arXiv:hep-ph/0604183 v3 4 Oct 2006

Production of Doubly Charged Higgs Bosons at Linear e^−e^− Colliders

Orhan Çakır Ankara University, Faculty of Sciences, Department of Physics, 06100, Tandogan, Ankara, Turkey.

Abstract

Production of doubly charged Higgs bosons via the s-channel process e^−e^− → H^{−−} → l^−l^− at the future linear collider energies is studied by taking into account initial state radiation and beamsstrahlung (ISR+BS), final state radiation (FSR) and detector smearing effects. The discovery bounds of lepton flavour conserving and violating couplings are obtained for doubly charged Higgs bosons. It is found that the future linear colliders with the center of mass energies √ s = 500 GeV and √ s = 3000 GeV will be able to probe the doubly charged Higgs bosons with diagonal couplings down to 10^{−4} and 10^{−3}, respectively.

I. INTRODUCTION

There is a consensus in the particle physics community that the next large scale project should be a linear collider. The International Linear Collider (ILC) [1] is an e^+e^− linear collider with a center of mass energy of √ s = 500 GeV and the luminosity L ≈ 10^{34}cm^{−2}s^{−1}.

Beyond this baseline machine, upgrades and options are envisaged whose weight, priority and realization will depend upon the results obtained at the Large Hadron Collider (LHC) and the baseline ILC.

The physics results obtained in the first few years of running with ILC, together with the results from the LHC will then define the schedule for upgrades or other modes of operations (options). The expected shutdowns to install the upgrades or options will not take more than two years after an initial physics running time of at least four years, including the commissioning of the upgrades or options [1]. The ILC can operate for part of its running time in the electron mode where certain signals can be remarkably free from backgrounds. The e^−e^− running mode can also offer the high polarizations (at least 80%) for both initial states. This mode is a particularly interesting feature of a high energy linear collider. The main feature of this option is that the e^−e^− initial state is doubly charged and caries double lepton number. In this mode, the standard model (SM) activity can be highly suppressed, and clean signals from any non-standard physics can be searched. One of the many promising processes which can be studied in this mode is the resonant production of doubly charged scalars. Here we should note that s-channel resonance production of doubly charged Higgs bosons at e^−e^− colliders dominates over their t-channel indirect productions at e^+e^− colliders. Therefore, an e^−e^− collider could be used as a factory for doubly charged Higgs bosons, where their masses, total decay widths and couplings could be measured precisely. An additional feature often associated with doubly charged Higgs boson is the possibility of lepton number violation.

In many cases detailed measurements at a higher energy e^+e^− collider would be needed to complement previous exploratory observations. We think that further progress in particle physics will necessitate clean experiments at multi-TeV energies which is possible at e^+e^− Compact Linear Collider (CLIC) [2]. It is anticipated that the center of mass energy of the CLIC as high as 5 TeV might eventually prove feasible. Thus, the pair production of new particles could be detected in the e^+e^− mode of operation up to the mass of √ s/2.

The Standard Model (SM) gives a good description of the known fundamental particles, using SU(3)_C × SU(2)_L × U(1)_Y gauge group to describe their color and electroweak interactions. The SU(2)_L × U(1)_Y electroweak gauge symmetry is broken to U(1)_{em} by the Higgs mechanism, but a Higgs boson has yet to be observed [3]. This is one of the good reasons that other symmetry breaking mechanisms and extended Higgs sectors have not been excluded from the theoretical point of view. Some theories beyond the SM predict the existence of doubly charged Higgs bosons, including in left-right symmetric models [4], Higgs triplet models [5], and little Higgs models [6]. In the compositeness models they can be considered as the doubly charged scalar bileptons [7, 8]. The left-right symmetric (LR) electroweak theory based on the gauge symmetry group SU(2)_L × SU(2)_R × U(1)_{B−L} was proposed to offer a dynamical solution to the parity violation of weak interactions. The presence of triplet representations of Higgs fields, i.e. H_R triplet of SU(2)_R and H_L triplet of SU(2)_L, provides a simple explanation to the lightness of neutrinos via the see-saw mechanism [9], consistent with recent data on neutrino oscillations [10]. In addition, indication for neutrino oscillations necessarily violate lepton flavor symmetry [11]. It has been emphasized that the see-saw mechanism could lead to doubly charged Higgs bosons with masses accessible to current and future colliders.

