arXiv:1212.0560v2 [hep-ph] 15 Jan 2013

EFI-12-33 ANL-HEP-PR-12-101

SU(2) ⊗ SU(2) Gauge Extensions of the MSSM Revisited

Ran Huo^a, Gabriel Lee^a, Arun M. Thalapillil^{a,d} and Carlos E.M. Wagner^{a,b,c}

aEnrico Fermi Institute, University of Chicago, Chicago, IL 60637 bHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439 cKavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637 dDepartment of Physics, Rutgers University, Piscataway, NJ 08854

January 16, 2013

Abstract

We study an extension of the Minimal Supersymmetric Standard Model with a gauge group SU(2)_1 ⊗ SU(2)_2 breaking to SU(2)_L. The extra wino has an enhanced gauge coupling to the SM-like Higgs boson and, if light, has a relevant impact on the weak scale phenomenology. The low energy Higgs quartic coupling is modified both by extra D-term corrections and by a modification of its renormalization group evolution from high energies. At low values of tan β, the latter effect may be dominant. This leads to interesting regions of parameter space in which the model can accommodate a 125 GeV Higgs with relatively light third generation squarks and an increased h → γγ decay branching ratio, while still satisfying the constraints from electroweak precision data and Higgs vacuum stability.

1 Introduction

The LHC experiments have recently reported the discovery of a new particle, with properties similar to the ones of the Standard Model (SM) Higgs boson, and with a mass of roughly 125 GeV [1–4]. This Higgs-like particle has been detected in its decay into a pair of photons or massive gauge bosons, ZZ^∗ and W W^∗, with a rate which is roughly consistent with the one expected in the SM. The fact that this Higgs-like particle is produced via gluon fusion provides indirect evidence of its coupling to top-quarks. The coupling to other fermions is uncertain, although the recent LHC and Tevatron data have provided some evidence of its couplings to bottom-quarks and τ leptons, at a rate consistent with the SM one [5,6].

A SM-like Higgs boson, with a mass of about 125 GeV, provides constraints on the parameters of the SM and its possible extensions. In the SM, such a Higgs boson mass fixes the low energy value of the quartic coupling of the Higgs potential, which is otherwise a free parameter. In the Minimal Supersymmetric Extension of the SM (MSSM), instead, the effective quartic coupling of the SM-like tree-level Higgs potential in the limit of large non-standard Higgs boson masses is related to the gauge couplings by the supersymmetric D-terms. Consequently, at tree level, the mass of the SM-like Higgs boson is bounded to be below the Z boson mass, and a large loop correction is needed to achieve a Higgs mass of 125 GeV. This large loop correction may be provided by quantum corrections induced by the third generation quarks and their supersymmetric partners. It has long been established that stop masses of order 1 TeV can lead to a SM-like Higgs as heavy as 130 GeV, provided tan β, the ratio of the two Higgs boson vacuum expectation values, is large and the left-right stop mixing parameter A_t is of the order of 2.4 times the average stop mass [7]. Values of the SM-like Higgs mass of about 125 GeV require values of the parameters close to the ones leading to this maximal value, namely moderate to large tan β to maximize the tree-level mass, at least one heavy stop enabling sizable top quark-loop contributions to the renormalization group evolution (RGE) of the quartic coupling, and a large stop mixing parameter Ã_t of the order of, or larger than, the heaviest stop mass (see for example [8–11] and related references).

Interestingly, the current best fit for the rate of the diphoton production channel, proceeding from Higgs production and decay, suggests an enhancement over the SM expectation [1–4], [σ(pp → h) × BR(h → γγ)]_{best-fit} σ_{SM}(pp → h) × BR_{SM}(h → γγ) = 1.9 ± 0.5, (1.56 ± 0.43) (1)

at the ATLAS (CMS) experiment; however, the errors are still too large to claim any significant deviation with respect to the SM. On the other hand, the preliminary indications are that h → ZZ^∗ and h → W W^∗ are in better alignment with the SM expectations.

Although it is premature to draw any firm conclusion from the present Higgs data, it is interesting to consider what would be the consequences of an enhanced diphoton decay rate. Since this rate is induced at the loop level, new weak scale charged particles can induce a modification of this rate, and therefore a lot of effort has been directed towards understanding and incorporating this enhanced diphoton branching ratio (BR) in weak scale extensions of the SM [12–23].

The enhancement of the Higgs diphoton decay rate may be induced by particles carrying not only charge but also color. Color charged particles will lead not only to a modification of the Higgs diphoton decay rate but also to the main gluon fusion production mode. In the MSSM, for instance, a light stop t̃ or other colored particles may enhance the Higgs diphoton decay BR, but they will also simultaneously lower the Higgs gluon-fusion production cross section. This is hard to accommodate in view of the current data [1–4] and other theoretical constraints [24]. We shall therefore focus on the scenario that the particles carry no color and there is an enhancement of the Higgs diphoton decay BR compared with the SM, without any relevant modification of the main gluon fusion and weak boson fusion Higgs production rates. Moreover, we shall consider the case in which the main decay modes into massive gauge bosons and bottom quarks remain close to the SM. In supersymmetric extensions, this is achieved by a sizable value of the non-standard Higgs boson mass M_A, of the order of, or larger than, 1 TeV.

In this paper, we explore a gauge extension of the MSSM that may simultaneously account for the 125 GeV SM-like Higgs boson and also yield an enhancement of the Higgs diphoton decay BR.^1 The model is based on [25,26] (henceforth BDKT): the gauge sector is extended to SU(2)_1 ⊗ SU(2)_2 at a high scale (SU(2)_2 is asymptotically free and its coupling becomes large at EW scales) which is spontaneously broken to the SM SU(2)_L by the vacuum expectation value (vev) of a bidoublet Σ. In the original study, at low energy, the propagator of the residual scalar component of the bidoublet gives an extra effective contribution to the supersymmetric D-term, and consequently an extra contribution to the tree-level Higgs mass, as well as to the mass splitting of the isospin components of those scalar fields transforming in a non-trivial way under SU(2) [27].

We investigate a specific aspect of this model that was previously overlooked. In certain regions of the parameter space, the lightest wino has a predominant component from the second, strongly interacting SU(2)_2. These light charginos couple strongly to the SM-like Higgs and may lead to a relevant modification of the Higgs diphoton decay BR with respect to the SM one. In the MSSM, the enhancement of the diphoton rate mediated by charginos is small due to the weak couplings of the Higgs to the charginos. In this case, however, the chargino effects are enhanced by a factor (g_2/g)^2 with respect to the ones in the MSSM, where g_2 is the SU(2)_2 coupling and g is the SM weak coupling. The coupling g_2 cannot be arbitrarily large, however, since it would induce a large correction to the Higgs mass beyond the D-term modifications. This is a new, unexplored mechanism for the modification of the Higgs mass, which goes beyond the frameworks of non-decoupling D-terms discussed in [23], and therefore will remain interesting even in the case that the diphoton enhancement were not present after analyzing the full set

1An extension of the MSSM by an SU(2)L triplet with O(1) coupling to the Higgs, in a context without gauge extensions, was explored in [16].

of experimental data. We will explore viable regions of parameter space where this model is consistent with current experimental and theoretical constraints.

The paper is organized as the following. We review the model in detail in section 2. In section 3, we discuss the phenomenology of the model. Numerical results are presented in section 4. We present our conclusions in section 5.

2 SU(2)_1 ⊗ SU(2)_2 Extension of the MSSM

At high scales, the extended weak gauge sector is SU(2)_1 ⊗ SU(2)_2. The SU(2)_1 vector supermultiplet couples only to the first two generations of chiral supermultiplets in the MSSM, while the SU(2)_2 vector supermultiplet couples only to the third generation chiral supermultiplet and the two Higgs supermultiplets. Such an arrangement will lead to vanishing tree-level couplings of the Higgs to the first two generations due to gauge invariance, so a natural hierarchy of masses between the heavy and light generations appears in this model. Due to the asymptotically free nature of SU(2)_2, at the weak scale, the related gauge couplings satisfy g_2 > g_1. A bidoublet chiral supermultiplet Σ with the charge (2, ¯2) under SU(2)_1 ⊗ SU(2)_2 links the two gauge group sectors. We can represent the bidoublet as a matrix

Σ = Σ^01 + Σ^aσ^a, (2)

where σ^a are the Pauli matrices. There is also a gauge singlet field S, which provides supersymmetric masses to the bidoublet fermion and scalar fields. With these ingredients, the effective superpotential of the model is given by W = W_{MSSM} − λS (1 4 ΣΣ − ω^2 ) + κ 3 S^3. (3)

Note that ΣΣ is contracted with two epsilon tensors, i.e. ΣΣ = 2 det(Σ) = 2((Σ^0)^2 − ⃗Σ^2). We assume κ ≪ λ, and with the addition of a soft mass term for S, S acquires a large vev ⟨S⟩ ∼ O(TeV/κ). The potential relevant to the Σ field is, from above,

V_Σ = 1 16 |λ|^2|ΣΣ|^2 − 1 4 |λ|^2ω^2 ( ΣΣ + h.c. ) + 1 2 ( |λ|^2⟨S^∗S⟩ + m^{′2}_Σ ) Tr ( Σ^†Σ ) + D-terms , (4)

where m^′_Σ is the soft mass term corresponding to the scalar component of the Σ supermultiplet, and, for simplicity, we have ignored subdominant terms of O(κ). Observe that the fermionic component Σ̃ obtains the mass M_{Σ̃} = λ⟨S⟩ from the Yukawa terms, where we have chosen a different normalization of the coupling λ from the one in [25, 26]. The total mass of the scalars is defined as m^2_Σ = M^†_{Σ̃}M_{Σ̃} + m^{′2}_Σ.

