arXiv:1107.5613v2 [hep-ph] 2 Aug 2011

SNUTP 11-008, TU-886

Gauge mediation to effective SUSY through U(1)s with a dynamical SUSY breaking, and string compactification

Kwang Sik Jeong^1, Jihn E. Kim^{2,3}, Min-Seok Seo^2 1Department of Physics, Tohoku University, Sendai 980-8578, Japan 2Department of Physics and Astronomy and Center for Theoretical Physics, Seoul National University, Seoul 151-747, Korea 3 GIST College, Gwangju Institute of Science and Technology, Gwangju 500-712, Korea

We investigate the possibility of U(1)^′ mediation, leading to an effective SUSY where the first two family sfermions are above 100 TeV but the third family sfermions and the Higgs doublets are in the TeV region(or the light stop(t̃_l) case). The U(1)^′ gaugino, Zprimino (Z^′-ino), needs not to be at a TeV scale, but needs to be somewhat lighter than the messenger scale. We consider two cases, one the mediation is only through U(1)^′ and the other through U(1)^′ and the electroweak hypercharge U(1)Y . In the SUSY field theory framework, we calculate the superpartner mass spectra for these two cases. We also point out that the particle species needed for these mechanisms are already obtained from a Z12−I orbifold compactification.

PACS numbers: 12.60.Jv, 14.80.Ly, 11.25.Wx, 11.25.Mj Keywords: Effective SUSY, Light stop, U(1)^′ mediation, Orbifold compactification

I. INTRODUCTION

Supersymmetry(SUSY) and its breaking mechanism have been the most active particle theory research in the last three decades. In particular, the SUSY flavor problem has led to the gauge mediated SUSY breaking (GMSB) [1, 2]. The attractive gravity mediation scenario for transmitting SUSY breaking down to the visible sector probably violates the flavor independence of interactions, but there are ways in the gravity mediation also to suppress the flavor changing neutral couplings(FCNC) of the standard model(SM) fermions in the effective SUSY(effSUSY) framework [3]. In the effSUSY, the first two family sfermions are sufficiently heavy above 5–20 TeV while the third family sfermion masses are in the 100 GeV–1 TeV region. The SUSY flavor solution by the GMSB relies on the family independence of the sfermion interaction, for which the gauge interactions do not distinguish family members. The family independence of sfermion masses needs the dominant SUSY breaking source with color SU(3)_c charge, the weak SU(2)_W charge and the weak hypercharge Y . There exists the SUSY breaking source at some hidden sector scale Λ_h below 10^{12} GeV for the GMSB is useful [4] and the messengers, carrying the visible sector gauge charges, acquire SUSY braking F (or D) terms. The visible sector sfermions obtain masses via these messenger F terms and sometimes the grand unification(GUT) messenger multiplets have been considered for this transmitting purpose [2].

Even though the original GMSB seems to be attractive, similar related ideas in terms of U(1)s have been suggested by Langacker, Pas, Wang and Yavin [5] and Mohapatra and Nandi, and Kikuchi and Kubo [6, 7]. The Langacker et al. mechanism employs an extra Z^′ gauge interaction instead of the whole SU(3)_c×SU(2)_W ×U(1)_Y interactions of the SUSY breaking source. The messengers and the SM fields carry the Z^′ charges and the Z̃^′ gaugino mass is triggering the superpartner masses of the SM fields through the messengers. In addition, they assume a TeV scale Z^′, but the low energy scale of which is not needed in general just for a mediation mechanism alone. On the other hand, the Mohapatra-Nandi mechanism uses U(1)_{Y1} and U(1)_{B−L} and both of these U(1)s participate in the breaking of SUSY and U(1)_{Y1} to obtain the U(1)_Y of the SM and also the transfer of SUSY breaking to the superpartners of the SM. The SUSY breaking source can be of dynamical origin as suggested by the well-known dynamical SUSY breaking(DSB) models in SO(10)^′ with 16^′ or 16^′ + 10^′ [8], or in an SU(5)^′ model with 10^′ + 5^′ [9]. We understand that the effective Polonyi form for SUSY breaking [10] is parametrizing the DSB models. Therefore, for a full description of GMSB or mixed mediation, we should rely on the string origin of SUSY breaking endowing one hidden family of SU(5)^′ or SO(10)^′. There already exist models from the superstring orbifold compactification implementing the SUSY breaking source SU(5)^′ with the visible sector SU(3)_c×SU(2)_W ×U(1)_Y [11] or with the flipped SU(5) [12]. In particular, the one hidden sector family models of SO(10)^′ and SU(5)^′ cannot carry SU(3)_c color and SU(2)_W charges, or the hidden sector does not satisfy the one family condition. Then, the gauge mediation is better to be through U(1)s, and it is not expected that the SM families carry the same U(1)^′ charges which does not satisfy the chief merit of the GMSB the family independence of the mediation. The best we can anticipate for low energy SUSY is an effSUSY [3] that the superpartners of two light family members are much heavier than the TeV scale.

The recent Large Hadron Collider(LHC) reports exclude squarks in the TeV region [13] even though these analyses are based on the R-parity conserving constrained MSSM. Therefore, in the SUSY framework the effSUSY is the next serious candidate to be analyzed thoroughly [14]. If the R-parity conserved, the axino [15] or gravitino LSP [16] models are not free from the LHC problem. For example, for F_a = 10^{11} GeV and 1 TeV squark mass, the squark decay line to the axino vertex is estimated as a few mm order, which is swamped by decays to NLSPs.

In this regard, we note that a simpler model building exists in SUSY field theory framework via the Intrilligator, Seiberg and Shih (ISS) mechanism where the vacuum is unstable but have a sufficiently long lifetime [17–19]. As noted from the string compactification, the total number of 4 dimensional(4D) chiral fields are somewhere between 100 and 200 and it is very difficult for the SUSY breaking source to carry all the SU(3)_c×SU(2)_W ×U(1)_Y charges. The ISS mechanism is not free of this problem, if not impossible, since for example SU(N_h) with N_f flavors needs N_h + 1 ≤ N_f <^3_2 N_h chiral fields for an unstable minimum. The simplest case SU(5)^′ needs 6 or 7 vectorlike flavors, which has been realized in string compactifications [4] where however the SU(2)_W is broken at the hidden sector scale and the messengers do not carry the color charges. So, it is likely that the original idea of GMSB in the ISS form needing a baroque representation may not be realizable from string compactification.

On the other hand, the Langacker et al. type or the Mohapatra-Nandi type mediation, employing only U(1)s for mediation, can be easily realizable in SUSY breaking models of one family SU(5)^′ or of ISS.

We note that there result some phenomenologically acceptable string vacua, where light stop Z^′ mediation (LSTZPM or t̃_lZ^′M) and light stop mixed mediation (LSTMM or simply MM)^1 to an effSUSY, from 10D string to a 4D minimal supersymmetric SM(MSSM) [20– 23]:

• Model t̃_lZ^′M

1. Many U(1)s may contribute in the mediation. Here we choose the simplest possibility that only one U(1)^′ with the superpartner Zprimino (Z^′-ino), Z̃^′, is effective in the mediation.

