arXiv:1110.3332v1 [hep-th] 14 Oct 2011

D=(2+1) O(N) Wess-Zumino model in a large N limit

A. C. Lehum^∗ Escola de Ciências e Tecnologia, Universidade Federal do Rio Grande do Norte Caixa Postal 1524, 59072-970, Natal, RN, Brazil

Using the superfield formalism, the effective Kählerian superpotential of the massless N = 1 O(N) Wess-Zumino model is computed in the limit of large N, in three spacetime dimensions. The effective Kählerian superpotential is evaluated at the subleading order in the 1/N expansion, which involves diagrams up to two-loop order, for a small coupling constant. We show that the O(N) symmetry of the model is preserved in this approximation and that no mass is dynamically generated in the supersymmetric phase. We discuss why spontaneous O(N) symmetry breaking cannot be induced by radiative corrections in such model.

PACS numbers: 11.30.Pb, 11.30.Qc

∗ andrelehum@ect.ufrn.br

I. INTRODUCTION

Supersymmetry (SUSY) is one of most important proposals of physics beyond the Standard Model. It appeared for the first time in two different scenarios. It was discovered as a type of gauge symmetry of the string when fermionic states are present, and in another scenario, it was proposed as a way to avoid the Coleman-Mandula theorem, i.e., an extension of the spacetime algebra was found, namely, the super-Poincaré algebra. Then, the first supersymmetric action as a four-dimensional field theory was proposed by Wess and Zumino in 1974 [1]. Although the so-called Wess-Zumino model is not a realistic theory to describe the physics beyond the Standard Model, it has played an important role in studying several aspects of supersymmetric theories. Indeed, toy models are widely used as theoretical laboratories because they can exhibit the same wealth of more realistic theories, and often give an intuition of nature’s behaviour.

In this context, studying effective potentials is an important tool to understand, through classical concepts, the quantum behaviour of physical systems. Moreover, effective potentials are a natural way to study spontaneous symmetry breaking. Of special interest, the 1/N expansion [2] has been a significant instrument responsible for remarkable results, e.g., the spontaneous breaking of scale invariance in three-dimensional supersymmetric models [3], studies of the renormalization group through finite temperature quantum field theory techniques [4], and the equivalence between (ϕ^2)^2 and non-linear sigma models in the description of critical phenomena [5, 6]. The large N technique is also applied in the study of the relation between Abelian Higgs and CP (N − 1) models [7]. For further information about the 1/N expansion in Quantum Field Theory, as well as modern applications, see [8].

Recent interest in three-dimensional supersymmetric theories comes from the fact that a wide class of models could be related to M2-branes [9–11]. In such models, superconformal invariance is an important ingredient. On the other hand, spontaneous breaking of conformal symmetry induced by radiative corrections [12] was shown to be a possible effect in some three-dimensional models [13–15]. The three-dimensional massless Wess-Zumino model with a quartic superfield selfinteraction exhibits superconformal invariance, and furthermore it can be interpreted as the matter sector of the SUSY Chern-Simons-matter models [16].

In the present paper, the effective Kählerian superpotential [17] of the massless N = 1 O(N) Wess-Zumino model is evaluated at subleading order in the large N expansion in three-dimensional spacetime, showing that no generation of mass is induced by Coleman-Weinberg mechanism [12]. This is developed using the superfield formalism, therefore the discussion is restricted to the supersymmetric phase. This Brief Report intends to discuss some aspects of the O(N) Wess-Zumino model ground state that was not approached in [18].

II. N = 1 O(N) WESS-ZUMINO MODEL

The action of the N = 1 O(N) Wess-Zumino model in the D = (2+1) superspace can be defined as S = ∫ d^3x d^2θ {1 2 Φ_aD^2Φ_a + g 4 (Φ_aΦ_a)^2 } , (1)

where a = 1, 2, · · · , N. The conventions and notations are adopted as in [19]. The real superfields Φ_a are expanded in a Taylor series in the Grassmaniann variable as

Φ_a(x, θ) = ϕ_a(x) + θ^αψ_{aα}(x) − θ^2F_a(x), (2)

where ϕ and F are real scalar fields and ψ is a two component Majorana fermion.

