arXiv:0908.3581v2 [hep-ph] 12 Mar 2012

Z_L associated pair production of charged Higgs bosons in the littlest Higgs model at e^+e^− colliders

A. Çag̃ıl^∗, M. T. Zeyrek^†

Department of Physics, Middle East Technical University, 06531 Ankara, Turkey

The production of single and doubly charged Higgs bosons associated with standard model gauge boson ZL in e^+e^− colliders are examined. The sensitivity of these processes on the littlest Higgs model parameters in the range of compatibility with electroweak precision observables are analyzed. The possibility of detecting lepton flavor violation processes are also discussed.

PACS numbers: 12.60.-i,13.66.Fg,13.66.Hk,14.80.Cp

I. INTRODUCTION

One of the unsolved problems of the Standard Model(SM) is the hierarchy problem. The little Higgs models[1–4] are introduced to solve the hierarchy problem by stabilizing the Higgs mass by a collective symmetry breaking mechanism due to the cancelation of divergent loops by appearance of new particles as a consequence of extra symmetries. The phenomenology of the little Higgs models are widely discussed in literature (for reviews see [5– 7]), and constraints on little Higgs model parameters are studied [8–13]. The little Higgs models are also expected to give new significant signatures in future high energy colliders and studied in references [14–17], due to the new particles which are predicted by these models. Also the Z_L associated production of SM Higgs boson at e^+e^− colliders in the framework of the littlest Higgs model is studied in [18, 19]

In this work we examined the production of single and doubly charged scalars associated with Z_L boson at future linear e^+e^− colliders, namely, International Linear Collider (ILC) [20] and Compact Linear Collider (CLIC) [21] in the context of littlest Higgs model[1]. We examined the dependance of total and differential cross sections of the processes to the littlest Higgs model parameters at the range allowed by electroweak presicion measurements. Also we analyzed the decays of scalars in the context of lepton flavor violation. We found that the production rates of the single charged scalar pairs associated with Z_L are less than the Z_L associated production of doubly charged scalars, but both channels will be achieved at e^+e^− colliders at √ s ≥ 2T eV . The layout of this paper is as follows: In section 2 first we give a brief review of the littlest Higgs model and then we calculate the pair production of charged scalars at e^+e^− colliders. In this section we also calculate the total and differential cross sections of the productions of charged scalars with Z_L. Section 3 contains our numerical results and discussions.

II. THEORETICAL FRAMEWORK

Before examining the pair production of charged scalars with Z_L, we introduce a few words on the littlest Higgs model based on reference [6]. In the littlest Higgs model global symmetry SU(5) is broken spontaneously to SO(5) at an energy scale f ∼ 1T eV leaving 14 nambu goldstone bosons(NGB) corresponding to broken symmetries represented by the goldstone boson matrix of non linear sigma model (nlsm) such as:

Π(x) = 14∑ a=1 Π^a(x)X^a (1)

∗ email:e110635@metu.edu.tr † email:zeyrek@metu.edu.tr

where X^a are broken generators of SU(5). The vacuum bases triggering the symmetry breaking can be chosen as

Σ_0 =

0 0 11 0 1 0 11 0 0 , (2)

and the Σ field is defined as

Σ(x) = e^{iΠ/f} Σ_0e^{iΠ/f} = e^{2iΠ/f} Σ_0, (3)

and the effective lagrangian of the Σ field is:

L_Σ = f^2 8 Tr|D_μΣ|^2. (4)

In the littlest Higgs model SU(5) contains the gauged subgroup [SU(2)_1 ⊗ U(1)_1] ⊗ [SU(2)_2 ⊗ U(1)_2] of SU(5), defining the covariant derivative such as:

D_μΣ = ∂_μΣ − i 2∑ i=1 ( g_i(W_{μi}Σ + ΣW^T_{μi}) + g^′_i(B_{μi}Σ + ΣB^T_{μi}) ) , (5)

where B_{μi} and W_{μi} are the gauge fields, g^′_i and g_i are the corresponding couplings of U(1)_i and SU(2)_i respectively. The vev of Σ field in the lagrangian breaks (SU(2) ⊗ U(1))^2 symmetry to diagonal subgroup (SU(2) ⊗ U(1)) of SM. As a consequence symmetry breaking, gauge bosons gain mass by eating the four of the NGBs. The mixing angles between the SU(2) subgroups and between the U(1) subgroups are defined respectively as: s = g_2 √ g^2_1 + g^2

, s^′ = g^′_2 √ g^{′2}_1 + g^{′2}_2

. (6)

The usual electroweak symmetry breaking occurs by the vev of the Higgs potential written by Coleman Weinberg method for scalars. By EWSB vector bosons get extra mixings due to vacuum expectation values of h doublet and ϕ triplet. Again by diagonalizing the mass matrices, the final masses of vector bosons to the order of^{v2}_{f 2} are expressed as[6]:

