arXiv:1212.2202v2 [hep-th] 17 Dec 2012

CERN-PH-TH/2012-334 SU-ITP-12/40 UCSD-PTH-12-19

Field-theoretic Methods in Strongly-Coupled Models of General Gauge Mediation

Jean-François Fortin^{∗,†,i} and Andreas Stergiou^{$,ii}

∗Theory Division, Department of Physics, CERN, CH-1211 Geneva 23, Switzerland †Stanford Institute for Theoretical Physics, Department of Physics, Stanford University, Stanford, CA 94305, USA $Department of Physics, University of California, San Diego, La Jolla, CA 92093, USA

An often-exploited feature of the operator product expansion (OPE) is that it incorporates a splitting of ultraviolet and infrared physics. In this paper we use this feature of the OPE to perform simple, approximate computations of soft masses in gauge-mediated supersymmetry breaking. The approximation amounts to truncating the OPEs for hidden-sector current-current operator products. Our method yields visible-sector superpartner spectra in terms of vacuum expectation values of a few hidden-sector IR elementary fields. We manage to obtain reasonable approximations to soft masses, even when the hidden sector is strongly coupled. We demonstrate our techniques in several examples, including a new framework where supersymmetry-breaking arises both from a hidden sector and dynamically.

December 2012

ijean-francois.fortin@cern.ch^{ii}stergiou@physics.ucsd.edu

1. Introduction

The theoretical appeal of supersymmetry (SUSY) makes imperative the study of the phenomenology of its breaking. The Large Hadron Collider (LHC) has not yet found signs of low-scale SUSY, but abandoning SUSY at this early stage in experimental discovery would be premature. Nevertheless, SUSY extensions of the Standard Model are now tightly constrained by experimental data, and it appears that the simplest among them are not likely to survive as viable candidates for phenomenology. Therefore, new models of SUSY breaking as well as new tools for their analysis remain useful in exploring physics beyond the Standard Model. It would of course be ideal if tools were developed that could be used at strong coupling, since if SUSY is a symmetry of nature at some high scale, then it may very well reside in a model that is strongly-coupled at low energies.

In the context of gauge mediation of SUSY breaking (for a review see [1]) a formalism exists, known as general gauge mediation (GGM), that allows one to study such models in a unified fashion [2–4]. More specifically, SUSY-breaking parameters in the minimal supersymmetric standard model (MSSM) are generated in models of gauge-mediated SUSY breaking via two-point correlators of gauge-current superfields of the hidden, SUSY-breaking sector. This, then, dictates that a current analysis is possible, and allows one to understand the generation of soft masses in the MSSM Lagrangian.

Such an analysis benefits strongly from the use of the operator product expansion (OPE). In N = 1 superconformal theories OPEs of current correlators were studied in [5], where the superconformal symmetry was seen, as expected, to relate the OPEs of different components of the gauge-current superfield. Of course the study of the OPE is motivated by the fact that the OPE is one of the few tools that allows us to extract useful information even at strong coupling. This is reflected in the wealth of applications of the OPE in QCD.

The results of [5] were applied to the case of GGM correlators in [6]. Part of the motivation for that work was the observation that, even in theories that break the superconformal symmetry explicitly, one can introduce spurions to render the breaking spontaneous. The spurions are fully dynamical in the ultraviolet (UV), and an OPE analysis can be carried out to determine Wilson coefficients of spurionic operators in operator products. In the infrared (IR) the spurions acquire vacuum expectation values (vevs), and the Wilson coefficients have to be evolved from the UV according to their renormalization-group equation. It was shown in [6] that, in the case of minimal gauge mediation (MGM), soft masses could be approximated very well by only the leading spurionic term in the current-current OPE that develops a SUSY-breaking vev.

In MGM one can actually compute the full gaugino and sfermion masses using the OPE [6]. This is a rather special case and one cannot typically expect to be able to compute the complete current-current OPE. Nevertheless, it is physically acceptable to truncate the OPE and carry out the calculation of the soft masses, since the truncation is not expected to alter significantly the essential results. The error introduced in truncating the OPE allows only an approximate determination of the soft masses, up to O(1) overall factors which may be unimportant.

The technology developed in [6] may be used in strongly-coupled models of SUSY breaking. This is because the determination of Wilson coefficients is done in the UV, where asymptotic freedom allows for a perturbative computation, while non-perturbative effects are contained in the vevs of operators, i.e. are captured by IR quantities. Thus, at least at the qualitative level, one is able to use the methods of [6] in order to understand the generation of soft masses in the MSSM, even when the SUSY-breaking sector is strongly-coupled in the IR. In theories where weakly-coupled duals exist, it is also possible to check the strongly-coupled computations at the quantitative level by comparing results obtained with both methods. As we will see the approximations discussed here are indeed reasonable up to factors of order one, suggesting that relevant information can be extracted from them even in the strong-coupling regime.

Of course AdS/CFT [7] is another tool one can use in order to understand the behavior of field theories at strong coupling. Indeed, the realization of GGM in holography has been considered by numerous authors, see e.g. [8]. The main theme of these works is the description of GGM correlators by holographic methods. In this paper, however, our methods will be strictly field-theoretic and four-dimensional.

N = 1 supersymmetric QCD (SQCD) is an ideal candidate for the application of our methods. In the free magnetic range of the massive theory Intriligator, Seiberg and Shih (ISS) demonstrated the existence of a metastable SUSY-breaking vacuum [9]. In their treatment they used the power of Seiberg duality [10] in order to establish their result in the strongly-coupled regime of the electric theory. The big global symmetry of SQCD in the ISS vacuum allows its use as the hidden SUSY breaking sector in the context of gauge mediation. Phenomenologically, however, there is a problem due to an accidental R-symmetry which precludes Majorana masses for the gauginos.

Although modifications of the ISS scenario have been proposed in the literature, see e.g. [11,12], in this paper we consider a new deformation where we add an additional spontaneous breaking of SUSY from a singlet chiral superfield. This superfield acquires its vev through its own dynamics, about which we will remain agnostic. This new model is similar to MGM but with messengers strongly interacting through another gauge group. As we will see, with this deformation our theory develops ISS-like vacua but with a broken R-symmetry. In our example there are no SUSY vacua anywhere in field space, but the ISS-like vacua we find should be metastable against decay to other SUSY-breaking vacua with lower energy.

The paper is organized as follows. In section 2 we review background material related to our work. We give a lightning review of N = 1 SQCD, as well as a quick overview of gauge mediation, GGM, and the role of the OPE in our considerations. In section 3 we present the analysis of our deformation of ISS. We also recover MGM and pure ISS as limits of our deformed SQCD.

We conclude in section 4. Appendix A contains weakly-coupled computations of the superpartner spectrum for general messenger sectors. We use notation and conventions of Wess & Bagger [13].

2. N = 1 SQCD, gauge mediation of SUSY breaking, and the OPE

In this section we first review the aspects of N = 1 SQCD and gauge mediation which are necessary for our purposes. This section is far from self-contained and the reader is referred to the literature, e.g. [14], for completeness.

2.1. Essentials of N = 1 SQCD

SQCD with N_c colors and N_f flavors is an N = 1 supersymmetric SU(N_c) gauge theory with N_f quark flavors Q^i (left-handed quarks) which are chiral superfields transforming in the N_c of SU(N_c), and N_f quark flavors ~Q_ĩ (left-handed antiquarks) which are chiral superfields transforming in the N_c of SU(N_c), where i,ĩ = 1, . . . , N_f are flavor indices.^1

There is a large global symmetry in SQCD—the relevant representations and charge assignments are shown in Table 1.

SU(N_f )_L SU(N_f )_R U(1)_B U(1)_A U(1)_R′ Q N_f 1 1 1 1 ~Q 1 N_f −1 1 1

Table 1: Matter content of SQCD and its (anomalous) transformation properties.

However, the U(1)_A × U(1)_R′ symmetry is anomalous. A single U(1) R-symmetry, which we will denote U(1)_R, survives and is a full quantum symmetry. Thus, the global symmetry of the quantum theory is SU(N_f )_L ×SU(N_f )_R ×U(1)_B ×U(1)_R with the appropriate R-charge assignment as shown in Table 2.

SU(N_f )_L SU(N_f )_R U(1)_B U(1)_R Q N_f 1 1 1 − N_c/N_f ~Q 1 N_f −1 1 − N_c/N_f

Table 2: Matter content of SQCD and its (non-anomalous) transformation properties.

To make our notation more convenient we define the matrices

1Note that there are no Fayet–Iliopoulos terms since the gauge group does not contain U(1) factors.

Q = Q^1 · · · Q^{Nf} , ~Q = ( ~Q^1 ) . . ( ~Q^{Nf} ) , ia ãı

where a = 1, . . . , N_c is a fundamental or antifundamental color index. In this notation the Lagrangian of SQCD is^2

L_{SCQD} = ∫ d^4θ Tr(Q^†e^{2gV} Q + ~Qe^{−2gV} ~Q^†) + (∫ d^2θ tr W^αW_α + h.c. ) . In components (and after integrating out the auxiliary fields), this becomes

L_{SCQD} = − tr(^1_4 F_{μν} F^{μν} + iλσ^μD_μλ̄) − Tr[D_μQ^†D^μQ + D_μ ~QD^μ ~Q^† + iψ̄σ̄^μD_μψ + iψ̃σ̄^μD_μ ¯ψ̃ − i √ 2g(Q^†λψ − ψ̄λ̄Q − ψ̃λ ~Q^† + ~Qλ̄ ¯ψ̃)] −^1_2 g^2 N^2_c −1∑

I=1 [Tr(Q^†T^I Q − ~QT^I ~Q^†)]^2,

where D_μ = ∂_μ + igA^I_μT^I (R) is the gauge-covariant derivative. Note that SQCD only has D-term contributions to the scalar potential,

V_{SCQD} =^1_2 g^2

N^2_c −1∑

I=1 [Tr(Q^†T^I Q − ~QT^I ~Q^†)]^2,

where T^I are SU(N_c) generators with I = 1, . . . , N^2_c − 1 the adjoint color index. This scalar potential has a large vacuum degeneracy, which is however lifted when masses for the quarks are added.

