arXiv:1304.2257v2 [hep-ph] 20 May 2013

LHC Higgs Signatures from Topflavor Seesaw Mechanism

Xu-Feng Wang and Chun Du

Institute of Modern Physics and Center for High Energy Physics, Tsinghua University, Beijing 100084, China

Hong-Jian He^∗

Institute of Modern Physics and Center for High Energy Physics, Tsinghua University, Beijing 100084, China Center for High Energy Physics, Peking University, Beijing 100871, China Kavli Institute for Theoretical Physics China, CAS, Beijing 100190, China

Abstract

We study LHC Higgs signatures from topflavor seesaw realization of electroweak symmetry breaking with a minimal gauge extension S U(2)⊗S U(2)⊗U(1) . This elegant renormalizable construction singles out top quark sector (instead of all other light fermions) to join the new S U(2) gauge force. It predicts extra vector-like spectator quarks (T , B) , new gauge bosons (W^′, Z^′) , and a pair of neutral Higgs bosons (h, H) . We demonstrate that for the lighter Higgs boson h of mass 125 GeV, this model predicts modified Higgs signal rates in h → γγ, WW^∗, ZZ^∗ channels via gluon fusions, in h → ττ̄ mode via vector boson fusions, and in h → bb̄ mode via gauge boson associate productions. We perform a global fit for our theory by including both direct search data (LHC and Tevatron) and indirect precision constraints. We further analyze the LHC discovery potential for detecting the heavier Higgs state H .

Keywords: LHC, Higgs Physics, Top Quark Mass, Extended Gauge Symmetry

PACS numbers: 12.60.-i, 12.60.Cn, 12.60.Fr, 12.15.Ji Phys. Lett. B (published version), [ arXiv:1304.2257]

1. Introduction

With the exciting LHC discovery of a Higgs-like new boson of mass around 125 GeV [1][2][3], we study the prediction of Higgs signals in the topflavor seesaw model proposed in [4]. This model is strongly motivated by the heavy top quark with large mass m_t ≃ 173.18 ± 0.94 GeV [5], which stands out at the weak scale together with weak gauge bosons (W, Z). All other standard model (SM) fermions have masses no more than O(GeV) . Hence, it is truly attractive to expect that the top sector may invoke certain new gauge dynamics at the weak scale, but all other light fermions (including the third family tau lepton) do not. It was realized [4] that such a construction enforces the introduction of extra spectator quarks for gauge anomaly cancellation, and thus unavoidably leads to seesaw mechanism for top mass generation. This elegant renormalizable construction was called the topflavor seesaw [4], where the top sector joins an extra new S U(2) or U(1) gauge force. It differs from the traditional topcolor seesaw models [6] involving strong S U(3) topcolor gauge group with singlet heavy quarks, as well as the early nonuniversality model with an extra S U(2) for the whole third family [7]. It also differs from the ununified model [8] which has quarks and leptons couple to two separate S U(2)’s.

In this Letter, we study an explicit realization of topflavor seesaw via gauge group G = S U(3)_c⊗S U(2)_t⊗S U(2)_f ⊗ U(1)_y , (called type-I [4]). It invokes two Higgs doublets Φ_1 and Φ_2 to spontaneously break G down to the residual symmetry S U(3)_c ⊗ U(1)_{em} . In consequence, two neutral physical Higgs boson h^0 and H^0 are predicted, in addition to the weak gauge bosons (W, Z) and (W^′, Z^′). Ref. [4] focused on the construction of Yukawa sector for topflavor seesaw and the electroweak precision constraints on the spectator quarks. In this work, we will systematically study the Higgs sector of this model and derive new predictions for the h^0 and H^0 Higgs signatures at the LHC. We also note that a renormalizable flavor universal construction of the electroweak gauge group S U(2)_0 ⊗ S U(2)_1 ⊗ U(1)_2 (the 221 model) was recently studied in [9] together with its Higgs phenomenology at the LHC (which serves as an ultraviolet completion of the conventional three-site model [10]). Our current topflavor seesaw model shares similarity with the 221 model [9] in the gauge group and Higgs sector, because their structures of spontaneous symmetry breaking both belong to the three-site linear moose representation. However, the topflavor seesaw differs from the 221 model in several essential ways: (i) the topflavor seesaw embeds fully different fermion assignments under the gauge group,

∗Corresponding email: hjhe@tsinghua.edu.cn

Preprint submitted to Elsevier May 21, 2013

and singles out the mass-generation of top sector from all other light SM fermions; (ii) it embeds only a pair of the spectator quarks (T , B), associated with top sector; the (T , B) are vector-like under the diagonal subgroup of S U(2)_t ⊗ S U(2)_f after spontaneous symmetry breaking, but not under one of the parent S U(2)’s; (iii) the ranges of expansion parameters in terms of the gauge coupling ratio and the ratio of Higgs vacuum expectation values (VEVs) fully differ from those of the 221 model. In consequence, our current study will present fully different new predictions for the LHC signals of Higgs bosons, heavy gauge bosons and vector-like fermions.

This Letter is organized as follows. In Sec. 2, we analyze the gauge and Higgs sectors of the topflavor seesaw model. We also derive the direct and indirect bounds on the new gauge bosons (W^′, Z^′). In Sec. 3, we study the LHC signals of the lighter Higgs boson h^0 of mass 125 GeV. Sec. 4 is devoted to the analysis of LHC potential of detecting the heavier Higgs state H^0. Finally, we conclude in Sec. 5.

2. Topflavor Seesaw: Structure, Parameter Space and Constraints

2.1. Structure of the Model: Gauge, Higgs and Yukawa Sectors

As mentioned above, the large top mass m_t ≃ v/ √ 2 ≃ 173 GeV stands out of all SM fermions, suggesting that the top sector is special and may invoke a new gauge force, but all other light SM fermions (including tau lepton) do not. It was found [4] that anomaly cancellation enforces the introduction of spectator quarks S = (T , B)^T and generically leads to the seesaw mechanism for top mass generation. In the present work, we will focus on the topflavor seesaw gauge group of type-I [4], G = S U(3)_c ⊗ S U(2)_t ⊗ S U(2)_f ⊗ U(1)_y , where only the top-sector enjoys the extra S U(2)_t gauge forces which is stronger than the ordinary S U(2)_f (associated with all other light fermions). Hence, the structure of topflavor seesaw is completely fixed, which is anomaly-free and renormalizable. This is summarized in Table 1, where we only show the assignments for the third family fermions and Higgs sector. All the first two families of fermions are charged under S U(3)_c ⊗ S U(2)_f ⊗ U(1)_y in the same way as in the SM.

Fields S U(3)_c S U(2)_t S U(2)_f U(1)_y

Q_{3L} 3 2 1^1_6

(t_R, b_R) 3 1 1

(_2 3 , −^1_3 ) S_L 3 1 2^1_6

S_R 3 2 1^1_6

L_3 1 1 2 −^1_2 τ_R 1 1 1 −1

Φ_1 1 2 2 0

Φ_2 1 1 2^1_2

Table 1: Anomaly-free assignments of the third family fermions and the Higgs sector in (type-I) topflavor seesaw, where Q_{3L} = (t, b)^T_L , L_3 = (ν_τ, τ)^T_L , S = (T , B)^T , and the hypercharge is defined via Q = I_3 + Y .

