arXiv:hep-ph/0502191 v2 18 Mar 2005

Rare t-quark decays t → c l^+_j l^−_k , t → c ν̃_j ν_k in the minimal four color symmetry model

P.Yu. Popov^∗, A.D. Smirnov^†

Division of Theoretical Physics, Department of Physics, Yaroslavl State University, Sovietskaya 14, 150000 Yaroslavl, Russia.

Abstract

The rare t-quark decays t → c l^+_j l^−_k , t → c ν̃_j ν_k via the scalar leptoquark doublets are investigated in the minimal four color symmetry model with the Higgs mechanism of the quark-lepton mass splitting. The partial widths of these decays are calculated and the total width of the charged lepton mode Γ(t → c l^{+′} l^−) = ∑ j,k Γ(t → c l^+_j l^−_k ) and the total width of the neutrino mode Γ(t → c ν̃^′ ν) = ∑ j,k Γ(t → c ν̃_j ν_k ) are found. The corresponding branching ratios are shown to be

Br(t → c l^{+′} l^−) ≈ (3.5 − 0.4) · 10^{−5}, Br(t → c ν̃^′ ν) ≈ (7.1 − 0.8) · 10^{−5} for the scalar leptoquark masses m_S = 180 − 250 GeV and for the appropriate values (sin β ≈ 0.2) of the mixing angle of the model. The search for such decays at LHC may be of interest.

∗E-mail: popov p@univ.uniyar.ac.ru †E-mail: asmirnov@univ.uniyar.ac.ru

The search for the possible sings of a new physics beyond the Standard Model (SM) will be one of the goals of the experiments at LHC and at the other future colliders. Putting LHC into operation will essentially enlarge the possibilities for the experiments with t-quark, including the search for the non-SM effects in the top physics [1, 2]. In particular, the LHC with its very large top samples ( about 10^7 − 10^8 top quark pairs per year [2] ) will allow the experimental investigation of the rare t-quark decays which are forbidden or have unobservable small widths in the SM but can be essentially enhanced in some extensions of the SM. The detection of such decays an LHC would be an evident signal of new physics beyond the SM.

The most investigated rare decays of t-quark are the FCNC decays t → cX, X = γ, Z, g, H. These decays are very suppressed in the SM (Br_{SM} (t → cX) ∼ 10^{−13} and ∼ 10^{−11} for X = γ, Z, H and for X = g [3–5]) but they can be essentialy enhanced in some extensions of the SM. For example, in the minimal supersymmetric standard model (MSSM) the branching ratios of these decays can amount to the values Br_{M SSM} (t → cX) ∼ 10^{−8}, ∼ 10^{−6}, ∼ 10^{−4} for X = γ, Z, X = g, X = h^0 [6–12], in the two Higgs doublet model they can be enhanced up to Br_{2HDM} (t → cX) ∼ 10^{−7}, ∼ 10^{−8}, ∼ 10^{−5}, ∼ 10^{−4} for X = γ, Z, g, h [3, 13, 14], some ehancement of these decays can also take place in the model with additional quark singlets [15].

One of the possible variant of new physics beyond the SM can be the variant induced by the four color symmetry between quarks and leptons of Pati-Salam type [16]. The immediate consequence of this symmetry is the prediction of the gauge leptoquarks which, however, occur to be relatively heavy. For example, the most stringent lower mass limit for the vector leptoquarks (resulted from the unobservation of the K^0_L → μ^±e^∓ decays) is of order of 10^3 TeV. Such heavy leptoquarks can affect the physics at energies of order of or below 1 TeV very weakly.

It should be noted however that in addition to the gauge leptoquarks the four color symmetry can predict also the new particles in the scalar sector. Thus, in the case of the Higgs mechanism of splitting the masses of quarks and leptons the four color symmetry in its minimal realization on the gauge group G = SU_V (4) × SU_L(2) × U_R(1) (MQLS-model [17, 18]) predicts the existence of the two scalar leptoquark doublets S^{(±)} belonging to the (15,2,1) - multiplet of the group G. These scalar leptoquark doublets together with the other components of the (15, 2, 1) - multiplet and with the (1, 2, 1) - doublet are necessary [19] for splitting the the masses of quarks from those of leptons by the Higgs mechanism and for generating the quark - lepton mass splittings including the so large mass splittings as the b − τ and t − ν_τ ones. Unlike the vector leptoquarks the scalar leptoquark doublets S^{(±)} can be relatively light, with masses of order of 400 GeV or less, without any contradictions with the K^0_L → μ^±e^∓ data or with the radiative correction limits [20,21]. Because of their Higgs origin the coupling constants of these scalar leptoquark doublets with the fermions are proportional to the ratios m_f /η of the fermion masses m_f to the SM VEV η. The effects of these scalar leptoquarks in the processes with the ordinary u-, d-, s- quarks are small because of the smallness of the corresponding coupling constants (m_u/η ∼ m_d/η ∼ 10^{−5}, m_s/η ∼ 10^{−3}), whereas these effects can be significant in c-, b- and, especially, in top-physics ( m_c/η ∼ m_b/η ∼ 10^{−2}, m_t/η ∼ 0.7).

