hep-ph/9902478 v2 13 Mar 1999

ICRR-Report-448-99-6 OCHA-PP-132 KURE-PP/99-01

CP-odd WWZ couplings induced by vector-like quarks

Eri Asakawa^1, Miho Marui^2, Noriyuki Oshimo^3, Tomomi Saito^{1∗}, and Akio Sugamoto^1

1Department of Physics and Graduate School of Humanities and Sciences Ochanomizu University, Otsuka 2-1-1, Bunkyo-ku, Tokyo 112-8610, Japan 2Faculty of Social Information Science Kure University, Gouhara 2411-26, Kure, Hiroshima 724-0792, Japan 3Institute for Cosmic Ray Research University of Tokyo, Midori-cho 3-2-1, Tanashi, Tokyo 188-8502, Japan

Abstract A minimal extension of the standard model includes extra quarks with charges 2/3 and/or −1/3, whose left-handed and right-handed components are both SU(2) singlets. This model predicts new interactions of flavor-changing neutral current at the tree level, which also violate CP invariance. We study CP-odd anomalous couplings for the gauge bosons W , W , and Z induced by the new interactions at the one-loop level. These couplings become nonnegligible only if both an up-type and a down-type extra quarks are incorporated. Their form factors are estimated to be maximally of order 10^{−5}. Such magnitudes are larger than those predicted in the standard model, though smaller than those in certain other models.

� Present address: Konami Co. LTD., Tokyo 101-0051, Japan.

1 Introduction

Experiments at LEP2 and planned e^+e^− linear colliders can directly probe gaugeboson self-interactions, an aspect of the standard model (SM) characteristic of its non-Abelian nature. Their precise measurements serve a detailed examination of the SM, whose predictions have been well studied including quantum corrections. If some deviations from the SM predictions are found, the SM will have to be extended. For this task, studying peculiar features of various models is indispensable. Theoretical analyses therefore have been made on the gauge-boson self-interactions in the extensions of the SM [1, 2]. In particular, CP-even couplings for the gauge bosons W , W , and Z have been studied in the two-Higgs-doublet model [3], the model with Majorana neutrinos [4], the supersymmetric model [5], and so on. The CP-odd W W Z couplings have also recently been discussed in the supersymmetric model [6].

One of minimal extensions of the SM is the vector-like quark model (VQM). This model includes extra quarks with charges 2/3 and/or −1/3, whose left-handed components, as well as right-handed ones, are singlets under SU(2). Although many features of the SM are not significantly modified, new sources of CP violation and flavor-changing neutral current (FCNC) are incorporated. Therefore, their effects on the K-meson and B-meson systems have been studied extensively [7]. It has been also argued [8] that baryon asymmetry of the universe could be attributed to these new sources of CP violation.

In this paper, we study the effects of the VQM on CP-odd couplings for the W W Z vertex. This model predicts that the Z boson couples to quarks of different generations, causing interactions of FCNC at the tree level. For a pair of light ordinary quarks, these interactions should be suppressed from experimental results. However, the t quark and the extra up-type quark U could have a sizable coupling with the Z boson. Since these interactions of FCNC also violate CP invariance, nonnegligible CP-odd couplings for the W W Z vertex may be induced at the one-loop level. On the other hand, the SM does not contain the CP-odd W W Z couplings at the tree level nor the one-loop level. The supersymmetric model predicts them at the one-loop level [6]. The CP-odd W W Z couplings at the one-loop level could become a window for physics beyond the SM. It will be shown that form factors for the couplings in the VQM can be evaluated without making many assumptions on mixings among quarks. The form factors are nonnegligible at the one-loop level, though the possible maximal magnitudes are smaller than those in the supersymmetric model.

This paper is organized as follows. In sect. 2 we briefly summarize the model. In sect. 3 the CP-odd form factors are obtained and numerical analyses are performed. Summary is contained in sect. 4.

2 Model

The quark sector is enlarged to have extra quarks whose transformation properties are given by (3, 1, 2/3) or (3, 1, −1/3) for the SU(3)×SU(2)×U(1) gauge symmetry. Both the left-handed and right-handed components have the same properties. For definiteness, we assume the particle contents with one up-type and one down-type extra quarks. The quark masses are generated by Yukawa couplings and bare mass terms. The mass matrices are given by 4×4 matrices, which are denoted by M^u and M^d respectively for up-type and down-type quarks. The mass eigenstates are obtained by diagonalizing the mass matrices as

