arXiv:1211.1000v2 [hep-ph] 6 Nov 2012

Neutrinos and the Higgs Boson in Split Supersymmetry

Giovanna Cottin^1, Marco Aurelio Díaz^1, Sebastián Olivares^{1,2}, and Nicolás Rojas^1 1Departamento de Física, Pontificia Universidad Católica de Chile, Avenida Vicuña Mackenna 4860, Santiago, Chile and 2School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom (Dated: November 7, 2012)

The effects of a Higgs boson mass of 126 GeV are studied in a Split Supersymmetric model with Bilinear R-Parity violation. This model allows for the explanation for the neutrino masses and mixing angles, and has the gravitino as Dark Matter candidate. We find constraints on the parameters that define the model, and find complete consistency with the experimental results at the LHC.

I. INTRODUCTION

It is an indisputable fact that the ATLAS and CMS Collaborations of the Large Hadron Collider (LHC) have discovered a new particle [1, 2], with mass near 126 GeV and consistent with the Higgs boson [3] of the Standard Model [4]. This discovery is corroborated by indications seen by the Tevatron Collaborations CDF and D0 [5]. This particle was mainly discovered via its decay into two photons [6, 7], from which we can also infer that it has integer spin. Second in importance is the decay H → ZZ with several different final states [8, 9], followed by the decay H → W W [10, 11]. Nevertheless, before claiming that the discovered particle is indeed the Higgs boson, some extra measurements must be performed, in particular its spin [12] and its decay rate into fermions [13, 14].

Supersymmetry also has been looked for with a lot of effort at the LHC. There is a relatively large production cross section for squarks (if their masses are not larger than a few hundreds of GeV), but no signal has been found so far. Lower bounds have been set of several hundreds of GeV for their masses [15, 16]. In addition, the Minimal Supergravity Model is strongly constrained by these searches, implying restrictions on the universal scalar mass m_0, since it should be smaller than a few thousands of GeV [17, 18]. These results point to the Split Supersymmetric models [19, 20], where all sfermions are very heavy while charginos and neutralinos remain light. Charginos and neutralinos have been searched at the LHC with the result of lower bounds on their masses being set [21, 22]. Nevertheless, there is still lots of room for supersymmetry, in particular for the R-Parity violating scenarios, which are only slightly tested [22, 23].

If R-Parity is not conserved, neutrino masses can be generated [24]. This can be done without introducing problems with too fast proton decay [25]. This is so because neutrino masses need only Lepton number violation, while proton decay needs both Lepton and Baryon number violation. Another issue to be considered is that, if R-Parity is conserved, the lightest neutralino is a Dark Matter candidate [26], but this is no longer the case if R-Parity is violated. Nevertheless, in models with R-Parity violation the gravitino can be a good dark matter candidate since it can live longer than the age of the universe [27].

In this article we study the implications of a Higgs boson mass of 126 GeV on a Split Supersymmetric model, which includes R-Parity bilinearly violated terms. We check that in this case the split supersymmetric scale ~m is rather low, making the SS parameters g̃ to differ from MSSM equivalent parameters in at most 10%, which is a challenge for the LHC and a potential mission for the ILC. We check that the case tan β = 1 is not ruled out, as in the MSSM, because of lack of cancellation between quark and squark loops. The price to pay may be the divergence of the top quark Yukawa coupling at scales larger than ~m but smaller than M_P . This does not excludes the scenario, but implies the appearance of new physics at that scale. We prove that the absolute value of the parameter |A|, which relates to the atmospheric mass and is defined later, tends to be larger than in models where the Higgs mass is not constrained. We also prove that the R-Parity violating parameters |⃗λ| and |⃗v × ⃗λ|, also defined later, are of the order of 0.1 GeV, similar to other models.

II. SPLIT SUPERSYMMETRY

The split supersymmetric lagrangian below the ~m scale includes charginos, neutralinos, plus all the SM particles, including the SM-like Higgs boson H [19, 20]. The lagrangian looks as follows, L^{split}_{susy} = L^{split}_{kinetic} + m^2H^†H − λ 2 (H^†H)^2 − [ Y_uq_Lu_Riσ_2H^∗ + Y_dq_Ld_RH + Y_el_Le_RH + + M_3 2 ~G ~G + M^2 2 ~W ~W + M^1 2 ~B ~B + μ ~H^T_u iσ_2 ~H_d + (1) +^{1√}_2 H^†(g̃_uσ~W + g̃^′_u ~B) ~H_u +^{1√}_2 H^T iσ_2(−g̃_dσ~W + g̃^′_d ~B) ~H_d + h.c. ] ,

In the gaugino sector we use as input the low energy values for the Bino and Wino masses M_1 and M_2, and the higgsino mass μ. At a scale M_χ we decouple the gauginos and higgsinos, such that below that scale the SM is valid. For simplicity, and including phenomenological reasons, we take M_1 = M_χ, and M_2 = μ = M_χ + 100 GeV.

