arXiv:1201.6045v1 [hep-ph] 29 Jan 2012

KCL-PH-TH/2012-04, LCTS/2012-01, CERN-PH-TH/2012-009
                          LBNL-, UCB-PTH-12/01
                         ACT-1-12, MIFPA-12-01

January 2012

A Historical Profile of the Higgs Boson

John Ellis^a, Mary K. Gaillard^b and Dimitri V. Nanopoulos^c

aTheoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London, London WC2R 2LS, United Kingdom;

Theory Division, CERN, CH-1211 Geneva 23, Switzerland bDepartment of Physics, University of California and Theoretical Physics Group, Bldg. 50A5104, Lawrence Berkeley National Laboratory Berkeley, CA 94720, USA cGeorge P. and Cynthia W. Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA;

Astroparticle Physics Group, Houston Advanced Research Center (HARC), Mitchell Campus, Woodlands, TX 77381, USA;

Academy of Athens, Division of Natural Sciences, 28 Panepistimiou Avenue, Athens 10679, Greece

ABSTRACT The Higgs boson was postulated in 1964, and phenomenological studies of its possible production and decays started in the early 1970s, followed by studies of its possible production in e^+e^−, p̄p and pp collisions, in particular. Until recently, the most sensitive searches for the Higgs boson were at LEP between 1989 and 2000, which have been complemented by searches at the Fermilab Tevatron. The LHC has recently entered the hunt, excluding a Higgs boson over a large range of masses and revealing a tantalizing hint in the range 119 to 125 GeV, and there are good prospects that the existence or otherwise of the Higgs boson will soon be established. One of the most attractive possibilities is that the Higgs boson is accompanied by supersymmetry, though composite options have yet to be excluded. This article reviews some of the key historical developments in Higgs physics over the past half-century.

1 Introduction

The Standard Model of particle physics codifies the properties and interactions of the fundamental constituents of all the visible matter in the Universe. It describes successfully the results of myriads of accelerator experiments, some of them to a very high degree of precision. However, the Standard Model resembles a jigsaw puzzle with one piece missing: the Higgs boson. It may be exaggeration to term it the Holy Grail of particle physics, and the sobriquet the ‘God Particle’ is surely going too far, but the Higgs particle is certainly very important. It, or something capable of replacing it, is essential for the calculability of the Standard Model and its consistency with experimental data.

The existence of the Higgs boson was first postulated in 1964 [1], following earlier theoretical work that introduced spontaneous symmetry breaking into condensed-matter [2] and particle physics [3–5]. It was incorporated into the Standard Model in 1967 [6, 7], and shown in 1971 [8] to lead to a calculable and predictive unified theory of the weak and electromagnetic interactions. From 1973 onwards, with the discovery of neutral currents [9], 1974 with the discovery of charm [10], and 1983 with the discoveries of the W^± and Z^0 particles [11], the predictions of the Standard Model have been crowned with a series of successes.

Already in 1975, before the experimental discovery of charm was confirmed, we considered that the discovery of the Higgs boson would be the culmination of the experimental verification of the Standard Model, and we published a paper outlining its phenomenological profile [12]. At the time, the Higgs boson was not on the experimental agenda, but its star has risen over the subsequent years, first in e^+e^− collisions [13] and subsequently in p̄p and pp collisions [14, 15], until now it is widely (though incompletely) perceived as the primary objective of experiments at the LHC. We anticipate that the ATLAS and CMS experiments will soon deliver their verdict on the possible existence of the Higgs boson, providing closure on half a century of theoretical conjecture.

In this paper we trace the trajectory of the Higgs boson from its humble theoretical origins, through its rise to phenomenological prominence, to possible experimental apotheosis.

2 Prehistory

The physicist’s concept of the vacuum does not correspond to the naive idea of ‘empty’ space. Instead, a physicist recognizes that even in the absence of physical particles there are quantum effects due to ‘virtual’ particles. For a physicist, the vacuum is the lowestenergy state, after taking these quantum effects into account. This lowest-energy state may not possess all the symmetries of the underlying equations of the physical system, a phenomenon known as ‘spontaneous’ symmetry breaking, or ‘hidden’ symmetry.

This mechanism of spontaneous symmetry breaking first came to prominence in the phenomenon of superconductivity, as described in the theory of Bardeen, Cooper and Schrieffer [16]. According to this theory, the photon acquires an effective mass when it propagates through certain materials at sufficiently low temperatures, as discussed earlier by Ginzburg and Landau [17]. In free space, the masslessness of the photon is guaranteed by Lorentz invariance and U(1) gauge symmetry. Lorentz invariance is broken explicitly by the rest frame of the superconductor, whereas the gauge symmetry is still present, though ‘hidden’ by the condensation of Cooper pairs of electrons [18] in the lowest-energy state (vacuum). It was explicitly shown by Anderson [2] how the interactions with the photon of the Cooper pairs inside a superconductor caused the former to acquire an effective mass.

The idea of spontaneous symmetry breaking was introduced into particle physics by Nambu [3] in 1960. He suggested that the low mass and low-energy interactions of pions could be understood as a reflection of a spontaneously-broken chiral symmetry, would have been exact if the up and down quarks were massless. His suggestion was that light quarks condense in the vacuum, much like the Cooper pairs of superconductivity. When this happens, the ‘hidden’ chiral symmetry causes the pions’ masses to vanish, and fixes their low-energy couplings to protons, neutrons and each other.

A simple model of spontaneous U(1) symmetry breaking [19] with a single complex field ϕ is illustrated in Fig. 1. The effective potential is unstable at the origin ⟨|ϕ|⟩ = 0. Instead, the lowest-energy state, the vacuum, is at the bottom of the brim of the ‘Mexican hat’, with ⟨|ϕ|⟩ ≠ 0. The phase of ϕ is, however, not determined, and all choices are equivalent with the same energy. The system must choose some particular value of the phase, but changing the phase would cost no energy. Hence the system has a massless degree of freedom corresponding to rotational fluctuations of the field around the brim of the Mexican hat. It is a general theorem proven in 1961 by Goldstone, Salam and Weinberg [20] that spontaneous breaking of a global symmetry such as chiral symmetry must be accompanied by the appearance of one or more such Nambu-Goldstone bosons. However, this is not necessarily the case if it is a gauge symmetry that is broken, as in the non-relativistic case of superconductivity [2]. Anderson conjectured that it should be possible to extend this mechanism to the relativistic case, as did Klein and Lee [21], but it was argued by Gilbert [22] that Lorentz invariance would forbid this.

