arXiv:0905.4260v1 [hep-ph] 26 May 2009

Comments on the Minimal Vectorial Standard Model

Mohamed M. Anber,^∗ Ufuk Aydemir,^† John F. Donoghue,^‡ and Preema Pais^§ Department of Physics, University of Massachusetts Amherst, MA 01003, USA

We explore the available parameter space of the minimal vectorial Standard Model. In this theory, the gauge currents are initially vectorial but the Higgs sector produces chiral mass eigenstates, leading to a set of heavy right-handed mirror particles. We describe the phenomenology of the residual parameter space and suggest that the model will be readily tested at the LHC.

1. INTRODUCTION

QCD and QED are vectorial gauge theories - the gauge currents are the same for left-handed and right-handed fermions. However the weak SU(2) currents (and the original U(1) of hypercharge) are chiral with an asymmetry between left and right-handed fields. The SU(2) interaction is maximally asymmetric, coupling to only left-handed fields. However, it is not just that Nature favors left-handed fields because the hypercharge gauge theory carries a complicated mixture of left and right couplings, which conspire to make QED vectorial after symmetry breaking. One has to wonder about the fundamental origin of this unusual asymmetry in handedness [1].

Actually there is a variation of the Standard Model that has only vectorial gauge currents. This is not the SU(2)_L × SU(2)_R model with separate left and right gauge bosons[2]. Rather the vectorial Standard Model has only the usual set of SU(2) × U(1) gauge bosons, and all of these couple vectorially to all fermions. It is the Higgs sector which introduces chirality and separates left fields from right. To see how this works, consider an SU(2) doublet field and a pair of singlets. ψ = ( a b ) , c, f . (1) The quantum number assignments are the same for both the L,R components, resulting in vectorial gauge currents. However a Higgs doublet will automatically couple the left-handed components of a doublet to right-handed components of a singlet, and the reverse^1. If the Higgs couplings are different for these cases, the chiralities will be split after the Higgs picks up a vacuum expectation value. In particular the four vector fields a, b, c, f will be split into four chiral fields, which we can call u, d, U, D

∗Email: manber@physics.umass.edu †Email: uaydemir@physics.umass.edu ‡Email: donoghue@physics.umass.edu §Email: ppais@physics.umass.edu 1 There can also be direct mass terms without a Higgs coupling - these are described below.

which are mass eigenstates with composition u ∼ (a_L, c_R) U ∼ (a_R, c_L) d ∼ (b_L, f_R) D ∼ (b_R, f_L) . (2)

In this case, u, d will have left-handed weak interactions and U, D will have right-handed ones. With the standard hypercharge assignments, QED will be vectorial for all fields. If the U, D are heavy enough they would not have been uncovered yet.

This vectorial Standard Model was proposed in the lattice QCD literature [3, 4, 5, 6, 7]. In that case it is valuable because of the difficulty of defining chiral gauge theories on a lattice [8]. Having a vector gauge theory avoids this trouble and one then subsequently splits the fermions to produce the usual Standard Model. This in itself is a motivation for this variation of the Standard Model. Our best candidate for a full non-perturbative regularization of a field theory is the lattice, and if there is a fundamental obstacle to chiral gauge theories on a lattice this may turn out to be a more general obstacle with other non-perturbative regularization schemes. Moreover, one can imagine many ways that gauge theories emerge from some discrete underlying theory - these would likely share the lattice obstacle. The Higgs sector is much less understood and it could arguably be more plausible to have the chiral asymmetry in the Higgs sector.

Independent of the favored motivation, the minimal vectorial Standard Model is a construction of some beauty, and it deserves to be tested experimentally. It is clear that we need to make the mirror fields heavy - this is not a problem on its own. However, having heavy chiral fields coupled to the weak currents leads to problems [6] with the precision electoweak observables, in particular the S, T parameters[9]. Nevertheless, there is still a region of parameter space that satisfies all these constraints - we will explore this below. The allowed region of the parameter space is rather small, so that the model is highly fine-tuned. However when considering further testing of the model this is an advantage - the allowed masses are well constrained. This implies that the model should be quickly confirmed or ruled out at the LHC.

A crucial caveat is that we are exploring this model perturbatively. However, the Yukawa couplings of the mirror fermions are quite large and one has to worry that either higher orders in perturbation theory or nonpertubative effects will modify the standard calculations. At present we have very little idea of the impact of possible non-perturbative effects.

In Section 2 we explore the model more fully using a variant with two Higgs doublets. The electroweak observables are studied in Sec. 3, which identifies the allowed mass ranges. Possible applications to baryogenesis is explored in Sec. 4, with mostly negative conclusions. The use of the mirror leptons as dark matter is describe in Sec. 5, with a favorable result if the possible Majorana masses are adjusted appropriately. Finally we discuss the prospects for testing this model at the LHC in Sec. 6, with mostly favorable conclusions. A summary and two appendices complete the manuscript.

2. THE MODEL

The model has three SU(2) doublets of quarks

ψ_α = ( a_α b_α ) , (3)

together with singlets c_α and f_α. There are also three generations of leptons constructed in a similar fashion. The matter Lagrangian is given by L_m = iψ̄_αD̸ψ_α + ic̄_αD̸c_α + if̄_αD̸f_α , (4) where

D_μψ_α = ( ∂_μ + ig_2⃗τ · ⃗W_μ/2 + ig_1Y^ψB_μ/2 ) ψ_α , D_μc_α = (∂_μ + ig_1Y^cB_μ/2) c_α ,

D_μf_α = ( ∂_μ + ig_1Y^f B_μ/2 ) f_α , (5)

and sums over the Greek indices are implicit. In order to avoid too many new names, we will use the symbols (a, b, c, f) for leptons as well as quarks. The hypercharge assignments are standard and will be stated below once we identify the mass eigenstates.

Higgs sector

It is possible to construct the model with a single Higgs doublet. However, the electroweak precession data, as we will see in the next section, requires additional new physics contributions beyond that of a single Higgs doublet. The minimal version of such an extension is to invoke two-Higgs-doublets [10]

L_H = D_μΦ_1D^μΦ_1 + D_μΦ_2D^μΦ_2 − V (Φ_1, Φ_2) , (6)

where

D_μΦ_{1,2} = ( ∂_μ + ig_2⃗τ · ⃗W_μ/2 + ig_1B_μ/2 ) Φ_{1,2} , (7) and V is the self-interaction potential

V (Φ_1, Φ_2) = − μ^2_1Φ^†_1Φ_1 − μ^2Φ^†_2Φ_2 + λ_1 2 ( Φ^†_1Φ_1

)_2

+ λ_2 2 ( Φ^†_2Φ_2

)_2

+ h_1 ( Φ^†_1Φ_2 ) ( Φ^†_2Φ_1 )

+ h_2 ( Φ^†_1Φ_1 ) ( Φ^†_2Φ_2 )

+ h_3 (( Φ^†_1Φ_2

)_2 + ( Φ^†_2Φ_1

)_2) . (8)

The parameters μ_1 , μ_2 , λ_1 , λ_2 , h_1 , h_2 , h_3 and h_4 are taken to be real and are chosen such that the potential is bounded from below. The Higgs spectrum consists of two charged H_±, CP even h_0 and H_0, and CP odd A_0 fields.

