arXiv:1109.0238v2 [hep-ph] 15 Dec 2011

Probing 3-3-1 Models in Diphoton Higgs Boson Decay

A. Alves Departamento de Ciências Exatas e da Terra, Universidade Federal de São Paulo, Diadema-SP, 09972-270, Brasil.

E. Ramirez Barreto, A. G. Dias Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, Santo André-SP, 09210-170, Brasil.

C. A. de S. Pires^a, F. S. Queiroz^{a,b}, and P. S. Rodrigues da Silva^a aDepartamento de Física, Universidade Federal da Paraíba, Caixa Postal 5008, 58051-970, João Pessoa, PB, Brasil bCenter for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA (Dated: December 16, 2011)

Abstract

We investigate the Higgs boson production through gluon fusion and its decay into two photons at the LHC in the context of the minimal 3-3-1 model and its alternative version with exotic leptons. The diphoton Higgs decay channel presents an enhanced signal in this model compared to the Standard Model due to the presence of an extra singly charged vector boson and a doubly charged one. Prospects for the Higgs boson detection at 7 TeV center-of-mass energy with up to 10 fb^{−1} are presented. Our results suggest that a Higgs boson from these 3-3-1 models can potentially explain the small excess for m_H ≤ 145 GeV observed at the LHC. Otherwise, if this excess reveals to be only a statistical fluctuation of the Standard Model backgrounds severe constraints can be put on these models.

I. INTRODUCTION

The search for the Higgs boson is one of the most exciting endeavors that takes place at the Large Hadron Collider (LHC). Whatever its nature, the Higgs resonant production can be more easily studied in the diphoton channel (H → γγ) if its mass is less than about 160 GeV. This is so even if its branching ratio is mild, as is the standard model (SM) case, roughly 10^{−3} for a Higgs mass M_H ≈ 160 GeV [1]. The most recent experimental results on the search for a Higgs boson resonance through diphoton decay have been made available by the ATLAS collaboration [2, 3] at CERN LHC in pp collisions at √ s = 7 TeV, and also by the CDF and D0/ collaborations [4] at Fermilab Tevatron in pp̄ collisions at √ s = 1.96 TeV.

Also, the CMS Collaboration [5] has just delivered a huge analysis of their Higgs search for a large range of masses, and a small excess of events is being observed in region below 145 GeV.

The diphoton Higgs decay channel also provides an excellent opportunity to test some alternatives to the SM that could be realized at the electroweak scale, and hence, be promptly probed at the current phase of LHC. Since the main Higgs production channel is through gluon fusion, there are some possibilities of augmenting the diphoton signal in some extensions of the SM by addition of heavy colored fields, charged under SU(2)_L, and/or increase the number of heavy electrically charged vector bosons that couple to the Higgs, strengthening the H → γγ amplitude [6–8]. Some explicit examples of such SM extensions are models with more fermionic generations [9]^1, composite Higgs models [10], spatial extra-dimension models [11], new colored scalars [12], Higgs impostors [13], supersymmetric models [14], Two Higgs Doublets Models (2HDM-type I) and Triplet Models [15].

In this work we explore a class of models which are based on the gauge group SU(3)_C ⊗ SU(3)_L ⊗ U(1)_X , and known as 3-3-1 models [16, 17]. The models are modest in their departure from the SM, but have many new features that make them competitive with more daring proposals. Many studies concerning signals of the new particles predicted by 3-3-1 models at current colliders have been done recently [18].

It is on the peculiar particle content of the 3-3-1 models that we concentrate to look for a clear signal of its lightest scalar particle, which is also contained in a doublet under the SU(2)_L gauge symmetry, and is identified as the Higgs boson. Since we are interested in

1 It is remarkable though that a fourth SM family is already excluded by CMS for a Higgs boson mass in the range 120 − 600 GeV with 95% C.L. [5]. 2 achieving some enhancement on the H → γγ signal, the best choices among the variety of 3-3-1 model versions are the minimal 3-3-1 model [17] and its cousin that contains an exotic lepton in place of the right-handed components of the usual charged leptons, we call it exotic lepton 3-3-1 model (EL331) [19]. The reason is that there are four new electrically charged vector bosons in their spectra that add to the standard W^± contributions in the loop to the H → γγ amplitude, one of them being doubly charged which further enhances the decay rate. As we shall see, the new vector bosons can have a large impact on the process in question, which also offers a way to test a mass interval for those particles if the Higgs is light enough.

We analyze the window on light Higgs mass, 100 ≤ m_H ≤ 150 GeV, and our results show that if the pp → γγ + X excess is really confirmed in the next months at the CERN LHC, then the 3-3-1 models with relatively light new vector bosons become a possible explanation for this beyond the SM physics signal. On the other hand, if the background hypothesis is confirmed only very heavy new vector bosons will be consistent with the experimental results. Thus, the LHC will be able to place the most stringent constraints on the 3-3-1 models to date, in the light Higgs mass range, ruling out portions of the model’s parameter space. Moreover, since these models do not bring any new contribution to the gluon fusion Higgs production and our Higgs boson decays into SM particles mostly as in the SM case, LHC can put important limits on these 3-3-1 models on similar grounds as for the SM, considering all assessable Higgs boson decay modes. The simulations were based on partonic cross sections and NLO corrections were taken into account in the computation of all backgrounds and signals.

In the following, we define the essential aspects of the models for describing the Higgs decay into two photons, the phenomenological analysis and our results.

II. THE MODELS

The content of quarks and vector bosons is equal for the models we deal with [19, 20]. Thus, we start defining the quark sector. Quarks form the following representations, where the number inside parenthesis means transformation properties under SU(3)_L and U(1)_X , respectively, (we are omitting SU(3)_C color). Left-handed quarks compose the multiplets Q^T_{1L} = (u_1 , d_1 , J_1)^T_L ∼ (3,^2_3 ), Q^T_{nL} = (d_n , −u_n , j_n)^T_L ∼ (3^∗, −^1_3 ), where the indices 1 and n = 2, 3 label the quark families, with the corresponding right-handed quarks as u_{iR} ∼ (1,^2_3 ), d_{iR} ∼ (1, −^1_3 ), J_{1R} ∼ (1,^5_3 ), and j_{nR} ∼ (1, −^4_3 ) where i = 1, 2, 3. u_i, and d_i are the standard quarks, J_1, and j_{nR} the exotic ones with electric charge^5_3 and −^4_3 , respectively. Observe that we are omitting any superscript that would indicate that our fermions are not in a mass eigenstate basis. However, for our purposes this will be irrelevant, except that mixing would allow for some diverse phenomenological consequences not to be explored in this work.

