arXiv:1301.4721v2 [hep-ph] 29 Apr 2013

Prepared for submission to JHEP

Singlet-Assisted Supersymmetry Breaking For Sp(2N) Theories

Bin Zhu,^{a,1} Kun Meng,^b Ran Ding^a and Qiyi Li^a aSchool of Physics, Nankai University, China bSchool of Science, Tianjin Polytechnic University, China E-mail: zhubin@mail.nankai.edu.cn, dingran@mail.nankai.edu.cn, kunmeng@mail.nankai.edu.cn, liqiyi@mail.nankai.edu.cn

Abstract: We investigate local supersymmetry-breaking vacua in s-confining theories with gauge group Sp(2N). By adapting the general recipe developed by Shadmi and Shirman, we construct a realistic model based on dynamics of SQCD coupled with singlets which allows a spontaneously broken supersymmetry. Since the chiral superfields in model have R-charges R = 0 and R = 2 only, the tedious computations of Coleman-Weinberg potential can be greatly alleviated from the lesson of David Shih. We observe that the pseudomoduli fields are stabilized at the origin of moduli space at one-loop order with calculability being preserved.

1Corresponding author.

Contents

1 Introduction 1

2 Model construction 2

3 Coleman-Weinberg potential 6

4 Other s-confining theories 8

5 Conclusion 8

1 Introduction

Dynamical supersymmetry breaking [1, 2] provides compelling explanation for hierarchy problem, for reviews, see [3–5]. By using dimensional transmutation, small mass scale arises naturally. The frustrating fact that models with dynamical supersymmetry breaking are non-generic can be ameliorated if we accept meta-stable supersymmetry breaking [6]. In this scenario, a weakly coupled supersymmetry breaking sector was derived from Seiberg duality [7]. The properties of supersymmetry breaking vacua are illustrated by O’Raifeartaigh models [8] which are dynamically generated in IR.

The vector-like supersymmetry breaking framework including various deformations of ISS model [9] has been studied extensively. It is equally important to search for dynamical supersymmetry breaking vacua in chiral theories [10–13]. In these models, s-confining theories [14, 15] support a calculable framework for analyzing supersymmetry breaking vacua. This is mainly because s-confining theory admits a smooth description of moduli space in IR in terms of gauge invariant composites.

This paper is intended to search for dynamical supersymmetry breaking in s-confining theories with gauge group Sp(2N). The basic methodology we adapt was developed by Shadmi and Shirman [12]. By introducing singlets for each gauge invariant composites O_i except one, supersymmetry breaking vacua is easy to obtain

δW = S_iO_i + fO. (1.1)

Below confinement scale Λ, s-confining theory reduces to O’Raifeartaigh model with low energy degrees of freedom being gauge invariant composites. The last term in (2.6) plays a crucial role in supersymmetry breaking as will be covered later.

In section 2, we set up a detailed analysis on a special s-confining theory, namely Sp(2N) with one anti-symmetric tensor and six fundamental flavors. We observed that it

– 1 – is easy to obtain supersymmetry breaking vacua in this model coupled to singlets. The component form of dynamical superpotential is

W_{dyn} = ε^{abcdef} X_{ab}ϕ_{cd}ϕ_{ef} . (1.2) In section 3, we focus our attention on the stabilization of pseudomoduli space. For single pseudomoduli, the computation of Coleman-Weinberg potential [16] is compact and simple in terms of the method developed by David Shih [17]. The non-calculable contributions are naturally suppressed due to the fact that gauge invariant composites have dimensions larger than 2. Using naive dimensional analysis, the gauge invariant composites should be scaled by Λ^{d−1}, where d is the canonical dimension of gauge invariant composites. After recaling, a small dimensionless number arises naturally

ϵ = Λ M , (1.3)

where M is the UV cut-off.