The fermions couple to the two Higgs doublets through Yukawa terms that are invariant under SU(2)×U(1)

L_Y = − Γ^{1 c}_{αβ} ψ̄_{α L}Φ̃_1c_{β R} − Γ^{1 f}_{αβ} ψ̄_{α L}Φ_1f_{β R}

− Γ^{2 c}_{αβ} ψ̄_{α R}Φ̃_2c_{β L} − Γ^{2 f}_{αβ} ψ̄_{α R}Φ_2f_{β L} + h.c. .(9)

The terms (8) and (9) are invariant under a discrete symmetry of the form

Φ_1 −→ Φ_1 , Φ_2 −→ −Φ_2 ψ_R −→ ψ_R , ψ_L −→ −ψ_L c_R −→ −c_R , c_L −→ −c_L f_R −→ −f_R , f_L −→ −f_L . (10) which prevents the mixing between Φ_1 and Φ_2, and in the same time suppresses flavor changing neutral current (FCNC). In fact, there are 14 possible discrete symmetries which are possible for this model, and which could impact the properties of the fermion mass terms. These are described in Appendix A.

After spontaneously breaking the SU(2) symmetry, the Higgs fields acquire VEVs

⟨Φ_1⟩ = 1 2 ( 0 v_1 ) , ⟨Φ_2⟩ = 1 2 ( 0 v_2e^{iθ2} ) , (11)

which preserve the U(1) gauge symmetry.

Mass spectrum from the Higgs sector

First consider the spectrum without direct mass terms. This can be arranged by a discrete symmetry - see Appendix A. In this case we emerge with the usual left handed particles and a mirror set with right handed couplings.

The Yukawa-coupling matrices may be diagonalized by bi-unitary transformations

a_R = V_RU_R , a_L = V_Lu_L b_R = X_RD_R , b_L = X_Ld_L c_R = S_Ru_R , c_L = S_LU_L f_R = W_Rd_R , f_L = W_LD_L , (12) quarks Tw Tw3 Yw leptons Tw Tw3 Yw aq , uq L, Uq L 1/2 1/2 1/3 a_l, u_{l L}, U_{l L} 1/2 1/2 −1 bq , dq L, Dq L 1/2 −1/2 1/3 b_l, d_{l L}, D_{l L} 1/2 −1/2 −1 cq , uq R, Uq R 0 0 4/3 c_l, u_{l R} ,U_{l R} 0 0 0 fq , dq R, Dq R 0 0 −2/3 f_l, d_{l R}, D_{l R} 0 0 −2

TABLE I: SU(2) × U(1) assignments for the SM and mirror particles.

where u_{L,R} (U_{L,R}) and d_{L,R} (D_{L,R}) denote the 3 × 1 column matrices with the chiral components of the fermion mass eigenstates of the physical Standard Model (mirror) fermions. The 3 × 3 unitary matrices V , X, S, W are chosen to bi-diagonalize the physical mass matrices M_d, M_u, M_D and M_U

M_u = v_1V^†_L Γ^{1 c}S_R/2 M_d = v_1X^†_LΓ^{1 f} W_R/2 M_U = v_2e^{−iθ2} V^†_RΓ^{2 c}S_L/2 M_D = v_2e^{−iθ2} X^†_RΓ^{2 f} W_L/2 . (13) If v_2 >> v_1, then our choice for the Yukawa Lagrangian (9) can explain why the mirror masses are naturally heavier than the SM ones.

The charges of these particles are given by Q_{el} = Y_w/2 + T_{w3}, where T_{w3} denotes the third component of the weak isospin, and Y_w is the corresponding hypercharge (see table (I) for the weak isospin and hypercharge assignments.)

The charged current interaction is

L_W = − g_2 2 √ 2 W^{− μ} [¯ dγ_μV^{CKM} (1 + γ_5)u

+ D̄γ_μV^{M CKM} (1 − γ_5)U ] + h.c. , (14)

where

V^{CKM} = X^†_LV_L , V^{M CKM} = X^†_RV_R (15)

are Cabibbo-Kobayashi-Maskawa matrices for the SM and mirror fermions, respectively. The electromagnetic and weak neutral currents are standard, with the obvious change that the neutral current of the mirrors involves their right handed components rather than left.

Mixing via direct mass terms

In addition to the Yukawa couplings in (9), we can also introduce bare mass terms that are invariant under the SU(2) symmetry. While some discrete symmetries forbid these terms, there are others that allow specific combinations. For example, the mass terms that are allowed by the discrete symmetries which are called S1, S2, S4 or S5 given in Table (II) in Appendix A takes the form L_{bare,cf} = −m_{cα}c̄_αc_α − m_{f α}f̄_αf_α . (16) However a different mass structure is possible under different discrete symmetries. Those labeled S3 or S6 in

Appendix A allow only L_{bare,ψ} = −m_{ψ,α}ψ̄_αψ_α . (17) In principle the scale of these mass terms could take on any value. However, we will treat these masses as smaller than the Higgs generated masses - this is required if the observed quarks have dominantly left-handed weak interactions. Since the SU(2) interaction is still weakly coupled at this scale, one might expect that the masses could scale as ve^{−8π2 /g2} ∼ 10^{−69} eV, although we will not make any specific assumption about that mass scale in this work.

Using the bi-unitary transformations in Eq. (12) can provide a further diagonalization of the masses in order to obtain

L_{bare,cf} = − 1 2 ŪK_1 (1 − γ_5) u − 1 2 D̄K_2 (1 + γ_5) d + h.c. ,

L_{bare,ψ} = − 1 2 ŪK_3 (1 + γ_5) u − 1 2 D̄K_4 (1 − γ_5) d + h.c. ,

(18)

where

K_1 = S^†_Lm_cS_R , K_2 = W^†_Rm_f W_L

K_3 = V^†_Rm_ψV_L , K_4 = X^†_Lm_ψX_R . (19)

The effect of the mixing Lagrangian above (18) is that it leads to mixing of the chiral eigenstates of the generic form

u_{phys} = u +

K_1 m_U − m_u U (20)

to first order. If such mixing exists, this will allow the decays of mirror matter into normal matter. If the scale of the mass terms is 10^{−69} eV, the mixing between normal and mirror fields will be extremely tiny, of the order θ_{mix} ∼ 10^{−80}. This would make the mirrors essentially stable.

