111 The (phase space only) distribution of M^2_{Zll} from the decay chain c → Zb followed by b → al^+l^− has the form: dσ d (M^2_{Zll})

∝ W (M^2_{Zll}), (5.25)

where the “constant” of proportionality may depend on m_a, m_b and m_c but not on M_{Zll}, and where

W (M^2_{Zll}) = w^+ if M^2_{Zll} ≤ (m_c − m_a)^2 and w^+ ≥ 0 ≥ w^− w^+ − w^− if M^2_{Zll} ≤ (m_c − m_a)^2 and w^− ≥ 0 0 otherwise

(5.26)

where w^+ and w^− are defined by

w^± = 2(m^2_a + m^2_b )m^2_c ± [ m^2_c , m^2_b , m^2_Z ] [ m^2_c , m^2_a, M^2_{Zll} ]

−(m^2_c + m^2_b − m^2_Z )(m^2_c + m^2_a − M^2_{Zll}) (5.27)

in which the following notation has been used:

[x, y, z] ≡ √ x^2 + y^2 + z^2 − 2(xy + xz + yz). (5.28)

112

Chapter 6

Conclusions

113

Appendix C

Comparing the supersymmetric and SM higgs potentials

One of the common objections to the SM is that its Higgs potential (2.1) is somewhat arbitrary. Although the ratio μ^2/λ is determined by the requirement of correct EWSB, the potential provides us with no clue to the magnitudes of μ and λ, and so the higgs mass is largely independent of the other particles of the SM.

The supersymmetric higgs potential is more complicated. The MSSM lagrangian includes the terms

L_{higgs potential} = μ^2H^2_1 + μ^2H^2_2 (C.1) +G(H^2_1 − H^2_2 )^2 (C.2)

(a)(b)(c)(d)

Figure C.1: Diagrammatic representations of parts of the supersymmetric higgs potential.

121

122APPENDIX C. COMPARING THE SUPERSYMMETRIC AND SM HIGGS POTENTIALS +μBH_1H_2 (C.3) +M^2_{h1}H^2_1 + M^2_{h2}H^2_2 (C.4) +“supertrace terms”. (C.5)

The first of these, (C.1), comes directly from the supersymmetry-respecting term W_H = μH_1H_2 in the superpotential. On its own, (C.1) provides a contribution to the MSSM higgs potential of the quadratic form shown in Figure C.1(a). In principle, such a term could also yield a contribution like that shown in Figure C.1(b), but in practice the RGEs never run μ^2 negative. Term (C.2) is also strongly motivated, arriving as a consequence of the terms which require gauge invariance. It promotes a quartic restraint (Figure C.1(c)) except in the so-called “quartic flat” directions H_1 = ±H_2, however those are restrained by the term (C.3) which is one of the soft supersymmetry breaking terms whose inclusion in the lagrangian was motivated by the maxim “can add; must add”. So, by this stage, we have a BFB potential, but probably not a broken one, since μ^2 tends never to run negative. This is where term (C.4) comes in. This term contains the “soft” higgs masses, M_{hi}. In the general MSSM one has complete freedom to assign arbitrary values (positive or negative) to the squares of these masses, and this freedom permits breaking of the supersymmetric higgs potential. In this way, the soft higgs masses play very much the role of μ in the SM. By choosing their values approprately, the correct EWSB may be accomplished.

Thus far there is little to choose between the supersymmetric and the SM approaches. However, the same reasons which lead us to believe that the MSSM is likely to be only a low energy approximation to a theory incorporating gravity lead us to expect an organising principle behind the parameters of the MSSM. Typically, then, in models like mSUGRA, the soft higgs masses are not given arbitrary values, but are taken to unify with the other scalar masses at the GUT scale. Although this might be aesthetically pleasing, at first sight it appears to jeopardise the success of EWSB which demands imag-

123 inary, not real, soft higgs masses. Fortunately, from the GUT scale to the electroweak scale, the soft higgs mass-squareds are run negative by the RGEs and are usually able to break electroweak symmetry anyway.^a

The overall effect is that a universal scalar mass M_0, at the GUT scale, ends up setting not only the mass of the higgses, but also the masses of the sleptons and the squarks. One might argue that this is still not much of an improvement over the SM; after all; there was only one scalar particle in the SM (the higgs) and μ^2 was quite able to specify its mass. Nevertheless, the “soft supersymmetry breaking” requirement that supersymmetry not be broken too badly (see Appendix A) puts limits on the permitted difference between M_0 and the universal fermion mass, M_{1/2}. These limits, in turn, ensure that supersymmetric higgses in universal models are relatively light (in contrast to their highly unconstrained SM counterparts).

aOn rare occasions, for example in S2, the squares of the soft higgs masses do not run sufficiently negative to counteract the larger positive running of μ^2, and so in these cases EWSB can only be performed by the supertrace terms (C.5).

138APPENDIX C. COMPARING THE SUPERSYMMETRIC AND SM HIGGS POTENTIALS

Appendix E

Abbreviations

BFB bounded from below EWSB electro-weak symmetry breaking MSSM minimal supersymmetric standard model mSUGRA minimal supergravity RGEs renormalization group equations SM Standard Model

140 APPENDIX E. ABBREVIATIONS

Bibliography

[1] P. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. 12 (1964) 132–133.

[2] R. Hempfling, Neutrino masses and mixing angles in SUSY-GUT theories with explicit R-parity breaking, Nucl. Phys. B478 (1996) 3–30, [hep-ph/9511288].

[3] M. Hirsch, M. A. Diaz, W. Porod, J. C. Romao, and J. W. F. Valle, Neutrino masses and mixings from supersymmetry with bilinear R-parity violation: A theory for solar and atmospheric neutrino oscillations, Phys. Rev. D62 (2000) 113008, [hep-ph/0004115].

