arXiv:1107.3572v1 [hep-ph] 18 Jul 2011

Technicolor Models with Color-Singlet Technifermions and their Ultraviolet Extensions

Thomas A. Ryttov and Robert Shrock C. N. Yang Institute for Theoretical Physics Stony Brook University Stony Brook, NY 11794

We study technicolor models in which all of the technifermions are color-singlets, focusing on the case in these fermions transform according to the fundamental representation of the technicolor gauge group. Our analysis includes a derivation of restrictions on the weak hypercharge assignments for the technifermions and additional color-singlet, technisinglet fermions arising from the necessity of avoiding stable bound states with exotic electric charges. Precision electroweak constraints on these models are also discussed. We determine some general properties of extended technicolor theories containing these technicolor sectors.

PACS numbers: 11.15.-q,12.60.Nz,12.60.-i

I. INTRODUCTION

Electroweak symmetry breaking (EWSB) may occur dynamically, via the formation of bilinear condensates ⟨F̄ F ⟩ of a set of fermions {F } subject to a vectorial, asymptotically free gauge interaction, generically called technicolor (TC), that becomes strongly coupled at the TeV scale [1]. To communicate this symmetry breaking to the Standard-Model (SM) fermions, which are technisinglets, one embeds technicolor in a larger, extended technicolor (ETC) gauge theory [2]. This involves gauging the generational index and combining it with the technicolor index. We denote the generational, technicolor, and ETC gauge groups as G_{gen.}, G_{T C} , and G_{ET C} . It follows that G_{ET C} ⊃ G_{gen.} ⊗ G_{T C} . In one class of technicolor models, technifermions form a Standard-Model family. In these models, the ETC gauge bosons are singlets under the SM gauge group, G_{SM} = SU(3)_c ⊗ G_{EW} , where G_{EW} = SU(2)_L ⊗ U(1)_Y , and the generators of G_{ET C} commute with those of G_{SM} : [G_{ET C} , G_{SM} ] = ∅.

However, the basic aim of technicolor, to break G_{EW} to electromagnetic U(1)_{em} dynamically, can be realized using purely color-singlet technifermions. A minimal technicolor model of this type includes one SU(2)_L doublet of left-handed technifermions, together with the corresponding SU(2)_L-singlet right-handed technifermions, all of which are color-singlets. To maintain the vectorial nature of the technicolor gauge symmetry (as is necessary in order that it does not self-break when it forms condensates), the left- and right-handed chiral components of the technifermions transform according to the same representation of G_{T C} . We use the abbreviations 1FTC and 1DTC for one-family and one-SU(2)_L-technidoublet TC models, respectively [3]. Since ETC gauge bosons mediate transitions that take quarks to technifermions, it follows that in technicolor models in which the technifermions are color-singlets, some of these ETC gauge bosons transform according to the fundamental and conjugate fundamental representations of SU(3)_c. Hence, in these models, commutators of the associated generators of G_{ET C} transform as the singlet and adjoint of SU(3)_c, [G_{ET C} , G_{SM} ] ≠ ∅, and

G_{ET C} ⊃ SU(3)_c ⊗ G_{gen.} ⊗ G_{T C} for 1DTC . (1.1)

In this paper we shall construct and study technicolor models in which all of the technifermions are colorsinglets and that are minimal, in the sense of being of 1DTC type. There are several motivations for this work. One is that 1DTC models can reduce technicolor corrections to W and Z propagators, since they involve fewer technifermions than 1FTC models. Another is that 1FTC models predict technivector mesons that transform as color octets, and this prediction is in significant tension with lower bounds on the masses of such particles obtained by the ATLAS and CMS experiments at the Large Hadron Collider (LHC), as discussed further below. Yet another motivation is that 1FTC models have a very large global chiral symmetry, and when this is broken spontaneously via the formation of bilinear technifermion condensates, there may be problematically light (pseudo)-Nambu Goldstone bosons. Recently, there has much considerable interest in 1DTC models [4]-[7]; reviews include Refs. [8, 9]. Much of this work has made use of the group SU(2)_{T C} with two technifermions in the adjoint representation (equivalently, the vector representation of an SO(3)_{T C} group). Here we will give a general discussion that focuses on 1DTC models with technifermions in the fundamental representation of the technicolor gauge group. Our model-building will focus on an SU(3)_{T C} model, but, as will be seen, a number of our results, such as restrictions on hypercharge assignments, will apply rather generally to 1DTC models.

This paper is organized as follows. In Sect. II, to provide some background, we review one-family technicolor models and their ultraviolet extension to ETC theories. Section III contains preliminaries on 1DTC models and Sect. IV contains some discussion of properties of models of this type with an SU(2)_{T C} gauge group and technifermions in the fundamental and adjoint representations. In Sect. V we study 1DTC models with an

SU(3)_{T C} gauge group and technifermions in the fundamental representation. In Sect. VI we derive some properties of ETC ultraviolet extensions of the SU(3)_{T C} theory. Section VII contains some concluding remarks.

II. BACKGROUND ON ONE-FAMILY TC/ETC MODELS

To provide a contrasting background perspective for our study of TC/ETC models with color-singlet technifermions, we briefly discuss one-family TC/ETC models, which do contain some color-triplet technifermions. We take G_{T C} = SU(N_{T C} )_{T C} and G_{gen.} = SU(N_{gen.}), where N_{gen.} = 3 is the observed number of SM fermion generations. In the most compact model of this type, G_{ET C} contains G_{gen.}⊗G_{T C} as a maximal subgroup. This is arranged by setting

G_{ET C} = SU(N_{ET C} )_{ET C} , (2.1)

where

N_{ET C} = N_{gen.} + N_{T C} = 3 + N_{T C} . (2.2)

In accordance with this, one assumes that the technifermions form one SM family. One may assign the SM fermions and technifermions to the following representations of G_{SM} ⊗ G_{ET C}

Q_L = ( u d ) L : (3, 2, N_{ET C} )_{1/3,L} u_R : (3, 1, N_{ET C} )_{4/3,R}

d_R : (3, 1, N_{ET C} )_{−2/3,R} (2.3) and L_L = ( ν ℓ ) L : (1, 2, N_{ET C} )_{−1,L} ν_R : (1, 1, N_{ET C} )_{0,R}

ℓ_R : (1, 1, N_{ET C} )_{−2,R} . (2.4)

Here the numbers in parentheses are the dimensions of the representations of the three non-Abelian factor groups in G_{SM} ⊗ G_{ET C} , the subscript denotes the weak hypercharge, and we suppress ETC and color indices. Indicating these indices explicitly, we have, for example, u_R = u^{ai}_R , where a = 1, 2, 3 is the color index and i = 1, ..., N_{ET C} is the ETC index. The ETC indices i are ordered such that i = 1, 2, 3 are generation indices (with u^{a1} = u^a, u^{a2} = c^a, u^{a3} = t^a, ℓ^1 = e, ℓ^2 = μ, etc.) and 4 ≤ i ≤ N_{ET C} are TC indices. It will be useful to distinguish between generational and technicolor indices, and so if i is in the interval 4 ≤ i ≤ N_{ET C} , we shall usually label it as τ, standing for TC.

If one makes the minimal choice for G_{T C} , namely G_{T C} = SU(2)_{T C} , then, by Eq. (2.2), it follows that

G_{ET C} = SU(5)_{ET C} . Detailed studies with reasonably ultraviolet-complete ETC models of this type were carried out in Refs. [10]-[16]. Refs. [13, 15] also presented a critical assessment of an alternate type of TC/ETC model in which down-type quarks and charged leptons of opposite chiralities are assigned to relatively conjugate representations of SU(5)_{ET C} , while up-type quarks of opposite chiralities are assigned to the same representations of this group.

In order to account for the hierarchy in the three generations of SM quarks and charged leptons, the ETC gauge symmetry should break in a sequence of scales Λ_{ET C,i}, where i = 1, 2, 3, down to the residual exact technicolor gauge symmetry. The studies of Refs. [11]-[13] demonstrated how the sequential breaking of the ETC gauge symmetry can occur. A typical set of ETC breaking scales used in these studies is

Λ_{ET C,1} ≃ 10^3 TeV,

Λ_{ET C,2} ≃ 10^2 TeV,

Λ_{ET C,3} ≃ few TeV (2.5)

for the three SM generations i = 1, 2, 3 [17]. Having an explicit and reasonably ultraviolet-complete ETC theory, it was possible to calculate flavor-changing neutral current (FCNC) processes, and it was shown that in ETC theories in which the techniquarks transform in a vectorial manner under G_{ET C} , these can be adequately suppressed because of approximate residual generational symmetries [11, 13, 15]. A mechanism was also presented for obtaining lepton mixing and small neutrino masses [11–13]. The resultant technicolor gauge interaction confines and breaks chiral symmetry at the scale Λ_{T C} , thereby producing electroweak symmetry breaking. The W and Z pick up masses given to leading order by

m^2_W = m^2_Z cos^2 θ_W = g^2N_Df^2_{T C} 4 , (2.6)

where g is the SU(2)_L gauge coupling and N_D denotes the number of SU(2)_L doublets of technifermions. For one-family TC models, N_D = 4, so f_{T C} ≃ 125 GeV.

The ETC interactions lead to a mass for a fermion of the i’th generation of the generic form m_f i ∼ κηΛ^3_{T C} Λ^2_{ET C,i} , (2.7)

where κ is a numerical constant of order 10,

η = exp [ ∫ Λw Λ_{T C} dμ μ γ(α_{T C} (μ)) ] (2.8)

is a renormalization-group factor, γ is the mass anomalous dimension of the technifermions, and α_{T C} (μ) = g_{T C} (μ)^2/(4π) is the TC running coupling (inherited from its UV completion in the ETC theory), depending on the Euclidean reference momentum, μ. In Eq. (2.8), Λ_w is the scale where the coupling rises to O(1). The Λ^3_{T C} factor in Eq. (2.7) arises from the technifermion condensate ⟨F̄ F ⟩ and the 1/Λ^2_{ET C,i} factor arises from the propagator(s) of ETC gauge bosons mediating the transitions between SM fermions of the i’th generation and technifermions. As is evident in Eq. (2.7), the largest Λ_{ET C,i} corresponds to the smallest fermion masses, namely those of the first generation, and so forth for the other generations. It has also been shown how off-diagonal elements can be generated in the full 3 × 3 fermion mass matrices, whose diagonalization thus leads to quark and lepton mixing [11, 13]. Related work is in Ref. [18].

Viable TC/ETC theories require a value of γ that is not too small, in order to enhance SM fermion mass generation via the renormalization-group factor η. This property can follow naturally if the theory has an approximate infrared fixed point (IRFP), i.e., IR zero of the TC beta function, so that the running TC coupling α_{T C} (μ) becomes large at a scale Λ_w but runs slowly (walks) as a function of the scale μ [19].

