Published by Institute of Physics Publishing for SISSA/ISAS Received: March 23, 2004 Accepted: June 3, 2004

Generalized Weinberg sum rules in deconstructed QCD

R. Sekhar Chivukula

Department of Physics and Astronomy, Michigan State University East Lansing, MI 48824, U.S.A. E-mail: sekhar@msu.edu

Masafumi Kurachi

Department of Physics, Nagoya University Nagoya 464-8602, Japan E-mail:kurachi@eken.phys.nagoya-u.ac.jp

Masaharu Tanabashi

Department of Physics, Tohoku University Sendai 980-8578, Japan E-mail:tanabash@tuhep.phys.tohoku.ac.jp

Abstract: Recently, Son and Stephanov have considered an “open moose” as a possible dual model of a QCD-like theory of chiral symmetry breaking. In this note we demonstrate that although the Weinberg sum rules are satisfied in any such model, the relevant sums converge very slowly and in a manner unlike QCD. Further, we show that such a model satisfies a set of generalized sum rules. These sum rules can be understood by looking at the operator product expansion for the correlation function of chiral currents, and correspond to the absence of low-dimension gauge-invariant chiral symmetry breaking condensates. These results imply that, regardless of the couplings and F -constants chosen, the open moose is not the dual of any QCD-like theory of chiral symmetry breaking. We also show that the generalized sum rules can be “solved”, leading to a compact expression for the difference of vector- and axial-current correlation functions. This expression allows for a simple formula for the S parameter (L_{10}), which implies that S is always positive and of order one in any (unitary) open linear moose model. Therefore the S parameter is positive and order one in any “Higgsless model” based on the continuum limit of a linear moose regardless of the warping or position-dependent gauge-coupling chosen.

Keywords: Technicolor and Composite Models, Higgs Physics, QCD, Sum Rules.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep062004004 /jhep062004004 .pdf

Figure 1: Moose diagram for model.

Recently, motivated by models of hidden local symmetry [1]–[5], gauge/gravity duality [6]–[9], and dimensional deconstruction [10, 11], Son and Stephanov [12] have considered an “open moose” as a possible dual model of a QCD-like theory with chiral symmetry breaking. The model, shown diagrammatically (using “moose notation” [13, 10]) in figure 1, incorporates K + 1 nonlinear (SU(2) × SU(2))/ SU(2) sigma models in which the global symmetry groups in adjacent non-linear sigma models are identified through K SU(2) gauge groups. The far left- and right-handed symmetry groups (carried by Σ^1 and Σ^{K+1} respectively) remain ungauged, and are identified with the (approximate) chiral SU(2)_{L,R} of QCD. Parity symmetry is naturally incorporated by identifying the gauge-couplings and F -constants under reflection, g_i = g_{K+1−i} and F_i = F_{K+2−i}.

The identification of this model as a possible dual to a QCD-like theory rests principally on two features. First, the model has the right basic symmetry properties of QCD, including parity, the correct global symmetry breaking pattern (SU(2)_L × SU(2)_R → SU_V (2)), and a tower of vector and axial vector meson states. More remarkably, for an arbitrary set of parity-symmetric couplings g_i and F -constants F_i, Son and Stephanov [12] have shown that the model automatically respects the Weinberg sum rules [14] expected to be valid in QCD. A general analysis of the constraints on duality arising from the asymptotic behavior of QCD is given in [15].

In this letter, we investigate the difference of vector- and axial-current correlation functions in an arbitrary “open moose” model. By considering the asymptotic behavior of this difference of correlation function, we derive K independent sum rules^1 which are automatically satisfied in any such model. The first two of these generalized sum rules are the Weinberg sum rules previously demonstrated by Son and Stephanov. We demonstrate that, unlike the behavior expected in QCD, the first and second sum rules are typically not well satisfied unless one includes all of the spin-1 resonances present in the model. That is, although the Weinberg sum rules are always formally satisfied in any “open moose” theory, no truncation of such a theory to the first few resonances can provide an approximation of QCD.

Furthermore, relating our results to the operator product expansion [17, 18], we show that the extra sum rules correspond to the absence of low-dimension gauge-invariant chiral symmetry breaking condensates. This absence is a direct result of the “collective breaking” of the chiral symmetry implicit in these models [19, 20]. These results imply that, regardless of the gauge couplings and F constants chosen, the open moose is not the dual of any QCDlike theory.