Majorana mass terms

In addition to the Dirac mass terms, the neutrinos can also have Majorana mass terms. The Majorana mass terms that are invariant under the SU(2) × U(1) symmetry may be written

L_{Majorana} = 1 2 c^T_RC^{−1}M^ν_Rc_R + 1 2 c^T_LC^{−1}M^N_L c_L + h.c. , (21) where C is the charge conjugation operator, and M^ν_R and M^N_L are 3 × 3 matrices. Using the bi-unitary transformation (12), we find

L_{Majorana} = 1 2 ν^T_R C^{−1}M^ν_Rν_R + 1 2 N^T_L C^{−1}M^N_L N_L + h.c. , (22) where

M^N_L = S^T_L M^N_L S_L , M^ν_R = S^T_R M^ν_RS_R . (23)

At this point, one can combine direct, Dirac and Majorana mass terms

L_{mass} = − 1 2 [ ν̄^c_L ν̄_R N̄^c_L N̄_R ] 0 M^ν_D 0 K_3 M^{ν T}_D M^ν_R K_1 0 0 K_1 M^N_L M^N_D K_3 0 M^{N T}_D 0 ν_L ν^c_R N_L N^c_R (24)

where M_D denotes the Dirac mass matrix. We obtain the usual seesaw mechanism we consider for the left-handed neutrino in the limit M^ν_R >> M_D, which has the potential to explain the smallness of the SM neutrino mass. For the mirror N, we would favor M^N_L < M_D so that the neutral mirror is not too light.

Note that the gauge singlet neutral particles will also mix with heavier singlet particles. In the usual version of the Standard Model, one invokes extra singlets outside of the SM in order to implement the seesaw mechanism. These extra singlets are often given large masses ∼ 10^{10} GeV which produces neutrino masses of the right size if the Dirac masses are also comparable to those of the charged leptons. This option is available in the vectorial SM also. However, one need not go outside of the vectorial SM fields to implement the seesaw mechanism. On the other hand, there does not appear to be a natural explanation of the sizes of the Majorana masses needed in this context.

3. FITTING THE ELECTROWEAK PRECISION DATA WITH MIRROR PARTICLES AND TWO HIGGS DOUBLETS

The oblique corrections, parameterized in terms of the S, T and U parameters, are extracted from the electroweak precision data, and used to constraint new physics beyond the Standard Model [9]. The one-loop fermionic and two-Higgs doublet contributions to these parameters are given in [11, 12]. The fermionic contributions to the S parameter are generically quite large if the fermions all have equal masses. This will require a specific hierarchy in the masses in order to be compatible with the data. The one-loop fermionic contributions to the S, T, U parameters are given by

S_f = N_c 6π {2(2Y + 3)x_1 + 2(−2Y + 3)x_2 − Y ln(x_1/x_2)

+ [(3/2 + Y )x_1 + Y/2] G(x_1) + [(3/2 − Y )x_2 − Y/2] G(x_2)} , (25)

T_f = N_c 8π sin^2(θ_w) cos^2(θ_w)

F (x_1, x_2) , (26) and U_f = − N_c 2π { (x_1 + x_2) 2 − (x_1 − x_2)^2 3 + [ (x_1 − x_2)^3 6 − (x^2_1 + x^2) 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) } , (27)

where x_i = (M_i/M_Z )^2 with i = 1, 2 and the color factor N_c = 3(1) for quarks (leptons). We assign (M_1, M_2) ←→ (M_N , M_E) for leptons and (M_1, M_2) ←→ (M_U , M_D) for quarks, and we have Y = 1/3 (−1) for quarks (leptons). The functions F (x_1, x_2), G(x) and f(x_1, x_2) are given by

F (x_1, x_2) = x_1 + x_2 2 − x_1x_2 x_1 − x_2 ln(x_1/x_2) , G(x) = −4 √ 4x − 1 arctan 1 √ 4x − 1 , (28)

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

0 , Δ = 0 √ −Δ ln^{x1+x2 −1+√−Δ}

x_1+x_2−1− √ −Δ , Δ < 0

(29)

where Δ = 2(x_1 + x_2) − (x_1 − x_2)^2 − 1. In the limit M^2_{1,2} >> M^2_Z the S parameter approximates to

S_f ≈ N_c 6π [ 1 − Y ln ( M_1 M_2

)_2 + 1 + 4Y 20 ( M_Z M_1

)_2

+ 1 − 4Y 20 ( M_Z M_2

)_2]

, (30)

which in turn reduces to N_c/6π for small mass splitting. The most important feature of this model is that the equal-mass limit produces too large a contribution to the S parameter. This requires significant splitting in the fermion masses, as well as splitting in the Higgs sector.

The contribution from the two Higgs doublet is more complicated and given in [12]. An example of these to the T parameter in the limit m^2_{Higgs} >> M^2_Z T_H ≈ 1 16π sin^2(θ_w)m^2_W { cos^2(β − α) [ F (m^2_{H±} , m^2_h)

+ F (m^2_{H±} , m^2_A) − F (m^2_A, m^2_h) ]

+ sin^2(β − α) [ F (m^2_{H±} , m^2_H ) + F (m^2_{H±} , m^2_A)

− F (m^2_A, m^2_H ) ]} , (31)

FIG. 1: The contributions to the electroweak parameters is shown for a sample of 3000 randomly distributed models as described in the text. The violet region highlights those that satisfy the constraints with a light Higgs. The U = 0, 90% C.L. contours are shown assuming SM Higgs masses MH = 117, 340 and 1000 GeV.

where tan β = | ⟨Φ_2⟩ / ⟨Φ_1⟩ |, and α is the rotation angle in the the h_0 − H_0 space. Further, choosing α ≈ β, and considering the Higgs masses in the range m_h ≈ m_H << m_{H±} << m_A we obtain T_H ≈ m^2_{H±} 16π sin^2(θ_w)m^2_W [ 1 − ln ( m^2_A m^2_{H±} )] . (32)

The lepton contribution to S grows with an increasing m_N and with a decreasing m_E , while the quark contribution behaves in the opposite way, with smaller values of S correlated with lighter U quark masses. The parameters T and U measure the weak-isospin violation in the SU(2) doublet and are non-vanishing for m_N ≠ m_E or m_U ≠ m_D. The larger the split between the up and down components the larger their contributions to the T and U parameters. For the heavy right-handed neutrino N, there is a firm lower bound on the mass of 45 GeV from LEP constraints forbidding Z → NN̄. If the N decays through mixing (to be discussed later) , LEPII constraints raise this lower bound to 100 GeV. However, this can be avoided if the N is stable or almost so. However, one cannot satisfy the electroweak constraints simply by splitting the masses of the heavy mirror particles. Canceling the S, T and U contribution from three generations of mirror quarks and leptons requires additional new physics contributions, beyond that of a single Higgs doublet, to the oblique parameters. This can be achieved, for example, invoking two-Higgs doublets.

