THEORETICAL PREDICTIONS FOR COLLIDER SEARCHES

G. F. GIUDICE Theoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland E-mail: gian.giudice@cern.ch

I review recent developments in extensions of the Standard Model that address the question of electroweak symmetry breaking and discuss how these theories can be tested at future colliders.

In their search for understanding the fundamental laws of elementary particles, high energy physicists are eager to prove that one of the most successful and elegant scientific theories ever formulated – the Standard Model (SM) – actually fails at distances smaller than about a hundred zeptometers (10^{−19} m). A generation of high energy colliders, culminating with the LHC under construction at CERN, has been designed to achieve this goal. Here I will briefly review the present status of the theoretical speculations for new physics within reach of the LHC. In the spirit of this conference, and because of limited space, I will consider only topics in which, in my opinion, there have been recent developments, leaving aside other possibilities which, although interesting, have known only limited progress. The list of references is also largely incomplete.

1. “Big” and “Little” Hierarchy Problems

The hierarchy problem^1 is not necessarily the most puzzling open question of the SM, but it is certainly the most relevant to collider experiments, since its resolution lies – most likely – in the TeV energy range. Its formulation is well known. Treating the SM as an effective theory valid up to a scale Λ_{SM}, and cutting off momenta in loop integrals at the same scale, we find that the dominant radiative correction to the Higgs mass is given by

δm^2_H = 3G_F 4 √ 2π^2 ( 2m^2_W + m^2_Z + m^2_H − 4m^2_t ) Λ^2_{SM} = − ( 200 GeV

Λ_{SM} 0.7 TeV

)_2 . (1)

The request of no fine-tuning between the treelevel and one-loop contributions to m_H implies Λ_{SM} <∼ TeV. In other words, the SM cannot be valid beyond the TeV, and new physics should appear to modify the ultraviolet behavior. I will refer to this result as the “big” hierarchy, since other fundamen-

Table 1. 90% CL limits on the scale Λ_{LH} (in TeV) of dimension-six operators O in the effective Lagrangian L = ±Λ^{−2}_{LH}O, in both cases of constructive and destructive interference with the SM contribution (±). The limits on the operators relevant to LEP1 are derived under the assumption of a light Higgs. − + LEP1^3 H^†τ^aHW^a_{μν} B^{μν} 10 9.7

|H^†D_μH|^2 5.6 4.6

iH^†D_μHL̄γ^μL 9.2 7.3

LEP2^4 ēγ_μeℓ̄γ^μℓ 6.1 4.5

ēγ_μγ_5eb̄γ^μγ_5b 4.3 3.2

MFV^{2 1}_2 (q̄_Lλ_uλ^†_uγ_μq)^2 6.4 5.0

H^†d̄_Rλ_dλ_uλ^†_uσ_{μν} q_LF^{μν} 9.3 12.4

tal scales, such as the Planck mass M_{Pl}, are known to be much larger than Λ_{SM}.

As a word of caution, I should recall that, if I apply the same naturalness argument to the quartic divergences, then the present upper bound on the cosmological constant implies that the corresponding cut-off has to be smaller than 10^{−3} eV. Although we cannot fully rule out the possibility that the ultraviolet behavior of gravity is prematurely modified at about 10^{−3} eV, this embarrassing result undoubtedly casts a grievous shadow over the hierarchy problem.

Let me come back to the SM as an effective theory. Unknown new physics at the cut-off is parametrized in terms of non-renormalizable operators. To be most conservative, I will add only operators that preserve all local and global SM symmetries and satisfy the criterion of minimal flavor violation.^2 As shown in Table 1, typical limits on Λ_{LH}, defined as the effective scale of the new dimension-six operators (L = ±Λ^{−2}_{LH}O), are Λ_{LH} > 5–10 TeV.

I will refer to the “little” hierarchy (LH) prob- 1 lem as the tension between the constraints on Λ_{LH} – which imply that new-physics virtual effects could only emerge at energies larger than 5–10 TeV – and the no-fine-tuning condition – which requires the presence of new dynamics at the scale Λ_{SM}, below the TeV. To some readers this could seem like a marginal problem, but I believe it provides a very useful guideline in the search for the correct theory beyond the SM. It is a typical LEP heritage, where any new-physics theory has to be confronted with very precise data.

The “little” hierarchy between Λ_{SM} and Λ_{LH} is already giving us some lessons on the hypothetical theory beyond the SM. First of all, new physics at Λ_{SM} is most likely weakly-interacting, or else effective operators would be generated with Λ_{LH} ≃ Λ_{SM}. Strong dynamics, if any, can only appear at scales larger than Λ_{LH}. Moreover, even for weak dynamics, physics at Λ_{SM} should not induce (sizable) tree-level contributions to effective operators. Recently there has been growing interest in constructing new theories that describe the physics between Λ_{SM} and Λ_{LH}, as I will report in Secs. 4, 5, and 6.

2. Supersymmetry

Supersymmetry^5 provides an elegant solution to the “big” hierarchy problem, by eliminating quadratic divergences with a symmetry principle. In softlybroken supersymmetry, the superpartner masses (generated by gauge-invariant terms) effectively play the rôle of Λ_{SM}. Because of the absence of quadratic divergences, the validity of the theory can be extended to energy scales as large as M_{Pl}, without encountering naturalness problems. This extension has several welcome consequences. It offers the possibility to link the SM to speculative ideas about quantum gravity at M_{Pl}. It provides a viable setting for GUT’s (with successful unification of gauge coupling constants), a framework for neutrino masses, and for suppressing proton decay. Finally, it allows an implementation of cosmological mechanisms, such as inflation or baryogenesis, which benefit from extrapolations of particle physics models to high energies.

Incidentally, the need for an extrapolation of the SM up to super-heavy scales has been challenged by recent research aiming at constructing new models whose validity cut-off is not very far from the electroweak scale. In these scenarios, at first sight, the advantages of the energy “desert” are lost. Nevertheless, theoreticians have suggested new ways of recovering some of the positive aspects. Just as an example, let me consider gauge coupling unification. In theories with extra dimensions, Kaluza–Klein excitations of SM particles can accelerate the running, possibly leading to a precocious gauge unification,^6 although predictivity is lost in the power running. Alternatively, one can consider an N-fold replication of the SM gauge group, where the unification scale becomes 10^{13/N} TeV.^7 Yet, one can abandon the usual tree-level expression for the weak mixing angle in GUT’s: sin^2 θ_W = Tr I^2_3 /Tr Q^2 = 3/8 (where the trace is over any GUT irreducible representation). Taking an electroweak group SU_3 × SU_2 × U_1 broken to SU_2 × U_1, in the limit g̃_2, g̃_1 ≫ g̃_3 (where g̃_i are the coupling constants of the high energy group), one finds sin^2 θ_W = 1/4.^8 This is much closer to the experimental value sin^2 θ_W = 0.231 than 3/8, and therefore little running is needed.