The electroweak part of the gauge group, S U(2)_t ⊗ S U(2)_f ⊗ U(1)_y , forms a three-site linear moose, from left to right. We denote the corresponding three gauge couplings as (g_0, g_1, g_2) , and will consider the parameter space with g^2_0 ≫ g^2_1 > g^2 . (This differs from the 221 model [9] and 3-site model [10] which define the parameter region g^2_1 ≫ g^2_0 > g^2 instead.) For the Higgs sector, the two Higgs doublets Φ_1 and Φ_2 transform under S U(2)_t ⊗ S U(2)_f ⊗ U(1)_y as (2, 2, 0) and (1, 2,^1_2 ), respectively. Thus, we can write them in the self-dual quartet form,

Φ_1 = u + h_1 + i⃗τ · ⃗π_1 , Φ_2 = v + h_2 + i⃗τ · ⃗π_2 , (1)

which develop nonzero VEVs, u ≫ v, from the Higgs potential. This breaks the gauge symmetry as follows,

S U(2)_t ⊗ S U(2)_f^{⟨Φ1⟩ = u}−−−−−−−→ S U(2)_L , (2a)

S U(2)_L ⊗ U(1)_y^{⟨Φ2 ⟩ = v}−−−−−−−→ U(1)_{em} . (2b)

In consequence, it results in the coupling relation, g^{−2}_0 + g^{−2}_1 + g^{−2}_2 = e^{−2} . Then, we present the Lagrangian of the gauge and Higgs sectors,

L = − 1 4 3∑ a=1 V^a_{0μν}V^{aμν}_0 − 1 4 3∑ a=1 V^a_{1μν}V^{aμν}_1 − 1 4 V_{2μν}V^{μν}_2 + 1 4 ∑ j=1,2 tr [ (D_μΦ_j)^†(D^μΦ_j) ] − V(Φ_1, Φ_2) , (3)

where the gauge field strengths V^{aμν}_0 , V^{aμν}_1 , and V^{μν}_2 are associated with S U(2)_t, S U(2)_f and U(1)_y, respectively. The covariant derivatives for Higgs fields are given by, D_μΦ_1 = ∂_μΦ_1 + ig_0^{τa}_2 V^a_{0μ}Φ_1 − ig_1Φ_1^{τa}_2 V^a_{1μ} and D_μΦ_2 = ∂_μΦ_2 + ig_1^{τa}_2 V^a_{1μ}Φ_2 − ig_2Φ_2^{τ3}_2 V_{2μ} .

Then, we can readily derive the mass-matrices for the charged and neutral gauge bosons, as follows,

M^2_W = g^2_0u^2 4 1 −x −x x^2(1+y^2)

, M^{2N} = g^2_0u^2 4 1 −x 0 −x x^2(1+y^2) −x^2y^2t 0 −x^2y^2t x^2y^2t^2

, (4)

where we have defined the ratios, y ≡ v/u , x ≡ g_1/g_0 , and t ≡ g_2/g_1 . Our construction sets the parameter space, x^2, y^2 ≪ 1 . Thus, we can expand the masses and couplings in power series of x and y . With these we infer the mass-eigenvalues of charged and neutral weak bosons, (W, W^′) and (Z, Z^′), from diagonalizing (4),

M_W = ev 2s_W ( 1 −^1_2 x^4y^2) + O(x^6 ) , M_{W′} = ev 2s_W xy ( 1 + x^2 +^1_2 x^4y^2 ) + O(x^5) ,

M_Z = ev 2s_W c_W ( 1 −^1_2 x^4y^2 ) + O(x^6) , M_{Z′} = ev 2s_W xy ( 1 + x^2 +^1_2 x^4y^2 ) + O(x^5) , (5)

where we have used notations (s_W , c_W ) ≡ (sin θ_W , cos θ_W ) . In the above, we have also defined, g^{−2} ≡ g^{−2}_0 + g^{−2}_1 and tan θ_W ≡ g_2/g , which lead to e = gs_W . Eq. (5) gives the mass ratios, M_{W′} /M_W ≃ M_{Z′} /M_W ≃ (1 + x^2)/(xy) .

For the Higgs sector, we can write down the general gauge-invariant and CP-conserving Higgs potential of Φ_1 and Φ_2 as follows,

V(Φ_1, Φ_2) = 1 2 λ_1 [ 1 4 tr (Φ^†_1Φ_1) − u^2 2 ]_2 + 1 2 λ_2 [ 1 4 tr (Φ^†_2Φ_2) − v^2 2 ]_2

+ λ_{12} [ 1 4 tr (Φ^†_1Φ_1) − u^2 2 ][ 1 4 tr (Φ^†_2Φ_2) − v^2 2 ] . (6)

After spontaneous symmetry breaking, the six gauge bosons (W, Z) and (W^′, Z^′) absorb the corresponding would-be Goldstone bosons (π^a_1, π^a_2) and acquire masses via Higgs mechanism [11]. We derive the mass-eigenvalues of the two remaining physical Higgs bosons h^0 and H^0, which are connected to the weak eigenstates (h_1, h_2) via a 2 × 2 orthogonal rotation with mixing angle α . Thus, we arrive at,

M^2_{h,H} = vu 2 [( λ_1y^{−1} + λ_2y ) ∓ √ (λ_1y^{−1} − λ_2y)^2 + 4λ^2_{12} ] , (7a)

tan 2α = 2λ_{12} / ( λ_2y − λ_1y^{−1} ) , (7b)

where the range of α is chosen as, α ∈ [0, π) . We note that the Higgs potential (6) has five parameters in total, two Higgs VEVs (v, u) and three self-couplings (λ_1, λ_2, λ_{12}) . The VEV v ≃ 246 GeV will be fixed by the Fermi constant as in (18) and u can be converted to the ratio y ≡ v/u . Under M_h = 125 GeV, the three Higgs self-couplings will be fully fixed by inputting the heavier Higgs mass M_H and mixing angle α . We will further constrain the three independent parameters (y, α, M_H ) from the global fit in Sec. 3.

The topflavor seesaw mechanism is realized in the Yukawa sector. According to the assignments of Table 1, we have the following Yukawa interactions for the top sector [4],

L^t_Y = − y_s √ 2 S_LΦ_1S_R + y_{st}S_L ~Φ^′_2t_R + y_{sb}S_LΦ^′_2b_R − κ Q_{3L}S_R + h.c. , (8)

where we have reexpressed the second Higgs field Φ_2 in terms of the usual doublet form, Φ^′_2 = Φ_2(0,^1√_2 )^T = (iπ^+_2 ,^1√_2 (v + h_2 − iπ^0_2))^T . From Eq. (8), we deduce the seesaw mass matrices for top and bottom quarks,

− ( t_L, T_L ) 0 κ −m_{st} M_S ( t_R T_R ) − ( b_L, B_L ) 0 κ −m_{sb} M_S ( b_R B_R ) + h.c. , (9) where M_S = y_su/ √ 2 , m_{st} = y_{st}v/ √ 2 , and m_{sb} = y_{sb}v/ √ 2 . The κ mass-term in (8) is gauge-invariant, and is expected to be around O(M_S ) . Diagonalizing the seesaw mass-matrices in Eq. (9), we have the following masseigenvalues for top, bottom, and their spectators,

m_{t(b)} = m_{st(sb)} κ M_S √ 1+r 1 − m^2_{st(sb)}/M^2_S 2(1+r)^2 + O m^4_{t(b)} M^4_S

, (10a)

M_{T (B)} = M_S √ 1 + r 1 + z^2_{t(b)} 2(1+r) + 4r+3 8(1+r)^2 z^4_{t(b)} + O(z^6_{t(b)})

, (10b)

where we have defined the ratios √ r ≡ κ/M_S = O(1) and z_{t(b)} ≡ m_{t(b)}/κ with z_b ≪ z_t ≪ 1 . Note that the heavy quarks (T , B) are highly degenerate because their mass-splitting M_T − M_B ≃ m_tz_t/ √ 4r(1+r) ≪ m_t . The diagonalization of seesaw mass-matrices (9) is realized by the 2 × 2 bi-unitary rotations, U^{j†}_L M^j U^j_R = M^j_{diag} , where the index j = t, b denotes the up-type and down-type transformations. The corresponding rotation angles for the seesaw diagonalizations are,

sin θ^j_R = − z_j √ 1+r [ 1 + r 1+r z^2_j ] + O(z^5_j ) , (11a)

sin θ^j_L = √ r 1+r 1 − z^2_j 1+r − 3r 2(1+r)^2 z^4_j + O(z^6_j )

. (11b)

We note that the right-handed rotation is suppressed by z_{t(b)} ≡ m_{t(b)}/κ ≪ 1 , and especially θ^b_R is negligible since z_b/z_t = m_b/m_t ≈ 1/40 .