Negative values for the S parameter can be achieved by splitting the up and down values of the mirror leptons and quark masses. This in turn will contribute large positive values for T , and relatively small positive values for U. A negative contribution to T as well as negligible effects on S and U in the Higgs sector can always be achieved by choosing the Higgs spectrum in the range m_h ≈ m_H << m_{H±} << m_A. If we take N to be the lightest mirror particle (LMP), then we find that starting with the initial values [ m_N m_E = 4m_N ] , [ m_U = 4m_N m_D = 3.2m_N ] (33)

one can use a simple algorithm to fit the S, T , U parameters to the experimental data. For simplicity, we have assumed the second and third families to have the same mass spectrum as the first family. Fig. 1 displays the allowed points in the S − T plane for comparison with the U = 0, 90% C.L. experimental bounds. Although the U > 0 contours are not shown, variations in U mainly shift the S − T contour without affecting its shape and direction, and a larger positive U tends to diminish the allowed regions of positive S, T . The calculations are based on a sample of 3000 models randomly distributed between minitial and mfinal = minitial + 10 GeV. The initial values of the fermion masses are taken to be (m_N , m_E , m_U , m_D) = (50, 250, 250, 190) GeV, while the Higgs masses are (m_h, m_A, m_H , m_{H±}) = (125, 900, 130, 580) GeV. In all these models we find 0.3 < U < 0.4 which restricts the allowed models to those on the left edge of the violet region shown in figure. We have also used the special values β = α = π/4. However, similar results are obtained for the case of ⟨Φ_2⟩ ≠ ⟨Φ_1⟩.

Fig. 2 shows the effect the variation of the Higgs and mirror fermion masses has on the S, T , U parameters. While varying the mass of the Higgs almost does not alter the value of S, we find that it has a significant effect on T which is more evident in the case of m_A and m_{H±}. This is in accordance with the two-independent module algorithm discussed above. Using this algorithm, it is shown in Fig. 3 that one can accommodate a LMP as large as 260 GeV within the experimental constraints of the electroweak precession data.

The existing parameter space of the model then always has the lightest mirror particle being the neutral N, with a range of possibilities from 50 GeV < m_N < 260 GeV . The lighter end of the range is easier to accommodate in the electroweak parameters. The charged mirror leptons E are always much heavier. In the quark sector, the mirror D is always the lightest. In the Higgs sector there is always a large splitting among the physical Higgs bosons, with the lightest being neutral, although there is a significant variation in the ordering and masses of the heavier Higgs.

4. ELECTROWEAK BARYOGENESIS

Two Higgs doublet models, treated generally, can explain baryogenesis at the electroweak scale [13, 14, 15]. Here we study whether the mass constraints of the pre-

FIG. 2: The effect the variation of the Higgs (on the left) and mirror fermion (on the right) masses has on the S, T , U parameters. All curves intersect at (m_h, mA, mH , mH±) = (125, 900, 130, 580) GeV and (mN , mE , mU , mD) = (53, 250, 250, 190) GeV.

FIG. 3: The allowed region (in violet) in a sample of 3000 randomly distributed models (in light blue) between m_{initial} and m_{final} = m_{initial} + 10 GeV. The initial values of the fermion and Higgs masses are taken to be: (a) (mN , mE , mU , mD) = (100, 580, 580, 320), (m_h, mA, mH , mH±) = (120, 4520, 120, 800) GeV , and (b) (mN , mE , mU , mD) = (260, 1500, 1500, 830) and (m_h, mA, mH , mH±) = (115, 9035, 120, 2400) GeV. In both cases we find U ≈ 0.4.

vious section are compatible with baryogenesis. Our answer is negative.

We start by considering the Higgs self potential given in (8). We take μ^2_1 = μ^2 and λ_1 = λ_2 to simplify the analysis. With this choice, the symmetry will break along the direction ⟨Φ_1⟩ = ⟨Φ_2⟩ = (0, v)^T /2, where v = √ μ^2_1/λ = 246 GeV is the tree level VEV, and λ = (λ_1 + h_1 + h_2 + 2h_3) /4. However, we find that this choice does not change the conclusion we draw below. In appendix A, we work out the details for the electroweak baryogenesis in our vectorial version of the Standard Model.

For electroweak baryogenesis to work, it is necessary that the baryon-violating interactions induced by electroweak sphalerons be sufficiently slow immediately after the phase transition to avoid the destruction of the baryons that have just been created. This condition is fulfilled if the ratio v_c(T_c)/T_c, the Higgs VEV to the critical temperature at the time of transition, is greater than 1. This ratio is a measure of the strength of the phase transition.

In Fig. 4 we plot the contours of the ratio v_c(T_c)/T_c in the plane of m_A = m_H = m_{H±} versus m_h for one and three families of mirror particles. We apply a cut off for the parameter space that fails to satisfy the condition M/T_c < 1.6 for which the high temperature expansion breaks down (see appendix A for details). Values of v_c(T_c)/T_c > 1 are represented by dark color, with green

FIG. 4: contours of constant vc(Tc)/Tc. Dark regions represent the parameter space with vc(Tc)/Tc > 1 and M/Tc < 1.6, for which the high temperature expansion is trusted. Units are GeV for masses, and we take one (on the left) and three (on the right) families of mirror particles. We use mt = 175 GeV for the top quark, and mN = mE = mU = mD = 100 GeV for mirror fermions.

FIG. 5: The allowed region (in violet) for a sample of 3000 randomly distributed models (in light blue) using only one generation of mirror particles. All these models can lead to baryogenesis. However, only the points in red represent those that respect the electroweak precession data (we find that the models in violet have 0 < U < 0.1). The U = 0, 90% C.L. contour is shown assuming SM Higgs masses MH = 117 GeV.

being < 1.

Although there is a reasonable region of the parameter space for which the electroweak baryogenesis can be realized, some of the parameters may spoil the electroweak precision data. This situation is displayed in Fig. 5 which is based on a sample of 3000 models of randomly distributed masses in the range 100 < m_{h0} < 150, 250 < m_A < 300, 120 < m_H < 170, 190 < m_{H±} < 240, along with one family of mirror particles (n_g = 1) with

50 < m_N < 100, 115 < m_E < 165, 85 < m_U < 135 and 50 < m_D < 100. The figure shows that many models can lead to electroweak baryogenesis and yet respect the electroweak precision data. However, as we discussed in section 2, using three generations of mirror particles (n_g = 3) puts strong constraints on the masses of the Higgs as well as mirror particles. Although moderate values of the latter may not have dramatic effects, we find that the large Higgs masses needed to adjust the T parameter spoils baryogenesis.