Ones of the possible new effects which can be induced by the scalar leptoquark doublets S^{(±)} are the specific decays of t-quark

t → c l^+_j l^−_k , (1) t → c ν̃_j ν_k (2)

with the production of c-quark with the pairs l^+_j l^−_k j, k = 1, 2, 3 of charged leptons l^−_k = e^−, μ^−, τ^− and antileptons l^+_j = e^+, μ^+, τ^+, in general of the different generation, or with the neutrino-antineutrino pairs ν̃_j ν_k , ν_k are the mass eigenstates of neutrinos, ν̃_j are the antineutrinos. The decays (1) in general are different from the generation diagonal decays t → cX → c l^+_j l^−_j predicted in models mentioned above [3–15] and the detection of the decays (1), (2) would be the signal of the new physics, possibly, induced by the four color symmetry between quarks and leptons.

In the present Letter we calculate the contributions of the scalar leptoquark doublets into decays (1), (2) in frame of the minimal four color quarklepton symmetry model with the Higgs mechanism of splitting the masses of quarks and leptons(MQLS-model [17, 18]) and evaluate and discuss the widths and the branching ratios of these decays in dependence on the scalar leptoquark masses and on the mixing parameters of the model.

In MQLS model the basic left (L) and right (R) quarks Q^{′L,R}_{iaα} and leptons l^{′L,R}_{ia} form the fundamental quartets of SU_V (4) color group and can be written, in general, as superpositions Q^{′L,R}_{iaα} = ∑ j (A^{L,R}_{Qa} )_{ij} Q^{L,R}_{jaα} , l^{′L,R}_{ia} = ∑ j (A^{L,R}_{la} )_{ij} l^{L,R}_{ja} (3) of the quark and lepton mass eigenstates Q^{L,R}_{iaα} , l^{L,R}_{ia} , where i, j = 1, 2, 3 are the generation indexes, a = 1, 2 and α = 1, 2, 3 are the SU_L(2) and SU_c(3) indexes, Q_{i1} ≡ u_i = (u, c, t), Q_{i2} ≡ d_i = (d, s, b) are the up and down quarks, l_{j1} ≡ ν_j are the mass eigenstates of neutrinos and l_{j2} ≡ l_j = (e^−, μ^−, τ^−) are the charged leptons. The unitary matrixes A^{L,R}_{Qa} and A^{L,R}_{la} describe the fermion mixing and diagonalize the mass matrixes of quarks and leptons.

The scalar leptoquark doublets S^{(±)} have the SM hypercharge Y^{SM}_± = 1 ± 4/3 and can be written in the form

S^{(±)}_{aα} = ( S^{(±)}_{1α} S^{(±)}_{2α} ) , (4)

where the up (a = 1) leptoquarks S^{(±)}_{1α} have electric charge 5/3 and 1/3 and the down (a = 2) leptoquarks S^{(±)}_{2α} have the charge ±2/3. In general case the scalar leptoquarks S^{(+)}_{2α} and ∗ S^{(−)}_{2α} with electric charge 2/3 are mixed and can be written as superpositions

S^{(+)}_{2α} = 3∑ m=0 c^{(+)}_m S_m, ∗ S^{(−)}_2 = 3∑ m=0 c^{(−)}_m S_m (5)

of three physical scalar leptoquarks S_1, S_2, S_3 with electric charge 2/3 and a small admixture of the Goldstone mode S_0. Here c^{(±)}m , m = 0, 1, 2, 3 are the elements of the unitary scalar leptoquark mixing matrix, |c^{(±)}_0 |^2 = 1 3 g^2_4 η^2_3 /m^2_V ≪ 1, g_4 is the SU_V (4) gauge coupling constant, η_3 is the VEV of the (15,2,1)-multiplet and m_V is the vector leptoquark mass.