Direct searches for doubly charged Higgs bosons have been performed by the OPAL [12], L3 [13] and DELPHI [14] Collaborations at LEP, and they have excluded H^{±±} bosons below masses of about 100 GeV, assuming exclusive H^{±±} decay to a given dilepton channel. Recent searches by the CDF and D0 Collaborations at the Fermilab Tevatron in the μμ channel have excluded H^{±±}_L (H^{±±}_R ) below a mass of 136 (113) GeV [15] and 118 GeV [16] at the 95% confidence level (C.L.), respectively. There are unknown parameters on which the obtained constraints depend: the mass of the doubly charged Higgs boson m_H ±± and the coupling constants h_{ij} , where i, j = e, μ, τ . The H^{±±} couplings h_{ij} to electrons and muons are experimentally constrained by the absence of H^{±±} production in e^+e^− collisions and nonobservation of the decay μ → 3e (h_{ee}h_{eμ} < 3.2 × 10^{−11}m^2_{H ±±} GeV^{−2}) and decay μ → eγ (h_{μμ}h_{eμ} < 2 × 10^{−10}m^2_{H ±±} GeV^{−2}) [17]. From the Bhabba scattering the relevant bound is given as h^2_{ee} < 6.0 × 10^{−6}m^2_{H ±±} GeV^{−2} [18] and from (g − 2)_μ measurements it is h^2_{μμ} < 2.5 × 10^{−5}m^2_H ±± GeV^{−2} [19]. More stringent bounds exist from the muonium-antimuonium transition [20] in the form of the product of the couplings, h_{ee}h_{μμ} < 2.0 × 10^{−7}m^2_{H ±±} GeV^{−2}. Similar bounds are given for both lepton flavor conserving couplings h^2_{ee} < 3.5 × 10^{−5}m^2_{H −−}

GeV^{−2} [21] and violating couplings h^2_{e(μ,τ )} < 1 × 10^{−6}m^2_H −− GeV^{−2} [22] of doubly charged scalar bileptons (as doubly charged Higgs boson H^{−−} ) from Bhabba scattering with LEP data. The experimental constraints on the couplings weaken with increasing H^{±±} mass.

It is reasonable to assume that below the scale of 500 GeV the left-right symmetry is broken [23] due to the strength of the left/right handed interactions and the form of CKM matrix of the right-handed interactions. It is entirely reasonable to suppose that a H^{−−} in the m_H −− < 500 GeV mass range relevant for a √ s = 500 GeV e^−e^− collider would already have been observed at the LHC, regardless of the magnitude of the coupling h_{ll}.

In e^−e^− collisions the production of doubly charged Higgs bosons via lepton number conserving and violating processes have been studied in [8, 24]. A work for the usefulness of looking at associated monoenergetic photon as signals for a doubly charged scalars at a linear e^−e^− collider with √ s = 1 TeV has been presented in [25]. Recently, doubly charged scalar bileptons (as doubly charged Higgs bosons) have been studied via e^−e^− → e^−e^−, μ^−μ^− processes with a resonance scan of the collider energies up to 2 TeV [26].

In this paper, we study in detail the production of doubly charged Higgs bosons H^{−−}_{L,R} through s-channel in e^−e^− collision including initial state radiation (ISR)+beamstrahlung (BS) and final state radiation (FSR). We also include the smearing effects of a detector on the four-momentum of final state leptons. We analyze the signature for identifying an isolated same sign, planar and p_T balanced two-lepton events. We also calculate the discovery bounds of couplings and masses for doubly charged Higgs bosons with lepton flavour conserving and violating couplings.

II. DOUBLY CHARGED LEPTONIC INTERACTIONS

The doubly charged Higgs bosons have the following Yukawa couplings to the leptons:

L_Y = h_{R,ij} l^T_{iR}Cσ_2H_Rl_{j,R} + h_{L,ij} l^T_{iL}Cσ_2H_Ll_{j,L} + h.c. (1) where l^T_{i,L(R)} = (ν_i, l_i)_{L(R)} are two-component left or right handed lepton fields with flavour index i; C is the charge conjugation matrix; σ_2 is the Pauli matrix. H_L and H_R are the

SU(2)_L and SU(2)_R triplets, respectively. The Higgs triplets

H_{L,R} = H^{−L,R}/ √ 2 H^{−−}_{L,R} H^0_{L,R} −H^−_{L,R}/ √ 2 (2) acquire non-vanishing vacuum expectation values (vev) given by

