Published by Institute of Physics Publishing for SISSA/ISAS Received: August 5, 2003 Revised: November 26, 2003 Accepted: December 25, 2003

A “littlest Higgs” model with custodial SU(2) symmetry

Spencer Chang

Jefferson Physical Laboratory, Harvard University Cambridge, MA 02138, U.S.A. E-mail: chang@physics.harvard.edu

Abstract: In this note, a “littlest higgs” model is presented which has an approximate custodial SU(2) symmetry. The model is based on the coset space SO(9)/(SO(5) × SO(4)). The light pseudo-goldstone bosons of the theory include a single higgs doublet below a TeV and a set of three SU(2)_W triplets and an electroweak singlet in the TeV range. All of these scalars obtain approximately custodial SU(2) preserving vacuum expectation values. This model addresses a defect in the earlier SO(5) × SU(2) × U(1) moose model, with the only extra complication being an extended top sector. Some of the precision electroweak observables are computed and do not deviate appreciably from Standard Model predictions. In an S-T oblique analysis, the dominant non-Standard Model contributions are the extended top sector and higgs doublet contributions. In conclusion, a wide range of higgs masses is allowed in a large region of parameter space consistent with naturalness, where large higgs masses requires some mild custodial SU(2) violation from the extended top sector.

Keywords: Beyond Standard Model, Higgs Physics.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep122003057 /jhep122003057 .pdf

Contents

1. Introduction 1

2. The model 4 2.1 Gauge sector 5 2.2 Fermion sector 6

3. Potential and EWSB breaking 7 3.1 One loop quadratic term 7 3.2 Log contributions to the mass parameter 9

4. Precision electroweak observables 10 4.1 Electroweak currents 10 4.2 Custodial SU(2) 11 4.3 S parameter 14 4.4 Summary of limits 14

5. Conclusion 16

A. Generators and notation 19

1. Introduction

In the near future, experimental tests at the LHC will begin to map out physics at the TeV energy scale. With this data, a determination of the higgs sector, and more importantly, discovering the physics that stabilizes the weak scale from radiative corrections should be achievable goals. However, in the interim, the industry of precision electroweak observables has given us some indirect evidence on what the theory beyond the standard model must look like. And given the unreasonably good fit of the standard model to these observables, these constraints generically suggest a theory with perturbative physics at the TeV scale.

For many years, the only models that could stabilize the weak scale and be weakly perturbative were supersymmetric models, most notably the MSSM. In the past two years, it has been shown that there is a new class of perturbative theories of electroweak symmetry breaking, that of the “little higgs” [1]–[9]. For reviews of the physics, see [10, 11] and for more detailed phenomenology see [12]–[15]. Little Higgs theories protect the higgs boson from one-loop quadratic divergences because each coupling treats the higgs boson as an exact goldstone boson. However, two different couplings together can break the non-linear

– 1 – symmetries protecting the higgs mass, and thus the higgs is a pseudo-goldstone boson with quadratic divergences to its mass pushed to two-loop order. This allows a separation of scales between the cutoff and the electroweak scale, so that physics can be perturbative until the cutoff is reached at Λ ≈ 10 TeV.

Having weakly perturbative physics at the TeV scale is probably necessary but definitely not sufficient to guarantee a theory is safe from precision electroweak constraints. Currently precision observables have been measured beyond one-loop order in the standard model, and since little higgs model corrections are parameterically of this order, these observables can put constraints on these theories [16]–[21]. However, these constraints are not unavoidable, and isolating the strongest constraints can point to the necessary features to make little higgs models viable theories of electroweak symmetry breaking. First of all, there are modifications of the original models which address these strongest constraints and greatly ammeliorate the issue [19]. However, just recently, a little higgs model was introduced containing a custodial SU(2) symmetry, the SO(5) × SU(2) × U(1) moose model [8]. In the limit of strong coupling for the SO(5) gauge group, the precision electroweak constraints due to the T parameter were softened and in general, there is a large region of parameter space consistent with precision electroweak constraints and naturalness [22].

Let’s briefly summarize the physics that gives the custodial SU(2) symmetry. The important point is that in models with a gauged U(1)×U(1) subgroup and standard model fermions gauged under just one of the U(1)’s, the massive B^′ of these theories provides two constraints. The first constraint is that integrating out the B^′ generates a custodial SU(2) violating operator that after electroweak symmetry breaking corrects the standard model formula for the mass of the Z gauge boson. This gives corrections to the ρ parameter, and vanishes as the two U(1) gauge couplings become equal. However, the second constraint pulls in the opposite direction in gauge parameter space. This is because the coupling of the B^′ to standard model fermions generates corrections to low energy four-fermi operators and also to coefficients of the SU(2)_W × U(1)_Y fermion currents. These corrections vanish in the limit in which the U(1) that the standard model fermions is not gauged under becomes strong. Thus, these two constraints prefer different limits in parameter space and can constrain the model.

As pointed out before [8], there are simple modifications that evade these two constraints, such as only gauging U(1)_Y , charging the SM fermions equally under both U(1)’s, or through fermion mixing. Another simple approach that gives custodial SU(2) symmetry is to complete the B^′ into a custodial SU(2) triplet. If the triplet is exactly degenerate in mass, integrating it out does not contribute to a custodial SU(2) violating operator. To include these new states, instead of gauging two U(1)’s, SU(2)_R × U(1) is gauged. After being broken down to the diagonal U(1)_Y , B^′ and W^{r ±} are put into a “SU(2)_R” triplet. Integrating out the W^{r ±} generates an operator which only gives mass to the W giving a ρ contribution of the opposite sign of the B^′ contribution. Numerically, the total ρ contribution from the gauge sector cancels in the strong SU(2)_R coupling limit (where the triplet becomes degenerate), which is the same limit that reduces corrections to fermion operators.

– 2 –

However, this cancelation is not quite exact for the SO(5)×SU(2)×U(1) moose model. The higgs quartic potential of that theory has a flat direction when the two higgs vevs have the same phase, thus viable electroweak symmetry breaking requires the higgs vevs to have different phases. This phase difference changes the ρ contribution due to the W^{r ±} gauge bosons. The higgs currents of the W^{r ±} are not invariant under a vev phase rotation, and thus the cancelation in the strong coupling limit only occurs if the phase is 0 or π. Indeed, this remnant of custodial SU(2) violation puts the strongest constraint on the theory.

The situation can be easily resolved if the little higgs theory contains only a single light higgs doublet. In this case, the W^{r ±} current just transforms by a phase under the vev phase rotation, which cancels out of the contribution. It turns out that the SO(5) × SU(2) × U(1) moose’s defect can be removed by imposing a Z_4 symmetry inspired by orbifold models [23], which leaves only a single light higgs doublet that still has an order one quartic coupling. In this paper, we will take a different approach and construct a “littlest higgs” model with custodial SU(2) symmetry and just one higgs doublet.

