arXiv:1212.5067v2 [hep-ph] 27 Jun 2013

Relaxing the Landau-pole constraint in the NMSSM with the Abelian gauge symmetries

Bumseok Kyae^{(a)∗} and Chang Sub Shin^{(b)†}

(a) Department of Physics, Pusan National University, Busan 609-735, Korea (b) Asia Pacific Center for Theoretical Physics, Pohang, Gyeongbuk 790-784, Korea

Abstract

In order to relax the Landau pole constraint on “λ”, which is a coupling constant between a singlet S and the MSSM Higgs, λSh_uh_d in the next-to-MSSM (NMSSM), and also maintain the gauge coupling unification, we consider perturbative U(1) gauge extensions of the NMSSM. For relatively strong U(1) gauge interactions down to low energies, we assign U(1) charges only to the Higgs and the third family of the chiral matter among the MSSM superfields. In the U(1)_Z [U(1)_Z ×U(1)_X ] extension, the low energy value of λ can be lifted up to 0.85 − 0.95 [0.9 − 1.0], depending on the employed charge normalizations, when λ and the new gauge couplings are required not to blow up below the 10^{16} GeV energy scale. Introduction of extra vector-like superfields can induce the desired Yukawa couplings for the first two families of the chiral matter. We also discuss various phenomenological constraints associated with extra U(1) breaking.

PACS numbers: 14.80.Da, 12.60.Fr, 12.60.Jv Keywords: Higgs mass, NMSSM, Landau-pole problem

∗ email: bkyae@pusan.ac.kr † email: csshin@apctp.org

I. INTRODUCTION

The smallness of the Higgs mass and the gauge coupling unification are the two salient features noted in the minimal supersymmetric standard model (MSSM) [1]. Since the Higgs quartic coupling in the tree-level potential is given by the small gauge couplings in the MSSM, the relatively light Higgs is favored. By supersymmetry (SUSY) the small Higgs mass can be protected up to the fundamental scale. As a result, the standard model (SM) can be naturally embedded in a grand unified theory (GUT) at a very high energy scale. Indeed, the gauge coupling unification inferred from the renormalization group (RG) runnings of the three SM gauge couplings in the MSSM might imply the presence of such a unified theory at the GUT scale (≈ 2.2 × 10^{16} GeV).

Recently, CMS and ATLAS reported the observations of the SM Higgs-like signals at 126 GeV invariant mass [2, 3]. In fact, however, 126 GeV is too heavy as the Higgs mass in the MSSM: the Higgs mass at the tree level in the MSSM is predicted to be lighter even than the Z boson mass, and so excessively large radiative correction to it for explaining the 126 GeV Higgs mass is indispensable. However, it could result in a fine-tuning among the soft parameters [1]. In order to avoid such a fine-tuning, an extension of the MSSM would be necessary such that the tree level Hiss mass [4–11] or the radiative correction to it is enhanced [12, 13].

In the next-to-MSSM (NMSSM), the “μ term” in the MSSM superpotential is promoted to the trilinear term [4], λSh_uh_d (1) by introducing a singlet S and a dimensionless parameter λ. A vacuum expectation value (VEV) of S can reproduce the MSSM μ term. Such a trilinear term in the superpotential yields the quartic term in the Higgs potential. It adds a sizable correction to the MSSM Higgs mass at the tree level:

m^2_h = m^2_Z cos^22β + λ^2v^2_hsin^22β + Δm^2_h. (2)

Here, the first and the last terms indicate the tree level Higgs mass in the MSSM and radiative corrections, respectively. v_h (≡ √ v^2_u + v^2_d = 174 GeV) denotes the Higgs VEV.

The second term in Eq. (2) originates from Eq. (1) of the NMSSM, which is very helpful for raising the Higgs mass up to 126 GeV without a serious fine-tuning among the SUSY breaking soft mass parameters and the Z-boson mass, if λ is of order unity.

The RG analysis shows that the size of λ monotonically increases with energy, and so it eventually meets a Landau pole (LP) at a higher energy scale, if λ is too large at low energy. It is known that λ in the NMSSM should be smaller than 0.7 at the electroweak scale for λ not to blow up below the GUT scale (“LP constraint”) [4, 14]. Moreover, λ is required to be larger than 0.6 to achieve 126 GeV Higgs mass with the s-top mass ( ~m_t) much lighter than 1 TeV, which is a necessary condition for the naturalness of the small Higgs mass. The relatively small value of λ pushes tanβ toward unity so that sin^22β [= 4tan^2β/(1 + tan^2β)^2] in the tree level correction of Eq. (2) becomes almost maximized. Thus, the perturbativity of λ and the naturalness of the Higgs mass restrict the parameter space quite seriously [5, 15]:

0.6 ≲ λ ≲ 0.7 , 1 ≲ tanβ ≲ 3 , (3)

unless the “maximal mixing scenario,” which would also require a fine-tuning, is assumed. However, if the upper bound of λ could somehow be relaxed even slightly to 0.8-1.0 with its perturbativity maintained up to the GUT scale, tanβ can be remarkably relieved to 4-8 for ~m_t = 500-700 GeV, yielding the 126 GeV Higgs mass [15].^{1 2}

From the Yukawa term Eq. (1), the beta function of λ^2 reads as the summation of the anomalous dimensions of S, h_u, and h_d:

β_λ2 = μ dλ^2 dμ = 2λ^2 (γ_S + γ_{hu} + γ_{hd} ) . (4)

While the Yukawa couplings make positive contributions to the anomalous dimensions and the beta function, the gauge couplings do negative ones to them. Thus, one can expect that the LP constraint is relaxed by enhancing the gauge sector in which S, h_u, and h_d are involved. For a simple analysis, we will confine our discussion only on the case of a perturbative gauge interaction. In this paper, we will attempt to relax the LP constraint by introducing new Abelian gauge symmetries, under which the MSSM Higgs, {h_u, h_d} (and also the singlet S) are charged. Then the new gauge interactions would resist the blowup of λ at higher energies.^3

In this paper, we intend to maintain the gauge coupling unification at the GUT scale, which is one of the great achievements in the MSSM. In fact, SU(5) and SO(10) GUTs can provide the frameworks to extend the SM gauge group G_{SM} to a simple group, keeping the gauge coupling unification. Due to the gauge coupling unification and also doublet/triplet splitting in the Higgs sector, however, SU(5) and SO(10) should be broken around the GUT scale. Accordingly, one need to consider product gauge groups, G_{SM} × G.

1 A strongly coupled region of λ in energy scales (μ_− < μ < μ_+) potentially ruins the gauge coupling unification. However, it could be reversely utilized to ameliorate the precision of the unification, only if γ_{hu,hd} log(μ_+/μ_−) are not too large for the strongly coupled region [15]. For other studies on nonperturbative λ (by additional strong gauge interactions), see e.g. Refs. [16].

2 For phenomenological analyses on cases with an order one λ (“λ-SUSY”), see e.g. Refs. [17]. 3 Once a new gauge symmetry, under which the MSSM Higgs doublets are charged, is introduced, the Dterm potential associated to it might be utilized to raise the tree-level Higgs mass. For a sizable effect by it, it turns out that the soft mass squareds of new Higgs, which break the new gauge symmetry, { ~m^2_ϕ, ~m^2_ϕc } should be much heavier than the new gauge boson’s mass squared [18]. Too large mass splittings of them could introduce a fine-tuning associated with the electroweak symmetry breaking [19], which is a non-trivial constraint in this scenario.

If the new gauge group G is a non-Abelian group, the chiral matter sector of the MSSM as well as the Higgs sector are required to be extended by introducing more chiral fields such that they could be accommodated in non-trivial multiplets of G. Of course, the extra chiral matter should somehow be made heavy at low energy. With such other extra matter fields, however, the gauge coupling unification might be hard to be maintained, since extra matter fields would not be guaranteed to compose SU(5) or SO(10) multiplets at all.^4 Even in the case of a new Abelian gauge symmetry, however, anomaly cancellation conditions often require also the presence of extra matter fields, which have not been yet observed in the laboratories. Thus, the extra matter fields should be vector-like under the SM gauge symmetries such that they can obtain heavy masses below the breaking scale of G. Moreover, they should compose SU(5) or SO(10) multiplets for the gauge coupling unification. As mentioned above, in this paper we are interested in gauge extensions with Abelian groups in the NMSSM.

In fact, the extra matter is helpful for relaxing the LP constraint of λ, only if they are embedded in SU(5) or SO(10) multiplets and made heavy at low energies: they would result in quite larger SM gauge couplings at higher energies compared to those in the original MSSM, and so enhance their negative contributions to the RG equation of λ. With five pairs of extra {5, 5}, indeed, the allowed low energy value of λ can be lifted to 0.8, avoiding the LP below the GUT scale [4, 14].