1After the completion of this work, we learned that eqn. (18), the generalized sum rules (eqn. (28)) which derive from it, and the interpretation of the sum rules in terms of the absence of chiral-symmetry breaking condensates has been derived independently by Hirn and Stern [16].

– 1 –

Finally, using these results, we derive a simple expression for the difference between the vector and axial current correlation functions. This expression allows us to evaluate the S-parameter (L_{10}) and the analog of the π^+ - π^0 mass difference, and show that they are always positive and that the S parameter will be of order one in any unitary model.

The open moose is described by the following lagrangian [12]

L = 1 4 K+1∑ k=1 F^2_k Tr |D_μΣ^k|^2 − 1 2 K∑ k=1 Tr(F^k_{μν} )^2 . (1)

Here the covariant derivatives are defined as

D_μΣ^k = ∂_μΣ^k − i(gA_μ)^{k−1}Σ^k + iΣ^k(gA_μ)^k , (2)

where we denote g_kA^k_μ ≡ (gA_μ)^k, the gauge field A_μ = A^a_μτ^a/2 (where the τ^a are the conventional Pauli matrices), and it is understood that the groups at the ends of the moose are not gauged: g_0 = g_{K+1} ≡ 0 and A^0_μ = A^{K+1}_μ ≡ 0. The K + 1 nonlinear sigma model fields Σ^k(x) transform as

Σ^k → U_{k−1}(x)Σ^kU^†_k (x) , (3)

where U_0 and U_{K+1} are identified with the global transformations L, R ∈ SU(2)_{L,R}. The K gauge symmetries are spontaneously broken, yielding K massive vector mesons which are to be identified with the vector mesons of QCD, and the global symmetries SU(2)_L × SU(2)_R are broken to their diagonal subgroup, resulting in a set of massless Goldstone bosons which are identified with the pions of QCD.

As usual, we may parameterize the fields Σ^k by

Σ^k(x) = exp ( 2iπ^k(x) F_k ) , (4)

of which K linear combinations of the π^k are “eaten” by the gauge fields. The combination of sigma model fields Σ = Σ^1Σ^2 · · · Σ^{K+1} , (5)

transforms only under the the global symmetry groups

Σ → LΣR^† , (6)

and therefore the linear combinations π = F K+1∑ k=1 π^k F_k ; 1 F^2 = K+1∑ k=1 1 F^2_k (7)

are the Goldstone bosons of chiral symmetry breaking, and F is to be identified with f_π in QCD. The vector-boson mass matrix may be computed directly, and is the tridiagonal

– 2 – matrix

M^2 = 1 4

g^2_1 (F^2_1 + F^2_2 ) −g_1g_2F^2_2 −g_1g_2F^2_2 g^2 (F^2_2 + F^2_3 ) −g_2g_3F^2_3 −g_2g_3F^2_3 g^2_3 (F^2_3 + F^2_4 ) −g_3g_4F^2_4 .. . . . . .. . −g_{K−2}g_{K−1}F^2_{K−1} g^2_{K−1}(F^2_{K−1} + F^2_K ) −g_{K−1}g_K F^2_K −g_{K−1}g_K F^2_K g^2_K (F^2_K + F^2_{K+1})

.

(8) The eigenvectors |l̂⟩ of this matrix satisfy equation M^2|l̂⟩ = m^2_{l̂} |l̂⟩, with m^2_{l̂} the masses of the vector mesons. The mass eigenstate fields A^{l̂}_μ (l̂ = 1, . . . , K) are then given by

A^{l̂}_μ = ∑ k A^k_μ⟨k|l̂⟩ , (9)

where, for convenience, the expansion coefficients are written in Dirac notation and satisfy the reality conditions ⟨k|l̂⟩^∗ = ⟨l̂|k⟩ = ⟨k|l̂⟩ and the usual completeness conditions ∑ l̂ ⟨i|l̂⟩⟨l̂|j⟩ = δ_{ij} & ∑ k ⟨l̂|k⟩⟨k|ĵ⟩ = δ_{l̂ĵ} . (10)

Using the parity symmetry of the open moose we can classify the pions as pseudoscalars, and we find that the spin-1 spectrum alternates between vector and axial vector mesons.

