arXiv:hep-ph/0009187 15 Sep 2000

Bounds on masses of new gauge bosons in the 3 - 3 -1 models^1

Nguyen Anh Ky^a, Hoang Ngoc Long^a, Le Phuoc Trung^b, Dang Van Soa^c and Vo Thanh Van^a

a Institute of Physics, P. O. Box 429, Bo Ho, Hanoi 10000, Vietnam b HCM Branch, Institute of Physics, Ho Chi Minh city, Vietnam c Department of Physics, Hanoi University of Mining and Geology

Abstract

Contribution from new gauge bosons in the 3 - 3 - 1 models to the anomalous magnetic moment of the muon, mass difference of the kaon system and rare kaon decay are calculated and numerically estimated. Bounds on masses of new gauge bosons: bileptons and Z^′ are derived.

1 Introduction

The SuperKamiokande results [1] confirming non-zero neutrino mass call for the standard model (SM) extension. Among the known extensions, the models based on the SU(3)_C × SU(3)_L × U(1)_N gauge group [2,3](hereafter 3 - 3 - 1 models) have the following intriguing features: firstly, the models are anomaly free only if the number of families N is a multiple of three. Further, from the condition of QCD asymptotic freedom, which means N < 5, it follows that N is equal to 3. The second characteristic is that the lagrangians of these models possess the Peccei-Quinn symmetry naturally, hence the strong CP problem can be solved in an elegant way [4]. The third interesting feature is that one of the quark families is treated differently from the other two. This could lead to a natural explanation of the unbalancing heavy top quarks in the fermion mass hierarchy. Recent analyses have indicated that signals of new particles in this model, bileptons [5] and exotic quarks [6] may be observed at the Tevatron and the Large Hadron Collider.

There are two main versions of the 3 - 3 - 1 models: the minimal model in which all lepton components (ν, l, l^c)_L of each family belong to one and same lepton triplet and a variant, in which right-handed (RH) neutrinos are included, i.e. (ν, l, ν^c)_L (hereafter we call it the model with right-handed neutrinos [7, 8]). New gauge bosons in the minimal model are bileptons (Y^±, X^{±±}) carrying lepton number L = ±2 and Z^′. In the second model, the bileptons with lepton number L = ±2 are singly–charged Y^± and neutral gauge bosons X^0, X^{∗0} , and both are responsible for lepton–number violating interactions. Thus, with the present group extension there are five new gauge bosons and all these particles are heavy. Getting mass limits for these particles is one of the central tasks of further

1Talk given at the 4{th Rencontres du Vietnam : Physics at extreme energies, Hanoi, 19-25 July 2000.

studies.

In this report, we summarize constraints on new gauge boson masses using various experimental data, namely, the AMMM [9], mass difference of the kaon system [10] and rare kaon decay [11].

2 Bounds on the bilepton masses from the AMMM

The anomalous magnetic moments of the muon (AMMM) is one of the most popular values in pursueing this aim. Despite not competitive with the anomalous magnetic moment of the electron (AMME) in precision, the AMMM is much more sensitive to loop effects as well as “New Physics” due to contributions ∼ m^2_μ, i.e. ∼ (200)^2 enhancement in the AMMM relative to the AMME. Therefore the AMMM is a subject of both theoretical and experimental investigations.

2.1 The AMMM in the minimal model

Before we go into the detailed calculation, let us recapitulate some basic elements of the model (for more details see [12]). Three lepton components of each f amily are in one triplet:

f^a_L = (ν^a, l^a, (l^c)^a)^T_L ∼ (1, 3, 0), (1) where a = 1, 2, 3 is the family index. The charged bileptons with lepton number L = ±2 are identified as follows: √ 2 Y^−_μ = W^4_μ − iW^5_μ , √ 2 X^{−−}_μ = W^6_μ − iW^7_μ , and their couplings to leptons are given by [13] L^{CC}_l = − g 2 √ 2 [ ν̄γ^μ(1 − γ_5)Cl̄^T Y^−_μ − l̄γ^μγ_5Cl̄^T X^{−−}_μ + h.c. ] . (2)

