arXiv:1106.4462v1 [hep-ph] 22 Jun 2011

UNIVERSITY OF SOUTHAMPTON

Phenomenology of the minimal B − L extension of the Standard Model at the LHC

by Lorenzo Basso

A thesis submitted in partial fulfillment for the degree of Doctor of Philosophy

in the Faculty of Physical and Applied Sciences School of Physics and Astronomy

June, 2011

To my Love. Στην αγ^′απη μoυ.

UNIVERSITY OF SOUTHAMPTON

Abstract

FACULTY OF PHYSICAL AND APPLIED SCIENCES SCHOOL OF PHYSICS AND ASTRONOMY

Doctor of Philosophy

PHENOMENOLOGY OF THE MINIMAL B − L EXTENSION OF THE STANDARD MODEL AT THE LHC by Lorenzo Basso

A well-motivated framework to naturally introduce neutrino masses is the B − L model, a U(1) extension of the standard model related to the baryon minus lepton gauged number. Besides three right-handed neutrinos, that are included to cancel the anomalies (thereby naturally providing neutrino masses), this model also encompasses a complex scalar for the spontaneous symmetry breaking of the extended gauge sector and to give mass to the Z^′ boson. We present the phenomenology, the discovery potential at the LHC, and the most up-to-date experimental and theoretical limits of the new particles in this model. In the gauge sector, a Z^′ boson is present. We study its properties (i.e., production cross sections, branching ratios, total width), showing that it is dominantly coupled to leptons. We also present a detailed discovery power study at the LHC and at Tevatron for the Z^′ boson. In the fermion sector, after implementing the see-saw mechanism, we end up with three heavy neutrinos. We show that they can be long-lived particles (therefore providing displaced vertices in the detector), and that they can induce spectacular multi-lepton decays of the Z^′ boson. We also study the full signature pp → Z^′ → ν_hν_h, and present a parton level and a detector level analysis for the tri-lepton decay mode of the Z^′ boson via heavy neutrinos. In the gauge sector, the two Higgs fields mix. We derive the unitarity bound and the constraints from the renormalisation group equations study. In the allowed region of the parameter space, we delineate the phenomenology of the Higgs bosons and we show characteristic signatures of the latter, at the LHC, involving the Z^′ boson and the heavy neutrinos.

Contents

Contents vii

List of Figures vii

List of Tables xiii

Declaration of Authorship xv

Acknowledgements xvii

Nomenclature xix

1 Introduction 1 1.1 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 The Model 9 2.1 A minimal U(1) extension . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.1.1 Scalar sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.1.2 Yang-Mills sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.1.3 Fermion sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.1.4 Yukawa interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.2 Symmetry breaking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.2.1 Gauge eigenstates . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.2.2 Scalar eigenstates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.2.3 Fermion eigenstates . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.3.1 Gauge sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.3.2 Fermion sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.3.3 Scalar sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Gauge sector 19 3.1 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.1.1 Experimental constraints . . . . . . . . . . . . . . . . . . . . . . . 20 3.1.1.1 Tevatron bounds on the Z^′_{B−L} boson . . . . . . . . . . . 20 3.1.1.2 LEP bounds on the Z^′_{B−L} boson . . . . . . . . . . . . . . 21 3.1.2 Theoretical constraints . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.2 Phenomenology of the gauge sector . . . . . . . . . . . . . . . . . . . . . . 23 3.2.1 Production cross sections and decay properties . . . . . . . . . . . 23 3.2.1.1 Decay properties . . . . . . . . . . . . . . . . . . . . . . . 24 vi CONTENTS

3.2.2 Discovery power at the LHC . . . . . . . . . . . . . . . . . . . . . 28 3.2.2.1 LHC at √ s = 7 TeV and comparison with Tevatron . . . 31 3.2.2.2 LHC at √ s = 14 TeV . . . . . . . . . . . . . . . . . . . . 36 3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Fermion sector 43 4.1 Experimental constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 4.2 Phenomenology of the heavy neutrinos . . . . . . . . . . . . . . . . . . . . 44 4.2.1 Production cross sections and decay properties . . . . . . . . . . . 45 4.2.1.1 Decay properties . . . . . . . . . . . . . . . . . . . . . . . 47 4.2.2 Phenomenology of the neutrino pair production . . . . . . . . . . . 50 4.2.3 Tri-lepton signature analysis (parton level vs. detector level) . . . 52 4.2.3.1 Parton level analysis . . . . . . . . . . . . . . . . . . . . . 55 4.2.3.2 Detector level analysis . . . . . . . . . . . . . . . . . . . . 60 4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5 Scalar sector 67 5.1 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.1.1 Experimental constraints . . . . . . . . . . . . . . . . . . . . . . . 68 5.1.2 Theoretical constraints . . . . . . . . . . . . . . . . . . . . . . . . . 69 5.1.2.1 Unitarity bound . . . . . . . . . . . . . . . . . . . . . . . 70 5.1.2.2 Renormalisation group equations . . . . . . . . . . . . . . 74 5.2 Phenomenology of the Higgs sector . . . . . . . . . . . . . . . . . . . . . . 83 5.2.1 Production cross sections and decay properties . . . . . . . . . . . 83 5.2.1.1 New production mechanisms . . . . . . . . . . . . . . . . 85 5.2.2 Branching ratios and total widths . . . . . . . . . . . . . . . . . . 88 5.2.3 Cross sections for processes involving Z^′ bosons and neutrinos . . . 91 5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6 Discussion 97 6.1 Summary of the results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 6.2 Outlook on future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

A Model implementation 101 A.1 Implementation of the pure B − L model . . . . . . . . . . . . . . . . . . 101 A.1.1 Neutrino eigenstates . . . . . . . . . . . . . . . . . . . . . . . . . . 102 A.1.2 Feynman rules involving heavy neutrinos . . . . . . . . . . . . . . 102 A.2 One-loop vertices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 A.3 Feynman rules for the pure B − L model . . . . . . . . . . . . . . . . . . . 105

B Renormalisation group equations 119 B.1 Gauge RGEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 B.2 Fermion RGEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 B.3 Scalar RGEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

References 123

Index 131

List of Figures

3.1 Maximum allowed values by eq. (3.4) for g^′_1(Q_{EW} ) in the B − L model as a function of the scale Q. . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.2 Z^′ hadro-production cross sections at the LHC over the (M_Z′ , g^′_1) plane:

(3.2a) as a function of M_Z′ for various g^′_1 values and (3.2b) in the form of contour lines for four fixed values of production rates. In the left frame, the vertical ticks indicate the region excluded experimentally (on the left from the ticks), in accordance with section 3.1.1. In the right frame, the black shaded area is the portion excluded by eq. (3.2) (LEP bounds). The red shaded area is the region excluded by Tevatron, in accordance with table 3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.3 Cross sections for pp(p) → Z^′_{B−L} at Tevatron and at the LHC (for √ s = 7, 10 and 14 TeV) for g^′_1 = 0.1. . . . . . . . . . . . . . . . . . . . . . . . . 25 3.4 Z^′ boson BRs as a function of M_Z′ for several heavy neutrino masses:

m_{νh} = 50, 200 GeV, and 1 TeV, from left to right, respectively. A summation over all lepton/neutrino flavours is implied throughout, whereas, in the case of quarks we distinguish between light flavours (q = d, u, s, c, b) and the top quark. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.5 Z^′ total width as a function of: (3.5a) M_Z′ (for fixed values of g^′_1), (3.5b) g^′_1 (for fixed values of M_Z′ ) and (3.5c) m_{νh} (for fixed values of M_Z′ and g^′_1 = 0.1). In plots (3.5a)[(3.5b)] the portion of the curves to the left[right] of the vertical ticks (when appearing) are experimentally excluded, in accordance with eq. (3.2) and table 3.1. Notice finally that in plot 3.5b the curve for M_Z′ = 0.5 TeV is shown just for sake of comparison, as it is all excluded. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.6 Feynman diagram for the Drell-Yan di-lepton production (ℓ = e, μ). . . . 28 3.7 Comparison of the CMS electron resolution according to eqs. (3.9) and (3.11), with the two different constant terms as described in the text, compared to Γ_Z′ /2 for g^′_1 = 0.23 and g^′_1 = 0.44. . . . . . . . . . . . . . . . 29 3.8 Significance contour levels plotted against g^′_1 and M_Z′ at the LHC for √ s = 7 TeV for 0.1 − 1 fb^{−1} and at Tevatron ( √ s = 1.96 TeV) for (3.8a, electrons) 5.4−10 fb^{−1} and (3.8b, muons) 4.6−10 fb^{−1} of integrated luminosity. The shaded areas correspond to the region of parameter space excluded experimentally, in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red). . . . . . . . . . . . . . . . 32 3.9 Integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 at the LHC for √ s = 7 TeV for (3.9a) electrons and (3.9c) muons and at Tevatron ( √ s = 1.96 TeV) for (3.9b) electrons (the muon channel requires more than 10 fb^{−1} and is, hence, not shown). Only allowed combinations of masses and couplings are shown. . . . . . . . . . 33

3.10 (3.10a) Contour levels for 95% C.L. plotted against g^′_1 and M_Z′ at the LHC for selected integrated luminosities and integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 (in which only the allowed combination of masses and couplings are shown), for (3.10b) the LHC at √ s = 7 TeV and (3.10c) at Tevatron ( √ s = 1.96 TeV), for both electrons and muons. The shaded areas and the allowed (M_Z′ , g^′_1) shown are in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red for electrons and in green for muons). 35 3.11 Significance contour levels plotted against g^′_1 and M_Z′ at the LHC for √ s = 14 TeV for several integrated luminosities for (3.11a) electrons and (3.11b) muons. The shaded areas correspond to the region of parameter space excluded experimentally, in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red). . . . . . . . . . . . . . . 37 3.12 Integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 at the LHC for √ s = 14 TeV for (3.12a) electrons and (3.12b) muons. Only allowed combination of masses and couplings are shown, in accordance with eq. (3.2) and table 3.1. . . . . . . . . . . . 37 3.13^{dσ}_{dMℓℓ} (pp → γ, Z, Z^′_{B−L} → e^+e^−) for several masses and couplings (M_Z′ /TeV, g^′_1, Γ_Z′ /GeV ): (3.13a) (0.6, 0.0075, 0.006), (1.1, 0.015, 0.05), (1.6, 0.025, 0.21), (2.0, 0.04, 0.67), (2.6, 0.07, 2.7) and (3.6, 0.2, 31); (3.13b) (0.6, 0.009, 0.009), (1.1, 0.02, 0.09), (1.6, 0.04, 0.53), (2.1, 0.07, 2.2), (2.6, 0.12, 7.9) and (3.4, 0.3, 61), from the 3σ and 5σ lines at 10 fb^{−1} of figure 3.11 ( √ s = 14 TeV), respectively, using 15 GeV binning. Notice that the asymmetry of the peaks is the result of our choice to consider the full interference structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.14^{dσ}_{dMℓℓ} (pp → γ, Z, Z^′ → μ^+μ^−) for some masses and couplings (M_Z′ /TeV, g^′_1, Γ_Z′ /GeV ): (3.14a) (2.6, 0.07, 2.7) and (3.4, 0.2, 29) and (3.14b) (2.6, 0.12, 8) and (3.4, 0.3, 65), from the 3σ and 5σ lines at 10 fb^{−1} of figure 3.11 ( √ s = 14 TeV), using 125 GeV binning. Notice that the asymmetry of the peaks is the result of our choice to consider the full interference structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.15 (3.15a) Contour levels for 95% C.L. plotted against g^′_1 and M_Z′ at the LHC for selected integrated luminosities and (3.15b) integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 (in which only the allowed combination of masses and couplings are shown), for √ s = 14 TeV, for both electrons and muons. The shaded areas and the allowed (M_Z′ , g^′_1) shown are in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red for electrons and in green for muons). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Feynman diagram for heavy neutrino pair production. . . . . . . . . . . . 45 4.2 Heavy neutrino pair production cross sections at the LHC for (4.2a) √ s = 7 TeV and for (4.2b) √ s = 14 TeV, as a function of m_{νh} , for several Z^′ masses and g^′_1 couplings. The shaded areas shown are experimentally excluded in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red). Heavy neutrinos have been summed over the generations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 4.3 Heavy neutrino pair production cross sections at the LHC (for √ s = 7 and 14 TeV) for several Z^′ masses and g^′_1 couplings. Heavy neutrinos have been summed over the generations. . . . . . . . . . . . . . . . . . . . 46

4.4 Heavy neutrino BRs versus its mass for the fixed M_Z′ = 1.5 TeV, m_{h1} = 150 GeV, m_{h2} = 450 GeV, α ∼ 10^{−3} rads and g^′_1 = 0.2. Here, W means the sum over W^+ and W^−. . . . . . . . . . . . . . . . . . . . . . . . . . . 47 4.5 Heavy neutrino lifetime (top panel) and proper decay length (or mean path) cτ_0 (bottom panel) as a function of the light neutrino mass for three different choices of heavy neutrino masses. The purple (horizontal) band presents the proper decay length of the b quark while the blue band indicates the range of a typical microvertex detector. The red band shows the region excluded by neutrino oscillation direct measurements. . . . . . . . . . . . . 49 4.6 Z^′ boson BRs, as a function of m_{νh} , into: 2 leptons (both e and μ, top-left panel); 3 and 4 leptons + X (both e and μ, top-right panel); 2 leptons + X jets (both e and μ, bottom-left panel); zoom of the previous plot with same legend (bottom-right panel). . . . . . . . . . . . . . . . . . . . . . . . 52 4.7 Feynman diagram for the tri-lepton decay mode of the Z^′ boson (ℓ = e, μ). 53 4.8 Signal (m_{νh} = 200 GeV) and background distributions after the Selection 1 cuts. (Events per L = 100 fb^{−1}.) . . . . . . . . . . . . . . . . . . . . . . 56 4.9 Signal (m_{νh} = 500 GeV) and background distributions after the Selection 1 cuts. (Events per L = 100 fb^{−1}.) . . . . . . . . . . . . . . . . . . . . . . 57 4.10 Signal (m_{νh} = 200 GeV) and background distributions after the Selection 1 and 2 cuts. (Events per L = 100 fb^{−1}.) . . . . . . . . . . . . . . . . . . 59 4.11 Signal (m_{νh} = 500 GeV) and background distributions after the Selection 1 and 2 cuts. (Events per L = 100 fb^{−1}.) . . . . . . . . . . . . . . . . . . 60 4.12 Signal (m_{νh} = 200 GeV, top panel, and m_{νh} = 500 GeV, bottom panel) and background distributions after the Selection 1, 2 and 3 cuts. (Events per L = 100 fb^{−1}.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 4.13 Distribution of M^T_{3ℓ2j} for signal (4.13a) m_{νh} = 200 GeV and (4.13b) m_{νh} = 500 GeV, summed with the backgrounds, and for signal only, in (4.13c) and (4.13d), respectively, after the Selection 2 cuts. (Events per L = 100 fb^{−1}). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 4.14 Distribution of M^T_{2ℓ} for signal (4.14a) m_{νh} = 200 GeV and (4.14b) m_{νh} = 500 GeV, superimposed to the backgrounds after the Selection 3 cuts. (Events per L = 100 fb^{−1}). . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.1 The 95% C.L. upper bound on ξ = g_{HZZ} /g^{SM}_{HZZ} [1]. In the B − L model, ξ = cos α(sin α) for H = h_1(h_2). The solid line represents observed values; the dotted line represents values expected for the background. . . . . . . . 68 5.2 Allowed region (at 95% confidence level) in a model with one additional singlet in addition to the usual SU(2)_L doublet. The lightest (heavier) scalar mass is m_0 (m_1) and the mixing matrix is defined in eq. (4) of Ref. [2]. In our notation, |V_{01}| = sin α. The region below the curves is allowed by fits to S, T and U. . . . . . . . . . . . . . . . . . . . . . . . . 70 5.3 Higgs bosons mass limits in the B − L model coming from the unitarity condition |Re(a_0)| ≤^1_2 applied to the zz → zz and z^′z^′ → z^′z^′ scatterings for several values of x: (5.3a) for α = 0.01, (5.3b) for α = 0.1, (5.3c) for α = π/4, and (5.3d) for α = 0.9 π/2. The (blue) horizontal shadowed region is forbidden by our convention m_{h2} > m_{h1} . The (red) vertical shadowed region is excluded by the LEP experiments. . . . . . . . 73

5.4 Allowed values in the m_{h1} vs. m_{h2} space in the B − L model by eqs. (5.8) and (5.9), for (5.4a) α = 0, (5.4b) α = 0.1, (5.4c) α = π/4 and (5.4d) α = π/3. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The shaded black region is forbidden by our convention m_{h2} > m_{h1} , while the shaded red region refers to the values of the scalar masses forbidden by LEP. Here: x = 7.5 TeV, m_{νh} = 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . 76 5.5 Allowed values (that are those between the same colour lines) for m_{h2} as a function of the scale Q in the B − L model by eqs. (5.8) and (5.9), for several values of m_{h1} and (5.5a) α = 0, (5.5b) α = 0.1, (5.5c) α = π/8 and (5.5d) α = π/4. Also, x = 3.5 TeV and m_{νh} = 200 GeV. Only the allowed values by our convention m_{h2} > m_{h1} are shown. . . . . . . . . . 78 5.6 Allowed values in the m_{h2} vs. α space in the B − L model by eqs. (5.8) and (5.9), for (5.6a) m_{h1} = 100 GeV, (5.6b) m_{h1} = 120 GeV, (5.6c) m_{h1} = 160 GeV and (5.6d) m_{h1} = 180 GeV. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The plots already encode our convention m_{h2} > m_{h1} and the shaded red region refers to the values of α forbidden by LEP. Here: x = 3.5 TeV, m_{νh} = 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . 79 5.7 Allowed values in the m_{h1} vs. m_{h2} space by eqs. (5.8) and (5.9), for (5.7a) α = 0 and (5.7b) α = 0.1, (5.7c) α = π/4 and (5.7d) α = π/3, for m_{νh} = 1 TeV and x = 3.5 TeV. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The shaded black region is forbidden by our convention m_{h2} > m_{h1} , while the shaded red region refers to the values of the scalar masses forbidden by LEP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 5.8 Allowed values in the m_{h2} vs. α space in the B − L model by eqs. (5.8) and (5.9), for (5.8a) m_{h1} = 100 GeV, (5.8b) m_{h1} = 120 GeV, (5.8c) m_{h1} = 160 GeV and (5.8d) m_{h1} = 180 GeV. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The plots already encode our convention m_{h2} > m_{h1} and the shaded red region refers to the values of α forbidden by LEP. Here: x = 3.5 TeV, m_{νh} = 1 TeV. . . . . . . . . . . . . . . . . . . . . . . . . . . 81 5.9 Allowed values by eqs. (5.8) and (5.9) (5.9a) in the m_{h2} vs. α space for m_{h1} = 160 GeV and y^M = 0.2, for Q = 10^3 GeV (straight line) and Q = 10^{19} GeV (dashed line) for several B − L breaking VEV values (x = 3.5, 7.5 and 35 TeV, giving m_{νh} = 1, 2 and 10 TeV, respectively), and (5.9b) in the m_{h1} vs. m_{h2} space, for α = π/4, x = 7.5 TeV and y^M = 0.2, where colours refer to different values of Q/GeV: blue (10^3), red (10^7). The plots already encode our convention m_{h2} > m_{h1} and the shaded red region refers to the values of α forbidden by LEP. . . . . . . . 82 5.10 Feynman diagrams for the dominant SM Higgs boson production mechanisms in hadronic collisions. From top-left, clockwise: Higgs-strahlung, vector boson fusion, tt associated production, and gluon-gluon fusion (V = W, Z; H = h_1, h_2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.11 Cross sections in the B − L model for h_1 at the LHC (5.11a) at √ s = 7 TeV and (5.11c) at √ s = 14 TeV, and for h_2 (5.11b) at √ s = 7 TeV and (5.11d) at √ s = 14 TeV. The dashed lines in figs. (5.11a) and (5.11c) refer to α = 0. The dotted part of the lines in figs. (5.11b) and (5.11d) refer to h_2 masses excluded by unitarity (see Ref. [3]). . . . . . . . . . . . 85

5.12 Feynman diagrams for the new Higgs boson production mechanisms in hadronic collisions in the B − L model. From left to right: the associated production of a Higgs boson and the Z^′ boson and Higgs production via heavy neutrino (H = h_1, h_2). . . . . . . . . . . . . . . . . . . . . . . . . . 86 5.13 Cross sections in the B − L model for the associated production with the Z^′_{B−L} boson (5.13a) of h_1 at α = π/4 and (5.13b) of h_2 at α = 0, at √ s = 14 TeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 5.14 Cross sections in the B − L model for the associated production of h_1 with one heavy and one light neutrino at √ s = 14 TeV. The red shading is the region excluded by LEP constraints (see section 5.1.1). . . . . . . . . . . . 87 5.15 (5.15a) BRs for h_1 for α = 2π/5 and m_{νh} = 50 GeV and (5.15c) h_1 total width for a choice of mixing angles and (5.15b) BRs for h_2 for α = 3π/20 and m_{h1} = 120 GeV, M_Z′ = 210 GeV and m_{νh} = 200 GeV and (5.15d) h_2 total width for a choice of mixing angles. . . . . . . . . . . . . . . . . . 88 5.16 Dependence on the mixing angle α of (5.16a) BR(h_2 → ν_h ν_h) and of (5.16b) BR(h_2 → Z^′ Z^′). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 5.17 Feynman diagrams for the new Higgs boson discovery mechanisms in hadronic collisions in the B − L model. From left to right: the decay of a Higgs boson into heavy neutrino pairs and into Z^′ boson pairs. . . . 91 5.18 Cross section times BR contour plot for the process pp → h_1 → ν_hν_h at the LHC for √ s = 7 TeV, plotted in the m_{h1} –α plane, with (5.18a) m_{νh} = 50 GeV and (5.18b) m_{νh} = 60 GeV. The red-shadowed region is excluded by the LEP experiments [1]. . . . . . . . . . . . . . . . . . . . . . 92 5.19 Cross section times BR contour plot for the process pp → h_2 → ν_hν_h at the LHC for √ s = 14 TeV, plotted in the (m_{h2} –α) plane, with (5.19a) m_{νh} = 150 GeV and (5.19b) m_{νh} = 200 GeV. The red-shadowed region is excluded by unitarity constraints (see section 5.1.2.1). . . . . . . . . . . . 93 5.20 Cross section times BR contour plot for the process pp → h_2 → Z^′Z^′ at the LHC for √ s = 14 TeV, plotted in the (m_{h2} –α) plane, (5.20a) with m_Z′ = 210 GeV, and (5.20b) m_Z′ = 280 GeV. The red-shadowed region is excluded by unitarity constraints (see section 5.1.2.1). . . . . . . . . . . 93

List of Tables

2.1 Y and B − L quantum number assignation to chiral fermion and scalar fields. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.2 Mass eigenstates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1 Lower bounds on the Z^′ boson mass for selected g^′_1 values in the B − L model, at 95% C.L., by comparing the collected data of Ref. [4; 5] with our theoretical prediction for pp → Z^′_{B−L} → e^+e^−(μ^+μ^−) at Tevatron. . . 21 3.2 Maximum allowed values by eq. (3.4) for g^′_1(Q_{EW} ) in the B − L model for selected values of the scale Q. . . . . . . . . . . . . . . . . . . . . . . 23 3.3 Maximum Z^′_{B−L} boson masses (in GeV) for a 3σ(5σ) discovery for selected g^′_1 and integrated luminosities in the B − L model, both at the LHC (for √ s = 7 TeV) and at Tevatron (for √ s = 1.96 TeV). No numbers are quoted for already excluded configurations. . . . . . . . . . . . . . . . . . . 34 3.4 Maximum Z^′_{B−L} boson masses (in GeV) for a 95% C.L. exclusion for selected g^′_1 and integrated luminosities in the B − L model. No numbers are quoted for already excluded configurations. . . . . . . . . . . . . . . . . 36 3.5 Minimum integrated luminosities (in fb^{−1}) for a 3σ(5σ) discovery for selected Z^′_{B−L} boson masses and g^′_1 couplings for the B − L model. No numbers are quoted for already excluded configurations. . . . . . . . . . . . 38 3.6 Minimum integrated luminosities (in fb^{−1}) for a 95% C.L. exclusion for selected Z^′_{B−L} boson masses and g^′_1 couplings in the B − L model. No numbers are quoted for already excluded configurations. . . . . . . . . . . . 40

4.1 Efficiencies of the Selection 1 cuts for the two benchmark signals and the tt background, for events with three leptons and with two or more jets in the final state for L = 100 fb^{−1}. In the case of ΔR_{jj} < 0.5 partons were merged into one ‘jet’ at the very beginning of the selection. . . . . . . . . . 58 4.2 Signal (m_{νh} = 200 GeV at the top and m_{νh} = 500 GeV at the bottom) and background events per L = 100 fb^{−1} and efficiencies following the sequential application of Selection 1–4 cuts. . . . . . . . . . . . . . . . . . 58 4.3 Efficiencies of the isolation cut for the two benchmark signals and the tt background, for events with three leptons and with two or more jets in the final state, for L = 100 fb^{−1}. ‘Basic cuts’ refer to the Selection 1 cuts of eq. (4.31) without the isolation requirement. . . . . . . . . . . . . . . . . . 62 4.4 Signal (m_{νh} = 200 GeV at the top and m_{νh} = 500 GeV at the bottom) and background events per L = 100 fb^{−1} and efficiencies following the sequential application of Selection 1–4 cuts. . . . . . . . . . . . . . . . . . 65

xiii

Declaration of Authorship

I, Lorenzo Basso, declare that this thesis titled, ‘Phenomenology of the minimal B − L extension of the Standard Model at the LHC’ and the work presented in it are my own. I confirm that:

• This work was done wholly or mainly while in candidature for a research degree at this University.

• Where any part of this thesis has previously been submitted for a degree or any other qualification at this University or any other institution, this has been clearly stated.

• Where I have consulted the published work of others, this is always clearly attributed.

• Where I have quoted from the work of others, the source is always given. With the exception of such quotations, this thesis is entirely my own work.

• I have acknowledged all main sources of help.

• Where the thesis is based on work done by myself jointly with others, I have made clear exactly what was done by others and what I have contributed myself.

Signed:

Date:

xv

Acknowledgements

I would like to start by thanking my supervisor, Stefano Moretti, for inspiration and support throughout the entire project. It has been a great pleasure to work in collaboration with Alexander Belyaev, Claire H. Shepherd-Themistocleous and, of course, Giovanni Marco Pruna, without whom this work would have never been possible.

My gratitude goes also to people I had the chance to work with, to be enlightened by, or simply to discuss aspects of this work with: Carlo Carloni Calame, Luca Fedeli, Muge Karagöz Ünel, Steve King, Doug Ross and Ian Tomalin. I also thank the NExT Institute for financial support, for the stimulating environment and for the unique chances offered.

My stay in Southampton would have not been so pleasant without the multitude of friends and mates I have been fortunate to meet in the past few years. To all of them I give a warm thank you for the good moments and the several dinners spent altogether.

Finally, I would like to thank my family, whose support has been vital.

xvii

Nomenclature

Greek Symbols π ≃ 3.1415 Acronyms B − L Baryon minus lepton number BR Branching ratio CM Center-of-mass EW SB Electro-weak symmetry breaking GUT Grand unified theory LC Linear collider LEP Large electron positron (collider) LH Left-handed LHC Large hadron collider (N)NLO (Next-to-)next-to-leading-order P DF Parton distribution function RGE Renormalisation group equation RH Right-handed SM Standard model V EV Vacuum expectation value

xix

Chapter 1

Introduction

A new era in particle physics has started. The Large Hadron Collider (LHC) at CERN, Geneva, is finally taking data and a huge effort from both theoretical and experimental communities is required to meet the challenge.

The standard model (SM)^1 of electroweak (EW) and strong interactions^2 is once again going to be severely tested, as well as many of its extensions that have been proposed to cure its flaws. The observed pattern of neutrino masses [8; 9], the existence of dark matter [10] and the observed matter-antimatter asymmetry [10; 11] are the most severe evidences the SM fails to explain. Deep criticism can be moved against the SM also from the theoretical point of view. The so-called ‘hierarchy problem’ (see, e.g., [12] and references therein) is an example. The inadequacy of the SM is reinforced by the fact that one of its fundamental component is still missing: the Higgs boson.

It is widely accepted that the SM ought to be extended, but no one knows if the proper way has already been explored in the literature. A joint collaboration is therefore needed between the experimental and the theoretical communities.

The project of this Thesis has been guided by these principles. The aim is to fill some of the gaps in the overall preparation towards real data, as well as to interact proficiently with experimentalists. An extension of the SM has been systematically studied, from the definition of its parameter space to the collider signatures, leading to some novel and exciting possibilities for the LHC to shed light on. Within the ambition of a complete study, in all its aspects, the experimental help has been fundamental to efficiently concentrate on aspects of actual interest in a way useful for both communities.

The main motivations^3 for the extension of the SM that we will describe concern the lack of a natural explanation for the observed pattern of neutrino masses, the unknown origin of a global and not anomalous accidental U(1) symmetry in the SM (related to the baryon minus lepton (B −L) quantum numbers), and the absence of any observation of a fundamental scalar degree of freedom (the Higgs boson).

1For reviews, excellent textbooks exist, see Refs. [6; 7].

2We do not consider here the inclusion and description of gravity at the quantum level, often kept aside of the traditional SM framework.

3Other fundamental reasons to extend the SM being the inclusion of the gravity, the lack of a dark matter candidate, the dark energy, the hierarchy problem, the matter-antimatter asymmetry. 1

Besides the global U(1)_{B−L} symmetry of the SM, that can be thought as an accidental symmetry (not imposed, as the custodial symmetry [13]), the previous issues can be tackled separately. The neutrino masses and mixing angles are traditionally explained by means of the so-called ‘see-saw mechanism’ [14; 15; 16; 17; 18], simply including 3 right-handed (RH) neutrinos and imposing that their effective mass term is much bigger than the Dirac one, that couples the traditional left-handed (LH) neutrinos and the RH neutrinos to the Higgs field. The right scale for the masses of the 3 SM-like neutrinos is then reproduced by an effective mass term for a RH neutrino of O(10^{14} ÷ 10^{16}) GeV.

By now, the Higgs boson is the only undetected particle of the SM, and its properties are still unknown. Therefore, it is not unreasonable to think of modifications of the scalar sector that are still compatible with experimental constraints. The most economical way to modify the scalar sector of the SM is to include one (or more) scalar singlets, either real [19; 20; 21; 22; 23] or complex [24], whose phenomenology at hadronic and leptonic colliders has been studied in great detail, as well as their impact on precision observables. In fact, the latter are able to constrain the viable parameter space of the extended Higgs sectors (see, e.g., [2; 22; 25] and references therein).

Augmenting the scalar sector only does not provide an explanation for the observed pattern of the neutrino masses and mixing angles. Following a bottom-up approach, this Thesis discusses a well motivated framework that remedies at once such flaws of the SM: the B − L model [26; 27; 28; 29]. This is a triply-minimal extension of the SM. It is minimal in the gauge sector, in which a single U(1) factor is added, related to the B − L number, by simply promoting to local the already existing U(1)_{B−L} global symmetry of the SM. It is minimal in the fermion sector, in which a SM singlet fermion per generation is added, to cure the new U(1)_{B−L} related anomalies. These fermions can naturally be interpreted as the RH neutrinos. It is minimal in the scalar sector, in which a complex neutral scalar singlet is added to spontaneously break the new U(1) symmetry, and at the same time to give to the new gauge boson a mass (to evade present experimental bounds). The two latter points, once the U(1)_{B−L} symmetry is spontaneously broken, naturally provide a dynamical implementation of the see-saw mechanism, explaining the neutrino masses. As we will see, the remnant degree of freedom of the new complex scalar severely impinges in the phenomenology of the scalar sector.

As mentioned, we follow a bottom-up approach, being mainly interested in studying the phenomenology of the model at colliders. In the light of this, we are not here interested in seeking an embedding of this model into grand unified theories (GUT). Direct consequence is that the gauge coupling related to the extra U(1) factor, controlling the interaction of the Z^′ boson, is a free parameter. Even though we are not interested in studying the details of it, we are aware that extra U(1) factors appear naturally in GUT scenarios, conceptually motivating our minimal extension.

The general model we introduce is a one-dimensional class of U(1) extensions of the SM, in which each element is characterised by the properties of the new gauge boson associated to the extra U(1) factor. In all generality, the latter couples to fermions proportionally to a linear combination of the standard hypercharge (Y ) and the B − L number. The coefficients of this linear combination are 2^1 gauge couplings, that in our bottom-up approach are free parameters. A variety of standard benchmark models is then recovered. For example, the sequential standard model (SSM), the U(1)_R, the U(1)_χ, and the ‘pure’ B − L model, all anomaly-free with the SM particle content augmented by the RH neutrinos. The latter one is the benchmark model on which we will focus our numerical study.

The ‘pure’ B −L model is identified by the fact that the extra gauge boson, or Z^′_{B−L}, couples to fermions proportionally to their B − L number only. On the one side, this directly implies a vanishing Z − Z^′ mixing (at the tree-level), that is consistent with the existing tight constraints on such mixing, compatible with a negligible value [33]. Moreover, the B − L charge does not distinguish the chirality, i.e., the LH and the RH degrees of freedom of the same fermion have the same B − L quantum numbers. Hence, Dirac fermions have just vectorial couplings to the Z^′_{B−L} boson:

g^R_Z′ = g^L_Z′ ⇒ g^V_Z′ = g^R_Z′ + g^L_Z′ 2 = (B − L) g^′_1 , g^A_Z′ = g^R_Z′ − g^L_Z′ 2 = 0 .

(1.1)

On the contrary, the mass-eigenstates for the neutrinos, after the see-saw mechanism, are Majorana particles. Therefore, they have pure axial couplings to the Z^′_{B−L} boson [34].

As a consequence, we decided not to study the asymmetries of the decay products stemming from the Z^′_{B−L} boson, given their trivial distribution at the peak. However, asymmetries can be important in the interference region, especially just before the Z^′ boson peak, where the Z − Z^′ interference will effectively provide an asymmetric distribution somewhat milder than the case in which there is no Z^′ boson. This is a powerful method of discovery and identification of a Z^′ boson and it deserves future investigations.

It is important to emphasise that this is a TeV scale extension of the SM. This means that the U(1)_{B−L} breaking vacuum expectation value (VEV) is of O(TeV). Hence, also the new particles will have masses at the TeV scale. In particular, we will consider both the Z^′ boson and the new Higgs particle with masses in the 0.1 ÷ 10 TeV range. Regarding the neutrinos, with a suitable choice of the parameters, the 3 light neutrinos will have masses in the sub-eV range, while the 3 heavy ones will have masses of O(100) GeV.

An attractive feature of the B − L model is that a successful realisation of the mechanism of baryogenesis through leptogenesis (to explain the observed matter-antimatter asymmetry) might be possible in this model, as shown in Refs. [35; 36]. It is very

1In extensions of the SM with n U(1) factors, the Abelian gauge group mix. For consistency, n+1∑ k=1 k gauge couplings appear. In our model, where n = 1, we will have 2 more gauge coupling besides the SM one, g [30; 31; 32]. More details are given in section 2.1.

suggestive that this realisation takes place at the TeV scale. However, its correct implementation results in constraints on the neutrino masses, both on the light ones and on the heavy ones, and on their CP-violating phases.

As already stated, in this Thesis we are mainly concerned with the impact of the model at colliders, on which the above phases do not play any role. Also, to maximise and highlight the interesting patterns that can be observed, and for illustrative purposes, we decided to not include here the above constraints on the neutrino masses. To reconcile, the results that we will show can be thought to be valid for at least one generation.

Bearing this in mind, we will consider all the heavy neutrinos as degenerate and with masses that are free parameters, varying them in the 50 ÷ 500 GeV range. Hence, in most of the cases, smaller than Z^′ boson mass. We will show that the Z^′ boson in this model, with TeV scale heavy neutrinos, can decay into pairs of the latter. Another difference with respect to the traditional Z^′ literature is, therefore, that the Z^′_{B−L} boson branching ratios (BRs) are not fixed. Neither its intrinsic width is, being the gauge coupling as well a free parameter.

The presence of new coupled matter, the heavy neutrinos, has important phenomenological consequences. The possibility of the Z^′ boson (and of the Higgs bosons, as we will show) to decay into pairs of them, will provide new and exciting signatures. It is worth to briefly mention that the peculiar decays of the Higgs bosons into pairs of heavy neutrinos, or into pairs of Z^′ bosons, is a distinctive signature of this model, offering the chance to distinguish it from the plethora of the otherwise identical, concerning the scalar sector, singlet extensions of the SM in the literature.

In this Thesis we decided to study the details of the gauge and fermion sectors. Their mutual interactions are fully included in the Z^′ decay into pairs of heavy neutrinos. Altogether, this decay provides new and spectacular multi-lepton signatures of the Z^′ boson. One of the main results of this Thesis is the study of one of them, the tri-lepton decay mode (i.e., when the Z^′ decays into exactly 3 charged leptons and other particles, such as jets and/or missing energy), together with the related backgrounds. We will present a parton level strategy for reducing the latter in order to isolate the signal, that will be validated at the detector level.

It is very interesting that heavy neutrinos can be long-lived particles. For the experimental community, this model represents a test laboratory to study trigger efficiencies and detector resolutions for such a clear signal of physics beyond the SM (see Ref. [37] for a review). Moreover, from the simultaneous measurement of both the heavy neutrino decay length (from the displacement of its secondary vertex in the detector) and mass (we will show that this task is achievable in the tri-lepton signature) one can estimate the absolute mass of the parent light neutrino, for which at present, only limits exist. Altogether, this realises a spectacular and very peculiar link between very high energy and very low energy physics.

It shall be noticed that a first insight on the phenomenology of the pure B −L model at the LHC was presented in Ref. [38].

The general structure of each chapter is to present the constraints for the new parameters in each sector and to study the phenomenology related to the new particles in the B − L model, with respect to the SM. They concern the parameters in the gauge sector (i.e., the Z^′ mass and the gauge coupling g^′_1), in the fermion sector (i.e., the light and the heavy neutrino masses), and in the scalar sector (i.e., the scalar masses and mixing angle α).

Both experimental searches and theoretical arguments can give informations about the regions of the parameters that are allowed.

From the experimental side, past and existing facilities have looked for new particles, directly and indirectly, still with no success. This poses constraints on the parameters to evade limits. Tevatron, still accumulating data, is updating its constraints from direct searches, but for many cases the most stringent bounds come from the searches performed at LEP.

The LEP searches are still setting some of the most stringent bounds in all the sectors. Key factors for their success are manifold: the strength of the interaction between the Higgs boson and the gauge bosons, in the SM; the clean experimental environment of such a leptonic collider; the enormous amount of data collected at the SM Z boson peak. They allow, in turn, to set stringent limits also in the B − L model, on the scalar masses (as a function of the scalar mixing angle), on the Z^′ mass and g^′_1 coupling, and on the heavy neutrino masses.