In Split Supersymmetry a unification of gauge couplings is assumed [19]. We start at the electroweak scale m_Z with SM-RGE, changing at the scale M_χ to SS-RGE, and changing again at the ~m scale to the MSSM-RGE [20]. The initial condition is given by the values of the gauge couplings g_1, g_2, and g_3, at the weak scale. We calculate the electroweak couplings with the help of α^{−1}_{fin} (m_Z ) = 128.962 ± 0.014 [28], and sin^2 θ_w(m_Z ) = 0.23119 ± 0.00014 [29], namely g^2 = 4πα_{fin}/s^2_w and g^2_1 = 5g^{′2}/3, g^{′2} = 4πα_{fin}/c^2_w. In turn, the strong coupling constant satisfy g^2_3 = 4πα_s, with α_s(m_Z ) = 0.1184 ± 0.0007 [29]. The intersection of the three gauge coupling RGE curves defines the Grand Unification scale M_{GUT} .

FIG. 1: Running of gauge and gaugino couplings for tan β = 4, ~m = 10^4 GeV and M_χ = 300 GeV. In the left frame we have gauge coupling unification at M_{GUT} = 2.23 × 10^{16} GeV. In the right frame we have the running of the gaugino couplings.

With this prescription, we find unification as indicated in Fig. 1-left at M_{GUT} = 2.23 × 10^{16} GeV, for tan β = 4, ~m = 10^4 GeV, and M_χ = 300 GeV. As vertical dashed lines we indicate the Q = m_z scale from where we take the initial values from experimental measurements, the Q = M_χ scale where we decouple charginos and neutralinos, the scale Q = ~m where we decouple sfermions and the heavy Higgs doublet, and finally the scale Q = M_{GUT} where the gauge couplings meet. The unification is not perfect (within experimental errors), and we define M_{GUT} as the average of the three meeting points.

In Fig. 1-right we have the evolution of Higgs/higgsino/gaugino couplings g̃. They are present only in Split Supersymmetric models, thus we show their evolution between the M_χ and ~m scales. The starting point of the evolution of these RGE is at the scale ~m where matching conditions between SS and the MSSM are met,

g̃_u(m̃) = g(m̃) sin β , g̃_d(m̃) = g(m̃) cos β g̃^′_u(m̃) = g^′(m̃) sin β , g̃^′_d(m̃) = g^′(m̃) cos β, (2)

The large difference between up and down g̃ couplings at ~m is due to the value of tan β.

FIG. 2: Running of the Higgs coupling λ, for tan β = 4, ~m = 10^4 GeV and M_χ = 300 GeV.

In Fig. 2 we see the running of the Higgs quartic coupling λ for the same set of input parameters tan β = 4, ~m = 10^4 GeV, and M_χ = 300 GeV. The starting point is also at ~m with the matching condition, λ( ~m) = 1 4 [ g^2( ~m) + g^{′2}( ~m) ] cos^2 2β (3)

As we can see, the threshold at M_χ has just a small effect. The renormalized Higgs mass includes the treelevel contribution proportional to the quartic coupling λ evaluated at the chosen renormalization scale (to be define in the next section, and numerically close to the top quark mass), plus the contribution from the one-loop diagrams, as explained in the next section. The value of the Higgs coupling at the renormalization scale is λ = 0.264, leading as we explain in the following section to a Higgs boson mass m_H = 126 GeV, consistent with observations from the LHC.

FIG. 3: Running of gauge and gaugino couplings for tan β = 10, ~m = 10^{14} GeV and M_χ = 300 GeV. In the left frame we have gauge coupling unification at M_{GUT} = 4.07 × 10^{16} GeV. In the right frame we have the running of the gaugino couplings.

For illustrative purposes, in Fig. 3 we explore a very different scenario and find unification at M_{GUT} = 4.07 × 10^{16} GeV, for tan β = 10, ~m = 10^{14} GeV, and M_χ = 300 GeV. Nevertheless, as we explain later, this scenario does not give in Split Supersymmetry a Higgs boson mass consistent with the experimental observation because the SS scale ~m is too large. We obtain a value λ = 0.43 which is way too large.

For extreme values like tan β = 1, we can have a value for the Higgs mass consistent with the experimental evidence, nevertheless, unification of gauge couplings fails because the top quark Yukawa coupling becomes unperturbatively large at a scale larger than ~m. This fact can be seen in Fig. 4 for different values of the SS scale. The fact that the top Yukawa coupling diverges is an indication of new physics appearing at that scale. The model ceases to be valid beyond that scale. In the figure we show also the threshold at ~m. Below it the SS-RGE controls the behavior of the top quark Yukawa h_t and its evolution is the same for any of the chosen values for ~m. After that threshold we switch to the MSSM-RGE for h_t which hold the

FIG. 4: Running of the top quark Yukawa coupling h_t for tan β = 1 and several values of the Split Supersymmetric scale ~m.

