hep-ph/9905369 17 May 1999

FERMILAB-CONF-99/033-T

ELECTROWEAK SYMMETRY BREAKING AND THE HIGGS SECTOR^∗

Chris QUIGG

Theoretical Physics Department, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510 USA E-mail: quigg@fnal.gov

(Received May 17, 1999)

These three lectures review the state of our understanding of electroweak interactions and the search for the agent of electroweak symmetry breaking. The themes of the lectures are (i) the electroweak theory and its experimental status, (ii) the standard-model Higgs boson, and (iii) aspects of electroweak theory beyond the standard SU (2)_L ⊗ U (1)_Y model.

PACS numbers: 12.15.-y, 12.60.Fr, 14.80.Bn, 14.80.Cp

1. Introduction

The central challenge in particle physics is to explore the 1-TeV scale and elucidate the nature of electroweak symmetry breaking. A key element in this quest is the search for the Higgs boson, the agent of electroweak symmetry breaking in the standard electroweak theory.

Uncovering the secrets of the Higgs sector is the focus of much present and future experimental research. The LEP 2 experiments are searching now for a light Higgs boson and for low-scale supersymmetry. At the Tevatron, CDF and DØ will begin next year a high-luminosity run with considerable sensitivity to new physics, and offer promise for decisive light-Higgs searches in the future. The Large Hadron Collider at CERN will bring extensive explorations of TeV-scale physics beginning in about 2005. Linear colliders now on the drawing boards would offer complementary possibilities for the study of electroweak symmetry breaking.

These three lectures offer a short course in the current state of electroweak symmetry breaking and the Higgs sector. The subject is vast, so

∗ Presented at the XXVII International Meeting on Fundamental Physics, Sierra Nevada (Granada), Spain, 1 – 5 February 1999.

many important topics will receive only a schematic treatment. Complementary views of the electroweak panorama are to be found in other recent lecture notes [1, 2, 3, 4, 5, 6, 7].

2. The Electroweak Theory

2.1. Brief Résumé and Perspective

Let us review the essential elements of the SU(2)_L ⊗ U(1)_Y electroweak theory [8, 9, 10]. The electroweak theory takes three crucial clues from experiment:

• The existence of left-handed weak-isospin doublets, ( ν_e e ) L ( ν_μ μ ) L ( ν_τ τ ) L and ( u d^′ ) L ( c s^′ ) L ( t b^′ ) L ; • The universal strength of the weak interactions;

• The idealization that neutrinos are massless.

To save writing, we shall construct the electroweak theory as it applies to a single generation of leptons. In this form, it is neither complete nor consistent: anomaly cancellation requires that a doublet of color-triplet quarks accompany each doublet of color-singlet leptons. However, the needed generalizations are simple enough to make that we need not write them out.

To incorporate electromagnetism into a theory of the weak interactions, we add to the SU(2)_L family symmetry suggested by the first two experimental clues a U(1)_Y weak-hypercharge phase symmetry. We begin by specifying the fermions: a left-handed weak isospin doublet L = ( ν_e e ) L (2.1)

with weak hypercharge Y_L = −1, and a right-handed weak isospin singlet

R ≡ e_R (2.2)

with weak hypercharge Y_R = −2.

The electroweak gauge group, SU(2)_L⊗U(1)_Y , implies two sets of gauge fields: a weak isovector ⃗b_μ, with coupling constant g, and a weak isoscalar A_μ, with coupling constant g^′. Corresponding to these gauge fields are the field-strength tensors

F^ℓ_{μν} = ∂_ν b^ℓ_μ − ∂_μb^ℓ_ν + gε_{jkℓ}b^j_μb^k_ν , (2.3)

for the weak-isospin symmetry, and

f_{μν} = ∂_νA_μ − ∂_μA_ν , (2.4)

for the weak-hypercharge symmetry. We may summarize the interactions by the Lagrangian L = L_{gauge} + L_{leptons} , (2.5) with L_{gauge} = − 1 4 F^ℓ_{μν} F^{ℓμν} − 1 4 f_{μν} f^{μν} , (2.6) and L_{leptons} = R iγ^μ ( ∂_μ + i g^′ 2 A_μY ) R (2.7) + L iγ^μ ( ∂_μ + i g^′ 2 A_μY + i g 2 ⃗τ ·⃗b_μ ) L. The SU(2)_L ⊗ U(1)_Y gauge symmetry forbids a mass term for the electron in the matter piece (2.7). Moreover, the theory we have described contains four massless electroweak gauge bosons, namely A_μ, b^1_μ, b^2_μ, and b^3_μ, whereas Nature has but one: the photon. To give masses to the gauge bosons and constituent fermions, we must hide the electroweak symmetry.

The most apt analogy for the hiding of the electroweak gauge symmetry is found in superconductivity. In the Ginzburg-Landau description [11] of the superconducting phase transition, a superconducting material is regarded as a collection of two kinds of charge carriers: normal, resistive carriers, and superconducting, resistanceless carriers.

In the absence of a magnetic field, the free energy of the superconductor is related to the free energy in the normal state through

G_{super}(0) = G_{normal}(0) + α |ψ|^2 + β |ψ|^4 , (2.8)

where α and β are phenomenological parameters and |ψ|^2 is an order parameter that measures the density of superconducting charge carriers. The parameter β is non-negative, so that the free energy is bounded from below.

Above the critical temperature for the onset of superconductivity, the parameter α is positive and the free energy of the substance is supposed

Fig. 1. Ginzburg-Landau description of the superconducting phase transition.

to be an increasing function of the density of superconducting carriers, as shown in Figure 1(a). The state of minimum energy, the vacuum state, then corresponds to a purely resistive flow, with no superconducting carriers active. Below the critical temperature, the parameter α becomes negative and the free energy is minimized when ψ = ψ_0 ≠ 0, as illustrated in Figure 1(b).

This is a nice cartoon description of the superconducting phase transition, but there is more. In an applied magnetic field ⃗H, the free energy is G_{super}( ⃗H) = G_{super}(0) + ⃗H 2 8π + 1 2m^⋆ | − ih̄∇ψ − (e^⋆/c) ⃗Aψ|^2 , (2.9) where e^⋆ and m^⋆ are the charge (−2 units) and effective mass of the superconducting carriers. In a weak, slowly varying field ⃗H ≈ 0, when we can approximate ψ ≈ ψ_0 and ∇ψ ≈ 0, the usual variational analysis leads to the equation of motion, ∇^2 ⃗A − 4πe^⋆ m^⋆c^2

|ψ_0|^2 ⃗A = 0 , (2.10)

the wave equation of a massive photon. In other words, the photon acquires a mass within the superconductor. This is the origin of the Meissner effect, the exclusion of a magnetic field from a superconductor. More to the point for our purposes, it shows how a symmetry-hiding phase transition can lead to a massive gauge boson.

To give masses to the intermediate bosons of the weak interaction, we take advantage of a relativistic generalization of the Ginzburg-Landau phase transition known as the Higgs mechanism [12]. We introduce a complex doublet of scalar fields ϕ ≡ ( ϕ^+ ϕ^0 ) (2.11)

with weak hypercharge Y_ϕ = +1. Next, we add to the Lagrangian new (gauge-invariant) terms for the interaction and propagation of the scalars,

L_{scalar} = (D^μϕ)^†(D_μϕ) − V (ϕ^†ϕ), (2.12)

where the gauge-covariant derivative is

D_μ = ∂_μ + i g^′ 2 A_μY + i g 2 ⃗τ ·⃗b_μ , (2.13) and the potential interaction has the form

V (ϕ^†ϕ) = μ^2(ϕ^†ϕ) + |λ| (ϕ^†ϕ)^2. (2.14)

We are also free to add a Yukawa interaction between the scalar fields and the leptons, L_{Yukawa} = −G_e [ R(ϕ^†L) + (Lϕ)R^] . (2.15)

We then arrange their self-interactions so that the vacuum state corresponds to a broken-symmetry solution. The electroweak symmetry is spontaneously broken if the parameter μ^2 < 0. The minimum energy, or vacuum state, may then be chosen to correspond to the vacuum expectation value

⟨ϕ⟩_0 = ( 0 v/ √ 2 ) , (2.16)

where the numerical value of v = √ −μ^2/ |λ| = ( G_F √ 2 )_− 1_2

≈ 246 GeV (2.17)

is fixed by the low-energy phenomenology of charged-current interactions.

As a result of spontaneous symmetry breaking, the weak bosons acquire masses, as auxiliary scalars assume the role of the third (longitudinal) degrees of freedom of what had been massless gauge bosons. Specifically, the mediator of the charged-current weak interaction, W^± = (b_1 ∓ ib_2)/ √ 2, acquires a mass characterized by M^2_W = πα/G_F √ 2 sin^2 θ_W , where θ_W is the weak mixing angle. The mediator of the neutral-current weak interaction, Z = b_3 cos θ_W − A sin θ_W , acquires a mass characterized by M^2_Z = M^2_W / cos^2 θ_W . After spontaneous symmetry breaking, there remains an unbroken U(1)_{em} phase symmetry, so that electromagnetism is mediated by a massless photon, A = A cos θ_W + b_3 sin θ_W , coupled to the electric charge e = gg^′/ √ g^2 + g^{′2}. As a vestige of the spontaneous breaking of the symmetry, there remains a massive, spin-zero particle, the Higgs boson. The mass of the Higgs scalar is given symbolically as M^2_H = −2μ^2 > 0, but we have no prediction for its value. Though what we take to be the work of the Higgs boson is all around us, the Higgs particle itself has not yet been observed.

The fermions (the electron in our abbreviated treatment) acquire masses as well; these are determined not only by the scale of electroweak symmetry breaking, v, but also by their Yukawa interactions with the scalars. The mass of the electron is set by the dimensionless coupling constant G_e = m_e √ 2/v ≈ 3 × 10^{−6}, which is both small and—so far as we now know— arbitrary.

2.2. Experimental Update

It will be helpful for orientation to recall some of the recent precision electroweak measurements as presented at the DPF99 Conference in Los Angeles [13, 14]. We will go looking for trouble in §2.4 below, but the overall assessment is that electroweak observables are in accord with the predictions of the standard model at the level of 0.1% [15, 16]. The degree of agreement is summarized pictorially in Figure 2 (cf. Table 1 of Ref. [16]). Taken together, the Z^0-pole data from the LEP experiments and SLD yield a weak mixing parameter

sin^2 θ^{eff}_W = 0.23128 ± 0.00022. (2.18)

Direct measurements at LEP 2 and the Tevatron give the W -boson mass

M_W = (80.39 ± 0.06) GeV/c^2 , (2.19)

while the “world-average” top-quark mass from CDF and DØ is

m_t = (174.3 ± 5.1) GeV/c^2 . (2.20)

The NuTeV experiment at Fermilab has reported a competitive indirect determination of the W mass, inferred from measurements of the ν_μN and ν̄_μN cross sections. They find

M_W = (80.26 ± 0.11) GeV/c^2 . (2.21)

Thanks to a new evaluation of the finite part of the O(α^2) correction to the muon lifetime [17], we have a new determination of the Fermi constant measured in muon decay,

G_μ = (1.16637 ± 0.00001) × 10^{−5} GeV^{−2} . (2.22)

Fig. 2. Precision electroweak measurements and the pulls they exert on a global fit to the standard model, from Ref. [15].

Bennett and Wieman (Boulder) have reported a new determination of the weak charge of Cesium by measuring the transition polarizability for the 6S-7S transition [18]. The new value,

Q_W (Cs) = −72.06 ± 0.28 (expt) ± 0.34 (theory), (2.23)

represents a seven-fold improvement in the experimental error and a significant reduction in the theoretical uncertainty. It differs by 2.5 standard deviations from the prediction of the standard model. We are left with the traditional situation in which elegant measurements of parity nonconservation in atoms are on the edge of incompatibility with the standard model.

