arXiv:hep-ph/0210288 v2 31 Oct 2002

Extended Anomaly Mediation and New Physics at 10 TeV

Ann E. Nelson and Neal J. Weiner Department of Physics, Box 1560, University of Washington, Seattle, WA 98195-1560, USA (Dated: November 1, 2002)

In the MSSM, an unfortunate prediction of minimal anomaly mediated supersymmetry breaking is that the slepton masses squared are negative. This problem is particularly intractable because of the insensitivity of anomaly mediation to ultraviolet physics. In this paper we note that tree level couplings to the conformal compensator in the Kähler potential give 10 TeV as a natural mass scale for physics beyond the MSSM, and, moreover, that the SUSY breaking effects from physics at this scale do not generically decouple from the low-energy spectrum. We consider particular extensions, including the effects of vector-like matter at 10 TeV, and a specific model in which the leptons are placed in a triplet of an asymptotically free SU(3). We find that the features of minimal anomaly mediation are not a robust prediction of the general framework, and that the problem of negative slepton masses squared can easily be avoided.

I. INTRODUCTION: THE SUPERSYMMETRIC FLAVOR PROBLEM, AND ANOMALY MEDIATION

Extending the standard model of particle physics into a supersymmetric theory is attractive for many reasons, most notably stabilization of the electroweak scale against radiative corrections, and coupling constant unification. A significant drawback to supersymmetric theories is our lack of understanding of supersymmetry breaking. A phenomenological parametrization of the soft supersymmetry breaking effects in the minimal supersymmetric extension leads to 104 new free parameters. Most of this parameter space is ruled out by low energy constraints on flavor changing neutral currents, lepton number violation, and CP violation. The supersymmetric flavor problem is how to explain the absence of indirect evidence for supersymmetry via flavor changing neutral currents and lepton flavor violation. The supersymmetric CP problem is why virtual superpartner exchange has not led to CP violation in conflict with experiment.

In the simplest solutions to the supersymmetric flavor and CP problems the superpartner masses are insensitive to Planck scale physics, and can be predicted. Such UV insensitivity can arise if the supersymmetry breaking scale is low, as in low energy gauge mediation, where the fundamental supersymmetry breaking scale is between 10 TeV and 10^9 GeV and the gravitino mass m_{3/2} is between 10^{−3} eV and 1 GeV [1, 2, 3]. Typically Planck scale physics gives contributions to soft supersymmetry breaking masses of order m_{3/2}, and so with a low gravitino mass the effects from the Planck scale are negligible. This line of reasoning implies that the gravitino should be the lightest superpartner (LSP), and the LSP would not be a candidate for cold dark matter.

Recently there have been several interesting proposals for UV insensitivity of superpartner masses with m_{3/2} as high as 10 TeV [4, 5], or even higher [6]. Randall and Sundrum [4] proposed that the hidden supersymmetry breaking sector and the visible supersymmetric extension of the standard model should live in separate (3+1) dimensional subspaces (known as 3-branes) embedded in extra dimensions. They also proposed that if the bulk contains only supergravity, and the 3-branes are far apart in units of the Planck length, then the visible sector learns about supersymmetry breaking only via the breaking of conformal invariance[4, 7]. In this “anomaly mediated supersymmetry breaking” (AMSB) scenario, the susy breaking parameters at any given scale can be found from an exact solution to the renormalization group equations, known as the anomaly mediated trajectory. Heavy particle threshold corrections will maintain the soft masses and couplings on this trajectory, provided the masses of the heavy particles come from supersymmetric terms. Since the superpartner masses are a loop factor below m_{3/2}, and since the weak scale can be determined from the effective supersymmetry breaking scale in the MSSM, a gravitino mass of order 10 TeV will give the weak scale to be of order 100 GeV. Thus to leading order in supersymmetry breaking, all the soft supersymmetry breaking parameters at any scale can be computed in terms of the gravitino mass, tree level violation of conformal invariance, and the beta functions and anomalous dimensions, and is insensitive to UV physics.

This predictive scenario would be extremely attractive were it not for the fact that in the Minimal Supersymmetric Standard Model (MSSM), the slepton masses squared are predicted to be negative. Another potential problem with AMSB is that it is not known how to realize this scenario from string theory, and generic extra dimensional models do not realize its predictions—simply separating the 3-branes is insufficient [8]. However, recently, Luty and Sundrum have shown that AMSB may be obtained from four dimensional theories with a supersymmetry breaking sector which is embedded in a superconformal sector with certain properties [9, 10], so a special extra dimensional set up is unnecessary for AMSB.