Consistent with Son and Stephanov, we define the vector meson decay constants ⟨0|J^a_{V μ}(0)|A^{bl̂}⟩ = g_{l̂V} δ^{ab}ε_μ & ⟨0|J^a_{Aμ}(0)|A^{bl̂}⟩ = g_{l̂A}δ^{ab}ε_μ , (11) where J^a_{V,A μ} are the conventionally normalized vector and axial vector isospin currents. Direct computation [12] then yields g_{l̂ V,A} = F^2_1 g_1 4 [⟨1|l̂⟩ ± ⟨K|l̂⟩] , (12) where we have used parity symmetry to set g_1 = g_K and F_1 = F_{K+1}. By parity symmetry, g_{l̂V} (g_{l̂A}) vanishes for even (odd) l̂. Current conservation then implies that the correlation function of vector or axial currents may be written in the form

⟨J^a_{V,A μ}(q) J^b_{V,A ν} (−q)⟩ = δ^{ab} (−q^2η_{μν} + q_μq_ν )Π_{V,A}(−q^2) . (13)

In the open moose at tree level, one finds [12]

Π_V (Q^2) = ∑ l̂ g^2_{l̂V} m^2_{l̂} (m^2_{l̂} + Q^2)

, (14)

and Π_A(Q^2) =

F^2 Q^2 + ∑ l̂ g^2_{l̂A} m^2_{l̂} (m^2_{l̂} + Q^2)

. (15)

– 3 –

Of particular interest in the study of chiral symmetry breaking is the difference between the vector and axial vector correlation functions

Π_{V −A}(Q^2) = Π_V (Q^2) − Π_A(Q^2) = −

F^2 Q^2 + ∑ l̂ g^2_{l̂V} − g^2_{l̂A} m^2_{l̂} (m^2_{l̂} + Q^2)

. (16)

This correlation function can be written in a surprisingly compact form. Using eqn. (12), the numerator of the sum becomes

g^2_{l̂V} − g^2_{l̂A} =

F^4_1 g^2_1 4 ⟨1|l̂⟩⟨K|l̂⟩ = F^4_1 g^2_1 4 ⟨1|l̂⟩⟨l̂|K⟩ . (17) Then, using the completeness relations, we find that the difference of correlation functions may be written entirely in terms of the vector meson mass matrix M^2

Π_{V −A}(Q^2) = −

F^2 Q^2 + F^4_1 g^2_1 4 ⟨ 1 | | | 1 M^2(Q^2 · I + M^2) | | | K ⟩ . (18)

This result forms the basis of our discussion of the open moose model.^2.

Using eqn. (18), we can proceed to investigate the asymptotic behavior of Π_{V −A}(Q^2) as Q^2 → ∞ in the open moose model by expanding this function in powers of 1/Q^2

Π_{V −A}(Q^2) = ∞∑ n=1 c_n Q^{2n} , (19)

using the expansion 1 M^2(Q^2 · I + M^2) = I Q^2 ( I M^2 − I Q^2 + M^2 Q^4 + · · · ) (20)

The first term yields c_1 = − F^2 +

F^4_1 g^2_1 4 ⟨ 1 | | | 1 M^2 | | | K ⟩ . (21)

Computation of the matrix element in eqn. (21) from eqn. (8) (by induction on K, for example) yields^3 F^4_1 g^2_1 4 ⟨ 1 | | 1 M^2 | | K ⟩ = (_{K+1} ∑ k=1 1 F^2_k )_{−1} ≡ F^2 , (22)

and therefore c_1 ≡ 0. Comparing with eqn. (16), we see this implies ∑ l̂ ( g^2_{l̂V} m^2_{l̂} − g^2_{l̂A} m^2_{l̂} ) = F^2 , (23)

2In general, without assuming parity symmetry, one obtains a result for the correlation function of leftand right-handed currents; for ΠLR, there is an overall factor of 1/4 and the second term is proportional to g1F1gK FK+1. Similar expressions can be derived for ΠLL,RR. See also [16].

