Published by Institute of Physics Publishing for SISSA/ISAS Received: December 10, 2004 Revised: February 15, 2005 Accepted: February 26, 2005

NMHDECAY: A fortran code for the Higgs masses, couplings and decay widths in the NMSSM

Ulrich Ellwanger

Laboratoire de Physique Théorique^∗ Université de Paris XI Bâtiment 210, F-91405 Orsay Cedex, France E-mail: Ulrich.Ellwanger@th.u-psud.fr

John F. Gunion

Department of Physics, University of California at Davis Davis, CA 95616, U.S.A.

E-mail: gunion@physics.ucdavis.edu

Cyril Hugonie

Instituto de Física Corpuscular — CSIC/Universitat de València Edificio Institutos de Investigación Apartado de Correos 22085, E-46071 València, Spain E-mail: Cyril.Hugonie@th.u-psud.fr

Abstract: The Fortran code NMHDECAY computes the masses, couplings and decay widths of all Higgs bosons of the NMSSM in terms of its parameters at the electroweak (or Susy breaking) scale: the Yukawa couplings λ and κ, the soft trilinear terms A_λ and A_κ, and tan β and μ_{eff} = λ ⟨S⟩. The computation of the spectrum includes leading two loop terms, electroweak corrections and propagator corrections. The computation of the decay widths is carried out as in HDECAY, but (for the moment) without three body decays. Each point in parameter space is checked against negative Higgs bosons searches at LEP, including unconventional channels relevant for the NMSSM. One version of the program uses generalized SLHA conventions for input and output.

Keywords: Supersymmetry Phenomenology, Supersymmetric Standard Model.

∗Unité Mixte de Recherche — CNRS — UMR 8627.

© SISSA/ISAS 2005 http://jhep.sissa.it/archive/papers/jhep022005066 /jhep022005066 .pdf

Contents

1. Introduction 2

2. Radiative corrections in the Higgs sector 4

3. Higgs decays 7

4. Constraints on the parameter space 8

5. How to use NMHDECAY 9 5.1 NMHDECAY SLHA 10 5.2 NMHDECAY SCAN 12

6. Results and discussion 13

7. Conclusions 18

A. Conventions and tree level mass matrices 23 A.1 General conventions for the NMSSM 23 A.2 Higgs sector at tree level 23 A.3 CP-even neutral states 24 A.4 CP-odd neutral states 24 A.5 Charged states 26 A.6 SUSY particles 26 A.6.1 Neutralinos 26 A.6.2 Charginos 26 A.7 Top and bottom squarks 27

B. Tree level Feynman rules 28 B.1 Feynman rules for the Higgs couplings 28 B.1.1 Higgs-quarks 28 B.2 Higgs-Gauge bosons 28 B.3 Higgs-neutralinos/charginos 28 B.4 Triple Higgs interactions 29

C. Radiative corrections to the Higgs mass matrices 30

– 1 –

1. Introduction

The Next to Minimal Supersymmetric Standard Model (NMSSM [1]–[11]) provides a very elegant solution to the μ problem of the MSSM via the introduction of a singlet superfield ^S. For the simplest possible scale invariant form of the superpotential, the scalar component of ^S acquires naturally a vacuum expectation value of the order of the Susy breaking scale, giving rise to a value of μ of order the electroweak scale. The NMSSM is actually the simplest supersymmetric extension of the standard model in which the electroweak scale originates from the Susy breaking scale only.

In addition, the NMSSM renders the “little fine tuning problem” of the MSSM, originating from the non-observation of a neutral CP-even Higgs boson at LEP II, less severe [2].

A possible cosmological domain wall problem [3] can be avoided by introducing suitable non-renormalizable operators [4] that do not generate dangerously large singlet tadpole diagrams [12].

Hence, the phenomenology of the NMSSM deserves to be studied at least as fully and precisely as that of the MSSM. Its particle content differs from the MSSM by the addition of one CP-even and one CP-odd state in the neutral Higgs sector (assuming CP conservation), and one additional neutralino. Thus, the physics of the Higgs bosons – masses, couplings and branching ratios [1] and [5]–[11] can differ significantly from the MSSM. The purpose of the Fortran code NMHDECAY (Non Minimal Higgs Decays), that accompanies the present paper, is an accurate computation of these properties of the Higgs bosons in the NMSSM in terms of the parameters in the lagrangian. As its name suggests, the Fortran code uses to some extent — for MSSM-like processes — parts of the code HDECAY that is applicable to the Higgs sector of the MSSM [13].

In the present paper we define the NMSSM in terms of its parameters at the Susy breaking scale. No assumption on the soft terms (like universal soft terms at a GUT scale) are made. The parameters in the Higgs sector are chosen as follows:

(a) Apart from the usual quark and lepton Yukawa couplings, the scale invariant superpotential is λ ^S ^H_u ^H_d + κ 3 ^S^3 (1.1)

depending on two dimensionless couplings λ, κ beyond the MSSM. (Hatted capital letters denote superfields, and unhatted capital letters will denote their scalar components).

(b) The associated trilinear soft terms are λA_λSH_uH_d + κ 3 A_κS^3 . (1.2)

(c) The final two input parameters are

tan β = ⟨H_u⟩ ⟨H_d⟩ μ_{eff} = λ ⟨S⟩ . (1.3)

– 2 –

These, along with M_Z , can be viewed as determining the three Susy breaking masses squared for H_u, H_d and S through the three minimization equations of the scalar potential.

Thus, as compared to two independent parameters in the Higgs sector of the MSSM (often chosen as tan β and M_A), the Higgs sector of the NMSSM is described by the six parameters

λ , κ , A_λ , A_κ , tan β , μ_{eff} . (1.4)

We will choose sign conventions for the fields such that λ and tan β are positive, while κ, A_λ, A_κ and μ_{eff} should be allowed to have either sign. For any choice of these parameters — as well as of the values for the gaugino masses and of the soft terms related to the squarks and sleptons that contribute to the radiative corrections in the Higgs sector and to the Higgs decay widths — NMHDECAY performs the following tasks:

1. It computes the masses and couplings of all physical states in the Higgs, chargino and neutralino sectors. Error messages are produced if a Higgs or squark mass squared is negative.

2. It computes the branching ratios into two particle final states (including charginos and neutralinos — decays to squarks and sleptons will be implemented in a later release) of all Higgs particles.

3. It checks whether the Higgs masses and couplings violate any bounds from negative Higgs searches at LEP, including many quite unconventional channels that are relevant for the NMSSM Higgs sector. It also checks the bound on the invisible Z width (possibly violated for light neutralinos). In addition, NMHDECAY checks the bounds on the lightest chargino and on neutralino pair production. Corresponding warnings are produced in case any of these phenomenological constraints are violated.

4. It checks whether the running Yukawa couplings encounter a Landau singularity below the GUT scale. A warning is produced if this happens.

5. Finally, NMHDECAY checks whether the physical minimum (with all vevs non-zero) of the scalar potential is deeper than the local unphysical minima with vanishing ⟨H_u⟩ or ⟨H_d⟩. If this is not the case, a warning is produced.

The web sites

http://www.th.u-psud.fr/NMHDECAY/nmhdecay.html
http://higgs.ucdavis.edu/nmhdecay/nmhdecay.html

provide links for downloading two different Fortran codes, along with descriptions, input files, and the data files that are required to apply the various LEP constraints.

The Fortran code NMHDECAY SLHA.f reads from input files, and produces output files, that are as close as possible to the Susy Les Houches Accord (SLHA) conventions [14]. Some generalizations of these conventions — including proposals for PDG numbers — have been necessary, however, in order to denote the NMSSM input parameters (1.4) and the additional particles in the Higgs and neutralinos sectors.

– 3 –

The Fortran code NMHDECAY SCAN.f reads from “private” input files (samples are provided) that are constructed so as to scan over the NMSSM input parameters (1.4). Here the output is either “long” (easily human readable, if the number of points in parameter space is not too large), or “short”, i.e. simple rows of numbers per point in parameter space, that should be edited according to the user’s needs.

Note that the “long” output also gives the reduced couplings of all neutral Higgs bosons to gauge bosons (CV), up type quarks (CU), down type quarks (CD), two gluons (CG) and two photons (CGA) (all relative to a Standard Model Higgs boson of the same mass). Using these, it is easy to compute the NMSSM Higgs production cross sections at colliders by rescaling those for the SM Higgs boson.

The outline of the paper is as follows: in section 2, we describe in detail the accuracy with which the Higgs masses and mixing matrices are computed. In section 3, we describe the Higgs decay channels and corresponding accuracies that are used for the computation of the widths and branching ratios. In section 4, we describe the various phenomenological constraints that can be applied to the model. Section 5 contains a user’s guide for the Fortran codes, as well as our generalizations of the SLHA conventions. In section 6, we show some results for branching ratios produced with the present code, emphasizing decay channels that are atypical of the MSSM, such as the lightest CP-even state h_1 decaying to 2 lighter CP-odd states a_1a_1. Section 7 contains our conclusions. Appendix A contains a summary of our conventions, appendix B a summary of the Feynman rules, and appendix C the details of the radiative corrections to the higgs mass matrices.

2. Radiative corrections in the Higgs sector

Our convention for the superpotential, the soft terms, the resulting tree level potential and tree level mass matrices are given in appendix A. In the present section, we describe the accuracy with which radiative corrections are computed for the Higgs sector.

First, we assume that the Yukawa couplings and soft terms are defined at a Susy breaking scale Q = M_{SUSY}, which corresponds to an average of the squark masses. Quantum fluctuations at scales > Q are assumed to be integrated out, which corresponds to the standard RG evolution of the parameters from a fundamental scale like M_{GUT} down to M_{SUSY}. The effective lagrangian at the scale Q can be assumed to be of the standard supersymmetric form plus soft terms.

We are interested in the full effective action

Γ_{eff} = ∑ i Z_i D_μH_iD^μH_i − V_{eff} (H_i) , (2.1)

that is obtained from the effective lagrangian at the scale Q by adding all quantum effects arising from fluctuations at scales ≲ Q. (Here, H_i denotes all the Higgs fields, H_u, H_d and S.) These quantum effects can be classified according to powers of the various couplings, and powers of potentially large logarithms. Explicit formulas for the radiative corrections to V_{eff} , Z_i and hence to the Higgs mass matrices are given in appendix C, subsequently we describe only the orders to which radiative corrections are taken into account.

– 4 –

Let us start with the corrections to the effective potential. It is somewhat more convenient, however, to classify the corrections to the (lightest) scalar Higgs mass, which is essentially the second derivative of the effective potential. At tree level this mass squared is bounded by m^2_1 < M^2_Z ( cos^2 2β +

2λ^2 sin^2 2β g^2_1 + g^2 ) , (2.2)

which is of the order m^2_1 ∼ O ( g^2v^2 ) + O ( λ^2v^2 ) , (2.3)

where g denotes the electroweak gauge couplings, and v the magnitude of the Higgs vacuum expectation values (we do not distinguish between large and small tan β in this section).

The dominant one-loop corrections to m^2_1 originate from top, stop, bottom and sbottom loops. The corresponding corrections δm^2_1 to m^2_1 are of order

δ_{top}m^2_1 ∼ h^4_t v^2 ln ( Q^2 m^2_{top} ) , δ_{stop}m^2_1 ∼ h^4_t v^2 (for Q^2 ∼ m^2_{stop}) ,

δ_{bottom}m^2_1 ∼ h^4_b v^2 ln ( Q^2 m^2_{bottom} ) , δ_{sbottom}m^2_1 ∼ h^4_b v^2 (for Q^2 ∼ m^2_{sbottom}) . (2.4)

We have included these contributions [5, 6, 10] exactly, without expanding in large logarithms or squark mass splittings.

The dominant two loop corrections are of the form [10, 11]

δ^{(2)}m^2_1 ∼ h^6_t v^2 ln^2 ( Q^2 m^2_{top} ) + h^4_t α_sv^2 ln^2 ( Q^2 m^2_{top} ) . (2.5)

Here, we only include the leading double logarithms, i.e. we neglect single logs as well as terms involving h^2_b .

Coming back to the one-loop order, we focus on including all contributions of the order g^4× large logarithms. These can be obtained by RG methods [15], taking care of the fact that the electroweak couplings g are defined at the scale M_Z and not at the scale M_{SUSY}. We have included all these contributions as given in [15], distinguishing large logarithms ln(Q^2/M^2_Z ) from ln(M^2_A/M^2_Z ) and ln(μ^2_i /M^2_Z ) (μ_i = M_1, M_2 or μ_{eff} , where M_i are the electroweak gaugino masses). We have not (yet) included terms of the order g^2λ^2× large logarithms, nor terms of the order g^4× finite.

