{ 1{

THE HIGGS BOSON Revised October 1997 by I. Hinchliffe (LBNL).

The Standard Model [1] contains one neutral scalar Higgs boson, which is a remnant of the mechanism that breaks the SU(2) × U(1) symmetry and generates the W and Z boson masses. The Higgs couples to quarks and leptons of mass m_f with a strength gm_f /2M_W . Its coupling to W and Z bosons is of strength g, where g is the coupling constant of the SU(2) gauge theory. The branching ratio of the Higgs boson into various final states is shown in Fig. 1.

Figure 1: The branching ratio of the Higgs boson into γγ, τ τ, bb, tt, cc, ZZ, and W W as a function of the Higgs mass. For ZZ and W W , if M_H < 2M_Z (or M_H < 2M_W ), the value indicated is the rate to ZZ^∗ (or W W^∗) where Z^∗ (W^∗) denotes a virtual Z (W ). The cc rate depends sensitively on the poorly-determined charmed quark mass.

CITATION: C. Caso et al., The European Physical Journal C3, 1 (1998) and (URL: http://pdg.lbl.gov/)

June 3, 1998 10:39

{ 2{

The Higgs coupling to stable matter is very small while its coupling to the top quark and to W and Z bosons is substantial. Hence its production is often characterized by a low rate and a poor signal to background ratio. A notable exception would be its production in the decay of the Z boson (for example Z → Hqq). Since large numbers of Z’s can be produced and the coupling of the Z to the Higgs is unsuppressed, experiments at LEP are now able to rule out a significant range of Higgs masses.

If the Higgs mass is very large, the couplings of the Higgs to itself and to longitudinally polarized gauge bosons become large. Requiring that these couplings remain weak enough so that perturbation theory is applicable implies that M_H . 1 TeV [2]. While this is not an absolute bound, it is an indication of the mass scale at which one can no longer speak of an elementary Higgs boson. This fact is made more clear if one notes that the width of the Higgs boson is proportional to the cube of its mass (for M_H > 2M_Z ) and that a boson of mass 1 TeV has a width of 500 GeV.

A scalar field theory of the type that is used to describe Higgs self-interactions can only be an effective theory (valid over a limited range of energies) if the Higgs self-coupling and hence the Higgs mass is finite. An upper bound on the Higgs mass can then be determined by requiring that the coupling has a finite value at all scales up to the Higgs mass [3]. Nonperturbative calculations using lattice [4] gauge theory that compute at arbitrary values of the Higgs coupling indicate that M_H . 770 GeV.

If the Higgs mass were small, then the vacuum (ground) state with the correct value of M_W would cease to be the true ground state of the theory [5]. A theoretical constraint can then be obtained from the requirement that our universe is in the true minimum of the Higgs potential [6]. The constraint depends upon the top quark mass and upon the scale (Λ) up to which the Standard Model remains valid. This scale must be at least 1 TeV, resulting in the constraint [7] M_H > 52 GeV + 0.64 (M_{top}–175 GeV). This constraint is weaker than that from the failure to directly observe the Higgs boson. The bound

{ 3{

increases monotonically with the scale, for Λ = 10^{19} GeV, M_H > 135 GeV + 1.9 (M_{top}–175 GeV) − 680 (α_s(M_Z ) − 0.117). This constraint may be too restrictive. Strictly speaking we can only require that the predicted lifetime of our universe, if it is not at the true minimum of the Higgs potential, be longer than its observed age [8,9]. For Λ = 1 TeV there is no meaningful constraint; and for Λ = 10^{19} GeV M_H > 130 GeV + 2.3 (M_{top} − 175 GeV) − 815(α_s(M_Z ) − 0.117) [10].

Experiments at LEP are able to exclude a large range of Higgs masses. They search for the decay Z → HZ^∗ or e^+e^− → ZH. Here Z^∗ refers to a virtual Z boson that can appear in the detector as e^+e^−, μ^+μ^−, τ^+τ^−, νν (i.e., missing energy) or hadrons. The experimental searches have considered both H → hadrons and H → τ^+τ^−. The best limits are shown in the Particle Listings below.