This “littlest higgs” model will be based on an^{SO(9)}_{SO(5)×SO(4)} coset space, with an SU(2)_L × SU(2)_R × SU(2) × U(1) subgroup of SO(9) gauged. The pseudo-goldstone bosons are a single higgs doublet, an electroweak singlet and a set of three SU(2)_W triplets, precisely the content of one of the original custodial SU(2) preserving composite higgs models [24]. The global symmetries protect the higgs doublet from one-loop quadratic divergent contributions to its mass. However, the singlet and triplets are not protected, and will be pushed to the TeV scale. Integrating out these heavy particles will generate an order one quartic coupling for the higgs. To complete the theory with fermions, the minimal top sector contains two extra colored quark doublets and their charge conjugates.

Since the primary motivation of the model is to improve consistency with precision electroweak observables, the model’s corrections to these observables will be calculated. First, we will see that aside from some third generation quark effects, a limit will exist where non-oblique corrections vanish. This limit was recently described as “near-oblique” [21] and we will continue to use this terminology. The existence of this limit allows a meaningful S and T analysis of the oblique corrections, which will be performed in this model to order (v^2/f^2). The dominant contributions come from the extended top sector and the higgs doublet, which are quite mild in most of parameter space. In fact, this analysis will show that there is a wide range of higgs masses allowed in a large region of parameter space consistent with naturalness.

The outline of the rest of the paper is as follows: in section 2 we describe the model’s coset space, light scalars and the symmetries that protect the higgs mass. We also analyze the gauge structure and then describe the minimal candidate top sectors. In section 3, we will show how the quartic higgs potential is generated as well as describe the log enhanced contributions to the higgs mass parameter. There will be vacuum stability issues, and we will point out ways which these can be resolved. Also as usual, the top sector contributions will generically drive electroweak symmetry breaking. In section 4, some precision electroweak observables will be calculated and the constraints on the theory will be detailed. In section 5, we conclude and finally in appendix A, we describe our specific generators and representations of SO(4).

– 3 –

2. The model

The first ingredient necessary for custodial SU(2) symmetry is the breakdown of SU(2)_L × SU(2)_R × SU(2) × U(1) down to the diagonal SU(2)_W × U(1)_Y subgroup. Therefore the global symmetry group must be at least rank 4. Two rank 4 groups are easy to eliminate — SU(5) does not contain the gauged group and the SO(8) adjoint contains no higgs doublets. This leaves SO(9), Sp(8) and F_4 as the only remaining rank 4 candidates. In this paper, we’ll focus on the SO(9) group as it is the easiest to analyze. However, we do mention here that it appears to be difficult to get a single light higgs doublet in the Sp(8), F_4 groups.

Isolating our attention to SO(9), it is straightforward to implement the “little higgs” construction. Using the vector representation, the top four by four block will contain the gauged SO(4) ∼= SU(2)_L × SU(2)_R and the bottom four by four block will contain the gauged SU(2) × U(1) ⊂ SO(4). The coset space should break these two SO(4)’s down to their diagonal subgroup, which can be achieved by an off-diagonal vev for a two-index tensor of SO(9). In order to have the largest unbroken global symmetry (and thus reduce the amount of light scalars), a symmetric two-index tensor should be chosen.

This construction can be described in the following way: take an orthogonal symmetric nine by nine matrix, representing a non-linear sigma model field Σ which transforms under an SO(9) rotation by Σ → V ΣV^T . To break the SO(4)’s to their diagonal, we take Σ’s vev to be ⟨Σ⟩ = 0 0 11_4 0 1 0 11_4 0 0

(2.1)

which breaks the SO(9) global symmetry down to an SO(5) × SO(4) subgroup.^1 This coset space guarantees the existence of 20 = (36 − 10 − 6) light scalars. Of these 20 scalars, 6 will be eaten in the higgsing of the gauge groups down to SU(2)_W × U(1)_Y . The remaining 14 scalars consist of a single higgs doublet h, an electroweak singlet ϕ^0, and three triplets ϕ^{ab} which transform under the SU(2)_L × SU(2)_R diagonal symmetry as^2

h : (2_L, 2_R) ϕ^0 : (1_L, 1_R) ϕ^{ab} : (3_L, 3_R) . (2.2)

This spectrum is particularly nice as each set of scalars can have vacuum expectation values that preserve custodial SU(2); we will see later that this is approximately true. These fields parameterize the direction of the Σ field and can be written in the standard way Σ = e^{iΠ/f} ⟨Σ⟩e^{iΠT /f} = e^{2iΠ/f} ⟨Σ⟩ , (2.3) where Π = −i 4 0 √ 2⃗h −Φ − √ 2⃗h^T 0 √ 2⃗h^T Φ − √ 2⃗h 0 . (2.4)

1We could separate the trace from Σ to make it transform as an irreducible representation of SO(9), however this equivalent vev is chosen so that Σ can be orthogonal.

2See appendix A for specific representation and generator conventions.

– 4 –

In Π, the would-be goldstone bosons that are eaten in the higgsing down to SU(2)_W ×U(1)_Y have been set to zero. The singlet and triplets are contained in the symmetric four by four matrix Φ where Φ = ϕ^0 + 4ϕ^{ab} T^{l a}T^{r b} . (2.5) It is now simple to determine the global symmetries that protect the higgs mass at one loop. Under the upper five by five SO(5)_1 symmetry, the scalars transform as: δ⃗h = ⃗α + · · · δΦ = − 1 2f ( ⃗α ⃗h^T + ⃗h ⃗α^T ) + · · · . (2.6)

Similarly, under the lower five by five SO(5)_2, the scalars transform as: δ⃗h = ⃗β + · · · δΦ = 1 2f ( ⃗β ⃗h^T + ⃗h ⃗β^T ) + · · · . (2.7)

Any interaction that preserves at least one of these SO(5) symmetries treats the higgs as an exact goldstone boson. Thus, if all interactions are chosen to preserve one of these symmetries, the higgs mass will be protected from one loop quadratic divergences. In the next two subsections, that motivation is used to determine the requisite interactions of the theory.