Aside from this connection to super-high energies, supersymmetry has several interesting and successful features in the low-energy domain. (i) Gaugecoupling unification leads to a prediction of a SM parameter: α_s(M_Z ) = 0.124 (for typical supersymmetric thresholds at 1 TeV) and 0.130 (for thresholds at 250 GeV). Given the intrinsic uncertainty of GUT thresholds, this is consistent with the PDG value α_s(M_Z ) = 0.117 ± 0.002.^9 (ii) Electroweak symmetry is triggered radiatively by the top Yukawa interaction, with the broken group dynamically chosen (color SU_3 is preserved since squarks do not develop negative square masses, while weak SU_2 is broken). (iii) The Higgs boson is predicted to be lighter than about 130 GeV, compatibly with the indications from electroweak precision data. (iv) The “little” hierarchy is satisfied, if one assumes R-parity conservation. In this case, supersymmetric virtual effects are loop-suppressed and Λ_{LH} ∼ 4πΛ_{SM}. (v) There is a natural candidate for cold dark matter, if R-parity is conserved.

These positive aspects of low-energy supersymmetry are well known, but let me spend a few words on the negative aspects. The first obvious drawback of low-energy supersymmetry is that no superpartner has been observed. This is in contradiction with the requirement of less than 10% fine-tuning, which predicted a discovery at LEP2.^{11} In conventional models of low-energy supersymmetry, the most strin-

Figure 1. Scatter plot of the chargino and Higgs mass obtained by sampling the parameter space of minimal supergravity. The regions excluded by LEP1 and LEP2 searches are shown. This figure was produced by A. Strumia, updating earlier results.^{10}

gent direct bounds come from chargino (m_χ+ > 103.5 GeV),^{12} charged slepton (m_{ẽR} > 99.4 GeV),^{13} and Higgs searches. The SM Higgs mass bound of 114.4 GeV^{14} applies only in the limit of a heavy pseudoscalar, while the general bound is 91.0 GeV^{15} (the final combined LEP analysis on the supersymmetric Higgs has not appeared yet). These limits imply a fine-tuning of the order of the per cent. This is illustrated in Fig. 1, which shows the values of Higgs and chargino masses obtained by a random sample of supersymmetric models with universal boundary conditions at the GUT scale and correct electroweak breaking.^{10} Less than 1% of the points have simultaneously m_χ+ > 103 GeV and m_H > 114 GeV (for pseudoscalar Higgs masses close to m_H , the bound becomes weaker but the allowed region of Fig. 1 remains essentially the same).

This is a very disappointing result of supersymmetry, leading to three possible explanations. (i) Supersymmetry is not realized at the weak scale. (ii) Low-energy supersymmetry is correct, but parameters are fine-tuned at the level of the per cent (and LHC will discover the superpartners). In this case, you may be relieved to know that there is one example in nature of an accidental correlation of this order of magnitude. The apparent sizes of the Sun and the Moon in the sky are roughly equal. If you applied the naturalness criterion to conclude that their actual sizes are roughly equal too, you would be quite wrong. Their radius and distance to the Earth are “fine-tuned” to give, on average, (θ_{Sun} − θ_{Moon})/θ_{Sun} ∼ 3%, where θ_{Sun,Moon} are the solar and lunar angular sizes. (ii) Low-energy supersymmetry exists, but its realization is different from what we had imagined. Let me expand on this.

The origin of the fine-tuning is linked to the success of supersymmetry to trigger the electroweak breaking. Indeed, from the Higgs mechanism we know that M^2_Z = −g^2μ^2_H /λ, where μ^2_H and λ are the coefficients of the quadratic and quartic terms in the Higgs potential. In supersymmetry, λ ∼ g^2, and therefore M^2_Z ∼ −μ^2_H . The effective μ^2_H has a treelevel direct contribution from the soft terms and a one-loop negative contribution roughly proportional to the stop mass (which, in turn, is usually determined by the contribution proportional to the gluino mass). In the conventional supergravity approach, the one-loop contribution has a large logarithm and it overcomes the tree-level effect. Therefore |μ_H | is of the order of the supersymmetric masses, which are expected to lie close to M_Z . One may think that the situation improves in gauge-mediated models,^{16} since the logarithm can be made small with sufficiently light messengers. However, this is not the case, because gauge mediation gives a boundary condition for the stop mass at the messenger scale, which is significantly larger than the tree-level contribution to μ^2_H . Actually, in gauge mediation, the fine-tuning is usually more acute, because the right-handed selectron is a factor of about 2 lighter than the Higgs mass parameter, and because of the limit on the visible decay of the lightest neutralino.^{10} The situation could improve in models where the stop and gluino masses are not large (with respect to the other soft masses) or in models with a low supersymmetry-breaking scale,^{17} or in models where μ^2_H is truly a one-loop factor smaller than all supersymmetric masses (see for instance ref.^{18}).

The second drawback of low-energy supersymmetry is the lack of predictivity in the supersymmetry-breaking sector, which translates into the “supersymmetric flavor problem” (i.e. the large flavor violations present with generic soft terms). We are now aware of various schemes, alternative to the conventional supergravity scenario, which are more predictive and address the flavor problem: gauge mediation,^{16} anomaly mediation,^{19} gaugino mediation.^{20} However, at present, we cannot say that one scheme is preferable to the others. For instance, in operator-based schemes (like supergravity) the Higgs mixing mass μ can be properly accounted for,^{21} while in other schemes where the soft terms are calculable, the Higgs mass parameters μ and Bμ typically appear at an undesired order in perturbation theory. Luckily, the different schemes usually have quite distinct features both in the mass spectrum and in the nature of the lightest supersymmetric particles, leading to distinct signals at colliders. Therefore, in the case of a discovery, the question of the correct scheme of supersymmetrybreaking terms can be settled experimentally.

Recently many new models have been proposed, where supersymmetry at the weak scale is implemented in unconventional ways. These proposals make use of new ingredients, coming from extra dimensions. Before discussing them, let me first introduce extra dimensions.

3. Extra Dimensions

The hierarchy problem can motivate the existence of experimentally-accessible extra dimensions.^{22,23} The scenarios are by now well known: our threedimensional space is embedded in a larger Ddimensional space-time. While SM fields are confined on the three-dimensional brane, gravity is described by the geometry of the full space. The crucial assumption is that the fundamental Planck scale of the D-dimensional theory M_D is of the order of the weak scale, avoiding any hierarchy. Any distance scale shorter than TeV^{−1} (associated with Newton’s constant, with GUT’s, right-handed neutrinos, etc.) has to be explained by some geometrical property.