With account of the fermion mixing (3) the interaction of the scalar leptoquark doublets (4) with the fermions can be described by the lagrangian L_{SQl} = ( — Q^{′L}_{iaα} (h^{(+)}_l )_{ij} l^R_j ) S^{(+)}_{aα} + ( — l^{′L}_{ia} (h^{(−)}_d )_{ij} d^R_{jα} ) S^{(−)}_{aα} + ( — Q^{′L}_{iaα} (h^{(−)}_ν )_{ij} ν^R_j ) S̃^{(−)}_{aα} + ( — l^{′L}_{ia} (h^{(+)}_u )_{ij} u^R_{jα} ) S̃^{(+)}_{aα} + h. c., (6)

where S̃^{(±)}a = ε_{ab} ∗ S^{(±)}_b , ε_{12} = −ε_{21} = 1, ε_{11} = ε_{22} = 0 and

Q^{′L}_{iaα} = ( u^L_{iα} (C_Q)_{ik} d^L_{kα} ) , l^{′L}_{ia} = ( (C^†_l )_{ik} ν^L_k l^L_i ) (7) are the SU_L(2) doublets of the left quarks and leptons, C_Q = (A^L_{Q1} )^†A^L_{Q2} is the CKM-matrix, C_l = (A^L_{l1} )^†A^L_{l2} is the analogous matrix in the lepton sector and (h^{(±)}_f )_{ij} are the coupling constant matrixes, the index f denotes the right fermions f entering into (6).

In particular case of zero fermion mixing (C_Q = C_l = I, (h^{(±)}_f )_{ij} = h^{(±)}_{fi} δ_{ij} ) the lagrangian (6) upon substitutions S^{(+)}a = ε_{ab}R_{2b}, S^{(−)}a = (R̃_{2a})^∗, h^{(+)}e = h_{2R}, h^{(−)}_d = (h̃_{2L})^∗, h^{(+)}u = −(h_{2L})^∗, h^{(−)}ν = 0 reproduces the lagrangian of ref. [22], R_2, R̃_2 and h_{2L}, h_{2R}, h̃_{2L} are the scalar leptoquarks and the phenomenological coupling constants of ref. [22].

As a result of the Higgs splitting of the masses of quarks and leptons the general form [19] of Yukawa interactions of the scalar doublets with the fermions in MQLS-model [17, 18] gives for the coupling constants of the lagragian (6) the expressions

(h^{(+)}_l )_{ij} = −(C_Qh^R_2 )_{ij} , (h^{(−)}_d )_{ij} = −( + h^L_2 )_{ij} , (8)

(h^{(−)}_ν )_{ij} = −(h^R_1 )_{ij} , (h^{(+)}_u )_{ij} = −( + C_l + h^L_1 )_{ij} (9)

with

(h^{L,R}_a )_{ij} = √ 3 2 1 η sin β (M_{Qa} K^{L,R}_a − K^{R,L}_a M_{la} )_{ij} , (10) where (M_{fa} )_{ij} = m_{fia} δ_{ij} are the diagonal mass matrixes of quarks and leptons, f_{ia} = Q_{ia}, l_{ia}, K^{L,R}_a = (A^{L,R}_{Qa} )^†A^{L,R}_{la} are the mixing matrixes specific for the model with the four color quark-lepton symmetry, β is the angle of the mixing of the (1,2,1)-doublet Φ^{(2)} with the 15th scalar doublet Φ^{(3)}_{15} of the (15, 2, 1)– multiplet Φ^{(3)}, tan β = η_3/η_2, η_2 and η_3 are the VEVs of the Φ^{(2)} and Φ^{(3)} multiplets, η = √ η^2 + η^2_3 is the SM VEV.

From the formulas (6) - (9) we obtain the responsible for the t-quark decays (1), (2) interactions of scalar leptoquarks (4), (5) with quarks and leptons in the form

L_S(+)_{1 Q1l2} = Q̄_{i1α} [ h^L_{ij} P_L + h^R_{ij} P_R ] l_{j2}S^{(+)}_{1α} + h.c., (11) L_{Sm Qala} = Q̄_{iaα} [ (h^L_{am})_{ij} P_L + (h^R_{am})_{ij} P_R ] l_{ja}S_{mα} + h.c., (12) with

(h^L)_{ij} = (h^L_1 C_l)_{ij} , (h^R)_{ij} = −(C_Qh^R_2 )_{ij} , (h^{L,R}_{am} )_{ij} = −(h^{L,R}_a )_{ij} c^{L,R}_{am} , (13) where the matrixes h^{L,R,}_a are given by eq. (10), c^{L,R}_{1m} = c^{(±)}m , c^{L,R}_{2m} = c^{(∓)}m , c^{(±)}m are the elements of the scalar leptoquark mixing matrix in (5) and P_{L,R} = (1 ± γ_5)/2 are the left and right projection operators.