Figure 1: A prototypical effective ‘Mexican hat’ potential that leads to ‘spontaneous’ symmetry breaking. The vacuum, i.e., the lowest-energy state, is described by a randomly-chosen point around the bottom of the brim of the hat. In a ‘global’ symmetry, movements around the bottom of the hat corresponds to a massless spin-zero ‘Nambu-Goldstone’ boson [3,19]. In the case of a local (gauge) symmetry, as was pointed out by Englert and Brout [4], by Higgs [1] and by Guralnik, Hagen and Kibble [23], this boson combines with a massless spinone boson to yield a massive spin-one particle. The Higgs boson [1] is a massive spin-zero particle corresponding to quantum fluctuations in the radial direction, oscillating between the centre and the side of the hat.

3 And then there was Higgs

Spontaneous breaking of gauge symmetry was introduced into particle physics in 1964 by Englert and Brout [4], followed independently by Higgs [1,5], and subsequently by Guralnik, Hagen and Kibble [23]. They demonstrated how one could dispose simultaneously of two unwanted massless bosons, a spinless Goldstone boson and a gauge boson of an exact local symmetry, combining them into a single massive vector boson in a fully relativistic theory. The two polarizations states of a massless vector boson are combined with the single degree of freedom of a spin-zero particle to yield the three degrees of freedom of a massive spin-one particle.

Englert and Brout [4] considered explicitly a non-Abelian Yang-Mills theory, assumed the formation of a vacuum expectation value (vev) of a non-singlet scalar field, and used a diagrammatic approach to demonstrate mass generation for the gauge field. The first paper by Higgs [5] demonstrated that gauge symmetry provides a loophole the ‘no-go’ theorem of Gilbert mentioned above, and his second paper [1] exploited this loophole to demonstrate mass generation in the Abelian case. The subsequent paper by Guralnik, Hagen and Kibble [23] referred in its text to the Englert/Brout and Higgs papers, and also demonstrated mass generation in the Abelian case.

The second paper by Higgs [1] is the only one of the 1964 papers to mention explicitly [his equation (2b)] the existence of a massive scalar particle associated with the curvature of the effective potential that determines the vev of the charged field - see Fig. 1. Englert and Brout [4] do not discuss the spectrum of physical scalars, whilst Guralnik, Hagen and Kibble [23] mention a massless scalar that decoupled from the massive excitations in their model.

Over the following couple of years, there was a further important paper by Higgs [24], in which he discussed in detail the formulation of the spontaneously-broken Abelian theory. In particular, he derived explicitly the Feynman rules for processes involving what has come to be known as the massive Higgs boson, discussing its decay into 2 massive vector bosons, vector-scalar and scalar-scalar scattering. Another important paper by Kibble [25] discussed in detail the non-Abelian case, and also mentioned the appearance of massive scalar bosons à la Higgs.

The next important step was the incorporation by Weinberg [6] and by Salam [7] of non-Abelian spontaneous symmetry breaking into Glashow’s [26] unified SU(2) × U(1) model of the weak and electromagnetic interactions. The paper by Weinberg was the first to observe that the scalar field vev could also give masses to fundamental fermions.

However, the seminal papers on spontaneous breaking of gauge symmetries and electroweak unification were largely ignored by the particle physics community until the renormalizability of spontaneously-broken gauge theories was demonstrated by ’t Hooft and Veltman [8]. These ideas then joined the mainstream very rapidly, thanks in particular to a series of influential papers by B. W. Lee and collaborators [27, 28].

4 A Phenomenological Profile of the Higgs Boson

B. W. Lee also carries much of the responsibility for calling the Higgs boson the Higgs boson, mentioning repeatedly ‘Higgs scalar fields’ in a review talk at the International Conference on High-Energy Physics in 1972 [29]. However, in the early 1970s there were only a few suggestions how to constrain or exclude the possible existence of a physical Higgs boson. One paper considered the possible effect of Higgs exchange on neutron- and deuteron-electron scattering and derived a lower bound m_h > 0.6 MeV [30], and another constrained Higgs emission from neutron stars, yielding the lower bound m_h > 0.7 MeV [31]. There was also a theoretical discussion of possible Higgs production in 0^+ → 0^+ nuclear transitions [32], and its non-observation in excited^{16}O and^4He decays led to the Higgs being excluded in the mass range 1.03 MeV < m_H < 18.3 MeV [33]. In parallel, data on neutron-nucleus scattering were used to constrain m_H > 15 MeV [34]. The two latter were the strongest limits obtained in this period.

This was the context in which we embarked in 1975 on the first systematic study of possible Higgs phenomenology [12]. Neutral currents had been discovered [9], and the J/ψ particle [10] was thought to be charmonium, though doubts remained and the discovery of open charm still lay in the future. The search for the intermediate vector bosons W^± and Z^0 was appearing on the experimental agenda, but the CERN p̄p collider that was to discover them had not yet been proposed. However, it seemed to us that the clinching test of the spontaneous symmetry-breaking paradigm underlying the Standard Model would be discovering the Higgs boson.

To this end, we considered the decay modes of the Higgs boson if it weighed up to 100 GeV, calculating for the first time the loop-induced Higgs decays to photon pairs and to gluon pairs. We also estimated the cross sections for many different mechanisms for producing the Higgs boson, intending to cover the full allowed mass range from O(15) MeV upwards. In addition to considering the production of a relatively light Higgs boson in hadron decays and interactions, we also considered production in e^+e^− collisions, including Higgs-strahlung processes such as e^+e^− → Z^0 + H [12].