2.2. Parameter Space: Indirect and Direct Constraints

For analysis of the indirect precision constraints, we will follow the formalism of [12][13] to compute the universal oblique and non-oblique corrections. These are parameterized in terms of the leading parameters (^S , ^T , W, Y) [12]. They are combinations of the parameters (S, T, Δρ, δ) [13],

Ŝ = 1 4s^2_W αS + 4c^2_W (Δρ − αT ) + αδ c^2_W

, T̂ = Δρ , W = αδ 4s^2_W c^2_W

, Y = c^2_W s^2_W

(Δρ − αT ) . (12)

For the gauge sector, with systematical calculations we derive,

αS_g = s^2_W [ −4x^4y^2 + 8x^6y^2 − 4x^6y^4 ( 1 + c^{−2}_W ) + O(x^8) ] , αT_g = s^2_W c^{−2}_W [ −2x^6y^4 + O(x^8) ] , αδ_g = 4s^2_W c^2_W [ x^4y^2 − 2x^6y^2 + 2x^6y^4 + O(x^8) ] , (13)

as well as Δρ = 0 . Thus, we arrive at ^S_g = O(x^6y^4) , ^T_g = 0 , W_g = x^4y^2 + O(x^6y^2) , Y_g = O(x^6y^4) , (14)

where we see that only W_g could be sizable, and (^S_g, Y_g) are further suppressed by a factor of O(x^2y^2) ∼ O(10^{−2}) . From the Higgs and fermion sectors, their leading non-oblique corrections are negligible at one-loop. Hence, we just compute the leading oblique contributions to (S, T ). In the Higgs sector, we have two neutral states (h^0, H^0) with the mixing angle α . Thus, we infer the oblique contributions,

S_s = 1 12π c^2_α ln

M^2_h M^2_Z

− ln

(M^2_h )^{sm}_{ref} M^2_Z

+ s^2_α ln

M^2_H M^2_Z ,

T_s = −3 16πc^2_W c^2_α ln

M^2_h M^2_Z

− ln

(M^2_h )^{sm}_{ref}

M^2_Z

+ s^2_α ln

M^2_H M^2_Z , (15)

where (s_α, c_α) ≡ (sin α, cos α) . For the fermion sector with seesaw rotations (11), systematical calculations give [4],

S_f =

4N_c 9π [ ln M_T m_t − 7 8 + 1 16h_t ] z^2_t 1+ r ,

T_f =

N_ch_t 16πs^2_W c^2_W [ 8 ln

M_B m_t + 4 3r − 6 ] z^2_t 1+ r , (16)

4

Figure 1: Precision constraints on W^′ and T masses as functions of H^0 mass. Plots (a) and (b) display the allowed ranges of parameter space in M_H − M_{W′} plane (with M_T = 4 TeV) and in the M_H − M_T plane (with M_{W′} = 1.5 TeV), respectively. In both plots, we have sample inputs (x, r) = (0.2, 1) .

where h_t ≡ m^2_t /M^2_Z ≃ 3.6 and z_t ≡ m_t/κ ≪ 1 . We see that due to z_t = O(m_t/M_S ) ≪ 1 , the fermionic contributions can be fairly small and under control. This decoupling nature is because the heavy spectator quarks (T , B) are vector-like under S U(2)_L , unlike the case of a conventional fourth chiral family added to the SM [14]. In passing, we note that Ref. [15] recently studied certain vector-fermion models and their phenomenologies in a different context.

Summing up the above contributions from gauge, Higgs and fermion sectors, we deduce the predicted total (^S , ^T , W, Y) and compare them with the electroweak precision fit [12]. With these, we can derive the constraints on our model. In Fig. 1, we present the 68% and 95% confidence limits on the allowed ranges of our parameter space. Plot-(a) displays the allowed space for M_H versus M_{W′} , with the sample inputs α = 0.1π, 0.2π and M_T = 4 TeV. We see that the 95% confidence limits only require M_W′ ≳ 0.45 − 1 TeV for wide H^0 mass range up to 800 GeV and mixing angle α = (0.1 − 0.2)π . Plot-(b) depicts the viable parameter region in the M_H − M_T plane, where we input α = 0.1π, 0.2π and M_W′ = 1.5 TeV . It shows that the heavy quarks T (and B ) should have mass above 1.5 − 2.5 TeV at 95% C.L. In both plots, we have sample inputs (x, r) = (0.2, 1), consistent with the global fit in Sec. 3.

We note that the low energy Fermi constant G_F in our model is derived from the charged current with exchanges of W and W^′ bosons in the zero momentum limit, 4 √ 2G_F =

G^2_{W f f}

M^2_W + G^2_{W′ f f}

M^2_{W′}

, (17)

where G_{W f f} and G_{W′ f f} stand for the gauge couplings of W and W^′ with the light fermions [except (t, b) and heavy spectator quarks], respectively. Analyzing the diagonalization of the mass-matrix for charged gauge bosons in Eq. (4), we can generally prove, √ 2G_F = 1 4 g^2_1 ( M^{−2}_W ) 22 = 1 v^2

. (18)

This shows that G_F receives no extra correction in the present model. Similarly, we find that no new correction to the neutral current process in the zero-momentum limit, and thus Δρ = 0 .

We also analyze the electroweak measurement via neutrino-nucleon scattering ν_μN → ν_μN . It is one of the most precise probes of the weak neutral current and is not included in the global fit of (^S , ^T , W, Y) [12]. The effective Lagrangian for weak neutral current of ν − q scattering is given by

L = −

G_F √ 2 [ ν̄γ^μ(1 − γ^5)ν ] [ ϵ^q_Lq̄γ_μ(1 − γ^5)q + ϵ^q_Rq̄γ_μ(1 + γ^5)q ] , (19)

where the isoscalar combination g^2_{L,R} = (ϵ^u_{L,R})^2 + (ϵ^d_{L,R})^2 is measured by the NuTeV collaboration [16], (g^{eff}_L )^2 = 0.3005 ± 0.0014 , about 2.6σ lower than the SM prediction (g^2_L)_{sm} = 0.3042 . In our model, we derive the fourfermion operator for ν − q scattering process with zero-momentum transfer,

M[νq → νq]|_{q2→0} = −

G_{Zνν}G_{Zqq}

M^2_Z − G_Z′_{νν}G_Z′_{qq}

M^2_Z′

, (20) ξ_{W′ f f} ξ_{W′ tb} ξ_{W′ WZ} ξ_{W′ Wh} ξ_{W′ WH} ξ_{Z′ uL uL} ξ_{Z′ dL dL}

−x^{1−rx2}_{x(1+r)}^{x3y2}_{c2W} −x(c_α −ys_α) x(s_α +yc_α) −xc_W /(1 −^4_3 s^2_W ) −xc_W /(1 −^2_3 s^2_W )