The interactions (11), (12) induce in the tree approximation the t-quark decays t → u_i l^+_j l^−_k , (14) t → u_i ν̃_j ν_k (15) with the production of the up quarks u_i = (u, c), i = 1, 2 according to the diagrams on Fig.1 We have calculated the widths of the decays (14), (15) with neglect of the final fermion masses m_{ui} , m_{lj} , m_{νk} ≪ m_t, m_S(+)_1 , m_{Sm} (16)

and assuming that m_S(+)_1 , m_{Sm} > m_t . (17)

The widths of the decays (14) are discribed by the diagram of Fig.1(a) and can be written in the form Γ(t → u_i l^+_j l^−_k ) = m_tH_{ij} H_{3k} · f_1(μ_S(+)_1 )/128(2π)^3 , (18)

where H_i′_j = |h^L_i′_j |^2 + |h^R_i′_j |^2 , i^′, j = 1, 2, 3 , (19)

f_1(μ) = 6μ^2 − 5 − 2(μ^2 − 1)(3μ^2 − 1) ln μ^2 μ^2 − 1

(20)

and μ_S(+)_1 = m_S(+)_1 /m_t . One can see from (13), (10) that the widths (18), (19) are the largest ones for the heaviest final quark u_2 = c and the corresponding largest coupling constants entering the equation (18), (19) can be approximately written as h^L_i′_j ≈ √ 3 2 m_{ui′} η sin β

(K^L_1 C_l)_i′_j , i^′ = 2, 3, m_{ui′} = m_c, m_t (21)

(the coupling constants h^R_{ij} are suppressed by the non-diagonal matrix element of CKM matrix C_Q). As a result the widths (18), (19) for the decays (1) are simplified and take the form

Γ(t → c l^+_j l^−_k ) = m_t γ_{tc} sin^4 β k_{2j} k_{3k}f_1(μ_S(+)_1 ) , (22) where γ_{tc} = 9 512(2π)^3 · m^2_t m^2_c η^4

, (23)

k_i′_j = |(K^L_1 C_l)_i′_j |^2 , i^′, j = 1, 2, 3 . (24)

The eq. (22) predicts the t → c l^+_j l^−_k decays with the production of the generation diagonal charged lepton pairs e^+e^−, μ^+μ^−, τ^+τ^− as well as of the non-diagonal ones such as e^+μ^−, μ^+e^−, e^+τ^−, . . . in dependence on the fermion mixing parameters k_{2j} , k_{3k} . Summarizing the partial widths (22) over the generation indexes and using the unitarity of the matrixes K^L_1 , C_l we obtain the total width of the charged lepton mode

Γ(t → c l^{+′} l^−) = ∑ j,k Γ(t → c l^+_j l^−_k ) = m_t γ_{tc} sin^4 β f_1(μ_S(+)_1 ) (25)

which is fermion mixing independent and includes all the decays with the production of the every possible charged lepton pairs both the diagonal and non-diagonal ones. In particular case of the zero fermion mixing (K^L_1 C_l = I) the total width (25) is saturated by the non-diagonal decay t → c μ^+ τ^− which is in this case the only allowed decay of type (1).

The widths of the decays (15) described by the diagram of the Fig. 1(b) are calculated with account of (12) and can be written in the form

Γ(t → u_i ν̃_j ν_k ) = m_t ∑ m,n H^{mn}_{ij} H^{mn}_{3k} · f_2(μ_{Sm} , μ_{Sn} )/128(2π)^3 , (26)

where

H^{mn}_i′_j = (h^L_{1m})_i′_j (h^L_{1n})^∗_i′_j + (h^R_{1m})_i′_j (h^R_{1n})^∗_i′_j , i^′, j = 1, 2, 3 , (27)

f_2(μ_1, μ_2) = 2(μ^2_1 + μ^2) − 3 − 2 μ^2_1(μ^2_1 − 1)^2 μ^2_1 − μ^2 ln μ^2_1 μ^2_1 − 1 −2 μ^2(μ^2 − 1)^2 μ^2 − μ^2_1 ln μ^2 μ^2 − 1

(28)

and μ_{Sm} = m_{Sm} /m_t . Keeping in (13), (10) only the largest terms proportional to m_t and m_c (h^{L,R}_{1m} )_i′_j ≈ − √ 3 2 m_{ui′} η sin β

(K^{L,R}_1 )_i′_j c^{(±)}_m , i^′ = 2, 3, m_{ui′} = m_c, m_t (29) we obtain from (26), (27) the widths of the decays (2) in the form

Γ(t → c ν̃_j ν_k) = m_t γ_{tc} sin^4 β 3∑ m,n=1 k^{mn}_{2j} k^{mn}_{3k} f_2(μ_{Sm} , μ_{Sn} ) , (30)

where

k^{mn}_i′_j = |(K^L_1 )_i′_j |^2c^{∗(+)}_m c^{(+)}_n + |(K^R_1 )_i′_j |^2c^{(−)}_m c^{∗(−)}_n , i^′, j = 1, 2, 3 , (31)

and γ_{tc} is defined by the eq. (23).