Leptons do not play an essential role in our analysis here but we comment that two constructions are possible. In the minimal 3-3-1 model, the standard lepton fields compose three triplets in the form f^T_{lL} = (ν_l e_l e^c_l )^T_L ∼ (1 , 3 , 0), where l = e, μ, τ, and the third component e^c_l is the charge conjugation of the charged lepton field e_l [17]. In order to generate mass to all leptons a scalar sextet would be needed [21]. But we disregard such a scalar sextet by taking into account that in this version lepton masses can arise through nonrenormalizable effective operators [20]. Another possible construction for the leptons sector, which characterizes the EL331 model [19], is such that it is composed by three leptonic triplets f^T_{lL} = ( ν_l e_l E^C_l )_T L ∼ (1 , 3 , 0), and the right-handed singlets e_{lR} ∼ (1 , 1 , −1), (E^C_l )_R ∼ (1 , 1 , 1). Dirac masses can be obtained for charged leptons in the EL331 model by means of renormalizable operators [19]^2.

The gauge symmetry structure SU(3)_L ⊗ U(1)_X of the models implies the existence of nine vector bosons. The four standard ones, γ, Z and W^±, and five new ones, namely, a neutral Z^′, two simply charged vector bosons V^±, and two doubly charged vector bosons U^{±±}. These new charged vector bosons affect in an important way the contribution to the Higgs width for its decay into two photons as we shall see in the next section.

The spontaneous symmetry breaking leading to the mass generation for the vector bosons and quarks is engendered by a set of three scalar triplets, χ^T = (χ^−, χ^{−−}, χ^0)^T ∼ (3,-1), ρ^T = (ρ^+, ρ^0, ρ^{++})^T ∼ (3,1), and η^T = (η^0, η^−, η^+)^T ∼ (3, 0). In order to correctly generate the spontaneous breaking of the electroweak gauge group to the electric charge symmetry, SU(3)_L ⊗ U(1)_X → U(1)_{QED}, we allow the neutral components of the triplets to develop vacuum expectation value (VEV), ⟨χ^0⟩ = v_χ, ⟨ρ^0⟩ = v_ρ, ⟨η^0⟩ = v_η. We can understand this breaking as a two-step process, the first one produced by v_χ, breaking SU(3)_L ⊗ U(1)_X to SU(2)_L ⊗ U(1)_Y symmetry, while v_η and/or v_ρ break SU(2)_L ⊗ U(1)_Y to the electric charge

2 We could also add a singlet right handed neutrino to generate Dirac neutrino mass or we could rely on a effective dimension-6 operator like^{hνij}_{Λ2} (f̄^C_{iL}η^∗)(η^†f_{jL}) + H.c. to yield a Majorana neutrino mass.

symmetry, U(1)_{QED}. We present in the Appendix the scalar potential from which we obtain the scalar’s mass eigenvalues and eigenstates. Also, in the Appendix we show the vector boson masses and the Yukawa Lagrangian involving the quarks.

It has to be said that our results are applicable not only for the two model versions we have taken into account but also for other similar versions with different scalar particle content as well [22]. This is because addition/subtraction of few charged scalar particles do not impact significantly the amplitude for the Higgs decay into two photons.

An important difference about the versions of the 3-3-1 model we deal with here is on the bounds that are imposed to their vector bosons by current available data [23, 24]. While these bounds can be very stringent to vector masses, M_U ±± ≥ 850 GeV, in the minimal 3-3-1 due to muonium-antimuonium conversion and M_V ± ≥ 440 GeV from the wrong muon decay μ^− → e^−ν̄_μν_e, they may be alleviated in the EL331 if these are sufficiently heavy (few hundreds GeV). This is because the doubly charged vector can couple to two ordinary leptons in the minimal version, and only with an ordinary plus an exotic leptons in the EL331. However, there are studies that can release the vector boson masses from such strong constraints even in the minimal 3-3-1 if the scalars and mixing in the leptonic sector are taken into account [25, 26]. The lack of any signal from any model beyond SM gives us the freedom to choose these last possibilities as working tools to study the resonant decay H → γγ at LHC in what follows.

III. HIGGS DECAY INTO TWO PHOTONS

The Higgs decay into two photons is possible through effective operators only (loops) and its analytical decay rate is well known for the SM [6–8]. In general, the diagrams contributing to the Higgs decay amplitude into two photons are given in Fig. 1, for unspecified charged vectors, scalars and fermions. We are going to specialize to the case where the Higgs does not couple just proportionally to the particles masses. This happens in models with an extended scalar sector when the particle masses are generated by more than one VEV, which is the case of the models we are dealing with. Moreover, in these models the Higgs eigenstate is a linear combination of the neutral CP-even scalars, which may diminish somehow the Higgs-diphoton interaction strength. Following the Refs. [6–8], we can write an effective Lagrangian for the Higgs-diphoton interaction by first specifying the relevant interactions of

FIG. 1. The one-loop diagrams that contribute to the H → γγ decay amplitude in a generic model.