Our paper is organized as follows: we will survey promising U(1) gauge symmetries in section II. In section III, we will re-analyze the LP constraint in the presence of new U(1) gauge symmetries under various conditions. In section IV, we will propose the concrete models reflecting the conditions considered in section III. In section V, we will discuss phenomenological constraints on the breaking scale of the extra U(1) introduced in section IV. Section VI will be devoted to conclusion.

II. U(1) GAUGE SYMMETRIES EMBEDDED IN THE GUTS

In the search for anomaly-free combinations of extra matter under extra U(1) gauge symmetries, it is worthwhile to consider the U(1)s outside the SM gauge group G_{SM}, but embedded in the well-known GUTs such as SO(10) and E_6: it can provide a guide for constructing a consistent model with gauge anomaly-free U(1)s. But we will not discuss the

4 If we give up the gauge coupling unification, one could find examples of the non-Abelian gauge extension.

In Ref. [20], a model of SU(3)_c×SU(2)_1×SU(2)_2×U(1)_Y is proposed to relax the LP constraint on λ. It is possibly embedded in a product group, SU(5)_1×SU(5)_2. The SU(3)_c results from spontaneous symmetry breaking by a Higgs of the bi-fundamental representation under the two SU(3)s embedded in the two different SU(5)s. SU(2)_L can be obtained in a similar way. The third family of the chiral matter and the Higgs are assumed to be charged only under SU(2)_1, while the first two families only under SU(2)_2. On the other hand, the singlet S remains neutral.

GUTs themselves in this paper: we just pragmatically employ such U(1)s embedded in the GUTs, particularly for easily obtaining anomaly-free matter contents.

The minimal GUT containing the SM gauge group is SU(5). Together with SU(5), U(1)_X is embedded in SO(10). Under the symmetry breaking SO(10) → SU(5) × U(1)_X , the spinor and vector representations of SO(10) are split as

16 → 10_{1/}^√_{40} + 5_{−3/}^√_{40} + 1_{5/}^√_{40} , 10 → 5_{−2/}^√_{40} + 5_{2/}^√_{40} , (5)

where the subscripts indicate the U(1)_X charges. The above tensor and (anti-)fundamental representations of SU(5) can accommodate the following MSSM matter:

10_{1/}^√_{40} = {u^c, q, e^c} , 5_{−3/}^√_{40} = {d^c, l} , 1_{5/}^√_{40} = ν^c ;

5_{−2/}^√_{40} = {D, h_u} , 5_{2/}^√_{40} = {D^c, h_d} , (6) where the notation for the MSSM matter is self-evident. Throughout this paper, we will use the small (capital) letters for the MSSM (extra) superfields. Here {D, D^c}, whose MSSM quantum numbers are opposite to or same as d^c, are absent in the MSSM field spectrum unlike the other matter in Eq. (6). They spoil the gauge coupling unification, and possibly lead to too fast proton decay. Thus, they should be dropped from the field content of the low energy effective theory. Even without {D, D^c}, the anomaly-free conditions associated with U(1)_X are still fulfilled, since they are exactly vector-like under G_{SM} × U(1)_X . Not only {D, D^c} but also the MSSM Higgs {h_u, h_d} carry the opposite charges ∓2/ √ 40. On the other hand, the singlet S in Eq. (1) still remains neutral. Since the Higgs in Eq. (1) are charged under U(1)_X , the U(1)_X gauge symmetry could be helpful for relaxing the LP constraint on λ.

Like the U(1)_X , the U(1)_{B−L} symmetry also resides between SO(10) and G_{SM}, even if it is not “orthogonal” to G_{SM}. Under U(1)_{B−L}, however, the Higgs {h_u, h_d} as well as the singlet S are neutral, and so it is not useful for relaxing the LP constraint. The U(1) symmetry embedded in the SU(2)_R of the Pati-Salam gauge group, SU(4)_c×SU(2)_L×SU(2)_R is also an interesting gauge group. However, it can be obtained just by a linear combination of U(1)_X and U(1)_{B−L}.

Another interesting U(1) symmetry is “U(1)_Z ” embedded in E_6 together with SO(10). Under the symmetry breaking, E_6 → SO(10) × U(1)_Z , the fundamental representation of E_6, 27 is split as follows:

27 → 16_{1/}^√_{24} + 10_{−2/}^√_{24} + 1_{4/}^√_{24} , (7)

where the subscripts denote the charges of U(1)_Z . Hence, one 27 contains one family of the SM chiral matter, one Higgs doublet pair, extra colored matter {D, D^c}, and a singlet:

16_{1/}^√_{24} = {u^c, q, e^c ; d^c, l ; ν^c} , 10_{−2/}^√_{24} = {D, h_u ; D^c, h_d} , 1_{4/}^√_{24} = S , (8)

As a result, if one introduces three families of 27, two more pairs of the Higgs doublets and three {D, D^c}, as well as three singlets in total should be accompanied with the MSSM chiral matter. Note that S in Eq. (8) can be the NMSSM singlet appearing in Eq. (1), since it has the U(1)_Z charge of 4/ √ 24, while h_u and h_d both carry −2/ √ 24. Accordingly, U(1)_Z can also be helpful for avoiding the LP for λ below the GUT scale. According to our analysis, U(1)_Z turns out to be much more efficient than U(1)_X in relaxing the LP constraint. Thus, we will mainly focus on U(1)_Z .

For a gauge interaction of G to efficiently seize λ in the perturbative regime, the following conditions should be generically satisfied:

(1) The gauge coupling associated with G needs to be large enough at the GUT scale. (2) The beta function coefficient of G needs to be small enough. (3) The breaking energy scale of G should be low enough.

In order to reflect the condition (1) in the model, one would not require that the gauge couplings of U(1)_Z and U(1)_X are necessarily unified with the SM gauge couplings at the GUT scale: relatively larger U(1)_{Z,X} gauge couplings than those of the MSSM is allowed. Alternatively, we can take the U(1)_Z [U(1)_X ] charge normalization smaller than the E_6 [SO(10)] normalization “ √ 24” [“ √ 40”], assuming that the U(1)_Z [U(1)_X ] gauge coupling is unified with the SM gauge couplings at the GUT scale. We just naively anticipate that such a charge normalization of U(1)_Z and U(1)_X can be supported by a proper UV theory embedding our model. Of course, both yield the same result in lifting λ. Throughout this paper, we take the latter choice.

For fulfilling the condition (2), we will assign the U(1)_Z and U(1)_X charges to only one family of the MSSM chiral matter and one pair of the Higgs doublets together with {D, D^c} and S, which compose an anomaly-free combination of the matter. Hence, the other two families of the chiral matter cannot couple to the Higgs, because they remain neutral under U(1)_Z and U(1)_X , while the Higgs doublets carry the charges. Thus, we should introduce additional vector-like matter such that the desired Yukawa couplings for them can be generated after U(1)_Z and U(1)_X breakings. Since the extra matter {D, D^c} can mediate unwanted too fast proton decay, we need to introduce a (global) symmetry in order to forbid such a possibility.

If the U(1)_Z breaking scale is too low, the condition (3) can be in conflict with the constraints on FCNC processes, since our U(1)_Z and U(1)_X charge assignments are familydependent. Moreover, too low breaking scale of U(1)_Z could affect also the precision tests of the SM gauge interactions associated with the “S” and “T ” parameters. Hence, we take the U(1)_Z and U(1)_X breaking scales of 5-10 TeV.

In principle, models with such modified U(1) gauge symmetries could originate from a GUT defined in a higher dimensional spacetime such as the heterotic string theory compactified in an orbifold [21], in which U(1)_{Z,X} gauge symmetries are embedded in E_8 × E^′_8. However, the discussion on it would be beyond the scope of this paper.

III. LIFTING THE λ COUPLING CONSTANT

In this paper, we will consider only the SM gauge group G_{SM} and the U(1)_Z and U(1)_X , which are motivated by the U(1)s embedded in E_6 and SO(10). For a small beta function coefficients b_{Z,X} , we assign the U(1)_{Z,X} charges only to one family of the MSSM chiral matter (the third family of the quarks, leptons, and their superpartners) and the Higgs, introducing the extra colored matter {D, D^c} and a singlet S. In Table I, we present their charges of the global U(1)_R as well as the gauged U(1)_Z and U(1)_X . The charges for the third family

Superfields S h_u h_d u^c_3 q_3 e^c_3 d^c_3 l_3 ν^c_3 D D^c H_u H_d U(1)_Z (×n_Z / √ 24) 4 −2 −2 1 1 1 1 1 1 −2 −2 0 0 U(1)_X (×n_X / √ 40) 0 −2 2 1 1 1 −3 −3 5 −2 2 0 0 U(1)_R −2 2 2 −1 1 1 −1 −1 2 1 −1 0 0

TABLE I: Charge assignments of the gauged U(1)_Z , U(1)_X , and the global U(1)_R. A singlet, the MSSM Higgs doublets, the third family of the chiral matter, and an extra vector-like pair {D, D^c} carry the charges. They compose anomaly-free matter contents under G_{SM}×U(1)_Z ×U(1)_X . {H_u, H_d} are necessary for the Yuakawa couplings for the first and second families of the chiral matter, and also gauge coupling unification.

of the MSSM chiral matter in Table I just follow the charge assignments of Eqs. (8) and (6). Concerning the E_6 and SO(10) charge normalizations, refer to e.g. Ref. [22]. Since they compose a 27 of E_6, all the gauge anomalies must be canceled out. Note that {h_u, h_d} and {D, D^c} are vector-like under G_{SM}×U(1)_X , but not under U(1)_Z . Even if the U(1)_Z and U(1)_X embedded in the GUTs are introduced, we don’t follow the charge normalization determined when they are embedded in the GUTs. Thus, n_Z and n_X are not rigorously required to be unity in our case. For the SM gauge coupling unification, two lepton doublets {H_u, H_d} should be supplemented as seen in Table I, which do not have any charges of U(1)_Z ×U(1)_X .