ξ_Z′_{tL tL} ξ_Z′_{tR tR} ξ_{Z′ bL bL} ξ_{Z′ bR bR} ξ_Z′_{WW} ξ_{Z′ Zh} ξ_Z′_{ZH}

c_W x(1+r)(1−^4_3 s^2_W ) −

3c_W z^2_t 4xs^2_W (1+r) c_W x(1+r)(1−^2_3 s^2_W ) −

3c_W z^2_b 2xs^2_W (1+r) x^3y^2 c_W −xcW (cα −ysα) xcW (sα +ycα)

Table 2: Gauge coupling ratios ξ_{W′ XY} and ξ_{Z′ XY} of W^′ and Z^′ bosons with the SM particles XY = f_1 f̄_2, tb̄, tt̄, bb̄, VV, Vh, VH , where V = W, Z , and f_1 f̄_2 denote the light SM fermions other than (t, b) .

where G_{Zνν} ( G_{Zqq} ) and G_{Z′νν} ( G_{Z′ qq} ) represent the gauge couplings of neutrinos (light quarks) with Z and Z^′, respectively. Extracting the ϵ^{u,d}_{L,R} parameters, we compute the effective coupling, g^2_{L,R} = (g^2_{L,R})_{sm}[1 + O(x^8)] . Hence, our prediction agrees well with the SM. This is unlike the early non-universality model (NUM) [7] which assigns a different S U(2) for the first two families of light fermions and leads to, g^2_L/(g_L)^2_{sm} ≃ 1 + 2.57(v/u)^2 . This sizable correction severely constrains the VEV u and pushes W^′/Z^′ masses above 3.6 TeV [17] for the NUM.

Next, we analyze the direct search limits on the new gauge bosons (W^′, Z^′). For this purpose, we first derive the trilinear couplings of W^′ and Z^′ with the light fermions, top/bottom quarks, light gauge bosons and Higgs bosons. For convenience, we define the ratios of V^′ (= W^′, Z^′) couplings over that of the light V (= W, Z) boson in the SM,

ξ_V′_{f f} =

G_{V′ f f} G^{sm}_{V f f}

, ξ_V′_{VV} =

G_V′_{VV} G^{sm}_{VVV}

, ξ_V′_{Vh} =

G_{V′Vh} G^{sm}_{VVh}

, ξ_V′_{VH} =

G_V′_{VH} G^{sm}_{VVh}

, (21)

where the subscript f stands for SM fermions. We expand these coupling ratios in terms of (x, y) and summarize them in Table 2.

The ATLAS and CMS collaborations have been actively searching for new gauge bosons W^′ and Z^′ at the LHC [18][19]. They mainly focus on the sequential standard model (SSM), where the couplings of W^′ and Z^′ with fermions equal the corresponding SM couplings of light W and Z bosons. But, our model essentially differs from the SSM. As shown in Table 2, the predicted couplings of W^′/Z^′ with light fermions are suppressed by the small mixing angles between V_0 and V_1, which are of O(x) . Hence, the production rates of W^′ and Z^′ are proportional to x^2 , and thus much harder to detect. On the other hand, the couplings of W^′/Z^′ with top and bottom quarks are enhanced by the factor^1_x (cf. Table 2). This means that the decay branching fractions of W^′ → tb and Z^′ → tt̄, bb̄ are enhanced. ATLAS already searched for leptonic decay modes W^′ → ℓν and Z^′ → ℓ^+ℓ^− (with ℓ = e, μ) [18], while CMS explored the quark decay channels W^′ → tb̄, t̄b and Z^′ → tt̄ [19].

To compare the LHC experimental search limits (based on SSM hypothesis) with our theory predictions, we will rescale the SSM cross sections and branching fractions to our model. For pp → W^′ → tb channel, CMS explicitly gives W^′_R search limit [19] at the present. We note that our case of W^′ = W^′_L is rather similar. Although the signal process pp → W^′_L → tb has interference with the SM process pp → W → tb , for heavy W^′_L with mass above 600 − 800 GeV, the interference is fairly small around the W^′_L mass window. Hence, for the estimate we may directly rescale the W^′_R search limits [19] for our constraints. The SSM hypothesis takes W^′ couplings with all SM fermions equal the corresponding SM couplings of W, and for heavy W^′ one can easily find, Br[W^′ → tb] ≃^1_4 [19]. In our model, Table 2 shows that W^′ couplings with light fermions are suppressed by ξ_{W′ f f} = −x , and its coupling with tb is enhanced by a sizable factor of^1_x . Thus, we readily deduce Br[W^′ → tb] ≃ 1 in the present model. With these we find that our W^′ signal rate of σ × Br is smaller than that of the SSM [19] by about a factor of 4x^2 .

For numerical estimate, we find the 95% C.L. lower limit on W^′ mass, M_{W′} > 1.25 TeV, from the CMS data [19] and with the sample input x = 0.2 . This mass limit becomes stronger when the parameter x = g_1/g_0 increases. For instance, inputting x = 0.25 , we have, M_W′ > 1.6 TeV. Similarly, we analyze the process pp → W^′ → ℓν measured by ATLAS [18] and obtain a weaker limit. The Z^′ gauge boson can be probed via pp → Z^′ → ℓℓ, tt̄ . We find that CMS gives a stronger limit, M_Z′ > 1.0 TeV at 95% C.L., via the process pp → Z^′ → ℓℓ̄ (ℓ = e, μ). In passing, the LHC detections of certain W^′/Z^′ bosons were recently considered for different models [20].

3. Lighter Higgs Boson Signals at the LHC

In this section, we analyze the production and decays of the 125 GeV Higgs boson h^0 at the LHC. With these, we compare our predictions with the Higgs searches at the LHC. We first perform a fit with the ATLAS and CMS data,

Figure 2: Decays and productions of the Higgs boson h^0 (125 GeV) at the LHC. Plot-(a) shows the ratios of h^0 decay branching fractions over that of the corresponding SM values, as a function of Higgs mixing angle α and for the major decays channels. Plot-(b) depicts the ratio of gg → h^0 production cross section over the SM value. In plot-(a) we set (r, y) = (1, 0.29) and (M_{W′} , M_T ) = (1.4, 4)TeV. In plot-(b) we have sample inputs (r, M_T ) = (1, 4 TeV) , as well as y = 0.47 (0.1) for red (blue) curve from our best fit with ATLAS (CMS) data in Fig. 4(a). The shaded pink region in each plot is the 1σ favored range of the mixing angle α , as given by our global fit in Fig. 4(b).

and then make a global fit by further including the Tevatron data and precision constraints. From this, we determine the favored parameter space of our theory.

To analyze the gauge and Yukawa couplings of h^0 and H^0 , it is convenient to define the ratios,

ξ_{hαβ} =

G_{hαβ}

G^{sm}_{hαβ}

, ξ_{Hαβ} =

G_{Hαβ} G^{sm}_{hαβ}

, ξ_{hXX̄} = v M_X

G_{hXX̄} , ξ_{HXX̄} = v M_X

G_{HXX̄} , (22)

where αβ = f f̄ , bb̄, tt̄, VV and XX̄ = T T̄ , BB̄ . With systematical analyses, we present Higgs couplings with gauge bosons and fermions in Table 3. We see that h^0 couplings with the SM fermions and gauge bosons are smaller than the corresponding SM values due to the Higgs mixing factor c_α < 1 , and h^0 couplings with heavy fermions and new gauge bosons are generally suppressed by a coefficient ys_α , where (s_α, c_α) = (sin α, cos α) < 1 and y = v/u ≪ 1 . The h^0 couplings with tt̄ and bb̄ receive an additional shift of O(ys_α) .