For flat and compact extra dimensions, the observed weakness of gravity is translated into a large value of the compactification radius R, since the ordinary Planck mass is given by^{22} M_{Pl} ∼ R^{δ/2}M^{1+δ/2}_D , where D = 4 + δ. The interpretation is that we observe a weak gravitational force not because gravity is intrinsically weak (M_D ∼ TeV), but because of the small overlap between our world and the graviton wave function, which is spread in a very large volume.

For spaces with non-factorizable metrics, the large hierarchy M_{Pl}/M_W can be reproduced with much smaller values of R, exploiting the strong functional dependence in the warp factor. In this case, the interpretation is that, because of the non-trivial geometry, the zero-mode graviton wave function is peaked on a brane far from ours and only its exponential tail overlaps with our world, leading to the observed weakness of gravity. The hierarchy is the result of the familiar gravitational redshift in general relativity. A photon that climbs out of a gravitational potential sees its measured energy reduced. It is known that for time-independent metrics with g_{0j} = 0, the product E √ |g_{00}| is conserved, rather than the energy E. Therefore, a photon emitted at a distance r from a spherically symmetric gravitational source is observed at infinity to be redshifted by an amount (E_{obs} − E_{em})/E_{em} = √ |g_{00}| − 1 ≃ −G_N M/r, since the Schwarzschild metrics generated by a mass M has g_{00} = 1 − 2G_N M/r. Similarly, in the Randall–Sundrum set-up, masses in the hidden (Planck) brane are blueshifted by a warp factor, when measured on the observable (TeV) brane, as a result of the non-trivial gravitational field.

Although the scenarios with a quantum-gravity scale at the TeV have various theoretical and cosmological difficulties, they represent a wonderful possibility for new-physics searches at future colliders. At the LHC, graviton emission is observed in jet plus missing-energy events^{24,25} (for flat dimensions) or as resonances in Drell–Yan^{26} (for warped dimensions). Tree-level graviton exchange leads to an effective dimension-8 operator T_{μν} T^{μν} , which predicts correlated signals in diphoton and dilepton final states.^{24,27} Graviton loops give rise to dimension-6 operators, with a flavor-universal axial-vector contact interaction playing a special rôle.^{28} Because of the lower dimensionality of the induced operators, loop effects are generally more important than treelevel effects, unless the short-distance behavior of gravity is modified at an energy scale significantly smaller than M_D. The radion, a scalar field contained in the extra-dimensional graviton, can mix with the Higgs boson, giving rise to interesting variations in the Higgs searches.^{29}

The theoretical description of the experimental signals described above relies upon linearized gravity, whose validity ends as the relevant energy of the process ( √ s) approaches the fundamental gravity scale

Figure 2. The di-jet differential cross section dσ_{jj} /d|Δη| versus the jet rapidity separation Δη at the LHC from transplanckian gravitational scattering for δ = 6, M_D = 1.5 TeV and 3 TeV. Cuts are chosen such that the di-jet invariant mass M_{jj} > 9 TeV, and both jets have |η| < 5 and p_T > 100 GeV. The dashed line is the expected background from QCD.

M_D, and we enter the region where experiments are directly sensitive to the underlying quantum-gravity theory. However, it is interesting that there exists another kinematical regime where the theoretical description is tractable. This is the transplanckian region √ s ≫ M_D, where a semi-classical description is appropriate. This can be understood by noticing that, in the transplanckian region, the classical length associated with a gravitational scattering – the Schwarzschild radius R_S ∼ (G_D √ s)^{1/(δ+1)}, where G_D ∼ M^{−(δ+2)}_D is the D-dimensional Newton constant – becomes larger than the Planck length M^{−1}_D associated to quantum-gravity effects.

When the collision impact parameter b is larger than R_S , the non-linearity of the gravitational field is negligible, and the gravitational scattering, although non-perturbative, can be theoretically calculated. This leads to a prediction at hadron colliders for twojet final states at large invariant mass and large rapidity separation with characteristic distributions^{30} (an example is shown in Fig. 2). The peculiarity in the rapidity distribution comes from a diffractive pattern associated with a new scale in the gravitational potential b_c ∼ (G_Ds)^{1/δ} , which exists in any dimensions different from 4 (i.e. δ ≠ 0) – the familiar Coulomb-like potential is actually very special. These features can be used to confirm the gravitational nature of possible discoveries of new physics.

As the impact parameter b approaches the

Schwarzschild radius R_S , the gravitational field becomes strong, and analytic calculations cannot be done. However, there are solid indications^{31} that, when b < R_S , black holes are formed.^{32} This opens the exciting possibility that (unstable) black holes can be observed at future colliders, with spectacular experimental signals.

I should remark that given the present bounds on M_D from direct searches, and the “limited” energy available at the LHC, the window for observing transplanckian phenomena is rather narrow and, more importantly, the separation between classical and quantum scale may not be sufficient to avoid pollution from quantum-gravity effects. Although it is of course important to pursue these searches at the LHC, transplanckian phenomena can offer a good motivation to consider future hadron colliders, such as the VLHC, operating at √ s ∼ 100–200 TeV.

As we have considered extra-dimensional gravity, it is possible that also SM particles live in (part of) the extra-dimensional compactified space.^{33} Collider experiments can look for their Kaluza–Klein (KK) excitations. If only gauge bosons live in five dimensions, while fermions are conventional, a combination of present direct and indirect searches yield a 95% CL lower limit on the compactification scale M_C (the mass of the first excited mode) of 6.8 TeV.^{34} Searches at the LHC have a sensitivity reach of up to 13–15 TeV. Much weaker bounds (M_C > 0.3 TeV) apply to the case of universal extra dimensions,^{35} where all SM fields live in five dimensions. This is because, after compactification, the momentum conservation along the fifth dimension corresponds to a conserved KK number. This plays a rôle analogous to R-parity conservation in supersymmetry. Indeed KK particles can only be pair-produced and cannot contribute to SM processes by virtual tree-level exchange. Moreover, the lightest KK mode, corresponding to the hypercharge gauge boson, is stable and is a possible candidate for cold dark matter.^{36}

4. Supersymmetry Breaking and

Extra Dimensions

At the end of Sec. 2, I anticipated that extra dimensions bring new elements in the construction of low-energy supersymmetric models. Let me briefly discuss these new ingredients, which are related to the issues of supersymmetry and gauge-symmetry breaking, orbifold projection, and the AdS/CFT correspondence.