The charge assignments of U(1)_Z ×U(1)_X and U(1)_R in Table I permit the Yukawa couplings for the third family of the chiral matter and the Higgs doublets:

W_3 = λSh_uh_d + y_tq_3h_uu^c_3 + y_bq_3h_dd^c_3 + y_τ l_3h_de^c_3 , (9)

in which the MSSM μ term is promoted to the trilinear λ coupling. Throughout this paper, we suppose that y_b and y_τ are relatively smaller than λ and y_t. Note that ν^c_3 cannot couple to the lepton doublet l_3 and the Higgs h_u due to the U(1)_R symmetry. We assume that it develops a VEV of order TeV scale, breaking U(1)_Z completely.

The mass squared of h_u is assumed to be negative at low energies, and so it leads to a nonzero VEV of the Higgs, triggering the electroweak symmetry breaking. Note that we have an additional quartic term λ^2|h_uh_d|^2 in the scalar potential apart from the quartic potential coming from the “D-term.” So there is no D-flat direction in the D-term potential of the Higgs unlike the MSSM. The “A-term” corresponding to the λ term in Eq. (9) provides a tadpole of ~S, and so a VEV of ~S can also be developed. It could induce the MSSM “μ” parameter (μ_{eff} ≡ λ⟨ ~S⟩), which is a SUSY mass parameter of {h_u, h_d}.

If ⟨ ~S⟩ is the main source of the U(1)_Z breaking, it should be large enough to avoid low energy constraints on an extra U(1). Then, λ should be small enough to ensure the small Higgs and Higgsino masses. However, a small λ cannot enhance the quartic coupling of the Higgs potential, and so a sizable fine-tuning becomes unavoidable [10]. Hence, we will assume ⟨ ~S⟩ ∼ O(1) TeV or lower, and introduce another main breaking source of U(1)_Z separately.

Since there is no S^3 term in the superpotential Eq. (9) unlike the ordinary NMSSM, one might think that there exists an accidental Pecci-Quinn (PQ) symmetry. However, such a global symmetry, under which S carries a non-zero charge, is gauged to U(1)_Z in this case. Even below the U(1)_Z breaking scale, which is assumed to be higher than ⟨S⟩, we will show later the absence of such an accidental PQ symmetry.

At the moment, {D, D^c} and {H_u, H_d} remain massless because of the U(1)_R. We will explain how they get their masses in section IV. As will be seen later, they and other vectorlike fields play important roles to induce the ordinary Yukawa couplings for the first and second families of the chiral matter.

Although we have not yet proposed a full model with U(1)_Z ×U(1)_X charge assignments, we first attempt to perform a relatively model independent analysis on how much the λ coupling in Eq. (9) can be lifted at low energy. We will discuss the cases of U(1)_Z [Case I] and U(1)_Z ×U(1)_X [Case II].

The solution of the RG equation for the three MSSM gauge couplings are given by

g^2_k(t) = g^2_U 1 +^{g2U}_{8π2} b_k(t_0 − t) for k = 3, 2, 1, (10)

where t parametrizes the renormalized mass scale, t = log(μ/M_{GUT}). b_k (k = 3, 2, 1) denotes the beta function coefficients of the gauge couplings for SU(3)_c, SU(2)_L and U(1)_Y . In the presence of the extra v pairs of {5, 5}, they are given by b_k = (−3 + v, 1 + v, 33/5 + v), where v = 0 corresponds to the case of the MSSM. For the matter content of Table I (v = 1), the unified gauge coupling g^2_U is estimated as 0.62. With the one more extra pair of {5, 5} (v = 2), g^2_U is lifted to 0.82. For v = 3, 4, and 5, g^2_U are given by 1.18, 2.13, and 11.19, respectively.

Similarly, the solution to the RG equations of the U(1)_Z and U(1)_X gauge couplings are

g^2_Z (t) = g^2_{Z0} 1 +^{g2Z0}_{8π2} b_Z (t_0 − t) for t > t_Z ; g^2_X (t) = g^2_{X0} 1 +^{g2X0}_{8π2} b_X (t_0 − t) for t > t_X , (11)

where b_{Z,X} indicates the beta function coefficient of U(1)_{Z,X} , and t_{Z,X} parametrizes the U(1)_{Z,X} breaking scale M_{Z,X} [t_{Z,X} ≡ log(M_{Z,X} /M_{GUT})]. In particular, Case I corresponds to the case of setting g^2_{X0} = 0, which turns off the U(1)_X gauge interaction. Only with the field contents in Table I, the beta function coefficients b_{Z,X} are given by 3n^2_{Z,X} . As will be discussed later, however, some additional vector-like superfields charged under U(1)_Z [and U(1)_X ] are necessary in order to induce the desired Yukawa couplings for the first two families of the matter in Case I [Case II]. Then, b_Z becomes (4 +^1_{12} )n^2_Z in Case I [(4 +^1_2 )n^2_Z in Case II]. With such additional matter in Case II, b_X would increase to (4 +^3_{10} )n^2_X . Note that b_{Z,X} in both cases are quite smaller than those when all the three families of the matter and additional Higgs are charged, 3 × 3n^2_{Z,X} . Since we don’t consider the GUT of E_6 or SO(10), the normalization factors n_{Z,X} in Table I and in b_{Z,X} of Eq. (11) don’t have to be unity in our case. Instead, we set g^2_{Z0} = g^2_{X0} = g^2_U . In the perturbative regime, (n_{Z,X} g_{Z,X} )^2, which are effective gauge couplings, should be quite smaller than 4π^2.

With the charge assignments in Table I and the Yukawa interactions in Eq. (9), one can obtain the 1-loop anomalous dimensions for S, h_u, h_d, q_3 and u^c_3 in the standard manner:

16π^2γ_S = 2λ^2 − 4 3 (n_Z g_Z )^2, (12)

16π^2γ_{hu} = λ^2 + 3y^2_t − 3 2 g^2 − 3 10 g^2_1 − 1 3 (n_Z g_Z )^2 − 1 5 (n_X g_X )^2, (13)

16π^2γ_{hd} = λ^2 − 3 2 g^2 − 3 10 g^2_1 − 1 3 (n_Z g_Z )^2 − 1 5 (n_X g_X )^2, (14)

16π^2γ_{q3} = y^2_t − 8 3 g^2_3 − 3 2 g^2 − 1 30 g^2_1 − 1 12 (n_Z g_Z )^2 − 1 20 (n_X g_X )^2, (15)

16π^2γ_uc_3 = 2y^2_t − 8 3 g^2_3 − 8 15 g^2_1 − 1 12 (n_Z g_Z )^2 − 1 20 (n_X g_X )^2, (16)

where we ignored the contributions by the Yukawa couplings of y_b and y_τ . The (n_Z g_Z )^2 and (n_X g_X )^2 terms in the above anomalous dimensions, which are all negative, result from the U(1)_Z and U(1)_X gauge interactions, respectively. Then, it is straightforward to write down the RG equation for the λ and y_t couplings: dλ^2 dt = λ^2 8π^2 [ 4λ^2 + 3y^2_t − 3g^2 − 3 5 g^2_1 − 2(n_Z g_Z )^2 − 2 5 (n_X g_X )^2 ] , (17) dy^2_t dt = y^2_t 8π^2 [ λ^2 + 6y^2_t − 16 3 g^2_3 − 3g^2 − 13 15 g^2_1 − 1 2 (n_Z g_Z )^2 − 3 10 (n_X g_X )^2 ] . (18)

Based on the analyses with Eqs. (17) and (18), we display the upper bounds of λ (≡ λ_{max}) at low energy for Case I in Fig. 1-(a), and Case II in Fig 1-(b), respectively. In these analyses, we naively assume that the gauged U(1)s’ breaking scales are around 5 TeV, and the masses of the extra multiplets are 5-10 TeV. Below 5 TeV, thus, we ignored the g_{Z,X} ’s contributions to Eqs. (17) and (18).