M^2_W ±_L = m^2_w [ 1 − v^2 f^2 ( 1 6 + 1 4 (c^2 − s^2)^2 ) + 4 v^{′2} v^2 ] , M^2_W ±_H = f^2g^2 4s^2c^2 − 1 4 g^2v^2 + O(v^4/f^2) = m^2_w ( f^2 s^2c^2v^2 − 1 ) , M^2_{AL} = 0,

M^2_{ZL} = m^2_z [ 1 − v^2 f^2 ( 1 6 + 1 4 (c^2 − s^2)^2 + 5 4 (c^{′2} − s^{′2})^2 ) + 8 v^{′2} v^2 ] , M^2_{AH} = f^2g^{′2} 20s^{′2}c^{′2} − 1 4 g^{′2}v^2 + g^2v^2 x_H 4s^2c^2

= m^2_zs^2_w ( f^2 5s^{′2}c^{′2}v^2

− 1 + x_H c^2_w 4s^2c^2s^2_w ) , M^2_{ZH} = f^2g^2 4s^2c^2 − 1 4 g^2v^2 − g^{′2}v^2 x_H 4s^{′2}c^{′2}

= m^2_w ( f^2 s^2c^2v^2 − 1 − x_H s^2_w s^{′2}c^{′2}c^2_w ) , (7)

where m_w ≡ gv/2, m_z ≡ gv/(2c_w) and x_H =^5_2 gg^{′ scs′ c′(c2s′2 +s2 c′2)}

(5g^2 s^{′2} c^{′2}−g^{′2} s^2 c^2) . In these equations sw and cw are the usual

weak mixing angles:

s_w = g^′ √ g^2 + g^{′2}

, c_w = g √ g^2 + g^{′2}

. (8)

The parameters v and v^′ in equation 7, are the vacuum expectation values of scalar doublet and triplet given as; ⟨h^0⟩ = v/ √ 2 where v = 246GeV and ⟨iϕ^0⟩ = v^′ ≤^{v2}_{4f} , bounded by electroweak precision data. Also diagonalizing the mass matrix for scalars the physical states are found to be the SM Higgs scalar H, the neutral scalar ϕ^0, the neutral pseudo scalar ϕ^P , and the charged scalars ϕ^+ and ϕ^{++}. The masses of these scalars are degenerate, and in terms of Higgs mass can be expressed as: M_ϕ ≈ √ 2M_H f v . (9)

The scalar fermion interactions in the model are written in yukawa lagrangian preserving gauge symmetries of the model for SM leptons and quarks, including the third generation having an extra singlet, the T quark. In this work, leptons are charged under both U(1) groups, with corresponding hypercharges of Y_1 and Y_2. The restriction for Y_1 and Y_2 is that Y_1 + Y_2 should reproduce U(1)_Y hypercharge Y of SM, thus Y_1 = xY and Y_2 = (1 − x)Y can be written. Due to gauge invariance, x can be taken as 3/5[6, 13]. Also for light fermions, a Majorano type mass term can be implemented in yukawa lagrangian[22–25] which results in lepton flavor violation by unit two, such as:

L_{LF V} = iY_{ij} L^T_i ϕ C^{−1}L_j + h.c., (10)

where L_i are the lepton doublets ( l ν_l ) , and Y_{ij} is the yukawa coupling with Y_{ii} = Y and Y_{ij(i≠j)} = Y^′ . The values of yukawa couplings Y and Y^′ are restricted by the current constraints on the neutrino masses[26], given as; M_{ij} = Y_{ij} v^′ ≃ 10^{−10}GeV [22]. Since the vacuum expectation value v^′ has only an upper bound; v^′ < 1GeV , Y_{ij} can be taken up to order of unity without making v^′ unnaturally small.

In the littlest Higgs model the symmetry breaking scale f, and the mixing angles s, s^′ are not restricted by the model. These parameters are constrained by observables of electroweak presicion data[8–13]. For the values of the symmetry breaking scale 1T eV ≤ f ≤ 2T eV , mixing angles are in the range 0.75 ≤ s ≤ 0.99 and 0.6 ≤ s^′ ≤ 0.75, for 2T eV ≤ f ≤ 3T eV they have acceptable values in the range 0.6 ≤ s ≤ 0.99 and 0.6 ≤ s^′ ≤ 0.8, for 3T eV ≤ f ≤ 4T eV they are in the range 0.4 ≤ s ≤ 0.99 and 0.6 ≤ s^′ ≤ 0.85, and for the higher values of the symmetry breaking scale, i.e. f ≥ 4T eV , the mixing angles are less restricted and they are in the range 0.15 ≤ s ≤ 0.99 and 0.4 ≤ s^′ ≤ 0.9 [13].