2.1.1. Masses for the flavors

The lowest-dimensional gauge-invariant chiral superfield one can construct from Q^i and ~Q_ĩ, namely the mesonic superfield^3 M^i_ĩ = Tr( ~Q_ĩQ^i)_{(Nc,0)},

can be used to give gauge-invariant masses to all quark flavors. The Lagrangian of massive SQCD (mSQCD) is then L_{mSCQD} = L_{SCQD} + (∫ d^2θ W_{tree} + h.c. ) ,

2Tr denotes a sum over both fundamental gauge and flavor indices, while tr denotes a sum over adjoint gauge indices only, e.g.

Tr Q^†T^I Q ≡ Q^†_{ib}(T^I )^b_cQ^{ic} and tr W^αWα ≡ W^{αI} W^I_α .

3Tr(·)_{(x,y)} denotes a sum over color indices up to x and flavor indices up to y. Hence, Tr(·) ≡ Tr(·)_{(Nc,Nf )}.

where W_{tree} = Tr(mM)_{(0,Nf )}, with m a nondegenerate N_f × N_f mass matrix. Note that the inclusion of masses breaks the non-Abelian part of the global symmetry to one of its subgroups. The scalar potential in L_{mSCQD} is

V_{mSCQD} = Tr(mm^†Q^†Q + m^†m ~Q ~Q^†) +^1_2 g^2

N^2_c −1∑

I=1 [Tr(Q^†T^I Q − ~QT^I ~Q^†)]^2,

and includes the anticipated mass terms. The vacuum degeneracy of V_{SCQD} is lifted in V_{mSCQD} due to the mass terms.

2.2. Essentials of gauge mediation

Mediation of SUSY breaking was born to address phenomenological impasses reached by trying to break SUSY within the observable sector of supersymmetric extensions of the standard model. As an example, supertrace conditions that remain even after SUSY is broken are hard to satisfy consistently with the observed low-mass spectrum of particles [15].

Gauge mediation requires that SUSY be broken in a hidden sector with the breaking communicated to the MSSM through the familiar gauge interactions, thus avoiding new sources of flavor-changing neutral currents, a generic problem in models of gravity-mediated SUSY breaking. All soft SUSY-breaking terms in the MSSM Lagrangian are generated via loop effects, and desired phenomenology is obtained very naturally, except, of course, for the notorious μ/B_μ problem [16]. For an extensive review of theories with gauge mediation the reader is referred to [1].

In the minimal incarnation of gauge mediation one assumes the existence of a hidden sector that contains a gauge singlet chiral superfield S, as well as a messenger sector with fields Φ, ~Φ in complete GUT representations so that gauge-coupling unification is not spoiled. Through interactions in the hidden sector S develops a vev both in its first and its last component, ⟨S⟩ = ⟨S⟩ + θ^2⟨F_S ⟩. The superpotential that couples the hidden sector with the messenger sector is W_{h⊗m} ∝ S Tr(~ΦΦ), such that the SUSY breaking of the hidden sector is fed into the messenger sector. The usual gauge interactions then communicate the SUSY breaking to the supersymmetric extension of the standard model generating the appropriate soft SUSY-breaking terms.

2.2.1. General gauge mediation

A unified and powerful framework for the study of gauge mediation, dubbed general gauge mediation, was developed in [2–4]. In GGM soft terms are written in terms of one- and two-point correlators of components of a current (linear) superfield of the hidden sector, J (z) = J(x) + iθj(x) − iθ̄j̄(x) − θσ^μθ̄j_μ(x) + · · · , (2.1) where the ellipsis stands for derivative terms, following from the conservation equations D^2J = D̄2J = 0.4 Among the virtues of GGM is its ability to disentangle genuine characteristics of gauge mediation from possible model-dependent features. GGM also leads to phenomenological superpartner-mass sum rules that, if verified by the LHC, will identify gauge mediation as the dominant means by which SUSY is broken in nature (see e.g. [17] for a renormalization group study of the above-mentioned sum rules). Moreover, GGM encompasses strongly-coupled hidden sectors at the qualitative level and also at the quantitative level, at least in principle. In our view this is the greatest strength of GGM, which is nevertheless largely unexplored. In the next section it will be discussed extensively.

The correlators one considers in GGM are (using the conventions of [4]) ⟨J(x)J(0)⟩ = C_0(x)^{F.T.}−−→ ~C_0(p), ⟨j_α(x)j̄_{α̇}(0)⟩ = −iσ^μ_{αα̇}∂_μC_{1/2}(x)^{F.T.}−−→ σ^μ_{αα̇}p_μ ~C_{1/2}(p), ⟨j_μ(x)j_ν (0)⟩ = (η_{μν} ∂^2 − ∂_μ∂_ν )C_1(x)^{F.T.}−−→ −(η_{μν} p^2 − p_μp_ν ) ~C_1(p), ⟨j_α(x)j_β (0)⟩ = ϵ_{αβ}B_{1/2}(x)^{F.T.}−−→ ϵ_{αβ} ~B_{1/2}(p),

(2.2)

where F.T. stands for Fourier-transforming, F.T. ≡ i ∫ d^4x e^{−ip·x}. It was realized in [3] that for the soft masses, for example, only the one-point function ⟨J(x)⟩ and the correlator ⟨J(x)J(0)⟩ are needed:^5

M_{gaugino} = iπα_{SM} d(G) ∫ d^4x ⟨Q^2(J^A(x)J^A(0))⟩,

m^2_{sfermion} = 4πY α_{SM}⟨J(x)⟩ + iC_2(R)α^2_{SM} 8d(G) ∫ d^4x ln(x^2M^2_m)⟨Q̄^2Q^2(J^A(x)J^A(0))⟩,

(2.3)

where M_m is a supersymmetric scale in the hidden-sector theory, e.g. the messenger scale. For clarity, the appropriate MSSM gauge group index A has been reintroduced.^6

Using the results of [18] it was pointed out in [5] that, within a superconformal field theory, the superconformal algebra and current conservation are powerful enough to relate all possible twooperator products of components of the current superfield (2.1) to the operator product J(x)J(0). Consequently, only the correlator ⟨J(x)J(0)⟩ is necessary, while all other correlators in (2.2) can be expressed in terms of ⟨J(x)J(0)⟩ with the help of the superconformal group. From [5] one has

j_α(x)j_β (0) = 1 x^2 Q_β (ix · σS̄)_α(J(x)J(0)),

4In this paper D is the D-term, thus we use D for the covariant derivatives.

5Since Q is used in this paper for the quarks of SQCD, we use Q to denote the SUSY generator. Q always acts with an adjoint action, e.g. Q^2(O(x)) ≡ {Q^α, [Qα, O(x)]}.

6The MSSM gauge group is chosen to be a GUT SU(N) subgroup of the hidden-sector global symmetry group where A = 1, . . . , N^2 − 1 is the appropriate adjoint index.

j_α(x)j̄_{α̇}(0) = 1 x^4 [ (S ix · σ)_{α̇}(ix · σS̄)_α − x^2Q̄_{α̇}(ix · σS̄)_α + 2Δ_J x^2(ix · σ)_{αα̇} ] (J(x)J(0)), j_μ(x)j_ν (0) = 1 16x^8 [ (x^2η_{μρ} − 2x_μx_ρ)(Sσ^ρS̄ − S̄σ^ρS) ×{x^4(Q̄σ̄_ν Q − Qσ_νQ̄) + (x^2η_{νλ} − 2x_ν x_λ)(Sσ^λS̄ − S̄σ̄^λS) −2x^2 ( Qσ_ν ix · σ̄S − Q̄σ̄_ν ix · σS̄ ) } −8i(Δ_J + 1)x^2(η_{μν} η_{λρ} − η_{μλ}η_{νρ} − η_{μρ}η_{νλ} − iϵ_{μνλρ})x^λ ×{(x^2η^{ρδ} − 2x^ρx^δ)Sσ_δS̄ + x^2Q̄σ̄^ρ ix · σS̄ + 4iΔ_J x^2x^ρ} −8i(Δ_J + 1)x^2(η_{μν} η_{λρ} − η_{μλ}η_{νρ} − η_{μρ}η_{νλ} + iϵ_{μνλρ})x^λ ×{(x^2η^{ρδ} − 2x^ρx^δ)S̄σ̄_δS + x^2Qσ^ρ ix · σ̄S + 4iΔ_J x^2x^ρ} +32x^4Δ_J (Δ_J + 1)(x^2η_{μν} − 2x_μx_ν ) ] (J(x)J(0)), with S, S̄ the superconformal supercharges. Implications of this observation in the case of a UV asymptotically-free hidden sector (i.e. with approximate superconformal symmetry) and in particular in the example of MGM were analyzed using the OPE in [6], and we will rely heavily here on the results of that paper. It is important to note that using the OPE in the equations above and Fourier-transforming the results allow a simple evaluation of the total cross-sections of the visible sector to the hidden sector, with different mediators corresponding to the different components of the MSSM vector superfields. This is reminiscent of electron-positron scattering to hadrons in QCD. In the following we will focus on the superpartner spectrum, and will not discuss such cross-sections.