5. DARK MATTER

Mirror particles provide a very interesting possibility as dark matter candidates. Indeed the neutral lightest mirror particle (LMP) is one of these choices. In the following we take the mirror neutrino N to be the LMP. If the LMP decays too fast into normal quarks and leptons, then there is no connection of the mirror particles with dark matter. However, if the LMP is stable or long lived, then it can play the role of dark matter, especially in the context of Inelastic Dark Matter [16, 17, 18].

In order to understand the lifetime constraints, consider the decay N −→ μ^− e^+ ν_e which results due to the mixing terms in (18). This process can be expressed in terms of the mixing angles θ_{1,2 m}

N = N^′ cos(θ_{1 m}) + ν^′ sin(θ_{1 m}) , E = E^′ cos(θ_{2 m}) + e^′ sin(θ_{2 m}) . (34)

Neglecting m_ν , m_e, and m_μ compared to m_N , and assuming θ_{1 m} ≈ θ_{2 m} << 1 we obtain the life time

τ_N =

12(8π)^3 m_N θ^2_m ( m_N g_2 m_W )_4 . (35)

This life time can be used to set bounds on θ_m. A first bound comes from the LEP data. If the masses of the N particles are between 50 GeV and 100 GeV, they would have been discovered at LEPII if they decayed through the weak interactions to normal matter. However, if they were effectively stable, this bound does not apply. If we consider heavy neutrino pair production e^+ e^− −→ N N̄ at a CM energy 200 GeV we find that the N will live long enough to exit the detector if θ_m ≲ 10^{−7}. The other bound comes from considering N a dark matter candidate. Assuming these particles were created early in the Universe, and they do not decay until now we find θ_m ≈ 10^{−32}.

The relic abundances of the mirrors is not readily predicted. Since as we saw in the last section, we need a form of leptogenesis or baryogenesis in order to understand the baryon asymmetry, the same mechanism would be expected to produce a net asymmetry in the mirror sector. A leptogenesis scenario could lead to a non-zero net value of the mirror lepton quantum number. However, the magnitude of that asymmetry is unknown because it relies on CP violating and lepton number violating parameters of the underlying theory.

The mirror particles are weakly interacting, and hence are candidates for WIMPs. However, the standard weak cross section of a heavy neutral particle initially appears too large. The effective scattering cross section of an SU(2) neutral mirror fermion ψ_m, through Z^0 exchange with a nucleon, is given by [19] σ_{p,n} = μ^2_{p,n} π ( g_2 M_Z )_4 ( g^{ψm}_v g^{p,n}_v ) (36)

where μ_{p,n} is the reduced mass of the ψ^m-nucleon and g^p_v = 2g^u_v + g^d_v , and g^n_v = g^u_v + 2g^d_v . The couplings of the various components are g^{LMP}_v = 1/2, g^p_v = 1/4−sin^2 θ_W , and g^n_v = −1/4. Hence the cross sections is σ = G^2_F 2π μ^2_n ≈ 7.44 × 10^{−39}cm^2 (37)

where G_F is the Fermi constant, and μ_n ≈ 0.939 GeV is the neutron-Dark matter reduced mass assuming that the latter is much larger than the former.

This standard weak cross section is large and has been excluded by many of the dark matter direct-search experiments like CDMS and XENON. However, the situation can be rescued by the observation that a Majorana mass for the heavy neutral N splits the mass eigenstates and decreases the elastic cross section - this observation is the basis for the theory of Inelastic Dark Matter[16, 17, 18]. The Dirac fermion is split into a pair of Majorana states by a small Majorana mass. Because the weak scattering off of nuclei involves a tansition from one Majorana state to another, as the Majorana mass term increases there exists an increasing energy threshold for the scattering to occur. Dark matter in the galactic halo nay not have enough energy to overcome this threshold.

At this stage, the appropriate parameters depends on whether we accept the results of the DAMA/NaI and

DAMA/LIBRA experiments as a signal of dark matter or not. These experiments observe an annual modulation signal in their detectors and the validity of this signal as a sign of dark matter is still controversial. If we do not accept the DAMA results, then we can reduce the mirror dark matter cross section to acceptable values simply by choosing the mirror Majorana mass M^N_L > 150 keV.

However the situation is more complicated if we do consider the DAMA results as valid signals of dark matter. The Inelastic Dark Matter picture has the possibility of explaining the annual modification if the Majorana mass is chosen such that the threshold effects vary over the time of the year due to the Earth’s motion through the dark matter cloud. This effect depends also on the relic density and the mass of the Dark Matter candidate, as well as the basic cross section. Recent analyses [16, 17, 18] show that in general higher masses and lower intrinsic cross sections are generally preferred. However, there is a window where the LMP has a mass around 70 GeV where the weak cross-section of Eq. (37) is allowed, so that the mirror model is also marginally able to explain this result also.

In summary, there are portions of vectorial SM parameter space which are plausible for the use of the lightest mirror particle as the Dark Matter candidate.

6. LHC PHENOMENOLOGY

There exists many phenomenological studies that are relevant for the vectorial version of the Standard Model. The key feature of the model is that it contains 3 generations of mirror particles. The constraints of the precision electroweak parameters force the masses for these particles to be in a rather small corner of parameter space. Most importantly, this corner contains a light N particle - the neutral lepton which acts as a right handed partner of the neutrinos - and also a light D quark - this particle being the mirror of the down quark.

There is a basic dichotomy in the search strategies depending on whether the mirrors mix with the regular quarks and leptons or not. If the mirrors are stable, or so long lived that they appear stable in accelerator-based experiments, the searches will be same as those for any stable new particle. On the other hand, if the mixing with the normal particles is such that the mirrors decay in the detector, they will be searched for by studying their decay products.

Search strategies for new stable particles have been extensively studied for the LHC [20]. Basically, the conclusion is that the LHC will readily be able to see mirror particles with these masses and couplings. Already the Tevatron is getting close to probing this parameter space [21]. The lightest mirror quark is the D and it will be pair produced with a strong interaction cross section. It will primarily form bound states Dū and Dd̄. Heavy quark symmetry suggest that the relative masses would be similar to that of the B_u, B_d system such that the

FIG. 6: Decay channels of the leptonic mirror particles which proceed through mixing with the regular leptons. The circle represents a mass mixing insertion from (18) .

neutral state would be slightly heavier (due primarily to the d − u mass difference) with both states being stable. The charged state makes a particularly good signal, producing a visible track which exits the detector. The lightest mirror lepton is the neutral N. It is produced in pairs through the Z → N̄ + N coupling. The charged current coupling through W → N̄ + E, with the subsequent decay E → N + W will also populate the N̄N final state but a higher energy threshold. The charged lepton can be pair produced electromagnetically, E^+E^−, with subsequent decay down to the neutral states. All of these cases would be seen in the missing energy searches.

