arXiv:1303.0168v4 [hep-ph] 27 Jun 2013

Implications of Higgs boson search data on the two-Higgs doublet models with a softly broken Z_2 symmetry

Cheng-Wei Chiang^{1, 2, 3, ∗} and Kei Yagyu^{1, †} 1Department of Physics and Center for Mathematics and Theoretical Physics, National Central University, Chungli, Taiwan 32001, ROC 2Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, ROC 3Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 30013, ROC

Based on current data of the Higgs boson search at the Large Hadron Collider, we constrain the parameter space of the two-Higgs doublet models where a softly broken Z_2 symmetry is employed to avoid flavor-changing neutral currents at tree level. There are four types of Yukawa interactions under the Z_2 charge assignments of the standard model fermions. We find that the model with Type-II Yukawa interactions can better explain the experimental data among all. In this scenario, the couplings of the light CP-even Higgs boson h with weak gauge bosons are almost standard model-like or only slightly different in a small range of tan β. In particular, we scrutinize a well-constrained region previously ignored by other analyses and study the phenomenology of the extra Higgs bosons at the Large Hadron Collider.

PACS numbers:

∗Electronic address: chengwei@ncu.edu.tw †Electronic address: keiyagyu@ncu.edu.tw

I. INTRODUCTION

In the standard model (SM) of particle physics, the Higgs field plays a central role in breaking the electroweak symmetry and giving masses to other elementary particles. A direct consequence is the existence of a spin-0 Higgs boson that interacts with the other particles with strengths proportional to their respective masses. A new particle, denoted by h, with mass about 125.5 GeV has been recently discovered at the Large Hadron Collider (LHC) by both the ATLAS and CMS Collaborations [1, 2], and is found to be compatible with the SM Higgs boson in the production rates of various channels. Moreover, the diphoton decay of h suggests that its spin is an even integer [3], and a preliminary angular analysis of the h → ZZ^∗ → 4ℓ decay data prefers that the new boson has zero spin and positive parity [4].

Even though the new particle h is generally consistent with the SM Higgs boson, one obvious question is whether it is the only spin-0 particle in the SM or actually belongs to a larger scalar family. There are many well-motivated models with an extended Higgs sector, among which the two-Higgs doublet model (THDM) is one of the most popular and extensively analyzed classes. Such a structure of two Higgs doublet fields is also required for the Minimal Supersymmetric Standard Model (MSSM). By introducing a cousin doublet of the SM Higgs doublet, the model preserves the custodial symmetry in the kinetic term to keep the electroweak ρ parameter at unity at tree level.

Recently, there are many analyses about the THDM’s [5], with particular emphasis on the study of enhancement in the h → γγ mode as the data show. A survey of generic models with an extended Higgs sector, including the THDM’s, has been done by the authors [6] to show the correlation between the γγ and Zγ modes. Obviously, a global analysis to the available data is required to disentangle among the possible new physics candidates [7]. Various scenarios in the THDM have been analyzed by using the Higgs boson search data at the LHC before the Moriond conference [8–15], and those afterwards [16].

In the THDM’s, there may be tree-level flavor-changing neutral current (FCNC) interactions due to the mediations of neutral scalar bosons as both doublet fields can generally couple to the uptype and down-type quarks and charged leptons. There are several ways to avoid such dangerous FCNC processes, e.g., imposing a softly broken Z_2 symmetry [17]^1 or assuming alignments in the Yukawa matrices [19]. In the former case, there are four independent types of Yukawa interactions,

1 The model with an exact Z2 symmetry is known as the inert doublet model [18].

depending on the charge assignments of the SM fermions under the Z_2 symmetry [20]. They are dubbed the Type-I, Type-II, Type-X and Type-Y THDM’s [21, 22]. After electroweak symmetry breaking, all these scenarios contain the same physical Higgs bosons under the assumption of CP conservation in the Higgs sector: two charged Higgs bosons, two CP-even Higgs bosons, and one CP-odd Higgs boson.

The Type-II THDM can best fit the latest Higgs search data from the LHC, with the preferred values tan β ∼ 4 where tan β is defined as the ratio of the vacuum expectation values (VEV’s) of the two doublet fields and SM-like couplings among the lighter CP-even Higgs boson and weak gauge bosons g_{hV V} [11, 13]. However, we find that there is another parameter region that cannot be ruled out by the data at even 68% confidence level (CL) and is still consistent with the constraints of vacuum stability and perturbative unitarity. This region corresponds to the case where the deviation in the g_{hV V} coupling is more than −1% from its SM value, and the values of the tau and bottom Yukawa couplings are slightly smaller in magnitude and have the opposite sign to their SM values. Although the Higgs boson signal are still SM-like, such a case has effects on the productions and decays of the other Higgs bosons at colliders. In this paper, we study the Higgs phenomenology at the LHC in this part of the parameter space.

This paper is organized as follows. In Section II, we review the THDM with a Z_2 symmetry and classify four types of Higgs interactions with SM fermions. A soft Z_2 symmetry breaking term is also introduced. In Section III, we perform χ^2 fits of the four scenarios to the current data, singling out the Type-II interactions as the preferred one. We then find two separate regions in the model parameter space, noting that one of them has been ignored in previous analyses. We then concentrate on the region where the g_{hV V} couplings have larger deviations from the SM expectations, and study the collider phenomenology of the heavier Higgs bosons in Section IV. After working out the branching fractions of both heavy CP-even Higgs boson, H, and CP-odd Higgs boson, A, we examine their single and pair productions at the LHC and compare the results with current search limits. Our findings are summarized in Section V.