3This calculation may be simplified by noting that we may write M^2 = G V^2 G, where G is a diagonal matrix of gauge couplings and V^2 is a matrix of “vevs.” In this notation, |1⟩ and |K⟩ are eigenvectors of G with eigenvalue g1, and the second term in eqn (21) reduces to ⟨1|V^{−2}|K⟩.

– 4 –

Figure 2: Fractional error of partial sums of 1st Weinberg sum rule, [^1_{F 2π} ∑_M 1 (^{g2nV}_{m2n} −^{g2nA}_{m2n} )− 1] in the “flat” background given twenty lattice sites. Note that more than ten terms are required to reproduce F^2_π to 50%.

Figure 3: Fractional error of partial sums of 2nd Weinberg sum rule, [^1_{g21V} ∑_M 1 (g^2_{nV} − g^2_{nA})].

and therefore the first Weinberg sum rule is satisfied for an arbitrary parity-symmetric open moose. The second term in eqn. (19) yields

c_2 = −

F^4_1 g^2_1 4 ⟨1|K⟩ ∝ δ_{1K} , (24) and therefore vanishes for all K > 1. Comparing to eqn. (16), we see that ∑ l̂ ( g^2_{l̂V} − g^2_{l̂A} ) ≡ 0 , (25)

and the second Weinberg sum rule is automatically satisfied as well.

The fact that the symmetries and spectrum corresponds to what one sees in QCD, and that the Weinberg sum rules are automatically satisfied for any parity-symmetric open moose motivates the conjecture that perhaps for some choice of parameters such a model can be considered a dual to a QCD-like theory [12] — perhaps in the large-N_C limit [21]. That this is unlikely, however, can be seen by examining the behavior of partial sums of the Weinberg sum rules eqns. (22) and (25). In the case of a “flat background”, in which all F_k and g_k are taken to be equal, and for K equal to 20, the fractional errors of the partial sums are shown in figures 2 and 3 (the partial sums in the second Weinberg sum rule are normalized to g^2_{1V} to make them dimensionless). The values of the F -constants and gauge couplings are set by requiring that f_π and m_ρ be correct. We immediately observe that, unlike QCD in which the Weinberg sum rules are reasonably well satisfied including just the ρ and A_1, the sum is off by almost 100% after inclusion of the first vector and axial-vector mesons. In fact, the fractional error is still almost 50% after including the first ten vector resonances.

That this behavior is not peculiar to the flat background can be seen in figures 4 and 5. Here, for illustration, motivated by the “cosh background” of [12], we take the parameters

g_k = g & F_k = Λ g cosh ( −A + (k − 1) 2A K ) , (26)

– 5 –

Figure 4: Same as figure 2, for the “cosh” background with twenty lattice sites. Only the first ten partial sums are shown; the errors increase for larger values, canceling exactly only when all terms are included.

Figure 5: Same as figure 3, for the “cosh” background with twenty lattice sites. Only the first ten partial sums are shown; the errors increase for larger values, canceling exactly only when all terms are included.

with A = 2.0 and K = 20. The values of Λ and g are, again, set by requiring the model reproduce f_π and m_ρ. In this case, the behavior of the partial sums is substantially worse than in the flat case — in retrospect, this can be understood as arising because the spacing between the vector and axial-vector mesons grows more quickly in this model [12]. Here again we conclude that the model does not behave like QCD.

In fact, we can be substantially more precise in our analysis of the difference between the asymptotic behavior of the open moose model and that expected in a QCD-like theory. Computing higher order terms in the expansion of eqn. (19), we find

c_n = (−1)^{n+1}

F^4_1 g^2_1 4 ⟨ 1 | |(M^2)^{n−2} | | K⟩ , (27) for n ≥ 2. Because of the tridiagonal form of the mass matrix (eqn. (8)), we find that c_n ≡ 0 for n = 2, 3, . . . , K. Comparing this to eqn. (16), we see that we have a family of generalized sum rules ∑ l̂ (g^2_{l̂V} − g^2_{l̂A})m^{2j}_{l̂} ≡ 0 , (28)

for j = 0, 1, . . . , K − 2.