The phenomenology for new mirror particles that mix with the normal particles is similar to that of a 4th generation. The fact that the mirrors have right handed weak couplings is less important than the uncertainties in the masses of the new particles. A recent overview is provided by [22] and many further references can be found in [23]. The leptonic decay channels will be relatively clean - the important diagrams are shown in Fig. 6. The mass insertions from Eq (18) provide the equivalent of CKM mixing factors - however, there is also mixing in the neutral current sector as is evidenced by the N decay diagram. For N decay, the Z^0 will be off-shell for the lower end of the favored N mass range, but it will produce an on-shell Z^0 at higher masses. The di-lepton plus missing energy signal will be particularly striking. For E decay, the Z or W will always be on-shell. For mirror quark decays, the signals will be the same as the decay of a heavy fourth generation b^′ quark.

7. SUMMARY

We have explored the remaining parameter space of the minimal vectorial version of the Standard Model. This construction initially has only vectorial gauge currents, but the Higgs sector introduces differences in the chiral structure. The model has to be fine-tuned in order to satisfy the precision electroweak constraints. However, there is still available parameter space consistent with experiment. The constraints from electroweak physics constrain the model and make it easier to understand the remaining physics, which otherwise would be clouded by a wide range of parameters. In particular, we saw that the model is not able to explain weak-scale baryogenesis, but can be a potential dark matter candidate if the Majorana mass terms are appropriate.

The model will be well tested at the LHC. Our analysis indicates that the model must have a light neutral lepton N and a light mirror quark D. These results are shown in Sec 3. There are also additional physical Higgs bosons. The masses of all these particles should be readily probed by the LHC. Indeed, the fermion states in particular should be found in the early operation of the LHC. This model may be the first one confirmed or ruled out by the LHC.

Acknowledgement

This work has been supported in part by the NSF grant PHY- 055304 and in part by the Foundational Questions Institute. We would like to thank Paul Langacker and Jens Erler for providing the data file used to plot the 90 % C.L. contours of the S,T,U parameters. We also thank Gene Golowich, Barry Holstein and Daniel Wyler for conversations.

APPENDIX A: DISCRETE SYMMETRIES OF THE MODEL

In table (II) we display the different discrete groups that are respected by the Higgs and Yukawa Lagrangian, along with the bare mass terms allowed by each group (see the section about mixing terms). It is not difficult to see that the set of the discrete groups, S1 to S14, form a group G. The groups S1 to S6 prevent the mixing of Φ_1 and Φ_2, but allow for some bare mass terms. In contrast, S7 to S10 kill all bare mass terms, however they do not prevent the mixing. Finally, the groups S11 to S14 are trivial in the sense that they do not prevent the mixing nor they eliminate any of the possible bare masses. Notice also that the set { S11, S12, S13, S14} is a proper subgroup of G.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 Φ1 + + + - - - + + - - - - + + Φ2 - - - + + + + + - - - - + + ψR + - + - + + + - - + + - - + ψL - + + + - + - + + - + - - + cR - + + - + - - + - + - + - + cL - + - - + + + - + - - + - + fR - + + - + - - + - + - + - + fL - + - - + + + - + - - + - + bare m c, f c, f ψ c, f c, f ψ non non non non c,f,ψ c,f,ψ c,f,ψ c,f,ψ

TABLE II: The different discrete groups under which (8) and (9) are invariant. The last row displays the bare mass terms allowed by each group.

APPENDIX B: PHASE TRANSITION CALCULATIONS

In this appendix we work out the details of the phase transition in the presence of two Higgs doublet as well as mirror particles [13, 15].

Higgs Spectrum

To study the Higgs mass spectrum, we first write Φ_1 and Φ_2 as

Φ_1 = 1 √ 2 ( ψ_1 + iψ_2 ψ_3 + iψ_4 ) = 1 √ 2 ( ϕ^+_1 v√ 2 + η_1 + iχ_1 ) ,

Φ_2 = 1 √ 2 ( ψ_5 + iψ_6 ψ_7 + iψ_8 ) = 1 √ 2 ( ϕ^+_2 v√ 2 + η_2 + iχ_2 ) . (B1)

Next, we define the charged and neutral Goldstone bosons G^± and G^0, and the charged and neutral fields H^± and A_0 ( ϕ^±_1 ϕ^±_2 ) = √ 2 ( cos β − sin β sin β cos β ) ( G^± H^± ) , ( χ_1 χ^±_2 ) = ( cos β − sin β sin β cos β ) ( G_0 A_0 ) , (B2)

where ϕ^−_{1,2} = ( ϕ^+_{1,2} )_† . The mass matrix is given by M_{ij} = ∂_i∂_j V (Φ_1, Φ_2)|_{Φ1,2 =⟨Φ1,2 ⟩}. Substituting (B2) into (8) we obtain

m^2_A = −μ^2_1 + 1 4 (h_1 + h_2 − 6h_3 + λ_1) v^2 ,

m^2_{H±} = −μ^2_1 + 1 4 (−h_1 + h_2 − 2h_3 + λ_1) v^2 (B3) and M^2_{η1,η2} = ( M^2_{11} M^2_{12} M^2_{12} M^2_{22} ) (B4) where

M^2_{11} = M^2_{22} = −μ^2 + 1 4 (3λ_1 + h_1 + h_2 + 2h_3)v^2 ,

M^2_{12} = 1 2 (h_1 + h_2 + 2h_3) v^2 , (B5)

The eigenvalues of M_{η1,η2} determine the mass of the CPeven fields (h_0, H_0)

m^2_h = −μ^2_1 + 3 4 (h_1 + h_2 + 2h_3 + λ_1) v^2 ,

m^2_H = −μ^2_1 − 1 4 (h_1 + h_2 + 2h_3 − 3λ_1) v^2 , (B6)

with rotation angle α = π/4 in the η_1 − η_2 plane.

Loop corrections and ring diagrams

By construction, we take m_h to be the lightest Higgs boson, while other heavy Higgs bosons as well as fermions run in loops of h. To this end we take Φ_1 = Φ_2 = (0, ϕ)^T /2 in (8) to find

V (ϕ) = λ(ϕ^2 − v^2)/4 . (B7)

At one loop and at zero temperature the Higgs-potential, involving all the field-dependent particle masses, reads

V_{eff}(ϕ) = λ 4 ( ϕ^2 − v^2

)_2 + 1 2 Aϕ^2 + 1 64π^2 ∑ B n_B M^4_B (ϕ) ( log M^2_B (ϕ) μ^2 − 3 2 )

− 1 64π^2 ∑ F n_F M^4_F (ϕ) ( log M^2_F (ϕ) μ^2 − 3 2 ) , (B8)

where n_B = 1 and n_F = 4 are the number of degrees of freedom for scalars and fermions, respectively. The constants A and μ can be fixed by requiring that the one loop correction does not alter the value of the VEV, i.e. V^′_{eff}(v) = 0 and V^{′′}_{eff}(v) = m^2_{h0} .