the Higgs field (H) with fermions (ψ_i), vectors (V_{iμ}), and scalars (ϕ_i) in a general fashion as L_{int} = −( √ 2G_F )^{12} M_{ψi}ψ̄_iψ_iH + 2( √ 2G_F )^{12} m^2_W c_{Vi} V^μ_i V_{iμ}H +g^2V^{∗μ}_i V_{iμ}H^2 − 2( √ 2G_F )^{12} M^2_{ϕi} ϕ^∗_i ϕ_iH − l_iϕ^∗_i ϕ_iH^2 . (1)

where G_F is the Fermi constant, m_W is the W boson mass, and g, l_i the electroweak and scalars self couplings, respectively. The mass parameter, M_{ψi} , is not generally the fermion mass, as it would be the case of SM. It only means the Higgs contribution to the fermion mass in a more complex scalar sector, where the neutral scalars can mix among themselves and several VEVs may appear to engender the spontaneous symmetry breaking. In other words, the Higgs boson coupling to the other fields is not generally proportional to their masses. Similarly, we introduce the coefficients c_{Vi} for the charged vectors, so as to take account of this peculiar feature. For the present models such coefficients, under the assumptions for the VEVs (v_η = v_ρ) and the scalar fields self couplings as shown in the Appendix, are c_W = 1, c_U = c_V =^1_2 . The same is true for the physical charged scalars that are not present in the SM, and M^2_{ϕi} are to be treated as parameters with squared-mass dimension, not to be identified directly with their masses. In any particular model, all these parameters can be easily recognized and are well defined, as is our case in the 3-3-1 model. From the interaction Lagrangian, Eq. (1), we can obtain the following effective Lagrangian for the H − γ − γ coupling, L_{Hγγ} = ∑ i αN_{ci}Q^2_i F_i 8π ( √ 2G_F )^{12} HF^{μν} F_{μν} , (2)

where N_{ci} is the color factor for the particle in the loop (N_{ci} = 1 for singlet color fields), Q_i is the ratio of the electric charge of the corresponding field to the positron one, and the form factors F_i are given by, F_{ψi} = −2τ_{ψi} [ 1 + (1 − τ_{ψi} )I^2 ] M_{ψi} m_{ψi} , F_{Vi} = [ 2 + 3τ_{Vi} + 3τ_{Vi} (2 − τ_{Vi} ) I^2 ] m^2_W m^2_{Vi} c_{Vi} , F_{ϕi} = [ τ_{ϕi} ( 1 − τ_{ϕi} I^2 )] M^2_{ϕi} m^2_{ϕi} , (3)

where m_{ψi} , m_{Vi} , m_{ϕi} correspond to the masses of fermionic, vector and scalar particles, respectively, with τ_i ≡ 4m^2_i m^2_H

, (4) and I ≡ arcsin (√_1 τ_i ) for τ_i ≥ 1 1 2 [ π + ı ln [_{1+√1−τi} 1− √ 1−τ_i ]] for τ_i ≤ 1 (5) Finally, the Higgs decay rate into two photons can be obtained,

Γ_{Hγγ} = α^2m^3_H G_F 128 √ 2π^3 | | | | ∑ i N_{ci}Q^2_i F_i | | | | 2 . (6)

It is opportune to recall that for a SM Higgs-like sector, a kind of decoupling violation occurs in the H → γγ decay rate since the Higgs couples proportionally to the particles masses and heavier particles develop a more important contribution than lighter ones. In multi- Higgs scenarios, that is not completely true. As one can see from Eq. (3), the vector boson couplings carry a suppression factor m^2_W c_{Vi} /m^2_V . This mass ratio suppression appears due to factoring out the Fermi constant, namely, ( √ 2G_F )^12 , in Eq. (1), diminishing the contribution from vectors much heavier than the W^±. In the limiting case of heavy particles, compared to the Higgs mass, Eq. (3) can be approximated to, F_{ψi} ≈ − 4 3 M_{ψi} m_{ψi} , F_{Vi} ≈ 7 m^2_W m^2_{Vi} c_{Vi} , F_{ϕi} ≈ − 1 3 M^2_{ϕi} m^2_{ϕi} . (7)

From this result, we can contemplate the role of new vector bosons in models beyond SM. In the 3-3-1 models, the minimal and the EL331, there are two additional singly charged, V^±, and two doubly charged, U^{±±}, vector bosons, potentially increasing the signal of diphoton Higgs decay. Other 3-3-1 models also possess a couple of charged vectors, but the models studied here have a further factor of enhancement which is the double charge of one of these vectors, since the electric charge appears in Eq. (6) to the fourth power. We can also observe that although scalars contribute destructively, their importance is generally marginal since for heavy scalars the form factor in Eq. (7) is only a fraction of fermion and vector boson ones. Therefore, scalars would compete with the vector bosons only for very light scalars and/or for too many physical scalars in the spectrum. While the latter option is not going to be the case for the 3-3-1 models here investigated, the former could be a possible window for the charged scalar sector of the theory. We postpone this investigation for a future work though, here we restrict our analysis to portions of the parameter space where the charged scalars are not too light. Nevertheless, we will see in the next section that a barely visible effect of lighter scalars shows up already for the Higgs and charged vector’s masses accessible for the CERN LHC running at 7 TeV of center-of-mass energy.

IV. PHENOMENOLOGICAL ANALYSIS

The lightest neutral CP-even Higgs boson of the 3-3-1 models, which we call just Higgs boson for short, has the same tree-level couplings to the SM weak bosons Z and W , leptons and quarks, as the SM Higgs boson. Furthermore, the Higgs boson in these models lack couplings to the new heavy quarks and/or leptons (these turn out to be singlets under the SU(2)_L symmetry). For these reasons, the main production mode for such a Higgs is the usual gluon fusion process [27]. As a matter of fact, the cross sections from all production modes are expected to be the same size as the SM Higgs.

Moreover, Higgs boson here should have the same branching fractions to those SM particles to which it couples at tree-level as the SM Higgs. The loop-induced decays, however, receive contributions from the new scalars and vector bosons of the model. This is indeed the case for the decays H → γγ and H → Zγ, but not for H → gg, once the Higgs here does not couple to the new heavy quarks. As a consequence, the total and partial widths of the 3-3-1 Higgs boson are nearly identical to the SM Higgs ones except for the γγ and Zγ channels.

Any expected deviations from the SM case concerning the Higgs boson production and decay at hadron colliders are due solely to the branching ratio into two photons and Z plus a photon, and not from the production cross sections or decays into the other channels. This interesting feature allows us, for instance, to easily apply the exclusion limits from the Tevatron [4] recent results to the 3-3-1 models parameters space, although the present amount of data is just barely enough to constrain the model. Until its closure, however, the Tevatron has the potential to exclude a larger region of the 3-3-1 masses and couplings.