The coefficients of the terms in the asymptotic expansion of Π_{V −A} can be matched to the presence or absence of chiral-symmetry breaking condensates [17, 18]. In general, the constants c_n correspond to the vacuum expectation value of a chiral-symmetry breaking condensate of dimension 2n. In QCD-like theories, the asymptotic behavior [17] is expected to be dominated by c_3 = −8π^2 (α_s π + O(α^2_s) ) ⟨ψ̄ψ⟩^2 , (29)

at least in the large-N_C [21] limit. Therefore, for K > 2, the open moose does not reproduce the expected behavior. Indeed, in general the first nonzero expectation value occurs for c_{K+1}. It is easy to construct a perturbative example that realizes this behavior:

– 6 – consider a model in which each of the nonlinear sigma model fields Σ^k are replaced by linear sigma model fields Φ^k [22]. In this case, c_{K+1} ∝ ⟨Φ^1Φ^2 . . . Φ^{K+1}⟩^2. The absence of low-dimension chiral symmetry breaking condensates is a manifestation of the “collective breaking” incorporated in these models [19, 20].

The generalized sum rules allow for a convenient expression of Π_{V −A}(Q^2) in this model. Consider forming a common denominator for the expression on the right hand side of eqn. (16)

Π_{V −A}(Q^2) =

P (Q^2) Q^2 · (Q^2 + m^2_{^1}) . . . (Q^2 + m^2_{K̂} )

, (30)

where, from the form of eqn. (16), we see that P (Q^2) is a polynomial in Q^2 at most of order K. However, as discussed above, the generalized sum-rules of eqn. (28) imply that Π_{V −A}(Q^2) must fall like 1/(Q^2)^{K+1} for large Q^2. Therefore P (Q^2) must be a constant. We may evaluate this constant by requiring that the pion pole have the correct residue, and hence we derive Π_{V −A}(Q^2) = −

F^2 Q^2 ∏ l̂ m^2_{l̂} (Q^2 + m^2_{l̂} )

. (31)

The residues of the poles at the masses m^2_{l̂} provide an expression for the vector meson decay constants in terms of the masses and F

g^2_{l̂V} − g^2_{l̂A} = m^2_{l̂} F^2 ∏ k̂≠l̂ m^2_{k̂} m^2_{k̂} − m^2_{l̂}

, (32)

“solving” the generalized sum rules (eqn. (28)) and completing the program of [14, 18] in this model.

We may now immediately compute the analogs of the S (L_{10}) parameter and the π^+ — π^0 mass difference in QCD. S [23]–[28] is calculated to be

S = 4π d dQ^2 [ Q^2 Π_{V −A}(Q^2) ] Q^2=0 = 4πF 2 ∑ l̂ 1 m^2_{l̂} , (33)

and is manifestly positive in any open moose model.^4 We note that this expression implies that any “Higgsless model” [29]–[32] based on the continuum limit of a linear moose will have a positive S parameter, regardless^5 of the warping or position-dependent gaugecoupling chosen. In any unitary theory [34, 35], we expect the mass of the lightest vector m_{^1} to be less than √ 8πv (v ≈ 246 GeV) – the scale at which W W spin-0 isospin-0 elastic scattering would violate unitarity in the standard model in the absence of a higgs boson [36]–[41]. Evaluating eqn. (33), with F = v, we see that we expect S to be of order one-half or larger.

4An alternative, manifestly positive, expression for S is given in [16].

5In this paper, we have calculated L10 in the effective chiral SU(2)L ×SU(2)R theory. As such, our results are only accurate to lowest nontrivial order in the electroweak couplings g or g^′. It has been shown [33] that, beyond this approximation, a brane kinetic energy term of the correct type can give rise to a negative contribution to S.

– 7 –

Similarly, the pion mass-squared difference [42, 43] may be written

Δm^2_π = 3α_{em} 4πF^2 ∫_∞ 0 dQ^2 (−Q^2) Π_{V −A}(Q^2) , (34)

and, from eqn. (31), is again manifestly positive as expected for a vector-like theory [44].

Acknowledgments

We thank Nick Evans, Hong-Jian He, Elizabeth H. Simmons, John Terning, and Koichi Yamawaki for discussions, and Johannes Hirn and Jan Stern of informing us of their overlapping results. M.K. acknowledges support by the 21st Century COE Program of Nagoya University provided by JSPS (15COEG01), and thanks the Michigan State University highenergy theory group for their hospitality during the completion of this work. M.T.’s work is supported in part by the JSPS Grant-in-Aid for the Scientific Research No. 14340072.