In the last section, we briefly discuss other s-confining theories coupled to singlets with gauge group Sp(2N). It is different from SU(N) s-confining theories that the number of s-confining theories is highly constrained, i.e., we have exhausted the studies on s-confining theories with gauge group Sp(2N).

2 Model construction

The simplest model to break supersymmetry dynamically for Sp(2N) is Sp(4) gauge theory with one anti-fundamental tensor and six fundamental flavors [20]. The anomaly-free symmetries and gauge invariant composites are given in Table (1)

Sp(4) SU(6) U(1) U(1)_R A 1 -3 0 Q 3^1_3 T = A^2 1 1 -6 0 X_0 = Q^2 1 -4^1_3 X_1 = QAQ 1 -4^1_3

Table 1. The symmetries and confined spectra of the model we studied.

This model admits a s-confined description in IR in terms of gauge invariant composites. Meanwhile, non-perturbative superpotential is dynamically generated so that the classical constraints are preserved

W_{dyn} = 1 Λ^5 ( 1 3 T X^3_0 + 1 2 X_0X^2_1 ) (2.1)

– 2 –

Using naive dimensional analysis, the Kahler potential is

K = 1 |Λ|^2 T^+T + 1 |Λ|^2 X^+_0 X_0 + 1 |Λ|^4 X^+_1 X_1 + · · · (2.2)

where dots denotes for higher order terms in Kahler potential that can be ignored when we study theories around the origin. In order to obtain canonical Kahler potential (canonical kinetic terms), rescale the superfields

T → ΛT, X_0 = X → ΛX, X_1 = ϕ → Λ^2ϕ. (2.3)

The corresponding superpotential becomes

W_{dyn} = T X^3 3Λ + 1 2 Xϕ^2. (2.4)

The factorization of superpotential into renormalizable and non-renormalizable parts is generic even if considering more complicated case. Retain the superpotential (2.4) up to renormalizable interaction for studying behavior around the origin of moduli space only.

W_{dyn} = 1 2 ε^{abcdef} X_{ab}ϕ_{cd}ϕ_{ef} ≃ X_{56}ϕ_{14}ϕ_{23} − X_{46}ϕ_{15}ϕ_{23} + X_{45}ϕ_{16}ϕ_{23} + X_{16}ϕ_{45}ϕ_{23} − X_{15}ϕ_{46}ϕ_{23} + X_{14}ϕ_{56}ϕ_{23} − X_{56}ϕ_{13}ϕ_{24} + X_{36}ϕ_{15}ϕ_{24} − X_{45}ϕ_{16}ϕ_{24} + X_{46}ϕ_{13}ϕ_{25} − X_{36}ϕ_{14}ϕ_{25} + X_{34}ϕ_{16}ϕ_{25} − X_{45}ϕ_{13}ϕ_{26} + X_{35}ϕ_{14}ϕ_{26} − X_{34}ϕ_{15}ϕ_{26} + X_{56}ϕ_{12}ϕ_{34} − X_{26}ϕ_{15}ϕ_{34} + X_{25}ϕ_{16}ϕ_{34} + X_{16}ϕ_{25}ϕ_{34} − X_{15}ϕ_{26}ϕ_{34} − X_{46}ϕ_{12}ϕ_{35} + X_{26}ϕ_{14}ϕ_{35} − X_{24}ϕ_{16}ϕ_{35} − X_{16}ϕ_{24}ϕ_{35} + X_{14}ϕ_{26}ϕ_{35} + X_{45}ϕ_{12}ϕ_{36} − X_{25}ϕ_{14}ϕ_{36} + X_{24}ϕ_{15}ϕ_{36} + X_{15}ϕ_{24}ϕ_{36} − X_{14}ϕ_{25}ϕ_{36} + X_{36}ϕ_{12}ϕ_{45} − X_{26}ϕ_{13}ϕ_{45} + X_{23}ϕ_{16}ϕ_{45} − X_{13}ϕ_{26}ϕ_{45} + X_{12}ϕ_{36}ϕ_{45} − X_{35}ϕ_{12}ϕ_{46} + X_{25}ϕ_{13}ϕ_{46} − X_{23}ϕ_{15}ϕ_{46} + X_{13}ϕ_{25}ϕ_{46} − X_{12}ϕ_{35}ϕ_{46} + X_{34}ϕ_{12}ϕ_{56} − X_{24}ϕ_{13}ϕ_{56} + X_{23}ϕ_{14}ϕ_{56} − X_{13}ϕ_{24}ϕ_{56} + X_{12}ϕ_{34}ϕ_{56}. (2.5)

