arXiv:hep-ph/0502251 v2 8 Apr 2005

CERN-PH-TH/2005-031 hep-ph/0502251 February 2005

Diffraction as a CP and Lineshape Analyzer for MSSM Higgs Bosons at the LHC

John Ellis^a, Jae Sik Lee^b and Apostolos Pilaftsis^b

aTheory Division, Physics Department, CERN, CH-1211 Geneva 23, Switzerland bSchool of Physics and Astronomy, University of Manchester Manchester M13 9PL, United Kingdom

ABSTRACT We study the production and decay of a coupled system of mixed neutral MSSM Higgs bosons in exclusive double-diffractive processes at the LHC, including non-vanishing CP phases in the soft supersymmetry-breaking gaugino masses and third-generation trilinear squark couplings. The three neutral Higgs bosons are naturally nearly degenerate, for large values of tan β, when the charged Higgs boson weighs around 150 GeV. Large mixing between all three neutral Higgs bosons is possible when CP is violated, a three-way mixing scenario which we also term tri-mixing. A resolution in the Higgs mass of ∼ 1 GeV, which may be achievable using the missing-mass method, would allow one to distinguish nearly degenerate Higgs bosons by studying the production lineshape. Measurements of the polarizations of the tau leptons coming from the Higgs-boson decays could offer a direct and observable signal of CP violation in the Higgs sector.

1 Introduction

Direct search experiments at LEP established that, within the Standard Model, the single physical Higgs boson must weigh more than about 114 GeV [1], and the mass range favoured by indirect measurements is close to this lower limit [2]. Both the direct and indirect limits must be re-examined in non-minimal Higgs scenarios. One popular example is the minimal supersymmetric extension of the Standard Model (MSSM) [3], which predicts the existence of at least one light neutral Higgs boson weighing less than about 135 GeV. This may be joined by two other light neutral Higgs bosons if the charged Higgs bosons H^± are also light. If CP is conserved, only the two CP-even neutral Higgs bosons h, H may mix with each other dynamically, through off-diagonal absorptive self-energy effects. Instead, if CP is violated, all the three neutral Higgs bosons, including the CP-odd neutral Higgs boson A, mix through CP-violating quantum effects [4–8] to mass eigenstates, H_{1,2,3}, of indefinite CP. These CP-mixed Higgs states give rise to a coupled system whose resonant dynamics is properly described by a 3-by-3 propagator matrix [9, 10]. One very interesting phenomenological feature of the CP-violating MSSM is that the lightest neutral Higgs boson could be considerably lighter than 114 GeV [11, 12].

Inclusive experiments at the LHC will be able to discover the Standard Model Higgs boson, whatever its mass. They should also be able to discover the lightest neutral MSSM Higgs boson — at least if CP is conserved — and will be able to explore significant mass ranges for the heavier MSSM Higgs bosons. Supplementing inclusive searches, interest has recently been growing in the search for Higgs bosons in diffractive events at the LHC [13, 14]. These may offer novel prospects for measuring the properties of light neutral Higgs bosons [15], and disentangling their CP properties [16].

The MSSM offers additional sources of CP violation beyond the single Kobayashi– Maskawa phase in the Standard Model. If the soft supersymmetry-breaking parameters m_0, m_{1/2} and A are universal, two new physical CP-odd phases remain. These may, without loss of generality, be parametrized as one phase in the trilinear couplings A and one in the gaugino masses m_{1/2}. In addition to signatures of CP violation in sparticle production and decay at high-energy colliders [17–19], these phases may have observable radiative effects on the Higgs sector [4], on electric dipole moments [20–22], and in B decays [23,24]. One of the principal motivations for studying such models is the prospect of electroweak baryogenesis in the MSSM [25].

In this paper, we consider the prospects for studying light neutral MSSM Higgs bosons in diffractive events at the LHC, particularly in scenarios where CP is violated [4–8,26–30], and the three neutral Higgs bosons mix strongly. This work continues previous studies of the masses, couplings, production and decays of the mixed-CP Higgs bosons H_{1,2,3}, with a view to searches at LEP [11], the LHC [11,12,15,16,31–33], the ILC [34], a μ^+μ^− collider [35] and a γγ collider [36–40]. As in our previous works [10,40], we include a complete treatment of loop-induced CP violation and three-way mixing, including off-diagonal absorptive effects in the resummed Higgs-boson propagator matrix [9].

Higgs-boson production in an exclusive diffractive collision p + p → p + H_i + p, where the outgoing protons remain intact and scatter through small angles, offers a unique environment for investigating the MSSM Higgs sector, in particular when tan β is large and M^{pole}_{H ±} ∼ 150 GeV. In such scenarios, all three neutral Higgs bosons have similar masses and there is strong three-way mixing. We call a scenario with these properties the three-way mixing or tri-mixing scenario of the CP-violating MSSM.