2.1 Gauge sector The gauge group structure obviously follows the preserving SO(5) symmetry logic. The gauged SO(4) ∼= SU(2)_L × SU(2)_R is generated by

τ^{l a} = ( T^{l a} 0_5 ) τ^{r a} = ( T^{r a} 0_5 ) (2.8)

and preserves SO(5)_2 whereas the gauged SU(2) × U(1) is generated by

η^{l a} = ( 0_5 T^{l a} ) η^{r 3} = ( 0_5

T^{r 3} ) (2.9)

and preserves SO(5)_1. The kinetic term for the pseudo-goldstone bosons can now be written as L_{kin} = f^2 4 Tr [D_μΣD^μΣ] , (2.10)

where the covariant derivative is given by

D_μΣ = ∂_μΣ + i [A_μ, Σ] (2.11)

with the gauge boson matrix A_μ defined by

A ≡ g_LW^{la}_{SO(4)}τ^{l a} + g_RW^{ra}_{SO(4)}τ^{r a} + g_2W^{la}η^{l a} + g_1W^{r3}η^{r 3} . (2.12)

Due to the vev of Σ, the vector bosons mix and can be diagonalized with the following transformations:

B = cos θ^′W^{r3} − sin θ^′W^{r3}_{SO(4)} B^′ = W^{′ r3} = sin θ^′W^{r3} + cos θ^′W^{r3}_{SO(4)} W^a = cos θW^{la} − sin θW^{la}_{SO(4)} W^{′a} = W^{′ la} = sin θW^{la} + cos θW^{la}_{SO(4)} , (2.13)

– 5 – where the mixing angles are related to the couplings by:

cos θ^′ = g^′ g_1 sin θ^′ = g^′ g_R cos θ = g g_2 sin θ = g g_L . (2.14)

Notice that there is no relation between θ and θ^′ since SO(4) has two arbitrary gauge couplings g_L and g_R. They could of course be set equal by imposing a Z_2 symmetry, which we will choose to do when describing the limits on the model. In this L-R symmetric limit, the constraint on the angles in order to get the correct θ_W is sin θ ≈ √ 3 sin θ^′. The masses for the heavy vectors can now be written in terms of the electroweak gauge couplings and mixing angles:

m^2_W ′ =

4g^2f^2 sin^2 2θ m^2_B′ =

4g^{′2}f^2 sin^2 2θ^′ m^2_W r ± =

4g^{′2}f^2 sin^2 2θ^′ cos^2 θ^′ . (2.15)

2.2 Fermion sector

For all fermions besides the top quark, the Yukawa couplings are small, and thus it is not necessary to protect the higgs from their one loop quadratic divergences. However, there is the requirement that low energy observables such as four-fermi operators do not receive large corrections. This can be achieved by gauging the light fermions only under SU(2) × U(1). In the strong SO(4) coupling limit, these fermions will decouple from the W^′ and B^′ and will not give strong precision electroweak corrections.

To implement the Yukawa couplings for the light fermions, we add L_{LF} = √ 2f [ y_u (0_4 u^c 0_4) Σ ( 0_5 ⃗q_u ) + y_d (0_4 d^c 0_4) Σ ( 0_5 ⃗q_d ) + y_l (0_4 e^c 0_4) Σ ( 0_5 ⃗l )] + h.c.

(2.16) In this expression, we have defined the “SO(4)” representations corresponding to the SU(2) × U(1) representations by

⃗q_u ↔ Q_u = (q 0_2) ⃗q_d ↔ Q_d = (0_2 q) ⃗l ↔ L = (0_2 l) , (2.17)

where q and l are the standard quark and lepton doublets. The exact correspondence between the two equivalent representations is presented in appendix A. At first order, these interactions reproduce the standard yukawa interactions for the light fermions.

On the other hand, the top yukawa is the strongest one loop quadratic divergence of the standard model and therefore the top sector must be extended in order to stabilize the higgs mass parameter. From the symmetry considerations given earlier, the top sector has to preserve either the SO(5)_1 or SO(5)_2 symmetry. The minimal approach is to preserve the SO(5)_1 symmetry, which can be accomplished by adding t^c to an SO(4) gauge vector ⃗X c. In addition to this new vector, we add its charge conjugate ⃗X and add a Dirac mass for the two fermions. The interactions are:

L_{top} = y_1f ( ⃗X^{c T} t^c 0_4) Σ ( 0_5 ⃗q_t ) + y_2f ⃗X^T ⃗X^c + h.c. (2.18)

– 6 –

Now, the choice is whether or not to make ⃗q_t a “full” SO(4) vector. Since it is only charged under SU(2) × U(1), it does not have to be a full SO(4) vector, but can contain just one doublet like ⃗q_u above. For the sake of simplicity, we will choose to analyze the most minimal case of one doublet.

In this minimal case, the gauge charges of the fermions are:

SU(3)_c SU(2)_L SU(2)_R SU(2) U(1) q 3 1 1 2 1/6 t^c ¯3 1 1 1 −2/3 ⃗X 3 2 2 1 2/3 ⃗X c ¯3 2 2 1 −2/3 (2.19)

Under the diagonal SU(2)_W ×U(1)_Y , ⃗X contains two doublets X_1, X_2 with hypercharge 1/6 and 7/6 respectively. Expanding the terms, we find a mass term linking X^c_1 with a linear combination of q and X_1. Integrating out the heavy fermion gives a top yukawa coupling

y_t = y_1y^∗_2 √ 2(|y_1|^2 + |y_2|^2)

. (2.20)

3. Potential and EWSB breaking

By construction, the interactions of the theory do not generate one loop quadratic divergences for the mass parameter of the higgs. To demonstrate this explicitly, the Coleman- Weinberg potential will be computed. The one loop quadratic divergent piece will generate a potential for Φ and h, including a quadratically divergent mass for the Φ. Similar to the SU(6)/ Sp(6) model [6], the gauge interactions will introduce an instability in the vacuum. The problem is a bit more serious here because the gauge contributions are opposite in sign for the singlet and triplet masses; thus, the origin of the potential is a saddle point. However, as in the SU(6)/ Sp(6) paper, there are ways to cure this instability issue. Once the instability has been addressed, integrating out the massive Φ will generate an order one quartic coupling for h, but no mass term.

For the log divergent piece of the Coleman-Weinberg potential, we will only analyze the contributions to the higgs mass parameter. As usual, gauge and scalar sectors will give positive contributions whereas the top sector gives a large negative contribution that drives electroweak symmetry breaking.

3.1 One loop quadratic term The one loop quadratically divergent piece of the Coleman-Weinberg Potential is given by

V_{one loop Λ}2 =

Λ^2 32π^2

Str(M^†M[Σ]) . (3.1)

By the symmetry arguments given earlier, the different SO(5)_i preserving interactions can generate operators depending on

SO(5)_1 : Φ + 1 2f ⃗h ⃗h^T or SO(5)_2 : Φ − 1 2f ⃗h ⃗h^T . (3.2)

– 7 –

It will also be convenient to introduce some notation, where 1 2f ⃗h ⃗h^T = H^0 + 4H^{ab} T^{l a}T^{r b} . (3.3)

H^0 and H^{ab} are quadratic in the h fields and their explicit expressions appear in appendix A.