– 3 –

We would like to deform this model in a way that results in supersymmetry breaking triggered by singlets.

δW = S_iO_i + fO. (2.6)

The values of f strongly affects the behavior of dynamics near the origin. In order for gauge mediation [21, 22], we would like to preserve large part of the global symmetry group SU(6). The simplest choice is that only f_{12} is non-zero. For convenience, we single out X_{12}^2 from other X_{ab} and call it X, and the rest of pseudomoduli are called Y . Then the schematic version of superpotential can be written as

W = 1 2 (X + Y )ϕ^2 (2.7)

The dangerous flat direction T can be lifted by singlets [12]. Under the same rescaling of fields (2.3), the singlet perturbation becomes

δW = fΛX + m M φϕ + mST → fΛ^2X + m Λ M Λφϕ + mΛST, (2.8) where S, φ are additional singlets to lift dangerous flat directions. For convenience, absorb Λ and ϵ into new parameters,

fΛ^2 → f, (2.9) mΛϵ → m, (2.10) mΛ → m_h. (2.11)

We observed that m_h ≫ m from (2.11). Near the origin of moduli space, we can simplify the superpotential by integrating out the heaviest fields S and T . Then effective O’Raifeartaigh model becomes

W = fX + 1 2 (X + Y )ϕ^2 + mϕφ (2.12)

This type of superpotential is equivalent to the one studied by Curtin et.al.[23]. In this scenario, they show that the mass correction of pseudomoduli X and Y is semi-positive definite. Some pseudomoduli remains massless at one-loop level. This raises the possibility to break R-symmetry spontaneously in two or higher loops effective potential [24]. The remaining massless pseudomoduli at one-loop level is disfavored, because the two-loop corretions might be negative which destabilizes the potential around the origin and leads to

1≃ means that we absorb the coefficient 8 for it being irrelevant. 2In the following, we write it X for short.

– 4 – runaway in general. When introducing additional tree level term f_yY , this type of model can be remedied. Such terms give rise to a positive mass for Y automatically. The tension between one-loop and two-loop contribution can be used to break R-symmetry from the renormalization group flow [25].

In this paper, the extra pseudomoduli Y can be lifted by additional singlets. The singlet perturbation is thus

δW = fX + mφϕ + m_hS_Y Y (2.13)

Recall that m_h ≫ m, S_Y and Y can be integrated out which greatly simplifies the cubic term (2.5),

W_{cubic} = Xϕ_{36}ϕ_{45} − Xϕ_{35}ϕ_{46} + Xϕ_{34}ϕ_{56}. (2.14)

In addition, we mention that only m(ϕ_{36}φ_{36}+ϕ_{45}φ_{45}+ϕ_{35}φ_{35}+ϕ_{46}φ_{46}+ϕ_{34}φ_{34}+ϕ_{56}φ_{56}) are relevant for computing Coleman-Weinberg potential. Other mass terms without coupling to X just give rise to constant contribution for Coleman-Weinberg potential. Therefore, the effective O’Raifeartaigh model near the origin is

W = fX + m 6∑ i=1 ϕ_iφ_i + X(ϕ_1ϕ_2 − ϕ_3ϕ_4 + ϕ_5ϕ_6) (2.15)

