arXiv:hep-ph/0101077 v2 19 Sep 2001

Dirac and Majorana heavy neutrinos at LEP II

F.M.L. Almeida Jr.,Y. A. Coutinho, J. A. Martins Simões^∗, M.A.B. do Vale and S. Wulck Instituto de Física Universidade Federal do Rio de Janeiro, RJ, Brazil

The possibility of detecting single heavy Dirac and/or Majorana neutrinos at LEP II is investigated for heavy neutrino masses in the range MN = ( √ s/2, √ s). We study the process e^+e^− −→ ν e^± qi q̄j as a clear signature for heavy neutrinos. Numerical estimates for cross sections and distributions for the signal and the background are calculated and a Monte Carlo reconstruction of final state particles after hadronization is presented.

I. INTRODUCTION

The recently accumulated data at LEP offers a unique opportunity for the search of new particles. At center of mass energies around 200 GeV and a combined integrated luminosity of nearly 2500 pb^{−1} [1] this experimental facility can be employed, for instance, in the search of new heavy Dirac and/or Majorana neutrinos. The L3 Collaboration [2] at LEP has recently published results on the search of new possible excited charged and neutral leptons. Their experimental data was compared with a specific model of new excited leptons interacting with the Standard Model gauge bosons and new limits were found. Most of their data was compared with pair production of new heavy leptons. Single production of new possible charged leptons according to Standard Model extentions is also under study at the Delphi Collaboration [3] at LEP. A natural question is then: what are the consequences of these results for other models of new heavy leptons? This is particularly important for new heavy neutrinos. The recent SNO results [4] provide increasing evidence for light neutrino oscillations and non zero neutrino masses. A possible explanation of the smallness of neutrino masses is the “see-saw” mechanism, which implies new heavy neutrino states, with new high mass states and extremely small mixing angles. However, there are theoretical models that decouple the mixing angles from the mass relations [5]. This is the case if in the general mass matrix one imposes some internal symmetry that makes the matrix singular. Then the mixing parameters are bounded only by their phenomenological consequences. Another possible scenario for heavy neutrinos is in grand unified extensions of the Standard Model such as SO(10), E_6, as well as in mirror models. This new heavy neutrinos could be of the Dirac type. In this case we have no simple connection between mixing angles and mass ratios.

We are then lead to consider the possibility of new heavy neutrino states of Majorana and Dirac types, with mixing angles with light neutrinos limited only by their phenomenological consequences. There are experimental bounds on heavy neutrino masses indicating that, if they exist, their masses must be greater than 80-100 GeV [6,7] and mixing angles between heavy and light neutrinos are expected to be small. There is some model dependence on these results, but from radiative corrections [8] there is also no indication of new physics in this region. A recent work by Novikov [9] suggests that in some models, new heavy neutrinos can have masses as low as 50 GeV.

The high precision measurements of the Z properties at LEP/SLC indicates that the mixing of the presently known fermions and possible new heavy states small, of the order of sin^2 θm_{ix} = 10^{−2} − 10^{−3}. A recent estimate [10] gives sin^2 θm_{ix} < 0.0052 with 95% C.L. for the electron family. For the muon family we founded a stronger bound and for the tau family the bound must be weaker. This limit value is used throughout this paper for all curves and distributions and only the electron family is considered. Our results can also be extended to the other families with care in rescaling the mixing angles bound and background calculations.

II. THE MODEL

Single production of new heavy neutrinos in electronpositron colliders offers a clear possibility for a search in the neutrino mass region M_N = ( √ s/2, √ s). We know experimentally that there are no new interactions in this kinematical region. So, after mixing the relevant part of the Lagrangian at LEP II energies is given by: L_{nc} = − g 4c_W sinθ_{mix}Z_μψ_N γ^μ (1 − γ_5) ψ_{νe} + h.c.. (1) and L_{cc} = − g 2 √ 2 sinθ_{mix}W_μψ_N γ^μ (1 − γ_5) ψ_e + h.c. (2) where N is the new heavy neutrino. For Dirac neutrinos we impose lepton number conservation and for Majorana

∗E-mail: simoes@.if.ufrj.br neutrinos we must allow lepton number violation. There is some model (singlets, doublets, mirror neutrinos) dependence on the N-N-Z vertex but for the light-to-heavy neutrino vertex this dependence disappears [11].

We are interested in the process e^+e^− −→ ν N and N −→ e^± q_i q̄_j since it gives a clear signature for heavy neutrinos and has a higher cross section than the pure leptonic final states and heavy neutrino pair production. As we will shown below in this paper, it also allows a clear separation between the signal and the Standard Model background. We have taken into account all first order contributions for this process.