2.1 SU(2)_1 ⊗ SU(2)_2 → SU(2)_L Spontaneous Symmetry Breaking

The potential in Eq. (4) will induce spontaneous symmetry breaking and result in

SU(2)_1 ⊗ SU(2)_2 → SU(2)_L. (5)

We choose a diagonal breaking, with Σ acquiring a vev of the form ⟨Σ⟩ = u1. Minimizing the potential, we find u^2 = 2 ( ω^2 − m^2_Σ |λ|^2 ) . (6)

Analogous to electroweak symmetry breaking (EWSB), the gauge bosons W_1 and W_2 of SU(2)_1 ⊗ SU(2)_2 mix to form W^′ bosons, which have masses proportional to u, and the SM W bosons, which remain massless, leading to the unbroken SU(2)_L. At lower energies, these W bosons and the U(1)_Y gauge boson B combine after EWSB to form the photon and the massive W^± and Z^0 bosons.

In analogy with chiral perturbation theory, the covariant derivative of the (2, ¯2) bidoublet is

D_μΣ = ∂_μΣ + ig_1W^a_{1μ}t^aΣ − ig_2ΣW^a_{2μ}t^a, (7)

where t^a =^1_2 σ^a are the SU(2) generators. The kinetic term for the scalar component of the bidoublet is 1 2 Tr((D^μΣ)^†D_μΣ). (8)

Inserting the vev u for the scalar, we obtain the following mass term for the W^′ gauge bosons:

u^2 4 (g_1W^a_1 − g_2W^a_2 )^2. (9)

The mixing matrices between the gauge eigenstates (W_1, W_2) and the mass eigenstates (W , W^′) are ( W^′ W ) = g_1

√_{g21 +g2} −^{g2}√_{g21 +g2}

g_2

√_{g21 +g2}^{g1}√_{g21 +g2} ( W_1 W_2 ) . (10)

From above, we note that the W^′ bosons obtain masses m_W ′ =

√_1 2 (g^2_1 + g^2 )u. Plugging these mass eigenstates into the covariant derivatives of the MSSM chiral supermultiplets, we obtain the covariant derivatives for the third generation fermions and the Higgs sectors (which as mentioned before are only charged under the SU(2)_2)

D_μ = ∂_μ + ig_2W^a_{2μ}t^a = ∂_μ + i g_1g_2 √ g^2_1 + g^2 W^a_μ t^a − i g^2 √ g^2_1 + g^2

W^{′a}_μ t^a = ∂_μ + igW^a_μ t^a − i g_2 g_1 gW^{′a}_μ t^a, (11)

and for the first and second generation fermions (which are only charged under the SU(2)_1)

D_μ = ∂_μ + ig_1W^a_{1μ}t^a = ∂_μ + i g_1g_2 √ g^2_1 + g^2

W^a_μ t^a + i g^2_1 √ g^2_1 + g^2

W^{′a}_μ t^a = ∂_μ + igW^a_μ t^a + i g_1 g_2 gW^{′a}_μ t^a. (12)

Here, we have identified g = g_{SM} ≡ g_1g_2 √ g^2_1 + g^2

, (13)

or equivalently 1/g^2 = 1/g^2_1 +1/g^2 , which is the usual electroweak coupling constant at low energies. Note that all fermion generations have the same SM coupling (i.e. g_{SM}) to W bosons as required by gauge invariance.

2.2 The Extended Chargino and Neutralino Sector

We now turn to the chargino and neutralino sectors. Along with the bino and Higgsino, we have two sets of winos and the fermionic component of Σ. Thus, we have 4 charginos, which we denote in the gauge eigenstate basis as (χ̃^±)^T = (W̃^±_1 , W̃^±_2 , H̃^±_{u/d}, Σ̃^±). Similarly, there are 6 neutralinos of interest in our model, which we denote in the gauge eigenstate basis as (χ̃^0)^T = (B̃^0, W̃^0_1 , W̃^0_2 , H̃^0_d , H̃^0_u, Σ̃^3).^2 Observe that since only the second SU(2)_2 couples with the Higgs sector, the W̃_2 Higgsino mass mixing entries have a coupling g_2 instead of g. Both the W̃_1 and W̃_2 couple to the bidoublet through the scalar-fermion-gaugino term ∓ 1 √ 2 g_iTr(Σ^†W̃^a_i t^aΣ̃) + h.c. = ∓ 1 √ 2 g_iu (Σ̃^−W̃^+_i + W̃^−_i Σ̃^+ + W̃^3_i Σ̃^3) + h.c. (14)

2We can also use the basis with (W̃1, W̃2) rotated to (W̃ , W̃^′) in the same way as their bosonic counterparts, but that will introduce mixing terms between the W̃ and W̃^′ in the chargino and neutralino mass matrix.

Here the negative (positive) sign is for i = 1 (2).

We can write the mass term for the charginos in the Lagrangian as L ∋ −(χ̃^−_G)^T M^±χ̃^+_G + h.c., where M^± is the extended chargino mass matrix

M^±_{ij} =

M_{W̃1} 0 0^{1√}_2 g_1u 0 M_{W̃2}^{1√}_2 g_2vs_β −^{1√}_2 g_2u 0^{1√}_2 g_2vc_β μ 0 1√ 2 g_1u −^{1√}_2 g_2u 0 M_{Σ̃}

, (15)

with (χ̃^−_G)^T = (W̃^−_1 , W̃^−_2 , H̃^−_d , Σ̃^−) and χ̃^+_G = (W̃^+_1 , W̃^+_2 , H̃^+_u , Σ̃^+)^T the charginos written in gauge eigenstates (note the subscript G). The two soft masses of W̃_1 and W̃_2 are M_{W̃1} and M_{W̃2} , respectively. Similarly, we can write the mass term for the neutralinos as L ∋ −^1_2 (χ̃^0_G)^T M^0χ̃^0_G + h.c., where M^0 is the extended neutralino mass mixing matrix

M^0_{ij} =

M_1 0 0 −^1_2 g^′vc_β^1_2 g^′vs_β 0 0 M_{W̃1} 0 0 0^{1√}_2 g_1u 0 0 M_{W̃2} −^1_2 g_2vc_β^1_2 g_2vs_β −^{1√}_2 g_2u −^1_2 g^′vc_β 0 −^1_2 g_2vc_β 0 −μ 0 1 2 g^′vs_β 0^1_2 g_2vs_β −μ 0 0 0^{1√}_2 g_1u −^{1√}_2 g_2u 0 0 M_{Σ̃}

, (16)

and χ̃^0_G = (B̃, W̃^3_1 , W̃^3_2 , H̃^0_d , H̃^0_u, Σ̃^3)^T . We have omitted the Σ̃^0, which acquires a mass M_{Σ̃} and does not mix with the other fields, and the singlino with mass κ⟨S⟩ that mixes with Σ̃^0 by terms of the order λu. As in the MSSM, we diagonalize the mass matrices to obtain the physical chargino and neutralino states. The asymmetric chargino mixing matrix is diagonalized by extended 4 × 4 unitary matrices U and V. They are defined as

(χ̃^−_G)^T M_{χ̃}±χ̃^+_G = ( (χ̃^−_G)^T U^† )( UM_{χ̃}± V^† )( Vχ̃^+_G ) = (χ̃^−_M )^T diag(M_{χ̃}± )χ̃^+_M ,

(χ̃^−_M )_i = U_{ij}(χ̃^−_G)_j, (χ̃^+_M )_i = V_{ij}(χ̃^+_G)_j . (17)

The subscript M denotes mass eigenstates.