(2.16)

with

ϕ_{36} → ϕ_1, ϕ_{45} → ϕ_2, ϕ_{46} → ϕ_3, ϕ_{35} → ϕ_4, ϕ_{34} → ϕ_5, ϕ_{56} → ϕ_6, φ_{36} → φ_1, φ_{45} → φ_2, φ_{46} → φ_3, φ_{35} → φ_4, φ_{34} → φ_5, φ_{56} → φ_6. (2.17)

The F-term of this model reads,

F̄_X = f + h 2 ϕ^2, F̄_φ = mϕ (2.18) F̄_ϕ = hXϕ + mφ Obviously, the first two equations are not compatible, thus result in spontaneous supersymmetry breaking. Before falling into actual computation on the quantum effective potential for pseudomoduli, we mention that f must be much smaller than m^2 in order to have the pseudomoduli space.

X arbitrary, ϕ_i = φ_i = 0. (2.19) This inevitable hierarchy can not be generated naturally as (2.11), and has to be imposed by hand.

– 5 –

3 Coleman-Weinberg potential

In this section, we tried to compute the mass of pseudomoduli X in the context of the general formula developed by David Shih [17]. Our model (2.16) is the conventional O’Raifeartaigh model with R charge equaling to 0 or 2.

R(X) = 2, R(ϕ) = 0, R(φ) = 2. (3.1)

Since superfields have R-charge 0 or 2 only, we concluded that this model has a one-loop positive-definite mass [17] , thus the pseudomoduli X is stabilized at the origin. Delicate computations convinced us that the supersymmetry breaking vacuum at origin is stable.

First of all, the mass matrix M is thus

M =

0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0

(3.2)

and N is

N =

0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(3.3)

– 6 –

From (3.2) and (3.3), we can obtain the important element F that is proportional to f/(m^2 + v^2)^3. Recall that there is a general mass formula for mass squared

m^2_X = M^2_1 − M^2_2 , (3.4)

where

M^2_1 = 1 16π^2f^2 ∫_∞ 0 dvv^5T r [ F(v)^4 1 − F(v)^2 ] (3.5)

M^2_2 = 1 8π^2f^2 ∫_∞ 0 dvv^3T r [( F(v)^2 1 − F(v)^2 M̂ )_2] (3.6) and

M̂ = ( 0 M^+ M 0 ) (3.7)

N̂ = ( 0 N^+ N 0 ) (3.8)

F = (v^2 + M̂^2)^{−1/2}fN̂(v^2 + M̂^2)^{−1/2} (3.9)

Straightforward calculation shows that M^2_2 is identically zero for this model. The first term M^2_1 at small y = f/m^2 gives

m^2_X = m^6y^4 8π^2f^2

(3.10)

Thus, we obtain the positive mass for X with the metastable vacuum located at the origin of moduli space.

Another issue to be addressed is the calculability of this model. Recall that noncalculable contributions come from either non-renormalizable terms in superpotential or higher order operators in Kahler potential. Non-renormalizable terms in superpotential are indeed negligible for all vevs being much smaller than Λ. We thus focus our attentions on the Kahler potential

K = XX^+ ( 1 + g_X ( X Λ , · · · )) . (3.11)

The potential near the origin is

V = f^2 ( αX^2 Λ^2 + 1 ) (3.12)

3The matrix of F is too large to display

– 7 – so non-calculable contribution to mass is

δm^2_{non−calc} = f^2 Λ^2

(3.13)

The ratio between non-calculable contributions and calculable one is naturally small

γ ≡ δm^2_{non−calc} δm^2_{calc} = 24π^2m^2ϵ^2 Λ^2

= 24π^2ϵ^4 ∼ ϵ^4 (3.14)

The condition γ ≪ 1 is highly non-trivial, since it indicates that the non-calculable corrections is suppressed by the presence of small parameter ϵ. The model under consideration has calculable dynamical supersymmetry breaking vacuum.