One appealing solution to the negative slepton mass squared problem is “deflected anomaly mediation” (DAM) [11], in which some particles with nontrivial standard model charges obtain large masses from additional light (< m_{3/2}) singlets with large vevs. Integrating out heavy fields leads to a “deflection” from the trajectory at a high energy scale. DAM typically retains some UV sensitivity as it requires running the soft parameters from the threshold to the weak scale. Flavor violation below the threshold would generically reintroduce the flavor problem. There are a number of other viable solutions to the flavor problem with a gravitino which is heavier than 100 GeV. Most [12, 13, 14, 15, 16, 17, 18, 19] are sensitive to physics up to some high scale, but not to the Planck scale.

Solutions to the negative slepton mass squared problem which retain UV insensitivity may be found in refs. [20, 21, 22, 23]. These models depart from the anomaly mediated framework by additional supersymmetry breaking effects which lie on a different, but UV insensitive, trajectory. Other UV insensitive solutions include [24, 25].

In this paper we will explore anomaly mediation in theories which go beyond the MSSM at the 10 TeV mass scale, where nondecoupling effects are important. We will argue that 10 TeV is a natural scale for physics beyond the MSSM. Since anomaly mediation is still the dominant contribution to supersymmetry breaking parameters, we dub this framework Extended Anomaly Mediation (EAM). In the EAM framework, for any given extension of the MSSM, all supersymmetry breaking parameters can be computed in terms of the gravitino mass and supersymmetric parameters.

II. EXTENDED ANOMALY MEDIATION

We start with the following assumptions about the effective theory of physics below the Planck scale:

• Anomaly mediation is the dominant source of supersymmetry breaking in the visible sector.

• Above 10 TeV all soft supersymmetry breaking terms are on the anomaly mediated trajectory.

• The visible sector is some general extension of the MSSM. Typically this will include some new fields charged under the SM gauge group whose masses are not prevented by a gauge symmetry, but which are nevertheless light.

• No additional mass scales in the vicinity of the weak scale other than m_{3/2} should be input by hand, as it would seem to be overly coincidental for a theory to produce several mass scales of disparate origin so close together.

• For at least some of the new fields, tree level Kähler potential terms are allowed which will generate masses of O(m_{3/2}) from the coupling to ϕ, the conformal compensator [4, 17, 26].

We shall see that the resulting low energy superpartner spectrum is not that of minimal anomaly mediation, and we can easily generate spectra with positive slepton mass squared. We begin by reviewing the manner in which fields can become massive with couplings to the conformal compensator [4]. For instance, consider a chiral superfield S with a bilinear coupling in the Kähler potential. ∫ d^4x d^4θ λϕ^†ϕS^2. (1)

Upon rescaling by S → ϕS we have ∫ d^4x d^4θ λ ϕ^† ϕ S^2 (2)

Since S^2 is a chiral superfield, only terms involving the F -component of the conformal compensator appear in the Lagrangian. In this example, assuming ϕ = 1 + m_{3/2}θ^2[27], we are left with ∫ d^4x (∫ d^2θ λ 2 m_{3/2}S^2 + h.c. ) + λ 2 m^2_{3/2}s^2. (3)

Since we roughly identify the weak scale with m_{3/2}/16π^2, S naturally has a mass of order 10 TeV.

The low energy phenomena of the theory depend critically on the value of λ. The scalar mass matrix for S is m^2_{3/2} 2 ( λ^2 λ λ λ^2 ) . (4)

For |λ| > 1 the mass matrix has positive determinant, and the situation is straightforward. However, with |λ| < 1, this matrix has a negative eigenvalue, and s, the A-component of S, will acquire a vev. The size of the vev will be determined by the presence of additional operators. If the superpotential contains a term S^3, the vev will naturally stabilize at the scale m_{3/2}. One might think that if the vev is stabilized by higher dimension operators that it would become quite large, as in DAM. However, within this framework, the presence of fields with masses O(m_{3/2}) is quite natural, and hence upon integrating them out, one would be left with higher dimension operators suppressed by this mass scale. As a consequence, it is easy to find natural ways to stabilize the the vev of s at O(m_{3/2}) .

This is our main point: with a gravitino mass m_{3/2} ∼ O(10 TeV), a natural scale for physics beyond the MSSM is O(10 TeV). This physics could consist of new heavy particles, or a new symmetry breaking scale. Furthermore, in AMSB, threshold effects at 10 TeV or below do not decouple, and the low energy superpartner mass spectrum is significantly changed. We will now examine two attractive scenarios for physics at this scale. We find that AMSB need look very little like the minimal case. In some cases the spectrum is similar to a variant of gauge mediation.