Moreover, the production cross section of the Higgs boson can be much enhanced in the MSSM for large values of tan β, as compared with the Standard Model. Furthermore, good Higgs-mass resolution of the order of 1 GeV may be achievable [13] by precise measurements of the momenta of the outgoing protons in detectors a long way downstream of the interaction point. This enables one to disentangle nearly degenerate Higgs bosons by examining the production lineshape of the coupled system of neutral Higgs bosons.

The layout of this paper is as follows. Section 2 provides basic formulae for the luminosity of the exclusive double-diffractive process, based on [41, 42]. Section 3 presents the formalism for the production, mixing and decay of a coupled system of CP-violating neutral MSSM Higgs bosons in diffraction, based on [10]. It also presents numerical example in a couple of CP-violating scenarios, considering two final states: b̄b and τ^+τ^−. Our conclusions are given in Section 4.

2 Luminosity for the Exclusive Double Diffractive Process

The effective luminosity for producing via double diffraction a system of invariant mass M and rapidity y can be written as [41]

M^2

∂^2L ∂y∂M^2 = Ŝ^2L , (1)

where the ‘soft’ survival factor Ŝ^2 is quite model- and process-dependent. Denoting the longitudinal momenta of two gluons that fuse into a system with invariant mass M by x_1p_1 and x_2p_2, we have x_1 = M √ s e^y , x_2 = M √ s e^{−y} , (2)

where s ≡ (p_1 + p_2)^2 is the collider centre-of-mass energy squared, see Fig. 1.

p_1

p_2 x^′_1

x^′_2 Q_⊥ x_1

x_2 (M, y)

Figure 1: The mechanism contributing to the exclusive double-diffractive process.

Assuming J_z = 0, a parity-even central system and negligibly small perpendicular momenta of the outgoing protons: p_⊥ ≪ 1 GeV, the expression for L becomes [41, 42] L = [ π (N^2_C − 1)b

∫_μ2

Q^2_{min}

dQ^2_T Q^4_T f_g(x_1, x^′_1, Q^2_T , μ^2) f_g(x_2, x^′_2, Q^2_T , μ^2)

]_2

, (3)

where N_C = 3 and Q^2_T is the virtuality of the soft gluon needed for colour screening. The hard scale μ and the t-slope parameters are chosen as follows: μ = M/2 and b = 4 GeV^{−2}. Formally, we also have introduced a non-vanishing cutoff Q_{min}^<_∼ 1 GeV to avoid encountering the Landau pole, but the sensitivity of L to Q_{min} turns out to be not large. Furthermore, if x^′ ≪ x (which is actually the case for the exclusive diffractive process [41,42]), the skewed or off-diagonal unintegrated gluon density f_g(x, x^′, Q^2_T , μ^2) may take on the factorizable form:

f_g(x, x^′, Q^2_T , μ^2) ≃ R_g f̃_g(x, Q^2_T , μ^2) , (4)

where R_g is a constant. The simplified form (4) is estimated to have an accuracy of 10 to 20%, where the function f̃_g(x, Q^2_T , μ^2) is defined by

f̃_g(x, Q^2_T , μ^2) ≡ ∂ ∂ ln Q^2_T [√ T (Q_T , μ) x g(x, Q^2_T ) ]

= 1 2 √ T (Q_T , μ)x Q_T [ dg(x, Q^2_T ) dQ_T − g(x, Q^2_T ) 2 dS(Q_T , μ) dQ_T ] . (5)

We note that f̃_g(x, Q^2_T , μ^2) consists of derivatives of the gluon distribution function g(x, Q^2_T ) and the Sudakov factor T (Q_T , μ) = e^{−S(QT ,μ)}. Collecting all the factors, the effective luminosity can be rewritten as

M^2

∂^2L ∂y∂M^2 = Ŝ^2 [ π R^2_g 8 b ∫_{lnμ}

lnQ_{min}

F_g(x_1, x_2, Q_T , μ) d lnQ_T

]_2

, (6)

where the integrand functions F_g(x_1, x_2, Q_T , μ) is defined by

F_g(x_1, x_2, Q_T , μ) ≡ 2 f̃_g(x_1, Q2_T , μ2)f̃_g(x_2, Q2_T , μ2) Q^2_T

, (7)

for the double-diffractive process.