At finite temperature, there is additional one-loop contribution that is given for bosons and fermions, at sufficiently high temperatures, i.e. at M/T < 1.6, by V_{b,T} = − π^2T^4 90 + M^2T^2 24 − M^3T 12π − M^4 64π^2 ( log M^2 T^2 − c_b )

V_{f,T} = − n_F [ − 7π^2T^4 720 + M^2T^2 48 + M^4 64π^2 ( log M^2 T^2 − c_f )] , (B9)

where c_b = 5.40 and c_f = 2.63. Moreover, one can correct the Higgs one-loop potential by adding to the loop all the ring diagrams. This can be achieved by replacing M^2 → M^2(ϕ, T ) in (B9). In general, M^2(ϕ, T ) takes the form M^2(ϕ, T ) = M^2(ϕ) + αT^2, for some coefficient α that depends on the masses of W , Z and fermions. Setting this coefficient to zero compensates for the missing active parameter space which is a result of neglecting the low temperature expansion in our analysis.

The field dependent mass can be found by redoing the steps that lead to (B3) and (B6) after replacing v → ϕ, and expressing μ_1, λ_1, h_{1,2,3} in terms of the Higgs masses computed at the VEV

m^2_i (ϕ) = 1 2 ( −m^2_{h0} + (m^2_{h0} + 2m^2_i ) ϕ^2 v^2 ) , (B10)

where i = h, G_0, G_±, A, H, H_±. Finally, the fermion and gauge bosons corrected masses read

m_F (ϕ) = m_F ϕ/v , m^2_W (ϕ) = g^2 ϕ^2/4 ,

m^2_Z = (g^2_1 + g^2 )ϕ^2/4 . (B11)

Phase transition

Substituting (B10) and (B11) into (B8) and (B9), we obtain

V_{total}(ϕ, T ) = 1 4 Γ_4(T )ϕ^4 + 1 3 Γ_3(T )ϕ^3 + 1 2 Γ_2(T )ϕ^2 , (B12) where

Γ_2(T ) = −λv^2 + A − c_b − 1.5 64π^2 m^2_{h0} ω_1 + [ ∑ q m^2_q 2v^2 + ∑ l m^2_l 6v^2 + ω_1 24 + ( g^2_1 + 3g^2 ) /2 ] T^2 − ω_1 64π^2 m^2_{h0} log

T^2 μ^2 , Γ_4(T ) = λ + ω_3 64π^2 ( log T^2 μ^2 − 1.5 + c_b )

− ( 3 ∑ q m^4_q + ∑ l m^4_l 4π^2v^4 ) ( log T^2 μ^2 − 1.5 + c_f )

Γ_3(T ) = − T 8 √ 2π ω_2 , ω_1 = ∑ i ( m^2_{h0} + 2m^2_i ) /v^2 , ω_2 = ∑ i ( m^2_{h0} + 2m^2_i )_{3/2} /v^3 + 3 √ 2 ( 2g^3_2 + (g^2_1 + g^2 )^{3/2} ) /4 , ω_3 = ∑ i ( m^2_{h0} + 2m^2_i

)_2 /v^4 + 3 ( 2g^4_2 + (g^2_1 + g^2 )^2 ) /4 , (B13)

where the sum is over h, G_0, G_±, A, H, H_±, and we have used the approximation m^2_i (ϕ, T ) ≈ ( m^2_{h0} + 2m^2_i ) ϕ^2/2v^2 in Γ_3. The first order phase transition happens when the non-trivial minimum v_c(T_c) in the potential becomes degenerate with the minimum at the origin. Hence, (B12) can be written as

V_{total}(ϕ, T ) = 1 4 Γ_4(T )ϕ^2(ϕ − v_c(T ))^2 . (B14)

Comparing the coefficients in (B12) and (B14) we obtain

v_c(T_c) = −

2Γ_3(T_c) 3Γ_4(T_c)

(B15)

Γ_2(T_c) =

Γ_4(T )v_c(T_c)^2 2 , (B16)

from which we solve for T_c and v_c(T_c).

[1] The possibility that mirror particles may exist was first pointed out in T. D. Lee and C. N. Yang, “Question Of Parity Conservation In Weak Interactions,” Phys. Rev. 104, 254 (1956).

[2] R. N. Mohapatra and J. C. Pati, “A Natural Left-Right Symmetry,” Phys. Rev. D 11, 2558 (1975). R. N. Mohapatra and J. C. Pati, “Left-Right Gauge Symmetry And An Isoconjugate Model Of CP Violation,” Phys. Rev. D 11, 566 (1975).

J. C. Pati and A. Salam, “Lepton Number As The Fourth

Color,” Phys. Rev. D 10, 275 (1974) [Erratum-ibid. D 11, 703 (1975)].

[3] I. Montvay, “A Chiral SU(2)-L x SU(2)-R Gauge Model on the Lattice,” Phys. Lett. B 199, 89 (1987). I. Montvay, “Three mirror pairs of fermion families,” Phys. Lett. B 205, 315 (1988).

F. Csikor and I. Montvay, “Limits on the mirror leptons in e p collisions,” Phys. Lett. B 231, 503 (1989). L. Lin, G. Munster, M. Plagge, I. Montvay, H. Wittig, C. Frick and T. Trappenberg, “Mass Spectrum And

Bounds On The Couplings In Yukawa Models With Mirror Fermions,” Nucl. Phys. Proc. Suppl. 30, 647 (1993) [arXiv:hep-lat/9212015].

F. Csikor and I. Montvay, “Grand unification for mirror fermions,” Phys. Lett. B 324, 412 (1994) [arXiv:hep-ph/9401290].

[4] J. Maalampi, K. Mursula and M. Roos, “Study Of The V,A Structure Of The Charged Leptonic Current,” Nucl. Phys. B 207, 233 (1982).

J. Maalampi and M. Roos, “Physics Of Mirror Fermions,” Phys. Rept. 186, 53 (1990).

[5] R. Foot, H. Lew and R. R. Volkas, “A Model with fundamental improper space-time symmetries,” Phys. Lett. B 272, 67 (1991).

R. Foot, H. Lew and R. R. Volkas, “Possible Consequences Of Parity Conservation,” Mod. Phys. Lett. A 7, 2567 (1992).

[6] M. J. Dugan and L. Randall, “The Sign Of S From Electroweak Radiative Corrections,” Phys. Lett. B 264, 154 (1991).

M. J. Dugan and L. Randall, “On The Decoupling Of Doubler Fermions In The Lattice Standard Model,” Nucl. Phys. B 382, 419 (1992).

[7] M. Creutz and I. Horvath, “Surface states and chiral symmetry on the lattice,” Phys. Rev. D 50, 2297 (1994) [arXiv:hep-lat/9402013].

[8] H. B. Nielsen and M. Ninomiya, “No Go Theorem For Regularizing Chiral Fermions,” Phys. Lett. B 105, 219 (1981).