A^{u†}_L M^uA^u_R = diag(m_{u1}, m_{u2}, m_{u3}, m_{u4}), (1) A^{d†}_L M^dA^d_R = diag(m_{d1}, m_{d2}, m_{d3}, m_{d4}), (2)

where A^u_L, A^u_R, A^d_L, and A^d_R are unitary matrices. We express the mass eigenstates by u^a and d^a (a = 1 − 4), a being the generation index, which may be also called as (u, c, t, U) and (d, s, b, D). The interaction Lagrangian for the quarks with the W boson is given by L = g √ 2 u^aV_{ab}γ^μ 1 − γ_5 2 d^bW^†_μ + h.c.. (3)

Here the 4×4 matrix V stands for an extended Cabibbo-Kobayashi-Maskawa matrix, which is defined by V_{ab} = 3∑ i=1 (A^{u†}_L )_{ai}(A^d_L)_{ib}. (4)

Note that V is not unitary. The interaction Lagrangian for the quarks with the Z boson is given by L = − g cos θ_W u^aγ^μ ( F^u_{Lab} 1 − γ_5 2 + F^u_{Rab} 1 + γ_5 2 ) u^bZ_μ − g cos θ_W d^aγ^μ ( F^d_{Lab} 1 − γ_5 2 + F^d_{Rab} 1 + γ_5 2 ) d^bZ_μ, (5)

F^u_L = 1 2 V V^† − 2 3 sin^2 θ_W , F^u_R = − 2 3 sin^2 θ_W ,

F^d_L = − 1 2 V^†V + 1 3 sin^2 θ_W , F^d_R = 1 3 sin^2 θ_W .

Since V is not a unitary matrix, off-diagonal elements of F^u_L and F^d_L become nonvanishing, leading to FCNC at the tree level. The Lagrangian in Eq. (5), as well as that in Eq. (3), can induce CP violation.

3 Form factors

For the pair production of W bosons in e^+e^− annihilation, the trilinear gauge-boson interaction for W , W , and Z is generally expressed as [1]

L_{eff} = g cos θ_WΓ^{μνλ}W^†_μW_ν Z_λ, (6) Γ^{μνλ} = f_1(p − p̄)^λg^{μν} + f_2 1 M^2_W

(p − p̄)^λq^μq^ν + f_3(q^μg^{λν} − q^νg^{λμ}) +if_4(q^μg^{λν} + q^νg^{λμ}) + if_5ε^{μνλρ}(p − p̄)_ρ + f_6ε^{μνλρ}q_ρ +f_7 1 M^2_W (p − p̄)^λε^{μνρσ}q_ρ(p − p̄)_σ, where p and p̄ denote the outward momenta of the gauge bosons W^− and W^+, respectively, and q the inward momentum of Z. The couplings with the form factors f_1, f_2, f_3, and f_5 are CP -even, while those with f_4, f_6, and f_7 are CP -odd. Both in the SM and in the VQM, only the form factors f_1 and f_3 have non-vanishing values at the tree level.

The CP -odd form factors receive contributions from the one-loop diagrams in which up-type quarks or down-type quarks couple to the Z boson as shown in Fig. 1. We obtain the form factors arising from the diagram in Fig. 1(a) as

f_4 = −g^2 64π^2 cos^2 θ_W 4∑ a=1 4∑ b=1 4∑ c=1 Im [ V_{ac}V^∗_{bc}(V V^†)_{ba} ] I_4(m_{ua}, m_{ub}, m_{dc}), (7) f_6 = −g^2 64π^2 cos^2 θ_W 4∑ a=1 4∑ b=1 4∑ c=1 Im [ V_{ac}V^∗_{bc}(V V^†)_{ba} ] I_6(m_{ua}, m_{ub}, m_{dc}), (8) f_7 = 0, (9)

where the functions I_4 and I_6 are defined by

I_4(m_{ua}, m_{ub}, m_{dc}) = (10) ∫ ∫ D dxdy M^2_W (1 − x − y)^2(x − y) + (m^2_{ua} − m^2_{ub})xy −M^2_W (1 − x − y)(x + y) − q^2xy + m^2_{ua}x + m^2_{ub}y + m^2_{dc}(1 − x − y) − iε ,

I_6(m_{ua}, m_{ub}, m_{dc}) = (11)

∫ ∫ D dxdy M^2_W (1 − x − y)(1 + x + y)(x − y) − 2q^2xy(x − y) − 3(m^2_{ua} − m^2_{ub})xy −M^2_W (1 − x − y)(x + y) − q^2xy + m^2_{ua}x + m^2_{ub}y + m^2_{dc}(1 − x − y) − iε . The domain D for integration is given by x ≥ 0, y ≥ 0, x + y ≤ 1. (12) The contributions of the diagram in Fig. 1(b) can be obtained similarly. However, these contributions are negligible compared to those from Fig. 1(a) as shown later.