As we discussed in the previous section, the indirect bounds on the charged vector masses from muonium-antimuonium conversion and muon decays [23, 24] can be evaded when the effect of the destructive interference between the scalar and vector states are properly taken into account. Even in those cases where the interference is not relevant, mixing effects in the leptonic sector could weaken the couplings responsible for muonium-antimuonium conversion and muon decays. Moreover, present bounds from direct searches of a W^′ [28] boson may also be evaded in the case of the minimal 3-3-1 model.

We show in Fig. 2 the ratio between the branching fractions of the Higgs boson into a pair of photons from the 3-3-1 model and the SM. The branching ratio of H → γγ was calculated by adapting the Hdecay program from the formulas

Br_{331}(H → γγ) =

Γ_{331}(H → γγ) Γ_{331,total} (8) Γ_{331,total} = Γ_{SM,total} − Γ_{SM} (H → γγ) + Γ_{331}(H → γγ) (9) where Γ_{331}(H → γγ) was calculated at one loop-level from the contributions depicted in Fig. 1, and all the other partial widths calculated from Hdecay, including QCD and EW corrections as implemented in the program. The QCD two-loop corrections to H → γγ partial width are very small for light Higgs masses (m_H < 200 GeV) [27] and are not accounted for in Hdecay, so our LO calculation has the same accuracy as the SM Higgs computed by the program.

At the upper panel of Fig. 2, we show the ratio as a function of the Higgs mass for some charged vector masses and plot altogether the 95% C.L. exclusion limit from Tevatron [4]. For a 120 GeV Higgs, we see that a light vector mass results in a larger ratio as expected. For m_V = 200 GeV, the enhancement compared to the SM case is around a factor 3. The decoupling behavior as the new vector boson mass increases is also evident. Note that a 10 fb^{−1} amount of data will start to probe effectively the 3-3-1 parameters space. At the lower panel of Fig. 2, we display the ratio as function of the new charged vector boson mass for six different Higgs boson masses. The decoupling is more visible in this plot. We also note that the Tevatron already excludes very light new vector boson masses.

Notice that in the lower panel of Fig. 2 a small dip, shows up for intermediate Higgs masses (∼ 150 GeV). At the left of the dip, the partial width into two photons increases substantially. This corresponds to the regime where the Higgs can produce a pair of on-shell charged scalars, m_H > 2m_h+ , as can be demonstrated writing the charged scalar masses as a function of the neutral Higgs and the vector mass. At the right of the dip, the partial width increases as the mass of the charged scalars diminishes reducing the overall effect of the destructive interference between the scalar and the vector loop amplitudes. However, as the masses of vectors increase, the decoupling behavior takes place, bringing the partial width closer to the SM value.

The enhanced decay rate into photons is a very distinctive signature of the 3-3-1 models that can already be probed at the low luminosity runs of the CERN LHC running at 7 TeV of center-of-mass energy [29]. Moreover, the large mass spectrum of the model affects significantly the branching ratios of the light Higgs boson into photons, as we discussed above.

In order to show the potential of the 7 TeV LHC to probe the class of 3-3-1 models we performed a simulation of the process pp → H → γγ + X (10) and the main irreducible and reducible backgrounds.

The Higgs boson production in the gluon fusion mode was simulated at parton level and normalized to the NLO QCD plus electroweak corrections using the HIGLU program [30].

FIG. 2. At the upper panel, the ratio between the branching fractions from the 3-3-1 model and the SM of a light Higgs boson into photons as a function of the Higgs mass. The current Tevatron exclusion limit is above the red line in this panel. At the lower panel, the same ratio but as a function of the charged vectors mass. We also show in the lower panel the accessible region for Tevatron with the current statistics.

The CTEQ6 [31] structure functions were used for all computations fixing the renormalization and the factorization scales to the γγ invariant mass, μ_R = μ_F = m_{γγ} .

The most important irreducible background is the double photon production pp → γγ. This contribution was computed including NLO QCD corrections to the direct production, the one-loop box gg → γγ contribution, and the contributions from single and double photon bremssthralung pp → q(q^′)γγ processes using the DIPHOX [32] package. Concerning the fragmentation processes, a photon was considered isolated from any other activity in the acceptance region if the transverse energy E_T deposited inside a cone of radius ΔR_{γX} = 0.4 around the photon’s direction not exceeding 4 GeV.

The reducible backgrounds: pp → γj, pp → jj, and pp → e^+e^− are as important as the irreducible one and were computed taking into account the NLO QCD corrections.

We assume that a light quark or gluon jet can fake a single isolated photon with probability P_{j→γ} = 2 × 10^{−4} [33]. Because of the large rate for prompt γj production, this process represents the second largest background and accounts for ∼ 30% of all fake events. In order to simulate this background as accurately as possible we used the JETPHOX [34] program with NLO QCD corrections plus the single photon fragmentation contribution (Bremsstrahlung). The photon isolation criteria was the same as the double photon background case.

The pp → jj events were generated with the help of ALPGEN [35] and a K-factor of 1.3 was included to approximately take the NLO QCD contributions into account. Highenergy electrons and positrons irradiate photons by interacting with the inner detector. Such photons may mimic our signal and constitute a reducible background from electrons and positrons produced via the Drell-Yan process. Previous studies from the ATLAS collaboration indicate that there is a P_{e→γ} = 0.112 probability per electron to fake a prompt photon. We generated e^+e^− events from Drell-Yan process using MadEvent [36] and applied that probability to simulate this reducible background.

For the signal and all backgrounds, we impose the following experimentally driven set of acceptance cuts on each particle identified as a photon

p_T > 40 GeV, |η| < 2.47, ΔR_{ij} > 0.4 (11)

An identification efficiency ε_γ = 90% for true photons was also taken into account which corresponds to a 1/5000 rejection factor against jet fakes [33]. The detector resolution effects m_H [GeV] 100 110 120 130 140 150 Signal 27.2 35.0 37.3 33.1 24.7 14.7 γγ 284.2 232.0 195.6 162.3 130.9 100.8 γj 144.5 111.9 83.9 65.1 47.7 37.6 jj 32.7 27.4 23.9 20.1 16.1 14.1 e^+e^− 0.10 < 0.1 < 0.1 < 0.01 < 0.01 < 0.01 Total Bckg 461.5 371.3 303.4 247.5 194.7 152.5

TABLE I. Signal and backgrounds cross sections after cuts and efficiencies in fb. The signals were calculated for 200 GeV charged vectors and the scalar parameters discussed in the text.

were accounted for by smearing the photons energies, but not their directions, as done in Ref. [29].