In the neutralino sector, the symmetric neutralino mixing matrix is diagonalized by an extended 6 × 6 unitary matrix Z

(χ̃^0_G)^T M_{χ̃}0χ̃^0_G = ( (χ̃^0_G)^T Z^T )( Z^∗M_{χ̃}0 Z^† )( Zχ̃^0_G ) = (χ̃^0_M )^T diag(M_{χ̃}0 )χ̃^0_M ,

(χ̃^0_M )_i = Z_{ij} (χ̃^0_G)_i (18)

Using the mixing matrices above, one may now write down the couplings of the physical charginos and neutralinos with the gauge bosons and Higgs fields.

2.3 The Σ Bidoublet

Before discussing the phenomenological implications, let us briefly revisit the Lagrangian terms for the bidoublet Σ to fix some of our notations and conventions.

The kinetic term of the supermultiplet is L_{Σ kin} = 1 2 Tr ( (D^μΣ)^†D_μΣ ) + 1 2 Tr ( Σ̃^†iσ̄^μD_μΣ̃ ) + 1 2 TrF_ΣF^∗_Σ , (19) where we have Σ = ( u + Σ^0 + Σ^3 Σ^1 − iΣ^2 Σ^1 + iΣ^2 u + Σ^0 − Σ^3 ) (20)

after the breaking of SU(2)_1 ⊗ SU(2)_2. The Σ^a corresponding to each generator are complex fields.

The D-terms involving the bidoublet and Higgs are L_{D,Σ−H} = − 1 8 g^2_1 Tr ( Σ^†t^aΣ

)_2 − g^2 2 (1 2 Tr ( Σ^†t^aΣ ) + H^†_ut^aH_u + H^†_dt^aH_d

)_2 . (21)

If one of the Σ fields takes the vev u, we can write Σ → u + Σ with Tr ( Σ^†t^aΣ ) → u(Σ + Σ^∗)^a + O(Σ^2).

We may then define the massive, real triplet

Σ^a_T ≡ 1 √ 2 (Σ + Σ^∗)^a . (22)

It follows that L_{D,Σ−H} → − 1 4 (g^2_1 + g^2 )u^2 3∑ a=1 (Σ^a_T )^2 − g^2 √ 2 u(H^†_uΣ^a_T t^aH_u + H^†_dΣ^a_T t^aH_d) − g^2 2 ( H^†_ut^aH_u + H^†_dt^aH_d

)_2 , (23)

and the scalar Σ_T gets an additional mass contribution through the supersymmetric D-term. Combined with the mass terms from the F and soft terms of the scalar potential, the mass of the scalar triplet Σ_T comes out to be M^2_Σ = 1 2 (g^2_1 + g^2 )u^2 + 2m^2_Σ. (24)

The Feynman rule for the H^∗HΣ^a_T vertex is −^{1√}_2 ig^2 ut^a.

3 Phenomenology of the SU(2)_1 ⊗ SU(2)_2 Gauge Extension

Let us now discuss some of the phenomenological implications of the SUSY SU(2)_1 ⊗ SU(2)_2 gauge extensions. Compared to earlier studies [25–29], the new aspects that we would like to concentrate on are the modifications of the effective quartic coupling of the SM-like Higgs boson and the possible effects of the new charginos on the Higgs-diphoton partial decay width.

3.1 The Enhanced D-Term Contribution to the Tree-Level Higgs Mass The original motivation of BDKT [25,26] in considering SU(2)_1 ⊗SU(2)_2 gauge extensions was to achieve large Higgs masses while avoiding the tree-level MSSM bound. This was accomplished by integrating out the heavy triplet Σ with its equation of motion:

Σ^a_T = − 1 M^2_Σ g^2 u √ 2 (H^†_ut^aH_u + H^†_dt^aH_d + . . .) + O ( p2 m^2_Σ ) . (25)

Substituting this in Eqn. (23), we have L_{D,Σ−H} → − g^2Δ 2 ( H^†_ut^aH_u + H^†_dt^aH_d

)_2 , (26)

with

Δ = 1 +^{4m2Σ}_{u2}^1_{g21}

1 +^{4m2Σ}_{u2}^1_{g21 +g2}

. (27)

Compared to the MSSM, the effective SU(2)_L D-term is enhanced by this factor Δ. The tree-level CP-even Higgs mass matrix becomes

M^2_H0 =

(_1

4 (g^2Δ + g^{′2})v^2 cos^2 β + M^2_A sin^2 β −(^1_4 (g^2Δ + g^{′2})v^2 + M^2_A) sin β cos β −(^1_4 (g^2Δ + g^{′2})v^2 + M^2_A) sin β cos β^1_4 (g^2Δ + g^{′2})v^2 sin^2 β + M^2_A cos^2 β ) , (28)

where g^′ is the SM U(1)_Y gauge coupling and M_A is the mass parameter of the CP-odd Higgs. The key observation of BDKT was that in the decoupling limit, with large M_A, the mass of the light, neutral, CP-even Higgs is not bounded at tree level by M_Z | cos 2β|, but rather by m_h ≤ 1 2 √ g^2Δ + g^{′2}v| cos 2β|. (29)

The tree-level mass splitting between the charged and CP-odd Higgs is also modified [27]:

m^2_H± − m^2_A = g^2Δ 4 v^2. (30)

Here, as before, the weak coupling constant is defined as g = g_1g_2/ √ g^2_1 + g^2 .

3.2 The Chargino Loop Contribution to the Higgs Diphoton Decay Rate

The Higgs diphoton decay is loop induced and may include contributions from bosons, fermions and scalars (see for instance [19, 30, 31]) Γ(h → γγ) = α^2m^3_h 1024π^3 | | | g_{hV V} m^2_V

Q^2_V A_1(τ_V ) + 2g_{hf}¯_f m_f N_{c,f} Q^2_f A_{1/2}(τ_f ) + N_{c,S}Q^2_S g_{hSS} m^2_S

A_0(τ_S ) | | | 2 , (31)

where τ_i = 4m^2_i /m^2_h and V , f, and S refer to spin-1, spin-1/2, and spin-0 fields. The corresponding g_{hii}, Q_i and N_{c,i} denote the coupling, electric charge and number of colors of each particle contributing to the amplitude. A_1 , A_{1/2} and A_0 are the related loop-functions.

For heavy particles in the loop, the Higgs diphoton partial width may also be quantified using Higgs low-energy theorems [32, 33] L_{hγγ} ≃ α 16π h v ∂ ∂ log v [ ∑ i b_{V,i} log ( det M^2_{V,i} ) + ∑ i b_{f,i} log ( det M^†_{f,i}M_{f,i} )

+ ∑ i b_{S,i} log ( det M^2_{S,i} ) ] F_{μν} F^{μν} , (32)

where M_i are the mass matrices and b_i are the coefficients of the QED one-loop beta function [19].

In the SM, it is well known that the dominant contribution to the amplitude is from the W^± boson loops. For a 125 GeV Higgs boson, the loop factor A^W_1 in Eq. (31) is about −8.32 and destructively interferes with the top-loop contribution, which gives a subdominant contribution N_cQ^2_t A_{1/2} ≃ 1.84. In general, the b_i coefficients of all matter particles are positive. Hence if the determinant of the mass matrix of some new matter sector has a negative dependence on v, then these new particles will contribute additively to the W^± loop and they will enhance the Higgs-diphoton partial width. There are several different ways to achieve this that have been explored in the literature [11–23]. In this work, we shall assume that all sfermion masses are of at least a few hundred GeV and therefore their contributions to Eq. (31) is suppressed.

The above situation applies in the MSSM to the charginos. Since the Higgs vev v appears only in the off-diagonal entries of the mass matrix

M^±_{ij} = ( M_2^{1√}_2 gv sin β 1√ 2 gv cos β μ ) , (33) we have det M^±_{ij} = M_2μ −^1_4 g^2v^2 sin 2β. Therefore, in the low energy limit,

lim_{p→0} M(Xh)_{MSSM} ∝ ∂ ∂v log det M^±_{ij} = − g^2v sin 2β 2M_2μ −^1_2 g^2v^2 sin 2β ≃ − g^2v sin 2β

2M_2μ

, (34)

and the chargino contribution to the amplitude constructively interferes with the dominant W^± loop to enhance the Higgs diphoton decay rate. Note that the contribution is proportional to sin 2β and therefore has a maximum near tan β = 1. Unfortunately, the MSSM chargino alone cannot account for the observed enhancement [23, 34]. This can be understood as a limitation imposed by the size the weak gauge coupling g. We can try to increase the effect by making the charginos lighter, but we are limited by the experimental lower bound on their masses of about 103.5 GeV at low tan β [35, 36].