2. The SUSY breaking source at Λ_h does not carry the weak hypercharge Y , or the low energy SM does not result. The messenger sector at M_{mess} carries the Z^′ charge Y^′ but does not carry the weak hypercharge Y .

3. The superpartners of the third family fermions, (t, b, τ, ν_τ ) do not carry the Z^′ charge Y^′. This item realizes the effSUSY.

4. The Higgs doublets do not carry the Z^′ charge Y^′.

The SU(2)_W ×U(1)_Y breaking is naturally achieved by a running of Higgs boson masses.

1 We pick up the light stop among the third family members because the RG evolution is dominated by the top Yukawa coupling.

• Model MM

1. Many U(1)s may contribute in the mediation. Here we choose the simplest possibility that only one U(1)^′ is effective in addition to U(1)_Y of the SM. These gauge bosons are Z^′ and B, and their superpartners are called Zprimino Z̃^′ and Bino.

2. The SUSY breaking source does not carry the weak hypercharge Y , or the low energy SM does not result. The messenger sector carries both the weak hypercharge Y and the Z^′ charge Y^′.

3. The superpartners of the third family fermions do not carry the Z^′ charge Y^′. This item realizes the effective SUSY [3].

4. Higgs doublets do not carry the Z^′ charge Y^′.

5. The SU(2)_W ×U(1)_Y breaking is done by a finetuning between parameters of the Higgs boson mass matrix [5].

These two cases are the effSUSY generalization of the U(1)^′ mediation [5] and the mixed U(1)s mediation [6]. In fact, both of these cases are explicitly found in Z_{12−I} orbifold compactification [11].

In Sec. II, we discuss the general features of t̃_lZ^′M and MM on the spectra of superpartners of the SM, and in Sec. III we present such realizations from a published string compactification model [11]. Here the gauge symmetry breaking to the MSSM is achieved by the vacuum expectation values(VEVs) of some scalar fields obtained from the orbifold compactification. In Appendix A, we present the renormalization group(RG) running inputs and the relevant formulae. In Appendix B, we present two tables on charged and neutral singlets used in Sec. III. Section IV is a conclusion.

II. SUSY BREAKING MEDIATION BY U(1)^′

We argue that U(1)^′ mediation of SUSY breaking is of general nature in string compactification. A prototype example has been given in Ref. [11] where the SUSY breaking source is provided by the confining hidden sector SU(5)^′ with one family 10^′ + 5^′. In Ref. [11], the original GMSB idea has been commented by assuming the Planck scale singlet VEVs, but it is probable that some needed singlets do not have that large VEVs. Then, the unremovable SUSY breaking mediation is through U(1)s. This explicit string model will be commented after we present phenomenological aspects of t̃_lZ^′M and MM schemes.

We consider two U(1) gauge bosons, B_μ corresponding to Y of the SM and Z^′_μ corresponding to an additional hypercharge Y^′. The messenger matter fields f and f̄ have the quantum numbers of f(Y, Y^′) and f̄(−Y, −Y^′). Both of these possibilities are possible with the model of Ref. [11]. In these models, the Zprimino mass diagram

FIG. 1: The mass diagram of Zprimino. The SUSY breaking insertion from DSB is ×. The bulleted line is Z̃^′. This soft mass is added to the SUSY mass.

appears as in Fig. 1. We emphasize the Z^′ mediation by representing Z^′ as a bulleted one and Zprimino as a bulleted line.

A. Light stop Z^′ mediation

The messenger fields, carrying the hidden sector color such as the SU(5)^′ charge have the following (Y, Y^′; SU(5)^′)

f(0, 1; 5^′), f̄(0, −1; 5^′) (1)

and the third family members do not carry the Y^′ charge. In addition, Higgs doublets also do not carry the Y^′ charge. In this case, the mediation mechanism is shown pictorially in Fig. 2, which is called t̃_lZ^′M. In this case, a light Higgs boson and the light 3rd family members are obtained naturally. In Fig. 2, the U(1)^′ charged sectors are colored yellow.

As a field theory example, we consider an anomaly free U(1)^′ charge assignment as Y^′ = B − L for the first two

FIG. 2: An effSUSY through t̃_lZ^′M. The Z^′ line is the bulleted one.

light families Y Y^′ 3rd family and H_{d,u} Y Y^′

q1,2^1_6^1_3 (t, b)^1_6 0

u^c_{1,2}^{−2}_3^{−1}_3 t^{c −2}_3 0

d^c_{1,2}^1_3^{−1}_3 b^{c 1}_3 0

l1,2^{−1}_2 −1 (ντ , τ )^{−1}_2 0

e^c_{1,2} 1 1 τ^c 1 0

N^c_{1,2} 0 1 N^c_3 0 0

H_d^{−1}_2 0

Hu^1_2 0

TABLE I: The Y^′ charges of the SM fermions, Higgs doublets and heavy neutrinos.

families, and Y^′ = 0 for the third family members as listed in Table I. Certainly, it may be difficult for this model to produce a successful flavor structure if the U(1)^′ breaking scale is below 10^{12} GeV and the messenger scale is at the GUT scale. So, we assume the messenger scale is low, i.e. only a factor of 100 larger than the DSB scale. Here, our main concern is obtaining the superparticle spectrum.

The Zprimino Z̃^′ obtains mass through the diagram shown in Fig. 1, where the SUSY breaking insertion is shown as ×. Below the messenger mass scale M_{mess}, the Zprimino soft mass is estimated as^2 M_{Z̃}′ (μ) g^2_Y ′ (μ) = − 1 8π^2

F_{mess} M_{mess}

, (2)

where F_{mess} is the relevant F -term of the messenger sector.

Since the messengers are not charged under the SM gauge group, the MSSM gaugino masses are induced only through RG running from the loops shown in Fig. 3 where the Zprimino mass is shown as ×. Assuming that U(1)^′ is broken at a scale much larger than M_{Z̃}′ but below M_{mess}, one can obtain M_a(μ) g^2_a(μ) = − c_ag^2_Y ′ (M^′) (8π^2)^2

M_{Z̃}′ (M^′) ln ( M_{mess} M^′ ) , (3)

for μ < M^′ with M^′ being the U(1)^′ breaking scale. For the U(1)^′ charge assignment given in Table I, c_a are given by c_Y = 92 27 , c_2 = 8 3 , c_3 = 8 9 , (4)

and thus the MSSM gauginos have a compressed mass spectra compared to the ordinary gauge mediation.

2 This soft mass is added to the supersymmetric mass.

FIG. 3: The mass diagram of the SM gauginos. The SUSY breaking from Zprimino sector is shown as ×. The Z̃^′ line is a bulleted line.

On the other hand, the first two family sfermions directly couple to U(1)^′ and obtain masses as

m^2_{q̃1,2 ,l̃1,2} = Y^{′2}_{q1,2 ,l1,2} M^2_{Z̃′} , (5)

at the messenger scale. The dominant effect on the RG running of their masses comes from the loops involving the Zprimino as shown in Fig. 4.