Back in 1975, the likelihood of a definitive search for the Higgs boson seemed somewhat remote. That was why, rather tongue-in-cheek, we closed our paper [12] with the following modest words: “We should perhaps finish our paper with an apology and a caution. We apologize to experimentalists for having no idea what is the mass of the Higgs boson, ..., and for not being sure of its couplings to other particles, except that they are probably all very small. For these reasons, we do not want to encourage big experimental searches for the Higgs boson, but we do feel that people doing experiments vulnerable to the Higgs boson should know how it may turn up.”

In those early days, there was very little theoretical guidance as to the possible mass of the Higgs boson, which is one reason why these early studies also included very low Higgs masses. One possibility that attracted attention was that the Higgs mass was entirely due to quantum corrections, which would have yielded m_h ∼ 10 GeV in the absence of heavy fermions [35]^∗. At the other end of the mass scale, it was emphasized that the Higgs self-interactions would become strong for m_h ∼ 1 TeV [36].

∗This was long before it was recognized that the top quark weighed > m_W .

5 Searches for the Higgs Boson at LEP

In addition to [12], there was an early discussion of searches for the Higgs boson in e^+e^− collisions in [13]. There are three important processes for producing the Higgs boson at an e^+e^− collider: in Z^0 decay - Z^0 → H + f̄f [13, 37], in association with the Z^0 - e^+e^− → Z^0 + H [12, 38, 39], and via W^+W^− or Z^0Z^0 fusion - e^+e^− → ν̄Hν, e^+He^− [40]. The direct process e^+e^− → H is negligible because of the small H coupling to e^+e^− [12], though the corresponding reaction at a muon collider, μ^+μ^− → H, may be interesting [41]. We also note that high-intensity lasers may be able to convert an e^+e^− collider into a high-luminosity γγ collider, which could also be an interesting Higgs factory [42].

It should be noted that in the early CERN reports on LEP physics, to which [13] and [43] were theoretical contributions, the concerns of our experimental colleagues lay elsewhere. These reports contain no experimental discussions of possible searches for the Higgs boson. The first written discussion of which we are aware was in an unpublished 1979 report for ECFA [44], compiled by a joint working group of theorists and experimentalists. This was followed in 1985 by a more detailed study by a joint theoretical and experimental working group in a CERN report [45] published in 1986. Thereafter, Higgs searches were firmly in the experimental sights of the LEP collaborations, as seen in later CERN reports on LEP physics [46].

In parallel with the searches for the Higgs boson, notably that for the process Z^0 → H + f̄f [13, 37] at LEP 1 and that for e^+e^− → Z^0 + H [12, 38, 39] at LEP 2, the highprecision electroweak data obtained at LEP, the SLC and elsewhere made it possible for the first time to estimate the possible mass of the Higgs boson within the framework of the Standard Model [47]. The dominant m_H -dependent corrections had been calculated earlier [48], but the possibility of using them in conjunction with LEP data to constrain m_H was not discussed before LEP start-up, perhaps because the precision of LEP data exceeded all previous expectations. The constraint on m_H was relatively weak before the top quark was discovered (with a mass that agreed with predictions based on electroweak data), but the measurement of m_t allowed more accurate estimates of m_H to be made. Values < 300 GeV were favoured already in the early days of such studies [47], which have now matured to indicate that m_H ∼ 100 ± 30 GeV [49]. This constraint is combined with the (negative) results of the direct Higgs searches in Fig. 2.

The non-appearance of the Higgs boson in searches in Z^0 decays required m_H > 58 GeV [50]. Thereafter, successive increases in the LEP energy during the LEP 2 era prompted recurrent hopes that the Higgs discovery might lie just around the corner, but instead the lower limit on m_H kept rising inexorably. Finally, in 2000 the LEP centre-of-mass energy was pushed to 206 GeV, and a few Higgs-like events were observed, corresponding to a mass ∼ 115 GeV [51]. To the disappointment of many physicists, it was not possible to

Figure 2: A compilation of information about the possible mass of the Higgs boson [49]. The yellow-shaded regions have been excluded by searches at LEP [52], the Tevatron collider [53] and the LHC [54,55]. The black line (and the blue band) is the χ^2 function for the precision electroweak data as a function of m_h (and its theoretical uncertainty). The dotted lines are obtained using alternative treatments of the precision electroweak data [49].

push the LEP energy higher, and the difficult decision was taken to shut LEP down at the end of the year 2000, leaving the lower limit m_h > 114.4 GeV at the 95% CL [52]. There was much speculation that this decision forced LEP to miss out on the Higgs discovery. However, if m_H ∼ 125 GeV as is now suggested by the latest LHC data [54,55], substantial extra investment in accelerating cavities would have been necessary back in the 1990s in order to be able to push LEP to sufficiently high energies to produce it.

6 Searches for the Higgs Boson at Hadron Colliders

The production of the Higgs boson at hadron colliders is more problematic than in e^+e^− collisions. On the one hand, the backgrounds from other physical processes are large, and on the other hand direct production via the dominant quark constituents in the proton is small, because they have very small masses [12]. There is in addition, however, production by gluon-gluon fusion via anomalous triangle diagrams [12] [see also [56]], as first discussed in [14]. This is the dominant Higgs production mechanism at the LHC. Another important production mechanism is Higgs-strahlung in association with a W^± or Z^0, as was first discussed in [15]. This was the dominant Higgs production mechanism at the Tevatron. A third important mechanism is W^+W^− (and Z^0Z^0) fusion, as first discussed in [57].

A comprehensive survey of the new physics possibilities at the Superconducting SuperCollider (SSC) was provided in [58], and the search for the Higgs boson naturally took pride of place. The same was true in the survey of the new physics possibilities at the LHC provided in [59], which also included Higgs production in association with a t̄t pair [60]. In anticipation of Higgs searches at the SSC, in particular, a comprehensive survey of the theory and phenomenology of the Higgs boson was published [61]. It served as the Bible for many subsequent Higgs hunters, also at LEP and the LHC following the much-lamented demise of the SSC [62].