This concludes our contributions to the effective potential. Next, we outline the contributions to the wave function normalization constants Z_i in (2.1). If evaluated for external momenta of O(m_{top}) (the order of the Higgs masses), top and bottom quark loops yield contributions to δZ_i (relative to 1) of the form

δZ_1 ∼ h^2_t ln ( Q^2 m^2_{top} ) , δZ_2 ∼ h^2_b ln ( Q^2 m^2_{top} ) . (2.6)

– 5 –

After rescaling the Higgs fields so that their kinetic energies are canonically normalized, these effects generate contributions δ_Z m^2_1 which take the form

δ_Z m^2_1 ∼ g^2h^2_{t/b}v^2 ln ( Q^2 m^2_{top} ) + λ^2h^2_{t/b}v^2 ln ( Q^2 m^2_{top} ) . (2.7)

However, after diagonalization of the Higgs mass matrices, one may find eigenstates with masses m_H substantially larger than m_{top}. Then the Z factors should be evaluated at external momenta of O(m_H ), i.e. at the pole of the propagators. Hence for m_H ≫ m_{top} the logarithms ln(Q^2/m^2_{top}) in (2.6) should be replaced by ln(Q^2/m^2_H ), with coefficients depending on Higgs mixing matrices.

All this is done in the program, with the net result that all potentially large logarithms with coefficients g^2h^2_{t/b} or λ^2h^2_{t/b} have the correct arguments. (We neglect, however, contributions of O(ln(m^2_H /m^2_{top})) in the off diagonal Higgs matrix elements, which affects only the couplings of very heavy Higgses.) Since we have neglected terms of O(h^2_{t/b} × finite) in the Z factors and electroweak corrections without large logarithms, the dominant sources of uncertainty in δm^2 are contributions of O(g^4v^2 × finite), O(g^2h^2_{t/b}v^2 × finite) and O(λ^2h^2_{t/b}v^2 × finite) as well as subdominant (single log) two loop corrections.

We have checked that in the end, after expanding the Z factors appropriately, all Q^2 dependence in the one-loop contributions can be reabsorbed into the running of the input parameters that are defined at the scale Q^2. An exception is the Q^2 dependence of terms ∼ g^4, since we have not included the squark loop contributions ∼ g^4 (from squark couplings to Higgs bosons arising from the D-terms). These would give contributions to m^2_1 of the order

δ_Dm^2_1 ∼ g^4 ln ( Q^2 m^2_{squark} ) , (2.8)

which is relatively small for Q^2 ∼ m^2_{squark}.

Since we have not included contributions of the orders (g^4, g^2h^2_{t,b})× finite, we are actually not sensitive to the scheme in which the electroweak couplings are defined. Since in the computation of the decay widths we use the physical masses M_W and M_Z in order to parameterize some couplings, the most useful scheme here is the on-shell scheme, where the three “unphysical” electroweak parameters v^2 = ⟨ H^2_u + H^2_d ⟩ , g^2_1 and g^2 are defined in terms of G_F , M_W and M_Z as

v^2 = 1 2 √ 2 G_F , g^2 = 2

M^2_W v^2 , g^2_1 + g^2 = 2

M^2_Z v^2

. (2.9)

Finally we remark that we have applied the above corrections consistently to the complete Higgs sector, i.e. the CP-even, CP-odd and charged Higgs states. One finds that one can reabsorb several of the radiative corrections into a redefinition of the input

– 6 – parameter A_λ [5], after which the CP-odd mass matrix assumes its tree level form, up to the required rescalings of the vevs by the Z factors. This phenomenon is familiar from the MSSM, where M_A is thus a convenient input parameter, and the required rescalings are often absorbed into a scale dependent value of tan β.

We have checked that in the MSSM limit of the NMSSM (λ, κ ≪ 1), after comparing for the same values of tan β and M_A (and the remaining soft terms), the mass of the lightest CP-even state agrees with the one computed in HDECAY [13] (models 1 [16] or 2 [17]) to better than 2 GeV for moderate mixing (A_{top} ≲ 1 TeV), and to better than 3 GeV for maximal mixing. This coincides with the expected theoretical error on this mass given the orders of uncertainty discussed above.

A more detailed discussion of the radiative corrections to the NMSSM Higgs sector will appear in [18].

3. Higgs decays

In this section we describe the decay modes that are included in the Fortran code. Most of the corresponding code is extracted from HDECAY [13]. In what follows, H denotes any of the 3 CP-even or 2 CP-odd scalars, or the charged Higgs boson.

(a) H → gluons: We take into account charm, bottom and top quark loops; the lowest order contribution to the decay width is given in [19]. QCD radiative corrections [20] are included at the same level as in HDECAY. Squark loops are not (yet) taken into account.

(b) H → leptons and quarks: QCD corrections are included as in HDECAY [21], but we use always the two loop formula for the relation between the pole quark mass m_{pole} and the running MS quark mass m(m_{pole}):

m_i(m_{pole}) = m_{pole}

1 +^{4αs(mpole)}_{3π} + K_i

(_{αs(mpole)} π )_2 (3.1)

with K_{bottom} ∼ 12.4, K_{top} ∼ 11. The scale dependence of the running s and c quark masses is computed as in HDECAY, but for the running b and t quark masses we use running Yukawa couplings that solve the one-loop RG equations exactly in α_s, improved by corrections to first order in the Yukawa couplings themselves (see appendix C).

Since electroweak corrections to decays into leptons and quarks are small [13], they are neglected. Below-threshold three-body decays H → tt → tbW^− are not (yet) taken into account. However, contributions to the decay rates into bb (cc) from H → gg^∗ → gbb (cc) are included as in HDECAY (option NF-GG = 3, that can easily be modified by re-editing the line NFGG = 3 at the beginning of the subroutine DECAY). Susy loop corrections are not (yet) included. (These could be important for light squarks and/or large tan β.) In the case of a decaying charged Higgs boson, we must input the CKM matrix elements V_{us}, V_{ub} and V_{cb}.

– 7 –

(c) H → W W/ZZ: We treat these decays as in HDECAY [22], but without the double off-shell option.

(d) H → γγ/Zγ: We take into account loops of charm, bottom and top quarks, τ leptons, W bosons, charginos and charged Higgs bosons [23]. Loops of squarks and sleptons are not (yet) considered.

(e) H → HH: All kinematically possible combinations (H = CP-even, CP-odd or charged) are considered, with (Higgs)^3-couplings computed from the NMSSM potential (see F. Franke and H. Fraas in ref. [1] and appendix B). The dominant (leading log) radiative corrections from top-quark and bottom-quark loops to these couplings are included in the Fortran code, the corresponding formulas will appear in [18]. Decays into three particle final states are not (yet) taken into account.

(f) H → HZ/HW : All kinematically possible combinations (H = CP-even, CP-odd or charged) are considered [24]. Below threshold decays into three particle final states are not (yet) taken into account.

(g) H → charginos/neutralinos: First, the 2 × 2 chargino and 5 × 5 neutralino mass matrices are diagonalized in the subroutines CHARGINO and NEUTRALINO, and the decays into all possible two body final states [25] are included in the program.

Decays into sleptons or squarks are not (yet) considered. Note that relatively light squarks — even if too heavy to be produced in Higgs decays — could nevertheless affect notably the processes b) and d) above through squark loops. For this reason the present version of NMHDECAY should not be applied to scenarios with light squarks.

4. Constraints on the parameter space

Once the spectrum and decay widths of the Higgses are computed, we check some experimental and theoretical constraints for each point in parameter space:

First, we require that there is no Landau pole for the Yukawa couplings λ, κ, h_{top} and h_{bot} below the GUT scale. For this, we integrate the two loop renormalization group equations for the Yukawa and gauge couplings from the Susy scale up to the point where the gauge couplings g_1 and g_2 unify. At this point we check that none of the couplings is too large (i.e. exceeds √ 4π). (For simplicity we assume a universal Susy threshold at M_{susy} ∼ Q.)

We also check that there is no deeper minimum of the scalar potential with vanishing ⟨H_u⟩ or ⟨H_d⟩. Finally we check all available experimental constraints from LEP:

1. In the neutralino sector, we check that the lightest neutralino does not contribute too much to the invisible Z width (Γ(Z → χ^0_1χ^0_1) < 1.76 MeV [26]) if m_χ0_1 < M_Z /2, and that σ(e^+e^− → χ^0_1χ^0_i ) < 10^{−2} pb if m_χ0_1 + m_χ0_i < 209 GeV (i > 1) and σ(e^+e^− → χ^0_i χ^0_j ) < 10^{−1} pb if m_χ0_i + m_χ0_j < 209 GeV (i, j > 1) [27]. In the chargino sector, we check that the lightest chargino is not too light (m_χ+_1 < 103.5 GeV [28]).

– 8 –

2. In the charged Higgs sector, we check the bound m_H+ > 78.6 GeV [29].

3. In the neutral Higgs sector, we check the constraints on the production rates (reduced couplings) × branching ratios versus the masses, for all of the CP-even states h and CP-odd states a, in the following channels studied at LEP:

• e^+e^− → hZ, with h → bb̄ and h → τ^+τ^− (from the LEP Higgs working group results [30]);

• e^+e^− → hZ, with h decaying to two jets. For this, we combined the low mass range results from OPAL at LEP2 [31] with the higher mass range obtained at LEP2 by the LEP Higgs Working group [32];

• e^+e^− → hZ, with h → γγ (from the LEP Higgs working group results [33]);

• e^+e^− → hZ, with h decaying invisibly (i.e. into two neutralinos). For this, we combined the low mass range results from ALEPH at LEP1 [34] with the higher mass range obtained at LEP2 by the LEP Higgs Working group [35].

• e^+e^− → hZ, independent of the h decay mode, looking for a peak of the M_X recoil mass distribution in e^+e^− → XZ. For this, we combined the low mass range results from ALEPH at LEP1 [34] with the higher mass range obtained at LEP2 by OPAL [36].

• For the associated production mode e^+e^− → ha we used the DELPHI results [37] for the various final states: ha → 4b, ha → 4τ and ha → aaa → 6b. The latter decay channel plays an important role in the NMSSM, where the lightest CPeven Higgs can decay mainly into two light CP-odd Higgses over large areas of the parameter space, as we will see in section 6. (In the context of the CP-conserving MSSM, this is possible only for very special parameter choices.) DELPHI also studied the channel hZ → aaZ → 4b + 2jets [37]; their limits have also been implemented in our phenomenological constraints.

• The channels e^+e^− → hZ → aaZ with aa → 4jets, 2jets + cc, 2jets + ττ, 4τ’s, cccc, ττ + cc have been studied by OPAL [38] (see their figure 7 — we employ numerical files for the contours provided by the authors). These limits have also been included.

All these constraints are contained in the files located in the directory LEPCON downloadable together with the Fortran codes. The file names are constructed so that they can be identified with the above delineated constraints. (The current numerical limits contained in these files can possibly be improved with the help of further dedicated analysis of existing data.)

5. How to use NMHDECAY

NMHDECAY exists in two versions:

– 9 –

1. NMHDECAY SLHA uses an input file and produces output files that are suitable generalizations of the SLHA conventions [14]. It is designed for studying the properties of one user-defined point in parameter space.

2. NMHDECAY SCAN uses input and output files that can be modified by the user so as to scan over parts of, or all of the NMSSM parameters defined in eq. (1.4).

Both programs have the common feature that they are based on one single Fortran code (NMHDECAY SLHA.f or NMHDECAY SCAN.f) that does not need to be linked with any other code. However, both programs need data files in order to check against negative Higgs searches at LEP in the numerous channels discussed in section 4. These data files are available in the directory LEPCON, that can be downloaded from the NMHDECAY home page. Note that the directory LEPCON has to be situated in the same directory that contains the executable NMHDECAY code. We now discuss the particular features of the two programs.

5.1 NMHDECAY SLHA NMHDECAY SLHA uses an input file slhainp.dat, a version of which is downloaded automatically with the Fortran code. This sample file appears in Table 1. Several comments on its contents are in order.

(a) “BLOCK MODSEL” contains the entry 3 (corresponding to the choice of the particle content) with switch 1, as attributed to the NMSSM in [14].

(b) “BLOCK SMINPUTS” contains important Standard Model parameters.