For our numerical analysis, we also need to know the parton distribution functions (PDFs) for g(x, Q^2_T ) in f̃_g(x, Q^2_T , μ^2). Specifically, we take the PDFs given by CTEQ6M [44] and MRST2004NNLO [45]. The function S(Q_T , μ) that determines the Sudakov factor T (Q_T , μ) can be calculated as S(Q_T , μ) = 1 2π ∫_μ2

Q^2_T

α_s(k^2_t ) k^2_t

F_g(k_t) + ∑ q=u,d,s,c,ū,d̄,s̄,c̄ F_q(k_t) dk^2_t , (8)

where

F_g(k_t) = ∫_{1−Δ(kt)} 0 zP_{gg} (z) dz = −11/2 − 6 ln Δ + 12Δ − 9Δ^2 + 4Δ^3 − 3Δ^4/2 ,

F_q(k_t) = ∫_{1−Δ(kt)} 0 P_{qg} (z) dz = 1/3 − Δ/2 + Δ^2/2 + Δ^3/3 , (9)

with Δ = Δ(k_t) ≡ k_t/(μ + k_t).

Equations (1)–(9) provide a complete basis for our numerical evaluation of the effective luminosity for exclusive double-diffractive Higgs production. In particular, we find that the effective luminosity may conveniently be computed as follows:

M^2

∂^2L ∂y∂M^2 = 4.0 × 10^{−4}

∫_{lnμ} lnQ_{min} Fg(x1, x2, QT , μ) dlnQT GeV^{−2}

2 ( Ŝ^2 0.02 ) ( 4 b GeV^2

)_2 ( R_g 1.2 )_4 . (10) We note that the luminosity is very sensitive to the choice of R_g, in particular, but less to the hard scale μ (see also our discussion below).

In Fig. 2, we show xg(x, Q^2_T ) (upper left), the Sudakov factor T (Q_T , μ) (upper right), f̃_g(x, Q2_T , μ2) (lower left), and F_g(x_1, x_2, Q_T ) (lower right), see (7), as functions of Q_T or ln Q_T when the rapidity y = 0, M = 120 GeV, and √ s = 14 TeV. The solid (dashed) lines

Figure 2: The quantities xg(x, Q^2_T ) (upper left), the Sudakov factor T (Q_T , μ) (upper right), f̃_g(x, Q2_T , μ2) (lower left), and F_g(x_1, x_2, Q_T , μ) (lower right), as functions of Q_T or ln Q_T when the rapidity y = 0, M = 120 GeV, and √ s = 14 TeV. The solid (dashed) lines are the outputs of CTEQ6M (MRST2004NNLO).

are outputs of CTEQ6M (MRST2004NNLO). We observe significant differences between the functions xg(x, Q^2_T ), which results in a strong dependence on the parton distribution function used. Specifically, MRST2004 gives a non-vanishing and partly negative xg(x, Q^2_T ) when Q_T^<_∼ 0.9 GeV, where f̃_g(x_{1,2}, Q^2_T , μ^2) becomes negative due to the rapidly decreasing xg(x, Q^2_T ). On the other hand, CTEQ6M returns g(x, Q^2_T ) = 0 in this region. For 0.9 GeV < Q_T < 10 GeV, MRST2004 returns smaller values for F_g(x_1, x_2, Q_T , μ) than CTEQ6M does. When ln(Q_T /GeV) > 3 (Q_T^>_∼ 20 GeV), the contribution from this large- Q_T region to the luminosity is negligible, making the prediction insensitive to the choice of μ^>_∼ 20 GeV. We note that the most significant contribution comes from the region around Q_T = 1.3 GeV, as seen in the lower-right frame for F_g(x_1, x_2, Q_T , μ).

In fact, the calculations of g(x, Q^2_T ) in both the CTEQ6 and MRST2004 parameterizations are not reliable when Q_T^<_∼ 1 GeV. There are some phenomenological prescriptions for making the low-Q^2_T behaviour more sensible [43]. For Higgs bosons with masses M ∼ 120 GeV, however, the luminosity does not depend strongly on the variation between the prescriptions, and we take Q_{min} = 1 GeV to avoid unphysical effects associated with the inapplicability of the g(x, Q^2_T ) calculation for Q_T^<_∼ 1 GeV.

Figure 3: The effective luminosity for the exclusive double-diffractive process for √ s = 14 TeV as a function of M (y = 0) and y (M = 120 GeV) in the upper (lower) frame, respectively. Solid (dashed) lines are obtained using CTEQ6M (MRST2004NNLO), taking Q_{min} = 1.0 GeV in each case. Predictions using other PDFs lie between the above two extreme cases, according to the analysis in [42].