FIG. 4: The first two family sfermion(q̃1,2, l̃1,2) mass diagrams. The SUSY breaking from Zprimino sector is shown as ×.

FIG. 5: The mass diagrams for the third family sfermion(q3, l3) and Higgs bosons. The SUSY breaking from the SM gauginos are shown as ×.

Due to the desired gauge coupling hierarchy, the MSSM gauginos are lighter than the first two family sfermions. The third family sfermions obtain mass through the diagram shown in Fig. 5, where the SUSY breaking mass of the MSSM gauginos are shown as ×. The soft scalar masses for the third family sfermions and Higgs bosons can be obtained from the RG running equations, which are the same as those in the MSSM at the leading order.

FIG. 6: The sparticle and Higgs boson mass spectra in the t̃_lZ^′M. We have taken M_{mess} = 10^{14} GeV, M_{Z′} = 10^8 GeV and M~_Z′ (Mmess) = 1.8×10^6 GeV, for which the squark masses of the first two families are above 10^6 GeV.

The electroweak symmetry breaking is achieved radiatively [24] by the RG running equations. For a successful electroweak symmetry breaking in SUSY models, we need a TeV scale μ term. Because it is a superpotential term, it is not generated radiatively. In the GMSBs and in our t̃_lZ^′M and MM, we need to introduce it independently. The gravitational (or more explicitly in string models the moduli) interactions introduce a nonrenormalizable term of the form for the Higgsino doublet pair [25], ∼ S_1S_2 M_P H_uH_d (6)

where M_P ≃ 2.44 × 10^{18} GeV, and S_{1,2} are the SM singlet(s). With VEVs of S_{1,2} in the 10^{10−11} GeV region, we obtain the needed magnitude of μ. Without this additional gravity effect, it may be difficult to obtain a successful electroweak symmetry breaking if not impossible. The Giudice-Masiero mechanism [26] does not introduce a right order of μ from the Kähler potential since the gravitino mass m_{3/2} is required to be much smaller than the electroweak scale.

Below, we introduce the needed μ independently from the t̃_lZ^′M and MM.

We present the spectra based on Table I in Fig. 6.^3 From Fig. 6, we note that the lightest Higgs boson mass is around 120 GeV. We also note that the stop mass is near 580 GeV which is lower than the recent CMS bound

3 But in the string example discussed in Sec. III, since the first and second generation SU(2)_L doublet quarks and leptons are not charged under U(1)^′, the spectra may be distinct from Fig. 6.

of 1.2 TeV [13]. However, the latter is not a serious problem, for we can achieve this CMS bound by enlarging the Zprimino mass,^4 which will subsequently raise the MSSM gaugino masses. Note that the third family sfermions and Higgs bosons acquire soft masses through RG running from the loops involving MSSM gauginos. This explains why they are lighter than the MSSM gauginos.

In the example, χ̃^0_4 and χ̃^±_2 come mostly from the neutral and charged wino, respectively, while χ̃^0_3 is bino-like. The lightest ordinary sparticle is χ̃^0_1, which is higgsinolike and has mass around 306 GeV. Since the gluino mass is comparable to the wino/bino mass, the third generation squarks are not so heavy at high energy scales. As a result, m^2_{Hu} is slowly driven to negative as the energy scale goes down compared to the ordinary gauge mediation, and a small μ-term is required for the electroweak symmetry breaking. In the example, μ = 313 GeV and B = 133 GeV at the weak scale, and tan β = 10.

Meanwhile, the lightest SUSY particle(LSP) is given by the gravitino having mass ∼ Λ^3_h/M^2_{P l}.

B. Mixed mediation

The only difference of MM from the t̃_lZ^′M is that the messenger fields carry the Y charge,

f(Y_f , 1; 5^′), f̄(−Y_f , −1; 5^′). (7)

If the bino is much heavier than other MSSM gauginos, the top Yukawa interaction would drive not only m^2_{Hu} but also the left-handed stop mass squared to negative at around the weak scale.^5 To avoid such a problem in the MM scenario, we need Y^2_f g^2_Y ≲ 10^{−3}g^2_Y ′ so that the bino mediation induces soft scalar masses at most of the order of the wino/gluino mass. In this case, the effective SUSY can be obtained since the bino mediation is much weaker than the Z^′ mediation. Nonetheless, the bino mediation can still change the mass spectra of light sparticles and Higgs bosons.

For the case that the bino mediation is as important as the Z^′ mediation, a tachyonic stop can be avoided if the

4 To get m_{t̃1} ≳ 1.2 TeV in the example, one can take M_{Z̃′} ≳ 3.8×10^6 GeV at the messenger scale. The electroweak symmetry breaking would then require a rather large Higgs μ term: μ ≳ 670 GeV.

5 In the situation under consideration, the left-handed stop and up-type Higgs boson would acquire soft masses as

m^2_{Hu} (μ) ≃ 1 4 g^2_Y P_1 + 1 2 g^2_Y P_2 − 3y^2_t P_3,

m^2_{t̃L} (μ) ≃ 1 36 g^2_Y P_1 + 1 18 g^2_Y P_2 − y^2_t P_3, (8)

at μ < M_Z′ . Here P_{1,2,3} are positive numbers of O(M^2_{B̃} ). Also note that the first term corresponds to the bino-mediated contribution at M_{mess}, while the latter two are from the RG effects associated with U(1)_Y gauge and top-Yukawa coupling, respectively. It is obvious that m^2_{t̃L} < m^2_{Hu} at a low energy scale.

third family sfermions are charged under U(1)^′. Only the wino and gluino then remain light while all the scalars acquire quite large soft masses. Hence, we need to finetune the Higgs mass parameters to achieve the correct electroweak symmetry breaking.

FIG. 7: An effSUSY through MM.

III. STRING EXAMPLE

In this section, we discuss the t̃_lZ^′M and MM based on the Z_{12−I} orbifold model of Ref. [11], where the 4D gauge group is

SU(3)_c × SU(3)_W × U(1)^3 × SU(2)_n

× SU(5)^′ × SU(3)^′ × U(1)^{′ 2}.

The gauge groups SU(2)_n and SU(3)^′ are completely broken by the Higgs mechanism. The gauge group SU(2)_n is neutral, i.e. it does not contribute to the SM hypercharge Y . But the hidden sector gauge group SU(3)^′ contributes to Y : 3^′ → (^{−1}_3^{−1}_3^2_3 ) and 3^′ → (^1_3^1_3^{−2}_3 ). To break SU(3)^′ completely with these hypercharge contributions, we assign VEVs to two independent even Γ fields in the lower box of Table V. Thus at the GUT scale, SU(3)_c×SU(3)_W ×U(1) is broken to SU(3)_c×SU(2)_W ×U(1)_Y . Then, at the electroweak scale we have the following gauge group

SU(3)_c × SU(2)_W × U(1)_Y × SU(5)^′ × U(1)_1 × U(1)_2 × U(1)_3 × U(1)_4 × U(1)_5 (9)

P + n[V ± a] Γ (Repts.)_{Y [Q1,Q2,Q3 ,Q4,Q5 ]} (^1_6^{2 −1}_6^1_6^{3 1}_4^2)(^{−3}_4^1_4^{4 −1}_4^3)^′_{T 1−} 2 (1; 5^′, 1)^L_{0 [3,3,1;1,−1]}