As shown in [6] a complete expansion of (2.3) can be obtained with the help of the J(x)J(0) OPE which thus gives an approximation to the soft MSSM SUSY-breaking masses even for strongly-coupled hidden sectors. The expansion relies on several approximations (e.g. cuts at supersymmetric threshold, uniform convergence of the OPE) but, at least in the simple case of MGM, a complete knowledge of the OPE leads to an exact evaluation of the soft SUSY-breaking masses, after analytic continuation of the sums. To avoid complications such as arduous OPE computations and analytic continuations, a further approximation to (2.3), given by

M_{gaugino} ≈ − πw^{AA}α_{SM} 8d(G)M^2_m γ_{Ki}⟨Q^2(O_i(0))⟩, m^2_{sfermion} ≈ 4πY α_{SM}⟨J(x)⟩ +

C_2(R)w^{AA}α^2_{SM} 64d(G)M^2_m γ_{Ki}⟨Q̄^2Q^2(O_i(0))⟩,

(2.4)

was introduced in [6]. Here w^{AB} is the OPE coefficient of a scalar operator K with classical scaling dimension 2 in the OPE of two conserved currents (like, e.g. the Konishi current in MGM), and γ is the anomalous-dimension matrix of K (see (3.2), (3.3) and (3.7)). So, to get an approximation to the soft MSSM SUSY-breaking masses, even in a theory with a strongly-coupled hidden sector, one only needs to identify the lowest-dimension operators that have non-zero vevs after acted upon with Q^2 and Q̄^2Q^2.

In the example of MGM there is only one such operator, namely S^†S, and calculating its mixing with the Konishi current one finds that the approximation to the soft masses (2.4) is actually only a factor of 2 smaller than the usually quoted answers [19]. For more details the reader is referred to section 3.1 and [6].

3. SQCD as the SUSY-breaking sector

To be specific, in this paper we take the messenger sector of gauge mediation to be SQCD without masses for the quarks but, instead, with Kähler potential and superpotential for matter fields given by

K_e = Tr(Q^†Q + ~Q ~Q^†) + S^†S, W_e = ξS Tr ~QQ, (3.1)

where S is the MGM-like singlet field which has non-vanishing vacuum expectation value ⟨S⟩ = ⟨S⟩ + θ^2⟨F_S ⟩, and Q, ~Q are the messenger fields which are N_f flavors of SU(N_c) fundamental and antifundamental superfields. The non-Abelian part of the global symmetry of SQCD is thus broken to its diagonal subgroup, SU(N_f )_L × SU(N_f )_R → SU(N_f )_V, which contains SU(N), a grand-unified extension of the MSSM gauge group. The coupling ξ is assumed weak. We will refer to SQCD with an extra singlet and the superpotential (3.1) as sSQCD. We stress that it is straightforward to repeat the analysis for more general messenger sectors and hidden sectors.

In order to use the approximation (2.4) in this framework, it is necessary to determine the J(x)J(0) OPE at the lowest non-trivial order as well as the appropriate anomalous dimension matrix.

Note that non-perturbative effects (instantons) contribute both to the vevs of operators appearing on the right-hand side of the OPE and to the (perturbative) OPE coefficients themselves [20]. Furthermore, for operator products satisfying the chirality selection rule, instantons can lead to new non-perturbative contributions on the right-hand side of the OPE, i.e. operators with purely non-perturbative OPE coefficients [21]. Instanton corrections of the first type do not modify the OPE coefficients at lowest order and are thus non-negligible only for vevs of operators. Instanton corrections of the second type lead to new non-perturbative OPE contributions which can dominate over the perturbative ones.^7 Since the J(x)J(0) OPE is non-trivial at the

7It is important to notice that both types of non-perturbative contributions to the OPE coefficients are calculable. Thus, as usual, the OPE coefficients are fully calculable, while all incalculable non-perturbative effects are contained in the vevs of operators.

classical level and does not satisfy the chirality selection rule, for our purposes non-perturbative contributions that are calculable can be safely ignored.

The currents of interest for the evaluation of the J(x)J(0) OPE are J^A = Tr(Qt^AQ^† − ~Q^†t^A ~Q)_{(Nc,N)}, K = Tr(Q^†Q + ~Q ~Q^†)_{(Nc,N)}, where we denote the SU(N) generators by t^A to avoid confusion with the SU(N_c) generators T^I . At the classical level the OPE is simply

J^A(x)J^B (0) = N_cδ^{AB} 16π^4x^4 1 + w^{AB} 4π^2x^2

K(0) + · · · , (3.2)

where w^{AB} = δ^{AB} /N, while the one-loop anomalous-dimension matrix between K and S^†S is γ = ( γ_{K,K} γ_{K,S}†_S γ_S†_{S,K} γ_S†_{S,S}†_S ) weak −−−−−→ coupling 1 8π^2 ( 2C_2(N_c)g^2 2NN_c|ξ|^2

|ξ|^2 0 ) . (3.3)

Note here that although computable in the weak-coupling regime, the anomalous dimensions are large in the IR for strongly-coupled theories and are therefore kept undetermined in the following. The soft SUSY-breaking masses are M_{gaugino} ≈ − πα_{SM} 8N|ξ⟨S⟩|^2 [ γ_{K,K} ⟨Q^2(K)⟩ + γ_{K,S}†_S ⟨Q^2(S^†S)⟩ ] , m^2_{sfermion} ≈

C_2(R)α^2_{SM} 64N|ξ⟨S⟩|^2 [ γ_{K,K}⟨Q̄^2Q^2(K)⟩ + γ_{K,S}†_S ⟨Q̄^2Q^2(S^†S)⟩ ] , (3.4)

since the supersymmetric mass scale M_m = |ξ⟨S⟩| and ⟨J⟩ = 0 for a non-Abelian group.

These expressions can be further simplified using the supersymmetry algebra and the Konishi anomaly [22] (in Wess–Zumino gauge) in the α_{SM} → 0 limit:

Q^2(S^†S) = 4S^†F_S , Q̄^2Q^2(S^†S) = 16(F^†_S F_S − iψ̄_Sσ̄^μ∂_μψ_S + S^†∂^2S),

Q^2(K) = 4 [ Tr(Q^†F + ~F ~Q^†)_{(Nc,N)} + Ng^2 16π^2 tr λ̄λ̄ ] , Q̄^2Q^2(K) = 16 [ Tr(F^†F − iψ̄σ̄^μD_μψ + Q^†D^2Q + i √ 2g(Q^†λψ − ψ̄λ̄Q) + gQ^†DQ)_{(Nc,N)} +{(Q, ψ, F, g) → ( ~Q, ψ̃, ~F , −g)} − Ng^2 32π^2 tr(2DD − 4iλσ^μD_μλ̄ − F_{μν} F^{μν} ) ] . Note that Q̄^2Q^2(S^†S, K) are real up to total derivatives. After using the equations of motion (we omit the ones for the fields with a tilde), F = −ξ^∗S^† ~Q^†, D^I = −g Tr(Q^†T^I Q − ~QT^I ~Q^†), D^2Q = −i √ 2gλψ − gDQ + |ξ|^2S^†SQ − ξ^∗F^†_S ~Q^†, iσ̄^μD_μψ = −i √ 2gλ̄Q − ξ^∗S^† ¯ψ̃, iσ^μD_μλ̄^I = i √ 2g(Q^†T^I ψ − ψ̃T^I ~Q^†), the approximations (3.4) can be written in terms of vacuum condensates of UV elementary fields as M_{gaugino} ≈ πα_{SM} 2N|ξ⟨S⟩|^2 [ 2ξ^∗γ_{K,K}⟨S^† Tr(Q^† ~Q^†)_{(Nc,N)}⟩ − Ng^2 16π^2 γ_{K,K} ⟨tr λ̄λ̄⟩ − γ_{K,S}†_S ⟨S^†F_S ⟩ ]

m^2_{sfermion} ≈

C_2(R)α^2_{SM} 4N|ξ⟨S⟩|^2 [ 2ξ^∗γ_{K,K}⟨ξS^†SK + Tr(S^†ψ̄ ¯ψ̃ − F^†_S Q^† ~Q^†)_{(Nc,N)}⟩ − Ng^2 32π^2 γ_{K,K}⟨tr(2DD − 4E − F_{μν} F^{μν} )⟩ + γ_{K,S}†_S |⟨F_S ⟩|^2 ] , (3.5)

where E = i √ 2g Tr(Q^†λψ − ψ̃λ ~Q^†). Note that m^2_{sfermion} is of course real, although this is not manifest in (3.5), a consequence of the fact that Q̄^2Q^2(K) is not manifestly real.