(a) First, there is the inverse electromagnetic coupling constant at the scale 0, which is that required for the computations of the decay widths into two (on-shell) photons.

(b) Second, various Higgs couplings are defined in terms of M_Z , α_s(M_Z ), M_W and G_F , which means an on shell scheme is implicitly being used in order to define the electroweak parameters (cf. the corresponding discussion in section 2). M_Z , α_s(M_Z ) and G_F are input as part of “BLOCK SMINPUTS”, whereas the numerical value of M_W = 80.42 GeV is defined in the subroutine INPUT, that reads also the input file slhainp.dat. (Part of the corresponding code is copied from pyslha.f, with thanks to P. Skands.)

(c) Third, as part of this block we input the running b quark mass m_b(m_b), the top quark pole mass and m_τ .

(d) In addition, NMHDECAY needs the (pole) quark masses m_s and m_c, as well as the CKM matrix elements V_{us}, V_{cb} and V_{ub}. The numerical values of these five parameters are defined in the subroutine INPUT. (For convenience, they are printed out in the output file spectr.dat, see below.)

c) “BLOCK MINPAR” contains only the switch 3 with the input value for tan β specified.

– 10 –

(d) “BLOCK EXTPAR” contains inputs for the Susy and soft-Susy-breaking parameters.

Needed generalizations of the SLHA conventions appear. The new entries are: 61 for λ 62 for κ 63 for A_λ 64 for A_κ Note that the entry 23 (μ) is used for the effective μ parameter, μ_{eff} = λ ⟨S⟩, in the NMSSM. It should also be noted that neither the slepton entries (all generations) nor the squark entries for the first and second generations are actually used; these are included for future use only.

The two output files of NMHDECAY SLHA are spectr.dat (see table 2) and

decay.dat. In spectr.dat, “BLOCK SPINFO” is followed by warnings (switch 3) if

any of the constraints described in section 4 are violated, or if any of the six Higgs states could decay into squarks in which case the corresponding widths and branching ratios should not be used. This segment of the output also displays error messages (switch 4) if any of the Higgs, stop or sbottom states have a negative mass squared. No spectrum output is produced in this case.

In the output, “BLOCK SMINPUTS” is followed by a printout of the Standard Model input parameters. The numerical values for M_W , m_s, m_c, V_{us}, V_{cb} and V_{ub}, that have no SLHA numbers, appear in lines subsequent to “# SMINPUTS Beyond SLHA”. Similarly, “BLOCK MINPAR” is followed by a printout of the value of tan β and “BLOCK EXTPAR” is followed by a printout of the important Susy and soft-Susy-breaking parameters.

The (pole) masses for the Higgs particles, the neutralinos, the charginos and squarks appear in the output following “BLOCK MASS”. There, one finds several essential NMSSM generalizations of the SLHA conventions. The new entries, with proposed PDG codes, are 45 for the third CP-even Higgs boson, 46 for the second CP-odd Higgs boson, 1000045 for the fifth neutralino.

The Higgs mixings in the CP-even sector follow “BLOCK HIGMIX” and those in the CP-odd sector follow “BLOCK AMIX”. Both segments of the output contain NMSSM generalizations of the SLHA conventions, that are required in order to parameterize the mixing in the enlarged Higgs sector. The meaning of the matrix elements S_{ij} (i, j = 1, 2, 3) and P^′_{ij} (i, j = 1, 2) is as follows.

• According to the SLHA conventions the Higgs states H_u, H_d are denoted by H_2, H_1, respectively. (Inside the Fortran code the Higgs states H_u, H_d are denoted by H_1, H_2, which is of no relevance for the SLHA output.) Hence, for the purpose of the SLHA output, the CP-even Higgs weak eigenstates are numbered by S^{weak}_i = (H_{dR}, H_{uR}, S_R) (R refers to the real component of the field). If h_i are the mass eigenstates (ordered in mass), the convention is h_i = S_{ij}S^{weak}_j .

– 11 –

• In the CP-odd sector the bare Higgs fields are H_{uI} , H_{dI} , S_I (I for imaginary component). Again, for the purpose of the SLHA output, the CP-odd Higgs weak eigenstates are denoted by H_{uI} = H_{2I} , H_{dI} = H_{1I} . The mass eigenstates are a_i (ordered in mass, i = 1, 2) and the Goldstone mode G̃. Then the elements of P^′_{ij} are defined as

H_{1I} = sin β(P^′_{11}a_1 + P^′_{21}a_2) + cos βG̃ , H_{2I} = cos β(P^′_{11}a_1 + P^′_{21}a_2) − sin βG̃ , S_I = P^′_{12}a_1 + P^′_{22}a_2 . (5.1)

• In the output, “BLOCK NMIX” is followed by a printout of the obvious generalization of the 4 × 4 MSSM neutralino mixing matrix to the 5 × 5 NMSSM neutralino mixing matrix (with real entries); “BLOCK UMIX” and “BLOCK VMIX” are followed by printouts of the U and V matrices as defined in the MSSM.

• The output file decay.dat respects the SLHA conventions for the Decay file (at present we consider two particle final states only), using the above generalizations of the PDG codes both for the decaying particle and the final states.

5.2 NMHDECAY SCAN

NMHDECAY SCAN uses the input files smpar.dat and scaninp.dat, versions of which are downloaded automatically with the Fortran code. One of the sample files appears in table 3.

In the file smpar.dat the following standard model parameters must be specified: α_s(M_Z ), G_F , α^{−1}_{e.m.}(0), the lepton masses m_τ and m_μ, M_Z , M_W , the pole quark masses m_s, m_c, the running bottom quark mass m_b(m_b), the top quark pole mass m_t, and the CKM matrix elements V_{us}, V_{cb} and V_{ub}.

In the file scaninp.dat, the following must be specified:

• the total number of points to be scanned in parameter space;

• the output format (0 for “short”, corresponding to simple rows of numbers per allowed point in parameter space, and 1 for “long”, as described below);

• lower and upper limits for the NMSSM parameters λ, κ, tan β, μ_{eff} , A_λ and A_κ;

• the soft squark masses, trilinear couplings and gaugino masses over which no scan is performed — the slepton masses as well as the squark masses of the first two generations (without index 3) are not (yet) used.

The scan in parameter space uses a random number generator, such that all NMSSM parameters are randomly chosen point by point in the parameter space within the specified limits.

– 12 –

The output file containing the physical parameters is always called scanout.dat, regardless of the output format chosen. The numbers printed out for the output format 0 (recommended for scans over more than 10 points in parameter space) should be edited according to the user’s needs.^1 The output format 1 is easily readable and shows - the NMSSM parameters for each point, - possible warnings in case any phenomenological constraint is violated, a strong coupling regime below M_{GUT} appears or an unphysical minimum is deeper than the physical one (cf. section 4), if any of the six Higgs states could decay into squarks (in which case the corresponding widths and branching ratios should not be used) or error messages (“fatal” errors) in case any of the Higgs, stop or sbottom states has a negative mass squared (in which case no additional output is produced).

- for each of the six Higgs states, their mass, their decomposition into weak eigenstates (H_u, H_d, S) (in Components), their reduced couplings to gauge bosons (CV), up type quarks (CU), down type quarks (CD), two gluons (CG) and two photons (CGA) (all relative to a standard model Higgs boson with the same mass), their branching ratios (where ”Higgses” denote all possible two Higgs final states, and ”sparticles” all possible two particle neutralino/chargino final states), and their total width, - the neutralino and chargino masses (all masses in GeV), as well as the neutralino composition in the basis ψ^0 = (−iλ_1, −iλ_2, ψ^0_u, ψ^0_d , ψ_s) described in detail in appendix A. - the (pole) stop and sbottom masses (in GeV).

The output file scanerr.dat shows how many of the points in parameter space have avoided fatal errors or violations of phenomenological constraints, and the range in the NMSSM parameter space over which points have passed all these tests.

For users who wish to call a subroutine as a function of the Higgs, chargino, neutralino and squark sector outputs, including mixing angles and other parameters and quantities computed during the course of the scan, they should use the parameters and common blocks found in NMHDECAY SCAN.f within “SUBROUTINE OUTPUT”. The comments included in this subroutine should allow easy identification of all the parameters, branching ratios, mixing angles and so forth that would be of potential interest for inputting into a user’s subroutine.

6. Results and discussion

As stated above, the masses, couplings and decay properties of the Higgs bosons of the NMSSM can differ significantly from the MSSM. The primary purpose of NMHDECAY is to allow for detailed studies of such cases.

A particularly interesting case is where the lightest Higgs scalar h_1, although primarily non-singlet, decays mainly into two pseudoscalars (also primarily non-singlet) [8]. It is then interesting to see how the branching ratios of h_1 depend on the parameters of the model. In particular, we can determine whether the choices of parameters that yield the above types

1See the section of the program following the comment line “ The following 3 lines should be edited according to the user’s needs”.

– 13 –

Figure 1: Branching ratios of h_1 as a function of A_λ for λ = κ = 0.3, tan β = 5, μ_{eff} = 180 GeV, A_κ = 0, m_{squark} = 1 TeV, and A_t = 1.5 TeV.

of decays are ruled out for some of the phenomenological reasons discussed in section 4. We can also determine if there are particular (fine-tuned) relations between the parameters required for h_1 → a_1a_1 to be dominant. To study such issues, it will be convenient to fix all but one of the parameters (which allows for a reasonable graphical representation), and perform a scan over the remaining parameter.

In some sense, the input parameter A_λ is the most natural one to vary, since the mass of the MSSM like pseudoscalar depends quite strongly on A_λ (and hence A_λ plays the role of M_A in the MSSM).

Let us first consider the following choice of the NMSSM parameters (cf. eq. (1.4)): λ = κ = 0.3, tan β = 5, μ_{eff} = 180 GeV, A_κ = 0. For the squark masses and trilinear couplings, we take 1 TeV and 1.5 TeV, respectively. Varying A_λ between 0 and 1000 GeV, we obtain the branching ratios for h_1 as shown in figure 1. These show clearly that, for A_λ ≲ 600 GeV, the decay h_1 → a_1 a_1 is dominant.

The reason for the sharp drop of the h_1 → a_1a_1 branching ratio for A_λ > 600 GeV becomes clear from figure 2, where we show the masses m_{h1} and m_{a1} as functions of A_λ; for A_λ > 600 GeV, m_{a1} becomes larger than m_{h1} /2. The h_1 → a_1a_1 decay is also reduced as A_λ → 0, even though the a_1 becomes very light, because in this case it is mainly singlet and has a very small coupling to the h_1. None of the points in these two graphs are excluded by LEP. They should be visible at the LHC using the techniques we have developed [8] for isolating the W W → h → aa type of signal.

– 14 –

Figure 2: m_{h1} and m_{a1} as a function of A_λ for the same parameters as in figure 1.

For a second sample set of plots, figures 3–6, we take λ = 0.5, κ = −0.15, tan β = 3.5, μ_{eff} = 200 GeV, A_λ = 780 GeV and A_κ ∈ [150 GeV, 250 GeV]. The scaninp.dat file for this case is given in table 3. For much of this parameter range, neither the h_1 nor the h_2 would have been observable at LEP. In particular, figure 5 shows that m_{h2} ≳ 120 GeV implying that the h_2 is beyond the LEP kinematical reach. The h_1 is much lighter. However, this light Higgs is not excluded by LEP over most of the above A_κ range since: a) its reduced coupling to gauge bosons is small; and b) h_1 → bb is suppressed so that h_1 → jj decays are dominant (see figure 3). In figure 6, we plot ξ^2 = C_V (h_1)^2 × BR(h_1 → jj) for our selected points as well as the region excluded by LEP searches in this channel [32]. We see that only if m_{h1} ≲ 53 GeV, which corresponds to A_κ ≳ 235 GeV, would the h_1 be excluded by LEP data.

Will these Higgs bosons be observable at the LHC? In this regard, it is important to note from figure 4 that when A_κ ≳ 215 GeV, h_2 → h_1h_1 decays are dominant. This occurs because m_{h1} decreases with A_κ, see figure 5. Meanwhile, figure 3 shows that BR(h_1 → bb̄) and BR(h_1 → τ^+τ^−) are both small when A_κ ∈ [205 GeV, 220 GeV]; in this region of parameter space, the h_1 decays mainly to cc̄ or gg. Thus, for A_κ ∼ 215 − 220 GeV:

• The h_1 has a mass that lies below the mass range currently studied for Higgs detection at the LHC. Further, the h_1 will be so weakly produced at the LHC (since ξ^2 ≲ 0.1) that extensions to lower Higgs masses of the current LHC studies would probably conclude it was undetectable.