It is to be noted that the vector currents coupled to X^{−−}, X^{++} vanish due to Fermi statistics. To get physical neutral gauge bosons one has to diagonalize their mass mixing matrix. That can be done in two steps: At the first, the photon field A_μ and Z, Z^′ are given by [12]

A_μ = s_W W^3_μ + c_W (√ 3 t_W W^8_μ + √ 1 − 3 t^2_W B_μ ) , Z_μ = c_W W^3_μ − s_W (√ 3 t_W W^8_μ + √ 1 − 3 t^2_W B_μ ) , Z^′_μ = √ 3 t_W B_μ − √ 1 − 3 t^2_W W^8_μ . (3)

In the second step, we get the physical neutral gauge bosons Z^1 and Z^2 which are mixtures of Z and Z^′:

Z^1 = Z cos ϕ − Z^′ sin ϕ, Z^2 = Z sin ϕ + Z^′ cos ϕ. (4)

The mixing angle ϕ is constrained to be very small, therefore the Z and the Z^′ can be safely considered as the physical particles.

Now we calculate contributions from the bileptons and the Z^′ to the AMMM. It is known that heavy Higgs boson contribution to the AMMM is negligible [14], therefore the relevant diagrams are depicted in Fig.1. The first three diagrams come from the bileptons and their contributions are found to be δa^B_μ = g^2m^2_μ 24π^2 ( 16 M^2_X + 5 4M^2_Y ) , (5)

where M_X , M_Y , m_μ stand for masses of the doubly-, singly-charged bileptons and of the muon, respectively. In the limit m_μ << M_Z0 where M_Z0 is the Z^′ mass, the Z^′ contribution has the form [15]

δa^{Z0}_μ = m^2_μ 12π^2M^2_Z0 ( g^{02}_V − 5g^{02}_A ) . (6)

Following [9] (using Eq. (6) therein) we get coupling of the muon to the Z^′

g^′_V (μ) = g c_W 3 √ 1 − 4s^2_W 2 √ 3 , g^′_A(μ) = g c_W √ 1 − 4s^2_W 2 √ 3 . (7)

Substituting (7) into (6) we obtain the Z^′ contribution

δa^{Z0}_μ = g^2 3c^2_W m^2_μ 12π^2M^2_Z0

(1 − 4s^2_W ). (8)

Therefore the total contribution from new gauge bosons in the minimal version to the AMMM becomes [9] δa^{tm}_μ = G_F m^2_W m^2_μ 3 √ 2π^2 [ 16 M^2_X + 5 4M^2_Y + 2(1 − 4s^2_W ) 3c^2_W M^2_Z0 ] , (9)

where G_F / √ 2 = g^2/(8m^2_W ) is used.

Note that the Z^′ gives a positive contribution to the AMMM, while the Z gives a negative one as it is well–known in the SM. From Eq. (9) it follows that the bilepton contributions are dominant. By the spontanous symmetry breaking (SSB) it follows that [9] |M^2_X − M^2_Y | ≤ 3m^2_W . Therefore it is acceptable to put M_X ∼ M_Y as it was done in [16]. In this approximation, Eq. (5) agrees with the original result in [16], and Eq. (9) becomes δa^{tm}_μ = G_F m^2_W m^2_μ √ 2π^2 [ 23 4M^2_Y + 2(1 − 4s^2_W ) 9c^2_W M^2_Z0 ] . (10)

A lower limit M_Y ∼ 230 GeV at 95% CL can be extracted by the ”wrong” muon decay μ → e^−ν_eν̄_μ. Combining with the SSB, it follows [12] M_Z0 ≥ 1.3 TeV. With the quoted numbers (M_X = 180, M_Y = 230, M_Z0 = 1300 GeV), the contributions to δa^{tm}_μ from the bileptons and the Z^′ are 1.04 × 10^{−8} and 7.76 × 10^{−13}, respectively. The bilepton contribution is in a range of ”New Physics” one [17] ∼ O(10^{−8}).

