 (1998) 191;

E. J. Chun and J. S. Lee, “Implication of Super-Kamiokande data on R-parity violation,” Phys. Rev. D 60 (1999) 075006;

B. Mukhopadhyaya and S. Roy, “Radiative decay of the lightest neutralino in an R-parity violating supersymmetric theory,” Phys. Rev. D 60 (1999) 115012;

S. Y. Choi, E. J. Chun, S. K. Kang and J. S. Lee, “Neutrino oscillations and R-parity violating collider signals,” Phys. Rev. D 60 (1999) 075002;

A. Datta, B. Mukhopadhyaya and F. Vissani, “Tevatron signatures of an R-parity violating supersymmetric theory,” Phys. Lett. B 492 (2000) 324;

A. Bartl, W. Porod, D. Restrepo, J. Romao and J. W. Valle, “Neutralino phenomenology at LEP2 in supersymmetry with bilinear breaking of R-parity,” Nucl. Phys. B 600 (2001) 39. W. Porod, M. Hirsch, J. Romao and J. W. Valle, “Testing neutrino mixing at future collider experiments,” Phys. Rev. D 63 (2001) 115004;

V. D. Barger, T. Han, S. Hesselbach and D. Marfatia, “Testing radiative neutrino mass generation via R-parity violation at the Tevatron,” arXiv:hep-ph/0108261; E. J. Chun, D. W. Jung, S. K. Kang and J. D. Park, “Collider signatures of neutrino masses and mixing from R-parity violation,” arXiv:hep-ph/0206030.

[35] For earlier discussions on this subject, see for example: T. Banks, Y. Grossman, E. Nardi and Y. Nir, “Supersymmetry without R-parity and without lepton number,” Phys. Rev. D 52 (1995) 5319;

F. M. Borzumati, Y. Grossman, E. Nardi and Y. Nir, “Neutrino masses and mixing in supersymmetric models without R parity,” Phys. Lett. B 384 (1996) 123. See also: A. Abada and M. Losada, “Constraints on a general 3-generation neutrino mass matrix from neutrino data: Application to the MSSM with R-parity violation,” Nucl. Phys. B 585 (2000) 45;

A. Abada and M. Losada, “Constraints on both bilinear and trilinear R-parity violating couplings from neutrino laboratories and astrophysics data,” Phys. Lett. B 492 (2000) 310. An extensive list of references can be found in: A. Abada, S. Davidson and M. Losada, “Neutrino masses and mixings in the MSSM with soft bilinear R(p) violation,” Phys. Rev. D 65 (2002) 075010.

[36] C. S. Aulakh and R. N. Mohapatra, “Supersymmetry And The Calculation Of Neutrino Masses,” Phys. Lett. B 121 (1983) 147;

L. J. Hall and M. Suzuki, “Explicit R Parity Breaking In Supersymmetric Models,” Nucl.

Phys. B 231 (1984) 419;

A. S. Joshipura and M. Nowakowski, “Leptonic CP Violation In Supersymmetric Standard Model,” Phys. Rev. D 51, 5271 (1995) and “’Just So’ Oscillations In Supersymmetric Standard Model,” Phys. Rev. D 51, 2421 (1995);

M. Nowakowski and A. Pilaftsis, “W and Z boson interactions in supersymmetric models with explicit R-parity violation,” Nucl. Phys. B 461 (1996) 19;

R. Hempfling, “Neutrino Masses and Mixing Angles in SUSY-GUT Theories with explicit R-Parity Breaking,” Nucl. Phys. B 478 (1996) 3;

H. P. Nilles and N. Polonsky, “Supersymmetric neutrino masses, R-symmetries, and the generalized mu problem,” Nucl. Phys. B 484 (1997) 33;

E. J. Chun, S. K. Kang, C. W. Kim and U. W. Lee, “Supersymmetric neutrino masses and mixing with R-parity violation,” Nucl. Phys. B 544 (1999) 89;

D. E. Kaplan and A. E. Nelson, “Solar and atmospheric neutrino oscillations from bilinear R-parity violation,” JHEP 0001 (2000) 033;

F. Takayama and M. Yamaguchi, “Pattern of neutrino oscillations in supersymmetry with bilinear R-parity violation,” Phys. Lett. B 476 (2000) 116;

M. Hirsch, M. A. Diaz, W. Porod, J. C. Romao and J. W. Valle, “Neutrino masses and mixings from supersymmetry with bilinear R-parity violation: A theory for solar and atmospheric neutrino oscillations,” Phys. Rev. D 62 (2000) 113008.

For more references, see: A. S. Joshipura, R. D. Vaidya and S. K. Vempati, “Bi-maximal mixing and bilinear R violation,” arXiv:hep-ph/0203182.

[37] E. J. Chun and S. K. Kang, “One-loop corrected neutrino masses and mixing in supersymmetric standard model without R-parity,” Phys. Rev. D 61 (2000) 075012.

[38] M. Drees, S. Pakvasa, X. Tata and T. ter Veldhuis, “A supersymmetric resolution of solar and atmospheric neutrino puzzles,” Phys. Rev. D 57 (1998) 5335;

A. de Gouvea, S. Lola and K. Tobe, “Lepton flavor violation in supersymmetric models with trilinear R-parity violation,” Phys. Rev. D 63 (2001) 035004;

A. S. Joshipura, R. D. Vaidya and S. K. Vempati, “Neutrino anomalies in gauge mediated model with trilinear R violation,” Phys. Rev. D 65 (2002) 053018, and references therein.

[39] F. Borzumati, G. R. Farrar, N. Polonsky and S. Thomas, “Soft Yukawa couplings in supersymmetric theories,” Nucl. Phys. B 555 (1999) 53.

[40] J. M. Frere, M. V. Libanov and S. V. Troitsky, “Neutrino masses from nonstandard supersymmetry breaking terms,” Phys. Lett. B 479 (2000) 343.

[41] Y. Grossman and H. E. Haber, “(S)neutrino properties in R-parity violating supersymmetry. I: CP-conserving phenomena,” Phys. Rev. D 59 (1999) 093008; F. Borzumati, G. R. Farrar, N. Polonsky and S. Thomas in Ref. [39]. Mass splittings are obtained at the tree-level in models with right-handed neutrino fields. See: Y. Grossman and H. E. Haber, “Sneutrino mixing phenomena,” Phys. Rev. Lett. 78 (1997) 3438;

S. Davidson and S. F. King, “Bi-maximal neutrino mixing in the MSSM with a single righthanded neutrino,” Phys. Lett. B 445 (1998) 191;

F. Borzumati and Y. Nomura, “Low-scale see-saw mechanisms for light neutrinos,” Phys. Rev. D 64 (2001) 053005;

N. Arkani-Hamed, L. J. Hall, H. Murayama, D. R. Smith and N. Weiner, “Small neutrino masses from supersymmetry breaking,” Phys. Rev. D 64 (2001) 115011;

E. J. Chun, “Sneutrino oscillation with R-parity violation,” Phys. Lett. B 525 (2002) 114; K. Choi, K. Hwang and W. Y. Song, “Sneutrino-antisneutrino mixing and neutrino mass in anomaly-mediated supersymmetry breaking scenario,” Phys. Rev. Lett. 88 (2002) 141801. They can also be obtained at the tree-level for nonnegligible bilinear terms in the superpotential and the scalar potential inducing neutral Higgs bosons-sneutrino fields. See for example, the last two papers by E. J. Chun, and K. Choi, K. Hwang and W. Y. Song, in this list.