(^1_6^{2 −1}_6^4 0^2)(^1_2^1_2^{−1}_2^{3 −1}_6^3)^′_{T 2+} −1 ⋆ (1; 10^′, 1)^L_{0 [3,−3,0;−2,−2]}

(0^{6 1}_4^{−3}_4 )(^3_4^{−1}_4^{4 1}_4^3)^′_{T 3} −1 (2n; 5^′, 1)^L_{0 [0,0,−1;−1,3]}

(0^{6 3}_4^{−1}_4 )(^{−3}_4^1_4^{4 −1}_4^3)^′_{T 9} 1 (2n; 5^′, 1)^L_{0 [0,0,1;1,−3]}

(0^{3 −1}_3^{3 1}_4^1_4 )(^{−3}_4^1_4^{4 1}_{12}^3)^′_{T 70} −1 ⋆ (1; 5^′, 1)^L_{0 [0,−6,1;1,1]}

(^1_6^{2 −1}_6^1_6^{3 −1}_4^2)(^3_4^{−1}_4^{4 1}_4^3)^′_{T 7−} 0 (1; 5^′, 1)^L_{0 [3,3,−1;−1,3]}

(0^{6 −1}_2^{−1}_2 )(−1 0^4 0^3)^′_{T 6} −2 3 · (1; 5^′, 1)^L_{0 [0,0,−2;−4,0]} (0^{6 −1}_2^{−1}_2 )(1 0^4 0^3)^′_{T 6} −2 2 · (1; 5^′, 1)^L_{1 [0,0,−2;4,0]} (0^{6 1}_2^1_2 )(−1 0^4 0^3)^′_{T 6} 2 2 · (1; 5^′, 1)^L_{−1 [0,0,2;−4,0]} (0^{6 1}_2^1_2 )(1 0^4 0^3)^′_{T 6} 2 3 · (1; 5^′, 1)^L_{0 [0,0,2;4,0]}

TABLE II: Hidden sector SU(5)^′ representations under SU(2)n×SU(5)^′×SU(3)^′. After removing vectorlike representations by Γ = even integer singlets, the starred representations remain.

where the five additional U(1) charges are

Q_1 = (6 6 −6 0 0 0 0 0)(0 0 0 0 0 0 0 0)^′ Q_2 = (0 0 0 6 6 6 0 0)(0 0 0 0 0 0 0 0)^′ Q_3 = (0 0 0 0 0 0 2 2)(0 0 0 0 0 0 0 0)^′ Q_4 = (0 0 0 0 0 0 0 0)(4 4 4 4 4 0 0 0)^′ Q_5 = (0 0 0 0 0 0 0 0)(0 0 0 0 0 4 4 4)^′ .

(10)

This model leads to one SU(5)^′ family, breaking SUSY at an intermediate scale Λ_h, and the SM gauge group with three families and one pair of Higgs doublets. It contains the ingredients of the MSSM and the DSB source.

Supersymmetry breaking by one 10^′ and one 5^′ is achieved by the starred fields of Table II. A possible combination with one 10^′ and one 5^′ is possible with the hidden sector gauginos [27, 28]

X^′ ∝ ϵ_{acf gh}G̃^{′a}_b G̃^{′c}_d10^{′eb}5^′_e10^{′f d}10^{′gh} (11)

which carries Y^′ = Q_4 +^1_5 Q_5 = 0, but breaks its orthogonal combination U(1)_Y ′_⊥ . Also, the Y value of X^′ is also zero. Thus, the model realizes the scenarios discussed in Sec. II. The messenger sector charges determine whether it is t̃_lZ^′M or MM.

A. Hidden sector SU(5)^′, gauge mediation, messengers, and R-parity

The hidden sector SU(5)^′ representations are shown in Table II. Removing vectorlike pairs, we obtain one family SU(5)^′ model below the GUT scale. The light 10^′ and 5^′ are marked with a star. These chiral fields carry the vanishing Y charge, and SUSY breaking at the scale Λ_h does not break U(1)_Y of the SM. As pointed out in Ref. [9], one family 10^′ + 5^′ of a confining SU(5)^′ breaks

Sector (Repts.)_{Y [Q1,Q2,Q3 ,Q4,Q5 ]} Γ Label

T4_− 3 · (3, 2)^L_{1/6 [0,0,0;0,0]} 1 q1, q2, q3

T4_− 2 · (3 , 1)^L_{−2/3 [−3,3,2;0,0]} 3 u^c, c^c

T7_+ (3 , 1)^L_{−2/3 [0,6,−1;5,1]} 1 t^c

T2_0 (3 , 1)^L_{1/3 [3,−3,0;0,−4]} −1 b^c

T4_− 2 · (3 , 1)^L_{1/3 [−3,3,−2;0,0]} 1 d^c, s^c

T4_− 3 · (1, 2)^L_{−1/2 [−6,6,0;0,0]} 1 l1, l2, l3

U1 1^L_{1 [9,3,−2;0,0]} 1 e^c

T3 1_{1 [0,−6,1;5,−3]} 1 μ^c

T1_0 1^L_{1 [0,6,−1;5,1]} 3 τ^c

T1_0 (1, 2)^L_{1/2 [0,6,−1;5,1]} 0 Hu

T7_+ (1, 2)^L_{−1/2 [−6,0,−1;5,1]} −2 H_d

TABLE III: Three families of quarks and leptons and a pair of Higgs doublets of [11]. The quark singlets d^c and b^c are interchanged from those of Ref. [11] to have an effSUSY. The lepton singlets are taken from Table IV in Appendix B.

SUSY. For the t̃_lZ^′M and MM, we require the confining scale Λ_h below 10^{12} GeV [2, 4].

Even though the singlet combination 10^′10^′10^′5^′ is not possible with one 10^′ and one 5^′, SUSY breaking can be parameterized by the hidden sector gauge field strength W^{′α}W^′_α [11, 30], for the messenger f and f̄, L = ∫ d^2θ [ ξ(· · · )ff̄W^{′α}W^′_α + η(· · · )ff ] + h.c. (12)

where we have in general the holomorphic functions ξ and η of singlet chiral fields, S_1, S_2, · · · . Assuming the singlet VEVs at the string scale, Ref. [11] discussed the GMSB. On the other hand, it is generally expected that some of singlet VEVs are smaller than the string scale. Then, f and f̄ carrying SU(3)_c and SU(2)_W charges have negligible couplings to W^{′α}W^′_α, and the original GMSB [1] is probably not realized in the model of Ref. [11]. The main reason is that SU(5)^′-colored f and f̄ are multiplied to W^{′α}W^′_α together with many small VEV singlet fields. We argue that this may be of general nature. This leads us to consider t̃_lZ^′M and MM discussed in Sec. II. For simplicity, we choose only one relatively light (at the 10^{13−15} GeV) pair of f and f̄ from Table II, and assume all the other 5^′ and 5^′ are sufficiently heavy such that the consideration of one pair of f and f̄ is sufficient.

