hep-ph/9903220 v2 25 Jul 1999

WUE-ITP-99-006 UWThPh-1999-10 HEPHY-PUB 709/99 hep-ph/9903220

Polarization and Spin Effects in Neutralino Production and Decay

G. Moortgat-Pick^{a∗}, H. Fraas^{a†}, A. Bartl^{b‡}, W. Majerotto^{c§}

a Institut für Theoretische Physik, Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany b Institut für Theoretische Physik, Universität Wien, Boltzmanngasse 5, A-1090 Wien c Institut für Hochenergiephysik, Österreichische Akademie der Wissenschaften, Nikolsdorfergasse 18 , A-1050 Wien

Abstract

We study the production of neutralinos e^+e^− ! χ̃^0_i χ̃^0_j with polarized beams and the subsequent decays χ̃^0_i ! χ̃^0_kℓ^+ℓ^− and χ̃^0_j ! χ̃^0_l ℓ^+ℓ^−, including the complete spin correlations between production and decay. We present analytical formulae for the differential cross section of the combined process of production and decay of neutralinos. We also allow for complex couplings. The spin correlations have a strong influence on the decay angular distributions and the corresponding forward– backward asymmetries. They are very sensitive to the SUSY parameters and depend strongly on the beam polarizations. We present numerical results for the cross section and the electron forward–backward asymmetry for e^+e^− ! χ̃^0_1χ̃^0_2, χ̃^0_2 ! χ̃^0_1e^+e^−. We study the dependence on the parameter M^′ for various mass splittings between ẽ_L and ẽ_R and different beam polarizations.

∗e-mail: gudi@physik.uni-wuerzburg.de †e-mail: fraas@physik.uni-wuerzburg.de ‡e-mail: bartl@merlin.ap.univie.ac.at § e-mail: majer@qhepu3.oeaw.ac.at.

1 Introduction

The search for supersymmetric (SUSY) particles is one of the main goals of present and future colliders. In particular, an e^+e^− linear collider will be an excellent discovery machine for SUSY particles [1]. Experiments at a linear collider will also allow us to determine precisely the parameters of the underlying SUSY model [2].

The neutralinos, the supersymmetric partners of the neutral gauge and Higgs bosons, are of particular interest as they are expected to be relatively light. Most studies of neutralino production e^+e^− → χ̃^0_i χ̃^0_j , i, j=1,. . .,4, and decays have been performed in the Minimal Supersymmetric Standard Model (MSSM) (see [3, 4, 5], and references therein). For a clear identification of neutralinos a precise analysis of their decay characteristics is indispensable. By measuring cross sections, branching ratios, various energy and angular distributions of the decay products of the neutralinos, one obtains valuable information about the parameters of the MSSM.

Since decay angular distributions depend on the polarization of the parent particles one has to take into account the spin correlations between production and decay of the neutralinos. In general, quantum mechanical interference effects between various polarization states of the decaying particles preclude simple factorization of the differential cross section into a production and a decay factor [6, 7], unless the production amplitude is dominated by a single spin component [8]. A variety of event generators for production and decay of SUSY particles, such as DFGT, SUSYGEN, GRACE and CompHEP [9], have been developed which include spin correlations between production and decay.

In a previous paper [10] the process e^+e^− → χ̃^0_i χ̃^0_j , i, j=1,. . .,4, with unpolarized beams and the subsequent leptonic decays χ̃^0_i → χ̃^0_kℓ^+ℓ^−, χ̃^0_j → χ̃^0_l ℓ^+ℓ^− have been studied with complete spin correlations. Some results for polarized beams have been presented in [11]. In the present paper we give the complete analytical formulae for polarized beams. We fully include the spin correlations between production and decay. The formulae are given in a transparent form in the laboratory system (which is identical to the overall CMS) in terms of the basic kinematic variables. Moreover, we include complex couplings allowing for studies of CP violating phenomena. The expression for the differential cross section is composed of the joint spin density matrix for the production of neutralinos and the decay matrices for their leptonic decays. Our formulae can easily be extended to hadronic decays.

The masses and couplings of the neutralinos depend on the MSSM parameter M^′, M, μ and tan β. The parameters M, μ and tan β can in principle be determined by chargino production alone [12, 13]. The cross section for chargino production with polarized beams and the decay angular distributions also give information on the sneutrino mass m_{ν̃} [14]. However, a precise determination of the parameter M^′ is only possible in the neutralino sector. A study of neutralino production and decay also gives information about the masses of the left and right selectrons, m_{ẽL} and m_{ẽR} .

It is known that the forward–backward asymmetry of the production process e^+e^− → χ̃^0_i χ̃^0_j vanishes due to the Majorana nature of the neutralinos [3, 15, 16]. However, taking into account neutralino decay, for instance χ̃^0_i → ℓ^+ℓ^−χ̃^0_k, the forward–backward asymmetry A_{F B} of one of the decay leptons does not vanish [10, 11]. This is a consequence of spin correlations between production and decay. As we shall show this A_{F B} depends very sensitively on the SUSY parameters. Furthermore, it depends very strongly on the beam polarization. The forward–backward asymmetry A_{F B} of the decay lepton is due to a complex interplay of the Z and ℓ̃_L, ℓ̃_R exchange amplitudes in production and decay, where the polarization of χ̃^0_i plays a crucial rôle. The polarization vector of χ̃^0_i is determined by the characteristics of the production process and strongly influences the decay distribution.

The main purpose of our paper is the presentation of the formulae for the combined process e^+e^− → χ̃^0_i χ̃^0_j , χ̃^0_i → ℓ^+ℓ^−χ̃^0_k and χ̃^0_j → ℓ^+ℓ^−χ̃^0_l , with both beams polarized. We also present numerical results for the cross section and the lepton forward–backward asymmetry A_{F B} of e^+e^− → χ̃^0_2χ̃^0_1, χ̃^0_2 → ℓ^+ℓ^−χ̃^0_1. In particular, we study their dependence on M^′, m~_{ℓL} and m~_{ℓR} , and on the beam polarization.

In Section 2 we present the formalism used. In Section 3 we give the formulae for the spin density production matrix of the neutralinos in the laboratory system for polarized beams. In Section 4 we give the decay matrices for the leptonic decay of χ̃^0_i and χ̃^0_j in covariant form. In the Section 5 we present our numerical results for the cross section and the forward–backward asymmetry A_{F B} of the decay lepton as a function of the parameter M^′ for various slepton masses m~_{ℓL} , m~_{ℓR} and for different beam polarizations.

2 Definitions and formalism

We give the analytical formulae for the differential cross section of neutralino production

e^−(p_1) + e^+(p_2) → χ̃^0_i (p_3) + χ̃^0_j (p_4), (1)

with polarized beams and the subsequent leptonic decays

χ̃^0_i (p_3) → χ̃^0_k(p_5) + ℓ^+(p_6) + ℓ^−(p_7), (2) χ̃^0_j (p_4) → χ̃^0_l (p_8) + ℓ^+(p_9) + ℓ^−(p_{10}), (3)

with complete spin correlations between production and decay.

2.1 Lagrangian and couplings

The parts of the interaction Lagrangian of the MSSM relevant for our study are (in our notation and conventions we follow closely [17]):

L_Z0_ℓ+_ℓ� = − g cos θ_W

Z_μℓ̄γ^μ[L_ℓP_L + R_ℓP_R]ℓ, (4)

L_Z0_{χ̃}0_{i χ̃}0_j = 1 2 g cos θ_W

Z_μ ¯χ̃^0_i γ^μ[O 00_{Lij} P_L + O 00_{Rij} P_R]χ̃^0_j , (5)

L_ℓ~_{ℓχ̃}0_i = gf^L_{ℓi} ℓ̄P_Rχ̃^0_i ℓ̃_L + gf^R_{ℓi} ℓ̄P_Lχ̃^0_i ℓ̃_R + h.c., i, j = 1, · · · , 4. (6)

The couplings are:

L_ℓ = T_{3ℓ} − e_ℓ sin^2 θ_W , R_ℓ = −e_ℓ sin^2 θ_W , (7) f^L_{ℓi} = − √ 2 [ 1 cos θ_W

(T_{3ℓ} − e_ℓ sin^2 θ_W )N_{i2} + e_ℓ sin θ_W N_{i1} ] , f^R_{ℓi} = − √ 2e_ℓ sin θ_W [ tan θ_W N^∗_{i2} − N^∗_{i1} ] , (8) O 00_{Lij} = − 1 2 ( N_{i3}N^∗_{j3} − N_{i4}N^∗_{j4} ) cos 2β − 1 2 ( N_{i3}N^∗_{j4} + N_{i4}N^∗_{j3} ) sin 2β, O 00_{Rij} = −O 00_{L∗ij} , with i, j = 1, . . . , 4. (9)

where P_{L,R} =^1_2 (1 ∓ γ_5), g is the weak coupling constant (g = e/ sin θ_W , e > 0), and e_ℓ and T_{3ℓ} denote the charge and the third component of the weak isospin of the lepton ℓ, tan β = v_2/v_1 is the ratio of the vacuum expectation values of the two neutral Higgs fields. N_{ij} is the unitary 4 × 4 matrix which diagonalizes the neutral gaugino-higgsino mass matrix Y_{αβ}, N_{iα}Y_{αβ}N_{kβ} = m_{χ̃}0_i δ_{ik}. We use the basis γ̃, Z̃, H̃^0_a , H̃^0_b [3].