One-family technicolor models are subject to many constraints, such as those from precision electroweak data, neutral flavor-changing current processes, etc. In addition, 1FTC models predict color-octet technihadrons, in particular, pseudoscalar and vector technimesons. The vector technimesons are expected to have masses given by m_{V,T C} m_{ρ,ω} ≃ Λ_{T C} Λ_{QCD} ≃ f_{T C} f_π ( N_c N_{T C} )_{1/2} , (2.9)

where N_c = 3, f_π ≃ 93 MeV, Λ_{QCD} ≃ 330 MeV, and f_{T C} ≃ 125 GeV, so m_{V,T C} ≃ 1.0 √ 3/N_{T C} TeV. This simple scaling behavior is approximately borne out in more sophisticated calculations of technimeson masses using solutions of the Bethe-Salpeter equation in a technicolor theory with walking behavior [20]. A similar scaling is expected to apply for the width Γ_{V,T C} , so that Γ_{V,T C} would be a few hundred GeV. The ATLAS and CMS experiments at the LHC have set a lower limit of approximately 2 TeV on color-octet resonances of this type [21, 22]. There is thus significant tension between these LHC data and one-family technicolor models. This tension is exacerbated by limits on the (pseudo)-Nambu- Goldstone bosons, denoted (P)NGBs, in this model [23]- [25]. As noted above, this provides one motivation for exploring TC/ETC models that contain only color-singlet technifermions, since these technifermions thus do not couple directly to gluons, and hence the resultant technihadrons are not subject to such severe experimental limits from current LHC (or Tevatron) data.

III. TECHNICOLOR MODELS WITH COLOR-SINGLET TECHNIFERMIONS

In this section we begin our discussion of 1DTC models. As will be explained below, these models may, in general, also contain other technifermions that are G_{SM} - singlets. These models have the feature that all technifermions are SU(3)_c-singlets and can thus be denoted also as color-singlet technifermion (CSTF) theories. For the models of interest here, the 1DTC property implies the CSTF property. The converse does not hold in general, since, in principle, a technicolor model could contain only color-singlet technifermions but have more than one SU(2)_L technidoublet. However, in practice, given the requirement of minimizing technicolor corrections to the W and Z propagators, as long as one considers CSTF models, one restricts to those of 1DTC type. Hence, in practice, one has the relation 1DTC ⇔ CSTF for these properties.

The gauge symmetry that is operative at an energy scale of ∼ 1 TeV is assumed to be G_{SM} ⊗ G_{T C} . We shall mainly focus on the case in which the technifermions to be in the fundamental representation of G_{T C} = SU(N_{T C} )_{T C} (while sometimes giving more general results), and shall consider the possible choices G_{T C} = SU(2)_{T C} and G_{T C} = SU(3)_{T C} . The technicolor model is minimal in the sense that it uses the minimum content of G_{EW} -nonsinglet technifermions necessary to achieve electroweak symmetry breaking, with the left-handed and right-handed components of the technifermions transforming as

F^τ_L = ( f^τ_1 f^τ_2 ) L : (1, 2, d_{RT C} )_{YFL} (3.1) and f^τ_{1R} : (1, 1, d_{RT C} )_{Yf1R} , f^τ_{2R} : (1, 1, d_{RT C} )_{Yf2R} (3.2)

under G_{SM} ⊗G_{T C} , where d_{RT C} denotes the dimension of the representation R_{T C} , and we again suppress the TC index τ in the notation. The electric charge operator is Q = T_{3L} + (Y/2) (in units of e), so the condition that U(1)_{em} be vectorial on these technifermions means that 1 2 + Y_{FL} 2 = q_{f1L} = q_{f1R} = Y_{f1R} 2 (3.3) and − 1 2 + Y_{FL} 2 = q_{f2L} = q_{f2R} = Y_{f2R} 2 . (3.4)

Hence,

1 + Y_{fL} = Y_{f1R} , −1 + Y_{fL} = Y_{f2R} . (3.5)

The Lagrangian mass terms m_{f1}f̄_{1τ L}f^τ_{1R} + h.c. and m_{f2}f̄_{2τ L}f^τ_{2R} +h.c. would explicitly break SU(2)_L ⊗U(1)_Y , and therefore these are set to zero.

IV. SU(2)T C 1DTC MODELS

Here we take G_{T C} = SU(2)_{T C} . If Y_{FL} = 0, then the theory with the fermions (3.1) and (3.2) is free of any anomalies in gauged currents. It is also free of any global SU(2)_L anomaly, since it contains an even number, N_{gen.}(N_c + 1) + N_{T C} = 14 chiral SU(2)_L doublets of fermions. (Of course, there is also no global SU(2)_{T C} anomaly whether the number of technifermions transforming as fundamental representations of SU(2)_{T C} is even or odd, since these are Dirac fermions, corresponding to the fact that the SU(2)_{T C} theory is vectorial.) However, this model is disfavored by the fact that, as α_{T C} grows to a size of order unity and the TC interaction eventually confines and produces bilinear technifermion condensates and associated spontaneous chiral symmetry breaking at the scale Λ_{T C} , these condensates would most likely have an undesired form. The condensates form in the most attractive channel (MAC), which is 2 × 2 → 1. Vacuum alignment arguments imply that the condensates should preserve the maximal possible gauge symmetry and hence would have the Majorana forms ⟨ϵ_{αβ} ϵ_{τ τ} ′ F^{ατ T}_L CF^{βτ ′}_L ⟩ = 2⟨ϵ_{τ τ} ′ f^{τ T}_{1L} Cf^{τ ′}_{2L}⟩ (4.1) and ⟨ϵ_{τ τ} ′ f^{τ T}_{1R} Cf^{τ ′}_{2R}⟩ , (4.2)

where here α, β are SU(2)_L indices and τ, τ^′ are SU(2)_{T C} indices. These condensates are invariant under all gauge symmetries, in particular, G_{EW} . Hence, they would not achieve the basic purpose of technicolor, which is electroweak symmetry breaking.

One might try to avoid this by assigning a nonzero weak hypercharge Y_{FL} to F_L, which, by Eq. (3.5), would imply that at least one of the f_{jR}, j = 1, 2, would also have nonzero weak hypercharge. This modification would contain nonzero gauge anomalies unless one also added more fermions. A simple approach is to add an even number of (color-singlet) technicolor-singlet fermions that transform as doublets under SU(2)_L. This number must be even to avoid producing a global SU(2)_L anomaly. The minimal such number is two, and thus we add the following color-singlet, technicolorsinglet fermions, forming two left-handed SU(2)_L doublets and four corresponding right-handed SU(2)_L-singlets

ψ_L = ( ψ_1 ψ_2 ) L , ψ_{jR} , j = 1, 2, (4.3) and ψ^′_L = ( ψ^′_1 ψ^′_2 ) L , ψ^′_{jR} , j = 1, 2, (4.4)

with respective weak hypercharges Y_{ψL} , Y_{ψ1R} , Y_{ψ2R} and Y_ψ′_L , Y_ψ′_{1R} , Y_ψ′_{2R} . It is a model-building choice whether or not one attributes a nonzero lepton number to these fermions. We do not make a definite commitment concerning this choice and hence do not refer to the ψ_i or ψ^′_i as leptons, but simply as color-singlet, technicolor-singlet fermions. The hypercharges Y_{ψL} , Y_{ψ1R} , Y_{ψ2R} satisfy relations analogous to (3.3)-(3.5), 1 2 + Y_{ψL} 2 = q_{ψ1L} = q_{ψ1R} = Y_{ψ1R} 2 (4.5) and − 1 2 + Y_{ψL} 2 = q_{ψ2L} = q_{ψ2R} = Y_{ψ2R} 2 (4.6)

so that

1 + Y_{ψL} = Y_{ψ1R} , −1 + Y_{ψL} = Y_{ψ2R} . (4.7)

The Y_ψ′_L , Y_ψ′_{1R} , Y_ψ′_{2R} satisfy the analogous relations with primes. Then the gauge anomalies of the form

U(1)^3_Y , SU(2)^2_L U(1)_Y , Gr^2 U(1)_Y , (4.8)

where Gr denotes graviton, are satisfied if and only if

d_{RT C} Y_{FL} + Y_{ψL} + Y_ψ′_L = 0 . (4.9)

Explicitly, this equation reads 2Y_F + Y_ψ + Y_ψ′ = 0. The solutions of this condition form a two-parameter set. In this case, it is possible that the condensation of the technifermions might proceed in the desired manner, yielding the Dirac condensates

⟨f̄_{iτ L}f^τ_{iR}⟩ , i = 1, 2 . (4.10)

These condensates are equal for i = 1 and i = 2, up to small corrections from weak hypercharge interactions, and hence so are the associated dynamical technifermion masses for f_1 and f_2. The condensates (4.10) for each i = 1, 2 break G_{EW} to U(1)_{em}, as desired. They transform as ΔT_{3L} = 1/2 and ΔY = 1 operators and hence yield the tree-level mass relation ρ = 1, where ρ ≡ m^2_W m^2_Z cos^2 θ_W

, (4.11)

as is necessary to agree with experiment.

However, this desired pattern of condensation is not guaranteed. It is also possible that, even with nonzero weak hypercharge assignments, the theory would still prefer to form the Majorana condensates (4.1) and (4.2) instead of the Dirac condensates (4.10). If this happened, then these Majorana condensates (4.1) and (4.2) would break only the U(1)_Y part of G_{EW} , while preserving the SU(2)_L part. Both of the condensates (4.1) and (4.2) transform as ΔY = 2Y_{FL} operators. Indeed, this latter type of condensation could actually be favored by a vacuum alignment argument on the grounds that it only breaks one of the four generators of G_{EW} , while the Dirac condensates (4.10) break all of the generators, leaving one linear combination (the electric charge, Q) invariant. The use of the SU(2)_{T C} gauge group in the one-family technicolor models does not encounter this problem because in that case the Majorana-type condensates would break SU(3)_c and U(1)_{em} and hence are excluded by a vacuum alignment argument [26].

One way of avoiding this problem with undesired condensates that has been investigated is to assign the technifermions to an adjoint representation of SU(2)_{T C} [4]- [9]. This is also useful in reducing technicolor contributions to W and Z propagator corrections. This model is often denoted the minimal walking technicolor (MTW) model, since, first, it includes a minimal content of G_{EW} - nonsinglet technifermions, and, secondly, it can achieve walking behavior with a minimal set of technifermions. For our general discussion here, it will be useful to remark on some properties of this model, especially concerning vacuum alignment. Since the adjoint representation of SU(2) is equivalent to the vector representation of SO(3), we may denote the left-handed technifermions as ⃗F_L = ( ⃗ f_1 ⃗f_2 ) L , (4.12)

and the right-handed technifermions as ⃗f_{1R}, and ⃗f_{2R}. The number of SU(2)_L chiral doublets is odd (equal to N_{gen.}(N_c + 1) + 3 = 15), and hence one is led to introduce one such SU(2)_L, namely the color-singlet, technisinglet fermions of Eq. (4.3). The condition of zero gauge anomalies is satisfied if and only if 3Y_{FL} + Y_{ψL} = 0.