Precision measurement of electroweak parameters such as M_W , M_{top}, and the various asymmetries at LEP and SLC are sensitive enough that they can constrain the Higgs mass through its effect in radiative corrections. The current unpublished limit is M_H < 450 GeV, at 95% CL with a central value of M_H = 127^{+127}_{−72} GeV [11]. See also the article in this Review on the “Electroweak Model and Constraints on New Physics.”

The process e^+e^− → ZH [12] should enable neutral Higgs bosons of masses up to 95 GeV to be discovered at LEP at a center-of-mass energy of 190 GeV [13]. The current unpublished limits corresponding to the failure to observe this process at LEP imply M_H > 77.5 GeV at 95% CL [14]. If the Higgs is too heavy to be observed at LEP, there is a possibility that it could be observed at the Tevatron via the processes pp → HZX [15] and pp → W HX [16]. Failing this, its discovery will have to wait until experiments at the LHC. If the neutral Higgs boson has mass greater than 2M_Z , it will likely be discovered via its decay to ZZ and the subsequent decay of the Z’s to charged leptons (electrons or muons) or of one Z to charged leptons and the other to neutrinos. A challenging region is that between the ultimate limit of LEP and 2M_Z . At the upper end of this range the decay to a real and a virtual Z, followed by the decay to charged leptons is available. The decay rate of the Higgs boson

{ 4{

into this channel falls rapidly as M_H is reduced and becomes too small for M_H . 140 GeV. For masses below this, the decays H → γγ and possibly H → bb [17] are expected to be used. The former has a small branching ratio and large background, the latter has a large branching ratio, larger background and a final state that is difficult to fully reconstruct [18].

Extensions of the Standard Model, such as those based on supersymmetry [19], can have more complicated spectra of Higgs bosons. The simplest extension has two Higgs doublets whose neutral components have vacuum expectation values v_1 and v_2, both of which contribute to the W and Z masses. The physical particle spectrum contains one charged Higgs boson (H^±), two neutral scalars (H^0_1 , H^0_2 ),^∗ and one pseudoscalar (A) [20]. See also the articles in this Review on Supersymmetry.

In the simplest version of the supersymmetric model (see the Reviews on Supersymmetry), the mass of the lightest of these scalars depends upon the top quark mass, the ratio v_2/v_1 (≡ tan β), and the masses of the other supersymmetric particles. For M_{top} = 174 GeV, there is a bound M_H0_1 . 130 GeV [21,22] at large tan β. The bound reduces as tan β is lowered.

The H^0_1 , H^0_2 , and A couplings to fermions depend on v_2/v_1 and are either enhanced or suppressed relative to the couplings in the Standard Model. As the masses of H^0_2 and A increase, the mass of H^0_1 approaches the bound, and the properties of this lightest state become indistinguishable from those a Standard Model Higgs boson of the same mass. This observation is important since the discovery of a single Higgs boson at LEP with Standard Model couplings would not be evidence either for or against the minimal supersymmetric model. However the failure to find a Higgs boson of mass less than 130 GeV would be definite evidence against the minimal supersymmetric Standard Model. In more complicated supersymmetric models, there is always a Higgs boson of mass less than 160 GeV.

Experiments at LEP are able to exclude ranges of masses for neutral Higgs particles in these models. Production processes that are exploited are e^+e^− → ZH^0_1 and e^+e^− → AH^0_1 . No signal is seen; the mass limits are (weakly) dependent upon the masses of other supersymmetric particles and upon tan β.

{ 5{

Currently M_H0_1 , M_A > 62 GeV. See the Particle Listings below on H^0_1 , Mass Limits in Supersymmetric Models.

Charged Higgs bosons can be pair-produced in e^+e^− annihilation. Searches for charged Higgs bosons depend on the assumed branching fractions to ντ , cs, and cb. Data from LEP now exclude charged Higgs bosons of mass less than 54.5 GeV [23]. See the Particle Listings for details of the H^± Mass Limit.