2.2 CP conserving and CP violating case

In the formulae for the cross section we shall present in the following, one has to distinguish between two cases, CP conservation and CP violation: If CP is conserved the neutralino mass matrix Y_{αβ} is real and the matrix N_{ij} can be chosen real and orthogonal. Then all the couplings given in eqs. (8), (9) are real. In this case some of the mass eigenvalues may be negative. We therefore write the eigenvalues in the form m_{χ̃}0_i = η_im_i, i = 1, . . . , 4, with m_i ≥ 0 and η_i = ±1 [3]. η_i is related to the CP eigenvalue of the neutralino χ̃^0_i [18].

If CP is violated the neutralino mass matrix is complex and the matrix N_{ij} is complex and unitary. In this case the diagonalization of the mass matrix is done with the singular value decomposition method, N_{iα}Y_{αβ}N_{kβ} = m_iδ_{ik}, m_i ≥ 0. In this method all masses m_i are chosen positive. The neutralino couplings, eqs. (8), (9), are complex.

The formulae given below are applicable to both cases. In the case of CP conservation the imaginary parts of all couplings are zero and the sign η_i of the mass eigenvalues, appearing explicitly in the formulae, has to be taken into account.

In the case of CP violation the imaginary parts of the couplings do not vanish. All factors η_i appearing in the formulae have to be set η_i = +1.

2.3 Helicity amplitudes and cross section

For the calculation of the amplitude of the combined processes of neutralino production and decays, eqs. (1)–(3), we use the same formalism as for the chargino production and decays [13], following the method of [19]. The helicity amplitudes for the production eq. (1) are T^{λiλj}_P = T^{λiλj}_P (s, Z) + T^{λiλj}_P (t, ẽ_L) + T^{λiλj}_P (t, ẽ_R) + T^{λiλj}_P (u, ẽ_L) + T^{λiλj}_P (u, ẽ_R), (10) and those for the decays, eq.(2) and eq.(3) are T_{D,λi} = T_{D,λi}(s_i, Z) + T_{D,λi}(t_i, ℓ̃_L) + T_{D,λi} (t_i, ℓ̃_R) + T_{D,λi}(u_i, ℓ̃_L) + T_{D,λi}(u_i, ℓ̃_R), (11) T_{D,λj} = T_{D,λj} (s_j , Z) + T_{D,λj} (t_j, ℓ̃_L) + T_{D,λj} (t_j, ℓ̃_R) + T_{D,λj} (u_j, ℓ̃_L) + T_{D,λj} (u_j, ℓ̃_R). (12) They correspond to the Feynman diagrams in Fig. 1, and are given in the Appendix A, eqs. (A.1)–(A.13).

We introduce the kinematic variables s = (p_1 + p_2)^2, t = (p_1 − p_4)^2, and u = (p_1 − p_3)^2 for the production process, eq. (1), and s_i = (p_6 + p_7)^2, t_i = (p_3 − p_6)^2, u_i = (p_3 − p_7)^2 for the decay process of the neutralino χ̃^0_i , eq. (2), and s_j = (p_9 + p_{10})^2, t_j = (p_4 − p_9)^2 and u_j = (p_4 − p_{10})^2 for the decay of the neutralino χ̃^0_j , eq. (3), with the particle momenta p_k as denoted in eqs. (1)–(3).

The amplitude for the whole process is

T = Δ(χ̃^0_i )Δ(χ̃^0_j ) ∑ λ_i,λ_j T^{λiλj}_P T_{D,λi}T_{D,λj} , (13) where Δ(χ̃^0_i ) = 1/[p^2_3 − m^2_i + im_iΓ_i], m_i, Γ_i, and Δ(χ̃^0_j) = 1/[p^2_4 − m^2_j + im_jΓ_j], m_j, Γ_j denote the propagator, mass and width of χ̃^0_i and χ̃^0_j , respectively. For these propagators we use the narrow width approximation.

The differential cross section in the laboratory system is then given by: dσ = 1 8E^2_b

|T |^2(2π)^4δ^4(p_1 + p_2 − ∑ i p_i)dlips(p_3 . . . p_{10}), (14)

E_b = √ s/2 denotes the beam energy and dlips(p_3, . . . , p_{10}) is the Lorentz invariant phase space element.

The amplitude squared |T |^2 of the combined processes of production and decays, eq. (13), is given by:

|T |^2 = 4|Δ(χ̃^0_i )|^2|Δ(χ̃^0_j )|^2 ( P D(χ̃^0_i )D(χ̃^0_j ) + 3∑ a=1 Σ^a_P (χ̃^0_i )Σ^a_D(χ̃^0_i )D(χ̃^0_j ) + 3∑ b=1 Σ^b_P (χ̃^0_j )Σ^b_D(χ̃^0_j )D(χ̃^0_i ) + 3∑ a,b=1 Σ^{ab}_P (χ̃^0_i χ̃^0_j )Σ^a_D(χ̃^0_i )Σ^b_D(χ̃^0_j ) ) .(15)

Here a, b=1, 2, 3 refer to the polarization vectors of χ̃^0_i and χ̃^0_j defined in eqs. (26)– (31) below. If one neglects all spin correlations between production and decay only the first term in eq. (15) would contribute. The second and third term describe the spin correlations between the production and the decay processes χ̃^0_i → χ̃^0_kℓ^+ℓ^− and χ̃^0_j → χ̃^0_ℓ ℓ^+ℓ^−, respectively, because Σ^a_P (χ̃^0_i )(Σ^b_P (χ̃^0_j )) as well as Σ^a_D(χ̃^0_i )(Σ^b_D(χ̃^0_j )) depend on the polarization of the neutralino χ̃^0_i (χ̃^0_j ). Since Σ^{ab}_P (χ̃^0_i χ̃^0_j ) depends on the polarizations of both neutralinos the last term is due to spin-spin correlations between both decaying neutralinos (see Appendix eq. (B.5)).

Owing to the Majorana character the spin correlations do not influence the energy distribution of the neutralino decay products and the opening angle distribution between

(αβ) c_L(αβ) c_R(αβ) (Z^0Z^0) L^2_ℓ (1 − P^3_−)(1 + P^3_+) R^2_ℓ (1 + P^3_−)(1 − P^3_+) (Z^0ẽ_L) L_ℓ(1 − P^3_−)(1 + P^3_+) 0 (Z^0ẽ_R) 0 R_ℓ(1 + P^3_−)(1 − P^3_+) (ẽ_Lẽ_L) (1 − P^3_−)(1 + P^3_+) 0 (ẽ_Rẽ_R) 0 (1 + P^3_−)(1 − P^3_+)

Table 1: c_L(αβ), c_R(αβ) for longitudinal beam polarization P^3_−(P^3_+) of e^−(e^+), α, β denote the exchanged particles, L_ℓ, R_ℓ are defined in eq. (7). For unpolarized beams one has P^3_− = P^3_+ = 0.

the leptons from the decay of one of the neutralinos. Therefore, these distributions are given only by the first term P D(χ̃^0_i )D(χ̃^0_j ) in eq. (15) [10, 11].

We give the explicit expressions for P , Σ^a_P (χ̃^0_i ), Σ^b_P (χ̃^0_j ), Σ^{ab}_P (χ̃^0_i χ̃^0_j ) in Section 3 and for the quantities D(χ̃^0_i ), Σ^a_D(χ̃^0_i ), D(χ̃^0_j ), Σ^b_D(χ̃^0_j ) in Section 4.

3 Spin-density production matrix

In this section we give the analytical formulae for the quantities P , Σ^a_P (χ̃^0_i ), Σ^b_P (χ̃^0_j ), Σ^{ab}_P (χ̃^0_i , χ̃^0_j ), eq. (15), for the production in the laboratory system.

It is useful to introduce the abbrevations c_L(αβ), c_R(αβ) as shown in Table 1. P^3_−(P^3_+) is the longitudinal beam polarization of e^−(e^+), and L_ℓ(R_ℓ) is defined in eq. (7). The arguments α, β denote the exchanged particles. Generally c_L(αβ) (c_R(αβ)) is large for P^3_− < 0, P^3_+ > 0 (P^3_− > 0, P^3_+ < 0), and favours left(right) selectron exchange.

3.1 Neutralino polarization independent quantities

The expression P of eq. (15) is independent of the neutralino polarization and reads:

P = P (ZZ) + P (Zẽ_L) + P (Zẽ_R) + P (ẽ_Lẽ_L) + P (ẽ_Rẽ_R), (16)

with

P (ZZ) = 2 g^4 cos^4 Θ_W

|Δ^s(Z)|^2[c_R(ZZ) + c_L(ZZ)]E^2_b { |O 00_{Lij} |^2(E_iE_j + q^2 cos^2 Θ) − [(ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2]η_iη_j m_im_j } , (17)

P (Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b Re { Δ^s(Z) [ − (Δ^{t∗}(ẽ_L)f^{L∗}_{ℓi} f^L_{ℓj}O 00_{L∗ij} + Δ^{u∗}(ẽ_L)f^L_{ℓi} f^{L∗}_{ℓj} O 00_{Lij} )η_iη_jm_im_j −(Δ^{t∗}(ẽ_L)f^{L∗}_{ℓi} f^L_{ℓj} O 00_{Lij} − Δ^{u∗}(ẽ_L)f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} )2E_bq cos Θ

+(Δ^{t∗}(ẽ_L)f^{L∗}_{ℓi} f^L_{ℓj} O 00_{Lij} + Δ^{u∗}(ẽ_L)f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} )(E_iE_j + q^2 cos^2 Θ) ]} , (18)

P (ẽ_Lẽ_L) = g^4 4 c_L(ẽ_Lẽ_L)E^2_b { |f^L_{ℓi} |^2|f^L_{ℓj}|^2 [ (|Δ^t(ẽ_L)|^2 + |Δ^u(ẽ_L)|^2)(E_iE_j + q^2 cos^2 Θ) − (|Δ^t(ẽ_L)|^2 − |Δ^u(ẽ_L)|^2)2E_bq cos Θ ] − Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L)}2η_iη_j m_im_j } . (19)

P (Zẽ_R), P (ẽ_Rẽ_R): To obtain these quantities one has to exchange in eqs. (18) and (19)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} . The propagators are defined as follows:

Δ^s(Z) = i s − m^2_Z + im_ZΓ_Z , Δ^t(ẽ_{L,R}) = i t − m^2_{ẽL,R} + im_{ẽL,R} Γ_{ẽL,R} , Δ^u(ẽ_{L,R}) = i u − m^2_{ẽL,R} + im_{ẽL,R} Γ_{ẽL,R} , (20)

where m_Z, Γ_Z , m_{ẽL} , Γ_{ẽL} , m_{ẽR} , Γ_{ẽR} denote the corresponding mass and width of the exchanged particle.

