arXiv:hep-ph/0201126 v1 14 Jan 2002

Report of the Subgroup on Alternative Models and New Ideas

M. Chertok^∗,^1 K. Dienes,^2 S. Godfrey^∗,^3 P. Kalyniak,^3 D. Kaplan^∗,^4 G.D. Kribs,^5 R. Mohapatra,^6 Y. Nomura,^7 W. Orejudos,^8 N. Romanenko,^3 M. Schmaltz,^9 B. Schumm^∗,^{10} and S. Su^{11} 1University of California at Davis, Davis, CA 95616 2University of Arizona, Tucson, AZ 85721 3Ottawa-Carleton Institute for Physics, Department of Physics, Carleton University, Ottawa, Canada K1S 5B6 4University of Chicago, Chicago, IL 60637 5Department of Physics, University of Wisconsin, Madison, WI 53706 6University of Maryland, College Park, MD 20742 7 Department of Physics, University of California, Berkeley, CA 94720 8Lawrence Berkeley National Laboratory, Berkeley, CA 94720 9Fermi National Accelerator Laboratory, Batavia, IL 60510 10Santa Cruz Institute for Particle Physics and the University of California at Santa Cruz, Santa Cruz, CA 95064 11California Institute of Technology, Pasadena, CA 91125 (Dated: January 14, 2002)

We summarize some of the work done by the P3 subgroup on Alternative Models and New Ideas. The working group covered a broad range of topics including a constrained Standard Model from an extra dimension, a discussion of recent ideas addressing the strong CP problem, searches for doubly charged higgs bosons in eγ collisions, and an update on discovery limits for extra neutral gauge bosons at hadron colliders. The breadth of topics reflects the many ideas and approaches to physics beyond the Standard Model.

∗ Subgroup conveners

I. INTRODUCTION

The search for physics beyond the Standard Model has become the “Holy Grail” of particle physics for the last twenty years. In addition to supersymmetry and dynamical symmetry breaking, which were examined by other groups at this workshop, there is a plethora of ideas to fulfill this quest. The most exciting new idea in recent years is the postulate of extra dimensions in addition to the standard four spacetime dimensions we are used to. In this context, Chertok et al examined the implications of a constrained Standard Model originating in five dimensions. In this model, the entire SM is supersymmetrized in five dimensions which leads to many new particles including a mirror set of supermultiplet fields and KK towers. A compelling feature of this model is that it makes an unambiguous prediction for the physical Higgs boson of m_h = (127 ± 8) GeV. In the next section we describe some of the phenomenology and experimental prospects for this model. Mohapatra and coworkers also took advantage of the possibility of extra dimensions to provide new approaches towards solving the strong CP problem, a longstanding problem of the Standard Model. This, along with some other ideas about the strong CP problem are summarized in section III of this report. In addition to these new developments in particle theory, more “conventional” variants of physics beyond the Standard Model were studied at the workshop. One of the most straightforward extensions of the Standard Model is the existence of larger Higgs representations. These arise naturally in the Left-Right symmetric model, for example, in addition to other models. A study using the eγ mode of a high energy e^+e^− collider to search for doubly charged Higgs is summarized in section IV. Another common feature of many extensions of the Standard Model is the existence of extra neutral gauge bosons. Their discovery would have important implications for what lies beyond the SM. An update to discovery limits for the hadron colliders discussed at Snowmass is given in section V.

II. A CONSTRAINED STANDARD MODEL FROM AN EXTRA DIMENSION

This section represents a synopsis of a submission, Ref. [1], appearing in these proceedings. Recently, a new approach to low energy supersymmetry breaking has been given by Barbieri, Hall, and Nomura [2]. Unlike the usual approach of postulating a low energy effective theory with so-called “soft” supersymmetry breaking terms added by hand, the entire SM is supersymmetrized in five dimensions. This means there are not only complete (N = 1 in 4D) supermultiplets consisting of the SM fields and their superpartners, but also a “mirror” set SM fields and their superpartners. This is required since supersymmetry in 5D has

2

mass

0 1/R 2/R 3/R ψM , ϕH , A^μ ϕM , ψH , λ ϕ^c_M , ψ^c_H , ψΣ ψ^c_M , ϕ^c_H , ϕΣ

h - - - - - - - t̃^1 - - - - - - - t̃_2 - - - - - - -

t̃^c_1 - - - - - - - t̃^c_2 - - - - - - -

FIG. 1: Tree-level KK mass spectrum of the matter, Higgs and gauge multiplets. Physical light Higgs and top squarks mass eigenstates are shown in dashed lines.

double the number of supercharges than in 4D; i.e., an N = 1 supermultiplet in 5D has the field content of a single N = 2 supermultiplet in 4D, which is equivalent to two N = 1 supermultiplets in 4D.

The 5D spacetime is assumed to be compactified on an S_1/(Z_2 × Z^′_2) orbifold. Thus, the physical space is a line segment with two ends – the orbifold fixed points. At each fixed point the 5D fields can transform as either even or odd under the Z_2 symmetry associated with that fixed point. The field content is that of massless N = 2, 4D hypermultiplets and vector multiplets. The Kaluza-Klein (KK) reduction of this theory to 4D yields wave functions as sines and cosines of integer and half-integer multiplets of the size of the extra dimension, R, with a mass spectrum given in Fig. 1 (solid lines).