For t̃_lZ^′M, we can choose for example f = 5^′_0 from the T_3 sector and f̄ = 5^′_0 from the T_9 sector. For MM, we must choose f = 5^′_1 from T_6 and f̄ = 5^′_{−1} from T_6. Therefore, the model presented in [11] has the basic ingredients for t̃_lZ^′M and MM.

As discussed in [11], there appear three SM family members of Table III. Also, only one pair of Higgs doublets results because the superpotential for three SU(3)_W anti-triplets must be symmetric under exchange of two superfields. But, SU(3)_W invariance needs an antisymmetric SU(3)_W indices, needing an antisymmetric flavor indices. This leads to one pair of massless Higgsinos naturally. So by SUSY, we have a pair of massless Higgs doublets at the SU(3)_W breaking scale(the GUT scale). The TeV scale μ is generated by norenormalizable superpotential terms [25], which will be worked out explicitly in the present string model [31]. This fulfils all the requirements of t̃_lZ^′M and MM.

The Y^′ quantum number is

Y^′ = Q_3 + 1 5 Q_4. (13)

From Table III, we find that t̃_L, t̃_R, b̃_L, b̃_R, τ̃_L, τ̃_R, ν̃_τ , H_u, and H_d carry the vanishing Y^′. Also, X^′ of Eq. (11) carries the vanishing Y^′. These provide the needed quantum numbers of Fig. 2 and Table I. The string model [11] is a kind of the flavor unification model, and different families need not have the same Y^′ quantum numbers. In GUTs descending from E_6 which is not a flavor unification model, the family distinction of Y^′ is not present and hence there is the problem of low energy baryonic or leptophobic U(1)_Y ′ [32]. The GUTs from F-theory construction [33] is not free from the low energy U(1)_Y ′ problems.

The proton longevity is the key requirement in the SUSY extension of the SM, usually achieved in terms of the R-parity. This is a parity where the SM matter superfields carry the odd parity while the Higgs superfields carry the even parity. In the orbifold compactification, one combinations, say U(1)_Γ, of U(1)s is the covering gauge symmetry of the R-parity. If some even Γ scalars, with the smallest |Γ| normalized as 1, develop VEVs, then we obtain the R-parity [21, 29]:

U(1)_Γ → P. (14)

If some odd Γ scalars develop VEVs also, then the Rparity is spontaneously broken. To have an R-parity, we define the following Γ,

Γ = (0 0 0 3 3 0 2 2)(0^8) (15)

We require that only the even Γ fields are allowed to develop VEVs. If we used some global symmetries in string models, they must be approximate [34, 35]. The Z_4 and other discrete R symmetries from an approximate global U(1)_R have been tabulated recently, where discrete anomaly-free conditions have been imposed in addition [36].

B. VEVs leading to one Z^′

There are five extra U(1)s, Eq. (10), beyond U(1)_Y of the SM. To have one light Z^′, we need four independent singlet VEVs. Three of these are provided by the starred singlet fields of Table V:

S^′_1 : U_2(6⋆)[0, 12, 0, 0, 0] S^′_2 : T_{20} (2⋆)[0, 6, 0, 0, −4] S^′_3 : T_{4+} (−2⋆)[6, −6, 0, 0, −4],

(16)

FIG. 8: The Z̃^′_⊥ mass splitting via the SUSY breaking through X^′. The Z̃^′_⊥ line is sawed. The dimensional parameter is the confining scale Λ_h. Even though the Z̃^′_⊥ mass is smaller than that of Z̃^′, the mass splitting of the Z̃^′_⊥ multiplet is larger than that of Z̃^′.

where the sector, Γ, and five U(1)^′ quantum numbers are shown. The fourth singlet combination is the quantum number of X^′ of Eq. (11)

X^′ : [0, 0, 1; −5, 0] (17)

(as shown in [27, 28]) which carries Q_3 = 1 and Q_4 = −5 and hence carries Y^′ = 0. The other combination orthogonal to Y^′, say Y^′_⊥, is broken by this dynamical composite, and we obtain one light Z^′ model.

The hierarchy of VEVs is that ⟨S^′_1⟩, ⟨S^′_2⟩, and ⟨S^′_3⟩ is much greater than M_{GUT} and the U(1)^′_⊥ breaking scale is at the t̃_lZ^′M scale, i.e. the hidden sector scale Λ_h ≲ 10^{12} GeV. Therefore, below M_{GUT} we may consider two light Z^′s: Z^′ and Z^′_⊥.

Note that both the Z^′_⊥ and Z̃^′_⊥ mass scales are Λ_h because the SUSY breaking F -term carries a nonvanishing Y^′_⊥ charge also. Compared to the other U(1)-priminos, there are two relatively light inos, Z̃^′ and Z̃^′_⊥. Among these, the mass splitting of the Z^′_⊥ multiplet is greater than that of the Z^′ multiplet. The mass splitting of the Z̃′_⊥ multiplet is of order Λ_h as shown in Fig. 8 while the

mass splitting of the Z̃^′ multiplet is of order Λ^2_h/M_{mess} as shown in Fig. 1. Thus, we can consider only a light Z̃′ mass splitting for the light superpartners as discussed in Sec. II.

The breaking scale of U(1)_Y ′ or the Z^′ mass is required to be somewhat below the GUT scale, and it is not required for it to be less than Λ_h. The only requirement is that the SUSY breaking scale via Z^′ mediation, i.e. the supertrace of the Z^′ SUSY sector or the Zprimino mass, is of order a TeV scale.

IV. CONCLUSION

Motivated by the existing string compactification model, we investigated the possibility of the U(1)^′ contribution to the mediation mechanism, leading to an effective SUSY. The first two family sfermions are required to be above 100 TeV but the third family fermions and the Higgs doublets are in the TeV region. For a few parameter ranges, we calculated the spectra of superpartners in the t̃_lZ^′M and MM. In the t̃_lZ^′M scenario, the Higgs fields survive down to the electroweak scale by tuning the ratio of the DSB scale Λ_h and the messenger scale M_{mess}. In the mixed mediation scenario, it is shown that an additional fine tuning between parameters of the Higgs boson mass matrix is required as in Ref. [5]. We noted that the Zprimino needs not be at a TeV scale. It is required that it is somewhat lighter than the messenger scale. We also discussed the needed conditions among the fields obtained in the string construction of Ref. [11] for the t̃_lZ^′M or the MM.

Acknowledgments: This work is supported in part by the National Research Foundation (NRF) grant funded by the Korean Government (MEST) (No. 2005-0093841), and KSJ is supported in addition by the JSPS Grant-in- Aid 21-09224 for JSPS Fellows.

Appendix A: Soft terms in U(1)^′ mediation

In this Appendix, we present the RG equations for soft terms in the Zprimino mediation. We consider the case that the U(1)^′ breaking scale is much higher than M_{Z̃}′ , for which the U(1)^′ vector superfield acquires a large supersymmetric mass.

At the messenger scale M_{mess}, the Zprimino acquires soft mass at the one-loop level while the MSSM gaugino masses vanish: M_{Z̃}′ = − g^2_Y ′ 8π^2

F_{mess} M_{mess} , M_a = 0.