The angle Θ is the scattering angle between the incoming e^−(p_1) beam and the outgoing neutralino χ̃^0_j (p_4), the azimuth can be chosen equal to zero. For our study of the whole process of production and subsequent decay it is convenient to choose a coordinate frame in the laboratory system, where the momenta are given by:

p_1 = E_b(1, − sin Θ, 0, cos Θ), (21) p_2 = E_b(1, sin Θ, 0, − cos Θ), (22) p_3 = (E_i, 0, 0, −q), (23) p_4 = (E_j, 0, 0, q), (24)

with

E_i = s + m^2_i − m^2_j 2 √ s , E_j = s + m^2_j − m^2_i 2 √ s , q = λ^{12} (4E^2_b , m^2_i , m^2_j ) 2 √ s , (25)

where m_i, m_j the masses of the neutralinos and λ the kinematical triangle function which is given by λ(x, y, z) = x^2 + y^2 + z^2 − 2xy − 2xz − 2yz.

3.2 Contributions of neutralino polarization

Now we give the terms of eq. (15) which depend on the polarization states of the neutralinos. For the neutralino χ̃^0_i (χ̃^0_j ) with momentum p_3(p_4) we introduce three spacelike polarization vectors s^a_μ(χ̃^0_i )(s^b_μ(χ̃^0_j )), (a, b=1, 2, 3), which together with p^μ_3 /m(p^μ_4 /m) form an orthonormal set [19]. In the laboratory system, see eqs. (21)–(24), we choose the following set of polarization vectors:

s^1(χ̃^0_i ) = (0, −1, 0, 0), (26) s^2(χ̃^0_i ) = (0, 0, 1, 0), (27)

s^3(χ̃^0_i ) = 1 m_i (q, 0, 0, −E_i), (28) s^1(χ̃^0_j ) = (0, 1, 0, 0), (29) s^2(χ̃^0_j ) = (0, 0, 1, 0), (30)

s^3(χ̃^0_j ) = 1 m_j (q, 0, 0, E_j), (31)

where s^3 denote the longitudinal polarization, s^1 transverse polarization in the scattering plane, and s^2 the transverse polarization perpendicular to the scattering plane.

3.2.1 Polarization of χ̃^0_i

We give the expression for Σ^a_P (χ̃^0_i ) of eq. (15), where a =1, 2, 3 indicates the direction of the polarization vector s^a(χ̃^0_i ), as given in eqs. (26)–(28). It can be decomposed as:

Σ^a_P (χ̃^0_i ) = Σ^a_P (χ̃^0_i , ZZ) + Σ^a_P (χ̃^0_i , Zẽ_L) + Σ^a_P (χ̃^0_i , Zẽ_R) + Σ^a_P (χ̃^0_i , ẽ_Lẽ_L) + Σ^a_P (χ̃^0_i , ẽ_Rẽ_R). (32)

1. The contributions of transverse polarization s^1(χ̃^0_i ) in the scattering plane read:

Σ^1_P (χ̃^0_i , ZZ) = 2 g^4 cos^4 Θ_W

|Δ^s(Z)|^2E^2_b sin Θ(c_R(ZZ) − c_L(ZZ)) [ |O 00_{Lij} |^2η_im_iE_j − [(ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2]η_jm_jE_i ] , (33)

Σ^1_P (χ̃^0_i , Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b sin Θ [ − Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} Δ^{u∗}(ẽ_L) + f^{L∗}_{ℓi} f^L_{ℓj}O 00_{Lij} Δ^{t∗}(ẽ_L)]η_im_iE_j } +Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{Lij} Δ^{u∗}(ẽ_L) + f^{L∗}_{ℓi} f^L_{ℓj} O 00_{L∗ij} Δ^{t∗}(ẽ_L)]η_jm_jE_i} −Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} Δ^{u∗}(ẽ_L) − f^{L∗}_{ℓi} f^L_{ℓj}O 00_{Lij} Δ^{t∗}(ẽ_L)]η_im_iq cos Θ} ] , (34)

Σ^1_P (χ̃^0_i , ẽ_Lẽ_L) = − g^4 4 c_L(ẽ_Lẽ_L)E^2_b sin Θ { |f^L_{ℓi} |^2|f^L_{ℓj} |^2 [ (|Δ^t(ẽ_L)|^2 + |Δ^u(ẽ_L)|^2)η_im_iE_j − (|Δ^t(ẽ_L)|^2 − |Δ^u(ẽ_L)|^2)η_im_iq cos Θ ] − 2Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L)}η_jm_jE_i } . (35)

Σ^1_P (χ̃^0_i , Zẽ_R), Σ^1_P (χ̃^0_i , ẽ_Rẽ_R): To obtain these quantities one has to exchange in eqs.(34) and (35)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} , and to change the overall sign of the right hand side of eqs. (34), (35).

2. The contributions of longitudinal polarization s^3(χ̃^0_i ) read:

Σ^3_P (χ̃^0_i , ZZ) = η_i

2g^4 cos^4 Θ_W

|Δ^s(Z)|^2(c_L(ZZ) − c_R(ZZ))E^2_b cos Θ [ |O 00_{Lij} |^2(E_iE_j + q^2) − [(ReO 00_{Lij} )^2 − (ImO 00_{L∗ij} )^2]η_iη_jm_im_j ] , (36)

Σ^3_P (χ̃^0_i , Zẽ_L) = η_i g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b [ Re { Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} Δ^{u∗}(ẽ_L) − f^{L∗}_{ℓi} f^L_{ℓj} O 00_{Lij} Δ^{t∗}(ẽ_L)]E_jq } + Re { Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} Δ^{u∗}(ẽ_L) + f^{L∗}_{ℓi} f^L_{ℓj} O 00_{Lij} Δ^{t∗}(ẽ_L)](E_iE_j + q^2) cos Θ } + Re { Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{L∗ij} Δ^{u∗}(ẽ_L) − f^{L∗}_{ℓi} f^L_{ℓj} O 00_{Lij} Δ^{t∗}(ẽ_L)]E_iq cos^2 Θ } − Re { Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{Lij} Δ^{u∗}(ẽ_L) + f^{L∗}_{ℓi} f^L_{ℓj} O 00_{L∗ij} Δ^{t∗}(ẽ_L)]η_iη_jm_im_j cos Θ }] , (37)

Σ^3_P (χ̃^0_i , ẽ_Lẽ_L) = η_i g^4 4 c_L(ẽ_Lẽ_L)E^2_b [ |f^L_{ℓi} |^2|f^L_{ℓj} |^2 { [|Δ^u(ẽ_L)|^2 − |Δ^t(ẽ_L)|^2]E_jq + [|Δ^u(ẽ_L)|^2 − |Δ^t(ẽ_L)|^2]qE_i cos^2 Θ

+[|Δ^t(ẽ_L)|^2 + |Δ^u(ẽ_L)|^2](E_iE_j + q^2) cos Θ } −2Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓj})^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L)}η_iη_jm_im_j cos Θ ] . (38)

Σ^3_P (χ̃^0_i , Zẽ_R), Σ^3_P (χ̃^0_i , ẽ_Rẽ_R): To obtain these quantities one has to exchange in eqs. (37) and (38)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} . and to change the overall sign of eqs. (37), (38).

3. The contributions of the polarization s^2(χ̃^0_i ) perpendicular to the scattering plane are:

Σ^2_P (χ̃^0_i , ZZ) = −4( g^2 cos^2 Θ_W

)^2|Δ^s(Z)|^2(c_R(ZZ) − c_L(ZZ))

m_jqE^2_b sin ΘRe(O 00_{Lij} )Im(O 00_{Lij} ), (39)

Σ^2_P (χ̃^0_i , Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)η_jm_jE^2_b q sin Θ Im { Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} O 00_{Lij} Δ^{u∗}(ẽ_L) − f^{L∗}_{ℓi} f^L_{ℓj} O 00_{L∗ij} Δ^{t∗}(ẽ_L)] } , (40)

Σ^2_P (χ̃^0_i , ẽ_Lẽ_L) = − g^4 2 c_L(ẽ_Lẽ_L)η_jm_jE^2_b q sin ΘIm { (f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L) } . (41)

Σ^2_P (χ̃^0_i , Zẽ_L), Σ^2_P (χ̃^0_i , ẽ_Lẽ_L) : To obtain these quantities one has to exchange in eq. (40) and eq. (41)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} . Contrary to the case of s^1(χ̃^0_i ) and s^3(χ̃^0_i ) the sign of the contributions Σ^2_P (χ̃^0_i ) does not change when going from ẽ_L exchange to ẽ_R exchange.