Summarizing the partial widths (30) over the generation indexes and accounting the unitarity of the matrixes K^{L,R}_1 we obtain the total width of the neutrino mode Γ(t → c ν̃^′ν) = ∑ j,k Γ(t → c ν̃_j ν_k) = m_t γ_{tc} sin^4 β 3∑ m,n=1 k^{mn}f_2(μ_{Sm} , μ_{Sn} ) (32)

which is fermion mixing independent and contains the parameters k^{mn} = (c^{(+)}m c^{∗(+)}n + c^{(−)}m c^{∗(−)}n )^2 depending on the scalar leptoquark mixing (5). The expression (32) can be simplified in the particular case of the scalar leptoquark mixing (5) with c^{(±)}_3 = 0 when S^{(+)}_2 and ∗ S^{(−)}_2 are approximately the superpositions of two physical scalar leptoquark S_1 and S_2 (the small admixture of the Goldstone mode can be neglected because of the smallness of c^{(±)}_0 ). In this case k^{mn} ≈ δ_{mn} for m, n = 1, 2 and the width (32) takes the form Γ(t → c ν̃^′ν) = m_t γ_{tc} sin^4 β

[f_1(μ_{S1} ) + f_1(μ_{S2} )] , (33)

here the relation f_2(μ, μ) = f_1(μ) has been taken also into account.

The widths (25), (33) depend on the masses m_S(+)_1 , m_{S1} , m_{S2} of the scalar

leptoquarks and on the Φ^{(2)} − Φ^{(3)}_{15} mixing angle β.

The current data on the direct search for the leptoquarks set the lower mass limits [23]

m_{LQ} > 242 GeV, 202 GeV, 148 GeV (34)

for the scalar leptoquarks of the first, of the second and the of third generation respectively. As mentioned above the scalar leptoquarks m_S(+)_1 , m_{S1} , m_{S2} couple most intensively with t-quark. In the case (17) they will decay predominantly into t l̃_{ja} pairs and should be regarded as the third generation ones. In this case the condition (17) is consistent with lower experimental limit 148 GeV in (34) and we use (17) when choosing the lower scale leptoquark masses in (25), (33). With account of the total width of t-quark Γ^{tot}_t ≈ Γ(t → bW ) ≈ 1.56 GeV we obtain from (25), (33) that

Br(t → c l^{+′} l^−) = (5.7 · 10^{−8} − 0.6 · 10^{−8} − 0.7 · 10^{−9})/ sin^4 β , (35) Br(t → c ν̃^′ ν) = (11.3 · 10^{−8} − 1.2 · 10^{−8} − 1.4 · 10^{−9})/ sin^4 β (36)

for m_S(+)_1 , m_{S1} , m_{S2} = 180 − 250 − 400 GeV .

The mixing angle β enters into the coupling constants (13), (10) and we restrict it by the smallness of the pertubation theory parameter

(h^{S,P} )^2/4π < 1 , (37)

where h^{S,P} = (h^L ± h^R)/2 are the scalar and pseudoscalar coupling constants and h^{L,R} are the chiral coupling constants (13), (10). With account of the t-quark chiral coupling constants in (21), (29) as of the largest ones the condition (37) gives that sin β > 0.12.

The Fig.2 shows the branching ratio Br(t → c l^{+′} l^−) of the charged lepton mode as the function of the scalar leptoquark mass m_S(+)_1 = 180 − 300 GeV for a) sin β = 0.15, b) sin β = 0.2 and c) sin β = 0.25. The corresponding branching ratios Br(t → c ν̃^′ ν) of the neutrino mode for m_{S1} = m_{S2} = 180 − 300 GeV are twice as large as those of the charged lepton mode.

As is seen from the Fig.2 in all three cases a), b) and c) there is the mass region with Br(t → c l^{+′} l^−) ∼ 10^{−5}. For example for sin β = 0.2 from Fig.2-b and from (35), (36) we obtain

Br(t → c l^{+′} l^−) = (3.5 − 0.4) · 10^{−5}, (38) Br(t → c ν̃^′ ν) = (7.1 − 0.8) · 10^{−5} (39)

for m_S(+)_1 , m_{S1} , m_{S2} = 180 − 250 GeV. As is seen the branching ratios of the decays under consideration occur to be of the same order as the sensitivity of LHC to the t → cX decays Br(t → cX) > 5 · 10^{−5} [1, 2, 12, 24].

It would be of interest to estimate the sensitivity of LHC to the decays (1). It can be performed in an order-of-magnitude manner by using the studies [25, 26] of LHC sensitivity to the decays t → c Z → c l^+l^−, (40) where l^+l^− are both e^+e^− and μ^+μ^− pairs.