Finally, for a strongly-coupled theory it is more natural to express the approximations (3.5) in terms of vacuum condensates of IR elementary fields, i.e. the MSSM-restricted mesonic superfield M = Tr(M)_{(0,N)} and the “glueball” superfield G = −(g^2/32π^2) tr W^αW_α, leading to

M_{gaugino} ≈ πα_{SM} 2N|ξ⟨S⟩|^2 [ 2ξ^∗γ_{K,K}⟨S^†M^†⟩ − 2Nγ_{K,K} ⟨G^†⟩ − γ_{K,S}†_S ⟨S^†F_S ⟩ ] , m^2_{sfermion} ≈

C_2(R)α^2_{SM} 4N|ξ⟨S⟩|^2 [ −2ξ^∗γ_{K,K}⟨S^†F^†_M + F^†_S M^†⟩ + Nγ_{K,K}⟨F_G + F^†_G ⟩ + γ_{K,S}†_S ⟨F^†_S F_S ⟩ ] . (3.6)

Equations (3.4), (3.5) and (3.6) can be easily generalized to more complicated UV theories with several gauge groups and matter fields in different representations. They can also be generalized to closely-related types of mediation like general gaugino mediation [23]. The approximations (3.6) are especially useful since they give an estimate for the MSSM soft SUSY-breaking masses from the knowledge of the vevs of a few IR elementary fields, taking the anomalous-dimension matrix to be of O(1). Indeed only the vacuum structure of both the messenger and the hidden sector is necessary to approximately determine the MSSM superpartner spectrum. The knowledge of the spectrum of messengers does not directly enter the computation.

Note that these approximations should be valid for strongly-coupled theories as well, although the size of the error introduced by truncating the OPE and assuming that cuts extend to the supersymmetric threshold is difficult to estimate in general. The anomalous-dimension terms cannot be computed at strong coupling, but they are expected to be O(1). It is however possible to argue for the functional dependence of the relevant anomalous dimensions at strong coupling. For example, γ_{K,K} should depend on the electric quark mass and electric strong-coupling scale, and since it must be dimensionless it should be expressible by a series in positive powers of

|ξ⟨S⟩/Λ_e| and |ξ⟨F_S ⟩/Λ^2_e |. For |⟨F_S ⟩/ξ⟨S⟩| ≪ 1, at lowest order one thus expects^8

γ_{K,K}^{strong} −−−−−→ coupling ~N_c 16π^2 | |ξ⟨S⟩ Λ_e | | δ_{K,K} , γ_{K,S†S}^{strong}−−−−−→_{coupling} N ~N_c 16π^2 |ξ^2|δ_{K,S}†_S , (3.7) where δ_{K,K} and δ_{K,S}†_S are dimensionless numbers of order one. We introduced in (3.7) one-loop factors as well as factors of ~N_c and N to account for the effective number of degrees of freedom propagating in the loops as suggested by the Seiberg dual (see (3.8)).

Furthermore, although the vevs of the appropriate fields in the vacuum of interest are not always calculable in the strongly-coupled regime, it is often possible to approximate them in terms of the relevant scales of the theory under consideration. Therefore the approximations (3.6), which represent the main results of this paper, as well as their generalizations to more complicated models, should be acceptable up to dimensionless numbers of order one. Finally, when weakly-coupled duals exist, it is possible to assess the issues discussed above and directly check that the approximations (3.6) are indeed reliable up to O(1) factors, as will be seen in the next section.

In the event that SUSY is discovered at the LHC and that gauge mediation is the relevant means of SUSY-breaking communication, the approximations (3.6) open a rare window into the messenger and the hidden sector: by experimentally measuring the MSSM superpartner spectrum, they allow an approximate determination of some of the vevs of operators in the messenger and the hidden sector. This is reminiscent of QCD sum rules [26] (see also [27] for a nice review and more references), although here the spectrum of hidden-sector resonances is not necessary.

We will now use these equations to investigate the superpartner spectra of sSQCD and its different limits, starting from the computationally-reachable weakly-coupled regime and ending with the often incalculable strongly-coupled regime. To this end, we will use Seiberg duality [10], which for SU(N_c) sSQCD in the free magnetic phase leads to the following SU( ~N_c ≡ N_f − N_c) weakly-coupled dual theory for the matter fields (here the meson M, the magnetic quarks q and q̃, and the singlet S),

K_m = 1 α|Λ_e|^2

Tr(M^†M)_{(0,Nf )} + 1 β Tr(q^†q + q̃q̃^†)_{(Nf −Nc,Nf )} + S^†S + · · · , W_m = 1 Λ_d Tr(qMq̃)_{(Nf −Nc,Nf )} + ξS Tr(M)_{(0,Nf )}, (−1)^{Nf −Nc} Λ^{Nf}_d = Λ^{3Nc−Nf}_e Λ^{3(Nf −Nc)−Nf} m . (3.8)

Note that α and β are positive real dimensionless numbers of order one, and Λ_e, Λ_m and Λ_d are

8Note that the form of the anomalous current K is known in terms of magnetic variables around the free supersymmetric and R-symmetric IR CFT in massless SQCD as described by Seiberg duality [24] (see also [25]). However the anomalous dimension computed from this perspective does not lead to the appropriate functional dependence as argued here since we are interested in the ISS SUSY-breaking vacuum.

the electric strong-coupling scale, the magnetic scale and the duality scale respectively.^9 Seiberg duality will allow the determination of the vevs of the relevant IR elementary fields in terms of a few unknowns, therefore providing a direct check of the approximations (3.6).

3.1. sSQCD in the g → 0 limit: MGM

In the limit of vanishing hidden-sector gauge coupling, sSQCD is equivalent to MGM with N_c messenger flavors. In this limit the phenomenology of sSQCD is already well-known, and is easily reproduced with our methods. Indeed, the only non-vanishing vacuum condensate occurs for the MGM singlet S and the theory is effectively equivalent to MGM with N_c flavors of messengers as expected. The approximations (3.6) along with the one-loop anomalous-dimension matrix (3.3) thus give (here x_S = |⟨F_S ⟩/ξ⟨S⟩^2|)

M_{gaugino} ≈ − α_{SM} 4π ⟨F_S ⟩ ⟨S⟩ × N_c × { g_{approx}(x_S ) = 1 2 } , m^2_{sfermion} ≈ 2

( α_{SM} 4π )_2 | | | ⟨F_S ⟩ ⟨S⟩ | | | 2 × C_2(R) × N_c × { f_{approx}(x_S ) = 1 2 } , which, as already mentioned, are only a factor of 2 smaller than the usually quoted one- and two-loop answers in the limit where x_S = 0 [19],

g(x_S ) =

1 + x_S x^2_S ln(1 + x_S) + {x_S → −x_S } = 1 + x^2_S 6 + · · · , f(x_S) =

1 + x_S x^2_S [ ln(1 + x_S) − 2 Li_2 ( x_S 1 + x_S ) + 1 2 Li_2 ( 2x_S 1 + x_S )] + {x_S → −x_S } = 1 + x^2_S 36 + · · · , where Li_2(x) = −

∫_1 0 dt^{ln(1−xt)}_t is the dilogarithm or Spence function. Note that since the OPE is truncated at lowest order in the SUSY-breaking expansion, it is naturally expected that the approximations (3.6) only capture (part of) the x_S = 0 limit of g(x_S ) and f(x_S ).

The functions g(x_S ) and f(x_S ), which are only defined in the region 0 ≤ x_S ≤ 1 in order to avoid tachyonic messengers, do not deviate much from unity, and so the agreement of the OPE with the full answer at one loop for the gauginos and at two loops for the sfermions is reasonable, as can be seen in Fig. 1.

A complete OPE analysis of MGM shows that the method described in [6] and extended here works in the weakly-coupled regime, providing a useful consistency check. Note that it is not easy to use our method to obtain exact results in the weakly-coupled regime. Nevertheless, the simple approximations (3.6) match weakly-coupled computations up to dimensionless numbers of order one, a property which should translate to the strongly-coupled regime as well.

9Due to the freedom in defining the magnetic quarks, β, Λm and Λ_d are not fully determined by the electric theory.

00.20.40.60.81 0.30.4 0.50.6 0.7 f^{approx}/f g_{approx}/g x_S

Fig. 1: g_{approx}/g and f_{approx}/f as functions of x_S for MGM.

3.2. sSQCD in the ⟨S⟩ → m/ξ and ⟨F_S ⟩ → 0 limit: mSQCD

In the limit where the MGM singlet S is assumed frozen without an F-term, sSQCD is nothing else than mSQCD. The theory is most interesting in the free magnetic phase, given by N_c + 1 ≤ N_f < 3N_c/2, where both a SUSY-preserving phase and a (metastable) SUSY-breaking phase exist [9].

3.2.1. Around the SUSY vacuum

In mSQCD, although ⟨M⟩ and ⟨G⟩ do not vanish at the supersymmetric vacuum, the soft SUSYbreaking masses vanish, as expected, due to the Konishi anomaly [22]. Indeed, although

g^2 32π^2 ⟨tr λλ⟩ = [Λ^{3Nc−Nf} e det(ξ⟨S⟩)]^{1Nc} e^{2πik/Nc} , (3.9) where (3.9) is valid for any N_c and N_f [21], the vacuum condensate for the mesonic superfield is

⟨Tr( ~Q_ĩQ^i)_{(Nc,0)}⟩ = [Λ^{3Nc−Nf}_e det(ξ⟨S⟩)]^{1Nc} [ (ξ⟨S⟩)^{−1} ]_i ĩ e^{2πik/Nc} , (3.10) as enforced by the Konishi anomaly [22], −i 2 √ 2 {Q̄_{α̇}, Tr(ψ̄^{α̇}_ĩ Q^i)_{(Nc,0)}} = −ξ⟨S⟩ Tr( ~Q_ĩQ^i)_{(Nc,0)} + δ^i_ĩ g^2 32π^2 tr λλ, (3.11)

in supersymmetric vacua.^{10} In terms of the IR fields this implies that ξ⟨S⟩⟨M⟩ = N⟨G⟩. Since all remaining vacuum condensates vanish, the approximations (3.6) lead to a superpartner spectrum consistent with SUSY.