II. THE TWO-HIGGS DOUBLET MODEL

The THDM contains two SU(2)_L doublet Higgs fields Φ_1 and Φ_2 with hypercharge Y = +1/2. In general, both doublet fields can couple to the SM fermions at the same time and induce FCNC’s via the mediation of a scalar boson at tree level. To avoid such FCNC’s, a softly broken discrete Z_2 symmetry is introduced to the model, under which the doublet fields transform as Φ_1 → +Φ_1

Φ_1 Φ_2 u_R d_R ℓ_R Q_L, L_L ξ_u ξ_d ξ_e Type-I + − − − − + cot β cot β cot β Type-II + − − + + + cot β − tan β − tan β Type-X + − − − + + cot β cot β − tan β Type-Y + − − + − + cot β − tan β cot β

TABLE I: Charge assignments of the Z_2 symmetry and the corresponding ξ_f factors in different scenarios of the THDM.

and Φ_2 → −Φ_2. The two doublet fields can be parameterized in the so-called Higgs basis as

Φ_1 Φ_2 = R(β) Φ Ψ , with R(θ) = cos θ − sin θ sin θ cos θ , (1)

where

Φ = w^+ 1√ 2 (v + h^′_1 + iz) , Ψ = H^+ 1√ 2 (h^′_2 + iA) and tan β = ⟨Φ^0_2⟩/⟨Φ^0_1⟩, (2)

with the VEV v = √ ⟨Φ^0_1⟩^2 + ⟨Φ^0_2⟩^2 = 246 GeV. In the above parameterization of the component scalar fields, w^± and z are the Nambu-Goldstone bosons becoming the longitudinal components of the W^± and Z bosons, respectively. The physical charged Higgs boson (the CP-odd Higgs boson) is denoted by H^± (A) and the CP-even Higgs bosons are expressed as h^′_1 and h^′_2. In general, (h^′_1, h^′_2) are not mass eigenstates and can mix with each other. The mass eigenstates of the CP-even Higgs bosons can be defined by introducing the mixing angle α as^2 h^{′1} h^′_2 = R(α − β) H h . (3)

We will assume that h is the newly discovered particle and is the lighter mass eigenstate; i.e., h is considered as the SM-like Higgs boson, and H is the heavier one.

In the Higgs basis, the Yukawa Lagrangian with the Z_2 symmetry are given as

L_Y = − √ 2 v [ Q̄_LM_d (Φ + ξ_dΨ) d_R + Q̄_LM_u ( Φ̃ + ξ_uΨ̃ ) u_R + L̄_LM_e (Φ + ξ_eΨ) e_R + h.c. ] , (4)

where ξ_f (f = u, d or e) can be determined when we specify the Z_2 charges of the quarks and leptons, and M_f is the diagonalized fermion mass matrix. The charge conjugation of the scalar

2 The CP-even scalar states in the basis of (h1, h2), which are the real parts of the neutral states in Φ1 and Φ2, respectively, can be directly related to those in the basis of (H, h) by (h1, h2)^T = R(α)(H, h)^T .

fields are denoted as Φ̃ = iτ_2Φ^∗ and Ψ̃ = iτ_2Ψ^∗, where τ_2 is the second Pauli matrix. There are four independent charge assignments of the Z_2 parity as summarized in TABLE I. The Yukawa interactions are expressed in terms of the CP-even Higgs mass eigenstates as L_Y = − ∑ f=u,d,e m_f v { [sin(β − α) + ξ_f cos(β − α)]ffh

+ [cos(β − α) − ξ_f sin(β − α)]ffH + iSign(f)ξ_f fγ_5fA }

− [√ 2V_{ud} v u (m_dξ_dP_R − m_uξ_uP_L) d H^+ + √ 2m_eξ_e v νP_ReH^+ + h.c. ] , (5) where P_{L,R} are the projection operators for left- and right-handed fermions, respectively, and Sign(f) = +1 (−1) for f = d and e (f = u).

We consider the Higgs potential V = m^2_1|Φ_1|^2 + m^2|Φ_2|^2 − m^2_3(Φ^†_1Φ_2 + h.c.) + 1 2 λ_1|Φ_1|^4 + 1 2 λ_2|Φ_2|^4 + λ_3|Φ_1|^2|Φ_2|^2 + λ_4|Φ^†_1Φ_2|^2 + 1 2 λ_5[(Φ^†_1Φ_2)^2 + h.c.], (6) where m^2_3 and λ_5 are generally complex parameters. However, we assume CP-conserving THDM and, therefore, m^2_3 and λ_5 are taken to be real. Two of the parameters in the above potential m^2_1 and m^2 can be related to other parameters using the tadpole conditions: m^2_1 = m^2_3 tan β − v^2 2 (λ_1 cos^2 β + λ̄ sin^2 β), (7)

m^2 = m^2_3 cot β − v^2 2 (λ_2 sin^2 β + λ̄ cos^2 β), (8) where λ̄ = λ_3 + λ_4 + λ_5. The masses of H^± and A are m^2_H+ = M^2 − v^2 2 (λ_4 + λ_5), m^2_A = M^2 − v^2λ_5, (9) where M^2 = m^2_3 sin β cos β

. (10) The masses of the CP-even Higgs bosons are calculated as m^2_H = cos^2(α − β)M^2_{11} + sin^2(α − β)M^2_{22} + sin 2(α − β)M^2_{12}, (11) m^2_h = sin^2(α − β)M^2_{11} + cos^2(α − β)M^2_{22} − sin 2(α − β)M^2_{12}, (12) where M^2_{11}, M^2_{22} and M^2_{12} are the elements of the mass matrix in the basis of (h^′_1, h^′_2) expressed by M^2_{11} = v^2(λ_1 cos^4 β + λ_2 sin^4 β) + v^2 2 λ̄ sin^2 2β, (13a)

M^2_{22} = M^2 + v^2 sin^2 β cos^2 β(λ_1 + λ_2 − 2λ̄), (13b) M^2_{12} = v^2 2 sin 2β(−λ_1 cos^2 β + λ_2 sin^2 β) + v^2 2 sin 2β cos 2βλ̄, (13c) and the mixing angle is given as

tan 2(α − β) =

2M^2_{12} M^2_{11} − M^2_{22}

. (14)

We note that the decoupling limit can be taken by letting M^2 → ∞ [23]. Among M^2_{ij} only M^2_{22} depends on M^2, so that M^2_{22} goes to infinity in this limit, corresponding to sin(α − β) → −1.

It may be useful to write down the explicit formula for the hH^+H^− vertex, which is important when we consider the H^± loop contribution to the h → γγ decay, as

λ_{hH}+_H− = 1 v sin 2β [ 2 cos(α + β)(m^2_h − M^2) + sin(β − α) sin 2β(2m^2_H+ − m^2_h) ] . (15)

We note that when the sign of λ_{hH}+_H− is negative (positive), the H^± loop contribution to h → γγ has constructive (destructive) interference with the W boson loop contribution.