In Fig. 3, we show the effective luminosity for the exclusive double-diffractive process at the LHC as a function of M for y = 0 (upper frame) and as a function of y for M = 120 GeV (lower). The solid (black) lines are obtained using CTEQ6M and the dashed (red) lines by MRST2004NNLO. We take Q_{min} = 1.0 GeV, Ŝ^2 = 0.02, and R_g = 1.2 [41], see (10). We note large differences between the two predictions over large regions of M and y, which should be regarded as two extreme cases. For example, at (y, M) = (0, 120 GeV), the CTEQ6M prediction is about twice as large as that of MRST2004NNLO, and we find that the prediction of CTEQ6M has a stronger dependence on y than does that of MRST2004NNLO. We remark that the predictions using other PDFs lie between the above two extreme cases, as discussed in [42].

3 The Process pp → p + H_i + p → p + [f(σ)f̄(σ̄)] + p

The helicity amplitude for the process g^a_1 (λ_1)g^b_2(λ_2) → H_i → f(σ)f̄(σ̄) in the doublediffractive production of Higgs bosons H_i is given by

M(σσ̄; λ_1λ_2) = gα_sm_f √ ŝδ^{ab} 8πvM_W ⟨σ⟩_f δ_{σσ̄} δ_{λ1λ2} , (11)

where the amplitude ⟨σ⟩_f is defined as ⟨σ⟩_f ≡ ∑ i,j=1,2,3 S^g_i ( √ ŝ) D_{ij} (ŝ) (σβ_f g^S_{Hj}¯_{f f} − ig^P_{Hj}¯_{ff} ) . (12)

For the J^P_z = 0^+ process with p_⊥ ≈ 0 that we consider, the pseudoscalar form factor of the g-g-H_i vertex does not contribute, making the helicity amplitude independent of the helicities of gluons. For the definitions of the couplings, the threshold corrections that are enhanced for large values of tan β for f = b , τ , and the full 3 × 3 propagator matrix D_{ij} (ŝ), we refer to [10, 46].

Similarly as in [10], one can define the parton-level cross section as:

σ̂^f_i ≡ 2(N^2_C − 1) N_f β_f 512πŝ ( gα_sm_f √ ŝ 8πvM_W )_2

C^f_i (13)

where the enhancement factor 2(N^2_C − 1) for the exclusive process and color factors N_f : N_l = 1 and N_q = 3 have been included. The coefficients C^f_i are given in terms of the amplitudes ⟨σ⟩_f :

C^f_1 = 1 2 (|⟨+⟩_f |^2 + |⟨−⟩_f |^2) , C^f_2 = 1 2 (|⟨+⟩_f |^2 − |⟨−⟩_f |^2) , C^f_3 = −ℜe(⟨+⟩_f ⟨−⟩^∗_f ) , C^f_4 = ℑm(⟨+⟩_f ⟨−⟩^∗_f ) . (14)

For our numerical results, we make the following choices of parameters:

tan β = 50, M^{pole}_{H ±} = 155 GeV, M~_{Q3} = M~_{U3} = M~_{D3} = M~_{L3} = M~_{E3} = M_{SUSY} = 0.5 TeV, |μ| = 0.5 TeV, |A_{t,b,τ} | = 1 TeV, |M_2| = |M_1| = 0.3 TeV, |M_3| = 1 TeV, Φ_μ = 0^∘, Φ_A = Φ_{At} = Φ_{Ab} = Φ_{Aτ} = 90^∘, Φ_1 = Φ_2 = 0^∘, (15) and we consider two values for the phase of the gluino mass parameter M_3: Φ_3 = −10^∘ , −90^∘. For Φ_3 = −10^∘, CPsuperH [46] yields for the masses and widths of the neutral Higgs bosons:

M_{H1} = 120.2 GeV, M_{H2} = 121.4 GeV, M_{H3} = 124.5 GeV, Γ_{H1} = 1.19 GeV, Γ_{H2} = 3.42 GeV, Γ_{H3} = 3.20 GeV, (16)

and for Φ_3 = −90^∘:

M_{H1} = 118.4 GeV, M_{H2} = 119.0 GeV, M_{H3} = 122.5 GeV, Γ_{H1} = 3.91 GeV, Γ_{H2} = 6.02 GeV, Γ_{H3} = 6.34 GeV, (17)

respectively. In the above MSSM scenario, which has originally been introduced in [10,40], all the three neutral CP-violating Higgs bosons are nearly degenerate, with masses of ∼ 120 GeV, and mix strongly through off-diagonal absorptive self-energy effects. We call a scenario with these properties, which can only be realized in a CP-violating MSSM, the three-way mixing or tri-mixing scenario.

For f = b, the polarization of the b quark and the b̄ anti-quark cannot be measured, and the only observable is the total cross section, which is given by

M^2

∂^2σ^b_{tot} ∂y∂M^2 = 4Kσ̂^b_1 M^2

∂^2L ∂y∂M^2 , (18)

where we include the perturbative QCD correction K ≡ 1 +^{αs(ŝ)}_π (π^2 + 11/2) [47]. The factor 4 comes from the sum over the b- and b̄-quark polarizations [15].