After the shutdown of LEP, the lead in Higgs searches was taken by the CDF and D0 experiments, at the Tevatron collider, where the dominant production mechanism was Higgs-strahlung in association with a W^± or Z^0 [15]. As the analyzed Tevatron luminosity accummulated, CDF and D0 became able to exclude a range of Higgs masses between 156 and 177 GeV [53], as well as a range of lower masses in the range excluded by LEP. Interestingly, there is a small excess of Higgs candidate events in a range around 130 to 140 GeV, though not strong enough to be considered a hint, let alone significant evidence. Since the most important Higgs decay channels for the Tevatron experiments are H → b̄b and W^+W^−, which have relative;y poor mass resolution, the excess did not provide much information what value m_H might have. Unfortunately, the Tevatron was shut down in September 2011, before it could realize its full potential for Higgs searches.

The LHC started producing collisions in late 2009, initially at low energies and starting at 7 TeV in the centre of mass in March 2010. By the end of 2011, the ATLAS and CMS experiments had each accumulated ∼ 5/fb of data. Preliminary analyses of these data allowed CMS to exclude the mass range 127 to 600 GeV [54] and ATLAS to exclude three ranges: 114.4 to 115.5 GeV, 131 to 237 GeV, and 251 to 453 GeV [55].

7 Cornered at the LHC?

In addition to these exclusions, ATLAS and CMS have also reported on excesses of Higgs candidate events in the non-excluded range between 115.5 and 127 GeV. In the summer of 2011 already, both ATLAS and CMS had reported a broad excess of W^+W^− events corresponding, like the Tevatron data, to m_H ∼ 130 to 140 GeV [63]. At the end of 2011, this was supplemented in the ATLAS case by excesses in the decay channels H → γγ and ZZ [55], and CMS reported smaller excesses in b̄b and τ^+τ^− as well as H → γγ and ZZ [54]. The overall significance in the ATLAS experiment was reported as 3.6 σ and in the CMS experiment as 2.6 σ. However, whereas the ATLAS signal is quite narrow around 126 GeV, the CMS signal is more diffuse because of the larger relative weight of channels with poorer mass resolution, and a mass ∼ 119 GeV could not be excluded. At the time of writing, there is no official combination of the ATLAS and CMS results, but one has been made unofficially, as shown in Fig. 3 [64], which is quite suggestive and quotes m_H = 124.5 ± 0.8 GeV.

Figure 3: The probability density obtained from a global fit including results from the direct LEP, Tevatron and LHC searches, as well as the precision electroweak data [64].

Since such a broad range of larger Higgs masses have been excluded by the LHC and the Tevatron, and since a Higgs mass in this range is favoured by precision electroweak data as well as by theoretical prejudices such as supersymmetry, it is very tempting to think that the Higgs boson has finally been cornered. However, other options are still open as discussed in the next section, and “extraordinary claims require extraordinary evidence” [65]. Therefore, A signal strength of 5 σ or more will be required before the discovery of the Higgs boson could be announced^†.

†Conversely, it could be argued that proving the non-existence of the Higgs boson would be a discovery of similar if not greater importance, so perhaps 5 σ or more should also be required for any exclusion of the Higgs boson.

Fortunately, there are good prospects for attaining this standard of proof during 2012, if the Higgs is indeed skulking in this mass region, and the LHC accelerator continues to work as admirably as it has so far. Current hopes are to obtain ∼ 15/fb of additional luminosity at a centre-of-mass energy that may be slightly higher, perhaps 8 TeV. Finally, after nearly 48 years, the capture of the Higgs boson may be imminent.

How could one be sure that any new particle discovered at the LHC really was a Higgs boson? Various characteristics would have to be checked. First and foremost, it would be necessary to establish that any Higgs candidate had spin zero [66]. Secondly, it should be checked whether the couplings of the candidate Higgs to other particles were proportional to their masses (or squared masses, in the cases of the W^± and Z^0). Thirdly, the magnitude of these couplings should be inversely proportional to the expected Higgs vev, V ∼ 246 GeV. There are good prospects that the LHC experiments might be able to pin down the spin and check some of the Higgs couplings [67], but more detailed studies would require an e^+e^− collider - running either at low energy in ‘Higgs factory’ mode [68]^‡, or at higher energies where Higgs production would be more copious and more Higgs couplings could be measured, including its self-couplings [70] - or a μ^+μ^− collider [41].

8 More Higgs, Composite Higgs, Less Higgs or Higgsless?

So far, we have focused on the least adventurous hypothesis of a single Standard Model-like Higgs boson, but alternatives abound, with most theorists expecting supplements to the minimal Higgs sector of the Standard Model.

One of the simplest possibilities is that there are two complex doublets of Higgs bosons, in which case there would be five physical Higgs bosons: three neutral and two charged H^±. The most natural framework for such a possibility is supersymmetry [71]. In simple supersymmetric models the lightest of the the three neutral Higgs boson often has couplings similar to those of the Higgs boson in the Standard Model, whereas one of the heavier neutral Higgs bosons would be a pseudoscalar.

The mass of the Higgs boson is linked to the magnitude of its self-coupling, which would be fixed by supersymmetry in terms of the electroweak gauge couplings. For this reason, supersymmetry predicts a restricted range for the mass of the lightest Higgs boson. It used to be thought that it would necessarily weigh < m_Z , but some 20 years ago it was realized that this prediction would be subject to important radiative corrections that could

‡For an interesting option proposed recently, see [69].

push m_H up to ∼ 130 GeV in simple supersymmetric models [72]. In such a supersymmetric scenario there are no significant restrictions on the masses of the heavier Higgs bosons.

The range of Higgs masses favoured in simple supersymmetric models coincides with that favoured by the precision electroweak data, and the low-mass range not yet excluded by the LHC experiments. The hint of a Standard-Model-like Higgs boson with mass ∼ 125 or 119 GeV [54,55] would fit quite nicely with supersymmetric predictions [73], and is already the subject of many supersymmetric theoretical interpretations. While this scenario is theoretically very compelling, there are other possibilities, however.

An alternative to an elementary Higgs boson of the type found in supersymmetric models would be that the spontaneous breaking of the electroweak gauge symmetry is due to a condensate in the vacuum of pairs of new, strongly-interacting fermions [74], analogous to the Cooper pairs of superconductivity [18]. In this case, there would in general be a composite scalar particle that might be accessible to experiment. However, this would not necessarily correspond to a strongly-interacting Higgs boson, which would have to confront issues with the precision electroweak data. On the other hand, if the composite scalar is a (relatively) light pseudo-Goldstone boson of some higher-level broken symmetry, such as a larger chiral symmetry [75] or approximate scale invariance, it would have weak interactions and could mimic a Standard-Model-like Higgs boson to some extent.