The gauge contribution can be calculated from the kinetic term for Σ, which gives

V_{gauge} = −

9f^2 8 [ (g^2_L + g^2_R)(ϕ^0 − H^0)^2 + ( g^2 + g^2_1 3 ) (ϕ^0 + H^0)^2 ] + (3.4) + 3f^2 8 [ (g^2_L + g^2_R)(ϕ^{ab} − H^{ab})^2 + (g^2 + g^2_1 )(ϕ^{ab} + H^{ab})^2 − 2g^2_1 (ϕ^{a3} + H^{a3})^2 ] , where we have ignored a constant term, expanded to second order in Φ and fourth order in h, and set Λ = 4πf. There are two important points to make about this result. First of all, there is a sign difference between the mass terms for the singlet and triplets. Thus, the gauge interactions introduce a saddle point instability in the vacuum. This is expected since the gauge groups would prefer the Σ vev to be proportional to the identity; at this vacuum, no gauge groups are broken and indeed the negative mass squared for the singlet attempts to rotate the vev to this non-breaking vacuum. However, as we will see later, the top sector gives equal sign contributions to both mass terms. Also from the point of view of the effective field theory, operators can be written down that give equal sign contributions to both masses or even just to the singlet. The second thing to note about the gauge contribution is that only the gauged U(1) introduces explicit custodial SU(2) violation into the potential. As a matter of fact, this will be the only interaction that can give the triplets a custodial SU(2) violating vev. Since g_1 will be approximately equal to the standard model hypercharge coupling, the triplet vevs usually give suitably small contributions to ρ. We will analyze the triplet vevs in greater detail in section 4.

Now, analyzing the top sector, we find the contribution

V_{fermion} = 3|y_1|^2f^2 [ (ϕ^0 + H^0)^2 + (ϕ^{ab} + H^{ab})^2 ] , (3.5)

where again we have ignored a constant piece and set Λ = 4πf. As noted earlier, the fermion sector gives equal sign contributions to singlet and triplet masses and does not introduce custodial SU(2) breaking at this order.^3 Following the SU(6)/ Sp(6) little higgs [6], we could also extend the top sector with an interaction that preserves the SO(5)_2 symmetry. This would have the added benefit of giving equal sign contributions to the (ϕ − H)^2 terms and could lift the saddle point into a local minimum. Another way to do this is through operators such as

L_1 = a_1f^2 4,4∑ i=1,j=1 Σ_{ij}Σ_{ij} = a_1f^2 [ (ϕ^0 − H^0)^2 + (ϕ^{ab} − H^{ab})^2 ] (3.6) or L_2 = a_2f^2

(_4 ∑ i=1 Σ_{ii} )_2

= 4a_2f^2 [ (ϕ^0 − H^0)^2 ] (3.7)

3If we had chosen ⃗qt to contain two doublets, there would be no custodial SU(2) breaking at any order.

– 8 – which respect the SO(5)_2 symmetry and give contributions to both singlet and triplet masses or just masses for the singlets. Depending on the UV completion of the model, these operators can be generated; for instance, they might appear naturally in an extended technicolor like completion.

These radiative corrections tell us that we must put in these operators with coefficients of their natural size of the form

V = λ^−_1 f^2(ϕ^0 − H^0)^2 + λ^+_1 f^2(ϕ^0 + H^0)^2 + + λ^−_3 f^2(ϕ^{ab} − H^{ab})^2 + λ^+_3 f^2(ϕ^{ab} + H^{ab})^2 + Δλ_3f^2(ϕ^{a3} + H^{a3})^2 . (3.8)

As mentioned before, since g_1 will be small, Δλ_3 ≪ λ^±_3 is expected, which leads to approximately custodial SU(2) preserving triplet vevs. We will assume that the singlet and triplet masses are positive; integrating out these heavy particles then leads to a quartic coupling of the higgs (ignoring Δλ_3 for simplicity):

λ|h|^4 where 4λ = λ_1 + 3λ_3 (3.9)

and we’ve defined 1/λ_{(1,3)} = 1/λ^−_{(1,3)} + 1/λ^+_{(1,3)}. Requiring a positive order one λ puts some mild constraints on the λ^±_{(1,3)} parameters.

3.2 Log contributions to the mass parameter

Even though the little higgs mechanism protects the higgs from one-loop quadratic divergences, there are finite, one loop logarithmically divergent, and two loop quadratically divergent mass contributions, all of the same order of magnitude. Here we will analyze the logarithmically enhanced pieces as given by the one loop log term in the Coleman-Weinberg potential V_{one loop log} = 1 64π^2 Str [ (M^†M)^2 ln M^†M Λ^2 ] . (3.10)

The gauge contribution to the mass squared is positive

m^2_{gauge} = 3 64π^2 [ 3g^2m^2_W ′ ln

Λ^2 m^2_{W ′} + g^{′2}m^2_B′ ln

Λ^2 m^2_{B′} ] (3.11)

but the fermion contribution is negative

m^2_{fermion} = − 3|y_t|^2 8π^2 m^2_t′ ln

Λ^2 m^2_{t′} , (3.12)

where we have defined m^2_t′ = (|y_1|^2 + |y_2|^2)f^2.^4 This large top contribution generically dominates and drives electroweak symmetry breaking. We’ve chosen not to consider the scalar contribution since it depends on the specifics behind the generation of the potential (eq. (3.8)). However, we mention that it is typically positive and subdominant to the fermion contribution.

4The heavy t^′ quark is the only heavy quark whose mass shifts when the higgs vev is turned on. Thus, it is the new heavy state that appears and cuts off the top yukawa quadratic divergence, which is also why the fermionic contribution to the higgs mass parameter only depends on m_t′ .

– 9 –

4. Precision electroweak observables

Now that we have described the model’s content and interactions, the contributions to electroweak observables can be calculated. In general, we will work to leading order in O(v^2/f^2) and neglect any higher order effects. First in section 4.1, we will focus on nonoblique corrections to electroweak fermion currents and four-fermi interactions. We will demonstrate how the limit of strong g_L, g_R coupling is a “near-oblique” limit as discussed recently in [21]. This limit validates the usefulness of an S and T analysis and in sections 4.2 and 4.3 we will calculate the model’s contributions to these parameters. We will choose to keep the S and T contributions from the Higgs sector, but will subtract out all other standard model contributions. Finally in section 4.4, the results of the full S-T analysis will be presented.

4.1 Electroweak currents

First of all, there are non-oblique corrections due to the exchange of the heavy gauge bosons. Specifically, integrating out the heavy vectors generates four Fermi operators and Higgs- Fermi current current interactions (the Higgs-Higgs interactions give oblique corrections and will be considered in the higgs contribution to T in section 4.2). The former are constrained by tests of compositeness and the latter after electroweak symmetry breaking induce corrections to standard model fermionic currents which are constrained by Z-pole observables. As pointed out recently by Gregoire, Smith, and Wacker [21], the S and T analysis is reliable when there exists a “near-oblique” limit where most of the nonoblique corrections vanish. The limit is called “near-oblique” since third generation quark physics still has non-vanishing effects. In this model this limit turns out to be the strong g_L, g_R → ∞ limit that decouples the light generations from the heavy gauge bosons. A discussion of the non-decoupling third generation effects is outside the scope of this paper and thus they will not be analyzed. However, for a preliminary discussion of the important operators in such an analysis, see reference [21].