The kinetic terms of the Higgs fields in the Higgs basis is given by

L_{kin} = |D_μΦ|^2 + |D_μΨ|^2. (16)

where the covariant derivative

D_μ = ∂_μ − i 2 g⃗τ · ⃗A_μ − i 2 g^′B_μ. (17)

From this equation, it is seen that the first term is identical to the kinetic term of the SM Higgs boson. Therefore, the weak gauge boson masses are derived in the same way as in the SM. The couplings among the CP-even Higgs bosons and the weak gauge bosons, however, can be different from those in the SM, g^{SM}_{hV V} , because of the mixing between the two CP-even states. Explicitly,

g_{hV V} = g^{SM}_{hV V} sin(β − α), g_{HV V} = g^{SM}_{hV V} cos(β − α). (18)

III. DATA FITTING

So far, the Higgs boson search at the LHC has been done in the following five processes; pp → γγ, pp → ZZ^∗, pp → W W^∗, pp → ττ, qq̄^′ → V h → V bb̄, where pp → h and qq̄^′ → V h indicate the inclusive Higgs boson production and the vector boson associate production, respectively. The signal strength for each of the channels is defined as

μ^{Ref}_X ≡ σ^{Ref}_h × BR(h → X)^{Ref} σ^{SM}_h × BR(h → X)^{SM}

, (19)

where σ^{Ref}_h [σ^{SM}_h ] and BR(h → X)^{Ref} [BR(h → X)^{SM}] are the reference value [SM prediction] of the Higgs production cross section and that of the branching fraction of the h → X decay, respectively.

Mode Data (ATLAS) ∫ L: 7 TeV+8 TeV (ATLAS) Data (CMS) ∫ L: 7 TeV+8 TeV (CMS) h → γγ 1.65^{+0.24+0.25}

−0.24−0.18 [24] 4.8 fb

−1 + 20.7 fb^{−1} 0.77 ± 0.27 (MVA) [28] 5.1 fb^{−1} + 19.6 fb^{−1} 1.11 ± 0.31 (Cut Based) [29] 5.1 fb^{−1} + 19.6 fb^{−1} h → ZZ 1.5 ± 0.4 [25] 4.8 fb^{−1} + 20.7 fb^{−1} 0.91^{+0.3}_{−0.24} [30] 5.1 fb^{−1} + 19.6 fb^{−1} h → W W 1.01 ± 0.31 [26] 4.8 fb^{−1} + 20.7 fb^{−1} 0.76 ± 0.21 [31] 4.9 fb^{−1} + 19.5 fb^{−1} h → bb̄ −0.4 ± 1.0 [27] 4.7 fb^{−1} + 13 fb^{−1} 1.3^{+0.7}_{−0.6} [32] 5.0 fb^{−1} + 12.1 fb^{−1} h → ττ 0.8 ± 0.7 [27] 4.6 fb^{−1} + 13 fb^{−1} 1.1 ± 0.4 [33] 4.9 fb^{−1} + 19.4 fb^{−1} TABLE II: Signal strengths of the five processes measured at ATLAS and CMS.

Experimental data of μ_X are listed in TABLE II. The average signal strengths of the ATLAS and CMS data can be calculated using

μ^{exp}_X ≡ ∫ L^{ATLAS} × μ^{ATLAS}_X + ∫ L^{CMS} × μ^{CMS}_X ∫ L^{ATLAS} + ∫ L^{CMS}

, (20)

where ∫ L^{ATLAS} ( ∫ L^{CMS}) is the integrated luminosity of the ATLAS (CMS) Collaboration. We then obtain the average signal strengths as

μ^{exp}_{γγ} = 1.22 ± 0.31, μ^{exp}_{ZZ} = 1.21 ± 0.35, μ^{exp}_{W W} = 0.89 ± 0.27, μ^{exp}_{bb̄} = 0.44 ± 0.87, μ^{exp}_{τ τ} = 0.97 ± 0.55, (21)

where, to be conservative, the standard deviation of each signal strength is derived by using the larger error when the error bar is asymmetric. For μ^{exp}_{γγ} , we used the experimental value based on the MVA method. With the input of Eq. (21), a χ^2 value can be calculated for each reference value as χ^2 = ∑ X ( μ^{exp}_X − μ^{Ref}_X Δμ^{exp}_X

)_2 , (22)

where Δμ^{exp}_X is the one standard deviation of μ^{exp}_X .

We evaluate the χ^2 values for the four scenarios (Type-I, Type-II, Type-X and Type-Y) defined in the previous section. In addition to the VEV v = 246 GeV and the mass of the SM-like Higgs boson m_h = 126 GeV, there are six free parameters in the Higgs sector: the three masses for the extra Higgs bosons m_H , m_A and m_H+ , the two mixing angles α and β, and the dimensionful parameter M^2 representing the scale of softly broken Z_2 symmetry. In the following discussion, we consider the case where the masses of the extra Higgs bosons are taken to be degenerate, m_Φ ≡ m_H = m_A = m_H+ , for simplicity and to avoid additional contributions to the electroweak ρ parameter.

Model χ^2_{min} tan β SM 1.45 - Type-I 1.47 3.1 Type-II 1.21 4.3 Type-X 1.45 2.3 Type-Y 1.24 4.5 TABLE III: Minimal χ^2 value (χ^2_{min}) for the SM and the THDM’s with m_Φ = M = 300 GeV and δ = 10^{−4}.

In addition a large difference between m_Φ and M means a large value of Higgs quartic couplings, it can be excluded by the constraints from the perturbative unitarity and also the vacuum stability, so that we take M to be the same value as m_Φ. The top Yukawa coupling is constrained by perturbativity to be |y_t|^2 < 4π with y_t = √ 2m_t/(v sin β). This gives the lower bound of tan β ≳ 0.3.