We will evaluate the effective Kählerian superpotential in the large N limit, using some of the techniques described in [18]. To do this, let us rescale g → λ/N and let ⟨Φ_N ⟩ = √ Nφ, where φ is a constant classical (background) superfield given by φ = φ_1 − θ^2φ_2. The rescaled coupling stands for the proper expansion parameter in the theory, where the large N limit is accomplished by taking N ≫ 1, with the ’t Hooft parameter λ being fixed. After these rescalings, the action (1) can be rewritten as S = ∫ d^5z {1 2 Φ_j(D^2 + λφ^2)Φ_j + 1 2 Φ_N (D^2 + 3λφ^2)Φ_N + λ 4N (Φ^2_j + Φ^2_N )^2 + λ √ N φΦ_N (Φ^2_j + Φ^2_N ) + √ N(D^2φ + λφ^3)Φ_N + Nλ 4 φ^4 } . (3)

In general, an effective superpotential in a three-dimensional spacetime has the form V_{eff} (φ) = F(D^αφD_αφ, D^2φ, φ) + K(φ), (4) where F(D^αφD_αφ, D^2φ, φ) is a superpotential where some supercovariant derivative D^α appears applied to the background superfield φ, and K(φ) is the Kählerian superpotential characterized by the absence of supercovariant derivatives D^α.

Integrating (4) in d^2θ we get: U_{eff} = ∫ d^2θV_{eff} (φ) = ∫ d^2θ [ F(D^αφD_αφ, D^2φ, φ) + K(φ) ] = φ_2 dK dφ_1 (φ_1) + φ^2f(φ_1, φ_2), (5)

where in the last term we have to note that the contributions coming from the F -term start with, at least, two powers of φ_2.

The conditions that minimize U_{eff} are given by: ∂U_{eff} ∂φ_1 = φ_2 d^2K dφ^2_1

(φ_1) + φ^2 ∂f ∂φ_1 (φ_1, φ_2) = 0, (6) ∂U_{eff} ∂φ_2 = dK dφ_1 (φ_1) + 2φ_2f(φ_1, φ_2) + φ^2 ∂f ∂φ_2 (φ_2, φ_2) = 0. (7)

For φ_2 = 0, suggesting the supersymmetric phase, these equations imply that the minimum of U_{eff} is zero if only if dK dφ_1 (φ_1) = 0. (8)

If there exists a solution φ_1 = v of the above equation, we have that U_{eff} (v, 0) = 0, preserving supersymmetry. Therefore, the knowledge of the Kählerian superpotential is enough to decide on the possibility of spontaneous supersymmetry breaking [15, 20].

The ’t Hooft coupling λ is fixed, and to simplify our analysis let us consider it small, i.e., λ ≪ 1. This approximation allows us to truncate the series of Feynman diagrams that contribute to the Kählerian effective superpotential.

We next evaluate the effective superpotential up to order λ^3 at subleading order in the 1/N expansion, corresponding to including up to the two-loop diagrams, whose topologies are drawn in Fig. 1. The tree level contribution is easily identified from (3) as K(φ) = −N λ 4 φ^4 , (9)

and the one-loop contributions are given by the trace of the determinants. These traces can be evaluated as described in [18]. Then, the one-loop contribution to the effective action can be written as

Γ^{(1)} = i 2 Tr ln [ □ − K^{′′}(φ)D^2 ] = 1 16π ∫ d^5z(N + 8)λ^2φ^4 , (10)

where the regularization by dimensional reduction [21] is used to perform the integrals.

The two-loop diagrams, Fig. 1, contribute with

Γ^{(2)} = i ∫ d^5z ∫ d^3k (2π)^3 d^3q (2π)^3 { 5λ3φ4 (k^2 + M^2)(q^2 + M^2)[(k + q)^2 + m^2] −N λ 4 1 (k^2 + M^2)(q^2 + M^2) − N λ 2 1 (k^2 + M^2)(q^2 + m^2) } . (11)

Performing the integrals using the formulae given in [13, 22] and adding all contributions, the effective action can be written as

Γ = i ∫ d^5z { − N λ 4 φ^4 + (N + 8) λ^2 16π φ^4 + N

7λ^3 64π^2 φ^4 +

5λ^3 16π^2 φ^4 [ C(ϵ) − ln φ^2 μ ] + L_{CT} } , (12) where L_{CT} = NCφ^2 + NλBφ^4 is the Lagrangian of counterterms, μ is a mass scale introduced by the regularization, C(ϵ) = + 1 2 ( 1 ϵ − γ + 1) + ln 2 √ π 5λ , γ is the Euler-Mascheroni constant and ϵ = (3 − D), with D being the number of spacetime dimensions. We observe the presence of a divergent term, which requires a renormalization condition to remove it.