Appendix. Alternative expressions for S and Δm^2_π. The analogs of the S (L_{10}) parameter and the π^+ — π^0 mass difference in QCD may also be expressed as matrix elements in this model. In the pole approximation [23, 28],

S = 4π ∑ l̂ g^2_{l̂V} − g^2_{l̂A} m^4_{l̂}

= π F^4_1 g^2_1 ⟨1| 1 M^4 |K⟩, (35)

where the last equality follows from the derivation given above. Evaluating this expression for the “flat background” mass matrix, we find S = 8π 3 1 g^2

K(K + 2)

K + 1

, (36)

in agreement with [32]. The derivation of eqn. (35) relies only on the two global symmetry groups coupling to only one gauge group each — not on the linearity of the moose. It is interesting to speculate that a M^2 matrix can be found for which S ≡ 0, but for which chiral symmetry breaking still takes place^6 — such a theory may provide the basis for a phenomenologically interesting theory of dynamical electroweak symmetry breaking.

Similarly, the pion mass-squared difference can be written [42]

Δm^2_π = − 3α_{em} 4πF^2 ∑ l̂ (g^2_{l̂V} − g^2_{l̂A}) log m^2_{l̂} , (37)

where, because of the 2nd Weinberg sum rule, the expression is finite. The methods above imply that in the open moose model, this may be formally written as

Δm^2_π = −

3α_{em}F^4_1 g^2_1 16πF^2 ⟨ 1 | |log M^2 | | K⟩ . (38) 6We thank E. H. Simmons for discussions of this point.

– 8 –

References

[1] M. Bando, T. Kugo, S. Uehara, K. Yamawaki and T. Yanagida, Is rho meson a dynamical gauge boson of hidden local symmetry?, Phys. Rev. Lett. 54 (1985) 1215.

[2] M. Bando, T. Kugo and K. Yamawaki, On the vector mesons as dynamical gauge bosons of hidden local symmetries, Nucl. Phys. B 259 (1985) 493.

[3] M. Bando, T. Fujiwara and K. Yamawaki, Generalized hidden local symmetry and the a1 meson, Prog. Theor. Phys. 79 (1988) 1140.

[4] M. Bando, T. Kugo and K. Yamawaki, Nonlinear realization and hidden local symmetries, Phys. Rept. 164 (1988) 217.

[5] M. Harada and K. Yamawaki, Hidden local symmetry at loop: a new perspective of composite gauge boson and chiral phase transition, Phys. Rept. 381 (2003) 1 [hep-ph/0302103].

[6] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[7] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

[8] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[9] O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Large-N field theories, string theory and gravity, Phys. Rept. 323 (2000) 183 [hep-th/9905111].

[10] N. Arkani-Hamed, A.G. Cohen and H. Georgi, (de)constructing dimensions, Phys. Rev. Lett.

86 (2001) 4757 [hep-th/0104005].

[11] C.T. Hill, S. Pokorski and J. Wang, Gauge invariant effective lagrangian for Kaluza-Klein modes, Phys. Rev. D 64 (2001) 105005 [hep-th/0104035].

[12] D.T. Son and M.A. Stephanov, QCD and dimensional deconstruction, Phys. Rev. D 69 (2004) 065020 [hep-ph/0304182].

[13] H. Georgi, A tool kit for builders of composite models, Nucl. Phys. B 266 (1986) 274.

[14] S. Weinberg, Precise relations between the spectra of vector and axial vector mesons, Phys.

Rev. Lett. 18 (1967) 507;

C.W. Bernard, A. Duncan, J. LoSecco and S. Weinberg, Exact spectral function sum rules, Phys. Rev. D 12 (1975) 792.

[15] S.R. Beane, Quark hadron duality for hybrid mesons at large N_c, Phys. Lett. B 521 (2001) 47 [hep-ph/0108025].

[16] J. Hirn and J. Stern, The role of spurions in Higgs-Less electroweak effective theories,

hep-ph/0401032.

[17] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, QCD and resonance physics. Sum rules, Nucl. Phys. B 147 (1979) 385.

[18] M. Knecht and E. de Rafael, Patterns of spontaneous chiral symmetry breaking in the large-N_c limit of QCD-like theories, Phys. Lett. B 424 (1998) 335 [hep-ph/9712457].