A. N-viable Anomaly Mediation or Positive Deflection at 10 TeV

We begin with the simplest example of additional chiral superfields Ξ, Ξ in a nontrivial vector-like representation of the standard gauge group and the Kähler potential term ∫ d^4θ λϕ^†ϕΞΞ = ∫ d^2θλm_{3/2}ϕΞΞ + h.c. (5) We assume λ > 1 to prevent color-charge breaking.

When we rescale the messenger fields ϕΞ → Ξ, the remaining superpotential term is ∫ d^2θ λm_{3/2} ϕ ΞΞ. (6)

Notice that when we Taylor expand this in powers of θ, the Bμ term arising from the conformal compensator now has the opposite sign when compared with the usual anomaly mediated piece. These messengers will decouple in the usual fashion (up to higher powers in F/m^2) when considering only the scalar masses squared. However, their effects on the gaugino masses will remain. The gaugino masses at the threshold are

M_i = − b_i + 2n 4π α_im_{3/2} , (7)

where n is the Dynkin index of the Ξ fields and b_i is the coefficient of the one loop beta function for α_i.

Because the gaugino masses are no longer on the anomaly mediated trajectory, running from the threshold scale can change the masses of the sfermions considerably. Their soft masses at a scale μ < m_Ξ are given by

m^2_f = m^2_{3/2} × (8) ∑ i − b_ic_{f,i}α^2_i (m_Ξ) 8π^2 + c_{f,i}(b_i + 2n)^2 8π^2b_i

(α^2_i (m_Ξ) − α^2_i (μ)),

where i indexes the gauge group, f indexes the sfermion representation,and c_{f,i} is the quadratic Casimir. For n ≥ 5, we obtain positive slepton masses squared. Notice that the case n = 0 reproduces the ordinary anomaly mediated result.

B. SU(3) electroweak at 10 TeV

Possibly the most interesting way to solve the negative slepton mass squared problem is to change the gauge structure of the MSSM matter fields at the 10 TeV scale. For instance, if we can place all the MSSM fields into asymptotically free gauge groups, their soft masses at 10 TeV will be positive. In minimal anomaly mediation, enlarging the gauge group of the standard model above the scale m_{3/2} is irrelevant due to decoupling, as only the gauge group structure at the weak scale determines the soft scalar masses at the weak scale. However in EAM, the gauge contributions occur at the scale m_{3/2} and do not decouple.

It is interesting to extend the electroweak gauge group to include an additional SU (3)_W factor, with all the leptons transforming as triplets [28, 29]. Dimopoulos and Kaplan [30] showed that this naturally gives a successful prediction for the weak angle when the extended gauge group is broken at a few TeV, and the SU (2) × U (1) couplings are fairly large. Such an extension is attractive for EAM, since with the leptons transforming under an asymptotically free group the anomaly mediated contribution to their masses squared is positive. Here we build an EAM model with positive slepton masses squared and weak gauge group SU (3)_W ×SU (2)×U (1), which breaks to SU (2)_W × U (1)_Y at a scale of order m_{3/2} ∼ 10 TeV. The matter content is as follows.

3 3 2 1 model Chiral Superfields

Quark, lepton and spectator sector (R parity odd)

SU (3)_c SU (3)_W SU (2) U(1) ℓ_i 1 3 1 0 q_i 3 1 2 1/6 ū_i ¯3 1 1 -2/3 d̄_i ¯3 1 1 1/3

χ_2 1 ¯3 2 -1/2 χ_1 1 ¯3 1 1

(9)

Higgs sector (R parity even)

SU (3)_c SU (3)_W SU (2) U(1) H 1 1 2 1/2 H̄ 1 1 2 -1/2

Σ_2 1 ¯3 2 -1/2 Σ_1 1 ¯3 1 +1 Σ̄_2 1 3 2 +1/2 Σ̄_1 1 3 1 -1

(10)

Note that i = 1, 2, 3 is a generation index. The χ_{1,2} are spectators which obtain mass at the scale m_{3/2}, and for three generations, cancel the triangle gauge anomalies from the quarks and leptons.