An interesting feature of this model is that the Higgs effective potential can be calculated essentially in terms of a single free parameter R, which comes from the loop contribution through the top Yukawa coupling. The only scale in the model, 1/R, can be determined by the minimization condition of the Higgs effective potential, which gives 1/R ∼ 370 GeV. This allows us to predict the physical Higgs boson mass as well as the superparticle and KK tower masses. The predicted Higgs mass is m_h = (127 ± 8) GeV. At the first excited level, there are two superparticles for each SM particle. Their masses shift from 1/R by the electroweak breaking effect through the expectation value of the Higgs field. The largest effect appears in the top squark sector, giving top squarks of masses 1/R ± m_t ∼ 210, 540 GeV. The mass spectrum of the light Higgs and stops is also shown in Fig. 1 as dashed lines. Although possible additional brane localized interactions could shift the value of 1/R by as much as a few tens of percent, the Higgs and stop mass prediction is much less sensitive to the UV physics. The observation of the light stop, described below, and the measurement of its mass to be in the predicted range would be compelling evidence for this model.

A. Phenomenology

The low energy effective theory below ∼ 2/R consists of one Higgs doublet and two superpartners for each SM particle. The light Higgs has SM-like Yukawa couplings and W W h, ZZh gauge couplings. It can be produced at Tevatron RUN II via the usual associated production of W h or Zh, with the Higgs decays into bb̄ or τ τ̄ . At LHC, gg → h → γγ would be the discovery channel for the light Higgs. One particularly characteristic feature of this model is that the two degenerate light stops (t̃_1), with mass m_{t̃1} = 1/R − m_t, are the LSPs, which are stable^1 if R-parity is exact. The lowest mass states [3] are T^+ = t̃_1d̄, T^0 = t̃_1ū and their charge conjugate states T^−, T̄^0. The other supersymmetric particles (besides the heavier stop) are almost degenerate at a mass of ∼ 1/R, with small mass splittings coming from electroweak corrections or additional unknown brane kinetic terms. All of them cascade decay into stop LSPs.

Squarks mostly decay via the channel q̃ → qg̃ → qt̃_1t → qt̃_1bW^±. The b-jet from the top decay and the leptons/jets from the W decay are energetic, while q from the original q̃ decay is usually soft because of relatively small mass splitting between the squark and gluino. For q̃_L, another decay channel q̃_L → q^′W̃^± → q^′t̃_1b could be important (although suppressed by weak coupling) if the heavy gluino is off-shell in the first process.

For sleptons, decay can occur via the neutral Wino or Bino: l̃ → lW̃^0/B̃^0 → lt̃_1t → lt̃_1bW^±. However, for l̃_L, decay similar to that of q̃_L is comparable to the neutral gaugino process for m_{W̃} < m_{l̃} , and dominates if m_{W̃} > m_{l̃}.

1 The cosmological constraints on an absolutely stable stop could be relaxed if we allow a small degree of R-parity violating.

The gluino can decay via g̃ → tt̃_1, bb̃_L, qq̃_L, qq̃_R, either on-shell or off-shell, with subsequent decays of the t, b̃_L, q̃_L or q̃_R as described above. The generic decay products would be t̃_1+b+(lν/jj^′)+soft jet/lepton.

There are three neutralinos and three charginos (all six Dirac), in contrast with the usual MSSM with four Majorana neutralinos and two Dirac charginos. The mass eigenstates are usually a mixture of gauginos and Higgsinos, with a small mass splitting of roughly 12 GeV (18 GeV) between the lightest one and the two heavier neutralinos (charginos). The dominant decay channel for charginos is χ^± → bt̃_1, leading to a clean signal of (track or missing energy)+b jet. Neutralinos decay similarly to gluinos or via χ^0 → χ^±W^∓ with subsequent decays of the χ^± and W^∓.

The heavy Higgs, with mass m_H ∼ 2/R, decays through tt̄ like a usual heavy SM Higgs, while H → W W is forbidden due to the non-conservation of the fifth dimensional momentum. The discovery of the Kaluza- Klein tower of SM particles (heavy quarks, leptons, gauge bosons and their mirror partners) would be strong evidence for the existence of TeV-scale extra-dimensions. However, they are unlikely to be pair-produced at a TeV-scale e^+e^− collider. At a hadron collider the cascade decay chain is complicated and hard to distinguish from background. Thus, the phenomenology of these heavier states is not discussed here.

B. Experimental Prospects

Both neutral and charged T mesons are stable inside the detector since the β-decay of T^+ into T^0 is suppressed by small mass splitting between them. T^± appears as a stiff charged track with little hadron calorimeter activity, and passes through the muon chamber. A heavy T^± can be distinguished from a muon via large dE/dx or time-of-flight (TOF). T^0 and T̄^0 produced via cascade decays of higher-mass SUSY states can be identified via their missing energy as they traverse the detector with little interaction (T^0 and T̄^0 from direct pair production will be difficult to trigger on).