– 15 –

Figure 3: Branching ratios of h_1 as a function of A_κ for λ = 0.5, κ = −0.15, tan β = 3.5, μ_{eff} = 200 GeV, A_λ = 780 GeV, m_{squark} = 1 TeV, and A_t = 1.5 TeV.

Figure 4: Branching ratios of h_2 as a function of A_κ for the same parameter choices as in figure 3.

– 16 –

Figure 5: m_{h1} and m_{h1} as a function of A_κ for the same parameters as in figure 3.

Figure 6: LEP constraints in comparison to predictions for h_1 for the parameters of figure 3. Note the correlation of m = m_{h1} with A_κ given in figure 5.

– 17 –

• Simultaneously, the strongly produced h_2 has decays dominated by h_2 → h_1h_1 with h_1 → cc̄, gg (but not bb̄ or τ^+τ^−). As a result, the techniques of [8] for h → aa (which require a significant a → τ^+τ^− branching ratio) do not apply, and the h_2 would also appear to be very difficult to observe at the LHC.

We note that the above choice of parameters produces a phenomenology for the Higgses that is somewhat similar to that discussed in [9], which focuses on a region of parameter space such that the h_1 has suppressed decays to bb̄ and τ^+τ^−. The difference is that the decay of their h_2 to h_1h_1 is kinematically forbidden and the h_2 could be detected at the LHC.

7. Conclusions

In this paper, we have presented details regarding the now publicly available NMHDECAY programs, NMHDECAY SLHA.f and NMHDECAY SCAN.f, that can be used to explore the Higgs sector of the Next to Minimal Supersymmetric Model defined by adding one singlet Higgs superfield to the Minimal Supersymmetric Model. The programs, and associated data files, can be downloaded from the two web pages:

http://www.th.u-psud.fr/NMHDECAY/nmhdecay.html
http://higgs.ucdavis.edu/nmhdecay/nmhdecay.html

The web pages provide simplified descriptions of the programs and instructions on how to use them. The programs will be updated to include additional features and refinements in subsequent versions. We welcome comments with regard to improvements that users would find helpful.

We have exemplified the use of these programs for two particularly interesting scenarios: The first illustrates the potentially crucial importance of the LHC h → aa detection mode (that is dominant over a significant, not fine-tuned, range of parameters of the NMSSM). The second exposes a limited portion of parameter space for which Higgs discovery would not have occurred at LEP and will probably not be possible at the LHC.

Acknowledgments

We thank P. Skands for comments on new SLHA and PDG particle codes, and M. Boonekamp, K. Desch, P. Ferrari, B. Murray, M. Oreglia and A.L. Read for communications on experimental results at LEP. J.F.G. is supported by the U.S. Department of Energy. CH is supported by the European Commission RTN grant HPRN-CT-2000-00148. The support for this work received from the France Berkeley Fund was critical from inception to completion.

– 18 –

# INPUT FILE FOR NMHDECAY
# BASED ON SUSY LES HOUCHES ACCORD, MODIFIED FOR THE NMSSM
# IN EXTPAR: LINES 61-64: NMSSM YUKAWA COUPLINGS AND TRILIN. SOFT TERMS
BLOCK MODSEL
  3 1 # NMSSM PARTICLE CONTENT
BLOCK SMINPUTS
  1 137.036 # ALPHA_EM^-1(0)
  2 1.16639D-5 # GF
  3 0.12 # ALPHA_S(MZ)
  4 91.187 # MZ
  5 4.24 # MB(MB), RUNNING B QUARK MASS
  6 175. # TOP QUARK POLE MASS
  7 1.7771 # MTAU
BLOCK MINPAR
  3 5. # TANBETA
BLOCK EXTPAR
  1 5.D2 # M1
  2 1.D3 # M2
  3 3.D3 # M3
  11 1.5D3 # ATOP
  12 1.5D3 # ABOT
  13 1.5D3 # ATAU
  23 180. # MU
  31 1.D3 # LEFT SELECTRON
  32 1.D3 # LEFT SMUON
  33 1.D3 # LEFT STAU
  34 1.D3 # RIGHT SELECTRON
  35 1.D3 # RIGHT SMUON
  36 1.D3 # RIGHT STAU
  41 1.D3 # LEFT 1ST GEN. SQUARKS
  42 1.D3 # LEFT 2ND GEN. SQUARKS
  43 1.D3 # LEFT 3RD GEN. SQUARKS
  44 1.D3 # RIGHT U-SQUARKS
  45 1.D3 # RIGHT C-SQUARKS
  46 1.D3 # RIGHT T-SQUARKS
  47 1.D3 # RIGHT D-SQUARKS
  48 1.D3 # RIGHT S-SQUARKS
  49 1.D3 # RIGHT B-SQUARKS
  61 .3D0 # LAMBDA
  62 .3D0 # KAPPA
  63 200. # A_LAMBDA
  64 0.0 # A_KAPPA

Table 1: Sample slhainp.dat file.

– 19 –

# NMHDECAY OUTPUT IN SLHA FORMAT
# Info about spectrum calculator
BLOCK SPINFO # Program information
     1 NMHDECAY # spectrum calculator
     2 1.1 # version number
# Input parameters
BLOCK MODSEL
    3 1 # NMSSM PARTICLE CONTENT
BLOCK SMINPUTS
     1 1.37036000E+02 # ALPHA_EM^-1
     2 1.16639000E-05 # GF
     3 1.20000000E-01 # ALPHA_S(MZ)
     4 9.11870000E+01 # MZ
     5 4.24000000E+00 # MB(MB)
     6 1.75000000E+02 # MTOP (POLE MASS)
     7 1.77710000E+00 # MTAU
# SMINPUTS Beyond SLHA:
# MW: 0.80419998E+02
# MS: 0.19000000E+00
# MC: 0.16100000E+01
# VUS: 0.22200000E+00
# VCB: 0.41000000E-01
# VUB: 0.36000000E-02
BLOCK MINPAR
     3 5.00000000E+00 # TANBETA
BLOCK EXTPAR
     1 5.00000000E+02 # M1
     2 1.00000000E+03 # M2
     3 3.00000000E+03 # M3
    11 1.50000000E+03 # ATOP
    12 1.50000000E+03 # ABOTTOM
    13 1.50000000E+03 # ATAU
    23 1.80000000E+02 # MU
    33 1.00000000E+03 # LEFT STAU
    36 1.00000000E+03 # RIGHT STAU
    43 1.00000000E+03 # LEFT 3RD GEN. SQUARKS
    46 1.00000000E+03 # RIGHT T-SQUARKS
    49 1.00000000E+03 # RIGHT B-SQUARKS
    61 3.00000000E-01 # LAMBDA
    62 3.00000000E-01 # KAPPA
    63 2.00000000E+02 # A_LAMBDA
    64 0.00000000E+00 # A_KAPPA
#
BLOCK MASS # Mass spectrum
# PDG Code mass particle
        25 1.16801961E+02 # lightest neutral scalar
        35 3.56992533E+02 # second neutral scalar
        45 5.91271441E+02 # third neutral scalar
        36 4.90592823E+01 # lightest pseudoscalar
        46 5.87736637E+02 # second pseudoscalar
        37 5.90714771E+02 # charged Higgs
   1000022 1.66456703E+02 # neutralino(1)
   1000023 -1.85971845E+02 # neutralino(2)
   1000025 3.67762262E+02 # neutralino(3)
   1000035 5.04634098E+02 # neutralino(4)
   1000045 1.00711878E+03 # neutralino(5)
   1000024 1.76259627E+02 # chargino(1)
   1000037 1.00710838E+03 # chargino(2)
   1000005 8.21132887E+02 # ~b_1
   1000006 6.24445725E+02 # ~t_1
   2000005 8.24131926E+02 # ~b_2
   2000006 1.00488215E+03 # ~t_2

– 20 –

# 3*3 Higgs mixing
BLOCK HIGMIX
  1 1 -1.27437514E-01 # S_(1,1)
  1 2 -3.16386555E-02 # S_(1,2)
  1 3 -9.91341856E-01 # S_(1,3)
  2 1 -2.01793548E-01 # S_(2,1)
  2 2 -9.77759539E-01 # S_(2,2)
  2 3 5.71458423E-02 # S_(2,3)
  3 1 -9.71101974E-01 # S_(3,1)
  3 2 2.07328914E-01 # S_(3,2)
  3 3 1.18218769E-01 # S_(3,3)
# 2*2 Pseudoscalar Higgs mixing
BLOCK AMIX
  1 1 -2.37325986E-02 # P’_(1,1)
  1 2 -9.99718342E-01 # P’_(1,2)
  2 1 9.99718342E-01 # P’_(2,1)
  2 2 -2.37325986E-02 # P’_(2,2)
# Gaugino-Higgsino mixing
BLOCK NMIX # 5*5 Neutralino Mixing Matrix
  1 1 1.05202671E-01 # N_(1,1)
  1 2 -7.87589631E-02 # N_(1,2)
  1 3 6.92565025E-01 # N_(1,3)
  1 4 -6.93980327E-01 # N_(1,4)
  1 5 1.46541512E-01 # N_(1,5)
  2 1 -3.48143940E-02 # N_(2,1)
  2 2 3.76738427E-02 # N_(2,2)
  2 3 7.01102969E-01 # N_(2,3)
  2 4 7.06807991E-01 # N_(2,4)
  2 5 7.90299289E-02 # N_(2,5)
  3 1 -2.45218320E-02 # N_(3,1)
  3 2 9.59570918E-03 # N_(3,2)
  3 3 -1.58479313E-01 # N_(3,3)
  3 4 4.52366830E-02 # N_(3,4)
  3 5 9.85973910E-01 # N_(3,5)
  4 1 9.93510538E-01 # N_(4,1)
  4 2 1.73884449E-02 # N_(4,2)
  4 3 -5.24484443E-02 # N_(4,3)
  4 4 9.87396900E-02 # N_(4,4)
  4 5 1.15796113E-02 # N_(4,5)
  5 1 -7.47306864E-03 # N_(5,1)
  5 2 9.95983570E-01 # N_(5,2)
  5 3 3.06884365E-02 # N_(5,3)
  5 4 -8.37728195E-02 # N_(5,4)
  5 5 -1.10280322E-03 # N_(5,5)
BLOCK UMIX # Chargino U Mixing Matrix
  1 1 4.31428408E-02 # U_(1,1)
  1 2 -9.99068914E-01 # U_(1,2)
  2 1 9.99068914E-01 # U_(2,1)
  2 2 4.31428408E-02 # U_(2,2)
BLOCK VMIX # Chargino V Mixing Matrix
  1 1 1.18343118E-01 # V_(1,1)
  1 2 -9.92972762E-01 # V_(1,2)
  2 1 9.92972762E-01 # V_(2,1)
  2 2 1.18343118E-01 # V_(2,2)

Table 2: Corresponding spectr.dat output file.

– 21 –

#
# Total number of points scanned
#
1000
#
# Output format 0=short 1=long (not recommended for big scannings)
#
0
#
# lambda
#
0.5
0.5
#
# kappa
#
-0.15
-0.15
#
# tan(beta)
#
3.5
3.5
#
# mu
#
200.
200.
#
# A_lambda
#
780.
780.
#
# A_kappa
#
150.0
250.0
#
# Remaining soft terms (no scan)
#
mQ3= 1.D3
mU3= 1.D3
mD3= 1.D3
mL3= 1.D3
mE3= 1.D3
AU3= 1.5D3
AD3= 1.5D3
AE3= 1.5D3
mQ= 1.D3
mU= 1.D3
mD= 1.D3
mL= 1.D3
mE= 1.D3
M1= 5.D2
M2= 1.D3
M3= 3.D3

Table 3: The scaninp.dat file for parameter scan #2.

