arXiv:1306.1275v2 [hep-ph] 11 Jun 2013

A Model with Chiral Quarks of Electric Charges -4/3 and 5/3

Alexandre Alves^a, E. Ramirez Barreto^b, D. A. Camargo^b, A. G. Dias^b aDepartamento de Ciências Exatas e da Terra - Universidade Federal de São Paulo, Diadema - SP, 09972-270, Brasil and bCentro de Ciências Naturais e Humanas - Universidade Federal do ABC, Santo André - SP, 09210-170, Brasil

(Dated: June 12, 2013)

Abstract

We present a new model based on the SU(3) ⊗ SU(2) ⊗ U(1) symmetry, in which there is a new consistent set of chiral fermion fields that renders the model free from anomalies. The new fermions do not share the usual family structure of the Standard Model and some of them have exotic electric charges, as the quarks X and Y with electric charge 5/3 and −4/3, respectively. Interestingly, the model contains a new heavy neutral lepton which may be a dark matter candidate. Two Higgs doublets are present in our construction, so that two CP even scalars are present in the model particle spectrum. One of them is similar to the Standard Model Higgs boson, while the other one couples mainly with the new exotic fermions. We performed a discovery analysis showing that the 8 TeV LHC can find the Y quark from single and pair production with masses from 300 GeV up to ∼ 750 GeV. We also show that the new spectrum does not contribute significantly to the oblique EW parameters, and that dangerous flavor changing neutral currents are suppressed. Characteristic signatures from the other new fermions in the model are also commented.

I. INTRODUCTION

The consistent theoretical structure of the Standard Model (SM) has been brought to an even more confident basis with the recent discovery of a scalar boson that closely resembles a SM Higgs boson [1]. As an immediate consequence, the hypothesis of existence of new chiral fermions coupling with a SM like Higgs boson has become more restricted. New colored fermions should not have large couplings with the observed SM like Higgs once they would increase its production cross section, through gluon fusion, by a large factor and it leads to a conflict with the observed rates which are close to the SM predictions. A heavy fourth sequential family, for example, is now disfavored on these grounds [2, 3].

Precision electroweak data constrain the mass splitting between the fourth family quarks, while data from B-meson physics restrict their mixing pattern [4]. Direct searches performed by the ATLAS and CMS collaborations rule out mass-degenerate fourth generation quarks with masses below 685 GeV [5]. In addition, a heavy charged lepton with a mass around 100 GeV has also been excluded at LEP2 [6].

However, there are theoretical approaches that include new fermions within multiplets different from the SM sequential families. Examples are the 3-3-1 models [7] in which some of the new particles can be fermionic leptoquarks with electric charges 5/3 and −4/3, in units of the electron charge. The LHC has a great potential to discover particles like these as shown in Ref [8]. For more examples of quarks and leptons in different multiplets from the SM ones see [9]. Within the context of the electroweak (EW) gauge symmetry group of the SM, previous studies show that fermionic fields forming vector-like multiplets can be discovered with collisions at the TeV energy scale [10–17].

Quarks with exotic electric charges have been searched in high energy colliders along the years. For example, ATLAS and CMS, at the LHC, have placed a lower limit of ∼ 650 GeV for quarks with electric charge 5/3 by considering their decays into W^± plus top quarks [18], while the D0 and CDF collaborations, at the Tevatron, have excluded a top quark with electric charge −4/3 at a high statistical confidence level [18–20].

Theoretically, the introduction of new fermions can be done straightforwardly if they are of vector-type, or in a more restricted form if they are of chiral-type, i. e., with their leftand right-hand components transforming differently under the gauge group. The restriction in the last form came from the cancellation of all gauge anomalies, which specifies what set of fermions are mathematically consistent. We took this guideline and looked for a new set of chiral fermions, out of the SM sequential family, which can be shown not to contradict the existing indirect constraints and also able to be probed directly at the LHC.

Our aim in this paper is, then, to consider a new set of chiral fermions, with exotic electric charges, forming nontrivial multiplets of the SM symmetry group SU(2)_L ⊗ U(1)_Y of the electroweak (EW) interactions. In order to obtain quarks with exotic electric charges (−4/3 and 5/3), we analyzed the conventional electric charge operator and the corresponding hypercharge values postulating two new doublets with the exotic quarks. For the consistency of the model, we must include two fermionic doublets containing new leptons with the same pattern, one unit of electric charge above or below the SM ones. From these new leptons a heavy neutral one arises and may be rendered stable by imposing some extra symmetry. This leads to a natural candidate for dark matter. Two Higgs doublets are also introduced for breaking the EW symmetry.

We perform an analysis aiming the LHC potential to discover one of the new quarks in the model, which has electric charge −4/3, and called Y quark. We also enumerate and discuss other possible search channels, including the exciting possibility of a fermionic dark matter in the particle spectrum. The model is shown not to have conflicting impacts on the oblique EW parameters and Flavor Changing Neutral Currents (FCNC) effects.

The paper is organized as follows: in section II we show the model construction and discuss FCNC effects, in section III we discuss the impact of the new fermions on the oblique parameters. Section IV is devoted to the most promising searching channels at hadron colliders; in the section V we present our phenomenological analysis for the Y quark at the LHC, and we draw our conclusion at the section VI.

II. SETTING OF THE MODEL

We now show a model construction based on the SU(2)_L ⊗ U(1)_Y gauge group. Exotic chiral fermion fields are introduced, but we maintain the structure that left-handed fermions form SU(2)_L doublets, while the right-handed fermion fields are singlets. Being the electric charge operator defined as Q = I_3 + Y, let us consider a quark doublet with hypercharge Y = 7/6, which is one unit augmented in respect to the SM ones, plus the corresponding right-handed singlets. This leads to the two exotic quarks composing the doublet having electric charges 5/3 and 2/3, respectively. In order to not have gauge anomalies additional multiplets of fermionic fields must be introduced. A simple solution for canceling the anomalies [SU(3)_C ]^2 ⊗U(1)_Y , [SU(2)_L]^2 ⊗U(1)_Y , and [U(1)_Y ]^3, is then to have an additional quark doublet with Y = −5/6, plus two doublets of exotic leptons with Y = −3/2, 1/2. In this way, the anomaly free new matter fermionic content we set up is for the quarks ψ^X_L ≡ X^L U^′_L ∼ (2, 7/6) , X_R ∼ ( 1, 5/3) , U^′_R ∼ (1, 2/3) ,