As seen in Fig. 1-(a), λ_{max} in the absence of extra U(1)s and matter is given by about 0.7. If five pairs of {5, 5} are added, λ_{max} increase up to 0.8 in the absence of the extra U(1)s [14]. We note the similar result, λ_{max} ≈ 0.8 can be achieved also in Case I [i.e. when only U(1)_Z is turned on] with the two pairs of {5, 5}, even if the E_6 normalization (n_Z = 1)

(a) (b)

FIG. 1: λ_{max} vs. tanβ for (a) the U(1)_Z extension (Case I), and (b) the U(1)_Z ×U(1)_X extension (Case II) of the NMSSM. The n_Z = 1 [n_X = 1] corresponds to the case that the charge normalization of U(1)_Z [U(1)_X ] determined by E_6 [SO(10)] is employed. v stands for the number of the extra {5, 5}, which are charged under U(1)_Z [and also U(1)_X ], while N_5¯_5 the total numbers of extra {5, 5} in the absence of the extra U(1)s. In both cases, the U(1) breaking scales are set to be 5 TeV. In Case II, λ_{max} slightly more increases compared to Case I.

is employed. For n_Z = 4, which is almost the maximal possibility in the perturbative regime [(n_Z g_U )^2 ≈ (3.62)^2], λ_{max} can reach 0.95 for tanβ > 3. When both U(1)_Z and U(1)_X are turned on, λ_{max} can be slightly more lifted: Fig. 1-(b) shows that it becomes close to 1.0 (0.9) for tanβ > 3 with n_Z = n_X = 4 (n_Z = n_X = 1).

In fact, two-loop corrections start being sizable in the existence of three or more pairs of {5, 5} [23]. Moreover, the case with five pairs of {5, 5} is the perturbatively marginal case, since the expansion parameter associated with the MSSM gauge couplings, g^2_U /4π becomes 0.89 at the GUT scale. Even in the case of two pairs of {5, 5} we considered in Fig. 1, g_Z and λ reach the perturbatively marginal values at the GUT scale. In order to get the upper bound on λ in the absence or presence of the extra U(1)s, however, we considered such extreme cases in Fig. 1. For more precise results, more rigorous estimations including two-loop corrections would be needed.

IV. THE MODELS

While the Yukawa couplings for the third family of the MSSM chiral matter are allowed as seen in Eq. (9), the first and second families of the MSSM matter fields cannot yet couple to the ordinary MSSM Higgs doublets {h_u, h_d}, since they don’t carry U(1)_Z and U(1)_X charges unlike the Higgs doublets. Moreover, {D, D^c} and {H_u, H_d} should have mass terms. Thus, we need to introduce some vector-like superfields in order to induce all the desired Yukawa couplings and mass terms. Now we propose the two models as examples.

Model of U(1)_Z In the first model, we consider only the gauge U(1)_Z and the global U(1)_R symmetries. Thus, we ignore the U(1)_X charges of Table I in the first model. The charge assignments for the first and second families of the MSSM chiral superfields and other needed vector-like matter are listed in Table II. X, {Y, Y^c}, and {Z, Z^c} in Table

Superfields X Y Y^c Z Z^c D^′ D^{c′} L L^c u^c_{1,2} q_{1,2} e^c_{1,2} d^c_{1,2} l^c_{1,2} ν^c_{1,2} U(1)_Z 0 1 −1 2 −2 0 0 2 −2 0 U(1)_R 0 0 0 0 0 3 1 −1 1 1

TABLE II: Charge assignments for the gauge U(1)_Z and global U(1)_R for the extra vector-like fields and the first and second families of the chiral matter. Here the U(1)_Z charge normalization, n_Z / √ 24 is omitted for a simple presentation. The first and second families of the ordinary chiral matter do not carry U(1)_Z charges. Since {D^′, D^{c′}} and {L, L^c} compose {5, 5}, they maintain the gauge coupling unification. X, {Y, Y^c}, and {Z, Z^c} are inert under the SM gauge interactions.

II are the MSSM singlet superfields. {D^′, D^{c′}} and {L, L^c} are extra SU(3)_c triplets and SU(2)_L doublets. Since {D^′, D^{c′}} and {L, L^c} are embedded in a pair of {5, 5}, the gauge coupling unification can still be maintained. With the field contents in Table I and II, the beta function coefficient of U(1)_Z is estimated as b_Z = (4+^1_{12} )n^2_Z . It was utilized for analyses of the v = 2 cases in Fig. 1-(a).

The relevant superpotential for the first two families of the MSSM chiral matter and {Z, Z^c} are written as follows:

W_{1,2} = ∑ i,j=1,2 ( y^{ij}_u q_iu^c_jH_u + y^{ij}_d q_id^c_jH_d + y^{ij}_ν l_iν^c_j H_u + y^{ij}_e l_ie^c_j H_d + M^{ij}_ν ν^c_i ν^c_j )

+ Z (y_{h1}H_uh_d + y_{h2}H_dh_u + y_{D1}DD^{c′} + y_{D2}D^cD^′) + y_V ν^c_3Y Z^c,

(19)

where we assume the Yukawa coupling constants, y_{h1} and y_{h2} are small enough to guarantee the light enough Higgs mass. We will discuss later how Eq. (19) should be modified when U(1)_X is also introduced. The soft SUSY breaking “A-term” corresponding to the y_V term in the scalar potential (≡ y_V A_V ν̃^c_3 ~Y ~Z^c) provides tadpoles of ν^c_3, Y , and Z^c, and so it can generate non-zero VEVs of them.

Indeed, the VEVs of {ν̃^c_3, ~Y , ~Z^c} can be of order m_{soft}/y_V . With a relatively smaller y_V , thus, we get higher energy scale VEVs for them than the typical soft mass scale. It is possible, basically because the quartic terms in the scalar potential, which makes the scalar potential bounded from below, come from the y_V term in Eq. (19) with the coefficient of |y_V |^2. With the y_V term in the superpotential Eq. (19) and the D-term potential (≡^{g2Z}_2 D^2_Z ), one can show that {ν̃^c_3, ~Y , ~Y^c, ~Z, ~Z^c} should satisfy the following conditions at the minimum:

~Y^c = 0 , 2g^2_Z D_Z = 2g^2_Z ( |ν̃^c_3|^2 + |~Y |^2 − |~Y^c|^2 + 2| ~Z|^2 − 2| ~Z^c|^2 ) = − ~m^2_Z ,

y^2_V ( |ν̃^c_3|^2 + |~Y |^2 + | ~Z^c|^2 ) = 4cot^2θ( ~m^2_Z + ~m^2_Zc ) − sin^22ϕ( ~m^2_νc_3 + ~m^2_Y − ~m^2_Z ) (1 + cos^2θ) sin^22ϕ − 4cos^2θ , (20)

Here ~m^2_νc_3 , ~m^2_Y , ~m^2_Z and ~m^2_Zc indicate the soft mass squareds of ν̃^c_3, ~Y , ~Z, and ~Z^c, respectively, and θ and ϕ parametrize ν̃^c_3, ~Y , and ~Z^c as follows: |ν̃^c_3| ≡ R sinθ cosϕ , |~Y | ≡ R sinθ sinϕ , | ~Z^c| ≡ R cosθ (21) where R ≡ √ |~ν^c_3|^2 + |~Y |^2 + | ~Z^c|^2. With smaller y_V , hence, the VEVs of {ν̃^c_3, ~Y , ~Z^c} can be larger than the typical sizes of the soft mass parameters. Note that the sign of ~m^2_Z can be negative at low energies, if y_{D1,2} in Eq. (19) is of order unity. [Since {D, D^{c′}; D^c, D^′} are colored particles, y_{D1,2} of order one would not incur another LP problem.] We suppose that the VEVs for {ν̃^c_3, ~Y , ~Z^c} are around 5-10 TeV, breaking U(1)_X at that scale, even if the typical soft masses are assumed to be of order TeV. For instance, ν̃^c_3 ≈ 6.4 (11.8) TeV, Ỹ ≈ 5.7 (9.8) TeV, ~Z ≈ 7.1 (6.9) TeV, ~Zc ≈ 9.3 (12.9) TeV, for y_V = 0.1, g2_Z = 0.3, ϕ = 41.6^o (39.7^o), θ = 42.5^o (50.1^o), A_V = −2.6 (−3.4) TeV, and √ ~m^2_νc_3 −^1_2 ~m^2_Z = 1 TeV, √ ~m^2_Y −^1_2 ~m^2_Z = 1.2 (1.5) TeV, √ ~m^2_Zc −^1_2 ~m^2_Z = 0.6 (0.8) TeV, respectively.