3.2.2 Polarization of χ̃^0_j

We give the quantities Σ^b_P (χ̃^0_j ) of eq. (15) which contain only the polarization vector s^b(χ̃^0_j ) with b =1, 2, 3, eqs. (29)–(31):

Σ^b_P (χ̃^0_j ) = Σ^b_P (χ̃^0_j , ZZ) + Σ^b_P (χ̃^0_j , Zẽ_L) + Σ^b_P (χ̃^0_j , Zẽ_R) + Σ^b_P (χ̃^0_j , ẽ_Lẽ_L) + Σ^b_P (χ̃^0_j , ẽ_Rẽ_R). (42)

1. Σ^1_P (χ̃^0_j ), Σ^3_P (χ̃^0_j ): The expressions for Σ^1_P (χ̃^0_j ), Σ^3_P (χ̃^0_j ) are obtained from those of Σ^1_P (χ̃^0_i ), Σ^3_P (χ̃^0_i ), eqs. (33)–(38), by exchanging

m_i → m_j, η_i → η_j , E_i → E_j, (43)

and by changing the overall sign of these expressions, for example,

Σ^1_P (χ̃^0_j , ZZ) = −2 g^4 cos^4 Θ_W

|Δ(Z)|^2E^2_b sin Θ(c_R(ZZ) − c_L(ZZ)) [ |O 00_{Lij} |^2η_j m_jE_i − [(ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2]η_im_iE_j ] . (44)

2. Σ^2_P (χ̃^0_j ): The expressions for Σ^2_P (χ̃^0_j ) are obtained from those for Σ^2_P (χ̃^0_i ), eqs. (39)– (41) by exchanging η_i → η_j, m_i → m_j, E_i → E_j (without changing the overall sign). (45) Note that

• the transverse polarizations Σ^1_P (χ̃^0_i ), Σ^2_P (χ̃^0_i ), Σ^1_P (χ̃^0_j ), Σ^2_P (χ̃^0_j ) of the neutralinos vanish in forward and backward direction;

• at threshold the tranverse polarizations Σ^2_P (χ̃^0_i ) and Σ^2_P (χ̃^0_j ) perpendicular to the production plane vanish proportional to the momentum of the neutralinos.

3.2.3 Spin-spin correlations We give the expressions for Σ^{ab}_P (χ̃^0_i χ̃^0_j ) of eq. (15), where a, b =1, 2, 3 indicate the directions of the polarization vectors s^a(χ̃^0_i ) and s^b(χ̃^0_j ) as given in eqs. (26)–(31). They can be decomposed as:

Σ^{ab}_P (χ̃^0_i χ̃^0_j ) = Σ^{ab}_P (χ̃^0_i χ̃^0_j , ZZ) + Σ^{ab}_P (χ̃^0_i χ̃^0_j , Zẽ_L) + Σ^{ab}_P (χ̃^0_i χ̃^0_j , Zẽ_R) + Σ^{ab}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) +Σ^{ab}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R), with a, b = 1, 2, 3. (46) 1. The contributions of s^1(χ̃^0_i ) and s^1(χ̃^0_j ) are:

Σ^{11}_P (χ̃^0_i χ̃^0_j , ZZ) = 2 g^4 cos^4 Θ_W

|Δ^s(Z)|^2(c_R(ZZ) + c_L(ZZ))E^2_b sin^2 Θ {[(ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2]E_iE_j − 2|O 00_{Lij} |^2η_iη_jm_im_j}, (47) Σ^{11}_P (χ̃^0_i χ̃^0_j , Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b sin^2 Θ Re { [f^L_{ℓi} f^{L∗}_{ℓj} Δ^s(Z)Δ^{u∗}(ẽ_L)O 00_{Lij} + f^{L∗}_{ℓi} f^L_{ℓj} Δ^s(Z)Δ^{t∗}(ẽ_L)O 00_{L∗ij} ]E_iE_j − [f^L_{ℓi} f^{L∗}_{ℓj} Δ^s(Z)Δ^{u∗}(ẽ_L)O 00_{L∗ij} + f^{L∗}_{ℓi} f^L_{ℓj}Δ^s(Z)Δ^{t∗}(ẽ_L)O 00_{Lij} ]η_iη_jm_im_j } , (48) Σ^{11}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) = − g^4 4 c_L(ẽ_Lẽ_L)E^2_b sin^2 Θ [ |f^L_{ℓi} |^2|f^L_{ℓj}|^2(|Δ^t(ẽ_L)|^2 + |Δ^u(ẽ_L)|^2)η_iη_j m_im_j +2Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L)}E_iE_j ] . (49)

Σ^{11}_P (χ̃^0_i χ̃^0_j , Zẽ_R), Σ^{11}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R): To obtain these quantities one has to exchange in eqs. (48) and (49)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} .

2. The contributions of s^2(χ̃^0_i ) and s^2(χ̃^0_j ) are:

Σ^{22}_P (χ̃^0_i χ̃^0_j , ZZ) = 2 g^4 cos^4 Θ_W

|Δ^s(Z)|^2(c_R(ZZ) + c_L(ZZ))E^2_b q^2 sin^2 Θ {(ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2}, (50)

Σ^{22}_P (χ̃^0_i χ̃^0_j , Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b q^2 sin^2 Θ Re { Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{Lij} + f^{L∗}_{ℓi} f^L_{ℓj}Δ^{t∗}(ẽ_L)O 00_{L∗ij} ] } , (51)

Σ^{22}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) = − g^4 2 c_L(ẽ_Lẽ_L)E^2_b q^2 sin^2 ΘRe { (f^{L∗}_{ℓi} )^2(f^L_{ℓj})^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L) } . (52)

Σ^{22}_P (χ̃^0_i χ̃^0_j , Zẽ_R), Σ^{22}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R) : To obtain these quantities one has to exchange in eqs. (51) and (52)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} . 3. The contributions of s^3(χ̃^0_i ) and s^3(χ̃^0_j ) are:

Σ^{33}_P (χ̃^0_i χ̃^0_j , ZZ) = η_iη_j

2g^4 cos^4 Θ_W

|Δ^s(Z)|^2(c_R(ZZ) + c_L(ZZ))E^2_b [ ((ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2)η_iη_j m_im_j cos^2 Θ −|O 00_{Lij} |^2[q^2 + E_iE_j cos^2 Θ] ] , (53)

Σ^{33}_P (χ̃^0_i χ̃^0_j , Zẽ_L) = η_iη_j g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b [ Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{Lij} + f^{L∗}_{ℓi} f^L_{ℓj}Δ^{t∗}(ẽ_L)O 00_{L∗ij} ]}η_iη_j m_im_j cos^2 Θ − Re{Δ^s(Z)[f^L_{ℓi}f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{L∗ij} + f^{L∗}_{ℓi} f^L_{ℓj}Δ^{t∗}(ẽ_L)O 00_{Lij} ]}[q^2 + E_iE_j cos^2 Θ] − Re{Δ^s(Z)[f^L_{ℓi}f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{L∗ij} − f^{L∗}_{ℓi} f^L_{ℓj} Δ^{t∗}(ẽ_L)O 00_{Lij} ]}2E_bq cos Θ ] , (54)

Σ^{33}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) = η_iη_j g^4 4 c_L(ẽ_Lẽ_L)E^2_b [ |f^L_{ℓi} |^2|f^L_{ℓj} |^2 ( − (|Δ^t(ẽ_L)|^2 + |Δ^u(ẽ_L)|^2)[q^2 + E_iE_j cos^2 Θ] + (|Δ^t(ẽ_L)|^2 − |Δ^u(ẽ_L)|^2)2E_bq cos Θ ) −2Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L)}η_iη_jm_im_j cos^2 Θ ] . (55)

Σ^{33}_P (χ̃^0_i χ̃^0_j , Zẽ_R), Σ^{33}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R) : To obtain these quantities one has to exchange in eqs. (54) and (55)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} . 4. The contributions of s^1(χ̃^0_i ) and s^3(χ̃^0_j ) are:

Σ^{13}_P (χ̃^0_i χ̃^0_j , ZZ) = η_j

2g^4 cos^4 Θ_W

|Δ^s(Z)|^2(c_R(ZZ) + c_L(ZZ))E^2_b sin Θ cos Θ [ − ((ReO 00_{Lij} )^2 − (ImO 00_{Lij} )^2)E_iη_j m_j + |O 00_{Lij} |^2η_im_iE_j ] , (56)

Σ^{13}_P (χ̃^0_i χ̃^0_j , Zẽ_L) = η_j g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b sin Θ [ − Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{Lij} + f^{L∗}_{ℓi} f^L_{ℓj}Δ^{t∗}(ẽ_L)O 00_{L∗ij} ]}E_iη_j m_j cos Θ + Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{L∗ij} + f^{L∗}_{ℓi} f^L_{ℓj} Δ^{t∗}(ẽ_L)O 00_{Lij} ]}η_im_iE_j cos Θ + Re{Δ^s(Z)[f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{L∗ij} − f^{L∗}_{ℓi} f^L_{ℓj} Δ^{t∗}(ẽ_L)O 00_{Lij} ]}η_im_iq ] , (57)

Σ^{13}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) = η_j g^4 4 c_L(ẽ_Lẽ_L)E^2_b sin Θ [ |f^L_{ℓi} |^2|f^L_{ℓj}|^2{[|Δ^u(ẽ_L)|^2 − |Δ^t(ẽ_L)|^2]η_im_iq +[|Δ^t(ẽ_L)|^2 + |Δ^u(ẽ_L)|^2]η_im_iE_j cos Θ} +2Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L)}E_iη_j m_j cos Θ ] . (58)

Σ^{13}_P (χ̃^0_i χ̃^0_j , Zẽ_R), Σ^{13}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R) : To obtain these quantities one has to exchange in eqs. (57) and (58)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R) c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} . 5. The contributions of s^3(χ̃^0_i ) and s^1(χ̃^0_j ) are:

The expressions for Σ^{31}_P (χ̃^0_i χ̃^0_j ) are obtained by exchanging

η_i ↔ η_j, m_i ↔ m_j, E_i ↔ E_j (59)

in eqs. (56)–(58) and also in the corresponding contributions from ẽ_R exchange.