Figure 4 displays two numerical examples of three-way mixing scenarios with Φ_3 = −90^∘ (solid lines) and Φ_3 = −10^∘ (dashed lines). In this case, we have taken CTEQ6M and Q_{min} = 1 GeV. The differential cross section becomes as large as ∼ 13 fb for Φ_3 = −90^∘, in which case it exhibits a single peak located between the pole masses, that are indicated by the solid vertical lines. This peak is broader than the expected missing-mass resolution δM ∼ 1 GeV. On the other hand, twin peaks are discernible when Φ_3 = −10^∘, thanks to the expected good resolution in the Higgs mass: δM ∼ 1 GeV. The twin peaks appear close to (but not at) the outer pair of pole masses, indicated by the vertical dashed lines, and the cross section actually exhibits a dip at the second pole mass. These examples demonstrate that the unique sensitivity to CP-conserving observables provided by the good mass resolution in double-diffraction events would in turn provide sensitivity to the CPviolating phase Φ_3.

For f = τ , we have four observables which can be constructed from σ̂^τ_i with i = 1 − 4.

Figure 4: The hadronic level cross section M^{2 ∂2σbtot}_{∂y∂M 2} (y = 0) when the produced Higgs bosons decay into b quarks, calculated using CTEQ6M PDFs. Tri-mixing scenarios have been taken with Φ_3 = −90^∘ (solid lines) and Φ_3 = −10^∘ (dotted lines). The vertical lines indicate the three Higgs-boson pole-mass positions.

In particular, to analyze the signatures of CP violation in the production of longitudinallypolarized τ leptons, we define

Δσ^τ_{CP} ≡ σ(pp → pH_ip ; H_i → τ^+_R τ^−_R ) − σ(pp → pH_ip ; H_i → τ^+_L τ^−_L ) . (19)

We then have the total and CP-violating cross sections given by

M^2

∂^2σ^τ_{tot} ∂y∂M^2 = 4Kσ̂^τ_1 M^2

∂^2L ∂y∂M^2 , M^2

∂^2Δσ^τ_{CP} ∂y∂M^2 = 4Kσ̂^τ_2 M^2

∂^2L ∂y∂M^2 . (20)

Finally, we define the CP-violating asymmetry a_{CP} as

a^τ_{CP} ≡

M^{2 ∂2ΔστCP} ∂y∂M^2 M^{2 ∂2στtot}_{∂y∂M 2} = σ̂^τ_2 σ̂^τ_1

. (21)

Figure 5 displays numerical examples in tri-mixing scenarios with Φ_3 = −90^∘ (solid lines) and Φ_3 = −10^∘ (dotted lines). We have again taken CTEQ6M and Q_{min} = 1 GeV, and find cross sections as large as ∼ 1.5 − 3 fb. The peaks and dips in the total cross section are located relative to the pole masses in the same way as for the b̄b final state, again offering sensitivity to the CP-violating phase. Moreover, comparing Figs. 4 and 5, we see that the relative sizes of the peaks are different for the two values of Φ_3, thus providing more sensitivity to this CP-violating parameter.

Figure 5: The hadron-level CP-conserving and CP-violating cross sections when Higgs bosons decay into τ leptons: M^{2 ∂2στtot}_{∂y∂M 2} (left) and M^{2 ∂2ΔστCP}_{∂y∂M 2} (right), calculated using CTEQ6M PDFs. We have considered tri-mixing scenarios with Φ_3 = −90^∘ (solid lines) and Φ_3 = −10^∘ (dotted lines). The vertical lines indicate the three Higgs-boson pole-mass positions.

The CP-violating cross-section difference observable in the τ^+τ^− final state is shown in the right panel of Fig. 5. In the case Φ_3 = −90^∘, the cross-section difference always has the same sign and is maximized between the pole masses, whereas in the case Φ_3 = −10^∘ it is generally smaller and exhibits two sign changes. The expected missing-mass resolution δM ∼ 1 GeV should be sufficient to resolve some of these structures. We expect that a CP asymmetry a^τ_{CP} larger than 10 % may be detected with an integrated luminosity^>_∼ 100 fb^{−1}. As we see in Fig. 6, the CP-violating observable a^τ_{CP} attains values considerably larger than 10% in both the scenarios studied. Whereas the individual cross sections depend on the PDFs used, the CP asymmetry shown in Fig. 6 is insensitive to this choice.

Figure 6: The CP-violating asymmetry a^τ_{CP} observable in tri-mixing scenarios when Higgs bosons decay into τ leptons. The line styles are the same as in Fig. 5.