Putting a bound on ”New Physics” contribution to the AMMM [18] δa^{New P hysics} μ = (7 ± 8.6) × 10^{−9}, (11)

into the l.h.s of (10) we can obtain a bound on M_Y . In [9] (see Fig. 2) we plot δa^{tm}_μ as a function of M_Y . For certainty we used M_Z0 = 1.3 TeV quoted above. The horizontal lines are the upper and the lower limit from δa^{New P hysics}_μ . From the figure we get a lower mass limit on M_Y to be 167 GeV. We recall that this limit is in a range of those obtained from LEP data analysis (M_Y ≥ 120 GeV) (see Ref. 21 of [9]). In the near future, the E-821 Collaboration at Brookhaven would reduce the experimental error on the AMMM to a few ×10^{−10}. In Fig. 3 of [9] we see that δa^{tm}_μ cuts horizontal line I (∼ 4 × 10^{−10}) and line II (∼ 1 × 10^{−10}) at M_Y ≈ 935 GeV and M_Y ≈ 1870 GeV, respectively. These lower bounds are much higher than those from the muon experiments.

2.2 The AMMM in the model with RH neutrinos

In this subsection we will calculate the AMMM in the model with RH neutrinos. Let us recapitulate some basic elements of the model (for more details see [7]). In this version the third member of the lepton triplet is a RH neutrino instead of the antilepton l^c_L

f^a_L = (ν^a, l^a, (ν^c)^a)^T_L ∼ (1, 3, −1/3), l^a_R ∼ (1, 1, −1). (12)

The complex new gauge bosons √ 2 Y^−_μ = W^6_μ − iW^7_μ , √ 2 X^0_μ = W^4_μ − iW^5_μ are responsible for lepton–number violating interactions. Instead of the doubly-charged bileptons X^{±±}, here we have neutral ones X^0, X^{0∗}. The SSB gives the bilepton mass splitting [19]

|M^2_Y − M^2_X | ≤ m^2_W .

As before one diagonalizes the mass mixing matrix of the neutral gauge bosons by two steps, and the last one is the same for both versions. At the first step we have

A_μ = s_W W^3_μ + c_W − t_W √ 3 W^8_μ + √ 1 − t^2_W 3 B_μ ,

Z_μ = c_W W^3_μ − s_W − t_W √ 3 W^8_μ + √ 1 − t^2_W 3 B_μ ,

]Z^′_μ = √ 1 − t^2_W 3 W^8_μ + t_W √ 3 B_μ. (13)

Due to smallness of mixing angle ϕ we can consider the Z and the Z^′ as the physical particles. Due to its neutrality, the bilepton X^0 does not give a contribution and in this case, the relevant diagrams are only two last (c) and (d). The contribution from the singly-charged bilepton and the Z^′ in Fig. 1(c) and 1(d) is δa^{tr}_μ = G_F m^2_W m^2_μ 12 √ 2π^2 { 5 M^2_Y − [5 − (1 − 4s^2_W )^2] 2c^2_W (3 − 4s^2_W )M^2_Z0 } . (14)

In the considered version the Z^′ gives a negative contribution. However, the total value in r.h.s of Eq. (14) is positive (an opposite sign happens when M_Z0 ≤ 0.3 M_Y which is excluded by the SSB).

Putting the Z^′ lower mass bound to be 1.3 TeV [12] and M_Y = 230 GeV we get the bilepton and the Z^′ contributions to δa^{tr}_μ , respectively: 4.75 × 10^{−10} and −7.87 × 10^{−12}. This implies that the contribution of the new gauge bosons in the considered version is in two order smaller than an allowed difference between theoretical calculation in the SM and present experimental precision. However, putting two previous values for δa^{tr}_μ we get lower bounds on the bilepton masses to be about 250 GeV (I) and 500 GeV (II) (see Fig. 4 in [9]).