following boundary condition, h^{SS}_t ( ~m) = h^{MSSM}_t ( ~m) cos β (4) and this explains the discontinuity for h_t at the threshold. We stress the fact that the divergence for h_t at a scale larger than ~m does not invalidates the low scale SS model. III. SM HIGGS BOSON MASS As indicated by eq. (1) the Higgs potential in Split Supersymmetry we are working with has the following normalization, V = −m^2H^†H + 1 2 λ(H^†H)^2 (5) When the Higgs doublet acquire a vacuum expectation value, H = 0 v√ 2 (6) the minimum of the potential is given by the following tree-level tadpole equation,

t^{(0)} = ∂V ∂v = −m^2v + 1 2 λv^3 = 0 (7)

On the other hand, the tree-level Higgs mass turns out to be,

m^2_h^{(0)} =

∂^2V ∂v^2 = −m^2 + 3 2 λv^2 = λv^2 + t^{(0)} v (8) which satisfy m^{(0)}_h = λv^2 after we set the tadpole to zero. To calculate the renormalized Higgs mass we need to add the self energy and the counterterm,

m^2_h = m^{2(0)}_h + A_{hh}(p^2) − δm^2_h = λv^2 + t^{(0)} v + A_{hh}(m^2_h) − δ(λv^2) − δt v (9) The tadpole counterterm is found imposing a renormalized tadpole to be equal to zero,

t = t^{(0)} − δt + T = 0 (10)

where in T we include the tadpole diagrams. Therefore, the renormalized Higgs mass is,

m^2_h = λv^2 + A_{hh}(m^2_h) − δ(λv^2) − T v (11)

In the DR scheme, the counterterm δ(λv^2) cancels the infinite parts of the loop diagrams, and the coupling constant becomes a running constant,

m^2_h = λ(Q)v^2 + ~A_{hh}(m^2_h) − ~T v = λ(Q)v^2 + Δm^2_h (12)

where the tilde over the self energy and the tadpole signify the removal of the infinite term. The leading logarithm from the quantum corrections to the Higgs mass turn out to be,

Δm^2_h | |_{L.L.} = −3 g^2m^{2t} 32π^2M^2_W ( 4m^2_t − m^2_h ) ln ( m^2_t Q^2 ) + g^2M^4_Z 32π^2M^2_W [ 3 − m^2_h M^2_Z + m^4_h 4M^4_Z ] ln ( M^2_Z Q^2 )

+ g^2M^2_W 16π^2 [ 3 − m^2_h M^2_W + m^4_h 4M^4_W ] ln ( M^2_W Q^2 ) + 9g^2m^4_h 128π^2M^2_W ln ( m^2_h Q^2 ) (13)

where Q is the arbitrary scale. These leading logarithms coincide with the result in [30] in the limit m_h → 0, and also in [31] for the m_h ≠ 0 case. The complete list of loops for self energy and tadpole can be found in the appendix.

We find an important m_h dependence on Q, which is expected when working at one-loop. At twoloop there is a much smaller dependence on Q as shown in [32]. In that article the authors work with a renormalization scale Q = m_t, motivated by the prescription where the scale is taken such that the running Higgs mass is equal to the renormalized Higgs mass. We will adopt this method, which is equivalent as finding the scale Q that minimizes the one-loop contributions Δm^2_h. We scan the parameter space and find Q = 174 GeV, which is practically equal to the result in [32], and we use it from now on. In Fig. 5 we see that this choice of renormalization scale is very stable within the parameter space we are interested in.

FIG. 5: Renormalization scale Q defined as the scale where RGE-improved tree-level Higgs mass is equal to the one-loop renormalized mass.

Direct searches for the Higgs boson were carried out at LEP, leading to a lower bound of 114.4 GeV at 95% c.l. [33]. The CDF and D0 experiments at the Tevatron exclude two Higgs mass regions at 95% c.l., 100 < m_h < 106 GeV, and 147 < m_h < 179 GeV, with a broad excess in the region 115 < m_h < 135 GeV, at the ∼ 2.7σ level for m_h = 120 GeV [34]. The CMS Collaboration at the LHC has excluded the SM Higgs mass region 127 < m_h < 600 GeV, while observing an excess at m_h ≈ 124 GeV with a 3.1σ local significance [35]. At the same time, the ATLAS Collaboration has ruled out SM Higgs with masses

112.9 < m_h < 115.5 GeV, 131 < m_h < 238 GeV, and 251 < m_h < 466 GeV at 95% c.l., while observing an excess at m_h ≈ 126 GeV with 3.5σ of local significance [8]. Motivated by these results we concentrate our attention on a Higgs boson with a mass 124 < m_h < 126 GeV.

FIG. 6: Higgs mass as a function of the Split Supersymmetric scale ~m (left frame), and of tan β (right frame).