To calculate these induced effects, we first write down the relevant currents to the heavy gauge bosons starting with the higgs (leaving off Lorentz indices for readability)

j^a_W ′_H = g cot 2θj^a_H = g cos 2θ 2 sin 2θ ih^†σ^a ←→ D h j_B′_H = g^′ cot 2θ^′j_H = − g^′ cos 2θ^′ 2 sin 2θ^′ ih^† ←→ D h (4.1)

and also for the standard model fermions (aside from the third generation quarks)

j^a_W ′_F = g tan θ j^a_F j_B′_F = g^′ tan θ^′ j_F , (4.2)

where they are given in terms of the standard model SU(2)_W , U(1)_Y currents j^a_{(HF )} and j_{(HF )}. The one heavy gauge boson current left out is the higgs current to W^{r ±}, but since there is no corresponding fermionic current, integrating out W^{r ±} does not generate four-fermi operators or standard model current corrections.

– 10 –

Integrating out the heavy gauge bosons generates the Higgs-Fermi interactions

L_{H F} = − j^a_{μW} ′_H j^{μa}_W ′_F M^2_{W ′} − j_{μB}′_H j^μ_B′_F M^2_{B′} = − sin^2 θ cos 2θ 2f^2 j_H^{a μ}j_{Fa μ} − sin^2 θ^′ cos 2θ^′ 2f^2 j_H^μj_{Fμ} (4.3)

and the four Fermi interactions

L_{F F} = −

(j^a_{μW} ′_F)^2 2M^2_{W ′} − (j_{μB}′_F)^2 2M^2_{B′} = − sin^4 θ 2f^2 j_F^{a μ}j_{Fa μ} − sin^4 θ^′ 2f^2 j_F^μj_{Fμ} . (4.4)

As a rough guide, these operators have to be suppressed by about (4 TeV)^2 to be safe [21, 25]. To simplify the analysis, we will take the SO(4) symmetric limit g_L = g_R. In this restricted case, in order to get the correct sin θ_W requires the relation √ 3θ^′ ≈ θ at small θ’s. Thus, the SU(2) operators give the tightest bound. Of these, the Higgs-Fermi SU(2) operator turns out to be the most constrained giving a constraint

m_W ′ ≳ 1.8 TeV . (4.5)

For the value f = 700 GeV, this corresponds to a limit θ ≲ 1/4. However, to be safe we’ll later take as a benchmark value θ^′ = 1/5 √ 3, θ ≈ 1/5 from which to compare with experiment. Note that for this near-oblique limit to exist, it was crucial that the light generations could be decoupled from the heavy gauge bosons. Again, only in this limit is an analysis of the oblique corrections S and T meaningful.

4.2 Custodial SU(2)

Custodial SU(2) violating effects are highly constrained by precision electroweak tests and this model’s primary motivation is to minimize any such violation. Custodial SU(2) violation is conveniently parameterized by corrections to the ρ parameter (or equivalently the T parameter). In a little higgs model, there are potentially five sources of custodial SU(2) violation. The first possible contribution is that of expanding out the kinetic term in terms of the higgs field. The non-linear sigma model kinetic term contains interactions at high order that could give custodial SU(2) violating masses to the W and Z. However, in this model there is no violation at any order. This is due to the fact that the kinetic term is invariant under a global SO(4)_D that is broken down by the higgs vev to custodial SU(2). As a matter of fact, all terms in the expansion of the kinetic term just shift the value of the higgs vev v, which gives δρ = 0.

Vector bosons. The second possibility is that integrating out the TeV scale gauge bosons (the W^′, B^′, W^{r ±}) can generate a custodial SU(2) violating operator. This is typically denoted as O_4 = |h^†D_μh|^2 . (4.6)

– 11 –

In all previous little higgs theories, integrating out the W^′ gauge bosons does not generate this operator at O(v^2/f^2) and this holds true for this model as well. On the other hand, integrating out the B^′ and W^{r ±} does generate this operator, but with opposite sign! There is a cancelation with the total contribution

δρ_{Gauge Boson} = − v^2 16f^2 sin^2 2θ^′ . (4.7)

Note that as advertised this vanishes in the limit θ^′ → 0, which is the same limit where the standard model fermions decouple from the B^′. At the benchmark values θ^′ = 1/5 √ 3, f = 700 GeV, this gives a contribution T_{gauge} = −.056. One can see that the addition of the extra W^{r ±} gauge bosons has provided an extra suppression factor of sin^2 2θ^′ ≈ 1/20.

Triplet Vev. The third contribution to custodial SU(2) violation comes from the triplet vevs. The key point is that the potential (eq. (3.8)) is custodial SU(2) invariant except for the Δλ_3 term generated by the gauged U(1). The non-oblique corrections already prefer small θ^′ and thus small g_1. Therefore custodial SU(2) violation in the potential should be small, and we should expect that Δλ_3 ≪ λ^±_3 . Calculating the triplet vev contribution, we find δρ_{triplet} = v^2 16f^2 [( λ^−_3 − λ^+_3 − Δλ_3 λ^−_3 + λ^+_3 + Δλ_3

)_2 − ( λ^−_3 − λ^+_3 λ^−_3 + λ^+_3

)_2] ≈ v^2 4f^2 λ^−_3 (λ^+_3 − λ^−_3 ) (λ^−_3 + λ^+_3 )^3

Δλ_3 ,

(4.8) where we have expanded to first or-

Figure 1: Triplet Contribution to T as a function of θ^′ with y_1 = 2, g_L = g_R, and f = 700 GeV.

der in Δλ_3/λ^±_3 to get the end result. In comparison with the “littlest higgs”, there is now a beneficial Δλ_3/λ^±_3 suppression. We cannot really say anything more in the effective field theory since there are unknown order one factors in the relation between the λ_3’s and the coefficients as calculated in the Coleman-Weinberg potential. However, to get a feel for the expected size of the contribution, we can take the Coleman-Weinberg coefficients at face value which for y_1 = 2, g_L = g_R, and f = 700 GeV, gives the plot T vs. θ^′ as shown in figure 1. In the limit g_L = g_R, there is an upper bound θ^′ ≲ π/5 (in order to get the correct sin θ_W ) which is why the graph is cut off on the right. Order one factors aside, it is obvious that the triplet contribution to T is negligibly small due to the extra suppression described above.

Top sector. The fourth source of custodial SU(2) violation is the introduction of new fermions in the top sector. To calculate the effects of the extra fermions, it is easiest to

– 12 –

Figure 2: Top Sector Contribution to T as a function of θ_t. The solid line is for f = 700 GeV while the dashed line is for f = 900 GeV.