A basic question is whether the SU(2)_{T C} theory with two (massless) Dirac fermions in the adjoint representation evolves into the infrared in the desired manner, with confinement and spontaneous chiral symmetry breaking via the formation of bilinear fermion condensates that break G_{EW} to U(1)_{em}, or whether, instead, it evolves to an infrared conformal phase with no such SχSB. Lattice studies suggest that this theory evolves into the infrared toward an exact IR fixed point (IRFP) which is at a sufficiently small value of α_{T C} that there is no SχSB or formation of any fermion condensates. Since one needs such condensates for electroweak symmetry breaking, one would have to add requisite four-fermion terms to allow SχSB at a smaller value of α_{T C} [7]. Presuming such a term is generated by an ultraviolet completion, one then may examine the condensates that form.

The most attractive bilinear fermion condensation channel is 3 × 3 → 1, and there are several condensates that, a priori, could form in this channel. Since the scalar product of two vectors of SO(3) is symmetric under interchange of the vectors, while the weak SU(2)_L contraction with ϵ_{αβ} is antisymmetric, the resultant Majorana condensate vanishes identically:

⟨ϵ_{αβ} ⃗F^{α T}_L · C ⃗F^β_L ⟩ = 0 . (4.13)

Hence, the ⃗f_{1L} and ⃗f_{2L} must condense via Dirac condensates with the corresponding right-handed technifermions. A vacuum alignment argument leads to the conclusion that these condensates are ⟨¯⃗f_{1L} · ⃗f_{1R}⟩ , ⟨¯⃗f_{2L} · ⃗f_{2R}⟩ . (4.14) These transform as ΔT_{3L} = 1/2, ΔY = 1 operators, breaking G_{EW} in the desired manner to U(1)_{em}. The same vacuum alignment argument implies that none of the following condensates form: (i) the Dirac condensates ⟨¯⃗f_{1L}· ⃗f_{2R}⟩ and ⟨¯⃗f_{2L}· ⃗f_{1R}⟩, which transform as ΔT_{3L} = 1/2 but violate charge, and (ii) the Majorana condensates

⟨ ⃗f^T_{1R} · C ⃗f_{1R}⟩ and ⟨ ⃗f^T_{2R} · C ⃗f_{2R}⟩, which preserve SU(2)_L but violate charge. For the case Y_{FL} ≠ 0, this argument also implies that there is no formation of the Majorana condensate ⟨ ⃗f^T_{1R} · C ⃗f_{2R}⟩, which would preserve SU(2)_L and transform as a ΔY = ΔQ = 2Y_{FL} operator. If Y_{FL} = 0, this condensate could form, but we shall demonstrate below that the assignment Y_L = 0 generically leads to a problem with unobserved exotically charged matter. We next proceed to investigate a different class of technicolor models.

V. SU(3)T C 1DTC MODELS

A. General Construction

Here we construct and study models with the technicolor gauge group SU(3)_{T C} and technifermions transforming according to the fundamental representation of this group. These technifermions thus comprise the requisite special case of Eqs. (3.1) and (3.2). Because the number of SU(2)_L chiral doublets is then odd, namely N_{gen}(N_c + 1) + N_{T C} = 12 + 3 = 15, it is necessary to add an odd number of additional SU(2)_L doublets to avoid a global SU(2)_L anomaly. We choose to add the minimal number, viz., one, with the color-singlet, technicolorsinglet fermions of Eq. (4.3). The resultant theory is free of all anomalies in gauged currents if and only if d_{RT C} Y_{FL} + Y_{ψL} = 0, i.e., 3Y_{FL} + Y_{ψL} = 0 . (5.1) The solutions of this condition form a one-parameter set [27]. It will be useful to give a general classification of the types of solutions in this set. First, there are three discrete special cases. We denote these with the abbreviations ZY, SMY and RSMY, standing for “zero Y_{FL} and Y_{ψL} ”, “SM-type Y ” and “reversed-sign SM-type Y ” assignments:

ZY : Y_{FL} = Y_{ψL} = 0 ⇒

q_{f1} = q_{f2} + 1 = q_{ψ1} = q_{ψ2} + 1 = 1 2 (5.2)

and, with N_{T C} = 3,

SMY : Y_{FL} = 1 3 , Y_{ψL} = −1 ⇒ q_{f1} = q_{f2} + 1 = 2 3 , q_{ψ1} = q_{ψ2} + 1 = 0 (5.3) or RSMY : Y_{FL} = − 1 3 , Y_{ψL} = 1 ⇒ q_{f1} = q_{f2} + 1 = 1 3 , q_{ψ1} = q_{ψ2} + 1 = 0 .

(5.4)

Indicating the charges explicitly, we have, for the SU(2)_L doublets,

ZY : F_L = ( f^τ_1 (1/2) f^τ_2 (−1/2) ) L , ψ_L = ( ψ_1(1/2) ψ_2(−1/2) ) L , (5.5)

SMY : F_L = ( f^τ_1 (2/3) f^τ_2 (−1/3) ) L , ψ_L = ( ψ_1(0) ψ_2(−1) ) L , (5.6) and RSMY : F_L = ( f^τ_1 (1/3) f^τ_2 (−2/3) ) L , ψ_L = ( ψ_1(1) ψ_2(0) ) L , (5.7)

with corresponding charge assignments for the f^τ_{jR} and ψ_{jR}. Note that in the SMY case, even though the technifermions f_1 and f_2 have the same electric charges as the up-type and down-type quarks, respectively, they cannot mix with these quarks, since this would violate the exact SU(3)_c color symmetry (as well as the exact SU(3)_{T C} technicolor symmetry). The same statement applies for the RSMY case, where f^c_2 and f^c_1 have the same electric charges as the up-type and down-type quarks, respectively. The SMY assignments coincide with the usual ones in the Standard Model, and the RSMY assignments are obtained by reversing the signs of the hypercharges in the SMY case. Only for the SMY and RSMY cases is one of the ψ_j neutral; for the SMY and RSMY choices, respectively, this is ψ_1 and ψ_2, as indicated in the equations above [28]. Note that one can equivalently describe the RSMY case in terms of charge-conjugated fermions with SMY hypercharge assignments, viz., F^c_{τ,R}, with Y = 1/3, L^c_R with Y = −1, etc. In this form, the technifermions would transform as conjugate fundamental, rather than fundamental, representations of SU(3)_{T C} . However, without loss of generality, we will keep the forms as in Eq. (5.4).

The others in the continuous one-parameter set of solutions of the anomaly cancellation condition (5.1) form four different classes:

I : Y_{ψL} > 1, so q_{ψi} > 0 for both i = 1 and i = 2

(5.8)

II : Y_{ψL} < −1, so q_{ψi} < 0 for both i = 1 and i = 2

(5.9)

III : −1 < Y_{ψL} < 0, so 0 < q_{ψ1} < 1 2 and − 1 < q_{ψ2} < − 1 2 (5.10) and IV : 0 < Y_{ψL} < 1, so 1 2 < q_{ψ1} < 1

and − 1 2 < q_{ψ2} < 0 . (5.11)

Restrictions on these hypercharge assignments will be given below.

B. Option of Augmenting the Model for Walking Behavior

As so far constructed, the SU(3)_{T C} theory has only N_{tf} = 2 (Dirac) technifermions, which is well below the range of values of N_{tf} where continuum and lattice studies indicate that walking behavior occurs. Since this walking property is desirable to enhance SM fermion masses (provided that the associated mass anomalous dimension is, in fact, not too small), one thus looks for ways to augment the fermion content of the theory so as to produce walking. In order for this theory to have walking, one would choose the content of technifermions to be such as to yield an approximate IR fixed point at a value α_{T C} = α_{IR} that is slightly greater than the minimum value for spontaneous chiral symmetry breaking, denoted α_{cr}. The key fact that one can make use of is that although some technifermions must be nonsinglets under G_{EW} with representations as given in Eqs. (3.1) and (3.2), other technifermins may be G_{EW} -singlets and, indeed, fully G_{SM} -singlets. Since technifermions transforming like those in Eqs. (3.1) and (3.2) contribute to W and Z propagator corrections, and since one would like to minimize these contributions, one is thus naturally led to choose any additional technifermions to be G_{EW} -singlets. These must also be color-singlets, since otherwise some technivector mesons would transform as color-octets, and one would encounter the same problem with the LHC lower limits on the masses of such particles that one does with one-family technicolor models. So the additional technifermions that would be added for walking behavior should be G_{SM} -singlets. This type of device has been used before to get walking, e.g., in [5]. Although it is not mandatory to take these G_{SM} -singlet technifermions to transform according to the fundamental representation, we shall do so here because this makes possible a simpler embedding of the technicolor model in the eveloping extended technicolor theory. As we shall show in a later section, the structure of the ETC ultraviolet extension of the model is strongly affected by whether one includes or does not include these additional G_{SM} - singlet, technisinglet fermions.

In contrast to 1FTC models, in which all technifermions are G_{SM} -nonsinglets, in the present type of model some technifermions are not just color-singlets, but also electroweak singlets. This fact, together with the fact that the technicolor gauge interaction is vectorial, means that, at the technicolor level, no gauge symmetry forbids these G_{SM} -singlet technifermions from having nonzero Lagrangian masses in the effective Lagrangian that is operative slightly above TeV scale. Consequently, there are, in principle, two parameters that we may choose in determining the structure of the G_{SM} - singlet technifermion sector of the augmented model, namely the overall number of such fermions, and their masses. We begin with a discussion of the case in which all of the technifermions have zero Lagrangian masses and then proceed to remark on the more general case in which some G_{SM} -singlet technifermions have nonzero Lagrangian masses. Throughout this discussion, it should be recalled that all technifermions gain dynamical masses of order Λ_{T C} from the confinement and formation of chiral-symmetry-breaking bilinear condensates that form in the technicolor theory.