6. The contributions of s^1(χ̃^0_i ) and s^2(χ̃^0_j ) are:

Σ^{12}_P (χ̃^0_i χ̃^0_j , ZZ) = −4 g^4 cos^4 Θ_W

|Δ^s(Z)|^2(c_R(ZZ) + c_L(ZZ))E^2_b E_iq sin^2 Θ

Re(O 00_{Lij} )Im(O 00_{Lij} ), (60)

Σ^{12}_P (χ̃^0_i χ̃^0_j , Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b E_iq sin^2 Θ Im { Δ^s(Z)[−f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{Lij} + f^{L∗}_{ℓi} f^L_{ℓj} Δ^{t∗}(ẽ_L)O 00_{L∗ij} ] } , (61)

Σ^{12}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) = g^4 2 c_L(ẽ_Lẽ_L)E^2_b E_iq sin^2 ΘIm { (f^{L∗}_{ℓi} )^2(f^L_{ℓj} )^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L) } . (62)

Σ^{12}_P (χ̃^0_i χ̃^0_j , Zẽ_R), Σ^{12}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R): To obtain these quantities one has to exchange in eqs. (61) and (62)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} , and to change the overall sign of eqs. (61), (62).

7. The contributions of s^2(χ̃^0_i ) and s^1(χ̃^0_j ) are:

The expressions for Σ^{21}_P (χ̃^0_i χ̃^0_j ) are obtained by exchanging

η_i ↔ η_j, m_i ↔ m_j, E_i ↔ E_j (63)

in eqs. (60)–(62) and in the corresponding contributions from ẽ_R exchange. In addition, one also has to change the overall sign.

8. The contributions of s^2(χ̃^0_i ) and s^3(χ̃^0_j ) are:

Σ^{23}_P (χ̃^0_i χ̃^0_j , ZZ) = −4 g^4 cos^4 Θ_W

|Δ^s(Z)|^2[c_R(ZZ) + c_L(ZZ)] m_jE^2_b q sin Θ cos ΘRe(O 00_{Lij} )Im(O 00_{Lij} ), (64)

Σ^{23}_P (χ̃^0_i χ̃^0_j , Zẽ_L) = g^4 cos^2 Θ_W c_L(Zẽ_L)E^2_b m_jq sin Θ cos Θ Im { Δ^s(Z)[−f^L_{ℓi} f^{L∗}_{ℓj} Δ^{u∗}(ẽ_L)O 00_{Lij} + f^{L∗}_{ℓi} f^L_{ℓj} Δ^{t∗}(ẽ_L)O 00_{L∗ij} ] } , (65)

Σ^{23}_P (χ̃^0_i χ̃^0_j , ẽ_Lẽ_L) = g^4 2 c_L(ẽ_Lẽ_L)E^2_b m_jq sin Θ cos Θ Im { (f^{L∗}_{ℓi} )^2(f^L_{ℓj})^2Δ^u(ẽ_L)Δ^{t∗}(ẽ_L) } . (66)

Σ^{23}_P (χ̃^0_i χ̃^0_j , Zẽ_R), Σ^{23}_P (χ̃^0_i χ̃^0_j , ẽ_Rẽ_R): To obtain these quantities one has to exchange in eqs. (65) and (66)

Δ^t(ẽ_L) → Δ^t(ẽ_R), Δ^u(ẽ_L) → Δ^u(ẽ_R), c_L(Zẽ_L) → c_R(Zẽ_R), c_L(ẽ_Lẽ_L) → c_R(ẽ_Rẽ_R), O 00_{Lij} → O 00_{Rij} , f^L_{ℓi} → f^R_{ℓi} , f^L_{ℓj} → f^R_{ℓj} , and to change the overall sign of eqs. (65), (66).

9. The contributions of s^3(χ̃^0_i ) and s^2(χ̃^0_j ) are:

The expressions for Σ^{32}_P (χ̃^0_i χ̃^0_j ) are obtained by exchanging

m_i ↔ m_j, E_i ↔ E_j (67)

in eqs. (64)–(66) and in the corresponding contributions from ẽ_R exchange. In addition, one also has to change the overall sign.

Note that

• all contributions of transverse polarizations s^1(χ̃^0_i ), s^2(χ̃^0_i ), s^1(χ̃^0_j ), s^2(χ̃^0_j ) vanish in forward and backward direction;

• at threshold all spin-spin terms of transverse polarizations s^2(χ̃^0_i ), s^2(χ̃^0_j ) vanish proportional to the momentum of the neutralinos.

4 Decay matrix

In the following we give the analytical formulae for the decay matrices D(χ̃^0_i ), Σ^a_D(χ̃^0_i ) for the decay χ̃^0_i (p_3) → χ̃^0_k(p_5) + ℓ^+(p_6) + ℓ^−(p_7), and D(χ̃^0_j ), Σ^b_D(χ̃^0_j ) for the decay χ̃^0_j (p_4) → χ̃^0_l (p_8) + ℓ^+(p_9) + ℓ^−(p_{10}). We present them in covariant form. They have to be inserted in eq. (15) to obtain the amplitude squared for the combined process of neutralino production and decay.

4.1 Neutralino polarization independent quantities

The expression D(χ̃^0_i ) of eq. (15) which is independent of the polarization vector s^a(χ̃^0_i ) has the following decomposition:

D(χ̃^0_i ) = D(χ̃^0_i , ZZ) + D(χ̃^0_i , Zℓ̃_L) + D(χ̃^0_i , Zℓ̃_R) + D(χ̃^0_i , ℓ̃_Lℓ̃_L) + D(χ̃^0_i , ℓ̃_Rℓ̃_R). (68)

The analytical expressions for D(χ̃^0_i ), eq. (68), read:

D(χ̃^0_i , ZZ) = 8 g^4 cos^4 Θ_W

|Δ^{si} (Z)|^2

(L^2_ℓ + R^2_ℓ ) [ |O 00_{Lki} |^2(g_1 + g_2) + [(ReO 00_{Lki} )^2 − (ImO 00_{Lki} )^2]g_3 ] , (69)

D(χ̃^0_i , Zℓ̃_L) = 4 g^4 cos^2 Θ_W L_ℓRe { Δ^{si} (Z)[f^L_{ℓi} f^{L∗}_{ℓk} Δ^{ti∗}(ℓ̃_L)(2O 00_{Lki} g_1 + O 00_{L∗ki} g_3)

+ f^{L∗}_{ℓi} f^L_{ℓk}Δ^{ui∗}(ℓ̃_L)(2O 00_{L∗ki} g_2 + O 00_{Lki} g_3)] } , (70)

D(χ̃^0_i , ℓ̃_Lℓ̃_L) = 2g^4 [ |f^L_{ℓi} |^2|f^L_{ℓk}|^2(|Δ^{ti}(ℓ̃_L)|^2g_1 + |Δ^{ui} (ℓ̃_L)|^2g_2) +Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓk})^2Δ^{ti} (ℓ̃_L)Δ^{ui∗}(ℓ̃_L)}g_3 ] , (71) where we have introduced the following combinations of scalar products:

g_1 = (p_5p_7)(p_3p_6), (72) g_2 = (p_5p_6)(p_3p_7), (73) g_3 = (η_iη_km_im_k)(p_6p_7). (74)

The propagators are denoted by Δ^{si} (Z), Δ^{ti} (ℓ̃_{L,R}), Δ^{ui} (ℓ̃_{L,R}) and are defined analogously to eq. (20), with s_i, t_i, u_i as defined after eq. (12).