ψ^Y_L ≡ D^{′L} Y_L ∼ (2, − 5/6) , D^′_R ∼ ( 1, − 1/3) , Y_R ∼ (1, − 4/3) , (1)

and for the leptons

Ψ^N_L ≡ E ′+ L N_L ∼ (2, 1/2) , E^{′+}_R ∼ (1, 1) , N_R ∼ (1, 0) ,

Ψ^F_L ≡ E^{−L} F^{−−}_L ∼ (2, − 3/2) , E^−_R ∼ (1, − 1) , F^{−−}_R ∼ (1, − 2) , (2)

in which the numbers between parenthesis refers to transformation properties under SU(2)_L and U(1)_Y , respectively. The singlets E^{′+}_R ∼ (1, 1), E^−_R ∼ (1, − 1), and N_R ∼ (1, 0) are irrelevant for canceling the anomalies, once the first two form a vector fermion field, and the last has zero hypercharge. But they are important for mass generation and mixing among these leptons in order to provide consistent decay chain beginning with F , not allowing other stable charged lepton besides the electron. If N is the lightest of the new leptons then with an appropriated extra symmetry such a particle could be made stable and, therefore, a dark matter candidate.

As we see, beside the X quark with electric charge 5/3, we also have a Y quark with electric charge −4/3. In fact, the fermion content above extend in ±1 the range of the SM particles electric charges allowing for quarks charges ∓ 4/3, ∓ 1/3, ± 2/3, ± 5/3, and for leptons charges 0, ± 1, ±2.

We consider two Higgs doublets for breaking the EW symmetry, H_{1,2} ∼ (2, 1), with vacuum expectation values ⟨H_{1,2}⟩ = [ 0 v_{1,2}/ √ 2 ]_T . The first Higgs doublet, H_1, is assumed to have a tree level couplings to the SM quarks fields, while the second one, H_2, with the exotic quarks fields. For supporting this we take into account the existence of a discrete symmetry Z_4 remaining from some physics at very high energy scale, such that the fields

H_2 ψ^X_L X_R U^′_R ψ^Y_L D^′_R Z_4 w_1 w_2 w_3 w_1 w_1 w_2

Table I. Charges of the fields transforming non-trivially under Z_4, where w_n ≡ e^{i πn}2 .

transforming non-trivially have charges as shown in Table I. The reason for this choice is that it results in a mixing of the new quark fields U^′ and D^′ with the ordinary quark fields, which can be naturally controlled by a high energy suppression scale Λ ≫ v_{1,2}. Thus, it prevents inconsistency with any established experimental fact on flavor physics. The mixing will be accomplished through nonrenormalizable operators suppressed by the scale Λ, as we will see.

The tree level Yukawa Lagrangian for quarks is − L_Y = y^u_{ij}q_{iL} ~H_1u^′_{jR} + y^d_{ij}q_{iL}H_1d^′_{jR} + y^U ψ^X_L H_2U^′_R + y^Dψ^Y_L ~H_2D^′_R + y^X ψ^X_L ~H_2X_R + y^Y ψ^Y_L H_2Y_R + h.c. (3)

where q_{iL} are the SM quarks in left-handed doublets, with u^′_{iR} (d^′_{iR}) the right-handed u-type (d-type) quark singlets, respectively, as usual. The lowest order mixing among the U^′ and D^′ fields with the u^′ and d^′ fields arises from dimension six operators according to

− L_{mix} = ( H^†_1 H_2 ) Λ^2 [ c^u_i ψ^X_L H_2u^′_{iR} + c^d_i ψ^Y_L ~H_1d^′_{iR} ] + h.c. (4) In this Lagrangian of effective operators the coefficients c^q_i are supposed to be of order one. With the vacuum expectation values ⟨H_{1,2}⟩ Eqs. (3) and (4) give rise to a mass Lagrangian for the quark fields in the symmetry basis − L_{mass} = ∑ q=u,d q^′_LM^qq^′_R + m_X X_LX_R + m_Y Y_LY_R + h.c., (5)

in which q^′_{L,R} ≡ (q^′_1, q^′_2, q^′_3, Q^′)^T_{L,R}, with Q^′ standing for U^′ or D^′ symmetry eigenstates; M^u is the mass matrix for u-type quarks which has the following texture,

M^u = M^{uij} 0 [x^u_i ]^T m_U (6) where M^u_{ij} = y^u_{ij} v_1 √ 2 , m_U = y^U v_2 √ 2 , x^u_i = c^u_i 2 √ 2 v_1v^2 Λ^2

, (7)

with similar form for the d-type quarks; and the mass of X and Y quarks given by

m_X = y^X v_2 √ 2 , m_Y = y^Y v_2 √ 2 . (8)

A texture as in Eq. (6) was treated in [13, 14] for a model with vector quarks X and U. It can be seen that in our model all mixing among the exotic and ordinary quarks are naturally suppressed by v_1v_2/Λ^2 (with the presence of a scalar singlet ϕ this suppression turns out to be controlled by the ratio ⟨ϕ⟩/Λ, see below). In fact, being Λ ≫ v_{1,2}, the matrices entries are such that x^{u,d}_i ≪ M^{u,d}_{ij} , m_{U,D}. We show in Appendix A the details of the calculation for the mixing matrix elements, with their explicit suppression factor.

Although taken here to be small the mixing play the crucial role of making the exotic quarks to decay into ordinary quarks, through EW processes. With the fields without prime referring to the mass eigenstates the charged current interactions are, at first order, L_{Ud} = − g √ 2 V_{4i}U_L /W^+d_{iL} + h.c. (9) L_{uD} = − g √ 2 V_{i4}u_{iL} /W^−D_L + h.c. (10) L_X = − g √ 2 (V^u_L)_{4i} X_L /W^+u_{iL} − g √ 2 X_L /W^+U_L + h.c. (11)

L_Y = − g √ 2 ( V^d_L ) 4i Y_L /W^−d_{iL} − g √ 2 Y_L /W^−D_L + h.c. (12)

The mixing matrix elements V_{4i}, V_{i4}, and (V^{u,d}_L )_{4i}, in terms of the parameters in the model are given in Appendix.