We here summarize constraints from B physics studies. First, the B → X_sγ data demand that the mass of the charged Higgs boson, m_H+ , to be larger than 295 GeV at 95% CL [34] in the Type- II and Type-Y THDM’s when tan β ≳ 2. When tan β ≲ 2, m_H+ ≲ 300 GeV is excluded at 95% CL in all types of THDM’s [35]. A similar but slightly weaker bound for tan β with m_H+ ≲ 300 GeV has also been given by the R_b data of the Z → bb̄ decay [35]. From the B_u → τν, B → Dτν and K → μν data, the Type-II THDM with tan β ≳ 30 is excluded at 95% CL^3 for m_H+ = 300 GeV [35, 36]. In accord with the above-mentioned constraints, we will take m_Φ = 300 GeV and tan β ≥ 2 in the following numerical analyses.

We introduce a parameter δ ≡ 1 − sin(β − α) to describe the deviation in the hV V couplings from the corresponding SM values. Therefore, the mixing angle α is determined for a given pair of δ and tan β. The ratios of the Higgs boson couplings c_{hV V} ≡ g_{hV V} /g^{SM}_{hV V} and c_{hff} ≡ g_{hff} /g^{SM}_{hff} are then

c_{hV V} = 1 − δ, for V = W and Z, (23) c_{hff} = 1 + ξ_f √ 2δ + O(δ), for f = t, b and τ, (24)

where the factor ξ_f (ξ_t = ξ_u, ξ_b = ξ_d and ξ_τ = ξ_e) is listed in TABLE I.

3 We note in passing that recently the BaBar Collaboration reported data on the ratios BR(B → D^∗τ ν)/BR(B → D^∗ℓν) and BR(B → Dτ ν)/BR(B → Dℓν) (ℓ = e, μ) that deviate from the SM expectations by 2.7σ and 2.0σ, respectively, and their combined deviation is 3.4σ [37]. These cannot be accommodated by simple versions of the THDM either because they favor different regions of tan β/m_H+ . A more conclusive result about this still awaits the corresponding analysis from the Belle Collaboration.

FIG. 1: μ^{THDM}_X as a function of tan β for the Type-I (upper left), Type-II (upper right), Type-X (lower left) and Type-Y (lower-right) THDM, with δ = 10^{−2} and m_Φ = M = 300 GeV.

In TABLE III, the minimal value of χ^2 (χ^2_{min}) and the corresponding tan β value are listed for the SM and the THDM’s with δ = 10^{−4} and m_Φ = M = 300 GeV. The smallest value of χ^2_{min} among these models is obtained in the Type-II THDM with tan β = 4.3. Except for the Type-I THDM, the value of χ^2_{min} stays almost the same for δ < 10^{−4}. But the value of tan β at the χ^2 minimum gets larger than that for δ = 10^{−4}. In the Type-I THDM, the value of χ^2_{min} approaches 3.26, still larger than the SM value, in the limit of δ → 0 with tan β ≃ 4.3. This is due to a destructive H^± loop contribution to the decay rate of h → γγ with the W boson loop contribution (see Eq. (15)).

In Fig. 1, values for μ^{THDM}_X are plotted as a function of tan β in the Type-I (upper-left), Type-II (upper-right), Type-X (lower-left) and Type-Y (lower-right) THDM’s with δ = 10^{−2}. It is seen that in the Type-II THDM, both μ^{THDM}_{bb} and μ^{THDM}_{τ τ} are around 1.5 while all the others approach 0 in the large tan β region. This is because both bottom and tau Yukawa couplings are enhanced by the

FIG. 2: μ^{THDM}_X as a function of tan β for the Type-II THDM with m_Φ = M = 300 GeV. The upper-left, upper-right, lower-left, and lower-right panels show the results for δ = 0.1, 10^{−2}, 10^{−3} and 10^{−4}, respectively.

same factor 1 − tan β √ 2δ, while the top Yukawa and gauge couplings are almost the same as their SM values. Thus, the Higgs production cross section is barely changed from the SM prediction. Yet the branching fractions of h → ττ and h → bb modes are as large as about 10% and 90%, respectively, roughly 1.5 times larger than the SM values. On the other hand, in the Type-X (Type- Y) THDM, only the tau (bottom) Yukawa coupling can be enhanced by the factor of 1 − tan β √ 2δ, so that only μ^{THDM}_{τ τ} (μ^{THDM}_{bb} ) is larger than 1 in the large tan β region. The asymptotic values of μ^{THDM} τ τ (μ^{THDM}_{bb} ) are about 14 (1.7) in the Type-X (Type-Y) THDM, respectively, in the large tan β limit.

We note that all the μ^{THDM}_X values are around 1 at tan β ≃ 15 where c_{hbb} and c_{hτ τ} (Type-II), c_{hτ τ} (Type-X) and c_{hbb} (Type-Y) have an opposite sign to their corresponding SM couplings, while the other c_{hff} ’s and c_{hV V} are almost the same as the SM values. In the Type-I THDM, all the Yukawa couplings are modified by the same factor, and they are close to the SM values in the large tan β region so that all the μ^{THDM}_X values approach 1 except for μ^{THDM}_{γγ} . Only the value of μ^{THDM}_{γγ} becomes smaller than 1 for large tan β because of the destructive contribution of the charged Higgs boson loop^4.

In Fig. 2, values of μ^{THDM}_X are displayed as a function of tan β in the Type-II THDM with δ = 0.1 (upper-left), 10^{−2} (upper-right), 10^{−3} (lower-left), and 10^{−4} (lower-left). It is seen that in the cases with smaller values of δ, the value of μ^{THDM}_{V V} (μ^{THDM}_{bb} ) gets quite close to that of μ^{THDM} γγ (μ^{THDM}_{τ τ} ), because the decay rates of h → bb̄ and h → ττ can be changed by the same factor c^2_{hbb} = c^2_{hτ τ} = (1 − tan β √ 2δ)^2, and the other decay rates (h → γγ and h → V V ) and the production cross sections (the gluon fusion and the gauge boson associated production) are almost the same as in the SM. We observe a peak for both μ^{THDM}_{γγ} and μ^{THDM}_{V V} , especially for the case with δ < 0.1. This is caused by vanishing bottom and tau Yukawa couplings. The location of the peak can be determined by solving c_{hbb} = c_{hτ τ} = 0, from which tan β ≃ 1/ √ 2δ. In Fig. 3, χ^2 is plotted as a function of tan β for δ = 0.1, 10^{−2}, 10^{−3} and 10^{−4} in the THDM’s of Type-I (upper-left), Type-II (upper-right), Type-X (lower-left) and Type-Y (lower-right). In the Type-II and Type-Y THDM, there is a valley in the curve for each case of δ except for δ = 10^{−4}, where the bottom of the valley gives the minimal χ^2 value. The value of tan β corresponding to the bottom of the valley is slightly smaller than the one for all the μ^{THDM}_X values to be unity, as seen in Fig. 1. In the Type-X THDM, there is a similar valley in each value of δ except for δ = 10^{−4}, yet the bottom of that does not correspond to the global χ^2 minimum. This is because the h → γγ channel is not sufficiently enhanced in comparison with that in the Type-II and Type-Y THDM’s (see the lower-left plot in Fig. 1). In the Type-I THDM, there is no such a valley, and the minimum of χ^2 is obtained at around tan β = 3.1 independent of the value of δ.

