arXiv:hep-ph/0011364 29 Nov 2000

PM/00–41 November 2000

Three–Body Decays of Top and Bottom Squarks

A. Djouadi^1 and Y. Mambrini^2

Laboratoire de Physique Mathématique et Théorique, UMR5825–CNRS, Université de Montpellier II, F–34095 Montpellier Cedex 5, France.

1 djouadi@lpm.univ-montp2.fr 2 yann@lpm.univ-montp2.fr

Abstract

We investigate the decays of third generation scalar quarks in the Minimal Supersymmetric extension of the Standard Model, focusing on the three–body modes. We calculate the partial widths of the decays of heavier top and bottom squarks into the lighter ones and a fermion pair [through virtual vector boson, Higgs boson or gaugino exchanges] and the partial widths of the three–body decays of both top squarks into bottom quarks and a pair of fermion and scalar fermion [we consider the case of lighter τ̃ or b̃ states] and into a bottom quark, the lightest neutralino and a W or a charged Higgs boson H^±. Some of these decay modes are shown to have substantial branching ratios in some areas of the parameter space.

1. Introduction

In the Minimal Supersymmetric extension of the Standard Model (MSSM) [1], the spin– zero partners of third generation standard chiral fermions can be significantly lighter than the corresponding scalar partners of first and second generation fermions. This is essentially due to the relatively large values of third generation fermion Yukawa couplings which enter in the non–diagonal entries of the sfermion mass matrices, the diagonalization of which turn the left– and right–handed current eigenstates f̃_L and f̃_R into the mass eigenstates f̃_1 and f̃_2 [2]. The mixing can generate a sizeable splitting between the masses of the two physical states and leads to a lighter sfermion f̃_1 with a mass possibly much smaller that the masses of the other sfermions. The situation can be even more special in the case of the lightest top squark, t̃_1, whose mass can be smaller than the one of its partner the top quark, m~_{t1} <∼ m_t, to be compared with the experimental lower bound on the masses of the first and second generation squarks, m_{q̃} >∼ O(250 GeV) [3].

The fact that the top quark is heavy leads to distinct phenomenological features for the decays of its scalar partners. Indeed, while the other squarks can decay directly into (almost) massless quarks and the lightest neutralino χ^0_1, which is always kinematically accessible since in the MSSM the neutralino χ^0_1 is assumed to be the lightest supersymmetric particle (LSP), the decay channels t̃_i → tχ^0_1 are kinematically closed for m~_{ti} ≤ m_t + m_χ0_1 . If, in addition, m~_{ti} ≤ m_b + m_χ+_1 with χ^+_1 being the lightest chargino, the decay modes t̃_i → bχ^+_1 are not accessible and the only two–body decay channel which would be allowed is the loop induced and flavor changing decay into a charm quark and the LSP, t̃_i → cχ^0_1 [4]. The other possible mode is the four–body decay channel into a bottom quark, the LSP and two massless fermions, t̃_i → bχ^0_1ff̄^′, which occur through virtual exchange of top quarks, charginos and scalar fermions [5].

For relatively heavier top squarks, the three–body decay channels

t̃_i → bW^+χ^0_1 , bH^+χ^0_1 (1)

where H^± is the MSSM charged Higgs boson, can be accessible; Fig. 1a-b. These decays have been discussed in Ref. [6, 7] in the case of the lightest top squark and have been shown to be [at least for the one with W boson final states] often dominant in the case where m~_{t1} ≤ m_t + m_χ0_1 and m_b + m_χ+_1 . In addition, if sleptons are lighter than squarks [as is often the case in models with a common scalar mass at the GUT scale such as the minimal Supergravity (mSUGRA) model] the modes^1

t̃_i → bl^+ν̃_l and/or bl̃^+ν_l (2)

become possible [4, 7, 10], Fig. 1c. In the case of the lightest top squarks, they can be largely dominating over the loop induced cχ^0_1 mode.

In this paper, we point out that these three–body decay modes are important not only for the lightest top squark, but also for the heavier one. In addition, we investigate a new

1This mode has also been discussed in Ref. [8] for first and second generation slepton decays into lighter τ sleptons in the context of gauge mediated Supersymmetry breaking models [9].

possibility which is the decay of the top squarks into a fermion–antifermion pair and the lightest b̃ state, which is mediated by the virtual exchange of W and H^+ bosons:

t̃_i → b̃_1 ff̄^′ (3)

b̃_1 can become the lightest scalar quark in the case where the ratio of the vacuum expectation values of the two–Higgs doublet fields in the MSSM, tan β, is large^2.

For the heavier top squark, t̃_2, another possibility would be the three–body decay into the lightest top squark and a fermion pair [with f ≠ b] through the exchange of the Z and the MSSM neutral Higgs bosons [the CP–even h, H and the CP–odd A bosons],

t̃_2 → t̃_1 ff̄ (4)

These modes apply also for the charged decays of heavier bottom squarks into top squarks (and vice–versa) which, as in eq. (3), occur through W and H^+ boson exchanges^3

q̃_2 → q̃^′_j ff̄^′ (5)

For bb̄ final states, one needs to include in the case of t̃_2 → t̃_1 bb̄ the contributions of the exchange of the two charginos states χ^+_{1,2}; Fig. 1d–e. This is also the case of the decay mode, b̃_2 → b̃_1 bb̄, where one has in addition, the virtual exchange of neutralinos and gluinos, Fig. 1e, which have to be taken into account. The latter process is a generalization [since the mixing pattern is more complicated] of the decay modes of first and second generation squarks into light scalar bottoms discussed in Ref. [14], and would be in competition with at least the two–body mode b̃_2 → bχ^0_1. The latter channel is always open since χ^0_1 is the LSP, but the b–b̃_2–χ^0_1 coupling can be small, leaving the possibility to the three–body mode to occur at a sizeable rate.

In this paper we analyze all the three–body decay modes, eqs. (2–5), discussed above. We will give complete analytical expressions for the Dalitz plot densities in terms of the energies of the final fermions as well as the fully integrated partial decay widths. In addition, we investigate the t̃_1 and t̃_2 decay modes of eq. (1) which have been already discussed in Ref. [7] for the lightest top squark t̃_1. In this case however, only the Dalitz densities will be given; the more complete and lengthy formulae can be found in Ref. [15].

The rest of the paper is organized as follows. In the next section, we will discuss the main properties of top and bottom squarks and summarize their two–body decay modes for completeness. In sections 3 and 4, we analyze respectively, the decay modes of top and bottom squarks into lighter sfermions and fermion pairs, and the decays of the two top squarks into neutralinos, b quarks and W or H^+ bosons. A numerical illustration is given in section 5 and a brief conclusion in section 6.

2The scenario with large values of tan β, tan β ∼ m_t/m_b, is favored in models with Yukawa coupling unification at the GUT scale [11]; the other possible solution, with tan β ∼ 1.5, seems to be ruled out by the negative searches of MSSM Higgs bosons at LEP2 [12].

3If the mass splitting between the initial and final scalar eigenstates is large enough, the gauge and Higgs bosons become real, and we have the two–body decays into gauge and Higgs bosons which have been recently analyzed in Ref. [13].

Figure 1: Feynman diagrams for the three–body decay modes of top and bottom squarks.

2. The Two–Body Decay Modes

In this section, we will summarize for completeness the two–body decays of scalar quarks. This will give us the opportunity to exhibit the various couplings of squarks to charginos, neutralinos, Higgs and gauge bosons which will be needed later on, and to discuss the third generation sfermion mass spectrum and mixing pattern.

2.1 Sfermion masses and mixing

As mentioned earlier, the left–handed and right–handed sfermions of the third generation f̃_L and f̃_R [the current eigenstates] can strongly mix to form the mass eigenstates f̃_1 and f̃_2; the mass matrices which determine the mixing are given by

M^2_{f̃} = [ m^2_{LL} m_fÃ_f m_fÃ_f m^2_{RR} ] (6) with, in terms of the soft SUSY–breaking scalar masses m~_{fL} and m~_{fR} , the trilinear coupling A_f , the higgsino mass parameter μ and tan β = v_U /v_D, the ratio of the vacuum expectation values of the two–Higgs doublet fields

m^2_{LL} = m^2_f + m^2_{f̃L} + (I^3_f − e_f s^2_W ) cos 2β M^2_Z m^2_{RR} = m^2_f + m^2_{f̃R} + e_f s^2_W cos 2β M^2_Z Ã_f = A_f − μ(tan β)^{−2I3}f (7)

with e_f and I^3_f the electric charge and weak isospin of the sfermion f̃ and s^2_W = 1 − c^2_W ≡ sin^2 θ_W . In the stop sector, the mixing is strong for large values of the trilinear coupling A_t and/or for large values of μ with small values of tan β. In the case of the scalar bottom and tau lepton, the mixing is large when tan β and the parameter μ are large.