In Fig. 1 we show the first order Feynmam diagrams that display the exchange of a single new heavy neutrino for the above process. In Fig. 2 we show the corresponding Standard Model diagrams that contribute for the same final state. We must also include in the Standard Model calculation, which is our background, all the diagrams of Fig. 1 with the heavy neutrinos replaced by light neutrinos. The single heavy Dirac neutrino for the electron family dominates the associated muon (and tau) family production since in the first case we have s and t channel exchanges, whereas in the last cases we have only s channel contribution. For single heavy Majorana one has to sum over final neutrino and anti-neutrino production and, in principle, to do the correct sum over the three lepton families. As we have the bound sin^2 θ_μ << sin^2 θ_e, we have chosen not to sum over families, in order to reduce the number of new hypothesis and new parameters. Another point to be taken into account is the fact that the final state light neutrino is an experimentally undetected particle. So we must sum over all possible combinations whenever necessary.

In the search for new particles a fundamental point to be clarified is the relation between the heavy neutrino signal and the Standard Model background. This point was recently studied for future electron-positron colliders [11] at √ s = 500 GeV and new electron-muon colliders [12,13] where single production of new heavy neutrinos was shown to be more important than pair production [14,15]. A similar study was also done for hadron-hadron colliders [10,18].

In the present work we have done a detailed study of the process e^+e^− −→ ν e^± q_i q̄_j . Calculations for cross sections and distributions are straightforward, although rather lengthly. We have at our disposal efficient algebraic programs like CompHep [16] that can perform this kind of calculations. Hadronization of quarks was done with the well known program Phytia [17]. The complete hadronic reconstruction depends on each detector characteristics. In order to present our results as general as possible, we decided not to allow any hadronic decay after the hadronization process of quarks. The production of Majorana neutrinos in hadron colliders was recently [18] done in the helicity amplitude formalism and found to give the same results of the CompHep package. These author found some discrepancies with our previous results in ref. [10], mainly in the total width of the new heavy Majorana neutrino. This was due to the ghost contribution necessary to describe the W-boson longitudinal polarization. We have verified that the expression given in the appendix of ref. [18] is the correct expression for the total width of the heavy neutrino. The important point for an experimental search is the comparison between the signal for Majorana neutrinos with the Standard Model background. Since the Standard Model contribution is given by a large number of diagrams (see Figs. 1, 2),we have decided to employ the CompHep package for both the signal and background. After implementation of the Standard Model extentions here described, we have explicitly verified that our results are gauge independent. This procedure was also confirmed by the authors of ref. [18], that verified that CompHep and the helicity formalism for the amplitudes give the same results.

III. RESULTS

The total cross section for e^+e^− −→ ν e q_i q̄_j at LEP II energy of √ s = 200 GeV is shown in Fig. 3. From this figure on we have summed over the final state charged leptons e^−, e^+, and employed general detector cuts for final particles E_e > 5 GeV and −0.95 < cos θ_e < 0.95, where θ_e is the angle of the final charged lepton relative to the initial electron. The Standard Model background clearly dominates the signal. For both Dirac and Majorana production we have the same cross section if sums of final particles are only in the first family. We turn now our attention to distributions and cuts that can improve the signal to background ratio. In order to make our calculations closer to experiment, we have hadronized all final state quarks using the Pythia program [17]. All distributions are shown for the Majorana heavy neutrino. For the Dirac case we have a very similar pattern. In Fig. 4 we display the invariant ”charged lepton + neutrino” mass distribution M_{eν}. We note that the left scale applies to the Standard Model background and the right one applies to the signal curves for M_N = 80, 100, 120 GeV. The background events are strongly concentrated at the W mass value. This suggests that we must include events whenever M_{eν} < 75 GeV or M_{eν} > 85 GeV. Another interesting variable is the total invariant visible ”charged lepton + hadrons” mass distribution shown in Fig. 5 for M_N =120 GeV. The background has its maximum at 170 GeV and the signal is peaked at the heavy neutrino mass. An important point for this distribution comes from the fact that in the models that we are considering the heavy neutrino has a very narrow width. If this distribution is done with large bins, the signal is spread and lost. If the bin is narrow, the signal becomes more clear. Fig. 5 shows this effect for 1 GeV and 5 GeV bins. The heavy neutrinos are very narrow resonances, in the MeV range. The choice of bins as narrow as possible will be an experimental limitation of the available statistics. The LEP II results [19] on the determination of the W mass have already reached 1-GeV bins which will be sufficient for detecting heavy neutrinos in the 100-200 GeV mass region.