The studies performed with the data collected by LEP (at the SM Z boson peak and beyond) are the so-called precision tests of the SM, since certain observables are measured with per mil accuracy. These observables are usually referred to as precision observables. The level of agreement with the SM predictions is remarkable. This agreement results in tight constraints for most of the SM extensions, since they generally predict new contributions to the precision observables (usually to be evaluated at loop-level). In studying these limits, we did not pursue a complete beyond the tree-level study; we rather refer to the literature for that. In fact, we decided to concentrate on the study of the collider signatures and to leave the precision test analysis for future investigations.

Tevatron is currently collecting data and updating its analyses regarding the SM Higgs boson and Z^′ boson masses (of a discrete choice of models) from direct searches. However, for the latter, the Z^′_{B−L} is not part of its traditional literature. Hence, the most up-to-date limits on the Z^′_{B−L} mass at Tevatron, presented in section 3.1.1.1, are a novel contribution (firstly in Ref. [39]).

From the theoretical side, the model has to be well-defined. Several meanings apply to this concept, the main ones regarding the scalar potential to be bounded from below and with a stable vacuum solution, and the perturbative expansion to hold. The most powerful techniques require to go beyond the tree-level order, by studying the evolution of the renormalisation group equations (RGEs) of the parameters of the model. The imposition of specific relations results in constraints on the yet free parameters. At the same time, strong constraints, especially on the scalar masses, come from requiring the model to be unitary.

We present the analysis of the theoretical constraints on the new parameters of the model, namely the unitarity bound and those coming from the study of the RGEs. The unitarity assumption [3] relies on demanding that the cross sections for the scattering of all the particles in the model are unitarised, i.e., with an occurring probability less than one. The tightest bounds come from the scattering of the longitudinally-polarised gauge bosons, and they constrain mainly the scalar masses.

The RGE constraints [40] come from the analysis of the model at one loop, assuming the evolved parameters do not hit any Landau pole or spoil the theory in the scalar sector, e.g., the vacuum of the model. The latter request is known as the vacuum stability condition, while the former is the triviality condition.

The one-loop RGEs we collected from the literature have been completed with direct calculations of the top quark one and of those regarding the scalar sector. The complete set is collected in Appendix B. As introduced in section 2.1, all the parameters of the model are running parameters, and the requirement of some to vanish at the EW scale just sets the boundary conditions of their evolution. In our case, the mixing parameter in the gauge sector, i.e., ~g, is set to vanish at the EW scale, defining the ‘pure’ B − L model, argument of the numerical analysis of this Thesis. However, its evolution must be taken into account.

The numerical study of the collider phenomenology in this Thesis has been done with the calchep tool [41] (where not specified otherwise). The model has been implemented therein with the lanhep module [42]. The availability of the model implementation into calchep in both the unitary and t’Hooft-Feynman gauges allowed us to perform powerful cross-checks to test the consistency of the model itself.

The RGE have been solved and studied in mathematica 5.0 [43].

1.1 Outline

The Thesis is organises as follows. Chapter 2 introduces the model and contains a description of its consequences, i.e., spontaneous symmetry breaking and the particle spectrum.

Chapter 3 presents the study of the gauge sector. It starts with the constraints on the free gauge coupling and on the Z^′ mass and it studies the Z^′ boson production cross sections and 2-body decays BRs. Finally, the discovery reach at Tevatron and LHC of the Z^′ boson in Drell-Yan processes is shown.

Chapter 4 describes the study of the fermion sector. After reviewing the limits on neutrino masses, a detailed description of the decay properties of the heavy neutrinos is given. Their main production mechanism is in pair via the Z^′ boson, and, bringing pieces together, we show that they can induce new spectacular decay patterns for the latter. Among them, we perform detailed parton and detector level analyses of one specific pattern, the tri-lepton decay mode. This is the main result of this Thesis.

Chapter 5 analyses the theoretical bounds, i.e., unitarity, triviality, vacuum stability, and some experimental constraints on the scalar sector, presenting also production cross sections and BRs for the Higgs bosons, as well as cross sections for some signatures involving decays of the Higgs bosons into pairs of Z^′ bosons and heavy neutrinos.

In appendix A is explained the implementation of the model in the numerical tools used and some related technicalities. We also list the complete set of Feynman rules for the pure B − L model. In appendix B are collected and described the RGEs of the model.

Chapter 2

The Model

In this chapter we introduce the model that we will study in this Thesis. We will introduce the notation and highlight the differences with respect to the SM. For the motivations, we refer to the introduction.

The model under study is a triply-minimal extension of the SM. It is minimal in the gauge sector, where the SM gauge group is augmented by a single U(1) factor, related to the baryon minus lepton (B − L) gauged number. It is minimal in the scalar sector, where a complex scalar singlet is required for the spontaneous breaking of the new U(1) gauge factor, that we assume to take place at the TeV scale. Finally, it is minimal in the fermion sector, in which a SM singlet RH fermion per generation is introduced. Its B − L charge, in particular, is chosen to cure the new gauge and mixed U(1)−gravitational anomalies, related to the U(1)_{B−L} gauge symmetry factor [29]. It is important to stress that three and only three RH fermions are introduced (one per generation, as required by the anomally cancellation conditions), that can naturally be identified with the RH neutrinos.

The extra Higgs singlet needs to be charged under B − L to trigger the spontaneous symmetry breaking of the related U(1) factor. Its charge is then fixed by the gauge invariance of the Yukawa term that couples it to the RH neutrinos. Altogether, this provides a natural and dynamical framework for the implementation of the type-I seesaw mechanism, contrary to its usual realisation through an effective mass term for the RH neutrinos. Hence, in this model, neutrinos are naturally massive particles and their masses are generated through the Higgs mechanism.

2.1 A minimal U(1) extension

As mentioned, we present here the general model under study, a minimal U(1) extension of the SM, related to the B − L number. The classical gauge invariant Lagrangian, obeying the SU(3)_C × SU(2)_L × U(1)_Y × U(1)_{B−L} gauge symmetry, can be decomposed as: L = L_s + L_{Y M} + L_f + L_Y , (2.1) where the terms on the right hand side identify the scalar part, the gauge (or Yang-Mills) part, the fermion part and the Yukawa part, respectively.

2.1.1 Scalar sector The spontaneous symmetry breaking of the new extra U(1) factor in the gauge group is achieved by introducing in the particle content a further scalar field, that is required to acquire a VEV at the TeV scale. To keep the realisation of the Higgs mechanism minimal, only one extra degree of freedom (beside the one that will become a physical particle) is required, to give mass to the new neutral gauge field associated to the extra U(1) factor. Hence, the minimal choice for the new scalar is a complex singlet, that we will denote as χ.

The scalar Lagrangian is

L_s = (D^μH)^† D_μH + (D^μχ)^† D_μχ − V (H, χ) , (2.2)

with the scalar potential given by

V (H, χ) = m^2H^†H + μ^2 | χ |^2 + ( H^†H | χ |^2 ) ( λ_1 λ3_2

λ_3

2 λ_2 ) ( H^†H | χ |^2 )

= m^2H^†H + μ^2 | χ |^2 +λ_1(H^†H)^2 + λ_2 | χ |^4 +λ_3H^†H | χ |^2 , (2.3)

where H and χ are the complex scalar Higgs doublet and singlet fields. Regarding the new B − L charges for these scalar fields, we take 0 and +2 for H and χ, respectively. Notice that the charge of the χ field has been chosen to ensure the gauge invariance of the fermion sector for the minimal model under discussion. A non-minimal matter content would lead to a different requirement for the charge of χ (see, e.g., Ref. [44]).

2.1.2 Yang-Mills sector Moving to the L_{Y M} , the non-Abelian field strengths therein are the same as in the SM whereas the Abelian ones can be written as follows:

L^{Abel}_{Y M} = − 1 4 F^{μν} F_{μν} − 1 4 F^{′μν} F^′_{μν} , (2.4)

where

F_{μν} = ∂_μB_ν − ∂_ν B_μ , (2.5) F^′_{μν} = ∂_μB^′_ν − ∂_ν B^′_μ . (2.6)

We define B_μ and B^′_μ as the U(1)_Y and U(1)_{B−L} gauge fields, respectively. In this field basis, the covariant derivative is^1:

D_μ ≡ ∂_μ + ig_S T^αG^α_μ + igT^aW^a_μ + ig_1Y B_μ + i(~gY + g^′_1Y_{B−L})B^′_μ . (2.7)

In our bottom-up approach, we will not require gauge unification at some specific, yet arbitrary, energy scale^2, fixing the conditions for the extra gauge couplings at that scale. Therefore, in this model, the gauge couplings ~g and g^′_1 are free parameters. To better understand their meaning, let us focus on eq. (2.7). This form of the covariant derivative can be re-written defining an effective coupling Y^E and an effective charge g_E :

g_E Y^E ≡ ~gY + g^′_1Y_{B−L}. (2.8)

As any other parameter in the Lagrangian, ~g and g^′_1 are running parameters [30; 31; 32], therefore their values ought to be defined at some scale. A discrete set of popular Z^′ models (see, e.g., Refs. [45; 46]) can be recovered by a suitable definition of both ~g and g^′_1.

We will focus in our numerical analysis on the ‘pure’ B − L model, that is defined by the condition ~g(Q_{EW} ) = 0, i.e., we nullify it at the EW scale. This implies no mixing at the tree level between the B − L Z^′ and the SM Z gauge bosons. Other benchmark models of our general parameterisation are for example the Sequential SM (SSM), defined by Y^E = Y (that in our notation corresponds to the conditions g^′_1 = 0 and ~g = g_1 at the EW scale) and the U(1)_R model, for which RH fermion charges vanish (that is recovered here by the condition ~g = −2g^′_1 at the EW scale).

It is important to note that none of the models described so far is orthogonal to the U(1)_Y of the SM, therefore the RGE running of the fundamental parameters, ~g and g^′_1, will modify the relations above. The only orthogonal U(1) extension of the SM is the ‘SO(10)-inspired’ U(1)_χ model, that in our notation reads ~g = −^4_5 g^′_1. Although the ~g and g^′_1 couplings run with a different behaviour, the EW relation ~g/g^′_1 = −4/5 is preserved (at one loop) at any scale.

2.1.3 Fermion sector The fermion Lagrangian (where k is the generation index) is given by

L_f = 3∑ k=1 ( iq_{kL}γ_μD^μq_{kL} + iu_{kR}γ_μD^μu_{kR} + id_{kR}γ_μD^μd_{kR} + +il_{kL}γ_μD^μl_{kL} + ie_{kR}γ_μD^μe_{kR} + iν_{kR}γ_μD^μν_{kR} ) , (2.9)

1In all generality, Abelian field strengths tend to mix. The kinetic term can be diagonalised with a GL(2, R) transformation, leading to the form of the covariant derivative in eq. (2.7), where the mixing between the two U(1) factors becomes once again evident [31; 32]. For the curios reader, we refer to Ref. [29] for a more comprehensive explanation.

2The gauge unification could in principle happen in a multi-step process, passing through intermediate gauge groups until the final single group.

where the fields’ charges are the usual SM and B − L ones (in particular, B − L = 1/3 for quarks and −1 for leptons with no distinction between generations, hence ensuring universality). The B − L charge assignments of the fields as well as the introduction of new fermion RH heavy neutrinos (ν_R’s, charged −1 under B − L) are designed to eliminate the triangular B − L gauge anomalies of the theory. Regarding the new scalar Higgs field (χ) the charge +2 under B − L is chosen to ensure the gauge invariance of the model (for a detailed discussion, see Ref. [29]).

Therefore, the B −L gauge extension of the SM gauge group broken at the TeV scale does necessarily require at least one new scalar field and three new fermion fields which are charged with respect to the B − L group.

2.1.4 Yukawa interactions Finally, the Yukawa interactions are L_Y = −y^d_{jk}q_{jL}d_{kR}H − y^u_{jk}q_{jL}u_{kR} ~H − y^e_{jk}l_{jL}e_{kR}H −y^ν_{jk}l_{jL}ν_{kR} ~H − y^M_{jk} (ν_R)^c_j ν_{kR}χ + h.c. , (2.10) where ~H = iσ^2H^∗ and i, j, k take the values 1 to 3, where the last term is the Majorana contribution and the others are the usual Dirac ones. Without loss of generality, we work on the basis in which the RH neutrino Yukawa coupling matrices, y^M , are diagonal, real, and positive. These are the only allowed gauge invariant terms^1. In particular, the last term in eq. (2.10) couples the neutrinos to the new scalar singlet field, χ, and it allows for the dynamical generation of neutrino masses, as χ acquires a VEV through the Higgs mechanism. Due to this, in the B − L model, the neutrinos couple to the scalar sector, in particular the right-handed (RH) ones couple strongly to the singlet scalar.

Neutrino mass eigenstates, obtained after applying the see-saw mechanism, will be called ν_l (with l standing for light) and ν_h (with h standing for heavy), where the first ones are the SM-like ones (see section 2.2.3). With a reasonable choice of Yukawa couplings, the heavy neutrinos can have masses m_{νh} ∼ O(100) GeV.

2.2 Symmetry breaking

We generalise here the SM discussion of spontaneous EW symmetry breaking (EWSB) to the more complicated classical potential of eq. (2.3). To determine the condition for V (H, χ) to be bounded from below, it is sufficient to study its behaviour for large field values, controlled by the matrix in the first line of eq. (2.3). Requiring such a matrix to be positive definite, we obtain the conditions:

4λ_1λ_2 − λ^2_3 > 0 , (2.11) λ_1, λ_2 > 0 . (2.12)

1Notice that an effective mass term such as M(νR)^cνR is now forbidden by the gauge invariance.

If the conditions of eqs. (2.11) and (2.12) are satisfied, we can proceed to the minimisation of V as a function of a constant VEV for the two Higgs fields. In the Feynman gauge, we can parametrise the scalar fields as

H = 1 √ 2 ( −i(w^1 − iw^2) v + (h + iz) ) , χ = 1 √ 2 ( x + (h^′ + iz^′) ) , (2.13)

where w^± = w^1 ∓ iw^2, z and z^′ are the would-be Goldstone bosons of W^±, Z and Z^′, respectively. Making use of gauge invariance, for the minimisation of the scalar potential, it is not restrictive to assume

⟨H⟩ ≡ 1 √ 2 ( 0 v ) , ⟨χ⟩ ≡ x √ 2 , (2.14)

with v and x real and non-negative. The physically most interesting solutions to the minimisation of eq. (2.3) are obtained for v and x both non-vanishing:

v^2 =

−λ_2m^2 +^{λ3}_2 μ^2

λ_1λ_2 −^{λ 23}_4

, (2.15)

x^2 =

−λ_1μ^2 +^{λ3}_2 m^2

λ_1λ_2 −^{λ 23}_4

. (2.16)

Physical solutions must have both v^2 > 0 and x^2 > 0 conditions satisfied. Eq (2.11) implies the denominators are always positive, so we just need to require the numerators to be positive too. In terms of the parameters in the Lagrangian, this in turn means

λ_2m^2 < λ_3 2 μ^2 ,

λ_1μ^2 < λ_3 2 m^2 .

It is interesting to note that there are no solutions for both μ^2, m^2 > 0, irrespectively of λ_3. Solutions with (μ^2 > 0, m^2 < 0) or (μ^2 < 0, m^2 > 0) are allowed only for λ_3 < 0. Solutions for (μ^2 < 0, m^2 < 0) are allowed for both signs of λ_3.

2.2.1 Gauge eigenstates To determine the gauge boson spectrum, we have to expand the scalar kinetic terms as for the SM. We expect that there exists a massless gauge boson, the photon, whilst the other gauge bosons become massive. The extension we are studying is in the Abelian sector of the SM gauge group, so that the charged gauge bosons W^± will have masses given by their SM expressions, being related to the SU(2)_L factor only. Using the unitary-gauge parameterisation, the kinetic terms in eq. (2.2) become:

(D^μH)^† D_μH = 1 2 ∂^μh∂_μh + 1 8 (h + v)^2 ( 0 1 )[ gW^μ_a σ_a + g_1B^μ + ~gB^{′μ}

]_2 ( 0 1 )

= 1 2 ∂^μh∂_μh + 1 8 (h + v)^2 [ g^2 |W^μ_1 − iW^μ_2 |^2 + ( gW^μ_3 − g_1B^μ − ~gB^{′μ} )_2]

(2.17) and (D^μχ)^† D_μχ = 1 2 ∂^μh^′∂_μh^′ + 1 2 (h^′ + x)^2(g^′_12B^{′μ})^2 , (2.18)

where we have taken Y^{B−L}_χ = 2 in order to guarantee the gauge invariance of the Yukawa terms (see eq. (2.10)). In eq. (2.17) we can recognise immediately the SM charged gauge bosons W^±, with M_W = gv/2 as in the SM. The other gauge boson masses are not so simple to identify, because of mixing. In fact, in analogy with the SM, the fields of definite mass are linear combinations of B^μ, W^μ_3 and B^{′μ}. The explicit expressions are: B^μ W^μ_3 B^{′μ} = cos ϑ_w − sin ϑ_w cos ϑ^′ sin ϑ_w sin ϑ^′ sin ϑ_w cos ϑ_w cos ϑ^′ − cos ϑ_w sin ϑ^′ 0 sin ϑ^′ cos ϑ^′ A^μ Z^μ Z^{′μ} , (2.19)

with −^π_4 ≤ ϑ^′ ≤^π_4 , such that:

tan 2ϑ^′ = 2~g √ g^2 + g^2_1 ~g^2 + 16(^x_v )^2g^{′2}_1 − g^2 − g^2_1

(2.20) and M_A = 0 , (2.21) M_{Z,Z}′ = √ g^2 + g^2_1 · v 2 [ 1 2 ( ~g^2 + 16(^x_v )^2g^{′2}_1

g^2 + g^2_1 + 1 ) ∓ ~g sin 2ϑ^′ √ g^2 + g^2_1

] 1_2

, (2.22)

where sin 2ϑ^′ = 2~g √ g^2 + g^2_1 √( ~g^2 + 16(^x_v )^2g^{′2}_1 − g^2 − g^2_1

)_2

+ (2~g)^2(g^2 + g^2_1 )

. (2.23)

The LEP experiments [33] constrain |ϑ^′| ≲ 10^{−3}. Present constraints on the VEV x (see section 3.1.1) allow a generous range of ~g.

In the pure B − L model, that we remind is defined by the condition ~g = 0, one can easily see, from eq. (2.23), that also the mixing angle ϑ^′ vanishes, implying no mixing, at the tree level, between the SM Z and the new Z^′ gauge bosons, identically satisfying the LEP bound. The Z and Z^′_{B−L} masses then simplify, respectively, to

M_Z = √ g^2 + g^2_1 · v 2 , (2.24) M_Z′_{B−L} = 2g^′_1x . (2.25)

2.2.2 Scalar eigenstates To compute the scalar masses, we must expand the potential in eq. (2.3) around the minima in eqs. (2.15) and (2.16). We denote by h_1 and h_2 the scalar fields of definite masses, m_{h1} and m_{h2} , respectively, and we conventionally choose m^2_{h1} < m^2_{h2} . After standard manipulations, the explicit expressions for the scalar mass eigenvalues and eigenvectors are

m^2_{h1} = λ_1v^2 + λ_2x^2 − √ (λ_1v^2 − λ_2x^2)^2 + (λ_3xv)^2 , (2.26) m^2_{h2} = λ_1v^2 + λ_2x^2 + √ (λ_1v^2 − λ_2x^2)^2 + (λ_3xv)^2 , (2.27) ( h_1 h_2 ) = ( cos α − sin α sin α cos α ) ( h h^′ ) , (2.28)

where −^π_2 ≤ α ≤^π_2 fulfils^1

sin 2α = λ_3xv √ (λ_1v^2 − λ_2x^2)^2 + (λ_3xv)^2

, (2.29)

cos 2α = λ_1v^2 − λ_2x^2 √ (λ_1v^2 − λ_2x^2)^2 + (λ_3xv)^2

. (2.30)

Eqs. (2.3), (2.28), and (2.29) describe a rather general scalar sector as in the minimally extended SM with scalar singlets, in which the light(heavy) Higgs boson couples to SM matters proportionally to cos α(sin α). Proper differences come from having new coupled matter, as we will explain in chapter 5. Notice that the light(heavy) Higgs boson couples to the new matter content (heavy neutrinos and Z^′ boson) with the complementary angle, sin α(cos α), respectively, as the latter is directly coupled only to the scalar singlet χ.

It is interesting to study the decoupling limit (when α → 0). In this limit, h_1 is purely the SM-like boson, while h_2 does not couple to SM particles, making its discovery impossible at the LHC. We will further comment on this in section 5.2. The other possible decoupling limit, for α →^π_2 (where h_2 is the SM-like Higgs boson), is excluded by present experimental constraints [2].

For our numerical study of the extended Higgs sector, it is useful to invert eqs. (2.26), (2.27) and (2.29), to extract the parameters in the Lagrangian in terms of the physical

1In all generality, the whole interval 0 ≤ α < 2π is halved because an orthogonal transformation is invariant under α → α + π. We could re-halve the interval by noting that it is invariant also under α → −α if we permit the eigenvalues inversion, but this is forbidden by our convention m^2_{h1} < m^2_{h2} . Thus α and −α are independent solutions.

quantities m_{h1} , m_{h2} and sin 2α:

λ_1 = m^2_{h2} 4v^2

(1 − cos 2α) + m^2_{h1} 4v^2

(1 + cos 2α), (2.31)

λ_2 = m^2_{h1} 4x^2

(1 − cos 2α) + m^2_{h2} 4x^2

(1 + cos 2α), (2.32)

λ_3 = sin 2α ( m^2_{h2} − m^2_{h1} 2xv ) . (2.33)

2.2.3 Fermion eigenstates The last line in eq. (2.10) contains the Dirac and the Majorana mass terms for the neutrinos, respectively. In contrast to the usual effective implementation of the see-saw mechanism, the last term of eq. (2.10) is a proper Yukawa interaction with the new Higgs singlet.

To extract the neutrino masses we have to diagonalise the neutrino mass matrix from eq. (2.10): M = ( 0 m_D m_D M ) , (2.34)

where m_D = y^ν √ 2 v , M = √ 2 y^M x , (2.35)

where x is the VEV of the χ field. This matrix can be diagonalised by a rotation about an angle α_ν , such that: tan 2α_ν = − 2m_D M . (2.36)

For simplicity we neglect the inter-generational mixing so that neutrinos of each generation can be diagonalised independently. We also require that the neutrinos be mass degenerate. Thus, ν_{L,R} can be written as the following linear combination of Majorana mass eigenstates ν_{l,h} : ( ν_L ν_R ) = ( cos α_ν − sin α_ν sin α_ν cos α_ν ) × ( ν_l ν_h ) , (2.37)

whose masses are respectively m_{νl} ∼= m^2_D M , (2.38) m_{νh} ∼= M . (2.39)

We can now rewrite eq. (2.36) in term of the physical masses:

tan 2α_ν ∼= −2 √ m_{νl} m_{νh} . (2.40)

For m_{νl} ∼ 0.1 eV and m_{νh} ∼ 100 GeV, tan α_ν ∼ 10^{−6}. Hence, ν_l(ν_h) are mostly the LH(RH) neutrinos. One consequence is that the heavy neutrinos can be long-lived particles, as we will show in section 4.2.1. Also, being mostly RH, the heavy neutrinos are strongly coupled to the heavy(light) Higgs boson for small(big) scalar mixing angle α, while the SM-like ones (being mostly LH) are not.

2.3 Summary

We summarise here the matter content of the pure B − L model, argument of the numerical analysis of this Thesis. We list the new independent parameters with respect to the SM, with the used symbols.

2.3.1 Gauge sector We remind the reader that the pure B − L model is defined by ~g = 0. Therefore, the only independent parameters in the gauge sector are the g^′_1 coupling and the Z^′ boson mass M_Z′^1. The B − L breaking VEV x is then defined as x = M_Z′ 2g^′_1

. (2.41)

2.3.2 Fermion sector All the neutrino masses are independent parameters of the model. For simplicity, we neglect the mixing within the generations and, furthermore, we take all the light neutrinos and all the heavy neutrinos to be degenerate in mass:

m_ν1_l = m_ν2_l = m_ν3_l = m_{νl} , (2.42) m_ν1_h = m_ν2_h = m_ν3_h = m_{νh} . (2.43)

The mixing angle α_ν is then fixed, as in eqs. (2.36) and (2.40).

2.3.3 Scalar sector The Higgs boson masses, m_{h1} and m_{h2} , and mixing angle, α, are the only new parameters in this sector. Notice that, by convention, m_{h1} ≤ m_{h2} and −^π_2 ≤ α ≤^π_2 .

Table 2.1 summarises the charge assignments to fermion and scalar fields, while table 2.2 shows the fields’ labels and masses.

1Hereafter, when not confusing, we will call simply Z^′ boson the Z^′_{B−L} (the gauge boson of the pure B − L model), and M_Z′ its mass.

ψ q_L u_R d_R ℓ_L e_R ν_R H χ

SU(3)_C 3 3 3 1 1 1 1 1

SU(2)_L 2 1 1 2 1 1 2 1 Y 1 6 2 3 − 1 3 − 1 2 −1 0 1 2 0

B − L 1 3 1 3 1 3 −1 −1 −1 0 2

Table 2.1: Y and B − L quantum number assignation to chiral fermion and scalar fields.

Name Quarks Leptons Neutrinos Higgses

ψ q ℓ ν_l ν_h h_1 h_2

Mass m_q m_ℓ m_{νl} m_{νh} m_{h1} m_{h2}

Table 2.2: Mass eigenstates.

Chapter 3

Gauge sector

In this chapter we discuss the gauge sector of the pure B − L model, starting by delineating the viable parameter space for its new independent parameters, as listed at the end of chapter 2. Both experimental searches and theoretical arguments can give informations about the regions of the parameters that are allowed.

From the experimental side, the leading constraints come from Tevatron and LEP, in two different and complementary kinematic regions, and they are presented in section 3.1.1. Tevatron, still accumulating data, is updating its constraints from direct searches, and its constraints are tighter for low Z^′ boson masses. For values of the mass beyond its kinematic reach, the most stringent bounds come from the searches performed at LEP.

From the theoretical side, the study of the triviality bound (from a RGE analysis) of the parameters of the model gives an upper bound on the gauge coupling. Notice that the equations pertaining to the gauge sector decouple from the rest. Therefore, they can be studied independently. We will present their analysis in section 3.1.2.

After the viable parameter space is individuated, in section 3.2 is studied the phenomenology at the LHC of the new particle in the gauge sector of the pure B − L model, the Z^′ boson. We present the results of our investigation by delineating its properties (i.e., production cross sections, intrinsic width, BRs). The possibility of the Z^′ boson to decay into pairs of heavy neutrinos is certainly the most interesting of its features. Also, a parton level discovery potential and exclusion power study at the LHC is presented in section 3.2.2. Finally, we draw the conclusions for this chapter in section 3.3.

The main results in this chapter are the presentation of the experimental limits on the Z^′ mass from Tevatron (published in [39]), the discussion of the theoretical bounds (published in [40]) and the analysis of the Z^′ boson properties (published in [47]) and discovery potential at the LHC (published in [39]).

3.1 Constraints

In this section is delineated the viable parameter space for the new independent parameters in the gauge sector, i.e., g^′_1 and M_Z′ .

First, we present the experimental constraints using the data from Tevatron, and we summarise those from LEP. Then, we analyse the theoretical constraints, coming from the study of the RGEs.

3.1.1 Experimental constraints A further neutral gauge boson is present in the B − L extension of the SM, the so-called Z^′, whose mass, in eq. (2.19), is generically not predicted. In the pure version of the model, argument of this Thesis, eq. (2.19) simplifies to M_Z′_{B−L} = 2g^′_1x. As specified in the introduction, we consider the gauge coupling g^′_1 as a free parameter of the model. That is, a lower bound on the Z^′ mass will, in general, be a function of the gauge coupling.

Generally speaking, two ways exist to constrain the mass. The most simple one is to look for the decay products of the gauge boson in direct production. If no deviation from the background is observed, lower limits can be derived. Obviously, the direct production is limited by the kinematic reach of the experimental facility. In the case of a hadronic machine, the Parton Distribution Functions (PDFs) will also lower its reach. The most stringent bounds from direct detection are coming from Tevatron. They will be discussed in section 3.1.1.1.

A leptonic machine, being LEP its latest realisation, offers other possibilities to look for neutral gauge bosons. In all generality, the latter will mix with the SM Z boson, affecting its mass. The LEP-I experiments have measured the mass and other properties of the SM Z boson rather accurately, confirming the SM predicted values at the per mil level [48; 49]. Therefore, the mixing of an extra neutral gauge boson to the SM Z boson is tightly constrained [33]. In the pure B − L model, this bound is evaded by definition, as the vanishing of the mixing gauge coupling ~g (that defines the model) also implies no mixing at the tree level in the gauge sector (see also section 2.2.1).

Effective contact interactions, arising from an expansion in s/M^2_Z′ (when M^2_Z′ > s), are a complementary way for setting bounds when the Z^′ mass is larger than the largest collider energy (about 209 GeV for LEP-II). Once again, the non-observation of any deviation from the SM expectations sets lower limits on the ratio M_Z′ /g^′_1, rather than on the Z^′ mass alone. They will be summarised in section 3.1.1.2.

3.1.1.1 Tevatron bounds on the Z^′_{B−L} boson

The Tevatron collider has been collecting data for several years. So far, no deviations in SM Drell-Yan production have been observed. Regarding the Z^′_{B−L} boson of this Thesis, the decay into pairs of electrons and into pairs of muons are considered. In general, the experimental communities release the data in the form of 95% C.L. excluded cross sections. Even though an explicit lower limit on the Z^′_{B−L} mass is not shown, it is then easy to extract it from the data. We extract it by comparing the 95% C.L. excluded cross sections of Ref. [4; 5] with our theoretical prediction for the pp → Z^′_{B−L} → e^+e^−(μ^+μ^−) cross sections. As mentioned in the introduction, the gauge coupling g^′_1 is a free parameter, so in all generality it is possible to identify the lower limit on the Z^′ mass per each g^′_1 fixed value.

The latest available analyses are the DØ analysis of Ref. [4] using 5.4 fb^{−1} and the CDF analysis of Ref. [5] using 4.6 fb^{−1} of data, respectively, for electrons and muons in the final state. For the numerical evaluation of the Z^′ boson signal, we used CTEQ6L [50] as default PDFs, evaluated at the scale Q^2 = M^2_{ℓℓ}. The leading order (LO) cross sections are then multiplied by a mass independent k−factor of 1.3 [45], as in Refs. [4; 5], to get in agreement with the Next-to-Next-to-Leading-Order (NNLO) QCD corrections. The Tevatron limits for the Z^′_{B−L} boson are shown in table 3.1 (for selected masses and couplings) [39]. Notice that these are the most conservative limits, as they are evaluated for decoupled heavy neutrinos, i.e., with masses bigger than M_Z′ /2. pp → e^+e^− pp → μ^+μ^− g^′_1 M_Z′ (GeV) g^′_1 M_Z′ (GeV) 0.0197 300 0.0179 300 0.0193 400 0.0189 400 0.0281 500 0.0456 500 0.0351 600 0.0380 600 0.0587 700 0.0544 700 0.0880 800 0.0830 800 0.1350 900 0.1360 900 0.2411 1000 0.2220 1000 0.3880 1100 0.3380 1100 Table 3.1: Lower bounds on the Z^′ boson mass for selected g^′_1 values in the B − L model, at 95% C.L., by comparing the collected data of Ref. [4; 5] with our theoretical prediction for pp → Z^′_{B−L} → e^+e^−(μ^+μ^−) at Tevatron.

3.1.1.2 LEP bounds on the Z^′_{B−L} boson

When the Z^′ mass is larger than the largest collider energy (about 209 GeV for LEP-II), an expansion in s/M^2_Z′ can be performed. This results in effective four-fermion contact interactions that have been bounded by LEP-II. Recall that the gauge coupling g^′_1 is a free parameter. One could suppress the Z^′ boson impact at lower energies also by reducing the coupling. Hence, an inverse law dependence from g^′_1 is expected, and, in fact, the bound reads [45] M_Z′ g^′_1

≥ 6 TeV , (3.1)

or, in a more recent re-analysis, at 99% C.L., as [51] M_Z′ g^′_1

≥ 7 TeV . (3.2)

In this Thesis, we adopt the bound of eq. (3.2), that is the most conservative one.

The LEP experiments are also able to provide a lower bound for the B − L breaking VEV x. In fact, making use of eq. (2.25), the LEP bound on the Z^′_{B−L} boson mass of eq. (3.2) can be rewritten as a lower bound for the B − L breaking VEV

x ≥ 3.5 TeV . (3.3)

3.1.2 Theoretical constraints The RGE evolution gives us indications for the validity of the model concerning the gauge couplings. In particular, their evolution must stay perturbative up to some particular scale. In the B − L model, the conditions that the free parameters in the gauge sector must fulfil are^1

g^′_1(Q^′) < 1 ∀ Q^′ ≤ Q and ~g(Q_{EW} ) = 0 , (3.4)

where the second condition in eq. (3.4) defines the pure B − L model.

Varying the scale Q, the maximum scale up to which we want the model to be welldefined, we get an upper bound on g^′_1(Q_{EW} ) as a function of Q, as shown in figure 3.1. Typical results are summarised in table 3.2.

Figure 3.1: Maximum allowed values by eq. (3.4) for g^′_1(Q_{EW} ) in the B − L model as a function of the scale Q.

1Notice that the triviality condition, as known in the literature, reads g^′_1(Q) < k, where k = 1 or √ 4π. As shown in Ref. [52], this ‘ad-hoc’ prescription could be systematically improved by combining the unitarity and RGE evolution techniques.

Log_{10}(Q/GeV) 3 5 7 10 15 19 g^′_1(Q_{EW} ) 0.860 0.693 0.593 0.497 0.397 0.342 Table 3.2: Maximum allowed values by eq. (3.4) for g^′_1(Q_{EW} ) in the B − L model for selected values of the scale Q.

3.2 Phenomenology of the gauge sector

In this section we present the analysis of the new state in the gauge sector, the Z^′_{B−L} boson (or simply Z^′ boson, when the meaning is clear).

An important feature of this Z^′ boson is the chiral structure of its couplings to fermions: since the B − L charge does not distinguish between left-handed and righthanded fermions (as clear in table 2.1), the B − L neutral current is purely vector-like, with a vanishing axial part^1. In fact, g^A_Z′ = g^R_Z′ − g^L_Z′ 2 = 0 . (3.5)

As a consequence, we decided to not study the asymmetries of the decay products stemming from the Z^′_{B−L} boson, given their trivial distribution at the peak.

The Z^′_{B−L} boson is not always considered as a traditional benchmark for generic collider reach studies [46; 53; 54; 55; 56; 57; 58; 59] or data analyses [4; 5]. Main differences with the most popular Z^′ models in the literature (aside the vanishing axial coupling) are the fact that the gauge coupling g^′_1 is a free parameter (as we do not consider here constraints from possible embeddings into GUTs) and the presence of new coupled matter (the ν_h’s). Since their mass is as well a free parameter, they will affect the Z^′_{B−L} boson BRs, which will be a function of the neutrino masses. Finally, in the pure B − L model, no mixing between the Z^′_{B−L} boson and the SM Z boson is present.

In this section we give a detailed description of the Z^′ properties. In section 3.2.1, the production cross sections and decay BRs are shown. A detailed investigation of the discovery potential for the LHC is presented in section 3.2.2, for the foreseen center-of-mass (CM) energies of 7 and 14 TeV and integrated luminosities up to 1 fb^{−1} and to 100 fb^{−1}, respectively. For the former CM energy, a comparison with Tevatron is also shown, for an integrated luminosity up to 10 fb^{−1}.

3.2.1 Production cross sections and decay properties The most efficient hadro-production process involving a Z^′ boson is the Drell-Yan mode

qq̄ → Z^′ , (3.6)

1This is strictly true for Dirac fermions, like quarks and charged leptons. Regarding the neutrinos (both light and heavy), they are Majorana states and, hence, the coupling to the Z^′_{B−L} boson is just axial [34].

where q is either a valence quark or a sea quark in the proton. At the parton level, the Z^′ production cross section for process (3.6) depends on two main parameters: M_Z′ and g^′_1. In figure 3.2a we present the Z^′ boson hadro-production cross section at the LHC as a function of both M_Z′ and g^′_1, in the ranges 0.5 TeV < M_Z′ < 5 TeV and 0.1 < g^′_1 < 0.5, respectively, while figure 3.2b presents the contour levels in the (M_Z′ , g^′_1) plane for cross sections of 4 pb, 0.3 pb, 50 fb and 5 fb.

(a) (b)

Figure 3.2: Z^′ hadro-production cross sections at the LHC over the (M_Z′ , g^′_1) plane: (3.2a) as a function of M_Z′ for various g^′_1 values and (3.2b) in the form of contour lines for four fixed values of production rates. In the left frame, the vertical ticks indicate the region excluded experimentally (on the left from the ticks), in accordance with section 3.1.1. In the right frame, the black shaded area is the portion excluded by eq. (3.2) (LEP bounds). The red shaded area is the region excluded by Tevatron, in accordance with table 3.1.

For a fixed value of the coupling, we can compare the production cross sections for different hadronic machines and CM energies. For g^′_1 = 0.1, the cross sections at Tevatron and the LHC (for √ s = 7, 10 and 14 TeV) are shown in figure 3.3. Note that although at Tevatron the production cross section is smaller than at the LHC, the integrated luminosity we are considering here for the LHC at 7 TeV (i.e., 1 fb^{−1}) is smaller than for Tevatron (i.e., 10 fb^{−1}).

3.2.1.1 Decay properties

As discussed earlier, the extra U(1)_{B−L} gauge group provides an additional neutral gauge boson, Z^′, with no mixing with the SM Z boson. Therefore, the Z^′ boson decays

Figure 3.3: Cross sections for pp(p) → Z^′_{B−L} at Tevatron and at the LHC (for √ s = 7, 10 and 14 TeV) for g^′_1 = 0.1.

only to fermions at the tree level and its width is given by the following expression:

Γ(Z^′ → ff) = M_Z′ 12π C_f (v^f )^2 [ 1 + 2 m^2_f M^2_{Z′} ] √ 1 − 4m^2_f M^2_{Z′} , (3.7)

where m_f is the mass and C_f the number of colours of the fermion type f and v^f = (B − L) · g^′_1 is the coupling (see table 2.1).

Clearly, the Z^′ boson BRs depend strongly on the heavy neutrino mass and figure 3.4 shows how they change with fixed (although arbitrary) values of m_{νh} , for the following three cases: a heavy neutrino (i) much lighter than, (ii) lighter than, and (iii) comparable in mass to the Z^′ boson, in the range 0.5 TeV < M_Z′ < 5 TeV, after summing over the generations.