From the wealth of particle searches and cross-section measurements at LEP 2, let us simply remark that no anomalies whatever have been noted in the reactions

e^+e^− →

W^+W^− Z^0Z^0 ℓ^+ℓ^− qq̄ . (2.24)

Similarly, the overall conclusion from HERA is that the neutral-current and charged-current cross sections measured in e^+p collisions have the expected character and reproduce the known values of M_W and M_Z.

2.3. Experimental Clues about M_H

The success of the electroweak theory means that it makes sense to use standard-model fits to the electroweak observables to determine “best” values for the parameters that are not yet directly constrained by experiment. Over the past decade, the greatest sensitivity has been to the value of the top-quark mass, and fits to the electroweak observables gave early indications for the great mass of the top quark [19]. Now that the top-quark mass is known rather well from Tevatron experiments, we can interrogate the quantum corrections to electroweak observables for the best value of the Higgs-boson mass. In detail, the inferences depend upon the data set selected and the values adopted for the “known” parameters, including the value of the fine structure constant α(M^2_Z) evaluated at the Z^0 pole. The consensus of the fits is that, within the standard electroweak theory, the Higgs boson may be just around the corner. In the global fit of Erler and Langacker [16], which is representative of other work, the best-fit value for the mass of the standard-model Higgs boson is

M_H = 107^{+67}_{−45} GeV/c^2 , (2.25)

and the 95% CL upper limit is M_H ∼< 255 GeV/c^2. A very interesting question is, how are these constraints relaxed in specific theories other than the standard model?

2.4. Some Experimental Issues

Suppose, in the face of the spectacular successes of the electroweak theory, we go looking for trouble. Where might we find it? The heavy top quark gives rise to the theoretical suspicion that anomalies are most likely to show themselves in the third generation of quarks and leptons. As it happens, the only suggestive anomaly in precision measurements on the Z^0 pole involves b quarks. The forward-backward asymmetry for bb̄ events measured at LEP and the left-right forward-backward asymmetry for bb̄ events measured at SLD indicate a three-standard-deviation difference from the standard model for A_b =

L^2_b − R^2_b L^2_b + R^2_b

, (2.26)

where L_b and R_b are the left-handed and right-handed chiral couplings of the Z to b quarks. At tree level in the standard model, they take the values

L^{theory} b = −1 +^2_3 sin^2 θ_W ≈ −0.846 , (2.27) R^{theory} b =^2_3 sin^2 θ_W ≈ 0.154 ,

Current measurements imply that

A^{exp}_b = (0.94 ± 0.02)A^{theory}_b . (2.28)

We must reconcile this apparent discrepancy with the good agreement between the quantity R_b = Γ(Z^0 → bb̄)/Γ(Z^0 → hadrons), which is sensitive to the combination L^2_b + R^2_b . The current data say that

R^{exp}_b = (1.004 ± 0.004)R^{theory}_b , (2.29)

which implies that L^2_b + R^2_b = 0.7432 ± 0.0040 . (2.30) We can solve (2.28) and (2.30) simultaneously; choosing the appropriate signs, we find

L^{exp}_b = −0.836 ± 0.004 , (2.31) R^{exp}_b = 0.2117 ± 0.0176 .

Expressed as deviations from the standard model, we have

δL_b ≡ L^{theory}_b − L^{exp}_b = −0.010 ± 0.004 , (2.32) δR_b ≡ R^{theory}_b − R^{exp}_b = −0.0577 ± 0.0176 .

Neither effect is titanic! However, the suggestion that δR_b/R^{theory}_b ≈ −40% (whereas δL_b/L^{theory}_b ≈ 1%) can be taken as an indication that if we want to look for trouble, the right-handed b coupling is the place to look. If this anomaly is real, we might expect to observe flavor-changing neutral-current transitions b → s, b → d, and s → d.

2.5. An Assessment

Experiments over the past twenty-five years have brought us numerous confirmations of the SU(2)_L ⊗ U(1)_Y electroweak theory: the existence of neutral currents, the necessity of charm, and the existence and properties of the weak gauge bosons W^± and Z^0. Experiment has also given essential guidance to the form of the evolving standard model through the discovery of the third generation of leptons (ν_τ , τ) and quarks (t, b). And, finally, experiment has given us a number of significant surprises that have shaped both experimental and theoretical opportunities: the narrowness of J/ψ and ψ^′, the unexpectedly long B lifetime, the large degree of B^0–B̄^0 mixing, the extreme heaviness of the top quark, and—very likely—evidence of neutrino oscillations.

Ten years of precision measurements have found no significant deviations from the predictions of the electroweak theory. A series of quite remarkable experiments, not to mention the accompanying evolution in theorectical calculations, have tested the quantum corrections of the electroweak theory— loop effects—to a precision of one per mil. The net result of this prodigious effort is that we have no found no evidence for new physics . . . yet.

It is remarkable that the resulting theory has been tested at distances ranging from about 10^{−17} cm to about 4 × 10^{20} cm, especially when we consider that classical electrodynamics has its roots in the tabletop experiments that gave us Coulomb’s law. These basic ideas were modified in response to the quantum effects observed in atomic experiments. Highenergy physics experiments both inspired and tested the unification of weak and electromagnetic interactions. At distances longer than common experience, electrodynamics—in the form of the statement that the photon is massless—has been tested in measurements of the magnetic fields of the planets. With additional assumptions, the observed stability of the Magellanic clouds provides evidence that the photon is massless over distances of about 10^{22} cm [20].

The extraordinary success of the electroweak theory leaves us with these urgent questions: Is the electroweak theory true? Can it be complete?

3. The Standard-Model Higgs Boson

3.1. Why the Higgs Boson Must Exist

How can we be sure that a Higgs boson, or something very like it, will be found? One path to the theoretical discovery of the Higgs boson involves its

Fig. 3. Lowest-order contributions to the e^+e� → W^+W � scattering amplitude.

role in the cancellation of high-energy divergences. An illuminating example is provided by the reaction

e^+e^− → W^+W^−, (3.1)

which is described in lowest order by the four Feynman graphs in Figure 3. The contributions of the direct-channel γ- and Z^0-exchange diagrams of Figs. 3(a) and (b) cancel the leading divergence in the J = 1 partialwave amplitude of the neutrino-exchange diagram in Figure 3(c). This is the famous “gauge cancellation” observed in experiments at LEP 2 and the Tevatron.

However, the J = 0 partial-wave amplitude, which exists in this case because the electrons are massive and may therefore be found in the “wrong” helicity state, grows as s^{1/2} for the production of longitudinally polarized gauge bosons. The resulting divergence is precisely cancelled by the Higgs boson graph of Figure 3(d). If the Higgs boson did not exist, something else would have to play this role. From the point of view of S-matrix analysis, the Higgs-electron-electron coupling must be proportional to the electron mass, because “wrong-helicity” amplitudes are always proportional to the fermion mass.

Let us underline this result. If the gauge symmetry were unbroken, there would be no Higgs boson, no longitudinal gauge bosons, and no extreme divergence difficulties. But there would be no viable low-energy phenomenology of the weak interactions. The most severe divergences of individual diagrams are eliminated by the gauge structure of the couplings among gauge bosons and leptons. A lesser, but still potentially fatal, divergence arises because the electron has acquired mass—because of the Higgs mechanism. Spontaneous symmetry breaking provides its own cure by supplying a Higgs boson to remove the last divergence. A similar interplay and compensation must exist in any satisfactory theory.

3.2. Bounds on M_H

The Standard Model does not give a precise prediction for the mass of the Higgs boson. We can, however, use arguments of self-consistency to place plausible lower and upper bounds on the mass of the Higgs particle in the minimal model. Unitarity arguments [21] lead to a conditional upper bound on the Higgs boson mass. It is straightforward to compute the amplitudes M for gauge boson scattering at high energies, and to make a partial-wave decomposition, according to M(s, t) = 16π ∑ J (2J + 1)a_J (s)P_J (cos θ) . (3.2)

Most channels “decouple,” in the sense that partial-wave amplitudes are small at all energies (except very near the particle poles, or at exponentially large energies), for any value of the Higgs boson mass M_H. Four channels are interesting:

W^+_L W^−_L Z^0_LZ^0_L/ √ 2 HH/ √ 2 HZ^0_L , (3.3)

where the subscript L denotes the longitudinal polarization states, and the factors of √ 2 account for identical particle statistics. For these, the swave amplitudes are all asymptotically constant (i.e., well-behaved) and proportional to G_F M^2_H . In the high-energy limit,^1

lim s≫M^2H

(a_0) →

−G_F M^2_H 4π √ 2 · 1 1/ √ 8 1/ √ 8 0 1/ √ 8 3/4 1/4 0 1/ √ 8 1/4 3/4 0 0 0 0 1/2

. (3.4)

Requiring that the largest eigenvalue respect the partial-wave unitarity condition |a_0| ≤ 1 yields M_H ≤ ( 8π √ 2 3G_F )_1/_2

= 1 TeV/c^2 (3.5)

as a condition for perturbative unitarity.

If the bound is respected, weak interactions remain weak at all energies, and perturbation theory is everywhere reliable. If the bound is violated, perturbation theory breaks down, and weak interactions among W^±, Z, and H become strong on the 1-TeV scale. This means that the features of strong interactions at GeV energies will come to characterize electroweak gauge boson interactions at TeV energies. We interpret this to mean that new phenomena are to be found in the electroweak interactions at energies not much larger than 1 TeV.

It is worthwhile to note in passing that the threshold behavior of the partial-wave amplitudes for gauge-boson scattering follows generally from chiral symmetry [23]. The partial-wave amplitudes a_{IJ} of definite isospin I and angular momentum J are given by a_{00} ≈ G_F s/8π √ 2 attractive, a_{11} ≈ G_F s/48π √ 2 attractive, (3.6) a_{20} ≈ −G_F s/16π √ 2 repulsive.

The electroweak theory itself provides another reason to expect that discoveries will not end with the Higgs boson. Scalar field theories make sense on all energy scales only if they are noninteracting, or “trivial” [24]. The vacuum of quantum field theory is a dielectric medium that screens charge. Accordingly, the effective charge is a function of the distance or, equivalently, of the energy scale. This is the famous phenomenon of the running coupling constant.

1 It is convenient to calculate these amplitudes by means of the Goldstone-boson equivalence theorem [22], which reduces the dynamics of longitudinally polarized gauge bosons to a scalar field theory with interaction Lagrangian given by Lint = −λvh(2w^+w^− + z^2 + h^2) − (λ/4)(2w^+w^− + z^2 + h^2)^2, with 1/v^2 = GF √ 2 and λ = GF M^2H/ √ 2.

In λϕ^4 theory (compare the interaction term in the Higgs potential), it is easy to calculate the variation of the coupling constant λ in perturbation theory by summing bubble graphs like this one:

. (3.7)

The coupling constant λ(μ) on a physical scale μ is related to the coupling constant on a higher scale Λ by 1 λ(μ) = 1 λ(Λ) + 3 2π^2 log (Λ/μ) . (3.8)

This perturbation-theory result is reliable only when λ is small, but lattice field theory allows us to treat the strong-coupling regime.

In order for the Higgs potential to be stable (i.e., for the energy of the vacuum state not to race off to −∞), λ(Λ) must not be negative. Therefore we can rewrite (3.8) as an inequality, 1 λ(μ) ≥ 3 2π^2 log (Λ/μ) . (3.9)

This gives us an upper bound,

λ(μ) ≤ 2π^2/3 log (Λ/μ) , (3.10)

on the coupling strength at the physical scale μ. If we require the theory to make sense to arbitrarily high energies—or short distances—then we must take the limit Λ → ∞ while holding μ fixed at some reasonable physical scale. In this limit, the bound (3.10) forces λ(μ) to zero. The scalar field theory has become free field theory; in theorist’s jargon, it is trivial.