The mass matrices eq. (6) are diagonalized by 2 × 2 rotation matrices of angle θ_f ( f̃_1 f̃_2 ) = R^{f̃} ( f̃_L f̃_R )

R^{f̃} = ( c_{θf} s_{θf} −s_{θf} c_{θf} ) , c_{θf} ≡ cos θ_f and s_{θf} ≡ sin θ_f (8)

The mixing angle θ_f and the sfermion eigenstate masses are then given by c_{θf} = −m_fÃ_f √ (m^2_{LL} − m^2_{f̃1} )^2 + m^2_fÃ^2_f , s_{θf} = m^2_{LL} − m^2_{f̃1} √ (m^2_{LL} − m^2_{f̃1} )^2 + m^2_fÃ^2_f (9)

m^2_{f̃1,2} = 1 2 [ m^2_{LL} + m^2_{RR} ∓ √ (m^2_{LL} − m^2_{RR})^2 + 4m^2_f Ã^2_f ] (10)

2.2 Two{body decays into neutralinos and charginos

If the scalar quarks q̃_i are heavy enough, their main decay modes will be into their partner quarks and neutralinos, q̃_i → qχ^0_j [j=1–4], and quarks and charginos, q̃_i → q^′χ^±_j [j=1–2]. The partial decay widths are given at the tree–level by^4:

Γ(q̃_i → qχ^0_j) = αλ^12 (m^2_{q̃i} , m^2_q, m^2_χ0_j )

4m^3_{q̃i} [ (a^{q̃}_{ij}^2 + b^{q̃}_{ij}^2)(m^2_{q̃i} − m^2_q − m^2_χ0_j ) − 4a^{q̃}_{ij}b^{q̃}_{ij}m_qm_χ0_j ϵ_{χj} ]

Γ(q̃_i → q^′χ^±_j ) = αλ^12 (m^2_{q̃i} , m^2_q′ , m^2_χ+_j )

4m^3_{q̃i} [ (c^{q̃}_{ij}^2 + d^{q̃}_{ij}^2)(m^2_{q̃i} − m^2_q′ − m^2_χ+_j ) − 4c^{q̃}_{ij} d^{q̃}_{ij}m_q′ m_χ+_j ]

(11)

where λ(x, y, z) = x^2 + y^2 + z^2 − 2 (xy + xz + yz) is the usual two–body phase space function and ϵ_{χj} is the sign of the eigenvalue of the neutralino χ^0_j . The couplings a_{ij} and b_{ij} for the neutral decay are given by a^{f̃}_{1j} a^{f̃}_{2j} = − m_f r_f √ 2M_W s_W { s_{θf} c_{θf} } − e^f_{Lj} { c_{θf} −s_{θf} }

b^{f̃}_{1j} b^{f̃}_{2j} = − m_f r_f √ 2M_W s_W { c_{θf} −s_{θf} } − e^f_{Rj} { s_{θf} c_{θf} } (12)

with r_t = N_{j4}/ sin β and r_τ = r_b = N_{j3}/ cos β and e^f_{Lj} = √ 2 [ e_f N^′_{j1} + ( I^3_f − e_f s^2_W ) 1 c_W s_W N^′_{j2} ]

e^f_{Rj} = − √ 2 e_f [ N^′_{j1} − s_W c_W N^′_{j2} ] (13)

while the couplings c_{ij} and d_{ij} for the charged decay mode are given, for t̃_i decays, by: { c^{t̃}_{1j} c^{t̃}_{2j} } = m_b U_{j2} √ 2 M_W s_W cos β { c_{θt} −s_{θt} }

{ d^{t̃}_{1j} d^{t̃}_{2j} } = V_{j1} s_W { −c_{θt} s_{θt} } + m_t V_{j2} √ 2 M_W s_W sin β { s_{θt} c_{θt} } (14) and { c^{b̃}_{1j} c^{b̃}_{2j} } = m_t V_{j2} √ 2 M_W s_W sin β { c_{θb} −s_{θb} }

{ d^{b̃}_{1j} d^{b̃}_{2j} } = U_{j1} s_W { −c_{θb} s_{θb} } + m_b U_{j2} √ 2 M_W s_W cos β { s_{θb} c_{θb} } (15)

4The QCD corrections to these decay modes have been calculated in Ref. [16].

for b̃_i state decays [in the case of τ sleptons, one has to replace in the previous equations, b by τ and to set m_t = 0 and θ_t = 0]. In these equations, N and U/V are the diagonalizing matrices for the neutralino and chargino states [17] with

N^′_{j1} = c_W N_{j1} + s_W N_{j2} , N^′_{j2} = −s_W N_{j1} + c_W N_{j2} . (16)

In the case of top squarks, these decays might be not accessible kinematically, and the only allowed two–body decay will be the loop induced and flavor changing decay mode into a charm quark and the lightest neutralino, t̃_i → cχ^0_j . To a good approximation, the partial decay widths [in mSUGRA] are given by [4]:

Γ(t̃_i → cχ^0_j ) = α^3 64π^2 m~_{ti} 1 − m^2_χ0_j m^2_{t̃i} 2 |e^t_{Lj}|^2 V^∗_{tb}V_{cb} m^2_b 2M^2_W s^2_W cos^2 β log ( Λ^2_{GUT} M^2_W ) × Δ_i m^2_{c̃L} − m^2_{t̃i} 2 (17)

Δ_1 = −c_{θt} (m^2_{c̃L} + m^2_{b̃R} + m^2_{H1} + A^2_b ) + s_{θt} m_tA_b Δ_2 = s_{θt} (m^2_{c̃L} + m^2_{b̃R} + m^2_{H1} + A^2_b) + c_{θt} m_tA_b (18)

The widths are suppressed by the CKM matrix element V_{cb} ∼ 0.05 and the (running) b quark mass squared m^2_b ∼ (3 GeV)^2, but very strongly enhanced by the term log (Λ^2_{GUT}/M^2_W ) with Λ_{GUT} ≃ 2 · 10^{16} GeV. Assuming proper electroweak symmetry breaking, the Higgs scalar mass m_{H1} can be written in terms of μ, tan β and the pseudoscalar Higgs boson mass M_A as m^2_{H1} = M^2_A sin^2 β − cos 2βM^2_W − μ^2.

2.3 Two{body decays of q̃_2 into gauge and Higgs bosons

If the mass splitting between two squarks of the same generation is large enough, the heavier squark can decay into a lighter one plus a gauge boson V = W, Z or a Higgs boson Φ = h, H, A, H^±. The partial decay widths are given at the tree–level by^5:

Γ(q̃_i → q̃^′_jV ) = α 4m^3_{q̃i} M^2_V g^2_{q̃iq̃}′_{jV} λ^{3/2}(m^2_{q̃i}, M^2_V , m^2_{q̃}′_j ) (19)

Γ(q̃_i → q̃^′_jΦ) = α 4m^3_{q̃i} g^2_{q̃iq̃}′_{jΦ} λ^{1/2}(m^2_{q̃i} , M^2_Φ, m^2_{q̃}′_j ) (20)

In these equations, the couplings of the Higgs bosons to squarks, g_{q̃iq̃}′_{jΦ}, read in the case of neutral Higgs bosons:

g_{q̃1q̃2h} = 1 4s_W M_W [ M^2_Zs_{2θq} (2I^3_q − 4e_qs^2_W ) sin(α + β) + 2m_qc_{2θq} (A_qr^q_2 + 2I^3_q μ r^q_1) ] (21)

g_{q̃1q̃2H} = 1 4s_W M_W [ − M^2_Zs_{2θq} (2I^3_q − 4e_qs^2_W ) cos(α + β) + 2m_qc_{2θq} (A_qr^q_1 − 2I^3_q μ r^q_2) ] (22)

5The QCD corrections to these decay modes have also been calculated and can be found in Ref. [18].

g_{q̃1q̃2A} = −g_{q̃2q̃1A} = −m_q 2s_W M_W [ μ + A_q(tan β)^{−2I3q} ] (23)

with the coefficients r^q_{1,2} as [α is a mixing angle in the CP–even Higgs sector of the MSSM, and at the tree–level, can be expressed only in terms of M_A and tan β]

r^t_1 = sin α sin β

, r^t_2 = cos α sin β

, r^b_1 = cos α cos β

, r^b_2 = − sin α cos β

. (24)

In the case of the charged Higgs boson, the couplings to squarks are given by g_{q̃iq̃}′_{jH}± = 1 2s_W M_W 2∑ k,l=1 ( R^{q̃} ) ik C^{kl}_{q̃q̃}′_H± ( R^{q̃′} )T lj (25)

with the matrix C_{q̃q̃}′_H± summarizing the couplings of the H^+ bosons to the squark current eigenstates; it is given by

C_{t̃}~_{bH}± = √ 2 ( m^2_b tan β + m^2_t / tan β − M^2_W sin 2β m_b (A_b tan β + μ) m_t (A_t/ tan β + μ) 2 m_t m_b/ sin 2β ) (26)

Turning to the couplings of squarks to the W and Z gauge bosons, one has

g_{q̃1q̃2Z} = −g_{q̃2q̃1Z} =

2I^3_q s_{2θq} 4s_W c_W (27)

g_{q̃iq̃}′_{jW} = 1 √ 2s_W ( c_{θq} c_θ′_q −c_{θq} s_θ′_q −s_{θq} c_θ′_q s_{θq} s_θ′_q ) (28)