The form factors f_4 and f_6 in Eqs. (7) and (8) are expressed more simply by taking approximations for the quark masses. Since the quarks of the first two generations and the b quark are much lighter than the W boson, the integrands of I_4 and I_6 in Eqs. (10) and (11) are determined almost only by the W -boson mass M_W , the heavy quark masses m_t, m_U , m_D, and the momentum-squared q^2 of the Z boson. We can safely neglect mass differences among the light quarks. Then, taking m_u = m_c and m_d = m_s = m_b, the form factors are written by

f_i = g^2 32π^2 cos^2 θ_W

CS_i (i = 4, 6), (13)

C = Im [ V_{34}V^∗_{44}(V V^†)_{43} ] , S_i = I_i(m_u, m_t, m_d) − I_i(m_u, m_U , m_d) + I_i(m_t, m_U , m_d) −I_i(m_u, m_t, m_D) + I_i(m_u, m_U , m_D) − I_i(m_t, m_U , m_D).

Here, C depends on mixing parameters for quarks, while S_4 and S_6 depend on mass parameters m_U , m_D and an experimental parameter q^2. It is seen that S_4 and S_6 vanish if an equality m_u = m_t is assumed. Correspondingly, the contributions to f_4 and f_6 from the diagram in Fig. 1(b) become negligible, since an equality m_d = m_b holds to a good approximation.

Numerical analyses for the form factors are now in order. We first consider S_4 and S_6. The integrals in Eqs. (10) and (11) are precisely evaluated by a numerical method [9]. In Figs. 2(a) and 2(b) the absolute values for the real and imaginary parts of S_4 and S_6 are shown as functions of m_U for m_U ≥ 200 GeV, taking √ q^2 = 200 GeV and m_D = 200 GeV (Fig. 2(a)), 500 GeV (Fig. 2(b)). Curves (i), (ii), (iii), and (iv) represent Re(S_4), Im(S_4), Re(S_6), and Im(S_6), respectively. In wide ranges the imaginary parts do not vary much with m_U and m_D, being Im(S_4) ≈ −0.3 and Im(S_6) ≈ 0.9. The real parts are in the ranges |Re(S_4)| ∼< 0.2 and |Re(S_6)| ∼< 0.4. The values of S_4 and S_6 are not much dependent on m_D for m_D ∼> 400 GeV. In Fig. 3 the √ q^2-dependencies of S_4 and S_6 are shown for √ q^2 ≥ 180 GeV, taking m_U = 300 GeV and m_D = 300 GeV. Curves (i), (ii), (iii), and (iv) stand for the same objects as in Fig. 2. The absolute values decrease, as √ q^2 increases.

Next we consider the magnitude of C. It is seen from Eqs. (3) and (5) that V_{34}, V^∗_{44}, and (V V^†)_{43} are related to the couplings of tDW , UDW , and UtZ, respectively. Experimental results available at present have not yet given much information on their values. However, C is expressed in terms of the unitary matrices A^u_L and A^d_L as C = −Im [ (A^u_L)_{43}(A^{u†}_L A^d_L)_{34}(A^{d†}_L A^u_L)_{44}(A^{u†}_L )_{44} − (A^u_L)_{43}(A^{u†}_L A^d_L)_{34}(A^{d†}_L )_{44}|(A^u_L)_{44}|^2

−|(A^u_L)_{43}|^2(A^d_L)_{44}(A^{d†}_L A^u_L)_{44}(A^{u†}_L )_{44} ] . (14) Since the mass of the D quark is considered to be significantly larger than those of the d and s quarks, we may neglect mixings between the D quark and these light quarks, taking (A^d_L)_{i4} = (A^d_L)_{4i} = 0 (i = 1, 2). Then, C is given by C = −|(A^d_L)_{34}|^2Im [ (A^u_L)_{43}(A^{u†}_L )_{33}(A^u_L)_{34}(A^{u†}_L )_{44} ] . (15) We can see that C is proportional to (A^d_L)_{34}. If there is no mixing between the D quark and the ordinary down-type quarks, the form factors f_4 and f_6 vanish. In order to have nonnegligible CP-odd couplings, the extra down-type quark D, as well as U, should exist and be mixed with other down-type quarks. The magnitude of C is estimated to be at most of order 0.1, since C contains the product of four different elements of a unitary matrix in addition to |(A^d_L)_{34}|^2. If the mixings of the quarks for the third and fourth generations are not suppressed, |C| becomes maximal. However, the mixing for the down-type quarks would be suppressed, since the mass difference between the b quark and the D quark is still large. Therefore, we take the allowed range of C for |C| < 0.01 as a conservative constraint.

The form factors are written from Eq. (13) as f_i = 1.7 × 10^{−3}CS_i (i = 4, 6). (16) Taking into account the constraints on C and S_i, we make an estimate |f_4|, |f_6| < 1 × 10^{−5}. (17) Possible maximal values of this result are larger than the predictions in the SM, though smaller by two order of magnitude than those in the supersymmetric model [6], where the CP-odd form factors are also induced at the one-loop level. Assuming a maximal value, a total of more than 10^{10} pairs of W bosons would be necessary to detect the form factors. It seems to be difficult to achieve such a number of events in near-future experiments.