After these preliminary remarks lets start to calculate the cross sections of the pair productions for the charged scalars with Z_L at e^+e^− colliders. In the littlest Higgs model there are four neutral vector bosons; the SM Z boson Z_L, massless photon A_L, and two new bosons Z_H and A_H . Their couplings to fermions are written as iγ_μ(g_{Vi} +g_{Ai} γ_5) where i = 1, 2, 3, 4 corresponds to Z_L, Z_H , A_H and A_L respectively. The couplings of gauge vector to electron positron pairs are given in table I, where e = √ 4πα, y_e =^3_5 for anomaly cancelations, x^{W ′}_Z = −^1_{2cw} sc(c^2−s^2) and x^{B′}_Z = −^5_{2sw} s^′c^′(c^{′2} − s^{′2}). It is seen that vector and axial vector couplings of SM Z_Le^+e^− vertex also gets contributions from littlest Higgs model. As a result total decay widths of SM vector bosons also gets corrections of the order^{v2}_{f 2} , since the decay widths of vectors to fermion couples are written as; Γ(V_i → ff̄) =^N_{24π} (g^2_V + g^2_A)M_{Vi} where N = 3 for quarks, and N = 1 for fermions. The total decay widths of the new vectors are given as [17]: Γ_{AH} ≈ g^{′2}M_{AH} (21 − 70s^{′2} + 59s^{′4}) 48πs^{′2}(1 − s^{′2}) , Γ_{ZH} ≈ g^2(193 − 388s^2 + 196s^4) 768πs^2(1 − s^2) M_{ZH} , Γ_{WH} ≈ g^2(97 − 196s^2 + 100s^4) 384πs^2(1 − s^2)

M_{WH} . (11)

The new scalars and pseudo scalars also contribute to the analysis done in this study. Since these new scalars have lepton flavor violating decay modes, their total widths will depend on the yukawa couplings Y_{ii} = Y and Y_{ij(i≠j)} = Y^′ if the flavor violating term in the yukawa lagrangian is considered. The decay widths of scalars are given as[22]:

Γ_ϕ ≈ v^{′2}M^3_ϕ 2πv^4 + 3 8π |Y |^2M_ϕ + 3 4π |Y^′|^2M_ϕ, (12)

where we neglected the decays into quarks since they are very small compared to other terms. The first term in the decay width proportional to |Y |^2 corresponds to decays into same family of leptons and the second term proportional to |Y^′|^2 correspond to the decays into different families. The branching ratios of scalars decaying to same family of leptons is denoted as BR[Y ] and to leptons of different flavor is BR[Y^′]. In this work the values of the yukawa mixings are taken to be 10^{−4} ≤ Y ≤ 1 and Y^′ ≤ 10^{−4}.

The Feynman diagrams for the Z_L associated scalar pair production processes are given in figure 1. The first ten of the Feynman diagrams in figure 1 are for the both processes e^+e^− → Z_Lϕ^+ϕ^− and e^+e^− → Z_Lϕ^{++}ϕ^{−−}. The last four ones only contribute to the associated production of single charged scalars. Now we present the amplitudes for these Feynman diagrams. The relevant Feynman rules for the vertices for single charged scalars are given in tables II, III and IV and for the doubly charged scalars in tables V and VI. The amplitudes for the associated production of doubly charged scalars are get by replacing the couplings with the primed ones. In the calculations of cross sections, terms are expanded up to order of v^2/f^2.

The first four Feynman diagrams contributing to both processes contain only the e^+e^−V_i vertices. The amplitudes for the first two diagrams in figure 1, are written as:

M_1 = ū[−p_2]iγ_μ(g_{V1} + g_{A1} γ_5)ϵ^μ[p_3] i ̸q q^2 iγ_ν g_{V4} u[p_1](i) g^{αν} q^{′2} iE^{ϕϕ}_4 (p_4 − p_5)_α, (13) i vertices gV_i gA_i 1 eēZL −^g_{2cw} { (−^1_2 + 2s^2_w ) −^{v2}_{f 2} [ −cw x^{W ′}_Z c/2s −^g_{2cw} {_1 2 −^{v2}_{f 2} [ cw x^{W ′}_Z c/2s +^{swxB} ′ Z s′c′ ( 2ye −^9_5 +^3_2 c^{′2} )]} +^{sw xB} ′ Z s′ c′ ( −^1_5 +^1_2 c^{′2} )]} 2 eēZH −gc/4s gc/4s 3 eēAH^{g′}_{2s′ c′} ( 2ye −^9_5 +^3_2 c^{′2} )_{g′} 2s′ c′ ( −^1_5 +^1_2 c^{′2} ) 4 eēAL e 0 TABLE I: The vector and axial vector couplings of eē with vector bosons. Feynman rules for eēVi vertices are given as iγμ(gV_i + gA_i γ5)[6] .

i/j vertices iC^{ϕϕ}_{ij} gμν 1/1 ϕ^+ϕ^−ZLZL 2i^{g2}_{c2w} s^4_wgμν 2/1 ϕ^+ϕ^−ZH ZL O(v^2/f^2 ) ∼ 0 3/1 ϕ^+ϕ^−AH ZL 2i^{gg′}_{cw}^{(c′2 −s′2 )}_{2s′ c′} s^2_wgμν 4/1 ϕ^+ϕ^−ALZL −2ie^g_{cw} s^2_wgμν TABLE II: Feynman rules for the four point ϕ^+ϕ^−ViVj vertices[6].