3 Constraint on Z^′ mass from the kaon mass difference �m_K

In the SM, flavour changing neutral current (FCNC) is completely suppressed by GIM mechanism at tree level. In the second or higher orders, this suppression is not complete due to quark mass disparity [20]. In the 3 − 3 − 1 model we can have FCNC even at tree level. In the left-handed sector, since the third family has a different N charge from the first and second family, their gauge couplings to Z^′ are different, leading to FCNC through the mismatch between weak and mass eigenstates. Let us diagonalize mass matrices by three biunitary transformations

U^′_L = V^U_L U_L, U^′_R = V^U_R U_R, D^′_L = V^D_L D_L, D^′_R = V^D_R D_R, (15)

where U ≡ (u, c, t)^T and D ≡ (d, s, b)^T . The usual Cabibbo-Kobayashi-Maskawa matrix is given by

V_{CKM} = V^{U+}_L V^D_L . (16) Using the unitarity of the V^D and V^U matrices, we get FCNC interactions in down sector L^{NC}_{ds} = gc_W 2 √ 3 − 4s^2_W [ V^{D∗}_{Lid} V^D_{Lis} ] d̄_Lγ^μs_LZ^′_μ, (17)

where i = (d, s, b); in our case i = b.

From the flavour-changing neutral current interaction (17), we have the effective lagrangian

L^{ΔS=2}_{eff} = 3D √ 2G_F c^4_W 3 − 4s^2_W m^2_Z m^{′2}_Z [ V^{D∗}_{Lbd}V^D_{Lbs} ]2 | d̄_Lγ^μs_L |^2 . (18)

From the effective lagrangian, it is straightforward to get the mass difference [10]

Δm_K =

4G_F c^4_W 3 √ 2(3 − 4s^2_W ) m^2_Z m^{′2}_Z [ V^{D∗}_{Lbd}V^D_{Lbs} ]2 f^2_KB_Km_K. (19)

It is expected that the Z^′ contribution to Δm_K is no larger than observed values [21]. Using the experimental values [22]

Δm_K = 3.489^{+0.009}_{−0.009} × 10^{−12} MeV, (20) m_K = 498 MeV, (21) √ B_Kf_K = 3D 135 ± 19 MeV, (22)

we have m_Z0 ≥ 2.63 × 10^5η_Z0 [Re | V^{D∗}_{Lbd}V^D_{Lbs} |^2]^{1/2}GeV, (23) where η_Z0 = 0.55 is the leading order QCD correction. From the present experimental data we cannot impose constraints on V^{D∗}_{Lbd} and V^D_{Lbs}. Using the Fritzch [23] scheme V^D_{ij} ≈ ( m_i m_j )1/2 , i < j, (24) where i, j are family indices, we get the bound on Z^′ mass

m_Z0 ≥ 1.02 TeV. (25)

4 Constraint on Z^′ mass from the rare decay K^+ ! π^+νν̄ In the SM the decay is loop-induced semileptonic FCNC determined only by Z^0- penguin and box diagram. It is worthwhile to mention that the photon-penguin contribution is absent in the decay since photon does not couple to neutrinos. We now move to discuss the semileptonic rare FCNC transition K^+ → π^+νν̄ in the framework of 3 − 3 − 1 model and show how this decay can be used to get constraint on Z^′ mass. The Feynman diagram contributing to the considered decay is depicted in Fig. 2. In the 3 - 3 - 1 model, due to the FCNC interaction in (17) the decay can occur at tree level as in Fig. 2 of [11]. The decay amplitude is given

M_π+_{νν̄} = G_F 2 √ 2 m^2_W m^2_Z0

V^{D∗}_{Lbd}V^D_{Lbs}⟨π^+(p_2)|s̄_Lγ_μd_L|K^+(p_1)⟩

× ν̄(k_1)γ^μ(1 − γ_5)ν(k_2), (26)

where we have neglected Z^′ momentum compared with its mass. On the other hand, in the SM the tree-level amplitude for the semileptonic decay K^+(p_1) → π^0(p_2)e^+(k_1)ν(k_2) is given

M_π0_e+_ν = G_F 2 √ 2 V^∗_{us}⟨π^0(p_2)|s̄_Lγ_μu_L|K^+(p_1)⟩ × ν̄_e(k_1)γ^μ(1 − γ_5)e(k_2). (27) Isospin symmetry relates hadronic matrix elements in (26) and (27) to a very good precision [25]