– 22 –

A. Conventions and tree level mass matrices

A.1 General conventions for the NMSSM Below, we define our conventions for the tree level lagrangian of the NMSSM. The superpotential for the Higgs fields, the quarks and the leptons of the 3rd generation is W = h_t ^Q · ^H_u ^T^c_R − h_b ^Q · ^H_d ^B^c_R − h_τ ^L · ^H_d ^L^c_R + λ ^S ^H_u · ^H_d + 1 3 κ ^S^3 . (A.1)

Hereafter, hatted capital letters denote superfields, and unhatted capital letters the corresponding (complex) scalar components. The SU(2) doublets are ^Q = ( ^T_L ^B_L ) , ^L = ( ^ν_{τ L} ^τ_L ) , ^H_u = ( ^H+_u ^H0_u ) , ^H_d = ( ^H0_d ^H^−_d ) . (A.2)

Products of two SU(2) doublets are defined as, e.g.,

^H_u · ^H_d = ^H^+_u ^H^−_d − ^H^0_u ^H^0_d . (A.3)

For the soft Susy breaking terms we take

−L_{soft} = m^2_{Hu} |H_u|^2 + m^2_{Hd} |H_d|^2 + m^2_S|S|^2 + m^2_Q|Q^2| + m^2_T |T^2_R| + + m^2_B |B^2_R| + m^2_L|L^2| + m^2_τ |L^2_R| + + ( h_tA_t Q · H_uT^c_R − h_bA_b Q · H_dB^c_R − h_τ A_τ L · H_dL^c_R + λA_λ H_u · H_dS + 1 3 κA_κ S^3 + h.c. ) . (A.4)

A.2 Higgs sector at tree level For completeness, we list here the Higgs potential, tree level Higgs masses and our conventions for the mixing angles. The tree level Higgs potential is given by

V = λ^2(|H_u|^2|S|^2 + |H_d|^2|S|^2 + |H_u · H_d|^2) + κ^2|S^2|^2 + + λκ(H_u · H_dS^{∗2} + h.c.) + 1 4 g^2(|H_u|^2 − |H_d|^2)^2 + + 1 2 g^2 |H^+_u H^{0∗}_d + H^0_uH^{−∗}_d |^2 + m^2_{Hu} |H_u|^2 + m^2_{Hd} |H_d|^2 + m^2_S |S|^2 +

+ (λA_λH_u · H_dS + 1 3 κA_κ S^3 + h.c.) , (A.5)

where g^2 = 1 2 (g^2_1 + g^2 ) . (A.6)

Assuming vevs h_u, h_d and s such that

H^0_u = h_u + H_{uR} + iH_{uI} √ 2 , H^0_d = h_d + H_{dR} + iH_{dI} √ 2 , S = s + S_R + iS_I √ 2 (A.7)

– 23 – eq. (A.5) simplifies to V = λ^2(h^2_us^2 + h^2_ds^2 + h^2_uh^2_d) + κ^2s^4 − 2λκh_uh_ds^2 − 2λA_λ h_uh_ds + + 2 3 κA_κs^3 + m^2_{Hu} h^2_u + m^2_{Hd} h^2_d + m^2_S s^2 + 1 4 g^2(h^2_u − h^2_d)^2 . (A.8)

The sign conventions for the fields can be chosen such that the Yukawa couplings λ, h_t, h_b, the vevs h_u, h_d (and hence tan β) as well as the soft gaugino masses M_i are all positive. Then, the Yukawa coupling κ, the trilinear soft terms A_i, and the vev s (and hence μ_{eff} ) can all be either positive or negative.

A.3 CP-even neutral states In the basis S^{bare} = (H_{uR}, H_{dR}, S_R) and using the minimization equations in order to eliminate the soft masses squared, one obtains the following mass-squared matrix entries:

M^2_{S,11} = g^2h^2_u + λs h_d h_u (A_λ + κs) , M^2_{S,22} = g^2h^2_d + λs h_u h_d (A_λ + κs) , M^2_{S,33} = λA_λ h_uh_d s + κs(A_κ + 4κs) , M^2_{S,12} = (2λ^2 − g^2)h_uh_d − λs(A_λ + κs) , M^2_{S,13} = 2λ^2h_us − λh_d(A_λ + 2κs) , M^2_{S,23} = 2λ^2h_ds − λh_u(A_λ + 2κs) . (A.9) After diagonalization by an orthogonal matrix S_{ij} one obtains 3 CP-even states (ordered in mass) h_i = S_{ij}S^{bare}_j , with masses denoted by m_{hi} .

In the MSSM limit (λ, κ → 0, and parameters such that h_3 ∼ S_R) the elements of the first 2 × 2 sub-matrix of S_{ij} are related to the MSSM angle α as S_{11} ∼ cos α , S_{21} ∼ sin α , S_{12} ∼ − sin α , S_{22} ∼ cos α . (A.10) A.4 CP-odd neutral states In the basis P^{bare} = (H_{uI} , H_{dI} , S_I ) and using the minimization equations in order to eliminate the soft masses squared, one obtains the following mass-squared matrix entries:

M^2_{P,11} = λs h_d h_u (A_λ + κs) , M^2_{P,22} = λs h_u h_d (A_λ + κs) , M^2_{P,33} = 4λκh_uh_d + λA_λ h_uh_d s − 3κA_κs , M^2_{P,12} = λs(A_λ + κs) , M^2_{P,13} = λh_d(A_λ − 2κs) , M^2_{P,23} = λh_u(A_λ − 2κs) . (A.11)

– 24 –

The diagonalization of this mass matrix is performed in two steps. First, one rotates into a basis (Ã, G̃, S_I ), where G̃ is a massless Goldstone mode: H_{uI} H_{dI} S_I = cos β − sin β 0 sin β cos β 0

0 0 1 Ã G̃ S_I , (A.12)

where tan β = h_u/h_d. Dropping the Goldstone mode, the remaining 2 × 2 mass matrix in the basis (Ã, S_I ) has the matrix elements

M^2_{P,11} = λs h^2_u + h^2_d h_uh_d (A_λ + κs) , M^2_{P,22} = 4λκh_uh_d + λA_λ h_uh_d s − 3κA_κs , M^2_{P,12} = λ √ h^2_u + h^2_d (A_λ − 2κs) . (A.13)

It can be diagonalized by an orthogonal 2 × 2 matrix P^′_{ij} such that the physical CP-odd states a_i (ordered in mass) are

a_1 = P^′_{11}Ã + P^′_{12}S_I

= P^′_{11}(cos βH_{uI} + sin βH_{dI} ) + P^′_{12}S_I , a_2 = P^′_{21}Ã + P^′_{22}S_I

= P^′_{21}(cos βH_{uI} + sin βH_{dI} ) + P^′_{22}S_I , (A.14)

and, for completeness, G̃ = − sin βH_{uI} + cos βH_{dI} . (A.15)

The decomposition of the bare states in terms of physical states reads

H_{uI} = cos β(P^′_{11}a_1 + P^′_{21}a_2) − sin βG̃ , H_{dI} = sin β(P^′_{11}a_1 + P^′_{21}a_2) + cos βG̃ , S_I = P^′_{12}a_1 + P^′_{22}a_2 . (A.16)

(In principle, since the matrix P^′_{ij} is orthogonal, it could be parameterized by one angle.) eqs. (A.16) suggest the introduction of a 2 × 3 matrix P_{ij} with

P_{i1} = cos βP^′_{i1}, P_{i2} = sin βP^′_{i1}, P_{i3} = P^′_{i2} (A.17)

such that, omitting the Goldstone boson,

H_{uI} = P_{11}a_1 + P_{21}a_2 , H_{dI} = P_{11}a_1 + P_{21}a_2 , S_I = P_{13}a_1 + P_{23}a_2 . (A.18)

– 25 –

A.5 Charged states

In the basis (H^+_u , [H^−_d ]^∗ = H^+_d ), the charged Higgs mass matrix is given by

M^2_± = ( λs(A_λ + κs) + h_uh_d ( g^2 2 − λ^2 )) ( cot β 1 1 tan β ) . (A.19)

This gives one eigenstate H^± of mass TrM^2_± and one massless goldstone mode G^± with

H^±_u = cos βH^± − sin βG^± , H^±_d = sin βH^± + cos βG^± . (A.20)

A.6 SUSY particles

A.6.1 Neutralinos Denoting the U(1)_Y gaugino by λ_1 and the neutral SU(2) gaugino by λ^3_2, the mass terms in the lagrangian read L = 1 2 M_1λ_1λ_1 + 1 2 M_2λ^3_2λ^3_2 +

+ λ(sψ^0_uψ^0_d + h_uψ^0_dψ_s + h_dψ^0_uψ_s) − κsψ_sψ_s + + ig_1 √ 2 λ_1(h_uψ^0_u − h_dψ^0_d) − ig_2 √ 2 λ^3_2(h_uψ^0_u − h_dψ^0_d) . (A.21)

In the basis ψ^0 = (−iλ_1, −iλ_2, ψ^0_u, ψ^0_d , ψ_s) one can rewrite L = − 1 2 (ψ^0)^T M_0(ψ^0) + h.c. , (A.22)

where

M_0 =

M_1 0^{g1hu√}_2 −^{g1hd√}_2 0

M_2 −^{g2hu√}_2^{g2hd√}_2 0 0 −μ −λh_d 0 −λh_u 2κs . (A.23)

(Recall that here μ = μ_{eff} = λs). One obtains 5 eigenstates (ordered in mass) χ^0_i = N_{ij} ψ^0_j , with N_{ij} real, with masses m_χ0_i that are real, but not necessarily positive.

A.6.2 Charginos The charged SU(2) gauginos are λ^− =^{1√}_2 (λ^1_2 + iλ^2), λ^+ =^{1√}_2 (λ^1_2 − iλ^2). Defining

ψ^+ = ( −iλ^+ ψ^+_u ) , ψ^− = ( −iλ^− ψ^−_d ) (A.24)

the lagrangian can be written as L = − 1 2 (ψ^+, ψ^−) ( 0 X^T X 0 ) ( ψ^+ ψ^− ) + h.c. (A.25)

– 26 – with X = ( M_2 g_2h_u g_2h_d μ ) . (A.26)

The mass eigenstates are χ^+ = V ψ^+, χ^− = Uψ^−, with U = ( cos θ_U sin θ_U − sin θ_U cos θ_U ) , V = ( cos θ_V sin θ_V − sin θ_V cos θ_V ) . (A.27)

Defining γ = √ Tr(X^T X)^2 − 4det(X^T X) (A.28)

one has

tan θ_U = g^2 (h^2_d − h^2_u) + μ^2 − M^2_2 − γ

2g_2(M_2h_u + μh_d) , tan θ_V = g^2 (h^2_u − h^2_d) + μ^2 − M^2_2 − γ

2g_2(M_2h_d + μh_u)

, (A.29)

where −π/2 ≤ θ_U , θ_V ≤ π/2 are such that M_D = UXV^T is diagonal, but not necessarily positive. The masses with |m_{~χ1} | < |m_{~χ2} | are given by

m_{~χ1} = cos θ_U (M_2 cos θ_V + g_2h_u sin θ_V ) + sin θ_U (g_2h_d cos θ_V + μ sin θ_V ) , m_{~χ2} = sin θ_U (M_2 sin θ_V − g_2h_u cos θ_V ) − cos θ_U (g_2h_d sin θ_V − μ cos θ_V ) . (A.30)

In terms of 4 component Dirac spinors Ψ_i = ( χ^+_i χ^−_i ) one can rewrite the lagrangian as

L = −χ^−M_Dχ^+ + h.c. = −m_{~χ1} Ψ_1Ψ_1 − m_{~χ2} Ψ_2Ψ_2 . (A.31)

A.7 Top and bottom squarks

To complete the consequences of our conventions above, we give here the top and bottom squark mass-squared matrices (without the D-term contributions). Below, t_L, t^c_R, b_L and b^c_R denote the two component quark spinors. Top squarks: T_R T_L T^∗_R T^∗_L ( m^2_T + h^2_t h^2_u h_t(A_th_u − λsh_d) h_t(A_th_u − λsh_d) m^2_Q + h^2_t h^2_u ) . (A.32)

Bottom squarks: B_R B_L B^∗_R B^∗_L ( m^2_B + h^2_b h^2_d h_b(A_bh_d − λsh_u) h_b(A_bh_d − λsh_u) m^2_Q + h^2_b h^2_d ) . (A.33)

– 27 –

B. Tree level Feynman rules

B.1 Feynman rules for the Higgs couplings

B.1.1 Higgs-quarks The couplings are obtained by expanding the quark mass matrices in the (properly normalized) physical Higgs fields h_i, a_i and H^±. Below, we use v^2 = h^2_u + h^2_d, and consider the quarks of the third generation.

h_it_Lt^c_R : m_t √ 2v sin β S_{i1} h_ib_Lb^c_R : m_b √ 2v cos β S_{i2} a_it_Lt^c_R : i m_t √ 2v sin β P_{i1} a_ib_Lb^c_R : i m_b √ 2v cos β P_{i2} H^+b_Lt^c_R : − m_t v cot β