M_2 = 3∑ i=1 ū[−p_2]iγ_μ(g_{V1} + g_{A1} γ_5)ϵ^μ[p_3] i ̸q q^2 iγ_ν (g_{Vi} + g_{Ai} γ_5)u[p_1](i) g^{αν} −^{q′ν q′α}_{M 2i} q^{′2} − M^2_i + iM_iΓ_i iE^{ϕϕ}_i (p_4 − p_5)_α, (14)

where q = p_2 − p_3, q^′ = p_4 + p_5 and coefficients E^{ϕϕ}_i are given in table III(E^{′ϕϕ}_i for doubly charged scalars given in table VI). The amplitudes for diagrams 3 and 4 in figure 1, are written as:

M_3 = ū[−p_2]iγ_μ(g_{V4} ) ig^{μν} q^2 iE^{ϕϕ}_4 (p_4 − p_5)_ν γ_α(g_{V1} + g_{A1} γ_5)ϵ^α[p_3]u[p_1], (15)

M_4 = 3∑ i=1 ū[−p_2]iγ_μ(g_{Vi} + g_{Ai} γ_5)i g^{μν} −^{q′μ q′ν}_{M 2i} q^{′2} − M^2_i + iM_iΓ_i iE^{ϕϕ}_i (p_4 − p_5)_ν i ̸q q^2 iγ_α(g_{V1} + g_{A1} γ_5)ϵ^α[p_3]u[p_1], (16)

where q = p_1 − p_3, q^′ = p_4 + p_5 and coefficients E^{ϕϕ}_i (E^{′ϕϕ}_i ) are given in table III(VI). The rest of the amplitudes from 5 to 14 in figure 1 are s channel processes with q = p_1 + p_2. For the diagrams 5 to 8 in figure 1, corresponding amplitudes 5 to 8 have a heavy scalar as a propagator, and proportional to the square of the couplings of two vectors with a charged scalar. These amplitudes are written as:

M_5 = ū[−p_2]iγ_μg_{V4} u[p_1]i g^{μν} q^2 iE^{ϕϕ}_4 (p_4 − q^′)_ν i q^{′2} − M_ϕ2 iE^{ϕϕ}_1 (−q^′ − p_3)_σ ϵ^σ[p_3], (17)

i/j vertices i E^{ϕϕ}_i Qμ 1 ϕ^+ϕ^−ZL i^g_{cw} s^2_w (p1 − p2)μ 2 ϕ^+ϕ^−ZH O(v^2/f^2) ∼ 0 3 ϕ^+ϕ^−AH ig^{′ (c′2−s′2 )}_{2s′ c′} (p1 − p2)μ 4 ϕ^+ϕ^−AL −ie(p1 − p2)μ TABLE III: Feynman rules for ϕ^+ϕ^−Vi vertices[6].

i/j vertices iB^{ϕW}_{ij} gμν 1/1 ϕ^+W^−_L ZL −i^{g2}_{cw} v^′gμν 1/2 ϕ^+W^−_H ZL i^{g2}_{cw}^{(c2−s2)}_{2sc} v^′gμν 2/1 ϕ^+W^−_L ZH ig^{2 (c2 −s2)}_{2sc} v^′gμν 2/2 ϕ^+W^−_H ZH −ig^{2 (c4+s4)}_{2s2 c2} v^′gμν 3/1 ϕ^+W^−_L AH −^i_2 gg^{′ (c′2 −s′2 )}_{2s′ c′} (vs+ − 4v^′)gμν 3/2 ϕ^+W^−_H AH −^i_2 gg^{′ (c2 c′2+s2s′2 )}_{scs′ c′} v^′gμν TABLE IV: The Feynman rules for ϕ^+ViW^−_j vertices. Their couplings are given in the form iB^{ϕW}_{ij} gμν where gμν carries the lorentz indices of vectors and j = 1, 2 denotes WL, WH respectively[6].

i/j vertices iC^{′ϕϕ}_{ij} gμν 1/1 ϕ^{++}ϕ^{−−}ZLZL 2i^{g2}_{c2w} (1 − 2s^2_w )^2gμν 2/1 ϕ^{++}ϕ^{−−}ZH ZL 2i^{g2}_{cw}^{(c2−s2)}_{2sc} (1 − 2s^2_w )gμν 3/1 ϕ^{++}ϕ^{−−}AH ZL −2i^{gg′}_{cw}^{(c′2 −s′2 )}_{2s′ c′} (1 − 2s^2_w)gμν 4/1 ϕ^{++}ϕ^{−−}ALZL 4ie^g_{cw} (1 − 2s^2_w )gμν

TABLE V: Feynman rules for the four point ϕ^{++}ϕ^{−−}ViVj vertices[6].