One such example would be a pseudo-dilaton of approximate scale invariance [76], which would have tree-level couplings similar to those of the Higgs boson, but rescaled (and probably suppressed) by a universal factor. The loop-induced couplings of the pseudodilaton to gluon and photon pairs might not share this universal rescaling. Thus this model provides a straw person to compare with the Standard Model Higgs scenario. It could accommodate very naturally a scalar with suppressed couplings weighing between 127 and 600 GeV, compatible with the LHC upper limits on the production of an intermediate-mass Higgs boson [77], and could even explain the observed Higgs hint at low mass. However, a Higgs-like particle with suppressed couplings would not fulfill all the functions of the Higgs boson of the Standard Model, e.g., in unitarizing W^+W^− scattering, and would have to be supplemented by some other detectable degrees of freedom in the TeV energy range [78].

Another scenario for a light Higgs-like particle is the radion [79], the quantum of the degree of freedom corresponding to rescaling an extra dimension. Models with extra dimensions offer many other possibilities, including the possibility that there is no Higgs boson at all [80], though such a scenario must work hard to be compatible with the precision electroweak data.

9 Après Higgs

The discovery^§ of the Higgs boson will mark a watershed in particle physics. In the future, the calendar of particle physics will surely be divided into BH (before Higgs) and AH (after Higgs), with 2012 being year 0. The discovery of the Higgs will signpost the direction that both theoretical and experimental physics will take in the decades to come.

We can be optimistic, because there are already strong arguments that, whatever the fate of the Higgs hypothesis, there must be new physics. As we have seen, the LHC experiments already tell us that, if the Higgs indeed exists, it must weigh either more than 600 GeV or between 115 and 127 GeV. If the Higgs boson indeed weighs over 600 GeV, there must be new physics for two distinct reasons. One is to reconcile such a heavy Higgs with the precision electroweak data^¶, and the other is to tame the blow-up of the Higgs self-coupling, which would occur very close to the Higgs mass [83]. This is the potential disaster indicated by the upper solid curves in Fig. 4, which represent the scale Λ up to which perturbative calculations in the Standard Model remain under control. Technicolour theories are examples of such Higgs-taming theories, but they do not have an easy answer to the question of the precision electroweak data.

If there is something Higgs-like weighing between 127 and 530 GeV, it cannot simply have the Standard Model couplings, or it would have been discovered already. Some mechanism must suppress the combination of its production and decays. Perhaps it has additional decay modes beyond the Standard Model? Perhaps its couplings are systematically suppressed, as in the less-Higgs scenarios discussed in the previous section? Also in that case, new physics must appear [78].

What if there is a Standard Model-like Higgs boson weighing between 115 and 127 GeV, as may be suggested by the current indications from ATLAS and CMS [54, 55]? At first blush, this would sound like a tremendous success for the Standard Model, since this coincides nicely with the range suggested by the precision electroweak data. Indeed, but there is another problem, namely the fate of the electroweak vacuum. If the Higgs boson is so light, quantum corrections to the self-coupling λ of the Higgs boson due to renormalization by loop diagrams with heavy top quark circulating would drive λ negative at some scale ≪ M_{P lanck}, triggering an instability of the present electroweak vacuum [83] - figuratively, turning down the brim of the ‘Mexican hat’ that was shown in Fig. 1. This instability appears for scales Λ in the coloured regions of Fig. 4. It could be averted only by introducing new physics to counter the effect of the top quark, with one very natural

§For that is what we expect!

¶But perhaps our interpretation of the data is at fault [81]? Or perhaps we are too naive in interpreting the Standard Model, and should include the possibility of higher-dimension operators [82]?

Figure 4: Bounds on the scale Λ up to which the Standard Model may remain valid obtained from perturbativity (solid dark blue lines) and the stability of the electroweak vacuum under various assumptions (shaded regions) [83]. Also shaded are the regions excluded by searches at LEP and the Tevatron. LHC experiments now exclude the range of Higgs mass where the Standard Model could remain valid up to the Planck scale.

possibility being supersymmetry [84]. However, in this case, unlike the previous cases, there is no guarantee that the necessary new physics would show up within the TeV range.

If the discovery of the Higgs boson is indeed confirmed in 2012, two new directions for physics will open up. On the one hand, there will be a need for detailed investigation of the Higgs, to see whether it conforms to the Standard Model paradigm or whether it exhibits deviations due to new physics. On the other hand, the hunt will be on for whatever new physics complements the Higgs boson, be it supersymmetry^‖, extra dimensions, new strongly-interacting particles or ...? We look forward to the years AH (Anno Higgsi) > 0.

‖As we favour!

Acknowledgements

The work of J.E. was supported in part by the London Centre for Terauniverse Studies (LCTS), using funding from the European Research Council via the Advanced Investigator Grant 267352. The work of M.K.G. was supported in part by the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of High Energy Physics, of the U.S. Department of Energy under Contract DE-AC02-05CH11231, in part by the National Science Foundation under grant PHY-1002399. The work of D.V.N. was supported in part by the DOE grant DE-FG03-95-Er-40917.

References

[1] P. W. Higgs, Broken symmetries and the masses of gauge bosons, Phys. Rev. Lett. 13 (1964) 508.

[2] P. W. Anderson, Plasmons, gauge invariance, and mass, Phys. Rev. 130 (1963) 439;

see also Y. Nambu, Quasi-particles and gauge invariance in the theory of superconductivity, Phys. Rev. 117 (1960) 648.

[3] Y. Nambu, Axial vector current conservation in weak interactions, Phys. Rev. Lett. 4 (1960) 380.

[4] F. Englert and R. Brout, Broken symmetry and the mass of gauge vector mesons, Phys. Rev. Lett. 13 (1964) 321.

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

[6] S. Weinberg, A model of leptons, Phys. Rev. Lett. 19, 1264 (1967). This seems to be the first paper in which it is shown that matter particles can also acquire their masses from ‘spontaneous’ symmetry breaking.