⟨π^+(p_2)|s̄_Lγ_μd_L|K^+(p_1)⟩ = √ 2⟨π^0(p_2)|s̄_Lγ_μu_L|K^+(p_1)⟩. (28) Neglecting differences in the phase space of the two decays, due to m_π+ ≠ m_π0 and m_e ≠ 0, we obtain after summation over three neutrino flavours [11]

Br(K^+ → π^+ ν ν̄) Br(K^+ → π^0 e^+ ν) = 6 ( m^2_W m^2_Z0 )2 |V^{∗D}_{Lbd}V^D_{Lbs}|^2 |V^∗_{us}|^2 . (29)

Using the experimental data [22]

m_W = 80.41 GeV, |V_{us}| = 0.2196, m_d = 7 MeV, m_s = 115 MeV, m_b = 4.3 GeV, (30) Br(K^+ → π^0 e^+ν) = 4.42 × 10^{−2} and (24) we have Br(K^+ → π^+νν̄) =

10923 m^4_Z0 (GeV)

. (31) We notice that the standard model result after including next-to-leading order QCD corrections for the decay is [24] 0.79 × 10^{−10} ≤ Br(K^+ → π^+νν̄) ≤ 0.92 × 10^{−10}, (32) while the present experimental values at Brookhaven [26] Br(K^+ → π^+ ν ν̄) = 1.5^{+3.4}_{−1.2} × 10^{−10}. (33) Therefore, if 3 − 3 − 1 symmetry is realized in nature, we can expect that Z^′ contribution to the decay K^+ → π^+νν̄ is of order 10^{−10}. Putting the central value in (33) into (31), we get m_Z0 ≃ 2.3 TeV.

Now let us consider the decay in the minimal model. In this model the FCNC interaction is described by [12, 27] L^{NC}_{ds} = gc_W 2 √ 3(1 − 4s^2_W ) [ V^{D∗}_{Lbd}V^D_{Lbs} ] d̄_Lγ^μs_LZ^′_μ. (34)

Following the same steps as we have done in the r.h.n. model we obtain

Br_m(K^+ → π^+ ν ν̄) Br(K^+ → π^0 e^+ ν) = 2 3 ( m^2_W m^2_Z0 )2 |V^{∗D}_{Lbd}V^D_{Lbs}|^2 |V^∗_{us}|^2 . (35)

The index m indicates that the branching ratio is calculated in the minimal model. Using (30) we find

Br_m(K^+ → π^+ ν ν̄) =

1212 m^4_Z0 (GeV)

. (36)

Using the measured decay branching ratio in (33) we get m_Z0 ≃ 1.7 TeV. This result is consistent with constraints in [12] which come from muon decay and neutrino-nucleus scattering. It is worthwhile mentioning that the branching ratio is not sensitive to the value of sin^2 θ_W , while the expression of Δm_K is very sensitive to sin^2 θ_W .

In conclusion we emphasize that the new gauge bosons in the 3 - 3 - 1 models have lower mass limit in the range of TeV scale, and these models can be checked at the near future experiments.

References

[1] Y. Fukuda et al., Phys. Lett. B 433, (1998) 9; Phys. Rev. Lett. 81, (1998) 1562; T.

Kajita, in: Proceedings of the XVIIIth International Conference on Neutrino Physics and Astrophysics, Takayama, Japan (June 1998).

[2] F. Pisano and V. Pleitez, Phys. Rev. D 46, (1992) 410; P. H. Frampton, Phys. Rev.

Lett. 69, (1992) 2889.

[3] R. Foot, O.F. Hernandez, F. Pisano, and V. Pleitez, Phys. Rev. D 47, (1993) 4158.

[4] P. B. Pal, Phys. Rev. D 52, (1995) 1659.

[5] B. Dion, T. Gregoire, D. London, L. Marleau, and H. Nadeau, [hep-ph/9810534], Phys. Rev. D 59, (1999) 075006.