Just as in the original proposal of Coleman and Weinberg [12], the renormalization conditions adopted here are

∂^2K(φ) ∂φ^2 | | φ=0 = 0 , (13a)

∂^4K(φ) ∂φ^4 | | φ=v = −4! λ 4 N , (13b)

where v is the renormalization scale. In four dimensions, a quadratic divergence appears at one-loop order, and the mass counterterm C is used to remove it. In three dimensions, the regularization by dimensional reduction avoids any divergence at the one-loop level, hence no mass renormalization is necessary to ensure the renormalizability of the model, consequently the renormalization condition (13a) implies C = 0.

The condition (13b) determines the counterterm B as B = − λ 192Nπ^2 ( 96π + 12Nπ + 250λ + 21Nλ − 60λc(ϵ) + 60λ ln v^2 μ ) . (14)

Substituting the expression for B into (12), the renormalized Kählerian effective superpotential can be written as K(φ) = −N λ 4 φ^4 + 5 16π^2 λ^3φ^4 ( 25 6 − ln φ^2 v^2 ) . (15)

The condition that minimizes the effective superpotential is ∂K(φ) ∂φ = 0 , (16)

which has three solutions:

φ = 0 , (17a)

φ = ±v exp ( 11 6 − 4π^2N 10λ^2 ) . (17b)

The first one is the trivial solution and no mass is generated by the radiative corrections. The second and third ones, at first glance, would generate mass to the scalar superfields. But, to this solution, it is expected that the minimum of the effective potential lies around φ = v. This is satisfied when the exponential function of λ is approximately 1. So the exponent should satisfy 11 6 − 4π^2N 10λ^2

≈ 0, (18)

which fixes λ to be of the order of √ N. Once it is admitted that N ≫ 1 this result contradicts the initial condition that λ should be much less than 1, invalidating the perturbative expansion.

In general, this issue seems to be a characteristic of the Coleman-Weinberg mechanism when the model has only one coupling constant. The condition that constraints λ be large is improved when the global symmetry of the model is promoted to a gauge one. In a gauge theory situation, what appears is a condition that constrains the self-interaction coupling constant (λ) to be of the order of some power of the gauge coupling constant, where this power depends on the number of spacetime dimensions. Therefore, it is natural to expect that a gauge version of the model presented here can exhibit a consistent generation of mass through the Coleman-Weinberg mechanism [15].

Taking the limit of (17b) when N tends to infinity, we see that φ goes to zero. The fact is that the only consistent solution to the minimum of the effective Kählerian superpotential is φ = 0, indicating that in the supersymmetric phase no generation of mass is possible in this model.

III. FINAL REMARKS

In summary, in this work the effective Kählerian superpotential of the massless O(N) Wess- Zumino model was computed at subleading order in the large N limit in three-dimensional spacetime. The effective Kählerian superpotential was evaluated keeping the ’t Hooft coupling small. This approximation allowed us to truncate the series of Feynman diagrams at the two-loop corrections. This choice is justified considering that a mass scale is always introduced in this model through logarithmic divergent diagrams, whose first appearance is at the two-loop Feynman graphs.

This evaluation of the effective Kählerian superpotential allow us to affirm that supersymmetry can not be spontaneously broken at the considered approximation, because condition (16) is satisfied. Furthermore, no generation of mass is induced by radiative corrections in the approximation presented here. The approximation adopted here relies on two distinct approximation approaches, expansion in powers of 1/N and in powers of λ. All of our conclusions is limited to large N and small λ. A similar procedure was adopted in the study of 1/N expansion of an U(N) gauge model [23]. Only a full 1/N evaluation, i.e., without restrictions over λ, can clarify about the spontaneous generation of mass in such model, being a question that we have not succeeded in answering in this paper. But, we have found that if O(N) Wess-Zumino model can present dynamical generation of mass, such effect should be a non-perturbative phenomenon.