[7] A. Salam, Weak and electromagnetic interactions, in the Proceedings of 8th Nobel Symposium, Lerum, Sweden, 19-25 May 1968, pp 367-377.

[8] G. ’t Hooft, Renormalizable lagrangians for massive Yang-Mills fields, Nucl. Phys. B 35, 167 (1971); G. ’t Hooft and M. J. G. Veltman, Regularization and renormalization of gauge fields, Nucl. Phys. B 44 (1972) 189.

[9] F. J. Hasert et al. [Gargamelle Neutrino Collaboration], Search for elastic muon neutrino electron scattering, Phys. Lett. B 46 (1973) 121 and Observation of neutrino-like interactions without muon or electron in the Gargamelle neutrino experiment, Phys. Lett. B 46 (1973) 138.

[10] J. J. Aubert et al. [E598 Collaboration], Experimental Observation Of A Heavy Particle J, Phys. Rev. Lett. 33 (1974) 1404; J. E. Augustin et al. [SLAC-SP-017 Collaboration], Discovery of a narrow resonance in e^+e^− annihilation, Phys. Rev. Lett. 33 (1974) 1406.

[11] G. Arnison et al. [UA1 Collaboration], Experimental observation of isolated large transverse energy electrons with associated missing energy at s^{1/2} = 540 GeV, Phys. Lett. B 122 (1983) 103 and Experimental observation of lepton pairs of invariant mass around 95-GeV/c^2 at the CERN SPS collider, Phys. Lett. B 126 (1983) 398.

[12] J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, A phenomenological profile of the Higgs boson, CERN preprint Nov. 1975, published in Nucl. Phys. B 106 (1976) 292.

[13] J. Ellis and M. K. Gaillard, Theoretical remarks, in L. Camilleri et al., Physics with very high-energy e^+e^− colliding beams, CERN report 76-18 (Nov. 1976), pp 21-94.

[14] H. M. Georgi, S. L. Glashow, M. E. Machacek and D. V. Nanopoulos, Higgs bosons from two gluon annihilation In proton-proton collisions, Phys. Rev. Lett. 40 (1978) 692.

[15] S. L. Glashow, D. V. Nanopoulos and A. Yildiz, Associated production of Higgs bosons and Z particles, Phys. Rev. D 18 (1978) 1724.

[16] J. Bardeen, L. N. Cooper and J. R. Schrieffer, Microscopic theory of superconductivity, Phys. Rev. 106 (1957) 162.

[17] V. L. Ginzburg and L. D. Landau, On the theory of superconductivity, Zh. Eksp. Teor.

Fiz. 20 (1950) 1064 and Theory of superconductivity, Phys. Rev. 108 (1957) 1175.

[18] L. N. Cooper, Bound electron pairs in a degenerate Fermi gas, Phys. Rev. 104 (1956) 1189.

[19] J. Goldstone, Field theories with superconductor solutions, Nuovo Cim. 19 (1961) 154;

[20] J. Goldstone, A. Salam and S. Weinberg, Broken symmetries, Phys. Rev. 127 (1962) 965.

[21] A. Klein and B. W. Lee, Does spontaneous breakdown of symmetry imply zero-mass particles?, Phys. Rev. Lett. 12 (1964) 266.

[22] W. Gilbert, Broken symmetries and massless particles, Phys. Rev. Lett. 12 (1964) 713.

[23] G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Global conservation laws and massless particles, Phys. Rev. Lett. 13 (1964) 585.

[24] P. W. Higgs, Spontaneous symmetry breakdown without massless bosons, Phys. Rev.

145 (1966) 1156.

[25] T. W. B. Kibble, Symmetry breaking in non-Abelian gauge theories, Phys. Rev. 155 (1967) 1554.

[26] S. L. Glashow, Partial symmetries of weak interactions, Nucl. Phys. 22 (1961) 579.

[27] B. W. Lee and J. Zinn-Justin, Spontaneously broken gauge symmetries. 1. Preliminaries, Phys. Rev. D 5 (1972) 3121; Spontaneously broken gauge symmetries. 2. Perturbation theory and renormalization, Phys. Rev. D 5 (1972) 3137 [Erratum-ibid. D 8 (1973) 4654]. [Erratum-ibid. D 8 (1973) 4654]; Spontaneously broken gauge symmetries. 3. Equivalence, Phys. Rev. D 5 (1972) 3155; Spontaneously broken gauge symmetries. 4. General gauge formulation, Phys. Rev. D 7 (1973) 1049.

[28] K. Fujikawa, B. W. Lee and A. I. Sanda, Generalized renormalizable gauge formulation of spontaneously broken gauge theories, Phys. Rev. D 6 (1972) 2923.

[29] B. W. Lee, Perspectives on theory of weak interactions, Talk at the16th International Conference on High-Energy Physics, Batavia, Illinois, 6-13 Sep 1972, eConf C720906V4 (1972) 249.

[30] S. L. Adler, R. F. Dashen and S. B. Treiman, Comments on proposed explanations for the mu-mesic atom X-ray discrepancy, Phys. Rev. D 10 (1974) 3728.

[31] K. Sato and H. Sato, Higgs meson emission from a star and a constraint on its mass, Prog. Theor. Phys. 54 (1975) 1564.

[32] L. Resnick, M. K. Sundaresan and P. J. S. Watson, Is there a light scalar boson?, Phys.

Rev. D 8 (1973) 172.

[33] D. Kohler, B. A. Watson and J. A. Becker, Experimental search for a low-mass scalar boson, Phys. Rev. Lett. 33 (1974) 1628.

[34] R. Barbieri and T. E. O. Ericson, Evidence against the existence of a low mass scalar boson from neutron-nucleus scattering, Phys. Lett. B 57 (1975) 270.

[35] S. R. Coleman and E. J. Weinberg, Radiative corrections as the origin of spontaneous symmetry breaking, Phys. Rev. D 7 (1973) 1888.

