arXiv:hep-ph/0011142 10 Nov 2000

UG − FT − 115/00 hep − ph/0011142 November 2000

Top mixing in effective theories^∗

F. del Aguila and J. Santiago^a

a Departamento de Física Teórica y del Cosmos, Universidad de Granada. E-18071 Granada, Spain

We review how top mixing with light quarks constrains new physics beyond the Standard Model using the effective Lagrangian approach

1. Introduction

The top quark is expected to be the main probe to new physics beyond the Standard Model (SM) in forthcoming experiments. On one hand its couplings are not measured with high precision. They are known at the tens per cent level [ 1]. On the other hand, for example, the Large Hadron Collider (LHC) at CERN will be a top factory with more than 10^6 single and 10^7 pair produced top quarks per year. This will stand for a precision in the determination of the renormalizable V tq couplings, V = W, Z, of ∼ 1% [ 1], more than one order of magnitude better than present accuracy. If the new amplitudes scale with the masses involved in the process, the effective top coupling with the charm quark would be^{mt}_{mb} ·^{mc}_{ms} ∼ 400 times larger than the bottom coupling to the strange quark, and then a probe all these times more efficient. Hence it is important to know which new physics can show up at the top and how to discriminate among the different SM extensions.

Our knowledge of the top properties and the precision to be reached in the near future have been revised in detail in Ref. [ 1] recently. In the following we present the effective Lagrangian description of top mixing and justify why extra vector-like quarks can induce its largest values [ 2]. We then evaluate the new couplings for the simplest case of an extra quark isosinglet of

�Presented at the 5th Zeuthen Workshop on Elementary Particle Theory “Loops and Legs in Quantum Field Theory”, Bastei/Königstein, Germany, April 9-14, 2000

charge^2_3 , T_{L,R}, and comment on the experimental limits.

2. Effective Lagrangian descripiton of top mixing

In order to describe new physics beyond the SM in a model-independent way we must use an effective Lagrangian [ 3]. Assuming the validity of the SM at the electroweak scale and then that only the SM fields are light, the effects of any SM gauge extension, including the possibility of extra dimensions at the TeV scale, are parametrized by the most general effective Lagrangian involving the SM fields and preserving the SM symmetries. Imposing the almost exact baryon and lepton number conservation such a Lagrangian has been written down up to dimension 6 terms [ 4],

Leff = L_4 + 1 Λ^2

L_6 + . . . . (1)

The lowest order part L_4 containing all renormalizable terms is fixed by the SM. There is no dimension 5 operator allowed by the symmetries; whereas without taking into account flavour indices there are 81 independent dimension 6 operators contributing to L_6, 40 of them involving quarks of charge^2_3 .

Leff should give a good quantitative description of the 1% SM deviations, which is the size of the top mixing V tq experimentally testable [ 1]. However this Lagrangian compares with experiment only after electroweak Spontaneous Symmetry Breaking (SSB). Thus L_6 gives contributions

Table 1 Dimension 6 operators contributing to renormalizable V tq couplings after SSB.

O^{(1)}_{ϕq} = (ϕ^†iD_μϕ)(q̄γ^μq) O_{ϕu} = (ϕ^†iD_μϕ)(ūγ^μu) O_{ϕW} =^1_2 (ϕ^†ϕ)W^I_{μν} W^{Iμν} O^{(3)}_{ϕq} = (ϕ^†τ^I iD_μϕ)(q̄γ^μτ^I q) O_{ϕϕ} = (ϕ^T ϵiD_μϕ)(ūγ^μd) O_{ϕB} =^1_2 (ϕ^†ϕ)B_{μν} B^{μν} O_{uϕ} = (ϕ^†ϕ)(q̄uϕ̃) O_{W B} = (ϕ^†τ^I ϕ)W^I_{μν}B^{μν} O_{dϕ} = (ϕ^†ϕ)(q̄dϕ) O^{(1)}_ϕ = (ϕ^†ϕ)(D_μϕ^†D^μϕ) O^{(3)}_ϕ = (ϕ^†D^μϕ)(D_μϕ^†ϕ)

to dimension 4 operators O(^{v2}_{Λ2} ) , with v the electroweak vacuum expectation value ∼ 246 GeV. There are also operators of dimension 5 O(^v_{Λ2} ) and the initial dimension 6 operators O(^1_{Λ2} ). Experimental strategies must be designed to disentangle the different contributions. The obvious way is to start with the simplest vertices. Hence we will concentrate on the corrected gauge couplings of dimension 4 describing the top mixing with light quarks [ 1]