{H_u, H_d} are assumed to be relatively (say, about five times) heavier than other superpartners of the SM chiral fermions. It is possible because a “μ term” for them, μ_H H_uH_d can be induced in the superpotential, e.g. via the Giudice-Masiero mechanism [24], as will be shown later. {H_u, H_d} can be integrated out to yield the effective SM Yukawa couplings, since they are much heavier than the SM chiral fermions and Higgs. After integrating out {H_u, H_d}, thus, the Yukawa couplings for the masses of the first and second families of the SM chiral fermions can be generated, which are estimated as y^{ij}_{d,e;u,ν}y_{h1;2}⟨ ~Z⟩/μ_H . Note that they still perturbatively consistent for small enough dimensionless couplings y^{ij}_{d,e;u,ν} (i, j = 1, 2) and y_{h1;2}, even if ⟨ ~Z⟩/μ_H ∼ O(1).

Once ~Z and {h_u, h_d} develop VEVs, {H_u, H_d} also acquire VEVs through the “Aterm” corresponding to the y_{h1} and y_{h2} terms in Eq. (19). ⟨H_{u,d}⟩ are estimated as y_{h1,2}m_{3/2}⟨ ~Z⟩⟨h_{d,u}⟩/μ^2_H , which are much suppressed than ⟨h_{u,d}⟩. One should note here that the VEVs, ⟨H_{u,d}⟩ are along the directions of ⟨h_{d,u}⟩. Accordingly, ⟨H_{u,d}⟩ keep intact the electromagnetic U(1) gauge symmetry. All the charged components in {H_u, H_d} get heavy masses from the soft mass terms, the μ_H H_uH_d term and its corresponding “Bμ-term.”

As mentioned in section III, we assume that ⟨ ~S⟩ is small enough [O(1) TeV or lower (≪ ⟨ ~Z⟩)] that the effective μ (≡ λ⟨ ~S⟩) is not much large. Hence, one might expect an accidental PQ symmetry below the scale of ⟨ ~Z⟩, which is regarded as the dominant U(1)_Z breaking source. After {H_u, H_d} decoupled, however, a bare μ term is also induced: ( y_{h1}y_{h2} ⟨ ~Z⟩^2 μ_H ) h_uh_d, (22)

and so there does not remain an accidental PQ symmetry below the U(1)_Z breaking scale.

Note that the new vector-like colored particles {D^′, D^{c′}} introduced in Table II and Eq. (19) couple to {D, D^c} of Table I and get masses, when ~Z develops a VEV of order 10 TeV scale. In fact, the quantum numbers of d^c_{1,2} are the same as those of D^{c′} [neglecting U(1)_X ], and so d^c_{1,2} could also couple to D and Z like D^{c′}. However, we have only one D, and so two of the mass eigenstates from {D^{c′}, d^c_1, d^c_2} remain light. We redefine them as the d-type quarks appearing in the MSSM.

Were it not for the U(1)_R symmetry, the following terms were admitted in the superpotential:

u^c_i d^c_jD^{c′} , Du^c_3e^c_3 ; q_iq_j D^′ , D^cq_3l_3 (i, j = 1, 2), (23)

which are deduced to the operators leading to the dimension 5 proton decay, u^c_i u^c_3d^c_je^c_3 and q_iq_j q_3l_3 after integrating out {D, D^{c′}} and {D^′, D^c} of the y_{D1} and y_{D2} terms in Eq. (19).^5 Although U(1)_R is broken to the Z_2 symmetry, these are still forbidden, because all the superfields appearing in Eq. (23), including {D, D^c} and {D^′, D^{c′}}, carry only the odd parity.

Although the SM fermions can get their masses through the Yukawa couplings in Eqs. (9) and (19), the mixings between the third and the first two families of them, and also the CP phase in the SM quark sector are absent only with the fields discussed above. Thus, we need one more vector-like lepton pair {L, L^c}, which are also assumed to be relatively heavier than other MSSM matter fields. How a mass term of the type μ_LLL^c can be obtained will be explained later. The mixings between the third and the first two families in the mass matrices of the d-type quarks and the charged leptons can be generated from the following Yukawa interactions after integrating out {D, D^{c′}}, {L, L^c} and {H_u, H_d}, because ν^c_3 develops a VEV:

W_{mix} = ∑ i=1,2 ( y_{Dd}ν^c_3d^c_3D + y^i_qD^{c′}H_dq_i + y_lν^c_3l_3L^c + y^i_{Le}Lh_de^c_i ) , (24)

5 Only with the U(1)_Z [and U(1)_X ] gauge interactions, the dimension 6 operators leading to proton decay are not induced. In this model, the dimension 6 proton decay is possible only through gravity interactions, which is still safe at the moment.

which fills the (3, i) entries of the mass matrices of the d-type quarks (≡ [M_D]_{3,i}), and the (i, 3) of the charged leptons (≡ [M_E ]_{i,3}). They are estimated as (y_{Dd}y^i_q/y_{D1})⟨ν̃^c_3⟩/μ_H and y_ly^i_{Le}⟨ν̃^c_3⟩/μ_L, respectively. Even if [M_D]_{i,3} and [M_E ]_{3,i} (i = 1, 2) are still zero, M^†_DM_D and M^†_E M_E are fully general Hermitian matrices. Accordingly, the unitary matrices U^{(d)}_L and U^{(e)}_L , which diagonalize M^†_DM_D and M^†_E M_E , respectively, and so the CKM and PMNS matrices describing the quark and lepton’s mixings are also fully general in this model.

Due to the U(1)_Z and U(1)_R symmetries, the right handed neutrino ν^c_3 can not obtain the Dirac and Majorana masses. Hence, the seesaw mechanism should be implemented only with the two heavy right handed neutrinos ν^c_i (i = 1, 2) in Eq. (19). As shown in Ref. [25], the seesaw mechanism and also the leptogenesis can still work even with two heavy right handed neutrinos. The mixings of the observed neutrinos can come from the charged lepton sector.

Finally, let us present various “μ terms” in this model, μ_H H_uH_d, μ_LLL^c, μ_Y Y Y^c, and μ_Z ZZ^c, whose generations are associated with the SUSY breaking effect in the Kähler potential [24]: K = X^† M_P (κ_H H_uH_d + κ_LLL^c + κ_Y Y Y^c + κ_Z ZZ^c) + h.c., (25)

in which X is a SUSY breaking source: its F-term component (≡ F_X ), which carries the U(1)_R charge of −2, is assumed to develop a VEV of order m_{3/2}M_P . Thus, the VEV of F_X breaks the U(1)_R symmetry to Z_2, which can be interpreted as the matter parity in the MSSM, since the ordinary matter [and also {D^{(′)}, D^{c(′)}}, {L, L^c}] except ν^c_3 carry the U(1)_R charges of odd integers. On the other hand, the superfields S, {h_d, h_u}, ν^c_3, {Y, Y^c}, and {Z, Z^c}, whose scalar components can develop VEVs, carry U(1)_R charges of even integers. Accordingly, the remaining Z_2 symmetry forbids the R-parity violating couplings including the operators leading to dimension 4 proton decay, and also can guarantee the existence of the LSP dark matter. Note that the μ parameters in μ_H H_uH_d, μ_LLL^c, and μ_Y Y Y^c, which are all generated from Eq. (25), can be regarded as spurion fields carrying the 2 charge of U(1)_R, since they originate from the VEV of F^∗_X .

As mentioned above, the “A-term” corresponding to the λ term in Eq. (9) provides a tadpole of S in the scalar potential, when {h_u, h_d} develop VEVs, and it eventually leads to a non-zero VEV of S. Such an “A-term” is induced by W ⊃ λXSh_uh_d/M_P . Since U(1)_R as well as U(1)_Z are broken, e.g. additional tadpole terms of S could be potentially induced. Indeed, an additional tadpole of S is generated in the scalar potential at one loop, ∼ (λy^∗_{h1}y^∗_{h2}/16π^2)μ_H ~S( ~Z^∗)^2 +h.c., in which the fermionic components of {h_u, h_d} and {H_d, H_u} circulate in the loop. Thus, small enough y_{h1,2} (≲ 0.1) leave intact our previous discussion on the size of ⟨ ~S⟩ and ⟨ ~Z⟩. Similarly, e.g. the “A-terms” of the y_{h1,2} terms in Eq. (19), and the “Bμ-term” of the κ_H term in Eq. (25) are generated from W ⊃ y_{h1,2}X^†ZH_{u,d}h_{d,u}/M_P , and K ⊃ κ_H X^†XH_uH_d/M^2_P + h.c., respectively.

The presence of κ_{Y,Z} terms in Eq. (25) can affect our earlier discussion on the VEVs of {ν̃^c_3, ~Y , ~Y^c, ~Z, ~Z^c}. Only if |κ_{Y,Z} | ≲ 1, however, their VEVs determined without the κ_{Y,Z} would be just slightly modified. As mentioned earlier, we require that κ_{H,L} is relatively large (∼ 5). Throughout this paper, we assume that all the soft parameters at low energies are not heavier than μ_{H,L}. {H_u, H_d} make contribute to the radiative correction to the masses of ordinary Higgs {h_u, h_d} via the y_{h1;2} terms in Eq. (19). If they were too heavy, hence, they could radiatively destabilize the electroweak scale. However, the mixings between {H_u, H_d} and {h_u, h_d}, i.e. y_{h1;2} in Eq. (19) are small enough (≲ 0.3), and so the electroweak scale still remain radiatively stable even with relatively large κ_{H,L}.