In certain regions of parameter space of our model, the lightest chargino can have a large W̃_2 component. In this case, the above constraints can be overcome – the lightest chargino couples to the Higgs with a factor enhanced by g_2/g with respect to the MSSM. The estimation of the amplitude in our model proceeds as in the MSSM case, with the added complication of the extended 4 × 4 chargino mass matrix, Eq. (15). For simplicity, we shall assume, that both M_{Σ̃} and M_{W̃1} are large; therefore, at low energies, the lightest charginos are mostly admixtures of the Higgsino and the wino W̃_2, which couples strongly to the Higgs. The heavy charginos are then composed mostly of Σ̃ and W̃_1, and decoupling them introduces a seesaw-like correction to the effective 2 × 2 mass matrix of the lightest charginos:

M^{±,eff}_{ij} ∼ M_{W̃2} −^1_2^{g2 u2}_{MΣ̃} −^{g21 g2}_4^{u4}_{M 2Σ̃MW̃1}^{1√}_2 g_2vs_β 1√ 2 g_2vc_β μ , (35)

where we have neglected higher-order corrections from decoupling M_{W̃1} . We perform a detailed study of the rate of the Higgs decay into diphotons, the electroweak constraints and the vacuum stability in the SU(2)_1 ⊗ SU(2)_2 gauge extended model. To this end, we have used a modified version of the program FeynHiggs [37] that incorporates the extended chargino and neutralino sectors.

3.3 Radiative Corrections to the Higgs Mass and Vacuum Stability Constraints

The tree-level Higgs mass enhancement from the non-decoupling D-term is also accompanied by a potentially large loop correction. As motivated earlier, the diphoton enhancement calls for a light, strongly interacting chargino in our model. As fermions, these charginos contribute to the renormalization group equation (RGE) of the Higgs quartic coupling in a way similar to the top quark, i.e. they produce a large negative beta function contribution. The chargino effects are small in the MSSM because the coupling g is small, but they are potentially relevant in our model because their RGE contribution is proportional to g^4_2 .

This effect can be explained in two different ways. Fixing the low energy quartic coupling by the measured Higgs mass M_h ∼ 125 GeV, the bottom-up RGE running of the quartic coupling drives it to negative values. In this case, a new vacuum deeper than the physical one is generated and the physical vacuum becomes unstable. This is generally the viewpoint adopted in non-supersymmetric models. To solve this problem, we need new bosons at some intermediate scale that stabilize the potential via positive contributions to the RGE and possible tree-level threshold corrections [28, 38–40].

On the other hand, in our model, we can inversely fix the quartic coupling by Eq. (29) at the scale m_W ′ =

√_1 2 (g^2_1 + g^2 )u, where SUSY is broken for the new W^′ and W̃^′ sector. The quartic coupling will then be enhanced in its RG evolution to low energies via the effects of the charginos and the top quark and its supersymmetric partners. Such effects may be strong enough to drive the Higgs mass to values larger than 125 GeV, and therefore a detailed analysis of these effects is required. Working in the unbroken phase of the electroweak interactions and with gauge eigenstates (W̃ , W̃^′, H̃), the (overall) new chargino and neutralino loop correction to the SM Higgs quartic coupling is d λ_H d log Q | | |_{χ̃} = − 1 32π^2 [ 2g^4_2 + (g^2 + g^{′2})^2 ] . (36)

Here λ^{tree}_H =^1_8 (g^2Δ + g^{′2}) cos^2 2β is the tree-level quartic coupling, which can be taken as its boundary condition at the scale of the heavy gauge boson masses in the running to low energies.^3 The first (second) term on the RHS corresponds to the contribution of the chargino (neutralino). The chargino contribution is the dominant term determining the RG evolution. We may neglect terms proportional to cos 2β, like the ones provided by first and second generation squarks and sleptons, since our focus will be on the regions near tan β ∼ 1 where the Higgs diphoton decay BR is maximized. Other particles that have potentially large beta function contributions include the non-standard charged and neutral Higgs bosons. These contributions are not proportional to cos 2β, and are positive; however, their contribution is only 1 (4π)^2 3 8 g^4_2 , which is a quarter of the chargino contribution [41].

If we perform the calculation with mass eigenstates, the loop contribution of a chargino or a neutralino enters only if its external momentum is greater than its mass. We need to take into account the mixing matrices U, V and Z; however, as we are considering large values of M_{Σ̃} and M_{W̃1} , significant mixing occurs only between the wino W̃_2 that couples strongly to the Higgs and the Higgsino, as assumed before. In this regime, we can consider approximate 2×2 unitary mixing matrices U and V , diagonalizing Eq. (35).

3.4 Electroweak Precision Constraints

The electroweak precision constraints in SU(2)_1 ⊗ SU(2)_2 gauge extended models have been extensively analysed in the literature, for instance, in Ref. [42]. These models introduce new corrections to the electroweak precision observables induced by the tree-level mixing of the W^± and Z with their heavy counterparts W^′ and Z^′. These corrections are beyond the oblique ones, in which all new physics comes in the loop correction of W^± and Z^0. Generally, these bosonic corrections may be parametrized by a small number of coefficients, which involve the new gauge couplings and the vacuum expectation value of the Σ field. However, the model we are considering has a non-universal flavor structure. The first two generation chiral supermultiplets couple to one SU(2) gauge group and the third generation and Higgs sector to the other SU(2), and hence the electroweak precision constraints results obtained in Refs. [25,42] cannot be directly used.

The model under consideration has common features with both case I and case II of Ref. [42]. Observables associated with the first two generation of fermions may be treated in analogy with case II, while those associated with the third generation and the Higgs receive similar corrections as in case I. The corrections to the third generation observables are then parametrized by the coefficient c_1 = (g/g_1)^4(v^2/2u^2), while due to their weaker coupling to the new gauge bosons, the first and second generation corrections are parametrized by the smaller coefficient d_1 = −(g/g_1)^2(g/g_2)^2(v^2/2u^2).

Because most electroweak precision measurement observables are associated with the first two generations and the W mass, naively we would expect the constraint to be dominated by similar bounds as in case II of Ref. [42]. However, the third generation observables, in particular for R_b = Γ_b/Γ_{had}, receive larger corrections, and then carry a strong weight in the global fit. In addition, the gauge boson induced corrections to R_b are large and negative, and then aggravate the deficiency of the SM theoretical prediction. This is the source of the major tension in the global fit to the precision electroweak observables. Let us mention in passing that one could in principle consider corrections to R_b by loops including stops and charginos. Light, right-handed stops with masses of the order of the top quark mass are currently allowed by experimental constraints [43] and can lead to corrections to R_b that are similar in magnitude, but of opposite sign, to the ones induced by the heavy gauge bosons [44]. In the following we shall not

3We adopt the convention of LSM ⊃ −λH (H^†H)^2 and v ∼ 246 GeV.

consider this possibility and use conservatively the stronger constraints obtained in the presence of heavy stops.

In addition to the corrections discussed above, there are oblique corrections that may be parametrized by the Peskin-Takeuchi S, T and U parameters. The bidoublet Σ gives an additional contribution to the electroweak precision observables, which may be quantified as [25, 26] ΔT ∼ 4π s^2_W c^2_W g^4_2 g^4

M^2_W u^2 M^4_Σ

. (37)

Given that we shall consider large values of M_Σ, these corrections are small in our case.

The oblique corrections induced by the new charginos and neutralinos are similar to ones induced the MSSM neutralinos and charginos, with appropriate modifications to the mixing matrices and W^±/Z^0 neutralino/chargino vertices. We have therefore also taken into account the fermionic oblique corrections to the S, T, U parameters and performed the analysis of the precision electroweak observables as outlined in [45]. In order to do this, we calculated the corrections to various electroweak precision measurements in terms of c_1 and d_1, which are summarized in Appendix A, and we performed a global fit to these observables [46] using the most recent PDG data [35].

4 Results and Discussion

4.1 Higgs Diphoton Decay Rate

The relevant parameters of our model are the three mass terms in the chargino/neutralino mass matrices of M_{W̃1} , M_{W̃2} , and μ, one soft mass term in the neutralino mass matrix, M_1, the ratio g_2/g_1, the bidoublet vev u, tan β, the soft mass m^′_Σ, and the fermionic triplet soft mass M_{Σ̃}. The top-stop sector also significantly affects the Higgs mass, and therefore the average stop mass M_{SUSY} and the mixing term Ã_t = A_t − μ cot β should be specified in order to compute m_h.

At first glance, we see that the desired chargino contribution to the Higgs diphoton decay rate is proportional to g^2 , but it is constrained by the value of the Higgs mass, determined from the Higgs quartic coupling RGE, which is proportional to g^4_2 . In order to maximize the Higgs diphoton decay rate, we need to maximize g_2/g_1, choose sin 2β ∼ 1, and minimize μM_2, with all the relevant constraints in mind. Our benchmark scenario is tan β ∼ 1, which simultaneously maximizes the diphoton enhancement in Eq. (34) and minimizes the tree-level Higgs mass in Eq. (29) to allow the maximal room for the RGE running from the chargino/neutralino sector. The Higgs mass is almost completely generated by radiative effects, so the parameter m_Σ does not affect the tree-level Higgs mass; the only constraint pushing m_Σ to large values comes from suppressing the contribution of the triplet to the T parameter in Eq. (37).