H^−t_Lb^c_R : − m_b v tan β (B.1)

B.2 Higgs-Gauge bosons

These couplings are obtained from the kinetic terms in the lagrangian: h_iZ_μZ_ν : g_{μν} g^2_1 + g^2 √ 2 (h_uS_{i1} + h_dS_{i2})

h_iW^+_μ W^−_ν : g_{μν} g^2 √ 2 (h_uS_{i1} + h_dS_{i2})

h_i(p)H^+(p^′)W^−_μ :

g_2 2 (cos βS_{i1} − sin βS_{i2})(p − p^′)_μ

a_i(p)H^+(p^′)W^−_μ : i g_2 2 (cos βP_{i1} + sin βP_{i2})(p − p^′)_μ

h_i(p)a_j (p^′)Z_μ : i g √ 2 (S_{i1}P_{j1} − S_{i2}P_{j2})(p − p^′)_μ

H^+(p)H^−(p^′)Z_μ :

g^2_1 − g^2 √ g^2_1 + g^2

(p − p^′)_μ (B.2)

B.3 Higgs-neutralinos/charginos

As in the case of the Higgs-Quark couplings, these couplings are obtained by expanding the corresponding mass matrices:

h_aχ^+_i χ^−_j : λ √ 2 S_{a3}U_{i2}V_{j2} + g_2 √ 2 (S_{a1}U_{i1}V_{j2} + S_{a2}U_{i2}V_{j1})

a_aχ^+_i χ^−_j : i ( λ √ 2 P_{a3}U_{i2}V_{j2} − g_2 √ 2 (P_{a1}U_{i1}V_{j2} + P_{a2}U_{i2}V_{j1}) )

H^+χ^−_i χ^0_j : λ cos βU_{i2}N_{j5} − sin β √ 2 U_{i2}(g_1N_{j1} + g_2N_{j2}) + g_2 sin βU_{i1}N_{j4}

– 28 –

H^−χ^+_i χ^0_j : λ sin βV_{i2}N_{j5} + cos β √ 2 V_{i2}(g_1N_{j1} + g_2N_{j2}) + g_2 cos βV_{i1}N_{j3}

h_aχ^0_i χ^0_j : λ √ 2 (S_{a1}Π^{45}_{ij} + S_{a2}Π^{35}_{ij} + S_{a3}Π^{34}_{ij} ) − √ 2κS_{a3}N_{i5}N_{j5} − − g_1 2 (S_{a1}Π^{13}_{ij} − S_{a2}Π^{14}_{ij} ) + g_2 2 (S_{a1}Π^{23}_{ij} − S_{a2}Π^{24}_{ij} )

a_aχ^0_i χ^0_j : i ( λ √ 2 (P_{a1}Π^{45}_{ij} + P_{a2}Π^{35}_{ij} + P_{a3}Π^{34}_{ij} ) − √ 2κP_{a3}N_{i5}N_{j5} + + g_1 2 (P_{a1}Π^{13}_{ij} − P_{a2}Π^{14}_{ij} ) − g_2 2 (P_{a1}Π^{23}_{ij} − P_{a2}Π^{24}_{ij} ) ) , (B.3)

where Π^{ab}_{ij} = N_{ia}N_{jb} + N_{ib}N_{ja}.

B.4 Triple Higgs interactions

The trilinear Higgs self-couplings are obtained by expanding the scalar potential.

h_ah_bh_c :

λ^2 √ 2 ( h_u(Π^{122}_{abc} + Π^{133}_{abc} ) + h_d(Π^{211}_{abc} + Π^{233}_{abc} ) + s(Π^{311}_{abc} + Π^{322}_{abc} ) ) − − λκ √ 2 (h_uΠ^{323}_{abc} + h_dΠ^{313}_{abc} + 2sΠ^{123}_{abc} ) + √ 2κ^2sΠ^{333}_{abc} − − λA_λ √ 2 Π^{123}_{abc} + κA_κ 3 √ 2 Π^{333}_{abc} + + g^2 2 √ 2 ( h_u(Π^{111}_{abc} − Π^{122}_{abc} ) − h_d(Π^{211}_{abc} − Π^{222}_{abc} ) ) , (B.4)

where Π^{ijk}_{abc} = S_{ai}S_{bj}S_{ck} + S_{ai}S_{cj}S_{bk} + S_{bi}S_{aj} S_{ck} + + S_{bi}S_{cj}S_{ak} + S_{ci}S_{aj}S_{bk} + S_{ci}S_{bj}S_{ak} . (B.5) h_aa_ba_c :

λ^2 √ 2 ( h_u(Π^{122}_{abc} + Π^{133}_{abc} ) + h_d(Π^{211}_{abc} + Π^{233}_{abc} ) + s(Π^{311}_{abc} + Π^{322}_{abc} ) ) + + λκ √ 2 ( h_u(Π^{233}_{abc} − 2Π^{323}_{abc} ) + h_d(Π^{133}_{abc} − 2Π^{313}_{abc} ) +

+ 2s(Π^{312}_{abc} − Π^{123}_{abc} − Π^{213}_{abc} ) ) + √ 2κ^2sΠ^{333}_{abc} + + λA_λ √ 2 (Π^{123}_{abc} + Π^{213}_{abc} + Π^{312}_{abc} ) − κA_κ √ 2 Π^{333}_{abc} + + g^2 2 √ 2 ( h_u(Π^{111}_{abc} − Π^{122}_{abc} ) − h_d(Π^{211}_{abc} − Π^{222}_{abc} ) ) , (B.6)

where Π^{ijk}_{abc} = S_{ai}(P_{bj} P_{ck} + P_{cj} P_{bk}) . (B.7) h_aH^+H^− :

λ^2 √ 2 (s(Π^{311}_a + Π^{322}_a ) − h_uΠ^{212}_a − h_dΠ^{112}_a ) + + √ 2λκsΠ^{312}_a + λA_λ √ 2 Π^{312}_a +

– 29 –

+ g^2_1 4 √ 2 ( h_u(Π^{111}_a − Π^{122}_a ) + h_d(Π^{222}_a − Π^{211}_a ) ) + + g^2 4 √ 2 ( h_u(Π^{111}_a + Π^{122}_a + 2Π^{212}_a ) + h_d(Π^{211}_a + Π^{222}_a + 2Π^{112}_a ) ) , (B.8)

where Π^{ijk}_a = 2S_{ai}C_j C_k (B.9) with C_1 = cos β, C_2 = sin β.

C. Radiative corrections to the Higgs mass matrices

In this appendix we give the explicit expressions of the radiative corrections to the Higgs masses.

Generally, the radiative corrections to the Higgs effective action consist in corrections to the wave function renormalization constants Z_i, and corrections to the effective potential V_{eff} (h_i). We will treat the one loop corrections originating from stop and sbottom loops exactly in the stop and sbottom mixings and mass splittings. The resulting contributions to the Higgs masses are nevertheless quite simple if they are expressed in terms of couplings and masses at the scale Q = M_{SUSY} (the average of the squark masses, see below) and in terms of the Higgs vevs before rescaling by Z^{1/2}_i , which we will denote by h_i(Q). However, the Higgs vevs are related to the Fermi coupling G_F and our definition of tan β after rescaling by Z^{1/2}_i , cf. eq. (2.9).

Hence, we first have to determine Z_i for i = H_u, H_d:

Z_{Hu} = 1 +

3h^2_t 16π^2 t Z_{Hd} = 1 +

3h^2_b 16π^2 t , (C.1)

where

t = ln ( Q^2 m^2_{top} ) , Q^2 = 1 4 (2m^2_Q + m^2_T + m^2_B ) + m^2_{top} (C.2)

(such that t = 0 for vanishing SUSY breaking squark masses m_Q, m_T and m_B ). Now we have h_u(Q) = h_u √ Z_{Hu} , h_d(Q) = h_d √ Z_{Hu} . (C.3)

with h_u and h_d given in terms of G_F and tan β.

In addition we need the running Yukawa couplings and quark masses at the scale Q. First, the running bottom quark mass (and hence h_b) at the scale m_{top} is given by its QCD evolution to one loop order

h_b(m_{top}) = h_b(m_{bot}) ( 1 − 23 12π α_s(m_{top}) ln m^2_{top} m^2_{bot}

)_{12/23}

. (C.4)

– 30 –

The running top quark Yukawa coupling at the scale m_{top} is given in terms of the top quark pole mass as^2

h_t(m_{top}) = m_{top}(pole) h_u ( 1 + 4α_s(m_{top}) 3π + 11α^2_s (m_{top}) π^2 ) . (C.5)

Next, the running Yukawa couplings at the scale Q are obtained from the RG equations (for an effective 2 Higgs doublet model) dh_t d ln Q^2 = h_t 64π^2

(9h^2_t + h^2_b ) − h_t α_s π , dh_b d ln Q^2 = h_b 64π^2

(9h^2_b + h^2_t ) − h_b α_s π . (C.6)

Its solutions, exact in α_s but perturbative in the Yukawa couplings, are

h_t(Q) = h_t(m_{top}) ( 1 + 7 4π α_s(m_{top})t )_{−4/7} ( 1 + 1 64π^2

(9h^2_t + h^2_b )t ) , h_b(Q) = h_b(m_{top}) ( 1 + 7 4π α_s(m_{top})t )_{−4/7} ( 1 + 1 64π^2

(9h^2_b + h^2_t )t ) . (C.7)

However, possibly a SU(2) Higgs doublet has a mass much larger than m_{top}. Then it is practically degenerate, and its approximate masses are given in the NMSSM by

M_{HD} = λs(A_λ + κs)(cot β + tan β) . (C.8)

At scales below M_{HD} the RG equations read dh_t d ln Q^2 = h_t 64π^2

(9h^2_t + 3h^2_b ) − h_t α_s π , dh_b d ln Q^2 = h_b 64π^2

(9h^2_b + 3h^2_t ) − h_b α_s π . (C.9)

In order to correct the expressions for h_t(Q), h_b(Q) in this case, we have to multiply them by ( 1 +^{h2b}_{32π2} ln(M^2_{HD}/m^2_{top}) ) , ( 1 +^{h2t}_{32π2} ln(M^2_{HD}/m^2_{top}) ) , respectively, if M_{HD} > m_{top}.

The expressions for the running top and bottom quark masses at the scale Q are then simply m_{top}(Q) = h_t(Q)h_u(Q) , m_{bot}(Q) = h_b(Q)h_d(Q) , (C.10)

and below it is convenient to use

tan β(Q) = h_u(Q) h_d(Q) . (C.11)

2Here we use the MS relation between the pole mass and the running mass. In the DR scheme the second factor 4/3π would read 5/3π, which would increase ht(mtop) and hence the lightest Higgs mass by ∼ 1%. Since we have not included subdominant (single) logarithms in the two loop corrections to the effective potential we are not sensitive to the scheme in which the running top quark mass is defined, which leads to a theoretical error of ∼ 1% on the mass of the lightest Higgs.

– 31 –

For the (s)top, (s)bottom induced one loop corrections to V_{eff} we still need the eigenvalues of the stop, sbottom mass matrices (A.32) and (A.33). To this end it is convenient to define, step by step,

M^2_{stop} = 1 2 (m^2_Q + m^2_T ) ,

M^2_{sbot} = 1 2 (m^2_Q + m^2_B ) ,

ΔM^2_{stop} = 1 2 (m^2_Q − m^2_T ) ,

ΔM^2_{sbot} = 1 2 (m^2_Q − m^2_B ) , X_t = A_t − λs cot β(Q) , X_b = A_b − λs tan β(Q) , W_t = √ ΔM^4_{stop} + m^2_{top}(Q)X^2_t ,

W_b = √ ΔM^4_{sbot} + m^2_{bot}(Q)X^2_b , (C.12)

with the help of which the eigenvalues of the stop, sbottom mass matrices become

M^2_{stop1} = M^2_{stop} + m^2_{top}(Q) − W_t , M^2_{stop2} = M^2_{stop} + m^2_{top}(Q) + W_t , M^2_{sbot1} = M^2_{sbot} + m^2_{bot}(Q) − W_b , M^2_{sbot2} = M^2_{sbot} + m^2_{bot}(Q) + W_b . (C.13)

Finally the following auxiliary quantities are useful: fmt = 1 2W_t ( M^2_{stop2} ln ( M^2_{stop2}

Q^2 ) − M^2_{stop1} ln ( M^2_{stop1}

Q^2 )) − 1 ,

gmt = m^2_{top}X^2_t

W^2_t ( M^2_{stop2} + M^2_{stop1} M^2_{stop2} − M^2_{stop1} ln ( M^2_{stop2} M^2_{stop1} ) − 2 ) ,

emt = m^2_{top}X_t W_t ln ( M^2_{stop2} M^2_{stop1} ) , fmb = 1 2W_b ( M^2_{sbot2} ln ( M^2_{sbot2}

Q^2 ) − M^2_{sbot1} ln ( M^2_{sbot1}

Q^2 )) − 1 , gmb = m^2_{bot}X^2_b

W^2_b ( M^2_{sbot2} + M^2_{sbot1} M^2_{sbot2} − M^2_{sbot1} ln ( M^2_{sbot2} M^2_{sbot1} ) − 2 ) , emb = m^2_{bot}X_b W_b ln ( M^2_{sbot2} M^2_{sbot1} ) , (C.14)

and, remarkably, quite many of the radiative corrections can be absorbed into a shift of A_λ:

A_{λ,new} = A_λ +

3h_t(Q)^2 16π^2 A_t fmt + 3h_b(Q)^2 16π^2

A_b fmb . (C.15)

Subsequently the index new of A_{λ,new} will be omitted.