In this model, the four fermionic components of {Z, Z^c, S} and the U(1)_Z gaugino, (Z, Z^c, S, λ_Z ) are mixed to each other via the mass matrix:

0 μ_Z 0 √ 2g_Z q_z⟨ ~Z⟩ μ_Z 0 0 − √ 2g_Z q_z⟨ ~Z^c⟩ 0 0 0 √ 2g_Z q_s⟨ ~S⟩ √ 2g_Z q_z⟨ ~Z⟩ − √ 2g_Z q_z⟨ ~Z^c⟩ √ 2g_Z q_s⟨ ~S⟩ M_λ , (26)

where q_z = 2, q_s = 4, and M_λ denotes the U(1)_Z gaugino mass. Here, we ignored λSh_uh_d and y_V ν^c_3Y Z^c couplings for a moment. For the case of ⟨ ~S⟩ ≪ ⟨ ~Z⟩ ∼ ⟨ ~Z^c⟩ ∼ μ_Z , the mass of S-like (singlino-like) fermion is approximately given by M_S ≈ 2g^2_Z q^2_s ⟨ ~S⟩^2 M_λ + 4g^2_Z q^2_z ⟨ ~Z ~Z^c⟩/μ_Z ∼ ⟨ ~S⟩^2 ⟨ ~Z⟩ ∼ μ_{eff} ( μ_{eff} M_Z ) , (27)

where M_Z stands for the U(1)_Z symmetry breaking scale, and μ_{eff} the effective μ parameter (= λ⟨ ~S⟩). The order of magnitude of Eq. (27) would still be the same, even if we include also the fermionic components of {ν^c_3, Y, Y^c} in the mass matrix. Thus, we get M_S ∼ 100 GeV for a relatively large μ_{eff} e.g. μ_{eff} ∼ 1 TeV and M_Z ∼ 10 TeV. As a result, the invisible decay of the Higgs to the two singlinos is kinematically forbidden.

On the other hand, if μ_{eff} = O(100) GeV, the singlino’s mass given by Eq. (27) becomes lighter than 10 GeV. In this case, the singlino mass would be dominantly given by the superpotential term λSh_uh_d: M~_S ≈ λ^2v^2_hsin2β μ_{eff} + λ^2v^2_h/μ_{eff}

. (28)

The upper bound of Eq. (28) is achieved when μ_{eff} ∼ λv_h. Thus, M~_S ≲ (λv_h sin 2β)/2. In the “minimal” NMSSM case (without the U(1)_Z gauge symmetry and extra matter), the perturbativity of λ up to the GUT scale (< 0.7) constrains the mass of the light singlino as M~_S < m_h/2 ≈ 63 GeV. It opens the invisible decay of the Higgs to the two singlinos [8]. In our model, however, the upper bound of λ is relaxed, and so the singlino mass can be heavier than 63 GeV, maintaining the perturbativity of λ, e.g. λ ≈ 0.88 for n_Z = 4, tanβ ≈ 2, and μ_{eff} ≈ 150 GeV. Thus, the invisible decay of the Higgs can still be kinematically forbidden even for μ_{eff} = O(100) GeV.

Model of U(1)_Z ×U(1)_X For the case that U(1)_X is also considered, the first and second families of the MSSM chiral matter are still assumed to be neutral under U(1)_X as well as U(1)_Z , carrying unit U(1)_R charges. We need more fields in the U(1)_Z ×U(1)_X case, {Z^′, Z^{c′}} and {N, N^c}. The charge assignments for the extra fields are displayed in Table III. With the field contents in Table I and III, the beta function coefficients of U(1)_Z and

Superfields X Y Y^c Z Z^c D^′ D^{c′} L L^c Z^′ Z^{c′} N N^c U(1)_Z 0 1 −1 2 −2 0 0 2 −2 2 −2 −1 1 U(1)_X 0 −3 3 −2 2 0 0 −2 2 2 −2 −1 1 U(1)_R 0 0 0 0 0 3 1 −1 1 0 0 −2 2

TABLE III: The charge assignments for the extra vector-like fields under the gauge U(1)_Z ×U(1)_X and the global U(1)_R in Case II. Here the U(1)_Z and U(1)_X charge normalizations, n_Z / √ 24 and n_X / √ 40 are omitted for simple presentations. The extra vector-like fields listed in Table II should carry also U(1)_X charges. In this case, more fields {Z^′, Z^{c′}} and {N, N^c} are needed. As in Case I, however, the first two families of the chiral matter do not carry charges of U(1)_Z ×U(1)_X but do unit charge of U(1)_R.

U(1)_X are estimated as b_Z = (4+^1_2 )n^2_Z and b_X = (4+^3_{10} )n^2_X , respectively. They were utilized for analyses of the v = 2 cases in Fig. 1-(b).

For the U(1)_Z ×U(1)_X case, the y_{h2}, y_{D1}, and y_V terms in Eq. (19), and y^i_l term in Eq. (24) should be modified with the new superfields: y_{h2}ZH_dh_u → y_{h2}Z^′H_dh_u , y_{D1}ZDD^{c′} → y_{D1}Z^′DD^{c′} , y_V ν^c_3Y Z^c → y_V ν^c_3Y Z^{c′} , y^i_l ν^c_3l_3L^c → y^i_l N^cl_3L^c.

(29)

Instead of Z^c, thus, Z^{c′} obtains a VEV together with ν^c_3 and Y from the “A-term” of y_V . From the D-term potentials, Z^′ and Y^c can also get VEVs. With the new superfields, the superpotential allows the following term: W ⊃ y_N Y Z^cN^c, (30) whose “A-term” can induce VEVs of Z^c and N^c as well as Y . Then, the D-term potentials can yield VEVs of Z and N. The Kähler potential Eq. (25) is supplemented with K ⊃ X^† M_P (κ_Z′ Z^′Z^{c′} + κ_N NN^c) + h.c., (31)

which generates the “μ terms” for {Z^′, Z^{c′}} and {N, N^c}.

V. BREAKING SCALE OF EXTRA U(1)

Now let us discuss the U(1)_Z breaking scale. Due to the family dependent charge assignment of U(1)_Z , the flavor violating process can be induced through the exchange of the

U(1)_Z gauge boson Z^′_μ. We will estimate ⟨Z̃^c⟩, which determines the U(1)_Z breaking scale, following the the formulation driven by Ref. [26]. A similar estimation would be applicable to the model of U(1)_Z ×U(1)_X .

The most important constraint on the mixing angle θ_Z between Z_μ and Z^′_μ vector bosons come from the coherent μ-e conversion rate in nuclei. The branching ratio is [27, 28]

Br(μN → eN^∗) = α^3_{em}|F_p|^2

2π^2

G^2_F m^5_μ Γ_{cap}

Z^4_{eff} Z_{atm} ( |Q^{eL}_{12} |^2 + |Q^{eR}_{12} |^2 ) (32) × | | |x_1 (Z_{atm} − N_{ncl} 2 − 2Z_{atm} sin^2 θ_W ) + x_2(Z_{atm} + 2N_{ncl}) ( Q^{dL}_{11} + Q^{dR}_{11} )| |^2 , where F_p is the nuclear form factor, Γ_{cap} is the muon capture rate, Z_{eff} is the effective chage of the nuclei for the muon, Z_{atm} (N_{ncl}) is the atomic number (the neutron number) of the nucleus N . Q^{dL}_Z and Q^{eL}_Z are defined with the CKM and PMNS matrices, (Q^{dL}_Z )_{ij} ≡ q_m(V_{CKM})^∗_{3i}(V_{CKM})_{3j} and (Q^{eL}_Z )_{ij} ≡ q_m(V_{PMNS})_{i3}(V_{PMNS})^∗_{j3}, where q_m denotes the electromagnetic charge of relevant SM matter. On the other hand, (Q^{dR}_Z )_{ij} and (Q^{eR}_Z )_{ij} are rather model dependent. We assume that (Q^{dR}_Z )_{ij} and (Q^{eR}_Z )_{ij} are the same order with (Q^{dL}_Z )_{ij} and (Q^{eL}_Z )_{ij} , respectively. For a small mixing (θ_Z ≪ 1), x_1 and x_2 are given by

x_1 ≈ g_Z θ_Z √ g^2 + g^{′2}

, x_2 ≈ v^2_h 2(M^2_Z′ /g^2_Z )

, (33)

where M_Z′ denotes the mass of the U(1)_Z gauge boson. From the SINDRUM II collaboration, we get the most serious bound from N =Au [29]:

Br(μAu → eAu) < 7 × 10^{−13}, (34)

which yields the constraint on x_1 as

x_1 ≲ 2 × 10^{−6}. (35)

If the kinetic mixing between U(1)_Y and U(1)_Z is negligible, x_1 ≈ 0 at tree-level, since ~Z^c does not carry the SM gauge quantum number. Thus, it can be easily satisfied in this model.