Flavor changing neutral currents processes are also predicted to occur once the doublets of new fermions have quantum numbers different from the SM ones. The mixing of U and D quarks with ordinary quarks leads to non-diagonal interactions with the Z boson. At first order these interactions are L^{f.c.} = − g cosθ_W [( V^{u†}_L B^u_1 ) i u_{iL} /Z U_L − ( V^{d†}_L B^d_1 ) i d_{iL} /Z D_L ] + h.c. , (13) in which B^{u,d}_1 has a suppression factor with the scale Λ, as we see from Eq. (A10). The unitary matrices V^{u,d}_L are the usual ones involved in the diagonalization of the ordinary quarks. Therefore, the flavor changing neutral currents interactions are also suppressed.

It is beyond of the scope of this work to discuss the constraints from the actual experimental limits on the coefficients (V^{u,d†}_L B^{u,d}_1 )_i in Eq. (13). We just assume that, in this particular point, the suppression in those coefficients are high enough for avoiding tension with any established experimental fact on this issue.

Concerning the uncolored fermion fields in Eq. (2) the question for their masses and mixing with ordinary leptons could be worked out straightforwardly. But, we will not develop that here since our aim here is the exotic quark phenomenology.

The most general renormalizable scalar potential with the two doublets, and invariant under the Z_4 symmetry in Table I has an extra global U(1) symmetry which would bring a Goldstone boson into the particle spectrum. It can be avoided in many ways, and we comment two possibilities. One option is letting the discrete symmetry to be explicitly broken in the potential by a term like (H^†_1 H_1)(H^†_1 H_2). Another option is introducing a scalar field singlet ϕ ∼ (1, 0) transforming as ϕ → w_3 ϕ, so that the scalar potential would be V (H_i, ϕ) = V_H + ( fH^†_1 H_2ϕ + λ ϕ^4 + h.c. ) , (14) in which V_H ≡ V_H(H_i, ϕ) represents the sum of all possible Hermitian operators involving the doublets H_i and the singlet ϕ, with f being a parameter with mass dimension. With a vacuum expectation value ⟨ϕ⟩ = v_ϕ/ √ 2 the Goldstone boson could be made having feeble interactions with the SM fields, and so it is harmless. In this case we still have dimension five operators for the exotic-ordinary quarks mixing, which adds effectively to each term in Eq. (4) by replacing (H^†_1 H_2)c^{u,d}_i /Λ^2 → (H^†_1 H_2)c^{u,d}_i /Λ^2 + ϕ^∗a^{u,d}_i /Λ, with a^{u,d}_i of the unity order. The effect on the mixing matrices is that the suppression factors are also changed according with the replacement^1_2^{v1v2}_{Λ2} c^{u,d}_i →^1_2^{v1v2}_{Λ2} c^{u,d}_i +^{1√}_2^{vϕ}_Λ a^{u,d}_i . If v_ϕ > v_{1,2}, then the exotic-ordinary quarks mixing would be controlled by the ratio^{vϕ}_Λ (see Appendix). Such ratio can give sizable matrix elements for the mixing matrices in Eqs. (9), (10), (11), (12), and (13) even for very high Λ if v_ϕ ≲ Λ.

III. OBLIQUE PARAMETERS

Before discussing the phenomenological aspects of the model we want to show that the model is consistent with the precision electroweak constraints. Indirect effects of new particles on neutral-current and observable effects involving Z and W bosons by means of the oblique (S, T, U) parameters [21] can be evaluated straightforwardly. Taking the formulas in Ref [22], each pair of fermions (ψ_1, ψ_2), with masses (m_1, m_2), whose left-handed components form a doublet Ψ ≡ (ψ_{1L} ψ_{2L})^T ∼ (2, Y) of hypercharge Y, and their right-handed components are singlets ψ_{1R}, ψ_{2R}, gives the following contribution to the the oblique parameters

S_Ψ = N_{Cψ} 6π [ 1 − 2Y ln x_1 x_2 + 1 + 8Y 20x_1 + 1 − 8Y 20x_2 ] , (15)

T_Ψ = N_C 8πs^2_W c^2_W

F (x_1, x_2) , (16)

U_Ψ = − N_{Cψ} 2π { x_1 + x_2 2 − (x_1 − x_2)^2 3 + [ (x_1 − x_2)^3 6 − 1 2 x^2_1 + x^2 x_1 − x_2 ] ln x_1 x_2 + x_1 − 1 6 f (x_1, x_1) + x_2 − 1 6 f (x_2, x_2) + [ 1 3 − x_1 + x_2 6 − (x_1 − x_2)^2 6 ] f (x_1, x_2) } (17)

in which N_C = 3 (1) is the color degree of freedom of quarks (leptons),

F (x_1, x_2) = x_1 + x_2 2 − x_1x_2 x_1 − x_2 ln x_1 x_2

f (x_1, x_2) = { −2 √ Δ [ arctan^{x1−x2+1√}_Δ − arctan^{x1−x2−1√}_Δ ] 0 √ −Δ ln^{x1+x2−1+√−Δ}

x_1+x_2−1− √ −Δ

(Δ > 0) (Δ = 0) (Δ < 0)

with x_i = m^2_i /M^2_Z , and Δ = 2 (x_1 + x_2) − (x_1 − x_2)^2 − 1.

For S_ψ it is considered that m^2_{1,2} ≫ M^2_Z , which is consistent with the assumptions we take on the masses of the new fermions. We shall restrict our analysis to the case where | m_1 − m_2 |< M_Z so that we always have Δ > 0. It can be seen by direct application of the above formulas that U_ψ ≪ S_ψ, T_ψ for all mass ranges we consider here, so that the U parameter will be disregard. It can be checked that the new multiplets of fermionic fields in Eqs. (1) and (2) lead to corrections to the total S and T parameters still inside the actual 95% CL interval [23] for a wide range of masses.