As a final remark, we comment about the possibility of noncommutative extensions of the present article. Lately, noncommutative extensions of the ordinary field theories have been intensely discussed in the literature because such theories are related with certain low energy limits of string theory [24]. In particular, a four-dimensional Wess-Zumino model was shown to be a consistent noncommutative field theory, free of the dangerous ultraviolet/infrared mixing to all orders in perturbation theory [25]. A study of the dynamical generation of mass in a three-dimensional version of such model is in progress.

Acknowledgments. This work was partially supported by the Brazilian agency Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq).

[1] J. Wess and B. Zumino, Nucl. Phys. B 70, 39 (1974). [2] G. ’t Hooft, Nucl. Phys. B 72, 461 (1974).

[3] W. A. Bardeen, K. Higashijima, and M. Moshe, Nucl. Phys. B 250, 437 (1985). [4] F. Synatschke, J. Braun, and A. Wipf, Phys. Rev. D 81, 125001 (2010); D. F. Litim, M. C. Mastaler, F. Synatschke-Czerwonka and A. Wipf, arXiv:1107.3011 [hep-th].

[5] E. Brezin and J. Zinn-Justin, Phys. Rev. Lett. 36, 691 (1976). [6] P. Biscari, M. Campostrini, and P. Rossi, Phys. Lett. B 242, 225 (1990). [7] A. D’Adda, P. Di Vecchia, and M. Luscher, Nucl. Phys. B 152, 125 (1979). [8] M. Moshe and J. Zinn-Justin, Phys. Rept. 385, 69 (2003) [9] J. Bagger and N. Lambert, Phys. Rev. D 75, 045020 (2007); Phys. Rev. D 77, 065008 (2008). [10] C. Krishnan and C. Maccaferri, JHEP 0807, 005 (2008). [11] A. Gustavsson, Nucl. Phys. B 811, 66 (2009). [12] S. R. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973). [13] A. G. Dias, M. Gomes, and A. J. da Silva, Phys. Rev. D 69, 065011 (2004). [14] A. C. Lehum, Phys. Rev. D 77, 067701 (2008).

[15] A. F. Ferrari, E. A. Gallegos, M. Gomes, A. C. Lehum, J. R. Nascimento, A. Y. .Petrov, A. J. da Silva, Phys. Rev. D82, 025002 (2010); A. C. Lehum, A. J. da Silva, Phys. Lett. B693, 393-398 (2010).

[16] W. Siegel, Nucl. Phys. B 156, 135 (1979); C. K. Lee, K. M. Lee, and E. J. Weinberg, Phys. Lett. B 243, 105 (1990); E. A. Ivanov, Phys. Lett. B 268, 203 (1991); S. J. J. Gates and H. Nishino, Phys. Lett. B 281, 72 (1992); H. Nishino and S. J. J. Gates, Int. J. Mod. Phys. A 8, 3371 (1993); D. Gaiotto and X. Yin, JHEP 0708, 056 (2007); I. L. Buchbinder, E. A. Ivanov, O. Lechtenfeld, N. G. Pletnev,

I. B. Samsonov, and B. M. Zupnik, JHEP 0910, 075 (2009).

[17] I. L. Buchbinder and S. M. Kuzenko. Ideas and Methods of Supersymmetry and Supergravity. (IOP, Bristol and Philadelphia, 1998).

[18] A. F. Ferrari, M. Gomes, A. C. Lehum, J. R. Nascimento, A. Y. Petrov, E. O. Silva, and A. J. da Silva, Phys. Lett. B 678, 500 (2009).

[19] S. J. Gates, M. T. Grisaru, M. Rocek, and W. Siegel, Front. Phys. 58, 1 (1983). [20] C. P. Burgess, Nucl. Phys. B 216, 459 (1983). [21] W. Siegel, Phys. Lett. B 84, 193 (1979).

[22] P. N. Tan, B. Tekin, and Y. Hosotani, Phys. Lett. B 388, 611 (1996); P. N. Tan, B. Tekin, and Y. Hosotani, Nucl. Phys. B 502, 483 (1997).

[23] J. S. Kang, Phys. Rev. D14, 1587 (1976). [24] N. Seiberg and E. Witten, JHEP 9909, 032 (1999).

[25] H. O. Girotti, M. Gomes, V. O. Rivelles, and A. J. da Silva, Nucl. Phys. B 587, 299 (2000).

FIG. 1. Topologies of two-loop diagrams that contribute to the effective superpotential.