Fig. 4 shows the contour plot for χ^2 in the tan β-δ plane in the Type-I (upper-left), Type-II (upper-right), Type-X (lower-left) and Type-Y (lower-right) THDM’s. The cross × indicates the point that gives the minimal χ^2 value, χ^2_{min}. The red, orange and black curves are respectively the contours corresponding to χ^2_{min} + 0.2, χ^2_{min} + 0.5 and χ^2_{min} + 2.3, the last case corresponding to 68% CL. The light blue (dark magenta) regions are excluded by the constraint of vacuum stability [38] (perturbative unitarity [39]). In the upper-right figure, the light green area shows the excluded region by the B physics studies. It is seen that there is an isolated narrow region consistent with data at 68% CL for Type-II, Type-X and Type-Y THDM’s, and is not excluded by the vacuum

4 The same effect occurs in the other three models as well. But it is masked by the large branching fractions of h → ff̄ modes; e.g., large branching fractions of h → bb̄ and h → τ τ in the Type-II THDM.

FIG. 3: χ^2 as a function of tan β for several values of δ and m_Φ = M = 300 GeV. The upper-left, upperright, lower-left and lower-right panels show the results in the Type-I, Type-II, Type-X and Type-Y THDM, respectively.

stability and perturbative unitarity conditions. The values of tan β and δ in this region correspond roughly to the bottom of the valleys in Fig. 3.

From the above analysis, we here conclude that Type-II THDM can best explain the current LHC data among all the THDM’s with softly broken Z_2 symmetry. This is because the branching fraction of the h → γγ mode can be enhanced due to the suppressed decay rates of h → bb̄ and h → ττ modes. There are two regions where the data can be well reproduced in the model of Type-II. One of them is the region with a very small δ; e.g., δ ≲ 0.01. The other is the region satisfying c_{hbb} ≃ c_{hτ τ} ≃ −1, which gives the relation δ tan β ≃ √ 2δ. This is a good approximation especially for small values of δ.

FIG. 4: Contour plots of χ^2 values in the tan β-δ plane with m_Φ = M = 300 GeV. The upper-left, upperright, lower-left and lower-right panels show the results for the models of Type-I, Type-II, Type-X and Type-Y, respectively. The coordinate marked by × has the minimum χ^2 value. The red, orange and black curves are respectively contours for χ^2_{min} + 0.2, χ^2_{min} + 0.5 and χ^2_{min} + 2.3 (68% CL). The light blue (dark magenta) regions are excluded by the constraint of vacuum stability (perturbative unitarity). The light green region in the upper-right panel is excluded by the B physics studies mentioned in the main text.

IV. PHENOMENOLOGY OF EXTRA HIGGS BOSONS

In this section, we discuss the phenomenology of the extra Higgs bosons, i.e., the heavier CPeven Higgs boson H, the CP-odd Higgs boson A and the charged Higgs bosons H^± in the parameter regions favored by the LHC data. In the previous section, we found that the LHC data could be better explained in the Type-II THDM compared to the other THDM’s. Therefore, we focus on this scenario with m_Φ = M = 300 GeV as in the previous section. Furthermore, when δ is larger than 10^{−2}, the favored parameter space on the tan β-δ plane is restricted to a narrow band, so that the value of tan β can be approximately determined for each given value of δ. Such larger

FIG. 5: Decay branching fractions of H as a function of δ (left panel) and tan β (right panel) for m_Φ = M = 300 GeV in the Type-II THDM. The band for each curve reflects parameter uncertainty at the 68% CL as determined by the Higgs data. The light-colored parts are excluded by the LHC search data [43].

deviations in the hZZ and hW W couplings (δ ≳ 10^{−2}) are expected to be measurable at future linear colliders such as the International Linear Collider [40].

The extra Higgs boson searches have been reported in Refs. [41–44] for the MSSM whose Higgs sector corresponds to that of the Type-II THDM with a supersymmetric relation among the Higgs parameters. So far, the search for the charged Higgs bosons has only been done in the H^± → τ^±ν and H^± → cs channels via the top quark decay t → H^+b. When the charged Higgs boson mass is larger than the top quark mass, no bound on its mass is currently available at the LHC [41, 42]. On the other hand, the search for the extra neutral Higgs bosons H and A has been done in the gluon fusion process: gg → H/A → ττ/μμ and the bottom quark associate processes: gg → bb̄H/A → bb̄ττ. Current excluded regions in the m_A-tan β plane have been shown in Ref. [43] by CMS and in Ref. [44] by ATLAS. For example, if m_A is taken to be 300 GeV, the upper bound for the value of tan β is given by 7.58 [43]. We note that this bound for tan β can be modified in the (non-supersymmetric) Type-II THDM, for the production rates for H and A and also the decay branching ratios of H/A → ττ can be different from those in the MSSM.

First, we evaluate the decay branching fractions of H, A and H^±. Fig. 5 shows the decay branching fractions of H as a function of δ (left panel) and tan β (right panel) in the Type-II THDM. The band for each curve indicates the uncertainty in the parameter choice at the 68% CL. Note that we have restricted ourselves to the region with δ ≳ 10^{−2} and 2 ≲ tan β ≲ 10 in the upper-right panel of Fig. 4. The parts with light colors are excluded by the heavy neutral Higgs

FIG. 6: Same as Fig. 5, but for A.