Figure 3: The heavy top mass m_t′ as a function of θ_t. Again the solid line is for f = 700 GeV while the dashed line is for f = 900 GeV.

compute the contributions to T through vacuum polarization diagrams by the definition T ≡ e^2 α sin^2 θ_W cos^2 θ_W m^2_Z

[Π_{11}(0) − Π_{33}(0)] . (4.9)

If we ignore the small mixing effects induced by the b quark mass, the contribution is parameterized by the single parameter θ_t where

y_1 = √ 2y_t sin θ_t y_2 = √ 2y_t cos θ_t

. (4.10)

In figure 2, plots of the T contribution versus θ_t are plotted for f = 700 GeV and f = 900 GeV, centered around θ_t = π/4. Note that the standard model contribution to T has already been subtracted off from the total top sector contribution, in order to give the final plotted results. A good fit to the T contribution in the range of θ_t plotted is cos^2 θ_t cot θ_t, where the fit gets bad in the θ_t ≤ 1/2 region. As we change f, the constant of proportionality roughly scales as 1/f^2. In figure 3, the dependence of m_t′ on θ_t is also plotted. An important point is that naturalness puts an upper bound constraint on the mass m_t′ . By the standard given in [5], for a 200 GeV Higgs, 10% fine-tuning restricts m_t′ ≲ 2 TeV. Fortunately, as the figures show, it appears possible to get corrections to T within the 1-σ bound at f scales consistent with this amount of fine tuning. It is also important to keep in mind that these T contributions are quite mild (this appears to be a generic feature of little higgs models). For instance, the standard model top quark contribution is T ≈ 1.2 which is quite larger than the largest value in the plot of 0.35. It is also well known that moderate positive values of T increase the upper bound on the higgs mass [26]. Since θ_t will be varied during the fit, this will dramatically change the allowed higgs masses.

Higgs. Finally, the higgs itself will contribute to T. The contribution is well known and we will use the explicit formula contained in [27]. For the purposes of this paper, we will take the S,T origin when m_{higgs, ref} = 115 GeV. As we increase the higgs mass, this T contribution gets large and negative.

– 13 –

4.3 S parameter

The S parameter along with the T parameter gives a good handle on the oblique contributions of any new physics. To the order at which we have been calculating (i.e. v^2/f^2), there are only two sources of S contributions. The first contribution is that of the higgs. Again, we use the result in [27]. This gives a positive S contribution for higgs masses larger than our chosen reference mass.

The second contribution to S co-

Figure 4: Top Sector Contribution to S for f = 700 GeV as a function of θ_t.

mes from the extended top sector and again is best calculated via vacuum polarization diagrams using the definition

S ≡ −16πΠ^′_{3Y} (0) . (4.11)

In figure 4, we have plotted the beyond the standard model S contribution from the top sector for f = 700 GeV. For the region of naturalness, the contributions to S are quite small and do not measurably affect the fit of the model.

4.4 Summary of limits

Now, the fit to S and T can be performed. In figure 5, the approximate 1σ ellipse in the S-T plane as given in [28] has been plotted. Note that the (S=0,T=0) origin has been set to the reference values m_h = 115 GeV and m_t = 174.3 GeV. Sloping down and to the right, the exact contribution due to the higgs has been plotted for the masses m_h = (115, 200, 300, 500, 700, 1000) GeV. To represent the other two contributions, two points of the beyond the standard model fermion and gauge contributions have also been plotted for the values θ_t = π/4, θ^′ = 1/5 √ 3, and f = 700, 900 GeV. The fermionic contribution generically points up and slightly to the right whereas the gauge contribution points downward. To find where the model is on the S-T plane, these three contributions should be added.

To be specific, we’ll focus on the value f = 700 GeV as this limits the amount of finetuning in the model. In figure 6, the S and T contributions for the higgs and fermions are summed for θ_t = π/4 and θ^′ = 1/5 √ 3. From the graph there appears to be a generous range of m_h that falls within the 1σ limits, at least 115 GeV ≤ m_h ≲ 400 GeV. If θ_t is changed, larger higgs mass can be attained. Although changing θ_t from the equal mixing value π/4 increases fine-tuning, as m_h increases the higgs mass parameter also increases which will reduce the fine-tuning, and thus θ_t can be manipulated as the higgs gets heavier. This freedom helps since reducing θ_t will increase the fermion contribution to T (and only slightly increase S) as required to stay within the ellipse [26]. For instance, at θ_t = π/6, we can still tolerate a 1 TeV higgs mass. Changing θ^′ produces less of an effect, but as it goes to zero, it can also help improve the fit at large higgs mass. Of course, at higgs

– 14 –

Figure 5: The approximate 1σ ellipse in the S-T plane. The origin (S=0,T=0) corresponds to the reference values m_h = 115 GeV and m_t = 174.3 GeV. The higgs contribution for increasing higgs mass is plotted for the values (115, 200, 300, 500, 700, 1000) GeV which slopes down and to the right. Two representative points of the extra fermion and gauge contributions have also been plotted for θ_t = π/4, θ^′ = 1/5 √ 3 and f = 700, 900 GeV.

masses about a TeV, the little higgs mechanism is not even required if the cutoff is taken to be 10 TeV. However, within our model, we see that a large region of parameter space is allowed by both the S-T fit and naturalness. In figure 7, θ^′ and f have been fixed while θ_t and m_h are scanned; all points in the shaded region fit within the 1σ S-T ellipse, while all points above a dashed line are consistent with that percentage of fine-tuning (again using the fine-tuning definition of [5]). There is quite a large range of higgs masses allowed by precision constraints, and most of it is within ten percent fine-tuning or better.

As a brief comment on more general f values, the positive fermion contribution to T decreases as f increases at a given θ_t, so it is more difficult to get within the ellipse for very large higgs mass at large f. For instance, going up to f = 900 GeV pushes the range for θ_t = π/4 and θ^′ = 1/5 √ 3 down to about 115 GeV ≤ m_h ≲ 350 GeV. However, it is our hope that naturalness will help to keep f low, so that the TeV scale particles can still be discovered at the LHC.

Two more comments on this fit should be made. First of all, the experimental error in the top mass gives an uncertainty in the standard model contribution to S and T. With the current error of ±5 GeV, this introduces an unknown ±.07 contribution to T (the change in S is small), which can significantly affect the fit. The other thing to note is

– 15 –

Figure 6: A closeup of the S-T plot with the summed contributions of the higgs, gauge bosons, and fermions. In this plot, the values f = 700 GeV, θ_t = π/4, θ^′ = 1/5 √ 3 are fixed, but higgs mass is allowed to vary.

Figure 7: A scan of m_h vs. θ_t with the fixed values θ^′ = 1/5 √ 3 and f = 700 GeV.

The shaded region is allowed by the 1σ fit while points above a dashed line are consistent with that percentage of fine-tuning.

to remember that O(v^4/f^4) effects and higher have been neglected. For instance, as seen in [21], S contributions from O(v^4/f^4) and dimension 6 operators suppressed by Λ^2 are of the order ±.02. Thus, to go beyond the O(v^2/f^2) analysis as presented here will require some assumptions about the UV completion.