(18)

The RG equation for gaugino masses is written as μ d dμ ( M_{Z̃}′ g^2_Y ′ ) = 0, μ d dμ ( M_a g^2_a ) = c_a 8π^2b_Y ′ μ dM_{Z̃}′ dμ , (19) for M^′ < μ < M_{mess}. Here b_Y ′ = ∑ i Y^{′2}_i is the beta function coefficient for U(1)^′, and c_a are given by

c_Y = ∑ [ 6 ( 1 6 )_2

Y^{′ 2}_Q + 3 ( 1 3 )_2

Y^{′2}_U c + 3 ( 1 3 )_2 Y^{′2}_Dc + 2 ( 1 2 )_2

Y^{′2}_L + Y^{′2}_Ec ] , c_2 = ∑ [ 3Y^{′2}_Q + Y^{′2}_L ] , c_3 = ∑ [ 2Y^{′2}_Q + Y^{′ 2}_U c + Y^{′2}_Dc ] ,

(20)

where the sum is over U(1)^′-charged families. The U(1)^′ vector multiplet decouples in a supersymmetric way at energy scales below M^′, which is assumed to be much higher than M_{Z̃}′ . Hence, at μ < M^′, the MSSM gaugino masses are determined by

μ d dμ ( M_a g^2_a ) = 0. (21)

The RG equations for the soft terms associated with the third family sfermions and Higgs bosons are the same as the MSSM at energy scales below M_{mess}. For the first two family sfermions, one finds

μ dm^2_i dμ = − Y^{′2}_i 2π^2 g^2_Y ′ M^2_{Z̃′} , (22)

because they couple to the U(1)^′ vector multiplet, and have negligible Yukawa couplings.

Appendix B: Singlets

In this Appendix, we list all charged singlets in Table IV and all neutral singlets in Table V, which were needed in Sec. III but not listed in Ref. [11]. The shift vector and the Wilson line are

V = (^1_2^1_2^1_2^1_6^1_6^1_6^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^1_{12}^1_{12}^1_{12} )^′ (23)

a_3 = (^1_3^1_3^2_3 0 0 0 0 0)(0 0 0 0 0^1_3^1_3^{−2}_3 )^′. (24)

[1] M. Dine and A. E. Nelson, Phys. Rev. D48 (1993) 1277;

M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D51 (1995) 1362. For early discussions on the DSB, see, M. Dine, W. Fischler and M. Srednicki, Nucl. Phys. B189

(1981) 575; S. Dimopoulos and S. Raby, Nucl. Phys. B192 (1981) 353.

[2] For reviews, see, G. F. Giudice and R. Rattazzi, Phys. Rep. 322 (1999) 419 [arXiv:hep-ph/9801271]; Y.

Shadmi and Y. Shirman, Rev. Mod. Phys. 72 (2000) 25 [arXiv:hep-ph/9907225].

[3] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett.

B388 (1996) 588 [hep-ph/9607394].

[4] J. E. Kim, Phys. Lett. B651 (2007) 407 [arXiv:0706.0293].

[5] P. Langacker, G. Paz, L.-T. Wang, and I. Yavin, Phys.

Rev. Lett. 100 (2008) 041802 [arXiv:0710.1632 [hep-ph]]. [6] R. N. Mohapatra and S. Nandi, Phys. Rev. Lett. 79 (1997) 181 [hep-ph/9702291].

[7] See, also, T. Kikuchi and T. Kubo, Phys. Lett. B666 (2008) 262 [arXiv:0804.3933 [hep-ph]]; AIP Conf. Proc. 1078 (2009) 402 [arXiv:0809.2011 [hep-ph]].

[8] I. Affleck, M. Dine and N. Seiberg, Nucl. Phys. B256 (1985) 557; H. Murayama, Phys. Lett. B355 (1995) 187.

[9] G. Veneziano, Phys. Lett. B128 (1984) 199; I. Affleck, M. Dine and N. Seiberg, Nucl. Phys. B256 (1985) 557; E. Poppitz and S. P. Trivedi, Phys. Lett. B401 (1997) 38. [10] J. Polonyi, Budapest preprint KFKI-93 (1977). [11] J. E. Kim, Phys. Lett. B656 (2007) 207.

[12] J.-H. Huh, J. E. Kim and B. Kyae, Phys. Rev. D80 (2009) 115012 [arXiv: 0904.1108 [hep-ph]].

[13] B. M. Demirköz (ATLAS collaboration), talk presented at the 7th PATRAS Meeting, Mykonos, Greece, July 1, 2011; The CMS News for EPS 2011, http://cms.web. cern.ch/cms/News/2011/EP S 2011/index.html. [14] K. S. Jeong, J. E. Kim, M.-S. Seo, and S. Shin, in preparation.

[15] L. Covi, J. E. Kim and L. Roszkowski, Phys. Rev. Lett.

82 (1999) 4180 [hep-ph/9905212]; L. Covi, H. B. Kim, J. E. Kim and L. Roszkowski, JHEP 0105 (2001) 033 [hep-ph/0101009]; A. Brandenburg and F. D. Steffen, JCAP 0408 (2004) 008 [hep-ph/0405158]; A. Strumia, JHEP 1006 (2010) 036 [arXiv:1003.5847 [hep-ph]]; H. Baer, A. D. Box, H. Summy, JHEP 1010 (2010) 023. [arXiv:1005.2215 [hep-ph]]; T. Higaki and R. Kitano, arXiv:1104.0170 [hep-ph]; C. Cheung, G. Elor and L. J. Hall, arXiv:1104.0692 [hep-ph]; K. J. Bae, K. Choi and S. H. Im, arXiv:1106.2452 [hep-ph]; K.-Y. Choi, L. Covi, J. E. Kim, and L. Roszkowski, to appear. For a CDM axino review, see, L. Covi and J. E. Kim, New J. of Phys. 11 (2009) 105003 [arXiv: 0902.0769[astroph/CO]].

[16] For R-parity conservation, L. Covi, M. Olechowski, S. Pokorski, K. Turzynski and J. D. Wells, JHEP 01 (2011) 033 [arXiv:1009.3801 [hep-ph]]; P. Meade, M. Reece and D. Shih, JHEP 10 (2010) 067 [arXiv:1006.4575 [hep-ph]]; S. Shirai, M. Yamazaki and K. Yonekura, JHEP 06 (2010) 056 [arXiv:1003.3155 [hep-ph]]; K. Hamaguchi, R. Kitano and F. Takahashi, JHEP 09 (2009) 127 [arXiv:0908.0115 [hep-ph]]; P. Meade, M. Reece and D. Shih, JHEP 05 (2010) 105 [arXiv:0911.4130 [hep-ph]]; M. Ibe and R. Kitano, Phys. Rev. D75 (2007) 055003 [arXiv:hep-ph/0611111].

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

[18] H. Murayama and Y. Nomura, Phys. Rev. Lett. 98 (2007) 151803 [hep-ph/0612186].

[19] R. Kitano, H. Ooguri, and Y. Ookouchi, Phys. Rev.