M_6 = ū[−p_2]iγ_μg_{V4} u[p_1]i g^{μν} q^2 iE^{ϕϕ}_4 (p_5 + q^′)_ν i q^{′2} − M_ϕ2 iE^{ϕϕ}_1 (−q^′ − p_3)_σ ϵ^σ[p_3], (18)

M_7 = 3∑ i=1 ū[−p_2]iγ_μ(g_{Vi} + g_{Ai} γ_5)u[p_1]i g^{μν} −^{qμ qν}_{M 2i} q^2 − M^2_i + iM_iΓ_i

(iE^{ϕϕ}_i )(p_4 − q^′)_ν i q^{′2} − M^2_ϕ

(iE^{ϕϕ}_1 )(−q^′ − p_3)_σ ϵ^σ [p_3], (19)

M_8 = 3∑ i=1 ū[−p_2]iγ_μ(g_{Vi} + g_{Ai} γ_5)u[p_1]i g^{μν} −^{qμ qν}_{M 2i} q^2 − M^2_i + iM_iΓ_i

(iE^{ϕϕ}_i )(p_5 + q^′)_ν i q^{′2} − M^2_ϕ

(iE^{ϕϕ}_1 )(−q^′ − p_3)_σ ϵ^σ [p_3], (20)

where E^{ϕϕ}_i (E^{′ϕϕ}_i ) are given in table III(VI), and q^′ = q − p_5 for amplitudes 6 and 8 and q^′ = q − p_4 for 5 and 7. The diagrams 9 and 10 in figure 1 are sub processes in which the four point couplings of vectors and scalars contribute. Their amplitudes are given as:

M_9 = ū[−p_2]iγ_μg_{V4} u[p_1]i ig^{μν} q^2 iC^{ϕϕ}_{41} g_{νσ}ϵ^σ[p_3], (21)

M_{10} = 3∑ i=1 ū[−p_2]iγ_μ(g_{Vi} + g_{Ai} γ_5)u[p_1]i g^{μν} −^{qμ qν}_{M 2i} q^2 − M^2_i + iM_iΓ_i

(iC^{ϕϕ}_{i1} )g_{να}ϵ^α[p_3], (22)

i/j vertices iE^{′ϕϕ}_i Qμ 1 ϕ^{++}ϕ^{−−}ZL −i^g_{cw} ( 1 − 2s^2_w ) (p1 − p2)μ 2 ϕ^{++}ϕ^{−−}ZH ig^{(c2−s2 )}_{2sc} (p1 − p2)μ 3 ϕ^{++}ϕ^{−−}AH ig^{′ (c′2−s′2 )}_{2s′ c′} (p1 − p2)μ 4 ϕ^{++}ϕ^{−−}AL −2ie(p1 − p2)μ TABLE VI: Feynman rules for ϕ^{++}ϕ^{−−}Vi vertices[6].

FIG. 1: Feynman diagrams contributing to e^+e^− → ZLϕ^+ϕ^− and e^+e^− → ZLϕ^{++}ϕ^{−−} in littlest Higgs model. The last four diagrams only contribute to the single charged scalars.

where C^{ϕϕ}_{ij} (C^{′ϕϕ}_{ij} ) are four point couplings given in table II(V). The amplitudes 11 to 14 corresponds to diagrams 11 to 14 in figure 1 are only for single charged scalars, where an electric charge is carried by a W propagator. These sub processes are proportional to the couplings of a vector with a charged scalar and a charged vector W_j , where j = 1, 2 corresponds to W_L and W_H respectively. Their amplitudes are given as:

M_{11} = 2∑ j=1 ū[−p_2]iγ_μ(g_{V4} )u[p_1] ig^{μν} q^2 (iB^{ϕW}_{4j} )g_{να}i g^{αβ} −^{q′α q′β}_{M 2Wj} q^2 − M^2_{Wj} + iM_{Wj} Γ_{Wj}

(iB^{ϕW}_{1j} )g_{βσ} ϵ^σ[p_3], (23)

M_{12} = 2∑ j=1 ū[−p_2]iγ_μ(g_{V4} )u[p_1] ig^{μν} q^2 (iB^{ϕW}_{4j} )g_{να}i g^{αβ} −^{q′α q′β}_{M 2Wj} q^2 − M^2_{Wj} + iM_{Wj} Γ_{Wj}