Since the Higgs does not couple to SU(2)_1, the effect of M_{W̃1} on the diphoton enhancement and quartic coupling running is small so, as stated before, we can choose a large M_{W̃1} value to decouple W̃_1. This choice maximizes the mixing between the W̃_2 wino and the Higgsino, and hence the diphoton decay BR enhancement. In the same way, we can decouple Σ̃. We will take large values for M_{W̃1} = 5 TeV and M_{Σ̃} = 10 TeV.

We can calculate the quartic coupling RGE in mass eigenstates, as discussed in Sec. 3.3: given that the heaviest and second heaviest charginos are decoupled, one may compute an effective chargino mass, M^±_{χ̃} , parameterizing the full chargino contribution to the Higgs quartic coupling beta function, Eq. (36),

b_{χ̃}+ log

M_{χ̃}±_3 M_{χ̃}± = b_1 log

M_{χ̃}±_2 M_{χ̃}±_1

+ b_2 log

M_{χ̃}±_3 M_{χ̃}±_2

(38)

where b_i is the beta function coefficient after mass eigenstate i enters the loop, and b_{χ̃}+ is given by the right-hand side of Eq. (36). The Higgs mass at one-loop level is then dominated by the chargino-neutralino

Figure 1: Contours of the ratio g_2/g_1 (blue vertical lines), the bidoublet vev u (pink dashed vertical lines) saturating the constraint^1_2 (^g_{g1} )^4(^v_u )^2 ≲ 2 × 10^{−3} (see Fig. 2), and the effective chargino mass M_{χ̃}± (black curves) in the plane of the SU(2)_2 coupling g_2 and the chargino/neutralino RGE running e-folding t = log M_W ′ /M_{χ̃}± . Points in the red band generate a Higgs mass between 124 and 127 GeV. As explained in the text, the lowest effective chargino mass consistent with the experimental and theoretical constraints is 490 GeV. Maximal values of the enhancement of the Higgs diphoton decay BR are denoted for some corresponding points in the red band – the 61% enhancement corresponds to M_{χ̃}± = 490 GeV. We assume soft supersymmetry breaking masses of the left- and right-handed stops of about 550 GeV and a mixing mass term Ã_t = 500 GeV.

Figure 2: Confidence level bounds at 68%, 95%, and 99% on c_1 =^1_2 (^g_{g1} )^4(^v_u )^2 and g_2/g_1 based on the global fit of the electroweak precision observables. Here we have fixed S = 0.11, T = 0.075, as explained in the text.

and top-stop sectors

M^2_h ≃ v^2 16π^2 ( 2g^4_2 + (g^2 + g^{′2})^2 ) log M_W ′ M_{χ̃}± + 3v^2 4π^2 y^4_t ( log M_{SUSY} M_t + Ã2_t 2M^2_{SUSY} ( 1 − Ã2_t 12M^2_{SUSY} )) , (39)

where y_t = √ 2m_t(M_t)/v, where y_t is the SM top Yukawa coupling at the top mass scale, with m_t(M_t) the running top mass at the same scale, M_{SUSY} =^1_2 (M_{t̃1} + M_{t̃2} ) is the SUSY breaking scale for stop sector as in the usual MSSM, and Ã_t = A_t − μ cot β. We adopt a small top-stop sector contribution of a few thousand GeV^2 in order to maximize the RGE running of the chargino-neutralino sector. In our benchmark scenario, we choose 550 GeV for the soft breaking parameters of the left-handed and righthanded stops and Ã_t ≃ 500 GeV for the stop mixing parameter. Including two-loop QCD and top Yukawa induced corrections, lead to a contribution to M^2_h of about 5000 GeV^2, compared to (125 GeV)^2 = 15600 GeV^2 [47]. The Higgs mass then gives a constraint between g_2 and the light chargino masses: if we increase g_2 in Eq. (36), the allowed RGE runnning space quantified by log M_W ′ /M_{χ̃}± is reduced, which will logarithmically raise the chargino/neutralino mass and eventually suppress the diphoton decay BR. In Fig. 1, we have plotted with a red band the region of parameters consistent with the Higgs mass measurement.

The key constraint comes from the electroweak precision measurement. As discussed before, the bosonic sector contributions are parameterized by the coefficients c_1 and d_1, which depend only on u and g_2/g_1 in our parameter set. On the other hand, for low values of tan β ∼ 1 and keeping the lightest chargino mass close to the LEP bound (as required to maximize the Higgs diphoton decay rate), the fermionic contributions to the S and T parameters do not present large variations. In Fig. 1, S ∼ T ∼ 0.1 for different values of g_2/g_1 and u lying in the red band that generate proper Higgs masses. The region of parameters selected by the fit to precision measurement data at 95% confidence level is shown in Fig. 2.^4 For a given value of g_2/g_1, from Fig. 2, we can find the value of u, and hence the W^′ mass, that saturates the bound on c_1. We are left with only two undetermined relevant parameters – M_{W̃2} and μ – in the chargino sector.

The scan results are shown in Fig. 3, where we have chosen u = 3160 GeV and g_2/g_1 = 2.08. The M_{χ̃}± scales are shown as the red dashed curves in Fig. 3. The LEP bound on the lightest chargino of 103.5 GeV is given by the shaded gray area, while the blue lines show the enhancement of the BR of the SM-like Higgs decay into diphotons over the SM value. From Fig. 1, we see that the effective chargino mass leading to the proper Higgs mass value for these parameters is about 490 GeV. The negative corrections to M_{W̃2} in the (1, 1) element of the effective chargino matrix of Eq. (35) are about 1.2 TeV. This figure therefore shows the case in which this effective chargino mass is obtained for parameters leading to maximal mixing between the wino W̃_2 and the Higgsino and a lightest chargino mass close to the LEP bound.^5 Since the contributions to the Higgs diphoton decay rate tend to be maximized for maximal mixing and for the smallest value of the lightest chargino mass, this case therefore corresponds to the maximal value of the diphoton decay BR that may be obtained in this model. The maximal value of the Higgs diphoton decay BR is about 61% as shown by the blue line tangent to the boundary of the grey area in the example presented in this figure. From Fig. 1, we see that larger values of g_2 will result in an increased effective chargino scale. Also, in spite of larger values of g_2, the effective coupling of the lightest chargino to the Higgs is reduced due to smaller mixing between the Higgsino and wino. For example, for g_2/g_1 ≃ (2.20, 2.35), M_{χ̃}± ≃ (700, 1000) GeV is obtained to generate the proper Higgs mass, which leads to a maximum Higgs diphoton decay BR enhancement of about (50%, 40%). These maximal values are shown by blue dots in Fig. 1.

4Our best fit with all five parameters has a χ^2/dof of 14.9/20. If we set T = 0.075, S = 0.11, and U = 0, we have a best fit of 18.8/23. In comparison, the SM is 17.2/25.

5The 490 GeV value of the effective chargino mass is close to the next-to-lightest chargino mass. The lightest chargino contributes to the quartic RGE via a box diagram with four propagators fixed to be χ̃^±_1 . At energies above the next-to-lightest chargino mass, instead, both charginos can contribute via box diagrams with either χ̃^±_1 or χ̃^±_2 in the loop, so the effective beta function coefficient is much larger than at lower energies.

Figure 3: Chargino mass and diphoton decay BR contours, for the slice with g_2/g_1 = 2.08, u = 3160 GeV, M_{W̃1} = 5 TeV and M_{Σ̃} = 10 TeV. The grey region is excluded by the LEP bound on the lightest chargino mass M_{χ̃}±_1 > 103.5 GeV. The diphoton decay BR enhancement contours are blue curves. The effective RGE starting scale M_{χ̃}± contours are red dashed curves. At the tangent point of the 103.5 GeV lightest chargino mass bound and the M_{χ̃}± = 490 GeV curve, a Higgs diphoton decay BR of 3.75 × 10^{−3}, or an enhancement of about 61%, can be achieved.

In Fig. 4 we show the chargino and neutralino contributions to the electroweak precision measurement S and T parameters, where we have also included the small contributions associated with the stop sector. The total contributions to S and T are small and positive, and remain consistent with the allowed values of these parameters obtained from a fit to the electroweak precision data [35]. We can see that at the corresponding point for maximal Higgs diphoton decay BR enhancement, T = 0.075, S = 0.11.