FIG. 7: Same as Fig. 5, but for H^±.

boson search at the LHC [43]. It is seen that the gauge boson pair decays of H (H → W W and H → ZZ) become more important than the fermionic decays (H → bb̄ and H → ττ) when the value of δ (tan β) is taken to be larger (smaller). The situation where H mainly decays into the gauge boson pairs does not happen in the MSSM, for δ is suppressed in the large m_A regime. For example, when m_A is taken to be 300 GeV, the value of δ is smaller than 10^{−2} [45], so that only the fermionic decays of H dominate.

Fig. 6 shows the decay branching fractions of A as a function of δ (left panel) and tan β (right panel) in the same setup as in Fig. 5. The decay rate of A → hZ (A → bb̄) is proportional to cos(β − α)^2 ≃ 2δ (tan^2 β), so that the magnitude of the branching fraction of A → hZ (A → bb̄) increases (decreases) when δ gets larger values. When δ ≳ 0.04 or tan β ≲ 7, the branching fraction of A → hZ is larger than that of the A → bb̄ decay.

FIG. 8: Gluon fusion production cross sections for H and A in units of fb as a function of δ (left panel) and tan β (right panel) for m_Φ = M = 300 GeV in the Type-II THDM. The collision energy is assumed to be 8 TeV. The band for each curve reflects parameter uncertainty at the 68% CL as determined by the Higgs data. The light-colored parts are excluded by the LHC search data [43].

In Fig. 7, the decay branching fractions of H^± are shown as a function of δ (left panel) and tan β (right panel) in the same setup as in Fig. 5. In the region of δ > 10^{−2}, the H^+ → tb̄ and H^± → hW^± modes are dominant.

Next, we discuss the production of the extra Higgs bosons. The extra neutral Higgs bosons H and A are mainly produced via the gluon fusion process: gg → H/A. The production cross section is given by σ(gg → H/A) = σ(gg → h_{SM}) × m^3_{hSM} m^3_{H/A} Γ(H/A → gg) Γ(h_{SM} → gg)

, (25)

where σ(gg → h_{SM}) is the gluon fusion production cross section of the SM Higgs boson h_{SM} and Γ(h_{SM} → gg) is the decay rate of h_{SM} → gg. We note that the vector boson fusion production mechanism is not useful to produce H and A because the cross section for H is proportional to cos(β − α)^2 ≃ 2δ and that for A is zero at the tree level due to the absence of the V V A vertex.

In Fig. 8, the gluon fusion production cross sections for H and A are shown as a function of δ (left panel) and tan β (right panel) for the collision energy to be 8 TeV in the Type-II THDM. The cross sections are calculated using the gluon fusion cross section of a fictitious 300-GeV Higgs boson in the SM, whose value is 3.606 pb [46]. The band for each curve reflects parameter uncertainty at the 68% CL as determined by the Higgs data. The predictions shown by light colors are excluded by the LHC search data [43]. Except for δ ≃ 10^{−2}, the cross section of A is larger than that of H because the Htt̄ coupling is proportional to ∼ ( √ 2δ − cot β), so that larger values of δ give smaller coupling constants, while the Att̄ coupling is simply proportional to cot β. No dependence of δ in

FIG. 9: Same as Fig. 8, but for the bottom quark associate production cross section.

the Aff̄ couplings can also be seen in the cross section of A in the right plot of Fig. 8; namely, the gg → A cross section is given by a curve without a band.

As another single production mechanism for H and A, the bottom quark associate processes: gg → bb̄H/A can be important, especially in the case of large tan β. The cross sections of these processes are proportional to ( √ 2δ + tan β)^2 and tan^2 β for H and A, respectively, in the Type-II (and Type-Y) THDM.

In Fig. 9, the bottom quark associate production cross sections for H and A are plotted as a function of δ (left panel) and tan β (right panel) in the same setup as in Fig. 8. The cross sections are calculated by scaling from that with tan β = 1 and m_Φ = 300 GeV whose value is obtained as 5.34 fb using the MadGraph package [47] and the CTEQ6L parton distribution functions (PDF’s). The cross section for H is almost the same as that for A as they have almost the same scaling behavior, and the maximum value is about 500 fb when tan β is taken to be 10.

Regarding the charged Higgs boson production, the gb → H^±t process is important, especially when the charged Higgs boson mass is larger than the top quark mass. The tbH^± vertex is proportional to m_b tan β + m_t cot β, so that the cross section reaches the minimum when tan β = √ m_t/m_b ≃ 7.5. In Fig. 10, the gb → H^±t cross section is shown as a function of δ (left panel) and tan β (right panel) in the same setup as in Fig. 8. The cross section is calculated by scaling from that with tan β = 1 and m_Φ = 300 GeV whose value is obtained as 120 fb using the MadGraph package and the CTEQ6L PDF’s. The cross section has a minimum of ∼ 7 fb when tan β ≃ 7.5. The maximum value of the cross section is about 33 fb when the tan β ≃ 2, corresponding to δ ∼ 0.3.

There are also pair production processes for the extra Higgs bosons via the s-channel gauge

FIG. 10: Same as Fig. 8, but for the gb → H^±t process.

BF B(H → W^+W^−) B(H → ZZ) B(A → hZ) B(H^± → hW^±) B(H^± → tb) [%] 65-68 29-30 95-97 45-53 47-55 CS σ(gg → H) σ(gg → A) σ(gg → bb̄H) σ(gg → bb̄A) σ(gb → H^−t) [fb] 211-300 1285-1921 32-43 29-42 19-26

TABLE IV: Branching fractions (BF) and cross sections (CS) of H, A and H^± for δ = 0.2 and m_Φ = M =300 GeV. The allowed range of tan β at the 68% CL, 2.3 < tan β < 2.8, is reflected in the range of each quantity.

boson mediation such as qq̄ → γ^∗/Z^∗ → H^+H^−, qq̄ → Z^∗ → HA, qq̄^′ → W^{±∗} → HH^± and qq̄^′ → W^{±∗} → AH^±. However, the cross sections are suppressed with increasing masses of the extra Higgs bosons. For example, when m_Φ = 300 GeV, the cross section of pp → AH^+ is about 1.5 fb at the collision energy of 8 TeV, and the other cross sections are even smaller [45].