A feature of the current B − L model illustrated in the previous figure is that the Z^′ boson predominantly couples to leptons. In fact, after summing over the generations,

Figure 3.4: Z^′ boson BRs as a function of M_Z′ for several heavy neutrino masses: m_{νh} = 50, 200 GeV, and 1 TeV, from left to right, respectively. A summation over all lepton/neutrino flavours is implied throughout, whereas, in the case of quarks we distinguish between light flavours (q = d, u, s, c, b) and the top quark.

k = 1...3, we roughly get for leptons and quarks: ∑ k BR ( Z^′ → ℓ_kℓ_k + ν_kν_k ) ∼ 3 4 , ∑ k BR ( Z^′ → q_kq_k ) ∼ 1 4 .

In particular, BR(Z^′ → ℓ^+ℓ^−) varies between 12.5% and 15.5% (ℓ = e, μ), while BR(Z^′ → qq) varies between 4% and 5%.

Not surprisingly, then, for a relatively light (with respect to the Z^′ gauge boson) heavy neutrino, the Z^′ BR into pairs of such particles is relatively high: ∼ 18% (at most, again, after summing over the generations). As we will see in section 4.2.1, the pair production from Z^′ boson decays is an effective way to produce the heavy neutrinos at the LHC, also because of the relatively high BR. The importance of this channel is due to the fact that it allows for the B − L model discrimination: as already mentioned, asymmetries of the standard Z^′ decay modes are trivial at the peak, as true for a variety of other models. To remove this degeneracy, one should look for further consequences of our model. Among these, the decay into heavy neutrino pairs is certainly the most spectacular, allowing for unusual Z^′ decays, such as multi-lepton and/or multi-jet decay patterns (see, for instance, Refs. [34; 47; 60]). After introducing the heavy neutrino properties, the whole section 4.2.2 will be devoted to the study of this signature, with particular emphasis on one specific decay pattern of the heavy neutrino pair, the socalled tri-lepton decay mode.

One should finally note that possible Z^′ decays into one light and one heavy neutrino are highly suppressed by the corresponding (heavy-light) neutrino mixing and thus they can safely be neglected.

In figures 3.5a and 3.5b we present the total decay width of the Z^′ boson as a function of M_Z′ and g^′_1, respectively (with the other parameters held fixed to three different values), assuming that the partial decay width into heavy neutrinos vanishes. Also, figure 3.5c presents the relative variation of the total width as a function of the ν_h mass for three different values of M_Z′ and for g^′_1 = 0.1.

(a) (b)

(c) Figure 3.5: Z^′ total width as a function of: (3.5a) M_Z′ (for fixed values of g^′_1), (3.5b) g^′_1 (for fixed values of M_Z′ ) and (3.5c) m_{νh} (for fixed values of M_Z′ and g^′_1 = 0.1). In plots (3.5a)[(3.5b)] the portion of the curves to the left[right] of the vertical ticks (when appearing) are experimentally excluded, in accordance with eq. (3.2) and table 3.1. Notice finally that in plot 3.5b the curve for M_Z′ = 0.5 TeV is shown just for sake of comparison, as it is all excluded.

From the first two plots we see that the total width of a Z^′ gauge boson varies from a few to hundreds of GeV over a mass range of 0.5 TeV < M_Z′ < 5 TeV, depending on the value of g^′_1, while from the third plot one can gather the importance of taking into consideration the heavy neutrinos, since their relative contribution to the total Z^′ width can be as large as 25% (whenever this channel is open).

3.2.2 Discovery power at the LHC

In this section we determine the discovery potential of the LHC considering several CM energies, 7 and 14 TeV, using the expected integrated luminosities. For √ s = 7 TeV only, we also compare our results for the LHC to the expected ultimate reach at Tevatron.

For sake of comparison, a complementary discovery power study at the LHC for the Z^′_{B−L} boson also appears, for CM energy of 7 TeV, in Ref. [61] and for 14 TeV in Ref. [62] (for the Z^′ → e^+e^− channel only). q q γ, Z, Z^′ ℓ^− ℓ^+

Figure 3.6: Feynman diagram for the Drell-Yan di-lepton production (ℓ = e, μ).

The process we are interested in is the di-lepton production, shown in figure 3.6. We define our signal as pp → γ, Z, Z^′_{B−L} → ℓ^+ℓ^− (ℓ = e, μ), i.e., all possible sources together with their mutual interferences, and the background as pp → γ, Z → ℓ^+ℓ^− (ℓ = e, μ), i.e., SM Drell-Yan production (including interference). No other sources of background, such as W W , ZZ, W Z or tt have been taken into account. These can be suppressed or are insignificant [4; 59]. For both the signal and the background, we have assumed standard acceptance cuts (for both electrons and muons) at the LHC:

p^ℓ_T > 10 GeV, |η^ℓ| < 2.5 (ℓ = e, μ), (3.8)

and we apply the following requirements on the di-lepton invariant mass, M_{ℓℓ}, depending on whether we are considering electrons or muons. We distinguish two different scenarios: an ‘early’ one (for √ s = 7 TeV) and an ‘improved’ one (for √ s = 14 TeV), and, in computing the signal significances, we will select a window as large as either one width of the Z^′_{B−L} boson or twice the di-lepton mass resolution^1, whichever the largest. The half windows in the invariant mass distributions respectively read, for the ‘early scenario’:

electrons: |M_{ee} − M_Z′ | < max ( Γ_Z′ 2 , ( 0.02 M_Z′ GeV ) GeV ) , (3.9)

muons: |M_{μμ} − M_Z′ | < max ( Γ_Z′ 2 , ( 0.08 M_Z′ GeV ) GeV ) , (3.10)

and for the ‘improved scenario’:

electrons: |M_{ee} − M_Z′ | < max ( Γ_Z′ 2 , ( 0.005 M_Z′ GeV ) GeV ) , (3.11)

muons: |M_{μμ} − M_Z′ | < max ( Γ_Z′ 2 , ( 0.04 M_Z′ GeV ) GeV ) . (3.12)

1We take the CMS di-electron and di-muon mass resolutions [59; 63] as typical for the LHC environment. ATLAS resolutions [64] do not differ substantially.

Our choice reflects the fact that what we will observe is in fact the convolution between the Gaussian detector resolution and the Breit-Wigner shape of the peak, and such convolution will be dominated by the largest of the two. Our approach is to take the convolution width exactly equal to the resolution width or to the peak width, whichever is largest^1, and to count all the events within this window. Finally, only 68% of signal events are considered: intrinsically, when the peak width is dominating, effectively (by rescaling the signal), otherwise.

In figure 3.7 we compare the LHC resolutions for electrons for the two aforementioned scenarios (eqs. (3.9) and (3.11)) with Γ_Z′ /2. It is clear that, whichever the Z^′_{B−L} mass, for a value of the coupling g^′_1 smaller than roughly 0.4, the peak will be dominated by the early experimental resolution, i.e., the half window will contain an amount of signal as big as the one produced with |M_{ℓℓ} − M_Z′ | = Γ_Z′ /2. The region of interest in the parameter space we are going to study almost always fulfils the condition g^′_1 < 0.4, as we will see from the plots in the following section. The muon resolution is much worse and in such a plot it would be an order of magnitude higher than the other curves. Hence, for this final state, the peak is always dominated by the experimental resolution, for the values of the gauge coupling we are considering.

Figure 3.7: Comparison of the CMS electron resolution according to eqs. (3.9) and (3.11), with the two different constant terms as described in the text, compared to Γ_Z′ /2 for g^′_1 = 0.23 and g^′_1 = 0.44.

In the next section we will compare the LHC and Tevatron discovery reach. In the derivation of the experimental constraints, we refer to the latest publications, being the DØ analysis of Ref. [4] for the electron case and the CDF analysis of Ref. [5] for the muon final state, discussed in section 3.1.1.1. Hence, we have considered the typical

1In details, for resolutions below Γ/2, we take the convolution equal to the resolution width. For resolutions above 3Γ, we take the convolution equal to the peak width. When the resolution ∈ [Γ/2, 3Γ], the convolution is taken as a linear interpolation between the two regimes.

acceptance cuts (for electrons and muons) for the respective detector:

p^e_T > 25 GeV, |η^e| < 1.1, (3.13) p^μ_T > 18 GeV, |η^μ| < 1, (3.14)

and the following requirements on the di-lepton invariant mass, M_{ℓℓ}, depending on whether we are considering electrons or muons^1:

electron: |M_{ee} − M_Z′ | < max ( Γ_Z′ 2 , ( 0.16 √ M_Z′ GeV + 0.04 M_Z′ GeV ) GeV ) , (3.15)

muons: |M_{μμ} − M_Z′ | < max ( Γ_Z′ 2 , ( 0.017% ( M_Z′ GeV )_2) GeV ) . (3.16)

The selection of an invariant mass window centred at the Z^′ boson mass is comparable to the standard experimental analysis, as in Ref. [4] (the electron channel at DØ), where signal and background are integrated from M_Z′ − 10Γ_Z′ (where Γ_Z′ is the Z^′ boson width obtained by rescaling the SM Z boson width by the ratio of the Z^′ to the Z boson mass) to infinity. Since the background (in proximity of the narrow resonance) can be reasonably thought as flat, while the signal is not, the procedure we propose enhances the signal more than the background and it is expected to be more sensitive than the aforementioned one. Ref. [5] applies a different strategy and figure 3.8a shows that our procedure is comparable to it, although less involved. A Bayesan approach is being used at the LHC [66], similar to the CDF case. Hence, we present our results for a comparison ‘a posteriori’.

In our analysis we use a definition of signal significance σ, as follows. In the region where the number of both signal (s) and background (b) events is ‘large’ (here taken to be bigger than 20), we use a definition of significance based on Gaussian statistics: σ ≡ s/ √ b. (3.17)

Otherwise, in case of smaller statistics, we used the Bityukov algorithm [67], which basically uses the Poisson ‘true’ distribution instead of the ‘approximate’ Gaussian one.

Finally, for the numerical evaluation of the cross sections, we use the same setup as in section 3.1.1.1. In particular, the same mass independent k−factor of 1.3 is also used for the LHC (as in Ref. [66]^2).

A typical detector resolution has effectively been taken into account by our procedure, that consists in counting all the events that occur within the window (in invariant mass) previously described, and by rescaling to 68% the signal events when the peak is dominated by the experimental resolution. Nonetheless, our simulation does not account for Initial State Radiation (ISR) effects. ISR can have two main sources: QED-like

1We take the DØ di-electron [65] and the CDF di-muon [5] mass resolutions as a typical Tevatron environment, in accordance with the most up-to-date limits.

2Notice that in Ref. [66] the k-factor used was mass-dependent. Here we use the average value.

ISR (i.e., photon emission), that has the effect of shifting the peak and of creating a tail towards smaller energy, and QCD-like ISR (i.e., gluon emission), that has similar effects and might also induce trigger issues in the intent of removing backgrounds (e.g., by cutting on final state jets). Although we are aware of such effects, we believe that their analysis goes beyond the scope of this work and it will be argument of future investigations. Altogether, we are confident that, while particular aspects of our analysis may be sensitive to such effects, the general picture will not depend upon these substantially. Also, the only background considered here was the irreducible SM Drell-Yan. Reducible backgrounds, photon-to-electron conversion, efficiencies in reconstructing electrons/muons, jets faking leptons etc., whose overall effect is to deplete the signal, were neglected (being tt the most important source, at the level of ≲ 10%). However, for this analysis they are not quantitatively important [4; 59; 68]. The net effect of the factors above is usually regarded as an overall reduction of the total acceptance, being the lepton identification the most important source, about 80 ÷ 90% per each lepton. We comment on this in the conclusion of the chapter.

3.2.2.1 LHC at √ s = 7 TeV and comparison with Tevatron

The first years of the LHC work will be at a CM energy of 7 TeV, where the total integrated luminosity is likely to be of the order of 1 fb^{−1}. Figure 3.8 shows the discovery potential under these conditions, as well as the most recent limit from LEP (see eq. 3.2) and from Tevatron (as in section 3.1.1.1).

In the same figure we also include for comparison the Tevatron discovery potential at the integrated luminosities used for the latest published analyses [4; 5] (5.4 fb^{−1} and 4.6 fb^{−1} for electrons and muons, respectively) as well as the expected reaches at L = 10 fb^{−1}.

Notice that the Tevatron excluded area are based on the actual data, while the dot-dashed 2σ curves are theoretical curves. Thus, if from the one side theory cannot reproduce experiments, from the other side we are comparing two methods of extracting the results. As mentioned previously, figure 3.8 shows that the procedures used in experimental analyses for the electron channel [4; 69] are not quite optimisied for maximising the signal significance. The alternative analysis described in this work has the potential to improve sensitivities and can be easily developed even further.

It is then clear that Tevatron will still be competitive with the LHC (for √ s = 7 TeV CM energy), especially in the lower mass region where the LHC requires 1 fb^{−1} to be sensitive to the same couplings as Tevatron. The LHC will be able to probe, at 5σ level, the Z^′_{B−L} boson for values of the coupling down to 3.7 − 5.2 · 10^{−2} (for electrons and muons, respectively), while Tevatron can be sensitive down to 4.2 · 10^{−2} with electrons. The kinematic reach of the two machines is different. The LHC for 1 fb^{−1} can discover the Z^′_{B−L} boson up to masses of 1.20 − 1.25 TeV, while at Tevatron a 3σ evidence will be possible up to a value of the mass of 1 TeV in the electron channel, for a suitable choice of the coupling. As clear from figure 3.8b, the muon channel at Tevatron requires more than 10 fb^{−1} to start probing (at 3σ) points in the M_Z′ − g^′_1 plane allowed by the CDF constraints, as in table 3.1. This total integrate luminosity appears to be more than what can be collected, due to the announced shutdown by the end of the year 2011 [70; 71].

(a) (b)

Figure 3.8: Significance contour levels plotted against g^′_1 and M_Z′ at the LHC for √ s = 7 TeV for 0.1 − 1 fb^{−1} and at Tevatron ( √ s = 1.96 TeV) for (3.8a, electrons) 5.4 − 10 fb^{−1} and (3.8b, muons) 4.6 − 10 fb^{−1} of integrated luminosity. The shaded areas correspond to the region of parameter space excluded experimentally, in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red).

Figure 3.9 shows the integrated luminosity required for 3σ evidence and 5σ discovery as a function of the Z^′_{B−L} boson mass for selected values of the coupling for both electron and muon final states at the LHC, and for the electron channel only at Tevatron. The muon channel at Tevatron requires more than 10 fb^{−1} to start probing the Z^′_{B−L} boson at 3σ, and, hence, we do not present it.

We now fix some values for the coupling (g^′_1 = 0.158, 0.1, 0.08 for the LHC analysis, g^′_1 = 0.1, 0.08 for Tevatron) and we see what luminosity is required for discovery at each machine. For g^′_1 = 0.1 the LHC requires 0.35 − 0.70 fb^{−1} to be sensitive at 5σ, with electrons and muons, respectively, while Tevatron requires 10 fb^{−1} with electrons. For the same value of the coupling, Tevatron can discover the Z^′_{B−L} boson up to M_Z′ = 840 GeV, with electrons in the final state, with 12 fb^{−1} of data. The LHC can extend the Tevatron reach up to M_Z′ = 1.0(0.9) TeV for g^′_1 = 0.1. Regarding g^′_1 = 0.08, a discovery can be made chiefly with electrons, requiring 0.4(12) fb^{−1}, for masses up to 900(780) GeV at the LHC(Tevatron). For muons, the LHC requires 0.85 fb^{−1} for masses up to 800 GeV. Both machines will be sensitive at 3σ with much less integrated luminosities, requiring roughly 0.12 − 0.15(0.25 − 0.35) fb^{−1} to probe the Z^′_{B−L} at the LHC for electrons(muons) in the final state, for g^′_1 = 0.1 − 0.08. At Tevatron, 5.5 fb^{−1}

(a) (b)

(c) Figure 3.9: Integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 at the LHC for √ s = 7 TeV for (3.9a) electrons and (3.9c) muons and at Tevatron ( √ s = 1.96 TeV) for (3.9b) electrons (the muon channel requires more than 10 fb^{−1} and is, hence, not shown). Only allowed combinations of masses and couplings are shown.

are required for probing at 3σ both values of the coupling, for electrons only. Finally, bigger values of the coupling, such as g^′_1 = 0.158, can be probed just at the LHC, that is sensitive at 3σ to masses up 1.45(1.35) TeV using electrons(muons) and at 5σ to masses up to 1.2(1.15) GeV, requiring 0.2 − 0.6(0.3 − 0.9) fb^{−1} at least, at 3σ − 5σ for electrons(muons).

The 5σ discovery potential for the LHC at √ s = 7 TeV and for Tevatron are summarised in the table 3.3, for selected values of couplings and integrated luminosities.

LHC pp → e^+e^− pp → μ^+μ^− L (fb^{−1}) g^′_1 = 0.08 g^′_1 = 0.1 g^′_1 = 0.158 g^′_1 = 0.08 g^′_1 = 0.1 g^′_1 = 0.158 0.2 820(-) 925(-) 1100(-) -(-) -(-) -(-) 0.3 900(-) 1000(800) 1200(-) -(-) 850(-) 1100(-) 0.5 1000(775) 1100(875) 1300(-) 825(-) 950(-) 1200(-) 1 1130(900) 1250(1000) 1450(1200) 950(800) 1080(900) 1360(1130) Tevatron pp → e^+e^− pp → μ^+μ^− L (fb^{−1}) g^′_1 = 0.08 g^′_1 = 0.1 g^′_1 = 0.158 g^′_1 = 0.08 g^′_1 = 0.1 g^′_1 = 0.158 8 825(-) 895(-) -(-) -(-) -(-) -(-) 10 850(-) 915(825) -(-) -(-) -(-) -(-) 12 870(775) 930(830) -(-) -(-) -(-) -(-) Table 3.3: Maximum Z^′_{B−L} boson masses (in GeV) for a 3σ(5σ) discovery for selected g^′_1 and integrated luminosities in the B − L model, both at the LHC (for √ s = 7 TeV) and at Tevatron (for √ s = 1.96 TeV). No numbers are quoted for already excluded configurations.

3.2.2.1.1 Exclusion power

If no evidence for a signal is found at the LHC at the considered energy and luminosity configuration, 95% C.L. exclusion limits can be derived: in this subsection we present exclusion plots for the early stage of the LHC CM energy ( √ s = 7 TeV). We also show the expected exclusions at Tevatron for L = 10 fb^{−1}.

We start by looking at the 95% C.L. limits presented in figure 3.10 for Tevatron and for this stage of the LHC (for 10 fb^{−1} and 1 fb^{−1} of integrated luminosity, respectively).

One can see that the different resolutions imply that the limits derived using electrons are always more stringent than those derived using muons in excluding the Z^′_{B−L} boson. As for the discovery reach, Tevatron is also competitive in setting limits, especially in the lower mass region. In particular, using electrons and in case of no evidence at Tevatron with 10 fb^{−1}, the Z^′_{B−L} boson can be excluded for values of the coupling down to 0.03 (0.04 for muons) for M_Z′ = 600 GeV. For the LHC, to set the same exclusion limit for the same mass, 1 fb^{−1} of integrated luminosity is required, allowing to exclude g^′_1 > 0.02(0.35) using electron(muons) in the final state. For the same integrated luminosity, the LHC has much more scope in excluding a Z^′_{B−L}, for M_Z′ > 1.0 TeV.

For a coupling of 0.1, the Z^′_{B−L} boson can be excluded up to 1.40(1.25) TeV at the LHC considering electrons(muons) for 1 fb^{−1}, and up to 1.0(0.9) TeV at Tevatron for 10 fb^{−1} of data. For g^′_1 = 0.05, the LHC when looking at muons(electrons) will require 400(100) pb^{−1} to start improving the current available limits, while with 100 pb^{−1} it can set limits on g^′_1 = 0.158, out of the reach of Tevatron. It will ultimately be able to exclude Z^′_{B−L} boson up to M_Z′ = 1.6 TeV for 1 fb^{−1} (both with electrons and muons).

(a)

(b) (c)

Figure 3.10: (3.10a) Contour levels for 95% C.L. plotted against g^′_1 and M_Z′ at the LHC for selected integrated luminosities and integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 (in which only the allowed combination of masses and couplings are shown), for (3.10b) the LHC at √ s = 7 TeV and (3.10c) at Tevatron ( √ s = 1.96 TeV), for both electrons and muons. The shaded areas and the allowed (M_Z′ , g^′_1) shown are in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red for electrons and in green for muons).

The 95% C.L. exclusions for the LHC at √ s = 7 TeV and at Tevatron are summarised in table 3.4, for selected values of couplings and integrated luminosities.

LHC pp → e^+e^− pp → μ^+μ^− L (fb^{−1}) g^′_1 = 0.05 g^′_1 = 0.1 g^′_1 = 0.158 g^′_1 = 0.05 g^′_1 = 0.1 g^′_1 = 0.158 0.1 670 900 1100 − 820 − 0.2 770 1050 1250 − 950 1225 0.5 950 1225 1450 700 1100 1425 1 1075 1375 1600 800 1250 1575 Tevatron pp → e^+e^− pp → μ^+μ^− L (fb^{−1}) g^′_1 = 0.05 g^′_1 = 0.1 g^′_1 = 0.158 g^′_1 = 0.05 g^′_1 = 0.1 g^′_1 = 0.158 6 750 950 − − − − 8 775 975 − − 860 − 10 800 1000 − − 875 − 12 825 1020 − 680 900 − Table 3.4: Maximum Z^′_{B−L} boson masses (in GeV) for a 95% C.L. exclusion for selected g^′_1 and integrated luminosities in the B − L model. No numbers are quoted for already excluded configurations.

3.2.2.2 LHC at √ s = 14 TeV

We consider here the design performance, i.e., √ s = 14 TeV of CM energy with large luminosity, L = 100 fb^{−1}. Figure 3.11 shows the discovery potential for the Z^′_{B−L} boson under these conditions, while figure 3.12 shows the integrated luminosity required for 3σ evidence as well as for 5σ discovery as a function of the Z^′_{B−L} boson mass for selected values of the coupling at √ s = 14 TeV. We consider the integrated luminosity in the range between 10 pb^{−1} up to 100 fb^{−1}. After some years of data analysis, the performances of the detector will be better understood. We therefore use the resolutions for both electrons and muons quoted in eqs. (3.11) and (3.12), respectively.

From figure 3.11, we can see that the LHC at √ s = 14 TeV will start probing a completely new region of the parameter space for L ≥ 1 fb^{−1}. For L ≥ 10 fb^{−1} a Z^′_{B−L} gauge boson can be discovered up to masses of 4 TeV and for couplings as small as 0.01(0.02) if we are dealing with electrons(muons). At L = 100 fb^{−1}, the coupling can be probed down to values of 8 · 10^{−3} in the electron channel, while couplings smaller than 1.6 · 10^{−2} cannot be accessed with muons. The mass region that can be covered extends towards 5 TeV irrespectively of the final state.

As before, figure 3.12 shows the integrated luminosity required for 3(5)σ evidence (discovery) of the Z^′_{B−L} boson as a function of the mass, for selected values of the coupling. We explore the range in luminosities, from 10 pb^{−1} to 100 fb^{−1}. However, just the configuration with g^′_1 = 0.1 can be probed with very low luminosity, requiring 30(100) pb^{−1} and 50(150) pb^{−1} at 3σ(5σ) considering electrons and muons in the final state, respectively. For values of the coupling such as 0.05 and 0.2, 90(220) pb^{−1} and 60(200) pb^{−1} are the integrated luminosities required to start to be sensitive (at 3(5)σ) if electrons are considered, while 160(500) and 70(220) pb^{−1} are the least integrated luminosity required, respectively, if instead we look at muons. It is worth to emphasise here that the first couplings that will start to be probed at the LHC are those around g^′_1 = 0.1.

(a) (b)

Figure 3.11: Significance contour levels plotted against g^′_1 and M_Z′ at the LHC for √ s = 14 TeV for several integrated luminosities for (3.11a) electrons and (3.11b) muons. The shaded areas correspond to the region of parameter space excluded experimentally, in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red).

(a) (b)

Figure 3.12: Integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 at the LHC for √ s = 14 TeV for (3.12a) electrons and (3.12b) muons. Only allowed combination of masses and couplings are shown, in accordance with eq. (3.2) and table 3.1.

The better resolution in the case of electrons reflects in a better sensitivity to smaller Z^′_{B−L} masses with respect to muons. For M_Z′ = 600 GeV, the LHC with √ s = 14 TeV requires 1.0 fb^{−1} to be sensitive at 5σ to a value of the coupling of 0.025 in the electron channel. If we are considering muons, 3.5 fb^{−1} is the required luminosity to probe at 5σ the same value of the coupling.

The 5σ discovery potential for the LHC at √ s = 14 TeV is summarised in table 3.5, for selected values of Z^′_{B−L} masses and couplings. √ s = 14 TeV pp → e^+e^− pp → μ^+μ^− g^′_1 M_Z′ = 1 TeV M_Z′ = 2 TeV M_Z′ = 3 TeV M_Z′ = 1 TeV M_Z′ = 2 TeV M_Z′ = 3 TeV 0.025 2.5(7.0) 50(>100) >100(>300) 15(30) >100(>100) >300(>300) 0.05 0.4(1.0) 9(20) 80(>100) 0.8(2.5) 20(50) >100(>100) 0.1 0.07(0.2) 1.5(4.0) 15(50) 0.1(0.3) 2.0(6.0) 20(65) 0.2 −(−) 0.3(1.0) 3(10) −(−) 0.4(1.2) 3(12)

Table 3.5: Minimum integrated luminosities (in fb^{−1}) for a 3σ(5σ) discovery for selected Z^′_{B−L} boson masses and g^′_1 couplings for the B − L model. No numbers are quoted for already excluded configurations.

Figures 3.13 and 3.14 show a pictorial representation of the Z^′ properties and lineshapes (widths and cross sections) for selected benchmark points on the 3σ and 5σ lines for 10 fb^{−1} of data at √ s = 14 TeV, plotting the di-lepton invariant mass to which just the cuts of eq. (3.8) have been applied (without selecting any mass window). The binning is equal to the typical resolution in each case.

(a) (b)

Figure 3.13:^{dσ}_{dMℓℓ} (pp → γ, Z, Z^′_{B−L} → e^+e^−) for several masses and couplings (M_Z′ /TeV, g^′_1, Γ_Z′ /GeV ): (3.13a) (0.6, 0.0075, 0.006), (1.1, 0.015, 0.05), (1.6, 0.025, 0.21), (2.0, 0.04, 0.67), (2.6, 0.07, 2.7) and (3.6, 0.2, 31); (3.13b) (0.6, 0.009, 0.009), (1.1, 0.02, 0.09), (1.6, 0.04, 0.53), (2.1, 0.07, 2.2), (2.6, 0.12, 7.9) and (3.4, 0.3, 61), from the 3σ and 5σ lines at 10 fb^{−1} of figure 3.11 ( √ s = 14 TeV), respectively, using 15 GeV binning. Notice that the asymmetry of the peaks is the result of our choice to consider the full interference structure.

The improved resolution for electrons allows a measure of the Z^′_{B−L} boson width not only at high masses, but also opens the possibility of a measurement even for smaller masses.

(a) (b)

Figure 3.14:^{dσ}_{dMℓℓ} (pp → γ, Z, Z^′ → μ^+μ^−) for some masses and couplings (M_Z′ /TeV, g^′_1, Γ_Z′ /GeV ): (3.14a) (2.6, 0.07, 2.7) and (3.4, 0.2, 29) and (3.14b) (2.6, 0.12, 8) and (3.4, 0.3, 65), from the 3σ and 5σ lines at 10 fb^{−1} of figure 3.11 ( √ s = 14 TeV), using 125 GeV binning. Notice that the asymmetry of the peaks is the result of our choice to consider the full interference structure.

3.2.2.2.1 Exclusion power

If no evidence for a signal is found at the LHC either at its designed energy and luminosity configuration, very strong 95% C.L. exclusion limits can be derived.

Due to the improved resolutions for both electrons and muons, they have very similar exclusion powers for couplings g^′_1 ≳ 0.1, therefore setting similar constraints. Depending on the amount of data that will be collected, several maximum bounds can be set (see figure 3.15a): i.e., with 10 fb^{−1} of data, the LHC at 14 TeV can exclude at 95% C.L. up to a mass of roughly 5 TeV for a value of the coupling g^′_1 = 0.5, that we arbitrary take as the biggest allowed value for the consistency of the model from a RGE analysis of its gauge sector, as in section 3.1.2. For 100 fb^{−1} and for the same value of the coupling, the LHC can exclude at 95% C.L. masses up to roughly 6 TeV. For 10 fb^{−1} it will be possible to exclude a Z^′_{B−L} boson for M_Z′ = 600 GeV if the coupling is greater than 1.8 · 10^{−2}(9 · 10^{−3}) for muons(electrons), and values of the coupling greater than 1.5 · 10^{−2}(6.5 · 10^{−3}) for an integrated luminosity of 100 fb^{−1}. Figure 3.15b shows the integrated luminosity that is required to excluded a certain Z^′_{B−L} boson mass for fixed values of the coupling. As previously noticed, electrons and muons set the same limits for g^′_1 ≥ 0.1. An integrated luminosity of 10 fb^{−1} is required to exclude a Z^′_{B−L} mass up to 3.8 TeV for g^′_1 = 0.2, instead 40 fb^{−1} reduces this to g^′_1 = 0.1. For an integrated luminosity of 10 fb^{−1} the LHC experiments will be able to exclude the Z^′_{B−L} boson for masses up to 3.1(3.1) TeV for g^′_1 = 0.1, 2.5(2.1) TeV for g^′_1 = 0.05 and 1.7(1.1) TeV for g^′_1 = 0.025, when considering decays into electrons(muons). With 100 fb^{−1} of data,

(a) (b)

Figure 3.15: (3.15a) Contour levels for 95% C.L. plotted against g^′_1 and M_Z′ at the LHC for selected integrated luminosities and (3.15b) integrated luminosity required for observation at 3σ and 5σ vs. M_Z′ for selected values of g^′_1 (in which only the allowed combination of masses and couplings are shown), for √ s = 14 TeV, for both electrons and muons. The shaded areas and the allowed (M_Z′ , g^′_1) shown are in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red for electrons and in green for muons).

more stringent bounds can be derived: for g^′_1 = 0.05(0.025) the Z^′_{B−L} boson can be excluded for masses up to 3.6(2.6) TeV in the electron channel, and up to 3.1(1.9) TeV in the muon channel.

The 95% C.L. exclusions for the LHC at √ s = 14 TeV are summarised in table 3.6, for selected values of Z^′ masses and couplings. √ s = 14 TeV pp → e^+e^− pp → μ^+μ^− g^′_1 M_Z′ = 1 TeV M_Z′ = 2 TeV M_Z′ = 3 TeV M_Z′ = 1 TeV M_Z′ = 2 TeV M_Z′ = 3 TeV 0.025 1.0 20 >100 7 >100 >300 0.05 0.15 3 30 0.40 8 80 0.1 0.04 0.7 7 0.04 0.8 9 0.2 − 0.2 2 − 0.2 2

Table 3.6: Minimum integrated luminosities (in fb^{−1}) for a 95% C.L. exclusion for selected Z^′_{B−L} boson masses and g^′_1 couplings in the B − L model. No numbers are quoted for already excluded configurations.

3.3 Conclusion

In this chapter, we have presented the results of our investigation of the gauge sector.

First, we have presented the experimental constraints on the free parameter in this sector, the Z^′ boson mass and gauge coupling g^′_1. We have shown that the LEP indirect limits and the Tevatron direct ones are complementary, being the former(latter) constraining more for heavy(light) Z^′ boson. We have also shown that a constraint on g^′_1 can be derived from a RGE analysis of the running gauge couplings, whose equations decouple from the others. The RGE analysis gives an upper bound on g^′_1 at the EW scale, to avoid Landau poles up to a certain cut-off energy scale.

We have then moved on, to study the phenomenology of the Z^′ boson in the pure B − L model. We have presented production cross sections, decay widths and BRs for 2-body decay modes. On the parameter space that we have considered, the Z^′ boson is a rather narrow resonance, broadening up for high masses and big couplings. The decay into heavy neutrinos is certainly interesting, with a total BR up to ∼ 20%, at most. We will study it with great details in the next chapter.

We have shown that the Z^′ boson is dominantly coupled to leptons (their total BR sums up to 3/4). It only holds vectorial coupling to Dirac fermions, while neutrinos, being Majorana particles, couple to the Z^′ boson with pure axial couplings.

Finally, we have presented the discovery potential for the Z^′_{B−L} gauge boson at the LHC for CM energies of √ s = 7 and 14 TeV, using the integrated luminosity expected at each stage. This has been done for both the Z^′_{B−L} → e^+e^− and Z^′_{B−L} → μ^+μ^− decay modes, and includes the most up-to-date constraints coming from LEP and Tevatron. We have proposed an alternative analysis that has the potential to improve experimental sensitivities. We also haved looked in detail at the different resolutions, showing that electrons and muons present very similar discovery power for values of the coupling bigger than roughly 0.1, for √ s = 14 TeV.

We are overall confident that the inclusion of further background, as well as a realistic detector simulation, will not have a considerable impact on the results we have presented. In fact, as noted in section 3.2.2, all detector effects can be casted in the form of a signal acceptance, including also the effect of kinematic and angular acceptance cuts. By looking at Refs. [4; 5; 66], we estimate an overall acceptance factor of ∼ 70%, which we found to be approximately constant over the mass regions considered, to be applied to our parton level results [once the cuts of eqs. (3.8) and (3.13) are considered]. This acceptance is mainly related to the lepton identification, both at Tevatron and at the LHC. On the significance, as in eq. (3.17), the reduction is then of ∼ 84%.

A general feature is that greater sensitivity to the Z^′_{B−L} resonance is provided by the electron channel. At the LHC this has better energy resolution than the muon channel. A further consequence of the better resolution of electrons is that an estimate of the gauge boson width would eventually be possible for smaller values of the Z^′_{B−L} boson mass than in the muon channel. The simultaneous measure of the Z^′ boson mass and gauge coupling (for instance, through a line-shape fit) will also enable to infer the B − L breaking VEV, given the simple formula that relates them. Limits from existing data imply that the first couplings that will start to be probed at the LHC are those around g^′_1 = 0.1. Increased luminosity will enable both larger and smaller couplings to be probed.

Our comparison has shown that, for an integrated luminosity of 10 fb^{−1}, Tevatron is still competitive with the LHC in the electron channel and in the small mass region, being able to probe the coupling at the level of 5σ down to a value of 4.2 · 10^{−2}. The LHC will start to be competitive in such a region only for integrated luminosities close to 1 fb^{−1} at √ s = 7 TeV. Also, at √ s = 7 TeV, the mass reach will be extended from the Tevatron value of M_Z′ = 850 GeV, with electrons, up to 1.25(1.20) TeV for electrons(muons). The muon channel at Tevatron needs more than 10 fb^{−1} to start probing the Z^′_{B−L} at 3σ. Hence, it has not been studied.

When the data from the high energy runs at the LHC becomes available, the discovery reach of Z^′_{B−L} boson will be extended towards very high masses and small couplings in regions of parameter space well beyond the reach of Tevatron and comparable in scope with those accessible at a future LC [72].

If no evidence is found at any energies, 95% C.L. limits can be derived, and, given their better resolution, the bounds from electrons will be more stringent than those from muons, especially at smaller masses.

Chapter 4

Fermion sector

In this chapter we study the phenomenology at the LHC of the new particles in the fermion sector of the pure B − L model, namely, the heavy neutrinos.

We start in section 4.1 by presenting the existent constraints on the fermion sector. Special mention is for the light neutrinos masses, for which no absolute measure exists, with the strongest bounds coming from cosmological observables.

In section 4.2 the properties of the heavy neutrinos are presented, i.e., their production cross sections, widths, and BRs. The possibility for these to be long-lived particles is rather interesting, allowing for signatures with distinctive displaced vertices, in which a high energetic and isolated pair of leptons point to a different vertex than the primary one. Bringing pieces together, the process pp → Z^′ → ν_hν_h is studied. In particular, we show that a suitable and peculiar signature to investigate is the tri-lepton decay of the Z^′ boson via heavy neutrino pairs. This signature provides a powerful insight in the fermion sector of the model (and in its interplay with the gauge sector), and it allows for the measure of the heavy neutrino masses. It is remarkable that with the simultaneous measure of the neutrino lifetime (through the displacement of its decay vertex) and mass, light neutrino masses can be inferred. For two benchmark points, in section 4.2.3 we present a detailed study of the tri-lepton signature (the main result of this Thesis), where signal and backgrounds are fully simulated and analysed (at the parton level and at the detector level), showing that it yields a good signal over background ratio that makes it observable at the LHC, especially as rather generic cuts for background rejection are considered.

Finally, we draw the conclusions for this chapter in section 4.3. The work in this section is published, in part, in [47].

4.1 Experimental constraints

LEP-I data [49] have established the existence of exactly 3 neutrinos that couple to the SM Z boson, with masses below M_Z /2. Therefore, to avoid this bound, we require the heavy neutrinos to be heavier than M_Z /2 ≃ 46 GeV.

For the SM (or light) neutrinos, no absolute mass measure exists (see [73]). Nonetheless, oscillation experiments provide a measure for squared mass differences [8; 9]:

δm^2_{12} ∼ 7.67^{+0.16}_{−0.19} · 10^{−5} eV^2 , (4.1) δm^2_{23} ∼ 2.39^{+0.11}_{−0.08} · 10^{−3} eV^2 . (4.2)

and mixing angles [8; 9]:

(sin ϑ_{12})^2 = 0.312^{+0.019}_{−0.018} , (4.3) (sin ϑ_{23})^2 = 0.466^{+0.073}_{−0.058} , (4.4) (sin ϑ_{13})^2 = 0.016 ± 0.010 . (4.5)

A cosmological upper bound of ∑ l m_{νl} < 0.58 eV also exists [10]. Ultimately, light

neutrinos have been taken to be degenerate and with a mass of m_{νl} = 10^{−2} eV.

4.2 Phenomenology of the heavy neutrinos

After the diagonalisation of the neutrino mass matrix realising the see-saw mechanism, as in section 2.2.3, we obtain three very light neutrinos (ν_l), which are the SM-like neutrinos, and three heavy neutrinos (ν_h). The latter have an extremely small mixing with the ν_l’s thereby providing very small but non-vanishing couplings to gauge and Higgs bosons.

As already stated, we are interested here in delineating their impact onto the collider phenomenology, especially concerning the interaction with the gauge sector. Therefore, the analysis of the signatures from heavy neutrinos is mainly described in the light of discovery at hadronic colliders, in general, and at the LHC, in particular. In this section, we consider as discovery channel the pair production via the Z^′ boson.