The CDF Run I search [4] for these types of particles was based on the measurement of this energy loss by the tracking system. The search found no evidence for the production of heavy stable charged particles (‘CHAMPs’), and lower mass limits of ∼200 GeV were set in the context of a heavy quark model [5]. The limit in the context of supersymmetric models with a long-lived stop is currently being evaluated.

The CDF and D0 detectors have been upgraded in preparation for Run II. The CDF detector includes a TOF detector. Studies have been performed using Pythia [6] and the full CDF detector simulation to produce CHAMP Monte Carlo samples. Simulations of the upgrade high-p_T two-track trigger indicate a 37% efficiency for pair production of 200 GeV CHAMPs. Combining curvature and TOF information, the mass of 200 GeV CHAMPs can be measured with an event-by-event resolution of about 25 GeV. In the case of D0, dE/dx will be used at the trigger level, while the muon system will provide TOF information.

Given the 0.6 pb t̃_1t̃_1 cross section [7] of this model, CDF would expect over 100 events per year. The measurement of the light stop mass in the predicted range, with a rate consistent with twice the standard SUSY cross section, would be compelling evidence for this model. In addition, the scalar nature of the top squark could be inferred from its measured decay angular distribution.

The cross section for the production of q̃q̃, q̃g̃, g̃g̃ range from 0.1 − 1 pb in this model [8]. The final decay products always include two t̃_1, which can be triggered on as discussed above. In addition, there will be other activity that can be used to distinguish these events from direct stop pair production. These generally include two energetic b jets, possible energetic leptons, missing E_T (from neutrinos), and jets coming from decays of the intermediate W . Alternative triggers based on this accompanying activity should be useful in selecting events containing two neutral T^0, although distinguishing the signal from backgrounds in this case will require further study. Finally, the observation of sleptons, gauginos and higher mass states are less promising for Run II of the Tevatron.

Given the factor of seven increase in center of mass energy over Tevatron Run II, the LHC experiments will substantially extend the search for phenomena predicted by this model. In particular, the heavier mass states should be accessible. Even for the heavier stop states, hundreds of events per year can be observed, given the clean signal of t̃_2 decay, and allowing confirmation of the robust prediction m_{t̃2} −m_{t̃1} = 2m_t. If the light Higgs is not discovered at the Tevatron it will be uncovered at the LHC in the usual channels. The heavy Higgs discovery should also be possible, as in the SM case, provided enough integrated luminosity is achieved [9]. However, prospects for identifying either of these Higgs as unique to this model requires more study. One strategy would search for the heavy Higgs decaying via some of the predicted SUSY states.

A high-energy electron-positron Linear Collider (LC), running at center-of-mass energies of up to 1 TeV, would permit a number of measurements which would be essential to the confirmation of this model. With a mass predicted to be less than 250 GeV, pair production of the light stop would be copious even at a 500 GeV LC. The factor-of-two enhancement of the stop production cross section (due to the presence of the degenerate mirror state t̃_c) could be measured to a statistical and systematic precision of order 1%. At higher energies, individual thresholds for the full spectrum of particles at the scale of 1/R could be detected. The resulting picture – a light stop plus a nearly-degenerate array of sfermions, Higgsino states, and gauginos, with each sfermion exhibiting a precise factor-of-two production rate enhancement – would represent an unambiguous signature for this model. Another unique characteristic of this model – the Dirac nature of the neutralinos and charginos – could be confirmed by studying the helicity dependence of their production cross-sections. The associated production of t̃_1t̃_2 is possible at a TeV LC via s-channel Z-exchange.

Several other checks of the model, which are not possible at a hadron machine, could be performed at a Linear Collider. The O(10%) deviation from the SM top Yukawa coupling could be measured to 1-2σ at a 1 TeV LC [10]. The chiral composition of the stop mass eigenstates could also be confirmed by exploiting the beam polarization. All in all, the ability to individually detect and precisely measure the properties of each of the 1/R-scale states, including those (such as sleptons) which are not accessible to hadron machines, makes the complementary information provided by the LC an essential component of the confirmation of the model’s characteristic phenomenology.

III. THE STRONG CP PROBLEM

The vacuum of non-perturbative QCD seems to naturally support CP violation at a level clearly at odds with basic observation. The most well-known attempt to remove CP violation from the QCD vacuum is known as the Peccei-Quinn mechanism [11], and leads to the prediction of a massive goldstone-like boson known as the axion. While this particle has yet to be observed, experimental searches are only now reaching the sensitivity needed to rule them out in mass and coupling ranges allowed by astrophysical constraints.

Nonetheless, in recent years substantial thought has been put forward in an attempt to explain the absence of strong CP violation without recourse to the Peccei-Quinn mechanism. Several such models are presented below.