Analyses of the ladder approximation to the Dyson- Schwinger equation for the technifermion propagator suggest that α_{cr} = π/(3C_f ), where C_f is the quadratic Casimir invariant for the technifermion representation R of SU(N_{T C} ) [19]. Setting this equal to the two-loop value of α_{IR} yields an estimate for N_{tf,cr}, defined as the value of N_{tf} such that, for N_{tf} < N_{tf,cr} and N_{tf} > N_{tf,cr}, the theory evolves into the IR with SχSB and without SχSB, respectively. In the former case, where SχSB occurs, the IRFP is approximate, since when the technifermions condense and gain dynamical masses, one integrates them out in the effective low energy field theory applicable below the confinement and condensation scale Λ_{T C} , so that the beta function changes to a pure gauge beta function, which has no perturbative IRFP [29]. In contrast, in the latter case of no SχSB, the IRFP is exact, and the theory is conformal in the IR. For N_{T C} = 3, this method yields the estimate N_{tf,cr} ≃ 12 [19]. Although the standard analysis of the Dyson-Schwinger equation neglects instantons, which enhance spontaneous chiral symmetry breaking, it may still achieve reasonable accuracy because it also neglects an effect (having to do with a reduction in the integration interval over virtual Euclidean momenta due to confinement of the technifermions) that goes in the opposite direction, reducing the tendency to SχSB [30]. There have been a number of recent lattice studies of this theory [31]. Higher-order calculations, up to four-loop order, of the IR zero of the beta function, i.e., the value of the approximate or exact IRFP, and of the technifermion mass anomalous dimension γ evaluated at this zero, have also been given [32, 33]. Since the model, as constructed so far, has N_{wk} = 2 Dirac technifermions in Eqs. (3.1) and (3.2), one would envision adding N_{tf,cr} − 2 additional massless Dirac technifermions. One would choose these additional technifermions to be singlets under G_{EW} (as well as SU(3)_c) to ensure that they do not contribute to modifications of the W and Z propagators. The number of SU(2)_Ldoublet technifermions is denoted N_{tf,ewd} and the additional, G_{EW} -singlet (ews), technifermions is denoted as N_{tf,ews}, so that the total number of technifermions in the theory is N_{tf} = N_{tf,ewd} + N_{tf,ews} = 2 + N_{tf,ews}. More generally, one could allow the possibility that some of the G_{SM} -singlet technifermions may have nonzero Lagrangian masses. A constraint on these masses is that they should be small enough, relative to the scale Λ_w where α_{T C} grows to O(1), so that the technifermions still contribute enough to the beta function coefficients to give rise to the approximate IRFP that, in turn, yields walking behavior. For if this condition were not met, i.e., if some technifermion masses were larger than Λ_w, then they would have been integrated out of the low-energy effective theory applicable at scales below Λ_w, and thus would not contribute to the beta function in this theory. In the absence of all Lagrangian masses for the technifermions, if one turned off all other gauge interactions, this theory would have a large (nonanomalous) global chiral symmetry group SU(N_{tf} )_L ⊗ SU(N_{tf} )_R ⊗ U(1)_V , which would be spontaneously broken by the various condensates, giving rise to various G_{SM} -singlet Nambu-Goldstone bosons. Since NGBs have derivative couplings, their interaction amplitudes are attenuated at low energies √ s by factors of √ s/f_{T C} ∝ √ s/Λ_{T C} . The presence of nonnegligible and, in general, nondegenerate, Lagrangian masses for these electroweak-singlet technifermions would reduce the formal global chiral symmetry group and increase the masses of the (P)NGBs.

C. Instanton Breaking of Number Symmetries

We next discuss the SU(2)_L instanton-induced breaking of certain global number symmetries. By an extension of the analysis carried out in Ref. [34], we see that, in addition to the breaking of quark number N_q and baryon number, B = N_cN_q = 3N_q by SU(2)_L instantons, these also break the number symmetry associated with the ψ_L fields and the SU(2)_L-doublet technifermions, and hence also total technibaryon number, B_{T C} , even though a subset of the fermions contributing to this are SU(2)_Lsinglets. At temperatures low compared with the electroweak scale, these SU(2)_L instantons are exponentially suppressed, but at temperatures higher than this scale, they are not suppressed [35].

D. Phenomenology of and Constraints on ψ Fermions

The color-singlet, technisinglet ψ fermions are a notable feature of this type of TC/ETC model, because if one retains the normal property of the SM, that quarks and leptons come in families for each generation, then one cannot assign a generation index to these ψ fermions, since there is no corresponding fourth generation of quarks. Note that, even before dealing with phenomenological constraints on a fourth generation of quarks, one would not want to add them to this model, since this reinstate the problem of an odd number of SU(2)_L doublets. Thus, with the ψ fermions, one has a qualitatively new kind of (technisinglet) fermion, namely one with no usual generational index. Alternately, if one were to consider the ψ fermions as a fourth generation of leptons, then this would, ipso facto, redefine the meaning of the term “generation”, which hitherto had meant a family of SM quarks and leptons. This has important implications for an ETC theory, since it requires one to postulate a new kind of ETC gauge-mediated transition between the ψ fermions and technifermions that does not involve the usual generational index. This transition is necessary in order for ETC interactions to give masses to these ψ fermions. Indeed, the masses of ψ_1 and ψ_2 must be quite large in order not to conflict with current lower mass limits from LEP and hadron colliders. (Actually, ψ_1 and ψ_2 are group eigenstates and not, in general, mass eigenstates; here and below, when we refer to the masses of ψ_j , j = 1, 2, we mean the primary mass eigenstates in these group eigenstates.)

The phenomenology of the ψ fermions depends on the hypercharge assignment that is made to define the model. We proceed to derive constraints on this assignment. For the hypercharge assignments ZY and I-IV, neither ψ_1 nor ψ_2 is electrically neutral. In these cases, no mixing can occur between ψ_1 or ψ_2 (or their conjugates) and the SM leptons, and, as a consequence, the lighter member of the set {ψ_1, ψ_2} is stable. We denote this lighter (ℓ) member as ψ_ℓ and the heavier (h) member as ψ_h. In the early universe, as the temperature T decreases below the scale of the mass m_{ψℓ} , there will generically be residual ψ_ℓ’s or their charge conjugates, ψ^c_ℓ ’s, depending on initial ψnumber asymmetries and physics in the UV completion of the theory that could give rise to such asymmetries. First, let us consider the case in which there is a residual population of ψ_ℓ fermions. There are then two subcases to analyze. With hypercharge assignments for which the ψ_ℓ is negatively charged, as the temperature cools sufficiently, this fermion will form Coulombic bound states with protons, (pψ_ℓ). With hypercharge assignments for which the ψ_ℓ is positively charged, this fermion will form Coulombic bound states with electrons, (eψ_ℓ). We treat these these subcases in sequence. For the subcase with q_{ψℓ} < 0, which leads to a (pψ_ℓ) bound state, the binding energy in the ground state is, to lowest order in α_{em}, [36],

E_C [(pψ_ℓ)] = q^2_{ψℓ} α^2_{em}μ_{pψℓ} 2 ≃ q^2_{ψℓ} α^2_{em}m_p 2 , (5.12)

where μ_{ij} is the reduced mass μ_{ij} = m_im_j m_i + m_j

. (5.13)

To infer the last equality of Eq. (5.12), we have used the fact that μ_{pψℓ} ≃ m_p, since m_{ψℓ} >> m_p as required by current data. Hence, numerically,

E_C [(pψ_ℓ)] = (25.0 keV) q^2_{ψℓ} . (5.14)

Similarly, for the subcase with q_{ψℓ} > 0, which leads to a (eψ_ℓ) bound state, the binding energy in the ground state is

E_C [(eψ_ℓ)] = q^2_{ψℓ} α^2_{em}μ_{eψℓ} 2 ≃ q^2_{ψℓ} α^2_{em}m_e 2 , (5.15)

where here μ_{eψℓ} ≃ m_e, since m_{ψℓ} >> m_e. Hence, numerically, for this subcase,

E_C [eψ_ℓ)] = (13.6 eV) q^2_{ψℓ} . (5.16)

These Coulombic bound states would thus form as k_B T decreases below the respective E_C values in Eq. (5.14) or (5.16). They would be stable heavy states with masses in excess of 100 GeV and non-integral electric charges. There could also be Coulombic bound states involving multiple ψ_ℓ’s with higher-Z nuclei in the case where q_{ψℓ} < 0. Extensive searches for massive states with exotic, nonintegral charges have been carried out in matter (often as part of free quark searches), reaching very stringent upper limits on their concentration, measured in terms of the number fraction N_{ec}/N_{nuc.}, where ec denotes exotic charge, and N_{ec} and N_{nuc.} are the respective numbers of exotic-charge particles and nucleons in a given sample [25] [37]-[39]. Let us denote Q_{ec} as the charge of the exotically charged (ec) particle (in units of e, as usual). These 95 % CL upper bounds include [38] N_{ec} N_{nucl} < 1.17 × 10^{−22} for 0.18 < |q_{ec}| < 0.82 , (5.17)

and [37] N_{ec} N_{nucl} < 4.71 × 10^{−22} for |q_{ec}| > 0.16 . (5.18)

Many experiments looking for particles with exotic electric charges have been motivated by the search for free quarks, and hence have focused on the values |q| = 1/3 and |q| = 2/3 (in units of e). Some of these have reported considerably more stringent upper limits on N_{ec}/N_{nucl}, extending down to ∼ 10^{−26} [40]. A remark is in order here concerning the possibility that the hypercharge assignments are such that |q_{ψℓ} | << 1. There have been a number of searches for such electrically charged particles with charges whose magnitude is much smaller than 1 (in units of e), often called “milli-charged” particles [41]. These have again set very stringent upper limits on such particles. Recent reviews of searches for fractionally charged particles include Refs. [25] and [39].

To complete our discussion, we consider the other case, where the ψ-number asymmetry is such that there is a residual abundance of ψ^c_ℓ rather than ψ_ℓ fermions. Then a similar argument applies. With hypercharge assignments for which the ψ^c_ℓ is negatively charged, as the temperature cools sufficiently, this fermion will form Coulombic bound states with protons, (pψ^c_ℓ ), and for hypercharge assignments for which the ψ^c_ℓ is positively charged, this fermion will form Coulombic bound states with electrons, (eψ^c_ℓ ). As before, these are ruled out down to extremely low number densities by experimental searches. These limits disfavor hypercharge assignments for which neither ψ_1 nor ψ_2 is electrically neutral.

Combining these results, we infer that the hypercharge assignments ZY and I-IV are generically disfavored by upper limits on exotic-charged particles in matter. This leaves the discrete hypercharge assignments (5.3) and (5.4) as being generically allowed. We note some caveats concerning this exclusion result. First, it is, in principle, possible that, in contrast with normal matter, there was a negligibly small ψ_ℓ-particle number asymmetry in the early universe and the ψ_ℓ and ψ^c_ℓ particles annihilated to very high precision (before forming Coulombic bound states), leaving an undetectably small residual population of these fermions or antifermions. A second type of exception would hold for values of hypercharge such that the magnitude of the charge |q_{ψℓ} | is extremely close to 1 and m_{ψℓ} happens to be such that the Coulombic bound states could be experimentally indistinguishable from neutral atoms of a usual heavy nucleus. However, we also note that the type of reasoning that we have used to disfavor various hypercharge assignments is evidently more general than the particular case of N_{T C} = 3 and technifermions in the fundamental representation, and can also be applied to other TC/ETC models [42]. A comment is in order concerning possible Coulombic bound states of the ψ fermions with technibaryons. As will be discussed below, the lightest technibaryon is likely to be electrically neutral. Hence, it is unlikely that such bound states would form.

We discuss some further phenomenology pertaining to the two allowed hypercharge cases denoted SMY and RSMY. For the SMY case, the ψ_1 is electrically neutral and would contribute to the invisible decay width of the Z unless its mass is greater than m_Z /2, and similarly for the ψ_2 in the RSMY case. The measurement of the invisible width of the Z by LEP I and its consistency with three light SU(2)_L-doublet neutrinos thus implies that in these two respective cases, m_{ψℓ} > m_Z /2, so that these decays are kinematically forbidden. Even stronger lower bounds have been obtained from analyses of LEP II data, which imply that such a fourth SU(2)_L-doublet lepton-like fermion, either neutral or charged, must have a mass greater than about 90-110 GeV, where the range reflects model-dependent details of how these mix with, and couple to, the known leptons [25, 43].