In this respect, to maximise and highlight the interesting patterns that can be observed, heavy neutrinos will be taken relatively light (with respect to M_Z′ ), and, for simplicity, degenerate in mass. As we pointed out in the introduction, the latter is an approximation for illustrative though realistic purposes.

The distinctive features of the B − L model take place because the heavy neutrinos decay predominantly to SM gauge bosons, in association with a lepton (either charged or neutral, depending on the electrical nature of the SM gauge boson). Being these couplings see-saw suppressed, in a large portion of the parameter space heavy neutrinos can be long-lived particles. Also, once heavy neutrinos are pair-produced via the Z^′ boson, they give rise to novel and spectacular multi-lepton and/or multi-jet decay modes of the intermediate boson. In the following sections are shown the consequences for collider searches.

It is reasonable to conclude that the heavy neutrinos truly carry the hallmarks of the B − L model at colliders.

4.2.1 Production cross sections and decay properties We focus here in the pair production via Z^′ gauge boson exchange in the s-channel, whose Feynman diagram is in figure 4.1. Figure 4.2 shows the cross sections for the process pp → Z^′_{B−L} → ∑ i ν^i_hν^i_h (4.6)

at the LHC, for √ s = 7 and 14 TeV CM energies, in the M_Z′ − g^′_1 plane, for several heavy neutrino masses: m_{νh} = 100 GeV (straight line), 200 GeV (dashed line), and 400 GeV (dotted line). q q Z^′ νh ν_h Figure 4.1: Feynman diagram for heavy neutrino pair production.

(a) (b)

Figure 4.2: Heavy neutrino pair production cross sections at the LHC for (4.2a) √ s = 7 TeV and for (4.2b) √ s = 14 TeV, as a function of m_{νh} , for several Z^′ masses and g^′_1 couplings. The shaded areas shown are experimentally excluded in accordance with eq. (3.2) (LEP bounds, in black) and table 3.1 (Tevatron bounds, in red). Heavy neutrinos have been summed over the generations.

Complementary to this, figure 4.3 shows the production cross sections for the process of eq. (4.6) as a function of the heavy neutrino mass, for a choice of M_Z′ and g^′_1, at the LHC, again comparing the two foreseen CM energies. A similar plot, for √ s = 14 TeV only, can be found in Ref. [60].

Figure 4.3: Heavy neutrino pair production cross sections at the LHC (for √ s = 7 and 14 TeV) for several Z^′ masses and g^′_1 couplings. Heavy neutrinos have been summed over the generations.

It seems clear that the process of eq. (4.6) can hardly be tested at the LHC in its early stage (i.e., for √ s = 7 TeV CM energy), where the total integrated luminosity will be not above 1 fb^{−1}. Even supposing the maximum value for the cross section, of ∼ 50 fb for M_Z′ ∼ 900 GeV, g^′_1 ∼ 0.13 and m_{νh} ∼ 100 GeV, only around 50 events are produced, and considerably wiped out once detector geometrical and kinematical cuts are included, even before selecting any particular decay mode.

On the contrary, this mechanism is suitable for testing at the LHC for its design performances (i.e., for √ s = 14 TeV CM energy), where, depending on the Z^′ boson mass and the value of the g^′_1 coupling, there exist configurations in the parameter space allowing for thousands (or tens of thousands) of heavy neutrino events. In section 4.2.3, a detailed analysis of a particular decay mode of the neutrino pair will be shown, namely, the tri-lepton mode, for M_Z′ = 1.5 TeV and g^′_1 = 0.2 (green solid curve of figure 4.3).

4.2.1.1 Decay properties

As clear from eqs. (2.37) and (2.40), heavy neutrinos are predominantly RH states, with a tiny [O(10^{−6})] component of LH helicity, providing very small but non-vanishing couplings to gauge and Higgs bosons. In turn, it is this tiny component that enables the following ν_h decays, when kinematically allowed:

ν_h → ℓ^± W^∓ , (4.7) ν_h → ν_l Z , (4.8) ν_h → ν_l h_1 , (4.9) ν_h → ν_l h_2 , (4.10) ν_h → ν_l Z^′ . (4.11)

Figure 4.4: Heavy neutrino BRs versus its mass for the fixed M_Z′ = 1.5 TeV, m_{h1} = 150 GeV, m_{h2} = 450 GeV, α ∼ 10^{−3} rads and g^′_1 = 0.2. Here, W means the sum over W^+ and W^−.

Figure 4.4 presents the corresponding BRs versus the heavy neutrino mass for the values of the other relevant B − L parameters given in the caption. One can see that the BR(ν_h → ℓ^±W^∓) is dominant and reaches the 1/2 level in the m_{νh} ≫ M_W , M_Z , m_{h1} limit, while BR(ν_h → ν_lZ) and BR(ν_h → ν_lh_1) both reach the 1/4 level in this regime (for α → 0). Schematically, as in Ref. [34],

BR(ν_h → ℓ^+W^−) ≈ BR(ν_h → ℓ^−W^+) ≈ BR(ν_h → ν_lZ) , (4.12) ≈ BR(ν_h → ν_lh_1) + BR(ν_h → ν_lh_2) . (4.13)

In contrast, the ν_h → ν_lZ^′ decay channel (when kinematically open) is well below the percent level and is negligible for our study. To simplify the discussion in this section, we assume that the heavy neutrino masses are smaller than both Higgs boson masses. Under this assumption ν_h → ν_lh_i (i = 1, 2) is not kinematically possible and BR(ν_h → ℓ^±W^∓)[BR(ν_h → ν_lZ)] reaches the 2/3[1/3] level in the m_{νh} ≫ M_W , M_Z limit.

Nonetheless, the possibility of producing the light Higgs boson from a heavy neutrino decay is quite interesting and peculiar, as in once it involves new particles from all the sectors of the B −L model. In section 5.2, we will show the cross section for this process, highlighting its importance for a future LC.

We recall that the heavy neutrino couplings to the weak gauge bosons are proportional to the (squared root of the) ratio of light to heavy neutrino masses (see the Appendix A), which is extremely small [O(10^{−6}) for m_{νh} ∼ 100 GeV]. Hence, the decay width of the heavy neutrino is correspondingly small and its lifetime large. The heavy neutrino can therefore be a long-lived particle and, over a large portion of parameter space, its lifetime can be comparable to or exceed that of the b quark. (In fact, for m_{νl} = 10^{−2} eV and m_{νh} = 200 GeV they are equal).

In figure 4.5 we present the heavy neutrino lifetime (top panel) in picoseconds and the proper decay length (or mean path) (bottom panel) in micrometers as a function of the light neutrino mass for three different choices of heavy neutrino masses (m_{νh} = 100, 150 and 200 GeV). The proper decay length is defined as cτ_0, where τ_0 is the lifetime of the heavy neutrino. The purple (horizontal) band presents the proper decay length of the b quark [73], while the blue band indicates the range of a typical microvertex detector [63]. The red band shows the region of light neutrino masses excluded by direct measurements of neutrino oscillations [see eq. (4.1)], by taking the lightest neutrino to be massless (thus the other neutrinos cannot populate this region, only the lightest one if massive). One should also note that the lifetime and the proper decay length of the heavy neutrinos in the laboratory frame will actually be equal to those given in figure 4.5 times the Lorentz factor equal to p_{νh} /m_{νh} defined by the ratio M_Z′ /m_{νh} which can be as large as about a factor of 10. We can then see that there exists a region where the heavy neutrino lifetime is of the same order as that of the b quark (shown as a purple band). The mean path and the respective lifetime of heavy neutrinos can therefore be measured from a displaced vertex inside the detector. The heavy neutrino can however be distinguished from a b hadron through the observation of vertices consisting of only two isolated leptons. (Such a SM B meson decay, while possible, would have a very small BR ≲ 10^{−8} [73].)

An experimentally resolvable non-zero lifetime along with a mass determination for the heavy neutrino also enables a determination of the light neutrino mass. The lifetime measurement allows the small heavy-light neutrino mixing to be determined and, as one can see from eqs. (2.34)–(2.37), this, along with the heavy neutrino mass, gives the light neutrino mass. Considering only one generation for simplicity, this is expanded upon below.

Figure 4.5: Heavy neutrino lifetime (top panel) and proper decay length (or mean path) cτ_0 (bottom panel) as a function of the light neutrino mass for three different choices of heavy neutrino masses. The purple (horizontal) band presents the proper decay length of the b quark while the blue band indicates the range of a typical microvertex detector. The red band shows the region excluded by neutrino oscillation direct measurements.

Neutrino mass eigenstates are related to gauge eigenstates by eq. (2.37), hence the eigenvalues are given by solving the equation ( m_{νl} 0 0 m_{νh} ) = ( c_ν s_ν −s_ν c_ν ) ( 0 m_D m_D M ) ( c_ν −s_ν s_ν c_ν ) ,

which yields

m_{νl} = sin 2α_ν m_D + sin^2 α_ν M , (4.14) m_{νh} = − sin 2α_ν m_D + cos^2 α_ν M , (4.15)

with α_ν given by eq. (2.36). We have then three parameters (m_D, M, and α_ν ) and a constraint [given by eq. (2.36)], that can be used to eliminate one parameter from the above equations.

The Feynman rules given in section A.1.2 demonstrate that heavy neutrino interactions are determined entirely by the (sine of the) mixing angle α_ν , as is the total width (and therefore the mean decay length). Hence, it is convenient to keep m_{νh} and α_ν as independent model parameters eliminating m_D from eq. (2.36),

m_D = m_D(α_ν , m_{νh} ) . (4.16)

By measuring the heavy neutrino mass we can also invert eq. (4.15)

M = M(α_ν , m_{νh} ) , (4.17)

to finally get a fully known expression for the SM light neutrino mass as a function of our input parameters m_{νh} and α_ν (that can be measured independently), by inserting eqs. (4.16)–(4.17) into eq. (4.14),

m_{νl} (m_D, M) = m_{νl} (α_ν , m_{νh} ) . (4.18)

This simple picture shows that within the B − L model we have an indirect way of accessing the SM light neutrino mass by measuring the mass of the heavy neutrino and the kinematic features of its displaced vertex. If the whole structure of mixing is taken into account, including inter-generational mixing in the neutrino sector (as in Ref. [34]), the task of determining the light neutrino masses in this way would become more complicated but the qualitative features and the overall strategy would remain the same, thereby providing one with a unique link between very large and very small scale physics. This in turn will also be a direct test of the specific realisation of the see-saw mechanism within the gauged B − L framework, as described in section 2.2.3.

In the next subsection we will combine the heavy neutrino decay patterns with the pair production mechanism via the Z^′ boson. The overall process can be seen as nonstandard decay patterns of the Z^′ boson. We will analyse their BRs by distinguishing the number of charged leptons in the final state, individuating the most suitable one for a detailed study, aimed to demonstrating that there exists a signature that enables the heavy neutrino mass to be measured at the LHC.

4.2.2 Phenomenology of the neutrino pair production The possibility of decays of the Z^′ gauge boson into pairs of heavy neutrinos is one of the most significant results of this work, since, in addition to the clean SM-like dilepton signature, it provides multi-lepton signatures where backgrounds can be strongly suppressed. In order to address this quantitatively, we first determine the relevant BRs.

As in eqs. (4.7)–(4.8), a single heavy neutrino decay will produce a signature of 0, 1, or 2 charged leptons, depending on whether the heavy neutrino decays via a charged or neutral current and on the subsequent decays of the SM W^± and Z gauge bosons. We can have both chains ν_h → ℓ^± W^∓ → ℓ^± + { ℓ^∓ ν_l hadrons

(4.19) and ν_h → ν_l Z → ν_l + { ℓ^+ℓ^− ν_l ν_l/hadrons

. (4.20)

The pattern in eq. (4.19) provides 1 or 2 charged leptons, while that in eq. (4.20), 0 or 2. Hence, multi-lepton signatures may arise when the Z^′ gauge boson decays into a pair of heavy neutrinos, producing up to 4 charged leptons in the final state. There exist in total 5 different topologies, distinguished by the number of charged leptons in the final state, that are:

0 lepton mode: Z^′ →

6ν_l via 2Z bosons 4ν_l 2j via 2Z bosons 2ν_l 4j via 2Z bosons

(4.21)

1 lepton mode: Z^′ → { ℓ^± 3ν_l 2j via W + Z bosons ℓ^± ν_l 4j via W + Z bosons

(4.22)

2 lepton mode: Z^′ → ℓ^± ℓ^∓ 4ν_l via 2Z or W + Z bosons ℓ^± ℓ^∓ 2ν_l 2j via 2Z or W + Z bosons ℓ^± ℓ^∓ 4j via 2W bosons

(4.23)

3 lepton mode: Z^′ → 2ℓ^± ℓ^∓ 2j ν_l via 2W or W + Z bosons (4.24) 4 lepton mode: Z^′ → 2ℓ^± 2ℓ^∓ 2ν_l via 2W , 2Z or W + Z bosons (4.25)

Eq. (4.21) shows that the Z^′ boson could decay completely invisibly, or in a multi-jet final state with large missing energy. As well, a mono-leptonic decay is possible, as in eq. (4.22), with multi-jets and, again, possibly large missing energy. Although rather interesting (especially the completely invisible decay), they are usually overwhelmed by the backgrounds. Therefore, we consider only multi-lepton decay modes, i.e., with 2 or more charged leptons in the final state. Figure 4.6 shows the BRs of a Z^′ boson decaying into 2 (top-left panel) and 3 or 4 (top-right panel) leptons (plus possibly missing transverse momentum and/or jets, as appropriate) as a function of m_{νh} , where a lepton can be either an electron or a muon and these contributions are summed. While the former are clearly dominant, the latter are not at all negligible. For M_W ± < m_{νh} < M_Z , the ν_h → ℓ^± W^∓ decay is the only one kinematically possible, whereas for m_{νh} < M_W ± the heavy neutrino can decay only via an off shell W/Z and can therefore be very longlived (depending on m_{νl} ). For a very massive Z^′ boson (2 TeV < M_Z′ < 5 TeV) the multi-leptonic BRs are roughly 2.5% in the case of Z^′ → 3ℓ and 0.5% in the case of Z^′ → 4ℓ, for a wide range of heavy neutrino masses.

Finally, as in eq. (4.23), also non-standard di-lepton decays are possible, with the Z^′ boson that decays into 2 leptons plus a large amount of missing transverse momentum and/or highly energetic jets, see figure 4.6 (bottom-left panel). Particularly interesting

Figure 4.6: Z^′ boson BRs, as a function of m_{νh} , into: 2 leptons (both e and μ, top-left panel); 3 and 4 leptons + X (both e and μ, top-right panel); 2 leptons + X jets (both e and μ, bottom-left panel); zoom of the previous plot with same legend (bottom-right panel).

is the decay into 2 leptons and 4 jets (only via W bosons), since here there is no missing transverse momentum at all and its BR is rather large with respect to the other non-SM signatures, as we can see in figure 4.6 (bottom-left panel).

4.2.3 Tri-lepton signature analysis (parton level vs. detector level) The non-standard decay modes of the Z^′ boson (via the decay into heavy neutrino pairs) have been presented in section 4.2.2. We have already discussed that Z^′ decay patterns with less than 2 charged leptons have no scope at the LHC, being overwhelmed by the backgrounds. On the other side, non-standard 2 leptons decay modes are meagre with respect to the prompt di-lepton decay modes, and their analysis would be a more refined study than the one of section 3.2.2. We think that only the 2ℓ + 4j deserves a closer look at, as backgrounds can be effectively suppressed and neutrino masses reconstructed, although the very high jet multiplicity might complicate the analysis. Ref. [74] showed that the task could be feasible, although in the slightly different context of a 4^{th} family extension of the SM, where the heavy neutrino pair is produced via SM Z and Higgs bosons, therefore in a completely different kinematic region.

The 4 leptons decay mode of eq. (4.25) has the advantage of being rather background free. However, its corresponding BR is small [O(0.5%)]. In the context of the B − L model it has been studied in Ref. [60], showing that it can be observable for L = 300 fb^{−1}, and the intermediate heavy neutrino mass poorly measurable.

As this last reference was in progress, we looked in details at the signature with 3 charged leptons, in eq. (4.24), as first reported in Ref. [47]. For the price of considering bigger backgrounds, the tri-lepton signature has higher cross section, thereby a lower integrated luminosity is sufficient for its discovery, if compared with the 4 leptons mode. It is crucial to note that the 2 jets come always from a W boson, and this is fundamental for reducing the backgrounds, as we will show. A pictorial representation of the tri-lepton decay mode of the Z^′ boson is in figure 4.7. ν_h ℓ W

Z^′ ν_h

ℓ ν ℓ W j j

Figure 4.7: Feynman diagram for the tri-lepton decay mode of the Z^′ boson (ℓ = e, μ).

The tri-lepton decay mode also offers a nice framework to study the heavy neutrino properties. It is remarkable that in this signature the heavy neutrino flavours can be univocally identified, as the charged lepton that comes along the jets can be unambiguously determined, and so its flavour^1. Just by counting, the relative BR and the possible mixing in the heavy neutrino sector can also be potentially measured. Nonetheless, we leave these features for future investigation and focus here in delineating the strategy for the discovery, in the approximation of degenerate and non-mixed heavy neutrinos. For simplicity, we also limit ourselves to the case without leptonically decaying τ’s, leaving also this case for future investigation.

The chosen benchmark points, at the LHC for √ s = 14 TeV and L = 100 fb^{−1}, are for M_Z′ = 1.5 TeV, g^′_1 = 0.2 [for which, from figure 3.2b, σ(pp → Z^′) = 0.272 pb], and two different heavy neutrino masses: m_{νh} = 200 GeV, for which the heavy neutrino pair production cross section via Z^′ boson is 46.7 fb [also, from figure 3.4, second panel, BR(Z^′ → ∑ ν_hν_h) ∼ 17.1%], and m_{νh} = 500 GeV, for which, again, σ(pp → Z^′ → ∑ ν_hν_h) = 23.4 fb [and BR(Z^′ → ∑ ν_hν_h) ∼ 8.7%].

1Notice that the same is true also for the 2ℓ + 4j mode, but in general it is not for the other multi-lepton decay modes.

These two benchmark points provide two very kinematically different examples. In the first case, the heavy neutrinos are much lighter than the Z^′ boson, producing highly boosted events. In the second case, their mass is comparable to M_Z′ /2, hence close to their production threshold, resulting in minimal boost. From a merely kinematic point of view, all other cases will be somewhere between these two.

When the heavy neutrino decays via the ℓ^±W^∓ mode, with a subsequent leptonic decay of the W^±, the charged pair of leptons can carry an invariant mass equal to or lower than the heavy neutrino mass, with the maximum invariant mass configuration occurring when the light neutrino is produced at rest, so that the edge in this distribution corresponds to the ν_h mass. A peak in such a distribution corresponding to the SM-like Z boson, coming from the νZ decay mode for the heavy neutrino, will also be present in this distribution (see, e.g., plots in Ref. [47]).

While the invariant mass distribution can provide some insights into the mass of the intermediate objects, this is not the best observable in the case of the tri-lepton signature, because the final state light neutrino escapes detection. A more suitable distribution to look at is the transverse mass defined in Ref. [75], i.e.,

m^2_T = (√ M^2(vis) + P^2_T (vis) + |/P_T |

)_2 − ( ⃗P_T (vis) + /⃗P_T )_2 , (4.26)

where (vis) means the sum over the visible particles. For the final state considered here, if we sum over the 3 leptons and the 2 jets, this distribution will peak at the Z^′ mass. We can also see evidence for the presence of a heavy neutrino by just considering the 2 closest (in ΔR, where ΔR ≡ √ Δη^2 + Δϕ^2) leptons and the missing transverse momentum, since this is the topology relevant to a ν_h decay. The results show that this transverse mass peak for the heavy neutrino is likely to be the best way to measure its mass [47]. The striking signature of this model is that both of the above peaks occur simultaneously.

We stress that by choosing event by event the 2 closest (in ΔR) leptons, the peak corresponding to the heavy neutrino is well reconstructed, as clear from figure 4.12. As we pointed out previously, this prescription also allows for the almost unambiguous identification of the single lepton coming from the heavy neutrino that decays semihadronically. Its flavour can therefore be identified.

In the evaluation of the background we considered three sources (including generation cuts, to improve efficiency):

- W Zjj associated production (σ_{3ℓ} = 246.7 fb, ℓ = e, μ, τ; ΔR_{jj} > 0.5, P^T_{j1,2} > 40 GeV, | |η_{j1,2} | | < 3);

- tt pair production (σ_{2ℓ} = 29.6 pb, ℓ = e, μ (b quark not decayed); QCD scale = M_t/2 to emulate the NLO cross section; no cuts applied);

- ttℓν associated production (σ_{3ℓ} = 8.6 fb, ℓ = e, μ, τ; QCD scale = √ ŝ, P^T_ℓ > 20 GeV).

In the case of W Zjj associated production, 3 leptons come from the subsequent leptonic decays of the two gauge bosons. This is the main source of background. From tt pair production one can obtain 2 isolated leptons via the decay of the W^±’s produced from (anti)top decays and produce a further lepton from a semi-leptonic B meson (emerging from one of the b’s) decay. This lepton though will not be isolated, because of the large boost of the b quark, and this property is used to suppress this potential background. (In practice, the requirement of isolated leptons, made on the angular separation of a lepton from the nearest jet, strongly suppresses tt̄.) Finally, ttℓν will produce 3 isolated leptons, 2 of which from the W^±’s arising from the (anti)top decays (as above), resulting in a significant background despite the small production cross section.

In the following subsections we present the result of the analysis at the parton level and at the detector level, respectively, of the tri-lepton signature and of the backgrounds. We define the cuts and show their effect in enhancing the signal-to-background ratio.

4.2.3.1 Parton level analysis

This subsection presents the analysis of signal and backgrounds for the tri-lepton signature at the parton level.

The first set of cuts we use is designed to impose generic detector angular acceptances, lepton and jet transverse momentum minimal thresholds and to provide isolation for leptons and jets: Selection 1 | |η_{ℓ1,2,3} | | < 2.5, | |η_{j1,2} | | < 3; P^T_{ℓ1} > 15 GeV, P^T_{ℓ2,3} > 10 GeV, P^T_{j1,2} > 40 GeV; ΔR_{ℓj} > 0.5 ∀ℓ = 1 . . . 3, j = 1, 2, ΔR_{ℓ,ℓ}′ > 0.2 ∀ℓ, ℓ^′ = 1 . . . 3, ΔR_{j,j} > 0.5. (4.27)

Special care should be devoted to the treatment of the tt̄ background, given its large production rate. However, as previously mentioned, we expect that this noise can be eliminated efficiently by enforcing a suitable lepton-jet separation. The impact of the first set of cuts on the signals and tt background is illustrated in table 4.1. The ΔR_{ℓj} requirement is indeed extremely effective and reduces this background by a factor of 2 · 10^{−3}. The loss of signal due to this cut is instead minimal. Also note that the signal events with the smaller boost have a higher efficiency for passing the angular isolation cuts.

Figure 4.8: Signal (m_{νh} = 200 GeV) and background distributions after the Selection 1 cuts. (Events per L = 100 fb^{−1}.)

Figures 4.8–4.9 show the distributions in M_{jj}, M^T_{3ℓ2j} , M_{ℓjj} and M^T_{2ℓ} after Selection 1 cuts, for the signal with the two heavy neutrino masses, 200 and 500 GeV, that we are considering, and for the backgrounds.

In signal events both jets come from the W^± therefore we apply the following constraint:

Selection 2

|M_{jj} − M_W | < 20 GeV. (4.28)

After the application of this cut the other distributions considered are shown in figures 4.10 and 4.11 for the 200 and 500 GeV heavy neutrino masses, respectively (here, we now also show the difference between the M^T_{2ℓ} and M_{ℓjj} distributions). From these

Figure 4.9: Signal (m_{νh} = 500 GeV) and background distributions after the Selection 1 cuts. (Events per L = 100 fb^{−1}.)

plots it is clear that transverse mass M^T_{3ℓ2j} provides good discrimination between signal and background. The following cut is then used to further suppress the background:

Selection 3 | M^T_{3ℓ2j} − M_Z′ | < 250 GeV. (4.29)

After this set of cuts we end up with a very clean signal for both a 200 and 500 GeV ν_h mass in the di-lepton transverse mass distribution, in fact practically free from background, as shown in figure 4.12. Notice that this M^T_{2ℓ} variable was formed from the two closest (in ΔR_{ℓℓ}) leptons since they are likely to originate from the same boosted ν_h.

In order to establish the signal, we finally select events around the visible M^T_{2ℓ} peak, by requiring:

Cut m_{νh} = 200 GeV m_{νh} = 500 GeV tt # of events Efficiency % # of events Efficiency % # of events Efficiency %

No cuts 482.0 100 239.0 100 1.28 · 10^6 100 η cuts 346.0 71.8 171.0 71.4 5.1 · 10^5 43.9 ΔR+P_T cuts 68.0 14.1 73.7 30.8 99.7 0.014

Table 4.1: Efficiencies of the Selection 1 cuts for the two benchmark signals and the tt background, for events with three leptons and with two or more jets in the final state for L = 100 fb^{−1}. In the case of ΔR_{jj} < 0.5 partons were merged into one ‘jet’ at the very beginning of the selection.

Selection 4

0 < M^T_{2ℓ} < 250 GeV or 400 GeV < M^T_{2ℓ} < 550 GeV, (4.30)

depending on the benchmark signal under consideration. A fit of the signal in these regions will finally give the heavy neutrino mass. The efficiencies of the Selection 1–4 cuts, are given in table 4.2.

m_{νh} = 200 GeV

Cuts Signal Efficiency W Zjj Efficiency tt Efficiency ttℓν Efficiency S/ √ B events (%) events (%) events (%) events (%) 1 68.0 100 5875 100 99.6 100 89.1 100 0.87 2 68.0 100 498.8 8.5 5.38 5.4 19.3 21.8 2.97 3 58.8 86.5 10.58 12.7 0 0.8 0.0667 2.2 18.0 4 56.0 94.1 4.48 67.6 0 56.4 0.0305 64.8 26.3

m_{νh} = 500 GeV

Cuts Signal Efficiency W Zjj Efficiency tt Efficiency ttℓν Efficiency S/ √ B events (%) events (%) events (%) events (%) 1 73.6 100 5875 100 99.7 100 89.1 100 0.95 2 73.6 100 498.8 8.5 5.38 5.4 19.3 21.8 3.22 3 68.8 93.4 10.58 12.7 0 0.8 0.0667 2.2 21.1 4 46.3 66.0 2.879 27.1 0 8.7 0.00952 10.1 27.6

Table 4.2: Signal (m_{νh} = 200 GeV at the top and m_{νh} = 500 GeV at the bottom) and background events per L = 100 fb^{−1} and efficiencies following the sequential application of Selection 1–4 cuts.

We should stress that during all the step of our analysis we have included detector effects and applied these to the parton level events simulated using calchep. We have used Gaussian smearing of leptons and quarks energies to simulate a typical electromagnetic energy resolution given by 0.15/ √ E and a typical hadronic energy resolution given by 0.5/ √ E, to mimic the ATLAS [64] and CMS [63] detector performances. The resolution in missing transverse momentum was derived in turn from the above mentioned smearing of leptons and quarks energies. The final figure 4.12 and table 4.2 present

Figure 4.10: Signal (m_{νh} = 200 GeV) and background distributions after the Selection 1 and 2 cuts. (Events per L = 100 fb^{−1}.)

results taking into account these effects. One should also mention that, since we deal with a multi-lepton signature in the final state, detector resolution effects are typically smaller or of the order of the chosen 20 GeV bin width for the final transverse mass distributions. Finally, we have verified that all results presented here are actually very stable against the implementation of electromagnetic and hadronic calorimeter energy resolution effects.

In the next section we will present the study of the tri-lepton signature in a more realistic framework, with a full detector simulation in which also jet hadronisation and showering are included. The main difference with respect to the analysis presented here concerns the jet multiplicity, that at the parton level we cannot emulate. Also, the lepton isolation requirement will be treated in a more comprehensive way than the simple approximation used here. In the analysis, we will adopt the same strategy and we will use cuts emulating those presented here.

It is interesting to note here that, in the strategy described in this section, we did

Figure 4.11: Signal (m_{νh} = 500 GeV) and background distributions after the Selection 1 and 2 cuts. (Events per L = 100 fb^{−1}.)

not impose any requirements on the sign of the leptons in order to reconstruct the heavy neutrinos, nor on the overall balance of their total sign. Also, flavour violating processes, clear indication of new physics, are possible. We decided to not include any of these features in our analysis to be the most model-independent possible, highlighting that simple cuts are enough for heavy neutrino discovery.

4.2.3.2 Detector level analysis

This subsection presents the analysis of signal and backgrounds for the tri-lepton signature at the detector level. Its aim is to validate the analysis strategy outlined in the previous subsection within a more realistic framework. The parton level events generated for the previous analysis have been here hadronised and showered with pythia, version 6.2.40 [76]; the CMS detector has been emulated with the fast detector simulator delphes, version 1.9 [77]; the jets have been reconstructed with the built-in SIScone algorithm, version 1.3.3 [78], with cone size 0.5.

Figure 4.12: Signal (m_{νh} = 200 GeV, top panel, and m_{νh} = 500 GeV, bottom panel) and background distributions after the Selection 1, 2 and 3 cuts. (Events per L = 100 fb^{−1}.)

Most of the Selection 1 cuts of eq. (4.27) is built-in in the object definition. The minimum p_T for leptons is 10 GeV, while the detector angular acceptance is |η_ℓ| < 2.5(2.4) for electrons(muons). Regarding the jets, minimum p_T is 20 GeV and |η_j | < 3. Our choice here of a cone size of 0.5 matches the last statement of eq. (4.27). The tri-lepton signature is finally defined by the presence of exactly 3 leptons in the final state, both electrons and muons, and we require at least 2 jets. The 2 most energetic jets are requested having p_T > 40 GeV. A summary of the Selection 1 cuts here used is in eq. (4.31).

Selection 1

#ℓ ≡ 3, #j ≥ 2; | η_{e(μ)} | < 2.5(2.4), |η_j| < 3; P^T_{ℓ1,2,3} > 10 GeV, P^T_{j1,2} > 40 GeV;

jet cone radius = 0.5, isolated leptons = true. (4.31)

The delphes package allows for the lepton isolation to be more carefully defined. To match the CMS definitions, we define a lepton to be ‘isolated’ if no other tracks in a cone of radius 0.3 within the tracker has p_T > 2 GeV. The latter appears more restrictive than the corresponding ΔR_{ℓℓ}′ requirement we used at the parton level.

In the previous section we highlighted that the requirement of isolated leptons was crucial to suppress the tt̄ background, in which a further lepton stems from a b quark decay. Table 4.3 shows the effect of the Selection 1 cuts for both signal points and the tt̄ background. We see that, in the detector framework, the requirement of isolated leptons reduces the tt̄ background by a further factor 2.4%, an order of magnitude less efficient than at the parton level. Regarding the signal, it still holds that the isolation requirement suppresses more the low m_{νh} point, where final state objects are more boosted.

Cut m_{νh} = 200 GeV m_{νh} = 500 GeV tt # of events Efficiency % # of events Efficiency % # of events Efficiency %

Basic cuts 429.4 100 214.4 100 4.31 · 10^5 100 Isolation cut 178.3 41.5 117.9 55.0 1.04 · 10^4 2.4

Table 4.3: Efficiencies of the isolation cut for the two benchmark signals and the tt background, for events with three leptons and with two or more jets in the final state, for L = 100 fb^{−1}. ‘Basic cuts’ refer to the Selection 1 cuts of eq. (4.31) without the isolation requirement.

At the parton level there is no ambiguity concerning the jets, since, for the signal, two and only two are present. At the detector level, instead, the average jet multiplicity is around 4, thus we need to identify the two jets to include in our distributions. As pointed out, for the signal only, the topology of the tri-lepton signature imposes the jets to come exclusively from a W boson. Hence, on a event by event basis, we can choose the pair of jets that better reconstructs the W boson (meaning, whose invariant mass is closest to M_W = 80.4 GeV). Selection 2 cut is hence defined as a cut in the invariant mass distribution of this jet pair, jets that will subsequently enter in the definition of our distributions, such as M^T_{3ℓ2j} . To avoid to spoil considerably the signal, while still rejecting most of the background, the cut of eq. (4.28) has to be relaxed to

Selection 2

|M_{jj} − M_W | < 30 GeV. (4.32)

It shall be noted that this is not the most efficient way to identify the pair of jets to be used. We comment on this at the end of this section.

Once the pair of jets has been identified, we can use it to plot the M^T_{3ℓ2j} distribution, shown in figure 4.13 (summing up all backgrounds and signal, and for the signal only, in the top panels and in the bottom panels, respectively). The events for the signal are visible as an excess over the background, peaking at the Z^′ boson mass, as clear from figures 4.13c and 4.13d (in figures 4.13a and 4.13b the peak is not evident only due to the log scale).

(a) (b)

(c) (d)

Figure 4.13: Distribution of M^T_{3ℓ2j} for signal (4.13a) m_{νh} = 200 GeV and (4.13b) m_{νh} = 500 GeV, summed with the backgrounds, and for signal only, in (4.13c) and (4.13d), respectively, after the Selection 2 cuts. (Events per L = 100 fb^{−1}).

As in the previous section, we define the following cut to further suppress the background:

Selection 3 | |M^T_{3ℓ2j} − M_{Z′} | | < 250 GeV, (4.33)

in which we consider the Z^′ mass as known, measured from Drell-Yan processes (see section 3.2.2). The M^T_{2ℓ} distribution after this cut is shown in figure 4.14.

(a) (b)

Figure 4.14: Distribution of M^T_{2ℓ} for signal (4.14a) m_{νh} = 200 GeV and (4.14b) m_{νh} = 500 GeV, superimposed to the backgrounds after the Selection 3 cuts. (Events per L = 100 fb^{−1}).

In order to establish the signal, we finally select events around the visible M^T_{2l} peak, by requiring: Selection 4

100 < M^T_{2ℓ} < 250 GeV or 300 GeV < M^T_{2ℓ} < 550 GeV, (4.34)

depending on the signal benchmark under consideration. Again, a fit of the signal in these regions will finally give the heavy neutrino mass. The efficiencies of the Selection 1–4 cuts are given in table 4.4. Notice that the number of events for the signal, especially at the beginning, is bigger than at the parton level. This is because all the other multilepton signatures can impinge in the tri-lepton one, but they do not survive the whole chain of cuts. This summary clearly confirms the feasibility of the extraction of the signal even with less than 100 fb^{−1} of integrated luminosity.

As we specified earlier, table 4.4 shows that the procedure we used to identify the pair of jets to include in our distributions is not the most efficient. In fact, the Selection 2 cut has a lower efficiency for the signal (∼ 40%, irrespectively of the benchmark point) than for the background (∼ 70% ÷ 90%). The reason for this is that we are shaping the background as the signal, forcing to select those jets that mimic it. Nonetheless, m_{νh} = 200 GeV

Cuts Signal Efficiency W Zjj Efficiency tt Efficiency ttℓν Efficiency S/ √ B events (%) events (%) events (%) events (%) 1 178.3 100 3154 100 1.04 · 10^4 100 112.5 100 1.52 2 74.2 41.6 2189 69.4 9.36 · 10^3 89.8 84.4 75.0 0.69 3 34.3 46.3 27.96 1.28 < 1 < 0.1 0.286 0.34 6.46 4 31.9 92.8 11.51 41.18 0 − 0.086 30.0 9.36

m_{νh} = 500 GeV

Cuts Signal Efficiency W Zjj Efficiency tt Efficiency ttℓν Efficiency S/ √ B events (%) events (%) events (%) events (%) 1 117.9 100 3154 100 1.04 · 10^4 100 112.5 100 1.01 2 48.9 41.5 2189 69.4 9.36 · 10^3 89.8 84.4 75.0 0.45 3 33.5 68.5 27.96 1.28 < 1 < 0.1 0.286 0.34 6.31 4 22.1 66.0 9.05 32.4 0 − 0.114 40.0 6.50

Table 4.4: Signal (m_{νh} = 200 GeV at the top and m_{νh} = 500 GeV at the bottom) and background events per L = 100 fb^{−1} and efficiencies following the sequential application of Selection 1–4 cuts.

mimicking the W boson mass is not sufficient to imitate all the signal properties. In fact, the subsequent Selection 3 cut strongly suppresses only the background.

4.3 Conclusion

In this chapter, we have presented the results of our investigation of the fermion sector.

First, we have summarised the existing experimental constraints on the neutrino masses. We have also discussed the approximation used in the phenomenological study, i.e., to take heavy neutrinos relatively light (with respect to the Z^′ boson) and degenerate.

Then, we have presented a detailed study of the heavy neutrino properties (cross sections, decay widths and BRs). We have shown that the production cross sections via the Z^′ boson, the channel of interest, are up to 50 fb for the LHC in its early stage ( √ s = 7 TeV), value that induced us to consider this channel as viable only for the LHC in its designed performances ( √ s = 14 TeV and full luminosity).

Regarding the decay properties of the heavy neutrinos, we have shown that the decay into a SM gauge boson (together with a lepton) is preferred. This partial width is very small, and, hence, the heavy neutrino has a very small intrinsic width. The decay patterns of the heavy neutrino pair production via Z^′ boson have been analysed in details. They can be thought of as multi-lepton (and multi-jet) decays of the Z^′ boson. Up to 4 charged leptons in the final state can be produced.

We have concluded that for a large portion of the parameter space, the heavy neutrinos are rather long-lived particles, so that they produce displaced vertices in the LHC detectors, that can be distinguished from those induced by b quarks. In addition, from the simultaneous measurement of both the heavy neutrino mass and decay length one can estimate the absolute mass of the parent light neutrino, for which at present, only limits exist.

To address the neutrino mass measurement, we have chosen to study the so-called tri-lepton decay mode, in which the Z^′ boson decays into 3 charged leptons (either electrons or muons) and 2 jets, always stemming from a W boson.

For benchmark scenarios of the B − L model, we have chosen two that should be accessible at the LHC, having a Z^′ boson mass and fermion couplings not far beyond the ultimate reach of Tevatron and LEP and displaying two extreme relative conditions between the Z^′ boson and heavy neutrinos, that is, one with the latter produced at rest and the other highly boosted in the direction of the Z^′ boson.

A detailed parton level simulation of the aforementioned signal benchmarks has been performed, including all the relevant backgrounds. We have shown that rather generic cuts are already suitable for an efficient background rejection. This analysis strategy has, then, been validated with a full detector simulation of both signal and background. To do so, a strategy for the jet identification has been proposed, based on the signal topology at the parton level (in which, as mentioned, the jets come exclusively from the W boson).

The transverse mass has been found to be the suitable distribution for the tri-lepton signature analysis. By carefully choosing what particles to consider for its definition, peaks for both the Z^′ boson and for the heavy neutrino emerge. Their simultaneous observation is a striking signature of the B − L model. In particular, the sharpness of the peak corresponding to the heavy neutrino, as well as its definition well above the background, as shown, makes the heavy neutrino mass well measurable.