After applying the acceptance cuts, we search for a Higgs resonance in a 5 GeV window around the Higgs masses in the γγ invariant mass distribution, M_{γγ}

|M_{γγ} − m_H | < 2.5 GeV (12)

The impact of the acceptance cuts plus the search cut on signals and backgrounds are displayed in Table I. The signal cross sections displayed in the table were calculated for m_V + = m_U ++ = 200 GeV charged vectors. The masses of the charged scalars vary as a function of the neutral Higgs mass from m_H++ = m_h+_2 = 282 GeV and m_h+_1 = 362.5 GeV for m_H = 100 GeV to m_H++ = m_h+_2 = 261.2 GeV and m_h+_1 = 344.8 GeV for m_H = 150 GeV which span the Higgs masses displayed in the table.

The backgrounds agree reasonably well with those quoted in Ref. [29] noting that we require two photons with at least 40 GeV of transverse momentum which is a harder requirement than that found in Ref. [29]. In the Fig. 3, we show the photon pair invariant mass distribution for a 120 GeV Higgs and all the relevant backgrounds in the 100 < m_H < 150 GeV range, where the Higgs into photons signal is more promising. The small excess in the 120 GeV can be made more visible after the background subtraction in a sideband analysis as has been demonstrated in the experimental studies [29]. In this case, a more careful treatment of statistical and systematic errors in the background estimation is necessary to assess the correct signal significance.

FIG. 3. The photon pair invariant mass, M_{γγ} , distribution for a 120 GeV Higgs boson and all the relevant backgrounds. The set of parameters are the same as those described in the text.

The statistical significance of the signal over the backgrounds was computed from S = √ 2 [ (s + b) ln ( 1 + s b ) − s ] (13)

where s = L × σ_S is the number of signal events and b = L × σ_B the number of background events for a given integrated luminosity L.

We show in Fig. 4 the regions in the m_H × m_V plane where a S = 3σ evidence and a S = 5σ discovery is possible for an integrated luminosity of 1, 3, 5, and 10 fb^{−1} at the 7 TeV LHC. At the left upper panel, we display the L = 1 fb^{−1} case which represents the reach for the current amount of data at the LHC. We see that a light 100 − 150 GeV charged vector can account for the ∼ 2σ excess reported by the combined ATLAS and CMS collaborations [2, 3, 5].

In particular, the limits reported in the dedicated analysis by the ATLAS Collaboration [3] for the H → γγ channel can be already translated to small portions of the parameters space of the 3-3-1 models studied in this work. Their results show that σ_{new}/σ_{SM} from 2 to 5.8 can

FIG. 4. At the left upper panel, we display the portions of the m_H × m_V plane where a level of statistical significance similar to those reported at [2, 3, 5] can be reached. In the other panels, the yellow regions represent a 3σ evidence whereas the red regions represent a 5σ discovery.

be excluded at 95% C.L. in the Higgs mass range 110–150 GeV. This is in the ballpark of our results but a complete simulation including all the experimental issues will be necessary.

It is important to point out that a ∼ 150 GeV charged spin-1 boson can be, in principle, a candidate to account for the resonance in the W jj channel reported by the CDF collaboration [37]. The EL331 model with exotic leptons could be a natural model to explain such excess but the new charged vector boson V^+ couples to exotic quarks only. As far as we know, it remains an open question if the minimal version can be a viable model too by adjusting the VEV configurations in such a way that the V^+ couplings to the SM leptons are suppressed. Anyway, we believe that if the forthcoming data confirms that excess, it will require additional studies to further investigate the 3-3-1 models, and extended gauge sector models in general, against the Tevatron data concerning the W jj excess. Also, it has to be said that the 3-3-1 model can explain the top forward/backward asymmetry recently measured at the Tevatron, as was shown in Ref. [38].

By the end of this year the integrated luminosity expected at the LHC may reach the 5 fb^{−1} mark and with these data a, ∼ 120 GeV Higgs boson and charged vectors up to 150 GeV can be discovered as can be seen in Fig. 4. If the run is extended to accumulate 10 fb^{−1}, the reach increases to ∼ 200 GeV for 120 GeV Higgs bosons.

On the other hand if no statistically significant excess is observed above the SM backgrounds the LHC has a great potential to exclude large portions of the space of parameters. Fig. (5) shows the portion of the m_H × m_V plane excluded at 95% Confidence Level for 1, 5, and 10 fb^{−1}. If we interpret the actual excess as being just a background fluctuation, then the current data already exclude the light charged vectors region independent of the value of the Higgs boson mass. As the branching ratio of the light Higgs boson into W W and ZZ is the same as in the SM, the LEP [39] and the Tevatron [40] limits apply to our case and the regions excluded in these experiments are also shown in the Fig. 5.

With 5 fb^{−1}, the LHC starts to perform better than the indirect experiments in the task to probe the 3-3-1 models, and until the closure of the first phase of the LHC running, 1 TeV charged vectors at least can be excluded for 110 ∼< m_H ∼< 140 GeV with 10 fb^{−1}. This is far beyond the reach of any indirect search experiment.

The prospects for the 14 TeV LHC are much more promising but we postpone this study to a future work [41], where a combination with other production modes and decay channels will be performed using a multivariate analysis. Meanwhile we emphasize the importance of a deeper investigation of the 3-3-1 models, and extended gauge sectors in general, to potentially explain the W jj excess and the top forward/backward asymmetry reported by the Tevatron collaborations in connection to the possible excess seen in the H → γγ channel at the LHC.