Then, we analyze decays and productions of the Higgs boson h^0 with mass 125 GeV. Since h^0 couplings with SM particles are mainly suppressed by c_α , its total decay width roughly decreases with c^2_α . Fig. 2(a) shows the ratios of the h^0 decay branching fractions over the corresponding SM values, for the major decay channels. We see that Br[h → γγ] decreases rapidly around α =^π_2 due to the factor c^2_α , but gets enhanced over the SM values in the region 0 < α <^π_2 . This enhancement is interesting because all the Higgs couplings are suppressed for α ∈ ( 0,^π_2 ) range, and thus the Higgs partial widths and total width become smaller than the SM values. So, naively we do not expect an enhancement here. But, smaller partial widths do not necessarily imply smaller decay branding fractions, because the total decay width also reduces accordingly. We note that the total decay width is mainly contributed by h^0 → bb̄ channel, which however receives more suppression than other channels. As shown in Table 3, the h^0bb̄ coupling receives an extra negative reduction of O(−ys_α) , which makes the total width reduce more than the partial widths of γγ , gg and WW/ZZ/ττ over the range of α ∈ ( 0,^π_2 ) . Besides, the diphoton partial width is dominated by the W-loop (with a c^2_α suppression), and adding the W^′-loop partly delays this suppression since W^′-loop induces a term of O(y^2 s^2_α) . We further note that Br[h → gg] has extra contributions from the heavy quark T /B triangle-loops, where the h^0 Yukawa couplings with T (B) are dominated by the factor ys_α (Table 3). In consequence, we find that the decay branching fractions of γγ and gg are significantly enhanced in the region of α ∈ ( 0,^π_2 ) , as demonstrated in Fig. 2(a).

The major channel of h^0 productions at the LHC comes from the gluon fusions. For the LHC (7+8 TeV) and LHC (14 TeV), about 87% of the Higgs boson events are produced in this process. The ratio of our h^0 production cross section over that of the SM Higgs boson with the same mass is derived as,

R_{ggF} [h] = σ[gg → h] σ[gg → h]_{SM} = | | | | ∑ q=t,T ,B

ξ_{hqq} A^H_{1/2}(τ_q) | | | | 2 | | | | ∑ q=t A^H_{1/2}(τ_q) | | | | −2 , (23)

XY f f̄ VV V^′V^′ tt̄ bb̄ T T̄ BB̄

ξ_{hXY} c_α c_α ys_α c_α − ys_α 1+r c_α − ys_α 1+r ys_α + ω_hz^2_t 1+r ys_α 1 + r

ξ_{HXY} −s_α −s_α yc_α −s_α − yc_α 1+r −s_α − yc_α 1+r yc_α − ω_H z^2_t 1+r yc_α 1 + r

Table 3: Coupling ratios ξ_{hXY} and ξ_{HXY} of Higgs boson h^0 and H^0 with the SM particles XY = f f̄ , VV, V^′V^′, tt̄, bb̄, T T̄ , BB̄ , where V = W, Z and V^′ = W^′, Z^′ . We also denote, ω_h ≡ c_α − ys_α(1 − r)/(1 + r) and ω_H ≡ s_α + yc_α(1 − r)/(1 + r) .

where τ_q ≡ M^2_h /(4m^2_q) , and the fermion-loop form factor is given by

A^H_{1/2}(τ) = 2[τ + (τ − 1) f (τ)]τ^{−2} , (24a)

f (τ) = arcsin^2 √ τ , τ ⩽ 1 ,

−^1_4 ln 1 + √ 1 − τ^{−1} 1 − √ 1 − τ^{−1}

− iπ 2 , τ > 1 .

(24b)

Under the heavy fermion mass limit M^2_h ≪ 4m^2_q , the function A^H_{1/2} takes asymptotic form, A^H_{1/2}(τ) →^4_3 . This means that loop form factors of the new spectator quarks are largely the same as the top quark.

Thus, as an estimate we can approximate the production rate as follows,

R_{ggF} [h] ≃ ( ξ_{htt} + ξ_{hT T} + ξ_{hBB}

)_2 ≃ ( c_α + y s_α 1+r + z^2_t ω_h 1+r )_2 ≃ ( c_α + ys_α 1+r )_2

, (25)

where z^2_t ≪ y ≪ 1 . In Fig. 2(b), we compute the production cross section ratio R_{ggF} as a function of the Higgs mixing angle α . It shows that this ratio is mainly suppressed by c_α , and the small enhancement around α = 0.1π arises from the ys_α/(1+r) term in (25). Hence, for small y and α , we see that top quark loop gives the main contribution to the production rate R_{ggF} .

To contrast the LHC data, we will analyze the signal ratio of our prediction over the SM expectation, for each given channel gg → h → XX ,

R_{XX} [h] ≡ σ[gg → h] × Br[h → XX] σ[gg → h]_{SM} × Br[h → XX]_{SM}

. (26)

In Fig.3(a), we present the signal ratios (R_{γγ}, R_{WW} , R_{ZZ} ) as functions of the Higgs mixing angle α , for h^0 Higgs boson with mass 125 GeV. It shows that our model can predict enhanced diphoton rate over significant parameter space of α , for the sample inputs (y, r, M_{W′} , M_T ) = (0.29, 1, 1.4 TeV, 4 TeV) . At the same time, the predicted signals in WW^∗ and ZZ^∗ channels can be quite close to the SM values, especially for 0 < α ≲ 0.2π . These agree well to the latest LHC data [2][3].

Then, we study the vector boson fusion process pp → h^0 j j with h^0 → ττ̄ , and the associate production pp → h^0V with h^0 → bb̄ . Given the Higgs couplings of Table 3, we compute the predicted signal ratios over that of the SM as the following,

R_{Vh}[h] ≡ σ[q_1q̄_2 →Vh] × Br[h → f f̄ ] σ[q_1q̄_2 →Vh]_{SM} × Br[h → f f̄ ]_{SM}

≃ ξ^2_{hVV} ξ^2_{h f f}

Γ^{SM}_h Γ_h

, (27a)

R_{VBF}[h] ≡ σ[q_1q_2 → hq_3q_4] × Br[h → f f̄ ] σ[q_1q_2 → hq_3q_4]_{SM} × Br[h → f f̄ ]_{SM}

≃ ξ^2_{hVV} ξ^2_{h f f}

Γ^{SM}_h Γ_h

, (27b)

where the quarks q_{1,2} or q_{3,4} are all light quarks. The involved Vqq̄^′ couplings agree with the SM values to good precision, and their deviations from the SM value arise only at O(x^4y^2) which is negligible. Hence, the ratios of production cross sections for both the vector boson fusion and associate production equal ξ^2_{hVV} .