To give the ψ_i masses that are large enough to satisfy these experimental constraints poses a challenge for this type of model. With such large masses, one must also be careful that the model yields a value of the ratio m_{ψ1} /m_{ψ2} that is sufficiently close to unity to avoid an excessively large contribution to the ρ parameter measuring the violation of custodial symmetry. We discuss this further below.

For the SMY case, ψ_1 and ψ_2 can mix with the usual three generations of neutrinos and charged leptons, respectively. These mixings affect the weak chargedcurrent decays of the ψ_j , j = 1, 2. Moreover, there will also be decays of the ψ_j , j = 1, 2, that are mediated by weak neutral currents. To see why these occur, we recall that the necessary and sufficient conditions for the diagonality of the leptonic neutral weak current are that leptons of a given electric charge and chirality must have the same weak T and T_3 (equivalently, weak T and Y ) [44]. In general, the presence of electroweak-singlet neutrinos renders the leptonic neutral weak current nondiagonal, and hence this is true for the present model, both because of the ν^i_R in the Standard Model augmented to include neutrino masses and because of the ψ_{1R} and ψ_{2R}. This follows because we can write a ν_R as ν^c_L for any generation, and ψ_{jR} as ψ^c_{jL}. Consequently, in addition to charged-current decays, there are also has neutral-current decays of these leptons. A similar discussion applies for the RSMY case, where charge conservation allows the ψ_2 to mix with neutrinos and the ψ_1 to mix with charged leptons.

E. Some Phenomenology of the Technihadrons

Another topic of interest is the technihadrons in the model. We begin with the technibaryons. There are several possibilities here. As noted above, the f_i have zero Lagrangian masses, since these would break the electroweak gauge symmetry. Because of the formation of the technifermion condensates (4.10) at Λ_{T C} , these technifermions f_1 and f_2 gain dynamical masses that are, up to small hypercharge corrections, equal to each other. There are several resultant spin-1/2 and spin-3/2 technibaryons for this N_{T C} = 3 case. The classification of these is similar to the classification of the usual baryons composed of u and d quarks. The lightest technibaryons would be the spin-1/2 techninucleons (using lower indices),

p_{T C} = (f_1f_1f_2) , n_{T C} = (f_2f_2f_1) . (5.19)

These have electric charges

q_{pT C} = 1, q_{nT C} = 0 for SMY case

q_{pT C} = 0, q_{nT C} = −1 for RSMY case (5.20)

Since the technifermions have zero Lagrangian masses, and gain dynamical masses that are equal (of order Λ_{T C} ), up to small electromagnetic corrections, the techniproton and technineutron are almost degenerate, with masses given, to leading order, by m_{pT C ,nT C} m_{p,n} ≃ Λ_{T C} Λ_{QCD} ≃ f_{T C} f_π ( N_c N_{T C} )_{1/2} . (5.21)

Hence, with f_{T C} ≃ 125 GeV, and N_{T C} = 3, it follows that

m_{pT C ,nT C} ≃ 1.25 TeV . (5.22)

There would be an electromagnetic mass splitting between these techninucleons (TCNs) of order

|m_{pT C} − m_{nT C} | ∼ α_{em} R_{T CN} ∼ α_{em}Λ_{T C} ∼ few GeV ,

(5.23) where R_{T CN} is the spatial size of a techninucleon. The techninucleon that is charged (viz., p_{T C} for the SMY case and n_{T C} for the RSMY case) is heavier, because of its Coulombic self-energy [45]. For the SMY case, the p_{T C} would thus decay via a weak charged-current transition to the n_{T C} via the channels

SMY : p_{T C} → n_{T C} + e^+ + ν_e,

p_{T C} → n_{T C} + μ^+ + ν_μ,

p_{T C} → n_{T C} + {hadrons}^+ , (5.24)

where in the last line, {hadrons}^+ refers to the possible hadronic final states that can be produced with a few GeV of energy, including π^+, π^+π^0, ρ^+, and states with higher pion multiplicity. If the mass splitting between p_{T C} and n_{T C} is large enough, the decay p_{T C} → n_{T C} +τ^+ +ν_τ might also occur, although it would, in any case, be suppressed by the small phase-space available. Since both the masses and the magnitude of the mass splitting for these techninucleons are larger than those of the actual nucleons by the factor f_{T C} /f_π, a rough estimate of the decay rate Γ(p_{T C} → n_{T C} + ℓ^+ + ν_ℓ) for ℓ = e or ℓ = μ could be obtained by simple scaling as

Γ(p_{T C} → n_{T C} + ℓ^+ + ν_ℓ) ≃

Γ(n → p + e^− + ν̄_e) ( Λ_{T C} Λ_{QCD} )_5 , (5.25)

where Γ(n → p + e^− + ν̄_e) = 1/τ_n, with τ_n = 0.886 × 10^3 sec. and Λ_{T C} /Λ_{QCD} ≃ (f_{T C} /f_π) √ N_c/N_{T C} = f_{T C} /f_π in the present model with N_{T C} = 3. For the inclusive weak decay rate, neglecting phase-space suppressed modes, we can estimate Γ(p_{T C} ) = (2 + N_c)Γ(p_{T C} → n_{T C} + ℓ^+ + ν_ℓ). Combining this with Eq. (5.25), we obtain the estimate for the lifetime τ_{pT C} ∼ 1 5 ( f_π f_{T C} )_5

τ_n ≃ 10^{−15} sec. (5.26)

The time t in the early universe by which the temperature T has decreased to T ∼ m_{pT C} ∼ 1 TeV is t ∼ 10^{−12} sec. After this time, within a few e-foldings of the lifetime τ_{pT C} , most of the p_{T C} techninucleons would have decayed to n_{T C} s’s.

An analogous discussion, with obvious changes, applies for the case of RSMY hypercharge assignments. Thus, here,

RSMY : n_{T C} → p_{T C} + e + ν̄_e, n_{T C} → p_{T C} + μ + ν̄_μ, n_{T C} → p_{T C} + {hadrons}^− . (5.27)

Similarly, the n_{T C} lifetime, τ_{nT C} , for the RSMY case, would be essentially equal to τ_{pT C} for the SMY case. In each of these two respective cases, the lightest technibaryon would be stable against weak decay. Although this technibaryon would be electrically neutral, it would not be a weakly interacting massive particle (WIMP), for several reasons. First, it is composed of electrically charged technifermions, and these could interact with a photon via magnetic and electric form factors, just as is the case with the actual neutron. Second, it would have residual strong interactions via exchange of technipions (the longitudinal components of W and Z bosons), on the length scale ∼ 1/m_{W,Z} and further strong residual interactions via exchange of technivector mesons, on the length scale of ∼ 1/(1 TeV). Some related work on technibaryons as possible sources of dark matter is in Refs. [46],[6],[47]. We shall not pursue this topic here, but it merits further study.

There would also be heavier, spin-3/2 technibaryons, split in mass from these techninucleons by the technigluon hyperfine interaction,

(f_1f_1f_1), (f_1, f_1, f_2), (f_1, f_2, f_2), (f_2, f_2, f_2) (5.28)

with respective charges 2, 1, 0, −1 and 1, 0, −1, −2 for the SMY and RSMY cases. The spectrum of the technicolor theory would also contain mesons with various J^{P C} values and techniglueballs. The three true Goldstone bosons are absorbed by the W^± and Z, but there would be some (pseudo) Nambu-Goldstone bosons (PNGBs) involving the additional G_{SM} -singlet technifermions included for walking behavior. The masses of these PNGBs would depend on the bare masses that we assigned to these additional G_{SM} -singlet technifermions. If these masses were small compared with Λ_{T C} , so that the PNGBs were close to being true NGBs, they would be characterized by derivative couplings and hence would tend to decouple at energies low compared with Λ_{T C} .

F. TC Corrections to W and Z Propagators

Although perturbation theory cannot be used to estimate the technicolor contribution to W and Z propagator corrections, since the technicolor interaction is strongly coupled at the mass scale m_W and m_Z , one nevertheless often refers to the perturbative estimate as a crude guide. The most important of these W and Z propagator corrections are embodied in the S and T parameters [48]. As background, we recall that the fermions in Eq. (3.1) and (3.2) have zero Lagrangian masses and gain dynamical masses from the confinement and spontaneous chiral symmetry breaking at the scale Λ_{T C} due to their technicolor gauge interactions. Since G_{EW} interactions are quite weak at the scale Λ_{T C} , these dynamical masses of f_1 and f_2 are equal, up to small corrections. In QCD, the constituent (dynamical) quark masses are roughly 330 MeV, while f_π = 93 MeV. If one takes the ratio of the dynamical technifermion mass divided by f_π to be roughly similar to the ratio (330 MeV)/(93 MeV) = 3.5 in QCD, then the technifermion dynamical mass Σ_{T C} ≃ 850 GeV. Hence, m^2_Z /Σ^2_{T C} ≃ 1 × 10^{−2}.

We recall that for the case with one doublet of fermions, as in Eq. (3.1) and (3.2) with masses that are approximately degenerate and are large compared with m_Z , the perturbative contribution to the S parameter is ΔS_{pert.} = 1/(6π). If the technicolor theory has N_D SU(2)_L doublets of technifermions and these transform as the representations R of G_{T C} , then one has (ΔS)_{pert.} = N_D d_{RT C} 6π . (5.29)

For the SU(3)_{T C} theory, d_{RT C} = 3, so that the perturbative estimate of the contributions of the technifermions to S is (ΔS)_{pert.} = 1/(2π) ≃ 0.16.

We also need to analyze the effects of the ψ fields. Because these are technisinglets, they are weakly interacting at the scale m_Z , so that their contributions to loop corrections to the W and Z propagators can be reliably calculated perturbatively. For the same reason, higher-loop corrections due to these ψ fields are expected to be reasonably small compared to the one-loop correction. We use the exact one-loop expression for the contribution to S, which is (e.g., [49])

(ΔS)_ψ = 1 6π [ 2(3 + 2Y_{ψL} )r_1 + 2(3 − 2Y_{ψL} )r_2

− Y_{ψL} ln(r_1/r_2) + 1 2 [ (3 + 2Y_{ψL} )r_1 + Y_{ψL} ] G(r_1) + 1 2 [ (3 − 2Y_{ψL} )r_2 − Y_{ψL} ] G(r_2) ] , (5.30)

where

r_i = ( m_{ψi} m_Z )_2 (5.31) and G(r) = −4 √ 4r − 1 arctan [ 1 √ 4r − 1 ] . (5.32)

Note that

(ΔS)_ψ is invariant under the interchange

m_{ψ1} ↔ m_{ψ2} with Y_{ψL} → −Y_{ψL} . (5.33)

It follows that (ΔS)_ψ does not depend on Y_{ψL} if m_{ψ1} = m_{ψ2} . For the experimentally allowed range of m_{ψj} , j = 1, 2, lying about 100 GeV, the exact expression is well approximated by (ΔS)_{pert.} = 1 6π [ 1 − 2Y_{ψL} ln ( m_{ψ1} m_{ψ2} )

+ (1 + 4Y_{ψL} ) 20 ( m_Z m_{ψ1} )_2 + (1 − 4Y_{ψL} ) 20 ( m_Z m_{ψ2} )_2

+ O ( m4_Z m^4_{ψi} )] . (5.34)

If ψ_1 and ψ_2 are nearly degenerate, they simply contribute an additional amount 1/(6π) to S, so that, combining this with the rough perturbative estimate of the technifermion contributions, one would obtain, as the estimate of the total new addition to S, the result (ΔS)_{pert}. = (3 + 1)/(6π) = 2/(3π) = 0.21. Mixing of the W and Z with charged and neutral technivector mesons, respectively, also affects these corrections. The property of walking might reduce this contribution to S somewhat [50], but one already knows that in QCD-like theories, the full nonperturbative contribution to S is larger than the perturbative estimate by approximately a factor of 2 [48], so it could be challenging to try to reduce this sufficiently, even in a walking TC theory. The value S ≃ 0.2 is larger than the region of S values (forming a tilted elliptical region in an S-T plot [51]) favored by experiment.