FIG. 5. The 95% C.L. exclusion limits in the m_V × m_H plane for 1, 5, and 10 fb^{−1} of integrated luminosity at the 7 TeV LHC. The shaded bands show the LEP and the Tevatron excluded regions for a SM Higgs boson.

V. CONCLUSIONS

In this work, we investigated the potential of the 7 TeV CERN LHC to search for a light neutral Higgs boson from 3-3-1 models in the pp → H → γγ channel.

The presence of additional singly and doubly charged vector bosons in the H → γγ loop enhances the Higgs boson branching ratio into a pair of photons compared to the SM case. The enhancement may reach a factor 10 or more depending on the new vector bosons masses. However, due to the striking capabilities of the CERN LHC to detect a light Higgs boson, smaller enhancement factors may be reached by the experiment, and large portions of the parameters space of these models can be probed with up to 10 fb^{−1} of integrated luminosities. For example, if m_H = 120 GeV, then charged vectors with up to ∼ 400 GeV can be discovered at the 5σ statistical level even for very heavy scalar masses.

The potential of the LHC to exclude portions of the parameters’ space if no statistically significant signal is observed is far beyond the current indirect experiments. In the absence of any signal, TeV scale masses can be excluded at 95% confidence level with 10 fb^{−1}, and charged vectors with masses of several hundred GeV with up to 5 fb^{−1}.

A small excess of ∼ 2σ has been reported by the LHC collaborations [2, 3, 5] in the H → γγ channel with 1 fb^{−1} of data. Such a level of statistical excess is expected for a Higgs boson from 3-3-1 models for charged vector bosons masses around 150 GeV. Interestingly these masses would correspond to a Z^′ vector boson mass in these models which can explain the observations at the Tevatron of top forward/backward asymmetry as well [38]. Moreover, if a construction is possible where the new charged vector bosons are leptophobic, then a ∼ 150 GeV V^+ could explain the W jj excess at Tevatron and the ∼ 2σ excess in the Higgs search at the LHC. We believe these coincidences are strong enough to motivate further studies for the 3-3-1 and other similar extended-gauge sector models.

ACKNOWLEDGMENTS

This work was supported by Conselho Nacional de Pesquisa e Desenvolvimento Científico - CNPq, Coordenação de Aperfeiçoamento Pessoal de Nível Superior - CAPES, and Fundação de Amparo à Pesquisa do Estado de São Paulo - FAPESP.

APPENDIX A

1. The mass eigenstates

Considering the gauge and Lorentz invariance, we can write down the most general renormalizable scalar potential for this model,

V (η, ρ, χ) = μ^2_χχ^2 + μ^2_ηη^2 + μ^2_ρρ^2 + λ_1η^4 + λ_2ρ^4 + λ_3χ^4 + λ_4(η^†η)(ρ^†ρ) + λ_5(χ^†χ)(η^†η) + λ_6(χ^†χ)(ρ^†ρ) + λ_7(η^†ρ)(ρ^†η) + λ_8(χ^†η)(η^†χ) + λ_9(χ^†ρ)(ρ^†χ) − f 2 ϵ_{ijk}η_iρ_j χ_k + H.c. (14)

In order to achieve spontaneous symmetry breaking, we assume that the neutral scalars (η^0, ρ^0, χ^0) develop the following VEV, η^0, ρ^0, χ^0 → (v_{η,ρ,χ} + R_{η,ρ,χ} + iI_{η,ρ,χ}) , (15)

We can then obtain the following minimum conditions (tadpole conditions) from the potential in Eq. (14), μ^2_χ + 2λ_3v^2_χ + λ_5v^2 + λ_6v^2 − a v^2 2 = 0 , (16)

μ^2_η + 2λ_1v^2 + λ_4v^2 + λ_5v^2_χ − a v^2_χ 2 = 0 ,

μ^2_ρ + 2λ_2v^2 + λ_4v^2 + λ_6v^2_χ − a v_χ 2 = 0 , (17)

where we have defined the mass parameter f in the potential as f ≡ −av_χ and v_ρ = v_η ≡ v (the SM VEV is given by v^2_w = v^2_ρ + v^2_η ≈ 246^2 GeV^2).

We can then write the CP-even scalars’ mass matrix in the basis (R_η, R_ρ, R_χ), ( R_χ R_η R_ρ ) av^2 2 + 4λ_3v^3_χ −^{avvχ}_2 + 2λ_5vv_χ −^{avvχ}_2 + 2vv_χλ_6 −^{avvχ}_2 + 2λ_5vv_χ^{av2χ}_2 + 4λ_1v^2 −^{av2χ}_2 + 2λ_4v^2 −^{avvχ}_2 + 2vv_χλ_6 −^{av2χ}_2 + 2λ_4v^{2 av2χ}_2 + 4λ_2v^2

R_χ R_η R_ρ (18)

We assume that λ_6 = λ_5 =^a_4 in order to obtain a simple analytical solution for the mass eigenstates,

S_1 = R_χ,

S_2 = 1 √ 2 (R_ρ − R_η) H = 1 √ 2 (R_ρ + R_η). (19)

and their respective eigenvalues,

m^2_{S1} 2 = av^2 2 + 4λ_3v^2_χ, m^2_{S2} 2 = 1/2 ( av^2_χ + 4v^2(λ_1 + λ_2) + √ 16v^4(λ_1 − λ_2)^2 + (av^2_χ − 4v^2λ_4)^2 ) , m^2_H 2 = 1/2 ( av^2_χ + 4v^2(λ_1 + λ_2) − √ 16v^4(λ_1 − λ_2)^2 + (av^2_χ − 4v^2λ_4)^2 ) , (20)

Notice that despite the appearance of v_χ in the Higgs mass, an expansion of these expressions for v_χ >> v shows that the Higgs mass depends only on powers of v/v_χ, being the lightest mass of the neutral scalars in this model.