Consider a field Φ, which lives in a fivedimensional space with the fifth dimension y compactified on a circle of radius R. Because of periodicity, the field can be expanded in discrete Fourier modes in y, which correspond to the familiar KK tower of four-dimensional fields with masses m_n = n/R, for integers n. Let us now impose the nontrivial boundary condition that the field Φ picks up a phase as it goes around the circle: Φ(x, y + 2πR) = e^{2πiQΦ} Φ(x, y). (2) The KK expansion consistent with condition (2) is Φ(x, y) = e^{iQΦy/R} +∞∑ n=−∞ e^{iny/R}Φ_n(x). (3) The mass of the n-th mode (i.e. its momentum along the fifth coordinate) is shifted by the boundary condition to the value m_n = (n+Q_Φ)/R. Since the mass spectrum of different fields can be shifted in different ways, symmetries of the five-dimensional theory can be hidden if we look at its four-dimensional truncated version, obtained by keeping only light modes. If the phase Q_Φ corresponds to an R-charge (i.e. if particles inside the same supermultiplet have different boundary conditions), then supersymmetry is broken in the four-dimensional effective low-energy theory. This is the Scherk–Schwarz symmetry-breaking mechanism through boundary conditions in the extra dimensions.^{37} Notice that the mechanism is intrinsically non-local, since it involves the global structure of the compactified space. Therefore, if we look at small distances (smaller than R), any symmetrybreaking effect should disappear. This is a very useful property. For instance, in order to stabilize the weak scale it is essential to maintain the cancellation of quadratic divergences in the ultraviolet, and therefore we want to recover supersymmetry at short distances.

The compactification of the fifth dimension into a circle was obtained by identifying the point y with y + 2πR. We can further restrict the space by identifying y with −y: the circle collapses into a segment. The KK decomposition (take Eq. (3) with Q_Φ = 0 for simplicity) can be written as Φ = Φ^{(+)} + iΦ^{(−)}, where

Φ^{(+)}(x, y) = ∞∑ n=0 [Φ_n(x) + Φ_{−n}(x)] cos(ny/R)

Φ^{(−)}(x, y) = ∞∑ n=1 [Φ_n(x) − Φ_{−n}(x)] sin(ny/R). (4)

The fields Φ^{(+)} and Φ^{(−)} are even and odd, respectively, under the symmetry y → −y. However, only the even tower has a massless zero mode (n = 0). This projection into an orbifold (essentially a manifold with boundaries) is very useful in model building. In particular,^{38} starting from vector-like fermion representations in extra dimensions, one can retain only some chiral components in the truncated fourdimensional theory, where all massive modes have been integrated out, and construct realistic models for weak interactions. Combinations of Scherk– Schwarz boundary conditions and orbifold projections give rise to many interesting possibilities for reducing the symmetry and the particle content of extra-dimensional theories.

The next ingredient I want to discuss is the AdS/CFT correspondence,^{39} which is the conjecture that properties of conformal field theories in D dimensions are related to those of (D + 1)-dimensional theories with gravity in anti-de Sitter space. It has also been suggested that the non-compact version of the RS model (RS2)^{40} is dual to a fourdimensional strongly-coupled conformal theory with gravity.^{41} One can take advantage of these speculations to extract some physical information on the structure of the RS1 set-up with two branes in a slice of AdS_5, discussed in Sec. 3.^{42}

The line element of the RS set-up is given by

ds^2 = exp ( − 2y L ) dx^μdx_μ + dy^2, (5)

where y is the extra coordinate and L is the AdS radius. From Eq. (5) we observe that a scale transformation x → ξx can be reabsorbed by a shift of the coordinate y. This is suggestive of the holographic interpretation of the fifth coordinate as the renormalization scale of the four-dimensional theory. The hidden (Planck) brane corresponds to the ultraviolet cut-off of the conformal theory and to the addition of gravity. Indeed, gravity decouples from the fourdimensional theory as the Planck brane is moved to infinity. The visible (TeV) brane is the infrared cutoff, where the observable fields live. It corresponds to a spontaneous breaking of the conformal symmetry. Local gauge symmetries in the bulk of the fivedimensional theory are matched to global symmetries of the conformal theory. This connection between higher-dimensional and quasi-conformal theories could be very useful for gaining new insights on some properties of the strongly-coupled regime, which can be accessed by perturbative calculations in the dual theory.

The ingredients presented above have been used by many authors to construct new implementations of supersymmetry at the weak scale. Although I find many of these attempts quite interesting, I do not intend to give a review of these proposals here. Instead I will take only two examples, to show the use of the higher-dimensional ingredients.

The first example^{43} is based on the extension of the supersymmetric model into five dimensions, one of which is compactified on a circle with two orbifold projections, S^1/(Z_2 × Z_2). In five dimensions, there are two supersymmetries. Each boundary of the orbifold breaks one supersymmetry and therefore the effective low-energy theory is non-supersymmetric. However, supersymmetry is recovered at distances smaller than the compactification radius R, leaving only a finite contribution to the Higgs mass, and predicting^{43} m_H = 127 ± 10 GeV. It is remarkable that one is able to compute a SM parameter (most new-physics theories add new parameters instead of predicting the values of SM quantities!). Unfortunately a quadratic sensitivity to the ultraviolet cutoff is actually introduced by a one-loop contribution to the Fayet–Iliopoulos term.^{44} Also the contribution to the ρ parameter is too large, unless we tune the coefficient of an ultraviolet-sensitive operator. Finally unitarity is violated at a scale of 1.7 TeV, where an ultraviolet completion is needed. Variations of this model have been proposed,^{45} in which some of these problems can be alleviated, in particular by raising the cut-off into the 5–10 TeV region.

In this model we can clearly appreciate the attractive features of Scherk–Schwarz supersymmetry breaking and orbifolding. Note also that, from the point of view of collider searches, these models are completely distinct from the conventional low-energy supersymmetric ones. Indeed, here there is only one Higgs doublet and two superpartners for each SM particle (the remnant of supersymmetry in five dimensions). The lightest supersymmetric particle is a stable (or metastable, if small R-parity violations are included) stop with a mass of about 210 GeV.