L^{V tq}_4 = −g_st̄γ^μT^atG_{μa} − 2 3 et̄γ^μ tA_μ (2) − g √ 2 ∑ q=d,s,b t̄γ^μ(v^W_{tq} − a^W_{tq} γ_5)qW^+_μ + h.c. − g 2 cos θ_W t̄γ^μ (v^Z_{tt} − a^Z_{tt}γ_5)tZ_μ − g 2 cos θ_W ∑ q=u,c t̄γ^μ(v^Z_{tq} − a^Z_{tq}γ_5)qZ_μ + h.c.. The first two terms are fixed by the unbroken gauge symmetry SU (3)_C × U (1)_Q. The charged currents are modified v^W_{tq} , a^W_{tq} =^{Vtq}_2 (1 + O(^{v2}_{Λ2} )), where V_{tq} is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [ 5], receiving corrections of order v2 Λ2 . The neutral currents are similarly modified v^Z_{tt} =^1_2 −^4_3 sin^2 θ_W + O(^{v2}_{Λ2} ), a^Z_{tt} =^1_2 + O(^{v2}_{Λ2} ) and v^Z_{tq}, a^Z_{tq} = O(^{v2}_{Λ2} ).

These non-standard contributions come from the L_6 operators in Table 1. We follow the notation in Ref. [ 4] where q stands for lefthanded (LH) doublets and u and d for the righthanded (RH) singlets, ϕ is the scalar doublet, W^I_{μν} , B_{μν} are the usual SU (2)_L and U (1)_Y gauge field strengths and D_μ is the covariant derivative.

Other L_6 operators involving the top quark do not contribute to L^{V tq}_4 at this order. As a matter of fact O_{dϕ} does not contribute to this order either. It redefines the down quark mass eigenstates, but this redefinition can be reabsorbed in the CKM matrix. On the other hand the operators O_{ϕW,ϕB,W B} , O^{(1,3)}_ϕ give flavour independent corrections. They redefine the gauge couplings which are known to fulfil the SM relations to an accuracy better than 1% [ 6]. Hence, in practice we are only interested in O^{(1,3)}_{ϕq} , O_{uϕ,ϕu,ϕϕ}. O_{uϕ} corrects the up quark mass matrix, although its diagonalization does not modify the couplings in Eq. 2 at order^{v2}_{Λ2} . Hence the corrections to the W and Z couplings come only from O^{(3)}_{ϕq} for charged LH couplings; from O_{ϕϕ} for charged RH couplings; from O^{(1,3)}_{ϕq} for neutral LH couplings and from O_{ϕu} for neutral RH couplings.

The size of the different corrections is dictated by the coefficients of the relevant L_6 operators, which depend on the specific SM extension. Then one must wonder what new physics can produce large top mixing. The order of magnitude of these coefficients is fixed in order to reproduce, for instance, the branching ratios of t → Z q, q = u, c, in the full theory. Their small value for the two Higgs model and for the supersymmetric models (see Table 2) implies uninterestingly small L_6 coefficients for these two cases. On the contrary the allowed values in Table 2 for simple SM extensions with exotic vector-like quarks make important to discuss this possibility. Thus in the following section we integrate out the simplest SM extension with an extra quark isosinglet T_{L,R} as an example.

Table 2 Top quark flavour changing branching ratios for the SM, the two Higgs (2H) model, supersymmetric models (SUSY) without ̸R and with R parity breaking and the SM extensions with exotic vector-like quarks [ 1]. The branching ratio is defined as B =^Γ_{1.56GeV}.

SM 2H SUSY ( ̸R,R) Exotic quarks B(t→qZ) ∼ 10^{−13} ∼ 10^{−6} ∼ 10^{−4}, 10^{−8} ∼ 10^{−2}

It is worth before, however, to note that large top mixing can be induced by new vector-like quarks and only by them. In Ref. [ 7] it was shown that large L_6 coefficients mean operators generated by tree level integration of heavy modes and this implies for L^{V tq}_4 heavy fermions or heavy gauge bosons. As the mixing of the SM gauge bosons is known to be typically small [ 6], we are left with heavy vector-like quarks as the only possibility [ 2].