As a result, the tri-lepton signature holds a very good signal over background ratio that makes it observable at the LHC, for √ s = 14 TeV and L ≤ 100 fb^{−1}.

Chapter 5

Scalar sector

In this chapter we study the scalar sector of the B − L model. The new states here are two CP-even Higgs bosons, whose masses are free parameters. Another free parameter is the angle α that controls their mixing.

Section 5.1 presents the constraints on the free parameters in this sector. We will first review in section 5.1.1 the existent experimental limits, coming from both direct and indirect searches at LEP. In section 5.1.2 is then presented the analysis of the theoretical bounds on the scalar sector, i.e., the so-called unitarity bound and the triviality and vacuum stability bounds, the latter two coming from the study of the RGEs.

In section 5.2, the properties of the scalar sector are delineated (i.e., production cross sections, intrinsic widths, BRs), and the capabilities for Higgs discovery at the LHC are summarised. The main focus is on the impact of the gauge and fermion sectors. In fact, although no new consistent production mechanisms arise, the decay patterns in this model are rather peculiar, such as the decay into pairs of Z^′ bosons and into heavy neutrinos (besides the decay of the heavy Higgs boson into pairs of the light scalar bosons). Cross sections for some full processes are presented in section 5.2.3.

Finally, we draw the conclusions for this chapter in section 5.3. The study of the unitarity bound is published in [3]. The RGE study (triviality and vacuum stability) is published in [40]. The analysis of the phenomenology of the Higgs bosons is published in [79].

5.1 Constraints

In this section is delineated the viable parameter space for the new independent parameters in the scalar sector, i.e., m_{h1} , m_{h2} , and the mixing angle α.

First, we summarise the experimental constraints from LEP, from direct searches and from the analysis of the precision tests. Regarding the former, as discussed in the introduction, we did not pursue a complete beyond the tree-level analysis and we will refer to the literature.

Finally, we present our analysis of the theoretical constraints, i.e., the unitarity bound and the constraints coming from the study of the RGEs.

5.1.1 Experimental constraints Past and current experiments have set limits on the parameters of the scalar sector in the SM as well as in various extensions of it: see, for example Ref. [1] for LEP and Ref. [80] for Tevatron. For the model discussed here, the relevant analysis is summarised in figure 5.1 (figure 10a in the LEP combined analysis of Ref. [1]), in which a generic overall factor ξ has been introduced. Such parameter is defined as the coupling(s) to the Z boson of the Higgs particle(s) in the considered extension normalised to the SM: ξ ≡ g_{HZZ} g^{SM}_{HZZ} , (5.1)

hence it parametrises the deviations of the new model with respect to the SM.

Figure 5.1: The 95% C.L. upper bound on ξ = g_{HZZ} /g^{SM}_{HZZ} [1]. In the B − L model, ξ = cos α(sin α) for H = h_1(h_2). The solid line represents observed values; the dotted line represents values expected for the background.

In the minimal U(1) extension of the SM, the argument of this Thesis, two real scalar degrees of freedom exist: the one coming from the Higgs singlet, required to break the extra U(1)_{B−L} gauge factor (and therefore giving the Z^′ gauge boson a mass), and the one coming from the Higgs doublet, required to break the EW gauge symmetry to give masses to the W and Z bosons. In all generality, these two scalars will mix (as, for example, in any other extension of the SM with one scalar singlet in addition to the Higgs doublet). With reference to eq. (2.28), h_1 is the lightest eigenstate, that couples to the Z boson proportionally to cos α, h_2 is the heaviest one, that couples to the Z boson proportionally to sin α. Hence, the LEP lower bounds on the scalar masses of the U(1)_{B−L} extension here considered are read straightforwardly from figure 5.1 by considering: { ξ = cos α for H = h_1 , ξ = sin α for H = h_2 ,

(5.2)

i.e., the limit for h_1(h_2) is extracted by considering ξ as the cosine(sine) of the mixing angle in the scalar sector [see eq. (2.28)].

Figure 5.1 shows the lower bound on the Higgs boson mass as a function of ξ. The SM Higgs boson is recovered by the condition ξ = 1. We see that we can have significant deviations from the SM Higgs boson mass limit, m_h > 114.4 GeV, only for values of the angle α > π/4, for the lightest state h_1. For example, for α = π/3, the LEP limit on the lightest Higgs state reads as m_{h1} > 100 GeV. That is, in this model, a light Higgs boson with mass smaller than the SM limit can exist only if it is highly mixed, i.e., the light Higgs boson is mostly the singlet state. For the same value of the angle, the limit for m_{h2} is more stringent than the condition m_{h2} > m_{h1} , in fact for α = π/3, m_{h2} ≳ 114 GeV must be fulfilled.

Direct searches have put limits on scalar masses in the B − L model below the LEP limit of 114.4 GeV (for the SM). The existence of scalar bosons heavier than this limit can also be restricted. One way is by analysing their impact on the EW precision measurements [49], encoded in the S, T and U parameters [81]. In the case of a SM scalar sector augmented by just one scalar singlet, the constraints on the scalar masses are analysed in Ref. [2], and summarised in figure 5.2.

Generally speaking, the scalar sector of the B − L model is equivalent to the one of generic scalar singlet extensions of the SM, so that we can straightforwardly interpret the results of Ref. [2] as valid also here. It ought to be noticed, though, that this statement relies on the simplification that the impact of the extra matter content of the B − L model, i.e., Z^′ boson and heavy neutrinos, on the precision parameters is negligible. This is indeed the case for the direct contribution of the Z^′ boson, as it has vanishing mixing with the SM Z boson at the tree level [51] (and the running on ~g, turning this mixing on at the NLO, is a two-loops effect). Nonetheless, the Z^′ boson and the heavy neutrinos can still alter the scalar boson total widths entering in the precision parameters’ calculation. An increment in the total width will relax the results of Ref. [2], although marginally as the total width changes are mild for values of the mixing angle bounded therein.

With reference to [2], the mixing matrix V corresponds to the matrix in eq. (2.28), so that |V_{01}| = sin α. Important consequences of this analysis are that there is an upper bound on the light scalar, m_{h1} < m^{MAX}_{h1} ≡ 165 GeV, and that the complete inversion in the scalar sector, i.e., for α = π/2, is forbidden by precision data for m_{h2} > m^{MAX}_{h1} .

5.1.2 Theoretical constraints In this section we present the analysis of the theoretical constraints on the new parameters in the scalar sector, namely the unitarity bound and those coming from the study

Figure 5.2: Allowed region (at 95% confidence level) in a model with one additional singlet in addition to the usual SU(2)_L doublet. The lightest (heavier) scalar mass is m_0 (m_1) and the mixing matrix is defined in eq. (4) of Ref. [2]. In our notation, |V_{01}| = sin α. The region below the curves is allowed by fits to S, T and U.

of the RGEs. The unitarity assumption [3] relies on demanding that the cross sections for the scattering of all the particles in the model are unitary, i.e., with an occurring probability less than one. The RGE constraints [40] come from the model to be welldefined at one loop, assuming that the evolved parameters do not hit any Landau pole or destabilise the vacuum of the model. The latter request is known as the vacuum stability condition, while the former is the triviality condition.

5.1.2.1 Unitarity bound

It is generally not possible within the SM framework (or any of its non-supersymmetric extensions encompassing the Higgs mechanism) to predict the mass of the Higgs boson. Hence, several theoretical methods have been developed to constrain its value (see [82], [83], [84]). For example, to stay with the SM, the pioneeristic work of Ref. [83] showed that, when the Higgs boson mass is greater than a critical value of around 1 TeV (known as unitarity bound), the spherical partial wave describing the elastic scattering of the longitudinally polarised vector bosons at very high energy ( √ s → ∞) violates unitarity at the tree level and the theory ceases to be valid from a perturbative point of view.

In the high energy limit (s ≫ m^2_{W ±,Z,Z′} ), the amplitude involving the (physical) longitudinal polarisation of gauge bosons approaches the one involving the (unphysical) scalar one (equivalence theorem, see [85]), and, following the BRS invariance [86], the amplitude for emission or absorption of a ‘scalarly’ polarised gauge boson becomes equal to the amplitude for emission or absorption of the related Goldstone boson. Since it is the elastic scattering of longitudinally polarised vector bosons that gives rise to unitarity violation, the analysis of the perturbative unitarity of two-to-two particle scatterings in the gauge sector can be performed, in the high energy limit, by exploiting the Goldstone sector.

Hence, in the high energy limit, we can substitute the vector boson and Higgs boson sectors with the related (would-be) Goldstone and Higgs boson sectors. We will therefore focus on the scalar interacting Lagrangian of the Higgs and would-be Goldstone sectors (in the Feynman gauge), i.e., the scalar Lagrangian of eqs. (2.2), (2.3) and (2.13), neglecting here the gauge couplings in the covariant derivative of eq. (2.7), and we will calculate tree-level amplitudes for all two-to-two processes involving the full set of possible (pseudo)scalar fields^1. The relevant Feynman rules are in section A.3, where V_F is the Goldstone counterpart of the vector V .

5.1.2.1.1 Evaluation of the unitarity bound

As already intimated, the equivalence theorem allows one to compute the amplitude of any process with longitudinal vector bosons V_L (V = W^±, Z, Z^′), in the limit m^2_V ≪ s, by substituting each one of them with the related Goldstone bosons v = w^±, z, z^′, and its general validity is proven [85]; schematically, if we consider a process with four longitudinal vector bosons: M(V_LV_L → V_LV_L) = M(vv → vv) + O(m^2_V /s).

Given a tree-level scattering amplitude between two spin-0 particles, M(s, θ), where θ is the scattering (polar) angle, the partial wave amplitude with angular momentum J is given by

a_J = 1 32π ∫_1 −1 d(cos θ)P_J (cos θ)M(s, θ), (5.3)

where P_J are Legendre polynomials. It has been proven in Ref. [87] that, in order to preserve unitarity, each partial wave must be bounded by the condition | |Re ( a_J (s) )| | ≤ 1 2 . (5.4)

It turns out that only J = 0 (corresponding to the spherical partial wave contribution) leads to some bound, so we will not discuss the higher partial waves any further.

We have verified that, in the high energy limit, only the four-point vertices (related to the four-point functions of the interacting potential) contribute to the J = 0 partial wave amplitudes, and this is consistent with many other works that exploit the same methodology (for example, see [88; 89; 90]). The main contributions come from the zz → zz and z^′z^′ → z^′z^′ channels. To a lesser extent, also h_1h_1 → h_1h_1 and h_2h_2 → h_2h_2 play a relevant role, being equal to the most constraining one among the main channels in some regions of the parameter space (for α → 0 and α → π/2, respectively). Due to this, we will not discuss them any further (details of this can be found in Ref. [3]).

1Moreover, while evaluating scalar bosons’ scattering amplitudes, it has been explicitly verified that, in the search for the Higgs boson mass limits, the contribution that arises from intermediate vector boson exchange is not relevant.

Moving to the results, the unitarity bound is, in general, a function of all the parameters that take part to the four-point vertices, i.e., the scalar masses, the mixing angle α and the singlet VEV x. It is convenient to define a ‘high-mixing’ and a ‘low-mixing’ domains in the mixing angle. The former is defined by noticing that for a value of the angle in the range arctan ( v x ) ≤ α ≤ π 2 , (5.5)

the allowed parameter space [in the (m_{h1} –m_{h2} ) plane] is completely defined by the zz → zz channel. The ‘low-mixing’ domain is the complementary region. For instance, since x ≥ 3.5 TeV as shown in section 3.1.1, due to the LEP bound [51], if we choose exactly x = 3.5 TeV, the high-mixing domain, in this case, is the one for 0.07 ≤ α ≤ π/2 (and, conversely, the low-mixing one is the interval 0 ≤ α < 0.07).

Figure 5.3 shows the allowed regions in the (m_{h1} –m_{h2} ) plane, for a value of the angle in the low-mixing domain (figure 5.3a), and for values in the high-mixing one (figures 5.3b, 5.3c and 5.3d), for several values of the singlet VEV x (affecting only the limit coming from the z^′z^′ → z^′z^′ channel).

We see that in both cases, as expected, the upper bound on the light Higgs boson mass does not exceed the SM one (which is around 700 GeV [87]), and it approaches the experimental lower limit from LEP (according to [1]) as the heavy Higgs boson mass increases. This is because the two Higgs bosons ‘cooperate’ in the unitarisation of the scattering channels, so that, if one mass tends to grow, the other one must become lighter and lighter to keep the scattering matrix elements unitarised.

In the high-mixing domain, as shown in figures 5.3b, 5.3c and 5.3d (for α = 0.1, α = π/4, α = 0.9π/2, respectively^1), the allowed region is completely determined by the zz → zz scattering, irrespectively of the value of the singlet VEV x. The maximum allowed value for the heavy Higgs boson mass only depends on the mixing angle

Max(m_{h2} ) = 2 √ 2 3 m_W √ α_W sin α

. (5.6)

Only in the low-mixing domain, as in figure 5.3a (for α = 0.01), we are able to appreciate some interplay between the two scattering processes in setting the unitarity bound. In this case, while the zz → zz scattering channel would allow the existence of a heavy Higgs boson with mass of more than 10 TeV, the z^′z^′ → z^′z^′ channel sharply limits the allowed mass region, with a ‘cut-off’ on the maximum m_{h2} almost insensible to the light Higgs boson mass (and to the value of the mixing angle), that scales linearly with the singlet VEV x

Max(m_{h2} ) ≃ 2 √ 2π 3 x. (5.7)

1For the last of these values of the mixing angle, the lower limit from LEP experiments on the light Higgs boson mass is m_{h1} > 40 GeV [1], while for the other ones it is almost equal to the SM lower limit (m_{h1} > 114.4 GeV), as illustrated in figure 5.3.

(a) (b)

(c) (d)

Figure 5.3: Higgs bosons mass limits in the B − L model coming from the unitarity condition |Re(a_0)| ≤^1_2 applied to the zz → zz and z^′z^′ → z^′z^′ scatterings for several values of x: (5.3a) for α = 0.01, (5.3b) for α = 0.1, (5.3c) for α = π/4, and (5.3d) for α = 0.9 π/2. The (blue) horizontal shadowed region is forbidden by our convention m_{h2} > m_{h1} . The (red) vertical shadowed region is excluded by the LEP experiments.

This is pictorially shown in figure 5.3a: the solid green area represents the allowed portion of the m_{h1} -m_{h2} space at x = 3.5 GeV, that, at x = 7 TeV, increases until the (green) crossed shadowed region, to relax even further to the (green) single line shadowed region for x = 35 TeV.

To summarise, given a value of the scalar mixing angle α, the upper bound on the light Higgs boson mass varies between the SM limit and the experimental lower limit from LEP as the upper bound for the heavy Higgs boson mass increases. Moreover, when α assumes values in the high-mixing domain, the strongest bound comes exclusively from the z-boson scattering, independently from the chosen singlet VEV x, while, in the low-mixing domain, the z^′ boson scattering can also be important, imposing a cut-off, linear in x, on the heavy Higgs boson mass (when more constraining than the zz → zz scattering).

In the following subsection we investigate the constraints coming from the analysis of the RGEs, collected in appendix B.

5.1.2.2 Renormalisation group equations

The RGE evolution can constrain the parameter space of the scalar sector in two complementary ways. From one side, the couplings must stay perturbative. This condition reads:

0 < λ_{1,2,|3|}(Q^′) < 1 ∀ Q^′ ≤ Q , (5.8)

and it is usually referred to as the ‘triviality’ condition. Notice that λ_{|3|} ≡ |λ_3|. On the other side, the vacuum of the theory must be well-defined at any scale, that is, to guarantee the validity of eqs. (2.11) and (2.12) at any scale Q^′ ≤ Q:

0 < λ_{1,2}(Q^′) and 4λ_1(Q^′)λ_2(Q^′) − λ^2_3(Q^′) > 0 ∀ Q^′ ≤ Q . (5.9)

Eq. (5.9) is usually referred to as the ‘vacuum stability’ condition. In contrast to the SM, in which it is sufficient that the Higgs self-coupling λ be positive, in the case of this model the vacuum stability condition [and especially the second part of eq. (5.9)] can be violated even for positive λ_{1,2,3}.

One should notice that our conventional choice m_{h1} < m_{h2} , as noted previously, allows us to consider α and −α as two independent solutions, although the theory is manifestly invariant under the symmetry α → −α. These two solutions are complementary, meaning that the region excluded by the choice m_{h1} < m_{h2} at a certain value of the angle α is precisely the allowed one for the complementary angle π/2 − α. The special case α = π/4 is symmetric, and corresponds to maximal mixing between the scalars. α = 0 corresponds to a SM scalar sector totally decoupled from the extended one, and h_1 is the usual SM Higgs boson. α = π/2 is the specular case, in which h_2 plays the role of the SM Higgs boson.

Notice also that, again in contrast to the SM in which the gauge couplings have a marginal effect, in our case the RH neutrinos play for the extra scalar singlet the role of the top quark for the SM Higgs in the vacuum stability condition^1. Their RGEs are then controlled by the Yukawa couplings with a negative contribution coming from

1Also notice that we have three RH neutrinos, as we have three colours for the top quark. However, they are Majorana particles rather than Dirac ones, so they carry half the (independent) degrees of freedom of the top quark.

g^′_1 [see eq. (B.9)]. Therefore, in some regions of the parameter space, the impact of the gauge sector is not marginal and can effectively stabilise the otherwise divergent evolution of the Majorana Yukawa couplings for the RH neutrinos.

A final remark is in order about eq. (B.34), the evolution of λ_3, the mixing parameter of the scalar potential [see eq. (2.3)]. This RGE is almost proportional to λ_3 itself, so a vanishing boundary condition is almost stable^1. Non-proportional terms arise from the new gauge couplings (~g and g^′_1), i.e., deviations from the vanishing boundary conditions are of the order of the gauge couplings, hence quite small. They are particularly negligible in the pure B − L model, as also ~g has a vanishing boundary condition, with a weak departure from it due to the mixing in the gauge coupling sector [29]. Nonetheless, other benchmark models in our general parameterisation could show different behaviours.

The results we are going to present are obtained by analysing the RGEs in appendix B. For their numerical study, we put boundary conditions at the EW scale on the physical observables: m_{h1} , m_{h2} , α, v, M_Z′ , g^′_1, ~g, m^{1,2,3}_{νh} , that we trade for m, μ, λ_1, λ_2, λ_3, x, y^M_{1,2,3} using, for the relevant parameters therein, eq. (2.33). Notice that α\~g denotes the mixing angle\coupling in the scalar\gauge sector. Where stated in the text, we impose boundary conditions on some parameters of the Lagrangian rather than on the physical observables. This is done for consistency of those studies.

For the pure B − L model, object of the numerical analysis in this Thesis, the definition ~g = 0 holds, and as a consequence, we also have that the B − L breaking VEV x can be easily related to the new Z^′ boson mass by x = M_Z′ 2g^′_1

. Here we fix g^′_1 = 0.1.

Regarding the heavy neutrinos, for simplicity we consider them degenerate and we fix their masses to m^{1,2,3}_{νh} ≡ m_{νh} = 200 GeV (whenever not specified otherwise), a value that can lead to some interesting phenomenology (see section 4.2). The free parameters in this study are then m_{h1} , m_{h2} , α and x. The general philosophy is to fix in turn some of the free parameters and scan over the other ones, individuating the allowed regions fulfilling the conditions of eqs. (5.8) and (5.9).

5.1.2.2.1 Triviality and vacuum stability bounds

Given the simplicity of the scalar sector in the SM, the triviality and vacuum stability conditions can be studied independently and they both constrain the Higgs boson mass, providing an upper bound and a lower bound, respectively. In more complicated models as the one considered here, it might be more convenient to study the overall effect of eqs. (5.8)–(5.9), since there are regions of the parameter space in which the constraints are evaded simultaneously. This is the strategy we decided to follow.

Figure 5.4 shows the allowed region in the (m_{h1} –m_{h2} ) parameter space, for increasing values of the mixing angle α, for fixed VEV x = 7.5 TeV and heavy neutrino masses m_{νh} = 200 GeV, corresponding to Yukawa couplings whose effect on the RGE running can be considered negligible. For α = 0, the allowed values for m_{h1} are the SM ones and the extended scalar sector is completely decoupled. The allowed space is therefore

1From the last line of eq. (2.33), setting λ3 = 0 corresponds to α = 0, but not vice versa.

the simple direct product of the two, as we can see in figure 5.4a. When there is no mixing, the bounds we get for the new heavy scalar are quite loose, allowing a several TeV range for m_{h2} , depending on the scale of validity of the theory. We observe no significant lower bounds (i.e., m_{h2} > 0.5 GeV), as the impact of the RH Majorana neutrino Yukawa couplings is negligible.

(a) (b)

(c) (d)

Figure 5.4: Allowed values in the m_{h1} vs. m_{h2} space in the B −L model by eqs. (5.8) and (5.9), for (5.4a) α = 0, (5.4b) α = 0.1, (5.4c) α = π/4 and (5.4d) α = π/3. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The shaded black region is forbidden by our convention m_{h2} > m_{h1} , while the shaded red region refers to the values of the scalar masses forbidden by LEP. Here: x = 7.5 TeV, m_{νh} = 200 GeV.

As we increase the value for the angle, the allowed space deforms towards smaller values of m_{h1} . If for very small scales Q of validity of the theory such masses have already been excluded by LEP, for big enough values of Q, at a small angle as α = 0.1, the presence of a heavier boson allows the model to survive up to higher scales for smaller h_1 masses if compared to the SM (in which just h_1 would exist). Correspondingly, the constraints on m_{h2} become tighter. Moving to bigger values of the angle, the mixing between h_1 and h_2 grows up to its maximum, at α = π/4, where h_1 and h_2 both contain an equal amount of doublet and singlet scalars. The situation is therefore perfectly symmetric, as one can see from figure 5.4c. Finally, in figure 5.4d, we see that the bounds on m_{h2} are getting tighter, approaching the SM ones, and those for m_{h1} are relaxing. That is, for values of the angle π/4 < α < π/2, the situation is qualitatively not changed, but now h_2 is the SM-like Higgs boson. Visually, one can get the allowed regions at a given angle π/2 − α by simply taking the transposed about the m_{h1} = m_{h2} line of the plot for the given angle α.

Per each value of the angle, we can then fix the lighter Higgs mass m_{h1} to some benchmark values (allowed by LEP for the SM Higgs) and plot the allowed mass for the heavier Higgs as a function of the scale Q. This is done in figure 5.5, where the allowed masses are those contained between the same colour lines. Notice that here the VEV x is fixed to a different value, x = 3.5 TeV. The effects of changing the VEV x will be described in section 5.1.2.2.3.

As previously noticed, the allowed range in m_{h2} gets smaller as we increase the angle. Apart from the case α = 0 where there is no dependency at all from m_{h1} , there is a strong effect of m_{h1} on the bounds on m_{h2} . Not all the allowed regions (for m_{h2} ) at a fixed h_1 mass are inside the regions that are allowed for a smaller m_{h1} . This is true only for m_{h1} > 160 GeV. For smaller m_{h1} ’s, the distortion in the allowed region constraints tightly m_{h2} for the survival of the model to big scales Q. This is because such distortion is just towards smaller h_1 masses, see figure 5.4.

Complementary to the previous study, we can now fix the light Higgs mass at specific, experimentally interesting^1, values, i.e., m_{h1} = 100, 120, 160 and 180 GeV, and show the allowed region in the m_{h2} vs. α plane. This is done in figure 5.6.

From this figures it is clear the transition of h_2 from the new extra scalar to the SM-like Higgs boson as we scan on the angle. As we increase m_{h1} (up to m_{h1} = 160 GeV), a bigger region in m_{h2} is allowed for the model to be valid up to the Plank scale (i.e., Q = 10^{19} GeV, the most inner regions, in cyan). Nonetheless, such a region exists also for a value of the light Higgs mass excluded by LEP for the SM, m_{h1} = 100 GeV, but only for big values of the mixing angle. No new regions (with respect to the SM) in which the model can survive up to the Plank scale open for m_{h1} > 160 GeV, as the allowed space deforms towards smaller values of m_{h1} .

1The chosen values maximise the probability for the decays h1 → bb, h1 → γγ, h1 → W^+W^− and h1 → ZZ, respectively (see figure 5.15a).

(a) (b)

(c) (d)

Figure 5.5: Allowed values (that are those between the same colour lines) for m_{h2} as a function of the scale Q in the B − L model by eqs. (5.8) and (5.9), for several values of m_{h1} and (5.5a) α = 0, (5.5b) α = 0.1, (5.5c) α = π/8 and (5.5d) α = π/4. Also, x = 3.5 TeV and m_{νh} = 200 GeV. Only the allowed values by our convention m_{h2} > m_{h1} are shown.

5.1.2.2.2 Heavy neutrino mass influence

As already intimated, the RH neutrinos play for the extra scalar singlet the role of the top quark for the SM Higgs. This is particularly true for the vacuum stability condition, as the fermions in general provide the negative term that can drive the scalar couplings towards negative values. Figure 5.7 shows how the allowed regions in the (m_{h1} –m_{h2} ) plane change for a RH Majorana neutrino Yukawa coupling y^M = 0.2 (that for x = 3.5

(a) (b)

(c) (d)

Figure 5.6: Allowed values in the m_{h2} vs. α space in the B − L model by eqs. (5.8) and (5.9), for (5.6a) m_{h1} = 100 GeV, (5.6b) m_{h1} = 120 GeV, (5.6c) m_{h1} = 160 GeV and (5.6d) m_{h1} = 180 GeV. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The plots already encode our convention m_{h2} > m_{h1} and the shaded red region refers to the values of α forbidden by LEP. Here: x = 3.5 TeV, m_{νh} = 200 GeV.

TeV correspond to m_{νh} = 1 TeV), not negligible anymore. For y^M = 0.4, the changes are even more drastic, shrinking the allowed region even further.

The effect of having non negligible y^M couplings is evident if we compare figure 5.7 to figure 5.4. Notice that also the VEV x is changed (from 7.5 TeV to 3.5 TeV), but this is only responsible for the smaller upper bounds of m_{h2} in figures 5.7a and 5.7b. For small values of α it is evident our analogy between the top quark and the RH neutrinos, as now m_{h2} has a sensible lower bound too. The analogy holds also for bigger values

(a) (b)

(c) (d)

Figure 5.7: Allowed values in the m_{h1} vs. m_{h2} space by eqs. (5.8) and (5.9), for (5.7a) α = 0 and (5.7b) α = 0.1, (5.7c) α = π/4 and (5.7d) α = π/3, for m_{νh} = 1 TeV and x = 3.5 TeV. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The shaded black region is forbidden by our convention m_{h2} > m_{h1} , while the shaded red region refers to the values of the scalar masses forbidden by LEP.

of the angle, as the allowed region of masses is shrunk from below as we increase the RH Majorana neutrino Yukawa coupling, while the upper bound stays unaffected. The effect is even more evident for big values of the scale Q, with the Plank scale (i.e., Q = 10^{19} GeV) precluded now for whatever Higgs boson masses at α = π/4 and tightly constraining the allowed ones at α = π/3.

Moving to the (m_{h2} –α) scan at fixed m_{h1} values, figure 5.8 shows the effect of the heavy neutrinos in this case, to be compared to figure 5.6. It is evident that this model

(a) (b)

(c) (d)

Figure 5.8: Allowed values in the m_{h2} vs. α space in the B − L model by eqs. (5.8) and (5.9), for (5.8a) m_{h1} = 100 GeV, (5.8b) m_{h1} = 120 GeV, (5.8c) m_{h1} = 160 GeV and (5.8d) m_{h1} = 180 GeV. Colours refer to different values of Q/GeV: blue (10^3), red (10^7), green (10^{10}), purple (10^{15}) and cyan (10^{19}). The plots already encode our convention m_{h2} > m_{h1} and the shaded red region refers to the values of α forbidden by LEP. Here: x = 3.5 TeV, m_{νh} = 1 TeV.

can survive until very large scales Q with massive heavy neutrinos (for which, y^M > 0.2) only for the light Higgs boson masses allowed in the case of the SM, that is, m_{h1} ∼ 160 GeV. The mixing angle must also be small, α < π/5, providing a tight constraint on m_{h2} . For smaller h_1 masses, the effect of a large y^M is to preclude scales Q ≳ 10^7 GeV almost completely, with for example just a tiny strip for m_{h1} = 120 GeV for which there exists a combination of m_{h2} and α such that the model is consistent up to Q = 10^{10}

GeV. Finally, figure 5.8d is not visibly different from figure 5.6d just because we are showing only the m_{h2} > m_{h1} region, the shrunk region being below.

5.1.2.2.3 VEV effect

The last effect to evaluate comes from changing the values for the B − L breaking VEV x. Figure 5.9a shows the allowed regions in the m_{h2} vs. α plane for fixed m_{h1} = 160 GeV and y^M = 0.2 (that is, a particular case that shows all the interesting features at once). As expected, since λ_2 is a function of m_{h2} /x [see for instance eq. (2.32)], at α = 0 the bound on m_{h2} simply scales linearly with the VEV. Regarding the upper bound, increasing the VEV x naively increases the allowed region for the heavy Higgs mass, but it is remarkable that the effects are present only for small angles, α < 0.1 radians, being the bigger angles unaffected. Concerning the lower bound, or the vacuum stability of the model, at fixed y^M , increasing the VEV x requires to increase m_{h2} to keep λ_2 constant at the EW scale. This explains why, with non negligible y^M , the allowed heavy Higgs masses are shrinking from below when we increase the VEV x, as one can see in figure 5.9a and comparing figure 5.9b with figure 5.7c, both for α = π/4 and y^M = 0.2, but for x = 3.5 and x = 7.5 TeV, respectively.

In general, for the model to survive up to very large scales Q ∼ M_{Planck}, it is preferred the heavy neutrinos to be light with respect to the VEV x, in such a way that their Yukawa couplings are negligible in the RGE evolution of the scalar sector.

(a) (b)

Figure 5.9: Allowed values by eqs. (5.8) and (5.9) (5.9a) in the m_{h2} vs. α space for m_{h1} = 160 GeV and y^M = 0.2, for Q = 10^3 GeV (straight line) and Q = 10^{19} GeV (dashed line) for several B − L breaking VEV values (x = 3.5, 7.5 and 35 TeV, giving m_{νh} = 1, 2 and 10 TeV, respectively), and (5.9b) in the m_{h1} vs. m_{h2} space, for α = π/4, x = 7.5 TeV and y^M = 0.2, where colours refer to different values of Q/GeV: blue (10^3), red (10^7). The plots already encode our convention m_{h2} > m_{h1} and the shaded red region refers to the values of α forbidden by LEP.

5.2 Phenomenology of the Higgs sector

In the previous section we have defined the regions of the scalar sector parameter space that are compatible with experimental and theoretical constraints. In this section we summarise some of the phenomenology of the Higgs bosons in the B − L model at the LHC, first presented in Ref. [79].

The scalar Lagrangian of the B − L model is part of a rather general family of extensions of the SM, in which the scalar content is augmented with a scalar singlet (see, e.g., Refs. [19; 20; 21; 22; 23; 24; 25]). The interactions of the Higgs bosons with SM particles are, therefore, the same as in the traditional literature. However, a richer phenomenology arises in the B − L model because of the interplay with the gauge and the fermion sectors, where the new particles, the Z^′ boson and the heavy neutrinos, interact with the scalar bosons. The interplay of the sectors can be strong, and, in some region of the parameter space, both the Z^′ boson and the heavy neutrinos can be lighter than the Higgs bosons, allowing for new decays, beside those into SM particles.

Concerning the strength of Higgs interactions, some of the salient phenomenological features can be summarised as follows:

– SM-like interactions scale with cos α(sin α) for h_1(h_2);

– those involving the other new B − L fields, like Z^′ boson and heavy neutrinos, scale with the complementary angle, i.e., with sin α(cos α) for h_1(h_2);

– triple (and quadruple) Higgs couplings are possible and can induce resonant behaviours, so that, e.g., the h_2 → h_1 h_1 decay can become dominant if m_{h2} > 2m_{h1} .

We first present production cross sections for the two Higgs bosons at the LHC, for CM energies of √ s = 7 and 14 TeV, as well as their BRs, for some fixed values of the scalar mixing angle α. Its values have been chosen in each plot to highlight some relevant phenomenological aspects, such as the decay into the new B − L particles.

It turns out that the most efficient production mechanisms at the LHC are still the SM ones. However, new signatures arise in the decay processes. Section 5.2.3 will bring pieces together and present event rates for some phenomenologically viable signatures, as, among those relevant here, four lepton decays of a heavy Higgs boson via pairs of Z^′ gauge bosons (which, e.g., in the SM also occurs via ZZ but in very different kinematic regions) and heavy neutrino pair production via a light Higgs boson (yielding, e.g., the same multi-lepton signatures discussed in section 4.2.2 for the Z^′ boson).

5.2.1 Production cross sections and decay properties In figure 5.11 we present the cross sections for the most relevant production mechanisms, i.e., the usual SM processes such as gluon-gluon fusion, vector-boson fusion, tt associated production, and Higgs-strahlung (whose Feynman diagrams are in figure 5.10). For reference, we show in dashed lines the SM case (only for h_1), that corresponds to α = 0.

Comparing figure 5.11c to figure 5.11a, there is a factor 3 ÷ 4 enhancement passing from √ s = 7 TeV to √ s = 14 TeV CM energy at the LHC.

The cross sections are a smooth function of the mixing angle α, so as expected every subchannel has a cross section that scales with cos α(sin α), respectively, for h_1(h_2). As a general rule, the cross section for h_1 at an angle α is equal to that one of h_2 for π/2−α. In particular, the maximum cross section for h_2 (i.e., when α = π/2) coincides with the one of h_1 for α = 0.

We notice that these results are in agreement with the ones that have been discussed in [20; 23; 25] in the context of a scalar singlet extension of the SM, having the latter the same Higgs production phenomenology. Moreover, as already shown in Ref. [20], also in the minimal B − L context a high value of the mixing angle could lead to important consequences for Higgs boson discovery at the LHC: a sort of rudimentary see-saw mechanism could suppress h_1 production below an observable rate at √ s = 7 TeV and favour just heavy Higgs boson production, with peculiar final states clearly beyond the SM, or even hide the production of both (if no more than 1 fb^{−1} of data is accumulated). Instead, at √ s = 14 TeV we expect that at least one Higgs boson will be observed, either the light one or the heavy one, or indeed both, thus shedding light on the scalar sector of the B − L extension of the SM. The region of the parameter space that would allow the scalar sector to be completely hidden, for example for α ≃ π/2 and m_{h2} heavy enough to not be produced, whatever the value of m_{h1} , is experimentally excluded by precision analyses at LEP [2].

q q̄ V^∗ • H

V • q q V^∗

V^∗ H

q q

• g g H t • g g H t

t̄ Figure 5.10: Feynman diagrams for the dominant SM Higgs boson production mechanisms in hadronic collisions. From top-left, clockwise: Higgs-strahlung, vector boson fusion, tt associated production, and gluon-gluon fusion (V = W, Z; H = h_1, h_2).

(a) (b)

(c) (d)

Figure 5.11: Cross sections in the B − L model for h_1 at the LHC (5.11a) at √ s = 7 TeV and (5.11c) at √ s = 14 TeV, and for h_2 (5.11b) at √ s = 7 TeV and (5.11d) at √ s = 14 TeV. The dashed lines in figs. (5.11a) and (5.11c) refer to α = 0. The dotted part of the lines in figs. (5.11b) and (5.11d) refer to h_2 masses excluded by unitarity (see Ref. [3]).

5.2.1.1 New production mechanisms

All the new particles in the B − L model interact with the scalar sector, so novel production mechanisms can arise considering the exchange of new intermediate states. Among the new production mechanisms, the associated production of the scalar boson with the Z^′ boson and the decay of a heavy neutrino into a Higgs boson are certainly the most promising, depending on the specific masses. The Feynman diagrams for these processes are in figure 5.12. Figures 5.13 and 5.14 show the cross sections for these new production mechanisms, for √ s = 14 TeV and several values of α.

q q̄ Z^{′∗} • H

Z^′ • q q̄ Z^′ H ν_h

ν_h ν_l Figure 5.12: Feynman diagrams for the new Higgs boson production mechanisms in hadronic collisions in the B − L model. From left to right: the associated production of a Higgs boson and the Z^′ boson and Higgs production via heavy neutrino (H = h_1, h_2).

(a) (b)

Figure 5.13: Cross sections in the B − L model for the associated production with the Z^′_{B−L} boson (5.13a) of h_1 at α = π/4 and (5.13b) of h_2 at α = 0, at √ s = 14 TeV.

Figures 5.13a and 5.13b show the cross sections for the associated production with the Z^′ boson of h_1 and of h_2, respectively, for several combinations of Z^′ boson masses and g^′_1 couplings. The process is

q q → Z^{′∗} → Z^′ h_{1(2)} , (5.10)

and it is dominated by the Z^′ boson’s production cross sections (see section 3.2.1). Although never dominant (always below 1 fb), this channel is the only viable mechanism to produce h_2 in the decoupling scenario, i.e., α = 0.

In figure 5.14 we plot the cross sections for the other new production mechanism (the Higgs production via heavy neutrino) against the light Higgs mass, for several choices of parameters (as explicitly indicated in the labels). We superimposed the red-shadowed

Figure 5.14: Cross sections in the B − L model for the associated production of h_1 with one heavy and one light neutrino at √ s = 14 TeV. The red shading is the region excluded by LEP constraints (see section 5.1.1).

region in order to avoid any mass-angle combination that has been already excluded by LEP constraints, as discussed in section 5.1.1. The whole process chain is

q q → Z^′ → ν_h ν_h → ν_h ν_l h_{1(2)} , (5.11)

and it requires to pair produce heavy neutrinos, again via the Z^′ boson (see section 4.2.1). Although rather involved, this mechanism has the advantage that the whole decay chain can be of on-shell particles, beside the peculiar final state of a Higgs boson and a heavy neutrino. For a choice of the parameters that roughly maximises this mechanism (M_Z′ = 900 GeV, g^′_1 = 0.13 and m_{νh} = 200 GeV, from figure 4.2b), figure 5.14 shows that the cross sections for the production of the light Higgs boson (when only one generation of heavy neutrinos is considered) are above 10 fb for m_{h1} < 130 GeV (and small values of α), dropping steeply when the light Higgs boson mass approaches the kinematical limit for the heavy neutrino to decay into it. Assuming the transformation α → π/2 − α, the production of the heavy Higgs boson via this mechanism shows analogous features.

These new production mechanisms have rather small cross sections at the LHC. Nonetheless, a future LC could be the suitable framework to probe them, as shown in Ref. [91]. We showed therein that these mechanisms can also be the leading ones for accessing the scalar sector of the B − L model.

5.2.2 Branching ratios and total widths Moving to the Higgs boson decays, figure 5.15 shows the BRs for both the Higgs bosons, h_1 and h_2, respectively. Only the 2-body decay channels are shown here. For a description of the 3-body decays, see Ref. [79].