Finally, for the next section, we will need the couplings of the W, Z gauge bosons and the four Higgs bosons h, H, A and H^± to fermions [r^f_{1,2} are defined above]: v_{ffZ} = 2I^3_f − 4e_f s^2_W 4c_W s_W , a_{ffZ} = 2I^3_f 4c_W s_W , v_{ffW} = a_{ffW} = 1 2 √ 2s_W (29) g_{ffh} = m_f r^f_2 2s_W M_W , g_{ffH} = m_f r^f_1 2s_W M_W , g_{ffA} = m_f (tan β)^{−2I3f} 2s_W M_W (30) g^S_{udH}± = m_d tan β + m_ucotβ 2 √ 2s_W M_W , g^P_{udH}± = m_d tan β − m_ucotβ 2 √ 2s_W M_W (31)

and the couplings of W and H^+ bosons to chargino/neutralino pairs:

g^L_{χ0i χ}+_{j W −} = 1 √ 2s_W [−N_{i4}V^∗_{j2} + √ 2N_{i2}V^∗_{j1}] , g^R_{χ0i χ}+_{j W −} = 1 √ 2s_W [N^∗_{i3}U_{j2} + √ 2N^∗_{i2}U_{j1}] (32)

g^L_{χ0i χ}+_{j H−} = cos β s_W [ N^∗_{i4}V^∗_{j1} + 1 √ 2 (N^∗_{i2} + tan θ_W N^∗_{i1}) V^∗_{j2} ]

g^R_{χ0i χ}+_{j H−} = sin β s_W [ N_{i3}U_{j1} − 1 √ 2 (N_{i2} + tan θ_W N_{i1}) U_{j2} ] (33)

3. Decays into scalar fermion final states

In this section, we will analyze the decay modes of top and bottom squarks into lighter scalar fermions, their quark partners and bottom quarks. We will neglect for simplicity the masses of the final state fermions [except in the Yukawa couplings] since, even in the case of the bottom quark and tau lepton, it is a very good approximation for the t̃ and b̃ masses of the order O(100 GeV) that we are considering. In the case of top quark final states, the t–mass effects have of course to be taken into account and they can be found in Ref. [15]. However, in this case and for top squarks for instance, the two–body decays t̃_i → tχ^0_1 are kinematically allowed and will dominate over all other decays. Thus, throughout this paper, we will not consider t–quark final states and take all the fermions to be massless.

3.1 Scalar top decays into lighter sleptons

We start by considering the decay of top squarks^6 into lighter sleptons, t̃_i → bll̃_j with l̃_j being either a sneutrino l̃_j ≡ ν̃_l or a charged slepton eigenstate l̃_{1,2} [l = e, μ, τ ], which occurs through the exchange of the two chargino states, χ^±_{1,2}. In terms of the reduced energies of the final state particles and the reduced slepton mass defined as:

x_1 = 2 p~_{ti} · p_b m^2_{t̃i} , x_2 = 2 p~_{ti} · p_l m^2_{t̃i} , x_3 = 2 p~_{ti} · p~_{lj} m^2_{t̃i} = 2 − x_1 − x_2 , μ~_l = m^2_{l̃j} m^2_{t̃i} (34)

the Dalitz density of the decay mode reads:

dΓ(t̃_i → bll̃_j) dx_1dx_2 = α^2 16π m~_{ti} 2∑ k,l=1 (35) [ (c^{t̃}_{ik}c^{t̃}_{il}c^{l̃}_{jk}c^{l̃}_{jl} + d^{t̃}_{ik}d^{t̃}_{il}d^{l̃}_{jk}d^{l̃}_{jl}) dG^{l̃}_{1kl} + √ μ_{χk} μ_{χl} (c^{t̃}_{ik}c^{t̃}_{il}d^{l̃}_{jk}d^{l̃}_{jl} + d^{t̃}_{ik}d^{t̃}_{il}c^{l̃}_{jk}c^{l̃}_{jl}) dG^{l̃}_{2kl} ]

with the two functions dG^{l̃}_{1kl} and dG^{l̃}_{2kl} are given by^7

dG^{f̃}_{1ij} =

(1 − x_1)(1 − x_2) − μ~_f (1 − x_1 − μ_{χi} )(1 − x_1 − μ_{χj} )

dG^{f̃}_{2ij} = x_1 + x_2 − 1 + μ~_f (1 − x_1 − μ_{χi} )(1 − x_1 − μ_{χj} )

(36)

6The expressions that we will write in this section are also valid, with the proper change of the couplings and masses, in the case of bottom squark decays which occur through neutralino exchange. This decay is of importance in models where SUSY is broken by gauge interactions (the so–called GMSB models [9]), and where the lightest SUSY particle, the gravitino, couples very weakly to matter. The b̃ states will then mainly decay through this channel (but with neutralino exchange) into the tau slepton which is in general the next–to–lightest SUSY particle; see Ref. [9].

7 These functions are the same as the ones appearing in the simpler case of first and second generation squark decays given in eq. (5) of Ref. [14]. Note that there is a typographical error in the first part of the latter equation: μ_{b̃} has to be replaced by −μ_{b̃}; the integrated form, eq. (8) of Ref. [14], based on the correct Dalitz density is the same as eq. (38) of the present paper.

Integrating the functions over the phase space, with boundary conditions:

1 − x_1 − μ~_f ≤ x_2 ≤ 1 − μ~_f 1 − x_1

, 0 ≤ x_1 ≤ 1 − μ~_f (37)

one obtains the functions G^{f̃}_{1ij} and G^{f̃}_{2ij} which read:

G^{f̃}_{1ij} = 1 4 { (μ~_f − 1)(3μ~_f + 3 − 2μ_{χi} − 2μ_{χj} ) − 2 μ^2_{f̃} μ_{χi} μ_{χj} log μ~_f (38) − 2 (μ~_f − μ_{χi} )^2(μ_{χi} − 1)^2 μ_{χi} (μ_{χi} − μ_{χj} ) log μ_{χi} − μ~_f μ_{χi} − 1 − 2 (μ~_f − μ_{χj} )^2(μ_{χj} − 1)^2 μ_{χj} (μ_{χj} − μ_{χi} ) log μ_{χj} − μ~_f μ_{χj} − 1 }

G^{f̃}_{2ij} = 1 μ_{χi} μ_{χj} { μ~_f [ 1 + μ~_f − μ~_f (μ_{χi} + μ_{χj} ) 2μ_{χi} μ_{χj} ] log μ~_f + 1 2 (1 − μ~_f )(μ~_f + μ_{χi} μ_{χj} ) (39) − μ_{χj} (μ~_f − μ_{χi} )^2(μ_{χi} − 1)^2 2μ_{χi} (μ_{χi} − μ_{χj} ) log μ_{χi} − μ~_f μ_{χi} − 1 − μ_{χi} (μ~_f − μ_{χj} )^2(μ_{χj} − 1)^2 2μ_{χj} (μ_{χj} − μ_{χi} ) log μ_{χj} − μ~_f μ_{χj} − 1 }

In the case where χ_j = χ_i = χ [i.e. for the squared terms], the expressions simplify to:

G^{f̃}_{1ii} = 1 4 { (μ~_f − 1) ( 5 − 6μ_χ + 5μ~_f − 2 μ~_f μ_χ ) − 2μ^2_{f̃} μ^2_χ log μ~_f + 2 (μ~_f − μ_χ)

μ^2_χ

(μ_χ − 1)(μ~_f + μ~_f μ_χ + μ_χ − 3μ^2_χ) log μ_χ − 1 μ_χ − μ~_f } (40)

G^{f̃}_{2ii} = 1 μ^2_χ { 1 2 (μ~_f − 1)(μ_χ − 2μ^2_χ − 2μ~_f + μ~_f μ_χ) + μ~_f (1 + μ~_f − μ~_f μ_χ ) log μ~_f + (μ~_f − μ_χ)(μ_χ − 1)(μ~_f − μ^2_χ) μ_χ log μ_χ − 1 μ_χ − μ~_f } (41)

3.2 Scalar top and bottom decays into lighter squarks and fermion pairs f ≠ b The neutral decays q̃_2 → q̃_1ff̄ , with q̃ = t̃ or b̃, are mediated only by Z boson and h, H, A boson exchanges if the final state fermion is not a partner of the decaying squark. The Dalitz density, with the reduced energies x_1 = 2(p_{q̃2} · p_f )/m^2_{q̃2} and x_2 = 2(p_{q̃2} · p¯_f )/m^2_{q̃2} and the reduced mass squared μ_{q̃} = m^2_{q̃1} /m^2_{q̃2} , is given by:

dΓ(q̃_2 → q̃_1ff̄ )

dx_1dx_2 = α^2N_C 8π m_{q̃2} [ ∑ Φ,Φ^′=h,H g_{q̃1q̃2Φ}g_{q̃1q̃2Φ}′ g_{ffΦ}g_{ffΦ}′ dF^{q̃1}_{ΦΦ}′

+g^2_{q̃1q̃2A}g^2_{ffA}dF^{q̃1}_{AA} + 4g^2_{q̃1q̃2Z} (v^2_{ffZ} + a^2_{ffZ}) dF^{q̃1}_{ZZ} ] (42)

For the charged decay mode, q̃_i → q̃^′_jff̄^′ [i.e. those of the decays t̃_{1,2} → b̃_{1,2}ff̄^′ and b̃_{1,2} → t̃_{1,2}ff̄ ′ which are allowed by phase space], mediated by W and H+ boson [if the final fermion f is not a partner of the squark q̃^′_j], the Dalitz density reads dΓ(q̃_i → q̃^′_jff̄^′) dx_1dx_2 = α^2N_C 8π m_{q̃i} [ 4g^2_{q̃iq̃′j W} (v^2_{ffW} + a^2_{ffW} ) dF^{q̃′j}_{W W} +g^2_{q̃iq̃′jH±} ( (g^S_{udH}± )^2 + (g^P_{udH}± )^2 ) dF^{q̃1}_H±_H± ] (43)

where x_1 and x_2 are as above and the reduced mass is now μ_{q̃} = m^2_{q̃′j} /m^2_{q̃i} ; N_C is the color factor of the fermion f, N_C = 3 for quarks and N_C = 1 for leptons.