We can rewrite the inequality (3.10) as a bound on the Higgs-boson mass. Rearranging and exponentiating both sides gives the condition

Λ ≤ μ exp ( 2π^2 3λ(μ) ) . (3.11)

Choosing the physical scale as μ = M_H , and remembering that, before quantum corrections, M^2_H = 2λ(M_H)v^2 , (3.12)

Fig. 4. Bounds on the Higgs-boson mass that follow from requirements that the electroweak theory be consistent up to the energy scale Λ. The upper bound follows from triviality conditions; the lower bound follows from the requirement that V (v) < V (0). Also shown is the range of masses permitted at the 95% confidence level by precision measurements.

where v = (G_F √ 2)^{−1/2} ≈ 246 GeV is the vacuum expectation value of the Higgs field times √ 2, we find that

Λ ≤ M_H exp ( 4π^2v^2 3M^2_H ) . (3.13)

For any given Higgs-boson mass, there is a maximum energy scale Λ^⋆ at which the theory ceases to make sense. The description of the Higgs boson as an elementary scalar is at best an effective theory, valid over a finite range of energies.

This perturbative analysis breaks down when the Higgs-boson mass approaches 1 TeV/c^2 and the interactions become strong. Lattice analyses [25] indicate that, for the theory to describe physics to an accuracy of a few percent up to a few TeV, the mass of the Higgs boson can be no more than about 710 ± 60 GeV/c^2. Another way of putting this result is that, if the elementary Higgs boson takes on the largest mass allowed by perturbative unitarity arguments, the electroweak theory will be living on the brink of instability.

A lower bound is obtained by computing [26] the first quantum corrections to the classical potential (2.14). Requiring that ⟨ϕ⟩_0 ≠ 0 be an absolute minimum of the one-loop potential up to a scale Λ yields the vacuum-stability condition

M^2_H > 3G_F √ 2 8π^2

(2M^4_W + M^4_Z − 4m^4_t ) log(Λ^2/v^2) . (3.14)

The upper and lower bounds plotted in Figure 4 are the results of full two-loop calculations [27]. There I have also indicated the upper bound on M_H derived from precision electroweak measurements in the framework of the standard electroweak theory. If the Higgs boson is relatively light—which would itself require explanation—then the theory can be self-consistent up to very high energies. If the electroweak theory is to make sense all the way up to a unification scale Λ^⋆ = 10^{16} GeV, then the Higgs-boson mass must lie in the interval 145 GeV/c^2 ∼< M_W ∼< 170 GeV/c^2 [28].

3.3. Higgs-Boson Properties

Once we assume a value for the Higgs-boson mass, it is a simple matter to compute the rates for Higgs-boson decay into pairs of fermions or weak bosons [29]. For a fermion with color N_c, the partial width is

Γ(H → ff̄ ) =

G_F m^2_f M_H 4π √ 2 · N_c · ( 1 − 4m^2_f M^2_H

)_3/_2

, (3.15)

which is proportional to M_H in the limit of large Higgs mass. The partial width for decay into a W^+W^− pair is

Γ(H → W^+W^−) =

G_F M^3_H 32π √ 2 (1 − x)^{1/2}(4 − 4x + 3x^2) , (3.16)

where x ≡ 4M^2_W /M^2_H . Similarly, the partial width for decay into a pair of Z^0 bosons is

Γ(H → Z^0Z^0) =

G_F M^3_H 64π √ 2 (1 − x^′)^{1/2}(4 − 4x^′ + 3x^{′2}) , (3.17)

where x^′ ≡ 4M^2_Z/M^2_H . The rates for decays into weak-boson pairs are asymptotically proportional to M^3_H and^1_2 M^3_H, respectively, the factor^1_2

Fig. 5. Branching fractions for the prominent decay modes of a light Higgs boson.

arising from weak isospin. In the final factors of (3.16) and (3.17), 2x^2 and 2x^{′2}, respectively, arise from decays into transversely polarized gauge bosons. The dominant decays for large M_H are into pairs of longitudinally polarized weak bosons.

Branching fractions for decay modes that hold promise for the detection of a light Higgs boson are displayed in Figure 5. In addition to the ff̄ and V V modes that arise at tree level, I have included the γγ mode that proceeds through loop diagrams. Though rare, the γγ channel offers an important target for LHC experiments.

Figure 6 shows the partial widths for the decay of a Higgs boson into the dominant W^+W^− and Z^0Z^0 channels and into tt̄, for m_t = 175 GeV/c^2. Whether the tt̄ mode will be useful to confirm the observation of a heavy Higgs boson, or merely drains probability from the ZZ channel favored for a heavy-Higgs search, is a question for detailed detector simulations.

Below the W^+W^− threshold, the total width of the standard-model Higgs boson is rather small, typically less than 1 GeV. Far above the threshold for decay into gauge-boson pairs, the total width is proportional to M^3_H . At masses approaching 1 TeV/c^2, the Higgs boson is an ephemeron, with a perturbative width approaching its mass. The Higgs-boson total width is plotted as a function of M_H in Figure 7.

Fig. 6. Partial widths for the prominent decay modes of a heavy Higgs boson.

Fig. 7. Higgs-boson total width as a function of mass.

Fig. 8. Lowest-order contributions to the e^+e� → HZ^0 scattering amplitude.

3.4. Higgs-Boson Searches [30]

3.4.1. e^+e^− Collisions at LEP

Because the standard-model Higgs boson couples to fermion mass, the cross section for the reaction e^+e^− → H → all is minute (∝ m^2_e). With any remotely conceivable luminosity, even the narrowness of a light Higgs boson is not enough to make it visible. This circumstance sets aside a traditional strength of electron-positron colliders: pole physics. Instead, the most promising reaction for Higgs-boson physics at an e^+e^− collider is associated production, e^+e^− → HZ , (3.18)

that corresponds to the Feynman diagram in Figure 8, which has no small couplings. The cross section [31], σ = πα^2 8 √ s K(K^2 + 3M^2_Z)[1 + (1 − 4x_W )^2] (s − M^2_Z )^2 x^2_W (1 − x_W )^2

, (3.19)

where K is the c.m. momentum of the Higgs boson and x_W ≡ sin^2 θ_W , approaches about ten percent of σ(e^+e^− → μ^+μ^−).

Searching in the observable channels of the reaction (3.18), the four LEP 2 experiments are sensitive nearly to the kinematical boundary

M^{max}_H = √ s − M_Z . (3.20)

Recent running at √ s = 189 GeV leads to upper limits that lie within a few GeV/c^2 of M^{max}_H [32]. If the Higgs boson is established at LEP 2, it should be possible to determine its mass within a few hundred MeV/c^2 [33].

Well above threshold, the angular distribution of Higgs production is characteristic of the CP character of the Higgs boson. For the CP -even standard-model Higgs boson, 1 σ dσ d cos θ

∝ sin^2 θ , (3.21)

while for a CP -odd Higgs boson, the production angular distribution is 1 σ dσ d cos θ

∝ 1 + cos^2 θ . (3.22)

The angular distribution will be a powerful diagnostic—once a Higgs boson is observed. For other techniques to determine the parity of a Higgs particle, see [34].

3.4.2. e^+e^− Collisions at a Linear Collider

At e^+e^− linear colliders above the LEP 2 energy scale, the most promising reactions for the production of Higgs bosons are (3.18) plus the gaugeboson–fusion reactions

e^+e^− → { νν̄H (W^+W^− fusion) e^+e^−H (Z^0Z^0 fusion) . (3.23)

The capabilities of linear colliders for the Higgs-boson search (and for a rich variety of other investigations) have been summarized by Murayama and Peskin [35] and in the report of the ECFA/DESY Linear Collider Working Group [36]. Thorough searches and incisive determinations of Higgs-boson couplings are possible. It is plausible that, by measuring the e^+e^− → HZ excitation curve for a light Higgs boson, M_H could be determined as well as M_W . A typical estimate is

δM_H ≈ 60 MeV/c^2 √ 100 fb^{−1} L , for M_H = 100 GeV/c^2 . (3.24)

By shining high-power, high-repetition-rate, eV-energy lasers onto the e^+ and e^− (or e^− and e^−) beams in a linear collider, it is possible to create a γγ collider with definite polarization and useful luminosity. Such an instrument would be well suited to the study of the formation reaction γγ → H → bb̄ , (3.25) with a rate proportional to Γ(H → γγ)Γ(H → bb̄)/Γ(H → all). Knowing the bb̄ branching ratio, one therefore has a direct determination of the H → γγ coupling, an important diagnostic for the physics of electroweak symmetry breaking.

3.4.3. A μ^+μ^− Higgs Factory

In common with the electron, the muon is an elementary lepton at our current limits of resolution. Its energy is not shared among many partons, so the muon is a more efficient delivery vehicle for high energies than is the composite proton. Because the muon is so massive, synchrotron radiation does not represent a barrier to small, high-energy, circular machines—as it does for electrons.

Beyond the suggestion of these practical advantages, muons offer a possibly decisive physics advantage. The great seduction of a First Muon Collider is that the cross section for the reaction μ^+μ^− → H, direct-channel formation of the Higgs boson, is larger than the cross section for e^+e^− → H by a factor (m_μ/m_e)^2 ≈ 42, 750. This is a very large factor. The tantalizing question is whether it is large enough to make possible a “Higgs factory” with the luminosities that may be achieved in μ^+μ^− colliders. In e^+e^− collisions, as we have remarked, the s-channel formation cross section is hopelessly small. That is why the associated-production reaction e^+e^− → HZ has become the preferred search mode at LEP 2.

The properties of the muon also raise challenges to the construction and exploitation of a μ^+μ^− collider. The muon is not free: it doesn’t come out of a bottle like the proton or boil off a metal plate like the electron. On the other hand, it is readily produced in the decay π → μν. Still, gathering large numbers of muons in a dense beam is a formidable engineering challenge, and the focus of much of the R&D effort over the next few years. The muon is also not stable, but decays with a lifetime of 2.2 μs into μ^− → e^−ν̄_eν_μ. We must act fast to capture, cool, accelerate, and use muons, and must be able to replenish the supply quickly. Multiply 2.2 μs by whatever Lorentz (γ) factor you like for a muon collider, it is still a very short time.

The important possibility that a μ^+μ^− collider can operate as a Higgs factory has been studied extensively [37, 38]. If the Higgs boson is light (M_H ∼< 2M_W ), and therefore narrow, then the muon’s large mass makes it thinkable that the reactions

μ^+μ^− → H → bb̄ and other modes

will occur with a large rate that will enable a comprehensive study of the properties of the Higgs boson. We assume that a light Higgs boson has been found, and that its mass has been determined with an uncertainty of ±(100 - 200) MeV/c^2 [33]. Then suppose that an optimized machine is built with √ s = M_H .

The muon’s mass confers another important instrumental advantage: the momentum spread of a muon collider is naturally small, and can be made extraordinarily small. The Higgs factory [39] would operate in two modes:

• modest luminosity (0.05 fb^{−1}/year) and high momentum resolution (σ_p/p = 3 × 10^{−5});

• standard luminosity (0.6 fb^{−1}/year) and normal momentum resolution (σ_p/p = 10^{−3}).

At high resolution, the spread in c.m. energy is comparable to the natural width of a light Higgs boson: σ^√_s ≈ a few MeV ≈ Γ(H → all). At normal resolution, σ^√_s ≫ Γ(H → all). It is worth remarking that the Higgs factory would be small, with a circumference of just 380 meters, and that the number of turns a muon makes in one lifetime is 820.