(iB^{ϕW}_{1j} )g_{βσ} ϵ^σ[p_3], (24)

M_{13} = 3,2∑ i,j=1,1 ū[−p_2]iγ_μ(g_{Vi} + g_{Ai} γ_5)u[p_1]i g^{μν} −^{qμ qν}_{M 2i} q^2 − M^2_i + iM_iΓ_i (iB^{ϕW}_{ij} )

g_{να} g^{αβ} −^{q′α q′β}_{M 2Wj} q^2 − M^2_{Wj} + iM_{Wj} Γ_{Wj}

(iB^{ϕW}_{1j} )g_{βσ}ϵ^σ[p_3], (25)

M_{14} = 3,2∑ i,j=1,1 ū[−p_2]iγ_μ(g_{Vi} + g_{Ai} γ_5)u[p_1]i g^{μν} −^{qμ qν}_{M 2i} q^2 − M^2_i + iM_iΓ_i (iB^{ϕW}_{ij} )

g_{να} g^{αβ} −^{q′α q′β}_{M 2Wj} q^2 − M^2_{Wj} + iM_{Wj} Γ_{Wj}

(iB^{ϕW}_{1j} )g_{βσ}ϵ^σ[p_3], (26) where B^{ϕW}_{ij} are given in table IV, and q^′ = q − p_5 for amplitudes 11 and 13 and q^′ = q − p_4 for 12 and 14.

The numerical calculations of cross sections of the pair production of charged scalars are performed by CalcHep generator [28].

III. RESULTS AND DISCUSSIONS

In this section we present and discuss our results for the Z_L associated pair production of charged scalars. In performing the numerical calculations, we take the electromagnetic coupling constant e = √ 4πα = 0.092, the Higgs mass M_H = 120GeV and the mass of the standard model bosons M_{ZL} = 91GeV , M_{WL} = 80GeV and the SM mixing angle s_W = 0.47 using the recent data[27]. In the calculations, we ignored v^2/f^2 terms in the couplings, since we are not dealing with the corrections to a SM process.

For the pair production of single charged heavy scalars associated with Z_L , the differential cross sections versus energy of the Z_L boson graphs for fixed values of mixing angle parameters s/s^′ at symmetry breaking scale f = 1T eV at total center of mass energy √ s = 3T eV appropriate for CLIC are presented in figure 2(a). The total cross sections for these processes for different fixed values of the parameters s/s^′ = 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1 are presented in table VII. The dependance of the total cross section on √ s for these processes are presented in figure 3. The differential cross section gets its maximum value about 0.1^{f b}_{GeV} when s/s^′ = 0.5/0.1, correspondingly for total cross section we obtain that 59fb. This means that thousands of productions per year at high integrated luminosity of 100fb^{−1} are expected. But this parameter set is not allowed when symmetry breaking scale f = 1T eV by electroweak precision data. For parameters s/s^′ = 0.8/0.6, 0.8/0.7, 0.95/0.6, the peak values of differential cross

(a) (b)

FIG. 2: Differential cross section vs. EZ graphs for processes e^+e^− → ZLϕ^+ϕ^−(a) and e^+e^− → ZLϕ^{++}ϕ^{−−}(b) for the fixed value of parameters s/s^′ : 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1 at f = 1000GeV at √ s = 3T eV .

s/s^′ σ_{ZLϕ}+_ϕ− σ_{ZLϕ}++_ϕ−− 0.8/0.6 0.042 0.48 0.8/0.7 0.031 0.44 0.95/0.6 0.043 0.78 0.5/0.1 59 84

TABLE VII: The total cross sections in fb for pair production of charged scalars associated with ZL for f = 1T eV and at √ s = 3T eV .

sections are obtained at the order of 10^{−4 f b}_{GeV} for low E_Z values, E_Z ∼ 100GeV . The total cross section is calculated as 0.04fb. This result implies 1 ∼ 10 events per year accessible for a collider luminosity of 100fb^{−1}. The single charged scalar ϕ^− has leptonic decay modes l_iν_i and l_iν_j with branching ratios proportional to |Y^2| and |Y^{′2}| respectively. It also has decay modes to SM particles; W^±_L H, W^±_L Z_L pairs. The SM decays dominates when the yukawa coupling Y is either zero or very small (Y ≪ 1). For higher values of yukawa coupling (Y ∼ 1) the leptonic modes (l_iν_i) of ϕ^+ϕ^− couple dominates the final states, giving a signature of missing energy of the neutrino anti neutrino couple, and a lepton anti lepton pair of same or different flavor plus Z_L. These signals can be lepton flavor violating but the observation is challenging due to the low production rates of the single charged pair.