Therefore, to minimize the ψ contributions to S, one would want to have the following mass orderings:

m_{ψ1} < m_{ψ2} for SMY case (5.35) and m_{ψ1} > m_{ψ2} for RSMY case . (5.36)

In both cases, the second term, −2Y_{ψL} ln(m_{ψ1} /m_{ψ2} ), in the square brackets in Eq. (5.34) is negative and helps to reduce the contribution to S from the first term. Note that in both of these cases, the mass orderings that minimize the contribution to S are such that the neutral member of the ψ doublet is lighter than the charged member. It will be useful to consider two illustrative sets of mass values,

SMY : m_{ψ1} = 120 GeV , m_{ψ2} = 160 GeV (5.37) and RSMY : m_{ψ1} = 160 GeV , m_{ψ2} = 120 GeV (5.38)

as well as a continuous variation of the heavier ψ in each case, with the lighter ψ fixed at the value of 120 GeV. The amount by which m_{ψ2} /m_{ψ1} can exceed unity in the SMY case, or m_{ψ1} /m_{ψ2} can exceed unity in the RSMY case, is constrained in at least two ways. First, it is a challenge in this model for the ETC interaction to produce such large masses for both ψ_1 and ψ_2, and this challenge is especially severe for the heavier of these, in the two respective cases. Given the experimental lower limit on the lighter of the two, m_{ψℓ} , the more one tries to increase the ratio m_{ψh} /m_{ψℓ} , the more of a problem it is to achieve this with credible ETC interactions. Second, the larger the ratio of, and the splitting between, the masses of the heavier and lighter of the ψs, the greater is the violation of custodial symmetry and the larger is the contribution to the ρ parameter. This is given by

Δρ = G_F 8π^2 √ 2 f(m^2_{ψ1} , m^2_{ψ2} ) = f(m^2_{ψ1} , m^2_{ψ2} ) 16π^2v^2

, (5.39)

where v = 2m_W /g = 246 GeV and f(x, y) = x + y − 2xy x − y ln (x y ) . (5.40)

As is evident from Eq. (5.40), f(x, y) = f(y, x) and f(x, x) = 0. The corresponding contribution to T is ΔT = α_{em}(m_Z )^{−1}Δρ. By convention, T is defined with the SM contribution from the t quark removed. Any new contribution is restricted experimentally to lie within the tilted elliptical region in the S, T plane [51]. With the illustrative mass values (5.37) and (5.38 for the SMY and RSMY hypercharge assignments, respectively, we find that the additional contribution from the ψ fermions to S is 0.022. For comparison, if ψ_1 and ψ_2 had degenerate masses equal to the smaller value, m_{ψ1} = m_{ψ2} = 120 GeV, then this contribution would be 0.056, while if they had degenerate masses equal to the larger value, m_{ψ1} = m_{ψ2} = 160 GeV, then this contribution would be 0.055, so there is a significant reduction in S due to the nondegeneracy in masses of ψ_1 and ψ_2. Summing this with the technifermion contribution, we have, for the given hypercharge assignment and these illustrative sets of ψ_j values for the SMY and RSMY cases, the total perturbative estimate that the new G_{EW} -nonsinglet fermions in this model contribute (ΔS)_{pert.} ≃ 0.18. This is on the high side of the values preferred by current global precision electroweak fits, but appears to be admissible. For the same ψ_j masses, we find that the new contribution to T is 0.03, which is easily small enough to be allowed by experimental constraints. Thus, the main restriction on how large the ratio m_{ψh} /m_{ψℓ} can be comes more from the difficulty of producing such a heavy ψ_h from reasonable ETC interactions than from the ρ (T ) parameter.

Generalizing this analysis, in Fig. 1, we show the total estimate for ΔS from the technifermions and the ψ fermions, as a function of m_{ψ2} > m_{ψ1} for the SMY case, with m_{ψ1} fixed at the value of 120 GeV. In Fig. 2 we plot the corresponding contribution from the nondegenerate ψ_1 and ψ_2 fermions to T . The same figures apply for the RSMY case with m_{ψ1} and m_{ψ2} interchanged. If we restrict ΔT to be less than, say, 0.1, then this restricts the heavier of the ψ_j s, i.e., m_{ψ2} for SMY and m_{ψ1} for RSMY, to be less than approximately 195 GeV.

With the mass ordering (5.35) for the SMY hypercharge case, the (ψ_2)^− will decay to (ψ_1)^0 via a chargedcurrent weak transition, via a virtual W^− which could produce ℓ^−ν̄_ℓ with ℓ = e, μ, τ, as well as dū and sc̄. Similarly, with the mass ordering (5.36) for the RSMY hypercharge case, the (ψ_1)^+ will decay to (ψ_2)^0, producing ℓ^+ν_ℓ, ud̄, and cs̄ final states. Treating these cases together, it follows that the inclusive weak decay rate

FIG. 1: Contribution to S from technifermions and the ψ fermions, as a function of m_{ψ2} in units of GeV, with m_{ψ1} fixed at the illustrative value m_{ψ1} = 120 GeV, for the SMY hypercharge assignments of Eq. (5.3). The same figure applies to the RSMY hypercharge assignments with m_{ψ1} and m_{ψ2} interchanged.

FIG. 2: Contribution to T from the ψ fermions, as a function of m_{ψ2} in units of GeV, with m_{ψ1} fixed at the illustrative value m_{ψ1} = 120 GeV. The contribution to T is invariant under the interchange of m_{ψ1} and m_{ψ2} .

of the ψ_h due to these charged-current decays would be Γ(ψ_h) = (3+2N_c)Γ_μ, up to phase space factors reflecting the substantial mass of ψ_ℓ relative to ψ_h. If we neglect mixing effects, then for the illustrative values (5.37), using a calculation of the phase space suppression factor, of 3 × 10^{−3}, from Ref. [52], we obtain the rough estimate τ_{ψh} ≃ 1 9 × (3 × 10^2) ( m_μ m_{ψ2} )_5 τ_μ ≃ (10^{−20} sec)

( 160 GeV m_{ψh} )_5 . (5.41)

There will also be mixing effects that would allow ψ_h to undergo charged-current decays without such phase space suppression, but this is already a very short lifetime. We note that, owing to the fact that the leptonic weak neutral current contains nondiagonal terms [44], the ψ_h could also decay via neutral-current reactions, which would reduce its lifetime.

VI. EXTENDED TECHNICOLOR THEORIES CONTAINING 1DTC SECTORS

A. General

So far we have studied technicolor models which have a minimal, single SU(2)_L doublet of left-handed technifermions, together with corresponding right-handed technifermions (all of which are color-singlets), as in Eqs. (3.1) and (3.2), focusing on the case of G_{T C} = SU(3)_{T C} with technifermions in the fundamental representation. We have analyzed some phenomenological restrictions on this model and have noted the optional addition of a set of G_{SM} -singlet technifermions to get walking behavior. We now proceed to analyze properties of extended technicolor theories that contain these technicolor sectors. We use the term “ultraviolet extension” to refer to these, rather than the more ambitious term “ultraviolet completion”, because additional ingredients would be needed to account fully for the precise values of the fermion masses and mixings, etc.

The basic purpose of extended technicolor is to communicate the electroweak symmetry breaking in the technifermion sector to the SM fermions, which are technisinglets, and thereby to give them masses. As was noted in the introduction, because some ETC gauge bosons transform as fundamental representations of SU(3)_c, it follows that commutators of the corresponding generators of G_{ET C} with their hermitian conjugates yield generators that transform according to the singlet and adjoint representation of SU(3)_c, which implies the structural property (1.1). With G_{gen.} = SU(3)_{gen.} and G_{T C} = SU(3)_{T C} , Eq. (1.1) takes the form, for non-Abelian factor groups,

G_{ET C} ⊃ SU(3)_c ⊗ SU(3)_{gen.} ⊗ SU(3)_{T C} . (6.1)

In 1DTC models the ETC gauge bosons also carry weak hypercharge, Y . The structure of the ETC theory depends on whether or not one includes the additional G_{SM} -singlet fermions. To have a compact notation to refer to these two types of 1DTC theories, we introduce the abbreviations 1DTCM and 1DTCA for the minimal 1DTC model and the 1DTC model augmented with the the additional G_{SM} -singlet technifermions. Although the 1DTCM model, without additional ingredients, does not exhibit walking behavior, it serves as a useful contrast to the 1DTCA model as regards respective ETC theories. The structural formula, Eq. (6.1) holds for both 1DTCM and 1DTCA models; however, as we will show, G_{ET C} also includes SU(2)_L as a subgroup in the case of the 1DTCA model.

B. ETC Ultraviolet Extension of a 1DTCM Model

Although the exchanges of ETC gauge bosons that produce the masses of the SM fermions and of the ψ fermions involve strong coupling and nonperturbative physics, the quantum numbers carried by the ETC gauge bosons can be determined by an analysis of the basic perturbative vertices. For the 1DTCM model, one can group the various types of fermions of a given chirality χ = L, R in the two sets

[{u^{ai}}, {ν^i}, f^τ_1 , ψ_1]_χ (6.2) and [{d^{ai}}, {ℓ^i}, f^τ_2 , ψ_2]_χ , (6.3)

where a, i, and τ are color, generation, and technicolor gauge indices, and {u^{ai}} and {d^{ai}} denote the respective sets of Q = 2/3 and Q = −1/3 quarks, each with N_{gen.}N_c = 9 members, {ν^i} and {ℓ^i} denote the corresponding sets of N_{gen.} = 3 neutrinos and leptons, and the other fermions were given in Eqs. (3.1), (3.2), and (4.3). Some ETC-mediated transitions operate within each set. Among these are, first, vectorial transitions of the form q^{ai} → q^{bi}, where q = u or q = d, mediated by the color gluons in the SU(3)_c subgroup of Eq. (1.1). Secondly, there are vectorial technicolor transitions f^τ_j → f^{τ ′}_j , j = 1, 2, mediated by the technigluons of the G_{T C} subgroup in Eq. (1.1). Third, there are transitions involving generational indices, q^{ai} → q^{aj} , where q = u or q = d, ν^i → ν^j , and ℓ^i → ℓ^j , involving ETC gauge bosons in the SU(3)_{gen.} subgroup in Eq. (1.1). Then there are the

(_4 2 ) = 6 types of ETC-mediated transitions between each group of fermions in the set (6.2) and, separately, in the set (6.3). Of these six types of transitions, three enable the SM fermions and the ψ fermions to make transitions to technifermions and hence pick up masses. The other three involve transitions between the subsets of fermions {u^{ai}}, {ν^j }, and ψ_1 on the one hand, and, separately, between {d^{ai}}, {ℓ^j }, and ψ_2. Moreover, various commutators of the nondiagonal ETC generators corresponding to these gauge bosons and their hermitian conjugates produce diagonal generators in Cartan subalgebras of G_{ET C} .