A. Extra Dimensions and the Strong CP Problem

Over the past few years, the possibility that large extra spacetime dimensions might exist has received considerable attention. The main attraction of this idea is the observation that large extra dimensions have the potential to lower the fundamental energy scales of physics, such as the Planck scale [12], the GUT scale [13], and the string scale [14]. In this framework, one assumes that the observed four dimensions are merely a subspace within a p-dimensional membrane (or D-brane) which in turn floats in a higher-dimensional space. The extra compactified dimensions can therefore be of two types, either within the D-brane or transverse to it, and the phenomenology of both types of extra dimensions has been explored quite extensively in recent years.

One of the surprising aspects of extra dimensions is that they may provide a new approach towards solving the strong CP problem. One of the standard approaches to the strong CP problem is to introduce a Peccei-Quinn (PQ) symmetry with a corresponding axion. Unfortunately, the experimentally allowed parameter space for the mass and couplings of the axion have become very narrow, and it is not clear how to generate the high energy scale associated with the breaking of PQ symmetry or to explain the “invisibility” of the resulting QCD axion.

Within the framework afforded by large extra dimensions, however, this situation may be radically altered. The basic idea is that since the QCD axion is singlet under all Standard Model symmetries, the axion is free to leave the D-brane to which all Standard-Model particles are restricted and propagate into the higherdimensional bulk. In other words, in theories with extra dimensions, the QCD axion can accrue an infinite tower of Kaluza-Klein axion states.

Can this be used to lower the fundamental PQ symmetry-breaking scale? This issue has been investigated in Refs. [15, 16]. As explicitly shown in Ref. [16] (and first proposed in Ref. [12]), it is possible to exploit the large volume factor associated with the extra dimensions in order to realize a large effective four-dimensional PQ scale from a smaller, higher-dimensional fundamental PQ scale. This is therefore one method of generating an apparent high PQ symmetry-breaking scale in a natural way.

However, as discussed in Ref. [16], the presence of the Kaluza-Klein axions can have important and unexpected effects on axion phenomenology. In theories with extra dimensions, it turns out [16] that the four-dimensional axion no longer is a mass eigenstate; instead, this axion mixes with the infinite tower of Kaluza-Klein axions, with a mass mixing matrix given in Ref. [16]. This mixing has a number of interesting phenomenological consequences.

First, as shown in Ref. [16], under certain circumstances the mass of the axion essentially decouples from the PQ scale, and instead is set by the radius of the extra spacetime dimension. Thus, axions in the 10^{−4} eV mass range are consistent with (sub-)millimeter extra dimensions. This decoupling implies that it may be possible to adjust the mass of the axion independently of its couplings to matter. This is not possible in four dimensions.

Second, as discussed in Ref. [16], the usual four-dimensional axion should undergo laboratory oscillations as it propagates since it is no longer a mass eigenstate. Such oscillations are entirely analogous to neutrino oscillations. Moreover, because the axion is now a higher-dimensional field, Standard-Model particles couple not only to the usual four-dimensional axion zero mode, but rather to the entire linear superposition a^′ ∼ ∑ n a_n (where a_n are the axion Kaluza-Klein modes). Therefore, the quantity of phenomenological interest is the probability P_a′_{→a}′ (t) that a^′ is preserved as a function of time. It turns out [13] that this probability drops rapidly from 1 (at the initial time t = 0) to extremely small values (expected to be ≈ 10^{−16} when an appropriately truncated set of 10^{16} Kaluza-Klein states are included in a^′). At no future time does this probability regenerate. Thus, we see that in higher dimensions, the axion state a^′ rapidly “decoheres” and becomes invisible with respect to subsequent laboratory interactions. This decoherence is therefore a possible higher-dimensional mechanism contributing to an invisible axion.

Finally, one can investigate the effects of Kaluza-Klein axions on cosmological relic axion oscillations. In this regard it is important to understand whether the infinite towers of Kaluza-Klein axion states accelerate or retard the dissipation of the cosmological energy density associated with these relic oscillations. Remarkably, one finds [16] that the net effect of these coupled Kaluza-Klein axions is always either to preserve or to enhance the rate of energy dissipation. This implies that the usual relic oscillation bounds are loosened in higher dimensions, which suggests that it may be possible to raise the effective PQ symmetry-breaking scale beyond its usual four-dimensional value. This could therefore potentially serve as another factor contributing to axion invisibility.

Together, these results suggest that it may be possible to develop a new, higher-dimensional approach to axion phenomenology. Further details concerning these ideas can be found in Ref. [16], and other recent ideas along similar lines can be found in Ref. [17].

B. Strong CP and an Embedded MSSM

It has been shown [18] that a solution to the strong CP and SUSY phase problems can be obtained if the minimal supersymmetric model (MSSM) is embedded at high scale into a parity conserving gauge group such as SU (2)_L × SU (2)_R × U (1)_{B−L} or [SU (3)]^3. These models are motivated independently by the seesaw mechanism for neutrino masses and due to high scale of parity restoration maintain the nice feature of gauge coupling unification in MSSM.

The basic idea that parity symmetry can provide a resolution of the strong CP problem goes back to the late 1970’s [19] and is based on two observations: (i) the first is that the tree level θ term being parity violating automatically vanishes in a parity invariant theory and (ii) secondly, parity invariance makes the quark mass matrices hermitian, thereby making that contribution to θ̄ i.e. θ̄ = θ + Arg{Det(M_uM_d)} = 0.