< H_{L,R} >= 1 √ 2 0 0 v_{L,R} 0 (3) where the left-handed triplet vev v_L is kept to be small due to its contribution to the ρparameter, ρ ≃ (1 + 2v^2_L/κ^2)/(1 + 4v^2_L/κ^2) where κ is related to the vev of bidoublet scalar field. The vev v_R gives masses to W_R as well as doubly charged scalars H^{−−}_{L,R}. The strength of the interaction is scaled by the symmetric unknown constants h_{ij} which, in general, are not flavour diagonal allowing for lepton number violating interactions. Therefore there are six possible couplings:

h = h_{ee} h_{eμ} h_{eτ} h_{μe} h_{μμ} h_{μτ} h_{τ e} h_{τ μ} h_{τ τ} (4)

Using the Lagrangian (1) with the assumption on the structure of the leptonic couplings, the leptonic decay widths for the doubly charged Higgs bosons are given by

Γ_H −− = m_H −− 8π ∑ i,j h^2_{ij} (5)

We calculate the leptonic decay widths for H^{−−} as Γ_H −− = 0.597 GeV taking the mass m_H −− = 500 GeV and assuming universal flavour diagonal couplings h_{ij} = 0.1δ_{ij} . Since we consider only leptonic decay channels of doubly charged Higgs bosons, calculated decay widths become narrower for smaller couplings and masses. Other decay channels including gauge bosons can be neglected assuming the vev of the neutral member of the triplet is small and taking into account the limits on the model’s couplings and the mass spectrum of the Higgs bosons. The two doubly charged Higgs bosons H^{−−}_{L,R} can have different chiral couplings to leptons. Their masses are expected to be comparable with each other because they derive both from similar terms of scalar potential. Since their production processes are the same we concentrate on the production of H^{−−}(H^{−−}_L or H^{−−}_R ).

Figure 1: Feynman diagrams for the process e^−e^− → e^−e^− including doubly charged Higgs boson

H^{−−} exchange.

III. PRODUCTION CROSS SECTIONS

For the process e^−e^− → e^−e^− including doubly charged Higgs bosons H^{−−}_{L,R}, as depicted in Fig. 1, the corresponding differential cross section can be obtained as

dσ dt = 1 8π F_{LL} | | | | | g^2_e s t(s + t) + g^2_e C_{LL}(s + 2m^2_Z ) (t − m^2_Z )(s + t + m^2_Z ) + h^2_{L,ee} (s − m^2_{H −−L} + im_H −−_L Γ_H −−_L ) | | | | | 2

+F_{RR} | | | | | g^2_e s t(s + t) + g^2_e C_{RR}(s + 2m^2_Z ) (t − m^2_Z )(s + t + m^2_Z ) + h^2_{R,ee} (s − m^2_{H −−R} + im_H −−_R Γ_H −−_R ) | | | | | 2

+g^4_e F_{RL} [ t s + t − C_{RL}t (s + t + m^2_Z )

]_2 + g^4_e F_{LR} [ s + t t + C_{LR}(s + t) (t − m^2_Z )

]_2} (6) where Γ_H −−_{L,R} is the total decay width of H^{−−}_{L,R} boson. The polarization factors F_{RR,LL} = (1±P_1)(1 ± P_2)/4 and F_{RL,LR} = (1−P_1P_2)/2 with the polarizations P_1 and P_2 of the incoming electron beams. The mixing angle dependent constants C_{LL} = s^2_w/c^2_w , C_{RR} = (1 − 2s^2_w )^2/(2s_w c_w )^2 and C_{LR} = C_{RL} = (1 − s^2_w )/2c^2_w . The abbreviations c_w and s_w are used for cosθ_W and sinθ_W , respectively. In Eq. (6), g_e is the electromagnetic coupling constant; s and t are the Mandelstam variables, and m_Z is the Z boson mass.

Here we assume that electron beam is ∼ 100% left or right polarized. This is a simplification which is motivated by the very high polarization rate 80 − 90% achievable at the e^−e^− options of the ILC and CLIC environment. The impact of an exact amount of 80% left polarization results in the mixture of partial LL, LR/RL and RR contributions (being LL 80% dominant) to the cross section given in (6).