As a conclusion to this section, we plot some sample spectrums for an allowed region of parameter space in figure 8, with f = 700 GeV. For the heavy quark sector, we have allowed θ_t to vary. The t^′ quark is the heavy charge 2/3 quark that cuts off the top yukawa quadratic divergence, and is nearly degenerate with the charge −1/3 b^′ quark (the b^′ is usually about 5 − 10 GeV heavier). The T and Ψ quark (charge 2/3 and 5/3 respectively) are exactly degenerate at tree level and are not important in cutting off the top quadratic divergence. In general, the (T, Ψ) pair is lighter than the (t^′, b^′) pair. In the heavy gauge boson sector, the W^′ is generally the heaviest and the B^′ and W^±_r are nearly degenerate (with the B^′ heavier). As θ decreases, all of the states get heavier and more degenerate. Finally, in the scalar sector, the simplifying assumption that naturalness in the gauge contribution sets λ^±_1 = 3λ^±_3 has been assumed. This naturalness condition sets the scalars to be heavier than the triplets by a factor of √ 3. To simplify it even further, we’ve also assumed that λ^−_3 = λ^+_3 and picked a higgs mass of 200 GeV. All these particles have TeV scale masses and should be searched for at the LHC.

5. Conclusion

In this paper, a new “littlest higgs” model with custodial SU(2) symmetry has been analyzed. Precision electroweak analyses of little higgs models has given suggestions on what features little higgs theories should realize, and with this motivation, the^{SO(9)}_{SO(5)×SO(4)} model has been proposed in order to be easily compatible with precision constraints. Some of the

– 16 –

Figure 8: A sample spectrum for the values f = 700 GeV, θ = 1/5, θ^′ = 1/(5 √ 3). In the scalar sector, m_h = 200 GeV and λ^±_1 = 3λ^±_3 = 4/3 has been assumed.

unique features of the model include:

• Psuedo-goldstone bosons with custodial SU(2) preserving vevs, comprised of a single light higgs doublet and at the TeV scale, a singlet and three SU(2)_W triplets, similar to [24].

• At O(v^2/f^2), the 1σ S-T fit allows a generous range of higgs masses in a large region of parameter space that is consistent with naturalness.

The other features follow that of the original “littlest higgs”, including the generation of the higgs potential through gauge and fermion interactions as well as the fermion sector driving electroweak symmetry breaking. At low energies, the effective theory is the standard model,

– 17 – with extra states at the TeV scale to cut off the quadratic divergences to the higgs. Once again, we emphasize that the precision constraints are mild and a large region of higgs masses is allowed in parameter space where the higgs mass is natural.

In analyzing the one loop quadratically divergent term in the Coleman-Weinberg potential, we discovered that the gauge interactions introduced a saddle point instability in the vacuum. Two solutions to stabilize the vacuum were presented, either through extending the top sector or writing down operators that could give same sign contributions to the singlet and/or triplet masses. As an aside, we mention here briefly two “littlest higgs” models that also contain custodial SU(2) where the preferred vacuum is stable. Firstly, changing the global symmetry from SO(9) to SU(9) changes the breaking pattern to SU(9) → SO(9). In this model, the upper SU(4) gauge group can be gauged instead of SO(4). The SU(4) gauge interactions prefer the off-diagonal vacuum and stabilize the (ϕ−X)^2 terms. This along with the top sector given earlier can stabilize the vacuum. This theory contains 2 higgs doublets, 3 singlets, and 6 triplets and should preserve custodial SU(2) in the same way as the SO(9) model.

Recently, the idea of UV completing the “littlest higgs” via strong interactions giving rise to composite fermions and composite higgs was introduced [29]. This idea requires the top sector to be comprised of full multiplets of the global symmetry. A model with custodial SU(2) symmetry that conceivably could be UV completed in this manner is one based on the coset^{SU(8)}_{Sp(8)} , where the upper 4 components of the 8 is 4 ≡ (2_L + 2_R) and SU(2)_L × SU(2)_R × SU(2) × U(1) is gauged. This time the gauge interactions naively make the vacuum a local maximum, but the sign could depend on the UV completion and is just a discrete choice. The spectrum of this theory turns out to be 4 higgs doublets and 5 singlets! However, as one can see from these other examples, the model presented in this paper has the simplest spectrum, displays all the important physics, and is a complete and realistic model.

In summary, little higgs models are exciting new candidates for electroweak symmetry breaking. They contain naturally light higgs boson(s) that appear as pseudo-goldstone bosons through the breaking of an approximate global symmetry. With perturbative physics at the TeV scale, these models produce relatively benign precision electroweak corrections. In this paper, one model that realizes custodial SU(2) symmetry has been described, which may give some insight into why the standard model has worked so well for so long. In the near future, experiments at the LHC should start giving indications whether or not these candidate theories play a role in what comes beyond the standard model.

Acknowledgments

We would like to thank Nima Arkani-Hamed and Thomas Gregoire for many helpful discussions and especially Jay Wacker both for discussions and for suggesting the beginning framework of the model. We also thank our anonymous JHEP referee for many insightful comments. This work was supported by an NSF graduate student fellowship.

– 18 –

A. Generators and notation

The SO(4) commutation relations are:

[T^{mn}, T^{op}] = i √ 2 (δ^{mo}T^{np} − δ^{mp}T^{no} − δ^{no}T^{mp} + δ^{np}T^{mo}) , (A.1) where m, n, o, p run from 1, . . . , 4. These generators can be broken up into

T^{l a} = 1 2 √ 2 ϵ^{abc}T^{bc} + 1 √ 2 T^{a4} T^{r a} = 1 2 √ 2 ϵ^{abc}T^{bc} − 1 √ 2 T^{a4} , (A.2)

where a, b, c run from 1, . . . , 3. The commutation relations in this basis of SO(4) are equivalent to SU(2)_L × SU(2)_R:

[T^{l a}, T^{l b}] = iϵ^{abc}T^{l c} , [T^{r a}, τ^{r b}] = iϵ^{abc}T^{r c} , [T^{l a}, T^{r b}] = 0 . (A.3)

Vector representation. The vector representation of SO(4) can be realized as: T^{mn op} = −i √ 2 (δ^{mo}δ^{np} − δ^{no}δ^{mp}) , (A.4) where m, n, o, p again run over 1, . . . , 4 and m, n label the SO(4) generator while o, p are the indices of the vector representation. In this representation:

Tr T^AT^B = δ^{AB} . (A.5)

Higgs representations. For the higgs doublet, we have three equivalent forms of the representation. First, there is the SO(4) vector representation, denoted as ⃗h ≡ ( h^a h^4 ) where a = 1, 2, 3, (A.6)

the SU(2)_W doublet representation (with Y = −1/2) h ≡ 1 √ 2 ( h^4 + ih^3 −h^2 + ih^1 ) (A.7)

and the two by two matrix H ≡ (h^4 + σ^a h^a) √ 2 = ( h −ϵh^∗ ) , (A.8)

where the antisymmetric tensor ϵ = iσ^2. Under SU(2)_L × SU(2)_R, this matrix transforms as H → L H R^† (A.9)

and thus a vev in the h^4 direction breaks SU(2)_L × SU(2)_R to custodial SU(2).