The relevance of parity symmetry in solving the SUSY phase problem was noted in [20], where it was shown that many of the dangerous phases of MSSM such as the gluino mass phase, μ-term phase etc all vanish due to parity symmetry. It was then shown that loop corrections lead to a very tiny value for θ of order 10^{−8} to 10^{−16} depending on the structure of supersymmetry breaking terms.

C. Strong CP and SUSY Non-Renormalization

Recent developments also include a new mechanism for solving the strong CP problem which relies on the non-renormalization theorems of supersymmetry. The interested reader is referred to Ref. [21], the content of which is discussed very briefly here.

The strong CP problem has recently become more urgent because experimental data strongly favor a CKM phase of order one, 10 orders of magnitude larger than the upper bound on the strong CP phase. This represents a puzzle because both arise from the Yukawa couplings in the SM.

In this non-renormalization approach, CP is broken spontaneously and mediated to the SM by radiative corrections. Obtaining a large CKM phase requires the radiative corrections to be large, i.e. strong coupling of the CP violating physics to quarks.

Such models are very difficult if not impossible to build without SUSY, but the non-renormalization theorem of θ in SUSY makes this solution to the strong CP problem very natural. In the absence of supersymmetry breaking θ remains exactly zero while the CKM phase gets O(1) contributions from renormalization. If supersymmetry breaking and mediation are flavor-universal and occur at a scale well below spontaneous CP violation (e.g. gauge-, anomaly-, or gaugino-mediation), then the radiatively generated θ is much smaller than the experimental bounds. Predictions of the framework include supersymmetry with minimal flavor violation, no CP violation beyond the large CKM phase in B physics, and nearly degenerate first and second generation scalar masses.

Recent developments also include an explicit model for the CP messenger sector, but it should be stressed that the overall framework is more general because it is based on model-independent non-renormalization theorems.

IV. SENSITIVITY TO DOUBLY CHARGED HIGGS BOSONS IN THE PROCESS e^−γ → e^+μ^−μ^−

Doubly charged Higgs bosons would have a distinct experimental signature. Such particles arise in many extensions of the Standard Model (SM) such as the Higgs triplet model of Gelmini and Roncadelli and the Left-right symmetric model. The signals for doubly charged Higgs bosons arising from an SU (2)_L triplet were studied in the process e^−γ → e^+μ^−μ^−. Details of the analysis are given in reference [22] and contribution P3-18 of these proceedings. The photon was assumed to be produced by backscattering a laser from the e^+ beam of an e^+e^− collider [23]. We consider e^+e^− centre of mass energies of √ s = 500, 800, 1000, and 1500 GeV appropriate to the TESLA/NLC/JLC high energy colliders and √ s = 3, 5, and 8 TeV for the CLIC proposal. In all cases an integrated luminosity of L = 500 fb^{−1} was assumed. Because the signature of same sign muon pairs in the final state is so distinctive, with no SM background, the process can be sensitive to virtual Δ^{−−}’s with masses in excess of the centre of mass energy, depending on the strength of the Yukawa coupling to leptons.

Indirect constraints on Δ masses and couplings have been obtained from lepton number violating processes [24]. Rare decay measurements [25] yield very stringent restrictions on the non-diagonal couplings h_{eμ} which were consequently neglected. Stringent limits on flavour diagonal couplings come from the muonium antimuonium conversion measurement [26] which requires that the ratio of the Yukawa coupling, h, and Higgs mass, M_Δ, satisfy h/M_Δ < 0.44 TeV^{−1} at 90% C.L.. These bounds allow the existence of low-mass doubly charged Higgs with a small coupling constant. Direct search strategies for the Δ^{−−} have been explored for hadron colliders [27], with the mass reach at the LHC extending to ∼ 850 GeV. Signatures have also been explored for various configurations of lepton colliders, including eγ colliders.

In the process e^−γ → e^+μ^−μ^−, the signal of like-sign muons is distinct and SM background free, offering excellent potential for doubly charged Higgs discovery. The process proceeds via the production of a positron along with a Δ^{−−}, with the subsequent Δ decay into two muons as well as through additional non-resonant contributions. The cross section is a convolution of the backscattered laser photon spectrum, f_{γ/e}(x) [23], with the subprocess cross section, σ̂(e^−γ → e^+μ^−μ^−). Due to contributions to the final state that proceed via schannel Δ^{−−}’s, the doubly-charged Higgs boson width must be included. The Δ width, however, is dependent on the parameters of the model, which determine the size and relative importance of various decay modes. To account for the possible variation in width without restricting ourselves to specific scenarios, we calculated the width using Γ(Δ^{−−}) = Γ_b + Γ_f where Γ_b is the partial width to final state bosons and Γ_f is the partial width into final state fermions. Two scenarios for the bosonic width were considered: a narrow width scenario with Γ_b = 1.5 GeV and a broad width scenario with Γ_b = 10 GeV. These choices represent a reasonable range for various values of the masses of the different Higgs bosons. The partial width to final state fermions is given by Γ(Δ^{−−} → ℓ^−ℓ^−) =^1_{8π} h^2_{ℓℓ}M_Δ. Since we assume h_{ee} = h_{μμ} = h_{ττ} ≡ h, we have Γ_f = 3 × Γ(Δ^{−−} → ℓ^−ℓ^−). Many studies assume the Δ decay is entirely into leptons; for small values of the Yukawa coupling and relatively low M_Δ this leads to a width which is considerably narrower than our assumptions for the partial width into bosons.