(a) (b)

(c) (d)

Figure 5.15: (5.15a) BRs for h_1 for α = 2π/5 and m_{νh} = 50 GeV and (5.15c) h_1 total width for a choice of mixing angles and (5.15b) BRs for h_2 for α = 3π/20 and m_{h1} = 120 GeV, M_Z′ = 210 GeV and m_{νh} = 200 GeV and (5.15d) h_2 total width for a choice of mixing angles.

Regarding the light Higgs boson, the only new particle it can decay into is the heavy neutrino (we consider a very light Z^′ boson unlikely and unnatural), if the channel is kinematically open. In figure 5.15a we show this case, for a small heavy neutrino mass, i.e., m_{νh} = 50 GeV, and we see that the relative BR of this channel can be rather important, as the decay into b quark pairs or into W boson pairs, in the range of masses 110 GeV ≤ m_{h1} ≤ 150 GeV. Such a range happens to be critical in the SM since here the SM Higgs boson passes from decaying dominantly into b quark pairs to a region in masses in which the decay into W boson pairs is the prevailing one. These two decay channels have completely different signatures and discovery methods/powers. The fact that the signal of the Higgs boson decaying into b quark pairs is many orders of magnitude below the natural QCD background, spoils its sensitivity. In the case of the B − L model, the decay into heavy neutrino pairs is therefore phenomenologically very important, besides being an interesting feature of the B − L model if m_{νh} < M_W , as it allows for multilepton signatures of the light Higgs boson. Among them, there is the decay of the Higgs boson into 3ℓ, 2j and /E_T (studied for the Z^′ case in section 4.2.3), into 4ℓ and /E_T (as, again, already studied for the Z^′ case in Ref. [60]) or into 4ℓ and 2j (as already studied, when ℓ = μ, in the 4^{th} family extension of the SM [74]). All these peculiar signatures allow the Higgs boson signal to be studied in channels much cleaner than the decay into b quark pairs.

In the case of the heavy Higgs boson, further decay channels are possible in the B − L model, if kinematically open. The heavy Higgs boson can decay in pairs of the light Higgs boson (h_2 → h_1 h_1) or even in triplets (h_2 → h_1 h_1 h_1), in pairs of heavy neutrinos and Z^′ bosons. Even for a small value of the angle, figure 5.15b shows that the decay of a heavy Higgs boson into pairs of the light one can be quite sizeable, at the level of the decay into SM Z bosons for m_{h1} = 120 GeV.

The BRs of the heavy Higgs boson decaying into Z^′ boson pairs and heavy neutrino pairs decrease as the mixing angle increases, getting to their maxima (comparable to the W and Z ones) for a vanishing α, for which the production cross section is however negligible. As usual, and also clear from figure 5.15b, the decay of the heavy Higgs boson into gauge bosons (the Z^′ boson) is always bigger than the decay into pairs of fermions (the heavy neutrinos, even when summed over the generations, as plotted), when they have comparable masses (here, M_Z′ = 210 GeV and m_{νh} = 200 GeV). It is important to note that all these new channels do not have a simple dependence on the mixing angle α (see figure 5.16 for Z^′ bosons and neutrinos final states and Ref. [79] for the light Higgs boson case).

The other standard decays of both the light and the heavy Higgs bosons are not modified substantially in the B − L model (i.e., the Higgs boson to W boson pairs is always dominant when kinematically open, otherwise the decay into b quarks is the prevailing one; further, radiative decays, such as Higgs boson decays into pairs of photons, peak at around 120 GeV, etc.). Only when other new channels open, the standard decay channels alter accordingly. This rather common picture could be altered when the mixing angle α approaches π/2, but such situation is phenomenologically not viable [2].

Figures 5.15c and 5.15d show the total widths for h_1 and h_2, respectively. In the first case, few thresholds are clearly recognisable as the heavy neutrino one at 100 GeV (for angles very close to π/2 only), the W and the Z ones. Over the mass range considered (90 GeV < m_{h1} < 250 GeV), the particle’s width is very small until the W threshold, less than 1 − 10 MeV, rising steeply to few GeV for higher h_1 masses and small angles (i.e., for a SM-like light Higgs boson). As we increase the mixing angle, the couplings of the light Higgs boson to SM particles is reduced, like its total width.

On the contrary, as we increase α, the h_2 total width increases, as clear from figure 5.15d. Also in this case, few thresholds are recognisable, as the usual W and Z gauge boson ones, the light Higgs boson one (at 240 GeV) and the t quark one (only for big angles, i.e., when h_2 is the SM-like Higgs boson). When the mixing angle is small, the h_2 total width stays below 1 GeV all the way up to m_{h2} ∼ 300 ÷ 500 GeV, rising as the mass increases towards values for which Γ_{h2} ∼ m_{h2} ∼ 1 TeV and h_2 loses the meaning of bound state, only for angles very close to π/2. Instead, if the angle is small, i.e., less than π/10, the ratio of width over mass is less than 10% and the heavy Higgs boson is a well-defined particle. In the decoupling regime, i.e., when α = 0, the only particles h_2 couples to are the Z^′ boson and the heavy neutrinos. The width is therefore dominated by the decay into pairs of them and it is tiny, as is clear from figure 5.15d.

(a) (b)

Figure 5.16: Dependence on the mixing angle α of (5.16a) BR(h_2 → ν_h ν_h) and of (5.16b) BR(h_2 → Z^′ Z^′).

As already mentioned, figure 5.16 shows the dependence on the mixing angle α of the BRs of h_2 into pairs of Z^′ bosns and heavy neutrinos, h_2 → ν_h ν_h and h_2 → Z^′ Z^′, respectively (not influenced by m_{h1} ). As discussed, the interaction of the heavy Higgs boson with SM (or non-SM) particles has an overall sin α (or cos α, respectively) dependence. Nonetheless, the BRs in figure 5.16 depend also on the total width, that for α > π/4 is dominated by the h_2 → W^+W^− decay. Hence, when the angle assumes big values, the angle dependence of the h_2 BRs into heavy neutrino pairs and into Z^′ boson pairs follows a cot α behaviour. For a study of BR(h_2 → h_1 h_1), see Ref. [79].

5.2.3 Cross sections for processes involving Z^′ bosons and neutrinos In this subsection we combine the results from the Higgs boson cross sections and those from the BR analysis in order to perform a detailed study of typical event rates for some Higgs signatures that are specific to the B − L model.

As in section 3.2, we identify two different experimental scenarios related to the LHC: the ‘early discovery scenario’ (i.e., with CM energy of √ s = 7 TeV and an integrated luminosity of L = 1 fb^{−1}), and the ‘full luminosity scenario’ (i.e., with CM energy of √ s = 14 TeV and an integrated luminosity of L = 300 fb^{−1}).

Combining the production cross sections and the decay BRs presented in the previous subsections, the two different scenarios open different possibilities for the detection of peculiar signatures of the model, involving heavy neutrinos and the Z^′ boson. In the early discovery scenario there is a clear possibility to detect a light Higgs state yielding heavy neutrino pairs, while the full luminosity scenario affords the possibility of looking for the heavy Higgs state decaying into Z^′ boson pairs, as well as into heavy neutrino pairs. In addition to them, the decays of the heavy Higgs state into light Higgs boson pairs are possible, as discussed in Ref [79].

The Feynman diagrams for these processes are shown in figure 5.17, with the gluongluon fusion being the dominant production mechanism.

g g h_1, h_2 • ν_h ν_h • g g h_2 Z^′

Z^′ Figure 5.17: Feynman diagrams for the new Higgs boson discovery mechanisms in hadronic collisions in the B − L model. From left to right: the decay of a Higgs boson into heavy neutrino pairs and into Z^′ boson pairs.

First, we focus on the early discovery scenario: in this experimental configuration, the most important B − L distinctive process is the heavy neutrino pair production via the light Higgs boson:

pp → h_1 → ν_hν_h. (5.12)

In figure 5.18 we show the cross sections, in the (m_{h1} –α) plane, for this process at the LHC for √ s = 7 TeV, for two different heavy neutrino masses (m_{νh} = 50, 60 GeV).

These plots are the result of the combination of the light Higgs boson production cross sections via gluon-gluon fusion only (that represents the main contribution) and of the BR of the light Higgs boson to heavy neutrino pairs.

At this energy configuration, the expected integrated luminosity is not above 1 fb^{−1}, yielding the production of up to around 200 (or more) heavy neutrino pairs via the light Higgs boson, for m_{νh} = 50 GeV, 110 GeV< m_{h1} < 150 GeV and π/4 < α < 0.42π. For m_{νh} = 60 GeV, up to 100 heavy neutrino pairs can be produced, for 130 GeV< m_{h1} < 160 GeV, and π/4 < α < 0.45π. Notice that the maximum cross section [of about 250(100) fb, for m_{νh} = 50(60) GeV] occurs for a mixing angle of around π/3, due to the interplay between the production mechanism (maximised for α → 0) and the BR into heavy neutrino pairs (maximised for α → π/2), with the latter being the dominant part.

(a) (b)

Figure 5.18: Cross section times BR contour plot for the process pp → h_1 → ν_hν_h at the LHC for √ s = 7 TeV, plotted in the m_{h1} –α plane, with (5.18a) m_{νh} = 50 GeV and (5.18b) m_{νh} = 60 GeV. The red-shadowed region is excluded by the LEP experiments [1].

In the full luminosity scenario, several important distinctive signatures appear. We focus here on the Z^′ boson and heavy neutrino pair production via h_2,

pp → h_2 → ν_hν_h , (5.13) pp → h_2 → Z^′Z^′ . (5.14)

In analogy with the previous case, figure 5.19 shows the cross sections for the process of eq. (5.13) (via the heavy Higgs boson), at the LHC for √ s = 14 TeV, for m_{νh} = 150 GeV and m_{νh} = 200 GeV. In this case, as expected, the maximum cross section is for the complementary angle, i.e., for about π/6. The expected high integrated luminosity for this energy stage of the LHC is such that a good amount of events can be produced even for cross sections of around 1 fb, so that for both choices of the heavy neutrino mass, there exist values of α and m_{h2} for which the event rate could lead to the observation of this signature. In particular, for m_{νh} = 150 GeV, we find a cross section times BR of 0.85 fb (that corresponds to around 250 events, at most) for 320 GeV< m_{h2} < 520 GeV and 0.03π < α < 0.33π. For m_{νh} = 200 GeV, the same value of the cross section is for 450 GeV< m_{h2} < 550 GeV and 0.03π < α < 0.21π.

(a) (b)

Figure 5.19: Cross section times BR contour plot for the process pp → h_2 → ν_hν_h at the LHC for √ s = 14 TeV, plotted in the (m_{h2} –α) plane, with (5.19a) m_{νh} = 150 GeV and (5.19b) m_{νh} = 200 GeV. The red-shadowed region is excluded by unitarity constraints (see section 5.1.2.1).

(a) (b)

Figure 5.20: Cross section times BR contour plot for the process pp → h_2 → Z^′Z^′ at the LHC for √ s = 14 TeV, plotted in the (m_{h2} –α) plane, (5.20a) with m_Z′ = 210 GeV, and (5.20b) m_Z′ = 280 GeV. The red-shadowed region is excluded by unitarity constraints (see section 5.1.2.1).

In figure 5.20 we show the cross sections, in the (m_{h2} –α) plane, for the process of eq. (5.14) (i.e., the Z^′ boson pair production via the heavy Higgs boson) at the LHC for √ s = 14 TeV, for m_Z′ = 210 GeV and m_Z′ = 280 GeV. This process is also favoured for small mixing angles, with a maximum cross section of 0.85 fb for 420 GeV< m_{h2} < 650

GeV and 0.03π < α < 0.25π, for the former Z^′ mass. For a bigger value of the Z^′ boson mass, such as M_Z′ = 280 GeV, a noticeable parameter space is still potentially accessible, with a maximum cross section of 0.3 fb (corresponding to around 100 events, at most) for 560 GeV< m_{h2} < 800 GeV and 0.03π < α < 0.19π. The Z^′ bosons can subsequently decay into pairs of leptons, both electrons and muons, with ∑ ℓ=e,μ BR(Z^′ → ℓ^+ℓ^−) ∼ 30%

(see figure 3.4). Thus, in total, up to around 25 events of heavy Higgs bosons decaying into 4 leptons could be observed, in a completely different kinematical region from the decay into SM Z bosons.

5.3 Conclusion

In this chapter, we have presented the results of our investigation of the scalar sector, with focus on the interaction with the gauge and fermion sectors.

First, we have presented a summary of the existing experimental constraints and the full analysis of the high energy theoretical constraints on the scalar sector.

We have briefly summarised the unitarity bound, whose scope was to clarify the role of the two Higgs bosons in the unitarisation of vector and scalar bosons scattering amplitudes, that we know must hold at any energy scale.

Using the equivalence theorem, we have evaluated the spherical partial wave amplitude of all possible two-to-two scatterings in the scalar Lagrangian at an infinite energy, identifying the zz → zz and z^′z^′ → z^′z^′ processes as the most relevant scattering channels for this analysis (z^{(′)} is the would-be Goldstone boson of the Z^{(′)} vector boson).

Hence, we have shown that these two channels impose an upper bound on the two Higgs masses: the light one cannot exceed the SM bound while the limit on the heavy one is established by the singlet Higgs VEV, whose value is presently constrained by LEP and may shortly be extracted by experiments following the discovery of the Z^′_{B−L} boson.

We have then investigated the triviality and vacuum stability conditions of the pure B − L model with a particular view to define the phenomenologically viable regions of the parameter space of the scalar sector, by computing the complete set of RGEs (gauge, scalar and fermion) at the one-loop level in presence of all available experimental constraints. The RGE dependence on the Higgs masses and couplings (including mixings) has been studied in detail for selected heavy neutrino masses and couplings as well as discrete choices of the singlet Higgs VEV.

Altogether, we have found that there exist configurations of the model for which its validity is guaranteed up to energy scales well beyond those reachable at the LHC while at the same time enabling the CERN hadron collider to probe its scalar sector in Higgs mass and coupling regions completely different from those accessible to the SM. Furthermore, we have shown that investigations of the Higgs sector of this extended scenario may also lead to constraints on other areas, such as the (heavy) neutrino and

Z^′ sectors (the latter indirectly, through the VEV of the singlet Higgs state directly intervening in the scalar RGEs).

Finally, we have investigated the production and decay phenomenology of both Higgs states of the minimal B − L model at the LHC, at both the foreseen energy stages of the LHC (i.e., √ s = 7 and 14 TeV) and with the corresponding integrated luminosities.

While virtually all relevant production and decay processes of the two Higgs states of the model have been investigated, we have eventually paid particular attention to those that are peculiar to the described B − L scenario. The phenomenological analysis has been carried out in the presence of all available theoretical and experimental constraints and by exploiting numerical programs at the parton level. While many Higgs signatures already existing in the SM could be replicated in the case of its B − L version, in either of the two Higgs states of the latter (depending on their mixing), it is more important to notice that several novel Higgs processes could act as hallmarks of the minimal B − L model. These include Higgs production via gluon-gluon fusion, of either the light or heavy Higgs state, the former produced at the lower energy stage of the CERN collider and decaying in two heavy neutrinos, and the latter produced at the higher energy stage of such a machine and decaying not only in heavy neutrino pairs but also in Z^′ boson pairs (and eventually in light Higgs boson pairs). For each of these signatures we have in fact found parameter space regions where the event rates are sizable and potentially amenable to discovery.

While, clearly, detailed signal-to-background analyses will have to either confirm or disprove the possibility of the latter, our results have laid the basis for the phenomenological exploitation of the Higgs sector of the minimal B − L model at the LHC.

Chapter 6

Discussion

This Thesis studies the phenomenology of a minimal extension of the SM, namely, the B − L model. This well-motivated framework naturally implements the see-saw mechanism for neutrino mass generation, being the RH neutrinos required for anomaly cancellation. It also explains the accidental and non-anomalous U(1)_{B−L} global symmetry in the SM, being this, here, the remnant after spontaneous symmetry breaking of its local counterpart. It finally introduces scope in the Higgs boson sector, that lacks any experimental observation.

We think that the goal of a proficient interaction with experimentalists has been achieved. A joint effort has been fundamental in the studies concerning the signatures of the model and the strategy for their observation. Also, some of the gaps in the preparation towards real data have been filled in this work. The model under discussion has been studied in many of its aspects, identifying novel and exciting signatures.

The phenomenology of the new particles of the model has been analysed, possibly, in the most comprehensive way. The peculiarities with respect to the SM, and to some of its extensions, have been described and highlighted, focusing on the most interesting signatures one may observe.

In the attempt of a complete study of the model, our work has defined the allowed regions of its parameter space and presented a detailed study of some of its signatures, in the gauge, fermion and scalar sectors, at the LHC, waiting for the data to confirm or disprove this TeV scale realisation of the minimal B − L model.

6.1 Summary of the results

We summarise here the most important results we achieved in this Thesis. For a more detailed description, see the partial conclusions for each chapter, in section 3.3, section 4.3, and section 5.3, for the gauge, fermion, and scalar sector, respectively.

The non-observation of any Z^′ boson nor of Higgs boson at past and recent colliders results in lower bounds on the parameter space of the model. We have presented the most up-to-date constraints for the former at Tevatron in section 3.1.1.1. Complementary to it, theoretical arguments can mainly give upper bounds on the free parameters. The topics we studied in this Thesis are the unitarity bound of the scalar sector (that we summarised in section 5.1.2.1) and the constraints coming from the analysis of the RGEs of the model at one loop (that we calculated and collected in appendix B). The requirement that the evolution of the parameters does not hit any Landau pole, up to a specific cut-off scale, is the so-called triviality bound, that we studied for the gauge couplings in section 3.1.2, and for the scalar parameters in section 5.1.2.2. In the latter, this analysis has been combined with the study of the vacuum stability condition, leading also to lower bounds on the Higgs boson masses. It is remarkable that there exist configurations of the model for which its validity is guaranteed up to very high energy scales, well beyond those reachable at the LHC, that are completely different form the SM ones. In particular, a h_1 boson lighter than the SM limit of 114.4 GeV is allowed for α > π/3 and a suitable choice of the other parameters.

We have then investigated the collider signatures of this model at the LHC, focusing on the gauge and fermion sectors. In chapter 3 we have shown that the Z^′_{B−L} boson is dominantly coupled to leptons, whose total BR sums up to 75%. Also, it can decay into heavy neutrino pairs, with a BR up to around 20%. We finally presented (in section 3.2.2) the parton level discovery potential of the Z^′_{B−L} boson at Tevatron and the LHC in Drell-Yan processes. The LHC at √ s = 7 TeV will be able to give similar results to Tevatron, in the electron channel and in the low mass region, and is able to extend its reach for heavier Z^′ boson, up to masses of 1.25(1.20) TeV for electrons(muons). When the data from the high energy runs at the LHC become available, the discovery reach of the Z^′_{B−L} boson will be extended towards very high masses and small couplings in regions of parameter space well beyond the reach of Tevatron. We also have shown that greater sensitivity to the Z^′_{B−L} resonance is provided by the electron channel, that at the LHC has better energy resolution than the muon channel. This in turn could enable the estimate of the gauge boson width. Finally, we have commented that the inclusion of further background, as well as a realistic detector simulation, will not have a considerable impact on the results that we have presented.

The phenomenology of heavy neutrinos has been presented in chapter 4. Due to the see-saw mechanism, that allows for a tiny LH component, the main decay modes for the heavy neutrinos (i.e., the decay into SM gauge bosons) have very small partial widths. Hence, in a large portion of the parameter space, the heavy neutrino is a long-lived particle, with a proper lifetime that can be comparable to (or exceed) the b quark’s one (for example, they are equal for m_{νh} = 200 GeV and m_{νl} = 10^{−2} eV). We have emphasised that an independent measurement of the heavy neutrino lifetime (through the displacement of its decay vertex) and its mass may lead to infer the absolute mass of the SM-like neutrinos. Therefore, we have proposed a way to measure the heavy neutrino mass. We have described that heavy neutrino pairs, produced by the Z^′ boson, give rise to multi-lepton decays of the latter and we have identified the tri-lepton one as the most interesting one for a detailed study. We have proposed cuts and a search strategy, identifying the suitable distributions one should look at. A parton level study, in section 4.2.3.1, has shown that simple cuts can effectively reduce the backgrounds, that the peak corresponding to the heavy neutrino enables a rather precise measure of its mass and that a striking signature for this model is the simultaneous presence of peaks for the intermediate Z^′ boson and for the heavy neutrinos. Finally, a full detector simulation, in section 4.2.3.2, has validated the results of the parton level study in a more realistic framework, showing that a discovery could be possible with less than 100 fb^{−1}.

Finally, in chapter 5, we have laid the basis for the investigation of the Higgs sector. The most appealing result is that multi-lepton decays of a Higgs boson, via heavy neutrino pairs, are at the same time rather peculiar and they might allow for the discovery of the intermediate scalar in the early stage of the LHC.

We can reasonably conclude that the heavy neutrinos truly carry the hallmarks of the B − L model at colliders.

6.2 Outlook on future work

In this Thesis, we have mentioned several topics that were left for future investigations, primarily for time limitations. We further discuss here some of them as a possible continuation of the work undertaken. Also, further developments and new studies are addressed.

When discussing the phenomenology of the Z^′ boson, in chapter 3, we have discussed that the asymmetries of the decay products stemming from the Z^′_{B−L} are trivial at the peak. Hence, we have decided to not study them. However, as already pointed out, asymmetries become important in the interference region, especially just before the Z^′ boson peak, where the Z − Z^′ interference will effectively provide an asymmetric distribution somewhat milder than the case in which there is no Z^′ boson. A first attempt to study them is in Ref. [92], though further improvements may be possible, for example by studying the asymmetries of the heavy neutrinos, which, as we have shown, have just axial couplings to the gauge boson.

Another important aspect that needs to be quantitatively addressed is the impact on the model of the electroweak precision observables. Although the impact on the gauge sector has been found to be negligible in the pure B − L model, at one loop (see, e.g., [51]), one is left with the scalar and fermion sectors. The former has been studied in Ref. [2], though without considering heavy neutrinos, that, as we highlighted, might contribute.

In chapter 4, we have highlighted that the tri-lepton signature via heavy neutrino pairs is one of the most distinctive signatures of the pure B − L model at colliders. We have successfully studied it with a full detector simulation, concluding that a rather precise measurement of the heavy neutrino mass is a realistic task. It might be appealing to improve the undertaken analysis: the implementation of the full light neutrino masses and mixing angles, as well as considering the heavy neutrinos as not degenerate, would be a further step, whose aim is to show the feasibility of extracting the mass of each light neutrino in a realistic case. Further, the precision of the heavy neutrino mass measurement and the impact of fully decayed tau leptons ought to be quantitatively addressed.

Likewise, in chapter 5, it has been pointed out that the neutrino pair production could be important for the light Higgs boson discovery in the pure B − L model, in a range of masses that happens to be critical in the SM, since here the SM Higgs boson passes from decaying dominantly into b quark pairs to a region in masses in which the decay into W boson pairs is the prevailing one. It is also important to note that the former signature provides poor sensibility, being it many orders of magnitude below the natural QCD background. Therefore, the decay into heavy neutrino pairs is phenomenologically very important, especially at the LHC in its early stage (i.e., for √ s = 7 TeV). Beside being an interesting feature of the B − L model if m_{νh} < M_W , as it allows for multi-lepton signatures of the light Higgs boson (some of them being much cleaner than the decay into b quark pairs), these decays could provide the first hints of a fundamental scalar particle. The analysis of the tri-lepton signature for the Higgs boson is certainly a very interesting task to pursue at the LHC at both foreseen CM energies. Furthermore, a full analysis of the kinematic distribution of the decay products is also crucial for the identification of the spin of the intermediate resonance. Although in a very different kinematic region, the Z^′ boson gives rise to the same decay products, hence the intermediate resonance has to be distinguished, also for model discrimination purposes.

Finally, the embedding of the model in GUTs could be pursued. In this respect, we note that the supersymmetric version of the pure B − L model has already been considered: see, for example, [93; 94; 95; 96; 97; 98] and references therein. This implementation combines the virtues of the pure B − L model (namely, the natural and dynamic implementation of neutrino masses) with the elegant solution of the hierarchy problem of the SM, as well as naturally providing a dark matter candidate, that are typical for a supersymmetric framework. Because of the enlarged spectrum, it might be interesting to apply the collider studies of this Thesis to the supersymmetric B − L model, analysing the discovery potential at the LHC of the new particles and the new signatures arising in this enlarged framework.

Appendix A

Model implementation

In this appendix is presented the implementation of the pure B − L model into the numerical tools that have been used. Also, the Feynman rules are collected in section A.3.

A.1 Implementation of the pure B − L model

Most of the numerical analysis of this Thesis^1 has been carried out using the calchep package [41], an automated tool for tree level calculation of physical observables.

We implemented the pure B − L model, for which the covariant derivative given by eq. (2.7) reads

D_μ ≡ ∂_μ + ig_S T^αG^α_μ + igT^aW^a_μ + ig_1Y B_μ + ig^′_1Y_{B−L}B^′_μ . (A.1)

For its straightforward implementation in calchep, we have used the lanhep module [42]. This package, beside providing the suitable output for calchep, also derives the Feynman rules of the model, that we collected in section A.3.

The availability of the model implementation into calchep in both the unitary and t’Hooft-Feynman gauges allowed us to perform powerful cross-checks to test the consistency of the model itself.

The implementation of the gauge sector is quite straightforward. Since there is no mixing between the SM Z and the Z^′_{B−L} bosons, one just needs to define a new heavy neutral gauge boson together with the simplified covariant derivative given by eq. (A.1), and the charge assignments in table 2.1. For the scalar sector, the mixing between mass and gauge eigenstates of the two Higgs bosons, as well as the reformulation of the Lagrangian parameters in terms of the physical quantities, has been done accordingly to eqs. (2.28)–(2.33).

Finally, regarding the fermion sector, the neutrinos ought to be carefully handled, as explicitly described in the following subsection.

1A part from the full detector simulation of the tri-lepton signature (see section 4.2.3.2), the study of the RGEs (see section 5.1.2.2), done with mathematica [43], and the study of the unitarity bound (see section 5.1.2.1).

A.1.1 Neutrino eigenstates The implementation of the neutrino sector is somewhat more complicated. Majoranalike Yukawa terms are present in eq. (2.10) for the RH neutrinos, therefore one must implement this sector such that the gauge invariance of the model is explicitly preserved. This can be done as follows. As a first step we rewrite Dirac neutrino fields in terms of Majorana ones using the following general substitution:

ν^D =

1 − γ_5 2 ν_L +

1 + γ_5 2 ν_R , (A.2)

where ν^D is a Dirac field and ν_{L(R)} are its left(right) Majorana components. If we perform the substitution of eq. (A.2) in the neutrino sector of the SM, we will have an equivalent theory formulated in terms of Majorana neutrinos consistent with all experimental constraints.

The derivation of the mass eigenstates is the next step, and it has been explained in detail in section 2.2.3.

The last subtle point is the way the Lagrangian has to be written to meet the requirements of lanhep. In particular, this regards the Majorana-like Yukawa terms for the RH neutrinos [the last term in eq. (2.10)]. In order to explicitly preserve gauge invariance, this term has to be written, in two-component notation, as: −y^M ν^c 1 + γ_5 2 νχ + h.c. , (A.3)

where ν is the Dirac field of eq. (A.2), whose Majorana components ν_{L,R} mix as in eq. (2.37).

Altogether, this implementation is an explicit gauge-invariant formulation of the neutrino sector suitable for the lanhep tool. The specific interactions pertaining to the heavy neutrinos are collected in the following subsection.

A.1.2 Feynman rules involving heavy neutrinos Given their importance, and to help the reader, we list here the Feynman rules involving the heavy neutrinos in the pure B − L model. The intervening quantities are defined in the main text.

ν_h ℓ W √ 2e 4 sin ϑ_W sin α_ν ν_h ν_l Z − e 4 sin ϑ_W cos ϑ_W sin 2α_ν ν_h ν_l h_1 1 2x ( − √ 2xy^ν c_α cos 2α_ν + m_{νh} sin 2α_ν s_α ) ν_h ν_l h_2 1 2x ( − √ 2xy^ν s_α cos 2α_ν − m_{νh} sin 2α_ν c_α )

ν_h ν_l Z^′_{B−L}

g^′_1 sin 2α_ν ν_h ν_h Z^′_{B−L}

g^′_1 cos 2α_ν

where y^ν = √ 2m_{νl} m_{νh} v , sin 2α_ν = −2 y^{ν v√}_2 √ 4(y^{ν v√}_2 )^2 + m^2_{νh}

, cos 2α_ν = m_{νh} √ 4(y^{ν v√}_2 )^2 + m^2_{νh} .

A.2 One-loop vertices

For the correct analysis of the scalar sector of chapter 5, one-loop vertices need to be considered. They couple the Higgs fields to massless particles, such as photon and gluon, for which no tree level interaction exists. In fact, such couplings are mediated by a loop of either (heavy) quarks or massive gauge bosons (or both). Despite the mass suppression, due to the integration of the particle in the loop, these interactions can still be sizable. In particular, the coupling to the gluons is responsible for the most effective production mechanism for the Higgs boson at the LHC, the so-called gluon-gluon fusion.

A detailed description of the implementation is as follows.

• The one-loop vertices g − g − h_1(h_2), γ − γ − h_1(h_2) and γ − Z(Z^′) − h_1(h_2) via W gauge bosons and heavy quarks (top, bottom, and charm) have been implemented, adapting the formulas in Ref [99].

• Running masses for top, bottom, and charm quarks have been considered, evaluated at the Higgs boson mass: Q = m_{h1} (m_{h2} ) (depending on which scalar boson is involved in the interaction).

• Running of the QCD coupling constant has been included, at two loops with 5 active flavours.

Finally, the NLO QCD k-factor for the gluon-gluon fusion process [100; 101; 102]^1 has been used. Regarding the other processes, we decided to not implement their k-factors since they are much smaller in comparison.

It shall be noticed that the implementation of the formulas for the running quark masses and for the running QCD coupling constant, as well as the k-factor for the gluongluon fusion, have been done for the consistency of the NLO evaluation and to get in agreement with the cross sections in the literature (see, e.g., Ref. [102]).

In the following subsection we list the complete set of tree level Feynman rules for the pure B − L model, as given by lanhep. Where possible, the couplings have been expanded upon the mass eigenstate basis. The one-loop vertices are not included. We remand the reader to the formulas in Ref. [99] for the SM, of which ours are a straightforward extension.

Concerning the notation we use, the following applies.

• A is the photon, G is the gluon.

• V_F is the Goldstone field of the vector V .

• C^V is the ghost field related to the vector V , and C̄^V is the corresponding conjugated field.

• p_n is the four-momentum of the n^{th} vector field (as it appears in the left column).

• s_W = sin_W is the sine of the EW angle (and c_W the cosine).

• s_α = sin α is the sine of the scalar mixing angle α (and c_α the cosine).

• s_{αν} = sin α_ν is the sine of the neutrino mixing angle α_ν (and c_{αν} the cosine).

1Notice that in Ref. [101] (Ref. [102]), mt = 174(178) GeV, while we used mt = 172.5 GeV as top quark pole mass value.

A.3 Feynman rules for the pure B − L model

Fields in the vertex Variational derivative of Lagrangian by fields A_μ W^+_ν W^−_ρ −e ( p^ρ_2g^{μν} − p^μ_2 g^{νρ} − p^ν_3g^{μρ} + p^μ_3 g^{νρ} + p^ν_1 g^{μρ} − p^ρ_1g^{μν} ) A_μ W^+_ν W^−_F i · e · M_W · g^{μν} A_μ W^+_F W^−_ν −i · e · M_W · g^{μν} A_μ W^+_F W^−_F e ( p^μ_3 − p^μ_2 ) C̄A CW + W −_μ −e · p^μ_1 C̄A CW − W +_μ e · p^μ_1 b̄_{ap} b_{bq} A_μ^1_3 eδ_{pq}γ^μ_{ac} · δ_{cb} b̄_{ap} b_{bq} G_{μr} g_s · γ^μ_{ab}λr_{pq} b̄_{ap} b_{bq} h_1 −^1_2^cα^{·e·M}b_{MW ·sw} δ_{pq} · δ_{ab} b̄_{ap} b_{bq} h_2 −^1_2^{e·M}b^{·s}α_{MW ·sw} δ_{pq} · δ_{ab} b̄_{ap} b_{bq} Z_μ −^1_{12}^e_{cw ·sw} δ_{pq}γ^μ_{ac}(2s_w2 · (1 + γ5)_{cb} − (3 − 2s_w2) · (1 − γ5)_{cb}) b̄_{ap} b_{bq} Z_F −^1_2^{i·e·M}b_{MW ·sw} δ_{pq} · γ5_{ab} b̄_{ap} b_{bq} Z′_μ −^1_3 g′_1δ_{pq}γ^μ_{ac} · δ_{cb} b̄_{ap} c_{bq} W −_μ −^1_4^{e·√2·V}cb_{sw} · (1 − γ5)_{cb}δ_{pq}γ^μ_{ac} b̄_{ap} c_{bq} W^−_F −^1_4^{i·e·√2·V}cb_{MW ·sw} δ_{pq}(M_b · (1 − γ5)_{ab} − M_c · (1 + γ5)_{ab}) b̄_{ap} t_{bq} W −_μ −^1_4^{e·√2·V}tb_{sw} · (1 − γ5)_{cb}δ_{pq}γ^μ_{ac} b̄_{ap} t_{bq} W^−_F −^1_4^{i·e·√2·V}tb_{MW ·sw} δ_{pq}(M_b · (1 − γ5)_{ab} − M_t · (1 + γ5)_{ab}) b̄_{ap} u_{bq} W −_μ −^1_4^{e·√2·V}ub_{sw} · (1 − γ5)_{cb}δ_{pq}γ^μ_{ac} b̄_{ap} u_{bq} W^−_F −^1_4^{i·e·M}b^{·√2·V}ub_{MW ·sw} · (1 − γ5)_{ab}δ_{pq} c̄_{ap} b_{bq} W^+_μ −^1_4^{e·} √ 2·V_{cb} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} c̄_{ap} b_{bq} W^+_F^1_4^{i·e·} √ 2·V_{cb} M_W ·s_w δpq ( M_b · (1 + γ^5)_{ab} − M_c · (1 − γ^5)_{ab} ) c̄_{ap} c_{bq} A_μ −^2_3 eδ_{pq}γ^μ_{ac} · δ_{cb} c̄_{ap} c_{bq} G_{μr} g_s · γ^μ_{ab}λ^r_{pq} c̄_{ap} c_{bq} h_1 −^1_2^{cα·e·Mc}_{MW ·sw} δ_{pq} · δ_{ab} c̄_{ap} c_{bq} h_2 −^1_2^{e·Mc·sα}_{MW ·sw} δ_{pq} · δ_{ab}

Fields in the vertex Variational derivative of Lagrangian by fields c̄_{ap} c_{bq} Z_μ −^1_{12}^e_{cw·sw} δ_{pq}γ^μ_{ac} ( (3 − 4s_w^2) · (1 − γ^5)_{cb} − 4s_w^2 · (1 + γ^5)_{cb} ) c̄_{ap} c_{bq} Z_F^1_2^{i·e·Mc}_{MW ·sw} δ_{pq} · γ^5_{ab} c̄_{ap} c_{bq} Z^′_μ −^1_3 g^′_1δ_{pq}γ^μ_{ac} · δ_{cb} c̄_{ap} d_{bq} W^+_μ −^1_4^{e·} √ 2·V_{cd} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} c̄_{ap} d_{bq} W^+_F −^1_4^{i·e·Mc·} √ 2·V_{cd} M_W ·s_w · (1 − γ 5)_{ab}δ_{pq} c̄_{ap} s_{bq} W^+_μ −^1_4^{e·} √ 2·V_{cs} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} c̄_{ap} s_{bq} W^+_F^1_4^{i·e·} √ 2·V_{cs} M_W ·s_w δpq ( M_s · (1 + γ^5)_{ab} − M_c · (1 − γ^5)_{ab} ) d̄_{ap} c_{bq} W −_μ −^1_4^{e·√2·V}cd_{sw} · (1 − γ5)_{cb}δ_{pq}γ^μ_{ac} d̄_{ap} c_{bq} W^−_F^1_4^{i·e·M}c^{·√2·V}cd_{MW ·sw} · (1 + γ5)_{ab}δ_{pq} d̄_{ap} d_{bq} A_μ^1_3 eδ_{pq}γ^μ_{ac} · δ_{cb} d̄_{ap} d_{bq} G_{μr} g_s · γ^μ_{ab}λr_{pq} d̄_{ap} d_{bq} Z_μ −^1_{12}^e_{cw·sw} δ_{pq}γ^μ_{ac}(2s_w2 · (1 + γ5)_{cb} − (3 − 2s_w2) · (1 − γ5)_{cb}) d̄_{ap} d_{bq} Z′_μ −^1_3 g′_1δ_{pq}γ^μ_{ac} · δ_{cb} d̄_{ap} t_{bq} W −_μ −^1_4^{e·√2·V}td_{sw} · (1 − γ5)_{cb}δ_{pq}γ^μ_{ac} d̄_{ap} t_{bq} W^−_F^1_4^{i·e·M}t^{·√2·V}td_{MW ·sw} · (1 + γ5)_{ab}δ_{pq} d̄_{ap} u_{bq} W −_μ −^1_4^{e·√2·V}ud_{sw} · (1 − γ5)_{cb}δ_{pq}γ^μ_{ac} ē_a e_b A_μ eγ^μ_{ac} · δ_{cb} ē_a e_b h_1 −^1_2^{cα·e·Me}_{MW ·sw} · δ_{ab} ē_a e_b h_2 −^1_2^{e·Me·sα}_{MW ·sw} · δ_{ab} ē_a e_b Z_μ^1_4^e_{cw·sw} γ^μ_{ac} ( (1 − 2s_w^2) · (1 − γ^5)_{cb} − 2s_w^2 · (1 + γ^5)_{cb} ) ē_a e_b Z_F −^1_2^{i·e·Me}_{MW ·sw} · γ^5_{ab} ē_a e_b Z^′_μ g^′_1γ^μ_{ac} · δ_{cb} ē_a ν_{1b} W^−_μ −^1_4^{cαν ·e·} √ 2 s_w · (1 − γ 5)_{cb}γ^μ_{ac} ē_a ν_{1b} W^−_F −^1_4^i_{MW sw} ( c_{αν} eM_e √ 2(1 − γ^5)_{ab} − 2s_ws_{αν} M_W y^D_{n1} (1 + γ^5)_{ab} ) ē_a ν_{h1b} W^−_μ^1_4^{e·sαν ·} √ 2 s_w · (1 − γ 5)_{cb}γ^μ_{ac}