The Coleman-Weinberg potential depends on the fields H^0 and H^{ab} as defined by 1 2f ⃗h ⃗h T = H0 + 4Hab T l aT r b. These are given in terms of the higgs fields as:

H^0 = 1 4f |h|^2 H^{ab} = 1 8f [( h^ch^c − h^4h^4 ) δ^{ab} − 2h^ah^b − 2ϵ^{abc}h^ch^4 ] (A.10)

– 19 –

Singlet and triplet representations. In this theory, there are TeV scale scalars transforming as a singlet and as triplets under SU(2)_W , which appear in the symmetric product of two SO(4) vectors, i.e. (4 × 4)_S = 1 + 9 = (1_L, 1_R) + (3_L, 3_R). In the non-linear sigma model field Σ, these appear in the symmetric four by four matrix Φ and can be written as

Φ = ϕ^0 + 4ϕ^{ab} T^{l a}T^{r b} . (A.11)

Note that since the left and right generators commute, this is a symmetric matrix. These fields are canonically normalized and for the triplets, SU(2)_W acts on the a index in the triplet representation and U(1)_Y acts on the b index by T^{r 3} in the triplet SU(2)_R representation.

Fermion representation. The SO(4) vector representation fits nicely for the scalars, but is a bit cumbersome for the fermion sector. However, taking inspiration from the ⃗h, H transformation properties, it isn’t hard to see the correct correspondence. Let’s first start with a set of doublets q_1, q_2 in a two by two matrix

Q ≡ (q_1 q_2) (A.12)

which transforms under SU(2)_L × SU(2)_R as

Q → L Q R^† . (A.13)

Thus the q’s are SU(2)_L doublets and the SU(2)_R rotates them into each other. Now, Q can be transformed into an SO(4) vector by tracing

⃗q^T = (q^a, q^4) ≡ 1 √ 2 (Tr(−iσ^aQ), Tr(Q)) , (A.14)

where ⃗q transforms under the T^l, T^r generators of the SO(4) representation. The normalization out front is important if this is to be completed into an SO(5) vector by the addition of a singlet fermion Ψ (this is just in order to keep canonical normalization under group action). Finally, the generalization of this correspondence to a fermion transforming under under an SU(2) × U(1) gauge group is straightforward.

References

[1] N. Arkani-Hamed, A.G. Cohen and H. Georgi, Electroweak symmetry breaking from dimensional deconstruction, Phys. Lett. B 513 (2001) 232 [hep-ph/0105239].

[2] N. Arkani-Hamed, A.G. Cohen, T. Gregoire and J.G. Wacker, Phenomenology of electroweak symmetry breaking from theory space, J. High Energy Phys. 08 (2002) 020 [hep-ph/0202089].

[3] N. Arkani-Hamed et al., The minimal moose for a little Higgs, J. High Energy Phys. 08 (2002) 021 [hep-ph/0206020].

[4] T. Gregoire and J.G. Wacker, Mooses, topology and Higgs, J. High Energy Phys. 08 (2002) 019 [hep-ph/0206023].

[5] N. Arkani-Hamed, A.G. Cohen, E. Katz and A.E. Nelson, The littlest Higgs, J. High Energy Phys. 07 (2002) 034 [hep-ph/0206021].

– 20 –

[6] I. Low, W. Skiba and D. Smith, Little higgses from an antisymmetric condensate, Phys. Rev.

D 66 (2002) 072001 [hep-ph/0207243].

[7] D.E. Kaplan and M. Schmaltz, The little Higgs from a simple group, J. High Energy Phys. 10 (2003) 039 [hep-ph/0302049].

[8] S. Chang and J.G. Wacker, Little Higgs and custodial SU(2), hep-ph/0303001. [9] W. Skiba and J. Terning, A simple model of two little higgses, Phys. Rev. D 68 (2003) 075001 [hep-ph/0305302].

[10] J.G. Wacker, Little Higgs models: new approaches to the hierarchy problem, hep-ph/0208235. [11] M. Schmaltz, Physics beyond the standard model (theory): introducing the little Higgs, Nucl.

Phys. 117 (Proc. Suppl.) (2003) 40 [hep-ph/0210415].

[12] G. Burdman, M. Perelstein and A. Pierce, Collider tests of the little Higgs model, Phys. Rev.

Lett. 90 (2003) 241802 [hep-ph/0212228].

[13] T. Han, H.E. Logan, B. McElrath and L.T. Wang, Phenomenology of the little Higgs model, Phys. Rev. D 67 (2003) 095004 [hep-ph/0301040].

[14] C. Dib, R. Rosenfeld and A. Zerwekh, Higgs production and decay in the little Higgs model,

hep-ph/0302068.

[15] T. Han, H.E. Logan, B. McElrath and L.T. Wang, Loop induced decays of the little Higgs:

H → gg, γγ, Phys. Lett. B 563 (2003) 191 [hep-ph/0302188].

[16] R.S. Chivukula, N. Evans and E.H. Simmons, Flavor physics and fine-tuning in theory space, Phys. Rev. D 66 (2002) 035008 [hep-ph/0204193].

[17] J.L. Hewett, F.J. Petriello and T.G. Rizzo, Constraining the littlest Higgs, J. High Energy Phys. 10 (2003) 062 [hep-ph/0211218].

[18] C. Csáki, J. Hubisz, G.D. Kribs, P. Meade and J. Terning, Big corrections from a little Higgs, Phys. Rev. D 67 (2003) 115002 [hep-ph/0211124].

[19] C. Csáki, J. Hubisz, G.D. Kribs, P. Meade and J. Terning, Variations of little Higgs models and their electroweak constraints, Phys. Rev. D 68 (2003) 035009 [hep-ph/0303236].

[20] G.D. Kribs, Electroweak precision tests of little Higgs theories, hep-ph/0305157. [21] T. Gregoire, D.R. Smith and J.G. Wacker, What precision electroweak physics says about the SU(6)/Sp(6) little Higgs, hep-ph/0305275.

[22] C. Csaki, Constraints on little Higgs models, talk given on March 18th, 2003 at Harvard University.

[23] J.G. Wacker, in preparation.

[24] H. Georgi and D.B. Kaplan, Composite Higgs and custodial SU(2), Phys. Lett. B 145 (1984) 216.

[25] R. Barbieri and A. Strumia, The ‘LEP paradox’, hep-ph/0007265. [26] M.E. Peskin and J.D. Wells, How can a heavy Higgs boson be consistent with the precision electroweak measurements?, Phys. Rev. D 64 (2001) 093003 [hep-ph/0101342].

[27] K. Hagiwara, S. Matsumoto, D. Haidt and C.S. Kim, A novel approach to confront electroweak data and theory, Z. Physik C 64 (1994) 559 [Erratum-ibid. C68 (1995) 352] [hep-ph/9409380].

– 21 –

[28] Particle Data Group collaboration, K. Hagiwara et al., Review of particle physics, Phys.

Rev. D 66 (2002) 010001.

[29] A.E. Nelson, Dynamical electroweak superconductivity from a composite little Higgs,

hep-ph/0304036.

– 22 –