Another point to be taken into account is the initial state radiation (ISR) and ”beamstrahlung”. Recent calculations [20] for the Standard Model process e^+e^− −→ 4-fermions at LEP II energies show that these contributions are at the few percent level. This is due to the fact that the 4-fermions process is dominated by real W W production. The real W W pair carries almost all the initial state energy, leaving practically no place for photon emission. This is also true for the case of new heavy neutrino real production at LEP II. We have explicitly checked for the mass region that we are considering, that there is little room for ISR and ”beamstrahlung” corrections. Therefore, no significant distortions occurs in the distributions presented in this paper but we decided to include ISR and ”beamstrahlung” in all our results.

The invariant hadronic mass is peaked at the W mass for both the background and signal. We have then selected the events with 70 GeV < Mhadrons < 90 GeV in order to improve the final state quark hadronization. Another useful cut comes from the angular correlation between θ_e, and the reconstructed final state hadronic angle relative to the initial electron, θhadrons. In the next figures we have chosen the value (cos θ_e − 1)^2 + (cos θhadrons + 1)^2 > (0.6)^2. In Fig. 6 we show the invariant visible mass (charged leptons + hadrons) versus missing (neutrino) energy for background and signal (in arbitrary units) for M_N =100 GeV. In Fig. 6a we have done only the general detector cuts. For M_N =100 GeV the signal is already separated from the background but for higher masses this is no longer possible. The more general cuts discussed above can improve the signal to background ratio. Besides these cuts we have done in Fig. 6b the cut Echarged lepton < 40 GeV. The background is clearly below the signal.

In Table I we present a detailed analysis of the number of events expected for the signal and background. We have considered an integrated luminosity of 1000 pb^{−1} and M_N = 80, 100, 120, 150 GeV. This value for the luminosity can be rescaled for each of the LEP collaborations and for the present total value of 2500 pb^{−1}. In the last column we show the statistical significance for the signal number of events ”S”, relative to the background number of events ”B”. This is also shown in Fig. 7. We note that each point has different experimental cuts, besides the common detector cuts E_e > 5 GeV and −0.95 < cosθ_e < 0.95, and M_{eν} < 75 GeV or M_{eν} > 85 GeV. We can see that masses up to 150 GeV can be attained with a very clear statistical significance. Higher masses could be investigated but with a lower experimental definition.

All the results presented here are for a new possible heavy Majorana neutrino using the sin^2_θ upper limit. These results are the same for a Dirac neutrino, since we are considering only one family.

IV. CONCLUSIONS

The present work shows that the recent LEP II data can test the possibility of new Dirac and/or Majorana neutrinos with mass in the region M_N = ( √ s/2, √ s) and mixing angles with light neutrinos in the range 10^{−2} − 10^{−3}. This was estimated for an integrated luminosity of 1000 pb^{−1}. The process e^+e^− −→ “charged lepton + missing energy + hadrons” can give a clear signature for heavy neutrinos. For the models that we considered an important point is that the heavy neutrino width is very narrow and distributions must be done with narrow bins.

Acknowledgments: This work was partially supported by the following Brazilian agencies: CNPq, FUJB, FAPERJ and FINEP.

[1] LEP working group for Higgs boson searches, hepex/0107029.

[2] M. Acciarri et al., hep-ex/0011068; P.Achard et al., hepex/0107015 [3] M.A.B. do Vale, L.S. de Paula and F.M.L. Almeida Jr., DELPHI 2000-170 PHYS 882 (2000).

[4] Q.R. Ahmad et al., nucl-ex/0106015 [5] C. Jarlskog, Phys. Lett. B 241 (1990) 579;

D. Tommasini, G. Barenboim, J. Bernabéu and C. Jarslkog, Nuc. Phys. B 444 (1994) 451;

W. Buchmüller, C. Creub and P. Minkovski, Phys. Lett.B 267 (1991) 355.

[6] K. Zuber, Phys. Rep. 305 (1998) 295. [7] D.E. Groom et al, Eur. Phys. Jour. C 15 (2000) 1. [8] P. Langacker, in Precision test of the Standard Model, ed. P. Langacker, World Scientific, Singapore, 1995, pg. 883;

P. Bamert et al., Phys. Rev D 54 (1996) 4275. [9] V.A. Novikov, hep-ph/0106261.

[10] F.M.L. Almeida Jr., Y.A. Coutinho, J.A. Martins Simões and M.A.B. do Vale, Phys. Rev. D 62 (2000) 075004.