Finally, we would like to discuss the signal events for the extra Higgs bosons at the LHC in the favored parameter region. As seen in Figs. 5, 6 and 7, H (A) mainly decays into the gauge boson pairs W^+W^− and ZZ (h and the Z boson), while H^± mainly decay into hW^± and tb in the large δ region (δ ≳ 10^{−2}). As an example, we here consider the case with δ = 0.2 in which the allowed range of tan β at the 68% CL is 2.3 < tan β < 2.8.

TABLE IV lists the branching fractions and production cross sections of H, A and H^±. For H (A), the gluon fusion production cross section is about 7 (50) times larger than that of the corresponding bottom quark associate production process. The gb → H^±t production cross section is about 19 − 26 fb. The following final states of the signal processes are important to test the

Events ℓ^+ℓ^−E_T/ ℓ^+ℓ^−ℓ^+ℓ^− bb̄ℓ^+ℓ^− ℓ^+ℓ^−bbb̄E_T/ Signal [fb] 7.1 − 9.5 0.29 − 0.40 24 − 37 0.29 − 0.34 Backg. [fb] 1.73 × 10^3 22.5 67.3 0.048

TABLE V: Cross sections of the signal and background processes for the collision energy of 8 TeV at the LHC, obtained using the MadGraph package and the CTEQ6L PDF’s.

scenario with large values of δ:

gg → H → W^+W^−/ZZ → ℓ^+ℓ^−E_T/ /ℓ^+ℓ^−ℓ^+ℓ^− for H, (26) gg → A → hZ → bb̄ℓ^+ℓ^− for A, (27) gb → H^−t → hW^−bW^+ → ℓ^+ℓ^−bbb̄E_T/ for H^±, (28) where ℓ^± represent e^± or μ^±. The signal processes gg → H → W^+W^−/ZZ have the main backgrounds from pp → W^+W^−/ZZ, and are the same as the SM Higgs boson with a fictitious mass of 300 GeV. For the signal event gg → A → hZ (gb → tH^−), the pp → ZZ and qq̄ → Z^∗ → h_{SM}Z (gb → W^+W^−h_{SM}b) processes can be main backgrounds.

In TABLE V, the signal and background cross sections are listed assuming the LHC collision energy to be 8 TeV. We here assume that the b-jets can be identified with 100% efficiency. Except for the signal events from H (first two columns), the other two cross sections for the signal events are comparable or larger than those of the background. The cross sections for the signal events from H is smaller by about two order of the magnitude than that from the backgrounds. However, for the final states of ℓ^+ℓ^−E_T/ and ℓ^+ℓ^−ℓ^+ℓ^− coming from the H signal processes, the transverse mass distribution [48] and the invariant mass distribution of the ℓ^+ℓ^−ℓ^+ℓ^− system can be useful in increasing the signal-to-background ratio. The Jacobian peak (resonance peak) of the signal in the transverse mass distribution (the invariant mass distribution) can be used to determine the mass of H, while such a characteristic feature cannot be observed in the background events.

We now briefly comment on the Higgs phenomenology in the other parameter region preferred by the LHC data, i.e., the region with δ ≲ 10^{−2} in Fig. 4. In that case, the HV V , AhZ and H^±hW^∓ couplings are much suppressed, and the decay branching fractions of H → V V , A → hZ and H^± → hW^∓ are negligible. Instead of such gauge boson associate decay modes, these heavy Higgs bosons mainly decay into fermion pairs whose pattern depends on the type of Yukawa interactions, the masses of the extra Higgs bosons, and tan β. For example, H and A can decay dominantly into bb̄ (ττ) for large tan β in the Type-I, Type-II and Type-Y (Type-X) THDM when the masses of both H and A are smaller than 2m_t. On the other hand, the main decay mode of H^± can be τν (cs and cb) for large tan β in the Type-I, Type-II and Type-X (Type-Y) THDM when the charged Higgs boson mass is smaller than the top quark mass [21].

V. CONCLUSIONS

In this work, we have considered the two-Higgs doublet models (THDM’s) with softly broken Z_2 symmetry introduced to avoid flavor-changing neutral currents at the tree level and the four independent scenarios (Type-I, Type-II, Type-X and Type-Y) differing in the Yukawa interactions. We have scanned the parameter regions that can explain the current Higgs boson search data recently reported by the ATLAS and CMS Collaborations. We have found that the Type-II THDM can best explain the data among all, with two separate parameter regions on the tan β-δ plane at the 68% CL. One region has smaller δ (< 10^{−2}), and the other implies the relations c_{hbb}, c_{hτ τ} ≃ −1. The latter case, with tan β ≃ √ 2/δ and δ > 10^{−2}, is ignored in previous analyses. Based on this finding, we have then studied the phenomenology of the extra Higgs bosons in this region. The heavy CP-even Higgs boson primarily decays into a pair of W and Z bosons, different from the corresponding particle in the minimal supersymmetric standard model. The CP-odd Higgs boson mainly decays to the SM-like Higgs and Z bosons, and the charged Higgs boson to the SM-like Higgs and W bosons or a pair of top and bottom quarks. We have also computed the cross sections of various signal and background events for the production of the extra Higgs bosons.

VI. ACKNOWLEDGMENTS

This research was supported in part by the National Science Council of Taiwan, R. O. C. under Grant Nos. NSC-100-2628-M-008-003-MY4 and NSC-101-2811-M-008-014.

Note added:

While this manuscript was being written up, we noticed the appearance of Ref. [49] in which a global fit to the Higgs boson search data at the LHC was discussed for various THDM’s, including the softly broken Z_2 symmetric THDM’s considered in this work.

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012). [2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).

[3] L. D. Landau, Dokl. Akad. Nauk Ser. Fiz. 60, 207 (1948); C. -N. Yang, Phys. Rev. 77, 242 (1950). [4] S. Chatrchyan et al. [CMS Collaboration], arXiv:1212.6639 [hep-ex].

[5] P. M. Ferreira, R. Santos, M. Sher and J. P. Silva, Phys. Rev. D 85, 077703 (2012); E. Cervero and J. -M. Gerard, Phys. Lett. B 712, 255 (2012); L. Wang and X. -F. Han, JHEP 1205, 088 (2012); A. Arhrib, R. Benbrik and N. Gaur, Phys. Rev. D 85, 095021 (2012); P. M. Ferreira, R. Santos, M. Sher and J. P. Silva, Phys. Rev. D 85, 035020 (2012).