In Fig. ??-left we show the Higgs boson mass calculated with prescription just mentioned, as a function of the Split Supersymmetric scale ~m [36]. The Higgs mass grows logarithmically with ~m and decreases with tan β. In horizontal dashed lines we have the experimentally measured value for the Higgs-like particle discovered at the LHC. We clearly see that a Higgs mass compatible with experiments is obtained for a SS scale 10^4 <∼ ~m <∼ 10^6 GeV, and that any value of tan β is possible (a SS model with ~m smaller than 10^4 coincides with the MSSM). The fact that tan β = 1 with ~m ∼ 10^6 is consistent with the experimental measurements for the Higgs mass is an interesting fact, although already noticed in the literature [20], since the tan β = 1 scenario is ruled out in the MSSM. The explanation is that in the MSSM top quark contributions to the Higgs mass are partially cancelled by the stop quark contributions, while in SS this later contribution is absent due to the decoupling of the squarks. The price we pay in this case is that the top quark Yukawa coupling becomes un-perturbative at scales larger than ~m and as a consequence the gauge coupling unification is lost.

In Fig. ??-right we have the same Higgs boson mass but this time as a function of tan β for different values of the SS scale ~m (see also [20]). The Higgs mass saturates very rapidly for tan β values larger than 5 approximately. We also see from a different perspective the region of parameter space compatible with the experimental value of the LHC Higgs-like particle: tan β = 1 for ~m <∼ 10^6 GeV, to tan β ∼ 30 (or larger) for ~m <∼ 10^4 GeV.

IV. GAUGINO COUPLINGS

As we show in eq. (2) the gaugino couplings g̃ and g̃^′ satisfy specific boundary conditions at the Split Supersymmetric scale ~m. In Fig. 7 we plot the ratio of the gaugino couplings to the gauge coupling,

FIG. 7: Ratio between the gaugino couplings and the gauge couplings, weighted by sin β or cos β, as a function of the SS scale ~m. A fixed value is taken for tan β = 4 in the left frame and tan β = 50 in the right frame.

weighted by sin β (cos β) if we are considering g̃_u (g̃_d), as a function of ~m for tan β and measured at the scale m_Z [20]. If the SS scale ~m was equal to m_Z there would be no running for the gaugino couplings, and all four ratios would be equal to one, as can be see in both frames in Fig. 7: tan β = 4 for the left frame, and tan β = 50 for the right frame. As ~m grows, there is more room for the running and the gaugino couplings separate from unity. As we saw in the previous section, a Higgs mass compatible with the experimental observation restricts the SS scale to ~m <∼ 10^6 GeV, such that the deviation from unity of the ratios in Fig. 7 are at most ∼ 10%, with the largest value obtained for g̃^′_d, and with the deviation equal to a few percents for the other gaugino couplings.

In Fig. 8 we have the same couplings but for the special case tan β = 1. From eq. (2) we see that in this case both couplings g̃ and both g̃^′ are equal to each other at ~m, and since RGE are also the same, the

FIG. 8: Ratio between the gaugino couplings and the gauge couplings, weighted by sin β or cos β, as a function of the SS scale ~m for tan β = 1.

couplings remain equal, as can be seen in the figure. From the values ~m <∼ 10^6 GeV we also expect in this case deviations of at most 10%. We remind the reader that the case tan β = 1 is still feasible as long as we give up gauge unification, and we expect new physics at a high scale between ~m and the Planck scale, when the top quark Yukawa coupling diverges.

H ~W

~H_u ∼ g̃_u H ~B

~H_u ∼ g̃^′_u

H ~W

~H_d ∼ g̃_d H ~B

~H_d ∼ g̃^′_d

The road to experimentally determine indications of Split Supersymmetry would be roughly as follows. First, the four neutralinos should be detected, and their masses measured. Using the neutralino decay rates, the structure of the neutralino mass matrix would be determined via the diagonalization matrix elements N_{ij} , which define the neutralino couplings. At this point, couplings between the Higgs boson, gauginos and higgsinos can be inferred. Supersymmetry dictates that they are equal to gauge couplings if the supersymmetry was an exact symmetry. Therefore, deviation from this equality (together with non-observation of scalar supersymmetric partners) would be indication of Split Supersymmetry, where the couplings are proportional to the g̃ couplings, as shown in the above Feynman diagrams. Since the effects we would be looking for are at most of 10%, this may be a job for the International Linear Collider.

Of course, a very striking effect of Split Supersymmetry is the long lifetime of the gluino [37]. Since all squarks are very heavy, with a mass of order of the split supersymmetric scale ~m, the gluino will decay via off-shell squarks, and with an increasing lifetime as ~m increases. In ref. [37] we see that the gluino lifetime is proportional to ~m, and such that τ_{g̃} ∼ 10^{−20} sec. for ~m ∼ 10^4 GeV. In addition, if ~m <∼ 10^6 GeV as indicated by the Higgs mass in Fig. ?? the gluino lifetime satisfies τ_{g̃} <∼ 10^{−10} sec., showing that it would decay inside the detector with a displaced vertex. Searches have been made for long lived gluinos at the LHC with negative results. CMS rules out gluinos with mass m_{g̃} < 370 GeV if their lifetime satisfies 10^{−5} < τ_{g̃} < 10^3 sec., not probing the favored values of ~m [38]. ATLAS rules out stable gluinos (gluinos that escape the detector before decaying) with mass m_{g̃} <∼ 570 GeV [39], not probing neither the favorable values for ~m where the gluino decays faster. Searches with gluinos decaying fast have been made at ATLAS also with negative results [40]. In this case, the lower bound for gluino mass is somewhat larger, with m_{g̃} <∼ 500, 670, 740 GeV depending on the final state of the decay. Analogous searches by CMS give equally negative results, with gluino masses bounded from below by nearly 600 GeV, unless the LSP has a large mass, in which case the bound decreases [16].