D75 (2007) 045022 [hep-th/0612139]; R. Argurio, M. Bertolini, S. Franco, and S. Kachru, JHEP 0706 (2007) 017 [hep-th/0703236]; A. Amariti, L. Girardello, and A. Mariotti, Fortsch. Phys. 55 627 (2007) [hep-th/0701121]; M. Dine and J. Mason, Phys. Rev. D77 (2008) 016005 [hep-ph/0611312]; C. Csaki, Y. Shirman and J. Terning, JHEP 0705 (2007) 099 [hep-ph/0612241]; O. Aharony and N. Seiberg, JHEP 0702 (2007) 054 [hep-ph/0612308]; I. Affleck, M. Dine and N. Seiberg, Nucl. Phys. B256 (1985) 557; H. Murayama, Phys. Lett. B355 (1995) 187.

[20] J. E. Kim and B. Kyae, Nucl. Phys. B770 (2007) 47 [hep-th/0608086].

[21] J. E. Kim, J.-H. Kim and B. Kyae, JHEP 0706 (2007) 034 [hep-ph/0702278].

[22] K.-S. Choi and J. E. Kim, Quarks and Leptons from Orbifolded Superstring (Springer-Verlag, Heidelberg, Germany, 2006).

[23] Y. Katsuki, Y. Kawamura, T. Kobayashi, N. Otsubo, Y.

Ono, and K. Tanioka, Nucl. Phys. B341 (1990) 611. [24] L. E. Ibanez and G. G. Ross, Phys. Lett. B110 (1982) 215; K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. Theo. Phys. 68 (1982) 927; J. Ellis, J. S. Hagelin, D. V. Nanopoulos, and K. Tamvakis, Phys. Lett. B125 (1983) 275.

[25] J. E. Kim and H. P. Nilles, Phys. Lett. B138 (1984) 150;

E. J. Chun, J. E. Kim and H. P. Nilles, Nucl. Phys. B370 (1992) 105.

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

A. P. Zhitnitskii, Sov. J. Nucl. Phys. 31, 260 (1980). [27] Y. Meurice and G. Veneziano, Phys. Lett. B141 (1984) 69. [28] J. E. Kim and H. P. Nilles, JCAP 05 (2009) 010 [arXiv:0902.3610[hep-th]].

[29] J. E. Kim, AIP Conf. Proc. 1015 (2008) 107-124 [arXiv:0806.4673 [hep-ph]].

[30] H. Murayama and Y. Nomura, Phys. Rev. D75 (2007) 095011 [hep-ph/0701231].

[31] J. E. Kim and B. Kyae, to appear.

[32] J. E. Kim and S. Shin, arXiv:1104.5500[hep-ph]. [33] C. Beasley, J. J. Heckman and C. Vafa, JHEP 01 (2009) 058 [arXiv:0802.3391 [hep-th]] and JHEP 01 (2009) 059 [arXiv:0806.0102 [hep-th]]; J. Marsano, N. Saulina, and S. Schafer-Nameki, JHEP 08 (2009) 046 [arXiv:0906.4672 [hep-th]]; K.-S. Choi and J. E. Kim, Phys. Rev. D83 (2011) 065016 [arXiv:: 1012.0847[hepph]].

[34] K.-S. Choi, I.-W. Kim, and J. E. Kim, JHEP 03 (2007) 116 [[hep-ph/0612107]].

[35] R. Kappl, H. P. Nilles, S. Ramos-Sanchez, M. Ratz, K.

Schmidt-Hoberg, and P. K.S. Vaudrevange, Phys. Rev. Lett. 102 (2009) 121602 [arXiv:0812.2120 [hep-th]].

[36] H. M. Lee, S. Raby, M. Ratz, G. Ross, R. Schieren, K.

Schmidt-Hoberg, and P. Vaudrevange, Phys. Lett. B694 (2010) 294 [arXiv:1009.0905 [hep-ph] ]; Nucl. Phys. B850 (2011) 1 [arXiv:1102.3595 [hep-ph]].

P + n[V ± a] Γ No.×(Repts.)_{Y [Q1 ,Q2,Q3,Q4 ,Q5]} (^1_2^1_2^{−1}_2^1_2^1_2^{−1}_2^{−1}_2^{−1}_2 )(0^8)^′_{U1} 1 1^L_{1 [9,3,−2;0,0]} → e^c (0 0 0 0 0 −1 −1 0)(0^8)^′_{U3} −2 2 · 1^L_{1 [0,−6,−2;0,0]} (0 0 0^2_3^2_3^{−1}_3^{−1}_4^{−1}_4 )(^1_4^1_4^1_4^1_4^1_4^1_{12}^1_{12}^1_{12} )^′_{T10} 3 1^L_{1 [0,6,−1;5,1]} → τ^c (0 0 0^{−1}_3^{−1}_3^{−1}_3^{−1}_4^{−1}_4 )(^1_4^1_4^1_4^1_4^1_4^1_{12}^1_{12}^1_{12} )^′_{T10} −3 2 · 1^L_{1 [0,−6,−1;5,1]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^1_4^1_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^1_4^1_4^1_4 )^′_{T1−} 1 2 · 1^L_{−1 [3,3,1;−5,3]} (0 0 0 0 0 -1^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^{−1}_4^{−1}_4^{−1}_4 )^′_{T3} 1 (2L + 1R)1_{1 [0,−6,1;5,−3]} → μ^c (0 0 0 0 0 0^1_4^{−3}_4 )(^1_4^1_4^1_4^1_4^1_4^{−1}_4^{−1}_4^{−1}_4 )^′_{T3} −1 (6L + 6R)1_{1 [0,0,−1;5,−3]} (^1_6^1_6^{−1}_6^1_6^1_6^{−5}_6^{−1}_2^{−1}_2 )(0^8)^′_{T4−} 0 2 · 1^L_{1 [3,−3,−2;0,0]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^{−1}_2^{−1}_2 )(0^8)^′_{T4−} 0 12L · 1_{1 [3,3,0;0,0]} (^{−1}_3^{−1}_3^1_3^{−1}_3^{−1}_3^{−1}_3 0 0)(0^8)^′_{T4−} −2 7R · 1_{1 [−6,−6,0;0,0]} (^{−1}_3^{−1}_3^1_3^2_3^2_3^{−1}_3 0 0)(0^8)^′_{T4−} 4 3R · 1_{1 [−6,6,0;0,0]} (^1_6^1_6^{−1}_6^1_6^1_6^{−5}_6^{−1}_2^{−1}_2 )(0^8)^′_{T4−} −4 2R · 1_{1 [3,−3,−2;0,0]} (^1_3^1_3^{−1}_3^{−1}_3^{−1}_3^2_3^1_4^1_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_{12}^{−1}_{12}^{−1}_{12} )^′_{T7+} −1 1^L_{−1 [6,0,1;−5,−1]} (^{−1}_6^{−1}_6^1_6^1_6^1_6^1_6^3_4^{−1}_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_{12}^{−1}_{12}^{−1}_{12} )^′_{T7+} 2 2 · 1^L_{−1 [−3,3,1;−5,−1]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^{−1}_4^{−1}_4 )(^1_4^1_4^1_4^1_4^1_4^{−1}_4^{−1}_4^{−1}_4 )^′_{T7−} 0 2 · 1^L_{1 [3,3,−1;5,−3]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^3_4^{−1}_4^{−1}_4 )^′_{T1−} 2 1^L_{1 [3,3,1;5,1]} (^1_6^1_6^{−1}_6^{−1}_6^{−1}_6^{−1}_6 0 0)(0^{5 1}_3^{−2}_3^{−2}_3 )^′_{T2+} −1 1^L_{1 [3,−3,0;0,−4]} (0 0 0^{−1}_3^{−1}_3^2_3 0 0)(0 0 0 0 0^{−2}_3^1_3^1_3 )^′_{T40} −2 3 · 1^L_{−1 [0,0,0;0,0]} (^1_3^1_3^{−1}_3^{−1}_3^{−1}_3^{−1}_3 0 0)(0^{5 2}_3^{−1}_3^{−1}_3 )^′_{T4+} −2 3 · 1^L_{1 [6,−6,0;0,0]} (^{−1}_3^{−1}_3^1_3^1_3^1_3^1_3^{−1}_2^{−1}_2 )(0^{5 2}_3^{−1}_3^{−1}_3 )^′_{T4+} 0 2 · 1^L_{1 [−6,6,−1;0,0]} (^{−1}_6^{−1}_6^1_6^1_6^1_6^1_6^1_2^1_2 )(0^{5 −1}_3^2_3^{−1}_3 )^′_{T4+} 3 4 · 1^L_{−1 [−3,3,2;0,0]} (0 0 0^{−1}_3^{−1}_3^{−1}_3^1_4^1_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−5}_{12}^{−5}_{12}^7_{12} )^′_{T70} −1 2 · 1^L_{−1 [0,−6,1;−5,−1]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^{−1}_4^{−1}_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−3}_4^1_4^1_4 )^′_{T7−} 0 1^L_{−1 [3,3,−1;−5,−1]}