Fields in the vertex Variational derivative of Lagrangian by fields ē_a ν_{h1b} W^−_F^1_4^i_{MW sw} ( s_{αν} eM_e √ 2(1 − γ^5)_{ab} + 2s_wc_{αν} M_W y^D_{n1} (1 + γ^5)_{ab} ) G_{μp} G_{νq} G_{ρr} g_sf_{pqr} ( p^ν_3 g^{μρ} − p^μ_3 g^{νρ} + p^ρ_1g^{μν} − p^ν_1 g^{μρ} − p^ρ_2g^{μν} + p^μ_2 g^{νρ} ) C̄G_p CG_q G_{μr} g_s · p^μ_2 f_{pqr} h_1 h_1 h_1 −^3_2^1_{e·v2·x} ( 2c_α^2s_wc_αM_{h2}^2M_W x − 2c_α^2s_wc_{2α}c_αM_{h2}^2M_W x +2c_α^2s_wc_αM_{h1}^2M_W x + 2c_α^2s_wc_{2α}c_αM_{h1}^2M_W x −s_α^3eM_{h1}^2v^2 + s_α^3c_{2α}eM_{h1}^2v^2 − s_α^3eM_{h2}^2v^2 − s_α^3c_{2α}eM_{h2}^2v^2 −c_α^2s_αeM_{h2}^2s_{2α}vx + 2s_ws_α^2c_αM_{h2}^2M_W s_{2α}v +c_α^2s_αeM_{h1}^2s_{2α}vx − 2s_ws_α^2c_αM_{h1}^2M_W s_{2α}v ) h_1 h_1 h_2 −^1_2^1_{e·v2·x} ( 6c_α^2s_ws_αM_{h2}^2M_W x − 6c_α^2s_ws_αc_{2α}M_{h2}^2M_W x +6c_α^2s_ws_αM_{h1}^2M_W x + 6c_α^2s_ws_αc_{2α}M_{h1}^2M_W x +3s_α^2c_αeM_{h1}^2v^2 − 3s_α^2c_{2α}c_αeM_{h1}^2v^2 + 3s_α^2c_αeM_{h2}^2v^2 +3s_α^2c_{2α}c_αeM_{h2}^2v^2 + (1 − 3s_α^2)c_αeM_{h2}^2s_{2α}vx −2(2 − 3s_α^2)s_ws_αM_{h2}^2M_W s_{2α}v − (1 − 3s_α^2)c_αeM_{h1}^2s_{2α}vx +2(2 − 3s_α^2)s_ws_αM_{h1}^2M_W s_{2α}v ) h_1 h_2 h_2 −^1_2^1_{e·v2·x} ( 6s_ws_α^2c_αM_{h2}^2M_W x − 6s_ws_α^2c_{2α}c_αM_{h2}^2M_W x +6s_ws_α^2c_αM_{h1}^2M_W x + 6s_ws_α^2c_{2α}c_αM_{h1}^2M_W x −3c_α^2s_αeM_{h1}^2v^2 + 3c_α^2s_αc_{2α}eM_{h1}^2v^2 − 3c_α^2s_αeM_{h2}^2v^2 −3c_α^2s_αc_{2α}eM_{h2}^2v^2 + (2 − 3s_α^2)s_αeM_{h2}^2s_{2α}vx +2(1 − 3s_α^2)s_wc_αM_{h2}^2M_W s_{2α}v − (2 − 3s_α^2)s_αeM_{h1}^2s_{2α}vx −2(1 − 3s_α^2)s_wc_αM_{h1}^2M_W s_{2α}v ) h_1 W^+_μ W^−_ν^{cα·e·MW}_{sw} · g^{μν} h_1 W^+_μ W^−_F^1_2^{i·cα·e}_{sw} ( p^μ_3 − p^μ_1 ) h_1 W^+_F W^−_μ −^1_2^{i·cα·e}_{sw} ( p^μ_1 − p^μ_2 ) h_1 W^+_F W^−_F −^1_2^1_{e·v2} ( 2s_wc_αM_{h2}^2M_W − 2s_wc_{2α}c_αM_{h2}^2M_W + 2s_wc_αM_{h1}^2M_W +2s_wc_{2α}c_αM_{h1}^2M_W − s_αeM_{h2}^2s_{2α}v + s_αeM_{h1}^2s_{2α}v )

Fields in the vertex Variational derivative of Lagrangian by fields h_1 Z_μ Z_ν^{cα·e·MW}_{cw 2·sw} g^{μν} h_1 Z_μ Z_F^1_2^{i·cα·e}_{cw ·sw} ( p^μ_3 − p^μ_1 ) h_1 Z_F Z_F −^1_2^1_{e·v2} ( 2s_wc_αM_{h2}^2M_W − 2s_wc_{2α}c_αM_{h2}^2M_W + 2s_wc_αM_{h1}^2M_W +2s_wc_{2α}c_αM_{h1}^2M_W − s_αeM_{h2}^2s_{2α}v + s_αeM_{h1}^2s_{2α}v ) h_1 Z^′_μ Z^′_ν −8s_α · g^′_1^2 · x · g^{μν} h_1 Z^′_μ Z^′_F −2i · s_α · g^′_1 ( p^μ_1 − p^μ_3 ) h_1 Z^′_F Z^′_F^1_2^1_{e·v·x} ( s_αeM_{h1}^2v − s_αc_{2α}eM_{h1}^2v + s_αeM_{h2}^2v +s_αc_{2α}eM_{h2}^2v − 2s_wc_αM_{h2}^2M_W s_{2α} + 2s_wc_αM_{h1}^2M_W s_{2α} ) h_2 h_2 h_2 −^3_2^1_{e·v2·x} ( 2s_ws_α^3M_{h2}^2M_W x − 2s_ws_α^3c_{2α}M_{h2}^2M_W x +2s_ws_α^3M_{h1}^2M_W x + 2s_ws_α^3c_{2α}M_{h1}^2M_W x + c_α^2c_αeM_{h1}^2v^2 −c_α^2c_{2α}c_αeM_{h1}^2v^2 + c_α^2c_αeM_{h2}^2v^2 + c_α^2c_{2α}c_αeM_{h2}^2v^2 +s_α^2c_αeM_{h2}^2s_{2α}vx + 2c_α^2s_ws_αM_{h2}^2M_W s_{2α}v −s_α^2c_αeM_{h1}^2s_{2α}vx − 2c_α^2s_ws_αM_{h1}^2M_W s_{2α}v ) h_2 W^+_μ W^−_ν^{e·MW ·sα}_{sw} · g^{μν} h_2 W^+_μ W^−_F^1_2^{i·e·sα}_{sw} ( p^μ_3 − p^μ_1 ) h_2 W^+_F W^−_μ −^1_2^{i·e·sα}_{sw} ( p^μ_1 − p^μ_2 ) h_2 W^+_F W^−_F −^1_2^1_{e·v2} ( 2s_ws_αM_{h2}^2M_W − 2s_ws_αc_{2α}M_{h2}^2M_W + 2s_ws_αM_{h1}^2M_W +2s_ws_αc_{2α}M_{h1}^2M_W + c_αeM_{h2}^2s_{2α}v − c_αeM_{h1}^2s_{2α}v ) h_2 Z_μ Z_ν^{e·MW ·sα}_{cw2·sw} g^{μν} h_2 Z_μ Z_F^1_2^{i·e·sα}_{cw ·sw} ( p^μ_3 − p^μ_1 ) h_2 Z_F Z_F −^1_2^1_{e·v2} ( 2s_ws_αM_{h2}^2M_W − 2s_ws_αc_{2α}M_{h2}^2M_W + 2s_ws_αM_{h1}^2M_W +2s_ws_αc_{2α}M_{h1}^2M_W + c_αeM_{h2}^2s_{2α}v − c_αeM_{h1}^2s_{2α}v ) h_2 Z^′_μ Z^′_ν 8c_α · g^′_1^2 · x · g^{μν} h_2 Z^′_μ Z^′_F 2i · c_α · g^′_1 ( p^μ_1 − p^μ_3 ) h_2 Z^′_F Z^′_F −^1_2^1_{e·v·x} ( c_αeM_{h1}^2v − c_{2α}c_αeM_{h1}^2v + c_αeM_{h2}^2v

Fields in the vertex Variational derivative of Lagrangian by fields

+c_{2α}c_αeM_{h2}^2v + 2s_ws_αM_{h2}^2M_W s_{2α} − 2s_ws_αM_{h1}^2M_W s_{2α} ) τ̄_a τ_b A_μ eγ^μ_{ac} · δ_{cb} τ̄_a τ_b h_1 −^1_2^{cα·e·Mτ}_{MW ·sw} · δ_{ab} τ̄_a τ_b h_2 −^1_2^{e·Mτ ·sα}_{MW ·sw} · δ_{ab} τ̄_a τ_b Z_μ^1_4^e_{cw·sw} γ^μ_{ac} ( (1 − 2s_w^2) · (1 − γ^5)_{cb} − 2s_w^2 · (1 + γ^5)_{cb} ) τ̄_a τ_b Z_F −^1_2^{i·e·Mτ}_{MW ·sw} · γ^5_{ab} τ̄_a τ_b Z^′_μ g^′_1γ^μ_{ac} · δ_{cb} τ̄_a ν_{3b} W^−_μ −^1_4^{cαν ·e·} √ 2 s_w · (1 − γ 5)_{cb}γ^μ_{ac} τ̄_a ν_{3b} W^−_F −^1_4^i_{MW sw} ( c_{αν} eM_τ √ 2(1 − γ^5)_{ab} − 2s_ws_{αν} M_W y^D_{n3} (1 + γ^5)_{ab} ) τ̄_a ν_{h3b} W^−_μ^1_4^{e·sαν ·} √ 2 s_w · (1 − γ 5)_{cb}γ^μ_{ac} τ̄_a ν_{h3b} W^−_F^1_4^i_{MW sw} ( s_{αν} eM_τ √ 2(1 − γ^5)_{ab} + 2s_wc_{αν} M_W y^D_{n3} (1 + γ^5)_{ab} ) μ̄_a μ_b A_μ eγ^μ_{ac} · δ_{cb} μ̄_a μ_b h_1 −^1_2^{cα·e·Mμ}_{MW ·sw} · δ_{ab} μ̄_a μ_b h_2 −^1_2^{e·Mμ·sα}_{MW ·sw} · δ_{ab} μ̄_a μ_b Z_μ^1_4^e_{cw·sw} γ^μ_{ac} ( (1 − 2s_w^2) · (1 − γ^5)_{cb} − 2s_w^2 · (1 + γ^5)_{cb} ) μ̄_a μ_b Z_F −^1_2^{i·e·Mμ}_{MW ·sw} · γ^5_{ab} μ̄_a μ_b Z^′_μ g^′_1γ^μ_{ac} · δ_{cb} μ̄_a ν_{2b} W^−_μ −^1_4^{cαν ·e·} √ 2 s_w · (1 − γ 5)_{cb}γ^μ_{ac} μ̄_a ν_{2b} W^−_F −^1_4^i_{MW sw} ( c_{αν} eM_μ √ 2(1 − γ^5)_{ab} − 2s_ws_{αν} M_W y^D_{n2} (1 + γ^5)_{ab} ) μ̄_a ν_{h2b} W^−_μ^1_4^{e·sαν ·} √ 2 s_w · (1 − γ 5)_{cb}γ^μ_{ac} μ̄_a ν_{h2b} W^−_F^1_4^i_{MW sw} ( s_{αν} eM_μ √ 2(1 − γ^5)_{ab} + 2s_wc_{αν} M_W y^D_{n2} (1 + γ^5)_{ab} ) s̄_{ap} c_{bq} W^−_μ −^1_4^{e·} √ 2·V_{cs} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} s̄_{ap} c_{bq} W^−_F −^1_4^{i·e·} √ 2·V_{cs} M_W ·s_w δpq ( M_s · (1 − γ^5)_{ab} − M_c · (1 + γ^5)_{ab} ) s̄_{ap} s_{bq} A_μ^1_3 eδ_{pq}γ^μ_{ac} · δ_{cb} s̄_{ap} s_{bq} G_{μr} g_s · γ^μ_{ab}λ^r_{pq}

Fields in the vertex Variational derivative of Lagrangian by fields s̄_{ap} s_{bq} h_1 −^1_2^{cα·e·Ms}_{MW ·sw} δ_{pq} · δ_{ab} s̄_{ap} s_{bq} h_2 −^1_2^{e·Ms·sα}_{MW ·sw} δ_{pq} · δ_{ab} s̄_{ap} s_{bq} Z_μ −^1_{12}^e_{cw ·sw} δ_{pq}γ^μ_{ac} ( 2s_w^2 · (1 + γ^5)_{cb} − (3 − 2s_w^2) · (1 − γ^5)_{cb} ) s̄_{ap} s_{bq} Z_F −^1_2^{i·e·Ms}_{MW ·sw} δ_{pq} · γ^5_{ab} s̄_{ap} s_{bq} Z^′_μ −^1_3 g^′_1δ_{pq}γ^μ_{ac} · δ_{cb} s̄_{ap} t_{bq} W^−_μ −^1_4^{e·} √ 2·V_{ts} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} s̄_{ap} t_{bq} W^−_F −^1_4^{i·e·} √ 2·V_{ts} M_W ·s_w δpq ( M_s · (1 − γ^5)_{ab} − M_t · (1 + γ^5)_{ab} ) s̄_{ap} u_{bq} W^−_μ −^1_4^{e·} √ 2·V_{us} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} s̄_{ap} u_{bq} W^−_F −^1_4^{i·e·Ms·} √ 2·V_{us} M_W ·s_w · (1 − γ 5)_{ab}δ_{pq} t̄_{ap} b_{bq} W^+_μ −^1_4^{e·√2·Vtb}_{sw} · (1 − γ^5)_{cb}δ_{pq}γ^μ_{ac} t̄_{ap} b_{bq} W^+_F^1_4^{i·e·√2·Vtb}_{MW ·sw} δ_{pq} ( M_b · (1 + γ^5)_{ab} − M_t · (1 − γ^5)_{ab} ) t̄_{ap} d_{bq} W^+_μ −^1_4^{e·√2·Vtd}_{sw} · (1 − γ^5)_{cb}δ_{pq}γ^μ_{ac} t̄_{ap} d_{bq} W^+_F −^1_4^{i·e·Mt·√2·Vtd}_{MW ·sw} · (1 − γ^5)_{ab}δ_{pq} t̄_{ap} s_{bq} W^+_μ −^1_4^{e·√2·Vts}_{sw} · (1 − γ^5)_{cb}δ_{pq}γ^μ_{ac} t̄_{ap} s_{bq} W^+_F^1_4^{i·e·√2·Vts}_{MW ·sw} δ_{pq} ( M_s · (1 + γ^5)_{ab} − M_t · (1 − γ^5)_{ab} ) t̄_{ap} t_{bq} A_μ −^2_3 eδ_{pq}γ^μ_{ac} · δ_{cb} t̄_{ap} t_{bq} G_{μr} g_s · γ^μ_{ab}λ^r_{pq} t̄_{ap} t_{bq} h_1 −^1_2^{cα·e·Mt}_{MW ·sw} δ_{pq} · δ_{ab} t̄_{ap} t_{bq} h_2 −^1_2^{e·Mt·sα}_{MW ·sw} δ_{pq} · δ_{ab} t̄_{ap} t_{bq} Z_μ −^1_{12}^e_{cw ·sw} δ_{pq}γ^μ_{ac} ( (3 − 4s_w^2) · (1 − γ^5)_{cb} − 4s_w^2 · (1 + γ^5)_{cb} ) t̄_{ap} t_{bq} Z_F^1_2^{i·e·Mt}_{MW ·sw} δ_{pq} · γ^5_{ab} t̄_{ap} t_{bq} Z^′_μ −^1_3 g^′_1δ_{pq}γ^μ_{ac} · δ_{cb} ū_{ap} b_{bq} W^+_μ −^1_4^{e·} √ 2·V_{ub} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} ū_{ap} b_{bq} W^+_F^1_4^{i·e·Mb·} √ 2·V_{ub} M_W ·s_w · (1 + γ 5)_{ab}δ_{pq} ū_{ap} d_{bq} W^+_μ −^1_4^{e·} √ 2·V_{ud} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac}

Fields in the vertex Variational derivative of Lagrangian by fields ū_{ap} s_{bq} W^+_μ −^1_4^{e·} √ 2·V_{us} s_w · (1 − γ 5)_{cb}δ_{pq}γ^μ_{ac} ū_{ap} s_{bq} W^+_F^1_4^{i·e·Ms·} √ 2·V_{us} M_W ·s_w · (1 + γ 5)_{ab}δ_{pq} ū_{ap} u_{bq} A_μ −^2_3 eδ_{pq}γ^μ_{ac} · δ_{cb} ū_{ap} u_{bq} G_{μr} g_s · γ^μ_{ab}λ^r_{pq} ū_{ap} u_{bq} Z_μ −^1_{12}^e_{cw ·sw} δ_{pq}γ^μ_{ac} ( (3 − 4s_w^2) · (1 − γ^5)_{cb} − 4s_w^2 · (1 + γ^5)_{cb} ) ū_{ap} u_{bq} Z^′_μ −^1_3 g^′_1δ_{pq}γ^μ_{ac} · δ_{cb} W^+_μ W^−_ν Z_ρ −^{cw·e}_{sw} ( p^ν_1 g^{μρ} − p^ρ_1g^{μν} − p^μ_2 g^{νρ} + p^ρ_2g^{μν} + p^μ_3 g^{νρ} − p^ν_3 g^{μρ} ) W^+_μ W^−_F Z_ν −^{i·e·MW ·sw}_{cw} · g^{μν} W^+_μ W^−_F Z_F −^1_2^e_{sw} ( p^μ_2 − p^μ_3 ) C̄W + CZ W −_μ e · p^μ_1 C̄W + CZ W^−_F −i · e · M_W C̄W + CW − A_μ −e · p^μ_1 C̄W + CW − h_1 −^1_2^cα^{·e·M}W_{sw} C̄W + CW − h_2 −^1_2^{e·M}W^{·s}α_{sw} C̄W + CW − Z_μ −^cw^{·e}_{sw} · p^μ_1 C̄W + CW − Z_F^1_2^{i·e·M}W_{sw} C̄W + CZ W −_μ^cw^{·e}_{sw} · p^μ_1 C̄W + CZ W^−_F −^1_2^{i·(1−2sw 2)·e·MW}_{cw·sw} W^+_F W^−_μ Z_ν^{i·e·MW ·sw}_{cw} · g^{μν} W^+_F W^−_μ Z_F −^1_2^e_{sw} ( p^μ_3 − p^μ_1 ) W^+_F W^−_F Z_μ^1_2^{(1−2sw 2)·e}_{cw·sw} ( p^μ_2 − p^μ_1 ) C̄W − CZ W +_μ −e · p^μ_1 C̄^{W −} C^Z W^+_F i · e · M_W C̄W − CW + A_μ e · p^μ_1 C̄W − CW + h_1 −^1_2^cα^{·e·M}W_{sw}

Fields in the vertex Variational derivative of Lagrangian by fields C̄W − CW + h_2 −^1_2^{e·M}W^{·s}α_{sw} C̄W − CW + Z_μ^cw^{·e}_{sw} · p^μ_1 C̄W − CW + Z_F −^1_2^{i·e·M}W_{sw} C̄W − CZ W +_μ −^cw^{·e}_{sw} · p^μ_1 C̄W − CZ W^+_F^1_2^{i·(1−2sw 2)·e·MW}_{cw ·sw} C̄Z CW + W −_μ −^cw^{·e}_{sw} · p^μ_1 C̄Z CW + W^−_F^1_2^{i·e·M}W_{cw·sw} C̄Z CW − W +_μ^cw^{·e}_{sw} · p^μ_1 C̄Z CW − W^+_F −^1_2^{i·e·M}W_{cw ·sw} C̄Z CZ h_1 −^1_2^cα^{·e·M}W_{cw 2·sw} C̄Z CZ h_2 −^1_2^{e·M}W^{·s}α_{cw 2·sw} C̄Z^′ CZ^′ h_1 2M_{Z′B−L} · s_α · g′_1 C̄Z^′ CZ^′ h_2 −2c_α · M_{Z′B−L} · g′_1 e^c_a ν_{1b} W^+_μ^1_4^{cαν e·} √ 2 s_w (1 + γ 5)_{cb}γ^μ_{ac} e^c_a ν_{1b} W^+_F^1_4^i_{MW sw} ( c_{αν} eM_e √ 2(1 + γ^5)_{ab} − 2s_ws_{αν} M_W y^D_{n1} (1 − γ^5)_{ab} ) e^c_a ν_{h1b} W^+_μ −^1_4^{esαν ·} √ 2 s_w (1 + γ 5)_{cb}γ^μ_{ac} e^c_a ν_{h1b} W^+_F −^1_4^i_{MW sw} ( s_{αν} eM_e √ 2(1 + γ^5)_{ab} + 2s_wc_{αν} M_W y^D_{n1} (1 − γ^5)_{ab} ) τ^c_a ν_{3b} W^+_μ^1_4^{cαν e·} √ 2 s_w (1 + γ 5)_{cb}γ^μ_{ac} τ^c_a ν_{3b} W^+_F^1_4^i_{MW sw} ( c_{αν} eM_τ √ 2(1 + γ^5)_{ab} − 2s_ws_{αν} M_W y^D_{n3} (1 − γ^5)_{ab} ) τ^c_a ν_{h3b} W^+_μ −^1_4^{esαν ·} √ 2 s_w (1 + γ 5)_{cb}γ^μ_{ac} τ^c_a ν_{h3b} W^+_F −^1_4^i_{MW sw} ( s_{αν} eM_τ √ 2(1 + γ^5)_{ab} + 2s_wc_{αν} M_W y^D_{n3} (1 − γ^5)_{ab} ) μ^c_a ν_{2b} W^+_μ^1_4^{cαν e·} √ 2 s_w (1 + γ 5)_{cb}γ^μ_{ac} μ^c_a ν_{2b} W^+_F^1_4^i_{MW sw} ( c_{αν} eM_μ √ 2(1 + γ^5)_{ab} − 2s_ws_{αν} M_W y^D_{n2} (1 − γ^5)_{ab} ) μ^c_a ν_{h2b} W^+_μ −^1_4^{esαν ·} √ 2 s_w (1 + γ 5)_{cb}γ^μ_{ac} μ^c_a ν_{h2b} W^+_F −^1_4^i_{MW sw} ( s_{αν} eM_μ √ 2(1 + γ^5)_{ab} + 2s_wc_{αν} M_W y^D_{n2} (1 − γ^5)_{ab} )

Fields in the vertex Variational derivative of Lagrangian by fields

ν_{1a} ν_{1b} h_1 −^{sαν}_x ( c_α · c_{αν} · √ 2 · x · y^D_{n1} · δ_{ab} − s_α · s_{αν} · m_{νh} · δ_{ab} ) ν_{1a} ν_{1b} h_2 −^{sαν}_x ( s_α · c_{αν} · √ 2 · x · y^D_{n1} · δ_{ab} + s_{αν} · c_α · m_{νh} · δ_{ab} ) ν_{1a} ν_{1b} Z_μ^1_2^{cαν 2·e}_{cw·sw} γ^μ_{ac}γ^5_{cb} ν_{1a} ν_{1b} Z_F i · c_{αν} · s_{αν} · √ 2 · y^D_{n1} · γ^5_{ab}

ν_{1a} ν_{1b} Z^′_μ −g^′_1γ^μ_{ac}γ^5_{cb} ( c_{αν}^2 − s_{αν}^2 ) ν_{1a} ν_{1b} Z^′_F −^{i·mνh·sαν 2}_x · γ^5_{ab} ν_{1a} ν_{h1b} h_1^1_2^1_x ( s_{αν}^2c_α √ 2xy^D_{n1} δ_{ab} − c_αc_{αν}^2 √ 2xy^D_{n1} δ_{ab} + 2s_αs_{αν} c_{αν} m_{νh}δ_{ab} ) ν_{1a} ν_{h1b} h_2^1_2^1_x ( s_αs_{αν}^2 √ 2xy^D_{n1} δ_{ab} − s_αc_{αν}^2 √ 2xy^D_{n1} δ_{ab} − 2s_{αν} c_αc_{αν} m_{νh}δ_{ab} ) ν_{1a} ν_{h1b} Z_μ −^1_2^{cαν ·e·sαν}_{cw·sw} γ^μ_{ac} · γ^5_{cb} ν_{1a} ν_{h1b} Z_F −^1_2 i · √ 2 · y^D_{n1} ( s_{αν}^2 · γ^5_{ab} − c_{αν}^2 · γ^5_{ab} ) ν_{1a} ν_{h1b} Z^′_μ 2c_{αν} · s_{αν} · g^′_1γ^μ_{ac} · γ^5_{cb} ν_{1a} ν_{h1b} Z^′_F −^{i·cαν ·mνh·sαν}_x · γ^5_{ab} ν_{2a} ν_{2b} h_1 −^{sαν}_x ( c_α · c_{αν} · √ 2 · x · y^D_{n2} · δ_{ab} − s_α · s_{αν} · m_{νh} · δ_{ab} ) ν_{2a} ν_{2b} h_2 −^{sαν}_x ( s_α · c_{αν} · √ 2 · x · y^D_{n2} · δ_{ab} + s_{αν} · c_α · m_{νh} · δ_{ab} ) ν_{2a} ν_{2b} Z_μ^1_2^{cαν 2·e}_{cw·sw} γ^μ_{ac}γ^5_{cb} ν_{2a} ν_{2b} Z_F i · c_{αν} · s_{αν} · √ 2 · y^D_{n2} · γ^5_{ab}

ν_{2a} ν_{2b} Z^′_μ −g^′_1γ^μ_{ac}γ^5_{cb} ( c_{αν}^2 − s_{αν}^2 ) ν_{2a} ν_{2b} Z^′_F −^{i·mνh·sαν 2}_x · γ^5_{ab} ν_{2a} ν_{h2b} h_1^1_2^1_x ( s_{αν}^2c_α √ 2xy^D_{n2} δ_{ab} − c_αc_{αν}^2 √ 2xy^D_{n2} δ_{ab} + 2s_αs_{αν} c_{αν} m_{νh}δ_{ab} ) ν_{2a} ν_{h2b} h_2^1_2^1_x ( s_αs_{αν}^2 √ 2xy^D_{n2} δ_{ab} − s_αc_{αν}^2 √ 2xy^D_{n2} δ_{ab} − 2s_{αν} c_αc_{αν} m_{νh}δ_{ab} ) ν_{2a} ν_{h2b} Z_μ −^1_2^{cαν ·e·sαν}_{cw·sw} γ^μ_{ac} · γ^5_{cb} ν_{2a} ν_{h2b} Z_F −^1_2 i · √ 2 · y^D_{n2} ( s_{αν}^2 · γ^5_{ab} − c_{αν}^2 · γ^5_{ab} ) ν_{2a} ν_{h2b} Z^′_μ 2c_{αν} · s_{αν} · g^′_1γ^μ_{ac} · γ^5_{cb} ν_{2a} ν_{h2b} Z^′_F −^{i·cαν ·mνh·sαν}_x · γ^5_{ab} ν_{3a} ν_{3b} h_1 −^{sαν}_x ( c_α · c_{αν} · √ 2 · x · y^D_{n3} · δ_{ab} − s_α · s_{αν} · m_{νh} · δ_{ab} )

Fields in the vertex Variational derivative of Lagrangian by fields

ν_{3a} ν_{3b} h_2 −^{sαν}_x ( s_α · c_{αν} · √ 2 · x · y^D_{n3} · δ_{ab} + s_{αν} · c_α · m_{νh} · δ_{ab} ) ν_{3a} ν_{3b} Z_μ^1_2^{cαν 2·e}_{cw·sw} γ^μ_{ac}γ^5_{cb} ν_{3a} ν_{3b} Z_F i · c_{αν} · s_{αν} · √ 2 · y^D_{n3} · γ^5_{ab}

ν_{3a} ν_{3b} Z^′_μ −g^′_1γ^μ_{ac}γ^5_{cb} ( c_{αν}^2 − s_{αν}^2 ) ν_{3a} ν_{3b} Z^′_F −^{i·mνh·sαν 2}_x · γ^5_{ab} ν_{3a} ν_{h3b} h_1^1_2^1_x ( s_{αν}^2c_α √ 2xy^D_{n3} δ_{ab} − c_αc_{αν}^2 √ 2xy^D_{n3} δ_{ab} + 2s_αs_{αν} c_{αν} m_{νh}δ_{ab} ) ν_{3a} ν_{h3b} h_2^1_2^1_x ( s_αs_{αν}^2 √ 2xy^D_{n3} δ_{ab} − s_αc_{αν}^2 √ 2xy^D_{n3} δ_{ab} − 2s_{αν} c_αc_{αν} m_{νh}δ_{ab} ) ν_{3a} ν_{h3b} Z_μ −^1_2^{cαν ·e·sαν}_{cw·sw} γ^μ_{ac} · γ^5_{cb} ν_{3a} ν_{h3b} Z_F −^1_2 i · √ 2 · y^D_{n3} ( s_{αν}^2 · γ^5_{ab} − c_{αν}^2 · γ^5_{ab} ) ν_{3a} ν_{h3b} Z^′_μ 2c_{αν} · s_{αν} · g^′_1γ^μ_{ac} · γ^5_{cb} ν_{3a} ν_{h3b} Z^′_F −^{i·cαν ·mνh·sαν}_x · γ^5_{ab} ν_{h1a} ν_{h1b} h_1^{cαν}_x ( s_{αν} · c_α · √ 2 · x · y^D_{n1} · δ_{ab} + s_α · c_{αν} · m_{νh} · δ_{ab} ) ν_{h1a} ν_{h1b} h_2^{cαν}_x ( s_α · s_{αν} · √ 2 · x · y^D_{n1} · δ_{ab} − c_α · c_{αν} · m_{νh} · δ_{ab} ) ν_{h1a} ν_{h1b} Z_μ^1_2^{e·sαν 2}_{cw·sw} γ^μ_{ac}γ^5_{cb} ν_{h1a} ν_{h1b} Z_F −i · c_{αν} · s_{αν} · √ 2 · y^D_{n1} · γ^5_{ab} ν_{h1a} ν_{h1b} Z^′_μ −g^′_1γ^μ_{ac}γ^5_{cb} ( s_{αν}^2 − c_{αν}^2 ) ν_{h1a} ν_{h1b} Z^′_F −^{i·cαν 2·mνh}_x · γ^5_{ab} ν_{h2a} ν_{h2b} h_1^{cαν}_x ( s_{αν} · c_α · √ 2 · x · y^D_{n2} · δ_{ab} + s_α · c_{αν} · m_{νh} · δ_{ab} ) ν_{h2a} ν_{h2b} h_2^{cαν}_x ( s_α · s_{αν} · √ 2 · x · y^D_{n2} · δ_{ab} − c_α · c_{αν} · m_{νh} · δ_{ab} ) ν_{h2a} ν_{h2b} Z_μ^1_2^{e·sαν 2}_{cw·sw} γ^μ_{ac}γ^5_{cb} ν_{h2a} ν_{h2b} Z_F −i · c_{αν} · s_{αν} · √ 2 · y^D_{n2} · γ^5_{ab} ν_{h2a} ν_{h2b} Z^′_μ −g^′_1γ^μ_{ac}γ^5_{cb} ( s_{αν}^2 − c_{αν}^2 ) ν_{h2a} ν_{h2b} Z^′_F −^{i·cαν 2·mνh}_x · γ^5_{ab} ν_{h3a} ν_{h3b} h_1^{cαν}_x ( s_{αν} · c_α · √ 2 · x · y^D_{n3} · δ_{ab} + s_α · c_{αν} · m_{νh} · δ_{ab} ) ν_{h3a} ν_{h3b} h_2^{cαν}_x ( s_α · s_{αν} · √ 2 · x · y^D_{n3} · δ_{ab} − c_α · c_{αν} · m_{νh} · δ_{ab} )

Fields in the vertex Variational derivative of Lagrangian by fields ν_{h3a} ν_{h3b} Z_μ^1_2^{e·sαν 2}_{cw ·sw} γ^μ_{ac}γ^5_{cb} ν_{h3a} ν_{h3b} Z_F −i · c_{αν} · s_{αν} · √ 2 · y^D_{n3} · γ^5_{ab} ν_{h3a} ν_{h3b} Z^′_μ −g^′_1γ^μ_{ac}γ^5_{cb} ( s_{αν}^2 − c_{αν}^2 ) ν_{h3a} ν_{h3b} Z^′_F −^{i·cαν 2·mνh}_x · γ^5_{ab} A_μ A_ν W^+_ρ W^−_σ −e^2 ( 2g^{μν} g^{ρσ} − g^{μρ}g^{νσ} − g^{μσ} g^{νρ} ) A_μ A_ν W^+_F W^−_F 2e^2 · g^{μν}

A_μ h_1 W^+_ν W^−_F^1_2^{i·cα·e2}_{sw} · g^{μν}

A_μ h_1 W^+_F W^−_ν −^1_2^{i·cα·e2}_{sw} · g^{μν}

A_μ h_2 W^+_ν W^−_F^1_2^{i·e2·sα}_{sw} · g^{μν}

A_μ h_2 W^+_F W^−_ν −^1_2^{i·e2·sα}_{sw} · g^{μν}

A_μ W^+_ν W^−_ρ Z_σ −^{cw·e2}_{sw} ( 2g^{μσ} g^{νρ} − g^{μν} g^{ρσ} − g^{μρ}g^{νσ} ) A_μ W^+_ν W^−_F Z_F −^1_2^{e2}_{sw} · g^{μν}

A_μ W^+_F W^−_ν Z_F −^1_2^{e2}_{sw} · g^{μν} A_μ W^+_F W^−_F Z_ν^{(1−2sw 2)·e2}_{cw·sw} g^{μν} G_{μp} G_{νq} G_{ρr} G_{σs} g_s^2 ( g^{μρ}g^{νσ}f_{pqt}f_{rst} − g^{μσ} g^{νρ}f_{pqt}f_{rst} + g^{μν} g^{ρσ} f_{prt}f_{qst} −g^{μσ} g^{νρ}f_{prt}f_{qst} + g^{μν} g^{ρσ} f_{pst}f_{qrt} − g^{μρ}g^{νσ} f_{pst}f_{qrt} ) h_1 h_1 h_1 h_1 −^3_2^1_{v2x2} ( c_α^4 ( M_{h2}^2 + M_{h1}^2 ) x^2 − c_α^4c_{2α} ( M_{h2}^2 − M_{h1}^2 ) x^2

+s_α^4 ( M_{h1}^2 + M_{h2}^2 ) v^2 + s_α^4c_{2α} ( M_{h2}^2 − M_{h1}^2 ) v^2

+2c_α^2s_α^2 ( M_{h2}^2 − M_{h1}^2 ) s_{2α}vx ) h_1 h_1 h_1 h_2 −^3_2^{cαsα}_{v2x2} ( c_α^2 ( M_{h2}^2 + M_{h1}^2 ) x^2 − c_α^2c_{2α} ( M_{h2}^2 − M_{h1}^2 ) x^2 −s_α^2 ( M_{h2}^2 + M_{h1}^2 ) v^2 − s_α^2c_{2α} ( M_{h2}^2 − M_{h1}^2 ) v^2

−(1 − 2s_α^2)M_{h2}^2s_{2α}vx + (1 − 2s_α^2)M_{h1}^2s_{2α}vx ) h_1 h_1 h_2 h_2 −^1_2^1_{v2x2} ( 3c_α^2s_α^2 ( M_{h2}^2 + M_{h1}^2 ) x^2

−3c_α^2s_α^2c_{2α} ( M_{h2}^2 − M_{h1}^2 ) x^2 + 3c_α^2s_α^2 ( M_{h2}^2 + M_{h1}^2 ) v^2

+3c_α^2s_α^2c_{2α} ( M_{h2}^2 + M_{h1}^2 ) v^2

Fields in the vertex Variational derivative of Lagrangian by fields

+(1 − 6c_α^2s_α^2)M_{h2}^2s_{2α}vx − (1 − 6c_α^2 · s_α^2)M_{h1}^2s_{2α}vx ) h_1 h_1 W^+_μ W^−_ν^1_2^{cα2·e2}_{sw 2} · g^{μν} h_1 h_1 W^+_F W^−_F −^1_2^1_{v2 ·x} ( c_α^2M_{h2}^2x − c_α^2c_{2α}M_{h2}^2x + c_α^2M_{h1}^2x +c_α^2c_{2α}M_{h1}^2x + s_α^2M_{h2}^2s_{2α}v − s_α^2M_{h1}^2s_{2α}v ) h_1 h_1 Z_μ Z_ν^1_2^{cα2·e2}_{cw2·sw2} g^{μν} h_1 h_1 Z_F Z_F −^1_2^1_{v2 ·x} ( c_α^2M_{h2}^2x − c_α^2c_{2α}M_{h2}^2x + c_α^2M_{h1}^2x +c_α^2c_{2α}M_{h1}^2x + s_α^2M_{h2}^2s_{2α}v − s_α^2M_{h1}^2s_{2α}v ) h_1 h_1 Z^′_μ Z^′_ν 8s_α^2 · g^′_1^2 · g^{μν} h_1 h_1 Z^′_F Z^′_F −^1_2^1_{v·x2} ( s_α^2M_{h1}^2v − s_α^2c_{2α}M_{h1}^2v + s_α^2M_{h2}^2v +s_α^2c_{2α}M_{h2}^2v + c_α^2M_{h2}^2s_{2α}x − c_α^2M_{h1}^2s_{2α}x ) h_1 h_2 h_2 h_2 −^3_2^{cα·sα}_{v2 ·x2} ( s_α^2 ( M_{h2}^2 + M_{h1}^2 ) x^2 − s_α^2c_{2α} ( M_{h2}^2 − M_{h1}^2 ) x^2 −c_α^2M_{h1}^2v^2 + c_α^2c_{2α}M_{h1}^2v^2 − c_α^2M_{h2}^2v^2 − c_α^2c_{2α}M_{h2}^2v^2 +(1 − 2s_α^2)M_{h2}^2s_{2α}vx − (1 − 2s_α^2)M_{h1}^2s_{2α}vx ) h_1 h_2 W^+_μ W^−_ν^1_2^{cα·e2·sα}_{sw 2} · g^{μν} h_1 h_2 W^+_F W^−_F −^1_2^{cα·sα}_{v2·x} ( M_{h2}^2x − c_{2α}M_{h2}^2x + M_{h1}^2x + c_{2α}M_{h1}^2x −M_{h2}^2s_{2α}v + M_{h1}^2s_{2α}v ) h_1 h_2 Z_μ Z_ν^1_2^{cα·e2·sα}_{cw2·sw2} g^{μν} h_1 h_2 Z_F Z_F −^1_2^{cα·sα}_{v2·x} ( M_{h2}^2x − c_{2α}M_{h2}^2x + M_{h1}^2x + c_{2α}M_{h1}^2x −M_{h2}^2s_{2α}v + M_{h1}^2s_{2α}v ) h_1 h_2 Z^′_μ Z^′_ν −8c_α · s_α · g^′_1^2 · g^{μν} h_1 h_2 Z^′_F Z^′_F^1_2^{cα·sα}_{v·x2} ( M_{h1}^2v − c_{2α}M_{h1}^2v + M_{h2}^2v + c_{2α}M_{h2}^2v −M_{h2}^2s_{2α}x + M_{h1}^2s_{2α}x ) h_1 W^+_μ W^−_F Z_ν −^1_2^{i·cα·e2}_{cw} · g^{μν} h_1 W^+_F W^−_μ Z_ν^1_2^{i·cα·e2}_{cw} · g^{μν} h_2 h_2 h_2 h_2 −^3_2^1_{v2 ·x2} ( s_α^4 ( M_{h2}^2 + M_{h1}^2 ) x^2 − s_α^4c_{2α} ( M_{h2}^2 − M_{h1}^2 ) x^2

Fields in the vertex Variational derivative of Lagrangian by fields

+c_α^4 ( M_{h2}^2 + M_{h1}^2 ) v^2 + c_α^4c_{2α} ( M_{h2}^2 − M_{h1}^2 ) v^2 +2c_α^2s_α^2M_{h2}^2s_{2α}vx − 2c_α^2s_α^2M_{h1}^2s_{2α}vx ) h_2 h_2 W^+_μ W^−_ν^1_2^{e2·sα2}_{sw 2} · g^{μν} h_2 h_2 W^+_F W^−_F −^1_2^1_{v2 ·x} ( s_α^2M_{h2}^2x − s_α^2c_{2α}M_{h2}^2x + s_α^2M_{h1}^2x +s_α^2c_{2α}M_{h1}^2x + c_α^2M_{h2}^2s_{2α}v − c_α^2M_{h1}^2s_{2α}v ) h_2 h_2 Z_μ Z_ν^1_2^{e2·sα2}_{cw2·sw2} g^{μν} h_2 h_2 Z_F Z_F −^1_2^1_{v2 ·x} ( s_α^2M_{h2}^2x − s_α^2c_{2α}M_{h2}^2x + s_α^2M_{h1}^2x +s_α^2c_{2α}M_{h1}^2x + c_α^2M_{h2}^2s_{2α}v − c_α^2M_{h1}^2s_{2α}v ) h_2 h_2 Z^′_μ Z^′_ν 8c_α^2 · g^′_1^2 · g^{μν} h_2 h_2 Z^′_F Z^′_F −^1_2^1_{v·x2} ( c_α^2M_{h1}^2v − c_α^2c_{2α}M_{h1}^2v + c_α^2M_{h2}^2v +c_α^2c_{2α}M_{h2}^2v + s_α^2M_{h2}^2s_{2α}x − s_α^2M_{h1}^2s_{2α}x ) h_2 W^+_μ W^−_F Z_ν −^1_2^{i·e2·sα}_{cw} · g^{μν} h_2 W^+_F W^−_μ Z_ν^1_2^{i·e2·sα}_{cw} · g^{μν} W^+_μ W^+_ν W^−_ρ W^−_σ^{e2}_{sw 2} ( 2g^{μν} g^{ρσ} − g^{μσ} g^{νρ} − g^{μρ}g^{νσ} ) W^+_μ W^+_F W^−_ν W^−_F^1_2^{e2}_{sw2} · g^{μν} W^+_μ W^−_ν Z_ρ Z_σ −^{cw 2·e2}_{sw2} ( 2g^{μν} g^{ρσ} − g^{μρ}g^{νσ} − g^{μσ} g^{νρ} ) W^+_μ W^−_ν Z_F Z_F^1_2^{e2}_{sw2} · g^{μν} W^+_μ W^−_F Z_ν Z_F^1_2^{e2}_{cw} · g^{μν} W^+_F W^+_F W^−_F W^−_F −^1_{v2} ( M_{h2}^2 − c_{2α}M_{h2}^2 + M_{h1}^2 + c_{2α}M_{h1}^2 ) W^+_F W^−_μ Z_ν Z_F^1_2^{e2}_{cw} · g^{μν} W^+_F W^−_F Z_μ Z_ν^1_2^{(1−2sw 2)2·e2}_{cw 2·sw 2} g^{μν} W^+_F W^−_F Z_F Z_F −^1_2^1_{v2} ( M_{h2}^2 − c_{2α}M_{h2}^2 + M_{h1}^2 + c_{2α}M_{h1}^2 ) W^+_F W^−_F Z^′_F Z^′_F −^1_2^{s2α}_{v·x} ( M_{h2}^2 − M_{h1}^2 ) Z_μ Z_ν Z_F Z_F^1_2^{e2}_{cw2·sw2} g^{μν} Z_F Z_F Z_F Z_F −^3_2^1_{v2} ( M_{h2}^2 − c_{2α}M_{h2}^2 + M_{h1}^2 + c_{2α}M_{h1}^2 ) Z_F Z_F Z^′_F Z^′_F −^1_2^{s2α}_{v·x} ( M_{h2}^2 − M_{h1}^2 ) Z^′_μ Z^′_ν Z^′_F Z^′_F 8g^′_1^2 · g^{μν} Z^′_F Z^′_F Z^′_F Z^′_F −^3_2^1_{x2} ( M_{h1}^2 − c_{2α}M_{h1}^2 + M_{h2}^2 + c_{2α}M_{h2}^2 )

Appendix B

Renormalisation group equations

In this appendix we present the complete set of one-loop RGEs for the minimal U(1)_{B−L} extension of the SM. For some parameters, the equations will be equal to those of the SM, as no extra contribution arises at one loop.