The two functions for the exchange of gauge bosons and scalar bosons dF^{q̃}_{V V} [V = Z, W ] and dF^{q̃}_{ΦΦ} [Φ, Φ^′ = h, H, A, H^±] are given by:

dF^{q̃}_{V V} =

(1 − x_1)(1 − x_2) − μ_{q̃} (x_1 + x_2 − 1 + μ_{q̃} − μ_V )^2

(44)

dF^{q̃}_{ΦΦ}′ = x_1 + x_2 − 1 + μ_{q̃} (x_1 + x_2 − 1 + μ_{q̃} − μ_Φ)(x_1 + x_2 − 1 + μ_{q̃} − μ_Φ′ )

(45)

Integrating over the phase with boundary conditions as in eq. (37), and using the phase space function, λ(μ_X , μ_Y ) = −1 + 2μ_X + 2μ_Y − (μ_X − μ_Y )^2 (46) one obtains the integrated functions^8 for the partial decay widths [which have to be multiplied by the same factors as in eqs. (42,43)]

F^{q̃}_{V V} = 1 4 { 1 3 (1 − μ_{q̃}) [ 5(1 + μ_{q̃}) − 4μ_V + 2 μ_V λ(μ_V , μ_{q̃}) ] + ( λ(μ_V , μ_{q̃}) − 2μ_{q̃} ) log μ_{q̃}

+2(1 − μ_V + μ_{q̃}) √ λ(μ_V , μ_{q̃})Arctan

[ (1 − μ_{q̃}) √ λ(μ_V , μ_{q̃}) μ_V (1 − μ_V + μ_{q̃}) − λ(μ_V , μ_{q̃}) ]} (47)

F^{q̃}_{ΦΦ}′ = (μ_{q̃} − 1) + 1 2 (1 + μ_{q̃} − μ_Φ − μ_Φ′ ) log μ_{q̃} − μ_Φ √ λ(μ_{q̃}, μ_Φ) μ_Φ − μ_Φ′

Arctan

[ (1 − μ_{q̃}) √ λ(μ_Φ, μ_{q̃}) μ_Φ(1 − μ_Φ + μ_{q̃}) − λ(μ_Φ, μ_{q̃}) ]

+ μ_Φ′ √ λ(μ_{q̃}, μ_Φ′ ) μ_Φ − μ_Φ′

Arctan

[ (1 − μ_{q̃}) √ λ(μ_Φ′ , μ_{q̃}) μ_Φ′ (1 − μ_Φ′ + μ_{q̃}) − λ(μ_Φ′ , μ_{q̃}) ]} (48)

The latter function reduces in the case where Φ = Φ^′, i.e. for the squared terms, to

F^{q̃}_{ΦΦ} = 2(μ_{q̃} − 1) + 1 2 (1 + μ_{q̃} − 2μ_Φ) log μ_{q̃} − μ_Φ(1 − μ_Φ + μ_{q̃}) + λ(μ_{q̃}, μ_Φ) √ λ(μ_{q̃}, μ_Φ)

Arctan

[ (1 − μ_{q̃}) √ λ(μ_Φ, μ_{q̃}) μ_Φ(1 − μ_Φ + μ_{q̃}) − λ(μ_Φ, μ_{q̃}) ] (49)

8Note that the function F^{q̃}_{V V} is the same as the one obtained in Ref. [19] for the three–body decays of a heavy Higgs boson into a lighter Higgs boson and a fermion-antifermion pair.

3.3 Scalar top and bottom decays into lighter squarks and bb̄ pairs

In the case of the decays t̃_2 → t̃_1bb̄, there are additional contributions with the exchange of charginos, while in the case of the decay b̃_2 → b̃_1bb̄ one has to include the contributions of virtual neutralinos and gluinos. The Dalitz density eqs. (42,43) have then to be transformed according to:

dΓ(t̃_2 → t̃_1bb̄)

dx_1dx_2 −→ dΓ(q̃_2 → q̃_1ff̄ ) dx_1dx_2 | | | | f=b q̃=t̃ + α^2 16π m~_{t2} {

2∑ k,l=1 [ (c^{t̃}_{1k}c^{t̃}_{1l}c^{t̃}_{2k}c^{t̃}_{2l} + d^{t̃}_{1k}d^{t̃}_{1l}d^{t̃}_{2k}d^{t̃}_{2l}) dG^{t̃1}_{1kl} + √ μ_χ+_k μ_χ+_l (c^{t̃}_{1k}c^{t̃}_{1l}d^{t̃}_{2k}d^{t̃}_{2l} + d^{t̃}_{1k}d^{t̃}_{1l}c^{t̃}_{2k}c^{t̃}_{2l}) dG^{t̃1}_{2kl} ]

−4 2∑ k=1 [ g~_{t1}~_{t2Z} ( c^{t̃}_{2k}c^{t̃}_{1k}(v_{bbZ} − a_{bbZ}) + d^{t̃}_{2k}d^{t̃}_{1k}(v_{bbZ} + a_{bbZ}) ) dG^{t̃1}_{V k} −2 ∑ Φ g_{bbΦ}g~_{t1}~_{t2Φ}(c^{t̃}_{2k}d^{t̃}_{1k} + d^{t̃}_{2k}c^{t̃}_{1k}) √ μ_χ+_k dG^{t̃1}_{Φk} ]} (50)

dΓ(b̃_2 → b̃_1bb̄)

dx_1dx_2 −→ dΓ(q̃_2 → q̃_1ff̄) dx_1dx_2 | | | | f=b q̃=b̃ + α^2_s 3π m~_{b2} [ 2s^2_{θb} c^2_{θb} dG^{b̃1}_{1g̃g̃} + (c^4_{θb} + s^4_{θb} )μ_{g̃} dG^{b̃1}_{2g̃g̃} ]

+ α^2 16π m~_{b2} { ∑ k,l [ (a^{b̃}_{1k}a^{b̃}_{1l}a^{b̃}_{2k}a^{b̃}_{2l} + b^{b̃}_{1k}b^{b̃}_{1l}b^{b̃}_{2k}b^{b̃}_{2l}) dG^{b̃1}_{1kl} + (a^{b̃}_{1k}a^{b̃}_{1l}b^{b̃}_{2k}b^{b̃}_{2l} + b^{b̃}_{1k}b^{b̃}_{1l}a^{b̃}_{2k}a^{b̃}_{2l}) √ μ_χ0_k μ_χ0_l dG^{t̃1}_{2kl} ] − 4 ∑ k [ g~_{b1}~_{b2Z} [ c^{b̃}_{2k}c^{b̃}_{1k}(v_{bbZ} − a_{bbZ}) + d^{b̃}_{2k}d^{b̃}_{1k}(v_{bbZ} + a_{bbZ}) ] dG^{b̃1}_{V k} −2 ∑ Φ g_{bbΦ}g~_{b1}~_{b2Φ}(c^{b̃}_{2k}d^{b̃}_{1k} + d^{b̃}_{2k}c^{b̃}_{1k}) √ μ_χ0_k dG^{b̃1}_{Φk} ]} (51)

Note that the sums run only on the virtual states; for instance, in the case of the decay b̃_2 → b̃_1bb̄ one has to discard the exchange of the lightest neutralino χ0_1 [since it is the LSP and the decay b̃_2 → bχ^0_1 always occurs at the two–body level if m_b = 0] and add the two–body partial width Γ(b̃_1 → bχ^0_1) to the total decay width^9. Note also that the gluino exchange diagram does not interfere with the other diagrams due to color conservation.

The functions dG^{f̃}_{1kl} and dG^{f̃}_{2kl} have been given previously, while the new functions dG^{f̃}_{V i} and dG^{f̃}_{Φi} are given by:

dG^{q̃}_{V i} =

(1 − x_1)(1 − x_2) − μ_{q̃} (x_1 + x_2 − 1 + μ_{q̃} − μ_V )(1 − x_1 − μ_{χi} )

dG^{q̃}_{Φi} = x_1 + x_2 − 1 + μ_{q̃} (x_1 + x_2 − 1 + μ_{q̃} − μ_Φ)(1 − x_1 − μ_{χi} )

(52)

9If the finite widths of the exchanged particles are consistently included in the expressions, one can use them also for on–shell exchanged particles. However, in the case of the decay b̃_1 → bχ^0_1 this procedure has always to be done since χ^0_1 is stable.