4 Conclusions

We have extended our previous studies of CP-violating MSSM Higgs scenarios with large tri-mixing [10, 40] to diffractive production at the LHC. The production cross sections are large compared to those in the Standard Model, and the good Higgs-mass resolution obtainable via the missing-mass method should enable one to disentangle the different adjacent resonant peaks. Although it is difficult to construct CP-violating observables in H_i → b̄b decays without tagging the final protons [16] or analyzing the b-quark decay products, observations of τ^± helicities would permit a CP asymmetry to be measured in H_i → τ^+τ^− decays. This information may also be used to further resolve the underlying resonant dynamics of a strongly mixed Higgs-boson system, thereby offering a sensitive window into CP violation and new physics due to an extended Higgs sector, such as the MSSM Higgs sector.

This example shows that exclusive double diffraction may offer unique possibilities for exploring Higgs physics in ways that would be difficult or even impossible in inclusive Higgs production. In particular, we have shown that exclusive double diffraction constitutes an efficient CP and lineshape analyzer of the resonant Higgs-boson dynamics in multi-Higgs models. In the specific case of CP-violating MSSM Higgs physics discussed here, which is potentially of great importance for electroweak baryogenesis, diffractive production may be the most promising probe at the LHC.

Acknowledgements

We thank Jeff Forshaw for helpful discussions and valuable comments. The work of JSL and AP is supported in part by the PPARC research grant PPA/G/O/2002/00471.

References

[1] R. Barate et al. [ALEPH, DELPHI, L3 and OPAL Collaborations], Search for the standard model Higgs boson at LEP, Phys. Lett. B 565 (2003) 61 [arXiv:hep-ex/0306033]; see also http://lephiggs.web.cern.ch/LEPHIGGS/papers/index.html.

[2] The ALEPH, DELPHI, L3 and OPAL Collaborations, the LEP Electroweak Working Group, the SLD Electroweak and Heavy Flavour Groups, A combination of preliminary electroweak measurements and constraints on the standard model, arXiv:hep-ex/0312023; as updated on

http://lepewwg.web.cern.ch/LEPEWWG/Welcome.html.

[3] For reviews, see, H.P. Nilles, Phys. Rep. 110 (1984) 1; H. Haber and G. Kane, Phys.

Rep. 117 (1985) 75; J.F. Gunion, H.E. Haber, G.L. Kane and S. Dawson, The Higgs Hunter’s Guide, (Addison-Wesley, Reading, MA, 1990).

[4] A. Pilaftsis, Phys. Rev. D 58 (1998) 096010; Phys. Lett. B 435 (1998) 88.

[5] A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B 553 (1999) 3.

[6] D.A. Demir, Phys. Rev. D 60 (1999) 055006.

[7] S.Y. Choi, M. Drees and J.S. Lee, Phys. Lett. B 481 (2000) 57.

[8] M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B 586 (2000) 92.

[9] A. Pilaftsis, Nucl. Phys. B 504 (1997) 61.

[10] J. R. Ellis, J. S. Lee and A. Pilaftsis, Phys. Rev. D 70 (2004) 075010; J.S. Lee, hep-ph/0409020.

[11] M. Carena, J. R. Ellis, A. Pilaftsis and C. E. M. Wagner, Phys. Lett. B 495 (2000) 155 [arXiv:hep-ph/0009212].

[12] M. Carena, J. R. Ellis, S. Mrenna, A. Pilaftsis and C. E. M. Wagner, Nucl. Phys. B 659 (2003) 145 [arXiv:hep-ph/0211467].

[13] A. De Roeck, V.A. Khoze, A.D. Martin, R. Orava and M.G. Ryskin, Eur. Phys. J.

C25 (2002) 391

[14] M. Boonekamp, R. Peschanski and C. Royon, Phys. Lett. B 598 (2004) 243 [arXiv:hep-ph/0406061]; K. A. Assamagan et al. [Higgs Working Group Collaboration], arXiv:hep-ph/0406152; B. E. Cox, arXiv:hep-ph/0409144; B. E. Cox, arXiv:hep-ph/0501064.

[15] B.E. Cox, J.R. Forshaw, J.S. Lee, J.W. Monk and A. Pilaftsis, Phys. Rev. D 68 (2003) 075004

[16] V.A. Khoze, A.D. Martin and M.G. Ryskin, Eur. Phys. J. C 34 (2004) 327.

[17] S. Y. Choi, J. Kalinowski, G. Moortgat-Pick and P. M. Zerwas, Eur. Phys. J. C 22 (2001) 563; S. Y. Choi, A. Djouadi, M. Guchait, J. Kalinowski, H. S. Song and P. M. Zerwas, Eur. Phys. J. C 14 (2000) 535; A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Rev. D 69 (2004) 035007; S. Y. Choi, M. Drees and B. Gaissmaier, Phys. Rev. D 70 (2004) 014010.