For the CP odd scalars, the mass matrix in the basis (I_χ , I_η , I_ρ) is written as, ( I_χ I_η I_ρ ) av^2 2 avv_χ 2 avv_χ 2 avv_χ 2 av^2_χ 2 av^2_χ 2 avv_χ 2 av^2_χ 2 av^2_χ 2

I_χ I_η I_ρ , (21) whose eigenstates are given by,

G_1 = 1 √ 1 +^{v2}_{v2χ}

(−I_χ + v v_χ I_ρ),

G_2 = 1 √ 2 [( − v_χ v + v_χ v(1 +^{v2}_{v2χ} ) ) I_χ + I_η − 1 1 +^{v2}_{v2χ} I_ρ ] , P_1 = 1 √ 2 +^{v2}_{v2χ} ( v v_χ I_χ + I_η + I_ρ ) . (22)

Here, G_1 and G_2 correspond to Goldstone bosons, eaten by the Z and Z^′ vector bosons, and P_1 is a massive CP-odd scalar that remains in the spectrum and whose mass is m^2_{P1} 2 = 1 2 (av^2 + 2av^2_χ) (23)

Concerning the doubly charged scalars, we obtain the mass matrix in the basis (χ^{±±}_2 ρ^{±±}_2 ), ( χ^{−−}_2 ρ^{−−}_2 ) av 2 2 + λ_9v^{2 avvχ}_2 + λ_9vv_χ avv_χ 2 + λ_9vv_χ^{av2χ}_2 + λ_9v^2_χ χ^{++2} ρ^{++}_2 , (24)

with the following eigenvectors,

G^{±±}_1 = 1 √ (1 +^{v2χ}_{v2} ) (− v_χ v χ^{±±}_2 + ρ^{±±}_2 ) ,

H^{±±} = 1 √ (1 +^{v2}_{v2χ} ) ( v v_χ χ^{±±}_2 + ρ^{±±}_2 ) . (25)

The G^{±±}_1 is a Goldstone boson, eaten by the doubly charged vector boson U^{±±} while the remaining doubly charged scalar, H^{±±}, has mass,

m^2_H±± = 1 2 (av^2 + av^2_χ + 2λ_9v^2 + 2λ_9v^2_χ) (26)

Similarly, for the singly charged scalars in the basis (η^±_1 ρ^±_1 ), ( η^−_1 ρ^−_1 ) av^2_χ 2 + λ_7v^{2 av2χ}_2 + λ_7v^2 av^2_χ 2 + λ_7v^{2 av2χ}_2 + λ_7v^2 η^{+1} ρ^+_1

(27)

with mass eigenstates,

G^±_1 = 1 √ 2 (ρ^±_1 − η^±_1 ) ,

h^±_1 = 1 √ 2 (ρ^±_1 + η^±_1 ) , (28) where G^±_1 is a Goldstone boson, eaten by the W^± vector boson, while h^±_1 remains in the spectrum with mass given by, m^2_h±_1 = av^2_χ + 2λ_7v^2 (29)

Finally, in the basis (χ^−_1 η^−_2 ), we have the mass matrix, ( χ^−_1 η^−_2 ) av 2 2 + λ_8v^{2 avvχ}_2 + λ_8vv_χ avv_χ 2 + λ_8vv_χ^{av2χ}_2 + λ_8v^2_χ χ^{+1} η^+_2 , (30)

whose eigenvectors are,

G^±_2 = 1 √ 1 +^{v2χ}_{v2} (− v_χ v χ^±_1 + η^±_2 ) ,

h^±_2 = 1 √ 1 +^{v2}_{v2χ} ( v v_χ χ^±_1 + η^±_2 ) , (31)

where G^±_2 is a Goldstone boson, eaten by the V^± vector boson, while the second charged massive scalar is h^−_2 , with mass,

m^2_h±_2 = 1 2 (av^2 + av^2_χ + 2v^2λ_8 + 2v^2_χλ_8) . (32)

The Yukawa Lagrangian involving the quarks can be written as,

− L_Y = l_1Q̄_{1L} χJ_{1R} + l_{mn}Q̄_{mL} χ^∗j_{nR} + l^′_{1i}Q̄_{1L} ρd_{iR} + l^′_{ni}Q̄_{nL} ρ^∗u_{iR} + l^{′′}_{1i}Q̄_{1L} ηu_{iR} + l^{′′}_{ni}Q̄_{nL} η^∗d_{iR} + h.c. (33) The Yukawa Lagrangian in Eq. (33) provides the correct masses of the quarks.

As for the charged vector bosons the mass eigenstates are defined as:

W^± = −

W_1 ∓ ıW_2 √ 2 , V^± = −

W_4 ± ıW_5 √ 2 , U^{±±} = − W_6 ± ıW_7 √ 2 (34)

and their respective mass eigenvalues,

m^2_W = g^2 2 v^2 , m^2_V = m^2_U = g^2 4 (v^2 + v^2_χ) . (35)

[1] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).

[2] The ATLAS Collaboration, arXiv:1107.0561 [hep-ex]; arXiv:1107.0581 [hep-ex]; ATLAS-

CONF-2011-025.

[3] The ATLAS Collaboration, arXiv:1108.5895 [hep-ex].

[4] The TEVNPH working group for the CDF and D0/ Collaborations, arXiv:1107.4960 [hep-ex]. [5] The CMS Collaboration, HIG-11-011-pas.

[6] J. Ellis, M. K. Gaillard and D. Nanopoulos, Nucl. Phys. B106, 292 (1976); A. I. Vainshtein, M. B. Voloshin, V. I. Zakharov and M. A. Shifman, Sov. J. Nucl. Phys. 30, 711 (1979).

[7] L. B. Okun, Leptons and Quarks (North-Holland, Amsterdam, 1982). [8] J. F. Gunion, H. E. Haber, G. Kane and S. Dawson, The Higgs Hunter’s Guide (Perseus Books, Cambridge, 1990).

[9] C. Anastasiou, R. Boughezal and E. Furlan, JHEP 06, 101 (2010); Q. Li, M. Spira, J. Gao and C. S. Li, Phys. Rev. D83, 094018 (2011); J. F. Gunion, arXiv:1105.3965 [hep-ph].

[10] T. Hapola and F. Sannino, arXiv:1102.2920 [hep-ph].