When integrating over the phase space, one obtains:

G^{q̃}_{V i} = (μ_{q̃} − 1) [ 1 4 (1 + μ_{q̃} + 2μ_V ) + (1 + μ_{q̃} − 2μ_{χi} − 2μ_V ) log μ_V ] + log μ_{χi} − μ_{q̃} μ_{χi} − 1 (μ_{q̃} − μ_{χi} )(μ_{χi} − 1) − 1 4 [λ(μ_V , μ_{q̃}) + 2μ_{χi} (1 − μ_V + μ_{q̃}) − 6μ_{q̃}] log μ_{q̃} + 1 2 √ λ(μ_V , μ_{q̃})(1 + μ_{q̃} − 2μ_{χi} − μ_V )Arctan

(1 − μ_{q̃}) √ λ(μ_V , μ_{q̃}) λ(μ_V , μ_{q̃}) + μ_V (μ_V − 1 − μ_{q̃}) + [μ_{χi} (1 + μ_{q̃} − μ_{χi} − μ_V ) − μ_{q̃}] f̃ (μ_V , r^V_+ , r^V_− ) (53)

G^{q̃}_{Φi} = (μ_{q̃} − 1) − μ_{q̃} μ_{χi} log μ_{q̃} +

(μ_{q̃} − μ_{χi} )(μ_{χi} − 1) μ_{χi} log μ_{χi} − 1 μ_{χi} − μ_{q̃} + μ_Φf̃(μ_Φ, r^Φ_+, r^Φ_−) (54)

with the function f̃, with arguments r^X_± =^1_2 [ 1 + μ_X − μ_{q̃} ± √ −λ(μ_X , μ_{q̃}) ] , defined as:

f̃(z, u, v) = −f(1) + f(u) + f(v) + log z log μ^{χi} − μ^{q̃} μ_{χi} − 1 (55)

where in terms of the Spence functions defined as, Li_2(x) = ∫ 0 x dt t^{−1} log(1 − t), one has:

f(x) = log (μ_{χi} − 1 + x) log 1 − μ_{χi} μ_{q̃} − μ_{χi} + Li_2 ( μ_{χi} − μ_{q̃} μ_{χi} − 1 + x ) − Li_2 ( μ_{χi} − 1 μ_{χi} − 1 + x ) (56)

4. Scalar top decays into W, H^+ bosons and the LSP

In this section we will analyze the three–body decay modes of top squarks, t̃_i → bχ^0_j B with B = W, H^+. This is a (straightforward) generalization of the modes t̃_1 → bχ^0_1W, H^+ discussed in Refs. [6, 7] since here, we will consider both top squarks in the initial state and any neutralino in the final state. Here again, we will neglect the b–quark mass in the amplitude squared and in the phase space, as well as the finite widths of the exchanged particles [the latter can be easily included in the propagators]; the complete expressions with a finite m_b value in the propagators and in the phase space [which gives a better approximation for stop masses of order 100 GeV] can be found in Ref. [15].

In terms of the reduced energies of the final particles x_1 = 2(p~_{ti} · p_b)/m^2_{t̃i} , x_2 = (p~_{ti} · p_{χj} )/m^2_{t̃i} and x_3 = (p~_{ti} · p_B)/m^2_{t̃i} , and for the reduced masses μ_X = p^2_X /m^2_{q̃i} [we will drop the index for χ^0_j , μ_χ ≡ μ_χ0_j ], and introducing the new scaled variables:

y_1 = p_b · p_{χj} m^2_{q̃i} , y_2 = p_b · p_B m^2_{q̃i} , y_3 = p_{χj} · p_B m^2_{q̃i} (57)

the Dalitz densities for the decay modes t̃_i → bχ^0_j B are given by: dΓ dx_1dx_2 = α^2 16π [ Γ^B_{b̃b̃} + Γ^B_{χχ} + Γ^B_{tt} + 2Γ^B_{b̃χ} + 2Γ^B_{b̃t} + 2Γ^B_{χt} ] (58)

where the terms correspond to the square of the contributions of the sbottom, chargino and top quark exchange diagrams and the interference terms.

4.1 The decay t̃_i → bχ^0_j W

In the case of the decay t̃_i → bχ^0_j W , one has for the various terms:

Γ^W_{b̃b̃} = 8 2∑ k,l=1 C^0_{kl} y_1[μ^{−1}_W (y_2 + y_3)^2 − μ_χ − 2y_1] (1 − x_3 + μ_W − μ~_{bk} )(1 − x_3 + μ_W − μ~_{bl} )

(59)

Γ^W_{χχ} = 2∑ k,l=1 2 (1 − x_1 − μ_χ+_k )(1 − x_1 − μ_χ+_l ) {

C^{1+}_{kl} [ 4y_3(y_1 + y_2 + μ^{−1}_W y_1y_3) + y_1(μ_χ − μ_W ) + 2μ_χy_2(1 − μ^{−1}_W y_3) ]

+ C^{1−}_{kl} √ μ_χ+_k μ_χ+_l (y_1 + 2μ^{−1}_W y_2y_3) − 3 √ μ_χ(y_1 + y_2) [√ μ_χ+_l C^2_{kl} + √ μ_χ+_k C^2_{lk} ]} (60)

Γ^W_{tt} = 2 (1 − x_2 + μ_χ − μ_t)^2 { C^{3+}_{ij} [ 4y_2y_1(μ^{−1}_W y_2 + 1) − μ_W y_1 + 4y_2y_3 ]

+ C^{3−}_{ij} μ_t[y_1 + 2y_2y_3μ^{−1}_W ] − 4 √ μ_tμ_χC^4_{ij}y_2[3 + 2μ^{−1}_W y_2] } (61)

Γ^W_{b̃χ} = 2∑ k,l=1 −4 (1 − x_3 + μ_W − μ~_{bk} )(1 − x_1 − μ_χ+_l ) { C^5_k [ (y_2 + y_3)(μ_χy_2 − 2y_1y_3)μ^{−1}_W

+ y_1(2y_1 + y_2 − y_3 + μ_χ) + μ_χy_2 ] + C^6_k √ μ_χμ_χ+_l [ y_1 − μ^{−1}_W y_2(y_2 + y_3) ]} (62)

Γ^W_{b̃t} = 2∑ k=1 4 (1 − x_3 + μ_χ − μ~_{bk} )(1 − x_2 + μ_χ − μ_t) { √ μ_tμ_χC^{7−}_k [ y_1 − y_2μ^{−1}_W (y_2 + y_3) ]

+ C^{7+}_k [ y_1y_2 ( − 1 + 2(y_2 + y_3)μ^{−1}_W ) + μ_χy_2 − y_1y_3 − 2y^2_1 ]} (63)

Γ^W_{χt} = 2∑ k=1 −2 (1 − x_1 − μ_χ+_k )(1 − x_2 + μ_χ − μ_t) { √ μ_tμ_χ+_k C^{8−}_k (y_1 + 2μ^{−1}_W y_2y_3)

+ C^{8+}_k [ y_1(2y_3 + 2y_2 + 4y_1 − μ_W ) + y_2(4y_3 + μ_χ) − 2μ^{−1}_W y_2(2y_1y_3 − μ_χy_2) ]

− 3 √ μ_tμ_χC^{9+}_k (y_1 + y_2) − √ μ_χμ_χ+_j C^{9−}_k y_2(3 + 2μ^{−1}_W y_2) } (64)

The various combinations of couplings C_{0..9} read as follows:

C^0_{lk} = g_{t̃i}~_{bk W} g_{t̃i}~_{blW} (a^{b̃}_{kj}a^{b̃}_{lj} + b^{b̃}_{kj} b^{b̃}_{lj})

C^{1+}_{lk} = d^{t̃}_{ik}d^{t̃}_{il}G^L_{jkW} G^L_{jlW} + c^{t̃}_{ik}c^{t̃}_{il}G^R_{jkW} G^R_{jlW} C^{1−}_{lk} = d^{t̃}_{ik}d^{t̃}_{il}G^R_{jkW} G^R_{jlW} + c^{t̃}_{ik}c^{t̃}_{il}G^L_{jkW} G^L_{jlW} C^2_{lk} = d^{t̃}_{ik}d^{t̃}_{il}G^L_{jlW} G^R_{jkW} + c^{t̃}_{ik}c^{t̃}_{il}G^R_{jlW} G^L_{jkW} C^{3±}_{lk} = (a^{t̃}_{ij})^2(a_{ffW} ± v_{ffW} )^2 + (b^{t̃}_{ij})^2(a_{ffW} ∓ v_{ffW} )^2 C^4_{lk} = a^{t̃}_{ij}b^{t̃}_{ij}(a^2_{ffW} + v^2_{ffW} ) C^5_k = (a^{b̃}_{kj}d^{t̃}_{il}G^L_{jlW} + b^{b̃}_{kj}c^{t̃}_{il}G^R_{jlW} )g_{t̃i}~_{bkW} C^6_k = (b^{b̃}_{kj}c^{t̃}_{il}G^L_{jlW} + a^{b̃}_{kj}d^{t̃}_{il}G^R_{jlW} )g_{t̃i}~_{bkW} C^{7+}_k = [ a^{b̃}_{kj}a^{t̃}_{ij}(v_{ffW} + a_{ffW} ) + b^{b̃}_{kj} b^{t̃}_{ij}(v_{ffW} − a_{ffW} ) ] g_{t̃i}~_{bkW} C^{7−}_k = [ b^{b̃}_{kj}a^{t̃}_{ij}(v_{ffW} − a_{ffW} ) + a^{b̃}_{kj}b^{t̃}_{ij}(v_{ffW} + a_{ffW} ) ] g_{t̃i}~_{bkW} C^{8+}_k = a^{t̃}_{ij}d^{t̃}_{ik}G^L_{jkW} (v_{ffW} + a_{ffW} ) + b^{t̃}_{ij}c^{t̃}_{ik}G^R_{jkW} (v_{ffW} − a_{ffW} ) C^{8−}_k = a^{t̃}_{ij}c^{t̃}_{ik}G^L_{jkW} (v_{ffW} − a_{ffW} ) + b^{t̃}_{ij}d^{t̃}_{ik}G^R_{jkW} (v_{ffW} + a_{ffW} ) C^{9+}_k = a^{t̃}_{ij}c^{t̃}_{ik}G^R_{jkW} (v_{ffW} − a_{ffW} ) + b^{t̃}_{ij}d^{t̃}_{ik}G^L_{jkW} (v_{ffW} + a_{ffW} ) C^{9−}_k = a^{t̃}_{ij}d^{t̃}_{ik}G^R_{jkW} (v_{ffW} + a_{ffW} ) + b^{t̃}_{ij}c^{t̃}_{ik}G^L_{jkW} (v_{ffW} − a_{ffW} ) (65) Note that there are two typographical errors^{10} in the corresponding expressions for these amplitudes in terms of the four–momenta, given in Ref. [6]. In eq. (18) for the amplitude square of the chargino exchange contribution, the term 2m^2_χ0_1 should be absent in the first square bracket. Furthermore, in the first square bracket of eq. (19) for the amplitude squared of the top quark exchange diagram, 4/M^2_W × (p_χ0_1 · p_W )(p_b · p_W )^2 should be replaced by 4/M^2_W × (p_χ0_1 · p_b)(p_b · p_W )^2, +3M^2_W (p_χ0_1 · p_b) by −M^2_W (p_χ0_1 · p_b) and −4(p_b · p_W )(p_χ0_1 · p_W ) should be replaced by +4(p_b · p_W )(p_χ0_1 · p_W ). [For the numerical analysis, the agreement with the figures given in Ref. [6] is rather good.]