4 Other s-confining theories

There are only two types of s-confining theories with gauge group Sp(2N) which can be seen in [20]. The complicated one has been discussed in detail in the last two sections. Here we concentrate on the simpler one, i.e., Sp(2N) with 2N + 4 fundamental flavors. The matter content and global symmetries can be found in Table (2)

Sp(2N) SU(2N + 4) U(1)_R Q^1_{N+2} X = Q^2 1^1_{N+2}

Table 2. The matter content and global symmetries of new model.

The dynamical superpotential is W = Λ^{1−N} X^{N+2}. At IR, no renormalizable interactions are permitted. Any perturbation can break supersymmetry. However, this scenario is non-calculable.

5 Conclusion

S-confining theories provide excellent avenues in which searching for dynamical supersymmetry breaking is available. By coupling singlets to the theory, it exhibits well-behaved characters in IR, for example, the calculability can be preserved.

In our first model, namely Sp(4) gauge theory with one anti-fundamental tensor and six fundamental flavors, the dynamics in IR has been analyzed extensively. The positive definite mass correction shows that it does have stable supersymmetry breaking vacuum at the origin of moduli space. From the perspective of calculability, we found that it is guaranteed naturally without imposing hierarchy between couplings by hand. Since the fields in this model have R-charge 0 or 2 only, R-symmetry can not be broken at one-loop quantum corrections. The slightly deformed model may induce R-symmetry breaking which is left for future study.

Another model, Sp(2N) with 2N + 4 fundamental flavors, can break supersymmetry easily. Unfortunately, this scenario is non-calculable.

– 8 –

References

[1] E. Witten, Phys. Lett. B 105 (1981) 267.

[2] E. Witten, Nucl. Phys. B 188 (1981) 513.

[3] K. A. Intriligator and N. Seiberg, Class. Quant. Grav. 24 (2007) S741 [hep-ph/0702069].

[4] R. Kitano, H. Ooguri and Y. Ookouchi, Ann. Rev. Nucl. Part. Sci. 60 (2010) 491 [arXiv:1001.4535 [hep-th]].

[5] M. Dine and J. D. Mason, Rept. Prog. Phys. 74 (2011) 056201 [arXiv:1012.2836 [hep-th]].

[6] K. A. Intriligator, N. Seiberg and D. Shih, JHEP 0604 (2006) 021 [hep-th/0602239].

[7] N. Seiberg, Nucl. Phys. B 435 (1995) 129 [hep-th/9411149].

[8] L. O’Raifeartaigh, Nucl. Phys. B 96 (1975) 331.