V. NEUTRINO MASSES

If R-Parity is bilinearly violated, very little of the above conclusions are changed, since the RGE are the same. The smallness of neutrino masses implies that the BRpV couplings must be relatively small, thus not changing most of the decay rates. The only non trivial change is that the lightest neutralino is not stable, implying that it is not a candidate to Dark Matter. Nevertheless, in this models the gravitino is a good Dark Matter candidate since despite being unstable, its life time can be larger than the age of the universe [41]. The strategy for the search of neutralinos at the LHC should be changed though, since there the lightest one would not be part of the missing energy. In fact, the lightest neutralino would decay as,

χ^0_1 −→ Zν_ℓ , χ^0_1 −→ W ℓ (14)

where ℓ is any of the three leptons. Neutralino decays via sfermions are suppressed by the (large) sfermion masses.

If R-Parity is bilinearly violated, the decoupling of the sleptons induce BRpV couplings between gauginos, higgsinos and Higgs, which at lower scales look like [42], L^{split}_{RpV} = ϵ_i ~H^T_u iσ_2L_i −^{1√}_2 a_iH^T iσ_2(−g̃_dσ~W + g̃^′_d ~B)L_i + h.c., (15) These terms induce a neutralino/neutrino mixing when the Higgs field acquire a vacuum expectation value, L^{split}_{RpV} = − [ ϵ_i ~H^0_u + 1 2 a_iv ( g̃_d ~W_3 − g̃^′_d ~B )] ν_i + h.c. + . . . (16) where v is normalized such that the W gauge boson has a mass m_W =^1_2 gv, thus v ≈ 246 GeV. In this way, the neutralino/neutrino sector in the basis ψ = (−iλ^′, −iλ^3, ~H^0_d , ~H^0_u, ν_e, ν_μ, ν_τ ) develops a mass matrix that we write as follows,

M^{SS}_N = M^{SSχ0} (m^{SS} )^T m^{SS} 0 , (17)

where M^{SS}_{χ0} is the neutralino mass sub-matrix,

M^{SS}_χ0 =

M_1 0 −^1_2g̃^′_dv^1_2g̃^′_uv 0 M_2^1_2g̃_dv −^1_2g̃_uv −^1_2g̃^′_dv^1_2g̃_dv 0 −μ 1 2g̃^′_uv −^1_2g̃_uv −μ 0

, (18) and m^{SS} includes the mixing between neutralinos and neutrinos,

m^{SS} = −^1_2g̃^′_da_1v^1_2g̃_da_1v 0 ϵ_1 −^1_2g̃^′_da_2v^1_2g̃_da_2v 0 ϵ_2 −^1_2g̃^′_da_3v^1_2g̃_da_3v 0 ϵ_3

. (19)

The mass matrix in eq. (17) can be block-diagonalized, and an effective neutrino 3 × 3 mass matrix is generated,

M^{eff}_ν = v^2 4 det M_χ0 ( M_1g̃^2_d + M_2g̃^{′2}_d ) λ^2_1 λ_1λ_2 λ_1λ_3 λ_2λ_1 λ^2 λ_2λ_3 λ_3λ_1 λ_3λ_2 λ^2_3

, (20)

where the determinant of the neutralino mass matrix is: det M_χ0 = −μ^2M_1M_2 + 1 2 v^2μ ( M_1g̃_ug̃_d + M_2g̃^′_ug̃^′_d ) +^1_{16} v^4 (g̃^′_ug̃_d − g̃_ug̃^′_d)^2 . (21) The λ_i parameters in eq. (20) are defined as λ_i ≡ a_iμ + ϵ_i.