4.2 The decay t̃_i → bχ^0_j H^+ In the case of the decay t̃_i → bχ^0_j H^+, one has for the various terms:

Γ^{H+}_{b̃b̃} = 2 2∑ k,l=1 D^0_{kl} y_1 (1 − x_3 + μ_H − μ~_{bk} )(1 − x_3 + μ_H − μ~_{bl} )

(66)

Γ^{H+}_{χχ} = 2∑ k,l=1 2 (1 − x_1 − μ_χ+_k )(1 − x_1 − μ_χ+_l ) { D^{1−}_{kl} √ μ_χ+_k μ_χ+_l y_1 (67)

+D^{1+}_{kl} [ 2y_3y_2 + y_1(μ_χ − μ_H ) + 2μ_χy_2 ] + √ μ_χ(y_1 + y_2) [√ μ_χ+_l D^2_{kl} + √ μ_χ+_k D^2_{lk} ]}

10We thank Werner Porod for his cooperation in resolving this issue.

Γ^{H+}_{tt} = 2 (1 − x_2 + μ_χ − μ_t)^2 { D^{3+}_{ij} (−μ_Hy_1 + 2y_2y_3) + D^{3−}_{ij} μ_ty_1 − 2 √ μ_tμ_χD^4_{ij} y_2 } (68)

Γ^{H+}_{b̃χ} = −2 2∑ k,l=1 D^5_k√μ_χ(y_1 + y_2) + D^6_k √ μ_χ+_l y_1 (1 − x_3 + μ_H − μ~_{bl} )(1 − x_1 − μ_χ+_k )

(69)

Γ^{H+}_{b̃t} = 2 2∑ k=1 √ μ_tD^{7+}_k y_1 − D^{7−}_k √μ_χy_2 (1 − x_3 + μ_χ − μ~_{bk} )(1 − x_2 + μ_χ − μ_t)

(70)

Γ^H_{χt} = 2∑ k=1 2 (1 − x_1 − μ_χ+_k )(1 − x_2 + μ_χ − μ_t) { − √ μ_tμ_χ+_k D^{8−}_k y_1

+ D^{8+}_k (−μ_Hy_1 + 2y_2y_3 + μ_χy_2) − √ μ_tμ_χD^{9+}_k (y_1 + y_2) + √ μ_χμ_χ+_k D^{9−}_k y_2 } (71)

with the various combinations of couplings D_{0..9} given by:

D^0_{lk} = g_{t̃i}~_{bkH}g_{t̃i}~_{blH}(a^{b̃}_{kj}a^{b̃}_{lj} + b^{b̃}_{kj} b^{b̃}_{lj}) D^{1+}_{lk} = d^{t̃}_{ik}d^{t̃}_{il}G^L_{jkH} G^L_{jlH} + c^{t̃}_{ik}c^{t̃}_{il}G^R_{jkH} G^R_{jlH} D^{1−}_{lk} = d^{t̃}_{ik}d^{t̃}_{il}G^R_{jkH} G^R_{jlH} + c^{t̃}_{ik}c^{t̃}_{il}G^L_{jkH} G^L_{jlH} D^2_{lk} = d^{t̃}_{ik}d^{t̃}_{il}G^L_{jlH} G^R_{jkH} + c^{t̃}_{ik}c^{t̃}_{il}G^R_{jlH} G^L_{jkH} D^{3+}_{lk} = (a^{t̃}_{ij})^2(g^S_{tbH}+ + g^P_{tbH}+ )^2 + (b^{t̃}_{ij})^2(g^S_{tbH}+ − g^P_{tbH}+ )^2 D^{3−}_{lk} = (a^{t̃}_{ij})^2(g^S_{tbH}+ − g^P_{tbH}+ )^2 + (b^{t̃}_{ij})^2(g^S_{tbH}+ + g^P_{tbH}+ )^2 D^4_{lk} = a^{t̃}_{ij}b^{t̃}_{ij} [ (g^S_{tbH}+ + g^P_{tbH}+ )^2 + (g^S_{tbH}+ − g^P_{tbH}+ )^2 ]

D^5_k = (a^{b̃}_{kj}d^{t̃}_{il}G^L_{jlH} + b^{b̃}_{kj}c^{t̃}_{il}G^R_{jlH} )g_{t̃i}~_{bkH} D^6_k = (b^{b̃}_{kj} c^{t̃}_{il}G^L_{jlH} + a^{b̃}_{kj}d^{t̃}_{il}G^R_{jlH} )g_{t̃i}~_{bkH} D^{7+}_k = [ a^{b̃}_{kj}a^{t̃}_{ij}(g^S_{tbH}+ − g^P_{tbH}+ ) + b^{b̃}_{kj}b^{t̃}_{ij}(g^S_{tbH}+ + g^P_{tbH}+ ) ] g_{t̃i}~_{bkH} D^{7−}_k = [ b^{b̃}_{kj}a^{t̃}_{ij}(g^S_{tbH}+ + g^P_{tbH}+ ) + a^{b̃}_{kj} b^{t̃}_{ij}(g^S_{tbH}+ − g^P_{tbH}+ ) ] g_{t̃i}~_{bkH} D^{8+}_k = a^{t̃}_{ij}c^{t̃}_{ik}G^R_{jkH} (g^S_{tbH}+ + g^P_{tbH}+ ) + b^{t̃}_{ij}d^{t̃}_{ik}G^L_{jkH} (g^S_{tbH}+ − g^P_{tbH}+ ) D^{8−}_k = a^{t̃}_{ij}d^{t̃}_{ik}G^R_{jkH} (g^S_{tbH}+ − g^P_{tbH}+ ) + b^{t̃}_{ij}c^{t̃}_{ik}G^L_{jkH} (g^S_{tbH}+ + g^P_{tbH}+ ) D^{9+}_k = a^{t̃}_{ij}d^{t̃}_{ik}G^L_{jkH} (g^S_{tbH}+ − g^P_{tbH}+ ) + b^{t̃}_{ij}c^{t̃}_{ik}G^R_{jkH} (g^S_{tbH}+ + g^P_{tbH}+ ) D^{9−}_k = a^{t̃}_{ij}c^{t̃}_{ik}G^L_{jkH} (g^S_{tbH}+ + g^P_{tbH}+ ) + b^{t̃}_{ij}d^{t̃}_{ik}G^R_{jkH} (g^S_{tbH}+ − g^P_{tbH}+ ) (72)

5. Numerical illustrations

A Fortran code called SDECAY [20] has been developed for the numerical analysis; all the partial decay widths and the branching ratios for the two–body and three–body decay modes of scalar quarks [as well as the decays of charginos, neutralinos, gluinos, sleptons and the four–body decays of the lightest to squark] have been implemented. It has been interfaced with the programs SUSPECT [21] for the calculation of the supersymmetric particle spectrum [including the renormalization group equations for the evolution of the SUSY parameters and the implementation of radiative electroweak symmetry breaking] and the program HDECAY [22] for the Higgs boson spectrum and couplings [17, 23] where the renormalization improved two–loop radiative corrections in the MSSM Higgs sector [24] and the QCD corrections to the Higgs couplings [25] have been incorporated.

We begin our numerical illustration with the decays of the lightest top squark t̃_1. We will concentrate on the “unconstrained” MSSM, where for simplicity, we use a common soft–SUSY breaking scalar mass m_{q̃} for the three generations of squarks and m~_l for the three generations of sleptons, i.e. m~_{tL} = m~_{tR} = m~_{bL} = m~_{bR} = m_{q̃} and m_{τ̃L} = m_{τ̃R} = m_{ν̃L} = m~_l. [We will also assume that the mixing between different generations is absent at the tree–level, otherwise the decay mode t̃_i → cχ^0_j would already occur at this stage.] The mass splitting between the two mass eigenstates will be then only due to the different D–terms of m~_{fL} and m~_{fR} and to the off–diagonal entries of the sfermion mass matrices. The mixing is made strong in the stop sector by taking large values of Ã_t ∼ O(1 TeV); in this case the mixing angle is either close to θ_t = π/2 (no mixing) or to ±π/4 (maximal mixing) for respectively small and large values of the entry m_tÃ_t compared to the diagonal entries of the mass matrix. The mixing is strong in the b̃ and τ̃ sectors for large values of tan β and the parameter μ, almost independently of A_b and A_τ which will be fixed to 100 GeV. In the gaugino sector, we will make the usual assumption of the unification of the gaugino masses at the GUT scale, leading to the relation M_1 =^5_3 tan^2θ_W M_2 ∼^1_2 M_2.