The first order of business is to run in the high-resolution mode to determine the Higgs-boson mass with exquisite precision. The procedure contemplated is to scan a large number of points (determined by 2ΔM_H/σ^√_s ≈ 100), each with enough integrated luminosity to establish a three-standard-deviation excess. If each point requires an integrated luminosity 0.0015 fb^{−1}, then the scan requires 100 × 0.0015 fb^{−1} = 0.15 fb^{−1}, about three nominal years of running. The reward is that, after the scan, the Higgs-boson mass will be known with an uncertainty of ΔM_H ≈ σ^√_s ≈ 2 MeV/c^2, which is quite stunning.

Extended running in the form of a three-point scan of the Higgs-boson line at √ s = M_H , M_H ± σ^√_s would then make possible an unparalleled exploration of Higgs-boson properties. With an integrated luminosity of 0.4 fb^{−1} one may contemplate precisions of ΔM_H ≈ 0.1 MeV/c^2, ΔΓ_H ≈ 0.5 MeV ≈^1_6 Γ_H , Δ(σ·B(H → bb̄)) ≈ 3%, and Δ(σ·B(H → W W^⋆)) ≈ 15%.

These are impressive measurements indeed. The width of the putative Higgs boson is an important discriminant for supersymmetry, for it can range from the standard-model value to considerably larger values. Within the minimal supersymmetric extension of the standard model (MSSM), the ratio of the bb̄ and W W^⋆ yields is essentially determined by M_A, the mass of the CP-odd Higgs boson. In the decoupling limit, M_A → ∞, the MSSM reproduces the standard-model ratio. Deviations indicate that A is light. In the most optimistic scenario, this measurement could determine M_A well enough to guide the development of a second (CP-odd) Higgs factory using the reaction μ^+μ^− → A.

Again, these remarkable measurements exact a high price. At a luminosity of 0.05 fb^{−1}/year, it takes 8 years to accumulate 0.40 fb^{−1} after the scan to determine M_H within machine resolution. It is plain that this program becomes considerably more compelling if the Higgs-factory luminosity can be raised by a factor of 2 or 3—or more! Let us note finally that the flux

Fig. 9. Cross sections for Higgs-boson production in 2-TeV p̄p collisions, from Ref. [41].

of decay electrons challenges the operation of silicon detectors close to the interaction point [40].

3.4.4. p̄p Collisions at the Tevatron

The cross sections for Higgs-boson production at the Tevatron are shown in Figure 9 [41]. The values—no larger than a few picobarns—highlight the need for large integrated luminosity and favorable branching fractions. At the same time, many processes become accessible once the integrated luminosity exceeds a few fb^{−1}.

The most promising channel for searches at the Tevatron will be the bb̄ mode, for which the branching fraction exceeds about 50% throughout the region preferred by supersymmetry and the precision electroweak data. At the Tevatron, the direct production of a light Higgs boson in gluongluon fusion gg → H → bb̄ is swamped by the ordinary QCD production of bb̄ pairs. Even with an integrated luminosity of 30 fb^{−1}, the experiments anticipate only < 1-σ excess, with plausible invariant-mass resolution. It will be possible to calibrate the bb̄ mass resolution over the region of the

Higgs search in Run II, which aims to accumulate 2 fb^{−1}: the electroweak production of Z^0 → bb̄ should stand well above background and be clearly observable in Run II [42].

The high background in the bb̄ channel means that special topologies must be employed to improve the ratio of signal to background and the significance of an observation. The high luminosities that can be contemplated for a future run argue that the associated-production reactions

p̄p → HW + anything | | |→ ℓν |→ bb̄ (3.26)

and p̄p → HZ + anything | | |→ ℓ_+ℓ_− + νν̄ |→ bb̄ (3.27)

are plausible candidates for a Higgs discovery at the Tevatron [43].

The prospects for exploiting these topologies were explored in detail in connection with the Run II Supersymmetry / Higgs Workshop at Fermilab [44]. Taking into account what is known, and what might conservatively be expected, about sensitivity, mass resolutions, and background rejection, these investigations show that it is unlikely that a standard-model Higgs boson could be observed in Tevatron Run II. (Note, however, that the ability to use W → qq̄ decays would markedly increase the sensitivity.) The prospects are much brighter for Run III. Indeed, the sensitivity to a light Higgs boson is what motivates the integrated luminosity of 30 fb^{−1} specified for Run III.

The detection strategy evolved in the Supersymmetry / Higgs Workshop involves combining the HZ and HW signatures of (3.26) and (3.27), and adding the data from the CDF and DØ detectors. Prospects are summarized in Figure 10, which shows as a function of the Higgs-boson mass the luminosity required for exclusion at 95% confidence level (dashed line), three-standard-deviation evidence (thin solid line), and five-standard-deviation discovery (thick solid line). We see that an integrated luminosity of 2 fb^{−1}, expected in Run II, is insufficient for a convincing observation of a standard-model Higgs boson with a mass too large to be observed at LEP 2. However, a 95% CL exclusion is possible up to about 125 GeV/c^2. On the other hand, about 10 fb^{−1} would permit detailed study of a standard-model Higgs boson discovered at LEP 2. If the Higgs boson lies beyond the reach of LEP 2, M_H ∼>(100 – 105) GeV/c^2, then a 5-σ discovery will be possible in a future Run III of the Tevatron (30 fb^{−1}) for masses up to about

Fig. 10. Integrated luminosity projected for the detection of a standard-model Higgs boson at the Tevatron Collider.

(125 – 130) GeV/c^2. This prospect is the most powerful incentive we have for Run III. Over the range of masses accessible in associated production at the Tevatron, it should be possible to determine the mass of the Higgs boson to ±(1 – 3) GeV/c^2.

Recent studies [45] suggest that it may be possible to extend the reach of the Tevatron significantly by making use of the real-W –virtual-W (W W^∗) decay modes for Higgs boson produced in the elementary reaction gg → H. As we saw in the discussion leading up to Figure 6, the W W^∗ channel has the largest branching fraction for M_H ∼> 140 GeV/c^2. According to the analysis summarized in Figure 10, the large cross section × branching fraction of the gg → H → W W^∗ mode extends the 3-σ detection sensitivity of Run III into the region 145 GeV/c^2 ∼< M_H ∼< 180 GeV/c^2. This is an extremely exciting opportunity, and it is important that the W W^∗ proposal receive independent critical analysis. For the moment, it appears that the determination of the Higgs-boson mass would have limited precision, perhaps δM_H ≈ 30 GeV/c^2 [46]. This question also requires additional study.

3.4.5. pp Collisions at the LHC

Many significant advances have informed preparations for experiments at the Large Hadron Collider. These include new or enhanced detector components and improved integration of individual elements into a high-performance detector, refined Monte Carlo tools, the evolution of new techniques for computing multiparton amplitudes, and progress in accelerator technology. The capabilities of the LHC experiments to search for, and study, the Higgs boson are thoroughly documented in the Technical Proposals [47]. I will confine myself here to a few summary comments.

A 5-σ discovery is possible up to M_H ≈ 800 GeV/c^2 in a combination of the channels H → Z Z | | |→ ℓ_+ℓ_− |→ ℓ_+ℓ_−, (3.28)

H W | | |→ bb̄ |→ ℓν (3.29)

and H → γγ or perhaps τ^+τ^−.

The reach of LHC experiments can be extended by making use of the channels H → Z Z | | |→ ℓ_+ℓ_− or νν̄

|→ jet jet,

(3.30)

and H → W W | | |→ ℓν |→ jet jet.

(3.31)

For Higgs-boson masses below about 300 GeV/c^2, it should be possible to determine the Higgs mass to 100-300 MeV/c^2 [33]. For a recent exposition of the prospects for Higgs-boson searches from LEP to the LHC, see the lectures by Dittmar [48].

4. Higgs Physics beyond the Standard Model

In this final lecture, I want to review some indications for physics beyond the standard model, and explore some possibilities for the new phenomena we might encounter. To begin, I want to revisit a longstanding, but usually unspoken, challenge to the completeness of the electroweak theory as we have defined it: the vacuum energy problem. I do so not only for its intrinsic interest, but also to raise the question, “Which problems of completeness and consistency do we worry about at a given moment?” It is perfectly acceptable science—indeed, it is often essential—to put certain problems aside, in the expectation that we will return to them at the right moment. What is important is never to forget that the problems are there, even if we do not allow them to paralyze us. Then I will return to the significance of the 1-TeV scale, and move on to brief comments on supersymmetry and technicolor. The final topic of this lecture is the problem of fermion masses, which is undoubtedly linked to the question of electroweak symmetry breaking, but calls for new insights that will go beyond the standard model.

4.1. The Vacuum Energy Problem

For our simple choice (2.14) of the Higgs potential, the value of the potential at the minimum is

V (⟨ϕ^†ϕ⟩_0) = μ^2v^2 4 = − |λ| v^4 4 < 0. (4.1)

Identifying M^2_H = −2μ^2, we see that the Higgs potential contributes a fieldindependent constant term, ϱ_H ≡ M^2_H v^2 8 . (4.2)

I have chosen the notation ϱ_H because the constant term in the Lagrangian plays the role of a vacuum energy density. When we consider gravitation, adding a vacuum energy density ϱ_{vac} is equivalent to adding a cosmological constant term to Einstein’s equation. Although recent observations [49] raise the intriguing possibility that the cosmological constant may be different from zero, the essential observational fact is that the vacuum energy density must be very tiny indeed [50],

ϱ_{vac} ∼< 10^{−46} GeV^4 . (4.3)

Therein lies the puzzle: if we take v = (G_F √ 2)^{− 1}2 ≈ 246 GeV from (2.17) and insert the current experimental lower bound [32] M_H ∼> 95 GeV/c^2 into (4.2), we find that the contribution of the Higgs field to the vacuum energy density is ϱ_H ∼> 7.6 × 10^7 GeV^4, (4.4) some 54 orders of magnitude larger than the upper bound inferred from the cosmological constant.

What are we to make of this mismatch, which has been apparent [51, 52, 53, 54] for nearly a quarter of a century? The fact that ϱ_H ≫ ϱ_{vac} means that the smallness of the cosmological constant needs to be explained. In a unified theory of the strong, weak, and electromagnetic interactions, other (heavy!) Higgs fields have nonzero vacuum expectation values that may give rise to still greater mismatches. At a fundamental level, we can therefore conclude that a spontaneously broken gauge theory of the strong, weak, and electromagnetic interactions—or merely of the electroweak interactions— cannot be complete. Either we must find a separate principle that zeroes the vacuum energy density of the Higgs field, or we may suppose that a proper quantum theory of gravity, in combination with the other interactions, will resolve the puzzle of the cosmological constant. In an interesting paper that prefigured the idea of “large” extra dimensions, van der Bij [55] has argued that because gravity and the Higgs field are both universal, they must be linked, perhaps in a spontaneously broken gravity in which the standard-model Higgs boson is the origin of the Planck mass.

The vacuum energy problem must be an important clue. But to what?

4.2. Why is the Electroweak Scale Small?

In the first two lectures, we have outlined the electroweak theory, emphasized that the need for a Higgs boson (or substitute) is quite general, and reviewed the properties of the standard-model Higgs boson. By considering a thought experiment, gauge-boson scattering at very high energies, we found a first signal for the importance of the 1-TeV scale. Now, let us explore another path to the 1-TeV scale.