[11] F.M.L. Almeida Jr., Y.A. Coutinho, J.A. Martins Simões and M.A.B. do Vale, Phys. Rev. D 63 (2001) 075005.

[12] F.M.L. Almeida Jr., Y.A. Coutinho, J.A. Martins Simões and M.A.B. do Vale, Phys. Lett. B 494 (2000) 273.

[13] G. Cvetic̆ and C.S. Kim Phys. Lett. B 461 (1999) 248;

ibid B 471 (2000) 471E.

[14] F.M.L. Almeida Jr., J.H. Lopes, J.A. Martins Simões and C.M. Porto Phys. Rev. D 44 (1991) 2836 ; F.M.L. Almeida Jr., J.H. Lopes, J.A. Martins Simões, P. P. Queiroz Filho and A. J. Ramalho Phys. Rev. D 51 (1994) 5990.

[15] A. Djouadi Z. Phys. C 63 (1994) 317;

G. Azuelos, A. Djouadi Z. Phys. C 63 (1994) 327.

[16] A. Pukhov, E. Boss, M. Dubinin, V. Edneral, V. Ilyin,

D. Kovalenko, A. Krykov, V. Savrin, S. Shichanin and A. Semenov, ”CompHEP”- a package for evaluation of Feynman diagrams and integration over multi-particle phase space. Preprint INP MSU 98-41/542, hep-ph/9908288.

[17] T. Sjöstrand, Comp. Phys. Commun. 82 (1994) 74. [18] O. Panella, M. Cannoni, C. Carimalo and Y.N. Srivastava, hep-ph/0107308.

[19] DELPHI Collaboration, hep-ex/0104047; OPAL Collaboration, hep-ex/0009018.

[20] S. Jadach et al., hep-ph/0007012.

Figure Captions

1. Signal Feynman graphs for heavy Majorana and

Dirac neutrino contribution to e^+e^− −→ ν e q_i q̄_j.

2. Standard Model Feynman diagrams for e^+e^− −→ ν e q_i q̄_j. 3. Total cross section for the Standard Model background and for Dirac and Majorana heavy neutrinos at √ s = 200 GeV and sin^2 θ_{mix} = 0.0052.

4. Invariant mass distributions for the system ”charged lepton +neutrino”. The left scale applies to the SM and the right scale applies to the signal.

5. Invariant mass distribution for the final state visible particles ”charged lepton + hadrons”, for M_N = 120 GeV. The first figure is done with 5 GeV bins and the second one is done with 1 GeV bins. Both are in arbitrary units.

6. a. Invariant visible mass (charged leptons + hadrons) versus missing energy (neutrino) for background and signal for M_N = 100 GeV (in arbitrary units).

b. Same as Fig. 6a. with the additional cuts as discussed in the text.

7. Statistical significance versus M_N for different event selections according to Table I.

Signal Background s/ √ B M_N = 80 GeV Detector cuts 148 2447 2.99 Mass dependent cuts^† 96 200 6.79 Mass window M_N ± 10 GeV 80 17 19.40 Mass window M_N ± 5 GeV 78 7 29.48 M_N = 100 GeV Detector cuts 148 2447 2.99 Mass dependent cuts^{††} 103 148 8.47 Mass window M_N ± 10 GeV 102 80 11.40 Mass window M_N ± 5 GeV 101 43 15.40 M_N = 120 GeV Detector cuts 100 2447 2.02 Mass dependent cuts^{†††} 72 287 4.25 Mass window M_N ± 10 GeV 72 124 6.47 Mass window M_N ± 5 GeV 71 64 8.88 M_N = 150 GeV Detector cuts 51 2447 1.03 Mass dependent cuts^{††††} 15 57 1.99 Mass window M_N ± 10 GeV 15 17 3.64 Mass window M_N ± 5 GeV 15 9 5.00

† (cos θ_e − 1)^2 + (cos θhadrons + 1)^2 > (0.6)^2 and E_e < 40 GeV.

†† 70 GeV< Mhadrons < 90 GeV, (cos θ_e − 1)^2 + (cos θhadrons + 1)^2 > (0.6)^2 and E_e < 40 GeV. ††† 70 GeV< Mhadrons < 90 GeV and (cos θ_e − 1)^2 + (cos θhadrons + 1)^2 > (0.6)^2 and E_e < 55 GeV. †††† 70 GeV< M hadrons < 90 GeV, cos θhadrons > 0.3 and 40 GeV < E^e < 70 GeV.

Table I : Expected number of events with L = 1000 pb^{−1}, for M_N = 80, 100, 120, 150 GeV.