For the associated pair production of doubly charged scalars within Z_L the differential cross sections with respect to E_Z are plotted in figure 2(b) for different fixed values of mixing angles at √ s = 3T eV , at symmetry breaking

FIG. 3: Total cross section vs. √ s graphs for ZL associated pair production of charged scalars at f = 1T eV when parameters s/s^′ : 0.8/0.7.

(a) (b)

FIG. 4: Total cross section vs. √ s graphs for ZL associated pair production of charged scalars at (a)f = 2.5T eV , and at (b)f = 3.5T eV when parameters s/s^′ : 0.8/0.7.

scale f = 1T eV . The dependance of total cross section on the center of mass energy of this production process is plotted in figure 3, and the numerical values of total cross sections are presented in table VII for parameters of interest. The differential cross section of the production process reaches its maximum when model parameters s/s^′ = 0.5/0.1 about 0.1^{f b}_{GeV} for E_Z ∼ 100GeV , resulting a total cross section of 84fb. This will give about 8000 events per year for high luminosities such as 100fb^{−1}. But this remarkable event numbers are out of reach, since s/s^′ = 0.5/0.1 is out favored by electroweak presicion data for f = 1T eV . For the electroweak allowed parameters s/s^′ = 0.8/0.6, 0.8/0.7, 0.95/0.6 at f = 1T eV at √ s = 3T eV , the differential cross section gets low

(a) (b)

FIG. 5: Total cross section vs. √ s graphs for ZL associated pair production of charged scalars at f = 5T eV when parameters (a)s/s^′ : 0.8/0.7 and (b)s/s^′ : 0.6/0.4.

values at the order of 10^{−4 f b}_{GeV} . The resulting cross sections are calculated by integrating over E_Z , and found about 0.4 ∼ 0.8 × fb (table VII) resulting 40 ∼ 80 events per year for integrated luminosity of 100fb^{−1}. For √ s < 2T eV , this production channel is not reachable. In the littlest Higgs model, ϕ^{++} has decays to charged vectors W^+_L W^+_L and also to leptons l^+_i l^+_j proportional to squares of the values of the yukawa couplings; |Y^2| for same families and |Y^{′2}| for different lepton families when lepton violating modes are considered. So this channel provides final signals for doubly charged scalar discovery and lepton flavor violation. The final states of the doubly charged scalar pairs dominantly contain leptonic modes l_il_il^+_i l^+_j , semi leptonic modes l_il_iW^+_L W^+_L and to standard model charged vector pair W^+_L W^+_L W^−_L W^−_L depending on Y and Y^′, while Z_L dominantly decays to jets carrying the energy at the order of masses of the scalar pair. For f = 1T eV the leptonic branching ratio of doubly charged scalars can reach values close to 1 for Y → 1, independent from Y^′. If the value of the yukawa coupling Y is high enough (Y ∼ 1), the number of final state lepton flavor violating signals such as; Z_Ll_il_il^+_j l^+_j , can reach up to 50 events per year for luminosities of 100fb^{−1}, which can be directly detectable free from backgrounds.

Finally, we have also analyzed the behavior of the production processes for higher values of f. The dependence total cross section on √ s when s/s^′ = 0.8/0.7 for f = 2.5T eV, 3.5T eV, 5T eV are plotted in figures 4(a), 4(b) and 5(a), respectively. It is seen that the maximum value of total cross sections, production rates and final lepton flavor violating signals for these f values for both processes remain same, but the required energy is shifted to √ s = 3.8T eV (5.5T eV ){7.5T eV } for f = 2.5T eV (3.5T eV ){5T eV }, due to the increase in heavy scalar masses. For f = 5T eV , we have also analyzed the case s/s^′ = 0.6/0.4, since the parameters are less constrained. The dependence of total cross sections for associated production of both single and doubly charged pairs are plotted in figure 5(b). It is seen that the total cross sections are increased by order one. For the single charged pair, the production cross section is calculated as 0.9fb for √ s >∼ 10T eV , resulting 90 production events for luminosities 100fb^{−1}. For the double charged scalar pair, the total cross section is 5 ∼ 9fb for √ s >∼ 10T eV , giving 500 ∼ 900 productions at luminosities 100fb^{−1}. In this case the final number of four lepton signals (l_il_il^+_i l^+_j ) will be around 600 for higher values of yukawa coupling (Y ∼ 1). If the values of yukawa coupling is smaller, in the region 0.1 ≤ Y ≤ 0.3, the double charged pair will decay into semi leptonic modes, such as W^+_L W^+_L l_il_i, resulting 200 ∼ 400 signals accessible for luminosities of 100fb^{−1}.