10Here the index k labels the degenerate SUSY vacua which arise from the spontaneous breaking of the discrete global symmetry Z2N_c to Z2.

3.2.2. Around the ISS vacuum

As shown by ISS [9], mSQCD with small masses has a metastable SUSY-breaking minimum close to the origin of field space. A sketch of the potential of mSQCD is shown in Fig. 2.

Φ V Fig. 2: A sketch of the potential of mSQCD.

Since the SUSY-breaking scale and the messenger scale are the same in ISS, there is no dimensionless SUSY-breaking parameter to keep track of the order at which SUSY-breaking effects appear in any computation. Thus, in order to compare (3.6) with weakly-coupled computations of the sfermion masses from the dual theory (see Appendix A), it is convenient to distinguish between the SUSY-breaking scale and the messenger scale by introducing two ξ’s, (ξ, ξ_L) with x_M = ξ_L/ξ and 0 ≤ |x_M| ≤ 1. This effectively splits the mass matrix in two sectors and allows us to keep track of the SUSY-breaking effects.

The location of the SUSY-breaking minimum can be found using the dual theory (3.8) and, in terms of the IR elementary fields (embedding the MSSM into the X-sector of (3.13)), is given by ⟨M⟩ = ⟨G⟩ = ⟨F_G ⟩ = 0, ⟨F_M⟩ = −N_cαξ^∗_L⟨S^†⟩|Λ_e|^2. (3.12) The ISS vacuum faces an immediate problem for phenomenological applications: it has an accidental R-symmetry and thus constrains to zero Majorana gaugino masses. This can be seen directly from the approximations (3.6) and the vevs (3.12). The sfermion masses, on the other hand, are not constrained by the accidental R-symmetry and are indeed non-zero, as is also clear from (3.6) and the vevs (3.12).

Fixing Λ_d = Λ_m = (−1)^{(Nc−Nf )/(3Nc−Nf )}Λ_e and using the anomalous dimensions (3.7) the approximated sfermion masses obtained from (3.6) are

m^2_{sfermion} ≈ 2

( α_{SM} 4π )_2 |x_M|^2αβ|ξ⟨S⟩Λ_e|×C_2(R)× ~N_c × { f_{approx}(x_M) =

4π^2 ~N_cβ | | | Λ_e ξ⟨S⟩ | | | γ^{K,K} = δ_{K,K} 4β } , while using the dual theory the weakly-coupled computation gives

f(x_M) = 1 + |x_M| |x_M|^2 [ ln(1 + |x_M|) − 2 Li_2 ( |x_M| 1 + |x_M| ) + 1 2 Li_2 ( 2|x_M| 1 + |x_M| )] + {|x_M| → −|x_M|} = 1 + |x_M|^2 36 + · · · . Although x_M = 1 in ISS, our approximations only rely on the lowest-order operators appearing in the OPE and should only capture (part of) the x_M = 0 contributions to f(x_M), up to a number of order one (as in the MGM case of section 3.1). This is exactly what happens here. Moreover, since the function f(x_M) stays close to unity for all x_M, the approximations (3.6) are reasonable for 0 ≤ |x_M| ≤ 1 as shown in Fig. 3. Therefore the method developed here gives sensible results

00.20.40.60.81 0.240.26 0.280.3 0.320.34 |x_M| f_{approx}/f

Fig. 3: f_{approx}/f as function of |x_M| for mSQCD with β = δ_{K,K} = 1. Both g_{approx}(x_M) and g(x_M) vanish and so the corresponding ratio is not plotted here.

even in strongly-coupled theories including higher-order SUSY-breaking corrections.

It is interesting to notice that a full knowledge of the OPE could possibly lead to a computation of the anomalous dimensions of relevant operators in mSQCD following the method described here, as was done for MGM in [6]. For more details the reader is referred to section 3.3.2 and [9].

3.3. sSQCD in the free magnetic phase

Here we explore sSQCD for N_c + 1 ≤ N_f < 3N_c/2. As mentioned above, in mSQCD dynamical SUSY breaking in metastable vacua occurs for this range of N_f close to the origin of field space [9]. Although the electric theory is strongly coupled, Seiberg duality allows one to establish the presence of SUSY breaking. In this subsection we also use Seiberg duality to understand SUSY breaking in sSQCD close to the origin of field space.

3.3.1. Around the would-be SUSY vacuum

Let us first discuss the fate of the would-be SUSY vacuum of mSQCD in the full sSQCD theory. For |⟨F_S ⟩/ξ⟨S⟩^2| ≪ 1 one would expect that the vevs of the glueball and mesonic superfields are only slightly perturbed compared to their mSQCD values (3.9) and (3.10). Moreover, from the point of view of the sSQCD fields, SUSY is explicitly broken. One should thus expect that the SUSY vacuum of mSQCD becomes a SUSY-breaking vacuum in sSQCD. Since small instantons are relevant, it is impossible to compute the vevs of the glueball and mesonic fields from instanton techniques without a full knowledge of the hidden-sector theory. It is nevertheless possible to estimate the vev of the lowest component of the mesonic superfield from the superpotential and the Kähler potential (3.8), leading to

⟨M⟩ = [ξ^{Nf −Nc} ⟨S⟩^{Nf −Nc} Λ^{3Nc−Nf}_e ]^{1N}c 1 + N^c − N^f N_c 1 α|ξ|^2 ( ξ^∗⟨S^†⟩ Λ^∗_e )^{Nf}_{Nc} ⟨F^†_S ⟩Λ^{∗2}_e ⟨S^†⟩^2⟨S⟩Λ_e + · · · .

One could then use the Konishi anomaly (3.11) to obtain the vev of the glueball superfield, but since the vacuum is expected to be non-supersymmetric, this approach is inconclusive. A complete knowledge of the hidden sector seems thus necessary to determine the characteristics of the superpartner spectrum around this vacuum.

3.3.2. Around the ISS-like vacuum

Around the origin of field space it is more convenient to use the dual theory as given by (3.8), but with canonically-normalized matter fields Φ, φ and φ̃. The superpotential becomes

W_m = h Tr φΦφ̃ − hΨ Tr Φ,

where Ψ is a background field with ⟨Ψ⟩ = μ^2 + θ^2μ^3_F . The parameter μ_F is the source of Rsymmetry breaking in our example. With the parametrization Φ = ( Y_{~Nc× ~Nc} Z^T_{~Nc×Nc} ~Z_{Nc× ~Nc} X_{Nc×Nc} ) , φ^T = ( χ_{~Nc× ~Nc} ρ_{Nc× ~Nc} ) , φ̃ = ( χ̃_{~Nc× ~Nc} ρ̃_{Nc× ~Nc} ) , (3.13)

the scalar potential becomes

V = N_f |hμ^2|^2 + hμ^3_F Tr(Y + X) + h^∗μ^{∗3}_F Tr(Y^† + X^†) + |h|^2 Tr[−μ^2(χ̃^†χ^∗ + ρ̃^†ρ^∗) − μ^{∗2}(χ^T χ̃ + ρ^T ρ̃) + χ̃^†(Y^†Y + ~Z^† ~Z)χ̃ + ρ̃^†(Z^∗Z^T + X^†X)ρ̃ + ρ̃^†(Z^∗Y + X^† ~Z)χ̃ + χ̃^†(Y^†Z^T + ~Z^†X)ρ̃ + χ^†(Y^∗Y^T + Z^†Z)χ + ρ^†( ~Z^∗ ~Z^T + X^∗X^T )ρ + ρ^†( ~Z^∗Y^T + X^∗Z)χ + χ^†(Y^∗ ~Z^T + Z^†X^T )ρ + (χ^T χ^∗ + ρ^T ρ^∗)(χ̃^†χ̃ + ρ̃^†ρ̃)].

As in the ISS case, the rank condition implies that SUSY is broken with F^†_X = hμ^2, and a minimum should develop around the origin of field space, which can be conveniently described with the following ansatz: ⟨Φ⟩ = ( Y_0 0 0 X_0 ) , ⟨φ^T ⟩ = ( q_0 0 ) , ⟨φ̃⟩ = ( q̃_0 0 ) . Assuming q̃_0 = q_0 = q the scalar potential is minimized in (almost) all directions when

Y_0 = − μ^{∗3}_F h(|q_0|^2 + |q̃_0|^2) = − μ^{∗3}_F 2h|q|^2 ,

q = 1 3 μ(1 + H^{1/3} + H^{−1/3})^{1/2}, where H = 1 − 27 2 |ϵ| ( |ϵ| − √ |ϵ|^2 − 4 27 ) . (3.14)

Here ϵ = μ^3_F /2h^∗μ^{∗2}μ and it is assumed small. The constraint on q comes from minimization in the χ̃-direction leading to the condition

|q|^6 − μ^{∗2}q^2|q|^2 + | |μ^{3F} 2h | |^2 = 0,

which requires that q/μ ∈ R. Keeping the solution^{11} for which q −−−−→_{μF →0} μ leads to the vev mentioned above. For a well-defined q one needs |ϵ| ≤^2 √ 3 9 which is easily satisfied for small |ϵ|.