An important property of the 1DTCM model is that there is a 1–1 correspondence between the fermions in the set (6.2) and in the set (6.3). This reflects a kind of left-right extension of the basic SU(2)_L symmetry according to which the upper member of an SU(2)_L doublet can be transformed into the lower member of the same doublet. In particular, this means that all ETCmediated transitions occur between chiral fermions that transform in the same way under SU(2)_L (as doublets for all left-handed fermions, and singlets for all right-handed fermions). Therefore, in the 1DTCM model, all ETC gauge bosons are SU(2)_L singlets, and

[G_{ET C} , SU(2)_L] = ∅ for 1DTCM model . (6.4)

This commutativity does not hold in 1DTCA models, as will be discussed below.

An analysis of the basic vertices and associated transitions determines the quantum numbers of the ETC gauge bosons. In addition to the gauge bosons in the SU(3)_c, SU(3)_{gen.}, and SU(3)_{T C} subgroups of G_{ET C} , we have, for both 1DTCM and 1DTCA models, the following transitions involving fermions, where, as before, a, i, and τ are color, generation, and technicolor gauge indices and χ = L, R: u^{ai}_χ → f^τ_{1χ} + V^{ai}_τ ,

d^{ai}_χ → f^τ_{2χ} + V^{ai}_τ , , (6.5)

ν^i_χ → f^τ_{1χ} + V^i_τ ,

ℓ^i_χ → f^τ_{2χ} + V^i_τ , (6.6) and ψ_{1χ} → f^τ_{1χ} + V_τ ,

ψ_{2χ} → f^τ_{2χ} + V_τ . (6.7)

Three other types of transitions, with their associated ETC gauge bosons, are u^{ai}_χ → ν^j_χ + V^{ai}_j , d^{ai}_χ → ℓ^j_χ + V^{ai}_j , (6.8)

u^{ai}_χ → ψ_{1χ} + V^{ai} , d^{ai}_χ → ψ_{2χ} + V^{ai} , (6.9) and ν^i_χ → ψ_{1χ} + V^i ,

ℓ^i_χ → ψ_{2χ} + V^i . (6.10)

One can read off from these transitions the representation content of the associated ETC gauge bosons under the product group (6.1). We list these in Table I. Hermitian conjugates of ETC gauge bosons corresponding to nondiagonal generators are understood; for example, V^τ_{ai} = (V^{ai}_τ )^†, etc. ETC gauge bosons corresponding to diagonal, Cartan generators occur in a block-diagonal manner in accordance with the subgroup structure of Eq. (6.1). Since the ETC gauge bosons are SU(2)_L-singlets for a 1DTCM model, it follows that their electric charges are given by Q_V = Y_V /2.

As for one-family TC/ETC models, in order for ETC interactions to account for the generational hierarchy in SM fermion masses, the SU(3)_{gen.} part of the ETC gauge symmetry should break sequentially at scales Λ_i, i = 1, 2, 3, where i is a generation index. Typical values of these scales for the one-family TC/ETC models of Refs. [11]-[15] were listed in Eq. (2.5), and roughly similar values would apply here. At each stage of this sequential generational ETC symmetry breaking, the ETC gauge bosons corresponding to generators in the coset space gain masses of order the respective breaking scale. Thus, the ETC gauge bosons containing a generational index i gain masses of order Λ_i, and the ETC gauge bosons that contain two generational indices, such as V^i_j , gain masses of order Λ_k, where k = min(i, j). Thus, for example, V^1_2 and V^1_3 would gain masses ∼ Λ_1, etc. Because the ψ fermions must gain masses greater than about 100 GeV, the V_τ ETC gauge bosons involved in the transitions connecting these ψ’s with the technifermions must gain masses of order the lowest ETC symmetry-breaking scale, Λ_3. These properties are indicated in Table I. As with fermions, the actual mass eigenstates of the vector bosons resulting from ETC symmetry breaking would involve linear combinations of the ETC group eigenstates, in accordance with the symmetries that are operative at the given mass scale. (This is the ETC analogue of the mixing of the electroweak gauge bosons of SU(2)_L and U(1)_Y to form the physical vector boson mass eigenstates W and Z in the process of EWSB.)

We come next to the choice of a possible ETC group, G_{ET C} , for this 1DTCM model. Here the ETC group is considerably more complicated than was the case for the one-family TC/ETC models, where one had the simplifying commutativity property [G_{ET C} , G_{SM} ] = ∅ and the relation (2.2). One way to embed the SU(3)_{gen.} and SU(3)_{T C} groups in an ETC group is to choose the latter to be SU(N_{ET C} )_{ET C} with

N_{ET C} = N_{gen.}(N_c + 1) + N_{T C} + 1 = 12 + 3 + 1 = 16 , (6.11) with the left-handed and right-handed chiral fermions assigned to the vectorlike representations of SU(16)_{ET C} ,

F_χ = ( {u^{ai}} {ν^i} f^τ_1 ψ_1 {d^{ai}} {ℓ^i} f^τ_2 ψ_2 ) χ , χ = L, R . (6.12)

This construction is somewhat analogous to the SU(14)_{ET C} model of Ref. [53], with the difference that here we use an SU(3)_{T C} group rather than an SU(2)_{T C} group for the reasons discussed above, which also necessitated the inclusion of the ψ fermions [54]. We also note the toy ETC model in [54] that focuses on the third generation and can account for the t quark mass.

Clearly, this SU(16)_{ET C} group is a much more complicated ETC group than the SU(5)_{ET C} group for the onefamily TC/ETC theory analyzed in detail in Refs. [10]- [15]. To proceed, one would choose an appropriate set of additional ETC-nonsinglet fermions that would render the full ETC theory a chiral gauge theory. A necessary property of this set of additional ETC fermions would be that the ETC theory would be asymptotically free and, as the reference energy scale μ decreased from large values, some of them would form bilinear condensates in such a manner as to produce a sequential breaking of the ETC gauge symmetry down to the residual exact SU(3)_{T C} subgroup. To account for the mass hierarchy of the three SM fermion generations, the ETC symmetry would break in a sequence of three scales, Λ_{ET C,i}, i = 1, 2, 3. Presumably, the breaking scales would be roughly comparable to those of Eq. (2.5). Since a formula similar to Eq. (2.7) also applies to the mass generation for the ψ_1 and ψ_2 fermions, and since these have to have quite large masses, it would be necessary that the V_τ ETC gauge bosons gain masses at approximately the Λ_{ET C,3} scale, as indicated in Table I. Some ingredients for the requisite ETC gauge symmetry breaking could be adopted from the previous studies of one-family models, as well as generalizations thereof [55]. As in the models analyzed in Ref. [12], it would be necessary to break the left-right symmetry of the representations in Eq. (6.12) so as to avoid conflict with experimental upper limits on righthanded charged currents. As was demonstrated in [12], this can also produce the chirally non-symmetric weak hypercharge assignments for SM fermions. It would also be necessary to address all of the usual issues with ETC models, including producing large enough SM fermion masses while respecting constraints from flavor-changing neutral current processes, generating the large mass splitting between the t and b quarks, producing very small nonzero neutrino masses, designing the additional ETCnonsinglet fermion sector in such a manner that the desired sequential breaking pattern and associated condensate formation is plausible, within the context of the most attractive channel formalism, etc.

C. ETC Ultraviolet Extension of a 1DTCA Model

In a 1DTCA model, the chiral fermions can be grouped into the sets (6.2) and (6.3) together with the set of G_{SM} - singlet technifermions, which we shall label s^τ_{p,χ}, where χ = L, R and p is a copy (flavor) index. Hence, in a 1DTCA model, the ETC-mediated transitions between a fermion in the set (6.2) with χ = L and s^τ_{p,L} or between a fermion in the set (6.3) with χ = L and s^τ_{p,L} involve the emission of an ETC gauge boson that transforms as the fundamental (doublet) representation of SU(2)_L. The commutators of the generators corresponding to these SU(2)_L-doublet ETC gauge bosons and their hermitian conjugates produce the singlet and adjoint representation of SU(2)_L. Hence, the gauge group of the ETC ultraviolet extension of a 1DTCA model is larger than that for a 1DTCM model. In particular, this means that Eq. (1.1) is expanded to

G_{ET C} ⊃ SU(3)_c ⊗ SU(2)_L ⊗ G_{gen.} ⊗ G_{T C}

for a 1DTCA model , (6.13) and, in contrast to the commutativity property (6.4) for a 1DTCM model, we have

[G_{ET C} , SU(2)_L] ≠ ∅ for a 1DTCA model . (6.14) The electric charge of an ETC gauge boson in a 1DTCA model is given by the full formula Q_V = T_{3,V} + (Y_V /2).

The quantum numbers of the ETC gauge bosons in a 1DTCA model can be worked out in a manner similar to those of a 1DTCM model. They include the gauge bosons in the 1DTCM model, as summarized in Table I, together with others, generically denoted as X-type gauge bosons, that are involved in transitions of fermions in the sets (6.2) and (6.3) to the s^τ_{p,χ} fermions. For example, the transition Q^{aiα}_L → s^τ_{p,L} + X^{aiα}_τ , (6.15) where α is an SU(2)_L gauge index, involves the emission of an ETC gauge boson X^{aiα} that transforms as the fundamental representation, , under SU(3)_c, under SU(3)_{gen.}, under SU(3)_{T C} , and under SU(2)_L, with Y = 1/3. The quantum numbers of the other X-type ETC gauge bosons in a 1DTCA model can be worked out in a similar manner. Evidently, the ETC ultraviolet extension of a 1DTCA model is more complicated than the SU(16)_{ET C} extension of the 1DTCM model.

VII. CONCLUSIONS

In this paper we have investigated some TC/ETC models with color-singlet technifermions and a single SU(2)_L doublet of technifermions. We have considered two types of models, with and without additional G_{SM} -singlet technifermions. We have analyzed a number of constraints on these models, including constraints on hypercharge assignments for the technifermions and for the associated color-singlet, technisinglet fermions ψ arising from the necessity to avoid exotically charged Coulombic bound states, on which there are very stringent experimental upper limits. We have also determined some properties of ETC ultraviolet extensions of these technicolor models. The results are of use for further studies of theories with dynamical electroweak symmetry breaking. Data that are forthcoming from the LHC will soon elucidate whether electroweak symmetry breaking is, indeed, dynamical.

Acknowledgments

This research was partially supported by the grant NSF-PHY-09-69739.

[1] S. Weinberg, Phys. Rev. D 19, 1277 (1979); L. Susskind, ibid. D 20, 2619 (1979).