B.1 Gauge RGEs

The RGEs for the SU(3)_C and SU(2)_L gauge couplings g_S and g are [103] d dt g_S = g^3_S 16π^2 [ −11 + 4 3 n_g ] = g^3_S 16π^2

(−7) , (B.1) d dt g = g^3 16π^2 [ − 22 3 + 4 3 n_g + 1 6 ] = g^3 16π^2 ( − 19 6 ) , (B.2)

where n_g = 3 is the number of generations.

Following standard techniques, we obtain for the Abelian couplings [30; 32]: d dt g_1 = 1 16π^2 [ A^{Y Y} g^3_1 ] , (B.3) d dt g^′_1 = 1 16π^2 [ A^{XX} g^{′3}_1 + 2A^{XY} g^{′2}_1 ~g + A^{Y Y} g^′_1~g^2 ] , (B.4) d dt ~g = 1 16π^2 [ A^{Y Y} ~g (~g^2 + 2g^2_1 ) + 2A^{XY} g^′_1(~g^2 + g^2_1 ) + A^{XX} g^{′2}_1 ~g ] , (B.5)

with A^{ab} = A^{ba} = 2 3 ∑ f Q^a_f Q^b_f + 1 3 ∑ s Q^a_s Q^b_s , (a, b = Y, X) , (B.6)

where the first sum is over the left-handed two-component fermions and the second one is over the complex scalars. For the model we are discussing (Y is the SM weak hypercharge, X = B − L is the B − L number), the coefficients of eq. (B.6) are, respectively,

A^{Y Y} = 41/6 , A^{XX} = 12 , A^{Y X} = 16/3. (B.7)

B.2 Fermion RGEs

From straightforward calculations we obtain: d dt y_t = y_t 16π^2 ( 9 2 y^2_t − 8g^2_S − 9 4 g^2 − 17 12 g^2_1 − 17 12 ~g^2 − 2 3 g^{′2}_1 − 5 3 ~gg^′_1 ) . (B.8)

For the right-handed neutrinos, it is not restrictive to consider the basis in which the Majorana matrix of couplings is real, diagonal and positive: y^M ≡ diag (y^M_1 , y^M_2 , y^M_3 ). Then we get [104; 105]^1 d dt y^M_i = y^M_i 16π^2 ( 4(y^M_i )^2 + 2T r [ (y^M )^2 ] − 6g^{′2}_1 ) , (i = 1 . . . 3) . (B.9)

B.3 Scalar RGEs

A very straightforward way to find the one-loop RGEs for the parameters of the scalar potential is to compute the one-loop effective potential and to impose its independence from the renormalisation scale. To one-loop level, the scalar potential V reads

V = V^{(0)} + ΔV^{(1)} , (B.10)

where V^{(0)} is the tree-level potential and ΔV^{(1)} indicates the one-loop correction to it. To compute the latter it is useful to rewrite the tree-level potential

V^{(0)}(H, χ) = m^2H^†H + μ^2 | χ |^2 +λ_1(H^†H)^2 + λ_2 | χ |^4 +λ_3H^†H | χ |^2 (B.11)

in terms of the real scalar fields H = 1 √ 2 ( ϕ_1 + iϕ_2 ϕ_3 + iϕ_4 ) , χ = 1 √ 2 (ϕ_5 + iϕ_6) . (B.12)

The only combinations of fields that are involved are ϕ^2 = ϕ^2_1 + ϕ^2 + ϕ^2_3 + ϕ^2_4 and η^2 ≡ ϕ^2_5 + ϕ^2_6, so that eq. (B.11) becomes

V^{(0)}(ϕ, η) = 1 2 m^2ϕ^2 + 1 2 μ^2η^2 + 1 4 λ_1ϕ^4 + 1 4 λ_2η^4 + 1 4 λ_3ϕ^2η^2 . (B.13)

The one-loop correction to the tree-level potential (B.13) is, in the Landau gauge,

ΔV^{(1)}(ϕ, η) = 1 64π^2 ∑ i (−1)^{2si} (2s_i + 1)M^4_i (ϕ^2, η^2) [ ln M^2_i (ϕ^2, η^2) μ^2 − c_i ] , (B.14)

where c_i are constants that depend on the renormalisation scheme (for example, in the MS scheme, it is c_i = 3/2 for scalars and fermions, c_i = 5/6 for vectors). Expanding eq. (B.14) and keeping the contributions of the scalar fields (Higgs and Goldstone

1Notice the we get a difference of a factor 3 in the third term in the RHS of the last expression in eq. (14) contained in Ref. [105]. The authors of Ref. [105] acknowledged the difference and will correct their paper.

bosons), of the top quark, of the gauge bosons, and of the RH neutrinos only, we obtain

ΔV^{(1)} = 1 64π^2 { 3G^2_1 [ ln G_1 μ^2 − 3 2 ] + G^2 [ ln G_2 μ^2 − 3 2 ] + T r ( H^2 [ ln H μ^2 − 3 2 ])

−12T^2 [ ln T μ^2 − 3 2 ] + 6M^2_W [ ln M_W μ^2 − 5 6 ] + 3T r ( M^2_G [ ln M_G μ^2 − 5 6 ])

−2 3∑ i=1 N^2_i [ ln N_i μ^2 − 3 2 ]} , where the field-dependent squared masses are, in a self-explanatory notation,

G_1(ϕ, η) = m^2 + λ_1ϕ^2 + λ_3 2 η^2 , (B.15)

G_2(ϕ, η) = μ^2 + λ_2η^2 + λ_3 2 ϕ^2 , (B.16) H(ϕ, η) = ( m^2 + 3λ_1ϕ^2 +^{λ3}_2 η^2 λ_3ϕη λ_3ϕη μ^2 + 3λ_2η^2 +^{λ3}_2 ϕ^2 ) , (B.17) T (ϕ, η) = 1 2 (y_tϕ)^2 , (B.18) M_W (ϕ, η) = 1 4 (gϕ)^2 , (B.19)

M_G(ϕ, η) = 1 4 g^2_1 ϕ^2 −gg_1ϕ^2 g_1~gϕ^2 −gg_1ϕ^2 g^2ϕ^2 −g~gϕ^2 g_1~gϕ^2 −g~gϕ^2 ~g^2ϕ^2 + 16η^2g^{′2}_1

, (B.20)

N_i(ϕ, η) = 1 2 (y^M_i η)^2 . (B.21)

As usual, we define the beta functions β_i (i = 1 . . . 3) for the quartic couplings, the gamma functions γ_{m,μ} for the scalar masses and the scalar anomalous dimensions γ_{ϕ, η} as follows (t = ln Q): dλ_i dt = β_i , (B.22) dm^2 dt = γ_mm^2 , (B.23) dμ^2 dt = γ_μμ^2 , (B.24) dϕ^2 dt = 2γ_ϕϕ^2 , (B.25) dη^2 dt = 2γ_η η^2 . (B.26)

Now we can extract the RGEs for the parameters of the scalar potential just by requiring that the first derivative of the effective potential with respect to the scale t vanishes, d dt V^{(1)} ≡ d dt (V^{(0)} + ΔV^{(1)}) ≡ 0 , (B.27) keeping only the one-loop terms. Reorganising it in a more convenient way, we see that eq. (B.27) implies the following equations:

m^2ϕ^2 2 [ γ_m + 2γ_ϕ − 1 16π^2 ( 12λ_1 + 2 μ^2 m^2 λ_3 )] = 0 ,

μ^2η^2 2 [ γ_μ + 2γ_η − 1 16π^2 ( 8λ_2 + 4 m^2 μ^2 λ_3 )] = 0 ,

ϕ^4 4 [ β_1 + 4λ_1γ_ϕ − 1 16π^2 ( 24λ^2_1 + λ^2_3 − 6y^4_t + 9 8 g^4 + 3 8 g^4_1 + 3 4 g^2g^2_1 + 3 4 g^2~g^2 + 3 4 g^2_1 ~g^2 + 3 8 ~g^4 )] = 0 ,

η^4 4 [ β_2 + 4λ_2γ_η − 1 8π^2 ( 10λ^2 + λ^2_3 − 1 2 T r [ (y^M )^4 ] + 48g^{′ 4}_1 )] = 0 ,

ϕ^2η^2 4 [ β_3 + 2λ_3(γ_ϕ + γ_η) − 1 8π^2 ( 6λ_1λ_3 + 4λ_2λ_3 + 2λ^2_3 + 6~g^2g^{′2}_1 )] = 0 .

Imposing that each term between square brackets vanishes, we can obtain the RGEs for the parameters of the scalar potential after inserting the explicit expressions of the scalar anomalous dimensions γ_ϕ and γ_η. The latter are easily computed and read [105; 106; 107]

γ_ϕ = − 1 16π^2 ( 3y^2_t − 9 4 g^2 − 3 4 g^2_1 − 3 4 ~g^2 ) , (B.28)

γ_η = − 1 16π^2 ( 2T r [ (y^M )^2 ] − 12g^{′ 2}_1 ) . (B.29)

Inserting eqs. (B.28) and (B.29) into the RGEs, we finally obtain the RGEs for the five parameters in the scalar potential: γ_m ≡ 1 m^2 dm^2 dt = 1 16π^2 ( 12λ_1 + 6y^2_t + 2 μ^2 m^2 λ_3 − 9 2 g^2 − 3 2 g^2_1 − 3 2 ~g^2 ) , (B.30) γ_μ ≡ 1 μ^2 dμ^2 dt = 1 16π^2 ( 8λ_2 + 4T r [ (y^M )^2 ] + 4 m^2 μ^2 λ_3 − 24g^{′ 2}_1 ) , (B.31)

β_1 ≡ dλ_1 dt = 1 16π^2 ( 24λ^2_1 + λ^2_3 − 6y^4_t + 9 8 g^4 + 3 8 g^4_1 + 3 4 g^2g^2_1 + 3 4 g^2~g^2 + 3 4 g^2_1 ~g^2 + 3 8 ~g^4 + 12λ_1y^2_t − 9λ_1g^2 − 3λ_1g^2_1 − 3λ_1~g^2 ) , (B.32)

β_2 ≡ dλ_2 dt = 1 8π^2 ( 10λ^2 + λ^2_3 − 1 2 T r [ (y^M )^4 ] + 48g^{′ 4}_1 + 4λ_2T r [ (y^M )^2 ]

−24λ_2g^{′2}_1 ) , (B.33)

β_3 ≡ dλ_3 dt = λ_3 8π^2 ( 6λ_1 + 4λ_2 + 2λ_3 + 3y^2_t − 9 4 g^2 − 3 4 g^2_1 − 3 4 ~g^2 +2T r [ (y^M )^2 ] − 12g^{′ 2}_1 + 6

~g^2g^{′2}_1 λ_3 ) . (B.34)

References

[1] R. Barate et al., “Search for the standard model Higgs boson at LEP,” Phys. Lett.

B565, pp. 61–75, 2003. arXiv:hep-ex/0306033 . ix, xi, 68, 72, 92

[2] S. Dawson and W. Yan, “Hiding the Higgs Boson with Multiple Scalars,” Phys.

Rev. D79, p. 095002, 2009. arXiv:0904.2005 [hep-ph] . ix, 2, 15, 69, 70, 84, 89, 99

[3] L. Basso, A. Belyaev, S. Moretti, and G. M. Pruna, “Tree Level Unitarity Bounds for the Minimal B-L Model,” Phys. Rev. D81, p. 095018, 2010. arXiv:1002.1939 [hep-ph] . x, 6, 67, 70, 71, 85

[4] V. M. Abazov et al., “Search for a heavy neutral gauge boson in the dielectron channel with 5.4 fb-1 of ppbar collisions at sqrt(s) = 1.96 TeV,” Phys. Lett. B695, pp. 88–94, 2011. arXiv:1008.2023 [hep-ex] . xiii, 20, 21, 23, 28, 29, 30, 31, 41

[5] T. Aaltonen et al., “Search for High Mass Resonances Decaying to Muon Pairs in √ s = 1.96 TeV pp̄ Collisions,” Phys. Rev. Lett. 106, p. 121801, 2011.

arXiv:1101.4578 [hep-ex] . xiii, 20, 21, 23, 29, 30, 31, 41

[6] T. P. Cheng and L. F. Li, “Gauge theory of elementary particle physics,” Oxford, Uk: Clarendon (Oxford Science Publications), 1984. 1

[7] M. E. Peskin and D. V. Schroeder, “An introduction to quantum field theory,” Reading, USA: Addison-Wesley, 1995. 1

[8] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo, and A. M. Rotunno, “Hints of θ_{13} > 0 from global neutrino data analysis,” Phys. Rev. Lett. 101, p. 141801, 2008. arXiv:0806.2649 [hep-ph] . 1, 44

[9] G. Altarelli, “Status of Neutrino Masses and Mixing in 2010,” 2010.

arXiv:1011.5342 [hep-ph] . 1, 44

[10] N. Jarosik et al., “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Sky Maps, Systematic Errors, and Basic Results,” Astrophys. J. Suppl. 192, p. 14, 2011. arXiv:1001.4744 [astro-ph.CO] . 1, 44

[11] A. D. Sakharov, “Violation of CP Invariance, c Asymmetry, and Baryon Asymmetry of the Universe,” Pisma Zh. Eksp. Teor. Fiz. 5, pp. 32–35, 1967. 1

[12] S. P. Martin, “A Supersymmetry Primer,” 1997. arXiv:hep-ph/9709356 . 1

[13] R. Barbieri, “Ten Lectures on the ElectroWeak Interactions,” 2007.

arXiv:0706.0684 [hep-ph] . 2

[14] P. Minkowski, “mu → e gamma at a Rate of One Out of 1-Billion Muon Decays?,” Phys. Lett. B67, p. 421, 1977. 2

[15] P. Van Nieuwenhuizen and D. Z. Freedman, “Supergravity. Proceeding, workshop at Stony Brook, 27-29 September 1979,” Amsterdam, Netherlands: North-holland 341p, 1979. 2

[16] T. Yanagida, “Horizontal gauge symmetry and masses of neutrinos,” In Proceedings of the Workshop on the Baryon Number of the Universe and Unified Theories, Tsukuba, Japan, 13-14 Feb 1979. 2

[17] S.L. Glashow, in Quarks and Leptons, eds. M.Lèvy et al. (Plenum, New York 1980), p. 707. 2

[18] R. N. Mohapatra and G. Senjanovic, “Neutrino mass and spontaneous parity nonconservation,” Phys. Rev. Lett. 44, p. 912, 1980. 2

[19] D. O’Connell, M. J. Ramsey-Musolf, and M. B. Wise, “Minimal Extension of the Standard Model Scalar Sector,” Phys. Rev. D75, p. 037701, 2007. arXiv:hep-ph/0611014 . 2, 83

[20] O. Bahat-Treidel, Y. Grossman, and Y. Rozen, “Hiding the Higgs at the LHC,” JHEP 05, p. 022, 2007. arXiv:hep-ph/0611162 . 2, 83, 84

[21] V. Barger, P. Langacker, and G. Shaughnessy, “Collider signatures of singlet extended Higgs sectors,” Phys. Rev. D75, p. 055013, 2007. arXiv:hep-ph/0611239 . 2, 83

[22] S. Profumo, M. J. Ramsey-Musolf, and G. Shaughnessy, “Singlet Higgs Phenomenology and the Electroweak Phase Transition,” JHEP 08, p. 010, 2007. arXiv:0705.2425 [hep-ph] . 2, 83

[23] G. Bhattacharyya, G. C. Branco, and S. Nandi, “Universal Doublet-Singlet Higgs Couplings and phenomenology at the CERN Large Hadron Collider,” Phys. Rev. D77, p. 117701, 2008. arXiv:0712.2693 [hep-ph] . 2, 83, 84

[24] V. Barger, P. Langacker, M. McCaskey, M. Ramsey-Musolf, and G. Shaughnessy, “Complex Singlet Extension of the Standard Model,” Phys. Rev. D79, p. 015018, 2009. arXiv:0811.0393 [hep-ph] . 2, 83

[25] V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-Musolf, and G. Shaughnessy, “LHC Phenomenology of an Extended Standard Model with a Real Scalar Singlet,” Phys. Rev. D77, p. 035005, 2008. arXiv:0706.4311 [hep-ph] . 2, 83, 84

[26] E. E. Jenkins, “Searching for a (B-L) gauge boson in p anti-p collisions,” Phys.

Lett. B192, p. 219, 1987. 2

[27] W. Buchmuller, C. Greub, and P. Minkowski, “Neutrino masses, neutral vector bosons and the scale of B- L breaking,” Phys. Lett. B267, pp. 395–399, 1991. 2

[28] S. Khalil, “Low scale B - L extension of the Standard Model at the LHC,” J. Phys.

G35, p. 055001, 2008. arXiv:hep-ph/0611205 . 2

[29] L. Basso, “A minimal extension of the Standard Model with B − L gauge symmetry,” Master’s thesis, Università degli Studi di Padova, 2007. http://www.hep.phys.soton.ac.uk/∼l.basso/B-L Master Thesis.pdf. 2, 9, 11, 12, 75 [30] F. del Aguila, G. D. Coughlan, and M. Quiros, “Gauge Coupling Renormalization With Several U(1) Factors,” Nucl. Phys. B307, p. 633, 1988. 3, 11, 119

[31] F. del Aguila, M. Masip, and M. Perez-Victoria, “Physical parameters and renormalization of U(1)-a x U(1)-b models,” Nucl. Phys. B456, pp. 531–549, 1995. arXiv:hep-ph/9507455 . 3, 11

[32] P. H. Chankowski, S. Pokorski, and J. Wagner, “Z’ and the Appelquist-Carrazzone decoupling,” Eur. Phys. J. C47, pp. 187–205, 2006. arXiv:hep-ph/0601097 . 3, 11, 119

[33] P. Abreu et al., “A Study of radiative muon pair events at Z^0 energies and limits on an additional Z^′ gauge boson,” Z. Phys. C65, pp. 603–618, 1995. 3, 14, 20

[34] P. Fileviez Perez, T. Han, and T. Li, “Testability of Type I Seesaw at the CERN LHC: Revealing the Existence of the B-L Symmetry,” Phys. Rev. D80, p. 073015, 2009. arXiv:0907.4186 [hep-ph] . 3, 23, 26, 47, 50

[35] M. Abbas and S. Khalil, “Neutrino masses, mixing and leptogenesis in TeV scale B - L extension of the standard model,” JHEP 04, p. 056, 2008. arXiv:0707.0841 [hep-ph] . 3

[36] S. Iso, N. Okada, and Y. Orikasa, “Resonant Leptogenesis in the Minimal B-L Extended Standard Model at TeV,” 2010. arXiv:1011.4769 [hep-ph] . 3

[37] M. Fairbairn et al., “Stable massive particles at colliders,” Phys. Rept. 438, pp. 1– 63, 2007. arXiv:hep-ph/0611040 . 4

[38] W. Emam and S. Khalil, “Higgs and Z’ Phenomenology in B-L extension of the Standard Model at LHC,” Eur. Phys. J. C52, pp. 625–633, 2007. arXiv:0704.1395 [hep-ph] . 4

[39] L. Basso, A. Belyaev, S. Moretti, G. M. Pruna, and C. H. Shepherd- Themistocleous, “Z^′ discovery potential at the LHC in the minimal B−L extension of the Standard Model,” 2010. Accepted for publication in EPJ C. arXiv:1002.3586 [hep-ph] . 5, 19, 21

[40] L. Basso, S. Moretti, and G. M. Pruna, “A Renormalisation Group Equation Study of the Scalar Sector of the Minimal B-L Extension of the Standard Model,” Phys. Rev. D82, p. 055018, 2010. arXiv:1004.3039 [hep-ph] . 6, 19, 67, 70

[41] A. Pukhov, “Calchep 2.3: MSSM, structure functions, event generation, 1, and generation of matrix elements for other packages,” 2004. arXiv:hep-ph/0412191 . 6, 101

[42] A. V. Semenov, “LanHEP: A package for automatic generation of Feynman rules in gauge models,” 1996. arXiv:hep-ph/9608488 . 6, 101

[43] Wolfram Research, Inc., Mathematica, Version 5.0, Champaign, IL (2003). 6, 101

[44] S. Khalil, “TeV-scale gauged B-L symmetry with inverse seesaw mechanism,” Phys. Rev. D82, p. 077702, 2010. arXiv:1004.0013 [hep-ph] . 10

[45] M. S. Carena, A. Daleo, B. A. Dobrescu, and T. M. P. Tait, “Z^′ gauge bosons at the Tevatron,” Phys. Rev. D70, p. 093009, 2004. arXiv:hep-ph/0408098 . 11, 21

[46] T. Appelquist, B. A. Dobrescu, and A. R. Hopper, “Nonexotic neutral gauge bosons,” Phys. Rev. D68, p. 035012, 2003. arXiv:hep-ph/0212073 . 11, 23

[47] L. Basso, A. Belyaev, S. Moretti, and C. H. Shepherd-Themistocleous, “Phenomenology of the minimal B-L extension of the Standard model: Z’ and neutrinos,” Phys. Rev. D80, p. 055030, 2009. arXiv:hep-ph/0812.4313 . 19, 26, 43, 53, 54

[48] G. Altarelli and M. W. Grunewald, “Precision electroweak tests of the standard model,” Phys. Rept. 403-404, pp. 189–201, 2004. arXiv:hep-ph/0404165 . 20

[49] M. W. Gruenewald et al., “Precision electroweak measurements on the Z resonance,” Phys. Rept. 427, pp. 257–454, 2006. arXiv:hep-ex/0509008 . 20, 43, 69

[50] http://durpdg.dur.ac.uk/hepdata/pdf.html. 21

[51] G. Cacciapaglia, C. Csaki, G. Marandella, and A. Strumia, “The minimal set of electroweak precision parameters,” Phys. Rev. D74, p. 033011, 2006. arXiv:hep-ph/0604111 . 21, 69, 72, 99

[52] L. Basso, S. Moretti, and G. M. Pruna, “Constraining the g^′_1 coupling in the minimal B − L Model,” 2010. arXiv:1009.4164 [hep-ph] . 22

[53] J. Erler and P. Langacker, “Constraints on extended neutral gauge structures,” Phys. Lett. B456, pp. 68–76, 1999. arXiv:hep-ph/9903476 . 23

[54] T. G. Rizzo, “Z^′ phenomenology and the LHC,” pp. 537–575, 2006. in Boulder 2006, Colliders and neutrinos. arXiv:hep-ph/0610104 . 23

[55] P. Langacker, “The Physics of Heavy Z^′ Gauge Bosons,” Rev. Mod. Phys. 81, pp. 1199–1228, 2009. arXiv:0801.1345 [hep-ph] . 23

[56] R. Contino, “Z^′, Z_{KK} , Z^∗ and all that: Current bounds and theoretical prejudices on heavy neutral vector bosons,” Nuovo Cim. 123B, pp. 511–515, 2008. arXiv:0804.3195 [hep-ph] . 23

[57] A. V. Gulov and V. V. Skalozub, “Model independent search for Z’-boson signals,” 2009. arXiv:0905.2596 [hep-ph] . 23

[58] J. Erler, P. Langacker, S. Munir, and E. R. Pena, “Improved Constraints on Z’ Bosons from Electroweak Precision Data,” JHEP 08, p. 017, 2009. arXiv:0906.2435 [hep-ph] . 23

[59] G. L. Bayatian et al., “CMS technical design report, volume II: Physics performance,” J. Phys. G34, pp. 995–1579, 2007. 23, 28, 31

[60] K. Huitu, S. Khalil, H. Okada, and S. K. Rai, “Signatures for right-handed neutrinos at the Large Hadron Collider,” Phys. Rev. Lett. 101, p. 181802, 2008. arXiv:0803.2799 [hep-ph] . 26, 45, 53, 89

[61] E. Salvioni, G. Villadoro, and F. Zwirner, “Minimal Z’ models: present bounds and early LHC reach,” JHEP 11, p. 068, 2009. arXiv:0909.1320 [hep-ph] . 28

[62] W. Emam and P. Mine, “Observability of the heavy Z^′_{B−L} decaying into e^+e^− at the LHC,” J. Phys. G: Nucl. Part. Phys. (erratum-ibidem) 36, p. 129701, 2009. 28 [63] G. L. Bayatian et al., “CMS physics: Technical design report,” CERN-LHCC- 2006-001. 28, 48, 58

[64] “ATLAS: Detector and physics performance technical design report. Volume 1,” 1999. CERN-LHCC-99-14. 28, 58

[65] I. Katsanos, “Direct search for heavy neutral gauge bosons in the dielectron channel at D0”, FERMILAB-THESIS-2008-03 (2008). 30

[66] V. Khachatryan et al., “Search for a heavy gauge boson W’ in the final state with an electron and large missing transverse energy in pp collisions at sqrt(s) = 7 TeV,” Phys. Lett. B698, pp. 21–39, 2011. arXiv:1012.5945 [hep-ex] . 30, 41

[67] S. I. Bityukov and N. V. Krasnikov, “On the observability of a signal above background,” Nucl. Instrum. Meth. A452, pp. 518–524, 2000. 30

[68] A. Abulencia et al., “Measurements of Inclusive W and Z Cross Sections in p-pbar Collisions at sqrts =1.96 TeV,” J. Phys. G34, pp. 2457–2544, 2007. arXiv:hep-ex/0508029 . 31

[69] http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/NP/N66. 31

[70] http://www.fnal.gov/pub/now/tevlum.html. 32

[71] See, e.g.: http://www.fnal.gov/faw/future/state-of-lab.shtml. 32

[72] L. Basso, A. Belyaev, S. Moretti, and G. M. Pruna, “Probing the Z^′ sector of the minimal B − L model at future Linear Colliders in the e^+e^− → μ^+μ^− process,” JHEP 10, p. 006, 2009. arXiv:0903.4777 [hep-ph] . 42

[73] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 2010. 44, 48

[74] T. Cuhadar-Donszelmann, M. Karagoz, V. E. Ozcan, S. Sultansoy, and G. Unel, “Fourth Family Neutrinos and the Higgs Boson,” JHEP 10, p. 074, 2008. arXiv:0806.4003 [hep-ph] . 53, 89

[75] V. D. Barger, T. Han, and R. J. N. Phillips, “Improved transverse mass variable for detecting Higgs boson decays into Z pairs,” Phys. Rev. D36, p. 295, 1987. 54

[76] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,” JHEP 05, p. 026, 2006. arXiv:hep-ph/0603175 . 60

[77] S. Ovyn, X. Rouby, and V. Lemaitre, “Delphes, a framework for fast simulation of a generic collider experiment,” 2009. arXiv:0903.2225 [hep-ph] . 60

[78] G. P. Salam and G. Soyez, “A practical Seedless Infrared-Safe Cone jet algorithm,” JHEP 05, p. 086, 2007. arXiv:0704.0292 [hep-ph] . 60

[79] L. Basso, S. Moretti, and G. M. Pruna, “Phenomenology of the minimal B − L extension of the Standard Model: the Higgs sector,” Phys. Rev. D83, p. 055014, 2010. arXiv:1011.2612 [hep-ph] . 67, 83, 88, 89, 90, 91

[80] T. Aaltonen et al., “Combined CDF and D0 Upper Limits on Standard Model Higgs Boson Production with up to 8.2 fb^{−1} of Data,” 2011. arXiv:1103.3233 [hep-ex] . 68

[81] M. E. Peskin and T. Takeuchi, “Estimation of oblique electroweak corrections,” Phys. Rev. D46, pp. 381–409, 1992. 69

[82] D. A. Dicus and V. S. Mathur, “Upper bounds on the values of masses in unified gauge theories,” Phys. Rev. D7, pp. 3111–3114, 1973. 70

[83] B. W. Lee, C. Quigg, and H. B. Thacker, “Weak Interactions at Very High- Energies: The Role of the Higgs Boson Mass,” Phys. Rev. D16, p. 1519, 1977. 70

[84] R. F. Dashen and H. Neuberger, “How to Get an Upper Bound on the Higgs Mass,” Phys. Rev. Lett. 50, p. 1897, 1983. 70

[85] M. S. Chanowitz and M. K. Gaillard, “The TeV Physics of Strongly Interacting W’s and Z’s,” Nucl. Phys. B261, p. 379, 1985. 70, 71

[86] C. Becchi, A. Rouet, and R. Stora, “Renormalization of Gauge Theories,” Annals Phys. 98, pp. 287–321, 1976. 70

[87] M. Luscher and P. Weisz, “Application of the linked cluster expansion to the N component phi**4 theory,” Nucl. Phys. B300, pp. 325–359, 1988. 71, 72

[88] J. Maalampi, J. Sirkka, and I. Vilja, “Tree level unitarity and triviality bounds for two Higgs models,” Phys. Lett. B265, pp. 371–376, 1991. 71

[89] H. Huffel and G. Pocsik, “Unitarity bounds on Higgs boson masses in the Weinberg- Salam model with two Higgs doublets,” Zeit. Phys. C8, p. 13, 1981. 71

[90] R. Casalbuoni, D. Dominici, F. Feruglio, and R. Gatto, “Tree level unitarity violation for large scalar mass in multi - Higgs extensions of the Standard Model,” Nucl. Phys. B299, p. 117, 1988. 71

[91] L. Basso, S. Moretti, and G. M. Pruna, “The Higgs sector of the minimal B − L model at future Linear Colliders,” 2010. arXiv:1012.0167 [hep-ph] . 87

[92] Y. A. Coutinho, E. C. F. S. Fortes, and J. C. Montero, “Z^′_{B−L} phenomenology at LHC,” 2011. arXiv:1102.4387 [hep-ph] . 99

[93] S. Khalil and A. Masiero, “Radiative B-L symmetry breaking in supersymmetric models,” Phys. Lett. B665, pp. 374–377, 2008. arXiv:0710.3525 [hep-ph] . 100

[94] T. Kikuchi and T. Kubo, “Radiative B-L symmetry breaking and the Z’ mediated SUSY breaking,” Phys. Lett. B666, pp. 262–268, 2008. arXiv:0804.3933 [hep-ph] . 100

[95] S. Khalil and H. Okada, “Dark Matter in B-L Extended MSSM Models,” Phys.

Rev. D79, p. 083510, 2009. arXiv:0810.4573 [hep-ph] . 100

[96] R. Allahverdi, B. Dutta, K. Richardson-McDaniel, and Y. Santoso, “A Supersymmetric B^− L Dark Matter Model and the Observed Anomalies in the Cosmic Rays,” Phys. Rev. D79, p. 075005, 2009. arXiv:0812.2196 [hep-ph] . 100

[97] S. Khalil, “Lepton flavor violation in supersymmetric B-L extension of the standard model,” Phys. Rev. D81, p. 035002, 2010. arXiv:0907.1560 [hep-ph] . 100

[98] S. Khalil, H. Okada, and T. Toma, “Right-handed Sneutrino Dark Matter in Supersymmetric B-L Model,” 2011. arXiv:1102.4249 [hep-ph] . 100

[99] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunter’s Guide, Addison Wesley, 1990. 103, 104

[100] D. Graudenz, M. Spira, and P. M. Zerwas, “QCD corrections to Higgs boson production at proton proton colliders,” Phys. Rev. Lett. 70, pp. 1372–1375, 1993. 104 [101] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas, “Higgs boson production at the LHC,” Nucl. Phys. B453, pp. 17–82, 1995. arXiv:hep-ph/9504378 . 104

[102] A. Djouadi, “The Anatomy of electro-weak symmetry breaking. I: The Higgs boson in the standard model,” Phys. Rept. 457, pp. 1–216, 2008. arXiv:hep-ph/0503172 . 104

[103] H. Arason et al., “Renormalization group study of the standard model and its extensions. 1. The Standard model,” Phys. Rev. D46, pp. 3945–3965, 1992. 119

[104] M.-x. Luo and Y. Xiao, “Renormalization group equations in gauge theories with multiple U(1) groups,” Phys. Lett. B555, pp. 279–286, 2003. arXiv:hep-ph/0212152 . 120

[105] S. Iso, N. Okada, and Y. Orikasa, “Classically conformal B− L extended Standard Model,” Phys. Lett. B676, pp. 81–87, 2009. arXiv:0902.4050 [hep-ph] . 120, 122

[106] M.-x. Luo and Y. Xiao, “Two-loop renormalization group equations in the standard model,” Phys. Rev. Lett. 90, p. 011601, 2003. arXiv:hep-ph/0207271 . 122

[107] M. Sher, “Electroweak Higgs Potentials and Vacuum Stability,” Phys. Rept. 179, pp. 273–418, 1989. 122

Index BRs Heavy neutrinos, 47 Higgs bosons, 88 Z^′ boson, 25

Covariant derivative, 11

Decay modes

Heavy neutrino, 47 Z^′ boson via heavy neutrinos, 51 Di-lepton resolution

LHC, 28 Tevatron, 30

Heavy neutrinos

Lifetime, 48 Light neutrino mass determination, 48 Mass measurement, 64 Higgs fields, 13

VEVs, 13

LEP constraints

Higgs bosons, 68 Precision measurements, 69 Z^′ boson, 21 Line-shape of the Z^′ boson, 38

Mixing

Gauge bosons, 14 Neutrinos, 16 Scalar bosons, 15

Production cross sections Heavy neutrinos, 45 Higgs bosons, 84 Z^′ boson, 24

RGE Gauge sector, 22 Scalar sector, 74

Scalar potential, 10

Bounded-from-below, 12 Significance, 30

Tevatron constraints on the Z^′ boson, 21 Tri-lepton signature

Backgrounds, 54 Benchmark points, 53 Definition, 53 Jet pair identification, 62 Transverse mass distribution, 54 Triviality, 74

Unitarity (perturbative), 70

Vacuum stability, 74