The constraint on x_2 from the quark sector is rather mild. Since the U(1)_Z charges for the first and second families of the SM chiral fields are zero, the flavor violating effects are proportional to the off-diagonal components of the CKM matrix. However, there is no such large suppression in the lepton sector. The most important constraint originates from the flavor changing muon decay modes: μ^− → e^−γ and μ^− → e^−e^+e^−. The branching ratios for the processes are estimated as

Br(μ^− → e^−γ) ≈

48α_{em} π (q^2_mx_2)^2 | | |(V^e_R)_{31}(V_{PMNS})_{23} [M^E ]^{3,3} m_μ | | |^2 , Br(μ^− → e^−e^+e^−) ≈ 4x^2 { 2 | |(Qe_{LZ} )_{11}(Qe_{LZ} )_{12} | |^2 + 2 | |(Qe_{RZ} )_{11}(Qe_{RZ} )_{12} | |^2 (36)

+ | | |(Q^{eL}_Z )11(Q^{eR}_Z )12 | | |^2 + | | |(Q^{eR}_Z )11(Q^{eL}_Z )12 | | |^2 } in the limit of a small Z_μ-Z^′_μ mixing, which is already constrained by Eq. (35). Here V^e_R indicates the unitary matrix diagonalizing M_E M^†_E (rather than M^†_E M_E ), which does not contribute to the PMNS matrix. [M_E ]_{3,3} means the (3, 3) components in the mass matrix of the charged leptons (≡ y_τ v_hcosβ). The present experimental bounds for such processes [30, 31] are found in Table IV, which provide the most stringent constraints on x_2 or ⟨ ~Z^c⟩: ⟨ ~Z^c⟩ ≳ 5.6 TeV × ( |y_τ | 10^{−3}

)_{1/2} ( cosβ 0.2 )_{1/2} , (37)

and ⟨ ~Z^c⟩ ≳ 3.1 TeV, respectively. Thus, the VEV of ~Z^c discussed in section IV (≈ 5 − 10 TeV) is consistent with these bounds. Other less severe constraints on x_2 [32] are also listed in Table IV.

Experimental bounds q^2_mx_2 (= v^2_h/16⟨ ~Z^c⟩^2) Br(μ^− → e^−γ) < 5.7 × 10^{−13} < 0.2^{mμ}_{|[ME]3,3|} × 10^{−4} Br(μ^− → e^−e^+e^−) < 1.0 × 10^{−12} < 2 × 10^{−4} Δm_B0_s = (117.0 ± 0.8) × 10^{−13} GeV < 10^{−3} Δm_B0 = (3.337 ± 0.033) × 10^{−13} GeV < 10^{−3} Δm_K0 = (3.484 ± 0.006) × 10^{−15} GeV < 10^{−2} ϵ_K = (2.233 ± 0.015) × 10^{−3} < 4 × 10^{−4} Br(B^0 → μ^+μ^−) < 1.4 × 10^{−9} < 10^{−2} Br(K^0_L → μ^±e^∓) < 4.7 × 10^{−12} < 1.5 × 10^{−3} Br(K^0_L → e^+e^−π^0) < 2.8 × 10^{−10} < 0.4 Br(K^0_L → μ^+μ^−π^0) < 3.8 × 10^{−10} < 0.1 Br(K^0_L → μ^+e^−π^0) < 7.6 × 10^{−11} < 0.1

TABLE IV: Constraints on ⟨ ~Z^c⟩ from various experimental bounds. m_μ denotes the muon mass, and [M_E ]_{3,3} means the (3, 3) component in the mass matrix of the charged leptons (≡ y_τ v_hcosβ).

The upper bound on x_2 will possibly be further lowered by future experiments. Then, this model will be testable. Especially for μ → 3e, the sensitivity is planned to reach Br(μ → 3e) = 10^{−16} [33]. Concerning the μ-e conversion, many experiments are proposed to explore Br(μAl → eAl) = 10^{−16} [34, 35] and Br(μTi → eTi) = 10^{−18} [36].

Another potential flavor violation effects in this model are the processes mediated by the heavy Higgs {H_u, H_d}. The constraints by them would be mild compared to those by Z^′ boson mediations, because small Yukawa couplings are also involved there. In the mass eigen basis, the neutral flavor-changing couplings can be written as W_{F CNC} = ∑ i,j=1,2,3 ( ξ^d_{ij}d̂_id̂^c_j + ξ^e_{ij}ê_iê^c_j ) H^0_d , (38) where ξ^{d,e}_{ij} parametrize (Yukawa couplings)×(mixing angles), and so they are of order the Yukawa couplings or smaller. Here H^0_d denotes the neutral component of H_d. After integrating out the heavy Higgs {H_u, H_d}, Eq. (38) provides flavor violating four fermion interactions suppressed by μ^2_H from the Kähler potential. Unlike H^0_d , H^0_u does not give rise to flavor violations. Note that H^0_u has only the 2×2 block-diagonal couplings of the first and second generations of the SM chiral matter, while h^0_u couples only to the third generation.

Due to the hierarchical structure of the masses for the quarks and charged leptons, we employ the parametrization of Cheng and Sher [37] as

ξ^d_{ij} = λ^d_{ij} √ m^d_i m^d_j v_h , ξ^e_{ij} = λ^e_{ij} √ m^e_i m^e_j v_h , (39)

where m^q_i (m^e_i ) denotes the mass of d-type quark (charged lepton) of the generation i. For λ^{d,e} ∼ O(1), thus, ξ^{d,e} become the same order of magnitude with the average of the relevant Yukawa couplings. If λ^{d,e} turn out to be of order unity, hence, the couplings in Eq. (38) can be regarded as being natural. On the other hand, if the experimental bounds requires too small λ^{d,e}, the couplings in Eq. (38) should be finely tuned.

For the quark sector, the most serious bound comes from the neutral meson (M^0 = q_iq̄_j) mixing. The mass splitting is calculated as [38]

Δm_M 0 m_M 0 ≈ (ξ^d_{ij})^2B_M 0 F^2_{M 0} 3μ^2_H [ 1 + 6m^2_{M 0} (m^q_i + m^q_j )^2 ] , (40)

where F_M 0 is the meson decay constant, and B_M 0 is the vacuum insertion parameters defined in [39]. The experimental bounds on Δm_B0_s , Δm_B0 and Δm_K0 in Table IV constrain the parameters as

(λ^d_{12}, λ^d_{31}, λ^d_{32}) ( 5 TeV μ_H ) ≲ (4.2, 2.5, 2.5). (41)

The less severe constraint is from Br(B^0_s → μ^+μ^−) < 6.4 × 10^{−9} [32], which yields √ λ^d_{32}λ^e_{22} ( 5 TeV μ_H ) ≲ 37. (42)

For the lepton sector, the most important constraint is from the μ → eγ bound. The decay rate is given by [40] Γ(μ → eγ) ≈ [ α_{em}(ξ^e_{13})^2(ξ^e_{23})^2 4π^4 ] [ m^4_τ m_μ μ^4_H ] [ ln μ_H m_τ ]_2

. (43)

So the resulting bound is estimated as √ λ^e_{13}λ^e_{23} ( 5 TeV μ_H ) ≲ 3.3. (44)

Therefore, all the flavor violations associated with the heavy Higgs, {H_u, H_d} can be sufficiently suppressed, only if μ_H ≳ 5 TeV.

VI. CONCLUSION

We considered the perturbative U(1) gauge extensions of the NMSSM to relieve the LP constraint on the “λ” coupling, maintaining the gauge coupling unification. They are closely associated with raising the tree-level mass of the Higgs. To minimize the beta function coefficient(s) of U(1)_Z or U(1)_Z ×U(1)_X , which is necessary for U(1) gauge interaction(s) relevant down to low energies, we assign U(1) charges only to the Higgs doublets and the third family of the chiral matter among the MSSM field contents. In the U(1)_Z [U(1)_Z ×U(1)_X ] case, the low energy value of λ can be lifted up to 0.85 − 0.95 [0.9 − 1.0], depending on the normalization of the charges, when the gauge coupling g_Z [and also g_X ] and λ are constrained not to blow up below the GUT scale. We also discussed how to induce the Yukawa couplings for the first and second families of the quarks and leptons, and the resulting phenomenological constraints associated with flavor violations.

Acknowledgments

This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Grant No. 2013R1A1A2006904 (B.K.) and 2011-0011083 (C.S.S.), and also in part by Korea Institute for Advanced Study (KIAS) grant funded by the Korea government (B.K.). C.S.S. acknowledges the Max Planck Society (MPG), the Korea Ministry of Education, Gyeongsangbuk- Do, and Pohang City for the support of the Independent Junior Research Group at the Asia Pacific Center for Theoretical Physics (APCTP).