The SU(2)_L ⊗ U(1)_Y electroweak theory does not explain how the scale of electroweak symmetry breaking is maintained in the presence of quantum corrections. The problem of the scalar sector can be summarized neatly as follows [56]. The Higgs potential is

V (ϕ^†ϕ) = μ^2(ϕ^†ϕ) + |λ| (ϕ^†ϕ)^2 . (4.5)

With μ^2 chosen to be less than zero, the electroweak symmetry is spontaneously broken down to the U(1) of electromagnetism, as the scalar field acquires a vacuum expectation value that is fixed by the low-energy phenomenology,

⟨ϕ⟩_0 = √ −μ^2/2|λ| ≡ (G_F √ 8)^{−1/2} ≈ 175 GeV . (4.6)

Beyond the classical approximation, scalar mass parameters receive quantum corrections from loops that contain particles of spins J = 1, 1/2, and 0:

(4.7) The loop integrals are potentially divergent. Symbolically, we may summarize the content of (4.7) as

m^2(p^2) = m^2(Λ^2) + Cg^2

∫_Λ2

p^2

dk^2 + · · · , (4.8)

where Λ defines a reference scale at which the value of m^2 is known, g is the coupling constant of the theory, and the coefficient C is calculable in any particular theory. Instead of dealing with the relationship between observables and parameters of the Lagrangian, we choose to describe the variation of an observable with the momentum scale. In order for the mass shifts induced by radiative corrections to remain under control (i.e., not to greatly exceed the value measured on the laboratory scale), either Λ must be small, so the range of integration is not enormous, or new physics must intervene to cut off the integral.

If the fundamental interactions are described by an SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y gauge symmetry, i.e., by quantum chromodynamics and the electroweak theory, then the natural reference scale is the Planck mass,

Λ ∼ M_{Planck} = ( h̄c G_{Newton}

)_1/_2

≈ 1.22 × 10^{19} GeV . (4.9)

In a unified theory of the strong, weak, and electromagnetic interactions, the natural scale is the unification scale,

Λ ∼ M_U ≈ 10^{15}-10^{16} GeV . (4.10)

Both estimates are very large compared to the scale of electroweak symmetry breaking (4.6). We are therefore assured that new physics must intervene at an energy of approximately 1 TeV, in order that the shifts in m^2 not be much larger than (4.6).

Only a few distinct scenarios for controlling the contribution of the integral in (4.8) can be envisaged. The supersymmetric solution is especially elegant. Exploiting the fact that fermion loops contribute with an overall minus sign (because of Fermi statistics), supersymmetry balances the contributions of fermion and boson loops. In the limit of unbroken supersymmetry, in which the masses of bosons are degenerate with those of their fermion counterparts, the cancellation is exact: ∑ i=^{fermions}

+bosons C_i ∫ dk^2 = 0 . (4.11)

If the supersymmetry is broken (as it must be in our world), the contribution of the integrals may still be acceptably small if the fermion-boson mass splittings ΔM are not too large. The condition that g^2ΔM^2 be “small enough” leads to the requirement that superpartner masses be less than about 1 TeV/c^2.

A second solution to the problem of the enormous range of integration in (4.8) is offered by theories of dynamical symmetry breaking such as technicolor. In technicolor models, the Higgs boson is composite, and new physics arises on the scale of its binding, Λ_{TC} ≃ O(1 TeV). Thus the effective range of integration is cut off, and mass shifts are under control.

A third possibility is that the gauge sector becomes strongly interacting. This would give rise to W W resonances, multiple production of gauge bosons, and other new phenomena at energies of 1 TeV or so. It is likely that a scalar bound state—a quasi-Higgs boson—would emerge with a mass less than about 1 TeV/c^2 [57].

We cannot avoid the conclusion that some new physics must occur on the 1-TeV scale.

4.3. Supersymmetry

The search for supersymmetry was discussed extensively here in Sierra Nevada by Daniel Treille [58] and Daniel Denegri [59], so I will restrict myself to a few general remarks about the motivation for supersymmetry on the electroweak scale, and its connection with string theory [60, 61, 62].

One of the best phenomenological motivations for supersymmetry on the 1-TeV scale is that the minimal supersymmetric extension of the standard model so closely approximates the standard model itself. A nice illustration of the small differences between predictions of supersymmetric

Fig. 11. The range of best fit predictions of precision observables in the supergravity model (upper horizontal lines), the 5 ⊕ 5� gauge-mediated model (middle lines), the 10 ⊕ 10� gauge-mediated model (lower lines), and in the standard model at its global best fit value (vertical lines), in units of standard deviation, from Ref. [63].

models and the standard model is the compilation of pulls prepared by Erler and Pierce [63], which is shown in Figure 11. This is a nontrivial property of new physics beyond the standard model, and a requirement urged on us by the unbroken quantitative success of the established theory. On the aesthetic—or theoretical—side, supersymmetry is the maximal— indeed, unique—extension of Poincaré invariance. It also offers a path to the incorporation of gravity, since local supersymmetry leads directly to supergravity. As a practical matter, supersymmetry on the 1-TeV scale offers a solution to the naturalness problem, and allows a fundamental scalar to exist at low energies.

When we combine supersymmetry with unification of the fundamental forces, we obtain a satisfactory prediction for the weak mixing parameter, sin^2 θ_W , and a simple picture of coupling-constant unification [64]. Adding an assumption of universality, we are led naturally to a picture in which the top mass is linked with the electroweak scale, so that m_t ≈ v/ √ 2. Finally, the assumption of R-parity leads to a stable lightest supersymmetric particle, which is a natural candidate for the dark matter of the Universe.

Supersymmetry doubles the spectrum of fundamental particles. We know that supersymmetry must be significantly broken in Nature, because the electron is manifestly not degenerate in mass with its scalar partner, the selectron. It is interesting to contemplate just how different the world would have been if the selectron, not the electron, were the lightest charged particle and therefore the stable basis of everyday matter [65]. If atoms were selectronic, there would be no Pauli principle to dictate the integrity of molecules. As Dyson [66] and Lieb [67] demonstrated, transforming electrons and nucleons from fermions to bosons would cause all molecules to shrink into an insatiable undifferentiated blob. Luckily, there is no analogue of chiral symmetry to guarantee naturally small squark and slepton masses. So while supersymmetry menaces us with an amorphous death, it is likely that a full understanding of supersymmetry will enable us to explain why we live in a universe ruled by the exclusion principle.

Many theorists take a step beyond supersymmetry to string theory, the only known consistent theory of quantum gravity [68, 69]. String theory aspires to unite all the fundamental interactions in one (and only one?) theory with few free parameters. If successful, this program might explain the standard-model gauge group, unified extensions to the SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y gauge symmetry, and the fermion content of the standard model. The defining ambition of string theory is to reconcile quantum mechanics and the implications of the uncertainty principle with general relativity and its guiding notion of a smooth spacetime.

String theory makes several generic predictions for physics beyond the standard model: additional U(1) subgroups of the unifying group lead to new gauge bosons, and additional colored fermions augment the spectrum of fundamental constituents. It also requires general relativity and, for consistency, extra spacetime dimensions, some of which might be detectably large [70, 71, 72, 73]. And string theory requires supersymmetry, though not necessarily on the 1-TeV scale.

In spite of what doubters often say, there is experimental support for string theory from accelerator experiments. Superstrings predicted gravity in 1974 [74], and LEP accelerator physicists detected tidal forces in 1993 [75]. What more empirical evidence could one demand?

In a supersymmetric theory, two Higgs doublets are required to give masses to fermions with weak isospin I_3 =^1_2 and I_3 = −^1_2 . Let us designate the two doublets as Φ_1 and Φ_2. Before supersymmetry is broken, the scalar potential has the form

V = μ^2(Φ^2_1 + Φ^2) + g^2 + g^{′2} 8 (Φ^2_1 + Φ^2)^2 + g^2 2 |Φ^∗_1 · Φ_2|^2 . (4.12)

By adding all possible soft supersymmetry-breaking terms, we raise the possibility that the electroweak symmetry will be broken. We choose

⟨Φ_1⟩_0 = v_1 > 0 ,

⟨Φ_2⟩_0 = v_2 > 0 ,

(4.13)

with v^2_1 + v^2 = v^2 and v_2 v_1

≡ tan β . (4.14)

After the W^± and Z^0 acquire masses, five spin-zero degrees of freedom remain as massive spin-zero particles: the lightest scalar h^0, a heavier neutral scalar H^0, two charged scalars H^±, and a neutral pseudoscalar A^0. At tree level, we may express all the (pseudo)scalar masses in terms of M_A and tan β, to find

M^2_h0_{,H}0 = 1 2 { M^2_A + M^2_Z ∓ [ (M^2_A + M^2_Z )^2 − 4M^2_AM^2_Z cos^2 2β

]_1/_2} , (4.15) and M^2_H± = M^2_W + M^2_A . (4.16)

At tree level, there is a simple mass hierarchy, given by

M_h0 < M_Z | cos 2β| M_H0 > M_Z (4.17) M_H± > M_W , but there are very important positive loop corrections to M^2_{h0} (proportional to G_F m^4_t ) that were overlooked in the earliest calculations. These loop corrections change the mass predictions very significantly.

The results of a full, modern calculation [76] are shown in Figure 12. There we see that the mass of the lightest Higgs scalar is largest for large values of the pseudoscalar mass M_A and in the limit of large tan β.

Because the minimal supersymmetric standard model (MSSM) implies upper bounds on the mass of the lightest scalar h^0, it sets attractive targets for experiment. Two such upper bounds are shown as functions of the top-quark mass in Figure 13. The large-tan β limit of a general MSSM yields the upper curve; an infrared-fixed-point scheme with b-τ unification

Fig. 12. Higgs-boson masses in the minimal supersymmetric standard model as a function of M_A for the case A = −μ = M_S = 1 TeV, for a top-quark mass m_t = 175 GeV/c^2, from Ref. [76].

produces an upper bound characterized by the lower curve. The vertical band shows the current information on m_t. We see that the projected sensitivity of LEP 2 experiments covers the full range of lightest-Higgs masses that occur in the infrared-fixed-point scheme. The sensitivity promised by Run III of the Tevatron gives full coveralge of h^0 masses in the MSSM. These are very intriguing experimental possibilities. For further discussion, consult the LEP 2 Yellow Book [76] and the Proceedings of the Tevatron Supersymmetry / Higgs Workshop [44].

4.4. New Strong Dynamics

Dynamical symmetry breaking offers a different solution to the naturalness problem of the electroweak theory: in technicolor, there are no elementary scalars. We hope that solving the dynamics that binds elementary fermions into a composite Higgs boson and other W W resonances will bring addition predictive power. It is worth saying that technicolor is a far more ambitious program than global supersymmetry. It doesn’t merely seek to finesse the hierarchy problem, it aims to predict the mass of the Higgs surrogate. Against the aesthetic appeal of supersymmetry we can weigh technicolor’s excellent pedigree. As we have seen in §2.1, the Higgs mechanism

Fig. 13. Upper bounds on the mass of the lightest Higgs boson, as a function of the top-quark mass, in two variants of the minimal supersymmetric standard model. The upper curve refers to a general MSSM, in the large-tan β limit; the lower curve corresponds to an infrared-fixed-point scenario with b-τ unification, from Ref. [77].

of the standard model is the relativistic generalization of the Ginzburg- Landau description of the superconducting phase transition. Dynamical symmetry breaking schemes—technicolor and its relatives—are inspired by the Bardeen–Cooper–Schrieffer theory of superconductivity, and seek to give a similar microscopic description of electroweak symmetry breaking.

The dynamical-symmetry-breaking approach realized in technicolor theories is modeled upon our understanding of the superconducting phase transition [78, 79, 80]. The macroscopic order parameter of the Ginzburg- Landau phenomenology corresponds to the wave function of superconducting charge carriers, which acquires a nonzero vacuum expectation value in the superconducting state. The microscopic Bardeen-Cooper-Schrieffer theory [81] identifies the dynamical origin of the order parameter with the formation of bound states of elementary fermions, the Cooper pairs of electrons. The basic idea of technicolor is to replace the elementary Higgs boson with a fermion-antifermion bound state. By analogy with the superconducting phase transition, the dynamics of the fundamental technicolor gauge interactions among technifermions generate scalar bound states, and these play the role of the Higgs fields.