D(χ̃^0_i , Zℓ̃_R), D(χ̃^0_i , ℓ̃_Rℓ̃_R) : To obtain these quantities one has to exchange in eqs. (70) and (71)

Δ^{ti} (ℓ̃_L) → Δ^{ti}(ℓ̃_R), Δ^{ui} (ℓ̃_L) → Δ^{ui} (ℓ̃_R), O 00_{Lki} → O 00_{Rki} , f^L_{ℓi} → f^R_{ℓi} , L_ℓ → R_ℓ. The expressions D_j(χ̃^0_j ), eq. (15), for the decay χ̃^0_j (p_4) → χ̃^0_l (p_8)+ℓ^+(p_9)+ℓ^−(p_{10}) and the corresponding scalar products are obtained by the following substitutions in eqs. (69)– (74):

p_5 → p_8, p_6 → p_9, p_7 → p_{10}, m_i → m_j, m_k → m_l, η_i → η_j, η_k → η_l, (75) O^L_{ki} → O^L_{lj} , O^R_{ki} → O^R_{lj} , (76) Δ^{si} (Z) → Δ^{sj} (Z), Δ^{ti} (ℓ̃_{L,R}) → Δ^{tj} (ℓ̃_{L,R}), Δ^{ui} (ℓ̃_{L,R}) → Δ^{uj} (ℓ̃_{L,R}). (77)

4.2 Neutralino polarization dependent quantities

We first give Σ^a_D(χ̃^0_i ) of eq. (15) which contains the polarization vector s^a(χ̃^0_i ):

Σ^a_D(χ̃^0_i ) = Σ^a_D(χ̃^0_i , ZZ) + Σ^a_D(χ̃^0_i , Zℓ̃_L) + Σ^a_D(χ̃^0_i , Zℓ̃_R) + Σ^a_D(χ̃^0_i , ℓ̃_Lℓ̃_L) + Σ^a_D(χ̃^0_i , ℓ̃_Rℓ̃_R). (78)

The analytical expressions for Σ^a_D(χ̃^0_i ), eq. (78), read:

Σ^a_D(χ̃^0_i , ZZ) = 8 g^4 cos^4 Θ_W

|Δ^{si} (Z)|^2(R^2_ℓ − L^2_ℓ ) [ − [(ReO 00_{Lki} )^2 − (ImO 00_{Lki} )^2]g^a_3 + |O 00_{Lki} |^2(g^a_1 − g^a_2 ) ] , (79)

Σ^a_D(χ̃^0_i , Zℓ̃_L) =

4g^4 cos^2 Θ_W L_ℓRe { Δ^{si} (Z) [ f^L_{ℓi} f^{L∗}_{ℓk} Δ^{ti∗}(ℓ̃_L)( − 2O 00_{Lki} g^a_1 + O 00_{L∗ki} (g^a_3 − g^a_4 ))

+ f^{L∗}_{ℓi} f^L_{ℓk}Δ^{ui∗}(ℓ̃_L)(2O 00_{L∗ki} g^a_2 + O 00_{Lki} (g^a_3 − g^a_4 )) ]} ,(80)

Σ^a_D(χ̃^0_i , ℓ̃_Lℓ̃_L) = 2g^4 [ |f^L_{ℓi} |^2|f^L_{ℓk}|^2[|Δ^{ui} (ℓ̃_L)|^2g^a_2 − |Δ^{ti}(ℓ̃_L)|^2g^a_1 ] + Re{(f^{L∗}_{ℓi} )^2(f^L_{ℓk})^2Δ^{ti} (ℓ̃_L)Δ^{ui∗}(ℓ̃_L)(g^a_3 + g^a_4 )} ] , (81) where we have introduced the following abbrevations involving the polarization vector s^a(χ̃^0_i ), eqs. (26)–(28), with a =1, 2, 3:

g^a_1 = η_im_i(p_5p_7)(p_6s^a(χ̃^0_i )), (82) g^a_2 = η_im_i(p_5p_6)(p_7s^a(χ̃^0_i )), (83) g^a_3 = η_km_k[(p_3p_6)(p_7s^a(χ̃^0_i )) − (p_3p_7)(p_6s^a(χ̃^0_i ))], (84) g^a_4 = iη_km_kϵ_{μνρτ} s^{aμ}(χ̃^0_i )p^ν_3p^ρ_7p^τ_6. (85)

Σ^a_D(χ̃^0_i , Zℓ̃_R), Σ^a_D(χ̃^0_i , ℓ̃_Rℓ̃_R): To obtain these quantities one has to exchange in eqs.(80) and (81)

Δ^{ti}(ℓ̃_L) → Δ^{ti} (ℓ̃_R), Δ^{ui} (ℓ̃_L) → Δ^{ui} (ℓ̃_R), O 00_{Lki} → O 00_{Rki} , f^L_{ℓi} → f^R_{ℓi} , L_ℓ → R_ℓ. In addition, one has to change the sign of g^a_1 , g^a_2 , g^a_3 , but not of g^a_4 .

The expression g^a_4 can be expanded in triple product correlations which are sensitive to the component of the spin vector perpendicular to the scattering plane.

The corresponding expressions Σ^b_D(χ̃^0_j ), eq. (15), for the decay χ̃^0_j (p_4) → χ̃^0_l (p_8) + ℓ^+(p_9) + ℓ^−(p_{10}) are obtained by the same substitutions as eqs. (75)–(77), and the additional substitution s^a(χ̃^0_i ) → s^b(χ̃^0_j ) in eqs. (82)–(85).

5 Numerical Results

In the following numerical analysis we study e^+e^− → χ̃^0_1χ̃^0_2 with χ̃^0_2 → χ̃^0_1e^+e^− for various polarizations of the e^− beam. The calculations are done in the MSSM. We take the parameters M^′, M, μ, tan β real. Since we want to study the influence of the parameter M^′ we do not use a relation between M^′ and M. We will also study the dependence on the selectron masses m_{ẽL} , m_{ẽR} .

We shall choose three different examples of parameter sets. In all these examples we choose M = 152 GeV, μ = 316 GeV, tan β = 3, and vary M^′ between 40 GeV and 160 GeV. Especially the mass of the χ̃^0_1 is very sensitive to M^′. For these parameters χ̃^0_1 and χ̃^0_2 are dominantly gauginos and have small couplings to Z^0. For the selectron masses we take

i) m_{ẽL} = 1000 GeV, m_{ẽR} = 200 GeV;

ii) m_{ẽL} = 200 GeV, m_{ẽR} = 1000 GeV;

iii) m_{ẽL} = 176 GeV, m_{ẽR} = 161 GeV.

In i) and ii) we want to study the influence of ẽ_L and ẽ_R exchange for large slepton mass splitting. Scenario ii) with m_{ẽR} > m_{ẽL} may be realized in extended SUSY models [20]. For M^′ = 78.7 GeV, example iii) corresponds to the mSUGRA scenario studied in

[21]. In i) and ii) we want to study the influence of ẽ_L and ẽ_R exchange for large slepton mass splitting.

We present results for the cross section

σ_e = σ(e^+e^− → χ̃^0_1χ̃^0_2)BR(χ̃^0_2 → χ̃^0_1e^+e^−), (86)

and the forward–backward asymmetry

A_{F B} = σ_e(cos Θ_− > 0) − σ_e(cos Θ_− < 0) σ_e(cos Θ_− > 0) + σ_e(cos Θ_− < 0)

(87)

of the electron from the decay χ̃^0_2 → χ̃^0_1e^+e^−. In eq. (87) Θ_− is the angle between the incoming electron beam and the outgoing e^−.

The forward–backward asymmetry A_{F B} is largest near the production threshold. We therefore study in all three examples σ_e and A_{F B} at √ s = m_{χ̃}0_1 + m_{χ̃}0_2 + 50 GeV, and in example iii) also at √ s = 500 GeV. As for the polarization of the e^− beam we take P^3_− = ±90%.

5.1 Cross sections

We first study the M^′ dependence of σ_e = σ(e^+e^− → χ̃^0_1χ̃^0_2)BR(χ̃^0_2 → χ̃^0_1e^+e^−) near the production threshold ( √ s = m_{χ̃}0_1 + m_{χ̃}0_2 + 50 GeV). We begin with case i), where ẽ_L exchange is suppressed. Fig. 2 shows the corresponding M^′ dependence for unpolarized beams and for the e^− beam polarizations P^3_− = +90% and P^3_− = −90%, with M, μ and tan β as given above. Clearly, a right polarized e^− beam yields the largest cross section because it enhances the ẽ_R exchange. The production cross section for e^+e^− → χ̃^0_1χ̃^0_2 has a maximum at M^′ ≈ 130 GeV, where also the ẽ_R exchange contribution is maximal. The cross section σ_e, eq. (86), has its maximum at M^′ ≈ 118 GeV. This shift is due to the fact that the leptonic decay branching ratio of χ̃^0_2 has a maximum at M^′ ≈ 118 GeV and then strongly decreases.

Obviously, the characters of χ̃^0_1 and χ̃^0_2 change with varying M^′. With increasing M^′ the B̃ component of χ̃^0_1 decreases and the W^3-ino and the higgsino components increase. The opposite is true for χ̃^0_2. The Z^0 couplings are small and almost constant up to M^′ ≈ 120 GeV, O

00_{L12} ≈

0.015, and decrease for larger M^′. The product of the ẽ_R couplings, |f^R_{e1}f^R_{e2}|, has a maximum at M^′ ≈ 130 GeV.

We compare this with case ii), where ẽ_R exchange is suppressed. Fig. 4 shows the corresponding M^′ dependence. Now a left polarized e^− beam leads to the largest cross section because the ẽ_L exchange is favoured. There is a maximum at M^′ ≈ 60 GeV and a minimum at M^′ ≈ 120 GeV. The maximum at M^′ ≈ 60 GeV can be explained by a corresponding maximum of the leptonic branching ratio. The minimum at M^′ ≈ 120 GeV is due to the vanishing of eẽ_Lχ̃^0_1 coupling f^L_{e1} at this value of M^′.