In Fig. 2, we show the branching ratios of the decays of the lightest top squark t̃_1 as a function of tan β for large values of μ = −750 GeV. This implies that the lightest chargino and neutralinos are gaugino like for M_2 <∼ 300 GeV, with masses m_χ+_1 ≃ m_χ0_2 ≃ 2m_χ0_1 ≃ M_2 [with a very small variation with tan β]. We choose a common squark mass m_{q̃} of O(500 GeV) which, for the chosen μ and A_t values, leads to a t̃_1 with a mass between 170 and 250 GeV [depending on the value of tan β, m~_{t1} being smaller for low tan β values]. In this case, m~_{t1} is smaller than m_t + m_χ0_1 and m_b + m_χ+_1 but possibly larger than m_χ0_1 +M_W , m_χ0_1 +M_H+ , m~_{b1} or m_{τ̃1} , allowing to some three–body decay channels to be open kinematically. Since these three–body decay modes are of O(α^2), they can compete with the t̃_1 → cχ^0_1 mode which is of O(α^3) modulo the large logarithm log(Λ^2_{GUT}/M^2_W ).

In Fig. 2a, the common slepton mass is chosen to be relatively small, m~_l = 280 GeV, to allow for t̃_1 decays into staus and the pseudoscalar A boson mass is taken to be relatively large, M_A = 250 GeV, implying a too heavy charged Higgs boson, M_H+ = √ M^2_A + M^2_W ≃ 260 GeV, for the decay t̃_1 → bχ^0_1H^+ to occur. m_{q̃} and A_t are fixed to 450 GeV and 1 TeV, respectively, while M_2 = 250 GeV. This leads to a scalar fermion spectrum, for tan β = 5 (45), of m~_{t1} ∼ 170 (230) GeV, m~_{b1} ∼ 430 (190) GeV and m_{τ̃1} ∼ 270 (140) GeV.

Figure 2: The branching ratios for the two–body and three–body decay modes of the lightest top squark t̃_1 as a function of tan β for μ = −750 GeV.

For small values of tan β, tan β <∼ 7, the mixing is too strong in the stop sector and t̃_1, being too light to have three–body decays, will mainly decay into cχ^0_1 final states. For larger values of tan β, the t̃_1 mass becomes larger than m_b + M_W + m_χ0_1 and the channel t̃_1 → bχ^0_1W becomes kinematically accessible; it will be largely dominant, with a branching ratio above ∼ 80%, up to tan β ∼ 30. For tan β close to the latter value, τ̃_1 becomes relatively light and the decay t̃_1 → bτ̃^+_1 ν opens up and becomes competitive, the branching ratio reaching a maximum at tan β ∼ 40. For even larger values of tan β, b̃_1 becomes also light and the three–body decay t̃_1 → b̃_1ff̄ will be the leading decay channel. For tan β >∼ 50, m~_{t1} is larger than M_W + m~_{b1} and the two body–decay t̃_1 → b̃_1W opens up and will have a branching ratio close to unity [however, at this stage b̃_1 will eventually become lighter than the LSP neutralino].

In the scenario of Fig. 2b, the common slepton mass is taken to be larger than previously, m~_l = 500 GeV, leading to heavier sleptons [in particular τ̃ ’s] while the pseudoscalar Higgs boson mass is chosen to be smaller, M_A = 100 GeV, leading to a lighter charged Higgs boson, M_H+ ≃ 126 GeV, which can thus appear in the decay modes of the t̃_1 state. The other parameters are taken to be m_{q̃} = 450 GeV and A_t = 800 GeV, while M_2 is fixed to 300 GeV. This gives a scalar fermion spectrum, again for tan β = 5 (45), of m~_{t1} ∼ 200 (300) GeV, m~_{b1} ∼ 440 (190) GeV and m_{τ̃1} ∼ 500 (440) GeV.

In this scenario, since the t̃_1 mass is slightly larger than previously, the channel t̃_1 → bχ^0_1W is already kinematically open for small values of tan β, and will be the dominating decay mode until the channel t̃_1 → bχ^0_1H^+ becomes kinematically accessible. The latter will be largely dominating for 20 <∼ tan β <∼ 40, reaching a branching ratio of ∼ 90% for tan β ∼ 35, until the opening of the decay channel t̃_1 → b̃_1ff̄ which becomes accessible for tan β ∼ 35. This channel becomes then quickly the dominant decay mode of t̃_1. Note that for tan β >∼ 45, m~_{t1} becomes larger than m~_{b1} + M_W and we have the two–body decay mode t̃_1 → b̃_1W which has a branching ratio very close to unity.

Let us now turn our attention to the “Constrained MSSM” or minimal Supergravity model (mSUGRA) [26] where the soft SUSY breaking scalar masses, gaugino masses and trilinear couplings are universal at the GUT scale; the left– and right–handed sfermion masses are then given in terms of the gaugino mass parameter M_{1/2}, the universal scalar mass m_0, the universal trilinear coupling A_0 and tan β. The soft SUSY breaking scalar masses and the trilinear couplings at the low energy scale are given by their Renormalization Group Equations, the one–loop approximations of which are given for instance in Ref. [23, 26]. The parameter μ [up to its sign] is fixed by the requirement of proper electroweak symmetry breaking. In mSUGRA and in the relatively small tan β regime, due to the running of the (large) top Yukawa coupling, the two top squarks can be much lighter than the other squarks, and in contrast with the first two generations one has generically a sizeable splitting between m~_{tL} and m~_{tR} at the electroweak scale. Thus, even without large mixing, t̃_1 can be much lighter than the other squarks in this scenario.

In Table 1, we show some of the branching ratios of the lightest top squark for the fixed values of the gaugino mass M_{1/2} = 250 GeV and sign(μ) = − and for several values of the scalar mass m_0 = 100, 150, 200 and 300 and several values of tan β = 4, 10, 20 and

30 [this leads to m_χ+_1 ∼ 2m_χ0_1 ∼ 200 GeV, with a slight dependence on tan β]. The t̃_1 mass is fixed to approximately m~_{t1} ∼ 200 GeV by varying the trilinear coupling A_0. One sees that the branching ratios for some of the three–body decays [the channels t̃_1 → bχ^0_1W and bτ̃_1ν_τ ] are sizeable.

For small values of tan β and the chosen values of m_0, τ̃_1 is rather heavy, and the only three-body decay channel which is available is t̃_1 → bW χ^0_1 and for m_0 = 150 GeV the branching ratio is very close to unity. For larger values of tan β, τ̃_1 becomes lighter and the phase space for the decay into bW χ^0_1 is suppressed so that only the decay mode t̃_1 → bτ̃_1ν_τ is largely dominating. For tan β >∼ 30, τ̃_1 becomes too light [with a mass below the experimental bound] and the electroweak symmetry breaking does not take place for values of m_0, A_t leading to a relatively light stop. A few remarks can be made here:

– For larger values of M_{1/2}, the top squarks [and all other squarks] become rather heavy and the two–body decays into bχ^+_1 and even to tχ^0_1 are kinematically allowed and dominate. For smaller values of M_{1/2}, the chargino χ^+_1 becomes too light and again, the two–body decay channel t̃_1 → bχ^+_1 opens up.

– In the studied examples, the parameter μ is always rather large, |μ| >∼ 500 GeV, so that all Higgs particles [except for the h boson] are relatively heavy with a mass of O(|μ|). In particular, H^+ is too heavy for the three–body decay t̃_1 → bH^+χ^0_1 to occur.

– b̃_1 is also rather heavy in the studied scenario. It is only for very large values of tan β that b̃_1 becomes light enough for the decay t̃_1 → b̃_1ff̄ to occur. But in this case, τ̃_1 is even lighter and its mass is smaller than the experimental bound of O(100 GeV).

tan β m_0 BR(bW χ^0_1) BR(bl̃l) BR(cχ^0_1)

4 150 0.993 4 · 10^{−2} 3 · 10^{−2}

10 100 3 · 10^{−4} 0.915 0.085

20 250 0.02 0.81 0.17

30 300 0.015 0.63 0.355

Table 1: Some examples of branching ratios for the three–body decays of t̃_1 in the mSUGRA model for M_{1/2} = 250 GeV, sign(μ) = − and m~_{t1} ∼ 200 GeV.

We turn now to the decays of the heavier top squark, t̃_2. In principle, t̃_2 should have the same decay modes as the lighter t̃_1 if the two squarks have approximately the same mass [which means that the mixing is not too strong if the left– and right–handed soft–SUSY breaking scalar masses, m~_{tL} and m~_{tL} are approximatively the same]. The branching ratios would be, however, different because of the different couplings. However, if the mass splitting between the two stop eigenstates is sizeable, the additional mode t̃_2 → t̃_1ff̄ through Z and neutral Higgs boson exchanges has to be taken into account.

This is shown in Fig. 3 where the decays of t̃_2 are displayed as a function of tan β, for μ = −350 GeV and M_2 = 310 GeV. We have taken A_t = A_b = A_τ = −100 GeV and a common slepton mass m~_l = 200 GeV; in the squark sector, we have used a common mass m_{q̃} = 400 GeV for the first and second generation squarks but non–universal masses m~_{tL} = m~_{bL} = 200 GeV and m~_{tR} = 120 GeV to allow for lighter top squarks with masses m~_{t1} ∼ 200 and m~_{t2} ∼ 250 GeV for tan β ∼ 10 [in this case, m~_{t2} is lighter than the chargino χ^+_1 so that the two–body decay t̃_2 → bχ^+_1 is shut].