The second example^{46} I want to present exploits the possibility of coexistence of supersymmetric and non-supersymmetric sectors in extra dimensions.^{47} Let us consider a supersymmetric RS1 set-up where the Higgs sector lies on the TeV brane and the other SM multiplets live in the bulk. A source of supersymmetry breaking is localized on the Planck brane. The bulk fields are directly coupled to the supersymmetry-breaking sector and superpartners (squarks, sleptons, and gauginos) acquire masses of the order of M_{Pl}: supersymmetry is badly broken. However the Higgs sector can only feel supersymmetry-breaking effects through loops involving brane-to-brane mediation of bulk particles. Since this corresponds to a non-local interaction, the contribution is finite. Moreover, because of the gravitational redshift discussed in Sec. 3, the Higgs sector feels that the supersymmetry-breaking source is a warp factor smaller than M_{Pl}. Using the AdS/CFT correspondence, we can interpret the theory in four dimensions. The SM fields are elementary, while the Higgs sector corresponds to bound states of a quasi-conformal field theory. The electroweak scale is generated at the one-loop level, and therefore ⟨H⟩ ∼ (1/4π)L^{−1}, where L (assumed to be TeV^{−1}) is the size of the bound states. The loop factor is very welcome to explain the little hierarchy discussed in Sec. 1. The collider phenomenology is again quite distinct from usual low-energy supersymmetry. Only the Higgs has supersymmetric partners (higgsinos), while a tower of CFT bound states will appear at energies of the order of L^{−1}. This interpretation allows a connection of this set-up with models of composite Higgs bosons.^{48} Unfortunately, precision electroweak data set a lower bound on L^{−1} of the order of 9 TeV, implying a certain degree of finetuning in the generation of the weak scale. I hope this example has clarified how AdS/CFT can be used in model building to extract information in theories with strong interaction and composite Higgs bosons.

In conclusion, extra dimensions have brought in the game new ingredients for low-energy supersymmetric models. Supersymmetry could reveal itself at colliders in a variety of ways: not only with missing energy, as in supergravity models, but also accompanied by leptons, or photons, or stable charged particles (as in gauge mediation^{16}) or with nearlydegenerate W̃^{±,0} (as in anomaly mediation^{49}), or with new characteristic signals (stable stop, partially supersymmetric spectrum, etc.).

5. Electroweak Breaking and

Extra Dimensions

The ingredients that I have discussed in the previous section can also be used to break gauge symmetries, and it is therefore a logical possibility to use extra dimensions to break the electroweak group.

The hierarchy problem is solved by a symmetry that forbids the Higgs mass term. Supersymmetry (in conjunction with chiral symmetry) is an example. Another example could be gauge symmetry A_μ → A_μ + ∂_μΛ that forbids a mass term m^2A^2_μ, but the Higgs boson is not a gauge particle. However, this is true in four dimensions, but not necessarily in more dimensions. A gauge boson in D = 4 + δ dimensions can be decomposed as A_M = (A_μ, A_j ), j = 1, . . . , δ, where A_j are scalar fields under the Lorentz group. The extra-dimensional components could be interpreted as Higgs bosons.^{50,51} This provides a Higgs–gauge unification completely analogous to the old version of the KK unification of electromagnetism and gravity, in which photon and graviton are different components of the same field – the five-dimensional metrics.

Since, unlike the gauge boson, the Higgs does not transform under the gauge group as the adjoint representation, one has to rely on the orbifolding discussed in Sec. 4 to project out unwanted states. More difficult is to generate the Higgs Yukawa and quartic couplings without reintroducing quadratic divergences. This problem is typically harder than the similiar one encountered in Little Higgs theories (discussed in Sec. 6), since the structure of the Higgs interactions is tightly constrained by the embedding in of extra dimensions. Nevertheless, there has been progress towards the construction of realistic models.^{52}

Following a different approach, one can try to break the electroweak group by appropriate boundary conditions of the gauge bosons in the extra dimensions, and eliminate the Higgs altogether. Of course, in this case, one expects KK excitations for the W and Z bosons with masses too low to satisfy present collider bounds.^{53} By warping the extra dimension, one can lift the masses of the excited KK modes with respect to the zero modes (to be identified with ordinary gauge bosons) and make these particles phenomenologically acceptable,^{54,55} opening a path for the construction of realistic models for electroweak breaking with no Higgs (neither fundamental nor composite). Notice that these proposals differ substantially from the case of a Higgsless SM where the gauge symmetry is non-linearly realized. In the latter case unitarity in scattering processes involving longitudinally-polarized W bosons is violated at an energy scale G^{−1/2}_F , below the TeV. On the contrary, violation of unitarity in higher-dimensional theories is postponed to energy scales in the 10 TeV region.^{56} This is sufficient to allow these theories to pass the test of the little hierarchy (see Sec. 1). Effectively, the tower of gauge boson KK modes (partly) plays the rôle of the Higgs boson in modifying the cross section high-energy behavior.

At present the main obstacle for Higgsless extradimensional theories seems to come from electroweak precision data. Contributions to the ρ parameter can be made small by imposing a gauge custodial symmetry in the bulk (which has the holographic interpretation of a global custodial symmetry in the fourdimensional theory, see Sec. 4). However, contributions to the oblique parameter S^{57} (or ϵ_3^{58}) appear to be positive and unacceptably large.^{59}

6. Little Higgs

We have seen that supersymmetry and gauge symmetry are two examples of principles that can be used to forbid a mass term for the Higgs boson and solve the hierarchy model. A third example is a nonlinearly realized global symmetry, where the Higgs has to be identified with a Goldstone boson.

Consider a scalar field Φ, transforming under an abelian global symmetry as Φ → e^{ia}Φ, and assume that the symmetry is spontaneously broken by ⟨Φ⟩ = f. I can parametrize the complex field Φ in terms of two real fields ρ and θ as Φ = (ρ + f)e^{iθ/f} / √ 2. The symmetry transformation properties are ρ → ρ and θ → θ + a. If I identify θ (the Goldstone boson) with the Higgs, the symmetry forbids a mass term m^2θ^2.

The non-trivial part of the problem is to generate the gauge, Yukawa, and self-interaction of the Higgs (which are non-derivative couplings and therefore forbidden by the symmetry) without reintroducing quadratic divergences. Some (not entirely successful) attempts to construct realistic models for the Higgs as a pseudo-Goldstone boson were made in the past.^{60}

Recently, a much less ambitious program was proposed, which is known under the name of “Little Higgs”.^{61} The proposal is to solve only the little hierarchy problem; in other words, one searches for a description valid only up to 10 TeV or so. Recall, from Sec. 1, that the big hierarchy problem is formulated in terms of one-loop corrections to the Higgs mass: δm^2_H ∼ G_F π^2 m^2_{SM}Λ^2_{SM}. (6)

If we require this correction not to exceed the masses of the SM particles m_{SM}, we obtain

Λ_{SM} < π √ G_F ∼ TeV. (7)

Suppose that at the scale Λ_{SM} (< TeV) new physics cancels the one-loop power divergences. Then we are left with one-loop logarithmic divergences and twoloop power divergences of the form δm^2_H ∼ G^2_F π^4 m^4_{SM}Λ^2. (8)

The same naturalness argument now implies Λ < π^2 G_F m_{SM}

∼ 10 TeV, (9)

which is an energy scale of the order of Λ_{LH} (defined in Sec. 1). Therefore, cancelling only one-loop divergences is just sufficient to postpone the big hierarchy problem beyond the scale of the little hierarchy problem, thus being consistent with the phenomenological constraints.