For h → bb̄ channel, we expect that the signal ratio is always lower than one, because the Br[h → bb̄] is suppressed [Fig.2(a)] and for the associate production, the cross section is proportional to ξ^2_{hVV} = c^2_α < 1 . This is

Figure 3: Predicted LHC signal ratios [σ × Br]/[σ × Br]_{SM} as functions of Higgs mixing angle α . Plot-(a) depicts signal rates of h → γγ, WW^∗, ZZ^∗ from gluon fusions. Plot-(b) presents h → ττ̄, bb̄ signals via gluon fusion (ggF), vector boson fusion (VBF), and associate production (Vh) processes. The red (blue) curve of plot-(a) corresponds to γγ (WW^∗/ZZ^∗ ) channels. In plot-(b), the red (green) curve shows h^0 → ττ̄ via gluon fusions (vector boson fusions), while the blue curve depicts h^0 → bb̄ via associate productions. We have sample inputs (y, r, M_{W′} , M_T ) = (0.29, 1, 1.4 TeV, 4 TeV) based our best fit. The latest ATLAS/CMS data are also shown, where in each label the subscript “_A ” (“_C ”) denotes ATLAS (CMS). These data points are independent of α , and their horizontal locations are arbitrarily chosen, for the convenience of presentation. The shaded pink region depicts the 1σ favored range of mixing angle α , as given by our global fit in Fig. 4(b).

why Fig. 3(b) shows that the h → bb̄ signal ratio (blue curve) approaches one as α → 0, π , and becomes zero around α =^π_2 . For h → ττ̄ channel, the decay branching fraction is higher than the SM value for α <^π_2 [Fig.2(a)], and the Higgs production via gluon fusions is enhanced only around 0 < α < 0.15π , depending also on the VEV ratio y [Fig.2(b)]. Hence, we find that the final ττ̄ signal rate receives mild enhancement for 0 < α < 0.15π , and approaches the SM value for α ≃ 0, 0.15π, π , as shown in Fig. 3(b). The current LHC experimental errors of measuring bb̄ and ττ̄ channels are still too large to give significant constraint in the theory space. But the upcoming LHC runs with 14 TeV collision energy and higher integrated luminosities will better probe these two channels.

Next, we preform a global fit by including the LHC (ATLAS/CMS) data [2, 3], the Tevatron data [21], and the electroweak precision tests (Sec. 2.2). Our model has six independent parameters (α, x, y, r, z_t, M_H ), relevant for this analysis. Note that with these we can then determine W^′ mass from Eq. (5), and (T , B) masses from Eq. (10b) in which M_S = κ/ √ r = m_t/(z_t √ r ) . We derive the best fit by minimizing the following χ^2 function,

χ^2 = ∑ i j (μ̂_i − μ̂^{exp}_i )(σ^2)^{−1}_{i j} (μ̂_j − μ̂^{exp}_j ) , (28)

where μ̂_j = [σ × Br]_j/[σ × Br]^{sm}_j is the Higgs signal strength for each given channel, j = γγ, WW^∗, ZZ^∗, bb̄, ττ̄ , at ATLAS, CMS and Tevatron, or, μ̂_j denotes the electroweak precision parameters (^S , ^T , W, Y). The error matrix is, (σ^2)_{i j} = σ_iρ_{i j}σ_j , where σ_i denotes the corresponding error and ρ_{i j} is the correlation matrix. To optimize and simplify the fits, we consider the physical requirements that x^2 ≪ 1 for reliable perturbative expansion of parameter space (Table 2-3), and √ r = κ/M_S = O(1) for natural topflavor seesaw. So, we can fairly take the sample inputs (x, r) = (0.2, 1) . Thus, we are left with four parameters (α, y, z_t, M_H ) for the global fit. From these, we derive the best fit values, (α, y, z_t, M_H ) ≃ (0.13π, 0.3, 0.06, 650 GeV), with χ^2/d.o.f ≃ 14/25 < 1 . These best fit values result in, (M_W′ , M_T ) ≃ (1.3, 4) TeV, but their allowed 1σ mass ranges are still large.

In Fig. 4, we further perform a two parameter fit in α − M_{W′} plane, by fixing two more inputs (M_H , M_T ) = (0.5, 4) TeV around their best fit values (since H^0 and T masses only appear in the oblique precision corrections and are not so sensitive to the fit). In Fig. 4(a), we first make the fits for ATLAS and CMS data [2, 3], respectively, as shown by the blue and green dashed curves at 68% C.L., where h^0 → γγ, WW^∗, ZZ^∗ and h^0 → bb̄, ττ̄ channels are included for each experiment. We see that ATLAS data favor our model over the SM, while CMS data are still consistent with the SM point (α, M_{W′} ) = (0, ∞) at 1σ level. The best fits of ATLAS and CMS data give, (α, M_{W′} ) = (0.15π, 0.85TeV) and (α, M_{W′} ) = (0.14π, 4TeV), respectively. These lead to y = 0.47 (0.1) for ATLAS (CMS) fit. Then, in the same plot-(a), we present the combined fit for ATLAS and CMS data together, which is depicted by the shaded yellow contour for (α, M_{W′} ) at 68% C.L. The best fit point is, (α, M_{W′} ) = (0.16π, 1.33TeV), as marked by the red star.

Finally, we carry out a global fit by further including Tevatron data [21] and electroweak precision data (Sec. 2). This is presented in Fig. 4(b), where the shaded (red, blue, yellow) contours impose the (1σ, 2σ, 3σ) bounds, respec-

Figure 4: Global fits for constraints on the allowed regions in α − M_{W′} plane. Plot-(a) depicts the 68% C.L. bound by fitting all the current ATLAS and CMS data, where the yellow contour is ATLAS+CMS combined limit. Plot-(b) presents the global fit by including all direct searches of (ATLAS, CMS, Tevatron) and the indirect precision data, at (1σ, 2σ, 3σ) levels, as marked by (pink, blue, yellow) contours, respectively. In each plot, the red (black) star indicates the best fit point, and the horizontal dashed line gives the 95% C.L. lower bound, M_{W′} > 1.25 TeV, from the LHC direct searches of W^′ (Sec. 2.2). We have sample input (x, r) = (0.2, 1) and (M_H , M_T ) = (0.5, 4) TeV for both plots.

tively. In this global fit, we take the same sample inputs as in Fig. 4(a), (x, r) = (0.2, 1) and (M_H , M_T ) = (0.5, 4) TeV. With these, we derive the best fit, (α, M_W′ ) = (0.13π, 1.4TeV), with χ^2/d.o.f ≃ 15/25 < 1 . This is marked by the black star in Fig. 4(b). We see that fitting all the current direct and indirect data clearly deviates from the decoupling limit (α, M_{W′} ) = (0, ∞), which corresponds to the SM point. Hence, our model is favored by the existing data above 1σ level, and will be further probed by the upcoming runs at the LHC (14 TeV).

In passing, a recent interesting paper studied the Higgs fit with extra charged vector bosons and charged scalar for different class of models [23].

4. Heavier Higgs Boson Signals at the LHC

In this section we study the LHC signals of the heavier Higgs boson H^0, which is an indispensable prediction of our Higgs sector beyond the conventional SM. We also analyze the existing searches on a heavier Higgs boson at the LHC (7 TeV+8 TeV), and derive constraints on the H^0 mass M_H and the Higgs mixing angle α .

The gauge and Yukawa couplings of H^0 are presented in Table 3. With these we compute the decay branching fractions of H^0 and summarize them in Fig. 5(a). We see that H^0 → ZZ and H^0 → WW are the two dominant decay channels at the LHC. The other two channels H^0 → tt̄ and H^0 → hh have branching ratios generally below about 20% and 10%, respectively. For comparison, we also evaluate ratios of the three major branching fractions of H^0 over that of a hypothetical SM Higgs boson with the same mass. These are shown in Fig. 5(b) as functions of the Higgs mixing angle α , for two representative Higgs masses, M_H = 400 GeV (solid curves) and M_H = 1 TeV (dashed curves). We see that the H^0 decay branching fractions are rather insensitive to the Higgs mass in the WW/ZZ channels (over full M_H range) and tt̄ channel (for M_H > 350 GeV). Furthermore, Fig. 5(b) shows that around the best fit range of α (marked by the pink band), the branching fractions of WW/ZZ channels are significantly lower than the SM, while the tt̄ mode has higher branching ratio above the SM value.