In this scenario, b̃_1 and the sleptons τ̃_1 and ν̃ are lighter than t̃_2 so that the three– body decays t̃_2 → b̃_1ff̄ and t̃_2 → bτ̃_1ν_τ , bν̃_ll [in the figure we sum the branching ratios for all sleptons] are kinematically open; the former decay channel is dominant up to values tan β ∼ 20 where the two–body decay t̃_2 → b̃_1W opens up and reaches a branching fraction close to unity. The decays into bW χ^0_1 and bH^+χ^0_1, as well as the loop induced decay t̃_2 → cχ^0_1, are suppressed below the percent level [we cut the branching ratio for the decay t̃_2 → bW χ^0_1, which is mediated by sbottom exchange, when b̃_1 becomes on–shell since then, we have the decay chain t̃_2 → b̃_1W → b̃_1ff̄ ]. The mass splitting between t̃_2 and t̃_1 is smaller than the Z and Higgs boson masses and the three–body decay t̃_2 → t̃_1ff̄ occurs at a sizeable rate for small and intermediate values of tan β, reaching a branching ratio of the order of 50% for tan β ∼ 15.

Figure 3: Example of branching ratios for the two–body and three–body decay modes of the heaviest top squark t̃_2 as a function of tan β for μ = −350 GeV, M_2 = 310 GeV, m~_l = 200 GeV and trilinear couplings A_t = A_b = A_τ = −100 GeV.

Finally, for completeness, we have also studied the three-body decays of bottoms squarks. In this case, since χ^0_1 is the LSP and m_b is small, the two–body decay channels b̃_i → bχ0_1 are always kinematically open so that three–body decays can be hardly competitive. The only situation where the latter can be sizeable is when the b̃_ibχ^0_1 couplings are very tiny. This occurs when the lightest neutralinos are higgsino–like [one has then to consider both χ^0_1 and χ^0_2 states since in this case, m_χ0_1 ∼ m_χ0_2 ∼ |μ|] so that the coupling is suppressed by m_b/M_W . One also needs rather small tan β values not to enhance the couplings which are proportional to 1/ cos β. However, even in this case, the three–body decay b̃_1 → t̃_1W^∗ → t̃_1ff̄^′ for instance has a small branching ratio: it is only in a rather limited range of the MSSM parameter space that it reaches the level of a few percent. This is shown in Fig. 4, where for the chosen set of soft–SUSY breaking parameters, BR(b̃_1 → t̃_1ff̄^′) exceeds the percent level only for relatively small values of tan β.

Figure 4: Example of branching ratios for the two–body and three–body decay modes of the lightest bottom squark b̃_1 as a function of tan β. The soft–SUSY breaking scalar masses are taken to be, m~_{tL} = m~_{bL} = 190 GeV, m~_{tR} = 350 GeV and m~_{bR} = 300 GeV.

The smallness of the three–body decay rates is mainly due to the fact that in the MSSM one has to take into account the experimental constraints on the squark masses and on tan β from the negative Higgs boson searches at LEP. In an unconstrained MSSM, for instance without the unification of the gaugino masses at the GUT scale [see Ref. [27], for examples of models], several constraints on the SUSY parameters can be relaxed and some three–body decays might become important. In particular, as it has been recently discussed in Ref. [14], the decay b̃_2 → b̃_1bb̄ through virtual gluino exchange can be competitive [since it is a strong interaction process] with the decay channel b̃_2 → bχ^0_1 if the gluino mass is not too large compared to the lightest neutralino masses, as it might be the case in the models discussed in Ref. [27].

6. Conclusions

We have performed a comprehensive analysis of the decays of third generation squarks, focusing on the three body decay modes. Because of the large value of the top quark mass and the possible large mixing in the stop and sbottom sectors which leads to sizeable splitting between the masses of the two physical states, the decay pattern of scalar top [and to a lesser extent bottom] quarks can be dramatically different from the decay pattern of first and second generation squarks, which simply decay into their almost massless partner quarks and neutralino or chargino states.

Several new decay channels, including the cascade decays of heavier squarks into lighter ones and fermion–antifermion pairs as well the decays of both top squarks into W, H^+ bosons and the lightest neutralinos or into leptons and lighter sleptons, are possible. In some areas of the MSSM parameter space, these additional decay modes can have sizeable branching fractions, and they can even be the dominating decay modes. These channels need therefore to be taken into account in the search of scalar top and bottom quarks at present and future colliders.

Acknowledgments:

We thank the members of the French GDR–Supersymétrie, in particular Jean-François Grivaz, as well as Aseshkrishna Datta for various discussions. Discussions with Werner Porod on Refs. [6, 7] are gratefully acknowledged. This work is partially supported by the European Union under contract HPRN-CT-2000-00149.

References

[1] For reviews on the MSSM, see: P. Fayet and S. Ferrara, Phys. Rep. 32 (1977) 249;

H.P. Nilles, Phys. Rep. 110 (1984) 1; R. Barbieri, Riv. Nuov. Cim. 11 (1988) 1; R. Arnowitt and Pran Nath, Report CTP-TAMU-52-93; M. Drees and S. Martin, CLTP Report (1995) and hep-ph/9504324; S. Martin, hep-ph/9709356; J. Bagger, Lectures at TASI-95, hep-ph/9604232; H. E. Haber and G. Kane, Phys. Rep. 117 (1985) 75.

[2] J. Ellis and S. Rudaz, Phys. Lett. B128 (1983) 248; M. Drees and K. Hikasa, Phys.

Lett. B252 (1990) 127.

[3] Particle Data Group, C. Caso et al., Eur. Phys. Journal C3 (1998) 1.

[4] K.I. Hikasa and M. Kobayashi, Phys. Rev. D36 (1987) 724.

[5] C. Boehm, A. Djouadi and Y. Mambrini, Phys. Rev. D61 (2000) 095006.

[6] W. Porod and T. Wohrmann, Phys. Rev. D55 (1997) 2907.

[7] W. Porod, Phys. Rev. D59 (1999) 095009.

[8] S. Ambrosanio, G.D. Kribs and S.P. Martin, Nucl. Phys. B516 (1998) 55.

[9] For a recent review of the phenomenology of GMSB models, see for instance: S.

Ambrosanio and G.A. Blair, Eur. Phys. J. C12 (2000) 287.

[10] A. Datta, M. Guchait and K.K. Jeong, Int. J. Mod. Phys. A14 (199) 2239. [11] See for instance: V. Barger, M.S. Berger and R.J. Phillips, Phys. Lett. B314 (1993) 351; M. Carena, S. Pokorski and C. Wagner, Nucl. Phys. B406 (1993) 59.

[12] The LEP Working Group for Higgs boson searches, ALEPH, DELPHI, L3 and OPAL Collaborations, Rencontres de Moriond, Les Arcs, France, March 11–25, 2000.

[13] A. Bartl et al., Phys. Lett. B435 (1998) 118.

[14] A. Djouadi and Y. Mambrini, Phys. Lett. B493 (2000) 120 (hep-ph/0007174). [15] Y. Mambrini, PhD Thesis, Université de Montpellier II, in preparation. [16] S. Kraml, H. Eberl, A. Bartl, W. Majerotto and W. Porod, Phys. Lett. B386 (1996) 175; A. Djouadi, W. Hollik and C. Junger, Phys. Rev. D55 (1997) 6975.

[17] J.F. Gunion and H.E. Haber, Nucl. Phys. B272, 1 (1986); (E) hep-ph/9301205. [18] A. Arhrib, A. Djouadi, W. Hollik and C. Junger Phys. Rev. D57 (1998) 5860; A.

Bartl, H. Eberl, K. Hidaka, S. Kraml, W. Majerotto, W. Porod and Y. Yamada, Phys. Rev. D59 (1999) 115007 and Phys. Lett. B419 (1998) 243.

[19] A. Djouadi, J. Kalinowski and P. Zerwas, Z. Phys. C70 (1996) 435. [20] Y. Mambrini, SDECAY: a program for the decays of SUSY particles, to be released. [21] A. Djouadi, J.L. Kneur and G. Moultaka, “SUSPECT: a program for the supersymmetric spectrum” in the Report hep–ph/9901246.

[22] A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun. 108 (1998) 56. [23] P.M. Zerwas (ed.) et al., in ECFA–DESY Workshop (1996), hep-ph/9605437. [24] M. Carena, J.R. Espinosa, M. Quiros and C.E.M. Wagner, Phys. Lett. B335 (1995) 209; H.E. Haber, R. Hempfling and A. Hoang, Z. Phys. C75 (1997) 539; S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Lett. B440 (1998) 296 and Phys. Rev. D58 (1998) 091701; M. Carena, H. Haber, S. Heinemeyer, W. Hollik, C. Wagner and G. Weiglein, hep-ph/0003022.

[25] For a comprehensive analysis and update see: A. Djouadi, M. Spira and P. Zerwas, Z. Phys. C70 (1996) 427.

[26] M. Drees, Lectures given at Inauguration Conference of APCTP, Seoul (Korea), 4-19 Jun 1996, hep-ph/9611409.

[27] C.H. Chen, M. Drees and J.F. Gunion, Phys. Rev. D55, 330 (1997) and (E) ibid.

D60, 039901 (1999); J. Amundson et al., hep-ph/9609374.