We observe that if m_E < m_F then the set ψ^F_L , E^−_R , F^{−−}_R in Eq. (2) gives a negative contribution for S, offsetting positive contributions from the other fields, keeping the parameter under control. For example, taking m_E = 100 GeV, m_F = 190 GeV, m_E′ = 140 GeV, m_N = 130 GeV, and for the new quarks m_X = 350 GeV, m_U = 340 GeV, m_D = 325 GeV, m_Y = 340 GeV we obtain (S, T ) = (0.15, 0.16) (in this case U = 0.02). We have considered at this point that the neutral lepton N is heavy and of Dirac type.

Figure 1. In the left panel we present the allowed range in the m_D versus m_Y plane where the S and T parameters lies inside the 95% C.L. region. In the right panel, the 95% CL region for S and T but in the m_X versus m_U plane. The region between the solid red(dashed blue) curves represent the allowed region of the S(T ) parameter at this confidence level. The black dots represent a valid solution to (S, T, U), within the 95% confidence limit, for the fixed masses quoted in upper left corner of the figures.

In the left panel of Figure 1 it is shown the allowed range for m_D and m_Y for fixed values m_E = 100 GeV, m_F = 190 GeV, m_E′ = 140 GeV, m_N = 130 GeV, m_X = 350 GeV, m_U = 340 GeV. The region between the solid red curves represent the the 95% Confidence Level (CL) region for the S parameter, and the region between the dashed blue curves the 95% CL region allowed to the T parameter. In the right panel of Figure 1 it is shown the allowed range for m_X and m_U for fixed values m_E = 100 GeV, m_F = 190 GeV, m_E′ = 140 GeV, m_N = 130 GeV, m_D = 510 GeV, m_Y = 500 GeV, within the 95% CL region for S, and T parameters and the curves have the same meaning of the previous case. The black dots represent a valid solution to (S, T, U), within the established confidence limit, for the fixed masses quoted in the figure.

IV. SIGNALS AT A HADRON COLLIDER

The production of the new particles predicted by this model lead to distinctive signals at a hadron collider. We list now some promising signatures.

1- X quark pair production.

pp → X X → t W^− t W^+ (18)

This kind of process was studied, within the effective Lagrangian approach, in Refs. [10, 11]. Top quarks decays lead to a four W final state and two hard bottom-jets. Requiring that at least two W decays to a pair of jets and an opposite-sign lepton pair, it is possible to reconstruct the X-quark resonance but to a cost of a fourfold degeneracy due the escaping neutrinos and combinatorial backgrounds.

On the other hand, requiring that a W^±W^± pair decays to leptons we have a very clean signal with two same-sign leptons. This channel has been investigated by the CMS collaboration [18] in the search for exotic quarks that decay to top quarks and W bosons. By the way, a lower bound of ∼ 650 GeV has been placed for 5/3 quarks from this analysis. We should point out that, in our model, the X quark branching ratio into tW depends upon the precise quark mixing so, in principle, it is possible to evade that limit. We postpone a detailed analysis on the other exotic quarks predicted by the model to a future investigation.

As we have mentioned in the Introduction, a quark with electric charge 5/3 also arises within the minimal 3-3-1 model [8]. In this case, the exotic quark is actually a fermionic leptoquark which a non zero lepton number, and whose decays lead to same-sign lepton pairs plus hard bottom jets.

2- Y quark pair production.

pp → Y Y → b W^− b W^+ (19)

In this case, the Y quark is just a heavy top quark with a different electric charge. As the X quark, the production of a pair of Y quarks proceeds through EW and QCD diagrams as shown in Figure 2. It was pointed out in Ref. [20] that the charges of Y and t quarks can be identified at a 99% of confidence level in semileptonic final states by tagging the bottom-jet charge. Of course, this charge tagging technique can be used to eliminate the W b pairings from top quark decays.

Figure 2. Diagrams for pair and single production of the Y quark at a hadron collider.

3- Y quark single production.

pp → Y W^+ → b W^+W^− (20)

This production process is proportional to the quark mixing matrix elements between the new Y quark and the SM quarks (see the lower diagram of the Figure 2). The main background to this process is the single top quark production in association with a W boson. Searches for an exotic quark of electric charge 4/3, like the Y quark, were done by the D0 Collaboration in [18, 20]. Signals of vectorial quarks of this charge were also investigated in Ref. [12]. We perform a search analysis for a combined signal from single and pair Y production at the 8 TeV LHC in the following section.

4- QQ^′ production.

Another very interesting signal to search for is the pairs productions du → UD(XY ) , uu → XD , dd → UY (21) through a t-channel W, Z, h_1. Beside these channels can lead to same-sign dileptons final states, their production cross sections are enhanced due the large luminosity of the initial state valence quarks which might compensate for the lack of strong interactions, as pointed out in Ref. [17].

5- h_2 Higgs boson production and decay.

pp → h_2 → γγ, W^+W^−, Z Z, F F , (22) in which F stands for either a new lepton E^±_L , E^{′±}_L , F^{±±}_L or a new quark X, Y , U and D, as long as the h_2 is heavier than the new fermions.

As the Higgs boson h_2 comes out from a second Higgs doublet, which couples only with the new fermions in the model according to our prior assumption, its production will be dominated by the gluon fusion with the new quarks running in the loop. The h_2 coupling to the SM fermions is small and arises through its mixing with h_1, a SM like Higgs boson.

In the scenario where all the new fermion fields are heavier than h_2, it decays mainly into pairs of gauge bosons, so it would lead to an excess in the current search channels of the SM Higgs boson at the LHC. On the other hand, once a new fermion channel is open it becomes the preferred decay channel. In this case, hard leptons, including signatures of same-sign dileptons if the F^{±±}_L is open, plus missing energy could be a promising channel if the new leptons are lighter than h_2. Of course, new quarks could also be produced in the resonant h_2 production. A detailed analysis of the LHC potential for discovering h_2 will be done elsewhere.

6- Fermionic dark matter.

If the new leptons are odd under some kind of discrete symmetry, then the neutral heavy lepton N, being the new lightest particle, would be a fermionic dark matter candidate. In this case, its connection to the SM sector would be through the h_2 couplings which constitute a resonant dark matter–Higgs portal scenario.