We include superpotential terms

ϕ^3(gΣ^2Σ_1 + ḡΣ̄^2Σ̄_1) (11)

and Kähler terms

ϕϕ^†(λ_1Σ_1Σ̄_1 + λ_2Σ_2Σ̄_2) (12)

For simplicity, we set λ_1 = λ_2 = λ and assume all couplings to be real. For |λ| < 1 the potential is unbounded from below along the direction where the 3 × 3 matrices Σ = (Σ_1 Σ_2) ∝ (Σ̄_1 Σ̄_2) = Σ̄ are rank one. However, for λ < −1 and g, ḡ of the same sign, the global minimum can break SU (3)_W ×SU (2)×U (1) to SU (2)_W ×U (1)_Y at a scale of order 10 TeV, with both Σ and Σ̄ proportional to the identity. If we relax the requirement that λ_1 = λ_2, we will still break to SU (2) × U (1), in stages. Either we have SU (3)×SU (2)×U (1) → SU (2)^2 ×U (1) → SU (2)× U (1) orSU (3) × SU (2) × U (1) → SU (2) × U (1)^2 → SU (2) × U (1). Quantitatively, this will contribute only a threshold loop effect to the low energy value of sin^2 θ_W .

To compute the scalar masses, we follow Giudice and Rattazzi [31]. We treat each vev as a superfield with both F - and A- components, and extract the scalar masses from wave function renormalization. If the vev X is driving the breaking SU (3) → SU (2) × U (1), we parametrize F_X /X= γ m_{3/2}, we can write the mass of the sleptons as (considering only gauge interactions)

m^2_{f̃} = m^2_{3/2} × ( − α^2_wc_{f,w} b_w 8π^2

(1 − γ)^2 − α^2_Y γc_{f,Y} 8π^2

(b_Y γ + 2b^′_Y (1 − γ) + 6b_w(1 − γ)) (13) − α^2γc_{f,2} 8π^2

(b_2γ + 2b^′_2(1 − γ) + 2b_w(1 − γ)) )

where α_{Y,2} are the couplings of the low energy groups, and b^′_i and b_i are the beta functions of the ith gauge group above and below the SU (3) breaking scale, respectively. γ = 0 corresponds to retaining the SUSY breaking masses of the theory above m_{3/2} while γ = 1 maintains the anomaly mediated trajectory, with negative slepton masses squared. For sufficiently small (but still order one) γ, the scalar masses squared will be positive. Radiative effects from the top-stop loops will drive electroweak symmetry breaking via the vev of H. Masses for quarks, leptons and spectators arise from the superpotential couplings

ϕ^3 ( 1 m^2_{3/2} h^l_{ij}ℓ_iℓ_j Σ_2Σ_1H̄ + h^u_{ij}q_iū_jH + h^d_{ij}q_id̄_jH̄

+h_1χ^2Σ_1 + h_2χ_1χ_2Σ̄_2 + ξ_iχ_2ℓ_iH ) . (14)

The nonrenormalizable operators giving rise to lepton masses can arise, for instance, from integrating out vector-like leptons charged under SU (2) × U (1) at the scale m_{3/2}. The fields responsible for the lepton Yukawas will affect the gaugino masses but not the scalar masses at leading order in supersymmetry breaking, as described in the previous section. The light lepton fields will mix weakly with the vectorlike leptons carrying SU (2)×U (1), but this need not lead to large corrections to the masses.

Note that the neutral χ_2 fields can mix with the neutrino components of the lepton fields via the ξ_i couplings—this could lead to lepton number and flavor violation in the neutrino sector. For ξ_i = 0, a linear combination of a global symmetry and an SU (3)_W generator remains unbroken in the ground state, and can be identified as total lepton number. It would be interesting to study whether the observed neutrino oscillations can be accounted for in this model.

III. THE HIGGS μ PARAMETER

So far we have avoided dwelling on a potential embarrassment for EAM, the fact that in the MSSM the Higgs fields are in a real representation of the MSSM gauge group and so, according to our philosophy, should either remain massless or obtain masses of order 10 TeV. The most popular solution in the MSSM is to simply allow a bilinear Higgs term to appear in the Kähler potential [4, 17, 26], which will give a Higgs μ parameter of order m_{3/2}. With m_{3/2} ∼ 10 TeV this won’t work. Even if one were to simply put in an small parameter so that the μ parameter for the Higgs fields were in the phenomenologically desirable range of several hundred GeV, the B parameter would be 10 TeV and there would be no stable minimum of the potential. To get an acceptable spectrum, we therefore extend the MSSM at the TeV scale. The minimal such extension is to add a singlet S to the MSSM, with superpotential couplings λSH_uH_d + kS^3. S must get an O(100) GeV vev at the minimal of its potential. In minimal AMSB the S mass squared term can be computed to be positive. One way for getting S a large negative mass squared, suggested in ref. [1] in the context of gauge mediation, is to add new colored fields Q, Q to the MSSM in a vector-like representation and with superpotential coupling hSQQ. This mechanism will also work in anomaly mediation. Unless it is quite large, the coupling constant h is asymptotically free, and will give S a negative mass squared.