In parallel to Eq. (23), we can define the ratio of production cross sections, R_{ggF} [H] = σ[gg → H]/ σ[gg → H]_{SM} . Different from (25), with Table 3 we can estimate the production rate of H^0 as follows,

R_{ggF} [H] ≃ ( ξ_{Htt} + ξ_{HT T} + ξ_{HBB}

)_2 ≃ ( −s_α + y c_α 1+r − z^2_t ω_H 1+r )_2 ≃ ( s_α − yc_α 1+r )_2 , (29)

where z^2_t ≪ y ≪ 1 . We see that for small Higgs mixing angle α , the H^0 production rate is much more suppressed than that of h^0 in Eq. (25).

Next, we analyze the LHC constraints and potentials for probing the heavier Higgs boson H^0. The latest ATLAS and CMS data [2, 3] have excluded the mass of a SM Higgs boson up to 650 GeV and 800 GeV at 95% confidence level, respectively. The most sensitive detection channels for a heavier SM-like Higgs boson are H → WW, ZZ . The major production mechanisms for a heavier SM-like Higgs boson are the gluon fusions and vector boson fusions. At the LHC(8 TeV) and LHC(14 TeV), the gluon fusions always give the largest production cross section over the wide

Figure 5: Plot-(a) presents decay branching fractions of heavier Higgs boson H^0 as functions of the Higgs mass M_H , where we input α = 0.13π based on our best fit. Plot-(b) depicts ratios of H^0 decay branching fractions over the SM values as functions of mixing angle α , for the three major channels H^0 → WW, ZZ, tt̄ . The shaded pink band depicts the 1σ favored range of α , from our global fit in Fig. 4(b). In both plots, we have sample inputs, (y, r) = (0.29, 1) and (M_{W′} , M_T ) = (1.4, 4) TeV.

Figure 6: Signal rates of heavier Higgs boson H^0 in the ZZ channel [plot-(a)] and WW channel [plot-(b)]. The (purple, red, blue) solid curves give our theory predictions for α = (0.1π, 0.13π, 0.2π), respectively. The dashed green (black) curves present the ATLAS (CMS) 95% C.L. upper limits. Both plots have the sample inputs (y, r) = (0.29, 1) and (M_{W′} , M_T ) = (1.4, 4) TeV, based on our global fit in Fig. 4(b).

Higgs-mass range up to about 1 TeV [22]. Hence, we will focus on pp → H^0 → ZZ → 4ℓ and pp → H^0 → WW → 2ℓ2ν processes for detecting H^0 at the LHC.

Let us define the signal rates of H^0 over that of a hypothetical SM Higgs boson with the same mass,

R_{ZZ} [H] = σ(gg→ H)×Br(H →ZZ →4ℓ) [σ(gg→h)×Br(h→ZZ →4ℓ)]_{SM}

, (30a)

R_{WW} [H] = σ(gg→ H)×Br(H →WW →2ℓ2ν) [σ(gg→h)×Br(h→WW →2ℓ2ν)]_{SM}

. (30b)

In Fig. 6, we present the signal rates R_{ZZ} [H] and R_{WW} [H] in plots (a) and (b), respectively. For this analysis, we take the sample inputs (y, r, M_{W′} , M_T ) = (0.29, 1, 1.4 TeV, 4 TeV) based on our best fits. In each plot, we also derive the predicted signal rates for three representative Higgs mixing angles, α = (0.1π, 0.13π, 0.2π), where α = 0.13π is the best fit value. This covers significant viable range of the α angle [cf. Fig. 4(b)].

Figs. 6(a)-(b) show that the ZZ channel always gives stronger bound than the WW channel, for both ATLAS and CMS data. From Fig. 6, we find the constraints to be significantly relaxed for smaller α values, such as α = 0.1π (purple curve) or any α < 0.13π , which is fully free from the current search limits at the LHC (7+8 TeV). For the best fit α = 0.13π (red curve), H^0 receives almost no bound yet, except for the tiny regions around M_H = 250 GeV and 300 GeV in Fig. 6(a), from the CMS searches via ZZ channel. Taking a larger value of α = 0.2π , we infer a stronger 95% C.L. mass limit, M_H > 500 GeV, from the same plot-(a). This situation is because the cubic HWW and HZZ couplings are proportional to sin α (Table 3), so they become more suppressed for smaller α mixing. It is expected that analyzing the complete data sets of LHC (8 TeV) should either place tighter bounds or reveal exciting new evidence of such a non-SM heavier Higgs boson H^0. The upcoming runs at the LHC(14 TeV) will further probe our predicted H^0 signals over its full mass range.

5. Conclusions

The LHC discovery of a 125 GeV Higgs-like boson [1, 2, 3] has opened up a new era for studying Higgs physics and mass generation. It is highly anticipated that the upcoming LHC runs at 14 TeV with increased luminosities will further probe new physics with the electroweak symmetry breaking and origin of masses. The topflavor seesaw mechanism [4] provides a truly simple and elegant renormalizable realization of the electroweak symmetry breaking and top-mass generation, in which the top sector is special by joining a new S U(2) gauge force. It gives distinctive predictions of vector-like spectator quarks (T , B) , new gauge bosons (W^′, Z^′) , and extra heavier Higgs state H^0.

In this Letter, we studied the LHC phenomenology of topflavor seesaw mechanism [4]. In Sec. 2.1, we analyzed the structure of topflavor seesaw including its Higgs, gauge and top sectors. We identified proper expansion parameters and derived the mass-spectra of Higgs bosons, gauge bosons, top/bottom quarks and spectator quarks, as well as the associated mixing angles. With these we presented the gauge and Yukawa couplings of Higgs bosons (h^0, H^0) in Table 3, and the (W^′, Z^′) couplings in Table 2. Then, in Sec. 2.2, we analyzed the indirect precision constraints on the theory space (Fig. 1), which push the masses of (T , B) to be above 1.5 − 2 TeV, and (W^′, Z^′) masses above 0.45−1 TeV, depending on the Higgs mixing angle α . We further derived the LHC direct search limits on the W^′/Z^′ masses in our model. We found, M_{W′} > 1.25 − 1.6 TeV and M_{Z′} > 1.0 TeV at 95% C.L., from the ATLAS and CMS data [18, 19].

In Sec. 3, we presented analysis for decays and productions of the lighter Higgs boson h^0 (125 GeV), as shown in Fig. 2. We derived new predictions for h^0 signal rates in the h^0 → γγ, WW^∗, ZZ^∗ channels (via gluon fusions), the h^0 → ττ̄ channel (via vector boson fusions), and the h^0 → bb̄ channel (via Vh associate productions). These are depicted in Figs. 3(a)-(b), where the latest ATLAS and CMS measurements [2] in each channel are displayed for comparison. We reveal that this model has significant viable parameter space where the Higgs diphoton rate is properly enhanced, and WW^∗/ZZ^∗ and ττ̄/bb̄ rates only mildly deviate from the SM. Then, we performed the global fit by including both the direct searches (LHC [2, 3] and Tevatron [21]) and the indirect precision constraints (Sec. 2.2). With the proper sample inputs (x, r) = (0.2, 1) , we derive the best fit, (α, y, z_t, M_H ) ≃ (0.13π, 0.3, 0.06, 650 GeV), with χ^2/d.o.f ≃ 14/25 < 1 . This also leads to, (M_{W′} , M_T ) ≃ (1.3, 4) TeV, but still with large 1σ ranges. In Fig. 4, we further carried out a two-parameter χ^2 fit for (α, M_W′ ) , where we set H^0 and T masses around their best fits, (M_H , M_T ) ≃ (0.5, 4) TeV. Fig. 4(a) presented the χ^2 fit of (α, M_{W′} ) after including all search channels at ATLAS and CMS, with the combined limit given by the yellow contour. In Fig. 4(b), we further performed a global fit of (α, M_W′ ) by adding the Tevatron searches and precision constraints, which results in the best fit, (α, M_{W′} ) = (0.13π, 1.4 TeV) , with χ^2/d.o.f ≃ 15/25 < 1 . Fig. 4(b) also presented the (1σ, 2σ, 3σ) bounds on the theory space. It shows that the current data already starts to discriminate our model from the SM beyond 1σ level.