As previously emphasized, in our benchmark scenario, we have employed light top squarks with masses of about 550 GeV in order to minimize the value of the effective chargino mass M_{χ̃}± . Such light stops enhance the gluon fusion rate by about 10% compared with the SM, and provide an additional enhancement to all Higgs production rates in the gluon fusion channel. Larger stop masses will reduce this rate enhancement, but due to their impact on the Higgs mass, they will reduce the possibility of having light charginos with strong coupling to the Higgs, as is assumed in this work. Therefore, a prediction of this model would be a slight enhancement of the gluon fusion Higgs production channels compared to the SM ones. No such enhancement should be observable in the weak boson fusion channels, apart from the obvious case of the diphoton decay rate, that was analysed in detail in this work.

In the MSSM, for tan β ≲ 1.2, the top Yukawa coupling is large and in the RGE running blows up below the GUT scale. However, in our model, there are additional strong SU(2)_2 gauge coupling effects that induce a large negative contribution to the top Yukawa RGE. Using the modified RGE evolution of the gauge and Yukawa couplings, and taking into account the breaking of SU(2)_1 ⊗ SU(2)_2 → SU(2)_L in a consistent way [26], we have checked that the top Yukawa coupling remains perturbative up to the scales of the order of the Planck scale.

Relaxing the exact condition tan β = 1 increases the tree-level contribution to the Higgs mass, Eq. (29), and therefore reduces the possible chargino contributions to the running of the Higgs quartic coupling RGE. The tree-level contribution depends on the value of Δ, which in turn depends on m_Σ. Choosing values of the scalar (and fermion) triplet mass to be of the order of the heavy gauge boson masses,

Figure 4: Contours of electroweak precision observables S and T parameters for the same choice of model parameters as in Fig. 3. The chargino and neutralino contributions to the Peskin-Takeuchi T and S parameters are the green and purple dotted curves. We can see that at the corresponding point for maximal Higgs diphoton decay BR enhancement, T = 0.075, S = 0.11.

M_{Σ̃} ≃ m_Σ ≃ m_W ′ , one obtains a value of Δ ≃ 1 + 2(g_2/g_1)^2/3, while choosing as before large values for these masses leads to Δ ≃ 1 + (g_2/g_1)^2. Therefore, the value of Δ is correlated with g_2/g_1. Varying these masses in that range and taking all other parameters to saturate the bounds on the precision electroweak measurements and on the chargino mass of about 103.5 GeV, for tan β = 1.5 we can get a maximal Higgs diphoton decay branching ratio enhancement of about 42%, while for tan β = 2.0 the maximal enhancement reduces to about 34%.

4.2 Chargino and Neutralino Searches at the LHC

In the neutralino sector, in addition to the parameters entering in the chargino sector, there is a new parameter, representing the bino soft mass M_1 which controls the mixing between the bino, the light Higgsino, and the W̃_2 wino states. If the bino mass M_1 is sent to very large values, the lightest chargino becomes degenerate in mass with the lightest neutralino, and the chargino decay width is suppressed. This suppression may be sufficiently strong to lead to long-lived charginos. These can generate charged tracks that eventually become missing energy signatures, which are strongly constrained. This situation may be avoided if the mass splitting is larger than a few hundred MeV [48] and from Fig. 5, we see that this is easily achieved if M_1 is smaller than a few hundred GeV.

We also plot the region of negative M_1 in Fig. 5. For small values of |M_1| the lightest neutralino mass is mostly bino. The structure around M_1 = 0 is due to the sign change of the lightest neutralino mass. For sufficiently negative M_1 ≲ −100 GeV, the lightest chargino is even lighter than the neutralino, and they are approximately degenerate in mass. This situation is viable if the lightest chargino decays, for instance in gauge mediation with a gravitino LSP. With this spectrum, in the process pp → W^+ → χ̃^+_1 χ̃^0_1, the neutralino can decay to a chargino with a very soft W^± which will escape detection. Although the phase space of this process is suppressed, the competing gravitino decay mode of the neutralino is also suppressed, so the BR of its decay into charginos tends to be sizable. The two light charginos obtained in this process, as well as those directly produced in pairs, give two W^± bosons and a small amount of MET. Therefore, charginos contribute to the total inclusive W^+W^− cross section, and as suggested in

Figure 5: Masses of the lightest neutralino (red curve) and the next-to-lightest neutralino (blue line) as a function of M_1. Also plotted is the mass of the lightest chargino (green dashed line).

Ref. [49], may lead to a possible improvement of the agreement between the SM theoretical prediction and the experimental value of the W^+W^− production rate [50–52].

Another constraint for the chargino/neutralino mass spectrum comes from trilepton searches [53–57], which include the process pp → W^± → χ̃^±_1 χ̃^0_2 → (W^±χ̃^0_1)(Zχ̃^0_1), where W^± and Z^0 decay leptonically. Small values |M_1| ≲ 50 GeV are in tension with ATLAS chargino search results [57]. Note that we chose μ = 215 GeV and values of M_{W̃2} such that the lightest chargino mass is close to the LEP bound. For tan β ∼ 1, there is a neutralino mass eigenstate that is almost purely Higgsino, with mass very close to μ = 215 GeV according to our choice of parameters. This eigenstate will be the second-lightest one if M_1 becomes large.

5 Conclusion

In this paper, we have revisited the SU(2)_1 ⊗ SU(2)_2 gauge extension of the MSSM in the context of the recent discovery at the LHC of a 125 GeV Higgs and measurement of an enhanced Higgs diphoton decay rate. The SU(2)_1 ⊗ SU(2)_2 gauge group is broken to the SM SU(2)_L gauge group at TeV scale energies, where at higher energies the Higgs and the third generation quarks couple only to the strongly coupled SU(2)_2 gauge interactions. The model is reviewed in some detail, making emphasis on the possible impact of light charginos and neutralinos on the predicted value of the SM-like Higgs mass. The RGE of the effective quartic coupling of the SM-like Higgs may receive important contributions from the SU(2)_2 charginos and neutralinos, and the same charginos can lead to an important modification of the rate of the decay of the Higgs into diphotons.

We showed that in order to maximize the effect of the light charginos on the diphoton decay rate of the Higgs, the value of tan β ∼ 1, which implies that the Higgs mass becomes small at tree-level and is mostly obtained by radiative corrections. In the MSSM, such large radiative corrections can only be generated by very heavy stops with masses of the order of tens of TeV. In this model, however, the chargino effects may be strong enough to lift the Higgs mass to the required values even for relatively small values of the third generation squarks. Indeed, the Higgs mass puts an upper bound on the possible values of the strong SU(2)_2 gauge coupling and on the effective chargino mass, and therefore on its effects on the Higgs diphoton decay width. We made a detailed analysis of the precision electroweak constraints on the parameters of this model, which lead to a bound on the heavy gauge boson masses that depend on the precise value of the SU(2)_1 and SU(2)_2 couplings. We also took into account the current experimental bound on the sparticle masses. After all constraints were taken into account, we showed that an enhancement of the Higgs diphoton decay rate of about 61% of the SM value may be obtained in this model, with perturbativity maintained up to scales of the order of the Planck scale.

In this work, we have made specific choices for the masses of the non-standard Higgs bosons as well as for the third generation squarks. We have also not considered the possible chargino two-loop effects on the RGE of the Higgs quartic coupling. Smaller values of the CP-odd Higgs mass m_A lead to a slower RGE of the Higgs quartic coupling, while due to logarithmic enhancements two-loop chargino effects may vary the Higgs mass by amounts of the same order as the one-loop heavy Higgs ones. We reserve for future work a detailed analysis of the possible two-loop corrections as well as variations of our results with changes of the squark and Higgs mass parameters.

6 Acknowledgments

We are grateful to Tim Tait for discussions on the EW precision measurement constraints. R. H. wishes to thank Pedro Schwaller for useful discussions. A. T. would like to thank Kfir Blum, Andrey Katz and Scott Thomas for discussions. G. L. was supported by an NSERC PGS Fellowship. Work at ANL is supported in part by the U.S. Department of Energy under Contract No. DE-AC02-06CH11357. A. T. acknowledges support from DOE grant DE-FG02-96ER40959 and the Sidney Bloomenthal fellowship during early stages of this work.