We follow the model explained in ref. [43], where the solar neutrino mass is generated by a nonrenormalizable dimension 5 operator generated by an unknown quantum gravity theory. The strength of this operator is characterized by the parameter μ_g, which has dimensions of mass. In this context, the generated neutrino mass matrix is, M^{ij}_ν = Aλ^iλ^j + μ_g (22) where A can be read from eq. (20). In this case, one of the neutrinos remain massless, and the other two acquire the following mass,

m_{ν2,3} = 1 2 ( A|⃗λ|^2 + 3μ_g ) ± 1 2 √( A|⃗λ|^2 + 3μ_g )_2 − 4Aμ_g|⃗v × ⃗λ|^2 (23) where we have used the auxiliary vector ⃗v = (1, 1, 1). In ref. [43] it was proved that the experimental results on neutrino physics force μ_g ≈ 3 × 10^{−3} eV. If we also have μ_g ≪ A|⃗λ|^2, the atmospheric and solar mass squared are, Δm^2_{atm} = A^2⃗λ^4 + 2Aμ_g(⃗v · ⃗λ)^2 + O(μ^3_g) Δm^2_{sol} = μ^2_g (⃗v × ⃗λ)^4 ⃗λ4 + O(μ^3_g) (24)

FIG. 9: Coefficient A as a function of tan β for different values of the M_χ scale, with a blow-up for lower values of |A| in the right frame.

The value of A can be directly calculated from the R-Parity conserving parameters we have been working with in the previous sections: tan β, ~m, and M_χ, with the addition that ~m is determined as a function of tan β such that we get a Higgs boson mass according to the experimental observation m_H = 126 GeV (see Fig. ??), with a 1 GeV tolerance. The result can be seen in Fig. 9, where we have the value of A as a function of tan β for four different values of M_χ. Both signs for A are possible, obtained by switching the sign of the gaugino mass parameters. Absolute values of A can be of several thousands for small values of tan β as well as a few units (eV/GeV^2) for large tan β and large M_χ. It is a characteristic of this model that the value of the Higgs mass measured at the LHC forces large values of |A|.

According to eq. (24) the atmospheric mass squared difference, which experimentally is Δm^2_{atm} ≈ 2 × 10^{−3} eV^2, is to first order equal to A^2⃗λ^4, and this allow us to calculate |⃗λ| in each of the scenarios defined by tan β and M_χ. In Fig.10-right we have |⃗λ| as a function of tan β for different values of M_χ. It increases with tan β and with M_χ because A does the opposite. Similarly according to eq. (24) the solar mass squared difference, which experimentally satisfies Δm^2_{sol} ≈ 8 × 10^{−5} eV^2, is to first order equal to μ^2_g(⃗v × ⃗λ)^4/⃗λ^4, thus we can determine |⃗v × ⃗λ| in each of the scenarios, provided we take the value μ_g = 0.0029 GeV [43, 44], motivated by neutrino mixing angle measurements. We see the result in Fig.10-left, with a similar result compared to |⃗λ|, just typically twice as large.

FIG. 10: Values for |⃗λ| (right) and |⃗v × ⃗λ| (left) as a function of tan β for several different values of M_χ.

VI. SUMMARY

We have studied the effect of a Higgs boson mass m_H = 126 GeV, motivated by measurements at the LHC, on a Split Supersymmetric model with Bilinear R-Parity Violation. We have checked that the Higgs boson mass forces the split supersymmetric scale to be rather low, ~m < 10^6 GeV, with a small influence from the gaugino mass, as long as it remains smaller than 1 TeV. Any value of tan β within 1 < tan β < 50 is allowed, with the special case of tan β = 1, which holds possible as long as we give up gauge coupling unification, with extra new physics appearing at the scale (> ~m) where the top Yukawa coupling becomes unperturbative. We have also check that couplings between charginos, neutralinos and the Higgs boson will give insight into the Split Supersymmetric scale, since they will be proportional to gaugino-higgsino-Higgs couplings. The difference between these couplings and the MSSM couplings are at most 10%, challenging at the LHC but testable at the ILC. We proved that the atmospheric neutrino mass parameter |A| becomes rather large and with a strong dependence on tan β: |A| >∼ 1000 eV/GeV^2 for tan β < 2, for example. This forces the other atmospheric neutrino parameter to be |⃗λ| <∼ 0.1 GeV. Adopting the value μ_g = 0.0029 GeV we can constrain the solar neutrino parameter |⃗v × ⃗λ| <∼ 0.2 GeV. This completes the proof of the viability of the model.

Acknowledgments

This work was partly funded by Conicyt grant 1100837 (Fondecyt Regular), and the Conicyt Magister and Doc-

torate Fellowship Programmes.

VII. APPENDIX

In this appendix we show explicitly the self energy and tadpole functions at one loop, calculated in the DR scheme, necessary for the renormalization of the Higgs mass in section III. The self energy in the Standard Model is given by,

A_{hh}(p^2, Q^2) = 3 g^2m^2_t 32π^2M^2_w [ 2A_0(m^2_t ) + (4m^2_t − p^2)B_0(p^2; m^2_t , m^2_t ) ]

− g^2M^2_W 4π^2

B_0(p^2; M^2_W , M^2_W ) − g^2 8π^2

A_0(M^2_W ) + g^2 32π^2 [ (2p^2 + M^2_W )B_0(p^2; M^2_W , M^2_W ) + A_0(M^2_W ) ] − g^2m^2_h 64π^2M^2_W