Finally, in Sec. 4, we studied the LHC signatures of the heavier Higgs state H^0, which is an indispensable prediction of our Higgs sector. We analyzed the H^0 decays in Fig. 5(a)-(b), which are dominated by the two major channels of H^0 → WW, ZZ. Their decay branching fractions are sensitive to varying the mixing angle α , but remain largely unaltered over the full range of H^0 mass. The most sensitive detection modes come from leptonic decay products of H^0 → ZZ → 4ℓ and H^0 → WW → 2ℓ2ν . In Fig. 6(a)-(b), we presented our new predictions of the H^0 signal rates via ZZ and WW channels, for three sample inputs of mixing angle α = (0.1π, 0.13π, 0.2π), consistent with our global fit in Fig. 4(b). We imposed the current LHC search limits on the theory space, as the green and black dashed curves in each plot. We found that for our best fit α = 0.13π , the H^0 boson only receives a mild lower mass bound, M_H > 250 − 300 GeV. But, for α < 0.13π , the H^0 state is fully free from the existing LHC constraints so far. The upcoming runs at the LHC (14 TeV) with higher integrated luminosities will have high potential to discover or exclude the H^0 Higgs boson through its full mass range.

Acknowledgments

We thank Tomohiro Abe and Ning Chen for related discussions. We also thank Bogdan Dobrescu and Chris Hill for discussing the topseesaw. This work was supported by National NSF of China (under grants 11275101, 11135003) and National Basic Research Program (under grant 2010CB833000).

References

[1] G. Aad et al., [ATLAS Collaboration], Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-ex]]; S. Chatrchyan et al., [CMS Collaboration], Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235 [hep-ex]].

[2] See presentations of ATLAS and CMS Collaborations at XLVIIIth Rencontres de Moriond on Electroweak Interactions and Unified Theories, (March 3-9, 2013), and Moriond QCD and High Energy Interactions, (March 10-16, 2013), Moriond, La Thuile, Italy.

[3] ATLAS Collaboration, ATLAS-CONF-2013-012, ATLAS-CONF-2013-013, ATLAS-CONF-2013-030; CMS Collaboration, CMS-PAS- HIG-13-001, CMS-PAS-HIG-13-002, CMS-PAS-HIG-13-003, CMS-PAS-HIG-13-004.

[4] H. J. He, T.M.P. Tait, C. P. Yuan, Phys. Rev. D 62 (2000) 011702 (R) [hep-ph/9911266]. [5] T. Aaltonen et al., [CDF and D0 Collaborations], Phys. Rev. D 86 (2012) 092003 [arXiv:1207.1069[hep-ex]]. [6] B. A. Dobrescu and C. T. Hill, Phys. Rev. Lett. 81 (1998) 2634 [hep-ph/9712319]; R. S. Chivukula, B. A. Dobrescu, H. Georgi, C. T. Hill, Phys. Rev. D 59 (1999) 075003 [hep-ph/9809470]; H. J. He, C. T. Hill, T.M.P. Tait, Phys. Rev. D 65 (2002) 055006 [hep-ph/0108041].

[7] X. Li and E. Ma, Phys. Rev. Lett. 47 (1981) 1788.

[8] H. Georgi, E. E. Jenkins, and E. H. Simmons, Phys. Rev. Lett. 62 (1989) 2789 (1989); Nucl. Phys. B 331 (1990) 541. [9] T. Abe, N. Chen, H. J. He, JHEP 1301 (2013) 082 [arXiv:1207.4103]. [10] R. S. Chivukula et al., Phys. Rev. D 74 (2006) 075011 [hep-ph/0607124].

[11] F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321; P. W. Higgs, Phys. Lett. 12 (1964) 132; Phys. Rev. Lett. 13, 508 (1964); Phys. Rev.

145 (1966) 1156; G. S. Guralnik, C. R. Hagen, and T. W. Kibble, Phys. Rev. Lett. 13 (1964) 585. [12] R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Nucl. Phys. B 703 (2004) 127 [hep-ph/0405040].

[13] R. S. Chivukula et al.,, Phys. Lett. B 603 (2004) 210 [hep-ph/0408262]; Phys. Rev. D 70 (2004) 075008 [hep-ph/0406077]; Phys. Rev. D 71 (2005) 035007 [hep-ph/0410154].

[14] N. Chen and H. J. He, JHEP 1204 (2012) 062 [arXiv:1202.3072]; H. J. He, S. Su and N. Polonsky, Phys. Rev. D 64 (2001) 053004 [arXiv:hepph/0102144]; M. Hashimoto, Phys. Rev. D 81 (2010) 075023 [arXiv:1001.4335]; S. Bar-Shalom, S. Nandi, A. Soni, Phys. Rev. D 84 (2011) 053009 [arXiv:1105.6095]; M. Baak, et al., Eur. Phys. J. C 72 (2012) 2003 [arXiv:1107.0975]; and references therein.

[15] S. Dawson, E. Furlan, and I. Lewis, Phys. Rev. D 87 (2013) 014007 [arXiv:1210.6663]; S. Dawson and E. Furlan, Phys. Rev. D 86 (2012) 015021 [arXiv:1205.4733]; and references therein.

[16] G. P. Zeller, et al., [NuTeV Collaboration], Phys. Rev. Lett. 88 (2002) 091802 [hep-ex/0110059]. [17] K. Hsieh, K. Schmitz, J. H. Yu, C. P. Yuan, Phys. Rev. D82 (2010) 035011 [arXiv:1003.3482].

[18] G. Aad et al., [ATLAS Collaboration], JHEP 1211 (2012) 138 [arXiv:1209.2535 [hep-ex]]; Eur. Phys. J. C 72 (2012) 2241 [arXiv:1209.4446 [hep-ex]]; and ATLAS-CONF-2013-017.

[19] S. Chatrchyan et al., [CMS Collaboration], JHEP 09 (2012) 029 [arXiv:1204.2488 [hep-ex]]; Phys. Lett. B 718 (2013) 1229 [arXiv:1208.0956 [hep-ex]]; and CMS-PAS-B2G-12-010, CMS-EXO-12-060, CMS-EXO-12-061.

[20] For example, T. Jezo, M. Klasen, and I. Schienbein, Phys. Rev. D 86 (2012) 035005 [arXiv:1203.5314]. C. Du, et al. Phys. Rev. D 86 (2012) 095011 [arXiv:1206.6022]; H. J. He, et al. Phys. Rev. D 78 (2008) 031701 [arXiv:0708.2588]; F. Bach and T. Ohl, Phys. Rev. D 85 (2012) 015002 [arXiv:1111.1551]; and references therein.

[21] Presentations of Tevatron (CDF and D0) Collaborations at XLVIIIth Rencontres de Moriond on Electroweak Interactions and Unified Theories, (March 3-9, 2013), and Moriond QCD and High Energy Interactions, (March 10-16, 2013), La Thuile, Aosta Valley, Italy.

[22] E.g., A. Djouadi, Phys. Rept. 457 (2008) 1 [arXiv:hep-ph/0503172]; and references therein. [23] T. Alanne, S. Di Chiara, and K. Tuominen, arXiv:1303.3615 [hep-ph]; and references therein.