[6] P. Das, P. Jain, and D. W. Mckay, [hep-ph/9808256], Phys. Rev. D 59, (1999) 055011;

Y. A. Coutinho, P. P. Queroz, and M. D. Tonasse, [hep-ph/9907553], Phys. Rev. D 60, (1999) 115001.

[7] R. Foot, H. N. Long, and Tuan A. Tran, Phys. Rev. D 50, (1994) R34; H. N. Long, ibid D 53, (1996) 437; ibid. D 54, (1996) 4691.

[8] J. C. Montero, F. Pisano, and V. Pleitez, Phys. Rev. D 47, (1993) 2918.

[9] N. A. Ky, H. N. Long, and D. V. Soa, [hep-ph/0007010], Phys. Lett. B 486, (2000) 140.

[10] H. N. Long and V. T. Van, [hep-ph/9909302], J. Phys. G25, (1999) 2319. [11] H. N. Long, L. P. Trung and V. T. Van, Rare Kaon decays K → πνν̄ in SU(3)_C ⊗ SU(3)_L ⊗ U(1)_N models, APCTP - 2000 - 004.

[12] D. Ng, Phys. Rev. D 49, (1994) 4805.

[13] P. H. Frampton and D. Ng, Phys. Rev. D 45, (1992) 4240.

[14] See for example R. Jackiw and S. Weinberg, Phys. Rev. D 5, (1972) 2473; G. Altarelli, N. Cabibbo, and L. Maiani, Phys. Lett. B 40, (1972) 415; W. A. Bardeen, R. Gastmans, and B. E. Lautrup, Nucl. Phys. B 46, (1972) 319.

[15] For details see, S. R. Moore, K. Whisnant, and B.-L. Young, Phys. Rev. D 31, (1985) 105; J. P. Levelle, Nucl. Phys. B 137, (1978) 69.

[16] H. Fujii, S. Nakamura, and K. Sasaki, Phys. Lett. B 299, (1993) 342. [17] A. Czarnecki and W. J. Marciano, BNL-HET-98-43. Talk given at 5th International Workshop on Tau Lepton Physics (TAU 98), Santander, Spain, 14-17 Sep 1998. In *Santander 1998, Tau’98* 245-252, [ hep-ph/9810512].

[18] T.Kinoshita, Talk given at the International Symposium on Lepton moments, June 8-12,1999, Heidelberg, Germany. [http://www.physi.uni-heidelberg.de/ ∼muon/lep/lep.html].

[19] H. N. Long and T. Inami, [hep-ph/9902475], Phys. Rev. D 61, (2000) 075002. [20] T. Inami and C. S. Lim, Prog. Theor. Phys. 65, (1981) 297; A. J. Buras, Phys. Rev.

Lett. 46, (1981) 1354.

[21] M.K. Gaillard and B. W. Lee, Phys. Rev. D 10, (1974) 897. [22] C. Caso et al., Particle Data Group, Eur. Phys. J. C 3, (1998) 1. [23] H. Fritzch, Phys. Lett. B 73, (1978) 317; Nucl. Phys. B 155, (1979) 189. [24] A. J. Buras, in Probing of the Standard Model of Particle Interactions, F. David and R. Gupta, Elsevier Science B.V.; [hep-ph/9806471].

[25] W. Marciano and Z. Parsa, Phys. Rev. D 53, (1996) R1. [26] S. Adler et al., Phys. Rev. Lett. 84, (2000) 3768, [hep-ex/0002015]. [27] D. G. Dumm, F. Pisano and V. Pleitez, Mod. Phys. Lett. A 9, (1994) 1609.

(a) γ μ^− μ^− μ^− μ^− X^{−−} (b) γ X^{−−} μ^− X^{−−} μ^− μ^−

(c) γ Y^− μ^− Y^− μ^− ν_μ (d) γ μ^− μ^− μ^− μ^− Z^′

Figure 1: Diagrams contributing to the (g_μ − 2)/2.

Z^′

K^+

π^+ ν

ν̄ u

u d̄ s̄

Figure 2: Feynman diagram for K^+ → π^+νν̄ in the 3 - 3 - 1 models.