The elementary fermions—electrons—and gauge interactions—QED— needed to generate the scalar bound states are already present in the case of superconductivity. Could a scheme of similar economy account for the transition that hides the electroweak symmetry? Consider an SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y theory of massless up and down quarks. Because the strong interaction is strong, and the electroweak interaction is feeble, we may treat the SU(2)_L ⊗ U(1)_Y interaction as a perturbation. For vanishing quark masses, QCD has an exact SU(2)_L ⊗ SU(2)_R chiral symmetry. At an energy scale ∼ Λ_{QCD}, the strong interactions become strong, fermion condensates appear, and the chiral symmetry is spontaneously broken to the familiar flavor symmetry:

SU(2)_L ⊗ SU(2)_R → SU(2)_V . (4.18)

Three Goldstone bosons appear, one for each broken generator of the original chiral invariance. These were identified by Nambu [82] as three massless pions.

The broken generators are three axial currents whose couplings to pions are measured by the pion decay constant f_π. When we turn on the SU(2)_L⊗ U(1)_Y electroweak interaction, the electroweak gauge bosons couple to the axial currents and acquire masses of order ∼ gf_π. The mass-squared matrix,

M^2 = g^2 0 0 0 0 g^2 0 0 0 0 g^2 gg^′ 0 0 gg^′ g^{′2} f^2_π 4 , (4.19)

(where the rows and columns correspond to W^+, W^−, W_3, and A) has the same structure as the mass-squared matrix for gauge bosons in the standard electroweak theory. Diagonalizing the matrix (4.19), we find that M^2_W = g^2f^2_π /4 and M^2_Z = (g^2 + g^{′2})f^2_π /4, so that

M^2_Z M^2_W = (g^2 + g^{′2})

g^2 = 1 cos^2 θ_W

. (4.20)

The photon emerges massless.

The massless pions thus disappear from the physical spectrum, having become the longitudinal components of the weak gauge bosons. Unfortunately, the mass acquired by the intermediate bosons is far smaller than required for a successful low-energy phenomenology; it is only [83] M_W ≈ 30 MeV/c^2.

The minimal technicolor model of Weinberg [84] and Susskind [85] transcribes the same ideas from QCD to a new setting. The technicolor gauge group is taken to be SU(N)_{TC} (usually SU(4)_{TC}), so the gauge interactions of the theory are generated by

SU(4)_{TC} ⊗ SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y . (4.21)

The technifermions are a chiral doublet of massless color singlets ( U D ) L U_R, D_R . (4.22)

With the electric charge assignments Q(U) =^1_2 and Q(D) = −^1_2 , the theory is free of electroweak anomalies. The ordinary fermions are all technicolor singlets.

In analogy with our discussion of chiral symmetry breaking in QCD, we assume that the chiral TC symmetry is broken,

SU(2)_L ⊗ SU(2)_R ⊗ U(1)_V → SU(2)_V ⊗ U(1)_V . (4.23)

Three would-be Goldstone bosons emerge. These are the technipions

π^+_T , π^0_T , π^−_T , (4.24)

for which we are free to choose the technipion decay constant as

F_π = ( G_F √ 2 )_{−1}/_2

= 246 GeV . (4.25)

This amounts to choosing the scale on which technicolor becomes strong. When the electroweak interactions are turned on, the technipions become the longitudinal components of the intermediate bosons, which acquire masses

M^2_W = g^2F^2_π /4 = πα G_F √ 2 sin^2 θ_W M^2_Z = ( g^2 + g^{′2} ) F^2_π /4 = M^2_W / cos^2 θ_W

, (4.26)

that have the canonical Standard Model values, thanks to our choice (4.25) of the technipion decay constant.

Technicolor shows how the generation of intermediate boson masses could arise without fundamental scalars or unnatural adjustments of parameters. It thus provides an elegant solution to the naturalness problem of the Standard Model. However, it has a major deficiency: it offers no explanation for the origin of quark and lepton masses, because no Yukawa couplings are generated between Higgs fields and quarks or leptons. Consequently, technicolor serves as a reminder that there are two problems of mass: explaining the masses of the gauge bosons, which demands an understanding of electroweak symmetry breaking; and accounting for the quark and lepton masses, which requires not only an understanding of electroweak symmetry breaking but also a theory of the Yukawa couplings that set the scale of fermion masses in the standard model. We can be confident that the origin of gauge-boson masses will be understood on the 1-TeV scale. We do not know where we will decode the pattern of the Yukawa couplings; I describe a possible approach in §4.5.

To generate fermion mass, we may embed technicolor in a larger extended technicolor gauge group G_{ETC} ⊃ G_{TC} that couples the quarks and leptons to technifermions [86]. If the G_{ETC} gauge symmetry is broken down to G_{TC} at a scale Λ_{ETC}, then the quarks and leptons can acquire masses m ∼ g^2_{ETC}F^3_π Λ^2_{ETC}

. (4.27)

The generation of fermion mass is where all the experimental threats to technicolor arise. The rich particle content of ETC models generically leads to quantum corrections that are in conflict with precision electroweak measurements [87]. Moreover, if quantum chromodynamics is a good model for the chiral-symmetry breaking of technicolor, then extended technicolor produces flavor-changing neutral currents at uncomfortably large levels. We conclude that QCD must not provide a good template for the technicolor interaction.

How could TC dynamics be different from QCD dynamics? Most modern implementations of dynamical symmetry breaking invoke multiple scales [88] to reconcile the generation of fermion masses with the constraints on flavor-changing neutral currents. In traditional ETC, the TC interaction is precociously asympototically free. If instead the technicolor interaction remains strong all the way from F_π to Λ_{ETC}, the link (4.27) between F_π, Λ_{ETC}, and fermion masses is modified to m ∼ g^2_{ETC}F^2_π Λ_{ETC}

, (4.28)

so that the scale Λ_{ETC} that produces the observed fermion masses can be much larger than before. A high ETC scale in turn suppresses flavorchanging neutral-current processes to acceptable levels.

How could the β function of the technicolor interaction be small over a broad range of energy scales? To cancel the antiscreening contribution of gauge bosons, it is necessary to introduce either many fermions, or fermions in higher representations of the gauge group. Adding more fermions enlarges the chiral symmetries and thus increases the number of (pseudo-)Goldstone bosons that arise. The enriched spectrum of such a model could contain light resonances. Eichten, Lane, and Womersley [89] have investigated a model in which the mesons built of techniquarks are relatively light. The spectrum includes technipions π^+_T , π^0_T, and π^−_T with masses around 100 GeV/c^2, and technivector mesons ρ_T and ω_T with masses around 250 GeV/c^2. They have shown that new signatures, ω_T → γπ^0_T |→ bb̄ (4.29) and ρ^+_T → W^+π^0_T |→ bb̄ (4.30)

hold promise for incisive searches in Run II of the Tevatron Collider.

4.5. The Problem of Fermion Masses

The example of technicolor serves to emphasize that solving the origin of electroweak symmetry breaking will not necessarily give us insight into the origin of fermion masses. How are we to make sense of the puzzling pattern of quark masses, for example, shown in Figure 14? Like coupling constants, masses depend upon the momentum scale on which they are defined. The values plotted in Figure 14 are defined in the modified–minimal-subtraction (MS) scheme, and evaluated at the mass of each quark (for c, b, t) or at 1 GeV (for u, d, s).

The running of quark and lepton masses makes it evident that the pattern we perceive in our low-energy experiments is influenced not only by the underlying pattern, but also by the evolution from the scale on which masses are set down to our scale. It is then no surprise that the pattern we discern seems irrational. Perhaps an underlying order might show itself on some other scale.

It is helpful to examine this idea in a specific framework. A simple and convenient example is provided by the SU(5) unified theory of quarks and leptons, and of the strong, weak, and electromagnetic interactions. In the SU(5) theory, spontaneous symmetry breaking occurs in two steps. First, a 24 of scalars breaks

SU(5) → SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y , (4.31)

and gives extremely large masses to the leptoquark gauge bosons X^{±4/3} and Y^{±1/3}. The 24 does not occur in the L̄R products

5^∗ ⊗ 10 = 5 ⊕ 45 (4.32)

Fig. 14. Running masses [m_q(m_q )] of the quarks in the MS scheme.

10 ⊗ 10 = 5^∗ ⊕ 45^∗ ⊕ 50^∗

that generate fermion masses, so the quarks and leptons escape large masses at tree level. In a second step, a 5 of scalars (which contains the standardmodel Higgs doublet) breaks

SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y → SU(3)_c ⊗ U(1)_{em} , (4.33)

and endows the fermions with mass. This pattern of spontaneous symmetry breaking relates quark and lepton masses at the unification scale, predicting that m_e = m_d m_μ = m_s m_τ = m_b at the unification scale MU . (4.34)

The masses of the charge-^2_3 quarks, m_u, m_c, m_t, are separate parameters.

Within the SU(5) framework, it is straightforward to compute the evolution of the masses from M_U to another scale μ [90]. In leading logarithmic approximation, we find that ln [m_{u,c,t}(μ)] ≈ ln [m_{u,c,t}(M_U )] + 12 33 − 2n_f ln ( α_3(μ) α_U ) (4.35) + 27 88 − 8n_f ln ( α_2(μ) α_U ) − 3 10n_f ln ( α_1(μ) α_U ) ,

ln [m_{d,s,b}(μ)] ≈ ln [m_{d,s,b}(M_U )] + 12 33 − 2n_f ln ( α_3(μ) α_U ) (4.36) + 27 88 − 8n_f ln ( α_2(μ) α_U ) + 3 20n_f ln ( α_1(μ) α_U ) , and ln [m_{e,μ,τ} (μ)] ≈ ln [m_{e,μ,τ} (M_U )] (4.37) + 27 88 − 8n_f ln ( α_2(μ) α_U ) − 27 20n_f ln ( α_1(μ) α_U ) , where n_f is the number of quark or lepton flavors. The running of the quark masses receives contributions from the color, weak-isospin, and weakhypercharge interactions, whereas the color force does not influence the evolution of lepton masses. Accordingly, the quark masses run significantly, while the lepton masses run much less. [To simplify a bit, I have omitted the Higgs-boson contributions, which are important in the case of the heavy top quark.^2]

The classic intriguing prediction of the SU(5) theory involves the masses of the b quark and the τ lepton, which are degenerate at the unification point. To compare m_b and m_τ on other scales, we combine (4.36) and (4.37) to write ln [ m_b(μ) m_τ (μ) ] ≈ ln [ m_b(M_U ) m_τ (M_U ) ] + 12 33 − 2n_f ln ( α_3(μ) α_U ) (4.38) − 3 2n_f ln ( α_1(μ) α_U ) . The first term on the right-hand side vanishes, according to (4.34). If we consider the case n_f = 6 with 1/α_U = 40, 1/α_s(μ) = 5, and 1/α_1(μ) = 65, the evolution of m_b and m_τ is shown in Figure 15. At the low scale, we

2 A proper treatment would also take account of fermion (especially top!) threshold effects, and of the large Htt̄ couplings [91].

Fig. 15. Evolution of the τ -lepton and b-quark masses from the unification scale to low energies.

compute m_b = 2.91m_τ ≈ 5.16 GeV/c^2 , (4.39) in suggestive agreement with what we know from experiment. The same procedure would lead to predictions for the first and second generations, at a scale μ ≈ 1 GeV, namely m_s m_d = m_μ m_e ≈ 20 ≈ 200

, (4.40)

which is less successful.