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

– 9 –

[20] 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].

[21] G. ’t Hooft, A planar diagram theory for strong interactions, Nucl. Phys. B 72 (1974) 461. [22] I. Bars, M.B. Halpern and K.D. Lane, Hadronic origin of the pion mass, Nucl. Phys. B 65 (1973) 518.

[23] J. Gasser and H. Leutwyler, Chiral perturbation theory to one loop, Ann. Phys. (NY) 158 (1984) 142.

[24] J. Gasser and H. Leutwyler, Chiral perturbation theory: expansions in the mass of the strange quark, Nucl. Phys. B 250 (1985) 465.

[25] M.E. Peskin and T. Takeuchi, A new constraint on a strongly interacting Higgs sector, Phys.

Rev. Lett. 65 (1990) 964.

[26] B. Holdom and J. Terning, Large corrections to electroweak parameters in technicolor theories, Phys. Lett. B 247 (1990) 88.

[27] M. Golden and L. Randall, Radiative corrections to electroweak parameters in technicolor theories, Nucl. Phys. B 361 (1991) 3.

[28] M.E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D 46 (1992) 381.

[29] C. Csáki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Gauge theories on an interval:

unitarity without a Higgs, Phys. Rev. D 69 (2004) 055006 [hep-ph/0305237]. [30] C. Csáki, C. Grojean, L. Pilo and J. Terning, Towards a realistic model of higgsless electroweak symmetry breaking, Phys. Rev. Lett. 92 (2004) 101802 [hep-ph/0308038].

[31] R. Barbieri, A. Pomarol and R. Rattazzi, Weakly coupled higgsless theories and precision electroweak tests, Phys. Lett. B 591 (2004) 141 [hep-ph/0310285].

[32] R. Foadi, S. Gopalakrishna and C. Schmidt, Higgsless electroweak symmetry breaking from theory space, J. High Energy Phys. 03 (2004) 042 [hep-ph/0312324].

[33] G. Cacciapaglia, C. Csáki, C. Grojean and J. Terning, Oblique corrections from higgsless models in warped space, hep-ph/0401160.

[34] R. Sekhar Chivukula, D.A. Dicus and H.-J. He, Unitarity of compactified five dimensional Yang-Mills theory, Phys. Lett. B 525 (2002) 175 [hep-ph/0111016].

[35] R.S. Chivukula and H.-J. He, Unitarity of deconstructed five-dimensional Yang-Mills theory, Phys. Lett. B 532 (2002) 121 [hep-ph/0201164].

[36] D.A. Dicus and V.S. Mathur, Upper bounds on the values of masses in unified gauge theories, Phys. Rev. D 7 (1973) 3111.

[37] J.M. Cornwall, D.N. Levin and G. Tiktopoulos, Uniqueness of spontaneously broken gauge theories, Phys. Rev. Lett. 30 (1973) 1268.

[38] J.M. Cornwall, D.N. Levin and G. Tiktopoulos, Derivation of gauge invariance from high-energy unitarity bounds on the S-matrix, Phys. Rev. D 10 (1974) 1145.

[39] B.W. Lee, C. Quigg and H.B. Thacker, The strength of weak interactions at very high-energies and the Higgs boson mass, Phys. Rev. Lett. 38 (1977) 883.

– 10 –

[40] B.W. Lee, C. Quigg and H.B. Thacker, Weak interactions at very high-energies: the role of the Higgs boson mass, Phys. Rev. D 16 (1977) 1519.

[41] M.J.G. Veltman, Second threshold in weak interactions, Acta Phys. Polon. B8 (1977) 475.

[42] T. Das, G.S. Guralnik, V.S. Mathur, F.E. Low and J.E. Young, Electromagnetic mass difference of pions, Phys. Rev. Lett. 18 (1967) 759.

[43] M. Harada, M. Tanabashi and K. Yamawaki, π_+π_0 mass difference in the hidden local symmetry: a dynamical origin of little Higgs, Phys. Lett. B 568 (2003) 103 [hep-ph/0303193].

[44] C. Vafa and E. Witten, Restrictions on symmetry breaking in vector — like gauge theories, Nucl. Phys. B 234 (1984) 173.

– 11 –