We consider two possibilities for the Δ^{−−} signal. We assume that either all three final state particles are observed and identified or that the positron is not observed, having been lost down the beam pipe. To take into account detector acceptance we restrict the angles of the observed particles relative to the beam, θ_μ, θ_e+ , to the ranges | cos θ| ≤ 0.9. We restrict the particle energies E_μ, E_e+ ≥ 10 GeV and assumed an identification efficiency for each of the detected final state particles of ϵ = 0.9.

Given that the signal for doubly charged Higgs bosons is so distinctive and SM background free, discovery would be signaled by even one event. Because the value of the cross section for the process we consider is rather sensitive to the Δ width, the potential for discovery of the Δ is likewise sensitive to this model dependent parameter. Varying Γ_b, we find that, relative to Γ_b = 10 GeV, the case of zero bosonic width has a sensitivity to the Yukawa coupling h which is greater by a factor of about 5 [22].

In Fig. 2 we show 95% probability (3 event) contours in the h−M_Δ parameter space. In each case, we assume the narrow width Γ = 1.5 + Γ_f GeV case. Figure 2a corresponds to the center of mass energies √ s = 500, 800, 1000, and 1500 GeV, for the case of three observed particles in the final state, whereas Fig. 2b shows the case where only the two muons are observed. Figs. 2c and 2d correspond to the energies being considered for the CLIC e^+e^− collider, namely, √ s = 3, 5, and 8 TeV, for the three body and two body final states, respectively.

In each case, for √ s above the Δ production threshold, the process is sensitive to the existence of the Δ^{−−} with relatively small Yukawa couplings. However, when the M_Δ becomes too massive to be produced the values of

FIG. 2: Discovery limits for the charged Higgs bosons as a function of Yukawa coupling and MΔ.

the Yukawa couplings which would allow discovery grow larger slowly.

The observation of doubly charged Higgs bosons would represent physics beyond the SM and, as such, searches for this type of particle should be part of the experimental program of any new high energy facility. We found that for √s_{eγ} > M_Δ doubly charged Higgs bosons could be discovered for even relatively small values of the Yukawa couplings; h > 0.01. For larger values of the Yukawa coupling the Δ should be produced in sufficient quantity to study its properties. For values of M_Δ greater than the production threshold, discovery is still possible due to the distinctive, background-free final state in the process eγ → e^+μ^−μ^− which can proceed via virtual contributions from intermediate Δ’s. Thus, even an e^+e^− linear collider with modest energy has the potential to extend Δ search limits significantly higher than can be achieved at the LHC.

V. UPDATE OF DISCOVERY LIMITS FOR EXTRA NEUTRAL GAUGE BOSONS AT HADRON COLLIDERS

Following is a discussion of discovery limits for extra neutral gauge bosons at hadron colliders. The discovery of extra gauge bosons at future lepton colliders, particularly those arising from string and technicolor models, is presented in Ref. [28].

Extended gauge symmetries and the associated heavy neutral gauge bosons, Z^′, are a feature of many extensions of the Standard Model such as grand unified theories, Left-Right symmetric models, and superstring theories. If a Z^′ were discovered it would have important implications for what lies beyond the Standard Model. It is therefore important to study and compare the discovery reach for extra gauge bosons at the various facilities that are under consideration for the future [30, 31, 32, 33, 34, 35]. Included in the list of proposed facilities considered at the Snowmass’01 workshop are high energy hadron colliders. In this section we give the results of contribution P3-44 [29] which updates previous studies [30, 31, 32, 35] to include the high energy hadron colliders discussed at this meeting which range in √ s from 14 TeV to 200 TeV.

Many models that predict extra gauge bosons exist in the literature. We present search limits for several of these models that have received recent attention. Although far from exhaustive, the list forms a representative set for the purposes of comparison. The Effective Rank 5 E6 Model starts with the GUT group E_6 and breaks via the chain E_6 → SO(10) × U (1)_ψ → SU (5) × U (1)_χ × U (1)_ψ with the Z^′ charges given by linear combinations of the U (1)_χ and U (1)_ψ charges. Specific models are Z_χ corresponding to the extra Z^′ of SO(10), Z_ψ corresponding to the extra Z^′ of E_6, and Z_η corresponding to the extra Z^′ arising in some superstring theories. The Left-Right symmetric model (LRM) is based on the gauge group SU (2)_L × SU (2)_R × U (1)_{B−L}, which has right-handed charged currents and restores parity at high energy. The Alternative Left-Right Symmetric model (ALRM) is based on the same gauge group as the LRM but now arising from E_6 where the fermion assignments are different from those of the LRM due to an ambiguity in how they are embedded in the 27 representation. The Un-Unified model (UUM) is based on the gauge group SU (2)_q × SU (2)_l × U (1)_Y where the quarks and leptons each transform under their own SU (2) and the KK model (KK) contains the Kaluza-Klein excitations of the SM gauge bosons that are a possible consequence of theories with large extra dimensions. We also consider a Z^′ with SM couplings (SSM). Details of these models and references are given in Ref. [30].