A Table of Electroweak Precision Constraints

Observable SU(2)_1 × SU(2)_2 value

Γ_Z (Γ_Z )_{SM} (1 − 0.557c_1 − 0.338d_1 − 0.00385S + 0.0106T ) R_e (R_e)_{SM} (1 − 0.503c_1 + 0.585d_1 − 0.00301S + 0.00214T ) R_μ (R_μ)_{SM} (1 − 0.503c_1 + 0.585d_1 − 0.00301S + 0.00214T ) R_τ (R_τ )_{SM} (1 − 1.554c_1 + 1.637d_1 − 0.00301S + 0.00214T ) σ_h (σ_h)_{SM} (1 − 0.611c_1 + 0.629d_1 + 0.000665 − 0.000700T ) R_b (R_b)_{SM} (1 − 1.786c_1 + 1.767d_1 + 0.000985S − 0.000472T ) R_c (R_c)_{SM} (1 + 0.503c_1 − 0.468d_1 − 0.00129S + 0.000913T ) A^e_{F B} (A^e_{F B} )_{SM} + 0.173d_1 − 0.00632S + 0.00449T A^μ_{F B} (A^μ_{F B} )_{SM} + 0.173d_1 − 0.00632S + 0.00449T A^τ_{F B} (A^τ_{F B} )_{SM} − 0.201c_1 + 0.374d_1 − 0.00632S + 0.00449T A_τ (P_τ ) (A_τ (P_τ ))_{SM} − 1.817c_1 + 2.597d_1 − 0.0286S + 0.0203T A_e(P_τ ) (A_e(P_τ ))_{SM} + 0.780d_1 − 0.0286S + 0.0203T A^b_{F B} (A^b_{F B} )_{SM} − 0.015c_1 + 0.530d_1 − 0.0189S + 0.0134T A^c_{F B} (A^c_{F B} )_{SM} + 0.399d_1 − 0.0146S + 0.0104T M^2_W (M^2_W )_{SM} (1 + 0.430d_1 − 0.00727S + 0.112T + 0.00846U) g^2_L(νN → νX) (g^2_L(νN → νX))_{SM} + 0.246d_1 − 0.00269S + 0.00663T g^2_R(νN → νX) (g^2_R(νN → νX))_{SM} − 0.085d_1 + 0.000937S − 0.000192T g_{eV} (νe → νe) (g^2_{eV} (νe → νe))_{SM} − 0.661d_1 + 0.00727S − 0.00546T g^2_{eA}(νe → νe) (g^2_{eA}(νe → νe))_{SM} − 0.00391T Q_W (Cs) (Q_W (Cs))_{SM} + 72.7d_1 − 0.796S − 0.0113T

Table 1: Table of changes to electroweak precision observables in terms of the Peskin-Takeuchi parameters S, T, U and the quantities c_1 = (g/g_1)^4(v^2/2u^2) and d_1 = −(g/g_1)^2(g/g_2)^2(v^2/2u^2). This is modelled on Table 3 of [42], and the analysis follows [45].

References

[1] G. Aad et al. [ATLAS Collaboration], “Combined search for the Standard Model Higgs boson using up to 4.9 fb-1 of pp collision data at sqrt(s) = 7 TeV with the ATLAS detector at the LHC,” Phys. Lett. B 710, 49 (2012) [arXiv:1202.1408 [hep-ex]].

[2] S. Chatrchyan et al. [CMS Collaboration], “Combined results of searches for the standard model Higgs boson in pp collisions at sqrt(s) = 7 TeV,” Phys. Lett. B 710, 26 (2012) [arXiv:1202.1488 [hep-ex]].

[3] G. Aad et al. [ATLAS Collaboration], “Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC,” Submitted to: Phys.Lett.B [arXiv:1207.7214 [hep-ex]].

[4] S. Chatrchyan et al. [CMS Collaboration], “Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC,” Phys. Lett. B [arXiv:1207.7235 [hep-ex]].

[5] T. Aaltonen et al. [CDF and D0 Collaborations], Phys. Rev. Lett. 109, 071804 (2012) [arXiv:1207.6436 [hep-ex]].

[6] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-160, ATLAS-CONF-2012-161; S. Chatrchyan et al. [CMS Collaboration], CMS-PAS-HIG-12-043, CMS-HIG-PAS-12-044.

[7] M. S. Carena, J. R. Espinosa, M. Quiros and C. E. M. Wagner, Phys. Lett. B 355, 209 (1995) [hep-ph/9504316]; M. S. Carena, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 461, 407 (1996) [hep-ph/9508343]; H. E. Haber, R. Hempfling and A. H. Hoang, Z. Phys. C 75, 539 (1997) [hep-ph/9609331]; S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9, 343 (1999) [hep-ph/9812472]; M. S. Carena, H. E. Haber, S. Heinemeyer, W. Hollik, C. E. M. Wagner and G. Weiglein, Nucl. Phys. B 580, 29 (2000) [hep-ph/0001002].

[8] L. J. Hall, D. Pinner and J. T. Ruderman, JHEP 1204, 131 (2012) [arXiv:1112.2703 [hep-ph]].

[9] A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi and J. Quevillon, Phys. Lett. B 708, 162 (2012) [arXiv:1112.3028 [hep-ph]].

[10] P. Draper, P. Meade, M. Reece and D. Shih, Phys. Rev. D 85, 095007 (2012) [arXiv:1112.3068 [hep-ph]].

[11] M. Carena, S. Gori, N. R. Shah and C. E. M. Wagner, JHEP 1203, 014 (2012) [arXiv:1112.3336 [hep-ph]].

[12] A. Djouadi, Phys. Lett. B 435, 101 (1998) [hep-ph/9806315];

[13] F. J. Petriello, JHEP 0205, 003 (2002) [hep-ph/0204067]; T. Han, H. E. Logan, B. McElrath and L. -T. Wang, Phys. Lett. B 563, 191 (2003) [Erratum-ibid. B 603, 257 (2004)] [hep-ph/0302188]; C. -R. Chen, K. Tobe and C. -P. Yuan, Phys. Lett. B 640, 263 (2006) [hep-ph/0602211]; A. Djouadi and G. Moreau, Phys. Lett. B 660, 67 (2008) [arXiv:0707.3800 [hep-ph]]; A. Falkowski, Phys. Rev. D 77, 055018 (2008) [arXiv:0711.0828 [hep-ph]]; N. Maru, Mod. Phys. Lett. A 23, 2737 (2008) [arXiv:0803.0380 [hep-ph]]; R. Dermisek and I. Low, Phys. Rev. D 77, 035012 (2008) [hep-ph/0701235 [HEP-PH]]; G. Cacciapaglia, A. Deandrea and J. Llodra-Perez, JHEP 0906, 054 (2009) [arXiv:0901.0927 [hep-ph]]; R. Boughezal and F. Petriello, Phys. Rev. D 81, 114033 (2010) [arXiv:1003.2046 [hep-ph]]; S. Casagrande, F. Goertz, U. Haisch, M. Neubert and T. Pfoh, JHEP 1009, 014 (2010) [arXiv:1005.4315 [hep-ph]]; A. Azatov, M. Toharia and L. Zhu, Phys. Rev. D 82, 056004 (2010) [arXiv:1006.5939 [hep-ph]].

[14] J. Cao, Z. Heng, T. Liu and J. M. Yang, Phys. Lett. B 703, 462 (2011) [arXiv:1103.0631 [hepph]]; E. Furlan, JHEP 1110, 115 (2011) [arXiv:1106.4024 [hep-ph]]; A. Alves, E. Ramirez Barreto, A. G. Dias, C. A. de S.Pires, F. S. Queiroz and P. S. Rodrigues da Silva, Phys. Rev. D 84, 115004 (2011) [arXiv:1109.0238 [hep-ph]]; A. Azatov and J. Galloway, Phys. Rev. D 85, 055013 (2012) [arXiv:1110.5646 [hep-ph]]; Y. Bai, J. Fan and J. L. Hewett, arXiv:1112.1964 [hep-ph]; B. Batell, S. Gori and L. -T. Wang, arXiv:1112.5180 [hep-ph]; S. Heinemeyer, O. Stal and G. Weiglein, Phys. Lett. B 710, 201 (2012) [arXiv:1112.3026 [hep-ph]]; B. A. Dobrescu, G. D. Kribs and A. Martin, Phys. Rev. D 85, 074031 (2012) [arXiv:1112.2208 [hep-ph]]; A. Arvanitaki and G. Villadoro, JHEP 1202, 144 (2012) [arXiv:1112.4835 [hep-ph]]; S. Kanemura and K. Yagyu, arXiv:1201.6287 [hep-ph]; J. -J. Cao, Z. -X. Heng, J. M. Yang, Y. -M. Zhang and J. -Y. Zhu, JHEP 1203, 086 (2012) [arXiv:1202.5821 [hep-ph]]; N. D. Christensen, T. Han and S. Su, arXiv:1203.3207 [hep-ph]; V. Barger, M. Ishida and W. -Y. Keung, arXiv:1203.3456 [hep-ph]; M. Carena, S. Casagrande, F. Goertz, U. Haisch and M. Neubert, arXiv:1204.0008 [hep-ph]; P. Draper and D. McKeen, arXiv:1204.1061 [hep-ph]; K. Kumar, R. Vega-Morales and F. Yu, arXiv:1205.4244 [hep-ph]; S. Dawson and E. Furlan, arXiv:1205.4733 [hep-ph]; A. Arhrib, R. Benbrik and C. -H. Chen, arXiv:1205.5536 [hep-ph]; A. G. Akeroyd and S. Moretti, arXiv:1206.0535 [hep-ph];

[15] R. Benbrik, M. Gomez Bock, S. Heinemeyer, O. Stal, G. Weiglein and L. Zeune, Eur. Phys. J.