The decays (1) together with the decays

t̃ → c̃ l^+_j l^−_k (41)

(the widths of the decays (41) differ from (22) by the transmutations j ↔ k of the indices in the mixing parameters) can manifest themselves at LHC through the processes p + p → tt̃ → { (c l^+_j l^−_k )(W^−b̃) → (c l^+_j l^−_k )(jjb̃) (W^+b)(c̃ l^+_j l^−_k ) → (jjb̃)(c̃ l^+_j l^−_k ) } = c^′l^+_j l^−_k jjb^′, (42)

where one of the quarks (t or t̃) decays according to (1) or (41) whereas the other one (t̃ or t) decays in the standard way followed by the W^∓ → jj decays into two hadron jets. Although the case with leptonic decay modes W → lν_l is more sensitive [25, 26] to the decays (40) we use here for the analysys of the t → c l^+_j l^−_k decays the case with hadronic decays W^∓ → jj as the more simple one. In this case the final states are c^′l^+_j l^−_k jjb^′ with c^′ = c, c̃ and b^′ = b̃, b and the experimental signature includes, therefore, two charged leptons (in general, of different generations) and four energetic jets.

For the generation diagonal signal process

p + p → tt̃ → c^′l^+l^−W b^′ → c^′l^+l^−jjb^′ → l^+l^− + 4jets

with l^+l^− = e^+e^−, μ^+μ^− the dominant backgrounds are the same as for the process (40)

p + p → Z + jets → l^+l^− + jets, p + p → ZW → l^+l^− + jets, p + p → tt̃ → W^+bW^−b̃ → l^+ν_lbl^−ν̃_lb̃ → l^+l^− + jets.

For the expected number of the signal events N^s_{l+l−} = N^s_{e+e−} + N^s_{μ+μ−} and for the background ones we obtain the estimations

N^s_l+_l− = 1.1 · 10^7 · Br(t → c l^+l^−),

N^b_l+_l− (Z + jets) = 5.7 · 10^6, N^b_l+_l− (ZW ) = 1.3 · 10^4, N^b_l+_l− (tt̃) = 1.9 · 10^5 for the expected LHC cross sections σ_t~_t = 833pb, σ_{Zj} = 8478pb, σ_{ZW} = 28pb [26] and for the integrated luminosity L = 10fb^{−1}, here and below Br(t → c l^+l^−) = Br(t → c e^+e^−) + Br(t → c μ^+μ^−).

To reduce the backgrounds one can use , in part, the cuts which have been used for estimations of the sensitivity of LHC to the decay (40). In the Table 1 we show the cuts which have been used in ref. [26] in analysys of the events tt̃ → cZW b → l^+l^− + 4jets for the reconstraction of t → cZ decays. We also show the relative efficiencies ε̃^s, ε̃^b of each cut for signal and backgrounds, which we have evaluated by using the results of ref. [26] where the detailed descriptions of the cuts can be also found.

Table 1: Cuts used for reducing the backgrounds to the signal events a) tt̃ → cZW b → l^+l^− + 4jets [26], b) tt̃ → cl^+l^−W b → l^+l^− + 4jets and c) tt̃ → ceμW b → eμ + 4jets. l^+l^− includes both e^+e^− and μ^+μ^− pairs, eμ includes both e^−μ^+ and e^+μ^− ones. The relative efficiencies ε̃ are evaluated with using the results of ref. [26]. The last two column mark the cuts used in the cases b) and c).

All the cuts are applicable to the analysis of the events tt̃ → c^′l^+l^−W b^′ → l^+l^− + 4jets except the m_Z cut. This cut requires the invariant mass of lepton pair to be near m_Z (within 4 GeV of m_Z ) and it is not suitable for the decays t → c l^+l^−. Assuming that after excluding the m_Z cut the relative efficiencies of the remaining six cuts are unchanged and multiplying them we obtain the resulted efficiency ε^s_{l+ l−} = 5.0 · 10^{−3} for the signal events and ε^b_{l+l−} = ε^b_{l+l−} (tt̃) = 5.4 · 10^{−5} for the background ones. As a result of these cuts we can expect n^s_l+_l− = ε^s_l+_l− N^s_l+_l− = 5.6·10^4 ·Br(t → c l^+l^−) signal events and n^b_{l+ l−} = n^b_{l+ l−} (tt̃) = ε^b_{l+l−} (tt̃)N^b_{l+l−} (tt̃) ≈ 10 background ones. Taking for the signal significance s_l+_l− = n^s_{l+ l−} / √ n^b_{l+l−} the value s_l+_l− = 5 we obtain the expected sensitivity of LHC to the t → c l^+l^− decays

Br(t → c l^+l^−) > 3 · 10^{−4} (43)

at 5σ level for L = 10fb^{−1}.