For small μ_F (or ϵ), (3.14) can be approximated by

Y_0 = − μ^{∗3}_F 2h|μ|^2 + · · · , q = μ ( 1 − 1 2 |ϵ|^2 + · · · ) . The scalar potential is stabilized in all but the X-direction. As opposed to the ISS case where X is a flat direction of V , here X is a runaway direction at tree level and V slopes down in the X-direction. Since the runaway behavior is dictated by the small deformation μ_F , it is expected that the one-loop Coleman–Weinberg potential stabilizes the runaway direction close to the origin of field space, thus leading to spontaneous breaking of the accidental R-symmetry of the ISS model and allowing for non-vanishing gaugino masses.

To calculate the Coleman–Weinberg potential [28] for a general supersymmetric theory with n chiral superfields Φ^i, canonical Kähler potential, and superpotential W (Φ), we need the mass matrices for scalar and spin-^1_2 fields, given respectively by the 2n × 2n matrices

M^2_0 = ( W^{†ik}W_{kj} W^{†ijk}W_k W_{ijk}W^{†k} W_{ik}W^{†kj} ) and M^2_{1/2} = ( W^{†ik}W_{kj} 0 0 W_{ik}W^{†kj} ) , with W_i ≡ ∂W/∂Φ^i and similarly for the rest, where the derivatives are to be evaluated at the vevs computed for the zero components of the chiral superfields.

11The other solutions lead to tachyons.

In the case of supersymmetric theories, where quadratic divergences cancel among bosons and fermions, STr M^2 ≡ Tr M^2_0 − Tr M^2_{1/2} = 0, (3.15)

the Coleman–Weinberg potential takes the form

V_{CW} = 1 64π^2

STr M^4 ln

M^2 Λ^2 ≡ 1 64π^2 [ Tr M^4_0 ( ln M^2_0 4Λ^2 + 1 2 ) − Tr M^4_{1/2} ( ln M^2_{1/2} 4Λ^2 + 1 2 )] , where Λ is the cutoff scale and plays no role in the following. We are therefore interested in V_{CW} as a function of the runaway direction X, V_{CW}(X). Due to the supertrace relation (3.15), we only have to consider the mass matrices for the (ρ, Z) sector, since this is the only sector in which the spectrum is non-supersymmetric at tree level.

The mass eigenstates for the messenger sectors are fairly complicated. To simplify the analysis we choose to compute them at order ϵ, leading to

m̃^2_1 = |hμ|^2 ϵx + ϵ^∗x^∗ 1 + |x|^2 , m̃^2 = |hμ|^2 ( 1 + |x|^2 − ϵx + ϵ^∗x^∗ 1 + |x|^2 ) , m̃^2_3 = |hμ|^2 ( 3 2 + 1 2 |x|^2 − 1 2 (1 + 6|x|^2 + |x|^4)^{1/2}

+ 1 + |x|^2 − (1 + 6|x|^2 + |x|^4)^{1/2} 1 + 6|x|^2 + |x|^4 − (1 + |x|^2)(1 + 6|x|^2 + |x|^4)^{1/2}

(ϵx + ϵ^∗x^∗) ) ,

m̃^2_4 = |hμ|^2 ( 3 2 + 1 2 |x|^2 + 1 2 (1 + 6|x|^2 + |x|^4)^{1/2}

+ 1 + |x|^2 + (1 + 6|x|^2 + |x|^4)^{1/2} 1 + 6|x|^2 + |x|^4 + (1 + |x|^2)(1 + 6|x|^2 + |x|^4)^{1/2}

(ϵx + ϵ^∗x^∗) ) ,

(3.16)

for the bosonic mass eigenstates and

m^2_1 = |hμ|^2 ( 1 +^1_2 |x|^2 −^1_2 |x|(4 + |x|^2)^{1/2} ) , m^2 = |hμ|^2 ( 1 +^1_2 |x|^2 +^1_2 |x|(4 + |x|^2)^{1/2} ) , (3.17)

for the fermionic mass eigenstates. Note that to simplify the notation we introduced x = X/μ. Moreover, it is important to notice that m̃_1 vanishes exactly once higher-order corrections are introduced since it corresponds to a Goldstone boson.

Including the Coleman–Weinberg potential with corrections up to O(ϵ) terms, the runaway in the X-direction is found to be stabilized at

X_0 = −

16π^2 + ~N_c|h|^2 ln 2 ~N_c|h|2(ln 4 − 1) ϵ^∗μ,

Φ V Fig. 4: A sketch of the potential of sSQCD. The shading indicates that our analysis of the spectrum in the corresponding region, i.e. around and past the would-be SUSY vacuum, is not conclusive.

and a minimum appears close to the origin in field space. As we have explained, SUSY is also broken in the faraway vacuum. A sketch of the potential can be seen in Fig. 4.

To make use of (3.6) we relate the canonically-normalized IR fields to the UV elementary fields with the help of the following dictionary: φ = q √ β , φ̃ = q̃ √ β , Φ = M √ αΛ_e , h = √ αβΛ_e Λ_d

, μ^2 = − ξ⟨S⟩Λ_d β , μ^3_F = − ξ⟨F_S ⟩Λ_d β . As already mentioned, one can choose to fix Λ_d = Λ_m = (−1)^{(Nc−Nf )/(3Nc−Nf )}Λ_e and describe the results in terms of α and β, which leads to (N = N_c) ⟨M⟩ = N_cσ(x_M) 2β | | Λ^e ξ⟨S⟩ | | ξ^∗⟨F^†_S ⟩, ⟨F_M⟩ = −N_cαξ^∗_L⟨S^†⟩|Λ_e|^2, when embedding the MSSM gauge group into the X-sector of (3.13). Here ξ_L has been introduced, as in the ISS case, to keep track of the SUSY-breaking effects, and σ(x_M) encodes the position of the minimum as a function of the SUSY-breaking effects,

σ(x_M) =

16π^2 + ~N_cαβ^2a ~N_cαβ2b x^∗_M, a = 1 2x_M [ (1 + |x_M|) ln(1 + |x_M|) + {|x_M| → −|x_M|} ] −−−−→ x_M→1 ln 2, b = 1 2|x_M| [ (1 + |x_M|)^2 ln(1 + |x_M|) − |x_M| − {|x_M| → −|x_M|} ] −−−−→ x_M→1 ln 4 − 1.

Using the anomalous dimensions (3.7), the superpartner spectrum at order O(μ^3_F ) ∼ O(⟨F_S ⟩) is thus

M_{gaugino} ≈ α_{SM} 4π ⟨F_S ⟩ ⟨S⟩ × ~N_c × { g_{approx}(x_M) = σ^∗(x_M)x^∗_M

2π^2 ~N_cβ | | Λ^e ξ⟨S⟩ | | γ_{K,K} − 2π^2 N_c ~N_c|ξ|^2 γ_{K,S}†_S =

= σ^∗(x_M)x^∗_M δ_{K,K} 8β − δ_{K,S}†_S 8 } , m^2_{sfermion} ≈ 2

( α_{SM} 4π )_2 |x_M|^2αβ|ξ⟨S⟩Λ_e| × C_2(R) × ~N_c × { f_{approx}(x_M) =

4π^2 ~N_cβ | | Λ^e ξ⟨S⟩ | | γ_{K,K} = δ^{K,K} 4β } , (3.18)

and can be compared to the weakly-coupled computation which gives

g(x_M) = [ 1 + |x_M| |x_M|^2 ln(1 + |x_M|) + {|x_M| → −|x_M|} ]

+ σ^∗(x_M) 2x_M|x_M| [ 3|x_M| − (3 + 4|x_M| + |x_M|^2) ln(1 + |x_M|) − {|x_M| → −|x_M|} ]

= 1 + |x_M|^2 6 + · · · + σ^∗(x_M) ( x^∗_M|x_M|^2 15 + · · · ) , f(x_M) = 1 + |x_M| |x_M|^2 [ ln(1 + |x_M|) − 2 Li_2 ( |x_M| 1 + |x_M| ) + 1 2 Li_2 ( 2|x_M| 1 + |x_M| )] + {|x_M| → −|x_M|} = 1 + |x_M|^2 36 + · · · . (3.19)

At order O(⟨F_S ⟩) the sSQCD sfermion masses are the same as the mSQCD sfermion masses. Note that the functional dependence of the anomalous dimension γ_{K,K} , necessary for the approximate gaugino masses to match the weakly-coupled computation, is the same as the one expected from the sfermion masses. This strongly suggests that the functional dependence of γ_{K,K} is indeed proportional to |ξ⟨S⟩/Λ_e|.