– 32 –

Then the radiatively corrected mass-squared matrix entries in the CP even sector are, instead of (A.9),

M^2_{S,11} = g^2h_u(Q)^2 + λs(A_λ + κs) cot β(Q) −

3h_b(Q)^2

32π^2 (λs)^2 gmb + + 3h_t(Q)^2 32π^2 ( −A^2_t gmt + 4A_t emt + 4m^2_{top} ln ( M^2_{stop1}M^2_{stop2} m^4_{top} )) , M^2_{S,22} = g^2h_d(Q)^2 + λs(A_λ + κs) tan β(Q) −

3h_t(Q)^2 32π^2 (λs)^2 gmt + + 3h_b(Q)^2 32π^2 ( −A^2_b gmt + 4A_b emb + 4m^2_{bot} ln ( M^2_{sbot1}M^2_{sbot2} m^4_{bot} )) , M^2_{S,33} = λA_λ h_u(Q)h_d(Q) s + κs(A_κ + 4κs) − − 3h_t(Q)^2 32π^2 λ^2h_d(Q)^2 gmt −

3h_b(Q)^2 32π^2 λ^2h_u(Q)^2 gmb ,

M^2_{S,12} = (2λ^2 − g^2)h_u(Q)h_d(Q) − λs(A_λ + κs) + + λs ( 3h_t(Q)^2 32π^2 (A_t gmt − 2 emt) + 3h_b(Q)^2

32π^2 (A_b gmb − 2 emb) ) , M^2_{S,13} = 2λ^2h_u(Q)s − λh_d(Q)(A_λ + 2κs) + + 3h_t(Q)^2 32π^2 λh_d(Q)(A_t gmt − 2 emt) + + 3h_b(Q)^2 32π^2 λ^2s h_u(Q)(4 fmb − gmb) , M^2_{S,23} = 2λ^2h_d(Q)s − λh_u(Q)(A_λ + 2κs) + + 3h_b(Q)^2 32π^2 λh_u(Q)(A_b gmb − 2 emb) + + 3h_t(Q)^2 32π^2 λ^2s h_d(Q)(4 fmt − gmt) . (C.16) The dominant two loop effects ∼ h^6_t t^2 and ∼ h^4_t α_st^2 contribute to M^2_{S,11} only. They read

δM^2_{S,11 2loops} =

3h_t(Q)^4 64π^4 h_u(Q)^2 ( 32πα_s(Q) − 3 2 h_t(Q)^2 ) t^2 . (C.17)

The above expressions for the elements of the CP even mass matrix have been obtained by taking the second derivatives of the effective potential, and using the three minimization equations with respect to h_u, h_d and s in order to eliminate the three SUSY breaking masses squared. Since the Higgs fields are not quite properly normalized due to the Z factors, the above mass matrix elements still have to be rescaled by appropriate powers of Z_i (here below M^2_{S,ij norm.} denote the mass matrix elements for correctly normalized Higgs fields):

M^2_{S,11 norm.} =

M^2_{S,11} Z_{Hu} , M^2_{S,22 norm.} =

M^2_{S,22} Z_{Hd} ,

– 33 –

M^2_{S,12 norm.} =

M^2_{S,12} √ Z_{Hu} Z_{Hd} ,

M^2_{S,13 norm.} =

M^2_{S,13} √ Z_{Hu} ,

M^2_{S,23 norm.} =

M^2_{S,23} √ Z_{Hd} . (C.18)

Now we turn to the electroweak leading logarithmic corrections to the Higgs mass matrix elements, which are taken from ref. [15]. As in [15] we allow for a Higgs doublet which is possibly heavy (M_{HD} > M_Z ), and for gauginos/Higgsinos with masses possibly (much) larger than M_Z . In this case their masses are given approximately by the soft SUSY breaking gaugino mass parameters M_1, M_2 or μ_{eff} = λs, respectively. The following auxiliary parameters are useful subsequently:

μ_1 = max{|μ_{eff} |, M_1} ,

μ_2 = max{|μ_{eff} |, M_2} ,

μ_{12} = max{|μ_{eff} |, M_1, M_2} . (C.19)

The electroweak corrections to the Higgs mass matrix elements are then given by (we omit the index norm. in the following)

δ_{ew}M^2_{S,11} = = g^2 M^4_Z 16π^2M^2_W sin^2 β (( 4 − 8 sin^2 θ_W + 32 3 sin^4 θ_W ) t + + 1 6 [ −9(cos^2 β − sin^2 β)^4 +

+ (1 − 2 sin^2 θ_W + 2 sin^4 θ_W )(cos^2 β − sin^2 β)^2 +

+ 10 − 2 sin^2 θ_W + 2 sin^4 θ_W ] ln ( M^2_{HD} M^2_Z ) + + sin^2 θ_W (1 − 2 sin^2 θ_W ) ln ( μ^2_1 M^2_Z ) − − 4 sin^2 θ_W cos^2 θ_W ln ( μ^2_{12} M^2_Z ) + + cos^2 θ_W (3 − 10 cos^2 θ_W ) ln ( μ^2 M^2_Z ) − 4 3 cos^4 θ_W ln ( M^2_2 M^2_Z ) − − 2 3 (sin^2 θ_W + cos^4 θ_W ) ln ( μ^2_{eff} M^2_Z )) , δ_{ew}M^2_{S,22} = = g^2 M^4_Z 16π^2M^2_W cos^2 β (( 4 − 8 sin^2 θ_W + 32 3 sin^4 θ_W ) t +

– 34 –

+ 1 6 [ −9(cos^2 β − sin^2 β)^4 +

+ (1 − 2 sin^2 θ_W + 2 sin^4 θ_W )(cos^2 β − sin^2 β)^2 +

+ 10 − 2 sin^2 θ_W + 2 sin^4 θ_W ] ln ( M^2_{HD} M^2_Z ) + + sin^2 θ_W (1−2 sin^2 θ_W ) ln ( μ^2_1 M^2_Z ) −4 sin^2 θ_W cos^2 θ_W ln ( μ^2_{12} M^2_Z ) + + cos^2 θ_W (3 − 10 cos^2 θ_W ) ln ( μ^2 M^2_Z ) − 4 3 cos^4 θ_W ln ( M^2_2 M^2_Z ) − − 2 3 (sin^2 θ_W + cos^4 θ_W ) ln ( μ^2_{eff} M^2_Z )) , δ_{ew}M^2_{S,12} = = g^2 M^4_Z 16π^2M^2_W sin β cos β (( −4 + 8 sin^2 θ_W − 32 3 sin^4 θ_W ) t − − 1 6 [−9(cos^2 β − sin^2 β)^4 +

+ (1 − 2 sin^2 θ_W + 2 sin^4 θ_W )(cos^2 β − sin^2 β)^2 +

+ 8 − 22 sin^2 θ_W + 10 sin^4 θ_W ] ln ( M^2_{HD} M^2_Z ) − − sin^2 θ_W (1 + 2 sin^2 θ_W ) ln ( μ^2_1 M^2_Z ) − − 4 sin^2 θ_W cos^2 θ_W ln ( μ^2_{12} M^2_Z ) − − cos^2 θ_W (3 + 2 cos^2 θ_W ) ln ( μ^2 M^2_Z ) + 4 3 cos^4 θ_W ln ( M^2_2 M^2_Z ) + + 2 3 (sin^2 θ_W + cos^4 θ_W ) ln ( μ^2_{eff} M^2_Z )) . (C.20)

The eigenvalues of this Higgs mass matrix give the ”running” Higgs masses at a scale m_{top} due to the argument of the logarithm t in the Z factors (C.1). In the LLA we can identify the scales m_{top}, M_Z (in the arguments of the logarithms) and, to start with, M_{Higgs}, and take these ”running” masses as pole masses. However, if a Higgs mass is (much) larger than m_{top}, we should have computed the Z factors (C.1) at a scale M_{Higgs} rather than m_{top}, in order to identify the eigenvalues of the Higgs mass matrix with the Higgs pole masses. We can correct for this at the end (after having diagonalized the Higgs mass matrix), taking care that now the eigenstates h_i are given by h_i = S_{ij}S^{bare}_j , cf. the notation below eq. (A.9). Hence, if M_{Higgs} > m_{top}, the Higgs pole masses M^2_i (pole) are given in terms of the eigenvalues M^2_i as

M^2_i (pole) =

M^2_i ( 1 − (_{3h2t} 16π^2 S 2 i1 +^{3h2b}_{16π2} S^2_{i2} ) ln (M^2_i /m^2_{top})

). (C.21)

– 35 –

Now we turn to the radiative corrections to the CP odd mass matrix. After the shift (C.15) in A_λ these are trivial: It suffices to take the tree level expressions (A.11) for the mass matrix elements, to replace the Higgs vevs h_u and h_d by its expressions (C.3) at the scale Q, and to rescale the mass matrix elements by appropriate powers of Z_i as in (C.18) for the CP even sector. After dropping the Goldstone mode this gives a 2 × 2 mass matrix (instead of (A.13))

M^2_{P,11} = λs(A_λ + κs) ( tan β(Q) Z_{Hd} + cot β(Q) Z_{Hu} ) , M^2_{P,22} = 4λκh_u(Q)h_d(Q) + λA_λ h_u(Q)h_d(Q) s − 3κA_κs , M^2_{P,12} = λ √ h_u(Q)^2/Z_{Hd} + h_d(Q)^2/Z_{Hu} (A_λ − 2κs) . (C.22)

Finally, if a CP odd Higgs mass is (much) larger than m_{top}, its pole mass is given by an expression analogous to (C.21) after replacing S_{i1} by P^′_{i1} cos^2 β and S_{i2} by P^′_{i1} sin^2 β (see (A.14) for the definition of P^′_{ij} ).

In the expression for radiatively corrected charged Higgs mass we neglect stop/sbottom loops (without large logarithms), but we include large logarithms proportional to electroweak gauge couplings:

M^2_H± = ( λs(A_λ + κs) + h_u(Q)h_d(Q) ( g^2 2 − λ^2 )) ( tan β(Q) Z_{Hd} + cot β(Q) Z_{Hu} ) + + 3h^2_t h^2_b t (16 √ 2π^2G_F ) + + g^2 M^2_W 48π^2 ( 12t + 3 tan^2 θ_W ( ln ( μ^2_1 M^2_Z ) + 4 ln ( μ^2_{12} M^2_Z )) − − 3 ln ( μ^2 M^2_Z ) − 4 ln ( M^2_2 M^2_Z ) − 2 ln ( μ^2_{eff} M^2_Z )) . (C.23)

This time, once M_H± is larger than m_{top}, its pole mass is given by M^2_H± (pole) = M^2_{H±} ( 1 − (_{3h2t} 16π^2 cos

2 β +^{3h2b}_{16π2} sin^2 β ) ln (M^2_{H±} /m^2_{top})

) . (C.24)

References

[1] H.P. Nilles, M. Srednicki and D. Wyler, Weak interaction breakdown induced by supergravity, Phys. Lett. B 120 (1983) 346;

J.M. Frere, D.R.T. Jones and S. Raby, Fermion masses and induction of the weak scale by supergravity, Nucl. Phys. B 222 (1983) 11;

J.P. Derendinger and C.A. Savoy, Quantum effects and SU(2) × U(1) breaking in supergravity gauge theories, Nucl. Phys. B 237 (1984) 307;

J.R. Ellis, J.F. Gunion, H.E. Haber, L. Roszkowski and F. Zwirner, Higgs bosons in a nonminimal supersymmetric model, Phys. Rev. D 39 (1989) 844;

M. Drees, Supersymmetric models with extended Higgs sector, Int. J. Mod. Phys. A 4 (1989) 3635;

– 36 –

U. Ellwanger, M. Rausch de Traubenberg and C.A. Savoy, Particle spectrum in supersymmetric models with a gauge singlet, Phys. Lett. B 315 (1993) 331 [hep-ph/9307322]; Phenomenology of supersymmetric models with a singlet, Nucl. Phys. B 492 (1997) 21 [hep-ph/9611251];

S.F. King and P.L. White, Resolving the constrained minimal and next-to-minimal supersymmetric standard models, Phys. Rev. D 52 (1995) 4183 [hep-ph/9505326]; F. Franke and H. Fraas, Neutralinos and Higgs bosons in the next-to-minimal supersymmetric standard model, Int. J. Mod. Phys. A 12 (1997) 479 [hep-ph/9512366].