As the h_2 production through gluon fusion is expected to be large if the heavy Higgs is not too heavy, a hard monojet plus missing energy constitutes a smoking gun signature of dark matter production at the LHC in our model pp → h_2 + g(q) → NN + j (23) We will postpone a detailed study of the Higgs sector and the dark matter candidate of the model to the future but focus, in the next section, on the search for the Y quark.

Figure 3. Pair and single production cross sections for the Y quark at the 8 TeV LHC (left panel) and the 14 TeV LHC (right panel). The mass span was chosen in order to anticipate the complementarity of the 8 TeV and 14 TeV runs in the search for the Y quark.

V. PHENOMENOLOGY OF THE Y QUARK

A. Production cross section and total width

In this section we present the prospects for the Y quark search at the 8 TeV LHC. We focus on the Y quark as it requires a more straightforward analysis compared to an X quark which decays to top quark plus W boson. The X quark pair production would lead to four W bosons and two bottom-jets which make the X quark reconstruction more difficult. Moreover, a Y quark was recently searched for in the Tevatron [19] in order to confirm or not the electric charge of the top quark. Due this experimental analysis we can safely start the search for m_Y > m_t.

The Y quark can be pair produced at the LHC in the qq̄ and gg annihilation channels as depicted in Figure 2. Although the EW contributions are enhanced due a larger electric charge, the QCD production contributes most to the pair production cross section. On the other hand, single production at order O(α_sα) may become important as the mass of the exotic quark gets heavier. This feature can be seen in Figure 3 where the single production dominates the cross section for masses above ∼ 300 GeV at 8 TeV LHC. In the 14 TeV regime, the single production overwhelms the pair production for all masses from 800 GeV onwards.

At this point we have made some assumptions about the mass matrix of the d-type quarks. First of all we assume that the D-quark mass is larger than the Y quark mass in such way that the Y quark decays into off-shell D quark through the 3-body decay mode Y → D^∗W^− → q W^−W^− (q = u, c, t). Even though the D and Y quarks masses are just barely different, as required by the ST U parameters (see Figure 1), the D quark decays to SM quarks are further suppressed by |V_{i4}|^2 (see Appendix), so the D^∗(→ q + W^−) + W^− branching ratio is negligible.

Second, in order to evade flavor changing neutral currents constraints, the (V^d_L)_{4d} and (V^d_L)_{4s} mixing matrix elements have to be very small, then it is natural to expect a quark mixing pattern like |(V^d_L)_{4d}|, |(V^d_L)_{4s}| ≪ |(V^d_L)_{4b}| ≪ |(V^d_L)_{4D}|. As an outcome of these assumptions, the Y quark is expected to decay almost exclusively to b + W . Moreover, the single production occurs through an initial state bottom quark from the proton sea: bg → Y + W . This is surely a conservative scenario, once a d-quark initiated process would give a much higher single production cross section, despite some depletion from a lower branching ration into b + W would occur. The cross sections shown in Figure 3 were calculated taking the benchmark scenario (V^d_L)_{4b} = 0.1, (V^d_L)_{4s} = 0.008, and (V^d_L)_{4d} = 0.005.

The total width is given by the formula

Γ_Y = G_F 8π √ 2 m^3_Y ∑ i=d,s,b |(V^d_L)_{4i}|^2, (24)

in which it is considered that the Y quark decays into the SM d, s and b quarks plus a W boson, according to the assumptions we have just made. For the sum of the elements in the range 10^{−4} ≤ ∑ i |(V^d_L)_{4i}|^2 ≤ 10^{−2}, we have that for m_Y = 300 GeV the width varies as 3.2 × 10^{−7} GeV ≤ Γ_Y ≤ 9 × 10^{−4} GeV, and that for m_Y = 1 TeV, 10^{−5} GeV ≤ Γ_Y ≤ 3.3 × 10^{−2} GeV. Because the D-quark channel is not open and given the smallness of the mixing parameters, the Y quark widths are very narrow.

B. Analysis and results

It is possible to extend the discovery reach of the 8 TeV LHC up to a mass of ∼ 750 GeV, assuming BR(Y → b+W ) = 100%, as we are going to show, by including events from single and pair production of Y quarks. To do so we rely to a more inclusive analysis selecting the following semileptonic events pp → Y W → bW^−W^+ → bjj + ℓ + ν_ℓ, (25) pp → Y Y → bb̄W^+W^− → bb̄jj + ℓ + ν_ℓ, (26) where one of the W bosons decays into a pair of jets and the other to a lepton ℓ (electron or muon) and a neutrino.

The signal and SM backgrounds events were simulated, assuming our benchmark scenario (V^d_L)_{4b} = 0.1, (V^d_L)_{4s} = 0.008 and (V^d_L)_{4d} = 0.005, with MadGraph5 [24], whereas the exotic quark model was implemented in the FeynRules [25]. Hadronization and detector effects were taken into account from Pythia [26] and PGS4 [27] interface to MadGraph5 including the k_T -MLM jet merging scheme [28].

We require events with, at least, three identified jets, one of them must be tagged as a b-jet, an isolated charged electron or muon, and missing energy. The b-tag efficiency is determined by the PGS4 parametrization: ∼ 50% within |η(b)| < 1.0 and decreased rates for 1.0 < |η(b)| < 2.0 for a light quark/gluon mistag rate of a few percent [27] for the same η coverage. We checked that not requiring a tagged b-jet decreases significantly the discovery prospects of the 8 TeV LHC. This part of the analysis that can be significantly improved using the most recent heavy flavor tagging techniques of the LHC collaborations.

The backgrounds considered in the analysis are: (1) the irreducible single top production, tW^±, (2) the irreducible top pair production, tt̄, and (3) the main reducible ones: EW t + j, EW t + b, QCD and EW jjj and bb̄j.