In example iii) the mass difference between ẽ_L and ẽ_R is small. Therefore, ẽ_L and ẽ_R exchange contribute. We show in Figs. 6 and 8 the M^′ dependence for this case near threshold and at √ s = 500 GeV, respectively. For right polarized e^− beams the cross section behaviour is similar to that of case i), and for left polarized e^− beams it is similar to that of case ii). At √ s = 500 GeV the cross section is about a factor 2 bigger than near threshold but has a similar M^′ dependence. In all cases there is a small step at about M^′ = 42 − 44 GeV, which is due to the opening of the two-body decay χ̃^0_2 → χ̃^0_1Z^0.

5.2 Lepton forward{backward asymmetries

In this subsection we study the M^′ dependence of the forward–backward asymmetry A_{F B} of the decay electron e^−, as defined in eq. (87). The decay electron angular distributions and the corresponding forward–backward asymmetry are very sensitive to the spin correlations Σ^a_P Σ^a_D, (Σ^b_P Σ^b_D), eq. (15), and are the result of a complex interplay between production and decay. As the spin correlations between production and decay are strongest near threshold, the forward–backward asymmetry will also be largest there.

We show in Figs. 3, 5, and 7 A_{F B} near threshold as a function of M^′ for the cases i), ii), and iii), respectively. As can be seen A_{F B} is very sensitive to the masses of ẽ_L and ẽ_R, and the mass splitting between them. In all cases A_{F B} has a pronounced M^′ dependence. The selectron couplings f^L_{ei} and f^R_{ei} , i =1, 2, exhibit a characteristic M^′ dependence, which is reflected in the M^′ behaviour of A_{F B}. Moreover, by choosing different e^− beam polarizations the ẽ_L and ẽ_R contributions can be enhanced or suppressed.

The small dip of the asymmetry at M^′ = 42 − 44 GeV is due to the opening of the two-body decay χ̃^0_2 → χ̃^0_1Z^0.

The behaviour of A_{F B} in Fig. 5 at about M^′ = 115 − 125 GeV is due to the vanishing of eẽ_Lχ̃^0_1 coupling f^L_{e1} at M^′ ≈ 120 GeV and a complicated interplay between the Z^0, ẽ_L and ẽ_R contributions, which are all very small (see Fig. 4).

In Fig. 9 we show the M^′ dependence of A_{F B} at √ s = 500 GeV for case iii). This is very similar to that near threshold, Fig. 7, but the magnitude is smaller by a factor 2 to 3, because with increasing √ s the spin correlations decrease.

A numerical analysis for both beams polarized has been given in [11] and will be continued in [22].

6 Summary

We have given the full analytical expressions for the differential cross section for e^+e^− → χ̃^0_i χ̃^0_j with polarized beams and the subsequent leptonic decays χ̃^0_i → ℓ^+ℓ^−χ̃^0_k and χ̃^0_j → ℓ^+ℓ^−χ̃^0_l , taking into account the complete spin correlations between production and decay. The production spin density matrix is presented in the laboratory system. The formulae for the decay processes are written covariantly involving explicitly the neutralino polarization vectors. When combining the production and decay process the polarization vectors in the laboratory system as given in eqs. (26)–(31) have to be taken.

We have presented numerical results for the cross section and the lepton forward– backward asymmetry for e^+e^− → χ̃^0_1χ̃^0_2, χ̃^0_2 → χ̃^0_1e^+e^−. We have studied the dependence on the parameter M^′ for various mass splittings between ẽ_L and ẽ_R and different e^− beam polarizations.

The cross section σ_e shows a characteristic dependence on M^′ and the masses of the exchanged selectrons as well as on the beam polarization.

The lepton forward–backward asymmetry A_{F B} can only be explained by the presence of spin correlations between production and decay, as it would be zero in the production process alone. A_{F B} depends very sensitively on the SUSY parameters and the beam polarizations. Therefore, this quantity is an additional useful observable for a more precise determination of the parameters. Different beam polarizations help disentangle the contribution from ẽ_L and ẽ_R exchange.

7 Acknowledgement

We are grateful to S. Hesselbach for many useful discussions and to V. Latussek for his support in the development of the numerical program. We are also grateful to W. Porod and S. Hesselbach for providing the computer programs for neutralino widths. G.M.-P. was supported by Friedrich-Ebert-Stiftung. This work was also supported by the German Federal Ministry for Research and Technology (BMBF) under contract number 05 7WZ91P (0), by the Deutsche Forschungsgemeinschaft under contract Fr 1064/2-2, and the ‘Fonds zur Förderung der wissenschaftlichen Forschung’ of Austria, Projects No. P10843-PHY and P13139-PHY.

Appendices A Amplitudes

We give the helicity amplitudes T^{λiλj}_P (α) for production and T_{D,λi}(α), T_{D,λj} (α) for the decays, corresponding to the Feynman diagrams in Fig. 1 (α denotes the channel).

The amplitudes T^{λiλj}_P (α) for the production, e^−(p_1)e^+(p_2) → χ̃^0_i (p_3)χ̃^0_j (p_4) read: T^{λiλj}_P (s, Z) = g^2 cos^2 Θ_W

Δ^s(Z)v̄(p_2)γ^μ(L_ℓP_L + R_ℓP_R)u(p_1)

ū(p_4, λ_j )γ_μ(O 00_{Lji} P_L + O 00_{Rji} P_R)v(p_3, λ_i), (A.1)

T^{λiλj}_P (t, ℓ̃_L) = −g^2f^L_{ℓi} f^{L∗}_{ℓj} Δ^t(ℓ̃_L)v̄(p_2)P_Rv(p_3, λ_i)ū(p_4, λ_j )P_Lu(p_1), (A.2)

T^{λiλj}_P (t, ℓ̃_R) = −g^2f^R_{ℓi} f^{R∗}_{ℓj} Δ^t(ℓ̃_R)v̄(p_2)P_Lv(p_3, λ_i)ū(p_4, λ_j)P_Ru(p_1), (A.3)

T^{λiλj}_P (u, ℓ̃_L) = g^2f^{L∗}_{ℓi} f^L_{ℓj}Δ^u(ℓ̃_L)v̄(p_2)P_Rv(p_4, λ_j )ū(p_3, λ_i)P_Lu(p_1), (A.4)

T^{λiλj}_P (u, ℓ̃_R) = g^2f^{R∗}_{ℓi} f^R_{ℓj} Δ^u(ℓ̃_R)v̄(p_2)P_Lv(p_4, λ_j )ū(p_3, λ_i)P_Ru(p_1). (A.5) (A.6)

The amplitudes T_{D,λi}(α) for the decay of the χ̃^0_i (p_3) → χ̃^0_k(p_5)ℓ^+(p_6)ℓ^−(p_7) read: T_{D,λi}(s_i) = − g^2 cos^2 Θ_W

Δ^{si} (Z)ū(p_7)γ^μ(L_ℓP_L + R_ℓP_R)v(p_6) ū(p_5)γ_μ(O 00_{Lki} P_L + O 00_{Rki} P_R)u(p_3, λ_i), (A.7)

T_{D,λi}(t_i, ℓ̃_L) = −g^2f^L_{ℓk}f^{L∗}_{ℓi} Δ^{ti} (ℓ̃_L)ū(p_7)P_Rv(p_5)v̄(p_3, λ_i)P_Lv(p_6), (A.8) T_{D,λi}(t_i, ℓ̃_R) = −g^2f^R_{ℓk}f^{R∗}_{ℓi} Δ^{ti}(ℓ̃_R)ū(p_7)P_Lv(p_5)v̄(p_3, λ_i)P_Rv(p_6), (A.9) T_{D,λi}(u_i, ℓ̃_L) = +g^2f^L_{ℓi} f^{L∗}_{ℓk} Δ^{ui} (ℓ̃_L)ū(p_7)P_Ru(p_3, λ_i)ū(p_5)P_Lv(p_6), (A.10) T_{D,λi}(u_i, ℓ̃_R) = +g^2f^R_{ℓi} f^{R∗}_{ℓk} Δ^{ui} (ℓ̃_R)ū(p_7)P_Lu(p_3, λ_i)ū(p_5)P_Rv(p_6). (A.11)

The corresponding amplitudes for the decay T_{D,λj} (α) of the χ̃^0_j (p_4) → χ̃^0_l (p_8)ℓ^+(p_9)ℓ^−(p_{10}) are obtained by exchanging in eqs. (A.7)–(A.11):

s_i → s_j, t_i → t_j, u_i → u_j, Δ^{si} → Δ^{sj} , Δ^{ti} → Δ^{tj} , Δ^{ui} → Δ^{uj} , (A.12) p_5 → p_8, p_6 → p_9, p_7 → p_{10}, O^L_{ki} → O^L_{lj}, O^R_{ki} → O^R_{lj} . (A.13)