[11] J. L. Hewett and T. G. Rizzo, JHEP 08, 028(2003); B. Lillie, JHEP 02, 019 (2006); A. Djouadi and G. Moreau, Phys. Lett. B660, 67 (2008); A. Azatov, M. Toharia and L. Zhu, Phys. Rev. D82, 056004 (2010).

[12] R. Bonciani, G. Degrassi and A. Vicini, JHEP 11, 095 (2007); R. Boughezal and F. Petriello, Phys. Rev. D81, 114033 (2010); L. Vecchi, arXiv:1107.2933 [hep-ph].

[13] I. Low, J. Lykken and G. Shaughnessy, arXiv:1105.4587 [hep-ph].

[14] See, for instance, B. Kileng, P. Osland, and P.N. Pandita, Z. Phys. C71, 87 (1996); I. Low and S. Shalgar, JHEP 04, 091 (2009); J. Cao, Z. Heng, T. Liu and J. M. Yang, arXiv:1103.0631 [hep-ph].

[15] A. G. Akeroyd, A. Alves, M. A. Diaz, and O. J. P. Éboli, Eur. Phys. J. C48, 147 (2006), arXiv:0512077 [hep-ph].

[16] Some of the early models can be found in this shortened list: J. Schechter and Y. Ueda, Phys.

Rev. D8, 484 (1973); J. G. Segrè and J. Weyers, Phys. Lett. B65, 243 (1976); H. Fritzch and P. Minkowski, Phys. Lett. B63, 204 (1976); B. W. Lee and S. Weinberg, Phys. Rev. Lett. 38, 1237 (1977); B. W. Lee and R. E. Shrock, Phys. Rev. D17, 2410 (1978); P. Langacker, G. Segrè and M. Golshani, Phys. Rev. D17, 1402 (1978); M. Singer, J. W. F. Valle and J. Schechter, Phys. Rev. D22, 738 (1980).

[17] F. Pisano and V. Pleitez, Phys. Rev. D46 , 410 (1992); P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).

[18] P. H. Frampton and A. Rasin, Phys. Lett. B482, 129 (2000); E. R. Barreto, Y. A. Coutinho and J. S. Borges, Eur. Phys. J. C50, 909 (2007); J. C. Salazar, W. A. Ponce and D. A. Gutierrez, Phys. Rev. D75, 075016 (2007); J. E. C. Montalvo, N. V. Cortez and M. D. Tonasse, Phys. Rev. D76, 117703 (2007); Y. B. Liu, Y. H. Cao and H. M. Han, Eur. Phys. J. C53, 615 (2008); E. R. Barreto, Y. A. Coutinho and J. S. Borges, Braz. J. Phys., 38 495 (2008); Nucl. Phys. B810, 210 (2009); Phys. Lett. B689, 36 (2010); Phys. Rev. D83, 075001 (2011); A. Alves, E. R. Barreto and A. G. Dias, arXiv:1105.4849 [hep-ph]; B. Meirose and A. A. Nepomuceno, arXiv:1105.6299 [hep-ph]. J. Montano, G. Tavares-Velasco, J. J. Toscano, Ramirez-Zavaleta, Phys. Rev. D72, 055023 (2005); M. A. Perez, G. Tavares-Velasco, J. J. Toscano Phys. Rev. D69, 115004 (2004).

[19] V. Pleitez and M.D. Tonasse, Phys. Rev. D48, 2353 (1993).

[20] F. Queiroz, C. A. de S. Pires and P. S. Rodrigues da Silva, Phys. Rev. D82, 065018 (2010). [21] R. Foot, O. F. Hernandez, F. Pisano and V. Pleitez, Phys. Rev. D47, 4158 (1993). [22] J. C. Montero, C. A. de S. Pires, V. Pleitez, Phys. Rev. D65 (2002), 095001; ibid 66 (2002), 113003; ibid Phys. Rev. D65 (2002), 093017.

[23] B. Ni et al., Phys. Rev. D48, 1976 (1993); H. Fujii, Y. Mimura, K. Sasaki and T. Sasaki, Phys. Rev. D49, 559 (1994); L. Willmann et al., Phys. Rev. Lett. 82, 49 (1999).

[24] P. H. Frampton and D. Ng, Phys. Rev. D45, 4240 (1992); F. Cuypers and S. Davidson, Eur.

Phys. J. C2, 503 (1998); B. Dion, T. Gregoire, D. London, L. Marleau and H. Nadeau, Phys. Rev. D59, 075006 (1999).

[25] V. Pleitez, Phys. Rev. D61, 057903 (2000).

[26] A. Gusso, P. S. Rodrigues da Silva and C. A. de S. Pires, J. Phys. G 30, 37 (2004). [27] A. Djouadi, arXiv:hep-ph/0503172.

[28] The ATLAS Collaboration, CERN-PH-EP-2011-121, arXiv:1108.1316 [hep-ex]. [29] G. Aad et al, arXiv:0901.0512 [hep-ex]. [30] M. Spira, arXiv:hep-ph/9510347. [31] J. Pumplin et al, JHEP 0602, 032 (2006).

[32] T. Binoth, E. Pilon, J. Ph. Guillet, and M. Werlen, Eur. Phys. J. C16, 311 (2000). [33] The ATLAS Collaboration ATL-PHYS-PUB-2007-013.

[34] S. Catani, M. Fontannaz, J. P. Guillet, and E. Pilon, JHEP 0205, 028 (2002). [35] M. L. Mangano, M. Moretti, F. Piccinini, R, Pittau, and A. D. Polosa, JHEP 0307, 001 (2003).

[36] J. Alwall et al, JHEP 09, 028 (2007).

[37] T. Aaltonen et al [CDF collboration], Phys. Rev. Lett. 106, 171801 (2011). [38] E. R. Barreto, Y. A. Coutinho and J. S. Borges, Phys. Rev. D83, 054006 (2011); [39] G. Abbiendi et al, Phys. Lett. B565, 61 (2003).

[40] The CDF and D0 Collaborations, FERMILAB-CONF-11-354-E (2011), arXiv:1107.5518 [hepex].

[41] A. Alves, E. R. Barreto, A. G. Dias, F. S. Queiroz, C. A. Pires, P. S. R. da Silva, and P. R.

Teles, in preparation.