[1] For a review, see A. Djouadi, Phys. Rept. 459 (2008) 1 [hep-ph/0503173]. See also, for instance, S. P. Martin, In *Kane, G.L. (ed.): Perspectives on supersymmetry II* 1-153 [hep-ph/9709356].

[2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235 [hep-ex]]. See also S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 710 (2012) 26 [arXiv:1202.1488 [hep-ex]].

[3] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-ex]].

See also G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710 (2012) 49 [arXiv:1202.1408 [hep-ex]].

[4] For a review, see U. Ellwanger, C. Hugonie and A. M. Teixeira, Phys. Rept. 496 (2010) 1 [arXiv:0910.1785 [hep-ph]].

[5] L. J. Hall, D. Pinner and J. T. Ruderman, JHEP 1204 (2012) 131 [arXiv:1112.2703 [hep-ph]];

U. Ellwanger, JHEP 1203 (2012) 044 [arXiv:1112.3548 [hep-ph]]; A. Arvanitaki and G. Villadoro, JHEP 1202 (2012) 144 [arXiv:1112.4835 [hep-ph]]; S. F. King, M. Muhlleitner and R. Nevzorov, Nucl. Phys. B 860 (2012) 207 [arXiv:1201.2671 [hep-ph]]; Z. Kang, J. Li and T. Li, JHEP 1211 (2012) 024 [arXiv:1201.5305 [hep-ph]]; J. Cao, Z. Heng, J. M. Yang, Y. Zhang and J. Zhu, JHEP 1203 (2012) 086 [arXiv:1202.5821 [hep-ph]]; U. Ellwanger and C. Hugonie, Adv. High Energy Phys. 2012 (2012) 625389 [arXiv:1203.5048 [hep-ph]]; K. Agashe, Y. Cui and R. Franceschini, JHEP 1302 (2013) 031 [arXiv:1209.2115 [hep-ph]]; T. Gherghetta, B. von Harling, A. D. Medina and M. A. Schmidt, JHEP 1302 (2013) 032 [arXiv:1212.5243 [hep-ph]].

[6] A. Delgado, C. Kolda, J. P. Olson and A. de la Puente, Phys. Rev. Lett. 105 (2010) 091802 [arXiv:1005.1282 [hep-ph]]; G. G. Ross and K. Schmidt-Hoberg, Nucl. Phys. B 862 (2012) 710 [arXiv:1108.1284 [hep-ph]]; A. Delgado, C. Kolda and A. de la Puente, Phys. Lett. B 710 (2012) 460 [arXiv:1111.4008 [hep-ph]].

[7] K. S. Jeong, Y. Shoji and M. Yamaguchi, JHEP 1204, 022 (2012) [arXiv:1112.1014 [hep-ph]];

J. E. Kim, H. P. Nilles and M. -S. Seo, Mod. Phys. Lett. A 27 (2012) 1250166 [arXiv:1201.6547 [hep-ph]].

[8] K. J. Bae, K. Choi, E. J. Chun, S. H. Im, C. B. Park and C. S. Shin, JHEP 1211 (2012) 118 [arXiv:1208.2555 [hep-ph]].

[9] P. Langacker and J. Wang, Phys. Rev. D 58 (1998) 115010 [hep-ph/9804428]; J. Erler, Nucl.

Phys. B 586 (2000) 73 [hep-ph/0006051].

[10] J. P. Hall and S. F. King, arXiv:1209.4657 [hep-ph].

[11] M. Endo, K. Hamaguchi, S. Iwamoto, K. Nakayama and N. Yokozaki, Phys. Rev. D 85 (2012) 095006 [arXiv:1112.6412 [hep-ph]].

[12] B. Kyae and J. -C. Park, Phys. Rev. D 87 (2013) 075021 [arXiv:1207.3126 [hep-ph]]; B. Kyae and J. -C. Park, Phys. Rev. D 86 (2012) 031701(R) [arXiv:1203.1656 [hep-ph]];

[13] See also T. Moroi and Y. Okada, Mod. Phys. Lett. A 7 (1992) 187; T. Moroi and Y. Okada, Phys. Lett. B 295 (1992) 73; K. S. Babu, I. Gogoladze and C. Kolda, hep-ph/0410085; K. S. Babu, I. Gogoladze, M. U. Rehman and Q. Shafi, Phys. Rev. D 78 (2008) 055017; S. P. Martin, Phys. Rev. D 81 (2010) 035004; T. Moroi, R. Sato and T. T. Yanagida, Phys. Lett. B 709 (2012) 218 [arXiv:1112.3142 [hep-ph]].

[14] M. Masip, R. Munoz-Tapia and A. Pomarol, Phys. Rev. D 57 (1998) R5340 [hep-ph/9801437].

For more recent discussions, see also R. Barbieri, L. J. Hall, A. Y. Papaioannou, D. Pappadopulo and V. S. Rychkov, JHEP 0803 (2008) 005 [arXiv:0712.2903 [hep-ph]].

[15] E. Hardy, J. March-Russell and J. Unwin, JHEP 1210 (2012) 072 [arXiv:1207.1435 [hep-ph]]. [16] R. Harnik, G. D. Kribs, D. T. Larson and H. Murayama, Phys. Rev. D 70 (2004) 015002 [hep-ph/0311349]; S. Chang, C. Kilic and R. Mahbubani, Phys. Rev. D 71 (2005) 015003 [hep-ph/0405267]. See also A. Birkedal, Z. Chacko and Y. Nomura, Phys. Rev. D 71 (2005) 015006 [hep-ph/0408329].

[17] R. Barbieri, L. J. Hall, Y. Nomura and V. S. Rychkov, Phys. Rev. D 75 (2007) 035007

[hep-ph/0607332]; R. Franceschini and S. Gori, JHEP 1105 (2011) 084 [arXiv:1005.1070 [hepph]].

[18] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP 0402 (2004) 043 [hep-ph/0309149].

[19] P. Lodone, JHEP 1005 (2010) 068 [arXiv:1004.1271 [hep-ph]].

[20] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP 0406 (2004) 032 [hep-ph/0404251].

[21] See, for instance, J. E. Kim and B. Kyae, Nucl. Phys. B 770 (2007) 47 [hep-th/0608086];

J. E. Kim, J. -H. Kim and B. Kyae, JHEP 0706 (2007) 034 [hep-ph/0702278 [HEP-PH]]; J. - H. Huh, J. E. Kim and B. Kyae, Phys. Rev. D 80 (2009) 115012 [arXiv:0904.1108 [hep-ph]].

[22] K. -S. Choi and B. Kyae, Nucl. Phys. B 855 (2012) 1 [arXiv:1102.0591 [hep-th]]. [23] S. F. King, S. Moretti and R. Nevzorov, Phys. Rev. D 73 (2006) 035009 [hep-ph/0510419]. [24] G. F. Giudice and A. Masiero, Phys. Lett. B 206 (1988) 480.

[25] P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B 548 (2002) 119 [hep-ph/0208157]. See also B. Kyae, Phys. Lett. B 685 (2010) 19 [arXiv:0909.3139 [hep-ph]].

[26] P. Langacker and M. Plumacher, Phys. Rev. D 62 (2000) 013006 [hep-ph/0001204]. [27] J. Bernabeu, E. Nardi and D. Tommasini, Nucl. Phys. B 409 (1993) 69 [hep-ph/9306251]. [28] Y. Kuno and Y. Okada, Rev. Mod. Phys. 73 (2001) 151 [hep-ph/9909265]. [29] W. H. Bertl et al. [SINDRUM II Collaboration], Eur. Phys. J. C 47 (2006) 337. [30] J. Adam et al. [MEG Collaboration], arXiv:1303.0754 [hep-ex]. [31] U. Bellgardt et al. [SINDRUM Collaboration], Nucl. Phys. B 299 (1988) 1. [32] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86 (2012) 010001. [33] A. Blondel, A. Bravar, M. Pohl, S. Bachmann, N. Berger, M. Kiehn, A. Schoning and D. Wiedner et al., arXiv:1301.6113 [physics.ins-det]; http://www.psi.ch/mu3e/ [34] http://comet.phys.sci.osaka-u.ac.jp/. [35] http://mu2e.fnal.gov/.

[36] Y. Kuno [COMET Collaboration], PTEP 2013 (2013) 022C01. [37] T. P. Cheng and M. Sher, Phys. Rev. D 35 (1987) 3484.

[38] R. S. Gupta and J. D. Wells, Phys. Rev. D 81 (2010) 055012 [arXiv:0912.0267 [hep-ph]]. [39] D. Atwood, L. Reina and A. Soni, Phys. Rev. D 55 (1997) 3156 [hep-ph/9609279]. [40] R. A. Diaz, R. Martinez and J. A. Rodriguez, Phys. Rev. D 67 (2003) 075011 [hep-ph/0208117].