[36] C. E. Vayonakis, New threshold of weak interactions, Print-77-0432 (ATHENS);

M. J. G. Veltman, Large Higgs mass and mu-e universality, Phys. Lett. B 70 (1977) 253; B. W. Lee, C. Quigg and H. B. Thacker, The strength of weak interactions at very high energies and the Higgs boson mass, Phys. Rev. Lett. 38 (1977) 883; Weak interactions at very high energies: The role of the Higgs boson mass, Phys. Rev. D 16 (1977) 1519.

[37] J. D. Bjorken, Weak interaction theory and neutral currents, in the Proceedings of 4th SLAC Summer Institute on Particle Physics: Weak Interactions at High Energies & the Production of New Particles, Stanford, California, 2-10 Aug 1976, SLAC Report 198 (Nov. 1976), pp 1-84, also available as SLAC-PUB-1866, Jan. 1977.

[38] B. L. Ioffe and V. A. Khoze, What can be expected from experiments on colliding e^+e^− beams with E approximately equal to 100-Gev?, Sov. J. Part. Nucl. 9 (1978) 50 [Fiz. Elem. Chast. Atom. Yadra 9 (1978) 118], also available as LENINGRAD-76-274, Nov 1976.

[39] B. W. Lee, C. Quigg and H. B. Thacker, in [36].

[40] D. R. T. Jones and S. T. Petcov, Heavy Higgs bosons at LEP, Phys. Lett. B 84 (1979) 440.

[41] C. Blöchinger et al., Physics opportunities at μ^+μ^− Higgs Factories, in CERN Report 2004-002, http://cdsweb.cern.ch/record/735196/files/ECFA-04-230.pdf, p336.

[42] See, for example, D. Asner et al., Higgs physics with a gamma-gamma collider based on CLIC 1, Eur. Phys. J. C 28 (2003) 27 [arXiv:hep-ex/0111056].

[43] J. Ellis, Zedology and M. K. Gaillard, Weak interactions beyond the Z pole(s), in Proc.

LEP Summer Study, Les Houches, France, Sept. 1978, CERN Report 79-02 (1979), Vol. 2, http://cdsweb.cern.ch/record/133077/files/cern-79-01-v2.pdf, pp 637- 661.

[44] G. Barbiellini, G. Bonneaud, G. Coignet, J. Ellis, J. F. Grivaz, M. K. Gaillard, C. Matteuzzi and B. H. Wiik, The production and detection of Higgs particles at LEP, DESY 79/27, ECFA/LEP SSG/9/4, May 1979.

[45] H. Baer et al., New particles, in Physics at LEP, eds. J. Ellis and R. D. Peccei, CERN Report 86-02 (1986), Vol. 1,

http://cdsweb.cern.ch/record/166310/files/CERN-86-02-V-1.pdf, pp 297-348.

[46] J. Boucrot et al., Search for neutral Higgs at LEP 200, in Proceedings of the ECFA workshop on LEP 200, Aachen 1986, eds.

A. Böhm and W. Hoogland, CERN Report 87-08 (1987), Vol. 2,

http://cdsweb.cern.ch/record/180188/files/CERN-87-08-V-2.pdf, p312;

P. J. Franzini and P. Taxil, Higgs search, in CERN Report 89-08 (1989), Vol. 2,

http://cdsweb.cern.ch/record/116932/files/CERN-89-08-V-1.pdf, p59;

E. Accommando et al., Higgs physics, in CERN Report 96-01 (1996), Vol. 1,

http://cdsweb.cern.ch/record/300671/files/CERN-96-01-V1.pdf, p351.

[47] J. R. Ellis and G. L. Fogli, New bounds on m(t) and first bounds on M(H) from precision electroweak data, Phys. Lett. B 249 (1990) 543, J. R. Ellis, G. L. Fogli and E. Lisi, Bounds on M(H) from electroweak radiative corrections, Phys. Lett. B 274 (1992) 456 and Indirect bounds on the Higgs boson mass from precision electroweak data, Phys. Lett. B 318 (1993) 148.

[48] M. J. G. Veltman, Second threshold in weak interactions, Acta Phys. Polon. B 8 (1977) 475.

[49] LEP Electroweak Working Group, http://lepewwg.web.cern.ch/LEPEWWG/. We thank Martin Grünewald for providing an updated version of the ‘blue-band’ plot.

[50] D. Buskulic et al. [ALEPH Collaboration], Search for the Standard Model Higgs boson, Phys. Lett. B 313 (1993) 299.

[51] R. Barate et al. [ALEPH Collaboration], Observation of an excess in the search for the standard model Higgs boson at ALEPH, Phys. Lett. B 495 (2000) 1 [arXiv:hep-ex/0011045].

[52] R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH and DELPHI and L3 and OPAL Collaborations], Search for the standard model Higgs boson at LEP, Phys. Lett. B 565 (2003) 61 [hep-ex/0306033]; for a recent review of Higgs searches at LEP and the LHC, see W. D. Schlatter and P. M. Zerwas, Searching for Higgs : From LEP towards LHC, arXiv:1112.5127 [physics.hist-ph].

[53] Tevatron New Phenomena and Higgs Working Group and CDF and D0 Collaborations, Combined CDF and D0 upper limits on Standard Model Higgs boson production with up to 8.6 fb^{−1} of data, arXiv:1107.5518 [hep-ex].

[54] CMS Collaboration, Combination of SM Higgs Searches,

http://cdsweb.cern.ch/record/1406347/files/HIG-11-032-pas.pdf.

[55] ATLAS Collaboration, Combination of Higgs boson searches with up to 4.9 fb-1 of pp collision data daken at sqrt(s)=7 TeV with the ATLAS experiment at the LHC,

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-163/.

[56] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, Low-energy theorems for Higgs boson couplings to photons, Sov. J. Nucl. Phys. 30 (1979) 711 [Yad. Fiz. 30 (1979) 1368].

[57] R. N. Cahn and S. Dawson, Production of very massive Higgs bosons, Phys. Lett. B 136 (1984) 196 [Erratum-ibid. B 138 (1984) 464].

[58] E. Eichten, I. Hinchliffe, K. D. Lane and C. Quigg, Super collider physics, Rev. Mod.

Phys. 56 (1984) 579 [Addendum-ibid. 58 (1986) 1065].