IV. SUMMARY

In anomaly mediated theories of supersymmetry breaking, 10 TeV is a natural mass scale for new physics beyond the MSSM. Such new physics makes a strong imprint on the superpartner spectrum, but can naturally preserve flavor universality. We have presented two simple models for new physics, and shown that the resulting superpartner mass spectrum is acceptable, and resembles none of the standard supersymmetry breaking scenarios. In particular, the gaugino masses are neither of the anomaly mediated nor unified type. In conclusion, anomaly mediation is a much richer framework than has been previously realized.

Acknowledgments

This work was partially supported by DOE contract DE-FGO3-96-ER40956. We thank M. Luty, Y. Nomura, Z. Chacko and P. Fox for useful conversations, and A. Pierce for pointing out mistakes in an earlier version.

[1] M. Dine and A. E. Nelson, Phys. Rev. D48, 1277 (1993), hep-ph/9303230.

[2] M. Dine, A. E. Nelson, and Y. Shirman, Phys. Rev. D51, 1362 (1995), hep-ph/9408384.

[3] M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, Phys.

Rev. D53, 2658 (1996), hep-ph/9507378.

[4] L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999), hep-th/9810155.

[5] P. J. Fox, A. E. Nelson, and N. Weiner, JHEP 08, 035 (2002), hep-ph/0206096.

[6] M. A. Luty (2002), hep-th/0205077.

[7] G. F. Giudice, M. A. Luty, H. Murayama, and R. Rattazzi, JHEP 12, 027 (1998), hep-ph/9810442.

[8] A. Anisimov, M. Dine, M. Graesser, and S. Thomas (2001), hep-th/0111235.

[9] M. A. Luty and R. Sundrum (2001), hep-th/0105137. [10] M. Luty and R. Sundrum (2001), hep-th/0111231. [11] A. Pomarol and R. Rattazzi, JHEP 05, 013 (1999), hepph/9903448.

[12] D. E. Kaplan, G. D. Kribs, and M. Schmaltz, Phys. Rev.

D62, 035010 (2000), hep-ph/9911293.

[13] Z. Chacko, M. A. Luty, I. Maksymyk, and E. Ponton, JHEP 04, 001 (2000), hep-ph/9905390.

[14] Z. Chacko, M. A. Luty, A. E. Nelson, and E. Ponton, JHEP 01, 003 (2000), hep-ph/9911323.

[15] D. E. Kaplan and G. D. Kribs, JHEP 09, 048 (2000), hep-ph/0009195.

[16] Z. Chacko, M. A. Luty, E. Ponton, Y. Shadmi, and Y. Shirman, Phys. Rev. D64, 055009 (2001), hepph/0006047.

[17] Y. Nomura and K. Suzuki (2001), hep-ph/0110040. [18] Z. Chacko and M. A. Luty (2001), hep-ph/0112172. [19] A. E. Nelson and N. J. Weiner (2001), hep-ph/0112210. [20] I. Jack and D. R. T. Jones, Phys. Lett. B482, 167 (2000), hep-ph/0003081.

[21] I. Jack and D. R. T. Jones, Phys. Lett. B491, 151 (2000), hep-ph/0006116.

[22] N. Arkani-Hamed, D. E. Kaplan, H. Murayama, and Y. Nomura, JHEP 02, 041 (2001), hep-ph/0012103.

[23] M. Carena, K. Huitu, and T. Kobayashi, Nucl. Phys.

B592, 164 (2001), hep-ph/0003187.

[24] B. C. Allanach and A. Dedes, JHEP 06, 017 (2000), hepph/0003222.

[25] E. Katz, Y. Shadmi, and Y. Shirman, JHEP 08, 015 (1999), hep-ph/9906296.

[26] G. F. Giudice and A. Masiero, Phys. Lett. B206, 480 (1988).

[27] Note that the F-component of ϕ is not always m_{3/2}, as in, e.g. [6]. What matters is not actually the gravitino mass but that ϕ|F is of order 10 TeV. .

[28] E. J. Konopinski and H. M. Mahmoud, Phys. Rev. 92, 1045 (1953).

[29] S. Weinberg, Phys. Rev. D5, 1962 (1972). [30] S. Dimopoulos and D. E. Kaplan, Phys. Lett. B531, 127 (2002), hep-ph/0201148.

[31] G. F. Giudice and R. Rattazzi, Nucl. Phys. B511, 25 (1998), hep-ph/9706540.