[4] P. Richardson, Simulations of R-parity violating SUSY models, hep-ph/0101105.

[5] S. P. Martin, A supersymmetry primer, hep-ph/9709356.

[6] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The higgs hunter’s guide.

SCIPP-89-13.

[7] D. Balin and A. Love, Supersymmetric Gauge Field Theory and String Theory.

1994. Chapter 2: Lagrangians for Chiral Superfields.

[8] T. Banks, L. J. Dixon, D. Friedan, and E. J. Martinec, ’Phenomenology and conformal field theory’ or ’Can string theory predict the weak mixing angle?’, Nucl. Phys. B299 (1988) 613–626.

[9] F. Quevedo, Lectures on superstring phenomenology, hep-th/9603074.

[10] E. Cremmer, S. Ferrara, L. Girardello, and A. Van Proeyen, Coupling supersymmetric Yang-Mills theories to supergravity, Phys. Lett. B116 (1982) 231.

[11] J. A. Casas, A. Ibarra, and C. Munoz, Phenomenological viability of string and M-theory scenarios, Nucl. Phys. B554 (1999) 67, [hep-ph/9810266].

[12] J. A. Casas, Charge and color breaking, http://arXiv.org/abs/hep-ph/9707475.

[13] ATLAS Collaboration, ATLAS: Letter of intent for a general purpose p p experiment at the large hadron collider at CERN, . CERN-LHCC-92-4.

[14] P. Jenni, EAGLE: experiment for accurate gamma, lepton and energy measurements, [35]. Presented at General Meeting on LHC Physics and Detectors Towards the LHC Experimental Program, Evian-les-Bains, France.

[15] P. R. Norton, ASCOT: A detector for the LHC: Expression of interest, [35].

Presented at General Meeting on LHC Physics and Detectors Towards the LHC Experimental Program, Evian-les-Bains, France.

[16] ATLAS Collaboration, Higgs Bosons, ch. 19. In [36], May, 1999.

[17] ATLAS Collaboration, ATLAS Inner Detector Technical Design Report.

No. CERN/LHCC/97-16. April, 1997.

[18] ATLAS Collaboration, ATLAS Calorimeter Performance Technical Design Report. No. CERN/LHCC/96-40. December, 1996.

[19] ATLAS Collaboration, ATLAS muon spectrometer: Technical design report.

No. CERN-LHCC-97-22. 1997.

[20] E. Richter-Was, D. Froidevaux, and L. Poggioli, ATLFAST 2.0: a fast simulation package for ATLAS, Tech. Rep. ATL-PHYS-98-131, 1998.

[21] ATLAS Collaboration, W. W. Armstrong et. al., ATLAS: Technical proposal for a general-purpose p p experiment at the large hadron collider at CERN, . CERN-LHCC-94-43.

[22] L. Poggioli, D. Froidevaux, and C. Guyot, Physics performance for various muon system configurations, Tech. Rep. ATL-PHYS-95-076, 1995.

[23] ATLAS Collaboration, ATLAS Detector and Physics Performance Technical Design Report 1. No. CERN-LHCC-99-014 ATLAS-TDR-14. May, 1999.

[24] D. R. Tovey, Measuring the SUSY mass scale at the LHC, Phys. Lett. B498 (2001) 1–10, [hep-ph/0006276].

[25] I. Hinchliffe, F. E. Paige, M. D. Shapiro, J. Soderqvist, and W. Yao, Precision SUSY measurements at LHC, Phys. Rev. D55 (1997) 5520–5540, [hep-ph/9610544].

[26] ATLAS Collaboration, Fitting minimal SUGRA parameters. In [36], May, 1999.

Section 20.2.9.

[27] ATLAS Collaboration, Supergravity Models. In [36], May, 1999. Sections 20.2.3-20.2.6.

[28] H. Bachacou, I. Hinchliffe, and F. E. Paige, Measurements of masses in SUGRA models at LHC, Phys. Rev. D62 (2000) 015009, [hep-ph/9907518].

[29] G. Polesello, L. Poggioli, E. Richter-Was, and J. Söderqvist, “Precision SUSY measurements with ATLAS for SUGRA point 5.” ATLAS Internal Note, 1997. ATL-PHYS-97-111.

[30] C. G. Lester and D. J. Summers, Measuring masses of semi-invisibly decaying particle pairs produced at hadron colliders., Phys. Lett. B463 (1999) [hep-ph/9906349].

[31] G. Corcella et. al., HERWIG 6.1 release note, hep-ph/9912396.

[32] F. E. Paige, S. D. Protopopescu, H. Baer, and X. Tata, ISAJET 7.40: A monte carlo event generator for p p, anti-p p, and e+ e- reactions, hep-ph/9810440.

[33] E. Richter-Was, D. Froidevaux, and J. Söderqvist, “Precision SUSY measurements with ATLAS for SUGRA points 1 and 2.” ATLAS Internal Note, 1997. ATL-PHYS-97-108.

[34] G. Ciapetti and A. Di Ciaccio, Monte carlo simulation of minimum bias events at the LHC energy, in Aachen LHC Workshop (G. Jarlskog and D. Rein, eds.), vol. 2, pp. 155–162, Dec, 1990.

[35] Proceedins of the General Meeting on LHC Physics and Detectors Towards the LHC Experimental Program, Evian-les-Bains, France, 5-8 Mar, 1992.

[36] ATLAS Collaboration, ATLAS Detector and Physics Performance Technical Design Report 2. No. CERN-LHCC-99-015 ATLAS-TDR-15. May, 1999.