In order to achieve the cancellation, at least at one-loop order, we can use the mechanism of “collective breaking”. There are two (or more) approximate global symmetries under which the Higgs is a Goldstone boson. Therefore, each symmetry protects the Higgs mass and one requires that no single term in the Lagrangian simultaneously break all these symmetries. More than one term is necessary to generate the Higgs mass, and therefore the corresponding Feynman diagram has more than one loop.

The collective breaking can be achieved with gauge-group replication and, in this sense, the Little Higgs can be interpreted as a model with discrete extra dimensions through deconstruction.^{62} The modelbuilding recipe is the following. One starts from a non-linear sigma model of the Goldstone bosons in the coset G/H. The group G has a weakly-gauged subgroup G_1 × . . . × G_n, where n ≥ 2. Each of the gauge groups G_j preserves a different non-linear global symmetry under which the Higgs transforms as a Goldstone boson. The SM group is a subgroup of G_1 × . . . × G_n which breaks all the global symmetries. Divergent contributions to the Higgs mass necessarily involve the gauge couplings from all the G_j groups and are therefore generated only at the n-th loop: δm^2_H ∼ g^2_1 (4π)^2 . . . g^2_n (4π)^2

Λ^2. (10)

Instead of using gauge-group replication, one can obtain collective breaking by replicating the field content. Consider the example^{63} of an SU(N) gauge group with two scalar fields Φ_{1,2} in the fundamental representation. Take a scalar potential of the form V (Φ^†_1Φ_1, Φ^†_2Φ_2) such that both Φ_{1,2} acquire vacuum expectation values, spontaneously breaking the SU(N) gauge symmetry. In the limit in which you turn off the gauge coupling to Φ_1, the theory has a local SU(N) under which only Φ_2 transforms, and a global SU(N) under which only Φ_1 transforms. Both symmetries are spontaneously broken and the spectrum contains a Goldstone boson. In the limit in which you turn off the gauge coupling to Φ_2, the situation is analogous after replacing the indices 1 and 2, and therefore we still find a massless Goldstone boson. This means that power-divergent contributions can only appear in diagrams with gauge couplings to both Φ_1 and Φ_2, i.e. at two loops: δm^2_H ∼ g^4 (4π)^4

Λ^2. (11)

Along these lines, for both gauge-group and field replications, many models have been constructed. They are quite interesting although, admittedly, rather elaborate.^{64,63,65} Effectively, the common operative mechanism that leads to the one-loop cancellation of power divergences is the introduction, at the scale f ∼ Λ_{SM}, of new degrees of freedom. One-loop diagrams from each SM particle are compensated by one-loop diagrams involving a new particle, much in the same fashion as supersymmetry cancels quadratic divergences. The peculiarity, however, is that in Little-Higgs theories the cancellation occurs between particles with the same spin. For instance the top-quark contribution to the Higgs mass is cancelled by a loop of a new vector-like charge- 2/3 fermion with a dimension-five effective coupling with the Higgs. The W and Z contribution is cancelled by new electroweak triplet and singlet gauge bosons with negative couplings to the Higgs. The content of scalar particles is more model-dependent and, in some cases, new electroweak triplet scalar fields are necessary for the cancellation. All these new degrees of freedom represent the signature of Little-Higgs theories, which can be searched for in future colliders, in particular the LHC.^{66}

Tevatron searches for new gauge bosons and LEP precision data (in particular Δρ contributions from the new top-like fermion, from mixing with the new gauge bosons and, possibly, from the scalar triplet) provide significant constraints on Little-Higgs models. In the minimal model of Arkani-Hamed et al.,^{64} the symmetry-breaking scale f can be, at best, as low as 5 TeV.^{67} This leads to a lower bound on the mass of the new top-like quark m_t′ > 2 √ 2(m_t/v)f = 14 TeV(f/5 TeV). Comparing with the top contribution to the Higgs mass, we find that this implies a fine-tuning of at least one part in a thousand. Variations of the minimal model can significantly reduce the amount of fine-tuning needed.

The validity of the Little-Higgs theories extends up to a region of about 10 TeV, where we expect an embedding into a more fundamental region. The construction of such an ultraviolet completion is still an open and compelling question.^{68}

7. Conclusions

During the last few years we have significantly enriched our basket of theories for the electroweak scale, substantially deepened our understanding of them, and constructed many previouslyundiscovered variations. Nevertheless, none of the known models is fully satisfying or totally free from fine-tuning. The excessive fine-tuning may well be just a fortuitous accident, or it is a sign that some theoretical ingredient is still missing (or, possibly, that we are on a completely wrong track!)

A great distinction exists between theories with and without a “desert”. I define “desert” the case in which some new dynamics modify the ultraviolet behavior of the Higgs mass parameter below the TeV, but then physics can be extrapolated up to a very large energy scale without inconsistencies. Conventional low-energy supersymmetry is the best known example. As previously discussed, the desert scenario has some indisputable advantages.

• It allows a connection between SM physics and quantum gravity or other speculative theories at very short distances, such as GUT’s or strings.

• It offers the possibility of predicting some SM parameters (α_S , m_b/m_τ ) through GUT relations. In particular, gauge-coupling unification in low-energy supersymmetry is certainly the most remarkable information on new physics we have.

• It naturally embeds the existence of a new mass scale Λ, as suggested by the evidence for neutrino masses and for a new dimension-5 operator (1/Λ)ℓℓHH to be included in the SM Lagrangian.

• It allows a natural suppression of fast proton decay and unwanted flavor violations.

• It provides a set-up for interesting cosmological theories (inflation, baryogenesis, etc.), which require an extrapolation of particle physics to very small distances.

However, for each of these points, alternative (and more or less attractive) explanations have been proposed in scenarios with a low cut-off. In my presentation I did not have the time to enter into the various solutions, but at present it is fair to conclude that the verdict for desert versus non-desert is still pending.

The interest in constructing theories that extend the SM at the TeV, but are valid only up to the 10 TeV region, has both experimental and theoretical roots. The experimental LEP data have convinced us that the scale at which new-physics virtual effects appear (Λ_{LH}) cannot be the same as the scale at which the ultraviolet behavior of the Higgs mass is modified (Λ_{SM}). This has forced us to abandon old versions of electroweak-breaking theories with strong dynamics. From a theoretical perspective, extra dimensions have brought new tools into the game and there has been a great urge to apply them at the weak scale. However, extra-dimensional theories are nonrenormalizable, and unitarity is violated at an energy of typically few times the mass of the first KK mode. This implies that the cut-off is not far from the electroweak scale and it opens the urgent question of finding acceptable ultraviolet completions. The tools from extra dimensions have also given new hope for constructing theories of composite Higgs bosons and to better understand their properties.