For comparison, in the case of hadronic W decay modes W^∓ → jj the sensitivity of LHC to the decay t → c Z is Br(t → c Z) > 1.7 · 10^{−3} [26] for L = 10fb^{−1}, which corresponds to the sensitivity Br(t → c Z → c l^+l^−) > 1.1 · 10^{−4} to the decays (40). As is seen, the sensitivity (43) is approximately by a factor three worse than that for the decay (40).

For the nondiagonal signal process p + p → tt̃ → c^′eμW b^′ → c^′eμjjb^′ → eμ + 4jets where eμ are both e^−μ^+ and e^+μ^− pairs the dominant background is given only by the process p + p → tt̃ → W^+bW^−b̃ → (e^+ν_eb)(μ^−ν_μb̃) + (μ^+ν_μb)(e^−ν_eb̃) → eμ + jets. For numbers N^s_{eμ} = N^s_{e− μ+} + N^s_{e+ μ−} and N^b_{eμ} = N^b_{eμ}(tt̃) of the signal and background events we have the estimations

N^s_{eμ} = 1.1 · 10^7 · Br(t → c eμ), N^b_{eμ} = 1.9 · 10^5, where Br(t → c eμ) = Br(t → c e^−μ^+) + Br(t → c e^+μ^−). In the case of eμ pairs the m_Z cut should be excluded, in addition, the third cut and the seventh one (see the Table 1) can be also excluded because these two cuts are suitable for reducing the Zj background which is absent in the case of eμ events. Assuming the relative efficiencies of the remaining four cuts to be unchanged and multiplying them we obtain the resulted efficiencies ε^s_{eμ} = 5.9 · 10^{−2}, ε^b_{eμ} = ε^b_{eμ}(tt̃) = 5.7 · 10^{−4} and the corresponding numbers n^s_{eμ} = ε^s_{eμ}N^s_{eμ} = 6.6 · 10^5 · Br(t → ceμ), n^b_{eμ} = ε^b_{eμ}N^b_{eμ} ≈ 108 of the signal and background events. As a result for the signal significance s_{eμ} = 5 we can expect the LHC sensitivity to the t → ceμ decay

Br(t → ceμ) > 8 · 10^{−5} (44)

at 5σ level for L = 10fb^{−1}.

The approximate estimations (43), (44) relate to the case of hadronic W decay modes W^∓ → jj and correspond to an integrated luminosity

L = 10fb^{−1}. These estimations can be improved approximately by order of magnitude

Br(t → c l^+l^−) ≳ 10^{−5}, Br(t → ceμ) ≳ 10^{−6} (45)

for L = 100fb^{−1} and, possibly, the further improvement can be achieved by accounting the leptonic W decay modes W → lν_l.

As is seen the branching ratios (38), (39) are of the same order as the expected sensitivities (45) of LHC to the decays t → c l^+l^− and t → c eμ. The search for these decays at LHC (especialy for the decays of t → c eμ type having the more clean signature) may be of interest. The detection of such decays would be the clear sign of the new physics, possibly, induced by the four color symmetry between quarks and leptons.

It should be noted that for the masses 180 - 300 GeV the leptoquarks can be directly produced at LHC and by the additional studies of their decay modes, branching ratios etc. it will be possible to to clean up the origin of the observed leptoquarks. In this situation the detection of the t → c l^+_j l^−_k decays could be an additional argument in favour of the scalar leptoquarks discussed in this paper. It is worth noting that the non-diagonal decays of t → c l^+_j l^−_k type are also predicted in the general two Higgs doublet model but with the essentially less branching ratios, for example with Br(t → c τ^−μ^+) ∼ 10^{−8} as the largest one [27].

In conclusion we resume the results of the work. The rare t-quark decays t → c l^+_j l^−_k , t → c ν̃_j ν_k induced by the scalar leptoquark doublets are investigated in the minimal four color symmetry model with the Higgs mechanism of the quark-lepton mass splitting. The partial widths Γ(t → c l^+_j l^−_k ) and Γ(t → c ν̃_j ν_k) of these decays are calculated in tree approximation and the total width of the charged lepton mode Γ(t → c l^{+′} l^−) = ∑ j,k Γ(t → c l^+_j l^−_k ) and the neutrino one Γ(t → c ν̃^′ ν) = ∑ j,k Γ(t → c ν̃_j ν_k) are found in the fermion mixing independent form. The corresponding branching ratios Br(t → c l^{+′} l^−), Br(t → c ν̃^′ ν) are shown to be of order of 10^{−5} for the scalar leptoquark masses m_S(+)_1 , m_{S1} , m_{S2} = 180 − 250 GeV and for sin β ≈ 0.2, β

is the Φ^{(2)} − Φ^{(3)}_{15} mixing angle of the model. These estimations are close to the possible sensitivity of LHC to these decays and the search for the decays t → c l^+_j l^−_k , t → c ν̃_j ν_k at LHC may be of interest.