TABLE IV: The charged singlets. The fields in the lower box get Y contribution from the SU(3)^′ generators, and the underline means permutations.

P + n[V ± a] Γ No.×(Repts.)_{Y [Q1,Q2,Q3 ,Q4,Q5 ]} (0 0 0 0 0 − 1 1 0)(0^8)^′_{U1} 2⋆ 2 · 1^L_{0 [0,−6,2;0,0]} (0 0 0 1 1 0 0 0)(0^8)^′_{U2} 6⋆ 1^L_{0 [0,12,0;0,0]} ≡ S^′_1 (0 0 0^{−1}_3^{−1}_3^{−1}_3^{−1}_4^{−1}_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−5}_{12}^{−5}_{12}^{−5}_{12} )^′_{T10} −3 1^L_{0 [0,−6,−1;−5,−5]} (^{−1}_2^{−1}_2^1_2^1_6^1_6^1_6^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^1_{12}^1_{12}^1_{12} )^′_{T10} 2⋆ 1^L_{0 [−9,3,1;5,1]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^3_4^{−1}_4^{−1}_4 )^′_{T1−} 2⋆ 2 · 1^L_{0 [3,3,1;5,1]} (0 0 0^1_3^1_3^{−2}_3^1_2^1_2 )(0^{5 −1}_3^{−1}_3^{−1}_3 )^′_{T20} 2⋆ 1^L_{0 [0,0,2;0,−4]} (^{−1}_2^{−1}_2^1_2^{−1}_6^{−1}_6^{−1}_6 0 0)(0^{5 −1}_3^{−1}_3^{−1}_3 )^′_{T20} −1 2 · 1^L_{0 [−9,−3,0;0,−4]} (0 0 0^1_3^1_3^1_3^1_2^{−1}_2 )(0^{5 −1}_3^{−1}_3^{−1}_3 )^′_{T20} 2⋆ 2 · 1^L_{0 [0,6,0;0,−4]} ≡ S^′_2 (^{−1}_3^{−1}_3^1_3^1_3^1_3^1_3^{−1}_2^{−1}_2 )(0^{5 1}_3^1_3^1_3 )^′_{T2+} 0⋆ 1^L_{0 [−6,6,−2;0,4]} (^1_6^1_6^{−1}_6^{−1}_6^{−1}_6^{−1}_6 0 0)(0^{5 1}_3^1_3^1_3 )^′_{T2+} −1 1^L_{0 [3,−3,0;0,4]} (0 0 0 0 0 1^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^{−1}_4^{−1}_4^{−1}_4 )^′_{T3} 1 (1L + 2R)1^L_{0 [0,6,1;5,−3]} (^{−1}_6^{−1}_6^1_6^1_6^1_6^{−5}_6^{−1}_4^{−1}_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_{12}^{−1}_{12}^{−1}_{12} )^′_{T7+} 0⋆ 1^L_{0 [−3,−3,−1;−5,−1]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^1_4^1_4 )(^1_4^1_4^1_4^1_4^1_4^3_4^{−1}_4^{−1}_4 )^′_{T1−} 2⋆ 2 · 1^L_{0 [3,3,1;5,1]} (^1_6^1_6^{−1}_6^{−1}_6^{−1}_6^{−1}_6 0 0)(0^{5 1}_3^{−2}_3^{−2}_3 )^′_{T2+} −1 2 · 1^L_{0 [3,−3,0;0,−4]} (0 0 0^{−1}_3^{−1}_3^2_3 0 0)(0^{5 1}_3^{−2}_3^1_3 )^′_{T40} −2⋆ 6 · 1^L_{0 [0,0,0;0,0]} ≡ S^′_3 (^1_3^1_3^{−1}_3^{−1}_3^{−1}_3^{−1}_3 0 0)(0^{5 2}_3^{−1}_3^{−1}_3 )^′_{T4+} −2⋆ 6 · 1^L_{0 [6,−6,0;0,0]} (^{−1}_6^{−1}_6^1_6^1_6^1_6^1_6^1_2^1_2 )(0^{5 2}_3^{−1}_3^{−1}_3 )^′_{T4+} 3 4 · 1^L_{0 [−3,3,2;0,0]} (^{−1}_6^{−1}_6^1_6^1_6^1_6^1_6^{−1}_2^{−1}_2 )(0^{5 −1}_3^{−1}_3^2_3 )^′_{T4+} −1 2 · 1^L_{0 [−3,3,−2;0,0]} (0 0 0^{−1}_3^{−1}_3^{−1}_3^1_4^1_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−5}_{12}^{−5}_{12}^7_{12} )^′_{T70} −1 1^L_{0 [0,−6,1;−5,−1]} (^1_6^1_6^{−1}_6^1_6^1_6^1_6^{−1}_4^{−1}_4 )(^{−1}_4^{−1}_4^{−1}_4^{−1}_4^{−1}_4^1_4^{−3}_4^1_4 )^′_{T7−} 0⋆ 2 · 1^L_{0 [3,3,−1;−5,−1]}

TABLE V: The same as Table IV, but for the neutral singlets. The starred even Γ quantum number fields can develop VEVs without breaking the R-parity.