The signal for a Z^′ at a hadron collider consists of Drell-Yan production of lepton pairs with high invariant mass via pp → Z^′ → l^+l^−. See Ref. [29, 31, 32, 36] for further details and references. The cross section for Z^′ production at hadron colliders is inversely proportional to the Z^′ width. If exotic decay modes are kinematically allowed, the Z^′ width will become larger and more significantly, the branching ratios to conventional fermions smaller. We will only consider the case that no new decay modes are allowed.

We obtain the discovery limits for this process based on 10 events in the e^+e^− + μ^+μ^− channels using the EHLQ quark distribution functions [36] set 1, taking α = 1/128.5, sin^2 θ_w = 0.23, and including a 1-loop Kfactor in the Z^′ production. Using different quark distribution functions results in a roughly 10% variation in the Z^′ cross sections [35] with the subsequent change in discovery limits. Lowering the number of events in the e^+e^− + μ^+μ^− channels to 6 raises the discovery reach about 10% while lowering the luminosity by a factor of ten reduces the reach by about a factor of 3 [32]. Detailed detector simulations for the Tevatron and LHC validated our approximations as a good estimator of the true search reach. Furthermore, the results of our previous studies following this approach are totally consistent with subsequent experimental limits obtained at the Tevatron.

In our calculations we assumed that the Z^′ only decays into the three conventional fermion families. If other decay channels were possible, such as to exotic fermions filling out larger fermion representations or supersymmetric partners, the Z^′ width would be larger, lowering the discovery limits. On the other hand, if decays to exotic fermions were kinematically allowed, the discovery of exotic fermions would be an important discovery in itself; the study of the corresponding decay modes would provide additional information on the nature of the extended gauge structure.

The discovery limits for various models at hadron colliders are shown in Fig. 3. These bounds are relatively insensitive to specific models. In addition, since they are based on a distinct signal with little background they are relatively robust limits. Typical search limits for pp colliders are ∼ 0.25 − 0.30 × √ s assuming 100 fb^{−1} to 1 ab^{−1} of integrated luminosity with some variation due to differences of fermion couplings in the different models. The Tevatron, a pp̄ collider, has a 50% higher discovery reach than this rough guideline, indicating that valence quark contributions to the Drell-Yan production process are still important at these energies.

VI. PARTING THOUGHTS

In this working group summary we have surveyed some of the topics explored by the Alternative Models and New Ideas subgroup. While some of the topics are updates of previous studies, many of the topics are related to ideas barely imagined during the last Snowmass workshop in 1996. Clearly, the bounds of our creativity are challenged only by nature itself. Until clear experimental evidence for new physics points us in the right direction, we must have the capability to explore as many avenues of new physics as our imaginations can conceive.

The work presented hear barely scratches the surface of the volume of alternative ideas that are currently being pursued, and which will no doubt continue to expand to encompass further insights and approaches. The challenge ahead is not only to construct models that purport to extend our understanding of the workings of nature, but also to develop methods by which the predictions of these models can be tested by experiment. Hopefully, in the not so distant future, a combination of theoretical creativity, phenomenological insight, and

FIG. 3: Discovery limits for extra neutral gauge bosons (Z^′) for the models described in the text based on 10 events in the e^+e^− + μ^+μ^− channels.

experimental progress will peel back the next layer in our understanding of the universe in which we live.

[1] M. Chertok et al., SNOW–P3–10, these proceedings [arXiv:hep-ph/0112001]. [2] R. Barbieri, L. J. Hall and Y. Nomura, Phys. Rev. D 63, 105007 (2001) [arXiv:hep-ph/0011311]. [3] S. J. Gates and O. Lebedev, Phys. Lett. B 477, 216 (2000) [arXiv:hep-ph/9912362]. [4] T. Affolder et al., The CDF Collaboration, FERMILAB-CONF-99/092-E. [5] P.H. Frampton and P.Q. Hung, hep-ph/9711218.

[6] T. Sjöstrand, Comp. Phys. Comm. 82 (1994) 74; CERN-TH 7112/93 (1993, revised August 1994). [7] W. Beenakker, M. Kraemer, T. Plehn and M. Spira, hep-ph/9810290. [8] M. Spira, hep-ph/9711408.

[9] J. G. Branson et al, “High Transverse Momentum Physics at the Large Hadron Collider,” (The ATLAS and CMS Collaborations), document prepared for Snowmass, 2001. http://www-theory.lbl.gov/ĩanh/lhc/ [10] A. Juste and G. Merino, arXiv:hep-ph/9910301; H. Baer, S. Dawson and L. Reina, Phys. Rev. D 61, 013002 (2000) [arXiv:hep-ph/9906419].