[2] M. Bastero-Gil, C. Hugonie, S.F. King, D.P. Roy and S. Vempati, Does LEP prefer the NMSSM?, Phys. Lett. B 489 (2000) 359 [hep-ph/0006198].

[3] S.A. Abel, S. Sarkar and P.L. White, On the cosmological domain wall problem for the minimally extended supersymmetric standard model, Nucl. Phys. B 454 (1995) 663 [hep-ph/9506359].

[4] S.A. Abel, Destabilising divergences in the NMSSM, Nucl. Phys. B 480 (1996) 55 [hep-ph/9609323];

C. Panagiotakopoulos and K. Tamvakis, Stabilized NMSSM without domain walls, Phys. Lett. B 446 (1999) 224 [hep-ph/9809475].

[5] U. Ellwanger, Radiative corrections to the neutral Higgs spectrum in supersymmetry with a gauge singlet, Phys. Lett. B 303 (1993) 271 [hep-ph/9302224].

[6] P.N. Pandita, One loop radiative corrections to the lightest Higgs scalar mass in nonminimal supersymmetric standard model, Phys. Lett. B 318 (1993) 338;

T. Elliott, S.F. King and P.L. White, Radiative corrections to Higgs boson masses in the next-to-minimal supersymmetric standard model, Phys. Rev. D 49 (1994) 2435 [hep-ph/9308309].

[7] J.I. Kamoshita, Y. Okada and M. Tanaka, Neutral scalar Higgs masses and production cross-sections in and extended supersymmetric standard model, Phys. Lett. B 328 (1994) 67 [hep-ph/9402278];

U. Ellwanger, M. Rausch de Traubenberg and C.A. Savoy, Higgs phenomenology of the supersymmetric model with a gauge singlet, Z. Physik C 67 (1995) 665 [hep-ph/9502206]; S.F. King and P.L. White, Nonminimal supersymmetric Higgs bosons at LEP-2, Phys. Rev. D 53 (1996) 4049 [hep-ph/9508346];

S.W. Ham, S.K. Oh and B.R. Kim, Absolute upper bound on the 1-loop corrected mass of S_1 in the NMSSM, J. Phys. G 22 (1996) 1575 [hep-ph/9604243]; D.J. Miller, R. Nevzorov and P.M. Zerwas, The Higgs sector of the next-to-minimal supersymmetric standard model, Nucl. Phys. B 681 (2004) 3 [hep-ph/0304049]; G. Hiller, b-physics signals of the lightest CP-odd Higgs in the NMSSM at large tan β, Phys. Rev. D 70 (2004) 034018 [hep-ph/0404220].

[8] U. Ellwanger, J.F. Gunion, C. Hugonie and S. Moretti, NMSSM Higgs discovery at the LHC,

hep-ph/0401228.

[9] D.J. Miller and S. Moretti, An interesting NMSSM scenario at the LHC and LC,

hep-ph/0403137.

[10] G.K. Yeghian, Upper bound on the lightest Higgs mass in supersymmetric theories,

hep-ph/9904488.

– 37 –

[11] U. Ellwanger and C. Hugonie, Masses and couplings of the lightest Higgs bosons in the (M+1)SSM, Eur. Phys. J. C 25 (2002) 297 [hep-ph/9909260].

[12] H.P. Nilles, M. Srednicki and D. Wyler, Constraints on the stability of mass hierarchies in supergravity, Phys. Lett. B 124 (1983) 337;

U. Ellwanger, Nonrenormalizable interactions from supergravity, quantum corrections and effective low-energy theories, Phys. Lett. B 133 (1983) 187;

J. Bagger and E. Poppitz, Destabilizing divergences in supergravity coupled supersymmetric theories, Phys. Rev. Lett. 71 (1993) 2380 [hep-ph/9307317];

J. Bagger, E. Poppitz and L. Randall, Destabilizing divergences in supergravity theories at two loops, Nucl. Phys. B 455 (1995) 59 [hep-ph/9505244].

[13] A. Djouadi, J. Kalinowski and M. Spira, HDECAY: a program for Higgs boson decays in the standard model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56 [hep-ph/9704448].

[14] P. Skands et al., SUSY les houches accord: interfacing SUSY spectrum calculators, decay packages and event generators, J. High Energy Phys. 07 (2004) 036 [hep-ph/0311123].

[15] H.E. Haber and R. Hempfling, The renormalization group improved Higgs sector of the minimal supersymmetric model, Phys. Rev. D 48 (1993) 4280 [hep-ph/9307201]; H.E. Haber, R. Hempfling and A.H. Hoang, Approximating the radiatively corrected Higgs mass in the minimal supersymmetric model, Z. Physik C 75 (1997) 539 [hep-ph/9609331].

[16] M. Carena, M. Quiros and C.E.M. Wagner, Effective potential methods and the Higgs mass spectrum in the MSSM, Nucl. Phys. B 461 (1996) 407 [hep-ph/9508343].

[17] M. Carena, J.R. Espinosa, M. Quiros and C.E.M. Wagner, Analytical expressions for radiatively corrected Higgs masses and couplings in the MSSM, Phys. Lett. B 355 (1995) 209 [hep-ph/9504316].

[18] U. Ellwanger, C. Hugonie, to appear.

[19] J.R. Ellis, M.K. Gaillard and D.V. Nanopoulos, A phenomenological profile of the Higgs boson, Nucl. Phys. B 106 (1976) 292.

[20] T. Inami, T. Kubota and Y. Okada, Effective gauge theory and the effect of heavy quarks in Higgs boson decays, Z. Physik C 18 (1983) 69;

A. Djouadi, M. Spira and P.M. Zerwas, Production of Higgs bosons in proton colliders: QCD corrections, Phys. Lett. B 264 (1991) 440; QCD corrections to hadronic Higgs decays, Z. Physik C 70 (1996) 427 [hep-ph/9511344];

M. Spira, A. Djouadi, D. Graudenz and P.M. Zerwas, Higgs boson production at the LHC, Nucl. Phys. B 453 (1995) 17 [hep-ph/9504378].

[21] E. Braaten and J.P. Leveille, Higgs boson decay and the running mass, Phys. Rev. D 22 (1980) 715;

S.G. Gorishnii, A.L. Kataev, S.A. Larin and L.R. Surguladze, Corrected three loop QCD correction to the correlator of the quark scalar currents and gamma (tot) (H_0 → hadrons), Mod. Phys. Lett. A 5 (1990) 2703;

M. Drees and K.-i. Hikasa, Note on QCD corrections to hadronic Higgs decay, Phys. Lett. B 240 (1990) 455;

S.G. Gorishnii, A.L. Kataev, S.A. Larin and L.R. Surguladze, Scheme dependence of the next to next-to-leading QCD corrections to γ_{tot} (H_0 → hadrons) and the spurious QCD infrared fixed point, Phys. Rev. D 43 (1991) 1633;

– 38 –

A.L. Kataev and V.T. Kim, The effects of the QCD corrections to gamma (H_0 → B anti-B), Mod. Phys. Lett. A 9 (1994) 1309;

L.R. Surguladze, Quark mass effects in fermionic decays of the Higgs boson in o (α^2_s ) perturbative QCD, Phys. Lett. B 341 (1994) 60 [hep-ph/9405325]; K.G. Chetyrkin and A. Kwiatkowski, Second order QCD corrections to scalar and pseudoscalar Higgs decays into massive bottom quarks, Nucl. Phys. B 461 (1996) 3 [hep-ph/9505358];

K.G. Chetyrkin, Correlator of the quark scalar currents and γ_{tot}(H→ hadrons) at O(α^3_s) in PQCD, Phys. Lett. B 390 (1997) 309 [hep-ph/9608318].

[22] B.W. Lee, C. Quigg and H.B. Thacker, Weak interactions at very high-energies: the role of the Higgs boson mass, Phys. Rev. D 16 (1977) 1519;

T.G. Rizzo, Decays of heavy Higgs bosons, Phys. Rev. D 22 (1980) 722; W.Y. Keung and W.J. Marciano, Higgs scalar decays: H → W + −X, Phys. Rev. D 30 (1984) 248.

[23] M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I. Zakharov, Low-energy theorems for Higgs boson couplings to photons, Sov. J. Nucl. Phys. 30 (1979) 711; M. Spira, A. Djouadi, D. Graudenz and P.M. Zerwas, Higgs boson production at the LHC, Nucl. Phys. B 453 (1995) 17 [hep-ph/9504378].

[24] A. Djouadi, J. Kalinowski and P.M. Zerwas, Two- and three-body decay modes of SUSY Higgs particles, Z. Physik C 70 (1996) 435 [hep-ph/9511342].

[25] A. Djouadi, J. Kalinowski, P. Ohmann and P.M. Zerwas, Heavy SUSY Higgs bosons at e^+e^− linear colliders, Z. Physik C 74 (1997) 93 [hep-ph/9605339].

[26] Particle Data Group collaboration, K. Hagiwara et al., Review of particle physics, Phys.

Rev. D 66 (2002) 010001.

[27] DELPHI collaboration, J. Abdallah et al., Searches for supersymmetric particles in e^+e^− collisions up to 208 GeV and interpretation of the results within the MSSM, Eur. Phys. J. C 31 (2004) 421 [hep-ex/0311019];

OPAL collaboration, G. Abbiendi et al., Search for chargino and neutralino production at √ s = 192 GeV to 209 GeV at LEP, Eur. Phys. J. C 35 (2004) 1 [hep-ex/0401026].

[28] LEP Susy Working Group, LEPSUSYWG Note/02-04.1

[29] LEP Higgs Working Group for Higgs boson searches collaboration, Search for charged Higgs bosons: preliminary combined results using lep data collected at energies up to 209 GeV, hep-ex/0107031.

[30] ALEPH collaboration, R. Barate et al., Search for the standard model Higgs boson at LEP, Phys. Lett. B 565 (2003) 61 [hep-ex/0306033].

[31] OPAL collaboration, G. Abbiendi et al., Flavour independent search for Higgs bosons decaying into hadronic final states in e^+e^− collisions at LEP, Phys. Lett. B 597 (2004) 11 [hep-ex/0312042].

[32] LEP Higgs Working Group for Higgs boson searches collaboration, Flavor independent search for hadronically decaying neutral Higgs bosons at LEP, hep-ex/0107034.

[33] LEP Higgs Working Group for Higgs boson searches collaboration, Searches for Higgs bosons decaying into photons: combined results from the LEP experiments, LHWG Note/2002-02.

– 39 –

[34] ALEPH collaboration, D. Buskulic et al., Search for a nonminimal Higgs boson produced in the reaction e^+e^− → HZ∗, Phys. Lett. B 313 (1993) 312.

[35] LEP Higgs Working for Higgs boson searches collaboration, Searches for invisible Higgs bosons: preliminary combined results using LEP data collected at energies up to 209 GeV, hep-ex/0107032.

[36] OPAL collaboration, G. Abbiendi et al., Decay-mode independent searches for new scalar bosons with the opal detector at LEP, Eur. Phys. J. C 27 (2003) 311 [hep-ex/0206022].

[37] DELPHI collaboration, J. Abdallah et al., Searches for neutral Higgs bosons in extended models, Eur. Phys. J. C 38 (2004) 1 [hep-ex/0410017].

[38] OPAL collaboration, G. Abbiendi et al., Search for a low mass CP-odd Higgs boson in e^+e^− collisions with the opal detector at LEP 2, Eur. Phys. J. C 27 (2003) 483 [hep-ex/0209068].

– 40 –