[9] M. Dine and J. Mason, Phys. Rev. D 77 (2008) 016005 [arXiv:hep-ph/0611312]; R. Kitano, H. Ooguri and Y. Ookouchi, Phys. Rev. D 75 (2007) 045022 [arXiv:hep-ph/0612139]; C. Csaki, Y. Shirman and J. Terning, JHEP 0705 (2007) 099 [arXiv:hep-ph/0612241]; S. Abel, C. Durnford, J. Jaeckel and V. V. Khoze, Phys. Lett. B 661 (2008) 201 [arXiv:0707.2958 [hep-ph]]; N. Haba and N. Maru, Phys. Rev. D 76 (2007) 115019 [arXiv:0709.2945 [hep-ph]]; B. K. Zur, L. Mazzucato and Y. Oz, JHEP 0810 (2008) 099 [arXiv:0807.4543 [hep-ph]]; S. Abel, J. Jaeckel, V. V. Khoze and L. Matos, JHEP 0903 (2009) 017 [arXiv:0812.3119 [hep-ph]]; R. Essig, J. F. Fortin, K. Sinha, G. Torroba and M. J. Strassler, JHEP 0903 (2009) 043 [arXiv:0812.3213 [hep-th]]; S. A. Abel, J. Jaeckel and V. V. Khoze, Phys. Lett. B 682 (2010) 441 [arXiv:0907.0658 [hep-ph]]; N. Craig, R. Essig, S. Franco, S. Kachru and G. Torroba, Phys. Rev. D 81 (2010) 075015 [arXiv:0911.2467 [hep-ph]]; T. T. Yanagida and K. Yonekura, Phys. Rev. D 81 (2010) 125017 [arXiv:1002.4093 [hep-th]]; H. Murayama and Y. Nomura, Phys. Rev. Lett. 98 (2007) 151803 [arXiv:hep-ph/0612186]; O. Aharony and N. Seiberg, JHEP 0702 (2007) 054 [arXiv:hep-ph/0612308]; H. Murayama and Y. Nomura, Phys. Rev. D 75 (2007) 095011 [arXiv:hep-ph/0701231]; H. Y. Cho and J. C. Park, JHEP 0709 (2007) 122 [arXiv:0707.0716 [hep-ph]]; S. Franco and S. Kachru, Phys. Rev. D 81 (2010) 095020 [arXiv:0907.2689 [hep-th]]; S. Schafer-Nameki, C. Tamarit and G. Torroba, arXiv:1005.0841 [hep-ph]; S. R. Behbahani, N. Craig and G. Torroba, arXiv:1009.2088 [hep-ph]; L. G. Aldrovandi and D. Marques, JHEP 0805, 022 (2008) [arXiv:0803.4163 [hep-th]]; D. Marques and F. A. Schaposnik, JHEP 0811, 077 (2008) [arXiv:0809.4618 [hep-th]].

[10] T. Lin, J. D. Mason and A. Sajjad, JHEP 1108 (2011) 145 [arXiv:1107.2658 [hep-th]].

[11] Y. Shadmi, JHEP 1108 (2011) 149 [arXiv:1107.3565 [hep-th]].

[12] Y. Shadmi and Y. Shirman, JHEP 1201 (2012) 087 [arXiv:1110.2489 [hep-th]].

[13] M. Bertolini, L. Di Pietro and F. Porri, JHEP 1201 (2012) 158 [arXiv:1111.2307 [hep-th]].

[14] C. Csaki, M. Schmaltz and W. Skiba, Phys. Rev. D 55 (1997) 7840 [arXiv: 9612207 [hep-th]].

[15] C. Csaki, [arXiv: 9807222 [hep-th]].

[16] S. R. Coleman and E. J. Weinberg, Phys. Rev. D 7 (1973) 1888.

[17] D. Shih, JHEP 0802 (2008) 091 [arXiv: 0703196 [hep-th]].

[18] K. van den Broek, “An Interactive tool for metastable vacua,” Comput. Phys. Commun. 178 (2008) 52 [arXiv:0705.2019 [hep-ph]].

– 9 –

[19] K. A. Intriligator and P. Pouliot, “Exact superpotentials, quantum vacua and duality in supersymmetric SP(N(c)) gauge theories,” Phys. Lett. B 353 (1995) 471 [hep-th/9505006].

[20] C. Csaki, W. Skiba and M. Schmaltz, “Exact results and duality for SP(2N) SUSY gauge theories with an antisymmetric tensor,” Nucl. Phys. B 487 (1997) 128 [hep-th/9607210].

[21] M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D 51 (1995) 1362 [hep-ph/9408384]. [22] M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, Phys. Rev. D 53 (1996) 2658 [hep-ph/9507378].

[23] D. Curtin, Z. Komargodski, D. Shih and Y. Tsai, Phys. Rev. D 85 (2012) 125031 [arXiv:1202.5331 [hep-th]].

[24] A. Amariti and A. Mariotti, JHEP 0907 (2009) 071 [arXiv:0812.3633 [hep-th]]. [25] A. Amariti and D. Stone, JHEP 1301 (2013) 092 [arXiv:1210.3028 [hep-th]].

– 10 –