4 Summary

We have discussed CP-odd couplings for the W W Z vertex within the framework of the VQM. These couplings could be sizably induced through the one-loop diagram in which the Z boson couples to the up-type quarks. Both up-type and downtype extra quarks are necessary to have nonnegligible form factors. Their possible maximal magnitudes have been estimated without assuming a detailed structure for the quark mixings, giving at most of order 10^{−5}. These magnitudes are larger than the predictions by the SM but smaller than those by the supersymmetric model. The VQM does not yield CP-odd W W Z coupligs which can be detected experimentally in the near future.

Acknowledgments

This work is supported in part by the Grant-in-Aid for Scientific Research (No. 08640357, No. 08640400) and the Grant-in-Aid for Scientific Research on Priority Areas (Physics of CP Violation, No. 10140208) from the Ministry of Education, Science and Culture, Japan.

References

[1] K. Hagiwara, R.D. Peccei, D. Zeppenfeld, and K. Hikasa, Nucl. Phys. B282, 253 (1987).

[2] M. Kuroda, J. Maalampi, K.H. Schwarzer, and D. Schildknecht, Nucl. Phys.

B284, 271 (1987);

C. Ahn, M.E. Peskin, B.W. Lynn, and S. Selipsky, Nucl. Phys. B309, 221 (1988); G.L. Kane, J. Vidal, and C.-P. Yuan, Phys. Rev. D39, 2617 (1989); A. Bilal, E. Massó, and A. De Rújula, Nucl. Phys. B355, 549 (1991); G. Gounaris, D. Schildknecht, and F.M. Renard, Phys. Lett. B263, 291 (1991); M. Bilenky, J.L. Kneur, F.M. Renard, and D. Schildknecht, Nucl. Phys. B409, 22 (1993);

D. Chang, W.-Y. Keung, and I. Phillips, Phys. Rev. D48, 4045 (1993).

[3] T.G. Rizzo, Phys. Rev. D46, 3894 (1992).

[4] Y. Katsuki, M. Marui, R. Najima, J. Saito, and A. Sugamoto, Phys. Lett. B354, 363 (1995).

[5] E.N. Argyres, A.B. Lahanas, C.G. Papadopoulos, and V.C. Spanos, Phys. Lett.

B383, 63 (1996).

[6] M. Kitahara, M. Marui, N. Oshimo, T. Saito, and A. Sugamoto, Eur. Phys. J.

C4, 661 (1998).

[7] G.C. Branco and L. Lavoura, Nucl. Phys. B278, 738 (1986);

Y. Nir and D. Silverman, Phys. Rev. D42, 1477 (1990); D. Silverman, Phys. Rev. D45, 1800 (1992); L. Lavoura and J.P. Silva, Phys. Rev. D47, 1117 (1993);

G.C. Branco, T. Morozumi, P.A. Parada, and M.N. Rebelo, Phys. Rev. D48, 1167 (1993);

K. Fujikawa, Prog. Theor. Phys. 92, 1149 (1994);

L.T. Handoko and T. Morozumi, Mod. Phys. Lett. A10, 309 (1995).

[8] J. McDonald, Phys. Rev. D53, 645 (1996);

T. Uesugi, A. Sugamoto, and A. Yamaguchi, Phys. Lett. B392, 389 (1997); G.C. Branco, D. Delépine, D. Emmanuel-Costa, and R. González Felipe, Phys. Lett. B442, 229 (1998).

[9] J. Fujimoto, Y. Shimizu, K. Kato, and Y. Oyanagi, Prog. Theor. Phys. 87, 1233 (1992).

� � HHH HHH W

W

� � HHH HHH W

W Z

Z u^a

u^b d^c

d^a

d^b u^c

(a)

(b)

Figure 1: Possible one-loop diagrams which induce CP -odd couplings for the W W Z vertex.

Fig. 2(a)

Fig. 2(b)

Figure 2: The absolute values of the real and imaginary parts of S_4 and S_6 as functions of m_U at √ q^2 = 200 GeV. Four curves (i)–(iv) correspond to Re(S_4), Im(S_4), Re(S_6), Im(S_6). (a) m_D = 200 GeV, (b) m_D = 500 GeV.

Fig. 3

Figure 3: The values of the real and imaginary parts of S_4 and S_6 as functions of √ q^2 for m_U = 300 GeV and m_D = 300 GeV. (i) Re(S_4), (ii) Im(S_4), (iii) Re(S_6),

(iv) Im(S_6).