C 72, 2171 (2012) [arXiv:1207.1096 [hep-ph]]; H. An, T. Liu and L. -T. Wang, Phys. Rev. D 86, 075030 (2012) [arXiv:1207.2473 [hep-ph]]; T. Abe, N. Chen and H. -J. He, arXiv:1207.4103 [hep-ph]; L. G. Almeida, E. Bertuzzo, P. A. N. Machado and R. Z. Funchal, arXiv:1207.5254

[hep-ph]; K. Schmidt-Hoberg and F. Staub arXiv:1208.1683 [hep-ph]; R. Sato, K. Tobioka, and N. Yokozaki Phys. Lett. B716 (2012) 441–445 [arXiv:1208.2630 [hep-ph]]; H. Davoudiasl, H.- S. Lee, and W. J. Marciano, arXiv:1208.2973 [hep-ph]; T. Kitahara arXiv:1208.4792 [hep-ph]]; M. Voloshin, arXiv:1208.4303 [hep-ph]; A. Urbano, arXiv:1208.5782 [hep-ph]; E. J. Chun, H. M. Lee, and P. Sharma, arXiv:1209.1303 [hep-ph]; H. M. Lee, M. Park, and W.-I. Park, arXiv:1209.1955 [hep-ph]; L. Wang and X.-F. Han, arXiv:1209.0376 [hep-ph]; M. Chala, arXiv:1210.6208 [hep-ph]; H. Davoudiasl, I. Lewis and E. Ponton, arXiv:1211.3449 [hep-ph].

[16] A. Delgado, G. Nardini and M. Quiros, arXiv:1207.6596 [hep-ph]. [17] I. Low and S. Shalgar, JHEP 0904, 091 (2009) [arXiv:0901.0266 [hep-ph]]. [18] I. Low, R. Rattazzi and A. Vichi, JHEP 1004, 126 (2010) [arXiv:0907.5413 [hep-ph]]; I. Low and A. Vichi, Phys. Rev. D 84, 045019 (2011) [arXiv:1010.2753 [hep-ph]].

[19] M. Carena, I. Low and C. E. M. Wagner, JHEP 1208, 060 (2012) [arXiv:1206.1082 [hep-ph]]. [20] M. Carena, S. Gori, N. R. Shah, C. E. M. Wagner and L. -T. Wang, arXiv:1205.5842 [hep-ph]. [21] M. Carena, S. Gori, I. Low, N. R. Shah and C. E. M. Wagner, arXiv:1211.6136 [hep-ph]. [22] A. Joglekar, P. Schwaller and C. E. M. Wagner, arXiv:1207.4235 [hep-ph]. [23] K. Blum, R. T. D’Agnolo and J. Fan, arXiv:1206.5303 [hep-ph]. [24] M. Reece, arXiv:1208.1765 [hep-ph].

[25] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, “The Higgs mass bound in gauge extensions of the minimal supersymmetric standard model,” JHEP 0402, 043 (2004) [hep-ph/0309149].

[26] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, “Running into new territory in SUSY parameter space,” JHEP 0406, 032 (2004) [hep-ph/0404251].

[27] A. D. Medina, N. R. Shah and C. E. M. Wagner, Phys. Rev. D 80, 015001 (2009) [arXiv:0904.1625 [hep-ph]].

[28] M. S. Carena, A. Megevand, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 716, 319 (2005) [hep-ph/0410352].

[29] N. Craig, D. Green and A. Katz, JHEP 1107, 045 (2011) [arXiv:1103.3708 [hep-ph]]; N. Craig, S. Dimopoulos and T. Gherghetta, JHEP 1204, 116 (2012) [arXiv:1203.0572 [hep-ph]].

[30] A. Djouadi, Phys. Rept. 457, 1 (2008) [hep-ph/0503172]. [31] A. Djouadi, Phys. Rept. 459, 1 (2008) [hep-ph/0503173].

[32] J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B 106, 292 (1976). [33] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, Sov. J. Nucl. Phys. 30, 711 (1979) [Yad. Fiz. 30, 1368 (1979)].

[34] T. Liu, private communication.

[35] J. Beringer et al. [Particle Data Group Collaboration], “Review of Particle Physics (RPP),” Phys.

Rev. D 86, 010001 (2012).

[36] LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL experiments, note LEPSUSYWG/01-03.1 LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL experiments, note LEPSUSYWG/02-04.1 (http://lepsusy.web.cern.ch/lepsusy/Welcome.html).

[37] S. Heinemeyer, W. Hollik and G. Weiglein, “FeynHiggs: A Program for the calculation of the masses of the neutral CP even Higgs bosons in the MSSM,” Comput. Phys. Commun. 124, 76 (2000) [hep-ph/9812320].

S. Heinemeyer, W. Hollik and G. Weiglein, “The Masses of the neutral CP - even Higgs bosons in the MSSM: Accurate analysis at the two loop level,” Eur. Phys. J. C 9, 343 (1999) [hep-ph/9812472]. G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, “Towards high precision predictions for the MSSM Higgs sector,” Eur. Phys. J. C 28, 133 (2003) [hep-ph/0212020]. M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein, “The Higgs Boson Masses and Mixings of the Complex MSSM in the Feynman-Diagrammatic Approach,” JHEP 0702, 047 (2007) [hep-ph/0611326].

[38] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, H. M. Lee and A. Strumia, JHEP 1206, 031 (2012) [arXiv:1203.0237 [hep-ph]].

[39] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori and A. Strumia, JHEP 1208, 098 (2012) [arXiv:1205.6497 [hep-ph]].

[40] N. Arkani-Hamed, K. Blum, R. T. D’Agnolo and J. Fan, “2:1 for Naturalness at the LHC?,” arXiv:1207.4482 [hep-ph].

[41] T. Ibrahim and P. Nath, Phys. Rev. D 63, 035009 (2001) [hep-ph/0008237]. [42] R. S. Chivukula, H. -J. He, J. Howard and E. H. Simmons, “The Structure of electroweak corrections due to extended gauge symmetries,” Phys. Rev. D 69, 015009 (2004) [hep-ph/0307209].

[43] G. Aad et al. [ATLAS Collaboration], arXiv:1209.4186 [hep-ex], CMS Collaboration, PAS-SUS-12- 022.

[44] J. D. Wells, C. F. Kolda and G. L. Kane, Phys. Lett. B 338, 219 (1994) [hep-ph/9408228];

M. S. Carena and C. E. M. Wagner, Nucl. Phys. B 452, 45 (1995) [hep-ph/9408253]. [45] C. P. Burgess, S. Godfrey, H. Konig, D. London and I. Maksymyk, “Model independent global constraints on new physics,” Phys. Rev. D 49, 6115 (1994) [hep-ph/9312291].

[46] Z. Han and W. Skiba, “Effective theory analysis of precision electroweak data,” Phys. Rev. D 71, 075009 (2005) [hep-ph/0412166].

[47] M. S. Carena, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 461, 407 (1996) [hep-ph/9508343]. [48] J. F. Gunion and S. Mrenna, “Probing models with near degeneracy of the chargino and LSP at a linear e+ e- collider,” Phys. Rev. D 64, 075002 (2001) [hep-ph/0103167].

[49] D. Curtin, P. Jaiswal and P. Meade, arXiv:1206.6888 [hep-ph].

[50] “Measurement of the W+W- Production Cross Section in Proton-Proton Collisions at sqrt(s) = 7 TeV with the ATLAS Detector”, ATLAS-CONF-2012-025 [51] “Measurement of WW production rate”, CMS-PAS-SMP-12-005 [52] “Measurement of WW production rate”, CMS-PAS-SMP-12-013

[53] S. Chatrchyan et al. [CMS Collaboration], JHEP 1206, 169 (2012) [arXiv:1204.5341 [hep-ex]]. [54] S. Chatrchyan et al. [CMS Collaboration], arXiv:1209.6620 [hep-ex]. [55] G. Aad et al. [ATLAS Collaboration], arXiv:1208.2884 [hep-ex]. [56] G. Aad et al. [ATLAS Collaboration], arXiv:1208.3144 [hep-ex].

[57] ATLAS Collaboration, ATLAS-CONF-2012-154; CMS Collaboration, PAS-SUS-12-022.