A more elaborate symmetry-breaking scheme—for example, adding a 45 of scalars—can change the relationship between the electron mass and the down-quark mass at the unification scale. A scheme that results in

m_s =^1_3 m_μ, m_d = 3m_e at M_U (4.41)

leads to the low-energy predictions

m_s ≈^4_3 m_μ m_d ≈ 12m_e } at μ ≈ 1 GeV . (4.42)

In the 1990s, this kind of analysis has given rise to a new cottage industry for understanding the pattern of fermion masses—including neutrino masses. Begin with a plausible unified theory, e.g., supersymmetric SU(5), with its advantages for coupling-constant unification and the lowenergy prediction for the weak mixing parameter sin^2 θ_W , or supersymmetric SO(10), to include massive neutrinos. Then find “textures,” simple patterns of Yukawa matrices that lead to successful predictions for masses and mixing angles. Interpret these in terms of patterns of symmetry breaking. Finally, seek a derivation—or at least some motivation—for the explicit entry. I think this is a very interesting strategy; whether progress will be rapid or slow is less obvious to me. But I draw reassurance and encouragement from the fact that some schemes fail on their predictions for m_t or |V_{cb}|. The fact that failure is possible gives meaning to success.

To be sure, there are other plausible approaches to the origin of fermion masses, including composite models, schemes that assign a special role to the top quark, other mechanisms that communicate mass radiatively to the quarks and leptons, and—within the framework of string theory—the idea that the pattern of fermion masses is determined by the topology of extradimensional space. But the general lesson I would draw from the exercise we have just undertaken is that a baffling pattern of masses observed at low energies may well arise from a simple and comprehensible pattern at high scales. For a sampler of recent work along these lines, see [92, 93, 94, 95]

5. Concluding Remarks

Understanding the mechanism of electroweak symmetry breaking is the urgent challenge for particle physics over the next decade. Searches for the Higgs boson and for electroweak physics beyond the standard model give form to the experimental programs at LEP 2, the Tevatron Collider, and the Large Hadron Collider, and guide the explorations of new accelerator projects. Many possibilities for decisive observations lie before us. Looking beyond the exploration of the 1-TeV scale we see the problem of fermion mass, which is intimately linked to electroweak symmetry breaking, and may also lead us to higher scales. I am very optimistic about the prospects for both theoretical and experimental progress. I believe that within the next decade we will complete the gauge-theory revolution, and I confidently expect that nature will give us clues that will lead us to still greater understanding.

Acknowledgments

It is my pleasure to thank Paco del Aguila and Fernando Cornet for organizing a stimulating and enjoyable week in Sierra Nevada. Fermilab is operated by Universities Research Association Inc. under Contract No. DE-AC02-76CH03000 with the United States Department of Energy.

REFERENCES

[1] M. Veltman, “Reflections on the Higgs system,” CERN-97-05.

[2] P. Fayet, “The Standard model and beyond” (hep-ph/9812300).

[3] C. Quigg, “Hadron colliders, the top quark, and the Higgs sector,” in Advanced School on Electroweak Theory, edited by D. Espriu and A. Pich (World Scientific, Singapore, 1998) p. 115 (hep-ph/9707508).

[4] J. Ellis, “Beyond the standard model for hill walkers,” Lectures presented at 1998 European School of High-Energy Physics (hep-ph/9812235).

[5] M. Spira and P. Zerwas, “Electroweak Symmetry Breaking and Higgs Physics” (hep-ph/9803257).

[6] S. Dawson, “Introduction to Electroweak Symmetry Breaking,” Lectures given at the 1998 Summer School in High Energy Physics and Cosmology, Trieste, Italy, June 29-July 17, 1998 (hep-ph/9901280).

[7] D. I. Kazakov, “The Higgs Boson: Shall we see it soon or is it still far away?”

(hep-ph/9905330).

[8] For textbook treatments of the electroweak theory, see C. Quigg, Gauge Theories of the Strong, Weak, and Electromagnetic Interactions (Addison–Wesley, Reading, Mass., 1983); T.-P. Cheng and L.-F. Li, Gauge Theory of Elementary Particle Physics (Oxford University Press, Oxford, 1984); I. J. R. Aitchison and A. J. G. Hey, Gauge Theories in Particle Physics: A Practical Introduction, second edition (Adam Hilger, Bristol, 1989)

[9] M. Herrero, “The Standard Model,” Lectures presented at the NATO Advanced Study Institute, Techniques and Concepts of High Energy Physics, St. Croix, June 18-29 1998 (hep-ph/9812242).

[10] M. K. Gaillard, P. D. Grannis and F. J. Sciulli, “The Standard model of particle physics,” Rev. Mod. Phys. 71, S96 (1999) (hep-ph/9812285), included in More Things in Heaven and Earth: A Celebration of Physics at the Millennium, edited by B. Bederson (Springer-Verlag, New York, 1999), p. 161.

[11] V. L. Ginzburg and L. D. Landau, Zh. Eksp. Teor. Fiz. 20, 1064 (1950);

English translation: Men of Physics: Landau, Vol. I, edited by D. ter Haar (Pergamon, New York, 1965), p. 138.

[12] P. W. Higgs, Phys. Rev. Lett. 12, 132 (1964). The parallel between electroweak symmetry breaking and the Ginzburg-Landau theory is drawn carefully in R. E. Marshak, Conceptual Foundations of Modern Particle Physics (World Scientific, Singapore, 1993), §4.4. For a rich discussion of superconductivity as a consequence of the spontaneous breaking of electromagnetic gauge symmetry, see Steven Weinberg, The Quantum Theory of Fields, vol. 2 (Cambridge University Press, Cambridge, 1996), §21.6.

[13] The transparencies and web-based Proceedings for DPF99 can be found at http://www.physics.ucla.edu/dpf99/.

[14] For a summary and interpretation, see W. J. Marciano, “Precision electroweak measurements and new physics” (hep-ph/9902332).

[15] D. Karlen, “Experimental status of the Standard Model,” plenary address at the XXIX International Conference on High Energy Physics, Vancouver, transparencies available at http://ichep98.triumf.ca. The latest versions of the LEP Electroweak Working Group plots may be found at http://www.cern.ch/LEPEWWG/plots/.

[16] J. Erler and P. Langacker, “Status of the Standard Model,” to appear in the Proceedings of the 5th International WEIN Symposium: A Conference on Physics beyond the Standard Model (WEIN 98), Santa Fe, NM, June 14-21, 1998 (hep-ph/9809352).

[17] T. van Ritbergen and R. Stuart, Phys. Rev. Lett. 82, 488 (1999).

[18] S. C. Bennett and C. E. Wieman, Phys. Rev. Lett. 82, 2484 (1999) (hep-ex/9903022).

[19] A timeline of top masses inferred from precision electroweak measurements, unsuccessful searches, and direct observations appears as Figure 1 of C. Quigg, “Top-ology,” expanded version of an article published in Phys. Today 50, 20 (May 1997) (hep-ph/9704332).

[20] The fascinating history of photon mass measurements is reviewed in many places, including A. S. Goldhaber and M. M. Nieto, Rev. Mod. Phys. 43, 1277 (1991); Sci. Am. 234, 86 (May, 1976); I. Yu. Kobzarev and L. B. Okun, Usp. Fiz. Nauk 95, 131 (1968) [English translation: Sov. Phys.–Uspekhi 11, 338 (1968)]; J. D. Jackson, Classical Electrodynamics, third edition (John Wiley, New York, 1999), §1.2. The best laboratory limit, M_γ < 2 × 10�^{16} eV/c^2, is given by R. Lakes, Phys. Rev. Lett. 80, 1826 (1998). The upper bound on the photon mass can be improved by the analysis of galactic magnetic fields. The most restrictive limit in the literature, M_γ < 3×10�^{28} eV/c^2, has been inferred from the stability of the Magellanic clouds, as discussed by G. V. Chibisov, Usp. Fiz. Nauk 119, 551 (1976) [English translation: Sov. Phys.–Uspekhi 19, 624 (1976)].

[21] B. W. Lee, C. Quigg, and H. B. Thacker, Phys. Rev. D16, 1519 (1977). For a somewhat different approach that leads to similar constraints on the mass of the Higgs boson, see M. Veltman, Acta Phys. Polon. 8, 475 (1977).

[22] In the high-energy limit, an amplitude for longitudinal gauge-boson interactions may be replaced by a corresponding amplitude for the scattering of massless Goldstone bosons: M(W_L, Z_L) = M(w, z) + O(M_W / √ s) The equivalence theorem can be traced to the work of John M. Cornwall, David N. Levin, and George Tiktopoulos, Phys. Rev. D10, 1145 (1974), ibid. 11, 972E

(1975). It was applied to this problem by Lee, Quigg, and Thacker, Ref. [21], and developed extensively by Chanowitz and Gaillard, Ref. [23], and others.

[23] See, for example, M. Chanowitz and M. K. Gaillard, Nucl. Phys. B261, 279 (1985); M. Chanowitz, M. Golden, and H. Georgi, Phys. Rev. D36, 1490 (1987); Phys. Rev. Lett. 57, 2344 (1986).

[24] K. G. Wilson, Phys. Rev. D3, 1818 (1971); Phys. Rev. B4, 3184 (1971); K.

G. Wilson and J. Kogut, Phys. Rep. 12, 76 (1974).

[25] For a review, see Urs M. Heller, Nucl. Phys. B (Proc. Supp.) 34 (1994) 101 (hep-lat/9311058). The numerical analysis that leads to these conclusions is reported in Urs M. Heller, et al., Nucl. Phys. B405, 555 (1993) (hep-ph/9303215).

[26] Lower bounds on the Higgs mass date from the work of A. D. Linde, Zh.

Eksp. Teor. Fiz. Pis’ma Red. 23, 73 (1976) [English translation: JETP Lett. 23, 64 (1976)]; S. Weinberg, Phys. Rev. Lett. 36, 294 (1976). For a review of lower bounds deduced from the requirement of vacuum stability of electroweak potentials, see M. Sher, Phys. Rep. 179, 273 (1989). For useful updates in light of the large mass of the top quark (m_t ≈ 175 GeV/c^2), see G. Altarelli and G. Isidori, Phys. Lett. B337, 141 (1994); J. Espinosa and M. Quirós, Phys. Lett. B353, 257 (1995).

[27] See, for example, J. A. Casas, J. R. Espinosa, M. Quirós and A. Riotto, Nucl.

Phys. B436, 3 (1995); Y. F. Pirogov and O. V. Zenin, “Two-loop renormalization group restrictions on the standard model and the fourth chiral family” (hep-ph/9808396).

[28] L. Maiani, G. Parisi, and R. Petronzio, Nucl. Phys. B136, 115 (1978).

[29] Two early studies provide valuable introductions to a light Higgs boson. See J. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B106, 292 (1976); A. I. Vainshtein, V. I. Zakharov, and M. A. Shifman, Usp. Fiz. Nauk 131, 537 (1980) [English translation: Sov. Phys.–Uspekhi 23, 429 (1980)]. For a first look at the properties of a heavy Higgs boson, see Lee, Quigg, and Thacker, Ref. [21].

[30] A useful general reference is J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison–Wesley, Redwood City, California, 1990).

[31] B.L. Ioffe and V.A. Khoze, Sov. J. Part. Nucl. 9, 50 (1978); Lee, Quigg, and Thacker, Ref. [21].

[32] This is a preliminary indication based on analysis of data recorded at √ s = 189 GeV. Consult the Presentations at the LEPC Physics Jamboree on March 24, 1999 by aleph http://alephwww.cern.ch/ALPUB/seminar/lepc mar99.ps, delphi http://delphiwww.cern.ch/delfigs/figures/vanina981112.ps.gz, L3 http://l3www.cern.ch/conferences/ps/Clare LEPC9811.ps.gz, and opal http://www.cern.ch/Opal/plots/plane/lepc98.html. The combined limit is likely to be a few GeV/c^2 higher than the limits from individual experiments.

[33] For an assessment of the prospects for discovering and determining the mass of a light Higgs boson, see J. F. Gunion, L. Poggioli, R. Van Kooten, C. Kao, P. Rowson, et al., “Higgs Boson Discovery and Properties,” Snowmass ’96 (hep-ph/9703330).