[9] M. E. Peskin and T. Takeuchi, “A New constraint on a strongly interacting Higgs sector,” Phys. Rev. Lett. 65, 964 (1990).

M. E. Peskin and T. Takeuchi, “Estimation of oblique electroweak corrections,” Phys. Rev. D 46, 381 (1992). W. J. Marciano and J. L. Rosner, “Atomic parity violation as a probe of new physics,” Phys. Rev. Lett. 65, 2963 (1990) [Erratum-ibid. 68, 898 (1992)]. D. C. Kennedy and P. Langacker, “Precision electroweak experiments and heavy physics: A Global analysis,” Phys. Rev. Lett. 65, 2967 (1990) [Erratum-ibid. 66, 395 (1991)].

[10] R. A. Flores and M. Sher, “Higgs Masses In The Standard, Multi-Higgs And Supersymmetric Models,” Annals Phys. 148, 95 (1983).

J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, “THE Higgs hunter’s guide,” (Perseus Publishing, Cambridge, MA, 1990) G. C. Branco, L. Lavoura and J. P. Silva, “CP violation,” (Oxford University Press, Oxford, England, 1999), chapters 22 and 23.

[11] H. E. Haber, “Introductory low-energy supersymmetry,” arXiv:hep-ph/9306207.

[12] H. J. He, N. Polonsky and S. f. Su, “Extra families, Higgs spectrum and oblique corrections,” Phys. Rev. D 64, 053004 (2001) [arXiv:hep-ph/0102144].

[13] For a review see J. M. Cline, “Baryogenesis,” arXiv:hep-ph/0609145.

[14] A. I. Bochkarev, S. V. Kuzmin and M. E. Shaposhnikov, “Electroweak baryogenesis and the Higgs boson mass problem,” Phys. Lett. B 244 (1990) 275.

N. Turok and J. Zadrozny, “Electroweak baryogenesis in the two doublet model,” Nucl. Phys. B 358, 471 (1991). A. T. Davies, C. D. froggatt, G. Jenkins and R. G. Moorhouse, “Baryogenesis constraints on two Higgs doublet models,” Phys. Lett. B 336, 464 (1994).

[15] J. M. Cline, K. Kainulainen and A. P. Vischer, “Dynamics of two Higgs doublet CP violation and baryogenesis at the electroweak phase transition,” Phys. Rev. D 54, 2451 (1996) [arXiv:hep-ph/9506284].

J. M. Cline and P. A. Lemieux, “Electroweak phase transition in two Higgs doublet models,” Phys. Rev. D 55, 3873 (1997) [arXiv:hep-ph/9609240].

L. Fromme, S. J. Huber and M. Seniuch, “Baryogenesis in the two-Higgs doublet model,” JHEP 0611, 038 (2006) [arXiv:hep-ph/0605242].

[16] D. Tucker-Smith and N. Weiner, “Inelastic dark matter,” Phys. Rev. D 64, 043502 (2001) [arXiv:hep-ph/0101138]. R. Bernabei et al., “Investigating The Dama Annual Modulation Data In The Framework Of Inelastic Dark Matter,” Eur. Phys. J. C 23 (2002) 61.

D. Tucker-Smith and N. Weiner, “The status of inelastic dark matter,” Phys. Rev. D 72, 063509 (2005) [arXiv:hep-ph/0402065].

J. March-Russell, C. McCabe and M. McCullough, “Inelastic Dark Matter, Non-Standard Halos and the DAMA/LIBRA Results,” arXiv:0812.1931 [astro-ph]. D. S. M. Alves, S. R. Behbahani, P. Schuster and J. G. Wacker, “Composite Inelastic Dark Matter,” arXiv:0903.3945 [hep-ph].

[17] Y. Cui, D. E. Morrissey, D. Poland and L. Randall, “Candidates for Inelastic Dark Matter,” arXiv:0901.0557 [hepph].

[18] S. Chang, G. D. Kribs, D. Tucker-Smith and N. Weiner, “Inelastic Dark Matter in Light of DAMA/LIBRA,” arXiv:0807.2250 [hep-ph].

[19] G. Jungman, M. Kamionkowski and K. Griest, Phys.

Rept. 267, 195 (1996) [arXiv:hep-ph/9506380]. [20] M. Fairbairn, A. C. Kraan, D. A. Milstead, T. Sjostrand, P. Skands and T. Sloan, “Stable massive particles at colliders,” Phys. Rept. 438, 1 (2007) [arXiv:hep-ph/0611040].

S. Asai, K. Hamaguchi and S. Shirai, “Stop and Decay of Long-lived Charged Massive Particles at the LHC detectors,” arXiv:0902.3754 [hep-ph].

G. Bruno [ATLAS Collaboration and CMS Collaboration], “Heavy stable charged particles searches at the LHC,” J. Phys. Conf. Ser. 110, 072005 (2008). S. Giagu [ATLAS Collaboration and CMS Collaboration], “Search for long-lived particles in ATLAS and CMS,” arXiv:0810.1453 [hep-ex].

A. Nisati, S. Petrarca and G. Salvini, “On the possible detection of massive stable exotic particles at the LHC,” Mod. Phys. Lett. A 12, 2213 (1997) [arXiv:hep-ph/9707376].

[21] T. Aaltonen et al. [CDF Collaboration], “Search for Long-Lived Massive Charged Particles in 1.96 TeV p̄p Collisions,” arXiv:0902.1266 [hep-ex].

[22] G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, “Four generations and Higgs physics,” Phys. Rev. D 76, 075016 (2007) [arXiv:0706.3718 [hep-ph]].

[23] B. Holdom, W. S. Hou, T. Hurth, M. L. Mangano, S. Sultansoy and G. Unel, “Four Statements about the Fourth Generation,” arXiv:0904.4698 [hep-ph]. B. Holdom, “The heavy quark search at the LHC,” JHEP 0708, 069 (2007) [arXiv:0705.1736 [hep-ph]]. P. Q. Hung and M. Sher, “Experimental constraints on fourth generation quark masses,” Phys. Rev. D 77,

037302 (2008) [arXiv:0711.4353 [hep-ph]].

P. H. Frampton, P. Q. Hung and M. Sher, “Quarks and leptons beyond the third generation,” Phys. Rept. 330, 263 (2000) [arXiv:hep-ph/9903387].

G. H. Brooijmans et al., “New Physics at the LHC: A Les Houches Report. Physics at Tev Colliders 2007 – New Physics Working Group,” arXiv:0802.3715 [hep-ph]. The ATLAS comprehensive physics report surveys this discovery potential ATL-COM- PHYS-2008-243; CERN-OPEN-2008-020, see http://cdsweb.cern.ch/record/1125884 .

Likewise the CMS physics technical design report details this physics: CERN/LHCC 2006-021, see http://cdsweb.cern.ch/record/942733 .