Acknowledgments The work was partially supported by the Russian Foundation for Basic Research under grant 04-02-16517-a.

References

[1] R. Frey et al., FERMILAB-CONF-97-085, 1997; hep-ph/9704243. [2] M. Beneke M. et al., CERN-TH / 2000-100; hep-ph/0003033. [3] G. Eilam, J. L. Hewett, A. Soni, Phys. Rev. D44 (1991) 1473;

Erratum : ibid., D59 (1998) 039901.

[4] J.L. Hewett, T. Takeuchi, S. Thomas, In Electroweak Symmetry Breaking and New Physics at the TeV Scale, edited by T. Barklow et al. (World Scientific, Singapore, 1996); hep-ph/9603391.

[5] B. Mele, S. Petrarca, A. Soddu, Phys. Lett. B435 (1998) 401. [6] C.S. Li, R.J. Oakes, J.M. Yang, Phys. Rev. D49 (1994) 293; Erratum :

ibid., D56 (1997) 3156.

[7] J.M. Yang, C.S. Li, Phys. Rev. D49 (1994) 3412; Erratum : ibid., D51 (1995) 3974.

[8] G. Couture, C. Hamzaoui, H. König, Phys. Rev. D52 (1995) 1713. [9] G.M. de Divitiis, R. Petronzio, L. Silvestrini, Nucl. Phys.

B504 (1997) 45.

[10] J.L. Lopez, D.V. Nanopoulos, R. Rangarajan, Phys. Rev.

D56 (1997) 3100.

[11] G. Couture, M. Frank, H. König, Phys. Rev. D56 (1997) 4213. [12] J. Guasch, J. Sola, Nucl. Phys. B562 (1999) 3; hep-ph/9906268. [13] D. Atwood, L. Reina, A. Soni, Phys. Rev. D55 (1997) 3156. [14] S. Bejar, J. Guasch, J. Sola, Nucl. Phys. B600 (2001) 21;

hep-ph/0011091.

[15] J.A. Aquilar-Saavedra, B.M. Nobre, Phys. Lett. B553 (2003) 251;

hep-ph/0210360.

[16] J.C. Pati, A. Salam, Phys. Rev. D10 (1974) 275. [17] A.D. Smirnov, Phys. Lett. B346 (1995) 297.

[18] A.D. Smirnov, Yad. Fiz. 58 (1995) 2252;

Phys. At. Nucl. 58 (1995) 2137.

[19] A.V. Povarov, A.D. Smirnov, Yad. Fiz. 64 (2001) 78;

Phys. At. Nucl. 64 (2001) 74.

[20] A.D. Smirnov, Phys. Lett. B531 (2002) 237. [21] A.V. Povarov, A.D. Smirnov, Yad. Fiz. 66 (2003) 2259;

Phys. At. Nucl. 66 (2003) 2208.

[22] W. Buchmüller, R. Rückl, D. Wyler Phys. Lett. B191 (1987) 442. [23] Particle Data Group, S. Eidelman et al., Phys. Lett. B592 (2004) 1. [24] J.A. Aquilar-Saavedra, G.C. Branco, Phys. Lett. B495 (2000) 347;

hep-ph/0004190.

[25] L. Chikovani, T. Djobava, ATLAS Notes ATL-PHYS-2001-007, 2001. [26] J. Dodd, S. McGrath, J. Parsons, ATLAS Internal Note ATL-COM- PHYS-99-039, 1999.

[27] E.O. Ultan, J. Turan, Phys. Rev. D67 (2003) 015004; hep-ph/0207087.

Figure captions

Fig. 1. The diagrams of the rare t-quark decays a) t → c l^+_j l^−_k and b) t → c ν̃_j ν_k via scalar leptoquarks S^{(+)}_1 and S_m, m = 1, 2, 3 of the MQLS-model.

Fig. 2. The branching ratio Br(t → c l^{+′} l^−) = ∑ j,k Br(t → c l^+_j l^−_k ) of the charged lepton mode as a function of the scalar leptoquark mass m_S(+)_1 for a) sin β = 0.15, b) sin β = 0.20, c) sin β = 0.25.

P.Yu. Popov, A.D. Smirnov, Modern Physics Letters A Fig. 1

P.Yu. Popov, A.D. Smirnov, Modern Physics Letters A Fig. 2