For the processes e^−e^− → μ^−μ^− and e^−e^− → τ^−τ^− only flavour diagonal couplings contribute to the cross section. The resonance cross section for the signal processes e^−e^− →

H^{−−} → l^−l^− (where l^−=μ^− or τ^−) can be obtained as σ = 8πΓ_{ee} Γ_{ll} m^2_{H −−} s [(s − m^2_{H −−} )^2 + m^2_{H −−} Γ^2_{H −−} ] (7) if the decay width of doubly charged Higgs boson is significantly larger than the beam energy spread (typically 10^{−2} √ s). It is a good approximation to assume monochromatic electron beams. However, in the narrow width approximation (Γ_H −− /m_H −− < 0.01), the cross section formula (7) becomes σ = 8π^2 m_H −− B_{ee}B_{ll}Γ_H −− δ(s − m^2_H −− ) (8) depending on the total decay width and branchings B_{ll} of the doubly charged Higgs boson. Here, we consider only leptonic decay channels of the H^{−−} and assume that the energy spectrum of the luminosity is broader than the narrow resonant width. It should be noted that the actual total cross section can be obtained by convoluting σ(ŝ) with the initial and final state radiation functions, and the smearing function.

We have implemented the doubly charged Higgs boson interaction vertices into the Monte Carlo simulation program CompHEP [27] for decay width and cross section calculations. Since the center of mass energy is not well defined due to initial state radiation, beamstrahlung and the energy spread of the particles in the beam, these effects modify the energy dependence of the resonance cross section significantly. If the luminosity spectrum is well measured the physical parameters can still be extracted from the resonance scan. The scan can be done measuring the cross section at different center of mass energies around the resonance point.

In the case of the process e^−e^− → H^{−−} → μ^−μ^− the cross section with and without ISR+BS are calculated around the resonance point as shown in Fig. 2 and 3. The resonance peak shifts to the right (a higher energy) and reduce by a factor of about 5 due to ISR+BS effects. At the ILC based e^−e^− collider with the center of mass energy √ s = 500 GeV we obtain the resonance cross sections: σ = 2.17 × 10^3 pb, σ_{ISR} = 1.03 × 10^3 pb and σ_{ISR+BS} = 4.45 × 10^2 pb; without radiation, with ISR and with ISR+BS effects, respectively. For CLIC based e^−e^− collider with the center of mass energy √ s = 3000 GeV this effect become apparent from Fig. 3, as we find the signal cross section σ = 60.41 pb without radiation effects. In this case ISR+BS affects the cross sections significantly as σ_{ISR+BS} = 1.84 pb. When calculating these effects we take into account the beam parameters of the ILC and CLIC based e^−e^− colliders as shown in Table I.

Figure 2: The production cross section for the process e^−e^− → H^{−−} → μ^−μ^− depending on the centre of mass energy of the e^−e^− collider. Solid line shows the cross section without the ISR+BS, dashed line represent ISR+BS effect for the flavour diagonal couplings h_{ee,μμ} = 0.1

Table I: The beam parameters of ILC and CLIC based e^−e^− colliders used in the calculations of ISR and beamstrahlung. N is the number of particles in the electron bunch; σ_{x,y,z} are the average sizes of the electron bunches; Υ is the beamstrahlung parameter and N_γ is the average number of photons per electron.

Collider ILC (e^−e^−) CLIC (e^−e^−) Parameters 500 GeV 3000 GeV N(10^{10}) 2 0.4 σ_{x+y} (nm) 661 44 σ_z (mm) 0.3 0.03 Υ 0.04 8.07 N_γ 1.22 1.74

Figure 3: The cross section σ(e^−e^− → H^{−−} → μ^−μ^−) depending on the center of mass energy around 3000 GeV. Solid line for the cross section without the ISR+BS, dashed line represent ISR+BS effect for h_{ee,μμ} = 0.1.

In Fig. 4 and 5, we present the differential cross sections (dσ/dp_T ) for the signal (h_{ee} = 0.1) and background through the process e^−e^− → e^−e^− at the center of mass energy √ s = 500 GeV and √ s = 3000 GeV. Here we take the mass of H^{−−} boson equal to the center of mass energy of the collider. We see from these figures that the signal can be differentiated from the background by applying the appropriate p_T cuts on the electrons.

Since we mainly focus on the resonance production of doubly charged Higgs boson via the process e^−e^− → e^−e^− we may neglect the SM/H^{−−} interference terms around the resonance. Because, we obtained the best limits for the couplings in this case. We see that after the p_T cuts these terms contribute insignificantly. Furthermore, in simulation with standard PYTHIA we can’t produce signal and background events together and their interference at the same time. Therefore, we will take into account signal and background separately and make the statistical analysis accordingly.