B Spin Formalism

The amplitude for the whole process, eq. (13), is

T = Δ(χ̃^+_i )Δ(χ̃^−_j ) ∑ λ_i,λ_j T^{λiλj}_P T_{D,λi}T_{D,λj} , (B.1)

with the helicity amplitude T^{λiλj}_P for the production process and T_{D,λi}, T_{D,λj} for the decay processes, and the propagators Δ(χ̃^±_{i,j}) = 1/[p_{i,j} − m^2_{i,j} + im_{i,j}Γ_{i,j}]. Here λ_{i,j} , p_{i,j}, m_{i,j}, Γ_{i,j} denote the helicity, four–momentum squared, mass and width of χ̃^±_{i,j}. The amplitude squared

|T |^2 = |Δ(χ̃^+_i )|^2|Δ(χ̃^−_j )|^2ρ^{λiλjλ}

0_{iλ}0_j P ρ_{D,λ}0_{iλi}ρ_{D,λ}0_{jλj} (sum convention used) (B.2)

is thus composed of the (unnormalized) spin density production matrix ρ^{λiλjλ} 0_{iλ}0_j P = T^{λiλj}_P T^λ 0_{iλ}0_{j∗} P (B.3)

of χ̃^0_{i,j} and the decay matrices ρ_{D,λ}0_{iλi} = T_{D,λi}T^∗_{D,λ}0_i and ρ_{D,λ}0_{jλj} = T_{D,λj} T^∗_{D,λ}0_j . (B.4) Introducing a suitable set of polarization vectors for each of the neutralinos one can expand the spin density matrix of the production process and the decay matrices of both neutralinos in terms of Pauli matrices. The spin density production matrix reads: ρ^{λiλjλ} 0_{iλ}0_j P = ( δ_{λiλ}0_iδ_{λjλ}0_j P + δ_{λjλ}0_j ∑ a σ^a_{λiλ}0_i Σ^a_P (χ̃^0_i ) + δ_{λiλ}0_i ∑ b σ^b_{λjλ}0_j Σ^b_P (χ̃^0_j ) + ∑ ab σ^a_{λiλ}0_i σ^b_{λjλ}0_j Σ^{ab}_P (χ̃^0_i χ̃^0_j ) ) , (B.5) and the matrices for the decays read: ρ_{D,λ}0_{iλi} = ( δ_λ0_{iλi} D(χ̃^0_i ) + ∑ a σ^a_λ0_{iλi} Σ^a_D(χ̃^0_i ) ) , (B.6) ρ_{D,λ}0_{jλj} = ( δ_λ0_{jλj} D(χ̃^0_j ) + ∑ b σ^b_λ0_{jλj} Σ^b_D(χ̃^0_j ) ) . (B.7)

References

[1] JLC Group, JLC-1, KEK Report No. 92-16 (1992).

DESY-Reports, DESY 92-123 A,B; DESY 93-123 C; DESY 96-123 D; DESY 97- 123 E.

SLAC-Report 485, submitted to Snowmass 1996.

[2] E. Accomando et al., Phys. Rep. 299, 1 (1998), and references therein. [3] A. Bartl, H. Fraas, W. Majerotto, Nucl.Phys. B 278, 1 (1986).

A. Bartl, H. Fraas, W. Majerotto, N. Oshimo, Phys. Rev. D 40 (1989) 1594. [4] S. Ambrosanio, B. Mele, Phys. Rev. D 52 (1995) 3900.

S. Ambrosiano, B. Mele, Phys. Rev. D 53 (1996) 2541.

[5] A. Bartl, B. Mößlacher, W. Majerotto, in ’e^+e^− Collisions at 500 GeV: The Physics Potential’, Part B, DESY 92–123B, p. 641, ed. by P.M. Zerwas.

[6] S. Kawasaki, T. Shirafuji, S.Y. Tsai, Progress of Theor. Phys., 49 (1973) 1656. [7] D.A. Dicus, E.C.G. Sudarshan, X. Tata, Phys. Lett. B 154 (1985) 79. [8] J.L. Feng, M.J. Strassler, Phys. Rev. D 55 (1997) 1326.

[9] DFGT: C. Dionisi, K. Fujii, S. Giagu, T. Tsukamoto, in Physics at LEP2, CERN 96-01, Vol. 2, p. 337, eds. G. Altarelli, T. Sjöstrand and F. Zwirner. SUSYGEN: S. Katsanevas, S. Melachroinos, in Physics at LEP2, CERN 96-01, Vol. 2, p. 328, eds. G. Altarelli, T. Sjöstrand and F. Zwirner.

CompHEP: A.S. Belyaev, A.V. Gladyshev, A.V. Semenov, hep-ph/9712303. GRACE: M. Jimbo et al., hep-ph/9503363, hep-ph/9503365.

[10] G. Moortgat-Pick, H. Fraas, Phys. Rev. D 59 (1999) 015016.

[11] G. Moortgat-Pick, H. Fraas, A. Bartl, W. Majerotto, Act. Phys. Pol. B 29 (1998) 1497.

[12] S.Y. Choi, A. Djouadi, H. Dreiner, J. Kalinowski, P. Zerwas, hep-ph/9806279.

S.Y. Choi, A. Djouadi, H.S. Song, P. Zerwas, hep-ph/9812236.

[13] G. Moortgat-Pick, H. Fraas, A. Bartl, W. Majerotto, Eur. Phys. J. C 7 (1999) 113. [14] G. Moortgat-Pick, talk presented at ECFA-DESY LC-Workshop, Frascati, Oct. 1998, and talk presented at Epiphany Conference, Cracow, Jan. 1999, to appear in the proceedings.

[15] S.T. Petcov, Phys. Lett. B 139, 421 (1984).

[16] S.M. Bilenky, E.C. Christova, N.P. Nedelcheva, Bulg. Jour. of Phys. 13 (1986), 4, 283.

[17] H.E. Haber, G.L. Kane, Phys. Rep. 117 (1985) 75.

[18] J. Ellis, J.-M. Frere, J.S. Hagelin,, G.L. Kane, S.T. Petcov, Phys. Lett. B 132 (1983) 436.

[19] H.E. Haber, Proceedings of the 21st SLAC Summer Institute on Particle Physics, Stanford 1993, p. 231, eds. L. DePorcel, Ch. Dunwoodie.

[20] St. Hesselbach, Dissertation, Würzburg 1999.

M. Drees, Nucl. Phys. B 298 (1988) 333. C. Kolda, S.P. Martin, Phys. Rev. D 53 (1996) 3871.

[21] S. Ambrosanio, G.A. Blair, P. Zerwas, ECFA-DESY LC-Workshop, 1998. [22] G. Moortgat-Pick et al., in preparation.

e^−(p_1) χ̃^0_j (p_4) e^+(p_2) χ̃^0_i (p_3)

Z^0

ℓ^−(p_7), ℓ^−(p_{10}) χ̃^0_i (p_3), χ̃^0_j (p_4) ℓ^+(p_6), ℓ^+(p_9) χ̃^0_k(p_5), χ̃^0_l (p_8)

Z^0

e^−(p_1) e^+(p_2)

χ̃^0_j (p_4) χ̃^0_i (p_3)

ẽ_{L,R} ℓ^−(p_7), ℓ^−(p_{10}) ℓ^+(p_6), ℓ^+(p_9)

χ̃^0_k(p_5), χ̃^0_l (p_8) χ̃^0_i (p_3), χ̃^0_j (p_4)

ℓ̃_{L,R}

e^−(p_1) e^+(p_2)

χ̃^0_i (p_3) χ̃^0_j (p_4)

ẽ_{L,R} ℓ^−(p_7), ℓ^−(p_{10})

ℓ^+(p_6), ℓ^+(p_9) χ̃^0_i (p_3), χ̃^0_j (p_4)

χ̃^0_k(p_5), χ̃^0_l (p_8) ℓ̃_{L,R}

Figure 1: Feynman diagrams for the s, t, u channel of the production process, e^+e^− → χ̃^0_i χ̃^0_j , and the s_i, t_i, u_i and s_j, t_j, u_j channels of the decay processes χ̃^0_i → χ̃^0_kℓ^+ℓ^− and χ̃^0_j → χ̃^0_l ℓ^+ℓ^−.

M^′ /GeV σ_e/fb

Figure 2: M^′ dependence of the cross section σ_e near threshold ( √ s = m_{χ̃}0_1 + m_{χ̃}0_2 + 50 GeV) with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 1000 GeV, and m_{ẽR} = 200 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′ /GeV

A_{F B}

Figure 3: M^′ dependence of the lepton forward–backward asymmetry A_{F B} near threshold ( √ s = m_{χ̃}0_1 + m_{χ̃}0_2 + 50 GeV) with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 1000 GeV, and m_{ẽR} = 200 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′ σ_e/fb

Figure 4: M^′ dependence of the cross section σ_e near threshold ( √ s = m_{χ̃}0_1 + m_{χ̃}0_2 + 50 GeV) with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 200 GeV, and m_{ẽR} = 1000 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′

A_{F B}

Figure 5: M^′ dependence of the lepton forward–backward asymmetry A_{F B} near threshold ( √ s = m_{χ̃}0_1 +m_{χ̃}0_2 +50 GeV) with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 200 GeV, and m_{ẽR} = 1000 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′ /GeV σ_e/fb

Figure 6: M^′ dependence of the cross section σ_e near threshold ( √ s = m_{χ̃}0_1 + m_{χ̃}0_2 + 50 GeV) with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 176 GeV, and m_{ẽR} = 161 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′ /GeV

A_{F B}

Figure 7: M^′ dependence of the lepton forward–backward asymmetry A_{F B} near threshold ( √ s = m_{χ̃}0_1 +m_{χ̃}0_2 +50 GeV) with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 176 GeV, and m_{ẽR} = 161 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′/GeV σ_e/fb

Figure 8: M^′ dependence of the cross section σ_e at √ s = 500 GeV with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 176 GeV, and m_{ẽR} = 161 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).

M^′ /GeV

A_{F B}

Figure 9: M^′ dependence of the lepton forward–backward asymmetry A_{F B} at √ s = 500 GeV with M = 152 GeV, μ = 316 GeV, tan β = 3, m_{ẽL} = 176 GeV, and m_{ẽR} = 161 GeV for the three cases: unpolarized beams (solid line), e^− beam polarized, P^3_− = +90% (dotted line) and P^3_− = −90% (dash-dotted line).