As the top quark decays to W^+b and the Y quark to W^−b, it is possible to tag the top quark events by identifying the charge of the bottom quark in order to reconstruct the correct W b pairing [20]. We did not try to apply this tagging technique, but found that a simple cut and count approach is able to separate the signals even though only a typical low acceptance rate has been achieved in this kind of analysis. For that purpose we devise the following set of kinematic cuts p_{Tj1(2)} > 40(20) GeV , p_T (b) > 200 GeV , p_T (ℓ) > 20 GeV (27) |η(j)| < 2.5 , |η(b)| < 2.5 , |η(ℓ)| < 2.5 (28) ΔR_{j1j2} > 0.4 , ΔR_{jb} > 0.4 , ΔR_{jℓ} > 0.4 , ΔR_{bℓ} > 0.4 (29) E̸_T > 100 GeV , 60 < m_{j1j2} < 100 GeV , m_{bjj} > m_Y − 100 GeV (30) H_T > 1 TeV (31) A very hard bottom-jet is expected from the decay of a heavy top partner so we include a hard p_T (b) cut alongside the identification criteria of Eqs. (27), (28), and (29). After imposing the identification cuts, we require that a pair of jets, not tagged as b-jets, reconstruct

Figure 4. The m_{jjb} invariant mass distribution for the signal (300, 600, and 900 GeV) and the total background. The variable presents harder events as the mass of the Y quark gets larger.

the W boson peak which effectively suppresses QCD and EW processes not related to a hadronic decaying W in Eq. (30). A hard missing transverse momentum cut eliminates the fake multi-jet QCD backgrounds.

The m_{jjb} variable is constructed from the combination of the two jets, not tagged as a bjet, and one tagged b-jet that minimizes the difference |m_{jjb} −m_Y | for a given Y quark mass. We checked that for a given mass assignment, the signal significance reaches a maximum when m_{jjb} is close to the Y mass and the cut value is somewhat smaller than m_Y . The jjb resonance can be explored in order to reject the tt̄ and tj backgrounds as can be seen in Figure 4. As a rule of thumb, we found that cutting around 100 GeV to the left of the resonance peak maximizes the signal significance for the masses considered.

The H_T variable is another important discriminant between heavy exotic quarks and the SM backgrounds and comprises the scalar sum of all hadronic activity in the calorimeters plus the missing transverse energy. A hard cut in H_T , Eq. (31), suppresses both the signal and backgrounds, but it is necessary to reach the discovery significance with a high S/B ratio.

Even tough the actual values of the quark mixing matrix have a sizable impact on the production cross section, our quark mixing matrix is not phenomenologically optimistic at all. As long as the Y quark decays exclusively to b + W and its total width remains narrow,

Mass (GeV) Signal (fb) Significance Acceptance (%) 300 5(1.3 + 3.7) 31.2 0.1 400 2.7(0.8 + 1.8) 21.7 0.2 500 2.2(0.7 + 1.5) 19.4 0.7 600 1.4(0.5 + 0.9) 14.9 1.4 700 0.5(0.2 + 0.3) 7.8 1.4 800 0.18(0.08 + 0.1) 4.3 1.3 900 0.07(0.03 + 0.04) 2.1 1.3 Table II. The second column shows the signal cross sections after cuts and b-tagging for Y quark masses from 300 GeV up to 900 GeV at the 8 TeV LHC. In parenthesis we quote the signal composition (single production+pair production). The third column presents the statistical significance achieved for 23 fb^{−1}. In the last column, the signal acceptance.

any changes in the ( V^d_L ) 4b value would just rescale the single production rates and this change can be easily translated to a new signal significance. For that purpose we furnish the signal composition after imposing the kinematic cuts of Eqs. (27–31), in the second column of the table II. The background cross section is constituted mainly by QCD tt̄ and EW t + j events after cuts. Assuming 23 fb^{−1} of integrated luminosity at the 8 TeV LHC, it remains very few background events for this set of cuts, ranging from 0.6 down to 0.3 when m_{jjb} > 200 GeV is hardened up to m_{jjb} > 800 GeV.

As the number of expected background events is low, approximating a Poisson distribution with parameter λ to a Normal distribution N(λ, √ λ), in this case, overestimates the p-value associated to discovery for a given number of signal plus background events. The probability β to accept the signal plus background hypothesis, when the background hypothesis is true, should be computed now with a Poisson PDF [29] β = ∞∑ n=⌊n_S +n_B ⌋ Poiss(λ = n_B ) (32)

where ⌊n_S + n_B ⌋ stands for the smaller integer greater than the theoretical number of signal plus background events from our simulations. We claim a discovery if β < 2.8 × 10^{−7} which corresponds to a 5σ deviation from the mean of the standard Normal distribution.

We shown in the third column of the Table II the signal significance for a given Y quark mass using the exact Poisson distribution to compute the p-values. We see that the 8 TeV LHC is able to discover this particle up to masses of ∼ 750 GeV. A 3σ evidence can be reached for masses up to ∼ 850 GeV.

The fourth column shows the signal acceptance which reaches 1.4% for masses above 600 GeV. Such low acceptance rates were found also in similar works on the search for exotic quarks [13, 14].

The maximum cross section occurs for a 300 GeV Y quark. As the mass of the Y increases, its production cross section decreases as we see in the Figure 3, however, as it gets heavier, its decay yields become harder and are likely to pass the cuts. For larger masses the acceptance is always increasing, but the production cross sections decrease steeply. Note also that the inclusion of the single quark contribution has a important impact for all masses, but the relative contribution becomes more relevant for heavier masses.

We also checked that our results and fairly insensitive to systematic uncertainties on the background total cross section up to 20% even for a 900 GeV Y quark. This is a consequence of the high S/B ratios achieved after cuts, typically larger than 3.

Concerning the 14 TeV LHC, we show in the Figure 3 the pair and single production cross section of Y quarks. Assuming an integrated luminosity of 100 fb^{−1}, around 10 signal events are expected for a Y quark of mass ∼ 2 TeV. Imposing a very hard cut on the m_{jjb} invariant mass should effectively clean the background events, but only a detailed simulation including pile up effects also, would be able to evaluate the actual signal acceptances. Anyway, the 14 TeV LHC will extend the search region for Y quarks complementing the searches of the 8 TeV run.