In conclusion, we found that at an e^+e^− collider of √ s ≥ 2T eV with a luminosity of 100fb^{−1}, the Z_L associated production of charged scalars will be in the reach, being the single charged pair is quite challenging due to low production rates, and the production of doubly charged scalar pair more promising for the electroweak allowed parameters at f = 1T eV . The final states will contain lepton flavor violating signals if the value of yukawa coupling Y is close to unity. For larger values of f the mixing angles s/s^′ are less constrained, e.g. for f = 5T eV and s/s^′ = 0.6/0.4, the production rates increases allowing remarkable final lepton number violating events for 0.1 ≤ Y ≤ 1, but for these set of parameters the center of mass energy of the colliders should be increased.

Acknowledgments

The authors would like to thank to T. M. Aliev for useful discussions and his support during this work. A. Ç. also thanks to A. Özpineci for his support and guidance.

[1] N. Arkani-Hamed, A.G. Cohen, E. Katz, and A.E. Nelson, JHEP0207(2002)034, arXiv:hep-ph/0206021. [2] N. Arkani-Hamed et al., JHEP0208(2002)021, arXiv:hep-ph/0206020. [3] M. Schmaltz, Nucl.Phys.Proc.Suppl.117(2003),arXiv:hep-ph/0210415. [4] D.E.Kaplan and M. Schmaltz, JHEP0310(2003)039, arXiv:hep-ph/0302049. [5] M. Perelstein, Prog.Part.Nucl.Phys.58(2007)247-291, arXiv:hep-ph/0512128.

[6] T. Han, H. E. Logan, B. McElrath and L-T. Wang, Phys.Rev. D67(2003)095004, arXiv:hep-ph/0301040. [7] M. Schmaltz and D. Tucker-Smith, Ann.Rev.Nucl.Part.Sci.55(2005)229-270, arXiv: hep-ph/0502182. [8] J. Hubisz, P. Maeda, A. Noble and M. Perelstein, JHEP01(2006)135.

[9] J. L. Hewett, F. J. Petriello and T. G. Rizzo, JHEP 0310 (2003) 062 , arXiv:hep-ph/0211218. [10] M-C. Chen and S. Dawson, Phys.Rev.D70(2004)015003, arXiv:hep-ph/0311032. [11] W. Kilian and J. Reuter, Phys.Rev. D70 (2004) 015004, arXiv:hep-ph/0311095. [12] A.G. Dias, C.A. deS. Pires, P.S. Rodrigues da Silva, Phys.Rev.D77(2008)055001, arXiv:hep-ph/0711.1154. [13] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys.Rev. D68 (2003) 035009 , arXiv:hep-ph/0303236. [14] G. Azuelos et al., Eur. Phys. J. C. 3952 (2005) 13. [15] F. Ledroit, AIPConf.Proc.903(2007)245-248, arXiv:hep-ex/0610005. [16] J. Reuter, arXiv:hep-ph/0709.3816.

[17] C-X. Yue, W. Yang and F. Zhang, Nucl.Phys. B716 (2005) 199-214, arXiv:hep-ph/0409066. [18] C-X. Yue, S. Wang and D. Yu, Phys.Rev. D68 (2003) 115004, arXiv:hep-ph/0309113. [19] Y. Liu, L-L Du and X-L. Wang, J.Phys.G33(2007)577-586, arXiv:hep-ph/0609208.

[20] J. Brau (Ed.) et al, By ILC Collaboration, LC Reference Design Report: ILC Global Design Effort and World Wide Study., FERMILAB-APC, Aug 2007, arXiv:acc-ph/0712.1950.

[21] R.W. Assmann et al., The CLIC Study Team, A 3 TeV e^+e^− linear collider based on CLIC technology, CERN 2000- 008, Geneva, 2000; E. Accomando et al., By CLIC Physics Working Group, Physics at the CLIC multi-TeV linear collider., CERN-2004-005, arXiv:hep-ph/0412251; H. Braun et al., By CLIC Study Team, CLIC 2008 parameters, CERN-OPEN-2008-021, CLIC-NOTE-764.

[22] T. Han, H.E. Logan, B. Mukhopadhyaya and R. Srikanth, Phys.Rev. D72 (2005) 053007 , arXiv:hep-ph/0505260. [23] S.R. Choudhury, N. Gaur and A. Goyal, Phys.Rev. D72 (2005) 097702 , arXiv:hep-ph/0508146. [24] C-X. Yue and S. Zhao, Eur.Phys.J.C50(2007)897-903, arXiv:hep-ph/0701017.

[25] S. R. Choudhury, A.S. Cornell, A. Deandrea, N. Gaur, A.Goyal, Phys.Rev.D75(2007)055011, arXiv:hep-ph/0612327. [26] G.L. Fogli et al, Phys. Rev. D70, 113003(2004); M. Tegmark et al, SDSS Collabration, Phys. Rev. D69, 103501(2004). [27] C. Amsler et al. (Particle Data Group), Phys. Lett. B667(2008)1. [28] A. Pukhov et al., CalcHEP/CompHEP Collab., hep-ph/9908288 ; hep-ph/0412191.