Of course, in both desert and non-desert scenarios, many fundamental questions are postponed to physics at the cut-off, be it M_{Pl}, 10 TeV, or 1 TeV. Although theoretically this is equally unsatisfactory, the value of the cut-off makes a big difference from a phenomenological point of view. When I discussed the little hierarchy problem, I restricted myself to operators that satisfy the same symmetries as the SM Lagrangian. Had I introduced operators that arbitrarily violate flavor, CP, lepton or baryon number, I would have obtained much more stringent bounds on the corresponding mass scale. These bounds pose severe constraints on the dynamics of an ultraviolet completion at 10 TeV, while they are irrelevant for physics at M_{Pl}.

Finally, I want to point out that the question of desert versus non-desert has important implications for the strategy of future collider planning. In a scenario like conventional low-energy supersymmetry, a multi-TeV linear collider seems the most appropriate next step after the LHC, because precise studies of new-particle masses and properties are going to be of the utmost importance. On the other hand, in nondesert scenarios, the new physics to be discovered at the LHC is just the first shell of a more complicated structure. Moving towards the highest possible energy then becomes a priority, motivating research for hadron colliders in the 100–200 TeV region, like the VLHC.

Acknowledgements

I wish to thank my colleagues at CERN for various discussions and, in particular, R. Rattazzi for useful comments and A. Strumia for producing Fig. 1.

References

1. S. Weinberg, Phys. Rev. D 13, 974 (1976); Phys.

Rev. D 19, 1277 (1979); L. Susskind, Phys. Rev. D 20, 2619 (1979); G. ’t Hooft, PRINT-80-0083 (UTRECHT), Lecture given at Cargese Summer Inst., Cargese, France, Aug 26 - Sep 8, 1979.

2. G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645, 155 (2002) [arXiv:hep-ph/0207036].

3. R. Barbieri and A. Strumia, arXiv:hep-ph/0007265. 4. LEP Difermion Working Group, LEP2FF/02-03. 5. Y. A. Golfand and E. P. Likhtman, JETP Lett.

13, 323 (1971) [Pisma Zh. Eksp. Teor. Fiz. 13, 452 (1971)]; D. V. Volkov and V. P. Akulov, Phys. Lett.

B 46, 109 (1973); J. Wess and B. Zumino, Nucl. Phys. B 70, 39 (1974).

6. K. R. Dienes, E. Dudas and T. Gherghetta, Nucl.

Phys. B 537, 47 (1999) [arXiv:hep-ph/9806292]. 7. N. Arkani-Hamed, A. G. Cohen and H. Georgi, arXiv:hep-th/0108089.

8. S. Dimopoulos and D. E. Kaplan, Phys. Lett. B 531, 127 (2002) [arXiv:hep-ph/0201148].

9. K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002).

10. L. Giusti, A. Romanino and A. Strumia, Nucl. Phys.

B 550, 3 (1999) [arXiv:hep-ph/9811386]; A. Strumia, arXiv:hep-ph/9904247.

11. R. Barbieri and G. F. Giudice, Nucl. Phys. B 306, 63 (1988); G. W. Anderson and D. J. Castano, Phys. Rev. D 52, 1693 (1995) [arXiv:hep-ph/9412322]; S. Dimopoulos and G. F. Giudice, Phys. Lett. B 357, 573 (1995) [arXiv:hep-ph/9507282].

12. LEP SUSY Working Group, LEPSUSYWG/01-03.1. 13. LEP SUSY Working Group, LEPSUSYWG/02-01.1. 14. LEP Higgs Working Group, CERN-EP/2003-011. 15. LEP Higgs Working Group, LHWG Note 2001-04. 16. M. Dine and A. E. Nelson, Phys. Rev. D 48, 1277 (1993) [arXiv:hep-ph/9303230]; M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D 51, 1362 (1995) [arXiv:hep-ph/9408384]; M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, Phys. Rev. D 53, 2658 (1996) [arXiv:hep-ph/9507378]; G. F. Giudice and R. Rattazzi, Phys. Rept. 322, 419 (1999) [arXiv:hepph/9801271].

17. J. A. Casas, J. R. Espinosa and I. Hidalgo, arXiv:hep-ph/0310137.

18. R. Barbieri and A. Strumia, Phys. Lett. B 490, 247 (2000) [arXiv:hep-ph/0005203].

19. L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999) [arXiv:hep-th/9810155]; G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998) [arXiv:hep-ph/9810442].

20. D. E. Kaplan, G. D. Kribs and M. Schmaltz, Phys.

Rev. D 62, 035010 (2000) [arXiv:hep-ph/9911293]; Z. Chacko, M. A. Luty, A. E. Nelson and E. Ponton, JHEP 0001, 003 (2000) [arXiv:hep-ph/9911323].

21. G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988).

22. N. Arkani-Hamed, S. Dimopoulos and G. R.

Dvali, Phys. Lett. B 429, 263 (1998) [arXiv:hepph/9803315].

23. L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221].

24. G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl.

Phys. B 544, 3 (1999) [arXiv:hep-ph/9811291]. 25. E. A. Mirabelli, M. Perelstein and M. E. Peskin, Phys. Rev. Lett. 82, 2236 (1999) [arXiv:hepph/9811337].

26. H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys.

Rev. Lett. 84, 2080 (2000) [arXiv:hep-ph/9909255]. 27. T. Han, J. D. Lykken and R. J. Zhang, Phys.

Rev. D 59, 105006 (1999) [arXiv:hep-ph/9811350];

J. L. Hewett, Phys. Rev. Lett. 82, 4765 (1999) [arXiv:hep-ph/9811356].

28. G. F. Giudice and A. Strumia, Nucl. Phys. B 663, 377 (2003) [arXiv:hep-ph/0301232].

29. G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl.

Phys. B 595, 250 (2001) [arXiv:hep-ph/0002178]. 30. G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl.

Phys. B 630, 293 (2002) [arXiv:hep-ph/0112161]. 31. R. Penrose, unpublished; D. M. Eardley and S. B. Giddings, Phys. Rev. D 66, 044011 (2002) [arXiv:gr-qc/0201034]; E. Kohlprath and G. Veneziano, JHEP 0206, 057 (2002) [arXiv:grqc/0203093].