In Table II and III we show the signal and background cross sections, for a more quantitative outlook, depending on the applied p_T cuts for √ s = 500 GeV and √ s = 3000 GeV,

Figure 4: Transverse momentum distribution of final state electrons for the signal (h_{ee} = 0.1) and background processes at √ s = 500 GeV.

Figure 5: Transverse momentum distribution of final state electrons for the signal (h_{ee} = 0.1) and background processes at √ s = 3000 GeV.

Table II: Cross sections for the signal and background with and without ISR+BS effects depending on the applied p_T cuts on final state leptons at ILC energies.

p_T (GeV) σ_S (pb) σ_{S,ISR+BS} (pb) σ_B(pb) σ_{B,ISR+BS}(pb) 10 2.17 × 10^3 4.45 × 10^2 3.00 × 10^3 2.99 × 10^3 50 2.13 × 10^3 4.36 × 10^2 1.27 × 10^2 1.264 × 10^2 100 1.99 × 10^3 4.07 × 10^2 3.41 × 10^1 3.35 × 10^1 150 1.74 × 10^3 3.56 × 10^2 1.52 × 10^1 1.44 × 10^1 200 1.31 × 10^3 2.67 × 10^2 7.29 × 10^0 6.28 × 10^0

Table III: The signal and background cross sections depending on the applied p_T cuts on final state lepton with and without ISR+BS effects at CLIC energies.

p_T (GeV) σ_S (pb) σ_{S,ISR+BS} (pb) σ_B(pb) σ_{B,ISR+BS}(pb) 100 6.05 × 10^1 1.81 × 10^0 3.23 × 10^1 3.02 × 10^1 200 5.95 × 10^1 1.79 × 10^0 8.46 × 10^0 6.11 × 10^0 500 5.70 × 10^1 1.71 × 10^0 1.44 × 10^0 4.74 × 10^{−1} 1000 4.50 × 10^1 1.35 × 10^0 3.46 × 10^{−1} 4.94 × 10^{−2}

respectively. The background cross section decreases significantly with the higher p_T cuts. Some optimized values can be found by searching for signal to background ratio. We have used a relation for the determination of optimal p_T cuts p_T > m_H −− /2−Δp_T where Δp_T can be optimized for every mass values to give better signal to background ratio and resolution as well. With a cut p_T > 200 GeV on the final state electron we obtain the background cross section σ_B = 6.28 pb and signal cross section σ_S = 267.0 pb for m_H −− = √ s = 500 GeV and h_{ee} = 0.1. In the e^−e^− collision with √ s = 3000, if we apply a p_T > 1000 GeV we obtain a smaller cross section for background σ_B = 4.94 × 10^{−2} pb and signal σ_S = 1.35 pb for m_H −− = √ s and h_{ee} = 0.1.

IV. SIMULATION

To make our analysis realistic we have smeared the energy of final state particles by a Gaussian function whose half-width is guided by the resolution of the electromagnetic (EM) calorimeter [28] δE E = 10% √ E + 0.01 (9) Energy resolution defines the detector’s ability to produce narrow peaks in the spectrum. It is affected by detector geometry and electronic noise. Resolution is typically measured as the width at the full width at half maximum for the given energy. In all cases the smaller the number specified for energy resolution is best and gives the user a better probability of separating peaks for easier identification. The invariant mass resolution of the final state charged leptons can be given by δm_{ll}/m_{ll} ≃ δE/ √ 2E. Here, we calculate the invariant mass resolution δm_{ll} = 4 GeV for m_{ll} = 500 GeV. When reconstructing the invariant mass of two leptons in the final state we have incorporated the effects of initial (ISR) and final state radiation (FSR) using the PYTHIA program [29]. We use the program SMEAR [30] to smear four-momenta of final state charged leptons, taking into account detector effects and acceptances. We have included the detector effects in our calculations for ILC and CLIC energies. For electrons in the final state, the magnitude of the output momentum is determined from the smeared calorimeter energy assuming the mass of the particle is that of an electron. A tracking device is used for the measurement of four-momenta of the muons in the final state. The tracking device is modelled in the following way: (i) the transverse momentum p_T and azimuth angle ϕ are smeared together, taking into account their correlation [31]; (ii) the z-component of the momentum is smeared by projecting the transverse momentum according to a Gaussian in 1/p_z . A detailed discussion of the properties of the detector model implemented in the present version of SMEAR can be found in [30]. Charged leptons (electrons and muons) are reconstructed within the acceptance range in pseudo-rapidity |η| < 2. Momentum resolution of the tracker is given depending on the scattering angle, and assumed as 0.02% for θ > 40 degrees. The efficiencies for charged particles are assumed to be 98%.