A_0(M^2_W ) − g^2m^4_h 64π^2M^2_W

B_0(p^2; M^2_W , M^2_W ) + g^2M^2_W 32π^2

B_0(p^2; M^2_W , M^2_W ) − g^2M^4_Z 8π^2M^2_W

B_0(p^2; M^2_Z , M^2_Z ) − g^2M^2_Z 16π^2M^2_W

A_0(M^2_Z ) + g^2M^2_Z 64π^2M^2_W [ (2p^2 + M^2_Z )B_0(p^2; M^2_Z , M^2_Z ) + A_0(M^2_Z ) ] − g^2m^2_h 128π^2M^2_W

A_0(M^2_Z ) − g^2m^4_h 128π^2M^2_W

B_0(p^2; M^2_Z , M^2_Z ) + g^2M^4_Z 64π^2M^2_W

B_0(p^2; M^2_Z , M^2_Z ) − 9g^2m^4_h 128π^2M^2_W

B_0(p^2; m^2_h, m^2_h) −

3g^2m^2_h 128π^2M^2_W

A_0(m^2_h) (25) and the tadpole is,

T (Q^2) = −3 g^2m^2_t 16π^2M^2_w

A_0(m^2_t ) + g^2 8π^2

A_0(M^2_W ) + g^2m^2_h 64π^2M^2_W

A_0(M^2_W ) − g^2 32π^2

A_0(M^2_W ) + g^2M^2_Z 16π^2M^2_W

A_0(M^2_Z ) + g^2m^2_h 128π^2M^2_W

A_0(M^2_Z ) − g^2M^2_Z 64π^2M^2_W

A_0(M^2_Z ) + 3g^2m^2_h 128π^2M^2_W

A_0(m^2_h) (26)

where p^2 is the square of the external four-momentum of the self energy, Q is the renormalization scale, and A_0 and B_0 are Veltman-Passarino functions [45].

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]]. [2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]]. [3] F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321; P. W. Higgs, Phys. Rev. Lett. 13 (1964) 508; P. W. Higgs, Phys. Lett. 12 (1964) 132; G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13 (1964) 585; P. W. Higgs, Phys. Rev. 145 (1966) 1156-1163; T. W. B. Kibble, Phys. Rev. 155 (1967) 1554-1561.

[4] S. L. Glashow, Nucl. Phys. 22, 579 (1961). S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967). A. Salam, N.

Svartholm, ed., p. 367. Almqvist & Wiksell, 1968. Proceedings of the eighth Nobel symposium. G. ’t Hooft and M. Veltman, Nucl. Phys. B44, 189 (1972).

[5] C. a. D. C. a. t. T. N. P. a. H. W. Group [Tevatron New Physics Higgs Working Group and CDF and D0 Collaborations], arXiv:1207.0449 [hep-ex].

[6] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 108, 111803 (2012) [arXiv:1202.1414 [hep-ex]]. [7] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 710, 403 (2012) [arXiv:1202.1487 [hep-ex]]. [8] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710, 383 (2012) [arXiv:1202.1415 [hep-ex]]. [9] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. Lett. 108, 111804 (2012) [arXiv:1202.1997 [hep-ex]]. [10] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 62 (2012) [arXiv:1206.0756 [hep-ex]]. [11] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 710, 91 (2012) [arXiv:1202.1489 [hep-ex]]. [12] J. Ellis, R. Fok, D. S. Hwang, V. Sanz and T. You, arXiv:1210.5229 [hep-ph]. U. De Sanctis, M. Fabbrichesi and A. Tonero, Phys. Rev. D 84, 015013 (2011) [arXiv:1103.1973 [hep-ph]].

[13] G. Aad et al. [ATLAS Collaboration], JHEP 1209, 070 (2012) [arXiv:1206.5971 [hep-ex]].

[14] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 710, 284 (2012) [arXiv:1202.4195 [hep-ex]]. S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 713, 68 (2012) [arXiv:1202.4083 [hep-ex]].

[15] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 72, 2174 (2012), arXiv:1207.4686 [hep-ex]. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 715, 44 (2012) [arXiv:1204.6736 [hep-ex]]. G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 108, 181802 (2012) [arXiv:1112.3832 [hep-ex]].

[16] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. D 85, 012004 (2012) [arXiv:1107.1279 [hep-ex]]. [17] G. Aad et al. [ATLAS Collaboration], JHEP 1207, 167 (2012) [arXiv:1206.1760 [hep-ex]]. G. Aad et al. [Atlas Collaboration], JHEP 1111, 099 (2011) [arXiv:1110.2299 [hep-ex]].

[18] S. Chatrchyan et al. [CMS Collaboration], JHEP 1210, 018 (2012) [arXiv:1207.1798 [hep-ex]]. [19] N. Arkani-Hamed and S. Dimopoulos, JHEP 0506, 073 (2005) [hep-th/0405159].

[20] G. F. Giudice and A. Romanino, Nucl. Phys. B 699, 65 (2004) [Erratum-ibid. B 706, 65 (2005)] [hep-ph/0406088].