[18] A. Bartl, S. Hesselbach, K. Hidaka, T. Kernreiter and W. Porod, Phys. Lett. B 573 (2003) 153; Phys. Rev. D 70 (2004) 035003; S. Y. Choi, Phys. Rev. D 69 (2004) 096003; S. Y. Choi, M. Drees, B. Gaissmaier and J. Song, Phys. Rev. D 69 (2004) 035008; S. Y. Choi and Y. G. Kim, Phys. Rev. D 69 (2004) 015011; J. A. Aguilar- Saavedra, Phys. Lett. B 596 (2004) 247; Nucl. Phys. B 697 (2004) 207; T. Gajdosik, R. M. Godbole and S. Kraml, JHEP 0409 (2004) 051.

[19] For an extensive review, see D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. Lykken and L. T. Wang, hep-ph/0312378.

[20] J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B 114 (1982) 231; W. Buchmüller and D. Wyler, Phys. Lett. B 121 (1983) 321; J. Polchinski and M. Wise, Phys. Lett. B 125 (1983) 393; F. del Aguila, M. Gavela, J. Grifols and A. Mendez, Phys. Lett. B 126 (1983) 71; M. Dugan, B. Grinstein and L. Hall, Nucl. Phys. B 255 (1985) 413; R. Garisto and J.D. Wells, Phys. Rev. D 55 (1997) 1611.

[21] T. Ibrahim and P. Nath, Phys. Rev. D 58 (1998) 111301; Phys. Rev. D 61 (2000) 093004; M. Brhlik, L. Everett, G.L. Kane and J. Lykken, Phys. Rev. Lett. 83 (1999) 2124; Phys. Rev. D 62 (2000) 035005; S. Pokorski, J. Rosiek and C.A. Savoy, Nucl. Phys. B 570 (2000) 81; E. Accomando, R. Arnowitt and B. Dutta, Phys. Rev. D 61 (2000) 115003; A. Bartl, T. Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, Phys. Rev. D 60 (1999) 073003; T. Falk, K.A. Olive, M. Pospelov and R. Roiban, Nucl. Phys. B 560 (1999) 3.

[22] For two-loop Higgs-mediated contributions to EDMs in the CP-violating MSSM, see D. Chang, W.-Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82 (1999) 900; A. Pilaftsis, Nucl. Phys. B 644 (2002) 263; D. A. Demir, O. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, Nucl. Phys. B 680 (2004) 339.

[23] P.H. Chankowski and L. Slawianowska, Phys. Rev. D 63 (2001) 054012; C.S. Huang, W. Liao, Q.-S. Yuan and S.-H. Zhu, Phys. Rev. D 63 (2001) 114021; D. A. Demir and K. A. Olive, Phys. Rev. D 65 (2002) 034007; M. Boz and N. K. Pak, Phys. Lett. B 531 (2002) 119; A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Nucl. Phys. B 659 (2003) 3; T. Ibrahim and P. Nath, Phys. Rev. D 67 (2003) 016005; Phys. Rev. D 67 (2003) 095003.

[24] For the general resummed form of the effective Lagrangian for Higgs-mediated FCNC interactions, see, A. Dedes and A. Pilaftsis, Phys. Rev. D 67 (2003) 015012.

[25] For recent studies, see, T. Konstandin, T. Prokopec and M. G. Schmidt, arXiv:hep-ph/0410135; K. Funakubo, S. Tao and F. Toyoda, Prog. Theor. Phys. 109 (2003) 415; M. Carena, M. Quiros, M. Seco and C. E. M. Wagner, Nucl. Phys. B 650 (2003) 24; J. M. Cline, Electroweak phase transition and baryogenesis, arXiv:hep-ph/0201286.

[26] T. Ibrahim and P. Nath, Phys. Rev. D 63 (2001) 035009; Phys. Rev. D 66 (2002) 015005; T. Ibrahim, Phys. Rev. D 64 (2001) 035009; S. W. Ham, S. K. Oh, E. J. Yoo, C. M. Kim and D. Son, Phys. Rev. D 68 (2003) 055003; T. Ibrahim, P. Nath and A. Psinas, Phys. Rev. D 70 (2004) 035006.

[27] M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B 625 (2002) 345.

[28] G.L. Kane and L.-T. Wang, Phys. Lett. B 488 (2000) 383.

[29] S. Heinemeyer, Eur. Phys. J. C 22 (2001) 521.

[30] E. Akhmetzyanova, M. Dolgopolov and M. Dubinin, hep-ph/0405264; I. F. Ginzburg and M. Krawczyk, hep-ph/0408011.