[59] J. R. Ellis, G. Gelmini and H. Kowalski, New particles and their experimental signatures, in Proceedings of the ECFA/CERN Workshop on the Possibility of a Large Hadron Collider, Lausanne and Geneva, Mar. 21-27, 1984, CERN Report 84-10, ECFA 84/85, Vol. 2, pp 393-454, also available as DESY 84/071, CERN-TH-3493/84 (1984).

[60] Z. Kunszt, Associated production of heavy Higgs boson with top quarks, Nucl. Phys. B 247 (1984) 339.

[61] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, The Higgs hunter’s guide, current edition Front. Phys. 80 (2000) 1.

[62] For a more survey of Higgs pheneomenology, see A. Djouadi, The Anatomy of electroweak symmetry breaking. I: The Higgs boson in the standard model, Phys. Rept. 457 (2008) 1 [arXiv:hep-ph/0503172].

[63] ATLAS Collaboration, https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
   AtlasResultsEPS2011;
   CMS Collaboration, http://cdsweb.cern.ch/record/1399607/files/
   HIG-11-023-pas.pdf.

[64] J. Erler, Weighing in on the Higgs, arXiv:1201.0695 [hep-ph].

[65] C. Sagan, in Encyclopaedia Galactic, broadcast as part of the Cosmos series on PBS, December 14, 1980. This can be regarded as a contemporary reformulation of the philosopher David Hume’s rule for judging miracles: “No testimony is sufficient to establish a miracle unless the testimony be of such kind that its falsehood would be more miraculous than the fact which it endeavors to establish”, in An Enquiry Concerning Human Understanding Of Miracles (1748).

[66] See, for example C. P. Buszello, I. Fleck, P. Marquard and J. J. van der Bij, Prospective analysis of spin- and CP-sensitive variables in H → ZZ → l(1)^+l(1)^−l(2)^+l(2)^− at the LHC, Eur. Phys. J. C 32 (2004) 209 [hep-ph/0212396].

[67] M. Duhrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld, Extracting Higgs boson couplings from LHC data, Phys. Rev. D 70 (2004) 113009 [arXiv:hep-ph/0406323].

[68] G. Aarons et al. [ILC Collaboration], International Linear Collider reference design report Volume 2: Physics at the ILC, arXiv:0709.1893 [hep-ph].

[69] A. Blondel and F. Zimmermann, A High luminosity e^+e^− collider in the LHC tunnel to study the Higgs boson, arXiv:1112.2518 [hep-ex].

[70] E. Accomando et al. [CLIC Physics Working Group], Physics at the CLIC multi-TeV linear collider, arXiv:hep-ph/0412251.

[71] J. Wess and B. Zumino, A lagrangian model invariant under supergauge transformations, Phys. Lett. B 49 (1974) 52 and Supergauge transformations in four dimensions, Nucl. Phys. B 70 (1974) 39.

[72] J. R. Ellis, G. Ridolfi and F. Zwirner, Radiative corrections to the masses of supersymmetric Higgs bosons, Phys. Lett. B 257 (1991) 83; H. E. Haber and R. Hempfling, Can the mass of the lightest Higgs boson of the minimal supersymmetric model be larger than m(Z)?, Phys. Rev. Lett. 66 (1991) 1815; Y. Okada, M. Yamaguchi and T. Yanagida, Upper bound of the lightest Higgs boson mass in the minimal supersymmetric standard model, Prog. Theor. Phys. 85 (1991) 1.

[73] See, for example J. R. Ellis, D. V. Nanopoulos, K. A. Olive and Y. Santoso, On the Higgs mass in the CMSSM, Phys. Lett. B 633 (2006) 583 [arXiv:hep-ph/0509331]; T. Li, J. A. Maxin, D. V. Nanopoulos and J. W. Walker, Natural predictions for the Higgs boson mass and supersymmetric contributions to rare processes, arXiv:1109.2110 [hep-ph]; O. Buchmueller et al., Supersymmetry in light of 1/fb of LHC data, arXiv:1110.3568 [hep-ph].

[74] S. Weinberg, Implications of dynamical symmetry breaking, Phys. Rev. D 13 (1976) 974.

[75] N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, The littlest Higgs, JHEP 0207 (2002) 034 [arXiv:hep-ph/0206021].

[76] W. D. Goldberger, B. Grinstein and W. Skiba, Light scalar at LHC: the Higgs or the dilaton?, Phys. Rev. Lett. 100 (2008) 111802 [arXiv:0708.1463 [hep-ph]].

[77] See, for example B. A. Campbell, J. R. Ellis and K. A. Olive, Phenomenology and cosmology of an electroweak pseudo-dilaton and electroweak baryons, arXiv:1111.4495 [hep-ph].

[78] See, for example R. Contino, C. Grojean, M. Moretti, F. Piccinini and R. Rattazzi, Strong double Higgs production at the LHC, JHEP 1005 (2010) 089 [arXiv:1002.1011 [hep-ph]].

[79] C. Csaki, J. Hubisz and S. J. Lee, Radion phenomenology in realistic warped space models, Phys. Rev. D 76 (2007) 125015 [arXiv:0705.3844 [hep-ph]].

[80] C. Csaki, C. Grojean, L. Pilo and J. Terning, Towards a realistic model of Higgsless electroweak symmetry breaking, Phys. Rev. Lett. 92 (2004) 101802 [arXiv:hep-ph/0308038].

[81] See, for example M. S. Chanowitz, Electroweak data and the Higgs boson mass: A case for new physics, Phys. Rev. D 66 (2002) 073002 [arXiv:hep-ph/0207123].

[82] R. Barbieri and A. Strumia, The LEP paradox, arXiv:hep-ph/0007265.

[83] For a recent summary, see J. R. Ellis, J. R. Espinosa, G. F. Giudice, A. Hoecker and A. Riotto, The probable fate of the Standard Model, Phys. Lett. B 679 (2009) 369 [arXiv:0906.0954 [hep-ph]].

[84] J. R. Ellis and D. Ross, A light Higgs boson would invite supersymmetry, Phys. Lett.

B 506 (2001) 331 [arXiv:hep-ph/0012067].