We show the invariant mass distribution of the e^−e^− pair for the above choice of parameters in Fig. 6. Here the distribution peaks correspond to the mass values of doubly charged Higgs bosons. Invariant mass of two electrons is smeared according to the detector effects

Figure 6: Invariant mass distribution of two electrons at √ s = 500 GeV for h_{ee} = 0.1: (a) signal as a narrow peak, (b) signal with detector effects and a Gaussian fit.

to be observable experimentally.

The invariant mass distribution of two electrons in the final state at the ILC and CLIC energies are shown in Fig. 7 and 8. Since we include the ISR+BS and smearing effects to the production cross sections there appears a coupling dependence moderately at very resonance point. In Fig. 7, we present the signal with m_H −− =350, 400, 450, 500 GeV and the background (e^−e^− → e^−e^−) with p_{T e} > 100 GeV and p_{T e} > 200 GeV. In Fig. 8, we present the signal with m_H −− =500, 1000, 2000, 3000 GeV and the background with p_{T e} > 200 GeV and p_{T e} > 500 GeV. We see from these figures that the signal peaks over the background at resonance even for smaller couplings. Applying appropriate p_T cuts on the electron from the background process (e^−e^− → e^−e^−) we can also detect the signal for smaller mass values of the doubly charged Higgs boson.

Since we simulate signal and background events we define the signal significance as SS = N_S / √ N_B where N_S and N_B are the signal and background events in the chosen mass bin, respectively. Taking the corresponding integrated luminosities for ILC and CLIC e^−e^− options L_{int} = 10^4 pb^{−1} and taking into account the detection efficiencies for the leptons we calculate the number of events for the signal and background leading to the significances given in Table IV. Here, we find δm_{ll} >> Γ_H −− , and therefore the signal significance is affected by the ISR+BS, FSR and smearing. If we consider lepton flavour conservation we can calculate the signal significance depending on the mass and coupling h_{ee} of the doubly charged Higgs boson by applying appropriate p_T cuts. We may define the bins of width Δm around the signal peak in the invariant mass distributions for each value of m_H −− . We then look at the fluctuations in the SM background in that bin and compare the corresponding rate for the signal. This procedure can be repeated for different couplings to find limiting values. The reaches of the coupling constant for the mass values of doubly charged Higgs boson smaller than the center of mass energies are given in Table IV. The resonance point worth a detailed study since smearing, initial and final state radiation affect the coupling dependence of the cross section. We estimate the reach of the coupling at which the resonances in the invariant mass distribution can be identified over the fluctuations in the SM background at 3σ level. We see from Fig. 9 that we can probe the doubly charged Higgs boson (when produced at resonance) coupling down to h_{ee} = 3 × 10^{−4} and h_{ee} = 10^{−3} with 95% C.L. at the center of mass energy E_{cm} = 500 GeV and E_{cm} = 3000 GeV, respectively.

For the process e^−e^− → μ^−μ^− the differential cross sections can be obtained as shown in Fig. 10. As can be seen from this figure two-muon invariant mass distribution shows a sharper peak than that of two-electron. In Fig. 11 invariant mass distributions have been shown for different couplings at the resonance √ s = 500 GeV. In case of the lepton number violating process e^−e^− → μ^−μ^− there is no significant SM background. We obtain the 95% C.L. contour by taking Poisson variable as the observed events with the mean of 9. In Fig. 12 the discovery contour of h_{ll} and m_H −− are plotted for the lepton number violating process

Figure 7: The invariant mass distribution of two electrons in the final state at the ILC energy √ s = 500 GeV; (a-d) the upper four plots present the signal with m_H −− =350, 400, 450, 500 GeV.

In (d) we show the signal distribution for the coupling h_{ee} = 0.1. (e) the lower plot is for the background (ee → ee) with p_{T e} > 100 GeV and p_{T e} > 200 GeV.

including ISR+FSR and smearing effects. As can be seen from Fig. 12 the accessible region of the contour plot can be enriched for higher integrated luminosities at future linear collider options.