[21] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 108, 261804 (2012) [arXiv:1204.5638 [hep-ex]]. G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 72, 1993 (2012) [arXiv:1202.4847 [hep-ex]]. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 709, 137 (2012) [arXiv:1110.6189 [hep-ex]].

[22] S. Chatrchyan et al. [CMS Collaboration], JHEP 1206, 169 (2012) [arXiv:1204.5341 [hep-ex]]. S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 704, 411 (2011) [arXiv:1106.0933 [hep-ex]].

[23] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 72, 2040 (2012) [arXiv:1205.0725 [hep-ex]]. [24] H. K. Dreiner, M. Hanussek and S. Grab, Phys. Rev. D 82, 055027 (2010) [arXiv:1005.3309 [hep-ph]].

M. Hirsch, M. A. Diaz, W. Porod, J. C. Romao and J. W. F. Valle, Phys. Rev. D 62, 113008 (2000) [Erratumibid. D 65, 119901 (2002)] [hep-ph/0004115]. M. A. Diaz, J. C. Romao and J. W. F. Valle, Nucl. Phys. B 524, 23 (1998) [hep-ph/9706315]. R. Hempfling, Nucl. Phys. B 478, 3 (1996) [hep-ph/9511288]. B. de Carlos and P. L. White, Phys. Rev. D 54, 3427 (1996) [hep-ph/9602381].

[25] P. Nath and P. Fileviez Perez, Phys. Rept. 441, 191 (2007) [hep-ph/0601023].

[26] A. Choudhury and A. Datta, JHEP 1206, 006 (2012) [arXiv:1203.4106 [hep-ph]]. H. Baer, V. Barger and A. Mustafayev, JHEP 1205, 091 (2012) [arXiv:1202.4038 [hep-ph]].

[27] W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, JHEP 0703, 037 (2007) [hep-ph/0702184 [HEP-PH]]. S. Bailly, K. -Y. Choi, K. Jedamzik and L. Roszkowski, JHEP 0905, 103 (2009) [arXiv:0903.3974 [hep-ph]]. D. Restrepo, M. Taoso, J. W. F. Valle and O. Zapata, Phys. Rev. D 85, 023523 (2012) [arXiv:1109.0512 [hep-ph]].

[28] A. Hoecker, Nucl. Phys. Proc. Suppl. 218, 189 (2011) [arXiv:1012.0055 [hep-ph]]. [29] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G G 37, 075021 (2010).

[30] M. A. Diaz and H. E. Haber, Phys. Rev. D 46, 3086 (1992). [31] A. Denner and S. Pozzorini, Eur. Phys. J. C 18, 461 (2001) [hep-ph/0010201]. [32] N. Bernal, A. Djouadi and P. Slavich, JHEP 0707, 016 (2007) [arXiv:0705.1496 [hep-ph]]. [33] R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH and DELPHI and L3 and OPAL Collaborations], Phys. Lett. B 565, 61 (2003) [hep-ex/0306033].

[34] [TEVNPH (Tevatron New Phenomina and Higgs Working Group) and CDF and D0 Collaborations], arXiv:1203.3774 [hep-ex].

[35] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 710, 26 (2012) [arXiv:1202.1488 [hep-ex]]. [36] A. Arvanitaki, N. Craig, S. Dimopoulos and G. Villadoro, arXiv:1210.0555 [hep-ph]. [37] P. Gambino, G. F. Giudice and P. Slavich, Nucl. Phys. B 726, 35 (2005) [hep-ph/0506214]. G. F. Giudice and A. Strumia, Nucl. Phys. B 858, 63 (2012) [arXiv:1108.6077 [hep-ph]].

[38] V. Khachatryan et al. [CMS Collaboration], Phys. Rev. Lett. 106, 011801 (2011) [arXiv:1011.5861 [hep-ex]]. [39] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 701, 1 (2011) [arXiv:1103.1984 [hep-ex]]. [40] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 108, 241802 (2012) [arXiv:1203.5763 [hep-ex]]. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710, 67 (2012) [arXiv:1109.6572 [hep-ex]]. G. Aad et al. [Atlas Collaboration], Phys. Lett. B 701, 186 (2011) [arXiv:1102.5290 [hep-ex]].

[41] M. A. Diaz, S. G. Saenz and B. Koch, Phys. Rev. D 84, 055007 (2011) [arXiv:1106.0308 [hep-ph]]. [42] M. A. Diaz, P. Fileviez Perez and C. Mora, Phys. Rev. D 79, 013005 (2009) [hep-ph/0605285]. [43] M. A. Diaz, B. Koch and B. Panes, Phys. Rev. D 79, 113009 (2009) [arXiv:0902.1720 [hep-ph]]. [44] G. Cottin, M. A. Diaz and B. Koch, Phys. Rev. D 85, 095019 (2012) [arXiv:1112.6351 [hep-ph]]. [45] G. Passarino and M. J. G. Veltman, Nucl. Phys. B 160, 151 (1979).