[11] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).

[12] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315]; I. Antoniadis et al., Phys. Lett. B 436 (1998) 257 [hep-ph/9804398].

[13] K.R. Dienes, E. Dudas and T. Gherghetta, Phys. Lett. B 436 (1998) 55 [hep-ph/9803466]; Nucl. Phys. B 537 (1999) 47 [hep-ph/9806292]; hep-ph/9807522.

[14] E. Witten, Nucl. Phys. B 471 (1996) 135 [hep-th/9602070]; J.D. Lykken, Phys. Rev. D 54 (1996) 3693 [hepth/9603133]; G. Shiu and S.-H.H. Tye, Phys. Rev. D 58 (1998) 106007 [hep-th/9805157].

[15] S. Chang, S. Tazawa and M. Yamaguchi, Phys. Rev. D 61 (2000) 084005 [hep-ph/9908515]. [16] K.R. Dienes, E. Dudas and T. Gherghetta, Phys. Rev. D 62 (2000) 105023 [hep-ph/9912455]. [17] L. Di Lella et al., Phys. Rev. D 62 (2000) 125011 [hep-ph/0006327]; E. Ma, M. Raidal and U. Sarkar, Phys. Lett.

B 504 (2001) 296 [hep-ph/0007321].

[18] K. S. Babu, B. Dutta and R. N. Mohapatra, hep-ph/0107100; Phys. Rev. D, to appear. [19] M.A.B. Beg and H.S. Tsao, Phys. Rev. Lett. 41, 278 (1978); R.N. Mohapatra and G. Senjanović Phys. Lett. 79B, 23 (1978).

[20] R.N. Mohapatra and A. Rasin, Phys. Rev. Lett. 76, 3490 (1996); Phys. Rev. D 54, 5835 (1996). [21] G. Hiller and M. Schmaltz, “Solving the strong CP problem with supersymmetry,” Phys. Lett. B 514, 263 (2001) [hep-ph/0105254].

[22] S. Godfrey, P. Kalyniak and N. Romanenko, Phys. Rev. D in press [hep-ph/0108258]. [23] I.F. Ginzburg et al., Nucl. Instrum. Methods 205, 47 (1983); ibid 219, 5 (1984); V.I. Telnov, Nucl. Instrum. Methods A 294, 72 (1990); C. Akerlof, Report No. UM-HE-81-59 (1981; unpublished).

[24] M.L. Swartz, Phys. Rev. D 40, 1521 (1989); K. Huitu and J. Maalampi, Phys. Lett. B 344, 217 (1995); H. Fujii, Y.

Mimura, K. Sasaki, and T. Sasaki, Phys. Rev. D 49, 559 (1994); D. Chang and W.-Y. Keung, Phys. Rev. Lett. 62, 2583 (1989).

[25] U. Bellgardt et al., Nucl. Phys. B 299,1 (1988); C. Caso et al., Particle Data Group, Eur. Phys. J. C 3, 1 (1998);

M. L. Brooks et al., Phys. Rev. Lett. 83, 1521 (1999). [26] L. Willmann et al., Phys. Rev. Lett. 82, 49 (1999).

[27] A. Datta and A. Raychaudhuri, Phys. Rev. D 62, 055002 (2000); J.F. Gunion, C. Loomis, and K.T. Pitts, Proceedings of the 1996 DPF/DPB Summer Study on New Directions for High Energy Physics - Snowmass 96, ed. D.G. Cassel, L. Trindele Gennari, and R.H. Siemann, Snowmass, CO, 1996, p. 603 [hep-ph/9610237].

[28] B. Murakami and J. Wells, SNOW–P3–03, these proceedings [arXiv:hep-ph/0111065]. [29] S. Godfrey, P3-44, these proceedings.

[30] M. Cvetic and S. Godfrey, in Electroweak Symmetry Breaking and Physics Beyond the Standard Model, eds. T.

Barklow, S. Dawson, H. Haber, and J. Seigrist (World Scientific, 1995) p. 383 [hep-ph/9504216]. [31] S. Godfrey, Phys. Rev. D51, 1402 (1995).

[32] S. Capstick and S. Godfrey. Phys. Rev. D37, 2466 (1988). [33] A. Leike, Phys. Rept. 317, 143 (1999).

[34] A. Leike and S. Riemann, Z. Phys. C75, 341 (1997); S. Riemann, TESLA TDR LC-TH-2001-007. [35] T. Rizzo, in New Directions for High-Energy Physics: Proceedings of the 1996 DPF/DPB Summer Study on High- Energy Physics, Snowmass, Colorado, 1996, edited by D.G. Cassel, L. Trindle Gennari, and R.H. Siemann (Stanford Linear Accelerator Center, 1997), [hep-ph/9612440]; ibid [hep-ph/9609248]; J.L. Hewett and T.G. Rizzo, Phys. Rev. D45, 161 (1992).

[36] E. Eichten, I. Hinchliffe, K.D. Lane, and C. Quigg, Rev. Mod. Phys. 56, 579 (1984).