As for the mSQCD case, x_M = 1 but by truncating the OPE the results (3.18) should only capture the lowest-order contribution in the x_M-expansion of g(x_M) and f(x_M) up to O(1) factors, as can be seen directly. Note however that the power in |x_M| of the spontaneous Rsymmetry breaking contribution to the gaugino mass, denoted by σ(x_M), does not exactly match the weakly-coupled computation: it is off by a factor of |x_M|^2. This suggests that all OPE contributions of the same type must be included to appreciate the suppression seen at small dynamical SUSY breaking, i.e. for small |x_M|. Yet, this point is of no relevance since the metastable SUSY-breaking minimum disappears for small |x_M|, indeed ⟨M⟩ −−−−→_{xM→0} ∞. This is clear since for fixed ϵ, the Coleman–Weinberg potential cannot compete against the runaway when |x_M| is too small. The value of x_M at which the minimum disappears can be estimated from the constraint that the messenger masses must be all non-tachyonic. Using the messenger masses at order ϵ, this constraint is obtained from the fermionic messenger mass eigenstates (3.17). In Fig. 5 we plot our results for 0.5 ≤ |x_M| ≤ 1.

0.50.60.70.80.91 01 23 45 f_{approx}/f g_{approx}/g |x_M|

Fig. 5: g_{approx}/g and f_{approx}/f as functions of |x_M| for sSQCD with β = δ_{K,K} = δ_{K,S}†_S = 1 and ~N_c = 2.

Note that the gaugino approximation overestimates the mass if all dimensionless numbers are positive.^{12} Overall, the method described here gives sensible results even for strongly-coupled theories of SUSY-breaking. Again, a complete knowledge of the OPE could allow a determination of the anomalous dimensions of relevant operators of sSQCD using these methods.

Finally, even though it is not the main purpose of this paper, it is of interest to discuss some of the phenomenology of this new deformation. From the IR point of view, sSQCD is reminiscent of the multitrace deformation discussed in [12]. The main difference can be found in the fermionic sector, where the goldstino also has a component in the ψ_S direction. As such, multitrace deformations are not needed here to give reasonable masses to the fermionic components of X. The phenomenology of sSQCD is thus very similar to the phenomenology of [12].

At this point one may observe that there appears to be a contradiction between our result (3.18) for M_{gaugino}, using also the explicitly computed g(x_M) of (3.19), and the general result of small first-order gaugino mass of Komargodski and Shih [29]. However, this is not so: our example is in a sense modular. The gaugino mass appears proportional to ⟨F_S ⟩/⟨S⟩, for it arises from the extra SUSY-breaking sector we have included. This can then be thought of as a separate hidden sector, with ISS as the messenger sector. The treatment of Komargodski and Shih does not constrain such models.

12From the sfermion mass (3.18) it is clear that δK,K /β is positive and thus δK,K must be positive.

4. Discussion and conclusion

In this paper we have used the results of [6] to further illustrate how the OPE can be used to understand superpartner spectra in the MSSM in the context of gauge mediation. Although delivering only approximate answers, our methods do capture the essential physics of soft-mass generation in the MSSM. This becomes possible through the UV-IR splitting achieved by the OPE. The methods developed here lead to approximations valid up to order one numbers both at weak and strong coupling, as can be checked explicitly for strongly-coupled theories with weaklycoupled duals. For strongly-coupled theories of SUSY breaking without weakly-coupled duals, the logic can be inverted and the approximations discussed here might allow us to argue for the functional dependence of relevant anomalous dimensions, which are in practice technically very difficult to calculate.

Using similar techniques one should also be able to perform approximate computations of total cross-sections from the visible sector to the hidden sector, which could be very useful in the event that SUSY is discovered at the LHC.

Our methods were applied here to a new deformation of SQCD, where an additional spontaneous breaking of SUSY is considered. This arises from the F-term vev of a spurion S, whose zero component supplies the quark masses in SQCD. This deformation moves the ISS vacuum away from the origin and thus induces a breaking of the accidental R-symmetry. Consequently, Majorana gaugino masses are allowed in this ISS-like vacuum. Note that there are no SUSY vacua with our deformation of SQCD. An obvious extension of our work would be to study the μ/B_μ problem in strongly-coupled models, although this is bound to be more model-dependent.

In (3.6) and (3.18), the main results of this paper, the soft masses are parametrized by entries of the anomalous-dimension matrix γ between the current K and the spurionic operator S^†S. The calculation of γ can be easily done in the UV, where the electric theory is under control, with the one-loop result (3.3). One could then imagine using magnetic variables to express γ in a form useful in the IR, but the presence of the electric coupling g in (3.3) complicates matters. A direct calculation of γ in the IR of SQCD, around the SUSY-breaking minimum, using the magnetic description from the outset, is thus more desirable. However the meaning of the current K in terms of the magnetic dual fields is not clear a priori. It would be interesting to carry out in mSQCD the computations done for MGM, and then determine some of the relevant anomalous dimensions of mSQCD operators.

Finally, the approximation (3.6) for the gaugino masses in theories with only dynamical SUSY breaking does not depend on any F-terms. Corrections from the small explicit R-symmetry breaking, necessary to generate non-vanishing Majorana gaugino masses, modify the approximation (3.6), however the main contribution resides in the vev of the MSSM-restricted mesonic superfield, which carries the appropriate R-charge. For hidden-sector gauge groups that are completely Higgsed, this implies that the vev of the MSSM-restricted mesonic superfield must either vanish or blow up as the dynamical SUSY-breaking effect is taken to zero. This observation suggests that to obtain acceptable phenomenology, with |M_{gaugino}/m_{sfermion}| of order one, the spontaneous R-symmetry breaking must be non-negligible.

Acknowledgments We thank Antonio Amariti, Matthew Buican and Martin Lüscher for useful discussions. We are especially grateful to Ken Intriligator for numerous helpful discussions and suggestions, and for comments on the manuscript. JFF is supported by the ERC grant BSMOXFORD No. 228169. AS is supported in part by the U.S. Department of Energy under contract No. DOE-FG03- 97ER40546.

Appendix A. Superpartner spectra in weakly-coupled theories

Superpartner spectra can be computed directly from the messenger sector in weakly-coupled theories of SUSY breaking. Although the result is well-known for simple messenger sectors, as for example in MGM [19], for general messenger sectors this is not the case (for a derivation using GGM, see [30]).

Consider a messenger sector consisting of n chiral superfields Φ_i and ~Φ_i transforming in a vector-like representation R + R̄ of the MSSM with arbitrary mass matrices ( M^2_0 ) 2n×2n and ( M_{1/2} ) n×n = W_{ij} such that

L ⊃ − ( ϕ^∗_i ϕ̃_i ) ( M^2_0 ) ij ( ϕ_j ϕ̃∗_j ) − ( ψ̃_i ) ( M_{1/2} ) ij ( ψ_j ) − h.c.,

where (ϕ_i, ψ_i) are the bosonic and fermionic components of Φ_i and similarly for ~Φ_i. Introducing unitary matrices U_b, U_f and Ũ_f which diagonalize the mass matrices,

m̃^2_i δ_{ij} = (U_b M^2_0 U^†_b )_{ij} , m_iδ_{ij} = (Ũ^∗_f M_{1/2} U^†_f )_{ij} ,

with m̃_i and m_i the (real positive) bosonic and fermionic mass eigenvalues respectively, the gaugino and sfermion masses are given by

M_{gaugino} = − α_{SM} π C(R) G , m^2_{sfermion} =

( α_{SM} 4π )_2 C_2(R_{sfermion}) C(R) F^2, (A.1)

where C(R) =^1_2 for the fundamental representation and

G = 2n∑ i=1 n∑ j,k,l=1 (U_b)_{ik}(U^∗_b )_{i,n+l}(U^†_f )_{kj}(Ũ^†_f )_{lj} m_j [ ln ( Λ^2 m^2_j ) − m̃^2_i m̃^2_i − m^2_j ln ( m̃^2_i m^2_j )] ,

F^2 = 2n∑ i=1 m̃^2_i ln(m̃^2_i )[4 + ln(m̃^2_i )] + 4 n∑ i=1 m^2_i ln(m^2_i )[−2 + ln(m^2_i )]

+ 2n∑ i,j,k,l=1 (−1)^{⌊(k−1)/n⌋+⌊(l−1)/n⌋} (U_b)_{ik}(U^†_b )_{kj} (U_b)_{jl}(U^†_b )_{li}

× m̃^2_i [ − ln(m̃^2_j ) ln(m̃^2_j ) + 2 ln(m̃^2_i ) ln(m̃^2_j ) − 2 Li_2 ( 1 − m̃^2_i m̃^2_j )]

+ 2 2n∑ i=1 n∑ j,k,l=1 [ (U^†_b )_{ki}(U_f )_{jk}(U_b)_{il}(U^†_f )_{lj} + (U^†_b )_{n+k,i}(Ũ^∗_f )_{jk}(U_b)_{i,n+l}(Ũ^T_f )_{lj} ]

× { m̃^2_i [ ln(m^2_j ) ln(m^2_j ) − 2 ln(m̃^2_i ) ln(m^2_j ) + 2 Li_2 ( 1 − m̃^2_i m^2_j ) − 2 Li_2 ( 1 − m^2_j m̃^2_i )]

+m^2_j [ ln(m̃^2_i ) ln(m̃^2_i ) − 2 ln(m̃^2_i ) ln(m^2_j ) + 2 Li_2 ( 1 − m̃^2_i m^2_j ) + 2 Li_2 ( 1 − m^2_j m̃^2_i )]} . The diagrams leading to (A.1) can be found in [19]. Note that due to the magic of SUSY, the cutoff Λ does not appear in the gaugino masses. Here Li_2(x) = −

∫_1 0 dt^{ln(1−xt)}_t is the dilogarithm or Spence function.