[6] C. -W. Chiang and K. Yagyu, Phys. Rev. D 87, 033003 (2013). [7] I. Low, J. Lykken and G. Shaughnessy, Phys. Rev. D 86, 093012 (2012). [8] H. S. Cheon and S. K. Kang, arXiv:1207.1083 [hep-ph].

[9] Y. Bai, V. Barger, L. L. Everett and G. Shaughnessy, arXiv:1210.4922 [hep-ph]. [10] W. Altmannshofer, S. Gori and G. D. Kribs, Phys. Rev. D 86, 115009 (2012). [11] S. Chang, S. K. Kang, J. -P. Lee, K. Y. Lee, S. C. Park and J. Song, arXiv:1210.3439 [hep-ph]. [12] A. Drozd, B. Grzadkowski, J. F. Gunion and Y. Jiang, arXiv:1211.3580 [hep-ph]. [13] J. Chang, K. Cheung, P. -Y. Tseng and T. -C. Yuan, arXiv:1211.3849 [hep-ph]. [14] P. M. Ferreira, H. E. Haber, R. Santos and J. P. Silva, arXiv:1211.3131 [hep-ph]. [15] C. -Y. Chen and S. Dawson, arXiv:1301.0309 [hep-ph].

[16] B. Grinstein and P. Uttayarat, arXiv:1304.0028 [hep-ph]; B. Coleppa, F. Kling and S. Su, arXiv:1305.0002 [hep-ph]; C. -Y. Chen, S. Dawson and M. Sher, arXiv:1305.1624 [hep-ph].

[17] S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977). [18] R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74, 015007 (2006). [19] A. Pich and P. Tuzon, Phys. Rev. D 80, 091702 (2009).

[20] V. D. Barger, J. L. Hewett and R. J. N. Phillips, Phys. Rev. D 41, 3421 (1990); Y. Grossman, Nucl.

Phys. B 426, 355 (1994).

[21] M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, Phys. Rev. D 80, 015017 (2009). [22] L. J. Hall and M. B. Wise, Nucl. Phys. B 187, 397 (1981); V. Barger, H. E. Logan and G. Shaughnessy, Phys. Rev. D 79, 115018 (2009); H. E. Logan and D. MacLennan, Phys. Rev. D 79, 115022 (2009); H. E. Logan and D. MacLennan, Phys. Rev. D 81, 075016 (2010); A. Arhrib, C. -W. Chiang, D. K. Ghosh and R. Santos, Phys. Rev. D 85, 115003 (2012); G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher and J. P. Silva, Phys. Rept. 516, 1 (2012).

[23] J. F. Gunion and H. E. Haber, Phys. Rev. D 67, 075019 (2003); S. Kanemura, Y. Okada, E. Senaha and C. -P. Yuan, Phys. Rev. D 70, 115002 (2004).

[24] ATLAS Collaboraboration, ATLAS-CONF-2013-012. [25] ATLAS Collaboraboration, ATLAS-CONF-2013-013. [26] ATLAS Collaboraboration, ATLAS-CONF-2013-030. [27] ATLAS Collaboraboration, ATLAS-CONF-2012-170. [28] CMS Collaboraboration, CMS-PAS-HIG-13-005. [29] CMS Collaboraboration, CMS-PAS-HIG-13-001.

[30] CMS Collaboraboration, CMS-PAS-HIG-13-002. [31] CMS Collaboraboration, CMS-PAS-HIG-13-003.

[32] D. Puigh, talk at the Rencontres de Moriond QCD and High Energy Interactions March 9th16th, 2013. [33] CMS Collaboraboration, CMS-PAS-HIG-13-004.

[34] M. Misiak, H. M. Asatrian, K. Bieri, M. Czakon, A. Czarnecki, T. Ewerth, A. Ferroglia and P. Gambino et al., Phys. Rev. Lett. 98, 022002 (2007).

[35] F. Mahmoudi and O. Stal, Phys. Rev. D 81, 035016 (2010). [36] U. Haisch, arXiv:0805.2141 [hep-ph].

[37] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. Lett. 109, 101802 (2012). [38] N. G. Deshpande and E. Ma, Phys. Rev. D 18, 2574 (1978); M. Sher, Phys. Rept. 179, 273 (1989);

S. Nie and M. Sher, Phys. Lett. B 449, 89 (1999); S. Kanemura, T. Kasai and Y. Okada, Phys. Lett. B 471, 182 (1999).

[39] H. Huffel and G. Pocsik, Z. Phys. C 8, 13 (1981); J. Maalampi, J. Sirkka and I. Vilja, Phys. Lett. B 265, 371 (1991); S. Kanemura, T. Kubota and E. Takasugi, Phys. Lett. B 313, 155 (1993); A. G. Akeroyd, A. Arhrib and E. M. Naimi, Phys. Lett. B 490, 119 (2000); I. F. Ginzburg and I. P. Ivanov, Phys. Rev. D 72, 115010 (2005).

[40] M. E. Peskin, arXiv:1207.2516 [hep-ph].

[41] S. Chatrchyan et al. [CMS Collaboration], JHEP 1207, 143 (2012). [42] G. Aad et al. [ATLAS Collaboration], JHEP 1206, 039 (2012). [43] CMS Collaboration Report No. CMS-PAS-HIG-12-050. [44] ATLAS Collaboration Report ATLAS-CONF-2012-094. [45] A. Djouadi, Phys. Rept. 459, 1 (2008).

[46] https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV [47] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, JHEP 1106, 128 (2011). [48] V. D. Barger, A. D. Martin and R. J. N. Phillips, Phys. Lett. B 125, 339 (1983); V. D. Barger, T. Han and J. Ohnemus, Phys. Rev. D 37, 1174 (1988); J. Bagger, V. D. Barger, K. -m. Cheung, J. F. Gunion, T. Han, G. A. Ladinsky, R. Rosenfeld and C. -P. Yuan, Phys. Rev. D 52, 3878 (1995).

[49] A. Celis, V. Ilisie and A. Pich, arXiv:1302.4022 [hep-ph].