[2] S. Dimopoulos and L. Susskind, Nucl. Phys. B 155, 237

(1979) E. Eichten and K. Lane, Phys. Lett. B 90, 125 (1980).

[3] Note that the actual number of additional SU(2)L fermion doublets is (Nc + 1)dR_{T C} = 4dR_{T C} in a 1FTC model and dR_{T C} + N_ψ in a 1DTC model, where dR_{T C} is the dimension of the technifermion representation and N_ψ denotes additional technisinglet SU(2)L doublets.

[4] F. Sannino and K. Tuominen, Phys. Rev. D 71, 051901 (2005); D. D. Dietrich, F. Sannino, and K. Tuominen, Phys. Rev. D 72, 055001 (2005); D. D. Dietrich and F. Sannino, Phys. Rev. D 75, 085018 (2007); R. Foadi, M. T. Frandsen, T. A. Ryttov, and F. Sannino, Phys. Rev. D 76, 055005 (2007); T. A. Ryttov and F. Sannino, Phys. Rev. D 76, 105004 (2007); T. A. Ryttov and F. Sannino, Phys. Rev. D 78, 065001 (2008); C. Pica and F. Sannino, Phys. Rev. D 83, 116001 (2011).

[5] N. D. Christensen and R. Shrock, Phys. Lett. B 632, 92 (2006).

[6] T. A. Ryttov and F. Sannino, Phys. Rev. D 78, 115010 (2008).

[7] H. S. Fukano and F. Sannino, Phys. Rev. D 82, 035021 (2010).

[8] F. Sannino, Acta Phys. Polon. B 40, 3533 (2009). [9] J. R. Andersen et al., arXiv:1104.1255.

[10] T. Appelquist and J. Terning, Phys. Rev. D 50, 2116 (1994).

[11] T. Appelquist and R. Shrock, Phys. Lett. B548, 204 (2002).

[12] T. Appelquist and R. Shrock, Phys. Rev. Lett. 90, 201801 (2003).

[13] T. Appelquist, M. Piai, and R. Shrock, Phys. Rev. D 69, 015002 (2004).

[14] T. Appelquist, M. Piai, and R. Shrock, Phys. Lett. B 593, 175 (2004); Phys. Lett. B 595, 442 (2004).

[15] T. Appelquist, N. Christensen, M. Piai, and R. Shrock, Phys. Rev. D 70, 093010 (2004).

[16] N. D. Christensen and R. Shrock, Phys. Rev. Lett. 94, 241801 (2005).

[17] In early work on ETC, and some recent papers, ETC effects are modelled via effective Lagrangians involving four-fermion operators Oj linking SM fermions and technifermions, multiplied by coefficients depending on a presumed single ETC scale, L_{ef f} = ∑ j (cj /Λ^2_{ET C} )Oj . For such models to be viable, a necessary requirement is to assume a large generational hierarchy in the dimensionless coefficients cj . In the reasonably ultraviolet-complete models of [10]-[13], one replaces this assumption with a dynamical derivation of sequential breaking of ETC in multiple scales, as in Eq. (2.5).

[18] A. Martin and K. Lane, Phys. Rev. D 71, 015011 (2005). [19] T. Appelquist and L. C. R. Wijewardhana, Phys. Rev.

D 35, 774 (1987); Phys. Rev. D 36, 568 (1987); T. Appelquist, K. Lane, and U. Mahanta, Phys. Rev. Lett. 61, 1553 (1988); T. Appelquist, J. Terning, and L. C. R. Wijewardhana, Phys. Rev. Lett. 77, 1214 (1996); T. Appelquist, A. Ratnaweera, J. Terning, and L. C. R. Wijewardhana, Phys. Rev. D 58, 105017 (1998).

[20] M. Kurachi and R. Shrock, JHEP 12, 034 (2006). [21] CMS Collab., Phys. Rev. Lett. 105, 211801 (2010). [22] ATLAS Collab., New J. Phys. 13, 053044 (2011) (arXiv:1103.3864).

[23] E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, Rev.

Mod. Phys. 56, 579 (1984).

[24] R. S. Chivukula, M. Narain, and J. Womersley, in [25].

[25] http://pdg.lbl.gov.

[26] The list of technifermion condensates excluded by vacuum alignment arguments in one-family TC models is given in footnote 14 of Ref. [12].

[27] Here we are discussing the possible choices for hypercharges in the general context of anomaly cancellation. If one were able to embed this theory in a grand unified theory, then these hypercharges would be quantized. For recent discussions of the prospects for grand unification of theories with TC/ETC, see N. D. Christensen and R. Shrock, Phys. Rev. D 72, 035013 (2005); S. B. Gudnason, T. A. Ryttov, and F. Sannino, Phys. Rev. D 76, 015005 (2007); N. Chen and R. Shrock, Phys. Rev. D 78, 035002 (2008).

[28] It is also possible to render the electric charge of a T3L = −1/2 lepton zero in a modified SM with exotic hypercharge assignments, as discussed in R. Shrock, Phys. Rev. D53, 6465 (1996).

[29] In addition to an IRFP corresponding to a zero in the β function of a given field theory, there is also the possibility of a completely nonpertatuve IRFP. We do not pursue this here but note that a discussion in the context of QCD has been given in S. J. Brodsky, G. F. de Téramond, and A. Deur, Phys. Rev. D 81, 096010 (2010).

[30] S. J. Brodsky and R. Shrock, Phys. Lett. B 666, 95 (2008).

[31] T. Appelquist, G. T. Fleming, and E. T. Neil, Phys.

Rev. Lett. 100, 171607 (2008); Phys. Rev. D 79, 076010 (2009); X.-Y. Jin and R. D. Mawhinney, PoS LAT2009, 049 (2009); A. Deuzeman, M. Lombardo, and E. Pallante, Phys. Rev. D 82, 074503 (2010); Z. Fodor, K. Holland, J. Kuti, D. Nogradi, and C. Schroeder, Phys. Lett. B 681, 353 (2009), arXiv:1103.5998; E. Itou et al., PoS LAT2010, 054 (2010); M. Hayakawa, K.-I. Ishikawa, Y. Osaki, S. Takeda, S. Uno, and N. Yamada, Phys. Rev. D 83, 074509 (2011); A. Hasenfratz, arXiv:1106.5293; T. Appelquist, G. T. Fleming, M. F. Lin, E. T. Neil, and D. A. Schaich, arXiv:1106.2148, and references therein. Recent discussions are given at Lattice 2011, https://latt11.llnl.gov.

[32] T. A. Ryttov and R. Shrock, Phys. Rev. D 83, 056011 (2011) (arXiv:1011.4542).

[33] C. Pica and F. Sannino, Phys. Rev. D 83, 035013 (2011) (arXiv:1011.5917).

[34] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976); Phys. Rev. D 14, 3432 (1976).

[35] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).

[36] We assume that the charges q_{ψi} for i = 1, 2 and, in particular, the charge of the stable fermion q_{ψℓ} , satisfy q_{ψi} αem << 1, so that a perturbative treatment of the Coulombic bound states is possible, as with usual matter.

[37] V. Halyo, P. Kim, E. R. Lee, I. T. Lee, D. Loomba, and M. L. Perl, Phys. Rev. Lett. 84, 2576 (2000).

[38] I. T. Lee et al., Phys. Rev. D 66, 012002 (2002). [39] M. L. Perl, E. R. Lee, and D. Loomba, Ann. Rev. Nucl.

Part. Sci. 59, 47 (2009).

[40] G. J. Homer et al., Zeit. Phys. C 55, 549 (1992); P. F.

Smith et al., Phys. Lett. B 181, 407 (1986).

[41] S. L. Dubovsky, D. S. Gorbunov, and G. I. Rubtsov, JETP Lett. 79, 1 (2004); A. Melchiorri, A. D. Polosa, and A. Strumia, Phys. Lett. B 650, 416 (2007).

[42] T. A. Ryttov and R. Shrock, in preparation.

[43] P. Achard et al. (L3 Collab.), Phys. Lett. B 517, 75 (2001).

[44] B. W. Lee and R. Shrock, Phys. Rev. D16, 1444 (1977) [45] For a related discussion of the mass splitting mp − mn in a gedanken world in which the current quark masses were zero and QCD was the only source of EWSB, see (the appendix in) C. Quigg and R. Shrock, Phys. Rev. D 79, 096002 (2009). The sign of the mass splitting in that gedanken world is more delicate because of the much larger contributions of W and Z exchange.

[46] S. Nussinov, Phys. Lett. B 165, 55 (1985). [47] See, e.g., M. T. Frandsen, S. Sarkar, and K. Schmidt- Hoberg, arXiv:1103.4350; E. del Nobile, C. Kouvaris, F. Sannino, arXiv:1105.5431, and references therein.

[48] M. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992). [49] H.-J. He, N. Polonsky, and S. Su, Phys. Rev. D 64, 053004 (2001). The normalization of Y in this paper is different by a factor of 2 from the normalization that we use.

[50] M. Kurachi and R. Shrock, Phys. Rev. D 74, 056003 (2006); T. Appelquist et al., arXiv:1009.5967; F. Sannino, Phys. Rev. D 82, 081701 (2010), and references therein.

[51] In SM model fits, the position of this tilted elliptical region also depends on an input value for the Higgs mass mH . Since technicolor models do not have a fundamental Higgs field, one has to replace this input with an effective mass parametrizing the unitarization of the longitudinal vector boson scattering amplitudes. This mass is nominally of order ΛT C .

[52] R. Shrock, Phys. Rev. D 24, 1275 (1981); Phys. Lett. B 112, 382 (1982).

[53] T. Appelquist and N. J. Evans, Phys. Rev. D 53, 2789

(1996).

[54] N. J. Evans and F. Sannino, hep-ph/0512080. [55] T. A. Ryttov and R. Shrock, Phys. Rev. D 81, 115013 (2010); N. Chen, T. A. Ryttov, and R. Shrock, Phys. Rev. D 82, 116006 (2010).

TABLE I: Properties of ETC gauge bosons (g.b.) in 1DTCM models. Here {a, b}, {i, j}; and {τ, τ^′} are SU(3)_c color, SU(3)_{gen.} , and SU(3)_{T C} gauge indices, respectively, and A denotes adjoint representation. In the comments column, seq. bk. refers to the fact that these gauge bosons have masses corresponding to the sequential breaking of the SU(3)_{gen.} gauge symmetry at the scales Λ_i, i = 1, 2, 3. The Y_{FL} values for the SMY and RSMY cases are given in Eqs. (5.3) and (5.4).

ETC g.b. SU(3)c SU(3)gen. SU(3)T C U(1)Y comments V^a_b A 1 1 0 exact color sym. V^i_j 1 A 1 0 seq. bk. V^τ_τ ′ 1 1 A 0 exact TC sym. V^{ai}_τ 1/3 − YF_L seq. bk. V^i_τ 1 −1 − YF_L seq. bk. Vτ 1 1 −4YF_L bk., Λ3 V^{ai}_j A 1 4/3 seq. bk. V^{ai} 1 1/3 + 3YF_L seq. bk. V^i 1 1 −1 + 3YF_L seq. bk.