VI. CONCLUSIONS

Given that the idea of quarks and leptons beyond the third generation is almost ruled out by the experimental evidences found at the LHC, including the recent discovery of a neutral scalar very similar to the SM Higgs boson, it is natural to ask which might be the simplest way to extend the fermion sector of the SM. Some models propose new leptons and quarks which, in some cases, carry exotic electric charges. These exotic quarks and leptons have been searched for in the experiments at the Tevatron and the LHC.

In this paper, we present a simple theoretical construction that allows for new quarks and leptons, different from a SM sequential fourth family, with exotic electric charges. By considering the SM gauge group and the cancellation of anomalies we postulate a set of new chiral fermions with these features: quarks with electric charges −4/3 and 5/3, singly and doubly charged leptons, and a heavy neutral lepton.

We have checked that the model respects all the constraints from the precision electroweak data, at the 95% confidence level, evaluating the impact of the contribution of the new fermions to the S, T and U parameters. Flavor changing neutral currents arise in the model but they are suppressed by a high energy scale related to a more fundamental theory.

We also investigated the reach of the 8 TeV LHC to discover a Y quark with electric charge −4/3. This quark decays similarly as a top quark but it can be much heavier. We found that considering both single and double Y production, the 8 TeV LHC is able to unravel a signal in the bjj + ℓ+ E̸_T channel, requiring at least one jet to be tagged as b-jet, for Y masses from 300 to 750 GeV approximately. The 14 TeV run is expected to extend the search limits, although a high integrated luminosity will be probably required.

The model also predicts the existence of a heavy CP even neutral Higgs boson, h_2, which could have feeble interactions with SM fermions, and that might have a sizeable decay rate in pairs of gauge bosons. Thus, any hints of a second scalar in the Higgs boson search in γγ, ZZ and W W channels would be a potential test to the model.

Imposing some kind of discrete symmetry on the lepton sector, at least, the new neutral lepton becomes stable and a fermionic dark matter candidate. This particles could communicate to the SM sector through the heavy Higgs boson h_2 and gives rise to a resonant dark matter–Higgs portal scenario.

Note added: As we finished this work the paper in Ref. [30] appeared with results on exotic vector-like quarks.

Acknowledgments: The authors acknowledges financial support from the Brazilian agencies FAPESP, under the process 2010/18762-6 (E.R.B), CNPq, under the process 302138/2010-2 (A.G.D), and Universidade Federal do ABC (D.A.C). The authors also thanks A. A. Natale for the suggestions in the manuscript, and Luca Panizzi and Mathieu Buchkremer for pointing out some interesting search channels.

Appendix A: Quarks mixing

In order to establish the quarks mixing under the considerations in Section II, we use the method of block diagonalization, frequently used in neutrinos physics, which we learned from Refs. [31–33]. The mass matrix M^q in Eq. (5) is turned into a diagonal form by a bi-unitary transformation

V^{q†}_L M^qV^q_R = diag (m_{q1}, m_{q2}, m_{q3}, m_Q) . (A1)

V^q_{L,R} links the symmetry eigenstates q^′_{L,R}, to the mass eigenstates q_{L,R} ≡ (q_1, q_2, q_3, Q)_{L,R}, according to

q^′_L = V^q_Lq_L q^′_R = V^q_Rq_R . (A2)

We also define a generic 4 × 4 hermitian matrix

M^qM^{q†} = α q 3×3 β^q_{3×1} β^{q†}_{1×3} γ_Q = M^q M^{q†} M^q x^∗ x^T M^{q†} x^†x+ | M_Q |^2

(A3)

with the matrices α, β, and the number γ directly defined in the last line of Eq. (A3). If the entries β_i suppressed by a factor v_1v_2/Λ^2, and the value of √ γ taken as a mass scale of the new quarks, there is a hierarchy for the α and β entries according to β_i ≪ α_{ij} < γ.

The matrix in Eq. (A3) is transformed in a diagonal form by V^q_L V^{q†}_L M^qM^{q†}V^q_L = diag ( m^2_{q1}, m^2_{q2}, m^2_{q3}, m^2_Q ) . (A4)

It is assumed that V^q_L = R^q U^q (A5)

where the 4 × 4 matrix

R^q = (√ 1 − B^qB^{q†} ) 3×3 B^q_{3×1} −B^{q†}_{1×3} √ 1 − B^{q†}B^q (A6) transforms M^qM^{q†} into a block diagonal form, and U^q is a unitary matrix

U^q_L = (V q L )_{3×3} 0_{3×1} 0_{1×3} 1

(A7)

which turn R^{q†}M^qM^{q†}R^q in a diagonal form. V^q_L The square root in Eq. (A6) is defined as √ 1 − B^qB^{q†} ≡ 1 − 1 2 B^qB^{q†} + 1 4 B^qB^{q†}B^qB^{q†} + ... (A8) The matrix B^q is a power series

B^q = B^q_1 + B^q_2 + ... (A9)

in which B^q_n ∼ O ((_{v1v2} Λ^2 )_n) . In fact, it can be seen from the block diagonalization that

B^q_1 ≈ γ^{−1}_Q β^q ≈ 1 | M_Q |^2

M^qx^∗. (A10)

Thus, at first order in B^i_1 we have

V^q_L = V q L B^q_1 −B^{q†}_1 V^q_L 1

(A11)

In this way the new quarks can decay into the ordinary quarks through charged current interactions L^{c.c} = − g √ 2 u_LVγ^μd_LW^+_μ + h.c. (A12)

with the mixing matrix being V = V^{u†}_L V^d_L ≈ V_{CKM} V^{u†}_L ( B^d_{1L} − B^u_{1L} ) ( B^{u†}_{1L} − B^{d†}_{1L} ) V^d_L 1

(A13)

V_{CKM} = V^{u†}_L V^d_L is the usual Cabibbo-Kobayashi-Maskawa matrix. At order v_1v_2/Λ^2, elements relevant for decay of exotic quarks U, D, X, and Y , in Eqs. (9), (10), (11), and (12), into ordinary quarks are then,

(V)_{4i} = 1 2 √ 2 v_1v_2 Λ^2 [( v_2 m^2_U c^{uT} M^{u†} − v_1 m^2_D c^{dT} M^{d†} ) V^d_L ] i , (V)_{i4} = 1 2 √ 2 v_1v_2 Λ^2 [ V^{u†}_L ( v_1 m^2_D M^dc^{d∗} − v_2 m^2_U M^uc^{u∗} )] i ,