If we use an electromagnetic calorimeter with a larger energy resolution, we obtain a

Figure 8: The invariant mass distribution of two electrons in the final state at the CLIC energy √ s = 3000 GeV; (a-d) the upper four plots present the signal with m_H −− =500, 1000, 2000, 3000 GeV. In (d) we show the signal distribution for the coupling h_{ee} = 0.1. (e) the lower plot is for the background (ee → ee) with p_{T e} > 200 GeV and p_{T e} > 500 GeV.

smaller cross section for the signal and a larger one for the background (e^−e^−) to satisfy 95% CL. Therefore, our results for S/ √ B will be changed accordingly and discovery region for doubly charged Higgs boson will become more restricted.

Table IV: Signal significances [SS(h_{ee}) = S(h_{ee})/ √ B] for the process e^−e^− → e^−e^− at the center of mass energy √ s = 500 GeV and √ s = 3000 GeV taking the integrated luminosity of L_{int} = 10^4pb^{−1}.

√ s = 500 GeV, p_{T e} >100 GeV √ s = 3000 GeV, p_{T e} >200 GeV m_H −− (GeV) Δm(GeV) SS(0.05) m_H −− (GeV) Δm(GeV) SS(0.1) 350 10 4.5 500 18 6.3 400 11 4.8 1000 26 5.4 450 12 6.2 2000 44 3.9

Figure 9: Signal significances depending on the coupling h_{ee} for doubly charged Higgs boson (when produced at resonance) at the collider energies E_{cm} = 500 GeV and 3000 GeV.

V. CONCLUSIONS

We have investigated the potential of the e^−e^− running mode of the linear colliders for discovering and studying doubly charged Higgs bosons. In e^−e^− collisions the beams will deflect each other leading to a reduction in luminosity comparing to the e^+e^− collisions in

Figure 10: Invariant mass distribution of the two-muon in the final state for different mass values of doubly charged Higgs boson at the center of mass energy √ s = 500 GeV.

which two beams focus each other. For the part of the luminosity spectrum close to the nominal center-of-mass energy, the reduction in e^−e^− mode is thus a factor of about 2.5 compared with e^+e^− [2]. The particularly clean environment of the e^−e^− collisions justifies here the neglect of systematic errors. For luminosity higher than what we have used in our calculation the reach for couplings can be further enhanced.

Using highly polarized electrons in the initial state make the resonances for doubly charged Higgs bosons observable down to quite smaller couplings. It has the benefit that at the same time one may also switch off most of the SM background processes (including W^− bosons) which could mask the discovery of new particles. The linear collider sensitivity to doubly charged Higgs boson properties is best when running at the resonance √ s = m_H −− . At the ILC and CLIC energies the couplings to charged leptons can be tested down to

Figure 11: Invariant mass distribution of two-muon around the resonance. The curves are obtained for different couplings h_{ll} by taking into account ISR+FSR and smearing effects at √ s = 500 GeV.

3 × 10^{−4} and 10^{−3} at the resonance, respectively. Our analysis depends on fixed center of mass energy of the machine. Around the resonance there is still radiative return to the doubly charged Higgs boson resonance due to the initial state radiation, which makes it possible to discover these particles for small couplings (down to 5 × 10^{−2} for m_H −− = 1500 GeV at √ s = 3000 GeV) without having a collider energy scan. The numerical analysis we performed is also relevant for any model which contains a Higgs triplet (e.g. Higgs triplet model, L-R symmetric models and little Higgs models).

It is apparent that if a doubly charged Higgs boson is found at the LHC, an e^−e^− collider would separately and in combination provide enormously important information concerning the structure and interactions of the Higgs sector. This also illustrates an important complementarity between the ILC or CLIC and the LHC. The discovery of a H^{−−} prior to the construction and operation of the e^+e^−/e^−e^− collider would be very important in determining the range over which good luminosity and good energy resolution for e^−e^− collisions should be a priority. Our calculations show that the signal significance SS √ L can

Figure 12: Contour plot of the doubly charged Higgs boson coupling h_{ll} and mass m_H −− for the lepton flavor violating process e^−e^− → μ^−μ^− at ILC and CLIC energies.

be rescaled for a lower luminosity in case of a limited time of e-e- running mode of ILC and CLIC.

On discovering a H^{−−} it would be important to measure the absolute value of h_{ij} , therefore a detailed experimental simulation of the decay modes is encouraged at both hadron and lepton colliders.

Acknowledgments

This work is supported in part by the Turkish State Planning Organization (DPT) under the grant No DPT-2006K-120470.

[1] A comprehensive information about the future linear colliders can be found at the URL:

http://www.linearcollider.org.