3. A simple example: one extra quark isosinglet T_{L,R}

The simplest SM extension with large top mixing results from the addition of only one charge 2 3 quark isosinglet T_{L,R} to the SM. In this renormalizable model the mixing of the new vectorlike quark with the SM quarks violates the GIM mechanism introducing tree level Flavour Changing Neutral Currents (FCNC). This extension is so simple that it is easier to work in the full theory in this particular case, but it will be instructive to use the effective Lagrangian formalism to guide the analysis of more complicated cases. The complete integration of the general case will be given elsewhere [ 2].

Let us assume without loss of generality canonical covariant derivative terms, diagonal SM Yukawa couplings λ_iq̄_iu_iϕ̃ + h.c., mixing Yukawa terms λ^′_iq̄_iT_Rϕ̃ + h.c. and a heavy mass term M T̄_LT_R + h.c., where λ_i and M are real and λ^′_i are in general complex. Then the integration of T generates only new LH currents, i.e. only O^{(1,3)}_{ϕq} get non-zero contributions. Now Λ = M . After SSB O^{(1,3)}_{ϕq} give the L^{V tq}_4 corrections of order^{v2}_{M2} through diagram (a) in Figure 1

L^{W tq}_4 = − g √ 2 W^+_μ A_{jk}ū^j_Lγ^μd^k_L + h.c., (3)

L^{Ztq}_4 = − g 2 cos θ_W Z_μ(B_{jk}ū^j_Lγ^μu^k_L −d̄^i_Lγ^μd^i_L − 2 sin^2 θ_W J^μ_{EM} ), (4)

where A_{jk} = ( δ_{jl} + m^′_j m^{′∗}_l M^2 m^2_j (−)^{δjl} m^2_l − m^2_j ) V_{lk}, (5)

B_{jk} = δ_{jk} − m^′_j m^{′∗}_k M^2

, (6)

and m_i = v^{λi√}_2 and similarly m^′_i = v^{λ0i√}_2 . The star stands for complex conjugation.

+ +

(a)

+ + ×

(b)

Figure 1. L_6 contributions after SSB to the dimension 4 effective Lagrangian L^{V tq}_4 .

× ×

(a)

× ×

(b)

Figure 2. Quark isosinglet contributions to the dimension 4 effective Lagrangians L^{W tq}_4 , L^{Ztq}_4 .

In the full theory the contributions from diagram (a) in Figure 2 correspond to a part of the contribution depicted by diagram (a) in Figure 1. The other part results from diagram (b) in Figure 2. This second diagram gives a^{v2}_{M2} correction to ū^i_L ̸∂u^j_L, where the arrow in the diagram stands for the derivative. Then using the equations of motion in order to compare with the L_6 contributions in Figure 1, ∂̸u^j_L is replaced by a mass term, which will match with the contribution of diagram (b) in Figure 1, and the remaining gauge terms in the covariant derivative, which will complete the matching with diagram (a) in Figure 1.

When confronted to experiment this simple model allows for a large top mixing, in particular for instance |B_{tc}| = | | |^{m0tm0�c}_M2 | | | ≤ 0.082 [ 8]. This is almost one order of magnitude larger than the expected precision at LHC, which corresponds to the branching ratios in Table 3 [ 1].

Table 3 Experimental limits expected at LHC for the top quark flavour changing branching ratios.

q=u q=c Br(t→qZ) 10^{−4} 10^{−4}

REFERENCES

1. M. Beneke et al., hep-ph/0003033. 2. F. del Aguila, M. Pérez-Victoria and J. Santiago, hep-ph/0007160; hep-ph/0007316.

3. A. Dobado, A. Gómez-Nicola,A. L. Maroto and J. R. Peláez, “Effective Lagrangians for the Standard Model,” Springer (1996).

4. W. Buchmuller and D. Wyler, Nucl. Phys.

B268 (1986) 621.

5. N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

6. M. Martinez, R. Miquel, L. Rolandi and R. Tenchini, Rev. Mod. Phys. 71 (1999) 575. C. Caso et al., Eur. Phys. J. C3 (1998) 1.

7. C. Arzt, M. B. Einhorn and J. Wudka, Nucl.

Phys. B433 (1995) 41 [hep-ph/9405214]. C. Arzt, Phys. Lett. B342 (1995) 189 [hepph/9304230].

8. F. del Aguila, J. A. Aguilar-Saavedra and R. Miquel, Phys. Rev. Lett. 82 (1999) 1628 [hep-ph/9808400].