Note that, although the messenger spectrum of MGM, mSQCD and sSQCD are quite different, the superpartner spectra are given in terms of the same functions g(x) and f(x) (when the spontaneous R-symmetry breaking contribution is discarded in the sSQCD case).

As a final point, note that it is straightforward to include extra messengers transforming under different representations of the MSSM gauge group.

References [1] G. Giudice & R. Rattazzi, “Theories with gauge mediated supersymmetry breaking”, Phys.Rept. 322, 419 (1999), hep-ph/9801271.

[2] P. Meade, N. Seiberg & D. Shih, “General Gauge Mediation”, Prog.Theor.Phys.Suppl. 177, 143 (2009), arXiv:0801.3278.

[3] M. Buican, P. Meade, N. Seiberg & D. Shih, “Exploring General Gauge Mediation”, JHEP 0903, 016 (2009), arXiv:0812.3668.

[4] T.T. Dumitrescu, Z. Komargodski, N. Seiberg & D. Shih, “General Messenger Gauge Mediation”, JHEP 1005, 096 (2010), arXiv:1003.2661.

[5] J.F. Fortin, K. Intriligator & A. Stergiou, “Current OPEs in Superconformal Theories”, JHEP 1109, 071 (2011), arXiv:1107.1721.

[6] J.F. Fortin, K. Intriligator & A. Stergiou, “Superconformally Covariant OPE and General Gauge Mediation”, JHEP 1112, 064 (2011), arXiv:1109.4940.

[7] J.M. Maldacena, “The Large N limit of superconformal field theories and supergravity”, Adv.Theor.Math.Phys. 2, 231 (1998), hep-th/9711200.

[8] F. Benini, A. Dymarsky, S. Franco, S. Kachru, D. Simic et al., “Holographic Gauge Mediation”, JHEP 0912, 031 (2009), arXiv:0903.0619. P. McGuirk, G. Shiu & Y. Sumitomo, “Holographic gauge mediation via strongly coupled messengers”, Phys.Rev. D81, 026005 (2010), arXiv:0911.0019. M. McGarrie & R. Russo, “General Gauge Mediation in 5D”, Phys.Rev. D82, 035001 (2010), arXiv:1004.3305. M. McGarrie & D.C. Thompson, “Warped General Gauge Mediation”, Phys.Rev. D82, 125034 (2010), arXiv:1009.4696. P. McGuirk, “Hidden-sector current-current correlators in holographic gauge mediation”, Phys.Rev. D85, 045025 (2012), arXiv:1110.5075. K. Skenderis & M. Taylor, “Holographic realization of gauge mediated supersymmetry breaking”, JHEP 1209, 028 (2012), arXiv:1205.4677. R. Argurio, M. Bertolini, L. Di Pietro, F. Porri & D. Redigolo, “Holographic Correlators for General Gauge Mediation”, JHEP 1208, 086 (2012), arXiv:1205.4709. M. McGarrie, “General Resonance Mediation”, arXiv:1207.4484. R. Argurio, M. Bertolini, L. Di Pietro, F. Porri & D. Redigolo, “Exploring Holographic General Gauge Mediation”, JHEP 1210, 179 (2012), arXiv:1208.3615. M. McGarrie, “Holography for General Gauge Mediation”, arXiv:1210.4935.

[9] K.A. Intriligator, N. Seiberg & D. Shih, “Dynamical SUSY breaking in meta-stable vacua”, JHEP 0604, 021 (2006), hep-th/0602239.

[10] N. Seiberg, “Electric-magnetic duality in supersymmetric non-Abelian gauge theories”, Nucl.Phys. B435, 129 (1995), hep-th/9411149.

[11] A. Amariti, L. Girardello & A. Mariotti, “Non-supersymmetric meta-stable vacua in SU(N) SQCD with adjoint matter”, JHEP 0612, 058 (2006), hep-th/0608063. R. Kitano, H. Ooguri & Y. Ookouchi, “Direct Mediation of Meta-Stable Supersymmetry Breaking”, Phys.Rev. D75, 045022 (2007), hep-ph/0612139. N. Haba & N. Maru, “A Simple Model of Direct Gauge Mediation of Metastable Supersymmetry Breaking”, Phys.Rev. D76, 115019 (2007), arXiv:0709.2945. A. Giveon & D. Kutasov, “Stable and metastable vacua in brane constructions of SQCD”, JHEP 0802, 038 (2008), arXiv:0710.1833. F.q. Xu & J.M. Yang, “An Extension for Direct Gauge Mediation of Metastable Supersymmetry Breaking”, Europhys.Lett. 85, 61001 (2009), arXiv:0712.4111. B.K. Zur, L. Mazzucato & Y. Oz, “Direct Mediation and a Visible Metastable Supersymmetry Breaking Sector”, JHEP 0810, 099 (2008), arXiv:0807.4543. A. Giveon, A. Katz, Z. Komargodski & D. Shih, “Dynamical SUSY and R-symmetry breaking in SQCD with massive and massless flavors”, JHEP 0810, 092 (2008), arXiv:0808.2901. S. Franco & S. Kachru, “Single-Sector Supersymmetry Breaking in Supersymmetric QCD”, Phys.Rev. D81, 095020 (2010), arXiv:0907.2689. J. Barnard, “Tree Level Metastability and Gauge Mediation in Baryon Deformed SQCD”, JHEP 1002, 035 (2010), arXiv:0910.4047. M. Bertolini, L. Di Pietro & F. Porri, “Dynamical completions of generalized O’Raifeartaigh models”, JHEP 1201, 158 (2012), arXiv:1111.2307. A. Amariti & D. Stone, “Spontaneous R-symmetry breaking from the renormalization group flow”,

arXiv:1210.3028.

[12] R. Essig, J.F. Fortin, K. Sinha, G. Torroba & M.J. Strassler, “Metastable supersymmetry breaking and multitrace deformations of SQCD”, JHEP 0903, 043 (2009), arXiv:0812.3213.

[13] J. Wess & J. Bagger, “Supersymmetry and supergravity”, 2nd edition, Princeton University Press (1992).

[14] K.A. Intriligator & N. Seiberg, “Lectures on supersymmetric gauge theories and electric - magnetic duality”, Nucl.Phys.Proc.Suppl. 45BC, 1 (1996), hep-th/9509066.

[15] S. Dimopoulos & H. Georgi, “Softly Broken Supersymmetry and SU(5)”, Nucl.Phys. B193, 150 (1981).

[16] G. Dvali, G. Giudice & A. Pomarol, “The μ problem in theories with gauge mediated supersymmetry breaking”, Nucl.Phys. B478, 31 (1996), hep-ph/9603238.

[17] J. Jaeckel, V.V. Khoze & C. Wymant, “Mass Sum Rules and the Role of the Messenger Scale in General Gauge Mediation”, JHEP 1104, 126 (2011), arXiv:1102.1589. J. Jaeckel, V.V. Khoze & C. Wymant, “RG Invariants, Unification and the Role of the Messenger Scale in General Gauge Mediation”, JHEP 1105, 132 (2011), arXiv:1103.1843.

[18] H. Osborn, “N = 1 superconformal symmetry in four-dimensional quantum field theory”, Annals Phys. 272, 243 (1999), hep-th/9808041.

[19] S.P. Martin, “Generalized messengers of supersymmetry breaking and the sparticle mass spectrum”, Phys.Rev. D55, 3177 (1997), hep-ph/9608224.

[20] V. Novikov, M.A. Shifman, A. Vainshtein & V.I. Zakharov, “Operator expansion in quantum chromodynamics beyond perturbation theory”, Nucl.Phys. B174, 378 (1980).

[21] D. Amati, G. Rossi & G. Veneziano, “Instanton Effects in Supersymmetric Gauge Theories”, Nucl.Phys. B249, 1 (1985).

[22] K. Konishi, “Anomalous Supersymmetry Transformation of Some Composite Operators in SQCD”, Phys.Lett. B135, 439 (1984).

[23] M. Sudano, “General Gaugino Mediation”, arXiv:1009.2086.

[24] S. Abel, M. Buican & Z. Komargodski, “Mapping Anomalous Currents in Supersymmetric Dualities”, Phys.Rev. D84, 045005 (2011), arXiv:1105.2885.

[25] M.A. Luty & R. Rattazzi, “Soft supersymmetry breaking in deformed moduli spaces, conformal theories, and N=2 Yang-Mills theory”, JHEP 9911, 001 (1999), hep-th/9908085.

[26] M.A. Shifman, A. Vainshtein & V.I. Zakharov, “QCD and Resonance Physics. Sum Rules”, Nucl.Phys. B147, 385 (1979).

[27] P. Colangelo & A. Khodjamirian, “QCD sum rules, a modern perspective”, hep-ph/0010175, Published in the Boris Ioffe Festschrift “At the Frontier of Particle Physics/Handbook of QCD”, ed. by M. Shifman (World Scientific, Singapore, 2001).

[28] S.R. Coleman & E.J. Weinberg, “Radiative Corrections as the Origin of Spontaneous Symmetry Breaking”, Phys.Rev. D7, 1888 (1973).

[29] Z. Komargodski & D. Shih, “Notes on SUSY and R-Symmetry Breaking in Wess-Zumino Models”, JHEP 0904, 093 (2009), arXiv:0902.0030.

[30] D. Marques, “Generalized messenger sector for gauge mediation of supersymmetry breaking and the soft spectrum”, JHEP 0903, 038 (2009), arXiv:0901.1326.