[2] R.W. Assmann et al., [The CLIC Study Team], CLIC Contribution to the Technical Review

Committee on a 500 GeV e^+e^− Linear Collider, Editor: G. Guignard, CERN-2003-007, Geneva, 2003; E. Accomando et al., [CLIC Physics Working Group], Physics at the CLIC Multi-TeV Linear Collider, Report of the CLIC Physics Working Group, CERN-2004-005, Geneva, (2004); E. Accomando et al., hep-ph/0412251.

[3] J. F. Gunion, H. E. Haber, G. Kane, S. Dawson, The Higgs Hunter’s Guide, Addison-Wesley Publishing Company, Redwood City, CA, 1990.

[4] J.C. Pati, A. Salam, Phys. Rev. D10, (1974) 275; R.N. Mohapatra, J.C. Pati, Phys. Rev. D11, (1975) 566; R.N. Mohapatra, J.C. Pati, Phys. Rev. D11, (1975) 2558; G. Senjanovic, R.N. Mohapatra, Phys. Rev. D12, (1975) 1502.

[5] G.B. Gelmini, M. Roncadelli, Phys. Lett. B 99, (1981) 411. [6] N. Arkani-Hamed, A.G. Cohen, H. Georgi, Phys. Lett. B 513, (2001) 232. [7] W. Buchmuller, Acta Phys. Austriaca, Suppl. XXVII, (1985) 517.

[8] F. Cuypers and M. Raidal, Nucl. Phys. B 501, (1997) 3; F. Cuypers and S. Davidson, Eur.

Phys. J. C 2, (1998) 503.

[9] R.N. Mohapatra, G. Senjanovich, Phys. Rev. Lett. 44, (1980) 912. [10] Y. Ashie et al., Phys. Rev. Lett. 93, (2004) 101801. [11] Y. Fukuda et al., Phys. Lett. B 433, (1998) 9.

[12] G. Abbiendi et al., OPAL Collaboration, Phys. Lett. B 577, (2003) 93. [13] P. Achard et al., L3 Collaboration, Phys. Lett. B 576, (2003) 18. [14] J. Abdallah et al., DELPHI Collaboration, Phys. Lett. B 552, (2003) 127. [15] D. Acosta et al., CDF Collaboration, Phys. Rev. Lett. 93, (2004) 221802. [16] V. M. Abazov et al., D0 Collaboration, Phys. Rev. D 93, (2004) 141801. [17] U. Bellgardt et al., Nucl. Phys. B 299, (1988) 1; M.L. Brooks et al., Phys. Rev. Lett. 83, (1999) 1521.

[18] M. L. Swartz, Phys. Rev. D 40, (1989) 1521; E. J. Chun, K. Y. Lee and S. C. Park, Phys. Lett.

B 566, (2003) 142.

[19] H. N. Brown et al., Muon g-2 Collaboration, Phys. Rev. Lett. 86, (2001) 2227. [20] L. Willman et al., Phys. Rev. Lett. 82, (1999) 49. [21] S. Atag and K. O. Ozansoy, Phys. Rev. D 68, (2003) 093008. [22] S. Atag and K. O. Ozansoy, Phys. Rev. D 70, (2004) 053001. [23] K. Huitu, J. Maalampi, A. Pietila and M. Raidal, Nucl. Phys. B 487, (1997) 27.

[24] T. G. Rizzo, Phys. Rev. D 25, (1982) 1355; J. F. Gunion, Int. J. Mod. Phys. A 11, (1996) 1551; J. Gluza, Phys. Lett. B 403, (1997) 304.

[25] B. Mukhopadyaya and S. K. Rai, Phys. Lett. B 633 (2006) 519. [26] S. Atag, K. O. Ozansoy, hep-ph/0508177.

[27] E. Boos et al., CompHEP Collaboration, Nucl. Instrum. Meth. A 534, (2004) 250, hep-ph/0403113; hep-ph/9908288.

[28] The TESLA TDR, http://tesla.desy.de/tdr/PartIV/detect.html. [29] T. Sjostrand et al., PYTHIA Collaboration, Comp. Phys. Commun. 135, (2001) 238. [30] R. Settles, H. Spiesberger and W. Wiedenmann, SMEAR version 3.02, the program and the manual can be obtained from http://www.desy.de/∼hspiesb/smear.html; O. Cakir, SMEAR 3.1, the program can be obtained from http://science.ankara.edu.tr/∼ocakir/smear31.html.

[31] R. L. Gluckstern, Nucl. Inst. Meth. 24, (1963) 381.