A charged Higgs boson could also be produced in the decay of a top quark, t → H^+b. A search at CDF excludes M_H+ < 147 GeV for tan β > 100 where the branching ratio H^+ → τ ν is large and at tan β < 1 where the BR(t → H^+b) is large [24]. The region at intermediate values of tan β will be probed as the number of produced top quarks increases. Searches for these non-standard Higgs bosons will be continued at LEP [13] and at LHC [25]

Notes and References ∗H^0_1 and H^0_2 are usually called h and H in the literature. 1. S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

A. Salam, in “Elementary Particle Theory,” W. Svartholm, ed., Almquist and Wiksell, Stockholm (1968); S.L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2, 1285 (1970).

2. M. Veltman, Acta Phys. Polon. B8, , (194)75(1977);

B.W. Lee, C. Quigg, and H. Thacker, Phys. Rev. D16, 1519 (1977);

D. Dicus and V. Mathur, Phys. Rev. D7, 3111 (1973). 3. L. Maiani, G. Parisi, and R. Petronzio, Nucl. Phys. B136, 115 (1978);

R. Dashen and H. Neuberger, Phys. Rev. Lett. 50, 1897 (1983).

4. U.M. Heller, M. Klomfass, H. Neuberger, and P. Vranas Nucl. Phys. B405, 555 (1993);

J. Kuti, L. Lin, and Y. Shen, Phys. Rev. Lett. 61, 678 (1988);

M. Gockeler, K. Jansen, and T. Neuhaus, Phys. Lett. B273, 450 (1991);

U.M. Heller, H. Neuberger, and P. Vranas, Phys. Lett. B283, 335 (1992).

5. A.D. Linde, JETP Lett. 23, 64 (1976) [Pis’ma Zh. Eksp.

Teor. Fiz. 23, 73 (1976)];

{ 6{

S. Weinberg, Phys. Rev. Lett. 36, 294 (1976).

6. M. Lindner, M. Sher, and H.W. Zaglauer, Phys. Lett.

B228, 139 (1988).

7. M.J. Duncan, R. Phillipe, and M. Sher, Phys. Lett. 153B, 165 (1985);

G. Altarelli and I. Isidori, Phys. Lett. B337, 141 (1994); J.A. Casas, J.R. Espinosa, and M. Quiros, Phys. Lett. B342, 171 (1995); Phys. Lett. B382, 374 (1996).

8. G. Anderson, Phys. Lett. B243, 265 (1990). 9. P.B. Arnold, Phys. Rev. D40, 613 (1989).

10. J.R. Espinosa and M. Quiros, Phys. Lett. B353, 257 (1995);

M. Quiros hep-ph/9703412.

11. LEP/SLD Electroweak Working Group reported by A.

Boehm at 1997 Rencontres de Moriond.

12. J. Ellis, M.K. Gaillard, D.V. Nanopoulous, Nucl. Phys.

B106, 292 (1976);

J.D. Bjorken, in Weak Interactions at High Energies and the Production of New Particles, SLAC report 198 (1976); B.I. Ioffe and V.A. Khoze, Sov. J. Nucl. Phys. 9, 50 (1978).

13. LEP-2 report, CERN 96-01 (1996).

14. P. Bock et al., LEP Higgs Boson Searches Working Group, CERN-EP/98-46.

15. W.M. Yao, FERMILAB-CONF-96-383-E (1996). 16. S. Kuhlman and W.M. Yao, Proceedings of 1996 Snowmass Summer Study, ed. D.G. Cassel et al., p. 610.

17. A. Stange, W. Marciano, S. Willenbrock Phys. Rev. D50, 4491 (1994);

J.F. Gunion, and T. Han, Phys. Rev. D51, 1051 (1995). 18. ATLAS technical proposal, CERN/LHCC/94-43, CMS technical proposal CERN/LHCC/94-38.

19. For a review of these models see, for example, I. Hinchliffe, Ann. Rev. Nucl. and Part. Sci. 36, 505 (1986).

20. J.F. Gunion, H.E. Haber, G.L. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison-Wesley, Redwood City, CA, 1990).

21. J. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B257, 83 (1991).

22. M. Carena, J.R. Espinosa, M. Quiros, and C.E.M. Wagner, Phys. Lett. B355, 209 (1995).

23. P. Abreu et al., Phys. Lett. B420, 140 (1998). 24. CDF collaboration, Phys. Rev. Lett. 79, 357 (1997). 25. D. Froidevaux, ATLAS NOTE Phys-074 (1996).