(V^u_L)_{4i} = − 1 2 √ 2 v_1v^2 m^2_U Λ^2 ( c^{uT} M^{u†}V^u_L ) i , ( V^d_L ) 4i = − 1 2 √ 2 v^2_1 v_2 m^2_DΛ^2 ( c^{dT} M^{d†}V^d_L ) i , (A14) with the order of the unity coefficients c^q_i originating from Eq. (4). In the presence of the singlet scalar field ϕ, introduced in the end of Sec. II we have effectively to change these formulas by replacing^1_2^{v1v2}_{Λ2} c^{u,d}_i →^1_2^{v1v2}_{Λ2} c^{u,d}_i +^{1√}_2^{vϕ}_Λ a^{u,d}_i , in which we have the vacuum expectation value ⟨ϕ⟩ =^{vϕ√}_2 .

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

[2] A. Djouadi, A. Lenz, Phys. Lett. B 715, (2012) 310 [arXiv:1204.1252]. [3] E. Kuflik, Y. Nir, T. Volansky, Phys. Rev. Lett. 110, (2013) 091801 [arXiv:1204.1975]. [4] J. Erler and P. Langacker, Phys. Rev. Lett. 105 031801 (2010) [arXiv:1003.3211]; M.

Chanowitz, Phys. Rev. D 79 113008 (2009) [arXiv:0904.3570]; M. Bobrowski, A. Lenz, J. Riedl and J. Rohr wild, Phys. Rev. D 79 113006 (2009) [arXiv:0902.4883]; O. Eberhardt, A. Lenz and J. Rohrwild, Phys. Rev. D 82 095006 (2010) [arXiv:1005.3505]; A. Buras et al., JHEP 1009 106 (2010) [arXiv:1002.2126]; W.-S. Hou and C.-Y. Ma, Phys. Rev. D 82 036002 (2010) [arXiv:1004.2186]; A. Soni et al., Phys. Rev. D 82 033009 (2010) [arXiv:1002.0595].

[5] CMS Collaboration, Phys. Rev. D 86 112003 (2012) [arXiv:1209.1062]. [6] Particle Data Group (K. Nakamura et al.), J. Phys. G 37 075021 (2010). [7] F. Pisano, V. Pleitez, Phys. Rev. D 46 410 (1992) [hep-ph/9206242]; P.H. Frampton, Phys.

Rev. Lett. 69 2889 (1992).

[8] A. Alves, E. Ramires Barreto, and A. G. Dias, Phys.Rev. D 86 (2012) 055025 [arXiv:1203.2342]. [9] P. H. Frampton , P.Q. Hung , M. Sher, Phys. Rept. 330, 263 (2000) [hep-ph/9903387]. [10] R. Contino, G. Servant, JHEP 0806, 026 (2008) [arXiv:0801.1679].

[11] G. Burdman, L. Da Rold, O. Eboli, and R. Matheus, Phys.Rev. D 79 (2009) 075026 [arXiv:0812.0368].

[12] J. A. Aguilar-Saavedra, JHEP 0911, 030 (2009) [arXiv:0907.3155]. [13] G. Cacciapaglia et al, JHEP 1203, 137 (2012) [arXiv:1108.6329]. [14] G. Cacciapaglia et al, arXiv:1211.4034.

[15] Sandy S.C. Law, JHEP 1202, 127 (2012) [arXiv:1106.0375]; Chun-Khiang Chua, Sandy S.C.

Law, Phys.Rev. D 83 (2011) 055010 [arXiv:1011.4730]; J. E. Cieza Montalvo, P. P. de Queiroz Filho, Phys.Rev. D 66 (2002) 055003.

[16] Y. Okada and L. Panizzi, Adv.High Energy Phys. 2013 (2013) 364936 [arXiv:1207.5607]. [17] M. Buchkremer, G. Cacciapaglia, A. Deandrea, L. Panizzi, arXiv:1305.4172. [18] D0 Collaboration, Phys. Rev. Lett. 98 042801 (2007) [hep-ex/0608044]; CDF Collaboration, Phys.Rev.Lett. 105 101801, (2010) [arXiv:1006.4597]; ATLAS Collaboration, ATLAS-CONF- 2012-130; ibid. JHEP 1211 094 (2012) [arXiv:1209.4186]; CMS Collaboration, CMS-PAS-B2G- 12-003 (2012).

[19] Wouter J. Waalewijn, Phys. Rev. D86 094030, (2012) [arXiv:1209.3019]; Keisuke Harigaya, Shigeki Matsumoto, Mihoko M. Nojiri and Kohsaku Tobioka, Phys. Rev. D86 015005, (2012) [arXiv:1204.2317].

[20] CDF Collaboration, arXiv:1304.4141.

[21] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).

[22] H. J. He, N. Polonsky, and S. F. Su, Phys. Rev. D 64, 053004 (2001) [hep-ph/0102144]. [23] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012). [24] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, JHEP 1106 (2011) 128 [arXiv:1106.0522].

[25] A. Alloul, J. D’Hondt, K. De Causmaecker, B. Fuks, M. Rausch de Traubenberg, Eur. Phys.

J. C 73 (2013) 2325 [arXiv:1301.5932].

[26] T. Sjostrand, S. Mrenna, and P. Skands, JHEP 0605 (2006) 026 [hep-ph/0603175]. [27] For general information about PGS follow the links:

http://www.physics.ucdavis.edu/∼conway/research/software/pgs/pgs4-general.htm. [28] M. L. Mangano, M. Moretti, F. Piccinini, and M. Treccani, JHEP 01 (2007) 013 [hep-ph/0611129].

[29] S. Bityukov and N. Krasnikov, CERN Yellow Report, 2000-005.

[30] J. A. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer, M. Pérez-Victoria, arXiv:1306.0572. [31] B. Lee, R. Shrock, Phys. Rev. D16, 1444 (1977). [32] J. Schechter, J. W. F. Valle, Phys. Rev. D25, 774 (1982). [33] W. Grimus, L. Lavoura, JHEP 0011, (2011) 042 [arXiv:1102.3432].