[31] S.Y. Choi and J.S. Lee, Phys. Rev. D 61 (2000) 015003; S.Y. Choi, K. Hagiwara and J.S. Lee, Phys. Rev. D 64 (2001) 032004; S. Y. Choi, M. Drees, J. S. Lee and J. Song, Eur. Phys. J. C 25 (2002) 307.

[32] W. Bernreuther and A. Brandenburg, Phys. Lett. B 314 (1993) 104; W. Bernreuther and A. Brandenburg, Phys. Rev. D 49 (1994) 4481; A. Dedes and S. Moretti, Phys. Rev. Lett. 84 (2000) 22; Nucl. Phys. B 576 (2000) 29; S.Y. Choi and J.S. Lee, Phys. Rev. D 61 (2000) 115002; S.Y. Choi, K. Hagiwara and J.S. Lee, Phys. Lett. B 529 (2002) 212; A. Arhrib, D. K. Ghosh and O.C. Kong, Phys. Lett. B 537 (2002) 217; E. Christova, H. Eberl, W. Majerotto and S. Kraml, Nucl. Phys. B 639 (2002) 263;

JHEP 0212 (2002) 021; W. Khater and P. Osland, Nucl. Phys. B 661 (2003) 209; F. Borzumati, J. S. Lee and W. Y. Song, Phys. Lett. B 595 (2004) 347.

[33] A.G. Akeroyd, Phys. Rev. D 68 (2003) 077701; D. K. Ghosh, R. M. Godbole and D. P. Roy, arXiv:hep-ph/0412193; D. K. Ghosh and S. Moretti, arXiv:hep-ph/0412365.

[34] B. Grzadkowski, J. F. Gunion and J. Kalinowski, Phys. Rev. D 60 (1999) 075011;

A.G. Akeroyd and A. Arhrib, Phys. Rev. D 64 (2001) 095018.

[35] D. Atwood and A. Soni, Phys. Rev. D 52 (1995) 6271; B. Grzadkowski and J.F. Gunion, Phys. Lett. B 350 (1995) 218; A. Pilaftsis, Phys. Rev. Lett. 77 (1996) 4996; S.Y. Choi and J.S. Lee, Phys. Rev. D 61 (2000) 111702; E. Asakawa, S.Y. Choi and J.S. Lee, Phys. Rev. D 63 (2001) 015012; S.Y. Choi, M. Drees, B. Gaissmaier and J.S. Lee, Phys. Rev. D 64 (2001) 095009; M.S. Berger, Phys. Rev. Lett. 87 (2001) 131801; C. Blochinger et al., hep-ph/0202199.

[36] S. Y. Choi and J. S. Lee, Phys. Rev. D 62 (2000) 036005; J. S. Lee, hep-ph/0106327;

S. Y. Choi, B. C. Chung, P. Ko and J. S. Lee, Phys. Rev. D 66 (2002) 016009; S. Y. Choi, J. Kalinowski, J. S. Lee, M. M. Muhlleitner, M. Spira and P. M. Zerwas,hep-ph/0404119.

[37] E. Asakawa, S. Y. Choi, K. Hagiwara and J.S. Lee, Phys. Rev. D 62 (2000) 115005;

R. M. Godbole, S. D. Rindani and R. K. Singh, Phys. Rev. D 67 (2003) 095009; E. Asakawa and K. Hagiwara, Eur. Phys. J. C 31 (2003) 351.

[38] R. M. Godbole, S. Kraml and R. K. Singh, arXiv:hep-ph/0409199;

arXiv:hep-ph/0501027.

[39] S. Y. Choi, J. Kalinowski, Y. Liao and P. M. Zerwas, hep-ph/0407347.

[40] J. R. Ellis, J. S. Lee and A. Pilaftsis, arXiv:hep-ph/0411379.

[41] V. A. Khoze, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C 23 (2002) 311 [arXiv:hep-ph/0111078]; V. A. Khoze, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C 14 (2000) 525 [arXiv:hep-ph/0002072].

[42] J. Forshaw, a talk at HERA-LHC workshop working group week, CERN, January 17- 21, 2005, http://agenda.cern.ch/fullAgenda.php?ida=a045699.

[43] J. Forshaw, private communication.

[44] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. Nadolsky and W. K. Tung, JHEP 0207 (2002) 012 [arXiv:hep-ph/0201195].

[45] A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Phys. Lett. B 604 (2004) 61 [arXiv:hep-ph/0410230].

[46] J. S. Lee, A. Pilaftsis, M. Carena, S. Y. Choi, M. Drees, J. R. Ellis and C. E. M. Wagner, Comput. Phys. Commun. 156 (2004) 283 [arXiv:hep-ph/0307377].

[47] S. Dawson, Nucl. Phys. B 359 (1991) 283; A. Djouadi, M. Spira and P. M. Zerwas, Phys. Lett. B 264 (1991) 440.