[34] M. Krämer, J. Kühn, M.L. Stong and P. M. Zerwas, Z. Phys. C64, 21 (1994) (hep-ph/9404280).

[35] H. Murayama and M. E. Peskin, “Physics opportunities of e^+e� linear colliders,” Ann. Rev. Nucl. Part. Sci. 46, 533 (1996) (hep-ex/9606003).

[36] E. Accomando, et al. (ECFA/DESY LC Physics Working Group Collaboration), Phys. Rep. 299, 1 (1998) (hep-ph/9705442).

[37] See, for example, V. Barger, M.S. Berger, J.F. Gunion, and T. Han, Phys.

Rev. Lett. 75, 1462 (1995), ibid. 78, 3991 (1997); David B. Cline, Int. J. Mod. Phys. A13, 183 (1998).

[38] M. Demarteau and T. Han, “Higgs Boson and Z Physics at the First Muon Collider,” in Workshop on Physics at the First Muon Collider and Front End of a Muon Collider, edited by S. Geer and R. Raja, AIP Conference Proceedings 435 (American Institute of Physics, Woodbury, NY, 1998), p. 177 (hep-ph/9801407). See also B. Kamal, W. J. Marciano, and Z. Parsa, “Higgs Resonance Studies at the First Muon Collider,” ibid., p. 657 (hep-ph/9712270).

[39] C. Ankenbrandt and S. Geer, “Accelerator Scenario and Parameters,” in Workshop on Physics at the First Muon Collider and Front End of a Muon Collider, edited by S. Geer and R. Raja, AIP Conference Proceedings 435 (American Institute of Physics, Woodbury, NY, 1998), p. 3 (FERMILAB–CONF–98/086, available at http://www-lib.fnal.gov/archive/1998/conf/Conf-98-086.html). A status report from the International Muon Collider Collaboration, to be published in Phys. Rev. ST Accel. Beams, is available at http://www.cap.bnl.gov/mumu/status report.html.

[40] The overall radiation environment is similar to that of the Large Hadron Collider at CERN. For an imaginative proposal to deal with the flux of soft photons, see J. Chapman and S. Geer, “The Pixel Microtelescope,” FERMILAB–CONF–96/375, Snowmass ’96, available at http://www-lib.fnal.gov/archive/1996/conf/Conf-96-375.html.

[41] Michael Spira, “Higgs boson production and decay at the Tevatron” (hep-ph/9810289).

[42] F. Abe, et al. (CDF Collaboration), “Observation of Z decays to bquark pairs at the Tevatron collider,” contributed paper to the 29th International Conference on High-Energy Physics (ICHEP 98), Vancouver, July 23-30, 1998, FERMILAB-CONF-98/197-E, available at http://www-lib.fnal.gov/archive/1998/conf/Conf-98-197-E.html.

[43] A. Stange, W. Marciano and S. Willenbrook, Phys. Rev. D49, 1354 (1994);

Phys. Rev. D50, 4491 (1994).

[44] Work carried out in the context of the Tevatron Run II Supersymmetry/Higgs Workshop at Fermilab may be found at http://fnth37.fnal.gov/susy.html.

[45] Tao Han, André Turcot, and Ren-Jie Zhang, Phys. Rev. D59, 093001 (1999) (hep-ph/9812275).

[46] Tao Han, private communication.

[47] The ATLAS Technical Proposal can be retrieved from ftp://www.cern.ch /pub/Atlas/TP/tp.html. The CMS Technical Proposal is available at http://cmsinfo.cern.ch/TP/TP.html.

[48] M. Dittmar, “Searching for the Higgs and other Exotic Objects: A ‘How to’ Guide from LEP to the LHC” (hep-ex/9901009).

[49] For a cogent summary of current knowledge of the cosmological parameters, including evidence for a cosmological constant, see M. S. Turner, “Cosmological Parameters” (astro-ph/9904051).

[50] For a useful summary of gravitational theory, see §14 of the 1998 Review of Particle Physics, Eur. Phys. J. C 3, 1 (1998).

[51] M. Veltman, Phys. Rev. Lett. 34, 777 (1975). [52] A. D. Linde, JETP Lett. 19, 183 (1974). [53] J. Dreitlein, Phys. Rev. Lett. 33, 1243 (1977). [54] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

[55] J. van der Bij, “Can gravity play a role at the electroweak scale?”

(hep-ph/9507389).

[56] M. Veltman, Acta Phys. Polon. 12, 437 (1981); C. H. Llewellyn Smith, Phys.

Rep. 105, 53 (1984).

[57] I will not discuss this alternative further. See M. S. Chanowitz, “Strong W W scattering at the end of the 90’s: Theory and experimental prospects” (hep-ph/9812215).

[58] D. Treille, These Proceedings. [59] D. Denegri, These Proceedings.

[60] For an approachable introduction, see Joseph D. Lykken, “Introduction to Supersymmetry,” in Fields, Strings, and Duality: TASI 96, edited by C. Efthimiou and B. Greene (World Scientific, Singapore, 1997). p. 85 (hep-th/9612114).

[61] Stephen P. Martin, “A Supersymmetry Primer” (hep-ph/9709356), latest version available at http://zippy.physics.niu.edu/primer.shtml.

[62] S. Dawson, “The MSSM and Why It Works,” in Supersymmetry, Supergravity and Supercolliders: TASI 97, edited by J. Bagger (World Scientific, Singapore, 1999), p. 261 (hep-ph/9712464).

[63] J. Erler and D.M. Pierce, Nucl. Phys. B526, 53 (1998) (hep-ph/9801238). [64] See, for example, W. de Boer et al., “Updated global fits of the SM and MSSM to electroweak precision data,” (hep-ph/9609209).

[65] For a fuller development of the influence of standard-model parameters on the everyday world, see R. N. Cahn, Rev. Mod. Phys. 68, 951 (1996).

[66] F. Dyson, J. Math. Phys. 8, 1538 (1967).

[67] E. H. Lieb, Bull. Am. Math. Soc. 22, 1 (1990).

[68] F. Quevedo, “Lectures on Superstring Phenomenology,” in Proceedings of the Fifth Mexican Workshop of Particles and Fields and Phenomenology of Fundamental Interactions, Puebla, Mexico, edited by Juan Carlos D’Olivo, Arturo Fernandez, Miguel A. Perez (American Inst. Phys., New York, 1996) AIP Conference Proceedings 359, p. 202-242 (hep-th/9603074).

[69] J. G. Polchinski, String Theory, two volumes (Cambridge Univ. Press, Cambridge,1998).

[70] I. Antoniadis, Phys. Lett. B246, 377 (1990).

[71] J. D. Lykken, Phys. Rev. D54, 3693 (1996) (hep-th/9603133).

[72] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B429, 263 (1998) (hep-ph/9803315).

[73] K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Lett. B436, 55 (1998) (hep-ph/9803466).

[74] J. Scherk and J. H. Schwarz, Nucl. Phys. B81, 118 (1974).

[75] L. Arnaudon, et al., 1993 IEEE Particle Accelerator Conference: Proceedings, p. 44.

[76] M. Carena et al., “Higgs physics at LEP 2” (hep-ph/9602250); included in Report of the Workshop on Physics at LEP 2, Vol. 1, edited by G. Altarelli, T. Sjostrand, and F. Zwirner, CERN 96–01.

[77] M. Carena, J. R. Espinosa, M. Quirós and C. E. Wagner, Phys. Lett. B355, 209 (1995) (hep-ph/9504316).

[78] The case for dynamical symmetry breaking is made eloquently by K. Lane, “Nonsupersymmetric Extensions of the Standard Model,” in Proceedings of the 28th International Conference on High Energy Physics, edited by Z. Ajduk and A. K. Wroblewski (World Scientific, Singapore, 1997), p. 367 (hep-ph/9610463).

[79] R.S. Chivukula, “An Introduction to dynamical electroweak symmetry breaking,” in Advanced School on Electroweak Theory, edited by D. Espriu and A. Pich (World Scientific, Singapore, 1998) p. 77 (hep-ph/9701322).

[80] “Topcolor” is another approach to dynamical symmetry breaking that is inspired by the BCS theory. The strong coupling of a heavy top quark to the Higgs boson raises the possibility that the breaking of electroweak symmetry may be intimately linked with the top quark. For explicit implementations of this idea, see W. A. Bardeen, C. T. Hill, and M. Lindner, Phys. Rev. D41, 1647 (1990); Y. Nambu, in New Trends in Strong Coupling Gauge Theories, edited by M. Bando, T. Muta, K. Yamawaki (World Scientific, Singapore, 1989), p 3; Y. Nambu, in New theories in physics, edited by Z. Ajduk, S.

Pokorski, A. Trautman (World Scientific, Singapore, 1989), p. 1; V. A. Miransky, M. Tanabashi, and K. Yamawaki, Mod. Phys. Lett. A4, 1043 (1989); Phys. Lett. B221, 177 (1989); W. J. Marciano, Phys. Rev. D41, 219 (1990).

[81] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 106, 162 (1962).

[82] Y. Nambu, Phys. Rev. Lett. 4, 380 (1960).

[83] M. Weinstein, Phys. Rev. D8, 2511 (1973).

[84] S. Weinberg, Phys. Rev. D13, 974 (1976), ibid. 19, 1277 (1979).

[85] L. Susskind, Phys. Rev. D20, 2619 (1979).

[86] E. Eichten and K. Lane, Phys. Lett. 90B, 125 (1980); S. Dimopoulos and L.

Susskind, Nucl. Phys. B155, 237 (1979).

[87] Some complicated examples have been offered of models that avoid the particle-content catastrophe. See, for example, B. Dobrescu and E. H. Simmons, Phys. Rev. D59, 015014 (1999) (hep-ph/9807469).

[88] The idea of high-scale, or “walking,” extended technicolor developed from the ideas in B. Holdom, Phys. Rev. D24, 1441 (1981), Phys. Lett. 150B, 301 (1985); T. Appelquist, D. Karabali, and L. C. R. Wijewardhana, Phys. Rev. Lett. 57, 957 (1986); T. Appelquist and L. C. R. Wijewardhana, Phys. Rev. D36, 568 (1987); K. Tamawaki, M. Bando, and K. Matumoto, Phys. Rev. Lett. 56, 1335 (1986); T. Akiba and T. Yanagida, Phys. Lett. 169B, 69 (1980). For a recent review of these ideas, see R. S. Chivukula, “Avenues for Dynamical Symmetry Breaking,” presented at the Thirteenth Topical Conference on Hadron Collider Physics, Mumbai, 14–20 January 1999 (hep-ph/9903500).

[89] E. Eichten, K. Lane, and J. Womersley, Phys. Lett. B405, 305 (1997).

[90] A. J. Buras, J. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B135, 66 (1978).

[91] The one-loop renormalization-group equations were first done for large top Higgs-Yukawa couplings in B. Pendleton and G. Ross, Phys. Lett. 98B, 291 (1981); C. T. Hill, Phys. Rev. D24, 691 (1981). The first one-loop supersymmetric version of large Higgs-Yukawa couplings is J. Bagger, S. Dimopoulos, and E. Massò, Phys. Rev. Lett. 55, 920 (1985). For further references to multiloop calculations, see W. A. Bardeen, C. T. Hill, and D. Jungnickel, Phys. Rev. D49, 1437 (1994).

[92] G. W. Anderson, S. Raby, S. Dimopoulos and L. J. Hall, Phys. Rev. D47, 3702 (1993) (hep-ph/9209250).

[93] R. Barbieri, L.J. Hall and A. Romanino, “Precise tests of a quark mass texture,” (hep-ph/9812384).

[94] C. H. Albright and S. M. Barr, “Predicting quark and lepton masses and mixings,” (hep-ph/9901318).

[95] T. Blazek, S. Raby and K. Tobe, “Neutrino oscillations in a predictive SUSY GUT,” (hep-ph/9903340).