32. S. B. Giddings and S. Thomas, Phys. Rev. D 65, 056010 (2002) [arXiv:hep-ph/0106219]; S. Dimopoulos and G. Landsberg, Phys. Rev. Lett. 87, 161602 (2001) [arXiv:hep-ph/0106295].

33. I. Antoniadis, Phys. Lett. B 246, 377 (1990). 34. K. Cheung and G. Landsberg, Phys. Rev. D 65, 076003 (2002) [arXiv:hep-ph/0110346].

35. T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64, 035002 (2001) [arXiv:hepph/0012100].

36. G. Servant and T. M. Tait, Nucl. Phys. B 650, 391 (2003) [arXiv:hep-ph/0206071].

37. J. Scherk and J. H. Schwarz, Phys. Lett. B 82, 60 (1979); Nucl. Phys. B 153, 61 (1979).

38. L. J. Dixon, J. A. Harvey, C. Vafa and E. Witten, Nucl. Phys. B 261, 678 (1985) and B 274, 285 (1986).

39. J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [arXiv:hep-th/9711200]; S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109]; E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hepth/9802150].

40. L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999) [arXiv:hep-th/9906064].

41. J. M. Maldacena, unpublished; E. Witten, talk at ITP Santa Barbara conference New Dimensions in Field Theory and String Theory; S. S. Gubser, Phys. Rev. D 63, 084017 (2001) [arXiv:hepth/9912001]; H. Verlinde, Nucl. Phys. B 580, 264 (2000) [arXiv:hep-th/9906182].

42. N. Arkani-Hamed, M. Porrati and L. Randall, JHEP 0108, 017 (2001) [arXiv:hep-th/0012148]; R. Rattazzi and A. Zaffaroni, JHEP 0104, 021 (2001) [arXiv:hep-th/0012248]; M. Pérez-Victoria, JHEP 0105, 064 (2001) [arXiv:hep-th/0105048].

43. R. Barbieri, L. J. Hall and Y. Nomura, Phys. Rev.

D 63, 105007 (2001) [arXiv:hep-ph/0011311]. 44. D. M. Ghilencea, S. Groot Nibbelink and H. P.

Nilles, Nucl. Phys. B 619, 385 (2001) [arXiv:hepth/0108184].

45. R. Barbieri, L. J. Hall, G. Marandella, Y. Nomura, T. Okui, S. J. Oliver and M. Papucci, Nucl. Phys. B 663, 141 (2003) [arXiv:hep-ph/0208153]; R. Barbieri, G. Marandella and M. Papucci, Nucl. Phys. B

668, 273 (2003) [arXiv:hep-ph/0305044].

46. T. Gherghetta and A. Pomarol, Phys. Rev. D 67, 085018 (2003) [arXiv:hep-ph/0302001].

47. M. A. Luty, Phys. Rev. Lett. 89, 141801 (2002) [arXiv:hep-th/0205077].

48. R. Contino, Y. Nomura and A. Pomarol, arXiv:hepph/0306259.

49. J. L. Feng, T. Moroi, L. Randall, M. Strassler and S. f. Su, Phys. Rev. Lett. 83, 1731 (1999) [arXiv:hepph/9904250]; T. Gherghetta, G. F. Giudice and J. D. Wells, Nucl. Phys. B 559, 27 (1999) [arXiv:hepph/9904378].

50. N. S. Manton, Nucl. Phys. B 158, 141 (1979);

S. Randjbar-Daemi, A. Salam and J. Strathdee, Nucl. Phys. B 214, 491 (1983).

51. Y. Hosotani, Ann. Phys. 190, 233 (1989). 52. C. Csaki, C. Grojean and H. Murayama, Phys.

Rev. D 67, 085012 (2003) [arXiv:hep-ph/0210133]; G. Burdman and Y. Nomura, Nucl. Phys. B 656, 3 (2003) [arXiv:hep-ph/0210257]; C. A. Scrucca, M. Serone and L. Silvestrini, Nucl. Phys. B 669, 128 (2003) [arXiv:hep-ph/0304220].

53. C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, arXiv:hep-ph/0305237.

54. K. Agashe, A. Delgado, M. J. May and R. Sundrum, JHEP 0308, 050 (2003) [arXiv:hep-ph/0308036].

55. C. Csaki, C. Grojean, L. Pilo and J. Terning, arXiv:hep-ph/0308038.

56. R. S. Chivukula, D. A. Dicus and H. J. He, Phys.

Lett. B 525, 175 (2002) [arXiv:hep-ph/0111016]. 57. M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).

58. G. Altarelli and R. Barbieri, Phys. Lett. B 253, 161 (1991).

59. R. Barbieri, A. Pomarol and R. Rattazzi, arXiv:hepph/0310285.

60. H. Georgi and A. Pais, Phys. Rev. D 12, 508 (1975);

D. B. Kaplan, H. Georgi and S. Dimopoulos, Phys. Lett. B 136, 187 (1984).

61. N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys.

Lett. B 513, 232 (2001) [arXiv:hep-ph/0105239]. 62. N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys.

Rev. Lett. 86, 4757 (2001) [arXiv:hep-th/0104005]; C. T. Hill, S. Pokorski and J. Wang, Phys. Rev. D 64, 105005 (2001) [arXiv:hep-th/0104035].

63. D. E. Kaplan and M. Schmaltz, arXiv:hepph/0302049.

64. N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, JHEP 0207, 034 (2002) [arXiv:hepph/0206021].

65. N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, JHEP 0208, 021 (2002) [arXiv:hep-ph/0206020]; I. Low, W. Skiba and D. Smith, Phys. Rev. D 66, 072001 (2002) [arXiv:hep-ph/0207243]; S. Chang and J. G. Wacker, arXiv:hep-ph/0303001; C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys. Rev. D 68, 035009 (2003) [arXiv:hepph/0303236]; T. Gregoire, D. R. Smith and J. G. Wacker, arXiv:hep-ph/0305275; W. Skiba and J. Terning, Phys. Rev. D 68, 075001 (2003) [arXiv:hep-ph/0305302].

66. G. Burdman, M. Perelstein and A. Pierce, Phys. Rev.

Lett. 90, 241802 (2003) [arXiv:hep-ph/0212228]; T. Han, H. E. Logan, B. McElrath and L. T. Wang, Phys. Rev. D 67, 095004 (2003) [arXiv:hepph/0301040]; M. Perelstein, M. E. Peskin and A. Pierce, arXiv:hep-ph/0310039.

67. C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys. Rev. D 67, 115002 (2003) [arXiv:hep-ph/0211124]; J. L. Hewett, F. J. Petriello and T. G. Rizzo, arXiv:hep-ph/0211218.

68. A. E. Nelson, arXiv:hep-ph/0304036.